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" H o w  d o e s  a n o r m a l l y  t a le n t e d  r e s e a r c h  s c ie n t is t  c o m e  t o  c o n c e r n  

h im s e l f  w i t h  t h e  t h e o r y  o f  k n o w le d g e ?  Is  t h e r e  n o t  m o r e  v a lu a b le  w o r k  

to  b e  d o n e  in  h is  f ie ld ?  I  h e a r  th is  f r o m  m a n y  o f  m y  p r o f e s s io n a l  c o l 

le a g u e s ; o r  r a t h e r ,  I  s e n s e  in  t h e  c a s e  o f  m a n y  m o r e  o f  t h e m  th a t  th is  is 

w h a t  th e y  fe e l .

" I  c a n n o t  s h a r e  th is  o p i n i o n .  W h e n  I t h in k  o f  t h e  a b le s t  s t u d e n t s  

w h o m  I h a v e  e n c o u n t e r e d  in  t e a c h in g — i.e . ,  t h o s e  w h o  d i s t in g u i s h e d  t h e m 

se lv e s  b y  t h e ir  i n d e p e n d e n c e  o f  j u d g m e n t ,  a n d  n o t  o n l y  b y  m e r e  a g i l i t y —  

I f in d  th a t  t h e y  h a d  a  l i v e ly  c o n c e r n  f o r  t h e  t h e o r y  o f  k n o w le d g e .  T h e y  

l ik e d  t o  s ta rt  d is c u s s io n s  c o n c e r n i n g  t h e  a im s  a n d  m e t h o d s  o f  t h e  s c ie n c e s , 

a n d  s h o w e d  u n e q u i v o c a l l y  b y  t h e  o b s t in a c y  w i t h  w h ic h  th e y  d e f e n d e d  

th e ir  v ie w s  th a t  th is  s u b je c t  s e e m e d  im p o r t a n t  t o  t h e m .

“ T h i s  is  r e a l ly  n o t  a s t o n is h in g .  F o r  w h e n  I t u r n  t o  s c i e n c e  n o t  f o r  s o m e  

s u p e r f ic ia l  r e a s o n  s u c h  as  m o n e y - m a k in g  o r  a m b i t i o n ,  a n d  a ls o  n o t  ( o r  a t  

le a st  e x c lu s iv e ly )  f o r  t h e  p le a s u r e  o f  t h e  s p o r t ,  t h e  d e l ig h t s  o f  b r a in -  

a t h le t ic s , t h e n  t h e  f o l l o w i n g  q u e s t io n s  m u s t  b u r n i n g l y  in t e r e s t  m e  as  a 

d i s c ip le  o f  th is  s c i e n c e :  W h a t  g o a l  w i l l  a n d  c a n  b e  r e a c h e d  b y  t h e  s c ie n c e  

t o  w h ic h  I a m  d e d i c a t i n g  m y s e l f ?  T o  w h a t  e x t e n t  a r e  its  g e n e r a l  r e s u lt s  

‘ t r u e ? ’ W h a t  is  e s s e n t ia l ,  a n d  w h a t  is b a s e d  o n l y  o n  t h e  a c c id e n t s  o f  

d e v e l o p m e n t ?  . . .

“ C o n c e p t s  w h i c h  h a v e  p r o v e d  u s e fu l  f o r  o r d e r in g  th in g s  e a s i ly  a s s u m e  

s o  g r e a t  a n  a u t h o r i t y  o v e r  u s , t h a t  w e  f o r g e t  t h e ir  t e r r e s tr ia l  o r ig in  a n d  a c 

c e p t  t h e m  as u n a l t e r a b le  fa c t s . T h e y  t h e n  b e c o m e  la b e l l e d  as ‘ c o n c e p t u a l  

n e c e s s it ie s , ’ 'a  p r i o r i  s i t u a t io n s , ' e t c .  T h e  r o a d  o f  s c i e n t i f i c  p r o g r e s s  is 

f r e q u e n t ly  b l o c k e d  f o r  l o n g  p e r i o d s  b y  s u c h  e r r o r s .  I t  is  t h e r e f o r e  n o t  ju s t  

a n  id l e  g a m e  t o  e x e r c i s e  o u r  a b i l i t y  t o  a n a ly s e  f a m i l ia r  c o n c e p t s ,  a n d  t o  

d e m o n s t r a t e  t h e  c o n d i t i o n s  o n  w h ic h  t h e ir  ju s t i f i c a t i o n  a n d  u s e fu ln e s s  

d e p e n d ,  a n d  th e  w a y  in  w h ic h  th e s e  d e v e l o p e d ,  l i t t l e  b y  l i t t le .  . . .”

— A l b e r t  E in s t e in  (1 9 1 6 )
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In trod u ction

H
 h i s  g r o u p  o f  essays, s e le c te d  f r o m  a m o n g  th ose  o f  m y  p u b lic a t io n s  

w h ic h  lie  o u ts id e  resea rch  p h y s ics  itse lf, is c o n c e r n e d  w ith  w h a t  is 

o fte n  c a lle d  “ th e  h is to ry  o f  s c ie n c e  a n d  r e la te d  stu d ies .”  T h e  clu m sin ess  

o f  th a t p h ra se  itse lf in d ica te s  th e  n e e d  f o r  th e  n e w  a p p r o a c h  t o  th e  s tu d y  

o f  th e  h is to ry  o f  s c ie n c e  th a t  h a s  b e e n  e m e rg in g , o n e  th a t  lo o k s  f o r  fr u it 

fu l id ea s  in  fie ld s  r a n g in g  fr o m  th e  p h ilo s o p h y  a n d  s o c io lo g y  o f  s c ie n c e  

to  p s y c h o lo g y  a n d  aesth etics . S o m e  n e w  n a m e  m a y  s o o n  b e  r e q u ir e d  fo r  

this e x p a n d e d  fie ld  o f  s ch o la rsh ip  ; b u t  m o r e  im p o r ta n t , o f  c o u r s e , a re  its 

n e w  q u estion s , c o n c e p t io n s , a n d  m o d e ls  o f  a p p r o a c h .

W ith  fe w  e x c e p t io n s , th e  essays sp a n  a b o u t  a  d e c a d e ;  s o m e  a re  d e 

ta ile d  a n d  fo r m a l, o th e rs  m u c h  less so , a n d  sev era l w e r e  t r ig g e r e d  b y  

som e a c c id e n t  o f  p e rs o n a l h is to ry  d iscu ssed  in  th e  A c k n o w le d g m e n ts . B y  

a n d  la rg e , th e  la te r  essays in  th is c o l le c t io n  fo l lo w  as d e v e lo p m e n t  o r  

c o n s e q u e n c e  f r o m  th e  e a r lie r  on es . T h r o u g h o u t ,  a  p a r t ic u la r  a im  h a s 

b e e n  to  sh o w , b y  s p e c ific  ca se  stu d ies  o f  th e  g r o w th  o f  id ea s  o f  ph ysic ists  

fr o m  K e p le r  to  E in ste in  a n d  B o h r , in  w h a t  resp ects  th e  t ra d it io n a l v iew s 

o f  th e  w a y  th e  s c ie n t ific  m in d  w o rk s  h a v e  to  b e  c h a n g e d  a n d  s u p p le 

m e n te d . F o r  th is p u r p o s e  w e  h a v e  to  in tr o d u c e  n e w  c o n c e p ts , su ch  

as th a t  o f  th e  “ th e m a t ic ”  c o n te n t  o f  s c ie n c e , a  d im e n s io n  th a t ca n  b e  

c o n c e iv e d  as o r th o g o n a l to  th e  e m p ir ic a l a n d  a n a ly t ica l c o n te n t . T h e 

m a ta  a re  sh o w n  to  p la y  a  d o m in a n t  r o le  in  th e  in it ia t io n  a n d  a c c e p t a n c e  

o f  ce rta in  in d iv id u a l s c ie n t ific  in sights. T h e  ca se  o f  th e  o r ig in s  o f  r e la 
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tiv ity  th e o ry  is s in g le d  o u t  f o r  s tu d y  in  d e p th , d r a w in g  in  p a rt  o n  u n 

p u b lish e d  d o c u m e n ts  in  th e  ex ten s iv e  N a ch la ss  o f  A lb e r t  E in ste in .

I f  these fin d in g s  h a v e  co n s e q u e n c e s  b e y o n d  th e  stu d y  o f  th e  h is to ry  

o f  s c ie n c e  itse lf, it  w ill  b e  c h ie fly  in  th ree  r e sp e cts : th ey  m a y  p r o v id e  th e  

p h ilo s o p h e r  o f  s c ie n ce  w ith  th e  k in d  o f  r a w  m a te r ia l o f  a c tu a l cases o n  

w h ic h  som e  o f  th e  b e tte r  w o r k  in  th a t fie ld  is b a s e d ; th ey  m a y  h e lp  th e  

in te lle c tu a l h is to r ia n  to  re d e fin e  th e  p la c e  o f  m o d e r n  s c ie n ce  in  o u r  c u l 

tu re  b y  id e n t ify in g  th e  c o n tr ib u t io n s  to  th e  sc ie n tific  im a g in a t io n  o w in g  

to  th e  w h o le  s p e c tru m  o f  in flu e n ce s , f r o m  th e  g e n e ra l lite ra ry  a n d  

e p is te m o lo g ic a l cu rre n ts  to  th e  d e ta ile d  s o c io lo g y  g o v e r n in g  g r o u p  w o r k  

in  th e  la b o r a to r y ; a n d  th e y  m a y  p r o m p t  th e  e d u c a to r  to  r e e x a m in e  th e  

c o n v e n t io n a l c o n c e p ts  o f  e d u c a t io n  in  s c ie n ce , b o t h  f o r  scientists a n d  fo r  

n on scien tists .

I  sh a ll d iscuss e a c h  o f  th ese p o in ts  m o r e  fu lly , b u t, first o f  a ll, le t  m e  

tak e  n o te  o f  th e  h is to r ica l p r o b le m s  tre a te d  h e re  th a t seem  to  m e  o f  in 

terest in  th e ir  o w n  r ig h t .

P r o b le m s  in th e  H is to r y  o f  P h ysics

A  fe w  e x a m p le s  o f  th e  s p e c if ic  q u estion s  th a t g e n e ra te d  e a c h  o f  th e  

essays m u st su ffice  a t  this p o in t . I n  J o h a n n es  K e p l e r ’ s U n iv e r s e :  I t s  

P h ysics  a n d  M e ta p h y s ic s , th e  n a g g in g  p r o b le m  w a s  w h y  K e p le r ’ s as 

t r o n o m y  w o r k e d  so  w e ll a lth o u g h  h is p r e -N e w to n ia n  p h y s ics  w a s  so  in 

e f fe c t iv e . T h o u g h  h is in s tin ct  f o r  p h y s ica l p r o b le m s  w as s o u n d , h is  too ls  

w e r e  n o t , a n d  th e  su ccess  o f  h is a s tro n o m y  d e p e n d e d  o n  h is a b ility  t o  

sh ift  t o  fr a n k ly  m e ta p h y s ica l p r e s u p p o s it io n s  w h e n  his p h y s ica l on e s  g a v e  

o u t . T h u s  o n  F e b r u a r y  10, 1 6 05— a  d a te  th a t m ig h t  b e  ta k en  to  b e  h is 

t o r ic  fo r  p h ysics— h e  r e v e a le d  fo r  th e  first t im e  his d e v o t io n  to  th e  im a g e  

o f  th e  u n iv erse  as a  p h y s ica l m a c h in e  in  w h ic h  u n iv ersa l terrestria l fo r c e  

la w s w o u ld  h o ld  f o r  th e  o p e r a t io n  o f  th e  w h o le  co sm o s  (see  h is 

le tte r  to  H e r w a r t  v o n  H o h e n b u r g ) . B u t  h is e f fo r t  w o u ld  h a v e  b e e n  

d o o m e d  i f  h e  h a d  n o t  s u p p le m e n te d  th e  m e ch a n is t ic  im a g e  w ith  tw o  

o th e r , v e ry  d if fe r e n t  o n e s : th e  u n iv erse  as a  m a th e m a t ica l h a rm o n y , a n d  

th e  u n iv erse  as a  ce n tra l th e o lo g ic a l o r d e r . T h e s e  th ree  th em es c o n t in u e d  

to  e c h o  in  th e  w o r k  o f  th e  se v e n te e n th -ce n tu ry  scientists w h o  fo l lo w e d  

K e p le r , a n d  in d e e d  u p  to  th e  d e la y e d  tr iu m p h  o f  th e  p u re ly  m e ch a n is tic  

v ie w  in  th e  c o m p le t io n  o f  N e w t o n ’ s w o r k  b y  L a p la c e .

A  little  e a r lie r , in  th e  v e ry  first o f  th e  essays, th e  q u e s tio n  ra ised  is w h y
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IN T R O D U C T IO N

N e w to n  ch o s e  to  su p press h is “ F ifth  R u le  o f  R e a s o n in g ,”  o n e  w h ic h  n o t  

o n ly  w o u ld  b e  a c c e p te d  to d a y , b u t , it  w o u ld  seem , w as a  lo g ic a l c o n s e 

q u e n c e  o f  N e w to n ’ s o w n  a v o w e d  d is lik e  o f  fe ig n in g  h y p oth eses . W e  

a re  le d  th ere  to  in tr o d u c e  th e  r e c o g n it io n  o f  th e  ex is te n ce , a n d  e v e n  th e 

necessity  a t c e rta in  stages in  th e  g r o w th  o f  sc ie n ce , o f  p re c ise ly  su ch  

u n v er ifia b le , u n fa ls ifia b le , a n d  yet n o t -q u ite -a r b itr a r y  h y p oth eses . T h is  

class o f  h y p oth eses , r e fe r re d  to  as th e m a tic  h y p oth eses  o r  th e m a tic  p r o p 

os ition s, is d e v e lo p e d  a t som e  len g th  in  th e  first, th ird , a n d  sixth  essays. 

T h e  analysis h as, I  b e lie v e , s ig n ifica n ce  a lso  f o r  th e  y o u n g e r  sc ien ces  

th at a re  n o w  (e rro n e o u s ly , in  m y  o p in io n )  try in g  to  e m u la te  th e  o ld e r  

p h y sica l scien ces  b y  restr ictin g  th e ir  a rea  o f  in v e stig a tio n , e v e n  if  a rtifi 

c ia lly , p u re ly  to  th e  “ c o n t in g e n t ”  p la n e  o f  p h e n o m e n ic  (e m p ir ic a l )  a n d  

a n a ly tic  sta tem en ts.

T h e  th ird  essay e x a m in es  som e s p e c ific  th em es th a t a re  a c t iv e  b o th  in  

th e  scien ces  as n a rro w ly  c o n s tr u c te d  a n d  in  w o r k  o u ts id e  th e  scien ces  

(e .g ., ju x ta p o s it io n  o f  th e  th e m a -a n t ith e m a  ( o r  6 6 )  c o u p le  o f  a to m ism  

a n d  th e  c o n t in u u m ; m e th o d o lo g ic a l  th e m a -a n t ith e m a  o f  p r o je c t io n  [e x -  

te rn a liza tion ] a n d  r e tr o je c t io n  [ in te r n a liz a t io n ]) . T h is  p r e p a re s  f o r  th e  

r e co g n it io n  th a t th e m a ta  n o t  m e re ly  b e lo n g  to  a  p o o l  o f  s p e c ifica lly  sci 

e n t ific  id eas b u t  sp r in g  fr o m  th e  m o re  g e n e ra l g r o u n d  o f  th e  im a g in a 

tion .

I n  th e  fo u r th  essay, T h e  R o o t s  o f  C o m p le m e n ta r ity ,  w e  first r e v ie w  th e  

w a v e -p a r t ic le  p a r a d o x  a n d  th e  re la te d  se p a ra tio n  b e tw e e n  th e  o b se rv e r  

a n d  th e  o b se rv e d . H is to r ica lly  th is d e v e lo p m e n t  t o o k  p la c e  in  a n  era  o f  

th e m a tic  c o n f l ic t  b e tw e e n  scientists w ith  a n tith e tica l p re su p p o s it io n s . 

S o m e  r e g a r d e d  S c h r o d in g e r ’ s in tr o d u c t io n  o f  w a v e  m e ch a n ics  as “ a  

fu lfillm e n t  o f  a  lo n g  b a ffled  a n d  in su p p ress ib le  d es ire ,”  as o n e  p h y sic ist  

ex p ressed  it in  1927 , w h ile  o th e rs  a b h o r r e d  th is c o n t in u u m -b a s e d  a p 

p r o a c h  a n d  fo u n d  sa tis fa ction  o n ly  in  fu n d a m e n ta l e x p la n a tio n s  r o o te d  

in  the th e m a  o f  d iscreten ess. B o th  g ro u p s  fa c e d  th e  sam e e x p e r im e n ta l 

d a ta ; b u t  th e ir  a lle g ia n ce s  w e re  to  c o n ju g a t e  n o t io n s , a n d  in  th e  p a s 

s ion ate  m o t iv a t io n  b e h in d  th e ir  a n tith e tica l qu ests w e  re co g n iz e  o n e  o f  

th e  c h ie f  p ro p e rt ie s  o f  the th e m a tic  a tta ch m e n t.

A t  th a t p o in t  in  h istory , it w as B o h r ’ s g e n ia l r e c o m m e n d a t io n  to  a c 

c e p t  b o th  m e m b e rs  o f  th e  { 6 6 )  c o u p le  as e q u a lly  v a lid  b u t c o m p le 

m en ta ry  p ic tu re s  o f  n a tu re , in stead  o f  fo l lo w in g  th e  tra d it io n a l p a th  o f  

persisten tly  try in g  to  d isso lv e  o r  c o n q u e r  o v e r  o n e  b y  m ea n s  o f  th e  o th e r . 

T h e  h is to r ica l q u e s tio n  th at arises h ere  is h o w  B o h r  m a y  h a v e  b e e n  p r e -
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p a r e d  fo r  th is re m a rk a b le  in n o v a t io n  in  p h ysics— a n d  w e  f o l lo w  th e  h in ts  

le ft  b y  B o h r  h im s e lf  t o  th e  e f fe c t  th a t  th is n e w  th e m a  m a y  h a v e  h a d  

so m e  o f  its ro o ts  in  p h ilo s o p h ic a l  a n d  lite ra ry  w ork s .

T h e  fifth  essay, O n  th e  O r ig in s  o f  th e  S p e c ia l  T h e o r y  o f  R e la t iv ity ,  

p oses  a  set o f  h is to r ic a l q u e s tio n s  th a t a re  th e n  su ccess iv e ly  a tta ck e d  

in  th e  n e x t  f iv e  p a p e r s : w h a t  a re  th e  sou rces  f o r  th e  s tu d y  o f  th e  

o r ig in s  o f  re la tiv ity  th e o ry , a n d  w h a t  is th e ir  p r o b a b le  r e lia b ility ?  W h a t  

w as th e  sta te  o f  s c ie n ce  a r o u n d  1 9 0 5 , w h a t  w e r e  th e  c o n tr ib u t io n s  w h ic h  

p r e p a r e d  th e  fie ld , a n d  w h a t  d id  E in ste in  k n o w  a b o u t  th e m ?  B y  w h a t  

steps m a y  E in ste in  h a v e  r e a c h e d  th e  c o n c lu s io n s  h e  p u b lish e d  in  h is  first, 

b a s ic  p a p e r ?  T o  w h a t  e x te n t  w a s  th is w o r k  a  m e m b e r  o f  a  c o n t in u o u s  

c h a in  w ith  im m e d ia te  p re d e ce sso rs , a n d  to  w h a t  e x te n t  m a y  it b e  c o n 

s id e re d  “ r e v o lu t io n a r y ” ? W h a t  w e r e  th e  ro les  o f  e x p e r im e n ts  a n d  o f  

s p e c u la t iv e  h y p o th e se s  in  th e  gen esis  o f  re la tiv ity  th e o r y ?  W h a t  p a r t  d id  

e p is te m o lo g ic a l  an alysis  p la y  in  E in ste in ’ s th o u g h t , a n d  w h a t  w a s  his 

in flu e n c e  in  tu rn  u p o n  th e  e p is te m o lo g y  o f  h is t im e ?  W h a t  m a y  w e  say 

a b o u t  th e  sty le  o f  h is w o r k , a n d  h o w  m a y  it  b e  c o n n e c t e d  w ith  h is p e r s o n 

a l o r ie n ta t io n ?  W h a t  m e th o d o lo g ic a l  p r in c ip le s  f o r  th e  s tu d y  o f  th e  

h is to ry  o f  s c ie n c e  itse lf e m e r g e  f r o m  su ch  a  case  s tu d y ?

O n  th e  w a y , a  n u m b e r  o f  o ld  q u e stio n s  a re  r e e x a m in e d  a n d  n e w  o n e s  

in tr o d u c e d  in  th is s e c t io n  o f  th e  v o lu m e : th e  p h ilo s o p h ic a l  p i lg r im a g e  

o f  E in ste in  h im se lf , s ta rtin g  fr o m  a n  a lle g ia n c e  to  M a c h is t  p h e n o m e n a l 

ism  a n d  e n d in g  p r im a r ily  w ith  a  r a t io n a lis t ic  r e a lis m ; E in ste in ’ s f r e 

q u e n t  p r e o c c u p a t io n  w ith  w h a t  h e  c a lle d  “ th e  n a tu re  o f  m e n ta l p r o 

cesses,”  a n d  h is c o n c lu s io n s  c o n c e r n in g  t h e m ; th e  fa c t  th a t  h is to r ica l 

s ta tem en ts , lik e  th ose  in  p h y s ics , h a v e  m e a n in g  o n ly  re la t iv e  to  a  sp e 

c i f ia b le  fr a m e w o r k — a n d  th e  u n fo r tu n a te  c o n s e q u e n c e  o f  this fa c t  w h e n  

p e d a g o g ic  s ta tem en ts  a re  c o n fu s e d  w ith  q u a s i-h is to r ica l s ta te m e n ts ; th e  

so m e tim e s  q u ite  fla g ra n t  n e g le c t  o f  “ e x p e r im e n ta l e v id e n c e ”  w h e n  su ch  

e v id e n c e  is c o n tr a r y  t o  a  g iv e n  th e m a t ic  c o m m it m e n t ; th e  “ re la t iv is t ic ”  

c o n t e x t  o f  a  “ c r u c ia l”  e x p e r im e n t  th a t m a y  in d e e d  b e  c r u c ia l in  th e  

se tt in g  o f  o n e  th e o ry  b u t , in  th e  se ttin g  o f  a n o th e r , m a y  b e  tr iv ia lly  tru e , 

a n d  n o t  e v e n  w o r th  a  s p e c if ic  m e n t io n ; an  a t te m p t  to  w restle  m o r e  c o n 

c re te ly  w ith  th e  o ld  p r o b le m  o f  th e  q u a s i-a e s th e tic  c h o ic e s  w h ic h  so m e  

scien tists  m a k e , f o r  e x a m p le  in  r e je c t in g  as m e re ly  “ a d  h o c ”  a n  h y 

p o th e s is  w h ic h , to  o th e rs , m a y  a p p e a r  to  b e  a  n ecessa ry  d o c t r in e ; a n d  

fin a lly , a n  a t te m p t  to  tra ce  th e  g r o w th  o f  a  sc ien tis t ’ s th e m a tic  c o m m it 

m e n t  f r o m  c h i ld h o o d , a n d  to  see th e  w o r k  o f  a  g e n ia l c o n t r ib u to r  in
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term s o f  a  c o r r e s p o n d e n c e  b e tw e e n  h is p e rs o n a l style a n d  th e  s tru ctu re  

o f  th e  law s o f  n a tu re  th em selves .

S in ce  a  c h ie f  a im  o f  th ese  essays is to  ra ise  n e w  q u estion s  f o r  resea rch  

ra th er  th a n  m e re ly  t o  a n sw er o ld  on es, th ere  h as b e e n  n o  a t te m p t  t o  

c o m e  t o  so lu tion s  th a t p r e te n d  t o  f in a lity ; ra th er , w e  sh a ll b e  satisfied  i f  

w e  c a n  o p e n  th e  t o p ic  w id e r  a n d  fin d  in terestin g  q u estion s  sp re a d  o v e r  

severa l, p r e v io u s ly  sep a ra te , sp e c ia lty  d isc ip lin es . T h e n ,  to o , s o m e  p r o b 

lem s a re  n o t  b y  a n y  m ea n s  r e a d y  to  b e  so lv e d — su ch  as th a t o f  th e  m e a n 

in g  o f  “ g e n iu s” — a n d  so  it is best t o  le a v e  th e m  u n a s h a m e d ly  o p e n . T h is  

a p p lie s  a lso , f o r  e x a m p le , t o  th e  r o le  o f  v e r b a l versu s v isu a l th in k in g  in  

s c ie n tific  th e o ry  b u ild in g , a n d  in d e e d  t o  th e  q u e s tio n  th at E in ste in  h im 

se lf, n e a r  th e  b e g in n in g  o f  h is A u to b io g r a p h ic a l  N o te s , s tru g g le d  w it h :  

“ W h a t , p rec ise ly , is ‘ th in k in g ’ ? ”

T h e  tw o  fo l lo w in g  essays a re  s p e c ifica lly  d e v o te d  to  th e  c o n s tr u c t io n  

o f  m o d e ls  fo r  u n d e rs ta n d in g  th e  g r o w th  o f  s c ie n ce . T h u s , th e  s u b je c t  o f  

th e  e le v e n th  essay is th e  r e la t io n  b e tw e e n  th e  w o r k  o f  th e  in d iv id u a l 

scien tist a n d  th a t o f  th e  m ass o f  s c ie n tific  w o rk e rs  w h o  a r e  h is c o n te m 

p o ra r ie s  a n d  h is su ccessors. I t  d e fin e s  th e  c r u c ia l  d is t in ct io n  b e tw e e n  

tw o  d iffe r e n t  a ctiv it ie s— re la te d  to  e a c h  o th e r  a n d  w ith  a  fu zz y  b o r d e r  

b e tw e e n  th em , b u t  still q u ite  d if fe r e n t— th a t a re  n ev erth e less  d e n o te d  b y  

th e  sam e te rm , s c ie n ce . O n e  is th e  p r iv a te  a sp e ct , s c ie n c e -in -th e  m a k in g , 

th e  sp e cu la tiv e , p e rh a p s  la rg e ly  n o n v e r b a l a c t iv ity , c a r r ie d  o n  w ith o u t  

s e lf-co n s c io u s ly  e x a m in e d  m e th o d s , w ith  its o w n  m o tiv a t io n s , its o w n  

v o c a b u la ry , a n d  its o w n  m o d e s  o f  p rog ress . T h e  o th e r  is th e  p u b l ic  a sp e ct , 

s c ie n ce -a s -a n -in s t itu t io n , th e  in h e r ite d  w o r ld  o f  c la r ifie d , c o d if ie d , re 

fin e d  c o n c e p ts  th a t h a v e  pa ssed  th r o u g h  a  p ro ce ss  o f  s cru tin y  a n d  h a v e  

b e c o m e  p a r t  o f  a  d is c ip lin e  th a t c a n  b e  ta u g h t , n o  lo n g e r  s h o w in g  m o r e  

th a n  s o m e  tra ces  o f  th e  in d iv id u a l s tru g g le  b y  w h ic h  it  h a d  b e e n  o r ig i 

n a lly  a c h ie v e d . T h is , r o u g h ly , c a n  b e  c h a r a c te r iz e d  as th e  d i f fe r e n c e  

b e tw e e n  th e  “ s u b je c t iv e ”  a n d  th e  “ o b je c t iv e ”  a sp ects  o f  tru th -seek in g . 

T h e  fo r m e r  a sp e ct  d o e s  n o t  h a v e  to  re m a in  ta c it , n o r  s h o u ld  it  b e  d is 

c r e d ite d  as in a cce ss ib le  to  ra t io n a l stu d y . O n  th e  co n tra ry , it s h o u ld  b e  

fe rre te d  o u t , a n d , as K e p le r  a n d  E in ste in  s h o w e d , it  c a n  som etim es  b e  

q u ite  e lo q u e n t ly  d e fe n d e d .

A tte n d in g  in  m o r e  d e ta il t o  th e  p u b lic  a sp e ct  o f  s c ie n tific  d e v e lo p 

m en t, th e  tw e lfth  essay d ea ls  w ith  th e  essen tia lly  q u a lita t iv e  a sp ects  o f  

s c ie n tific  g r o w th  a n d  c h a n g e  in  r e ce n t  d e ca d e s . H e r e  a  k ey  c o n c e p t  is n o t  

so m u c h  th e  e s ca la t io n  o f  k n o w le d g e  as th e  e s ca la t io n  o f  ig n o r a n c e —
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th e  so m e tim e s  d is c o n t in u o u s  p rocess  o f  b r e a k in g  in to  n e w  areas o f  w o r k  

w h e r e  v e ry  litt le  is y e t  k n o w n . O t h e r  a sp ects  d iscu ssed  in c lu d e  th e  p r o 

cesses o f  d if fu s io n  o f  s c ie n t ific  in fo r m a t io n , b r a n c h in g  o f  n e w  fie ld s , n o n 

lin e a r ity  o f  p o te n t ia l in  te a m  w o r k , a n d  re cru itm e n t . D e s p ite  th e  fa u lts  

o f  th e  system  th a t a re  b e in g  n o w a d a y s  q u ite  a m p ly  d iscu ssed , th e  so 

c io lo g y  o f  b a s ic  s c ie n t ific  re se a rch  g r o u p s  in d ic a te s  th a t m o r e  th a n  e v e r  

th ese g r o u p s  m a y  p r o v id e  u se fu l m o d e ls  f o r  th e  c o n d u c t  o f  w o r k  in  c e r 

ta in  o th e r  fie ld s  o f  s ch o la rsh ip  a lso .

I n  th e  r e m a in in g  essays I  h a v e  a t te m p te d  to  d r a w  so m e  p r a c t ic a l c o n 

c lu s io n s  fr o m  these fin d in g s , p a r t ic u la r ly  in s o fa r  as th ey  p e r ta in  to  tw o  

a sp ects  o f  th e  p u b lic  u n d e r s ta n d in g  o f  s c ie n ce . O n e  is th e  a c tu a l d es ig n  

o f  c u r r ic u la  f o r  c o lle g e s  a n d  s c h o o ls ; h e n c e , th e  fin a l essays o f  this c o l 

le c t io n  a re  d e v o te d  to  a  d e ta ile d  e x a m in a t io n  o f  th e  co n s e q u e n c e s  fo r  

e d u c a t io n , in c lu d in g  se ttin g  c r ite r ia  f o r  c u r r ic u lu m  d e s ig n . T h e  te m p ta 

t io n  t o d a y  is still s tro n g  to  set u p  a c a d e m ic  cou rses  as i f  th e  a im  w e re  to  

m a x im iz e  th e  sep a ra ten ess  o f  d isc ip lin es . T h e  s tu d e n t sees th e  stran ds o f  

th e  c u r r ic u lu m  h a n g in g  d o w n  sep a ra te ly , o n e  la b e lle d  p h y s ics , a n o th e r  

p s y c h o lo g y , a  th ird  e c o n o m ic s , a n o th e r  p o l it ic a l  s c ie n ce . A n d  h e  learn s 

e a c h  fr o m  a  d i f fe r e n t  p e rs o n , f r o m  a  d i f fe r e n t  b o o k . O n  h is  o w n , h e  is 

su p p o s e d  to  m a k e  sense o u t  o f  it  a ll, to  w e a v e  h im s e lf  a  ta p estry  fr o m  th e  

stran ds h a n d e d  t o  h im . T h is  is p u tt in g  m u c h  t o o  la rg e  a  b u r d e n  o n  th e  

stu d en t. M o r e o v e r ,  th e  sep a ra ten ess  o f  fie ld s  in  th e  c la ssro o m  d o e s  n o t  

c o r r e s p o n d  to  th e  in te lle c tu a l rea lities  o f  w o r k  in  th ose  fie ld s . W e  o u g h t  

to  s h o w , p a r t ic u la r ly  in  th e  in tr o d u c to r y  o r  g e n e r a l-e d u c a t io n  cou rses , 

th ose  c o h e r e n c e s  th a t in  fa c t  d o  ex ist.

T h e  o th e r  a s p e c t  o f  th e  p u b l i c  u n d e r s ta n d in g  o f  s c ie n c e  o f  d e e p  c o n 

c e r n  to  m e  is th e  m a n n e r  in  w h ic h  s c ie n ce  is u n d e r s to o d  o r  m is u n d e r 

s to o d  a m o n g  a d u lt  in te lle c tu a ls , in c lu d in g  th ose  w h o  d e n y  th a t s c ie n ce  

c a n  b e  c o n s id e r e d  a n  essen tia l a n d  p o s it iv e  p a r t  o f  th e  c u ltu r a l a c h ie v e 

m e n t  o f  o u r  tim e . T h is  c o n c e r n  is b y  n o  m ea n s  n e w . T h u s  th e  p a p e r , 

M o d e r n  S c ie n c e  a n d  th e  I n te l l e c tu a l  T r a d it io n ,  n o w  m o r e  th a n  a  d e c a d e  

o ld  a n d  w r itte n  a t  th e  h e ig h t  o f  th e  p o s tw a r  a p p r e c ia t io n  o f  s c ie n ce , 

w a r n e d  th a t u n d e r n e a th  th e  e u p h o r ia  th ere  w a s  a n  o ld ,  u n d e r ly in g  d is 

ease th a t sp e lle d  t r o u b le  a h e a d . A n d  w h ile  so m e  th in g s  h a v e  c h a n g e d  in  

th e  m e a n t im e — m o s t ly  th e  a b s o lu te  v a lu e s  o f  s o m e  n u m b e rs , th o u g h  

h a r d ly  th e ir  ra tios  a n d  p e r c e n ta g e s — th e  c o n c lu s io n s  o f  th a t g e n e ra lly  

p ess im istic  a r t ic le  a re  p e r h a p s  e v e n  m o r e  a p p r o p r ia te  n o w . N e w  fo r c e s  

w ill  h a v e  to  b e  in tr o d u c e d  in to  th e  c u ltu r a l d y n a m ic s  to  ch a n g e  th e

l6



IN T R O D U C T IO N

c o n t in u in g  a tr o p h y  o f  th e  m e ch a n is m  b y  w h ic h , in  th e  m o re  d ista n t p a st, 

sch ism s o f  th e  p resen t k in d  w e re  a v e rte d . A  c le a re r  u n d e rs ta n d in g  o f  

w h a t  s c ie n ce  is a n d  is n o t , w h ic h  I  see as o n e  o f  th e  fo r e m o s t  p u rp o se s  

in  these essays, w ill, o n e  d a res  to  h o p e , h e lp  m a k e  m o r e  e x p lic it  th e  

b o n d s  th at c o u ld  k e e p  s c ie n ce  in  r e c ip r o c a l  c o n ta c t  w ith  th e  rest o f  o u r  

cu ltu re .

T h e  N a s ce n t  M o m e n t

A p a r t  fr o m  th e  se a rch  fo r  in terestin g  p r o b le m s  in  th e  g e n e ra l a rea  o f  

th e  h istory  o f  p h ysics , m a n y  o f  these essays sh a re  in  th e  a tte m p t a t least 

to  b e g in  th e  lo n g -o v e r d u e  w o r k  o f  u n d e r s ta n d in g  th e  “ n a sce n t  m o m e n t ”  

o r  n a scen t p h a se  in  s c ie n tific  w o r k . E in ste in  h im s e lf  p o in te d  fr e q u e n t ly  

to  b o th  th e  in terest a n d  th e  d ifficu lty  in  a n y  su ch  d iscu ss ion . F o r  e x a m 

p le , h e  w r o te , “ S c ie n c e  as a n  ex is t in g , fin ish e d  [c o r p u s  o f  k n o w le d g e ] is 

the m ost o b je c t iv e , m o st  u n p e r s o n a l [th in g ] h u m a n  b e in g s  k n o w , [b u t] 

sc ien ce  as s o m e th in g  c o m in g  in to  b e in g , as a im , is ju s t  as s u b je c t iv e  a n d  

p s y c h o lo g ic a lly  c o n d it io n e d  as a n y  o th e r  o f  m a n ’ s e ffo r ts ,”  a n d  its 

s tu d y  is w h a t  o n e  s h o u ld  “ p e rm it  o n e s e lf  a lso .”  E lsew h ere , E in ste in  u sed  

th e  su ggestive  p h ra se  “ th e  p e rso n a l s tru g g le ”  t o  d e scr ib e  w h a t  se e m e d  to  

h im  to  d eserve  ce n tra l a tte n tio n  in  th e  analysis o f  sc ie n tific  d e v e lo p m e n t .

T h is  a d v ic e  is, o f  co u rse , e x a c t ly  c o u n te r  to  th a t o f  m a n y  o th e r  s c ien 

tists, h istorian s, a n d  p h ilo s o p h e rs  o f  sc ien ce . A m o n g  th e  last, H a n s  

R e ic h e n b a c h ’s d ic tu m  is t y p ic a l :  “ T h e  p h ilo s o p h e r  o f  s c ie n ce  is n o t  

m u c h  in terested  in  th e  th o u g h t  p rocesses  w h ic h  le a d  to  sc ie n tific  d is 

co v e r ie s  . . . .  th a t is, h e  is in terested  n o t  in  th e  c o n te x t  o f  d is co v e ry , b u t  

in  th e  c o n te x t  o f  ju s t if ica t io n .”  H isto r ia n s  o f  s c ie n ce  a lso  h a v e  n o t  p a id  

m u c h  a tte n tio n  to  th e  n a scen t p h a se  b e ca u se , as o n e  o f  th e m  p u t  it, th e  

reasons w h y  scientists e m b r a c e  th e ir  g u id in g  id ea s  in  in d iv id u a l cases 

“ lie  o u ts id e  the a p p a r e n t  sp h ere  o f  s c ie n ce  e n tire ly ” ; th e r e fo r e  th ey  a re  

a ll t o o  easy to  d ism iss as n o t  le a d in g  t o  c e rta in  k n o w le d g e . T h o s e  fe w  

p h ilo so p h e rs  o f  s c ie n ce  w h o  h a v e  lo o k e d  at su ch  p r o b le m s  h a v e  te n d e d  

to  la b e l th em  as “ m e ta sc ie n ce  p r o b le m s ,”  h id d e n  a t  th e  basis o f  s c ie n ce , 

a n d  n o t  rea lly  p a rt  o f  it.

S cien tists  th em selves , b y  a n d  la rg e , h a v e  tra d it io n a lly  h e lp e d  t o  d e r 

o g a te  o r  a v o id  d iscu ssion s o f  th e  p e rso n a l c o n te x t  o f  d is c o v e r y  in  fa v o r  

o f  th e  c o n te x t  o f  ju s t ifica t io n . T h e y  w o u ld  still a g ree  w ith  R o b e r t  H o o k e ’ s 

d r a ft  p r e a m b le  to  th e  statutes o f  th e  R o y a l S o c ie ty : “ T h e  bu siness o f  th e  

R o y a l S o c ie ty  is : T o  im p r o v e  th e  k n o w le d g e  o f  n a tu ra l th in gs . . . (n o t
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m e d d lin g  w ith  D iv in ity , M e ta p h y s ics , M o r a ls , P o lit ics , G r a m m a r , R h e t -  

o r ic k , o r  L o g i c k s ) .”  T h is  is o f  c o u r s e  o n  th e  w h o le  as it s h o u ld  b e . Y e t  

e v e n  th e  n ecessary  fe w  w h o  a re  s y m p a th e tic  to  a n  an alysis  o f  th e  c o n te x t  

o f  d is c o v e r y  use im a g e ry  th a t sh ow s h o w  sk ep tica l th ey  a re  o f  e v e r  f in d 

in g  w a y s  o f  u n d e r s ta n d in g  th e  “ p e r s o n a l s tru g g le .”  T h u s  G u n th e r  S ten t 

w rites  th a t th e  d o m a in  o f  th e  sc ien ces  “ is th e  o u te r  o b je c t iv e  w o r ld  o f  

p h y s ica l p h e n o m e n a . S c ie n t if ic  sta tem en ts  th e r e fo r e  p e r ta in  m a in ly  to  

re la t io n s  b e tw e e n  p u b l ic  ev en ts ,”  a n d  h e  g o e s  o n  to  w a r n  th a t a ll else is 

o f  th e  n a tu re  o f  a rtis tic  sta tem en ts  w h ic h  “ p e rta in  m o stly  to  p r iv a te  

ev en ts  o f  a f fe c t iv e  s ig n ifica n c e .”  A n d  M a x  B o rn  h as w r itte n , “ I  b e 

lie v e  th a t th ere  is n o  p h ilo s o p h ic a l  h ig h -r o a d  in  s c ie n ce , w ith  e p is te m o 

lo g ic a l  s ign posts . N o ,  w e  a re  in  a  ju n g le  a n d  fin d  o u r  w a y  b y  tr ia l a n d  

e r ro r , b u ild in g  o u r  r o a d s  b e h in d  us as w e  p r o c e e d . W e  d o  n o t  f in d  s ig n 

p osts  a t  c ro ss -ro a d s , b u t  o u r  o w n  scou ts  e r e c t  th e m , to  h e lp  th e  rest.”

T h e  in te n t  o f  su ch  ra th e r  ty p ic a l resp on ses  m a y  b e  b e n ig n , p e rh a p s  to  

in d ic a te  th e  scien tist ’ s d isa g re e m e n t e ith e r  w ith  p o p u la r  c o n c e p t io n s  o f  

s c ie n c e  as a n  im p e r s o n a l, m a c h in e lik e  su ccess story , o r  w ith  th ose  o v e r 

b e a r in g  e p is te m o lo g ic a l  treatises th a t c la im  to  p u t  o r d e r  in to  th e  tu rb u 

len t  w o r k  o f  the in d iv id u a l scien tist a n d  h e lp  h im  to  d e c id e  w h ic h  o f  h is 

w o rk s  m a y  b e  g o o d  o r  b a d . N ev erth e less , th e  c h ie f  resu lt is t o  d is c o u r a g e  

th e  s tu d y  o f  th is “ ju n g le .”

T h e  d e ta ile d  an a lysis  o f  p u b lis h e d  s c ie n tific  c o n tr ib u t io n s  g e n e ra lly  

o n ly  re in fo rc e s  th is fe e lin g . M o s t  o f  th e  p u b lic a t io n s  a re  fa ir ly  s tra igh t 

fo r w a r d  re co n s tru c tio n s , im p ly in g  a  story  o f  s te p -b y -s te p  p rog ress  a lo n g  

fa ir ly  lo g ic a l  ch a in s , w ith  s im p le  in terp la y s  b e tw e e n  e x p e r im e n t , th e o ry , 

a n d  in h e r ite d  c o n c e p ts . S ig n ifica n tly , h o w e v e r , th is is n o t  tru e  p re c ise ly  

o f  s o m e  o f  th e  m o st  p r o fo u n d  a n d  m o st  sem in a l w o rk . T h e r e  w e  a re  m o r e  

lik e ly  to  see p la in ly  th e  i l lo g ic a l , n o n lin e a r , a n d  th e r e fo r e  “ ir ra t io n a l”  

e le m e n ts  th a t a re  ju x ta p o s e d  to  th e  lo g ica l n a tu re  o f  th e  c o n c e p ts  th e m 

selves. C ases  a b o u n d  th at g iv e  e v id e n c e  o f  th e  r o le  o f  “ u n sc ie n t ific ”  p r e 

c o n c e p t io n s , p a ss io n a te  m o tiv a t io n s , va rieties  o f  te m p e ra m e n t, in tu it iv e  

lea p s , s e re n d ip ity  o r  sh eer  b a d  lu ck , n o t  to  sp ea k  o f  th e  in c r e d ib le  te n a c 

ity  w ith  w h ic h  c e r ta in  id ea s  h a v e  b e e n  h e ld  d e sp ite  th e fa c t  th a t th ey  

c o n f l ic te d  w ith  th e  p la in  e x p e r im e n ta l e v id e n c e , o r  th e  n e g le c t  o f  th e o 

ries th a t w o u ld  h a v e  q u ic k ly  s o lv e d  a n  e x p e r im e n ta l p u zz le . N o n e  o f  

these e le m e n ts  fit in  w ith  th e  c o n v e n t io n a l m o d e l  o f  th e  s c ie n tis t ; th ey  

seem  u n lik e ly  to  y ie ld  to  r a t io n a l s tu d y ; a n d  y et th e y  p la y  a  p a r t  in  sc i 

e n t ific  w o rk .
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IN T R O D U C T IO N

T h is  is m u c h  m o re  o b v io u s  to  o n e  w h o  a c tu a lly  lives in  th e  m id d le  o f  

th e d o in g  o f  s c ie n ce  itself. S cien tists  g e n e ra lly  h a v e  b e e n  re lu cta n t  (p e r 

h a p s e v e n  e m b a rra sse d ) to  d iscu ss fra n k ly  th is state o f  a ffa irs  in  th e  

p u b lish e d  w o r k  o n  w h ic h  sch o la rs  o u ts id e  th e  sc ien ces  g e n e ra lly  rely . I t  

is o n ly  re la tiv e ly  re ce n tly  th a t it has b e c o m e  m o r e  c o m m o n  fo r  w o r k in g  

scientists to  a l lo w  th em selves  t o  b e  in te r r o g a te d  b y  w e ll p r e p a r e d  a n d  

sensitive h istorian s, o r  to  m a k e  a v a ila b le  th e ir  d r a ft , n otes , resea rch  

a p p a ra tu s , p e rso n a l letters, a n d  o th e r  d o c u m e n ts .1

W e  h a v e  h e re  a  c u r io u s  s ta n d o ff. W h ile  m a n y  a n d  p e rh a p s  m o st  s c i 

entists a re  still sk ep tica l a b o u t  th e  p oss ib ility  o f  u n d e rs ta n d in g  b e tte r  th e  

n ascen t p h a se , th ey  a re  e q u a lly  u n c o m fo r ta b le  w ith  h a v in g  to  le a v e  it 

s im p ly  a t  re fe re n ce s  to  “ in tu it io n ”  o r  o th e r  p re se n tly  in e x p lic a b le  m e c h 

anism s. I  re g a rd  m a n y  o f  th e  co n fe ss io n s  b y  scientists o f  h o w  th e ir  w o r k  

is rea lly  d o n e  n o t  as a ttem p ts  to  d iscre d it  th e ir  o w n  m o d e  o f  p ro g re ss in g  

in  th e  n a sce n t  p h a se , b u t  ra th e r  as in v ita tion s  to  o th ers  to  b r in g  to  b e a r  

som e system atic  th o u g h t  in  th is a re a  o f  th e  “ p e rso n a l s tru g g le .”  I f  in  th e  

past h istorian s a n d  p h ilo s o p h e rs  o f  s c ie n ce  h a v e , o n  the w h o le , b e e n  

sk ep tica l o f  a c c e p t in g  su ch  p r o b le m s  in to  th e ir  a re a  o f  s ch o la r ly  w o r k , 

it m a y  h a v e  b e e n  th a t th e  s ilen ce  o f  m o st  scientists a n d  th e  fra n k  b u t  u n 

s tru ctu red  testim on y  o f fe r e d  b y  th e  rest h a v e  fr ig h te n e d  in v estig a tors  

a w a y  ra th er  th an  a ttra cte d  th e m , a n d  ca u se d  th e m  to  d ism iss as u n 

w o rth y  o f  e x a m in a t io n  a  f le d g lin g  a re a  o f  s ch o la rsh ip  th at, in  m y  v ie w , 

w ill so o n e r  o r  la ter  tu rn  o u t  to  b e  a  ce n tra l p a r t  o f  th e ir  stu d ies. B o th  

fr o m  th e  p o in t  o f  v ie w  o f  d r a w in g  a tte n tio n  to  areas o f  fr u it fu l n e w  

qu estion s  a n d  fr o m  th a t o f  a  w id e r , m o r e  h u m a n is t ic  a tt itu d e  to w a r d  

the g r o w th  o f  s c ie n ce  itself, it  seem s to  m e  th a t th e  stu d y  o f  th e  p e r 

son a l c o n te x t  o f  d is c o v e r y  is a b o u t  to  c o m e  in to  its o w n .

A p p r o p r ia te  first steps in  th is d ir e c t io n  a re  in d ic a te d  in  these p a g e s ; 

th ey  a re  o f  tw o  k in d s. F irst, o n e  m u st d e lin e a te  m o r e  c le a r ly  s c ie n ce  in  

the sense o f  th e  p e rso n a l stru g g le , b y  d is t in g u ish in g  it fr o m  a  d iffe r e n t  

a ctiv ity , a lso  c a lle d  “ s c ie n c e ,”  w h ic h  is its p u b lic ,  in s titu tion a l a sp ect. 

T h e  tw o  a ctiv it ie s  m a y  b e  la b e le d  S i  a n d  S 2 re sp e ctiv e ly . I t  is fo r  s c ie n ce  

in  the sense o f  £2 th a t  th e  R o y a l  S o c ie ty  e d ic t , q u o te d  a b o v e , has in  fa c t  

w o rk e d  so  su ccess fu lly , e v e n  th o u g h  fo r  S i  it has n e v e r  a p p lie d . A  sc ien 

tist, w h o se  ex tern a l ju s t ifica tio n  a n d  a p p r o b a t io n  c o m e s  fr o m  S 2, th e  

aren a  in  w h ic h  h is p u b lish e d  w o rk  is o f  p r im e  im p o r ta n c e , has g e n e ra lly  

little  reason  o r  in ce n tiv e  se lfco n sc io u s ly  to  e x a m in e  S i, the a re n a  o f  h is
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o w n  im a g in a tiv e  p rocesses  w ith in  w h ic h  h e  in  fa c t  lives  fr o m  d a y  to  d a y . 

U n less  s p e c ifica lly  u r g e d , h e  is lik e ly  to  a d o p t  in  a ll h is d iscu ssion s o f  sc i 

e n c e  th e  v o c a b u la r y  a n d  a tt itu d e  o f  S 2, d r y -c le a n e d  o f  th e  p e rso n a l e le 

m en ts. I n  th is w a y  h e  b e c o m e s  a n  a lly  o f  th ose  h istorian s a n d  p h ilo s o 

p h ers  o f  s c ie n ce  w h o , f o r  o th e r  reasons ( in c lu d in g  th e  fa c t  th a t th ey  

th em selves  d o  n o t  liv e  in  th e  w o r ld  o f  S i ) ,  h a v e  ca u se  to  n e g le c t  th e  

n a scen t m o m e n t  as a  p r o b le m  o f  resea rch .

O n c e  th e  d ist in ction s  b e tw e e n  S i  a n d  S 2 a re  m a d e , o n e  is re a d y  to  

w o r k  in  th e  w o r ld  o f  S t w ith o u t  o f fe n d in g  ju d g m e n ts  th a t m o r e  p r o p 

e r ly  b e lo n g  in  th e  S 2 r e g io n ; th e  a p p a re n t  c o n tr a d ic t io n  b e tw e e n  th e  

o fte n  “ i l lo g ic a l”  n a tu re  o f  d is co v e ry  a n d  th e  lo g ica l n a tu re  o f  p h y s ica l 

c o n c e p ts  is r e s o lv e d ; a n d , w ith o u t  m a k in g  lig h t o f  th e  d ifficu lties , o n e  

is re a d y  to  fin d  th a t a  v e ry  d iffe r e n t  set o f  ru les h o ld s  in  S i  th a n  in  S 2. 1  

d o  n o t  d o u b t  th at so lid  k n o w le d g e  a b o u t  S x c a n  b e  a c h ie v e d . A  s c ie n ce  

o f  S i  m u st b e  p oss ib le . T h o u g h  scientists th em selves  m a y  fo r  a  t im e  

fr o w n  o n  su ch  a n  en terp rise , o n e  m a y  tak e  c o m fo r t  th a t th e  best o f  th e m  

— fo r  e x a m p le  E in ste in  a n d  B o h r , as d e m o n stra te d  in  th ese  p a g es—  

w o u ld  n o t .

N o r  d o  w e  h a v e  to  lo o k  o n ly  to  th e m  f o r  a n  u n d e rs ta n d in g  o f  th e  

d ifficu lty  a n d  necessity  o f  su ch  an  en terp rise . I t  w a s  th e  p h ilo s o p h e r -  

p s y ch o lo g is t  W ill ia m  Jam es, w h o  as lo n g  a g o  as 18 80  sa id  in  a c o n te x t  

th at c a n  b e  s tre tch e d  fr o m  p h ilo s o p h y  to  o th e r  b ra n ch e s  o f  k n o w le d g e :

Pretend what w e m ay, the w h ole  m an w ithin us is at w ork w hen w e form  

our ph ilosophical opinions. Intellect, w ill, taste, and passion co-operate just as 

they d o  in practical affairs; and lucky it is if  the passion be not som ething as 

petty as a love o f  personal conquest over the philosopher across the way. T h e  

absurd abstraction o f  an intellect verbally form ulating all its evidence, and 

carefully  estimating the probability thereof by a vulgar fraction, by the size o f  

w hose denom inator and num erator alone it is swayed, is ideally as inept as it is 

actually im possible. It  is almost incredible that m en w h o are themselves w ork 

ing philosophers should pretend that any philosophy can be, o r  ever has been, 

constructed w ithout the help  o f  personal preference, belief, or divination. H ow  

have they succeeded in so stultifying their sense for  the living facts o f  human 

nature as not to  perceive that every philosopher, or man o f science either, whose 

initiative counts for  anything in the evolution o f thought, has taken his stand 

on  a sort o f  dum b conviction  that the truth must lie  in one direction rather 

than another, and a sort o f  prelim inary assurance that his notion can be m ade 

to w ork; and has borne his best fruit in trying to make it w ork?2
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T h e  T h e m a tic  C o m p o n e n t

IN T R O D U C T IO N

W h ile  th e  e x is te n ce  o f  p re su p p o s it io n s  in  S x c a n n o t  b e  d e n ie d — in 

d e e d , so m e  o f  th e ir  a sp ects  h a v e  b e e n  c e n tra l p r e o c c u p a t io n s  o f  p h i 

lo sop h ers  f o r  m o r e  th a n  th re e  ce n tu r ie s— th ey  m a k e  it p u z z lin g  h o w  

scien tific  w o r k  c a n  s u c c e e d  a t  a ll. W o u ld  s u c h  p r e c o n c e p t io n s  n o t  h o b b le  

o n e  in  th e  sea rch  f o r  th e  o b je c t iv e  sta te  o f  a ffa ir s ?  H o w  c a n  s c ie n ce  

ch a n g e  d ire c t io n s , a n d  yet a lso  p re se rv e  c o n t in u it ie s ?  H o w  has th e  s c i 

en tific  p ro fe ss io n  m a n a g e d  to  c o n s tr u c t  a  c o r p u s  th a t is la rg e ly  so  su ccess 

fu l a n d  so  b e a u t ifu l, d e sp ite  th is a n d  o th e r  lim ita t io n s  o n  th e  in d iv id u a l 

sc ien tific  c o n t r ib u to r ?

P o rtio n s  o f  th e  essays d iscu ss in g  a  p a r t ic u la r  ty p e  o f  p r e c o n c e p t io n  

w h ic h  I  h a v e  c a lle d  th e m a t ic  h a v e  b e e n  m e n t io n e d  a b o v e . B u t  s in ce  th e  

c o n c e p t  o f  th e m a t ic  an alysis w ill  p e r h a p s  b e  th e  least fa m ilia r  a n d  th e  

o n e  m ost  easily  c o n fu s e d  w ith  o th e r  c u r r e n t  c o n c e p t io n s , w e  sh a ll h e re  

g o  in to  a  litt le  m o r e  d e ta il o n  th e  r o le  th e m a ta  p la y  in  s c ie n tific  w o r k . 

T h is  m a y  a lso  h e lp  th e  re a d e r  b y  p r o v id in g  th e  o u tlin e s  o f  th e  th e o re t ica l 

fra m e w o rk  w ith in  w h ic h  th e  m a te r ia l h e re  b e in g  s u rv e y e d  c a n  b e  m o r e  

read ily  a c c o m m o d a te d .

A ll  p h ilo s o p h ie s  o f  s c ie n ce  a g re e  o n  th e  m e a n in g fu ln e ss  o f  tw o  types 

o f  sc ien tific  sta tem en ts , n a m e ly , p r o p o s it io n s  c o n c e r n in g  e m p ir ic a l m a t 

ters o f  fa c t  (w h ic h  u lt im a te ly  b o i l  d o w n  t o  m e te r  r e a d in g s ) a n d  p r o p o 

s itions c o n c e r n in g  lo g ic  a n d  m a th e m a tics  (w h ic h  u lt im a te ly  b o i l  d o w n  

to  t a u t o lo g ie s ) . T o  b e  sure, o b s e r v a t io n  is n o w  o ft e n  c a r r ie d  o n  a t th e  

o u tp u t  e n d  o f  a  c o m p le x  o f  d e v ice s . T h e  o b s e r v a t io n  th a t  co u n ts  in , say, 

a n  e x p e r im e n t  su ch  as th e  first “ o b s e r v a t io n ”  o f  th e  a n t ip r o to n  seem s 

c o m p le te ly  b u r ie d  u n d e r  b o t h  th e  to ta l o u tp u t  o f  d a ta  o b ta in a b le  f r o m  

the m o u n ta in  o f  s p e c ia l e q u ip m e n t  a n d  th e  m ass o f  s o p h is tica te d  

te c h n o lo g ic a l k n o w le d g e  a n d  p h y s ica l th e o r y  w ith o u t  w h ic h  o n e  n e ith e r  

c o u ld  set u p  th e  c o n d it io n s  f o r  th e  o b s e r v a t io n  in  th e  first p la c e , n o r  

w o u ld  k n o w  w h a t  o n e  is lo o k in g  fo r , n o r  s h o u ld  b e  a b le  to  in te rp re t  th e  

th in  tra ce  o n  a n  o s c i l lo s c o p e  o r  in  a  p h o to g r a p h ic  e m u ls io n  u n d e r  th e  

m ic r o s c o p e  b y  w h ic h  o n e  fin a lly  “ sees”  th e  a c t io n  o f  th e  a n t ip r o to n . 

B u t “ p r o p o s it io n s  c o n c e r n in g  e m p ir ic a l m a tters  o f  fa c t ”  c a n  b e  in 

te rp re ted  to  b e  p ro p o s it io n s  c o n c e r n in g  th is fin a l s ta g e , p r o t o c o l  sen 

tences in  c o m m o n  la n g u a g e  th a t c o m m a n d  th e  g e n e ra l assent ( i .e .,  as 

sent in  S 2) b y  specia lists  c o n c e r n e d  w ith  th is  ty p e  o f  “ e m p ir ic a l m a tte r  

o f  fa c t ”  ; a n d  th is is w h a t  m a k es  th e m  “ m e a n in g fu l .”
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T h e  p ro p o s it io n s  c o n c e r n in g  lo g ic  a n d  m a th e m a tics  a re  a n a ly tica l 

p r o p o s it io n s . T h e y  a re  m e a n in g fu l in s o fa r  as th ey  a r e  co n s is te n t w ith in  

th e  system  o f  a c c e p te d  a x io m s , th o u g h  th ey  m a y  o r  m a y  n o t  tu rn  o u t  to  

b e  m o r e  w id e ly  u se fu l. T h u s  th e  a lg e b r a  o f  o r d in a r y  c o m m u ta t iv e  g ro u p s  

su ffices f o r  N e w to n ia n  m e ch a n ics , b u t  n o t  f o r  q u a n tu m  m e ch a n ics .

T h e s e  tw o  typ es o f  m e a n in g fu l p r o p o s it io n s  m a y  b e  c a lle d  p h e n o m e n ic  

a n d  a n a ly t ic  a n d  b y  w a y  o f  a n a lo g y  o n e  m a y  im a g in e  th e m  r o u g h ly  as 

c o r r e s p o n d in g  to  a  set o f  o r th o g o n a l x -  a n d  y -a x e s  th a t rep resen t th e  d i 

m en s ion s  o f  th e  p la n e  o f  u su a l sc ie n tific  d isco u rse .

O n e  m a y  n a m e  th e  x -y  p la n e  th e  c o n t in g e n t  p la n e .  T h e  w o r d  c o n 

t in g en t  h as b e e n  u s e d 3 in  a  sense th a t  is s u p p o se d  t o  b e  m o r e  su b tle  th a n  

th e  te rm  em p ir ic a l  : a  c o n t in g e n t  p r o p o s it io n  is o n e  “ to  w h o se  tru th  o r  

fa ls ity  e x p e r ie n c e  is re le v a n t” — as a g a in st  “ lo g ic a lly  n ecessa ry .” 4 B u t 

this is n o t  th e  sense in  w h ic h  I  in te n d  “ c o n t in g e n t ”  t o  b e  u s e d ; fo r , o n  

th e  o n e  h a n d , it u n n ecessa rily  in tr o d u c e s  b y  th e  b a c k  d o o r  a rg u m e n ts  

c o n c e r n in g  th e  n a tu re  a n d  w a rra n t  o f  t r u th ; a n d , o n  th e  o th e r  h a n d , a  

p r o p o s it io n  c a n  b e  c o n t in g e n t  n o t  o n ly  o n  e m p ir ic a l e v id e n c e  b u t  a lso  o n  

a n a ly t ica l e v id e n c e . T h e  c o n c e p t  o f  th e  e le c t r o n  as p a r t  o f  th e  n u cle u s  

w a s  d is c a r d e d  n o t  o n  e m p ir ic a l g r o u n d s  ( o n  th e  c o n tra ry , e le c tro n s  a p 

p e a r  t o  “ c o m e  o u t ”  o f  d e c a y in g  n u c le i  a ll t o o  c o n s p ic u o u s ly ) , b u t  ra th e r  

b e ca u se  it w a s  th o u g h t  w iser  to  re ta in  th e  th e n  n e w  fo r m a l system  o f  

q u a n tu m -m e c h a n ic a l  an alysis, a c c o r d in g  to  w h ic h  a n  e le c t r o n  b o u n d  in  

th e  n u c le u s  c o u ld  b e  c a lc u la te d  t o  r e q u ire  u tter ly  u n re a so n a b ly  la rg e  

en erg ies .

I  th e r e fo r e  d e fin e  th e  c o n t in g e n t  p la n e  as th e  p la n e  in  w h ic h  a  s c ie n 

t ific  c o n c e p t  o r  a  s c ie n tific  p r o p o s it io n  h as b o th  e m p ir ic a l a n d  a n a ly tica l 

r e le v a n ce . C o n t in g e n c y  an alysis  is th e  stu d y  o f  th e  r e le v a n ce  o f  c o n c e p ts  

a n d  p r o p o s it io n s  in  th e  x -  a n d  y -d im e n s io n s . I t  is a  term  e q u iv a le n t  to  

o p e r a t io n a l an alysis in  its w id e st  sense.

A ll  c o n c e p ts  a n d  p r o p o s it io n s  c a n  in  g e n e ra l b e  s u b je c te d  to  c o n t in 

g e n c y  analysis. A n d  w e  c a n  r e fo r m u la te  th e  c la im  o f  th e  m o d e r n  p h i 

lo so p h ie s  o f  s c ie n ce  th a t a re  r o o te d  in  e m p ir ic is m  o r  p o s it iv ism  th a t th ose  

c o n c e p ts  o r  p r o p o s it io n s  are  “ m ea n in g less”  w h ic h  h a v e  ze ro  o r  n ea rly  

z e r o  c o m p o n e n ts  in  th e  x -  o r  y -d im e n s io n  (o r  in  b o th  x -  a n d  y -d im e n - 

s io n s ) , th a t a ll m e a n in g fu l s c ie n ce  th e r e fo r e  h a p p e n s  in  th e  x -y  p la n e . 

T h is , in  b r ie f , w a s  th e  c o n te n t  o f  N e w t o n ’ s p u b lic  p r o n o u n c e m e n ts  

a g a in st th e  p o s tu la tio n  o f  in n a te  p r o p e r t ie s  a n d  o c c u lt  p r in c ip le s . I t  a lso  

lies b e h in d  H u m e ’ s e x h o r ta t io n , th e  p ersisten t a tta ck s  o f  C o m te  a n d
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M a c h  a n d  th e ir  fo llo w e r s , a n d , o u ts id e  s c ie n ce  itse lf, th e  fu r y  o f  L o c k e  

again st th e  d o c tr in e  o f  in n a te  p r in c ip le s , the su sp iciou sn ess  o f  J . S . M i l l  

aga in st th e  in tu it io n ism  o f  th e  S co tt ish  s ch o o l, th e  r e d u c e d  ro le  th a t A y e r  

assigns to  p h ilo s o p h y  w h e n  h e  w rites  th at th e  fu n c t io n  o f  p h ilo s o p h y  is 

“ to  c la r ify  the p r o p o s it io n s  o f  s c ie n ce  b y  e x h ib it in g  th e ir  lo g ic a l r e la t io n 

ships, a n d  b y  d e fin in g  th e  sym b ols  w h ic h  o c c u r  in  th e m ,”  a n d  the fe a r  o f  

m a n y  m o d e r n  scientists th a t g o in g  o u ts id e  th e  c o n t in g e n t  p la n e  n e ce s 

sarily  m ea n s o p e n in g  th e  ga tes  to  a  f lo o d  o f  ob scu ra n tism .

I t  is in d e e d  o n e  o f  th e  g rea t  a d v a n ta g e s  o f  th e  s ch e m e  th at in  th e  x -y  

p la n e  m a n y  q u estion s  (e .g ., c o n c e r n in g  th e  rea lity  o f  s c ie n tific  k n o w l 

e d g e ) c a n n o t  b e  ask ed . T h e  e x is te n ce  o f  su ch  q u estion s  is n o t  d e n ie d ; 

b u t th ey  d o  n o t  h a v e  to  b e  a d m itte d  in to  sc ien tific  d iscu ssion s, s in ce  th e  

possib le  an sw ers a re  n o t  v e r ifia b le  o r  fa ls ifia b le , h a v in g  n o  c o m p o n e n t  

that c a n  b e  p r o je c t e d  o n  th e p h e n o m e n ic  d im e n s io n  o f  e m p ir ic a l (o b s e r 

v a t io n a l)  fa c t , a n d  o b e y in g  n o  esta b lish ed  lo g ica l ca lcu lu s  (b e y o n d  th a t 

o f  g r a m m a r ) in  w h ic h  th e  a n a ly tic  p r o je c t io n  o f  th e  sta tem en t c a n  b e  

e x a m in e d  fo r  con s is ten cy .

I n  fa c t , th is a tt itu d e  is o n e  rea son  w h y  s c ie n c e  h a s  g r o w n  so  r a p id ly  

sin ce  th e  ea r ly  p a r t  o f  th e  se v en teen th  c e n tu r y ; k e e p in g  th e  d iscou rse  

co n sc io u s ly  in  th e  c o n t in g e n t  p la n e  m ea n s  k e e p in g  it in  th e  a re n a  o f  S 2, 

w h ere  sta tem en ts  c a n  b e  sh a red  a n d  p u b lic ly  v e r ifie d  o r  fa ls ified . T h is  

h a b it  has m in im iz e d  p r o lo n g e d  d isa g re e m e n t o r  a m b ig u ity  o r  th e  m ere  

a u th o r ity  o f  p e rso n a l taste. I t  h a s  h e lp e d  e x p e l c e rta in  m e ta p h y s ica l 

p ro p o s it io n s  w h ic h  w e r e  m a s q u e ra d in g  as e m p ir ic a l o r  a n a ly tica l on es . 

A n d  in  these w ays, it has a lso  h e lp e d  fo r g e  a  s tro n g  a n d  w o n d e r fu lly  

su ccessfu l p ro fe ss io n .

T h e s e  successes d o  n o t , h o w e v e r , h id e  th e  p u z z lin g  fa c t  th a t  c o n 

t in g en cy  an alysis e x c lu d e s  a n  a c t iv e  a n d  n ecessary  c o m p o n e n t  th a t is 

e ffe c t iv e  in  sc ien tific  w o r k , b o th  o n  th e  p e rso n a l a n d  o n  th e  in stitu tion a l 

le v e l ; th a t is, it n e g le cts  th e  e x is te n ce  o f  p r e c o n c e p t io n s  th a t a p p e a r  to  

b e  u n a v o id a b le  fo r  s c ie n tific  th o u g h t , b u t  a re  th em selves  n o t  v e r ifia b le  o r  

fa ls ifiab le . T h e ir  e x is te n ce  has lo n g  b e e n  c o m m e n te d  u p o n , a n d  s o m e  o f  

th eir  p ro p e rt ie s  h a v e  b e e n  e x a m in e d  fr o m  d iffe r e n t  p o in ts  o f  v ie w 5; 

bu t m u c h  m o re  c a n  b e  sa id  o n  this s u b je c t . R e la te d  to  th e  first is a  s e co n d  

p u zzle , n a m e ly , w h y  c o n t in g e n c y  an alysis h e lp s  us to  u n d e rs ta n d  n e ith e r  

h o w  th e  in d iv id u a l s c ie n tific  m in d  a rr iv es  a t th e  p r o d u c ts  th a t la ter  c a n  

b e  fitted  in to  th e  c o n t in g e n t  p la n e , n o r  h o w  sc ie n ce  as an  h is to r ica l e n 

terprise g ro w s  a n d  ch a n g e s . T h u s  in  h is in flu e n tia l b o o k , S c i e n t i f i c
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E x p l 6 n 6 t i o n , th e  p h ilo s o p h e r  R .  B . B ra ith w a ite  o ffe rs  th e  ra th e r  ty p ica l 

c o n fe s s io n  th a t a n  e x p la n a t io n  o f  su ch  m atters  is b e y o n d  th e  r e a lm  n o t  

o n ly  o f  th e  scien tist  b u t  a lso  o f  th e  p h ilo s o p h e r  :

T h e  history o f  a science is the history o f the developm ent o f  scientific systems 

from  those containing . . .  few  generalizations . . .  into im posing structures w ith 

a hierarchy o f  hypotheses. . . .  T h e  problem s raised by this developm ent are o f  

m any different kinds. T hese are historical problem s, both  as to what causes the 

individual scientist to  d iscover a new  idea, and as to  w hat causes the general 

acceptan ce o f  scientific ideas. T h e  solution o f  these historical prob lem s involves 

the individual psychology o f  thinking and the socio logy  o f  thought. N on e o f  

these questions are our business here.6

I f ,  h o w e v e r , w e  w a n t  to  m a k e  th e m  o u r  bu siness, it is a t  th is p o in t  

— to  re tu rn  to  o u r  a n a lo g y — th a t w e  d e fin e  a  th ird , o r  z -a x is , p e r p e n 

d ic u la r  t o  th e  x -  a n d  y -a x e s  o f  th e  c o n t in g e n t  p la n e . I t  is th e  d im e n s io n  

o f  th e m a ta , o f  th ose  fu n d a m e n ta l p r e c o n c e p t io n s  o f  a  s ta b le  a n d  w id e ly  

d iffu se d  k in d  th a t a re  n o t  r e so lv a b le  in to  o r  d e r iv a b le  fr o m  o b s e r v a 

t io n  a n d  a n a ly t ic  r a t io c in a t io n . T h e y  a re  o f t e n  fo u n d  in  th e  in it ia l o r  

c o n t in u in g  m o t iv a t io n  o f  th e  scien tist ’ s a c tu a l w o r k , a n d  a lso  in  th e  

e n d  p r o d u c t  to  w h ic h  h is  w o r k  re a ch e s  o u t . T h u s , w h ile  th e  tw o -  

d im e n s io n a l x -y  p la n e  m a y  su ffice  f o r  m o st  d isco u rse  w ith in  s c ie n ce  in  

th e  sense o f  S 2, it  is in  th e  th r e e -d im e n s io n a l, x -y -z  s p a ce  w ith in  w h ic h  a  

m o r e  c o m p le te  analysis— w h e th e r  h is to r ica l, p h ilo s o p h ic a l  o r  p s y c h o lo g i 

c a l— o f  sc ie n tific  s ta tem en ts  a n d  p rocesses  s h o u ld  p r o c e e d . F o r  e x a m p le , 

th e  stu d y  o f  th e  rise o r  fa ll  o f  a  th e m a t ic  p r e o c c u p a t io n  is a m o n g  th e  

m o st  in terestin g  p r o b le m s  f o r  th e  h is to r ia n . S o m e  th e m a ta  g r o w  s low ly , 

as th e  resu lt o f  a  s e q u e n c e  o f  lo c a l  successes— e .g ., th e  th e m a  o f  strict 

c o n s e r v a t io n , as e m b o d ie d  in  th e  la w s o f  co n s e r v a t io n  o f  m ass a n d  o f  

e n e rg y , e x p la in e d  c h e m ic a l re a c t io n s  (s u c h  as th e  fo r m a t io n  o f  H C 1 ) 

b e tte r  th a n  th e  e a r lie r  use o f  m a te r ia l “ p r in c ip le s ”  (s u c h  as th e  a c id ify 

in g  p r in c ip le s ) . T h e  c h e m ic a l  id eas o f  m a te ria l c h a n g e  b e c a m e  b y  a n d  

b y  so  su ccess fu l th a t w h e re a s  in  N e w t o n ’s t im e  c h e m ic a l re a c t io n s  w e re  

u n d e r s to o d  in  term s o f  o r g a n ic  d ig estiv e  p rocesses , a  ce n tu ry  a n d  a  h a lf  

la te r  th e  a r r o w  o f  e x p la n a t io n  h a d  tu rn e d  a r o u n d  a n d  o r g a n ic  d ig es tiv e  

p rocesses  w e re  e x p la in e d  in  term s o f  c h e m ic a l re a c tio n s .7 S o m e  th e m a tic  

c o n c e p ts  fo u n d  th e ir  p la c e  m o r e  r a p id ly , p e rh a p s  as a  resu lt o f  s tu n n in g  

v ir tu o s o  d e m o n stra tio n s  (e .g .,  th e  c o n c e p t  o f  a  ca u sa l, m e ch a n is t ic
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u n iverse  w h ic h  w as a t least th e  ex te rn a l resu lt o f  N e w to n ’ s system  o f  th e  

w o r ld ) .  O th e r  th e m a ta  h a v e  a tr o p h ie d  o r  a re  n o w  d isc re d ite d  as e x 

p la n a to ry  d e v ice s— id ea s  su ch  as m a c r o c o s m ic -m ic r o c o s m ic  c o r r e s p o n d 

e n ce , in h eren t p r in c ip le s , te le o lo g ica l d r iv es , a c t io n  at a  d ista n ce , sp a ce  

fillin g  m e d ia , o r g a n is m ic  in te rp re ta tio n s , h id d e n  m ech a n ism s , o r  a b so 

lu tes o f  tim e, sp a ce , a n d  s im u lta n e ity .8

Y e t  o th e r  th em es  a re  lo n g  liv e d  a n d  a p p a r e n t ly  stab le . T o  fin d  e x a m 

ples, w e  n e e d  o n ly  g la n c e  a t som e re p o rts  o f  cu rre n t  resea rch  in  th e  p h y s 

ica l sc ien ces  a n d  re la te d  areas, s e le c te d  a lm o st  a t  r a n d o m  a n d  q u o te d  o r  

p a ra p h ra se d  fr o m  r e ce n t  issues o f  resea rch  re p o rts  in  th e  jo u r n a ls  o f  th e  

p ro fess ion .

A t  th e  to p  o f  th e  p ile  o f  jo u r n a ls  o n  m y  d esk  a t th e  m o m e n t  is a  r e p o r t  

o f  d e e p  in e la stic  s ca tte r in g  o f  n u c le a r  p a rtic le s  o b s e r v e d  a t th e  S ta n fo r d  

U n iv ers ity  lin e a r  a c c e le r a to r , w h ic h  h a s  d r a w n  c o m m e n t  fr o m  theorists. 

T h e  p r o b le m  is : w h a t  is th e  s tru ctu re  o f  th e  p r o t o n — w h ic h  to  a n  h is 

to r ia n  o f  s c ie n ce  so u n d s  lik e  a  c o n t r a d ic t io n  in  term s. T h e  cu rre n t  c a n 

d id a tes  a re  p o in t lik e  h y p o th e t ic a l con stitu en ts , b e  th ey  q u a rk s , d io n s , 

p a rton s , o r  stratons. O n e  th in g  is c le a r : th e  a n tiq u ity  o f  th is q u est f o r  an  

e lem en ta ry — a lth o u g h  p e rh a p s  p r o te a n — c o n stitu e n t  o f  a ll m a tte r , a  

qu est th a t has m a d e  sense to  scientists a ll th e  w a y  b a c k  to  T h a le s . I t  is 

n o th in g  less th an  a n  a  p r io r i  c o m m itm e n t  th a t d eserves  to  b e  c a lle d  

th em a tic .

A lm o s t  in v a r ia b ly , f o r  e v e ry  th e m a tic a lly  in fo r m e d  th e o ry  u se d  in  a n y  

scien ce , th ere  m a y  a lso  b e  fo u n d  a  th e o ry  u s in g  th e  o p p o s ite  th e m a , o r

a n tith em a . (S o m e tim e s  w e  fin d  n o t  m e re ly  o p p o s in g  (0 0 )  d y a d s , b u t  

ev en  tr ia d s .) T h u s  o p p o s it io n  exists t o  cu r re n t  th eor ies  th a t b e lie v e  a ll 

h a d ro n s  to  b e  d y n a m ic a l co n stru cts , sa tis fy in g  se lf-co n s is te n cy  c o n d i 

tions. T h e r e  a re  p u b lic a t io n s  in sistin g , f o r  e x a m p le , th a t n a tu re  exists in  

an  in fin ite  n u m b e r  o f  strata  w ith  d iffe r e n t  q u a litie s , e a c h  s tra tu m  b e in g  

g o v e r n e d  b y  its o w n  la w s o f  p h y s ics  a n d  e a c h  a lw ays in  th e  m id s t  o f  

c re a tio n  a n d  a n n ih ila tio n . S till a n o th e r  v ie w  o f  th e  m a tte r  is h in te d  a t 

in  w o r k  su ch  as th a t o f  G . F . C h e w , w h o  h a s  s p e c u la te d  th a t th e  w a y  

to  e n la rg e  cu rre n t  id ea s  in  e le m e n ta ry  p a r t ic le  p h y sics  is t o  b re a k  o u t  in  

en tire ly  n e w  d ir e c t io n s : “ S u c h  a  fu tu re  s tep  w o u ld  b e  im m e n se ly  m o r e  

p r o fo u n d  th a n  a n y th in g  c o m p r is in g  th e  h a d r o n  b o o ts tr a p  [a p p r o a c h ] ;  

w e  w o u ld  b e  o b l ig e d  t o  c o n fr o n t  th e  e lu s iv e  c o n c e p t  o f  o b s e r v a t io n  a n d , 

possib ly , e v e n  th a t o f  con sciou sn ess . O u r  c u r re n t  stru g g le  . . . m a y  th u s 

b e  o n ly  a  fo re ta s te  o f  a  c o m p le te ly  n e w  fo r m  o f  h u m a n  in te lle c tu a l e n -
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d e a v o r , o n e  th a t w ill n o t  o n ly  lie  o u ts id e  p h ysics  b u t w ill n o t  e v e n  b e  

d e scr ib a b le  as ‘s c ie n tific .’  ”

W h a t  seem s ce r ta in  is th a t regard less  o f  t e m p o ra ry  v ic to r ie s  f o r  o n e  

s id e  o r  a n o th e r , th e  d ia le c t ic  p ro ce ss  o f  th is sort b e tw e e n  a  th e m a  a n d  its 

a n ti-th e m a , a n d  h e n c e  b e tw e e n  th e  a d h e re n ts  o f  tw o  o r  m o r e  th eories  

e m b o d y in g  th e m  re sp e ct iv e ly , is a lm ost in e v ita b le , a n d  is p e rh a p s  a m o n g  

th e  m o st  p o w e r fu l  en erg izers  o f  resea rch . I f  th e  p a st is a  g u id e , this 

p ro ce ss  w ill last as lo n g  as th ere  a re  scientists in terested  in  p u tt in g  q u e s 

t ion s  to  n a tu re  a n d  to  o n e  a n o th e r .

N e x t  I  f in d  a  re p o r t  o f  a  c o n fe r e n c e  o f  ph ysicists  o n  fu n d a m e n ta l 

in te ra c t io n s  a t h ig h  en erg y . P . A . M .  D ir a c  o p e n e d  th e  c o n fe r e n c e  w ith  

th e  q u e s tio n , “ C a n  e q u a t io n s  o f  m o t io n  b e  u s e d ? ”  A lth o u g h  a g re e in g  

th a t H e is e n b e r g ’ s 1925 v ie w  c a n  b e  a  g o o d  g u id in g  p r in c ip le  (e .g ., th a t 

o n ly  o b s e rv a b le  q u a n tit ie s  s h o u ld  b e  u sed  in  fo r m u la t in g  a  p h y s ica l 

t h e o r y ) ,  h e  fe lt  it n ev erth e less  u n lik e ly  th a t th e  a n a ly t ic  S -m a tr ix  d e 

s c r ip t io n  w o u ld  b e  th e  fin a l a n sw er  in  h ig h -e n e r g y  p h ysics . S o m e  d a y , 

a c c o r d in g  to  D ir a c , w e  w o u ld  b e  d iscu ss in g  e q u a t io n s  o f  m o t io n  o f  

en tities  o n ly  re m o te ly  re la te d  t o  e x p e r im e n ta l q u a n tit ie s . H e  th o u g h t  

th is p r o p h e c y  w o u ld  c o m e  to  pass b e ca u se  o f  h is “ fe e lin g  fo r  the u n ity  o f  

p h y s ics”  a n d  b e ca u se  o f  th e  im p o r ta n t  ro le  p la y e d  b y  e q u a t io n s  o f  

m o t io n  in  a ll o th e r  b r a n ch e s  o f  p h ysics . T h is  c o n f id e n c e , s o m e w h a t in  

th e  fa c e  o f  cu r re n t  fa sh io n  a n d  e x p e r im e n ta l e v id e n c e , le d  D ir a c  t o  say, 

“ a  th e o r y  th a t h as so m e  m a th e m a t ica l b e a u ty  is m o r e  lik e ly  to  b e  c o r r e c t  

th a n  a n  u g ly  o n e  th a t g iv es  a  d e ta ile d  fit t o  so m e  e x p e r im e n ts .”

S u c h  a  q u a s i-a e s th e tic  ju d g m e n t  is a  fo r m  o f  th e m a tic  c o m m itm e n t  

w ith  d e e p  p s y c h o lo g ic a l  roo ts . I t  is fr e q u e n t ly  th e  basis fo r  c h o ic e s  m a d e  

in  a c tu a l s c ie n tific  w o r k  ( f o r  e x a m p le , w h e n  o n e  a d  h o c  h y p o th e s is  is 

a c c e p t e d  a n d  a n o th e r  is r e je c te d , o r  w h e n  a  w h o le  a p p r o a c h  to  a  s c ie n 

t if ic  fie ld  is a d o p t e d  o r  d is m is s e d ) , th o u g h  it is n o t  c o m m o n  to  see this 

co n fe s s e d  in  p u b l ic  p r in t. T h u s , in  19 2 6 , H e is e n b e r g  w r o te  to  P a u li, 

“ T h e  m o r e  I  p o n d e r  th e  p h y s ica l p a r t  o f  S c h r o d in g e r ’ s th e o ry , th e  m o re  

d isg u stin g  it a p p e a rs  to  m e .”  A t  a b o u t  th e  sa m e tim e , S c h r o d in g e r  in  his 

tu rn  w r o te  a b o u t  H e ise n b e r g ’ s a p p r o a c h :  “ I  w a s  fr ig h te n e d  a w a y  [b y  

it], i f  n o t  r e p e lle d .”  A n d  F e rm i w r o te  to  E n r ic o  P é rs ico  in  th e  sam e v e in  

a b o u t  w h a t  h e  c a lle d  “ th e  fo r m a l resu lts in  th e  z o o lo g y  o f  s p e c tr o s c o p ic  

term s a c h ie v e d  b y  H e ise n b e rg . F o r  m y  taste, th ey  h a v e  b e g u n  to  e x a g 

g e ra te  th e ir  te n d e n c y  to  g iv e  u p  u n d e r s ta n d in g  th in g s .”  A t  least s in ce  

C o p e r n ic u s  d e fe n d e d  h is th e o r y  as “ p le a s in g  to  th e  m in d ,”  it has b e e n  an
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ev e ry d a y  fa c t  in  th e  life  o f  scientists th a t s o m e  o f  th e  term s a n d  a ttribu tes  

th ey  use h a v e  fo r  th e m  g re a t  m o t iv a t in g  p o w e r , b u t  c a n n o t  b e  s u b je c te d  

to  c o n t in g e n c y  analysis.

F u rth e r  o n  in  a  r e ce n t  issue o f  P h y s i c s  T o d 6 y , I  fin d  th e  re p o r t  o f  a  

d e lica te  analysis m a d e  o n  a  m e te o r ite  th a t fe ll o n  A u stra lia . A  te a m  

assem bled  fr o m  severa l in stitu tion s  re p o r ts  fin d in g  16 a m in o  a c id s , a t  

least fiv e  o f  w h ic h  a re  c o m m o n  in  liv in g  system s: th ese  fiv e  w o u ld  c o n 

stitu te an  essentia l p a rt o f  a n y  c h a in  in  th e  c h e m ic a l e v o lu t io n  to w a r d  

liv in g  fo rm s. In  a  sense, th is is m e re ly  a n o th e r  r e p o r t  in  a  re ce n t  series 

th a t su d d e n ly  h as sh o w n  th e  “ d e a d  in terste lla r  sp a ces”  to  b e  p o p u la te d  

w ith  m o re  a n d  m o r e  c o m p le x  m a teria ls , f r o m  h y d r o x y l ra d ica ls  to  f o r 

m a ld e h y d e . B u t w h a t  n o w  e x c ite s  th e  in terest o f  th e  scientists m o st  is 

th e  e v id e n c e  o f  e q u a l q u a n tit ie s  o f  la e v o g y r a te  ( le f t -h a n d e d )  a n d  d e x 

trog y ra te  (r ig h t -h a n d e d )  a m in o  a c id s  in  th e  sam p les . T h e  fa c t  th a t th e  

ch ira lity  in  these sam p les  is o f  b o th  k in d s  in creases  b y  fa r  th e  lik e lih o o d  

th a t these a m in o  a c id s  a re  n o t  m e re ly  c o n ta m in a t io n s  fr o m  h a n d lin g ; 

fo r  reasons th a t  a re  still e n tire ly  m yster iou s, th e  a m in o  a c id s  in  liv in g  

th in gs o n  e a rth  a re  a lm o st  a ll le ft -h a n d e d . N o w  it has b e c o m e  q u ite  lik e ly  

th a t the id eas o f  c h e m ic a l basis o f  e v o lu t io n  are  e n te r in g  a n e w  p h a se  o f  

e la b o r a t io n : a sea rch  fo r  c lo u d s  o f  a m in o  a c id s  in  sp a ce  b e c o m e s  sensi 

b le . C h em istry , b io lo g y , g e o lo g y , p h ysics , a n d  a s tro n o m y  are  b e in g  

b r o u g h t  to g e th e r  in  a  re m a rk a b le  in te rd is c ip lin a ry  a tte m p t  to  u n d e r 

s tan d  th e  h is to r ic , a n d  p e rh a p s  c o n t in u in g , e v o lu t io n  o f  life .

T r ig g e r e d  in  p a r t  b y  this fin d in g  a n d  th is w a y  o f  th in k in g  is a n o th e r  

rev iew , C h ira lity , B ro k en  S y m m e tr y , a n d  th e  O rig in  o f  L i fe .  T h e  title  

itse lf alerts u s to  th e  w h o le  set o f  th e m a tic  e lem en ts  th a t a re  b a s ic  

in  m a jo r  a reas o f  resea rch  to d a y , as th e y  w e re  in  o th e r  areas in  th e 

p a s t : th e  e ff ica cy  o f  g e o m e tr y  as a n  e x p la n a to r y  t o o l ;  th e  co n s c io u s  

a n d  u n co n s c io u s  p r e o c c u p a t io n  w ith  sy m m e tr ie s ; th e  u se  o f  the th e m a ta  

o f  e v o lu t io n  a n d  d e v o lu t io n  th a t m ig h t  h a v e  b e e n  ta k en  fr o m  th e 

o rd in a ry  life  c y c le  b u t  th a t h a v e  b e c o m e , in  a n y  case , fu n d a m e n ta l 

too ls  o f  s c ie n tific  th o u g h t  (a s  m u c h  in  p s y c h o lo g ic a l a n d  s o c io lo g ic a l  

research  as in  g e n e tics  a n d  a s tr o p h y s ic s ) . I t  is th e  in te rd isc ip lin a ry  

sp read  o r  sh a rin g  o f  su ch  fu n d a m e n ta l th em a ta  th a t has p r o d u c e d  

so m e th in g  like  a  sc ien tific  im a g in a t io n  sh a red  b y  all scientists, fo r m in g  

o n e  o f  the b o n d s  a m o n g  th em , a n d  m a k in g  p oss ib le  th e in te rd isc ip lin a ry  

a p p r o a c h  th a t ch a ra cte r ize s  so  m a n y  o f  th e  n e w  d e v e lo p m e n ts .

T h o u g h  c e rta in  th e m a ta  a re  d e v e lo p e d  in  d e ta il in  so m e  o f  th e  essays
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th a t fo l lo w , it w ill  b e  fr u it fu l h e r e  to  m a k e  d is t in ct io n s  b e tw e e n  th ree  

d i f fe r e n t  uses o f  th e  c o n c e p t  o f  t h e m a t a :

( 1 )  A  th e m a tic  c o n c e p t  is  a n a lo g o u s  to  a  lin e  e le m e n t  in  s p a ce  w h ic h  

h as a  s ig n ifica n t  p r o je c t io n  o n  th e  z - o r  th e m a t ic  d im e n s io n . P u re ly  th e 

m a t ic  c o n c e p ts  seem  to  b e  ra re  in  esta b lish ed  s c ie n ce . W h a t  is m o r e  sig 

n ifica n t  is th e  th e m a tic  c o m p o n e n t  o f  c o n c e p ts  su ch  as fo r c e  o r  in ertia , 

w h ic h  h a v e  s tro n g  x  a n d  y  c o m p o n e n ts  a lso . T h e r e fo r e ,  w h e n  w e  sp eak  

o f  fo r c e  o r  in e rt ia  as a  th e m a t ic  c o n c e p t  w e  m e a n  th e  th e m a tic  c o m 

p o n e n t  o f  this c o n c e p t .

( 2 )  A  th e m a tic  p o s it io n  o r  m e th o d o lo g ic a l  th e m a  is a  g u id in g  th e m e  

in  th e  p u rsu it  o f  sc ie n tific  w o r k , su ch  as th e  p r e fe r e n c e  fo r  seek in g  to  

ex p ress  th e  law s o f  p h y s ics  w h e n e v e r  p o ss ib le  in  term s o f  co n sta n c ie s , o r  

e x tre m a  (m a x im a  o r  m in im a ) ,  o r  im p o te n c y  ( “ I t  is im p o ss ib le  

t h a t . . . ” ) .

( 3 )  B e tw e e n  th ese  t w o  is th e  th e m a tic  p r o p o s it io n  o r  th e m a tic  

h y p o th es is , e .g ., a  s ta te m e n t o r  h y p oth es is  w ith  p r e d o m in a n t  th e m a tic  

c o n te n t , o r  th e  th e m a t ic  c o m p o n e n t  o f  a  s ta tem en t o r  h y p oth esis . A  

th e m a t ic  p r o p o s it io n  c o n ta in s  o n e  o r  m o r e  th e m a t ic  c o n c e p ts , a n d  m a y  

b e  a  p r o d u c t  o f  a  m e th o d o lo g ic a l  th e m a . T h u s , th e  p r in c ip le  o f  c o n 

s ta n cy  o f  th e  v e lo c ity  o f  lig h t  in  re la t iv ity  th e o ry  is a  th e m a tic  p r o p o s i 

t io n , a n d  it a lso  exp resses  th e  co n s ta n cy -s e e k in g  m e th o d o lo g ic a l  th e m a .

W it h o u t  p r e e m p t in g  th e  d iscu ss ion  in  th e  essays th a t fo l lo w , it w ill  b e  

u se fu l h e re  to  to u c h  b r ie fly  o n  a  fe w  o th e r  p r o p e r t ie s  o f  th e m a ta . O n e  is 

th e  q u e s t io n  c o n c e r n in g  th e ir  s o u rce . T h e y  a re  ce r ta in ly  n o t  u n a p p r o a c h 

a b ly  sy n th e tic  a  p r io r i , in  th e  e ig h te e n th -c e n tu r y  sen se ; n o r  is it  n eces 

sary to  a ssoc ia te  th e m  w ith  P la to n ic , K e p le r ia n , o r  J u n g ia n  a rch e ty p e s , 

o r  w ith  im a g es , o r  w ith  m y th s  ( in  th e  n o n d e r o g a to r y  sense, so ra re ly  u sed  

in  th e  E n g lish  la n g u a g e ) ,  o r  w ith  ir r e d u c ib ly  in tu it iv e  appreh en sion s.®

I t  is lik e ly  th a t th e  o r ig in  o f  th e m a ta  w ill b e  b est a p p r o a c h e d  th r o u g h  

stu d ies  c o n c e r n e d  w ith  th e  n a tu re  o f  p e r c e p t io n , a n d  p a r t ic u la r ly  o f  th e  

p s y c h o lo g ic a l  d e v e lo p m e n t  o f  c o n c e p ts  in  y o u n g  c h ild r e n . A n o th e r  

d ir e c t io n  th a t seem s to  h a v e  p r o m is e  is th e  w o r k  b u ild in g  o n  K u r t  

L e w in ’ s d y n a m ic  th e o ry  o f  p erson a lity . B u t, p e n d in g  re lia b le  resu lts,10 

th e  m o st  fr u it fu l s ta n ce  to  tak e  fo r  th e  m o m e n t  seem s to  m e  ak in  t o  th a t 

o f  a  fo lk lo r is t  o r  a n th r o p o lo g is t , n a m e ly , to  lo o k  fo r  a n d  id e n t ify  r e c u r 

r in g  g e n e ra l th em es in  th e  p r e o c c u p a t io n  o f  in d iv id u a l scientists a n d  o f  

th e  p r o fe ss io n  as a  w h o le , a n d  to  id e n t ify  th e ir  ro le  in  th e  d e v e lo p m e n t  o f  

s c ie n ce .
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A n o th e r  p o in t  c o n c e rn s  th e  a n tiq u ity  a n d  p a u c ity  o f  th em es— th e  

rem a rk a b le  fa c t  th a t th e  ra n g e  a n d  sca le  o f  r e ce n t  th e o ry , e x p e r ie n ce , 

a n d  e x p e r im e n ta l m ea n s h a v e  m u lt ip lie d  va stly  o v e r  th e  cen tu ries  w h ile  

th e  n u m b e r  a n d  k in d  o f  c h ie f  th e m a tic  e le m e n ts  h a v e  c h a n g e d  little . 

S in ce  P a rm en id es  a n d  H e ra c litu s , th e  m e m b e rs  o f  th e  th e m a tic  d y a d  o f  

co n s ta n cy  a n d  c h a n g e  h a v e  v ie d  fo r  lo y a lty , a n d  so h a v e , e v e r  s in ce  

P yth agoras  a n d  T h a le s , th e  e ff ica cy  o f  m a th e m a tics  versus th e  e ff ica cy  

o f  m a teria lis tic  o r  m e ch a n is t ic  m o d e ls . T h e  (u su a lly  u n a c k n o w le d g e d )  

p resu p p osition s  p e r v a d in g  th e  w o r k  o f  scientists h a v e  lo n g  in c lu d e d  a lso  

the th e m a tic  c o u p le s  o f  e x p e r ie n c e  a n d  s y m b o lic  fo rm a lism , c o m p le x ity  

a n d  s im p lic ity , r e d u c t io n ism  a n d  h o lism , d isco n t in u ity  a n d  th e  c o n 

t in u u m , h ie ra rch ica l s tru ctu re  a n d  u n ity , th e  u se  o f  m e ch a n ism s  versus 

te le o lo g ica l o r  a n th r o p o m o r p h ic  m o d e s  o f  a p p r o a c h .

T h e se , to g e th e r  w ith  o th ers  fu r th e r  d iscu ssed  in  th e  essays a n d  p e rh a p s  

a  fe w  m o r e — a  to ta l o f  fe w e r  th a n  5 0  c o u p le s  o r  triads— seem  h is to r ica lly  

to  h a v e  su fficed  f o r  n e g o t ia t in g  th e  g re a t  v a r ie ty  o f  d iscov er ies . B o th  

n atu re  a n d  o u r  p o o l  o f  im a g in a t iv e  to o ls  a re  ch a r a c te r ize d  b y  a  re m a rk 

a b le  p a rs im o n y  at th e  fu n d a m e n ta l le v e l, jo in e d  b y  fru itfu ln ess  a n d  

flex ib ility  in  a ctu a l p r a c t ic e . O n ly  o c c a s io n a lly  (a s  in  th e  case  o f  N ie ls  

B o h r )  d o e s  it  seem  n ecessa ry  to  in tr o d u c e  a  q u a lita t iv e ly  n e w  th e m e  

in to  sc ien ce .

T h e m a tic  P r ep a ra tio n s  f o r  R e la t iv i ty

P erh ap s  th e  m o st  p e rv a s iv e  c h a ra c te r is t ic  o f  m o d e r n  s c ie n ce  is th e  

g en era lly  a c c e p te d  th e m a  o f  th e  u n lim ite d  p oss ib ility  o f  d o in g  sc ien ce , 

the b e lie f  th at n a tu re  is in e x h a u stib ly  k n o w a b le . K e p le r  fo u n d  s u p p o r t  

fo r  this b e l ie f  in  e q u a t in g  th e  m in d  o f  G o d  a n d  th e  m in d  o f  m a n  o n  

those su b jects  w h ic h  c a n  b e  u n d e r s to o d  in  th e  e x a c t  scien ces . I n  o u r  

day , H e ise n b e rg  h as s a id : “ E x a c t  s c ie n ce  a lso  g o e s  fo r w a r d  in  th e  b e lie f  

th at it w ill b e  p oss ib le  in  ev e ry  n e w  re a lm  o f  e x p e r ie n c e  to  u n d e rs ta n d  

n a tu re .”

T o  re ca p tu re  the e x u b e ra n t  en th u sia sm  o f  sc ie n ce , o n e  s h o u ld  g o  n o t  

to  a  w e ll-esta b lish ed  c o n te m p o r a r y  p h y s ica l s c ie n ce , b u t  p e rh a p s  t c  a  

fie ld  w h e n  it w a s  still y o u n g . In  the jo u r n a ls  o f  th e  sev en teen th  a n d  

e ig h teen th  cen tu ries , w e  c a n  fin d , s ide  b y  side, w h a t  w e  w o u ld  n o w  c o n 

sider v ery  h e te r o g e n e o u s  m a te r ia l— d e scr ip t io n s  o f  a  v io le n t  th u n d e r 

storm , statistics o f  a n d  sp e cu la tio n s  o n  th e  cau ses  o f  d e a th  in  a ce rta in
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v illa g e , n o tes  o n  m ic r o s c o p ic  o r  te le s c o p ic  w o n d e rs , o r  o n  th e  c o lo r s  in  

c h e m ic a l  r e a c tio n s , o b se rv a tio n s  o n  th e  p r o p a g a t io n  o f  lig h t , o n  th e  

g r o w th  a n d  ty p es  o f  rep tiles , o n  th e  o r ig in  o f  th e  w o r ld . T h e  h e te r o 

g e n e ity  speaks o f  a  m a r v e lo u s  a n d  c o lo r fu l  e fflo re sce n ce  o f  in terests a n d  

a n  u n s e lfc o n s c io u s  e x u b e r a n c e  th a t  v e rg e s  som etim es  o n  a im less p la y . 

T h e  scien tists  o f  th e  t im e  seem  to  us to  h a v e  ru n  fr o m  o n e  a ston ish in g  

a n d  d e lig h t fu l d is c o v e r y  to  th e  n e x t  lik e  h a p p y  c h ild r e n  su rro u n d e d  b y  

g ifts .

A s  th e  t e r m in o lo g y  h a s  g r o w n  m o r e  so p h is tica te d , th is w o n d e r fu l  

fe e l in g  h a s  b e c o m e  less e v id e n t  to  th ose  n o t  d ire c t ly  in v o lv e d  in  sc ien ce . 

A n d  it a lso  has b e c o m e  less w id e -r a n g in g  in  s c ie n tific  c irc le s  as th e  w o r k  

o f  th e  scien tist h as b e c o m e  m o r e  a n d  m o re  sp e c ia liz e d . B u t fr o m  th e  

p la t fo r m  o f  h is  sp e c ia liz e d  sc ie n ce , h e  c a n  m o r e  th a n  e v e r  fe e l th a t 

n a tu re  b a rs  n o  q u estion s , th a t w h a t  c a n  b e  im a g in e d  a lso  c a n  b e — n o , 

m u st b e — in v e stig a te d .

B u t b e h in d  this a p p a r e n t ly  a to m is tic  fr a g m e n ta t io n  o f  a tte n tio n  has 

b e e n  a m o n is t ic  a im . T h e  se v e n te e n th - a n d  e ig h te e n th -c e n tu r y  re 

s ea rch er  d id  n o t  see th e  m y ria d s  o f  sep a ra te  a n d  d isp a ra te  in v estig a tion s  

a r o u n d  h im  as u n re la te d  item s in  a  r a n d o m ly  b u ilt  c a ta lo g u e  o f  n a tu ra l 

k n o w le d g e . C o u p le d  w ith  th e  th e m e  o f  th e  u n iv ersa l a ccess ib ility  o f  

n a tu re  has b e e n  th e  o ld  m o t iv a t in g  m e th o d o lo g ic a l  th e m e  o f  a n  u n d e r 

ly in g  E in h e it  d er  N a tu rw iss en sch a ften — b o t h  a  u n ity  a n d  a  s in g u la rity  

o f  n a tu ra l k n o w le d g e . T h e  p a th s  to  a n  u n d e rs ta n d in g  o f  n a tu re  m a y  b e  

in fin ite  (a s  th e  successes o f  e v e n  th e  m o st  sp e c ia liz e d  in terests in d ic a t e ) ,  

a n d  e a c h  o f  these p a th s  is e x p e c te d  t o  h a v e  d iffic u lt  b u t  n o t  in s u r m o u n t 

a b le  ba rriers . B u t a ll th e  p a th s  h a v e  b e e n  v a g u e ly  th o u g h t  to  le a d  to  a  

g o a l,  an  u n d e r s ta n d in g  o f  o n e  n a tu re , a  d e lim ite d  th o u g h  n o  d o u b t  

c o m p le x  ra t io n a l c o r p u s  w h ic h  so m e  d a y  a  m a n ’ s m in d  w o u ld  b e  a b le  t o  

m a k e  his o w n  (a s  th e  la y m a n  to d a y  says, s o m e w h a t fr ig h te n e d , “ o n e  

g re a t  fo r m u la ”  th a t tells e v e r y th in g  th ere  is t o  k n o w  a b o u t  n a tu re )

T h e s e  tw o  c o n n e c te d  th e m a ta  o f  u n lim ite d  o u te r  a ccess ib ility  a n d  

d e lim ite d  in n e r  m e a n in g  ca n  b e  v a g u e ly  d e p ic te d  b y  th e  d e v ic e  o f  a  

m a z e  h a v in g  in  its o u te r  w a lls  in n u m e r a b le  en tra n ces , th r o u g h  e a c h  o f  

w h ic h  o n e  c a n  h o p e  to  re a ch , s o o n e r  o r  la ter , th e  o n e  m ystery  w h ic h  

lies a t the ce n te r .

B u t a n o th e r  p oss ib ility  h as su ggested  itse lf m o re  a n d  m o r e  in sisten tly : 

th a t a t th e  in n e rm o st  c h a m b e r  o f  the m a ze  o n e  w o u ld  fin d  n o th in g . 

W r it in g  in  th e  fa te fu l y ea r  o f  19 05 , J o se p h  L a r m o r , o n e  o f  N e w to n ’ s su c -
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cessors as L u ca s ia n  P ro fessor  o f  M a th e m a t ic s  a t  C a m b r id g e , saw  it 

c o m in g :

T here has been o f late a grow ing trend o f  opinion , prom pted  in part by 

general ph ilosophical views in the d irection  that the theoretical constructions 

o f physical science are largely factitious, that instead o f  presenting a valid  

image o f  the relation o f  things on  w hich  further progress can be based, they 

are still little better than a m irage.12

T h e  fin a l e n c o u n te r , h e  seem s to  c ry  o u t , c a n n o t  b e  w ith  a  m e re  sh a d o w , 

o r , w orse  still, w ith  a  n a rciss istic  s e lf-re f le c t io n  o f  o n e ’ s o w n  th o u g h t  

processes.

Y e t , o n  th e  fa c e  o f  it, it is n o t  n ecessa ry  to  b e lie v e  th at k n o w le d g e  o f  

n a tu re  m u st tu rn  o u t  to  b e  o rg a n iz a b le  in  a  p h ilo s o p h ic a lly  sa tis fa cto ry  

w ay . “ W e  h a v e  n o  r ig h t  to  assu m e th a t an y  p h y s ica l la w  ex ists ,”  M a x  

P la n ck  o n c e  sa id . F r o m  a  su ita b le  d is ta n ce , w e  c a n n o t  s o u n d ly  c la im  

that the h is to r ic  d e v e lo p m e n t  o f  s c ie n ce  has p r o v e d  n a tu re  to  b e  u n d e r 

sta n d ab le  in  a  u n iq u e  w a y — as d is t in ct  fr o m  d o c u m e n ta b le , m a n ip u 

l a t e ,  p r e d ic ta b le  w ith in  lim its , o r  te c h n ic a lly  e x p lo ita b le . W h a t  has 

h a p p e n e d  is th a t th e  g r o u n d  o f  th e  u n k n o w n  has c o n t in u a lly  b e e n  

sh ifted , th e  a lle g o ry  h as c o n t in u a lly  c h a n g e d . D a v id  H u m e  exp ressed  

this in  1 7 7 3 :

W hile N ew ton  seem ed to draw  off the veil from  som e o f  the mysteries o f  

nature, he show ed at the sam e tim e the im perfections o f  this m echanical 

philosophy; and thereby restored her ultim ate secrets to  that obscurity in 

w hich they ever d id  and ever w ill rem ain.13

In  th e  e m p ir ic a l sc ien ces , w e  are  fa r  fr o m  b e in g  a b le  to  p r o v e  th at w e  

h a v e  b e e n  a p p r o a c h in g  a n  in cre a s in g  u n d e r s ta n d in g  o f  th e  ty p e  th a t 

ch a ra cte r ize d  the d e v e lo p m e n t  o f ,  say, so m e  b ra n ch e s  o f  m a th e m a tics . 

O u r  in terests a n d  too ls  ch a n g e , b u t  n o t  in  a  lin ea r , in e v ita b le  w a y . F o r  

ex a m p le , the h is to r ic  d e v e lo p m e n t  fr o m  o r g a n is m ic  s c ie n ce  to  a  m e c h a n 

istic a n d  th en  to  th e  m a th e m a tica l sty le c o u ld  h a v e  tak en  p la c e  in  th e  

o p p o s ite  d ire c t io n . A n d  th e  o n to lo g ic a l  status o f  s c ie n tific  k n o w le d g e  

itself has b e e n  tu rn e d  c o m p le te ly  u p s id e  d o w n  s in ce  th e  b e g in n in g  o f  

the tw en tie th  ce n tu ry . T h e  e x p e r im e n ta l d e ta il is n o w  n o t  s im p ly  th e 

tok en  o f  a  rea l w o r ld ;  o n  th e  c o n tra ry , it is a ll th a t w e  c a n  b e  m o re  o r  

less sure a b o u t  a t  th e  m o m e n t.
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K a r l  P o p p e r  su m m a rizes  this v ie w  in  these w o r d s :

I think that w e shall have to get accustom ed to the idea that we must not 

look  upon  science as a “ bod y  o f  kn ow ledge,”  but rather as a system o f  hy 

potheses; that is to say, as a system o f  guesses or anticipations w hich  in prin 

c ip le  cannot be  justifiied, but w ith w h ich  w e w ork as long as they stand up  to 

tests, and o f  w hich  w e are never justified in saying that w e know  that they are 

“ true”  or “ m ore o r  less certain”  or even “ probable.” 14

O u r  ju s t if ica t io n  fo r  th ese h y p oth eses  is th a t th ey  h a v e  a  h o ld  o n  o u r  

im a g in a t io n  a n d  th a t th ey  h e lp  u s to  d e a l w ith  o u r  e x p e r ie n ce . O n  this 

basis, a ll th e  scien tist n e e d s  to  say, i f  a n y o n e  s h o u ld  ask  h im  w h a t  h e  is 

d o in g , is : h y p o th es e s  jin g o .  T h is — a  n e w  m e th o d o lo g ic a l  th e m e  fu n d a 

m e n ta l to  th e  sc ien tific  r e v o lu t io n  o f  th e  first ten  yea rs  o f  o u r  c e n tu r y —  

w a s  p re c ise ly  w h a t  L o d g e , L a r m o r , P o in c a r e , a n d  so m a n y  o th e rs  c o u ld  

n o t  a c c e p t . P o in c a r e , w h o  w a s  p e r h a p s  te ch n ic a lly  th e  b e s t -p re p a re d  

scien tist in  th e  w o r ld  to  u n d e rs ta n d  E in ste in ’ s re la t iv ity  th e o ry  o f  1905 , 

d id  n o t  d e ig n  to  r e fe r  to  it  o n c e  in  h is  la rg e  p u b lish e d  o u tp u t  u p  to  h is 

d e a th  in  1912 . T h is  s ile n ce — o f  w h ic h  m o re  is sa id  in  th e  sixth  essay—  

w a s  n o t  m e re  n e g l ig e n c e ; P o in c a r e , d esp ite  h is  s ile n ce , h a d  u n d e r s to o d  

E in ste in ’ s m essage  o n ly  t o o  w e ll .

U n t i l  E in ste in , th e  p o s tu la te  o f  re la tiv ity  h a d  b e e n  b u ilt  in to  a  p h ysics  

restin g  o n  so m e  p r in c ip le  o f  th e  u n a tta in a b le  b u t  u n d e r ly in g  A b s o lu te . 

I n  N e w to n ’ s w o r k , re la t iv ity  w a s  m a d e  u n d e rs ta n d a b le  a n d  re sp e cta b le  

b y  p o in t in g  to  a  c u r ta in  b e h in d  w h ic h , in  th e  S e n so r iu m  o f  G o d ,  th e  

fin a lly  u n k n o w a b le  a b so lu tes  o f  s p a ce  a n d  t im e  w e r e  sa id  to  b e  h id d e n . 

G o d  m o v e d  b o d ie s , w h o se  m e re ly  re la t iv e  m o t io n  w as a ll w e  c o u ld  see, as 

a  h id d e n  p u p p e te e r  m o v e s  o b je c t s  th a t a c t  o u t  h is th ou g h ts . I n  n in e 

te e n th -ce n tu ry  p h ysics , in c lu d in g  th at o f  P o in ca re  a n d  L o re n tz , th e  u lt i 

m a te  g r o u n d  o f  e x p la n a t io n  sh ifte d  to  th e  u n d is c o v e r a b le  e th er , w h ic h  

th e re b y  to o k , so  to  sp ea k , th e  p la c e  o f  th e  essen tia lly  u n k n o w a b le  D e ity  

o f  th e  p r e v io u s  tw o  ce n tu r ie s  as th e  r e p o s ito ry  o f  u n a sk a b le  qu estion s . 

W h a t  E in ste in  d id  in  19 05— w ith  h is b ra sh  sen ten ce  d e c la r in g  th e  e th e r  

to  b e  “ su p e r flu o u s ”  as a  resu lt o f  e le v a tin g  th e  p r in c ip le  o f  re la tiv ity  

fr o m  a h e u ris tic  c o n je c t u r e  to  a  fu n d a m e n ta l p r o p o s it io n — w a s to  p u ll  

u p  th e  cu r ta in , a n d  to  a n n o u n c e  th a t th ere  w a s  n o th in g  at a ll b e h in d  it.

T h e  d e m a n d  th a t ab so lu tes  in  s c ie n ce  s h o u ld  b e  c o n s id e r e d  to  b e  

m ea n in g less , th a t  th e  e th e r , the last r e fu g e  o f  in scru ta b le  rea lity , b e  

a b a n d o n e d , w a s  t o o  o v e r w h e lm in g  f o r  m o st  scientists a t th e  tim e. T h e ir  

w r it in g s  s h o w  w h a t  o u tr a g e  w as b e in g  c o m m it te d  o n  th e ir  o w n  th e m a tic
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o r ie n ta tio n , a n d  p e rh a p s  n e v e r  m o r e  c le a r ly  th a n  in  th e  p a p e r  o n  T h e  

G éo m étr isa tio n  o f  P h ysics  b y  S ir  O liv e r  L o d g e  as la te  as 1921 . In  th a t 

cr itiq u e  o f  re la tiv ity  th e o ry  h e  w r o te  :

T o  summarise, then:

In  such a system there is n o  need fo r  R eality ; on ly  Phenom ena can be 

observed or verified : absolute fact is inaccessible. W e  have n o  criterion fo r  

truth; all appearances are equally valid ; physical explanations are neither 

forthcom ing nor required : there need be no electrical or any other theory o f  

the constitution o f  matter. M atter is, indeed, a m entally constructed illusion 

generated by loca l peculiarities o f  Space. It is unnecessary to contem plate a 

continuous m edium  as a universal connector, nor need w e try to  think o f  it as 

suffering m odification  transmitted from  point to point from  the neighborhood  

o f every particle o f  gravitational or electrified m atter: a co ld  abstraction like 

a space-tim e m anifold  w ill d o  all that is wanted, or at least all that the equa 

tions com p el. A nd , as a m inor detail, w h ich  w ill bring us to the point, it is not 

necessary to invoke a real F itzG erald  contraction  in order to explain  the result 

o f the M ichelson  Experim ent.

. . . U n doubted ly  general relativity, not as a ph ilosoph ic theory but as a 

powerful and com prehensive m ethod, is a rem arkable achievem ent; and an 

ordinary physicist is fu ll o f  adm iration fo r  the equations and the criteria, 

borrow ed from  hyper-G eom eters, applied  by the genius o f  Einstein, and ex 

pounded in this country w ith unexam pled thoroughness and clearness by 

Eddington. But notwithstanding any tem ptation to idolatry, a physicist is 

bound in the long run to return to his right m ind; he must cease to be in 

fluenced unduly by superficial appearances, im practicable measurements, geo 

metrical devices, and w eird ly  ingenious m odes o f  expression; and must re 

m em ber that his real aim  and ob je ct is absolute truth, how ever difficult o f  at 

tainment that m ay be ; that his function is to discover rather than to create; and 

that beneath and above and around all A ppearances there exists a universe o f 

fu ll-bodied , concrete, absolute R eality .15

I t  w a s  th e  last, d y in g  c ry  a g a in st th e  r e p la c e m e n t  o f  th e  th em e  o f  th e  

o n c e -c r e a te d , rea l u n iv erse  b y  th at o f  a n  o n to lo g ic a lly  a g n o s tic  u n iverse , 

the o n e  in  w h ich , f o r  b e tte r  o r  w o rse , w e  h a v e  fo u n d  ou rse lv es  s in ce  

1905.

S c ie n tific  re la tiv ism  w a s n o t  th e  o n ly  r o a d  b y  w h ic h  w e  h a v e  c o m e  to  

the e m p ty  c e n te r  o f  th e  la b y r in th . T h r o u g h  sta tistica l m e ch a n ics  th e  

gross b e h a v io r  o f  m a tte r  w as m o r e  a n d  m o r e  e x p la in a b le , fr o m  m id 

n in eteen th  c e n tu ry  o n , in  term s o f  th e  c o n c a te n a t io n  o f  la rg e  n u m b e rs  

o f  m o le cu le s  w h o se  in d iv id u a l m o m e n t -t o -m o m e n t  b e h a v io r  w a s  te ch -
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n ica lly  t o o  d iff ic u lt  to  p r e d ic t . T o  this, q u a n tu m  p h y s ics  th en  a d d e d  th e  

r e c o g n it io n  th a t in d iv id u a l ev en ts  o n  th e  s u b -a to m ic  le v e l ( f o r  e x a m p le , 

th e  p a th  o f  in d iv id u a l p h o to n s  g o in g  th r o u g h  a n  o p e n in g  in  a  s cre e n ) 

a re  n o t  p r e d ic ta b le  in  p r in c ip le , ra th e r  th a n  m e re ly  f o r  reason s o f  c o m 

p u ta t io n a l a n d  e x p e r im e n ta l d ifficu lty .

A n d  th ere  w a s  yet a n o th e r  ro u te  to  th e  esta b lish m en t in  s c ie n ce  o f  th e  

s e lf- ju s t ify in g  e x is te n ce  o f  in d iv id u a l “ ev en ts .”  R o g e r  C o te s , in  th e  

d e fe n se  o f  N e w t o n ’ s P r i n c i p i 6  a g a in st th e  C a rte s ia n  a n d  L e ib n iz ia n  

h eresies, w r o te :

H e w ho is presum ptuous enough to think that he can find the true principles 

o f  physics and the laws o f  natural things by the force  alone o f  his m ind, and the 

internal light o f  his reason, must either suppose that the w orld  exists by neces 

sity, and by  the sam e necessity fo llow s the laws proposed ; or  i f  the order o f  

N ature was established by  the w ill o f  G od , that him self, a m iserable reptile, 

can  tell what was fittest to  be  done. A ll sound and true philosophy is founded 

on the appearance o f  things; and i f  these phenom ena inevitably draw  us, 

against our wills, to  such principles as m ost clearly  m anifest to us the m ost 

excellent counsel and suprem e dom in ion  o f  the A ll-w ise and A lm ighty Being, 

they are not therefore to be  laid  aside because som e m en m ay perhaps dislike 

them . . . . P h ilosophy must not be  corrupted in com p lian ce  w ith  these m en; 

for  the order o f  things w ill not b e  changed.16

B u t it  w a s ; a n d  v e r y  s o o n , to o . A s  K o y r é  r e m in d s  us

. . . the m ighty, energetic G o d  o f  N ew ton  w h o  actually  “ ran”  the universe 

a ccord in g  to H is free w ill and decision , becam e, in quick succession, a con 

servative pow er, an intelligentia supra-m undana , a “ D ieu  faineant” . . . .  T h e  in 

finite Universe o f  the N ew  C osm ology, infinite in D uration  as w ell as in E x 

tension, in w h ich  eternal m atter in accordance w ith eternal and necessary laws 

m oves endlessly and aimlessly in eternal space, inherited all the ontologica l 

attributes o f  D ivinity. Y et on ly  those— all the others the departed G o d  took 

aw ay with H im .17

I n  th is G o d -e m p t y  u n iv erse , w h a t  is it th a t  o n e  c a n  u lt im a te ly  e n 

c o u n t e r ?  H e is e n b e r g  h a s  w r it te n  th a t  “ ch a n g e s  in  th e  fo u n d a t io n s  o f  

m o d e r n  s c ie n ce  m a y  p e rh a p s  b e  v ie w e d  as sy m p to m s  o f  sh ifts  in  th e  

fu n d a m e n ta ls  o f  o u r  e x is te n ce  w h ic h  th e n  exp ress  th em selves  s im u lta n e 

ou s ly  in  m a n y  p la ce s , b e  it  in  ch a n g e s  in  o u r  w a y  o f  li fe  o r  in  o u r  u su a l

th o u g h t  fo r m s ____ ”  A n d  th e  sh ift  h e  singles o u t  is “ th a t f o r  th e  first t im e

in  th e  co u rse  o f  h is to ry , m a n  o n  ea rth  fa ce s  o n ly  h im se lf, th a t  h e  fin d s  n o  

lo n g e r  a n y  o th e r  p a rtn e r  o r  f o e .”  I n  s c ie n ce , t o o , “ the o b je c t  o f  resea rch
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is n o  lo n g e r  n a tu re  in  itse lf b u t  ra th er  n a tu re  e x p o s e d  to  m a n ’ s q u e s t io n 

in g , a n d  to  this e x te n t m a n  h e re  a lso  m eets  h im s e lf .18

T h is , th en , is a  m a in  tre n d  in  th e  c o n te m p o r a r y  p h ilo s o p h y  o f  s c ie n ce  

— resu ltin g  fr o m  a  m e r g in g  o f  th e  tw o  s tron g est p h ilo s o p h ic a l m o v e 

m ents, ex isten tia lism  a n d  p os it iv ism — w h ic h  a p p e a rs  to  m e  to  u n d e r lie  

the un easin ess ex p ressed  b y  m a n y  w h o  see in  a s c ie n ce  a  d is ju n c t iv e  a n d  

a lie n a tin g  c o m p o n e n t . T h e  p h ysic ist a n d  m a th e m a tic ia n , H e r m a n n  

W e y l, exp ressed  a  s im ila r  c o n c lu s io n  in  a  m o v in g  w a y :

In  existentialism is procla im ed  a ph ilosoph ical position  w hich perhaps is 

better coordinated with the structure o f  m od em  scientific know ledge than 

Kantian idealism  in w hich  the epistem ological positions o f  D em ocritus, D es 

cartes, G alileo, and N ew ton appeared to have fou nd  their full ph ilosophical 

expression.

. . . W h en  Bertrand Russell and others tried to resolve m athem atics into 

pure logic, there was still a remnant o f  m eaning in  the form  o f sim ple logica l 

concepts; but in the form alism  o f  H ilbert, this remnant disappeared. O n  the 

other hand, w e need signs, real signs, as written with chalk on the black 

board or w ith pen on paper. W e  must understand what it means to p lace one 

stroke after the other. It w ou ld  be putting matters upside dow n to reduce this 

naively and grossly understood ordering o f  signs in space to som e purified 

spatial con ception  and structure, such as that w hich  is expressed in E uclidean 

geom etry. Rather, w e must support ourselves here on the natural understand 

ing in handling things in ou r natural w orld  around us. N ot pure ideas in pure 

consciousness, but concrete signs lie at the base, signs w h ich  are for  us recog 

nizable and reproducib le despite small variations in detailed execution, signs 

w hich b y  and large we know  h ow  to handle.

As scientists, w e m ight be  tem pted to argue thus: “ As w e know ”  the chalk 

mark on the blackboard consists o f  m olecules, and these are m ade up o f  

charged and uncharged elem entary particles, electrons, neutrons, etc. But 

when w e analyzed what theoretical physics means by such terms, w e saw that 

these physical things dissolve into a sym bolism  that can be handled a ccord 

ing to som e rules. T h e  symbols, how ever, are in the end again concrete signs, 

written with chalk  on the blackboard. Y ou  notice the rid iculous circle .19

I n  s u m m a r y : fr o m  th e  b e g in n in g  to  th e  p resen t d a y , s c ie n ce  h as b e e n  

sh a p e d  a n d  m a d e  m e a n in g fu l n o t  o n ly  b y  its sp e c ific , d e ta ile d  fin d in g s , 

b u t  e v e n  m o r e  fu n d a m e n ta lly  b y  its th e m a tic  c o n te n t . T h e  re ig n in g  

th e m a ta  u n til a b o u t  th e  m id -n in e te e n th  c e n tu ry  h a v e  b e e n  ex p ressed  

m o st  ch a ra cte r is t ica lly  b y  th e  m a n d a la  o f  a  sta tic , h o m o c e n tr ic ,  h ie r 

a r ch ica lly  o r d e r e d , h a rm o n io u s ly  a rra n g e d  cosm os , re n d e re d  in  sh a rp ly
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d e lin e a te d  lines as in  th ose  o f  C o p e r n ic u s ’ s o w n  h a n d -d r a w in g . I t  w as a  

fin ite  u n iv erse  in  t im e  a n d  s p a c e ; a  d iv in e  te m p le , G o d -g iv e n , G o d 

ex p ress in g , G o d -p e n e t r a te d , k n o w a b le  th r o u g h  a  d iffic u lt  p ro ce ss  s im ila r  

to  th at n ecessa ry  f o r  e n te r in g  th e  state o f  G r a c e — b y  th e  w ork s  o f  th e  

sp ir it  a n d  o f  th e  h a n d . T h o u g h  n o t  c o m p le te  k n o w le d g e , it  w as as c o m 

p le te  as th e  n a tu re  o f  th in g s  a d m its  in  this m o rta l life .

T h is  re p re se n ta tio n  w a s  g r a d u a lly  s u p p la n te d  b y  a n o th e r , p a r t ic u la r ly  

in  th e  last h a lf  o f  th e  n in e te e n th  ce n tu ry . T h e  u n iv erse  b e c a m e  u n 

b o u n d e d , “ restless”  ( t o  use th e  h a p p y  d e s c r ip t io n  b y  M a x  B o r n ) ,  a  

w e a k ly  c o u p le d  e n se m b le  o f  in fin ite ly  m a n y  sep a ra te , in d iv id u a lly  so v e r 

e ig n  p a rts  a n d  ev en ts . T h o u g h  e v o lv in g , it is c o n t in u a lly  in te r r u p te d  b y  

r a n d o m  d isco n tin u it ie s  o n  th e  c o s m o lo g ic a l  sca le  as w e ll as o n  th e  su b - 

m ic r o s c o p ic  sca le . T h e  c le a r  lines o f  th e  e a r lie r  m a n d a la  h a v e  b e e n  

r e p la c e d  b y  u n d e lin e a te d , fu zz y  sm ears, s im ila r  p e r h a p s  to  th e  re p re se n 

ta t io n  o f  d is tr ib u tio n  o f  e le c tr o n  c lo u d s  a r o u n d  a t o m ic  n u c le i.

A n d  n o w  a  s ig n ifica n t  n u m b e r  o f  o u r  m o st  th o u g h t fu l sch o la rs , jo in in g  

th ose  cr itics  w h o  h a v e  n e v e r  fo r g iv e n  s c ie n c e  its d e m y th o lo g iz in g  r o le , 

seem  to  fe a r  th a t a  th ird  m a n d a la  is r is in g  to  tak e  p r e c e d e n c e  o v e r  b o th  

o f  these— th e  la b y r in th  w ith  th e  e m p ty  ce n te r , w h e re  th e  in v e stig a to r  

m eets  o n ly  h is o w n  s h a d o w  a n d  h is b la c k b o a r d  w ith  h is o w n  c h a lk  m ark s 

o n  it, h is o w n  so lu tion s  to  h is o w n  p u zzles . A n d  th is p h ilo s o p h ic a l  th rea t 

is th o u g h t  to  b e  m a tc h e d  b y  th e  p h y s ica l th rea t c o n s id e r e d  as o r ig in a t in g  

fr o m  a  b lin d , a im less, s e lf-m o t iv a tin g , e v e r -g r o w in g  e n g in e  o f  t e c h 

n o lo g y .

I t  is  th e r e fo r e  n o t  su rp ris in g  th at th ose  w h o  th in k  o f  o u r  c u ltu r e  a n d  

o u r  p erson s  as c a u g h t  u p  b y  th ese  tw o  te n d e n c ie s  fin d  litt le  c o m fo r t  in  

th e  b e a u ty  o f  sc ie n tific  a d v a n ce s , in  th e  re c ita l o f  c o h e r e n c e -m a k in g  

fo r c e s , o r  in  p ro m ise s  th at th e  la m p  o f  s c ie n c e  w ill  l ig h t  th e  w a y  to  a  

b e tte r  so c ie ty . N o t  u n til th e ir  d o u b ts  a re  a lla y e d  w ill th ere  b e  a n y  h o p e  

a n d  v a lid  p la c e  f o r  s c ie n ce  in  o u r  cu ltu re .

T h e  D im e n s io n s  o f  M o d e r n  H is to r ic a l  S ch o la rsh ip

N e ith e r  th e  analysis o f  a  ca se  in  th e  h is to ry  o f  s c ie n ce  in to  its S x a n d  

S 2 c o m p o n e n ts  n o r  th e m a tic  an a lysis , sep a ra te ly  o r  to g e th e r , c a n  su ffice  

fo r  a  fu ll  u n d e rs ta n d in g  o f  th e  ca se . T h e s e  t w o  te ch n iq u e s  a re  th em selves  

o n ly  p a r t  o f  a  la rg e r  set o f  w o r k  too ls  th a t s h o u ld  a t  least b e  e n u m e r 

a te d  h e re . ( T h e  d is t in c t io n  o fte n  m a d e  b e tw e e n  ex tern a lis tic  a n d  in te r - 

n a lis t ic  a p p r o a c h e s  is a lso  fa r  to o  b lu n t  f o r  la y in g  b a re  th e  fin e  s tru ctu re .)
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A lth o u g h  m a n y  in d iv id u a l h istorian s  o f  s c ie n ce  a re  la rg e ly , a n d  p r o p 

erly , still o c c u p ie d  p r e d o m in a n t ly  a lo n g  th e  c h ie f  tra d it io n a l d ire c tio n s , 

a  g e n e ra l aw aren ess  a n d  to le ra n ce  h a v e  arisen  in  r e ce n t  years th a t r e c o g 

n ize  th e  ex is te n ce  o f  n in e  s o m e w h a t  o v e r la p p in g  b u t  still su ffic ien tly  

sep a ra b le  d ire c t io n s  th a t m ost  h is to r ica l w o rk  c a n  n o w  ta k e  in  p r in c ip le . 

F a r  fr o m  r e d u c in g  s c ie n ce  t o  a n  e p ip h e n o m e n o n  o f  th e  soc ia l a n d  e c o 

n o m ic  d e v e lo p m e n t  o f  so cie ty , su ch  a m u lt id im e n s io n a l a tta ck  en su res 

th at s c ie n ce  is n o t  r e d u c e d  to  o n e  o r  a n o th e r  o f  th e  lim ite d  b u t  p o p u la r  

ca r ica tu res . Id e a lly , th e  fu ll p o te n t ia l o f  a  m a jo r  case  is n o t  lik ely  to  b e  

ex h a u sted  u n til a tte n tio n  h as b e e n  p a id  to  e a c h  o f  these c o m p o n e n ts . 

F o r  a n y  e v e n t  E  in  th e  h is to ry  o f  s c ie n ce  a t  a t im e  t ( f o r  e x a m p le , 

E in ste in ’s a n n o u n c e m e n t  o f  re la tiv ity , th e  case  o n  w h ic h  I  h a v e  a t 

te m p te d  to  m a k e  s o m e  b e g in n in g  in  these e ssa y s ), th e  system a tic  list o f  

c h ie f  e lem en ts  th a t m a y  fr u it fu lly  e n g a g e  th e  a tte n t io n  o f  h istor ia n s  o f  

s c ie n ce  w o u ld  ru n  so m e w h a t as fo l lo w s :

1. T h e  aw aren ess  w ith in  t h e 'a r e a  o f  p u b lic  s c ie n tific  k n o w le d g e  at 

t im e  t o f  th e  s c ie n tific  “ fa cts ,”  d a ta , te ch n iq u e s , th eories , a n d  te ch n ic a l 

lo re  c o n c e r n in g  e v e n t  E — b o th  in  th e  p u b lish e d  w o r k  o f  a  p a r t ic u la r  

scientist w h o  is b e in g  s tu d ie d  a n d  in  th e  w o r k  o f  o th ers  in  h is  fie ld  w h o m  

h e  m a y  o r  m a y  n o t  h a v e  k n o w n  a b o u t . ( I n  term s u sed  e a r lie r , th is is 

k n o w le d g e  o f  S 2 a t £ ) .

2. T h e  esta b lish m en t o f  th e  t im e  tr a je c to r y  o f  th e  state o f  p u b lic  

sc ien tific  k n o w le d g e , b o th  le a d in g  u p  to  a n d  g o in g  b e y o n d  th e  t im e  

ch o se n  a b o v e . T h is  is, as it w e re , th e  t ra c in g  o f  th e  W o r ld  L in e  o f  a n  

id ea , a  lin e  o n  w h ic h  th e  p re v io u s ly  c ite d  e le m e n t  E  is m e re ly  a  p o in t . 

U n d e r  th is h e a d in g  w e  a re  d e a lin g  w ith  a n te ce d e n ts , p a ra lle l d e v e lo p 

m en ts, co n tin u it ie s  a n d  d isco n tin u it ie s , a n d  th e  tra c in g  o f  th e  p u b lic  

a c c e p ta n c e  o r  r e je c t io n  o f  a n  id e a . T h is  is o u r  s to c k -in -tr a d e  : te llin g  th e  

story  o f  a  c o n c e p tu a l d e v e lo p m e n t  ( th o u g h  p e r h a p s  t o o  o ft e n  a t th e  c o s t  

o f  o th e r  c o n ce rn s , m a k in g  it th e r e fo r e  a lm o st  a p p e a r  as i f  s c ie n tific  id ea s  

h a d  an  in d e p e n d e n t  life  o f  th e ir  o w n ) .

3. T h e  re co n s tr u c t io n  o f  th e  less in stitu tion a l, m o r e  e p h e m e r a l, p e r 

son a l a sp e ct  o f  th e  sc ien tific  a c t iv ity  E  a t  t. W e  are  n o w  lo o k in g  a t th e  

sam e e v e n t in  S Xi re fle c te d  in  letters, d ra fts , la b o r a to ry  n o te b o o k s , a b a n 

d o n e d  e q u ip m e n t , in terv iew s, a n d  rem in iscen ces . H e r e  w e  d e a l w ith  an  

a ctiv ity  th at m a y  b e  p o o r ly  d o c u m e n te d , a n d  n o t  n ecessarily  a p p r e c ia te d  

o r  w e ll u n d e r s to o d  b y  th e  a g e n t h im se lf.

4 . T h e  esta b lish m en t o f  th e  t im e  tr a je c to r y  o f  this la rg e ly  p r iv a te
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sc ie n tific  a c t iv ity  u n d e r  s tu d y— th e  p e rso n a l co n tin u it ie s  a n d  d is c o n t in u i 

ties in  d e v e lo p m e n t . W h a t  I  a m  p o in t in g  to  h e re  is th e  k in d  o f  d e v e lo p 

m e n t  w e  d iscuss in  th e  ten th  essay w h ic h  b r o u g h t  E in ste in  fr o m  his first 

e n c o u n te r  w ith  m a g n e tism  as a  y o u n g  b o y  to  h is  e a r ly  e la b o r a t io n  o f  

g e n e ra l re la tiv ity  th eory . N o w  e v e n t  E  a t t im e  t b eg in s  to  b e  u n d e r s to o d  

in  term s o f  th e  in te rse ctio n  o f  tw o  tra je cto r ie s , tw o  W o r ld  L in es , o n e  fo r  

p u b lic  s c ie n ce  a n d  o n e  fo r  p r iv a te  sc ien ce .

5 . C o u p le d  to  th e  t r a je c to r y  o f  S i  is th e  tr a c in g  o f  a n o th e r  lin e , th e  

p s y c h o b io g r a p h ic a l d e v e lo p m e n t  o f  th e  scien tist w h o se  w o r k  is b e in g  

s tu d ied . F a r  fr o m  b e in g  a  p a ssin g  fa sh io n , it  is a n  a sp e ct  o f  h is to r ica l 

stu d ies  th a t in  s o m e  fo r m  h as b e e n  u r g e d  s in ce  a t  least th e  days o f  W il 

h e lm  D ilth e y . W h e th e r  o n e  w ish es to  ca st o n e ’ s lo t  w ith  th e  p o in t  o f  v ie w  

o f  F re u d , E rik son , P ia g e t, o r  o th ers , o r  w ith  severa l o f  th e m  in  p a rt , 

seek in g  co rre la t io n s  b e tw e e n  th e  S i  t r a je c to r y  a n d  th e  h is to r ic o -p s y c h o -  

lo g ic a l  d e v e lo p m e n t  w ill  a t  least g iv e  rise to  th ose  m ost  p r e c io u s  o f  c o m 

m o d it ie s , n e w  a n d  in terestin g  qu estion s . F o r  e x a m p le , f o r  a t least o n e  

case  o f  h ig h  a c h ie v e m e n t , w e  sh a ll p u rsu e  th e  h y p oth es is  th a t a  p e r s o n ’ s 

p u b lic  s c ie n tific  w o r k  is an  ex p ress ion  o f  th is in tim a te  sty le o f  th o u g h t  

a n d  life .

6 . A  s im ila r  lin e  m a y  b e  t ra ce d  th at re la tes  th e  t ra je c to r y  o f  th e  id e o 

lo g ic a l  o r  p o l it ic a l  as w e ll as th e  litera ry  even ts  o f  th e  t im e  to  th e  t r a je c 

to r ies  o f  S t a n d  S 2. W e  n e e d  m e re ly  m e n tio n  th e  fa c t  th a t E in ste in  ( t o  

h is o w n  a s to n ish m e n t) b e c a m e  a  ch a r ism a tic  fig u re , w ith  in flu e n ce  fa r  

b e y o n d  ph ysics , as a  resu lt o f  th e  e x p e r im e n ta l c o n fir m a t io n  in  1919  o f  

h is  g e n e ra l re la tiv ity  p r e d ic t io n  c o n c e r n in g  th e  d e fle c t io n  o f  s ta rligh t 

p a ssin g  n e a r  th e  su n ’ s d isk . I t  is n o t  u n lik e ly  th a t th is m ass resp on se  to  

w h a t  w a s  p e r c e iv e d  as a  s c ie n tific  “ r e v o lu t io n ”  o f  th e  o ld  o r d e r  in  p h ysics , 

se e m in g ly  c e r t ifie d  b y  n o th in g  less th a n  th e  stars th em selves , w a s  to  a  

d e g re e  p r e p a r e d  b y  th e  e x is te n ce  o f  p o l it ic a l  r e v o lu t io n a r y  s itu ation s  in  

m a n y  p a rts  o f  th e  w o r ld  a t  th e  tim e . S im ila r ly  i t  h a s  b e e n  a rg u e d  th a t 

th e  w id e s p re a d  in terest a m o n g  G e r m a n  scientists in  a b a n d o n in g  th e  

p r in c ip le  o f  ca u sa lity  in  th e  e a r ly  19 2 0 ’ s (d e s p ite  E in ste in ’ s o p p o s it io n )  

is c lo s e ly  re la te d  to  d e v e lo p m e n ts  in  th e  G e r m a n  in te lle c tu a l e n v ir o n 

m e n t , in c lu d in g  th e  h u g e  v o g u e  th en  e n jo y e d  b y  O s w a ld  S p e n g le r ’ s 

pessim istic  a n d  in tu it io n is t ic  b o o k , T h e  D e c l i n e  o f  t h e  W e s t . O n  th e  

w h o le  I  a g re e  w ith  th e  im p lic a t io n  th a t in  re tro sp e c t  so m e  o f  th e  seeds 

o f  d e s tru ct io n  o f  th e  W e im a r  R e p u b l ic  m a y  b e  d is ce rn e d  in  stu d y in g  

th is e p iso d e  in  th e  h is to ry  o f  q u a n tu m  ph ysics . (C o n v e rs e ly , th e  in flu -
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e n ce  o f  th e  p rog ress  o f  p h y sics  u p o n  p o l it ic a l  h istory  c a n  o f  co u rse  a lso  

b e  d o c u m e n te d , f o r  e x a m p le  in  th e  r o le  o f  th e  n u c le a r  r e a c to r .)

7. A  fu r th e r  c o m p o n e n t  essentia l t o  fu ll  u n d e r s ta n d in g  o f  a n  e v e n t  

refers u n a v o id a b ly  to  th e  s o c io lo g ic a l  settin g , c o n d it io n s , in flu en ces—  

arisin g  fr o m  co lle a g u e s h ip  o r  th e  d y n a m ics  o f  te a m  w o r k , th e  state o f  

p ro fe ss io n a liza tio n  a t  th e  tim e , th e  lin k  b e tw e e n  s c ie n ce  a n d  p u b lic  p o l ic y  

o r  b e tw e e n  s c ie n ce  a n d  in d u stry , o r  in s titu tio n a l ch a n n e ls  fo r  th e  fu n d 

in g , e v a lu a tio n , a n d  a c c e p ta n c e  o f  s c ie n tific  w o r k . O n e  p a rt ia l e x p ress ion  

o f  th is c o m p o n e n t  m a y  b e  fo u n d  in  th e  c u r re n t  a tte m p ts  to  c o n s tr u c t  

e m p ir ic a l a n d  q u a n t ita t iv e  m easu res  f o r  th e  p ro g re ss  o f  th e  sciences* 

B u t th e  q u a lita t iv e  a sp ects  a re  a t least as im p o r ta n t . O n e  c o u ld  n o t , 

f o r  e x a m p le , s tu d y  th e  g r e a t  d iffe r e n c e s  in  th e  rates o f  a c c e p ta n c e  o f  

re la tiv ity  th e o ry  o r  q u a n tu m  th e o r y  in  d if fe r e n t  co u n tr ie s , w ith o u t  s tu d y 

in g  th e  d iffe r e n c e s  in  th e  s tru ctu re  o f  th e ir  e d u c a t io n a l system s. S im ila r 

ly , it w o u ld  n o t  b e  p oss ib le  to  u n d e rs ta n d  fu lly  th e  p h ilo s o p h ic a l p r o g r e s 

s ion  o f  E in ste in  a w a y  fr o m  h is ea rly  d e v o t io n  to  e m p ir ic is m — unless o n e  

u n d e rs to o d  a n d  m a d e  p r o v is io n  fo r  th e  in flu e n c e  o f  su ch  co lle a g u e s  

as M a x  P la n ck .

8 . T h e  p re v io u s  p o in t  is a  re m in d e r , i f  o n e  w e r e  r e q u ire d , o f  a n o th e r  

a sp ect, n a m e ly , th e  n e e d  fo r  a n  an alysis  o f  th e  e p is te m o lo g ic a l a n d  

lo g ic a l s tru ctu re  o f  th e  w o r k  u n d e r  s tu d y . H e r e  h a s  b e e n  o u r  c h ie f  p o in t  

o f  c o n ta c t  w ith  a  v a r ie ty  o f  p h ilo s o p h e rs  o f  s c ie n c e  w h o se  c o n tr ib u t io n s  

h a v e , o n  o c c a s io n , in d e e d  b e e n  il lu m in a t in g  f o r  th e  h is to r ia n  o f  s c ie n ce .

9 . F in a lly , th e re  is th e  analysis o f  th e  in d iv id u a l scien tist ’ s 

th e m a tic  p re su p p o s it io n s  th a t m o t iv a te  a n d  g u id e  h is resea rch , as a m p ly  

d iscu ssed  a b o v e .

T o  b e  su re, th e  sep a ra tion s  b e tw e e n  th e  n in e  c o m p o n e n ts  I  h a v e  c it e d  

a re  n o t  h a r d  a n d  fast. A n y  c a te g o r ic a l list is, to  s o m e  d e g re e , a rt ific ia l 

— a fa c t  th a t g o e s  b a c k  to  th e  w e ll -k n o w n  fa ilu re  o f  la n g u a g e  fu lly  t o  

c o m p r e h e n d  e x p e r ie n ce . B u t th e  ca te g o r ie s  c h o s e n  d o  h a v e  m e rit  a t least 

o p e r a t io n a lly : th ey  c o in c id e  in  m o st  cases w ith  th e  s p e c ific  p ro fe ss io n a l 

interests o f  a c a d e m ic  g r o u p s  to  w h o m  th e  m o d e r n  h is to r ia n  o f  s c ie n ce  

c a n  lo o k  fo r  c o lla b o r a t io n  a n d  in s tru ctio n .

A n d  o n  th e  w h o le , these n in e  m a jo r  stran ds, c o m p o s in g  a  n e t  w ith  

w h ic h  to  c a tc h  th e  sp ir it  a n d  m e a n in g  o f  a  p a r t ic u la r  s c ie n tific  w o r k , d o  

fit th e  sh a p e  o f  h is to r ic  cases th em selves . O n e  m ig h t  en v isa g e  su ch  a  case  

as b e in g , so  to  sp ea k , c a u g h t  in  th e  c e n te r  o f  a  n et m a d e  o f  these stran ds. 

I t  is u n lik e ly  a n d  u n n ecessa ry  fo r  a n y  h is to r ia n  o f  s c ie n ce  to  p e r fo r m  b y
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h im se lf a n  an alysis a lo n g  a ll o f  these n in e  d im en sion s . B u t  i f  w e  a re  to  

rise a b o v e  a  p a rt ia l v ie w , th e  o v e r la p  o f  in d iv id u a l c o n tr ib u t io n s  sh ou ld  

e v e n tu a lly  m a k e  it  p o ss ib le  f o r  a  s c ie n tific  w o r k  to  b e  so  s tu d ie d  in  fu ll. 

In  this w a y , th e  h is to ry  o f  s c ie n ce  m a y  r e a ch  its h ig h est  a n d  m o st  a m b i 

t iou s  le v e l— w h ic h  I  tak e  to  b e  th e  h is to r ica lly  b a sed  analysis o f  c u ltu r e , 

s o c ie ty , a n d  p e rso n a lity , seen  th r o u g h  th e  fo c u s  o f  a  len s w h ic h  th e  case  

stu d y  o f  a  sc ie n tific  w o r k  p ro v id e s .

A c k n o w le d g m e n ts

I n  a  v o lu m e  stressing b o th  th e  o r ig in s  a n d  th e  p e rso n a l c o m p o n e n t  o f  

s c ie n tific  a n d  s ch o la r ly  w o r k , I  sh a ll p e rh a p s  b e  fo r g iv e n  f o r  m a k in g  

s o m e  p e rs o n a l c o m m e n ts  o n  th ose  o r ig in s  o f  m y  o w n  in terests o f  w h ic h  I  

a m  m o st  a w a re , a n d  fo r  a c k n o w le d g in g  th e re b y  a t least a  fe w  o f  m y  

d eb ts . O n e ’ s th o u g h ts  a re  o f  c o u r s e  fa sh io n e d  to  so m e  d e g re e  b y  in te r 

a c t io n s  w ith  o n e ’ s tea ch ers  a n d  fr ie n d s , b y  id ea s  d e lig h te d  in  a n d  a rg u e d  

o v e r  in  th e  c o m p a n y  o f  o th e rs  w h o  m a y  n o t  b y  a n y  m ea n s  h a v e  sh a red  

o n e ’ s o w n  o p in io n — a n d  m e n t io n  o f  w h o m  s h o u ld  n o t  b e  c o n s tru e d  as 

im p lic a t in g  th e m  in  a n y  w a y .

T h r o u g h  a  series o f  lu ck y  a c c id e n ts  I  b e n e fite d  f r o m  a n  u n u su a l 

v a rie ty  o f  c o n t r a d ic to r y  in flu en ces . A t  th e  b e g in n in g  o f  m y  e x p e r im e n ta l 

w o r k  in  th e  h ig h -p re ssu re -p h y s ics  la b o r a to r y  o f  m y  thesis p ro fe sso r , th e  

cru sty  a n d  c o n s ta n t ly  q u e s t io n in g  P . W .  B r id g m a n , th e  ce n tra l rea lity  

w a s  ce r ta in ly  s c ie n ce  d o n e  a t  first h a n d , a lth o u g h  th e  p r o b le m s  o f  p h i 

lo s o p h y  o f  s c ie n ce  w e re  n e v e r  le ft  o u t  o f  s ig h t en tire ly . O n  th e  o th e r  

h a n d , th e  in te r a c t io n  b e tw e e n  s c ie n ce  a n d  e p is te m o lo g y  w a s  a t  th e  ce n te r  

o f  a tte n tio n  in  d iscu ssion s o v e r  m a n y  years w ith  P h il ip p  F ra n k , th a t 

m o s t  h u m a n is t ic  a n d  c o n c il ia to r y  o f  lo g ic a l  em p ir ic is ts , a n d  b io g r a p h e r  

o f  A lb e r t  E in ste in ; u n d e r  F ra n k , I  a c te d  as in s tru cto r , assisting in  o n e  o f  

h is cou rses  a t  H a r v a r d . I t  w a s  h e  w h o  p r o v id e d  m e  la ter  w ith  th e  first 

in tr o d u c t io n  to  th e  E in ste in  a rch iv a l m a teria ls  a t th e  P r in c e to n  In stitu te  

fo r  A d v a n c e d  S tu d y . A n d  it  w as w h ile  r e a d in g  th r o u g h  th a t v o lu m in o u s  

m a te ria l as p a rt  o f  th e  e f fo r t  to  c a ta lo g  it  w ith  th e  h e lp  o f  E in ste in ’ s 

k n o w le d g a b le  secretary , M iss  H e le n  D u k a s  ( t o  w h o m  m a n y  a c k n o w le d g 

m en ts  w ill b e  fo u n d  in  th e  fo l lo w in g  p a g e s ) ,  th a t I  b e c a m e  a w a re  o f  

h is to r ica l p r o b le m s  w ith in  th e  fr a m e w o r k  o f  S i  w h ic h  ra re ly  g e t  ask ed  

o u ts id e  it.

A  c o m p le m e n ta r y  in flu e n ce  w as e x e r te d  th r o u g h  th e  a c c id e n t  o f  b e in g  

in tr ig u e d  in to  te a c h in g  in  th e  G e n e ra l E d u c a t io n  p r o g r a m  b y  H a r v a r d ’ s
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P residen t, J a m es  B . C o n a n t , a n d  th e  p h y sic ist  E d w in  C . K e m b le . T h e r e  

I  n o t  o n ly  h a d  to  s tru g g le  w ith  th e  c o m p e t in g  h is to r io g r a p h ic  th eor ies  in  

try in g  to  u n d e rs ta n d  h o w  s c ie n ce  e v o lv e d  in  th e  la rg e  a n d  w h a t  r o le  it 

h a d  in  cu ltu r e  a n d  soc ie ty , b u t  a lso  c a m e  u p  a g a in st s o m e  o f  th e  r a w  

p e d a g o g ic  p r o b le m s  th a t a re  d iscu ssed  in  th e  essays to w a r d  th e  e n d  o f  

this v o lu m e . F re q u e n tly , I  fe lt  c a u g h t  in  th e  cross fire  b e tw e e n  co lle a g u e s  

ou ts id e  th e  sc ien ces  w h o  w e r e  ra th e r  sk e p tica l o f  th e  fie ld — su ch  as 

D o u g la s  B u sh  a n d  R a p h a e l  D e m o s — a n d  in te llig e n t  a n d  e lo q u e n t  stu 

den ts in  th e  c la ssro o m  w h o  in  th ose  days w e re , i f  a n y th in g , a ll to o  re a d y  

to  c o n c e d e  a n y  c la im  m a d e  fo r  s c ie n ce .

A s  m u c h  as a n y  o f  these, h o w e v e r , I  m u st a c k n o w le d g e  th e  in flu e n c e  

o f  a  n u m b e r  o f  “ s h o p  c lu b s ”  a n d  o th e r  series o f  in fo r m a l m eetin g s  w h ic h  

h a d  fo r m e d  sp o n ta n e o u s ly  in  a n d  a r o u n d  th e  C a m b r id g e  area . I n  o n e  

o f  these, u n d e r  th e  g e n e ra l le a d e rsh ip  o f  P h il ip p  F ra n k  a n d  P . W . B r id g 

m a n , fa ir ly  re g u la r  m e e tin g s  o f  a  “ U n ity  o f  S c ie n c e ”  g r o u p  t o o k  p la c e  

fo r  m a n y  years, w h e re  th e  irrep ress ib le  in d iv id u a lity  a n d  p a ss ion a te  d e 

fen se o f  w e ll fo r m e d  v ie w s  w e r e  a lw a ys  in  e v id e n c e . T h e r e  w e r e  m e m o 

ra b le  e n co u n te rs  in v o lv in g  H e n r y  A ik e n , K a r l  D e u ts c h , R o m a n  J a k o b -  

son , G y o r g y  K e p e s , P h il ip p e  L e C o r b e il le r ,  W . V .  O .  Q u in e , G io r g io  d e  

S a n tilla n a , H a r lo w  S h a p le y , B . F . S k in n er , S. S. S teven s , L a z io  T is z a , 

R ic h a r d  v o n  M ise s , N o r b e r t  W ie n e r , as w e ll  as o c c a s io n a l v isitors fr o m  

fa r -a w a y  N e w  Y o r k  o r  N e w  H a v e n , su ch  as E rn est N a g e l  a n d  H e n r y  

M a r g e n a u . T h e  lo g ic a l em p ir ic ists  a m o n g  a ll these, c o n tr a r y  to  th e 

d o c tr in a ire  days o f  th e  1 9 2 0 ’ s a n d  1 9 3 0 ’ s, la id  as m u c h  stress as d id  a ll 

th e  o th ers  o n  fu n d a m e n ta l, in te rd is c ip lin a ry  d iscu ssion s. F o r  e x a m p le , 

fa r  fr o m  w is h in g  to  d e n ig r a te  o th e r  areas a n d  e x te n d in g  th e  h e g e m o n y  

o f  sc ie n ce , F ra n k  h e ld  th a t  a  ce n tra l q u e s tio n  w a s  “ H o w  ca n  w e  b r in g  

a b o u t  th e  c lo sest p o ss ib le  r a p p r o c h e m e n t  b e tw e e n  p h ilo s o p h y  a n d  

s c ie n c e ? ”

B u t b e y o n d  th at, th e  m e m b e rs  o f  th a t g r o u p  m a d e  n o  e ffo r ts  t o  e x a c t  

an y  a g reem en ts , a n d  re lish ed  th e  m o st  w id e -r a n g in g  d eb a tes . A s  a  resu lt, 

I  h a p p ily  n e v e r  h a d  th e  o p p o r tu n ity  o r  fe lt  th e  n e e d  f o r  a  sin g le , d o c t r i 

n a ire  m aster. R a th e r , th e  e d u c a t io n a l m o d e l  w a s  th a t o f  a l lo w in g  a  w id e  

v a rie ty  o f  v iew s fr o m  d iffe r e n t  s u b je c t -m a tte r  fie ld s  t o  b e  b r o u g h t  to  b e a r  

o n  liv in g  q u estion s , a n d  m e a su r in g  th e ir  v a lu e  b y  th e  u sefu ln ess o f  th e ir  

co n tr ib u tio n s .

A  s e co n d  s h o p  c lu b , started  b y  J. B . C o n a n t , a n d  m e e t in g  a fe w  tim es 

e a c h  y ea r , in v o lv e d  th ose  o n  th e  c o l le g e  fa c u lty — scientists, so c ia l s c ie n -
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tists a n d  h u m a n ists— w h o  p a r t ic ip a te d  in  th e  G e n e ra l E d u c a t io n  te a c h 

in g  p r o g r a m . T h is  a l lo w e d  th e  c iv il iz in g  e x p e r ie n c e  o f  d iscu ss ion  w ith  

J e r o m e  B ru n e r , H a r r y  L e v in , E rn st M a y r , H a r r y  M u r r a y , T a lc o t t  P ar 

sons, D a v id  R ie s m a n , P a u l T i l l i c h , G e o r g e  W a ld , M o r t o n  W h ite , a n d  

oth ers. A t  a b o u t  th a t t im e  E . C . K e m b le  a lso  a r r a n g e d  fr e q u e n t  w o r k in g  

lu n c h  m e e tin g s  o f  a  g r o u p  o f  ju n io r  s ta ff in terested  in  th e  h is to ry  o f  

sc ie n ce , in c lu d in g  I  B. C o h e n , T .  S . K u h n , a n d  L . K .  N a s h ; u n q u e s t io n 

a b ly  w e  a ll p r o fite d  fr o m  these m eetin g s . L a te r  o n , d u r in g  th e  p e r io d  

w h e n  I  b r o u g h t  to g e th e r  a  g r o u p  o f  scientists a n d  o th e r  sch o la rs  in  C a m 

b r id g e  to  h e lp  d e s ig n  th e  P r o je c t  P h ysics  C o u rse , I  b e n e fite d  fr o m  d is 

cu ssion s w ith  m e m b e rs  o f  th e  s ta ff a n d  p a rt icu la r ly  w ith  A lfr e d  B ork , 

S te p h e n  B ru sh , B a n e sh  H o f fm a n n , L o y d  S w e n so n , a n d  S te p h e n  

T o u lm in .

I n  th e  e a r ly  days a fte r  W o r ld  W a r  I I ,  th ere  w as , o f  cou rse , still th e  

la rg e ly  u n seen  b u t  in ten se ly  fe lt  p re se n ce  o f  G e o r g e  S a rto n , a n d  th e  

e le c tr ify in g  e f fe c t  o f  C a m b r id g e  visits b y  A le x a n d r e  K o y r e . M o r e  r e c e n t 

ly , th r o u g h  o n e  a c c id e n t  o r  a n o th e r , I  h a v e  h a d  o p p o r tu n it ie s  to  b e n e fit  

f r o m  th e  v ie w s  o r  co u n te r -a r g u m e n ts  o f  su ch  c o lle a g u e s  a n d  fr ien d s  as 

R u d o l f  A r n h e im , E r w in  H ie b e r t , E v e re tt  M e n d e ls o h n , R o b e r t  S. 

C o h e n , M a r x  W a r to fs k y , J o s e p h  A ga ss i, Y e h u d a  E lk a n a , a n d  C h a rle s  

W e in e r . S o m e  stim u la tin g  c o n ta c ts  w e r e  m a d e  th r o u g h  D 6 e d 6 l u s  c o n 

fe re n ce s , f o r  e x a m p le , w ith  E r ik  E rik son , w h o  su b se q u e n tly  b e c a m e  a  

c o lle a g u e  fr o m  w h o m  I  h a v e  le a rn e d  g re a tly .

In  listin g  in flu e n ce s , I  m u st n o t  o m it  th e  E ra n o s  T a g u n g e n , o r g a n iz e d  

b y  A d o l f  P o r t m a n n , a t w h ic h  I  w a s  a l lo w e d  to  m a k e  e x te n s iv e  p r e s e n 

ta tion s  a n d  th e n  lea rn  fr o m  o th e r  m e m b e rs  o f  th e  “ fa c u lty ,”  su ch  as 

P o r tm a n n , M ir c e a  E lia d e , a n d  G e r s h o m  S c h o le m .

O f  co u rse , th e  stu d en ts  in  o n e ’ s o w n  cou rses  a re  a lw a ys  th e  m o st  c o n 

s istent a n d  lo n g -s u ffe r in g  cr itics , a n d  I  h a v e  in d ic a te d  in  so m e  essays 

th ose  m e m b e rs  o f  m y  sem in ars  w h o  s h o u ld  b e  s in g le d  o u t  fo r  th e ir  

th o u g h t fu l resp on ses.

F in a lly , it  is a  p le a sa n t d u ty  to  a c k n o w le d g e  th e  fu n d s  w h ic h  m a d e  

so m e  o f  th ese  stu d ies p o s s ib le ; th is is d o n e  in  sev era l o f  th e  essays 

th em selves , b u t  I  w ish  to  a c k n o w le d g e  in  p a r t ic u la r  th e  h e lp fu ln e ss  o f  

gran ts  fr o m  th e  se c t io n  fo r  th e  H is to ry  a n d  P h ilo s o p h y  o f  S c ie n c e  in  th e  

N a t io n a l S c ie n c e  F o u n d a t io n .

I  o w e  sp e c ia l d eb ts  to  W . G o r d o n  W h a le y  a n d  M a r k  C a r r o ll. D e a n  

W h a le y  o f  T h e  U n iv e rs ity  o f  T e x a s  at A u stin , as E d ito r  o f  T h e  G r 6 d u 

6 t e  J o u r n 6 l , a n d  M a r k  C a r r o ll, as D ir e c to r  o f  H a r v a r d  U n iv e rs ity
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Press, b o th  su ggested  p u b lic a t io n  o f  this set o f  se le cted  essays, a n d  th ey  

c o n v e r te d  m y  in it ia l sk ep tic ism  in to  r e a d y  c o m p lia n c e . T o  A u d r e y  

N e lso n  S la te , C la re  Y .  W h a le y , J o s e p h  E ld e r , H e le n  S tew a rt , a n d  

B ev erly  R e a u m e , I  express m y  g ra titu d e  f o r  h e lp  w ith  th e  e d ito r ia l a n d  

p r o d u c t io n  p ro b le m s  o f  this v o lu m e .

M o s t  o f  th e  essays in  this v o lu m e  a re  su b stan tia lly  as g iv e n  in  th e ir  

o r ig in a l fo r m , e x c e p t  fo r  m in o r  ch a n g e s  in  a  fe w  passages a n d  som e  

ex p a n sion s  o r  a b b re v ia tio n s  to  r e m o v e  o b v io u s  in fe lic it ie s  o r  r e d u n d a n 

cies . S o m e  o v e r la p  th a t h a d  b e e n  n ecessa ry  w h e n  p u b lish in g  sep a ra te ly  

a p p e a r in g  essays in  d iffe r e n t  jo u r n a ls  has h e re  b e e n  d e le te d ; b u t  I  h o p e  

I  h a v e  le ft  e n o u g h , a n d  I  h a v e  p r o v id e d  cross  re fe re n ce s , so  th a t s k ip p in g  

b a c k  a n d  fo r th  is p oss ib le  f o r  a  re a d e r  w h o  d o e s  n o t  w ish  to  g o  th r o u g h  

th e  essays as h e re  a rra n g e d  in  s e q u e n tia l o r d e r .

J e ffe r so n  P h y s ica l L a b o r a to r y  G er a ld  H o l to n

D e p a r tm e n t  o f  P h ysics ,

H a rv a rd  U n iv er s ity
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A pollon ian  and D ion ysian ), L ew in  distinguished betw een the Aristotelian and 

G alilean m odes o f thought, and show ed their persistence in contem porary 

scientific w ork.

11. In  this way w e m ay possibly have been h op in g  to return to the prim itive 

or childlike state o f  Einheitsw irklichkeit, a prim itive G anzheitserfahrung der  

grossen W elt  as against the later-learned Ich -W elt ,  the fragm ented Partialwelt, 

or  O b jek tw elt, to  use the term s o f  Erich N eum ann in D e r  S c h ö p f e r i s c h e  

M e n s c h  (Z u r ich : R hein -V erlag , 1959), pp . 105-109.

12. Joseph L arm or, in his P reface to H enri Poincare, S c i e n c e  6 n d  H y 

p o t h e s i s  (L o n d o n : W alter S cott Publishing C o., 1905 ), p . 12.

13. D av id  H um e. T h e  H i s t o r y  o f  E n g l 6 n d , V olu m e  8 (1 7 7 3 ), p . 332.

14. K arl R . P opper, T h e  L o g ic  o f  S c i e n t i f i c  D i s c o v e r y  (L o n d o n : 

H utchinson, 1959), p. 317.

15. O liver L od ge , T h e  G eom etrisation  o f Physics, and Its S upposed  Basis on  

the M ich elson -M orley  E xp erim en t, N 6 t u r e  106, N o . 2677, 1921.

16. R og er  Cotes, P reface to  N ew ton ’s M 6 t h e m 6 t i c 6 l  P r i n c i p l e s  o f  N 6 t 

u r 6 l  P h i l o s o p h y  (A n d rew  M otte  translation o f  1729, revised by Florian 

C a jori, Berkeley: University o f  C aliforn ia  Press, 1946), pp . x x x isq .

17. A lexandre K oyre, F r o m  t h e  C l o s e d  W o r l d  t o  t h e  I n f i n i t e  U n i v e r s e  

(N e w  Y o rk : H arper & Brothers, 1958), p . 276.

18. W erner H eisenberg, T h e  R epresentation  o f N ature in C ontem porary  

Physics, D 6 e d 6 l u s , Sum m er 1958, pp. 103-105.

19. H erm ann W eyl, W issenschaft als sym bolische K onstruction  des M en - 

schens, E r 6 n o s  J 6 h r b u c h  (Z u r ich : R hein -V erlag , 1949), pp . 382, 427-428 .

44



I On the Them atic Analysis o f  Science





1 THE THEMATIC IMAGINATION 

IN SCIENCE

ju R R E N T  o p i n i o n  o n  th e  w a y  s c ie n t ific  th e o r ie s  a re  c o n s tr u c te d  is 

¡b y  n o  m e a n s  u n a n im o u s . W e  m a y , n ev erth e less , ta k e  th e  a c c o u n t  

g iv e n  n o t  t o o  lo n g  a g o  b y  th e  p h y s ic is t  F r ie d r ic h  D e ssa u e r  as a  q u ite  

ty p ica l c o n te m p o r a r y  p r e se n ta tio n  o f  th e  s o -c a lle d  h y p o th e t ic o -d e d u c -  

tive , o r  in d u c t iv e , m e th o d  o f  s c ie n c e . H is  s ch e m e 1 re fle cts  b o t h  g e n e ra l 

p ro fe ss io n a l a n d  p o p u la r  u n d e rs ta n d in g .

T h e r e  a re , h e  re p o rts , f iv e  steps. ( 1 )  T e n ta t iv e ly , p r o p o s e  as a  h y 

poth esis  a  p r o v is io n a l s ta tem en t o b ta in e d  b y  in d u c t io n  fr o m  e x p e r ie n ce  

a n d  p re v io u s ly  e sta b lish ed  k n o w le d g e  o f  th e  fie ld . A n  e x a m p le , d r a w n  

fr o m  e x p e r im e n ta l w o r k  in  p h ysics , m ig h t  b e  th is : th e  o b s e r v e d  la rg e  

loss o f  s o u n d  e n e rg y  w h e n  u ltra so n ic  w a v e s  pass th r o u g h  a  liq u id  su ch  as 

w a te r  is p oss ib ly  d u e  to  a  s tru ctu ra l r e a r ra n g e m e n t  o f  th e  m o le c u le s  as 

th e  so u n d  w a v e  passes b y  th e m . ( 2 )  N o w , re fin e  a n d  s tru ctu re  th e  h y 

poth esis— f o r  e x a m p le , b y  m a k in g  a  m a th e m a t ica l o r  p h y s ica l a n a lo g o n  

s h o w in g  th e  w a y  s o u n d  e n e rg y  m a y  b e  a b s o rb e d  b y  c lu m p s  o f  m o le cu le s . 

( 3 )  N e x t , d r a w  lo g ic a l  c o n c lu s io n s  o r  p r e d ic t io n s  fr o m  th e  s tru ctu re d  

h y p oth esis  w h ic h  h a v e  p r o m is e  o f  e x p e r im e n ta l c h e c k — f o r  e x a m p le , i f

D elivered at the Johns H opkins U niversity as a Shell C om panies Foundation 

Lecture under the title P resu p p o s itio n  in th e  C o n s tru c tio n  o f  T h e o r ie s , this 

essay was first published in S c i e n c e  6 s  6  C u l t u r 6 l  Fo r c e , ed. H arry W o o lf  

(B altim ore: T h e  Johns H opkins Press, 1964) and reprinted in T h e  G �6 �u 6 �e  

Jo u r n 6 l , V olu m e V I I ,  N o . 1, pp. 8 7 -1 0 9 ,1 9 6 5 -6 6 .
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m o r e  a n d  m o r e  p ressu re  is a p p lie d  to  th e  s a m p le  o f  w a te r , it s h o u ld  b e  

m o r e  a n d  m o r e  d iff ic u lt  f o r  th e  a sso c ia te d  m o le c u la r  g r o u p s  t o  a b so rb  

s o u n d  so  strik in g ly . ( 4 )  T h e n  c h e c k  th e  p r e d ic te d  c o n s e q u e n c e s  (d e 

d u c e d  fr o m  th e  a n a lo g o n )  a g a in st e x p e r ie n ce , b y  fr e e  o b s e r v a t io n  o r  

e x p e r im e n ta l a rra n g e m e n t. ( 5 )  I f  th e  d e d u c e d  c o n s e q u e n c e s  a re  fo u n d  

to  c o r r e s p o n d  t o  th e  “ o b s e rv e d  fa c ts ”  w ith in  e x p e c te d  lim its— a n d  n o t  

o n ly  th ese  co n s e q u e n c e s , b u t  a ll d if fe r e n t  o n e s  th a t c a n  b e  d r a w n  

(b e h a v io r  a t  co n s ta n t  p ressu re  b u t  c h a n g in g  te m p e ra tu re , o r  s im ila r  e f 

fe c ts  in  o th e r  l iq u id s )— th e n  a  w a rra n t  is a v a ila b le  f o r  th e  d e c is io n  th a t 

“ th e  resu lt o b ta in e d  is p o s tu la te d  as u n iv ersa lly  v a lid ”  (p . 2 9 8 ) .  T h u s , 

th e  h y p oth es is , o r  in it ia l s ta tem en t, is fo u n d  to  b e  sc ien tifica lly  

“ e sta b lish ed .”

B u t, p o p u la r  o p in io n  co n t in u e s , u n til th e  fa c ts  s u p p o r t  su ch  a  p o s it io n  

a n y  h y p o th e t ic a l s ta tem en t is to  b e  h e ld  s c r u p u lo u s ly  w ith  o p e n -m in d e d  

sk ep tic ism . T h e  scientist, D e ssa u e r  rep orts , “ d o e s  n o t  ta k e  a  d o g m a t ic  

v ie w  o f  his a ssu m p tio n , h e  m a k es  n o  c la im  f o r  it, h e  d o e s  n o t  h e ra ld  it 

a b r o a d , b u t  k eep s  th e  q u e s tio n  o p e n  a n d  su b m its  h is o p in io n  t o  th e  d e 

c is io n  o f  n a tu re  itse lf, p r e p a r e d  to  a c c e p t  th is d e c is io n  w ith o u t  reserve”  

(p .  2 9 6 ) .  T h is , h e  c o n c lu d e s , is  “ th e  in d u c t iv e  m e th o d , th e  fu n d a m e n ta l 

m e th o d  o f  th e  e n tire  m o d e r n  e ra , th e  so u rce  o f  a ll o u r  k n o w le d g e  o f  

n a tu re  a n d  p o w e r  o v e r  n a tu re ”  (p .  3 0 1 ) .

W e  n o te  th a t th is a c c o u n t  fits in  w e ll  w ith  a  w id e s p r e a d  c h a r a c te r iz a 

t io n  o f  a  s u p p o se d  m a in  d i f fe r e n c e  b e tw e e n  scientists a n d  h u m a n is ts : th e  

fo r m e r , it  is o ft e n  sa id , d o  n o t  p r e e m p t  fu n d a m e n ta l d e c is io n s  o n  aes 

th e t ic  o r  in tu it iv e  g r o u n d s ; th ey  d o  n o t  m a k e  a  p r io r i  c o m m itm e n ts , a n d  

o n ly  le t  th em se lv es  b e  g u id e d  b y  th e  fa cts  a n d  th e  c a r e fu l p rocess  o f  in 

d u c t io n . I t  is, th e re fo re , n o t  su rp r is in g  th a t in  th is, as in  m o st  su ch  

d iscu ssion s, n o th in g  w a s  sa id  a b o u t  th e  s o u r ce  o f  th e  o r ig in a l in d u c t io n , 

o r  a b o u t  th e  c r ite r ia  o f  p r e s e le c t io n  w h ic h  a re  in e v ita b ly  a t  w o r k  in  s c i 

e n t if ic  d ec is ion s . A tte n t io n  to  th ese  w o u ld  seem  t o  b e  as u n im p o r ta n t  

o r  fru itless  as a  d iscu ss ion , say , o f  th e  “ re a lity ”  o f  th e  fin a l resu lt.

T h is  a c c o u n t  o f  s c ie n tific  p r o c e d u r e  is n o t  w r o n g ;  it has its u se, fo r  

e x a m p le , in  b r o a d ly  c h a r a c te r iz in g  c e rta in  fea tu res  o f  s c ie n ce  as a  p u b lic  

in stitu tion . B u t i f  w e  try  to  u n d e rs ta n d  th e  a c t io n s  a n d  d ec is ion s  o f  an  

a c tu a l c o n t r ib u to r  to  s c ie n ce , th e  ca te g o r ie s  a n d  steps listed  a b o v e  are  

d e f ic ie n t  b e c a u s e  th e y  le a v e  o u t  a n  essentia l p o i n t : to  a  sm a lle r  o r  la rg er  

d e g r e e , th e  p ro ce ss  o f  b u ild in g  u p  a n  a c tu a l sc ien tific  th e o r y  req u ires  

e x p lic it  o r  im p lic it  d e c is io n s , su ch  as th e  a d o p t io n  o f  c e r ta in  h y p oth eses
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a n d  cr ite r ia  o f  p re se le c tio n  th at are  n o t  a t  a ll sc ien tifica lly  “ v a lid ”  in  th e  

sense p re v io u s ly  g iv e n  a n d  u su a lly  a c c e p t e d .2 O n e  resu lt o f  this r e c o g 

n it io n  w ill  b e  th a t th e  d ic h o to m y  b e tw e e n  sc ien tific  a n d  h u m a n is t ic  

s ch o la rsh ip , w h ic h  is u n d o u b te d  a n d  rea l a t m a n y  leve ls , b e c o m e s  fa r  

less im p ress ive  i f  o n e  lo o k s  c a r e fu lly  at th e  c o n s tr u c t io n  o f  sc ien tific  

th eories . T h is  w ill b e c o m e  e v id e n t  first a t th e  p la c e  w h e re  e x p lic it  a n d  

im p lic it  d ec is ion s  a re  m ost  te llin g — n a m e ly  in  th e  fo r m a tio n , testin g , 

a n d  a c c e p ta n c e  o r  r e je c t io n  o f  h y p oth eses .

I

T o  illu strate  th is p o in t  as c o n c r e te ly  as p oss ib le , le t us lo o k  at a  case  

f o r  w h ic h  it  has lo n g  b e e n  th o u g h t  th e  last w o r d  h a d  b e e n  said . A s  is 

w ell k n o w n , B o o k  I I I  o f  N e w to n ’s P r i n c i p i 6 , w h ic h  w a s  su p p o se d  to  use 

th e  p r in c ip le s  a n d  m a th e m a tica l a p p a ra tu s  d e v e lo p e d  in  B o o k s  I  a n d  I I  

t o  “ d e m o n stra te  th e  fr a m e  o f  th e  S ystem  o f  th e  W o r ld ,”  o p e n s  w ith  a  sec 

t io n  th a t is as sh ort as it is in it ia lly  su rp r is in g : th e  fo u r  ru les  o f  rea son 

in g  in  p h ilo s o p h y , th e  R e g u la e  P h ilo s o p h a n d i. A t  a n y  rate , th ey  a p p e a r  

so  in  th e  th ird  e d it io n , o f  1726 , k n o w n  t o  us u su a lly  th ro u g h  M o t t e ’ s 

tra n sla tion  o f  1729. T h e s e  are , o f  co u rse , w e ll -k n o w n  ru les, a n d  I  n e e d  

re m in d  y o u  o f  th e m  o n ly  b rie fly . T h e y  c a n  b e  p a ra p h ra se d  as fo l lo w s :

I . N a tu re  is essentia lly  s im p le ; th e re fo re , w e  s h o u ld  n o t  in tr o d u c e  

m o re  h y p oth eses  th a n  a re  su ffic ien t a n d  n ecessary  fo r  th e  e x p la n a tio n  o f  

o b s e rv e d  fa cts . T h is  is a h y p oth esis , o r  ru le , o f  s im p lic ity  a n d  v era e  

cau sa e.

I I .  H e n c e , as fa r  as p oss ib le , s im ila r  e ffe c ts  m u st b e  assign ed  to  th e  

sam e cau se . T h is  is a  p r in c ip le  o f  u n ifo r m ity  o f  n a tu re .

I I I .  P rop ertie s  c o m m o n  to  a ll th ose  b o d ie s  w ith in  r e a c h  o f  o u r  e x p e r i 

m en ts  a re  to  b e  assu m ed  (e v e n  i f  o n ly  te n ta t iv e ly ) as p e rta in in g  to  a ll 

b o d ie s  in  g e n e ra l. T h is  is a  r e fo r m u la t io n  o f  th e  first tw o  h y p oth eses  a n d  

is n e e d e d  fo r  fo r m in g  u n iv e r s a l .

I V .  P ro p o s it io n s  in  s c ie n ce  o b ta in e d  b y  w id e  in d u c t io n  a re  to  b e  re 

g a rd e d  as e x a ct ly  o r  a p p r o x im a te ly  tru e  u n til p h e n o m e n a  o r  e x p e r im e n ts  

sh o w  th a t th ey  m a y  b e  c o r r e c te d  o r  a re  l ia b le  to  e x ce p t io n s . T h is  p r in 

c ip le  states th at p r o p o s it io n s  in d u c e d  o n  th e  basis o f  e x p e r im e n t  s h o u ld  

n o t  b e  c o n fu te d  m ere ly  b y  p r o p o s in g  c o n tra ry  h y p oth eses .

I t  has b e e n  ju stly  sa id  th a t th ese e p is te m o lo g ic a l ru les are  b y  n o  m ea n s 

a  “ m o d e l o f  lo g ica l c o h e r e n c e .” 3 T h e y  g r e w  in  a  c o m p le x  w a y , sta rtin g
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fr o m  o n ly  tw o  ru les ( I  a n d  I I )  in  th e  first e d it io n  o f  th e  P r i n c i p i 6  

(1 6 8 7 )  w h e re  th e y  w e re  still c a lle d  H y p o th e se s  I  a n d  I I .  A s  N e w to n , 

w ith  g r o w in g  d islike  f o r  co n tro v e rsy , c a m e  to  m a k e  th e  co rre c tio n s  f o r  

th e  th ird  e d it io n , h e  a d d e d  the p o le m ic a l  ru le  I V  w h ic h  is a  c o u n te r 

a tta ck  o n  th e  h y p o th e se s -la d e n  m issiles fr o m  th e  C a rtes ia n s  a n d  L e ib -  

n izian s.

B u t it  turns o u t  th a t N e w to n  at o n e  t im e  w as o n  th e  v e r g e  o f  g o in g  

fu rth e r . I t  w as d is c o v e r e d  o n ly  re ce n tly  in  a  stu d y  o f  N e w to n ’ s m a n u 

scrip ts b y  A le x a n d e r  K o y r é 4 th a t N e w to n  h a d  w ritten  a  le n g th y  F ifth  

R u le , a n d  th en  h a d  su p p ressed  it. T h e  s ig n ifica n t p arts o f  it  f o r  o u r  p u r 

p o s e  a re  th e  first a n d  last sen ten ces  o f  this ru le , a n d  th e  lik e ly  reason s 

w h y  it  h a d  to  b e  su p p ressed .

“ R u le  V .  W h a te v e r  is n o t  d e r iv e d  f r o m  th in g s  th em selves , w h e th e r  b y  

th e  e x te rn a l senses o r  b y  in tern a l c o g ita t io n , is t o  b e  ta k en  fo r  h y p oth eses . 

. . . A n d  w h a t  n e ith e r  c a n  b e  d e m o n stra te d  f r o m  th e  p h e n o m e n a  n o r  

fo l lo w s  fr o m  th e m  b y  a r g u m e n t  ba sed  o n  in d u c t io n , I  h o ld  as h y 

p o th eses .”

T o  us, e v e n  as to  N e w to n ’ s c o n te m p o ra r ie s , d isc ip les , a n d  d e fe n d e rs , 

th e  sense in  w h ic h  N e w to n  uses h ere  th e  w o r d  “ h y p oth es is ”  in  th e  su p 

pressed  ru le  is c le a r ly  p e jo r a t iv e . I t  w a s  a fte r  a ll N e w to n  h im s e lf w h o , in  

1704 , h a d  w r itte n  as th e  first sen ten ce  o f  th e  O p t i c k s , “ M y  d es ig n  in  

this B o o k  is n o t  to  e x p la in  th e  P ro p e rt ie s  o f  L ig h t  b y  H y p o th e se s , b u t  to  

p r o p o s e  th em , a n d  p r o v e  th e m  b y  R e a s o n  a n d  E x p e r im e n t .”  A n d  in  this 

a n d  o th e r  w ays, h e  h a d  b e g u n  to  so u n d  th e  d e c la ra t io n  h y p o th es e s  n on  

j in g o  in  th e  s e co n d , 1713 , e d it io n  o f  th e  P r i n c i p i 6 . W e  a re  a p t  to  re 

m e m b e r  th is s lo g a n  ra th e r  th a n  th e  fa c t  th a t in  N e w to n ’ s w o r k  fr o m  

b e g in n in g  to  e n d , a n d  e v e n  in  th e  last e d it io n  o f  th e  P r i n c i p i 6  itself, o n e  

ca n  re a d ily  fin d  e x p lic it  h y p oth eses  as w e ll as d isg u ised  on es . A n d  w e  are  

a p t  to  o v e r lo o k  th a t ru les aga in st h y p oth eses  a re  th em selves  m e th o d o 

lo g ic a l h y p oth eses  o f  c o n s id e r a b le  c o m p le x ity .

B u t, th en , is it n o t  stran ge  th at N e w to n  a fte r  a ll d id  su ppress th is F ifth  

R u le  w h ic h  th e  N e w to n ia n s  a fte r  h im , h is m o d e r n , e m p ir ic is t  d isc ip les , 

f r o m  C o te s  t o  D essa u er, w o u ld  a c c e p t  re a d ily ?  T o  u n d ersta n d  w h y  N e w 

to n  m a y  h a v e  d o n e  this is o f  im p o r ta n c e  i f  w e  w a n t  to  u n d e rs ta n d  th e  

co s t  o f  h a v in g  so lo n g  b e e n  th e  p h ilo s o p h ic a l heirs o f  th e  v ic to r io u s  side 

in  th a t s e v e n te e n th -ce n tu ry  q u a rre l c o n c e r n in g  w h a t  s c ie n ce  s h o u ld  b e  

like.

T h e  an sw er has, I  th in k , severa l e lem en ts , b u t  o n e  is su rely  a n  a n c ie n t
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o n e : th a t d isc ip les  a re  u su a lly  e a g e r  to  im p r o v e  o n  th e  m aster , a n d  th a t  

th e  le a d e r  o f  a  m o v e m e n t  som etim es  d iscov ers  h e  c a n n o t  o r  d oes  n o t  w ish  

to  g o  q u ite  as fa st to  th e  P ro m is e d  L a n d  as th ose  a r o u n d  h im . (T h u s , it 

w as n o t  C o r té s  b u t  th e  m e n  h e  h a d  le ft  in  c h a r g e  o f  M e x ic o  w h o , as s o o n  

as his b a c k  w a s  tu rn e d , tr ied  to  press th e  v ic to r y  t o o  fa st to  a  c o n c lu s io n  

a n d  b e g a n  to  s la u g h ter  th e  A z te cs , w ith  d isastrou s co n s e q u e n ce s .)

H e r e  it  is s ig n ifica n t th at N e w to n  h a d  o n ly  sa id , in  o n e  d r a ft  o f  h is 

G en era l S ch o liu m '. “ I  a v o id  h y p oth eses” ; a n d  in  th e  fin a l v ers ion , “ I  d o  

n o t  fe ig n  h y p oth eses ,”  i.e ., I  m a k e  n o  fa lse  h y p oth eses . B u t his sp ok es 

m a n  a n d  fr ie n d , S a m u e l C la rk e , tra n sla ted  h im  to  r e a d : “ A n d  h y p o th e 

ses I  m a k e  n o t ” ; a n d  A n d r e w  M o t t e  re n d e re d  it  as th e  fa m o u s  “ I  fr a m e  

n o  h y p oth eses .”  I n  th is, as in  severa l o th e r  p la ce s , N e w t o n ’ s p ro ta g o n is ts  

w e n t  m u c h  fu r th e r  th a n  h e  d id  a n d  se e m e d  t o  ask f o r  a  B a c o n ia n  sense 

o f  c e rta in ty  in  s c ie n ce  w h ic h  N e w to n  k n e w  d id  n o t  exist.

N e w to n  h a d  in d e e d  e x p o s e d  a n d  r e je c te d  ce rta in  h y p oth eses  as d e tr i 

m e n ta l; h e  k n e w  h o w  to  to lera te  o th e rs  as b e in g  a t least h a rm le ss ; a n d  

h e , like  e v e ry o n e  else, k n e w  h o w  to  p u t  t o  u se  th o se  th a t a re  v e r ifia b le  o r  

fa ls ifiab le . B u t  th e  fa c t  is th a t N e w to n  a lso  fo u n d  o n e  class o f  h y p oth eses  

to  b e  im p o ss ib le  to  a v o id  in  h is p u rsu it  o f  n a tu ra l p h ilo s o p h y — a  class 

th at sh a red  w ith  C a rtes ia n  h y p oth eses  th e  c h a ra c te r is t ic  o f  n e ith e r  b e in g  

d e m o n stra b le  fr o m  th e  p h e n o m e n a  n o r  fo l lo w in g  f r o m  th e m  b y  a n  a rg u 

m en t b a sed  o n  in d u c t io n , t o  u se  th e  la n g u a g e  in  N e w to n ’ s su p p ressed  

F ifth  R u le  itse lf. T h e  e x is te n ce , n a y , th e  n ecessity , a t ce r ta in  stages, o f  

en te r ta in in g  su ch  u n v e r ifia b le  a n d  u n fa ls ifia b le , a n d  y e t  n o t  q u ite  a rb i 

trary, h y p oth eses— th a t is a n  em b a rra ss in g  c o n c e p t io n  w h ic h  d id  n o t  

a n d  d o e s  n o t  fit in to  a  p u re ly  p os it iv is tica lly  o r ie n te d  p h ilo s o p h y  o f  sc i 

en ce . F o r  th e  d e c is io n  w h e th e r  t o  e n te rta in  su ch  h y p oth eses  is c o u p le d  

n e ith er  to  o b se rv a b le  fa cts  n o r  t o  lo g ica l a rg u m e n t.

I n  N e w to n ’ s case , tw o  o b v io u s  e x a m p le s  o f  h is  use o f  this class o f  

h yp oth eses— to  w h ic h  I  re fe r  as “ th e m a tic ”  p ro p o s it io n s  o r  th e m a tic  

h y p oth eses , f o r  reason s to  b e  d iscu ssed  la ter— a p p e a r  in  h is th e o ry  o f  

m a tter  a n d  his th e o r y  o f  g ra v ita t io n . O n  th e  la tter , A . R u p e r t  H a ll  a n d  

M a r ie  B oas H a ll, in  th e ir  b o o k  U n p u b l i s h e d  S c i e n t i f i c  P 6 p e r s  o f  

S i r  I s 6 6 c  N e w t o n , h a v e  p r in te d  th e  first m a n u s cr ip t  d r a ft  o f  th e  

G en era l S ch o liu m  (w r it te n  in  J a n u a ry , 1712—1 3 ) in  w h ic h  N e w to n  

very  p la in ly  con fesses  h is  in a b ility  to  c o u p le  th e  h y p oth es is  o f  g r a v i 

ta tion a l fo r c e s  w ith  o b se rv e d  p h e n o m e n a : “ I  h a v e  n o t  y et d isc lo se d  

the cau se  o f  g ra v ity , n o r  h a v e  I  u n d e rta k e n  to  e x p la in  it, s in ce  I  c o u ld
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n o t  u n d e rs ta n d  it f r o m  th e  p h e n o m e n a . F o r  it  d o e s  n o t  arise fr o m  th e  

c e n tr ifu g a l fo r c e  o f  a n y  v o r te x , s in ce  it d o e s  n o t  te n d  to  th e  ax is  o f  a  

v o r te x  b u t  to  th e  c e n te r  o f  a  p la n e t .” 5 A n d  sp e a k in g  o f  N e w to n ’ s in 

a b ility  to  a rr iv e  a t  th e  ca u se  o f  g ra v ity  fr o m  p h e n o m e n a , th e  H a lls  

a d d :  “ I n  o n e  o b v io u s  sense, th is is tru e , a n d  in  th a t sense it  k n ock s  th e  

b o t t o m  o u t  o f  th e  a e th erea l h y p oth esis . In  a n o th e r  sense it  is fa ls e : 

N e w to n  k n e w  th a t G o d  w as th e  ca u se  o f  g ra v ity , as h e  w a s  th e  ca u se  o f  

a ll n a tu ra l f o r c e s . . .  .” 6

E x a c t ly  so— f o r  th is in d e e d  w as N e w to n ’ s ce n tra l p r e s u p p o s it io n  in  

th e  th e o ry  o f  g ra v ita t io n . T h e  H a lls  c o n t in u e , “ T h a t  th is  s ta tem en t 

c o u ld  b e  b o th  tru e  a n d  fa lse  w a s  N e w to n ’ s d i le m m a : I n  sp ite  o f  h is c o n 

fid e n t  e x p e c ta t io n s , p h ysics  a n d  m e ta p h y s ics  ( o r  r a th e r  th e o lo g y )  d id  

n o t  s m o o th ly  c o m b in e . I n  th e  e n d , m e ch a n is m  a n d  N e w to n ’ s c o n 

c e p t io n  o f  G o d  c o u ld  n o t  b e  r e c o n c i le d  . . . .  F o r c e d  t o  c h o o s e , N e w to n  

p r e fe r r e d  G o d  to  L e ib n iz .”

T h a t  N e w to n  c o u ld  n o t  b r in g  h im se lf t o  a n n o u n c e  th is  h y p oth es is  in  

th e  P r i n c i p i 6  is n o t  s tra n g e  s in ce  th e  g r o u n d s  o f  th e  h y p oth es is  a re  so  

fo r e ig n  t o  th e  a v o w e d  p u r p o s e  o f  th is b o o k  o n  th e  M 6 t h e m 6 t i c 6 l  P r i n 

c i p l e s  o f  N 6 t u r 6 l  P h i l o s o p h y . A n d  a lso , a  th e m a tic  h y p oth es is  b e 

c o m e s  m o r e  p ersu a siv e  th e  lo n g e r  th e  p e r io d  o f  u n su cce ss fu l a ttem p ts  to  

u se  o th e r  h y p oth eses , n a m e ly , th ose  th a t a re  c o u p le d  to  p h e n o m e n a . 

T h e  th e m a tic  h y p oth es is  is o fte n  a n  im p o te n c y  p r o p o s it io n , in  th e  sense 

th a t th e  sea rch  f o r  a ltern a tiv es  has p r o v e d  t o  b e  v a in . T h e  p o in t  w h e n  

o n e  is fo r c e d  to  re ly  o n  th e m a tic  h y p oth eses  is e x a ct ly  w h e n  o n e  h as t o  

say, w ith  N e w t o n :  “ I  c o u ld  n o t  u n d e rs ta n d  it f r o m  th e  p h e n o m e n a .”

S o  w h e n  w e  a p p r o a c h  th e  p h y sics  o f  a  m a n  lik e  N e w to n , a n d  e v e n  

w h e n  w e  try  to  in te rp re t  h is e p is te m o lo g ic a l p o s it io n , w e  m u st lo o k  b e 

y o n d  th e  e x p lic it  a n d  o b v io u s  c o m p o n e n t  o f  it, th e  b a s ica lly  o p e ra tio n is t  

a n d  re la tiv istic  p h ysics  o f  o b se rv a b le  even ts. W h a t  m a d e  h is  w o r k  m e a n 

in g fu l t o  N e w to n  w as su rely  th a t in  h is p h y sics  h e  w as c o n c e r n e d  w ith  a  

G o d -p e n e tr a te d , rea l w o r ld : G o d  h im s e lf is s ta n d in g  b e h in d  th e  scen es, 

lik e  a  m a r io n e tte  p la y er , m o v in g  th e  u n seen  strings o f  th e  p u p p e ts  th a t 

m e re ly  a c t  o u t  th e  th o u g h ts  in  H is  g r e a t  sen soriu m . A n d  th is is a  p r o p 

o s it io n  w h ic h  N e w to n  tr ied  to  a v o id  h a v in g  to  state o p e n ly , w h e re  h is  

fr ie n d s  a n d  en em ies  w o u ld  see it, th o u g h  th is r e lu c ta n c e  a c c o u n ts  fo r  

s o m e  o f  th e  stra n ge  ten s ion  w h ic h  p e rv a d e s  th e  P r i n c i p i 6  a n d  h is o th e r  

w rit in g . R e a d in g  N e w to n , o n e  is s tru ck  b y  th e  fa c t  th a t b e lo w  th e  su r fa ce  

th e  m a jo r  p r o b le m s  w h ic h  h a u n te d  h im  w e r e  v e ry  c lo se ly  re la ted . T h e y
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a r e : ( a )  th e  ca u se  o f  g ra v ity , w h o se  e x is te n ce  o n ly  h e  h a d  “ esta b lish ed  

fr o m  p h e n o m e n a ” ; ( b )  th e  ex is ten ce  o f  o th e r  fo r c e s , e .g ., sh o rt-ra n g e  

fo r c e s  to  e x p la in  c o h e s io n , c h e m ic a l p h e n o m e n a , e t c . ;  ( c )  th e  n a tu re  o f  

sp a ce  a n d  t im e , w h a t  h e  c a lle d  th e  “ sen sory”  o f  G o d ;  ( d )  a n d  last, b u t  

n o t  least, th e  p r o o fs  f o r  th e  e x is te n ce  o f  th e  D e ity  (n a m e ly , b y  s h o w in g  

th a t  th ere  c a n  b e  n o  o th e r  fin a l cau ses  f o r  d e m o n s tra te d  fo r c e s  a n d  m o 

t ion s  th a n  th e  D e ity — th a t, th e re fo re , th e  D e ity  n o t  o n ly  h as p ro p e rtie s , 

b u t  a lso  “ d o m in io n ” ) .

I n  N e w to n ’ s p h ysics , th e  h y p o th e s ize d  “ sen sory”  o f  G o d  is th e  c u t -o f f  

p o in t  b e y o n d  w h ic h  it  w a s  u n n ecessa ry  a n d  in a p p r o p r ia te  to  ask  fu rth e r  

qu estion s. A n d  th is  is a n  im p o r ta n t  fu n c t io n  o f  a  th e m a tic  h y p oth esis , 

w h ic h  b y  its v e ry  n a tu re  is n o t  s u b je c t  to  v e r if ica t io n  o r  fa ls ifica tio n . F o r  

u n lik e  th e  u su a l class o f  h y p oth esis— w h ic h , t o  u se  A r is to t le ’ s fo r m u la , is 

a  s ta tem en t th a t m a y  b e  “ b e lie v e d  b y  th e  lea rn er”  b u t  u lt im a te ly  is “ a  

m a tte r  o f  p r o o f ” — th e  th e m a tic  h y p o th e s is  is p re c ise ly  b u ilt  as a  b r id g e  

o v e r  th e  g a p  o f  ig n o ra n c e . T h u s ; as scientists, w e  c a n n o t  a n d  n e e d  n o t  

ask w h y  it is th a t  w e  b e lie v e , w ith  D e sca rte s , in  a n  “ in e sca p a b ly  b e l ie v 

a b le ”  p r o p o s it io n ; o r  w h y  it  is th a t w e  c a n  p e r c e iv e  co rr e s p o n d e n c e s  b e 

tw een  ce r ta in  o b se rv a tio n s  a n d  th e  p r e d ic t io n s  th a t fo l lo w  fr o m  a  m o d e l ;  

o r  n o w a d a y s , f o r  th a t m a tter , w ith  N ie ls  B o h r , w h y  w e  c a n  “ b u ild  u p  an  

u n d e rs ta n d in g  o f  th e  regu la rities  o f  n a tu re  u p o n  th e  c o n s id e r a t io n  o f  

p u re  n u m b e r .”

I I

W e  h a v e  in d e e d  le ft  th e  r e c ip e  f o r  a  s te p -b y -s te p  c o n s tr u c t io n  o f  s c ie n 

t ific  th e o ry  fa r  b e h in d . L e t  us n o w  tu rn  fr o m  th e  s p e c if ic  e x a m p le  a n d  

a ttem p t to  d iscern  in  a  s ch e m a tic  w a y  w h a t  th e  analysis o f  s c ien tific  

th eories  in  term s o f  th e m a ta  a d d s  to  th e  m o r e  c o n v e n t io n a l k in d  o f  

analysis.

R eg a rd less  o f  w h a t  s c ie n tific  sta tem en ts  th e y  b e lie v e  to  b e  “ m e a n in g 

less,”  a ll p h ilo so p h ie s  o f  s c ie n ce  a g re e  th a t tw o  types o f  p r o p o s it io n  a re  

n o t  m ean in g less , n a m e ly , sta tem en ts  c o n c e r n in g  e m p ir ic a l m a tters  o f  

“ fa c t ”  (w h ic h  u lt im a te ly  b o i l  d o w n  to  m e te r  r e a d in g s ) ,  a n d  sta tem en ts  

c o n c e r n in g  th e  ca lcu lu s  o f  lo g ic  a n d  m a th e m a tics  (w h ic h  u ltim a te ly  b o il  

d o w n  to  t a u t o lo g ie s ) .

T h e r e  a re  c le a r ly  d ifficu ltie s  h e re  th a t w e  m ig h t  w e ll d iscuss. F o r  e x 

a m p le , th e  e m p ir ic a l m atters o f  fa c t  o f  m o d e m  sc ie n ce  a re  n o t  s im p ly  

“ o b se rv e d ,”  b u t  a re  n o w a d a y s  m o r e  a n d  m o re  o b ta in a b le  o n ly  b y  w a y
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o f  a  d e to u r  o f  te c h n o lo g y  ( t o  use a  te rm  o f  H e ise n b e rg ’ s ) a n d  a  d e to u r  

o f  th e o ry . B u t  in  th e  m a in  w e  c a n  d istin gu ish  b e tw e e n  th ese  tw o  types o f  

“ m e a n in g fu l”  s ta tem en ts  q u ite  w e ll. L e t  us c a ll  th e m  re sp e ctiv e ly  e m 

p ir ica l  ( o r  p h e n o m e n ic ) a n d  a n a ly tica l  s ta tem en ts , a n d  th in k  o f  th e m  

as i f  th ey  w e r e  a rra y e d  re sp e ct iv e ly  o n  o r th o g o n a l x -  a n d  y -a x es , th e re b y  

w e  c a n  rep resen t th ese tw o  “ d im e n sio n s”  o f  u su a l sc ien tific  d iscou rse  b y  

a  fra n k  a n a lo g y , a n d  g e n e ra te  te r m in o lo g y  w h ic h  w ill b e  u se fu l as lo n g  

as w e  d o  n o t  fo r g e t  th a t a ll a n a lo g y  has its lim its .

N o w  w e  m a y  use th e  x -y  p la n e  to  a n a ly ze  th e  c o n c e p ts  o f  s c ie n ce  (s u c h  

as f o r c e ) , a n d  th e  p ro p o s it io n s  o f  s c ie n ce , e .g ., a  h y p oth es is  (s u c h  as “ X -  

rays a re  m a d e  o f  h ig h  en e rg y  p h o to n s ” ) o r  a  g e n e ra l s c ie n tific  la w  

(s u ch  as th e  la w  o f  u n iv ersa l g r a v ita t io n ) .  T h e  c o n c e p ts  a re  a n a lo g o u s  

to  p o in ts  in  th e  x -y  p la n e , h a v in g  x -  a n d  y -c o o r d in a te s . T h e  p r o p o s i 

tion s  a re  a n a lo g o u s  to  lin e  e lem en ts  in  th e  sam e p la n e , h a v in g  p r o je c te d  

c o m p o n e n ts  a lo n g  x -  a n d  y -a x es .

T o  illu stra te , c o n s id e r  a  c o n c e p t  su ch  as fo r c e . I t  has e m p ir ic a l, x -  

d im e n s io n  m e a n in g  b e ca u se  fo r c e s  c a n  b e  q u a lita tiv e ly  d is c o v e r e d  a n d , 

in d e e d , q u a n tita t iv e ly  m e a su re d , b y , say, th e  o b s e rv a b le  d e fle c t io n  o f  

so lid  b o d ie s . A n d  it has a n a ly tica l, y -d im e n s io n  m e a n in g  b e ca u se  fo r c e s  

o b e y  th e  m a th e m a tics  o f  v e c to r  ca lcu lu s  (e .g .,  th e  p a ra lle lo g ra m  la w  

o f  c o m p o s it io n  o f  f o r c e s ) , ra th er  th a n , f o r  e x a m p le , th e  m a th e m a tics  o f  

sca lar  q u an tities .

N o w  c o n s id e r  a  p r o p o s it io n  ( a  h y p oth es is , o r  a  la w ) : th e  la w  o f  u n i 

versa l g r a v ita t io n  has an  e m p ir ic a l d im e n s io n  o r  x -c o m p o n e n t — fo r  e x 

a m p le , th e  o b s e rv a t io n  in  th e  C a v e n d is h  e x p e r im e n t  w h e re  m assive  o b 

je c ts  a re  “ seen ”  to  “ a ttra ct”  a n d  w h e re  th is m u tu a l e f fe c t  is m ea su red . 

A n d  th e  la w  o f  u n iv ersa l g r a v ita t io n  h as a n  a n a ly tica l o r  y -c o m p o n e n t , 

th e  v e c to r -c a lc u lu s  ru les f o r  th e  m a n ip u la t io n  o f  fo r c e s  in  E u c lid e a n  

sp a ce .

A n  in te r p o la t io n  is h e re  in  o r d e r , t o  a v o id  th e  im p ress ion  th a t th ere  is 

som e  a b so lu te  m e a n in g  in te n d e d  fo r  the x -  o r  y -c o m p o n e n ts . I n d e e d , it  

is p r e fe r a b le  to  use th e  te rm  “ h e u r is t ic -a n a ly t ic ”  f o r  th e  y -d im e n s io n , o n  

g r o u n d s  w h ic h  I  c a n  a t least in d ic a te  b y  n o t in g  th a t th ere  ex ist in  p r in 

c ip le  in fin ite ly  m a n y  p oss ib le  lo g ic a l  a n d  m a th e m a tica l system s, in 

c lu d in g  m u tu a lly  c o n tr a d ic to r y  on es , fr o m  w h ic h  w e  c h o o s e  th ose  th a t 

su it o u r  p u rp oses . O n  th e  x -a x is  w e  d o  n o t  a p p e a r  t o  h a v e  th is d e g re e  

o f  f r e e d o m  to  m a k e  “ a rb itra ry ”  d e c is io n s  o n  h eu ris tic  g ro u n d s . A t  

least a t first g la n c e , w e  seem  c o n s tra in e d  to  d e a l w ith  th e  p h e n o m e n a  o f
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o u r  n a tu ra l w o r ld  as th ey  p resen t th em selves  to  us, ra th er  th a n  w ith  

m a n y  m u tu a lly  c o n tr a d ic to r y  w o r ld s  o f  p h e n o m e n a  fr o m  w h ic h  w e  

m ig h t  b e  fr e e  to  se le ct  th ose  to  w h ic h  w e  w ish  to  p a y  a tte n tio n . H o w 

ever, o n e  c a n  a t least im a g in e  w o r ld s  th a t  a re  q u ite  d iffe r e n t ly  c o n 

s tru cted , w h e re  o n  th e  o n e  h a n d  a n  in fin ite ly  la rg e  p o o l  o f  p h e n o m e n a  

con ta in s  “ c o n tr a d ic to r y ”  sets ( i .e . ,  ston es th a t som etim es  fa ll  a n d  so m e 

tim es rise, in  som e  r a n d o m  s e q u e n c e ) , b u t  w h e re  o n  th e  o th e r  h a n d  o u r  

lo g ica l a n d  m a th e m a tica l to o ls  a re  severe ly  restr icted — say, o n ly  to  

A r is to te lia n  sy llogism s a n d  e le m e n ta ry  a r ith m e tic . T h e n  w e  w o u ld  b e  

fo r c e d  to  se lect fr o m  a ll p o ss ib le  ob serv a b les  th ose  w h ic h  c a n  b e  re p re 

sen ted  a n d  d iscu ssed  in  term s o f  s ca la r  q u a n tities , a n d  w e  w o u ld  h a v e  to  

e x c lu d e  fo rce s , a c c e le r a t io n , m o m e n ta , e tc . In  th a t case, th e  x -d im e n -  

sion  c o u ld  b e  n a m e d  th e  d im e n s io n  o f  h e u r is t ic -e m p ir ica l sta tem en ts.

N o w , to  so m e  e x te n t  w e  a re  in  th is s itu a tion  e v e n  n o w  in  o u r  “ re a l”  

w o r ld . W e  g e t  a  h in t  o f  it  w h e n  w e  th in k  o f  th e  g re a t  n u m b e r  o f  p h e 

n o m e n a  th at a re  th o u g h t  to  b e  im p o r ta n t  to d a y , b u t  th a t w e re  u n k n o w n  

y e s te rd a y ;7 o r  i f  w e  th in k  o f  th e  c o n t in u a l c h a n g e  in  th e  a lle g o ry  ( f o r  

e x a m p le , th e  a lle g o ry  o f  m o t io n  i t s e l f ) ,  f r o m  th e  A r is to te lia n  c o n c e p 

t ion  w h ic h  e q u a te d  m o t io n  a n d  c h a n g e  o f  a n y  k in d , t o  th e  m o d e r n , 

m u c h  a tte n u a te d  id e a  o f  m o t io n  as th e  ra te  o f  c h a n g e  o f  d is ta n ce  o r  

d isp la ce m e n t w ith  re sp e ct  to  t im e , o r  q u a n t if ia b le  lo c a l  m o t io n .

W e  rea lize  th e  sa m e p o in t  a lso  w h e n  w e  th in k  o f  a ll th e  “ p h e n o m e n a ”  

w h ich  a t  a n y  t im e  a re  s im p ly  n o t  a d m itte d  in to  s c ie n ce — fo r  e x a m p le , 

h ea t a n d  s o u n d  in  G a li le o ’ s p h ysics , o r  m o st  types o f  s in g le -e v e n t  o c 

cu rren ces  th a t d o  n o t  p r o m is e  e x p e r im e n ta l c o n t r o l  o r  r e p e t it io n  in  

m o d e m  p h y s ica l sc ie n ce . I n  sh ort, w e  a re  a lw a ys  s u r r o u n d e d  o n  a ll 

sides b y  fa r  m o r e  “ p h e n o m e n a ”  th a n  w e  c a n  use, a n d  w h ic h  w e  d e c id e  

— a n d  m u st d e c id e — to  d isca rd  a t  a n y  p a r t ic u la r  s ta g e  o f  s c ie n ce .

T h e  c h o ic e  o f  a llo w a b le  a n a ly t ica l  system s is in  p r in c ip le  a lso  v e r y  

la rge . T h u s , a n y  p o in t , o n  a n y  o b je c t ,  c o u ld  f o r  p u rp o se s  o f  k in e m a tica l 

d e scr ip t io n  b e  r e g a r d e d  as th e  c e n te r  o f  th e  w o r ld . B u t th e  c h o ic e , in  

p r a c t ic e , is q u ite  restr ic ted . I n d e e d , th e  rea son  th a t s c ie n ce , u n til th e  la te  

n in e teen th  cen tu ry , w a s  so  sure o f  th e  u n iq u en ess  o f  th e  g iv e n  w o r ld  is 

to  b e  so u g h t in  th e  fa c t  th a t th e  a n a ly tica l system s th en  a v a ila b le  w e re  

so s im p le  a n d  h a d  s o  lo n g  r e m a in e d  w ith o u t  fu n d a m e n ta l q u a lita tiv e  

ch a n g es  a n d  a ltern a tives . T h u s  N e w to n  c o u ld  say in  th e  p r e fa c e  o f  th e  

P r i n c i p i 6  th a t g e o m e tr y  itse lf is “ fo u n d e d  in  m e ch a n ica l p r a c t ic e  a n d  is 

n o th in g  b u t  th a t p a r t  o f  u n iversa l m e ch a n ics  w h ic h  a c cu ra te ly  p ro p o se s
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a n d  d em on stra tes  th e  art o f  m e a su r in g .”  T h is  im p ress ion  h e lp e d  to  re in 

f o r c e  th e  fe e lin g  th a t  th e  w o r ld , fo u n d  a n d  a n a ly zed  b y  s c ie n ce  in  term s 

o f  th e n  c u r re n t  x -  a n d  y -c o m p o n e n ts , e x is te d  in  a  u n iq u e , a  p r io r i  w a y . 

I n  m a th e m a tics  o n e  ca lls  su ch  a  s itu a tion , w h e r e  th e  p o te n t ia l p lu ra lity  

o f  so lu tion s  shrin ks to  o n e  o r  a  v e ry  fe w , a  “ d e g e n e r a te ”  case . I t  is o n ly  

a fte r  th e  d is c o v e r y  o f  n o n -E u c lid e a n  m a th e m a tics  th a t o n e  b e g in s  to  

see th e  essentia l a rb itrarin ess  o f  th e  y -d im e n s io n  e lem en ts  in  w h ic h  o u r  

s c ie n tific  sta tem en ts  a re  c o u c h e d , a n d  th a t o n e  b e c o m e s  o p e n  to  th e  

su g g estion  th a t  th e re  is a lso  a n  arb itrarin ess  in  th e  d e c is io n s  a b o u t  w h a t  

x -d im e n s io n  e lem en ts  to  se lect. T h is  r e c o g n it io n  is p e r h a p s  a t th e  h ea rt  

o f  th e  cu r re n t  a g n o s tic ism  c o n c e r n in g  th e  o ld  q u e s tio n  as t o  th e  “ rea lity ”  

o f  th e  w o r ld  d e s c r ib e d  in  th e  x -y  p la n e .

B u t w h e th e r  th e y  a re  a rb itra ry  o r  n o t , th e  x -y  a x es  h a v e , s in ce  th e  

se v en teen th  a n d  e ig h te e n th  cen tu r ies , m o r e  a n d  m o r e  d e fin e d  th e  to ta l 

a llo w a b le  c o n te n t  o f  s c ie n ce  a n d  e v e n  o f  s o u n d  sch o la rsh ip  g e n e ra lly . 

H u m e , in  a  fa m o u s  passa ge , ex p ressed  e lo q u e n t ly  th a t  o n ly  w h a t  c a n  b e  

r e so lv e d  a lo n g  x -  a n d  y -a x e s  is w o r th y  o f  d is c u s s io n :

I f  w e take in  our hands any volu m e; o f  divinity, o r  sch ool metaphysics, fo r  in 

stance : L et us ask, D oes it contain  any abstract reasoning concern ing quantity 

or  num ber? N o . D oes it contain  any experim ental reasoning concern ing m atter 

o f  fact or  criteria? N o . C om m it it then to  the flames. F or it can  contain  noth 

ing but sophistry and illusion.

I f  w e  n o w  le a v e  th e  x -y , o r  c o n t in g e n t ,8 p la n e , w e  a re  g o in g  o f f  in  

a n  u n d e n ia b ly  d a n g e r o u s  d ir e c t io n . F o r  it  m u st b e  co n fe s s e d  at o n c e  th at 

th e  to u g h -m in d e d  th in k ers  w h o  a t te m p t  t o  liv e  en tire ly  in  th e  x -y  p la n e  

a re  m o r e  o f t e n  th a n  n o t  q u ite  ju s t ifie d  in  th e ir  d o u b ts  a b o u t  th e  c la im s  

o f  th e  m o r e  te n d e r -m in d e d  p e o p le  ( t o  use a  ch a r a c te r iza t io n  m a d e  b y  

W ill ia m  J a m e s ) .  T h e  r e g io n  b e lo w  o r  a b o v e  th is  p la n e , i f  it  exists a t 

a ll, m ig h t  w e ll b e  a  m u d d y  o r  m a u d lin  re a lm , e v e n  i f  th e  n a m e s  o f  th o se  

w h o  h a v e  so m e tim e s  g o n e  in  th is d ir e c t io n  a re  d istin g u ish ed . A s  E d u a r d  

D ijk s te rh u is  h a s  s a id :

Intuitive apprehension o f  the inner workings o f  nature, though fascinating 

indeed, tend to be  unfruitful. W hether they actually  contain  a germ  o f  truth 

can  on ly  be  fou nd  out by em pirical verification; im agination, w h ich  constitutes 

an indispensable elem ent o f  science, can never even so be view ed without sus

p icion .9

A n d  yet, th e  n e e d  fo r  g o in g  b e y o n d  th e  x -y  p la n e  in  u n d e rs ta n d in g
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sc ie n ce  a n d , in d e e d , in  d o in g  sc ie n ce , h a d  b e e n  con sisten tly  v o ic e d  lo n g  

b e fo r e  C o p e r n icu s , w h o  sa id  th a t th e  u lt im a te  restr ic tion  o n  th e  c h o ic e  

o f  sc ien tific  h y p oth eses  is n o t  o n ly  th a t th ey  m u st a g re e  w ith  o b se rv a tio n , 

b u t  a lso  “ th a t th ey  m u st b e  con s is ten t w ith  ce r ta in  p r e c o n c e p t io n s  c a lle d  

‘a x io m s  o f  p h ysics ,’ su ch  as th a t e v e ry  ce lestia l m o t io n  is c ir cu la r , e v e ry  

celestia l m o t io n  is u n ifo r m , a n d  so  fo r th .” 10 A n d  i f  w e  lo o k  ca re fu lly , 

w e  c a n  fin d  e v e n  a m o n g  th e  m o st  h a r d -h e a d e d  m o d e m  p h ilo so p h e rs  

a n d  scientists a  te n d e n c y  to  a d m it  th e  n ecessity  a n d  ex is te n ce  o f  a  n o n 

c o n t in g e n t  d im e n s io n  in  s c ie n tific  w o rk . T h u s  B e rtra n d  R u sse ll11 speaks 

o f  cases “ w h e re  th e  prem ises  o f  sc ien ces  tu rn  o u t  to  b e  a  set o f  p r e -s u p 

p os it ion s  n e ith e r  e m p ir ic a l n o r  lo g ic a lly  n ecessary ” ; a n d  in  a  re m a rk a b le  

passage, K a r l  R . P o p p e r  con fesses  v e r y  p la in ly  to  th e  im p oss ib ility  o f  

m a k in g  a  s c ie n ce  o u t  o f  o n ly  strictly  v e r ifia b le  a n d  ju s t ifia b le  e le m e n ts :

Science is not a system o f  certain, o r  well-established, statements; n or is it a 

system w h ich  steadily advances towards a state o f  finality . . . .  W e  d o  n o t  

k n o w : w e  ca n  o n ly  gu ess . A n d  our guesses are gu ided b y  the unscientific . . . 

faith in  laws, in regularities w hich  w e can uncover— discover. Like B acon, 

w e m ight describe ou r ow n  contem porary science— “ the m ethod  o f  reasoning 

w hich  m en n ow  ordinarily apply  to  nature” — as consisting o f  “ anticipations, 

rash and prem ature”  and as “ prejud ices.” 12

O n e  c o u ld  c it e  a n d  a n a ly ze  s im ila r  o p in io n s  b y  a  n u m b e r  o f  o th e r  

scientists a n d  p h ilo so p h e rs . I n  g e n e ra l, h o w e v e r , th e re  h as b e e n  n o  sys

te m a tic  d e v e lo p m e n t  o f  th e  p o in t . B u t it  is e x a ct ly  h e re  th a t w e  sh o u ld  

d iscern  th e  e x is te n ce  o f  a  d o o r  a t th e  e n d  o f  th e  c o r r id o r  th r o u g h  w h ic h  

th e  p h ilo s o p h y  o f  s c ie n ce  has re ce n tly  b e e n  tra v e lin g . T o  s u p p le m e n t  

c o n t in g e n c y  analysis, I  su ggest a  d isc ip lin e  th a t m a y  b e  c a lle d  th e m a tic  

analysis o f  s c ien ce , b y  a n a lo g y  w ith  th e m a tic  an alyses th a t h a v e  fo r  so 

lo n g  b e e n  u sed  to  g rea t  a d v a n ta g e  in  s ch o la rs h ip  o u ts id e  sc ie n ce . I n  

a d d it io n  to  th e  e m p ir ic a l o r  p h e n o m e n ic  ( x )  d im e n s io n  a n d  th e  h e u 

r is tic -a n a ly tic  ( y )  d im e n s io n , w e  c a n  d e fin e  a  th ird , o r  z -ax is . T h is  th ird  

d im en sion  is th e  d im e n s io n  o f  fu n d a m e n ta l p re su p p o s it io n s , n o t io n s , 

term s, m e th o d o lo g ic a l  ju d g m e n ts  a n d  d e c is io n s— in  sh ort, o f  th e m a ta  

o r  th em es— w h ic h  a re  th em selves  n e ith e r  d ire c t ly  e v o lv e d  fr o m , n o r  

reso lv a b le  in to , o b je c t iv e  o b s e r v a t io n  o n  th e  o n e  h a n d , o r  lo g ic a l , m a th e 

m a tica l, a n d  o th e r  fo r m a l a n a ly tica l r a t io c in a t io n  o n  th e  o th e r  h a n d . 

W ith  th e  a d d it io n  o f  th e  th e m a tic  d im e n s io n , w e  g e n e ra lize  th e  p la n e  

in  w h ic h  co n c e p ts  a n d  sta tem en ts  w e re  p re v io u s ly  a n a ly zed . I t  is n o w  

a  th re e -d im e n sio n a l “ sp a ce ” — u sin g  th e  term s a lw ays in  fu ll aw aren ess
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o f  th e  lim its  o f  a n a lo g y — w h ic h  m a y  b e  c a lle d  p r o p o s it io n  sp a ce . A  

c o n c e p t  (s u c h  as f o r c e ) , o r  a  p r o p o s it io n  su ch  as th e  la w  o f  u n iv ersa l 

g ra v ita t io n , is t o  b e  c o n s id e r e d , re sp ectiv e ly , as a  p o in t  o r  as a  c o n fig u r a 

t io n  ( l in e )  in  th is th r e e fo ld  sp a ce . Its  re so lu t io n  a n d  p r o je c t io n  is in  

p r in c ip le  p o ss ib le  o n  e a c h  o f  th e  th ree  axes.

T o  illu s tra te : th e  p h e n o m e n ic  a n d  a n a ly tic -h e u r is t ic  c o m p o n e n ts  o f  

th e  p h y s ica l c o n c e p t  fo r c e  (its  p r o je c t io n s  in  th e  x -y  p la n e )  h a v e  b e e n  

m e n t io n e d . W e  n o w  lo o k  a t  th e  th e m a tic  c o m p o n e n t  a n d  see th a t  

th r o u g h o u t  h is to ry  th e re  h as e x is te d  in  s c ie n c e  a  “ p r in c ip le  o f  p o t e n c y .”  

I t  is n o t  d iff ic u lt  to  tra ce  th is f r o m  A r is to t le ’ s cvcpycta, th r o u g h  th e  n e o -  

P la to n ic  a n im a  m o tr ix ,  a n d  th e  a c t iv e  v is  th a t  still is t o  b e  fo u n d  in  

N e w t o n ’s P r i n c i p i 6 , to  th e  m id -n in e te e n th  ce n tu r y  w h e n  “ K r a f t ”  is still 

u se d  in  th e  sense o f  e n e rg y  (M a y e r ,  H e lm h o lt z ) .  I n  v ie w  o f  th e  o b s t i 

n a te  p r e o c c u p a t io n  o f  th e  h u m a n  m in d  w ith  th e  th e m e  o f  th e  p o te n t , 

a c t iv e — s o m e  m ig h t  h a v e  sa id  m a scu lin e — p r in c ip le , b e fo r e  a n d  q u ite  

a p a r t  f r o m  a n y  s c ie n ce  o f  d y n a m ic s  (a n d  a lso  w ith  its o p p o s ite , th e  p a s 

s ive  p ers is tin g  p r in c ip le  o n  w h ic h  it a c t s ) , it  is d iff ic u lt  t o  im a g in e  a n y  

s c ie n ce  in  w h ic h  th ere  w o u ld  n o t  ex ist  a  c o n c e p t io n  o f  f o r c e  (a n d  o f  its 

o p p o s ite , in e r t ia ) .

I t  w o u ld  a lso  b e  d iff ic u lt  t o  u n d e rs ta n d  ce r ta in  c o n flic ts . S ch o la s t ic  

p h y s ics  d e fin e d  “ f o r c e ”  b y  a  p r o je c t io n  in  th e  p h e n o m e n ic  d im e n s io n  

th a t c o n c e n tr a te d  o n  th e  o b s e r v a t io n  o f  c o n t in u in g  terrestria l m o tio n s  

a g a in st a  c o n s ta n t ly  a c t in g  o b s ta c le ; G a lile a n -N e w to n ia n  p h y s ics  d e fin e d  

“ f o r c e ”  q u ite  d iffe re n t ly , n a m e ly , b y  a  p r o je c t io n  in  th e  p h e n o m e n ic  

d im e n s io n  th a t c o n c e n tr a te d  o n  a  th o u g h t  e x p e r im e n t  su ch  as th a t o f  

a n  o b je c t  b e in g  a c c e le r a te d  o n  a  fr ic t io n -fr e e  h o r iz o n ta l p la n e . T h e  p r o 

je c t io n s  a b o v e  th e  a n a ly t ic  d im e n s io n  d if fe r e d  a lso  in  th e  tw o  fo r m s  o f  

p h ysics  ( i .e ., a t te n t io n  to  m a g n itu d e s  versu s v e c to r  p r o p e r t ie s  o f  f o r c e s ) . 

O n  th ese  t w o  axes, th e  c o n c e p ts  o f  f o r c e  a re  en tire ly  d iffe re n t . B u t  th e  

re a so n  w h y  n a tu ra l p h ilo s o p h e rs  in  th e  t w o  c a m p s  in  th e  e a r ly  sev en 

te e n th  ce n tu r y  th o u g h t  th e y  w e r e  sp e a k in g  a b o u t  th e  sa m e th in g , n e v e r 

theless, is th a t  th e y  sh a red  th e  n e e d  o r  d es ire  to  in c o r p o r a te  in to  th e ir  

p h y s ics  th e  sa m e  th e m a tic  c o n c e p t io n  o f  a n im a , o r  vis , o r  K r a f t— in  

sh ort, o f  fo r c e .

A  s e c o n d  e x a m p le  o f  th e m a tic  an alysis m ig h t  b e  th e  w a y  o n e  w o u ld  

c o n s id e r  n o t  a  c o n c e p t  b u t  a  g e n e ra l s c ie n tific  p r o p o s it io n . C o n s id e r  th e  

c le a r  th e m a tic  e le m e n t  in  th e  p o w e r fu l  la w s  o f  co n s e r v a t io n  o f  p h ysics , 

f o r  e x a m p le  th e  la w  o f  c o n s e r v a t io n  o f  m o m e n tu m , as fo r m u la te d  f o r  th e
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first t im e  in  u se fu l fo r m  b y  D e sca rte s . I n  D e sca rte s ’ s p h ysics , as D i  jk ster - 

h u is  w r o te :

A ll changes taking p lace  in  nature consist in  m otions o f  . . . three kinds o f  

particles. T h e  prim ary cause o f  these m otions resides in  G o d ’s co n cu rsu s Ordi

narius, the continuous act o f  conservation. H e  so directs the m otion  that the 

total q u an tita s m o tu s  (m om en tu m ), i.e., the sum o f  all the products o f  mass 

and velocity, rem ain  constant.13

T h is  re la t io n , 2  m v  =  co n s t ., “ con stitu tes  th e  su p re m e  n a tu ra l la w ___ ” 14

T h is  la w , D e sca rte s  sh ow s, sp rin g s fr o m  th e  in v a r ia b ility  o f  G o d ,  in  v ir tu e  

o f  w h ic h , n o w  th a t H e  h a s  w ish e d  th e  w o r ld  to  b e  in  m o t io n , th e  v a r i 

a t io n  m u st b e  as in v a r ia b le  as p oss ib le .

S in c e  th e n , w e  h a v e  le a rn e d  to  c h a n g e  th e  a n a ly tic  c o n te n t  o f  th e  c o n 

se rv a tion  la w — a g a in , f r o m  a  s ca la r  to  a  m o r e  c o m p le x  ca lcu lu s— a n d  

w e  h a v e  e x te n d e d  th e  p h e n o m e n ic  a p p lic a b il ity  o f  th is la w  fr o m  im p a c t  

b e tw een  p a lp a b le  b o d ie s  to  o th e r  ev en ts  (e .g ., s ca tte r in g  o f  p h o t o n s ) . 

B u t w e  h a v e  a lw a y s  b e e n  try in g  to  c l in g  t o  th is  a n d  to  o t h e r  co n s e rv a 

t io n  law s, e v e n  a t  a  t im e  w h e n  th e  o b se rv a tio n s  seem  t o  m a k e  it v e r y  

d ifficu lt  to  d o  s o .15 T h e  th e m a  o f  c o n s e r v a t io n  h a s  r e m a in e d  a  g u id e , 

e v e n  w h e n  th e  la n g u a g e  has h a d  to  c h a n g e . W e  n o w  d o  n o t  say  th e  

co n s e rv a t io n  la w  sp rin g s fr o m  th e  “ in v a r ia b ility  o f  G o d ” ; b u t  w ith  th a t 

cu r io u s  m ix tu r e  o f  a r r o g a n c e  a n d  h u m ility  w h ic h  scientists h a v e  le a rn e d  

to  p u t in  p la c e  o f  th e o lo g ic a l te rm in o lo g y , w e  say in stea d  th a t th e  la w  

o f  c o n se rv a tio n  is th e  p h y s ica l e x p ress ion  o f  th e  e lem en ts  o f  c o n s ta n c y  

b y  w h ic h  n a tu re  m a k es  h e rse lf u n d e r s to o d  b y  us.

T h e  s tro n g  h o ld  th a t ce r ta in  th em es h a v e  o n  th e  m in d  o f  th e  scien tist 

h e lp s  to  e x p la in  h is  c o m m itm e n t  to  s o m e  p o in t  o f  v ie w  th a t m a y  in  fa c t  

ru n  e x a ct ly  c o u n te r  to  a ll a c c e p te d  d o c t r in e  a n d  to  th e  c le a r  e v id e n c e  o f  

the senses. O f  this n o  o n e  h as sp o k e n  m o r e  e lo q u e n t ly  a n d  m e m o r a b ly  

th an  G a lile o  w h e n  h e  c o m m e n te d  o n  th e  fa c t  th a t to  a c c e p t  th e  id e a  o f  

a  m o v in g  e a rth  o n e  m u st o v e r c o m e  th e  s tro n g  im p ress ion  th a t o n e  c a n  

“ see”  th at th e  sun  is rea lly  m o v in g :

N or can I sufficiently adm ire the em inence o f  those m en ’s in telligence [G ali 

leo ’s Salviati says in the T h ird  D ay  o f  the D ialogue C oncern ing the T w o  

Principal System s], w h o have received and held it [the C opernican  system] 

to be true, and w ith the sprightliness o f  their judgm ents have done such v io 

lence to their ow n  senses that they have been able to  prefer that w hich their 

reason dictated to them to that w hich  sensible experience represented most
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m anifestly to  the contrary . . . .  I  cannot find any bounds fo r  m y adm iration 

how  reason was able, in Aristarchus and Copernicus, to com m it such rape 

u p on  their senses as, in spite o f  them , to  m ake itself master o f  their belief.

A m o n g  th e  th e m a ta  w h ic h  p e r m e a te  G a li le o ’ s w o r k  a n d  w h ic h  h e lp e d  

rea son  t o  “ c o m m it  su ch  r a p e  u p o n  th e ir  senses,”  w e  c a n  re a d ily  d is ce rn  

th e  th e n  w id e ly  cu r re n t  th e m a  o f  th e  o n c e -g iv e n  re a l w o r ld  w h ic h  G o d  

su p erv ises  f r o m  th e  c e n te r  o f  H is  te m p le ; th e  th e m a  o f  m a th e m a tica l 

n a tu r e ; a n d  th e  th e m a  th a t  th e  b e h a v io r  o f  th in g s  is th e  c o n s e q u e n c e  o f  

th e ir  g e o m e tr ic a l sh a p es  ( f o r  w h ic h  re a so n  C o p e r n ic u s  sa id  th e  ea rth  

ro ta tes  “ b e ca u s e ”  it  is sp h e r ica l, a n d  G ilb e r t , fo l lo w in g  th e  le a d , is sa id  to  

h a v e  g o n e  so  fa r  as to  p r o v e  e x p e r im e n ta lly , a t least to  h is o w n  satis 

fa c t io n , th a t a  c a r e fu l ly  m o u n te d  m a g n e tiz e d  sp h ere  k eep s  u p  a  co n s ta n t  

r o t a t i o n ) . T h u s  to o , S ig m u n d  F re u d  in  M o s e s  6 n d  M o n o t h e i s m , a fte r  

su rv ey in g  th e  o v e r w h e lm in g ly  u n fa v o r a b le  e v id e n c e  s ta n d in g  a g a in st th e  

ce n tra l thesis in  his b o o k ,  w o u ld  say in  e ffe c t , “ B u t  o n e  m u st n o t  b e  

m is le d  b y  th e  e v id e n c e .”

I ll

W h ile  d e v e lo p in g  th e  p o s it io n  th a t th e m a ta  h a v e  as le g itim a te  a n d  

n ecessa ry  a  p la c e  in  th e  p u rsu it  a n d  u n d e r s ta n d in g  o f  s c ie n ce  as h a v e  

o b s e rv a t io n a l e x p e r ie n c e  a n d  lo g ic a l c o n s tr u c t io n , I  s h o u ld  m a k e  c le a r  

th a t w e  n e e d  n o t  d e c id e  n o w  a lso  o n  th e  s o u r c e  o f  th e m a ta . O u r  first 

a im  is s im p ly  to  see th e ir  r o le  in  s c ie n ce  a n d  to  d e s c r ib e  s o m e  o f  th e m , as 

a  fo lk lo r is t  m ig h t  w h e n  h e  ca ta lo g u e s  th e  tra d it ion s  a n d  p ra c t ice s  o f  a  

p e o p le . I t  is n o t  n ecessa ry  to  g o  fu r th e r  a n d  to  m a k e  a n  a sso c ia t io n  o f  th e 

m a ta  w ith  a n y  o f  th e  fo l lo w in g  c o n c e p t io n s : P la to n ic , K e p le r ia n , o r  

J u n g ia n  a rch e ty p e s  o r  im a g e s ; m y th s  ( in  th e  n o n d e r o g a to r y  sense, s o  

ra re ly  u sed  in  th e  E n g lish  la n g u a g e ) ; sy n th etic  a  p r io r i  k n o w le d g e ; in 

tu it iv e  a p p r e h e n s io n  o r  G a li le o ’s “ rea son ” ; a  rea lis tic  o r  a b so lu tistic  o r , 

f o r  th a t  m a tte r , a n y  o th e r  p h ilo s o p h y  o f  s c ie n ce . T o  s h o w  w h e th e r  a n y  

su ch  a ssoc ia tion s  d o  o r  d o  n o t  ex ist  is a  task f o r  a n o th e r  t im e .

I  a lso  d o  n o t  w a n t to  im p ly  th a t th e  o c c u r r e n c e  o f  th e m a ta  is c h a r a c 

teristic  o n ly  o f  s c ie n ce  in  th e  last cen tu r ies . O n  th e  c o n tra ry , w e  see th e  

th e m a tic  c o m p o n e n t  a t w o r k  f r o m  th e  v e r y  b e g in n in g , in  th e  sou rces  o f  

c o s m o g o n ic  id ea s  la ter  fo u n d  in  H e s io d ’ s T h e o g o n y  a n d  in  G en esis . 

I n d e e d , n o w h e r e  c a n  o n e  see  th e  p ers is ten ce  o f  g r e a t  q u estion s  a n d  th e  

o b s t in a cy  o f  c e rta in  p r e se le c te d  p a ttern s  fo r  d e fin in g  a n d  s o lv in g  p r o b 

lem s b e tte r  th a n  in  c o s m o lo g ic  sp e cu la tio n s . T h e  a n c ie n t  M ile s ia n  c o s -
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m o lo g ic  a ssu m p tion s  p re se n te d  a  th ree -s tep  s c h e m e : a t  th e  b e g in n in g , 

in  F . M . C o r n fo r d ’s w o rd s , th e re  w a s :

a prim al U nity, a state o f  indistinction or fusion in  w h ich  factors that w ill later 

becom e distinct are m erged together. (2 )  O u t o f  this U nity  there em erge, by  

separation, parts o f  opposite things . . . .  T h is  separating out finally leads to 

the disposition o f  the great elem ental masses constituting the w orld -order, and 

the form ation  o f  the heavenly bodies. (3 )  T h e  O pposites interact o r  reunite, 

in  m eteoric phenom ena, o r  in the produ ction  o f  individual living things . .  . .16

N o w  th e  s ig n ifica n t th in g  to  n o t ic e  is th a t w h e n  w e  m o v e  th ese  c o n 

ce p t io n s  fr o m  th e  a n im is tic  t o  th e  p h y s ica l le v e l, th is fo r m u la  o f  c o s 

m o g o n y  recu rs  p o in t  f o r  p o in t , in  o u r  d a y , in  th e  e v o lu t io n is t  c a m p s  o f  

m o d e m  c o s m o lo g y . T h a t  r e ce n t  th e o r y  o f  th e  w a y  th e  w o r ld  s ta rted  p r o 

poses a  p ro g re ss io n  o f  th e  u n iv erse  f r o m  a  m ix tu r e  o f  r a d ia t io n  a n d  n e u 

tron s a t t im e  t =  0 ;  th r o u g h  th e  su b se q u e n t  stages o f  d iffe r e n t ia t io n  b y  

e x p a n s io n  a n d  n e u tr o n  d e c a y ;  a n d  fin a lly  to  t h e  b u ild in g  u p  o f  h e a v ie r  

e lem en ts  b y  th e r m o n u c le a r  fu s io n  p rocesses , p r e p a r in g  th e  g r o u n d  f o r  

the la ter  fo r m a t io n  o f  m o le cu le s . A n d  e v e n  th e  a n c ie n t  m a in  o p p o s it io n  

to  th e  e v o lu t io n a r y  c o s m o lo g y  itse lf, n a m e ly , th e  tra d it io n  o f  P a rm e n id e s , 

has its e q u iv a le n t  to d a y  in  th e  “ stea d y -sta te ”  th e o r y  o f  c o s m o lo g y .

S o  th e  q u estion s  persist (e .g .,  c o n c e r n in g  th e  p o ss ib ility  o f  s o m e  

“ fu n d a m e n ta l s tu ff,”  o f  e v o lu t io n , o f  s tru ctu re , o f  sp a tia l a n d  te m p o ra l 

in fin it ie s ). A n d  th e  c h o ic e s  b e tw e e n  a lte rn a tiv e  p r o b le m  so lu tio n s  a lso  

persist. T h e s e  th e m a tic  co n tin u it ie s  in d ic a te  th e  o b v e rs e  s id e  o f  th e  

ic o n o c la s t ic  r o le  o f  s c ie n c e ; f o r  s c ie n ce , s in ce  its d a w n , h a s  a lso  h a d  its 

m o re  g e n e ra l th e m a ta -c re a t in g  a n d  th e m a ta -u s in g  fu n c t io n . J a m es  

C le rk  M a x w e l l  ex p ressed  this w e ll a  c e n tu r y  a g o  in  a n  a d d ress  o n  th e  

su b je ct  o f  m o le c u la r  m e c h a n ic s :

T h e  m ind o f  m an has perplexed itself w ith m any hard questions. Is space in 

finite, and in  what sense? Is the material w orld  infinite in extent, and are all 

places w ithin that extent equally fu ll o f  m atter? D o  atom s exist, o r  is m atter 

infinitely divisible?

T h e  discussion o f  questions o f  this kind has been going on  ever since m en 

began to reason, and to each  o f  us, as soon as w e obtain  the use o f  our faculties, 

the same o ld  questions arise as fresh as ever. T h ey  form  as essential a part o f  

the science o f  the nineteenth century o f our era, as o f  that o f  the fifth century 

before it.17

W e  m a y  a d d  th a t th e m a tic  q u estion s  d o  n o t  g e t  s o lv e d  a n d  d isp o se d  

o f . N in e te e n th -c e n tu r y  a to m ism  tr iu m p h s  o v e r  th e  e th e r  v o r t ice s  o f  K e l -
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v in — b u t th e n  fie ld  th eories  rise w h ic h  d e a l w ith  m a tte r  p a rtic le s  a g a in  as 

s in gu larities, n o w  in  a  tw e n t ie th -c e n tu r y -ty p e  c o n t in u u m . T h e  m o d e m  

v e rs io n  o f  th e  c o s m o lo g ic a l  th e o ry  b a sed  o n  th e  th e m a  o f  a  li fe  c y c le  

(B e g in n in g , E v o lu t io n , a n d  E n d )  m a y  seem  to  t r iu m p h  o n  e x p e r im e n ta l 

g r o u n d s  o v e r  th e  r iv a l th e o ry  b a se d  o n  a  th e m a  o f  C o n t in u o u s  E x is te n ce , 

a n d  th r o w  it o u t  th e  w in d o w — b u t  w e  c a n  b e  sure th a t th is  th e m a  w ill  

c o m e  in  a g a in  th r o u g h  th e  b a c k  d o o r . F o r  c o n tra ry  t o  th e  p h y s ica l 

th eor ies  in  w h ic h  th ey  f in d  e m b o d im e n t  in  x -y  term s, th e m a ta  a re  n o t  

p r o v e d  o r  d isp ro v e d . R a th e r , th e y  rise a n d  fa ll  a n d  rise a g a in  w ith  th e  

tid es  o f  c o n te m p o r a n e o u s  u se fu ln ess  o r  in te lle c tu a l fa sh io n . A n d  o c 

ca s io n a lly  a  g re a t  th em e  d isa p p ea rs  f r o m  v ie w , o r  a  n e w  th e m e  d e v e lo p s  

a n d  stru gg les to  estab lish  itse lf— a t least f o r  a  t im e .

M a x w e l l ’ s is a n  u n u su a l co n ce s s io n , b u t  it  is n o t  d ifficu lt  to  u n d e rs ta n d  

w h y  scientists sp ea k  o n ly  ra re ly  in  su ch  term s. O n e  m u st n o t  lo se  s ig h t 

o f  th e  o b v io u s  fa c t  th a t s c ie n ce  itse lf h a s  g r o w n  s tro n g  b e ca u s e  its p r a c 

t it ion ers  h a v e  seen  h o w  t o  p r o je c t  th e ir  d isco u rse  in to  th e  x -y  p la n e . T h is  

is th e  p la n e  o f  p u b l ic  s c ie n c e ,18 o f  fa ir ly  c le a r  co n s c io u s  fo rm u la tio n s . 

H e r e  a  m ea su re  o f  p u b lic  a g re e m e n t  is in  p r in c ip le  easy  to  o b ta in , so  th a t 

scientists c a n  fr u it fu lly  c o o p e r a t e  o r  d isa g ree  w ith  o n e  a n o th e r , c a n  

b u ild  o n  th e  w o r k  o f  th e ir  p red ecessors , a n d  c a n  te a c h  m o r e  o r  less 

u n a m b ig u o u s ly  th e  cu rre n t  c o n te n t  a n d  p r o b le m s  o f  th e  fie ld . A ll  fie ld s  

w h ic h  c la im  o r  p r e te n d  to  b e  s c ie n tific  try  s im ila rly  to  p r o je c t  th e ir  c o n 

cep ts , sta tem en ts , a n d  p r o b le m s  in to  th e  x -y  p la n e , t o  e m p h a s ize  th e  

p h e n o m e n ic  a n d  a n a ly tic -h e u r is t ic  asp ects.

B u t it is c le a r  th a t w h ile  th e re  c a n  b e  a u to m a t ic  fa c to r ie s  ru n  b y  m ea n s  

o f  p r o g r a m m e d  co m p u te rs  a n d  th e  fe e d b a c k  f r o m  sen sin g  e lem en ts , th ere  

c a n  b e  n o  a u to m a t ic  la b o r a to ry . T h e  essen ce  o f  th e  a u to m a to n  is its 

su ccess in  th e  x -y  p la n e  a t th e  e x p e n se  o f  th e  z -d ir e c t io n ; (h e n c e  a u to 

m a ta  d o  n o t  m a k e  q u a lita tiv e ly  n e w  f in d in g s ) . A n d  th e  essen ce o f  th e 

g en ia l c o n tr ib u to r  to  s c ie n ce  is o f t e n  e x a ct ly  th e  o p p o s ite — sensitiv ity  

in  the z -d ir e c t io n  e v e n  a t  th e  e x p e n se  o f  su ccess  in  th e  x -y  p la n e . F o r  

w h ile  th e  z -d im e n s io n  is n e v e r  ab sen t e v e n  in  th e  m ost  e x a c t  o f  th e  sc i 

en ce s  as p u rsu e d  b y  a c tu a l p erson s , it  is a  d ir e c t io n  in  w h ic h  m o st  o f  us 

m u st m o v e  w ith o u t  e x p lic it  o r  c o n s c io u s  fo r m u la t io n  a n d  w ith o u t  tra in 

in g ;  it is th e  d ir e c t io n  in  w h ic h  th e  s u b je c t  m a tte r  a n d  th e  m e d ia  fo r  c o m 

m u n ic a t io n  a re  en tire ly  d iffe r e n t  f r o m  th ose  in v e n te d  sp e c ifica lly  f o r  

d iscu ss ion  o f  m atters  in  th e  x -y  p la n e  w ith  w h ic h  th e  scien tist a fte r  lo n g  

tra in in g  c a n  fe e l at h o m e .

62



T H E  T H E M A T I C  I M A G IN A T IO N  I N  S C IE N C E

T h e r e fo r e  it is d ifficu lt  t o  fin d  p e o p le  w h o  a re  b ilin g u a l in  this sense. 

I  a m  n o t  su rp rised  th a t fo r  m o st  c o n te m p o r a r y  scientists a n y  d iscu ssion  

w h ich  tries to  m o v e  s e lf-co n sc io u s ly  a w a y  f r o m  th e  x -y  p la n e  is o u t  o f  

b o u n d s . H o w e v e r , it  is s ig n ifica n t th a t  e v e n  in  o u r  t im e  th e  m e n  o f  

gen iu s— su ch  as E in ste in , B o h r , P a u li, B o m , S ch r o d in g e r , H e ise n b e r g —  

h a v e  fe lt  it t o  b e  n ecessary  a n d  im p o r ta n t  t o  try  ju s t  th a t. F o r  th e  o th ers , 

f o r  th e  m a jo r  b o d y  o f  scientists, th e  p la n e  o f  d isco u rse  has b e e n  p r o 

gressively  t ilte d  o r  p r o je c te d  fr o m  x -y -z  s p a ce  in to  th e  x -y  p la n e . (P e r 

h aps p r o m p te d  b y  this e x a m p le , th e  sam e th in g  is h a p p e n in g  m o r e  a n d  

m o r e  in  o th e r  fie lds o f  s ch o la rsh ip .)  T h e  th e m a ta  a c tu a lly  u sed  in  s c ie n ce  

are  n o w  la rg e ly  le ft  im p lic it  ra th e r  th a n  e x p lic it . B u t  th ey  a re  n o  less im 

p o r ta n t . T o  u n d e rs ta n d  fu lly  th e  r o le  a  h y p oth es is  o r  a  la w  has in  th e  

d e v e lo p m e n t  o f  s c ie n ce  w e  n e e d  to  see it  a lso  as a n  e x e m p lif ic a t io n  o f  

persistent m o tifs , f o r  e x a m p le , th e  th e m a  o f  “ c o n s ta n c y ”  o r  o f  “ c o n s e r 

v a t io n ” ; o f  q u a n t if ic a t io n ; o f  a to m is tic  d iscre te n e ss ; o r  in h e re n tly  p r o b 

ab ilistic  b e h a v io r ; o r — to  re tu rn  to  o u r  e x a m p le  f r o m  N e w to n — o f  th e  

in te rp e n e tra t io n  o f  th e  w o r ld s  o f  th e o lo g y  a n d  o f  p h ysics . I n d e e d , in  this 

w a y  w e  c a n  m a k e  a  u se fu l d iffe r e n t ia t io n  th a t  to  m y  k n o w le d g e  h as n o t  

b e e n  n o te d  b e fo r e , n a m e ly , th a t N e w t o n ’ s p u b lic ,  e x p e r im e n ta l ,  a n d  

m a th em a tica l  p h ilo s o p h y  is s c ie n ce  c a r r ie d  o n  in  th e  x -y  p la n e , w h erea s  

N e w to n ’ s m o r e  c o v e r t  a n d  m o r e  g e n e ra l n a tu ra l  p h ilo s o p h y  is s c ie n ce  in  

th e  x -y -z  p r o p o s it io n  s p a ce .19

I V

I  h a v e  sp ok en  m ostly  o f  th e  p h y s ica l scien ces . I  m ig h t , w ith  e q u a l o r  

g rea ter  a d v a n ta g e , h a v e  d e a lt  w ith  th e  n e w e r  scien ces , w h ic h  d o  n o t  h a v e  

a  h ig h ly  d e v e lo p e d  co rp u s  e ith e r  o f  p h e n o m e n a  o r  o f  lo g ic a l c a lc u li a n d  

ra tion a l stru ctu re . I n  th ose  cases, th e  z -e lem en ts  a re  n o t  o n ly  still r e la 

t ive ly  m o re  p r o m in e n t  b u t  a lso  a re  d iscu ssed  w ith  m u c h  g re a te r  fr e e d o m  

— p ossib ly  b eca u se  a t  its ea r ly  stage  a  fie ld  o f  s tu d y  still b ea rs  th e  o v e r 

w h e lm in g  im p r in t  o f  o n e  o r  a  fe w  m e n  o f  gen iu s . I t  is th ey  w h o , I  b e lie v e , 

are p a rticu la r ly  “ th e m a ta -p r o n e ,”  a n d  w h o  h a v e  th e  n ecessa ry  c o u r a g e  

(o r  fo l ly ? )  to  m a k e  d ec is ion s  o n  th e m a tic  g ro u n d s .

T h is  w as th e  case  in  ea rly  m e ch a n ics , ch em istry  a n d  b io lo g y , a n d  

aga in , w ith  re la tiv ity  a n d  th e  n e w  q u a n tu m  m e ch a n ics . I  su sp ect th a t a n  

a n a log ou s  s itu a tion  has h e ld  in  ea r ly  m o d e m  p s y c h o lo g y  a n d  s o c io lo g y . 

M o r e o v e r , in  th ose  fie ld s , as in  th e  n a tu ra l scien ces  d u r in g  a  stage o f  

tra n sform a tion , th e  s ig n ifica n ce  a n d  im p a c t  o f  th e m a ta  is in d ic a te d  b y
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th e  fa c t  th a t th ey  fo r c e  u p o n  p e o p le  n o t io n s  th a t a re  u su ally  re g a rd e d  as 

p a r a d o x ic a l , r id icu lo u s , o r  o u tra g e o u s . I  a m  th in k in g  h e re  o f  th e  “ a b 

su rd ities”  o f  C o p e r n ic u s ’ s m o v in g  e a rth , B r u n o ’ s in fin ite  w o r ld s , G a lile o ’ s 

in ertia l m o t io n  o f  b o d ie s  o n  a  h o r iz o n ta l p la n e , N e w to n ’ s g ra v ita tio n a l 

a c t io n  w ith o u t  a  p a lp a b le  m e d iu m  o f  c o m m u n ic a t io n , D a r w in ’ s d escen t 

o f  m a n  fr o m  lo w e r  crea tu res , E in ste in ’ s tw in  p a r a d o x  a n d  m a x im u m  

sp eed  fo r  sign als, F r e u d ’s c o n c e p t io n  o f  sex u a lity  o f  c h ild r e n , o r  H e ise n 

b e r g ’ s in d e te rm in a c y  c o n c e p t io n . T h e  w id e  in terest a n d  in ten sity  o f  su ch  

d e b a te s , a m o n g  b o th  scientists a n d  e n r a g e d  o r  in tr ig u e d  la y m e n , is a n  

in d ic a t io n  o f  th e  stren g th  w ith  w h ic h  th e m a ta — a n d  fre q u e n t ly  c o n f l ic t 

in g  on es— a re  a lw ays a c t iv e  in  o u r  con sciou sn ess .

A n d  th e  th e m a t ic  c o m p o n e n t  is m o st  o b v io u s  w h e n  a  s c ie n c e  is y o u n g , 

a n d  th e r e fo r e  h as n o t  y e t e la b o r a te d  th e  c o m p le x  h ie ra rc h ica l stru ctu re  

o f  h y p oth eses  w h ic h  R ic h a r d  B ra ith w a ite  h as p o in te d  o u t  to  b e  th e  m a rk  

o f  a n  a d v a n c e d  s c ie n ce . A s  a  resu lt, th e  ch a in  le a d in g  fr o m  o b se rv a tio n a l 

“ fa c ts ”  t o  th e  m o s t  g e n e ra l h y p oth eses— th ose  w ith  a  la rg e  th e m a tic  c o m 

p o n e n t— is n o t  lo n g , as in , say, m o d e m  p h y sics  o r  ch em istry , b u t  is fa ir ly  

sh ort. A  p h y s ica l scien tist is u se d  t o  h a v in g  h is m o st  g e n e ra l a n d  m o st  

th e m a tic  h y p oth eses  sa fe ly  o u t  o f  s igh t, b e h in d  th e  c lo u d s  o f  a  m a je s t ic  

O ly m p u s ; a n d  so  h e  is a p t  to  sm ile  w h e n  h e  sees th at th e  a lta r  o f  o th e r  

g o d s  stan d s o n  su ch  sh ort  legs. W h e n , fo r  e x a m p le , a  ch e m is t  in terp rets  a  

h a lf -d o z e n  c lick s  o n  a  G e ig e r  c o u n te r  as th e  e x is te n ce  o f  a  n e w  c h e m ic a l 

e le m e n t  at th e  e n d  o f  th e  P e r io d ic  T a b le ,  h e  im p lic it ly  (a n d , i f  c h a l 

le n g e d , e x p lic it ly )  ru n s u p  o n  a  la d d e r  o f  h ie ra rc h ica lly  c o n n e c te d  h y 

p o th eses , e a c h  o f  w h ic h  h as s o m e  d e m o n s tra b le  p h e n o m e n ic  a n d  h e u r 

is t ic -a n a ly t ic  c o m p o n e n t , u n til a t th e  to p  h e  c o m e s  u p  to  th e  g e n e ra l 

th e m a tic  h y p oth eses— w h ic h  h e  is, b y  a g re e m e n t o f  this fra tern ity , e x 

e m p t  fr o m  g o in g  in to — n a m e ly , th e  th e m a t ic  h y p oth eses  o f  a to m ic ity , 

o f  co n s ta n cy , o f  th e  tra n s fo rm a b ility  o f  qu a lities , o f  th e  o r d e r in g  r o le  o f  

in tegers . I n  co n tra st , th e  ea r ly  p sych oa n a lysts , f o r  e x a m p le , tr ied  to  g o  b y  

a  r e la t iv e ly  u n to r tu o u s  r o u te  fr o m  th e  d e ta il o f  o b s e rv e d  b e h a v io r  to  th e  

g e n e ra lity  o f  p o w e r fu l  p r in c ip le s . F r e u d  h im se lf o n c e  w a rn e d  o f  th e  “ b a d  

h a b it  o f  p sy ch oa n a ly s is  . . .  to  ta k e  tr iv ia  as e v id e n c e  w h e n  th ey  a lso  

a d m it  o f  a n o th e r , less d e e p  e x p la n a to r y  s ch e m e .” 20

I  d o  n o t , o f  co u rse , say this to  c o n d e m n  a  sc ien ce , b u t  o n  th e  co n tra ry  

to  p o in t  o u t  a  d i f fe r e n c e  b e tw e e n  it  a n d  th e  p h y s ica l sc ien ces  w h ich , I  

h o p e , m a y  h e lp  t o  e x p la in  th e  a tt itu d e  o f  “ h a r d ”  scientists to  fie lds o u t 

s id e  th e ir  o w n  ( o r  e v e n  o f  p sy ch o log is ts  o f  o n e  s ch o o l to  th ose  o f  a n -
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o t h e r ) . A t  th e  sam e tim e , it m a y  h e lp  t o  e lu c id a te  w h y  d isc ip lin es  su ch  

as p s y c h o lo g y  (a n d  ce rta in ly  h is to ry ) a re  so  co n s tru cte d  th a t th ey  are  

w r o n g  to  im ita te  th e  h a b it  in  th e  m o d e m  p h y s ica l scien ces  to  d ep ress  o r  

p r o je c t  th e  d iscu ssion  fo r c ib ly  t o  th e  x -y  p la n e . W h e n  th e  th e m a tic  c o m 

p o n e n t  is as s tro n g  a n d  as e x p lic it ly  n e e d e d  as it  is in  these fie lds, th e  

cr ite r ia  o f  a c c e p ta b ility  sh o u ld  b e  a b le  to  re m a in  e x p lic it ly  in  th re e - 

d im en sion a l p r o p o s it io n  sp a ce . T o  c ite  a n  in sta n ce , I  a m  b y  n o  m ea n s  im 

pressed  w ith  th e  C o n c lu s io n  a t th e  e n d  o f  R .  G . C o l l in g w o o d ’ s in flu 

en tia l b o o k , E s s 6 y  o n  P h i l o s o p h i c 6 l  M e t h o d :

T h e  natural scientist, beginning with the assumption that nature is rational, 

has not allow ed him self to be  turned from  that assumption b y  any o f  the 

difficulties into w hich  it has led  him ; and it is because he has regarded that 

assumption as not on ly  legitim ate but obligatory that he has w on  the respect o f  

the w hole w orld . I f  the scientist is ob liged  to assume that nature is rational, 

and that any failure to m ake sense o f  it is a failure to understand it, the cor 

responding assumption is obligatory for the historian, and this not least when 

he is the historian o f thought.21

T h is  is a  s ta tem en t o f  th e  m ost  d a n g e ro u s  k in d , n o t  b e ca u se  it is so  easy  to  

sh ow  it  is w r o n g , b u t  b eca u se  it  is so d ifficu lt  to  s h o w  this.

V

M u c h  c o u ld , a n d  sh o u ld , b e  sa id  a b o u t  o th e r  p r o b le m s  in  th e  th e m a tic  

analysis o f  sc ie n ce , su ch  as th e  m e ch a n ism s  b y  w h ic h  th e m a ta  c h a n g e ; 

o r  th e  w a y  in  w h ic h  th e  c h o ic e  o f  a  th e m a tic  h y p oth esis  g o v e r n s  w h a t  

w e  are  to  lo o k  fo r  in  th e  x -y  p la n e  a n d  w h a t  w e  d o  w ith  th e  f in d in g s ; o r  

the rem a rk a b ly  sm all n u m b e r  o f  d iffe r e n t  th e m a ta  th a t, o v e r  tim e, seem  

to  h a v e  p la y e d  th e  im p o r ta n t  ro les in  th e  d e v e lo p m e n t  o f  s c ie n c e ; o r  th e  

fa c t , im p lie d  in  th e  e x a m p le s  g iv e n , th a t m o st  a n d  p e rh a p s  a ll o f  these 

th e m a ta  a re  n o t  restr icted  m e re ly  t o  uses in  s c ie n tific  c o n te x t , b u t  seem  

to  c o m e  fr o m  th e  less sp e c ia liz e d  g r o u n d  o f  o u r  g e n e ra l im a g in a tiv e  

ca p a c ity .

B u t in  c lo s in g  I  m ig h t  best s im p ly  restate h o w  these c o n c e p t io n s  ca n  

h e lp  us to  a  v ie w  th a t g o e s  b e y o n d  th e  u su a l a n tith e tica l ju x ta p o s it io n  

b e tw een  s c ie n ce  a n d  th e  h u m a n ities . F o r  th e  m u c h  la m e n te d  sep a ra tion  

b etw een  s c ie n ce  a n d  the o th e r  c o m p o n e n ts  o f  o u r  cu ltu re  d e p e n d s  o n  th e  

o v e rs im p lifica t io n  th a t s c ie n ce  is d o n e  o n ly  in  th e  c o n t in g e n t  p la n e , 

w h ereas sch o la r ly  o r  artistic  w o r k  in v o lv e s  ba sic  d ec is ion s  o f  a  d iffe r e n t
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k in d , w ith  p r e d o m in a n t ly  a esth etic , q u a lita t iv e , m y th ic  e lem en ts . I n  m y  

v ie w  this d ic h o to m y  is m u c h  a tte n u a te d , i f  n o t  e lim in a te d , i f  w e  see th at 

in  s c ie n ce , t o o , th e  c o n t in g e n t  p la n e  is n o t  e n o u g h , a n d  n e v e r  has b een .

I t  is su re ly  u n n ecessa ry  to  w a r n  th a t d e sp ite  th e  a p p e a r a n c e  a n d  re 

a p p e a r a n c e  o f  th e  sa m e  th e m a tic  e lem en ts  in  s c ie n c e  a n d  o u ts id e , w e  

sh a ll n o t  m a k e  th e  m ista k e  o f  th in k in g  th a t s c ie n ce  a n d  n o n s c ie n c e  a re  

at b o t to m  s o m e h o w  th e  sam e a c t iv ity . T h e r e  a re  d iffe re n ce s  w h ic h  w e  

s h o u ld  treasu re. A s  W h ite h e a d  o n c e  sa id  a b o u t  th e  n ecessity  to  to le ra te , 

n o , t o  w e lc o m e  n a t io n a l d i f fe r e n c e s : “ M e n  r e q u ire  o f  th e ir  n e ig h b o rs  

s o m e th in g  su ffic ien tly  a k in  to  b e  u n d e r s to o d , so m e th in g  su ffic ien tly  

d iffe r e n t  t o  p r o v o k e  a tte n t io n , a n d  so m e th in g  g re a t  e n o u g h  to  c o m 

m a n d  a d m ir a t io n .”  I t  is in  th e  sa m e sense th a t  w e  s h o u ld  b e  p r e p a re d  

to  u n d e rs ta n d  th e  separa ten ess  th a t g iv es  id e n tity  to  th e  stu d y  o f  e a c h  

fie ld , as w e ll as th e  k in sh ip  th a t d o e s  ex ist b e tw e e n  th e m .

T o  re tu rn , th e r e fo r e , t o  N e w t o n ’ s F ifth  R u le  o f  R e a s o n in g : h e  su rely  

m u st h a v e  k n o w n  th a t  h e  c o u ld  n o t  p u b lis h  it  a n d  re m a in  tru e  to  his o w n  

w o r k  a n d  th a t  o f  m o s t  m a jo r  in n o v a to rs . A s  N e w to n ’ s su p p ressed  ru le  

stan d s, it  en d s , y o u  w ill  r e ca ll, w ith  th e  w o r d s : “ T h o s e  th in g s  w h ic h  

n e ith e r  c a n  b e  d e m o n s tra te d  f r o m  th e  p h e n o m e n a  n o r  f o l lo w  fr o m  

th e m  b y  an  a r g u m e n t  o f  in d u c t io n , I  h o ld  as h y p o th e se s .”  T o  b e  ju s t ifie d  

in  p u b lis h in g  this r u le  N e w to n  w o u ld  h a v e  h a d  to  a d d  so m e th in g —  

p e rh a p s  th is se n te n ce  : “ A n d  su ch  h y p o th e se s , n a m e ly  th e m a tic  h y p o th 

eses, d o  a lso  h a v e  p la c e  in  n a tu ra l p h ilo s o p h y .”
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2 JOHANNES KEPLER’S UNIVERSE: ITS 

PHYSICS AND METAPHYSICS

®
h e  im p o r ta n t  p u b lica t io n s  o f  J o h a n n e s  K e p le r  ( 1 5 7 1 -1 6 3 0 )  p r e 

c e d e d  th o se  o f  G a lile o , D esca rtes , a n d  N e w t o n  in  t im e , a n d  in  

som e resp ects  th ey  a re  e v e n  m o r e  rev e a lin g . A n d  y e t , K e p le r  h a s  b e e n  

stran gely  n e g le c te d  a n d  m is u n d e rs to o d . V e r y  fe w  o f  h is  v o lu m in o u s  

w ritin gs h a v e  b e e n  tra n sla ted  in to  E n g lish .1 I n  th is  la n g u a g e  th e re  has 

b e e n  n e ith e r  a  fu ll  b io g r a p h y 2 n o r  e v e n  a  m a jo r  essay o n  h is w o r k  in  

o v e r  tw en ty  years. P a rt o f  th e  re a so n  lies in  th e  a p p a r e n t  c o n fu s io n  o f  

in co n g r u o u s  e lem en ts— p h y sics  a n d  m eta p h y s ics , a s tro n o m y  a n d  a stro l- 

o g y , g e o m e tr y  a n d  th e o lo g y — w h ic h  ch a ra cte r ize s  K e p le r ’ s w o r k . E v e n  

in  c o m p a r is o n  w ith  G a li le o  a n d  N e w to n , K e p le r ’ s w r itin g s  a re  str ik in g ly  

d iffe re n t  in  th e  q u a lity  o f  p r e o c c u p a t io n . H e  is m o r e  e v id e n t ly  r o o te d  in  

a  t im e  w h e n  a n im ism , a lch e m y , a s tro lo g y , n u m e r o lo g y , a n d  w it c h c r a ft  

p resen ted  p ro b le m s  to  b e  seriou sly  a rg u e d . H is  m o d e  o f  p resen ta tion  is 

e q u a lly  u n in v it in g  to  m o d e m  rea d ers , so  o f t e n  d o e s  h e  seem  to  w a n d e r  

fr o m  th e  p a th  le a d in g  to  th e  im p o r ta n t  q u estion s  o f  p h y s ica l sc ien ce . 

N o r  is th is im p ress ion  m ere ly  th e  resu lt o f  th e  in e v ita b le  a stigm a tism  o f  

o u r  h is to r ica l h in d s ig h t. W e  a re  tra in e d  o n  th e  a sce tic  s ta n d a rd s  o f  p r e 

sen tation  o r ig in a t in g  in  E u c lid , as reesta b lish ed , f o r  e x a m p le , in  B ook s  I  

a n d  I I  o f  N e w to n ’ s P r i n c i p i 6 ,3 a n d  a re  ta u g h t t o  h id e  b e h in d  a  r ig o ro u s  

stru ctu re  th e  a c tu a l step s o f  d is c o v e r y — th ose  guesses, e rrors , a n d  o c -

This essay was originally published in A m e r i�6 n  J o u r n 6 l  o f  P h y s i c s , 

V o l u m e  X X I V , N o. 5, pp . 340 -351 , M ay, 1956.
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ca s io n a l strokes o f  g o o d  lu ck  w ith o u t  w h ic h  c re a tiv e  sc ien tific  w o rk  d oes  

n o t  u su a lly  o c c u r . B u t K e p le r ’ s em b a rra ss in g  c a n d o r  a n d  in ten se  e m o 

t io n a l in v o lv e m e n t  fo r c e  h im  to  g iv e  us a  d e ta ile d  a c c o u n t  o f  h is to rtu 

o u s  p rogress . H e  still a llo w s  h im se lf t o  b e  so  o v e r w h e lm e d  b y  th e  b e a u ty  

a n d  v a r ie ty  o f  th e  w o r ld  as a  w h o le  th a t h e  c a n n o t  y e t  p ers isten tly  lim it 

his a tte n tio n  to  th e  m a in  p r o b le m s  w h ic h  c a n  in  fa c t  b e  s o lv e d . H e  g ives 

us le n g th y  a c c o u n ts  o f  h is fa ilu res , th o u g h  som etim es  th ey  a re  t in g e d  

w ith  i l l -c o n c e a le d  p r id e  in  th e  d ifficu lty  o f  h is task. W it h  r ic h  im a g i 

n a t io n  h e  fr e q u e n t ly  fin d s  a n a lo g ie s  f r o m  ev e ry  p h a se  o f  li fe , e x a lte d  o r  

c o m m o n p la c e . H e  is a p t  to  in te rru p t  h is  s c ie n tific  th ou g h ts , e ith e r  w ith  

e x h o rta t io n s  to  th e  re a d e r  to  fo l lo w  a  little  lo n g e r  th r o u g h  th e  a lm o st  

u n re a d a b le  a c c o u n t , o r  w ith  tr iv ia l s id e  issues a n d  te x tu a l q u ib b lin g , o r  

w ith  p e rso n a l a n e cd o te s  o r  d e lig h te d  e x c la m a tio n s  a b o u t  s o m e  n e w  g e o 

m e tr ic a l re la t io n , a  n u m e r o lo g ic a l o r  m u s ica l a n a lo g y . A n d  som etim es  h e  

break s in to  p o e tr y  o r  a  p ra y e r— in d u lg in g , as h e  p u ts  it, in  h is “ sa cre d  

ecstasy .”  W e  see h im  o n  h is p io n e e r in g  trek , p r o b in g  f o r  th e  firm  g r o u n d  

o n  w h ic h  o u r  s c ie n ce  c o u ld  la ter  b u ild , a n d  o ft e n  le d  in to  re g io n s  w h ic h  

w e  n o w  k n o w  to  b e  u n su ita b le  m a rsh la n d .

T h e s e  ch a ra cter ist ics  o f  K e p le r ’ s sty le  a re  n o t  m e re ly  id iosyn crasies . 

T h e y  m ir r o r  th e  m a n y -s id e d  s tru g g le  a tte n d in g  th e  rise o f  m o d e m  sci 

e n c e  in  th e  e a r ly  sev en teen th  ce n tu ry . C o n c e p t io n s  w h ic h  w e  m ig h t  n o w  

re g a rd  as m u tu a lly  ex c lu s iv e  a re  fo u n d  to  o p e r a te  s id e -b y -s id e  in  h is in 

te lle c tu a l m a k e -u p . A  p r im a ry  a im  o f  th is essay is t o  id e n t ify  th o se  d is 

p a ra te  e lem en ts  a n d  to  s h o w  th a t in  fa c t  m u c h  o f  K e p le r ’ s s tren g th  

stem s fr o m  th e ir  ju x ta p o s it io n . W e  sh a ll see th a t  w h e n  his p h y s ics  fa ils , 

his m eta p h y s ics  c o m e s  to  th e  r e s c u e ; w h e n  a  m e c h a n ic a l m o d e l  break s 

d o w n  as a  to o l o f  e x p la n a t io n , a  m a th e m a t ica l m o d e l  takes o v e r ;  a n d  a t  

its b o u n d a r y  in  tu rn  th ere  stands a  th e o lo g ic a l a x io m . K e p le r  set o u t  to  

u n ify  th e  c lassica l p ic tu r e  o f  th e  w o r ld , o n e  w h ic h  w a s  sp lit  in to  ce lestia l 

a n d  terrestria l re g io n s , th r o u g h  th e  c o n c e p t  o f  a  u n iversa l p h y s ica l 

f o r c e ; b u t  w h e n  th is p r o b le m  d id  n o t  y ie ld  to  p h y s ica l analysis, h e  re a d ily  

re tu rn e d  to  th e  d e v ice s  o f  a  u n ify in g  im a g e , n a m e ly , th e  ce n tra l sun 

ru lin g  th e  w o r ld , a n d  o f  a  u n ify in g  p r in c ip le , th a t o f  a l l-p e r v a d in g  m a th 

e m a tica l h a rm on ies . I n  th e  e n d  h e  fa ile d  in  his in itia l p r o je c t  o f  p r o v id 

in g  th e  m e c h a n ic a l e x p la n a t io n  fo r  th e  o b s e r v e d  m o tio n s  o f  th e  p lan ets , 

b u t  h e  s u c c e e d e d  a t least in  th r o w in g  a  b r id g e  fr o m  th e  o ld  v ie w  o f  th e  

w o r ld  as u n ch a n g e a b le  co sm o s  to  th e  n e w  v ie w  o f  th e  w o r ld  as th e  p la y 

g r o u n d  o f  d y n a m ic  a n d  m a th e m a tica l law s. A n d  in  th e  p ro ce ss  h e  tu rn ed
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u p , as i f  it w ere  b y  a c c id e n t , th ose  c lu es  w h ic h  N e w to n  n e e d e d  f o r  th e 

e v en tu a l esta b lish m en t o f  th e  n e w  v ie w .

T o w a r d  a  C e l e s t ia l  M a c h i n e

A  s o u n d  in s t in c t  f o r  p h y s i c s  a n d  a  c o m m i t m e n t  t o  n e o - P l a t o n i c  m e t a 

p h y s ic s — th ese a re  K e p le r ’ s tw o  m a in  g u id es  w h ic h  are  n o w  to  b e  e x 

a m in e d  sep a ra te ly  a n d  at th e ir  p o in t  o f  m e rg e r . A s  to  th e  first, K e p le r ’ s 

gen iu s in  p h ysics  has o ft e n  b e e n  o v e r lo o k e d  b y  cr itics  w h o  w e re  ta k en  

a b a ck  b y  h is fr e q u e n t  ex cu rs ion s  b e y o n d  th e  b o u n d s  o f  s c ie n ce  as th ey  

ca m e  to  b e  u n d e r s to o d  la ter , a lth o u g h  h is  D i o p t r i c e  (1 6 1 1 )  a n d  his 

m a th e m a tica l w o r k  o n  in fin itesim a ls  ( in  N o v 6  S t e r e o m e t r i 6 , 1 6 1 5 ) 

a n d  o n  log a rith m s  ( C h i l i 6 s  L o g 6 r i t h m o r u m , 1 6 2 4 ) h a v e  d ir e c t  a p 

p ea l f o r  th e  m o d e m  m in d . B u t e v e n  K e p le r ’ s ca su a lly  d e liv e re d  o p in io n s  

o fte n  p r o v e  h is in s ig h t b e y o n d  th e  g e n e ra l state o f  k n o w le d g e  o f  h is  d a y .

O n e  e x a m p le  is h is c re d ita b le  trea tm en t o f  th e  m o t io n  o f  p r o je c t i le s  o n  

th e  ro ta t in g  ea rth , e q u iv a le n t  to  th e  fo r m u la t io n  o f  th e  su p e rp o s itio n  

p r in c ip le  o f  v e lo c it ie s .4 A n o th e r  is h is o p in io n  o f  th e  p e r p e t u u m  m o b i l e :

As to this matter, I  believe one can prove w ith very g ood  reasons that 

neither any never-ending m otion  nor the quadrature o f  the circle— tw o prob 

lems w hich  have tortured great m inds fo r  ages— w ill ever b e  encountered o r  

offered by nature.5

B u t, o f  co u rse , o n  a  la rg e  sca le , K e p le r ’ s g en iu s  lies in  h is  e a r ly  search  

fo r  a  p h ysics  o f  th e  so la r  system . H e  is th e  first t o  lo o k  fo r  a  u n iv e r s a l  

p h y s i c a l  la w  b a s e d  o n  t e r r e s t r ia l  m e c h a n i c s  to  c o m p r e h e n d  th e  w h o le  

un iverse  in  its q u a n tita t iv e  deta ils . In  th e  A r is to te lia n  a n d  P to le m a ic  

w o r ld  sch em es, a n d  in d e e d  in  C o p e r n ic u s ’ s o w n , th e  p la n ets  m o v e d  in  

th e ir  re sp e ctiv e  o rb its  b y  law s w h ic h  w e r e  e ith er  p u re ly  m a th e m a tica l 

o r  m e ch a n ica l in  a  n on terrestr ia l sense. A s  G o ld b e c k  rem in d s  us, C o 

p ern icu s  h im se lf still w a r n e d  to  k e e p  a  c le a r  d is t in ct io n  b e tw e e n  ce lestia l 

a n d  m ere ly  terrestria l p h e n o m e n a , so  as n o t  to  “ a ttr ib u te  to  th e  ce lestia l 

b od ies  w h a t  b e lo n g s  to  th e  e a rth .” 6 T h is  c ru c ia l d is t in ct io n  d isa p p ea rs  in  

K e p le r  fr o m  th e  b e g in n in g . In  h is y o u th fu l w o r k  o f  1596 , th e  M y s t e r 

i u m  C o s m o g r 6 p h i c u m , a  sin g le  g e o m e tr ic a l d e v ic e  is u sed  to  s h o w  th e  

necessity  o f  th e  o b s e rv e d  o rb ita l a rra n g e m e n t o f  a ll p lan ets . I n  th is re 

sp ect, th e  earth  is tre a te d  as b e in g  a n  e q u a l o f  th e  o th e r  p la n e ts .7 I n  th e 

w ord s  o f  O t to  B ryk ,

T h e  central and perm anent contribution lies in this, that for  the first time

Jo h a n n e s  k e p l e r ’ s  u n i v e r s e
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the w h ole  w orld  structure was subjected to  a single law  o f construction—  

though not a force  law  such as revealed by N ew ton, and only a non-causative 

relationship betw een spaces, but nevertheless one single law .8

F o u r  years la te r  K e p le r  m eets  T y c h o  B ra h e  a n d  f r o m  h im  lea rn s to  re 

s p e c t  th e  p o w e r  o f  p rec ise  o b se rv a tio n . T h e  m e re ly  a p p r o x im a te  a g re e 

m e n t  b e tw e e n  th e  o b s e rv e d  a s tro n o m ica l fa cts  a n d  th e  sch e m e  la id  o u t  

in  th e  M y s t e r i u m  C o s m o g r 6 p h i c u m  is n o  lo n g e r  satisfy in g . T o  b e  sure, 

K e p le r  a lw ays r e m a in e d  fo n d  o f  this w o r k , a n d  in  th e  D i s s e r t 6 t i o  c u m  

N u n c i o  S i d e r e o  (1 6 1 0 )  e v e n  h o p e d  th a t G a l i le o ’ s n e w ly -fo u n d  m o o n s  

o f  J u p ite r  w o u ld  h e lp  to  fill in  o n e  o f  th e  g a p s  le ft  in  h is  g e o m e tr ic a l 

m o d e l. B u t w ith  a n o th e r  p a r t  o f  h is b e in g  K e p le r  k n o w s  th a t a n  en tire ly  

d iffe r e n t  a p p r o a c h  is w a n te d . A n d  h e re  K e p le r  tu rn s to  th e  n e w  c o n 

c e p t io n  o f  th e  u n iverse . W h ile  w o r k in g  o n  th e  A s t r o n o m í 6  N o v 6  in  

1605 , K e p le r  lays o u t  h is  p r o g r a m :

I  am  m uch  occu p ied  w ith the investigation o f  the physical causes. M y  aim 

in  this is to show  that the celestial m achine is to  be  likened not to a divine 

organism  but rather to a clockw ork  . . . , insofar as nearly all the m anifold  

m ovem ents are carried out by  means o f  a single, quite sim ple m agnetic force , 

as in the case o f  a clockw ork  all m otions [are caused] by  a sim ple w eight. 

M oreover I show  how  this physical con ception  is to  be  presented through 

calculation  and geom etry.9

T h e  ce lestia l m a c h in e , d r iv e n  b y  a  s in g le  terrestria l fo r c e , in  th e  im a g e  

o f  a  c lo c k w o r k ! T h is  is in d e e d  a  p r o p h e t ic  g o a l. P u b lish e d  in  1609 , th e 

A s t r o n o m í 6  N o v 6  s ig n ifica n tly  bea rs  th e  su b title  P h y s i c 6  G o e l e s t i s . 

T h e  b o o k  is best k n o w n  f o r  c o n ta in in g  K e p le r ’ s F irst a n d  S e c o n d  L a w s  

o f  p la n e ta ry  m o t io n , b u t  it  represen ts p r im a r ily  a  se a rch  f o r  o n e  u n i 

versa l fo r c e  la w  to  e x p la in  th e  m o t io n s  o f  p la n ets— M a r s  in  p a rt icu la r—  

as w e ll as g ra v ity  a n d  th e  tides. T h is  b re a th ta k in g  c o n c e p t io n  o f  u n ity  is 

p e rh a p s  e v e n  m o r e  str ik in g  th a n  N e w to n ’ s, f o r  th e  s im p le  rea son  th a t 

K e p le r  h a d  n o  p re d e ce sso r .

T h e  P h ysics  o f  th e  C e les tia l M a c h in e

K e p le r ’ s first r e c o g n it io n  is th a t fo r c e s  b e tw e e n  b o d ie s  a re  ca u s e d  n o t  

b y  th e ir  re la tiv e  p o s it io n s  o r  th e ir  g e o m e tr ic a l a rra n g em en ts , as w a s  a c 

c e p te d  b y  A r is to t le , P to le m y , a n d  C o p e r n icu s , b u t  b y  m e ch a n ica l in -
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tera ction s b e tw e e n  th e  m a teria l o b je c ts . A lr e a d y  in  th e  M y s t e r i u m  

C o s m o g r 6 p h i c u m  (C h a p te r  1 7 ) h e  a n n o u n c e d  “ N u llu m  p u n c tu m ,  

n u llu m  c en tr u m  g ra v e  est ”  a n d  h e  g a v e  th e  e x a m p le  o f  th e  a ttra ct io n  

b e tw een  a  m a g n e t  a n d  a  p ie c e  o f  ir o n . I n  W ill ia m  G ilb e r t ’ s D e  M 6 g - 

n e t e  ( 1 6 0 0 ) ,  p u b lish e d  fo u r  years la ter, K e p le r  fin d s  a  ca r e fu l e x p la 

n a tion  th a t th e  a c t io n  o f  m a g n ets  seem s to  c o m e  fr o m  p o le  p o in ts , b u t  

m ust b e  a ttr ib u ted  to  th e  p arts  o f  th e  b o d y , n o t  th e  p o in ts .

In  th e  sp irited  O b je c t io n s  w h ic h  K e p le r  a p p e n d e d  to  h is o w n  trans 

la tion  o f  A r is to t le ’ s m Pl ovpavov, h e  states e p ig ra m m a tic a lly  “ D a s  M it t e le  

is n ur e in  D i ip f f l in ”  a n d  h e  e la b ora tes  as fo l lo w s :

H ow  can the earth, or  its nature, notice, recognize and seek after the center 

o f the w orld  w hich  is only a little point [D iip fflin ]— and then go  tow ard it?

T h e  earth is not a hawk, and the center o f the w orld  not a little b ird ; it [the 

center] is also not a m agnet w hich  cou ld  attract the earth, for  it has no sub

stance and therefore cannot exert a force.

I n  th e  I n tr o d u c t io n  to  th e  A s t r o n o m í 6  N o v 6 , w h ic h  w e  shall n o w  

co n s id e r  in  s o m e  d e ta il, K e p le r  is q u ite  e x p l ic i t :

A  m athem atical point, whether it be  the center o f  the w orld  or  not, cannot 

m ove and attract a heavy ob ject . . . .  Let the [Aristotelian] physicists prove 

that such a force  is to  be associated w ith a point, one w hich  is neither cor 

poreal nor recognisable as anything but a pure reference [mark].

T h u s  w h a t  is n e e d e d  is a  “ tru e  d o c tr in e  c o n c e r n in g  g ra v ity ” ; th e  

a x iom s le a d in g  to  it  in c lu d e  th e  fo l lo w in g :

Gravitation consists in the m utual bod ily  striving am ong related bodies to 

ward union or connection ; ( o f  this order is also the m agnetic fo r c e ) .

T h is  p r e m o n it io n  o f  u n iv ersa l g ra v ita t io n  is b y  n o  m ea n s  a n  iso la ted  

ex a m p le  o f  lu ck y  in tu it io n . K e p le r ’ s fe e l in g  f o r  th e  p h y s ica l s itu a tion  is 

a d m ira b ly  so u n d , as sh o w n  in  a d d it io n a l a x io m s :

I f  the earth w ere not round, a heavy bod y  w ould  be  driven not everywhere 

straight toward the m idd le  o f  the earth, but tow ard different points from  

different places.

I f  one were to transport tw o stones to  any arbitrary place in the w orld , 

closely together but outside the field o f force  [e x tra  o rb e  v irtu tis] o f  a third 

related body, then those stones w ould  com e together at som e interm ediate 

place similar to tw o m agnetic bodies, the first approaching the second through 

a distance w hich is proportional to the mass [m oles'] o f  the second.
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A n d  a fte r  th is p r e c u r s o r  o f  th e  p r in c ip le  o f  c o n s e r v a t io n  o f  m o m e n tu m , 

th ere  fo l lo w s  th e  first a t te m p t  a t a  g o o d  e x p la n a t io n  fo r  th e  tid es  in  

term s o f  a  f o r c e  o f  a ttra ct io n  e x e r te d  b y  th e  m o o n .

B u t th e  A c h ille s ’ h e e l o f  K e p le r ’ s ce lestia l p h y sics  is fo u n d  in  th e  v e ry  

first “ a x io m ,”  in  h is A r is to te lia n  c o n c e p t io n  o f  th e  la w  o f  in ertia , w h e re  

in e rtia  is id e n t if ie d  w ith  a  te n d e n cy  to  c o m e  to  rest— ca u sa  p r iv a tiv a  

m o tu s :

O utside the field o f  fo rce  o f  another related body, every b od ily  substance, 

insofar as it is corporea l, by  nature tends to rem ain at the same p lace at 

w h ich  it finds itself.10

T h is  a x io m  d e p r iv e s  h im  o f  th e  c o n c e p ts  o f  m ass a n d  fo r c e  in  u se fu l 

fo r m — th e  c r u c ia l too ls  n e e d e d  f o r  s h a p in g  th e  ce lestia l m e ta p h y s ics  o f  

th e  a n cien ts  in t o  th e  ce lestia l p h ysics  o f  th e  m o d e m s . W it h o u t  th ese  c o n 

c e p ts , K e p le r ’ s w o r ld  m a c h in e  is d o o m e d . H e  has to  p r o v id e  sep a ra te  

fo r c e s  f o r  th e  p r o p u ls io n  o f  p la n ets  ta n g e n tia lly  a lo n g  th e ir  p a th s  a n d  

fo r  th e  ra d ia l c o m p o n e n t  o f  m o t io n .

M o r e o v e r ,  h e  a ssu m ed  th a t th e  fo r c e  w h ic h  re a ch e s  o u t  fr o m  th e  sun  

to  k e e p  th e  p la n e ts  in  ta n g e n tia l m o t io n  fa lls  in v erse ly  w ith  th e  in cre a s 

in g  d ista n ce . T h e  o r ig in  a n d  th e  co n s e q u e n c e s  o f  th is a ssu m p tio n  are  

v e r y  in terestin g . I n  C h a p te r  20  o f  th e  M y s t e r i u m  C o s m o g r 6 p h i c u m , 

h e  s p e c u la te d  ca su a lly  w h y  th e  s id erea l p e r io d s  o f  r e v o lu t io n  o n  th e  

C o p e r n ic a n  h y p oth es is  s h o u ld  b e  la rg e r  f o r  th e  m o r e  d ista n t p la n ets , a n d  

w h a t  fo r c e  la w  m ig h t  a c c o u n t  f o r  th is :

W e  must m ake one o f  tw o assum ptions: either the forces o f  m otion  [a n im a e  

m o tr ic e s ] [are inherent in  the planets] and are feeb ler the m ore rem ote they 

are from  the sun, o r  there is on ly  one a n im a m o tr ix  at the center o f  the orbits, 

that is, in  the sun. I t  drives the m ore vehem ently the closer the [m oved] bod y  

lies; its effect on  the m ore distant bodies is reduced  because o f  the distance 

[and the corresponding] decrease o f  the im pulse. Just as the sun contains the 

source o f  light and the center o f  the orbits, even so can one trace back to  this 

sam e sun life, m otion  and the soul o f  the w orld  . . . .  N ow  let us note h ow  this 

decrease occurs. T o  this end w e w ill assume, as is very probable, that the 

m oving effect is w eakened through spreading from  the sun in the same m anner 

as light.

T h is  su g g estiv e  im a g e — w ith  its im p o r ta n t  o v e r to n e s  w h ic h  w e  shall 

d iscuss b e lo w — d o e s , h o w e v e r , n o t  le a d  K e p le r  to  th e  in v e rse -sq u a re  la w  

o f  fo r c e , f o r  h e  is th in k in g  o f  th e  s p r e a d in g  o f  lig h t  in  a p la n e , c o r -
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re sp o n d in g  to  the p la n e  o f  p la n eta ry  orb its . T h e  d ecrea se  o f  lig h t in te n 

sity is th e re fo re  assoc ia ted  w ith  th e  lin ea r  in crea se  in  c ir c u m fe r e n c e  fo r  

m o re  d istan t o rb its ! In  his p r e -N e w to n ia n  p h ysics , w h ere  fo r c e  is p r o 

p o r t io n a l n o t  to  a c c e le r a t io n  b u t  to  v e lo c ity , K e p le r  fin d s  a  re a d y  use fo r  

the in verse  firs t -p o w e r  la w  o f  g ra v ita tio n . I t  is e x a ct ly  w h a t  h e  n eed s  to  

e x p la in  h is o b se rv a tio n  th at th e  sp eed  o f  a  p la n e t  in  its e ll ip t ica l o rb it  

decreases lin ea rly  w ith  th e  in crea se  o f  th e  p la n e t ’ s d ista n ce  fr o m  th e  sun .

T h u s  K e p le r ’ s S e c o n d  L a w  o f  P la n eta ry  M o t io n — w h ic h  h e  a ctu a lly  

d isco v e re d  b e fo r e  th e  so -ca lle d  F irst a n d  T h ir d  law s— fin d s a  p a rtia l 

p h ysica l e x p la n a tio n  in  jo in in g  severa l e rro n e o u s  postu la tes.

I n  fa c t , it  is c le a r  fr o m  th e  c o n te x t  th at th ese p ostu la tes  o r ig in a lly  

su ggested  th e  S e c o n d  L a w  to  K e p le r .11 B u t n o t  a lw ays is th e  fin a l o u t 

c o m e  so  h a p p y . I n d e e d , th e  h y p oth es is  c o n c e r n in g  th e  p h y s ica l fo r ce s  

a c t in g  o n  th e  p la n e t  seriou sly  delays K e p le r ’ s p rog ress  to w a rd  th e  la w  o f  

e llip tica l orb its  (F irst  L a w ) . H a v in g  sh o w n  th a t “ th e  p a th  o f  th e  p la n e t  

[M ars] is n o t  a  c ir c le  b u t  a n  o v a l  fig u re ,”  h e  a ttem p ts  (C h a p te r  4 5 , 

A s t r o n o m í 6  N o v 6 ) to  fin d  th e  d eta ils  o f  a  p h y s ica l fo r c e  la w  w h ic h  

w o u ld  ex p la in  th e  “ o v a l”  p a th  in  a  q u a n t ita t iv e  m a n n er . B u t a fte r  ten  

ch a p ters  o f  te d io u s  w o r k  h e  has to  con fess  th a t “ th e  p h y s ica l cau ses in  

the fo r ty -fifth  c h a p te r  thus g o  u p  in  sm ok e .”  T h e n  in  th e  rem a rk a b le  

fifty -seven th  c h a p te r , a  fin a l a n d  ra th er  d e sp e ra te  a tte m p t  is m a d e  to  

fo rm u la te  a  fo r c e  la w . K e p le r  e v e n  dares to  en terta in  th e  n o t io n  o f  

c o m b in e d  m a g n e t ic  in flu e n ce s  a n d  a n im a l fo r c e s  [t/w a nim a lia ] in  th e  

p la n eta ry  system . O f  cou rse , th e  a tte m p t fa ils . T h e  a c c u r a te  c lo c k w o r k 

like celestia l m a c h in e  c a n n o t  b e  co n s tru cte d .

T o  b e  sure, K e p le r  d oes  n o t  g iv e  u p  h is c o n v ic t io n  th a t a  u n iversa l 

fo r c e  exists in  the u n iverse , ak in  to  m a g n etism . F o r  e x a m p le , in  B o o k  4  

o f  th e  E p i t o m e  o f  G o p e r n i c 6 n  A s t r o n o m y  ( 1 6 2 0 ) ,  w e  e n c o u n te r  th e  

p ic tu re  o f  a  su n  as a  sp h erica l m a g n e t  w ith  o n e  p o le  a t  th e  c e n te r  a n d  

the o th e r  d istr ib u ted  o v e r  its su r fa ce . T h u s  a  p la n e t , itse lf m a g n e tiz e d  

like  a  b a r  m a g n e t  w ith  a  f ix e d  ax is , is a ltern a te ly  a ttra cte d  to  a n d  re 

p e lle d  fr o m  th e  su n  in  its e llip t ica l o rb it . T h is  is t o  e x p la in  th e  ra d ia l 

c o m p o n e n t  o f  p la n e ta ry  m o t io n . T h e  ta n g en tia l m o t io n  has b e e n  p r e 

v iou sly  e x p la in e d  ( in  C h a p te r  34 , A s t r o n o m í 6  N o v 6 ) as resu ltin g  fr o m  

the d r a g  o r  to rq u e  w h ich  m a g n e tic  lines o f  f o r c e  fr o m  th e  ro ta t in g  sun  

are  su p p osed  to  e x e rt  o n  th e  p la n e t  as th ey  sw eep  o v e r  it. B u t th e  p ic tu r e  

rem ains q u a lita tiv e  a n d  in co m p le te , a n d  K e p le r  d oes  n o t  re tu rn  to  his 

o r ig in a l p la n  to  “ sh o w  h o w  this p h y s ica l c o n c e p t io n  is to  b e  p resen ted
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th r o u g h  c a lc u la t io n  a n d  g e o m e tr y .” 9 N o r  d o e s  his lo n g  la b o r  b r in g  h im  

e v e n  a  fa ir  a m o u n t  o f  r e c o g n it io n . G a lile o  in tr o d u ce s  K e p le r ’ s w o r k  in to  

h is d iscu ss ion  o n  th e  w o r ld  system s o n ly  to  s c o f f  a t K e p le r ’ s n o t io n  tlia t 

th e  m o o n  a ffe c ts  th e  tid es ,12 e v e n  th o u g h  T y c h o  B ra h e ’ s d a ta  a n d  

K e p le r ’s w o r k  b a sed  o n  th e m  h a d  sh o w n  th a t th e  C o p e m ic a n  s ch e m e  

w h ic h  G a li le o  w as so  a rd e n tly  u p h o ld in g  d id  n o t  c o r r e s p o n d  to  th e  e x 

p e r im e n ta l fa c ts  o f  p la n e ta r y  m o t io n . A n d  N e w t o n  m a n a g e s  to  rem a in  

s tra n g e ly  s ilen t a b o u t  K e p le r  th r o u g h o u t  B o o k s  I  a n d  I I  o f  th e  P r i n c i 

p i 6 , b y  in tr o d u c in g  th e  T h ir d  L a w  a n o n y m o u s ly  as “ th e  p h e n o m e n o n  o f  

th e  3 /2 t h  p o w e r ”  a n d  th e  F irst a n d  S e c o n d  L a w s  as “ th e  C o p e m ic a n  

h y p o th e s is .” 13 K e p le r ’ s th re e  law s h a v e  c o m e  to  b e  tre a te d  as essentia lly  

e m p ir ic a l  ru les. H o w  fa r  r e m o v e d  th is a c h ie v e m e n t  w a s  fr o m  h is  o r ig in a l 

a m b it io n !

K e p l e r ’ s F irst C r ite r io n  o f  R e a l i t y :  T h e  P h y s ica l O p e r a t io n s  o f  N a tu r e

L e t  us n o w  set a s id e  f o r  a  m o m e n t  th e  fa c t  th a t K e p le r  fa ile d  to  b u ild  

a  m e c h a n ic a l m o d e l  o f  th e  u n iv erse , a n d  ask w h y  h e  u n d e r to o k  th e  task 

a t  a ll. T h e  a n sw er  is th a t  K e p le r  (r a th e r  like  G a l i le o )  w a s  try in g  t o  es 

ta b lish  a  n e w  p h ilo s o p h ic a l in te r p r e ta t io n  f o r  “ rea lity .”  M o r e o v e r ,  h e  

w a s  q u ite  a w a re  o f  th e  n o v e lty  a n d  d iff ic u lty  o f  th e  task.

I n  h is o w n  w o rd s , K e p le r  w a n te d  to  “ p r o v id e  a  p h ilo s o p h y  o r  p h y sics  

o f  ce lestia l p h e n o m e n a  in  p la c e  o f  th e  t h e o lo g y  o r  m eta p h y s ics  o f  A ris 

to t le .” 14 K e p le r ’ s c o n te m p o ra r ie s  g e n e ra lly  r e g a r d e d  h is in te n tio n  o f  

p u tt in g  law s o f  p h ysics  in to  a s tro n o m y  as a  n e w  a n d  p r o b a b ly  p o in tless  

id e a . E v e n  M ic h a e l  M á s tlin , K e p le r ’ s o w n  b e lo v e d  te a ch e r , w h o  h a d  

in tr o d u c e d  K e p le r  to  th e  C o p e m ic a n  th e o ry , w r o te  h im  o n  O c t o b e r  1, 

1 6 1 6 :

C oncern ing the m otion  o f  the m oon  you write you have traced  all the in 

equalities to  physical causes; I  d o  not quite understand this. I  think rather 

that here one should leave physical causes out o f  account, and should explain  

astronom ical matters on ly  accord in g  to astronom ical m eth od  with the aid  o f  

astronom ical, not physical, causes and hypotheses. T h a t is, the calculation  

dem ands astronom ical bases in  the field o f  geom etry and arithm etic . . . .

T h e  d if fe r e n c e  b e tw e e n  K e p le r ’ s c o n c e p t io n  o f  th e  “ p h y s ica l”  p r o b 

lem s o f  a s tro n o m y  a n d  th e  m e th o d o lo g y  o f  h is co n te m p o ra r ie s  revea ls  

itse lf c le a r ly  in  th e  ju x ta p o s it io n  o f  re p re se n ta tiv e  letters b y  th e  tw o  

grea test a s tro n o m e rs  o f  th e  tim e— T y c h o  B ra h e  a n d  K e p le r  h im se lf.
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T y c h o ,  w r it in g  to  K e p le r  o n  D e c e m b e r  9 , 1599 , rep ea ts  th e  p r e o c c u p a 

t io n  o f  t w o  m ille n n ia  o f  a s tr o n o m ic a l s p e c u la t io n s :

I  d o  not deny that the celestial m otions achieve a certain sym m etry [through 

the C op em ica n  hypothesis], and that there are reasons w hy the planets carry 

through their revolutions around this or  that center at different distances from  

the earth or the sun. H ow ever, the harm ony or  regularity o f  the schem e is 

to be discovered on ly  a posteriori . . . .  A n d  even if  it should appear to som e 

puzzled and rash fe llow  that the superposed circu lar m ovem ents on the heav 

ens yield som etim es angular o r  other figures, m ostly  elongated ones, then it 

happens accidentally, and reason recoils in horror from  this assumption. F or one 

must com pose the revolutions o f  celestial ob jects  definitely from  circu lar m o 

tions; otherwise they cou ld  not com e  back on  the sam e path eternally in 

equal manner, and an eternal duration w ou ld  b e  im possib le, not to  m ention  

that the orbits w ou ld  be less sim ple, and irregular, and unsuitable fo r  scientific 

treatment.

T h is  m a n ife s to  o f  a n c ie n t  a s tro n o m y  m ig h t  in d e e d  h a v e  b e e n  s u b scr ib e d  

to  b y  P y th a g ora s , P la to , A r is to t le , a n d  C o p e r n ic u s  h im se lf. A g a in s t  it,

K e p le r  m a in ta in s  a  n e w  sta n d . W r it in g  t o  D .  F a b r ic iu s  o n  A u g u st  1,

1607 , h e  sou n d s  th e  g r e a t  n e w  le i tm o t i f  o f  a s tr o n o m y : “ T h e  d if fe r e n c e  

consists o n ly  in  th is, th a t y o u  u se  c irc le s , I  u se b o d ily  f o r c e s A n d  in  th e  

sam e le tter, h e  d e fe n d s  h is use o f  th e  e llip se  in  p la c e  o f  th e  su p e rp o s it io n  

o f  c irc les  to  rep resen t th e  o r b it  o f  M a r s :

W hen you say it is not to be  dou bted  that all m otions occu r on  a perfect 

circle, then this is false for the com posite, i.e., the real m otions. A ccord in g  

to C opernicus, as explained, they occu r on  an orbit distended at the sides, 

whereas accord in g  to P tolem y and Brahe on spirals. But if  you speak o f  co m 

ponents o f  m otion , then you speak o f  som ething existing in thought; i.e., som e 

thing that is not there in reality. F or nothing courses on  the heavens except 

the planetary bodies themselves— no orbs, n o e p icy c le s . . . .

T h is  s tra ig h t fo rw a rd  a n d  m o d e r n -s o u n d in g  sta tem en t im p lie s  th a t b e 

h in d  th e  w o r d  “ re a l”  stands “ m e c h a n ic a l ,”  th a t  f o r  K e p le r  th e  rea l 

w o r ld  is th e  w o r ld  o f  o b je c t s  a n d  o f  th e ir  m e c h a n ic a l in te ra c t io n s  in  th e  

sense w h ic h  N e w t o n  u s e d ; e .g ., in  th e  p r e fa c e  to  th e  P r i n c i p i 6  :

T h en  from  these [gravitational] forces, by  other propositions w hich  are 

also m athem atical, I deduce the m otions o f  the planets, the com ets, the m oon, 

and the sea. I wish w e cou ld  derive the rest o f the phenom ena o f  nature by 

the same kind o f reasoning from  m echanical principles . . .  ,15
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T h u s  w e  a re  te m p te d  to  see K e p le r  as a  n a tu ra l p h ilo s o p h e r  o f  th e  

m e c h a n is t ic -ty p e  la ter  id e n t ifie d  w ith  th e  N e w to n ia n  d isc ip les . B u t this 

is d e c e p t iv e . P a rticu la r ly  a fte r  th e  fa ilu re  o f  th e  p r o g r a m  o f  th e  A s t r o 

n o m í 6  N o v 6 , a n o th e r  a sp e ct  o f  K e p le r  asserted  itse lf. T h o u g h  h e  d o e s  

n o t  a p p e a r  t o  h a v e  b e e n  co n s c io u s  o f  it, h e  n e v e r  re so lv e d  fin a lly  

w h e th e r  th e  c r ite r ia  o f  rea lity  a re  t o  b e  s o u g h t  o n  th e  p h y s ica l  o r  th e  

m eta p h y s ica l  le v e l. T h e  w o r d s  “ rea l”  o r  “ p h y s ica l”  th em selves , as u sed  

b y  K e p le r ,  c a r ry  tw o  in te rp e n e tra t in g  c o m p le x e s  o f  m e a n in g . T h u s  o n  

r e c e iv in g  M á s tlin ’ s le tte r  o f  O c t o b e r  1, 1616 , K e p le r  jo t s  d o w n  in  th e  

m a r g in  h is  o w n  d e fin it io n  o f  “ p h y s ic a l” :

I ca ll m y hypotheses physical fo r  tw o reasons . . . .  M y  aim  is to  assume 

on ly  those things o f  w h ich  I d o  not d ou bt they are real and consequently 

physical, w here one must refer to  the nature o f  the heavens, not the elements. 

W h en  I dismiss the perfect eccentric and the ep icycle , I  d o  so because they 

are purely geom etrical assumptions, for  w hich  a corresponding b od y  in the 

heavens does not exist. T h e  second reason for  m y calling m y hypotheses phys

ical is this . . .  I  prove that the irregularity o f  the m otion  [o f planets] cor 

responds to the nature o f the planetary sphere; i.e., is physical.

T h is  th ro w s  th e  b u rd e n  o n  th e  n a tu re  o f  h e a v e n s , th e  n a tu re  o f  b o d ie s . 

H o w , th en , is o n e  to  r e co g n iz e  w h e th e r  a  p o s tu la te  o r  c o n c e p t io n  is in  

a c c o r d  w ith  th e  n a tu re  o f  th in g s?

T h is  is th e  m a in  q u e s tio n , a n d  to  it  K e p le r  h as a t  th e  sa m e t im e  tw o  

v e r y  d iffe r e n t  an sw ers, e m e rg in g , as it w e r e , f r o m  th e  tw o  p a rts  o f  h is 

sou l. W e  m a y  p h ra se  o n e  o f  th e  tw o  an sw ers as fo l lo w s : th e  p h y s ica lly  

rea l w o r ld , w h ich  d efin es  th e  n a tu re  o f  th in g s, is th e  w o r ld  o f  p h e n o m 

en a  ex p la in a b le  b y  m e ch a n ic a l  p r in c ip le s . T h is  c a n  b e  c a lle d  K e p le r ’ s 

first c r ite r io n  o f  rea lity , a n d  assum es th e  p oss ib ility  o f  fo r m u la t in g  a  

s w e e p in g  a n d  con s is ten t d y n a m ics  w h ic h  K e p le r  o n ly  sensed  b u t  w h ic h  

w a s  n o t  to  b e  g iv e n  u n til N e w t o n ’ s P r i n c i p i 6 . K e p le r ’ s o th e r  a n sw er, t o  

w h ic h  h e  k eep s  r e tu rn in g  a g a in  a n d  a g a in  as h e  fin d s  h im s e lf r e b u ffe d  

b y  th e  d e fic ie n c ie s  o f  h is d y n a m ics , a n d  w h ic h  w e  sh a ll n o w  e x a m in e  in  

d e ta il, is th is : th e  p h y s ica lly  rea l w o r ld  is th e  w o r ld  o f  m a th em a tica lly  

e x p r es s e d  h a rm o n ies  w h ic h  m a n  ca n  d is c o v e r  in  th e  ch a o s  o f  ev e n ts .

K e p l e r ’ s S e c o n d  C r ite r io n  o f  R e a l i t y :  T h e  M a th e m a tic a l  

H a r m o n ie s  o f  N a tu r e

K e p le r ’ s fa ilu re  t o  c o n s tr u c t  a  P h y sica  C o e le s tis  d id  n o t  d a m a g e  his 

c o n c e p t io n  o f  th e  a s tro n o m ica l w o r ld . T h is  w o u ld  b e  stran ge  in d e e d  in
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a m a n  o f  h is s ta m p  i f  h e  d id  n o t  h a v e  a  re a d y  a lte rn a tiv e  to  th e  m e c h 

an istic  p o in t  o f  v ie w . O n ly  ra re ly  d o e s  h e  seem  to  h a v e  b e e n  rea lly  u n 

c o m fo r ta b le  a b o u t  th e  p o o r  su ccess o f  th e  la tter , as w h e n  h e  is fo r c e d  to  

sp ecu la te  h o w  a  sou l o r  an  in h e re n t in te llig e n ce  w o u ld  h e lp  t o  k e e p  a  

p la n et o n  its p a th . O r  a g a in , w h e n  th e  p e r io d  o f  r o ta t io n  o f  th e  sun  

w h ich  K e p le r  h a d  p o s tu la te d  in  h is  p h y s ica l m o d e l p r o v e d  to  b e  v e ry  

d iffe re n t  fr o m  th e  a ctu a l ro ta t io n  as first o b s e r v e d  th ro u g h  th e  m o t io n  

o f  sunspots, K e p le r  w a s  ch a ra cte r is t ica lly  n o t  u n d u ly  d istu rb ed . T h e  

tru th  is th at d esp ite  h is  p ro testa tion s , K e p le r  w as n o t  as c o m m it te d  to  

m e ch a n ica l e x p la n a tio n s  o f  ce lestia l p h e n o m e n a  as w as, say, N e w to n . H e  

h a d  a n o th e r  r o u te  o p e n  to  h im .

H is  o th e r  c r ite r io n , h is  s e co n d  a n sw er to  th e  p r o b le m  o f  p h y s ica l 

reality , s tem m ed  fr o m  th e  sam e s o u r c e  as h is o r ig in a l in terest in  as 

t r o n o m y  a n d  his fa s c in a t io n  w ith  a  u n iv erse  d e s cr ib a b le  in  m a th e m a tica l 

term s, n a m e ly  fr o m  a  fre q u e n t ly  a c k n o w le d g e d  m eta p h y s ics  r o o te d  in  

P la to  a n d  n eo -P la ton is ts  su ch  as P ro c lu s  D ia d o c h u s . I t  is th e  c r ite r io n  

o f  h a r m o n io u s  r e g u la r i t y  in  t h e  d e s c r i p t i v e  la w s  o f  s c i e n c e .  O n e  m u st 

b e  ca re fu l n o t  to  d ism iss it e ith e r  as ju s t  a  r e a p p e a r a n c e  o f  a n  o ld  d o c 

trin e o r  as an  a esth e tic  re q u ire m e n t  w h ic h  is still r e co g n iz e d  in  m o d e m  

scien tific  w o r k ; K e p le r ’ s c o n c e p t io n  o f  w h a t  is “ h a rm o n io u s ”  w a s  fa r  

m o re  sw eep in g  a n d  im p o r ta n t  th an  e ith er .

A  c o n c r e te  e x a m p le  is a g a in  a f fo r d e d  b y  th e  S e c o n d  L a w , th e  “ L a w  

o f  E q u a l A rea s .”  T o  T y c h o ,  C o p e r n icu s , a n d  th e  g re a t  G re e k  a s tro n o 

m ers, th e  h a rm o n io u s  reg u la rity  o f  p la n e ta ry  b e h a v io r  w a s  to  b e  fo u n d  

in  th e  u n ifo r m  m o t io n  in  c o m p o n e n t  c ircles. B u t K e p le r  r e co g n iz e d  th e  

orb its— a fte r  a  lo n g  stru gg le— as e llip si o n  w h ic h  p la n ets  m o v e  in  a  n o n -  

u n ifo r m  m a n n e r . T h e  fig u re  is lo p s id e d . T h e  s p e e d  va ries  fr o m  p o in t  to  

p o in t . A n d  yet, n estled  w ith in  this d o u b le  c o m p le x ity  is h id d e n  a  h a r 

m o n io u s  reg u la rity  w h ic h  tra n sp orts  its ecsta tic  d is co v e re r— n a m e ly , th e  

fa c t  th a t a  co n sta n t a rea  is sw e p t o u t  in  e q u a l in terva ls  b y  a  lin e  fr o m  

the fo c u s  o f  th e  e llip se , w h e re  th e  su n  is, t o  th e  p la n e t  o n  th e  e llipse . F o r  

K e p le r , th e  la w  is h a rm o n io u s  in  th ree  sep a ra te  senses.

F irst, it is in  a c c o r d  w i th  e x p e r i e n c e .  W h e re a s  K e p le r , d esp ite  lo n g  

a n d  h a rd  la b ors , h a d  b een  u n a b le  to  fit T y c h o ’ s a ccu ra te  ob serv a tion s  o n  

the m o tio n  o f  M a rs  in to  a  c lassica l s ch e m e  o f  su p e rp o se d  c irc le s , th e  

p ostu la te  o f  an  e llip t ica l p a th  fitted  th e  o b serv a tion s  at o n c e . K e p le r ’s 

d ic tu m  w a s : “ h a rm o n ie s  m u st a c c o m m o d a te  e x p e r ie n ce .” 16 H o w  d iffi 

cu lt  it m ust h a v e  b e e n  fo r  K e p le r , a  P y th a g o re a n  to  th e  m a r ro w  o f  his
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b o n e s , to  fo rsa k e  c ir c le s  f o r  e llip s i! F o r  a  m a tu re  scien tist to  fin d  in  h is 

o w n  w o r k  th e  n e e d  fo r  a b a n d o n in g  h is  ch e r ish e d  a n d  in g ra in e d  p r e 

c o n c e p t io n s , th e  v e r y  basis o f  h is p r e v io u s  sc ien tific  w o r k , in  o r d e r  to  

fu lfill th e  d ic ta te s  o f  q u a n t ita t iv e  e x p e r ie n ce — this w a s  p e rh a p s  o n e  o f  

th e  g re a t  sa cr ific ia l a cts  o f  m o d e m  sc ie n ce , e q u iv a le n t  in  r e ce n t  s c ie n 

t if ic  h is to ry  to  th e  a g o n y  o f  M a x  P la n ck . K e p le r  c le a r ly  d r e w  th e  

s tren g th  fo r  th is a c t  f r o m  th e  b e l ie f  th a t  it  w o u ld  h e lp  h im  to  g a in  a n  

e v e n  d e e p e r  in s ig h t in to  th e  h a r m o n y  o f  th e  w o r ld .

T h e  s e c o n d  rea son  fo r  r e g a r d in g  th e  la w  as h a r m o n io u s  is its r e fe r 

e n c e  to , o r  d is c o v e r y  o f ,  a  c o n s ta n c y , a lth o u g h  n o  lo n g e r  a  co n s ta n cy  

s im p ly  o f  a n g u la r  v e lo c ity  b u t  o f  a rea l v e lo c ity . T h e  ty p ica l la w  o f  a n 

c ie n t  p h y s ica l s c ie n c e  h a d  b e e n  A r c h im e d e s ’ la w  o f  th e  le v e r : a  re la t io n  

o f  d ir e c t  o b se rv a b le s  in  sta tic  c o n fig u r a t io n . E v e n  th e  w o r ld  system s o f  

C o p e r n ic u s  a n d  o f  K e p le r ’ s M y s t e r i u m  C o s m o g r 6 p h i c u m  still h a d  

le n t  th em se lv es  to  v isu a liza tio n  in  term s o f  a  set o f  fix e d  c o n c e n tr ic  

sph eres. A n d  w e  re ca ll th a t  G a li le o  n e v e r  m a d e  u se  o f  K e p le r ’ s e llip si, 

b u t  r e m a in e d  to  th e  e n d  a  tru e  fo l lo w e r  o f  C o p e r n ic u s  w h o  h a d  sa id  

“ th e  m in d  sh u d d e rs ”  a t  th e  s u p p o s it io n  o f  n o n c ir c u la r  n o n u n ifo r m  

ce lestia l m o t io n , a n d  “ it  w o u ld  b e  u n w o r th y  to  su p p o se  su ch  a  th in g  in  

a  C r e a t io n  c o n s titu te d  in  th e  best p o ss ib le  w a y .”

W ith  K e p le r ’ s F irst L a w  a n d  th e  p o s tu la t io n  o f  e ll ip t ica l o rb its , th e  

o ld  s im p lic ity  w as d e s tro y e d . T h e  S e c o n d  a n d  T h ir d  L a w s  esta b lish ed  

th e  p h y s ica l la w  o f  c o n s ta n c y  as a n  o r d e r in g  p r in c ip le  in  a  c h a n g in g  

s itu a tion . L ik e  th e  c o n c e p ts  o f  m o m e n tu m  a n d  c a lo r ic  in  la te r  law s o f  

c o n s ta n c y , a rea l v e lo c ity  itse lf is a  c o n c e p t  fa r  r e m o v e d  f r o m  th e  im 

m e d ia te  ob se rv a b le s . I t  w as th e r e fo r e  a  b o ld  step  to  sea rch  f o r  h a r m o n 

ies b e y o n d  b o t h  p e r c e p t io n  a n d  p r e c o n c e p t io n .

T h ir d ly , th e  la w  is h a rm o n io u s  a lso  in  a  g r a n d io s e  sen se : th e  fix e d  

p o in t  o f  r e fe r e n c e  in  th e  L a w  o f  E q u a l A rea s , th e  “ ce n te r ”  o f  p la n e ta ry  

m o t io n , is th e  c e n te r  o f  th e  su n  its e lf , w h erea s  e v e n  in  th e  C o p e m ic a n  

s ch e m e  th e  sun  w a s  a  litt le  o f f  th e  c e n te r  o f  p la n e ta ry  orb its . W ith  this 

d is co v e ry  K e p le r  m ak es th e  p la n e ta ry  system  a t  last tru ly  h e lio c e n tr ic , 

a n d  th e re b y  satisfies h is in s tin ct iv e  a n d  so u n d  d e m a n d  fo r  som e  m a te r ia l 

o b je c t  as th e  “ ce n te r ”  to  w h ic h  u lt im a te ly  th e  p h y s ica l e ffe cts  th a t k e e p  

th e  system  in  o r d e r ly  m o t io n  m u st b e  tra ce d .

A  H e l io c e n tr ic  a n d  T h e o c e n t r i c  U n iv er se

F o r  K e p le r , th e  last o f  these th ree  p o in ts  is p a rt icu la r ly  e x c it in g . T h e
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sun  at its fix e d  a n d  c o m m a n d in g  p o s it io n  a t  th e  ce n te r  o f  th e  p la n e ta ry  

system  m a tch e s  th e  p ic tu re  w h ic h  a lw ays rises b e h in d  K e p le r ’ s tab les  o f  

ted iou s  d a ta — th e  p ic tu r e  o f  a  c e n tr ip e ta l u n iverse , d ire c te d  to w a rd  a n d  

g u id e d  b y  th e  sun  in  its m a n ifo ld  ro le s : as the m a th em a tica l  c e n te r  in  

th e  d e scr ip t io n  o f  ce lestia l m o t io n s ; as th e  ce n tra l p h ys ica l  a g e n cy  fo r  

assurin g c o n t in u e d  m o t io n ;  a n d  a b o v e  a ll as th e  m eta p h y s ica l  cen ter , 

th e  te m p le  o f  th e  D e ity . T h e  th ree  ro les  are  in  fa c t  in sep a ra b le . F o r  

g ra n tin g  th e  sp ec ia l s im p lic ity  a c h ie v e d  in  th e  d e s cr ip t io n  o f  p la n e ta ry  

m o tio n s  in  th e  h e lio c e n tr ic  system , as e v e n  T y c h o  w as w illin g  to  g ra n t, 

a n d  assu m in g  a lso  th a t e a c h  p la n e t  m u st e x p e r ie n c e  a  fo r c e  to  d r a g  it 

a lo n g  its o w n  co n s ta n t  a n d  e tern a l o r b it , as K e p le r  n o  less th a n  th e 

S ch o la stics  th o u g h t  to  b e  th e  case , th e n  it  fo l lo w s  th a t th e  c o m m o n  

n e e d  is s u p p lie d  fr o m  w h a t  is c o m m o n  to  a ll o r b its ; i.e ., th e ir  c o m m o n  

cen ter , a n d  th is so u rce  o f  e tern a l co n s ta n cy  itse lf m u st b e  co n s ta n t  a n d  

etern al. T h o s e , h o w e v e r , a re  p rec ise ly  th e  u n iq u e  a ttribu tes  o f  the D e ity .

U s in g  h is ch a ra c te r is t ic  m e th o d  o f  re a so n in g  o n  th e  basis o f  a r c h e 

types, K e p le r  p ile s  fu r th e r  c o n se q u e n ce s  a n d  a n a log ies  o n  this a rg u m en t.

T h e  m ost fa m o u s  is th e  c o m p a r is o n  o f  th e  w o r ld -sp h e r e  w ith  th e  T r in 

ity : th e  sun , b e in g  at th e  ce n te r  o f  th e  sp h ere  a n d  th ereb y  a n te ce d e n t  to  

its tw o  o th e r  a ttribu tes , s u r fa ce  a n d  v o lu m e , is c o m p a r e d  to  G o d  the 

F a th er. W ith  v a r ia tio n s  th e  a n a lo g y  o c c u r s  m a n y  tim es th r o u g h o u t  

K e p le r ’ s w ritin g s, in c lu d in g  m a n y  o f  h is letters. T h e  im a g e  h a u n ts  h im  

fr o m  th e  v e ry  b e g in n in g  (e .g ., C h a p te r  2 , M y s t e r i u m  G o s m o g r 6 p h i -  

c u m ) a n d  to  th e  v e ry  e n d . C le a r ly , it  is n o t  su ffic ien t t o  d ism iss it w ith  

the usu al p h ra se  “ su n w o rsh ip .” 17 A t  th e  v e ry  least, o n e  w o u ld  h a v e  to  

a llo w  th at th e  e x u b e r a n t  K e p le r  is a  w o r s h ip p e r  o f  th e  w h o le  so la r  

system  in  all its parts.

T h e  p o w e r  o f  th e  s u n -im a g e  c a n  b e  tra ce d  to  th e  a c k n o w le d g e d  in 

f lu en ce  o n  K e p le r  b y  n eo -P la ton ists  su ch  as P ro c lu s  (f ifth  c e n tu r y ) a n d  

W ite lo  (th ir te e n th  c e n t u r y ) .  A t  th e  t im e  it  w as cu rre n t  n e o -P la to n ic  

d o c tr in e  to  id e n t ify  lig h t w ith  “ th e  so u rce  o f  all e x is te n ce ”  a n d  to  h o ld  

th at “ sp a ce  a n d  lig h t  a re  o n e .” 18 I n d e e d , o n e  o f  th e  m a in  p r e o c c u p a t io n s  

o f  th e  s ix te e n th -ce n tu ry  n eo -P la ton is ts  h a d  b e e n , t o  use a m o d e r n  term , 

th e  tra n s fo rm a tio n  p ro p e rt ie s  o f  sp a ce , lig h t , a n d  sou l. K e p le r ’ s d is 

c o v e r y  o f  a  tru ly  h e lio c e n tr ic  system  is n o t  o n ly  in  p e r fe c t  a c c o r d  w ith  

the c o n c e p t io n  o f  th e  sun as a  ru lin g  en tity , b u t  a llow s h im , fo r  th e  first 

t im e , to  fo c u s  a tte n tio n  o n  th e  su n ’ s p o s it io n  th ro u g h  a rg u m e n t fr o m  

physics.

Jo h a n n e s  k e p l e r ’ s  u n i v e r s e
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In  th e  m e d ie v a l p e r io d  th e  “ p la c e ”  f o r  G o d ,  b o th  in  A r is to te lia n  a n d  

in  n e o -P la to n ic  a s tro n o m ica l m eta p h y s ics , h a d  c o m m o n ly  b e e n  e ith er  

b e y o n d  th e  last ce lestia l sp h ere  o r  else a ll o f  s p a c e ;  f o r  o n ly  th ose  a lte r ' 

n a tives  p r o v id e d  f o r  th e  D e ity  a  “ p la c e ”  f r o m  w h ic h  a ll ce lestia l m o tio n s  

w e re  e q u iv a le n t . B u t K e p le r  c a n  a d o p t  a  th ird  p o ss ib ility : in  a  tru ly  

h e lio c e n tr ic  system  G o d  c a n  b e  b r o u g h t  b a c k  in to  th e  so lar  system  itse lf, 

so to  sp ea k , e n th r o n e d  a t  th e  fix e d  a n d  c o m m o n  re fe r e n c e  o b je c t  w h ich  

c o in c id e s  w ith  th e  s o u r c e  o f  lig h t  a n d  w ith  th e  o r ig in  o f  th e  p h y s ica l 

fo r ce s  h o ld in g  th e  system  to g e th e r . I n  th e  D e  R e v o l u t i o n i b u s  C o p e r 

n icu s  h a d  g lim p s e d  p a r t  o f  this im a g e  w h e n  h e  w r o te , a fte r  d e s cr ib in g  

th e  p la n e ta r y  a r r a n g e m e n t :

In  the m idst o f  all, the sun reposes, unm oving. W h o, indeed, in this most 

beautiful tem ple w ou ld  p lace  the light-giver in any other part than that w hence 

it can  illum ine all other parts.

B u t C o p e r n ic u s  a n d  K e p le r  w e r e  q u ite  a w a re  th a t th e  C o p e m ic a n  sun 

w as n o t  q u ite  “ in  th e  m id st  o f  a ll” ; h e n c e  K e p le r ’ s d e lig h t  w h e n , as o n e  

o f  h is earliest d isco v e r ie s , h e  fo u n d  th a t o rb ita l p la n es  o f  a ll p la n ets  

in tersect a t th e  sun .

T h e  th r e e fo ld  im p lic a t io n  o f  th e  h e lio c e n tr ic  im a g e  as m a th e m a tica l, 

p h y s ica l, a n d  m e ta p h y s ica l c e n te r  h e lp s  to  e x p la in  th e  sp e ll it  casts o n  

K e p le r . A s  W o l fg a n g  P a u li has p o in te d  o u t  in  a  h ig h ly  in terestin g  d is 

cu ss ion  o f  K e p le r ’ s w o r k  as a  ca se  stu d y  in  “ th e  o r ig in  a n d  d e v e lo p m e n t  

o f  s c ie n tific  c o n c e p ts  a n d  th e o r ie s ,”  h e re  lies th e  m o t iv a t in g  c lu e :  “ I t  is 

b e ca u s e  h e  sees th e  su n  a n d  p la n ets  aga in st th e  b a c k g r o u n d  o f  this 

fu n d a m e n ta l im a g e  [a r c h e ty p is ch e  B ild ] th a t  h e  b e lie v e s  in  th e  h e lio 

c e n tr ic  system  w ith  re lig io u s  fe r v o r ” ; it  is this b e l ie f  “ w h ic h  cau ses h im  

to  sea rch  fo r  th e  tru e  la w s c o n c e r n in g  th e  p r o p o r t io n  in  p la n e ta ry  m o 

t ion . . .  .” 19

T o  m a k e  th e  p o in t  su cc in c t ly , w e  m a y  say th a t in  its fin a l v ers ion  

K e p l e r ’s p h ys ics  o f  th e  h ea v en s  is h e l io c e n tr ic  in  its k in em a tic s , b u t  

th e o c e n tr ic  in its d y n a m ics , w h e re  h a rm o n ie s  b a se d  in  p a r t  o n  th e  p r o p 

erties  o f  th e  D e ity  serv e  to  s u p p le m e n t  p h y s ica l law s b a sed  o n  th e  c o n 

c e p t  o f  s p e c ific  q u a n t ita t iv e  fo rce s . T h is  b r a n d  o f  p h ysics  is m o st  

p r o m in e n t  in  K e p le r ’ s last g re a t  w o r k , th e  H 6 r m o n i c e  M u n d i  (1 6 1 9 ) .  

T h e r e  th e  s o -c a lle d  T h ir d  L a w  o f  p la n e ta ry  m o t io n  is a n n o u n c e d  w ith 

o u t  a n y  a tte m p t to  d e d u c e  it  f r o m  m e c h a n ic a l p r in c ip le s , w h erea s  in  th e  

A s t r o n o m i 6  N o v 6  m a g n e t ic  fo r c e s  h a d  d r iv e n — n o , obsessed— th e
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p lan ets. A s  in  his earliest w o rk , h e  sh ow s  th at th e  p h e n o m e n a  o f  n a tu re  

ex h ib it  u n d e r ly in g  m a th e m a tica l h a rm on ies . H a v in g  n o t  q u ite  fo u n d  

th e  m e ch a n ica l gears o f  th e  w o r ld  m a ch in e , h e  ca n  a t  least g iv e  its e q u a 

tions o f  m o tio n .

Jo h a n n e s  k e p l e r ’ s  u n i v e r s e

T h e  S o u r c e  o f  K e p l e r ’ s H a rm o n ie s

U n a b le  to  id e n tify  K e p le r ’ s w o r k  in  a s tro n o m y  w ith  p h y s ica l sc ie n ce  

in  th e  m o d e r n  sense, m a n y  h a v e  b e e n  te m p te d  to  p la c e  h im  o n  th e  o th e r  

side o f  the im a g in a ry  d iv id in g  lin e  b e tw e e n  c lassica l a n d  m o d e r n  sci 

en ce . Is it, a fte r  a ll, su ch  a  la rge  step  fr o m  th e  h a rm o n ie s  w h ic h  th e  

an cien ts  fo u n d  in  c ir cu la r  m o t io n  a n d  ra t io n a l n u m b e rs  to  th e  h a r m o n 

ies w h ich  K e p le r  fo u n d  in  e llip t ica l m o tio n s  a n d  e x p o n e n t ia l p r o p o r 

t ion s?  Is it n o t  m ere ly  a  g e n e ra liza tio n  o f  an  esta b lish ed  p o in t  o f  v ie w ?  

B oth  an sw ers a re  in  th e n eg a tiv e . F o r  the an cien ts  a n d  fo r  m ost  o f  

K e p le r ’s c o n te m p o ra r ie s , th e  h a n d  o f  th e  D e ity  w as re v e a le d  in  n a tu re  

th ro u g h  law s w h ic h , i f  n o t  q u a lita tiv e , w e re  h a rm o n io u s  in  an  essentia lly  

se lf-e v id e n t w a y ; th e  a x io m a tic  s im p lic ity  o f  c irc le s  a n d  sph eres a n d  

in tegers itse lf p r o v e d  th e ir  d e istic  c o n n e c t io n . B u t K e p le r ’ s h a rm on ies  

reside in  th e  v ery  fa c t  th a t th e  re la tion s  a re  q u a n tita t iv e , n o t  in  som e  

sp ecific  s im p le  fo r m  o f  th e  q u a n tita t iv e  re la tion s.

I t  is e x a c t ly  th is sh ift w h ich  w e  ca n  n o w  r e c o g n iz e  as o n e  p o in t  o f  

b rea k th ro u g h  to w a rd  th e  la ter , m o d e rn  c o n c e p t io n  o f  m a th em a tica l law  

in s c ie n c e . W h e r e  in  c lassica l th o u g h t  th e  q u a n tita t iv e  a ction s  o f  n a tu re  

w ere  lim ited  b y  a  fe w  necessities, th e  n e w  a ttitu d e , w h a te v e r  its m e ta 

p h ysica l m o tiv a t io n , o p e n s  th e  im a g in a t io n  to  a n  in fin ity  o f  possib ilities . 

A s a  d ire c t  c o n s e q u e n ce , w h e re  in  classica l th o u g h t  the q u a n tita tiv e  re 

sults o f  e x p e r ie n ce  w e re  u sed  la rg e ly  to  fill o u t  a  sp e c ific  p a ttern  b y  a 

p r io r i necessity , the n e w  a ttitu d e  p erm its  th e  results o f  e x p e r ie n ce  to  re 

vea l in  th em selves w h a te v e r  p a tte rn  n a tu re  h as in  fa c t  ch o se n  fr o m  the 

in fin ite  set o f  possib ilities. T h u s  th e  seed  is p la n te d  fo r  th e  g e n e ra l v ie w  

o f  m ost m o d e r n  scientists, w h o  fin d  th e  w o r ld  h a rm o n io u s  in  a  v a g u e  

aesth etic sense b eca u se  th e  m in d  ca n  fin d , in h e re n t in  th e  c h a o s  o f  

events, o r d e r  fra m e d  in  m a th e m a tica l law s— o f  w h a te v e r  fo r m  th ey  m a y  

be. A s  has b e e n  a p tly  sa id  a b o u t  K e p le r ’ s w o r k :

H arm ony resides no longer in numbers w hich  can be gained from  arithm etic 

without observation. H arm ony is also no longer the property o f the circle in 

higher measure than the ellipse. H arm ony is present when a m ultitude o f
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P erh a p s  it w a s  in e v ita b le  in  th e  p rog ress  o f  m o d e m  s c ie n c e  th a t th e  

h a r m o n y  o f  m a th e m a tica l la w  s h o u ld  n o w  b e  s o u g h t  in  aesth etics  ra th er  

th a n  in  m eta p h y s ics . B u t K e p le r  h im s e lf w o u ld  h a v e  b e e n  th e  last t o  

p r o p o s e  o r  a c c e p t  su ch  a  g e n e ra liza t io n . T h e  g r o u n d  o n  w h ic h  h e  p o s tu 

la te d  th a t  h a rm o n ie s  resid e  in  th e  q u a n t ita t iv e  p ro p e rt ie s  o f  n a tu re  lies 

in  th e  sam e m eta p h y s ics  w h ic h  h e lp e d  h im  o v e r  th e  fa ilu re  o f  his p h y si 

c a l  d y n a m ics  o f  th e  so la r  system . I n d e e d , th e  s o u r c e  is as o ld  as n a tu ra l 

p h ilo s o p h y  itse lf : th e  a sso cia tion  o f  q u a n tity  p e r  se w ith  D e ity .  M o r e 

o v e r , as w e  c a n  n o w  sh ow , K e p le r  h e ld  th at m a n ’ s a b ility  to  d is c o v e r  

h a rm o n ie s , a n d  th e r e fo r e  rea lity , in  th e  c h a o s  o f  even ts  is d u e  t o  a  d ire c t  

c o n n e c t io n  b e tw e e n  u lt im a te  re a lity ; n a m e ly , G o d ,  a n d  th e  m in d  o f  

m a n .

I n  a n  ea r ly  le tter, K e p le r  o p e n s  to  o u r  v ie w  th is m a in sp r in g  o f  h is 

l i fe ’ s w o r k :

M a y  G o d  m ake it com e  to pass that m y delightfu l speculation [the M ys- 

terium  C osm ographicum ] have everywhere am ong reasonable m en fu lly the 

effect w hich  I strove to  obtain  in  the publication ; nam ely, that the belie f in  

the creation o f  the w orld  be fortified through this external support, that 

thought o f  the creator be recognized in its nature, and that H is inexhaustible 

w isdom  shine forth  daily  m ore brightly. T h en  m an w ill at last measure the 

pow er o f  his m ind on  the true scale, and w ill realize that G od , who fou nd ed  

everyth ing in the w orld accord ing to the norm  o f quantity, also has endow ed  

man with a m ind w hich can com prehend  these norms. F or as the eye fo r  

co lor, the ear for  musical sounds, so is the m ind o f  m an created fo r  the per 

ception  not o f  any arbitrary entities, but rather o f  quantities; the m ind com 

prehends a thing the m ore correctly  the closer the thing approaches toward 

pure quantity as its origin .21

O n  a  su p e r fic ia l le v e l, o n e  m a y  re a d  th is as a n o th e r  re p e t it io n  o f  th e  

o ld  P la to n ic  p r in c ip le  o #eos act yea>/«Tet; a n d  o f  co u rse  K e p le r  d o e s  b e 

l ie v e  in  “ th e  c re a to r , th e  tru e  first ca u se  o f  g e o m e tr y , w h o , as P la to  says, 

a lw a y s  g e o m e tr iz e s .” 22 K e p le r  is in d e e d  a  P la ton ist, a n d  e v e n  o n e  w h o  is 

re la te d  a t th e  sam e t im e  t o  b o th  n e o -P la to n ic  tra d it ion s— w h ic h  o n e  

m ig h t  p e rh a p s  b e tte r  id e n t ify  as th e  n e o -P la to n ic  a n d  th e  n e o -P y th a g - 

o r e a n — th a t o f  th e  m a th e m a tica l ph ysicists  lik e  G a li le o  a n d  th at o f  th e  

m a th e m a t ic a l m y stic ism  o f  th e  F lo r e n t in e  A c a d e m y . B u t K e p le r ’ s G o d

p h e n o m e n a  is re g u la te d  b y  th e  u n ity  o f  a  m a th e m a tica l la w  w h ich  exp resses

a  c o s m ic  id e a .20
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h as d o n e  m o r e  th a n  b u ild  th e  w o r ld  o n  a m a th e m a tica l m o d e l ;  h e  a lso  

sp ec ifica lly  c re a te d  m a n  w ith  a  m in d  w h ic h  “ carries in  it  c o n c e p ts  b u ilt  

o n  th e  c a te g o ry  o f  q u a n tity ,”  in  o r d e r  th a t m a n  m a y  d ir e c t ly  c o m m u n i 

ca te  w ith  th e  D e i t y :

T hose laws [w hich govern the material w orld] lie  w ithin the pow er o f  un 

derstanding o f  the human m ind; G od  w anted us to perceive them w hen he 

created us in H is im age in order that w e m ay take part in  H is ow n thoughts 

. . . .  O ur know ledge [o f numbers and quantities] is o f  the same kind as 

G o d ’s, at least insofar as we can understand som ething o f  it in this mortal 

life .23

T h e  p r o c e d u r e  b y  w h ich  o n e  a p p re h e n d s  h a rm o n ie s  is d e scr ib e d  q u ite  

ex p lic it ly  in  B o o k  4 , C h a p te r  1, o f  H 6 r m o n i c e  M u n d i . T h e r e  are  tw o  

k inds o f  h a rm o n ie s ; n a m ely , th ose  in  sense p h e n o m e n a , as in  m u s ic , 

a n d  in  “ p u re ”  h a rm o n ie s  su ch  as are  “ co n s tru cte d  o f  m a th e m a tica l c o n 

cep ts .”  T h e  fe e lin g  o f  h a rm o n y  arises w h e n  th ere  o c cu rs  a  m a tc h in g  o f  

the p e r c e iv e d  o r d e r  w ith  th e  c o r r e s p o n d in g  in n a te  a r c h e ty p e  [a r c h e -  

typu s, U rb ild ]. T h e  a r c h e ty p e  itse lf is p a rt  o f  th e  m in d  o f  G o d  a n d  w as 

im pressed  o n  th e  h u m a n  sou l b y  th e  D e ity  w h e n  H e  cre a te d  m a n  in  H is  

im a g e . T h e  k in sh ip  w ith  P la to ’ s d o c tr in e  o f  id e a l fo r m s  is c le a r . B u t  

w h ereas th e  la tter, in  th e  u su a l in te rp re ta tio n , a re  to  b e  so u g h t o u ts id e  

th e  h u m a n  sou l, K e p le r ’ s a rch ety p es  a re  w ith in  th e  sou l. A s  h e  su m 

m arizes a t th e  e n d  o f  th e  d iscu ssion , th e  sou l carries “ n o t  a n  im a g e  o f  

th e  tru e  p a tte rn  [p a ra d ig m a ], b u t  th e  tru e  p a tte rn  itse lf . . . .  T h u s  fi 

n a lly  th e  h a rm o n y  itse lf b e co m e s  e n tire ly  sou l, n a y  e v e n  G o d .” 24

T h is , th en , is th e  fin a l ju s t ifica tio n  o f  K e p le r ’ s sea rch  f o r  m a th e m a ti 

ca l h a rm on ies . T h e  in v estig a tion  o f  n a tu re  b e c o m e s  a n  in v estig a tion  

in to  th e  th o u g h t  o f  G o d , W h o m  w e  c a n  a p p r e h e n d  th ro u g h  th e  la n 

g u a g e  o f  m a th em a tics . M u n d u s  est im a g o  D e i  c o r p ó r e a , ju s t  as, o n  th e  

o th e r  h a n d , a nim u s est im a g o  D e i  in co r p ó r ea .  I n  th e  e n d , K e p le r ’ s u n i 

fy in g  p r in c ip le  f o r  th e  w o r ld  o f  p h e n o m e n a  is n o t  m e re ly  th e  c o n c e p t  o f  

m e ch a n ica l fo r ce s , b u t  G o d ,  ex p ress in g  H im s e lf  in  m a th e m a tica l law s.

K e p le r ’ s T w o  D e it ie s

A  final b r ie f  w o r d  m a y  b e  in  o r d e r  c o n c e r n in g  th e  p s y c h o lo g ic a l o r 

ien ta tion  o f  K e p le r . S c ie n ce , it  m u st b e  r e m e m b e r e d , w a s  n o t  K e p le r ’ s 

o r ig in a l d estin a tion . H e  w as first a  stu d en t o f  p h ilo s o p h y  a n d  th e o lo g y  

at the U n iv e rs ity  o f  T ü b in g e n ; o n ly  a  fe w  m o n th s  b e fo r e  re a ch in g  th e

Jo h a n n e s  k e p l e r ’ s  u n i v e r s e
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g o a l o f  c h u r c h  p o s it io n , h e  su d d e n ly — a n d  re lu cta n tly — fo u n d  h im se lf 

tra n sferred  b y  th e  U n iv e rs ity  a u th oritie s  to  a  te a c h in g  p o s it io n  in  m a th e 

m a tics  a n d  a s tro n o m y  at G ra z . A  y e a r  la ter , w h ile  a lre a d y  w o r k in g  o n  

th e  M y s t e r i u m  C o s m o g r 6 p h i c u m , K e p le r  w r o te :  “ I  w a n te d  to  b e 

c o m e  a  t h e o lo g ia n ; f o r  a  lo n g  t im e  I  w a s  restless: N o w , h o w e v e r , o b 

serve h o w  th ro u g h  m y  e ffo r t  G o d  is b e in g  ce le b ra te d  in  a s tro n o m y .” 25 

A n d  m o r e  th a n  a  fe w  tim es in  h is  la ter  w rit in g s  h e  re fe rre d  to  a stron 

o m e rs  as priests o f  th e  D e ity  in  th e  b o o k  o f  n a tu re .

F r o m  his earliest w r it in g  to  h is last, K e p le r  m a in ta in e d  th e  d ir e c t io n  

a n d  in ten sity  o f  h is r e lig io -p h ilo s o p h ic a l in terest. H is  w h o le  li fe  w as o n e  

o f  u n c o m p r o m is in g  p ie ty ; h e  w a s  in cessa n tly  s tru g g lin g  to  u p h o ld  his 

s tro n g  a n d  o fte n  n o n c o n fo r m is t  c o n v ic t io n s  in  re lig io n  as in  sc ien ce . 

C a u g h t  in  th e  tu rm o il o f  th e  C o u n te r -R e fo r m a t io n  a n d  th e  b e g in n in g  o f  

th e  T h ir ty  Y e a rs ’ W a r , in  th e  fa c e  o f  b itte r  d ifficu lties  a n d  h a rd sh ip s , h e  

n e v e r  c o m p r o m is e d  o n  issues o f  b e lie f. E x p e lle d  fr o m  c o m m u n io n  in  th e  

L u th e r a n  C h u r c h  fo r  his u n y ie ld in g  in d iv id u a lism  in  re lig io u s  m atters , 

e x p e lle d  fr o m  h o m e  a n d  p o s it io n  at G ra z  fo r  re fu s in g  to  e m b r a c e  

R o m a n  C a th o lic is m , h e  c o u ld  tru ly  b e  b e lie v e d  w h e n  h e  w r o te , “ I  take 

r e lig io n  seriou sly , I  d o  n o t  p la y  w ith  it ,” 26 o r  “ I n  a ll s c ie n ce  th ere  is 

n o th in g  w h ich  c o u ld  p r e v e n t  m e  fr o m  h o ld in g  a n  o p in io n , n o th in g  

w h ic h  c o u ld  d e te r  m e  fr o m  a c k n o w le d g in g  o p e n ly  a n  o p in io n  o f  m in e , 

e x c e p t  so le ly  the a u th o r ity  o f  th e  H o ly  B ib le , w h ic h  is b e in g  tw isted  

b a d ly  b y  m a n y .” 27

B u t as h is w o r k  sh ow s  us a g a in  a n d  a g a in , K e p le r ’ s sou l bea rs  a  d u a l 

im a g e  o n  this s u b je c t  to o . F o r  n e x t  to  th e  L u th e r a n  G o d ,  r e v e a le d  to  h im  

d ire c t ly  in  th e  w o rd s  o f  th e  B ib le , th e re  sta n d s th e  P y th a g o r e a n  G o d ,  

e m b o d ie d  in  th e  im m e d ia c y  o f  o b s e r v a b le  n a tu re  a n d  in  th e  m a th e m a ti 

c a l  h a rm o n ie s  o f  th e  so la r  system  w h o se  d e s ig n  K e p le r  h im s e lf  h a d  

tra ce d — a  G o d  “ w h o m  in  th e  c o n te m p la t io n  o f  th e  u n iv erse  I  c a n  g ra sp , 

as it  w e re , w ith  m y  v e r y  h a n d s .” 28

T h e  ex p ress ion  is w o n d e r fu lly  a p t : so  in ten se  w a s  K e p le r ’ s v is io n  th at 

th e  a b stra ct  a n d  c o n c r e te  m e rg e d . H e r e  w e  fin d  th e  k ey  t o  th e  e n ig m a  

o f  K e p le r , th e  e x p la n a t io n  f o r  th e  a p p a r e n t  c o m p le x ity  a n d  d iso rd e r  in  

h is w r it in g s  a n d  co m m itm e n ts . I n  o n e  b r illia n t  im a g e , K e p le r  sa w  th e  

th re e  b a s ic  th em es  o r  c o s m o lo g ic a l  m o d e ls  s u p e r p o s e d : t h e  u n iv e r s e  as  

p h y s i c a l  m a c h i n e ,  t h e  u n iv e r s e  a s  m a t h e m a t i c a l  h a r m o n y ,  a n d  t h e  u n i 

v e r s e  a s  c e n t r a l  t h e o l o g i c a l  o r d e r .  A n d  th is w a s  th e  se ttin g  in  w h ic h  

h a rm o n ie s  w e re  in te rch a n g e a b le  w ith  fo r ce s , in  w h ic h  a  th e o c e n tr ic
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c o n c e p t io n  o f  the u n iv erse  le d  to  s p e c ific  resu lts o f  c r u c ia l im p o r ta n c e  

fo r  th e  rise o f  m o d e r n  p h ysics .

Jo h a n n e s  k e p l e r ’ s  u n i v e r s e

NOTES

1. Books 4 and 5 o f  the E p i t o m e  o f  G o p e r n i c 6 n  A s t r o n o m y , and B ook  

5 o f  the H 6 r m o n i e s  o f  t h e  W o r l d , in G r e 6 �  Bo o k s  o f  t h e  W e s t e r n  

W o r l d  (C h ica g o : E ncycloped ia  Britannica, 1952), V o lu m e 16.

2. T h e  definitive biography is by the great K ep ler  scholar M ax  Caspar, 

Jo h 6 n n e s  K e p l e r , Stuttgart: W . K oh lham m er, 1950; the English trans

lation is K e p l e r , trans. and ed. C . D oris H eilm an, N ew  Y o rk : A belard- 

Schum an, 1959. Som e useful short essays are in Jo h 6 n n  K e p l e r , 1571-1630 

(A  series o f  papers prepared under the auspices o f  the H istory o f  Science 

Society in collaboration  with the A m erican  A ssociation fo r  the A dvan ce 

ment o f  S c ien ce ), B altim ore: W illiam s & W ilk ins C o ., 1931. [S ince this 

article was written, a num ber o f  useful publications on K ep ler have appeared 

— Ed.]

3. But N ew ton ’s O p t i c k s , particularly in the later portions, is rather 

reminiscent o f  K ep ler ’s style. In  Book I I , Part IV , O bservation 5, there is, 

for exam ple, an attempt to associate the parts o f the light spectrum  w ith  the 

“ differences o f  the lengths o f  a m on och ord  w hich  sounds the tones in an 

eight.”

4. Letter to D avid  Fabricius, O ctob er  11, 1605.

5. Letter to H erw art von  H ohenburg, M arch  26, 1598, i.e., seven years b e 

fore Stevinus im plied  the absurdity o f perpetual m otion  in the H y p o m n e m 6 t 6  

M 6 t h e m 6 t i c 6  (L eyden , 1605). S om e o f  K ep ler ’s m ost im portant letters are 

collected  in M a x  Caspar and W alther von  D yck , Jo h 6 n n e s  K e p l e r  i n  

s e i n e n  B r i e f e n , M u n ich  and B erlin : R . O ldenbourg, 1930. A  m ore co m 

plete collection  in the original languages is to be  fou nd  in V ols . 13—1*5 o f  

the m od em  edition o f  K ep ler ’s co llected  works, Jo h 6 n n e s  K e p l e r s  g e s 6 m - 

m e l t e  W e r k e , ed. von  D yck  and Caspar, M u n ich : C . H . Beck, 1937 and 

later. In  the past, these letters appear to have received insufficient at

tention in the study o f  K ep ler ’s work and position. (T h e  present English 

translations o f  all quotations from  them  are the w riter’s.) Excerpts from  som e 

letters w ere also translated in C arola  Baumgardt, Jo h 6 n n e s  K e p l e r , N ew  

Y ork : Philosophical Library, 1951.

6. Ernst G old beck , A b h a n d lu n g en  zu r  P h ilo so p h ic  titid ih re r  G e s c h ic h te , 

K e p l e r s  L e h r e  v o n  d e r  G 	6 
��6 ���  (H a lle : M ax  N iem cyer, 1896), V o lu m e 

V I — a useful m onograph dem onstrating K ep ler ’s role as a herald o f m echanical 

astronomy. T h e  reference is to D e  R e v o l u t i o n i b u s , first edition, p. 3. [T h e
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m ain  point, w h ich  it w ou ld  b e  foolhardy to challenge, is that in the description 

o f  phenom ena C opernicus still on  occasion  treated the earth differently from  

other planets.]

7. In  K ep ler ’s P reface to his D i o p t r i c e  (1 6 1 1 ) he calls his early M y s t e r - 

i u m  C o s m o g r 6 p h i c u m  “ a sort o f  com bination  o f  astronom y and E u clid ’s 

G eom etry ,”  and describes the m ain features as fo llow s: “ I took the d im en 

sions o f  the planetary orbits accord in g  to the astronom y o f  Copernicus, w h o 

makes the sun im m ob ile  in the center, and the earth m ovable  both  round 

the sun and upon  its ow n axis; and I  show ed that the differences o f  their 

orbits corresponded to  the five regular Pythagorean figures, w h ich  had been 

already distributed by  their author am ong the elem ents o f the w orld , though 

the attem pt was adm irable rather than happy or  legitim ate . . . T h e  schem e 

o f  the five circum scribed regular bodies originally represented to K ep ler  the 

cause o f  the observed num ber (and  orbits) o f  the planets: “ H abes rationem  

num eri planetarium .”

8. Johannes K ep ler, D i e  Z u s 6 m m e n k l 6 n g e  d e r  W e l t e n , O tto  J. Bryk, 

trans. and ed. (Jen a : D iederichs, 1918), p. xxiii.

9. Letter to H erw art von  H ohenburg, February 10, 1605. A t about the same 

tim e he writes in a sim ilar vein  to Christian Severin Longom ontanus concern 

ing the relation o f  astronom y and physics: “ I believe that both  sciences are 

so closely  interlinked that the one cannot attain com p letion  w ithout the other.”

10. Previously, K ep ler  discussed the attraction o f  the m oon  in a letter to 

H erw art, January 2, 1607. T h e  relative m otion  o f  tw o isolated objects and 

the con cep t o f  inertia are treated in a letter to  D . Fabricius, O ctob er 11', 1605. 

O n  the last subject see A lexandre K oyr6, G alileo and the Scientific R evo lu 

tion o f  the S even teen th  C entury , T h e  P h i l o s o p h i c 6 l  R e v i e w , 52, N o . 4 : 

344 -345 , 1943.

11. N ot on ly  the postulates but also som e o f  the details o f  their use in the 

argum ent w ere erroneous. F or a short discussion o f  this concrete illustration 

o f  K ep ler ’s use o f  physics in astronom y, see Joh n  L . E. D reyer, H i s t o r y  o f  

t h e  P l 6 n e t 6 r y  Sy s t e m  f r o m  T h 6 l e s  t o  K e p l e r  (N ew  Y ork : D over P ub 

lications, 1953), second edition, pp . 387 -399 . A  longer discussion is in M ax 

Caspar, Jo h 6 n n e s  K e p l e r , n e u e  A s t r o n o m i e  (M u n ich  and B erlin : R  

O ldenbou rg, 1929), pp . 3 * -6 6 * .

12. G iorg io  de Santillana, ed., D �6 l o g u e  o n  t h e  G r e 6 �  W o r l d  Sy s t e m s  

(C h ica g o : University o f  C h ica go  Press, 1953 ), p . 469. H ow ever, an oblique 

com p lim en t to K ep ler ’s T h ird  L aw  m ay be intended in a passage on  p. 286

13. F lorian C a jori, ed., N e w t o n ’ s  P r i n c i p i 6 : M o t t e ’ s  T r 6 n s l 6 t i o n  R e 

v i s e d  (B erkeley: University o f  C alifornia Press, 1946), pp. 394—395. Ir
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B ook I I I , N ew ton remarks concerning the fact that the T h ird  L aw  applies 

to the m oons o f  Jupiter: “ T his w e know  from  astronom ical observations.”  A t 

last, on  page 404, K ep ler is cred ited  w ith  having “ first observed”  that the 

3 /2 th  pow er law  applies to  the “ five prim ary planets”  and the earth. N ew ton ’s 

real debt to K ep ler  was best sum marized in  his ow n letter to H alley, July 

14, 1686: “ But fo r  the duplicate proportion  [the inverse-square law  o f  gravi 

tation] I can affirm that I gathered it from  K ep ler ’s theorem  about twenty 

years ago.”

14. Letter to  Johann Brengger, O ctob er 4, 1607. T h is picture o f  a m an 

struggling to  em erge from  the largely Aristotelian tradition is perhaps as sig

nificant as the usual one o f  K ep ler  as C op em ica n  in a P tolem aic w orld . N or 

was K ep ler ’s opposition , strictly speaking, P tolem aic any longer. F or this w e 

have K ep ler ’s ow n opin ion  (H 6 r m o n i c e  M u n d i , B ook 3 ) :  “ First o f all, read 

ers should take it fo r  granted that am ong astronomers it is nowadays agreed 

that all planets circulate around the sun . . . ,”  m eaning o f  course the system 

not o f  Copernicus but o f  T y ch o  Brahe, in w hich  the earth was fixed and the 

m oving sun served as center o f  m otion  for  the other planets.

15. C a jori, op. cit., p. xviii.

1'6. Q u oted  in K epler, W e l t h 6 r m o n i k , ed. M a x  Caspar (M u n ich  and 

Berlin: R . O ldenbourg, 1939), p. 55*.

17. E.g., Edw in Arthur Burtt, T h e  M e t 6 p h y s i c 6 l  F o u n d 6 t i o n s  o f  M o d 

e r n  S c i e n c e  (L on d on : R outledge & K egan  Paul, 1924 and 1932), p . 47 ff.

18. For a recent analysis o f  neo-P latonic doctrine, w hich  regrettably om its 

a detailed study o f  K epler, see M ax  Jam m er, C o n c e p t s  o f  S�6 c e  (C a m 

bridge: H arvard University Press, 1954), p. 37 ff. N eo-Platonism  in relation 

to K epler is discussed by T hom as S. K uhn, T h e  C o p e r n i c 6 n  R e v o l u t i o n ,

C am bridge: H arvard University Press, 1957.

19. W olfgan g  Pauli, D er  Einfluss archetypischer Vorstellungen auf die 

Bildung naturwissenschaftlicher T h eorien  bei K ep ler ,  in N 6 t u r e r k l 6 r u n g  

u n d P s y c h e  (Z u r ich : Rascher V erlag, 1 9 5 2 ) ,p. 129.

A n English translation o f  Jung and Pauli is T h e  I n t e r p r e t 6 t i o n  o f  N 6 t u r e  

6 ��  t h e  P s y c h e , trans. R . F. C . H ull and Priscilla Silz, N ew  Y ork : Pantheon 

Books, 1955.

20. H edw ig  Zaiser, K e p l e r  6 l s  P h i l o s o p h  (S tuttgart: E. Suhrkamp,

1932), p. 47.

21. Letter to M astlin, A pril 19, 1597. (Ita lics supplied .) T h e  “ num erologi- 

cal”  com ponent o f m od em  physical theory is in fact a respectable offspring 

from  this respectable antecedent. F or exam ple, see N iels Bohr, A t o m i c  

T h e o r y  6 n d  t h e  D e s c r i p t i o n  o f  N 6 t u r e  (N ew  Y ork : M acm illan  C o.,

Jo h a n n e s  k e p l e r ’ s  u n i v e r s e
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1934), pp . 1 0 3 -1 04 : “ T his interpretation o f the atom ic num ber [as the 

num ber o f  orbital electrons] m ay be said to signify an im portant step tow ard 

the solution o f  one o f  the boldest dream s o f  natural science, nam ely, to  bu ild  

up an understanding o f  the regularities o f  nature upon  the consideration o f  

pure num ber.”

22. H 6 r m o n i c e  M u n d i , B ook 3.

23. Letter to  H erwart, A pril 9 /1 0 , 1599. G a lileo  later expressed the same 

prin cip le : “ T h at the Pythagoreans had the science o f  num bers in high es

teem , and that P lato him self adm ired human understanding and thought 

that it partook o f  divinity, in that it understood the nature o f  numbers, I  

know  very w ell, nor should  I be  far from  being o f  the sam e op in ion .”  de  

Santillana, op. cit., p. 14. Descartes’s remark, “ Y ou  can substitute the m athe 

m atical order o f  nature fo r  ‘G o d ’ w henever I  use the latter term ”  stems from  

the same source.

24. F or a discussion o f  K ep ler ’s m athem atical epistem ology and its rela 

tion  to  neo-Platonism , see M a x  Steck, Ü ber das W esen  des M athem atischen  

und die m athem atische Erkenntnis bei K ep le r , D i e  G e s t 6 l t  (H a lle : M a x  N ie 

m eyer, 1941), V o lu m e V . T h e  useful m aterial is partly  buried under national

istic oratory. A nother interesting source is Andreas Speiser, M 6 t h e m 6 t i s c h e  

D e n k w e i s e , Basel: Birkhäuser, 1945.

25. Letter to M ästlin , O ctob er  3, 1595.

26. Letter to  H erw art, D ecem b er 16, 1598.

27. Letter to  H erw art, M arch  28, 1605. I f  one w onders h ow  K ep ler  re 

solved the topical con flict concern ing the authority o f  the scriptures versus 

the authority o f  scientific results, the sam e letter contains the answer: “ I 

hold  that w e must look  into the intentions o f  the m en w h o w ere inspired by 

the D ivine Spirit. E xcept in the first chapter o f  Genesis concern ing the super 

natural origin  o f  all things, they never intended to in form  m en concern ing 

natural things.”  T h is view , later associated w ith G alileo, is further developed  

in K ep ler ’s eloquent introduction  to  the A s t r o n o m i 6  N ��6 . T h e  relevant 

excerpts w ere first translated by  T h om as Salusbury, M 6 t h e m 6 t i c 6 l  C o l l e c 

t i o n s  (L o n d o n : 1661), Part I , pp . 46 1 -4 67 .

28. Letter to  Baron Strahlendorf, O ctob er  23, 1613.

9 0



3 THEMATIC AND STYLISTIC 

INTERDEPENDENCE

1

H
t  is  c o m m o n ly  a c k n o w le d g e d  th at a  p r o p o s a l  o f  P la to  set th e  

style fo r  o n e  o f  the m a in  tra d it io n s  o f  c la ss ic  s c ie n tific  th o u g h t . 

A s  B lake, D u ca sse , a n d  M a d d e n  p h ra se  th e  a c c o u n t  o f  th e ir  b o o k , 

T h e o r i e s  o f  S c i e n t i f i c  M e t h o d , P la to  “ set h is p u p ils  in  th e  A c a d e m y  

the task o f  w o r k in g  o u t  a  system  o f  g e o m e tr ic a l  h y p o th e se s  w h ic h , b y  

su b stitu tin g  u n ifo r m  a n d  c ir c u la r  m o v e m e n ts  f o r  th e  a p p a r e n t ly  ir re g u 

lar m o v e m e n ts  o f  th e  h e a v e n ly  b o d ie s  [th a t  is, th e  p la n ets , p a r t ic u la r ly  

d u r in g  r e tr o g r a d e  m o t io n ] ,  w o u ld  m a k e  it p o ss ib le  to  e x p la in  th e la tter  

in  term s o f  th e  fo r m e r — in  his o w n  fa m o u s  p h ra se , to  ‘ save  th e  p h e 

n o m e n a .’ 9,1 S im p lic iu s  w rites  in  h is C o m m e n ta r y  o n  A r is to t le ’ s D e  

C 6 e l o : “ F o r  P la to , S osigen es  says, set th is p r o b le m  fo r  stu d en ts  o f  as 

t r o n o m y : ‘B y  th e  a ssu m p tio n  o f  w h a t  u n ifo r m  a n d  o r d e r e d  m o t io n s  

ca n  th e  a p p a r e n t  m o t io n s  o f  th e  p la n ets  b e  a c c o u n t e d  f o r ? ’ ”  T h is  fa 

m ou s  p r o b le m  k e p t  n a tu ra l p h ilo s o p h e r s  a g ita te d  fo r  2 ,0 0 0  years a n d  

w as im m e n se ly  in flu e n tia l in  s h a p in g  s c ie n ce  as w e  k n o w  it.

T o  this d a y , it still strikes us as a so u n d  s c ie n t ific  q u e s tio n , a n d  w e  are  

n o t  su rp rised  to  h e a r  th at o n e  o f  P la to ’ s d isc ip le s  p r o d u c e d  a v e ry  c r e d 

ita b le  s o lu tio n  b y  p r o p o s in g  a g e o c e n tr ic  system  o f  h o m o c e n t r ic  sph eres. 

P la to  starts fr o m  p u z z lin g  o b s e rv a tio n s— p a rt ic u la r ly  th e  a p p a r e n t  h a lt -

T his article was originally presented at T h e  University o f  F lorida , G aines 

ville, for  the T hirtieth  Anniversary o f the University C ollege and was published 

under the title S c ie n c e  a n d  N e w  S ty le s  o f  T h o u g h t  in  T h e  G �6 d u 6 t e  Jo u r n 6 l  

V olu m e V I I ,  N o . 2, pp . 3 9 9 -4 21 , 1967.
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in g  a n d  b r ie f  b a c k w a r d  e x c u r s io n  w h ic h  th e  p a th s  o f  th ose  w a n d e re rs , 

th e  p la n ets , s h o w  a t re g u la r  in terv a ls  d u r in g  th e ir  o th e rw ise  p r e d o m i 

n a n tly  fo r w a r d , n ig h t -b y -n ig h t  p rog ress  a g a in st th e  b a c k g r o u n d  o f  th e  

fix e d  stars. W e  still ask a s im ila r  ty p e  o f  q u e s t io n  w h e n  a  c o m e t  o r  as 

t e r o id  is d is c o v e r e d , o r  w h e n  a n  a r tific ia l sa te llite  s u d d e n ly  is la u n c h e d  

in to  o u r  sk ies: w h a t  a re  th e  e lem en ts  o f  a  m a th e m a t ic a l a n a lo g u e  ( o r  

e q u a t io n )  re p re se n tin g  its m o t io n ?  W e  n o  lo n g e r  h a v e  to  so lv e  su ch  a  

k in e m a tic  p r o b le m  b y  th e  v e ry  te d io u s  g e o m e tr ic  m e th o d s — it c a n  b e  

tra n s la ted  in to  a n  e q u iv a le n t  la n g u a g e  b y  w h ic h  a n  e le c t r o n ic  c o m p u te r  

c a n  g iv e  us a  q u ic k  a n sw e r  w h e n  p re se n te d  w ith  d a ta  d e r iv e d  f r o m  o b 

s e rv a tion . B u t, q u a lita tiv e ly , th e  c o m p u t e r  a d d s  n o th in g  n e w . I n  fa c t , 

th e  s u p e rp o s it io n  o f  c ir c u la r  m o t io n s  n o w  h as its e x a c t  m a th e m a t ic a l 

e q u iv a le n t  in  th e  tre a tm e n t o f  p e r io d ic  m o tio n s  th r o u g h  th e  su m  o f  a  

series o f  term s o f  a  t r ig o n o m e tr ic  fu n c t io n .

M o r e o v e r ,  th e  P la to n ic  p r o b le m  a p p e a rs  to  b e  c o n c e r n e d  w ith  th re e  

e lem en ts  th a t  m o d e r n  sc ie n ce  still d ea ls  w it h :  F irst, th e  “ fa c ts ”  o f  o b 

s e rv a tio n  (h e re , th e  o b s e r v e d  m o t io n  o f  th e  p la n e ts ) im press th em se lv es  

o n  o u r  senses. N e x t , w e  fin d  h e re  a  p u z z lin g  m ix tu r e  o f  c o m p le x ity  a n d  

o r d e r  w h ic h  tr ig g ers  th e  cu r io s ity  (w e  see n o t  o n e  p la n e t  b u t  m a n y , 

n o t  a  s im p le  fo r w a r d  m o t io n  b u t  a n  a p p a r e n t  re tro g re ss io n , w ith  a  r e g 

u la r  b u t  u n iq u e  p a tte rn  f o r  e a c h  p la n e t ) .  A n d  fin a lly , w e  re so lv e  th e  

a p p a r e n t  p u zz le  b y  th e  im a g in a t iv e  c o n s tr u c t io n  o f  a n  a n a lo g o n . T h e  

a n a lo g o n  c a n  b e  e ith e r  m a th e m a t ic a l o r  p h y s ic a l ; it is su ccess fu l i f  it 

co rre la te s  c o n v in c in g ly  th e  p u z z lin g  e le m e n t  in  th e  o b s e r v a t io n  w ith  th e  

c o n s e q u e n c e s , p e rh a p s  u n e x p e c te d ly  b u t  lo g ic a lly  s o u n d  c o n s e q u e n ce s , 

o f  th e  p o s tu la te d  stru ctu re  o f  th e  a n a lo g o n . I n  P la to ’ s case , th e  a n a lo g o n  

w h ic h  h e  sp e c ifica lly  in v ites  is th a t  o f  u n ifo r m  m o t io n  a lo n g  c ir c u la r  

p a th s  in  a n  in te rre la te d  k in e m a tic a l system . T h is  a n a lo g o n  is p u t  f o r 

w a r d — h y p o th e s iz e d .

B u t th e  m o st  s ig n ifica n t e le m e n t  in  m o v in g  fr o m  p r o b le m  to  so lu tio n  

in  P la to n ic  s c ie n ce  is o n e  th a t has n o t  y e t  b e e n  m e n t io n e d — p r e s e le c t io n .  

T h e r e  a re  m a n y  con stra in ts  w h ic h  h a v e  b e e n  p la c e d  fr o m  th e  v e ry  b e 

g in n in g  o n  th e  p o ss ib le  so lu t io n  in  a n  a lm o st  im p e r c e p t ib le  m a n n e r ; 

con stra in ts  o n  th e  “ fa c ts ,”  o n  th e  h y p oth es is , a n d  th e  c o r r e s p o n d e n c e  

b e tw e e n  a n a lo g o n  a n d  fa c ts  b y  w h ic h  w e  a re  re lie v e d  o f  th e  fe e lin g  o f  

p u z z le m e n t, b y  w h ic h  w e  “ u n d e r s ta n d .”

F o r  o f  a ll th e  p oss ib le  fa cts  o f  o b se rv a t io n , w e  a re  in v ite d  to  lo o k  ju s t  

a t ce lestia l o n e s ; a n d  o f  a ll th ose , a t  th e  p la n ets . O f  th e  fa cts  o f  o b s e rv a -
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t io n  c o n c e r n in g  p lan ets , o n ly  o n e  k in d  is se lected  a n d  n o t , fo r  e x a m p le , 

th eir  d iffe r e n t  c o lo r s  o r  th e ir  c h a n g in g  brigh tn ess , b o t h  o f  w h ic h  strike 

the eye m u c h  m o re  q u ic k ly  th a n  th e ir  m o t io n  w ith  resp ect  to  th e  f ix e d  

stars, ce rta in ly  m o r e  q u ic k ly  th a n  a n y  e le m e n t  o f  o r d e r  w ith in  th e  “ d is- 

o rd erlin ess”  o f  re trog ression . O f  a ll the p o ss ib le  a n a lo g o n s  ( f o r  e x a m p le , 

a n im istic , o r  p h y s ica lly  m e c h a n ic a l ) ,  w e  are  g iv e n  h e re  a g e o m e tr ic a l 

o n e ;  o f  a ll g e o m e tr ic a l-k in e m a t ic  on es , o n ly  u n ifo r m  m o t io n  a n d  o n ly  

o n  c ir cu la r  p a th s. O f  a ll th e  c o r r e s p o n d e n c e  b y  w h ic h  w e  “ u n d e rs ta n d ”  

the b e h a v io r  o f  th e  p la n ets , w e  m u st c h o o s e  o n ly  th e  c o r r e la t io n  o f  th e ir  

p o in t -b y -p o in t  lo c a t io n  in  th e  sky w ith  th e  p rog ress  o f  im a g in a ry  p o in ts  

in  th e  g e o m e tr ic a l system , a n d  n o t , f o r  e x a m p le , a  m e re  c a ta lo g u e  o f  

p os ition s , su ch  as th e  B a b y lo n ia n s  u sed  to  “ u n d e rs ta n d ”  a n d  p r e d ic t  

ce lestia l p h e n o m e n a .

T h e  issue n o w  raises itse lf f o r c ib ly : w h a t  a re  th e  cr ite r ia  w h ic h  g u id e  

us in  these p re se le ctio n s  o f  fa cts , h y p oth eses , a n d  e x p la n a to r y  m e th o d s ?  

O n  th e  a n sw er to  this q u e stio n , fa r  m o r e  th a n  o n  th e  “ fa cts  o f  n a tu re ”  

th em selves, d e p e n d s  w h a t  k in d  o f  s c ie n ce  w e  sh a ll h a v e , w h e th e r  su ch  

a sc ien ce  itse lf is p oss ib le , a n d  w h a t  this s c ie n ce  c a n  te a ch  us. I t  is, th e re 

fo re , o n e  o f  the b a s ic  q u estion s  o f  a n y  s c ie n ce  o r  p h ilo s o p h y  o f  s c ie n ce .

T h is  is the p o in t  w h e re  th e  style o f  th o u g h t  o f  th e  t im e  en ters o u r  d is 

cu ssion . F o r  I  n e e d  o n ly  r e m in d  y o u  o f  th e  m a in  o u tlin e s  o f  P la to ’ s p o s i 

t ion  w h ic h  e x p la in  his cr ite r ia  o f  p re se le c tio n  a n d  c o n s e q u e n t ly  e x p la in  

the style o f  P la to n ic  s c ie n ce  itself. I n  th e  L 6 w s , B o o k  X I I ,  th e  A th e n ia n  

speaks to  C lin ia s  a n d  M e g i l lu s :

M ay w e say, then, that w e know  o f tw o m otives— those w e have already re

hearsed— o f credibility in divin ity? . .  . O n e o f  them is our theory o f the soul, 

our doctrine that it is m ore ancient and m ore divine than anything that draws 

perennial being from  a m otion  that once had a beginning; the other our d o c 

trine o f  the orderliness in the m otion  in the m ovem ents o f  the planets and 

other bodies swayed by the m ind that has set this w h ole fram e o f  things in 

com ely array. N o  m an w ho has on ce  turned a careful and practiced gaze on 

this spectacle has ever been so ungodly at heart that its effect has not been the 

very reverse o f that currently expected. ’T is  the com m on  belie f that m en w ho 

busy themselves with such themes are m ade infidels by their astronom y and its 

sister sciences, with their disclosure o f  a realm w here events happen by stringent 

necessity, not by the purpose o f a w ill bent on the achievem ent o f good . . . . 

T h e situation has been precisely reversed since the days when observers o f these 

bodies conceived them  to be w ithout souls. Even then, they awakened w onder, 

and aroused in the breast o f  close students the suspicion, w hich has now  been
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converted into accepted doctrine, that were they without souls, and by conse 

quence w ithout intelligence, they w ould  never have con form ed  to such precise 

com putation .2

T h e r e fo r e , a n y o n e  a sp ir in g  t o  b e  “ a  su ffic ien t m a g istra te  o f  th e  w h o le  

c o m m u n ity ,”  P la to  c o n tin u e s , m u st “ possess th e  req u is ite  p re lim in a ry  

scien ces  . . . a n d  a p p ly  h is k n o w le d g e  m e e tly  to  h is m o r a l a n d  le g a l b e 

h a v io r .”  T h e  p r o p e r  stu d y  o f  m a n , o f  w h ic h  th e  “ p re lim in a ry  sc ien ces”  

a re  o n ly  a  stage , is, o f  co u rse , u lt im a te ly  th e  sou l. A n d  a s tro n o m y  is u sed  

as a n  illu s tra tio n  a g a in  a n d  a g a in  in  P la to ’ s w o r k  t o  m a k e  th is p o in t .3

A s tr o n o m y , w e  see, is n o t  p u rsu e d  p r o p e r ly  i f  o n e  stu d ies o n ly  th e  

m in u te  p re ce ss io n  o f  th e  e q u in o x , o r  c o r r e c t io n s  o f  th e  c a le n d a r  o r  o th e r  

m e a su ra b le  d e ta il— p r o b le m s  th a t o n ly  la te r  c o m e  to  b e  h ig h ly  re g a rd e d . 

R a th e r , a  m a n  m u st “ p u rsu e  h is  stu d ies  a r ig h t  w ith  h is m in d ’ s ey e  fix e d  

o n  th e ir  s in g le  e n d .”  [E p i n o m i s , 9 9 1 e .] A s  th e  A th e n ia n  h a d  sa id  ea r lie r  

[L 6 w s  7 : 8 2 1 d ] : “ . . . th e  rea son  w h y  I  a m  n o w  in sistin g  th a t o u r  c it i 

zen s a n d  th e ir  y o u n g  p e o p le  m u st le a rn  e n o u g h  o f  a ll th e  fa cts  a b o u t  

th e  d iv in ities  o f  th e  sky is to  p r e v e n t  b la sp h e m y  o f  th e m  [su ch  as th e  

c h a r g e  th a t th ey  w a n d e r  a r o u n d , w h e n  in  fa c t  th ey  c a n  b e  s h o w n  to  h a v e  

re g u la r  m o t io n s ; 8 2 2 a ], a n d  to  en su re  a  re v e re n t  p ie ty  in  th e  la n g u a g e  

o f  a ll o u r  sa crifices  a n d  p ra y e rs .”

A s tr o n o m y  is thus a n  a d ju n c t  to  m o r a l p h ilo s o p h y . A n d  n o w  w e  h a v e  

n o  d ifficu lty  in  r e co n s tru c t in g  a n d  u n d e r s ta n d in g  th e  c r ite r ia  o f  p rese 

le c t io n  in  P la to ’ s a s tro n o m ica l p ro b le m s . T h e y  a re  th ose  c r ite r ia  w h ic h  

assure th a t th e  s u b je c t  m a tte r  a n d  persu asiven ess o f  this s c ie n ce  shall 

c o n tr ib u te  to  m o r a l e d u c a t io n . T o  le t  scientists lo o k  fo r  th e ir  o w n  su b 

je c t  o f  s tu d y  a n d  fa sh io n  th e ir  o w n  cr ite r ia  f o r  se le c t in g  fa cts , h y p o 

theses, a n d  e x p la n a to r y  m e th o d  w o u ld  b e  as a b su rd  as g iv in g  th e  n a m e  

“ tru e  m u s ic ia n s”  [ R e p u b l i c  3 :  4 0 2 ] to  th ose  w h o  w o u ld  in v e n t  th e ir  

o w n  in stru m en ts , a n d  p la y  o n  th e m  a n y  d ish a rm o n io u s  tu n e  o r  rh y th m  

th a t p leases  th e m , a n d  w h o  in  g e n e ra l h a v e  n o t  s tu d ie d  “ th e  fo r m s  o f  

sobern ess, c o u r a g e , lib era lity , a n d  h ig h -m in d e d n e s s .”

I n d e e d , it is so  easy  to  s h o w  h o w  th e  m o ra lis t ic  se ttin g  su rro u n d in g  

P la to n ic  s c ie n ce  d e te rm in e d  th e  s c ie n ce  o f  its t im e  th a t w e  som etim es  

assign  it to  s tu den ts  as a n  ex ercise , a n d  as a n  e x e m p la ry  w a r n in g  th at 

m eta p h y s ica l p re su p p o s it io n s  h a v e  h a d  a  p o w e r fu l h o ld  u p o n  th e  sci 

en ces  o f  th e  a n cien ts .
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Is th e  s itu a tion  to d a y  en tire ly  d if fe r e n t?  I  d o  n o t  b e lie v e  it  is, o r  c o u ld  

be. A lth o u g h  th e  scen e , b o th  in  s c ie n ce  a n d  o u ts id e , h as c h a n g e d  g rea tly  

sin ce  th e  classic  G re e k  p e r io d , w e  h a v e  n e v e r  h a d — a n d  c o u ld  n o t  h a v e  

im a g in e d — a  sc ie n ce  sep a ra ted  fr o m  e x te rn a l in v o lv e m e n ts , a n d  ex is tin g  

tru ly  “ f o r  its o w n  sak e .”  T h e  c r ite r ia  o f  p r e s e le c t io n  c h a n g e , th e  b a s ic  

co n ce rn s  sh ift, b u t  th e  ex is ten ce  o f  a  sty listic re la tio n sh ip  a m o n g  th e  d i f 

fe ren t w ork s  o f  a  g iv e n  p e r io d  rem a in s  con sta n t.

A n  e x a m p le  w ill b e  h e lp fu l h ere . I t  is c o m m o n p la c e  th a t th e  p r e d ile c 

t ion  fo r  see in g  p ro b le m s  in  term s o f  a  h a rm o n io u s ly  o r d e r e d  w o r ld  w as 

still ch a ra cte r is t ic  e v e n  o f  th e  v e ry  la n g u a g e  o f  s c ie n tific  im a g in a t io n  in  

th e  c lassic  p e r io d  o f  th e  se v en teen th  a n d  e ig h te e n th  cen tu ries . H o w  fa r  

w e  h a v e  c o m e  in  s c ie n ce  m o r e  re ce n tly — a n d  n o t  o n ly  in  s c ie n ce — fr o m  

th at p o s it io n  is p e rh a p s  exp ressed  m o st  d ire c t ly  a n d  s im p ly  in  a  p assage  

th at seem s as stra n ge  n o w  as it w a s  c o n g e n ia l in  1681 w h e n  T h o m a s  

B u rn et p u b lish e d  T h e  S 6 c r e d  T h e o r y  o f  t h e  E 6 r t h ; sp e a k in g  o f  th e  

a n n o y in g  d isord erlin ess  o f  th e  d is tr ib u tio n  o f  th e  stars, h e  s a id :

T hey lie carelesly scatter’d, as if they had been sow n in  the H eaven, like Seed, 

by handfuls; and not by a skilful hand neither. W hat a beautiful H em isphere 

they w ou ld  have m ade, if  they had been p lac ’d  in rank and order, if  they had 

been all dispos’d  into regular figures, and the little ones set w ith due regard to 

the greater. T h en  all finisht and m ade up into on e  fa ir p iece or  great C o m 

position, accord ing to the rules o f  A rt and Sym m etry.

W e  h a v e  n o t , o f  co u rse , lost  th e  c o n c e p ts  o f  h ie ra rch y , co n t in u ity , a n d  

o r d e r  in  c o n te m p o r a r y  w o rk . T h e y  stay  in  s c ie n ce , b u t  m a in ly  as in 

h er ited  e lem en ts . T h e y  a re  n o t  th e  n e w  th em es th a t c o r r e s p o n d  to  th e 

ch a ra cter ist ic  style o f  o u r  o w n  a g e — o f  w h ic h  o n e  o f  th e  m o st  p o w e r fu l  

a n d  s ig n ifica n t is th e  a n tith e tica l th e m a  o f  d is in te g ra tio n , v io le n c e , a n d  

d era n g em en t.

T h u s  in  th e  la n g u a g e  o f  p h ysics  a lo n e  w e  fin d  th e  rise in  th e  last six  

d eca d es  o f  term s su ch  as r a d io a c t iv e  d e c a y , o r  d e c a y  o f  p a r t ic le s ; d is 

p la ce m e n t la w ; fiss io n ; s p a lla t io n ; n u c le a r  d is in te g r a t io n ; d is co n t in u ity  

(as in  en e rg y  levels  o f  a t o m s ) ; d is lo ca t io n  ( in  c r y s t a ls ) ; in d e te rm in a cy , 

u n ce r ta in ty ; p r o b a b ilis t ic  (r a th e r  th a n  c la ss ica lly  d e te rm in is t ic )  ca u sa l 

ity ; t im e  re v e rsa l; stran geness q u a n tu m  n u m b e r ; n e g a tiv e  states ( o f  

en ergy , o f  t e m p e r a t u r e ) ; fo r b id d e n  lines a n d  tra n s ition s ; p a rt ic le  a n 

n ih ila tion . I  o n c e  w r o te  th a t it  is n o t  t o o  fa r fe tc h e d  to  im a g in e  th a t so m e
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p h y sic ist  w ill p r o p o s e  to  n a m e  a  n e w  p a r t ic le  th e  “ s ch iz o id  p a r t ic le ” —  

a n d  sh ortly  th e re a fte r  I  d is c o v e r e d  th a t th e  te rm  “ s ch iz o n ”  w a s  b e in g  

in tr o d u c e d  in to  th e  te ch n ic a l litera tu re  o f  p a rt ic le  p h ysics.

I t  is as i f  a fte r  a  su ccess fu l se a rch  f o r  s im p lic it ie s  a n d  h a rm o n ie s  in  

s c ie n ce  o v e r  th e  last th ree  cen tu ries , th e  sea rch  h as tu r n e d  to  a  m o r e  

d ire c t  c o n fr o n t a t io n  o f  c o m p le x ity  a n d  d e ra n g e m e n t, o f  so p h is tica te d  

a n d  a ston ish in g  re la tio n sh ip s  a m o n g  s tra n g e ly  ju x ta p o s e d  p arts. A n d  

i f  o n e  is in terested  in  th e  p a ra lle ls  b e tw e e n  sty le in  s c ie n ce  a n d  style 

o u ts id e  s c ie n ce , it  is n o t  su rp ris in g  to  d is c o v e r  th a t th is th e m e  in  th e  

p h y s ica l sc ien ces  h as its c o u n te r p a r t  in  m o d e m  th em es  o u ts id e  s c ie n ce , 

f o r  e x a m p le  in  th e  a n a lo g o u s  p r e o c c u p a t io n  w ith  th e  th e m e  o f  a p p a r e n t  

d e r a n g e m e n t  in  c o n te m p o r a r y  art.

T o  se lect o n e  e x a m p le  a m o n g  m a n y , c o n s id e r  th e  w o r k  b y  th e  F re n ch  

artist M . A r m a n , w h o  h as c a lle d  som e  o f  h is  w o r k  c o lè r e s  o r  c o u p es . 

I n  th e  w o r d s  o f  P e te r  J on es , a  c r it ic  w h o  m a d e  a  stu d y  o f  h is w o r k ,4 th e  

a im  o f  th e  c o lè r e  is t o  “ h o ld  fast o n  a  s u r fa ce  o n e  in sta n t, th e  e x p lo s iv e  

in stan t in  w h ic h  o b je c ts  a re  v io le n t ly  d is in teg ra ted  in to  a  m ass o f  p ie ces  

— a c t io n  scu lp tu re  in  th e  h ig h ly  re ca lc itr a n t  (a n d  th u s  c h a lle n g in g )  

m e d iu m  o f  o b je c ts  th a t b re a k  th e  w a y  th e  artist w a n ts  o n ly  w ith  m u c h  

fla ir  a n d  p r a c t ic e  o n  his p a rt . . . .  A r m a n  is fa sc in a te d  b y  . . .  th e  c o o r d i 

n a te d  m a stery  o f  a ll th e  fa c to r s  in v o lv e d , b r o u g h t  to  b e a r  a t o n e  d e c is iv e  

p o in t  o f  s p a ce  a n d  t im e .”  I n  d e s cr ib in g  th e  w o r k  A lle g r o  F u r io so  (see  

F ig u re  1 ) ,  J o n e s  g iv es  this d e s c r ip t io n  :

T h e  c o lè r e  looks spontaneous, but its construction was deliberate all through. 

H ere is what A rm an did. H aving la id  the b lack  panel that serves as a base flat 

on  the floor (and  having built up tem porary planks on  the sides) he began by 

smashing a cello . T h is cam e first because it was to be  the determ ining factor 

o f  the com position . A rm an broke it diagonally, to  d iv ide  his surface in tw o. 

T h en  he took  the viola, an old  and dry hand-m ade instrument w h ich  he knew 

w ould  spread itself broad ly  on  im pact (w h ile  a new er one w ou ld  have broken 

m ore com p actly ) : he broke the viola  to  le ft o f  centre in order to  leave a “ V ”  

in the m iddle o f the panel. N ext he broke the tw o violins in such a w ay as to 

have them going in the same d irection  as the viola. In  order not to  have them 

too  w idely  dispersed he d id  not swing them through the air and smash them 

on  the board  as he had done w ith the other instruments, but held them by the 

neck and scroll, stam ped on  them with his foot, and dropp ed  the necks nearby. 

T hus he achieved a com p act mass on  the le ft side. Finally, to counterbalance 

fully the mass o f  the cello , he threw dow n the bow s on  the le ft.5
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Figure 1. A rm an, C olère quatuor à cordes Allegro furioso, 1962.
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T h e  w o r k  o f  A r m a n  a n d  th a t o f  his co lle a g u e s  in  a c t io n  p a in t in g  a n d  

a c t io n  s cu lp tu re  m a y  o r  m a y  n o t  tu rn  o u t  to  b e  g o o d  a rt. B u t d esp ite  

o u r  in itia l im p u lse  to  o b je c t ,  I  b e lie v e  w e  m u st take  th e  in te n tio n  seri 

ou s ly . I t  is th r o u g h  d ism e m b e rm e n t  o f  m a teria ls  th a t o n e  m a y  h o p e — as 

o n e  m e th o d  a m o n g  m a n y  o th ers— t o  d is c o v e r  c e r ta in  c lu es  to  th e  o r ig 

in a l, s im p le  sy m m e try  th a t is h id d e n  in  th e  w h o len ess  o f  th e  o b je c t .  

V e sa liu s  k n e w  this, o f  co u rse . A n d  I  m ig h t  p o in t  o u t  th a t  a  p h ysic ist 

in terested  in  th e  o r d e r ly  s tru ctu re  o f  n u c le i o r  su b n u c le a r  p a rtic le s  o f t e n  

h as t o  in d u c e  th at stru ctu re  a n d  sy m m etry  b y  m ea n s  o f  a n  A r m a n -lik e  

p r o c e s s : h e  p re p a re s  th e  n u c le u s  b y  first s tr ip p in g  a w a y  th e  a t o m ’ s o u te r  

e le c tro n s  th a t sh ie ld  it, a n d  th en  lets th e  n u cleu s , a t  th e  e n d  o f  a  v io le n t  

jo u r n e y  th r o u g h  a  p a r t ic le  a c c e le r a to r , b o m b a r d  a ta rg et. T h e r e , i f  th e  

e n e r g y  is h ig h  e n o u g h , th e  p r o je c t i le  n u cle u s  a n d  p e rh a p s  a lso  th e  ta rget 

w ill d is in teg ra te , a n d  th e  fra g m e n ts  w ill g o  o f f  w ith  m o m e n tu m , en erg y , 

a n d  sp in s th a t  a re  fu ll  o f  fa s c in a t io n  a n d  m e a n in g  to  th ose  w h o  c a n  

a c h ie v e  a  “ c o o r d in a te d  m a stery  o f  a ll th e  fa c to r s  in v o lv e d .”  M e a n w h ile , 

t o  th e  u n in it ia te d , it a ll lo o k s  m e re ly  like  a  r id icu lo u s  o r  d a n g e r o u s  d e 

s tru ct io n .

I f  th is a n a lo g y  is v a lid , it m a y  b e  th a t  th e  c u r re n t  a tte n t io n  to  th e  

th e m a  o f  d e r a n g e m e n t  in  s c ie n ce  as w e ll as in  a rt is a t b o t to m  an  in d i 

c a t io n  o f  th e  re tu rn  o f  its a n t ith e m e  o f  o r d e r  in  a  n e w , m o r e  sop h isti 

c a te d  gu ise . T h e  s im p le  h a rm o n ie s , th e  s im p le  sym m etries , h a v e  b e e n  

fo u n d  o u t . H o w  m u c h  m o r e  sa tis fy in g  it w ill b e  i f  w e  c a n  d isce rn  h a r 

m o n ie s  a n d  s im p lic it ie s  d ire c t ly , th r o u g h  a m o r e  h ig h ly  tra in e d  v is io n , 

in  c o m p le x , a p p a r e n t ly  b r o k e n , a n d  d e r a n g e d  c o n fig u r a t io n s ! I t  m a y  b e  

th a t w e  a re  b e g in n in g  to  tra in  n e w  sen sib ilities  w h ic h  w ill set a  n e w  style.

I n  th e  m e a n tim e , th e  c a r e fu l  a tte n t io n  to  d isord erlin ess  has y ie ld e d  

su rp r is in g  n e w  s im p lic it ie s . F o r  it is a  v e ry  te llin g  fa c t  th a t th e  “ c a r e -  

lesly sca tter ’ d ”  a p p e a r a n c e  o f  th e  stars, w h ic h  se e m e d  so  d iso rd e r ly  a n d  

ir re g u la r  in  th e  sev en teen th  ce n tu ry , has s in ce  th en  s lo w ly  p r o v id e d  

d a ta  f o r  a n  e n tire ly  d iffe r e n t  v ie w  o f  th e  ea rth , th e  sun , th e  so la r  system , 

a n d  in d e e d  o u r  w h o le  u n iv erse . F irst, it  tu r n e d  o u t  th a t w e  are  s itu a ted  

in  o n e  o f  th e  o u te r  arm s o f  a  h u g e  len s -sh a p ed  g a th e r in g  o f  stars, m a n y  

o f  w h ic h  seem  th em selves  to  b e  th e  cen ters  o f  th e ir  o w n  so la r-system -lik e  

p la n e ta r y  d is tr ib u tio n s ; th e re fo re , lo o k in g  fr o m  o u r  e a rth  in to  d iffe r e n t  

d ire c t io n s  w e  see q u ite  d iffe r e n t  den sities— la rg e  n u m b e rs  o f  stars w h e n  

w e  lo o k  to w a r d  th e  c e n te r  o f  th e  g a la x y  a n d  b e y o n d , fe w  stars a t  r ig h t 

an g les . T h e  h a n d  th a t sca tte re d  these stars w a s  in d e e d  s k illfu l; b u t  to
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re co g n ize  this w e  first h a d  to  g e t  u sed  to  th e  id e a  th at th at h a n d  d id  n o t  

a lso  p u t us  a t the c e n te r  o f  th in gs, a n d  th at it d id  n o t  p la c e  a h ig h e r  

v a lu e  o n  s im p le  la ttice  a rra n g em en ts  th a n  o n  sto ch a stic  a rra n g em en ts . 

A n d , se co n d ly , lo o k in g  b e y o n d  th e  stars to  th e  n e b u la e , w e  a g a in  fin d  

th em  to  b e  p la c e d  essentia lly  a t r a n d o m  as fa r  as th e  te le s co p ic  ey e  c a n  

see. S o , a fte r  a ll, w e seem  to  b e  in  a  m o re  o r  less is o tro p ic  a n d  h o m o g e n e 

ous, th at is, in  a  m ost s im p le  a n d  sy m m etric , w o r ld . O r  a t least the style 

o f  th o u g h t  o f  o u r  tim e has m a d e  it  easier  to  en terta in  th e  n e w  m o d e l,  

o n e  so g re a tly  a t v a r ia n c e  w ith  th at o f  e a r lie r  cen tu ries .

I ll

L e t  us tu rn  b r ie fly  to  a n o th e r  c o n c e p t io n  th at h as e x p e r ie n c e d  a  c y c le  

o f  c h a n g in g  a c c e p ta b ility : a to m ism . T h is  th e m a  a lso  has b e e n  im p o r ta n t  

in  sc ien tific  th o u g h t  fr o m  th e  first— in d e e d , fr o m  th e  a to m ism  o f  P y th a g 

o re a n  n u m b e r  p h ysics— a n d  u su a lly  it fo u n d  itse lf c o -e x is t in g  w ith  a n d  

arrayed  aga in st the e q u a lly  a n c ie n t  th e m a  o f  th e  c o n t in u u m . (A s  w ith  

o r d e r  a n d  d iso rd e r  th e m a ta  a n d  o th e r  ex a m p le s , it is p a ir in g  o f  o p p o s 

in g  o r  c o m p le m e n ta r y  th em e  a n d  a n tith e m e .) In  th e  ea rly  p a rt  o f  th e  

n in eteen th  ce n tu ry , w ith  D a lto n , a to m ism  cea sed  to  b e  re g a rd e d  as a  

“ m e re ”  p h ilo s o p h ic a l p o s it io n  a n d  b e g a n  to  g o  t o  th e  fo r e fr o n t  o f  th e  

stage. B u t th ere  w e re  c o n t in u in g  a ttack s, f o r  e x a m p le  b y  H u m p h r y  D a v y . 

A n d  e v e n  w h e n  in  the ea r ly  p a rt o f  th e  tw e n tie th  c e n tu ry  th e  a to m is tic  

h ypoth esis  w as d iscu ssed  as i f  it h a d  b e c o m e  m e re ly  a p h e n o m e n ic  o n e  

(n a m e ly , b o r n e  o u t  o f  e x p e r im e n ta l e v id e n c e ) , it  w a s  still n o t  a c c e p ta b le  

to  a ll o p p o n e n ts , ju s t  as in  N e w to n ’ s d a y  it w a s  still p oss ib le  to  o p p o s e  

C o p e rn ica n ism .

E v en tu a lly , th e  b a s ic  h y p oth eses , su ch  as h e lio ce n tr ic ity  a n d  a to m ism , 

w ere  a c c e p te d  in to  s c ie n ce  b eca u se  th ey  w e re  re g a rd e d  as p h e n o m e n ic  

ones. B u t is this c o r r e c t ?  T h e  a n sw er is n o . T h e y  rem a in  th e m a tic  p r o p o 

sitions, a n d  so  n o t  d ire c t ly  c o u p le d  to  the p h e n o m e n a .6 A  s im p le  e x 

a m p le  w ill su ffice  to  p r o v e  it. T h e  a to m  w h ic h  W ilh e lm  O s tw a ld  a c 

c e p te d  in  1909— o n e  o f  th e  last to  d o  so— w as an  a to m  w e  w o u ld  n o w  

re je ct  as in ca p a b le  o f  e x p la in in g  r a d io a c tiv ity , x -rays, sp ectra , v a le n c e , 

a n d  so fo r th , n o t  to  m e n tio n  th e  n e w  d isco v e r ie s  m a d e  s in ce  th at tim e, 

su ch  as iso top ism  a n d  sp a ce  q u a n tiza tio n . W h a t  O s tw a ld  a n d  oth ers  

th o u g h t  th ey  w e re  a c c e p t in g  w a s  the “ e x p e r im e n ta l fa c t ”  o f  a tom s. 

W h a t  th ey  rea lly  w e re  a c c e p t in g , h o w e v e r , w as th e  th e m a tic  h y p oth esis  

o f  a tom ism . I t  is this h y p oth esis , o f  cou rse , w h ic h  has s u rv iv e d  the re ce n t
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a d v a n ce s , th e  n e w  d a ta , w h erea s  th e  e x p e r im e n ta l  a to m  o f  19 09  h as lo n g  

b e e n  p r o v e d  to  b e  “ w r o n g .”

S im ila r ly , w h a t  E rn st M a c h  w a s  a t ta c k in g  w h e n  h e  o b je c t e d  to  th e  

n o t io n  o f  a to m s, sa y in g  th ey  w e re  n o t  c o n g r u o u s  w ith  sen sation s, w as n o t  

th e  p h e n o m ic  h y p o th e s is  o f  th e  a to m  as a n  e x p la n a to r y  d e v ic e  to  d e a l 

w ith , say, o b s e r v e d  sc in tilla t ion s . R a th e r , h e  w a s  a tta c k in g  th e  c o n c e p 

t io n  o f  fu n d a m e n ta l s u b m ic r o s c o p ic  d iscreten ess  as a g a in st  c o n t in u ity .

T h e  tw e n t ie th -c e n tu r y  v ic t o r y  o f  d iscreten ess  w a s  rea lly  th e  c l im a x  o f  

a w h o le  c e n tu r y  o f  p r e p a r a t io n  fo r  th is n e w  style o f  th in k in g  in  a ll 

b r a n ch e s  o f  s c ie n ce . W e  see h ere  ra th e r  b e a u t ifu lly  a  fa m ily  o f  re la te d  

d e v e lo p m e n ts — th e  th e m e  o f  d iscreten ess  e x p re ss in g  itse lf in  p h ysics , 

b io lo g y , a n d  ch e m istry . F o r  b e tw e e n  1808 a n d  1905 , p h y s ics , b io lo g y , 

a n d  ch e m is try  saw  th e  in tr o d u c t io n  o f  re m a rk a b ly  s im ila r  c o n c e p t io n s . 

I n  e a c h  o f  th ese  fie ld s  it  w as fo u n d  fr u it fu l to  assu m e th e  e x is te n ce  o f  

fu n d a m e n ta l, d is cre te  en tities . T h u s  D a lto n  (1 8 0 8 )  p r o p o s e d  th a t m a t 

ter  con sists  o f  a to m s  w h ic h  m a in ta in  th e ir  in te g r ity  in  a ll c h e m ic a l  re 

a c t io n s . I n  b io lo g y , S c h le id e n  f o r  p la n ts  (1 8 3 8 )  a n d  S c h w a n n  f o r  a n i 

m a ls  (1 8 3 9 )  p r o p o s e d  th e  th e o r y  o f  ce lls , b y  th e  v a r io u s  c o m b in a t io n s  

o f  w h ic h  l iv in g  tissues w e re  a ssu m ed  to  b e  b u ilt . M e n d e l ’ s w o r k  (1 8 6 5 )  

le d  t o  th e  id e a  th a t th e  m a te r ia l g o v e r n in g  h e re d ity  c o n ta in s  a  stru ctu re  

o f  d e fin ite  en tities , o r  g en es , w h ic h  m a y  b e  tra n sm itte d  f r o m  o n e  g e n 

e ra t io n  to  th e  n e x t  w ith o u t  c h a n g e .

M e a n w h ile , h e a t, e le c tr ic ity , a n d  lig h t , w h ic h  w e r e  th e  p a rts  o f  p h y s 

ics  th a t th e  e ig h te e n th  ce n tu r y  h a d  v isu a lized  la rg e ly  in  term s o f  th e  

a c t io n s  o f  im p o n d e r a b le  flu id s, w e re  b e in g  re p h ra se d  in  a  s im ila r  m a n 

n er . I n  J o u le ’ s k in e tic  th e o ry  ( 1 8 4 7 ) ,  sen sib le  h ea t w a s  id e n t if ie d  w ith  

th e  m o t io n s  o f  d iscre te  a to m s  a n d  m o le cu le s . T h e  e le c tr o n , a  p a rt ic le  

c a r r y in g  th e  sm allest u n it  o f  n e g a t iv e  c h a r g e , w as d is c o v e r e d  ( 1 8 9 7 ) .  

F in a lly , th e  e n e rg y  o f  th e  sou rces  o f  r a d ia t io n  a n d  th en  o f  r a d ia t io n  itse lf 

w as fo u n d  to  be  q u a n t iz e d  (1 9 0 0  a n d  1 9 0 5 ) .  I t  w as as i f  th ese  n e w  

v iew s  in  th e  sc ien ces  s te m m e d  fr o m  a  s im ila rly  d ir e c te d  c h a n g e  in  th e  

m e n ta l m o d e ls  u sed  to  c o m p r e h e n d  p h e n o m e n a — a c h a n g e  in  style 

w h e re  th e  g u id in g  id e a  is n o  lo n g e r  a  c o n t in u u m , b u t  a  p a r t ic le , a  d is 

c re te  q u a n tu m .7

IO O

I V

T h e  d iscu ss ion  o f  th e m a tic  an alysis a n d  a n tin o m ie s  c o m e s  to  th e  

p o in t , th en , w h e re  o n e  c a n  c o n s id e r  a  p a ir  o f  th em es w h ic h  are  cen tra l
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to  th e  q u estion  o f  th e  re la tion sh ip  o f  p erson a l style a n d  sc ien tific  a c h ie v e 

m en t. I  a m  re fe rr in g  to  th e  m e th o d o lo g ic a l  th em es o f  p r o je c t io n  ( o r  

e x te m a liz a t io n )  o n  th e  o n e  h a n d , a n d  r e tr o je c t io n  ( o r  in te rn a liz a t io n ) 

o n  the o th er .

W e  are le d  in to  th e m  b y  n o t in g  a  s tep  b a s ic  to  a ll sc ien tific  w o rk , b u t  

rare ly  d iscu sse d : it is th e  p rocess  o f  r e m o v in g  th e  d iscou rse  fr o m  th e  

p erson a l le v e l— th e lev e l o n  w h ic h  th e  p r o b le m  o r ig in a lly  b e c o m e s  o f  

in terest to  th e  p a r t ic u la r  p erson  w h o  w ork s  o n  it, th e  lev e l o n  w h ic h  

a esth etic  a n d  “ p r iv a te ,”  som etim es  n o t  e v e n  easily  c o m m u n ic a b le  c o n 

s id era tion s m a y  b e  im p o r ta n t— to  a  s e co n d  lev e l, th a t o f  p u b lic  sc ien ce , 

w h ere  th e  d isco u rse  is m o r e  u n a m b ig u o u s ly  u n d e rs ta n d a b le , b e in g  p r e 

d o m in a n t ly  a b o u t  p h e n o m e n a  a n d  a n a ly tica l sch em es. [T h e  d iffe re n ce s  

b e tw e e n  “ p r iv a te ”  a n d  “ p u b lic ”  s c ie n ce , o r  vs. S 2) a re  fu rth e r  d e a lt  

w ith  in  Essay 11.] T h is  is a  p rocess  w h ic h  ev e ry  scien tist u n q u e st io n a b ly  

a cce p ts , a  p ro ce ss  th a t m a y  b e  te rm e d  e x te m a liz a t io n  o r  p r o je c t io n . 

T h e  w o r k in g  scien tist m u st b e  a b le  to  sh ift  th e  c o n c e p tu a l fr a m e w o r k  

fr o m  th e  p r iv a te  to  th e  p u b lic  le v e l, w h e re  it  c a n  b e  sh a red  g e n e ra lly  

b y  r e tr o je c t io n  in to  d isp a ra te  system s o f  in d iv id u a l scientists a ll o v e r  th e  

w o r ld . T h e  a im  o f  th e  p ro ce ss  is to  a rr iv e  at sta tem en ts  th a t a re  in v a r i 

an t w ith  re sp e ct  to  th e  in d iv id u a l o b se rv e r— th a t is, in s o fa r  as p oss ib le , 

the sa m e fo r  e a c h  p a rt icu la r , p u re ly  p e rso n a l fr a m e w o r k  in to  w h ic h  it 

u ltim a te ly  m a y  b e  c h a n n e le d . T h e r e  is a n  a n a lo g y  h ere  w ith  th e  m e th o d  

b y  w h ic h  re la tiv ity  p h ysics  selects s ta tem en ts  a n d  law s th a t a re  in v a r ia n t  

w ith  resp ect  to  tra n s fo rm a tio n  a n d  a re  th e r e fo r e  g e n e ra lly  a p p lic a b le .

W h a t  is in terestin g  is th a t o n  c e rta in  o c ca s io n s , d u r in g  th e  trans 

fo r m a tio n  o f  c o n c e p t io n s  f r o m  th e  p e rso n a l to  th e  p u b lic  re a lm , th e  

scientist, p e rh a p s  u n k n o w in g ly , sm u g g les  th e  style, m o t iv a t io n , a n d  

c o m m itm e n t  o f  his in d iv id u a l system  a n d  th a t o f  h is so c ie ty  in to  his 

su p p osed ly  n eu tra l, v a lu e -in d iffe r e n t  lu g g a g e . A n d  it is a t this p o in t  

th a t th e  c o n c e p t  o f  p r o je c t io n  w ill h e lp  us to  u n d e rs ta n d  h o w  th e  sty le 

o f  c o n te m p o r a r y  p e rso n a l a n d  s o c ia l th o u g h t  in tro d u ce s  itse lf in to  s c ien 

tific  w o rk .

O f  th e  tw o  m a in  e x a m p le s  I  w ish  n o w  to  in v estig a te , th e  first refers 

to  w h a t  is u su a lly— a n d  ra th er  lo o se ly — c a lle d  a n th r o p o m o r p h ic  th in k 

in g  in  sc ien ce . O n  this a sp ect  o f  th e  m e ch a n is m  o f  p r o je c t io n , a  u se fu l 

sou rce  is th e  w o rk  o f  E rn st T o p it s c h .8 A t  th e  ou tse t he n otes  th a t w h ile  

the v a riety  a n d  n u m b e r  o f  c o n c e p t io n s  b y  w h ich  a ttem p ts  h a v e  b e e n  

m a d e  to  u n d ersta n d  o u r  e n v iro n m e n t  a n d  ou rse lves  a re  e n o rm o u s , th e
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th o u g h t  m o d e ls  th a t h a v e  p la y e d  a  m a jo r  ro le  fa ll in to  a  q u ite  lim ite d  

n u m b e r  o f  ca te g o r ie s . H e  re m in d s  us th a t in  th e  stu d y  o f  th e  p s y c h o lo g y  

o f  d e v e lo p m e n t , J e a n  P ia g e t, a m o n g  o th ers , has stressed th a t th e  c h ild  

c o n c e iv e s  o f  th e  w o r ld  as e x is t in g  in  a n a lo g ic a l re la tio n  to  h is w ish es 

a n d  a ct io n s , h is so c ia l c o n n e c t io n s  a n d  his h a n d lin g  o f  e x p e r ie n c e  in  

g e n e ra l. I n  th is sense p h y lo g e n e t ic  a n d  o n to g e n e t ic  fin d in g s  c o in c id e ;  

f o r  u n til fa ir ly  re ce n t  tim es th e  scien tist, t o o , has c o n c e iv e d  o f  w h a t  is 

r e m o te , u n k n o w n , o r  d iffic u lt  to  u n d e rs ta n d  in  term s o f  w h a t  is n e a r , 

w e ll -k n o w n , a n d  s e lf-e v id e n t  in  e v e r y d a y  term s. S o c ia l a n d  artistic  

p rocesses  a n d  p r o d u c t io n s  h a v e  o ft e n  serv ed  as e x p la n a tio n s  b y  a n a lo g y  

f o r  th e  u n iv erse  as a system — in  sh ort, by  p r o je c t in g  o u tw a r d  in to  th e  

u n iv erse  c o n c e p t u a l  im a g e s  fr o m  th e  d o m a in  o f  so c ia l a n d  p r o d u c t iv e  

a c t io n .

W h ile  it  h a s  b y  n o  m ea n s  b e e n  w id e ly  r e c o g n iz e d  th a t  this is an  es 

sen tia l a c t iv ity  in  th e  sc ien ces , th e  sa m e p o in t  h as a t least b e e n  n o te d  

in  th e  so c ia l stu d ies. T a lc o t t  P arson s, f o r  e x a m p le , h a s  w r it te n :

It  is curious— and w ou ld  m erit investigation in terms o f  the socio logy  and 

psychology o f  kn ow ledge— that the priority given to know ledge o f  the physical 

w orld  in the developm ent o f  m odern  ph ilosophy reverses the priorities applying 

to the developm ent o f  the hum an individual’s know ledge o f  his ow n  environ 

m ent and, it seems, the form ation  o f  em pirical know ledge in  early cultural 

evolution . S ince Freud, it has been know n that the ch ild ’s first structured 

orientation to his w orld  occu rs in the field o f  his social relationships. T h e  

“ ob jects”  in volved  in Freud’s fundam ental con cep t o f  o b je c t  relations are 

“ socia l”  ob jects : persons in roles, particularly  parents, and the collectivities 

o f  w h ich  they are parts and into w h ich  the ch ild  is socialized. T h is  orientation 

includes an em pirical cognitive com p on en t w h ich  is the fou ndation  on  w h ich  a 

ch ild  builds his later capacity  fo r  the scientific understanding o f  the em pirical 

w orld . W hat is o ften  interpreted as the ch ild ’s “ m agica l”  thinking about the 

physical w orld  probab ly  evidences a lack  o f  capacity  to differentiate betw een 

physical and social ob jects.

S im ilar things appear true o f  cultural evolution  m ore generally, though . . . 

the parallels are far from  exact. Perhaps the best single reference o n  the prob 

lem s is the article P rim itive Classification  (1 9 0 3 ) by D urkheim  and M auss 

T h is  emphasizes, w ith special but not exclusive reference to the Australian 

aborigines, the priority o f the social aspect o f  prim itive categorization o f  the 

w orld , notable in the con cep tion  o f  spatial relations in terms o f  the arrange

m ent o f  social units in the cam p .9

T u r n in g  to  th e  sc ien ces  m o r e  n a rr o w ly  d e f in e d , it  is n o t  d iffic u lt  to
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see that th e  h ie ra rch ica l u n iverse  o f  A r is to tle  o r  o f  th e  m e d ie v a l s c h o o l 

m en  w as a lso  a b stra cted  fr o m , a  re fle c t io n  o f ,  th e  h ie ra rch ica l class 

o rg a n iza tion  o f  socie ty  in  w h ich  these th in kers liv e d . T h is  still h a p p e n s , 

o f  cou rse , in  o u r  d a y : th e  ch em ist, th e  ph ysicist, o r  th e  a s tro n o m e r  look s  

o u t  a n d  b e h o ld s  a  n e w  w o r ld , o n e  fitt in g  to  h is t im e . F o r  e x a m p le , it  is 

n o w  a  p r o fo u n d ly  eg a lita r ia n  ra th er  th a n  h ie ra rch ica l u n iverse , so  m u c h  

so  th a t a  w h o le  th e o ry  o f  re la tiv ity  ( M i ln e ’ s ) has b e e n  b u ilt  a r o u n d  th e  

so -ca lle d  c o s m o lo g ic a l p r in c ip le , th e  p r in c ip le  th at a n y  o b se rv e r  a n y 

w h ere  in  th e  u n iverse  in terp rets  d a ta  in  e x a ct ly  th e  sam e w a y  as a n y  

o th e r  o b se rv e r  e lsew h ere , m a k in g  e q u iv a le n t  co rre la t io n s  b e tw e e n  d a ta  

a n d  instants at w h ich  d a ta  are  taken . I t  is a  restless w o r ld , in  w h ich  th e  

parts a re  c o u p le d  b y  a  c o m p le m e n ta r is t ic  m u tu a l e n g a g e m e n t  w h ic h  is 

n ev er  a  u n id ire c t io n a l a c t io n  b u t a lw ays an  in te ra ct io n . I t  is, as it w e re , 

a c la ss -u n b o u n d e d  w o r ld  in  w h ich  m a n y  o ld  qu estion s  are  m e a n in g 

less b u t  n o n e  is im p io u s , a n d  in  w h ic h  e a ch  o f  the fe w  law s is p re su m e d  

to h a v e  the w id est possib le  s co p e .

N o t  o n ly  a re  ce rta in  c o n c e p tu a l im a g es  p r o je c te d  o u tw a r d  in to  th e 

cosm os, b u t  th ere is, as T o p it s c h  stresses, a lso  a p r o je c t io n  b a ck , a  p ro ce ss  

b y  w h ich  th e  cosm o s  itself, in  its a n th r o p o m o r p h ic  in te rp re ta tio n , m a y  

be  r e tr o je c te d  in to  its o r ig in a l c o n te x t , th at o f  h u m a n  a c t io n . H e  e x 

p la in s :

T h e  terrestrial state and terrestrial law  must be assimilated to, or m odeled  

upon, the cosm ic state and law ; the hum an ruler is the im age, the son o r  

deputy o f  the divine ruler o f  the w orld . Places o f  worship and cities are built 

according to the m odel o f  the supposed “ w orld  edifice”  or  “ heavenly city ,”  

and music should be an ech o  o f  “ the harm ony o f  the spheres.”

Such conceptions were developed  in the m a jor  cultures o f  the ancient East 

to becom e a m ythology o f  great pow er and influence; in the Hellenistic age 

they fused with Greek thought; and they had their repercussions in E urope far 

on into the N ew  Era. T h e  con ception  o f the ecclesiastical edifice as an im age 

o f the “ H eavenly Jerusalem ”  or even o f the cosm os was still fam iliar to the 

architects o f  the G oth ic period  and the Renaissance, so that an unbroken tradi

tion leads from  the Solar K ingdom  o f Egypt to that o f Louis X I V . M oreover, 

astrology (w hich  for thousands o f years, far from  being m ere superstition, was 

a conception  o f the w orld equal in rank to ph ilosoph y) was founded on the 

same process o f  projecting conditions o f  im m ediate earthly reality into the 

cosmos (as in the nam ing o f the stars), and then o f retrojecting the “ m acro 

cosm os”  so interpreted into the “ m icrocosm os”  o f  human existence.10



T h e  in te rp re ta t io n  o f  th e  co sm o s  a n d  th e  in d iv id u a l b y  a  p r o je c t io n  

a n d  r e t r o je c t io n  o f  s o c ia l o r  te c h n o lo g ic a l  m o d e s  o f  h u m a n  b e h a v io r  is 

a  th e m a t ic  te n d e n cy , th a t  is, o n e  n o t  f o r c e d  o n  us b y  c o n t in g e n t  c o n 

s id e ra tio n . O n  this g r o u n d  a lo n e  w e  e x p e c t  th a t  th ere  ex ist a lso  th em es 

o n  th e  o th e r  s id e  o f  th e  le d g e r , th em es  fo u n d e d  o n  th e  p o s tu la te  o f  th e  

a n tity p e  o f  h u m a n  lim ita tio n s  a n d  tran sitorin ess , o n  th e  id e a  o f  a  p e r 

f e c t  en tity . T h is  en tity , su p e r io r  to  a ll lim ita tio n s  a n d  e v e n  a b o v e  m a n ’ s 

th o u g h t , is easily  r e c o g n iz a b le  in  s c ie n tific  th o u g h t , f r o m  th e  b e g in n in g  

to  th is d a y , as th e  c o n c e p t io n — a h a u n tin g  a n d  a p p a r e n t ly  irresistib le  

o n e  d e sp ite  a ll e v id e n c e  to  th e  c o n tr a r y — o f  th e  fin a l, s in g le , p e r fe c t  

o b je c t  o f  k n o w le d g e  to  w h ic h  th e  c u r re n t  sta te  o f  s c ie n c e  is w id e ly  

th o u g h t  t o  le a d  us, m o r e  o r  less a s y m p to t ica lly , b u t  c o n t in u a lly  a n d  

in e x o ra b ly .

L ik e  th e  e x e m p li f ic a t io n  o f  this c o n c e p t io n  o u ts id e  s c ie n c e — in  th e 

S u p r e m e  B e in g , o r  th e  m ille n n ia l u to p ia — th e  fin a l sta te  o f  s c ie n ce  is o n e  

th a t it is g e n e ra lly  a g re e d  c a n n o t  b e  d e fin e d  w ith  a n y  d e g r e e  o f  p r e c is io n  

b y  m e a n s  o f  c o n c e p ts  o r  th e  use o f  o r d in a r y  la n g u a g e . T h a t  w o u ld  b e  in 

c o m p a t ib le  w ith  its p e r fe c t io n . I t  is seen  as a  c o n c e p t io n  fa r  b e y o n d  

th ose  a r is in g  d ire c t ly  f r o m  an  e x a m in a t io n  o f  th e  e m p ir ic a l w o r ld . O c 

ca s io n a lly  a  scien tist ra sh ly  d a res  to  p u t  th is d r e a m  in to  w o r d s , a n d  th en  

it is lik e ly  to  e m e r g e  th a t  th e  best h e  c a n  say is th a t th e  g o a l  is a lre a d y  

b e in g  a c h ie v e d . T h e  in a d e q u a c y  o f  su ch  a  sta tem en t s o o n  b e c o m e s  a p 

p a re n t  to  e v e r y o n e . T h u s  A . A . M ic h e ls o n  sa id  in  1 9 0 3 :

T h e  m ore im portant fundam ental laws and facts o f  physical science have 

all been d iscovered , and these are n ow  so firm ly established that the possibility 

o f  their ever being supplanted in consequence o f  new  discoveries is exceedingly  

rem ote. . . . O u r future discoveries must be  looked  fo r  in  the 6th p lace  o f  

decim als.11

A g a in , th e  p h y sic ist  R o b e r t  B . L e ig h to n  w r o te  m u c h  m o r e  r e c e n t ly :

. . .  It is n ow  believed that quantum  electrodynam ics provides an exact descrip 

tion o f  all physical phenom ena w h ich  d o  not directly involve nuclear forces, 

the w eak interactions, o r  gravitation : N early all o f  the data that appear in 

handbooks o f  physics and chem istry cou ld , in prin cip le , be calculated from  

first principles  if sufficiently pow erfu l m athem atical techniques w ere know n! 

W ith  the rapid advances that are being m ade in particle physics, perhaps it is 

not too  m uch  to expect that in a few  m ore decades all physical phenom ena 

w ill be equally well understood .12
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W e  m a y  guess th at th ere  w ill v e ry  lik ely  a lw ays b e  su ch  exp ression s o f  

h o p e  in  th e  im m in e n t  p e r fe c t ib ility  o f  s c ie n ce  to  b a la n ce  th e  sense o f  

tu rm oil a r o u n d  us a n d  o f  u n e x p e c te d  tran sition s b e y o n d  th e  h o r izo n .

V

R e tu r n in g  to  th e  m e th o d o lo g ic a l  th em es o f  a n th r o p o m o r p h ic  p r o 

je c t io n  a n d  r e tr o je c t io n  in  o u r  o w n  cu rre n t  s c ie n tific  w o r k , w e  w o u ld  b e  

fu n d a m e n ta lly  m istak en  to  r e g a rd  these as a n  a c c id e n ta l ra th er  th a n  an  

essential a n d  im p o r ta n t  e le m e n t. I  h o ld  w ith  W h o r f  a n d  S a p ir  th at a  

w o rk in g  la n g u a g e  m irrors  th e  in tern a l m eta p h y s ics  o f  th e  c u ltu re  o f  

w h ich  la n g u a g e  is a  p a rt. T h is  is tru e  a lso  f o r  th e  la n g u a g e  u sed  in  th e  

sc ien tific  a rea  o f  a  cu ltu re . N ie ls  B o h r  th o u g h t  th at th e  sam e p r in c ip le  is 

a p p lica b le  o n  a  la rg er  s c a le : in  th e  essay N a tu r a l P h ilo so p h y  a n d  H u 

m a n  C u ltu res , h e  con fesses  h is b e lie f  th a t “ th e  tra d it io n a l d iffe re n ce s  [ o f  

h u m a n  cu ltu res] in  m a n y  w ays resem b le  th e  d iffe r e n t  e q u iv a le n t  m o d e s  

in  w h ic h  p h y s ica l e x p e r ie n c e  ca n  b e  d e s c r ib e d .” 13 M o r e  p e rso n a lly  a n d  

sp ecifica lly , M a r t in  D e u ts c h , a  n u c le a r  p h ysic ist a t  th e  M a ssach u setts  

In stitu te  o f  T e c h n o lo g y , co n fe sse d  in  a n  a rtic le , E v id e n c e  a n d  I n fe r e n c e  

in N u c lea r  R e s ea r ch  : “ I n  m y  o w n  w o rk  I  h a v e  b e e n  p u z z le d  b y  th e  strik 

in g  d e g ree  to  w h ic h  a n  e x p e r im e n te r ’s p r e c o n c e iv e d  im a g e  o f  th e  p ro ce ss  

w h ich  h e  is in v estig a tin g  d e te rm in e s  th e  o u t c o m e  o f  h is ob serv a tion s . 

T h e  im a g e  to  w h ic h  I  re fe r  is th e  s y m b o lic , a n th r o p o m o r p h ic  rep resen 

ta tion  o f  th e  b a s ica lly  in c o n c e iv a b le  a to m ic  p rocesses .” 14

O n e  m a y  g o  fu rth e r  th a n  this. N o t  o n ly  a re  th e  a to m ic  processes  

ba sica lly  in c o n c e iv a b le  o n c e  o n e  lea ves th e  lev e l o f  c o m m o n  sense, b u t  

th ere is a lso  c o n s id e r a b le  n a ïv e té  in  a c c e p t in g , e v e n  o n  th e  leve l o f  c o m 

m o n  sense, w h a t  w e  “ see”  in  th e  la b o ra to ry . F o r  m o st  scientists, th e  c r e 

a tive  sc ien tific  im a g in a t io n , as D e u ts c h  n otes , c a n  “ fu n c t io n  o n ly  b y  

e v o k in g  p o te n t ia l o r  im a g in e d  sense im p ression s. . . .  I  h a v e  n e v e r  m e t  a  

physicist, at least n o t  a n  e x p e r im e n ta l p h ysic ist, w h o  d o e s  n o t  th in k  o f  

th e  h y d ro g e n  a to m  b y  e v o k in g  a v isu a l im a g e  o f  w h a t  h e  w o u ld  see i f  th e 

p a rticu la r  a to m ic  m o d e l w ith  w h ic h  h e  is w o r k in g  ex isted  litera lly  o n  a  

[large] sca le  a ccess ib le  to  sense im pression s. A t  th e  sam e tim e the p h y s i 

cist realizes th at in  fa c t  th e  s o -c a lle d  in tern a l s tru ctu re  o f  the h y d r o g e n  

a to m  is in p r in c ip le  in a ccess ib le  to  d ire c t  sensory  p e r c e p t io n .” 15

T h e  m o re  so p h is tica te d  s c ie n ce  b e c o m e s , th e  m o r e  strik in g  is this p a r a 

d o x . E v en  th e  s im p lest o b se rv a tio n  in  a n y  a d v a n c e d  s c ie n ce  in v o lv es  a  

fo r m id a b le  a p p a ra tu s  o f  th e o ry . T h e  v a lu a b le  e x p e r im e n ta l o b se rv a tio n s
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in  a n y  m o d e r n  la b o r a to ry , D e u ts c h  reco g n ize s , “ seem  v ir tu a lly  n e g lig ib le  

in  th e  to ta lity  o f  m a te r ia l in v o lv e d  in  th e  e x p e r im e n t . . . . A lm o s t  all 

sense im p ress ion s  c o n c e r n in g  in te rp re ta t io n  are  ir re le v a n t  to  th e  q u e s 

t ion  in v e s tig a te d .” 16 T h u s , th e  e n e rg y , th e  size, th e  p e r io d  o f  p ers isten ce  

o f  th e  p h e n o m e n o n  s tu d ie d , a ll a re  m in u te  c o m p a r e d  to  the o th e r  a tte n d 

an t d a ta . T o  use th e  la n g u a g e  o f  c o m m u n ic a t io n  e n g in e e r in g , th e  ra tio  

o f  s ign a l to  n o ise  is e x tre m e ly  sm all in  th e  la b o ra to ry .

I n  su ch  s itu ation s  th e  e n g in e e r  k n o w s  th a t h e  m u st w o r k  w ith  a  v ery  

sp e c ia l k in d  o f  “ r e ce iv e r ”  in  o r d e r  to  re ce iv e  a n y th in g . A  m o d e l is th e  

m a ser  (a s  u sed  in  r a d io a s tr o n o m y ) w h ic h  in  p r in c ip le  is a  d e v ic e  th at 

o p e ra te s  b y  r e -e m itt in g  o r  re lea s in g  a  s ign a l a t  c o n s id e r a b ly  la rg e r  e n e rg y  

th a n  th e  in c o m in g , n o is e -la d e n  s ign a l. T h is  is a c h ie v e d  b y  h a v in g  th e  

e m itte r  p r e lo a d e d , as it w e re , to  b e  tr ig g e re d  b y  th e  re la tiv e ly  lo w -  

en e rg y , in c o m in g  s ign a l. S im ila r ly , it  is p o ss ib le  to  u n d e rs ta n d  a n d  use 

o b se rv a tio n s  in  p h y sics  to d a y  o n ly  i f  th e  scien tist h as, f r o m  th e  v e r y  b e 

g in n in g , a  “ w e ll-s tr u c tu r e d  im a g e  o f  th e  a c tu a l c o n n e c t io n s  b e tw e e n  th e  

ev en ts  ta k in g  p la c e .”

T h is  is in d e e d  fa r  fr o m  th e  c o n v e n t io n a l id e a  th a t th e  scien tist k eep s 

a  c o m p le te ly  o p e n  m in d . T h e  m o re  c a r e fu lly  w e  p e e r  a t  th e  “ fa ce s ”  o f  

o u r  m eters , th e re fo re , th e  m o r e  w e  see th e  r e fle c t io n  o f  o u r  o w n  fa ces . 

E v e n  in  th e  m ost  u p -t o -d a te  p h y s ica l c o n c e p ts  th e  a n th r o p o m o r p h ic  

b u r d e n  is v e ry  la rg e . P a rtic les  still a ttra ct  o r  re p e l o n e  a n o th e r , r a th e r  as 

d o  p e o p le ;  th ey  “ e x p e r ie n c e ”  fo r c e s , a re  c a p tu r e d  o r  e s ca p e . T h e y  live  

a n d  d e c a y . C ir cu its  “ r e je c t ”  s o m e  sign als a n d  “ a c c e p t ”  o th e r s ; a n d  so 

fo r th . D e u ts c h  n o te s : “ A n  e le c t r o n  [o r  a n y  p a r t ic le  o f  m o d e m  p h ysics] is 

c le a r ly  n o t  a n  o b je c t  w ith  th e  g e n e ra l p r o p e r t ie s  o f  a  ba ll w h ic h  w e  

w o u ld  see i f  w e  h a d  a  su ffic ien tly  g o o d  m ic r o s c o p e , o r  fee l im p in g in g  o n  

o u r  h a n d  i f  o u r  n erv es  w e r e  a  little  m o r e  sensitive . W e  are  n o t  f o r c e d  b y  

d ire c t  sense p e r c e p t io n  to  use this im a g e . W e  h a v e  d e v e lo p e d  it  b e ca u se  

it a llow s  u s to  rea son  fr o m  o n e  e x p e r im e n t  to  th e  n e x t  b y  a n a lo g y ; e v e n  

in  a  m a th e m a t ic a lly  so p h is tica te d  th e o ry  w e  m u st d e a l w ith  fo r m a l 

th o u g h t  p rocesses  d e s ig n e d  to  c o n n e c t  sen sory  im p ress ion s . I t , t o o , m u st 

p r o c e e d  b y  a n a lo g y  w ith  th e  c o n n e c t io n s  esta b lish ed  b e tw e e n  su ch  p e r 

c e iv a b le  ev en ts .” 17

H e r e  is o n ly  o n e  o f  severa l rea son s  th a t so m e  cr itics  o f  s c ie n ce  are  

so  w r o n g  in  th in k in g  o f  m o d e r n  s c ie n c e  as en tire ly  d e p e rs o n a liz e d , 

c o ld  a n d  a b stra ct, d e v o id  o f  all p e rso n a l co n c e rn s . I f  th is w e re  so , sci 

entists w o u ld  fin d  th e ir  w o r k  la c k in g  th at secre t so u rce  o f  e x c ite m e n t
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w h i c h  c a n n o t  b e  e a s i ly  a n a l y z e d  b u t  c a n  b e  s h a r e d .  M o r e  t h a n  t h a t ,  

w i t h o u t  t h e s e  t i e - l i n e s  t o  p e r s o n a l  s t y le s  a n d  t h e m e s ,  t h e  p r a c t i t i o n e r s  

c o u l d  n o t  s o  s u c c e s s f u l ly  u n d e r s t a n d  t h e  c o n t e n t  o f  p u b l i c  s c i e n c e  i t s e l f .

T h u s ,  e v e n  a s  in  B a b y l o n  a n d  G r e e c e ,  w h e r e  f a m i l y  r e l a t i o n s h i p s  w e r e  

p r o j e c t e d  i n t o  t h e  v e r y  n a m i n g  o f  c o n s t e l l a t i o n s  in  t h e  s k y  a b o v e ,  t h e  

n u c l e a r  p h y s i c i s t  p r o j e c t s  h u m a n  r e l a t i o n s h i p s  i n t o  h is  e q u i p m e n t  a n d  

d a t a .  F o r  e x a m p l e ,  f o r  r e a s o n s  t h a t  h a v e  b e c o m e  s o u n d  a n d  e v e n  u n 

a v o i d a b l e  t h r o u g h  u s e  a n d  s u c c e s s ,  h e  p r e f e r s  t o  “ s e e ”  a n  e x p e r i m e n t a l  

r e s u lt ,  s u c h  a s  t h e  b u b b l e - c h a m b e r  p h o t o g r a p h  in  F i g u r e  2 ,  in  t e r m s  o f  a  

l i f e - c y c l e  s t o r y . H e  w i l l  d e s c r i b e  i t  a s  f o l l o w s :  a  p i o n — a n  e l e m e n t a r y  

p a r t i c l e  w h o s e  t r a c k  is  m a r k e d  7r~ o n  t h e  d r a w i n g  t h a t  i n t e r p r e t s  t h e  

r a w  o b s e r v a t i o n s  ( F i g u r e  3 ) — c o m e s  i n t o  t h e  v i e w f i e l d  f r o m  t h e  l o w e r

Figure 2. Associated production  o f neutral strange particles by 71-“  in liquid 

hydrogen bubble cham ber.
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Figure 3. Schem atic analysis o f events in Figure 2.

c e n te r  p o r t io n . I t  e n co u n te rs  a  p r o t o n  in  th e  c h a m b e r  a n d  in tera cts  w ith  

it  to  fo r m  tw o  s o -c a lle d  s tran ge  p a rt ic le s  ( la b e le d  K °  a n d  A 0— ca lle d  

“ s tra n g e”  b e ca u s e  th ey  w e re  fo u n d  to  su rv iv e  u n e x p e c te d ly  lo n g , n a m e ly  

10 -10 s e c . ) ; these, b e in g  n e u tra l, le a v e  n o  t r a c e  to  lo o k  a t, u n til th ey  d e 

ca y . T h e  p r o d u c t  o f  e a c h  “ s tra n g e”  p a r t ic le ’ s d e c a y  is o n e  n e g a t iv e  a n d  

o n e  p o s it iv e  p a r t ic le , th e re b y  p r o d u c in g  in  o u r  v ie w fie ld , as it  w ere , a  

th ird  g e n e ra tio n  o f  p a rtic le s , e a c h  a g a in  h a v in g  its o w n  ch a ra cte r is t ic  

life t im e .

T h is  is a  fa m ilia r , p r im o r d ia l  ty p e  o f  d r a m a  o r  fo lk  ta le , o n e  a c te d  o u t  

in  s p a ce  a n d  tim e . B u t  it is o n e  n o t  fo r c e d  o n  us b y  th e  “ d a ta .”  F o r  it is a t 

least c o n c e iv a b le  th a t ph ysicists  m ig h t  h a v e  c h o s e n  a  q u ite  d iffe r e n t  w a y  

o f  lo o k in g  a t “ w h a t  h a p p e n s ”  h e r e ; th ey  m ig h t  h a v e  s ta rted  b y  see in g  

F ig u re  2 as a  w h o le , as a  c a ll ig r a p h ic  d es ig n  (s o m e w h a t  a n a lo g o u s  to

108



T H E M A T I C  A N D  S T Y L IS T IC  IN T E R D E P E N D E N C E

A r m a n ’s p r o d u c t s ) , w ith o u t  s p a ce -t im e  d e v e lo p m e n t . Its  m e a n in g  c o u ld  

h a v e  b e e n  so u g h t in  th e  stru ctu re  o f  th e  a p p e r c e p t io n  ra th e r  th a n  in  a  

story  o f  e v o lu t io n  a n d  d e v o lu t io n , o f  b irth , a d v e n tu re , a n d  d ea th .

O f  cou rse , o n e  m ig h t  o b je c t  th a t th is a lte rn a tiv e  w o u ld  p r o b a b ly  b e  

q u ite  b a rren  in  th e  fr a m e w o r k  o f  o u r  sc ien ce . B u t this r e c o g n it io n  w o u ld  

s im p ly  r e in fo r c e  th e  su sp ic ion  th a t th e  sy m b o lic  p o w e r  o f  u se fu l s c ie n 

t ific  c o n c e p ts  rests at least in  so m e  p a rt  o n  th e  fa c t  th a t so m a n y  o f  these 

c o n c e p ts  h a v e  fo r  so lo n g  b een  im p o r t in g  a n th r o p o m o r p h ic  p r o je c t io n s  

fr o m  th e  w o r ld  o f  th e  h u m a n  d ra m a .

V I

I  tu rn  fin a lly  to  a  p rocess  o f  p r o je c t io n  in  s c ie n ce  w h ic h  is n o t  m e re ly  

c o n c e p tu a l b u t  te m p o ra l. I t  w ill h e lp  us to  u n d e rs ta n d  th e  fa c t  th a t, a t 

b o tto m , the w o r k  o f  m a jo r  sc ie n tific  “ r e v o lu tio n a r ie s ,”  lik e  E in ste in , is 

rea lly  n o t  a n  a c t  o f  ic o n o c la s t ic  d e s tru ct io n  o f  th e  base  o f  s c ie n ce  a n d  

the re b u ild in g  o f  a  ra d ica lly  n e w  state, a  sta te  p oss ib le  o n ly  in  th e  fu tu re . 

R a th e r , su ch  a d v a n ce s  ca n  u su a lly  b e  seen  to  b e  p r o je c t io n s  b a c k  t o  a n  

id ea lized , p u r ifie d  state o f  th e  pa st— a n d , in  p a rt icu la r , a  re tu rn  t o  a  

state o f  im a g in e d  c lassica l p u r ity , to  th e  id e a l o f  a n  ea r lie r  s c ie n ce  th a t 

su p p osed ly  h a d  a  sm a ll n u m b e r  a n d  a  lo w  c o m p le x ity  o f  h y p oth eses .

T o  b e  sure, th e  d r e a m  o f  p o r tra y in g  w ith  an  e a r lie r  k in d  o f  s im p lic ity  

a m o re  h ig h ly  d e v e lo p e d  state o f  s c ie n ce  is, a n d  a lw ays h as b e e n , in  an  

im p o rta n t  w a y  d o o m e d  to  fa ilu re . S im p lic ity  in  th e  n e w  th e o r y  is a lw ays 

b o u g h t  a t th e  ex p e n se  o f  r e je c t in g  reg ion s  o f  p re v io u s ly  a ccess ib le  s p e c u 

la tion , o r  b y  co n s id e ra b ly  d e e p e n e d  m a th e m a tica l so p h is tica tio n , o r  b y  

the in v e n t io n  o f  m e ch a n ism s  th a t a re  a t  th e  t im e  o f  a n n o u n c e m e n t  o f  th e  

th eory  n o t  a t a ll a m e n a b le  to  e x p e r im e n ta l v e r ifica t io n . T h e r e fo r e , th e  

ca ll f o r  s im p lic ity  has o n ly  a  restr icted  v a lid ity . T h e  m o tiv a t io n  is, as it  

w ere , a  lo n g in g  to  establish  a g a in  a n  u n c o m p lic a te d  s itu a tion , a  s itu a tion  

in  w h ich  e x p e r ie n ce  is d e a lt  w ith  in  term s o f  o n e  o r  a  fe w  la rg e  u n ities 

rath er th a n  d e ta ile d  p a rticu la rs— p e rh a p s  in d e e d  a n  a tte m p t to  fin d  a  

w a y  b a ck  to  a  p r im it iv e  o r  c h ild lik e  state o f  rea lity .

I n  the case  o f  E in ste in , th is p r o je c t io n  to  a  p a ra d is ica l p ast m a y  h a v e  

h a d  tw o  sou rces  w h ic h  r e in fo r c e d  e a c h  o th e r . I n  h is  a u to b io g r a p h ic a l 

a c c o u n t  h e  sp ok e  o f  h is y o u th fu l b e lie f  in  th e  rea lity  o f  b ib lic a l even ts , 

a  d re a m  w h ic h  w as sh a ttered  a t th e  a g e  o f  tw e lv e  b y  c o n t a c t  w ith  s c ie n 

t ific  w ork s o f  th e  tim e. A  q u o ta t io n  fr o m  h is A u to b io g r a p h ic a l  N o te s  

seem s to  m e  p a rt icu la r ly  re v e a lin g  b eca u se  it sh ow s a  c o n n e c t io n  b e -



tw een  th e  d es ire  to  re tu rn  to  a  se cu la r ize d  p a ra d ise  a n d  th e  d es ire  t o  

e s ca p e  to  a n  e x tra p e rso n a l lev e l. E in ste in  w r o te  as f o l lo w s :

T hus I cam e— despite the fact that I was the son o f  entirely irreligious (Jew 

ish) parents— to a deep religiosity, w hich , how ever, found an abrupt ending at 

the age o f  12. T h rou gh  the reading o f  popu lar scientific books I soon, reached 

the con viction  that m uch in the stories o f  the Bible cou ld  not be true. T h e  conse 

quence was a positively fanatic [orgy o f] freethinking cou p led  with the im pres 

sion that youth is intentionally being deceived  by the state through lies; it was 

a crushing impression. Suspicion against every kind o f  authority grew  out o f  

this experience. . . .  It is quite clear to m e that the religious paradise o f  youth, 

w h ich  was thus lost, was a first attem pt to  free m yself from  the chains o f  the 

“ m erely personal.”  . . .T h e  mental grasp o f  this extra-personal w orld  w ithin 

the fram e o f  the given possibilities swam  as highest aim  h a lf consciously and 

h a lf unconsciously before  m y m in d ’s eye.18

E in ste in ’ s a t te m p t  to  re stru ctu re  s c ie n ce , th e n , seem s to  m e  in  severa l 

senses to  b e  a  re tu rn — first, t o  th e  c h i ld h o o d  sta te  o f  in n o c e n c e  b y  a  

s e cu la r iz a tio n  o f  th e  re lig io u s  c h i ld h o o d  p a r a d is e ; s e c o n d , t o  th e  e a r ly  

d r e a m  o f  a  sta te  o r  s o c ia l e n v ir o n m e n t  g re a tly  a t  v a r ia n c e  w ith  th e  h a rsh  

rea lity  th a t h e  sa w  a ll a r o u n d  h im — to  a  d r e a m  o f  a  so c ia l e n v ir o n m e n t  

w h ic h , in  a  w o r d , c h a ra c te r ize s  th e  so c ia l c h i ld h o o d  p a r a d is e ; th ir d , to  

a n  e a r ly  state o f  s c ie n ce  in  w h ic h  th e  p u r ity  o f  a  fe w  h y p o th e se s  su p 

p o s e d ly  w a s  a  p r im a ry  ch a ra c te r is t ic .

I t  is p e rh a p s  n o t  a  m e re  c o in c id e n c e  th a t e a c h  o f  th e  p h y s ica l s c ie n 

tists w h o  b y  th e ir  w o r k  “ c o m p le te ly  r e v o lu t io n iz e d ”  s c ie n ce  h a d  a  s tro n g  

sense o f  h is to ry  a n d  an  a d m ir a t io n  fo r  th e  a n cien ts , a n d  th a t b o t h  these 

tra its a re , as a  m a tte r  o f  fa c t ,  r a th e r  la c k in g  f r o m  th e  th o u g h ts  a n d  v o 

c a b u la r y  o f  m o st  lesser scientists, th o se  b e lo w  th e  le v e l o f  a  C o p e r n ic u s , a  

N e w t o n , a n  E in ste in , a  N ie ls  B o h r . T h is  h is to r ic  taste is, h o w e v e r , w h a t  

o n e  w o u ld  e x p e c t  o f  th in k ers  w h o  a t  h e a rt  a re  p u rifie rs  a n d  c o u n te r 

r e v o lu t io n a r ie s .

T h u s , C o p e r n ic u s , d ir e c t ly  a n d  th r o u g h  R h e t ic u s , is q u ite  e x p lic it  

a b o u t  h is  h a v in g  lo o k e d  f o r  a  w a r r a n t  f o r  his h e re t ica l v ie w  in  th e  w r it 

in gs o f  th e  a n cien ts . H e  d o e s  n o t , o f  co u rse , d a re  to  m e n t io n  A r is ta rch u s  

in  th e  fin a l m a n u s cr ip t  o f  D e  R e v o l u t i o n i b u s , b u t  h e  ca lls  u p o n  H e c e -  

tas o f  S y ra cu se , H e r a c lid e s , a n d  E c p h a n tu s  th e  P y th a g o r e a n  f o r  su p 

p o r t  in  th e  b e l ie f  in  th e  d iu r n a l r o ta t io n  o f  th e  e a r th , w h ile  P h ilo la u s  is 

c a lle d  u p o n  to  s u p p o r t  th e  d o c t r in e  o f  th e  a n n u a l o r b it  a r o u n d  th e  sun.

N e w to n  w as, o f  co u rs e , w e ll v ersed  in  c la ss ica l h is to ry  a n d  in d e e d
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p r e o c c u p ie d  w ith  b ib lic a l c h r o n o lo g y . A lth o u g h  h e  w as , w ith  L e ib n iz , 

the d is co v e re r  o f  d iffe re n t ia l a n d  in teg ra l ca lcu lu s , N e w to n  w r o te  th e  

P r i n c i p i 6  in  th e  la n g u a g e  o f  A p o llo n iu s  a n d  A r ch im e d e s . T h is  in c id e n 

ta lly  a c c o u n ts  f o r  th e  fa c t  th a t s o o n  th e  P r i n c i p i 6  b e c a m e  a lm o st  e n 

tire ly  u n re a d a b le  to  m o st  scientists. T h e  g e o m e tr ic a l style o f  p r o o f  h a s 

lo n g  s in ce  b e e n  s u p p la n te d  b y  p r o o fs  in v o lv in g  th e  m o d e m  ca lcu lu s . O n  

this p o in t  N e w to n  o n c e  e x p la in e d , in  th e  th ird  p e r s o n : “ B y  th e  h e lp  o f  

th e  n e w  analysis M r . N e w to n  fo u n d  o u t  m ost  o f  th e  p r o p o s it io n s  in  his 

P r i n c i p i 6  P h i l o s o p h i 6 e . B u t b e c a u s e  th e  a n cien ts , fo r  m a k in g  th in gs 

ce rta in , a d m itte d  n o th in g  in  th e  g e o m e tr y  b e fo r e  it w a s  d e m o n s tra te d  

syn th etica lly , h e  d e m o n stra te d  th e  p r o p o s it io n s  sy n th etica lly , th a t  th e 

system s o f  th e  h ea v en s  m ig h t  b e  fo u n d e d  u p o n  g o o d  G e o m e tr y .” 19

T h e  ea rly , in d e e d  th e  c la ss ica lly  s im p le , state o f  sc ie n ce , th en , is th e 

tru e  h o m e  o f  th e  “ r e v o lu t io n a r y ”  scien tist ’ s im a g in a t io n . A n d  h o w  im 

p o r ta n tly  th e  m a jo r  s c ie n tific  a d v a n ce s  o f  w h ic h  w e  sp ea k  a re  d e te r 

m in e d  b y  a  c o m m itm e n t  t o  a  sty le ra th e r  th a n  “ b ru te  fa c t ”  is m a d e  

c le a r  b y  a  v ery  s im p le  o b s e r v a t io n : e a c h  o f  th e  g r e a t  a d v a n ce s  p la in ly  

g e n e ra te d  m o re  str ictly  p h y s ica l p r o b le m s  th a n  it e lim in a te d . T h e y  w e re  

g rea t a d v a n ces  in  th e  sense th a t th ey  b r o k e  th r o u g h  to  a  n e w  a rea  o f  

fru it fu l ig n o ra n c e . C o p e r n ic u s  m a k es  n ecessary  th e  fo r m u la t io n  o f  a  

c o m p le te ly  n e w  d y n a m ics  o f  ce lestia l m o t io n ;  h e  tu rn s h is b a ck  o n  A r is 

to te lia n  ph ysics , b u t  h e  c a n n o t  p u t  a n y th in g  else in  its p la c e , a n d  w e  

h a v e  to  w a it  u n til th e  N e w to n ia n  synthesis o f  m e ch a n ics  f o r  a  n e w  p h y s 

ics, a  p h ysics  C o p e r n ic u s  w o u ld  n o t  h a v e  u n d e r s to o d  o r  s u p p o r te d . N e w 

ton , in  tu rn , rem a in s  in co m p r e h e n s ib le  w ith o u t  a n  e x p la n a t io n  o f  a c t io n  

at a  d ista n ce , a n d  th at b e c o m e s  o n e  o f  th e  m a jo r  a n d  obsessive  p r e o c c u 

p a tion s  o f  n in e te e n th -ce n tu ry  p h y sics— u n til M a x w e ll ,  H e r tz , a n d  E in 

stein  g iv e  so lu tion s  w h ic h  N e w to n  w o u ld  h a v e  fo u n d  q u ite  u n co n g e n ia l.

C o n s id e ra tio n s  o f  a n  a esth e tic  n a tu re  a n d  th e  y e a rn in g  fo r  a  s im p le  

state o f  s c ie n ce  m e rg e  in  th e  re q u ire m e n t  th a t th e  n u m b e r  a n d  types o f  

h y p oth eses  b e  severe ly  restr icted  in  a n y  tru e  th e o ry . I t  is, I  th in k , v e ry  

s ign ifica n t th at C o te s , N e w t o n ’ s d is c ip le , e u lo g iz e d  h is m a ster  in  th e  p r e 

fa ce  to  th e  s e co n d  e d it io n  o f  th e  P r i n c i p i 6  in  these w o r d s : “ H e  has so  

c le a r ly  la id  o p e n  th e  m o st  b e a u t ifu l fra m e  o f  th e  system  o f  th e  w o r ld , 

that i f  K in g  A lp h o n s o  w e re  n o w  a liv e  h e  w o u ld  n o t  c o m p la in  fo r  w a n t  

o f  th e  g ra ces  o f  s im p lic ity  o r  h a r m o n y .”  S im p lic ity , it s h o u ld  b e  r e ca lle d , 

is ch a ra cte r is t ic  b o th  o f  the state o f  th e o ry  in  a n tiq u ity  a n d  o f  th e  d es ired  

state o f  th e o ry  in  th e  fu tu re . T h e  r ig h t p a th , these m e n  seem  to  say, is,
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in  s c ie n c e  as in  a ll m y th ic a lly  d r iv e n  a ctiv itie s , f r o m  th e  p a st th r o u g h  

th e  u n fo ld in g  p re s e n t  in to  a  re g a in e d  sta te  o f  th e  p a s t .20

V I I

I  h a v e  p r e se n te d  h e re  so m e  sp e cu la t iv e  c o n s id e r a t io n s  o n  th e  v a r io u s  

w a y s  in  w h ic h  th e  state o f  a ffa irs , th e  fo lk lo r e  a n d  b e lie fs  e x te rn a l to  

s c ie n c e  ( in  th e  n a r r o w  sense o f  th e  w o r d ) , a f fe c t  th e  im a g in a t io n  o f  th e  

a c t in g  scien tist. P e rh a p s  th ese  th o u g h ts  w ill  b e  o f  s o m e  use t o  th ose  

p h ilo s o p h e rs  o f  s c ie n ce  w h o  h a v e  b e e n  s tru g g lin g  w ith  the o ld  q u e s t io n  

o f  w h a t  th e  s o u r c e  m a y  b e  f o r  th e  s tro n g  w a r r a n t  fo r  e x p la n a to r y  s c ie n 

t if ic  p r in c ip le s — a w a rra n t  th a t c a n n o t  b e  fo u n d  in  e x p e r im e n t  a n d  

lo g ic  a lo n e .

B u t th ere  is a n o th e r , e v e n  m o r e  im p o r ta n t  rea son  fo r  r e c o g n iz in g  th e  

e x is te n ce  o f  g e n e ra l sty listic  c o m m itm e n ts  b u ilt  in to  s c ie n t ific  w o r k : in  

th is w a y , w e  m a y  h o p e  to  c o n t r ib u te  a  litt le  to  u n d e r s ta n d in g  th e  p u z 

z lin g  fa c t  th a t  s c ie n c e  h as in d e e d  f o r  so  lo n g  b e e n  so  su ccess fu l a n d  h a s 

r e m a in e d  so  in terestin g . F o r  w ith o u t  s o m e  su ch  s u p p o r t  f o r  th e  im a g in a 

t io n , c o m in g  t o  us f r o m  b e y o n d  th e  b o u n d a r ie s  o f  s c ie n ce  a lo n e , w ith o u t  

th e  h e lp  o f  a ll th e  b est th a t h as b e e n  th o u g h t  a n d  fe lt  b e fo r e  us, h o w  

c o u ld  w e  h o p e  th a t th e  b r ie f  a tte n tio n  w e  c a n  g iv e  to  sc ie n tific  p r o b le m s  

d u r in g  o u r  sh ort lives c o u ld  e v e n  y ie ld  a n y th in g  w o r th w h ile ?  I f  a t  e v e ry  

tu rn  w e  h a d  to  c o n s tr u c t  s c ie n c e  a n e w  o u t  o f  s c ie n ce  a lo n e , w ith o u t  th e  

g u id a n c e  o f  sty le  a n d  k n o w le d g e  in  th e ir  w id e s t  sense, h o w  c o u ld  w e  

h o p e  to  c a t c h  th is  c o m p le x  a n d  in fin ite ly  fa sc in a t in g  w o r ld  w ith  o u r  

m in d s  a t  a l l?
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4 THE ROOTS OF COMPLEMENTARITY

C o m o , 1 9 2 7

m
ACH 6 g e  is fo r m e d  b y  c e rta in  c h a ra c te r is t ic  c o n c e p t io n s , th ose  

th a t g iv e  it  its o w n  u n m ista k a b le  m o d e r n ity . T h e  r e n o v a t io n  o f  

q u a n tu m  p h ysics  in  th e  m id -1 9 2 0 ’ s b r o u g h t  in to  p u b lic  v ie w  ju s t  su ch  

a  c o n c e p t io n , o n e  th a t m a rk e d  a  tu rn in g  p o in t  in  th e  r o a d  fr o m  w h ic h  

o u r  v ie w  o f  th e  in te lle c tu a l la n d s c a p e , in  s c ie n ce  a n d  in  o th e r  fie ld s , w ill 

fo re v e r  b e  q u a lita tiv e ly  d iffe r e n t  f r o m  th a t o f  e a r lie r  p e r io d s . I t  w as in  

S e p te m b e r  1927 in  C o m o , I ta ly , d u r in g  th e  In te rn a t io n a l C o n g re ss  o f  

Physics h e ld  in  c o m m e m o r a t io n  o f  th e  o n e -h u n d r e d th  a n n iv ersa ry  o f  

A lessa n d ro  V o l t a ’ s d e a th , th a t  N ie ls  B o h r  f o r  th e  first t im e  in tr o d u c e d  

in  a  p u b lic  le c tu re  h is fo r m u la t io n  o f  c o m p le m e n ta r ity .1 I t  w a s  r e p o r te d  

that B o h r ’ s a u d ie n c e  c o n ta in e d  m o st  o f  th e  le a d in g  ph ysicists  o f  th e  

w o r ld  in  th is a re a  o f  w o r k , m e n  su ch  as M a x  B o rn , A . H . C o m p to n , P eter  

D e b y e , E n r ic o  F e rm i, J a m e s  F ra n c k , W e r n e r  H e ise n b e r g , M a x  v o n  

L a u e , H . A . L o r e n tz , R o b e r t  M ill ik a n , W o l fg a n g  P a u li, M a x  P la n ck , 

A r n o ld  S o m m e r fe ld , a n d  O t t o  S te m , a m o n g  oth ers . I t  w a s  a  v e r ita b le  

su m m it m e e tin g . O n ly  E in ste in  w a s  c o n s p ic u o u s ly  a b sen t.

I n  th e  in tr o d u c t io n  to  h is  le c tu re , B o h r  sa id  h e  w o u ld  m a k e  use “ o n ly  

o f  s im p le  co n s id e ra tio n s , a n d  w ith o u t  g o in g  in to  a n y  d eta ils  o f  te ch n ic a l, 

m a th e m a tica l c h a r a c te r .”  I n d e e d , th e  essay c o n ta in e d  o n ly  a  fe w

T his essay was originally published in D 6 e d 6 l u s , Fall, 1970, pp . 1015-1055.
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s im p le  e q u a t io n s . R a th e r , its a v o w e d  p u r p o s e  w a s  a  m e th o d o lo g ic a l  o n e  

th at, a t  least in  th is in itia l a n n o u n c e m e n t , d id  n o t  y e t co n fe ss  its a m b it i 

o u s  s co p e . B o h r  stressed o n ly  th a t h e  w a n te d  to  d e scr ib e  “ a  c e rta in  g e n 

e ra l p o in t  o f  v ie w  . . .  w h ic h  I  h o p e  w ill b e  h e lp fu l  in  o r d e r  to  h a rm o n iz e  

th e  a p p a r e n t ly  c o n f l ic t in g  v ie w s  ta k en  b y  d iffe r e n t  scien tists.”

H e  w a s  r e fe r r in g  to  a  p r o fo u n d  a n d  p ers isten t d i f fe r e n c e  b e tw e e n  th e  

c la ss ica l d e s c r ip t io n  a n d  th e  q u a n tu m  d e s c r ip t io n  o f  p h y s ica l p h e n o m 

en a . T o  re v ie w  it, w e  c a n  g iv e  fo u r  b r ie f  e x a m p le s  o f  th e  d ic h o t o m y :

1. I n  c la ss ica l p h y s ics , f o r  e x a m p le  in  th e  d e s c r ip t io n  o f  th e  m o t io n  

o f  p la n e ts  o r  b illia r d  b a lls  o r  o t h e r  o b je c t s  w h ic h  a re  la rg e  e n o u g h  to  b e  

d ir e c t ly  v is ib le , th e  “ state o f  th e  system ”  c a n  (a t  least in  p r in c ip le )  b e  

o b s e r v e d , d e s c r ib e d , d e f in e d  w ith  a rb itra r ily  sm a ll in te r fe r e n c e  o f  th e  

b e h a v io r  o f  th e  o b je c t  o n  th e  p a r t  o f  th e  o b se rv e r , a n d  w ith  a rb itra r ily  

sm a ll u n ce r ta in ty . I n  q u a n tu m  d e s c r ip t io n , o n  th e  o th e r  h a n d , th e  “ state 

o f  th e  system ”  c a n n o t  b e  o b s e r v e d  w ith o u t  s ig n ifica n t in flu e n ce  u p o n  th e 

state, as f o r  e x a m p le  w h e n  a n  a t te m p t  is m a d e  t o  a sce rta in  th e  o r b it  

o f  a n  e le c tr o n  in  a n  a to m , o r  to  d e te r m in e  th e  d ir e c t io n  o f  p r o p a g a t io n  

o f  p h o to n s . T h e  re a so n  f o r  th is s itu a tion  is s im p le : th e  a to m s, e ith e r  in  

th e  system  to  b e  o b s e r v e d  o r  in  th e  p r o b e  th a t  is u sed  in  m a k in g  th e  o b 

s e rv a tio n , a re  n e v e r  a rb itra r ily  fin e  in  th e ir  re sp o n s e ; th e  e n e rg y  e x 

c h a n g e  o n  w h ic h  th e ir  resp on se  d e p e n d s  is n o t  a n y  sm a ll q u a n t ity  w e  

p lea se , b u t, a c c o r d in g  to  th e  “ q u a n tu m  p o s tu la te ”  (P la n c k ’ s fu n d a m e n 

ta l la w  o f  q u a n tu m  p h y s ic s ) ,  c a n  p r o c e e d  o n ly  d is co n t in u o u s ly , in  d is 

c re te  steps o f  fin ite  size.

2. I t  fo l lo w s  th a t in  cases w h e re  th e  c la ss ica l d e s c r ip t io n  is a d e q u a te , 

a  system  c a n  b e  c o n s id e r e d  c lo s e d  a lth o u g h  it  is b e in g  o b s e r v e d , s in ce  

th e  f lo w  o f  e n e r g y  in to  a n d  o u t  o f  th e  system  d u r in g  a n  o b s e r v a t io n  ( f o r  

e x a m p le , o f  th e  r e fle c t io n  o f  lig h t  f r o m  m o v in g  b a lls )  is n e g lig ib le  c o m 

p a r e d  t o  th e  e n e rg y  c h a n g e s  in  th e  system  d u r in g  in te r a c t io n  o f  th e  p a rts  

o f  th e  system . O n  th e  o th e r  h a n d , in  system s th a t  r e q u ire  q u a n tu m  d e 

s c r ip t io n , o n e  c a n n o t  n e g le c t  th e  in te r a c t io n  b e tw e e n  th e  “ system  u n d e r  

o b s e r v a t io n ,”  s o m e tim e s  lo o se ly  c a lle d  th e  “ o b je c t ,”  a n d  th e  a g e n c y  o r  

d e v ic e s  u sed  to  m a k e  th e  o b se rv a t io n s  (s o m e tim e s  lo o se ly  c a lle d  th e  “ su b 

j e c t ” ) .  T h e  b e s t -k n o w n  ca se  o f  th is  sort is illu s tra te d  b y  H e ise n b e r g ’ s 

g a m m a -r a y  m ic r o s c o p e , in  w h ic h  th e  p ro g re ss  o f  a n  e le c tr o n  is 

“ w a t c h e d ”  b y  s ca tte r in g  g a m m a  rays f r o m  it, w ith  th e  resu lt th a t th e  

e le c t r o n  itse lf is d e f le c te d  fr o m  its o r ig in a l p a th .

3 . I n  “ c la ss ica l”  system s, th o se  f o r  w h ic h  c la ss ica l m e c h a n ic s  is a d e -
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q u a te , w e  h a v e  b o th  c o n v e n t io n a l ca u sa lity  ch a in s  a n d  o rd in a ry  sp a ce - 

tim e c o o r d in a t io n , a n d  b o th  c a n  ex ist a t th e  sam e tim e. I n  q u a n tu m  sys

tem s, o n  th e  o th e r  h a n d , th ere  a re  n o  c o n v e n t io n a l ca u sa lity  c h a in s ; i f  

le ft  to  itself, a  system  su ch  as a n  a to m  o r  its r a d io a c t iv e  n u cleu s  u n d e r 

g oes  ch a n g e s  (s u ch  as em ission  o f  a  p h o to n  fr o m  th e  a to m  o r  a p a r t ic le  

fr o m  the n u c le u s ) in  a n  in tr in s ica lly  p r o b a b il is t ic  m a n n e r . H o w e v e r , i f  

w e  su b je ct  the “ o b je c t ”  t o  s p a ce -t im e  o b se rv a tio n s , it n o  lo n g e r  u n d e r 

g oes  its o w n  p ro b a b ilis t ic  ca u sa lity  se q u e n ce . B o th  these m u tu a lly  e x 

c lu siv e  d e scr ip tio n s  o f  m a n ife s ta tio n s  o f  th e  q u a n tu m  system  m u st b e  

re g a rd e d  as e q u a lly  re le v a n t  o r  “ tru e ,”  a lth o u g h  b o th  c a n n o t  b e  e x h ib 

ited  a t o n e  a n d  th e  sa m e tim e.

4 . F in a lly , w e  c a n  r e fe r  to  B o h r ’ s o w n  illu stra tion  in  th e  1927 essay o f  

“ th e m u c h  d iscu ssed  q u e s tio n  o f  th e  n a tu re  o f  l i g h t . . .  [I]ts  p r o p a g a t io n  

in  sp a ce  a n d  t im e  is a d e q u a te ly  ex p ressed  b y  th e  e le c tr o m a g n e t ic  th eory . 

E sp ec ia lly  th e  in te r fe r e n c e  p h e n o m e n a  in v a c u o  a n d  th e  o p t ic a l  p r o p e r 

ties o f  m a teria l m e d ia  are  c o m p le te ly  g o v e r n e d  b y  th e  w a v e  th e o ry  su p e r 

p o s it io n  p r in c ip le . N ev erth e less , th e  c o n s e r v a t io n  o f  e n e rg y  a n d  m o m e n 

tu m  d u r in g  th e  in te ra c t io n  b e tw e e n  r a d ia t io n  a n d  m a tter , as e v id e n t  in  

the p h o to e le c t r ic  a n d  C o m p t o n  e ffe c t , fin d s  its a d e q u a te  e x p re ss io n  ju s t  

in  th e  lig h t q u a n tu m  id e a  p u t  fo r w a r d  b y  E in ste in .” 2 U n h a p p in e s s  w ith  

th e  w a v e -p a r t ic le  p a r a d o x , w ith  b e in g  fo r c e d  t o  use in  d iffe r e n t  c o n te x ts  

tw o  su ch  a n tith e tica l th e o r ie s  o f  lig h t  as th e  c lassica l w a v e  th e o ry  a n d  

th e  q u a n tu m  (p h o t o n )  th e o ry  w as w id e ly  fe lt . E in ste in  exp ressed  it  in  

A p r il 1924  b y  w r it in g : “ W e  n o w  h a v e  tw o  th eories  o f  lig h t , b o th  in d is 

p en sa b le , b u t, it  m u st b e  a d m itte d , w ith o u t  a n y  lo g ic a l c o n n e c t io n  b e 

tw een  th em , d esp ite  tw e n ty  yea rs  o f  co lo ssa l e f fo r t  b y  th e o re t ica l p h y s 

icists.” 3

T h e  p u zz le  ra ised  b y  th e  g u lf  b e tw e e n  th e  c lassica l d e s cr ip t io n  a n d  

q u a n tu m  d e s c r ip t io n  w a s : c o u ld  o n e  h o p e  th at, as h a d  h a p p e n e d  so  

o fte n  b e fo r e  in  p h ysics , o n e  o f  th e  tw o  a n tith e tica l v iew s w o u ld  s o m e h o w  

b e  su b su m ed  u n d e r  o r  d isso lv ed  in  th e  o th e r  (s o m e w h a t  as G a lile o  a n d  

N e w to n  h a d  sh ow n  ce lestia l p h ysics  to  b e  n o  d iffe r e n t  fr o m  terrestria l 

p h y sics) ? O r  w o u ld  o n e  h a v e  to  settle  f o r  tw o  so  ra d ica lly  d iffe r e n t  

m o d e s  o f  d e scr ip t io n  o f  p h y s ica l p h e n o m e n a ?  W o u ld  the essential c o n t i 

n u ity  th at u n d er lie s  c lassica l d e s cr ip t io n , w h e re  c o o r d in a te s  su ch  as 

sp a ce , t im e , en erg y , a n d  m o m e n tu m  c a n  in  p r in c ip le  b e  co n s id e re d  in 

fin ite ly  d iv is ib le , re m a in  u n y ie ld in g ly  a n tith e tica l to  th e  essential d is 

co n tin u ity  a n d  d iscreten ess o f  a to m ic  p rocesses?



C o n s id e r in g  th e  s itu a tion  in  1927 in  th e m a t ic  term s, it w as b y  th a t 

t im e  c le a r  th a t p h y s ics  h a d  in h e r ite d  c o n tra ry  th e m a ta  fr o m  th e  “ classi 

c a l”  p e r io d  (b e fo r e  1 9 0 0 ) a n d  fr o m  th e  q u a n tu m  p e r io d  (a fte r  1 9 0 0 ) .  A  

c h ie f  th e m a  o f  th e  e a r lie r  p e r io d  w as c o n t in u ity , a lth o u g h  it ex is ted  s ide  

b y  s id e  w ith  th e  a to m is t ic  v ie w  o f  m a tter . A  c h ie f  th e m a  o f  th e  m o r e  

r e ce n t  p e r io d  w a s  d isco n t in u ity , a lth o u g h  it ex is ted  side b y  s id e  w ith  th e 

w a v e  th e o r y  o f  e le c t r o m a g n e t ic  p r o p a g a t io n  a n d  o f  th e  m o r e  re ce n t 

th e o r ie s  a sso c ia te d  w ith  d e  B r o g lie  a n d  E r w in  S ch r ö d in g e r .

In  th e  o ld e r  p h y s ics , a lso , c la ss ica l ca u sa lity  w a s  ta k e n  f o r  g ra n te d , 

w h e re a s  in  th e  n e w  p h y s ics  th e  c o n c e p t  o f  in d e te rm in a c y , s ta tistica l d e 

s c r ip t io n , a n d  p r o b a b il is t ic  d is tr ib u tio n  as a n  in h e re n t  a sp e ct  o f  n a tu ra l 

d e s c r ip t io n  w e re  b e g in n in g  to  b e  a c c e p te d . In  th e  o ld e r  p h ysics , th e  p o s 

s ib ility  o f  a  sh a rp  s u b je c t -o b je c t  se p a ra tio n  w a s  n o t  g e n e ra lly  c h a l le n g e d ; 

in  th e  n e w  p h y s ics  it w as seen  th a t th e  s u b je c t -o b je c t  c o u p l in g  c o u ld  b e  

c u t  o n ly  in  a n  a rb itra ry  w a y . I n  B o h r ’ s sense, a  “ p h e n o m e n o n ”  is th e  

d e s c r ip t io n  o f  th a t w h ic h  is to  b e  o b s e r v e d  a n d  o f  th e  a p p a ra tu s  u sed  t o  

o b ta in  th e  o b se rv a t io n .

B o h r ’ s p r o p o s a l o f  1927 w a s  essen tia lly  th a t w e  s h o u ld  a t te m p t  n o t  

to  r e c o n c i le  th e  d ic h o to m ie s , b u t  ra th e r  to  rea lize  th e  c o m p le m e n ta r ity  o f  

rep resen ta tion s  o f  even ts  in  these tw o  q u ite  d i f fe r e n t  la n g u a g es . T h e  sep 

araten ess o f  th e  a c c o u n ts  is m e re ly  a  to k e n  o f  th e  fa c t  th a t, in  th e  n o r m a l 

la n g u a g e  a v a ila b le  t o  us fo r  c o m m u n ic a t in g  th e  resu lts o f  o u r  e x p e r i 

m en ts , it  is p o ss ib le  to  exp ress  th e  w h o len ess  o f  n a tu re  o n ly  th r o u g h  a  

c o m p le m e n ta r y  m o d e  o f  d e s cr ip t io n s .4 T h e  a p p a r e n t ly  p a r a d o x ic a l ,  c o n 

t r a d ic to r y  a c c o u n ts  s h o u ld  n o t  d iv e r t  o u r  a tte n t io n  fr o m  th e  essentia l 

w h o le n e ss . B o h r ’ s fa v o r ite  a p h o r is m  w a s  S c h ille r ’ s N u r  d ie  F ü lle  fü h r t  

zu r  K la r h e it .  U n lik e  th e  s itu a tio n  in  ea r lie r  p e r io d s , c la r ity  d o e s  n o t  re 

s id e  in  s im p lif ic a t io n  a n d  r e d u c t io n  to  a  sin g le , d ir e c t ly  c o m p r e h e n s ib le  

m o d e l,  b u t  in  th e  e x h a u stiv e  o v e r la y  o f  d if fe r e n t  d e scr ip t io n s  th a t  in c o r 

p o r a te  a p p a r e n t ly  c o n t r a d ic t o r y  n o t io n s .

S u m m a r iz in g  h is C o m o  ta lk , B o h r  in  1949 stressed th a t th e  n e e d  to  e x 

press o n e ’ s re p o rts  u lt im a te ly  in  n o r m a l (c la s s ica l)  la n g u a g e  d o o m s  a n y  

a tte m p t to  im p o s e  a  c le a r  se p a ra tio n  b e tw e e n  a n  a to m ic  “ o b je c t ”  a n d  th e 

e x p e r im e n ta l e q u ip m e n t .

T h e  new  progress in atom ic physics was com m ented  upon  from  various 

sides at the International Physical Congress held in Septem ber 1927, at C o m o  

in com m em oration  o f V olta . In  a lecture on  that occasion , I advocated  a point 

o f  v iew  conveniently  term ed “ com plem entarity ,”  suited to em brace the char-

i i 8



T H E  R O O T S  O F  C O M P L E M E N T A R I T Y

acteristic features o f  individuality o f  quantum  phenom ena, and at the sam e 

time to clarify the peculiar aspects o f  the observational problem  in this field 

o f experience. For this purpose, it is decisive to  recognize that, h ow ever far 

the phenom ena transcend the scop e o f classical physical explanation, the ac 

count o f all evidence must be expressed in classical terms. T h e  argum ent is 

sim ply that by the w ord “ experim ent”  we refer to a situation where w e can 

tell others what we have learned and that, therefore, the account o f the ex 

perimental arrangement and o f the results o f the observations must be  ex 

pressed in unam biguous language w ith suitable application  o f  the term inology 

o f classical physics.

T his crucial point, w hich was to becom e a m ain them e o f  the discussions 

reported in the follow ing, im plies the im possibility o f any sharp separation  

betw een the behaviour o f atom ic ob jects  and the interaction with the measur

ing instruments which serve to define the conditions under which the p h en om 

ena appear. In fact, the individuality o f  the typical quantum  effects finds its 

proper expression in the circum stance that any attem pt o f  subdividing the 

phenom ena will dem and a change in the experim ental arrangement, in troduc 

ing new  possibilities o f  interaction betw een objects and measuring instruments 

which in principle cannot be  controlled . Consequently, evidence obtained 

under different experim ental conditions cannot be com preh ended w ithin a 

single picture, but must be regarded as com plem en tary  in the sense that only 

the totality o f the phenom ena exhausts the possible in form ation  about the 

objects.6

W h a t  B o h r  w a s  p o in t in g  to  in  1927 w a s  th e  c u r io u s  r e a liza tio n  th a t 

in  the a to m ic  d o m a in , th e  o n ly  w a y  th e  o b se rv e r  ( in c lu d in g  h is  e q u ip 

m e n t) ca n  b e  u n in v o lv e d  is i f  h e  ob serv es  n o th in g  at a ll. A s  s o o n  as h e  

sets u p  th e  o b se rv a tio n  to o ls  o n  h is w o r k b e n c h , th e  system  h e  h as ch o s e n  

to  p u t u n d e r  o b s e rv a t io n  a n d  h is m e a su r in g  in stru m en ts  fo r  d o in g  th e  

jo b  fo r m  o n e  in se p a ra b le  w h o le . T h e r e fo r e  th e  results d e p e n d  h e a v ily  o n  

the a p p a ra tu s . I n  th e  w e ll -k n o w n  illu stra tion  in v o lv in g  a  lig h t  b e a m , i f  

the in stru m en t o f  m e a su re m e n t co n ta in s  a  d o u b le  p in h o le  th r o u g h  w h ic h  

the ligh t passes, th e  resu lt o f  o b s e rv a t io n  w ill in d ic a te  th at a  w a v e  p h e 

n o m e n o n  is in v o lv e d ; b u t  i f  the “ sa m e”  lig h t b e a m  is u sed  w h e n  th e  

m easu rin g  in stru m en t co n ta in s  a  c o l le c t io n  o f  r e c o i l in g  sca tterers, th e n  

the o b se rv a tio n  results w ill in d ica te  th a t a strea m  o f  p a rtic le s  is in v o lv e d . 

(M o r e o v e r ,  p rec ise ly  th e  sam e tw o  k in d s  o f  o b se rv a tio n s  a re  o b ta in e d  

w h en , in stead  o f  th e  b e a m  o f  lig h t, o n e  uses a  b e a m  o f  “ p a rt ic le s ”  su ch  

as a tom s o r  e le c tro n s  o r  o th e r  s u b a to m ic  p a rt ic le s .)  O n e  c a n n o t  co n s tru ct  

an  e x p e r im e n t  w h ic h  s im u lta n eou s ly  ex h ib its  th e  w a v e  a n d  p a r t ic le

119



a sp ects  o f  a t o m ic  m a tte r . A  p a r t ic u la r  e x p e r im e n t  w ill  a lw a y s  s h o w  o n ly  

o n e  v ie w  o r  re p re se n ta tio n  o f  o b je c t s  a t th e  a to m ic  lev e l.

T h e  stu d y  o f  n a tu re  is a  stu d y  o f  a rt ifa cts  th a t a p p e a r  d u r in g  a n  e n 

g a g e m e n t  b e tw e e n  th e  scien tist a n d  th e  w o r ld  in  w h ic h  h e  fin d s  h im se lf. 

A n d  th ese a rt ifa cts  th em se lv es  a re  seen  th r o u g h  th e  len s o f  th e o ry . T h u s , 

d if fe r e n t  e x p e r im e n ta l c o n d it io n s  g iv e  d if fe r e n t  v ie w s  o f  “ n a tu re .”  T o  

ca ll l ig h t  e ith e r  a  w a v e  p h e n o m e n o n  o r  a  p a r t ic le  p h e n o m e n o n  is im p o s 

s ib le ; in  e ith e r  ca se , t o o  m u c h  is le ft  o u t . T o  c a ll l ig h t  b o th  a  w a v e  p h e 

n o m e n o n  a n d  a  p a r t ic le  p h e n o m e n o n  is to  o v e r s im p lify  m a tters . O u r  

k n o w le d g e  o f  lig h t  is c o n ta in e d  in  a  n u m b e r  o f  s ta tem en ts  th a t a re  seem 

in g ly  c o n t r a d ic to r y , m a d e  o n  th e  basis o f  a  v a r ie ty  o f  e x p e r im e n ts  u n d e r  

d i f fe r e n t  c o n d it io n s , a n d  in te r p r e te d  in  th e  lig h t  o f  a  c o m p le x  o f  th eories . 

W h e n  y o u  ask , “ W h a t  is l ig h t ? ”  th e  a n sw e r  is : th e  o b se rv e r , h is  v a r io u s  

p ie ce s  a n d  types o f  e q u ip m e n t , h is e x p e r im e n ts , h is th e o r ie s  a n d  m o d e ls  

o f  in te r p r e ta t io n , a n d  w h a te v e r  it m a y  b e  th a t fills a n  o th e rw ise  e m p ty  

r o o m  w h e n  th e  lig h tb u lb  is a l lo w e d  to  k e e p  o n  b u rn in g . A ll  this, to g e th e r , 

is lig h t .

N o  o b je c t io n s  seem  t o  h a v e  b e e n  ra ised  a g a in st N ie ls  B o h r ’ s p a p e r  a t  

th e  C o m o  m e e tin g . O n  th e  o th e r  h a n d , a t th is first h e a r in g  th e  im p o r 

ta n c e  o f  th e  n e w  p o in t  o f  v ie w  w a s  n o t  im m e d ia te ly  a p p r e c ia te d . A p 

p a re n tly  a ty p ic a l c o m m e n t  o v e r h e a r d  a fte r  B o h r ’ s le c tu r e  w a s  th a t it  

“ w ill n o t  in d u c e  a n y  o f  us to  c h a n g e  h is o w n  o p in io n  a b o u t  q u a n tu m  

m e c h a n ic s .” 6 A  d is t in g u ish e d  g r o u p  o f  p h ysicists , a lth o u g h  a  m in o r ity  in  

th e  fie ld , r e m a in e d  u n c o n v in c e d  b y  a n d  in d e e d  h o stile  t o  th e  c o m p le 

m e n ta r ity  p o in t  o f  v ie w . F o re m o s t  a m o n g  th e m  w a s E in ste in , w h o  h e a rd  

th e  first e x ten s iv e  e x p o s it io n  a m o n th  a fte r  th e  C o m o  m e e tin g , in  O c t o 

b e r  1927 , a t th e  S o lv a y  C o n g re ss  in  Brussels. E in ste in  h a d  d is lik e d  e v e n  

the e a r lie r  G o t t in g e n -C o p e n h a g e n  in te rp re ta tio n s  o f  a to m ic  p h y s ics  th a t  

w e r e  b a se d  o n  th e  th e m a ta  o f  d is c o n t in u ity  a n d  n o n c la ss ica l ca u sa lity . 

H e  h a d  w ritten  to  P a u l E h re n fe st  (A u g u s t  2 8 , 1 9 2 6 ) ,  “ I s ta n d  b e fo r e  

q u a n tu m  m e c h a n ic s  w ith  a d m ir a t io n  a n d  su s p ic io n ,”  a n d  t o  B o rn  ( D e 

c e m b e r  4 , 1 9 2 6 ) E in ste in  h a d  sa id , “ Q u a n t u m  m e ch a n ics  d e m a n d s  seri 

o u s  a tte n t io n . B u t a n  in n e r  v o ic e  tells m e  th a t this is n o t  th e  tru e  J a c o b . 

T h e  th e o ry  a c c o m p lis h e s  a  lo t , b u t  it d o e s  n o t  b r in g  us c lo s e r  to  th e  

secrets  o f  th e  O ld  O n e . I n  a n y  ca se , I  a m  c o n v in c e d  th at H e  d oes  n o t  

p la y  d ic e .” 7

A lm o s t  a  q u a r te r  o f  a  c e n tu ry  la ter  E in ste in  w a s  still in  o p p o s it io n , 

a n d  a d d e d  tw o  o b je c t io n s  to  th e  c o m p le m e n ta r ity  p r in c ip le :  “ to  m e  it
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m ust seem  a  m istak e to  p e r m it  th e o re t ica l d e s c r ip t io n  to  b e  d ire c t ly  d e 

p e n d e n t  u p o n  acts  o f  e m p ir ic a l assertions, as it  seem s to  b e  in te n d e d  [ f o r  

e x a m p le ] in  B o h r ’ s p r in c ip le  o f  c o m p le m e n ta r ity , th e  sh a rp  fo r m u la t io n  

o f  w h ic h , m o r e o v e r , I  h a v e  b e e n  u n a b le  to  a c h ie v e  d e sp ite  m u c h  e ffo r t  

w h ich  I  h a v e  e x p e n d e d  o n  it .” 8

B o h r  h im se lf w as a w a re  fr o m  th e  b e g in n in g  th at th e  c o m p le m e n ta r ity  

p o in t  o f  v ie w  w a s  a  p r o g r a m  ra th e r  th a n  a  fin ish ed  w o r k ;  th a t is, it h a d  

to  b e  e x te n d e d  a n d  d e e p e n e d  b y  m u c h  su b seq u en t w o r k . I t  w a s  to  h im  

“ a m o st  v a lu a b le  in ce n tiv e  . . .  to  re e x a m in e  th e  v a r io u s  asp ects  o f  th e  

s itu a tion  as reg a rd s  th e  d e s c r ip t io n  o f  a to m ic  p h e n o m e n a ”  a n d  “ a  w e l 

c o m e  stim u lu s to  v e r ify  still fu r th e r  th e  r ô le  p la y e d  b y  th e  m e a su r in g  

in stru m en ts .” 9 H o w e v e r , as w e  sh a ll see, o v e r  th e  years B o h r  c a m e  to  

reg a rd  th e  c o m p le m e n ta r ity  p r in c ip le  as m o r e  a n d  m o r e  im p o r ta n t , e x 

te n d in g  fa r  b e y o n d  th e  o r ig in a l c o n te x t  in  w h ic h  it  h a d  b e e n  a n n o u n c e d . 

F o r  his la ter, d e e p  c o m m itm e n t  to  th e  c o n c e p t io n , a n d  fo r  h is  aw a ren ess  

o f  th e  a n tiq u ity  o f  s o m e  o f  its roo ts , w e  n e e d  c ite  h ere  o n ly  a n  a n e c d o ta l  

p ie ce  o f  e v id e n c e . W h e n  B o h r  w as a w a r d e d  th e  D a n is h  O r d e r  o f  th e  

E le p h a n t in  1947 , h e  h a d  to  su p erv ise  th e  d es ig n  o f  a  c o a t  o f  a rm s fo r  

p la c e m e n t  in  th e  c h u r c h  o f  th e  F re d e r ik s b o r g  C a stle  a t H i l le r o d . T h e  

d e v ice  (see  p . 1 2 2 )  presen ts  th e  id e a  o f  c o m p le m e n ta r ity : a b o v e  th e  

cen tra l in sign ia , th e  le g e n d  says C o n tra r ia  su n t c o m p le m e n ta , a n d  a t  th e  

ce n te r  B o h r  p la c e d  th e  s y m b o l f o r  Y in  a n d  Y a n g .

L u x  versu s L u m e n

H o w  d id  B o h r ’ s c o m p le m e n ta r ity  p o in t  o f  v ie w — so  fa r  f r o m  th e  o ld e r  

scien tific  t ra d it io n  o f  s tr ict s e p a ra tio n  b e tw e e n  th e  o b se rv e r  a n d  th e  o b 

served— c o m e  to  b e  d e v e lo p e d ?  F in d in g  th e  v a r io u s  ro o ts  o f  a n d  th e  

likely  p r e p a ra to r y  c o n d it io n s  f o r  th is tra n s fo r m in g  c o n c e p t io n — th ose  in  

p h ysica l th e o ry  a n d  th ose  in  p h ilo s o p h ic a l tra d it io n — a p p e a rs  t o  m e  to  

be  an  in terestin g  p r o b le m  th at is fa r  fr o m  its u n a m b ig u o u s  so lu tio n . H o w 

ever , th ere  a re  a lre a d y  som e  u se fu l resu lts o f  th e  se a rch , p a rt icu la r ly  in 

so far  as th ey  m a y  h a v e  r e le v a n ce  fo r  a  b e tte r  u n d e r s ta n d in g  o f  th e  m u 

tual in te ra c t io n  o f  s c ie n tific  a n d  h u m a n is t ic  tra d ition s .

T h e  first d ir e c t io n  to  lo o k  is the d e v e lo p m e n t  o f  th e  e a r ly  id ea s  c o n 

c e rn in g  th e  n a tu re  o f  lig h t . T h a t  a m o d e r n  th e m a  w a s a lre a d y  in h e re n t  

in  th e  fo r m u la tio n s  th a t b e g a n  in  a n tiq u ity  s h o u ld  n o t  su rp rise  u s ; w e  

k n o w  fr o m  o th e r  stu d ies  th a t d e sp ite  a ll c h a n g e  a n d  p rog ress  o f  s c ie n ce ,
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C o a t  o f  a r m s  c h o s e n  b y  N ie ls  B o h r  w h e n  h e  w a s  a w a r d e d  th e  D a n is h  O r d e r  

o f  t h e  E le p h a n t ,  1 9 4 7 .  F r o m  S t e f a n  R o z e n t a l ,  e d . ,  N i e l s  Bo h r : H i s  L i f e  6 n d  
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the u n d e r ly in g , im p o r ta n t  th e m a ta  a re  re la tiv e ly  fe w . I n  o n e  g u ise  o r  

a n o th e r  th ey  h a v e  b e e n  th e  m a in sta y  o f  the im a g in a t io n .

O n e  o f  th e  fa v o r ite  a n c ie n t  id ea s  c o n c e r n in g  th e  n a tu re  o f  lig h t , o r ig i 

n a tin g  in  th e  P y th a g o re a n  s c h o o l, p o s tu la te d  th a t rays a re  e m itte d  b y  th e  

eye to  e x p lo r e  th e  w o r ld . E u c lid  sp ok e  o f  th e  ey e  as i f  it w e re  se n d in g  

o u t  v isu a l rays w h o se  en d s  p r o b e d  th e  o b je c t ,  s o m e w h a t  like  th e  stick  

o f  a  b l in d  m a n  ta p p in g  a r o u n d  h im se lf. A  so m e w h a t  m o r e  re fin e d  c o n 

c e p t io n  o f  this g e n e ra l sort is still fo u n d  in  P to le m y  in  th e  s e co n d  c e n 

tury 6 .d . in  th e  A l m 6 g e s t , a n d  so w as tra n sm itted  to  a la ter  p e r io d .

T h e r e  is in  these em ission  th eories  o f  lig h t  c le a r ly  a n  in tim a te  in te r 

a c t io n  th ro u g h  c o n ta c t  b e tw e e n  th e  o b s e rv e r  a n d  th e  o b se rv e d . T h is  is 

a lso  tru e  fo r  th e  e m a n a tio n  tra d it io n  in  a n o th e r , less m a te r ia lis t ic  fo r m .10 

H e re , o b je c ts  a re  th o u g h t  to  im p ress  th em selves  u p o n  o u r  s igh t o w in g  to  

a  c o n ta c t  fo r c e  s im ila r  to  to u c h — a c t io n  a t a  d is ta n ce  b e in g  ru le d  o u t  

in  c lassica l p h ysics— a n d  this to u c h  rea ch es  o u r  sou ls  b y  th e  a c t io n  o f  

the e id o la  o r  im a g es  o r  sh a d ow s w h ic h  th e  e m itt in g  b o d ie s  sen d  o u t . 

P la to  h e ld  th a t as lo n g  as th e  eye is o p e n  it em its  a n  in n e r  lig h t. F o r  

th e  ey e  to  p e r c e iv e , h o w e v e r , th ere  m u st b e  o u ts id e  th e  eye  a  “ re la te d  

o th e r  lig h t ,”  th a t o f  th e  su n  o r  so m e  o th e r  s o u rce  th a t  a llo w s  rays to  

c o m e  fr o m  th e  o b je c ts . O n c e  m o re , a c o u p l in g  b e tw e e n  th e  o u te r  a n d  

in n er  w o r ld  is c le a r ly  a tte m p te d .

T h e r e  w e re  im m en se  p ro b le m s  w ith  em ission  th eories . H o w , f o r  e x 

a m p le , c a n  th e  eye  p u p il , o n ly  a  fe w  m illim eters  w id e , a d m it  th e  im a g e  

that w as e m itte d  b y  a  h u g e  m o u n ta in ?  N everth e less , th e  e m a n a tio n  

th eory  w a s  th e  ta k e -o ff  p o in t  f o r  th e  o p t ic s  d e v e lo p e d  in  th e  sev en teen th  

cen tu ry . H e r e  w e  fin d  th e  m o d e r n  id e a  th at th ere  is a n  in fin ite  n u m b e r  

o f  rays le a v in g  f r o m  e v e ry  p o in t  o f  an  illu m in a te d  o b je c t  in  a ll d ire c t io n s . 

B u t th e  o b se rv e r  n o w  stan d s o ff-s ta g e , a n d  h e  m a y  o r  m a y  n o t  b e  th e  

re c ip ie n t o f  som e  o f  these ray  bu n d les . T h e  la tter  a r e  n o  lo n g e r  th e  lu x  

o f  th e  a n cien ts— lu x  b e in g  th e  w o r d  fo r  lig h t w h e n  it is r e g a r d e d  as 

a su b je c t iv e  p h e n o m e n o n — b u t ra th e r  th e  lu m en ,  a  k in d  o f  s tream  o f  

light “ o b je c t s .”

T h e  m o d e r n  p e r io d  started  e ffe c t iv e ly  w ith  K e p le r , w h o  in  his w r it 

in g  o n  W ite lo  in  16 04  a n d  la ter  in  th e  D i o p t r i c s  o f  1611 d e s cr ib e d  h o w  

ligh t is re fra c te d  b y  a  sp h ere , fo r  e x a m p le  in  a  sp h e rica l b o tt le  filled  w ith  

w a te r ; h e  a p p lie d  his fin d in g s  t o  the p u p il  o f  th e  eye . H e r e  w as th e  b a s ic  

n e w  id e a  in  th e  o p tic s  o f  v is io n : th e  ey e b a ll, a n d  th e  len s in  fr o n t  o f  it, 

fo cu s  th e  ray  b u n d le s  th at c o m e  th ro u g h  th e  p u p il , a n d  a t  th e  fo c u s  th e

123



sen sor iu m  is s tim u la te d  in  som e  w a y — w h ich  is s im p ly  n o t  d iscu ssed  as 

p a r t  o f  o p tic s .  In  th e  D i o p t r i c s  K e p le r  s h o w e d  fo r  th e  first t im e  h o w  

lenses rea lly  w o r k . S ig n ifica n tly , m ost  im a g e s  th a t  c a n  b e  c o n s tr u c te d  

d ia g r a m m a tic a lly  b y  ra y  o p t ic s  c a n , in  fa c t , n o t  b e  seen  a t  a ll b y  a n  eye  

p la c e d  a t  th e  in s tru m e n t. G o n e  are  th e  e id o la  a n d  sp ecies , th e  “ r e c o g n i 

t io n ”  o f  so u l b y  sou l in  N e o p la to n is t  d iscu ss ion  o f  o p t ic s — b u t  g o n e  a lso  

is th e  c lo s e  c o u p l in g  o f  th e  o b s e r v e r  a n d  th e  o b s e r v e d . T h e  lu m en  h a d  

w o n  o v e r  th e  lu x .

W e  see h o w  th e  s c ie n c e  o f  o p t ic s  b e c a m e  “ m o d e r n ” : b y  a n  a c t  o f  

b r e a k in g  th e  b o n d in g  th a t w a s  se lf-e v id e n t  f o r  th e  a n c ie n ts , b y  d is 

e n g a g in g  th e  c o n c e p t io n s  o f  w h a t  g o e s  o n  “ o u t  th e re , o b je c t iv e ly  sp ea k 

in g ”  o n  th e  o n e  h a n d , a n d  w h a t  th e  eye  d o e s  w ith  lig h t  o n  th e  o th e r  

h a n d . A t  so m e  p o in t  s o m e o n e  h a d  t o  d o  w h a t  K e p le r ,  in  p r e p a r in g  f o r  

N e w to n , fin a lly  d id , n a m e ly  to  g e t  in terested  in  b u n d le s  o f  l ig h t  rays c o m 

in g  to g e th e r  o n  a  s cre e n  o u ts id e  a n  e y e— o r , w h a t  is f o r  th e  p h y s ics  o f  

lig h t  s ig n ifica n tly  e x a c t ly  th e  sa m e  th in g , o n  th e  re tin a  o r  s cre e n  in  b a c k  

o f  th e  e y e — a n d  to  s top  th in k in g  a b o u t  th e  sense im p ress ion s  p r o d u c e d  a t 

su ch  a  fo c u s  a t  th e  sa m e  tim e . A s  M u lle r ’ s in flu e n tia l L e h r b u c h  d e r  

P h y s i k  sa id  in  1926 , ju s t  o n e  y e a r  b e fo r e  B o h r ’s fo r m u la t io n  o f  th e  id e a  

o f  c o m p le m e n ta r ity , th e  first task o f  p h y s ica l o p t ic s  “ is th e  sh a rp  se p a ra 

t io n  b e tw e e n  th e  o b je c t iv e  ra y  o f  lig h t  a n d  th e  sen sory  im p re ss io n  o f  

lig h t . T h e  s u b je c t  o f  d iscu ss ion  o f  p h y s ica l o p t ic s  is th e  ra y  o f  lig h t , 

w h e re a s  th e  in n e r  p rocesses  b e tw e e n  ey e  a n d  b r a in ” — says th e  L e h r 

b u c h , d ism iss in g  th e  m a tte r— “ a re  in  th e  d o m a in  o f  p h y s io lo g y , a n d  

p e rh a p s  a lso  p s y c h o lo g y .”

W e  see h e re  a n  a tte m p t  a t p re c ise ly  th e  sa m e se p a ra tio n  o f  p r im a r y  

a n d  s e c o n d a r y  q u a litie s , b e tw e e n  th e  n u m e r ic a l a n d  a f fe c t iv e  asp ects  

o f  n a tu re , th a t, as it  h a d  tu r n e d  o u t  th ree  ce n tu r ie s  b e fo r e , w a s  th e  k ey  

w ith  w h ic h  G a li le o  a n d  o th e rs  a t  th a t t im e  m a n a g e d  to  g o  f r o m  th e  m e 

c h a n ic s  o f  a n tiq u ity  t o  m o d e r n  m e ch a n ics . W e  re ca ll th a t  it w a s  G a lile o  

w h o  d id  f o r  p a rt ic le s , su ch  as fa l l in g  ston es, w h a t  K e p le r  d id  fo r  lig h t—  

n a m e ly , to  r e m o v e  th e  la n g u a g e  o f  v o lit io n  a n d  te le o lo g y , a n d  to  fo r t ify  

th e  n o t io n  o f  “ im p e r s o n a l,”  ca u sa l la w s o f  m o t io n . T h e  N e w to n ia n  sci 

e n c e  o f  lig h t  has n o  p r im a r y  p la c e  f o r  th e  o b s e rv e r  a n d  h is  sense im 

p ress ion . I n  th is m a n n e r , th e  im p o r ta n t , b a s ic  p r o p e r t ie s  o f  lig h t  c o u ld  

b e  d is c o v e r e d : th e  fin ite  p r o p a g a t io n  s p e e d , th e  e x is te n ce  o f  lig h t  rays 

o u ts id e  th e  r a n g e  to  w h ic h  th e  eye  is sen sitive , th e  a n a lo g y  b e tw e e n  

lig h t  rays a n d  o th e r  r a d ia t io n  su ch  as X -r a y s , a n d  so  fo r th .
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T h e  d e c o u p lin g  b e tw e e n  lu x  a n d  lu m en ,  b e tw e e n  s u b je c t  a n d  o b je c t ,  

ob serv er  a n d  th e  o b se rv e d , a n d  w ith  it  th e  d e s tru ct io n  o f  th e  ea rlier, 

h o lis tic  p h ysics , w a s  a  p a in fu l a n d  len g th y  p rocess . T h e  rea son  w h y  it 

w as u ltim a te ly  v ic to r io u s  is th e  rea son  w h y  th e  sa m e p rocess  in  a ll o th e r  

parts o f  s c ie n ce  w o r k e d : o n c e  th e  sep a ra tion  w a s  m a d e , th ere  en su ed  a  

d a zz lin g  e n r ich m e n t  o f  o u r  in te lle c tu a l a n d  m a te ria l w o r ld . B y  1927 , a  

rea d er  o f  p h ysics  texts w as b o u n d  t o  fe e l th a t th e  m o d e r n  th e o ry  o f  lig h t, 

fr o m  e le c tro m a g n e t ic  th e o ry  to  th e  d es ig n  o f  o p t ic a l in stru m en ts, d e 

v o te d  its a tte n tio n  en tire ly  to  lu m en ,  a n d  w as a  fie ld  ju s t  as d e a n th r o p o -  

m o rp h iz e d  as a ll o th e r  parts o f  th e  d e v e lo p e d  p h y s ica l scien ces .

B u t th e  seed  o f  a  n e w  v ie w  o f  lig h t  w as p resen t, ca rr ie d  in  th e  ea rly  

h istor ic  d e v e lo p m e n t  w h ic h  w e  h a v e  sk e tch e d , in  th e  p re sc ie n tific , c o m -  

m on sen se  n o t io n s  th a t e v e ry o n e  b e g in s  w ith — a n d  in  th e  o p e r a t io n a l 

m e a n in g  o f  som e  o f  th e  m a in  c o n c e p ts  o f  o p t ic s . T h u s  w e  tu rn  to  a  sec 

o n d  m a in  lin e  o f  id ea s  le a d in g  to  th e  c o m p le m e n ta r ity  p o in t  o f  v ie w .

O p e r a t io n a l M e a n in g s

O n e  o f  the o ld e st  a n d  m ost e le m e n ta ry  b u ild in g  b lo ck s  o f  o p t ic s  is : 

ligh t travels  in  a n y  h o m o g e n e o u s  m e d iu m  in  stra igh t lines. B u t  let us 

co n s id e r  f o r  a  m o m e n t  w h y  w e  b e lie v e  th a t th is s ta tem en t is tru e .

W e  c a n  c h e c k  it m ost d ire c t ly  in  an  e x p e r im e n ta l w a y  b y  in sertin g  a  

screen  o r  sca tterer, su ch  as c h a lk  du st, in  d iffe r e n t  p a rts  o f  th e  sa m e 

b ea m . I f  w e  c o n s id e r  th is c lose ly , w e  n o t ic e  th a t su ch  a  m e th o d  destroys 

the lig h t b e a m  th a t w e  w a n te d  to  e x a m in e . T h e  in sertion  o f  th e  a p p a 

ratus in terferes  w ith  th e  p h e n o m e n o n .

T h is  s itu a tion  is ty p ica l o n  th e  a to m ic  sca le . T h e r e  a re  n o  c o m 

p a ra b le  p r o b le m s  w h e n  o n e  w ish es to  c h e c k , say, N e w t o n ’ s F irst L a w  o f  

M o t io n  fo r  o r d in a r y  p h y s ica l o b je c ts , f o r  e x a m p le , b y  w a tc h in g  o r  p h o t o 

g ra p h in g  a  b a ll r o llin g  o n  a  fla t ta b le . W e  c a n  v e r ify  th a t a  m a teria l 

o b je c t  in  a  fo r c e - fr e e  m e d iu m  w ill tra ve l in  stra igh t lines w ith o u t  d ra s 

tica lly  in te rru p tin g  th e  o b je c t ’s p a th . T h e  sm a ll e ffe c ts  o f  th e a p p a ra tu s  

ca n  b e  r e m o v e d  b y  c a lc u la t io n . T h e  fa c t  th a t th e  o b se rv e r  a n d  th e  

“ o b je c t ”  m u st share b e tw een  th e m  a t least o n e  in d iv is ib le  q u a n tu m  

is h ere  n e g lig ib le , th a t is, c a n  b e  m a d e  a n  a rb itra r ily  sm all p a rt  o f  th e 

p h e n o m e n o n . F r o m  p ast o b se rv a tio n s  w e  c a n  th e re fo re  e x tra p o la te  w ith  

certa in ty  th e  p a th s the o b je c t  w ill ta k e  in  th e  fu tu re . S p a c e -t im e  d e s c r ip 

tions a n d  classica l ca u sa lity  a p p ly  w ith o u t  d ifficu lty . N o t  so fo r  b ea m s 

o f  ligh t a n d  o f  o th e r  p a rtic le s  o n  th e  a to m ic  sca le . T h e  m o r e  ce rta in ly

125



w e  h a v e  a sce rta in e d  th e ir  past, th e  less c e rta in ly  w e  c a n  fo l lo w  th e ir  

su b seq u en t p r o g r e s s ; th e  e ffe c ts  o f  th e  p e r tu r b in g  in te ra c t io n  w ith  th e  

a p p a r a tu s  c a n n o t  b e  tak en  o u t  b y  c a lc u la t io n , b u t  a re  in tr in s ica lly  p r o b 

a b ilistic . In  fa c t ,  o w in g  t o  th e  u n ce rta in ty  p r in c ip le , it is n o t  e v e n  p o s 

s ib le  to  d e fin e  p re c ise ly  th e  in itia l state o f  th e  system  in  th e  sense re 

q u ir e d  b y  th e  c la ss ica l v ie w  o f  ca u sa lity .

I f  w e  d o  n o t  w ish  to  in te r c e p t  th e  w h o le  b e a m , w e  c a n  try  to  d is c o v e r  

w h e th e r  a  b e a m  g o e s  in  a  stra ig h t lin e  b y  a n o th e r  m e t h o d : b y  p la c in g  

a  n u m b e r  o f  slits a t so m e  d is ta n ce  fr o m  o n e  a n o th e r , b u t  a ll a lo n g  th e  

sa m e ax is , th en  c h e c k in g  i f  l ig h t  p e n e tra te s  th is w h o le  set o f  c o llim a to r s . 

B u t  th e re  a re  n o w  tw o  p r o b le m s . F irst, h o w  d o  w e  k n o w  w h e th e r  

th e  slits a re  in d e e d  a r r a n g e d  in  a  stra igh t lin e ?  W e  m ig h t  c h e c k  it  

w ith  a  stra igh t e d g e — b u t  w e  k n o w  th e  stra igh t e d g e  is stra igh t b e ca u se  

w e  ca n  s igh t d ir e c t ly  a lo n g  it a n d  see n o  cu rv e s  o r  p ro tru s io n s . C le a r ly , 

th is p ro ce ss  o f  s ig h tin g , o r  a n y th in g  e q u a lly  e f fe c t iv e , re lies o n  u s in g  

a  lig h t  b e a m  t o  s igh t a lo n g  th e  ru ler . A n d  th a t, o f  co u rse , is c ir cu la r  

re a so n in g , a ssu m in g , in  se ttin g  u p  th e  in stru m en t, w h a t  th e  e x p e r im e n t  

is d e s ig n e d  to  p r o v e .

T h e  p a r a d o x  is n o t  in e s ca p a b le , th ere  a re  o th e r , a lth o u g h  c u m 

b e rso m e , m e th o d s  f o r  lin in g  u p  th e  slits w ith o u t  a ssu m in g  a n y th in g  a b o u t  

lig h t. B u t a g a in , w e  ru n  in to  tro u b le . T h e  m o r e  c lo se ly  w e  w ish  t o  d e fin e  

th e  lin e  a lo n g  w h ic h  th e  b e a m  is to  tra v e l, a n d  c o n s e q u e n t ly  th e  n a r r o w e r  

w e  m a k e  th e  slit, th e  m o re  w e  fin d  th a t th e  b e a m ’ s en e rg y  is sp re a d  o u t  

in to  th e  “ s h a d o w ,”  tu rn in g , as it w e re , a  c o r n e r  o n  g o in g  th r o u g h  th e  

slit. T h is  is th e  p h e n o m e n o n  o f  d i f fr a c t io n . I t  is e x c e e d in g ly  easy  to  d e m 

on stra te  w ith  th e  cru d e st  e q u ip m e n t , e v e n  ju s t  b y  le tt in g  lig h t  f r o m  a  

c a n d le  pass th r o u g h  th e  n a r r o w  sp a ce  b e tw e e n  tw o  fin gers  h e ld  c lo se ly  to  

th e  eye .

W e  a re  d e a lin g  h ere  w ith  a n  in stru m en ta l c o u p l in g  b e tw e e n  o b 

serv er  (e q u ip m e n t )  a n d  th e  e n tity  to  b e  o b s e r v e d . A s  s o o n  as w e  try  

to  g iv e  a n  o p e r a t io n a l m e a n in g  to  th e  p h ra se  “ lig h t travels  in  an y  

h o m o g e n e o u s  m e d iu m  in  stra igh t lin es ,”  w e  see w h a t  a  p o o r  s ta tem en t 

it is.

A s  a  resu lt, a  p h y s ic is t  is lik e ly  to  p r e fe r  a n o th e r  s ta tem en t, m o r e  

g e n e ra l b u t  w h ic h  c a n  b e  r e d u c e d  in  th e  lim it  t o  the o n e  a b o v e . I t  is 

F e r m a t ’ s P r in c ip le  o f  L e a st  T im e , d e r iv e d  fr o m  a  s ta tem en t th a t dates 

fr o m  a b o u t  1650. B etw een  a n y  tw o  p o in ts , lig h t  w ill g o  a lo n g  th a t p a th  

in  w h ic h  th e  t im e  sp en t in  tra n sit is less th a n  th e  t im e  th a t  w o u ld  b e  

sp en t in  a n y  o th e r  p a th . T h is  v ie w  e x p la in s  w h y  a  lig h t b e a m  a p p e a rs  to
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g o  in  a  stra igh t lin e  in  a  h o m o g e n e o u s  m e d iu m , a n d  a lso  h o w  a  b e a m  

is re fle cted  o r  r e fr a c te d  at th e  in ter fa ces  o f  tw o  m e d ia . B u t th e  sta te 

m en t h a rb o rs  th e  cu r io u s  id e a  th a t lig h t is “ e x p lo r in g ”  to  fin d  th e  q u ic k 

est p a th , as i f  ligh t w ere  s co u tin g  a r o u n d  in  th e  a p p a ra tu s . W e  g e t  h e re  

a  h in t o f  in stru m en ta l c o u p l in g  o f  th e  m ost  in tim a te  sort. T h e  su sp ic ion  

arises th at th e  p ro p e r t ie s  w e  assign to  lig h t a re  to  so m e  d e g re e  th e  

p rop ertie s  o f  th e  b o x e s  th ro u g h  w h ic h  lig h t has to  fin d  its w ay .

T h is  b e c o m e s  q u ite  o b v io u s  a n d  u n m ista k a b le  w h e n  w e  tu rn  to  

a n o th e r  w e ll-k n o w n  e x p e r im e n t. W h e n  lig h t is sen t th r o u g h  a d o u b le  slit, 

an  in te r fe re n ce  p a tte rn  ch a ra c te r is t ic  o f  th e  g e o m e try  o f  th e  a rra n g e 

m en t is o b ta in e d  o n  a screen . I f  o n e  o f  th e  tw o  slits is b lo c k e d  o f f ,  a  

ra th er d iffe r e n t  p a ttern  o f  in te r fe r e n c e  results. A l l  th is c a n  b e  easily  

u n d e rs to o d  w ith  e le m e n ta ry  co n s tru ct io n s  fr o m  th e  c la ss ica l th e o ry  o f  

light. H o w e v e r , i f  a  v e ry  w e a k  b e a m  o f  lig h t  is u sed  w ith  th e  d o u b le  

slit e x p e r im e n t, so th at at a n y  g iv e n  t im e  it is e x c e e d in g ly  u n lik e ly  

th at m o re  th a n  a s in g le  p h o to n  travels  th ro u g h  the a p p a ra tu s , a  re m a rk 

a b le  th in g  w ill b e  o b s e r v e d : e v e n  th o u g h  o n e  c a n n o t  h e lp  u s in g  c lass ica l 

la n g u a g e  a n d  th in k in g  th at a  s in g le  p h o to n  w ill h a v e  to  g o  th r o u g h  

e ith er  o n e  o r  th e  o th e r  o f  th e  tw o  slits a t  a  g iv e n  tim e , it  w ill b e  fo u n d  

that as lo n g  as b o th  slits a re  k ep t o p e n , th e  in te r fe r e n c e  p a ttern  a c 

cu m u la tin g  in  d u e  cou rse  o n  a  p h o to g r a p h ic  p la te  p la c e d  a t  th e  screen  

has e x a ct ly  th e  sam e ch a ra cter ist ics  as th a t f o r  th e  e a r lie r  d o u b le  slit 

e x p er im en t, w h e n  th e  b e a m  w a s so  s tro n g  th a t at a n y  g iv e n  m o m e n t  

som e p h o to n s  w ere  p a ssin g  th r o u g h  o n e  o f  th e  slits a n d  som e  p h o to n s  

w ere  passin g  th ro u g h  th e  o th e r . E q u a lly  re m a rk a b le , i f  o n e  n o w  c loses  

o n e  o f  th e  slits to w a r d  w h ic h  the v ery  w e a k  b e a m  o f  p h o to n s  is b e in g  

sent, the in te r fe r e n c e  p a tte rn  a c c u m u la te d  o v e r  a p e r io d  ch a n g e s  to  th e 

p a ttern  ch a ra cte r is t ic  o f  a  s tro n g  lig h t  b e a m  p a ssin g  th r o u g h  a  s in g le  

slit. T h e  fa c t  th at fo r  a  w ea k  ligh t b e a m  th e  in te r fe r e n c e  p a tte rn  d e p e n d s  

o n  th e  n u m b e r  o f  slits a v a ila b le — e v e n  th o u g h  th ere  is n o  e v id e n t  w a y  

in w h ich  th e  s in g le  p h o to n  ca n  “ k n o w ”  i f  th e  o th e r  slit is o p e n — is an  

in d ica tio n  th a t th e  e x p e r im e n ta l ob se rv a tio n s  o f  lig h t  y ie ld  c h a r a c te r 

istics o f  th e  b o x  a n d  its slits as m u c h  as o f  ligh t itself. In  sh ort, th e  e x 

p erim en ts  a re  m a d e  o n  th e  en tity  lig h t  +  b o x . H e r e , th en , in  th e  o p e r a 

tiona l e x a m in a t io n  o f  law s o f  lig h t  p r o p a g a t io n , is a  s e co n d  p a th  le a d 

in g  to  the c o m p le m e n ta r ity  id e a .

F r o m  C o r r e s p o n d e n c e  to  C o m p le m e n ta r ity

Y e t  a n o th e r  p r im a ry  in flu e n ce  o n  B o h r  w as , o f  cou rse , th e  a c h ie v e m e n t
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a n d  fa ilu re s  o f  p h y s ics  in  h is o w n  w o r k  f r o m  a b o u t  1 9 1 2  to  a b o u t  1925 . 

B o h r ’ s m o d e l  o f  th e  h y d r o g e n  a to m  o f  1 9 1 2 -1 9 1 3  is n o w  u su a lly  r e m e m 

b e r e d  b est f o r  th e  m a g n if ic e n t  a c c o m p lis h m e n t  o f  p r e d ic t in g  th e  f r e 

q u e n c ie s  o f  th e  em iss ion  sp e c tru m . T o  d o  th is, B o h r  essen tia lly  tr ie d  

to  r e c o n c i le  th e  tw o  a p p a r e n t ly  a n tith e t ica l n o t io n s  a b o u t  lig h t , b o t h  o f  

w h ic h  h a d  h a d  th e ir  su ccesses— th e  e le c t r o m a g n e t ic  th e o ry  o f  M a x w e l l ,  

a c c o r d in g  to  w h ic h  lig h t  p r o p a g a te s  as a  w a v e lik e  d is tu r b a n c e  c h a r a c 

te r ized  b y  c o n t in u ity , a n d , o n  th e  o th e r  h a n d , E in ste in ’ s th e o ry  th a t lig h t  

e n e r g y  is c h a r a c te r iz e d  b y  d iscreten ess  a n d  d isco n t in u ity . A s  E in ste in  

h a d  p u t  it in  h is 1905  p a p e r  p r e se n tin g  a  “ h e u r is t ic ”  p o in t  o f  v ie w  c o n 

c e r n in g  th e  in te r a c t io n  o f  l ig h t  a n d  m a tte r : “ T h e  e n e r g y  in  th e  lig h t  

p r o p a g a te d  in  rays fr o m  a  p o in t  is n o t  sm e a re d  o u t  c o n t in u o u s ly  o v e r  

la rg e r  a n d  la rg e r  v o lu m e s , b u t  r a th e r  con sists  o f  a  fin ite  n u m b e r  o f  e n 

e rg y  q u a n ta  lo c a liz e d  a t s p a c e  p o in ts , w h ic h  m o v e  w ith o u t  b r e a k in g  u p , 

a n d  w h ic h  c a n  b e  a b s o rb e d  o r  e m it te d  o n ly  as w h o le s .”

B y  1912  th e  in d is p u ta b le  e v id e n c e  f o r  E in ste in ’ s o u tr a g e o u s  n o t io n  

w a s  n o t  y e t  a t  h a n d , b u t  s o m e  e x p e r im e n ts  o n  th e  p h o to e le c t r ic  e f fe c t ,  

in c lu d in g  th ose  w ith  X -r a y s , b e g a n  t o  m a k e  it  p la u s ib le .11 I n d e e d , it  

w a s  n o t  u n til  M il l ik a n ’ s e x p e r im e n t , p u b lish e d  in  1 9 1 6 , a n d  A .  H . 

C o m p t o n ’ s e x p e r im e n t  o f  1 9 2 2 , th a t th e  q u a n tu m  th e o r y  o f  lig h t  w a s  

seen  e v e r y w h e r e  to  b e  u n a v o id a b le .

I t  is th e r e fo r e , in  re tro s p e c t , e v e n  m o r e  r e m a rk a b le  h o w  c o u r a g e o u s  

N ie ls  B o h r ’ s w o r k  o f  1 9 1 2 -1 9 1 3  w as. L e t  us re ca ll h is  m o d e l  o f  th e  h y 

d r o g e n  a to m  in  its in it ia l f o r m , e v e n  th o u g h  it w a s  s o o n  m a d e  m o r e  a c 

c u r a te  th o u g h  m o r e  c o m p le x . B o h r ’ s h y d r o g e n  a to m  h a d  th e  n u c le u s  a t  

th e  c e n te r  (w h e r e  E rn est R u t h e r fo r d , in  w h o s e  M a n c h e s te r  la b o r a to r y  

B o h r  w a s  a  g u est, h a d  ju s t  th en  d is c o v e r e d  it t o  b e )  a n d  th e  e le c tro n  

o r b it in g  a t  s o m e  fix e d  d is ta n ce  a r o u n d  th e  n u cleu s . W h e n  th e  sa m p le  is 

h e a te d  o r  th e  a to m s  a re  o th e rw ise  e x c ite d  b y  b e in g  g iv e n  e x tra  e n e rg y , 

th e  e le c tr o n  o f  th e  e x c it e d  a to m  w ill n o t  b e  in  th e  n o r m a l, in n e rm o st  

o r b it , o r  g r o u n d  state , b u t  w ill b e  tra v e lin g  in  a  m o r e  d is ta n t o r b it . A t  

so m e  p o in t  th e  e le c tr o n  w ill ju m p  fr o m  th e  o u te r  o r b it  t o  o n e  o f  th e  

a l lo w e d  in n e r  orb its , a n d  in  so  d o in g  w ill g iv e  u p  th e  e n e r g y  d if fe r e n c e  

b e tw e e n  these o rb its , o r  s ta tio n a ry  states, in  th e  fo r m  o f  a  p h o to n  o f  

e n e r g y  hv. T h is  c o r r e s p o n d s  to  th e  em iss ion  o f  l ig h t  a t  th e  o b s e r v e d  fr e 

q u e n c y  v o r  th e  c o r r e s p o n d in g  w a v e  le n g th  A — c f v  (w h e r e  c  is th e  

sp e e d  o f  l i g h t ) .  T h e  v a r io u s  o b s e r v e d  fr e q u e n c ie s  e m itte d  f r o m  a n  

e x c ite d  sa m p le  o f  h y d r o g e n  a to m s  w e r e  th e r e fo r e  in te rp re te d  to  b e  a
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stream  o f  p h o to n s , e a c h  p h o to n  h a v in g  th e  e n e r g y  c o r r e s p o n d in g  to  th e  

a llo w e d  tra n sition  b e tw e e n  s ta tion a ry  states.

T h e  success o f  th e  m o d e l in  e x p la in in g  a ll k n o w n  s p e c tr u m  lines o f  

h y d ro g e n , in  p r e d ic t in g  o th e r  series th a t w e r e  a lso  fo u n d , a n d  in  g iv 

in g  a  so lid  f o o t h o ld  o n  th e  e x p la n a t io n  o f  c h e m ic a l  p ro p e rt ie s , c o u ld  n o t  

h id e  th e  re a liza tio n , fu lly  a p p a r e n t  t o  N ie ls  B o h r  h im se lf, th a t  th e  

m o d e l c a rr ie d  w ith  it  a  n u m b e r  o f  g ra v e  p ro b le m s . F irst o f  a ll, it u sed  

s im u lta n eou sly  tw o  sep a ra te  n o t io n s  w h ic h  w e r e  c le a r ly  c o n f l ic t in g : th e  

classica l n o t io n  o f  a n  id e n t ifia b le  e le c tr o n  m o v in g  in  a n  id e n t ifia b le  

o rb it  like  a  m in ia tu r e  p la n e ta ry  system , a n d  th e  q u a n tu m  n o t io n  th a t  

su ch  an  e le c tro n  is in  a  sta tion a ry  state ra th e r  th a n  c o n t in u a lly  g iv in g  

u p  en e rg y  w h ile  o r b it in g  (a s  it  s h o u ld  d o  o n  th e  basis o f  M a x w e l l ’ s 

th eory , a m p ly  tested  fo r  ch a rg es  c ir c u la t in g  in  stru ctu res  o f  la rg e  s iz e ) . 

B o h r ’ s p o s tu la te  th a t th e  e le c tro n  w o u ld  n o t  lo se  e n e rg y  b y  r a d ia t io n  

w h ile  in  a n  o rb it , b u t  o n ly  o n  tra n s it ion  f r o m  o n e  o r b it  t o  th e  o th e r , w a s  

necessary  t o  “ sa v e ”  th e  a to m  fr o m  g r a d u a lly  c o lla p s in g  w ith  th e  em is 

s ion  o f  a  sp e ctru m  lin e  o f  c o n t in u o u s ly  c h a n g in g  fr e q u e n c y . A ls o , c o n 

trary to  a ll p re v io u s  id eas, th e  fr e q u e n c y  o f  th e  e m itte d  p h o to n  w a s  n o t  

e q u a l to  th e  fr e q u e n c y  o f  th e  m o d e l ’ s o r b it in g  e le c tr o n , e ith e r  in  its 

in itia l o r  in  its fin a l s ta tion a ry  state.

L o o k in g  b a ck  la te r  o n  th e  s itu a tion  o f  a b o u t  1913 , M e r le  A . T u v e  

n o te d  th at th e  B o h r  a to m  w a s “ q u ite  ir ra t io n a l a n d  a b su rd  fr o m  th e  

v ie w p o in t  o f  c lassica l N e w to n ia n  m e c h a n ic s  a n d  M a x w e l l ia n  e le c t r o 

d y n a m ics  . . . .  V a r io u s  m a th e m a t ica l fo rm a lism s  w e r e  d e v ise d  w h ic h  

s im p ly  ‘d e s c r ib e d ’ a t o m ic  states a n d  tra n sition s, b u t  th e  sa m e  a rb itra ry  

a v o id a n c e  o f  d e ta ile d  p rocesses , f o r  e x a m p le , d e scr ip t io n s  o f  th e  a c tu a l 

p ro cess  o f  tra n sition , w e r e  in h e re n t  in  a ll these fo r m u la t io n s .” 12

N ie ls  B o h r  h im s e lf  t o o k  p a in s  to  stress th ese  c o n flic ts  f r o m  th e  b e 

g in n in g . I n  fa c t , th e  e x p la n a t io n  o f  th e  sp e ctra l lin es , w h ic h  w e r e  th e  

m ost w id e ly  h a ile d  a c h ie v e m e n t, m o r e  o r  less co n s t itu te d  a n  a fte r th o u g h t  

in  his o w n  w o rk . H is  in terest w as p re c ise ly  to  e x a m in e  th e  a re a  o f  c o n 

flict  b e tw e e n  th e  c o n c e p t io n s  o f  o r d in a r y  e le c tr o d y n a m ic s  a n d  c la ss ica l 

m e ch a n ics  o n  th e  o n e  h a n d  a n d  q u a n tu m  p h y sics  o n  th e  o th e r . A s  

J a m m er p o in te d  o u t , “ N o t  o n ly  d id  B o h r  fu lly  r e co g n iz e  th e  p r o fo u n d  

ch asm  in  th e  c o n c e p tu a l s ch e m e  o f  h is th e o ry , b u t  h e  w a s  c o n v in c e d  th a t 

progress in  q u a n tu m  th e o ry  c o u ld  n o t  b e  o b ta in e d  u n less th e  an tith esis  

b etw een  q u a n tu m -th e o r e t ic  a n d  c la ss ica l c o n c e p t io n s  w a s  b r o u g h t  to  

the fo r e fr o n t  o f  th e o re t ica l analysis. H e  th e re fo re  a tte m p te d  to  tra ce
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th e  ro o ts  o f  th is an tith esis  as d e e p ly  as h e  c o u ld . I t  w a s  in  th is sea rch  

fo r  fu n d a m e n ta ls  th a t  h e  in tr o d u c e d  the r e v o lu t io n a r y  c o n c e p t io n  o f  

‘stationary* states, ‘ in d ic a t in g  th e re b y  th a t th e y  fo r m  s o m e  k in d  o f  w a it -  

t in g  p la c e s  b e tw e e n  w h ic h  o c cu rs  th e  em iss ion  o f  th e  e n e r g y  c o r r e s p o n d 

in g  to  th e  v a r io u s  sp e ctra l lin es ,’ [as B o h r  p u t  it  in  a n  a d d ress  o f  D e 

c e m b e r  20 , 19 1 3 , to  th e  P h y s ica l S o c ie ty  in  C o p e n h a g e n .]” 13 A t  th e  e n d  

o f  h is a d d ress , B o h r  sa id , “ I  h o p e  I  h a v e  ex p ressed  m y se lf  su ffic ien tly  

c le a r ly  so  th a t y o u  a p p r e c ia te  th e  e x te n t  to  w h ic h  these co n s id e ra t io n s  

c o n f l ic t  w ith  th e  a d m ir a b ly  c o h e r e n t  g r o u p  o f  c o n c e p t io n s  w h ic h  h a v e  

b e e n  r ig h t ly  te rm e d  th e  c la ss ica l th e o r y  o f  e le c tro d y n a m ic s . O n  th e  

o th e r  h a n d , b y  e m p h a s iz in g  th is c o n fl ic t , I  h a v e  tr ied  to  c o n v e y  to  y o u  

th e  im p re ss io n  th a t i t  m a y  a lso  b e  p o ss ib le  in  th e  co u rs e  o f  t im e  to  d is 

c o v e r  a  c e r ta in  c o h e r e n c e  in  th e  n e w  id e a s .”

T h is  m e th o d o lo g ic a l  s tra teg y  o f  em p h a s iz in g  c o n c e p tu a l  c o n flic t  as a  

n eces sa ry  p r e p a r a tio n  f o r  its r eso lu tio n  c u lm in a te d , fo u r te e n  yea rs  la ter , 

in  th e  a n n o u n c e m e n t  o f  th e  c o m p le m e n ta r ity  p r in c ip le . I n  th e  m e a n 

t im e , B o h r  fo r m u la te d  a  p r o p o s a l  th a t tu rn e d  o u t  t o  b e  a  m o d e r a te ly  

su ccess fu l h a lf -w a y  h o u se  to w a r d  th e  r e c o n c ilia t io n  b e tw e e n  c lass ica l 

a n d  q u a n tu m  m e c h a n ic s , a  c o n c e p t io n  w h ic h , f r o m  a b o u t  1918  o n , b e 

c a m e  k n o w n  as the c o r r e s p o n d e n c e  p r in c ip le .

I n  essen ce , B o h r  still h o p e d  fo r  th e  r e so lu t io n  b e tw e e n  o p p o s ite s  b y  a t 

t e n d in g  to  an  a rea  w h e re  th ey  o v e r la p , n a m e ly  th e  e x tre m e  cases  w h e re  

q u a n tu m  th e o r y  a n d  c la ss ica l m e c h a n ic s  y ie ld  to  e a c h  o th e r . F o r  e x 

a m p le , fo r  v e ry  la rg e  o rb its  o f  th e  h y d r o g e n  a t o m ’s e le c tr o n , th e  n e ig h 

b o r in g , a l lo w e d  s ta tio n a ry  states in  B o h r ’ s m o d e l  c o m e  t o  b e  v e r y  c lo se  

to g e th e r . I t  is easily  sh o w n  th a t a  tra n s ition  b e tw e e n  su ch  o rb its , o n  th e  

basis o f  q u a n tu m  n o t io n s , y ie ld s  a  r a d ia t io n  o f  ju s t  th e  sa m e  fr e q u e n c y  

e x p e c te d  o n  c la ss ica l g r o u n d s  fo r  a  c h a r g e d  p a r t ic le  o r b it in g  as p a r t  o f  

a  c u r re n t  in  a  c ir c u la r  a n te n n a — a n d , m o r e o v e r , th e  fr e q u e n c y  o f  r a d ia 

t io n  w o u ld  b e  e q u a l to  th e  fr e q u e n c y  o f  r e v o lu t io n  in  th e  o rb it . T h u s  

fo r  su ffic ie n tly  la rg e  “ a to m s ,”  a n d  c o n v e r s e ly  f o r  su ffic ien tly  sm a ll “ c ir 

cu its ”  s ca le d  d o w n  fr o m  th e  n o r m a l size o f  o r d in a r y  e le c tr ic  ex p e r im e n ts , 

a  c o in c id e n c e , o r  c o r r e s p o n d e n c e , o f  p r e d ic t io n s  is o b ta in e d  fr o m  th e  

tw o  th eories .

I n  this m a n n e r , c la ss ica l p h ysics  b e c o m e s  th e  lim it in g  ca se  o f  th e  

m o r e  c o m p le x  q u a n tu m  p h y s ic s : o u r  m o r e  o r d in a r y , la rg e -sca le  e x p e r i 

m en ts  fa il t o  s h o w  th e ir  in h e re n tly  q u a n ta l c h a r a c te r  o n ly  b e c a u s e  th e  

tra n sition s  in v o lv e d  a re  b e tw e e n  states c h a r a c te r iz e d  b y  h ig h  q u a n tu m
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n u m b ers. I n  this s itu a tion  th e  q u a n tu m  o f  a c t io n  re la tiv e  to  th e  en erg ies  

in v o lv e d  in  th e  system  is e ffe c t iv e ly  z e ro  ra th e r  th a n  h a v in g  a  fin ite  

va lu e , a n d  th e  d iscreten ess  o f  in d iv id u a l ev en ts  is d isso lv e d , o w in g  to  

the la rg e  n u m b e r  o f  even ts , in  a n  e x p e r ie n c e d  c o n t in u u m .

T h e  c o rr e s p o n d e n c e  p r in c ip le  c a m e  t o  b e  d e v e lo p e d  in  th e  h a n d s  o f  

B o h r  a n d  his c o lla b o r a to rs  in to  a  so p h is tica te d  to o l. T h e  b a s ic  h o p e  

b e h in d  it  w as e x p la in e d  b y  B o h r  in  a  le tter  t o  A . A .  M ic h e ls o n  o n  F e b 

ru ary  7 ,1 9 2 4 :

It m ay perhaps interest you to hear that it appears to be possible for  a believer 

in the essential reality o f the quantum  theory to take a view  w hich  m ay 

harmonize with the essential reality o f the w ave-theory con ception  even m ore 

closely than the views I expressed during our conversation. In  fact on  the 

basis o f  the correspondence principle it seems possible to  connect the discon 

tinuous processes occurring in atom s w ith the continuous character o f  the 

radiation field in a som ew hat m ore adequate w ay than hitherto p e r c e iv e d .. . .  

I hope soon to send you a paper about these problem s written in cooperation  

with Drs. Kram ers and Slater.14

B u t, sh o rtly  a fte r  th e  p u b lica t io n  in  19 24  o f  th e  p a p e r  b y  B o h r , 

K ra m ers , a n d  S la ter ,15 e x p e r im e n ts  w e re  in it ia te d  b y  W a lte r  B o th e  a n d  

H a n s  G e ig e r  a n d  b y  A . H .  C o m p t o n  a n d  A . W . S im o n — w ith  u n a m b ig 

u ou sly  d is co n firm in g  results. T h e  c o r r e s p o n d e n c e  p r in c ip le , it a p p e a r e d  

n o w  c lea rly , h a d  b e e n  a  u se fu l p a tc h  o v e r  th e  fissure, b u t  it  w a s  n o t  a  

p r o fo u n d  so lu tion .

E v en  b e fo r e  th e  d isco v e ry , m a jo r  p r o b le m s  k n o w n  to  b e  in h e re n t  

in  th e  B o h r  a to m  in c lu d e d  th e  fo l lo w in g :  th e  fa c t  th a t th e  a n tith e tica l 

n otion s o f  th e  w a v e  ( im p lie d  in  th e  fr e q u e n c y  o r  w a v e  le n g th  o f  lig h t  

e m itte d ) a n d  o f  th e  p a rt ic le  ( im p lie d  in  the th e n  cu rre n t  id e a  o f  th e  

e le c tro n ) w e re  b y  n o  m ea n s re so lv e d , b u t  o n  th e  c o n tra ry  p ersisted  u n 

ch a n g ed  in  th e  m o d e l o f  th e  a t o m ; so d id  th e  c o n fl ic t  b e tw e e n  th e  a n ti 

th etica l n o t io n s  o f  c lassica l ca u sa lity  o n  th e  o n e  h a n d  (as  in  th e  p re su m e d  

m o tio n  o f  th e  e le ctro n s  in  th e ir  o rb its ) a n d  o f  p r o b a b ilis t ic  fea tu res  o n  

the o th e r  (a s  fo r  th e  tra n sition s  b e tw e e n  a llo w e d  o r b i t s ) ; a n d  e v e n  th e  

n o tion  o f  th e  “ id e n tity ”  o f  th e  a to m  h a d  to  b e  rev ised , fo r  it  w a s  n o  

lon g er  e v e n  in  p r in c ip le  ob se rv a b le  a n d  e x p lo r a b le  as a  sep a ra te  en tity  

w ith ou t in te r fe r in g  w ith  its state. E a c h  d iffe r e n t  ty p e  o f  e x p e r im e n t  

p ro d u ce s  its o w n  c h a n g e  o f  state, so  th at d iffe r e n t  e x p e r im e n ts  p r o d u c e  

d iffe ren t “ id en tities .”



S u c h  q u e stio n s  r e m a in e d  a t  th e  c e n te r  o f  d iscu ss ion  a m o n g  th e  m o st  

c o n c e r n e d  ph ysic ists . S c h r o d in g e r  a n d  d e  B r o g lie , f o r  e x a m p le , h o p e d  

t o  d e a l w ith  th e  g la r in g  co n tra s t  b e tw e e n  th e  th e m a ta  o f  c o n t in u ity  a n d  

d is c o n t in u ity  b y  p r o v id in g  a  w a v e -m e c h a n ic a l  e x p la n a t io n  f o r  p h e n o m 

e n a  th a t p re v io u s ly  h a d  b e e n  th o u g h t  to  d e m a n d  a  la n g u a g e  o f  q u a n t iz a 

t io n . A s  S c h r o d in g e r  w r o te  in  h is first p a p e r  o n  th e  s u b je c t ,1® “ I t  is 

h a r d ly  n ecessa ry  to  p o in t  o u t  h o w  m u c h  m o r e  g r a t ify in g  it  w o u ld  b e  to  

c o n c e iv e  a  q u a n tu m  tra n s it ion  as a n  e n e rg y  c h a n g e  fr o m  o n e  v ib ra t io n a l 

m o d e  to  a n o th e r  th a n  t o  r e g a rd  it  as a  ju m p in g  o f  e le c tro n s . T h e  v a r ia 

t io n  o f  v ib r a t io n a l m o d e s  m a y  b e  t re a te d  as a  p ro ce ss  c o n t in u o u s  in  

s p a c e  a n d  t im e  a n d  e n d u r in g  as lo n g  as th e  em iss ion  p ro ce ss  persists.”  

T h u s , s p a c e -t im e  d e s c r ip t io n  a n d  c la ss ica l ca u sa lity  w o u ld  b e  p re se rv e d .

T h e  r e c e p t io n  a c c o r d e d  t o  S c h r o d in g e r ’ s b e a u t ifu l p a p e r s  w a s  in te r 

e stin g . H e is e n b e r g  h a d  o b ta in e d  essen tia lly  th e  sa m e  resu lts in  a  q u ite  

d i f fe r e n t  w a y  th r o u g h  h is m a tr ix  m e c h a n ic s ; as J a m m e r  n o tes , “ it  w a s  an  

a lg eb ra ic  a p p r o a c h  w h ic h , p r o c e e d in g  f r o m  th e  o b s e r v e d  d iscreten ess  o f  

sp e c tra l lines, e m p h a s iz e d  th e  e le m e n t  o f  d is c o n t in u ity ; in  sp ite  o f  its 

r e n u n c ia t io n  o f  c la ss ica l d e s c r ip t io n  in  sp a ce  a n d  t im e  it  w a s  u lt im a te ly  

th e  th e o r y  w h o s e  b a s ic  c o n c e p t io n  w a s  th e  c o rp u s c le .  S c h r o d in g e r ’ s, in  

c o n tra st , w a s  b a se d  o n  th e  fa m ilia r  a p p a r a tu s  o f  d iffe r e n t ia l e q u a tio n s , 

a k in  to  th e  c la ss ica l m e c h a n ic s  o f  flu id s  a n d  su g g estiv e  o f  a n  easily  v isu - 

a liz a b le  r e p r e s e n ta t io n ; it  w a s  a n  a n a ly tica l  a p p r o a c h  w h ic h , p r o c e e d in g  

f r o m  a  g e n e ra liz a t io n  o f  th e  c la ss ica l la w s o f  m o t io n , stressed th e  e le m e n t 

o f  c o n t in u ity .” 11 “ T h o s e  w h o  in  th e ir  y e a r n in g  fo r  c o n t in u ity  h a te d  t o  re 

n o u n c e  th e  c la ss ica l m a x im  n a tu ra  n o n  fa c i t  sa ltus  a c c la im e d  S c h r o 

d in g e r  as th e  h e r a ld  o f  a  n e w  d a w n . I n  fa c t ,  w ith in  a  fe w  b r ie f  m o n th s , 

S c h r o d in g e r ’ s th e o r y  ‘ c a p t iv a te d  th e  w o r ld  o f  p h y s ics ’  b e ca u s e  it  seem ed  

t o  p r o m is e  ‘a  fu lf i l lm e n t  o f  th a t  lo n g -b a ffle d  a n d  in su p p ress ib le  d es ire ’ 

[ in  th e  w o r d s  o f  K .  K .  D a r r o w , T h e  B e l l  Sy s t e m  T e c h n i c 6 l  J o u r n 6 l , 

6  (1 9 2 7 )  ] —  P la n ck  r e p o r te d ly  d e c la r e d  ‘ I  a m  r e a d in g  it  as a  c h ild  read s  

a  p u z z le ,’ a n d  S o m m e r fe ld  w as e x u lta n t .” 18 S o , o f  co u rse , w a s  E in ste in , 

w h o  as e a r ly  as 19 20  h a d  w r itte n  to  B o r n , “ th a t o n e  h a s  to  so lv e  th e  

q u a n ta  b y  g iv in g  u p  th e  c o n t in u u m , I  d o  n o t  b e lie v e .”

W e  a re , o f  co u rse , d e a lin g  h e re  w ith  th e  k in d  o f  in te lle c tu a l c o m m it 

m e n t , o r  “ in su p p ress ib le  d es ire ,”  th a t  c h a ra c te r ize s  a  tru e  th e m a t ic  a t 

ta c h m e n t . R a r e ly  h as th e re  b e e n  a  m o r e  o b v io u s  f ig h t  b e tw e e n  d iffe re n t  

th e m a ta  v y in g  f o r  a lle g ia n ce , o r  a  c o n f l ic t  b e tw e e n  th e  a esth e tic  c r ite r ia  

o f  s c ie n tific  c h o ic e  in  th e  fa c e  o f  th e  sam e set o f  e x p e r im e n ta l d a ta . A n d
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n o th in g  is m o r e  r e v e a lin g  o f  th e  tru e  a n d  p a ss ion a te  m o t iv a t io n  o f  s c i 

entists th a n  th e ir  resp on ses  t o  e a c h  o th e r ’ s a n tith e tica l co n stru cts . I n  a  

le tter  t o  P a u li, H e ise n b e r g  w r o t e :  “ T h e  m o r e  I  p o n d e r  a b o u t  th e  p h y s 

ica l p a rt  o f  S c h r ö d in g e r ’s th e o ry , th e  m o r e  d isg u stin g  [d e s to  a b sch eu 

l ich er ] it  a p p ea rs  to  m e .”  S c h rö d in g e r , o n  h is s id e , fr e e ly  p u b lish e d  h is  

resp on se  to  H e ise n b e r g ’ s th e o r y : “ I  w as d is c o u r a g e d  [a b g e s c h r e c k t]  i f  n o t  

re p e lle d  [a b g e s to s s e n ]” 19

D iffe r e n t  a sp ects  o f  th e m a tic  analysis a n d  th e m a t ic  c o n f l ic t  w e r e  th e  

su b je c t  o f  p r e v io u s  a rtic le s .20 I n  th ese  stu d ies I  p o in te d  o u t  a  n u m b e r  o f  

o th e r  th e m e -a n tith e m e  c o u p le s , w h ic h  m a y  b e  s y m b o lize d  b y  ( 9 , 9 ) .  

W h a t  B o h r  h a d  d o n e  in  1927 , sh ortly  a fte r  th e  H e is e n b e r g -S c h r ö d in g e r  

deb ates, w a s  to  d e v e lo p  a  p o in t  o f  v ie w  w h ic h  w o u ld  a l lo w  h im  to  a c 

c e p t  b o th  m e m b er s  o f  th e  ( 9 , 9 )  c o u p le  as v a lid  p ic tu r e s  o f  n a tu re , a c 

c e p t in g  th e  c o n t in u ity -d is c o n tin u ity  ( o r  w a v e -p a r t ic le )  d u a lity  as a n  

ir r e d u c ib le  fa c t ,  in stea d  o f  a tte m p tin g  to  d isso lv e  o n e  m e m b e r  o f  th e  

p a ir  in  th e  o th e r  as h e  h a d  essen tia lly  tr ie d  t o  d o  in  th e  d e v e lo p m e n t  o f  

th e c o r r e s p o n d e n c e -p r in c ip le  p o in t  o f  v ie w . S e c o n d ly , B o h r  sa w  th a t  th e  

( 9, 9 ) c o u p le  in v o lv in g  d iscre te  a to m ism  o n  th e  o n e  h a n d  a n d  c o n t in u ity  

o n  th e  o th e r  is re la te d  t o  o th e r  (9 , 9 )  d ic h o to m ie s  th a t h a d  o b stin a te ly  

re fu sed  to  y ie ld  t o  b r id g in g  o r  m u tu a l a b s o r p t io n  ( f o r  e x a m p le , th e  su b 

je c t -o b je c t  sep a ra tion  versu s s u b je c t -o b je c t  c o u p l in g ;  c lassica l ca u sa lity  

versus p ro b a b ilis t ic  c a u s a lit y ) . T h e  c o n s e q u e n c e  B o h r  d r e w  fr o m  th ese  

reco g n it io n s  w a s  o f  a  k in d  rare  in  th e  h is to ry  o f  th o u g h t : h e  in tr o d u c e d  

e x p lic it ly  a  n e w  th e m a , o r  at least id e n tifie d  a  th e m a  th at h a d  n o t  y e t  

b een  c o n s c io u s ly  a  p a r t  o f  c o n te m p o r a r y  p h ysics . S p e c ific a lly , B o h r  a sk ed  

that ph ysicists a c c e p t  b o th  9 a n d  9 — th o u g h  b o th  w o u ld  n o t  b e  fo u n d  in  

the sam e p la n e  o f  fo c u s  a t a n y  g iv e n  tim e . N o r  a re  9 a n d  9 to  b e  tra n s 

fo r m e d  in to  som e  n e w  en tity . R a th e r , th ey  b o t h  ex ist in  th e  fo r m  E ith e r  

9 O r  9 th e  c h o ic e  d e p e n d in g  o n  th e  th e o re t ica l o r  e x p e r im e n ta l q u e s 

tions w h ic h  y o u  m a y  d e c id e  to  ask. W e  see a t o n c e  w h y  a ll p a rtie s  c o n 

ce rn ed , b o t h  th ose  id e n t ifie d  w ith  9 a n d  th ose  id e n tifie d  w ith  9 , w o u ld  

n o t  easily  a c c e p t  a  n e w  th e m a  w h ic h  sa w  a  b a s ic  tru th  in  th e  e x is te n ce  

o f  a  p a r a d o x  th at th e  oth ers  w e re  try in g  to  r e m o v e .

P o u l  M a r tin  M o l l e r  a n d  W illia m  J a m es

A n o th e r  r o o t  o f  th e  c o m p le m e n ta r ity  c o n c e p t io n  c a n  b e  d isce rn e d  

in  N ie ls  B o h r ’ s w o r k  w h e n  w e  c a r e fu lly  re a d  a n d  rerea d  h is o w n  sta te-
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m en ts  o f  th e  c o m p le m e n ta r ity  p o in t  o f  v ie w . F o r  it  is a t  first cu r io u s  a n d  

th e n  u n d e n ia b ly  s ig n ifica n t th at f r o m  th e  v e ry  b e g in n in g  in  1927 , N ie ls  

B o h r  c ite d  e x p e r ie n ce s  o f  d a ily  li fe  t o  m a k e  a p p a re n t  th e  d ifficu lty  o f  

d ist in g u ish in g  b e tw e e n  o b je c t  a n d  s u b je c t , a n d , as O sk a r  K le in  w r o te  in  

a  r e tro sp e c tiv e  essay, “ to  fa c ilita te  u n d e r s ta n d in g  o f  th e  n e w  s itu a tion  

in  p h ysics , w h e re  h is v ie w  a p p e a r e d  t o o  r a d ica l o r  m y ster iou s  e v e n  

t o  m a n y  p h ysic ists .” 21 I n  th is c o n n e c t io n , a c c o r d in g  to  K le in , B o h r  ch o se  

a  p a r t ic u la r ly  s im p le  a n d  v iv id  e x a m p le : th e  use o n e  m a y  m a k e  o f  a  

stick  w h e n  try in g  to  f in d  o n e ’ s w a y  in  a  d a rk  r o o m . T h e  m a n , th e  stick , 

a n d  th e  r o o m  fo r m  o n e  en tity . T h e  d iv id in g  lin e  b e tw e e n  s u b je c t  a n d  

o b je c t  is n o t  fix e d . F o r  e x a m p le , th e  d iv id in g  lin e  is a t  th e  e n d  o f  th e  

stick  w h e n  th e  stick  is g ra sp e d  firm ly . B u t w h e n  it  is lo o se ly  h e ld , th e 

stick  a p p e a rs  to  b e  a n  o b je c t  b e in g  e x p lo r e d  b y  th e  h a n d . I t  is a 

str ik in g  re m in d e r  o f  th e  s itu a tion  d e s c r ib e d  in  th e  classica l e m a n a tio n  

th e o ry  o f  lig h t in  w h ic h  w e  first n o te d  th e  p r o b le m  o f  c o u p l in g  b e tw e e n  

o b se rv e r  a n d  o b se rv e d .

O n  s tu d y in g  B o h r ’ s w r it in g s  o n e  rea lizes b y  a n d  b y  th a t h is uses o f  

a p p a r e n t ly  “ e x tra n e o u s”  e x a m p le s  o r  a n a lo g ie s  o f  th is sort a re  m o r e  th an  

m e re  p e d a g o g ic  d ev ices . I n  h is  S e p te m b e r  1927  ta lk , th e  fin a l sen ten ce  

w a s  “ I  h o p e , h o w e v e r , th a t th e  id e a  o f  c o m p le m e n ta r ity  is su ited  to  

ch a ra c te r ize  th e  s itu a tion , w h ic h  b ea rs  a  d e e p -g o in g  a n a lo g y  to  th e  g e n 

e ra l d ifficu lty  in  th e  fo r m a t io n  o f  h u m a n  id eas, in h e re n t  in  th e  d is t in c 

t io n  b e tw e e n  s u b je c t  a n d  o b je c t .”  S im ila r  a n d  in cre a s in g ly  m o r e  c o n f i 

d e n t  rem a rk s  c o n t in u e d  to  ch a ra cte r ize  B o h r ’ s la ter  d iscu ssion s o f  c o m 

p le m e n ta r ity . T h u s  in  h is essay Q u a n tu m  P h ysics  a n d  P h ilo so p h y  

( 1 9 5 8 ) ,  th e  le a d  essay in  th e  s e c o n d  c o lle c t io n  o f  B o h r ’ s essays u n d e r  

th e  title  E s s 6 y s  1958 -19 62  o n  A t o m i c  P h y s i c s  6 n d  H u m 6 n  K n o w l 

e d g e ,22 B o h r  c o n c lu d e d , “ I t  is s ig n ifica n t t h a t . . .  in  o th e r  fie ld s  o f  k n o w l 

e d g e , w e  a re  c o n fr o n t e d  w ith  s itu a tion s  r e m in d in g  us o f  th e  s itu a tion  in  

q u a n tu m  ph ysics . T h u s , th e  in teg r ity  o f  l iv in g  o rg a n ism s, a n d  th e  c h a r 

a cteristics  o f  c o n s c io u s  in d iv id u a ls  a n d  h u m a n  cu ltu res  p resen t fea tu res  

o f  w h o len ess , th e  a c c o u n t  o f  w h ic h  im p lie s  a  ty p ic a l co m p le m e n ta r ity  

m o d e  o f  d e s c r ip t io n  . . . .  W e  a re  n o t  d ea lin g  w ith  m o r e  o r  less v a g u e  

a n a lo g ies , b u t w ith  c le a r  e x a m p le s  o f  lo g ica l  r e la tio n s  w h ic h , in  d iffe r e n t  

c o n te x ts ,  a re  m e t  w ith  in  w id er  fie ld s .”  I t  w ill  b e  im p o r ta n t  fo r  o u r  

analysis t o  try  to  d isce rn  c le a r ly  w h a t  B o h r  m e a n s  in  su ch  passages.

S o m e  il lu m in a t io n  is p r o v id e d  b y  a  story  w h ic h  N ie ls  B o h r  lo v e d  

to  te ll in  o r d e r  to  illu stra te  a n d  m a k e  m o r e  u n d e rs ta n d a b le  th e  corn -
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p le m e n ta r ity  p o in t  o f  v ie w . L e o n  R o s e n fe ld , a  lo n g -te r m  a ssoc ia te  o f  

N ie ls  B o h r , w h o  h a s  a lso  b e e n  c o n c e r n e d  w ith  th e  o r ig in s  o f  c o m p le 

m en ta rity , to ld  h o w  seriou sly  B o h r  to o k  h is  task o f  re p e a te d ly  te llin g  

the story. “ E v e r y o n e  o f  th ose  w h o  c a m e  in to  c lo se r  c o n ta c t  w ith  B o h r  

at the In stitu te , as s o o n  as h e  sh o w e d  h im s e lf  su ffic ien tly  p r o fic ie n t  in  

th e  D a n ish  la n g u a g e , w a s  a c q u a in te d  w ith  th e  litt le  b o o k :  it  w a s  p a rt  

o f  his in it ia t io n .” 23

T h e  “ little  b o o k ”  w h ic h  B o h r  u sed  w as a  w o r k  o f  the n in e te e n th - 

ce n tu ry  p o e t  a n d  p h ilo s o p h e r , P o u l M a r t in  M o lle r . I n  th a t lig h t  story , 

T h e  A d v e n t u r e s  o f  6  D 6 n i s h  S t u d e n t , B o h r  fo u n d  w h a t  h e  c a lle d  

a  “ v iv id  a n d  su g g estiv e  a c c o u n t  o f  th e  in te rp la y  b e tw e e n  th e  v a r io u s  

aspects o f  o u r  p o s it io n .”  A  stu d en t is try in g  to  e x p la in  w h y  h e  c a n n o t  use 

the o p p o r tu n ity  f o r  fin d in g  a  p r a c t ic a l jo b ,  a n d  rep orts  th e  d ifficu ltie s  

h e  is e x p e r ie n c in g  w ith  his o w n  th o u g h t  p r o c e ss :

M y endless enquiries m ake it im possible for  m e to achieve anything. Further

more, I get to think about m y ow n thoughts o f  the situation in w hich  I find 

myself. I even think that I think o f  it, and divide m yself into an infinite 

retrogressive sequence o f  “ I ” s w ho consider each other. I  d o  not know  at 

w hich “ I ”  to  stop as the actual one, and in the m om ent I  stop at one, there is 

indeed again an “ I ”  w hich stops at it. I  becom e confused and feel a dizziness, 

as if I were looking dow n into a bottom less abyss, and m y ponderings result 

finally in a terrible headache.

F u rth er, th e  stu d en t re m a rk s :

T he m ind cannot proceed  without m oving along a certain line; but before 

follow ing this line, it must already have thought it. T h erefore  one has already 

thought every thought before one thinks it. Thus every thought, w hich seems 

the work o f  a minute, presupposes an eternity. T his cou ld  almost drive m e to 

madness. H ow  cou ld  then any thought arise, since it must have existed b e 

fore it is p rodu ced? . .  . T h e  insight into the im possibility o f  thinking contains 

itself an im possibility, the recognition o f  w hich again im plies an inexplicable 

contradiction .24

B o h r  u sed  th e  s itu a tion  in  th e story  n o t  as a  d istan t, v a g u e  a n a lo g y ; 

rather, it  is o n e  o f  th ose  cases w h ic h , “ in  d iffe r e n t  co n te x ts , a re  m e t  

w ith  in  w id e r  fie ld s .”  M o r e o v e r ,  th e  story  seem s a p p r o p r ia te  f o r  tw o  

o th er  reasons. B o h r  rep orts  th at c o n d it io n s  o f  analysis a n d  synthesis o f  

p sy ch o lo g ica l e x p e r ie n ce s  “ h a v e  a lw ays b e e n  a n  im p o r ta n t  p r o b le m  in  

p h ilo sop h y . I t  is e v id e n t  that w o rd s  like  th ou g h ts  a n d  sen tim en ts, re -
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fe r r in g  to  m u tu a lly  e x c lu s iv e  e x p e r ie n ce s , h a v e  b e e n  u se d  in  a  ty p ic a l 

c o m p le m e n ta r y  m a n n e r  s in ce  th e  v e ry  o r ig in  o f  la n g u a g e .” 25 A ls o , th e  

h u m a n e  se tt in g  o f  th e  D a n is h  story , a n d  th e  fa c t  th a t  it  ren d ers  a  s itu a 

t io n  in  w o r d s  ra th e r  th a n  s c ie n tific  sy m b o ls , s h o u ld  n o t  m is le a d  us in to  

th in k in g  th a t it  is th e re b y  q u a lita t iv e ly  d if fe r e n t  f r o m  th e  in fo r m a t io n  

s u p p lie d  in  s c ie n tific  d iscou rse . O n  th e  c o n t r a r y : B o h r  sa id , in  d e fe n d in g  

th e  c o m p le m e n ta r ity  p r in c ip le , “ T h e  a im  o f  o u r  a r g u m e n ta t io n  is t o  

e m p h a s ize  th a t  a ll e x p e r ie n c e , w h e th e r  in  s c ie n ce , p h ilo s o p h y , o r  a rt, 

w h ic h  m a y  b e  h e lp fu l  t o  m a n k in d , m u st  b e  c a p a b le  o f  b e in g  c o m 

m u n ic a te d  b y  h u m a n  m e a n s  o f  e x p ress ion , a n d  it  is o n  this basis  th a t  w e  

sh a ll a p p r o a c h  th e  q u e s t io n  o f  u n ity  o f  k n o w le d g e .” 26 W e  sh a ll c o m e  

b a c k  to  th is im p o r ta n t  s ta te m e n t p resen tly .

N o w  o n e  m u st c o n fe ss  th a t  it  is o n  first e n c o u n te r  cu r io u s , a n d  a t 

least f o r  a  p ro fe s s io n a l p h y s ic is t  p e rh a p s  a  little  s h o c k in g , t o  fin d  th a t 

th e  fa th e r  o f  th e  c o m p le m e n ta r ity  p r in c ip le , in  these passages a n d  o th ers , 

s h o u ld  fr e q u e n t ly  h a v e  g o n e  so  fa r  a fie ld , b y  th e  sta n d a rd s  o f  th e  sc i 

e n t if ic  p r o fe ss io n , in  illu s tra tin g  a n d  e x te n d in g  w h a t  h e  t o o k  t o  b e  th e  

fu ll  p o w e r  o f  th e  c o m p le m e n ta r ity  p o in t  o f  v ie w . I n  lo o k in g  f o r  th e  

ro o ts  o f  th e  c o m p le m e n ta r ity  p r in c ip le , w e  m ig h t  g r a n t  m o r e  re a d ily  th e  

th ree  a v en u es  sh o w n  so  fa r , n a m e ly  th r o u g h  th e  h is to ry  o f  th e  c o n c e p t  

o f  l ig h t , th e  o p e r a t io n a l d e fin it io n  o f  l ig h t  b e h a v io r , a n d  th r o u g h  B o h r ’ s 

o w n  w o r k  in  p h ysics . B u t in  p u rs u in g  th is n e w  a v e n u e , w e  seem  to  b e  

le a v in g  s c ie n ce  en tire ly .

I  im a g in e  th a t  m a n y  o f  B o h r ’ s stu d en ts  a n d  associa tes  listen ed  to  

h is  rem a rk s  w ith  p o l it e  to le r a n c e , p e r h a p s  a g re e in g  th a t  th ere  m ig h t  

b e  a  ce r ta in  p e d a g o g ic  b e n e fit , b u t  n o t  a  k ey  t o  th e  “ u n ity  o f  k n o w l 

e d g e .”  T o  th e  ty p ic a l scien tist, th e  s tu d e n t  in  M o l le r ’ s s to ry  w h o  b e 

c o m e s  d izzy  w h e n  h e  tries to  th in k  a b o u t  h is o w n  th o u g h ts , b e ca u s e  

p re c ise  “ th o u g h t”  a n d  “ th o u g h t  a b o u t  th o u g h t”  a re  c o m p le m e n ta r y  

w ith  r e sp e ct  to  e a c h  o th e r  a n d  so  m u tu a lly  e x c lu s iv e  a t  th e  sa m e t im e , 

w o u ld  seem  s o m e h o w  to  h a v e  a  p r o b le m  d iffe r e n t  fr o m  th a t o f  th e  e x 

p e r im e n te r  w h o  c a n n o t  s im u lta n e o u s ly  s h o w  b o t h  th e  w a v e  c h a r a c te r 

istics a n d  th e  p a r t ic le  ch a ra cte r is t ics  o f  a  l ig h t  b e a m . S im ila r ly , th e  

in tru s io n  o f  th e  stu d en t as in tr o s p e c t iv e  o b s e rv e r  u p o n  h is  o w n  th o u g h t  

p rocesses  seem s to  h a v e  a fte r  a ll o n ly  a  th in  c o n n e c t io n  w ith  th e  in tru 

s io n  o f  th e  m a c r o s c o p ic  la b o r a to r y  u p o n  th e  s u b m ic r o s c o p ic  q u a n tu m  

ev en ts  b e in g  s tu d ie d .

I t  w a s  th e r e fo r e  su rp ris in g  a n d  re v e a lin g  w h e n  it  w a s  fo u n d  re -
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cen tly , a lm o st  b y  a c c id e n t , th a t  o n e  o f  th e  ro o ts  o f  th e  m o d e m  c o m 

p le m e n ta r ity  p o in t  o f  v ie w  in  N ie ls  B o h r ’ s o w n  e x p e r ie n c e  w a s  p r o b 

a b ly  ju s t  th is w id e r , m o r e  h u m a n is t ic  c o n t e x t  sh o w n  in  th e  p re v io u s  

q u o ta tio n s . T h e  d is c o v e r y  I  sp ea k  o f  c a m e  a b o u t  in  a  d r a m a t ic  w a y . 

A  fe w  years a g o , th e  A m e r ic a n  P h y s ica l S o c ie ty  a n d  th e  A m e r ic a n  

P h ilo so p h ica l S o c ie ty  e n g a g e d  in  a  jo in t  p r o je c t  t o  a ssem b le  th e  sou rces  

fo r  th e  s ch o la r ly  s tu d y  o f  th e  h is to ry  o f  q u a n tu m  m e ch a n ics . T h is  p r o 

je c t , u n d e r  th e  g e n e ra l d ire c to rs h ip  o f  T h o m a s  S . K u h n , sp a n n e d  a  n u m 

b e r  o f  years, a n d  o n e  o f  its fu n c t io n s  w a s  t o  o b ta in  in terv iew s  w ith  

m a jo r  figu res  o n  th e  o r ig in s  o f  th e ir  c o n tr ib u t io n s  to  q u a n tu m  p h ysics . 

A n  a p p o in tm e n t  f o r  a  n u m b e r  o f  in terv iew s  w a s  g r a n te d  b y  N ie ls  B o h r , 

a n d  the fifth  in te r v ie w  w a s  c o n d u c t e d  o n  N o v e m b e r  17 , 1 9 6 2 , b y  K u h n  

a n d  A a g e  P etersen . I n  th e  co u rse  o f  th e  in te rv ie w , P etersen , w h o  w a s  

N ie ls  B o h r ’ s lo n g -t im e  assistant, ra ised  th e  q u e s t io n  o f  th e  r e le v a n ce  

o f  th e  stu d y  o f  p h ilo s o p h y  in  B o h r ’ s e a r ly  th ou g h ts . T h e  fo l lo w in g  in te r 

ch a n g e  o c c u r r e d , a c c o r d in g  to  th e  tra n s cr ip t :

A aP : H o w  d id  you look  u p on  the history o f  ph ilosophy? W h at kind o f  co n 

tributions d id  you  think p eop le  like Spinoza, H u m e, and K an t had 

m ade?

N B : T h at is difficult to  answer, but I  felt that these various questions w ere 

treated in an irrelevant m anner [in m y studies],

A aP : A lso Berkeley?

N B : N o, I  knew what view s Berkeley had. I  had seen a little in  H 0 ffding*s 

writings, but it was not what one w anted.

T S K : D id  you read the works o f  any o f these philosophers?

N B : I  read som e, but that was an interest by [and here B ohr suddenly 

stopped and exclaim ed]— oh, the w hole thing is com in g  [back to m e]! 

I  was a close friend o f  R ubin  [ a fe llow  student, later psychologist], and, 

therefore, I  read actually the w ork o f  W illiam  James. W illiam  James is 

really w onderful in the way he makes it clear— I  think I read the book , 

or  a paragraph, ca lled  . . . N o , what is that ca lled? it is ca lled  “ T h e  

Stream o f T houghts,”  w here he in a m ost clear m anner shows that it 

is quite im possible to analyze things in  terms o f— I don ’ t know  what 

to call it, not atoms, I  m ean sim ply, if  you have som e things . . . 

they are so connected that if  you try to separate them from  each other, 

it just has nothing to do  w ith the actual situation. I  think that w e shall 

really go into these things, and I know  som ething about W illiam  James. 

T hat is com ing first up now . A nd  that was because I  spoke to  p eop le
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about other things, and then R ubin  advised m e to read som ething o f  

W illiam  James, and I thought he was m ost w onderful.

T S K : W h en  was this that you  read W illiam  Jam es?

N B : T h at m ay be a little later, I  d on ’t know . I  got so m uch  to d o , and it 

m ay be at the tim e I was w orking w ith surface tension [1905], o r  it 

m ay be just a litd e  later. I  don ’ t know .

T S K : But it w ou ld  be before  M anchester [1912]?

N B  : O h  yes, it was m any years be fore .27

N ie ls  B o h r  c le a r ly  w a s  in te re s te d  in  p u rs u in g  th is fu r th e r — “ w e  sh a ll 

rea lly  g o  in to  th ese th in g s .”  B u t  a las, th e  n e x t  d a y  B o h r  su d d e n ly  d ie d .

T h e r e  a re  e n o u g h  le a d s  to  p e r m it  p la u s ib le  sp e cu la tio n s  o n  th is 

s u b je c t . K .  T .  M e y e r -A b ic h  re p o rts  in  h is in te re s tin g  b o o k , K o r r e 

s p o n d e n z , I n d i v i d u 6 l i t ä t  u n d  K o m p l e m e n t 6 r i t ä t  (W ie s b a d e n , 

1 9 6 5 ) th a t a m o n g  G e r m a n  scientists it w a s  r e m e m b e r e d  th a t B o h r  u sed  

t o  c ite  W il l ia m  J a m e s  a n d  o n ly  a  f e w  o t h e r  w estern  p h ilo so p h e rs . M o r e 

o v e r , N ie ls  B o h r  h im se lf, in  a n  a r t ic le  in  1 9 2 9 28 m a k es  le n g th y  e x cu rs io n s  

in to  p s y c h o lo g y  in  o r d e r  t o  use a n a lo g ie s  th a t, in  M e y e r -A b ic h ’ s o p in io n , 

c o u ld  w e ll r e fe r  d ir e c t ly  to  W ill ia m  J a m e s ’ s c h a p te r  o n  th e  “ S tr e a m  o f  

T h o u g h t ”  in  J a m es ’ s b o o k , T h e  P r i n c i p l e s  o f  P s y c h o l o g y  ( 1 8 9 0 ) .  

O n  th e  o th e r  h a n d , d o u b ts  h a v e  b e e n  ra ised  a b o u t  th e  t im in g . L é o n  R o s 

e n fe ld 29 h a s  ex p re sse d  h is  s tro n g  b e l ie f  th a t th e  w o r k  o f  W ill ia m  J a m e s  

w a s  n o t  k n o w n  t o  N ie ls  B o h r  u n til a b o u t  1932 . H e  re ca lls  th a t in  o r  a b o u t  

19 32 , B o h r  s h o w e d  R o s e n fe ld  a  c o p y  o f  J a m e s ’ s P r i n c i p l e s  o f  P h y -  

c h o l o g y . R o s e n fe ld  b e lie v e s  th a t  a  fe w  d a ys  ea r lie r  B o h r  h a d  h a d  a  

c o n v e r s a t io n  w ith  R u b in ,  th e  p sy ch o lo g is t  a n d  B o h r ’ s fo r m e r  fe l lo w  

stu d en t. R u b in  m a y  h a v e  sen t th e  b o o k  t o  B o h r  a fte r  th e ir  co n v e rs a t io n . 

B o h r  s h o w e d  e x c it e d  in terest in  th e  b o o k , a n d  e sp e c ia lly  p o in te d  o u t  to  

R o s e n fe ld  th e  p assages o n  th e  “ s trea m  o f  co n sc io u sn e ss .”  D u r in g  th e  n e x t  

fe w  days, B o h r  sh a red  th e  sam e e x c ite m e n t  w ith  sev era l v is itors , a n d  

R o s e n fe ld  re ta in e d  th e  d e fin ite  im p re ss io n  th a t th is w a s  B o h r ’ s first 

a c q u a in ta n c e  w ith  W il l ia m  J a m es ’ s w o r k . I n  R o s e n fe ld ’ s o p in io n , m o r e  

re le v a n t  th a n  s p e c u la t io n  c o n c e r n in g  a n  ea r ly  in flu e n c e  o f  J a m es  w as a  

rem a rk  m a d e  b y  B o h r : a fte r  d iscu ss in g  h is “ ea r ly  p h ilo s o p h ic a l  m e d ita 

tion s a n d  h is  p io n e e r in g  w o r k  o f  1 9 1 2 -1 9 1 3 , h e  to ld  m e  [R o s e n fe ld ]  in  

a n  u n u su a lly  so le m n  to n e  o f  v o ic e , ‘a n d  y o u  m u st n o t  fo r g e t  th a t I  w as 

q u ite  a lo n e  in  w o r k in g  o u t  these id eas, a n d  h a d  n o  h e lp  f r o m  a n y 

b o d y . ’ ” 30

I n  v ie w  o f  re m a rk a b le  a n a lo g ie s  o r  s im ilarities  b e tw e e n  th e  id ea s  o f
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Jam es a n d  o f  B o h r , to  b e  sh o w n  b e lo w , o n e  c a n  c h o o s e  e ith e r  to  b e lie v e , 

w ith  M e y e r -A b ic h  a n d  J a m m e r , th a t B o h r  h a d  re a d  Ja m es ea r ly  e n o u g h  

to  b e  d ire c t ly  in flu e n c e d , o r  to  b e lie v e  w ith  R o s e n fe ld  th a t  B o h r  h a d  

in d e p e n d e n t ly  a r r iv e d  a t  th e  a n a lo g o u s  th o u g h ts  (p e rh a p s  b r o u g h t  to  

th em  b y  o th e r  fo r c e s  su ch  as th ose  w e  h a v e  a lre a d y  c ite d , o r  a d d it io n a l 

on es  su ch  as c o n te m p la t io n  o f  th e  c o n c e p ts  o f  m u lt ifo r m  fu n c t io n  a n d  

R ie m a n n  su r fa ce s ) .31 I n  so m e  w a y s  th e  s e c o n d  a lte rn a tiv e  is th e  m o r e  

in terestin g  th o u g h  d iff ic u lt  o n e , f o r  it  h in ts  th a t h e re  m a y  b e  a  p la c e  t o  

a ttack  th e  h a u n tin g  o ld  q u e s tio n  w h y  a n d  b y  w h a t  m e ch a n ism s  th e  sa m e 

th em a ta  a tta in  p r o m in e n c e  in  d iffe r e n t  fie ld s  in  n ea rly  th e  sa m e p e r io d s . 

S till, n o  m a tte r  w h ic h  v ie w  o n e  ch o o se s  t o  ta k e  a t  th is t im e , r e a d in g  W i l 

liam  J a m es ’ s c h a p te r  “ S trea m  o f  T h o u g h t ”  in  th e  lig h t  o f  B o h r ’ s rem a rk  

in  th e  in te r v ie w  o f  N o v e m b e r  1962 c o m e s  as a  su rprise  t o  a  p h ysic ist 

fa m ilia r  w ith  B o h r ’ s c o n tr ib u t io n s  t o  a to m ic  p h y s ic s .32

Ja m es first insists th a t th o u g h t  c a n  exist o n ly  in  a ssoc ia tion  w ith  a  spe 

c if ic  “ o w n e r ”  o f  th e  th o u g h t . T h o u g h t  a n d  th in k er , s u b je c t  a n d  o b je c t ,  

are tigh tly  c o u p le d . T h e  o b je c t iv iz a t io n  o f  th o u g h t  itse lf is im p oss ib le . 

H e n c e  o n e  m u st n o t  n e g le c t  th e  c ir cu m sta n ce s  u n d e r  w h ic h  th o u g h t  b e 

com es  the s u b je c t  o f  c o n te m p la t io n . “ O u r  m e n ta l r e a c t io n  to  e v e ry  g iv e n  

th in g  is rea lly  a resu ltan t o f  o u r  e x p e r ie n c e  in  th e  w h o le  w o r ld  u p  to  th a t 

d a te . F r o m  o n e  y e a r  to  a n o th e r  w e  see th in gs in  n e w  lig h ts  . . . .  T h e  

y o u n g  g irls  th a t b r o u g h t  a n  a u ra  o f  in fin ity — a t p re se n t h a rd ly  d istin 

g u ish ab le  e x is te n ce s ; th e  p ic tu re s— so e m p ty ; a n d  as f o r  th e  b o o k s , w h a t  

w as th ere  to  fin d  so  m yster iou sly  s ig n ifica n t in  G o e t h e ? ”  O n e  c a n  h e re  

im a g in e  th e  sy m p a th e tic  resp on se  o f  B o h r , w h o  w r o te , “ fo r  o b je c t iv e  d e 

s cr ip tion  a n d  h a rm o n io u s  c o m p r e h e n s io n  it  is n ecessary  in  a lm o st  ev ery  

fie ld  o f  k n o w le d g e  to  p a y  a tte n tio n  t o  th e  c ir cu m sta n ce s  u n d e r  w h ic h  

e v id e n ce  is o b ta in e d .”

T h e r e  is a n o th e r  sense in  w h ic h  con sc iou sn ess  c a n n o t  b e  c o n c r e t iz e d  

a n d  a to m ize d . J a m es  w rites , “ C o n sc io u sn e ss  d o e s  n o t  a p p e a r  to  itse lf 

c h o p p e d  u p  in  b its ;  it  flow s. L e t  us c a ll it th e  strea m  o f  th o u g h t , o f  c o n 

sciousness, o r  o f  s u b je c t iv e  li fe .”  Y e t  th ere  d o e s  exist a  d isco n t in u o u s  

a sp e ct : the “ ch a n g es , fr o m  o n e  m o m e n t  to  a n o th e r , in  th e  q u a lity  o f  th e  

con sciou sn ess .”  I f  w e  use th e  v o c a b u la r y  o f  q u a n tu m  th eory , J a m e s  h e re  

p rop oses  a  se q u e n ce  o f  in d iv id u a l ch a n g e s  b e tw e e n  sta tion a ry  states, 

w ith  sh ort p e r io d s  o f  rest in  these states— a m e ta p h o r  th at b r in g s  to  m in d  

B oh r ’ s n o t io n  o f  1 9 1 2 -1 9 1 3  o f  th e  b e h a v io r  o f  th e  e le c tro n  in  the h y d r o 

gen  a tom . T o  q u o te  Jam es, “ L ik e  a  b ir d ’ s life , [th o u g h t] seem s to  b e  m a d e
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o f  a n  a lte r n a tio n  o f  fligh ts  a n d  p e rch in g s . T h e  rh y th m  o f  la n g u a g e  e x 

presses th is, w h e r e  e v e r y  th o u g h t  is e x p ressed  in  a  sen ten ce  a n d  e v e ry  

sen ten ce  c lo s e d  b y  a  p e r io d . . . . L e t  us c a ll th e  restin g  p la ce s  th e  ‘su b 

s ta n tiv e  p a rts ,’ a n d  th e  p la ce s  o f  flig h t  th e  ‘ tra n sitive  p a rts ,’ o f  th e  stream  

o f  th o u g h t .”

B u t  h e re  en ters  a  d i f f ic u lty ; in  fa c t ,  th e  sam e o n e  th a t p la g u e d  th e  

s tu d e n t in  M o l le r ’ s story . T h e  d iff ic u lty  is, in  J a m es ’ s w o rd s , “ in tr o s p e c - 

t iv e ly , t o  see th e  tra n s itiv e  p a rts  f o r  w h a t  th e y  r e a lly  a re . I f  th e y  a re  b u t  

flig h ts  to  c o n c lu s io n s , s to p p in g  th e m  t o  lo o k  a t th e m  b e fo r e  a  c o n c lu s io n  

is r e a c h e d  is r e a lly  a n n ih ila t in g  th e m .”  H o w e v e r ,  i f  o n e  w a its  u n til  o n e ’ s 

co n sc io u sn e ss  is a g a in  in  a  s ta tio n a ry  sta te , th e n  th e  m o m e n t  is o v e r . 

J a m es  says, “ L e t  a n y o n e  try  t o  c u t  a  th o u g h t  a cross  in  th e  m id d le  a n d  

g e t  a  lo o k  a t  its s e c t io n , a n d  h e  w il l  see h o w  d iff ic u lt  th e  in tr o s p e c t iv e  

o b s e r v a t io n  o f  th e  tra n s itiv e  t ra c t  is . . .  . O r  i f  o u r  p u r p o s e  is  n im b le  

e n o u g h  a n d  w e  d o  a rrest it, it  ceases  fo r th w ith  t o  b e  itse lf  . .  . T h e  a t 

t e m p t  a t in tr o s p e c t iv e  an alysis  in  th ese  cases is in  fa c t  lik e  . . .  t ry in g  t o  

tu rn  u p  th e  lig h t  q u ic k ly  e n o u g h  t o  see h o w  th e  d ark n ess  lo o k s .”  L e tt in g  

th o u g h ts  f lo w , a n d  m a k in g  th o u g h ts  th e  s u b je c t  o f  in tro s p e c t iv e  analysis 

a re , as it w e r e , tw o  m u tu a lly  e x c lu s iv e  e x p e r im e n ta l s itu ation s.

I t  is f r o m  su ch  a  v a n ta g e  p o in t  th a t o n e  m a y  a tte m p t t o  in te rp re t  

s o m e  o f  th e  n o v e l  fea tu res  o f  B o h r ’ s 1 9 2 7  p a p e r  o n  c o m p le m e n ta r ity  t o  

h a v e  b e e n  in flu e n c e d  e ith e r  b y  a  r e a d in g  o f  J a m es , o r  b y  th in k in g  in d e 

p e n d e n t ly  o n  p a ra lle l lines— a n d  th e re b y  u n d e r s ta n d  b e tte r  th e  fin a l p a s 

sage  in  B o h r ’ s p a p e r :  “ I  h o p e , h o w e v e r , th a t  th e  id e a  o f  c o m p le m e n ta r 

ity  is su ited  to  c h a r a c te r iz e  th e  s itu a tion , w h ic h  b ea rs  a  d e e p -g o in g  

a n a lo g y  to  th e  g e n e ra l d ifficu lty  in  th e  fo r m a t io n  o f  h u m a n  id eas, in 

h e r e n t  in  th e  d is t in ct io n  b e tw e e n  s u b je c t  a n d  o b je c t .” 33

A t  th is p o in t , o n e  m ig h t  w e ll  ask w h e re  th e  te rm  “ c o m p le m e n ta r ity ”  

itse lf, w h ic h  B o h r  in tr o d u c e d  in to  p h ysics  in  19 2 7 , m a y  h a v e  c o m e  fr o m . 

T h e r e  a re  a  n u m b e r  o f  fie ld s  f r o m  w h ic h  th e  te rm  m a y  h a v e  b e e n  a d a p 

te d , in c lu d in g  g e o m e tr y  o r  t o p o lo g y . B u t  b o th  M e y e r -A b ic h  a n d  J a m m e r  

p o in t  t o  a  m o r e  p r o v o c a t iv e  p oss ib ility , n a m e ly  th e  c h a p te r  o n  T h e  R e la 

tion s  o f  M in d s  to  O th e r  T h in g s ,  in  W ill ia m  J a m es ’ s P r i n c i p l e s  o f  

P s y c h o l o g y  ( 1 8 9 0 ) ,  ju s t  o n e  c h a p te r  p r io r  t o  th a t o n  T h e  S trea m  o f  

T h o u g h t .  I n  th e  su b se ct io n  “  ‘U n co n s c io u s n e s s ’ in  H y ster ics ,”  J a m es  re 

la tes cases o f  h y ster ica l a n aesth esia  (loss  o f  th e  n a tu ra l p e r c e p t io n  o f  

s ig h t, h e a r in g , t o u c h , a n d  so  o n ) ,  a n d  n o tes  th a t P . J a n e t a n d  A . B in e t  

“ h a v e  s h o w n  th a t  d u r in g  th e  tim es  o f  an a esth esia , a n d  c o e x is t in g  w ith  it ,
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sen sib ility  to  th e  a n a es th e tic  p a rts  is a lso  th e r e ,  in  th e  fo r m  o f  a  s e c o n d a r y  

con scio u sn ess  en tire ly  c u t  o f f  f r o m  th e  p r im a r y  o r  n o r m a l o n e , b u t  sus 

c e p t ib le  o f  b e in g  ta p p e d  a n d  m a d e  to  testify  t o  its  e x is te n ce  in  v a r io u s  

o d d  w ay s.” 34

T h e  c h ie f  m e th o d  f o r  ta p p in g  w a s  J a n e t ’ s m e th o d  o f  “ d is tra c tio n .”  I f  

J a n et p u t  h im se lf b e h in d  h y ster ic  p a tie n ts  w h o  w e r e  “ p lu n g e d  in  c o n v e r 

sa tion  w ith  a  th ird  p a rty , a n d  a d d re sse d  th e m  in  a  w h isp e r  te llin g  th e m  

to  raise th e ir  h a n d  o r  p e r fo r m  o th e r  s im p le  a cts  [ in c lu d in g  w r it in g  o u t  

answ ers to  w h isp e re d  q u estion s] th e y  w o u ld  o b e y  th e  o r d e r  g iv e n , a l 

th o u g h  th e ir  ta lk in g  in te llig e n ce  w a s  q u ite  u n co n s c io u s  o f  r e ce iv in g  it .” 3S 

I f  in te rro g a te d  in  this w a y , h ysterics  r e sp o n d e d  p e r fe c t ly  n o r m a lly  w h e n , 

fo r  e x a m p le , th e ir  sen sib ility  to  to u c h  w a s  e x a m in e d  o n  areas o f  skin  th at 

h a d  b e e n  sh o w n  p r e v io u s ly  t o  b e  e n tire ly  a n a esth etic  w h e n  e x a m in e d  

th ro u g h  th e ir  p r im a r y  con sciou sn ess .

I n  a d d it io n , s o m e  hysterics c o u ld  d e a l w ith  c e rta in  sensation s o n ly  

in  e ith er  o n e  con sc iou sn ess  o r  th e  o th e r , b u t  n o t  in  b o t h  a t  th e  sam e t im e . 

H e r e  J a m es  cites a  fa m o u s  e x p e r im e n t  in  a  str ik in g  p a s s a g e :

M . Janet has proved  this beautifully in  his subject L ucie. T h e  fo llow in g  ex 

periment w ill serve as the type o f  the rest: In  her trance he covered  her lap  

with cards, each bearing a num ber. H e  then told  her that on  w aking she should 

not see any card whose num ber was a m ultip le o f  three. T h is is the ordinary 

so-called “ post-hypnotic suggestion,”  now  w ell know n, and for  w hich  L ucie  

was a w ell-adapted subject. A ccord in gly , w hen she was awakened and asked 

about the papers on her lap, she counted and said she saw those on ly  w hose 

number was not a m ultip le o f  3. T o  the 12, 18, 9 etc., she was blind. But 

the handy when the sub-conscious self was interrogated b y  the usual m ethod 

o f engrossing the upper self in  another conversation, w rote that the only cards 

in L ucie ’s lap were those num bered 12, 18, 9, etc., and on  being asked to 

pick up all the cards w h ich  were there, p ick ed  u p  these and let the others 

lie. Sim ilarly w hen the sight o f  certain things was suggested to the sub 

conscious Lucie, the norm al L u cie  suddenly becam e partially o r  totally blind. 

“ W hat is the m atter? I can ’t see!”  the norm al personage suddenly cried  out 

in the midst o f  her conversation, when M . Janet whispered to the secondary 

personage to m ake use o f  her eyes.36

Jam es g ives  these a n d  o th e r  e x a m p le s  to  s u p p o r t  a  c o n c lu s io n  in  w h ic h  

h e  defin es th e  c o n c e p t  o f  c o m p le m e n ta r ity  in  p s y c h o lo g ic a l r e s e a r c h :

It must be adm itted, therefore, that in certain persons, at least, the total pos 

sible consciousness m ay be split into parts which coex ist but m utually ignore



each  oth er , and share the ob jects  o f  know ledge betw een them . M ore  remark 

able still, they are com plem entary. G ive an ob je ct  to one o f  the conscious 

nesses, and by that fact you rem ove it from  the other or others. Barring a cer 

tain com m on  fund o f  in form ation , like the com m an d o f  language, etc., w hat 

the upper self knows the under self is ignorant o f, and vice versa.31

T h e  a n a lo g y  w ith  B o h r ’ s c o n c e p t  o f  c o m p le m e n ta r ity  in  p h y sics  is strik 

in g , q u ite  a p a r t  f r o m  th e  q u e s tio n  o f  th e  g e n e t ic  c o n n e c t io n  b e tw e e n  

th ese t w o  uses o f  th e  sa m e  w o r d .

C h ristia n  B o h r  a n d  H a r a ld  H o f f  d in g

B o h r ’s a ffin ity  f o r  id e a s  a n a lo g o u s  t o  th o s e  o f  W ill ia m  J a m es  w a s  p r e 

c e d e d  b y  a  p h ilo s o p h ic a l  a n d  p e rso n a l p r e p a r a t io n  th a t g o e s  b a c k  to  his 

c h i ld h o o d . I n  h is essay, G lim p ses  o f  N ie ls  B o h r  as a  S c ien tis t  a n d  

T h in k e r , O s k a r  K le in , o n e  o f  B o h r ’ s ea rliest c o lla b o r a to rs , p r o v id e s  a  

r e v e a lin g  p ic tu r e  o f  th e  y o u n g  m a n .

Niels B ohr h im self and his brother H arald , a brilliant m athem atician, liked to 

give exam ples o f  the innocently credulous— and at the same tim e resolute—  

w ay in w h ich  as a ch ild  he accepted  w hat he saw and heard. T h ey  also spoke 

o f  geom etrical intuition he d eveloped  so early . . . .  T h e  first feature appeared 

for  instance in  believing literally w hat he learned from  the lessons on religion 

at school. F or a long tim e this m ade the sensitive b oy  unhappy on  account 

o f his parents’ lack o f  faith. W h en  later, as a young m an, he began to doubt, 

he d id  so also w ith unusual resolution and thereby d eveloped  a deep  p h ilo 

sophical bent sim ilar to that w hich  seems to have characterized the early 

G reek natural philosophers .38

C h ris t ia n  B o h r , N ie ls  B o h r ’ s fa th e r , w as p r o fe s s o r  o f  p h y s io lo g y  a t th e  

U n iv e rs ity  o f  C o p e n h a g e n . H is  w o r k  in v o lv e d  h im  in  o n e  o f  th e  im p o r 

tan t p h ilo s o p h ic a l  d e b a te s  o f  th e  last p a r t  o f  th e  n in e te e n th  c e n tu ry , th e  

d iffe r e n c e s  b e tw e e n  a n d  r e la t iv e  m erits  o f  th e  “ v ita lis tic ”  th eories  a n d  th e  

m e ch a n is t ic  c o n c e p t io n s  o f  li fe  p rocesses . I n  severa l w ays, C h ris t ia n  

B o h r ’s in terests  sh a p e d  his so n ’ s id ea s  a n d  p r e o c c u p a t io n s . W e  k n o w  th at 

as a y o u th , N ie ls  B o h r  w as a llo w e d  to  w o r k  in  th e  la b o r a to r y  o f  h is fa th er , 

a n d  to  m e e t  th e  sch o la rs  in terested  in  p h ilo s o p h y  w ith  w h o m  C h ris t ia n  

B o h r  k e p t  c lo s e  con tact^  su ch  as H a r a ld  H o f f  d in g , p r o fe s s o r  o f  p h ilo s o p h y  

a t  th e  U n iv e rs ity  o f  C o p e n h a g e n . H o f f  d in g  o f t e n  v is ited  th e  B o h r  h o u s e 

h o ld ,  a n d  N ie ls  B o h r  a ttested  to  th e  p r o fo u n d  in flu e n c e  h e  re ce iv e d  fr o m  

e a r ly  c h i ld h o o d  b y  b e in g  p e r m itte d  to  stay  a n d  listen  d u r in g  m eetin g s  o f
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an  in fo r m a l c lu b  m a d e  u p  o f  h is fa th e r , H o f fd in g ,  th e  p h y sic ist  C h ris t ia n  

C h ristian sen , a n d  th e  p h ilo lo g is t  H a n s  T h o m s e n . H o f fd in g , in  tu rn , d e 

s cr ib ed  C h ris tia n  B o h r  as a  scien tist w h o  r e co g n iz e d  “ strict a p p lic a t io n  o f  

p h ysica l a n d  c h e m ic a l  m e th o d s  o f  p h y s io lo g y ”  in  th e  la b o ra to ry , b u t  w h o , 

ou ts id e  th e  la b o r a to ry , “ w a s  a  k een  w o r s h ip p e r  o f  G o e th e . W h e n  h e  

sp ok e  o f  p r a c t ic a l s itu ation s  o r  o f  v iew s o f  life , h e  lik ed  to  d o  so  in  a  

d ia le c t ic  m a n n e r .” 39

W e  m a y  u n d e rs ta n d  th e  im p lica t io n s  o f  th is d e s cr ip t io n  best th r o u g h  

O sk a r  K le in , w h o  re m e m b e rs  a  c h a r a c te r iz a t io n  w h ic h  N ie ls  B o h r  g a v e  

h im : “ H e  m e n t io n e d  h is fa th e r ’ s id e a  th a t te le o lo g y , w h e n  w e  w a n t  to  d e 

scribe  th e  b e h a v io r  o f  l iv in g  b e in g s , m a y  b e  a  p o in t  o f  v ie w  o n  a  p a r  w ith  

th at o f  cau sa lity . T h e  id e a  w a s  la te r  t o  p la y  a n  essentia l r o le  in  B o h r ’ s 

a ttem p t to  th r o w  lig h t  o n  th e  re la t io n  b e tw e e n  th e  b io lo g is t ’ s a n d  th e  

ph ysicist ’ s w a y  o f  d e s c r ib in g  n a tu r e .” 40

N ie ls  B o h r  e n te re d  th e  u n iv ers ity  in  1903 , a n d  so o n  to o k  H o f f  d in g ’ s 

cou rse  in  th e  h is to ry  o f  p h ilo s o p h y  a n d  lo g ic . H e  a lso  b e lo n g e d  t o  a  s tu 

d en t ’ s c lu b  in  w h ic h  th e  q u estion s  ra ised  in  H o f f  d in g ’ s le ctu res  o n  p h i 

lo so p h y  w e re  d iscu ssed . (A n o th e r  m e m b e r  w a s  R u b in .)  W h ile  B o h r , as 

in d ica te d  in  h is last in te rv ie w , fe lt  n o  g re a t  a ttra ct io n  t o  p h ilo s o p h 

ica l system s (s u c h  as th ose  o f  “ S p in o z a , H u m e , a n d  K a n t ” ) , th ere  is little  

d o u b t  a b o u t  th e  la stin g  im p re ss io n  H o f fd in g  m a d e  o n  B o h r — p e rh a p s  

m ost o f  a ll b e ca u se  o f  H o f f  d in g ’ s a c t iv e  in terest in  th e  a p p lic a b il ity  to  

p h ilo s o p h y  o f  th e  w o r k  o f  w h a t  h e  c a lle d  p h ilo s o p h ie r e n d e  N a tu r fo r -  

sch er , f r o m  C o p e r n ic u s  to  N e w to n  a n d  fr o m  M a x w e l l  to  M a c h .  F o r  e x 

a m p le , th e  la tte r  tw o  a re  d iscu ssed  a t  s o m e  le n g th  in  H o f fd in g ’ s 

M o d e r n e  P h i l o s o p h e n  w h ic h  a p p e a r e d  in  19 04  in  D a n is h  (1 9 0 5  in  

G e r m a n ) as su ccessor  to  h is m o n u m e n ta l H i s t o r y  o f  M o d e r n  P h i 

l o s o p h y .

T h e r e  a lso  a p p e a r s  to  h a v e  b e e n  a  p e rso n a l sy m p a th y  b e tw e e n  th e  

o ld e r  a n d  th e  y o u n g e r  m a n . W h ile  still H o f fd in g ’ s s tu d en t, B o h r  p o in te d  

ou t so m e  e r r o r  in  H o f fd in g ’ s e x p o s it io n , a n d  H o f fd in g ,  in  tu rn , a l lo w e d  

B o h r  to  h e lp  h im  c o r r e c t  p r o o fs  o f  th e  o f fe n d in g  p assage . A  w a r m  fr ie n d 

sh ip  d e v e lo p e d  e v e n tu a lly  th a t w a s  fre e ly  a c k n o w le d g e d  o n  b o t h  sides, as 

in d ica te d , f o r  e x a m p le , b y  N ie ls  B o h r ’ s a c k n o w le d g m e n t  o f  H a r a ld  H o f f 

d in g ’s in flu e n ce  o n  h im , o n  th e  o c c a s io n  o f  H o f fd in g ’ s e ig h ty -fifth  b ir th 

d a y ,41 a n d  co n v e rse ly  in  letters o f  H o f fd in g  t o  E m ile  M y e rs o n  in  1926  

an d  1928 .42 T h e  first o f  these letters, in c id e n ta lly , is d a te d  D e c e m b e r  13, 

1926, sh ortly  b e fo r e  B o h r ’s v a c a t io n  tr ip  to  N o r w a y  in  ea r ly  1927 d u r in g
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w h ic h , a c c o r d in g  to  H e is e n b e r g  a n d  o th ers , B o h r ’ s id e a s  o n  c o m p le 

m e n ta r ity  w e r e  d e v e lo p e d  in  th e  fo r m  h e  a n n o u n c e d  la te r  in  1927 . 

A n o t h e r  le tte r  w a s  w r itte n  h a lf  a  y e a r  a fte r  th e  p r e s e n ta t io n  o f  th e  

c o m p le m e n ta r ity  p r in c ip le  a t  C o m o . I n  it , H o f f  d in g  w rites  to  M e y e rs o n  

( M a r c h  13, 1 9 2 8 ) :  “ B o h r  d e c la re s  th a t  h e  h a s  fo u n d  in  m y  b o o k s  id ea s  

w h ic h  h a v e  h e lp e d  th e  scientists in  th e  ‘u n d ersta n d in g*  o f  th e ir  w o rk , 

a n d  th e re b y  th e y  h a v e  b e e n  o f  rea l h e lp . T h is  is g r e a t  sa t is fa ct io n  f o r  m e , 

w h o  fe e ls  so  o ft e n  th e  in s u ffic ie n c e  o f  m y  sp e c ia l p r e p a r a t io n  w ith  re 

sp e c t  t o  th e  n a tu ra l s c ie n ce s .” 43

A m o n g  a ll th e  p h ilo s o p h e r s  a n d  scientists d iscu ssed  b y  H o f fd in g ,  it  is 

u n lik e ly  th a t a n y  in terested  s tu d e n t  o f  H o f fd in g ’ s w il l  h a v e  fa i le d  t o  e n 

c o u n te r  s o m e  a sp ects  o f  W ill ia m  J a m es ’ s w o r k . A n  a d m ire r , lik e  J a m es , o f

G . T .  F e c h n e r  ( t h e  fa th e r  o f  p s y c h o p h y s ic s ) ,  H o f f  d in g  d e v o te d  h is  first 

b o o k  to  p s y c h o lo g y  (D a n is h  e d it io n , 1 8 8 2 ) .  A t  a b o u t  th e  t im e  B o h r  

t o o k  h is  p h ilo s o p h y  co u rse , H o f f  d in g  u se d  th e  o c c a s io n  o f  th e  S t. L o u is  

m e e t in g  o f  1 9 0 4  t o  v is it  J a m es  in  th e  U n ite d  S tates. J a m es , in  tu rn , su p 

p l ie d  a n  a p p r e c ia t iv e  p r e fa c e  f o r  th e  E n g lish  tra n s la tion  ( o f  1 9 0 5 ) o f  

H o f fd in g ’ s P r o b l e m s  o f  P h i l o s o p h y — a  b o o k  w h ic h  H o f f  d in g  r e p o r te d  

la te r  t o  h a v e  o r ig in a te d  in  h is u n iv ers ity  le ctu res  in  1 9 0 2 .44 A n d  in  th e  

sa m e y e a r  o f  H o f fd in g ’ s v is it  t o  J a m es , H o f f  d in g  e x p ressed  in  h is  

M o d e r n e  P h i l o s o p h e n  his a d m ir a t io n  f o r  J a m e s ’ s w o r k , t o  w h o m  th e  

c o n c lu d in g  c h a p te r  is d e v o te d , w ith  s u c h  c o m m e n ts  as “ J a m es  b e lo n g s  to  

th e  m o st  o u ts ta n d in g  c o n te m p o r a r y  th in k ers  . . . .  T h e  m o s t  im p o r ta n t  o f  

h is w r it in g s  is T h e  P r i n c i p l e s  o f  P s y c h o l o g y .”

K ie r k e g a a r d

I n  H o f fd in g ’ s o w n  life , a  c r u c ia l a n d  e a r ly  in f lu e n c e  w a s  th e  w o r k  

o f  K ie r k e g a a r d , as h e  fr e e ly  c o n fe s s e d .45 H o f fd in g  r e p o r te d  th a t in  a  

y o u th fu l  crisis , in  w h ic h  h e  w a s  n e a r  “ d e sp a ir ,”  h e  h a d  fo u n d  s o la c e  a n d  

n e w  stren g th  th r o u g h  K ie r k e g a a r d ’s w ritin g s , a n d  h e  m e n tio n s  p a r t ic u 

la r ly  K ie r k e g a a r d ’ s w o r k  n o w  k n o w n  as S t 6 g e s  o n  L i f e ’ s  W 6 y . H o f f 

d in g  b e c a m e  k n o w n  as o n e  o f  th e  p r o m in e n t  e x p o n e n ts  a n d  fo l lo w e r s  o f  

K ie r k e g a a r d ; in d e e d , th e  s e c o n d  m a jo r  w o r k  H o f fd in g  p u b lish e d  w a s  th e  

b o o k , K i e r k e g 6 6 r d  6 l s  P h i l o s o p h .46

W h e th e r  N ie ls  B o h r  c a u g h t  s o m e  o f  h is o w n  in terest in  K ie r k e g a a r d  

w h ile  a  s tu d e n t  o f  H o f fd in g  is n o t  k n o w n , b u t  th e  fa c t  o f  th is e a r ly  in 

terest is  w e ll  d o c u m e n te d . T h u s  it is r e m e m b e r e d  th a t  in  1909 N ie ls
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sent h is b r o th e r  H a r a ld  as a  b ir th d a y  g i f t  K ie r k e g a a r d ’ s b o o k , S t 6 g e s  

o n  L i f e ’ s  W 6 y , w ith  a  le tter  say in g , “ I t  is th e  o n ly  th in g  I  h a v e  to  s e n d ; 

b u t  I  d o  n o t  b e lie v e  th a t it  w o u ld  b e  v e ry  easy  t o  f in d  a n y th in g  b e tte r . I n  

a n y  case  I  h a v e  h a d  v e ry  m u c h  p le a su re  in  r e a d in g  it , I  e v e n  th in k  th a t  

it is o n e  o f  th e  m o st  d e lig h t fu l th in g s  I  h a v e  e v e r  r e a d .” 47 T h e n  h e  a d d e d  

th at h e  d id  n o t  fu lly  a g re e  w ith  a ll o f  K ie r k e g a a r d ’ s v iew s. O n e  c a n  w e ll  

im a g in e  th a t N ie ls  B o h r  c o u ld  e n jo y  th e  a e s th e tic  e x p e r ie n c e  a n d  th e  

m o ra l p a ssion , w ith o u t  h a v in g  to  a g re e  a lso  w ith  th e  a n tis c ie n tific  a t 

t itu d e  o f  m u c h  o f  th e  w o r k .

B o h r ’s rem ark s a b o u t  K ie r k e g a a r d  b r in g  u s t o  th e  last o f  th e  v a rio u s  

possib le  a v en u es  th a t p r e p a r e d  fo r  th e  c o m p le m e n ta r ity  n o t io n . W h ile  

this is n o t  th e  p r o p e r  p la c e  f o r  a  s e a rch in g  e x a m in a t io n  o f  th ose  e le 

m en ts  in  K ie r k e g a a r d ’ s w ork s  fo r  w h ic h  a n a lo g o u s  e le m e n ts  h a v e  b e e n  

n o te d  in  B o h r ’ s w o r k ,48 it  w ill b e  o f  in terest t o  r e m in d  ou rse lv es  o f  o n e  

o r  tw o  c h ie f  fea tu res  th a t c h a r a c te r iz e d  th e  w r it in g  o f  b o th  K ie r k e g a a r d  

a n d  his c h ie f  in te rp re te r  in  D e n m a r k , H o f fd in g .

K ie r k e g a a r d ’ s ex isten tia lism  w a s  r o o te d  in  G e r m a n  R o m a n t ic is m , u p 

h o ld in g  th e  in d iv id u a l a n d  th e  m o m e n ta r y  life  s itu a tio n  in  w h ic h  h e  

finds h im se lf a g a in st  th e  r a t io n a lity  a n d  o b je c t iv e  a b s tra c tio n  c h a m 

p io n e d  b y  e ig h te e n th -c e n tu r y  E n lig h te n m e n t . T h e  d e n ia l o f  th e  s u b je c 

tive, K ie r k e g a a r d  a r g u e d , lea d s to  s e lf-co n tr a d ic t io n s , fo r  e v e n  th e  m o st  

a b stract p r o p o s it io n  rem a in s  th e  c re a t io n  o f  h u m a n  b e in g s . I n  a  r e a c t io n  

to  H e g e l a n d  to  so m e  asp ects  o f  K a n t ,  K ie r k e g a a r d  w r o te  a b o u t  s c ie n ce  

in  his jo u r n a l :  “ L e t  it  d e a l w ith  p la n ts  a n d  a n im a ls  a n d  stars, b u t  to  d e a l 

w ith  the h u m a n  sp ir it  in  th a t w a y  is b la sp h e m y , w h ic h  o n ly  w ea k en s  

e th ica l a n d  re lig io u s  p a ssion s .”  T r u t h  c a n n o t  b e  fo u n d  w ith o u t  in c o r 

p o r a t in g  th e  su b je c t iv e , p a r t ic u la r ly  in  th e  essen tia lly  ir ra t io n a l, d is c o n 

tin u ou s stages o f  r e co g n it io n s  le a d in g  to  th e  a c h ie v e m e n t  o f  in s ig h t. A s  

J o h n  P assm ore  w rites , “ e a c h  m a jo r  step  o n  th e  w a y  t o  tru th  is a  fr e e  d e 

c is ion . O u r  p rogress , a c c o r d in g  to  K ie r k e g a a r d , f r o m  th e  a esth e tic  t o  th e  

scien tific  p o in t  o f  v ie w , a n d  th en  a g a in  fr o m  th e  sc ie n tific  t o  th e  e th ica l 

a n d  fr o m  th e  e th ica l t o  th e  re lig io u s , c a n n o t  b e  ra t io n a liz e d  in to  a n  

o rd er ly , fo r m a lly  ju s t ifia b le , s tep  f r o m  p re m ise  t o  c o n c lu s io n s : I t  is in  

e a ch  case  a  le a p  t o  a  q u ite  n e w  w a y  o f  lo o k in g  a t  th in g s .” 49

W h a t  is p e rh a p s  o f  g rea test in terest to  u s is th e  a c c e n tu a t io n  o f  th e  

ro le  o f  d is co n tin u ity  in  K ie r k e g a a r d ’ s w o r k . H e r e  w e  c a n  d o  n o  b e tte r  

th an  c ite  a t  so m e  le n g th  th e  se c t io n  o n  K ie r k e g a a r d  in  H o f fd in g ’ s o w n  

c h ie f  w o r k , A  H i s t o r y  o f  M o d e r n  P h i l o s o p h y :
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[K ierkegaard ’s] leading idea was that the different possible conceptions o f  life  

are so sharply opposed  to one another that w e must make a ch o ice  betw een 

them , hence his catchw ord  either— or ; m oreover, it must be a ch o ice  w hich  

each particular person must m ake for  him self, hence his second catchw ord , 

the individual. H e him self designated his thought “ qualitative d ia lectic,”  by 

w hich  he meant to bring out its opposition  to the doctrine taught b y  R om an tic 

speculation o f  continuous developm ent by means o f  necessary inner transi

tions. K ierkegaard regarded this doctrine as pure fantasticalness— a fantastical 

ness, to be sure, to w hich  he him self had felt attracted .50

W h a t  is essentia l fo r  us to  n o t ic e  is th a t a  m a in  fe a tu re  o f  K ie r k e 

g a a r d ’ s “ q u a lita tiv e  d ia le c t ic ”  is an  a c c e p ta n c e  o f  thesis a n d  an tith esis , 

w ith o u t  p r o c e e d in g  to  a n o th e r  stage  a t w h ic h  th e  ten sion  is re so lv e d  in  

a  synthesis. T h u s  h e  d ra w s  a  lin e  b e tw e e n  th o u g h t  a n d  re a lity  w h ic h  

m u st n o t  b e  a l lo w e d  to  d isa p p e a r . H o f fd in g  w r ite s : “ E v e n  i f  th o u g h t  

s h o u ld  a tta in  c o h e r e n c y  it  d o e s  n o t  th e re fo re  fo l lo w  th a t th is c o h e r e n c y  

c a n  b e  p re se rv e d  in  th e  p r a c t ic e  o f  life . . . . S u c h  g re a t  d iffe r e n c e s  a n d  

o p p o s it io n s  ex ist s id e  b y  s id e  th a t th ere  is n o  th o u g h t  w h ic h  c a n  e m 

b r a c e  th e m  all in  a ‘ h ig h e r  unity.*  ” 51 “ K ie r k e g a a r d  c a m e  m o r e  a n d  m o r e  

to  r e g a rd  th e  c a p a b il ity  o f  e m b r a c in g  g re a t  con tra sts  a n d  o f  e n d u r in g  

th e  s u ffe r in g  w h ic h  th is in v o lv e s  as th e  c r ite r io n  o f  th e  su b lim ity  a n d  

v a lu e  o f  a  c o n c e p t io n  o f  l i fe .” 52

K ie r k e g a a r d ’ s stress o n  d is c o n t in u ity  b e tw e e n  in co m p a tib le s , o n  th e  

“ le a p ”  ra th e r  th a n  th e  g r a d u a l tra n s ition , o n  th e  in c lu s io n  o f  th e  in 

d iv id u a l, a n d  o n  in h e re n t  d ic h o to m y  w as as “ n o n c la s s ica l”  in  p h ilo s o p h y  

as th e  e lem en ts  o f  th e  C o p e n h a g e n  d o c tr in e — q u a n tu m  ju m p s , p r o b 

a b ilis t ic  ca u sa lity , o b s e r v e r -d e p e n d e n t  d e s c r ip t io n , a n d  d u a lity — w e re  

to  b e  in  ph ysics.

N o w  it  w o u ld  b e  as a b su rd  as it  is u n n ecessa ry  to  try  to  d e m o n s tra te  

th a t K ie r k e g a a r d ’ s c o n c e p t io n s  w e re  d ire c t ly  a n d  in  d e ta il tra n s la ted  b y  

B o h r  fr o m  th e ir  th e o lo g ic a l a n d  p h ilo s o p h ic a l c o n te x t  to  a  p h y s ica l c o n 

tex t. O f  co u rse , th ey  w e re  n o t . A l l  o n e  sh o u ld  d o  is p e r m it  o n e s e lf  th e  

o p e n -m in d e d  e x p e r ie n c e  o f  r e a d in g  H o f fd in g  a n d  K ie r k e g a a r d  th r o u g h  

th e  eyes o f  a  p e rso n  w h o  is p r im a r ily  a  p h y sic ist— stru g g lin g , as B o h r  

w as , first w ith  h is 1 9 1 2 -1 9 1 3  w o r k  o n  a to m ic  m o d e ls , a n d  a g a in  in  1927 , 

t o  “ d is c o v e r  a  ce r ta in  c o h e r e n c e  in  th e  n e w  id ea s”  w h ile  p o n d e r in g  th e  

c o n fl ic t in g , p a r a d o x ic a l ,  u n re s o lv a b le  d e m a n d s  o f  c la ss ica l p h ysics  a n d  

q u a n tu m  p h y sics  w h ic h  w e re  th e  n e a r -d e s p a ir  o f  m o st  ph ysicists  o f  th e  

tim e . I t  is in  this fjram e o f  m in d  th a t o n e  c a n  best a p p r e c ia te , f o r  e x -
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a m p le , H o f fd in g ’ s d iscu ss ion  o f  K ie r k e g a a r d ’ s in d e te rm in is tic  n o t io n  o f  

the “ le a p ” :

In  K ierkegaard’s ethics the qualitative d ialectic appears partly in his con cep 

tion o f choice , o f  the decision o f  the w ill, partly in his doctrine o f  stages. 

H e em phatically denies that there is any analogy betw een spiritual and organic 

developm ent. N o  gradual developm ent takes place w ithin the spiritual sphere, 

such as m ight explain the transition from  deliberation to decision, or from  

one conception  o f life (o r  “ stadium ” ) to another. Continuity w ould  be broken 

in every such transition. A s regards the choice , psychology is on ly  able to 

point out possibilities and approxim ations, motives and preparations. T h e  

choice itself com es with a jerk, with a leap, in w hich  som ething quite new  (a  

new quality) is posited. O n ly  in the w orld  o f  possibilities is there continuity; 

in the w orld  o f reality decision always com es through a breach o f continuity. 

But, it m ight be asked, cannot this jerk or  this leap itself be m ade an ob ject 

o f psychological observation? K ierkegaard’s answer is not clear. H e  explains 

that the leap takes place betw een tw o m om ents, betw een tw o states, on e  o f  

which is the last state in the w orld o f possibilities, the other the first state in 

the w orld o f  reality. It w ou ld  almost seem to fo llow  from  this that the leap 

itself cannot be observed. But then it w ou ld  also fo llo w  that it takes place 

unconsciously— and the possibility o f  the unconscious continuity underlying 

conscious antithesis is not exclu d ed .53

I t  is a t this p o in t  th a t th e  w ritin g s  o f  H o f fd in g  a n d  K ie r k e g a a r d  m o st  

ev id en tly  o v e r la p  w ith  th e  te a ch in g s  o f  W ill ia m  J a m es. I n  fa c t , th e re  

are tw o  s p e c ific  p e r io d s  w h e re  th e  o v e r la p p in g  c o n c e p t io n s  o f  K ie r k e 

g a a rd , H o f fd in g ,  a n d  J a m es  c a n  p la u s ib ly  h a v e  b e e n  in flu e n tia l fo r  

B oh r in  th e  sense o f  p r o v id in g  sy m p a th e tic  p r e p a ra t io n  o r  s u p p o r t : o n e  

c a m e  in  B o h r ’ s w o r k  d u r in g  th e  e a r ly  p e r io d , fr o m  19 12  th r o u g h  th e  

c o rr e s p o n d e n c e  p o in t  o f  v ie w  (th a t  is, in  th e  a n a lo g y  b e tw e e n  B o h r ’ s 

n on class ica l tran sition s o f  th e  e le c tro n  b e tw e e n  sta tion a ry  states o n  o n e  

h a n d , a n d  K ie r k e g a a r d ’ s “ lea p s”  o r  J a m es ’ s tra n sien t fligh ts  a n d  “ tran si 

tive p a rts”  o n  the o th e r  h a n d ) . T h e  o th e r  c a m e  in  th e  p e r io d  f r o m  a b o u t  

1926, w h e n  B o h r ’ s c o m p le m e n ta r ity  p o in t  o f  v ie w  w a s  b e in g  d e v e lo p e d ;  

an d  h ere  w e  h a v e  a lre a d y  p o in te d  to  p o ss ib le  sou rces  o r  a n te ce d e n ts  fo r  

B oh r ’ s a n a lo g ie s  in passages su ch  as th e  c o n c lu s io n  o f  h is S e p te m b e r  

1927 ad dress ( “ the id e a  o f  c o m p le m e n ta r ity  is su ited  to  ch a ra c te r ize  th e  

situ ation , w h ic h  bea rs  a  p r o fo u n d  a n a lo g y  to  th e  g e n e ra l d iffic u lty  in  

the fo r m a tio n  o f  h u m a n  id eas, in h e re n t  in  th e  d is t in ct io n  b e tw e e n  su b 

je c t  a n d  o b je c t ” ) , as w e ll as passages in  a  p a p e r  o f  1929 ( “ S tr ic tly  sp ea k 

in g , the co n sc io u s  analysis o f  a n y  c o n c e p t  stands in  a  re la t io n  o f  e x c lu s io n
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t o  its im m e d ia te  a p p lic a t io n ” ; “ T h e  n ecessity  o f  ta k in g  r e co u rs e  to  a  

c o m p le m e n ta r y , o r  r e c ip r o c a l  m o d e  o f  d e s c r ip t io n  is p e r h a p s  fa m ilia r  

t o  us f r o m  p s y c h o lo g ic a l  p r o b le m s ” ; “ I n  p a r t ic u la r , th e  a p p a r e n t  c o n 

trast b e tw e e n  th e  c o n t in u o u s  o n w a r d  f lo w  o f  a sso c ia t iv e  th in k in g  a n d  th e  

p r e s e rv a t io n  o f  th e  u n ity  o f  th e  p e rs o n a lity  e x h ib its  a  su g g estiv e  a n a lo g y  

w ith  th e  r e la t io n  b e tw e e n  th e  w a v e  d e s c r ip t io n  o f  th e  m o t io n s  o f  m a te r ia l 

p a rt ic le s , g o v e r n e d  b y  th e  s u p e rp o s it io n  p r in c ip le , a n d  th e ir  in d e s tru c 

t ib le  in d iv id u a lity ” ) .54

O n e  c h a r a c te r is t ic  tra it  o f  B o h r  s h o u ld  n o t  b e  o v e r lo o k e d  in  this 

d iscu ss ion , f o r  w ith o u t  it  th e  n ecessa ry  p r e d is p o s it io n  fo r  r e a c h in g  th e  

c o m p le m e n ta r ity  p o in t  o f  v ie w  w o u ld  h a v e  b e e n  m issin g . I  r e fe r  t o  B o h r ’ s 

w e ll -k n o w n  d ia le c t ic  sty le  o f  th in k in g  a n d  o f  w o r k in g . O n e  o f  th o s e  w h o  

w o r k e d  w ith  h im  lo n g e st, L é o n  R o s e n fe ld , attests th a t B o h r ’ s “ tu rn  o f  

m in d  w a s  essen tia lly  d ia le c t ic a l, r a th e r  th a n  re fle c t iv e . . . . H e  n e e d e d  

th e  stim u lu s  o f  s o m e  fo r m  o f  d ia lo g u e  to  start o f f  h is th in k in g .” 55 

R o s e n fe ld  a lso  r e c o r d s  a  w e ll -k n o w n  d ic t u m  o f  B o h r :  “ E v e r y  se n te n ce  

I  say  m u s t  b e  u n d e r s to o d  n o t  as a n  a f fir m a tio n , b u t  as a  q u e s t io n .”  

B o h r ’ s h a b it  o f  w o r k  w a s  fr e q u e n t ly  to  d e v e lo p  a  p a p e r  d u r in g  d ic ta t io n , 

w a lk in g  u p  a n d  d o w n  th e  r o o m  a n d  a r g u in g  b o t h  w ith  h im s e lf  a n d  a  

fe l lo w  p h y s ic is t  w h o m  h e  h a d  p e r s u a d e d  t o  b e  h is  s o u n d in g -b o a r d , 

tra n scr ib e r , a n d  c r it ic — a n d  w h o m  h e  w a s  lik e ly  t o  le a v e  in  a n  e x h a u ste d  

sta te  a t  th e  e n d . A s  E in ste in , H e is e n b e r g , S c h r ô d in g e r , a n d  m a n y  o th ers  

h a d  to  e x p e r ie n c e , it  s e e m e d  as i f  B o h r  lo o k e d  f o r  a n d  fa s te n e d  w ith  

g rea test  e n e r g y  o n  a  c o n t r a d ic t io n , h e a t in g  it  t o  its  u tm o st  b e fo r e  h e  

c o u ld  cry s ta llize  th e  p u r e  m e ta l o u t  o f  th e  d isp u te . B o h r ’ s m e th o d  o f  

a r g u m e n t  sh a re d  w ith  th e  c o m p le m e n ta r ity  p r in c ip le  itse lf th e  a b ility  to  

e x p lo it  th e  c la sh  b e tw e e n  a n tith e t ica l p o s it io n s . W e  h a v e  g iv e n  e a r lie r  

o n ly  th e  first l in e  o f  a  c o u p le t  f r o m  S ch ille r , r e p o r te d  to  h a v e  b e e n  o n e  o f  

B o h r ’ s f a v o r i t e  sa y in g s : a f te r  th e  l in e  “ O n ly  fu lln e s s  le a d s  t o  c la r i t y ”  

th ere  fo l lo w s  “ A n d  tru th  lies in  th e  abyss”  :

N u r  d ie  F iille  f i ih r t  z u r  K la r h e i t ,

U n d  im  A b g r u n d  w o h n t  d ie  W a h r h e it .

O f  N ie ls  B o h r  stories th e re  a re  le g io n s , b u t  n o n e  m o r e  il lu m in a t in g  

th a n  th a t t o ld  b y  h is son  H a n s  c o n c e r n in g  th e  fu n d a m e n ta lly  d ia le c t ic  

d e f in it io n  o f  tru th . H a n s  re p o r ts  th a t o n e  o f  th e  fa v o r ite  m a x im s  o f  h is 

fa th e r  w a s  th e  d is t in c t io n  b e tw e e n  tw o  sorts  o f  t r u th : tr iv ia lit ies , w h e r e  

o p p o s ite s  a re  o b v io u s ly  a b s u rd , a n d  p r o fo u n d  tru th s, r e c o g n iz e d  b y  th e
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fa c t  th a t th e  o p p o s ite  is a lso  a  p r o fo u n d  tru th .66 A lo n g  th e  sam e lin e , 

th ere  has b e e n  a  p ers isten t story  th a t  B o h r  h a d  b e e n  im p ressed  b y  an  

e x a m p le  o r  a n a lo g u e  f o r  th e  c o m p le m e n ta r ity  c o n c e p t  in  th e  m u tu a lly  

ex c lu s iv e  d e m a n d s  o f  ju s t ic e  a n d  o f  lo v e . J e r o m e  S. B ru n e r  h a s  k in d ly  

g iv e n  m e  a  firs t-h a n d  r e p o r t  o f  a  c o n v e r s a t io n  o n  th is p o in t  th a t to o k  

p la c e  w h e n  h e  h a p p e n e d  to  m e e t  N ie ls  B o h r  in  1943  o r  ea r ly  1 9 4 4  fo r  

th e  first t im e . “ T h e  ta lk  tu rn e d  en tire ly  o n  th e  c o m p le m e n ta r ity  b e tw e e n  

a f fe c t  a n d  th o u g h t , a n d  b e tw e e n  p e r c e p t io n  a n d  re fle c t io n . [B o h r] to ld  

m e  th a t h e  h a d  b e c o m e  a w a re  o f  th e  p s y c h o lo g ic a l  d e p th s  o f  th e  

c o n c e p t  o f  c o m p le m e n ta r ity  w h e n  o n e  o f  h is c h ild r e n  h a d  d o n e  s o m e 

th in g  in e x cu sa b le  f o r  w h ic h  h e  fo u n d  h im s e lf  in c a p a b le  o f  a p p r o p r ia te  

p u n is h m e n t: ‘Y o u  c a n n o t  k n o w  s o m e b o d y  a t  th e  sa m e t im e  in  th e  lig h t  

o f  lo v e  a n d  in  th e  lig h t  o f  ju s t ic e ! ’  I  th in k  th a t  th ose  w e r e  a lm o st  

e x a ct ly  th e  w o r d s  h e  u sed . H e  a lso  . . . ta lk e d  a b o u t  th e  m a n n e r  in  

w h ich  in tr o s p e c t io n  as a n  a c t  d isp e lle d  th e  v e ry  e m o t io n  th a t o n e  s tro v e  

to  d e scr ib e .” 67

C o m p le m e n ta r i ty  B e y o n d  P h ysics

W e  c a n  n o w  a sk : w h a t  w as B o h r ’ s re a l a m b it io n  f o r  th e  c o m p le 

m en ta r ity  c o n c e p t io n ?  I t  c e r ta in ly  w e n t  fa r  b e y o n d  d e a lin g  w ith  th e  

p a ra d o x e s  in  th e  p h ysics  o f  th e  1 9 2 0 ’ s. N o t  o n ly  w e r e  so m e  o f  th e  ro o ts  

o f  the c o m p le m e n ta r ity  p r in c ip le  o u ts id e  p h ysics , b u t  so  a lso  w as its 

in te n d e d  ra n g e  o f  a p p lic a t io n . L e t  m e  r e m in d  y o u  o f  B o h r ’ s s ta te m e n t : 

“ T h e  in teg r ity  o f  l iv in g  o rg a n ism s a n d  th e  ch a ra cter ist ics  o f  c o n s c io u s  

in d iv id u a ls  a n d  h u m a n  cu ltu res  p resen t fea tu res  o f  w h o len ess , th e  a c 

c o u n t  o f  w h ic h  im p lie s  a  ty p ica lly  c o m p le m e n ta r y  m o d e  o f  d e s c r ip t io n  

. . . .  W e  a re  n o t  d e a lin g  w ith  m o r e  o r  less v a g u e  a n a lo g ie s , b u t  w ith  

c lea r  ex a m p les  o f  lo g ic a l  re la tion s  w h ic h , in  d iffe r e n t  co n te x ts , a re  m e t  

w ith  in  w id e r  fie ld s .” 68 T h e  c o m p le m e n ta r ity  p r in c ip le  is a  m a n ife s ta 

t ion  o f  a  th e m a  in  a  sense w h ic h  I  h a v e  p re v io u s ly  d e v e lo p e d 69— o n e  

th em a  in  th e  re la tiv e ly  sm a ll p o o l  o f  th e m a ta  fr o m  w h ic h  th e  im a g in a 

t ion  d ra w s  fo r  a ll fie ld s  o f  e n d e a v o r . W h e n  w e  d e v o te  a tte n t io n  to  a  

p a rticu la r  th e m a  in  p h y s ics  o r  s o m e  o th e r  s c ie n ce , w h e th e r  it  b e  c o m p le 

m en ta rity , o r  a to m ism , o r  c o n t in u ity , w e  m u st n o t  fo r g e t  th a t e a c h  

sp ecia l s ta tem en t o f  th e  th e m a  is a n  a s p e c t  o f  a  g e n e ra l c o n c e p t io n  

w h ich , in  th e  w o r k  o f  a  p h y s ic is t  o r  b io lo g is t  o r  o th e r  scientist, is 

e x e m p lifie d  m e re ly  in  a  s p e c ific  fo r m . T h u s  a  g e n e ra l th e m a , 6, w o u ld  

take o n  a  sp e c ific  fo r m  in  p h ysics  th a t m ig h t  b e  sy m b o lize d  b y  6 in
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p s y c h o lo g ic a l in v e s tig a t io n  b y  0^ ,  in  fo lk lo r e  b y  0^, a n d  so  o n . T h e  g e n 

e ra l th e m a  o f  d is c o n t in u ity  o r  d iscreten ess  thus a p p e a rs  in  p h y sics  as th e 

0 o f  a to m is m , w h e re a s  in  p s y c h o lo g ic a l stu d ies it a p p e a rs  as th e  th em a  

0^ o f  in d iv id u a liz e d  id e n tity . O n e  m a y  express a  g iv e n  0 as th e  su m  o f  

its s p e c ific  e x e m p lific a t io n s , as sy m b o lize d  (w ith o u t  stra in in g  f o r  p r e 

c is io n )  b y  th e  e x p ress ion  :

n=w
0 =  2  on

n =  a

F r o m  th is p o in t  o f  v ie w  w e  rea lize  th at B o h r ’ s p r o p o s a l o f  th e  c o m 

p le m e n ta r ity  p r in c ip le  w a s  n o th in g  less th a n  a n  a tte m p t to  m a k e  it  th e 

c o rn e rs to n e  o f  a  n e w  e p is te m o lo g y . W h e n  “ in  g en era l p h ilo s o p h ic a l 

p e r s p e c t iv e  . . .  w e  a re  c o n fr o n t e d  w ith  s itu a tion s  r e m in d in g  us o f  th e  

s itu a tio n  in  q u a n tu m  p h y s ics ,” 60 it  is n o t  th a t th ose  situ ation s a re  in  

s o m e  w a y  p a le  re fle c t io n s  o r  “ v a g u e  a n a lo g ie s ”  o f  a  p r in c ip le  th a t is 

b a s ic  o n ly  in  q u a n tu m  p h y s ics ; ra th er , th e  s itu a tion  in  q u a n tu m  p h ysics  

is o n ly  o n e  r e fle c t io n  o f  an  a ll-p e rv a s iv e  p r in c ip le . W h a te v e r  th e  m ost 

p r o m in e n t  fa c to r s  w e re  w h ic h  c o n tr ib u te d  to  B o h r ’ s fo r m u la t io n  o f  th e  

c o m p le m e n ta r ity  p o in t  o f  v ie w  in  p h ysics— w h e th e r  his p h y s ica l resea rch  

o r  th o u g h ts  o n  p s y c h o lo g y , o r  r e a d in g  in  p h ilo s o p h ic a l  p ro b le m s , o r  

c o n tro v e r s y  b e tw e e n  r iv a l s ch o o ls  in  b io lo g y , o r  th e  c o m p le m e n ta r y  

d e m a n d s  o f  lo v e  a n d  ju s t ice  in  e v e r y d a y  d ea lin g s— it w a s  th e  u n iv ersa l  

s ig n ifica n ce  o f  th e  ro le  o f  c o m p le m e n ta r ity  w h ic h  B o h r  c a m e  to  e m p h a 

size.

M o r e o v e r ,  this u n iv ersa lity  e x p la in s  h o w  it  w as p o ss ib le  f o r  B o h r  

to  g a in  in s ig h t f o r  h is  w o r k  in  p h y s ics  fr o m  co n s id e ra tio n s  o f  c o m p le 

m e n ta ry  situ ation s in  o th e r  fie lds. F o r  as L é o n  R o s e n fe ld  a c c u r a te ly  

rem a rk s, “ A s  h is in s ig h t in to  th e  r o le  o f  c o m p le m e n ta r ity  in  p h ysics  

d e e p e n e d  in  th e  c o u rs e  o f  th ese  c re a tiv e  years, h e  w a s  a b le  t o  p o in t  

to  s itu a tion s  in  p s y c h o lo g y  a n d  b io lo g y  th a t a lso  p resen t c o m p le m e n ta r y  

a sp e cts ; a n d  th e  c o n s id e ra t io n s  o f  su ch  a n a lo g ie s  in  e p is te m o lo g ic a l 

re sp e ct  in  its tu rn  th re w  lig h t  o n  th e  u n fa m ilia r  p h y s ica l p r o b le m s .” 61 

“ B o h r  d e v o te d  a  c o n s id e r a b le  a m o u n t  o f  h a r d  w o r k  to  e x p lo r in g  th e 

p oss ib ilities  o f  a p p lic a t io n  o f  c o m p le m e n ta r ity  to  o th e r  d o m a in s  o f  

k n o w le d g e ; h e  a t ta c h e d  n o  less im p o r ta n c e  to  th is task th a n  to  his 

p u re ly  p h y s ica l in v estig a tion s , a n d  h e  d e r iv e d  n o  less sa tis fa ction  fr o m  

its a c c o m p lis h m e n t .” 62

D u r in g  th e  last th irty  years o f  h is li fe , B o h r  to o k  m a n y  o p p o rtu n it ie s
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to  c o n s id e r  th e  a p p lic a t io n  o f  th e  c o m p le m e n ta r ity  c o n c e p t  in  fie lds 

ou ts id e  o f  ph ysics . R o s e n fe ld  rep orts  th a t th e  first im p o r ta n t  o p p o r tu n ity  

o f  this k in d  o f fe r e d  itse lf w h e n  B o h r  w a s  in v ite d  to  ad d ress  a  b io lo g ic a l  

con gress  in  C o p e n h a g e n  in  1 9 3 2 .63 S ta rt in g  fr o m  th e  id e a  o f  c o m p le 

m en ta rity  as used  f o r  u n d e rs ta n d in g  th e  d u a l asp ects o f  lig h t , B o h r  

th en  p r o c e e d e d  to  p o in t  to  th e  a p p lic a t io n  o f  c o m p le m e n ta r ity  re la tion s  

in  b io lo g y . R o s e n fe ld ’s a c c o u n t  o f  th e  ta lk  is w o r th  c it in g  in  d e ta il :

This had a special appeal to h im : he had been deeply  im pressed by his father’ s 

views on  the subject, and he was visibly happy at being now  able to take them 

up and give them  a m ore adequate form ulation . [H is father], in  the w ork o f 

the reaction against m echanistic m aterialism at the beginning o f  the century, 

had put up a vigorous ad vocacy  o f  the teleologica l point o f  view  in the study 

o f  physiology: w ithout the previous know ledge o f  the function o f  an organ, 

he argued, there is n o h ope o f  unravelling its structure or the physiological 

processes o f  w hich it is the seat. A t the sam e tim e, he stressed, w ith all the 

authority o f  a life devoted to the analysis o f  the physical and chem ical aspects 

o f such processes, the equally im perious necessity o f  pushing this analysis to 

the extrem e lim it w hich the technical means o f  investigation w ou ld  perm it 

us to r e a c h . . . .

Such reflections cam e as near as one w ould  expect at the tim e to estab

lishing a relation o f  com plem entarity betw een the physico-chem ical side o f  

the vital processes, governed by the kind o f  causality w e are accustom ed to 

herald as the truly scientific one, and the properly  functional aspect o f these 

processes, dom inated by teleological or finalistic causality. In  the past, the 

two points o f  view , under varying form s, have always been put in sharp o p 

position to each other, the general op in ion  being that one o f  them had to 

prevail to the exclusion o f  the other, that there was n o  room  for  both  in the 

science o f life . Niels Bohr cou ld  now  point out that this last belie f was only 

the result o f a conception  o f  log ic  w h ich  the physicists had recognized as too  

narrow, and that the w ider fram e o f  com plem entarity seem ed particularly 

well-suited to accom m odate the tw o standpoints, and m ake it possible w ith 

out any contradiction  to take advantage o f  both  o f them, quite in the spirit 

o f  his father’s ideas. Thus, an age-long sterile conflict w ou ld  be elim inated and 

replaced by a full utilization o f  all the resources o f  scientific analysis.64

O n e  n e e d  n o t  b e  te m p te d  in to  im a g in in g  B o h r  in  a  H a m le tlik e  

striv ing to  establish  h is fa th e r ’s id e a s ; b u t  o n e  a lso  n e e d  n o t  rem a in  

u n to u ch e d  b y  the c lo s in g  o f  th e c ir c le . F o r  su rely  o n e  o f  th e  p a th s  

lea d in g  to  c o m p le m e n ta r ity  h a d  o p e n e d  w h ile  N ie ls  B o h r  w a s  in  his 

fa th er ’ s la b o r a to ry  a n d  s h o p  c lu b .



I n  th e  yea rs  fo l lo w in g  th e  C o n g re ss  o f  19 32  B o h r  t o o k  h is p o in t  o f  

v ie w  b e fo r e  a n  e v e n  w id e r  a u d ie n c e ; in  a d d it io n  to  h is  w r it te n  a n d  

sp o k e n  c o n tr ib u t io n s  b e fo r e  p h y s ica l scientists, h e  p re se n te d  h im s e lf a t 

su ch  m e e tin g s  as th e  S e c o n d  In te rn a t io n a l C o n g re ss  f o r  th e  U n it y  o f  

S c ie n c e  in  C o p e n h a g e n  (J u n e  1 9 3 6 ) in  a  d iscu ss ion  o n  “ C a u sa lity  a n d  

C o m p le m e n ta r ity ”  ; th e  I n te r n a t io n a l C o n g re ss  f o r  P h ysics  a n d  B io lo g y  

(O c t o b e r  1 9 3 7 ) o n  “ B io lo g y  a n d  A t o m ic  P h ysics” ; th e  In te rn a t io n a l 

C o n g re ss  f o r  A n t h r o p o lo g y  a n d  E th n o lo g y  in  C o p e n h a g e n  (1 9 3 8 )  o n  

“ N a tu ra l P h ilo s o p h y  a n d  H u m a n  C u ltu re s ” ; a n d  o n  m a n y  la ter  o c c a 

s ion s o f  a  s im ila r  so r t .65

I n  e a c h  o f  these le ctu res  B o h r  p r o v id e d  a  n e w  set o f  illu stra tion s  o f  

th e  c o m m o n  th e m e . T h u s  in  h is a d d ress  b e fo r e  th e  a n th ro p o lo g is ts  in  

19 38 , o n  th e  e v e  o f  W o r ld  W a r  I I ,  B o h r  stressed c o m p le m e n ta r y  fea tu res  

o f  h u m a n  socie ties . H e  a lso  re tu rn e d  to  th e  p r o b le m  p o s e d  b y  th e  stu d en t 

{ l i c e n t ia te )  in  M o l le r ’ s story . A s  R o s e n fe ld  w r ite s :

H e  cou ld  n ow  look  back at the duality o f  aspects o f  psychical experience 

w ith all the mastery he had acquired over the nature o f  com plem entarity 

relations, and point out that this duality corresponded to different ways o f  

draw ing a separation betw een the psychical process w h ich  was chosen as 

the ob je ct o f  observation and the observing su b ject: draw ing such a separa 

tion is precisely what w e m ean w hen w e speak o f  fixing ou r attention on  a 

definite aspect o f  the process; accord in g  as w e draw  the line, w e m ay ex 

perience an em otion  as part o f  our subjective feeling, o r  analyze it as part o f  

the observed process. T h e  realization that these tw o situations are co m 

plem entary solves the riddle o f  the licentiate’s egos observing each  other, and 

is in fact the only salvation from  his qualm s .66

S p e a k in g  b e fo r e  th e  C o n g re ss  o f  th e  F o n d a t io n  E u r o p é e n n e  d e  la  

C u ltu r e  in  C o p e n h a g e n  o n  O c t o b e r  21 , 1960 , in  a n  ad d ress  e n tit le d  

“ T h e  U n it y  o f  H u m a n  K n o w le d g e ,”  B o h r  re tu rn e d  a g a in  to  th e  n e e d  

to  sea rch , w ith in  th e  g re a t  d iv ers ity  o f  cu ltu ra l d e v e lo p m e n ts , “ f o r  th ose  

fea tu res  in  a ll c iv iliza t io n s  w h ic h  h a v e  th e ir  ro o ts  in  th e  c o m m o n  h u m a n  

s itu a t io n .”  H e  d e v e lo p e d  these id ea s  in  s o c io lo g ic a l  a n d  p o l it ic a l  c o n te x t , 

p a r t ic u la r ly  s in ce  h e  w a s  in cre a s in g ly  m o r e  p r e o c c u p ie d  w ith  h e lp in g  to  

“ p r o m o te  m u tu a l u n d e r s ta n d in g  b e tw e e n  n a tion s  w ith  v e r y  d iffe r e n t  

cu ltu ra l b a c k g r o u n d s .” 67 D e e p ly  c o n c e r n e d  a b o u t  th e  d a n g e rs  o f  th e  

C o ld  W a r , B o h r  sp en t a  g o o d  p a r t  o f  h is  la ter  years o n  p o l it ic a l  a n d  

so c ia l q u estion s , in c lu d in g  w o r k  o n  p la n s  fo r  p e a c e fu l  uses o f  n u c le a r  

en e rg y  a n d  fo r  a rm s c o n tr o l . I n  these a n d  o th e r  a rtic le s  o n  th is to p ic ,
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o n e  c a n  d isce rn  B o h r ’ s d issa tis fa ction  w ith  h is  o w n  state  o f  u n d e rs ta n d 

in g ; th e  p r o b le m s  p o s e d  b y  n a tio n a l a n ta g on ism s d id  n o t  seem  to  b e  fu lly  

u n d e rs ta n d a b le  in  th e  sa m e term s th a t h a d  se e m e d  to  h im  su ccess fu l 

in  p h ysics  a n d  p s y c h o lo g y . A s  h e  co n fe s s e d  a t th e  e n d  o f  h is  le c tu re  

b e fo r e  th e  R o y a l  D a n is h  A c a d e m y  o f  S c ie n ce s  in  1 9 5 5 , “ T h e  fa c t  th a t  

h u m a n  cu ltu res , d e v e lo p e d  u n d e r  d iffe r e n t  c o n d it io n s  o f  liv in g , e x h ib it  

su ch  con tra sts  w ith  re sp e ct  to  e sta b lish ed  tra d it io n s  a n d  s o c ia l p a ttern s  

a llow s o n e , in  a  c e rta in  sense, t o  c a ll  su ch  cu ltu re s  c o m p le m e n ta r y . 

H o w e v e r , w e  a re  h e r e  in  n o  w a y  d e a lin g  w ith  d e fin ite , m u tu a lly  e x c lu s iv e  

fea tu res , su ch  as th ose  w e  m e e t  in  th e  o b je c t iv e  d e s c r ip t io n  o f  g e n e ra l 

p ro b le m s  o f  p h y sics  a n d  p s y c h o lo g y , b u t  th e  d iffe r e n c e s  in  a tt itu d e  

w h ic h  c a n  b e  a p p r e c ia te d  o r  a m e lio ra te d  b y  a n  e x p a n d e d  in te rco u rse  

b e tw e e n  p e o p le s .” 68

B o h r  r e tu rn e d  to  th e  sa m e th e m e  re p e a te d ly . F o r  e x a m p le , in  th e  

essay q u o te d  ea r lie r , T h e  U n ity  o f  H u m a n  K n o w le d g e , B o h r  re 

e x a m in e d  th e  r e q u ire m e n t  th a t e v e n  th e  m o st  a b stra ct  p r in c ip le s  o f  q u a n 

tu m  p h ysics , f o r  e x a m p le , m u s t  b e  c a p a b le  o f  b e in g  r e n d e r e d  in  c o m m o n -  

sense, c la ss ica l la n g u a g e . “ T h e  a im  o f  o u r  a r g u m e n ta t io n ,”  B o h r  w r o te , 

“ is to  em p h a size  th a t a ll e x p e r ie n ce , w h e th e r  in  s c ie n ce , p h ilo s o p h y , o r  

art, w h ic h  m a y  b e  h e lp fu l  t o  m a n k in d , m u st b e  c a p a b le  o f  b e in g  c o m 

m u n ica te d  b y  h u m a n  m ea n s  o f  ex p ress ion , a n d  it  is o n  this basis th a t  w e  

shall a p p r o a c h  th e  q u e s t io n  o f  u n ity  o f  k n o w le d g e .” 69

T h e  last p h ra se , u sed  in  th e  t it le  o f  th e  essay, s u d d e n ly  p u ts  in to  

p e rsp e ctiv e  f o r  us th a t B o h r ’ s m a n ifo ld  a n d  la rg e ly  su ccess fu l a m b itio n s  

p la c e  h im  in  th e  tra d it io n  ty p ifie d  b y  a n o th e r  “ p h ilo s o p h iz in g  scien tist,”  

o n e  w h o  b e lo n g e d  to  th e  g e n e ra tio n  b e fo r e  B o h r — a  m a n  w h o m  B o h r , 

like m a n y  o th ers , h a d  re a d  ea rly , a n d  w h o se  v ie w s  H o f f  d in g  h a d  d e 

s cr ib ed  in  a  s y m p a th e tic  w a y  in  h is M o d e r n e  P h i l o s o p h e n  a n d  in  

P r o b l e m s  o f  P h i l o s o p h y . I t  is E rn st M a c h .

B o h r  seem s to  h a v e  m a p p e d  o u t  f o r  h im s e lf  th e  sa m e g r a n d , in te r 

d is c ip lin a ry  task— in  h is fo r c e fu l  a n d  in n o v a t iv e  in flu e n c e  o n  p h ysics  a n d  

o n  e p is te m o lo g y , in  h is d e e p  in terest in  th e  sc ien ces  fa r  b e y o n d  p h y sics  

itself, e v e n  in  h is a c t iv e  a n d  lib era l v ie w s  o n  s o c ia l-p o lit ic a l qu estion s . 

A n d  as p h ysic ist, p h y s io lo g is t , p sy ch o lo g is t , a n d  p h ilo s o p h e r , E rn st M a c h  

h a d  a lso  w a n te d  to  f in d  a  p r in c ip a l p o in t  o f  v ie w  fr o m  w h ic h  resea rch  

in  a n y  fie ld  c o u ld  b e  m o r e  m e a n in g fu lly  p u rsu e d . T h is  p o in t  o f  v ie w  

M a c h  th o u g h t  to  h a v e  fo u n d  b y  g o in g  b a c k  to  th a t w h ic h  is g iv e n  b e fo r e  

a ll sc ien tific  resea rch , n a m e ly  th e  w o r ld  o f  sensation s. O n  this basis,
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M a c h  h a d  e sta b lish ed  h im s e lf  as th e  p a tr ia rc h  o f  th e  U n ity  o f  S c ie n c e  

m o v e m e n t . I n  h is tu rn , N ie ls  B o h r , s ta rtin g  fr o m  th e  p r o fo u n d  r e e x a m i 

n a t io n  o f  th e  p r o b le m  o f  sen sa tion  a n d  p a r t ic u la r ly  o f  o b je c t -s u b je c t  

in te r a c t io n , a lso  h o p e d  h e  h a d  fo u n d  ( in  th e  c o m p le m e n ta r ity  p o in t  o f  

v ie w )  a  n e w  p la t fo r m  fr o m  w h ic h  to  e v a lu a te  a n d  so lv e  th e  b a s ic  p r o b 

lem s  in  a  v a r ie ty  o f  fie ld s , w h e th e r  in  p h y s ics , p s y c h o lo g y , p h y s io lo g y , 

o r  p h ilo s o p h y .

B o h r ’ s a c h ie v e m e n t , f r o m  1927  o n , o f  a tta in in g  su ch  a  p r in c ip a l  p o in t  

o f  v ie w  w a s  n o t  a n  a c c id e n ta l  d e v e lo p m e n t . O n  th e  c o n tr a r y , it  w a s  th e  

fu lf i l lm e n t  o f  a n  e a r ly  a m b it io n . A  b io g r a p h e r  o f  B o h r  r e co r d s  th a t “ as 

a  y o u n g  s tu d e n t, f ire d  w ith  th e  id ea s  H o f fd in g  w a s  o p e n in g  t o  h im , 

B o h r  h a d  d r e a m e d  o f  ‘g r e a t  in te r -re la t io n sh ip s ’ b e tw e e n  a ll a rea s  o f  

k n o w le d g e . H e  h a d  e v e n  c o n s id e r e d  w r it in g  a  b o o k  o n  th e  th e o r y  o f  

k n o w le d g e . . . . B u t p h y s ics  h a d  d r a w n  h im  irresistib ly .” 70 I n  th e  e n d , 

B o h r ’ s a t te m p t  to  u n d e r s ta n d  th e  u n ity  o f  k n o w le d g e  ( a  t o p ic  o n  w h ic h  

h e  w r o te  n e a r ly  t w o  d o z e n  p a p e r s )  o n  th e  basis o f  c o m p le m e n ta r ity  

c o u ld  b e  seen  as p r e c ise ly  th e  fu lf i l lm e n t  o f  th e  d es ire  t o  d is c o v e r  th e  

“ g re a t  in te r -re la t io n sh ip s  a m o n g  a ll areas o f  k n o w le d g e .”

B o h r ’ s a im  has a  g r a n d e u r  w h ic h  o n e  m u st a d m ire . B u t  w h ile  h is 

p o in t  o f  v ie w  is a c c e p te d  b y  th e  la rg e  m a jo r it y  in  p h y s ics  itse lf, it  w o u ld  

n o t  b e  a c c u r a te  to  say th a t  it  is b e in g  w id e ly  u n d e r s to o d  a n d  u se d  in  

o th e r  fie ld s ; still less h a s  it sw e p t  o v e r  p h ilo s o p h y  th e  w a y  M a c h ’ s v ie w s  

d id  a m o n g  th e  g e n e ra tio n  o f  scientists b r o u g h t  u p  b e fo r e  th e  th e o r y  o f  

re la tiv ity  a n d  q u a n tu m  m e c h a n ic s . E v e n  th ose  w h o  in  th e ir  p r o fe ss io n a l 

w o r k  in  p h y s ics  h a v e  e x p e r ie n c e d  th e  su ccess  o f  th e  c o m p le m e n ta r ity  

p o in t  o f  v ie w  a t first h a n d  fin d  it  h a r d  o r  u n c o n g e n ia l  t o  tra n sfer  t o  

o th e r  areas o f  th o u g h t  a n d  a c t io n , as a  fu n d a m e n ta l th e m a tic  a tt itu d e , 

th e  h a b it  o f  a c c e p t in g  b a s ic  d u a litie s  w ith o u t  s tra in in g  f o r  th e ir  m u tu a l 

d isso lu t io n  o r  r e d u c t io n . I n d e e d , w e  te n d  to  b e  first o f  a ll re d u ctio n is ts , 

p e r h a p s  p a rt ly  b e ca u s e  o u r  e a r ly  in te lle c tu a l h e ro e s  h a v e  b e e n  m e n  in  th e  

tra d it io n  o f  M a c h  a n d  F r e u d , ra th e r  th a n  K ie r k e g a a r d  a n d  Ja m es.

P erh a p s , a lso , it is ju s t  a  m a tte r  o f  t im e — m o r e  t im e  n e e d e d  to  

assim ila te  a  n e w  th e m a  w id e ly  e n o u g h ; t o  so rt  o u t  th e  m e re ly  se d u ct iv e  

a n d  th e  so lid  a p p lic a t io n s ; a n d  t o  lea rn  t o  p e r c e iv e  th e  k in d  o f  g r a n d e u r  

in  th e  s c o p e  o f  th e  n e w  n o t io n  w h ic h  R o b e r t  O p p e n h e im e r  d e l in e a te d :

A n  understanding o f  the com plem en tary  nature o f  conscious life  and its physi

cal interpretation appears to m e a lasting elem ent in hum an understanding
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and a proper form ulation o f  the historic views called psychophysical paral

lelism.

For within conscious life, and in its relations with the description o f  

the physical w orld , there are again m any exam ples. T here is the relation be 

tween the cognitive and the affective sides o f  our lives, betw een know ledge 

or  analysis, and em otion  or  feeling. T h ere is the relation betw een the aesthetic 

and the heroic, betw een feeling and that precursor and definer o f  action, the 

ethical com m itm ent; there is the classical relation betw een the analysis o f  

one ’s self, the determ ination o f  one ’s m otives and purposes, and that freedom  

o f  choice , that freedom  o f  decision and action, w hich  are com plem entary 

to i t . . . .

T o  be touched with awe, o r  hum or, to be m oved  b y  beauty, to m ake a 

com m itm ent or a determ ination, to  understand som e truth— these are com 

plementary m odes o f  the human spirit. A ll o f  them are part o f  m an’s spiritual 

life. N on e can replace the others, and w here one is called  for, the others are 

in ab eya n ce . . . .

T h e  wealth and variety o f physics itself, the greater wealth and variety 

o f  the natural sciences taken as a w hole, the m ore fam iliar, yet still strange 

and far w ider wealth o f  the life o f  the human spirit, enriched by com p le 

mentary, not at once com patib le ways, irreducible one to the other, have a 

greater harm ony. T h ey  are the elements o f  m an’s sorrow  and his splendor, 

his frailty and his pow er, his death, his passing, and his undying deeds .71
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II On  R ela tiv ity  Theory





5 ON THE ORIGINS OF THE SPECIAL 

THEORY OF RELATIVITY

h e n  I  w as ask ed  to  d iscuss a  p r o b le m  o f  th e o ry  c o n s tr u c t io n  a n d  

th e  lo g ic  o f  d is co v e ry , I  n o te d  p a r t ic u la r ly  th e  req u est  to  b r in g  

o u t  th e  h is to r ic a l-s o c io lo g ic a l a sp ects . T h is  d ir e c t iv e  w a s  a  p lea sa n t 

surprise, f o r  I  r e ca lle d  th a t  H a n s  R e ic h e n b a c h  h a d  fla tly  d e c la r e d  h im 

self f o r  th e  o p p o s ite  v ie w  w h e n  h e  sa id , “ T h e  p h ilo s o p h e r  o f  s c ie n ce  is 

n o t  m u c h  in terested  in  th e  th o u g h t  p rocesses  w h ic h  le a d  t o  s c ien tific  

d iscoveries  . . . th a t  is, h e  is n o t  in terested  in  th e  c o n te x t  o f  d is co v e ry , 

b u t in  th e  c o n te x t  o f  ju s t if ic a t io n .” 1 I f ,  th e r e fo r e , I  sh a ll m a k e  so m e  

rem arks o n  th e  o r ig in s  o f  E in ste in ’s sp e c ia l th e o r y  o f  re la tiv ity , I  w ill  

be  d iso b e y in g  th e  R e ic h e n b a c h ia n  d ic tu m . H o w e v e r ,  I  d r a w  fu r th e r  

strength  fo r  this re so lu t io n  fr o m  E in ste in , w h o  h im s e lf  d e c la r e d  f o r  

the v a lu e  o f  th e  h is to r ica l tre a tm e n t o f  th e  rise o f  k ey  th eor ies  in  s c ie n ce .

I  sp ea k  o f  E in ste in ’ s w o r k  b e ca u se  h is case  is b o t h  ty p ic a l a n d  sp ec ia l. 

T h e  rise o f  re la tiv ity  th e o ry  shares m a n y  fea tu res  w ith  th e  rise o f  o th e r  

im p o rta n t  sc ien tific  th eories  in  o u r  tim e , a n d  in  a d d it io n  it  is o f  c o u rs e  

very  m u c h  m o r e :  t o  fin d  a n o th e r  w o rk  th a t illu m in a te s  as r ic h ly  th e  

re la tion sh ip  b e tw e e n  p h ysics , m a th e m a tics , a n d  e p is te m o lo g y , o r  b e 

tw een  e x p e r im e n t  a n d  th eory , o r  o n e  w ith  th e  sam e ra n g e  o f  s c ie n tific ,

O riginally presented as a lecture at a jo in t m eeting o f  the A m erican  Asso 

ciation for the A dvancem ent o f Science, the A m erican  Philosophical A ssocia 

tion, and the Philosophy o f Science Association, this essay was published in 

A m e r ;<6 n  Jo u r n 6 l  o f  P h y s i c s , V olu m e X X V I I I ,  N o. 7, pp. 627-636, 1960.
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p h ilo s o p h ic a l, a n d  g e n e ra l in te lle c tu a l im p lica t io n s , o n e  w o u ld  h a v e  

to  g o  b a c k  t o  N e w t o n ’s P r i n c i p i 6 . T h e  th e o ry  o f  re la t iv ity  w a s  a  k ey  

d e v e lo p m e n t , b o th  in  p h y s ica l s c ie n ce  itse lf a n d  a lso  in  m o d e r n  p h il 

o s o p h y  o f  s c ie n ce . T h e  re a so n  f o r  its d u a l s ig n ifica n c e  is th a t E in ste in ’ s 

w o r k  p r o v id e d  n o t  o n ly  a  n e w  p r in c ip le  o f  p h y s ics , b u t , as A . N . W h ite -  

h e a d  sa id , “ a  p r in c ip le , a  p r o c e d u r e , a n d  a n  e x p la n a t io n .”  A c c o r d 

in g ly , th e  c o m m e n ta r ie s  o n  th e  h is to r ica l o r ig in s  o f  th e  th e o r y  o f  re la 

t iv ity  h a v e  te n d e d  to  fa ll  in to  tw o  classes, e a c h  h a v in g  d istin g u ish ed  

p r o p o n e n t s : th e  o n e  v iew s  it  as a  m u ta n t , a  s h a rp  b re a k  w it h  resp ect  

to  th e  w o r k  o f  th e  im m e d ia te  p re d e ce sso rs  o f  E in s te in ; th e  o t h e r  re 

g a rd s  it  as a n  e la b o r a t io n  o f  th e n  cu r re n t  w o r k , e .g ., b y  L o r e n tz  a n d  

P o in c a r é .

T o  m y  m in d , th e  E in ste in ia n  in n o v a t io n  is u n d e r s to o d  best b y  su p er 

p o s it io n  o f  b o th  v ie w s , b y  s e e in g  th e  d is c o n t in u ity  o f  m e th o d o lo g ic a l  

o r ie n ta t io n  w ith in  a n  h is to r ica lly  c o n t in u o u s  s c ie n tific  d e v e lo p m e n t .2 

B e fo r e  w e  c o m e  to  d iscuss th is, a n d  i f  w e  ta k e  seriou sly  m y  p o in t  o f  

v ie w , w e  s h o u ld  first b e  r e a d y  t o  in v estig a te  a  n u m b e r  o f  re a l p r o b 

lem s o f  th e  h is to r ica l o r  e v e n  “ h is to r ic a l-s o c io lo g ic a l”  k in d : W h a t  are  

th e  sou rces  f o r  a  stu d y  o f  th e  o r ig in s  o f  th e  sp e c ia l th e o r y  o f  re la tiv ity  

( R T ) a n d  w h a t  is th e ir  p r o b a b le  r e lia b ility ?  W h a t  w a s  th e  sta te  o f  

s c ie n ce  a r o u n d  19 05 , w h a t  w e r e  th e  c o n tr ib u t io n s  w h ic h  p r e p a r e d  th e  

fie ld  fo r  th e  R T ,  a n d  w h a t  d id  E in ste in  k n o w  a b o u t  th e m ?  W h a t  w e re  

th e  steps b y  w h ic h  E in ste in  r e a c h e d  th e  c o n c lu s io n s  h e  p u b lis h e d  in  

1 9 0 5 ?  T o  w h a t  e x te n t  w a s  th is w o r k  a  lin k  in  a  c o n t in u o u s  ch a in , 

h a v in g  as its im m e d ia te  p re d e ce sso rs  L o r e n tz  a n d  P o in c a r é ?  W h a t  w as 

th e  r o le  o f  e x p e r im e n t  in  th e  gen esis  o f  th e  R T ,  a n d  w h a t  th e  r o le  o f  

th e  e x is te n ce  o f  c o n t r a d ic to r y  h y p o th e se s?  W h a t  p a r t  d id  e p is te m o lo g 

ica l analysis p la y  in  E in ste in ’ s t h o u g h t?  W h a t  w a s  th e  e a r ly  r e c e p 

t io n  o f  th e  R T  a m o n g  scien tists?  I n  p a r t ic u la r , w h a t  w a s  E in ste in ’s 

r e la t io n  w ith  M a c h ,  L o r e n tz , a n d  P la n c k ?  W h a t  m a y  w e  say a b o u t  

th e  style o f  E in ste in ’ s w o r k  a n d  h is p e rso n a l o r ie n ta t io n s?  W h a t , i f  

a n y th in g , in  th e  o r ig in s  a n d  c o n te n t  o f  th e  R T  is ty p ica l o f  o th e r  th e o 

r ies  w ith  g r e a t  im p a c t  o n  s c ie n c e ?  A n d  e v e n , w h a t  m e th o d o lo g ic a l  p r in 

c ip le s  f o r  th e  stu d y  o f  th e  h is to ry  o f  s c ie n ce  e m e rg e  f r o m  th is s tu d y ?

W e  w o u ld  f in d  th a t th e  e x is t in g  lite ra tu re  is n o t  a lw a ys  o f  h e lp  in  

s tu d y in g  su ch  q u estion s . T h e  lite ra tu re  o n  th e  R T  is, o f  co u rse , vast. 

L e C a t3 listed  o v e r  3 4 0 0  s c ie n tific  p a p e rs  in  th e  fie ld  u p  t o  1922, w ith  

a n  a p p r o x im a te ly  e x p o n e n t ia l g r o w th  g iv in g  a  s e v e n fo ld  in crea se  in
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seven  years. B io g r a p h ic a lly  o r  p h ilo s o p h ic a lly  o r ie n te d  an alyses a re  

a lso  fa ir ly  n u m e ro u s  ( f o r  e x a m p le , b y  S ch lic k , R e ic h e n b a c h , F ra n k , 

M e y e rso n , C assirer, W h ite h e a d , W e n z e l, G r iin b a u m , P o la n y i, M a r -  

g en a u , L e n z e n , B r id g m a n , a n d  N o r t h r o p .)  I t  m a y  b e  re m a rk e d  th e re  

has so  fa r  b e e n  n o  fu ll-s c a le  h is to r ica l stu dy . A  n u m b e r  o f  v a lu a b le  essays 

exist in  th is d ir e c t io n  ( f o r  e x a m p le , b y  B o rn , D u g a s , K u z n e ts o v , v o n  

L a u e , P a u li, S tra n e o , a n d  W h it t a k e r ) ; th ese  a re  g e n e ra lly  c o n c e r n e d  

w ith  th e  c h r o n o lo g ic a l  d e v e lo p m e n t  o f  p h y sics  a n d  ty p ica lly  con stitu te  a  

p o r t io n  o f  a  lo n g e r  w o r k  h a v in g  a  p u rp o s e  d iffe r e n t  f r o m  th at o f  a  p r i 

m a rily  h is to r ic a l-p h ilo s o p h ic a l stu dy. F o r  th e  la tter , th e  best so u rce  is at 

presen t in d e e d  E in ste in ’s o w n  set o f  p a p e rs .

C o n tin u ity  in E in stein 's  W o r k

T o  these p a p e rs  w e  m u st tu rn  to  d is c o v e r , f o r  e x a m p le , th e  e lem en ts  

o f  c o n t in u ity  lin k in g  E in ste in ’ s first p u b lic a t io n  o n  th e  R T  w ith  his 

o th e r  w o r k  a t th e  t im e  a n d  w ith  th e  o ld e r  tra d it io n  itself. A ft e r  th e  

p a p e r  o f  1 9 0 5 ,4 E in ste in  re tu rn e d  to  th e  e x p o s it io n  o f  th e  R T  severa l 

tim es, a n d  e a c h  resta tem en t is o f  in terest. F o r  in sta n ce , in  h is b o o k

Ü B E R  D IE  S P E Z IE L L E  U N D  D IE  A L L G E M E IN E  R E L A T IV IT Ä T S T H E O R IE  h e

em p h a sized  in  his in tr o d u c t io n  th a t “ th e  a u th o r  h as m a d e  th e  grea test 

e ffo r t  to  p resen t th e  m a in  id eas . . .  o n  th e  w h o le  in  th e  se q u e n ce  a n d  in  

su ch  c o n te x t  as th ey  in  fa c t  a ro se .” 5 I t  is n o t  su rp r is in g  th a t th e  se 

q u e n ce  g iv e n  th ere  is n o t  in  a c c o r d  w ith  th e  se q u e n ce  o f  steps in  th e  

1905 p a p e r  itself, b u t  th e  h is to r ia n  o f  s c ie n c e  fin ds a n  in terestin g  p r o b 

lem  in  th e  fa c t  th a t n e ith e r  o f  th ese  is in  a c c o r d  w ith  o th e r  a u to b io 

g r a p h ic a l o r  b io g r a p h ic a l a c c o u n ts .

W h e n  o n e  stu d ies  th e  re la tiv ity  p a p e rs  in  th e  la rg e r  c o n te x tu a l set 

t in g  o f  E in ste in ’ s o th e r  sc ie n tific  p a p ers , p a rt icu la r ly  th ose  o n  th e  q u a n 

tu m  th e o ry  o f  lig h t  a n d  o n  B r o w n ia n  m o t io n  w h ic h  a lso  w e r e  w r itte n  

a n d  p u b lish e d  in  1905 , o n e  n o tice s  t w o  c ru c ia l p o in ts . W h ile  th e  th ree  

e p o c h a l p a p e rs  o f  1905— sent to  th e  A n n 6 l e n  d e r  P h y s i k  at in terva ls  

o f  less th a n  e ig h t  w eek s— seem  to  b e  in  e n tire ly  d iffe r e n t  fie lds, c lo s e r  

stu dy  sh ow s th a t th e y  arose  in  fa c t  f r o m  th e  sa m e  g e n e ra l p r o b le m , 

n a m ely , th e  flu c tu a tio n s  in  th e  p ressu re  o f  r a d ia t io n . I n  1905 , as E in 

stein la ter  w r o te  to  v o n  L a u e ,6 h e  h a d  a lre a d y  k n o w n  th a t M a x w e l l ’ s 

th eory  leads to  th e  w r o n g  p r e d ic t io n  o f  th e  m o t io n  o f  a  d e lica te ly  sus 

p e n d e d  m ir ro r  “ in  a P la n ck ia n  r a d ia t io n  c a v ity .”  T h is  c o n n e c ts  o n  th e



o n e  h a n d  w ith  th e  c o n s id e r a t io n  o f  B r o w n ia n  m o t io n  as w e ll as to  th e  

q u a n tu m  s tru ctu re  o f  ra d ia t io n , a n d  o n  th e  o th e r  h a n d  w ith  E in ste in ’ s 

m o r e  g e n e ra l r e co n s id e r a t io n  o f  “ th e  e le c tro m a g n e t ic  fo u n d a t io n s  o f  

p h y s ics ”  itse lf .7

O n e  a lso  fin d s  th a t  th e  sty le  o f  th e  th ree  p a p e rs  is essen tia lly  th e  

sa m e a n d  rev ea ls  w h a t  is ty p ic a l o f  E in ste in ’ s w o r k  a t th a t t im e . E a c h  

b e g in s  w ith  th e  sta tem en t o f  fo r m a l a sym m etries  o r  o th e r  in co n g ru it ie s  

o f  a  p r e d o m in a n t ly  a esth e tic  n a tu re  (r a th e r  th a n , f o r  e x a m p le , a  p u zz le  

p o s e d  b y  u n e x p la in e d  e x p e r im e n ta l f a c t s ) , th en  p r o p o s e s  a  p r in c ip le —  

p r e fe r a b ly  o n e  o f  th e  g e n e ra lity  o f ,  say, th e  S e c o n d  L a w  o f  T h e r m o d y 

n a m ics , t o  c it e  E in ste in ’ s re p e a te d  a n a lo g y — w h ic h  re m o v e s  th e  asym 

m etr ies  as o n e  o f  th e  d e d u c e d  co n s e q u e n ce s , a n d  a t th e  e n d  p r o d u c e s  o n e  

o r  m o r e  e x p e r im e n ta lly  v e r ifia b le  p r e d ic t io n s .

S p e c ifica lly , E in ste in ’ s first p a p e r  o n  th e  q u a n tu m  th e o r y  o f  lig h t  

o p e n s  in  a  ty p ic a l m a n n e r :

T h ere  exists a radical form al difference betw een the theoretical representa 

tions w hich  physicists have constructed for  themselves concern ing gases and 

other ponderable bodies on  the one hand, and M axw ell’s theory o f  electro 

m agnetic processes in so-called  em pty space on  the other hand.8

T h e  s ig n ifica n t  sta rtin g  p o in t  is a  fo r m a lis t ic  d i f fe r e n c e  b e tw e e n  th e o 

r e t ica l rep re se n ta tio n s  in  tw o  fie lds o f  p h y s ics  w h ic h , to  m o s t  physicists, 

w e r e  so  w id e ly  se p a ra te d  th a t n o  su ch  c o m p a r is o n  w o u ld  h a v e  in v ite d  

itse lf a n d  th e r e fo r e  n o  su ch  d is c r e p a n cy  w o u ld  b e  n o te d . T h e  d is c re p 

a n c y  E in ste in  p o in ts  o u t  is b e tw e e n  th e  d is co n t in u o u s  o r  d iscre te  c h a r 

a c te r  o f  p a rt ic le s  a n d  o f  th e ir  en e rg y  o n  o n e  h a n d , a n d  th e  c o n t in u o u s  

n a tu re  o f  fu n c t io n s  r e fe r r in g  t o  e le c tr o m a g n e t ic  even ts  a n d  o f  th e  e n e rg y  

p e r  u n it  a rea  in  a n  e x p a n d in g  w a v e  fr o n t  o n  th e  o th e r  h a n d . T h e  d is 

cu ss ion  o f  th e  p h o to e le c t r ic  e f fe c t , fo r  w h ic h  this p a p e r  is m o stly  r e m e m 

b e r e d , o c c u r s  to w a r d  th e  e n d , in  a  litt le  o v e r  tw o  p a g e s  o u t  o f  th e  tota l 

s ix teen . T h e  p r e s cr ip t io n  fo r  o b ta in in g  a n  e x p e r im e n ta l v e r if ica t io n  o f  

his p o in t  o f  v ie w  is g iv e n  in  a  sin g le , ty p ica lly  s u c c in c t  E in ste in ia n  sen 

t e n c e  (s tra ig h t-lin e  re la tio n  w ith  co n s ta n t  s lo p e  b e tw e e n  fr e q u e n c y  o f  

lig h t  a n d  s to p p in g  p o te n t ia l f o r  a ll e le c tr o d e  m a t e r ia ls ) .

I n  h is  s e co n d  p a p e r  p u b lish e d  in  1 9 0 5 ,9 E in ste in  p o in ts  o u t  in  the 

s e c o n d  p a r a g r a p h  th a t th e  ra n g e  o f  a p p lic a t io n  o f  c lassica l th e r m o 

d y n a m ic s  m a y  b e  d isco n t in u o u s  e v e n  in  v o lu m e s  la rg e  e n o u g h  to  b e  

m ic r o s c o p ic a l ly  o b se rv a b le . H e  en d s  w ith  th e  e q u a t io n  g iv in g  A v o -
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g a d r o ’s n u m b e r  in  term s o f  ob serv a b les  in  th e  stu d y  o f  p a r t ic le  m o t io n , 

a n d  w ith  th e  o n e -se n te n ce  e x h o r ta t io n : “ M a y  so m e  in v e stig a to r  so o n  

s u cce e d  in  d e c id in g  th e  q u e s tio n  w h ic h  h as b e e n  ra ised  h ere , a n d  w h ic h  

is im p o r ta n t  f o r  th e  th e o ry  o f  h e a t !”  S ig n ifica n tly , E in ste in  r e p o r te d  

th e  fo l lo w in g  y e a r10 th a t o n ly  a fte r  th e  p u b lic a t io n  o f  this p a p e r  w as his 

a tten tion  d r a w n  to  th e  e x p e r im e n ta l id e n t ific a t io n , as lo n g  a g o  as 1888 , 

o f  B ro w n ia n  m o t io n  w ith  th e  e f fe c t  w h o se  ex is ten ce  h e  h a d  d e d u c e d  as 

a necessity  fr o m  th e  k in e t ic -m o le c u la r  th eory . I n  h is  A u to b io g r a p h ic a l  

N o te s  h e  rep ea ts  th a t h e  d id  th e  w o r k  o f  1905 “ w ith o u t  k n o w in g  th a t 

ob serv a tion s  c o n c e r n in g  B r o w n ia n  m o t io n  w e r e  a lre a d y  lo n g  fa m ilia r .” 11

T h e  th ird  p a p e r  o f  1 9 0 5 12 is, o f  co u rse , E in ste in ’ s first p a p e r  o n  th e  

R T .  H e  b e g in s  a g a in  b y  d r a w in g  a tte n tio n  t o  a  fo r m a l a sy m m etry , i.e ., 

in  th e  d e s c r ip t io n  o f  cu rre n ts  g e n e ra te d  d u r in g  re la tiv e  m o t io n  b e tw e e n  

m agn ets  a n d  c o n d u c to r s . T h e  p a p e r  d o e s  n o t  in v o k e  e x p lic it ly  a n y  o f  th e  

several w e ll -k n o w n  e x p e r im e n ta l d ifficu ltie s— a n d  th e  M ic h e ls o n  a n d  

M ic h e ls o n -M o r le y  e x p e r im e n ts  a re  n o t  e v e n  m e n t io n e d  w h e n  th e  o p 

p o r tu n ity  arises to  s h o w  in  w h a t  m a n n e r  th e  R T  a c c o u n ts  f o r  th em . A t  

the e n d , E in ste in  b r ie fly  m e n tio n s  h e re , t o o , s p e c ific  p r e d ic t io n s  o f  p o s 

sible e x p e r im e n ts  (g iv in g  th e  e q u a t io n  “ a c c o r d in g  to  w h ic h  th e  e le c tro n  

m u st m o v e  in  c o n fo r m ity  w ith  th e  th e o ry  p re se n te d  h e re ” ) ,13

R e tu r n  to  a C lassic  R e s tr ic t io n  o n  H y p o th e s e s

T h e  r e c o g n it io n  o f  th ese  c o m m o n  e le m e n ts  in  th e  th ree  p a p e rs  p r e 

pares us f o r  th e  essentia l rea liza tion  th a t th e  fu n d a m e n ta l p ostu la tes  

a p p e a r in g  in  e a c h  o f  th e  th re e  p a p e rs  a re  h eu ris tic . T h e  h eu ris tic  n a tu re  

o f  th e  p o s tu la te  o f  re la tiv ity  w a s  f r o m  th e  b e g in n in g  a p p a r e n t  to  E in 

stein (as  h e  asserted  in  1907 a n d  la te r )  b e c a u s e  o f  th e  re str ic tion  o f  th e  

R T  to  tra n sla tion a l m o tio n s  a n d  to  g r a v ita t io n -fr e e  s p a c e .14

T h e  stu d y  o f  th e  th ree  p a p e rs  to g e th e r  rev ea ls  a lso  th e  e x te n t  to  

w h ich  E in ste in ’ s R T  rep resen ts  a n  a tte m p t  to  restr ict h y p oth eses  to  th e 

m ost g e n e r a l  k in d  a n d  th e  sm a llest n u m b e r  p oss ib le— a  g o a l  o n  w h ic h  

E in stein  o ft e n  in sisted .15 I n  th e  1905 p a p e r  o n  R T , h e  m ak es , in  a d d it io n  

to th e  tw o  “ c o n je c tu r e s ”  ra ised  to  “ p ostu la tes”  ( i .e ., o f  re la tiv ity  a n d  o f  

the c o n s ta n cy  o f  lig h t  v e lo c ity )  o n ly  fo u r  o th e r  a ssu m p tio n s : o n e  o f  th e  

iso trop y  a n d  h o m o g e n e ity  o f  sp a ce , th e  o th e rs  c o n c e r n in g  th ree  lo g ic a l 

p rop erties  o f  th e  d e fin it io n  o f  sy n ch ro n iza t io n  o f  w a tch es . In  con tra st ,

H . A . L o r e n tz ’ s g re a t  p a p e r16 w h ic h  a p p e a r e d  a  y ea r  b e fo r e  E in ste in ’ s
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p u b lic a t io n  a n d  ty p ifie d  th e  best w o r k  in  p h y sics  o f  its t im e— a p a p e r  

w h ic h  L o r e n tz  d e c la r e d  to  b e  b a sed  o n  “ fu n d a m e n ta l assu m p tion s”  

ra th e r  th a n  o n  “ sp ec ia l h y p oth eses ” — c o n ta in e d  in  fa c t  e le v e n  a d  h o c  

h y p o th e s e s : re s tr ic t io n  to  sm a ll ra tios  o f  v e lo c it ie s  v  t o  lig h t  v e lo c ity  c , 

p o s tu la t io n  a  p r io r i  o f  th e  tra n s fo rm a tio n  e q u a tio n s  (r a th e r  th a n  th e ir  

d e r iv a t io n  fr o m  o th e r  p o s t u la te s ) , a ssu m p tion  o f  a  s ta tion a ry  e th er , as 

su m p tio n  th a t  th e  s ta tion a ry  e le c tro n  is r o u n d , th a t  its c h a r g e  is u n i 

fo r m ly  d is tr ib u te d , th a t a ll m ass is e le c tro m a g n e t ic , th a t th e  m o v in g  e le c 

t ro n  ch a n g e s  o n e  o f  its d im e n sio n s  p re c ise ly  in  th e  r a t io  o f  ( 1— v 2/ c2) 1/2 

t o  o n e , th a t fo r c e s  b e tw e e n  u n c h a r g e d  p a rtic le s  a n d  b e tw e e n  a  ch a r g e d  

a n d  u n c h a r g e d  p a r t ic le  h a v e  th e  sa m e  tra n s fo rm a tio n  p ro p e rt ie s  as 

e le c tro s ta t ic  fo r c e s  in  th e  e le c tro s ta t ic  system , th a t a ll ch a rg e s  in  a tom s 

a re  in  a c e rta in  n u m b e r  o f  sep a ra te  “ e le c tro n s ,”  th a t e a ch  o f  th ese is 

a c te d  o n  o n ly  b y  o th ers  in  th e  sam e a to m , a n d  th a t a to m s  in  m o t io n  as 

a  w h o le  d e fo r m  as e le c tro n s  th em selves  d o . I t  is f o r  these reasons th at 

E in ste in  la ter  m a in ta in e d  th at the R T  g r e w  o u t  o f  th e  M a x w e ll-L o r e n tz  

th e o ry  o f  e le c tro d y n a m ic s  “ as a n  a m a z in g ly  s im p le  su m m a ry  a n d  g e n 

e ra liza tio n  o f  h y p oth eses  w h ic h  p r e v io u s ly  h a v e  b e e n  in d e p e n d e n t  o f  

o n e  a n o t h e r . . .  .” 17

I f  o n e  h as s tu d ie d  th e  d e v e lo p m e n t  o f  s c ie n tific  th eories , o n e  n otes 

h e re  a  fa m ilia r  th e m e : th e  so -c a lled  s c ien tific  “ r e v o lu t io n ”  tu rn s o u t  to  

h e a t b o t to m  an  e f fo r t  to  r etu rn  to  a  c la ssica l p u r ity . T h is  is n o t  o n ly  a 

k ey  to  a  n e w  e v a lu a tio n  o f  E in ste in ’ s c o n tr ib u t io n , b u t  in d ica te s  a  fa ir ly  

g e n e ra l ch a ra c te r is t ic  o f  g re a t  s c ie n tific  “ re v o lu t io n s .”  I n d e e d , w h ile  it 

is u su a lly  stressed th a t E in ste in  c h a lle n g e d  N e w to n ia n  p h y sics  in  fu n d a 

m e n ta l w ays, th e  e q u a lly  c o r r e c t  b u t  n e g le c te d  p o in t  is th e  n u m b e r  o f  

m e th o d o lo g ic a l  c o r r e s p o n d e n c e s  w ith  e a r lie r  classics, f o r  e x a m p le , w ith  

th e  P r i n c i p i 6 .

H e r e  a  listin g  o f  s o m e  m a in  p a ra lle ls  b e tw e e n  th e  tw o  w o rk s  m ust 

s u ff ic e : th e  ea rly  p o s tu la t io n  o f  g e n e ra l p r in c ip le s  w h ic h  in  them selves 

d o  n o t  sp r in g  d ire c t ly  fr o m  e x p e r ie n c e ; th e  lim ita t io n  to  a  fe w  b a sic  

h y p o th e s e s ;18 th e  e x c e p t io n a l a tte n tio n  to  e p is te m o lo g ic a l ru les in  the 

b o d y  o f  a  sc ie n tific  w o r k ; th e  p h ilo s o p h ic a l  e c le c t ic is m  o f  th e  a u th o r ; his 

a b ility  to  d isp en se  w ith  m e ch a n is tic  m o d e ls  in  a  s c ie n ce  w h ic h  in  e a ch  

case  w a s  d o m in a te d  a t  th e  t im e  b y  su ch  m o d e ls ;19 th e  sm all n u m b e r  o f  

s p e c ific  e x p e r im e n ta l p r e d ic t io n s ; a n d  th e  fa c t  th a t th e  m o st  g r ip p in g  

e ffe c t  o f  th e  w o r k  is its e x h ib it io n  o f  a  n e w  p o in t  o f  v ie w .

T h e  ce n tra l p r o b le m , m o r e o v e r , is  th e  sam e in  b o th  w o r k s : th e  n a tu re
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o f  sp a ce  a n d  t im e  a n d  w h a t  fo l lo w s  fr o m  it  f o r  ph ysics. H e r e , th e  b a s ic  

a ttitu d es h a v e  in  b o t h  cases m o r e  in  c o m m o n  th a n  a p p e a rs  a t first r e a d 

in g . T h a t  N e w to n ’ s a b so lu te  s p a ce  a n d  a b so lu te  t im e  w e r e  n o t  m e a n 

in g fu l c o n c e p ts  in  th e  sense o f  la b o r a to r y  o p e r a t io n s  w as , o f  co u rse , n o t  

th e  o r ig in a l d is co v e ry  o f  M a c h ;  ra th er , it  w a s  fre e ly  a c k n o w le d g e d  b y  

N e w to n  h im se lf. B u t  E in ste in  w a s  a lso  q u ite  e x p lic it  th a t  in  r e p la c in g  

a b so lu te  N e w to n ia n  sp a ce  a n d  t im e  w ith  a n  in fin ite  e n se m b le  o f  r ig id  

m e te r  sticks a n d  id e a l c lo ck s  h e  w a s  n o t  p r o p o s in g  a  la b o r a to r y -o p e r a 

t ion a l d e fin it io n . H e  sta ted  it  c o u ld  b e  re a lize d  o n ly  to  s o m e  d e g re e , 

“ n o t  e v e n  w ith  a rb itra ry  a p p r o x im a t io n ,”  a n d  th a t  th e  fu n d a m e n ta l 

ro le  o f  th e  w h o le  c o n c e p t io n , b o t h  o n  fa c tu a l a n d  o n  lo g ic a l  g r o u n d s , 

“ ca n  b e  a tta ck e d  w ith  a  ce rta in  r ig h t .” 20 T h u s  th e  R T  m e re ly  sh ifte d  

th e  lo c u s  o f  sp a ce  t im e  fr o m  th e  sen sor iu m  o f  N e w t o n ’ s G o d  to  th e  sen - 

so r iu m  o f  E in ste in ’ s a b stra ct  G e d a n k e n tx p e r im e n te r— as it  w e re , th e 

fin a l se cu la r iza tio n  o f  p h ysics.

I n  h is tr ib u te  o n  th e  o c c a s io n  o f  th e  2 0 0 th  a n n iv ersa ry  o f  N e w to n ’ s 

d ea th , E in ste in  w r o te :  “ I  m u st e m p h a s iz e  th a t N e w t o n  h im se lf w as 

better  a w a re  o f  th e  w eaknesses in h e re n t  in  h is  in te lle c tu a l e d ific e  th a n  

the g e n e ra tio n s  o f  le a rn e d  scientists w h ic h  fo l lo w e d  h im . T h is  fa c t  has 

a lw ays a ro u s e d  m y  d e e p  a d m ira tio n . . . .” 21 H e  th e n  im m e d ia te ly  d ra w s  

a tte n tio n  to  th e  fa c t  th a t “ N e w t o n ’ s e n d e a v o r s  t o  rep resen t h is  system  

as n ecessarily  c o n d it io n e d  b y  e x p e r ie n c e  a n d  to  in tr o d u c e  th e  sm allest 

n u m b e r  o f  c o n c e p ts  n o t  d ire c t ly  re fe r a b le  to  e m p ir ic a l o b je c t s  is e v e ry 

w h ere  e v id e n t .”  H e  reca lls  th a t  N e w to n  r e g a r d e d  th e  la w  o f  g ra v ita 

t ion a l in te r a c t io n  as a  h e u ris tic  d e v ice , “ n o t  su p p o s e d  to  b e  a  fin a l 

e x p la n a tio n , b u t  a  r u le  d e r iv e d  b y  in d u c t io n  fr o m  e x p e r ie n c e .”  W h e n  

th e  essay en d s  w ith  E in ste in  c le a r ly  a sso c ia t in g  h im s e lf w ith  a  v ie w  o f  

ca u sa lity  w h ic h  h e  ch a ra cte r ize s  as “ N e w to n ia n ,”  h e  c o u ld  w e ll h a v e  

w id e n e d  th e  c o n te x t  o f  th a t rem a rk .

T im e -D e p e n d e n c e  in S o u r c e  M a ter ia ls

I  c a n n o t  a v o id  a  w o r d  o f  w a r n in g  o n  th e  u se  o f  sou rces  su ch  as E in 

stein ’ s w ritin g s, p a rt icu la r ly  to  a n  a u d ie n ce  n o t  p r o fe ss io n a lly  e n g a g e d  

in  th e  stu d y  o f  th e  h istory  o f  s c ie n ce . T h is  has to  d o  w ith  th e  fa c t  th a t in  

m a n y  im p o r ta n t  p a rticu la rs  th e  w ritin g s  o f  o n e  m a n  d o  n o t  b y  an y  

m eans n ecessarily  o v e r la p . I  a m  n o t  sp e a k in g  m e re ly  o f  th e  fa c t  th at 

E instein  re g a rd e d  th e  d isco v e re r , a n d  p a rt icu la r ly  h im se lf, as a  v e ry



p o o r  s o u rce  o f  in fo r m a t io n  c o n c e r n in g  th e  gen esis  o f  h is o w n  id ea s , a n d  

su gg ested  ra th e r  th a t th is s tu d y  w a s  o n e  o f  th e  m o s t  in te re s tin g  tasks fo r  

th e  h is to r ia n  o f  s c ie n ce . N o , I  h a v e  in  m in d  th e  s im p le , y e t  o f t e n  n e g 

le c te d  fa c t  th a t  E in ste in  as a  p e r s o n  w ith  a  s in g le , u n c h a n g in g  id en tity , 

in  a  rea l sense n e v e r  e x is te d , ju s t  as th e re  n e v e r  w as a  s in g le  u n c h a n g e 

a b le  en tity  c a lle d  G a li le o  o r  N e w t o n  o r  D a lto n . E in ste in  h im s e lf saw  

th is c le a r ly  w h e n  h e  w r o te  a t  th e  start o f  h is A u to b io g r a p h ic a l  N o t e s :

T h e  exposition  o f  that w h ich  is w orthy o f  com m unication  does nonetheless 

not com e easy; today ’s person o f  67 is by  n o  means the same as was the one 

o f  50, o f  30, or o f  20. Every rem iniscence is co lored  b y  today’s being w hat it 

is, and therefore by  a deceptive  point o f  v ie w .. . .

A n d  it  is n o t  o n ly  g r o w th  o r  c h a n g e — it is a lso  th e  d i f fe r e n c e  b e tw e e n  

e x p e r ie n c e  liv e d  a n d  e x p e r ie n c e  r e p o r te d .

In  this case it is w ell possible that such an individual in retrospect sees a 

un iform ly systematic developm ent, whereas the actual experience takes place 

in ka leidoscop ic particular situations.22

T h e s e  tw o  e ffe cts , c o u p le d  w ith  E in ste in ’ s la rg e  o u t p u t  o f  w r it in g s  o f  

b o th  a  s c ie n tific  a n d  a  p o p u la r  k in d , e x p la in  w h y  e v e r y o n e — fr o m  th e  

e x tre m e  p os it iv is t  to  th e  c r it ic a l rea list— c a n  fin d  s o m e  p a r t  o f  E in ste in ’ s 

w o r k  to  n a il to  h is m a st as a  b a tt le  fla g  a g a in st th e  o th ers .

T h e r e  a re  tw o  w ay s  o f  d e a lin g  w ith  th is  p r o b le m  in  h is to r ica lly  

o r ie n te d  w o rk . T h e  first is t o  b e  e x p lic it ly  c a r e fu l in  th e  e v a lu a tio n  o f  

a ll sou rces , in c lu d in g  a u to b io g r a p h ic a l s ta tem en ts , t o  a l lo w  a  t im e - 

d e p e n d e n t  w e ig h t in g  fa c to r . T h is  has a lw a ys  b e e n  tru e , b u t  is p a r t ic u 

la r ly  p e r t in e n t  in  m o d e r n  p h y s ics  w h e re  ch a n g e s  p e r  u n it  t im e  are  fa r  

la rg e r  th a n  b e fo r e . R e v e a l in g  e x a m p le s , a n d  v e r y  w o r th w h ile  to p ic s  o f  

s tu d y , a re  E in ste in ’ s a tt itu d e  to w a r d  th e  e th e r  p r o b le m , o r  h is re la tion  

to  E rn st M a c h ,  o r  h is m o r e  g e n e ra l e p is te m o lo g ic a l p o s it io n . C o n c e r n 

in g  th e  first o f  th ese , f o r  in sta n ce , E in ste in  u n d e r w e n t  a  p r o fo u n d  

c h a n g e  o f  o r ie n ta t io n  b e tw e e n  th e  sta tem en t n e a r  th e  b e g in n in g  o f  his 

fu n d a m e n ta l 1905  p a p e r :  “ T h e  in tr o d u c t io n  o f  a  ‘ lu m in ife ro u s  e th er ’ 

w ill p r o v e  to  b e  su p e rflu o u s  in a s m u ch  as th e  v ie w  h e re  to  b e  d e v e lo p e d  

w ill n o t  r e q u ire  a n  ‘ a b so lu te ly  s ta tion a ry  s p a c e ’ p r o v id e d  w ith  sp ecia l 

p ro p e r t ie s ” — a p r o v o c a t iv e  re m a rk  o n  w h ic h  D u g a s  astu te ly  c o m m e n ts  

“ su ch  a d e c la r a t io n , m a d e  o n  th e  th re sh o ld  o f  h is th e o ry , c o u ld  o n ly  

a lie n a te  h im  fr o m  th e  ph ysicists  im b u e d  w ith  th e  c lassica l rep resen ta -
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t io n ” 23— to  h is L e id e n  s p e e ch  o f  19 20  o n  “ Ä th e r  u n d  R e la tiv itä ts 

th eor ie ”  in  w h ic h  h e  says n e a r  th e  c lo s e :

Recapitulating, w e m ay say that accord in g  to the general theory o f relativity 

space is endow ed with physical qualities; in  this sense, therefore, there exists 

an ether. A ccord in g  to the general theory o f  relativity, space w ithout ether 

is unthinkable; fo r  in such a space there not on ly  w ou ld  be no propagation o f 

light, but also no possibility o f existence for  standards o f space and tim e 

(m easuring rods and c lo ck s ), nor therefore any space-tim e intervals in the 

physical sense.24

T o  th e  stu d en t o f  th e  n a tu re  o f  sc ie n tific  th eories , a  s e q u e n ce  o f  in 

d iv id u a l d o c u m e n ts  o n  a  p a r t ic u la r  t o p ic  f r o m  o n e  p e n  represen ts th e re 

fo re , as it  w e re , a  s e q u e n c e  o f  cross  se ctio n s  in  s p a ce -t im e , fr o m  w h ic h  

h e  is c h a lle n g e d  to  r e co n s tr u c t  th e  p rog ress  o r  w o r ld lin e  o f  th e  to p ic . 

P a rticu la r ly  in  r e ce n t  a n d  c o n te m p o r a r y  p h ysics , n o  sin g le  se g m e n t o f  

this w o r ld lin e  m a y  b e  sa fe ly  e x t r a p o la te d ; a  q u ic k  tu rn  is a lw ays likely . 

T h is  e n h a n ce s  th e  in terest: th e  re co n s tru c t io n  o f  th e  c h a n g in g  co u rse  o f  

o p in io n  o n  a  t o p ic  b e c o m e s  d o u b ly  im p o r ta n t , a n d  these ch a n g e s  in  o n e  

to p ic  m a y  o fte n  b e  c o rr e la te d  w ith  ch a n g e s  in  a n o th e r  to p ic . I n  th e  ca se  

o f  E in ste in , fo r  e x a m p le , th e  a ttitu d es to w a r d  th e  e th er , t o w a r d  M a c h , 

tow a rd  e p is te m o lo g y  a n d  m eta p h y s ics  g e n e ra lly , a n d  to w a r d  re lig io n , 

all sh o w  c lo se ly  c o r r e la te d  c h a n g e s  in  t im e . T h is  itse lf p oses  n e w  a n d  

v a lu a b le  p ro b le m s , b o th  to  th e  h is to r ia n  a n d  to  t h e  p h ilo s o p h e r  o f  

scien ce.

T h e  C o m p le m e n ta r ity  o f  S o u r c e  M a ter ia ls

T h e r e  is a  s e co n d  p r o b le m  in v o lv in g  d iv e rg e n t  o r  c o n tr a d ic to r y  v iew s  

c o n c e rn in g  a  scien tist ’ s w o rk . I t  is g e n e ra te d  n o t  b y  in tern a l ch a n g e s  o r  

con flicts , b u t  b y  ex te rn a l on es . I  c a n  d iscu ss th is in  th e  b r ie fe st  w a y  b y  

p o in t in g  to  th e  q u e stio n  o f  w h a t  o n e  is to  d o  w ith  b io g r a p h ic a l w ork s  

w h ich  are  n o t  in  a g re e m e n t.

S u ch  b io g ra p h ie s  a re  a  p r e c io u s  set o f  so u rce s  f o r  th e  stu d y  o f  th e  

orig in s o f  th e  re la tiv ity  th eory . A m o n g  th e  p r in c ip a l on e s  th at a p p e a r e d  

in E in ste in ’ s o w n  t im e  are , in  o r d e r  o f  p u b lic a t io n , th ose  b y  M o szk o w sk i, 

R eiser, R e ic h in s te in , M a r ia n o f f  a n d  W a y n e , S e e lig , F ra n k , I n fe ld , a n d  

V a lle n tin .25 E a c h  h a s  in terest in  its o w n  r ig h t, b u t  n a tu ra lly  e n o u g h  

they d iffe r  vastly  in  th e ir  p o in ts  o f  v ie w  as w e ll as o n  fa c tu a l m atters. 

O n e  ca n  b e g in  to  d iscern  th e  V iv ia n is  a n d  S tu k leys  n o w , th e  sou rces  o f

173



fu tu re  m y th s  a n d  th e  sou rces  o f  re lia b le  re fe re n ce s . I t  w a s  th e r e fo r e  im 

p o r ta n t  to  d is c o v e r  th e  u n p u b lic iz e d  fa c t  th a t o n e  o f  th ese  w a s  w ritten  

u n d e r  a  p s e u d o n y m  b y  a  re la t iv e  o f  E in ste in  a n d  c h e c k e d  b y  h im  fo r  

fa c tu a l a c c u r a c y , th a t a n o th e r  w a s  p u b lic ly  d is o w n e d  b y  E in ste in , th a t 

h e  m a d e  a n  a t te m p t  in  a  th ir d  ca se  to  p e rsu a d e  t h e  a u th o r — w h o m  h e  

d id  n o t  tru st to  b e  fa ir  o r  a c c u r a te — to  fo r e g o  p u b lic a t io n , th a t h e  w a s  

p le a se d  w ith  th e  m a te r ia l in  a n o th e r  o f  th ese  b o o k s , a n d  so  fo r th .

T h e  u n c o m m o n ly  la rg e  a m o u n t  a n d  v a r ie ty  o f  m a te r ia l em p h a sizes  

th e  p r o b le m s  th e  h is to r ia n  o f  s c ie n ce  m u st fa c e . T h e  d iffe r e n t  p o in ts  o f  

v ie w  fr o m  w h ic h  tw o  o r  m o r e  h on est b io g ra p h ie s  a re  w r it te n  y ie ld , o f  

co u rse , d iffe r e n t  in te rp re ta tio n s . O n  so m e  m atters o f  “ fa c t ”  (a s , fo r  

e x a m p le , d a tes  a n d  p la c e s )  o n e  ce r ta in ly  c a n  ask f o r  a g re e m e n t o r  a c 

c u r a c y  in  s o m e  a b so lu te  sense. B u t o n  la rg e r  a n d  m o r e  q u a lita t iv e  q u es 

t ion s  ( f o r  e x a m p le , th e  a c c e p ta n c e  o f  th e  th e o r y )  o n e  c a n  p r o fita b ly  

a d o p t  th e  a tt itu d e  th a t e v id e n c e  o b ta in e d  b y  b io g r a p h ic a l  resea rch  u n d e r  

d iffe r e n t  p o in ts  o f  v ie w  c a n n o t  b e  c o m p r e h e n d e d  w ith in  a  s in g le  p i c 

tu re , b u t  m u st b e  r e g a r d e d  as c o m p le m e n ta r y  in  th e  sense th a t o n ly  

th e  to ta lity  o f  th e  p r e s e n ta tio n s  ex h a u sts  th e  p o ss ib le  in fo r m a tio n  a b o u t  

th e  s u b je c t .  T h is  w ill b e  r e c o g n iz e d  as c lo se ly  a n a lo g o u s  t o  o n e  p a r t  o f  

th e  c o m p le te  sta tem en t o f  th e  c o m p le m e n ta r ity  p r in c ip le  in  p h y s ics .26 

T o  lo o k  fo r  a n  “ in d e p e n d e n t ”  v ie w  in  q u a lita t iv e  m a tters  in  a n y  o th e r  

w a y  is lik e ly  to  le a d  o n e  m e re ly  to  ta k e  a  p o s it io n  e q u id is ta n t  fr o m  a ll 

o th ers , o r  fr o m  th e  “ ism s”  th a t m o t iv a te  th em .

T h e  c o m p le m e n ta r ity  p r in c ip le  tells th e  p h y sic ist  a lso  th a t it is n o t  

p o ss ib le  to  m a k e  a sh a rp  se p a ra tio n  b e tw e e n  th e  b e h a v io r  o f  a to m ic  o b 

je c ts  a n d  th e  in te ra c t io n  w ith  th e  m e a su r in g  in stru m en ts  w h ic h  serv e  to  

d e fin e  th e  c o n d it io n s  u n d e r  w h ic h  th e  p h e n o m e n a  a p p e a r . T h is  sta te 

m e n t , t o o , has a  c lo s e  p a ra lle l in  th e  stu d y  o f  th e  h is to ry  o f  p h ilo s o p h y  

o f  s c ie n ce , a n d  o n e  m u st th e r e fo r e  b e  a w a re  th a t  th e  s ch o la r  a n d  th e 

s u b je c t  o f  h is s tu d y  to g e th e r  fo r m  o n e  system  in  w h ic h  it is n o t  m e a n in g 

fu l to  try  to  a c h ie v e  a  c o m p le te  s e p a ra tio n  o f  o n e  p a r t  f r o m  th e  o th e r . 

I t  is in  tliis sp ir it  th a t  o n e  m u st u n d e rs ta n d , a n d  use, th e  p ic tu r e  o f  E in 

stein  as a  r e v o lu t io n a r y , w h ic h  is p a in te d  b y  a  r e v o lu t io n a r y , a n d  th a t o f  

E in ste in  as a  p os itiv is t, as p re s e n te d  b y  a  p os itiv ist. T o  o n e  w h o  is c o m 

m itte d  to  th e  e x is te n ce  o f  a  rea l m e d iu m  to  e x p la in  th e  tran sm ission  o f  

lig h t  th r o u g h  sp a ce , th e  R T  is im p o r ta n t  p r im a r ily  in s o fa r  as it  a d d s  to  

o r  su b tra cts  f r o m  this p o s it io n . O n ly  w ith  th is e x p lic it  r e c o g n it io n  c a n
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o n e  use a  n u m b e r  o f  a c c o u n ts  to g e th e r , e a c h  o f  w h ic h  w o u ld  o th e rw ise  

a p p e a r  to  p resen t a  str ik in g ly  d if fe r e n t  p e rso n  o r  w o r k .

W h itta k e r ’s A c c o u n ts  o f  th e  O rig in s  o f  E in s te in ’ s W o r k

T o  illu stra te  th is p o in t  c o n c r e te ly  I  w ish  t o  tu rn  to  a  q u e s t io n  o n  

w h ich  a  d isp u te  has b e e n  a c t iv e : n a m e ly , to  w h a t  e x te n t E in ste in ’ s w o rk  

w as o r ig in a l ra th e r  th a n  a n tic ip a te d  b y , o r  sp e c ifica lly  b a sed  o n , o th e r  

p u b lish ed  w o rk . P a rticu la r ly  in terestin g  is th e  essay o n  E in ste in  b y  S ir  

E d m u n d  W h it ta k e r .27 W h it ta k e r ’ s c o m m itm e n t  to  th e  n in e te e n th - 

cen tu ry  tra d it io n  o f  p h y s ics  a n d  t o  th e  e th e r  th e o ry  is illu stra ted  in  his 

w e ll-k n o w n  b o o k , A  H i s t o r y  o f  t h e  T h e o r i e s  o f  A e t h e r  6 n d  E l e c 

t r i c i t y ,28 a n d  a lso  b y  h is e x c e lle n t  c o n tr ib u t io n s  in  th e  fie ld  o f  c lass ica l 

m e ch a n ics . M o r e o v e r ,  in  th e  s e c o n d  v o lu m e  o f  th e  H i s t o r y , c o m p le te d  

in  1953 , w h ic h  ca rr ies  th e  story  to  1926 , W h it ta k e r  h a d  la rg e ly  d ism issed  

E in ste in ’ s p a p e r  o f  1905 o n  th e  R T  as o n e  “ w h ic h  set fo r th  th e  re la tiv ity  

th eory  o f  P o in c a r e  a n d  L o r e n tz  w ith  s o m e  a m p lifica t io n s , a n d  w h ic h  a t 

tra cted  m u c h  a t te n t io n .” 29

T h is  p re se n ta tio n  e v o k e d  c o n s id e r a b le  cr itic ism , so m e  o f  w h ic h  I  k n o w  

to  h a v e  r e a c h e d  W h it ta k e r  w h ile  h is b o o k  w a s  still in  m a n u scr ip t , a n d  

som e o f  w h ic h  r e a c h e d  h im  b y  th e  t im e  h e  c o m p o s e d  th e  b io g r a p h ic a l 

m e m o ir  a fte r  E in ste in ’ s d e a th  in  1955 . I t  is th e re fo re  n o te w o r th y  th a t 

in  his 1955 n e c r o lo g y  fo r  E in ste in , W h it ta k e r  d id  n o t  c h a n g e  his ea r lie r  

ev a lu a tion . F o r  e x a m p le , h e  r e p e a te d  th a t P o in c a r e  in  a s p e e ch  in  St. 

L ou is , in  S e p te m b e r , 1 9 0 4 30 h a d  c o in e d  th e  p h ra se  “ p r in c ip le  o f  re la 

tiv ity .”  W h itta k e r  asks h o w  p h ysics  c o u ld  h a v e  b e e n  r e fo r m u la te d  in  

a c c o r d a n c e  w ith  “ P o in c a r e ’ s p r in c ip le  o f  re la tiv ity ,”  a n d  h e  rep orts  th at 

w ith  resp ect t o  th e  la w s o f  th e  e le c tr o m a g n e t ic  fie ld  this “ d is c o v e r y  w as 

m a d e  in  1903 b y  L o r e n tz ,”  c it in g  a  p a p e r  b y  L o r e n tz  in  th e  P r o c e e d 

i n g s  o f  th e  A m s te r d a m  A c a d e m y  o f  S c ie n ce s , f o r  the y ea r  1 9 0 3 .31 W h it 

taker sh ow s th at “ the fu n d a m e n ta l e q u a t io n s  o f  th e  a e th e r  in  e m p ty  

sp a ce”  are  in v a r ia n t  u n d e r  su ita b ly  c h o s e n  (i .e .,  L o r e n tz )  tra n s fo rm a 

tions, a n d  h e  c o n c lu d e s  w ith  th e  re m a rk a b le  s e n te n ce : “ E in ste in  [in  th e 

R T  p a p e r  o f  1905] a d o p te d  P o in c a r e ’ s p r in c ip le  o f  re la tiv ity  (u s in g  

P o in ca re ’ s n a m e  fo r  it )  as a  n e w  basis f o r  p h ysics  a n d  s h o w e d  th a t the 

g ro u p  o f  L o r e n tz  tra n s fo rm a tio n s  p r o v id e d  a  n e w  analysis c o n n e c t in g  

the p h ysics  o f  b o d ie s  in  m o t io n  re la t iv e  to  e a c h  o th e r .” 32

S in ce  W h it ta k e r ’ s analysis h as b e e n  a n d  is lik e ly  to  c o n t in u e  to  b e
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g iv e n  c o n s id e r a b le  w e ig h t , it  is n ecessa ry  t o  e x a m in e  it c lo se ly . I t  tu rn s 

o u t  to  b e  a n  e x c e lle n t  e x a m p le  o f  th e  p r o p o s it io n  th a t  n o  su ch  analysis 

c a n  b e  c o n s id e r e d  m e a n in g fu l e x c e p t  in s o fa r  as it  d ea ls  b o t h  w ith  th e  

m a te r ia l it  p u r p o r ts  t o  c o v e r  a n d  w ith  th e  p r io r  c o m m itm e n ts  a n d  p r e 

ju d ic e s  o f  th e  s c h o la r  h im se lf . H e r e  is a  b r ie f  su m m a ry  o f  m a in  fin d in g s  

w h e n  W h it ta k e r ’ s an alysis  is  c o n s id e r e d  in  th is lig h t.

( 1 )  E in ste in ’ s R T  p a p e r  o f  1905  w a s  in d e e d  o n e  o f  a  n u m b e r  o f  c o n 

t r ib u tio n s  b y  m a n y  d if fe r e n t  a u th o rs  in  th e  g e n e ra l fie ld  o f  th e  e le c t r o 

d y n a m ic s  o f  m o v in g  b o d ie s . I n  th e  A n n 6 l e n  d e r  P h y s i k  a lo n e  th ere  

a re  e ig h t  p a p e r s  f r o m  1902  u p  to  1905  c o n c e r n e d  w ith  th is g e n e ra l p r o b 

lem . E in ste in  h im s e lf  a lw a y s  in sisted  o n  th is  a sp e ct  o f  c o n t in u ity . T h e  

earliest e v id e n c e  is in  a  le tte r  w r it te n  in  th e  sp r in g  o f  1905  to  h is fr ie n d  

C o n r a d  H a b ic h t ,  d e s c r ib in g  h is v a r io u s  in v estig a tion s . I n  o n e  sen ten ce  

h e  d e scr ib e s  th e  d e v e lo p in g  R T  p a p e r :  “ T h e  fo u r th  w o r k  lies a t h a n d  

in  d ra fts  [lieg t im  K o n z e p t  v o r ] a n d  is a n  e le c tr o d y n a m ic s  o f  m o v in g  

b o d ie s  m a k in g  u se  o f  a  m o d ifica t io n  o f  th e  th e o r y  o f  s p a c e  a n d  t im e ; 

y o u  w ill  su re ly  b e  in te re s te d  in  th e  p u r e ly  k in e m a t ic  p a r t  o f  th is w o r k .” 33 

S e e lig  a lso  q u o te s  a  la te r  re m a rk  o f  E in ste in  w h ic h  g iv es  in  o n e  sen ten ce  

h is o f t e n  r e p e a te d  a t t itu d e : “ W it h  re sp e ct  to  th e  th e o r y  o f  re la tiv ity  it 

is n o t  a t a ll a  q u e s t io n  o f  a  r e v o lu t io n a r y  a c t , b u t  o f  a  n a tu ra l d e v e lo p 

m e n t  o f  a  lin e  w h ic h  c a n  b e  p u rs u e d  th r o u g h  c e n tu r ie s .” 34

O n  th e  o t h e r  h a n d , t o  say  th a t  E in ste in ’ s p a p e r  “ a ttra cte d  m u c h  

a t te n t io n ”  is c o r r e c t  o n ly  i f  o n e  n e g le cts  th e  first f e w  years a fte r  p u b lic a 

t io n . F o r  th e  e a r ly  p e r io d , a  m o r e  c h a r a c te r is t ic  r e a c t io n  w a s , in  fa c t , 

e ith e r  to ta l s ile n ce , o r  th e  resp on se  t o  b e  fo u n d  in  th e  first p a p e r  in  th e 

A n n 6 l e n  d e r  P h y s i k  th a t  m e n t io n e d  E in ste in ’ s w o r k  o n  th e  R T .  I t  

w a s  th e  c la im  o f  a  c a te g o r ic a l  e x p e r im e n ta l d is p r o o f  o f  E in ste in ’ s 

th e o r y .35

( 2 )  T h e  p a p e r  b y  P o in c a r e  o f  1 9 0 4  w h ic h  W h it ta k e r  c ites  tu rn s o u t  

n o t  to  e n u n c ia te  a  n e w  re la t iv ity  p r in c ip le , b u t  is r a th e r  a  v e r y  a cu te  

a n d  p e n e tr a t in g  th o u g h  q u a lita t iv e  s u m m a ry  o f  th e  d ifficu ltie s  w h ic h  

c o n te m p o r a r y  p h y s ics  w a s  th e n  m a k in g  f o r  six  c la ss ica l la w s o r  p r in c ip le s , 

in c lu d in g  w h a t  is in  e f fe c t  th e  G a l i le a n -N e w to n ia n  p r in c ip le  o f  re la tiv 

ity . T h e  list g iv e n  b y  P o in c a r e  is as f o l lo w s : th e  L a w  o f  C o n s e r v a t io n  o f  

E n e r g y ; th e  S e c o n d  L a w  o f  T h e r m o d y n a m ic s ;  th e  T h ir d  L a w  o f  N e w 

t o n ;  “ th e  p r in c ip le  o f  re la tiv ity , a c c o r d in g  to  w h ic h  th e  la w s o f  p h y s ica l 

p h e n o m e n a  s h o u ld  b e  th e  sam e w h e th e r  f o r  a n  o b se rv e r  fix e d  o r  f o r  an  

o b s e r v e r  c a r r ie d  a lo n g  in  a  u n ifo r m  m o v e m e n t  o r  tra n s la tio n  . . .” ; the

176



O R IG IN S  O F  T H E  S P E C IA L  T H E O R Y  O F  R E L A T IV IT Y

p r in c ip le  o f  c o n s e r v a t io n  o f  m a ss ; a n d  th e  p r in c ip le  o f  least a c t io n .36 

O f  th e  p r in c ip le  o f  re la tiv ity  P o in c a r e  c o m p la in s  th a t it “ is b a tte re d ”  

b y  cu rre n t  d e v e lo p m e n ts  in  e le c tro m a g n e t ic  th e o ry , a lth o u g h , h e  says, it  

“ is c o n fir m e d  b y  d a ily  e x p e r ie n c e ”  a n d  “ im p o s e d  in  an  irresistib le  w a y  

u p o n  o n e ’ s g o o d  sense.”  P o in c a r6 ’ s m a in  p o in t  is to  sh o w  th e  n e e d  f o r  a  

n e w  d e v e lo p m e n t , th e  o u tlin e s  o f  w h ic h  h e  suggests in  these w o r d s : 

“ P erh a p s  lik ew ise  w e  s h o u ld  c o n s tru ct  a  w h o le  n e w  m e ch a n ics , th a t  w e  

o n ly  s u cce e d  in  c a tc h in g  a  g lim p se  o f ,  w h e re  in e rtia  in crea s in g  w ith  th e  

v e lo c ity , th e  v e lo c ity  o f  lig h t  w o u ld  b e c o m e  a n  im p a ssa b le  lim it .” 37 T h u s  

h e  illustrates b o th  th e  p o w e r  o f  h is  in tu it io n  a n d  th e  q u a lita tiv e  n a tu re  

o f  th e  su gg estion .

( 3 )  I t  is m o r e  d iffic u lt  t o  d iscu ss th e  1903  p a p e r  o f  L o r e n tz  w h ic h  

W h itta k e r , b o th  in  h is b o o k  a n d  in  h is  M e m o ir ,  c ite d  sp e c ifica lly  as th e 

w o rk  th a t sp e lle d  o u t  m ost  o f  th e  b a s ic  d e ta ils  o f  E in ste in ’ s R T  o f  1905 . 

In  th e  first p la c e , th is p a p e r  d o e s  n o t  ex ist. W h a t  W h it ta k e r  c le a r ly  

w ish ed  t o  re fe r  t o  is th e  p a p e r  L o r e n tz  p u b lis h e d  a  y ea r  la ter , in  1 9 0 4 .18 

S in ce  W h itta k e r  w as o th e rw ise  v e ry  c a r e fu l w ith  th e  v o lu m in o u s  c ita 

tions o f  re fe re n ce s , this re p e a te d  s lip , w h ic h  d o u b le s  th e  t im e  in terv a l 

b e tw e e n  th e  w o r k  o f  L o r e n tz  a n d  o f  E in ste in , is n o t  m e re ly  a  m istake. I t  

is at least a  s y m b o lic  m ista k e , s y m b o lic  o f  th e  w a y  a  b io g r a p h e r ’ s p r e 

c o n ce p t io n s  in te ra c t  w ith  h is m a teria l.

( 4 )  W h itta k e r  c le a r ly  im p lie d  th a t E in ste in  u sed  L o r e n tz ’ s tra n s fo r 

m a tio n  e q u a t io n  p u b lish e d  in  1904 . H e  th e re fo re  ch o s e  to  n e g le c t  th a t  

b o th  E in ste in  a n d  th ose  c lo s e  t o  h im  h a v e  re p e a te d ly  sa id  th a t E in ste in  

h a d  n o t  re a d  L o r e n tz ’ s 19 04  p a p e r .38

( 5 )  E v e n  i f  o n e  d o e s  n o t  w ish  t o  re ly  o n  th e  w o r d  o f  E in ste in  a n d  

o th er  p r o m in e n t  ph ysicists  o f  h is t im e  in  th is  m a tter , th ere  a re  fo u r  

item s o f  in tern a l e v id e n c e  in  E in ste in ’ s 1905 p a p e r  w h ic h  in d ic a te  th a t 

h e  h a d  n o t  re a d  L o r e n tz ’ s o f  1904. E in ste in  d o e s  w rite  th e  tra n s fo r 

m a tion  e q u a tio n s  in  a  fo r m  e q u iv a le n t  t o  th ose  o f  L o r e n tz  (o r ,  f o r  th a t 

m atter, o f  V o ig t ’ s o f  1 8 8 7 ) ;  b u t  w h erea s  L o re n tz  h a d  a ssu m ed  these 

eq u a tion s  a  p r io r i  in  o r d e r  to  o b ta in  th e  c o v a r ia n c e  o f  M a x w e l l ’ s 

eq u a tion s  in  fr e e  sp a ce , E in ste in  derived , th em  fr o m  the tw o  fu n d a 

m en ta l postu la tes  o f  th e  R T .  H e  th e re fo re  d id  n o t  n e e d  to  k n o w  o f  L o r 

en tz ’ s p a p e r  o f  1 9 0 4 .39

S e co n d ly , as E in ste in ’ s first tw o  m a jo r  p a p e rs  o f  1905 sh ow , h e  w as 

in the h a b it  o f  g iv in g  c re d it  in  fo o tn o te s  to  th e  w o r k  o f  o th ers  w h ic h  h e  

m igh t b e  u s in g ; th e  a b sen ce  o f  a  s p e c ific  r e fe re n ce  to  th e  1904  p a p e r  o f
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L o r e n tz  m a y  th e r e fo r e  b e  ta k en  a t its fa c e  v a lu e , th e  m o r e  so  s in ce  E in 

ste in  tw ic e  in  th e  tex t o f  th is sa m e p a p e r  re fe rs  to  L o r e n tz  b y  n a m e  in  

c it in g  th e  th e n  cu rre n t  e le c tr o m a g n e t ic  th e o ry  in  th e  fo r m  L o r e n tz  h a d  

g iv e n  it  in  h is b o o k  o f  1 8 9 5 .40 P a re n th e tica lly , o n e  m a y  a lso  say th at it 

is ra th e r  p re p o s te ro u s  t o  su ggest th a t a  y o u n g  m a n  o f  E in ste in ’ s te m 

p e r a m e n t  a n d  p a in fu l  h on esty , a n d  o n e  w h o , as th e  letters to  L o r e n tz  

s o o n  th e re a fte r  s h o w , re v e re d  L o r e n tz  d e e p ly , s h o u ld  k n o w in g ly  b e  u sin g , 

w ith o u t  a c k n o w le d g m e n t , a n  im p o r ta n t  n e w  f in d in g  in  th e  r e ce n t  w o r k  

o f  th e  fo r e m o s t  th e o r e t ica l p h y s ic is t  in  th is f ie ld .41

N e x t , in  th e  s e c o n d  p a r a g r a p h  o f  h is p a p e r , E in ste in  reca lls  th a t th e 

“ law s o f  e le c tro d y n a m ic s  a n d  o p t ic s ”  h a v e  b e e n  fo u n d  to  “ b e  v a lid  f o r  

a ll fra m e s  o f  r e fe r e n c e  f o r  w h ic h  th e  e q u a t io n s  o f  m e c h a n ic s  h o ld  g o o d ”  

to  th e  first o r d e r  o f  th e  q u a n tity  v/ c. B u t o n e  o f  th e  m a in  p o in ts  o f  th e  

19 04  p a p e r  o f  L o r e n tz  w a s  h is c la im  to  h a v e  e x te n d e d  th e  th e o r y  to  th e  

s e c o n d  o r d e r  o f  v/ c. A n d  a  fo u r th  in te rn a l e v id e n c e  is E in ste in ’ s c h o ic e  

o f  c o n v e n t io n  in  th e  e x p re ss io n  f o r  fo r c e  a n d  m ass in  th e  d y n a m ics  o f  

c h a r g e d  p a r t ic le s ; th is c h o ic e 42 is fa r  less su ita b le  th a n  L o r e n tz ’s, fo r c in g  

P la n ck  to  p o in t  th is o u t  in  1906 .

( 6 ) Q u ite  a p a r t  f r o m  th e  q u e s t io n  w h e th e r  E in ste in ’ s 1905 p a p e r  w as 

w r itte n  in d e p e n d e n t ly  o f  L o r e n tz ’ s is th e  e q u a lly  s ig n ifica n t fa c t  th a t in  

a  c r u c ia l sense L o r e n tz ’ s p a p e r  w a s  o f  co u rs e  n o t  o n  th e  re la tiv ity  th e o ry  

as w e  u n d e rs ta n d  th e  te rm  s in ce  E in ste in . L o r e n tz ’ s fu n d a m e n ta l as 

su m p tio n s  a re  n o t  r e la t iv is t ic ; as B o m  says, “ h e  n e v e r  c la im e d  to  b e  th e  

a u th o r  o f  th e  p r in c ip le  o f  r e la t iv ity ,” 43 a n d , o n  th e  c o n tra ry , r e fe r re d  to  

it as “ E in ste in ’ s R e la t iv ita ts p r in z ip ”  in  h is  le ctu res  o f  1910 . I n  L o r e n tz ’ s 

essay o n  “ T h e  P r in c ip le  o f  R e la t iv ity  o f  U n i fo r m  T r a n s la t io n ,”  p u b 

lish ed  in  1 9 2 2 ,44 six  yea rs  b e fo r e  L o r e n tz ’ s d e a th , h e  still a sk ed  th a t sp a ce  

b e  c o n s id e r e d  to  h a v e  “ a  ce rta in  su b sta n tia lity ; a n d  i f  so , o n e  m a y , in  a ll 

m o d e s ty , c a ll  tru e  t im e  th e  t im e  m e a su re d  b y  c lo c k s  w h ic h  a re  fix e d  in  

this m e d iu m , a n d  c o n s id e r  s im u lta n e ity  as a  p r im a r y  c o n c e p t .” 45 I n  h is 

19 04  p a p e r  h e  h a d  p o s tu la te d  th e  n o n re la t iv is t ic  a d d it io n  th e o r e m  fo r  

v e lo c it ie s , v  =  V  ~ f  u, a n d  e v e n  in  th e  1922  b o o k  h e  d id  n o t  c o n s id e r  

th e  v e lo c ity  o f  lig h t  as in h e re n tly  th e  h ig h est a tta in a b le  v e lo c ity  o f  m a 

teria l b o d ie s .

( 7 )  F in a lly , w e  n o te  a n o th e r  set o f  im p o r ta n t  d iffe re n ce s  b e tw e e n  

L o r e n tz ’ s a c c o m p lis h m e n t  o f  1 9 0 4  a n d  w h a t  W h it ta k e r  im p lies . S tr ic tly  

sp e a k in g , th e  L o r e n tz  th e o ry  o f  1 9 0 4  a p p lie s  o n ly  to  sm a ll v a lu es  o f  

v / c , s in ce  th e  co n s ta n t  l w h ic h  is ta k en  to  b e  1 f o r  sm a ll v a lu es  o f  v / c
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en ters in  th e  first p o w e r  in  th e  tra n s fo rm a tio n  e q u a tio n s  fo r  x  a n d  t. 

A lso , M a x w e l l ’ s e q u a tio n s  in  th e  p re se n ce  o f  ch a rg e s  a re  n o t  c o m p le te ly  

in v a r ia n t  in  L o r e n tz ’ s tre a tm e n t e v e n  at sm all sp eed s v , s in ce  in  th e  

p r im e d  (m o v in g )  system , a  te rm  is le ft  o v e r  in  th e  e x p ress ion  f o r  d iv 'Z ) ',  

n a m e ly , d iv 'Z ) ' =  [1 —  ( v u x'/ c2) ]p '} as c o m p a r e d  to  d i v i ) = p .46 W e  

h a v e  a lre a d y  n o te d  th e  n u m b e r  o f  a d  h o c  h y p o th e se s  w h ic h  L o r e n tz  w as 

fo r c e d  to  in tr o d u c e , a n d  w h ic h  r o b b e d  th e  th e o r y  o f  e le c tr o m a g n e t ic  

p h e n o m e n a  o f  th e  g e n e ra lity  ty p ic a l o f  fu n d a m e n ta l c o n c e p t io n s .

In  c lo s in g , I  re tu rn  to  m y  in itia l re m a rk s : th e  d e ta ile d  stu d y  o f  th e  

h is to r ica l s itu a tion  is, t o  m y  m in d , a n  im p o r ta n t  first step  in  th ose  dis 

cu ssion s w h ic h  try  to  ba se  e p is te m o lo g ic a l co n s id e ra t io n s  o n  “ r e a l”  cases. 

T h is  is n o t  a lw ays d o n e  ea s ily ; b u t  it  is th r o u g h  th e  d isp a ss ion a te  e x a m 

in a t io n  o f  h is to r ica lly  v a lid  cases th a t w e  c a n  best b e c o m e  a w a re  o f  th e 

p r e c o n c e p t io n s  w h ic h  u n d e r lie  a ll p h ilo s o p h ic a l s tu d y .
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6 POINCARE AND RELATIVITY

N e 6 c h  o f  th e  b o o k s  a n d  essays f r o m  th e  h a n d  o f  A le x a n d r e  

K o y r é  th a t  il lu m in a te  th e  a re a  o f  c o n te m p o r a r y  sch o la rsh ip  in  

th e  h is to ry  o f  s c ie n ce , th e re  a re  tw o  k in d s  o f  passages th a t h a v e  b e e n  

e sp ec ia lly  m e m o r a b le  to  m e . O n e  is th e  c a te g o r y  o f  th ose  b r illia n t su m 

m aries  o f  n e w  r e c o g n it io n s  a n d  th ose  W e g w e is e r  t o  p r e v io u s ly  u n e x 

p lo r e d  te rr ito ry  w h ic h  h a v e  b e c o m e  p a r t  o f  a ll o u r  th in k in g . T h e  o th e r  

c a te g o ry  is m a d e  u p  o f  th o se  s u d d e n  o p e n in g s  th r o u g h  w h ic h  w e  ca n  

g lim p se  a  r e m in d e r  o f  th e  p h ilo s o p h e r ’s in te n tio n  b e h in d  th e  h is to r ia n ’ s 

treatise. O n e  o f  th e  la tte r  passages co n ta in s  a  c h a lle n g e  th a t h as b y  n o  

m ean s b e e n  m e t. K o y r é  w rites  :

P our m oi qu i ne crois pas à l ’interprétation positiviste de la science —  ni 

m êm e à celle  d e  N ew ton  —  l ’histoire racontée d e  fa çon  si brillante par M . 

C rom bie contient une leçon  bien différente : l ’em pirism e pu r —  et m êm e 

la ‘ ph ilosophie expérim entale ’ —  ne conduisent nulle part; et ce  n ’est pas en 

renonçant au but apparem m ent inaccessible et inutile de  la connaissance du 

réel, mais au contraire en le poursuivant avec hardiesse, qu e la science p ro 

gresse sur la  voie  sans fin qui la conduit à la vérité . .  . Les grandes révolutions 

scientifiques du x x e siècle —  autant que celles du xv iie ou  du x ix e —  bien que

Based on a paper delivered at the 10th International Congress o f  the H istory 

o f Science, C ornell University, August, 1960, this essay was originally pu b 

lished in M é l 6 n g e s  A l e x 6 n d r e  K o y r é , p u b l i é s  à  l ’hii6 s i o n  d e  s o n  s o i x 

6 n t e  d i x i è m e  6 n n i v e r s 6 i r e  (P aris: H erm ann, 1964), pp . 257-268 .



fondées naturellem ent sur la  découverte de faits nouveaux —  ou sur l ’im pos 

sibilité de les vérifier —  sont fondam entalem ent des révolutions théoriques 

dont le résultat ne fût pas de m ieux relier entre elles les * données de l ’expéri 

ence ’ , mais d ’acquérir une nouvelle con cep tion  de la  réalité p rofon d e qui 

sous-tend ces ‘données’.1

. . n e  c o n d u is e n t  n u lle  p a r t .”  A n d  a  litt le  ea r lie r  in  th e  sa m e a r 

t ic le :  “ L e  p o s it iv ism e  est fils d e  l’ é c h e c  e t  d u  r e n o n c e m e n t .” 2 E v e n  i f  o n e  

d o e s  n o t  a lig n  o n e s e lf  w ith  th e  c o n c e p t io n  o f  r éa lité  p r o fo n d e ,  a n d  o l  

tru th  as the u n a tta in a b le  e n d  o f  th e  se a rch , o n e  im m e d ia te ly  re co g n ize s  

th e  s tren g th  o f  th is v ie w  w h ic h  in  e v e ry  a g e  h a s  a n im a te d  th e  w o r k  o f  

th e  scientists th em se lves , w h e th e r  th e y  ex p re sse d  it o r  n o t . A n d  o n e  is 

f o r c e d  to  ask o n e s e lf :  w h a t  a re  th e  d ire c t io n s  in  w h ic h  n e o -p o s it iv is m  

m ig h t  b e  su sce p tib le  o f  g r o w th  a n d  tr a n s fo r m a tio n ?  F o r  it  is c le a r  th a t 

su ch  fu r th e r  g r o w th , s ta rtin g  f r o m  its u n d o u b te d  s tren g th , is  b o th  p o s 

s ib le  a n d  in e v ita b le .

1

W e  m a y  best in d ic a te  o n e  o f  th ese p o ss ib le  d ire c t io n s  b y  m e a n s  o f  a  

ca se  stu d y  b e lo n g in g  to  th e  g r o u p  o f  e x a m p le s  w h e re  a  p r o m in e n t  c o n 

t r ib u to r  t o  s c ie n ce  se e m e d  t o  h o ld  b a c k  o r  d r a w  b a c k  f r o m  th e  fu ll  u n 

d e r s ta n d in g  o r  fu ll  e x p lo ita t io n  o f  a  g r e a t  a d v a n c e  g r o w in g  o u t  o f  his 

o w n  w o r k , o r  w h e n  h e  tu rn s in  a n  a p p a r e n t ly  u n re a s o n a b le  m a n n e r  

a g a in st th e  w o r k  o f  o th e rs  w h o m  w e  n o w  k n o w  re a lly  t o  h a v e  b e e n  

su p p o rte rs  o f  h is  o w n  ca u se . A  w e ll-r e m e m b e r e d  e x a m p le  o f  th e  first 

k in d  is G a li le o  w ith  r e sp e ct  to  th e  la w  o f  in e rtia , o r  P la n ck  w ith  resp ect  

to  th e  q u a n tu m  th e o r y  in  its e a r ly  years. E x a m p le s  o f  th e  s e c o n d  k in d  

a re  G a li le o  versus K e p le r ’ s e llip s i, D a l t o n  versus G a y -L u s s a c ’s w o r k , o r  

P la n ck  versu s E in ste in ’ s p h o to n . H e n r i  P o in c a r e ’ s p o s it io n  w ith  resp ect 

to  re la tiv ity  th e o r y  in  g e n e ra l, a n d  to  E in ste in ’ s c o n tr ib u t io n  in  p a r 

t icu la r , is a n  e x a m p le  fitt in g  b o t h  types.

H o w  sh a ll w e  u n d e rs ta n d  su ch  d ile m m a s ?  O n e  w a y  is t o  s tu d y  e a c h  

ca se  sep a ra te ly  to  d isce rn  its o w n  c o m p le x  o f  rea son s  a n d  u n rea son s. 

T h is  h as b e e n  d o n e  in  severa l in stan ces , s o m e tim e s  w ith  str ik in g  p e r 

suasiveness. B u t o n e  c a n  g o  b e y o n d  th e  in d iv id u a l ca se  a n d  co n s tru ct  

a  s ch e m a  w h ic h  e x p la in s  su ch  s tra n g e  im p a sses  in  m o r e  g e n e ra l term s.

L e t  us re ca ll th e  case  o f  P o in c a r e :  a r o u n d  19 0 5 , P o in c a r e  w as s im u l 

ta n eou s ly  P ro fe sso r  o f  M a th e m a t ic a l  P h ysics , o f  A s tr o n o m y , a n d  o f  

C e le s tia l M e c h a n ic s  at th e  U n iv e r s ity  o f  P aris. A t  51 years o f  a g e , h e
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w as at the p e a k  o f  his im m e n se  p o w e r s  a n d  illu striou s ca reer . I n  th e  

r e p o r t  o n  th e  B o ly a i P rize  o f  th e  H u n g a r ia n  A c a d e m y  o f  S cien ces  

(a w a r d e d  in  1 9 0 5 ) ,  P o in c a r e  w as c a lle d  “ in co n te s ta b le m e n t le  p re m ie r  

e t  le  p lu s  pu issan t c h e r ch e u r  d u  tem p s  p résen t d a n s le d o m a in e  des 

M a th é m a tiq u e s  e t  d e  la  P h y s iq u e  m a th é m a t iq u e .” 3 A n d  th e  m o re  c lo se ly  

o n e  studies h is w ritin g s, th e  m o r e  re m a rk a b le  it  seem s th a t h e  sh o u ld  

h a v e  s to p p e d  sh ort  o f  fu ll  p re se n ta tio n  o f  re la tiv ity  th e o ry  as w e  k n o w  

it, a n d , m o r e  th a n  th at, r e m a in e d  u n sh a k a b ly  aga in st E in ste in ’ s in te rp re 

ta t ion  to  th e  en d . O n e  c o u ld  c ite  a g a in  a n d  a g a in  passages th at a re  very  

m u c h  w h a t  E in ste in  w o u ld  h a v e  w ritte n , o r  e v e n  m o r e  severe— e .g ., o n  

H . A . L o r e n tz ’s w o r k : i f  h e  h as s u c c e e d e d , “ c e  n ’est q u ’ en  a c c u m u la n t  

les h y p oth èses .” 4

I t  is n o t  su rp ris in g  th at E in ste in  a n d  so m e  o f  h is fr ie n d s  o f  th a t p e r io d  

h a v e  re p e a te d ly  testified  th a t th e ir  r e a d in g  o f  P o in c a r e ’ s b o o k  S c i e n c e  

6 n d  H y p o t h e s i s  (1 9 0 2 )  w a s  a n  e x p e r ie n c e  o f  c o n s id e ra b le  in flu e n ce  o n  

E in ste in .5 T h u s  w e  re ca ll P o in c a r e ’ s d e n ia l o f  a b so lu te  sp a ce ,6 h is o b 

je c t io n  to  a b so lu te  m o v e m e n t ,7 h is r e fe r e n c e  to  th e  P r in c ip le  o f  R e l 

a tiv e  M o t io n ,8 a n d  to  a  “ P r in c ip le  o f  R e la t iv ity ,” 9 a n d  h is sea rch  fo r  

in v a ria n t fo r m s  o f  p h y s ica l la w s u n d e r  tra n s form a tion s . I n  p a r t ic 

u lar, o n e  sh o u ld  re a d  th e  p u b lic a t io n  o f  w h ic h  L o u is  d e  B ro g lie  has sa id  : 

“ D a n s  u n  r e m a rq u a b le  m é m o ir e  é c r it  a v a n t  les tra v a u x  d ’ E in ste in  e t 

p a ru  d a n s  les R e n d i c o n t i  d e l  G i r c o l o  M 6 t e m 6 t i c o  d i  P 6 l e r m o , o ù  il a  

é tu d ié  la  d y n a m iq u e  d e  l ’é le c t r o n  d ’u n e  fa ç o n  a p p r o fo n d ie , il a  d o n n é  

les fo rm u le s  d e  la  c in é m a t iq u e  re la tiv iste .” 10

P o in ca ré  w e n t  fu r th e r  th a n  L o re n tz  a n d  d e n ie d  a b so lu te  t im e  a n d  th e  

“ in tu it io n ”  o f  s im u lta n e o u s  even ts  a t  tw o  d iffe r e n t  p la ce s 11— a lth o u g h  

h e  d id  n o t  a d v a n c e  t o  a d iscu ss ion  o f  s im u lta n e ity  f o r  even ts  ob se rv e d  

fr o m  d iffe re n t ly  m o v in g  system s. B u t th e  e x is te n ce  o f  th e  e th e r  is rare ly  

d o u b te d , fo r ,  lik e  L o re n tz , P o in c a r é  e x p la in e d  b y  c o m p e n s a t io n  o f  e f 

fe cts  th e  a p p a r e n t  v a lid ity  o f  a b so lu te  la w s  in  m o v in g  in ertia l system s, 

a n d  m a in ta in e d  th e  p r iv ile g e d  p o s it io n  o f  th e  e th e r .12 N everth e less , h e  

w as a lso  fo r c e d  to  m a k e  u n c o m fo r ta b le  q u a lifica t io n s , su ch  as th ose  in  

L 6  S c i e n c e  e t  l ’ h y p o t h è s e : “ C ’ est p o u r  é c h a p p e r  à  ce tte  d é r o g a t io n  

a u x  lo is  gén éra les  d e  la  m é c a n iq u e  q u e  n o u s  a v on s  in v e n té  l ’ é th er  

I l fa u d ra it  b ie n , si o n  n e  v o u la it  c h a n g e r  to u te  la  m é ca n iq u e , in tro d u ire  

l’ éth er, p o u r  q u e  ce tte  a c t io n , q u e  la  m a tiè re  p a ra îtra it  su b ir , fû t  c o n 

tre b a la n cé e  p a r  la  ré a c t io n  d e  la  m a tiè re  sur q u e lq u e  ch o se  . . . .”  A n d  

“ o n  c r o it  t o u c h e r  l ’ é th er  d u  d o ig t .” 13
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T h e r e , as in  o th e r  p la ce s , o n e  n o te s  a  te n ta t iv e , in d e te rm in a te  m e th o d  

o f  a r g u m e n t  s h o w in g  th r o u g h  th e  b e a u t ifu l p r o s e  a t  p re c ise ly  th o se  

p la ce s  w h e r e  P o in c a r é  m u st in  fa c t  h a v e  fe lt  in  g rea test  tro u b le . A  s ig n if 

i c a n t  e x a m p le  is h is d iscu ss ion  o f  t im e  a n d  s im u lta n e ity , w h e re  h e  toys 

w ith  d e f in in g  a  u n ifo r m  t im e  b y  g o in g  b a c k  to  a  N e w to n ia n  S e n so r iu m  

o f  “ u n e  in te llig e n ce  in fin ie ,”  “ u n e  sorte  d e  g r a n d e  c o n s c ie n c e  q u i v e rra it  

to u t , e t  q u i  c lassera it t o u t  d an s son  t e m p s ” 14 H e  r e je c ts  it  b e ca u se  th is 

in fin ite  in te llig e n ce , “ si m ê m e  e lle  ex is ta it, sera it im p é n é tr a b le  p o u r  n o u s ”  

— b u t  h e  d o e s  n o t  k n o w  w h a t  else t o  p u t  in  its p la c e . I n  th e  e n d , P o in c a r é  

re m a in s  su sp e n d e d  b e tw e e n  re la t iv ism  a n d  a b so lu tism . W h y ?

S u c h  a  q u e s t io n  h as a n  a n sw er in  tw o  p a rts , o n e  s p e c if ic  f o r  th e  ca se  

in  h a n d , th e  o th e r , g e n e ra l. A s  t o  th e  fo r m e r , P o in c a r é  w a s  b y  n a tu re  

a n d  ta le n t  a  g ra d u a lis t . I n  o n e  o f  th e  last le ctu res  (1 1  A p r i l  1 9 1 2 ) ,  h e  

s u m m a rize d  his p r e fe r r e d  p r o g r a m  (w h ile  c o n fe ss in g  th a t it is n o t  a lw ays  

a  p o ss ib le  o n e )  in  th ese  w o r d s  :

Les théories anciennes reposent sur un grand nom bre de coïncidences nu 

m ériques qu i ne peuvent être attribuées au hasard; nous ne pouvons don c 

disjoindre ce  qu ’ elles ont réuni; nous ne pouvons plus briser les cadres, nous 

devons chercher à les p l ie r . . .  .15

A n d  in  a n o th e r  p a p e r , e ig h t  yea rs  e a r lie r  ( in  1 9 0 4 ) ,  h e  g a v e  a  p r o 

g r a m  f o r  “ a  m o r e  sa t is fa cto ry  th e o ry  o f  th e  e le c tr o d y n a m ic s  o f  b o d ie s  

in  m o t io n ”  : “ L e t  us ta k e , th e r e fo r e , th e  th e o r y  o f  L o r e n tz , tu rn  it in  a ll 

senses, m o d ify  it litt le  b y  little , a n d  p e r h a p s  e v e ry th in g  w ill a rra n g e  

itse lf .” 16

M o r e o v e r ,  P o in c a r é ’ s g ra d u a lis m  w a s  a p p r o p r ia te  a n d  su ccess fu l, 

en tire ly  in  k e e p in g  w ith  th e  sty le o f  w o r k  th a t ch a ra cte r ize s  o n e  o f  th e  

tw o  m a in  typ es  o f  m a jo r  co n tr ib u to r s . F o r  o n  th e  o n e  h a n d  th e r e  a re  

th ose  w h o , lik e  E in ste in , p o in t  o u t  a n d  o p e n  u p  la rg e  areas o f  ig n o r a n c e  

a n d  fr u it fu l n e w  w o r k . A n d  o n  th e  o t h e r  h a n d  th ere  a re  th o s e  w h o  

s u c c e e d  in  b r in g in g  lo n g -s ta n d in g  p r o b le m s  to  a  h ig h e r  stage  o f  c o m 

p le t io n . P o in c a r é ’ s w o r k  in  p h y sics  is o f  th e  s e c o n d  k in d . H is  stren g th  is 

a g a in  a n d  a g a in  to  rescu e  th e  p h y s ics  o f  N e w to n , o f  M a x w e ll ,  o f  L o re n tz .

T h u s  his first g re a t  p r ize , in  18 89 , c a m e  to  h im  f o r  w o r k  o n  th e  th re e - 

b o d y  p r o b le m . I n  it  h e  a n sw e re d  th e  lo n g -s ta n d in g  q u e s tio n , “ C a n  th e  

la w  [o f  g ra v ita t io n ] o f  N e w to n  b y  itse lf e x p la in  a ll th e  a s tro n o m ica l p h e -
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n o m e n a ? ”  w ith  “ Y e s , to  a  v ery  h ig h  p r o b a b il ity .” 17 H is  w o r k  in c lu d e d  

im p r o v e m e n t  o f  th e  so lu tio n  c o n c e r n in g  th e  stab ility  o f  S a tu rn ’ s rings.

I t  w as P o in ca ré  w h o  h a d  b r o u g h t  M a x w e l l ’ s w o r k  to  F ra n c e  (1 8 8 8 )  

a n d  w h o  saw  his o w n  m a in  c o n tr ib u t io n  to  re la tiv ity  th e o ry  e x p lic it ly  

to  b e  th e  p e r fe c t io n  o f  L o re n tz ’ s th e o ry . H e  h a d  sh o w n  in  1900 h o w  th e  

in tr o d u ct io n  o f  a n  e le c tro m a g n e tic  m o m e n tu m , tra n sp o rte d  b y  th e  e th er, 

w o u ld  rescu e  b o th  th e  L a w  o f  C o n s e r v a t io n  o f  M o m e n tu m  a n d  L o -  

ren tz ’ s th eory , n o t  t o  sp ea k  o f  g iv in g  a  p u r p o s e  to  th e  e th er . L a te r , th e 

in tr o d u c t io n  o f  th e  e th e r ’ s pressu re  o n  e le c tro n s  ( t o  a c c o u n t  f o r  th e ir  

stab ility  a n d  d e fo r m a t io n )  p r o v id e d  fo r  it still a n o th e r  task.

P o in ca ré  w as, in  sh ort, th e  b r illia n t co n s e r v a to r  o f  h is d a y .18 In  his 

fo r m u la tio n , m o st  o f  th e  b o th e rs o m e  qu estion s  o f  th e  re la tiv ity  o f  tim e  

a n d  s im u lta n e ity  d id  n o t  h a v e  to  b e  ra ised . C la ss ica l ph ysics  r e m a in e d  

the sa fe  r o c k  u p o n  w h ic h  n ecessary  m o d ifica t io n s  w e re  to  b e  b u ilt .

I I

A  s e co n d  p a r t  o f  th e  an sw er h as la te ly  b e e n  so u g h t  in  P o in c a r é ’ s 

co n v e n tio n a lis t  e p is te m o lo g y . I n  a n  in terestin g  p a p e r , M . T h é o  K a h a n  

b lam es (s o m e w h a t  as d e B r o g lie  d id  in  S 6 v 6 n t s  e t  d é c o u v e r t e s 19)

“ sa p h ilo s o p h ie  c o n v e n tio n a lis te  q u i a c c o r d a it  a u x  lo is  d e  la  g é o m é tr ie  

et d e  la  p h y s iq u e  to u t  au  p lu s  u n  ca ra c tè re  d e  c o n v e n t io n s  u tiles, sans 

s ig n ifica tion  ré e lle  p r o fo n d e .” 20 W h ile  I  d o  n o t  d isa g ree  th at th is p la y e d  

a  ro le , I  a m  stru ck  as fo r c e fu lly  b y  a n  a p p a re n t ly  q u ite  u n re la te d , d i f 

fe ren t tra in  in  P o in c a r é , n a m e ly , th a t h e  in sisted  re p e a te d ly  th a t th e  

re la tiv ity  p r in c ip le  is s im p ly  a n  e x p e r im e n ta l  fa c t .

T h u s , in  th e  essay L ’ E s p a c e  e t  le  tem p s , h e  w r o te  “ le  p r in c ip e  d e  la  

re la tiv ité  p h y s iq u e , n o u s  l’ a v on s  d it , est u n  fa it  e x p é r im e n ta l, a u  m ê m e  

titre q u e  les p ro p r ié té s  des so lid es  n a tu re ls ; c o m m e  tel, il est su scep tib le  

d ’ u n e  in cessan te  rév is ion . . . .” 21 A n d  w h e n  P o in c a r é  ca m e  to  w rite  th e  

essay L a  M é c a n iq u e  e t l’ o p t iq u e , h e  m a d e  a  v e ry  s ig n ifica n t co n fe ss io n .

T h e  n ew s r e a c h e d  h im  th at th e  results o b ta in e d  b y  th e  g rea t  e x p e r im e n 

talist W a lte r  K a u fm a n n  ( 1 9 0 6 ) d isp ro v e d  th e  re la tiv ity  th e o ry  o f  L o re n tz  

(as w e ll as th a t o f  E in s te in ) . T o  P o in ca ré , th e  p r in c ip le  o f  re la tiv ity , 

o n  w h ich  h e  h a d  ba sed  his o w n  g rea t  w o r k  p u b lish e d  th a t sam e y ea r  in  

th e  R e n d i c o n t i , w as im m e d ia te ly  su sp ect, a n d  h e  n o w  w r o te : “ L e  

P rin c ip e  d e  la  R e la t iv ité  n ’ a u ra it  d o n c  p a s la  v a le u r  r ig ou reu se  q u ’ o n  

était ten té  d e  lu i a ttr ib u e r .” 22
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E in ste in , o n  h is s id e , n e ith e r  a c c e p te d  n o r  d is p r o v e d  K a u fm a n n ’ s 

c la im . W it h  th e  ch a ra c te r is t ic  ce rta in ty  o f  a  m a n  fo r  w h o m  th e  fu n d a 

m e n ta l h y p o th e s is  is n o t  c o n t in g e n t  e ith e r  o n  e x p e r im e n t  o r  o n  h eu ris tic  

(c o n v e n t io n a lis t ic )  c h o ic e , E in ste in  w a ite d  fo r  o th ers  to  sh ow , o v e r  th e  

n e x t  years, th a t  K a u fm a n n ’ s e x p e r im e n ts  h a d  n o t  b e e n  d e c is iv e .23 F o r  th e  

c r u c ia l d i f fe r e n c e  b e tw e e n  E in ste in  a n d  P o in c a r é  w as th a t E in ste in  h a d  

fu lly  e m b r a c e d  re la tiv ity , b y  e le v a tin g  w h a t  h e  c a lle d  h is V e r m u tu n g  

[c o n je c tu r e ]  n a m e ly , th e  P r in c ip le  o f  R e la t iv ity , t o  th e  status o f  a  V o r 

a u sse tz u n g  [p ostu la te ]. I  r e fe r  to  su ch  a  p o s tu la te  as a  th e m a t ic  p r o p o s i 

t io n  o r  th e m a tic  h y p oth esis . A n d  it  is p re c ise ly  su ch  n o n v e r ifia b le  a n d  

n o n fa ls ifia b le  (a n d  n o t  e v e n  q u ite  a rb itra ry ) th e m a tic  h y p oth eses  w h ic h  

a re  m o st  d ifficu lt  t o  a d v a n c e  o r  to  a c c e p t . I t  is th ey  w h ic h  are  a t  th e  

h e a rt  o f  m a jo r  ch a n g e s  o r  d isp u tes , a n d  w h o se  g r o w th , re ig n , a n d  d e c a y  

a re  m u c h -n e g le c te d  in d ica to rs  o f  th e  m ost  s ig n ifica n t d e v e lo p m e n ts  in  

th e  h istory  o f  sc ie n ce . W ith  th ese  last sta tem en ts  w e  h a v e  b e e n  le d  b y  a  

s p e c ific  e x a m p le  t o  th e  th re sh o ld  o f  a  d iscu ss ion  th a t d e v e lo p s  this p o s i 

t io n  in  d e ta il. I n  th e  lim its  o f  s p a ce  m a d e  a v a ila b le  I  c a n  o n ly  p u t  f o r 

w a r d  th e  m o st  essentia l t e r m in o lo g y  [b y  s u m m a riz in g  h ere  so m e  p o rt io n s  

o f  S e c t io n  I I I  o f  E ssay 1].

I ll

A ll  m o d e r n  an alyses o f  s c ie n ce  a g re e  th a t tw o  typ es o f  p ro p o s it io n s  

a re  sc ie n tifica lly  n o t  m ea n in g less , n a m e ly , p r o p o s it io n s  c o n c e r n in g  e m 

p ir ica l m a tters  o f  “ fa c t ,”  a n d  p r o p o s it io n s  c o n c e r n in g  th e  ca lcu lu s  o f  

lo g ic  a n d  m a th e m a tics  th a t h e lp s  us to  s tru ctu re  a n d  an a ly ze .

W e  ca n  use these tw o  g e n e ra liz e d  c o o r d in a te s  to  d e fin e  an  x -y  p la n e . 

I t  is th e  p la n e  in  w h ic h  sc ie n tific  d isco u rse  u su a lly  p ro ce e d s . A  c o n c e p t  

su ch  as fo r c e  m a y  b e  c o n s id e r e d  as a  p o in t  in  th e  x -y  p la n e . T h e  p r o 

je c t io n  o n  th e  x , o r  p h e n o m e n ic , d im e n s io n  co rre s p o n d s  to  th e  e m p ir ica l 

m e a n in g  o f  “ fo r c e ,”  i.e ., its d e te c t io n  a n d  m e a su re m e n t th r o u g h , say, 

th e  d is to r tio n  e x p e r ie n c e d  b y  s ta n d a rd  o b je c ts . T h e  p r o je c t io n  o f  th e  

c o n c e p t  “ fo r c e ”  o n  th e  y -  d im e n s io n  is its a n a ly tic  m e a n in g  (v e c t o r  

p r o p e r ty , e .g ., p a r a lle lo g r a m  la w  o f  c o m p o s i t i o n ) .

In  th e  sa m e m a n n e r , w e  a n a ly ze  a  sta tem en t, e .g ., a  h y p oth esis  o r  

th e  la w  o f  u n iv ersa l g ra v ita t io n a l a ttra ct io n , in  term s o f  its p h e n o m e n ic  

a n d  h e u r is t ic -a n a ly t ic  c o m p o n e n ts . S u ch  a n  analysis is a  “ c o n t in g e n c y  

an alysis,”  b e ca u se  th e  v a lu e  o f  a  s ta tem en t in  th e  x -y  p la n e  is c o n t in g e n t
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o n  th e  p oss ib ility  o f  ( 1) c h e c k in g  th e  p h e n o m e n ic  c o m p o n e n t  (e .g .,  

w h eth er  tw o  m asses d o  m o v e  c lo ser  in  a  C a v e n d ish  e x p e r im e n t) a n d  

( 2 ) ch e c k in g  th e  h e u ris tic -a n a ly tic  c o m p o n e n t  (e .g ., w h e th e r  th e  a n a l 

ysis in  term s o f  v e c to rs  in  E u c lid e a n  sp a ce  is m o re  a p p ro p r ia te  th an , 

say, in  term s o f  s c a la r s ) . T h e  x -y  p la n e  is thus th e  “ c o n t in g e n t  p la n e ,”  

w h ere  sc ien tific  co n ce p ts  a n d  p ro p o s it io n s  h a v e  b o th  e m p ir ica l a n d  a n a 

ly tica l re lev a n ce .

N o w  it has b e e n  th e  c la im  o f  m o d e r n  p os itiv ism  th a t sta tem ents are  

sc ien tifica lly  m e a n in g fu l o n ly  in so fa r  as th ey  h a v e  co m p o n e n ts  in  th e  

c o n tin g e n t  p la n e . T h is  a tt itu d e  h as a lso  b e e n  th e  r u lin g  o n e  in  th e  

y o u n g e r  scien ces  su ch  as p s y c h o lo g y , a n d  a lso  in  h istory , p a rticu la r ly  

the h istory  o f  sc ien ce . F r o m  B a c o n , K e p le r , a n d  N e w to n  o n , a ll w h o  

h a v e  c la im e d  n o t  to  fe ig n  h y p oth eses  h a v e  b e e n  c o n c e r n e d  w ith  k e e p in g  

the h y p oth eses  th ey  m u st use in  th e  c o n t in g e n t  p la n e . A n d  this is o n e  

reason  w h y  sc ie n ce  has g r o w n  so ra p id ly  s in ce  th e  ea rly  p a rt  o f  th e  sev 

en teen th  cen tu ry .

T h e  fa c t , h o w e v e r , is th a t this a im  is n o t  a n d  n e v e r  ca n  b e  fu lly  

a c h ie v e d , a n d  the analysis o f  h is to r ic  cases in  s c ie n ce  sh o u ld  m o r e  

w id e ly  b e g in  to  take in to  a c c o u n t  th a t c o n c e p ts  a n d  h y p oth eses  u sed  in  

sc ien ce  are  m e a n in g fu l n o t  o n ly  in  th e  c o n t in g e n t  p la n e . T h e  c o n t in g e n t  

co m p o n e n ts  are  m ere ly  tw o  o f  th ree  c o m p o n e n ts , th e  results o f  a  p r o 

je c t io n  fr o m  a n  x -y -z  sp a ce  to  th e  x -y  p la n e . A  c o n c e p t  su ch  as fo r c e , fo r  

e x a m p le , has a lso  a  th e m a tic  c o m p o n e n t , w h ic h  is d ire c t ly  c o u p le d  

n e ith er  to  p h e n o m e n a  n o r  to  ta u to lo g ica l, a n a ly tic  sta tem en ts, b u t  to  th e 

persisting  th e m e  o f  an  a c t iv e  p o te n c y  p r in c ip le  th at stands b e h in d  th e 

w h o le  seq u en ce  o f  c o n c e p ts  fr o m  w h ich  o u r  id e a  o f  fo r c e  has d e v e lo p e d  : 

e n erg e ia , a n im a , vis , K r a f t .  S im ila r ly , a  h y p oth es is  o r  a  la w  su ch  as th e  

L a w  o f  C o n s e rv a t io n  o f  M o m e n tu m  o r  o f  E n e rg y  c a n  b e  m o re  fu lly  u n 

d e rs to o d  as a  lin e  e le m e n t o r  c o n fig u r a t io n  in  th re e -d im e n sio n a l “ p r o p 

o s ition  s p a ce ”  w ith  a  p r o je c t io n  o n  th e  th ird  ax is, th a t o f  th em a ta  

c o rr e s p o n d in g  to  th e  d e lin e a tio n  o f  th e  persisten t m o t i f  o r  th em a  o f  

“ co n s ta n cy ”  o r  “ co n s e rv a t io n .”

P o in ca ré  h im se lf c lea r ly  exp ressed  th e  ro le  o f  th e m a ta  in  a  passage 

in  L 6  S c i e n c e  e t  l ’ h y p o t h è s e  :

C om m e nous ne pouvons pas donner de l ’énergie une définition générale, 

le principe de la conservation de l ’énergie signifie sim plem ent qu ’ il y a quelque  

chose  qui dem eure constant. E h bien, quelles que soient les notions nouvelles 

que les expériences futures nous donneront sur le m onde, nous sommes sûrs
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d ’avance qu ’il y  aura quelque chose qui dem eurera constant et que nous pour 

rons appeler énergie  [to w h ich  w e n ow  add : even w hen w e used to  call it only 

mass.]24 (Em phasis in  orig in a l.)

A  th e m a t ic  p o s it io n , o r  m e th o d o lo g ic a l  th e m a , is a  g u id in g  th e m e  in  

th e  p u rsu it  o f  s c ie n tific  w o r k , s u c h  as th e  th e m a  o f  ex p ress in g  la w s  o f  

c o n s ta n c y , o f  e x tre m u m , o r  o f  im p o te n c y , o r  q u a n t if ic a t io n , o r  R u le s  o f  

R e a s o n in g . A  th e m a t ic  p r o p o s it io n , o r  th e m a tic  h y p oth es is , is a  sta te 

m e n t  th a t is d ir e c t ly  n e ith e r  v e r ifia b le  n o r  fa ls ifia b le , e .g ., E in ste in ’ s p r in 

c ip le  o f  re la t iv ity  in  its m o d e m  sense a n d  o f  th e  c o n s ta n c y  o f  lig h t  

v e lo c ity  in  fr e e  sp a ce — a n d  P o in c a r é ’ s b a s ic  b e l ie f  in  th e  e th er.

T h e  r e c o g n it io n  o f  s u c h  th e m a t ic  d iffe r e n c e s  m a y  h e lp  us u n d e rs ta n d  

th e  w id e s p r e a d  fe e l in g  o f  p a r a d o x  a n d  o u tr a g e  w h e n  a  n e w  th e m a  is 

p r o p o s e d  in  o p p o s it io n  t o  th e  p r e v a le n t  o n e s— as w a s , o f  co u rs e , th e  case  

w ith  r e la t iv ity  th e o ry , so  m u c h  so  th a t  P o in c a r é , t o  th e  e n d  o f  h is  l i fe  in  

1 9 1 2 , r e fe r re d  to  E in ste in ’ s th e o r y  o f  re la t iv ity  n e v e r  o n c e  in  p r in t  (a n d  

t o  E in ste in , as fa r  as I  c o u ld  d is c o v e r , o n ly  o n c e , o n  th e  s u b je c t  o f  th e  

p h o t o n , a n d  in  a  d e r o g a to r y  w a y ) .

F in a lly , m o r e  c a n  b e  sa id  c o n c e r n in g  th e  fa c t  th a t it is th e  m a rk  o f  a  

c e r ta in  ty p e  o f  g en iu s , in  p a r t ic u la r  o f  th e  n o n c o n s e r v a to r y  m in d , to  b e  

“ th e m a ta -p r o n e ” — a t least f o r  a  t im e . O n  th is  p o in t , n o th in g  is m o r e  

r e v e a lin g  th a n  th e  tra n scr ip t  o f  th e  S o lv a y  C o n g re ss  o f  19 1 1 , w h e r e  

E in ste in  a n d  P o in c a r é  m e t. T h e  re la t iv ity  th e o ry  w a s  n o  lo n g e r  a n  issue. 

T h e  n e w  t o p ic  w a s  th e  q u a n tu m  th e o ry . I t  ra ised  n e w , g ra v e  p r o b le m s ; 

f o r  e x a m p le , h o w  c o u ld  o n e  u n d e rs ta n d  p r o b a b il is t ic  b e h a v io r  o n  th e  

a t o m ic  s ca le ?

A n d  r ig h t  th ere  a n d  th e n , it  w a s  E in ste in ’ s tu rn  t o  b e g in  resistin g  a  

n e w  th e m e , th a t  o f  in h e re n t ly  p r o b a b il is t ic  b e h a v io r . I t  n o w  w a s h e  w h o  

b e g a n  t o  w a r n  th a t  o n e  s h o u ld  n o t  fe ig n  a  h y p o th e s is  lo c a te d  so  fa r  fr o m  

th e  c o n t in g e n t  p la n e . T h e  n e x t  c h a p te r  in  th e  h is to ry  o f  s c ie n ce , f r o m  

th e  p o in t  o f  v ie w  o f  th e m a t ic  analysis, h a d  o p e n e d .
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41, 1956.

2. Ib id ., p . 36.
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nom ena (e.g ., H enri Poincaré, R 6 p p o r t s  d u  C o n g r è s  d e  P h y s i q u e  d e  1900, 
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1906, w hich  was presented by Poincaré on July 23, 1905. A  short abstract 

appeared earlier in  C o m p t e s  R e n d u s , 140 :1504 -1508 , 1905. Einstein’s 

first paper on  relativity theory appeared in the issue o f  A n n  6 l e n  d e r  
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l’ existence d e  l ’éther, ce lle  m êm e des ob jets extérieurs, ne sont que des 

hypothèses com m odes. . . .”  H ere P ierre B outroux adds the query : “ Ces con 

clusions sont-elles exagérées?”  T o  answer this, w e point to the rarity w ith w hich  

P oincaré expressed a conventionalistic attitude to the existence o f  the ether, 

and the seriousness and success w ith  w hich  he d id  regard the ether and its 

functions. T hu s P oincaré was even m ore w illin g  to grant the conventionalistic 

status o f  E uclidean geom etry, but he also show ed that it was not just a m atter 

o f  conven ience, e.g., in L 6  S c i e n c e  e t  l ’ h y p o t h è s e , p. 9 3 : “ La géom étrie 

euclidienne n ’a d on c rien à craindre des expériences nouvelles.”  S im ilarly, in 

D e r n i è r e s  P e n s é e s  (P aris : Ernest F lam m arion, 19 1 3 ), p. 196: “ . . . les 

atom es ne sont plus une fiction  c o m m o d e .. . . ”  T h e  ether, also, was to Poincaré 

not m erely “ une fiction  co m m o d e .”

14. Poincaré, L 6  V 6 l e u r  d e  l 6  s c i e n c e , p. 47.

15. H en ri P oincaré, L es R a pports  de la m atière e t d e V éther , Jo u r n 6 l  d e  

P h y s i q u e , 2 :3 6 0 ,1 9 1 2 ; and D e r n i è r e s  P e n s é e s , pp . 21 9 -2 20 .

16. P oincaré, T h e  Principles o f M athem atica l Physics, p . 19.

17. Jacques H adam ard , L e  P roblèm e des trois corps , in V olterra , et al., op. 

cit., p. 88 .

18. Charles N ordm ann, H en ri P oincaré, son oeuvre scientifique— sa philo 

sophie, R e v u e  d e s  D e u x  M o n d e s , Series 6, 11 :347 , 1912. In  this eulogy, 

N ordm an n accurately points out that P oincaré ’s w ork cou ld  be considered 

“ com m e le  couronnem ent de trois siècles de  recherches,”  and he adds that 

posterity w ou ld  p lace  P oincaré ’s w ork  on celestial m echanics “ à cô té  des 

im m ortels P r i n c i p e s  d e  N ew ton . . . .”  Paul Langevin  hit astutely and m ore 

clearly  the sam e point w hen he w rote tw o years later, in  L e  Physicien , in 

V olterra, et al., op. cit., p . 170: “ [P oincaré in 1904] voyait avec un peu d ’in 

qu iétude ébranler, grâce aux instruments forgés par lu i-m êm e, le vieil édifice 

d e  la dynam ique new tonienne q u ’il avait récem m ent encore couronné par ses 

adm irables travaux sur le p rob lèm e des trois corps et la form e d ’équilibre des 

corps célestes.”

19. d e  B roglie, op . cit., p. 51.

1 9 4
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ever, Poincaré never elevated the latter principle o f  relativity to a conven tion .

(I thank D r. A . I. M iller  for useful discussions on this poin t.)

22. H enri P oincaré, L a  M é c a n iq u e  e t  l ’ o p t iq u e ’, B ook 3, C hapter 2 o f  Sc i e n c e  

e t  m é t h o d e  (Paris: Ernest F lam m arion , 1908), p. 248.

23. A  full discussion o f  E x p e r im e n ta l  In v e s t ig a t io n s  on  the M a s s  o j  th e  E le c tr o n  

is given in C hapter 7 o f  H . A . L oren tz, L e c t u r e s  o n  T h e o r e t i c 6 l  P h y s i c s  

(L on d on : M acm illan  & C o ., 1931), V o lu m e I II . Sum m arizing K au fm an n ’ s 

experim ents (w hich  w ere not defin itely  d isproved until the w ork o f  N eum ann,

1914; and G u ye and L avanchy, 1916), L orentz says: “ . . .  a num ber o f  sources 

o f  experim ental error can be pointed  out. T hu s, e .g ., the vacu um  was not 

high enough . In fact, now  and then a spark passed betw een the plates o f  the 

condenser, w hich  shows that there was always som e ionisation current left 

betw een these plates, and that, therefore, the hom ogen eity  o f  the electric 

field was not above  d ou bt. In fine, n o definite verdict can be based upon  

K aufm ann ’ s experim ents in favour o f  either theory”  (p. 274). [E instein ’ s 

reaction to K au fm an n ’ s “ d isp roo f”  is o f  considerable im portance and will 

be discussed in Essay 8 { M a c h ,  E in s te in , a n d  th e  S ea rch  f o r  R e a l i t y ) . ]

24. P oincaré, L 6  S c i e n c e  e t  l ’ h y p o t h e s e , p. 195.
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7 INFLUENCES ON EINSTEIN’S 
EARLY WORK

N M a r c h  11, 1952 , A lb e r t  E in ste in  w r o te  to  C a r l S e e lig :

Between the conception  o f  the idea o f  this special relativity theory and the 

com pletion  o f the corresponding publication, there elapsed five or six weeks. 

But [he added  rather cryptically] it w ou ld  be  hardly correct to consider this as 

a birth date, because earlier the arguments and build ing blocks were being pre 

pared over a period  o f years, although w ithout bringing about the fundam ental 

decision.1

C a n  w e  g e t  so m e  id e a  w h a t  m a y  h a v e  h a p p e n e d  d u r in g  th ose  years a n d  

w h a t— o r  w h o — h e lp e d  to  b r in g  a b o u t  th e  “ fu n d a m e n ta l d e c is io n ” ? 

H o w  la rg e  o r  h o w  sm all w a s  th e  e ffe c t  o f  th e  w o r k  o f  e a r lie r  p h ysic ists?  

Is  th ere  so m e  s tro n g  in flu e n ce  th a t has so  fa r  b e e n  o v e r lo o k e d ?

T h e  style o f  E in ste in ’ s g re a t  first p a p e r  o f  1905 o n  re la tiv ity , Z u r  

E lek tro d y n a m ik  b e w e g te r  K o r p e r 2 w as m a rk e d ly  d iffe r e n t  fr o m  w h a t  

w as th e n  cu rre n t, a c c e p te d  p r a c t ic e ;  d iffe re n t , f o r  e x a m p le , f r o m  H . A . 

L o re n tz ’ s o r  E m il C o h n ’ s, w h o se  th eor ies  o f  e le c tro d y n a m ic s  o f  m o v in g  

b o d ie s  w e re  tak en  q u ite  seriou sly  a t  th e  t im e , fo r  e x a m p le , b y  B u c h e r e r  

a n d  A b r a h a m . N o r  a re  th e re  re a lly  su ffic ien t  c lu es  in  th e  litera tu re  

w h ic h  b io g ra p h e rs  c ite  th a t h e lp  us to  u n d e rs ta n d  th e  s tru ctu re  o f  th a t 

p a p er . I t  starts w ith  a  cu r io u s  q u e s t io n : w h y  is th ere  in  M a x w e l l ’ s th eory

This article is slightly condensed from  the version originally published in 

T h e  A m e r i c 6 o  S c h o l 6 r , V olu m e 37, W inter, 1967-8, pp . 59 -79 .
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o n e  e q u a t io n  f o r  f in d in g  th e  e le c tr o m o tiv e  fo r c e  g e n e ra te d  in  a  m o v in g  

c o n d u c t o r  w h e n  it  g o e s  p a st a  sta tion a ry  m a g n e t , a n d  a n o th e r  e q u a t io n  

w h e n  th e  c o n d u c t o r  is s ta tion a ry  a n d  th e  m a g n e t  is m o v in g ?  A fte r  a ll, 

it is o n ly  th e  re la tiv e  m o t io n  b e tw e e n  c o n d u c t o r  a n d  m a g n e t  th a t cou n ts . 

T h e n ,  w ith o u t  sp e c ifica lly  m e n t io n in g  b y  n a m e  a n y  o f  th e  n o w -s o -  

fa m o u s  e x p e r im e n ts , th e  in tr o d u c to r y  se c t io n  o f  th e  p a p e r  en d s  b y  d is 

m iss in g  th e  c o n c e p t io n s  o f  a b so lu te  m o t io n  a n d  o f  th e  e th er . T h e r e  

fo l lo w s  th e  c r u c ia l s e ct io n , “ K in e m a tis ch e r  T e i l , ”  w h ic h  d e v e lo p s  re la 

t iv istic  k in e m a tics  th r o u g h  a  fu n d a m e n ta l p h ilo s o p h ic a l e x a m in a t io n  

o f  th e  c o n c e p ts  o f  s p a ce  a n d  t im e . O n ly  la ter  o n  co m e s  th e  tre a tm e n t 

o f  M a x w e l l ’ s e q u a tio n s , a n d  fin a lly , a lm o st  as a n  a fte r th o u g h t , som e  p r e 

d ic t io n s  a b o u t  e le c tr o n  m o t io n , e n d in g  w ith  th e  e q u a tio n s  “ a c c o r d in g  

to  w h ic h  th e  e le c tr o n  m u st m o v e  in  c o n fo r m ity  w ith  th e  th e o ry  p resen ted  

h e r e .”  T h e  o n ly  o n e  w h o  is g iv e n  c r e d it  f o r  b e in g  h e lp fu l  in  d iscu ssion s 

le a d in g  t o  th e  w r it in g  o f  th e  p a p e r  is a  fr ie n d , c o -w o r k e r  a t  th e  P aten t 

O ff ic e , a n d  fo r m e r  fe l lo w -s tu d e n t  o f  E in ste in , an  e n g in e e r  n a m e d  

M ic h e la n g e  Besso.

T h is  w a s  a  stran ge  a n d  u n iq u e  w a y  o f  w r it in g  a  p a p e r  o n  e le c tr o d y 

n a m ics  in  1905 . M a x  v o n  L a u e , o n e  o f  th e  first a n d  fo r e m o s t  partisan s 

f o r  a n d  c o n tr ib u to r s  to  re la tiv ity  th e o ry , n everth e less  co n fe sse d  to  M iss  

M a r g o t  E in ste in  in  a  le tte r  o f  O c t o b e r  23 , 19 59 , th a t h e  h a d  fe lt  fu n d a 

m e n ta l d ifficu ltie s  f o r  a  lo n g  tim e . H e  w r o te  th a t a fte r  th e  p u b lic a t io n  

o f  E in ste in ’s p a p e r  in  1905 , “ s low ly  b u t  stea d ily  a  n e w  w o r ld  o p e n e d  

b e fo r e  m e . I  h a d  to  sp e n d  a  g re a t  d e a l o f  e f fo r t  o n  i t . . .  . A n d  p a r t ic u 

la r ly  e p is te m o lo g ic a l d ifficu ltie s  g a v e  m e  m u c h  tro u b le . I  b e lie v e  th at 

o n ly  s in ce  a b o u t  1950  h a v e  I  m a ste re d  th e m .”  L e o p o ld  I n f  e ld  sim ilarly  

w r ite s :

T h e  title sounds m odest, yet as w e read it w e notice  alm ost im m ediately that 

it is different from  other papers. T h ere  are n o  references; n o  authorities are 

quoted , and the few  footnotes are o f  an explanatory character. T h e  style is 

sim ple, and a great part o f  this article  can be fo llow ed  w ithout advanced tech 

nical know ledge. But its fu ll understanding requires a maturity o f  m ind and 

taste that is m ore rare and precious than pedantic know ledge, for  Einstein’s 

paper deals w ith the most basic problem s; it analyzes the m eaning o f  concepts 

that m ight seem too  sim ple to be scrutinized.3

S o , in  re trosp ect, it  is n o t  e n tire ly  su rp ris in g  th a t it  t o o k  a lso  a lo n g  

b r o o d in g  p e r io d  fo r  E in ste in  h im s e lf  b e fo r e  th is re m a rk a b le  w o r k  w as
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h a tch e d . B u t w h e re , w h e n , a n d  fr o m  w h o m  m ig h t  E in ste in  h a v e  o b 

ta in ed  so m e  o f  h is p o in t  o f  v ie w , his q u estion s , a n d  his m e th o d ?

A r c h iv a l  S o u rces

O n e  w a y  to  b e g in  to  fin d  o u t  is, o f  co u rse , t o  lo o k  a t d o cu m e n ts .

T h e r e fo r e , a fte r  these qu estion s  h a d  ra ised  th em selves , I  b e g a n  to  search  

fo r  w h a te v e r  d o c u m e n ts  m ig h t  h a v e  su rv iv ed  th a t w o u ld  b e  re lev a n t.

In  th e  possession  o f  A lb e r t  E in ste in ’ s E state , a n d  k e p t  f o r  th e  t im e  b e in g  

at th e  In stitu te  fo r  A d v a n c e d  S tu d y  at P r in ce to n , th ere  a re  in d e e d  

d o cu m e n ts — a b o u t  tw e n ty  m eta l file  d ra w ers  fu ll, c o u n t in g  o n ly  th e  

m o re  sc ien tific  p a rt  o f  E in ste in ’s m a n u scr ip ts  a n d  th e  la rg e ly  u n p u b 

lish ed  c o rr e s p o n d e n c e .

E in ste in ’ s d e v o te d  secretary , M iss  H e le n  D u k a s , has b e e n  p u tt in g  th e  

d o cu m e n ts  in to  system atic o r d e r ;  o v e r  th e  p a st fe w  years, w e  h a v e  c a ta 

lo g u e d  th e  m a teria l. C o p ie s  o f  c o r r e s p o n d e n c e  are  c o n t in u a lly  b e in g  

r e ce iv e d  a n d  a d d e d , b u t  a  p re lim in a ry  a rch iv a l c a le n d a r  is n o w  fa ir ly  

w ell fin ish ed , a n d  it  has b e g u n  to  b e  p u t  to  use in  s ch o la r ly  w o r k . In  

this p a p e r  itse lf I  sh a ll be  d r a w in g  o n  a  n u m b e r  o f  h ith e rto  u n p u b lish e d  

d o cu m e n ts , a n d  th e re b y  c a n  h o p e  to  fu rn ish  o n e  e x a m p le  o f  th e  m a n y  

p ro b le m s  th a t c a n  n o w  b e  a tta ck e d  w ith  th e  a id  o f  th e  a rch ives .

I n  a d d it io n  to  th e  letters, th ere  a re  e le v e n  n o te b o o k s , sta rtin g  fr o m  

E in ste in ’ s s tu d e n t d a y s ; a  fe w  tra v e l d ia r ie s ; fo ld e rs  u p o n  fo ld e rs  o f  p u b 

lish ed  m a n u scr ip ts , m a n y  in  e a r ly  d r a f t ;  a n d  severa l d o z e n  u n p u b lish e d  

m a n u scrip ts . A l l  th is su rv iv e d  m o r e  o r  less b y  g o o d  lu ck . O n  re tu rn in g  

fr o m  a  tr ip  t o  th e  U n ite d  S tates in  th e  w in te r  o f  1 9 3 2 -3 3 , E in ste in  

fo u n d  o n  r e a c h in g  E u r o p e  th a t H it le r ’ s su p p orters  h a d  tak en  o v e r  in  

G erm a n y . E in ste in  n e v e r  a g a in  set f o o t  o n  G e r m a n  soil, a n d  m o st  o f  th e  

c o rr e s p o n d e n c e  w a s  b r o u g h t  o u t  b y  d ip lo m a t ic  p o u c h  th r o u g h  th e  

F re n ch  E m bassy .

O n e  o f  th e  first th in g s  I  lo o k e d  f o r  w as, o f  cou rse , a n y  m a n u s cr ip t  o r  

d ra ft  o f  E in ste in ’s 1905  p a p e r  o n  re la tiv ity  th e o ry . B u t p a rt icu la r ly  f o r  

the ea rly  p a p ers , E in ste in  m u st h a v e  d e s tro y e d  o r  d is ca rd e d  th e  m a n u 

scrip ts w h e n  th ey  w e re  re tu rn e d  f r o m  th e  p r in te r , i f  th ey  e v e r  w ere .

E in stein  h im s e lf h a d  o c c a s io n  t o  reg re t  this. D u r in g  a  W a r  B o n d  d r iv e  

in  th e  U n ite d  S tates d u r in g  W o r ld  W a r  I I ,  h e  w as asked  to  d o n a te  th e  

m a n u scr ip t, a n d  w h e n  h e  c o u ld  n o t  o b lig e  in  th is w a y , h e  w r o te  th e 

p a p e r  o u t  a ll o v e r  a g a in  in  lo n g h a n d . M iss  D u k a s  reca lls  th at she d ic 

ta ted  it to  h im  fr o m  h is p u b lish e d  p a p e r , a n d  th a t h e  in te rru p te d  h er ,
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sh a k in g  h is h e a d  a n d  say in g , “ I  c o u ld  h a v e  sa id  this m o r e  s im p ly .”  T h e  

te m p ta tio n  t o  w r ite  so m e th in g  d iffe re n t , h o w e v e r , w as o v e r c o m e , a n d  

th e  m a n u s cr ip t  w a s  “ a u c t io n e d ”  o f f  to  th e  p e r s o n  w h o  p ro m is e d  to  b u y  

th e  la rgest a m o u n t  o f  W a r  B o n d s  (w h ic h  tu rn e d  o u t  to  b e  severa l m il 

l io n  d o l la r s ) ,  a n d  w h o , in  tu rn , d e p o s ite d  th e  m a n u s cr ip t  in  th e  L ib r a r y  

o f  C o n g re ss  in  W a s h in g to n .4

T h u s  th ere  is n o  c o n te m p o r a n e o u s  d r a ft  o r  m a n u s cr ip t  o f  th e  1905 

p a p e r  fr o m  w h ic h  o n e  m ig h t  le a rn  s o m e th in g  o f  its gen esis. B u t th ere  are  

tw o  n o te b o o k s  th a t E in ste in  k e p t  w h ile  still a  s tu d en t a t th e  P o ly te ch n ic  

In stitu te  ( E .T .H . )  a t Z u r ic h  d u r in g  th e  p e r io d  1897 to  1900 . B o th  a re  

sets o f  le c tu re  n o tes  ta k en  in  th e  p h y s ics  co u rs e  g iv e n  b y  H e in r ic h  F r ie d 

r ic h  W e b e r  w h o s e  sp e c ia l fie ld  o f  w o r k  w as a lte rn a tin g -cu rre n t  te c h n o l 

o g y . O n e  o f  th e m  is o n  h e a t  a n d  th e r m o d y n a m ic s , th e  o th e r  o n  te ch n ic a l 

p r o b le m s  su ch  as l iq u e fa c t io n  o f  gases (w ith  d e ta ile d  d r a w in g s ) ,  a n d  

e le c tr ic ity  fr o m  C o u lo m b ’ s L a w  t o  in d u c t io n . B u t  it d o e s  n o t  e v e n  g o  to  

M a x w e l l ’ s w o r k ! A n d  o n  th a t h a n g s  p a r t  o f  th is ta le . F o r  w h a t  w as le ft  

o u t  in  class w a s  e x a c t ly  w h a t  y o u n g  E in ste in  w a s  w a it in g  fo r . T h e  fa c t  

th a t h e  w a s  th r o w n  o n  h is o w n  d e v ice s  h a d , as w e  sh a ll see, s o m e  in ter 

e s tin g  c o n s e q u e n c e s  in  th e  gen esis o f  re la tiv ity  th e o r y .5

R e a d in g  a t H o m e

A s  B esso w r o te  ( in  his n o tes  o f  A u g u s t  1946  f o r  S tr ick e lb e rg ’ s a rtic le  

o n  E in ste in  in  S w itz e r la n d ) , E in ste in  c a m e  to  th e  A a r a u  K a n to n -S c h o o l  

in  18 96  “ w ith  th e  [th e n  m u c h  d e b a te d ] q u estion s  c o n c e r n in g  th e  p a lp a 

b ility  [G re ifb a rk e it ]  o f  e th er  a n d  o f  a to m s”  in  m in d . W h e n  h e  w e n t  o n  

to  th e  P o ly te c h n ic  In s titu te  in  Z u r ic h , th e  lectu res  o n  p h ysics  m a d e  n o  

g re a t  im p ress ion  o n  E in ste in , w h o  fo u n d  his tea ch ers ’  d iscu ssion s “ se lf- 

e x p la n a to r y .”  I t  w a s  in d e e d  his p ro fe sso r , W e b e r , w h o , B esso rep orts , 

sa id  o n c e  to  E in ste in , “ Y o u  a re  a  c le v e r  fe l lo w ! B u t y o u  h a v e  o n e  fa u lt :  

O n e  c a n ’ t te ll y o u  a n y th in g , o n e  c a n ’ t te ll y o u  a n y th in g .”  C le a r ly , W e b e r  

c o u ld  n o t .6

T h is  c ir cu m s ta n c e  is c o r r o b o r a te d  b y  E in ste in ’ s c lassm ate , L o u is  

K o l l r o s :

T h ere  was not very m uch theoretical physics done at the P oly , w h ich  was strong 

in m a th em a tics .. . .  [W eber’s] lectures concern ing classical physics w ere lively; 

but w e w aited in vain fo r  an exposition o f  M a xw ell’s theory. W e knew  that the 

theory was fou nded in the identity o f  the transmission o f electricity and light,
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and that the w ork o f  H ertz concern ing electric waves had verified the theory.

W e  w ou ld  have gladly learned m ore about it. A b ove  all, it was Einstein w ho 

was disappointed [for, as Einstein recalls in  his Autobiographical N otes , it was 

“ the m ost fascinating subject at the tim e” ]. In  order to  fill this gap, he under 

took  to study on his ow n the works o f H elm holtz, M axw ell, Hertz, Boltzmann, 

and Lorentz .7

K o llr o s ’ s list o f  a u th ors  rem in d s  us o f  th e  fa m o u s  p a ssa ge  in  E in ste in ’ s 

A u to b io g r a p h ic a l  N o te s  w h ic h  d o e s  seem  re le v a n t  to  th e  q u e stio n  o f  

ea r ly  in flu e n ce  s h a p in g  th e  th o u g h ts  exp ressed  in  th e  1905 re la tiv ity  

p a p e r . T h e  p a ssa ge  c o n c e rn s  th e  p e r io d  o f  1 8 9 7 -1 9 0 0 :

I entered the P olytechnic Institute o f  Z u rich  as a student o f  m athem atics and 

physics. T h ere I had excellent teachers ( fo r  exam ple, H urw itz, M in k ow sk i), so 

that I really cou ld  have gotten a  sound m athem atical education. H ow ever, I 

w orked m ost o f  the tim e in  the physical laboratory, fascinated by the direct 

contact w ith experience. T h e  balance o f  the tim e I  used in the m ain in order 

to study at hom e the works o f  K irch h off, H elm holtz, Hertz, etc .8

T h e  rea lly  in terestin g  p a rt  m a y  w e ll b e  th e  stu d y  o f  th e  last, th e  “ e t c .”

W h o  is h id in g  b e h in d  th e  p h ra se  “ e t  c e te r a ” ? C o u ld  it b e  s o m e b o d y  w h o  

p re p a re d  E in ste in ’ s w a y  in  p re se n tin g  h is re la tiv ity  th e o r y ?  W e  m u st, 

o f  cou rse , n o t  d ism iss K ir c h h o f f ,  H e lm h o ltz , a n d  H e r tz , o r  f o r  th a t m a t 

ter B o ltz m a n n , M a c h ,  P o in c a r e , a n d  L o re n tz . B u t these d o  n o t  su ffice  

to  e x p la in  the fo r m  o f  E in ste in ’ s 1905  p a p e r . I f  s o m e o n e  else  exists, w e  

sh ou ld  b e  a b le  to  fin d  h im .

M a x w e ll ,  D ir e c t  a n d  I n d ir e c t

First, a  lo o k  a t th e  oth ers . F r o m  J u n e  1902 u n til O c t o b e r  1909, E in 

stein  w as a t th e  P a ten t O ff ic e  in  B ern . A c c o r d in g  to  a  m a n u s cr ip t  n o te  

fr o m  B esso in  th e  E in ste in  A rch iv e s , th e  a p p lic a n t  fo r  th e  p o s it io n  w as 

e x p e c te d  to  h a v e  a n  “ in tim a te  a c q u a in ta n c e  w ith  M a x w e l l ’ s th e o ry .” *

E in stein  q u a lifie d  o n  this s co re  b y  th e  t im e  h e  su b m itte d  his re la tiv ity  

p a p e r  in  J u n e  1905— o f  th at th ere  is n o  d o u b t— a n d  h e  m u st h a v e  

k n o w n  M a x w e l l ’s th e o ry  earlier. T h e r e  are  a  n u m b e r  o f  c o r r o b o r a t in g  

sta tem en ts o th e r  th a n  K o llr o s ’ s a n d  B esso ’ s, f o r  e x a m p le , in  a  le tter  to  

v o n  L a u e , sent b y  E in ste in  fr o m  P r in c e to n  o n  J a n u a ry  17, 1 9 5 2 :

D ear L au e: I now  have received your book  concern ing special relativity theory 

and find that it is very good . . . . [But] when one looks over your collection  o f  

proofs o f  the special relativity theory, one becom es o f the opinion  that M ax-
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w ell’s theory is unquestionable. But in  1905 I already knew  certainly that M a x 

w ell’s theory leads to false fluctuations o f radiation pressure and, w ith it, to  an 

incorrect Brow nian m otion  o f  a m irror in a P lanckian radiation cavity. In  m y 

view , one cou ld  not get around ascribing to radiation an ob jective  atom istic 

structure w hich , o f  course, does not fit in to the fram e o f M axw ell’s theory. . . .  

U nfortunately, the fifty years w hich  have since passed have not brought us 

closer to  an understanding o f atom istic structure o f radiation.

G r a n t in g  th a t E in ste in  o b v io u s ly  k n e w  M a x w e l l ’ s th e o ry  b y  1905 , th e  

q u e s tio n  is le ft  th r o u g h  w h ic h  b o o k s  h e  le a rn e d  it. I t  m a y  h a v e  b e e n  

b y  d ire c t  s tu d y  o f  M a x w e l l ’ s w o r k , a lth o u g h  th ere  is n o  d o c u m e n ta r y  

e v id e n c e  fo r  th is. A t  a n y  ra te , d ir e c t  s tu d y  w o u ld  n o t  h a v e  b e e n  th e  

o n ly  o r  e v e n  th e  m ost  im p o r ta n t  w a y . M a x w e l l  c a m e  t o  m o st  G e r m a n  

stu den ts  o f  p h y sics  first th r o u g h  th e  w o rk s  o f  H e lm h o ltz , B o ltz m a n n , 

a n d  H e r tz .10 T h e y  a re  in  m a n y  w ays q u ite  d iffe re n t , b u t  th ey  a lso  h a v e  

a t  least o n e  e le m e n t in  c o m m o n : th a t th ese  p resen ta tion s  o f  M a x w e l l ’s 

th e o ry  a re  q u ite  u n -M a x w e ll ia n , th a t, in  d iffe r e n t  d eg rees , th e ir  style 

is e v e n  fu r th e r  fr o m  th a t o f  M a x w e ll  th a n  fr o m  E in ste in ’ s p a p e r . O n  

this p o in t , a  b r ie f  w o r d  m u st  su ffice  h ere . F o r  e x a m p le , t o  a  c o n t e m p o 

ra n e o u s  p h y s ic is t  in  E n g la n d  a n d  F ra n c e , H e lm h o ltz ’ s w a y  o f  th in k 

in g  m u st h a v e  lo o k e d  q u ite  te rr ify in g . F u lly  h a lf  o f  h is in tr o d u c to r y  

v o lu m e  o f  th e  L e c t u r e s  o n  T h e o r e t i c 6 l  P h y s i c s  is sp e n t o n  th e  

fo l lo w in g  t o p ic s : p h ilo s o p h y  a n d  s c ie n c e ; p h y s ica l s c ie n c e ; c r it iq u e  o f  

th e  o ld  lo g i c ;  c o n c e p ts  a n d  th e ir  c o n n o ta t io n s ; h y p oth eses  as bases fo r  

th e  la w s ; th e  co m p le te n e ss  o f  sc ie n tific  e x p e r ie n c e  a n d  its p r a c t ic a l 

s ig n if ic a n c e ; a n d  so  fo r t h .11

M a x w e l l ’ s w o r k  p r o p e r  is p re se n te d  in  V o lu m e  5  o f  H e lm h o ltz ’s 

L e c t u r e s  o n  T h e o r e t i c 6 l  P h y s i c s , issued  in  18 97 . T h e  te rm in o lo g y  

th ere  is o n e  E in ste in  u sed  to  so m e  e x te n t  la ter . W h a t  ca tch e s  o u r  ey e  is 

th a t th ere  is v e ry  little  a tte n tio n  to  e x p e r im e n ta t io n . O n e  c a n n o t , fo r  

e x a m p le , f in d  a  r e fe r e n c e  to  th e  M ic h e ls o n  e x p e r im e n ts  w h ic h , a fte r  a ll, 

w e re  first tr ied  u n d e r  th e  s y m p a th e tic  e y e  o f  H e lm h o ltz  h im se lf. E v e n  

th e  se ct io n  e n tit le d  “ T h e  N ecessa ry  P ro p e rtie s  o f  the E th e r ”  has n o  r e f 

e re n ce  to  ex p e r im e n ts . A n d  in  th e  o n ly  p a p e r  th a t  H e lm h o ltz  w ro te  

sp e c ifica lly  o n  th e  s u b je c t  o f  M a x w e l l ’ s th e o ry , c a lle d  C o n s e q u e n c e s  o f  

M a x w e ll ’ s T h e o r y  C o n c e r n in g  th e  M o t io n  o f  th e  P u r e  E th e r , th ere  is 

n o t  a  s in g le  m e n t io n  o f  a c tu a l e x p e r im e n ts .

W h a t  E in ste in  m ig h t  h a v e  o b ta in e d  fr o m  s tu d y in g  H e lm h o ltz ’ s v er 

s ion  o f  M a x w e l l ’ s th e o ry  is first o f  a ll a  r e in fo r c e m e n t  o f  a  taste f o r  a
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co n sc io u s ly  e p is te m o lo g ic a l a p p r o a c h , a n d  a  c o n firm a tio n  th a t in  this 

a rea  e x p e r im e n ts  d o  n o t  c o u n t  c ru c ia lly .

R e a d in g  H e rtz , w h o se  c o l le c te d  w ork s  w e r e  a v a ila b le  b y  1895 , a n d  

w h o se  n o ta t io n  in  e le c tro m a g n e tism  h e  u sed  to  a  la rge  d e g re e , E in ste in  

w ill h a v e  seen  H e r tz ’ s first th o r o u g h  essay o n  T h e  F u n d a m e n ta l E q u a 

tion s o f  M a x w e ll ’s E le c tro d y n a m ics ,  p u b lish e d  in  1884, a n d  the a rtic le  

s ig n ifica n tly  e n tit le d  C o n c e r n in g  th e  F u n d a m e n ta l E q u a tio n s  o f  E le c t r o 

d yn a m ics  fo r  M o v in g  B o d ies  o f  1890. E v e n  th is greatest o f  ex p er im en ters  

in  th e  fie ld  o f  e le c tro m a g n e tism  m a k es  n o  e x p lic it  m e n t io n  o f  th e  “ e th er”  

e x p er im en ts  th at h a v e  lo o m e d  so  la rg e  in  r e ce n t  d iscu ssion s o f  th e  o r ig in s  

o f  re la tiv ity  th eory . O n  th e  o th e r  h a n d , th e  m a in  e ffe c t  th a t a  stu d y  o f  

H e r tz ’ s w o rk  m ig h t  h a v e  h a d  u p o n  a  re a d e r  like E in ste in  is p e rh a p s  best 

ch a ra c te r ize d  b y  H e r tz ’ s o w n  rem a rk s in  th e  P r i n c i p l e s  o f  M e c h 6 n i c s  :

“ In  g e n e ra l, I  o w e  v e ry  m u c h  to  th e  fin e  b o o k  c o n c e r n in g  th e  d e v e lo p 

m e n t o f  m e ch a n ics  b y  M a c h .”  I t  w as o n e  o f  v e ry  m a n y  fo r c e s  u r g in g  

y o u n g  E in ste in  to w a r d  E rn st M a c h .  A s  h e  sa id  la ter  in  h is A u to b io 

g ra p h ica l N o te s , M a c h ’ s S c i e n c e  o f  M e c h 6 n i c s  “ sh o o k  th is d o g m a t ic  

fa ith ”  in  “ m e ch a n ics  as th e  fin a l basis o f  a ll p h y s ica l th in k in g . . . . T h is  

b o o k  e x e rc ise d  a  p r o fo u n d  in flu e n ce  u p o n  m e  in  th is re g a rd  w h ile  I  

w as a  stu d en t. . . . M a c h ’ s e p is te m o lo g ic a l p o s it io n  . . . in flu e n ce d  m e  

very  g re a tly ----- ” 12
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E rn st M a c h

In d e e d , it  is an  ir o n ic  c ir cu m s ta n ce  th a t th e  state o f  c o n te m p o ra ry  

research  ph ysics  d u r in g  th e  p e r io d  w h e n  th e  y o u n g  E in ste in  b e g a n  to  

w ork  o n  sp ecia l re la tiv ity  w a s  rea lly  n o t  ch a ra c te r ize d  b y  su ch  a  d e g re e  

o f  d o g m a t ic  r ig id ity  as h e  th o u g h t . A s  S te p h e n  B ru sh  has re cen tly  

p o in te d  o u t , th e  m e ch a n is t ic  v ie w  o f  p h y s ica l rea lity  w as th en  d e fe n d e d  

b y  o n ly  a  “ fe w  lo n e ly  m e n  su ch  as B o lt z m a n n .. . . T h e  m o st  ‘ a d v a n c e d ’ 

a n d  ‘so p h is tica te d ’ th eories  w e re  th ose  th a t t o o k  a  p u re ly  p h e n o m e n o 

lo g ica l v ie w p o in t : s c ie n tific  th eor ies  sh o u ld  d e a l o n ly  w ith  th e  re la tion s  

o f  ob se rv a b le  q u a n tities , a n d  sh o u ld  strive f o r  e c o n o m y  o f  th o u g h t  

ra th er th a n  try in g  to  e x p la in  p h e n o m e n a  in  term s o f  u n o b se rv a b le  

e n t it ie s .. .  .” 13 I n  sh ort, a r o u n d  1900 M a c h ’ s v iew s w ere  n o  lo n g e r  th ose  

o f  an  iso la ted  fig h ter , th e  r o le  in  w h ich  h e  ra th er  lik ed  to  see h im se lf 

an d  in  w h ic h  h e  a p p e a r e d  in  h is b o o k s  th at y o u n g  E in ste in  r e a d .14

N o  m a tter  h o w  so m e  o f  th e  y o u n g e r  physicists o f  the tim e w restled  

w ith  th e  p ro b le m s  o f  ph ysics, the use o f  c o n c e p t io n s  d e v e lo p e d  in  n in e -
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te e n th -c e n tu r y  p h ysics  seem ed  to  th e m  m e re ly  t o  p r o d u c e  fa ilu re  a n d  

d esp a ir . S o m e th in g  o f  th is f la v o r  c o m e s  th r o u g h  in  letters in  E in ste in ’ s 

c o r r e s p o n d e n c e , a n d  a fa m o u s  pa ssa ge  in  E in ste in ’ s A u to b io g r a p h ic a l  

N o te s .15 I t  is n o t  t o o  m u c h  to  say th a t th e  n e w  p h y sics  th ey  fa sh io n e d  

w a s  first o f  a ll <(e in e  P h ysik  d er  V e r z w e if lu n g ”  [a  p h ysics  o f  d esp a ir ]. 

A n d  h e re  th e  r o le  o f  M a c h  as ic o n o c la s t  a n d  c r it ic  o f  c la ss ica l c o n c e p 

t ion s  w a s  p a r t ic u la r ly  im p o r ta n t ; fo r  w h e th e r  o r  n o t  E in ste in ’ s assessm ent 

o f  th e  c o n te m p o r a r y  sce n e  w a s  r ig h t, it  is ce rta in  th a t M a c h ’ s c r it ic a l 

f o r c e  a n d  c o u r a g e  m a d e  a  s tro n g  im p re ss io n  o n  h im , as o n  so  m a n y  

o th e rs .16

P o in c a r é  a n d  L o r e n tz

T h e  in flu e n c e  o n  a n d  resp on se  to  E in ste in ’ s w o r k  o n  th e  p a r t  o f  b o th  

P o in c a r e  a n d  L o r e n tz  h a v e  a lso  b e e n  a  fa sc in a t in g  p r o b le m  fo r  th e  h is 

to r ia n  o f  re ce n t  s c ien ce . A lth o u g h  th e  o ld  m yth s w ill n o t  d ie  q u ick ly , 

th ey  h a v e  b e e n  p re tty  w e ll  e x p lo d e d .17 T o  p u t  it  b r ie fly , a n d  w ith o u t  

in te n d in g  in  th e  slightest to  d e n ig ra te  P o in c a r e ’ s e n o r m o u s  a c c o m p lis h 

m en ts, w e  m a y  say th a t P o in c a r é  sa w  th e  “ crisis”  in  p h y sics  as o n e  p r i 

m a r ily  r e v o lv in g  a b o u t  e x p e r im e n ta l d ifficu ltie s , a n d  th e r e fo r e  in v o lv 

in g  n e ith e r  e p is te m o lo g ic a l n o r  fu n d a m e n ta lly  d iffe r e n t  th e o re t ica l re 

o r ie n ta t io n . T h is  is, o f  cou rse , d ire c t ly  a n tith e tica l t o  E in ste in ’ s v ie w  

o f  th e  m a tte r  at a b o u t  th e  sa m e  t im e : th e  n e w  e x p e r im e n ta l  fin d in g s , 

su ch  as th e  M ic h e ls o n -M o r le y  e x p e r im e n t , n e ith e r  p r o v o k e d  th e  crisis 

as E in ste in  sa w  it, n o r  w e r e  th ey  g u id e s  to  th e  n e w  o r ie n ta t io n  n e e d e d . 

T h a t  E in ste in ’ s w o r k  in  1905 w as in d e p e n d e n t  o f  P o in c a r é ’ s in v esti 

g a tio n s  o n  e le c tro m a g n e tism  in  1 9 0 4 -0 5  has n o w  b e e n  r e p e a te d ly  a n d  

a d e q u a te ly  esta b lish ed .

W h e n  it c o m e s  to  th e  d e b t  o r  in d e p e n d e n c e  o f  E in ste in  w ith  resp ect  

to  L o r e n tz ’s w o r k , a n d  th e  resp on se  o f  L o r e n tz  to  E in ste in ’ s ea r ly  pa p ers, 

th e  r e c o r d  is a lso  q u ite  c le a r . E in ste in  a n d  o th ers  h a v e  re p e a te d ly  sa id  

th a t h e  d id  n o t  k n o w  o f  L o r e n tz ’ s 1904  p a p e r  o n  e le c tr o m a g n e t ic  p h e 

n o m e n a .18 O n  th is w e ll-w o r k e d  g r o u n d , p e rh a p s  o n e  n e e d  o n ly  to  p o in t  

o u t  a n e c d o ta lly  h o w  d iffic u lt  it w o u ld  h a v e  b e e n  fo r  a n  a lm ost  u n k n o w n  

P a ten t O f f ic e  e m p lo y e e  in  a  Swiss to w n  su ch  as B ern  to  h a v e  h a d  d ire c t  

access  to  th e  P r o c e e d i n g s  o f  t h e  A m s t e r d 6 m  A c 6 d e m y  in  w h ich  

L o r e n tz  p u b lish e d  th e  19 04  p a p e r . I n  th e  R ijk s a r c h ie f  a t T h e  H a g u e , 

H o l la n d , I fo u n d  a  le tte r  fr o m  v o n  L a u e , w r it in g  to  L o re n tz  o n  N o v e m 

b e r  30 , 1905 , fr o m  B er lin , a p p a r e n t ly  f o r  the first t im e , a n d  in  his
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c a p a c ity  as A ssis ten t  a t th e  In stitu te  f o r  T h e o r e t ic a l  P hysics (th e r e fo r e , 

as P la n ck ’ s a s s is ta n t ) :

S ince the Proceedings o f  the Am sterdam  A cadem y are here m ore difficult to 

obtain than other journals— they exist on ly  in the R oyal Library, and it lends 

out recent journals on ly  fo r  a  day— I take the liberty o f  expressing to you the 

request to send m e, if  possible, a reprint o f  your publication, E lectrom agnetic  

Phenom ena in a System  M ovin g  with A ny V eloc ity  Sm aller Than That of 

Light. . .  .19

I f  o n e  h a d  to  su m m a rize  th e  d if fe r e n c e  b e tw e e n  L o r e n tz ’ s a n d  E in 

ste in ’s re la tiv ity  p h ysics  in  a  sen ten ce , o n e  m ig h t  say th is : L o r e n tz ’s 

w o r k  c a n  b e  seen  so m e w h a t as th at o f  a  v a lia n t  a n d  e x tra o rd in a ry  c a p 

ta in  rescu in g  a  p a tc h e d  sh ip  th a t is b e in g  b a tte re d  aga in st th e  rock s  o f  

ex p e r im e n ta l fa c t ,  w h erea s  E in ste in ’ s w o rk , fa r  fr o m  b e in g  a  d ire c t  

th e o re tica l resp on se  to  u n e x p e c te d  e x p e r im e n ta l results, is a  c re a tiv e  a c t  

o f  d ise n ch a n tm e n t w ith  th e  m o d e  o f  tra n sp o rta tio n  itse lf— a n  e sca p e  to  

a  ra th er  d iffe r e n t  v e h ic le  a lto g e th e r .

A n  A lm o s t  F o r g o t te n  T e a c h e r

T h is  b rin gs  us b a ck  fo r  a  fin a l assau lt o n  th e  p r o b le m  o f  th e  p ossib le  

a n teced en ts  o f  E in ste in ’ s w o rk . N e ith e r  th e  sh a p e  n o r  th e  c o n te n t  o f  

E in ste in ’ s 1905 p a p e r  is a d e q u a te ly  e x p la in e d  as a  sequ el to  the c h a in  

L o re n tz -P o in c a r e , o r  M a x w e ll-H e lm h o ltz -B o ltz m a n n , o r  e v e n  K ir c h -  

h o f f -M a c h -H e r t z . I t  is, o f  cou rse , p oss ib le  th a t E in ste in ’s 1905 p a p e r  w as 

a  M in e r v a -lik e  c re a tio n  w ith  n o  d ir e c t  p re p a ra to ry  a n te ce d e n t. A n d  n o t  

h a v in g  fo u n d  a n y  m o d e ls  in  th e  w ork s  o f  th e  m a jo r  co n tr ib u to rs  o f  th e  

tim e, w e  m a y  b e  te m p te d  to  m a k e  th is a ssu m p tion , e v e n  i f  re lu cta n tly .

B u t it turns o u t  th a t w e  d o  n o t  h a v e  to  d o  this. W o r k in g  w ith  th e  

d o cu m e n ts  in  th e  P r in c e to n  A rch iv e s , I  c a m e  across a  c lu e  th a t raises 

the p oss ib ility  o f  e n te r ta in in g  a  q u ite  d iffe re n t  a n d  u n co n v e n t io n a l v ie w  

o f  th e  in flu en ces  o n  E in ste in ’ s th o u g h t  p rocesses  le a d in g  to  h is 1905 

p a p er . O n c e , a n d  q u ite  ca su a lly , th ere  a p p e a r e d  th e  n a m e  o f  a  n o w  

a lm ost u n k n o w n  p h ysic ist w h o  has h e re  n o t  y e t  b e e n  m e n tio n e d . I t  is 

A u g u st F o p p l— a n a m e  v a g u e ly  fa m ilia r  to  a  n u m b e r  o f  o ld e r  G e r m a n  

scientists a n d  en g in eers , b u t  to  a lm o st  n o b o d y  else.

H e  sou n d s  v ery  m u c h  o u t  o f  p la c e  c o m p a r e d  to  “ K ir c h h o f f ,  H e lm 

h oltz , H e r tz , e tc .” — so m u c h  so  th at h e  m ig h t  w e ll h a v e  e n d e d  u p  

a m o n g  th e  “ et ce tera s”  m e n t io n e d  in  th e  A u to b io g r a p h ic a l  N o te s  o f  E in -
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stein . A n d  in d e e d , th e  sea rch  f o r  th e  id e n tity  o f  A u g u s t  F o p p l  starts v e ry  

b a d ly :  b o m  in  1854 , F o p p l  w as , a t  th e  a g e  o f  th irty -s ix , a  te c h n ic a l h ig h  

s ch o o l te a c h e r  a n d  a d m in is tra to r  in  L e ip z ig  w h e n  h e  p u b lish e d  his first 

b o o k , a  r a th e r  p e d e str ia n  little  o u t lin e  o f  e le m e n ta ry  p h ysics . F r o m  th e  

first e x e rc ise  o f  this L e i t fa d e n  (h o w  r a p id ly  m u st a  d is c  sp in  t o  th r o w  

o f f  a  lig h tly  a d h e r in g  o b je c t ? )  t o  th e  last (e x p la in  p a ra lle l w in d in g  in  

a .c . m a c h in e s ) ,  th ere  is n o th in g  to  in d ic a te  th a t th is m a n  c o u ld  e v e r  

e n te r  o u r  story .

T w o  years la ter , n o w  a  c iv il  e n g in e e r  in  L e ip z ig , F o p p l  p u b lish e d  h is  

first rea l b o o k , D 6 s  F 6 c h w e r k  i m  R 6 u m e . T h e  b o o k  w o rk s  u p  so m e  p r e 

v io u s  essays th at F o p p l  h a d  u sed  f o r  h is  d e g r e e  c a n d id a c y  a t  th e  U n iv e r 

sity o f  L e ip z ig  in  18 8 6 , a n d , o n e  su p p oses , in  c o n n e c t io n  w ith  th is su b 

s e q u e n t task  o f  h e lp in g  t o  d es ig n  th e  M a r k th a lle  o f  L e ip z ig . Y e t ,  th e  

b o o k  is b y  n o  m ea n s  in te n d e d  as a  m e r e  p r a c t ic a l  m a n u a l. O n  th e  c o n 

trary , F o p p l  o b je c t s  to  th e  d e fin it io n  b y  w h ic h  F a c h w e r k  u su a lly  is re 

g a r d e d  as a  s tru ctu re  m a d e  o f  s o lid  s tra ig h t ro d s , t o  c a r r y  lo a d s . “ F o r  

m e  it  is a  p u re ly  id e a l s tru ctu re ”  (p .  3 ) .  A n d  in  d e fe n s e  o f  this p o in t  h e  

p lu n g e s  in to  a n  e p is te m o lo g ic a l d ig re ss io n  c o n c e r n in g  th e  p rocess  a n d  

w a rra n t  o f  in tr o d u c in g  c o n c e p ts  su ch  as r ig id  b o d ie s  o r  e th e r , “ w h ic h  

b y  n o  m e a n s  in  e v e ry  re sp e ct  c o in c id e  w ith  th e ir  fr ea len  U r b ild e rn *  ”

A n d  th en , in  18 9 2 , F o p p l  w as c a lle d  t o  th e  U n iv e rs ity  o f  L e ip z ig  to  

te a ch , o f  a ll th in gs, a g r icu ltu ra l m a c h in e ry . A s  h e  la te r  c o n fe s s e d  c h e e r 

fu lly , h e  k n e w  v e ry  litt le  a b o u t  th is s u b je c t , so  h e  sp en t th e  su m m e r  to u r 

in g  fa c to r ie s  to  fin d  o u t . H is  v ersa tile  in te llig e n ce  seem s to  h a v e  h e lp e d  

h im  to  a b s o rb  in  a  sh ort  t im e  e n o u g h  to  e n a b le  h im  t o  te a c h  th e  c o u rs e  

s o o n  th e re a fte r . B u t th e  s u b je c t  w a s  n o t  w h a t  h is m in d  r e a c h e d  o u t  fo r . 

A n d  so, p e rh a p s  la rg e ly  o u t  o f  b o r e d o m , h e  b e g a n  to  w r ite  a  b o o k  in  h is 

sp a re  tim e . I t  b e c a m e  a  treatise  e n tit le d  I n t r o d u c t i o n  t o  M 6 x w e l l ’ s  

T h e o r y  o f  E l e c t r i c i t y ,  p u b lish e d  in  1894 . T h e  w o r k  w a s  a  su ccess : 

u p o n  its p u b lic a t io n , it “ a ro u se d  a s to n ish m e n t [A u fs e h e n ]  in  th e  p r o 

fess ion , f o r  a t th a t t im e  th e  e le c t r o d y n a m ic  c o n s id e ra t io n s  o f  th e  g re a t  

E n g lish  p h ysic ist, M a x w e ll ,  h a d  h a r d ly  g a in e d  a n y  g r o u n d ” — to  c ite  

th e  in tr o d u c to r y  essay o f  th e  e d ito rs  o f  th e  F e s tsch r ift  p u b lish e d  in  

F o p p l ’ s h o n o r  o n  h is se v e n tie th  b ir th d a y , J a n u a ry  2 5 , 1 9 2 4 .20 T h is  w as 

th e  a n ce s to r  o f  a  series o f  rev is ion s, k n o w n  to  stu d en ts  o f  e le c tr ic ity  as 

A b r a h a m -F o p p l  (1 9 0 4 , 1907 , 1 9 1 1 ) ,  la te r  A b r a h a m -B e c k e r  ( 1 9 3 0 ) ,  

la te r  B e ck e r -S a u te r  (1 9 5 8 , 1 9 6 4 )— a lth o u g h  th e  o r ig in a l w a s  v e r y  d i f 

fe r e n t  f r o m  a ll these rev ised  ed itio n s .
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F ö p p l ’ s b o o k  w as w id e ly  b o u g h t , p a rt icu la r ly  b e ca u se  o f  th e  a u th o r ’ s 

a b ility  to  p u t  M a x w e l l ’s th e o ry  c le a r ly  t o  en g in eers . P erh a p s  as a  resu lt 

o f  th is success, F ö p p l  w a s  c a lle d  in  18 94  to  th e  T e c h n ic a l  U n iv e rs ity  a t 

M u n ic h — the v e ry  c ity  in  w h ic h  E in ste in  w a s  th e n  liv in g , still a  b o y  o f  

fifte e n — a n d  th ere  F ö p p l  stayed  a n d  w r o te  v o lu b ly , a lth o u g h  as fa r  as 

I  c a n  fin d  o u t , h e  n e v e r  ta u g h t f r o m  h is b o o k  o n  M a x w e ll ’ s th eory .

B e fo r e  w e  lo o k  a t F ö p p l ’ s M 6 x w e l l , w e  m u st size u p  th e  p a rt icu la r  

sty le th at ch a r a c te r ize d  h is th in k in g , a n d  th is is d o n e  m o st  s im p ly  b y  

co n s id e r in g  F ö p p l ’ s im m en se ly  su ccess fu l n e x t  w o r k , th e  V o r l e s u n g e n  

ü b e r  t e c h n i s c h e  M e c h 6 n i k , p u b lish e d  fr o m  1898  o n  in  severa l pa rts .

( T h e  F e s t s c h r i f t , p a g e  v i, n otes  th a t u p  to  1 9 2 4  n ea rly  1 0 0 ,0 0 0  v o l 

u m es  o f  this w o r k  w e re  so ld  a ll o v e r  th e  w o r ld . )  F ö p p l h im se lf sen t seven  

e d itio n s  th r o u g h  th e  press, a n d  o th ers  a fte r  h im  c o n t in u e d  his w o rk .

T h e  fo r e w o r d  o f  F ö p p l ’ s M e c h 6 n i k , d a te d  J u n e  1898 , tells us so m e 

th in g  ra th e r  r e v e a lin g  a b o u t  his sp e c ia l ta len t as a  te a ch e r  a n d  w riter .

H is  stu den ts, h e  con fesses , h a v e  som etim es  c o m p la in e d  th a t h e  “ p r o c e e d s  

to o  s lo w ly  ra th e r  th a n  t o o  fa s t ,”  b u t  h e  p la ce s  v e ry  sp e c ia l em p h a sis  o n  

la y in g  th e  fo u n d a tio n s  ca re fu lly . I t  is a lm o st  as i f  h e  h a d  a  s p e c ia l eye fo r  

a  re a d e r  w h o  m ig h t  n o t  h a v e  th e  b e n e fit  o f  fo r m a l lectu res  o n  th e  su b 

je c t , a n d  w h o  m ig h t  e v e n  h a v e  b a d  h o les  in  h is  fo r m a l b a c k g r o u n d .

A ft e r  th e  e n c o u r a g in g  fo r e w o r d , th e  re a d e r  c o m e s  u p  a g a in st th e  first 

tw o  sen ten ces  o f  th e  tex t, ty p ica l in  th e ir  m ix tu r e  o f  s tra ig h tfo rw a rd n ess  

a n d  d iscu rs iv en ess : “ M e c h a n ic s  is a  p a r t  o f  ph ysics. Its  te a ch in g  rests, 

as d o e s  th at o f  a ll n a tu ra l scien ces , in  th e  last analysis o n  e x p e r ie n ce .”

A n d  w ith  this, h e  tu rn s to  a  d iscu ss ion  o f  th e  m e a n in g  o f  th e  term  “ e x 

p e r ie n ce ”  [E rfa h ru n g ]. B y  p a g e  4 , h e  con fe sse s :

It is now , o f course, no longer a question o f m echanics, but a philosophical and 

epistem ological question. Its discussion can, how ever, not be circum vented in  

an introduction to m echanics, no matter how , on  the basis o f  earlier unfavor 

able experiences, on e  m ay shy away from  touching on philosophical questions 

in the exact sciences.

F ö p p l a n n o u n ce s  th a t h is e x p o s it io n  o f  a n tim e ta p h y s ica l a n d  s e l f - c o n 

sciou s e m p ir ic ism  is sh a red  b y  le a d in g  scientists g en era lly , a n d  h e  s p e c i 

f ica lly  ca lls  o n  th ree  b y  n a m e , in  w h o se  sp ir it  h e  b e lie v e s  h e  is p r o c e e d 

in g : K ir c h h o f f ,  H e in r ic h  H e r tz  (o n c e  a t M u n ic h  U n iv e r s it y ) , a n d  E rnst 

M a c h . I n d e e d  th e  v o lu m e  o n  d y n a m ics  starts w ith  th e  se ct io n  e n tit le d  

“ R e la t iv e  M o t io n ,”  a n d  in  th e  p r e fa c e  F ö p p l  says a g a in : “ O n e  w il l
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n o t ic e  th a t  th e  [e a r ly  p a r t  o f  th e  v o lu m e ] is s tro n g ly  in flu e n c e d  b y  th e  

w o r k  o f  M a c h ,  w h ic h  m a d e  a  persisten t im p ress ion  o n  m e .” 21

F ö p p l ’s M a x w e l l

W e  a re  b e g in n in g  t o  see so m e  e v id e n c e s  o f  th e  k in d  o f  a p p r o a c h  to  

p h ysics  w h ic h  w o u ld  a p p e a l t o  a  y o u n g  re a d e r  w ith  th e  k in d  o f  b a c k 

g r o u n d , o r  la ck  o f  b a c k g r o u n d , o f  E in ste in  in  th e  la te  1890 ’ s. T h is  

im p re ss io n  is m u c h  r e in fo r c e d  w h e n  w e  n o w  re tu rn  to  F ö p p l ’ s I n t r o 

d u c t i o n  t o  M 6 x w e l l ’ s  T h e o r y  o f  E l e c t r i c i t y  o f  1894. H e  w rites 

in  h is  fo r e w o r d  th at n o w  n o t  o n ly  th e  p ro fe s s io n a l p h y sic ist, th e  te a ch e r , 

a n d  th e  s tu d e n t  in  p h ysics , b u t  a lso

the scientifically trained electro-technical engineer22 is attem pting to make 

him self acquainted w ith the foundations o f  this [M axw ell’s] theory in w hich  

today one m ay see w ith great probability  the perm anent foundation  o f  every 

physical research in this d o m a in .. . .  W ith  this there is a recent dem and for an 

exposition o f  M axw ell’s theory that is as w idely  understandable as possible, 

but also scientifically correct.

M a x w e l l ’s o r ig in a l w o r k , F ö p p l  rep orts , is t o o  d iff ic u lt , a n d  it  has 

m a n y  m istak es o r  in co m p le te n e sse s  w h ic h  in  th e  m e a n t im e  h a v e  b e e n  re 

m o v e d . B o ltz m a n n , h e  says, h a s  w r it te n  a n  e x p o s it io n , b u t  a lth o u g h  

n o th in g  b e tte r  o f  its k in d  c a n  b e  d o n e , F ö p p l  sees n e e d  f o r  a n o th e r , d i f 

fe r e n t  a tte m p t. W h a t  F ö p p l  p a r t ic u la r ly  w a n ts  t o  p r o v id e  is a  “ c le a r  

u n d e r s ta n d in g  o f  th e  c o n c e p ts  a n d  c o n s id e r a t io n s  o f  th is th e o ry  in  o r d e r  

t o  g iv e  th e  re a d e r  th e  a b ility  f o r  h is  o w n , u n su p e rv ise d  w o r k ”  [ “ selb s t 

s tä n d ig en  A r b e i t e n ” ]— in  sh ort, ju s t  th e  k in d  o f  b o o k  a n  in terested  stu 

d e n t  w o u ld  w a n t  i f  h e  w e r e  d e p r iv e d  o f  M a x w e l l ’s th e o r y  in  co u rse  

le c tu re s .23

I n  F ö p p l ’ s b o o k  w e  fin d  six  m a in  s e c t io n s : th e  first is o n  v e c t o r  c a lc u 

lu s ; th e  s e c o n d  o n  fu n d a m e n ta l e le c tr ic ity  (G a u s s ’s T h e o r e m , C o u 

lo m b ’ s L a w , m a g n e tism , in d u c t io n , e t  c e t e r a ) ; th e  th ir d  a n d  fo u r th  are 

th e  u su a l ex ten s ion s  (p o n d e r m o t iv e  fo r c e s , v e c t o r  p o te n t ia l, e n e r g y  re la 

t ion s  in  th e  e le c t r o m a g n e t ic  f ie ld  b e tw e e n  s ta tio n a ry  c o n d u c t o r s ) .  S o  

fa r , it is a ll d o n e  c o m p e te n t ly  a n d  p a tie n tly , b u t  as i f  it  w e r e  m e re ly  a  

p r e lu d e  to  s o m e th in g  else.

T h e n  w e  c o m e  t o  th e  f ifth  m a in  s e ct io n , w h ic h  tu rn s o u t  to  b e  o f  

p a r t ic u la r  in terest to  us. I t  is e n t it le d  T h e  E le c tr o d y n a m ic s  o f  M o v in g  

C o n d u c to r s  \Die E le k tro d y n a m ik  b e w e g t e r  L e i t e r  (p p .  3 0 7 -3 5 6 )  ], a n d
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th e  first c h a p te r  in  it  is en tit le d  “ E le c tr o m o t iv e -F o r c e  I n d u c t io n  b y  

M o v e m e n t .”  T h e  first p a ra g ra p h  in  th is first c h a p te r  is “ R e la t iv e  a n d  

A b s o lu te  M o t io n  in  S p a c e ,”  a n d  starts in  a n  u n u su a l w a y :

T h e  discussions o f  kinematics, nam ely o f  the general theory o f  m otion, usually 

rest on the axiom  that in the relationship o f bodies to one another only relative 

m otion is o f  im portance. T here can be no recourse to an absolute m otion  in 

space since there is absent any means to find such a m otion  if there is no refer 

ence ob ject at hand from  w hich  the m otion  can be observed and m easu red .. . .

A ccord in g  to both  M axw ell’s theory and the theory o f  optics, em pty space in 

actuality does not exist at all. Even the so-called vacuum  is filled w ith a m edi 

um , the ether.

. . . the conception  o f  space w ithout this content [ether] is a contradiction, 

som ew hat as if  one tries to think o f  a forest without trees. T h e  notion o f  com 

pletely em pty space w ould  be not at all subject to  possible experience; or, in 

other w ords, w e w ou ld  first have to m ake a deep-goin g revision o f  that con 

ception  o f  space w hich  has been im pressed upon  human thinking in its previous 

period  o f developm ent. T h e  decision on this question form s perhaps the m ost 

im portant problem  o f  science o f our tim e. (Ita lics  supplied .)

F o p p l  is n o t  re a d y  to  g iv e  u p  the e th e r  o r  a b so lu te  m o t io n , b u t h e  

k n ow s w h e re  the p h y s ica lly  im p o r ta n t  p r o b le m s  lie. H e  c o n tin u e s  a fe w  

lines la ter  in  th is w a y :

W hen in the fo llow in g w e make use o f  laws o f kinematics fo r  relative m otion, 

we must proceed with caution. W e must not consider it as a priori settled that 

it is, fo r  exam ple, all the same whether a m agnet [moves] in the vicin ity o f  a 

resting electric circuit or whether it is the latter that m oves w hile the m agnet 

is at rest.

T h is , w e  re ca ll, d escrib es  p rec ise ly  th e  e x p e r im e n ta l s itu a tion  w ith  

w h ic h  E in ste in ’ s p a p e r  starts— a n d  F o p p l  a d d s  im m e d ia te ly  a  ra th er  

fa m ilia r  k in d  o f  G e d a n k e n -e x p e r im e n t : “ T o  d e c id e  this q u estion , w e  

c a n  co n s id e r  a  th ird  ca se .”  H e  p ro p o se s  to  th in k  o f  b o th  m a g n et a n d  

c o n d u c to r  m o v in g  to g e th e r , w ith  n o  re la tiv e  m o t io n  b e tw e e n  th em . E x 

p e r ie n ce  sh ow s, h e  says, th a t in  this case the “ a b so lu te  m o t io n ”  in  itse lf 

causes n o  e le c tr ic  o r  m a g n e t ic  fo r c e  in  e ith er  b o d y . T h is  th o u g h t  e x p e r i 

m e n t is th en  q u ic k ly  d e v e lo p e d  to  s h o w  th at in  th e  p re v io u s  tw o  cases 

w h a t co u n ts  is o n ly  re la tiv e  m o t io n .

L a te r , F o p p l  g oes  o n  to  d iscuss th e  in te ra c t io n  o f  m o v in g  m a g n ets  a n d  

restin g  c o n d u c to r s  (p p . 3 1 4 - 3 2 0 ) ,  a n d  restin g  m a g n ets  a n d  m o v in g  c o n 

d u cto rs  (p p .  3 2 1 - 3 2 4 ) .  T h e  rest o f  this se ction , to o , m a y  b e  d ire c te d
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first o f  a ll to  en g in eers  (u n ip o la r  in d u c t io n , e m f f o r  a  m o v in g  c o n d u c to r , 

m a g n e to m o t iv e  fo r c e , m o t io n  o f  a  w ire  lo o p  in  a  m a g n e tic  fie ld , et 

c e t e r a ) .

T h e r e  is a  ra th e r  b r ie f  last (s ix th ) p a rt , a  su m m a ry  o f  th e  o th e r  as 

p e c ts  o f  M a x w e l l ’ s w o r k , in c lu d in g  e le c tr o m a g n e t ic  w a v es— a g a in , v ir 

tu a lly  w ith o u t  a  r e fe r e n c e  to  th e  a c tu a l e th er  ex p er im en ts . B u t o u r  

a tte n tio n  stays fix e d  o n  th e  fifth  se c t io n  o f  F o p p l ’ s b o o k ;  th ere , a n d  in  

p o r t io n s  o f  th e  rest o f  th e  b o o k , is th e  k in d  o f  th in k in g  th at w o u ld  in d e e d  

h a v e  a p p e a le d  t o  E in ste in , a n d  th a t in  fa c t  is fa r  c lo se r  to  th e  seq u en ce  

a n d  style o f  a r g u m e n t  o f  E in ste in ’ s 1905 p a p e r  th a n  th e  w o r k  o f  a n y  o f  

th e  o th e rs  w h o  a re  m o r e  fa m ilia r — fa r  m o r e  so th a n  th e  b o o k s  o n  e le c 

t ro m a g n e tis m  b y  M a x w e l l ,  H e lm h o ltz , B o ltz m a n n , H e r tz , o r  R u n g e , f o r  

e x a m p le .

O th e r  R e f e r e n c e s  to  F o p p l

B u t b e fo r e  th e  p a ra lle lism  w ith  F o p p l  carries  th e  d a y , w e  m u st ask 

f o r  m o r e  e v id e n c e . A ft e r  a ll, e a r lie r  w e  d ism issed  th e  su g g estion  th a t 

E in ste in  b u ilt  o n  P o in c a r e ’ s a n d  L o r e n tz ’ s w o r k  o f  1904 , e v e n  th o u g h  

th ere  are  c e rta in  p a ra lle ls .

W e  th e r e fo r e  m u st ask, w h y  d id  n o t  a n y o n e  else w h o  k n e w  E in ste in  

in tim a te ly  v o u c h  in  p r in t  f o r  th e  fa c t  th a t E in ste in  h a d  re a d  F o p p l ’ s 

b o o k ?  T h u s  I a sk ed  m y  fo r m e r  te a c h e r  a n d  c o lle a g u e , E in ste in ’ s b io g 

ra p h e r , P h il ip p  F ra n k , w h y  h e  h a d  m a d e  n o  m e n t io n  o f  F o p p l  in  his 

b o o k .24 F ra n k  r e p lie d  th a t h e  th o u g h t  h e  h a d  m e n t io n e d  F o p p l ,  a n d  I  

s h o w e d  h im  m y  c o p y  o f  th e  b io g r a p h y  in  w h ic h  it  w a s  p la in  th a t h e  h a d  

n o t . T h is  w a s  a co n s id e ra b le  su rprise  to  F ra n k , b u t  a fte r  so m e  th o u g h t  h e  

r e fe r re d  m e  to  th e  G e r m a n  e d it io n  o f  h is b o o k .25 I n  th e  fo r e w o r d , F ra n k  

e x p la in e d  th a t this, th e  G e r m a n  e d it io n , is th e  first c o m p le te  e d it io n  o f  

h is m a n u s cr ip t  as w r itte n  in  1 9 3 9 -1 9 4 1  (w h e re a s  th e  E n g lish -la n g u a g e  

p u b lish e r  h a d  m a d e  m a n y  c u t s ) .  A n d  th ere , o n  p a g e  3 8 , F ra n k  w rites 

th a t d u r in g  h is  years as a  s tu d e n t  a t th e  P o ly te c h n ic u m  in  Z u r ic h ,

Einstein threw him self into the w ork o f  these classics o f  theoretical physics [o f 

the late nineteenth century], the lectures o f  H elm holtz, K irchhoff, Boltzmann, 

the electricity theory o f  J. C . M axw ell and H . H ertz, and their exposition in 

the textbook o f  A brah am -F oppl. Einstein buried him self w ith a certain fanati

cism  day and night in  these books from  w h ich  he learned how  one builds up 

the m athem atical fram ew ork and then with its help constructs the edifice o f 

physics.26
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A n d  th ere  is o n e  o th e r  g u id e  th a t lea d s  us to  F o p p l . T h e r e  exist, o f  

co u rse , d o ze n s  o f  b io g ra p h ie s  o f  E in ste in — m o st  o f  th e m  w ritte n  a t  se c 

o n d  o r  th ird  h a n d . H e r e , th e  A r ch iv e s  a t  P r in c e to n  h e ld  a  su rprise  f o r  

m e . I  k n e w  th at a  c e rta in  A n to n  R e is e r  h a d  p u b lish e d  an  E in ste in  b io g 

r a p h y  in  E n g lish  in  1 9 3 0 ,27 w h e n  E in ste in  w a s  still in  B erlin . D e s p ite  a  

p lea sa n t fo r e w o r d  b y  E in ste in  ( “ th e  a u th o r  o f  th is b o o k  k n ow s m e  ra th er  

in tim a te ly  . . .  I  fo u n d  th e  fa c ts  o f  th e  b o o k  d u ly  a c c u r a t e . . . . ” ) ,  a t  first 

g la n c e  it  c a n  h a rd ly  b e  co n s id e r e d  a  re lia b le  b o o k : f o r  q u ite  a p a r t  f r o m  

th e  su sp ic iou s  c ir cu m s ta n c e  th a t n o  G e r m a n  e d it io n  w a s  e v e r  b r o u g h t  

o u t , th ere  a re  a lso  n o  cre d e n tia ls  f o r  th e  a u th o r  o f  the b o o k . N o  o th e r  

p u b lica tio n s  b y  R e ise r  ex ist, a n d  a  se a rch  in  th e  u su a l sou rces  leads o n e  

to  su sp ect th a t h e  s im p ly  d o e s  n o t  exist. N o w  th e  m a te ria l in  th e  A rch iv e s  

sh ow s th a t th e  n a m e  A n t o n  R e ise r  w a s  a p s e u d o n y m  f o r  R u d o l f  K a y s e r ; 

a n d  R u d o l f  K a y se r  w as E in ste in ’s o w n  s o n -in -la w  w h o  h a d  p r o c e e d e d  

w ith  th e  b io g r a p h y  w ith  E in ste in ’ s a c q u ie s c e n c e . W e  re tu rn  th e r e fo r e  to  

R e ise r ’s o b s cu re  a n d  d if f ic u lt -to - f in d  b o o k  w ith  n e w  resp ect— a n d  sure 

e n o u g h , th ere  w e  fin d  F o p p l  a g a in : “ . . . th e  s c ie n tific  cou rses  o f fe r e d  

to  h im  in  Z u r ic h  so o n  se e m e d  in su ffic ie n t  a n d  in a d e q u a te , so  th a t h e  

h a b itu a lly  c u t  his classes. H is  d e v e lo p m e n t  as a  scien tist d id  n o t  su ffe r  

th ereb y . W ith  v e r ita b le  m a n ia  f o r  re a d in g , d a y  a n d  n ig h t, h e  w e n t  

th r o u g h  th e  w ork s  o f  th e  g re a t  ph ysicists— K ir c h h o f f ,  H e r tz , H e lm h o ltz , 

F o p p e l”  [jtV],

S o  w e  m a y  p e rh a p s  fe e l th a t th e  m iss in g  s ign a l has b e e n  r e co v e r e d  

fr o m  th e  n o ise  lev e l o f  th e  “ e t  c e te r a .”  B u t in  a  rea l sense, g e n iu s  d o e s  

n o t  h a v e  p red ecessors . I t  w o u ld  o f  c o u r s e  b e  a b su rd  to  c la im  th at F o p p l  

in  a n y  w a y  “ e x p la in s ”  E in ste in , o r  e v e n  th a t th ere  is a  s im p le  c h a in  

c o n n e c t in g  F o p p l ’ s b o o k  a n d  E in ste in ’ s re la tiv ity  th e o ry . N o ,  th e  p r o p e r  

a tt itu d e  h ere  is e x a c t ly  P h il ip p  F ra n k ’ s in  th e  p a ssa ge  c it e d : fr o m  b o o k s  

su ch  as these, E in ste in  le a rn e d  h o w  o n e  b u ild s  u p  th e  fr a m e w o r k , a n d  

th en  w ith  its h e lp  co n stru cts  the e d ific e  o f  p h ysics.

I n  b a la n ce  w e  m a y  say th e  r o le  o f  F o p p l  w as th at h e , w ith  H e lm h o ltz  

o n  th e  o n e  h a n d  a n d  M a c h  o n  th e  o th e r , r e in fo r c e d  th e  u n iq u e  asp ects 

th a t m a d e  E in ste in ’ s 1905  p a p e r  so  im p o r ta n t  (a n d , f o r  h is c o n t e m p o 

raries, so  d ifficu lt— u n lik e ly  th o u g h  this n o w  seem s to  a  g e n e ra tio n  o f  

ph ysicists b r o u g h t  u p  o n  D ir a c  a n d  F e y n m a n ) .  A s  th e  v a r io u s  c o n t e m 

p o ra n e o u s  trea tm en ts  o f  e le c tro d y n a m ic s  sh o w , in  p r in c ip le  a  g re a t  

d ivers ity  o f  p oss ib le  ro a d s  w e re  o p e n  to  E in ste in . W h a t  F o p p l  w as c a p 

a b le  o f  p r o v id in g  in  h e lp in g  to  sh a p e  E in ste in ’ s th o u g h t  p rocesses  as h e
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w as fa sh io n in g  the re la tiv ity  th e o ry  w as , first o f  a ll, e n c o u r a g e m e n t  t o  g o  

a h e a d  in  a  m a n n e r  so  v e ry  d iffe r e n t  fr o m  th a t  ta u g h t  to  h im  a t  s c h o o l 

a n d  p re se n te d  in  a ll th e  re sp e cta b le  b o o k s  b y  th e  fo r e m o s t  ph ysicists . I t  

h e lp s  us to  u n d e rs ta n d  b e tte r  w h a t  to  th is d a y  rem a in s  as th e  m o s t  star 

t lin g  p a r t  o f  E in ste in ’ s re la t iv ity  p a p e r : a  m ix tu re  th a t co n ta in s  a g o o d  

sh a re  o f  y o u th fu l  p h ilo s o p h iz in g  as a  p a rt  o f  d o in g  p h y s ic s ; th e  r e c o g n i 

t io n  th a t th e  fu n d a m e n ta l p r o b le m  to  b e  c r a c k e d  is h o w  to  a c h ie v e  a  

n e w  p o in t  o f  v ie w  o n  th e  c o n c e p t io n s  o f  t im e  a n d  s p a c e ; th e  a tte n tio n  to  

G e d a n k e n -e x p er im en ts , a n d , co n v e rse ly , a  q u ite  lo w  in terest in  th e  a c tu a l 

d e ta ile d  e x p e r im e n ts  w h ic h  so  m a n y  o f  o u r  texts m a k e  a p p e a r  to  b e  th e  

p o in t  o f  d e p a r tu re  o f  re la t iv ity  th e o r y .28

A n d  th ere  is a lso , I  b e lie v e , s o m e  p o ig n a n c y  in  th e  d is co v e ry  o f  h o w  

F o p p l  m a y  h a v e  r e a c h e d  a cross  to  E in ste in — th e  b o o k  o f  a n  “ o u ts id e r ”  

w h o  d id  n o t  h a v e  stu den ts  to  w h o m  to  te a ch  its c o n te n ts  in  lectu res , 

fa ll in g  in to  th e  h a n d s  o f  a  s tu d e n t w h o , r e g a r d e d  as a n  “ o u ts id e r”  b y  

his tea ch ers , w as lo o k in g  to  this b o o k  fo r  th e  m a te r ia l a n d  th e  s tim u la tio n  

th at h e  c o u ld  n o t  g e t  in  th e ir  lectu res.

I n  th is s tu d y , w e  h a v e  lo o k e d  a t  so m e  d o c u m e n ts  th a t E in ste in  su rely  

d id  n o t  in itia lly  m e a n  to  b e  u sed  f o r  h is to r ic  resea rch . W e  c a n  n e v e rth e 

less b e  su re th a t E in ste in  w o u ld  h a v e  u n d e r s to o d  a n d  n o t  o b je c t e d  t o  

this p u rp o s e . F o r  as h e  w r o te  to  B esso (N o v e m b e r  3 0 , 1 9 4 9 ) :  “ W h e n  I  

w r ite  y o u  s o m e th in g , y o u  c a n  sh o w  it to  a n y o n e  y o u  like . I  h a v e  lo n g  

b e e n  a b o v e  m a k in g  secrets .”  A n d  in  a n o th e r  u n p u b lis h e d  m a n u s cr ip t  

(N o .  17, u n d a te d , n o t  b e fo r e  1 9 3 1 ) :  “ S c ie n c e  as a n  ex istin g , fin ish ed  

[c o r p u s  o f  k n o w le d g e ] is th e  m o st  o b je c t iv e , m o st  u n p e rso n a l [th in g ] h u 

m a n  b e in g s  k n o w , [b u t] s c ie n ce  as s o m e th in g  c o m in g  in to  b e in g , as a im , 

is ju s t  as s u b je c t iv e  a n d  p s y c h o lo g ic a lly  c o n d it io n e d  as a n y  o th e r  o f  

m a n ’ s e ffo rts . . . .’ ’ A n d  th a t a sp ect , h e  w e n t  o n  to  say, o n e  sh o u ld  c e r 

ta in ly  “ p e r m it  o n e s e lf  a lso .”  H a p p ily , h e  a n d  his fr ie n d s  a n d  co lle a g u e s  

h a v e  d o n e  ju s t  th a t. T h e y  h a v e  le ft  us th e  r e c o r d  o f  “ s c ie n ce  c o m in g  

in to  b e in g ,”  a n d  th e re b y  th ey  h a v e  e n r ic h e d  o u r  u n d e rs ta n d in g  o f  s c ien 

t ific  w o r k  in  th e  la rg e r  sense.

I  wish to acknow ledge with gratitude the perm ission to qu ote excerp ts, and 

other help  received  from  the Trustees o f  the A lb ert Einstein Estate, and par 

ticularly from  M iss H elen  Dukas. M y  thanks go  to the R ock efe ller  Foundation  

fo r  partial financial support fo r  cataloguing the docu m ents; the d irector and 

staff o f the Institute fo r  A dvanced  Study at Princeton  have been  m ost hospitable 

throughout this work.
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NOTES

1. T h e  literary rights to  quotations from  the writings o f  A lbert Einstein 

belong to the Estate o f  A lbert Einstein; perm ission to use quotations should be 

secured from  the Executor.

2. A lbert Einstein, Z u r Elektrodynam ik bew egter K örp er , A n n 6 l e n  d e r  

P h y s i k , 17 :89 1 -9 21 , 1905.

3. L eop old  In feld , A l b e r t  E i n s t e i n , H i s  W o r k  6 n d  I t s  I n f l u e n c e  o n  

O u r  T i m e s  (N ew  Y ork : Charles Scribner’s Sons, 1950), p. 23.

4. A n d  so it is both true and false that “ Einstein’s m anuscript is now  in the 

Library o f Congress, W ashington,”  as Ernst W eil tells us in A l b e r t  E i n s t e i n , 

14t h  M 6 r c h  1879 ( U l m ) — 18t h  A p r i l  1955 (P r i n c e t o n , N .J .) :  A  B i b l i 

o g r 6 p h y  o f  H is  S c i e n t i f i c  P 6 p e r s , 1901-1954  (L o n d o n : R obert Stockw ell,

1960), p. 6.

5. But lest w e regard the Swiss school uncom m only behind the times, w e 

should recall the situation was not greatly different at Cam bridge University, 

am ong many others. Ebenezer Cunningham  w rote recently (Private com m uni

cation to M r. Stanley G old berg ) : “ Y ou  ask about books in use in my early days. 

T h e  T ripos w hich  I took in 1902 hardly dealt at all w ith Electrodynam ics. 

M axw ell’s work was too  recent and had not reached text-book stage. A braham ’s 

book  was unknown, though it becam e the background o f  m y ow n teaching on 

the subject on m y return to C am bridge in 1911. I  am tem pted to think that I  

really introduced systematic teaching on the subject to C am bridge.”

6. W eber’ s successor, how ever, was the w ell-know n physicist Pierre Weiss, 

w ho brought Einstein back to Z u rich  from  Prague in 1912.

7. Louis K ollros, Erinnerungen eines K om m iliton en , in Carl Seelig, H e l l e  

Z e i t — d u n k l e  Z e i t  (Z u r ich : Europa V erlag, 1956), pp. 17-31.

8. A lbert Einstein, Autobiographical N otes, in P. A . Sch ilpp, ed., A l b e r t  

E i n s t e i n : P h i l o s o p h e r -S c i e n t i s t  (Evanston, 111.: L ibrary o f L iving Philos 

ophers, 1949), p. 15.

9. A  pam phlet entitled Erinnerungen an A lbert Einstein, covering the period  

o f his em ploym ent at the Patent O ffice in Bern, and published by that office 

in 1965, contains a note by Einstein’s colleague, Joseph Sauter, written in 1955. 

Sauter recalled that Einstein was adm itted to the post o f T ech n ica l Expert 

(T h ird  Class) “ without possessing the D ip lom a o f Engineering, but as a physi

cist fam iliar w ith the theory o f M axw ell. T hat theory was not yet on the official 

syllabus o f the Polytechnic Institute o f  Z u rich .”

10. It is technically possible that Einstein might have seen H enri Poincare’s 

Él e c t r ic it é  e t  o pt iq u e , Paris: Georges Care, 1890. V olu m e I, on M axw ell’s
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w ork, was the set o f  lectures o f  1888-1889, published in 1890; and V olu m e II , 

on  the w ork o f  H elm h oltz  and Hertz, was the lectures o f  1889-1890, published 

in 1891. Both works w ere translated into G erm an and appeared in  1891. Articles 

by  P oincare w ere review ed in the literature by M inkow ski in 1890 and H urw itz 

in 1896. But I have seen n o  evidence that Einstein read Poincar6’s original or 

translated lectures.

11. A lthough  the great experimentalists H elm h oltz and H ertz are least 

guilty in this respect, their books on  electrom agnetism  d o  rem ind on e o f the 

passage by J. T . M erz, in  w h ich  he com p ared  the scientific spirit in British and 

Continental science: “ Continental thinkers, w hose lives are devoted  to  the 

realisation o f  som e great ideal, com p la in  o f  the want o f  m ethod, o f  the erratic 

absence o f  discip line, w h ich  is peculiar to  English genius. T h e  fascination w hich  

practical interests exert in this country appears to them an absence o f  fu ll d e 

votedness to purely ideal pursuits. T h e  English m an o f  science w ou ld  reply that 

it is unsafe to  trust exclusively to the gu idance o f  a pure idea, that the ideality 

o f  G erm an research has frequently been identical w ith  unreality, and that in 

no country has so m uch  time and pow er been frittered away in fo llow in g  phan 

toms, and in systematising em pty notions, as in the L and o f  the Id ea ; but he 

w ou ld  as readily adm it that his ow n  country is greatly deficient in such organi

sations fo r  com bined  scientific labour as exist abroad, and that E ngland pos 

sesses n o w ell-trained arm y o f  intellectual w orkers.”  A  H i s t o r y  o f  E u r o pp6 n  

T h o u g h t  i n  t h e  N i n e t e e n t h  C e n t u r y  (L o n d o n : W illiam  B lackw ood 

& Sons, 1904), V o lu m e I, pp. 251-252 .

12. Einstein, A u to b io g ra p h ic a l  N o te s ,  p. 21. Besso, writing in late 1947 to 

Einstein, rem inds him  that during the year o f  1897 or  1898, Besso had drawn 

Einstein ’s attention to M ach . T h e  correspondence o f  Einstein abounds with 

references to the influence o f M a ch  in the form ative years o f  relativity theory. 

F or exam ple, in a letter o f  August 8, 1942, to A . S. Nash, Einstein w rote : “ In  

the case o f  M ach , the in fluence was not only through his philosophy, but also 

through his critique concern ing the fundam entals o f  physics.”

13. Stephen Brush, T h e r m o d y n a m ic s  an d  H is to ry , T h e  G q6 rs6 tp  Jo u r n 6 l , 

7 :4 7 7 -5 6 6 , 1967.

14. O n  the contrary, it was the great H . A . Lorentz and H enri Poincar6 

w hose styles w ere com in g  to be  out o f  step w ith the daring new , nonclassical 

physics exem plified  by the Curies, R utherford , Einstein him self, and at least at 

one point, even by  Planck. T hus in an unpublished letter from  Berlin (1931 ) 

from  M a x  P lanck to R . W . W ood , kindly m ade available by Professor W o o d ’s 

son to the A m erican  Institute o f Physics Center fo r  the H istory and Philosophy 

o f  Physics, and on  deposit at their A rch ives in N ew  Y o rk : “ D ear C olleague: 

Y ou  expressed recently, at our nice dinner at T rin ity  H all, the wish that I should
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describe to you m ore concerning the psychological side o f  the considerations 

w hich  led m e at the tim e to postulate the hypothesis o f  energy quanta. H ere I 

want to  accom m odate your wish. Briefly put, I can describe the w h ole  effort 

as an act o f  desperation, for  by  nature I  am  peaceful and against dubious ad 

ventures. But I  had been fighting already fo r  six years, from  1894 on, w ith the 

problem  o f  equilibrium  betw een radiation and matter w ithout having any suc

cess; I knew  that this problem  is o f  fundam ental significance for  physics; I  

knew the form ula w hich  provides the energy distribution in the norm al spec 

trum; a  theoretical explanation, therefore, had  to be  found at all cost, whatever 

the price. Classical physics was not sufficient, that was clear to m e . . . .  [E xcept 

fo r  the tw o laws o f  therm odynam ics] I  was ready for  any sacrifice o f  m y estab

lished physical convictions. N o w  Boltzm ann had explained that therm odynam ic 

equilibrium  com es about through statistical equilibrium , and w hen one applied  

these considerations to the equilibrium  betw een matter and radiation, one finds 

that one can prevent the deterioration o f  energy in radiation by  means o f  the 

supposition that energy is from  the beginning forced  to  remain in  certain 

quanta. T h is was a purely form al assumption, and I d id  not really think m uch 

about it except just this: N o  m atter what the circumstances, may it cost w hat 

it w ill, I had to bring about a positive result.”  (T ranslation  by G . H .)

15. Einstein, A utobiographical N otes, pp . 5 1 -5 3 : “ R eflections o f this type 

m ade it clear to m e as lon g ago as shortly after 1900, i.e., shortly after P lanck ’s 

trail-blazing work, that neither m echanics n or therm odynam ics cou ld  (except 

in lim iting cases) cla im  exact validity. By and by  I  despaired o f  the possibility 

o f  discovering the true laws by means o f  constructive efforts based on  known 

facts. T h e  longer and the m ore despairingly I tried, the m ore I cam e to the 

conviction  that only the discovery o f  a universal form al principle cou ld  lead 

us to assured results.”

16. W e  cannot go  here into the vast and im portant top ic  o f  the relation 

betw een Einstein and M ach . Suffice it to say that the archival materials help 

to illum inate each o f  the stages in the dram a.

17. For exam ple, G erald  H olton , O n the Origins o f  the Special T h eory  of 

R elativity, A m e r iu6 n  Jo u r n 6 l  o f  P h y s i c s , 2 8 :6 2 7 -6 3 6 , 1960, and reprinted 

here as Essay 5; and G erald H olton , O n the T hem atic Analysis of S cien ce: T h e  

Case o f Poincare and R elativity , in M e v6 n g e s  A l e x 6 n d r e  K o y r e  (Paris:

H erm ann, 1964), V o lu m e I I , pp. 257-268 , and reprinted here as Essay 6.

18. F or the evidences, see, for  exam ple, H olton , O n the Origins o f the 

Special T h eory  o f R elativity. In  his lectures and publications Lorentz repeated 

ly gave generous credit to the novelty and independence o f Einstein’s work.

See also, for  exam ple, Lorentz’s remarks quoted in Ludw ik Silberstein, T h e  

T h e o r y  o f  R wv6 xyzyx{  (L o n d o n : M acm illan  & C o., 1924), pp. 115-116, and
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Lorentz’s footn ote  addendum  in  the 1912 edition  o f  his 1904 essay, in H . A . 

Lorentz et al., D 6 s  R e l 6 t i v i t 6 t s p r i n z i p  (Stuttgart: B. G . T eubner, 1912),

p. 10.

19. H . A . Lorentz, E lectrom agn etic P henom ena in a System  M ovin g  with 

A n y  V elo city  Sm aller Than T h at o f L ight, K o n . A k 6 d e m i e  v 6 n  W e t e n - 

s c h 6 p p e n  A m s t e r d 6 m , P r o c e e d i n g s  o f  t h e  S e c t i o n  o f  S c i e n c e s , 6 :8 0 9 -  

831, 1904 (English-language e d ition ), originally published June, 1904 in the 

D utch-language edition. A t that tim e, incidentally, Einstein probably  knew 

no D u tch  and little, if any, English. In  a letter to  Besso, dating no earlier than 

1913, Einstein w rites: “ Ich  lerne englisch (b e i W o h lw a n d ), langsam aber 

gründlich .”

20. B e i t r ä g e  z u r  t e c h n i s c h e n  M e c h 6 n i k  u n d  t e c h n i s c h e n  P h y s i k  

(B erlin : Julius Springer, 1924), w ith essays by som e o f F öp p l’s students, in 

cluding T h e o d o r  von  K arm an, D ie m ittragende B reite, pp . 114-127; L . Prandtl, 

Elastisch bestim m te und elastisch unbestim m te S ystem e, pp . 5 2 -6 1 ; T . T h om a , 

N eu zeitlich e  H ydrodynam ik und praktische T ech n ik , pp . 128-129; S .T im o- 

schenko, Ü ber die Biegung von Stäben, die eine kleine anfängliche K rüm m ung  

haben, pp . 7 4 -8 1 ; and F öp p l’s tw o sons, L u dw ig  F öppl, Bestim m ung der K n ick 

last eines Stabes aus Schwingungsversuchen, pp . 7 4 -7 8 ; and O tto  F öpp l, D reh 

schw ingungfestigkeit und Schw ingungdäm pfungsfestigkeit von B austoßen, pp . 

10-16 . A s this list alone shows, his influence was large, although predom inantly 

in technical m echanics. In  1904 F öp p l m ade a gyroscop ic experim ent to  m eas 

ure the rate o f  rotation o f the earth, a w ork “ w hich  m ade him  fam iliar w ith 

questions o f  absolute and relative m otion .”  A n d  in 1914, he w rote an essay 

Ü ber absolute und relative B ew egung, a field “ in  w hich  A . F öp p l already, 

before Einstein, occu p ied  him self w ith the relativity theory, though not w ith 

such rem arkable success” — accord in g  to the ed itor ’s in troduction  in the F est 

schrift.

21. F öpp l had the satisfaction later that M ach , in the revised editions o f  

T h e  S c i e n c e  o f  M e c h 6 n i c s , referred to F ö p p l’s contributions; e.g., in  the 

preface  to the fourth edition, dated January, 1901, M a ch  w rote, quite typi

ca lly : “ . . . the partial considerations w hich  m y expositions have received in 

the writings o f  Boltzm ann, F öppl, Hertz, L ove, M aggi, Pearson, and Slate, have 

awakened in  m e the hop e that m y w ork shall not have been in vain .”

22. It is, incidentally , w orth  noting that Einstein cam e to the Z u rich  E. T . H . 

in itially  planning to study engineering, and that both Einstein’s father and 

closest uncle w ere in electrical engineering and m anufacturing.

23. O n e  id iosyncracy o f  the book  that interests us is explained in the fo llow 

ing m anner: “ In  this book  I have left out citation o f  sources as a m atter o f 

p r in c ip le .. . .  I w anted to write not a H an dbook  but a L ehrbuch  w hich  should 

as far as possible be cast in one piece. T h erefore , I avoided  as far as at all
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possible during the writing going back to publications w hich  I had read earlier 

in order that I m ight not be directly  influenced by them. I w anted to be led  by 

the developm ents and results o f  other authors only insofar as these matters had 

firm ly penetrated into m y m em ory and had becom e an intimate part o f  m y 

ow n views. In  this m anner I  h op ed  to attain a m ore unified and coherent ex 

position o f  the w hole system than w ou ld  have been possible by going another 

w ay.”

As a consequence, there is a rem arkable paucity o f references to actual ex 

perim ental situations (o f  course, none is m ade to the M ichelson  or other ether- 

drift experim ents; but alm ost all references to any others are also m issing).

24. P hilipp  Frank, E i n s t e i n , H i s  L i f e  6 n d  T i m e s , trans. G eorge Rosen, 

ed. and rev. Suichi Kusaka, N ew  Y ork : A lfred  A . K n op f, 1947.

25. Philipp Frank, E i n s t e i n , s e i n  L e b e n  u n d  s e i n e  Z e i t  (M u n ich : Paul 

List V erlag, 1949), p. 38.

26. S ince M ax  A braham ’s version o f August F op p l’s book  did not get done 

until 1904, it w ou ld  be F op p l’s original w ork that must be m eant here; but this 

slip does remind us that a substantial fraction o f  several successive generations 

o f  physicists were brought up  on— and then taught from — A brah am -F opp l and 

later A braham -B ecker.

27. A nton Reiser, A l b e r t  E i n s t e i n , A  B|}~�6 ��|�6 �  P o r t r 6 |� , N ew  Y ork :

A . & C . Boni, 1930.

28. [T h e  last point is developed  in Essay 9.]

I N F L U E N C E S  O N  E I N S T E I N ’ S E A R L Y  W O R K
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8 MACH, EINSTEIN, AND THE SEARCH 

FOR REALITY

n  t h e  h istory  o f  id ea s  o f  o u r  ce n tu ry , th ere  is a  c h a p te r  th a t 

¿m igh t b e  e n t it le d  “ T h e  P h ilo s o p h ic a l P ilg r im a g e  o f  A lb e r t  E in 

s te in ,”  a  p ilg r im a g e  f r o m  a  p h ilo s o p h y  o f  s c ie n c e  in  w h ic h  sen sation ism  

a n d  e m p ir ic is m  w e re  a t  th e  c e n te r , to  o n e  in  w h ic h  th e  basis w as a  r a 

t io n a l rea lism . T h is  essay, a  p o r t io n  o f  a  m o r e  ex ten s iv e  stu d y ,1 is c o n 

c e r n e d  w ith  E in ste in ’ s g r a d u a l p h ilo s o p h ic a l  re o r ie n ta t io n , p a rt ic u la r ly  

as it h as b e c o m e  d isce rn ib le  d u r in g  th e  w o r k  o n  h is la rg e ly  u n p u b lish e d  

s c ie n tific  c o r r e s p o n d e n c e .2

T h e  earliest k n o w n  le tter  by  E in ste in  takes us r ig h t  in to  th e  m id d le  o f  

th e  case . I t  is d a te d  19 M a r c h  1901 a n d  a d d ressed  to  W ilh e lm  O s t -  

w a ld .3 T h e  im m e d ia te  ca u se  fo r  E in ste in ’ s le tte r  w as his fa ilu re  to  r e 

c e iv e  a n  assistan tsh ip  at th e  s c h o o l  w h e re  h e  h a d  r e ce n tly  fin ish ed  his 

fo r m a l stu d ies, th e  P o ly te c h n ic  In s titu te  in  Z ü r i c h ;  h e  n o w  tu rn e d  to  

O s tw a ld  to  ask fo r  a p o s it io n  a t his la b o r a to ry , p a rt ly  in  th e  h o p e  o f  r e 

c e iv in g  “ th e  o p p o r tu n ity  f o r  fu r th e r  e d u c a t io n .”  E in ste in  in c lu d e d  a  

c o p y  o f  h is first p u b lic a t io n , F o lg e r u n g e n  aus d en  C a p illa r itä tsersch e in -  

u n g e n 4 ( 1 9 0 1 ) ,  w h ic h  h e  sa id  h a d  b e e n  in sp ire d  ( a n g e r e g t ) b y  O s t -  

w a ld ’ s w o r k ; in d e e d , O s tw a ld ’s A l l g e m e i n e  C h e m i e  is th e  first b o o k  

m e n tio n e d  in  all o f  E in ste in ’ s p u b lish e d  w o rk .

T his article was originally published in D 6 e d 6 l u s , Spring, 1968, pp. 6 3 6 - 

673.
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N o t  h a v in g  r e c e iv e d  a n  an sw er, E in ste in  w r o te  a g a in  to  O s tw a ld  o n  

3 A p r i l  1901 . O n  13 A p r il  1901 h is fa th e r , H e r m a n n  E in ste in , sent 

O s tw a ld  a  m o v in g  a p p e a l, e v id e n t ly  w ith o u t  h is son ’ s k n o w le d g e . H e r 

m a n n  E in ste in  r e p o r te d  th a t  h is son  esteem s O s tw a ld  “ m o st  h ig h ly  

a m o n g  a ll sch o la rs  cu rre n tly  a c t iv e  in  p h y s ics .” 5

T h e  c h o ic e  o f  O s tw a ld  w a s  s ig n ifica n t. H e  w as , o f  co u rse , n o t  o n ly  

o n e  o f  th e  fo r e m o s t  ch em ists , b u t  a lso  a n  a c t iv e  “ p h ilo so p h e r-s c ie n tis t”  

d u r in g  th e  1 8 90 ’ s a n d  19 0 0 ’ s, a  t im e  o f  tu rm o il in  th e  p h y s ica l scien ces  

as w e ll as in  th e  p h ilo s o p h y  o f  s c ie n ce . T h e  o p p o n e n ts  o f  k in e tic , m e 

c h a n ic a l, o r  m a te r ia lis t ic  v iew s  o f  n a tu ra l p h e n o m e n a  w e re  v o c ife r o u s . 

T h e y  o b je c t e d  to  a to m ic  th e o ry  a n d  g a in e d  g rea t  stren gth  fr o m  th e  

v ic to r ie s  o f  th e rm o d y n a m ics , a  fie ld  in  w h ic h  n o  k n o w le d g e  o r  a ssu m p 

t io n  w as n e e d e d  c o n c e r n in g  th e  d e ta ile d  n a tu re  o f  m a te ria l su bstan ces 

( f o r  e x a m p le , f o r  a n  u n d e rs ta n d in g  o f  h e a t  e n g in e s ) .

O s tw a ld  w a s  a  m a jo r  c r it ic  o f  th e  m e c h a n ic a l in te rp re ta tio n  o f  p h y s 

ica l p h e n o m e n a , as w ere  H e lm , S ta llo , a n d  M a c h . T h e ir  fo r m  o f  p o s it i 

v ism — as a g a in st th e  so p h is tica te d  lo g ic a l p os it iv ism  d e v e lo p e d  la ter  in  

C a r n a p  a n d  A y e r ’ s w o r k — p r o v id e d  a n  e p is te m o lo g y  fo r  th e  n e w  p h e 

n o m e n o lo g ic a lly  b a sed  s c ie n c e  o f  c o r r e la te d  ob se rv a tio n s , lin k in g  en e r 

g e t ics  a n d  sen sation ism . I n  th e  s e c o n d  (1 8 9 3 )  e d it io n  o f  h is in flu en tia l 

te x tb o o k  o n  ch em istry , O s tw a ld  h a d  g iv e n  u p  th e  m e c h a n ic a l trea tm en t 

o f  h is first e d it io n  fo r  H e lm ’s “ e n e r g e t ic ”  o n e . “ H y p o th e t ic a l”  q u a n tities  

su ch  as a to m ic  en tities  w e re  t o  b e  o m it t e d ; in stea d , th ese  a u th o rs  c la im e d  

th ey  w e r e  satisfied , as M e r z  w r o te  a r o u n d  1904 , w ith  “ m e a su r in g  su ch  

q u a n tit ie s  as a r e  p re se n te d  in  o b s e r v a t io n , s u c h  as e n e rg y , m ass, p res 

sure, v o lu m e , te m p e ra tu re , h e a t, e le c tr ic a l p o te n t ia l, e tc ., w ith o u t  re 

d u c in g  th e m  to  im a g in a ry  m e ch a n ism s  o r  k in e t ic  q u a n tit ie s .”  T h e y  c o n 

d e m n e d  su ch  c o n c e p t io n s  as th e  e th e r , w ith  p ro p e rt ie s  n o t  a ccess ib le  

to  d ir e c t  o b s e r v a t io n , a n d  th ey  issu ed  a  c a ll  “ to  c o n s id e r  a n e w  th e  u lti 

m a te  p r in c ip le s  o f  a ll p h y s ica l re a so n in g , n o ta b ly  th e  s c o p e  a n d  v a lid ity  

o f  th e  N e w to n ia n  law s o f  m o t io n  a n d  o f  th e  c o n c e p t io n s  o f  f o r c e  a n d  

a c t io n , o f  a b s o lu te  a n d  re la tiv e  m o t io n .” 6

A ll  th ese ic o n o c la s t ic  d e m a n d s — e x c e p t  a n ti-a to m ism — m u st h a v e  

b e e n  c o n g e n ia l t o  th e  y o u n g  E in ste in  w h o , a c c o r d in g  to  h is c o lle a g u e  

J o s e p h  S a u ter , w as fo n d  o f  c a ll in g  h im s e lf  “ a  h e r e t ic .” 7 T h u s , w e  m a y  

w e ll su sp ect th a t E in ste in  fe l t  s y m p a th e tic  t o  O s tw a ld  w h o  d e n ie d  in  

th e  A l l g e m e i n e  G h e m i e  th a t “ th e  a ssu m p tion  o f  th a t m e d iu m , th e  

e th er , is u n a v o id a b le . T o  m e  it  d o e s  n o t  seem  to  b e  so . . . . T h e r e  is n o
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n e e d  to  in q u ire  f o r  a  ca rr ie r  o f  it  w h e n  w e  fin d  it a n y w h ere . T h is  

en a b les  us to  lo o k  u p o n  r a d ia n t  e n e r g y  as in d e p e n d e n t ly  e x is t in g  in  

s p a c e .” 8 I t  is a  p o s it io n  q u ite  con sisten t w ith  th a t sh o w n  la ter  in  E in 

ste in ’ s p a p e rs  o f  1905 o n  p h o to n  th e o ry  a n d  re la tiv ity  th eory .

In  a d d it io n , it is w o r th  n o t in g  th a t E in ste in , in  a p p ly in g  to  O s tw a ld ’s 

la b o ra to ry , seem ed  to  c o n c e iv e  o f  h im se lf as a n  ex p er im en ta lis t . W e  

k n o w  fr o m  m a n y  sou rces  th at in  his s tu d en t years in  Z ü r ic h , E in ste in ’ s 

e a r lie r  c h i ld h o o d  in terest in  m a th e m a tics  h a d  s la ck en ed  co n s id e ra b ly .

I n  th e  A u to b io g r a p h ic a l  N o te s , E in ste in  r e p o r te d : “ I  rea lly  c o u ld  h a v e  

g o tte n  a  so u n d  m a th e m a t ica l e d u c a t io n . H o w e v e r , I  w o r k e d  m o st  o f  

th e  t im e  in  th e  p h y s ica l la b o ra to ry , fa sc in a te d  b y  th e  d ir e c t  c o n t a c t  

w ith  e x p e r ie n c e .” 9 T o  th is, o n e  o f  h is fe w  re lia b le  b io g ra p h e rs  a d d s :

“ N o  o n e  c o u ld  stir h im  to  v is it  th e  m a th e m a tica l s e m in a r s .. . .  H e  d id  n o t  

yet see th e  p oss ib ility  o f  se iz in g  th a t  fo r m a tiv e  p o w e r  resid en t in  m a th e 

m atics , w h ic h  la ter  b e c a m e  th e  g u id e  o f  h is w o rk . . . . H e  w a n te d  to  

p r o c e e d  q u ite  e m p ir ica lly , t o  suit h is sc ie n tific  fe e l in g  o f  th e  t i m e . . . .  A s  

a  n a tu ra l scien tist, h e  w a s  a  p u re  e m p ir ic is t .” 10

O s tw a ld ’s m a in  p h ilo s o p h ic a l  a lly  w a s  th e  p r o li f ic  a n d  versa tile  A u s 

trian  p h ysic ist a n d  p h ilo s o p h e r  E rn st M a c h  ( 1 8 3 8 - 1 9 1 6 ) ,  w h o se  m a in  

w o rk  E in ste in  h a d  rea d  a v id ly  in  h is  s tu d e n t yea rs  a n d  w ith  w h o m  h e  

w as d estin ed  to  h a v e  la ter  th e  e n co u n te rs  th a t fo r m  a  m a in  c o n c e r n  o f  

this p a p e r . M a c h ’ s m a jo r  b o o k , T h e  S c i e n c e  o f  M e c h 6 n i c s , 11 first 

p u b lish e d  in  1883 , is p e rh a p s  m o st  w id e ly  k n o w n  f o r  its d iscu ss ion  o f  

N e w to n ’ s P r i n c i p i 6 , in  p a rt ic u la r  f o r  its d e v a s ta tin g  c r it iq u e  o f  w h a t  

M a c h  c a lle d  th e  “ c o n c e p tu a l m on stros ity  o f  a b so lu te  sp a ce ” — a  c o n 

ce p tu a l m on stros ity  b eca u se  it is “ p u re ly  a  th o u g h t -th in g  w h ic h  c a n n o t  

b e  p o in te d  to  in  e x p e r ie n c e .” 12 S ta rtin g  fr o m  h is analysis o f  N e w to n ia n  

p resu p p osition s , M a c h  p r o c e e d e d  in  his a n n o u n c e d  p r o g r a m  o f  e lim in a t 

in g  a ll m eta p h y s ica l id eas fr o m  sc ie n ce . A s  M a c h  sa id  q u ite  b lu n tly  in  

th e  p r e fa c e  to  th e  first e d it io n  o f  T h e  S c i e n c e  o f  M e c h 6 n i c s : “ T h is  

w ork  is n o t  a text to  d r ill th e o re m s  o f  m e ch a n ics . R a th e r , its in te n tio n  

is an  e n lig h te n in g  o n e — o r  to  p u t  it  still m o re  p la in ly , a n  a n ti-m e ta 

p h ysica l o n e .”

I t  w ill b e  u se fu l to  re v ie w  b r ie fly  th e  essential p o in ts  o f  M a c h ’s p h ilo s 

o p h y . H e re  w e  c a n  b e n e fit  fr o m  a  g o o d ,  a lth o u g h  v ir tu a lly  u n k n o w n , 

sum m ary' p resen ted  b y  h is sy m p a th e tic  fo l lo w e r , M o r itz  S ch lick , in  th e  

essay E rn st M a c h , d er  P h ilo so p h .

M A C H , E I N S T E I N , A N D  T H E  S E A R C H  F O R  R E A L IT Y
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M a ch  was a physicist, physiologist, and also psychologist, and his ph ilosophy 

. . . arose from  the w ish to  find a principal point o f  view  to w hich  he cou ld  

hew  in any research, one w hich  he w ou ld  not have to change w hen going from  

the field o f  physics to  that o f  physiology or  psychology. Such a firm  point o f  

v iew  he reached by going back  to that w h ich  is given before  all scientific re 

search : nam ely, the w orld  o f  sensations.. . .  Since all our testim ony concern ing 

the so-ca lled  external w orld  relies only on sensations, M a ch  held  that w e can 

and must take these sensations and com plexes o f  sensations to be the sole con 

tents [G e g en s tä n d e ] o f  those testimonies, and, therefore, that there is no need 

to assume in  addition  an unknown reality h idden behind the sensations. W ith  

that, the existence d e r  D in g e  an s ich  is rem oved as an unjustified and unneces

sary assum ption. A  body, a physical ob ject, is nothing else than a com plex , a 

m ore o r  less firm [we w ould  say, invariant] pattern o f  sensations, i.e., o f  colors, 

sounds, sensations o f  heat and pressure, etc.

T h ere  exists in this w orld  nothing w hatever other than sensations and their 

connections. In  place o f  the w ord  “ sensations,”  M ach  liked to use rather the 

m ore neutral w ord  “ elem ents.”  . . . [As is particularly clear in M a ch ’s book  

E r k e n n t n i s  u n d  I r r t u m ] scientific know ledge o f the w orld  consists, a ccord 

ing to M ach , in nothing else than the simplest possible description o f  the con 

nections betw een the elements, and it has as its only aim  the intellectual mastery 

o f  those facts by means o f  the least possible effort o f  thought. T h is aim  is 

reäched by means o f  a m ore and m ore com p lete  “ a ccom m odation  o f  the 

thoughts to one another.”  T h is is the form ulation  by M ach  o f  his fam ous “ prin 

c ip le  o f  the econom y o f  thought.” 13

T h e  in flu e n ce  o f  M a c h ’ s p o in t  o f  v ie w , p a rt icu la r ly  in  th e  G e r m a n 

sp e a k in g  co u n tr ie s , w as e n o r m o u s — o n  p h ysics , o n  p h y s io lo g y , o n  p sy 

c h o lo g y , a n d  o n  th e  fie lds o f  th e  h istory  a n d  th e  p h ilo s o p h y  o f  s c ie n c e14 

(n o t  to  m e n t io n  M a c h ’ s p r o fo u n d  e ffe c t  o n  th e  y o u n g  L e n in , H o fm a n n s 

th a l, M u s il , a m o n g  m a n y  o th ers  o u ts id e  th e  s c ie n c e s ) . S tra n g e ly  n e g le c 

ted  b y  re ce n t  s ch o la rsh ip — th ere  is n o t  e v e n  a  m a jo r  b io g r a p h y — M a c h  

has in  th e  last tw o  o r  th ree  years a g a in  b e c o m e  th e  s u b je c t  o f  a  n u m b e r  

o f  p r o m is in g  studies. T o  b e  sure, M a c h  h im se lf a lw ays lik e d  to  insist 

th a t h e  w as b e le a g u e re d  a n d  n e g le c te d , a n d  th a t h e  d id  n o t  h a v e , o r  

w ish  to  h a v e , a  p h ilo s o p h ic a l system ; y e t h is p h ilo s o p h ic a l id eas a n d  a t 

t itu d es h a d  b e c o m e  so  w id e ly  a  p a r t  o f  th e  in te lle c tu a l e q u ip m e n t  o f  

th e  p e r io d  fr o m  th e  1 8 80 ’ s o n  th a t E in ste in  w as q u ite  r ig h t  in  say in g  

la ter  th at “ e v e n  th ose  w h o  th in k  o f  th em selves  as M a c h ’ s o p p o n e n ts  

h a rd ly  k n o w  h o w  m u c h  o f  M a c h ’ s v iew s  th ey  h a v e , as it  w e re , im b ib e d  

w ith  th e ir  m o th e r ’ s m ilk .” 15
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T h e  p ro b le m s  o f  p h ysics  th em selves  at th a t t im e  h e lp e d  to  r e in fo rc e  

th e  a p p e a l o f  th e  n e w  p h ilo s o p h ic a l a tt itu d e  u r g e d  b y  M a c h . T h e  g re a t  

p r o g r a m  o f  n in e te e n th -ce n tu ry  p h ysics , th e  r e c o n c ilia t io n  o f  th e  n o t io n s  

o f  e th er, m a tter , a n d  e le c tr ic ity  b y  m ea n s  o f  m e ch a n is tic  p ic tu re s  a n d  

h y p oth eses , h a d  le d  to  e n orm ities— fo r  e x a m p le , L a r m o r ’ s p r o p o s a l th a t 

th e  e le c tro n  is a  p e r m a n e n t  b u t  m o v a b le  state o f  tw ist o r  stra in  in  th e  

e th er , fo r m in g  d isco n t in u o u s  p a rt ic le s  o f  e le c tr ic ity  a n d  p oss ib ly  o f  a ll 

p o n d e r a b le  m a tter . T o  m a n y  o f  th e  y o u n g e r  ph ysicists o f  th e  tim e , a t 

ta ck in g  th e  p r o b le m s  o f  p h y sics  w ith  c o n c e p t io n s  in h e r ite d  fr o m  c la s 

s ica l n in e te e n th -ce n tu ry  p h y sics  d id  n o t  seem  to  le a d  a n y w h ere . A n d  

h ere  M a c h ’ s ic o n o c la s m  a n d  in cis iv e  c r it ic a l c o u r a g e , i f  n o t  th e  deta ils  

o f  h is p h ilo s o p h y , m a d e  a  s tro n g  im p ress ion  o n  h is readers .
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M a c h 's  E a r ly  I n f lu e n c e  o n  E in stein

A s  th e  c o r r e s p o n d e n c e  a t  th e  E in ste in  A rch iv e s  a t P r in c e to n  revea ls , 

o n e  o f  th e  y o u n g  scientists d e e p ly  c a u g h t  u p  in  M a c h ’ s p o in t  o f  v ie w  

w as M ic h e la n g e  (M ic h e le )  B esso— E in ste in ’ s o ld e s t  a n d  c losest fr ie n d , 

fe l lo w  stu d en t, a n d  c o lle a g u e  a t  th e  P a ten t O ff ic e  in  B ern , th e  o n ly  

p e rso n  to  w h o m  E in ste in  g a v e  p u b lic  c re d it  f o r  h e lp  ( m a n ch e  w e r tv o l le  

A n r e g u n g )  w h e n  h e  p u b lish e d  his b a s ic  p a p e r  o n  re la tiv ity  in  1905. I t  

w as B esso w h o  in tr o d u c e d  E in ste in  to  M a c h ’ s w o r k . In  a  le tter  o f  8  A p r il  

1952 to  C a r l S ee lig , E in ste in  w r o t e :  “ M y  a tte n t io n  w a s  d r a w n  to  E rnst 

M a c h ’ s S c i e n c e  o f  M e c h 6 n i c s  b y  m y  fr ie n d  B esso w h ile  a  s tu d en t, 

a r o u n d  th e  y ea r  1897. T h e  b o o k  e x e r te d  a  d e e p  a n d  p ers istin g  im p re s 

s ion  u p o n  m e  . .  . ,  o w in g  to  its p h y s ica l o r ie n ta t io n  to w a r d  fu n d a m e n ta l 

c o n c e p ts  a n d  fu n d a m e n ta l la w s.”  A s  E in ste in  n o te d  in  h is A u to b io g r a p h 

ica l N o te s  w r itte n  in  1946 , E rn st M a c h ’ s T h e  S c i e n c e  o f  M e c h 6 n i c s  

“ sh o o k  th is d o g m a t ic  fa ith ”  in  “ m e ch a n ics  as th e  fin a l basis o f  all p h y s 

ica l th in k in g . . . . T h is  b o o k  e x e rc ise d  a  p r o fo u n d  in flu e n ce  u p o n  m e  in  

this re g a rd  w h ile  I  w a s  a  stu d en t. I  see  M a c h ’ s greatn ess in  h is in c o r 

ru p tib le  sk ep tic ism  a n d  in d e p e n d e n c e ; in  m y  y o u n g e r  years, h o w e v e r , 

M a c h ’s e p is te m o lo g ic a l p o s it io n  a lso  in f lu e n c e d  m e  v e ry  g re a t ly .” 18

A s  th e  lo n g  c o r r e s p o n d e n c e  b e tw e e n  th ose  o ld  fr ien d s  sh ow s, B esso 

re m a in e d  a  lo y a l M a c h is t  to  th e  e n d . T h u s , w r it in g  to  E in ste in  o n  8 

D e c e m b e r  1947 , h e  still s a id : “ A s  fa r  as th e  h istory  o f  s c ie n ce  is c o n 

c e rn e d , it a p p e a rs  to  m e  th at M a c h  stands a t th e  c e n te r  o f  th e  d e v e lo p 

m e n t o f  the last 5 0  o r  70 yea rs .”  Is  it n o t  tru e , B esso a lso  ask ed , “ th at
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th is in tr o d u c t io n  [to  M a c h ]  fe ll  in to  a  p h a se  o f  d e v e lo p m e n t  o f  th e  y o u n g  

p h y s ic is t  [E in ste in ] w h e n  th e  M a c h is t  sty le  o f  th in k in g  p o in te d  d e 

c is iv e ly  a t o b se rv a b le s— p e rh a p s  e v e n , in d ire c tly , to  c lo c k s  a n d  m e te r  

s tick s?”

T u r n in g  n o w  t o  E in ste in ’ s c r u c ia l first p a p e r  o n  re la tiv ity  in  1905 , 

w e  c a n  d isce rn  in  it  in flu e n ce s  o f  m a n y , p a r t ly  c o n tr a d ic to r y , p o in ts  o f  

v ie w — n o t  su rp ris in g  in  a  w o r k  o f  s u c h  o r ig in a lity  b y  a  y o u n g  c o n t r ib 

u to r . E lse w h e re  I  h a v e  e x a m in e d  th e  e f fe c t— o r  la ck  o f  e f fe c t— o n  th a t 

p a p e r  o f  th ree  c o n te m p o r a r y  p h y s ic is ts : H . A . L o r e n tz ,17 H e n r i P o in 

c a r e ,18 a n d  A u g u s t  F o p p l .  H e r e  w e  m a y  ask in  w h a t  sense a n d  to  

w h a t  e x te n t  E in ste in ’ s in it ia l re la tiv ity  p a p e r  o f  1905 w a s  im b u e d  w ith  

th e  sty le o f  th in k in g  a ssoc ia ted  w ith  E rn st M a c h  a n d  his fo l lo w e r s —  

a p a r t  fr o m  th e  ch a ra cte r is t ics  o f  c la r ity  a n d  in d e p e n d e n c e , th e  tw o  

tra its in  M a c h  w h ic h  E in ste in  a lw a y s  p ra ise d  m ost.

I n  b r ie f , th e  a n sw e r  is th a t th e  M a c h is t  c o m p o n e n t — a  s tro n g  c o m 

p o n e n t , e v e n  i f  n o t  th e  w h o le  story— sh ow s u p  p r o m in e n tly  in  tw o  re 

la te d  re sp e cts : first, b y  E in ste in ’ s in s isten ce  f r o m  th e  b e g in n in g  o f  h is 

re la t iv ity  p a p e r  th a t th e  fu n d a m e n ta l p r o b le m s  o f  p h y sics  c a n n o t  b e  

u n d e r s to o d  u n til a n  e p is te m o lo g ic a l analysis is c a r r ie d  o u t , p a rt icu la r ly  

so  w ith  re sp e ct  to  th e  m e a n in g  o f  th e  c o n c e p t io n s  o f  s p a ce  a n d  t im e ;1* 

a n d  s e c o n d , b y  E in ste in ’ s id e n t if ic a t io n  o f  rea lity  w ith  w h a t  is g iv e n  b y  

sen sation s, th e  “ ev en ts ,”  ra th e r  th a n  p u tt in g  rea lity  o n  a  p la n e  b e y o n d  

o r  b e h in d  sense e x p e r ie n ce .

F r o m  th e  ou tset, th e  in stru m en ta list, a n d  h e n c e  sen sation ist, v iew s  o f  

m e a su re m e n t a n d  o f  th e  c o n c e p ts  o f  s p a ce  a n d  t im e  a re  str ik in g ly  e v i 

d e n t. T h e  k ey  c o n c e p t  in  th e  ea rly  p a r t  o f  th e  1905 p a p e r  is in tr o d u c e d  

a t  th e  t o p  o f  th e  th ird  p a g e  in  a  s tr a ig h t fo r w a r d  w a y . I n d e e d , L e o p o ld  

I n fe ld  in  h is b io g r a p h y  o f  E in ste in  c a lle d  th e m  “ th e  s im p lest sen ten ce[s] 

I  h a v e  e v e r  e n c o u n te r e d  in  a  s c ie n tific  p a p e r .”  E in ste in  w r o t e : “ W e  h a v e  

to  ta k e  in to  a c c o u n t  th a t a ll o u r  ju d g m e n ts  in  w h ic h  t im e  p la y s  a  p a rt  

a re  a lw a ys  ju d g m e n ts  o f  s im u lta n eo u s  e v e n ts .  I f  f o r  in s ta n ce  I  say, ‘ th a t 

tra in  a rr iv e d  h e re  a t sev en  o ’ c lo c k , ’  I  m e a n  s o m e th in g  like  th is : ‘T h e  

p o in t in g  o f  th e  sm a ll h a n d  o f  m y  w a tc h  to  sev en  a n d  th e  a rr iv a l o f  

th e  tra in  are  s im u lta n eou s  e v en ts .’ ” 20

T h e  b a s ic  c o n c e p t  in tr o d u c e d  h e re , o n e  th a t o v e r la p s  a lm o st  en tire ly  

M a c h ’s b a s ic  “ e le m e n ts ,”  is E in ste in ’ s c o n c e p t  o f  e v e n ts  [E reig n isse ]—  

a  w o r d  th a t re cu rs  in  E in ste in ’ s p a p e r  a b o u t  a  d o z e n  tim es im m e d ia te ly  

fo l lo w in g  th is c ita t io n . T r a n s p o s e d  in to  M in k o w s k i ’ s la te r  fo r m u la t io n
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o f  re la tiv ity , E in ste in ’ s “ ev en ts”  a re  th e  in tersection s  o f  p a r t ic u la r  

“ w o r ld  lin es ,”  say th at o f  th e  tra in  a n d  th at o f  th e  c lo c k . T h e  t im e  ( t 

c o o r d in a te )  o f  a n  e v e n t  b y  itse lf has n o  o p e r a t io n a l m e a n in g . A s  E in 

stein  sa y s : “ T h e  ‘ t im e ’ o f  an  e v e n t  is th a t w h ic h  is g iv e n  s im u lta n eou s ly  

w ith  th e  e v e n t  b y  a  s ta tion a ry  c lo c k  lo c a te d  at th e  p la c e  o f  th e  e v e n t .” 21 

W e  c a n  say th a t ju s t  as th e  t im e  o f  an  e v e n t  assum es m e a n in g  o n ly  w h e n  

it c o n n e c ts  w ith  o u r  con sc iou sn ess  th r o u g h  sense e x p e r ie n ce  (th a t  is, 

w h e n  it  is s u b je c te d  to  m e a s u r e m e n t-in -p r in c ip le  b y  m ea n s  o f  a  c lo c k  

presen t a t th e  sa m e  p l a c e ) ,  so  a lso  is th e  p la c e , o r  sp a ce  c o o r d in a te , 

o f  a n  e v e n t m e a n in g fu l o n ly  i f  it en ters o u r  sen sory  e x p e r ie n c e  w h ile  

b e in g  s u b je c te d  to  m e a s u r e m e n t-in -p r in c ip le  (th a t  is, b y  m ea n s  o f  m e te r  

sticks p resen t o n  th a t o c c a s io n  a t th e  sa m e t im e ) ,22

T h is  w a s  th e  k in d  o f  o p e ra t io n a lis t  m essage  w h ic h , fo r  m ost o f  his 

read ers , o v e r s h a d o w e d  a ll o th e r  p h ilo s o p h ic a l asp ects  in  E in ste in ’ s p a p e r .

H is  w o r k  w as en th u sia stica lly  e m b r a c e d  b y  th e  g ro u p s  w h o  sa w  th e m 

selves as p h ilo s o p h ic a l h eirs  o f  M a c h ,  th e  V ie n n a  C ir c le  o f  n eop ositiv ists  

a n d  its p red ecessors  a n d  re la te d  fo l lo w e r s ,23 p r o v id in g  a  tre m e n d o u s  

b o o s t  fo r  th e  p h ilo s o p h y  th a t h a d  in it ia lly  h e lp e d  to  n u rtu re  it. A  ty p ica l 

resp on se  w e lc o m in g  th e  re la tiv ity  th e o ry  as “ th e  v ic t o r y  o v e r  th e  m e ta 

p h ysics  o f  a b so lu tes  in  th e  c o n c e p t io n s  o f  s p a ce  a n d  t im e  . . .  a  m ig h ty  

im p u lse  fo r  th e  d e v e lo p m e n t  o f  th e  p h ilo s o p h ic a l  p o in t  o f  v ie w  o f  o u r  

t im e ,”  w a s  e x te n d e d  b y  J o se p h  P e tz o ld t  in  th e  in a u g u ra l session o f  

the G ese lls ch a ft  fu r  p o sitiv is tisch e  P h ilo so p h ic  in  B erlin , 11 N o v e m b e r  

1912 .24 M ic h e le  B esso, w h o  h a d  h e a rd  th e  m essa ge  fr o m  E in ste in  b e 

fo r e  a n y o n e  else, h a d  e x c la im e d : “ I n  th e  se tt in g  o f  M in k o w s k i ’ s sp a ce - 

tim e fr a m e w o r k , it  w as n o w  first p oss ib le  to  ca rry  th r o u g h  th e  th o u g h t  

w h ich  th e  g re a t  m a th e m a tic ia n , B e rn h a rd  R ie m a n n , h a d  g r a s p e d : ‘T h e  

s p a ce -t im e  fr a m e w o r k  itse lf is fo r m e d  b y  th e  even ts  in  it .’ ” 25

T o  b e  sure, r e -r e a d in g  E in ste in ’ s p a p e r  w ith  th e  w is d o m  o f  h in d s ig h t, 

as w e  sh a ll d o  presen tly , w e  c a n  fin d  in  it  a lso  v e ry  d iffe r e n t  tren ds, 

w a rn in g  o f  th e  p oss ib ility  th at “ rea lity ”  in  th e  e n d  is n o t  g o in g  to  b e  

le ft  id e n tica l w ith  “ ev en ts .”  T h e r e  a re  p re m o n it io n s  th a t sen sory  e x 

perien ces , in  E in ste in ’ s la ter  w o r k , w ill n o t  b e  re g a rd e d  as th e  c h ie f  

b u ild in g  b lo ck s  o f  th e  “ w o r ld ,”  th a t th e  law s o f  p h ysics  th em selves  w ill  

be  seen to  b e  b u ilt  in to  th e  e v e n t -w o r ld  as th e  u n d e r g ir d in g  s tru ctu re  

“ g o v e r n in g ”  the p a tte rn  o f  even ts.

S u ch  p recu rsors  a p p e a r  e v e n  e a r lie r , in  o n e  o f  E in ste in ’ s first letters 

in  the A rch iv e s . A d d re sse d  to  his fr ie n d  M a r c e l  G rossm a n n , it is d a te d
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14 A p r i l  1901 , w h e n  E in ste in  b e l ie v e d  h e  h a d  fo u n d  a  c o n n e c t io n  b e 

tw e e n  N e w to n ia n  fo r c e s  a n d  th e  fo r c e s  o f  a ttra ct io n  b e tw e e n  m o le c u le s : 

“ I t  is a  w o n d e r fu l  fe e l in g  to  r e c o g n iz e  th e  u n ity  o f  a  c o m p le x  o f  a p p e a r 

a n ce s  w h ic h , t o  d ir e c t  sense e x p e r ie n ce , se e m  t o  b e  se p a ra te  th in gs .”  

A lr e a d y  th e r e  is a  h in t  h e r e  o f  th e  h ig h  v a lu e  th a t  w il l  b e  p la c e d  o n  

in tu ite d  u n ity  a n d  th e  lim ite d  r o le  seen  f o r  e v id e n t  sense e x p e r ie n ce .

B u t  a ll th is w a s  n o t  y e t  r e a d y  to  c o m e  in to  fu l l  v ie w , e v e n  to  th e  

a u th o r . T a k in g  th e  e a r ly  p a p e r s  as a  w h o le , a n d  in  th e  c o n te x t  o f  th e  

p h y s ics  o f  th e  d a y , w e  fin d  th a t  E in ste in ’ s p h ilo s o p h ic a l  p i lg r im a g e  d id  

start o n  th e  h is to r ic  g r o u n d  o f  p o s it iv ism . M o r e o v e r ,  E in ste in  th o u g h t  

so  h im se lf , a n d  co n fe sse d  as m u c h  in  letters t o  E rn st M a c h .

T h e  E in s te in -M a c h  L e t t e r s

I n  th e  h is to ry  o f  r e ce n t  s c ie n ce , th e  r e la t io n  b e tw e e n  E in ste in  a n d  

M a c h  is a n  im p o r ta n t  t o p ic  th a t  h a s  b e g u n  to  in terest a  n u m b e r  o f  

s ch o la rs . I n d e e d , it  is a  d r a m a  o f  w h ic h  w e  c a n  sk e tch  h e re  f o u r  sta ges : 

E in ste in ’ s e a r ly  a c c e p t a n c e  o f  th e  m a in  fe a tu re s  o f  M a c h ’ s d o c t r in e ; 

th e  E in s te in -M a c h  c o r r e s p o n d e n c e  a n d  m e e t in g ; th e  r e v e la t io n  in  1921 

o f  M a c h ’ s u n e x p e c te d  a n d  v ig o r o u s  a tta ck  o n  E in ste in ’ s r e la t iv ity  th e o r y ; 

a n d  E in ste in ’ s o w n  fu r th e r  d e v e lo p m e n t  o f  a  p h ilo s o p h y  o f  k n o w le d g e  

in  w h ic h  h e  r e je c t e d  m a n y , i f  n o t  a ll, o f  h is e a r lie r  M a c h is t  b e lie fs .

H a p p ily , th e  c o r r e s p o n d e n c e  is p re se rv e d  a t  least in  p a rt . A  fe w  letters 

h a v e  b e e n  fo u n d , a ll f r o m  E in ste in  to  M a c h .  T h o s e  o f  c o n c e r n  h e re  are  

p a r t  o f  an  e x c h a n g e  b e tw e e n  19 09  a n d  1 9 1 3 , a n d  th e y  testify  to  E in 

s te in ’ s d e e p ly  fe l t  a t tra c t io n  t o  M a c h ’ s v ie w p o in t , ju s t  a t  a  t im e  w h e n  

th e  m ig h ty  M a c h  h im s e lf— fo r ty  years se n io r  t o  th e  y o u n g  E in ste in  

w h o s e  w o r k  w as ju s t  b e c o m in g  w id e ly  k n o w n — h a d  f o r  h is  p a r t  e m 

b r a c e d  th e  re la tiv ity  th e o ry  p u b lic ly  b y  w r it in g  in  th e  s e c o n d  (1 9 0 9 )  

e d it io n  o f  C o n s e r v 6 t i o n  o f  E n e r g y : “ I  su b scr ib e , th en , t o  th e  p r in 

c ip le  o f  re la tiv ity , w h ic h  is a lso  firm ly  u p h e ld  in  m y  M e c h 6 n i c s  a n d  

W ä r m e l e h r e .26 I n  th e  first le tter , E in ste in  w rites  f r o m  B e rn  o n  9  A u g 

u st 19 09 . H a v in g  th a n k e d  M a c h  fo r  s e n d in g  h im  th e  b o o k  o n  th e  L a w  

o f  C o n s e r v a t io n  o f  E n e rg y , h e  a d d s : “ I  k n o w , o f  co u rse , y o u r  m a in  p u b 

lica tio n s  v ery  w e ll , o f  w h ic h  I  m o st  a d m ire  y o u r  b o o k  o n  M e ch a n ics . 

Y o u  h a v e  h a d  su ch  a  s tro n g  in flu e n c e  u p o n  th e  e p is te m o lo g ic a l c o n c e p 

t ion s  o f  th e  y o u n g e r  g e n e r a t io n  o f  p h ysic ists  th a t  e v e n  y o u r  o p p o n e n ts  

to d a y , su ch  as P la n ck , u n d o u b te d ly  w o u ld  h a v e  b e e n  c a lle d  M a c h  fo l 

lo w e rs  b y  ph ysicists  o f  th e  k in d  th a t w as ty p ic a l a  fe w  d e c a d e s  a g o .”
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I t  w ill  b e  im p o r ta n t  f o r  o u r  an alysis t o  r e m e m b e r  th a t  P la n ck  w as 

E in ste in ’ s earliest p a tr o n  in  s c ie n tific  c irc le s . I t  w as P la n ck  w h o , in  1905 , 

as e d ito r  o f  th e  A n n 6 l e n  d e r  P h y s i k , r e c e iv e d  E in ste in ’ s first re la tiv ity  

p a p e r  a n d  th e r e u p o n  h e ld  a  r e v ie w  se m in a r  o n  th e  p a p e r  in  B erlin .

P la n ck  d e fe n d e d  E in ste in ’ s w o r k  o n  re la t iv ity  in  p u b l ic  m e e tin g s  fr o m  

th e  b e g in n in g , a n d  b y  1913 h a d  s u c c e e d e d  in  p e rs u a d in g  h is G e r m a n  

co lle a g u e s  to  in v ite  E in ste in  to  th e  K a is e r -W ilh e lm -G e s e lls c h a ft  in  B e r 

lin . W it h  a  p o le m ic a l  essay A g a in s t th e  N e w  E n e r g e t ic s  in  1896 , h e  h a d  

m a d e  c le a r  h is p o s it io n , a n d  b y  1909 P la n ck  w a s  o n e  o f  th e  fe w  o p p o n 

ents o f  M a c h ,  a n d  sc ie n tifica lly  th e  m o st  p r o m in e n t  o n e . H e  h a d  ju s t  

w ritten  a  fa m o u s  a tta ck , D ie  E in h e it  d es  p h y s ik a lisch en  W e ltb ild e s . F a r  

fr o m  a c c e p t in g  M a c h ’ s v ie w  th at, as h e  p u t  it , “ N o th in g  is re a l e x c e p t  

th e p e rce p t io n s , a n d  a ll n a tu ra l s c ie n ce  is  u lt im a te ly  a n  e c o n o m ic  a d a p 

ta t io n  o f  o u r  id eas to  o u r  p e r c e p t io n s ,”  P la n ck  h e ld  to  th e  e n tire ly  a n 

t ith e tica l p o s it io n  th a t a  b a s ic  a im  o f  s c ie n ce  is “ th e  fin d in g  o f  a  f ix e d  

w o r ld  p ic tu r e  in d e p e n d e n t  o f  th e  v a r ia t io n  o f  t im e  a n d  p e o p le ,”  o r , m o r e  

g en era lly , “ th e  c o m p le te  lib e ra t io n  o f  th e  p h y s ica l p ic tu r e  fr o m  th e  in d i 

v id u a lity  o f  th e  sep a ra te  in te lle c ts .” 27

A t  least b y  im p lic a t io n , E in ste in ’ s rem a rk s to  M a c h  sh o w  th a t h e  

d isso c ia te d  h im se lf fr o m  P la n c k ’s v ie w . I t  m a y  a lso  n o t  b e  ir re le v a n t  th a t  

ju s t  a t th a t t im e  E in ste in , w h o  s in ce  19 06  h a d  b e e n  o b je c t in g  to  in 

con sisten cies  in  P la n ck ’ s q u a n tu m  th e o ry , w a s  p r e p a r in g  h is first m a jo r  

in v ited  p a p e r  b e fo r e  a  s c ie n tific  con g ress , th e  e ig h ty -firs t  m e e t in g  o f  

th e  N a tu r fo rs c h e r v e r sa m m lu n g , a n n o u n c e d  f o r  S e p te m b e r , 19 09 , in  

S a lzbu rg . E in ste in ’ s p a p e r  c a lle d  fo r  a  re v is io n  o f  M a x w e l l ’ s th e o r y  

to  a c c o m m o d a te  th e  p r o b a b ilis t ic  c h a r a c te r  o f  th e  em iss ion  o f  p h o 

tons— n o n e  o f  w h ic h  P la n ck  c o u ld  a c c e p t— a n d  c o n c lu d e d :  “ T o  a c c e p t  

P la n ck ’s th e o ry  m ea n s, in  m y  v ie w , to  th r o w  o u t  th e  bases o f  o u r  [1 9 0 5 ] 

th eory  o f  r a d ia t io n .”

M a c h ’ s r e p ly  to  E in ste in ’s first le tter  is n o w  lost, b u t it  m u st h a v e  c o m e  

q u ick ly , b eca u se  e ig h t  days la ter  E in ste in  sen ds a n  a c k n o w le d g m e n t :

Bern, 17 August 1909. Y ou r friendly letter gave m e enorm ous pleasure. . . .

I  am  very glad  that you are pleased w ith the relativity theory. . . . Thanking 

you again for  your friendly letter, I  rem ain, your student [in deed : Ih r  Sie ver- 

ehrender Schiller], A . Einstein.

E in ste in ’ s n e x t  le tter  w a s  w ritte n  as p h y sics  p ro fe sso r  in  P ra g u e , w h e re  

M a c h  b e fo r e  h im  h a d  b e e n  fo r  tw e n ty -e ig h t  years. T h e  p o s t  h a d  b e e n
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o f fe r e d  to  E in ste in  o n  th e  basis o f  r e c o m m e n d a t io n s  o f  a  fa c t io n  (L a m p a , 

P ic k )  w h o  r e g a r d e d  th em selves  as fa ith fu l d isc ip les  o f  M a c h .  T h e  

le tte r  w a s  sent o u t  a b o u t  N e w  Y e a r ’s 1 9 1 1 -1 2 , p e rh a p s  ju s t  b e fo r e  o r  

a fte r  E in ste in ’ s so le  (a n d , a c c o r d in g  to  P h il ip p  F ra n k ’ s a c c o u n t  in  E i n 

s t e i n , H i s  L i f e  6 n d  T i m e s , n o t  v e ry  s u cce ss fu l) v isit to  M a c h ,  a n d  

a fte r  th e  first p rog ress  to w a r d  th e  g e n e ra l re la tiv ity  th e o r y :

. . .  I can ’t quite understand how  P lanck has so little understanding fo r  your 

efforts. H is stand to m y [general relativity] theory is also one o f  refusal. But I 

can ’ t take it amiss; so far, that on e  single epistem ological argument is the only 

thing w hich  I can bring forw ard in favor o f m y theory .28

H e r e , E in ste in  is r e fe r r in g  d e lica te ly  to  th e  M a c h  P r in c ip le , w h ic h  h e  

h a d  b e e n  p u tt in g  a t th e  c e n te r  o f  th e  d e v e lo p in g  th e o ry .29 M a c h  re 

s p o n d e d  b y  se n d in g  E in ste in  a  c o p y  o f  o n e  o f  h is b o o k s , p r o b a b ly  th e  

A n 6 l y s i s  o f  S e n s 6 t i o n s .

I n  th e  last o f  these letters to  M a c h  (w h o  w as n o w  sev en ty -fiv e  years 

o ld ,  a n d  f o r  s o m e  years h a d  b e e n  p a r a ly z e d ) , E in ste in  w rites  fr o m  Z ü 

r ic h  o n  25  J u n e  1 9 1 3 :

R ecently  you have probably  received m y new  pu blication  on  relativity and 

gravitation w hich  I have at last finished after unending labor and painful 

doubt. [This must have been the E ntw urf einer verallgem einerten  Relativitäts 

theorie und einer T h eorie  der Gravitation, written with M arcel Grossm ann.30] 

N ext year at the solar eclipse it will turn out w hether the light rays are bent 

by  the sun, in other w ords whether the basic and fundam ental assumption o f 

the equivalence o f  the acceleration o f the reference fram e and o f  the gravita 

tional field really holds. I f  so, then your inspired investigations into the founda 

tions o f  m echanics— despite P lanck ’s unjust criticism — will receive a splendid 

confirm ation. For it is a necessary consequence that inertia has its origin  in a 

kind o f  m utual interaction o f  bodies, fu lly  in the sense o f  your critique o f N ew 

ton ’s bucket experim ent.31

T h e  P a th s  D iv e r g e

T h e  s ig n ifica n t  c o r r e s p o n d e n c e  stop s h ere , b u t  E in ste in ’ s p u b lic  a n d  

p r iv a te  a v o w a ls  o f  h is a d h e r e n c e  t o  M a c h ’ s id ea s  c o n t in u e  fo r  severa l 

years m o re . F o r  e x a m p le , th ere  is h is w e ll -k n o w n , m o v in g  e u lo g y  o f  

M a c h ,  p u b lish e d  in  1 9 16 .15 I n  A u g u st, 1918, E in ste in  w rites  to  Besso 

q u ite  stern ly  a b o u t  a n  a p p a r e n t— a n d  q u ite  te m p o ra ry — lapse  in  B esso ’s 

p o s it iv is tic  e p is te m o lo g y ; it  is a n  in terestin g  letter, w o r th  c it in g  in  fu ll :
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28 August 1918.

D ear M ich e le :

In  your last letter I find, on re-reading, som ething w hich  makes m e angry: 

T hat speculation has proved  itself to  be  superior to  em piricism . Y ou  are think

ing here about the developm ent o f  relativity theory. H ow ever, I find that this 

developm ent teaches som ething else, that it is practically the opposite, nam ely 

that a theory w hich  wishes to deserve trust must be  built upon  generalizable 

facts.

O ld  exam ples: C h ie f postulates o f  therm odynam ics [based] on im possibility 

o f  perpetuum  m obile. M echanics [based] on  a grasped [ertasteten ] law  o f in 

ertia. K inetic gas theory [based] on  equivalence o f  heat and m echanical energy 

(also h istorica lly). Special R elativ ity on the constancy o f  light velocity  and 

M axw ell’s equation for  the vacuum , w hich in turn rest on em pirical founda 

tions. R elativ ity w ith respect to uniform  [?] translation is a fact o f experience.

G eneral R elativ ity : Equivalence o f inertial and gravitational mass. N ever has a 

truly useful and d eep -goin g  theory really been found purely  speculatively . T h e  

nearest case is M a x w ell’ s hypothesis con cern in g  d isp lacem ent current; there 

the p rob lem  was to d o  justice to the fact o f  light propagation . . . . W ith  cord ia l 

greetings, you r A lbert. [Em phasis in the original]

C a r e fu l re a d in g  o f  this le tte r  sh ow s us th a t a lre a d y  h ere  th ere  is e v i 

d e n ce  o f  d iv e r g e n c e  b e tw e e n  th e  c o n c e p t io n  o f  “ fa c t ”  as u n d e r s to o d  b y  

E in stein  a n d  “ fa c t ”  as u n d e r s to o d  b y  a  tru e  M a c h is t . T h e  im p oss ib ility  

o f  th e  p e r p e tu u m  m o b ile , th e  first la w  o f  N e w to n , th e  c o n s ta n c y  o f  lig h t  

v e lo c ity , th e  v a lid ity  o f  M a x w e l l ’ s e q u a tio n s , th e  e q u iv a le n c e  o f  in ertia l 

a n d  g ra v ita tio n a l m ass— n o n e  o f  these w o u ld  h a v e  b e e n  c a lle d  “ fa cts  

o f  e x p e r ie n c e ”  b y  M a c h . I n d e e d , M a c h  m ig h t  h a v e  in sisted  th a t— to  use 

o n e  o f  h is fa v o r ite  b a tt le  w o r d s — it is e v id e n c e  o f  “ d o g m a t is m ”  n o t  to  

reg a rd  a ll these c o n c e p tu a l con stru cts  as c o n t in u a lly  in  n e e d  o f  p r o b in g  

r e -e x a m in a t io n s ; thus, M a c h  h a d  w r it te n :

. . . fo r  m e, matter, tim e and space are still problem s, to w hich, incidentally, 

the physicists (Lorentz, Einstein, M inkow ski) are also slow ly approaching .32

S im ila r  e v id e n c e  o f  E in ste in ’ s g r a d u a l a p osta sy  a p p e a rs  in  a  le tter  o f  

4  D e c e m b e r  1919  to  P a u l E h ren fest . E in ste in  w r ite s :

I understand your difficulties w ith the developm ent o f  relativity theory. T h ey  

arise sim ply because you want to base the innovations o f  1905 on epistem ologi 

cal grounds (nonexistence o f  the stagnant ether) instead o f  em pirical grounds 

(equivalence o f  all inertial systems with respect to l ig h t ) .
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M a c h  w o u ld  h a v e  a p p la u d e d  E in ste in ’ s l i fe - lo n g  su sp ic io n  o f  fo r m a l 

e p is te m o lo g ic a l system s, b u t  h o w  stra n ge  w o u ld  h e  h a v e  fo u n d  th is use 

o f  th e  w o r d  e m p ir ic a l  to  c h a r a c te r iz e  th e  h y p o th e s is  o f  th e  e q u iv a le n c e  

o f  a ll in e rt ia l system s w ith  re sp e ct  to  lig h t ! W h a t  w e  see  fo r m in g  s lo w ly  

h e re  is E in ste in ’ s v ie w  th a t th e  fu n d a m e n ta l r o le  p la y e d  b y  e x p e r ie n c e  

in  th e  c o n s tr u c t io n  o f  fu n d a m e n ta l p h y s ica l th e o r y  is, a fte r  a ll, n o t  

th r o u g h  th e  “ a t o m ”  o f  e x p e r ie n c e , n o t  th r o u g h  th e  in d iv id u a l sen sa tion  

o r  th e  p r o t o c o l  sen ten ce , b u t  th r o u g h  s o m e  c re a tiv e  d ig e s t  o r  synthesis 

o f  “ d ie  g e s a m m te n  E r fa h ru n g s ta tsa ch en , ”  th e  to ta lity  o f  p h y s ica l e x p e r i 

e n c e .33 B u t a ll th is w a s  still h id d e n . U n t i l  M a c h ’ s d e a th , a n d  f o r  severa l 

years a fte r , E in ste in  c o n s id e r e d  a n d  d e c la r e d  h im s e lf  a  d is c ip le  o f  M a c h .

I n  th e  m e a n t im e , h o w e v e r , u n k n o w n  to  E in ste in  a n d  e v e r y o n e  else, 

a  t im e  b o m b  h a d  b e e n  t ic k in g  a w a y . S et in  1 9 1 3 , it  w e n t  o f f  in  1 9 2 1 , fiv e  

yea rs  a fte r  M a c h ’ s d e a th , w h e n  M a c h ’ s T h e  P r i n c i p l e s  o f  P h y s i c 6 l  

O p t i c s  w a s p u b lis h e d  a t  last. M a c h ’ s p r e fa c e  w a s  d a te d  J u ly , 1913—  

p e rh a p s  a  fe w  d a y s  o r , a t  m o st , a  fe w  w eek s  a fte r  M a c h  h a d  r e c e iv e d  

E in ste in ’ s last, e n th u s ia s tic  le tte r  a n d  th e  a r t ic le  o n  g e n e ra l re la tiv ity  

th e o ry . I n  a  w e ll -k n o w n  p a ssa g e  in  th e  p r e fa c e  (b u t  o n e  u su a lly  fo u n d  in  

a n  in a c c u r a te  t r a n s la t io n ) , M a c h  h a d  w r it t e n :

I  am  com p elled , in  w hat m ay be  m y  last opportunity, to  cancel m y views[,dn- 

schauungen ] o f  the relativity theory.

I  gather from  the publications w h ich  have reached m e, and especially  from  

m y correspondence, that I  am  gradually becom in g  regarded as the forerunner 

o f  relativity. I  am  able even n ow  to  p icture approxim ately  w hat new  exposi

tions and interpretations m any o f  the ideas expressed in m y b ook  on  M echanics 

w ill receive in the future from  this point o f  view . I t  was to be expected that 

philosophers and physicists should  carry on  a crusade against m e, for, as I have 

repeatedly observed, I  was m erely an un prejud iced  ram bler endow ed w ith orig 

inal ideas, in  varied fields o f  know ledge. I  must, how ever, as assuredly disclaim  

to be  a forerunner o f  the relativists as I  personally re ject the atom istic doctrine 

o f the present-day school, or church. T h e  reason w hy, and the extent to w hich, 

I  re ject [ablehne] the present-day relativity theory, w h ich  I find to  be  grow ing 

m ore  and m ore dogm atical, together w ith the particular reasons w h ich  have 

led  m e to such a view — considerations based on  the physiology o f the senses, 

epistem ological doubts, and above all the insight resulting from  m y experim ents 

— must rem ain to be  treated in the sequel [a sequel w hich  was never 

published].34

C e rta in ly , E in ste in  w a s  d e e p ly  d is a p p o in te d  b y  th is b e la te d  d isclosu re
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o f  M a c h ’ s s u d d e n  d ism issal o f  th e  re la tiv ity  th e o ry . S o m e  m o n th s  la ter , 

d u r in g  a  le c tu re  o n  6  A p r i l  1922  in  P aris, in  a  d iscu ss ion  w ith  th e  a n ti-  

M a c h is t  p h ilo s o p h e r  E m ile  M e y e rs o n , E in ste in  a llo w e d  in  a  w id e ly  re 

p o r te d  re m a rk  th a t M a c h  w a s  “ un  b o n  m é c a n ic ie n ,”  b u t  “ d ép lo ra b le  

p h i lo s o p h e ” **

W e  c a n  w e ll u n d e rs ta n d  th a t M a c h ’s r e je c t io n  w a s  a t  h e a rt  v ery  p a in 

fu l, th e  m o r e  so  as it w as s o m e h o w  E in ste in ’ s t ra g ic  fa te  to  h a v e  th e  

c o n tr ib u t io n  h e  m o s t  c a r e d  a b o u t  r e je c te d  b y  th e  v e r y  m e n  w h o se  a p 

p r o v a l  a n d  u n d e r s ta n d in g  h e  w o u ld  h a v e  m o s t  g la d ly  h a d — a  s itu a tio n  

n o t  u n k n o w n  in  th e  h is to ry  o f  sc ie n ce . I n  a d d it io n  to  M a c h ,  th e  list in 

c lu d e s  these f o u r :  H e n r i  P o in c a r é , w h o , t o  h is d e a th  in  1912 , o n ly  o n c e  

d e ig n e d  to  m e n t io n  E in ste in ’ s n a m e  in  p r in t , a n d  th e n  o n ly  to  reg ister  

a n  o b je c t io n ;  H . A .  L o r e n tz ,  w h o  g a v e  E in ste in  p e rso n a lly  e v e ry  p oss ib le  

e n c o u r a g e m e n t— sh ort  o f  fu lly  a c c e p t in g  th e  th e o r y  o f  re la tiv ity  f o r  h im 

s e lf ; M a x  P la n c k , w h o se  s u p p o r t  o f  th e  sp e c ia l th e o r y  o f  re la tiv ity  w a s  

u n stin tin g , b u t  w h o  resisted  E in ste in ’ s id ea s  o n  g e n e ra l re la tiv ity  a n d  th e  

e a r ly  q u a n tu m  th e o r y  o f  r a d ia t io n ; a n d  A .  A .  M ic h e ls o n ,  w h o  to  th e  e n d  

o f  h is  days d id  n o t  b e lie v e  in  re la t iv ity  th e o ry , a n d  o n c e  sa id  t o  E in ste in  

th a t h e  w a s  sorry  th a t h is  o w n  w o r k  m a y  h a v e  h e lp e d  to  start this 

“ m o n s te r .” 36

S o o n  E in ste in ’ s g e n e ro s ity  a g a in  t o o k  th e  u p p e r  h a n d  a n d  resu lted , 

fr o m  th e n  to  th e  e n d  o f  h is life , in  m a n y  fu r th e r  p e r s o n a l testim on ies  to  

M a c h ’ s e a r lie r  in flu e n c e .37 A  d e ta ile d  an alysis  w a s  p r o v id e d  in  E in ste in ’ s 

le tter  o f  8  J a n u a ry  1948  to  B e sso :

As far as M a ch  is concerned, I wish to differentiate betw een M a ch ’s influence 

in general and his influence on  m e. . . . Particularly in the M e c h 6 n i c s  and 

the W 6 r m e l e h r e  he tried to show  how  concepts arose out o f  experience. H e  

took convincingly the position that these conceptions, even the m ost funda 

mental ones, obtained their warrant on ly  out o f  em pirical know ledge, that they 

are in no way logica lly  necessary.. . .

I see his weakness in this, that he m ore or less believed science to  consist in 

a m ere ordering o f em pirical m aterial; that is to say, he did not recognized the 

freely constructive elem ent in form ation  o f concepts. In  a w ay he thought that 

theories arise through discoveries  and not through inventions. H e even went so 

far that he regarded “ sensations”  not only as material w hich  has to be investi

gated, but, as it were, as the build ing blocks o f  the real w orld ; thereby, he be 

lieved, he cou ld  overcom e the difference between psychology and physics. I f
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he had draw n the fu ll consequences, he w ou ld  have had to reject not only atom 

ism but also the idea o f a physical reality.

N ow , as far as M a ch ’s influence on m y ow n developm ent is concerned, it cer 

tainly was great. I rem em ber very well that you drew  m y attention to his 

M e c h 6 n i c s  and W ä r m e l e h r e  during m y first years o f study, and that both 

books m ade a great impression on me. T h e  extent to w hich  they influenced m y 

ow n w ork is, to say the truth, not clear to m e. As far as I am conscious o f  it, 

the im m ediate influence o f  H u m e on  m e was greater. . . . But, as I said, I am  

not able to analyze that w hich  lies anchored in unconscious thought. It is inter 

esting, by the way, that M a ch  rejected the special relativity theory passionately 

(h e  d id  not live to see the general relativity theory [in the developed  fo rm ]). 

T h e  theory was, fo r  him , inadm issibly speculative. H e d id  not know  that this 

speculative character belongs also to N ew ton ’s m echanics, and to every theory 

w hich  thought is capable o f. T h ere exists only a gradual difference between 

theories, insofar as the chains o f  thought from  fundam ental concepts to em piri 

ca lly  verifiable conclusions are o f different lengths and com plications .38

A n tip o s it iv is t ic  C o m p o n e n t  o f  E in s te in ’ s W o r k

E rn st M a c h ’ s h a rsh  w o r d s  in  h is 1913 p r e fa c e  le a v e  a  ta n ta liz in g  m ys 

tery . L u d w ig  M a c h ’s d e s tru c t io n  o f  h is fa th e r ’ s p a p e rs  h as so  fa r  m a d e  

it  im p o ss ib le  t o  f in d  o u t  m o r e  a b o u t  th e  “ e x p e r im e n ts ”  (p o ss ib ly  o n  th e 

c o n s ta n c y  o f  th e  v e lo c ity  o f  l ig h t )  a t  w h ic h  E rn st M a c h  h in te d . S in ce  

19 21 , m a n y  sp e cu la tio n s  h a v e  b e e n  o f fe r e d  to  e x p la in  M a c h ’s rem a rk s .39 

T h e y  a ll le a v e  s o m e th in g  to  b e  d es ired . Y e t , I  b e lie v e , it is n o t  so  d ifficu lt  

t o  r e co n s tru c t  th e  m a in  reason s w h y  M a c h  e n d e d  u p  r e je c t in g  th e  re la 

t iv ity  th e o ry . T o  p u t  it  v e ry  s im p ly , M a c h  h a d  r e c o g n iz e d  m o r e  a n d  

m o r e  c le a r ly , years b e fo r e  E in ste in  d id  so  h im se lf, th a t  E in ste in  h a d  

in d e e d  fa lle n  a w a y  fr o m  th e  fa ith , h a d  le ft  b e h in d  h im  th e  c o n fin e s  o f  

M a c h is t  e m p ir io c r it ic ism .

T h e  list o f  e v id e n ce s  is lo n g . H e r e  o n ly  a  fe w  e x a m p le s  c a n  b e  g iv e n , 

th e  first f r o m  th e  1905  re la t iv ity  p a p e r  it s e lf : w h a t  h a d  m a d e  it  rea lly  

w o r k  w a s  th a t it c o n ta in e d  a n d  c o m b in e d  e lem en ts  b a sed  o n  tw o  en tire ly  

d iffe r e n t  p h ilo s o p h ie s  o f  s c ie n ce — n o t  m e re ly  the e m p ir ic is t -o p e ra tio n is t  

c o m p o n e n t , b u t  th e  c o u r a g e o u s  in itia l p o s tu la t io n , in  th e  s e co n d  p a ra 

g r a p h , o f  tw o  th e m a t ic  h y p o th e se s  (o n e  o n  th e  co n s ta n c y  o f  l ig h t  v e lo c 

ity  a n d  th e  o th e r  o n  th e  e x te n s io n  o f  the p r in c ip le  o f  re la tiv ity  to  a ll 

b ra n ch e s  o f  p h y s ic s ) , tw o  p os tu la tes  f o r  w h ic h  th e re  w a s  a n d  c a n  b e  n o  

d ire c t  e m p ir ic a l c o n firm a t io n .

232



F o r  a  lo n g  tim e , E in ste in  d id  n o t  d r a w  a tte n tio n  to  th is fe a tu re . I n  a  

le ctu re  a t K in g ’ s C o lle g e , L o n d o n , in  19 21 , ju st b e fo r e  th e  p o s th u m o u s  

p u b lic a t io n  o f  M a c h ’s a tta ck , E in ste in  still w a s  p ro te s t in g  th a t th e  o r ig in  

o f  re la tiv ity  th e o ry  la y  in  th e  fa cts  o f  d ir e c t  e x p e r ie n c e :

. . .  I  am  anxious to  draw  attention to the fact that this theory is not speculative 

in origin ; it ow es its invention entirely to  the desire to  make physical theory fit 

observed fact as w ell as possible. W e  have here no revolutionary act, but the 

natural continuation o f  a line that can be traced through centuries. T h e  aban 

donm ent o f  certain notions connected  with space, tim e, and m otion, hitherto 

treated as fundam entals, must not be  regarded as arbitrary, but only as con 

ditioned by observed facts .40

B y J u n e , 1933, h o w e v e r , w h e n  E in ste in  re tu rn e d  to  E n g la n d  to  g iv e  

the H e r b e r t  S p e n c e r  L e c tu r e  a t  O x f o r d  en tit led  O n  th e  M e t h o d  o f  T h e o 

r e tica l P h ysics , th e  m o r e  c o m p le x  e p is te m o lo g y  th a t w a s  in  fa c t  in h e re n t 

in  his w o r k  fr o m  the b e g in n in g  h a d  b e g u n  to  b e  exp ressed . H e  o p e n e d  

this le c tu re  w ith  the s ig n ifica n t s e n te n c e : “ I f  y o u  w a n t  to  fin d  o u t  a n y 

th in g  fr o m  th e  th e o re tica l ph ysicists  a b o u t  th e  m e th o d s  th ey  use, I ad v ise  

y o u  to  stick  c lo se ly  to  o n e  p r in c ip le : D o n ’ t listen  to  th e ir  w o rd s , fix  y o u r  

a tte n tio n  o n  th e ir  d e e d s .”  H e  w e n t  o n  to  d iv id e  th e  tasks o f  e x p e r ie n ce  

a n d  rea son  in  a  v e ry  d iffe r e n t  w a y  f r o m  th a t a d v o c a te d  in  h is ea rlier  

visit to  E n g la n d :

W e are concerned with the eternal antithesis betw een the tw o inseparable co m 

ponents o f  our know ledge, the em pirical and the ra t io n a l.. . .  T h e  structure o f  

the system is the w ork o f  reason; the em pirical contents and their mutual rela 

tions must find their representation in the conclusions o f  the theory. In  the 

possibility o f  such a representation lie the sole value and justification o f  the 

w hole system, and especially the concepts and fundam ental principles w hich 

underlie it. Apart from  that, these latter are free inventions o f  the human intel

lect, w h ich  cannot be  justified either by the nature o f  that intellect or in any 

other fashion a priori.

I n  th e  su m m a ry  o f  th is se ct io n , h e  d ra w s  a tte n tio n  to  th e  “ p u re ly  

fictit iou s  c h a r a c te r  o f  th e  fu n d a m e n ta ls  o f  s c ie n tific  th e o ry .”  I t  is this 

p e n e tra t in g  in s igh t w h ic h  M a c h  m u st h a v e  sm e lled  o u t  m u c h  ea r lie r  

a n d  d ism issed  as “ d o g m a t is m .”

I n d e e d , E in ste in , in  h is 1933 S p e n c e r  L e c tu r e — w id e ly  re a d , as w e re  

a n d  still a re  so  m a n y  o f  h is essays— castigates  th e  o ld  v ie w  th a t “ the 

fu n d a m e n ta l c o n c e p ts  a n d  p ostu la tes  o f  p h ysics  w e re  n o t  in  th e  lo g ic a l
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sense in v e n t io n s  o f  th e  h u m a n  m in d  b u t  c o u ld  b e  d e d u c e d  f r o m  e x p e r i 

e n c e  b y  ‘a b s tr a c t io n ’— th a t  is t o  say, b y  lo g ic a l  m ea n s . A  c le a r  r e c o g n i 

t io n  o f  th e  erron eou sn ess  o f  th is  n o t io n  rea lly  o n ly  c a m e  w ith  th e  g e n e ra l 

th e o r y  o f  re la t iv ity .”

E in ste in  e n d s  th is d iscu ss ion  w ith  th e  e n u n c ia t io n  o f  h is  cu rre n t  c r e d o , 

so  fa r  f r o m  th a t  h e  h a d  ex p ressed  e a r lie r :

N ature is the realization o f  the sim plest conceivable m athem atical ideas. I  am  

convin ced  that w e can discover, b y  means o f  purely m athem atical constructions, 

those con cepts and those law ful connections betw een them  w h ich  furnish the 

key to the understanding o f  natural phenom ena. E xperience m ay suggest the 

appropriate m athem atical concepts, but they m ost certainly cannot be deduced  

from  it. E xperience remains, o f  course, the sole criterion o f  physical utility o f  a 

m athem atical construction. But the creative prin cip le  resides in m athem atics. 

In  a certain sense, therefore, I  h old  it true that pure thought can grasp reality, 

as the ancients dream ed .41

T e c h n ic a l ly ,  E in ste in  w a s  n o w  a t— o r  ra th e r  ju s t  past— th e  m id sta g e  

o f  h is p ilg r im a g e . H e  h a d  lo n g  a g o  a b a n d o n e d  h is y o u th fu l  a l le g ia n c e  to  

a  p r im it iv e  p h e n o m e n a lis m  th a t  M a c h  w o u ld  h a v e  c o m m e n d e d . I n  th e 

first o f  th e  t w o  passages ju s t  c ite d  a n d  o th e rs  like  it, h e  h a d  g o n e  o n  t o  a  

m o r e  re fin e d  fo r m  o f  p h e n o m e n a lis m  w h ic h  m a n y  o f  th e  lo g ic a l  p o s i 

tivists c o u ld  still a c c e p t . H e  h as, h o w e v e r , g o n e  b e y o n d  it  in  th e  s e co n d  

p a ssa ge , tu r n in g  to w a r d  in terests th a t w e  sh a ll see la te r  to  h a v e  m a tu re d  

in to  c le a r ly  m e ta p h y s ica l c o n c e p t io n s .

L a te r , E in ste in  h im s e lf  stressed  th e  k ey  r o le  o f  w h a t  w e  h a v e  c a lle d  

th e m a t ic  ra th e r  th a n  p h e n o m e n ic  e lem en ts42— a n d  th e re b y  h e  f ix e d  th e  

e a r ly  d a te  a t  w h ic h , in  r e tro sp e c t , h e  fo u n d  th is n e e d  t o  h a v e  a r isen  in  

h is  earliest w o r k . T h u s  h e  w r o te  in  h is  A u to b io g r a p h ic a l  N o te s  o f  1946 

th a t “ sh ortly  a fte r  1900  . . .  I  d e s p a ire d  o f  th e  p o ss ib ility  o f  d is c o v e r in g  

th e  tru e  la w s  b y  m e a n s  o f  c o n s tr u ct iv e  e ffo rts  b a se d  o n  k n o w n  fa cts . T h e  

lo n g e r  a n d  th e  m o r e  d e sp a ir in g ly  I  tr ie d , th e  m o r e  I  c a m e  to  th e  c o n v ic 

t io n  th a t  o n ly  th e  d is c o v e r y  o f  a  u n iv ersa l fo r m a l  p r in c ip le  c o u ld  lea d  

us to  assured  resu lts .” 43

A n o th e r  e x a m p le  o f  e v id e n c e  o f  th e  u n d e r c u r r e n t  o f  d ise n g a g e m e n t 

fr o m  a  M a c h is t  p o s it io n  is a n  e a r ly  o n e : it  c o m e s  fr o m  E in ste in ’ s a rtic le  

o n  re la tiv ity  in  th e  1907  J 6 h r b u c h  d e r  R 6 d i o 6 k t i v i t ä t  u n d  E l e k 

t r o n i k ,44 w h e re  E in ste in  resp on d s , a fte r  a  y e a r ’ s s ilen ce , t o  W a lte r  K a u f -  

m a n n ’ s 19 06  p a p e r  in  th e  A n n 6 l e n  d e r  P h y s i k .45 T h a t  p a p e r  h a d  

b e e n  th e  first p u b lic a t io n  in  th e  A n n 6 l e n  to  m e n t io n  E in ste in ’ s w o rk
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o n  th e  re la tiv ity  th e o ry , p u b lish e d  th ere  th e  p re v io u s  yea r. C o m in g  f r o m  

th e  e m in e n t  e x p e r im e n ta l p h y sic ist  K a u fm a n n , it  h a d  b e e n  m o st  s ign ifi 

c a n t  th a t this v e ry  first d iscu ss ion  w a s  a n n o u n c e d  as a  c a te g o r ic a l, e x 

p e r im e n ta l d is p r o o f  o f  E in ste in ’ s th eory . K a u fm a n n  h a d  b e g u n  his a t 

ta ck  w ith  th e  d e v a sta tin g  s u m m a ry :

I anticipate right here the general result o f  the measurements to be described 

in the fo llow in g : the m easurem ent results are not com patible with the Loren tz- 

Einsteinian fundam ental assum ption.46

E in ste in  c o u ld  n o t  h a v e  k n o w n  th a t K a u fm a n n ’ s e q u ip m e n t  w a s  in 

a d e q u a te . I n d e e d , it  t o o k  te n  years f o r  th is t o  b e  fu lly  rea lized , th r o u g h  

th e  w o r k  o f  G u y e  a n d  L a v a n c h y  in  1916 . S o  in  h is  d iscu ss ion  o f  1907 ,

E in ste in  h a d  to  a c k n o w le d g e  th a t  th ere  se e m e d  to  b e  sm all b u t  s ig n i 

fica n t  d iffe r e n c e s  b e tw e e n  K a u fm a n n ’ s results a n d  E in ste in ’ s p r e d ic 

tions. H e  a g re e d  th a t  K a u fm a n n ’s c a lc u la t io n s  se e m e d  to  b e  fre e  o f  

e rror , b u t  “ w h e th e r  th e re  is a n  u n su sp e cte d  system atic  e r ro r  o r  w h e th e r  

th e  fo u n d a t io n s  o f  re la tiv ity  th e o ry  d o  n o t  c o r r e s p o n d  w ith  th e  fa cts  

o n e  w ill  b e  a b le  to  d e c id e  w ith  ce rta in ty  o n ly  i f  a  g re a t  v a r ie ty  o f  o b 

se rv a tion a l m a te r ia l is a t  h a n d .” 47

D e s p ite  th is p r o p h e t ic  re m a rk , E in ste in  d o e s  n o t  rest h is  case  o n  it.

O n  th e  co n tra ry , h e  has a  v e ry  d iffe r e n t , a n d  w h a t  f o r  h is  t im e  a n d  

s itu a tion  m u st h a v e  b e e n  a  v e r y  d a r in g , p o in t  to  m a k e : h e  a c k n o w l 

ed g es  th a t  th e  th eories  o f  e le c t r o n  m o t io n  g iv e n  ea rlie r  b y  A b r a h a m  

a n d  b y  B u ch e re r  d o  g iv e  p r e d ic t io n s  co n s id e r a b ly  c lo se r  t o  th e  e x p e r i 

m e n ta l results o f  K a u fm a n n . B u t  E in ste in  re fu ses  t o  le t  th e  “ fa cts ”  

d e c id e  th e  m a tte r : “ I n  m y  o p in io n  b o t h  [th e ir ] th eor ies  h a v e  a  ra th er  

sm all p r o b a b ility , b e ca u se  th e ir  fu n d a m e n ta l a ssu m p tion s  c o n c e r n in g  

the m ass o f  m o v in g  e le c tro n s  a re  n o t  e x p la in a b le  in  term s o f  th e o re t ica l 

system s w h ic h  e m b r a c e  a  g re a te r  c o m p le x  o f  p h e n o m e n a .” 48

T h is  is th e  ch a ra c te r is t ic  p o s it io n — th e  c ru c ia l d iffe r e n c e  b e tw e e n  

E in ste in  a n d  th ose  w h o  m a k e  th e  c o rr e s p o n d e n c e  w ith  e x p e r im e n ta l 

fa c t  th e  c h ie f  d e c id in g  fa c t o r  f o r  o r  a g a in st a  th e o r y : e v e n  th o u g h  th e  

“ e x p e r im e n ta l fa c ts ”  a t th a t t im e  v e ry  c le a r ly  se e m e d  to  fa v o r  th e  

th eory  o f  h is o p p o n e n ts  ra th e r  th a n  h is o w n , h e  fin d s th e  a d  h o c  c h a r 

a c te r  o f  th e ir  th eories  m o r e  s ig n ifica n t a n d  o b je c t io n a b le  th a n  a n  a p 

p a re n t d isa g reem en t b e tw e e n  h is  th e o ry  a n d  th e ir  “ fa c ts .” 49

S o  a lrea d y  in  th is 1907 a rt ic le — w h ic h , in c id e n ta lly , E in ste in  m e n tio n s  

in  his p o s tca rd  o f  17 A u g u s t  to  E rn st M a c h , w ith  a  rem a rk  re g re tt in g
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th a t h e  has n o  m o r e  rep rin ts  f o r  d is tr ib u tio n — w e  h a v e  e x p lic it  e v id e n c e  

o f  a  h a r d e n in g  o f  E in ste in  a g a in st th e  e p is te m o lo g ic a l p r io r ity  o f  e x 

p e r im e n t , n o t  to  sp ea k  o f  sen sory  e x p e r ie n ce . I n  th e  years th a t fo l lo w e d , 

E in ste in  m o r e  a n d  m o r e  o p e n ly  p u t  th e  co n s is te n cy  o f  a  s im p le  a n d  c o n 

v in c in g  th e o ry  o r  o f  a  th e m a tic  c o n c e p t io n  h ig h e r  in  im p o r ta n c e  th a n  th e  

la test n ew s fr o m  th e  la b o r a to ry — a n d  a g a in  a n d  a g a in  h e  tu rn e d  o u t  to  

b e  r ig h t.

T h u s , o n ly  a  fe w  m o n th s  a fte r  E in ste in  h a d  w r itte n  in  h is fo u r th  

le tte r  to  M a c h  th a t th e  so la r  e c lip se  e x p e r im e n t  w ill d e c id e  “ w h e th e r  th e  

b a s ic  a n d  fu n d a m e n ta l a ssu m p tio n  o f  th e  e q u iv a le n c e  o f  th e  a c c e le r a 

t io n  o f  th e  r e fe r e n c e  fr a m e  a n d  o f  th e  g ra v ita t io n a l fie ld  rea lly  h o ld s ,”  

E in ste in  w rites  to  B esso in  a  v e ry  d if fe r e n t  v e in  ( in  M a r c h  1 9 1 4 ) ,  b e 

fo r e  th e  first, i l l - fa te d  e c lip se  e x p e d it io n  w a s  s ch e d u le d  to  test th e  c o n 

c lu s ion s  o f  th e  p re lim in a ry  v e rs io n  o f  th e  g e n e ra l re la tiv ity  th e o r y : 

“ N o w  I a m  fu lly  sa tisfied , a n d  I  d o  n o t  d o u b t  a n y  m o re  th e  co rre c tn e ss  

o f  th e  w h o le  system , m a y  th e  o b s e r v a t io n  o f  th e  e c lip se  s u c c e e d  o r  n o t . 

T h e  sense o f  th e  th in g  [d ie  V e r n u n ft  d er  S a ch e ] is t o o  e v id e n t .”  A n d  

la ter , c o m m e n t in g  o n  th e  fa c t  th a t th ere  rem a in s  u p  to  10  p e r  ce n t  d is 

c r e p a n c y  b e tw e e n  th e  m e a su re d  d e v ia t io n  o f  l ig h t  o w in g  to  th e  su n ’ s 

fie ld  a n d  th e  c a lc u la te d  e ffe c t  b a se d  o n  th e  g e n e ra l re la t iv ity  th e o r y : 

“ F o r  th e  e x p e r t , this th in g  is n o t  p a rt icu la r ly  im p o r ta n t , b e ca u se  th e  

m a in  s ig n ifica n ce  o f  th e  th e o r y  d o e s  n o t  lie  in  th e  v e r if ica t io n  o f  little  

e ffe cts , b u t  ra th e r  in  th e  g re a t  s im p lifica t io n  o f  th e  th e o re tica l basis o f  

p h y s ics  as a  w h o le .” 50 O r  a g a in , in  E in ste in ’ s N o te s  o n  th e  O rig in  o f  

th e  G e n e r a l  T h e o r y  o f  R e la t iv i ty ,51 h e  re p o rts  th a t h e  “ w a s  in  th e  h igh est 

d e g re e  a m a z e d ”  b y  th e  e x is te n ce  o f  th e  e q u iv a le n c e  b e tw e e n  in ertia l a n d  

g r a v ita t io n a l m ass, b u t  th a t h e  “ h a d  n o  seriou s d o u b ts  a b o u t  its strict 

v a lid ity , e v e n  w ith o u t  k n o w in g  th e  resu lts o f  th e  a d m ira b le  e x p e r im e n t  

o f  E o tv o s .”

T h e  sam e p o in t  is m a d e  a g a in  in  a  re v e a lin g  a c c o u n t  g iv e n  b y  E in 

s te in ’ s s tu d en t, I lse  R o s e n th a l-S c h n e id e r . I n  a  m a n u s cr ip t , R em in is 

c e n c e s  o f  C o n v e r s a tio n  w ith  E in ste in , d a te d  23  J u ly  1 9 5 7 , she r e p o r ts :

O n ce  w hen I was w ith Einstein in order to  read with him  a w ork that contained 

m any ob jection s against his theory . . .  he suddenly interrupted the discussion 

o f  the book , reached for  a telegram  that was lying on  the w indow sill, and 

handed it to m e with the words, “ H ere, this w ill perhaps interest you .”  It was 

E ddington ’s cable w ith the results o f  measurement o f  the eclipse expedition 

[1919]. W h en  I was giving expression to  m y jo y  that the results coin cid ed  with
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his calculations, he said quite unm oved, “ But I knew that the theory is correct” ; 

and when I asked, what if  there had been no confirm ation  o f his prediction , 

he cou n tered : “ T h en  I w ou ld  have been sorry fo r  the dear L ord— the theory 

is correct.”52
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M in k o w s k i ’ s “ W o r ld ”  a n d  th e  W o r ld  o f  S en sa tio n s

T h e  th ird  m a jo r  p o in t  at w h ic h  M a c h , i f  n o t  E in ste in  h im se lf, m u st 

h a v e  seen  th a t th e ir  p a th s  w ere  d iv e rg in g  is th e  d e v e lo p m e n t  o f  re la 

t iv ity  th e o ry  in to  th e  g e o m e tr y  o f  th e  fo u r -d im e n s io n a l sp a ce -t im e  c o n 

t in u u m , b e g u n  in  1907 b y  th e  m a th e m a tic ia n  H e r m a n n  M in k o w s k i 

(w h o , in c id e n ta lly , h a d  h a d  E in ste in  as a  s tu d e n t in  Z ü r i c h ) . I n d e e d , it  

w as th r o u g h  M in k o w s k i ’s s e m ip o p u la r  le c tu re , “ S p a c e  a n d  T im e ,”  o n  21 

S e p te m b e r  1908 at th e  e ig h tie th  m e e t in g  o f  th e  N a tu r fo rs c h e r v e r sa m m 

lu n g ,53 th a t a  n u m b e r  o f  scientists first b e c a m e  in tr ig u e d  w ith  re la tiv ity  

th eory . W e  h a v e  severa l in d ica t io n s  th at M a c h , t o o , w a s  b o th  in terested  

in  a n d  c o n c e r n e d  a b o u t  th e  in tr o d u c t io n  o f  fo u r -d im e n s io n a l g e o m e tr y  

in to  p h ysics  ( in  M a c h ’ s c o rr e s p o n d e n c e  a r o u n d  1910 , f o r  e x a m p le , w ith  

A u g u st  F ö p p l ) ; a c c o r d in g  to  F r ie d r ic h  H e r n e c k ,54 E rn st M a c h  sp ec ia lly  

in v ite d  th e  y o u n g  V ie n n e s e  p h ysic ist P h ilip p  F ra n k  to  v is it  h im  “ in  o r d e r  

to  fin d  o u t  m o r e  a b o u t  th e  re la tiv ity  th e o ry , a b o v e  a ll a b o u t  th e  use o f  

fo u r -d im e n s io n a l g e o m e tr y .”  A s  a  resu lt, F ra n k , w h o  h a d  re ce n tly  f in 

ish ed  his studies u n d e r  L u d w ig  B o ltz m a n n  a n d  h a d  b e g u n  to  p u b lish  

n o te w o r th y  c o n tr ib u t io n s  to  re la tiv ity , p u b lish e d  th e  “ p re se n ta tio n  o f  

E in ste in ’ s th e o ry  to  w h ic h  M a c h  g a v e  h is assent”  u n d e r  th e  title  D a s  

R ela tiv itä tsp r in z ip  u n d  d ie  D a r s te llu n g  d er  p h y s ik a lisch en  E r sc h e in 

u n g en  im  v ie r  d im en s io n a len  R a u m .55 I t  is a n  a tte m p t, a d d ressed  to  

rea d ers  “ w h o  d o  n o t  m a ster  m o d e r n  m a th e m a t ica l m e th o d s ,”  to  sh o w  

th a t M in k o w s k i ’ s w o r k  b r in g s  o u t  th e  “ e m p ir ic a l fa cts  fa r  m o re  c le a r ly  

b y  th e  use o f  fo u r -d im e n s io n a l w o r ld  lin es .”  T h e  essay en d s w ith  th e 

reassu rin g  c o n c lu s io n : “ I n  this fo u r -d im e n s io n a l w o r ld  the fa cts  o f  

e x p e r ie n ce  c a n  b e  p resen ted  m o re  a d e q u a te ly  th a n  in  th re e -d im e n s io n a l 

sp a ce , w h e re  a lw a y s  o n ly  a n  a rb itra ry  a n d  o n e -s id e d  p r o je c t io n  is 

p ic tu r e d .”

F o llo w in g  M in k o w s k i’ s o w n  p a p ers  o n  th e  w h o le , F ra n k ’ s trea tm en t 

c a n  m a k e  it n everth e less  still a p p e a r  th at in  m o st  resp ects  th e  t im e  d i 

m en s ion  is e q u iv a le n t  to  th e sp a ce  d im en sion s . T h e r e b y  o n e  c o u ld  th in k  

th at M in k o w s k i’ s trea tm en t based  itself n o t  o n ly  o n  a fu n c t io n a l a n d  o p 

e ra tion a l in te r c o n n e c t io n  o f  sp a ce  a n d  tim e , b u t  also— fu lly  in  a c c o r d
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w ith  M a c h ’s o w n  v ie w s— o n  th e  p r im a c y  o f  o r d in a r y , “ e x p e r ie n c e d ”  

s p a ce  a n d  t im e  in  th e  re la tiv is t ic  d e s c r ip t io n  o f  p h e n o m e n a .

P erh a p s  as a  resu lt  o f  th is  p r e s e n ta tio n , M a c h  in v o k e d  th e  n a m es  o f  

L o r e n tz , E in ste in , a n d  M in k o w s k i in  h is  r e p ly  o f  1 9 1 0  to  P la n ck ’ s first 

a tta ck , c it in g  th e m  as p h ysic ists  “ w h o  a re  m o v in g  c lo s e r  to  th e  p r o b le m s  

o f  m a tte r , sp a ce , a n d  t im e .”  A lr e a d y  a  y e a r  e a r lie r , M a c h  seem s t o  

h a v e  b e e n  h o s p ita b le  to  M in k o w s k i ’ s p re se n ta tio n , a lth o u g h  n o t  w ith o u t  

reserv a tion s . M a c h  w r o te  in  th e  19 09  e d it io n  o f  C o n s e r v 6 t i o n  o f  

E n e r g y : 26 “ S p a c e  a n d  t im e  a re  h e re  c o n c e iv e d  n o t  as in d e p e n d e n t  

en tities , b u t  as fo r m s  o f  th e  d e p e n d e n c e  o f  th e  p h e n o m e n a  o n  o n e  a n 

o th e r ” ; h e  a lso  a d d e d  a  r e fe r e n c e  to  M in k o w s k i ’ s le c tu r e  o f  1 9 0 8 .53 B u t 

a  fe w  lin es  e a r lie r , M a c h  h a d  w r it te n : “ S p a ce s  o f  m a n y  d im e n s io n s  

se e m  to  m e  n o t  so  essen tia l f o r  p h y s ics . I  w o u ld  o n ly  u p h o ld  th e m  i f  

th in g s  o f  th o u g h t  [ G e d a n k e n d in g e ] lik e  a to m s  a re  m a in ta in e d  to  b e  in 

d isp e n sa b le , a n d  i f ,  th e n , a lso  th e  fr e e d o m  o f  w o r k in g  h y p o th e se s  is 

u p h e ld .”

I t  w a s  c o r r e c t ly  p o in t e d  o u t  b y  C . B . W e in b e r g 56 th a t  M a c h  m a y  

e v e n tu a lly  h a v e  h a d  t w o  sou rces  o f  su sp ic io n  a g a in st  th e  M in k o w s k ia n  

fo r m  o f  re la t iv ity  th e o ry . A s  w a s  n o te d  a b o v e , M a c h  r e g a r d e d  th e  fu n d a 

m e n ta l n o t io n s  o f  m e c h a n ic s  as p r o b le m s  to  b e  c o n t in u a lly  d iscu ssed  

w ith  m a x im u m  op en n ess  w ith in  th e  fr a m e  o f  e m p ir ic is m , ra th e r  th a n  as 

q u estion s  th a t c a n  b e  s o lv e d  a n d  se ttled — as th e  relativ ists , seem in g ly  

d o g m a t ic  a n d  su re  o f  th em se lv es , w e r e  in  h is o p in io n  m o r e  a n d  m o r e  

in c l in e d  to  d o .  I n  a d d it io n , M a c h  h e ld  th a t th e  q u estion s  o f  p h y s ics  w e re  

to  b e  s tu d ie d  in  a  b r o a d e r  settin g , e n c o m p a s s in g  b io lo g y  a n d  p s y c h o 

p h y s io lo g y . T h u s  M a c h  w r o t e :  “ P h ysics  is n o t  th e  en tire  w o r ld ;  b io lo g y  

is th e re  t o o , a n d  b e lo n g s  essen tia lly  to  th e  w o r ld  p ic t u r e .57

B u t  I  see a lso  a  th ird  re a so n  f o r  M a c h ’ s e v e n tu a l a n ta g o n ism  ag a in st 

s u c h  c o n c e p t io n s  as M in k o w s k i ’ s (u n less  o n e  re str ic te d  th e ir  a p p lic a t io n  

to  “ m e re  th in g s  o f  th o u g h t  like  a to m s  a n d  m o le c u le s , w h ic h  b y  th e ir  

v e r y  n a tu re  c a n  n e v e r  b e  m a d e  th e  o b je c t s  o f  sen su ou s c o n t e m p la 

t ion s” 58) .  I f  o n e  takes M in k o w s k i ’ s essay seriou sly— fo r  e x a m p le , th e  

a b a n d o n m e n t  o f  s p a ce  a n d  t im e  sep a ra te ly , w ith  id e n t ity  g r a n te d  o n ly  

to  “ a  k in d  o f  u n io n  o f  th e  t w o ” — o n e  m u st r e c o g n iz e  th a t  it  en ta ils  th e  

a b a n d o n m e n t  o f  th e  c o n c e p t io n s  o f  e x p e r ie n tia l s p a ce  a n d  e x p e r i 

e n t ia l t im e ; a n d  th a t is a n  a tta ck  o n  th e  v e r y  ro o ts  o f  sen sation s- 

p h y s ics , o n  th e  m e a n in g  o f  a c tu a l m ea su rem en ts . I f  id e n tity , m e a n in g , 

o r  “ re a lity ”  lies in  th e  fo u r -d im e n s io n a l s p a c e -t im e  in te rv a l ds , o n e  is

238



d e a lin g  w ith  a  q u a n tity  w h ic h  is h a rd ly  d e n k " k o n o m is ch , n o r  o n e  th a t 

preserves  th e  p r im a c y  o f  m ea su rem en ts  in  “ re a l”  sp a ce  a n d  tim e . M a c h  

m a y  w e ll h a v e  seen  th e  w a r n in g  f la g ;  a n d  w o rse  w a s  s o o n  to  c o m e , as 

w e  sh a ll see a t o n c e .

I n  h is e x u b e r a n t  le c tu r e  o f  1 9 0 8 ,53 M in k o w s k i h a d  a n n o u n c e d  th a t 

“ th re e -d im e n s io n a l g e o m e tr y  b e c o m e s  a  c h a p te r  in  fo u r -d im e n s io n a l 

ph ysics . . . .  S p a c e  a n d  t im e  are  to  fa d e  a w a y  in to  th e  sh a d ow s, a n d  o n ly  

e in e  W e l t  an  sich  w ill subsist.”  I n  th is “ w o r ld ”  th e  c r u c ia l in n o v a t io n  

is th e  c o n c e p t io n  o f  th e  “ z e ita r t ig e  V e k t o r e l e m e n t ”  ds , d e fin e d  as

( 1 / c )  y / c 2d t2-d x 2-d y 2-d z2 w ith  im a g in a ry  c o m p o n e n ts . T o  M a c h ,  th e  

w o r d  E le m e n t  h a d  a  p iv o ta l  a n d  v e r y  d iffe r e n t  m e a n in g . A s  w e  saw  in  

S c h lic k ’ s su m m a ry , e lem en ts  w e r e  n o th in g  less th a n  th e  sen sation s a n d  

c o m p le x e s  o f  sen sation s o f  w h ic h  th e  w o r ld  con sists  a n d  w h ic h  c o m 

p le te ly  d e fin e  th e  w o r ld . M in k o w s k i ’ s r e n d it io n  o f  re la tiv ity  th e o ry  w as 

n o w  r e v e a lin g  th e  n e e d  to  m o v e  th e  g r o u n d  o f  b a s ic , e le m e n ta l tru th s 

f r o m  th e  p la n e  o f  d ir e c t  e x p e r ie n c e  in  o r d in a r y  sp a ce  a n d  t im e  to  a  

m a th e m a tic iz e d , fo r m a lis t ic  m o d e l  o f  th e  w o r ld  in  a  u n io n  o f  sp a ce  a n d  

t im e  th a t  is n o t  d ire c t ly  a ccess ib le  to  sen sa tion — a n d , in  th is re sp e ct , is 

r e m in is ce n t  o f  a b s o lu te  s p a ce  a n d  t im e  c o n c e p ts  th a t M a c h  h a d  c a lle d  

“ m eta p h y s ica l m on sters .” 50

H e r e , th en , is a n  issue w h ic h , m o r e  a n d  m o r e , h a d  s e p a ra te d  E in 

ste in  a n d  M a c h  e v e n  b e fo r e  th ey  r e a lize d  it . T o  th e  la tter , th e  fu n 

d a m e n ta l task o f  s c ie n c e  w as e c o n o m ic  a n d  d e s c r ip t iv e ; t o  th e  fo r m e r , it  

w as s p e c u la t iv e -c o n s tru c t iv e  a n d  in tu it iv e . M a c h  h a d  o n c e  w r it t e n : “ I f  

a ll th e  in d iv id u a l fa cts— all th e  in d iv id u a l p h e n o m e n a , k n o w le d g e  o f  

w h ic h  w e  desire— w e re  im m e d ia te ly  a ccess ib le  to  us, s c ie n ce  w o u ld  n e v e r  

h a v e  risen .” 60 T o  this, w ith  th e  fo rth r ig h tn ess  ca u se d  p e rh a p s  b y  his 

r e ce n t  d is c o v e r y  o f  M a c h ’ s o p p o s it io n , E in ste in  c o u n te r e d  d u r in g  h is  

le c tu re  in  Paris o f  6  A p r i l  1 9 2 2 : “ M a c h ’ s system  stu d ies th e  ex is t in g  

re la tion s  b e tw e e n  d a ta  o f  e x p e r ie n c e : f o r  M a c h ,  s c ie n c e  is th e  to ta lity  

o f  th ese  re la tion s. T h a t  p o in t  o f  v ie w  is w r o n g , a n d  in  fa c t  w h a t  M a c h  

has d o n e  is t o  m a k e  a  c a ta lo g , n o t  a  system .” 61

W e  a re  w itn ess in g  h ere  a n  o ld  c o n fl ic t , o n e  th a t has c o n t in u e d  

th r o u g h o u t  th e  d e v e lo p m e n t  o f  th e  scien ces . M a c h ’ s p h e n o m e n a lis m  

b ra n d ish e d  a n  u n d e n ia b le  a n d  irresistib le  w e a p o n  fo r  th e  c r it ic a l r e -  

e v a lu a tio n  o f  c lassica l p h ysics , a n d  in  this it  seem s t o  h a rk  b a c k  to  a n  

a n c ie n t  p o s it io n  th a t lo o k e d  u p o n  sen su ou s a p p e a ra n ce s  as th e  b e g in n in g  

a n d  e n d  o f  s c ie n tific  a c h ie v e m e n t. O n e  c a n  re a d  G a li le o  in  this lig h t,
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w h e n  h e  u rg es  th e  p r im a ry  n e e d  o f  d escr ip tio n  f o r  th e  fa ll  o f  b o d ie s , 

le a v in g  “ th e  cau ses”  to  b e  fo u n d  o u t  la ter. S o  o n e  c a n  u n d e rs ta n d  ( o r  

ra th er , m is u n d e rs ta n d ) N e w to n , w ith  his t o o -w e ll-r e m e m b e r e d  re m a rk : 

“ I  fe ig n  n o  h y p o th e se s .” 62 K ir c h h o f f  is in  th is  tra d it io n . B o ltzm a n n  

w r o te  o f  h im  in  1 8 8 8 :

T h e  aim  is not to  p rodu ce  bo ld  hypotheses as to the essence o f  matter, or to 

explain  the m ovem ent o f  a bod y  from  that o f  m olecules, but to present equa 

tions w hich , free from  hypotheses, are as far as possible true and quantitatively 

correct correspondents o f the phenom enal w orld , careless o f  the essence o f 

things and forces. In  his book  on  m echanics, K irch h off w ill ban all m etaphysi

cal concepts, such as forces, the cause o f a m otion ; he seeks only the equations 

w hich  correspond so far as possible to observed m otions .63

A n d  so  c o u ld , a n d  d id , E in ste in  h im se lf u n d e rs ta n d  th e  M a c h is t  c o m 

p o n e n t  o f  his o w n  ea rly  v /o rk .

P h e n o m e n a lis t ic  p os it iv ism  in  s c ie n ce  has a lw a ys  b e e n  v ic to r io u s , b u t  

o n ly  u p  to  a v e r y  d e fin ite  lim it. I t  is th e  n ecessary  sw o rd  fo r  d e s tro y in g  

o ld  e rro r , b u t  it m ak es a n  in a d e q u a te  p lo w s h a re  f o r  c u lt iv a t in g  a  n e w  

h a rv est. I  f in d  it  e x c e e d in g ly  s ig n ifica n t th a t E in ste in  sa w  this d u r in g  th e  

tra n s it ion  p h a se  o f  p a rtia l d ise n g a g e m e n t f r o m  th e  M a c h is t  p h ilo s o p h y . 

I n  th e  sp r in g  o f  1917 E in ste in  w r o te  to  B esso a n d  m e n t io n e d  a  m a n u 

s cr ip t  w h ic h  F r ie d r ic h  A d le r  h a d  sent h im . E in ste in  c o m m e n t e d : “ H e  

r id es  M a c h ’ s p o o r  h o rse  to  e x h a u stio n .”  T o  this, B esso— th e  lo y a l 

M a c h is t— resp on d s  o n  5  M a y  1 9 1 7 : “ A s  to  M a c h ’ s little  h orse , w e  

s h o u ld  n o t  in su lt i t ;  d id  it n o t  m a k e  p oss ib le  th e  in fe rn a l jo u r n e y  

th r o u g h  th e  re la tiv itie s?  A n d  w h o  k n ow s— in  th e  case  o f  th e  n asty  

q u a n ta , it m a y  a lso  ca rry  D o n  Q u ix o t e  d e  la  E in sta  th r o u g h  it a l l ! ”

E in ste in ’ s a n sw e r  o f  13 M a y  1917 is r e v e a lin g : “ I  d o  n o t  in v e ig h  

a g a in st M a c h ’ s litt le  h o r s e ; b u t  y o u  k n o w  w h a t  I  th in k  a b o u t  it. I t  c a n 

n o t  g iv e  b ir th  to  a n y th in g  liv in g , it c a n  o n ly  e x te rm in a te  h a rm fu l 

v e r m in .”

T a w a r d  a R a tio n a lis tic  R ea lism

T h e  rest o f  th e  p ilg r im a g e  is easy  to  re co n s tru c t , as E in ste in  m o r e  

a n d  m o r e  o p e n ly  a n d  co n s c io u s ly  tu rn ed  M a c h ’s d o c t r in e  u p s id e  d o w n —  

m in im iz in g  ra th e r  th a n  m a x im iz in g  th e  r o le  o f  a c tu a l d eta ils  o f  e x p e r i 

e n c e , b o t h  at th e  b e g in n in g  a n d  a t th e  e n d  o f  s c ie n tific  th e o ry , a n d  

o p t in g  fo r  a  ra tio n a lism  th a t a lm o st  in e v ita b ly  w o u ld  le a d  h im  to  th e
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c o n c e p t io n  o f  a n  o b je c t iv e , “ rea l”  w o r ld  b e h in d  th e  p h e n o m e n a  to  

w h ic h  o u r  senses a re  e x p o se d .

I n  th e  essay, M a x w e ll ’ s I n f lu e n c e  o n  th e  E v o lu tio n  o f  th e  I d e a  o f  

P h ysica l R e a li ty  ( 1 9 3 1 ) ,  E in ste in  b e g a n  w ith  a  sen ten ce  th a t c o u ld  h a v e  

b e e n  taken  a lm ost  v e r b a tim  fr o m  M a x  P la n ck ’ s a tta ck  o n  M a c h  in  1909, 

c ite d  a b o v e : “ T h e  b e l ie f  in  an  e x te rn a l w o r ld  in d e p e n d e n t  o f  th e  p e r 

c e iv in g  s u b je c t  is th e  basis o f  a ll n a tu ra l s c ie n ce .”  A g a in  a n d  a g a in , in  

th e  p e r io d  b e g in n in g  w ith  his w o r k  o n  th e  g e n e ra l re la tiv ity  th eory , E in 

stein  insisted  th at b e tw e e n  e x p e r ie n c e  a n d  reason , as w e ll as b e tw e e n  th e  

w o r ld  o f  sen sory  p e r c e p t io n  a n d  th e  o b je c t iv e  w o r ld , th ere  a re  lo g ica lly  

u n b r id g e a b le  ch asm s. H e  ch a r a c te r ize d  th e  e ff ica cy  o f  rea son  to  g ra sp  

rea lity  b y  th e  w o r d  m ira cu lo u s ; th e  v ery  te rm in o lo g y  in  th ese  sta tem en ts 

w o u ld  h a v e  b e e n  an  a n a th e m a  to  M a c h .

W e  m a y  w e ll ask w h e n  a n d  u n d e r  w h a t  c ir cu m sta n ce s  E in ste in  h im 

se lf b e c a m e  a w a re  o f  h is  c h a n g e . H e r e  a g a in , w e  m a y  tu rn  fo r  illu m i 

n a t io n  to  o n e  o f  th e  h ith e r to  u n p u b lis h e d  letters, o n e  w ritte n  to  h is o ld  

fr ie n d , C o rn e liu s  L a n c z o s , o n  2 4  J a n u a ry  1 9 3 8 :

C om in g  from  sceptical em piricism  o f  som ew hat the kind o f  M a ch ’s, I  was 

m ade, by the prob lem  o f  gravitation, in to a believing rationalist, that is, one 

w h o seeks the only trustworthy source o f  truth in m athem atical sim plicity. T h e  

logica lly sim ple does not, o f  course, have to be physically true; but the physi

ca lly  true is log ica lly  sim ple, that is, it has unity at the foundation.

In d e e d , a ll th e  e v id e n c e  p o in ts  to  the c o n c lu s io n  th a t E in ste in ’ s w o rk  o n  

g e n e ra l re la tiv ity  th e o ry  w as c ru c ia l in  his e p is te m o lo g ic a l d e v e lo p m e n t .

A s  h e  w r o te  la ter  in  P h ysics  a n d  R e a li ty  ( 1 9 3 6 ) :  “ th e  first a im  o f  th e  

g en era l th e o ry  o f  re la tiv ity  w as th e  p re lim in a ry  vers ion  w h ic h , w h ile  n o t  

m e e tin g  th e  req u irem en ts  f o r  c o n s titu tin g  a  c lo s e d  system , c o u ld  b e  c o n 

n e c te d  in  as s im p le  a m a n n e r  as p oss ib le  w ith  ‘d ire c t ly  o b s e rv e d  fa cts .’ ” 64 

B u t the a im , still a p p a r e n t  d u r in g  th e  first years o f  c o r r e s p o n d e n c e  w ith  

M a c h ,  c o u ld  n o t  b e  a c h ie v e d . I n  N o te s  on  th e  O rig in  o f  th e  G e n e r a l  

T h e o r y  o f  R e la t iv i ty , E in ste in  r e p o r t e d :

I soon saw that the inclusion o f  non-linear transformation, as the principle o f 

equivalence dem anded, was inevitably fatal to the sim ple physical interpretation 

o f  the coordinate— i.e., that it cou ld  no longer be required that coordinate d if 

ferences [</j ] should signify direct results o f  measurement with ideal- scales o r  

clocks. I was m uch bothered by this piece o f know ledge . . .  [just as M ach  must 

have been].
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T h e  solution o f  the above m entioned d ilem m a [from  1912 on] was therefore 

as fo llo w s : A  physical significance attaches not to  the differentials o f  the coor 

dinates, but only to the R iem annian m etric corresponding to them .66

A n d  th is is p re c ise ly  a  c h ie f  resu lt o f  th e  1913  essay o f  E in ste in  a n d  

G ro ssm a n n ,66 th e  sa m e p a p e r  w h ic h  E in ste in  sen t to  M a c h  a n d  d is 

cu ssed  in  h is fo u r th  letter. T h is  resu lt w as th e  fin a l c o n s e q u e n c e  o f  th e  

M in k o w s k ia n  fo u r -s p a c e  re p re se n ta tio n — the sa crifice  o f  th e  p r im a c y  o f  

d ir e c t  sense p e r c e p t io n  in  c o n s tru ct in g  a  p h y s ica lly  s ig n ifica n t  system . I t  

w as th e  c h o ic e  th a t E in ste in  h a d  to  m a k e — a g a in st fid e lity  to  a  c a ta 

lo g u e  o f  in d iv id u a l o p e r a t io n a l e x p e r ie n ce s , a n d  in  fa v o r  o f  fid e lity  to  

th e  a n c ie n t  h o p e  f o r  a  u n ity  a t  th e  b a se  o f  p h y s ica l th e o r y .67

E n o u g h  has b e e n  w r itte n  in  o th e r  p la ce s  to  s h o w  th e  co n n e c t io n s  th at 

e x is te d  b e tw e e n  E in ste in ’ s sc ie n tific  ra tio n a lism  a n d  his re lig iou s  be lie fs . 

M a x  B o m  s u m m a rize d  it  in  o n e  s e n te n c e : “ H e  b e lie v e d  in  th e  p o w e r  

o f  rea son  to  gu ess th e  law s a c c o r d in g  t o  w h ic h  G o d  has b u ilt  th e  

w o r ld .” 68 P erh a p s  th e  b est e x p re ss io n  o f  th is p o s it io n  b y  E in ste in  h im 

s e lf is to  b e  fo u n d  in  his essay, Ü b e r  d en  g e g e n w ä r t ig e n  S ta n d  d er  F e ld -  

T h e o r ie ,  in  th e  F e s t s c h r i f t  o f  19 29  f o r  A u r e l  S t o d o la :

Physical T h eory  has tw o ardent desires, to  gather u p  as far as possible all per 

tinent phenom ena and their connections, and to help  us not on ly  to  know  how  

N ature is and how  her transactions are carried through, but also to  reach as far 

as possible the perhaps utopian and seem ingly arrogant aim  o f  know ing w hy 

N ature is thus and not otherw ise. H ere lies the highest satisfaction o f  a scien 

tific p e r s o n .. . .  [O n  m aking deductions from  a “ fundam ental hypothesis”  such 

as that o f  the kinetic-m olecu lar theory,] one experiences, so to speak, that G od  

H im self cou ld  not have arranged those connections [between, for  exam ple, pres 

sure, volu m e, and temperature] in any other w ay than that w hich  factually 

exists, any m ore than it w ou ld  be in H is pow er to m ake the num ber 4 into a 

prim e num ber. T h is is the prom ethean elem ent o f  the scientific e x p er ien ce .. . .  

H ere has always been for  m e the particular m agic o f  scientific considerations; 

that is, as it were, the religious basis o f  scientific e ffort.69

T h is  fe r v o r  is in d e e d  fa r  fr o m  th e  k in d  o f  analysis w h ic h  E in ste in  

h a d  m a d e  o n ly  a  fe w  years ea rlier. I t  is d o u b ly  fa r  fr o m  th e  asceticism  

o f  h is first p h ilo s o p h ic  m e n to r , M a c h ,  w h o  h a d  w r itte n  in  his d a y  b o o k : 

“ C o lo r s , sp a ce , ton es, e tc . T h e s e  a re  th e  o n ly  realities. O th ers  d o  n o t  

ex is t .” 70 I t  is, o n  th e  co n tra ry , fa r  c lo se r  to  th e  ra t io n a l rea lism  o f  his 

first s c ie n tific  m e n to r , P la n ck , w h o  h a d  w r it t e n : “ T h e  d is jo in te d  d a ta  o f  

e x p e r ie n ce  c a n  n e v e r  fu rn ish  a  v e r ita b le  s c ie n ce  w ith o u t  th e  in te llig en t
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in te r fe re n ce  o f  a  sp ir it  a c tu a te d  b y  fa ith . . . . W e  h a v e  a  r ig h t  to  fe e l 

se cu re  in  su rre n d e r in g  to  o u r  b e l ie f  in  a  p h ilo s o p h y  o f  th e  w o r ld  b a se d  

u p o n  a  fa ith  in  th e  ra t io n a l o r d e r in g  o f  this w o r ld .” 71 I n d e e d , w e  n o te  

th e  p h ilo s o p h ic a l k in sh ip  o f  E in ste in ’ s p o s it io n  w ith  se v e n te e n th -ce n tu ry  

n a tu ra l p h ilo s o p h e rs — fo r  e x a m p le , w ith  J o h a n n e s  K e p le r  w h o , in  th e  

p r e fa c e  o f  th e  M y s t e r i u m  C o s m o g r 6 p h i c u m , a n n o u n c e d  th a t h e  

w a n te d  to  fin d  o u t  c o n c e r n in g  th e  n u m b e r , p os ition s , a n d  m o tio n s  o f  th e  

p lan ets , “ w h y  th ey  a re  as th ey  a re , a n d  n o t  o th e rw ise ,”  a n d  w h o  w r o te  

to  H e r w a r t  in  A p r il , 1599 , th a t , w ith  re g a r d  to  n u m b ers  a n d  q u a n tity ,

“ o u r  k n o w le d g e  is o f  th e  sam e k in d  as G o d ’ s, a t least in so fa r  as w e  ca n  

u n d e rs ta n d  so m e th in g  o f  it  in  th is m o rta l l i fe .”

N o t  u n e x p e c te d ly , w e  fin d  th a t  d u r in g  th is p e r io d  (a r o u n d  1 9 3 0 )

E in ste in ’ s n o n -s c ie n t if ic  w ritin g s  b e g a n  to  r e fe r  t o  re lig iou s  q u estion s  

m u c h  m o r e  fr e q u e n t ly  th a n  b e fo r e . T h e r e  is a  c lo se  re la tion  b e tw e e n  his 

e p is te m o lo g y , in  w h ic h  rea lity  d o e s  n o t  n e e d  to  b e  v a lid a te d  b y  th e  in 

d iv id u a l ’ s sen soriu m , a n d  w h a t  h e  c a lle d  “ C o s m ic  R e lig io n ,”  d e fin e d  as 

fo l lo w s : “ T h e  in d iv id u a l fee ls  th e  v a n ity  o f  h u m a n  desires a n d  a im s, 

a n d  th e  n o b ility  a n d  m a rv e lo u s  o r d e r  w h ic h  a re  re v e a le d  in  n a tu re  a n d  

in  th e  w o r ld  o f  th o u g h t . H e  fee ls  th e  in d iv id u a l d estin y  as an  im p r is o n 

m e n t  a n d  seeks to  e x p e r ie n c e  th e  to ta lity  o f  ex is ten ce  as a  u n ity  fu ll  o f  

s ig n ifica n ce .” 72

N eed less  t o  say, E in ste in ’ s fr ie n d s  fr o m  ea r lie r  days som etim es  h a d  t o  

b e  in fo r m e d  o f  his c h a n g e  o f  o u t lo o k  in  a  b lu n t  w a y . F o r  e x a m p le , E in 

ste in  w r o te  t o  M o r itz  S c h lic k  o n  2 8  N o v e m b e r  1 9 3 0 :

In  general your presentation fails to  correspond to m y conceptual style insofar 

as I find your w h ole  orientation so to  speak too  positiv istic .. .  .1 tell you straight 

ou t: Physics is the attem pt at the conceptual construction o f  a m odel o f  the 

real w orld  and o f  its law ful structure. T o  be sure, it [physics] must present ex 

actly the em pirical relations betw een those sense experiences to w hich w e are 

open ; but only in this way  is it chained to them . . . .  In short, I  suffer under 

the (unsharp) separation o f  R eality  o f  Experience and R eality o f  Being. . . .

Y ou  w ill be  astonished about the “ m etaphysicist”  Einstein. But every four- 

and tw o-legged anim al is de  fa cto  in this sense metaphysicist. [Emphasis in the 

original.]

S im ila r ly , P h il ip p  F ra n k , E in ste in ’ s ea r ly  a ssoc ia te  a n d  la ter  his b io g 

ra p h er , rep orts  th a t th e  r e a liza tio n  o f  E in ste in ’ s tru e  state o f  th o u g h t  

r e a c h e d  F ra n k  in  a  m o st  em b a rra ss in g  w a y , a t th e  C o n g re ss  o f  G e r m a n  

ph ysicists in  P ra g u e  in  19 2 9 , ju st as F ra n k  w as d e liv e r in g  “ a n  ad d ress  in
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w h ic h  I  a tta c k e d  th e  m e ta p h y s ica l p o s it io n  o f  th e  G e r m a n  ph ysicists  a n d  

d e fe n d e d  th e  p o s it iv is t ic  id ea s  o f  M a c h .”  T h e  v e r y  n e x t  sp ea k er  d isa g re e d  

a n d  s h o w e d  F ra n k  th a t h e  h a d  b e e n  m ista k en  still to  a ssoc ia te  E in ste in ’ s 

v iew s  w ith  th a t o f  M a c h  a n d  h im se lf. “ H e  a d d e d  th a t E in ste in  w a s  e n 

t ire ly  in  a c c o r d  w ith  P la n c k ’ s v ie w  th a t p h y s ica l law s d e s c r ib e  a  rea lity  

in  s p a ce  a n d  t im e  th a t is in d e p e n d e n t  o f  ou rse lv es . A t  th a t  t im e ,”  F ra n k  

c o m m e n ts , “ th is p r e se n ta tio n  o f  E in ste in ’ s v iew s  t o o k  m e  v e r y  m u c h  b y  

su rp rise .” 73

I n  re tro s p e c t  it is, o f  co u rse , m u c h  easier  to  see th e  e v id e n c e s  th a t  

th is c h a n g e  w as b e in g  p r e p a r e d . E in ste in  h im s e lf re a lize d  m o r e  a n d  

m o r e  c le a r ly  h o w  c lo se ly  h e  h a d  m o v e d  to  P la n ck , f r o m  w h o m  h e  e a r lie r  

d isso c ia te d  h im s e lf  in  th ree  o f  th e  fo u r  letters to  M a c h .  A t  th e  c e le b r a 

t io n  o f  P la n ck ’ s s ix tie th  b ir th d a y , tw o  yea rs  a fte r  M a c h ’ s d e a th , E in ste in  

m a d e  a  m o v in g  s p e e c h  in  w h ic h , p e rh a p s  fo r  th e  first t im e , h e  re fe rre d  

p u b lic ly  to  th e  P la n c k -M a c h  d isp u te  a n d  a ffirm e d  h is b e l ie f  th a t “ th ere  

is n o  lo g ic a l  w a y  to  th e  d is c o v e r y  o f  th ese  e le m e n ta ry  law s. T h e r e  is o n ly  

th e  w a y  o f  in tu it io n ”  b a sed  o n  E in fü h lu n g  in  e x p e r ie n c e .74 T h e  s c ie n 

t if ic  d isp u te  c o n c e r n in g  th e  th e o r y  o f  r a d ia t io n  b e tw e e n  E in ste in  a n d  

P la n ck , t o o , h a d  b e e n  se ttled  ( in  E in ste in ’ s fa v o r )  b y  a  s e q u e n c e  o f  d e 

v e lo p m e n ts  a fte r  1911— fo r  e x a m p le , b y  B o h r ’ s th e o ry  o f  r a d ia t io n  f r o m  

ga s a tom s. A s  c o lle a g u e s , P la n ck  a n d  E in ste in  saw  e a c h  o th e r  re g u la r ly  

f r o m  1913 o n . A m o n g  e v id e n ce s  o f  th e  c o in c id e n c e  o f  th ese  o u t lo o k s  

th e r e  is in  th e  E in ste in  A r ch iv e s  a  h a n d w r it te n  d r a ft , w r itte n  o n  o r  ju s t  

b e fo r e  17 A p r i l  1931 a n d  in te n d e d  as E in ste in ’ s in tr o d u c t io n  to  P la n ck ’ s 

h a r d -h it t in g  a r t ic le  P o sitiv ism  a n d  th e  R e a l  E x te r n a l  W o r ld .15 I n  la u d 

in g  P la n c k ’ s a r t ic le , E in ste in  c o n c lu d e s : “ I  p r e s u m e  I  m a y  a d d  th a t b o t h  

P la n c k ’ s c o n c e p t io n  o f  th e  lo g ic a l sta te  o f  a ffa irs  as w e ll  as h is  s u b je c t iv e  

e x p e c ta t io n  c o n c e r n in g  th e  la ter  d e v e lo p m e n t  o f  o u r  s c ie n ce  c o rr e s p o n d s  

e n tire ly  w ith  m y  o w n  u n d e r s ta n d in g .” 76

T h is  essay g a v e  a  c le a r  e x p o s it io n  o f  P la n ck ’ s (a n d  o n e  m a y  assu m e, 

E in ste in ’ s ) v ie w s , b o t h  in  p h y sics  a n d  in  p h ilo s o p h y  m o r e  g en era lly . 

T h u s  P la n ck  w r o te  t h e r e :

T h e  essential poin t o f  the positivist theory is that there is n o  other source o f  

know ledge except the straight and short w ay o f  perception  through the senses. 

Positivism  alw ays holds strictly to  that. N ow , the tw o sentences: (1 )  there is 

a real ou ter w orld  which exists independently o f  our act o f know ing  and ( 2 ) 

the real ou ter w orld  is not d irectly  know able  form  together the cardinal hinge 

on  w hich  the w hole structure o f  physical science turns. A nd  yet there is a certain
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degree o f  contradiction  betw een those tw o sentences. T h is fact discloses the 

presence o f  the irrational, or mystic, elem ent w hich  adheres to  physical science 

as to  every other branch o f  human know ledge. T h e  effect o f  this is that a sci 

ence is never in a position com pletely  and exhaustively to solve the problem  it 

has to face. W e  must accept that as a hard and fast, irrefutable fact, and this 

fact cannot be rem oved by a theory w hich  restricts the scope o f  science at its 

very start. T herefore, we see the task o f  science arising before us as an incessant 

struggle tow ard a goal w hich  w ill never be  reached, because by its very nature 

it is unreachable. It  is o f  a m etaphysical character, and, as such, is always again 

and again beyond our achievem ent.77

F r o m  th en  o n , E in ste in ’ s a n d  P la n ck ’ s w r itin g s  o n  these m atters  are  

o ft e n  a lm o st  in d is tin g u ish a b le  fr o m  e a c h  o th er . T h u s , in  a n  essay in  

h o n o r  o f  B e rtra n d  R u sse ll, E in ste in  w a rn s  th a t th e  “ fa te fu l ‘ fe a r  o f  

m eta p h y s ics ’ . . . has c o m e  to  b e  a  m a la d y  o f  c o n te m p o r a r y  e m p ir ic is t ic  

p h ilo s o p h iz in g .” 78 O n  th e  o th e r  h a n d , in  th e  n u m e ro u s  letters b e tw e e n  

th e  tw o  o ld  fr ie n d s , E in ste in  a n d  B esso, e a c h  to  th e  v e ry  e n d  to u c h in g ly  

a n d  p a tie n tly  tries to  e x p la in  his p o s it io n , a n d  p e rh a p s  to  c h a n g e  th e  

o th e r ’ s. T h u s , o n  28  F e b r u a r y  1952 , B esso o n c e  m o r e  presents a w a y  o f  

m a k in g  M a c h ’ s v iew s  a g a in  a c c e p ta b le  to  E in ste in . T h e  la tter, in  

a n sw erin g  o n  2 0  M a r c h  19 52 , o n c e  m o r e  re sp o n d s  th at th e  fa cts  c a n n o t  

le a d  to  a  d e d u c t iv e  th e o ry  a n d , a t m o st , c a n  set th e  stage  “ fo r  in tu it in g  a  

g en era l p r in c ip le ”  as th e  basis o f  a  d e d u c t iv e  th eory . A  little  la ter , B esso 

is g e n tly  s c o ld e d  ( in  E in ste in ’ s le tte r  o f  13 J u ly  1 9 5 2 ) :  “ I t  a p p ea rs  th a t 

y o u  d o  n o t  take  th e  fo u r -d im e n s io n a lity  o f  rea lity  seriou sly , b u t  th a t in 

stead  y o u  take th e  p re se n t to  b e  th e  o n ly  rea lity . W h a t  y o u  ca ll ‘w o r ld ’ 

is in  p h y s ica l t e r m in o lo g y  ‘sp a ce lik e  section s ’ f o r  w h ic h  the re la tiv ity  

th e o ry — a lre a d y  th e  sp e c ia l th e o r y — d en ies  o b je c t iv e  rea lity .”

I n  th e  e n d , E in ste in  c a m e  to  e m b r a c e  th e  v ie w  w h ic h  m a n y , a n d  

p e rh a p s  h e  h im se lf, th o u g h t  e a r lie r  h e  h a d  e lim in a te d  fr o m  p h ysics  in  

his b a s ic  1905 p a p e r  o n  re la tiv ity  th e o r y : th a t th ere  exists an  ex tern a l, 

o b je c t iv e , p h y s ica l rea lity  w h ic h  w e  m a y  h o p e  to  grasp — n o t  d ire c t ly , 

e m p ir ica lly , o r  lo g ica lly , o r  w ith  fu llest ce rta in ty , b u t  a t least b y  a n  in 

tu itiv e  le a p , o n e  th at is o n ly  g u id e d  b y  e x p e r ie n ce  o f  the to ta lity  o f  sen 

s ib le  “ fa c ts .”  E v en ts  ta k e  p la c e  in  a  “ rea l w o r ld ,”  o f  w h ic h  th e  s p a ce - 

t im e  w o r ld  o f  sen sory  e x p e r ie n ce , a n d  ev en  th e  w o r ld  o f  m u lt id im e n 

s ion a l c o n t in u a , are  u se fu l c o n c e p t io n s , b u t n o  m o r e  th an  th at.

F o r  a  scientist to  c h a n g e  his p h ilo s o p h ic a l b e lie fs  so  fu n d a m e n ta lly  is 

rare , b u t  n o t  u n p r e ce d e n te d . M a c h  h im s e lf u n d e r w e n t  a  d r a m a tic  trans-
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fo r m a t io n  q u ite  e a r ly  ( f r o m  K a n t ia n  id ea lism , a t  a b o u t  a g e  seven teen  

o r  e ig h te e n , a c c o r d in g  to  M a c h ’s a u to b io g r a p h ic a l  n o t e s ) .  W e  h a v e  

n o te d  th at O s tw a ld  c h a n g e d  tw ic e , o n c e  to  a n ti-a to m is m  a n d  th en  b a ck  

to  a to m ism . A n d  stra n g e ly  P la n ck  h im s e lf co n fe s s e d  in  h is  19 10  a tta ck  

o n  M a c h 27 th a t s o m e  tw e n ty  years ea rlier , n e a r  th e  b e g in n in g  o f  h is o w n  

ca r e e r  w h e n  P la n ck  w a s  in  h is  la te  tw en ties  (a n d  M a c h  w a s  in  h is la te  

f o r t ie s ) , h e , t o o , h a d  b e e n  c o u n te d  “ o n e  o f  th e  d e c id e d  fo l lo w e r s  o f  th e  

M a c h is t  p h ilo s o p h y ,”  as in d e e d  is e v id e n t  in  P la n ck ’ s e a r ly  essay o n  th e  

c o n s e r v a t io n  o f  e n e rg y  ( 1 8 8 7 ) .

I n  a n  u n p u b lis h e d  fr a g m e n t  a p p a r e n t ly  in te n d e d  as a n  a d d it io n a l 

c r it ic a l r e p ly  t o  o n e  o f  th e  essays in  th e  c o l le c t io n  A l b e r t  E i n s t e i n : 

P h i l o s o p h e r -S c i e n t i s t  ( 1 9 4 9 ) ,  E in ste in  r e tu rn e d  o n c e  m o r e  to  d e a l 

— q u ite  s ca th in g ly — w ith  th e  o p p o s it io n . T h e  v e r y  w o rd s  h e  u sed  s h o w e d  

h o w  c o m p le te  w a s  th e  ch a n g e  in  h is  e p is te m o lo g y . P erh a p s  e v e n  w ith o u t  

c o n s c io u s ly  r e m e m b e r in g  P la n c k ’ s w o r d s  in  th e  a tta ck  o n  M a c h  o f  1909  

c it e d  e a r lie r— th a t a  b a s ic  a im  o f  s c ie n ce  is “ th e  c o m p le te  lib e ra t io n  o f  

th e  p h y s ica l w o r ld  p ic tu r e  fr o m  th e  in d iv id u a lity  o f  th e  sep a ra te  in te l 

le cts” 32— E in ste in  re fe rs  t o  a  “ b a s ic  a x io m ”  in  his o w n  th in k in g :

It  is the postulation o f  a “ real w orld ”  w hich  so-to-speak liberates the “ w orld ”  

from  the thinking and experiencing subject. T h e  extrem e positivists think that 

they can d o  w ithout it; this seems to m e to be an illusion, i f  they are not w ill 

ing to  renounce thought itself.

E in ste in ’ s fin a l e p is te m o lo g ic a l m essa ge  w a s  th a t  th e  w o r ld  o f  m e re  

e x p e r ie n c e  m u st b e  s u b ju g a te d  b y  a n d  b a sed  in  fu n d a m e n ta l th o u g h t  so  

g e n e ra l th a t it  m a y  b e  c a lle d  c o s m o lo g ic a l  in  ch a ra c te r . T o  b e  sure, 

m o d e r n  p h ilo s o p h y  d id  n o t  g a in  th e re b y  a  m a jo r , n o v e l, a n d  fin ish ed  

c o rp u s . P hysicists th e  w o r ld  o v e r  g e n e ra lly  fe e l th a t to d a y  o n e  m u st steer 

m o r e  o r  less a  m id d le  co u rs e  in  th e  a re a  b e tw e e n , o n  th e  o n e  h a n d , th e  

M a c h is t  a tta ch m e n t  to  e m p ir ic a l d a ta  o r  h eu ris tic  p ro p o s a ls  as th e  so le  

so u rce  o f  th e o ry  a n d , o n  th e  o th e r , th e  a e s th e tic -m a th e m a tica l a t ta c h 

m e n t  t o  persu a sive  in tern a l h a r m o n y  as th e  w a rra n t  o f  tru th . M o r e o v e r , 

th e  o ld  d ic h o to m y  b e tw e e n  ra t io n a lism  a n d  e m p ir ic is m  is s lo w ly  b e in g  

d isso lv e d  in  n e w  a p p r o a c h e s .79 Y e t  b y  e n co m p a s s in g  in  h is  o w n  p h ilo 

s o p h ica l d e v e lo p m e n t  b o th  en d s  o f  this ra n g e , a n d  b y  a lw a ys  sta tin g  

fo r th r ig h t ly  a n d  w ith  e lo q u e n c e  his re d e fin e d  p o s it io n , E in ste in  n o t  o n ly  

h e lp e d  u s to  d e fin e  o u r  o w n , b u t  a lso  g a v e  us a  v ir tu a lly  u n iq u e  case 

s tu d y  o f  th e  in te ra c t io n  o f  s c ie n ce  a n d  e p is te m o lo g y .

246



REFERENCES AND NOTES

1. [T h e  m ain  results o f  the study to this point are contained in  Essays 5 

through 10  in  this collection .]

2. T hese docum ents are m ostly on  deposit at the Archives o f  the Estate o f  

A lbert Einstein at Princeton ; w here not otherwise indicated, citations m ade here 

are from  those docum ents. In  studying and helping to order fo r  scholarly  pur 

poses the materials in  the Archives, I  am  grateful fo r  the help received from  

the Trustees o f  the A lbert Einstein Estate, and particularly from  M iss H elen  

Dukas.

I  thank the E xecutor o f  the Estate fo r  perm ission to quote from  the writings 

o f  A lbert Einstein. I  also wish to acknow ledge the financial support provided  

by  the R ock efe ller Foundation  fo r  cataloguing the co llection  in the A rch ives at 

Princeton. T h e  Institute fo r  A d van ced  Study at Princeton and its d irector have 

been m ost hospitable throughout this continuing w ork. I  am  also grateful to 

M . V e ro  Besso fo r  perm ission to qu ote from  the letters o f  his father, M ich e l- 

ange Besso. A ll translations here are the author’s unless otherwise indicated.

Early drafts o f  portions o f  this essay have been presented as invited papers 

at the T agung  o f  Eranos in  A scon a  (A ugust, 19 6 5 ), at the International C on 

gress fo r  the H istory o f  S cien ce in  W arsaw  (August, 19 6 5 ), and at the m eeting,

S cien ce e t Synthèse , at U N E S C O  in Paris (D ecem ber, 1965 ), published in  

S c i e n c e  e t  S y n t h è s e , Paris : G allim ard, 1967.

3. T h is letter as w ell as the next tw o  letters m entioned in  the text (those o f 

3 A pril 1901 and 13 A p ril 1901) have been published by  H ans-G iinther 

K ôrber, F o r s c h u n g e n  u n d  F o r t s c h r i t t e , 3 8 : 7 5 -7 6 ,1 9 6 4 .

4. A lbert Einstein, Folgerungen  aus den Capillaritdtserscheinungen, A n n 6 l - 

e n  d e r  P h y s i k , 4 :5 1 3 -5 2 3 ,1 9 0 1 .

5. T h e  on ly  other know n attem pt on  Einstein’s part to  obtain an assistantship 

at that tim e was a request to  K am m erlingh-O nnes (12  A pril 1901 ), to w hich , 

incidentally, he also seems to have received no response.

6. J. T . M erz, A  H i s t o r y  o f  E u r o p e 6 n  T h o u g h t  i n  t h e  N i n e t e e n t h  

C e n t u r y , 4 vols. (E din bu rgh : W illiam  B lackw ood & Sons, 1904-1912; re 

print ed., N ew  Y o rk : D ov er  Publishing C o ., 1965) V o lu m e  I I , pp . 184, 199.

7. E r i n n e r u n g e n  6 n  A l b e r t  E i n s t e i n , issued by  the Patent O ffice in 

Bern, about 1965 (n . d., n o  p a g in a tion ).

8. W ilh elm  O stw ald , C hem ische E nergie , L e h r b u c h  d e r  6 l l g e m e i n e n  

C h e m i e , 2nd ed. (L e ip z ig : V erlag  von  W ilh elm  Engelm ann, 1903), V o lu m e 

I I ,  Part 1’, p. 1014.

9. A lbert Einstein, A utobiographical N otes, in P. A . Sch ilpp, cd ., A l b e r t

M A C H , E I N S T E I N , A N D  T H E  S E A R C H  F O R  R E A L IT Y

247



E i n s t e i n : P h i l o s o p h e r -S c i e n t i s t  (Evanston, 111.: L ibrary o f  L iving Philos 

ophers, 1949), p. 15.

10. A n ton  Reiser, A l b e r t  E i n s t e i n  (N ew  Y o rk : A . & C . Boni, 1930), pp . 

51 -52 .

11. Ernst M ach , D i e  M e c h 6 n i k  i n  i h r e r  E n t w i c k l u n g , h i s t o r i s c h -  

k r i t i s c h  d 6 r g e s t e l l t , L eipzig : 1883.

12. M ach , op. c it.y preface, 7th ed., 1912.

13. M oritz  Schlick, Ernst M a ch , der Philosoph, in a special supplem ent on 

Ernst M ach  in the N e u e  f r e i e  P r e s s e  (V ie n n a ), 1'2 June 1926. Einstein h im 

self, in a brief and telling analysis, Z u r Enthiillung von Ernst M achs D enkm al, 

published in the same issue (th e day o f the unveiling o f a m onum ent to M a c h ), 

w rote :

“ Ernst M a ch ’s strongest driving force  was a ph ilosophical o n e : the dignity 

o f all scientific concepts and statements rests solely in isolated experiences [Ein- 

zelerlebnisse] to w hich  the concepts refer. T h is fundam ental proposition exerted 

mastery over him  in all his research and gave him  the strength to exam ine the 

traditional fundam ental concepts o f  physics (tim e, space, inertia ) w ith an in 

dependence w hich  at that tim e was unheard o f .”

14. A m on g  m any evidences o f  M a ch ’s effectiveness, not the least are his five 

hundred or m ore publications (coun ting all editions— for exam ple, seven ed i 

tions o f his T h e  S c i e n c e  o f  M e c h 6 n i c s  in G erm an alone during his life tim e), 

as w ell as his large exchange o f  letters, books, and reprints (o f  w h ich  m any 

im portant ones “ carry the ded ication  o f their authors,”  to cite the impressive 

catalogue o f M a ch ’s library by T h e o d o r  Ackerm ann, M unich , N o. 634 [1959] 

and N o. 636 [I9 6 0 ]). A  glim pse o f M a ch ’s effect on  those near him  was fur 

nished by W illiam  James, w h o in 1882 heard M ach  give a “ beautifu l”  lecture 

in Prague. M ach  received James “ w ith open  arms. . . .  M ach  cam e to m y hotel 

and I spent fou r hours walking and supping w ith him  at his club, an unforget 

table conversation. I  d on ’t think anyone ever gave m e so strong an im pression 

o f  pure intellectual genius. H e apparently has read everything and thought 

about everything, and has an absolute sim plicity o f  m anner and winningness o f  

sm ile w hen his face  lights up, that are charm ing.”  From  Jam es’s letter, in G ay 

W ilson  A llen , W i l l �6 m  J 6 m e s , A  B i o g r 6 �h y  (N ew  Y ork : V ik ing Press, 1967), 

p. 249.

T h e  topicality o f M a ch ’s early speculations on what is n ow  part o f  General 

R elativity T h eory  is attested to by the large num ber o f continuing contributions 

on the M a ch  Principle. Beyond that, M a ch ’s influence today is still strong in 

scientific thinking, though few  are as explicit and forthright as the distinguished 

physicist R . H . D icke o f  Princeton University, in his recent, technical book  

T h e  T h e o r e t i c 6 �  S i g n i f i�6 n c e  o f  E x p e r i m e n t 6 l  R ��6 t i v i t y  (L o n d o n :

2 4 8



G ordon  and Breach, 1964), pp . v ii -v ii i :  “ I was curious to know  how  many 

other reasonable theories [in addition  to G eneral Relativity] w ou ld  be supported 

by  the same facts. . . . T h e  reason for  lim iting the class o f theories in this way 

is to  be found in matters o f  philosophy, not in the observations. Forem ost am ong 

these considerations was the ph ilosophy o f  B ishop Berkeley and E. M ach . . . .

T h e  philosophy o f Berkeley and M a ch  always lurked in the background and 

influenced all o f  m y thoughts.”

15. A lbert Einstein, Ernst M ach , P h y s i k 6 l i s c h e  Z e i t s c h r i f t , 17: 101—

104, 1916.

16. Einstein, A utobiographical N otes, p. 21.

17. G erald H olton , O n the Origins o f  the Special T h eo ry  o f R elativity,

A m e r i c 6 n  Jo u r n 6 l  o f  P h y s i c s , 2 8 :6 2 7 -6 3 6 , 1960, and reprinted here as 

Essay 5.

18. G erald  H olton , O n the T h em a tic Analysis o f S c ien ce : T h e  Case o f 

Poincare and R elativity , M e l 6 n g e s  A l e x 6 n d r e  K o y r e  (P aris: H erm ann,

1964), pp. 257-268, and reprinted here as Essay 6.

19. F or evidences that this insistence on  prior epistem ological analysis o f  

conceptions o f  space and tim e are M achist rather than prim arily derived from  

H u m e and K ant (w h o  had, how ever, also been in fluential), see Einstein’s de 

tailed rendition o f  M a ch ’s critique o f  N ew tonian space and tim e, in note 15; 

his discussion o f  M ach  in note 9, pp . 2 7 -2 9 ; and in note 1.

20. A lbert Einstein, Z u r E lecktrodynam ik b ew eg ter  K örp er, A n n 6 l e n  d e r  

P h y s i k , 17 :893 , 1905.

21. Ibid ., p . 894.

22. P h ilipp  Frank, Einstein, M a ch , and L ogica l Positivism , in Sch ilpp, op. 

cit., pp. 272-273 . “ T h e  definition o f  sim ultaneity in the special theory o f rela 

tivity is based on  M a ch ’s requirem ent that every statement in physics has to 

state relations betw een observable quantities. . . . T here is n o  doubt that . . .

M a ch ’s requirem ent, the ‘positiv istic’ requirem ent, was o f  great heuristic value 

to Einstein.”

23. For exam ple, see P h ilipp  Frank, M o d e r n  S c i e n c e  6 n d  I t s  P h i l o s o p h y  

(N ew  Y ork : G eorge Braziller, 1955 ), pp . 6 1 -8 9 ; V ik tor K raft, T h e  V i e n n 6  

C i r c l e , trans. Arthur Pap (N e w  Y ork : Philosophical Library, 1953); R ichard  

von M ises, E r n s t  M 6 c h  u n d  d ie  e m p i r i s t i s c h e  W i s s e n s c i i 6 f t s 6 u f f 6 s s u n g  

(1938 ; printed as a fascicule o f  the series E i n h e i t s w i s s e n s c h 6 f t ) .

24. Joseph Petzoldt, G esellschaft für positivistic he Philosophie, reprinted in 

Z e i t s c h r i f t  f ü r  p o s i t i v i s t i s c h e  P h i l o s o p h i e , 1 :4 ,1 9 1 3 . In that same speech,

Petzoldt sounded a them e that becam e w idely favored in the positivistic inter-

M A C H , E I N S T E I N , A N D  T H E  S E A R C H  F O R  R E A L IT Y

2 4 9



pretation o f  the genesis o f  relativity theory— nam ely, that the relativity theory 

was developed  in  direct response to  the puzzle posed by  the results o f  the 

M ich elson  experim ent.

In  his interesting essay, D as Verhältnis d er M achschen  G edankenw elt zur 

R elativitätstheorie , published as an append ix  to  the eighth G erm an edition  

o f  Ernst M a ch ’s D i e  M e c h 6 n i k  i n  i h r e r  E n t w i c k l u n g  (L e ip zig : F . A . 

Brockhaus, 19 2 1 ), pp . 4 9 0 -5 17 , Petzoldt fa ith fu lly  attem pts to identify  and dis 

cuss several M ach ist aspects o f  Einstein’s relativity theory:

( 1) T h e  theory “ in the end is based on  the recognition  o f  the co in cid en ce  

o f  sensations; and therefore it is fu lly  in  accord  w ith  M a ch ’s w orld -v iew , w h ich  

m ay be best characterized as a relativistic positivism ”  (p . 5 1 6 ) .

( 2 ) M a ch ’s w orks “ produ ced  the atm osphere w ithout w h ich  Einstein’s R e la 

tivity T h eory  w ou ld  not have been possible”  (p . 4 9 4 ) , and in particular M a ch ’s 

analysis o f  the equivalence o f  rotating reference ob jects in N ew ton ’s bucket ex 

perim ent prepared  fo r  the next step, Einstein’s “ equivalence o f  relatively m ov 

ing coord inate systems”  (p . 4 9 5 ) .

(3 )  M a ch ’s principle o f  econ om y is said to be  m arvelously exhibited in  

Einstein’s succinct and sim ple statements o f  the tw o fundam ental hypotheses. 

T h e  postulate o f  the equivalence o f  inertial coord inate systems deals w ith  “ the 

sim plest case thinkable, w h ich  n ow  also serves as a fundam ental p illar fo r  the 

G eneral T h eory . A n d  Einstein chose also w ith  relatively greatest sim plicity the 

other basic postulate [constancy o f  light velocity]. . . . T h ese are the fou n da 

tions. Everything else is log ica l consequence”  (p p . 497—4 9 8 ).

25. Letter o f  Besso to  Einstein, 1'6 February 1939. A m on g  m any testimonies 

to  the effect o f  Einstein on  positivistic philosophies o f  science, see P. W . B ridg 

m an, Einstein ’s T h eory  and the O perational Point o f V iew , in  S ch ilpp , op . c it ., 

p p . 335 -354 .

26. Ernst M ach , H i s t o r y  6 n d  R o o t  o f  t h e  P r i n c i p l e  o f  t h e  C o n s e r v 6 

t i o n  o f  E n e r g y  (C h ica g o : T h e  O p en  C ourt Publishing C o., 1911), p. 95, 

translation by  P h ilip  E. B. Jourdain  o f  the second edition (Ernst M ach , D i e  

G e s c h i c h t e  u n d  d i e  W u r z e l  d e s  S6 t z e s  v o n  d e r  E r h 6 l t u n g  d e r  A r b e i t , 

L eipzig : J. A . Barth, 1909). F or a brief analysis o f  M a ch ’s various expressions 

o f  adherence as w ell as reservations w ith respect to the prin cip le o f  relativity, 

see H u go  D ingier, D ie  G r u n d g e d 6 n k e n  d e r  M 6 c h s c h e n  P h i l o s o p h i e  

(L e ip z ig : J. A . Barth, 19 2 4 ), pp . 73 -8 6 . F riedrich  H em eck  (N ochm als über  

Einstein und M a ch , P h y s i k 6 l i s c h e  B l ä t t e r , 17 :275, 1961) reports that 

Frank w rote  him  he had the im pression during a discussion w ith  Ernst M a ch  

around 1910 that M a ch  “ was fu lly  in accord  w ith  Einstein’s special relativity 

theory, and particularly w ith  its ph ilosoph ical basis.”

27. R epublished  in  M a x  P lanck, A  S u r v e y  o f  P h y s i c 6 l  T h e o r y  (N ew

250



Y ork : D over Publications, 1960), p . 24. W e  shall read later a reaffirmation o f  

this position, in almost exactly the sam e w ords, but from  another pen.

A fter M a ch ’s rejo inder {D ie  Leitgedanken  m einer naturwissenschaftlichen  

Erkenntnislehre und ihre A u fnahm e durch die Z eitgenossen , S c i e n t �6 , 7 :2 2 5 ,

1910), P lanck w rote a second, m uch m ore angry essay, Zur M achschen  T h eorie  

der physikalischen Erkenntnis, V i e r t e l j 6 h r s c h r i f t  f ü r  w i s s e n s c h 6 f t 

l i c h e  P h i l o s o p h i e , 3 4 :4 9 7 , 1910. H e  ends as fo llow s: “ I f  the physicist wishes 

to  further his science, he must be  a Realist, not an E conom ist [in the sense o f  

M a ch ’s principle o f  econom y]; that is, in the flux o f  appearances he must above 

all search fo r  and unveil that w h ich  persists, is not transient, and is independent 

o f  hum an senses.”

28. P h ilipp  Frank, E i n s t e i n , H i s  L i f e  6 n d  T i m e s , trans. G eorge R ose, ed. 

and rev. Suichi Kusaka, N ew  Y o rk : A lfred  A . K n op f, 1947.

29. Later Einstein fou nd  that this procedu re d id  not w ork; see A lbert E in 

stein, N otes  on the Origin o f the G eneral T h eory  o f R ela tivity , I d e 6 s  6 n d  

O p i n i o n s , trans. S on ja  Bargm ann (L o n d o n : A lvin  R edm an, 1954), pp .

285 -2 90 ; and other publications. In  a letter o f  2 February 1954 to Felix Pirani,

Einstein w rites: “ O n e  shouldn’ t talk at all any longer o f  M a ch ’s principle, in 

m y opinion . I t  arose at a tim e w hen one thought that ‘ponderable bodies’ were 

the only physical reality and that in a theory all elements that are not fu lly de 

term ined by  them  should be  conscientiously avoided. I  am  quite aware o f  the 

fact that fo r  a lon g tim e, I , too, was in fluenced by this fixed idea .”

30. A lbert Einstein and M arcel Grossman, E ntw urf einer verallgem einerten  

R elativitätstheorie und einer T h eorie  der Gravitation , Z e i t s c h r i f t  f ü r  

M 6 t h e m 6 t i k  u n d  P h y s i k , 6 2 :2 2 5 -2 6 1 , 1913.

31. F or a further analysis and the fu ll text o f the fou r letters see Friedrich 

H em eck, Z u m  B riefw echsel A lb ert Einsteins m it Ernst M a ch , F o r s c h u n g e n  

u n d  F o r t s c h r i t t e , 3 7 :2 3 9 -2 4 3 , 1963, and D ie  B eziehungen zwischen Einstein  

und M ach , docum entarisch D argestellt, W i s s e n s c h 6 f t l i c h e  Z e i t s c h r i f t  

d e r  F r i e d r i c h -S c h i l l e r -U n i v e r s i t ä t  J e n 6 , m 6 t h e m 6 t i s c h -n 6 t u r w i s s e n 

s c h 6 f t l i c h e  R e i h e , 1 5 :1 -1 4 , 1966; and H elm ut H önl, Ein B rief A lbert E in 

steins an Ernst M ach , P h y s i k 6 l i s c h e  B l ä t t e r , 1 6 :5 7 1 -5 8 0 , 1960. M any 

other evidences, direct and indirect, have been published to show  M a ch ’s in 

fluence on Einstein prior to M a ch ’s death in 1916. F or exam ple, recently a d o c 

um ent has been found w hich  shows that in 1911 M a ch  had participated in fo r 

m ulating and signing a m anifesto calling for  the founding o f  a society for 

positivistic philosophy. A m on g  the signers, together with M ach , we find Joseph 

Petzoldt, D av id  H ilbert, Felix K lein , G eorg  H elm , Sigm und Freud, and E in 

stein. (S ee  H em eck , N ochm als über Einstein und M ach , p. 276.)

32. Em st M ach , D ie L eitgedanken  m einer naturwissenschaftlichen Erk-
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enntnislehre und ihre A u fnahm e durch die Zeitgenossen , P h y s i k 6 l i s c h e  

Z e i t s c h r i f t , 11 :605 , 1910. (E m phasis a d d ed .) T o  be  sure, M ach  was not 

always a “ M achist”  him self.

33. See Einstein, T im e, S pace, and G ravitation  (1 0 4 8 ) , O u t  o f  M y  L 6 ���  

Y �6 ��  (N ew  Y o rk : P h ilosophical Library, 1950 ), pp . 5 4 -5 8 . Einstein makes 

the distinction betw een constructive theories and “ theories o f  p rin cip le .”  E in 

stein cites, as an exam ple o f  the latter, the relativity theory, and the laws o f  

therm odynam ics. Such theories o f  prin cip le, Einstein says, start w ith “ em piri 

ca lly  observed general properties o f phenom ena.”  See also A utobiographical 

N otes, p. 53.

34. Ernst M ach , D i e  P r i n z i p i e n  d e r  p h y s i k 6 l i s c h e n  O p t i k , L eipzig : 

J. A . Barth, 1921. T h e  English edition  is T h e  P r i n c i p l e s  o f  P h y s i c 6 l  O p 

t i c s , trans. John S. A nderson and A . F. A . Y ou n g  (L o n d o n : M ethuen, 1 9 2 6 ); 

reprint ed., N ew  Y ork : D ov er  Publications, 1953), pp. v ii-v iii.

35. Einstein, in S éance du 6 avril, 1922: La T h éorie  de la relativité, B u l 

l e t i n  d e  l 6  So c i é t é  F�6 n ç 6 i s e  d e  P h i l o s o p h i e , 2 2 :9 1 -1 1 3 , 1922. In  his 1913 

preface  re jectin g  relativity, M a ch  expressed him self perhaps m ore im petuously 

and irascibly than he m ay have m eant. Som e evidence fo r  this possibility is in 

M a ch ’s letters to Petzoldt. In  early 1914, M a ch  w rote : “ I have received the 

cop y  o f  the positivistic Z e i t s c h r i f t  w hich  contains your article on  relativity; 

I liked it not on ly  because you copiously  acknow ledge m y hum ble contributions 

w ith respect to that them e, but also in general.”  A n d  w ithin a m onth, M a ch  

writes— rather m ore incoherently— to P etzold t: “ T h e  enclosed letter o f  E in 

stein [a cop y  o f  the last o f  Einstein’s fou r letters, cited above] proves the pen e 

tration o f  positivistic ph ilosoph y into physics; you can be  glad  about it. A  year 

ago, ph ilosophy was altogether sheer nonsense. T h e  details prove it. T h e  para 

d ox  o f  the c lo ck  w ou ld  not have been noticed  by Einstein a year ago.”

I  thank D r. John B lackm ore for  draw ing m y attention to the M ach-P etzoldt 

letters, and D r. H . M ü ller  fo r  provid ing copies from  the Petzoldt A rch ive in 

Berlin.

36. R . S. Shankland, Conversations with Einstein, A m e r i c 6 n  Jo u r n 6 l  o f  

P h y s i c s , 3 1 :5 6 , 1963.

37. A  typical exam ple is his letter o f  18 Septem ber l ^ O  to A rm in  W ein er: 

“ . . . I  d id  not have a particularly  im portant exchange o f  letters w ith M ach . 

H ow ever, M a ch  did have a considerable influence upon  m y developm ent 

through his writings. W hether or  to what extent m y life ’s w ork was influenced 

thereby is im possible fo r  m e to find out. M ach  occu p ied  him self in his last 

years w ith  the relativity theory, and in a preface  to  a late edition o f  one o f  

his works even spoke out in  rather sharp refusal against the relativity theory. 

H ow ever, there can b e  n o  doubt that this was a consequence o f  a lessening
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ability to  take up [new ideas] ow ing to his age, fo r  the w hole d irection o f  

thought o f  this theory conform s w ith M a ch ’s, so that M ach  quite rightly is 

considered as a forerunner o f  general relativity theory. . .

I  thank C olon el Bern D ibner fo r  m aking a cop y  o f  the letter available to m e 

from  the Archives o f  the B u m dy Library in N orw alk, Connecticut. A m on g 

other hitherto unpublished letters in w hich  Einstein indicated his indebtedness 

to M ach , w e m ay cite one to A nton  Lam pa, 9 D ecem ber 1935: “ . . .  Y ou  speak 

about M a ch  as about a man w ho has gone into oblivion . I cannot believe that 

this corresponds to the fact since the ph ilosophical orientation o f the physicists 

today is rather close to that o f  M ach , a circum stance w hich  rests not a little 

on  the influence o f M a ch ’s writings.”

M oreover, practically everyone else shared Einstein’s explicitly  expressed 

opin ion  o f  the debt o f  relativity theory to M ach ; thus Hans R eichenbach  w rote 

in 1921', “ Einstein’s theory signified the accom plishm ent o f  M a ch ’s program .”

( D e r  gegenw ärtige Stand der Relativitätsdiskussion, L o g o s , 10 :311 , 1922.)

Even H u go  D ingier ag reed : [M a ch ’s] criticism  o f  the N ew tonian conceptions 

o f  tim e and space served as a starting point fo r  the relativity theory. . . . N ot 

on ly  Einstein’s w ork, but even m ore recent developm ents, such as H eisenberg’s 

quantum  m echanics, have been inspired by the M achian philosophy.”  H ugo 

D ingier, Ernst M ach , E n c y c l o p e d i 6  o f  t h e  So c �6 l  S c i e n c e s , ed. Edw in R . A .

Seligm an and A lvin  Johnson (N ew  Y o rk : M acm illan  C o., 1933), V o lu m e 

9, p . 653. A nd  H . E. H ering w rote an essay whose title is typical o f  m any others:

M ach  als V orläufer des physikalischen Relativitätsprinzips, K ö l n e r  U n i v e r 

s i t ä t s z e i t u n g , 1 :3 -4 , January 17, 1920. I  thank D r. John B lackm ore for a 

cop y  o f  the article.

38. In  his article, Z ur Enthüllung von Ernst M achs D enkm al, in the special 

supplem ent o f N e u e  f r e i e  P r e s s e  cited in note 13, Einstein— then already 

disenchanted for som e tim e w ith the M achist program — w rote im m ediately  

after the portion quoted in note 13:

“ Philosophers and scientists have often criticized M ach , and correctly  so, 

because he erased the logica l independence o f the concepts vis-ä-vis the ‘sen

sations,’  [and] because he w anted to  dissolve the R eality o f Being, without 

whose postulation n o  physics is possible, in the R eality o f Experience . . . .”

T h ere were additional sources, both  published and unpublished, on the de 

tailed aspects o f  the relation betw een Einstein and M ach , w hich, fo r  lack o f  

space, cannot be sum marized here.

39. F or exam ple, by Einstein him self, by Joseph Petzoldt, and by H u go 

D ingier. I  assign relatively little weight to the possibility that the rift grew  

out o f  the difference betw een Einstein and M ach  on atomism. H em cck  pro 

vides the significant report that accord ing to a letter from  P hilipp Frank, M ach  

was personally influenced by D ingier, w hom  M ach  had praised in the 1912
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edition o f the M e c h 6 n i k  and w h o was from  the beginning an opponent o f  

relativity theory, becom in g  one o f  the m ost “ em bittered enem ies’ * o f  Einstein 

(H em eck , D ie  B eziehungen zw ischen Einstein und M a ch , p. 14; see note 3 1 ) .  

T h e  copies o f  letters from  D in gier to M a ch  in the E m st-M ach-Institute in 

Freiburg indicate D in gler ’s intentions; nevertheless, there remains a puzzle 

about D in gler ’s role w hich  is w orth investigating. It is significant that in his 

1921 essay (see note 24 ) Petzoldt devotes m uch space to  a defense o f  Einstein’s 

w ork against D in gler ’s attacks. See also Joach im  T h iele , Analysis o f M a ch ’s 

P refa ce , in N T M , S c h r i f t e n r e i h e  f ü r  G e s c h i c h t e  d e r  N 6 t u r w i s s e n 

s c h 6 f t e n , T e c h n i k  u n d  M e d i z i n  (L e ip z ig ), 2 :1 0 -1 9 ,1 9 6 5 .

40. A lbert Einstein, Ü ber R elativitätstheorie , M e i n  W e l t b i l d  (A m ster 

d a m : Q u erid o  V erlag , 1934), pp. 214 -220 ; republished as O n the T h eo ry  o f  

R elativ ity , I��6 s  6 n d  O p i n i o n s , pp. 246 -249 . H em eck  has given the texts o f  

sim ilar discussions on  phonographic records by Einstein in 1921 and even in 

1924; c f. H em eck ’s transcriptions o f  Einstein, Z w ei T on doku m ente Einsteins 

zur R elativitätstheorie, F o r s c h u n g e n  u n d  F o r t s c h r i t t e , 4 0 :1 3 3 -1 3 4 , 1966.

41. Q uotations from  Einstein, Z ur M eth od e der theoretischen Physik , M e i n  

W e l t b i l d , pp. 176-187, as reprinted in translation in O n the M eth od  o f T h e o 

retical Physics, I d e 6 s  6 n d  O p i n i o n s , pp. 270 -276 , except for  correction  o f  

mistranslation o f  one line. T h ere  are a num ber o f  later lectures and essays in 

w hich  the sam e point is m ade. See, for  exam ple, the lecture, Physics and R ea l 

ity  (1936, reprinted in  I��6 s  6 n d  O p i n i o n s , pp. 2 9 0 -3 2 3 ) , w hich  states that 

M a ch ’s theory o f  know ledge is insufficient on  account o f  the relative closeness 

betw een experience and the concepts w h ich  it uses; Einstein advocates g o 

ing beyond this “ ph enom enolog ica l physics”  to achieve a theory whose basis 

m ay be further rem oved  from  direct experience, but w hich  in return has m ore 

“ unity in the foundations.”  O r  see A utobiographical N otes, p . 2 7 : “ In  the 

ch o ice  o f  theories in the future,”  he indicates that the basic concepts and 

axiom s will continue to “ distance themselves from  what is directly observable.”

Even as Einstein’s views developed  to encom pass the “ erlebbare, beobacht 

bare”  facts as w ell as the “ w ild-spekulative”  nature o f  theory, so d id  those 

o f  m any o f  the philosophers o f  science w h o  also had earlier started from  a 

strict M achist position. T h is grow ing m odification  o f  the original position, 

partly  ow ing to  “ the grow ing understanding o f  the general theory o f  rela 

tivity,”  has been chron icled  by  Frank, for  exam ple, in  Einstein, M ach , and 

L ogica l Positivism , in Sch ilpp, op . cit., pp. 296 -286 .

42. F or a discussion o f  them atic and phenom enic elements in theory con 

struction, see m y article, T h e  T h em a tic  Im agination in S cience, in S c i e n c e  

6 n d  C u l t u r e , ed. G erald  H olton  (B oston : H oughton  M ifflin C o ., 1965 ), pp. 

88 -10 8 , and reprinted here as Essay 1.
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43. Einstein, A utobiographical N otes, p. 53. Emphasis added. O n  pp. 9 -1 1 ,

Einstein describes w hat m ay be a possible precursor o f  this attitude in his study 

o f  geom etry in his ch ildh ood .

44. Einstein, Ü ber das Relativitätsprinzip und die aus dem selben  gezogenen  

Folgerungen, J 6 h r b u c h  d e r  R 6 ���6 �t i v i t ä t  u n d  E l e k t r o n i k , 4 :4 1 1 -4 6 2 ,

1907.

45. W alter K aufm ann. Ü ber die K onstitu tion  des E lektrons, A n n 6 l e n  d e r  

P h y s i k , 1 9 :4 8 7 -5 5 3 ,1 9 0 6 . Em phasis in  original.

46. Ib id ., p . 495.

47. See n ote  44, p . 439.

48. Ibid . Shortly after K a u fm a n n s article appeared, M a x  P lanck ( D ie  

K aufm annschen M essungen  d er A blenkbarkeit d er  ß-S trahlen  in ihrer B edeu 

tung für d ie D ynam ik der E lektronen , P h y s i k 6 l i s c h e  Z e i t s c h r i f t , 7 :7 5 3 -  

761, 1906) took it on  h im self pu blicly  to defend  Einstein’s w ork in an an

alysis o f  K aufm ann ’s cla im . H e  con clu d ed  that K aufm ann ’s data d id  not 

have sufficient precision  fo r  his cla im . Incidentally , P lanck tried to co in  the 

term  for  the new  theory that had  not yet been n am ed : “ R ela tiv th eorie .”

49. I t  should be  rem em bered that P oincar6, w ith  a m uch  longer invest

m ent in  attempts to  fashion a theory o f  relativity, was quite ready to give in to  

the experim ental “ evidence.”  See note 18.

50. Carl Seelig, A l b e r t  E i n s t e i n  (Z u r ich : E uropa V erlag , 1954), p. 195.

51. Einstein, Einiges über die Entstehung der allgem einen R elativitäts 

theorie, M e i n  W e l t b i l d , pp . 248 -256 , reprinted in translation as N otes  on the 

Origin o f the G eneral T h eo ry  o f R elativity, I��6 s  6 n d  O p i n i o n s , pp. 285-90 .

52. “ D a  könnt’  m ir halt der liebe G ott leid  tun, die T h eorie  stim m t d och  

T his semi-serious rem ark o f  a person w h o was anything but sacrilegious in 

deed  illum inates the w hole style o f  a significant group o f  new  physicists.

P. A . M . D irac, T h e  E volution  o f the Physicist’s Picture o f N ature, S c i e n 

t i f i c  A m e r i c 6 n , 2 0 8 :4 6 -4 7 , 1963 speaks about this, w ith special attention to 

the w ork o f  Schrödinger, a spirit close to that o f his friend, Einstein, despite 

the am bivalence o f the latter to the advances in quantum  physics. W e  can 

d o  no better than quote in extenso  from  D irac ’s a ccou n t:

“ Schrödinger w orked from  a m ore m athem atical point o f  view , trying to find 

a beautiful theory for  describing atom ic events, and was helped by deB roglie ’s 

ideas o f  waves associated with particles. H e was able to extend deB roglie ’s 

ideas and to get a very beautiful equation, known as Schrödinger’s wave 

equation, for  describing atom ic processes. Schrödinger got this equation 

by pure thought, look ing for  som e beautiful generalization o f  deB roglie ’s

M A C H , E I N S T E I N , A N D  T H E  S E A R C H  F O R  R E A L IT Y

255



ideas and not by keeping close to the experim ental developm ent o f the subject 

in the w ay H eisenberg d id .

“ I  m ight tell you  the story I  heard from  Schrodinger o f  how , w hen he 

first got the ideas fo r  this equation, he im m ediately app lied  it to  the behavior 

o f  the electron  in  the hydrogen atom , and then he got results that d id  not 

agree w ith  experim ent. T h e  disagreem ent arose because at that tim e it was 

not know n that the electron has a spin. T h at, o f  course, was a great disap 

pointm ent to Schrodinger, and it caused him  to abandon the w ork fo r  som e 

m onths. T h en  he noticed  that if he applied  the theory in a m ore approxim ate 

way, not taking into account the refinements required by  relativity, to  this 

rough approxim ation , his w ork was in agreem ent w ith observation. H e  pu b 

lished his first paper w ith  on ly  this rough  approxim ation , and in this way 

Schrodinger’s wave equation  was presented to the w orld . A fterw ard, o f  course, 

w hen p eop le  fou nd  out h ow  to take in to account correctly  the spin o f  the 

electron , the discrepancy betw een the results o f  applying Schrodinger’s rela 

tivistic equation and the experim ent was com pletely  cleared up.

“ I  think there is a m oral to  this story, nam ely, that it is m ore im portant 

to have beauty in on e ’s equations than to have them  fit experim ent. I f  S chro 

dinger had been m ore confident o f  his w ork, he cou ld  have published it som e 

m onths earlier, and he cou ld  have published a m ore accurate equation. T h e  

equation is now  know n as the K le in -G ord on  equation, although it was really 

discovered by  Schrod inger before he discovered his nonrelativistic treatment 

o f  the hydrogen atom . I t  seems that if  on e  is w orking from  the point o f  view  

o f  getting beauty in on e ’s equations, and i f  on e  has really a sound insight, 

one is on  a sure line o f  progress. I f  there is not com p lete  agreem ent betw een 

the results o f  on e ’s w ork and experim ent, one should  not a llow  oneself to  be 

too  discouraged, because the d iscrepancy m ay w ell be  due to m inor features 

that are not properly  taken into account and that w ill get cleared up  with 

further developm ents o f  the theory. T h a t is how  quantum  m echanics was dis

covered  . . . ”  ( pp. 4 6 -4 7 ) .

53. Published several times— for exam ple, by  B. G . T eu ber, Leipzig , 1909.

54. F riedrich  H em eck , Z u  einem  B rief A lb ert Einsteins an Ernst M a ch , 

P h y s i k 6 l i s c h e  B l 6 t t e r , 15 :564 , 1959. Frank’s remark is reported by H er- 

neck in Ernst M a ch  und A lb ert E instein , Sy m p o s i u m  6 u s  A n l 6 s s  d e s  50. 

T �����6 ���  v o n  E r n s t  M 6 c h , ed. Frank K erkh of (F reibu rg : Ernst M ach  

Institut, 1966 ), pp . 4 5 -6 1 .

55. P h ilip p  Frank, D as Relativitatsprinzip und die D arstellung der physikal- 

ischen Erscheinungen im vierdim ensionalen R aum , Z e i t s c h r i f t  f u r  p h y s i 

k 6 l i s c h e  C h e m i e , 7 4 :4 6 f i -4 9 5 ,1910.

56. G. B. W einberg, M a ch ’s Em pirio-Pragm atism  in Physical S cience  

(T hesis, C olu m bia  University, 1937).
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57. M ach , D ie Leitgedanken  m einer naturwissenschaftlichen Erkenntnis 

lehre und ihre A ufnahm e durch die Zeitgenossen, S c i e n t �6 , 7 :2 2 5 .

58. Em st M ach , S�6 �   6 n d  G e o m e t r y  (C h ica g o : O pen  Court Publishing 

C o., 19 0 6 ), p. 138. M a ch ’s attem pts to speculate on  the use o f n-dim ensional 

spaces fo r  representing the configuration o f  such “ m ere things o f  thought” —  

the derogatory phrase also applied  to absolute space and absolute m otion  in 

N ew ton— are fou nd  in his first m a jor  book , C o n s e r v 6 t i o n  o f  E n e r g y  (first 

edition, 1872).

59. C f. Joseph Petzoldt, V erb ietet d ie R elativitätstheorie R aum  und Z eit  

als etwas W irkliches zu den ken?  V e r h 6 n d l u n g e n  d e r  d e u t s c h e n  p h y s i k 6 l 

i s c h e n  G e s e l l s c h 6 f t , N o . 2 1 -2 4  (1 9 1 8 ) ,  pp . 189-201. H ere, and again in 

his 1921 essay (n ote  2 4 ) , Petzoldt tries to protect Einstein from  the charge—  

for exam ple, m ade by S om m erfeld— that space and tim e no longer “ are to be  

thought o f  as real.”

60. M ach , C o n s e r v 6 t i o n  o f  E n e r g y , p . 54.

61. See note 35 ; also reported in Einstein and the Philosophies o f  K ant and 

M ach , N 6 t u r e , 112:253, 1923.

62. T h at Einstein d id  not so m isunderstand N ew ton can be illustrated, for  

exam ple, in a com m ent reported by C . B. W ein berg : “ D r. Einstein further 

m aintained that M ach , as w ell as N ew ton, tacitly em ploys hypotheses— not 

recognizing their non -em pirical foundations.”  (W ein berg , op. cit., p. 55 .)

D ingier analyzed som e o f  the nonem pirical foundations o f  relativity theory in 

K r i t i s c h e  B e m e r k u n g e n  z u  d e n  G r u n d l 6 g e n  d e r  R e l 6 t i v i t ä t s t h e o r i e  

(L e ip z ig : S. H irzel, 1921).

63. C ited  by R obert S. C oh en  in his very useful essay D ialectical M aterial 

ism and Carnap’s L ogica l Em piricism , T h e  P h i l o s o p h y  o f  R u d o l f  C 6 ¡ 

n 6 p , ed. P. A . S ch ilp p  (L a  Salle, 111.: O p en  C ourt Publishing C o., 1963), p.

1 0 9 .1 am  also grateful to Professor C ohen  fo r  a critique o f  parts o f  this paper 

in earlier form .

64. A lbert Einstein, Physics and R eality, Jo u r n 6 l  o f  t h e  Fr 6 n k l i n  I n 

s t i t u t e , 22 1 :3 1 3 —347 ,1 936 .

65. Einstein, N otes  on the Origin o f the G eneral T h eo ry  o f R elativity, pp .

288, 289.

66. See note 30, pp . 230-231 .

67. I am  not touching in this essay on the effect o f  quantum  m echanics on 

Einstein’s epistem ological developm ent; the ch ief reason is that w hile from  

his “ heuristic”  announcem ent o f  the value o f  a quantum  theory in 1905, E in 

stein rem ained consistently skeptical about the “ reality”  o f the quantum
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theory o f  radiation, this op in ion  only added  to the grow ing realism stem 

m ing from  his w ork on  general relativity theory. In  the end, he reached the 

sam e position  in  quantum  physics as in relativity; c f. his letter o f  7 Septem 

ber 1944 to M a x  B o m : “ In  our scientific expectations w e have becom e anti

podes. Y ou  believe in  the dice-p lay ing G od , and I in the perfect rule o f law  

in an ob jective ly  existing w orld  w hich  I try to capture in a w ild ly  speculative 

w ay.”  (R ep orted  by M a x  B om , Erinnerungen an Einstein , U n i v e r s i t 6 s , 

Z e i t s c h r i f t  f ü r  W i s s e n s c h 6 f t , K u n s t  u n d  L i t e r 6 t u r , 2 0 :7 9 5 -8 0 7 , 1965.)

68 . M a x  B om , Physics and R ela tiv ity , P h y s i c s  i n  M y  G e n e r 6 t i o n  (L on 

d o n : Pergam on Press, 1956), p. 205.

69. A lbert Einstein, Ü ber den  gegenw ärtigen  Stand d er F eld theorie , F e s t 

s c h r i f t  P r o f . D r . A . St o d o l 6  z u m  70. G e b u r t s t 6 g , ed. E. H onegger (Z u rich  

and L eipzig : O rell Füssli V erlag , 19 2 9 ), p p . 1 2 6 -1 3 2 .1 am  grateful to P rofes 

sor Cornelius Lanczos and Professor John W heeler for  pointing out this refer 

ence to  m e.

70. D ingier, D i e  G r u n d g e d 6 n k e n  d e r  M 6 c h s c h e n  P h i l o s o p h i e , p. 98.

71. M a x  Planck, T h e  P h i l o s o p h y  o f  P h y s i c s , trans. W . H . Johnson (N ew  
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9 EINSTEIN, MICHELSON, AND THE 

“CRUCIAL” EXPERIMENT

I .  I n tr o d u c t io n

h e  h i g h e s t  a ch ie v e m e n ts  in  s c ie n ce  a re  o f  q u ite  d iffe re n t  k in d s : 

th e  b o ld  th e o r e t ica l g e n e ra liza t io n , b re a th ta k in g  b y  v ir tu e  o f  its 

s w e e p in g  sy n th etic  p o w e r , a n d  th e  in g e n io u s  e x p e r im e n t, som etim es  

c a lle d  “ c r u c ia l ,”  in  w h ic h  th e  strik in g  c h a r a c te r  o f  th e  resu lt sign als a  

tu rn in g  p o in t . A lb e r t  E in ste in ’ s sp e c ia l th e o r y  o f  re la tiv ity  as first p u b 

lish ed  in  1905 is a  su p rem e  e x a m p le  o f  th e  first k in d , a n d  A . A . M ic h -  

e lso n ’ s e x p e r im e n ts  in  th e  1 8 8 0 ’ s t o  fin d  the e ffe c t  o f  e th e r  d r if t  o n  th e  

sp eed  o f  lig h t  a re  o fte n  c ite d  as p r o to ty p ic a l e x a m p le s  o f  th e  s e co n d  

k in d . E v e n  i f  th ese  tw o  a c h ie v e m e n ts  h a d  n o th in g  w h a tso e v e r  to  d o  

w ith  e a c h  o th e r , e a c h  w o u ld  c o n t in u e  to  b e  re m e m b e re d  a n d  s tu d ie d  

o n  its o w n  m erit. B u t these tw o  cases h a v e  in  fa c t  h e ld  a d d it io n a l in 

terest fo r  h istorian s  a n d  p h ilo s o p h e rs  o f  s c ie n c e ; fo r , as w e  sha ll see, 

it h as b e e n  th e  o v e r w h e lm in g  p r e p o n d e r a n c e  o f  o p in io n  o v e r  th e  last 

h a lf  c e n tu r y  th a t M ic h e ls o n ’ s e x p e r im e n ts  a n d  E in ste in ’ s th e o ry  h a v e  

a  c lo se  g e n e t ic  c o n n e c t io n ,  o n e  w h ic h  m a y  b e  sta ted  m o st  s im p ly  in  th e  

w o rd s  o f  the c a p t io n  u n d e r  M ic h e ls o n ’ s p h o to g r a p h  in  a  r e ce n t  p u b li 

c a t io n  o f  th e  O p t ic a l  S o c ie ty  o f  A m e r ic a :  M ic h e ls o n  “ m a d e  th e  m e a s 

u rem en ts  o n  w h ic h  is b a sed  E in ste in ’ s T h e o r y  o f  R e la t iv ity .”

A  m o re  d e ta ile d  a c c o u n t  o f  th e  e x p e r im e n ta l o r ig in s  o f  re la tiv ity

T his article was originally published in Is is , V o lu m e 60, 1969, pp. 133-197.
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th e o ry  is a tte m p te d  in  R .  A . M ill ik a n ’ s essay A lb e r t  E in ste in  o n  his 

S e v e n t ie th  B ir th d a y . I t  w a s  th e  le a d  a rtic le  in  a  sp e c ia l issue in  E in ste in ’ s 

h o n o r  o f  th e  R e v i e w s  o f  M o d e r n  P h y s i c s , a n d  th e  ea r ly  p arts  a re  

w o r th  q u o t in g :

T h e  special theory o f  relativity m ay be  looked  u p on  as starting essentially 

in  a generalization from  M ich elson ’s experim ent. A n d  here is where Einstein’s 

characteristic boldness o f  approach  cam e in, fo r  the distinguishing feature 

o f m o d e m  scientific thought lies in  the fact that it begins by discarding all 

a priori conceptions about the nature o f  reality— or about the ultim ate nature 

o f  the universe— such as had characterized practically all G reek philosophy 

and all m edieval thinking as w ell, and takes instead, as its starting point, 

w ell-authenticated, carefully tested experim ental facts, no m atter whether 

these facts seem  at the m om ent to  b e  reasonable or not. In  a w ord, m od em  

science is essentially e m p ir ic a l.. . .

But this experim ent, after it had been perform ed w ith  such extraordinary 

skill and refinem ent by  M ichelson  and M orley , y ielded w ith great definiteness 

the answer that there is . . .  n o  observable ve locity  o f  the earth w ith  respect 

to  the aether. T h a t unreasonable, apparently inexplicable experim ental fact 

was very bothersom e to 19th century physics, and so for  alm ost twenty years 

after this fact cam e to light physicists w andered in the wilderness in  the dis

heartening effort to  m ake it seem reasonable. T h en  Einstein called  out to 

us all, “ Let us m erely accept this as an established experim ental fact and 

from  there proceed  to  w ork out its inevitable consequences,”  and he w ent at 

that task h im self w ith an energy and a capacity  w hich  very few  peop le  on  

earth possess. T hus was b o m  the special theory o f  relativity .1

T h e  b ir th  o f  a  n e w  th e o ry  as th e  resp on se  to  a  p u z z lin g  e m p ir ic a l 

f in d in g ! T h is  so rt o f  th in g  h as h a p p e n e d , b u t  it  m a y  a lso  b e  th e  s tu ff 

o f  w h ic h  fa ir y  tales a re  m a d e . T h e  h is to r ia n  o f  s c ie n c e  senses a t  o n c e  

severa l in tr ig u in g  p r o b le m s : H o w  im p o r ta n t  w e r e  e x p e r im e n ts  to  E in 

s te in ’ s fo r m u la t io n  o f  h is 1905 p a p e r  o n  re la t iv ity ?  W h a t  r o le  d id  th e  

M ic h e ls o n  e x p e r im e n ts  p la y ?  H o w  g o o d  is th e  e v id e n c e  o n  w h ic h  o n e  

is to  d e c id e  these q u e s tio n s?  W h a t  lig h t  d o  d o c u m e n ts  sh e d  o n  th e  case, 

p a r t ic u la r ly  th ose  th a t a p p e a r  to  p r o v id e  c o n t r a d ic to r y  e v id e n c e ?  I f  

th e  M ic h e ls o n  e x p e r im e n ts  w e r e  n o t  o f  c ru c ia l im p o r ta n c e , w h y  are  

th ere  so  m a n y  w h o  say  th ey  w e r e ?  A n d  i f  th ey  w e re , w h y  are  th ere  a  

fe w  w h o  say th e y  w e r e  n o t ?  W h a t  a re  th e  p h ilo s o p h ic a l  ( o r  o th e r )  

a ssu m p tion s  m a d e  b y  th ese t w o  g r o u p s ?  W h a t  c a n  th is case  te ll us a b o u t  

th e  re la t io n  b e tw e e n  e x p e r im e n t  a n d  th e o ry  in  m o d e m  p h y s ics?  A n d , 

a b o v e  a ll, w h a t  c a n  th is case  te ll u s a b o u t  th e  r iv a l c la im s  o f  sensa-
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t ion ism  a n d  id ea lism  t o  rep resen t m o r e  fa ith fu lly  th e  a c t  o f  m o d e r n  

s c ie n tific  in n o v a t io n ?

T h u s  w h a t  a p p ea rs  a t first t o  b e  a  lim ite d  ca se  o p e n s  in to  th e  w id e r  

fie ld  o f  cu rre n t  sch o la rsh ip — n o t  th e  k in d  o f  h istory  th at uses a  w id e -  

a n g le  len s to  c o m p o s e  a  p ic tu r e  o f  th e  rise a n d  fa ll  o f  m a jo r  th eories , 

b u t  a  case  stu d y  th a t fo cu ses  a  m a g n ify in g  glass in  o r d e r  to  u n d e r 

s ta n d  a  p a r t  o f  m o d e m  sc ie n tific  w o r k . W e  sh a ll see th a t th ere  is so  

m u c h  to  b e  o b se rv e d , so  m a n y  d o c u m e n ts  a n d  p e rso n a e , th a t e v e n  in  

a  fu ll- le n g th  essay a ll th e  q u estion s  c a n n o t  b e  d isp o se d  o f .  In s te a d , I  

sha ll c o n c e n tra te  o n  th ose  th a t a re  p a rt icu la r ly  illu m in a te d  b y  d o c u 

m en ts, in c lu d in g  s o m e  n e w ly  fo u n d  a n d  u n p u b lish e d  on es , a n d  I  shall 

a lso  tak e  th e  o p p o r tu n ity  to  g a th e r  to g e th e r  a n d  c o m p a r e  p re v io u s  c o n 

tr ib u tion s  to  th is t o p ic  th a t a re  n o w  w id e ly  d isp ersed .

P a rtly  b e ca u se  o f  th e  v o lu m e  o f  th e  resou rces , m a n y  w ill a p p e a r  c o n 

tra d ic to r y  o r  a m b ig u o u s . E in ste in  h im s e lf m a d e  d iffe re n t  sta tem en ts 

a b o u t  th e  in flu e n c e  o f  th e  M ic h e ls o n  ex p e r im e n ts , r a n g in g  fr o m  “ th ere  

is n o  d o u b t  th at M ic h e ls o n ’ s e x p e r im e n t  w a s  o f  c o n s id e ra b le  in flu e n ce  

o n  m y  w o r k  . . .”  t o  “ th e  M ic h e ls o n -M o r le y  e x p e r im e n t  h a d  a  n e g li 

g ib le  e f fe c t  o n  th e  d is co v e ry  o f  re la tiv ity .”  T h e  in itia l a p p a re n t  ir r e co n 

c ila b ility  o f  th e  sta tem en ts  n e e d  n o t  ca u se  d ism a y . O n  th e  c o n t r a r y : it  

is n o  m o r e  c o m fo r t in g  to  fin d  o n ly  u n a m b ig u o u s  e v id e n c e  f o r  o n e  p o s i 

t io n  o n  a  c o m p le x  issue, f o r  th a t m a y  in d ic a te  th a t o n ly  p a rt  o f  th e  e v i 

d e n c e  is  in .

O u r  j o b  w ill b e  to  w e ig h  in co m m e n su ra b le s . A n d  in  this a c t  w e  m u st 

try  t o  d isce rn  th e  c o n c e p tu a l fr a m e w o r k , m o t iv a t io n , o r  so c ia l m ission  

h id in g  b e h in d  a  sta tem en t th a t is assertin g  to  b e  e v id e n ce . H is to r ic a l 

sta tem en ts, lik e  th ose  in  ph ysics , h a v e  m e a n in g  o n ly  re la tiv e  to  a  sp e c i 

f ia b le  fr a m e w o r k . T h e  d is co v e ry  o f  th e  c o n te x tu a l settin g  w ill so m e 

tim es b e  as in terestin g  as th e  use to  w h ic h  a  “ re la tiv istic”  p ie c e  o f  e v i 

d e n c e  c a n  b e  p u t , a n d  th u s  th e  lig h t th r o w n  o n  a  sp e c ia lize d  p r o b le m  

m a y  h e lp  to  illu m in a te  a  c h a p te r  in  th e  h istory  o f  ideas.

A  d iffe r e n t  p u rp o s e  o f  su ch  a  stu d y  m ig h t  b e  s im p ly  th e  c o r r e c t io n  

o f  p o p u la r  e rror . T h o u g h  it is te m p tin g , this is n o t  m y  c h ie f  a im ; n o r  

is it  lik e ly  to  b e  su ccess fu l. F o r  th e  b e l ie f  th a t E in ste in  ba sed  his w o r k  

le a d in g  t o  h is 1905 p u b lic a t io n  o f  re la tiv ity  th e o ry  o n  M ic h e ls o n ’ s re 

sult h as lo n g  b e e n  a  p a r t  o f  th e  fo lk lo r e . I t  is g e n e ra lly  re g a rd e d  as an  

im p o r ta n t  e v e n t in  th e  h istory  o f  s c ie n ce , as w id e ly  k n o w n  a n d  b e lie v e d  

as th e  story  o f  th e  fa l l in g  a p p le  in  N e w t o n ’ s g a rd e n  a n d  o f  th e  tw o
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w eig h ts  d r o p p e d  f r o m  th e  le a n in g  to w e r  in  G a l i le o ’s P isa— tw o  o th e r  

cases in  w h ic h  e x p e r ie n tia l fa c t  is su p p o s e d  to  h a v e  p r o v id e d  th e  gen esis 

o f  sy n th etic  th e o ry . I f  M ill ik a n ’ s r e p o r t  a n d  th e  m a n y  o th e rs  lik e  it  

a re  r ig h t, th e n  th is m ig h t  b e  th e  t im e  w h e n  o n e  c a n  still h o p e  to  fin d  

re lia b le  e v id e n c e  fo r  th e m . B u t i f  th e y  a re  n o t  s u p p o r ta b le , it  is p r o b 

a b ly  in  a n y  ca se  t o o  la te  to  s to p  th e  sp re a d  o f  a  fa b le  w h ic h  h as su ch  

in h e re n t  a p p e a l.

11. T h e  S ym b io sis  o f  P u zz les

A t  least a  b r ie f  s u m m a ry  o f  th e  essentia l p o in ts  o f  th e  fa m ilia r  M ic h e l -  

son  e x p e r im e n t  m a y  b e  u se fu l h e re , e v e n  th o u g h  th is w ill  n o t  c o n v e y  

o n e  o f  th e  m a jo r  reason s w h y  it has p r o v e d  irresistib le  f o r  so  m a n y  

p h y sics  b o o k s  to  g iv e  a  p la c e  o f  im p o r ta n c e  t o  this p a r t ic u la r  e x p e r im e n t  

— th e  fa c t  th a t it w a s  o n e  o f  th e  m o st  fa s c in a t in g  in  th e  h is to ry  o f  p h y s 

ics. Its  fa s c in a t io n , w h ic h  h a s  b e e n  fe lt  e q u a lly  b y  te x tb o o k  w riters  a n d  

resea rch  ph ysicists , d e r iv e s  f r o m  its b e a u ty  a n d  m ystery . D e s p ite  th e  

ce n tra l p o s it io n  o f  th e  q u e s tio n  o f  e th e r  d r if t  in  la te -n in e te e n th -ce n tu ry  

ph ysics , n o b o d y  b e fo r e  M ic h e ls o n  w a s  a b le  to  im a g in e  a n d  co n s tru ct  

a n  a p p a ra tu s  to  m ea su re  th e  s e c o n d -o r d e r  e f fe c t  o f  th e  p r e su m e d  e th e r  

d r ift . T h e  in te r fe r o m e te r  w as a  lo v e ly  th in g . In v e n te d  b y  th e  tw e n ty - 

e ig h t -y e a r -o ld  M ic h e ls o n  in  resp on se  to  a  c h a lle n g e  b y  M a x w e l l ,  it  w a s  

c a p a b le  o f  r e v e a lin g  a n  e f fe c t  o f  th e  o r d e r  o f  o n e  p a r t  in  ten  b illio n . 

I t  is to  this d a y  o n e  o f  th e  m o st  p rec ise  in stru m en ts  in  s c ie n ce , a n d  th e  

e x p e r im e n t  is o n e  th a t c a r r ie d  p re c is io n  to  th e  e x tre m e  lim its . E in ste in  

h im s e lf la te r  p a id  w a r m  a n d  s in cere  tr ib u te  to  M ic h e ls o n ’ s e x p e r im e n ta l 

gen iu s  a n d  a rtistic  sen se .2

A s  M ic h e ls o n  re co u n ts  in  h is d e s c r ip t io n  o f  h is  e x p e r im e n t  ( in  

S t u d i e s  i n  O p t i c s , 1 9 2 7 ) ,  a m o n g  th e  ev en ts  th a t le d  u p  to  it w as first 

o f  a ll G e o r g e  B . A ir y ’ s e x p e r im e n t  o n  th e  a n g le  o f  a b e rr a t io n  o f  a  te le 

s c o p e  v ie w in g  a  star fr o m  o u r  m o v in g  ea rth . O n  th e  m o d e l  o f  lig h t  as 

w a v e  p r o p a g a t io n  th r o u g h  a n  e th e r , th e  a b e rr a t io n  a n g le  w as e x p e c te d  

t o  b e  la rg er  w h e n  th e  o b s e r v in g  te le s co p e  w a s  fille d  w ith  w a te r ; b u t  

o n  e x p e r im e n t  th e  a n g le  w a s  fo u n d  to  b e  th e  sa m e. A u g u stin  F resn el 

th e r e fo r e  p r o p o s e d  th a t  th e  e th e r  is p a rt ly  c a r r ie d  o r  d r a g g e d  a lo n g  

in  th e  m o t io n  o f  a  m e d iu m  (s u c h  as w a te r )  h a v in g  a  re fra c t iv e  in d e x  

la rg e r  th a n  1. T h is  h y p oth es is , in  q u a n tita t iv e  d e ta il, in te rp re te d  A ir y ’ s 

resu lt in  a  sa tis fy in g  w a y  a n d  w as tr iu m p h a n tly  tested  in  a  sep a ra te  e x 

p e r im e n t  b y  A r m a n d  F ize a u  o n  th e  e ffe c t  o f  m o v in g  w a te r  o n  th e  p r o -

264



p a g a t io n  o f  a  lig h t b e a m  as m e a su re d  in  th e  la b o r a to ry  fra m e  o f  r e f 

e re n ce . A t  the sam e t im e  th e  e x p e r im e n t  im p lie d  th a t a  m e d iu m  o f  

re fra c tiv e  in d e x  1 (s u ch  as a ir )  w o u ld , w h e n  in  m o t io n , n o t  ca rry  a lo n g  

a n y  p a r t  o f  the e th er .

T h e  h y p oth esis  th a t th e  ea rth  m o v e s  th r o u g h  a n  e th er  w h ic h  re 

m a in s  u n a ffe c te d  a n d  sta g n a n t all a r o u n d  the ea rth  (la te r  m ost p r o m 

in en tly  d e v e lo p e d  b y  H .  A . L o r e n tz )  in v ite d  d ire c t  e x p e r im e n ta l v e r i 

f ica tio n . B u t th a t re q u ire d  th e  p r e v io u s ly  u n im a g in a b le  fe a t  o f  lo o k 

in g  f o r  th e  e x c e e d in g ly  sm a ll p re su m e d  e ffe c t  o f  th e  s e co n d  o r d e r , fo r  

th e  re la tiv e  e a rth -e th e r  m o t io n  ( “ e th e r  d r ift ” ) w o u ld  sh o w  u p  in  a  

c h a n g e  o f  th e  e f fe c t iv e  lig h t  sp e e d  b y  a  fa c t o r  c o n ta in in g  th e  squ are  o f  

th e  r a t io  o f  th e  sp eed s  o f  th e  e a rth  a n d  o f  lig h t  ( v 2/ c 2=  10~8) .

M ic h e ls o n ’ s in g e n io u s  s o lu t io n  w a s  to  le t  tw o  lig h t  b e a m s  fr o m  th e  

sam e s o u rce  s im u lta n eou s ly  ru n  a  r o u n d -t r ip  r a c e  a lo n g  tw o  p a th s  w h ic h  

h a d  e ffe c t iv e ly  th e  sam e len g th  in  th e  la b o r a to ry  b u t  w ere  la id  o u t  at 9 0  

d eg rees , th e re b y  c a u s in g  th e  tw o  lig h t  b ea m s to  b e  d iffe re n t ly  a ffe c te d  b y  

th e ir  re la tiv e  m o t io n  w ith  re sp e ct  t o  th e  e th er . B u t o n  b r in g in g  th e  tw o  

b ea m s to g e th e r  t o  c o m p a r e  b y  th e ir  in te r fe r e n c e  p a tte rn  these re la tive  

e ffe cts , M ic h e ls o n ’ s a p p a ra tu s  (a n  “ in te r fe r o m e te r ” ) su rp ris in g ly  g a v e  

w h a t  is u su a lly  c a lle d  a  n e g a t iv e  o r  n u ll resu lt. M o r e  a ccu ra te ly , it g a v e  

w ith in  e x p e r im e n ta l e r ro r  th e  resu lt th a t w o u ld  h a v e  b e e n  e x p e c te d  o n  

th e  basis o f  a  q u ite  d iffe r e n t  h y p oth esis— n a m e ly , th a t th e  e th e r  is n o t  

s ta gn a n t b u t  s o m e h o w  d o e s  g e t  d r a g g e d  a lo n g  w ith  th e  e a rth  a n d  so  has 

n o  m e a su ra b le  m o t io n  o r  d r ift  w ith  resp ect  t o  th e  ea rth .

T h e  b e a u ty  o f  th e  d es ig n  a n d  e x e c u t io n  o f  th e  e x p e r im e n t w as in  

sta rtlin g  co n tra st  to  th e  m yster iou s  d ifficu ltie s  w h ic h  a tte n d e d  its in 

te rp re ta tion . O n  o n e  lev e l la y  th e  p r o b le m  o f  a  d e ta ile d  u n d e rs ta n d 

in g  o f  th e  w a y  th e  a p p a ra tu s  w o r k e d  in  th e  c o n te x t  o f  e th e r  th e o ry , re 

ga rd less  o f  th e  m e a n in g  o f  th e  results. M ic h e ls o n  h im se lf, o n  p resen tin g  

in  1882 a n  a c c o u n t  o f  h is first e x p e r im e n t  to  th e  A c a d é m ie  des S cien ces , 

a c k n o w le d g e d  th a t h e  h a d  m a d e  a n  e rro r  in  h is e a r lie r  r e p o r t  o f  1881 

a n d  h a d  n e g le c te d  th e  e ffe c t  o f  th e  ea rth ’ s m o t io n  o n  th e  p a th  o f  lig h t 

in  th e  in te r fe r o m e te r  a rm  a t  r ig h t  an gles to  th e  m o t io n . A lfr e d  P otie r , 

w h o  h a d  p o in te d  o u t  th e  e r ro r  to  M ic h e ls o n  in  1882 , w as in  e r ro r  a lso .3 

O n  a n o th e r  p o in t— h o w  th e  m o v in g  re flectors  in  the in te r fe ro m e te r  

a f fe c t  th e  a n g le  o f  r e fle c t io n — th ere  w as a  c o n t in u in g  d e b a te  f o r  o v e r  

th irty  years. T o  a p p r e c ia te  th e  la stin g  c o n fu s io n  o n e  n e e d  o n ly  stu d y  

th e  r e c o r d  o f  th e  su m m it c o n fe r e n c e  o f  e th e r -d r ift  ex p er im en ters , h e ld
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4—5 F e b r u a r y  19 2 7 , a t  th e  M t .  W ils o n  O b s e r v a to r y , u n d e r  th e  title  

“ C o n fe r e n c e  o n  th e  M ic h e ls o n -M o r le y  E x p e r im e n t ,”  w ith  b o th  M ic h e l -  

s o n  a n d  L o r e n tz  in  a t te n d a n c e .4 A lt h o u g h  o n e  fin d s  to d a y  m a n y  s im 

p l if ie d  a c c o u n ts  o f  th e  e x p e r im e n t , in  fa c t  a  d e ta ile d , c o r r e c t  th e o ry  o f  

th e  s u p p o se d  w o r k in g  o f  th e  M ic h e ls o n  in te r fe r o m e te r  to  d e te c t  a n  

e th e r  d r if t  is q u ite  c o m p le x  a n d  is ra re ly  g iv e n  in  fu ll.

B u t  b e y o n d  th a t, o n  a n o th e r  le v e l th e  o u t c o m e  itse lf w a s  e n o r m o u s ly  

p u z z lin g  to  e v e r y o n e  a t th e  t im e , a n d  to  m a n y  fo r  a  lo n g  t im e  a fte rw a rd . 

T h e  g lo r io u s  d e v ic e  h a d  y ie ld e d  a  d is a p p o in t in g , e v e n  in co m p r e h e n s ib le , 

resu lt in  th e  c o n te x t  o f  th e  th e n -cu rr e n t  th e o ry . M ic h e ls o n  h im s e lf c a lle d  

his e x p e r im e n t  a  “ fa ilu re ,” 5 th e  r e p e a te d ly  o b ta in e d  n u ll o r  n e a rly  n u ll 

resu lts b e in g  c o n tr a r y  t o  a ll e x p e c ta t io n s . U n lik e  th e  s te re o ty p e  o f  th e  

tru e  scien tist w h o  a c c e p ts  th e  e x p e r im e n ta l test th a t fa lsifies  a  th e o ry , h e  

re fu se d  to  g ra n t  th e  im p o r ta n c e  o f  h is resu lt, say in g , “ S in c e  th e  resu lt o f  

th e  o r ig in a l e x p e r im e n t  w a s  n e g a tiv e , th e  p r o b le m  is still d e m a n d in g  a  

s o lu t io n .” 6 H e  e v e n  tr ied  t o  c o n s o le  h im s e lf w ith  th e  re m a rk a b le  o b 

s e rv a tio n  th a t “ th e  e x p e r im e n t  is t o  m e  h is to r ica lly  in terestin g  b e ca u se  

it  w a s  fo r  th e  so lu t io n  o f  th is  p r o b le m  th a t th e  in te r fe r o m e te r  w a s  d e 

v ised . I  th in k  it  w ill b e  a d m itte d  th a t th e  p r o b le m , b y  le a d in g  to  th e  in 

v e n t io n  o f  th e  in te r fe r o m e te r , m o r e  th a n  c o m p e n s a te d  fo r  th e  fa c t  th a t 

th is p a r t ic u la r  e x p e r im e n t  g a v e  a  n e g a t iv e  resu lt .” 7

O th e r s  w e r e  ju s t  as m y stified  a n d  d isp lea sed . L o r e n tz  w r o te  to  R a y 

le ig h  o n  13 A u g u s t  1 8 9 2 : “ I  a m  to ta lly  a t  a  loss to  c le a r  a w a y  th is 

c o n t r a d ic t io n , a n d  y et I  b e lie v e  th a t i f  w e  w e r e  t o  a b a n d o n  F resn e l’ s 

th e o r y  [ o f  th e  e th er], w e  s h o u ld  h a v e  n o  a d e q u a te  th e o r y  a t  a l l . . . .  G a n  

th ere  b e  s o m e  p o in t  in  th e  th e o r y  o f  M r .  M ic h e ls o n ’ s e x p e r im e n t  w h ic h  

has as y e t  b e e n  o v e r lo o k e d ?” 8 L o r d  K e lv in , w h o  h a d  d is c e r n e d  th e  resu lt 

o f  th e  e x p e r im e n t  as p a r t  o f  a  c lo u d  o b s c u r in g  “ th e  b e a u ty  a n d  c le a r 

ness o f  th e  d y n a m ic a l th e o ry , w h ic h  asserts h e a t  a n d  lig h t  to  b e  m o d e s  

o f  m o t io n ,”  c o u ld  n o t , e v e n  in to  th e  1 9 00 ’ s, r e c o n c i le  h im s e lf  t o  th e  

n e g a t iv e  fin d in g s .9 R a y le ig h , w h o , lik e  K e lv in , h a d  e n c o u r a g e d  M ic h e l 

s o n  to  re p e a t  h is  first e x p e r im e n t , fo u n d  th e  n u ll resu lt o b ta in e d  b y  

M ic h e ls o n  a n d  M o r le y  t o  b e  “ a  rea l d is a p p o in tm e n t .” 10 A s  L o y d  S . 

S w e n s o n  h a s  p o in te d  o u t ,11 M ic h e ls o n  a n d  M o r le y  w e re  so  d is c o u r a g e d  

b y  th e  n u ll resu lt  o f  th e ir  e x p e r im e n t  in  18 87  th a t  th ey  d isre g a rd e d  

th e ir  sta ted  p r o m is e  th a t th e ir  m ea su rem en ts , w h ic h  th ey  h a d  tak en  

d u r in g  o n ly  six  h o u rs  (s p r e a d  o v e r  fiv e  d a y s ) ,  “ w ill  th e r e fo r e  b e  re 

p e a te d  a t  in terv a ls  o f  3 m o n th s , a n d  thus a ll u n ce r ta in ty  w ill b e
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a v o id e d .”  In s te a d , M ic h e ls o n  s to p p e d  th e ir  w o r k  o n  this e x p e r im e n t  

a n d  tu rn e d  to  th e  n e w  use o f  th e  in te r fe ro m e te r  fo r  m e a su r in g  len gth s  

(w h ic h , it  tu rn e d  o u t , le d  to  h is N o b e l  p r i z e ) .

I n  sh ort, t o  e v e r y o n e ’s su rprise , in c lu d in g  M ic h e ls o n ’ s, th e  e x p e r i 

m e n t  h a d  tu rn e d  o u t  to  b e  o n e  o f  “ test”  in stead  o f  m e re ly  “ a p p lic a 

t io n ,”  t o  use th e  te rm in o lo g y  o f  D u h e m . I n d e e d , it  w a s  th re a te n in g  to  

b e c o m e  f o r  e th e r  th e o re tic ia n s  e v e n , m a lg re  lu i, a  c r u c ia l e x p e r im e n t  

in  th e  o n ly  v a lid  sense o f  th e  te rm , n a m e ly  as th e  p iv o ta l o c c a s io n  ca u s 

in g  a  s ig n ifica n t p a r t  o f  th e  s c ie n tific  c o m m u n ity  to  re -e x a m in e  its p r e 

v io u s ly  h e ld  b a s ic  c o n v ic t io n s .

W e  m a y  g a th e r  th a t f o r  M ic h e ls o n  th e  e x p e r im e n t  w a s  a  s o u rce  o f  

d is c o m fo r t  a n d  p e rh a p s  rea l u n h a p p in ess  th r o u g h o u t  h is li fe , n o t  o n ly  

b e ca u se  o f  th e  n u ll resu lt, b u t  a lso  b eca u se  o f  its v a r io u s  e x p la n a tio n s .

In it ia lly  h e  h a d  fe lt  h is fin d in g s  c o u ld  o n ly  m e a n  th a t th e  h y p oth esis  

o f  a  s ta tion a ry  e th er  w a s  in c o r r e c t ;  b u t  th e  a ltern a tives  w e re  n o  b etter.

T h e  id e a  th a t th e  e th er  is su b stan tia lly  c a rr ie d  a lo n g  b y  th e  earth  w as in  

d ire c t  c o n fl ic t  w ith  th e  w e ll-e s ta b lish e d  results o f  a b e rra t io n  ex p e r im e n ts  

a n d  F izea u ’ s m e a su re m e n t o f  th e  F resn el d r a g g in g  c o e ffic ie n t . A n d  th e  

m o d if ic a t io n  o f  G . G . S tok es ’ s th e o ry  o f  th e  e th er , w h ic h  M ic h e ls o n  c a m e  

to  fa v o r , w as sh o w n  to  b e  u n te n a b le  b y  b e tte r  th eore tic ia n s , su ch  as 

L o re n tz , a n d  b y  th e  n e g a tiv e  resu lt o f  O liv e r  L o d g e ’ s e x p e r im e n t  o n  th e  

su p p o se d  e th er  d r a g  in  th e  v ic in ity  o f  r a p id ly  m o v in g  d iscs. L o d g e  h im 

se lf c o n fe sse d  im p a tie n c e  w ith  th e  b o th e rs o m e  M ic h e ls o n  ex p erim en ts  

w h ic h  p r o v id e d  e v id e n c e  a g a in st th e  ex is ten ce  o f  a  n o n v is co u s  e th er  

sta g n a n t in  sp a ce . T h u s  L o d g e  w r o te , w ith  o n ly  th e  s ligh t e x a g g e ra tio n  

th a t o th ers  w e r e  to  use la te r : “ T h e  o n e  th in g  in  th e  w a y  o f  th e  s im p le  

d o c tr in e  o f  a n  e th e r  u n d is tu rb e d  b y  m o t io n  is M ic h e ls o n ’ s e x p e r im e n t, 

v iz ., th e  a b se n ce  o f  a  s e c o n d -o r d e r  e f fe c t  d u e  to  terrestria l m o v e m e n t  

th r o u g h  fre e  e th er. T h is  e x p e r im e n t  m a y  h a v e  t o  b e  e x p la in e d  

a w a y .” 12

A t  C h ic a g o  in  th e  sp r in g  o f  1897 M ic h e ls o n  tested  th e  p oss ib ility  o f  

a  d iffe re n tia l e th e r  d r a g  a t  d iffe r e n t  a ltitu d es , a n d  th e re fo re  th e  a p 

p lic a b ility  o f  S tok es ’ s h y p oth esis , w h ic h  h e  c o n t in u e d  to  fa v o r . B u t the 

la rge  v e r tica l in te r fe ro m e te r  a lso  g a v e  n e g a tiv e  results. M ic h e ls o n  n o w  

w a s c le a r ly  ra th e r  e x a sp e ra te d : “ O n e  is in c lin e d  to  re tu rn  to  th e  h y 

poth esis  o f  F resn e l a n d  try  to  r e c o n c ile  in  so m e  o th e r  w a y  th e n eg a tiv e  

results”  o f  th e  ea rlier  e th e r -d r ift  e x p e r im e n ts .13

M u c h  la ter , w h e n  M ic h e ls o n  c a m e  to  w rite  the S t u d i e s  i n  O p t i c s ,
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p u b lish e d  in  1927 a t  th e  a g e  o f  se v e n ty -fiv e , h e  h a d  to  e n d  th e  c h a p 

te r  o n  E ffe c t s  o f  M o t i o n  o f  th e  M e d iu m  o n  V e lo c i t y  o f  L ig h t— th e su b 

j e c t  o n  w h ic h  h e  h a d  sp en t m u c h  o f  h is  life — w ith  a  q u e s t io n  h e  still 

c o u ld  n o t  a n s w e r : “ I t  m u st b e  a d m itte d , h o w e v e r , th a t th ese  e x p e r i 

m e n ts  a re  n o t  su ffic ie n tly  c o n c lu s iv e  to  ju s t ify  th e  h y p oth es is  o f  a n  e th e r  

w h ic h  is e n tr a in e d  w ith  th e  e a r th  in  its m o t io n . B u t th e n  h o w  c a n  th e  

n e g a t iv e  resu lts b e  e x p la in e d ?” 14

B y th a t  t im e  t w o  o th e r  o p t io n s  h a d  a p p e a r e d . I n  h is n e x t  c h a p te r , 

M ic h e ls o n  tu rn e d  first t o  th e  p r o p o s a l b y  L o r e n tz  a n d  G . F . F itz G e ra ld  

to  e x p la in  th e  “ n u ll e f fe c t  o f  th e  M ic h e ls o n -M o r le y  e x p e r im e n t  b y  as 

s u m in g  a  c o n t r a c t io n  in  th e  m a te r ia l o f  th e  s u p p o r t  f o r  th e  in te r fe r o m 

e te r  ju s t  su ffic ie n t  t o  c o m p e n s a te  fo r  th e  th e o r e t ica l d if fe r e n c e  in  p a th .”  

B u t h e  im m e d ia te ly  a d d e d , “ su ch  a  h y p oth es is  seem s ra th e r  a r t ific ia l .” 15 

W e  n o te  in  p a ss in g  a  p o in t  th a t w ill l o o m  la rg e  la ter— th a t e v e n  to  this 

e x p e r im e n ta l p h y s ic is t  m o st  so re ly  in  n e e d  o f  a n  e x p la n a tio n , th e  

L o r e n tz -F itz G e r a ld  h y p oth es is  se e m e d  “ a rt ific ia l,”  o r , to  use th e  te rm i 

n o lo g y  o f  o th ers  w h o  ex p ressed  th e  sam e o b je c t io n , t o o  p a te n tly  a d  h o c .16

A s  to  th e  o th e r  e x p la n a t io n — th a t  im p lie d  in  E in ste in ’ s re la tiv ity  

th e o ry — M ic h e ls o n , w h o  h a d  lo n g  h e ld  o u t  a g a in st it, n o w  in  1927 p r o 

p o s e d  a  “ g e n e ro u s  a c c e p t a n c e ”  o f  th e  th e o ry , n o tw ith s ta n d in g  m a n y  

“ p a r a d o x ic a l”  co n s e q u e n c e s . B u t it  w a s  n o t  a  w h o le h e a r te d  a c c e p ta n c e , 

b e ca u se  “ th e  e x is te n ce  o f  a n  e th e r  a p p e a rs  to  b e  in co n s is te n t  w ith  the 

th e o r y ,”  a n d  th a t  se e m e d  t o  h im  t o  b e  a n  o v e r w h e lm in g  d e fe c t :  “ I t  

is to  b e  h o p e d  th a t th e  th e o r y  m a y  b e  r e c o n c i le d  w ith  th e  e x is te n ce  o f  

a  m e d iu m , e ith e r  b y  m o d ify in g  th e  th e o ry , o r , m o r e  p r o b a b ly  b y  a t 

t r ib u t in g  th e  req u is ite  p ro p e r t ie s  t o  th e  e th e r .” 17 A t  a n o th e r  o c c a s io n , 

a lso  in  1927 , M ic h e ls o n  in  h is last p a p e r  p u b lish e d  b e fo r e  h is d ea th  

re fe r re d  to  th e  e th e r  in  th e  fo l lo w in g  n o s ta lg ic  w o r d s : “ T a lk in g  in  term s 

o f  th e  b e lo v e d  o ld  e th e r  (w h ic h  is n o w  a b a n d o n e d , th o u g h  I  p e rso n a lly  

still c l in g  a  litt le  t o  i t ) . . .  .” 18

I f  th e  resu lt o f  th e  M ic h e ls o n  e x p e r im e n t  w a s  a  m y stery  fo r  a  lo n g  

t im e  (S w e n s o n  h as s h o w n  th a t it  re m a in e d  in c o n c lu s iv e  in to  th e  

1 9 2 0 ’ s19) , th e  re la tiv ity  th e o r y  w a s  to  m o s t  p h ysic ists  e v e n  m o r e  m yster 

io u s  a t  its a n n o u n c e m e n t  in  1905  a n d  f o r  s o m e  t im e  a fte r w a r d . T h e  la g  

o f  a c c e p ta n c e  o f  th e  th e o ry  is a  m a jo r  resea rch  t o p ic  o f  its o w n . I t  to o k  

severa l yea rs  b e fo r e  o n e  c o u ld  say  th a t e v e n  a m o n g  G e r m a n  scientists 

th ere  w a s  a  p r e p o n d e r a n c e  o f  o p in io n  in  fa v o r  o f  it, th e  tu rn in g  p o in t  

c o m in g  p e r h a p s  w ith  th e  p u b lic a t io n  in  1909  o f  H e r m a n n  M in k o w s k i ’s
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ad d ress , S p a ce  a n d  T im e .20 I n  fa c t ,  th e  v e ry  first resp on se  w ith in  th e  

s c ie n tific  c o m m u n ity  to  E in ste in ’ s re la tiv ity  p a p e r , in  th e  sa m e jo u r n a l 

in  w h ic h  h e  h a d  p u b lish e d  it , “ w a s  a  c a te g o r ica l e x p e r im e n ta l d is p r o o f  

o f  th e  th e o ry .” 21 F o r  years a fte r  E in ste in ’ s first p u b lic a t io n  n o  n e w  

e x p e r im e n ta l resu lts c a m e  fo r th  w h ic h  c o u ld  b e  u sed  to  “ v e r ify ”  his 

th e o ry  in  th e  w a y  m ost  ph ysicists  w e re  a n d  still a re  u sed  to  lo o k  fo r  v e r ifi 

c a t io n . A s  M a x  P la n ck  n o te d  in  1907 , M ic h e ls o n ’ s w as th en  still r e g a rd e d  

as th e  o n ly  e x p e r im e n ta l s u p p o r t .22 T h e  p e r c e p t iv e  p h ysic ist W ilh e lm  

W ie n  h a d  p u b lish e d  h is  e a r lie r  d isa g re e m e n t w ith  re la tiv ity  a n d  w as n o t  

c o n v in c e d  o f  th e  th e o ry  u n til 19 09 , a n d  th en  it w a s  n o t  a n y  c le a r -c u t  

e v id e n c e  fr o m  e x p e r im e n t , b u t  o n  a esth e tic  g ro u n d s , in  w o r d s  w h ic h  

E in ste in  m u st h a v e  a p p r e c ia t e d : “ W h a t  speaks fo r  it  m ost  o f  a ll, h o w 

ev er , is the in n e r  co n s is te n cy  w h ic h  m a k es  it p oss ib le  to  la y  a  fo u n d a t io n  

h a v in g  n o  s e lf-co n tr a d ic t io n s , o n e  th a t a p p lie s  to  th e  to ta lity  o f  p h y s ica l 

a p p e a ra n ce s , a lth o u g h  th e re b y  th e  cu s to m a ry  c o n c e p t io n s  e x p e r ie n ce  a  

tra n s fo rm a tio n .” 23

I n  re tro sp e ct  it  seem s th e r e fo r e  in e v ita b le  th at d u r in g  th e  d e c a d e  

fo l lo w in g  E in ste in ’ s 1905 p a p e r  th ere  o c c u r r e d — e sp ec ia lly  in  th e  d i 

d a c t ic  litera tu re— a  sy m b io t ic  jo in in g  o f  th e  p u z z lin g  M ic h e ls o n  e x 

p e r im e n t a n d  th e  a ll-b u t -in c r e d ib le  re la tiv ity  th e o ry . T h e  u n d o u b te d  

resu lt o f  M ic h e ls o n ’ s e x p e r im e n ts  c o u ld  b e  th o u g h t  to  p r o v id e  a n  e x 

p e r im e n ta l basis f o r  th e  u n d e rs ta n d in g  o f  re la tiv ity  th e o ry , w h ic h  o th e r 

w ise  se e m e d  c o n tra ry  to  c o m m o n  sense its e lf ; th e  re la tiv ity  th e o ry  in  

tu rn  c o u ld  p r o v id e  a n  e x p la n a t io n  o f  M ic h e ls o n ’s e x p e r im e n ta l resu lt 

in  a m a n n e r  n o t  as “ a r t ific ia l”  o r  “ a d  h o c ”  as re lia n ce  o n  th e  su p p osed  

L o r e n tz -F itz G e r a ld  c o n t r a c t io n  w a s  w id e ly  fe lt  to  be . I t  has p r o v e d  to  

b e  a  lo n g -la s tin g  m a rr ia g e .

111. I m p lic i t  H is to r y  in  D id a c tic  A c c o u n ts

A  lo o k  a t th e  s e co n d a ry  m a te r ia l— th e  fra m e  o f  r e fe re n ce  in  w h ic h  

ev e ry o n e  rece ives  h is first o r ie n ta t io n — w ill s h o w  the d e g re e  to  w h ic h  

th e  w o r k  o f  E in ste in  a n d  M ic h e ls o n  is c o m m o n ly  lin k ed , a n d  th e  a d 

d it io n a l p e d a g o g ic a l  reason s fo r  this te n d e n cy .

L o n g  b e fo r e  w e  re a d  p ro fe ss io n a l litera tu re  o f  th e  k in d  in  w h ic h  M i l 

lik a n ’ s sta tem en t w as p u b lish e d , m o st  o f  us w ill h a v e  b e e n  to ld  in  o u r  

first p h ysics  cou rses  w h a t  re la t io n  su p p o se d ly  ex isted  b e tw e e n  M ic h e l 

s o n ’ s e x p e r im e n ts  a n d  E in ste in ’s w o rk . T o  be  sure, it  is n o t  th e  j o b  o f
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th e  u su a l p h y s ics  te x tb o o k s  to  te a ch  h is to ry  o f  s c ie n ce  o r  e v e n  to  im p ly  

it, b u t  w ith  th e  b est in te n tio n  in  th e  w o r ld  th ey  d o  so . A s  a  resu lt, th e re  

exists a  w id e ly  sh a red , p o p u la r , “ im p lic it ”  h is to ry  o f  sc ie n ce . I n d e e d , 

s in ce  f e w  stu d en ts  tak e  h is to ry  o f  s c ie n c e  cou rses , im p lic it  h is to ry  is 

th e  v e rs io n  m o st  w id e s p r e a d ; b e c a u s e  o f  its p erv a siv en ess  it  is a lso  th e  

v e rs io n  th a t  m a y  w e ll sh a p e  th e  ju d g m e n t  o f  fu tu r e  h istorian s.

O n  th e  q u e s t io n  u n d e r  stu d y  h ere  (a s  o n  so  m u c h  e lse ) th e  te x t 

b o o k s  a re  v ir tu a lly  u n a n im o u s . S e le c te d  p r a c t ic a lly  a t  r a n d o m  fr o m  

r e ce n t  b o o k s  o n  m y  o w n  sh e lf, th e  fo l lo w in g  is a  ty p ic a l q u o ta t io n , to  

b e  fo u n d  in  th e  e x c e lle n t  te x t  b y  R o b e r t  B . L e ig h to n , P r i n c i p l e s  o f  

M o d e r n  P h y s i c s . T h e  b o o k  starts w ith  th e  th e o ry  o f  re la t iv ity  in  C h a p 

te r  I ,  e x p la in s  th e  M ic h e ls o n -M o r le y  e x p e r im e n t  in  S e c t io n  1, a n d  fin d s , 

“ E in ste in  fin a lly  p r o p o s e d  a  r a d ica lly  d i f fe r e n t  a p p r o a c h  to  th e  p r o b 

le m  p o s e d  b y  th e  M ic h e ls o n -M o r le y  e x p e r im e n t . H e  e x p la in e d  its n u ll 

resu lt  s im p ly  b y  re tu rn in g  to  th e  p r in c ip le  o f  re la tiv ity . . . .” 24 M a n y  

sta tem en ts  w ith  th e  sa m e im p lic a t io n  c a n  re a d ily  b e  fo u n d  in  o th e r  te x t 

b o o k s , in c lu d in g  so m e  o f  m y  fa v o r ite  o n e s .25

A lth o u g h  n o n e  o f  th e  a u th o rs  a c tu a lly  c o m m its  h im s e lf  u n a m b ig u 

ou s ly  t o  a  s ta te m e n t o f  ca u se  a n d  e f fe c t ,  th e  passages g iv e  g e n e ra lly  th e  

im p re ss io n  th a t  th ere  w a s  a  d ire c t  g e n e t ic  lin k . W h y  is th is s o ?  T h e  

s im p lest h y p o th e s is  w o u ld  b e  th a t it  w a s  tru e . B u t e v e n  b e fo r e  w e  c h e c k  

th is p oss ib ility , w e  m u st n o te  tw o  su sp ic io u s  c ir cu m sta n ce s . I n  th e  first 

p la c e , th e  M ic h e ls o n  e x p e r im e n ts  d o  n o t  n ecessa r ily  e n ta il E in ste in ’ s 

re la t iv ity  th e o ry . A s  H . P . R o b e r ts o n  p u t  it  in  h is s e a r ch in g  re v ie w  

a r t ic le  P o s tu la te  v ersu s O b s e r v a t io n  in  th e  S p e c ia l  T h e o r y  o f  R e la t iv i ty .

T h e  kinem atical background for this theory, an operational interpretation 

o f  the L orentz transform ation, was obtained deductively  by Einstein from  a 

general postulate concern ing the relativity o f  m otion  and a m ore specific post 

ulate concern ing the velocity  o f  light. A t the tim e this w ork was don e an 

inductive approach  cou ld  not have led  unam biguously to  the theory proposed, 

fo r  the principal relevant observations then available, notably the “ ether- 

d rift”  experim ent o f  M ich elson  and M orley  (1 8 8 6 ), cou ld  be accounted for 

in other, although less appealing w ays.26

T h e  s e c o n d  p o in t  is th a t  in  th e  t e x tb o o k  p assages n o  e v id e n c e  is e v e r  

g iv e n  to  b a c k  u p  th e  im p lic a t io n  o f  a  g e n e t ic  l in k ; a n d  in  th e  a b se n ce  

o f  c le a r  e v id e n c e  e ith er  w a y , th e  lik e lih o o d  is a  p r io r i  g re a t  th a t a  p e d a 

g o g ic  p r e se n ta tio n  o n  a n y  sc ie n tific  s u b je c t  w ill su gg est a  lin k  fr o m  e x -
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p é r im e n t  to  th e o ry . A lm o s t  ev e ry  s c ie n ce  te x tb o o k  o f  necessity  p la ce s  

a  h ig h  v a lu e  o n  c le a r , u n a m b ig u o u s  in d u c t iv e  rea son in g . T h e  n o r m  o f  

b e h a v io r  in  th e  c la ssro o m  w o u ld  seem  to  b e  th re a te n e d  i f  th e  tex t w e re  

t o  a l lo w  th a t c o r r e c t  g e n e ra liza tio n s  h a v e  som etim es  b e e n  m a d e  w ith 

o u t  a  base in  u n a m b ig u o u s  e x p e r im e n ta l e v id e n c e .

M o r e o v e r , in  th e  t e x tb o o k  o r  su rvey  cou rse , w h e re  a  la rg e  a m o u n t  

o f  g r o u n d  h as to  b e  c o v e r e d , it is lik e ly  ( f o r  reasons o f  sp a ce  o r  t im e  i f  

f o r  n o  o th e r )  th a t o n e  su ita b le  e x p e r im e n t  w ill b e  se le cted  w h ic h  c a n  

b e  c o n v in c in g ly  p resen ted , ra th e r  th a n  a n u m b e r  o f  d iffe r e n t  e x p e r i 

m en ts  w h ic h  m a y  b e  e q u a lly  g o o d  o r  b e tte r  ca n d id a te s . O f  cou rse , th e  

d r a m a t ic  q u a litie s  o f  th e  M ic h e ls o n  e x p e r im e n t  e n h a n ce  its p o s it io n  as 

c a n d id a te  e v e n  m o re .

I n  th e  ca se  o f  re la tiv ity  th e o ry , th e  a u th o r  o f  a  d id a c t ic  a c c o u n t  has 

a n  a d d e d  in ce n tiv e  t o  fo re s h o r te n  th e  p e r io d  o f  d o u b t  a n d  u n ce rta in ty  

in  th e  sc ie n tific  c o m m u n ity  th a t fo l lo w e d  E in ste in ’ s 1905 p u b lica t io n .

A  stu d en t c a n  b e  e x p e c te d  to  a c c e p t  m o re  easily  a  th e o ry  as n o n -c o m -  

m o n se n s ica l as E in ste in ’s i f  h e  c a n  b e  sh o w n  th a t E in ste in , o r  a t least 

E in ste in ’s read ers , b e c a m e  c o n v in c e d  o n  th e  basis o f  s o m e  c le a r -c u t  e x 

p e r im e n t.

F o r  su ch  reason s, little  is sa id  in  te x tb o o k s  a b o u t  th e  d r a m a t ic  ba ttles  

th a t a re  som etim es  re q u ire d  f o r  th e  g ra d u a l a c c e p ta n c e  o f  a  n e w  th eory .

T h a t  la ck  in c id e n ta lly  fits in  w e ll  w ith  a n o th e r  m o ra liz in g  fu n c t io n  o f  

te x tb o o k s— t o  u n d e r p la y  th e  scien tist ’ s p e rso n a l in v o lv e m e n t  a n d  stru g 

g le  in  th e  p u rsu it  o f  h is  s c ie n tific  w o r k  a n d  so  to  in tr o d u c e  th e  stu d en t to  

w h a t  th e  t e x tb o o k  a u th o r  u su a lly , p e rh a p s  u n co n sc io u s ly , c o n ce iv e s  to  

b e  th e  a c c e p te d  p u b lic  n o rm s  o f  p ro fe ss io n a l b e h a v io r . T e x ts  d o  n o t  

w a n t to  d e a l w ith  th e  “ p r iv a te ”  a sp e ct  o f  s c ie n ce , w h ic h  ca n  b e  so d i f fe r 

en t f r o m  scien tist t o  scien tist a n d  is so fa r  fr o m  fu lly  u n d e r s to o d  in  an y  

case . I t  is s im p le r  to  d e a l w ith  th e  “ p u b l ic ”  s id e  o f  sc ie n ce , o n  w h ic h  

th ere  is ( th o u g h  p e rh a p s  fa lse ly ) so m e  con sen su s. T h e r e fo r e , th e  e le 

m en ts  th at w ill h o ld  o u r  a tte n tio n  in  th is essay, th e  e lem en ts  th at ca rry  

th e  p oss ib ility  f o r  a  c la ss ic  ca se  stu d y  o f  th e  d if fe r e n c e  b e tw e e n  p r iv a te  

a n d  p u b lic  sc ie n ce — o r  fo r  th at m a tte r  o f  th e  re la tiv e  ro les  o f  th e o ry  a n d  

e x p e r im e n t  in  m o d e r n  sc ien tific  in n o v a tio n  a n d  o f  th e  q u a s i-a esth etic  

cr ite r ia  f o r  d e c is io n  b e tw e e n  r iv a l c o n c e p tu a l system s e m b r a c in g  th e  

sam e “ fa cts ” — g iv e  w a y  in  te x tb o o k s  to  o th e r , s im p ler  p u rp oses .

T h e  p e d a g o g ic  u sefu ln ess o f  d e s ig n a tin g  th e  M ic h e ls o n  ex p e r im e n ts  

as th e  sp e c ific  sta rtin g  p o in t  f o r  re la tiv ity  has o n  a  fe w  o cca s io n s  b een
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h on estly  sta ted . T h u s  H e n r i  B erg son , in  D u r 6 t i o n  6 n d  S i m u l t 6 n e i t y , 

b e g in s  C h a p te r  I ,  H a l f  R e la t iv i ty , in  th e  fo l lo w in g  w a y :

T h e  theory o f  relativity, even the “ special”  one, is not exactly  fou nded on  the 

M ich elson -M orley  experim ent, since it expresses in a general way the neces 

sity o f  preserving a constant form  fo r  the laws o f  electrom agnetism  w hen w e 

pass from  one system o f  reference to another. But the M ich elson -M orley  e x 

p erim ent has the great advantage o f stating the p rob lem  in con crete  term s 

and also spreading out the elem ents o f its solution b efore our very eyes. It 

m aterializes the difficulty, so to speak. F rom  it the ph ilosopher must set forth ; 

to it he w ill continually  have to return, if  he wishes to grasp the true m ean 

ing o f  tim e in the theory o f  relativity .27

I t  s h o u ld  a lso  b e  m e n t io n e d  o n  b e h a lf  o f  th e  t e x tb o o k  a u th o r  th a t 

h e  ra re ly  c o n tr a d ic ts  w h a t  th e  m o st  p r o m in e n t  scien tists  th em se lv es  are  

ex p ress in g  in  th e ir  o w n  p o p u la r  a n d  d id a c t ic  w ritin g s . I n  th is case  th e  

a g re e m e n t  a m o n g  p h ysic ists  h as b e e n  as s tr ik in g  as a m o n g  te x t  w riters , 

a n d  its d ir e c t io n  is th a t  e x h ib ite d  b y  M ill ik a n ’ s o p in io n . A n  e a r lie r  e x 

a m p le — o f  a  p h y s ic is t  w h o  w a s  a lso  th e  a u th o r  o f  th e  first seriou s te x t 

b o o k  o n  re la tiv ity  ( 1 9 1 1 ) — is M a x  v o n  L a u e , w h o  in c lu d e d  th is esti 

m a t e :

T h e  negative result o f  the M ich elson  experim ent, how ever, fo rced  it [the 

Lorentz theory o f  the stagnant ether] to m ake a n ew  hypothesis w hich  led 

over to the relativity theory [zur R elativitätstheorie h inüberleitenden H y p o 

these]. In  this way, the experim ent becam e, as it were, the fundam ental ex 

perim ent for  the relativity theory, just as starting from  it [the experim ent] 

one reaches alm ost d irectly  the derivation o f  the L orentz transform ation w hich  

contains the relativity prin cip le .28

I t  is v e r y  s ig n ifica n t  th a t E in ste in  h im se lf , in  h is fr a n k ly  d id a c t ic  p u b 

lica tio n s , h a s  le ft  s o m e  o f  h is re a d e rs  w ith  a  s im ila r  im p re ss io n  a b o u t  th e  

re la t io n  o f  h is th e o r y  t o  M ic h e ls o n ’ s w o r k . F o r  e x a m p le , in  h is early  

g e m e in v e r s tä n d lic h e  b o o k  U b e r  d i e  s p e z i e l l e  u n d  d i e  6 l l g e m e i n e  

R e l 6 t i v i t ä t s t h e o r i e , a  se q u e n ce  is set fo r th  w h ic h  w a s  t o  b e c o m e  

so  fa m ilia r  in  tex t p r e se n ta tio n s :

. . . fo r  a lon g tim e the efforts o f  physicists w ere devoted  to attempts to  detect 

the existence o f  an ether-drift at the earth’s surface. In  one o f  the most 

notable o f  these attem pts M ich elson  devised a m ethod  w hich  appears as though 

it must be  decisive. . . . But the experim ent gave a negative result— a fact 

very perplexing to physicists. Lorentz and FitzG erald  rescued the theory from
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this difficulty by assuming that the m otion  o f  the b od y  relative to the ether 

produces a contraction o f  the b od y  in  the direction o f m otion. . . . But on 

the basis o f  the theory o f  relativity the m ethod  o f  interpretation is in com 

parably m ore satisfactory.29

W it h o u t  h a v in g  a c tu a lly  sa id  a n y th in g  a b o u t  h is  o w n  h is to r ica l rou te ,

E in ste in ’ s s in g lin g  o u t  o f  th e  M ic h e ls o n  e x p e r im e n t  in  this a n d  o th e r  

d id a c t ic  w r itin g s  d u r in g  th e  first d e c a d e  o f  re la tiv ity  th e o ry  c a n n o t  h a v e  

fa ile d  to  in flu e n ce  a n d  r e in fo r c e  d id a c t ic  w ritin g s  b y  oth ers— e v e n  a fte r  

th e  su b seq u en t p u b lic a t io n  o f  E in ste in ’ s v e ry  d iffe r e n t  a n d  fra n k ly  h is 

to r ica l a c co u n ts , t o  b e  d iscu ssed  la ter .

O n e  o f  th e  m o st  in terestin g  o f  E in ste in ’ s ea r ly  articles, som etim es  

c ite d  as a n  h is to r ica l d o c u m e n t  o n  th e  in flu e n ce  o f  M ic h e ls o n ’ s e x p e r i 

m e n t , is h is c o n tr ib u t io n , R e la t iv i ty  T h e o r y , t o  a  c o l le c t io n  o f  th irty - 

s ix  essays b y  fo r e m o st  ph ysicists , in te n d e d  to  c o n v e y  th e  “ state o f  p h y s 

ics  in  o u r  t im e .” 30 E in ste in  b e g in s : “ I t  is h a rd ly  p oss ib le  to  fo r m  a n  in 

d e p e n d e n t  ju d g m e n t  o f  th e  ju s t ifica t io n  o f  th e  th e o ry  o f  re la tiv ity , i f  

o n e  d o e s  n o t  h a v e  som e a c q u a in ta n c e  w ith  th e  e x p e r ie n ce s  a n d  th o u g h t  

p rocesses  w h ic h  p r e c e d e d  it. H e n c e , these m u st b e  d iscu ssed  first.”  T h e r e  

fo l lo w s  a  d iscu ss ion  o f  th e  F ize a u  e x p e r im e n t , le a d in g  to  L o re n tz ’ s th e o ry  

b a sed  o n  th e  h y p oth es is  o f  th e  sta g n a n t e th er . D e s p ite  its successes, “ th e  

th e o ry  h a d  o n e  a sp e ct  w h ic h  c o u ld  n o t  h e lp  b u t  m a k e  ph ysicists  sus

p ic io u s” 31 : it  s e e m e d  t o  c o n t r a d ic t  th e  re la tiv ity  p r in c ip le , v a lid  in  m e 

ch a n ics  a n d  “ as fa r  as o u r  e x p e r ie n ce  rea ch es , g e n e ra lly ”  b e y o n d  m e 

ch a n ics  a lso . A c c o r d in g  t o  it, a ll in ertia l system s a re  e q u a lly  ju stified .

N o t  so  in  L o r e n tz ’ s th e o r y : a  system  a t  rest w ith  resp ect to  th e  eth er  

has sp e c ia l p r o p e r t ie s ; f o r  e x a m p le , w ith  resp ect  to  this system  a lo n e , 

th e  ligh t v e lo c ity  is co n sta n t. “ T h e  successes o f  L o re n tz ’ s th e o ry  w e re  so  

s ig n ifica n t th a t th e  ph ysicists  w o u ld  h a v e  a b a n d o n e d  th e  p r in c ip le  o f  

re la tiv ity  w ith o u t  q u a lm s , h a d  it n o t  b e e n  fo r  th e  a v a ila b ility  o f  a n  im 

p o r ta n t  e x p e r im e n ta l resu lt o f  w h ic h  w e  n o w  m u st sp ea k , n a m e ly  M ic h e l 

s o n ’s e x p e r im e n t .” 32 T h e r e  fo l lo w s  a  d e s cr ip t io n  o f  th e  e x p e r im e n t  a n d  

o f  th e  c o n tr a c t io n  h y p oth es is  in v o k e d  b y  L o re n tz  a n d  F itzG e ra ld . E in 

stein  a d d s  to  it  sh a rp ly , “ T h is  m a n n e r  o f  th e o re tica lly  try in g  to  d o  ju s 

t ice  to  e x p e r im e n ts  w ith  n e g a tiv e  results th ro u g h  a d  h o c  c o n tr iv e d  h y 

p o th eses  is h ig h ly  u n sa tis fa c to ry .” 33 I t  is p r e fe r a b le  to  h o ld  o n  to  th e  

re la tiv ity  p r in c ip le , a n d  to  a c c e p t  th e  im p o ss ib ility -in -p r in c ip le  o f  d is 

c o v e r in g  re la tiv e  m o t io n . B u t h o w  is o n e  to  m a k e  th e  p r in c ip le  o f  c o n 

s ta n cy  o f  lig h t  v e lo c ity  a n d  th e  p r in c ip le  o f  re la tiv ity  a fte r  a ll c o rn -
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p a t ib le ?  “ W h o e v e r  h a s  d e e p ly  to ile d  w ith  a tte m p ts  to  r e p la c e  L o r e n tz ’ s 

th e o r y  b y  a n o th e r  o n e  th a t  takes a c c o u n t  o f  th e  e x p e r im e n ta l fa c ts  w ill  

a g re e  th a t  th is w a y  o f  b e g in n in g  a p p e a rs  to  b e  q u ite  h op e less  a t  th e  p res 

e n t  sta te  o f  o u r  k n o w le d g e .” 34

R a th e r , E in ste in  co n tin u e s , o n e  c a n  a tta in  c o m p a t ib il ity  o f  th e  t w o  

a p p a r e n t ly  c o n t r a d ic to r y  p r in c ip le s  th r o u g h  a  r e fo r m u la t io n  o f  th e  c o n 

c e p t io n  o f  s p a ce  a n d  t im e  a n d  b y  a b a n d o n in g  th e  e th er . T h e  rest o f  

E in ste in ’ s sh ort essay is c o n c e r n e d  w ith  th e  in tr o d u c t io n  o f  th e  re la tiv ity  

o f  s im u lta n e ity  a n d  o f  t im e , th e  tra n s fo rm a tio n  e q u a t io n s , a n d  th e  le n g th  

m e a su re m e n t o f  a  r o d  m o v in g  w ith  re sp e ct  to  th e  o b se rv e r . “ O n e  sees 

th a t th e  a b o v e -m e n t io n e d  h y p oth es is  o f  H .  A . L o r e n tz  a n d  F itz G e ra ld  

f o r  th e  e x p la n a t io n  o f  th e  M ic h e ls o n  e x p e r im e n t  is o b ta in e d  as a  c o n 

s e q u e n c e  o f  th e  re la tiv ity  th e o r y .” 35 B u t th is resu lt d o e s  n o t  seem  t o  b e  

w o r th y  o f  listin g  as o n e  o f  th e  a c h ie v e m e n ts  o f  th e  re la t iv ity  th e o ry  a  

litt le  la te r : “ W e  w il l  n o w  b r ie fly  e n u m e ra te  th e  in d iv id u a l results 

a c h ie v e d  so  fa r  f o r  w h ic h  w e  h a v e  th e  re la t iv ity  th e o r y  to  th a n k .”  T h e  

list, as o f  1915 , w a s  n o t  l o n g :  “ a  s im p le  th e o r y  o f  th e  D o p p le r  e f fe c t , o f  

a b e rr a t io n , o f  th e  F ize a u  e x p e r im e n t” ; a p p lic a b il ity  o f  M a x w e l l ’ s e q u a 

t ion s  t o  th e  e le c tro d y n a m ic s  o f  m o v in g  b o d ie s , a n d  in  p a r t ic u la r  t o  th e  

m o t io n  o f  e le c tro n s  ( c a t h o d e  rays, B -rays) “ w ith o u t  in v o k in g  sp e c ia l 

h y p o th e se s ” ; a n d  “ th e  m o st  im p o r ta n t  resu lt,”  th e  re la t io n  b e tw e e n  m ass 

a n d  e n e rg y , a lth o u g h  f o r  th a t th e re  w a s  th e n  n o  d ir e c t  e x p e r im e n ta l 

c o n f ir m a t io n .36

T h e  se q u e n ce  o f  id ea s  in  th is essay is il lu m in a tin g . B u t it  is p la in ly  

d a n g e r o u s  to  q u o te  o n ly  th e  in tr o d u c to r y  t w o  sen ten ces  a n d  th e  r e fe r 

e n c e  to  th e  M ic h e ls o n  e x p e r im e n t , a n d  t o  ca ll these a n  “ h is to r ic  a c 

c o u n t ,”  as so m e  h a v e  d o n e  in  o r d e r  to  im p ly  th a t E in ste in  fo l lo w e d  this 

r o a d  h im se lf. T h e  w h o le  essay is in tr o d u c e d  as d e a lin g  w ith  th e  “ ju s t i 

f i c a t io n ”  o f  th e  th e o ry  o f  re la tiv ity , n o t  w ith  th e  genesis. E in ste in  is 

sa y in g  th a t “ th e  ph ysic ists”  w o u ld  h a v e  a b a n d o n e d  th e  p r in c ip le  o f  

re la t iv ity  h a d  it  n o t  b e e n  f o r  th e  M ic h e ls o n  e x p e r im e n t. A n t o n y  R u h a n  

a t  th e  U n iv e rs ity  o f  C h ic a g o , in  a n  u n p u b lis h e d  d r a ft  essay, p e r c e p 

t iv e ly  c o m m e n ts  o n  th is p a s s a g e : “ T h e  o b v io u s  m e a n in g  o f  th is te x t  is 

th a t  E in ste in  r e g a r d e d  th e  e x p e r im e n t  o f  M ic h e ls o n  a n d  M o r le y  as 

n ecessa ry  to  c o n v in c e  th e  m a jo r it y  o f  p h ysic ists  o f  th e  v a lid ity  o f  th e  

th e o r y  o f  re la tiv ity . T h is  is q u ite  a  d iffe r e n t  p o in t  f r o m  r e g a r d in g  it  as 

a  basis f o r  o n e ’ s p e rs o n a l d is c o v e r y  o f  th e  k e y  t o  re la tiv ity .” 37

T o  su m m a rize  th e  d iscu ss ion  so  fa r , w e  h a v e  n o te d  s tro n g  pressures
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in  th e  sam e d ir e c t io n  a r is in g  fr o m  tw o  m a in  s o u r c e s : ( 1 ) th e  p a r t ic u 

la r  h istory  su rro u n d in g  th e  d ifficu ltie s  in  a c c e p ta n c e  o f  th e  M ic h e ls o n  re 

sults a n d  th e  E in ste in  p u b lic a t io n , a n d  ( 2 )  th e  p a r t ic u la r  m ission s o f  

p e d a g o g ic  a c c o u n ts  b a c k e d  u p  b y  th e  p o p u la r  w ritin g s  o f  d istin g u ish ed  

physicists. T h e s e  pressures h a v e  te n d e d  to  th e  sam e e n d — to  p r o c la im  

th e  ex is ten ce  o f  a  g e n e t ic  lin k  b e tw e e n  M ic h e ls o n ’s a n d  E in ste in ’ s w o r k .

T o  b e  su re, w e  h a v e  so  fa r  n o t  p r o v e n  w h e th e r  o r  n o t  th ere  w a s  su ch  

a n  h is to r ica l c o n n e c t io n . T o  d o  th a t, w e  sh a ll f r o m  S e c t io n  V  o n  seek 

th e  a n sw er in  m o r e  a p p r o p r ia te  d o c u m e n ts  th a n  d id a c t ic  w ritin g s. B u t 

b e fo r e  w e  tu rn  to  su ch  d o c u m e n ts  a n d  to  e x p lic it ly  h is to r ica l w ritin g s, 

w e  m u st a t  least b r ie fly  n o te  a n o th e r  set o f  pressures th a t b o r e  o n  th e  

q u estion  b e fo r e  u s : this w a s  th e  w e ig h t  o f  a  p h ilo s o p h ic a l v ie w  c o n 

c e rn in g  s c ie n ce  as a  w h o le , s u p p o r te d  b y  a  v o c a l  g r o u p  o f  p h ilo so p h e rs  

in  th e  U n ite d  S tates a n d  E u r o p e  a n d  w id e ly  cu rre n t, p a rt icu la r ly  a fte r  

th e  v ic to r ie s  o f  th e  e m p ir ic is t  s ch o o ls  a r o u n d  th e  tu rn  o f  the cen tu ry .

I V .  T h e  E x p e r im e n tic is t  P h ilo so p h y  o f  S c ie n c e

T h e r e  exists a  v ie w  o f  s c ie n ce  a t th e  e x tre m e  e d g e  o f  th e  t im e -h o n o r e d  

tra d it io n  o f  e m p ir ic is m  th a t w ill  h e re  b e  c a lle d  e x p e r im en tic ism .  I t  

is best r e c o g n iz e d  b y  th e  u n q u e s t io n e d  p r io r ity  assign ed  to  e x p e r im e n ts  

a n d  e x p e r im e n ta l d a ta  in  th e  an alysis o f  h o w  scientists d o  th e ir  o w n  

w o r k  a n d  h o w  th e ir  w o r k  is in c o r p o r a te d  in to  th e  p u b lic  en terp rise  o f  

s c ien ce . A  fe w  e x a m p le s  w ill su ffice  to  in d ic a te  th e  p ervasiven ess  o f  th is 

a tt itu d e . W ith  s p e c ific  r e fe r e n c e  t o  re la t iv ity  th e o ry , it is w e ll illu stra ted  

b y  th e  v ie w s  o f  E rn st M a c h ’ s d is c ip le  J o s e p h  P e tzo ld t , th e  m o v in g  sp ir it  

b e h in d  th e  G e se llsch a ft  fu r  p os it iv is tisch e  P h ilo s o p h ie  o f  B erlin  a n d  its 

jo u r n a l, Z e i t s c h r i f t  f u r  p o s i t i v i s t i s c h e  P h i l o s o p h i e . I n  th e  le a d  

a rtic le  o f  th e  in a u g u ra l issue ( 1 9 1 3 ) ,  h e  p r in te d  th e  tex t o f  h is  sp e e ch  

d e liv e r e d  a t  th e  o p e n in g  session o f  th e  G e se llsch a ft  o n  11 N o v e m b e r  

1 9 1 2 : w ith  re la t iv ity  th e o r y  h a d  c o m e  “ th e  v ic to r y  o v e r  th e  m eta p h y s ics  

o f  a b so lu tes  in  th e  c o n c e p t io n s  o f  s p a ce  a n d  t im e ,”  a n d  a  “ fu s io n  o f  

m a th e m a tics  a n d  n a tu ra l s c ie n ce  w h ic h  a t  last a n d  fin a lly  shall le a d  

b e y o n d  th e  o ld  ra tion a lis tic , P la to n ic -K a n t ia n  p r e ju d ic e .” 38 B u t th e  

fix e d  h in g e  o n  w h ic h  th ese  d es ired  even ts  tu rn e d  w as, a g a in , th e  M ic h e l 

son  e x p e r im e n t :

C larity o f  thinking is inseparable from  know ledge o f  a sufficient num ber 

o f  individual cases for  each  o f  the concepts used in  investigation. T herefore,
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the ch ie f requirem ent o f  positivistic p h ilosop h y : greatest respect fo r  the facts. 

T h e  newest phase o f  theoretical physics gives an exem plary case. T h ere , one 

does not hesitate, fo r  the sake o f  a single exp erim en t, to  undertake a co m 

p lete reconstruction. T h e  M ich elson  experim ent is the cause and ch ie f sup 

port o f  this reconstruction, nam ely the electrodynam ic theory o f  relativity. 

T o  d o  justice to  this experim ent, on e  has n o  scruples to  subm it the fou nda 

tion o f  theoretical physics as it has hitherto existed, nam ely N ew tonian m e 

chanics, to a p rofou n d  transform ation .39

T h e  fu ll  a m b itio n s  o f  th e  g r o u p  a n d  th e ir  p e r c e p t io n  o f  th e  rea l 

e n e m y  w e r e  fu r th e r  sh o w n  in  th e  n e x t  v o lu m e , w h e r e  P e tz o ld t  w r o te , 

“ L o r e n tz ’ s th e o r y  is, a t its c o n c e p t io n a l  ce n te r , p u r e  m e ta p h y s ics , n o th in g  

else  th a n  S ch e llin g ’ s o r  H e g e l ’ s N a tu r p h i lo s o p h ie ”  A g a in , th e  M ic h e l 

s o n  e x p e r im e n t , as th e  o n e  a n d  o n ly  e x p e r im e n t  c ite d , is g iv e n  th e  c re d it  

f o r  u sh e r in g  in  a n e w  e r a : “ . .  . th e  E in ste in ia n  th e o ry  is e n tire ly  t ie d  t o  

th e  resu lt o f  th e  M ic h e ls o n  e x p e r im e n t , a n d  c a n  b e  d e r iv e d  fr o m  it .”  

E in ste in  h im s e lf “ f r o m  th e  b e g in n in g  c o n c e iv e d  th e  M ic h e ls o n  e x p e r i 

m e n t  re la tiv istica lly . W e  a re  d e a lin g  h e re  w ith  a  p r in c ip le , a  fo r e m o s t  

p o s tu la te , a  p a r t ic u la r  w a y  o f  u n d e r s ta n d in g  th e  fa c ts  o f  p h ysics , a  v ie w  

o f  n a tu re , a n d  fin a lly  a  W elta n sc h a u u n g .  . . . T h e  lin e  B e r k e le y -H u m e - 

M a c h  sh ow s us o u r  d ire c t io n  a n d  p u ts  in to  o u r  h a n d s  th e  e p is te m o 

lo g ic a l s ta n d a r d .” 40

A  fe w  years b e fo r e , M ic h e ls o n  h a d  b e e n  a w a r d e d  th e  1907  N o b e l  

P rize  in  ph ysics , n o t  f o r  th e  e x p e r im e n ts  w e  h a v e  b e e n  d iscu ss in g  b u t  

“ f o r  h is o p t ic a l  p re c is io n  in stru m en ts  a n d  th e  se a rch  w h ic h  h e  h as c a r 

r ie d  o u t  w ith  th e ir  h e lp  in  th e  fie ld s  o f  p r e c is io n  m e tr o lo g y  a n d  s p e c 

t r o s c o p y .”  T h e  re la tiv ity  th e o ry  w a s , o f  co u rse , still fa r  t o o  n e w , a n d  re 

g a r d e d  as to o  sp e cu la t iv e , t o  b e  m e n t io n e d  in  th e  c ita t io n s  o r  respon ses. 

( I n d e e d ,  b y  th e  t im e  P e tz o ld t  w a s  w r it in g  h is  e u lo g ie s  t o  it, th e  th e o r y  

h a d  b e c o m e  t o o  s p e c u la t iv e  f o r  M a c h  h im s e lf , w h e re a s  th e  N o b e l  P rize  

C o m m it te e  d id  n o t  a w a r d  E in ste in ’ s p r iz e  u n til 19 2 2 , a n d  th e n , as E in 

s te in  w a s  s p e c ifica lly  r e m in d e d  b y  th e  C o m m itte e , it  w a s  f o r  c o n t r i 

b u t io n s  t o  m a th e m a tica l p h ysics  a n d  e sp e c ia lly  f o r  h is d is c o v e r y  o f  th e  

[e x p e r im e n ta lly  w e ll -c o n fir m e d ] L a w  o f  th e  P h o to e le c tr ic  E f fe c t . ) 41 I n  

a n y  ca se , th e o r y  w a s  n o t  n o w  o f  in terest a t  th e  1907 a w a r d  c e r e m o n y ; 

th e  te x t  o f  th e  p r e se n ta tio n  s p e e c h  (b y  K .  B . H a ss e lb e rg ) s h o w e d  th e  

a w a r d  to  M ic h e ls o n  to  b e  c le a r ly  m o t iv a te d  b y  th e  e x p e r im e n tic is t  p h il 

o s o p h y  o f  s c ie n ce  :

As fo r  physics, it has developed  rem arkably as a precision  science, in  such
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a w ay that w e can justifiably claim  that the m ajority  o f  all the greatest dis

coveries in  physics are very largely based o n  the high degree o f  accuracy 

w hich  can n ow  be obtained in measurements m ade during the study o f  physical 

phenom ena. [A ccuracy o f measurement] is the very root, the essential con d i 

tion, o f  ou r penetration deeper in to the laws o f  physics— our only way to new  

discoveries. It  is an advance o f  this kind w h ich  the A cadem y wishes to  recog 

nize w ith the N obel Prize fo r  Physics this year. (Ita lics supplied .)

S o m e h o w , e v e ry o n e  m a n a g e d  t o  k e e p  a  d e c o r o u s  s ile n ce  o n  th e  e x 

p e r im e n ts  w h ic h  P e tz o ld t  a n d  o th ers  o f  h is  p ersu a sion  w e r e  to  h a il as 

th e  c ru c ia l tu rn in g  p o in t  f o r  p h y s ics  a n d  W e lta n s c h a u u n g ;  n o b o d y  re 

fe r re d  h ere  to  M ic h e ls o n ’ s e th e r -d r ift  e x p er im en ts— n e ith e r  th e  S w ed ish  

hosts n o r  M ic h e ls o n  h im s e lf  in  h is  re s p o n d in g  le ctu re  ( “ R e c e n t  A d 

v a n ce s  in  S p e c tr o s c o p y ” ) .  T h e s e  e x p e r im e n ts  w ere  as em b a rra ss in g  f o r  

ex p erim en tic is ts  w ith  e th e r -th e o r e t ic  p re su p p o s it io n s  as th ey  w e re  w e l 

c o m e  fo r  ex p er im en tic is ts  w ith  re la tiv istic  p resu p p os it ion s .

T h e  e v e n  m o r e  e x tre m e  v ie w  th a t a ll sc ien tific  a d v a n ce  arises o u t  o f  

th e  use o f  in stru m en ts  w a s  d e fe n d e d  b y  M ill ik a n  in  h is a u to b io g r a p h y , 

w h e re  h e  e x p la in e d  th a t h e  m o v e d  f r o m  th e  U n iv e rs ity  o f  C h ic a g o  t o  

th e  C a lifo r n ia  In stitu te  o f  T e c h n o lo g y  b e ca u se  th ere  “ s c ie n ce  a n d  e n 

g in e e r in g  w e re  m e rg e d  in  san e p r o p o r t io n s .”  H e  set fo r th  h is  id e o lo g ic a l 

basis as f o l lo w s :

H istorically, the thesis can be m aintained that m ore fundam ental advances 

have been m ade as a by-product o f  instrumental (i.e . engineering) im prove 

m ent than in the direct and conscious search fo r  new  laws. W itness: (1 )  rela 

tivity and the M ichelson -M orley  experim ent, the M ichelson  interferom eter 

cam e first, not the reverse; (2 ) the spectroscope, a new  instrument w hich  

created spectroscopy; (3 )  the three-electrode vacuum  tube, the invention o f  

w hich  created a dozen new  sciences; (4 )  the cyclotron , a gadget w hich with 

Lauritsen’s linear accelerator spawned nuclear physics; (5 )  the W ilson  cloud  

cham ber, the parent o f  m ost o f  our know ledge o f  cosm ic rays; ( 6 ) the R o w 

land w ork with gratings, w hich  suggested the Bohr atom ; (7 )  the m agnetron, 

the progenitor o f  radar; (8 ) the counter-tube, the m ost fertile o f  all gadgets;

(9 )  the spectroheliograph, the creator o f  astrophysics; (1 0 )  the relations o f  

C arnot’s reversible engine to the w hole o f  therm odynam ics.42

I n  th e  w o r k  o f  p h ilo so p h e rs  o f  s c ie n ce  th e  d iscu ssion  o f  re la tiv ity  

th e o ry  is fre q u e n t ly  fo u n d  lin k e d  tig h tly  to  th e  M ic h e ls o n  e x p e r im e n t, 

th o u g h  ra re ly  m o r e  en th u sia stica lly  th a n  in  G a sto n  B a ch e la rd ’ s essay 

T h e  P h ilo so p h ica l D ia le c t ic  o f  th e  C o n c e p ts  o f  R e la t iv i ty , in  P . A .

S c h ilp p ’ s v o lu m e  A l b e r t  E i n s t e i n  : P h i l o s o p h e r -S c i e n t i s t  :
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A s w e know , as has been repeated a thousand times, relativity was b o m  o f 

an epistem ological shock; it was b o m  o f  the “ failure”  o f  the M ichelson  ex 

perim ent. . . .  T o  paraphrase K ant, w e m ight say that the M ichelson  experi

m ent roused classical m echanics from  its dogm atic slumber. . . .  Is so little 

required to  “ shake”  the universe o f  spatiality? C an  a single experim ent o f  the 

twentieth [ric] century annihilate— a Sartrian w ou ld  say neantiser— tw o or  

three centuries o f  rational thought? Yes, a single decim al sufficed, as our poet 

H en ri de R egnier w ou ld  say, to  “ m ake all nature sing.”43

A n d  so  o n  a n d  so  fo r th . E in ste in  ch o s e  n o t  to  r e s p o n d  t o  th is a p o th eos is  

o f  th e  M ic h e ls o n  e x p e r im e n t  in  h is  rep lies  a t  th e  e n d  o f  th e  sam e v o l 

u m e . B u t h e  d id  m a k e  a  le n g th y  a n d  su b tly  d e v a sta tin g  re p ly  to  a n o th e r  

essay in  this c o l le c t io n , th a t b y  H a n s  R e ic h e n b a c h , w h ic h  has a  g o o d  

d e a l o f  th e  sam e k in d  o f  e x p e r im e n tic is t  b ias.

R e ic h e n b a c h , w h o  k n e w  E in ste in  a n d  c o r r e s p o n d e d  w ith  h im  a t c e r 

ta in  p e r io d s , w as , o v e r  th e  years , o n e  o f  th e  m o r e  p ersisten t a n d  in te r 

e stin g  p h ilo s o p h ic a l  analysts o f  th e  e p is te m o lo g ic a l im p lica t io n s  o f  re la 

t iv ity . (H e  p u b lish e d , f o r  e x a m p le , severa l a ttem p ts  t o  ca s t  th e  th e o ry  

in to  a x io m a t ic  f o r m . T o  o n e  o f  these a ttem p ts  E in ste in  h im s e lf  re 

s p o n d e d  to  say h e  d id  n o t  f in d  it  c o n v in c in g  e v e n  o n  its o w n  g r o u n d s ; 

h e  w r o te  to  R e ic h e n b a c h  o n  19 O c t o b e r  19 2 9 , “ I n  m y  v ie w , th e  lo g ic a l 

p r e se n ta tio n  w h ic h  y o u  g iv e  m y  th e o ry  is, t o  b e  sure, p o ss ib le , b u t  it  is 

n o t  th e  s im p lest o n e .” ) B u t R e ic h e n b a c h ’s e x p e r im e n tic is t  c o n v ic t io n  

n e v e r  fla g g e d . F o r  e x a m p le , h e  w r o te  th a t  E in ste in ’ s w o r k  “ w as su g 

g e s te d  b y  c losest a d h e r e n c e  to  e x p e r im e n ta l f a c t s . . . . E in ste in  b u ilt  h is 

th e o r y  o n  a n  e x tra o rd in a ry  c o n f id e n c e  in  th e  e x a c t itu d e  o f  th e  a r t  o f  

e x p e r im e n ta t io n .” 44 A g a in , th e  o n ly  h is to r ic  e x p e r im e n t  R e ic h e n b a c h  

a sso c ia te d  w ith  th e  gen esis  o f  E in ste in ’ s th e o r y  w as , o f  co u rse , th e  M ic h 

e lso n  e x p e r im e n t ; f o r  e x a m p le , “ th e  th e o ry  o f  re la tiv ity  m ak es a n  asser 

t io n  a b o u t  th e  b e h a v io r  o f  r ig id  ro d s  s im ila r  t o  th a t a b o u t  th e  b e h a v io r  

o f  c lo ck s . . . . T h is  assertion  o f  th e  th e o ry  o f  re la tiv ity  is b a se d  m a in ly  

o n  th e  M ic h e ls o n  e x p e r im e n t . . .  .” 45

I n  h is essay in  S c h ilp p ’ s c o l le c t io n , R e ic h e n b a c h  reverts t o  th e  sam e 

p o in ts ,46 b u t  th ey  a re , as it  w e re , o n ly  p re lu d e s  to  th e  c o n c lu s io n  th a t “ it  

is th e  p h ilo s o p h y  o f  e m p ir ic ism , th e r e fo r e , in to  w h ic h  E in ste in ’ s re la 

t iv ity  b e lo n g s . . . .  I n  sp ite  o f  th e  e n o r m o u s  m a th e m a tica l a p p a ra tu s , 

E in ste in ’ s th e o ry  o f  sp a ce  a n d  t im e  is th e  tr iu m p h  o f  s u c h  a  r a d ica l e m 

p ir ic is m  in  a  fie ld  w h ic h  h a d  a lw ays b e e n  r e g a r d e d  as a  re se rv a tio n  f o r  

th e  d isco v e r ie s  o f  p u re  re a s o n .” 47 I n  his r e p ly  to  th is essay E in ste in  d e -
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v o te d  m o st  o f  h is a tte n tio n  to  a  d e n ia l o f  th is c la im . H e  p r e fe r r e d  t o  

h o ld  fa st t o  th e  b a s ic  c o n c e p tu a l d is t in ct io n  b e tw e e n  “ sense im p ression s ’ * 

a n d  “ m e re  id ea s” — d esp ite  th e  e x p e c te d  r e p r o a c h  “ th at, in  d o in g  so, w e  

a re  g u ilty  o f  th e  m eta p h y s ica l ‘ o r ig in a l s in .’ ” 48 E in ste in  p le a d s  th a t  o n e  

m u st a lso  a c c e p t  fea tu res  n o t  o n ly  o f  e m p ir ic is m  b u t  a lso  o f  ra tion a lism , 

in d e e d  th a t a  “ w a v e r in g  b e tw e e n  these ex trem es  a p p e a rs  t o  m e  u n a v o id 

a b le .” 49 E in ste in  a d o p ts  th e  r o le  o f  th e  “ n o n -p o s it iv is t”  in  a n  im a g in a ry  

d ia lo g u e  w ith  R e ic h e n b a c h  a n d  u rg es  th e  u se fu l lesson  o f  K a n t  th a t 

th e re  a re  c o n c e p ts  “ w h ic h  p la y  a  d o m in a t in g  r o le  in  o u r  th in k in g , a n d  

w h ic h , n everth eless , c a n n o t  b e  d e d u c e d  b y  m ea n s  o f  a  lo g ic a l p ro ce ss  

fr o m  th e  e m p ir ic a lly  g iv e n  ( a  fa c t  w h ic h  severa l em p ir ic ists  r e co g n iz e , 

it  is tru e , b u t  seem  a lw a ys  a g a in  to  fo r g e t )  ,” 50

T h e  d ifficu lty  is, o f  co u rse , o n e  o f  re la tiv e  s c ie n tific  taste o r  style. T o  

R e ic h e n b a c h  a n d  his fo llo w e r s , th e  in terest in  a  sc ien tific  th e o ry  resides 

n e ith er  in  th e  d eta ils  o f  its h is to r ica l d e v e lo p m e n t , n o r  in  th e  w o r k  o f  a n  

a c tu a l p erson . (A s  R e ic h e n b a c h  sa id  h on estly , “ T h e  p h ilo s o p h e r  o f  sc i 

e n c e  is n o t  m u c h  in terested  in  th e  th o u g h t  p rocesses  w h ic h  le a d  to  

sc ien tific  d is c o v e r ie s ; h e  look s  fo r  a  lo g ic a l  analysis o f  th e  c o m p le te d  

th eory , in c lu d in g  th e  re la tion sh ip s  esta b lish in g  its v a lid ity . T h a t  is, h e  is 

n o t  in terested  in  th e  c o n te x t  o f  d is co v e ry , b u t  in  th e  c o n te x t  o f  ju s t ifica 

t io n .” 51) B u t  it  is e q u a lly  u n d e rs ta n d a b le  th a t to  th e  o r ig in a to r  o f  th e  

th e o ry  th e  “ c o m p le te d  th e o ry ”  in  its p u b lic ,  d e v e lo p e d , in stitu tion a l o r  

te x tb o o k  fo r m  d oes  n o t  h a v e  th e  sam e e x c lu s iv e  in terest.

U n fo r tu n a te ly , n e ith e r  R e ic h e n b a c h  h im s e lf n o r  h is  fo llo w e r s  a lw ays 

re m e m b e re d  his la u d a b le  a tte m p t to  d ist in g u ish  sh a rp ly  b e tw e e n  p r iv a te  

a n d  p u b lic  s c ie n ce , n o r  h a v e  th ey  a lw ays a d h e re d  to  h is  o w n  d isc la im e r  

o f  in terest in  th e  th o u g h t  processes  le a d in g  to  th e  d isco v e ry . T h e  d esire  

to  see a  th e o ry  as a  lo g ic a l s tru ctu re , b u ilt  u p o n  a n  e m p ir ic a l basis a n d  

c a p a b le  o f  v e r if ica t io n  o r  fa ls ifica tio n  b y  m o r e  e x p e r im e n t , b r in g s  th e m  

to  d iscuss p re s u m e d  h is to r ica l seq u en ces  o n  th e  r o a d  th a t  led  to  th e  d is 

c o v e r y ; thus, im p lic it  “ h is tory ”  is p r o d u c e d  a fte r  a ll ( f o r  e x a m p le , th e  

c o n fid e n t  assertion  th a t “ E in ste in  in c o r p o r a te d  its [th e  M ic h e ls o n  e x 

p e r im e n t ’ s] n u ll resu lt as a  p h y s ica l a x io m  in  h is lig h t  p r in c ip le ,” 52 a n d  

s im ila r  a ttem p ts  at “ th e  u n ra v e lin g  o f  th e  h istory ”  o f  re la tiv ity  t h e o r y ) .

W h e n  d ire c t  e v id e n c e , w h ic h  w e  shall e x a m in e  b e lo w , aga in st th e  p r io r 

ity  o f  th e  M ic h e ls o n  e x p e r im e n t  in  E in ste in ’ s th in k in g  is p re se n te d  to  

th e  ex p e r im e n tic is t , th e  resp on se  is th is : w ith o u t  th e  g e n e tic  r o le  o f  th is
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p a rt ic u la r  e x p e r im e n t , a n  u n d e rs ta n d in g  o f  th e  d is c o v e r y  o f  th e  th e o ry  

w o u ld  b e c o m e  “ q u ite  p r o b le m a t ic ,”  a n d  o n e  w o u ld  b e  le f t  “ p u zz le d  

c o n c e r n in g  th e  lo g ic a l, as d is t in ct  f r o m  p s y c h o lo g ic a l  g ro u n d s  w h ic h  

w o u ld  th e n  o r ig in a lly  h a v e  m o t iv a te d  E in ste in  t o  h a v e  c o n fid e n c e  in  th e  

p r in c ip le  o f  re la tiv ity  w ith o u t  th e  p a rt ia l s u p p o r t  o f  th e  M ic h e ls o n -  

M o r le y  e x p e r im e n t . . .  .” 53

A s  a  cu r io u s  p o s tscr ip t  to  this se ct io n , o n e  m ig h t  m e n tio n  th a t th e  e x -  

p e r im e n tic is t  in te rp re ta tio n  o f  re la tiv ity  h as a lso  b e e n  a d v o c a te d  u n d e r  

q u ite  d if fe r e n t  c ir cu m sta n ce s , b u t  n o n e  m o r e  m a c a b r e  th a n  th e  a tte m p t 

in  th e  1 9 20 ’ s b y  so m e  G e r m a n  scientists su ch  as W . W ie n  to  p o in t  to  th e  

su p p o se d  e x p e r im e n ta l o r ig in s  o f  re la tiv ity  in  o r d e r  to  r e m o v e  th e  th e o r y  

fr o m  th e  a re n a  o f  u n th in k in g , in fla m e d  o p p o s it io n  in  so m e  q u a rters  in  

G e r m a n y  a g a in st E in ste in  p e rso n a lly  a n d  a g a in st h is w o r k .54 I n  a  sm all 

b o o k  p u b lish e d  in  1 9 2 1 , W ie n  w r o te  th a t h e  w ish e d

. . .  to  give an ob jective  presentation o f  the theory o f  the p ro  and the contra 

concern ing w hich  m uch is being discussed in a rather unscientific w ay in  

pu blic. I  h op e  to have discussed the questions sine ira et studio , and I w ou ld  

like to  advise everyone w ho concerns him self w ith the theory not to give h im 

self out as a fo llow er or  an opponent o f this theory, but rather to consider 

the theory in such a m anner as is congruous w ith science, nam ely as on e  w ay 

to d iscover peculiarities o f  nature’s laws w hich  m ay equally w ell turn out to 

be  right or  w rong. T h e  decision  concern ing this cannot be  reached in a dog 

m atic way, but one must leave it up to the decision o f  experience .55

W ie n  th en  reassures his read ers  th a t  th e  “ re la tiv ity  th e o ry  is, lik e  a ll 

p h y s ica l th eories , a  resu lt o f  e x p e r ie n c e .”  I t  is n o t  d iff ic u lt  n o w  to  guess 

th e  p a r t ic u la r  e x p e r ie n ce  in v o lv e d : “ T h e  n e g a tiv e  resu lt o f  th e  M ic h e l -  

son  e x p e r im e n t  is th e  fa c t  o f  e x p e r ie n c e  o n  w h ic h  th e  re la tiv ity  th e o ry  

rests. T h is  e x p e r im e n t  is f o r  th is th e o ry  o f  e q u a l s ig n ifica n ce  as th e  p e r -  

p e tu u m  m o b ile  is f o r  th e  la w  o f  th e  c o n s e r v a t io n  o f  en erg y . . . .” 56 T h is  

a t te m p t  to  e x p e r im e n ta liz e  th e  basis o f  re la tiv ity , in c id e n ta lly , d id  n o t  

g a in  a c c e p ta n c e  su ffic ien tly  to  sa v e  re la tiv ity  th e o r y  d u r in g  th e  N a z i 

p e r io d  f r o m  th e  s tig m a  o f  w h a t  w as c a lle d  th e n  (a n d  e v e n  as re ce n tly  

as 1 9 5 4 ) “ th e  fo r m a l ra t io n a lism  o f  J ew ish  th in k in g .” 57

V . E x p lic it  H is to r y

A fte r  th e  n e a r ly  c o m p le te  con sen su s a n d  c o n fid e n c e  im p lie d  in  te x t 

b o o k s  a n d  in  e x p e r im e n tic is t  w ork s  w ith  e p is te m o lo g ic a l in ten tion s , w e
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a re  p r e p a re d  to  fin d  m o r e  v a r ie ty  a n d  c ir c u m s p e c t io n  in  t h e  w o r k  o f  

sch o la rs  w h o  h a v e  u n d e rta k e n  t o  w r ite  e x p lic it ly  h is to r ica l a cco u n ts .

T h is  is in d e e d  th e  c a s e ; th ere  is fa r  less a g re e m e n t  h e re . T h e  e x is te n ce  

o f  a  w h o le  s p e c tru m  o f  d iffe r e n t ly  d o c u m e n t e d  h is to r ica l studies is itse lf 

a n  in terestin g  p r o b le m .

T o  e x a m in e  this s p e c tru m  a n d  t o  a rra n g e  th e  item s r o u g h ly  in  in 

c re a s in g  o r d e r  o f  in te n d e d  seriousness as h is to r ica l stu dies, w e  m a y  start 

w ith  T h e  W o r l d  o f  t h e  A t o m , p u b lish e d  in  1966 . I n  sh o rt  se ction s  

b a se d  la rg e ly  o n  s e co n d a ry  m a teria l a n d  in serted  b e tw e e n  e x ce rp ts  fr o m  

o r ig in a l p a p e rs , th e  ed ito rs  in te n d  to  p r o v id e  s o m e  h is to r ica l gu id e lin es .

O n  th e  issue o f  in terest to  u s w e  fin d  a  fa m ilia r  c o m m e n t , b u t  n o w  c u r 

io u s ly  h e d g e d : “ T h e  le g a cy  o f  th e  M ic h e ls o n -M o r le y  e x p e r im e n t  to  

a to m ic  th e o ry  w as tre m e n d o u s , i f  in d ire c t . I t  w a s  th e  n e g a t iv e  resu lt o f  

th e  e x p e r im e n t  th a t in  p a r t  le d  E in ste in  in to  o n e  o f  th e  fu n d a m e n ta l 

id eas u p o n  w h ic h  th e  th e o r y  o f  re la tiv ity  rests, n a m e ly , th a t th e  sp eed  o f  

lig h t  is th e  sam e fo r  a ll ob servers , regard less  h o w  th ey  m a y  b e  m o v in g .” 58

A n o th e r  a c c o u n t  th a t leaves o p e n  th e  e x te n t  o r  d irectn ess  o f  th e  in 

f lu e n ce  is g iv e n  in  a  u se fu l b io g r a p h y , M i c h e l s o n  6 n d  t h e  S p e e d  o f  

L i g h t , w ritte n  p r im a r ily  f o r  h ig h  s c h o o l stu d en ts  b y  th e  su ccess fu l te x t 

b o o k  a n d  p o p u la r -s c ie n c e  a u th o r  B e rn a rd  J a ffe . S p e a k in g  o f  th e  o r ig in a l 

w o r k  o n  re la tiv ity , J a ffe  w rites  th a t E in ste in  “ sa w  th e  M ic h e ls o n -M o r le y  

e th e r  d r if t  resu lt as p e r fe c t ly  c o r r e c t , s in ce  n o  e th e r  d r if t  s h o u ld  b e  e x 

p e c te d  u n d e r  th e  c o n d it io n s  o f  th e  e x p e r im e n t .” 59 “ I n  th is g re a t  u p h e a v a l 

in  ph ysics , th e  classic  e th e r -d r ift  e x p e r im e n t  o f  M ic h e ls o n  h a d  b e e n  o f  

fu n d a m e n ta l s ig n ifica n ce . T o  c o n te n d , as so m e  h a v e  d o n e , th a t  E in 

ste in ’ s S p e c ia l T h e o r y  o f  R e la t iv ity  w a s  essen tia lly  a  g e n e ra liza t io n  o f  

th e  M ic h e ls o n  e x p e r im e n t , a n d  th a t  it  c o u ld  n o t  h a v e  b e e n  a rr iv e d  a t 

w ith o u t  th e  e x p e r im e n t , is t o  o v e rs ta te  th e  ca s e .” 60

J a ffe ’ s b io g r a p h y  in c id e n ta lly  d o e s  so u n d , i f  o n ly  fa in t ly , a  n e w  n o te  

th a t has so m e  s ig n ifica n ce  f o r  th e  u n d e r s ta n d in g  o f  th e  case . H e  w rites , 

“ U n w itt in g ly , M ic h e ls o n , as i t  tu rn e d  o u t , h a d  s u p p lie d  th e  r a w  m a 

ter ia l f o r  o n e  o f  th e  g re a t  stru ctu res  o f  s c ie n ce — a  synthesis w h ic h  w a s  

to  b e  c o m p le te d  overseas. T h is  w a s  o n e  o f  th e  v e ry  fe w  in sta n ces  w h e n  a  

b a s ic  d is c o v e r y  w as m a d e  in  A m e r ic a  f o r  E u r o p e a n  e x p lo ita t io n . A lm o s t  

a lw ays it  w a s  th e  o th e r  w a y  a r o u n d .” 61 T h e  p r id e  in  th e  A m e r ic a n  

scientist w as u n d o u b te d ly  in cre a se d , o n c e  re la tiv ity  th e o ry  b e c a m e  p a l 

a ta b le , b y  see in g  h is  w o rk  as th e  r o o t  o f  re la t iv ity .62

A  m o r e  d e ta ile d  analysis, w ith  n e w  d o c u m e n ta t io n , h as b e e n  p r o v id e d
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o v e r  th e  last severa l yea rs  in  a  series o f  in s ig h tfu l a rtic le s  b y  R .  S . S h a n k - 

la n d , P ro fe sso r  o f  P h ysics  a t  C a s e -W e s te rn  R e s e r v e  U n iv e r s ity  ( fo r m e r ly  

C a se  In s titu te  o f  T e c h n o lo g y ,  w h e r e  th e  M ic h e ls o n -M o r le y  e x p e r im e n t  

w a s  r e p e a te d  b e fo r e  M ic h e ls o n ’ s d e p a r tu r e  first f o r  C la rk  U n iv e rs ity  

a n d  th e n , in  18 9 4 , f o r  th e  U n iv e rs ity  o f  C h i c a g o ) . A  p a r t ic u la r  m e r it  o f  

S h a n k la n d ’ s w o r k  h as b e e n  h is p u b lic a t io n  o f  a  n u m b e r  o f  letters f r o m  

a n d  to  M ic h e ls o n  a n d  h is r e p o r t  o n  a  series o f  in te rv ie w s  w ith  E in ste in  

d u r in g  th e  p e r io d  1 9 5 0 -1 9 5 4 .

O n  th e  im p o r ta n t  q u e s t io n  b e fo r e  us, S h a n k la n d ’ s w r it in g s  s h o w  a  

s ig n ifica n t  d e v e lo p m e n t . H is  ea rliest a r t ic le  is a  s h o r t  p ie c e  o n  M ic h e ls o n  

fo r  th e  c o l le c t io n  L e s  I n v e n t e u r s  c é l è b r e s — s c i e n c e s  p h y s i q u e s  e t  

6 p p l i c 6 t i o n s .63 S u b t it le d  E x p é r ie n c e  d e  ba se  d e  la  r e la tiv ité } th e  a r t ic le  

p resen ts  th e  e x p e r im e n t  a n d  th e  th e o r y  as c lo se ly  c o u p le d  as in  m o st  o f  

th e  a b o v e  v e rs io n s .64 S ta rt in g  w ith  S h a n k la n d ’ s n e x t  essay o n  th is t o p ic  

a b o u t  a  d o z e n  y ea rs  la ter , C o n v e r s a tio n s  w ith  A lb e r t  E in s te in , a n o th e r  

a sp e ct  o f  th e  case b e g in s  t o  s h o w  u p . H is  r e p o r t  ( 1 9 6 3 )  is b a se d  o n  fiv e  

v isits w ith  E in ste in  a t  P r in c e to n ; th e ir  c o n v e rsa tio n s  d e a lt  p r in c ip a lly  

w ith  th e  w o r k  o f  M ic h e ls o n , p a r t ic u la r ly  th e  M ic h e ls o n -M o r le y  a n d  

M ille r  e x p e r im e n ts , a n d  w ith  th e  su b seq u en t stu d ies  th a t le d  to  th e  

c la r if ic a t io n  o f  M il le r ’s results ( in  w h ic h  S h a n k la n d  h im s e lf  t o o k  a  le a d 

in g  p a r t ) .  T h is  a r t ic le  is a  v a lu a b le  a n d  r ic h  r e so u r ce  w h ic h  m erits  

m in in g  f o r  a ll it  is w o r th .

N e a r  th e  b e g in n in g  o f  S h a n k la n d ’ s fir s t -h a n d  r e p o r t  w e  fin d  th e  m a in  

rea son  f o r  h is v isit— a n d  a  re sp o n se  o f  E in ste in  f o r  w h ic h  n o th in g  w e  

h a v e  re a d  a b o v e  h as p r e p a r e d  us :

T h e  first visit [4 February 1950] to  P rinceton  to  m eet Professor Einstein 

was m ade prim arily  to  learn from  him  w hat he really fe lt about the M ichelson - 

M orley  experim ent, and to w hat degree it had in fluenced him  in his devel 

opm ent o f  the Special T h eory  o f  R elativity . . . . H e  began by asking m e to 

rem ind him  o f  the purpose o f  m y visit and sm iled w ith  genuine interest 

w hen I to ld  him  that I  w ished to discuss the M ich elson -M orley  experim ent 

perform ed  at C leveland in 1 8 8 7 . . . .  W h en  I  asked him  how  he had  learned o f 

the M ich elson -M orley  experim ent, he to ld  m e that he had becom e aware 

o f  it through the writings o f  H . A . L orentz [A r c h . N é e r l . 2 : 168, 1887, and 

m any later references], but on ly a fter  1905  had it com e to his attention! “ O th 

erwise,”  he said, “ I w ou ld  have m entioned it in m y paper.”  H e  continued to 

say the experim ental results w hich  had influenced him  m ost w ere the ob 

servations on  stellar aberration and Fizeau’s measurements on the speed o f  

light in  m oving water. “ T h ey  w ere enough,”  he said .65
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S h a n k la n d  m a y  w e ll h a v e  b e e n  aston ish ed  b y  E in ste in ’ s d isc la im e r  o f  

th e  d ire c t  g e n e tic  r o le  o f  th e  M ic h e ls o n -M o r le y  e x p e r im e n t  in  th e  

c re a t io n  o f  th e  th e o ry  o f  re la tiv ity . A s  i f  to  m a k e  sure th a t h e  h a d  u n d e r 

s to o d  p r o p e r ly , S h a n k la n d  w isely  ra ised  th e  w h o le  m a tte r  a g a in  a t a n 

o th e r  visit, tw o  a n d  a  h a lf  years la ter , o n  2 4  O c t o b e r  1952.

I asked Professor Einstein where he had first heard o f  M ichelson  and his 

experim ent. H e replied, “ This is not so easy, I am  not sure when I first heard 

o f  the M ichelson  experim ent. I  was not conscious that it had influenced me 

directly  during the seven years that relativity had been m y life. I  guess I just 

took it fo r  granted that it was true.”  H ow ever, Einstein said that in the years 

1905-1909, he thought a great deal about M ichelson ’s result, in  his discus

sions with Lorentz and others in his thinking about general relativity. H e  then 

realized (so  he to ld  m e) that he had also been conscious o f M ichelson ’s re 

sult before 1905 partly through his reading o f  the papers o f  Lorentz and m ore 

because he had sim ply assumed this result o f  M ichelson  to be true.66

T h e s e  tw o  sta tem en ts m u st b e  fa c e d ;  th e ir  a u th e n tic ity  c a n n o t  b e  

m in im ize d . H e r e  a n d  e lsew h ere  in  these in terv iew s  o n e  is im p ressed  

w ith  E in ste in ’ s con sisten t respon ses a n d  an alyses, as w e ll  as w ith  th e 

e v id e n t  read in ess a n d  j o y  w ith  w h ic h  h e  th o u g h t  o f  th e  e x p e r im e n t  a n d  

o f  M ic h e ls o n  as a  p erson . (T h u s  S h a n k la n d  rep orts  h e  sa id  to  h im  sev 

e ra l tim es, “ I  rea lly  lo v e d  M ic h e ls o n .” ) T o  b e  su re, as S h a n k la n d  h im 

se lf em p h a sizes, m a n y  o f  th e  even ts  d iscu ssed  b e tw e e n  th e m  h a d  

o c c u r r e d  som e  fifty  years b e fo r e  th e ir  m e e tin g s ; E in ste in ’ s a g e  w a s  

se v e n ty -o n e  a n d  se v e n ty -th re e  years a t th e  t im e  o f  th ese  tw o  in terv iew s, 

a n d  d u r in g  a n o th e r  in te r v ie w  th e re  a re  tw o  m in o r  ep isod es  w h e re  his 

m e m o r y  d id  n o t  serv e  h im  a b so lu te ly  fa ith fu lly  (S h a n k la n d  rep orts  th a t 

E in ste in  h a d  fo r g o t te n  a b o u t  a  s p e e c h  h e  g a v e  in  B er lin  o n  M ic h e ls o n ’s 

d e a th  in  1931 , a n d  a lso  a b o u t  J o o s ’ s w o r k ) . B u t  it  w o u ld  b e  fa r  to o  

s im p le  to  d ism iss o r  p la y  d o w n  th e  r e p e a te d , d ir e c t  resp on se  to  S h a n k 

la n d  o n  a  t o p ic  o n  w h ic h  E in ste in  th r o u g h o u t  h is li fe  h a d  fr e q u e n t  

o c c a s io n  to  p o n d e r , w r ite , a n d  le c tu re , a n d  o n  w h ic h  h e  n o  d o u b t  h a d  

o fte n  b e e n  asked  q u estion s .

T h e  fa c t  th a t  th e  resp on se  is so  c o n tra ry  to  p r a c t ic a lly  a ll o th e r  a c 

c o u n ts  m ak es it im p e ra t iv e  to  re e x a m in e  th e  w h o le  q u e stio n  in  o r d e r  to  

a c c o m m o d a te  E in ste in ’s s ta tem en ts : ( 1 )  th a t th e  M ic h e ls o n  e x p e r im e n t  

o c c u p ie d  h is a tte n tio n  o n ly  a fte r  1905 (a lth o u g h  h e  w as c o n s c io u s  o f  

th e  resu lt e a r l i e r ) ; ( 2 ) th a t o th e r , e a r lie r  e th er  e x p e r im e n ts  o n  stellar 

a b e rra tio n  a n d  o n  th e  F resn el e th e r -d r a g  co e ffic ie n t  fo r m  th e  m o st  im -
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p o r ta n t  e x p e r im e n ta l bases f o r  h is 1905  p a p e r ;  a n d  ( 3 )  th a t  in s o fa r  as 

h e  w a s  a w a re  o f  th e  M ic h e ls o n  resu lt, h e  w a s  e v id e n t ly  n o t  sp e c ia lly  im 

p ressed  w ith  it  u p o n  r e a d in g  it  in  L o r e n tz ’s p a p e r  b e c a u s e  h e  a lre a d y  

h a d  a ssu m ed  it  t o  b e  tru e  o n  o th e r  g ro u n d s .

W e  sh a ll see to  w h a t  e x te n t  E in ste in ’ s re sp o n se  is con s is ten t w ith  a  

c a r e fu l  r e a d in g  o f  h is  1905  p a p e r  itse lf a n d  w ith  a ll o th e r  p e r t in e n t  r e 

p o r ts  a n d  d o c u m e n ts  b y  E in ste in  w h ic h  I  h a v e  b e e n  a b le  t o  fin d . B u t  it  

is c le a r  a lre a d y  th a t w h e n  c o m p a r e d  t o  th e  v a r io u s  c o n f id e n t  p r o n o u n c e 

m en ts  a b o v e , E in ste in ’ s resp on ses  in  th ese  in te rv ie w s  se e m  v a g u e , in d e fi 

n ite , a n d  ten ta tiv e . I t  is as i f  w e  h a d  b e e n  p r e p a r in g  a  ca se  f o r  a  sp e c ific  

“ Y e s ”  o r  “ N o ,”  a n d , a t last, e n c o u n te r in g  th e  p e rso n  m o st  in v o lv e d , w e  

r e c e iv e d  th e  u n e x p e c te d  a n sw er, “ N e ith e r ! T h a t ’ s n o t  th e  w a y  it  h a p 

p e n e d , a n d  in  a n y  ca se  th is w a s  f o r  m e  n o t  rea lly  a n  im p o r ta n t  c o n 

s id e ra t io n .”  E in ste in  raises th e  d is t in ct  su sp ic io n  th a t  th e  q u e s t io n  m a y  

b e  as tr iv ia l o r  ir re le v a n t  to  h im  as it  is im p o r ta n t  t o  us o r  to  S h a n k la n d , 

w h o  sta rted  th e  series o f  v isits “ p r im a r ily  to  le a rn  f r o m  h im  w h a t  h e  

rea lly  fe l t  a b o u t  th e  M ic h e ls o n -M o r le y  e x p e r im e n t . . . .”  I t  is d o u b ly  

ir o n ic  to  fin d  a t  th is p o in t  th a t  n e ith e r  M ic h e ls o n  n o r  E in ste in  re g a r d e d  

th e  fa m o u s  e x p e r im e n t  as d e c is iv e  f o r  h im se lf, m u c h  less “ c r u c ia l.”

I n  tw o  la te r  a rtic les  S h a n k la n d  a d o p t e d  th e  p o s it io n  th a t  th e  p r o b le m  

th a t th e  M ic h e ls o n -M o r le y  e x p e r im e n t  p o s e d  “ le d  in d ir e c t ly  to  E in 

s te in ’ s S p e c ia l T h e o r y  o f  R e la t iv ity ,” 67 a n d  “ b o th  p ostu la tes  [ o f  th e  1905  

p a p e r ] c o u ld , o f  co u rs e , b e  c o n s id e r e d  as h a v in g  a  c lo s e  re la t io n sh ip  t o  

th e  M ic h e ls o n -M o r le y  e x p e r im e n t , b u t  a c tu a lly  E in ste in  a rr iv e d  a t  h is 

th e o r y  b y  a  less d ir e c t  r o u te , b e c o m in g  a w a re  o f  th e  o b s e rv a t io n a l m a 

ter ia l p r in c ip a lly  th r o u g h  th e  w rit in g s  o f  L o r e n tz  w h ic h  h e  b e g a n  t o  

s tu d y  as a  stu d en t in  1 8 9 5 .” 68 B u t p e rh a p s  th e  m o s t  s ig n ifica n t p a r t  o f  

th ese  tw o  a rtic les  is th e  p u b lic a t io n  in  b o t h  o f  a  le tte r  w h ic h  E in ste in  h a d  

s u p p lie d , e v id e n t ly  o n  S h a n k la n d ’ s in v ita t io n , f o r  a  sp e c ia l m e e t in g  o f  

th e  C le v e la n d  P h ysics  S o c ie ty  o n  19 D e c e m b e r  1952 , h o n o r in g  th e  c e n 

te n a ry  o f  M ic h e ls o n ’ s b ir th . T h is  le tter, th e  resu lt o f  a  m o r e  c a r e fu l a n d  

r e fle c t iv e  resp on se  th a n  m a y  h a v e  b e e n  h is v iv a  v o c e  an sw ers to  th e  

q u e s tio n , is th e r e fo r e  o f  e v e n  g re a te r  v a lu e . M o r e  s tron g ly  th a n  in  th e  

s o m e w h a t  sk e tch y  rem a rk s  in  th e  in terv iew s, E in ste in  p ro p o se s  a  p o in t  

o f  v ie w  f o r  g a in in g  a  c le a r e r  u n d e rs ta n d in g  o f  h is 1905  w o r k  o n  re la 

t iv ity . F o l lo w in g  is th e  d o c u m e n t  p u b lis h e d  b y  S h a n k la n d , in  w h ic h  I  

h a v e  in serted  a lte rn a tiv e  re a d in g s  o f  s o m e  p h ra ses  o r  w o r d s  in  b ra ck ets ,
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to  in d ic a te  tra n sla tion s th a t w o u ld  b e  so m e w h a t  m o r e  fa ith fu l to  the 

c o p y  o f  th e  o r ig in a l G e r m a n  t e x t : 69

I  always think o f  M ichelson  as the Artist in  Science. H is greatest jo y  

seem ed to com e from  the beauty o f  the experim ent itself, and the elegance 

o f  the m ethod em ployed. But he has also shown an extraordinary under 

standing fo r  the baffling fundam ental questions o f  physics. T h is is evident 

from  the keen interest he has show n from  the beginning fo r  the problem  o f  

the dependence o f  light on  [upon] m otion .

T h e  influence o f  the crucial [fam ous] M ich elson -M orley  experim ent upon  

m y ow n efforts [deliberations] has been rather indirect. I  learned o f  it through 

H . A . Lorentz’s decisive investigation o f  the electrodynam ics o f  m oving bodies 

(1*895) w ith w hich  I was acquainted before develop ing [setting forth] the 

Special T h eory  o f  Relativ ity. Lorentz’s basic assumption o f  an ether at rest 

seem ed to m e not convincing in  itself and also [replace  and also by  precisely] 

fo r  the reason that it was leading to an interpretation o f  the result o f [om it the 

result o f] the M ich elson -M orley  experim ent w h ich  seem ed to m e artificial.

W hat led  m e m ore or less [om it m ore or less] directly  to the Special T h eory  

o f  Relativ ity was the conviction  that the electro-m otoric [electrom otive] force  

acting on  [induced in] a bod y  in m otion  in a m agnetic field  was nothing else 

but an electric field. But I  was also gu ided b y  the result o f the Fizeau experi

m ent and the phenom enon o f  aberration.

T h ere is, o f  course, no logica l w ay leading to  the establishment o f  a theory 

but only groping constructive attempts controlled  by  carefu l consideration o f  

factual know ledge .70

W e  first n o te  s o m e  d iffe re n ce s  b e tw e e n  th e  tex ts  a t  im p o r ta n t  p o in ts .

T h u s  th e  M ic h e ls o n -M o r le y  e x p e r im e n t  is c a lle d  “ c ru c ia l”  in  th e  E n g 

lish  tra n sla tion  (a s  it  o f t e n  is in  th e  d id a c t ic  lite ra tu re ) b u t  “ fa m o u s ”

( b e r ü h m t) in  th e  G e r m a n  o r ig in a l. B u t  th e  m o st  s ig n ifica n t a sp e ct  o f  

th e  d o c u m e n t  is th e  d e fin ite  o r d e r  o f  im p o r ta n c e  w h ic h  E in ste in  as 

s ig n ed  to  fo u r  id e n tifie d  e x p e r im e n ts . T h e  o n e  “ e x p e r im e n t”  c ite d  h ere  

as h a v in g  le d  E in ste in  “ d ire c t ly ”  ( in  th e  G e r m a n ) o r  “ m o re  o r  less 

d ire c t ly ”  ( in  th e  E n g lish  te x t )  t o  th e  sp e c ia l re la tiv ity  th e o ry  is p r e 

c ise ly  th e  th o u g h t  e x p e r im e n t  th a t  a p p e a rs  o n  th e  first p a g e  o f  h is 1905 

p a p e r , n a m e ly , th e  m o t io n  o f  a  c o n d u c t o r  w ith  re sp e ct  t o  a  m a g n e t ic  

fie ld . T h e  th ree  o th e r  e x p e r im e n ts  w e re  o f  som e  a d d it io n a l im p o r ta n c e : 

th e  F ize a u  a n d  a b e rra tio n  e x p er im en ts , w h o se  results “ a lso  g u id e d ”

E in ste in , a n d  th e  M ic h e ls o n -M o r le y  e x p e r im e n t , in  its fo r m  p resen ted  

b y  L o re n tz  in  1895 . B u t e v e n  in  this m essage o n  th e  ce n te n n ia l o f
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M ic h e ls o n ’ s b ir th , E in ste in  assigns M ic h e ls o n ’ s e x p e r im e n t  o n ly  th e  

fo u r t h  ra n k  as a n  h is to r ic  s tim u lu s : h e  re p o rts  th a t it  h a d  o n ly  a  “ ra th er  

in d ir e c t ”  r o le  in  h is  o w n  w o r k  o f  1 9 0 5 ; s p e c ifica lly , th e  e x p e r im e n t  ( o r  

ra th e r  its resu lt) u n d e r lin e d  th e  “ a r t ific ia l”  c h a r a c te r  o f  th e  c o n tr a c t io n  

h y p o th e s is  th a t se e m e d  to  b e  n e e d e d  in  o r d e r  to  re scu e  th e  c o n c e p t io n  

o f  a  s ta g n a n t e th er— a n  a r tific ia l ch a r a c te r , as w e  sh a ll see, th a t w as re 

g r e tte d  b y  o th e r  ph ysicists , in c lu d in g  L o r e n tz  h im se lf.

T h is  d o c u m e n t , th e r e fo r e , p r o v id e s  a  lik e ly  s ce n a r io  f o r  th e  p a rt  

p la y e d  b y  e x p e r im e n ts  in  th e  gen esis o f  E in ste in ’ s 1905  p a p e r . I t  is b e 

l ie v a b le  in  itse lf, c o n s id e r in g  th e  a u th o r ity  o f  th e  s ta tem en t. A n d  w e  

sh a ll f in d  th a t it  a lso  fits w ith  a ll o th e r  d ir e c t  a n d  in d ir e c t  e v id e n c e  

c o m in g  f r o m  E in ste in , in c lu d in g  h is letters, h is sp o k e n  an sw ers to  q u e s 

tion s, a n d  h is  o r ig in a l p a p e r .

T h e  f in a l p a r a g r a p h  o f  th e  sta tem en t is ra th e r  sta rtlin g . H e r e  E in ste in , 

h a v in g  d o n e  his d u ty  b y  w r it in g  th is resp on se  to  a  s p e c ific  q u e s tio n , g o e s  

b e y o n d  it a n d  v o lu n te e rs  a  g lim p se  o f  th e  m e th o d o lo g ic a l  p o s it io n  th a t 

h a d  a lso  s u r fa c e d  in  h is in terv iew s  w ith  S h a n k la n d : “ T h e r e  is, o f  co u rse , 

n o  lo g ic a l  w a y  le a d in g  to  th e  e sta b lish m en t o f  a  th e o r y  b u t  o n ly  g r o p in g  

c o n s tr u c t iv e  a ttem p ts  c o n t r o l le d  b y  c a r e fu l c o n s id e r a t io n  o f  fa c tu a l 

k n o w le d g e .”  E n tire ly  in  a c c o r d  w ith  th e  h o n e s t  se lf-a p p ra isa l o f  a n  

o r ig in a l scien tist, E in ste in ’ s fo r th r ig h t  co n fe s s io n  is y e t  so  c o n tra ry  to  th e  

w id e ly  cu r re n t  m y th s  w h ic h  p re se n t s c ie n tific  w o r k  as th e  in e x o r a b le  

p u rsu it  o f  lo g ic a lly  s o u n d  c o n c lu s io n s  f r o m  e x p e r im e n ta lly  in d u b ita b le  

prem ises . S ystem atizers, a x io m a tize rs , te x t  w riters , a n d  o th ers  m a y  y e a rn  

f o r  lin e a r ize d  seq u e n ce s  b o t h  in  s c ie n tific  w o r k  itse lf a n d  in  a c c o u n ts  o f  

i t ;  th e  tru th , a las, is d iffe r e n t . E in ste in  h a d  o f t e n  m e n t io n e d  th is, f o r  e x 

a m p le  in  sp e a k in g  to  S h a n k la n d  a b o u t  th e  o r ig in s  o f  h is w o r k  o f  1905 . 

S h a n k la n d  re p o rts  in  C o n v e r s a t io n s : “ T h is  le d  h im  to  c o m m e n t  at 

so m e  le n g th  o n  th e  n a tu re  o f  m e n ta l p rocesses  in  th a t  th ey  d o  n o t  seem  

a t  a ll to  m o v e  s tep  b y  s tep  to  a  s o lu tio n , a n d  h e  e m p h a s ize d  h o w  d e v io u s  

a  r o u te  o u r  m in d s  tak e  th r o u g h  a  p r o b le m . ‘ I t  is o n ly  a t th e  last th a t 

o r d e r  seem s a t a ll p o ss ib le  in  a  p r o b le m .’ ” 71 S im ila r ly , in  c o m m e n t in g  o n  

th e  c o r r e c t  v ie w  a n  h is to r ia n  s h o u ld  tak e  o f  th e  w o r k  o f  ph ysicists , E in 

ste in  to ld  h im : “ T h e  stru g g le  w ith  th e ir  p r o b le m s , th e ir  try in g  e v ery 

th in g  t o  f in d  a  s o lu tio n  w h ic h  c a m e  a t  last o f t e n  b y  v e r y  in d ir e c t  m ea n s, 

is th e  c o r r e c t  p ic tu r e .” 72

T h is  v ie w  E in ste in  h a d  ex p ressed  r e p e a te d ly — th o u g h  n o t  p re v io u s ly  

in  this c o n te x t— e x p lic it ly  f r o m  a b o u t  1918  o n  a n d  m o r e  e m p h a tica lly
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fr o m  th e  ea r ly  19 3 0 ’ s o n . E x a m p le s  m a y  b e  fo u n d  in  h is  essay in  h o n o r  o f  

M a x  P la n ck  in  19 18  ( “ th ere  is n o  lo g ic a l w a y  to  th e  d isco v e ry  o f  these 

e le m e n ta ry  law s. T h e r e  is o n ly  th e  w a y  o f  in tu it io n ”  b a se d  o n  E in fü h 

lu n g  in  e x p e r ie n c e 73) ; in  h is H e r b e r t  S p e n c e r  le c tu re  o f  1933 ( c o n c e r n 

in g  th e  “ p u re ly  fic t it io u s  c h a r a c te r  o f  th e  fu n d a m e n ta ls  o f  s c ien tific  

th e o ry ” 74) ; in  h is A u to b io g r a p h ic a l  N o te s  w r itte n  in  1946  ( “ A  th e o ry  

c a n  b e  tested  b y  e x p e r ie n ce , b u t  th e re  is n o  w a y  fr o m  e x p e r ie n c e  to  th e  

settin g  u p  o f  a  th e o r y ” 75) ; in  h is r e p ly  to  J a cq u e s  H a d a m a r d , w h o  h a d  

ask ed  E in ste in  fo r  a  se lf-an a lysis  o f  h is  th o u g h t  p rocesses  ( “ T h e  w o r d s  

o r  th e  la n g u a g e , as th ey  are  w r itte n  o r  sp o k e n , d o  n o t  seem  to  p la y  an y  

r o le  in  m y  m e ch a n is m  o f  th o u g h t . T h e  p s y ch ica l en tities  w h ic h  seem  

to  serve as e lem en ts  in  th o u g h t  a re  ce rta in  signs a n d  m o r e  o r  less c le a r  

im a g es  w h ic h  c a n  b e  ‘v o lu n ta r ily ’  r e p r o d u c e d  a n d  c o m b in e d ” 76) ; a n d  

o n  m a n y  o th e r  o c c a s io n s .77

I n  b e lie v in g  th at th ere  c a n  b e  a n  essentia l abyss b e tw e e n  e x p e r ie n c e  

a n d  lo g ica lly  s tru ctu re d  th e o ry , a n d  in  b e lie v in g  a lso  in  th e  re la te d  “ d is 

t in c t io n  b e tw e e n  ‘sense im p ress ion s ’  o n  th e  o n e  h a n d  a n d  m e re  id eas o n  

th e  o th e r ,”  w h ic h , as w e  n o te d , h e  co n fe s s e d  m a d e  h im  “ g u ilty  o f  th e  

m eta p h y s ica l ‘o r ig in a l sin,* ” 78 E in ste in  sep a ra ted  h im se lf f r o m  his ea r 

lie r  p os itiv is tic  a lle g ia n ce s  a n d  f r o m  m o st  o f  th e  p r o m in e n t  p h ilo so p h ie s  

o f  s c ie n ce  o f  h is t im e . T h a t  h e  d id  n o t  d o  th is lig h t ly  is in d ic a te d  b y  th e  

fr e q u e n c y  w ith  w h ic h  h e  k e p t  re ite ra tin g  th ese p o in ts  o v e r  th e  years. I n  

th is c o n n e c t io n  E in ste in ’ s d o c u m e n t  f o r  th e  M ic h e ls o n  ce n te n a ry  w ill  b e  

a  k ey  t o  th e  fin a l e v a lu a tio n  o f  th e  p r o b le m  u n d e r  d iscu ssion .

T o  r o u n d  o u t  th is se c t io n  o n  e x p l ic id y  h is to r ica l a cco u n ts , w e  tu rn  to  

th e  re la tiv e ly  fe w  o th e r  sou rces  th a t h a v e  seriou s h is to r ica l in ten tion s .

H e r e  w e  fin d  a  g r e a t  v a r ie ty  o f  o p in io n s  a m o n g  au th ors . A t  o n e  e n d  

S ir  E d m u n d  W h it ta k e r  re fers  to  “ th e  M ic h e ls o n -M o r le y  e x p e r im e n t  a n d  

th e  o th e r  e v id e n c e  w h ic h  h a d  g iv e n  rise to  re la t iv ity  th e o r y ”  in  h is  fa 

m o u s  a n d  a m p ly  d iscu ssed  c h a p te r , e n t it le d  s ig n ifica n tly  T h e  R e la t iv ity  

T h e o r y  o f  P o in c a r e  a n d  L o r e n tz ,  in  A  H i s t o r y  o f  t h e  T h e o r i e s  o f  

A e t h e r  6 n d  E l e c t r i c i t y .70 A t  th e  o th e r  e n d  is T .  W . C h a lm e rs ’s H i s 

t o r i c  R e s e 6 r c h e s : “ I t  s h o u ld  b e  m a d e  c le a r  th at, in  sp ite  o f  fr e q u e n t  

sta tem en ts to  th e  co n tra ry , th e  th e o ry  fo r  re la t iv ity  d id  n o t  o w e  its in sp i 

r a t io n  a n d  o r ig in  to  th e  n u ll resu lt o f  th e  e th e r  d r ift  ex p e r im e n ts . . . .

H a d  th e  e th e r  d r if t  e x p e r im e n ts  n e v e r  b e e n  p e r fo r m e d , th e  th e o ry  f o r  

re la tiv ity  w o u ld  h a v e  arisen  in  th e  w a y  it  d id , b u t  it  w o u ld  h a v e  la ck e d  

o n e  o f  its severa l sou rces  o f  e x p e r im e n ta l c o n f ir m a t io n .” 80
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T h e  m o st  c o m p r e h e n s iv e  h is to r ica l s tu d y  o f  th e  M ic h e ls o n  e x p e r im e n t  

h as re ce n tly  b e e n  c a r r ie d  o u t  b y  L o y d  S w e n so n  in  h is  P h .D . d isserta tion  

m e n t io n e d  e a r lie r— T h e  E t h e r e 6 l  A e t h e r : A  H i s t o r y  o f  t h e  

M i c h e l s o n - M o r l e y  A e t h e r - D r i f t  E x p e r i m e n t s , 1880 - 1930 . S w e n 

s o n  is n o t  p r im a r ily  c o n c e r n e d  w ith  th e  sp e c ia l q u e s tio n  o f  th is essay, 

b u t  ra th e r  an a lyzes  h is to r ica lly  th e  id e a  o f  th e  e x p e r im e n tu m  cru c is  a n d  

sp e c ifica lly  th e  w a y  in  w h ic h  M ic h e ls o n ’ s e x p e r im e n ts  w e r e  d iscu ssed  

b e fo r e  a n d  a fte r  1905 . A  n u m b e r  o f  p o in ts  u se fu l f o r  o u r  e x a m in a t io n  

h a v e  a lre a d y  b e e n  n o te d  in  S e c t io n  I I .  I n  p a r t ic u la r , S w e n so n  g iv es  

a d d it io n a l e v id e n c e  o f  th e  c o n s te r n a t io n  w h ic h  E in ste in ’ s re la tiv ity  

p a p e r  ca u se d  in  th e  e a r ly  days. T h u s  h e  c ites  W ill ia m  F . M a g ie ’ s a d 

dress o f  2 8  D e c e m b e r  1911 to  th e  A m e r ic a n  P h y s ica l S o c ie ty , o f  w h ic h  

h e  h a d  ju s t  b e e n  e le c te d  p r e s id e n t : M a g ie  sta ted  th a t re la tiv ity  “ m a y  

fa ir ly  b e  sa id  to  b e  b a se d  o n  th e  n ecessity  o f  e x p la in in g  th e  n e g a t iv e  re 

su lt o f  th e  fa m o u s  M ic h e ls o n -M o r le y  e x p e r im e n t , a n d  o n  th e  c o n v e n 

ie n c e  o f  b e in g  a b le  t o  a p p ly  M a x w e l l ’ s e q u a t io n s  o f  th e  e le c tr o m a g n e t ic  

fie ld  w ith o u t  c h a n g e  o f  f o r m  to  a  system  re fe r re d  to  m o v in g  a x es .” 81 

S w e n so n  c o n tin u e s , “ M a g ie  in sisted  o n  th e  c o u n te r -e v id e n c e  th a t th e  

p r in c ip le  o f  re la t iv ity  w a s  n o t  essentia l to  o b ta in  e x p la n a tio n s  f o r  th e  

e x p e r im e n ts  b y  F iz e a u , M a s ca r t , B ra ce , n o r  th ose  o f  K a u fm a n n  a n d  

B u ch e re r . W h y  th e n , h e  [M a g ie ]  a sk ed , s h o u ld  w e  a l lo w  th e  M ic h e ls o n -  

M o r le y  e x p e r im e n t  to  u p se t  a ll o u r  p r im a r y  c o n c e p ts  o f  p h y s ic s ? ”  A n d  

q u o t in g  M a g ie  a g a in , “ T h e  p r in c ip le  o f  re la t iv ity  a c c o u n ts  f o r  th e  n e g a 

t iv e  resu lt o f  th e  e x p e r im e n t  o f  M ic h e ls o n  a n d  M o r le y , b u t  w ith o u t  a n  

e th e r  h o w  d o  w e  a c c o u n t  f o r  th e  in te r fe r e n c e  p h e n o m e n a  w h ic h  m a d e  

th a t e x p e r im e n t  p o s s ib le?” 82 C le a r ly , lik e  O l iv e r  L o d g e , M a g ie  d id  n o t  

th in k  m u c h  o f  th e  a t te m p t  to  m a k e  re la tiv ity  a n d  M ic h e ls o n ’ s w o r k  

s u p p o r t  e a c h  o t h e r .83

I n  su m m a ry , w h a t  e m erg es  f r o m  e x p lic it  h is to r ica l a c c o u n ts , in c lu d 

in g  E in ste in ’ s in te rv ie w s  w ith  S h a n k la n d , is th a t  th e  sto ry  w e  fo u n d  

e a r lie r  in  d id a c t ic  o r  p h ilo s o p h ic a l  re so u rce s  is, a t  best, su sp ect a n d  

n e e d s  a  seriou s c r it iq u e . T h e  stu d y  so  fa r  h a s  serv ed  to  c la r ify  so m e  o f  

th e  o p t io n s  th a t w il l  e m e r g e  f r o m  d ir e c t  d o c u m e n ta r y  e v id e n c e , first 

o f  a ll f r o m  th e  b a s ic  p a p e r  b y  E in ste in  in  1905 .

V I .  D ir e c t  E v id e n c e  in  E in s te in 3s 1 9 0 5  P a p e r

E in ste in ’ s p a p e r  o n  re la tiv ity  o f  h is a n n u s m ira b ilis  o f  1905— still so  

fresh , so  c le a r ly  th e  in sp ire d  w o r k  o f  gen iu s— h a s b e e n  d iscu ssed  so
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o ft e n  th a t w e  n e e d  h e re  o n ly  a  r e m in d e r  o f  s o m e  c h ie f  p o in ts .84 T h e  

p u rp o s e  o f  th e  p a p e r , as im p lie d  in  th e  t it le  a n d  th e  first lin es o f  th e  

in tr o d u c t io n , is t o  p r o v id e  a n  e le c tro d y n a m ics  o f  m o v in g  b o d ie s , b a sed  

o n  th e  la w s p re v io u s ly  fo r m u la te d  in  M a x w e l l ’s e le c tro d y n a m ics  f o r  

b o d ie s  a t  rest. A s  E in ste in  sa id  a b o u t  fo r t y  years la te r  in  h is A u to b io 

g ra p h ica l N o t e s :  “ T h e  sp e c ia l th e o r y  o f  re la tiv ity  o w e s  its o r ig in  to  

M a x w e l l ’ s e q u a tio n s  o f  th e  e le c tro m a g n e t ic  fie ld . In v e rse ly  th e  la tte r  

c a n  b e  g ra sp e d  fo r m a lly  in  sa tis fa ctory  fa sh io n  o n ly  b y  w a y  o f  th e  sp e 

c ia l th e o ry  o f  re la tiv ity .” 85

T h e  first rea son  f o r  d o in g  th is w o r k  is in d ic a te d  in  E in ste in ’ s first 

s e n te n ce : “ I t  is k n o w n  th a t M a x w e l l ’ s e le c tro d y n a m ics — as u su a lly  u n 

d e r s to o d  a t  th e  p resen t tim e— w h e n  a p p lie d  to  m o v in g  b o d ie s , lea d s to  

asym m etries  w h ic h  d o  n o t  a p p e a r  t o  b e  in h e re n t  in  th e  p h e n o m e n a .”

T h is  is a  d issa tis fa ction  o f  a n  a esth e tic  k in d , a n d  in c id e n ta lly  o n e  w h ic h  

h a d  n o t  b e e n  th o u g h t  o f  b y  o th e r  ph ysicists  as a  m a jo r  d e fe c t  th a t m u st 

b e  re m e d ie d . A t  a n y  ra te , w e  n o te  th a t E in ste in  d oes  n o t  start b y  p o in t in g  

to  s o m e  c o n fl ic t  b e tw e e n  th e o ry  a n d  th e  k n o w n  fa cts . T h e  w e ll-k n o w n  

e x a m p le  h e  a p p e n d s  to  th e  first sen ten ce  is th a t “ th e  cu s to m a ry  v ie w  

d ra w s a  sh a rp  d is t in ct io n ”  b e tw e e n  th e  reason s w h y  a  cu rre n t  is in d u c e d  

in  a  c o n d u c t o r  w h e n , o n  th e  o n e  h a n d , a  c o n d u c t o r  is a t  rest w h ile  in  th e  

fie ld  o f  a  m o v in g  m a g n e t  (h e re  th e  cu r re n t  is sa id  to  b e  d u e  t o  a n  e le c 

tr ic  fie ld  in  th e  n e ig h b o r h o o d  o f  th e  m a g n e t )  a n d , o n  th e  o th e r  h a n d , 

th e  c o n d u c t o r  is m o v in g  in  th e  fie ld  o f  a  restin g  m a g n e t  (h e re  n o  e le c 

tr ic  fie ld  exists in  th e  n e ig h b o r h o o d  o f  th e  m a g n e t , b u t  fo l lo w in g  H e rtz , 

a n  e le c tro m o tiv e  fo r c e  a p p e a rs  in  th e  c o n d u c t o r  a n d  is resp on sib le  f o r  

th e  e le c tr ic  c u r r e n t ) . Y e t  th e  m a g n itu d e  a n d  d ir e c t io n  o f  th e  o b s e rv e d  

cu rren ts  in  th e  tw o  cases a re  fo u n d  to  b e  th e  sam e, g iv e n  th e  sam e re la 

t iv e  m o t io n . T h e  y o u n g  a u th o r  im p lies  th a t th e  th e o ry  “ as u su a lly  u n 

d e rs to o d  at th e  p resen t t im e ”  is d e fic ie n t  b e ca u se  o f  th e  asy m m etry  o f  

p re su m e d  causes, a n d  th e r e fo r e  th a t a  r e fo r m u la t io n  o f  e le c tro d y n a m 

ics is n e e d e d  to  ch a n g e  th e  “ u n d e rs ta n d in g ”  b y  r e m o v in g  th e  a sy m 

m etry  (a s  is d o n e  la ter  in  th e  p a p e r 86) .

T h e  e x a m p le  E in ste in  has c h o s e n  is, o n  th e  su r fa ce , ra th e r  p e d e str ia n  

a n d  n o t  a t a ll n o v e l, g o in g  b a c k  to  F a r a d a y ’ s w o rk . B u t th a t is o f  cou rse  

the m a rk  o f  h is o r ig in a lity . I n  le a d in g  u p  to  th e  r e fo r m u la t io n  o f  th e  

m ost fu n d a m e n ta l n o tion s  o f  sp a ce  a n d  tim e , E in ste in  d o e s  n o t  h a v e  to  

d e p e n d  o n  a  so p h is tica te d  e ffe c t  o r  a  n e w  o r  e v e n  a n c ie n t  e x p e r im e n ta l 

pu zzle . H e  re fers  to  o b serv a tion s  lo n g  k n o w n  a n d  b e lie v e d  to  b e  w e ll
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u n d e r s to o d  b y  e v e ry o n e . T h is  w a s  a lso  h o w  G a lile o  a rg u e d , in  th e  D i 6 

l o g u e  C o n c e r n i n g  t h e  T w o  C h i e f  W o r l d  S y s t e m s . S o , to o , n e ith er  

C o p e r n ic u s ’ s D e  R e v o l u t i o n i b u s  n o r  N e w to n ’ s P r i n c i p i 6  w as b a se d  o n  

n e w ly  a v a ila b le  e x p e r im e n ta l fa c t s ;  n o r  w a s  e ith e r  d e s ig n e d  to  e x p la in  

o b se rv a tio n s  w h ic h  p re v io u s  th e o ry  h a d  fa ile d  t o  a c c o m m o d a te . T o  b e  

sure, th e  m o r e  o r d in a r y  sc ie n tific  p a p e r , p a rt icu la r ly  in  th e  m o d e r n  p e r i 

o d ,  is a p t  to  start f r o m  so m e  n e w  e x p e r im e n ta l resu lt o f  a n  o b se rv a tio n  

th a t  h as b e e n  r e ca lc itra n t, resistin g  a b s o rp tio n  in to  th e  e x is t in g  th e o re ti 

c a l  s tru ctu re .

A ft e r  th e  d eta ils  E in ste in  g a v e  fo r  th e  ca se  o f  th e  in d u c e d -c u r r e n t  e x 

p e r im e n t  w ith  c o n d u c to r s  a n d  m a g n ets , h is n e x t  tw o  sen ten ces  are  sur 

p r is in g  in  th e ir  u n s p e c if ic  la n g u a g e  a n d  in  th e ir  c o m b in a t io n  o f  a p 

p a re n t ly  u n re la te d  m a tte rs :

Exam ples o f  this sort, together w ith the unsuccessful attem pts to  discover 

any m otion  o f  the earth relatively to  the “ light m ediu m ,”  suggest that the 

phenom ena o f  electrodynam ics as w ell as o f  m echanics possess n o  properties 

corresponding to the idea o f  absolute rest. T h e y  suggest rather that, as has 

already been shown to  the first order o f  sm all quantities, the sam e laws o f  

electrodynam ics and optics w ill be va lid  fo r  all fram es o f  reference fo r  w hich  

the equations o f  m echanics hold  g o o d .87

W e  stop  b r ie fly  a t this s ig n ifica n t  p la c e :  it is p r e c ise ly  h e re  th a t th e  

M ic h e ls o n  e x p e r im e n t  m ig h t  h a v e  b e e n  re fe r re d  to . I t  is, a fte r  a ll, fo r e 

m o st  in  o u r  te x tb o o k s  a m o n g  th e  e x p e r im e n ts  o n  th e  e ffe c ts  o f  th e 

e a r th ’ s m o t io n  u p o n  th e  o b s e rv e d  sp e e d  o f  lig h t . B u t h o w e v e r  w e  m a y  

sp e cu la te  o n  w h e th e r  o r  n o t  E in ste in  th o u g h t  a b o u t  it, h is  p a p e r  d o e s  

n o t  s u p p o r t  su ch  sp e cu la t io n . A g a in , w h e n  E in ste in  la ter  sp ok e  sp e c ifi 

c a lly  o f  th e  o r ig in s  o f  th e  re la t iv ity  th e o ry  in  h is A u to b io g r a p h ic a l  

N o te s , h e  fa ile d  to  m e n t io n  M ic h e ls o n ’ s e x p e r im e n t  a n y w h ere . S o m e  

h a v e  fo u n d  this fru stra tin g , b u t  it w o u ld  b e  p re s u m p tu o u s  to  th in k  th a t 

E in ste in  h a d  a n y  o b lig a t io n  to  e x p la in  h im s e lf  o n  this p o in t , e ith e r  in  

1905 o r  la ter . A s  it  w ill tu rn  o u t , h e  d id  le a v e  m o r e  th a n  e n o u g h  

m a te r ia l f o r  th e  h is to r ia n  to  d e a l a d e q u a te ly  w ith  th e  p r o b le m .

W h a t  is c le a r , a t a n y  rate , is th a t th e  fa m o u s  e x p e r im e n t  is n o t  re 

fe r r e d  to  b y  n a m e , n o r  a re  a n y  o th e r  e x p e r im e n ts  o n  th e  p re su m e d  

e f fe c t  o f  th e  e a r th ’ s m o t io n  re la tiv e  to  th e  e th er . A ls o , in  th e  sen ten ce  

r e fe r r in g  to  th e  u n n a m e d  u n su ccess fu l a tte m p ts  t o  d is c o v e r  a n  e th er  

d r ift , th e  e x p e r im e n ts  a re  n o t  la b e le d  as c r u c ia l. T h e y  seem  t o  p la y  a  

s u p p o r t in g  r o le  o f  th e  fo l lo w in g  k in d : th e  resu lts o f  th e  s p e c ifie d  m a g -
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n e t -a n d -c o n d u c to r  e x p e r im e n ts  a n d  o f  th e  u n sp e c ifie d  o p t ic a l e x p e r i 

m en ts  a re  in  c o n f l ic t  w ith  th e  n o t io n s  o f  a b so lu te  sp a ce  a n d  w ith  o th e r  

id ea s  o f  a b so lu tis t ic  ph ysics . A ls o , in  term s o f  M a x w e l l ’ s e le c tro m a g 

n e t ic  th e o ry , th e y  a re  c lo se ly  re la te d  ex p er im en ts . T h e s e  fa cts  m a k e  it  

th a t  m u c h  m o r e  re a so n a b le  to  fa sten  u p o n  M a x w e l l ’s th e o ry  as th e  p la c e  

w h e re , th r o u g h  its re la t iv iza tio n , b o th  o p t ic s  a n d  e le c tro d y n a m ics  m u st  

b e  re in terp re ted  to g e th e r .

T h e  su g g estion  (c o n je c tu r e , V e r m u tu n g )  r e fe r re d  to  in  E in ste in ’ s 

last sen ten ce , w h o se  p u r p o r t  h e  ca lls  th e  “ p r in c ip le  o f  re la tiv ity ,”  is 

th en , w ith o u t  fu r th e r  d iscu ss ion , ra ised  in  status to  b e c o m e  th e  first o f  

tw o  p ostu la tes  w h ic h  fo r m  th e  basis o f  th e  rest o f  th e  p a p e r . T h e  s e c o n d  

p o s tu la te  (c o n s ta n c y  o f  th e  sp eed  o f  l ig h t  in  e m p ty  s p a c e )  is a d d e d  in  

th e  sam e sen ten ce  w ith o u t  c it in g  a n y  e v id e n c e  w h ic h  m ig h t  in crea se  

its p la u sib ility . T h e  re a d e r  is t o  fin d  its w a rra n t  in  th e  success o f  th e  

th e o ry  b a sed  o n  th e  p ostu la tes .

N e ith e r  h e r e  n o r  la te r  in  th e  p a p e r  a re  th e  fu n d a m e n ta l sta tem en ts  

set fo r t h  in  a  lo g ic a l  w a y , c o n n e c te d  t o  a  w e ll-m a rsh a lle d  set o f  fa c ts  

a n d  e x p e r im e n ts  a n d  b o ls te re d  b y  d e ta ile d  rea son s  a n d  ex a m p les . (S e e  

T a b le  I  f o r  a n  a tte m p t t o  set o u t  s ch e m a tica lly  th e  stru ctu re  u n d e r ly 

in g  these p a g es  o f  th e  1905 p a p e r .)  O n  th e  c o n tra ry  th e  p a p e r  h as th e  

freshn ess o f  a n  o u tp o u r in g  o f  g e n iu s  th a t m a k es  it  b e lie v a b le  th a t it  w a s  

w r itte n  w ith in  “ fiv e  o r  s ix  w eek s”  (a s  E in ste in  w r o te  to  o n e  o f  h is b io g 

ra p h ers , C a r l S ee lig , o n  11 M a r c h  1 9 5 2 ) ,  a n d  in  a  y ea r  w h ic h  sa w  h im  

sen d  th ree  b a s ic  p a p e rs  o f f  a t in terv a ls  o f  less th a n  e ig h t  w eek s w h ile  

a lso  d o in g  h is j o b  a t th e  B e rn  P a te n t  O f f i c e .88 I t  is a lso  q u ite  in  a c c o r d  

w ith  E in ste in ’ s s ta tem en t th a t  h e  h a d  th e n  re ce n tly  seen  “ th ere  is n o  

lo g ic a l w a y  t o  th e  esta b lish m en t o f  a  th e o r y ,”  b u t  th a t h e  h a d  to  le a p  

o v e r  th e  g a p  “ to  th e  d is c o v e r y  o f  a  u n iv ersa l fo r m a l p r in c ip le .” 89

W e  c a n  thus re la te  these passages o f  1905  w ith  a  w e ll-k n o w n  p o r t io n  

o f  E in ste in ’ s A u to b io g r a p h ic a l  N o te s  (w r it te n  in  1946 , p u b lish e d  in  

1 9 4 9 ) ,  in  w h ic h  h e  r e p o r te d  o n  w h a t  h e  re g a rd e d  to  b e  th e  o r ig in s  o f  

re la tiv ity  th e o ry  in  h is o w n  s p e c u la t io n s :

Reflections o f  this type [on the limitations o f  M axw ell’s theory for  the d e 

scription o f  pressure fluctuations on  a light reflector] m ade it clear to m e as 

long ago as shortly after 1900, i.e., shortly after P lanck ’s trailblazing w ork, that 

neither m echanics nor therm odynam ics cou ld  (except in lim iting cases) 

claim  exact validity. By and by  I despaired o f  the possibility o f  discovering 

the true laws by  means o f  constructive efforts based on  know n facts. T h e
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T a b le  I .  B r ie f  s ch em a tic  s tr u c tu r e  o f  th e  in tr o d u c to r y  s e c tio n  

o f  E in s te in 9s 1 9 0 5  p a p e r  o n  r e la tiv ity

Statements in sequence

A  M axw ell’ s electrodynamics fo r  bodies 

at rest leads to asymmetries that do 

not belong to the phenomena.

B Attempts to discover a m otion o f  the 

earth relative to the “ light aether”  

have failed.

G Postulation o f “ principle o f  rela

tivity”  for  mechanics, optics, and 

electrodynamics.

D  Postulation o f  principle o f constancy 

o f light speed.

E C  +  D  will have consequences:

Examples or reasons given

1. Thought experiments a la  Fara

day on electrodynam ic interaction 

between magnet and conductor.

2. O ther “ examples o f a similar 

kind”  (not specified).

(N o  explicit reasons g iven .)

1. A - { -  B “ lead to”  conjecture (the 

postulate) G (n ot shown h o w ).

2. I t  has already proved useful for  

first order (v/ c)  theory.

(N o explicit reasons given.)

1. A  simple, noncontradictory elec 

trodynamics w ill result, based on 

M axw ell’ s theory.

2. T h e  “ light aether”  w ill be super

fluous.

longer and the m ore  despairingly I  tried, the m ore I  cam e to  the con viction  

that on ly  the discovery o f  a universal form al prin cip le  cou ld  lead us to  as

sured results. T h e  exam ple I  saw before  m e was therm odynam ics. T h e  gen 

eral prin cip le was there given in the th eorem : the laws o f  nature are such 

that it is im possib le to construct a perpetuu m  m ob ile  ( o f  the first and second 

k in d ) . H ow , then, cou ld  such a universal prin cip le be  fou n d ? A fter ten years 

o f  reflection such a prin cip le resulted from  a paradox u p on  w hich  I had al 

ready hit at the age o f  sixteen : I f  I  pursue a beam  o f  light w ith the velocity  c  

(ve locity  o f  light in  a v a cu u m ), I  should  observe such a beam  o f  light as a 

spatially oscillatory electrom agnetic field  at rest. H ow ever, there seems to be 

n o  such thing, w hether on  the basis o f  experience or  accord in g  to M axw ell’s 

equations. F rom  the very beginning it appeared to m e intuitively clear that, 

judged  from  the standpoint o f  such an observer, everything w ou ld  have to 

happen accord in g  to  the sam e laws as for  an observer w h o, relative to the 

earth, was at rest. F or how , otherwise, should the first observer know, i.e., be 

able to  determ ine that he is in  a state o f  fast uniform  m otion ?
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O n e sees that in this paradox the germ  o f  the special relativity theory is 

already contained .90

T h is  p a ssa ge  h a s  its e x a c t  p a ra lle l in  th e  1905  p a p e r , in  th e  c o n c e p 

tu a l le a p  f r o m  a  s im p le  e x p e r im e n t  ( in d e e d , a lso  a  k in d  o f  G e d a n k e n -  

e x p e r im e n t— th e  re la tiv e  m o t io n  o f  c o n d u c t o r  a n d  m a g n e t )  t o  th e  g e n 

e ra l p r in c ip le  f r o m  w h ic h  th e  c o n te n t  o f  th e  re la tiv ity  th e o ry  w ill  d e 

r iv e . M o r e o v e r ,  it  a p p e a rs  n o t  t o  h a v e  b e e n  n o t ic e d  b e fo r e  th a t th e  

sem in a l p a r a d o x  p o n d e r e d  in  h is y o u th  a n d  th e  e x p e r im e n t  in  th e  b e 

g in n in g  o f  th e  1905  p a p e r  a re  p h y s ica lly  o f  p r e c ise ly  th e  sa m e  k in d : in  

o n e  ca se  th e  q u e s tio n  c o n c e r n s  th e  e le c t r ic  a n d  m a g n e t ic  fie ld s  a  m o v 

in g  o b s e rv e r  fin d s  to  b e  a sso c ia te d  w ith  a  l ig h t  b e a m ; in  th e  o th e r  ca se , 

it  c o n c e r n s  th e  e le c tr ic  a n d  m a g n e t ic  fie ld s  e x p e r ie n c e d  b y  a  m o v in g  

c o n d u c t o r ;  a n d  th e  so lu tio n s  in  b o t h  cases f o l lo w  fr o m  th e  sa m e  tra n s 

fo r m a t io n  e q u a tio n s . I t  seem s th e r e fo r e  p o ss ib le  th a t E in ste in  m a y  h a v e  

h a d  th is y o u th fu l  th o u g h t -e x p e r im e n t  w ith  th e  lig h t  b e a m  in  m in d  w h e n  

h e  w r o te  in  1905  th e  o th e rw ise  ra th e r  o b s c u r e  p h ra se , “ e x a m p le s  o f  

th is so r t .” 87 I n d e e d , th e  p a r a d o x  o f  th e  lig h t  b e a m  w o u ld  h a v e  b e e n  

a  n a tu ra l b r id g e  t o  th e  r e fe r e n c e  im m e d ia te ly  fo l lo w in g  in  th e  1905  

p a p e r , n a m e ly  to  th e  e x p e r im e n t  a t te m p tin g  “ to  d is c o v e r  a n y  m o t io n  

o f  th e  ea rth  re la t iv e  to  th e  ‘ lig h t  m e d iu m .’  ”

T h e  n e x t  sen ten ce  o f  th e  1905  p a p e r  is o n e  in  w h ic h  E in ste in , n o w  

n e a r  th e  e n d  o f  h is in tr o d u c t io n , a lm o st  g ra tu ito u s ly  n otes  a  resu lt t o  

b e  e x p e c te d  fr o m  h is a p p r o a c h . “ T h e  in tr o d u c t io n  o f  a  ‘lu m in ife ro u s  

e th e r ’  w ill p r o v e  to  b e  su p erflu ou s  in a s m u ch  as th e  v iew s h e re  to  b e  d e 

v e lo p e d  w ill n o t  r e q u ire  a n  ‘a b so lu te ly  s ta tion a ry  s p a ce ’  p r o v id e d  w ith  

sp e c ia l p ro p e rt ie s . . . . ”  T h is  q u ic k ly  b r in g s  h im  t o  th e  “ K in e m a t ic a l  

P a rt,”  w ith  its e x a m in a t io n  o f  th e  c o n c e p ts  o f  sp a ce  a n d  tim e . T h e  

L o r e n tz  tra n s fo rm a tio n  e q u a tio n s  a re  d e r iv e d  f r o m  th e  p ostu la tes  a n d  

le a d  to  th e  t r a n s fo r m a tio n  o f  th e  M a x w e l l-H e r tz  e q u a t io n s  th a t  e n 

co m p a ss  a ll e le c t r o d y n a m ic  p h e n o m e n a , in c lu d in g  m o v in g  m a g n e ts  a t  

o n e  e n d  a n d  m o v in g  lig h t  b e a m s  a t  th e  o th e r . A ll  th e  rest fo l lo w s  f r o m  

th is : th e  re la tiv ist ic  D o p p le r  e f fe c t ,  a b e rra t io n , a n d  th e  p ressu re  o f  r a d i 

a t io n  e x e r te d  o n  a re fle c to r . I t  is s ig n ifica n t  th a t a b e rr a t io n  a n d  c h a n g e  

in  fr e q u e n c y  o f  a  lig h t w a v e  a re  th e  t w o  o ld e s t  k n o w n  o p t ic a l  e ffe c ts  

d u e  to  th e  m o t io n  o f  th e  e a rth  re la t iv e  t o  th e  stars— k n o w n  lo n g  b e fo r e  

th e  M ic h e ls o n  e x p e r im e n t— a n d  th a t  th e  p r o b le m  o f  r a d ia t io n  pressu re  

is o n e  w h ic h  E in ste in  r e p o r te d  la te r  to  h a v e  in tr ig u e d  h im  v ery  e a r ly  

as e v id e n c e  o f  th e  lim its  o f  a p p lica b ility  o f  M a x w e l l ’s th eory .
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B u t a t  this p o in t  E in ste in  stop s h im s e lf : “ A ll  p r o b le m s  in  th e  o p t ic s  

o f  m o v in g  b o d ie s  c a n  b e  s o lv e d  b y  th e  m e th o d  h e re  e m p lo y e d . W h a t  is 

essentia l is th a t th e  e le c tr ic  a n d  m a g n e t ic  f o r c e  o f  th e  lig h t  w h ic h  is 

in flu e n c e d  b y  a  m o v in g  b o d y  b e  tra n s fo rm e d  in to  a  system  o f  c o 

o rd in a te s  a t  rest re la tiv e ly  to  th e  b o d y .”  (H e r e  th e  e x p e r im e n t  o f  th e  

m a g n e t  a n d  in d u c e d  cu rre n t  c o n n e c ts  a g a in  w ith  th e  e x p e r im e n t  o n  th e  

lig h t  b e a m .)  “ B y  th is m ea n s a ll p r o b le m s  in  th e  o p t ic s  o f  m o v in g  b o d ie s  

w ill  b e  r e d u c e d  to  a  series o f  p r o b le m s  in  th e  o p t ic s  o f  s ta tion a ry  

b o d ie s .” 91

I t  w o u ld  b e  in c r e d ib le  f o r  a  m o r e  o r d in a r y  p h ysic ist, p a r t ic u la r ly  f o r  

a  y o u n g  m a n  p r o u d  to  s h o w  th e  p o w e r  o f  h is n e w  th e o ry , t o  d o  w h a t  

E in ste in  n o w  d o e s  ( o r  d o e s  n o t  d o ) : h e  fa ils  t o  e x p la in  th a t these sen 

ten ces  c o n ta in  a  re in te rp re ta t io n  o f  th e  n u ll  resu lt o f  th e  M ic h e ls o n  

e x p e r im e n t , th e  re la tiv ist ic  e q u iv a le n t  o f  th e  L o r e n tz -F itz G e r a ld  c o n 

t ra c t io n , a n d  th e  s o lu tio n  o f  o th e r  p r o b le m s  th a t  h a d  p r e o c c u p ie d  m a n y  

o f  th e  best ph ysicists  d u r in g  th e  p r e v io u s  tw o  d e ca d e s . D e p e n d in g  o n  

o n e ’ s p r e d isp o s it io n , th e  last sen ten ce  c ite d  a b o v e  c a n  b e  in te rp re te d  as 

a  s ta tem en t o f  e le g a n c e , o f  a r r o g a n ce , o f  ig n o r a n c e  o f  th e  d e ta ile d  e x 

p e r im e n ts  in  th e  “ o p t ic s  o f  m o v in g  b o d ie s ,”  o f  la c k  o f  seriou s c o n c e r n  

w ith  th e  m essy  d eta ils  o f  e x p e r im e n ta l p h ysics , o r  e v e n  o f  m e re  la c k  o f  

t im e  to  g o  in to  fu r th e r  d e ta il in  a  th ir ty -o n e -p a g e  p a p e r , w r itte n  r a p id ly  

d u r in g  a n  im m en se ly  p r o d u c t iv e  p e r io d .

I  su sp ect th a t a ll o f  th ese  e lem en ts  w e r e  a t  w o r k , b u t  th e  first is th e  

m o st  p r o m in e n t . F o r  e x a m p le , in  fo r g o in g  fo r  th e  s e co n d  t im e  th e  o p 

p o r tu n ity  to  m e n t io n  th e  M ic h e ls o n  e x p e r im e n t , E in ste in  is o n ly  fa c in g  

th e  fa c t  th a t fr o m  th e  p o in t  o f  v ie w  o f  re la tiv is t ic  p h ysics , n o th in g  im 

p o r ta n t  h a p p e n s  a t a ll in  th e  e x p e r im e n t . T h e  resu lt is “ n a tu ra l,”  fu lly  

e x p e c te d , a n d  tr iv ia lly  tru e . T h e  a b a n d o n m e n t  o f  th e  e th e r  a n d  th e  

a c c e p ta n c e  o f  th e  tra n s fo rm a tio n  e q u a tio n s  m e a n t  th e  d isa p p e a ra n ce  o f  

b o t h  th e  o b je c t iv e  a n d  th e  v e ry  v o c a b u la r y  f o r  d iscu ss in g  th e  e th e r - 

th e o re tic ia n s ’ in terests in  th e  n u ll resu lt a n d  in  th e  p o ss ib le  “ cau ses”  o f  

th e  “ c o n t r a c t io n .”  T h e  tw o  v iew s o f  th e  e x p e r im e n t  w e re  thus d iffe r e n t  

to  th e  p o in t  o f  b e in g  u n b r id g e a b le , w h ic h  a c c o u n ts  f o r  th e  in c o n c lu s iv e 

ness o f  d e b a te  b e tw e e n  th e  tw o  fa c t io n s  lo n g  a fte r  th e  p a p e r  w a s  p u b 

lish ed , f o r  e x a m p le  a t  th e  1927 m e e t in g  o n  th e  M ic h e ls o n  e x p e r im e n t. 

T h e  relativ ists s im p ly  c o u ld  n o t  see th e  c o m p le x  p r o b le m s  th at w e re  

seriou sly  e v id e n t  to  th e  e th e r  th eorists  to  w h o m , in  D u g a s ’ s h a p p y  p h ra se , 

th e  e th e r  still fo r m e d  “ th e  su b stra tu m  o f  th o u g h t  in  p h y s ics .”
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T h is  r e c o g n it io n  s h o u ld  p r e p a re  us f o r  th e  p oss ib ility  th a t a n a lo g o u s  

p h ilo s o p h ic a l d iffe re n ce s  sep a ra te  th e  tw o  p o in ts  o f  v ie w  o n  th e  o v e r 

r id in g  q u e stio n — h o w  to  u n d e rs ta n d  th e  h istory  o f  th e  d e v e lo p m e n t  o f  

re la tiv ity  th e o ry . O n  o n e  h a n d  is th e  la rg e ly  in tu it iv e , h o lis t ic  a p p r o a c h  

o f  E in ste in  h im se lf, w ith  s o m e  e m p ir ic is t  a n d  ra tion a lis t  e le m e n ts ; o n  

th e  o th e r  h a n d , th e re  a re  th e  a x io m a tic  a n d  e x p e r im e n tic is t  a p p r o a c h e s  

w e  n o te d  ea rlier . T o  th e  first g r o u p  it  a p p e a rs  n a tu ra l th a t  a n  e x p e r i 

m e n t  th a t p la y e d  n o  d e c is iv e  r o le  s h o u ld  n o t  b e  m e n t io n e d ; f o r  th e  

s e co n d  g r o u p , h o w e v e r , th e  a b se n ce  in  E in ste in ’ s p a p e r  o f  s p e c ific  a c 

k n o w le d g m e n ts  to  th e  r o le  o f  M ic h e ls o n ’ s e x p e r im e n t  b e c o m e s  a  p r o b 

lem , a n d  E in ste in  is seen  as h a v in g  sh irk ed  a n  “ o b l ig a t io n ”  to  e x p la in  

h im s e lf .92

R e tu r n in g  to  E in ste in ’ s p a p e r  o f  1 9 0 5 , w e  f in d  a t  th e  e n d  a  sh ort 

se c t io n  o n  th e  d y n a m ics  o f  m o v in g  e le c tro n s— th a t p a rt icu la r ly  fa m o u s  

ca se  o f  m o v in g  b o d ie s  d is c o v e r e d  o n ly  e ig h t  years ea rlier , a n d  c o n c u r 

ren tly  th e  s u b je c t  o f  w id e ly  d iscu ssed  ex p e r im e n ts , su ch  as th o se  b y  

K a u fm a n n . N o n e  o f  th e  e x p e r im e n ts , h o w e v e r , is m e n t io n e d . T h e  p a p e r  

e n d s  w ith  th ree  sta tem en ts , o n e  o f  w h ic h  “ m a y  b e  tested  e x p e r im e n ta lly ,”  

a n d  w h ic h  to g e th e r  a re  b o ld ly  su m m a rize d  as “ th e  law s a c c o r d in g  t o  

w h ic h , b y  th e  th e o ry  h ere  a d v a n c e d , th e  e le c tr o n  m u st m o v e .” 93 T h is  is 

in  fa c t  th e  o n ly  p la c e  in  th e  p a p e r  w h e re  n e w  e x p e r im e n ta l results a re  

p r e d ic te d  e x p lic it ly , a lth o u g h  e lsew h ere  th ere  a re  a  fe w  im p lica tio n s , 

f o r  e x a m p le , th a t  a n  o b je c t  m o v in g  a t  h ig h  re la tiv e  sp eed s “ w ill a p p e a l 

sh o rte n e d ”  a n d  th a t  a  m o v in g  c lo c k  w ill  a p p e a r  to  a  s ta tion a ry  o b 

serv er  to  k e e p  t im e  m o r e  s low ly . I n  a  fe w  in stan ces  a  resu lt is sa id  t o  b e  

in  a c c o r d  w ith  esta b lish ed  e x p e r im e n ts  ( th e  ca se  o f  th e  pressu re o f  

lig h t , f o r  in s ta n c e ) .  Y e t ,  w h ile  E in ste in  d e v e lo p s  th e  e q u a tio n s  w h ich  

ca n  e x p la in  w ith  str ik in g  ease su ch  h is to r ic  e x p e r im e n ts  as th e  F izea u  

test o f  F resn e l’ s th e o ry  o f  e th e r  d r a g  o r  th e  a b e rra t io n  o b serv a tion s , th e  

e q u a tio n s  are  n o t  e x p lic it ly  a p p lie d  to  th e m .

I n  a p a p e r  m e a n t  to  b e  re a d  b y  a  c o m m u n ity  o f  scientists u sed  to  

b e in g  p resen ted  w ith  e x p e r im e n ta l v e r if ica t io n  o f  n e w  th eories , it w o u ld  

h a v e  g rea tly  h e lp e d  th e  e sta b lish m en t o f  re la tiv ity  th e o ry  i f  th ere  h a d  

b e e n , so to  sp ea k , a  p e d a g o g ic  se c t io n  e la b o r a t in g  o n  th e  co n se q u e n ce s  

o f  th e  b a s ic  w o r k . O n e  c a n  o n ly  sp e cu la te  th a t this re m a rk a b le  o m iss io n  

m a y  b e  a d d it io n a l e v id e n c e  th a t th e  a u th o r  p e r c e iv e d  as o b v io u s  w h a t  

to  o th ers  w o u ld  b e  a  d e lig h te d  d isco v e ry , a n d  th a t h e  w a s  s in g le -m in d - 

e d ly  a tte n d in g  to  h is  a n n o u n c e d  m a in  p u rp o s e — th e  r e fo r m u la t io n  o f
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e le c tro d y n a m ic s  b a sed  o n  M a x w e l l ’ s e q u a tio n s , to g e th e r  w ith  r e fo r m  

o f  th e  n o tio n s  o f  s p a ce  a n d  t im e  w h ic h  this w o r k  n ecess ita tes .94

B y  h is  o w n , la ter  c r ite r ia  f o r  a  so u n d  th e o ry — “ in te rn a l p e r fe c t io n ”  

a n d  “ ex te rn a l c o n fir m a t io n ” 95— o n e  m ig h t  h a v e  e x p e c te d  a  litt le  m o r e  

d e ta ile d  d iscu ss ion  o f  b o th  th ese  c r ite r ia . H o w e v e r , th e  p a u c ity  o f  c it e d  

“ fa c ts ”  a n d  e x p e r im e n ts  c o n fo r m s  to  E in ste in ’ s d ic tu m  o f  w h a t  c o n s t i 

tu tes “ ex te rn a l c o n f ir m a t io n ” : n o t  th a t a  th e o ry  m u st b e  b u ilt o n  c le a r ly  

v is ib le  e m p ir ic a l fa c t s ; n o t  th a t th e  th e o ry  m u st b e  v er ified  b y  d e c is iv e  

e x p e r im e n ta t io n ; b u t  ra th er , “ th e  th e o r y  m u st n o t  c o n tr a d ic t  e m p ir ica l  

fa c ts .” ** T h is  c r ite r io n  is e v e n  c o u p le d  w ith  a  w a r n in g  a g a in st try in g  

t o  se cu re  “ th e  a d a p ta t io n  o f  th e  th e o r y  to  th e  fa c ts  b y  m ea n s  o f  a rt i 

f ic ia l a d d it io n a l a ssu m p tion s”  su ch  as a re  “ o fte n , p e rh a p s  e v e n  a lw ays, 

p o ss ib le .” 97 T h is  r e m a rk  le d  E in ste in  to  d iscu ss th e  cr ite r ia  c o n c e r n in g  

th e  p rem ises  o f  a  th e o ry , “ w ith  w h a t  m a y  b r ie fly  b u t  v a g u e ly  b e  c h a r 

a c te r ize d  as th e  ‘n a tu ra ln ess ’  o r  ‘ lo g ic a l  s im p lic ity ’ o f  th e  p rem ises .”  H e  

a d m its  th a t “ a n  e x a c t  fo r m u la t io n  . . .  m eets  w ith  g r e a t  d ifficu ltie s ,”  f o r  

it in v o lv e s  “ a  k in d  o f  r e c ip r o c a l  w e ig h in g  o f  in co m m e n s u r a b le  q u a n t i 

ties.”  T h o u g h  h e  c a n n o t  b e  m o r e  p rec ise , “ it turns o u t  th a t  a m o n g  th e  

‘a u g u rs ’  th ere  u su a lly  is a g re e m e n t  in  ju d g in g  th e  ‘ in n e r  p e r fe c t io n ’ o f  

th eor ies . . . .” 98 H e r e  w e  fa c e  a g a in  th e  r o le  o f  w h a t  c a n  o n ly  b e  c a lle d  

s c ie n tific  taste in  d e c id in g  w h ic h  th e o r y  o r  h y p oth es is  to  a c c e p t  a n d  

w h ic h  to  r e je c t . W e  sh a ll c o m e  b a c k  t o  th is im p o r ta n t  p o in t  la ter.

T o  s u m m a r iz e : th e  sty le o f  th o u g h t  th a t em erg es  f r o m  th e  d ir e c t  

e x a m in a t io n  o f  th e  1905 p a p e r  is fu lly  c o n s o n a n t  w ith  E in ste in ’ s r e p o r t  

h a l f  a  ce n tu r y  la ter  o n  th e  o c c a s io n  o f  th e  c e n te n n ia l o f  M ic h e ls o n ’ s 

b ir th . I t  is n o t  a  th e o ry  o f  th e  m o r e  u su a l k in d , d e s ig n e d  to  save  o n e  o r  

e v e n  a  fe w  p h e n o m e n a , b u t  a  th e o r y  “ w h o se  o b je c t  is th e  to ta lity  o f  a ll 

p h y s ica l a p p e a r a n c e s .” 90 T h e r e  is n o th in g  in  th e  p a p e r  w h ic h  g iv es  

s u p p o r t  to  th e  id e a  th a t E in ste in  m u st h a v e  c o n s id e r e d  M ic h e ls o n ’ s 

e x p e r im e n t  as c ru c ia l o r  e v e n  o f  p r im a ry  im p o r ta n c e , o r  e v e n  th a t h e  

d id  k n o w  o r  h a d  to  k n o w  o f  its ex is te n ce . M ic h e ls o n ’ s n u ll resu lt is e v i 

d e n t  “ o n  o th e r  g r o u n d s ”  i f  o n e  a cce p ts  th e  g e n e ra l sw a y  o f  M a x w e l l ’ s 

th e o r y  o v e r  a ll e le c tro d y n a m ic s  a n d  o p t ic s  a n d  a p p lie s  th e  re la tiv ity  

p r in c ip le  to  it. S u ch  b a s ic  e x p e r im e n ta l results as a re  assu m ed  in  th e  

p a p e r  c o u ld  w e ll b e  th ose  o f  F a ra d a y , F ize a u , a n d  th e  a b e rr a t io n  e x 

p e r im en ts . F r o m  first t o  last, E in ste in ’ s p a p e r  is a  w o r k  o n  a  g ra n d io se  

sca le , sp e c ifica lly  in te n d e d  t o  tra n s fo rm  th e  e le c t r o d y n a m ic  th e o ry  as 

th e n  u n d e r s to o d ; a n d  in  th e  p ro ce ss  it  im p lies  its o w n  m e th o d o lo g y  a n d
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its  o w n  m eta p h y s ics  to  serv e  as th e  p h ilo s o p h ic a l  basis o f  a  re n e w e d  

s c ie n ce . T h is  is  o f  co u rs e  w h y  w e  th in k  o f  it  still as so  p o w e r fu l  a  w o r k .

V I I .  I n d ir e c t  E v id e n c e :  F r o m  1 9 0 5  a n d  E a r lier

W e  h a v e  seen  n o  d ir e c t  e v id e n c e  in  th e  1905 p a p e r  itse lf t o  s u p p o r t  

th e  c o m m o n  te x tb o o k  story , a n d  o n  th e  c o n tra ry  w e  h a v e  fo u n d  m o r e  

p la u s ib le  e v id e n c e  in  th e  o p p o s ite  d ir e c t io n . H o w e v e r , th is c a n n o t  b y  

a n y  m ea n s  c o m p le te  o u r  sea rch , f o r  th ere  a re  a  n u m b e r  o f  d iffe r e n t  

types o f  in d ir e c t  e v id e n c e  t o  b e  e x a m in e d , in c lu d in g  e v id e n c e  fr o m  

c o n te m p o r a n e o u s  w o r k  o f  E in ste in  in  1905  a n d  f r o m  h is e a r ly  w o rk , 

c o m m e n ts , a n d  letters.

R e a d in g  o th e r  w o r k  b y  E in ste in  in  1905 , w e  m a y  re a so n a b ly  e x p e c t  

to  fin d  a d d it io n a l in s ig h t in to  h is assessm ent o f  th e  re la t io n  b e tw e e n  

e x p e r im e n ta l fa c t  a n d  th e o ry . A s  I  h a v e  d iscu ssed  e lse w h e re ,100 th e  th re e  

e p o c h a l p a p e rs  o f  E in ste in  p u b lish e d  in  19 05 , th o u g h  o n  su ch  v e r y  d i f 

fe re n t  fie lds o f  p h ysics— q u a n tu m  th e o ry  o f  lig h t , B r o w n ia n  m o t io n , 

re la tiv ity — all sh a red  tw o  s ig n ifica n t  p ro p e rtie s . T h e y  a rose  f r o m  th e  

sa m e g e n e ra l p r o b le m : flu c tu a tio n s  in  r a d ia t io n  pressu re , f o r  w h ic h , in  

th e  case  o f  a  m ir r o r  su sp e n d e d  in  a  r a d ia t io n  ca v ity , E in ste in  k n e w  b y  

1905 th at M a x w e l l ’ s th e o ry  lea d s to  w r o n g  p re d ic t io n s . A n d  th e y  sh a red  

th e  sam e sty le o f  c o n s tr u c t io n : “ E a c h  b eg in s  w ith  th e  sta tem en t o f  f o r 

m a l asym m etries  o r  o th e r  in co n g ru it ie s  o f  a  p r e d o m in a n t ly  aesth etic  

n a tu re  . .  . ,  th e n  p r o p o se s  a  p r in c ip le — p r e fe r a b ly  o n e  o f  th e  g e n e ra lity  

o f ,  say, th e  S e c o n d  L a w  o f  T h e r m o d y n a m ic s , t o  c ite  E in ste in ’ s re p e a te d  

a n a lo g y — w h ic h  re m o v e s  th e  asym m etries as o n e  o f  th e  d e d u c e d  c o n s e 

q u e n ce s , a n d  a t th e  e n d  p r o d u c e s  o n e  o r  m o r e  e x p e r im e n ta lly  v e r ifia b le  

p r e d ic t io n s .” 101

T h e  e x p e r im e n ta l p a r t  in  e a c h  o f  th e  th re e  p a p e rs  w as b y  fa r  th e  least 

d e v e lo p e d  a n d  fo r  m a n y  th e  m o st  u n c o n v in c in g  p a rt . T h u s , M illik a n , 

w h o se  N o b e l  P rize  in  p h ysics  w a s  a w a r d e d  in  p a r t  fo r  h is e x p e r im e n ta l 

c o n fir m a t io n  o f  E in ste in ’ s th e o ry  f o r  th e  p h o to e le c t r ic  e f fe c t ,  re m a rk e d  

la ter  th a t E in ste in ’s e x p la n a t io n  o f  th e  e f fe c t  in  1905

at the tim e ignored and indeed seemed to contradict all the m anifold  facts 

o f interference and thus to be a straight return to the corpuscular theory o f  

light w hich  had been com pletely  abandoned since the tim e o f  Y ou n g and 

Fresnel around 1800 A .D . I spent 10 years o f  m y life  testing the 1905 equa 

tion o f  Einstein’s, and, contrary to all m y expectations, I was com p elled  in
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1915 to  assert its unam biguous experim ental verification in  spite o f  all its 

unreasonableness since it seem ed to violate everything that w e knew  about 

the in terference o f  light.102

W e  c o n c lu d e  th a t E in ste in ’ s o th e r  w o r k  o f  1905 w a s  q u ite  con s is ten t 

w ith  th e  re la t iv ity  p a p e r , a n d  th a t in  p a r t ic u la r  th e  a tt itu d e  to w a r d  e x 

p e r im e n ts  w a s  th e  s a m e : r e lia n c e  o n  a  v e ry  sm a ll n u m b e r  o f  e x p e r i 

m en ts  e ith e r  as th e  basis o f  th e  th e o r y  o r  as a  s u p p o r t  t o  its c la im  to  

seriou s a tte n tio n .

E lse w h e re  I  h a v e  s h o w n  th a t at least f r o m  1907  o n  w e  h a v e  e v id e n c e  

th a t e v e n  in  th e  case  o f  “ d is c o n fir m in g  fa c ts ,”  su ch  as K a u fm a n n ’ s c o n 

fid e n t  “ e x p e r im e n ta l d is p r o o f”  o f  re la t iv ity  in  19 0 6 , E in ste in  c o n t in u e d  

to  b e lie v e  in  a  th e o r y  th a t se e m e d  to  h im  to  h a v e  a  “ g r e a te r  p r o b a b il ity ”  

b e ca u s e  it e m b r a c e d  a  “ g re a te r  c o m p le x  o f  p h e n o m e n a .” 103 I  sha ll n o w  

re v ie w , in  a p p r o x im a te ly  c h r o n o lo g ic a l  o r d e r , th e  o th e r  d o c u m e n ts  I  

h a v e  b e e n  a b le  to  f in d  th a t h a v e  a  b e a r in g  o n  E in ste in ’ s a tt itu d e  o n  th e  

im p o r ta n c e  o f  e x p e r im e n ta t io n , p a r t ic u la r ly  w ith  re sp e ct  to  th e  M ic h e l -  

son  e x p e r im e n t .

T h e r e  is g o o d  e v id e n c e  th a t  as a  y o u n g  s tu d e n t E in ste in  r e g a r d e d  

h im s e lf as a n  e m p ir ic is t . T h e  la ter  a tta in m e n t  o f  a  m o r e  c o m p le x  p o s i 

t io n  w a s  d e fin ite  e n o u g h  to  b e  d a te d  b y  E in ste in  h im s e lf  in  h is A u to b io 

g ra p h ica l  N o te s  as “ sh o rtly  a fte r  1 9 0 0 ,”  w h e n  h e  fo u n d  a fte r  P la n ck ’ s 

p u b lica t io n s  o f  1900  th a t  n e ith e r  m e c h a n ic s  n o r  th e r m o d y n a m ic s  c o u ld  

c la im  e x a c t  v a lid ity . “ B y  a n d  b y  I  d e s p a ir e d  o f  th e  p oss ib ility  o f  d is 

c o v e r in g  th e  tru e  la w s b y  m ea n s  o f  c o n s tr u c t iv e  e f fo r ts  b a sed  o n  k n o w n  

fa c t s .” 104 B u t  p r io r  to  th a t, w h ile  a  s tu d e n t a t th e  P o ly te c h n ic  In stitu te  

o f  Z u r ic h  f r o m  18 96  to  1 9 0 0 , h e  te n d e d  to w a r d  p r a c t ic a l  e x p e r im e n ta 

t io n :  “ T h e r e  I  h a d  e x c e lle n t  te a ch e rs  ( f o r  e x a m p le , H u rw itz , M in 

k o w sk i) , so  th a t I  rea lly  c o u ld  h a v e  g o t te n  a so u n d  m a th e m a t ica l e d u c a 

t io n . H o w e v e r , I  w o r k e d  m o st  o f  th e  t im e  in  th e  p h y s ica l la b o r a to ry , 

fa s c in a te d  b y  th e  d ir e c t  c o n t a c t  w ith  e x p e r ie n c e .” 105 T h is  d a t in g  fits 

w ith  e v id e n c e  p r o v id e d  in  19 30  b y  E in ste in ’ s b io g r a p h e r  A n t o n  R e is e r ,10® 

w h o , as I  h a v e  p o in t e d  o u t  e lse w h e re ,107 w as in  fa c t  E in ste in ’ s s o n -in -la w , 

R u d o l f  K a y se r , w h o  w o r k e d  o n  th e  b io g r a p h y  w ith  E in ste in ’ s a c q u i 

e s ce n ce . A n  in terestin g  p a ssa ge  in  th e  b io g r a p h y  re fers  to  y o u n g  E in 

s te in ’ s e a r ly  in terest in  c o n s tr u c t in g  b y  h im s e lf  a n  e x p e r im e n t  o f  th e  

ty p e  w e  h a v e  b e e n  h e re  d iscu ss in g , w h ile  u n d e r  th e  sw ay  o f  “ p u r e  

e m p ir ic is m ” :
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H e encountered at once, in his second year o f  co llege , the prob lem  o f  light, 

ether and the earth’s m ovem ent. T h is problem  never left him . H e  w anted to 

construct an apparatus w hich  w ou ld  accurately measure the earth’s m ovem ent 

against the ether. T h at his intention was that o f  other im portant theorists,

Einstein d id  not yet know. H e  was at that tim e unacquainted with the posi 

tive contributions, o f  som e years back, o f  the great D u tch  physicist H endrik  

Lorentz, and with the subsequently fam ous attem pt o f  M ichelson . H e  wanted 

to proceed  quite em pirically, to suit his scientific feeling o f  the tim e, and be 

lieved that an apparatus such as he sought w ou ld  lead him  to the solution 

o f  a problem , w hose far-reaching perspectives he already sensed.

But there was n o  chance to  bu ild  this apparatus. T h e  skepticism o f  his 

teachers was too  great, the spirit o f  enterprise too  small. A lbert had thus to 

turn aside from  his plan, but n ot to  give it u p  forever. H e still expected to 

approach the m a jor  questions o f  physics by observation and experim ent. H is 

thought was m ost intensely bound up  w ith  reality. A s a natural scientist he 

was a pure em piricist. H e  d id  not entirely believe in  the searching pow er o f  

the m athem atical sym bol. A fter several years this state o f  affairs changed 

com pletely .108

T h e  story  fixes a  d a te  ( th e  a c a d e m ic  y e a r  1 8 9 7 -1 8 9 8 )  b e fo r e  w h ic h  

E in ste in  w o u ld  n o t  h a v e  h e a r d  o f  th e  M ic h e ls o n  e x p e r im e n t , a n d  it  

h e lp s  u s a lso  to  u n d e rs ta n d  w h a t  o th erw ise  m a y  seem  to  b e  p u zzles  a n d  

c o n tra d ic t io n s  in  E in ste in ’s re fe re n ce s  to  h is  state o f  k n o w le d g e  o f  th e  

M ic h e ls o n  e x p e r im e n t  p r io r  to  th e  p u b lic a t io n  o f  th e  1905 p a p e r . I t  

m a k es  it  th a t m u c h  m o r e  b e lie v a b le  th a t  E in ste in  c o u ld  h a v e  a c c e p te d  

w ith o u t  surprise th e  resu lt o f  th e  M ic h e ls o n  e x p e r im e n t  w h e n  h e  d id  

b e c o m e  a w a re  o f  it, f o r  h e  h a d  p o n d e r e d  a b o u t  a n  e th e r -d r ift  e x p e r i 

m e n t  o f  h is  o w n ;  a n d  a t a n y  ra te  h is  e m p ir ic is t  ty p e  o f  a p p r o a c h  h a d  

la ter  “ c h a n g e d  c o m p le te ly .”  A s  w e  n o te d  f r o m  S h a n k la n d ’ s first in te r 

v ie w  w ith  E in ste in  in  1950 , “ w h e n  I  ask ed  h im  h o w  h e  h a d  le a rn e d  o f  

th e  M ic h e ls o n -M o r le y  e x p e r im e n t , h e  t o ld  m e  th a t h e  h a d  b e c o m e  

a w a re  o f  it th r o u g h  th e  w rit in g s  o f  H .  A . L o r e n tz , b u t  o n ly  a fte r  1 9 0 5  

h a d  it c o m e  to  his a t te n t io n !” 109 A n d  in  1952  E in ste in  t o ld  S h a n k la n d ,

“ I  a m  n o t  sure w h e n  I  first h e a rd  o f  th e  M ic h e ls o n  e x p e r im e n t . I  w a s  

n o t  co n sc io u s  th at it  h a d  in flu e n c e d  m e  d ire c t ly  d u r in g  th e  sev en  years 

th a t re la tiv ity  h a d  b e e n  m y  life . I  guess I  ju s t  to o k  it  f o r  g r a n te d  th a t 

it  w a s  tru e .”  S h a n k la n d  im m e d ia te ly  a d d s , “ H o w e v e r , E in ste in  sa id  th a t 

in  the years 1 9 0 5 -1 9 0 9 , h e  th o u g h t  a  g rea t  d e a l a b o u t  M ic h e ls o n ’ s re 

su lt, in  h is d iscu ssion s w ith  L o r e n tz  a n d  o th e rs  in  his th in k in g  a b o u t
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g e n e ra l re la tiv ity . H e  th e n  re a lize d  (s o  h e  t o ld  m e )  th a t h e  h a d  a lso  

b e e n  c o n s c io u s  o f  M ic h e ls o n ’ s resu lt b e fo r e  1905 p a r t ly  th r o u g h  h is 

r e a d in g  o f  th e  p a p e r s  o f  L o r e n tz  a n d  m o r e  b e ca u se  h e  h a d  s im p ly  as 

s u m e d  th is resu lt o f  M ic h e ls o n  t o  b e  t ru e .” 110

S h a n k la n d ’ s r e p o r t  o f  E in ste in  h a v in g  r e a d  L o r e n tz ’ s p a p e rs  b e fo r e  

1905  m u st n o w  b e  c la r ifie d . W e  k n o w  su ch  r e a d in g  in  fa c t  d id  n o t  

in c lu d e  th e  fa m o u s  1 9 0 4  p a p e r  o f  L o r e n tz ,111 in  w h ic h  h e  g a v e  h is  

th e o r y  o f  e le c tro m a g n e t is m  f o r  m o v in g  b o d ie s  to  q u a n tit ie s  o f  th e  se c 

o n d  o r d e r  ( i>2 : c 2) ,  n o r  p r o b a b ly  m o s t  o f  th e  o th e r  p a p e r s  th a t  p a rt ly  

h a d  p r e p a r e d  f o r  it .112 W e  h a v e  p o s it iv e  e v id e n c e  o f  E in ste in  h a v in g  

r e a d  o n ly  o n e  p a p e r  a n d  o n e  b o o k  b y  L o r e n tz — th e  p a p e r  o f  18 92  (p u b 

lish ed  in  F r e n c h )  a n d  th e  b o o k  o f  1895 (p u b lis h e d  in  G e r m a n ) ,  in  

w h ic h  th e  th e o r y  g iv e n  is t o  th e  first o r d e r  o f  th e  q u a n t ity  ( v  : c ) .  T h is  

fits en tire ly  w ith  E in ste in ’ s re m a rk  in  th e  19 05  p a p e r , “ as h a s  a lre a d y  

b e e n  s h o w n  to  th e  first o r d e r  o f  sm a ll q u a n titie s . . . .”  A ls o , E in ste in  

w r o te  s p e c ifica lly  o n  th is p o in t  to  h is  last b io g r a p h e r , C a r l S e e lig : “ A s  

f o r  m e , I  k n e w  o n ly  o f  L o r e n tz ’ s im p o r ta n t  w o r k  o f  18 9 5— L a  th é o r ie  

é le c t r o m a g n é t iq u e  d e  M a x w e l l  [a c tu a lly  p u b lis h e d  in  1892 ], a n d  V e r -

SUCH EINER THEORIE DER ELEKTRISCHEN UND OPTISCHEN E r SCHEINUN-

g e n  i n  b e w e g t e n  K o r p e r n  [1 8 9 5 ]— b u t  n o t  L o r e n tz ’ s la te r  p u b lic a 

t io n , n o r  th e  c o n s e c u t iv e  in v e stig a tio n s  b y  P o in c a r é . I n  th is sense m y  

w o r k  o f  19 05  w a s  in d e p e n d e n t .” 113 W e  m a y  w e ll  ta k e  E in ste in ’ s q u o te d  

w o r d  to  S e e lig ; a n d  e v e n  i f  h e  h a d  r e a d  o th e r  p a p e rs  b y  L o r e n tz  p r io r  

to  L o r e n tz ’ s 1 9 0 4  p a p e r , h e  w o u ld  n o t  h a v e  fo u n d  in  th e m  a  m o r e  e x 

ten s iv e  d iscu ss ion  o f  th e  M ic h e ls o n  e x p e r im e n t  th a n  L o r e n tz  g a v e  in  

h is 1895  b o o k . I t  w il l  th e r e fo r e  b e  p r o fita b le  i f  w e  lo o k  w ith  a  litt le  c a r e  

a t  L o r e n tz ’ s 1895  w o r k .114

I n  th is w o r k  L o r e n tz  is still satisfied  w ith  th e  c o n s tr u c t io n  o f  a  th e o ry  

w h ic h  w il l  e x p la in  f irs t -o rd e r  e ffe cts , th a t  is, q u a n tit ie s  in  v  : c .  T h e r e 

f o r e  th e  F resn e l e th e r  th e o r y  a n d  th e  a b e rr a t io n  e x p e r im e n t  a re  p r o m i 

n e n tly  m e n t io n e d  o n  p a g e  1 a n d  a re  fu r th e r  d e a lt  w ith  in  th e  tex t. B u t 

th e  M ic h e ls o n  e th e r -d r ift  e x p e r im e n ts  a re  o n ly  b r ie fly  m e n t io n e d  ( o n  

p . 2 ) w ith  th e  ca su a l w a r n in g  th a t  th ey  w il l  f in d  in te r p r e ta t io n  in  th e  

fr a m e w o r k  o f  a  f ir s t -o rd e r  th e o r y  o n ly  b y  m e a n s  o f  w h a t  h e  ca lls  a  

H iil fs h y p o th e s e .  T h e  m a tte r  is n o t  b r o u g h t  u p  a g a in  u n til p a g e  120 , 

in  a  sh o r t  s e c t io n  to w a r d  th e  e n d  o f  th e  1 3 9 -p a g e  b o o k . T h is , h o w e v e r , 

h a s  b e c o m e  th a t p a r t  o f  th e  b o o k  w h ic h  e v e r y o n e  in  th e  fie ld  k n o w s ,
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b ecau se  th e  p a r t ic u la r  e x c e r p t— w ith  its su b title  “ M ic h e ls o n ’ s In te r fe r 

e n c e  E x p e r im e n t”  n o w  se rv in g  as th e  m a in  title— w a s p u t  a t  th e  b e 

g in n in g  o f  th e  fa m o u s  r e p r in t  c o l le c t io n  o f  L o r e n tz , E in ste in , M in 

k ow sk i, a n d  W e y l, p u b lish e d  b y  T e u b n e r  in  1 9 1 3 .115 (T h u s  d o  scissors- 

w ie ld in g  a n d  e x tr a c t -p r o n e  ed ito rs  d is to rt  th e  a p p e a r a n c e  o f  h is to r y !)

I n  L o r e n tz ’ s b o o k  th is se c t io n  a p p e a rs  in  th e  last c h a p te r , o n e  d e 

v o te d  t o  res id u a l d ifficu ltie s  in  L o r e n tz ’ s o th e rw ise  q u ite  su ccess fu l first- 

o r d e r  th e o ry , a n d  is e n tit le d  “ E x p e r im e n ts  w h o se  R esu lts  d o  n o t  a l lo w  

E x p la n a tio n  w ith o u t  F u rth e r  A d o .”  H e  discusses th ree  su ch  e m b a r 

rassing ex p er im en ts . T h e  first takes a b o u t  fiv e  p a g e s  a n d  is o n  a n  u n 

e x p e c te d ly  ab sen t r o ta t io n  o f  th e  p la n e  o f  p o la r iz a t io n  (M a s c a r t , 1 8 7 2 ) ,  

w h ic h  L o r e n tz  a ttem p ts  to  e x p la in  b y  a  sep a ra te  a d  h o c  h y p oth es is  w ith 

o u t  m u c h  c o n v ic t io n . T h e n  c o m e  th e  1881 a n d  1887 e th e r -d r ift  e x p e r i 

m en ts  o f  M ic h e ls o n  (a ls o  in  a b o u t  fiv e  p a g e s ) . T h e r e , o n  “ th e  basis o f  

F resn e l’s [e th er] th e o ry ,”  a  v 2 : c 2 e f fe c t  w a s  p r e d ic te d . T o  e x p la in  w h y  

it  h a d  n o t  b e e n  o b se rv e d , L o r e n tz  first re je cts  S tok es ’ s o r ig in a l a b e rra t io n  

th e o ry  as o n e  th a t  raises t o o  m a n y  d iffic u lt ie s ; as a n  a lte rn a tiv e  h e  w ill  

try  to  o b ta in  th e  r e m o v a l o f  th e  p u zz le  “ b y  m ea n s  o f  a  h y p oth es is  w h ic h  

I  h a v e  a lre a d y  a n n o u n c e d  s o m e  t im e  a g o  [in  1892—1893] a n d  w h ic h , 

as I  la te r  fo u n d , F itz G e ra ld  r e a c h e d  a lso .”  T h is  sa v in g  H iilfsh y p o th es e  

is in tr o d u c e d  c o m p le te ly  a d  h o c :  “ I f  o n e  assum es th a t th e  a rm  [o f  th e  

in te r fe ro m e te r ] ly in g  in  th e  d ir e c t io n  o f  th e  e a r th ’ s m o t io n  is sh orter  

th a n  th e  o th e r  b y  L ( v 2 : c 2) . . . , th e  resu lt o f  th e  M ic h e ls o n  e x p e r i 

m e n t  is fu lly  e x p la in e d .”  H e  a c k n o w le d g e s  th a t “ this h y p oth es is  a t  first 

g la n c e  m a y  a p p e a r  e s tra n g in g  [b e fr e m d en d ] ,  b u t  o n e  m u st n ev erth e less  

a d m it  th a t  it  is  n o t  so  fa r - fe t c h e d ”  i f  o n e  associa tes  it  w ith  y e t a n o th e r  

a ssu m p tion , n a m e ly  th a t th e  m o le c u la r  fo r c e s  th a t d e te rm in e  th e  d im e n 

sion s o f  a  b o d y  a re  m o d if ie d  b y  re la t iv e  e th e r  m o t io n , “ s im ila r  to  w h a t  

m a y  n o w  b e  ce rta in ly  sta ted  fo r  e le c tr ic  a n d  m a g n e t ic  fo r c e s .” 114

N o  e x p lic it  c o m m e n t  is m a d e  w h ic h  c o n n e c ts  th is a ssu m ed  sh rin k a ge  

w ith  th e  L o r e n tz  tra n s fo rm a tio n s  in  th e ir  still p r im it iv e  fo r m , as p u b 

lish ed  e a r lie r  in  th e  b o o k . A n d  th r o u g h o u t  th is se c t io n  L o r e n tz  stresses 

th e  a d  h o c  n a tu re  o f  th e  a rg u m e n t. T h u s  w h e n  h e  co m e s  b a c k  to  th e 

e q u a lity  o f  tra n s fo rm a tio n  p ro p e rtie s  h e  h as assu m ed  fo r  b o th  th e  

m o le c u la r  fo r c e s  a n d  e le c tro s ta t ic  fo r ce s , h e  con fesses  th ere  is “ n o  

g r o u n d ”  f o r  th e  a ssu m p tio n .117 T h e  re a d e r  is le ft  w ith  th e  im p ress ion  

th a t th e  resu lts o f  this e x p e r im e n t  in d e e d  “ s ich  n ic h t  o h n e  W e ite r e s

E I N S T E I N , M I C H E L S O N , A N D  T H E  “ C R U C IA L ”  E X P E R I M E N T

30 1



erk lä r en  la s s e n ”  as th e  title  o f  th e  c h a p te r  w a r n e d . I t  a p p e a rs , th e re 

fo r e , th a t  th e  w o r k  w o u ld  n o t  h a v e  b e e n  a d v erse ly  a f fe c te d  i f  th e  M i -  

ch e ls o n  e x p e r im e n t  h a d  n o t  b e e n  d o n e  a t  a l l !

T h e  th ird  e x p e r im e n t  L o r e n tz  takes u p  in  th is 1895  b o o k  is th e  p o la r 

iz a t io n  e x p e r im e n t  o f  F iz e a u  o n  glass c o lu m n s , in  w h ic h  F iz e a u  h a d  

th o u g h t  to  h a v e  d e te c te d  a n  e f fe c t  o f  th e  e a r th ’ s m o t io n  o n  th e  p la n e  

o f  p o la r iz a t io n  o f  ligh t. T h e s e  a re  th e  fin a l th ir te e n  p a g e s  o f  th e  b o o k  

a n d  th e r e fo r e  th e  lo n g e st  o f  th e  th ree  item s. T h is  e x p e r im e n t  is s in g led  

o u t  b y  L o r e n tz ’ s rem ark s th a t its resu lts “ d eserv e  o u r  a tte n t io n  in  h ig h  

m e a s u re .” 118

S o , w h e n  E in ste in  m e n tio n s  in  1 9 0 5 , a fte r  th e  o p e n in g  p a r a g r a p h  o f  

h is  re la t iv ity  p a p e r , “ th e  u n su cce ss fu l a ttem p ts  to  d is c o v e r  a n y  m o t io n  

o f  th e  e a rth  re la t iv e ly  to  th e  ‘ l ig h t  m e d iu m ,’ ”  w ith o u t  n a m in g  s p e c ifica l 

ly  a n y  o n e  o f  th e m , h e  c o u ld  h a v e  h a d  in  m in d  a n y  tw o  o r  m o r e  o f  a t 

least s e v e n  e x p e r im e n ts— th e  first tw o  w h ic h  w e re  c ite d  in  th e  last c h a p 

ter  o f  L o r e n tz ’ s w o r k  o f  1895 , a n d  fiv e  a d d it io n a l o n e s  th a t b e c a m e  

k n o w n  b y  1 9 0 5 : th e  e x p e r im e n ts  b y  R a y le ig h  o f  1902  o n  r o ta ry  p o la r 

iz a t io n  a n d  d o u b le  r e fr a c t io n ; b y  B ra ce  o n  d o u b le  r e fr a c t io n  in  1 9 04  

a n d  th e  re p e t it io n , w ith  n e g a t iv e  e f fe c t , o f  th e  F iz e a u  e x p e r im e n t  o n  

glass c o lu m n s  in  1 9 0 5 ; a n d  b y  T r o u t o n  a n d  N o b le  in  1903 o n  th e  tu rn 

in g  c o u p le  o f  a  c o n d e n s e r . ( O n e  m ig h t  a lso  a d d  o th e r  e th e r  e x p e r i 

m en ts  w h ic h  h a d  a  b e a r in g : e .g ., A r a g o , 1 8 1 0 ; F iz e a u , 1 8 5 1 ; L o d g e , 

1 8 9 2 .)  P o in t in g  o u t  th a t  E in ste in  h a d  a ll th ese  c h o ic e s , as is c le a r  to  

a n y o n e  w h o  h a s  re a d  th e  a v a ila b le  lite ra tu re , d o e s  n o t  in  itse lf d e n y  

th e  p oss ib ility  o f  a n  in sp ira t io n a l r o le  fo r  th e  M ic h e ls o n  e x p e r im e n t . 

O n  th e  o th e r  h a n d , th ere  is a lso  n o  w a rra n t  f o r  b e l ie v in g  th a t E in ste in ’ s 

p h ra se  “ th e  u n su ccess fu l a ttem p ts”  m u st p o in t  d ir e c t ly  to  a n y  o n e  o f  

these e x p er im en ts , in c lu d in g  M ic h e ls o n ’ s. I t  is in  fa c t  en tire ly  p oss ib le  

th a t h e  h a d  h e a rd  a n d  re a d  a b o u t  a n y  tw o  o f  th ese “ u n su ccess fu l a t 

te m p ts ”  a n d  h a d  d r a w n  th e  c o r r e c t  c o n c lu s io n  th a t  a ll o f  th e m  w o u ld  

b e  u n su ccess fu l.

W e  tu rn  n o w  b r ie fly  to  L o r e n tz ’ s b a s ic  1 9 0 4  p a p e r , w h ic h  e v e r y b o d y , 

in c lu d in g  E in ste in  a fte r  19 0 5 , re a d  a n d  c ite d . L o r e n tz  th ere  fo rg e s  a h e a d  

w ith  th e  im p r o v e m e n t  o f  th e  firs t -o rd e r  th e o ry  o f  1895  a n d  sp e c ifica lly  

tries t o  r e a c h  a  th e o r y  t o  c o v e r  s e c o n d -o r d e r  p h e n o m e n a . T h e  M ic h e l 

son  e x p e r im e n t  is th e r e fo r e  m u c h  m o r e  im p o r ta n t  to  L o re n tz ’ s a rg u 

m e n t  th a n  it  w a s  in  1895 . I t  n o w  a p p e a rs  a t  th e  v e ry  b e g in n in g  o f  th e  

p a p e r , fo l lo w e d  b y  s o m e  o f  th e  o th e r  m o r e  re ce n t, em b a rra ss in g  e x p e r i-
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m en ts (R a y le ig h , B ra ce , T r o u t o n  a n d  N o b le , a n d  K a u fm a n n ) ,  a n d  

the e x p la n a tio n  o f  M ic h e ls o n ’ s resu lts is g iv e n  a t tw o  d iffe re n t  p la ce s .119 

I t  is a  m a ster fu l p a p e r . I n  m y  o p in io n  it is, to g e th e r  w ith  P o in c a r e ’s 

p a p e r  o f  1905 , th e  b est w o r k  p r io r  to  E in ste in ’ s re la tiv ity  th e o r y  th a t 

e le c tro d y n a m ics  w a s  c a p a b le  o f  a ch ie v in g . B u t it  is s ig n ifica n t th a t in  

this p e a k  a c h ie v e m e n t  o f  c la ss ica l p h y s ics  w e  fin d  tw o  strik in g  flaw s, 

b o th  la ter  a c k n o w le d g e d  b y  L o r e n tz  h im se lf.

T h e  first is th a t th e  tra n s fo rm a tio n  e q u a tio n s  L o r e n tz  d e v e lo p e d  h ere  

d o  n o t  a fte r  a ll a c h ie v e  w h a t  h e  h a d  h o p e d :  M a x w e l l ’s e q u a tio n s  are  

n o t  c o m p le te ly  in v a r ia n t  e v e n  a t  sm a ll speeds. I n  1912 L o r e n tz  g e n 

e rou s ly  a d d e d  a  f o o t n o t e  to  th e  1913 r e p u b lic a t io n  o f  h is 1 9 0 4  p a p e r  in  

th e  T e u b n e r  c o l le c t io n , o n e  th a t w a s  u n fo r tu n a te ly  le ft  o u t  in  th e  E n g 

lish -la n g u a g e  re p r in t  o f  th e  essay :

O n e  w ill notice that in  this w ork the transform ation equations o f  Einstein’s 

R elativ ity T h eory  have not quite been attained. N either equation (7 )  nor 

form ula ( 8 ) has the form  given by Einstein, and as a result I  was unable to 

make the term -w u  J c *  in equation (9 )  disappear and to put equation (9 )  

exactly in the form  w hich  holds fo r  a system at rest. O n  this circum stance 

depends the clumsiness [U nbeh olfen e] o f  m any o f  the further considerations 

in  this work. It  is ow ing to Einstein that the relativity prin cip le was first an 

nounced as a  general, strictly and exactly valid  law . . . ,120

I n  L o r e n tz ’ s T h e  T h e o r y  o f  E l e c t r o n s  w e  f in d  a  s im ila r  sta tem en t.

L o re n tz  p o in ts  o u t  th a t “ besid es th e  fa sc in a t in g  b o ld n ess  o f  its sta rtin g  

p o in t , E in ste in ’ s th e o ry  h as a n o th e r  a d v a n ta g e  o v e r  m in e .”  E in ste in  

has a tta in e d  e x a c t  c o v a r ia n c e  “ b y  m ea n s  o f  a  system  o f  n e w  va ria b les  

sligh tly  d iffe re n t  fr o m  th ose  w h ic h  I  h a v e  in tr o d u c e d .”  A n d  L o re n tz  

a d d s  s ig n ifica n tly : “ I  h a v e  n o t  a v a ile d  m y se lf o f  h is su bstitu tion s, o n ly  

b eca u se  th e  fo r m u la e  are  ra th e r  c o m p lic a te d  a n d  lo o k  so m e w h a t a rti 

f ic ia l, un less o n e  d e d u ce s  th e m  fr o m  th e  p r in c ip le  o f  re la tiv ity  itse lf.” 121 

T h is  rem a rk  in c id e n ta lly  serves to  a n n o u n c e  th e  th em e  o f  th e  re la tiv ity  

o f  “ a rt ific ia l”  a ssu m p tion s, t o  b e  d iscu ssed  b e lo w  in  m o r e  d e ta il .122

T h e  r e c o g n it io n  o f  a s e c o n d  fla w  in  L o r e n tz ’ s w o r k , o n e  th at n o w  

strikes us as e v e n  m o r e  seriou s th a n  th e  first, is im p lie d  in  a n o th e r  

ty p ica lly  g en erou s  c o m m e n t  b y  L o r e n tz  in  1909  in  T h e  T h e o r y  o f  

E l e c t r o n s . T h e r e  h e  h in ts  a t a  fu r th e r  a sp e ct  o f  th e  d i f fe r e n c e  b e tw e e n  

th e  “ clu m sin ess”  o f  his o w n  h y p o th e s is -r id d e n , co n s tru ct iv e  th e o ry  a n d  

th e  “ fa sc in a tin g  b o ld n e ss ”  o f  E in ste in ’ s a p p r o a c h , w h ic h  sw eeps a w a y
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th e  w h o le  c o m p le x  m a c h in e ry  o f  e th e r -e le c tro d y n a m ics , a  th e o ry  in  

w h ic h  E in ste in  sta rted  f r o m  g e n e ra l p r in c ip le s  a n d  je t t iso n e d  w h e re v e r  

p o ss ib le  a n y  a ssu m p tio n , e v e n  o n e  th at w a s  as p r e c io u s  to  c o n te m p o r a r y  

p h y s ics  as th e  lig h t  e th er . E in ste in ’ s results c o n c e r n in g  e le c tro m a g n e tic  

a n d  o p t ic a l  p h e n o m e n a , L o r e n tz  w rites ,

. . . agree in  the m ain  w ith those w h ich  w e have obtained in  the preceding 

pages, the ch ie f difference being that Einstein sim ply postulates w hat w e 

have deduced , w ith  som e difficulty and not altogether satisfactorily, from  

the fundam ental equations o f  the electrom agnetic field. By doin g  so, he m ay 

certainly take cred it fo r  m aking us see in  the negative results o f  experim ents 

like those o f  M ichelson , R ayleigh , and Brace, not a fortuitous com pensation 

o f  opposing effects, but the m anifestation o f  a general and fundam ental prin 

c ip le .123

I n  a  n o te  a d d e d  in  th e  e d it io n  o f  1915  L o r e n tz  w e n t  fu r t h e r :  . .  E in 

ste in ’ s t h e o r y . . .  g a in s  a  s im p lic ity  th a t  I  h a d  n o t  b e e n  a b le  t o  a tta in .” 124 

E in ste in  a g re e d  in  a  p u b lic a t io n  s o o n  a fte r w a r d , s ta tin g  th a t th e  re la tiv 

ity  th e o ry  g r e w  o u t  o f  th e  M a x w e l l-L o r e n tz  th e o ry  o f  e le c tro d y n a m ic s  

“ as a n  a m a z in g ly  s im p le  s u m m a ry  a n d  g e n e ra liz a t io n  o f  h y p oth eses  

w h ic h  p r e v io u s ly  h a d  b e e n  in d e p e n d e n t  f r o m  o n e  a n o th e r . . .  .” 125 T h is  

fe e l in g  o f  a tta in in g  a  v ie w  in  w h ic h  p r e v io u s ly  sep a ra te  p rocesses , p h e 

n o m e n a , o r  m e ch a n ism s  n o w  a p p e a r  in te r d e p e n d e n t  h a s  a lw ays b e e n  

a  q u a s i-a e s th e tic  e x p e r ie n c e  o f  th e  m o st  trea su red  k in d  in  th e  scien ces . 

O n e  is r e m in d e d  o f  C o p e r n ic u s ’ t r iu m p h a n t  b o a st  in  th e  D e  r e v o l u -  

t i o n i b u s  th a t in  h is  h e lio c e n tr ic  system  “ n o t  o n ly  d o  a ll th e ir  [th e  

p lan ets ] p h e n o m e n a  fo l lo w  f r o m  th a t, b u t  a lso  this c o r r e la t io n  b in d s  t o 

g e th e r  so  c lo se ly  th e  o r d e r  a n d  m a g n itu d e s  o f  a ll th e  p la n ets  a n d  o f  th e ir  

sp h eres  o r  o rb ita l c ir c le s , a n d  th e  h ea v en s  th em selves , th a t  n o th in g  c a n  

b e  sh ifte d  a r o u n d  in  a n y  p a r t  o f  th e m  w ith o u t  d isru p tin g  th e  r e m a in in g  

p a rts  a n d  th e  u n iv e rse  as a  w h o le .”

V I I I .  A g a in s t  a n  A d  H o c  P h ysics

T h a t  fu e lin g  o f  h a v in g  u n v e ile d  a  g r a n d  s ch e m e , o n e  so  b e a u t ifu lly  

in te r c o n n e c te d  th a t a ll o f  it c a n  b e  e n te re d  th r o u g h  a  v e ry  sm a ll set o f  

p ostu la tes , is p re c ise ly  w h a t  seem s la ck in g  in  L o r e n tz ’ s th eory . D e v o te d  

th o u g h  P o in c a r e  w a s  to  L o r e n tz , h e  re serv ed  s o m e  o f  h is m o s t  ca u stic  

cr it ic ism  f o r  th e  w a y  m o r e  a n d  m o r e  n e w  h y p oth eses  a p p e a r e d  in  this 

w o r k :
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O n  a fait des expériences qui auraient dû déceler les termes du prem ier 

ordre; les résultats ont été négatif; cela pouvait-il être par hasard? Personne 

ne l ’a admis; on  a cherché une explication générale, et Lorentz l ’a trouvée; 

il a m ontré que les termes du prem ier ordre devaient se détruire, mais il n ’en 

était pas de m êm e de ceux du second. A lors on a fait des expériences plus pré 

cises; elles ont aussi été négatives; ce ne pouvait non plus être l ’effet du hasard; 

il fallait une explication; on l ’a trouvée; on en trouve toujours; les hypothèses, 

c ’est le fonds qui m anque le m oins.

M ais ce  n ’est pas assez----- 126

L o r e n tz  su rely  d id  n o t  e n jo y  th e  a d  h o c  c h a r a c te r  o f  h is th eory . T h e  

m a tter  w as e v id e n tly  m u c h  o n  his m in d  w h e n  h e  w r o te  th e  1904 p a p e r .

O n  th e  s e co n d  p a g e  L o re n tz  g ives  th e  c h ie f  reasons fo r  p u b lish in g  a  

n e w  trea tm en t :

T h e  experim ents o f  w hich  I have spoken are not the on ly  reason for  w hich  

a new  exam ination o f the problem s connected  with the m otion o f the Earth 

is desirable. Poincaré has ob jected  to the existing theory o f electric and opti 

cal phenom ena in m oving bodies that, in order to explain  M ichelson ’s nega 

tive result, the in troduction o f a new  hypothesis has been required, and that the 

same necessity m ay occu r each tim e new  facts w ill be brought to light. Surely 

this course o f inventing special hypotheses fo r  each  new  experim ental result 

is som ew hat artificial. It w ou ld  be m ore satisfactory if  it were possible to  

show  by means o f certain fundam ental assumptions and without neglecting 

terms o f one order o f  m agnitude or another, that m any electrom agnetic ac 

tions are entirely independent o f  the m otion  o f  the system. Som e years ago 

[1899], I  already sought to  fram e a theory o f this kind. I believe it is now  pos 

sible to  treat the subject with a better resu lt .. .  .127

T h e r e  is little  d o u b t  th at L o r e n tz ’s h o p e s  f o r  a  m o r e  sa tis fa ctory  

th e o ry  w ere  n o t  en tire ly  in  v a in . T h u s  h e  c o u ld  say “ the o n ly  restr iction  

as rega rd s  th e  v e lo c ity  w ill b e  th a t it b e  less th a n  th at o f  lig h t .” 128 B u t 

the w o r k  is fa r  fr o m  d isp en s in g  w ith  th e  n e e d  to  set u p  “ sp e c ia l h y p o 

theses”  to  e x p la in  n e w  e x p e r im e n ta l results, a n d  L o re n tz  has to  in tr o 

d u c e  e x p lic it ly  o r  im p lic it ly  a t least e le v e n  d iffe r e n t  a d  h o c  a ssu m p tion s 

o r  h y p oth eses  (th e  term s are  u sed  in te rch a n g e a b ly  in  h is p a p e r ) ,  as I  

h a v e  p o in te d  o u t  p r e v io u s ly .129 F o r  a  p a p e r  th at is  to  d e a l w ith  p h ysics  

fr o m  a  fu n d a m e n ta l p o in t  o f  v ie w  it is v e r ita b ly  obsessed  w ith  h y p o th 

eses. I  h a v e  m a d e  a  q u ic k  c o u n t  o f  the n u m b e r  o f  tim es the term  “ h y 

p oth es is”  o r  “ a ssu m p tio n ”  a n d  th e ir  d ire c t  eq u iv a len ts  ( “ I  sh a ll n o w  

su p p o se ” ) a p p e a r :  it h a p p e n s  at least th irty  tim es in  these p a g es , a n d
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e v e n  m o r e  i f  o n e  a d d s  c ir c u m lo c u t io n s  a n d  im p lic it  r e fe re n ce s  (e .g ., 

“ th e  v e lo c ity  w ill b e  s u b je c te d  t o  a  lim ita t io n  . . .” ) .  W h e th e r  a ll th e  

h y p o th e se s  in tr o d u c e d  a re  a d  h o c  in  th e  sam e sense o r  to  th e  sam e d e 

g re e , w h e th e r  th e  cr ite r ia  o f  a d  h o cn e ss  a re  d iffe r e n t  f o r  d if fe r e n t  types o f  

th e o ry , o r  w h e th e r  su ch  d ist in ction s  a re  s ig n ifica n tly  m e a n in g fu l f o r  

ph ysicists  o r  p h ilo s o p h e rs  a re  n o t  issues a t this p o in t . W h a t  is m o r e  

re le v a n t  f o r  a n  u n d e r s ta n d in g  o f  E in ste in ’ s w o r k  is to  re a d  L o r e n tz ’ s 

p a p e r  th r o u g h  th e  eyes o f  s o m e o n e  su ch  as E in ste in  w h o se  sty le o f  w o r k  

is to  m in im iz e  th e  m a k in g  o f  h y p oth eses .

O n  th e  o th e r  h a n d , to  a p p r e c ia te  L o r e n tz ’ s p u r p o s e  a n d  p r o b le m  

fu lly  w e  m u st r e m e m b e r  th a t h e  sa w  th e  crisis o f  p h y sics  in  th e  1 8 9 0 ’ s 

a n d  19 0 0 ’ s in  a  r a th e r  d if fe r e n t  w a y  fr o m  E in ste in . W ith  his im m e n se  

k n o w le d g e  in  v ir tu a lly  e v e ry  p a r t  o f  ph ysics , L o r e n tz  w a s  th e n  p a r t ic 

u la r ly  d e e p ly  in v o lv e d  in  co n s tr u c t in g , step  b y  step , a  v ia b le  th e o ry  f o r  

e le c tro d y n a m ics , b a se d  as fa r  as p o ss ib le  o n  e x is t in g  p r in c ip le s  a n d  

m e ch a n ism s , re ly in g  o n  e x p e r im e n ta l results as a g u id e  t o  th e  d e ta ile d  

c o n s tr u c t io n  o f  a m o d if ic a t io n  o f  e x is t in g  th e o ry . T h e  resu lt, as a  c a r e fu l 

r e a d in g  o f  L o r e n tz ’ s p a p e rs  sh ow s, w a s  th a t P o in c a r e ’ s a c c u s a t io n  w a s  

a ll t o o  ju s tifie d . B u t L o r e n tz  w as a t te n d in g  to  a  v e ry  d iff ic u lt  p r o b le m  

w ith  c o n v e n t io n a l too ls , a n d  t o d a y  w e  a lso  k n o w  h o w  to  liv e  in  som e  

areas o f  c o n te m p o r a r y  p h ysics  w ith  fa r  less e le g a n t  w o r k  a n d  m o r e  

b la ta n t ly  a d  h o c  h y p oth eses . N o t h in g  b e tte r  c o u ld  p r o b a b ly  b e  d o n e  as 

lo n g  as th e  e th e r  w a s  k e p t  a t th e  h e a rt  o f  p h y s ic s ; a n d  th a t se e m e d  to  

L o r e n tz , as to  P o in c a r e , M ic h e ls o n , a n d  m a n y  o th ers , a  th e m a tic  n e ce s 

sity  to  th e  e n d  o f  h is l i fe .130

T h e  s im p lifica t io n  in tr o d u c e d  b y  E in ste in ’ s a p p r o a c h  is fa r  easier  t o  

d isce rn  w ith  h in d s ig h t . T h e  d e c is io n s  at this p o in t  in  th e  o r ig in s  o f  c o n 

te m p o ra ry  s c ie n ce  w e re  q u ite  a n a lo g o u s  to  th e  d e c is io n s  a t  th e  fo r k  in  

th e  r o a d  to  m o d e r n  s c ie n ce — in  a c c e p t in g  o r  r e je c t in g  th e  C o p e r n ic a n  

system  in  th e  s ix teen th  ce n tu ry . A  fa m o u s  p a ssa ge  in  H e r b e r t  B u tter 

f ie ld ’ s T h e  O r i g i n s  o f  M o d e r n  S c i e n c e  is as a p p r o p r ia te  f o r  th e  

tw e n t ie th -c e n tu r y  tu r n in g  p o in t  as f o r  th e  e a r lie r  o n e :

. . . at least som e o f  the econ om y o f  the C opernican  system is rather an opti 

cal illusion o f  m ore recent centuries. W e  now adays m ay say that it requires 

sm aller effort to  m ove the earth round u p on  its axis than to swing the w hole 

universe in  a tw enty-four hour revolution about the earth; but in the Aris 

totelian physics it required som ething colossal to shift the heavy and sluggish 

earth, w hile  all the skies w ere m ade o f  a  subtle substance that was supposed
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to have no weight, and they w ere com paratively  easy to turn, since turning 

was concordant w ith their nature. A b ove  all, i f  you grant C opernicus a cer 

tain advantage in respect o f  geom etrical sim plicity, the sacrifice that had to 

be m ade fo r  the sake o f  this was trem endous. Y ou  lost the w hole cosm ology 

associated w ith  Aristotelianism — the w hole intricately dovetailed system in 

w hich  the nobility o f  the various elements and the hierarchical arrangement 

o f  these had been so beautifu lly interlocked. In  fact, you had to  throw  over 

board the very fram ew ork o f existing science, and it was here that C opernicus 

clearly fa iled to discover a satisfactory alternative. H e  provided  a neater ge 

om etry o f  the heavens, but it was one w hich  m ade nonsense o f  the reasons and 

explanations that had previously been given to account fo r  the m ovem ent in 

the sky.131

H e r e  a g a in  a  s im ila r  a g o n iz in g  c h o ic e  h a d  to  b e  m a d e : in  o r d e r  to  e x 

te n d  th e  p r in c ip le  o f  re la tiv ity  fr o m  m e ch a n ics  (w h e r e  it h a d  w o r k e d )  

to  a ll o f  p h ysics , a n d  a t th e  sam e t im e  to  e x p la in  th e  n u ll resu lts o f  a ll 

o p t ic a l a n d  e le c tr ica l e th e r -d r ift  ex p e r im e n ts , o n e  n e e d e d  “ o n ly ”  to  a b a n 

d o n  th e  n o t io n  o f  th e  a b so lu te  fr a m e  o f  r e fe r e n c e  a n d , w ith  it , th e  e th er .

B u t  w ith o u t  th ese  th e  fa m ilia r  la n d s c a p e  c h a n g e d  su d d e n ly , d ra stica lly , 

a n d  in  e v e ry  d e ta il. P h ysics  w as le ft  w ith o u t  its o ld  h o p e , a lre a d y  p a rt ly  

a n d  som etim es  g r a t ify in g ly  fu lfil le d , n a m e ly  to  e x p la in  a ll p h e n o m e n a  

b y  m ea n s  o f  o n e  con sisten t, m e ch a n is tic  th eory .

I n  th e  co m p a ss  o f  this w o r k  w e  c a n n o t  d o  fu ll  ju s t ic e  to  th e  q u e stio n  

o f  w h a t  con stitu tes  a n  a d  h o c  h y p oth es is  as it a ffe c ts  th e  w o r k  o f  s c ie n 

tists su ch  as L o re n tz  a n d  E in ste in ; b u t  w e  m u st a t  least in c lu d e  so m e  

c o m m e n t , fo r  it  is a n  essential issue f o r  tw o  re la ted  reasons. S o m e w h a t  

a lo n g  th e  lin e  o f  th e  t e x tb o o k  story , a  fe w  p h ilo s o p h e rs  o f  th e  e x p e r i-  

m en tic is t  p ersu a sion  a p p e a r  to  th in k  th a t L o r e n tz ’ s a n d  P o in c a r e ’ s 

th e o ry  w a s  o n  th e  w h o le  sa tis fa ctory  (e .g .,  th e y  a rg u e  th a t n o t  a ll th e  

h y p oth eses  w e re  a d  h o c  in  th e  sa m e sense o r  th at E in ste in ’ s th e o ry  d id  

n o t  d ra stica lly  r e d u c e  th e  n u m b e r  a n d  a rtific ia lity  o f  th e  n e e d e d  h y p o th 

e s e s ) , so  th a t th e  M ic h e ls o n  e x p e r im e n t  b e c o m e s  m o r e  p la u s ib ly  th e  

“ c r u c ia l”  e v e n t  th a t fo r c e s  a  r a d ic a l re co n s id e ra t io n . M o r e  im p o r ta n t  fo r  

o u r  p u rp o se s  is a n o th e r  rea son  f o r  c la r ify in g  th e  m e a n in g s  o f  a d  h o c  

in  th e  a c tu a l w o r k  o f  scien tists : t o  b e  a b le  to  a p p r e c ia te  th e  d iffe re n ce s  

o f  sty le b e tw e e n  th e  c h ie f  p ro ta g o n is ts  a n d  in d e e d  th e  d iffe re n ce s  b e 

tw e e n  c lassica l n in e te e n th -ce n tu ry  p h y s ics  a n d  m o d e m  tw e n t ie th -c e n 

tu ry  p h ysics.

T o  b e g in  w ith , o p e r a t io n a lly  it  d o e s  n o t  m a tte r  w h e th e r  a n  a d  h o c
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h y p oth es is  a p p ea rs  to  h a v e  so m e  s u p p o r t  in  th e o ry  (th u s  it is easily  seen  

fr o m  L o r e n tz ’ s p a p e rs  th at h e  tr ied  t o  lin k  th e  c o n tr a c t io n  h y p oth es is  

w ith  th e  su p p o se d ly  a n a lo g o u s  b e h a v io r  o f  “ m o le c u la r  fo r c e s ”  o n  th e  

o n e  h a n d  a n d  e le c tr ic  a n d  m a g n e t ic  fo r c e s  o n  th e  o th e r , th o u g h  w ith o u t  

b e in g  a b le  to  say a n y th in g  r e v e a lin g  a b o u t  these p re su m e d  m o le c u la r  

f o r c e s ) .  I t  a lso  d oes  n o t  m u c h  m a tte r  th at th e  c o n tr a c t io n  h y p oth esis  

w a s  n o t  c o m p le te ly  s e lf - c o n ta in e d ; L o re n tz  h im se lf m a d e  c le a r  th a t  his 

a d  h o c  assu m p tion s  m ig h t  h a v e  uses b e y o n d  m e re ly  e x p la in in g  th e  e x 

p e r im e n ts  th a t fo r c e d  th e ir  in v e n t io n  (e .g ., th e  p r e d ic t io n  o f  a  n eg a tiv e  

resu lt fo r  th e  M ic h e ls o n  e x p e r im e n t  f o r  l ig h t  rays tra v ers in g  tra n sp a ren t 

o b je c t s )  .132 T h e s e  o th e r  a p p lica t io n s  o f  th e  a d  h o c  h y p oth esis  a re  n o t  o f  

rea l in terest in  a n y  c a s e ; th ey  w ere  n o t  u rg e d  as tests th a t w o u ld  d e c id e  

o n  its a c ce p ta b ility , a n d  e v e n  i f  su ch  tests h a d  b e e n  ca rr ie d  o u t  su ccess 

fu lly , it is u n lik e ly  th a t th ey  w o u ld  h a v e  in cre a se d  th e  a p p e a l o f  th e  

h y p oth es is  to  E in ste in .

A  re fin e m e n t o f  th e  c o n c e p t  o f  a d  h o c , in c lu d in g  d iv is ion s  in to  su ch  

ca te g o r ie s  as “ lo g ic a lly  a d  h o c ”  a n d  “ p s y c h o lo g ic a lly  a d  h o c ,”  m a y  p e r 

h a p s  b e  o f  in terest fo r  e p is te m o lo g ic a l d iscu ssion s. S u ch  w o r k , h o w e v e r , 

h as yet to  m a k e  a  rea lly  im p o r ta n t  p o in t , a n d  a t a n y  ra te  w e  m u st n o t  

d r a w  a tte n tio n  a w a y  fr o m  w h a t  is an  im p o r ta n t  p o in t , n a m e ly  th e  s c ien 

tist’ s fe e l in g  o f  a d  h ocn ess  a b o u t  an  h y p oth es is  w h e th e r  h is  o w n  o r  n o t—  

fo r  e x a m p le , th e  distaste f o r  th e  c o n tr a c t io n  h y p oth esis  ex p ressed  b y  

E in ste in , P o in ca re , M ic h e ls o n , a n d  ev en  L o r e n  tz h im se lf. T o  u n d e rs ta n d  

w h a t  a lm ost a n y  w o r k in g  scientist fee ls  w h e n  h e  has to  e v a lu a te  an  

h y p oth es is  seem s to  b e  d ifficu lt  f o r  th ose  w h o  are  n o t  actual* en gaged  

in  cre a tiv e  s c ie n tific  w o rk . H e n c e  it w ill b e  u se fu l to  d e v e lo p  a fie ld  th at 

c a n  fa ir ly  b e  c a lle d  th e  aesth etics  o f  sc ie n ce . F o r  these m atters  a re  still 

d e c id e d  in  p r a c t ic e  o n  th e  basis o n  w h ic h  C o p e r n ic u s  co n fe sse d , a p p a r 

en tly  so v a g u e ly  y e t  so c o rre c t ly , to  h a v e  m a d e  his d e c is io n  aga in st a c 

c e p t in g  “ th e  p la n e ta ry  th e o r y  o f  P to le m y  a n d  m ost  o th e r  astron om ers , 

a lth o u g h  con s is ten t w ith  th e  n u m e r ic a l d a ta ” : o n e  o f  his c h ie f  o b je c t io n s  

w as th a t h e  fo u n d  th e ir  so rt o f  system  n o t  “ su ffic ien tly  p le a s in g  to  th e  

m in d .”  T h is  c r ite r io n  o f  c h o ic e  is fa m ilia r  to  ev e ry  w o r k in g  scien tist .133

T h e  essentia l d iffe r e n c e  b e tw e e n  th e  scien tist ’ s use o f  a d  h o c  a n d  th e  

lo g ic ia n ’ s is th at th e  fo r m e r  rega rd s  it la rg e ly  as a m a tte r  o f  p r iv a te  

s c ie n ce , o r  s c ie n c e -in -th e -m a k in g  (w h ic h  m a y  b e  d e s ig n a te d  b y  S i ) ,  

w h erea s  th e  la tte r  rega rd s  it as a  m a tte r  o f  p u b lic  s c ie n ce  ( £ 2) .  I t  w o u ld  

b e  w r o n g  to  th in k  o f  Si  a n d  S 2 as a lw a y s  sh a rp ly  sep a ra ted , b u t  it  is
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m u c h  m o r e  e r ro n e o u s  to  o v e r lo o k  th e  d e e p  d istin ction s  b e tw e e n  these 

tw o  m e a n in g s  o f  sc ien ce . In  th e  case  a t h a n d  th ey  re fe r  to  the d if fe r 

en ces  b e tw e e n  tw o  le g itim a te  b u t  d iffe r e n t  uses o f  a d  h o c  th at m a y  b e  

te rm e d  a d  h o c  S i  a n d  a d  h o c  S 2. F o r  a  scientist e n g a g e d  in  o r ig in a l 

a c tiv ity , h is d e s ig n a tio n  a d  h o c  ( o r  its e q u iv a le n t  te r m ) is an  essen tia lly  

a esth etic  ju d g m e n t  w h ic h  h e  m ak es w ith in  Si w h ile  h e  im a g in es , c o n 

siders, in tro d u ce s , o r  re je cts  a n  h y p oth esis . A d  h o c  in  this sense o f  

an  a c t  o f  in d iv id u a l, in it ia lly  p r iv a te  ju d g m e n t  b y  a  scien tist w h o  m a y  

v ery  w e ll b e  d e e p ly  a n d  n o t  o n ly  ra t io n a lly  in v o lv e d , d iffers  fu n d a 

m e n ta lly  fr o m  a d  h o c  £2 in  th e  sense o f  a  p u b lic  s ta tem en t w ith  p e r 

m a n e n t, m o r e  o r  less c le a r  e p is te m o lo g ic a l p ro p e rtie s , o n e  th a t has b e e n  

p u b lish e d  a n d  has b e c o m e  p a r t  o f  s c ie n ce -a s -a n -in s t itu t io n .134

T h e r e  is n o  d o u b t  th at an  h y p oth esis  th a t is a d  h o c  S 1 has lo g ic a l 

p r o p e r t ie s ; the p o in t  is th a t th ey  a re  n o t  ru lin g  in  th e  a c tu a l use o f  su ch  

h yp oth eses . T h e  scien tist w h o  a d o p ts  s o m e b o d y ’ s h y p oth esis  o r  crea tes  

h is o w n  fo r  a  s p e c ific  p u rp o s e , “ in  o r d e r  to  a c c o u n t ”  fo r  a b o th e rs o m e  

resu lt o r  fe a tu re  o f  th e  th e o ry , rega rd s  it as a d  h o c — n o t n ecessarily  in  a  

d e r o g a to r y  sense—  rega rd less  o f  its “ lo g ic a l”  status. T h is  h e lp s  to  e x p la in  

th e s ig n ifica n ce  o f  th e  p a ssion a te  a n d  p e rso n a l “ u n sc ie n tific ”  la n g u a g e  

g e n e ra lly  u sed  to  d e scr ib e  su ch  h y p oth eses , a n d  in c id e n ta lly  p o in ts  to  

g ra d a tio n s  o f  a esth etic  o r  “ p s y c h o lo g ic a l”  a c ce p ta b ility . T h u s  w e  h a v e  

fo u n d  in  th e  sc ie n tific  lite ra tu re  ch a ra cte r iza tio n s  o f  th e  fo l lo w in g  k inds 

fo r  a c c e p ta b le  a d  h o c  h y p o th e se s : “ n o t  in c o n c e iv a b le ,”  “ re a so n a b le ,”  

“ p la u s ib le ,”  “ fu n d a m e n ta l,”  “ n a tu ra l,”  “ a p p e a lin g ,”  “ e le g a n t ,”  “ lik e ly ,”

“ assu m ed  a p r io r i to  g e t th e  d es ired  resu lts,”  “ a u x ilia ry ”  o r  “ w o r k in g  

h y p oth es is .”  O n  th e  o th e r  h a n d , w h e n  an  a d  h o c  h y p oth esis  in  r e je c te d , 

w e  see it d e scr ib e d  in  th e  fo l lo w in g  w a y : “ a r tific ia l,”  “ c o m p le x ,”  “ c o n 

t r iv e d ,”  “ im p la u s ib le ,”  “ b o th e r s o m e ,”  “ u n re a so n a b le ,”  “ im p r o b a b le ,”

“ u n lik e ly ,”  “ u n n ecessa ry ,”  “ u g ly .”  S o m e tim e s  a d  h o c  itse lf is a p p lie d  in  

th e  p e jo r a t iv e  sense, a n d  th en  it h a s  su ch  m ea n in gs . O r  th e  in d iv id u a l ’ s 

ju d g m e n t  is tra n sferred  to  n a tu re  itse lf, as in  the a n c ie n t  m o t i f  w h ic h  

N e w to n  p h ra se d , “ N a tu re  is p lea sed  w ith  s im p lic ity , a n d  a ffe c ts  n o t  th e  

p o m p  o f  su p erflu ou s  cau ses .”  (N o te  th a t in  all these cases w e  d o  n o t  

c o n s id e r  n o w  th e  q u ite  sep a ra te  q u estion  w h e th e r  th e  h y p oth esis  w ill 

la ter  tu rn  o u t  to  b e  “ r ig h t”  o r  “ w r o n g .” )

T h e  d e r o g a to r y  ch a ra cte r iza tio n s  e v o k e  s tro n g  b e h a v io ra l resp on ses, 

w h ic h  th e  a u th o r  o f  an  a d  h o c  h y p oth es is  c a n  som etim es  foresee  a n d  try 

to  a m e lio ra te . T h u s  in  1892 , in  th e  F r e n ch -la n g u a g e  p u b lic a t io n  w h ich
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E in ste in  sa id  h e  re a d , L o r e n tz  a n n o u n c e d  th e  c o n t r a c t io n  h y p oth esis  

w ith  c o n s id e r a b ly  h e d g e d  q u a lif ic a t io n s : “ N o w , s o m e  su ch  ch a n g e s  in  

th e  arm s o f  M ic h e ls o n ’ s first e x p e r im e n t , a n d  in  th e  d im e n s io n s  o f  th e  

s la b  in  th e  s e c o n d  o n e , is so  fa r  as I  c a n  see, n o t  in c o n c e iv a b le . . . .  A n  

in flu e n c e  o f  th e  o r d e r  o f  ps : v 9 is n o t  e x c lu d e d  a n d  th a t is p r e c is e ly  

w h a t w e  n e e d .” 135 A n d ,  in  18 9 9 , w r it in g  o n  th e  e f fe c t  o f  m o t io n  o n  th e  

m asses o f  c h a r g e d  p a rtic le s , L o r e n tz  s a id : “ S u c h  a  h y p oth es is  seem s 

v e r y  s ta rtlin g  a t  first s ig h t. N ev erth e less , w e  n e e d  n o t  w h o lly  r e je c t  it .”

T h e  la n g u a g e  u sed  w h e n  th e  c o n t r a c t io n  h y p oth es is  w a s  in tr o d u c e d  

w ill g iv e  us a n  im p o r ta n t  c lu e  to  s o m e  p ro p e r t ie s  o f  a d  h o c  h y p oth eses  

w h ic h  c a n n o t  b e  a c c o m m o d a te d  in  a n  a x io m a t ic  tre a tm e n t  o f  th e  th e o ry . 

W r it in g  o n  10 N o v e m b e r  1894 , L o r e n tz  sent a  le tte r  to  F it z G e r a ld : “ M y  

d e a r  S ir , I n  h is  A b e r r a t io n  P r o b le m s  P r o f . O liv e r  L o d g e  m e n t io n e d  a  

h y p o th e s is  w h ich  y o u  h a v e  im a g in ed  in  o r d e r  to  a c c o u n t  f o r  th e  n e g 

a t iv e  resu lt  o f  M r .  M ic h e ls o n ’ s e x p e r im e n t .” 136 S im ila r ly , w h e n  L o d g e  

m e n t io n e d  th e  id e a  o f  F itz G e r a ld ’ s in  p u b lic  o n  2 7  M a y  1 8 9 2  h e  sa id , 

“ P ro fe sso r  F itz G e ra ld  h a s  su g g e ste d  a w a y  o u t  o f  th e  d ifficu lty  b y  su p 

p o s in g  th e  size  o f  b o d ie s  to  b e  a  fu n c t io n  o f  th e ir  v e lo c ity  th r o u g h  th e  

e th e r .” 137

I t  is tru e  th a t th e  c o n t r a c t io n  h y p o th e s is , in it ia lly  so  w e lc o m e  to  

e th e r  th e o re tic ia n s  b e c a u s e  it  “ e x p la in e d ”  th e  M ic h e ls o n  resu lt, la ter  

tu rn e d  o u t  t o  b e  u n a c c e p ta b le  b e c a u s e  it  p r e d ic t e d  a n  u n sy m m e tr ica l 

c h a n g e  o f  d im e n sio n s  f o r  d iffe r e n t  in ertia l system s. B u t o u r  a tte n tio n  

s h o u ld  b e  fix e d  o n  th e  fa c t  illu stra ted  b y  th ese e x a m p le s  th a t  th e  c o n 

t r a c t io n  h y p o th e s is  w h e n  it w as m a d e  w a s  c le a r ly  a n d  q u ite  b la ta n tly  

a d  h o c — o r , i f  o n e  p re fe rs  t o  u se  th e  p a to is  o f  th e  la b o r a to ry , in g e n io u s 

ly  “ c o o k e d  u p ,”  f o r  th e  n a r r o w  p u r p o s e  w h ic h  it  w a s  to  serve . I n d e e d , 

in  A . M .  B o r k ’s a r t ic le138 th ere  a re  t w o  q u o ta t io n s  f r o m  L o d g e ’ s la te r  

re m in is ce n ce s  w h ic h  p r o v id e  th e  p la u s ib le  se ttin g  o f  a  ca su a l c h a t  b e 

tw e e n  L o d g e  a n d  F itz G e r a ld  d u r in g  w h ic h  th e  h y p oth es is  seem s to  

h a v e  b e e n  first d iscu ssed  as a  n ic e , w ild  id e a  a m o n g  fr ie n d s . I t  is p r e 

c ise ly  f r o m  su ch  s itu a tion s  th a t  s o m e  o f  th e  finest a d v a n ce s  d e v e lo p —  

f o r  e x a m p le , th e  p o s tu la t io n  o f  th e  sp in  o f  th e  e le c tr o n  b y  G o u d s m it  

a n d  U h le n b e c k .139 B u t  in  th e  case  o f  th is p a r t ic u la r  h y p oth es is , it  a l 

w ays re ta in e d  a  ca su a l, im p r o b a b le  ch a r a c te r , e v e n  w h e n  L o r e n tz  tr ied  

to  p r o p o s e  it  in d e p e n d e n t ly  in  a  s o m e w h a t  d iffe r e n t  fo r m , re ly in g  lig h t 

ly  o n  a n  e x p la n a to r y  s ch e m e  b a sed  o n  th e  p re s u m e d  a n a lo g y  b e tw e e n  

m o le c u la r  fo r c e s  (w h a te v e r  th ey  m a y  b e )  a n d  e le c tr ic  a n d  m a g n e t ic
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fo rce s . I  d o  n o t  fin d  it  a t a ll su rp ris in g  th at F itzG e ra ld  h im s e lf seem s 

to  h a v e  b e e n  satisfied  to  let o th ers  discuss th e  h y p oth esis , th a t  E in ste in  

a n d  oth ers  c a lle d  it  a d  h o c  in  a  c le a r ly  d e r o g a to r y  sense, o r  th a t it  has 

tra d it io n a lly  b e e n  c a lle d  th e  v e ry  p a r a d ig m  o f  a n  a d  h o c  h y p oth esis .

T h is  w o r k in g  sense o f  “ a d  h o c ”  is n o t , to  b e  su re, th e  o n ly  m e a n in g  

o f  th e  p h ra se , b u t  it  is o n e  w h ic h  a t  th is stage o f  th e  u n d e rs ta n d in g  o f  

h y p oth eses  is th e  im p o r ta n t  o n e  f o r  a n y  h is to r ica l analysis th a t c la im s  

to  d e a l w ith  th e  a c tu a l c o n tr ib u t io n  to  s c ie n ce  b y  a n  in d iv id u a l p e rso n .

A n d  it  is a  sense th a t c a n n o t  b e  d ism issed  as “ m e re ly  p s y c h o lo g ic a l”  o r  

“ o n ly  p s y c h o lo g ic a l.”  W h e th e r  o r  n o t  e p is te m o lo g ic a l an alysis c a n  

estab lish  o th e r , p e rh a p s  “ la rg e ly  u n n o t ic e d ,”  senses f o r  th e  p h ra se  re 

m a in s to  b e  seen . G . G . H e m p e l h as sh o w n  c le a r ly  th a t “ th ere  is, in  fa c t , 

n o  p re c ise  cr ite r io n  f o r  a d  h o c  h y p o th e se s .” 140 T h e n ,  t o o , th e  e p is te m o 

lo g ic a l d istin ction s  b e tw e e n  v a riou s  m e a n in g s  o f  a d  h o c  h y p oth eses  seem  

to  b e  m o r e  d ifficu lt  th a n  w as o n c e  th o u g h t : th e  e p is te m o lo g is t  G r iin -  

b a u m ’s r e ce n t  analysis th a t h a d  c o n fid e n t ly  a n n o u n c e d  c le a r  d istin ction s  

b e tw e e n  “ lo g ic a lly  a d  h o c ”  a n d  “ p s y c h o lo g ic a lly  a d  h o c ”  s o o n  h a d  to  

b e  w ith d ra w n  b y  its a u th o r , as th e  resu lt o f  th e  d e m o n s tra tio n  b y  H e m - 

p e l th a t th ere  w e re  serious in a d e q u a c ie s  in  th e  w o r k .141 O n e  m a y  h o p e  

f o r  e v e n tu a l p rogress, b u t  o n e  n e e d  n o t  w a it  f o r  it  t o  sh o w  th e  o p e r a 

t iv e  sense o f  a d  h o c  h y p oth eses  th a t d o e s  ex ist  a m o n g  scientists. C . C .

G illisp ie  h as c o rr e c t ly  s a id : “ T h e  sp e c ia l th e o ry  o f  re la tiv ity  w as ra th er  

a  restr ic tion  u p o n  s c ie n ce  th a n  a n  in d u c t io n  fr o m  p o s it iv e  p h e n o m e n a .

I n  his taste f o r  ‘ in n e r  p e r fe c t io n ’ in  th e o ry , E in ste in  a n sw e re d  to  a n  

a esth e tic  w h ic h  lo g ic ia n s  o f  s c ie n ce  h a v e  n o t  y e t r e d u c e d  to  e m p ir ic a l 

term s, o r  t o  in te r -s u b je c tiv e  a g re e m e n t .” 142

S o m e  q u estion s  arise w h ic h  w e  s h o u ld  d e a l w ith  a t  a n o th e r  o c c a s io n  

a t len g th  a n d  h e re  a t  least cu rsorily . A r e  n o t  all h y p oth eses  a d  h o c ?

T h e  an sw er, in  b r ie f , is N o . I n  th e  sp e c ia l e x a m p le  o f  th e  c o n tr a c t io n  

h yp oth esis , th ere  w e re  a ltern a tiv es  o f  a t least tw o  k in ds. O n e  w a s  to  e x 

p la in  th e  n e g a tiv e  resu lt o f  th e  M ic h e ls o n  e x p e r im e n t  b y  s h o w in g  th a t 

co n c lu s io n s  e q u iv a le n t  to  th e  L o r e n tz -F itz G e r a ld  c o n tr a c t io n  c o u ld  b e  

d e r iv e d  fr o m  h y p oth eses  o r  p ostu la tes  th a t  w e re  n o t  p r o p o s e d  sp e c ifica l 

ly  in  o r d e r  to  a c c o u n t  f o r  th e  p h e n o m e n o n — f o r  e x a m p le , f r o m  L o -  

ren tz ’s tra n s fo rm a tio n  e q u a tio n s , a lth o u g h  th e  la tter  m a y  h a v e  in it ia lly  

b e e n  c o m p le te ly  a d  h o c  w ith  r e s p e c t  to  th e ir  o w n  or ig in a l p u r p o s e  o f  

p r o v id in g  fo r  th e  in v a r ia n c e  o f  M a x w e l l ’s e q u a t io n s .143 I n d e e d , w h e n  

L o re n tz  p r o p o s e d  th e  tra n s fo rm a tio n  eq u a tio n s  h e  h a d  the sense o f  a d
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h ocn ess  w ith  re sp e ct  to  th e ir  p u r p o s e ; h e  th e re fo re  re fu sed  to  a c k n o w l 

e d g e  o n e  o f  th e  p oss ib le  co n se q u e n ce s  o f  th e  L o re n tz  tra n s fo rm a tio n  

e q u a tio n s , n a m e ly  a  p h y s ica l m e a n in g  o f  th e  c o n c e p t  O rtsz e it  th a t  h e  

fe lt  h a d  b e e n  in v e n te d  fo r  a  n a rro w e r  p u rp o s e . T h e  o th e r  possib ility  

w a s  to  d e r iv e  a  sta tem en t, w h o se  im p o r t  w o u ld  b e  e q u iv a le n t  to  th e  c o n 

t ra ct io n  h y p oth esis , fr o m  sta tem en ts th a t w e re  e v e n  m o r e  d ista n t fr o m  

a n y  s p e c ific  w o r ry  a b o u t  th e  M ic h e ls o n  e x p e r im e n ta l results— fo r  e x 

a m p le , fr o m  th e  tw o  ba sic  p ostu la tes  in  E in ste in ’ s re la tiv ity  p a p e r  o f  

1905. T h is  w as so  s im p le  to  d o  th at E in ste in , as w e  saw , d id  n o t  d e ig n  

to  g o  th r o u g h  th e  d e r iv a tio n  in  h is 1905 p a p e r  a n d  s im p ly  h in te d  th a t 

th e  re a d e r  c o u ld  d e r iv e  it  f o r  h im se lf f o r  a ll o p t ic a l  e x p er im en ts .

T h e  im p o r ta n t p o in t  h er e  is th a t “ a d  h o c ”  is n o t  an  a b so lu te  b u t a 

rela tiv istic  te rm .  P ostu lates 1 a n d  2 m a y  b e  sa id  to  h a v e  b een  in tr o d u c e d  

a d  h o c  w ith  re sp e ct  to  the re la tiv ity  th e o ry  o f  1905 as a  w h o le ;  E in ste in  

c ites little  su p p o r t  e v e n  fo r  th e  V e r m u tu n g  [c o n je c tu r e , su sp ic ion ] o f  

p o s tu la te  1 a n d  v ir tu a lly  n o th in g  to  su p p o r t  th e  V e r m u tu n g  o f  p ostu la te  

2. B u t th ese tw o  p r in c ip le s  w ere  n o t  a d  h o c  w ith  re sp e ct  to  th e M ic h e l 

son  e x p e r im e n t , fo r  th ey  w e re  n o t  sp e c ifica lly  “ im a g in e d  in  o r d e r  to  

a c c o u n t ”  fo r  its resu lt.

T h u s  a sta tem en t m a y  b e  a d  h o c  re la tiv e  to  o n e  c o n te x t  b u t  n o t  a d  h o c  

re la tiv e  to  a n o th e r . T h e  re la tiv ity  o f  a d  h ocn ess  in  th is sense is b e a u ti 

fu lly  illu stra ted  b y  a n o th e r  e p iso d e  f r o m  the h istory  o f  th e  F itzG e ra ld  

p r o p o s a l itself. A s  S. G . B ru sh  h as s h o w n ,144 F itzG e ra ld  d id  in te n d  to  

p u b lish  h is c o n tr a c t io n  h y p oth esis  in  a  le tter  to  th e  jo u r n a l S c i e n c e  in  

1889 , b u t h e  n e v e r  sa w  a  p r in te d  c o p y  a n d  th o u g h t  it  h a d  n o t  a p p e a r e d  

b eca u se  th e  jo u r n a l s to p p e d  p u b lish in g  a t  a b o u t  th a t t im e . T h is  in itia l 

p r o p o s a l w as e n tire ly  a d  h o c  w ith  resp ect  to  th e  e th er  d r ift  e x p e r im e n t :

I  w ou ld  suggest that almost the only hypothesis that can reconcile  this o p 

position [between the M ichelson  experim ent and the Fresnel ether] is that the 

length o f material bodies changes, accord ing as they are m oving through the 

ether or across it, by an am ount depending on the square o f the ratio o f  their 

velocities to that o f light.145

T o  a d d  p la u s ib ility , h e  re fe r re d  to  th e  “ n o t  im p r o b a b le  su p p o s it io n  

th a t th e  m o le c u la r  fo rce s  a re  a f fe c te d  b y  th e  m o t io n , a n d  th a t the size 

o f  a  b o d y  alters co n s e q u e n t ly .”  R a th e r  like L o re n tz , F itzG e ra ld  based  

h im s e lf h ere  o n  the q u a lita tiv e  a n a lo g y : “ W e  k n o w  th at e le c tr ic  fo r c e s  

a re  a f fe c te d  b y  th e  m o tio n s  o f  th e  e le c tr if ie d  b o d ie s  re la tiv e  to  th e
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e th e r .”  L a te r , h o w e v e r , F itzG e ra ld  d id  n o t  seem  to  re g a rd  h is p r o p o s a l 

a n y  lo n g e r  as an  a d  h o c  h y p oth esis , a n d  his r e p ly  to  L o re n tz  o n  14 N o 

v e m b e r  18 94  em p h a sizes  th e  d is t in ct io n  fr o m  the v ie w  L o r e n tz  exp ressed  

in  h is o w n  first letter. F itzG e ra ld  w ro te , “ M y  d e a r  S ir, I  h a v e  b e e n  

p r e a c h in g  a n d  le c tu r in g  o n  th e  d o c tr in e  th at M ic h e ls o n ’ s e x p e r im e n t  

p ro v e s , a n d  is o n e  o f  th e  o n ly  w a y s  o f  p r o v in g , th a t th e  le n g th  o f  a  b o d y  

d e p e n d s  o n  h o w  it is m o v in g  th r o u g h  th e  e th er . . . . N o w  th at I  h e a r  

y o u  as a n  a d v o c a te  a n d  a u th o r ity  I  sh a ll b e g in  to  je e r  a t o th ers  fo r  

h o ld in g  a n y  o th e r  v ie w .”  W h a t  F itzG e ra ld  h a d  p u b lish e d  in  1889 ra th er  

m od estly  as “ a lm ost  the o n ly  h y p oth esis  th a t c a n  r e c o n c ile  this o p p o s i 

t io n ,”  s u p p o r te d  b y  “ a  n o t  im p r o b a b le  s u p p o s it io n ” — a u sefu l id e a , as 

L o r e n tz ’ s w o r k  s h o w e d  w h e n  h e  u sed  his o w n  v e ry  s im ila r  o n e — h a d  

b e c o m e  in  18 94  a  “ d o c tr in e ”  f o r  F itzG e ra ld , “ p r o v e d ”  b y  th e  M ic h e l -  

son  e x p e r im e n t , a n d  in  th at c o n te x t  n o  lo n g e r  a d  h o c . H e n c e  w e  see 

“ a d  h o c ”  to  b e  a c o n c e p t  th a t is re la tiv istic  in  m o r e  senses th a n  w e  

m a y  h a v e  th o u g h t : re la tiv istic  fo r  o n e  p e rso n  w ith  re sp e ct  to  tim e a d  

h o c  fo r  F itzG e ra ld  in  1899 b u t n o t  in  1 8 9 4 ) ,  a n d  re la tiv istic  fo r  d i f fe r 

e n t  p erson s a t th e  sa m e t im e  (a d  h o c  fo r  L o r e n tz  in  1894 b u t  n o t  fo r  

F itzG e ra ld  in  1 8 9 4 ) .

H o w  is o n e  to  d e c id e  w h e th e r  a n  h y p oth es is  is a d  h o c  o r  n o t ?  A n d , 

m o re o v e r , w h e th e r  it is rep u ls iv e ly  a d  h o c  o r  a c c e p ta b ly  so ?  I t  is h ere  

th a t w e  c o n n e c t  w ith  E in ste in ’ s c r ite r io n  o f  th e  “ in n er  p e r fe c t io n ”  o f  

th e  th eory . T h e  c r ite r io n  is th e  fe e lin g  fo r  th e  “ n a tu ra ln ess”  o r  “ lo g ica l 

s im p lic ity ”  o f  th e  prem ises. A n d  w e  reca ll a g a in  th a t E in ste in  m akes im 

m e d ia te ly  tw o  p o in t s : o n e  is th a t th is p o in t  o f  v ie w  “ h as p la y e d  an  im 

p o r ta n t  r o le  in  th e  se le ctio n  a n d  e v a lu a tio n  o f  th eor ies  s in ce  t im e  im 

m e m o r ia l,”  a n d  s e co n d ly  th at “ a n  e x a c t  fo r m u la t io n  o f  [it] m eets  w ith  

g re a t  d ifficu ltie s ,”  b e ca u se  “ th e  p r o b le m  h e re  is n o t  s im p ly  o n e  o f  a k in d  

o f  e n u m e ra t io n  o f  th e  lo g ica lly  in d e p e n d e n t  p rem ises  ( i f  a n y th in g  like  

this w e re  at a ll u n e q u iv o c a lly  p o s s ib le ) , b u t  th a t o f  a  k in d  o f  r e c ip r o c a l 

w e ig h in g  o f  in co m m e n su ra b le  q u a litie s .” 146

A s in  th e  p u rsu it  o f  o th e r  asp ects  o f  s c ie n ce  itself, o n e ’ s best g u id e  to  

a  d e c is io n  a b o u t  th e  a d  h ocn ess  o f  a n  h y p oth es is  is n o t  lo g ica l analysis 

a lo n e . H e re , fo r  b e tte r  o r  w o rse , E in ste in ’ s d ic tu m  a p p lie s : “ T h e r e  is 

o f  co u rse  n o  lo g ica l w a y  le a d in g  to  the esta b lish m en t o f  a  th eory , b u t  

o n ly  g r o p in g  co n s tru ct iv e  a ttem p ts . . . N o r  is th e  scien tist lik ely  to  b e  

m u ch  h e lp e d  b y  a  cr ite r io n  su ch  as K a r l  P o p p e r ’ s : “ A s  rega rd s  a u x ilia ry  

h y p o th eses  w e  d e c id e  t o  la y  d o w n  th e  ru le  th a t o n ly  th ose  a re  a c c e p ta b le
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w h o s e  in tr o d u c t io n  d o e s  n o t  d im in ish  th e  d e g r e e  o f  fa ls ifia b ility  o r  testa 

b ility  o f  th e  system  in  q u e s tio n , b u t , o n  th e  c o n tra ry , in crea ses  it .” 147 

R a th e r , w h a t  is r e q u ir e d  is a  fe e l in g  f o r  th e  sta te  o f  a ffa irs , a  F in g e r -  

S p itz en g e fü h l , w h ic h  n o t  o n ly  d istin gu ish es  th e  q u a lity  o f  in s ig h t o f  d i f 

fe r e n t  scientists b u t  a lso  fo r c e s  th e m  t o  ta k e  o f t e n  q u ite  d if fe r e n t  v iew s  

o n  th e  sam e h y p oth es is . I  u se  th e  d a n g e ro u s  w o r d  “ fe e l in g ”  d e lib e ra te ly , 

b e ca u se  it  in d ica te s  a c c u r a te ly  th e  d if f ic u lt -to -d e fin e  lo cu s  w h e r e  ju d g 

m en ts  o f  th e  s c ie n tific  r e le v a n ce  o f  h y p o th e se s  a re  m a d e . T h u s  M a x  

W e r th e im e r  r e c o r d e d  E in ste in ’ s fe e lin g s  a b o u t  L o r e n tz ’ s c o n t r a c t io n  h y 

p o th es is  : “ H e  fe lt  th e  a u x ilia ry  h y p oth es is  t o  b e  a n  h y p oth es is  a d  h o c ,  

w h ic h  d id  n o t  g o  to  th e  h e a r t  o f  th e  m a t t e r . . . .  H e  fe lt  th e  t ro u b le  w e n t  

d e e p e r  th a n  th e  c o n t r a d ic t io n  b e tw e e n  M ic h e ls o n ’ s a c tu a l a n d  th e  e x 

p e c te d  resu lts .” 148

A  c h ie f  d ifficu lty  w ith  th e  m o r e  a b s tra c t  d iscu ssion s o f  th e  m a tte r  

w h ic h  I  h a v e  seen  so  fa r  is th a t  in  s o m e  cases th is essentia l F in g er sp itz e n 

g e fü h l  is la ck in g . I n  th e  a b s e n ce  o f  a  firs th a n d  fe e l in g  f o r  sc ie n tific  

taste, h is to r ica l o r  p h ilo s o p h ic a l  s ch o la rsh ip , p a r t ic u la r ly  th a t d ire c te d  

to  a  ca se  a t  th e  v e r y  fr o n t  o f  a  m a jo r  s c ie n t ific  a d v a n c e , is e n d a n g e re d  

b e c a u s e  it  is lik e ly  to  b e  u n in terested  in  o r  im p o te n t  b e fo r e  th e  p e rso n a l 

d im e n s io n , th e  p r iv a te  ( S x) a sp e ct  o f  s c ie n ce , th e  essen tia l ju d g m e n t  

w h e th e r  o r  n o t  s o m e  a p p r o a c h  d o e s  “ g o  t o  th e  h e a rt  o f  th e  m a tte r .”  

S o -c a l le d  p h ilo s o p h ic a l  m a stery  m u st b e  s u p p le m e n te d  b y  a n  u n d e r 

s ta n d in g  o f  m a tters  o f  s c ie n tific  taste a n d  fe e lin g . O th e rw is e  it m a y  b e  

b r o u g h t  to  b e a r  o n  a n  e m p ty  ca se , o r  w o rse , o n e  th a t exists o n ly  as a  

v is ib le  m o d e l co n s tr u c te d  to  r e fle c t  th e  m a k e r ’ s o w n  h id d e n  th e o r y  o f  

s c ie n ce . I t  c a n  le a d  su ch  a  p e r s o n  to  s co ld  a n  E in ste in  f o r  n o t  h a v in g  

b e h a v e d  lik e  a n  o b e d ie n t  stu d en t in  th e  c la ssro o m  o f  a  lo g ic ia n , f o r  n o t  

h a v in g  u sed  th e  “ r ig h t”  te r m in o lo g y , a n d  f o r  n o t  h a v in g  s h o u ld e r e d  an  

“ o b l ig a t io n ”  t o  h is  p h ilo s o p h ic a l  m asters .149 I t  m a y  a lso  le a d  h im  t o  

o v e r lo o k  th e  u sefu ln ess  o f  th e  (p a r t ia l)  d e f in it io n  o f  a n  a d  h o c  h y p o 

thesis im p lie d  in  N e w t o n ’ s e x c e e d in g ly  lib e ra l a n d  p erm iss iv e  F o u r th  

R u le  o f  R e a s o n in g : th a t a n  h y p oth es is  is t o  b e  a c c e p te d  as “ a ccu ra te ly  

o r  v e r y  n ea rly  tru e , n o tw ith s ta n d in g  a n y  c o n tra ry  h y p oth eses  th a t m a y  

b e  im a g in e d ,”  u n til w e  h a v e  a d d it io n a l e v id e n c e  b y  w h ic h  th e  h y p o 

theses m a y  b e  rev ised  o r  m a d e  m o r e  a c c u r a te .150

I  su sp ect th a t th e  task o f  th e  e p is te m o lo g is t  is m a d e  d iffic u lt  b e ca u se  

th e  v e ry  n a tu re  o f  h is  w o r k  is d iffe r e n t  f r o m  th e  n ecessarily  m o r e  la x  

e p is te m o lo g ic a l a tt itu d e  o f  th e  w o r k in g  scien tist. E in ste in  w a r n e d  o f
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th is in  a  fa m o u s  passage  in  th e  R e m a r k s  w h ic h  w e  h a v e  c ite d , w h e re  h e  

co m p a r e s  th e  a ttitu d es  o f  th e  p r a c t it io n e rs  o f  th e  d isc ip lin es  a n d  n otes  

th a t th e  scien tist c a n n o t  le t  h im s e lf  b e  “ re str ic te d  in  th e  c o n s tr u c t io n  o f  

h is  c o n c e p tu a l w o r ld  b y  th e  a d h e r e n c e  to  a n  e p is te m o lo g ic a l system .” 151 

H a n s  R e ic h e n b a c h  w ise ly  r e c o g n iz e d  th e  d a n g e r  w h e n  h e  w r o te  in  th e  

sa m e v o lu m e  a  p a ssa ge  w e  h a v e  a lre a d y  t o u c h e d  o n :

T h e  physicist w h o  is look ing for  new  discoveries must not be  too  critical; in 

the initial stages he is dependent on  guessing, and he w ill find his w ay only 

if  he is carried along by a certain fa ith w h ich  serves as a directive fo r  his 

guesses. W h en  I, on a certain occasion, asked Professor Einstein how  he fou nd 

his theory o f  relativity, he answered that he found it because he was so strongly 

convinced  o f  the harm ony o f  the universe. N o  dou bt his theory supplies a m ost 

successful dem onstration o f  the usefulness o f  such a conviction . But a creed 

is not a ph ilosophy; it carries this nam e on ly  in the pop u lar interpretation 

o f  the term .152

R e tu r n in g  fr o m  this g e n e ra l o v e r v ie w  o f  a sp ects  o f  th e  status o f  a d  

h o c  h y p oth eses , w e  c a n  n o w  re fin e  a n d  su m m a rize  o u r  assessm ent o f  th e  

p r o b a b le  r o le  o f  th e  M ic h e ls o n  e x p e r im e n t  in  E in ste in ’ s w o r k  le a d in g  

to  th e  1905 p a p e r . I n  r e a d in g  L o r e n tz ’ s b o o k  o f  1 8 9 5 , E in ste in  w il l  

h a v e  fo u n d  th a t th e  e x p e r im e n t  w a s  n o t  th o u g h t  to  b e  th e  c r u c ia l e v e n t  

u p o n  w h ic h  a  n e w  p h y sics  m u st b e  b u i l t :  it  w a s  o n ly  o n e  o f  sev era l 

s e c o n d -o r d e r  e x p e r im e n ts  th a t  a t th e  t im e  c o u ld  b e  e x p la in e d  o n ly  b y  

in v o k in g  y et a n o th e r  u n h a p p y  a d  h o c  h y p oth es is  to  a d d  to  a ll th e  

o th ers  o n  w h ic h  cu rre n t  th e o r y  w a s  b u ilt . L o r e n tz  h im s e lf  e x p lic it ly  

c a lle d  th e  c o n tr a c t io n  h y p o th e s is  a  H u lfs h y p o th e s e ,  a n d  la ter  fe lt  c o m 

p e l le d  to  m a k e  a n  (essen tia lly  v a in )  a t te m p t  t o  e x p la in  th e  M ic h e ls o n  

resu lt w ith  m o r e  a p p e a lin g  assu m p tion s. E in ste in  ch a r a c te r ize d  th e  c o n 

t ra c t io n  h y p oth es is  as u n sa tis fa c to ry  o n  severa l o c ca s io n s  a fte r  1905 .

M ic h e ls o n  a g re e d  ( “ su ch  a n  h y p oth es is  seem s ra th e r  a rt ific ia l” 153) .  S o  

d id  P o in ca re . S o  d id  o th e rs  w h o  h a d  to  fa c e  w h e th e r  o r  n o t  to  w o r k  

w ith  it. A n d  th a t is w h a t  co u n ts  in  th e  ch a r a c te r iza t io n  o f  a d  h ocn ess .

W e  c o n c lu d e  th a t  th e  c h ie f  lesson  o f  th e  M ic h e ls o n  e x p e r im e n t  f o r  

E in stein  w a s  a  s e co n d a ry  o n e :  th a t th e  th e n -cu rre n t  c o n tr a c t io n  e x 

p la n a t io n  o f  th e  resu lt o f  th e  e x p e r im e n t , b y  w h a t  h e  fe lt  t o  b e  its u n 

a p p e a lin g  a d  h o c  ch a ra c te r , c o m p r o m is e d  fu rth e r  th e  e th e r -c o m m itte d  

th e o ry  o f  e le c tro d y n a m ics  w h ic h  E in ste in  a lre a d y  k n e w  f o r  m a n y  o th e r , 

a lso  la rge ly  a esth etic , reason s to  b e  in a d e q u a te . T h e  p r o b le m  E in ste in  

saw  w a s  n o t  th e  lo g ica l status o f  th e  c o n tr a c t io n  h y p oth esis , n o t  M ic h e l -
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so n ’s e x p e r im e n ta l resu lt itse lf ( f o r  it  c o u ld  be  a c c o m m o d a te d , e v e n  i f  

n o t  o h n e  W e i t e r e s ) ,  b u t  th e  in a b ility  o f  L o r e n tz ’ s th e o ry  to  fu lfill th e  

c r ite r io n  o f  “ in n e r  p e r fe c t io n ”  o f  a  th eory .

I  h a v e  e lsew h ere  d r a w n  a tte n tio n  to  the d istin ction s  E in ste in  m a d e  

b e tw e e n  “ c o n s tru ct iv e  th eor ies”  a n d  “ th eories  o f  p r in c ip le .” 154 T h e o r ie s  

o f  th e  la tter  typ e , su ch  as th e  re la tiv ity  th e o ry  a n d  th e rm o d y n a m ics , 

start w ith  “ e m p ir ic a lly  o b s e r v e d  g e n e ra l p ro p e rt ie s  o f  p h e n o m e n a .”  T h e  

a c c e n t  is n o t  o n  a n y  o n e  p r o p e r ty  o r  p h e n o m e n o n  b u t  o n  a  c re a tiv e  d i 

gest o r  synthesis o f  d ie  g e s a m m te n  E r fa h ru n g sta ts a ch en ,  the to ta lity  o f  

p h y s ica l e x p e r ie n c e  in  a  fie ld . I t  is th u s a n  u n h a p p y  c a r ica tu re  to  th in k  

th at a n y  o n e  e x p e r im e n t  w o u ld  b e  a  c h ie f  rea son  fo r  restru ctu r in g  a ll o f  

e le c tro d y n a m ics .

T h is  co m p le te s  o u r  e x a m in a t io n  o f  the e v id e n c e  d u r in g  th e  ea rlier  

p e r io d  o f  E in ste in ’ s w o rk . W e  n o w  tu rn  to  the la ter  p e r io d , fr o m  th e  

1 9 20 ’ s in to  the 1 9 50 ’ s.

I X .  In d ir e c t  E v id e n c e :  A f t e r  1 9 0 5

F irst w e  re tu rn  b r ie fly  to  S h a n k la n d ’ s in terv iew s  to  ca lib ra te  a n  e n d 

p o in t  in  the lo n g  d e v e lo p m e n t  o f  E in ste in ’ s a tt itu d e  to w a r d  e x p e r im e n 

ta tio n  in  g en era l. T h u s , S h a n k la n d  asked  E in ste in  in  1952 a b o u t  J. L . 

S y n g e ’ s re ce n tly  p u b lish e d  a p p r o a c h  to  re la tiv ity  w h ic h  p r e d ic te d  a  sm all 

p o s it iv e  e f fe c t  in  a  M ic h e ls o n -ty p e  e x p e r im e n t. “ E in ste in  sta ted  stron g ly  

th a t h e  fe lt  S y n g e ’ s a p p r o a c h  c o u ld  h a v e  n o  s ig n ifica n ce . H e  fe lt  th a t 

e v e n  i f  S y n g e  d e v ise d  a n  e x p e r im e n t  a n d  fo u n d  a p o s it iv e  resu lt , th is 

w o u ld  b e  c o m p le te ly  irre le v a n t. . . . [L a te r ] h e  a g a in  sa id  th at m o r e  e x 

p e r im en ts  w e re  n o t  n ecessary , a n d  resu lts su ch  as S y n g e  m ig h t  fin d  w o u ld  

be  ‘ ir re lev a n t.’  H e  to ld  m e  n o t  to  d o  a n y  e x p e r im e n ts  o f  th is k in d .” 155

T h is  a tt itu d e  w as ch a ra c te r is t ic  n o t  o n ly  a t th e  e n d p o in t . I n  re a d in g  

th r o u g h  th e  d o c u m e n ts  in  th e  E in ste in  A r c h iv e  o n e  fin d s  a b u n d a n t  e v i 

d e n c e  fr o m  the earliest p e r io d  o n  th at E in ste in  fe lt  th ere  w as a necessity  

fo r  o r d e r  in  n a tu ra l la w , th e  p e r c e p t io n  o f  w h ic h , o n c e  h e  h a d  o b ta in e d  

it e v e n  o n  th e  basis o f  th e  h ints fu rn ish e d  b y  a  fe w  c h o se n  e x p e r im e n ta l 

fa cts , a l lo w e d  h im  to  ju d g e  th e  s ig n ifica n ce  o f  fu r th e r  ex p er im en ts . E in 

s te in ’ s respon ses to  the resu lt o f  D . C . M ille r ’ s r e p e t it io n  o f  th e  M ic h e l-  

s o n -M o r le y  e x p e r im e n t  is ra th er  ty p ica l.

O n  C h ristm a s D a y , 1925 , E in ste in  r e ce iv e d  a  c a b le  fr o m  a  n e w sp a p e r  

se rv ice  in  th e  U n ite d  S ta tes : “ P res id en t M ille r , A m e r ic a n  P h y sica l S o -
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c ie ty , a n n o u n ce s  th e  d isco v e ry  o f  a e th er  d r ift . Says ‘m y  w o r k  an n u ls  

s e co n d  p o s tu la te  E in ste in  th e o ry .’ P lease  c a b le  c o l le c t  2 0 0 -w o r d  o p in io n , 

press rates. . . .”  A p p a r e n t ly  h e  g a v e  n o  an sw er, b u t  o n  th e  sam e d a y  

E in ste in  w r o te  to  h is o ld est  fr ie n d , M ic h e le  B esso, “ I  th in k  th a t th e  

M ille r  e x p er im en ts  rest o n  a n  e rro r  in  te m p e ra tu re . I  h a v e  n o t  tak en  

th e m  seriou sly  fo r  a  m in u te .”  A g a in , o n  14 M a r c h  1926, in  a  le tter  to  

A . P ic ca rd , E in stein  w r o te , “ I  b e lie v e  th at in  th e  case  o f  M ille r , th e 

w h o le  s p o o k  is ca u sed  b y  te m p e ra tu re  in flu en ces  (a ir )  ,” 156 A s  it  tu rn ed  

o u t , E in ste in ’ s in tu itiv e  resp on se  w as r ig h t. In  fa c t  it w as S h a n k la n d  a n d  

his co lle a g u e s157 w h o  fo u n d  in  a  p a in sta k in g  a n d  b e a u tifu l analysis o f  

M ille r ’ s d a ta  th at th e  “ e th e r -d r ift ”  d iffe re n ce s  a t  d iffe r e n t  a ltitu des 

w h ic h  M ille r  h a d  r e p o r te d  “ w ere  in  fa c t  d u e  to  th e  g rea tly  d if fe r in g  

te m p e ra tu re  c o n d it io n s  in  th e  b a se m e n t la b o r a to ry  at C ase  a n d  a t M t .

W ils o n .” 158

W e  n o w  c o m e  to  a  v ery  s ig n ifica n t d o c u m e n t  th a t n eed s to  b e  u n d e r 

s to o d  in  its se tt in g : th e  sp e e ch  g iv e n  ea rly  in  1931 b y  E in ste in  o n  his 

v isit t o  P asad en a , C a lifo r n ia , w h e n  h e  c a m e  fo r  th e  first a n d  last t im e  

fa c e  to  fa c e  w ith  M ic h e ls o n . T h e  o c c a s io n  m u st h a v e  b e e n  m o v in g .

M ic h e ls o n , tw en ty -sev en  years his sen ior , w as m u c h  b e lo v e d  b y  E in 

ste in  fr o m  a d ista n ce , as w e  h a v e  n o te d . E in ste in  to ld  S h a n k la n d  he 

p a rt icu la r ly  a p p r e c ia te d  “ M ic h e ls o n ’ s artistic  sense a n d  a p p r o a c h  to  

s c ie n ce , esp ecia lly  his fe e lin g  fo r  sym m etry  a n d  fo r m . E in ste in  sm iled  

w ith  p lea su re  as h e  r e ca lle d  M ic h e ls o n ’ s artistic  n a tu re— h e re  th ere  w as 

a  k in d re d  b o n d .” 159

B u t M ic h e ls o n  w a s  w e ll k n o w n  to  b e  n o  fr ie n d  o f  re la tiv ity , th e  d e 

s troyer  o f  the e th er. L ik e  so  m a n y , h e  w a s  c o n v in c e d  th at his o w n  ill-  

fa te d  e x p er im en ts  w e r e  th e  basis f o r  th e  th eory , a n d  h e  e x p la in e d  th e  

ro u te  in  a  ta lk  g iv e n  in  1 9 2 7 : th e  M ic h e ls o n  e x p e r im e n t  h a d  led  

L o re n tz  to  p r o p o s e  th e  tra n s form a tion s , a n d  “ these c o n ta in e d  th e  g ist 

o f  th e  w h o le  re la tiv ity  th e o r y .” 160 E in ste in  re m in is ce d  later, “ H e  to ld  

m e  m o re  th a n  o n c e  th a t h e  d id  n o t  like the th eories  th at h a d  fo l lo w e d  

fr o m  his w o r k ,” 161 a n d  h e  sa id  h e  w as a  little  sorry  th a t his o w n  w o r k  

sta rted  this “ m o n s te r .” 162 M ic h e ls o n  w as n o w  se v e n ty -n in e  years o ld , 

w e a k  a fte r  a  seriou s strok e  th a t h a d  first fo r c e d  h im  to  h is s ick b ed  tw o  

years ea rlier . T h e  p ic tu re  tak en  o n  th a t o c c a s io n  sh ow s th e  fra il o ld  

m a n , s ta n d in g  n ex t  to  E in ste in , w ith  h is usual e re ct  d ig n ity  o n  this last 

p u b lic  a p p e a r a n ce , b u t h e  w as m a rk e d  fo r  th e  d ea th  th a t c a m e  th ree  

m o n th s  later.
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A m o n g  o th e rs  p re se n t a t  a  g r a n d  d in n e r  in  th e  n e w  A th e n a e u m  o n  

15 J a n u a ry  1 9 3 1163 w e r e  th e  p h ysic ists  a n d  a stron om ers  G . E . St. J o h n , 

W . W . C a m p b e ll ,  R .  A . M ill ik a n , W . S . A d a m s , R .  C . T o lm a n , G . E . 

H a le , a n d  E . P . H u b b le , as w e ll as M rs . E in ste in  a n d  t w o  h u n d r e d  

m e m b e rs  o f  th e  C a lifo r n ia  In stitu te  A ssocia tes . M ill ik a n  set th e  stage 

w ith  h is o p in io n  c o n c e r n in g  th e  ch a ra c te r is t ic  fea tu res  o f  m o d e m  sc ie n 

t if ic  th o u g h t  ( i t  takes, “ as its s ta rtin g  p o in t , w e ll-a u th e n t ic a te d , c a r e 

fu lly  tested  e x p e r im e n ta l fa c ts , n o  m a tte r  w h e th e r  th ese  fa cts  seem  to  fit  

in to  a n y  g e n e ra l p h ilo s o p h ic a l  t h e m e . . . .  I n  a  w o r d , m o d e r n  s c ie n ce  is 

essen tia lly  e m p ir ic a l, a n d  n o  o n e  has d o n e  m o r e  t o  m a k e  it  so  th a n  th e  

th e o r e t ica l p h y s ic is t, A lb e r t  E in ste in ” ) .  I t  is, in  fa c t ,  la rg e ly  th e  sa m e  

m a te r ia l M ill ik a n  re p u b lis h e d  e ig h te e n  yea rs  la te r  as p a r t  o f  th e  in tr o 

d u c t io n  t o  th e  E in ste in  issue o f  th e  R e v i e w s  o f  M o d e r n  P h y s i c s . B u t 

t o  th e  sen ten ce  “ T h u s  w a s  b o r n  th e  sp e c ia l th e o r y  o f  r e la t iv ity ”  M ill ik a n  

in  1931 a d d e d , “ I  n o w  w ish  to  in tr o d u c e  th e  m a n  w h o  la id  its e x p e r i 

m e n ta l fo u n d a t io n s , P ro fe sso r  A lb e r t  A .  M ic h e ls o n ___ ”

M ic h e ls o n  k e p t  h is sh ort resp on se  in  th e  c h a n n e l la id  o u t  b y  M il l ik a n :

I  consider it particularly fortunate for  m yself to b e  ab le to  express to  D r. 

Einstein m y appreciation  o f  the h on or and distinction he has conferred u p on  

m e for  the result w h ich  he so generously attributes to  the experim ents m ade 

h a lf a century ago in connection  w ith  Professor M orley , and w h ich  h e is so 

generous as to acknow ledge as being a contribution  on  the experim ental side 

w h ich  led  to  his fam ous theory o f  relativity.

E in ste in  h a d  n o t  y e t  r e s p o n d e d . M ill ik a n  n e x t  c a lle d  o n  C a m p b e ll ,  

r e p re se n tin g  th e  s p le n d id  g r o u p  o f  e x p e r im e n ta l a s tro n o m e rs  p resen t, 

sa y in g , “ I  a m  h e r e w ith  a ss ig n in g  h im  th e  task  o f  s k e tch in g  th e  d e v e lo p 

m e n t  o f  t h e  e x p e r im e n ta l c re d e n t ia ls  o f  th e  g e n e ra l th e o ry  o f  re la tiv ity .”  

C a m p b e ll  r e c o u n te d  th e  su ccess  o f  th e  th re e  c h ie f  tests, in  w h ic h  th e  

C a lifo r n ia  a s tro n o m e rs  h a d  p la y e d  le a d in g  ro les .

M ill ik a n  th e n  s ta rted  to  in tr o d u c e  E in ste in , b u t  p r e fa c e d  it  w ith  a  

last r e in fo r c e m e n t  o f  th e  p h ilo s o p h ic a l  m essage  th a t h a d  b e e n  b u ild in g  

u p , th is t im e  b y  r e fe r r in g  to  M ill ik a n ’ s o w n  “ e x p e r im e n ta l v e r if ica t io n  

o f  p r e d ic t io n s ”  c o n ta in e d  in  th e  ea r ly  p a p e rs  o f  E in ste in . S een  f r o m  his 

p e rs p e c t iv e , h is e v a lu a tio n  o f  E in ste in ’ s p a p e r  o n  th e  q u a n t iz a t io n  o f  

lig h t  e n e rg y  (1 9 0 5 )  w a s  n o t  su rp r is in g : “ T h e  e x tra o rd in a ry  p e n e tra t io n  

a n d  b o ld n ess  w h ic h  E in ste in  s h o w e d  in  1905  in  a c c e p t in g  a  n e w  g r o u p  

o f  e x p e r im e n ta l fa cts  a n d  fo l lo w in g  th e m  to  w h a t  se e m e d  to  h im  to  b e
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th e ir  in e v ita b le  co n se q u e n ce s , w h e th e r  th ey  w e re  re a so n a b le  o r  n o t  as 

g a u g e d  b y  th e  c o n c e p t io n s  p re v a le n t  a t  th e  tim e , h as n e v e r  b e e n  m o r e  

strik in g ly  d e m o n s tra te d .”

A t  last, th e  stage a n d  th e  e x p e c ta t io n s  w e r e  fu lly  set f o r  E in ste in ’ s 

resp on se . W h a t  h a p p e n e d  n e x t— o r  ra th er , w h a t  is su p p o se d  to  h a v e  

h a p p e n e d — is w id e ly  k n o w n  fr o m  th e  a c c o u n t  g iv e n  in  J a ffe ’ s b io g ra p h y  

o f  M ic h e ls o n :

Einstein m ade a little speech. Seated near him  w ere M ichelson , M illikan,

H ale, and other eminent m en o f  science. “ I  have com e am ong m en,”  began 

Einstein, “ w ho fo r  m any years have been true com rades w ith m e in m y la 

bors.”  T hen , turning to the measurer o f  light, he continued, “ Y ou , m y hon 

ored D r. M ichelson , began w ith this w ork w hen I was only a little youngster, 

hardly three feet high. It was you w h o led  the physicists into new  paths, and 

through your m arvelous experim ental w ork paved the w ay fo r  the develop 

ment o f the T h eory  o f  Relativity. Y ou  uncovered an insidious defect in  the 

ether theory o f  light, as it then existed, and stimulated the ideas o f  H . A .

Lorentz and FitzG erald, out o f  w h ich  the Special T h eory  o f  R elativity de 

veloped. W ithout your w ork this theory w ou ld  today be scarcely m ore than 

an interesting speculation; it was your verifications w hich  first set the theory 

on a real basis.”

M ichelson  was deeply m oved. T h ere  cou ld  be  no higher praise fo r  any 

m an.164

I t  is th e  k in d  o f  resp on se  f o r  w h ic h  th e  d e v e lo p in g  o c c a s io n  h a d  p r e 

p a re d , a n d  J a ffe  g iv es  a  n a tu ra l a n d  c le a r -c u t  e v a lu a tio n  o f  th e  p r o b le m  

o f  a  p oss ib le  g e n e t ic  c o n n e c t io n  b e tw e e n  M ic h e ls o n ’ s e x p e r im e n t a n d  

E in ste in ’ s w o r k , o n e  en tire ly  in  a c c o r d  w ith  a ll th e  t e x tb o o k  version s w e  

c it e d  e a r lie r : “ I n  1931 , ju s t  b e fo r e  th e  d e a th  o f  M ic h e ls o n , E in ste in  

p u b lic ly  a ttr ib u te d  h is th e o r y  to  th e  e x p e r im e n t  o f  M ic h e ls o n .” 165

H o w e v e r , r e a d in g  J a ffe ’ s pa ssa ge  ca r e fu lly , w e  n e e d  n o t  g o  so  fa r . 

M ic h e ls o n ’ s “ s tim u la tin g  th e  id ea s”  o f  L o r e n tz  a n d  F itz G e ra ld  o u t  o f  

w h ic h  in  tu rn  th e  sp e c ia l th e o ry  o f  re la tiv ity  “ d e v e lo p e d ”  is n o t  a  s ce 

n a r io  in  c o n tr a d ic t io n  w ith  th e  lik e ly  c h a in  o f  even ts  d iscu ssed  a b o v e : 

th e  th e n -cu rre n t  L o r e n tz -F itz G e r a ld  c o n tr a c t io n  e x p la n a t io n  o f  th e  

M ic h e ls o n  e x p e r im e n t, as fo u n d  in  th e  tw o  w ork s  o f  L o r e n tz  ( o f  1892 

a n d  1 8 9 5 ) w h ic h  w e  k n o w  E in ste in  h a d  re a d , b y  its u n a p p e a lin g  a d  h o c  

ch a ra c te r  c o m p r o m is e d  fu rth e r  th e  e th e r -c o m m itte d  th e o ry  o f  e le c t r o 

d y n a m ics  w h ic h  E in ste in  a lrea d y  k n e w  fo r  m a n y  o th e r  reason s t o  b e  

in a d e q u a te . W h a t  is m issin g  f r o m  E in ste in ’ s sh ort resp on se  w as, to  b e
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sure, a n  e la b o r a t io n  o f  in p u ts  o th e r  th a n  th ose  h e  w a s  h ere  m e n t io n in g ; 

b u t  this c le a r ly  w a s  n o t  th e  o c c a s io n  t o  d o  it.

I t  is m o r e  d iff ic u lt  fo r  us to  m a tc h  th e  last sen ten ce  g iv e n  a b o v e  to  

th e  id eas w e  h a v e  b e e n  d e v e lo p in g . A s  is tru e  f o r  s im ila r  rem a rk s  a t 

o th e r  tim es, p e rh a p s  th ese t o o  r e fe r re d  to  th e  p u b lic  a c c e p ta n c e  o f  

re la tiv ity  ra th e r  th a n  to  E in ste in ’ s o w n  d e v e lo p in g  th o u g h ts  le a d in g  to  

h is 1905 p a p e r . B u t th e  rem a rk s “ w ith o u t  y o u r  w o r k  . . .  it  w a s  y o u r  

v e r ifica tio n s  . . .”  m o r e  lik e ly  w o u ld  b e  a  p e rs o n a l a c k n o w le d g m e n t  to  

M ic h e ls o n , a  p u b lic  a ttr ib u t io n  o f  th e  k in d  th a t J a ffe  c le a r ly  sa w  in  it . 

A n d  in  th a t case , as K e p le r  p u t  it h a lf -w a y  th r o u g h  th e  A s t r o n o m í 6  

n o v 6 , “ o u r  h y p oth es is  g o e s  u p  in  s m o k e .”

B u t it  turns o u t  th at J a ffe ’ s w id e ly  re a d  v e rs io n  o f  E in ste in ’ s ta lk  has 

fa lle n  in to  th e  tra p  o f  p r e c o n c e p t io n s  th a t h a d  u n w itt in g ly  b e e n  set u p  

fo r  E in ste in . A  h e a d in g , a  litt le  se n te n ce , a n d  a  lo n g  e n d in g  f r o m  E in 

s te in ’ s ta lk  w e re  o m it te d  b y  J a ffe , a n d  th ey  m a k e  a  lo t  o f  d if fe r e n c e . T h e  

tex t o f  E in ste in ’ s ta lk , in  th e  o r ig in a l G e r m a n , w as p u b lish e d  in  1 9 4 9 166 

to g e th e r  w ith  th e  ra th e r  in a d e q u a te  E n g lish  tra n s la tion  u sed  in  th e  

S c i e n c e  a c c o u n t  a n d , w ith  om iss ion s , in  J a ffe ’ s b o o k . T h e  ta lk  starts w ith  

“ L ie b e  F r e u n d e !” — it is, o f  co u rse , a d d ressed  to  th e  w h o le  c o m p a n y , 

a m o n g  w h o m  th ere  w ere  so  m a n y  w h o se  sc ie n tific  lives w ere  c lo se ly  

lin k e d  to  E in ste in ’ s. A n d  ju s t  b e tw e e n  th e  last tw o  sen ten ces  q u o te d  b y  

J a ffe , w e  fin d  a  sen ten ce  o m it te d  fr o m  h is  p assage  th a t sw itch es  th e  

d iscu ss ion  a w a y  fr o m  M ic h e ls o n  a n d  sp ec ia l re la tiv ity  to w a r d  th e  as 

s e m b le d  a s tro n o m e rs  a n d  g e n e ra l re la tiv ity . T h e  c o r r e c t  pa ssa ge  r e a d s : 

“ Y o u  u n c o v e r e d  a n  in s id iou s  d e fe c t  in  th e  e th e r  th e o ry  o f  lig h t , as it 

th en  ex is te d , a n d  s tim u la te d  the id eas o f  H . A . L o r e n tz  a n d  F itz G e ra ld , 

o u t  o f  w h ic h  the sp e c ia l th e o ry  o f  re la t iv ity  d e v e lo p e d . T h e s e  in tu rn  

led  th e  w a y  to  th e  g e n e r a l  th e o r y  o f  r e la tiv ity , a n d  to  th e  th e o r y  o f  

g ra v ita tio n . W it h o u t  y o u r  w o r k  this th e o ry  w o u ld  to d a y  b e  sca rce ly  

m o r e  th a n  a n  in te re s tin g  s p e c u la t io n ; it  w as y o u r  v e r ifica tio n s  w h ic h  

first set th e  th e o ry  o n  a  rea l basis”  (ita lic s  s u p p l ie d ) .  T h e n  fo l lo w s  im 

m e d ia te ly  a n  a c k n o w le d g m e n t  o f  e a c h  o f  th e  e x p e r im e n ta l c o n t r ib u 

t ion s  th a t h a d  “ set th e  [g e n e ra l] th e o ry  o n  a  rea l basis” : th ose b y  C a m p 

b e ll, S t. J o h n , A d a m s , a n d  H u b b le .167

W h a t  rem a in s  is still a  fin e  c o m p lim e n t  to  M ic h e ls o n . Y e t  e v e n  s ta n d 

in g  b e fo r e  h im , a n d  u n d e r  th e  a c c u m u la te d  pressures o f  th e  d r a m a tic  

a ffa ir , E in ste in  a g re e d  n e ith e r  w ith  M ill ik a n ’ s n o r  w ith  M ic h e ls o n ’ s v e r 

s ion  o f  th e  g e n e tic  c o n n e c t io n  (n o r , o f  co u rs e , w ith  J a ffe ’ s ) . H e  d id  n o t
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a v a il h im se lf o f  th e  o c c a s io n  to  say stra igh t o u t  w h a t  e v e ry o n e  seem ed  

to  h a v e  c o m e  to  h ea r  h im  sa y : “ M ic h e ls o n ’ s is th e  c ru c ia l e x p e r im e n t 

th at w as the basis fo r  m y  o w n  w o r k .”  R a th e r  h e  seem ed  to  see M ic h e ls o n  

as o n e  o f  th e  figu res o n  th e  c o n tin u o u s , lo n g  w a y  le a d in g  to  re la tiv ity  

th eory . F o r  ev en  w h ile  w o rk in g  o n  th e  th e o ry  in  th e  sp r in g  o f  1905 ,

E in ste in  c la im e d  th at h e  saw  his w o rk  n o t  as a  v io le n t  b rea k  w ith  th e  

past, b u t m o r e  m o d estly , as a  c o n t in u a t io n  a n d  im p r o v e m e n t  o f  ex is tin g  

tren d s .168

A s to  the u n fo r tu n a te  om ission  o f  th e  sen ten ce  in  J a ffe ’ s b o o k , o n e  

k n ow s su ch  th in gs h a p p e n , a n d  at th e  m ost a w k w a rd  m o m e n t. T h e  sig 

n ific a n ce  lies in  th is : m istakes o f  this sort fa v o r  the p r e p a re d  m in d . A n d  

w orse , th ro u g h  n o  fa u lt  o f  J a f fe ’ s, his e v a lu a tio n  has b e e n  rep ea ted ly  

re p u b lish e d  b y  o th ers  w h o , a p p a re n tly  w ith o u t  a  sch o la r ly  e x a m in a t io n  

o f  th e  a v a ila b le  o r ig in a l tex t, fo u n d  c o m fo r t  in  his e v a lu a tio n  fo r  th eir  

p u rp o s e  o f  fo r g in g  a  t ig h t g e n e tic  lin k  fr o m  M ic h e ls o n  to  E in ste in .

T h e  n ex t d o c u m e n t  to  b e  e x a m in e d  w as p u b lish e d  a fte r  E in ste in ’ s 

retu rn  fr o m  P asad en a . I t  is a  su m m a ry , in  th ird  p erson , o f  E in ste in ’ s 

rem arks, p resen ted  o n  17 J u ly  1931 , to  th e  P h ysik a lisch e  G ese llsch a ft  o f  

B erlin , in  m e m o r y  o f  M ic h e ls o n  w h o  h a d  d ie d  o n  9 M a y , 1931. O n c e  

m o re , th e  c h a n c e  o ffe r e d  itse lf to  E in ste in  to  say w h a t  a ll te x tb o o k s  h a d  

lo n g  b e e n  sayin g , a n d  to  d o  so u n d e r  th e  m o st  n a tu ra l c ircu m sta n ces .

B u t, as at P a sa d en a , this d id  n o t  h a p p e n . E in ste in  is r e p o r te d  to  h a v e  

sa id  (w ith o u t  d ire c t  a ttr ib u tio n ) th a t M ic h e ls o n ’ s greatest id e a  “ w as 

th e  in v e n tio n  o f  h is fa m o u s  in te r fe re n ce  a p p a ra tu s , w h ic h  c a m e  to  b e  

o f  g rea ter  s ig n ifica n ce  b o th  fo r  re la tiv ity  th e o ry  as w e ll as fo r  th e  o b se r 

v a tio n  o f  sp ectra l lin es ,”  a n d  “ this n e g a tiv e  resu lt [ o f  th e  M ic h e ls o n  e x 

p e r im en t] g re a tly  a d v a n ce d  th e  b e lie f  in  th e  v a lid ity  o f  th e  g en era l re l 

a tiv ity  th e o r y .” 169 T h e  last p h ra se  casts so m e  d o u b t  o n  the a c c u r a c y  o f  

th e  r e p o r t , s in ce  th e  M ic h e ls o n  e x p e r im e n t  c o u ld  b e  in te rp re te d  b y  th e 

sp ec ia l ra th er th a n  the g e n e ra l th eory . B u t e v e n  in  this fo r m  the r e p o r t  

is m ost  con sisten t w ith  E in ste in ’ s e a r lie r  sta tem en ts p o in t in g  o u t  th e  

usefu lness o f  the e x p e r im e n t  in  c o n v in c in g  o th e r  physicists o f  the v a lu e  

o f  re la tiv ity  th eory .

T h e r e  en su ed  a lu ll fo r  so m e  years d u r in g  w h ich  th e  q u estion  o f  a  

possib le  d e b t  to  M ic h e ls o n  w as a p p a re n tly  n o t  ra ised . T h e n , in  a  letter 

o f  rep ly  o n  17 M a r c h  1942 to  J a ffe , E in ste in  a g a in  h a d  to  m a k e  a  sta te 

m e n t  o n  the m atter . I t  has m ost  o f  th e  ch ara cteristics  o f  th e  rep lies to  

S h a n k la n d  e ig h t to  tw e lv e  years la ter, that is, the in flu e n ce  w o u ld  h a v e
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b e e n  to  stren g th en  a  p re v io u s ly  o b ta in e d  c o n v ic t io n  a n d  to  r e m o v e  

d o u b ts  ( o n  th e  p a r t  o f  o t h e r s ? ) :

It  is n o  dou bt that M ichelson ’s experim ent was o f  considerable influence upon 

m y w ork insofar as it strengthened m y conviction  concern ing the validity o f 

the principle o f  the special theory o f relativity. O n  the other side, I  was pretty 

m uch  convinced  o f  the validity o f  the principle before I  did know  this ex 

perim ent and its results. In  any case, M ichelson ’s experim ent rem oved prac 

tically any doubt about the validity o f  the principle in  optics and show ed that 

a profou nd change o f  the basic concepts o f physics was inevitable .170

I n  1946  E in ste in  w r o te  a t  S c h ilp p ’ s req u est th e  A u to b io g r a p h ic a l  

N o te s , f r o m  w h ic h  w e  h a v e  a lre a d y  q u o te d  a ll se ction s  re le v a n t t o  th e  

q u e s tio n  b e fo r e  us. I t  has o fte n  b e e n  re m a rk e d , p a rt icu la r ly  b y  th ose  w h o  

b e lie v e  in  th e  “ m issin g  lin k ,”  th a t th e y  fo u n d  it “ fru stra tin g ”  th a t e v e n  

o n  th at o c c a s io n  E in ste in  d id  n o t  p r o v id e  w h a t  th ey  so d es ired . B u t  h e  

m e n t io n e d  n e ith e r  th e  n a m e  n o r  th e  e x p e r im e n t.

F r o m  19 50  o n , f o r  th e  re m a in in g  fiv e  years o f  E in ste in ’ s life , th e  q u es 

t io n  s o m e h o w  b e g a n  to  b e  ask ed  m u c h  m o r e  fr e q u e n t ly  th a n  e v e r  b e fo re . 

T h e  v a r io u s  requests fa l l  d u r in g  th e  p e r io d  o f  S h a n k la n d ’ s in terv iew s, 

w h ic h  w e  h a v e  a lre a d y  m in e d , a n d  th e  an sw ers o v e r la p  o n  th e  w h o le  

q u ite  con sisten tly  w ith  th em .

O n  8  J u ly  1953 E in ste in  w as in te rv ie w e d  b y  th e  p h ysic ist  N . L . B alazs, 

w h o se  a c c o u n t  w as th e n  p u b lish e d  b y  M ic h a e l  P o la n y i in  1958 . B alazs 

r e p o r t e d :

. . . T h e  M ichelson -M orley  experim ent had no role in the foundation o f the 

theory. H e  got acquainted w ith it w hile reading Lorentz’s paper about the 

theory o f  this experim ent (h e  o f  course does not rem em ber exactly  when, 

though prior to his pap ers), but it had no further influence on Einstein’s con 

siderations and the theory o f relativity was not founded to explain  its outcom e 

at a ll.171

P o la n y i, a  p r o m in e n t  p h y s ica l ch e m is t  a n d  lo n g -te r m  a c q u a in ta n c e  o f  

E in ste in ’ s, a lso  p u b lish e d  a  s e co n d  sta tem en t, “ a p p r o v e d  f o r  p u b lic a t io n  

b y  E in ste in  ea r ly  in  1 9 54” : “ T h e  M ic h e ls o n -M o r le y  e x p e r im e n t h a d  a  

n e g lig ib le  e f fe c t  o n  th e  d isco v e ry  o f  re la tiv ity .” 172

A t  a b o u t  th e  sam e t im e  th e  p io u s  d u ty  fe l l  o n  E in ste in  to  a c k n o w le d g e  

a  d e b t  to  o n e  o f  his fo r e m o s t  h eroes  a n d  m en tors . T h is  w as d o n e  in  th e  

sh ort essay H . A .  L o r e n tz  als S c h ö p fe r  u n d  als P e r s ö n lic h k e it ,  d a te d  27  

F e b ru a ry  1953 a n d  c o m p o s e d  fo r  d e liv e ry  a t  L e y d e n  th a t y e a r  d u r in g
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th e  c o m m e m o r a t io n  o f  th e  ce n te n a ry  o f  L o r e n tz ’ s b ir th . A ft e r  a  fin e  

tr ib u te  to  L o r e n tz ’ s lea d ersh ip  a n d  e m in e n ce  in  p h ysics  a t th e  tu rn  o f  

th e  cen tu ry , E in ste in  g iv es  a  (p a r t ia l)  list o f  c h ie f  h y p oth eses  o n  w h ic h  

L o re n tz  h a d  ba sed  his re co n s tru c t io n  o f  e le c tro d y n a m ics , a d d in g , “ I t  is 

a  w o rk  o f  su ch  con s is ten cy , lu c id ity , a n d  b e a u ty  as h as o n ly  ra re ly  b e e n  

a tta in ed  in  a n  e m p ir ic a l s c ie n ce .”

B u t th is e m p ir ic a lly  b a sed , c o n s tru ct iv e  th e o ry  h as its lim its , a n d , in  

d e scr ib in g  th em , E in ste in  p o in ts  o u t  tw o  q u ite  d iffe r e n t  fea tu res  o f  e le c 

t ro d y n a m ics  a ro u n d  th e  tu rn  o f  th e  ce n tu ry  w h ic h , h e  im p lies , set th e  

stage fo r  E in ste in ia n  re la tiv ity  th eory . O n e  o f  these is p r im a r ily  aes 

th e t ic :

T o  him  [Lorentz], M axw ell’s equations in em pty space held on ly  fo r  a 

particular coordinate system distinguished from  all other coordinate systems 

by its state o f  rest. T h is was a truly paradoxical situation because the theory 

seemed to restrict the inertial system m ore strongly than d id  classical m e 

chanics. T h is circum stance, w hich  from  the em pirical point o f  v iew  appeared 

com pletely  unm otivated, was bound to  lead to  the theory o f  special rela 

tivity .173

T h is  re m a rk  is en tire ly  con sisten t w ith  th e  lo n g  tra d it io n  th a t th e  p r i 

m a ry  im p e tu s  fo r  E in ste in  w a s  th e  essentia l re q u ire m e n t  o f  f in d in g  

sym m etry  a n d  u n iv ersa lity  in  th e  o p e ra t io n s  o f  n a tu re .

T h e  o th e r  p r o b le m  w ith  L o r e n tz ’ s th e o ry  t o  w h ic h  E in ste in  d ra w s  

a tte n tio n  in  th e  essay c o n c e rn s  th e  e x p e r im e n ta l s id e : th e  in a b ility  o f  

th e  th e o ry  to  e n co m p a ss  a ll th e  re le v a n t  p h e n o m e n a  in  a n  e le g a n t  m a n 

n er . I n  th e  h a lf-p a r a g r a p h  d e v o te d  t o  th is fa ilu re , E in ste in  sk etch es a  

severe ly  a b b re v ia te d  v e rs io n  o f  th e  state o f  a ffa irs  a r o u n d  th e  tu rn  o f  

th e  cen tu ry , fa r  less a d e q u a te  th a n  L o r e n tz ’ s o w n  con fe ss io n . In s te a d  o f  

listin g  a ll th e  a w k w a rd  e x p e r im e n ts  trea ted  in  L o r e n tz ’ s V e r s u c h  o f  

1895 o r  th e  la rg e r  n u m b e r  a v a ila b le  b y  1905 , E in ste in  m e n tio n s  o n ly  th e  

o n e  f o r  w h ic h  L o re n tz , w ith  F itzG e ra ld , h a d  fa s h io n e d  th e  fa m o u s  sav 

in g  h y p oth esis  o f  c o n tr a c t io n , n a m e ly  th e  M ic h e ls o n  e x p e r im e n t ; a n d  

th en  E in ste in  a d d s  tw o  m o r e  sen ten ces, m o re  o b scu re  th a n  m ost o th ers  

w e  h a v e  n o w  re a d  o n  this t o p ic  a n d  seem in g ly  m o r e  at v a r ia n c e  w ith  

th e m :

T h e  only phenom enon whose explanation in  this manner did not succeed 

fully— that is, w ithout additional assumptions— was the fam ous M ichelson - 

M orley  experim ent. T hat this experim ent led [or brought, or gu ided; hinfiihrte]
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to  the special relativity theory w ou ld  have been inconceivable w ithout the 

localization  o f  the electrom agnetic field in em pty space. Indeed , the essential 

step was in any case the tracing back [o f the phenom enon?] to M axw ell’s equa 

tions in em pty space or— as one ca lled  it then— in the aether .174

T h e  m id d le  sen ten ce  is, o f  co u rse , o f  p a r t ic u la r  in terest to  us h ere , 

b u t  its d o u b ly  n e g a t iv e  a n d  r a th e r  o b scu re  c o n s tr u c t io n  g iv e s  us n o  w a r 

ra n t  t o  c h a n g e  it to  so m e  o th e r  sta tem en t su ch  as “ T h e  e x p e r im e n t  le d  

m e  to  th e  sp e c ia l re la tiv ity  th e o r y .”  D u r in g  n e a r ly  fifty  yea rs  o f  r e s p o n d 

in g  o n  this q u e s tio n , E in ste in  h a d  sh o w n  n o  h es ita tion  to  use th e  first 

p e r s o n  s in g u la r  w h e n  h e  w ish e d  t o ;  w h e n e v e r  h e  d id  so , h e  c o u p le d  

th e  re m in is ce n ce  o f  h is o w n  p ro g re ss  a n d  th e  e x p e r im e n t  b y  sa y in g  a t 

m o st , as in  th e  r e p ly  to  J a ffe  in  1942 , th e  e x p e r im e n t  “ w a s  o f  c o n s id e r 

a b le  in flu e n c e  u p o n  m y  w o r k  in s o fa r  as it s tre n g th e n e d  m y  c o n v ic t io n  

c o n c e r n in g  th e  v a lid ity  o f  th e  p r in c ip le  o f  th e  sp e c ia l th e o r y  o f  r e la 

t iv ity .”

I t  seem s to  m e  c losest to  E in ste in ’ s in te n tio n  th a t in  th e  p a ssa ge  fo r  

L o r e n tz ’ s m e m o r ia l c e le b r a t io n  h e  w a n te d  to  p r o v id e  a  b r ie f  in d ic a t io n  

o f  a n  e x p e r im e n ta l c o u n te r p a r t  to  th e  a e s th e tic -th e o re tica l g u id e lin e s  

w e  n o te d  a  little  ea rlier , a n d  th a t  h e  h it u p o n  th e  m o s t  fr e q u e n t ly  u sed  

e x p e r im e n ta l illu stra tion  f o r  th e  p u rp o s e  o f  a ll d id a c t ic  e x p o s itio n s  ( in 

c lu d in g  E in ste in ’ s o w n 175) . W e  le a rn e d  e a r lie r  th a t w h e n  E in ste in  w r o te  

in  th e  p assive  v o ic e  in  a n sw erin g  q u estion s  o r  o b lig a t io n s , h e  sp ok e  o f  th e  

im p o r ta n c e  th e  M ic h e ls o n  e x p e r im e n t  h a d  fo r  th e  fu r th e r  d e v e lo p m e n t  

a n d  a c c e p ta n c e  o f  th e  th e o ry  b y  o th e r  ph ysicists . W h e n  h e  m e n t io n e d  

th e  in flu e n c e  o f  th e  e x p e r im e n t  o n  h im s e lf  e x p lic it ly  a n d  in  first p e rso n , 

h e  sa id  th e  e ffe c t  w a s  “ n e g lig ib le ,”  “ in d ir e c t ,”  “ ra th e r  in d ir e c t ,”  “ n o t  

d e c is iv e ,”  o r  a t  m ost  “ c o n s id e r a b le ”  in  th e  lim ite d  sense o f  th e  re p ly  to  

J a ffe . W e  h a v e , th e r e fo r e , le a rn e d  to  d istin g u ish  b e tw e e n  E in ste in ’ s 

e v a lu a tio n s  o f  th e  e ffe c ts  o n  p u b l ic  s c ie n ce  a n d  o n  p r iv a te  s c ie n ce .

T h e s e  c o n s id e ra t io n s  le a d  d ire c t ly  t o  th e  last d o c u m e n t  in  th is ca se , 

th e  last o f  th e  rep lies  o f  E in ste in , g iv e n  a b o u t  a  y e a r  b e fo r e  h is d e a th . O n  

2 F e b ru a ry  1954 , F . G . D a v e n p o r t  o f  th e  D e p a r tm e n t  o f  H is to ry  o f  M o n 

m o u t h  C o lle g e , I llin o is , w r o te  to  E in ste in  th a t in  c o n n e c t io n  w ith  a  

stu d y  o n  “ S c ie n t if ic  In terests  in  I llin o is  1 8 6 5 -1 9 0 0 ”  h e  w a s  lo o k in g  in to  

e v id e n c e  th a t M ic h e ls o n  h a d  “ in flu e n c e d  y o u r  th in k in g  a n d  p e rh a p s  

h e lp e d  y o u  to  w o r k  o u t  y o u r  th e o r y  o f  re la tiv ity .”  N o t  b e in g  a  scientist, 

h e  ask ed  f o r  “ a  b r ie f  s ta tem en t in  n o n -te c h n ic a l term s, in d ic a t in g  h o w  

M ic h e ls o n  h e lp e d  to  p a v e  th e  w a y , i f  h e  d id , f o r  y o u r  th e o ry .”
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I n  a  h ith e rto  u n p u b lish e d  le tter ,176 E in ste in  a n sw ered  v e ry  s o o n  a fte r  

re ce ip t , o n  9  F e b ru a ry  1954. P erh a p s  h a v in g  b e n e fite d  fr o m  th e  re p e a te d  

q u estion s  d u r in g  the p re v io u s  fe w  years a n d  b y  h a v in g  p o n d e r e d  a g a in  

o v e r  h is an sw ers, h e  n o w  se e m e d  v e ry  w il lin g  to  re sp o n d  in  d e ta il to  a  

stran ger a n d  to  o f fe r  th e  le tte r  f o r  p u b lic a t io n , as w e ll as to  in v ite  c o n 

t in u ed  c o rr e s p o n d e n c e . I t  is a  th o u g h t fu lly  c o m p o s e d  re p ly  w h ic h  w e  

c a n  le t stan d  b y  itse lf as th e  s u m m a tio n  o f  w h a t  w e  h a v e  le a rn e d  fr o m  

o th e r  d o c u m e n ts — in c lu d in g  th e  n e e d  to  d iffe re n tia te  sh a rp ly  b e tw e e n  

th e  e ffe c t  o f  the e x p e r im e n t  o n  th e  d e v e lo p m e n t  o f  ph ysics  a n d  its e f fe c t  

o n  the d e v e lo p m e n t  o f  E in ste in ’ s o w n  th o u g h t , b e tw e e n  th e  b ea u ty  o f  th e  

im m o rta l e x p e r im e n t  a n d  its su b sid ia ry  p la c e  in  th eory , b e tw e e n  th e 

sta tem en ts a scien tist m a y  m a k e  in  d ire c t  resp on se  to  r e p e a te d  q u estion s  

a n d  th e  sta tem en ts h e  v o lu n te e rs  ( in  the la tter  case  E in ste in  p r e fe r r e d  

n o t  to  speak  a b o u t  sp e c ific  e x p e r im e n ts  e x c e p t  F iz e a u ’ s a n d  the a b e rra 

t io n  e x p e r im e n ts ) , a n d  b e tw e e n  th e  la rg e  in terest the w h o le  q u e stio n  has 

h e ld  fo r  m a n y  p e o p le  a n d  th e  sm all in terest it s e e m e d  to  h a v e  h e ld  fo r  

E in ste in .

D ear M r. D avenport:

Before M ichelson ’s work it was already known that within the limits o f  

the precision o f  the experim ents there was n o  influence o f the state o f  m otion  

o f the coordinating system on  the phenom ena, resp. their laws. H . A . Lorentz 

has shown that this can be understood on the basis o f his form ulation o f  

M axw ell’s theory for  all cases where the second pow er o f  the velocity  o f  the 

system cou ld  be neglected (effects o f  the first o rd e r ).

A ccord in g  to the status o f  the theory, it was, how ever, natural to expect 

that this independence w ou ld  not hold  for  effects o f  second and higher or 

ders. T o  have shown that such expected effect o f the second order was de 

fa cto  absent in one decisive case was M ich elson ’s greatest merit. T h is w ork 

o f M ichelson , equally great through the bold  and clear form ulation o f  the 

problem  as through the ingenious way by w hich  he reached the very great 

required precision o f  measurement, is his im m ortal contribution to scientific 

know ledge. T his contribution was a new  strong argument for the non-existence 

o f “ absolute m otion ,”  resp. the principle o f  special relativity w hich, since 

N ew ton, was never doubted in M echanics but seem ed  incom patible with elec 

tro-dynam ics.

In  m y ow n developm ent M ichelson ’s result has not had a considerable in 

fluence. I even do not rem em ber if I knew o f  it at all when I wrote my first 

paper on the subject (1 9 0 5 ). T h e  explanation is that I was, for  general reas

ons, firm ly convinced how  this cou ld  be reconciled  with our know ledge o f
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electro-dynam ics. O n e  can therefore understand w hy in m y personal struggle 

M ich elson ’s experim ent played n o  role  or at least n o  decisive role.

Y o u  have m y perm ission to quote this letter. I  am  also w illing to give you 

further explanations i f  required.

Sincerely yours,

A l b e r t  E i n s t e i n

B u t i f  h e  tru ly  fe lt  th is w a y , w h y  d id  E in ste in  n o t  m a k e  a n y  v o lu n ta r y  

sta tem en ts  to  s to p  th e  m y th  h e  m u st h a v e  seen  s p re a d in g  a ll a r o u n d  

h im ?  M a n y  o p p o r tu n it ie s  o f fe r e d  th em selves . W h y  d id  h e  w a it  f o r  in ter 

r o g a to rs  su ch  as J a ffe , B alazs, S h a n k la n d , P o la n y i, a n d  D a v e n p o r t  to  

ra ise  th e  issue b e fo r e  d e n y in g  w h a t  a lm o st  e v e r y o n e  else se e m e d  to  b e  

a ff ir m in g ?  T h e  a n sw er, o f  co u rse , c a n  b e  fo u n d  in  E in ste in ’ s g e n e ra l 

p a tte r n  o f  resp on se . I t  w o u ld  h a v e  b e e n  m o st  u n ch a ra c te r is t ic  f o r  E in 

s te in  to  take  p e n  in  h a n d  t o  a tta ck  a  m y th  o f  th is k in d . E v e n  o n  th e  

p u re ly  s c ie n tific  issues h e  o n ly  v e ry  ra re ly  p u b lish e d  a  c o r r e c t io n  o f  (n o t  

t o  sp ea k  o f  a n  a tta ck  o n )  th e  m a n y  e r ro n e o u s  in te rp re ta tio n s  o f  h is w o r k , 

a n d  it  is e v e n  less c o n c e iv a b le  th a t h e  w o u ld , o f  h is  o w n  w ill, p u b lish  

a n y th in g  th a t w o u ld  seem  to  in crea se  th e  d e g re e  o f  o r ig in a lity  o f  h is  o w n  

w o r k  o r  im p ly  a  d im in is h e d  status o f  a n o th e r  scien tist. I t  is a lso  re le v a n t 

th a t h e  to le ra te d  e v e n  th e  m o st  v ic io u s  p r in te d  a tta ck s  o n  h is  w o r k  a n d  

p e rso n  b y  N a z i scientists (a n d  n o n scie n tis ts ) w ith  a ston ish in g  h u m o r .

I n  fa c t , f r o m  th e  p o in t  o f  v ie w  o f  th e  h is to r ia n , E in ste in ’ s c h a r a c te r 

is tic  fa u lt  w a s  to  b e  t o o  to le ra n t. A  n o ta b le  e p is o d e  w ill  illu stra te  th e  

p o in t . W h e n  S ir  E d m u n d  W h it ta k e r  w a s  c o m p o s in g  h is s e c o n d  v o lu m e  

(1 9 5 3 )  o f  A  H i s t o r y  o f  t h e  T h e o r i e s  o f  A e t h e r  6 n d  E l e c t r i c i t y ,177 

in  w h ic h  h e  e x p lic it ly  a scrib es  th e  c h ie f  o r ig in a l w o r k  o n  s p e c ia l re la tiv ity  

t o  L o r e n tz  a n d  P o in c a r é , E in ste in ’ s o ld  fr ie n d  M a x  B o m , th e n  in  E d in 

b u r g h , sa w  W h it ta k e r ’ s m a n u scr ip t . H a v in g  seen  th e  rise o f  re la tiv ity  

p r a c t ic a lly  fr o m  its b e g in n in g , B o rn  w as a ston ish ed  a n d  so m e w h a t  a n g ry  

a b o u t  th is m is le a d in g  v e rs io n . H e  w r o te  to  E in ste in  in  d ism a y  th a t  W h it 

ta k er  h a d  p ersisted  in  th e  p la n  to  p u b lis h  h is v e rs io n  d esp ite  th e  c o n tra ry  

e v id e n c e  w h ic h  B o m  h a d  s u b m itte d  ( in c lu d in g  tra n sla tion s  f r o m  th e  

G e r m a n  o r ig in a ls  o f  s o m e  re le v a n t a rtic le s  h e  h a d  p r e p a r e d  f o r  W h it 

ta k e r ) . T h o u g h  E in ste in  w as p r o b a b ly  so m e w h a t w o u n d e d , h e  w r o te  o n  

12 O c t o b e r  1953 t o  reassure B o m :

D o n ’t give any thought to your frien d ’s book . Everyone behaves as seems to 

him  right, or, expressed in determ inistic language, as he has to. I f  he convinces 

others, that’s their problem . A t any rate, I  found satisfaction in m y efforts,
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and I d on ’t think it is sensible business to  defend  m y few  results as “ property,”  

like an old  miser w h o has laboriously gathered a few  coins fo r  him self. I  d on ’t 

think ill o f  h im .. . .  A n d  I d on ’ t have to  read the thing .178

X .  C o n c lu d in g  R e m a r k s

H isto r ia n s  a re  q u ite  u sed  to  th e  la rg e  d is c r e p a n cy  w e  fin d  h e re  b e 

tw e e n  d o c u m e n ta b le  h is to ry  o f  s c ie n c e  o n  th e  o n e  h a n d  a n d , o n  th e  

o th e r , th e  p o p u la r  h is to ry  fo u n d  in  texts  a n d  in  th e  w ritin g s  o f  e m in e n t  

scientists a n d  s o m e  p h ilo s o p h ic a l analysts. P u ttin g  to g e th e r  a ll ex ta n t  

firs t-h a n d  d o c u m e n ts , in c lu d in g  th e  1905 p a p e r , th e  S h a n k la n d  in te r 

v iew s, th e  A u to b io g r a p h ic a l  N o te s , a n d  th e  letters, w e  see th e y  fit t o 

g e th e r  a n d  tell a  s tory  f o r  w h ic h  th e  s e co n d a ry  sou rces  h a d  n o t  p r e p a re d  

us. I t  is a  s ce n a r io  o f  w h ic h  w e  c a n n o t , in  th e  n a tu re  o f  th e  case , b e  

a b so lu te ly  ce rta in , b u t  o n e  w h ic h  is h ig h ly  p r o b a b le . I n d e e d , th e  r o le  o f  

th e  M ic h e ls o n  e x p e r im e n t  in  th e  genesis o f  E in ste in ’ s th e o ry  a p p e a rs  to  

h a v e  b e e n  so sm all a n d  in d ir e c t  th a t o n e  m a y  sp e cu la te  th a t  it  w o u ld  

h a v e  m a d e  n o  d i ffe r e n c e  to  E in ste in ’ s w o r k  i f  th e  e x p e r im e n t  h a d  n e v e r  

b e e n  m a d e  a t a ll. T o  b e  su re , th e  p u b lic  a c c e p ta n c e  o f  th e  th e o ry  m ig h t  

w e ll h a v e  b e e n  d e la y e d , b u t  th r o u g h  h is  r e a d in g  in  L o r e n tz ’ s w o rk s  E in 

stein  in  1905 h a d  a v a ila b le  e n o u g h  o th e r  “ u n su ccess fu l a ttem p ts  to  d is 

c o v e r  a n y  m o t io n  o f  th e  e a rth  re la tiv e ly  t o  th e  ‘ l ig h t  m e d iu m ,’ ”  a n d  

e n o u g h  o th e r  e v id e n ce s  o f  w h a t  L o r e n tz  h im s e lf  c a lle d  a  “ clu m sin ess”  

in  th e  th e n -cu rre n t  th e o ry .

T h is  sp e c ia l case  m a y  y ie ld  som e  m o r e  w id e ly  a p p lic a b le  co n c lu s io n s .

A b o v e  a ll, it fo r c e s  us t o  ask a n e w  w h a t  a re  th e  m o st  a p p r o p r ia te  styles 

a n d  fu n c t io n s  o f  h is to r ica l s ch o la rsh ip  to d a y . O n  th is p o in t , E in ste in ’ s 

o w n  o p in io n  is illu m in a tin g . S h a n k la n d  h a d  ask ed  E in ste in  d u r in g  th e ir  

first co n v e rs a t io n  in  19 50  w h e th e r  “ h e  fe lt  th a t w r it in g  o u t  th e  h is tory  

o f  th e  M ic h e ls o n -M o r le y  e x p e r im e n t  w o u ld  b e  w o r th w h ile ” :

H e  said, “ Yes, by all means, but you must write it as M ach  w rote his S c i e n c e  

o f  M e c h 6 n i c s .”  T h en  he gave m e his ideas on historical writing o f science.

“ N early all historians o f  science are philologists and d o  not com prehend what 

physicists w ere aiming at, h ow  they thought and wrestled with their problem s.

Even m ost o f  the w ork on  G alileo is p oor ly  don e.”  A  means o f  writing must 

be fou nd  w hich conveys the thought processes that lead to discoveries. Physi

cists have been o f  little help in this, because m ost o f  them have n o  “ historical 

sense.”  M a ch ’s S c i e n c e  o f  M e c h 6 n i c s , how ever, he considered one o f  the 

truly great books and a m odel for  scientific historical writing. H e said, “ M ach
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did not know  the real facts o f how  the early workers considered their p rob 

lem s,”  but Einstein felt that M ach  had sufficient insight so that w hat he said 

is very likely correct anyway. T h e  struggle with their problem s, their trying 

everything to find a solution w hich  cam e at last often by very indirect means, 

is the correct p icture .179

I n  d iscu ss in g  th e  a p p r o a c h  o f  “ n e a r ly  a ll h is tor ia n s”  (p e rh a p s  so m e 

w h a t  t o o  b ru sq u e ly ) E in ste in  a cce n tu a te s  th e  n e e d  to  d e a l w ith  th e  

p r iv a te  p h a se  o f  sc ien tific  e f fo r t— h o w  a  m a n  th in ks a n d  w restles w ith  a  

p r o b le m . I n  d iscu ss in g  th e  ph ysicists th em selves  (p e rh a p s  a lso  t o o  b ru s 

q u e ly )  E in ste in  a cce n tu a te s  th e  n e e d  fo r  a  p a r t ic u la r  k in d  o f  h is to r ica l 

sense, o n e  th a t la rg e ly  in tu its  h o w  a  scien tist m a y  h a v e  p r o c e e d e d , e v e n  

in  th e  a b sen ce  o f  “ th e  rea l fa c ts ”  a b o u t  th e  c re a tiv e  p h a se . I t  is a  c h a l 

le n g in g  sta tem en t, a  r e c o m m e n d a t io n  to  a d o p t  f o r  resea rch  in  th e  h istory  

o f  s c ie n ce  a  lesson  E in ste in  h a d  le a rn e d  f r o m  his resea rch  in  p h y s ics : 

ju s t  as in  d o in g  p h ys ics  itse lf,  E in ste in  h e re  ad v ises  th e  h is to r ia n  o f  s c i 

e n ce  t o  le a p  a cross  th e  u n a v o id a b le  g a p  b e tw e e n  th e  n ecessarily  t o o  

lim ite d  “ fa c ts ”  a n d  th e  m e n ta l c o n s tr u c t  th a t m u st b e  fo r m e d  to  h a n d le  

th e  fa cts . A n d  in  su ch  a n  h is to r ica l stu d y , as in p h y s ics  its e lf , th e  s o lu tio n  

c o m e s  o fte n  “ by  v e ry  in d ir e c t  m e a n s” ; th e  best o u t c o m e  th a t c a n  b e  

h o p e d  fo r  is n o t  ce rta in ty  b u t o n ly  a  g o o d  p r o b a b il ity  o f  b e in g  “ c o r r e c t  

a n y w a y .”

O n e  c a n  w e ll a g ree  w ith  th is ca ll f o r  n e w  w a y s  o f  w r it in g  a b o u t  th e  

th o u g h t  processes  th a t le a d  to  m a jo r  d isco v e r ie s , w ith o u t  h a v in g  t o  a g ree  

a t th is la te  d a te  w ith  th e  p a r t ic u la r  m o d e l  o f  M a c h ’ s S c i e n c e  o f  M e 

c h 6 n i c s . T h e  m o st  o b v io u s  d ifficu lty  w ith  fo l lo w in g  E in ste in ’ s a d v ic e  is 

o f  c o u rs e  th e  u n sp e c ifia b ility  o f  “ su ffic ien t in s ig h t.”  A n o th e r  is th a t a n y  

stu d y  o f  th e  p rocesses  o f  d is c o v e r y — th a t ev a n e sce n t, p a rt ly  u n co n s c io u s , 

u n o b s e r v e d , u n v e rb a liz e d  a c t iv ity — is b y  d e fin it io n  g o in g  to  y ie ld  a  re 

p o r t  w ith  a p p a r e n t ly  v a g u e  a n d  c o n t r a d ic to r y  e lem en ts . Y e t  a n o th e r  is 

th a t th e  in v ita t io n  to  lea p  c o u r a g e o u s ly  m a y  ca u se  th e  h is to r ia n  to  s lig h t 

e v e n  so m e  o f  th e  m o st  p e r t in e n t  a n d  easily  a v a ila b le  d o cu m e n ts . A n d  a  

fo u r th  tro u b le  is th at th ere  a re  som e p r o b le m s  w h ic h  n o w  seem  la rge ly  

u n s o lv a b le  b y  a n y  m e th o d  a n d  m a y  re m a in  so  f o r  a  lo n g  t im e : th e  

p r o b le m  o f  gen iu s , o f  reason s fo r  th e m a tic  a n d  a esth e tic  ch o ic e s , o f  in 

te ra ct io n  b e tw e e n  p r iv a te  a n d  p u b lic  sc ie n ce , n o t  to  sp ea k  o f  th e  p r o b 

le m  o f  in d u c t io n .

E rn st M a c h  h im se lf w o u ld  p e rh a p s  h a v e  o b je c t e d  to  E in ste in ’ s c h a r 

a c te r iza tio n  o f  h is w o r k  o n  th e  h is to ry  o f  s c ie n ce , la u d a to ry  th o u g h  it
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w as in te n d e d  to  be . B u t E in ste in  w a s  r ig h t n everth eless in  a scr ib in g  to  

M a c h , a n d  r e c o m m e n d in g  to  o th ers, a n  u n co n v e n t io n a l m e th o d , d esp ite  

the d ifficu lties  a n d  d a n g ers  it m a y  p ose . F o r  in  this w a y  o n e  c a n  at least 

h o p e  to  p en etra te  b e y o n d  the m o r e  p ed estr ia n  o r  triv ia l asp ects o n  a n  

h is to r ic  case  o f  su ch  m a g n itu d e , to  r e co g n iz e  m o r e  fu lly  the fea t o f  in te l 

le c tu a l d a r in g  a n d  su p e rb  taste th a t w as n e e d e d  to  crea te  th e  th eory .

O f  co u rse , e x p er im en ts  a re  essential f o r  th e  p rogress  o f  sc ien ce . O f  

cou rse , the ch a in  fr o m  a  p u z z lin g  n e w  e x p e r im e n t  to  a  th e o re tica l s ch em e 

th at e x p la in s  it is th e  m o r e  usu al p rocess , p a r t ic u la r ly  in  the e v e ry d a y —  

as E in ste in  la ter a c k n o w le d g e d  b y  re fe rr in g  to  th ree  s p e c ific  ex a m p le s—  

a cco m p lis h m e n ts  o f  m o st  scientists. O f  cou rse , e x p e r im e n ts  d id  in flu e n ce  

h is d e v e lo p in g  th o u g h t  p rocesses  w h ile  h e  w as s tru g g lin g  w ith  the p r o b 

le m  o f  u n d e rs ta n d in g  e le c tro d y n a m ic s  in  a n e w  w a y , to  g e t  a t th e  “ h ea rt  

o f  the m a tte r .”  O f  co u rse , M ic h e ls o n ’ s e x p e r im e n t  p la y e d  a n  ( in d ir e c t )  

ro le  in  this, i f  o n ly  b eca u se  E in ste in  fo u n d  L o r e n tz ’ s th e o ry  o f  e le c t r o 

d y n a m ics  to  b e  in a d e q u a te  p re c ise ly  b e ca u se  “ it w a s  le a d in g  to  an  in te r 

p re ta t io n  o f  th e  resu lt o f  th e  M ic h e ls o n -M o r le y  e x p e r im e n t  w h ich  

seem ed  to  m e  a rtific ia l,”  as E in ste in  w r o te  in  th e  M ic h e ls o n  ce n te n a ry  

m essage , o r  as to o  p a te n tly  “ a d  h o c ,”  as h e  w r o te  o n  o th e r  o cca s ion s .

Y e t , the e x p e r im e n tic is t  fa lla c y  o f  im p o s in g  a  lo g ica l se q u e n ce  m u st b e  

resisted . N o t  o n ly  is it fa lse to  th e  a c tu a l h is to r ic  d e v e lo p m e n t  o f  th o u g h t  

processes th a t m a y  h a v e  le d  to  m a jo r  sc ien tific  d is c o v e r ie s ; n o t  o n ly  

m ig h t  th e  d o c tr in e  in h ib it  c re a tiv e  w o r k  in  s c ie n ce  i f  it w e re  tak en  to o  

seriou sly ; b u t  a lso , b y  d r a w in g  a tte n tio n  p r im a r ily  to  th e  ex tern a lly  visi 

b le  c la y  th at p r o v id e s  fa c tu a l s u p p o r t  a n d  o p e r a t io n a l usefu ln ess f o r  th e  

d e v e lo p e d  th eory , it d o e s  n o t  d o  a d e q u a te  ju s t ice  to  the fu ll  g r a n d e u r  o f  

the th eory . N o r  n e e d  w e  b e  d e te rre d  by  th e  e x p e r im e n tic is t ’s p r e d ic ta b le  

o u tc r y  th at w e  h a v e  a  c h o ic e  o n ly  b e tw e e n  h is o w n  v ie w  at o n e  e x trem e  

a n d  p r iv a te  in tu it io n  a t th e  o th e r . T h e  b a s ic  a ch ie v e m e n t  o f  E in ste in ’ s 

th eory  w a s  n o t  to  p reserv e  h a llo w e d  tra d it io n a l c o n c e p t io n s  o r  m e c h a n 

ism s; it w a s  n o t  to  p r o d u c e  a  lo g ic a lly  a n d  tig h tly  stru ctu red  se q u e n ce  

o f  th o u g h ts ; it w as n o t  to  b u ild  o n  a  b e a u t ifu l a n d  p e d a g o g ic a lly  p e r 

suasive e x p e r im e n t. R a th e r , th e  b a s ic  a c h ie v e m e n t  o f  th e  th e o ry  w as 

th a t a t the co st  o f  sa cr ific in g  a ll these, it g a v e  us a  n e w  u n ity  in  th e  

u n d e rs ta n d in g  o f  n a tu re .

NOTES

1. R . A . M illikan, A lbert Einstein on his Seventieth  Birthday , R e v i e w s  o f  

M o d e r n  P h y s i c s , 2 1 :3 4 3 -3 4 4 ,1949; italics in original.
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2. Q u oted  in  R . S. Shankland, Conversations w ith A lb ert  E instein, A m e r 

i c 6 n  Jo u r n 6 l  o f  P h y s i c s , 3 1 : 4 7 -5 7 , 1963. F rom  tim e to tim e, current re 

search papers in  physics com e  back  to  the M ich elson  experim ent to  v iew  it 

in a new  light; e.g., P . P . Phillips, Is  the G raviton a G oldstone B oson?  

P h y s i c 6 l  R e v i e w , 146: 9 6 6 -9 7 3 , 1966.

I t  should  be noted that in  this paper, as in  m ost o f  the physics literature, 

the term  “ M ich elson  experim ent”  is used m ore or  less interchangeably w ith 

“ M ichelson  experim ents,”  “ M ich elson -M orley  experim ents,”  etc. A  useful 

sum m ary o f  the w h ole  sequence o f  closely  related experim ents by  M ichelson  

(1 8 8 1 ), by  M ichelson , together w ith his colleague Edw ard W . M orley  (p u b 

lished 1887), by  M orley  and D . C . M iller  (1 9 0 2 -1 9 0 4 ), etc., w ill be found in 

R . S. Shankland et al., N ew  Analysis o f  the In terfero m eter  O bservations o f  

D ayton  C . M iller , R e v i e w s  o f  M o d e r n  P h y s i c s , 2 7 : 167-178 , 1955; T . W . 

Chalm ers, H i s t o r i c  R e s e 6 r c h e s , L on d on : M organ  Brothers, 1949; and most 

com p actly  in  W . K . H . Panofsky and M elba  Phillips, C l 6 s s i c 6 l  E l e c t r i c i t y  

6 n d  M 6 g n e t i s m  (R ead in g , M assachusetts: A ddison-W esley, 1955), pp . 2 3 3 - 

235.

3. R . S. Shankland, M ich elson -M orley  E xperim en t , A m e r i c 6 n  Jo u r n 6 l  o f  

P h y s i c s , 32 : 23, 1964. In  1886 (A r c h i v e s  N é e r l 6 n d 6 i s e s  d e s  S c i e n c e s  E x 

6 c t e s  e t  N 6 t u r e l l e s , 21 : 104-176, 1886 ), L orentz show ed also that M ich e l- 

son ’s analysis in  1882 o f  the action  o f  the in terferom eter was in  error, i.e., that 

it predicted  dou ble  the expected  fringe shift.

4. C on feren ce  on the M ich elson -M orley  E xp erim en t, A s t r o p h y s i c 6 l  Jo u r « 

n 6 l , 68 : 341 -4 02 , 1928.

5. Bernard Jaffe, M i c h e l s o n  6 n d  t h e  S p e e d  o f  L i g h t  (G ard en  C ity, N ew  

Y o rk : D ou bleday  & C o., 19 6 0 ), p. 89.

6. Ib id ., p. 90.

7. A . A . M ichelson , L i g h t  W 6 ¥e s  6 n d  T h e i r  U s e s  (C h ica g o : University 

o f  C h icago Press, 1903), p . 159.

8 . Shankland, M ich elson -M orley  E xp erim en t, p . 32.

9. Ibid .

10. R . S. Shankland, R ayleigh  and M ichelson , I s is , 5 8 : 87, 1967.

11. L oyd  S. Sw enson, Jr., T h e  E thereal A e th er : A  D escrip tive H istory o f the 

M ich elson -M orley  A eth er-D rift E xperim ents, 1880-1930 , dissertation, C lare 

m ont G raduate S ch ool, 1 9 6 2 .1 am  grateful to D r. Swenson fo r  letting m e read 

his thesis and for  several useful discussions. [D r. Sw enson’s w ork has subse 

quently  been rewritten and published as T h e  E t h e r e 6 l  A e t h e r : A  H i s t o r y  

OF THE MlCHELSON-MoRLEY-MlLLER A e THER-Dr IFT EXPERIMENTS, 1 8 8 0 -

1930, Austin, T exas: U niversity o f  T exas Press, 1972.]
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12. O liver L odge, Aberration  P roblem s , P h i l o s o p h i c 6 l  T r 6 n s 6 c t i o n s  o f  

t h e  R o y 6 ¦  So c i e t y , 184: 753, 1893. As w e shall see, tw o years later Lorentz 

cou ld  cite tw o other long-know n measurements that also w ere not in  a ccord  

with the predictions o f  the ether theory.

13. Swenson, op . c it., p . 205, quoting M ichelson , A m e r i§6 n  J o u r n 6 l  o f  

S c i e n c e , 3 : 478, 1897.

14. A . A . M ichelson , St u d i e s  i n  O p t i c s  (C h ica g o : University o f  C h icago 

Press, 1927), p. 155.

15. Ib id ., p . 156.

16. M oreover, as was realized by  and by, the Lorentz-F itzG erald contrac 

tion was by  no means sufficient to  prov id e  the needed relativistic basis fo r  

electrom agnetic phenom ena. W e  shall com e  back to this point in due course.

17. M ichelson , S t u d i e s  i n  O p t i c s , p. 161.

18. C on feren ce  on the M ich elson -M orley  E xp erim en t, op. cit., p . 342.

19. See Swenson, op. cit.

20. H erm ann M inkowski, Space and T im e, reprinted in H . A . Lorentz et al.,

T h e  P r i n c i p l e  o f  R ¨¦6 t i v i t y , trans. W . Perrett and G . B. Jeffery (L o n d o n :

M ethuen & C o., 1923 ), pp . 75-91'.

21. G erald  H olton , O n the Origins o f  the S pecial T h eo ry  o f  R elativity,

A m e r i§6 n  Jo u r n 6 l  o f  P h y s i c s , 2 8 :6 3 4 , 1960, and reprinted here as Essay 5.

22. M ax  Planck, Z u r D ynam ik b ew eg ter  S ystem e, Si t z u n g s b e r i c h t e  d e r  

A k 6 d e m i e  d e r  W i s s e n s c h 6 f t e n  i n  B e r u n , 2 9 :5 4 2 , 1907.

23. W ilh elm  W ien , O b e r  E l e k t r o n e n , 2nd ed. (L e ip zig : B. G . T eubner,

1909), p. 3 2 .1 thank Stanley G old berg  fo r  bringing this and the previous refer 

ence to m y attention.

Sim ilar references are also given in the useful paper by K . F. Schaffner, T h e  

L oren tz E lectron  T h eory  and R elativ ity  (in  press), w hose author I  thank fo r  a 

preprint o f  his paper, received shortly before  com pleting  this study. [A  shorter 

version was published subsequently in  A m e r i c 6 n  Jo u r n 6 l  o f  P h y s i c s , 3 7 :

498 ff, 1969.]

M ax  von Laue, in his text o f  1911 on  relativity theory, still had to confess 

that “ a really experim ental decision  betw een the theory o f  Lorentz and the 

theory o f relativity is indeed not to be  gained; and that the form er, in spite o f  

this, has receded into the background is chiefly  due to the fact that, close as 

it com es to the theory o f relativity, it still lacks the great sim ple universal prin 

c ip le , the possession o f  w hich  lends the theory o f  relativity from  the start an 

im posing appearance”  (D 6 s  R e l 6 t i v i t 6 t s p r i n z i p , Braunschw eig: Friedrich 

V iew eg  & Son, 1911, pp . 1 9 -2 0 ). A n d  w e shall soon see how  short the list was
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that Einstein him self gave for  the results achieved by the relativity theory up 

to  1915.

W hat m ade special relativity theory at last a w idely accepted  basic part o f 

physics w ere developm ents far from  the scope o f  Einstein’s 1*905 paper itself 

— forem ost am ong them the experim ental successes such as the eclipse exped i 

tion o f 1919 w ith  its successful test o f a prediction  o f the general theory o f  

relativity, the use o f  relativistic calculations to explain  the fine structure o f 

spectral lines, and the C om p ton  effect. In  the m eantim e the interested pu blic 

and indeed many physicists had to look  fo r  support fo r  relativity theory, par- 

ticulary in the face o f its challenging paradoxes and iconoclastic dem ands, in 

the ease with w hich it explained M ich elson ’s results.

24. R . B. Leighton, P r i n c i p l e s  o f  M o d e r n  P h y s i c s  (N ew  Y o rk : M cG ra w - 

H ill, 19 5 9 ), p. 5; italics supplied.

25. “ [T h e  M ich elson -M orley  E xperim ent] was one o f  the m ost rem arkable 

experim ents in the nineteenth century. S im ple in principle, the experim en t led  

to a scientific revolution  with far-reaching consequences.”  Charles K ittel, 

W alter D . K night, and M elvin  A . R uderm an, M e c h 6 n i c s : T h e  B e r k e l e y  

P h y s i c s  C o u r s e , V olu m e I (N e w  Y o rk : M cG raw -H ill, 1965), p. 332, fo o t 

note; italics supplied.

“ As m entioned above, attempts w ere m ade to determ ine the absolute v e lo c 

ity o f the earth through the hypothetical ‘ether’ that was supposed to  pervade 

all space. T h e  m ost fam ous o f these experim ents is one perform ed by M ich el- 

son and M orley  in 1887. It was 18 years later before  the negative results o f 

the experim ent were finally explained, by Einstein.”  R ichard  Feynm an, R obert 

B. Leighton, and M atthew  Sands, T h e  F e y n m 6 n  L e c t u r e s  o n  P h y s i c s , 

V o lu m e I (R ead in g , M assachusetts: A ddison-W esley, 1963 ), p. 15.

“ M ich elson  and M orley  fou nd  that the speed o f  the earth through space 

m ade no difference in the speed o f  light relative to them . T h e  in ference is 

clear, either that the earth m oves in som e w ay through the ether space m ore 

slow ly than it m oves about the sun, or  that all observers must find that their 

m otion  through space makes n o  difference in the speed o f  light relative to 

them . T h e  above in ference  was clear, at least to  Einstein, w h o knew  o f  the 

‘ unsuccessful attempts to d iscover any m otion  o f  the earth relative to the “ light 

m ediu m .”  ’ ”  James A . R ichards, Jr., Frances W . Sears, M . Russel W ehr, and 

M ark  W . Zem ansky, M o d e r n  C o l l e g e  P h y s i c s  (R ead in g , M assachusetts: 

A ddison-W esley, 1962), p. 769; italics supplied.

“ A fter  a period  o f  adjustm ent and speculation, w ith varying degrees o f  

success, this fam ous experim ental result [o f  M ichelson  and M orley ] led  to a 

m ore far-reaching postulate, one o f  the basic pillars o f  Einstein ’s R ela tivity  

T h eo ry .”  G erald  H olton , I n t r o d u c t i o n  t o  C o n c e p t s  6 n d  T h e o r i e s  i n  P h y -
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s i c 6 ©  S c i e n c e  (C am bridge, M assachusetts: A ddison-W esley, 1952), p. 506; 

italics supplied.

T h ou gh  they are very m uch in the m inority, we must not fail to m ention 

that a few  textbook authors d o  not im ply  a genetic connection  betw een the 

M ichelson  experim ents and Einstein’s relativity theory, and a few  even specif 

ically  disclaim  such a connection. Exam ples o f this m inority are R . R. Lindsay 

and H enry M argenau, Fo u n d 6 t i o n s  o f  P h y s i c s : A  S u r v e y  o f  C ª«¬6 n  

V i e w s , N ew  Y ork : John W iley  & Sons, 1936; R . A . R . T ricker, T h e  A s s e s s 

m e n t  o f  S c i e n t i f i c  S p e c u l 6 t i o n , L on d on : M ills & Boon, 1965; A . P. French,

S p e c 6 l  R e l 6 t i v i t y , N ew  Y o rk : W . W . N orton  & C o., 1968; and R obert R es 

nick, I n t r o d u c t i o n  t o  S p e c i 6 l  R e ©6 t i v i t y , N ew  Y o rk : John W iley  & Sons,

1968.

26. H . P. Robertson, Postulate versus O bservations in the Special T h eory  o f 

R elativity , R e v i e w s  o f  M o d e r n  P h y s i c s , 21 : 378, 1949.

27. H enri L . Bergson, D u r 6 ¬o n  6 n d  S i m u l t 6 n e i t y  (O riginally  published 

as D u r é e  e t  s i m u l t 6 n é i t é , Paris: A lcan , 1922) reprinted in translation (I n 

d ianapolis: B obbs-M errill, 1965), p . 9; italics supplied. W e  note that here, as in 

the quotation o f  von  Laue below , too  m uch pow er is assigned to the conclusions 

that can be deduced  from  the experim ent concern ing the transformation equa 

tions. But these passages w ere o f course written before  the results o f the 

K en n edy-T h om dike experim ent (1 9 3 2 ) and the Ives-Stilw ell experim ent 

(1 9 3 8 ).

Another honest assessment o f the usefulness o f  the approach Bergson out 

lined is given in M ary B. Hesse, Fo r c e s  6 n d  F i e l d s , t h e  C o n c e p t  o f  A c t i o n  

6 t  6  D i s t 6 n c e  i n  t h e  H i s t o r y  o f  P h y s i c s  (L o n d o n : N elson & Sons, 1961 ) ,

p. 226 :

“ T h e  experim ental basis o f  the special theory o f  relativity is generally taken 

to be the M ichelson -M orley  experim ent. T h is was not the only experim ent 

w hich  found its m ost convenient explanation in terms o f  that theory, for  there 

w ere others concerning the optica l and electrom agnetic properties o f m oving 

bodies w hich led in the same direction, but since the M ichelson -M orley  ex 

perim ent is fam iliar and com paratively sim ple, it w ill be convenient to use it 

in an analysis o f the logica l status o f  the theory.”

See also Em ile M eyerson, L 6  D é d u c t i o n  «ª©6 t i v i s t e  (P aris: Payot, 1925), 

pp. 111-113, and Ernst Cassirer, Einstein ’s T h eo ry  o f R elativity, S u b s t 6 n c e  

6 n d  F u n c t i o n  6 ®d  E i n s t e i n ’ s  T h e o r y  o f  R e ©6 t i v i t y , trans. W illiam  C .

Swabey and M arie C . Sw abcy (C h ica g o : O pen  Court Publishing C o., 1923), 

p. 375.

28. von  Laue, D 6 ¯  R e l 6 t i v i t 6 t s p r i n z i p , op. cit., p. 13 (U nless indicated to
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the contrary, all translations from  G erm an sources have been  prepared by  the 

author.)

A n oth er distinguished exam ple is p rov id ed  by  A rthur H o lly  C om p ton , a 

N obelist ex-colleagu e o f  M ich e lson : “ T h is  experim ent [M ich elson -M orley ’s] 

m ore  than anything else was the occasion  fo r  the developm ent o f  the theory 

o f  re la tiv ity .. . . ”  Q u oted  in  M arjorie  Johnston, ed., T h e  C o s m o s  o f  A r t h u r  

H o l l y  C o m p t o n  (N e w  Y o rk : A lfred  A . K n o p f, 1967 ), p . 196, from  an essay 
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the force  acting upon  it is equal to the electric force  w hich  is present at the 

locality  o f  the charge, and w hich  w e ascertain by transform ation o f  the field 

to a system o f  coordinates at rest relative to the electrical charge. . . .  W e  see 

that the electrom otive force  plays in  the developed  theory m erely the part o f  

an auxiliary concept, w h ich  ow es its in troduction  to  the circum stance that 

electric and m agnetic forces d o  not exist independently  o f  the state o f  m otion  

o f  the system o f  coordinates.”

W e  recall Einstein had said in  his M ich elson  centennial message, “ W hat led  

m e m ore or  less directly  to  the Special T h eory  o f  R elativ ity  was the conviction  

that the electrom otive force  acting on  a b od y  in m otion  in a m agnetic field was 

nothing else but an electric field .”

87. Ibid ., p. 37.

88. M artin  J. K lein , T herm odynam ics in Einstein’s T hought, S c i e n c e , 157:

513, 1967, writes about this jo b  and quotes Einstein as fo llow s: “ . . .  contrary to  

what is som etim es suggested, this jo b  kept h im  busy— ‘eight hours o f  exacting 

w ork every day.’ ”

89. Einstein, A utobiographical N otes, in  S ch ilpp , op. cit., p . 53.

90. Ib id ., p p . 5 1 -5 3 .

91. Einstein, O n the E lectrodynam ics o f M ov in g  Bodies, p . 59.

92. G runbaum , P h i l o s o p h i c 6 l  P r o b l e m s  o f  SÂ6 ÃÄ  6 n d  T i m e , p. 380.

I f  the history o f  ether theory itself is a guide, one m ay pred ict that on  this 

issue, as on  others, few  o f  the protagonists can  be  expected to change their 

m inds, ow in g to the stability o f  the “ substratum o f  thought,”  the them atic 

presuppositions.

93. Einstein, O n the E lectrodynam ics o f  M ovin g  B odies, pp . 64—65.

94. A s Einstein stated (c ited  by  M a x  B om , Physics and R elativity , in  H e l 

v e t iÃ6  P h y s i c 6  A c t 6 , Supplem entum  I V , 1956, p . 2 4 9 ) :  “ T h e  new  feature o f  

it [the w ork o f  1905] was the realization o f  the fact that the bearing o f  the
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Lorentz-transform ations transcended their connection  w ith  M axw ell’s equa 

tions and was con cern ed  w ith  the nature o f  space and tim e in  general. A  further 

new  result was that ‘L orentz invariance’  is a general con d ition  fo r  any physical 

theory. T h is  was fo r  m e o f  particular im portance because I  had  already previ

ously fou n d  that M a xw ell’s theory d id  not accou n t fo r  the m icro-structure o f  

radiation and cou ld  therefore have n o general v a lid ity .. . . ”

95. Einstein, A utobiographical N otes , in  S ch ilpp , op. cit., p . 23.

96. Ib id ., p . 21 ; italics added .

97. Ib id ., p p . 2 1 -2 3 .

98. Ib id ., pp . 23 -25 .

99. Ib id ., p . 23.

100. H olton , O n the Origins o f  the S pecial T h eory  o f R elativ ity , pp . 6 2 9 -  

630; pp . 167-1'69 in this volum e.

101. Ib id ., p. 629; p. 168 in this volum e.

102. M illikan, A lb ert Einstein on H is S eventieth  Birthday, p . 344.

103. H olton , M a ch , Einstein, and the Search fo r  R ea lity , esp. pp . 651 -653 ; 

pp . 234 -2 37  in  this volum e.

104. Einstein, A utobiographical N otes , in  S ch ilpp , op. cit., p . 53.

105. Ib id ., p . 15.

106. A n ton  R eiser, A l b e r t  E i n s t e i n , A  B ÅÆÇÈ6 ÉÊÅË6 l  P o r t È6 ÅÌ , N ew  

Y o rk : A . & C . Boni, 1930.

107. G erald  H olton , In fluences on  Einstein ’s E arly W ork  in R ela tivity  

T h eory , A m e r i c 6 n  S c h o l 6 r , 3 7 :5 9 -7 9 , 1968-1969, and reprinted here as 

Essay 7.

108. Reiser, op. cit., pp . 5 2 -5 3 .

109. Shankland, Conversations w ith A lb ert Einstein, p . 48 ; italics in original.

110. Ib id ., p . 55.

111. H . A . Lorentz, E lectrom agn etic P h en om ena  in a System  M ovin g  with  

A n y  V e lo c ity  Sm aller T han T h a t o f  L ight, P r o c e e d i n g s  o f  t h e  A c 6 d e m y  o f  

S c i e n c e s , A m s t e r d 6 m , 6 :8 0 9 -8 3 1 , 1904.

112. T h e  fact that m ost o f  these papers seem  to have been difficult to  obtain 

and w ere published in  D u tch  o r  English m ay p lay a ro le  here.

113. C ited  by  B om , Physics and R elativity , p. 248. T h e  book  o f  Lorentz’s 

is V e r s u c h  e i n e r  T h e o r i e  d e r  e l e k t r i s c h e n  u n d  o p t i s c h e n  E r s c h e i n 

u n g e n  i n  b e w e g t e n  K ö r p e r n , L eid en : E. J. Brill, 1895; reprinted w ithout 

change by B. G . T eubner, Leipzig , 1906.
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As I  have show n elsewhere (In fluences on Einstein ’s Early W ork  in R elativ 

ity  T h eory )  in  almost all o f  the books from  w h ich  Einstein m ay have learned 

M axw ell’s theory, the M ichelson  experim ent was not even m entioned— neither 

in the V o r l e s u n g e n  ü b e r  t h e o r e t i s c h e  P h y s i k , L eipzig : J. A . Barth,

1897-1907 b y  H elm holtz, although it was in  his ow n laboratory that M ich el- 

sons’s first experim ent had been begun, nor in  H ertz’s essays, n or in August 

F öp p l’s E i n f ü h r u n g  i n  d ie  M 6 x w e l l s c h e  T h e o r i e  d e r  E l e k t r i z i t ä t , L eip 

zig, B. G . T eubner, 1904. In  fact, the m ost significant point about the G erm an 

treatises is that there is a rem arkable paucity o f  references to  actual experi 

mental situations, not on ly  to  M ichelson ’s, but also to  all other ether-drift 

experiments. O n e  clear exception  is Paul D ru d e ’s L e h r b u c h  d e r  O p t i k  (L e ip 

z ig : S. H irzel, 1900; issued in  1902 as T h e  T h e o r y  o f  O p t i c s , trans. C . R .

M ann  and R . A . M illikan, preface  b y  A . A . M ichelson , L on d on : Longm ans 

G reen & C o., 1902.) But the discussion o f  the optica l properties o f  m oving 

bodies is based entirely on  Lorentz’s V e r s u c h  o f  1895, w h ich  has “ developed  

a com plete and elegant theory. I t  is essentially this theory w hich  is here pre 

sented”  (p . 457, English translation). T hus in discussing an explanation o f  

the M ichelson  experim ent in terms o f  the contraction  hypothesis, D ru de copies 

almost w ord  fo r  w ord  the corresponding sentences from  Lorentz’s V e r s u c h .

114. A  brief draft o f  the next few  pages was presented in  the P r o c e e d i n g s  

o f  t h e  I n t e r n 6 t i o n 6 l  C o n f e r e n c e  o n  R e l 6 ÍÎÏÎÐÍÎÑ  T h e o r i e s  o f  G Ò6 ÏÎÍ6 

t i o n , (L o n d o n : 1965), V o lu m e I, pp . 14—18 (m im eograph ed  ed ition ).

115. H . A . Lorentz, e t al., D 6 s  R e l 6 t i v i t ä t s p r i n z i p , L eipzig  and B erlin :

B. G . T eubner, 1913. T h e  co llection  has been often reprinted and exists in  

English translation as T h e  Pr i n c i p l e  o f  R e l 6 t i v i t y .

116. Lorentz, V e r s u c h  e i n e r  T h e o r i e  d e r  e l e k t r i s c h e n  u n d  o p t i 

s c h e n  E r s c h e i n u n g e n  i n  b e w e g t e n  K ö r p e r n , p . 123.

117. “ W ozu  freilich  kein G rund vorliegt.”  Ibid ., p . 124.

118. Ib id ., pp. 2, 127. I t  turned out that Fizeau’s experim ental results were 

erroneous, as Lorentz had in effect begun to suspect.

119. Lorentz, T h e  P r i n c i p l e  o f  R e Ó6 t i v i t y , pp. 22, 29.

120. Lorentz, et dl., D 6 s  R e l 6 t i v i t ä t s p r i n z i p , p. 10.

121. H . A . Lorentz, T h e  T h e o r y  o f  E l e c t r o n s  (N ew  Y ork : G . E.

Stechert, 1909; 2nd ed. [1 9 1 5 ]), p. 230.

122. Professor Charles K ittel has pointed out to m e that Joseph L arm or’s 

book  A e t h e r  6 n d  M 6 Ít e r , C am bridge : C am bridge University Press, 1900, 

w hich  neither Einstein nor Lorentz cites, sets forth the com p lete  and exact 

Lorentz transformation equations for  x, t, E , and B. L arm or claim ed it only to 

the order o f  ( v/c ) 2, w h ich  is all he needed and used to explain the null re-
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suit o f  the M ich elson -M orley  experim ent; but since he was trying to  m ake 

x 2 —  c 2t2 invariant, as w e d o  today, L arm or got the w h ole  transformation 

exactly.

O n e  o f  L arm or’s erstwhile students, Ebenezer Cunningham , in a letter o f  14 

D ecem b er 1963 to  K ittel, explained that he d id  n ot n otice  the exactness o f  

the transform ation in  1903-1904, but thought, like Lorentz, h e  had it on ly  

to  second order. T h ere fore  he spoke o f  it as the L arm or-L orentz transforma 

tion. In  1904 he m oved  from  C am bridge to  L iverpool, d iscovered there the 

exactness, and w rote  to  L arm or, w h o  replied  briefly  he knew  it though he 

had not referred to it in  publication  or  lecture. Cunningham  adds sim ply : 

“ L arm or d id  n ot seem  at all enthusiastic about the idea  that an algebraic 

transform ation happened to  be  exact.”  O n e  is rem inded o f  Lorentz ’s disin 

clination  to assign a m ore general m eaning to the con cep t o f  Ortszeit. I t  is 

an interesting sidelight on  the lim itation w h ich  can b e  put on  a theory i f  it 

is seen as serving im m ediate purposes.

123. Lorentz, T h e  T h e o r y  o f  E l e c t r o n s , (1 9 0 9 ), p . 230. Lorentz and 

Einstein cam e to b e  close friends, each adm iring the scientific contributions 

o f  the other despite their fundam entally different approaches to  electro 

dynam ics.

124. Ib id . (1 9 1 5 ), p . 321.

125. Einstein, Ü b e r  d i e  s p e z i e l l e  u n d  d i e  6 l l g e m e i n e  R e l 6 t i v i t ä t s 

t h e o r i e , p. 28.

126. H enri Poincaré, C o n g r è s  d e  P h y s i q u e  d e  1 9 0 0 ,1 : 2 2 , 1900.

127. Lorentz, T h e  P r i n c i p l e  o f  R e l 6 t i v i t y , pp . 12 -13 . A n  exam ple o f  

Lorentz ’s sensitivity to this issue was shown in D eu x  M ém oires  de H en ri P oin 

caré sur la physique m athém atique , A ÔÕ6  M 6 t h e m 6 t i c 6 , 3 8 :2 9 3 -3 0 8 , 1921; 

reprinted at the end o f  V o lu m e I X  o f  P oincaré ’s Œ u v r e s  (P aris: G authier- 

V illars, 1954 ), in w hich  Lorentz gives an assessment o f  the contribution o f  

P oincaré to  physics, particularly to relativity theory and quantum  theory. A n d  

on  that occasion  Lorentz a llow ed him self a w ord  o f  regret about his ow n 

m ethod  o f  procedure (p . 684) : “ In  order to explain  M ich elson ’s 1881 experi

m ent, the hypothesis o f  an im m obile  ether was not sufficient. I  was obliged to 

m ake a new  supposition w h ich  had the effect o f  adm itting that the translation 

o f  a b od y  through the ether produ ced  a slight contraction  o f  the b od y  in the 

d irection  o f  m otion . T h is hypothesis was the on ly  one possible. It  had been 

im agined b y  FitzG erald , and it fou nd  acceptance b y  Poincaré, but Poincaré 

nevertheless d id  n ot h ide h ow  little satisfaction was given to  him  b y  theories 

in  w h ich  one m ultip lies special hypotheses invented fo r  particular phenom ena. 

T h is  criticism  was fo r  m e m ore reason to  search fo r  a general theory. . .

F or  m ore  on  P oincaré ’s dissatisfaction w ith the hypotheses then needed, see
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Charles Scribner, Jr., H en ri Poincaré and the Principle o f R elativity , A m e r 

i c 6 n  Jo u r n 6 l  o f  P h y s i c s , 32 : 672-678, 1964, and Stanley G oldberg , H en ri 

P oincaré and Einstein’s T h eory  o f  R ela tivity , A m e r i c 6 n  Jo u r n 6 l  o f  P h y s i c s ,

3 5 :9 3 4 -9 4 4 , 1967.

128. Lorentz, T h e  P r i n c i p l e  o f  R e l 6 t i v i t y , p . 13.

129. H olton , O n the Origins o f the S pecial T h eo ry  o f  R elativity , p. 630; p.

170 in this volum e.

130. See G erald  H olton , O n the T h em a tic  Analysis o f  S cien ce : T h e  Case 

o f P oincaré and R elativity , M é l 6 n g e s  A l e x 6 n d r e  K o y r é  (P aris: H erm ann,

1964), pp. 257-258.

131. H erbert Butterfield, T h e  O r i g i n s  o f  M o d e r n  S c i e n c e : 1300-1800 

(N ew  Y o rk : M acm illan  C o., 1958 ), pp . 29 -30 .

132. N o r  d id  others think that the contraction  hypothesis m ight not have 

other uses also. Several, such as the application  to the T rou ton -N ob le  experi

m ent, are w ell know n. O thers are not. Thus, w hen Fritz H asenöhrl found that 

these com putations yielded  a net increase in  the tem perature o f  a radiation- 

filled cavity carried through a closed  cycle  o f  velocity  under adiabatic con 

ditions he noted that “ our contradiction  [with the S econ d L aw  o f  T h erm o 

dynam ics] is solved w hen the density o f  the true radiation does not rem ain 

constant. . . . T h e  sim ple assumption is that perhaps the dim ensions”  are 

changed by the factor (1 —  lA  ß 2) in  “ com p lete  agreem ent w ith  the assump

tion  o f  Lorentz and Fitzgerald.”  Z ur T h eorie  der Strahlungen in bew egten  

K örp ern , A n n 6 l e n  d e r  P h y s i k , 15 :369 , 1904. H asenöhrl also m ade other 

uses o f  the Lorentz-F itzG erald  contraction , for  exam ple in S i t z u n g s b e r i c h t e  

d e r  A k 6 d e m i e  d e r  W i s s e n s c h 6 f t e n  i n  W i e n , 116:1391 , 1907, and 117:207,

1 9 0 8 .1 thank Stanley G old berg  fo r  bringing these passages to  m y attention.

133. See, fo r  exam ple, the letter o f  H eisenberg to Pauli, in  w hich  he vented 

his feelings about Schrödinger’s approach  to quantum  m echanics: “ T h e  m ore 

I  ponder the physical part o f  Schrodinger’s theory, the m ore disgusting [desto  

abscheulicher] it appears to m e.”  Schrödinger was n o  less candid  about his feel 

ings concern ing H eisenberg’s theory w hen he w rote : “ I  was frightened away 

[abgeschrecht], i f  not repelled  [abgestossen ], by w hat appeared to m e a rather 

difficult m ethod  o f  transcendental algebra. . . . ”  C f. M a x  Jam m er, T h e  C o n 

c e p t u 6 l  D e v e l o p m e n t  o f  Q u 6 n t u m  M e c h 6 n i c s  (N ew  Y o rk : M cG ra w - 

H ill, 19 6 6 ), p . 272. S im ilar criteria gu ide the personal decision  by w hich  a 

scientist chooses the m ore probable theory either w hen the evidence fo r  and 

against tw o theories seems equally balanced o r  when in  fact the evidence seems 

to be  against the theory that is nevertheless preferred. A  case o f  the first kind 

applied  to  G alileo, w h o d ecid ed  in the D Ö6 ×ØÙu e s  C o n c e r n i n g  t h e  T w o
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C h i e f  W o r l d  Sy s t e m s  that “ it is m uch m ore probable that the diurnal m otion  

belongs to  the earth a lone than to the rest o f  the universe excepting the earth.”  

A  case o f  the second kind was Einstein’s response to  an apparently authoritative 

experim ental d isproof o f  his 1905 paper (discussed in  the essay referenced in  

note 103 a b o v e ).

134. I have discussed som e differences in  the m eanings o f  S x and S2 in  

O n the D uality  and G row th  o f  Physical S cien ce , A m e r i c 6 n  S c i e n t i s t , 

4 1 :8 9 -9 9 ,1 9 5 3 , and reprinted here as Essay 11.

135. H . A . Lorentz, T h e  R ela tive  M o tion  o f the Earth and the A eth er , 

V e r h 6 n d e l i n g e n  d e r  K o n i n k . A k 6 d e m i e  v 6 n  W e t e n s c h 6 p p e n , A m s t e r 

d 6 m , 1 :7 4 , 1892; also in  H . A . Lorentz, C o l l e c t e d  P 6 p e r s  (T h e  H agu e: 

M artinus N ijh o ff, 1937 ), V o lu m e IV , pp . 2 1 9 -2 23 ; italics added. Som e o f  these 

and sim ilar quotations are fou nd  in  A lfred  M . Bork, T h e  “ F itzG erald”  C on 

traction , I s is , 5 7 :1 9 9 -2 0 7 , 1966. See also the earlier discussion centering on  

notes 116 and 117 above.

136. D raft co p y  in A lgem een  R ijksarch ief, T h e  H ague, published b y  Stephen 

G . Brush, in  N o te  on the H istory o f  the F itzG erald-Lorentz C ontraction , Is is , 

5 8 :2 3 1 ,1 9 6 7 ; italics added.

137. O liver  L od ge, O n the Present State o f K n ow led ge o f  the C onnection  

betw een  E th er and M a tter : A n  H istorical Sum m ary , N 6 t u r e , 4 6 :1 6 4 -1 6 5 , 

1892; italics added.

138. Bork, T h e  “ F itzG erald”  C ontraction , loc. cit.

139. T h e  story is told  briefly in Jam m er, op. cit., pp. 149-150, and at greater 

length in the sources he cites there.

140. C . G . H em pel, P h i l o s o p h y  o f  N 6 t u r 6 l  S c i e n c e  (E n glew ood  Cliffs, 

N ew  Jersey: P rentice-H all, 1966 ), p. 30.

141. A d o lf  G riinbaum , T h e  Bearing o f  P hilosophy on the H istory o f S cien ce , 

S c i e n c e , 1 4 3 :1 4 0 6 ,1 4 1 0 ,1 4 1 2 ,1 9 6 4 .

142. C . C . G illispie, T h e  Ed g e  o f  O b j e c t i v i t y  (Princeton , N ew  Jersey: 

Princeton  U niversity Press, 1960), p. 516.

143. T h at the covariance o f  M axw ell’s equations rather than the explana 

tion o f  ether experim ents was the prim ary m otivation  fo r  the Lorentz trans

form ation  equations is not always granted; e.g., S. J. Prokhovnik  in T h e  

L o g ic  o f  S p e c i 6 Ú  R e l 6 t i v i t y  (C a m b rid g e : C am bridge University Press, 

1967), p. 6, w rites: “ H ow ever, their [Lorentz’s and P oincare ’s] m anner o f  

saving the aether con cep t had a certain artificial character. T h e ir  transfor 

m ation  was devised solely to explain  a null effect associated with an undetect 

able m edium . I t  was the shadow  o f  a phantom  o f  zero dim ensions.”
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144. Brush, op. cit.

145. G . F. FitzG erald , T h e  E th er and the Earth*s A tm osp here, S c i e n c e ,

13 :390 , 1889.

146. Einstein, Autobiographical N otes , in  S ch ilpp , op . cit., p. 23.

147. K arl P opper, T h e  L o g ic  o f  S c i e n t i f i c  D i s c o v e r y  (N ew  Y o rk : Basic 

Books, 1959 ), pp . 8 2 -8 3 .

148. M a x  W ertheim er, P r o d u c t i v e  T h i n k i n g  (N e w  Y ork : H arper & Broth 

ers, 1945 ), pp . 173-174. T h is w ork has to be  used cautiously.

149. G riinbaum , P h i l o s o p h i c 6 l  P r o b l e m s  o f  S p 6 ÛÜ  6 n d  T i m e , pp . 3 8 0 -  

381; Griinbaum , T h e  Bearing o f P h ilosophy on the H istory o f S cience.

150. It  is in this spirit that T lan ck , in  Z ur D ynam ik b ew eg ter  System e , S i t z -  

u n g s b e r i c h t e  d e r  A k 6 d e m i e  d e r  W i s s e n s c h 6 f t e n  i n  W i e n , 2 9 :5 4 2 -5 7 0 ,

1907, argued that one should  accept the principle o f  relativity, since there was 

nothing as yet w hich  forced  one not to  accept it as exact. A n d  it is in the sam e 

sense that Einstein’s first criterion fp r a g o o d  theory asked that “ the theory 

must not contradict em pirical facts.”

A  sim ilar point has been correctly  raised in  several publications b y  M ichael 

Polanyi, e.g., in  H erbert Feigl and G rover M axw ell, eds., C u r r e n t  I s s u e s  i n  

t h e  P h i l o s o p h y  o f  S c i e n c e  (N ew  Y o rk : H olt, R inehart & W inston, 1961), 

pp. 5 3 -5 5 ; and also by  Stillm an D rake, e.g., in T h e  Scientific Personality o f  

G alileo, G 6 l i l e o  St u d i e s  (A n n  A rbor, M ic h .: University o f  M ich igan  Press,

1970) pp . 63 -78 .

“ In  recent years, I  have read m any scholarly  discussions— I  m ight better 

say ‘scholastic’ discussions— on the question w hether G alileo  had any right, as 

a scientist, to  con clu d e  in  favor o f  C opernicus on  the basis o f  the evidence 

in  his possession. . . . T h e  crucial point is not whether G alileo  had or d id  

not have ocu lar evidence decisively  in favor o f  C opernicus [by later evidence]; 

it is how  he behaved w hen he considered that he d id  have such evidence.”

T h ere are, o f  course, useful discussions o f  ad h oc  hypotheses by philosophers, 

e.g., by  M ary B. Hesse, op. cit., pp . 226-235 . She also raises the significant 

point, not discussed above, that the contraction hypothesis was “ som ew hat 

ad h oc because it entailed that m otion  in the aether is in principle unobserv 

able”  (p . 2 2 8 ).

W e  m ay take this occasion to remark that an ad h oc  hypothesis, in parti 

cular a p oor  one, leaves the feeling that the operations o f  nature are con 

stricted or restricted by  arbitrary hum an intervention. O n  the other hand, a 

large-scale generalization leaves the feeling that it expands  the realm  o f  appli 

cation and shows w here the “ natural”  lim its lie : e.g., the first principle o f  

relativity generalizes the equality o f  inertial systems from  m echanics to all
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o f  physics. In  the sam e w ay other m a jor  scientific advances are characterized 

b y  the positing o f  an hypothesis that universalizes a lim ited situation: N ew 

ton ’s proposition  o f  universal gravitation, G a lileo ’s extension o f  terrestrial 

physics to  celestial phenom ena, M axw ell’s generalization that abolished di 

visions betw een electric, m agnetic, and optica l phenom ena, and others that 

can  be readily  supplied from  such w ork as that o f  H elm holtz, D arw in , and 

Freud. A n  early ph ilosoph ical warrant fo r  this w ay o f  hypothesizing was 

given in  N ew ton ’s T h ird  R u le  o f  Reasoning.

151. Einstein, R em arks , in  Sch ilpp , op. cit., p . 684.

152. R eichen bach , T h e  Philosophical Significance o f  the T h eory  o f  R ela 

tivity , in  Sch ilpp , op . cit., p. 292; italics supplied. I t  is at this point that R e ich 

enbach adds:

“ T h e  ph ilosopher o f  science is not m uch interested in the thought processes 

w h ich  lead to scientific discoveries; he looks fo r  a log ica l analysis o f  the com 

pleted theory, in cluding the relationships establishing its validity. T h at is, he is 

not in terested  in the con tex t o f d iscovery , but in  the context o f  justification.”

T o  be sure, scientists on  their ow n  side som etim es appear to  have m irror- 

sym m etrical b lind  spots o r  lack  in interest or  preparation. But this need not 

end in a stalemate. O n  the contrary, one m ay hop e that further investigations 

o f  the status and m eaning o f  ad hocness can benefit from  team w ork o f  the kind 

that has been so fruitful in scientific research generally— a collaboration  am ong 

historians, philosophers, scientists, and other scholars w h o share the con viction  

that a problem  is w orth  attacking and w h o are w illin g  to p o o l their diverse 

strengths to w ork on  it together.

153. M ichelson , S t u d i e s  i n  O p t i c s , p . 156.

154. C f. A lbert Einstein, T im e, S pace and G ravitation  (1 9 4 8 ), O u t  o f  M y  

L 6 Ýe r  Y Þ6 r s  (L o n d o n : T ham es and H udson, 19 5 0 ), pp . 5 4 -5 8 . I t  was dis

cussed in H olton , M a ch , Einstein, and the Search fo r  R ea lity , pp . 647, 667; 

pp . 230 and 252 in  this volum e.

155. Shankland, Conversations with A lb ert E instein , p p . 5 3 -5 4 ; italics 

added . A n  experim ent a long these lines was devised later and gave a 

null result, as Einstein had pred icted . In  the sam e interview  Einstein de 

p lored  the current state o f  nuclear theory, but again added  the same type o f  

cau tion : “ H e  felt that just the m ultip lication  o f  facts and experim ental data 

in  nuclear physics w ou ld  n ot clarify  the situation o r  lead to a final correct 

theory. T h is is in  m arked contrast to  the prevalent v iew  that experim ental 

facts w ill ultim ately reveal regularity and thus give the hints that w ill lead 

to a theoretical solution. H e  disagreed com p lete ly  w ith this v iew  . . . ”  (p . 5 4 ) .

156. C op ies o f  correspondence in  the Einstein A rch ive. M iss Dukas reports
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that the fam ous remark “ Raffiniert ist der H err G ott, aber boshaft ist E r nicht”

[G od  is subtle, but not m alicious] was m ade by  Einstein at a reception in 1921 

after a lecture in Princeton w hen Einstein was asked for  his views about M iller ’s 

experim ent o f  1921 that was reported to have yielded  a positive result fo r  the 

ether drift at higher altitudes.

157. R . S. Shankland, S. W . M cC uskey, F. C . L eone, and Gustav K uerti,

N ew  Analysis o f  the In terferom eter  O bservations o f D ayton  C . M iller , R e v i e w s  

o f  M o d e r n  P h y s i c s , 2 7 :1 6 7 -1 7 8 , 1955.

158. Shankland, Conversations w ith A lb ert E instein , p . 52, footnote 20.

T h ere  is a significant irony in this story. Shankland’s group thought in itially 

that the m ost likely solution to the puzzle o f  M iller ’s results lay elsewhere and 

invested three years’ w ork in  this way. Shankland writes, “ it was not until 

early 1954, after the com p lete  analysis o f  variance results w ere available that 

w e w ere convinced that the p eriod ic  effects fou n d  by  D . C . M iller  w ere not 

du e to statistical fluctuations or  to  his m eth od  o f  analysis. O n ly  then d id  w e 

plunge deep ly  into the study o f  the tem perature effects to  find the real cause 

o f  M iller ’s result”  (p . 51, footn ote  1 9 ).

A  second irony is that another genial scientist, lon g  before Einstein, had a 

sim ilar intuitive response about this possib le source o f  error in the M ichelson - 

type experim ent. In  a recently d iscovered letter, M ichelson , writing to  S im on 

N ew com b , from  his visit in Berlin on  22 N ovem ber 1880, about his plans fo r  

his very first interferom eter experim ent, had reported the response o f  the aug 

ust head o f  the laboratory, H erm ann von  H elm h oltz : “ I  had qu ite a lon g  

conversation w ith  D r. H elm h oltz  concern ing m y proposed m ethod  fo r  finding 

the m otion  o f  the earth relative to  the ether, and he said he cou ld  see n o  

ob jection  to  it, except the difficulty o f  keeping a constant tem perature.”  T h e  

letter was first given in  Swenson’ s thesis, T h e  E thereal A e th er ; see also foo t 

note 1 l ’ in Shankland, M ich elson -M orley  E xp erim en t, p . 19.

Y et another irony lies in  M iller ’s ow n  interpretation o f  Einstein’s interest in  

and response to  his work. In  a letter from  M iller  to  T . C . M endenhall o f  2 

June 1921, M iller  w rote, “ Last w eek P rof. Einstein visited m e and spent an 

hour and a half in talking over the ether-drift experim ents. I  fou nd  him  ex 

ceedingly pleasant and not at all insistent on  the theory o f  relativity, but ap 

parently m ore interested in  the results o f  the experim ents than in anything 

else and quite w illing to  accept the results w hether fo r  or  against the theory.

A t least he was sincere enough and cord ia l enough to  leave this im pression.”

(F rom  a letter in the A rch ive o f  the C enter o f  H istory and Philosophy o f  

Physics, A m erican  Institute o f  Physics, N ew  Y ork . I  thank D r. Charles W einer, 

its D irector, fo r  com m unicating the letter to m e .) O n e  plausible explanation 

o f  M iller ’s impression m ay be contained in Shankland’s report on  a question 

he asked Einstein about that visit: “ I  referred to Einstein’s visit to  D . C .
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M iller  at Case in 1921. . . . H e  told  m e  that w hen he cam e to  the U nited 

States that year he d id  not know  a w ord  o f  English. O n  the trip he p icked  up 

som e b y  ear.”  Shankland, Conversations with A lb ert E instein , p. 50.

159. Shankland, Conversations with A lb ert E instein , p . 49.

160. C on feren ce  on the M ich elson -M orley  E xperim en t, p. 344.

161. Shankland, Conversations with A lb ert Einstein, p . 57.

162. Ib id ., p . 56.

163. T h e  proceedings w ere published as Professor Einstein at th e  California  

Institu te o f T ech n ology , S c i e n c e , 7 3 :3 7 5 -3 8 1 , 1931'. A ll quotations be low  are 

from  this source unless otherwise identified.

164. Jaffe, op. cit., p p . 167-168.

165. Ib id ., p . 101.

166. P r o c e e d i n g s  o f  t h e  A m e r iß6 n  P h i l o s o p h i c 6 l  So c i e t y , 9 3 :5 4 4 -5 4 5 , 

1949.

167. T h e  English translations published by  S c i e n c e  ( Professor Einstein at 

th e  California Institu te o f  T ech n o logy , p . 379) and P r o c e e d i n g s  o f  

t h e  A m e r i c 6 n  P h i l o s o p h i c 6 l  So c i e t y  (1 9 4 9 ) differ on ly  slightly. But fo r  

the sake o f  com pleteness I  shall g ive here a m ore fa ithful translation o f  the 

first part o f the G erm an-language te x t :

“ D ear Friends! F rom  far away I  have com e to you, not to  strangers but to  

m en w h o  fo r  m any years have been fa ithfu l com rades in  m y w ork. Y ou , m y 

honored  H err M ichelson , began w hen  I was on ly  a sm all boy , not even a 

m eter high. It  was you  w h o  led  the physicists into new  paths, and through 

your m arvelous experim ental labors prepared fo r  the developm ent o f  the 

relativity theory. Y ou  uncovered a dangerous weakness in the ether theory 

o f  light as it then existed, and stimulated the thoughts o f  H . A . Lorentz and 

FitzG erald from  w h ich  the special theory o f  relativity em erged. T h is  latter, 

in turn, led  the w ay to the general theory o f  relativity and to the theory o f  

gravitation. W ith ou t your w ork this theory w ou ld  today  be scarcely m ore than 

an interesting speculation; your verifications furnished the real [or realistic] 

basis for  this theory. C am pbell’s determ ination o f  the deflection  o f  light 

in the case o f  light rays passing by  the sun, St. Joh n ’s determ ination o f  the red 

shift o f spectral lines through the gravitational potentia l that exists at the sun’s 

surface, . . . be lon g  to the best supports o f  the G eneral R elativity T h eory .”

168. A s he w rote to  his friend C onrad  H abich t about the relativity paper: 

“ T h e  fourth  w ork lies at hand in draft form , and is an electrodynam ics o f  

m ovin g  bodies, m aking use o f  a m odification  o f  the theory o f  space and tim e.”  

In  C arl Seelig, A l b e r t  E i n s t e i n  (Z u r ich : E uropa V erlag , 1954), p . 89 ; see 

also p . 97 ; italics supplied.
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169. Einstein, G edenkw orte auf A lb ert A . M ichelson ,  Z e i t s c h r i f t  f ü r  

6 n g e w 6 n d t e  C h e m i e , 4 4 :6 8 5 , 1931.

170. Bernard Jaffe, M e n  o f  S c i e n c e  i n  A àáâãä6  (N ew  Y o rk : S im on &

Schuster, 1944), p. 372. A lso reprinted in Jaffe, M i c h e l s o n  6 n d  t h e  S p e e d  

o f  L i g h t , pp . 100-101. T h e  same im plication  w ithout further illum ination is 

found in the w ell-know n and slightly breathless book  by  the psychologist M a x  

W ertheim er, P r o d u c t i v e  T h i n k i n g . W ertheim er reports that from  1916 on 

he spent “ hours and hours”  w ith Einstein, “ to hear from  him  the story o f  the 

dram atic developm ents w hich  culm inated in the theory o f relativity”  (p . 1*68).

“ W hen  Einstein read about these crucial experim ents m ade by physicists, and 

the finest ones m ade by  M ichelson , their results w ere n o  surprise to him , al 

though very im portant and decisive. T h ey  seem ed to confirm  rather than to 

underm ine his ideas”  (p . 172 ).

171. N . L . Balazs, qu oted  in  M ich ael Polanyi, P e r s o n 6 l  K n o w l e d g e  (C h i 

ca g o : University o f  C hicago Press, 1958 ), p . 11.

172. Ib id ., p . 10. Polanyi goes on  to  use these statements to  support his 

ow n conclusions: “ T h e  usual textbook  account o f  relativity as a theoretical 

response to  the M ich elson -M orley  experim ent is an invention. I t  is the produ ct 

o f  a ph ilosophical prejud ice. W hen  Einstein discovered rationality in nature, 

unaided b y  any observation that had not been available fo r  at least 50 years 

before, our positivistic textbooks prom ptly  covered  u p  the scandal by  an ap 

propriately  em bellished account o f  his discovery”  (p . 1 1 ).

T h is rem ark led  to  rem arkably vituperative attacks u pon  him  from  the ex 

trem e positivistic school. T h e  ensuing debate was revealing in its ow n  right, 

but its exam ination must be  delayed to  another occasion .

173. Translation in  Einstein, I d e 6 s  6 n d  O p i n i o n s , pp . 73 -7 6 , under the 

title H . A . L orentz, C reator and Personality.

174. As is not unusual, one cannot rely on  published translations; w e estab 

lished the text by  using the G erm an original in  the Einstein A rch iv e :

“ D as einzige Phänom en, dessen Erklärung au f diesem  W ege  nicht restlos, 

d. h. nicht ohne zusätzliche Annahm en, gelang, w ar das berühm te M ichelson- 

M orley-E xperim ent. Dass dies E xperim ent zu der speziellen Relativitäts 

theorie hinführte, wäre ohn e die Lokalisierung des elektrom agnetischen Feldes 

im  leeren R au m e undenkbar gew esen. D er  w esentliche Schritt w ar eben über 

haupt d ie  Zurückführung au f d ie  M axw ell’schen G leichungen im  leeren 

R au m e oder— w ie m an dam als sagte— im  A ether.”

T w o  other translations that differ slightly from  each other are given in  

Einstein, I d e 6 s  6 n d  O p i n i o n s , p. 75, and in the co llection , H . A . L o r e n t z :

I m p r e s s i o n s  o f  H i s  L i f e  6 n d  W o r k , ed. G . L . de  H aas-Lorentz (A m sterdam : 

N orth -H ollan d  Publishing C o ., 1957 ), p . 8.
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175. See notes 29 and 30 above.

176. C o p y  in  the Einstein A rch ive, Princeton .

177. S ir E dm un d W hittaker, A  H i s t o r y  o f  t h e  T h e o r i e s  o f  t h e  A e t h e r  

6 n d  E l e c t r i c i t y , V o lu m e  I I .

178. C o p y  in  the Einstein A rch ive.

179. Shankland, Conversations with A lb ert E instein , p . 50.

I  w ish to  thank the E xecutor and Trustees o f  the A lbert Einstein Estate, 

and particularly M iss H elen  Dukas, fo r  help  and fo r  perm ission to  cite from  

the publications an d docum ents o f  Einstein. Early versions o f  the paper w ere 

discussed in  m y  H istory o f  S cien ce Sem inar, and a draft was presented as on e 

o f  the M on d a y  Lectures at T h e  U niversity o f  C h icago, N ovem ber, 1967. 1 am  

also grateful fo r  the opportun ity  w h ich  the R ock efe ller  Foundation  and the 

D irector  o f  the V illa  S erbellon i p rov id ed  to write the final draft.
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ю ON TRYING TO UNDERSTAND 

SCIENTIFIC GENIUS

I n tr o d u c t io n

i s t o r i 6 n s  o f  s c ie n ce  re tu rn  a g a in  a n d  a g a in  to  th e  e p o c h a l  c o n 

tr ib u tion s  o f  th e  N e w to n s  a n d  N ie ls  B oh rs , th e  D a r w in s  a n d  

F reu d s . A lth o u g h  th e  h istory  o f  s c ie n ce  is n o t  p r im a r ily  th e  stu d y  o f  th e  

w o r k  o f  “ g en iu s ,”  h istorian s c a n n o t  a v o id  e n c o u n te r in g  a t e v e ry  tu rn  

th e  p r im a ry  o r  s e co n d a ry  e ffe c ts  o f  ce rta in  fe w  e x tra o rd in a ry , tra n s fo rm 

in g  w ork s . A t  th e  sam e tim e , m e n  a n d  w o m e n  at th a t le v e l o f  a c h ie v e 

m e n t  a re  th e  m ost  p u z z lin g  on es .

W h a t  is m e a n t b y  gen iu s  in  s c ie n c e ?  W h a t  a re  its ch a ra cte r is t ics ?  C a n  

o n e  u n d e rs ta n d  it, o r  is th a t a  c o n tr a d ic t io n  in  te rm s?  I  a m  n o t  sp ea k in g  

m e re ly  o f  “ c re a tiv e ”  p e o p le , n o r  o f  m e n  o f  “ h ig h  a tta in m e n t.”  I  a m  

a w a re  o f  th e  la rg e  a m o u n t  o f  litera tu re  o n  cre a tiv ity , a n d  o f  so m e  fin e  

stu d ies o f  m e n  o f  gen iu s  in  th e  arts o r  in  p o lit ic a l a ffa irs . B u t I  d o  n o t  

fin d  th e m  v ery  h e lp fu l fo r  u n d e rs ta n d in g  the life  o r  th e  w o r k  o f  a  F e rm i 

o r  a n  E in ste in , a n d  e v e n  less fo r  d is ce rn in g  h o w  his p e rso n a lity  a n d  his 

sc ien tific  a ch ie v e m e n ts  in tera ct.

E in ste in  h im se lf p o in te d  to  o n e  d ifficu lty  w ith  su ch  a  s tu d y : it  m a y  

be h a rd  to  fin d  co m m o n a lit ie s  a m o n g  m a n y  cases fr o m  w h ic h  to  g a in  

m o re  u n d e rs ta n d in g  a b o u t  a s p e c ific  case . H e  w r o te  in  a n  essay in  1918 ,

T h is article, in som ew hat condensed form , was first published in T h e  A m e r i 

å6 n  S c h o l 6 r , V olu m e 41, W inter 1971-72, pp. 95 -11 0 .
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w h ic h  w e  sha ll h a v e  o c c a s io n  to  stu d y  fu rth e r , th a t th e  sm a ll g r o u p  o f  

g e n ia l scientists w h o  h a v e  fo u n d  sp ec ia l fa v o r  w ith  th e  A n g e l  o f  th e  L o r d  

“ a re  m o stly  ra th e r  o d d ,  u n c o m m u n ic a t iv e , so lita ry  fe l lo w s  w h o  d esp ite  

th ese  c o m m o n  ch a ra cter ist ics , resem b le  o n e  a n o th e r  rea lly  less th a n  th e  

h o s t  o f  th e  b a n is h e d .”  L e o p o ld  I n fe ld , w h o  w o r k e d  f o r  m a n y  years  

c lo s e ly  w ith  E in ste in , d ism issed  e n tire ly  th e  p oss ib ility  o f  g iv in g  a  d e fin i 

t io n  o f  g en iu s  fo r ,  h e  w r o te , “ it  is c h a r a c te r iz e d  ju s t  b y  th e  fa c t  th a t it  

e sca p es  c la ss ifica tio n .” 1

Y e t  I  d o  n o t  th in k  th e  m a tte r  is a lto g e th e r  h op e less . O n  th e  co n tra ry , 

it  is p rec ise ly  th e  a tte m p t  to  seek som e  c lu es  th r o u g h  th e  stu d y  o f  s c ien 

t if ic  p u b lica t io n s , letters, a n d  b io g ra p h ie s  o f  su ch  a  scien tist th a t has 

g iv e n  m e  th e  a m b it io u s  to p ic .  B u t  I  s h o u ld  w a r n  a t th e  ou tset th at w e  

sh a ll b e  le ft  w ith  m a n y  q u estion s , so m e  p r o b le m s  th at lo o k  in terestin g , a  

fe w  h y p oth eses , a n d  n o  p e r m a n e n t  an sw ers. M o r e o v e r ,  I  sh a ll d iscuss 

h e re  o n ly  o n e  p e rso n , a n d  w h a t  I  h a v e  to  say  m a y  o r  m a y  n o t  b e  a p 

p l ic a b le  to  o th e r  scientists.

S in g u la rities

T h e  first te m p ta tio n  is to  p r o c e e d  re d u c t io n is t ic a lly , a n d  to  an a lyze  

th e  m a n  o f  g en iu s  in to  e x te rn a lly  v is ib le , s in g u la r  e lem en ts  o f  h is w o r k  

a n d  ch a ra c te r . T h o s e  o f  us w h o  h a v e  w o r k e d  w ith  su ch  a  p e r s o n  w ill 

h a v e  c a u g h t  g lim p ses  o f  su ch  e lem en ts . T h e  first is u n d o u b te d ly  h is in 

s ig h t in to  th e  p h e n o m e n a  o f  s c ie n ce  in  a  w a y  th a t a m o u n ts  a lm o st  t o  a  

sp e c ia l p e r c e p t io n  o f  a  k in d  th a t c a n  h a rd ly  b e  c o m m u n ic a te d  to  o th ers , 

o r  a  ta c tile  c o e x is te n c e  w ith  n a tu ra l p h e n o m e n a : som etim es  th e  m in d  

seem s to  m o v e  in to  th e  p r o b le m  o f  n a tu re  as i f  it w e re  a  h a n d  s lip p in g  

in to  a  g lo v e . A n o t h e r  e le m e n t  m a y  b e  his c la r ity  o f  th o u g h t  as sh o w n  b y  

th e  p e n e tr a t io n  o f  h is q u estion s , a n d  b y  th e  s im p lic ity  a n d  in g e n u ity  o f  

h is  G e d a n k e n e x p e r im e n te — e x p e r im e n ts  c a r r ie d  o u t  in  th o u g h t  in  ju s t  

th e  id e a liz e d  m ilie u  th a t turns o u t  to  b e  n e e d e d .

T h ir d ,  o n e  m a y  b e  s ta rtled  b y  th e  in ten sity  a n d  w id e  s c o p e  o f  h is 

a lertn ess, fo r  e x a m p le , to  sm a ll s ign als in  th e  la rg e  “ n o ise ”  o f  a n y  e x p e r i 

m e n ta l s itu a tion  o r  o f  its d e s c r ip t io n . O n e  is lik e ly  a lso  to  b e  co n sta n tly  

im p ressed  b y  h is e x tra o rd in a ry  e n e rg y  a n d  p ersisten t d e d ic a t io n — in  

m a n ip u la t io n  o f  e q u ip m e n t , in  th e  m a k in g  o f  a p p a ra tu s  o r  too ls , in  

c o m p u t in g  o r  w r it in g . T h e r e  is a  m a rv e lo u s  o v e r a b u n d a n c e  e v id e n t  in  

su ch  a  p e r s o n , in  a  K e p le r  o r  a  G au ss n o  less th a n  in  a  M o z a r t . C o n 

n e c te d  w ith  it  is su re ly  th e  a b ility  to  le n d  h im se lf— n o , to  g iv e  his
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w h o le  life  o v e r — to  th e  d e v e lo p m e n t  o f  a  fie ld  o r  a n  a rea  o f  th o u g h t , 

u su ally  to  the n e a r  e x c lu s io n  o f  sa tis fa ction s  o r  d r iv es  o th e r  p erson s  fin d  

irresistib le .

A n d  lastly , o n e  is lik e ly  to  p e r c e iv e  a n  a u ra  o r  a tm o sp h e re  s u r r o u n d 

in g  su ch  a  p e r s o n ’ s a c t io n s  a n d  exp ression s, w h ic h  sets h im  a p a rt  in  a  

w a y  d ifficu lt  to  d e fin e . I t  is n o t  m e re ly  th e  som etim es  u n re a so n a b le  d e 

g re e  o f  o p t im is m  a b o u t  h is o w n  m iss ion , th e  s e lf -c o n fid e n c e  a n d  se lf- 

r e lia n ce  th a t a p p e a r  to  o th ers  a t tim es to  b e  e g o c e n tr ic  o b s tin a cy . 

R a th e r , I  sp ea k  o f  a  b a s ic  fe e l in g  th at su ch  a  m a n  h as, a n d  th a t m a y  b e  

sh a red  b y  th ose  w h o  k n o w  h im  w e ll :  th a t  h e  is, in  so m e  sense, o n e  o f  

th e  “ ch o s e n ”  on es .

T h e s e  a n d  o th e r  ch a ra cte r is t ics  m a y  b e  m o r e  o r  less a d e q u a te  ea r 

m ark s  o f  gen iu s  in  a  p a r t ic u la r  case . T h e y  d o  a p p ly  to  E in ste in , f o r  e x 

a m p le . B u t I  h a v e  n o  illu s ion  th a t su ch  a  list o f  s in gu la rities  e x p la in s  

a n y th in g . Q u ite  a p a r t  fr o m  th e  q u e s tio n  o f  w h e th e r  a n y  r e d u c t io n is t ic  

a p p r o a c h  o f  this k in d  c a n  s u cce e d , e a c h  o f  th e  e lem en ts  th em selves , 

e x c e p t  p o ss ib ly  the last o n e , seem s to  b e  fo u n d  a lso  in  s e c o n d - a n d  th ird - 

raters. M o r e o v e r ,  these e lem en ts  d o  n o t  a p p e a r  to  b e  e ith e r  e x h a u stiv e  

o r  to  h a v e  c o n v in c in g  a n d  n ecessary  c o n n e c t io n s , n o r  d o e s  e a c h  o f  th e m  

seem  necessary .

I f  w e  n o w  a s ce n d  to  th e  n e x t  m o r e  seriou s le v e l, o n e  m a y  w e ll b e  

e x p e c te d  to  tu rn  to  th e  m e th o d s  o f  p sy ch oa n a ly s is  o r  p sy ch o h is to ry . 

S o m e  su ccess fu l a n d  b e a u t ifu l stu d ies o f  m e n  n o t  in  th e  sc ien ces  ex ist, 

a lth o u g h  F ra n k  M a n u e l h as g iv e n  us th e  o n e  e x a m p le  o f  su ch  a  stu dy  o f  

a  p h y s ica l sicentist, in  A  P o r t r 6 i t  o f  N e w t o n . A t  least f o r  th e  p a r t ic 

u la r  case  I  w ish  to  d iscu ss h e re , p s y c h o b io g r a p h ic a l analysis w ill, in  m y  

o p in io n , b e  m o st  fr u it fu l w h e n  u sed  in  c o n ju n c t io n  w ith  a ll the o th e r  

to o ls  o f  th e  h is to r ia n  o f  s c ie n ce , ra th er  th a n  b e in g  m a d e  the ce n tra l 

m e th o d . W h ile  th e  p e rso n a lity  a n d  w o r k  o f  th e  g en iu s  a p p e a r  to  m e  to  

b e  q u a lita t iv e ly  d iffe r e n t  f r o m  th ose  o f  o th e r  scientists, I  a m  n o t  p r e 

p a r e d , a t  least n o t  yet, t o  th in k  th at o u r  m e th o d o lo g y  a n d  te ch n iq u e s  

o f  stu d y  m u st b e  s ig n ifica n tly  d iffe r e n t  fr o m  th ose  u sed  in  m o r e  o r d in a r y  

cases. I n d e e d , th e  m ost  p r o m is in g  r o a d  seem s to  m e  th is : first to  id e n t ify  

so m e  sp ecia l p u zz le  o r  p r o b le m  c h a ra c te r iz in g  o u r  u n d e rs ta n d in g  o f  the 

m a n  o f  gen iu s , a n d  th en  to  b r in g  th e  w h o le  ra n g e  o f  th e  h is to r ia n ’ s p r o 

fe ss ion a l to o ls  t o  b e a r  o n  th is p a r t ic u la r  p u zz le — w ith  th e  h o p e  th a t th e 

sp e c ia l ch a r a c te r  o f  gen iu s  m a y  b e  re fle cte d  in  th e  sp ecia l asp ects  o f  th e 

so lu tion s .
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I n  m y  w o r k  o n  th e  h is to r ica l o r ig in s  o f  sp ec ia l re la tiv ity  th eory , I  fin d  

in  re tro s p e c t  th a t th e  m ost  h a u n tin g  qu estion s  h a v e  n o t  b e e n  th ose  o f  

th e  sort o n e  u su a lly  e n co u n te rs  in  th e  w o r k  o f  m ost  o th e r  scientists—  

su ch  as th e  tr a je c to r y  o f  c o n c e p tu a l d e v e lo p m e n t , fa sc in a tin g  th o u g h  

th is is. R a th e r , th ere  is w h a t  first strikes o n e  as a rem a rk a b le  set o f  

p u z z lin g  p o la r it ie s , o r , i f  y o u  w ill, sym m etries a n d  asym m etries, in  E in 

ste in ’ s sty le  a n d  li fe ’ s w o rk .

L e t  us m a k e  a  b r ie f  list o f  s o m e  o f  these a p p a re n t  p o la r it ie s  a m o n g  

w h ic h  w e  sh a ll p resen tly  ch o o s e  o n e  fo r  d e ta ile d  a tte n tio n .

T h e  fo lk lo r ic  im a g e  itse lf is th a t o f  th e  w isest o f  o ld  m e n , w h o  e v e n  

lo o k e d  as i f  h e  h a d  w itn essed  th e  C r e a tio n  it s e lf ; b u t  a t  th e  sam e tim e, 

h e  seem s a lso  a n  a lm o st  c h ild lik e  p erson . E in ste in  h im s e lf o n c e  sa id , 

in  a  re m a rk  th a t w ill tak e  o n  so m e  s ig n ifica n ce  la ter , th a t h e  w as 

b r o u g h t  to  th e  fo r m u la t io n  o f  re la tiv ity  th e o ry  in  g o o d  p a r t  b e ca u se  h e  

h e  k ep t a sk in g  h im se lf q u estion s  c o n c e r n in g  sp a ce  a n d  t im e  th a t o n ly  

c h ild r e n  w o n d e r  a b o u t .

T h e n  th ere  is h is le g e n d a ry , ir o n  a b ility  to  c o n c e n tra te , o ft e n  fo r  

years, o n  a  sin g le  b a s ic  p r o b le m  in  ph ysics, regard less  o f  c o n te m p o r a r y  

s ch o o ls  a n d  fa sh ion s. S im ila r ly , th ere  is h is s tu b b orn  fa ith fu ln ess  to  a  

c le a r ly  esta b lish ed  p e rso n a l id en tity , ch a ra c te r ize d  b y  u n c o m p r o m is in g  

r e je c t io n  o f  ev ery  Z w a n g  a n d  e x te rn a l, a rb itra ry  a u th o rity , in  ph ysics  as 

w e ll as in  c lo th in g  o r  in  th e  d e m a n d s  o f  e v e ry d a y  life . B u t o p p o s ite  to  

this g lo r io u s  o b s t in a cy  a n d  so litary  in tra n s ig en ce  w ith  w h ic h  to  sea rch  

f o r  th e  b a s ic  p e r m a n e n ce  a n d  necessity  b e h in d  n a tu re ’ s p h e n o m e n a , 

th ere  is a lso  his e v e r -re a d y  op en n ess  to  d e a l a fte r  a ll w ith  th e  “ m e re ly  

p e rso n a l”  fr o m  w h ic h  h e  so  lo n g e d  to  flee— to d e a l w ith  th e  b a rra g e  o f  

requ ests f o r  h e lp  a n d  p e rso n a l in v o lv e m e n ts  th at a p p e a le d  to  his fu n d a 

m e n ta l h u m a n ity  a n d  his v u ln e ra b ility  to  p ity .

C lo se ly  re la ted  is a n o th e r  o p p o s it io n  ( t o  express it  fr o m  th e  v ie w 

p o in t  o f  th e  ex tern a l ob serv er , in  th e  o n ly  la n g u a g e  easily  a v a ila b le  to  

us, b u t  a  la n g u a g e  th at m a y  w e ll m is lea d  ra th er  th an  r e v e a l ) . E in ste in  

is o f  co u rse  k n o w n  as a g ra n d  p u b lic  p e rso n a g e , ra d ia n t  a n d  liv e ly , w ith  

p r o fo u n d  w it  a n d  ch a r ism a . B u t fr o m  early  c h i ld h o o d  to  his la te  years 

h e  w as a t th e  sam e t im e  a lso  ch a ra cte r is t ica lly  a  so lita ry  p e rso n . M a x  

T a lm e y , w h o  o b se rv e d  h im  o fte n  b e tw e e n  h is e le v e n th  a n d  fifte e n th  

years, w r o te  la ter  th at h e  h a d  n e v e r  seen  h im  in  th e  c o m p a n y  o f  s ch o o l-
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m ates  o r  o th e r  b o y s  o f  h is a g e , b u t  th a t h e  w a s  u su a lly  a lo o f ,  a b so rb e d  in  

b o o k s  a n d  m u sic . I n  19 36  E in ste in  w r o te  in  a  sh ort “ se lf-p o r tra it” : “ I  

liv e  in  th a t so litu d e  w h ic h  is p a in fu l in  y o u th , b u t  d e lic io u s  in  th e  years 

o f  m a tu r ity .”  E in ste in  c o u ld  o s c illa te  b e tw e e n  these states o f  th e  p u b lic  

a n d  p r iv a te  p e r s o n .2 H e  o n c e  c o n fe s s e d : “ M y  p a ssion a te  sense o f  so cia l 

ju s t ic e  a n d  so c ia l resp on s ib ility  h as a lw a ys  co n tra ste d  o d d ly  w ith  m y  

p r o n o u n c e d  la ck  o f  n e e d  f o r  d ire c t  c o n ta c t  w ith  o th e r  h u m a n  b e in g s  

a n d  h u m a n  c o m m u n it ie s .”

T h e n  th ere  is E in ste in  as th e  a p o s tle  o f  ra t io n a lity , w h o se  th o u g h t  w as 

c h a r a c te r iz e d  b y  a n  e x e m p la r y  c la r ity  o f  lo g ic a l  c o n s tru ct io n . O n  th e  

o th e r  h a n d , th ere  is th e  u n c o m p r o m is in g  b e l ie f  in  h is o w n  a esth etic  sense 

in  s c ie n ce , h is w a r n in g  n o t  to  lo o k  in  v a in  fo r  “ lo g ic a l b r id g e s ”  fr o m  e x 

p e r ie n c e  to  th e o ry , b u t  to  m a k e , w h e n  n ecessary , th e  g rea t  “ le a p ”  to  

b a s ic  p r in c ip le s . A s  h e  w r o te  in  a  w e ll-k n o w n  p assage , “ T o  these e le 

m e n ta ry  law s th ere  lea d s n o  lo g ic a l  p a th , b u t  o n ly  in tu it io n , s u p p o r te d  

b y  b e in g  sy m p a th e tica lly  in  to u c h  w ith  e x p e r ie n c e  [.E in fü h lu n g  in  d ie  

E r fa h r u n g ]” 3

T h e n , o n  th e  o n e  h a n d  w e  h a v e  h is w e ll-k n o w n  p e rso n a l p h ilo s o p h y  

o f  lib era l a g n ostic ism , e v e n  a  w ith e r in g  c o n te m p t  fo r  esta b lish ed  re 

l ig iou s  a u th o r ity  o f  a n y  s o r t ; a n d  o n  th e  o th e r  h a n d  th ere  is a lso  a  c le a r  

p e rs o n a l re lig ios ity . A s  h e  says in  o n e  o f  h is letters, “ I  a m  a  d e e p ly  

re lig iou s  u n b e lie v e r .”

E lsew h ere4 I  h a v e  d iscu ssed  y e t  a n o th e r  a p p a r e n t  c o n fl ic t , th a t b e 

tw een  E in ste in  as a  s c ie n tific  r e v o lu t io n a ry  a n d  E in ste in  as a  co n s e rv a t iv e  

w h o  stressed th e  c o n t in u ity  o f  p h ysics— as in  h is  re m a rk  q u o te d  b y  C a r l 

S e e lig : “ W it h  re sp e ct  to  th e  th e o ry  o f  re la tiv ity  it is n o t  at a ll a  q u e s t io n  

o f  a  r e v o lu t io n a r y  a c t , b u t  o f  a  n a tu ra l d e v e lo p m e n t  o f  a  lin e  w h ic h  

ca n  b e  p u rsu e d  th ro u g h  ce n tu r ie s .” 5

T h e  F ie ld  a n d  th e  Q u a n tu m

I t  is su rely  s ig n ifica n t  th a t these p e rs o n a l “ o d d  con tra sts”  h a v e  th e ir  

co u n te rp a r ts  in  p o la r it ie s  th a t ru n  r ig h t  th r o u g h  his s c ie n tific  w o r k . T h e  

m o st  str ik in g  o f  these is th e  w e ll -k n o w n  d ic h o to m y  b e tw e e n  E in ste in ’s 

d e v o t io n  to  th e  th e m a  o f  th e  c o n t in u u m — ex p ressed  m o st  e m in e n tly  in  

th e  fie ld  c o n c e p t — as th e  basis fo r  fu n d a m e n ta l, s c ie n tific  e x p la n a tio n , 

a n d , o n  th e  o th e r  s id e , h is  r o le  in  d e v e lo p in g  q u a n tu m  p h y sics  in  w h ic h  

th e  k ey  id e a  is a to m is tic  d iscreten ess . T h is  m erits  so m e  a m p lif ic a t io n .
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H is  d e v o t io n  to  th e  c o n t in u u m  w as n o t  e x c e e d e d  b y  th at to  a n y  

o th e r  th e m a , e x c e p t  p o ss ib ly  o f  sy m m e try  a n d  in v a r ia n c e  (th a t  is, o f  

“ re la t iv ity ”  i t s e l f ) . I t  h e ld  to  th e  v e ry  e n d ;  a  p a p e r  p u b lish e d  th e  y ea r 

b e fo r e  h is  d e a th  w a s  A lg e b r a ic  P r o p e r t ie s  o f  th e  F ie ld  in th e  R e la t iv is t ic  

T h e o r y  o f  th e  A s y m m e tr ic  F ie ld .  I n  his letters, e v e n  m o r e  s tron g ly  th a n  

in  h is  a rtic les , w e  fin d  h im  in cessan tly  d e fe n d in g  the c o n t in u u m  again st 

a tta ck s  o n  it b y  th e  q u a n tu m  ph ysicists. H e  o n c e  c a lle d  th e  classica l 

c o n c e p t  o f  th e  fie ld  th e  g rea test c o n tr ib u t io n  to  th e  sc ie n tific  sp irit, a n d  

w e  m u st r e ca ll th a t in  th e  first p a ra g ra p h  o f  h is fu n d a m e n ta l 1905 p a p e r  

o n  re la tiv ity  th e o ry , E in ste in  m o tiv a te s  th e  w h o le  d iscu ss ion  b y  d e s cr ib 

in g  th e  o ld , se e m in g ly  tr iv ia l, e x p e r im e n t  o f  a  cu rre n t  in d u c e d  in  a  c o n 

d u c t o r  th a t m o v e s  w ith  re sp e ct  to  a  m a g n e t ic  fie ld .

T h e  fie ld  p la y e d  a  c r u c ia l r o le  in  h is im a g in a t io n  e v e n  earlier. F r o m  

h is A u to b io g r a p h ic a l  N o te s  a n d  o th e r  te stim o n y  w e  k n o w  th a t h is su c 

cess fu l fo r m u la t io n  o f  u n iv ersa l p r in c ip le s  o n  w h ic h  to  re co n s tru c t  

p h y s ics  in  1905 d e p e n d e d  o n  his fu lly  u n d e r s ta n d in g  a t last th e  so lu tio n  

to  a  p a r a d o x  o n  w h ic h  h e  h a d  re fle c te d  fo r  ten  years, s in ce  th e  d a y  it 

h a d  o c c u r r e d  to  h im  as a  s ix te e n -y e a r -o ld  s tu d en t a t  th e  K a n t o n  S ch u le  

o f  A a r a u  in  18 9 5 -9 6 .®  W e  sh a ll la te r  fin d  th a t it  w a s  p r o b a b ly  n o t  b y  

a c c id e n t  th a t th is k ey  p e r c e p t io n  h a p p e n e d  a t  A a r a u .

H e  la ter  d e s c r ib e d  th e  p a r a d o x  as it  a p p e a r e d  to  h im  in  a  v iv id  

th o u g h t  e x p e r im e n t : “ I f  I  p u rsu e  a  b e a m  o f  lig h t  w ith  th e  v e lo c ity  c  

(v e lo c i ty  o f  lig h t  in  a  v a c u u m ) , I  s h o u ld  o b se rv e  su ch  a b e a m  o f  lig h t 

as a  sp a tia lly  o s c illa t in g  e le c t r o m a g n e t ic  fie ld  at rest. [F o r  e x a m p le , 

lo o k in g  b a c k  a lo n g  th e  b e a m  o v e r  th e  sp a ce  o f  o n e  w h o le  w a v e le n g th , 

o n e  s h o u ld  see th a t the lo c a l m a g n itu d e s  o f  th e  e le c tr ic  a n d  m a g n e t ic  

f ie ld  v e c to rs  in cre a se  p o in t  b y  p o in t  fr o m , say, ze ro  to  fu ll  s tren g th , a n d  

th e n  d ecre a se  a g a in  to  ze ro , o n e  w a v e le n g th  a w a y .] H o w e v e r , th ere  

seem s to  b e  n o  su ch  th in g , w h e th e r  o n  th e  basis o f  e x p e r ie n c e  o r  a c c o r d 

in g  t o  M a x w e l l ’ s e q u a t io n s .”  O n ly  b y  p o s tu la t in g  th e  p r in c ip le s  o f  r e la 

t iv ity  w a s  th e  su rp r is in g  e x p e c ta t io n  sh o w n  to  b e  in  e r ro r  a n d  th e  p h ysics  

o f  th e  fie ld  re scu e d  fr o m  th is a b su rd ity . ( O n e  s h o u ld  n o te  th at, as 

B a n esh  H o f fm a n n  has p o in te d  o u t , it is h a rd  to  see w h y  th e  s itu a tion  

d e s c r ib e d  in  th e  th o u g h t  e x p e r im e n t  s h o u ld  b e  c o n s id e r e d  su rp ris in g  o r  

im p o ss ib le  i f  o n e  a p p lie s  a  G a lile a n  in stea d  o f  a  L o r e n tz  tra n s fo rm a tio n  

to  M a x w e l l ’ s e q u a t io n s . S o m e h o w , E in ste in  a p p e a rs  a lre a d y  to  h a v e  

ta c it ly  b e e n  th in k in g  th a t M a x w e l l ’ s e q u a t io n  m u st re m a in  u n c h a n g e d
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in  fo r m  fo r  th e  o b se rv e r  m o v in g  a lo n g  w ith  th e  b e a m — th ereb y  a d o p t in g  

a  p r in c ip le  o f  re la tiv ity  ab in it io .)

B u t the fie ld  h e ld  E in ste in  e n th ra lle d  ev en  earlier, as sh ow n  in  a  

y o u th fu l essay w h ic h  J . P e lsen eer  d is c o v e r e d  in  B e lg iu m  n o t  lo n g  a g o .7 

Its  title  is n o th in g  less th a n  O n  th e  E x a m in a tio n  o f  th e  S ta te  o f  th e  

E th e r  in  th e  M a g n e t i c  F ie ld  ( Ü b e r  d ie  U n te r su ch u n g  d es A e th e r zu sta n -  

d es  im  m a g n e tis ch en  F e ld e . )  I t  is a  su gg estive  p ie c e , f o r  it sh ow s th a t 

E in ste in  h a d  a lre a d y  e n c o u n te r e d  H e r tz ’ s w o r k  o n  th e  e le c tro m a g n e t ic  

fie ld , a n d  th a t h e  w a s  th in k in g  u p  e x p e r im e n ts  to  p r o b e  th e  state o f  

th e  e th e r  w h ic h , h e  sa id , “ fo r m s  a  m a g n e tic  f ie ld ”  a r o u n d  e le c tr ic  c u r 

ren t. F o r  th is p u r p o s e  h e  su gg ested  se n d in g  a  l ig h tb e a m  in to  th e  m a g 

n e t ic  fie ld  as a  p r o b e . A n y  e ffe c ts  o n  th e  m e a su ra b le  sp e e d  o r  w a v e 

len gth s o f  su ch  a  b e a m  w o u ld  rev ea l th e  “ e la stic  d e fo r m a t io n ”  o f  th e  

e th e r  o r  fie ld .

I t  w o u ld  b e  a n  e r r o r  to  th in k  o f  th a t essay in  a n y  w a y  as a  d r a ft  o f  

id ea s  o n  w h ic h  th e  la te r  re la tiv ity  th e o r y  w a s  d ire c t ly  b a sed , o r  e v e n  to  

re g a rd  it n ecessarily  as his first sc ie n tific  w o rk . B u t w h a t  is m o st  s ign ifi 

c a n t  a b o u t  it  is th e  id e a  o f  th e  lig h tb e a m  as a  p r o b e  o f  a  fie ld . F r o m  

th e  c o n te m p la t io n  o f  h o w  to  m ea su re  th e  w a v e le n g th s  o f  su ch  a  b e a m , 

it  w o u ld  b e  o n ly  a  sm a ll s tep  to  th e  r e c o g n it io n  o f  th e  p a r a d o x  E in ste in  

d is c o v e r e d  s o o n  a fte rw a rd s  a t  th e  A a r a u  s c h o o l.

W e  c a n  g o  b a c k  e v e n  fu r th e r  w h e n  s e a rch in g  fo r  the p o in t  w h e re  th e  

th e m a tic  c o m m itm e n t  t o  th e  c o n t in u u m  w a s  fo r m e d . I t  is w e ll k n o w n  

th a t, as a  c h ild  o f  fo u r  o r  fiv e , E in ste in  e x p e r ie n c e d  w h a t  h e  c a lle d  “ a  

w o n d e r ”  w h e n  his fa th e r  s h o w e d  h im  a  s im p le  m a g n e t ic  p o c k e t  c o m 

pass. I t  w a s  a n  e x p e r ie n c e  to  w h ic h  E in ste in  o fte n  r e fe rre d . H is  fr ie n d  

M o sz k o w sk i r e p o r te d  h im  in  1922  to  h a v e  sa id , “ Y o u n g  as I  w as, th e  

r e m e m b r a n ce  o f  th is o c c u r r e n c e  n e v e r  le ft  m e .”  H is  b io g r a p h e r  S e e lig  

w r o te  in  1 9 5 4  th at th e  co m p a s s  “ to  this d a y  is v iv id ly  e n g ra v e d  in  his 

m e m o r y , b e ca u se  it  p r a c t ic a lly  b e w itc h e d  h im .”  A n o th e r  (a lth o u g h  less 

r e lia b le )  b io g r a p h e r  r e p o r te d  th a t E in ste in  t o ld  h im  o f  th a t ea r ly  p a rt  

o f  h is l i f e : “ T h e  co m p a ss , a n d  o n ly  th e  co m p a ss , rem a in s  in  m y  m e m o r y  

to  th is d a y .”  I n  h is a u to b io g r a p h y , w r itte n  a t  th e  a g e  o f  s ix ty -seven , w e  

r e a d : “ I  c a n  still r e m e m b e r — o r  a t  least I  b e lie v e  I  c a n  re m e m b e r—  

th a t this e x p e r ie n ce  m a d e  a  d e e p  a n d  la stin g  im p ress ion  o n  m e . S o m e 

th in g  d e e p ly  h id d e n  h a d  to  b e  b e h in d  th in g s .”

T h e  scen e  is m o st  su gg estive . T h e r e  is th e  m yster iou s  in v a r ia n ce  o r
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c o n s ta n c y  o f  th e  co m p a s s  n e e d le , e v e r  re tu rn in g  to  th e  sa m e d ir e c t io n , 

d e sp ite  th e  fa c t  th a t th e  n e e d le  seem s fre e  f r o m  a n y  a c t io n -b y -c o n ta c t  

o f  th e  k in d  th a t  is u su a lly  u n co n s c io u s ly  in v o k e d  to  e x p la in  th e  b e h a v io r  

o f  m a te ria l th in g s ; d esp ite  th e  v a g a r ie s  o f  m o t io n  o n e  m a y  a rb itra r ily  

im p o s e  o n  th e  case  o f  th e  c o m p a ss  fr o m  th e  o u ts id e ; a n d  regard less  o f  

p e rs o n a l w ill o r  e x te rn a l Z w a n g  o r  ch a o s . I f  E in ste in  r e m e m b e r e d  it  so  

w e ll a n d  re fe r re d  to  it  so o fte n , it  m a y  b e  b e ca u s e  th e  e p is o d e  is a n  a lle 

g o r y  o f  th e  fo r m a t io n  o f  th e  p la y g r o u n d  o f  h is b a s ic  im a g in a t io n .8 F o r  

a n y o n e  in terested  in  th e  gen esis  o f  s c ie n tific  id e a s  o r  th e  m o t iv a t io n  

to w a r d  s c ie n tific  s tu d y , these sk etch y  rem a rk s  w il l  in d ic a te  th a t th e re  a re  

h e re  p r o b le m s  th a t c ry  o u t  to  b e  w o r k e d  o n . T h e s e  a re , h o w e v e r , n o t  o u r  

c h ie f  c o n c e rn s  h e re . W h a t  d o e s  m a tte r  is th a t th is lo n g  lo y a lty  t o  th e  

e x p la n a to r y  p o w e r  o f  th e  c o n t in u u m  w as d e s t in e d  t o  b e  p u t  to  a  severe  

test.

F o r  E in ste in , o f  c o u r s e , w a s  a lso  th e  b r illia n t  c o n t r ib u to r  to  th e  p h y 

sics b a sed  o n  th e  th e m a  p re c ise ly  th e  p o la r  o p p o s ite  to  th e  c o n t in u u m , 

n a m e ly , th e  d iscre te  q u a n tu m — fo r  e x a m p le , in  th e  c o n c e p t io n  th a t  lig h t  

e n e r g y  is n o t  c o n t in u o u s ly  d iv is ib le , b u t  p r o c e e d s  in  w e ll-d e f in e d  q u a n ta  

o r  p h o to n s . B y  h is o w n  r e p o r t  E in ste in  c a m e  to  q u a n tu m  p h y s ics  b y  

s tu d y in g  w h a t  P la n c k ’ s r a d ia t io n  fo r m u la  m a y  im p ly  f o r  th e  “ s tru ctu re  

o f  r a d ia t io n  a n d  m o r e  g e n e ra lly  . . . th e  e le c t r o m a g n e t ic  fo u n d a t io n s  o f  

p h y s ics .”  E in ste in ’ s first fu n d a m e n ta l p a p e r  in  q u a n tu m  p h y s ics , e n tit le d  

O n  a H e u r is t ic  P o in t  o f  V ie w  C o n c e r n in g  th e  G e n e r a tio n  a n d  T r a n s 

fo r m a tio n  o f  L ig h t , w a s  fin ish ed  a t  B e rn  in  1 9 0 5 , th ree  days a fte r  h e  

h a d  tu rn e d  tw e n ty -s ix , a n d  o n ly  a b o u t  th ree  m o n th s  b e fo r e  th e  re la tiv ity  

p a p e r .

T h e  w o n d e r  is th a t it  is so c o m p le te ly  d i f fe r e n t  ( in  a ll w ay s  b u t  o n e )  

f r o m  th e  re la t iv ity  p a p e r . T h a t  is, its o b je c t  is c lo s e  to  w h a t  E in ste in  

la ter  c a lle d  “ m e n ta l g y m n a stics ” : to  o v e r c o m e  a  p r o b le m  in  p h y sics  a t 

a n y  co s t , b u t  w ith o u t  a  b a s ic  r e fo r m u la t io n . A s  its title  says, it  is d o m 

in a te d  b y  a  h e u r is tic  a tt itu d e . O n  th e  o th e r  h a n d , th e  re la t iv ity  p a p e r  is 

N a tu ra l P h ilo s o p h y  in  th e  d e e p e st  sen se : r e je c t in g  e v e ry th in g  a rb itra ry , 

e v e n  a ssu m p tion s  c o n c e r n in g  th e  n a tu re  o f  m a tte r , in  o r d e r  to  fin d  th e  

n a tu re  o f  s p a ce  a n d  t im e  th a t a llo w s  ca u sa l c o n t in u ity  a n d  p re p a re s  f o r  

th e  g re a t  s im p lifica t io n s  a n d  u n ifica tio n s , first o f  a ll, th a t o f  th e  tra n s fo r 

m a t io n  p ro p e r t ie s  o f  m e ch a n ics  a n d  e le c tro d y n a m ic s .

B u t w h ile  th e  re la t iv ity  th e o r y  b e c a m e  E in ste in ’ s o w n  m o st  e n d u r in g  

life  p r e o c c u p a t io n , h e  c o u ld  n o t  a c c e p t  q u a n tu m  p h y s ics  seriou sly . T o

360



O N  T R Y IN G  T O  U N D E R S T A N D  S C IE N T IF IC  G E N I U S

L e o p o ld  I n fe ld , h e  sa id  “ I  m a y  h a v e  sta rted  it , b u t  I  a lw ays re g a r d e d  

these id eas as te m p o ra ry . I  n e v e r  th o u g h t  th a t o th ers  w o u ld  tak e  th e m  

so m u c h  m o r e  seriou sly  th a n  I  d id .”  Y e t ,  h e  c o n t in u e d  to  m a k e  s o m e  o f  

th e  m o st  sem in a l c o n tr ib u t io n s  to  it  f o r  a  q u a r te r  o f  a  ce n tu ry  fr o m  

1905  o n , w ith  ra re ly  a  y e a r  g o in g  b y  in  w h ic h  h e  d id  n o t  p u b lish  a n  

a r t ic le  o n  this su b je ct .

T h e s e , th en , a re  so m e  o f  th e  ch a ra cte r is t ics  th a t seem  to  b e  p o la r  o p 

posites. I t  is, I  th in k , s ig n ifica n t th a t E in ste in  h im s e lf d r e w  a tte n tio n  to  

th e  e x is te n ce  o f  su ch  p o la r  p a irs  in  th e  w o r k  a n d  p e rso n a lity  o f  o u ts ta n d 

in g  scientists— a n d  p re c ise ly  in  th e  o n e  essay in  w h ic h  h e  c a m e  closest 

to  a sk in g  th e  q u e s t io n  ra ised  h e r e :  w h e re in  lies s c ie n tific  g e n iu s ?  H e  

w as, o f  co u rse , n o t  r e fe r r in g  to  h im se lf. H is  essay, e n tit le d  M o t iv  d es  

F o rsch en s ,  w a s  d e liv e r e d  in  1 9 1 8  as a n  o f fe r in g  in  h o n o r  o f  h is e a r ly  

m e n to r , fr ie n d , a n d  c o lle a g u e , M a x  P la n ck . B e ca u se  it  illu m in a tes  strik 

in g ly  th e  q u e stio n s  a t h a n d  (a n d , b y  th e  w a y , c o u ld  still serve as a  m a n i 

fe s to  f o r  m a n y  a  s c h o la r ) ,  a  s u m m a ry  o f  E in ste in ’ s essay has b e e n  

a t ta c h e d  t o  th is p a p e r  as a n  a p p e n d ix . I t  w ill  b e  n o te d  th a t E in ste in  

con tra sts  th e  “ p o s it iv e ”  a n d  “ n e g a t iv e ”  m o tiv e s  fo r  d o in g  resea rch  a t 

th a t h ig h est le v e l, a n d  th e  o p p o s in g  d e m a n d s  o f  c la r ity  a n d  c o m p le te n e ss , 

o f  lo g ic  a n d  in tu it io n , o f  p r iv a te  a n d  p u b lic  s c ie n ce .

I f  w e  n o w  take it as g r a n te d  th a t str ik in g  p o la r it ie s  exist, o f  b o th  p e r 

son a lity  a n d  w o r k , in  th is o n e  ca se ,9 w e  m u st ask n e x t :  a re  th ey  im 

p o r ta n t  o r  a c c id e n ta l?  E a r lie r , w e  d is a v o w e d  th e  id e a  th a t a p la u s ib le  

list o f  in d iv id u a l ch a ra cte r is t ics  a d d s  u p  to  a n  e x p la n a t io n  o r  e v e n  a  

c h a r a c te r iz a t io n  o f  g e n ia l scientists. I f  su ch  s in gu la rities  w e re  n o t  sig 

n ifica n t, w h y  s h o u ld  p o la r it ie s  b e ?  W h a t  sp e c ia l a b ilit ie s  d o  th ey  c o n v e y  

to  th e ir  p ossessor?  D o e s  a  m a n  o f  g en iu s  b r in g  to  b e a r  u p o n  h is w o r k  

th e  h a rm o n ie s  a n d  d ish a rm o n ie s , th e  stren gth s a n d  c o n flic ts  w ith in  h is 

p e rs o n — a n d  th e  pressu res a n d  c o n flic ts  o f  h is  e n v ir o n m e n t?  R e g a rd le ss  

o f  h o w  a  m a n  like  E in ste in  c a m e  to  h a v e  h is p a r t ic u la r  ch a ra cte r is t ics  

(th a t  m a y  in  a n y  ca se  n o t  b e  a v e ry  in terestin g  q u e s tio n  in  th e  p resen t 

state o f  su ch  r e s e a r c h ) , w e  c a n  ask w h e th e r  th ere  w as so m e  sp ec ia l w a y  

in  w h ic h  h e  p u t  to  u se  these d ic h o to m ie s  a n d  c o n fl ic t in g  p o la r it ie s .

W e  a re  e n c o u r a g e d  to  e x p e c t  a  p o s it iv e  r e p ly  to  su ch  q u estion s  i f  w e  

n o t ic e  th e  e x is te n ce  a n d  b r illia n t  e x p lo ita t io n  o f  p o la r it ie s  in  E n iste in ’ s 

in d iv id u a l c o n tr ib u tio n s .  T h e  m o st  e v id e n t  e x a m p le  is th e  p resen ce  a n d  

use o f  co n tra st  in  th e  o r ig in a l re la tiv ity  th e o ry  p a p e r  i t s e l f : w e  fin d  th ere  

b o th  th e  p os it iv ism  o f  th e  in stru m en ta list  a n d  o p e ra t io n is t  va rie ty , w h ic h



E in ste in  uses in  d e fin in g  th e  c o n c e p ts , a n d , o n  th e  o th e r  h a n d , th e  ra 

t io n a l rea lism  in h e re n t  in  th e  a p r io r i  d e c la r a t io n  o f  th e  tw o  b a s ic  

p r in c ip le s  o f  re la t iv ity  (m o r e o v e r , tw o  a p p a r e n t ly  c o n t r a d ic to r y  on es , 

in tr o d u c e d  se e m in g ly  in  a r r o g a n t  d isre g a rd  b o t h  o f  c u r re n t  s c ie n tific  

sen sib ilities  a n d  o f  th e  c o n te m p o r a r y  d e m a n d  to  ba se  th e m  p la u s ib ly  o n  

s c ie n tific  e x p e r im e n ts ) .  E in ste in  h im s e lf  a c k n o w le d g e d  this a m b iv a l 

e n ce . I n  resp on se  to  th e  c h a r g e10 “ E in ste in ’ s p o s it io n  . . . c o n ta in s  fe a 

tures o f  ra t io n a lism  a n d  e x tre m e  e m p ir ic is m  . . .,”  h e  r e p lie d , “ T h is  

re m a rk  is e n tire ly  c o r r e c t . . . .  A  w a v e r in g  b e tw e e n  th ese  ex trem es  a p 

p ea rs  to  m e  u n a v o id a b le .”

A  s im ila rly  c re a tiv e  use o f  a p p a r e n t  o p p o s ite s  c a n  b e  fo u n d  in  E in 

s te in ’s c o n t r ib u t io n  to  q u a n tu m  p h ysics , c e n te r in g  o n  th e  w a v e -p a r t ic le  

d u a lity . I t  rea lly  is th e  h a llm a rk  o f  E in ste in ’ s m o st  fa m o u s  c o n tr ib u t io n s  

th a t h e  c o u ld  d e a l w ith , use, il lu m in a te , tra n s fo r m  th e  e x is te n ce  o f  a p 

p a r e n t  c o n tr a d ic to r ie s  o r  o p p o s ite s , som e tim e s  in  c o n c e p ts  th a t  h a d  n o t  

y e t b e e n  w id e ly  p e r c e iv e d  to  h a v e  p o la r  ch a r a c te r . O n e  n e e d  o n ly  th in k  

o f  his b r id g in g  o f  m e ch a n ics  a n d  e le c tro d y n a m ic s , e n e rg y  a n d  m ass, 

sp a ce  c o o r d in a te s  a n d  t im e  c o o rd in a te s , in ertia l m ass a n d  g ra v ita t io n a l 

m ass.

T h e  S ig n ifica n ce  o f  A s y m m e tr y

W e  c a n  n o w  c h o o s e  fo r  d e ta ile d  stu d y  a c o n c r e te  e x a m p le  b y  m ea n s  

o f  w h ic h  to  fin d  fu r th e r  h in ts o n  h o w  p e rso n a l ch a ra cte r is t ics  in te ra c te d  

w ith  s c ie n tific  w o r k . T h e  e x a m p le  o ffe rs  itse lf in  fa c t  a t  th e  v e r y  b e g in 

n in g  o f  th e  b a s ic  1905 p a p e r  o n  re la t iv ity  th e o ry . T h e  title  is O n  th e  

E le c tr o d y n a m ic s  o f  M o v in g  B o d ie s , a n d  n e ith e r  th ere  n o r  la ter  o n  is 

th e  p h ra se  “ re la tiv ity  th e o r y ”  u sed . N o n e  o f  E in ste in ’ s p a p e rs  h a s  this 

p h ra se  in  th e  title  u n til 19 1 1 , lo n g  a fte r  o th ers  b e g a n  to  re fe r  to  his w o r k  

in  th a t w a y . I n d e e d , it  is o f  th e  essen ce  to  k n o w  th a t f o r  th e  first tw o  

years E in ste in , in  h is  letters, p r e fe r r e d  to  ca ll h is th e o r y  n o t  “ re la t iv ity  

th e o r y ,”  b u t  e x a c t ly  th e  o p p o s it e :  I n v a r ia n te n th e o r ie .  I t  is u n fo r tu 

n a te  th a t th is  sp le n d id , a c c u r a te  te rm  d id  n o t  c o m e  in to  cu r re n t  u sa ge , 

f o r  it m ig h t  w e ll h a v e  p r e v e n te d  th e  a b u se  o f  r e la t iv ity  th e o r y  in  m a n y  

fie lds.

I n  th e  v e r y  first se n te n ce  o f  th e  p a p e r , th ere  is a  te rm  th a t a ttra cts  

o u r  a tte n tio n , e s p e c ia lly  n o w  th at w e  h a v e  b e c o m e  sen sitized  to  it  b y  

th e  p r e v io u s  d iscu ss ion  o n  p o la r it ie s : “ I t  is k n o w n  th a t  M a x w e l l ’ s e le c 

t r o d y n a m ic s — as u su a lly  u n d e r s to o d  a t th e  p resen t t im e — w h e n  a p p lie d
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to  m o v in g  b o d ie s , lea d s to  asym m etries  w h ic h  d o  n o t  a p p e a r  to  b e  in 

h e re n t in  th e  p h e n o m e n a .”  I t  is n o t  M a x w e l l ’ s e le c tro d y n a m ic s  th a t is 

a t  fa u lt ;  it  is th e  w a y  it  is u su a lly  u n d e r s to o d : a  b o ld , n o t  to  say a g g re s 

sive, s ta tem en t fr o m  this re la tiv e ly  u n k n o w n  y o u n g  p a te n t  o ff ice  e m 

p lo y e e . A n d  this u su a l w a y  o f  u n d e rs ta n d in g  has le d  to— w h a t?  A n  

e x p e r im e n ta l p u z z le ?  N o . A  th e o re t ica l im p a sse?  N o . I t  lea d s  to  a sy m 

m etr ies  th a t d o  n o t  a p p e a r  to  b e  in h e re n t  in  th e  p h e n o m e n a .

F o r  e x a m p le , y o u  m a y  th in k  o f  in d u c in g  a  cu rre n t  in  a  c o n d u c t o r —  

as E in ste in  im m e d ia te ly  d o e s  in  th e  sty le  o f  a little  th o u g h t-e x p e r im e n t . 

T o  c a lc u la te  w h a t  cu rre n t  to  e x p e c t  w h e n  th e  c o n d u c t o r  is m o v in g  w ith  

re sp e ct  to  a  s ta tion a ry  m a g n e t , y o u  m u st u se  o n e  k in d  o f  e q u a t io n . 

W h e n  y o u  c a lc u la te  a g a in  o n  th e  a ssu m p tio n  th a t n o w  y o u  w ill k e e p  

th e  c o n d u c t o r  s ta tion a ry  a n d  let the m a g n e t  m o v e , y o u  m u st use a  

d if fe r e n t  k in d  o f  e q u a t io n — a lth o u g h  th e  c u r re n t  a c tu a lly  p r o d u c e d  is 

fo u n d  to  b e  id e n t ic a l in  b o th  cases, as has b e e n  k n o w n  e v e r  sin ce  F a r a 

d a y  first d e s c r ib e d  th e  e f fe c t  in  1831 . T h e  p h e n o m e n o n  is ch a ra c te r ize d  

b y  s y m m e try ; b u t  th e  m a c h in e ry  fo r  c a lc u la t io n  w a s  c h a ra c te r ize d  b y  

p o la r ity  o r  a sy m m etry  (u n t il  E in ste in  sh o w e d , la ter  in  th e  p a p e r , h o w  

to  “ re la tiv ize ”  th e  p r o b le m  so th a t th e  sam e e q u a t io n  m a y  b e  u sed  fo r  

b o th  c a s e s ) .

T h e  im p o r ta n c e  o f  th is p a ssa ge , its h is to r ic  v e ra c ity , a n d  th e  fa c t  th a t 

a  v ery  s im ila r  th o u g h t  p ro ce ss  le d  E in ste in  la ter  to  th e  G en er a l  T h e o r y  

o f  R e la t iv ity  a re  b r o u g h t  o u t  in  a  strik in g  m a n n e r  in  p a rts  o f  a  h ith e rto  

u n p u b lis h e d  m a n u s cr ip t  in  E in ste in ’ s h a n d w r it in g , d a t in g  fr o m  a b o u t  

1919  o r  sh ortly  a fte rw a rd s , n o w  lo c a te d  in  th e  E in ste in  A rch iv e s  a t th e 

P r in c e to n  In stitu te  f o r  A d v a n c e d  S tu d y , a n d  e n tit led  ( in  tra n sla tion  

fr o m  th e  G e r m a n ) F u n d a m e n ta l  Id e a s  a n d  M e th o d s  o f  R e la t iv ity  

T h e o r y ,  P r e s e n te d  in  th e ir  D e v e lo p m e n t .

In  th e  first n in e te e n  p a g es  o f  th e  m a n u s cr ip t , o n e  fin d s la rg e ly  a n  im 

p e rso n a l, p e d a g o g ic  p re se n ta tio n  o f  a  fa m ilia r  k in d . B u t a  p e rso n a l 

a c c o u n t  a p p e a rs , in  a  ra th e r  su rp ris in g  w a y , o n  p a g es  20  to  21 w h ic h  

in tr o d u c e  P art I I ,  e n t it le d  G e n e r a l  R e la t iv ity  T h e o r y .

(1 5 ) T h e  fundam ental idea o f general relativity theory in its original 

form . In  the construction o f  special relativity theory, the follow in g, [in 

the earlier part o f  this manuscript] not-yet-m entioned thought concerning 

the Faraday [experim ent] on electrom agnetic induction played for me a 

leading role.

A ccord in g  to Faraday, during the relative m otion  o f a magnet with
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w ith respect to  a condu ctin g circuit, an electric current is induced in the 

latter. It  is all the same whether the m agnet is m oved  or the con du ctor; 

only the relative m otion  counts, accord in g  to the M axw ell-L orentz theory. 

H ow ever, the theoretical interpretation o f  the phenom enon in these tw o 

cases is quite d iffe ren t.. . .

T h e  thought that one is dealing here w ith tw o fundam entally different 

cases was fo r  m e unbearable [war m ir unerträglich ]. T h e  difference b e 

tween these tw o cases cou ld  be  not a real d ifference but rather, in  m y 

conviction , on ly  a difference in the ch o ice  o f  the reference point. Judged 

from  the m agnet, there w ere certainly n o  electric fields, [whereas] ju d ged  

from  the condu ctin g circuit there certainly was one. T h e  existence o f  an 

electric field was therefore a relative one, depending on  the state o f  m otion  

o f  the coord inate system being used, and a kind o f  ob jective  reality cou ld  

be granted on ly  to the electric  and m agnetic field  togeth er , quite apart 

from  the state o f  relative m otion  o f the observer or  the coordinate system. 

T h e  phenom enon o f  the electrom agnetic induction forced  m e to postulate 

the (specia l) relativity principle. [F oo tn ote :] T h e  difficulty that had to be  

overcom e was in the constancy o f  the velocity  o f  light in vacuum  w hich  

I had first thought I w ou ld  have to give up. O n ly  after groping for  years 

d id  I notice that the difficulty rests on the arbitrariness o f  the kinem atical 

fundam ental concepts [presum ably such concepts as simultaneity].

W hen, in the year 1907, I was w orking on  a sum m ary essay concern ing 

the special theory o f  relativity for  the J6 h r b u c h  f ü r  R 6 æçè6 éêçëçêìê  u n d  

E l e k t r o n i k , I had to  iry to  m od ify  N ew ton ’s theory o f  gravitation in such 

a w ay that it w ould  fit in to the theory [o f  relativity]. A ttem pts in this 

direction  show ed the possibility o f  carrying out this enterprise, but they 

d id  not satisfy m e because they had to be  supported by hypotheses w ithout 

physical basis. A t that point, there cam e to m e the happiest thought o f  

m y life, in the fo llow in g  fo r m :

Just as is the case with the electric field produ ced  by  electrom agnetic 

induction, the gravitational field has sim ilarly only a relative existence. 

F or if one considers an observer in free  fall, e.g. from  the roo f o f a house, 

there exists fo r  him during his fall no gravitational field— at least in his 

im m ediate vicinity. (Ita lics  in original.)

T o  re tu rn  n o w  to  th e  c lu e  th a t is o f fe r e d  b y  th e  use o f  th e  w o r d  

“ a sy m m e try ”  in  E in ste in ’s first re la t iv ity  p a p e r :  a t first g la n c e  it is surely  

c u r io u s  th at h e  u sed  th e  te rm  a sy m m etry  f o r  th is a p p a r e n t  r e d u n d a n c y  

o r  la ck  o f  u n iv ersa lity . M o r e o v e r ,  su ch  term s as sy m m etry  o r  a sy m m etry  

still r e fe r re d  a t th a t t im e  la rg e ly  to  a esth e tic  ju d g m e n ts , o fte n  th o u g h t  

to  b e  th e  p o la r  o p p o s ite s  o f  s c ie n tific  ju d g m e n ts . I n  p h y sics  litera tu re ,
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sy m m etry  a rg u m en ts  w ere  q u ite  u n c o m m o n  (a n d  e v e n  these a re  easier  

to  fin d  n o w  in  r e t r o s p e c t ) ; th e  te rm  itse lf w a s  ra re ly  u sed  e x c e p t  in  

su ch  b ra n ch e s  as crysta l p h ysics . F o r  e x a m p le , th e  w o r d  sy m m etry  is 

m e n t io n e d  o n ly  ca su a lly  in  M a c h ’ s S c i e n c e  o f  M e c h 6 n i c s  (a lth o u g h  

th e  c o n c e p t  is u sed  im p lic it ly  in  d iscu ssion s in v o lv in g  th e  P r in c ip le  o f  

S u ffic ie n t  R e a s o n , in  a fo r m  tra ce d  b y  M a c h  to  S c h o p e n h a u e r ) .  A s  

la te  as 1929 , th e  e le v e n th  e d it io n  o f  th e  la rg e  e n c y c lo p e d ia  o f  p h ysics  

o f  M iil le r -P o u ille t  in d e x e s  o n ly  a  s in g le  n o n ca s u a l use o f  th e  sy m m etry  

c o n c e p t  o u ts id e  crysta l p h y s ics— a n d  th a t is, n a tu ra lly , th e  e n try  f o r  

sy m m e tr ica l tensors, a n d  refers to  E in ste in ’ s g e n e ra l re la t iv ity  th e o r y  

itse lf. T h e r e  is n o  e n try  f o r  sy m m etry  o r  a sy m m etry  in  th e  S a ch reg is ter  

o f  th e  e n c y c lo p e d ic  v o lu m e  P h y s i k  (E .  W a r b u r g , e d ., B . G . T e u b n e r , 

L e ip z ig , 1 9 1 5 ) .  N o r  f o r  th a t m a tte r  is th ere  a n y  su ch  e n try  in  the e le v 

e n th  e d it io n  o f  th e  E n c y c l o p 6 e d i 6  B r i t 6 n n i c 6  ( 1 9 1 0 ) .

O n ly  w ith  th e  g r o w th  o f  th e  r o le  o f  q u a n tu m  m e ch a n ics , a n d  m o r e  

re ce n tly  o f  e le m e n ta ry  p a r t ic le  p h y s ics , h a s  it b e c o m e  c le a r  th a t th e  

c o n s e r v a t io n  la w s  o f  p h y sics  a re  c lo s e ly  c o n n e c t e d  w ith  th e  c o n c e p t  o f  

sy m m etry  o f  sp a ce  a n d  tim e , as h a d  b e e n  im p lic it  in  th e  L a g r a n g ia n  a n d  

H a m ilto n ia n  m e th o d s  o f  s o lv in g  p h y s ica l p r o b le m s . A n d  it  is o n ly  w ith  

the h e lp  o f  h in d s ig h t  th a t w e  h a v e  c o m e  to  see, as H e r m a n n  W e y l11 

p o in ts  o u t, th a t  “ th e  en tire  th e o ry  o f  re la tiv ity  . . .  is b u t  a n o th e r  a sp e ct  

o f  sy m m etry ,”  in  th e  sense th a t “ th e  sy m m etry , re la tiv ity , o r  h o m o g e n e ity  

o f  th is fo u r -d im e n s io n a l m e d iu m  [th e  s p a ce -t im e -c o n t in u u m ] w a s  first 

c o r r e c t ly  d e s c r ib e d  b y  E in ste in . . . .  I t  is th e  in h e re n t  sy m m etry  o f  th e 

fo u r -d im e n s io n a l c o n t in u u m  o f  s p a ce  a n d  t im e  th a t re la tiv ity  dea ls  

w ith .”

B u t a ll th is w a s  fa r  in  th e  fu tu re  in  19 0 5 . I n  a n y  case , E in ste in ’ s r e f 

e r e n c e  to  a sy m m etry  at th e  start o f  h is p a p e r  (a n d  o th e r  re fe re n ce s  to  

sy m m etry  in  th e  rest o f  th e  p a p e r )  w a s  n o t  a  sy m m etry  c o n s id e r a t io n  o f  

th e  sam e k in d  as th ose  ju s t  m e n t io n e d . F e w  p h ysicists , i f  a n y , ca n  h a v e  

th o u g h t  in  1905 th a t th ere  w as s o m e th in g  o f  fu n d a m e n ta l im p o r ta n c e  

in  th e  asy m m etry  to  w h ic h  E in ste in  p o in te d .

A n d  i f  o n e  co n s id e rs  h o w  m a n y  tro u b le s  th ere  w e r e  in  e le c t r o d y n a m 

ics a t th e  tim e, it m u st h a v e  seem ed  p e c u lia r  in d e e d  t o  seek o u t  this 

q u a s i-a es th e tic  d is c o m fo r t , a n d  to  p u t  it  a t th e  h e a d . W h a t  E in ste in ’ s 

p e r c e p t io n  o f  a sy m m etry  a t  th is p o in t  d o es  s h o w  us, h o w e v e r , is his 

rem a rk a b le  a n d  o r ig in a l sen sitiv ity  to  p o la r it ie s  a n d  sym m etry  p r o p e r t ie s



o f  n a tu re  th at la ter  b e c a m e  r e co g n iz e d  as im p o r ta n t  in  re la tiv ity  th e o ry  

a n d  in  c o n te m p o r a r y  ph ysics  g e n e ra lly .

F r o m  e v e ry th in g  w e  n o w  k n o w  a b o u t  E in ste in , w e  h a v e  a lso  b e e n  p r e 

p a r e d  to  u n d e rs ta n d  th a t h is desire  to  r e m o v e  a n  u n n ecessa ry  a sym m etry  

w as n o t  fr iv o lo u s  o r  a c c id e n ta l, b u t  d e e p  a n d  im p o r ta n t . A t  stake is 

n o th in g  less th a n  fin d in g  th e  m o st  e c o n o m ic a l ,  s im p le , fo r m a l p r in c ip le s , 

th e  b a rest b o n e s  o f  n a tu re ’ s fr a m e , c le a n se d  o f  e v e ry th in g  th a t is a d  h o c , 

r e d u n d a n t, u n n ecessa ry .12 T o  his assistant, E rn st S trau s, E in ste in  sa id  

la te r : “ W h a t  rea lly  in terests m e  is w h e th e r  G o d  h a d  a n y  c h o ic e  in  th e  

c r e a t io n  o f  th e  w o r ld .”  I n  fa c t , sen sitiv ity  to  p re v io u s ly  u n p e r c e iv e d  

fo r m a l asym m etries  o r  in co n g ru it ie s  o f  a  p r e d o m in a n t ly  a esth etic  n a tu re  

(r a th e r  th an , fo r  e x a m p le , a  p u zz le  p o s e d  b y  u n e x p la in e d  e x p e r im e n ta l 

f a c t s ) — th a t is the w a y  e a c h  o f  E in ste in ’ s th ree  o th e rw ise  v e r y  d iffe r e n t  

g re a t  p a p e rs  o f  1905 b e g in . I n  a ll these cases th e  a sy m m etries  a re  re 

m o v e d  b y  s h o w in g  th e m  to  b e  u n n ecessa ry , th e  resu lt o f  t o o  sp e c ia liz e d  

a  p o in t  o f  v ie w . C o m p le x it ie s  th a t d o  n o t  a p p e a r  to  b e  in h e re n t  in  th e  

p h e n o m e n a  s h o u ld  b e  cast o u t . N a tu re  d oes  n o t  n e e d  th em .

A n d  E in ste in  d oes  n o t  n e e d  th e m . I n  h is o w n  p e rso n a l li fe , th e  le g e n d 

ary  s im p lic ity  o f  th e  m a n  is a n  in te g ra l p a r t  o f  this r e a c h in g  fo r  th e  

b a rest m in im u m  o n  w h ic h  the w o r ld  rests. I  w ill n o t  n e e d  to  re ca ll h ere  

th e  m a n y  stories a b o u t  th is s im p lic ity . E v e n  p e o p le  w h o  k n e w  n o th in g  

else  a b o u t  E in ste in  k n e w  th a t h e  p r e fe r r e d  the s im p lest p oss ib le  c lo th in g . 

W e  n o te d  th a t h e  h a te d  n o th in g  m o r e  th a n  a r t ific ia l restra in ts o f  an y  

k in d . H e  o n c e  w as ask ed  w h y  h e  persisted  in  u s in g  o r d in a r y  h a n d s o a p  

fo r  sh a v in g , in stea d  o f  sh a v in g  c re a m , d e sp ite  th e  fa c t  th a t it  w a s  c le a r ly  

less c o m fo r ta b le  fo r  h im  to  sh a v e  th a t w a y . H e  sa id , in  e f f e c t :  “ T w o  

so a p s?  T h a t  is t o o  c o m p l ic a t e d !”

T w o  p rocesses  to  d e scr ib e  th e  sa m e e ffe c t  o f  th e  in d u c e d  c u r r e n t?  

T h a t  is t o o  c o m p lic a te d . N a tu re  d o e s  n o t  w o r k  th is w a y , a n d  E in ste in  

d o e s  n o t  w o r k  th is w a y . T h e  o v e r la p  b e tw e e n  th e  tw o  w a s  o n c e  ex p ressed  

b y  E in ste in  in  a  h u m b le  s e n te n c e : “ I  a m  a  little  p ie c e  o f  n a tu re .”  W e  

h a v e  h e re  a n  im p o r ta n t  c lu e  to  o u r  q u e s tio n  o f  w h a t  m a y  b e  m e a n t  b y  

th e  easy  te rm  “ g e n iu s” : th e r e  is a  m u tu a l m a p p in g  o f  th e  m in d  a n d  l i f e 

s ty le  o f  th is  sc ien tist , a n d  o f  th e  law s o f  n a tu re .

A t  the sam e tim e , th e  d es ire  to  r e m o v e  a n  u n w a rra n te d  “ a sy m m etry ”  

c o n ta in s  a  c lu e  to  a s e co n d  c o n n e c t io n  b e tw e e n  E in ste in ’s w o r k  a n d  his 

p e rso n . T h e  a rea  th a t seem s w o r th  e x p lo r in g  lies w h e re  tw o  stu d ies m e e t : 

o n e  is th e  w e ll-k n o w n  use o f  sy m m etry  a n d  a sym m etry  a rg u m en ts  in
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m a th e m a tics , p a rt icu la r ly  g e o m e tr y , a n d  th e  o th e r  is th e  in v e stig a tio n  

o f  m a th e m a tica l a n d  o th e r  th o u g h t  p rocesses  in  c h ild r e n  b y  W o lfg a n g  

K o h le r , M a x  W e rth e im e r , a n d  o th ers  o f  th at s ch o o l.

“ W h a t ,  P r e c is e ly , I s  ‘ T h in k in g ’ ? ”

W e  k n o w  fa r  to o  little  a b o u t  E in ste in  as a c h ild , b u t  h e  is c o m m o n ly  

r e p o r te d  to  h a v e  b e e n  w ith d r a w n , s lo w  to  r e sp o n d , q u ie t ly  s ittin g  b y  

h im s e lf a t  a n  ea rly  a g e , p la y in g  b y  p u tt in g  to g e th e r  sh apes c u t  o u t  w ith  

a  jig sa w , e r e c t in g  c o m p lic a te d  co n s tru ct io n s  b y  m ea n s  o f  a  ch est o f  toy  

b u ild in g  p arts. B e fo r e  h e  w as ten , h e  w as m a k in g , w ith  in fin ite  p a tie n ce , 

fa n ta stic  c a r d  h ou ses  th a t h a d  as m a n y  as fo u r te e n  floors . H e  is sa id  to  

h a v e  b e e n  u n a b le  o r  u n w ill in g  to  ta lk  u n til th e  a g e  o f  th ree . In  an  

(u n p u b lis h e d )  b io g r a p h y  o f  E in ste in , h is sister M a ja  w r o te  in  1 9 2 4 : 

“ H is  g e n e ra l d e v e lo p m e n t  d u r in g  h is c h i ld h o o d  years p r o c e e d e d  s low ly , 

a n d  sp ok en  la n g u a g e  c a m e  w ith  su ch  d ifficu lty  th a t th ose  a r o u n d  h im  

w e re  a fr a id  h e  w o u ld  n e v e r  le a rn  to  ta lk .”  M a n y  p e d ia tr ic ia n s  a n d  p sy 

ch o lo g is ts  m ig h t  c o n s id e r  su ch  e v id e n c e  to  in d ic a te  an  a lm o st  b a ck w a r d  

c h ild .

B u t it is c o m in g  to  b e  m o r e  w id e ly  a g re e d  th a t a n  a p p a r e n t  d e fe c t  in  

a  p a r t ic u la r  p e rso n  m a y  m e re ly  in d ic a te  a n  im b a la n c e  o f  o u r  n o r m a l 

e x p e c ta t io n s . W h ile  it  is p a te n tly  a b su rd  to  th in k  th a t a  d e f ic ie n c y  in  

o n e  a re a  “ cau ses”  o r  e x p la in s  ta le n t in  a n o th e r , a  n o te d  d e f ic ie n c y  s h o u ld  

a t  least a le rt  u s t o  lo o k  f o r  a  p r o f ic ie n c y  o f  a  d iffe r e n t  k in d  in  th e  e x c e p 

t io n a l p e rso n . T h e  la te  u se o f  la n g u a g e  in  c h i ld h o o d , th e  d ifficu lty  in  

le a rn in g  fo r e ig n  la n g u a g e s— o n e  re m e m b e rs  th a t E in ste in  fa ile d  in  

fo r e ig n  la n g u a g es  a t  th e  G y m n a s iu m  a n d  a g a in  a t  th e  e n tr a n c e  e x a m 

in a t io n  in  Z u r ic h  (o n e  o f  th e  rea son s  fo r  h is h a v in g  to  g o  to  th e  K a n to n  

S ch u le  in  A a r a u ) ,  th a t h is v o c a b u la r y  in  E n g lish  w a s  fa ir ly  sm a ll— all 

this m a y  in d ic a te  a  p o la r iz a t io n  o r  d is p la c e m e n t  in  s o m e  o f  th e  sk ill 

f r o m  th e  v e r b a l t o  a n o th e r  a rea . T h a t  o th e r , e n h a n c e d  a rea  is w ith o u t  

d o u b t , in  E in ste in ’ s ca se , a n  e x tra o rd in a ry  k in d  o f  v isu a l im a g e ry  th a t 

p en etra tes  h is v e ry  th o u g h t  p rocesses .

A lth o u g h  it seem s to  h a v e  b e e n  h a rd ly  n o te d  so  fa r , E in ste in  h im se lf 

p la in ly  sign als th is p o in t  ea r ly  in  h is A u to b io g r a p h ic a l  N o te s .  H e  asks, 

ra th e r  a b r u p t ly :

W hat, precisely, is “ thinking” ? W hen at the reception  o f sense-impressions,
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m em ory-pictures [Erinnerungsbilder] em erge, this is not yet “ thinking.”  A n d  

w hen such pictures form  series, each  m em ber o f  w hich  calls forth  another, this 

too  is not yet “ thinking.”  W hen, how ever, a certain picture [Bild ] turns up  in  

m any such series, then— precisely through such return— it becom es an ordering 

elem ent fo r  such series, in that it connects series w hich  in themselves are un 

connected. Such an elem ent becom es an instrument, a concept. . . .  It  is by n o  

means necessary that a con cept must be connected  w ith a sensorily cognizable 

and reproducib le  sign (w o r d ) .  . . . A ll our thinking is o f  this nature o f  a  free 

p lay [eines jre ien  Spiels] w ith concepts. . . . F or m e it is not dubious that our 

thinking goes on  fo r  the m ost part w ithout use o f signs (w o rd s ), and beyond  

that to  a considerable degree unconsciously.

I t  is n o t  a c c id e n ta l a t  a ll th a t th is su rp r is in g  p assage  c o m e s  ju s t  b e fo r e  

E in ste in  tells o f  th e  tw o  “ w o n d e r s ”  e x p e r ie n c e d  in  c h i ld h o o d . O n e  o f  

th ese  w as th e  e x p e r ie n c e  w ith  th e  co m p a s s  th a t w e  h a v e  m e n t io n e d . T h e  

o th e r  w o n d e r , o f  a to ta lly  d iffe r e n t  n a tu re , w a s  th e  litt le  b o o k  d e a lin g  

w ith  E u c lid e a n  p la n e  g e o m e tr y  w h ic h , h e  re ca lle d , w as g iv e n  to  h im  

a t a b o u t  th e  a g e  o f  tw e lv e . I n  th is c o n n e c t io n , E in ste in  d e s c r ib e d  an  

ea rly , su ccess fu l use o f  h is p a r t ic u la r  w a y  o f  “ th in k in g ”  in  v isu a l te rm s :

I rem em ber that an uncle told  m e the Pythagorean theorem  before the holy  

geom etry book let had com e into m y hands. A fter  m uch effort I  succeeded in 

“ proving”  this theorem  on  the basis o f  the sim ilarity o f  triangles; in doin g  so 

it seem ed to m e “ evident”  that the relations o f  the sides o f  the right-angled 

triangle w ou ld  have to be  com pletely  determ ined by one o f  the acute angles. 

O n ly  som ething w h ich  d id  not in sim ilar fashion seem to be  “ evident”  appeared 

to m e to be  in need o f  any p roo f at all. A lso, the ob jects  with w hich geom etry  

deals seem ed  to be  o f no d ifferent typ e  than the ob jects  o f  sensory p ercep tion , 

“ w hich can be seen  and tou ch ed .”  (Ita lics supplied )

T h e  o b je c t s  o f  th e  im a g in a t io n  w e re  to  h im  e v id e n t ly  p ersu a siv e ly  

re a l, v isu a l m a teria ls , w h ic h  h e  v o lu n ta r ily  a n d  p la y fu lly  c o u ld  r e p r o d u c e  

a n d  c o m b in e , a n a lo g o u s  p e rh a p s  to  th e  p la y  w ith  sh apes in  a  jig s a w  

p u zz le . T h e  k ey  w o r d s  a re  B ild  a n d  S p ie l ;  a n d  o n c e  a le r te d  to  th e m , 

o n e  fin d s  th e m  w ith  su rp ris in g  fr e q u e n c y  in  E in ste in ’ s w ritin g s. T h u s , 

r e s p o n d in g  to  J a cq u e s  H a d a m a r d , E in ste in  e la b o ra te s  th e  p o in t  m a d e  

a b o v e : 13

T h e  w ords or  the language, as they are written or spoken, do  not seem  to 

play any role in m y m echanism  o f  thought. T h e  psychical entities w hich  seem 

to serve as elem ents in thought are certain signs and m ore or  less clear images 

w h ich  can be “ voluntarily”  reproduced  and com bined . . . . But taken from  a 

psychological view point, this com binatory  play seems to be the essential feature
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in productive thought— before there is any connection  with logica l construc 

tion in words or other kinds o f  signs w hich  can be com m unicated to others. T h e  

above-m entioned elements are, in  m y case, o f visual and som e m uscular type .14 

C onventional w ords or other signs have to be  sought for  laboriously on ly  in a 

secondary stage, w hen the m entioned associative play is sufficiently established 

and can be reproduced  at w ill.

M a x  W e rth e im e r , o n e  o f  th e  fo u n d e r s  o f  G esta lt  p s y c h o lo g y  a n d  a  

fr ie n d  o f  E in ste in , r e p o r t s 15 th a t  fr o m  1916  o n , in  n u m e r o u s  d iscu ssion s, 

h e  h a d  q u e s tio n e d  E in ste in  “ in  g rea t  d e ta il a b o u t  th e  c o n c r e te  even ts  in  

h is th o u g h ts ”  le a d in g  to  th e  th e o ry  o f  re la tiv ity . E in ste in  to ld  h im , 

“ T h e s e  th o u g h ts  d id  n o t  c o m e  in  a n y  v e r b a l fo r m u la t io n . I  v e ry  ra re ly  

th in k  in  w o rd s  a t  a ll. A  th o u g h t  c o m e s , a n d  I  m a y  try  to  express it  in  

w o r d s  a fte rw a rd s ” ; a n d  la te r : “ D u r in g  a ll th ose  years th ere  w as a fe e l 

in g  o f  d ir e c t io n , o f  g o in g  stra igh t to w a r d  so m e th in g  c o n c r e te . I t  is, o f  

co u rse , v e r y  h a rd  t o  exp ress  th a t fe e l in g  in  w o rd s . . . .  B u t I  h a v e  it in  a  

k in d  o f  su rvey , in  a  w a y  v isu a lly .”

I n  E in ste in ’s p u b lish e d  w o r k , h js  v isu a l im a g in a t io n  som etim es  break s 

th r o u g h  v iv id ly . O n e  th in k s h ere , f o r  e x a m p le , o f  passages w h e re  h e  

d escrib es  th r o u g h  e x p e r im e n ts  in v o lv in g  th e  p ic tu re sq u e  tasks o f  c o 

o r d in a t in g  w a tc h  rea d in g s , th e  a rr iv a l o f  lig h t  signals, th e  p o s it io n s  o f  

lo c o m o t iv e s  a n d  th o se  o f  lig h tn in g  b o lts . P ossib ly  E in ste in ’ s a b ility  to  

d e a l w ith  m o d e ls  a n d  d ra w in g s  in  th e  p a te n t  o ff ice , a n d  his o w n  d e lig h t  

th r o u g h o u t  h is a d u lt  li fe  w ith  th e  w o rk in g s  o f  p u zz le -toy s , a re  a d d it io n a l 

c lu es  o f  so m e  s ig n ifica n ce . M o r e  im p o r ta n t  f o r  o u r  p u rp oses , this a b ility  

o f  v isu a liza tion  is e v id e n t  in  th e  h a u n tin g  th o u g h t  e x p e r im e n t  o f  th e 

lig h tb e a m , b e g u n  a t A a r a u , a n d  e v e n  in  th e  th o u g h t  e x p e r im e n t  p r o 

p o se d  in  h is ea rlie r  essay o f  1 8 9 4 -5 , w h e re  h e  en v isa g es  p r o b in g  th e  state 

o f  th e  e th er  in  th e  v ic in ity  o f  a  cu r re n t-ca rr y in g  w ire .

I  h a v e  little  d o u b t  th a t th e  a b ility  to  m a k e  su ch  c le a r  v isu a liza tion s  o f  

e x p e r im e n ta l s itu ation s  w as c r u c ia l in  h is task o f  p e n e tr a t in g  to  th e  re la 

t iv ity  th e o ry  ( f o r  e x a m p le , in  th e  a rg u m e n t le a d in g  to  th e  re la tiv ity  o f  

s im u lta n e ity ) . I t  is so to  th is d a y . A s  a n y o n e  k n o w s  w h o  has tr ied  to  in 

s tru ct stu d en ts  in  re la tiv ity  th e o ry , th e  p r o b le m  o f  g e tt in g  a  firm  in itia l 

u n d e rs ta n d in g  o f  sp ec ia l re la tiv ity  is n o t  o n e  o f  m a th e m a tics— a t m ost, 

e le m e n ta ry  ca lcu lu s  is r e q u ire d — b u t  ra th er  o n e  o f  c le a r  V o r s te l lu n g .16 

W h a t  h e lp s  a  b e g in n e r  m ost  is p re c ise ly  th e  a b ility  to  im a g in e  v iv id ly  

so m e  th o u g h t  e x p e r im e n ts  in v o lv in g  the p e r c e p t io n s  a n d  re p o rts  o f  tw o  

ob serv ers  w h o  a re  m o v in g  re la tiv e  to  e a c h  o th e r . T h e  style o f  th in k in g



n ecessa ry  a t  th e  ou tse t is q u ite  d if fe r e n t  f r o m  w o r k in g , f o r  e x a m p le , 

th r o u g h  th e  m a c h in e r y  o f  a  fo r m a lis m  su ch  as ch a ra cte r ize s  th e  w o r k  

o f  a  S o m m e r fe ld .

B u t  in  the lo n g  ru n , th e  s tren g th  o f  E in ste in ’ s v isu a l im a g in a t io n  w as 

n o t  lim ite d  o n ly  to  su ch  uses. R a th e r , th e  h y p oth es is  h e re  p r o p o s e d  is 

th a t th e  sp ec ia l a b ility  to  th in k  w ith  th e  a id  o f  a  p la y  w ith  v isu a l fo r m s  

h as d e e p e r  c o n s e q u e n ce s . I t  a n im a te s  th e  c o n s id e r a t io n  o f  sym m etries  

a n d  a  c o r r e s p o n d in g  d istaste  f o r  e x tra n e o u s  c o m p le x it ie s  fr o m  th e  b e g in 

n in g  to  th e  e n d — fr o m  th e  resu lt e m b e d d e d  in  h is 1905 p a p e r  th a t th e  

L o r e n tz  tra n s fo rm a tio n  e q u a tio n s  y ie ld  “ c o n tr a c t io n s ”  a n d  “ t im e  d i 

la tio n s”  th a t a re , f o r  th e  first t im e , sy m m e trica l f o r  a ll in ertia l system s, 

to  h is  lo n g  w restlin g  w ith  th e  task o f  c o n s tr u c t in g  a  re la tiv istic  th e o r y  o f  

g ra v ita t io n , b a s in g  its fie ld  stru ctu re  o n  a  sy m m e tr ic  ten sor  g  a n d  th e  

sy m m e tr ic  in fin ites im a l d is p la c e m e n t  ten sor  r ,  a n d  fin a lly  to  h is se lf- 

im p o s e d  la b ors  o f  f in d in g  a  th e o ry  o f  th e  to ta l fie ld  th r o u g h  th e  g e n 

e ra liza tio n  o f  g iv in g  u p  th e  sy m m etry  p ro p e r t ie s  o f  th e  g  a n d  T  fie lds. 

F r o m  th e  b e g in n in g  to  th e  e n d , E in ste in ’ s sc ien tific  th o u g h t  w as p e r 

v a d e d  b y  q u estion s  o f  sy m m etry  a n d  th e  c lo se ly  re la te d  c o n c e p t  o f  

in v a r ia n ce .

B u t lo n g  b e fo r e  h e  w r o te  s c ie n tific  p a p e rs , E in ste in  w a s  E in ste in —  

a lre a d y  a t  th e  a g e  o f  th ree , p la y in g  silen tly , resistin g  v e rb a l la n g u a g e , 

a n d  re fu s in g  th e re b y  to  a c c e p t  a n  e x te rn a lly  im p o s e d  a u th o r ity  in  n a m es 

a n d  ru les  b y  w h ic h  m a n y  a n o th e r  c h ild  has h a d  to  “ c iv il iz e ”  a n d  g iv e  

u p  his o w n  cu r ios ity  a n d  im a g in a t iv e  p la y . I t  is a  w o r ld  th a t b y  its v e ry  

d e fin it io n  w e  h a rd ly  k n o w  h o w  to  d e scr ib e . B u t  it  is th e  w o r ld  in  w h ic h , 

f r o m  a ll th e  e v id e n c e  w e  h a v e , th e  p la y  w ith  g e o m e tr ic  a n d  o th e r  v isu a l 

im a g e s , a n d  h e n c e  th e  p e r c e p t io n  o f  su ch  tra n s fo rm a tio n  p ro p e rt ie s  o f  

fo r m s  as sy m m etry  a n d  a sy m m etry , a p p e a r  to  h a v e  b e e n  b a s ic  f o r  th e  

d e v e lo p m e n t  o f  su ccess fu l th o u g h t  itse lf.

T h e  A B C  o f  V isu a l U n d ers ta n d in g

T h e  lite ra tu re  o n  th e  s u b je c t  o f  th e  v isu a l e le m e n t  o f  th o u g h t  in  c h i l 

d r e n  is sm a ll. T h is  d e p r iv e s  us to  s o m e  d e g re e  o f  o n e  o f  th e  im p o r ta n t  

stran ds in  o u r  n et, a n d  c o n v e rse ly  a lerts c o g n it iv e  p sy ch o log is ts  a n d  e d u 

ca tors  to  a  p r o m is in g  resea rch  to p ic . B u t  th ere  w a s  o n e  p io n e e r  in  this 

fie ld  w h o , in  a n  u n e x p e c te d  w a y , n o w  co m e s  in to  o u r  story . H e  is J o h a n n  

H e in r ic h  P esta lozzi, th e  Sw iss e d u c a t io n a l re fo r m e r . B o rn  in  1746  in
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Z u r ic h , h e  w as e d u c a te d  a t  th e  U n iv e rs ity  o f  Z u r ic h , a n d  first tr ied  fa r m 

in g  in  a  sm a ll to w n  in  th e  K a n t o n  o f  A a r g a u . D u r in g  th e  F re n ch  in 

v a s io n  o f  S w itzer la n d  in  1798 , a  n u m b e r  o f  c h ild r e n  w e r e  le ft  w ith o u t  

p a ren ts  o r  f o o d  a t L a k e  L u c e r n e , a n d  P esta lozzi d e v o te d  h im s e lf t o  th e ir  

c a r e  a n d  e d u c a t io n  d u r in g  th a t w in te r . I n  1801 h e  p u b lish e d  h is  id ea s  

o n  e d u c a t io n  in  th e  b o o k  W i e  G e r t r u d  i h r e  K i n d e r  l e h r t , a n d  fr o m  

th en  o n  h e  b e c a m e  a  w id e ly  in flu e n tia l fo r c e  in  e d u c a t io n . I t  is r e c o r d e d  

th a t v o n  H u m b o ld t , F ic h te , M m e . d e  S ta e l a n d  T a lle y r a n d  v is ited  h im  

a n d  his s ch o o ls .

B a s ic  to  P esta lozzi’ s a p p r o a c h  to  e d u c a t io n  w e re  th e  d e v e lo p m e n t  o f  

o b se rv a tio n , th e  h u m a n is t ic  a p p r o a c h  to  e a c h  s u b je c t , th e  c o lla b o r a t iv e  

a n d  sy m p a th e tic  re la t io n  b e tw e e n  te a c h e r  a n d  s tu d en t— a n d  his v ie w  th a t 

“ c o n c e p tu a l th in k in g  is b u ilt  o n  v isu a l u n d e rs ta n d in g  ( A n s c h a u u n g ) . ”  

H is  m e th o d  w as, fo r  th a t rea son , to  p u t  th e  A B C  o f  v isu a l u n d e rs ta n d in g  

a h e a d  o f  th e  A B C  o f  letters.

A n  e x c e r p t  fr o m  h is  b o o k  w ill g iv e  so m e  in d ic a t io n  o f  th e  a p p r o a c h  

fo l lo w e d  in  his o w n  sch o o ls  a n d  in  th ose  th a t w e re  fo u n d e d  u n d e r  his 

in f lu e n c e :

I  must point out that the A B C  o f  visual understanding is the essential and 

the on ly  true means o f  teaching how  to  judge the shape o f all things correctly . 

Even so, this principle is totally neglected up to now , to the extent o f  being 

unknow n; whereas hundreds o f  such means are available for the teaching o f  

numbers and language. T h is lack o f  instructional means for  the study o f  visual 

form  should not be  view ed as a m ere gap in the education o f  human know ledge. 

It is a gap  in  the very foundation  o f  all know ledge at a point to w hich  the 

learning o f  numbers and language must be  defin itely subordinated. M y  A B C  

o f visual understanding is designed to rem edy this fundam ental deficiency o f 

instruction; it w ill insure the basis on  w hich  the other means o f  instruction 

must be  fou n ded .17

T h e  “ q u in te sse n ce ”  o f  P esta lozz i’ s fu n d a m e n ta l b o o k  W i e  G e r t r u d  

i h r e  K i n d e r  l e h r t  w a s su m m a rize d  b y  A lb e r t  R ic h te r  in  these w o r d s 18:

1. T h e  foundation  o f  instruction is the Anschauung  (visual understanding).

2. Speech (w ords) must be  connected with the Anschauung.

3. T h e  tim e o f  learning is not the tim e o f  judgm ent, o f  critique.

4. In  every subject, instruction shall begin  with the simplest elements, and 

from  that point on  be brought forw ard stepwise in accord  w ith the develop 

ment o f  the ch ild— that is to say, in psychological order (sequ en ces).

5. O ne must rest at every point as long as is necessary for the particular 

material o f  instruction to becom e the p u p il’s free mental property.
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6. Instruction has to fo llow  the w ay o f developm ent, not the way o f  expos 

tulation, m em orization, inform ation.

7. F or the instructor, the individuality o f his charge should  be holy.

8. T h e  m ain purpose o f  elem entary instruction is not the acquisition o f  

in form ation  and skills, but the developm ent and strengthening o f  mental 

powers.

9. A b ility  should fo llow  know ledge; then follow s skill.

10. T h e  interaction betw een instructor and pupil, and particularly school 

discip line, should be pervaded and guided by love.

11. Instruction should be subordinated to the purpose o f  education.

12. T h e  foundation o f  m oral-religious developm ent o f the ch ild  lies in the 

relationship betw een m other and ch ild .19

O n e  n o te s  th e  m o d e r n  a n d  h u m a n e  r in g  o f  m a n y  o f  these g u id e lin es . 

S till, P esta lozzi h im se lf is q u o te d  as h a v in g  m a d e  th is fin a l a ssessm en t: 

“ W h e n  I  lo o k  b a c k  a n d  ask m y se lf, w h a t  h a v e  I  rea lly  a c h ie v e d  fo r  th e  

ca u se  o f  h u m a n  in s tru c t io n ?  I  f in d  th is : I  h a v e  firm ly  a n c h o r e d  th e  first 

a n d  fu n d a m e n ta l a x io m  o f  in s tru ctio n  in  th e  r e c o g n it io n  o f  A n s c h a u u n g  

as th e  a b s o lu te  fo u n d a t io n  o f  a ll k n o w le d g e .”

S u ccess  in  A a ra u

H o w  d iffe r e n t  a  s c h o o l fo u n d e d  o n  su ch  p r in c ip le s  m u st h a v e  b e e n  

f r o m  th a t w h ic h  E in ste in  f le d  w h e n  h e  le ft  M u n ic h  as a  b o y  o f  a b o u t  

f ifte e n — his re g im e n te d , m ilita r is tic  s c h o o l, so  v e rb a lly  o r ie n te d , a n d  so 

d e e p ly  u n a p p r e c ia t iv e  o f  h im  as a  s tu d e n t a n d  as a  p e r s o n !

I n  th e  la te  su m m e r  o f  1895 , w h e n  E in ste in  a r r iv e d  in  Z u r ic h  to  sit fo r  

th e  e n tra n ce  e x a m in a t io n  to  th e  P o ly te c h n ic  In stitu te , h e  th o u g h t  h e  h a d  

p u t  a ll s ch o o ls  b e h in d  h im . B u t th en  h e  fa ile d  th e  e n tr a n c e  e x a m in a t io n , 

as w e  h a v e  n o te d . H e  h a d  g iv e n  u p  his n a tiv e  c o u n tr y  a n d  ta k en  steps 

to  r e n o u n c e  h is c it izen sh ip , h e  h a d  le ft  h is p a ren ts  in  I ta ly , h e  w a s  a  

fo r e ig n e r  in  S w itze r la n d , h e  h a d  fa ile d  to  g e t  in to  th e  P o ly te c h n ic  In sti 

tu te . T h e  d is lo ca t io n  w as c o m p le te .

T h e r e  en su ed  a  k in d  o f  m o r a to r iu m  fo r  this b o y  w h o  seem in g ly  h a d  

fa ile d  in  m a n y  w ays (e x c e p t , a lw a ys , in  m a th e m a tics  a n d  p h y s ic s ) . T h e  

n e x t  test b e in g  s ch e d u le d  a  y e a r  la ter , h e  w a s  a d v ise d  b y  th e  d ir e c to r  o f  

th e  P o ly te c h n ic  In stitu te  to  e n r o ll  in  th e  K a n to n  S ch u le  a t A a r a u , th irty  

m iles  n o r th w e st  o f  Z u r ic h , in  th e  c a p ita l o f  th e  K a n to n  o f  A a r g a u . T h e r e  

is n o  d o u b t  th a t this w as a  c r u c ia l tu rn in g  p o in t— fo r  w h ile  h e  w as a t  th a t 

p a r t ic u la r  s ch o o l, e v e ry th in g  s o m e h o w  c h a n g e d  fo r  h im , f r o m  g e tt in g  

h is first g re a t  G e d a n k e n e x p e r im e n t  th a t le d  h im  to  re la tiv ity , to  f in d in g
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tru e  fr ie n d s— in d e e d , o n e  o f  th em , th e  son  o f  th e  te a ch e r  Jost W in te le r  

in  w h o se  h o u se  E in ste in  w a s  a  h a p p y  a n d  b e lo v e d  b o a r d e r , e v e n tu a lly  

m a r r ie d  E in ste in ’s sister, M a ja .  L a te r , E in ste in ’ s th o u g h ts  o ft e n  a n d  

g la d ly  tu rn e d  to  this s ch o o l. H e  c o r r e s p o n d e d , a n d  o c ca s io n a lly  m et, 

w ith  severa l o f  h is c lassm ates f o r  years a fte rw a rd s . H e  m e n tio n s  th e  

s c h o o l, a n d  his o b ta in in g  his A b itu r  th ere , in  his a u to b io g r a p h ic a l n o te  

o f  1922 o r  ’ 2 3 , w h ic h  h e  h a d  to  c o m p o s e , as is th e  cu s to m , o n  re ce iv in g  

th e  N o b e l  P rize , fo r  o ff ic ia l p u b lic a t io n  in  L e s  P r ix  N o b e l— e v e n  th o u g h , 

ch a ra cte r is t ica lly , E in ste in ’ s essay is o th e rw ise  em b a rra ss in g ly  sh ort—  

o n ly  fo u r te e n  lines. Just a  m o n th  b e fo r e  h is  d e a th  h e  re m e m b e r e d  his 

s c h o o l a g a in  in  these w o r d s : “ I t  m a d e  a n  u n fo r g e tta b le  im p ress ion  o n  

m e , th an ks to  its lib e ra l sp ir it  a n d  th e  s im p le  earnestness o f  th e  tea ch ers  

w h o  b a sed  th em selves  o n  n o  ex te rn a l a u th o r ity .” 20

S o m e  o f  h is  tea ch ers , p a r t ic u la r ly  th e  s c ie n ce  in s tru cto r  F ritz  M iih l -  

b e rg , seem  to  h a v e  in terested  a n d  e n c o u r a g e d  E in ste in . T h e r e  a lso  a p 

p ea rs  to  h a v e  b e e n  a n  easy a tm o sp h e re , re la x e d , in fo r m a l a n d  d e m o 

c ra tic . In  s c ie n ce  in s tru c tio n , t o o , th e  a im s o f  g e n e ra l e d u c a t io n  a n d  

h u m a n is t ic  le a rn in g  w e r e  k e p t  fo re m o st . T h e  c o u r s e  p r id e d  itse lf n o t  o n  

m e m o r iz a t io n , b u t  in stead  stressed th e  k in d  o f  w o rk  th at w o u ld  d e v e lo p  

in d iv id u a l th in k in g . I n  a d d it io n  to  th e  m o r e  u su a l le a rn in g  m ateria ls  

th ere  w e re  e x cu rs ion s , tw o  k in d s  o f  d r a w in g  cou rses , w o r k  w ith  s p e c i 

m en s  in  th e  m u seu m , a n d  la b o r a to ry  w o r k . M a p s  a n d  o th e r  v isu a l 

m a teria ls  seem  to  h a v e  b e e n  fr e e ly  u sed .

T h e s e  a n d  o th e r  e lem en ts  in  th e  su gg estive  th o u g h  fra g m e n ta ry  d e 

s cr ip tio n s  o f  th e  s c h o o l b y  E in ste in ’ s m o st  re lia b le  b io g ra p h e rs — F ra n k , 

R e is e r  a n d  S e e lig 21— sh o w  th a t this s c h o o l seem s to  h a v e  b e e n  c h a r a c 

te r ized  b y  m a n y  o f  th e  fu n d a m e n ta l p e d a g o g ic  g u id e lin e s  la id  d o w n  b y  

P esta lozzi (e v e n  th o u g h  in  th e  c o u rs e  o f  t im e  th ere  a lm o st  in e v ita b ly  

w ill h a v e  b e e n  p e r io d s  o f  r ig id ity  in  a d h e r in g  to  th ose  p r in c ip le s , f o l 

lo w e d  b y  p e r io d s  o f  a b r e a c t io n ) . T h is  p r e p a re s  us f o r  th e  d is c o v e r y  th a t 

in d e e d  th e  K a n  to n  S ch u le  o f  A a r a u  w as first fo u n d e d  in  1802 b y  d e m o 

c r a t ic  p a tr io ts ,22 r e p o r te d ly  a c t in g  in  th e  sp irit o f  P esta lozzi— ju st  a  y e a r  

a fte r  th e  p u b lic a t io n  o f  P esta lozz i’s m a n ife s to , a n d  w h ile  P esta lozzi h im 

se lf w as r u n n in g  o n e  o f  h is  s ch o o ls  a t B u r g d o r f , less th a n  fifty  m iles a w a y . 

S o  it m a y  n o t  b e  a n  a c c id e n t  th a t E in ste in  b e c a m e  a w a re  o f  the stren gth  

o f  his g en ia l sc ien tific  im a g in a t io n  a t this p a r t ic u la r  s c h o o l ; h ere , a t last, 

h e  w as in  a  p la c e  th at d id  n o t  squ ash , a n d  m a y  w e ll h a v e  fo stered , th e  

p a r t ic u la r  style o f  th in k in g  th a t w as so  c o n g e n ia l to  h im .
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D e a lin g  w ith  A n tith e se s

W e  b e g a n  b y  n o t in g  so m e  o d d  con tra sts  a n d  p o la r it ie s  th a t a p p e a r  in  

th e  w o r k  a n d  life -s ty le  o f  E in ste in . W e  h a v e  a d d e d  o t h e r s : ea r ly  fa ilu re  

a n d  su ccess, h a n d ic a p  in  o n e  d ir e c t io n  a n d  e x tra o rd in a ry  a b ility  in  a n 

o th e r . I n  d iscu ss in g  th e  r o le  o f  s im p lic ity  a n d  sym m etry , w e  fo u n d  

o n e  c lu e  to  gen iu s  in  th e  p r o p o s it io n  th at th ere  is, a t least in  this case, 

a  m u tu a l m a p p in g  o f  th e  h a b its  a n d  life -sty le  o f  th e  g e n ia l scien tist a n d  

o f  n a tu re ’ s o w n  law s. T h e  in v e stig a tio n  o f  th e  c ir cu m sta n ce s  su rro u n d 

in g  th e  G e d a n k e n e x p e r im e n t  a t  A a r a u , fr o m  w h ic h  th e  re la tiv ity  th e o ry  

g re w , su p p o rts  a  m o r e  g e n e ra liz e d  p h ra s in g  o f  o u r  in it ia l h p o th e s is : 

A t  least in  this p a r t ic u la r  case , th e r e  is a  m u tu a l m a p p in g  o f  th e  s ty le  o f  

th in k in g  a n d  a c tin g  o f  th e  g en ia l s c ien tist on  th e  o n e  h a n d ,  a n d  th e  

c h ie f  u n r e s o lv e d  p r o b le m s  o f  c o n te m p o r a r y  s c ien c e  on  th e  o th er .

T h u s , w h a t  seem ed  to  us a t  first t o  b e  p u z z lin g  in tern a l p o la r it ie s  in  

E in ste in  m a y  e q u a lly  w e ll b e  v ie w e d  as ta len ts fo r  d e a lin g  w ith  th e  

d ic h o to m ie s  th at o fte n  h a v e  tu rn e d  o u t  to  b e  a t th e  base  o f  th e  m o st  

u n y ie ld in g  p r o b le m s  o f  sc ie n ce . F o r  e x a m p le , w e  h a v e  n o te d  ea rlier  

th at e p is te m o lo g ic a lly  th e  1905 re la t iv ity  p a p e r  oscilla tes  b e tw e e n  th e 

p os it iv ism  o f  th e  M a c h is t  k in d , n e e d e d  f o r  th e  d e fin it io n  o f  th e  c o n 

cep ts , a n d , o n  the o th e r  h a n d , a  ra t io n a l rea lism  n e e d e d  fo r  th e  a p r io r i 

d e c la ra t io n  o f  th e  b a s ic  p r in c ip le s  o f  re la tiv ity , a n d  th at E in ste in  c o n 

fessed  la ter  to  h a r b o r in g  b o th  o f  these ex trem es  in  his o w n  th ou g h ts . 

B u t to  th is d a y , it  is v ir tu a lly  in c o n c e iv a b le  th a t h e , o r  a n y o n e  else, c o u ld  

h a v e  a tta in e d  a  g e n u in e  fo r m u la t io n  o f  re la tiv ity  w ith o u t  ju s t  these tw o  

co n tra st in g  e lem en ts .

M u c h  g o o d  a n d  e v e n  e x c e lle n t  s c ie n ce  c a n  b e  d o n e  in  a  m o r e  m o n o 

lith ic  w ays, n e g le c t in g  o r  a v o id in g  a n y  e v id e n c e  o f  c o n c e p tu a l d i c h o 

tom ies. B u t it is n o t  o fte n  stressed th a t su ch  d ic h o to m ie s  a re  b y  n o  m ean s 

u n u su a l in  sc ie n ce . T h e y  ex ist fr o m  its sm allest o b se rv a tio n a l p r o t o c o l  to  

th e  m o st  o v e r -a r c h in g  th eory . A s c e n d in g  fr o m  th e  lo w e st  lev e l, w e  n o te  

first th e  an tith esis  b e tw e e n  th e  o b v io u s , o b se rv a b le , p a lp a b le , lim ite d , 

m a teria l o b je c t  su ch  as a  m a g n e t  n e e d le , a n d , say, th e  fie ld  in  w h ic h  it 

is ca u g h t— ten u ou s , in v is ib le , a p p e a r in g  u su a lly  ra th er  m y ster iou s  to  

th e  b e g in n in g  s tu d en t, b u t  c o m m a n d in g , a n d  s tre tch in g  in to  in fin ity . A  

fu r th e r  s tep  u p , a n d  th ere  a re  c o n c e p tu a lly  a n tith e tica l p a irs  su ch  as 

m a tte r  a n d  e n e rg y , sp a ce  a n d  tim e , th e  g ra v ita tio n a l a n d  e le c tro m a g 

n e t ic  f ie ld — e v e n  th e  th e o re tica l a n d  e x p e r im e n ta l a ctiv ity , a n d  th e
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p a rs im o n y  o f  a  g o o d  th e o ry  versus th e  in fin ite  n u m b e r  o f  a c tu a l cases it  

e m b ra ces .

A n o th e r  step  u p , a n d  w e  n o te  th e  an tith eses  b e tw e e n  th e g re a t  th e - 

m a ta — b e  it  th e  c o n t in u u m  versus th e  d iscre te , o r  c la ss ica lly  ca u sa l la w  

versus sta tistica l la w , o r  th e  m e ch a n is t ic  versu s th e  th e istic  w o r ld  in ter 

p re ta t io n . S u c h  th e m a t ic  an tith eses, ex p ressed  in  th e  g re a t  c u rre n t  

p u zzles  o f  s c ie n ce , h a v e  h a u n te d  su ch  scientists as N e w to n , B o h r  a n d  

E in ste in , e v e n  w h e n  lesser scientists c o u ld  a f fo r d  th e  lu x u ry  o f  a v o id in g  

su ch  c o n fr o n ta t io n s , a n d  d o in g  m o r e  c o m fo r t a b le  w o r k  o n  th e m a tica lly  

u n a m b ig u o u s  p r o b le m s — a n  a c t iv ity  s im ila r  to  th a t w h ic h  E in ste in  o n c e  

d ism issed  as seek in g  th e  th in n est p a rt  o f  a  b o a r d  in  o r d e r  to  d r ill o n e ’ s 

h o le  th ere . A ft e r  a ll, g en iu s  d iscov ers  itse lf n o t  in  sp le n d id  so lu tio n s  to  

little  p ro b le m s , b u t  in  th e  stru g g le  w ith  essen tia lly  e te rn a l p ro b le m s . A n d  

th ose , b y  th e ir  v e ry  n a tu re , a re  a p t  to  b e  p r o b le m s  a r is in g  fr o m  th e m a tic  

con flic ts .

I t  h as b e e n  la te ly  fa sh io n a b le  in  so m e  q u a rters  to  th in k  th a t p h y s ica l 

s c ie n ce  n o r m a lly  p rogresses  b y  m o v in g  o n  th e  w h o le  fa ir ly  c a lm ly  in  o n e  

d ir e c t io n  a n d  in  o n e  strea m  b e d , a n d  th a t su ch  p rog ress  is in te rru p te d  

o n ly  a t  c e rta in  p e r io d s  o f  g r e a t  u p h e a v a l in  s c ie n ce .

B u t this ca n  b e  tru e  o n ly  in  a lim ite d  sense. N o t  fa r  b e lo w  th e  su r fa ce , 

th ere  h a v e  co e x is te d  in  s c ie n ce , in  a lm o st  e v e r y  p e r io d  s in ce  T h a le s  a n d  

P y th a g ora s , sets o f  tw o  o r  m o r e  a n tith e tica l system s o r  a ttitu d es , fo r  

e x a m p le , o n e  re d u ct io n is t  a n d  th e  o th e r  h o lis t ic , o r  o n e  m e ch a n is t ic  a n d  

th e  o th e r  v ita lis tic , o r  o n e  p o s it iv is t ic  a n d  th e  o th e r  te le o lo g ica l. I n  a d 

d it io n , th ere  h a s  a lw a y s  ex isted  a n o th e r  set o f  an tith eses o r  p o la r it ie s , 

e v e n  th o u g h , to  b e  su re , o n e  o r  th e  o th e r  w a s  a t  a  g iv e n  t im e  m o r e  

p r o m in e n t— n a m e ly , b e tw e e n  th e  G a lile a n  (o r ,  m o r e  p r o p e r ly , A r c h i 

m e d e a n ) a tte m p t at p r e c is io n  a n d  m e a su re m e n t th a t p u r g e d  p u b lic ,  

“ o b je c t iv e ”  s c ie n ce  o f  th ose  q u a lita t iv e  e lem en ts  th a t in te r fe re  w ith  

r e a c h in g  re a so n a b le  “ o b je c t iv e ”  a g re e m e n t  a m o n g  fe l lo w  in vestiga tors , 

a n d , o n  th e  o th e r  h a n d , th e  in tu ition s , g lim p ses, d a y d rea m s , a n d  a  

p r io r i c o m m itm e n ts  th a t m a k e  u p  h a lf  th e  w o r ld  o f  s c ie n ce  in  the fo r m  

o f  a  p e rso n a l, p r iv a te , “ s u b je c t iv e ”  a c tiv ity .

S c ie n c e  has a lw a y s  b e e n  p r o p e l le d  a n d  b u ffe te d  b y  su ch  c o n tr a r y  o r  

a n tith e tica l fo r ce s . L ik e  vessels w ith  d r a u g h t  d e e p  e n o u g h  to  c a tc h  m o r e  

th an  m e re ly  th e  s u r fa ce  cu rre n t , scientists o f  gen iu s  are  th ose  w h o  are  

d o o m e d , o r  p r iv ile g e d , to  e x p e r ie n c e  these d e e p e r  cu rren ts  in  th e ir  c o m 

p le x ity . I t  is p rec ise ly  th e ir  sp e c ia l sen sitiv ity  to  con tra ries  th at has
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m a d e  it p o ss ib le  f o r  th e m  to  d o  so , a n d  it  is a n  in n e r  n ecessity  th a t has 

m a d e  th e m  d e m a n d  n o th in g  less f o r  th em selves.

T h is , it  seem s to  m e , is  th e  d ir e c t io n  in  w h ic h  to  seek  f o r  an sw ers  t o  

th e  q u e s tio n  o f  w h y  th e  A n g e l  o f  th e  L o r d  ch o s e  th e m  . . .  o r , a t  least, 

ch o s e  o n e  o f  th em .

A ckn ow ledgm en t

Early drafts o f this paper w ere discussed at the psychobiography sem inar o f  

Professor Erik Erikson at S tockbridge, M assachusetts; at Professor D ore  A sh 

ton ’s sem inar at the C oop er  U nion S chool o f A rt and A rch itectu re;  and at a 

Van L eer  Jerusalem Foundation Sym posium  held  in honor o f Professor S. 

Sambursky. I  thank the participants, and particularly Professor Erikson, fo r  

illum inating discussions. I  also wish to express m y indebtedness to M iss H elen  

D ukas and to the Estate o f A lb ert Einstein fo r  perm ission to  c ite from  Einstein ’s 

writings.

T his work is part o f a study sponsored by a grant from  the N ational S cien ce  

Foundation.

APPENDIX

T h e  fo llow in g  is a sum m ary o f  Einstein’s essay M otiv  des Forschens ,23 with 

translation o f  key passages (in  qu otes). In  this rem arkable address, given in 

1918 in honor o f  M a x  P lanck (an d  later mistranslated as Principles o f  R e 

sea rch ), Einstein gave us what is perhaps the best autobiographical insight into 

his ow n view  o f  the m otivation fo r  doin g  research in science. T h e  analyses and 

suggestions given in the preceding pages m ay help in interpreting these charm 

ing but intensely charged passages, and in turn m ay receive illum ination from  

them.

“ T h e  T em p le  o f  science is a m ulti-faceted build ing.”  In  it, m any engage in 

science out o f  jo y  in flexing their intellectual muscles, o r  fo r  utilitarian ends. 

T hese are useful persons, to be  sure, although external circum stances cou ld  

easily have m ade them into engineers, officers, etc. I f  on ly  such scientists ex 

isted, “ the T e m p le  w ou ld  not have arisen.”

“ I f  there now  cam e an A ngel o f the L ord  to drive these persons out o f  the 

T e m p le ,”  few  scientists w ou ld  be left in it. But one o f them w ould  be Planck, 

“ and that is w hy w e love h im .”

N o w  let us turn to those “ w h o found favor with the A n gel.”  T h ey  are m ostly 

“ rather od d , uncom m unicative, solitary fellow s, w ho despite these com m on  

characteristics resem ble one another really less than the host o f  the banished.”

“ W hat led them  into the T e m p le ?  T h e  answer is not easy to give, and can 

certainly not apply  uniform ly. T o  begin with, I believe with Schopenhauer
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that one o f  the strongest m otives that lead m en to art and science is flight from  

the everyday life  with its painful harshness and w retched dreariness, and from  

the fetters o f  on e ’s ow n  shifting desires. O n e w h o  is m ore finely tem pered is 

driven to escape from  personal existence and to the w orld  o f ob jective  observ 

ing [Schauen] and understanding. T h is m otive can be  com pared  with the long 

ing that irresistibly pulls the tow n-dw eller away from  his noisy, cram ped 

quarters and tow ard the silent, high mountains, w here the eye ranges freely 

through the still, pure air and traces the calm  contours that seem to be m ade 

for  eternity.”

“ W ith  this negative m otive there goes a positive one. M an seeks to form  for  

himself, in w hatever m anner is suitable fo r  him , a sim plified and lucid  im age 

o f the w orld  [Bild der W elt], and so to  overcom e the w orld  o f  experience by 

striving to replace it to som e extent by this im age. T h is is what the painter 

does, and the poet, the speculative ph ilosopher, the natural scientist, each in 

his ow n way. In to  this im age and its form ation he places the center o f  gravity 

o f  his em otional life , in order to  attain the peace and serenity that he cannot 

find w ithin the narrow  confines o f  swirling, personal experience.”

T h e  theoretical physicists’ picture o f  the w orld  [W eltb ild ] is one am ong all 

the possible pictures. It dem ands vigorous precision in the description o f  re 

lationships. T h ere fore  the physicist must content him self from  the point o f  

v iew  o f  subject matter with “ portraying the sim plest occurrences w hich  can be 

m ade accessible to ou r experience” ; all m ore com p lex  occurrences cannot be 

reconstructed with the necessary degree o f  subtle accuracy and logica l per 

fection . “ Suprem e purity, clarity, and certainty, at the cost o f  com pleteness.”

O n ce  such a valid  w orld  im age has been achieved, it turns out to  apply after 

all to every natural phenom enon, including all its com plexity , and in its co m 

pleteness. F rom  the general laws on  w hich  the structure o f theoretical physics 

rests, “ it should be  possible to attain by pure deduction  the description, that is 

to  say, the theory o f  every natural process, including those o f life , if such a 

process o f  deduction  w ere not far beyond the capacity o f  human thinking. T o  

these elem entary laws there leads no logica l path, but on ly  intuition, supported 

by being sym pathetically in touch w ith experience [E infuhlung in die Erfah- 

rung].”  It  is true that this uncertain m eth odology  m ay in principle give rise to 

m any systems o f theoretical physics w ith equal cla im ; but in fact it has turned 

out that at any tim e just one such system is generally accepted  to be decided ly  

superior. “ T h ou gh  there is no logica l bridge from  experience to the basic prin 

cip les o f  theory,”  in practice it is agreed that “ the w orld  o f experience docs 

define the theoretical system u n iq u e ly .. . .  T h is is what Leibnitz term ed happily  

‘pre-established harm ony.’ Physicists accuse m any an epistom ologist o f  not 

giv ing sufficient w eight to  this circum stance.”

“ T h e  longing to behold  that pre-established harm ony is the source o f the
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inexhaustible perseverance and patience w ith w h ich  P lanck [and, w e m ay add 

here, as throughout, Einstein] has given him self over to the m ost general prob 

lem s o f  our science, not letting him self be diverted to m ore profitable and m ore 

easily attained ends. I  have often  heard colleagues trying to trace this attitude 

to extraordinary w ill pow er and discip line— in m y opin ion , w rongly. T h e  state 

o f feeling [ Gefiihlszustand ] w h ich  makes one capable o f  such achievem ents is 

akin to that o f  the religious w orshipper or o f  one w ho is in love ; his daily 

striving arises from  no deliberate decision  or program , but out o f  im m ediate 

necessity----- ”
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I l l  On  the Grow th o f  Science





1 1 THE DUALITY AND GROWTH OF 

PHYSICAL SCIENCE

N t h e  e x p lo s iv e  g r o w th  o f  p h y s ica l s c ie n c e  d u r in g  th e  last fifty  

years, th e  o ld  v ie w s  o n  th e  m a n n e r  in  w h ic h  s c ie n ce  g ro w s  w e re  

a m o n g  th e  earliest casu a lties. T h e  g r o u n d  is still s h ift in g  a n d  the e m e r 

g e n c e  o f  o n e  d o m in a t in g  n e w  v ie w  c a n n o t  as y e t b e  e x p e c te d . W h a te v e r  

th e  c o m p ro m is e s  th a t m a y  e v e n tu a lly  b e  r e a c h e d  in  a  fie ld  n o w  stre tch 

in g  fr o m  W h ite h e a d  to  C a r n a p , o n e  ty p e  o f  o b s e r v a t io n  w ill  p r o b a b ly  

re ce iv e  a  g re a t  d e a l m o r e  a tte n t io n  th a n  it  w a s  a c c o r d e d  in  m a n y  p r e 

v iou s  analyses. I  a m  r e fe r r in g  to  th e  essentia l in co n g ru it ie s  in  s c ie n ce , 

w h ic h  in c lu d e  th e  e le m e n t  o f  ir ra t io n a lity  a n d  c o n t r a d ic t io n  in  sc ie n tific  

d is co v e ry , th e  d is c r e p a n cy  b e tw e e n  th e  p r e c is io n  o f  p h y s ica l co n c e p ts  a n d  

th e  fle x ib ility  o f  la n g u a g e , th e  c o n f l ic t  b e tw e e n  th e  m o t iv a t in g  d r iv e  a n d  

th e  ru les o f  o b je c t iv ity — in  sh ort, th e  w h o le  c o m p le x ity  in  th e  re la tion s  

b e tw e e n  th e  in d iv id u a l c re a tiv e  scien tist o n  o n e  h a n d  a n d  s c ie n ce  as an  

in stitu tion  o n  th e  o th e r . A ft e r  d e s c r ib in g  so m e  o f  these p r o b le m s  in  th e  

fo l lo w in g  p a ra g ra p h s , it m a y  b e  p o ss ib le  to  c o n s tr u c t  a  m o d e l-m e c h a 

n ism  f o r  th e  g r o w th  o f  s c ie n ce  w h ic h  a c c o u n ts  f o r  th e  p re se n ce  a n d , in 

d e e d , th e  n ecess ity  o f  these in co n g ru it ie s .

T h is essay was published in slightly longer form  in the Ame r ic a n  Sc ie n t is t , 

V olu m e X L I , pp. 89 -9 9 , 1953, and is based, in part, on material in the author’s 

book  In t r o d u c t io n  t o  Co n c e pt s  a n d  T h e o r ie s  in  Ph y s ic a l  Sc ie n c e , 

C am bridge, A ddison-W esley, 1952 (rev. ed., 1973).
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O n  th e  N a tu r e  o f  D is c o v e r y

T h e  s ta tem en t th a t th ere  is n o  s in g le  s c ie n tific  m e th o d  has b e c o m e  a  

tru ism  o n ly  r a th e r  re cen tly . U n t i l  th e  la tte r  p a r t  o f  th e  last ce n tu ry , s c i 

entists th em se lv es  se e m  to  h a v e  th o u g h t  q u ite  g e n e ra lly  th a t th e ir  d is 

c o v e r ie s  w e re  b e in g  m a d e  in  som e  o r d e r ly , s te p -b y -s te p  fa sh io n . I n  th e  

P r i n c i p i 6 , N e w t o n  fo r m u la te d  fo u r  “ R u le s  o f  P h ilo s o p h y ”  w h ic h  h e  

th en  u sed  fr e q u e n t ly  in  h is  p r o o fs ;  a n d  in  th e  O p t i c k s , h e  g a v e  a  c o n c is e  

d e s c r ip t io n  o f  h o w  a  scien tist s h o u ld  g o  a b o u t  h is  business. T h a t  p a ssa ge  

is w o r th y  o f  c lo se  re a d in g , f o r  it  h as e v e r  s in ce  b e e n  a t the h e a rt  o f  a ll 

su ch  re c ip e s  fo r  th e  p u rs u it  o f  s c ie n c e :

As in M athem aticks, so in  N atural Philosophy, the Investigation o f  diffi 

cu lt T hings b y  the M eth od  o f  Analysis ought ever to  precede  the M eth od  o f 

C om position . T h is Analysis consists in m aking Experim ents and Observations, 

and in draw ing general C onclusions from  them  by Indu ction , and adm itting 

o f  no O b jection s against the C onclusions, bu t such as are taken from  E xperi 

ments, o r  other certain Truths. F or  H ypotheses are not to  be  regarded in  

experim ental Philosophy. A n d  although the arguing from  Experim ents and 

O bservations by  Indu ction  be  n o  D em onstration o f  general Conclusions; yet 

it is the best w ay o f  arguing w h ich  the N ature o f  T hings adm its o f, and m ay 

be looked  upon  as so m uch  the stronger, by h ow  m uch the In du ction  is m ore 

general. A n d  if n o  E xception  occu r from  Phaenom ena, the C onclusion  m ay be  

pronou nced  generally. But if at any tim e afterwards any E xception  shall occu r  

from  Experim ents, it m ay then begin  to be pronou nced  w ith such E xceptions 

as occu r. By this way o f  Analysis w e m ay proceed  from  C om poun ds to Ingre 

dients, and from  M otion s to  the Forces produ cin g  them ; and in general, from  

Effects to  their Causes, and from  particular Causes to  m ore general ones, 

till the A rgum ent ends in  the m ost general. T h is  is the M eth od  o f  Analysis: 

A n d  the Synthesis consists in assuming the Causes discover ’d, and establish’d  

as Principles, and by  them  explain ing the Phaenom ena proceed in g from  them , 

and provin g the Explanations.

T h e  fa ith  in  a n  essen tia lly  s im p le  m e th o d  o f  s c ie n ce  re -ex p ressed  itse lf 

d u r in g  th e  fo l lo w in g  tw o  ce n tu r ie s  in  a ll fie ld s  o f  s c ie n ce , a n d  e v e n  b e 

y o n d  in  p h ilo s o p h y  a n d  th e  so c ia l stu d ies. I t  s e e m e d  th a t N e w to n  h a d  

fo u n d  a  k ey  to  th e  p r o b le m  o f  in te lle c tu a l a d v a n c e , a n d  th a t th e  m o st  

c o n v in c in g  p r o o f  w a s  th e  g ig a n t ic  a c h ie v e m e n t  o f  th e  m a ste r  h im se lf.

A n d  y et, o n  lo o k in g  in to  th e  h is to ry  o f  s c ie n ce , o n e  is o v e r w h e lm e d  b y  

e v id e n c e s  th a t a ll t o o  o f t e n  th e re  is n o  r e g u la r  p r o c e d u r e , n o  lo g ic a l 

system  o f  d is co v e ry , n o  s im p le , c o n t in u o u s  d e v e lo p m e n t . T h e  p rocess  o f
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d is co v e ry  has b e e n  as v a r ie d  as th e  te m p e ra m e n t  o f  th e  scientists. O f  

cou rse , in d iv id u a l resea rch  p r o je c ts  a re  as a  ru le  u n sp e c ta cu la r , w ith in  

th e ir  sm a ll s c o p e  fa ir ly  ro u t in e  a n d  lo g ic a lly  co n s is te n t ; b u t  p rec ise ly  

so m e  o f  th e  m o st  im p o r ta n t  c o n tr ib u t io n s  h a v e  in itia lly  d e p e n d e d  o n  

w r o n g  c o n c lu s io n s  d r a w n  fr o m  e r ro n e o u s  h y p oth eses , m is in terp re ta tion s  

o f  b a d  ex p e r im e n ts , o r  c h a n c e  d iscov er ies . S o m e tim e s  a  s im p le  e x p e r i 

m e n t  y ie ld e d  u n e x p e c te d  r ich es , w h e re a s  s o m e  m o st  e la b o ra te ly  p la n n e d  

assaults m issed  th e  essentia l e f fe c t  b y  a  sm all m a rg in . G r e a t  m e n  a t  tim es 

h a d  a ll th e  “ s ig n ifica n t fa cts ”  in  th e ir  h a n d s  f o r  a n  im p o r ta n t  fin d in g , 

a n d  yet d r e w  tr iv ia l o r  w r o n g  c o n c lu s io n s ; o th ers  esta b lish ed  c o r r e c t  

s ch em es  in  th e  fa c e  o f  a p p a r e n t ly  c o n t r a d ic to r y  e v id e n c e . E v e n  th e  w o r k  

o f  th e  g r e a t  h eroes , v ie w e d  in  r e tro sp e c t , som etim es  seem s to  ju m p  fr o m  

e r r o r  to  e rro r  u n til th e  r ig h t  a n sw e r  is r e a c h e d ; in d e e d , th is g if t  m u st b e  

o n e  o f  th e  d e e p e st  sou rces  o f  greatn ess.

O n e  c o n c r e te  e x a m p le  o f  th e  ir ra t io n a l e le m e n t  in  sc ien tific  d is co v e ry  

w ill su ffice  h e r e : J o h n  D a lt o n ’ s fo r m u la t io n  o f  th e  a to m ic  th e o ry  in  th e  

18 0 0 ’ s. In it ia lly , D a lt o n  h a d  b e e n  in terested  in  m e te o r o lo g y , a n d  p a r t i 

cu la r ly  in  th e  p r o b le m  o f  w h y  th e  g a seou s  con stitu en ts  o f  th e  a tm o sp h e re  

are  so  th o r o u g h ly  m ix e d  d esp ite  th e  d iffe re n ce s  in  th e ir  s p e c ific  grav ities . 

I n  r e a d in g  N e w t o n ’ s P r i n c i p i 6 , D a lto n  h a d  fo u n d  th e  p r o o f  th a t i f  a  

gas co n s is te d  o f  p a rt ic le s  re p e llin g  o n e  a n o th e r  w ith  a  fo r c e  p r o p o r t io n a l 

t o  th e  d is ta n ce  b e tw e e n  th e m , th e n  it  w o u ld  h a v e  to  e x h ib it  a r e c i 

p r o c a l  re la t io n sh ip  b e tw e e n  p ressu re  a n d  v o lu m e  su ch  as h a d  b e e n  

fo u n d  b y  B o y le  in  a c tu a l e x p e r im e n ts  o n  e x is t in g  gases. D a lto n  t o o k  

this s ta tem en t to  b e  a  p r o o f  o f  th e  p r o p o s it io n  th a t rea l gases d o  in d e e d  

con s is t  o f  p a rt ic le s  e n d o w e d  w ith  th e  sta ted  fo r ce s . N e x t  h e  a c c e p te d  

th e  p os tu la te , in  n a tu ra l a c c o r d  w ith  th e  c o n te m p o r a r y  c a lo r ic  th e o ry  

o f  h ea t, th a t  e a c h  ga s p a r t ic le  is s u r r o u n d e d  b y  a  sp h ere  o f  c a lo r ic  

flu id , a  f lu id  e n d o w e d  w ith  th e  q u a lity  o f  se lf-re p u ls io n . T h ir d ly , h e  

a n n o u n c e d , p a rt ly  o n  th e  basis o f  h is  o w n  ex p e r im e n ts , th a t  th e  in d i 

v id u a l p a rtic le s  o f  o n e  p u re  ga s m u st d i f fe r  in  size fr o m  th ose  o f  a n o th e r  

gas. F in a lly , D a lto n  c o n c lu d e d  th a t th e  th o r o u g h  m ix tu r e  o f  c o m 

p o n e n ts  in  th e  e a r th ’ s a tm o sp h e re  w a s  n o w  e x p la in a b le  b eca u se  m u - 

tu a lly -re p u ls iv e  c o n t ig u o u s  p a rtic le s  o f  severa l d iffe r e n t  sizes w o u ld  n o t  

b e  in  e q u ilib r iu m  in  strata. I t  is n o w  w e ll k n o w n  th a t th is w o r k  le d  

D a lto n  to  th e  e p o c h a l c o n c e p ts  o f  th e  c h e m ic a l a to m , a to m ic  w e ig h t , 

th e  L a w  o f  M u lt ip le  P ro p o r t io n s , a n d  so  fo r th , b u t  it is w o r th y  o f  n o te  

th a t  ea c h  a n d  e v e r y  o n e  o f  h is s tep s  as ju s t g iv e n  w as fa c tu a lly  w r o n g
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o r  lo g ica lly  in co n sis ten t. N e w to n ’ s p r o o f  w as a  m a th e m a tica l exercise , 

n o t  a p p lic a b le  to  rea l gases, a n d  th e  c o n te m p o r a r y  th e o ry  o f  h e a t  w a s  

s o o n  t o  b e  o v e r th r o w n , fo r  th e  c a lo r ic  f lu id  c o n c e p ts  c o n ta in e d  in h e re n t 

co n tra d ic t io n s . D a lto n ’ s o w n  e x p e r im e n ts  w e re  fr e q u e n t ly  in a d e q u a te  

to  s u p p o r t  h is c o n c lu s io n , to  say th e  least, a n d  his fin a l c o n c lu s io n  d id  

n o t  e v e n  fo l lo w  fr o m  his o w n  p rem ises .1

A lth o u g h  it  is o f  co u rse  o n ly  th e  m a ster  in  h is  fie ld  w h o  c a n  tu rn  to  

h is fu ll  a d v a n ta g e  th e  il lo g ic a l a n d  u n e x p e c te d , th e  s ig n ifica n t p o in t  is 

th e  g r o w in g  r e c o g n it io n  o f  th e  im p o r ta n c e  o f  these e lem en ts , e .g . in  th e  

fin d in g s  o f  resea rch ers  o n  th e  p s y c h o lo g y  o f  in v e n t io n  th a t so m e  o f  th e  

o u ts ta n d in g  th e o re tic ia n s  b e lie v e  th e ir  c o n s c io u s  th o u g h t-p ro ce sse s  to  

o c c u r  w ith o u t  th e  m e d ia c y  o f  c o m m u n ic a b le  sy m b ols  o r  la n g u a g e s .2 A t  

th e  least it  has b e c o m e  c le a r e r  in  o u r  d a y  th a t th e  p u rsu it  o f  s c ie n ce  is 

itse lf n o t  n ecessarily  a  s c ie n ce .

O n  th e  N a tu r e  o f  C o n c e p ts

I f  th e  first p o in t  b e  g ra n te d , co n s id e ra t io n  c a n  b e  g iv e n  t o  th e  se co n d . 

I t  is a n  in te n tio n a l ju x ta p o s it io n : a fte r  th e  som etim es  irra tion a l o r  

ca su a l n a tu re  o f  d is co v e ry , th e  lo g ic a l  n a tu re  o f  p h y s ica l co n c e p ts .

T h r e e  asp ects o f  esta b lish ed  p h y s ica l c o n c e p ts  m a y  b e  b r ie fly  n o te d . 

F irst, th ey  a re  o p e r a t io n a lly  d e fin a b le  in  o n e  fo r m  o r  a n o th e r . A lth o u g h  

this c o n d it io n  is in  m a n y  w ays restr ictiv e , it  is e n o rm o u s ly  su ccess fu l in  

b r in g in g  d isp u t in g  p a rtie s  to  a  fa ir ly  p rec ise  p o in t  o f  a g re e m e n t o r  d is 

a g re e m e n t. T h e r e fo r e ,  th e  en erg ies  o f  in v estig a tors  a re  n o w  n o t  re g 

u la r ly  d r a in e d  o f f  b y  m isu n d ersta n d in g s  a n d  lo n g  b a ttle s  c o n c e r n in g  

d e fin itio n s  a n d  ru les o f  p r o c e d u r e . T h e r e  a re  in d e e d  la rg e  areas o f  p o s 

s ib le  d isa g re e m e n t a m o n g  scientists, b u t  su ch  a rg u m en ts  c a n  b e  re 

s o lv e d , o ft e n  b y  h a v in g  re co u rse  to  som e  series o f  m ea su rem en ts  w h ic h  

b o t h  d isp u ta n ts , r ig h tly  o r  w ro n g ly , a c k n o w le d g e  a t th e  t im e  to  b e  d e 

c is iv e . S u re ly  o n e  o f  th e  im p ress iv e  fea tu res  o f  m o d e r n  p h y s ica l sc ien ce  

is th e  r a p id ity  o f  se ttlin g  m o st  m a jo r  d iffe re n ce s  o f  o p in io n  in  th e  fie ld .

O p e r a t io n a lly  d e fin a b le  c o n c e p ts , h o w e v e r , d o  n o t  b y  th em selves  

g u a ra n te e  us a  s c ie n ce . A  s e c o n d  a ttr ib u te  o f  p h y s ica l c o n c e p ts  is th e ir  

la rg e ly  q u a n t ita t iv e  ch a ra c te r . T h is  is n o t  o n ly  tru e  o f  c o n c e p ts  like  

v a le n c e  o r  m ass, b u t  a lso  m o r e  g en era lly . F o r  e x a m p le , m e ch a n ic a l  

eq u ilib r iu m  is n o t  m e a su re d  in  u n its o f  3 , 4 , o r  5 , b u t  it d o e s  c o r r e s p o n d  

to  th e  state in  w h ic h  a  b o d y  h as z e r o  a c c e le r a t io n . M o r e  g en era lly , a  c o n -
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c e p t  like e le c tr o n ,  in  a c tu a l use, is p r im a r ily  a  su m m a ry  term  fo r  a  w h o le  

c o m p le x  o f  m easu rab les , n a m e ly  4 .8  X  10-10 u n its  o f  n e g a tiv e  c h a rg e , 

9 .1  X  10~28 g r a m  m ass, a n d  so  fo r th .

T h e r e  is a  th ird  ch a ra cte r is t ic  o f  p h y s ica l c o n c e p ts , w ith o u t  w h ich  sci 

e n c e  w o u ld  d e g e n e ra te  in to  a  m ea n in g less  m ass o f  da ta . E v id e n tly  th e  

ch a o s  o f  e x p e r ie n ce  p e rm its  th e  fo r m u la t io n  o f  an  in fin ite  n u m b e r  o f  

c o n c e p ts , a ll o f  th e m  q u a n tita tiv e  a n d  m e a n in g fu l in  th e  o p e r a t io n a l 

sen se ; b u t  it  is its r e cu rr e n c e  in  a  g re a t  m a n y  d escr ip tion s  a n d  law s, o fte n  

in  areas fa r  r e m o v e d  f r o m  th e  c o n te x t  o f  in it ia l fo r m u la t io n , th a t in 

d u ce s  th e  se le c tio n  o f  a  p a r t ic u la r  c o n c e p t . T h e  m e a n in g  b e h in d  th e 

s ta tem en t th a t w e  “ b e lie v e  in  th e  rea lity ”  o f  e le c tro n s  is th a t th e  c o n c e p t  

is a t p resen t n e e d e d  so o fte n  a n d  in  so  m a n y  w ays— n o t  o n ly  to  e x p la in  

c a th o d e  rays, th e  p h e n o m e n o n  th a t lea d s  to  th e  o r ig in a l fo r m u la t io n  o f  

th e  c o n c e p t , b u t  a lso  f o r  a n  u n d e rs ta n d in g  o f  th e r m io n ic  a n d  p h o t o 

e le c tr ic  p h e n o m e n a , cu rren ts  in  so lid s  a n d  liq u id s , ra d io a c t iv ity , lig h t 

em ission , c h e m ic a l b o n d  a n d  so o n .

T h e  o b se rv a tio n  th a t th e  esta b lish ed  p h y s ica l c o n c e p ts  a re  la rg e ly  

o p era tio n a l, q u a n tita tiv e  a n d  d iv e rs e ly  c o n n e c t e d  su m m a rizes  th e  severe  

lim ita tion s  o n  th e  s c o p e  o f  sc ien ce . A t  th e  sa m e  t im e  these th ree  a ttr i 

bu tes  c o m b in e  in to  th e  m o st  e f fe c t iv e  m e ch a n ism  c o n c e iv a b le  f o r  assur 

in g  th e  r a p id  in crea se  o f  th e  s c ie n tific  en terp rise , a id in g  in  th e  

u n a m b ig u o u s  c o m m u n ic a t io n  o f  p ro b le m s , d isa g reem en ts , a n d  results, 

a n d  k n ittin g  to g e th e r  th e  c o n tr ib u t io n s  o f  m a n y  m e n , sep a ra ted  th o u g h  

th ey  m a y  b e  b y  th e  ba rriers  o f  d isc ip lin es , o c e a n s , o r  cen tu ries .

I n  this p rocess  o f  a c c o u n t in g  f o r  lim ita tio n s  a n d  p re c is io n  in  th e  n a 

tu re  o f  c o n c e p ts , a  c o n tr a d ic t io n  a p p ea rs  to  h a v e  arisen . S c ie n c e  seem s 

to  d e p e n d  o n  c le a r  a n d  p re s cr ib e d  types o f  c o n c e p ts  in  o n e  d ire c t io n , a n d  

o n  a  fre e  licen se  o f  c re a tiv ity  in  th e  o th e r . A s  H . D .  S m y th  has re ce n tly  

sta ted , “ W e  h a v e  a  p a r a d o x  in  th e  m e th o d  o f  s c ie n ce . T h e  resea rch  m a n  

m a y  o fte n  th in k  a n d  w o r k  lik e  a n  artist, b u t  h e  h as to  ta lk  lik e  a  b o o k 

k eep er, in  term s o f  fa cts , figu res, a n d  lo g ic a l s e q u e n ce  o f  th o u g h t .”

T h is  d i le m m a  is re so lv e d — a n d  h e re  is th e  s e co n d  ce n tra l p o in t— b y  

d istin gu ish in g  tw o  v e r y  d iffe r e n t  a c tiv ities , b o th  d e n o te d  b y  th e  sa m e  

w o rd , “ s c ie n c e ” ', th e  first le v e l o f  m e a n in g  re fers  to  p r iv a te  s c ie n c e  ( le t  

us te rm  it S i ) ,  th e  s c ie n c e -in -th e -m a k in g , w ith  its o w n  v o c a b u la r y  a n d  

m o d e s  o f  p rog ress  as su gg ested  b y  th e  c o n d it io n s  o f  d isco v e ry . A n d  th e  

s e co n d  leve l o f  m e a n in g  re fers  to  p u b lic  s c ie n c e  ( S 2) ,  s c ie n ce -a s -a n - 

in stitu tion , te x tb o o k  sc ie n ce , o u r  in h e r ite d  w o r ld  o f  c le a r  c o n c e p ts  a n d
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d is c ip lin e d  fo rm u la tio n s . S i  re fers  t o  th e  sp e cu la tiv e , c re a tiv e  e lem en t, 

th e  c o n t in u a l f lo w  o f  co n tr ib u t io n s  b y  sep a ra te  in d iv id u a ls , e a c h  w o r k 

in g  o n  h is o w n  task b y  h is  o w n , u su a lly  u n e x a m in e d  m e th o d s , m o tiv a te d  

in  h is o w n  w a y , a n d  u n in terested  in  a tte n d in g  to  th e  lo n g -r a n g e  p h ilo 

s o p h ica l p ro b le m s  o f  sc ien ce . S 2) in  con tra st , is s c ie n ce  as th e  e v o lv in g  

c o m p ro m is e , as th e  g r o w in g  n e tw o rk  syn th esized  f r o m  th ese  in d iv id u a l 

co n tr ib u t io n s  b y  the g e n e ra l a c c e p ta n c e  o f  th ose  id eas w h ic h  d o  in d e e d  

p r o v e  m e a n in g fu l a n d  u se fu l to  g e n e ra tio n s  o f  scientists. T h e  c o ld  tab les 

o f  p h y s ica l a n d  c h e m ic a l con sta n ts , th e  b a re  eq u a tio n s  in  tex tb ook s , 

fo r m  th e  h a rd  c o r e , th e  resid u e  d istilled  fr o m  in d iv id u a l tr iu m p h s o f  in 

s igh t, c h e c k e d  a n d  cro s s -ch e ck e d  b y  th e  m u lt ip le  te stim on y  o f  g e n e ra l 

e x p e r ie n ce .

T h is  d is t in ct io n  b e tw e e n  th e  tw o  m ea n in g s  o f  th e  sam e w o r d , w h ich  

a p p e a rs  to  b e  h e lp fu l in  a lla y in g  s o m e  seriou s co n fu s io n s  in  m e th o d o lo g 

ic a l d iscussion s, is o fte n  n o t  a d e q u a te ly  m a d e  b y  th ose  w h o  a n a ly ze  

s c ien ce . Scientists th em selves  a re  la rg e ly  resp on s ib le  f o r  th a t c o n d it io n ; 

f o r  in  fo r m a liz in g  an  in d iv id u a l c o n tr ib u t io n  fo r  p u b lic a t io n , it  is p a r t  o f  

th e  g a m e  t o  c o v e r  u p  th e  tra n s ition  fr o m  th e  p r iv a te  to  th e  p u b lic  stage, 

t o  m a k e  th e  results in  re tro sp e ct  a p p e a r  n e a tly  d e r iv e d  fr o m  c le a r  fu n d a 

m en ta ls , u n til, as p h ra se d  in  J o h n  M ilt o n ’s lines, “ so  easy it  s eem ed  /  

O n c e  fo u n d , w h ic h  yet u n fo u n d  m o st  w o u ld  h a v e  th o u g h t  /  Im p o s 

s ib le !”  M o n th s  o f  to rtu o u s , w a ste fu l e f fo r t  m a y  b e  h id d e n  b e h in d  a  fe w  

e le g a n t  p a ra g ra p h s , w ith  th e  se q u e n ce  o f  p resen ted  d e v e lo p m e n t  ru n 

n in g  d ire c t ly  o p p o s ite  to  th e  a c tu a l c h r o n o lo g y , to  th e  c o n fu s io n  o f  stu 

d en ts  a n d  h istorian s a like.

O n  M o tiv a t io n

T h e  b e tte r  to  illu m in a te  th e  d u a lity  o f  s c ie n ce  b y  a  s p e c ific  e x a m p le , 

a  b r ie f  co n s id e ra t io n  o f  th e  c o m p le x  p r o b le m  o f  th e  m o tiv a tio n  o f  s c ien 

tists is n o w  in  o rd e r .

W h e n  W h ite h e a d  said , “ S c ie n c e  c a n  fin d  n o  in d iv id u a l e n jo y m e n t  in  

N a tu r e ; s c ie n ce  c a n  fin d  n o  a im  in  N a tu r e ; s c ie n ce  c a n  fin d  n o  crea tiv ity  

in  N a tu re ,”  h e  m a y  h a v e  r e fe rre d  to  th e  stab le  a sp e ct  o f  sc ien ce , b u t  

su rely  n o t  to  th e  tran sien t o n e ;  th a t is, to  S 2, n o t  S i. C o d if ie d  s c ie n ce  is 

su ccessfu l e x a ct ly  in  so  fa r  as it is in d e e d  in d iffe re n t  to  h u m a n  e n jo y m e n t  

a n d  c o n c e r n s ; b u t  th e  v e ry  o p p o s ite  is tru e  o f  th e  in d iv id u a l in vestiga tor . 

H is  c rea tiv ity  d e p e n d s  o n  a  c o m p le te  in te rp e n e tra t io n  o f  his p e rso n  a n d
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his w o r k . H is  d e d ic a t io n  m a y  sp r in g  f r o m  so m e  n o n ra tio n a l, m y stica l 

o r  re lig iou s  c o n v ic t io n  w h ic h  w a s  o f t e n  a c k n o w le d g e d  in  o th e r  years 

w h e n  scientists w e re  fre e r  w ith  th e ir  p e rso n a l secrets. F o r  e x a m p le , 

G a lile o , a  p io u s  m a n , lo o k e d  u p o n  th e  la w s  o f  n a tu re  as p r o o fs  o f  th e  

D e ity  e q u a l to  th a t o f  th e  S cr ip tu res , a n d  N e w to n  re v e a le d  in  a  le t te r : 

“ W h e n  I  w r o te  m y  treatise  [P r i n c i p i 6 ] a b o u t  o u r  system , I  h a d  a n  eye  

u p o n  su ch  p r in c ip le s  as m ig h t  w o r k  w ith  c o n s id e r in g  m e n  fo r  th e  b e lie f  

o f  a  D e it y ;  a n d  n o th in g  c a n  r e jo ic e  m e  m o r e  th a n  to  fin d  it u se fu l fo r  

th a t p u rp o s e .”

A lth o u g h  o b v io u s  cases like  K e p le r ,  N e w to n , a n d  J. R . M a y e r  are  

rare , th e  n o n r a t io n a l su b stru ctu re  a n d  th e  m o t iv a t in g  fo r c e s  m a n ife s t  

th em se lves  in  v a r io u s  o th e r  w ays. C o n s id e r  th a t  a n c ie n t  tre n d  in  s c ie n ce , 

th e  p r e o c c u p a t io n  a n d  sa t is fa ct io n  w ith  la w s in v o lv in g  in te g ra l n u m 

bers. A t  th e  v e ry  ou tse t  o f  G a li le o ’ s h is to r ic  w o r k  o n  th e  la w  o f  fr e e  fa ll , 

w e  fin d  h im  d r a w in g  p r o m in e n t  a tte n tio n  to  th is fa c t .

T h r o u g h o u t  th e  d e v e lo p m e n t  o f  p h ysics  a n d  ch em istry  a n d  to  th e  

p resen t d a y  s im ila r  re fe re n ce s  a re  e n c o u n te r e d . T h e  w o r k  o f  B o d e , D o -  

b e re in e r , B a lm e r , a n d  m a n y  o f  th e ir  re sp e ct iv e  c o n te m p o ra r ie s  so m e 

tim es b o r d e r e d  o n  sh eer p la y  w ith  n u m b e rs . A  fa in t  tra ce  o f  th is a tt itu d e  

re -e m e rg e s  to d a y  in  th e  use o f  “ m a g ic  n u m b e rs ”  in  n u c le a r  th e o ry — a 

te rm  p e rh a p s  m o r e  su ggestive  th a n  is g e n e ra lly  assu m ed .

O f  th e  m u lt itu d e  o f  s u p p o r t in g  e x a m p le s  th e  fo l lo w in g  e x tra ct  is 

su ffic ien tly  rep resen ta tiv e . W o l fg a n g  P a u li, o n  a c c e p t in g  th e  N o b e l  

P rize , 1945 , w a s  sp ea k in g  o f  h is g r e a t  te a ch e r ’ s ea r ly  w o r k  o n  lin e  

s p e c tr a :

Som m erfeld  how ever preferred . . .  a d irect interpretation, as independent 

o f  m odels as possible, o f  the law  o f  spectra in terms o f  integral numbers, 

fo llow in g  as K ep ler  once d id  in his investigation o f the planetary system, an 

inner feeling for  harm ony . . . .  T h e  series o f  w h ole  numbers 2, 8, 18, 32 . . . 

giving the length o f  the periods on the natural system o f chem ical elements, 

was zealously discussed in M unich , including the remark o f  the Swedish 

physicist R ydberg  that these numbers are o f  the sim ple form  2n2, if  n takes 

on  an integral value. S om m erfeld  tried especially to  connect the num ber 8 

with the com ers o f a cube.

A p a r t  fr o m  th e  p r e o c c u p a t io n  w ith  th e istic  o r  n u m e r ica l p r o p o s it io n s , 

th ere  are  severa l o th e r  typ es o f  d r iv in g  fo r c e s  in  sc ien tific  w o rk . O n e  o f  

these is e x e m p lif ie d  b y  C o u n t  R u m fo r d ’ s e x p la n a t io n  w h y  h e  c o u ld  n o t  

a c c e p t  th e  c a lo r ic  th e o ry  a fte r  “ th e  fa c t  o f  th e  tran sm ission  o f  h e a t
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th r o u g h  th e  T o r r ic e l l ia n  v a c u u m  w a s esta b lish ed  b e y o n d  a n y  d o u b t ” : 

“ I  m u st  fr e e ly  co n fe ss  th at, h o w e v e r  m u c h  I  m ig h t  desire  it , I  n e v e r  

c o u ld  r e c o n c i le  m y se lf t o  it  [th e  c a lo r ic  th e o ry ], b e ca u se  I  c a n n o t  b y  an y  

m ea n s  im a g in e  h o w  h e a t  c a n  b e  c o m m u n ic a te d  in  tw o  w ay s  en tire ly  

d iffe r e n t  f r o m  e a c h  o th e r .”

I t  w a s  a  w r o n g  rea son  fo r  r e je c t in g  a  fa lla c io u s  th e o ry . B u t  this in 

a b ility  t o  a l lo w  tw o  d iffe r e n t  m e ch a n ism s  fo r  c o n d u c t io n  a n d  r a d ia t io n  

illu stra tes  th e  c o m m o n  a n d  p o w e r fu l  d r iv e  to w a r d  a  h o lis t ic  w o r ld  p ic 

tu re . N e w  c o n c e p tu a l s ch em es  te n d  to  b e  s im p le  a n d  u n ita ry  e v en  

th o u g h  rea son  m a y  te ll us th at th eor ies  h a v e  g e n e ra lly  b e c o m e  m o r e  

c o r r e c t  b y  b e c o m in g  m o r e  c o m p le x .

F in a lly  o n e  m a y  illu stra te  th e  p o w e r fu l  h o ld  o f  a  fo u r th  “ n o n s c ie n - 

t ific ”  p r e c o n c e p t io n  w ith  a  q u o ta t io n  f r o m  M a x  P la n ck , w h o  r e v e a le d  in  

h is a u to b io g r a p h ic a l  n otes  th a t it a p p e a r e d  to  h im  th a t th e  in d e p e n d 

e n c e  o f  b la c k  b o d y  ra d ia t io n  f r o m  th e  p h y s ica l a n d  c h e m ic a l  n a tu re  o f  

th e  e m itte r  “ represen ts  so m e th in g  a b so lu te , a n d  s in ce  I  h a d  a lw a y s  re 

g a r d e d  th e  se a rch  fo r  th e  A b s o lu te  as th e  lo ftie s t  g o a l o f  a ll s c ien tific  

a c t iv ity , I  e a g erly  set t o  w o r k .”  I t  m ig h t  b y  sa id  th a t th e  fo u n d a t io n s  o f  

q u a n tu m  th e o ry  w e re  la id  u n d e r  m e ta p h y s ica l au sp ices .

T h e  a v o w e d  m o t iv a t io n  o f  m a n y  o th e r  scientists a p p e a rs  e q u a lly  

startlin g . S u re ly  it is p re c ise ly  b e c a u s e  th e  d r iv e  to w a r d  d is c o v e r y  is in  a  

sense ir ra t io n a l th a t it  is s o  p o w e r fu l ,  e v e n  u n d e r  th e  m ost  a d v e rse  c o n 

d ition s . T h e  v e ry  p rog ress  o f  s c ie n ce  h a s  o fte n  d e p e n d e d  o n  w h a t  m ig h t  

h a v e  b e e n  n o te d  a t th e  t im e  as th e  d o g g e d  o b s t in a cy  o f  its d e v o te e s , a n d  

w h a t  is n o w  re n a m e d  th e ir  in sp ire d  ten a c ity . N a m e s  like  F a r a d a y  a n d  

J o u le  c o m e  to  m in d  in stan tly  in  th is c o n n e c t io n .

In e v ita b ly  th ere  arises a  seriou s q u e s tio n  in  su ch  a  r e c ita l: d o  n o t  su ch  

p e rso n a l a n d  v a r ie d  in v o lv e m e n ts  e n d a n g e r  th e  v e ry  bu siness o f  s c ie n ce , 

th e  sea rch  fo r  “ o b je c t iv e  tru th s” ? T h e  re so lu tio n  o f  th is p a r a d o x  is i l 

lu m in a tin g . C o n s id e r , as th e  s p e c ific  e x a m p le , th e  case  o f  E d d in g to n , 

w h o  h a d  su ch  s tro n g  c o n v ic t io n s  th a t h e  c o u ld  w r ite  a  “ D e fe n s e  o f  M y s 

t ic ism .”  W h e th e r  o r  n o t  h is p ersu a sion  w as “ m ea n in g less”  f r o m  th e  

p o in t  o f  v ie w  o f  p u b lic  s c ie n ce  ( S 2) it  m a y  h a v e  b e e n  th e  m a in sp r in g  o f  

h is d e v o te d  sea rch  fo r  tru th . W h a t  is h ere  im p o r ta n t  is th a t in  h is v o lu 

m in o u s  a n d  d istin g u ish ed  s c ie n tific  w r it in g  n o  o v e r t  s ign  o f  h is p erson a l 

m ysticism  c a n  b e  fo u n d , n o th in g  th a t m ig h t  n o t  e q u a lly  w e ll h a v e  b e e n  

w r itte n  b y  a  g if te d  in v e s tig a to r  w ith  e x a c t ly  th e  o p p o s ite  m e ta p h y s ica l

390



T H E  D U A L I T Y  A N D  G R O W T H  O F  P H Y S I C A L  S C IE N C E

o r ie n ta t io n , o r  e v e n  b y  o n e  b e lo n g in g  to  th e  “ h a r d -b o i le d ”  s c h o o l, q u ite  

in d if fe re n t  t o  su ch  q u estion s .

T h is  th e n  is th e  th ird  m a in  p o in t . I n  m o d e m  sc ie n ce  p e rso n a l p e rsu a 

s ion s n o  lo n g e r  in tr u d e  e x p lic it ly  in to  th e  p u b lish e d  w o rk , n o t  b eca u se  

th e y  d o  n o t  e x is t— o n  th e  co n tra ry , th ey  are  as essentia l in  S i  as th e y  e v e r  

w e re — b u t b e c a u se , in  S 2, th e y  a re  n o w  g e n e r a lly  n e g le c te d .  F e w  sc ie n 

tists c a n  fo r g e t  th e  story  o f  Ju liu s  R o b e r t  M a y e r  w h o  c a m e  c lo se  t o  c o m 

p le te  o b l iv io n  w h e n  h e  a tte m p e d  to  s u p p o r t  h is w o r k  a lm o st  en tire ly  

w ith  th a t  p re p o s te ro u s  m ix tu r e  o f  b a d  lo g ic  a n d  b a d  m eta p h y s ics  w h ic h  

h a d  in  fa c t  le d  h im  to  h is co n c lu s io n s . I f  h e  h as b e c o m e  im m o rta l, it  is 

th a n k s  t o  th e  fa c t  th a t h is in sp ire d  id e a  o f  th e  e x is te n ce  o f  a  g e n e ra l L a w  

o f  C o n s e r v a t io n  o f  E n e rg y  fo u n d  c h a m p io n s  w h o  g a v e  it th e o r e t ica l e x 

te n s io n  a n d  e x p e r im e n ta l c o n firm a t io n .

T h e  fru itlessn ess o f  m e ta p h y s ica l d iscu ssion s in  th e  sc ien ces  has fin a lly  

b r o u g h t  a b o u t  a  c u r io u s  case o f  a t r o p h y ; th e  p e rso n a l m e ta p h y s ica l 

tenets o f  scientists, a lth o u g h  so m e tim e s  v e r y  s tron g , a re  in  a  fre e  so c ie ty  

g e n e ra lly  so  v a r ie d , so  v a g u e , in  fa c t  te ch n ic a lly  so  in e p t  th at in  a  sense 

th ey  c a n c e l o u t . W e  m a y  g o  o n e  step  fu rth e r , a n d  state th a t e v e n  th o u g h  

a  s c ie n ce  ( S i )  w ith o u t  a  m e ta p h y s ica l su b stru ctu re  has n e v e r  b e e n  p o s 

s ib le , it m a y  b e  a rg u e d  th a t o u r  s c ie n ce  ( £ 2) w ill b e  h e a lth y  o n ly  so  lo n g  

as o u r  scientists fo r m a lly  re m a in  p o o r  m e ta p h y s ic ia n s . I n  o n ly  th ose  

p la ce s  w h e re  o n e  c o d if ie d , g e n e ra lly  a c c e p te d  set o f  d o g m a s  exists— as 

in  so m e  o f  th e  o ld  sch o la st ic  u n iversities  o r  in  m o d e r n  to ta lita r ia n  states 

— c a n  a n  e x tra n e o u s  a n d  u ltim a te ly  d e tr im e n ta l id e a  in  a s c ie n tific  

p u b lic a t io n  still su rv iv e  th e  s cru tin y  o f  co lle a g u e s .

O n  th e  G r o w th  o f  S c ie n c e

A s  co n tra s te d  w ith  h is la rg e ly  u n c o n s c io u s  m o tiv a t io n s  a n d  p r o c e 

d u res , th e  in te lle c tu a l d is c ip lin e  im p o s e d  u p o n  th e  p h y s ica l scien tist is 

n o w  q u ite  as r ig o ro u s ly  d e fin e d  as th e  c o n v e n t io n a liz e d  fo r m  fo r  re 

sea rch  p a p e rs . T h is  su p e rp o s it io n  o f  d is c ip lin e  a n d  c o n v e n t io n  u p o n  th e  

resu lts o f  fr e e  c re a t io n  represen ts a  d u a lism  in  th e  w o rk  o f  th e  scien tist 

w h ic h  ru n s p a ra lle l to  th e  d u a lism  in  th e  n a tu re  o f  s c ie n ce  itself. I  b e 

liev e  th a t th e  a r g u m e n t  m a y  b e  e x te n d e d  to  e x p la in  th e  p resen t fo r m  o f  

th e  s c ie n tific  a c t iv ity , a n d  p e rh a p s  e v e n  its sp e c ta cu la r ly  su ccess fu l 

g r o w th . S ta rtin g  w ith  th e  key  r e c o g n it io n  o f  a  d is t in ct io n  b e tw e e n  the
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tw o  m e a n in g s  o f  s c ie n ce , th e  d i f fe r e n c e  b e tw e e n  S t  a n d  S 2 is c o m p a r a b le  

to  th e  d o u b le  in te rp re ta t io n  g iv e n  to  a n im a l sp ecies— e ith e r  as a  g r o u p  

o f  d iv e rse  s tru g g lin g  in d iv id u a ls  o r  as a n  a b s tra c t io n  c a ta lo g u e d  a n d  d e 

s c r ib e d  in  z o o lo g y  texts at th e  p resen t sta ge  o f  e v o lu t io n .

I  fin d  it  h e lp fu l  t o  re g a rd  s c ie n c e  as a  g r o w in g  o rg a n ism  a n a lo g o u s  to  

a  b io lo g ic a l  sp ecies , f o r  th e  g r o w th  in  b o t h  cases d e p e n d s  to  a  la rg e  e x 

ten t  o n  th e  o p e r a t io n  o f  fo u r  q u ite  a n a lo g o u s  m ech a n ism s . F irst, th e re  

is a  m e ch a n is m  o f  c o n t in u ity ; b o th  a  sp ec ies  a n d  a  s c ie n c e  c a n  persist 

o n ly  i f  th ere  is s o m e  s ta b le  m e th o d  f o r  tra n sm ittin g  th e  s tru ctu re  in  a  

d e fin ite  w a y  f r o m  g e n e r a t io n  to  g e n e ra tio n . I n  b io lo g y  th e  p r in c ip le  o f  

c o n t in u ity  is  fo u n d  in  th e  p rocesses  o f  h e re d ity  b a sed  o n  th e  h ig h ly  

s p e c if ic  n a tu re  o f  th e  g en es, a n d  in  s c ie n c e  c o n t in u ity  is id e n t ifia b le  w ith  

th e  s p e c if ic  o p e r a t io n a l a n d  q u a n t ita t iv e  n a tu re  o f  im p o r ta n t  co n c e p ts . 

W it h o u t  th is m e a su re  o f  u n a m b ig u o u s  c o n t in u ity , scien tists  c o u ld  n o t  

c o m m u n ic a te  th e ir  w o r k  to  o n e  a n o th e r  a n d  to  th e ir  p u p ils . I t  is n o t  

m e re ly  a  tru ism  th a t  th e  c o n v e n ie n c e  a n d  fr e e d o m  o f  c o m m u n ic a t io n  is 

v ita l t o  th e  e x is te n ce  a n d  g r o w th  o f  k n o w le d g e . T h e  ze a lo u s  se cre cy  w ith  

w h ic h  th e  a lch em ists  g u a r d e d  th e ir  resu lts d o o m e d  th e ir  e ffo r ts  t o  c o l 

le c t iv e  s ta g n a tio n  a n d  w a s  o n e  o f  th e  rea son s  f o r  th e  d e la y  in  th e  rise o f  

m o d e m  ch em istry . A g a in  to d a y  th e  g r o w in g  im p o s it io n  o f  se cre cy  in  

b a s ic  re se a rch  (w h e n  it  is d o n e  u n d e r  m ilita ry  sp o n so rs h ip ) is ra is in g  

fea rs  th a t th e  arteries  o f  s c ie n ce  a re  b e in g  d a n g e r o u s ly  c o n s tr ic te d .

M o d i fy in g  th e  first m e ch a n is m  is a  s e c o n d , th e  m e ch a n is m  o f  m u 

ta t io n , th e  co n s ta n t  o p p o r tu n ity  f o r  in d iv id u a l v a r ia tio n s . I n  th e  ca se  o f  

b io lo g ic a l  sp ecies , o f  co u rse , th e  p r o c e ss  o f  m u ta t io n  is m a d e  p oss ib le  b y  

v a r io u s  c h e m ic a l  a n d  p h y s ica l in flu e n ce s  o n  th e  g en es, a n d  o n  c h r o m o 

s o m e  p a r t it io n  a n d  r e c o m b in a t io n ; in  s c ie n ce , m u ta t io n s  a re  assu red  b y  

its essen tia l f r e e d o m  a n d  b y  th e  b o u n d le s s  cu r io s ity  o f  th e  h u m a n  m in d . 

S cien tists  h a v e  a lw a y s  v ig o r o u s ly  d e fe n d e d  th e  r ig h t  to  p u rsu e  a n y  

p r o m is in g  le a d , to  p u b lish  a n d  to  e x c h a n g e  sc ie n tific  in fo r m a t io n  free ly . 

M o r e  th a n  m o s t  g r o u p s  th ey  k n o w  th a t tru th s c a n  b e  fo u n d  o n ly  o n  th e  

fr e e  m a rk e t  p la c e  o f  id eas. A n d  this a cce n tu a te s  a g a in  th e  v ita l im p o r 

ta n c e  o f  a c a d e m ic  in stitu tion s  a n d  fo u n d a t io n s  w h ic h  e n a b le  m e n  to  

fo l lo w  th e  u n p r e d ic ta b le  p a th s  o f  k n o w le d g e  w ith o u t  c o n s tra in t  o r  in 

te r fe re n ce .

A  th ird  m e ch a n is m  in  the g r o w th  o f  s c ie n ce  is m u lt ip lic ity  o f  e ffo r t . 

T o  assu re c o n t in u ity  a n d  g r o w th  d e sp ite  th e  lo w  ra te  o f  o c c u r r e n c e  o f  

re a lly  g re a t  m o d ific a t io n s , a n d  in  th e  a b se n ce  o f  s o m e  o b v io u s  sin g le
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m a ster  p la n  b y  w h ic h  t o  p r o c e e d , s c ie n ce  a n d  th e  sp ecies  a lik e  m u st re ly  

o n  a  la rg e  n u m b e r  o f  in d iv id u a l a ttem p ts , fr o m  w h ic h  m a y  u ltim a te ly  

e m e rg e  th ose  f e w  typ es th a t  a r e  in d e e d  u se fu l. T h e  u n c o u n ta b le  fossils 

o f  b y g o n e  m em b ers  o f  th e  sp ecies , lik e  th e  u n c o u n ta b le  p a g e s  o f  th e  in 

d iv id u a l s c ie n tific  resea rch es  o f  th e  p a st, a re  m u te  testim on ies  o f  th e  

w aste fu ln ess  o f  the p rocess  o f  e v o lu t io n . I t  w o u ld  seem  th a t a p a r t  f r o m  a  

fa v o r a b le  e n v iro n m e n t  in  w h ic h  t o  g r o w , k n o w le d g e , like  m a n y  z o 

o lo g ic a l  types, m u st b e  p resen t in  a m o u n ts  la rg e r  th a n  so m e  th re sh o ld  

v a lu e ; b u t  g iv e n  th a t c o n d it io n , a  fr e e  sc ie n ce , e v e r  p r o d u c t iv e  o f  its 

o w n  to o ls  fo r  fu r th e r  a d v a n ce m e n t , ten d s  to  b e c o m e  a  se lf-p e rp e tu a t in g  

o r  e v e n  an  e x p lo s iv e  c h a in  r e a c t io n .

F in a lly , a  s e le c t io n  m e ch a n is m  is a t  w o r k  in  th e  g r o w th  o f  s c ie n ce  

w h e re b y  c e rta in  o f  th e  seem in g ly  in n u m e r a b le  c o n tr ib u t io n s  a n d  u n 

p r e d ic ta b le  m u ta tio n s  a re  in c o r p o r a te d  in to  th e  c o n t in u o u s  strea m  o f  

sc ien ce— a  c o n fl ic t  a m o n g  id ea s  n o t  g re a tly  d iffe r e n t  fr o m  th e  fig h t fo r  

ex is ten ce  in  liv in g  n a tu re  w h ic h  p e rm its  a  sp ecies  to  a d a p t  itse lf to  a  

c h a n g in g  e n v iro n m e n t. T h e  su rv iv a l o f  a  v a r ia n t  u n d e r  th e  m o s t  d i 

verse  a n d  a d v erse  c o n d it io n s  is m ir r o r e d  in  s c ie n c e  b y  th e  su rv iv a l o f  

th ose  d isco v e r ie s  a n d  c o n c e p ts  th a t  f in d  u se fu ln ess  in  th e  greatest v a 

r ie ty  o f  fu r th e r  a p p lica t io n s — o f  th ose  c o n c e p tu a l sch em es th a t w ith 

s ta n d  th e  c o n s ta n t  c h e c k  a g a in st  e x p e r ie n ce .

T h e  o p e r a t io n  o f  th is se le c tio n  m e ch a n is m  a p p ea rs  m o st  fo r c e fu lly  

in  th e  h is to r ica l co n tro v e rs ie s  a t ta c h e d  to  o u r  b a s ic  th eories , th a t is, to  

th e  th eories  th a t c o n ta in e d  th e  n e w , o ft e n  im p la u s ib le  a ssu m p tion s. 

A s  W h ite h e a d  re m in d s  us, a ll tru ly  g re a t  id ea s  seem ed  s o m e w h a t a b su rd  

w h e n  first p r o p o s e d . I n d e e d , th e y  m a y  b e  c a lle d  g re a t  id eas p rec ise ly  

b e ca u se  it t o o k  th e  u n u su a l m in d  t o  b re a k  th r o u g h  th e  p a tte rn  o f  c o n 

t e m p o ra ry  th o u g h t , t o  d is ce rn  th e  tru th  b e h in d  its m a sk  o f  a  g ro te sq u e  

o r  trite  d isgu ise , t o  d a re  p r o p o s e  th e  u n b e lie v a b le  o r  q u e s t io n  th e  

o b v io u s . A lm o s t  e v e ry  g re a t  in n o v a to r , f r o m  C o p e r n ic u s  to  N ie ls  B o h r , 

h as h a d  t o  m e e t  in it ia lly  th e  sk ep tic ism  o r  a c t iv e  o p p o s it io n  o f  h is 

co lle a g u e s .

I n  th e  lig h t  o f  th ose  tr iu m p h s , is th e  s c ie n tific  fra te rn ity  n o t  u n rea s 

o n a b ly  c o n s e r v a t iv e ?  N o t  a t  a ll. C o n f l ic t  is a  fu n d a m e n ta l necessity  in  

th e  e v o lu t io n  o f  id eas. W e  m u st n o t  p e r m it  o u r  ju d g m e n t  to  b e  d isto rted  

b y  re fe re n ce s  to  stories w ith  fa m o u s ly  h a p p y  e n d in g s . A ft e r  a ll, G a lile o  

m ig h t  h a v e  b e e n  w r o n g ;  w ith  N e w to n  y e t to  c o m e , h is in s isten ce  a n d  

in s igh t w e r e  fa r  less c o n v in c in g  a n d  im p o r ta n t  th e n  th a n  th ey  a p p e a r
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n o w . T h e  m o r e  u rg e n t  fa c t  is  th a t “ r e v o lu t io n a r y ”  id ea s  arise o n ly  v ery  

ra re ly  c o m p a r e d  w ith  th e  la rg e  n u m b e r  o f  w o r k a b le  o r  e v e n  g re a t  id eas 

c o n c e iv e d  w ith in  th e  tr a d itio n a l  se ttin g , so  th a t th e  in d iv id u a l scientist 

is w ise ly  p r e d is p o s e d  to  fa v o r  th e  ty p e  o f  a d v a n c e  w h ic h  h e  k n o w s  a n d  

b e liev es  in  f r o m  p e rs o n a l e x p e r ie n ce . H e , ra th e r  lik e  G a li le o ’ s o p p o 

n en ts , q u ite  r ig h tly  m u st d e fe n d  h is  fu n d a m e n ta l c o n c e p t  o f  n a tu re  

a g a in st la rg e -s ca le  d e s tru ct io n , p a rt icu la r ly  a t  th e  ea r lie r  stages w h e n  

th e  in n o v a to r s  c a n n o t  p re se n t v e ry  m a n y  resu lts a n d  co n firm a tio n s  o f  

th e ir  n e w  id eas.

S o m e tim e s , in d e e d , th e  d isco v e re rs  th em selves  a re  s o  s tron g ly  c o m 

m it te d  t o  esta b lish ed  id eas, so  s ta rtled  b y  th e  im p lica t io n s  o f  th e ir  n e w  

resu lts, th a t  th e y  p r e d ic t  th e  s to rm  o f  c o n d e m n a t io n , o r  e v e n  h esita te  

t o  d r a w  th e  fin a l co n c lu s io n s . T h e  m o st  fa m o u s  r e ce n t  in sta n ce  w as 

H a h n  a n d  S tra ssm a n n ’ s s ta tem en t o n  th e  b r in k  o f  th e ir  e x p e r im e n ta l 

d is c o v e r y  th at n e u tr o n  b o m b a r d m e n t  o f  u r a n iu m  resu lts in  n u c le a r  fis 

s ion  : “ W e  c a n n o t  y e t b r in g  ou rse lves  to  m a k e  th is le a p , in  c o n tr a d ic t io n  

to  a ll p r e v io u s  lessons o f  n u c le a r  p h y s ics .”

O n  re tu rn in g  n o w  to  o u r  a r g u m e n t  fr o m  th e  e v o lu t io n a r y  p rocesses  

g o v e r n in g  the g r o w th  o f  s c ie n ce , th e  s ig n ifica n ce  o f  th e  b itte r  s tru gg les  

th a t n e w  th eor ies  m a y  c re a te  w ith in  s c ie n ce  c a n  b e  a p p r e c ia te d  m o r e  

fu lly . T h e  fitness o f  n e w  k n o w le d g e , lik e  th e  fitness o f  a  sp ecies , is m o st  

c o n v in c in g ly  d e m o n stra te d  a n d  m ost  a d v a n ta g e o u s ly  m o ld e d  b y  v ig o r 

ou s  con test . T h e  s itu a tion  o u ts id e  th e  scien ces  is n o t  so  v e ry  d i f fe r e n t ; 

p r e d o m in a n t  re lig iou s  a n d  so c ia l c o n c e p ts  h a v e  n o t  d e v e lo p e d  q u ic k ly  

o r  c o n q u e r e d  q u ie tly . I n  o r d e r  to  c h a n g e  th e  d ir e c t io n  o f  d e v e lo p m e n t  

in  a  fie ld  o f  le a rn in g , p e o p le ’ s m in d s  m u st b e  c h a n g e d . E v e n  in  s c ie n ce  

this is a  s lo w  p rocess , som e tim e s  a n  im p o ss ib le  o n e . M a x  P la n ck  sa id , 

w ith  p e r h a p s  o n ly  a  litt le  t o o  m u c h  b ittern ess a b o u t  h is o w n  e a r ly  

s tru g g les : “ A n  im p o r ta n t  s c ie n tific  in n o v a t io n  ra re ly  m a k es  its w a y  b y  

g ra d u a lly  w in n in g  o v e r  a n d  c o n v e r t in g  its o p p o n e n ts : it  ra re ly  h a p 

p e n s  th a t S a u l b e c o m e s  P a u l. W h a t  d o e s  h a p p e n  is th a t its o p p o n e n ts  

g r a d u a lly  d ie  o u t , a n d  th a t th e  g r o w in g  g e n e ra tio n  is fa m ilia r iz e d  w ith  

th e  id eas f r o m  th e  b e g in n in g .”  A n d  as i f  t o  p r o v e  h is p o in t , it  w as 

P la n ck  h im s e lf  w h o , fiv e  yea rs  a fte r  E in ste in ’ s first p u b lic a t io n  o n  th e  

p h o t o n  th e o r y  o f  lig h t , a n g r ily  c o m m e n te d  th a t all th e  fru its  o f  M a x 

w e ll ’ s g r e a t  w o r k  w o u ld  b e  lost b y  a c c e p t in g  a  q u a n t iz a t io n  o f  en erg y  

in  th e  w a v e fr o n t  “ f o r  th e  sake o f  a  f e w  still ra th e r  d u b io u s  sp e cu la tio n s .”

T h e s e  a re  e x a m p le s  o f  th e  c o n flic ts  w h ic h  m a y  fin d  a  ce n tra l p la c e
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in  a  m o d e m  u n d e rs ta n d in g  o f  th e  s tru ctu re  a n d  d e v e lo p m e n t  o f  s c i 

e n ce . A lth o u g h  o u r  p a r t ic u la r  e v o lu t io n a r y  v ie w  is b a sed  o n  a  h eu ris tic  

m o d e l  w h ic h  ca lls  f o r  co n s id e ra b le  e x p a n s io n , it  d oes  g a th e r  u p  a  satis- 

fy in g ly  la rg e  n u m b e r  o f  p r o b le m s , a n d  p r o v id e s  y et a n o th e r  basis f o r  

th e  g re a t  m o r a l w h ic h  th e  p rog ress  o f  s c ie n ce  teach es  its s tu d e n ts : fa ith  

in  th e  m a rv e lo u s  a b ility  to  a rr iv e  e v e n tu a lly  a t tru th s b y  th e  fre e  a n d  

v ig o r o u s  e x c h a n g e  o f  in te llig e n ce .

NOTES

1. Fuller details are w ell developed  in L eonard K . Nash, T h e  A t o m i c  

M o l e c u l 6 r  T h e o r y , C am bridge: H arvard U niversity Press, 1950. O ther 

exam ples o f  this sort will be found in the other Case Studies w hich the 

H arvard University Press has been publishing under the editorship  o f  M r. 

C onant. See also G erald H olton , I n t r o d u c t i o n  t o  C o n c e p t s  6 n d  T h e o r i e s  

i n  P h y s i c 6 l  S c i e n c e , (C am brid ge : A ddison-W esley, 1952), Chapters 17-19 .

2. See, fo r  exam ple, W . I . B. Beveridge, T h e  A r t  o f  S c i e n t i f i c  I n v e s t i g 6 

t i o n , N ew  Y o r k : W . W . N orton  & Co.,. 1950.
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12 MODELS FOR UNDERSTANDING THE 

GROWTH OF RESEARCH

h e  f 6 c t  th a t a n  im p o r ta n t  so c ia l in v e n t io n  h a s  o c c u r r e d , o n e  

th a t is d e s t in e d  t o  tra n s fo rm  a p a r t  o f  so cie ty , som etim es  goes  

u n r e c o g n iz e d  fo r  a  su rp r is in g ly  lo n g  tim e . A  ca se  o f  th is sort w a s  th e  

n in e te e n th -c e n tu r y  d e v e lo p m e n t  o f  s c ie n ce  as a  p r o fe ss io n . A n o th e r  ca se  

exists a t  p resen t. I t  is t o  b e  fo u n d  in  th e  p a r t ic u la r  w a y  b y  w h ic h  sc i 

entists h a v e  c o m e  to  o rg a n iz e  a n d  c o o r d in a te  th e ir  in d iv id u a l resea rch  

p u rsu its  in to  a  fa s t -g r o w in g  c o m m o n w e a lt h  o f  le a rn in g . T h e  n e w  p a t 

tern  fo r  d o in g  b a s ic  resea rch  in  s c ie n ce  is w o r th  s tu d y in g  fo r  its in tr in s ic  

m erits . T h is  essay h o p e s  to  sp e ll o u t  w h a t  it  n o w  m e a n s  to  b e  a c t iv e  in  

b a s ic  s c ie n tific  w o rk .

T h e r e  a re  m o r e  im p o r ta n t  reason s still f o r  s k e tch in g  h e re  th e  o p e r a 

t io n  o f  this n e w  c o m m o n w e a lt h  o f  le a rn in g . O n e  re a so n  is th e  fa c t  th a t 

this p a tte rn  ca rries  s p e c if ic  lessons fo r  th e  c o n d u c t  a n d  o r g a n iz a t io n  o f  

e f fe c t iv e  s ch o la r ly  w o r k  in  a n y  fie ld , n o  m a tte r  h o w  d if fe r e n t  o r  re m o te  

fr o m  s c ie n ce  it m a y  b e  a n d  m u st r e m a in ; o n e  su ch  lesson  s h o u ld  b e  in  

the d e fin it io n  o f  a  s ca le  f o r  m e a s u r in g  th e  a d e q u a c y  o f  s u p p o r t . T h e  

s e co n d  re a so n  is, co n v e rs e ly , th e  re a liza t io n  th a t  s c ie n tific  w o r k  m a y  

best b e  u n d e r s to o d  as o n e  o f  th e  p r o d u c ts  o f  th e  g e n e ra l in te lle c tu a l

T h is is a som ew hat condensed and revised version o f  the essay originally 

published in D 6 e d 6 l u s , Spring 1962, and in cluded  in E x c e l l e n c e  6 n d  L e 6 d 

e r s h i p  i n  6  D e m o c r 6 óy , Stephen R . G raubard and G erald  H olton , eds. (N ew  

Y o rk : C olu m bia  University Press, 1962 ), pp . 94—131'.
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m e ta b o lism  o f  so cie ty , a n d  h e n c e  th a t in  the lo n g  ru n  th e  g r o w th  o f  

s c ie n ce  d e p e n d s  c r it ica lly  o n  th e g r o w th  o f  a ll fields o f  sch o la rsh ip .

T h e  S tim u li f o r  G ro w th

A s a  p r o fe ss io n , s c ie n ce  has b e e n  re m a rk a b ly  little  s tu d ie d , e x c e p t  f o r  

a  h a n d fu l  o f  b o o k s  a n d  rep orts  th a t seem  to  b e  c o v e r e d  o v e r  b y  th e  g r o w 

in g  f lo o d  o f  c h a n g in g  sta tistica l d a ta . I  sh a ll c h o o s e  b a s ic  resea rch  in  

p h ysics  as c a rr ie d  o n  to d a y  in  th e  U n ite d  S tates to  c h a ra c te r ize  so m e  

c o m m o n  fea tu res  o f  a ll th e  scien ces . T h e  c h o ic e  is q u ite  a p p r o p r ia te  

fr o m  sev era l p o in ts  o f  v iew . F o r  e x a m p le , th e  n u m b e r  o f  its a c a d e m ic  

p ra c t it io n e rs  h as n o t  g r o w n  a t a n  in o r d in a te  ra te  c o m p a r e d  w ith  o th e r  

fie ld s  o f  stu dy . I n  th e  y e a r  1 9 1 4  th ere  w e re  o n ly  23 d o c to ra te s  a w a r d e d  

in  p h ysics  in  th e  U n ite d  S tates o u t  o f  a  to ta l o f  5 0 5  fo r  a ll fie ld s , 2 4 4  o f  

w h ic h  w e re  in  s c ie n c e .1 A t  th a t t im e , th e  P h .D . d e g re e  g r a n te d  in  p h y sics  

a m o u n te d  to  4 .6  p e r c e n t  o f  a ll P h .D . d eg rees  fo r  th e  y ea r, o r  9 .4  p e r c e n t  

o f  th ose  in  a ll th e  scien ces . R e m a r k a b ly  e n o u g h , a r e ce n t  su rvey  sh ow s 

th a t h a lf  a  ce n tu ry  la ter  w e  h a v e  v ir tu a lly  th e  sa m e p r o p o r t io n s . T h e  

4 8 4  P h .D . d eg rees  in  p h y sics  a c c o u n te d  fo r  5 .1  p e r c e n t  o f  a ll P h .D . 

d eg rees , a n d  fo r  9  p e r c e n t  o f  a ll th ose  in  s c ie n c e .2

T h e  g re a t  rise o f  resea rch  o u tp u t  in  p h y s ics  in  th e  last h a lf  c e n tu r y  

d id  n o t  en ta il a  c o r r e s p o n d in g  loss o f  n u m b e rs  in  o th e r  areas. I n d e e d , 

in  a  sense, th ere  has b e e n  a  re la tiv e  d e cre a se  in  th e  n u m b e r  o f  b a s ic - 

resea rch  ph ysicists , s in ce  n o w  o n e -h a l f  o f  a ll n e w  P h .D . ’ s in  p h ysics  a re  

h e a d in g  fo r  g o v e r n m e n ta l o r  in d u str ia l resea rch  a n d  a d m in is tra tio n  

e m p lo y m e n t  fo r  w h ic h  th ere  w as n o  e q u iv a le n t  in  p r e v io u s  years a n d  

w h e re  a  m u c h  sm a ller  fr a c t io n  o f  m e n  a re  d o in g  b a s ic  resea rch  th a n  

are  in  a c a d e m ic  e m p lo y m e n t .3 T h u s  th e  re m a in in g  g r o u p  o f  P h .D . ’s in  

p h ysics  is o f  in te rm e d ia te  size— th a t is, it  is c o m p a r a b le  to  the g r a d u a t 

in g  P h .D . classes in  h istory , p o lit ic a l s c ie n ce , m a th e m a tics , r e lig io n , o r  

E n g lish  lite ra tu re .4 T h o s e  w h o  d o  n o t  stay in  th e  a c a d e m ic  life  serve , 

o f  cou rse , to  lin k  p h ysics  to  a p p lie d  sc ie n ce , as is a lso  th e  ca se  in  th e  

la rg e r  fie lds o f  ch em istry  a n d  b io lo g y .

P h ysics  is a  g o o d  p ro fe ss io n  to  c h o o s e  f o r  this analysis b e ca u se  th ere  

exists a n  im m e n se  v a rie ty  in  th e  g r o u p , fr o m  th e  m a n  in  th e  sm all c o lle g e  

w h o , w ith  tw o  o r  th ree  c o lle a g u e s , d o e s  a ll th e  w o r k  o f  th e  d e p a r tm e n t  

a n d  still fin ds t im e  to  th in k  a b o u t  n e w  ph ysics , to  th e  m a n  w h o se  fu ll  

t im e  is sp en t in  the la b o r a to ry  o f  a  la rg e  resea rch  in stitu te . A n y  tw o  

p h y s ics -resea rch  p r o je c ts  p ic k e d  at r a n d o m  are lik e ly  to  h a v e  less in
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c o m m o n  w ith  e a ch  o th e r  th a n  d o e s  th e  sta tistica l a v e ra g e  o f  a ll p h ysics  

resea rch  c o m p a r e d  w ith  th e  sta tistica l a v e ra g e  o f  a lm o st  a n y  o th e r  e x 

p e r im e n ta l sc ie n ce . A n d  y e t th ere  is in  this g r o u p , tak en  as a  w h o le , a  

s tron g  sense o f  coh es iv en ess  a n d  p ro fe ss io n a l loy a lty . D e sp ite  th e  v a rie ty , 

d e sp ite  th e  s p e c ia liza t io n  th a t m a k es  it d iff ic u lt  to  fo l lo w  w h a t  is b e in g  

d o n e  in  th e  la b o r a to r y  n e x t  d o o r ,  d esp ite  th e  im p o r ta n t  d iffe re n ce s  b e 

tw e e n  b a s ic  a n d  a p p lie d , la rg e  a n d  sm a ll, o r  e x p e r im e n ta l a n d  th e o re ti 

c a l  p h ysics , its p ra c t it io n e rs  still c le a r ly  c o n c e iv e  o f  th em selves  as d o in g  

in  d iffe r e n t  w ays w o r k  in  o n e  id e n t if ia b le  fie ld . T h e r e  a re  n o  la rg e  c le a v 

ages a n d  d isp u tes  b e tw e e n  sizab le  fa c t io n s  re p re se n tin g  fu n d a m e n ta lly  

d iffe r e n t  styles.

I f  w e  first fo c u s  s p e c ifica lly  o n  th e  p ro fe ss io n a l life  o f  a  rep resen ta tiv e  

p h ysic ist, it is essentia l to  r e m e m b e r  a t  th e  ou tse t th e  b re v ity  o f  t im e  in  

w h ic h  b a s ic  resea rch  o n  a  s ig n ifica n t  sca le  h as b e e n  d o n e  in  th is c o u n tr y , 

o r , f o r  th a t m a tte r , a n y w h e re . T h e  w o r d  “ scien tist”  itse lf d id  n o t  e n te r  

th e E n g lish  la n g u a g e  u n til 1840 . U n t i l  a b o u t  th e  tu rn  o f  th e  ce n tu ry , th e  

p a tte rn  w a s  th a t o f  w o r k  d o n e  b y  iso la ted  m e n . E x p e r im e n ta l resea rch  

w as o fte n  fin a n ce d  w ith  o n e ’ s o w n  fu n d s . E v e n  in  a  re la tiv e ly  la rg e  d e 

p a rtm e n t , a d v a n c e d  stu d en ts  w e r e  rare . T h u s , H a r v a r d  U n iv e rs ity , o n e  

o f  th e  earliest in  th e  U n it e d  S tates to  g ra n t P h .D . d eg re e s  in  p h ysics , h a d  

a  to ta l o f  six  theses b e fo r e  1900 , a n d  th e re a fte r  an  a v e ra g e  o f  a b o u t  tw o  

p e r  y e a r  u n til W o r ld  W a r  I . D u r in g  th a t w a r , it  h as b e e n  re p o r te d , 

“ th ere  w as n o  c la ss ifica tion  o f  ph ysicists . W h e n  th e  a r m e d  fo r c e s  fe lt  th e  

n e e d  o f  a  p h ysic ist  (w h ic h  w as o n ly  o c c a s io n a l ly ) ,  h e  w as h ire d  as a  

c h e m is t .” 5 H a v in g  an  a d e q u a te  la b o r a to ry  sp a ce  o f  o n e ’ s o w n  in  m ost 

u n iversities  w as a n  u n fu lfil le d  w ish  e v e n  fo r  th e  o u ts ta n d in g  e x p e r im e n 

talist— th o u g h  th is a p p lie d  m o re  to  E u r o p e  th a n  to  th e  U n ite d  States. 

F o r  e x a m p le , in  19 0 2 , a t th e  p e a k  o f  th e ir  resea rch , fo u r  years a fte r  th e ir  

d is c o v e r y  o f  p o lo n iu m  a n d  r a d iu m  a n d  a fte r  m a n y  years o f  p le a d in g  fo r  

m o re  sp a ce  in  w h ic h  to  d o  th e ir  ex ten s iv e  c h e m ic a l a n d  p h y s ica l w o rk , 

th e  C u rie s  still h a d  o n ly  th e ir  o ld  w o o d e n  sh ed  a t  R u e  L h o m o n d  a n d  

tw o  sm a ll r o o m s  a t  R u e  C u v ie r . O n  b e in g  p r o p o s e d  fo r  th e  L e g io n  

d ’H o n n e u r , P ierre  C u r ie  w r o te  t o  P a u l A p p e l l : “ P lease b e  so  k in d  as to  

th a n k  th e  M in is te r , a n d  in fo r m  h im  th at I  d o  n o t  fee l th e  s ligh test n e e d  

o f  b e in g  d e c o r a te d , b u t  th a t I  a m  in  th e  g rea test n e e d  o f  a  la b o r a to ry .”

T h e  g r o w th  o f  s c ie n ce  b e tw e e n  th e  w ars n e e d s  little  d iscu ssion . T h e  

d r iv in g  fo r c e  w as in  p a rt  th e  n eed s  o f  a n  in cre a s in g ly  so p h is tica te d , 

te ch n o lo g ica lly  o r ie n te d , c o m p e t it iv e  e c o n o m y , a n d  in  p a rt  th e  sh eer
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e x c ite m e n t  in d u c e d  in  m o r e  a n d  m o r e  stu den ts (d r a w n  fr o m  a  w id e n 

in g  ba se  in  th e  p o p u la t io n )  b y  b e a u t ifu l id e a s  e v e r  m o r e  ra p id ly  re 

v e a le d , su ch  as th e  q u a n tu m  th e o ry  a n d  e a r ly  n u c le a r  ph ysics . B u t  th e  

ra te  a t w h ic h  e x c it in g  id ea s  a re  g e n e ra te d  is c o r r e la te d  w ith  th e  a b ility  

o f  a  fie ld  o f  s tu d y  t o  “ tak e  o f f ”  in to  s e lf-a m p lify in g  g r o w th .

T o  th e  e c o n o m ic  a n d  in te lle c tu a l stim u li o f  e a r lie r  d a ys  th e  S e c o n d  

W o r ld  W a r  a d d e d  th e  n e w  stim u lu s o f  th e  th rea t o f  n u c le a r  p o w e r  in  th e  

h a n d s  o f  th e  G e rm a n s , w h o  h a d  b e e n  th e  fo r e m o s t  n a t io n  in  sc ien tific  

a c h ie v e m e n t. E in ste in ’ s le tter  o f  1939 to  P res id en t R o o s e v e lt  d a tes  th e  

m o m e n t  a fte r  w h ic h  th e  sca le  o f  resea rch  s u p p o r t  c h a n g e d  in  a  su rpris 

in g ly  sh ort  t im e  b y  m o r e  th a n  a n  o r d e r  o f  m a g n itu d e . S in ce  1940 , F e d 

e ra l fu n d s  fo r  s c ie n ce  a lo n e  h a v e  g r o w n  o v e r  o n e  h u n d r e d - fo ld .6

W h a t  m a tte re d  h e re , h o w e v e r , w a s  rea lly  n o t  s o  m u c h  th e  h o t  w a r  a n d  

th e  c o ld  w a r , f o r  w a rs  b y  th em se lv es  h a d  n o t  in  th e  p ast u n a m b ig u o u s ly  

p r o m o te d  th e  g r o w th  o f  s c ie n ce . R a th e r , it w a s  a  d e v e lo p m e n t  u n 

p r e c e d e n te d  in  r e c o r d e d  h is to r y : th e  d e m o n s tra t io n  th a t  a  c h a in  o f  

o p e r a t io n s , s ta rtin g  in  a  s c ie n tific  la b o r a to ry , c a n  resu lt in  a n  e v e n t  o f  

th e  sca le  a n d  su d d en n ess  o f  a  m y th o lo g ic a l o c c u r r e n c e . T h e  w id e s p re a d  

fa sc in a t io n  a n d  p r e o c c u p a t io n  w ith  s c ie n ce — in  itse lf a n  essential e le 

m e n t  in  its c o n t in u e d  g r o w th — fin d  h e re  th e ir  e x p la n a t io n  a t  th e  e le 

m e n ta l lev e l.

I n  o u r  so c ie ty  th e re  h a d  a lw a ys  b e e n  a  p r e o c c u p a t io n  w ith  th e  s c ien 

t ific  h e r o  w h o  c o m e s  b a c k  w ith  a  m a jo r  r e v e la t io n  a fte r  h a v in g  w restled  

w ith  h is a n g e l in  s e lf- im p o s e d  iso la t io n  ( i .e . ,  N e w to n , R ö n t g e n )  o r  in  

re la t iv e  o b s cu r ity  ( i .e . ,  C u r ie , E in s t e in ) . N o w , a  w h o le  secret a rm y  o f  

scientists, q u a r te r e d  in  secret cities , w a s  su d d e n ly  re v e a le d  t o  h a v e  fo u n d  

a  w a y  o f  r e p r o d u c in g  a t w ill th e  B ib lic a l d e s tru c t io n  o f  c it ie s  a n d  o f  

a n t ic ip a t in g  th e  a p o c a ly p t ic  e n d  o f  m a n  th a t h as a lw ays h a u n te d  his 

th o u g h ts . T h a t  o n e  A u g u s t  d a y  in  1945 c h a n g e d  th e  im a g in a t io n  o f  

m a n k in d  as a  w h o le — a n d  w ith  it , as o n e  o f  th e  b y -p r o d u c ts , th e  a m o u n t  

o f  s u p p o r t  o f  s c ie n tific  w o r k , in c lu d in g  a cce le ra to rs , fie ld  sta tion s, o b 

serv a tories, a n d  o th e r  tem p les .

T o  a  p h ysic ist, n o th in g  is so  re v e a lin g  as re la t in g  q u a lita t iv e  ch a n g e s  

to  q u a n t ita t iv e  ch a n g es . M a n  c a n  c o p e  su rp ris in g ly  w e ll  w ith  la rg e  rates 

o f  c h a n g e  in  h is e n v ir o n m e n t  w ith o u t  h im s e lf c h a n g in g  s ig n ifica n tly . 

H is  p s y ch e  ca n  ta k e  in  its str id e  r a p id  re a rra n g e m e n ts  in  th e  m o d e  o f  

life — c o lle c t iv e ly , f o r  e x a m p le , th o se  o w in g  t o  a  la rg e  in cr e m e n t  in  th e  

life  sp a n , a n d , in d iv id u a lly , th ose  o w in g  to  g re a t  d e te r io r a t io n  o f  h ea lth .
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P re c ip ito u s  ch a n g e s  o f  c o n d it io n  o v e r  fa ir ly  sh ort p e r io d s  a re  w e ll-  

to le ra ted . B u t th e  tra u m a tic  e x p e r ie n c e  o f  o n e  b r ie f , ca ta c ly s m ic  e v e n t 

o n  a  g iv en  d a y  c a n  re v erb era te  in  th e  sp ir it  fo r  as lo n g  as th e  in d iv id u a l 

exists, p e rh a p s  as lo n g  as th e  r a c e  exists. H iro s h im a , th e  flig h t o f  S p u tn ik  

a n d  o f  m a n  in  sp a ce — these w e re  su ch  m y th o p o e ic  even ts. E v ery  c h ild  

w ill k n o w  h e r e a fte r  th at “ s c ie n c e ”  p r e p a r e d  these h a p p e n in g s . T h is  

k n o w le d g e  is n o w  e m b e d d e d  in  d re a m s  n o  less th a n  in  w a k in g  th o u g h ts ; 

a n d  ju s t  as a  soc ie ty  c a n n o t  d o  w h a t  its m e m b e rs  d o  n o t  d r e a m  o f ,  it  c a n 

n o t  cease  d o in g  th a t w h ic h  is p a r t  o f  its d rea m s. T h is , m o r e  th a n  a n y  

o th e r  rea son , is th e  b a rr ie r  th a t w ill  p r e v e n t  s c ie n tific  w o r k  fr o m  re trea t 

in g  to  th e  re la tiv e  o b s cu r ity  o f  e a r lie r  days.

W h o  A r e  th e  S c ien tis ts ?  A  R e p r e s e n ta t iv e  C a se

T h e  e le m e n t  o f  d is co n tin u ity  in  th e  g e n e ra l e x p e r ie n c e  o f  o u r  t im e  

m ere ly  re in fo rce s  th e  d isco n tin u it ie s  in  th e  e x p e r ie n ce s  o f  c o n te m p o r a r y  

sc ie n ce . T h e  ra te  at w h ic h  even ts h a p p e n  is a g a in  th e  im p o r ta n t  v a r i 

a b le . F o r , w h e n  a fie ld  ch a n g e s  m o r e  a n d  m o r e  r a p id ly , it  re a ch e s  at 

so m e  p o in t  a  c r it ica l ra te  o f  a c t iv ity  b e y o n d  w h ic h  o n e  h a s  t o  lea rn  b y  

o n e se lf , n o t  m e re ly  th e  im p o r ta n t  n e w  id eas, b u t  e v e n  th e  b a s ic  e lem en ts  

o f  o n e ’ s d a ily  w o rk . T h is  is n o w  tru e  o f  m a n y  p a rts  o f  p h y s ics  a n d  o f  

s o m e  o th e r  fie lds o f  s c ie n ce , n o t  o n ly  f o r  th e  m o s t  p r o d u c t iv e  a n d  in 

g e n io u s  person s, b u t  f o r  a n y o n e  w h o  w ishes to  c o n t in u e  co n tr ib u t in g . 

T h e  r e ce n t  past, th e  w o r k  o f  o n e  o r  tw o  g e n e ra tio n s  a g o , is n o t  a  g u id e  

to  th e  fu tu re , b u t  is p reh istory .

T h u s  th e  re p re se n ta tiv e  p h y s ic is t  is fa r  m o r e  h is o w n  c o n s ta n tly  

c h a n g in g  c r e a t io n  th a n  o r d in a r y  p erson s  h a v e  e v e r  b e e n . H is  sense o f  

b a la n ce  a n d  d ir e c t io n  c a n n o t  c o m e  fr o m  th e  tra d it io n a l p ast. I t  h as to  

c o m e  fr o m  a  n a tu ra l su re -fo o te d n e ss  o f  h is o w n — a n d  fr o m  th e  o rg a n ism  

o f  c o n te m p o r a r y  s c ie n ce  o f  w h ic h  h e  s tro n g ly  fee ls  h im s e lf a  p a rt . N o n e  

o f  th e  n o v e ls  o r  th e  rep resen ta tion s  in  th e  m ass m e d ia  w h ic h  I  h a v e  seen  

h a v e  p o r tra y e d  h im  w ith  su ccess, p e rh a p s  b e ca u se  th ey  m issed  th e  fa c t  

that this is th e  c o m p o n e n t  th a t rea lly  co u n ts .

T h o u g h  I  a m  r e fe r r in g  to  sta tistica l d a ta , th e  m a n  I  h a v e  se le cte d  to  

ty p ify  m y  co m m e n ts  is n o t  a  sta tistica l a v e ra g e  b u t  ra th e r  a  su m m a ry  o f  

traits, e a c h  o f  w h ic h  is w e ll-re p re se n te d  in  th e  p ro fe s s io n  a n d  a ll o f  

w h ich , tak en  to g e th e r , w ill b e  g e n e ra lly  a g re e d  to  a m o n g  ph ysicists as 

rep resen tin g  a  w o r th y  a n d  p la u s ib le  sp e c im e n . I  g o  in to  so m e  d e ta il,

40 1



p a rt ly  b e ca u s e  n o t  o n ly  th e  n ov e lists  b u t e v e n  th e  a n th ro p o lo g is ts  h a v e  

so  fa r  fa i le d  to  p e n e tra te  this p a r t  o f  th e  fo r e s t  to  p r o v id e  a  g o o d  d e 

s c r ip t io n  o f  th e  n e w  trib e . B u t I  a lso  w a n t  to  m a k e  a  b a s ic  p o in t  a b o u t  

th e  h u m a n e  q u a litie s  o f  tra in in g  a n d  p ro fe ss io n a l life . F irst o f  a ll, I  n o te  

th a t  o u r  m a n , like th e  m a jo r ity  o f  his co lle a g u e s , is y o u n g , p e rh a p s  

th ir ty -fiv e  years o ld , o r  ju st th re e  years sh ort  o f  th e  m e d ia n  a g e  o f  

fu llt im e -e m p lo y e d  scientists in  th e  U n ite d  S ta tes .7 E v e n  so , h e  has a l 

r e a d y  h a d  n in e  years o f  p ro fe ss io n a l e x p e r ie n ce  a n d  in cre a s in g ly  c re a tiv e  

w o r k , h a v in g  fin ish ed  his thesis a t th e  a g e  o f  tw e n ty -s ix , a fte r  a g r a d u a te  

stu d y  p e r io d  o f  a b o u t  fo u r  a n d  a h a lf  yea rs .8 I n  c o m p le t in g  th is w o r k , lik e  

25  p e r c e n t  o f  a ll p h y s ics  g r a d u a te  stu den ts  in  th e  c o u n tr y ,9 h e  w as su p 

p o r te d  b y  fe llo w sh ip s . D u r in g  his last tw o  yea rs  h e  w o r k e d  o n  a  re 

sea rch  assistan tsh ip , h e lp in g  a n  e x p e r im e n ta l g r o u p  in  th e  c o n s tr u c 

t io n  o f  a  n e w  typ e  o f  b e ta -ra y  s p e c tr o m e te r  a n d  s u b m itt in g  as h is thesis 

e a r ly  m ea su re m e n ts  h e  m a d e  w ith  it in  c o n n e c t io n  w ith  th is w o r k .10 

T h u s , lik e  the m a jo r ity  o f  g r a d u a te  stu d en ts  in  p h ysics , h is e d u c a t io n  

w as f in a n c e d  fr o m  th e  o u ts id e  a n d  p r o c e e d e d  w ith o u t  s ig n ifica n t  delays.

A ft e r  g r a d u a t io n , h e  h o p e d  to  o b ta in  a  p o s td o c to r a l  fe llo w s h ip — p e r 

h a p s  th e  best w a y  fo r  th e  rea lly  g o o d  s ch o la r  to  c o n s o lid a te  h is  g ra sp  o f  

h is m a te r ia l a n d  to  m a p  o u t  a fie ld  f o r  h im s e lf b e fo r e  p lu n g in g  in to  th e  

r o u tin e  o f  p ro fe ss io n a l life . B u t th ere  a re  n o t  y e t  e n o u g h  su ch  p r o g ra m s , 

a n d  h e  d id  n o t  re ce iv e  a n  a w a rd . H e  fo u n d  a  p o s it io n  a t a  m id d le -s iz e d  

u n ivers ity . I n  s e le c t in g  a c a d e m ic  l i fe — th e  o n ly  a s p e ct  o f  th e  p r o fe s s io n  

to  b e  tre a te d  h e re — h e  has b e c o m e  o n e  o f  a p p r o x im a te ly  8 ,0 0 0  ph ysicists  

in  c o lle g e s  a n d  u n iversities , as a g a in st tw ic e  as m a n y  w o r k in g  in  in d u stry  

a n d  h a lf  as m a n y  in  th e  g o v e r n m e n t .11

H e  k n o w s  fr o m  fo lk lo r e  th a t in  1945 th ere  w e r e  o n ly  a  fe w  rea lly  

g o o d  d e p a r tm e n ts  o f  p h y s ics  in  th e  U n ite d  S ta tes ; b u t  n o w  th ere  a re  

so m e  th irty  u n iversities  w ith  resea rch  p r o g r a m s  live ly  e n o u g h  to  y ie ld  

b e tw e e n  fiv e  a n d  fo r ty -th r e e  theses e a c h  y e a r ,12 a n d  th ere  a re  m a n y  

m o r e  g o o d  sm a ll d e p a rtm e n ts . T h e  a v a ila b ility  o f  fu n d s  h as h e lp e d  

to  sp re a d  e x c e lle n c e  in  b a s ic  resea rch  w id e ly  a n d  ra p id ly . H e  w o u ld  

h a v e  a n  e v e n  la rg e r  c h o ic e  in  lib e ra l arts co lle g e s , b u t  h e  has b e c o m e  

ra th e r  u sed  to  c o o p e r a t iv e  e x p e r im e n ta l resea rch  o f  th e  size a n d  w ith  th e  

to o ls  th a t a re  u su a lly  a ssoc ia ted  w ith  th e  la rg e r  u n iversities . S ig n ifica n tly  

e n o u g h , th ere  a re  tw ic e  as m a n y  p h y s ica l scientists o n  th e  fa cu lt ie s  o f  

u n iv ers ities  as in  lib e ra l arts c o l le g e s ; th ey  fo r m  a  la rg e r  fr a c t io n  o f  th e  

to ta l fa c u lty  o n  c a m p u s ; a n d — m ost im p o r ta n t  fo r  this p a r t ic u la r  e x -
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p e r im e n ta lis t— w h erea s  th e  a v e ra g e  lib era l arts c o lle g e  e m p lo y s  o n e  n o n 

fa c u lty  p ro fe ss io n a l s ta ff p e rso n  in  p h y s ica l s c ie n ce  fo r  ev ery  ten  p h y s ica l 

s c ie n ce  fa c u lty  m e m b e rs , a t th e  a v e ra g e  u n iversity  th e  p r o p o r t io n  is 

b e tte r  th a n  o n e  to  o n e .13 T h is  im p lies  m u c h  b e tte r  b a c k in g  fr o m  te c h n i 

c a l  p e rso n n e l in  u n iversities , p a r t ic u la r ly  f o r  th ose  in c lin e d  to  d o  la rg e - 

sca le  e x p e r im e n ta t io n ; h o w e v e r , th e  r a t io  in  so m e  c o lle g e s  w ill p r o b a b ly  

s o o n  im p r o v e , w h e n  th e  re g io n a l jo in t  fa c ilit ie s  n o w  b e in g  d e v e lo p e d  

a m o n g  co lle g e s  in  severa l areas are  c o m p le te d .

O u r  p h ysic ist has to  his c re d it  a  n u m b e r  o f  p u b lica t io n s — severa l short 

p a p e rs  a n d  o n e  lo n g  r e v ie w  p a p e r . H e  is c o n s id e r e d  a  p r o d u c t iv e  p e rso n , 

in terested  in  o n e  o f  th e  m a in  e x c ite m e n ts  (w h ic h  to  h im  has recen tly  

b e c o m e  a n  e x p e r im e n t  in  th e  fie ld  o f  h ig h -e n e r g y  p h y s ic s ) , a n d , to  som e  

d e g r e e  (less th a n  o n e  w o u ld  p e rh a p s  lik e ) in  his u n d e r g r a d u a te  stu 

den ts. T h e s e  h e  m eets  re la tiv e ly  ra re ly  b y  th e  s ta n d a rd s  o f  h is p re d e ce s 

sors. O n e  fo r m a l le c tu re  co u rse , m o r e  ra re ly  tw o , is a  ty p ica l class s ch e d u le  

f o r  a  p h y s ics  p ro fe sso r  a t a  m a jo r  u n iv e rs ity ; it a llo w s  su ffic ien t t im e  fo r  

w o r k , fo r  c o n ta c t  w ith  g ra d u a te  stu den ts , a n d  fo r  th e  lo n g  sem in ars  

w ith  c o lle a g u e s  in  w h ic h  o n e  ca rries  o n  o n e ’ s c o n t in u in g  s e lf-e d u c a t io n . 

S u m m ers  a re  g iv e n  b y  m em b ers  o f  h is sm all g r o u p  to  resea rch  o n  th e  

sa m e c o n tr a c t  w ith  th e  g o v e r n m e n t  a g e n c y  th a t sp on sors  th e  p r o je c t .  

D u r in g  these m o n th s  th ere  m a y  b e  som e  e x tra  sa lary  f o r  fa c u lty  a n d  as 

sistants. W h e n  n ecessary , th ere  a re  trips to  o n e  o f  th e  seven  m a jo r  la b 

o ra to r ie s  s p o n so re d  b y  th e  A t o m ic  E n e rg y  C o m m is s io n  b u t  a d m in is te re d  

f o r  u n cla ss ified  a c a d e m ic  resea rch  b y  a  re g io n a l g r o u p  o f  u n ivers ities .14

T h e s e  c ir cu m sta n ce s , to  re p e a t , a re  n o t  ty p ica l o f  a ll scientists, b u t  

rep resen ta tiv e  o f  a  ty p e  o f  n e w  scien tist n o w  o ft e n  e n c o u n te r e d . W h a t  is 

e m e rg in g  is th e  p ic tu r e  o f  a  r e se a rc h -m in d e d  s ch o la r  w h o  lives  in  a  w o r ld  

th at has a rra n g e d  fa ir ly  a d e q u a te  s u p p o r t  to  h e lp  h im  ca rry  th r o u g h  his 

id eas w h e n e v e r  su ch  h e lp  is p oss ib le . T h is  h e lp  sh ow s u p  in  a  n u m b e r  o f  

o th e r  im p o r ta n t  ( o r  e v e n  q u ite  tr iv ia l)  w ays. F o r  e x a m p le , p o s td o c to r a l 

fe llow sh ip s  b r in g  g o o d  resea rch  ta len t a t n o  e x tra  co s t  to  th e  p r o je c t ,  fo r  

a  y e a r  o r  tw o  a t  a  tim e. O r  w h e n  a n  im p o r ta n t  a r t ic le  in  a  R u ss ia n -la n 

g u a g e  jo u r n a l a p p e a rs , it w ill b e  fo u n d  in  o n e  o f  th e  tra n s la tion  jo u r n a ls  

o f  th e  A m e r ic a n  In stitu te  o f  P h ysics .

A n  in s ig h t in to  th e  sou rces  fr o m  w h ic h  b a s ic -re se a rch  sp on sorsh ip  

u su a lly  co m e s  a n d  the p la ce s  w h e re  th e  w o r k  is d o n e  m a y  b e  o b ta in e d  

b y  a q u ic k  c o u n t  o f  th e  a ck n o w le d g m e n ts  c ite d  in  th e  p r o g r a m  abstracts 

fo r  a  r e ce n t  m e e tin g  o f  th e  A m e r ic a n  P h ysica l S o c ie ty .15 O f  th e  4 8 0
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p a p e rs  c o n tr ib u te d , 18 p e r c e n t  a re  fr o m  co lle g e s  a n d  u n iversities  w ith 

o u t  in d ic a t io n  o f  fo u n d a t io n  o r  g o v e r n m e n t  s u p p o r t ;  4 3  p e r c e n t  a c 

k n o w le d g e  su ch  s u p p o r t  ( f r o m  th e  N a t io n a l S c ie n c e  F o u n d a t io n , th e  

A t o m ic  E n e rg y  C o m m is s io n , th e  U n ite d  States A ir  F o r c e , th e  O ff ic e  o f  

N a v a l R e s e a rch , th e  N a t io n a l A e r o n a u t ic s  a n d  S p a c e  A d m in is tra t io n , 

o r  o t h e r s ) ; 21 p e r c e n t  a re  p a p e rs  o n  b a s ic  resea rch  d o n e  in  a n d  la rg e ly  

f in a n c e d  b y  in d u stry ; 16 p e r c e n t  w e r e  d o n e  in  g o v e r n m e n t  ( in c lu d in g  

n a t io n a l)  la b o ra to r ie s  b y  p e rso n s  e m p lo y e d  th e r e ; a n d  th e  re m a in in g  2 

p e r c e n t  in c lu d e  sp on sorsh ip  fr o m  p r iv a te  fo u n d a t io n s  su ch  as S lo a n  a n d  

F o r d .

O u r  m a n ’ s fe d e r a lly  fu n d e d  c o n tr a c t ,  th e re fo re , is f in a n ce d  q u ite  

ty p ic a lly ; it is n o t  a  la rg e  c o n tr a c t ,  a n d  o f  c o u r s e  n o  p a r t  o f  th e  w o r k  is 

h a m p e r e d  b y  restr iction s  o n  p u b lic a t io n  n o r , in d e e d , d o e s  it  h a v e  an y  

d ir e c t ly  fo r e s e e a b le  a p p lica t io n s  to  d e fe n se  a c t iv it ie s .16 T h e  a m o u n t  o f  

th e  g ra n t  a v a ila b le  to  o u r  m a n  a n d  to  a  se n io r  c o l le a g u e  a n d  c o lla b o r a to r  

w h o  is a c t in g  as “ p r in c ip a l in v e s tig a to r ”  is p e rh a p s  $ 4 6 ,0 0 0  fo r  a  tw o -  

y e a r  p e r io d . A b o u t  h a lf  this su m  is fo r  th e  p u rc h a s e  a n d  c o n s tr u c t io n  o f  

e q u ip m e n t ; th e  rest is la rg e ly  f o r  serv ices, in c lu d in g  g r a d u a te  s tu d en t 

resea rch  assistants. T h o u g h  th e  o r ig in a l re q u e st  f o r  fu n d s  w a s  co n s id e r 

a b ly  c u t , th ere  is e n o u g h  to  p a y  f o r  so m e  w o r k  b y  th e  m a c h in e  sh o p , 

e le c tro n ic s  te ch n ic ia n s , se cre ta ria l h e lp , th e  d ra fts m a n ’ s o ff ic e  o r  th e  

p h o to g r a p h e r , a n d  fo r  p u b lic a t io n  a n d  re p r in t  ch a rg es . T h e  c o n t r a c t  

s u p p o r t , th e r e fo r e , is a d e q u a te .

O u r  p h ysic ist is b e tte r  o f f  th a n  a  c o n s id e r a b le  n u m b e r  o f  o th e r  a c a 

d e m ic  ph ysicists in  less c o n v e n ie n t  c ir cu m sta n ce s . M a n y , in  sm a ller  

c o lle g e s  p a rt icu la r ly , are  h a rd -p re sse d . A n d , o n  th e  o th e r  h a n d , this m a n  

is p e rh a p s  n o t  d iffe r e n t ly  s itu a ted  fr o m  m a n y  a n  e q u a lly  ta le n te d  a n d  

p r o d u c t iv e  y o u n g  m a n  o r  w o m a n  in  fie ld s  o u ts id e  th e  scien ces . N o n e 

theless, it is c le a r  b y  th e  s ta n d a rd s  o f  th e  r e ce n t  p a st  in  p h y sics  itse lf th a t 

h e re  is a  n e w  ty p e  o f  sch o la r . I n d e e d , h e  a n d  e a c h  o f  m a n y  co lle a g u e s  

lik e  h im  has a v a ila b le  f o r  l i fe  th e  secu rity , m ea n s , a n d  fr e e d o m  to  d o  re 

s e a rch  th a t A lfr e d  N o b e l  h o p e d  to  g iv e  b y  h is  p r iz e  to  th e  fe w  o u ts ta n d 

in g  p e rso n s  in  th e  fie ld . M o s t  s ig n ifica n tly , o u r  n e w  scien tist is  n e w  in  

th at h e  d o e s  n o t  r e g a r d  h im s e lf as e s p e c ia lly  p r iv ile g e d . T o  b e  sure, th ere  

is m u c h  a n x ie ty  at e a ch  a p p lic a t io n  fo r  n e w  o r  re n e w e d  fu n d in g  fo r  

resea rch  s u p p o r t , a n d  th ere  m a y  b e  p e r io d s  o f  rea l sca rc ity . B u t o n  th e  

w h o le  th e  fa c ilit ie s  f o r  d o in g  c re a tiv e  w o r k  a re  b e in g  a c c e p te d  a n d  u sed  

b y  h im  w ith o u t  se lf con sciou sn ess .

40 4



M O D E L S  FO R  U N D E R S T A N D I N G  T H E  G R O W T H  O F  R E S E A R C H

T h is  is th e p o in t . F o r  w h a te v e r  reason s, r ig h t o r  w r o n g , th a t so c ie ty  

h as ch o se n  to  m a k e  this p oss ib le , th e  c ir cu m sta n ce s  ex ist f o r  g e tt in g  

sch o la r ly  w o r k  d o n e  b y  m o r e  p e o p le  th a n  m ig h t  o th e rw ise  d o  it, a n d  fo r  

p r o v id in g  h u m a n e  c o n d it io n s  o f  tra in in g  fo r  th e  o n c o m in g  g e n e ra tio n .

T h e r e  are  at o n c e  a  n u m b e r  o f  u rg e n t  o b je c t io n s , o f  cou rse . O n e  m ig h t  

say th at it is n o t  d iff ic u lt  to  c o n s tru ct  u to p ia s  f o r  a n y  fie ld , g iv e n  e n o u g h  

m o n e y . O n  th e  o n e  h a n d , th e  m o n e y  in v o lv e d  is n o t  so  la rg e  th a t a  

m a jo r  c o u n tr y  c a n n o t  easily  a f fo r d  it, a n d  th e  a m o u n t  sm a ll o n  a n y  

sca le  e x c e p t  th a t o f  d e p re ss io n -re a re d  e x p e r ie n c e  o r  th e  s ta rv a tio n - 

o r ie n te d  p ra c t ice s  in  a ll t o o  m a n y  o th e r  e q u a lly  w o r th y  fie ld s  o f  s ch o la r 

s h ip ;17 o n  th e  o th e r  h a n d , th is is n o t  a  p a p e r  u to p ia , b u t  a w o r k in g  

system  f o r  e m p lo y in g  p e o p le ’ s m in d s  a n d  h a n d s  in  th e  t im e -h o n o r e d  

m ission  o f  a d d in g  t o  th e  su m  o f  th e  k n o w n .

A lte rn a tiv e ly , th e  o p p o s ite  o b je c t io n  m a y  b e  h e a r d : th a t rea lly  g o o d  

id eas d o  n o t  flou rish  w ith o u t  a n  e le m e n t o f  p e rso n a l h a rd sh ip . B u t, d e 

sp ite  th e  su p p o r t  in te n d e d  b y  w e ll-k n o w n  stories (t r u e , fa lse , a n d  sen ti 

m e n ta liz e d ) ,  th e  e v id e n c e  n o w  is a lto g e th e r  th e  o th e r  w a y  r o u n d . T h e  

o n c e -in -a -g e n e r a t io n  id eas m a y  still, as a lw ays , c o m e  fr o m  th e  m o st  u n 

e x p e c te d  p la c e s ; yet, th r o u g h o u t  h istory , tra n s fo rm in g  id ea s , as w e ll as 

g re a t  id eas o n ly  o n e  m a g n itu d e  less h ig h , h a v e  n o t  a p p e a r e d  in  s c ie n ce  

a t  a  ra te  e q u a l t o  a  fr a c t io n  o f  th e  p resen t ra te . T h e  sa cr ifice  im p lie d  b y  

th e  su m  o f  th ou sa n d s  u p o n  th ou sa n d s  o f  w r e tc h e d  stu d en t a n d  resea rch  

years u n d e r  in a d e q u a te  c o n d it io n s  in  th e  p a st c a n  su re ly  b e  n o  sou rce  

o f  sa tis fa ction , e v e n  i f  th e  a d d it io n a l e x p e n d itu re s  h a d  n o t , a fte r  a ll, 

sh o w n  a  b e tte r  y ie ld  in  sc ie n ce . I  su sp ect th a t a n o th e r  M a r ie  C u r ie , a  

K e p le r , e v e n  a  R o g e r  B a c o n , w o u ld  n o t  b e  d a m a g e d  b y  m o r e  h e lp , o r  

b y  th e  a v a ila b ility  o f  c o o p e r a t iv e  resea rch  fa c ilit ie s  f o r  th ose  in c lin e d  to  

use th em .

I  w ill re fra in  fr o m  e la b o r a t in g  o n  th e  p o in t  th at th e  n e w  scien tist n o w  

seem s to  h a v e  at least as m u c h  t im e  a n d  e n e r g y  fo r  o th e r  so c ia lly  v a lu 

a b le  activ ities  as p re v io u s  g e n e ra tio n s  d id . B eca u se  in  th em selves  th ey  

a re  e ith er  n o t  n e w  o r  n o t  in tr in s ica lly  u n a v o id a b le  p a rts  o f  the p resen t 

p a tte rn  o f  sc ie n ce , I  shall e q u a lly  re fra in  fr o m  e la b o r a t in g  h ere  som e  

o f  th e  persistent a n d  w e ll-k n o w n  c o m p la in ts  ra ised  b y  scientists th e m 

se lv es : th e  v o lu m e  o f  m a te ria l to  d ig est, th e  im b a la n ce  b e tw e e n  d iffe r e n t  

sp ecia l fie lds, th e  e n c r o a c h m e n t  o f  b u re a u cra cy  a n d  o f  m ilita ry  te c h 

n o lo g y , th e  n e e d  fo r  k e e p in g  som e  “ b ig  s c ie n c e ”  e ffo r ts  b ig  a n d  in  th e
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n ew s b y  a r tific ia l m ea n s , the usu al d ifficu lty  o f  f in d in g  p erson s o f  rea l 

ju d g m e n t  to  b e  ad v isers  o r  to  h e lp  ru n  th e  s c ie n tific  o rg a n iza tio n s  th e m 

selves, a n d  th e  p o v e r ty  o f  m a n y  te a c h in g  e ffo r ts .18

I  sh a ll a lso  n e g le c t  h ere  th e  o c ca s io n a l p ira te  w h o  is d ra w n  to  th e  

sc ie n tific  fie ld , as in  ea rlie r  tim es a  m a n  o f  ta len t w ith  a  lik e  sou l w o u ld  

h a v e  fo u n d  s c o p e  f o r  h is asp ira tion s in  th e  serv ice  o f  a  q u e e n  o r  a  B o n i 

fa c e  I I I .  T h e  o b lig a t io n s  a n d  o p p o rtu n it ie s  o f  p o w e r  a n d  all it entails  

n o w  lie  o n  m a n y  o f  th e  m ost  o u ts ta n d in g  scientists, a n d  ab u se  is e x 

c e e d in g ly  ra re .19

T h e r e  rem a in s  a  th ird  m a jo r  o b je c t io n . H a s  this u se fu l a n d  o fte n  

p lea sa n t a rra n g e m e n t n o t  b e e n  b o u g h t  a t to o  h ig h  a  p r ic e ?  I t  is p o p u 

la r ly  su sp ected  th a t s o m e w h e re  in  the b a c k g r o u n d  th ere  is a  g r o u p  o f  

h ig h  m ilita ry  o ffice rs  w h o se  in terest a n d  d e c is io n  u ltim a te ly  c o n t r o l ,  

fr o m  y e a r  to  yea r, w h e th e r  o r  n o t  a c a d e m ic  resea rch  shall flou r ish , ju s t  

as th e  R e n a issa n ce  p a tr o n  d e te r m in e d  w h e th e r  th e  s tu d io  w o u ld  c o n 

t in u e  o r  n o t . I t  is n o t , a fte r  a ll, o n ly  th e  in tr in s ic  m e rit  o f  th e  s u b je c t  

th a t n o w  g iv es  it v ig o ro u s  life , b u t  a lso  th e  w e a p o n s -a sp e c t  o f  its o c 

ca s io n a l b y -p r o d u c t , v ig o ro u s ly  e x p lo ite d  b y  a p p lie d  scientists a n d  e n 

g in eers  in  in d u stry  a n d  g o v e r n m e n t .

T h is  is o f  co u rse  fr ig h te n in g  a n d  c o n fu s in g  g r o u n d . I n  p a r t  these 

w id e ly  h e ld  c o n c e p t io n s  a re  n o t  tru e , o r  at least n o  lo n g e r  tru e. T h e  in 

f lu e n c e  o f  g o v e r n m e n t  (p a r t ic u la r ly  th a t o f  th e  m ilita ry  b r a n c h )  o n  

s c ie n ce  has n o t  b e e n  w ith o u t  a n  e ffe c t  in  th e  o p p o s ite  d ire c t io n . A s  som e  

scientists h a v e  b e c o m e  in cre a s in g ly  e f fe c t iv e  a n d  tru sted  in  th e ir  ro les as 

a d v isors , a  n o t ic e a b le  e d u c a t iv e  in flu e n ce  has m a d e  itse lf fe lt  in  W a s h 

in g to n . I n d e e d , it is n o w a d a y s  m o re  ty p ica l f o r  sc ie n tific  a d v isors  to  

try  to  tu rn  o f f  w h a t  a p p e a r  to  b e  h astily  c o n c e iv e d  p r o je c ts  in it ia te d  b y  

the P e n ta g o n .

A n d  yet, th e  d e e p e r  in te n t o f  th e  o b je c t io n  c a n n o t  b e  e ith e r  d is p ro v e d , 

o r  e v a d e d , o r  su sta in ed . I t  is a t th e  sam e t im e  b itte r ly  tru e  a n d  fa lse , as 

w o u ld  b e  a  re fu sa l to  sa n ct io n  th e  ris in g  s ta n d a rd  o f  liv in g  in  o u r  p res 

en t , a r t ific ia lly  in fla te d  e c o n o m y . T h e  p r o b le m  p o s e d  is a t  b o t to m  th e  

sam e fo r  th e  a c a d e m ic  scientists as it is f o r  a n y o n e  fr o m  g r a m m a r  s ch o o l 

te a ch e r  to  leg is la tor  w h o  p a rt ic ip a te s  in  th e  l i fe  o f  a  n a t io n  w h ic h  is so 

c lo se ly  g e a re d  to  a n  arm s ra ce . (O n e  suspects th at i f  t o m o r r o w  it w e re  

d is c o v e r e d  h o w  to  d estroy  m u lt itu d e s  b y  r e c it in g  p o e m s , th e  physicists 

w o u ld  h a v e  to  m o v e  in to  th e  garrets, a n d  p o e ts  w o u ld  b e  e n t ic e d  in to  

th e  la b o r a to r y  s p a ce .)  B u t w h ile  th e  h o p e  o f  g a in in g  in d ire c tly  m ilita ry
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b en efits  fr o m  b a s ic  s c ie n ce  m o tiv a te s  th e  F e d e ra l a g en cies  th at s u p p o r t  

ph ysics , th e  la rg e  m a jo r ity  o f  a c a d e m ic  scientists th em selves  h a v e  c le a r ly  

d e c la r e d  a g a in  a n d  a g a in  th e ir  eagern ess to  w o r k  to w a rd  a  p e a c e fu l 

re so lu tio n  o f  th e  crisis  th a t is to  a  d e g r e e  resp on s ib le  fo r  th e  h ig h  lev e l 

o f  th e ir  su p p o rt . I n  fa c t , it is la rg e ly  fr o m  th e  w o r k  o f  su ch  scientists th at 

o n e  m a y  h o p e  fo r  th e  d e v e lo p m e n t  o f  id ea s , u n d e rs ta n d in g , a n d  te c h 

n iq u es  th at w ill h e lp  in  a c h ie v in g  w h a t  m a n k in d  n e v e r  b e fo r e  to o k  to  b e  

a  serious task, th e  c o n t r o l  o f  a rm a m e n ts  a n d  o f  in te rn a tio n a l a g gress ion .

R e q u ir e m e n ts  f o r  G r o w th : M o b il i ty , O rg a n iz a tio n , L e a p fr o g g in g

W h ile  it  w o u ld  n o t  b e  e ith er  p oss ib le  o r  n ecessary  in  th is c o n te x t  to  

d e scr ib e  in  d e ta il th e  resea rch  p r o je c t  th a t en g a g e s  o u r  p h ysic ist ’ s a t 

ten tion , let us tu rn  f r o m  h is p erson a l b a c k g r o u n d  to  th e  g e n e ra l ru les o f  

a c t io n  o f  th e  p ro fe ss io n . W e  le a v e  h im  as h e  is c o n te m p la t in g  a  p oss ib le  

m o d if ic a t io n  in  th e  use o f  a  liq u id -h y d r o g e n  b u b b le  c h a m b e r , a  d e v ic e  

fo r  m a k in g  a p p a re n t  th e  p a ssa ge  o f  e le m e n ta ry  p a rtic le s  su ch  as th ose  

g e n e ra te d  in  a cce le ra to rs . T h e  tr ig g e r in g  e v e n t  fo r  this th o u g h t  w as a  

b r ie f  a rtic le , the h e a d in g  o f  w h ic h  is d u p lic a te d  in  F ig u re  1.

I t  w ill b e  in stru ctiv e  to  stu d y  th is fig u re  w ith  ca re . I t  c o n ta in s  a  g rea t 

d e a l o f  in fo r m a t io n  a b o u t  th e  m e ta b o lism  o f  a  liv e ly  fie ld  o f  sch o la rsh ip , 

d e n o te d  e v e n  in  th e  v e ry  n a m e  o f  th e  jo u r n a l. T h e  P h y s i c 6 l  R e v i e w  

is p e rh a p s  th e  d e fin it iv e  p h ysics  jo u r n a l in  A m e r ic a , th o u g h  it  is o n ly  o n e  

o f  th e  m a n y  g o o d  jo u r n a ls  in  w h ic h  b a s ic  resea rch  in  ph ysics  is p u b 

lish ed . I n  1958 , th e  sh eer  b u lk  (7 ,7 0 0  p ages in  th a t y e a r ) ,  th e  c o n t in u 

in g  rate  o f  e x p a n s io n , a n d  th e  d e la y  b e tw e e n  th e  r e ce ip t  a n d  p u b lic a t io n  

o f  artic les  m a d e  it n ecessary  to  d e ta c h  fr o m  th e  P h y s i c 6 l  R e v i e w  th e  

“ L etters  to  th e  E d ito r ,”  in  w h ic h  b r ie f  c o m m u n ic a t io n s  a re  m a d e . T h is  

resu lted  in  th e  sep a ra te , q u ic k ly  p r in te d , s e m im o n th ly  p u b lica t io n , 

P h y s i c 6 l  R e v i e w  L e t t e r s . T h e  a r t ic le  in d ic a te d  in  F ig u re  1 c a m e  o u t  

a  m o n th  a fte r  its r e c e ip t ; u n d e r  th e  o ld e r  system  it m ig h t  h a v e  taken  

tw ice  as lo n g .

W h y  is this sp eed  so  im p o r ta n t?  O n e  e x p la n a t io n  c o u ld  b e  th at this 

p ro fe ss io n  is m a d e  u p  o f  f ie rce ly  c o m p e t it iv e  p e o p le . I t  is tru e  th at eg os  

a re  s tro n g  a n d  c o m p e t it io n  n a tu ra lly  p resen t. B u t in  th e  U n ite d  S tates, 

a t least, it p ro ce e d s  in  a  lo w  k e y ; p e rso n a l re la tion sh ip s , th o u g h  p e rh a p s  

la ck in g  so m e  c o lo r  a n d  w a rm th , a re  a lm o st  in v a r ia b ly  fr ien d ly .

T h e r e  a re  th ree  e x p la n a tio n s  fo r  this fa c t . F irst, th e  a u th o r ity  o f  sc ien -

40 7



V o l u m i  7, N u m b e r  6 P H Y S I C A L  R E V I E W  L E T T E R S S i f t z m b b r  15, 1^61

HELICITY OF THE PROTON FROM A DECAY*

J* Leitner, L. Gray, E/Harth, S. Lichtman, and J. Westward 
Syracuse University, Syracuse, New York

M. Block, B. Brucker, A* Engler, R, GessaroU, A. Kovacs, T. Kikuchl, and C. Meltzer 
Duke University, Durham, North Carolina

H. O. Cohn and W. Bugg
Oak Ridge National Laboratory* Oak Ridge, Tennessee

A* Pevsner, P, Schlein, and M. Meer 
Johns Hopkins University, Baltimore, Maryland

and

N. T . Grlnelllnl, L. Lendlnara, L. Monari, and G. Puppl 
University of Bologna, Bologna, Italy 

(Reoeived August 16. 1961V

•This research Is supported In part by the Office of 
Naval Research, 'U. S. Atomic Energy Commission,
Office of Scientific Research, and the National Science 
Foundation,
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L e t t e r s , 7 :2 6 4 , 1961.

t ific  a rg u m e n t d o e s  n o t  lie  in  p e rs o n a l p ersu asiven ess  o r  in  p e rso n a l 

p o s it io n  b u t  is in d e p e n d e n t ly  a v a ila b le  to  a n y o n e . S e c o n d , th ere  is th e  

g e n e ra l lo y a lty  to  th e  c o m m o n  en terp rise , m e n t io n e d  p re v io u s ly . A n d  

m o st  im p o r ta n t ly , scientists as a  g r o u p  seem  to  b e  s e lf-se le cte d  b y  a  

m e ch a n is m  th a t o p p o se s  ag gressive  c o m p e t it io n . A n n e  R o e ,  in  su m m a r 

iz in g  h e r  lo n g  stu d ies in  this fie ld , r e p o r ts  in  a n  essay, T h e  P s y c h o lo g y  o f  

S c ien tis ts :

T h eir  interpersonal relations are generally o f  low  intensity. T h ey  are reported 

to be  ungregarious, not talkative— this does not apply  to  social scientists— and 

rather asocial. T h ere  is an apparent tendency to fem ininity in highly original 

m en, and to m asculinity in highly original w om en; bu t this m ay be a cultural 

interpretation o f  the generally increased sensitivity o f  the m en and the intel

lectual capacity and interests o f  the w om en. T h ey  dislike interpersonal con 

troversy in any form  and are especially  sensitive to interpersonal aggression.20

T h u s  th e  th e o ry  o f  ag gressive  c o m p e t it io n  is n o t  lik ely  to  b e  c o r r e c t  

in  e x p la in in g  th e  sp e e d  o f t e n  fe lt  to  b e  n ecessary . R a th e r , o n e  m u st lo o k  

to  o th e r  causes. I  w ill se le ct  tw o  q u ite  o b v io u s  o n es , w h ic h  seem  to  m e  

a m o n g  th e  m ost  im p o r ta n t . O n e  is th e  in ten se  in terest in  w h a t  h as b e e n  

fo u n d . T h e  o th e r  is th e  n a tu ra l desire  n o t  to  b e  s c o o p e d  b y  o th e r  g ro u p s  

k n o w n  to  b e  in terested  in  th e  sa m e  to p ic .  A n d  h e re  it  is im p o r ta n t  to
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n o te  a  m a jo r  ca u se  f o r  this p oss ib ility— th e  fa c t  th a t resea rch  is u su a lly  

ca rr ie d  o u t  in  th e  o p e n . I t  w o u ld  b e  m ost  u n u su a l f o r  a  ty p ica l a c a d e m ic  

p h ysicist n o t  to  in stru ct  a n y  v is ito r  w h o  shares h is in terests o n  th e  d e 

ta iled  cu rre n t  status o f  h is resea rch , e v e n  if ,  a n d  p rec ise ly  b e ca u se , this 

sa m e v is ito r  is w o r k in g  o n  th e  sa m e  “ h o t ”  le a d . T h is  p r in c ip le  o f  o p e n 

ness is o n e  o f  th e  b a s ic  asp ects  o f  th e  sc ien tific  eth os .

W e  n o w  re a d  th e  n a m es  o f  th e  a u th ors  g iv e n  in  F ig u re  1, a n d  a re  

p e rh a p s  su rp rised  b y  th e ir  n u m b e r . T o  b e  sure, a  c o m m o n e r  n u m b e r  o f  

c o lla b o r a to rs  w o u ld  b e  tw o , th ree , o r  fo u r , a lth o u g h  ten  p e r c e n t  o f  th e  

au th ors  o f  th e  o th e r  p a p e rs  in  th e  sa m e  issue o f  th e  jo u r n a l a re  so le  

a u th ors . Y e t  it is n e ith e r  th e  lo n g e st  list o f  a u th o rs  to  b e  fo u n d , n o r  is  it 

u n rep resen ta tiv e . H e r e  let m e  s ign a l th ree  p o in ts . O n e  is th e  c o o p e r a t io n  

in  resea rch  th a t is im p lie d  w ith in  e a c h  g r o u p , as w e ll as a m o n g  w id e ly  

d isp ersed  g r o u p s ; a n o th e r  is  th e  d is tr ib u tio n  in  th is c o u n tr y  (a n d  in 

d e e d  in te rn a tio n a lly ) o f  th e  c o o p e r a t in g  en terprises (s o m e  lo n g  estab 

lish ed , o th ers  n o t  k n o w n  as little  as tw e n ty  years a g o  to  h a v e  h a d  s tro n g  

resea rch  in terests  in  p h y s ic s ) ; th e  th ird  is th e  a u th o rs ’ rem a rk a b ly  

h e te ro g e n e o u s  b a ck g r o u n d s  th a t a re  im p lie d . T h e  list o f  n a m es  m ak es 

th e  p o in t  m o re  b lu n tly  th a n  c o u ld  a n y  c o m m e n t  o f  m in e .

T h is  last p o in t  is p e rh a p s  th e  m o st  im p o r ta n t  o f  these fa c to r s  in  e x 

p la in in g  th e  g r o w th  o f  s c ie n ce  in  o u r  tim e . N o w h e r e  else c a n  o n e  fin d  a  

b e tte r  e x p e r im e n ta l  v e r ifica t io n  o f  th e  g e n e ra l w o r th  o f  th e  d e m o c r a t ic  

d o c tr in e , w h ic h  is o fte n  u tte re d  b u t  ra re ly  tested  seriously . S o c ia l a n d  

g e o g r a p h ic  m o b ility  in  a  fie ld  o f  w o rk , as in  so c ie ty  itse lf, is th e  essential 

p rereq u is ite  fo r  a  fu ll e x p lo ita t io n  o f  in d iv id u a l ta len t. T h e  su ccess o f  

c o n te m p o r a r y  s c ie n ce  a ll o v e r  th e  w o r ld  d esp ite  th e  g re a t  v a rie ty  o f  

so c ia l a n d  p o lit ic a l settings is m e re ly  a  str ik in g  case  stu d y  o f  this p r o p o 

s it io n .21

T h e  g a th e r in g  o f  ta len t b r in g s  n o t  m e re ly  rew a rd s  p r o p o r t io n a te  to  

th e  a m o u n t  o f  ta len t b u t  a lso  rew a rd s  th at a re , a t  least in  th e  ea rly  stages 

o f  a  n e w  fie ld , n o n lin e a r  a n d  d is p ro p o r t io n a te . I n  o th e r  w o rd s , th e  c o n 

tr ib u tion s  o f  n rea lly  g o o d  p erson s  w o r k in g  in  re la te d  areas o f  th e  sam e 

fie ld  a re  likely  to  b e  la rg er  ( o r  b e t te r )  th a n  n tim es th e  c o n tr ib u t io n  o f  

an y  o n e  o f  th em  a lo n e  in  th e  fie ld . T h is  is tru e  o f  a  g r o u p  as w e ll as o f  

in d iv id u a ls  w h o  d o  n o t  w o r k  in  p h y s ica l p r o x im ity  to  o n e  a n o th e r .

W ith  resp ect to  the fo r m e r , th e  p a r t ic u la r  w a y  g r o u p  w o r k  o r  c o 

o p e r a t iv e  resea rch  fu n c t io n s  w as lo n g  a g o  d is c o v e r e d  a n d  e x p lo ite d  b y  

in d u stria l la b o ra to r ie s  a n d  by  m e d ic a l research ers. A lth o u g h  so m e  g r o u p
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resea rch  ex is ted  as fa r  b a c k  as th e  sev en teen th  ce n tu ry , a n d  b e g in n in g s  

o f  c o o p e r a t iv e  resea rch  e v e n  o n  s o m e th in g  like  th e  p resen t s ca le  o f  

g r o u p s  h a d  b e e n  m a d e , n o ta b ly  in  th e  C a v e n d is h  L a b o r a to r y  a n d  E . O .  

L a w r e n c e ’ s la b o ra to ry  at B erk eley , ph ysicists d id  n o t  rea lly  u n d e rs ta n d  

its fu ll m erits  u n til th e  c re a tio n  o f  th e  W o r ld  W a r  I I  la b o ra to r ie s  (th e  

M a n h a tta n  D is tr ict , th e  M assa ch u setts  In stitu te  o f  T e c h n o lo g y  R a d ia 

t ion  L a b o r a to r y , th e  H a r v a r d  R a d a r  C o u n te rm e a su re s  L a b o r a to r y , a n d  

o t h e r s ) .  N o t  o n ly  d id  th ey  lea rn  w h a t  it m ea n s  to  d o  s c ie n ce  w h e n  th e  

rest o f  so c ie ty  is rea lly  b a c k in g  s c ie n ce  (a  lesson  n o t  f o r g o t t e n ) ; m o r e  

p a rt icu la r ly , th ey  d is c o v e r e d  h o w  to  w o r k  to g e th e r  in  g ro u p s , d esp ite  

th e  fa c t  th a t a  m e m b e r  m a y  b e  n e ith er  p a rt icu la r ly  in c lin e d  to  g r e g a r 

iousness n o r  e v e n  in fo r m e d  in  d e ta il o n  the s u b je c t  o f  h is n e ig h b o r ’s 

sp e c ia liza t io n .

W h a t  to o k  p la c e  h ere  w as a n a lo g o u s  to  im p e d a n c e  m a tc h in g , th e  

m e th o d  b y  w h ic h  an  e le c tro n ics  e n g in e e r  m e d ia te s  b e tw e e n  th e  d iffe r e n t  

c o m p o n e n ts  o f  a  la rg e r  system . T h a t  is, sp e c ia l c o u p l in g  e lem en ts  a re  

in tr o d u c e d  b e tw e e n  a n y  tw o  sep a ra te ly  d e s ig n e d  c o m p o n e n ts , a n d  these 

a l lo w  cu rre n t  im p u lses  o r  o th e r  m essa ge  un its to  pass sm o o th ly  fr o m  

o n e  to  th e o th e r . S im ila r ly , in  these q u ic k ly  a ssem b led  g r o u p s  o f  p h y s i 

cists, ch em ists , m a th e m a tic ia n s , a n d  en g in eers , it  w as fo u n d  th a t th e  

in d iv id u a l m e m b e rs  c o u ld  lea rn  e n o u g h  o f  som e  o n e  fie ld  to  p r o v id e  

im p e d a n c e  m a tc h in g  to  o n e  o r  a  fe w  o th e r  m e m b e rs  o f  th e  g r o u p . T h e y  

c o u ld  thus c o m m u n ic a te  a n d  c o o p e r a t e  w ith  o n e  a n o th e r  so m e w h a t  o n  

th e  m o d e l o f  a  s trin g  o f  d if fe r e n t  c ir c u it  e lem en ts  c o n n e c te d  in  o n e  

p la n e , e a c h  e le m e n t b e in g  w e ll e n o u g h  m a tc h e d  to  its im m e d ia te  n e ig h 

bors  to  p e r m it  th e  system  to  a c t  h a rm o n io u s ly . W h ile  a n  a p p lie d  o r g a n ic  

ch em ist, say, a n d  a  p u r e  m a th e m a tic ia n , b y  th em selves , m a y  n o t  u n d e r 

s tan d  e a c h  o th e r  o r  fin d  a n y th in g  o f  c o m m o n  in terest, th e  a d d it io n  o f  

severa l ph ysicists  a n d  e n g in eers  to  this g r o u p  in creases  th e  e ffe ct iv e n e ss  

o f  b o th  ch e m ist  a n d  m a th e m a tic ia n , i f  e a c h  scien tist is su ffic ien tly  in 

terested  in  le a rn in g  so m e th in g  n ew .

T h a t  this system  w o r k e d  w a s  a  rea l d is co v e ry , f o r  th e  in d iv id u a l re 

cru its  h a d  c o m e  la rg e ly  w ith o u t  a n y  e x p e r ie n c e  in  g r o u p  resea rch . A n d  

w h ile  d u r in g  th e  w a r  th e  system  o f  c o o p e r a t iv e  resea rch  w as tr ied  o u t  

su ccess fu lly  o n  a p p lie d , o r  “ m is s io n -d ir e c te d ,” 22 resea rch  o n  a  la rg e  

sca le , it  w as c o n t in u e d  a fte r  the w a r  in  m a n y  p la ce s  in  ba sic  s c ie n ce , a t 

first o n  a  m u c h  sm a ller  sca le— a n d  it w as still fo u n d  to  w o rk  to  g re a t  a d 

v a n ta g e .
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A n o th e r  a n d  e v e n  m o re  im p o r ta n t  e f fe c t  o f  g r o u p  w o rk  o n  th e  g r o w th  

o f  a  fie ld  exists a m o n g  ea g e r  g r o u p s  in  the sa m e  fie ld  w h o  are , h o w e v e r , 

n o t  s id e  by  side b u t  lo c a te d  at so m e  d ista n ce  fr o m  o n e  a n o th e r . O n e  re 

sea rch  te a m  w ill be  bu sy e la b o ra t in g  a n d  im p le m e n tin g  a n  id e a — u su ally  

th a t o f  o n e  m e m b e r  o f  the g r o u p , as w as th e  case  w ith  e a ch  o f  th e  early  

a cce le ra to rs— a n d  th en  w ill w o rk  to  e x p lo it  it fu lly . T h is  is lik e ly  to  take 

fr o m  tw o  to  five  years. In  th e  m e a n tim e , a n o th e r  g r o u p  c a n  lo o k , so  to  

sp eak , o v e r  th e  h ea d s  o f  th e  first, w h o  are  b e n t  to  th e ir  task, a n d  see b e 

y o n d  th em  an  o p p o r tu n ity  f o r  its o w n  a ctiv ity . B u ild in g  o n  w h a t  is 

a lre a d y  k n o w n  fr o m  th e  yet in c o m p le te ly  e x p lo ite d  w o r k  o f  th e  first 

g r o u p , th e  s e co n d  h u rd les  th e  first a n d  establishes itse lf in  n e w  territory . 

P rogress  in  p h y sics  is m a d e  n o t  o n ly  b y  m a r c h in g , b u t  e v e n  b e tter  b y  

le a p fr o g g in g .

W e  c a n  tu rn  fo r  a  sp e c ific  illu stra tion  to  a cce le ra to rs , n o t  b e ca u se  th ey  

are  g la m o r o u s  o r  u n iq u e , b u t b e ca u se  q u a n t ita t iv e  d a ta  are  easy to  fin d  

th ere . E rn est R u th e r fo r d  su ggested  in  1927 th a t th e  n u cle u s  sh o u ld  b e  

e x p lo r e d  by  b o m b a r d in g  it w ith  a rtific ia lly  a c c e le r a te d  p a rtic les , b e 

cau se  th e  n a tu ra l p r o je c t ile s  a v a ila b le  fr o m  r a d io a c t iv e  sou rces  are 

n e ith e r  co n t in u o u s ly  c o n tr o lla b le  in  sp eed  n o r  o f  h ig h  e n o u g h  en erg y . 

T h is  g a v e  rise a t th e  C a v e n d is h  L a b o r a to r y  in  th e  ea rly  1 9 30 ’ s to  th e  

d es ig n  a n d  c o n s tr u c t io n  b y  J. D . C o c k c r o f t  a n d  E . T .  S. W a lt o n  o f  a n  

a c c e le r a to r  f o r  p ro to n s . Its  first su ccess fu l o p e r a t io n  is rep resen ted  b y  a  

b la c k  c ir c le  n e a r  th e  le ft  e d g e  o f  F ig u re  2 .23 I m p r o v e m e n ts  s in ce  th en  

h a v e  in crea sed  th e  to p  o p e r a t in g  en erg y , e .g ., in  th e  p r o to n  lin a c , fr o m  

th e  o r ig in a l o n e  m illio n  e le c tro n  v o lts  (1  M e v )  to  a b o u t  6 0  M e v  (n o te  

th e  n o n lin e a r , i.e ., lo g a r ith m ic  sca le  o n  th e  o r d in a t e ) . B u t in  th e  m e a n 

t im e , a  p r o fu s io n  o f  n e w  m a ch in e s  o f  q u ite  d iffe r e n t  types h a v e  m a d e  

th e ir  a p p e a r a n ce , o n e  a fte r  a n o th e r . T h e  c y c lo tr o n  o f  E . O . L a w r e n c e  

a n d  M . S. L iv in g s to n  (1 9 3 2 )  w a s  a  r a d ica lly  d iffe r e n t  m a c h in e , a n d  it 

im m e d ia te ly  rose  to  h ig h e r  o p e r a t in g  e n e rg ie s ; b u t  this c u r v e  la ter  fla t 

te n e d  o u t  (o w in g  to  th e  im p oss ib ility  o f  a  f ix e d -fr e q u e n c y  re so n a n ce  

a c c e le r a to r  o f  this ty p e  to  im p a rt  e ffe c t iv e ly  m o r e  e n e rg y  to  p a rtic le s  

w h e n  th ese  h a v e  a lre a d y  a c h ie v e d  a  s ig n ifica n t re la tiv istic  m ass in 

c re a se ) .

T h e  e le c tro s ta tic  g e n e ra to r , in it ia te d  b y  V a n  d e  G r a a ff  at the M a ssa 

ch u setts  In stitu te  o f  T e c h n o lo g y , e n te re d  th e  s itu a tion  at a b o u t  this 

tim e, w ith  less e n e rg y  b u t  w ith  u se fu l a d v a n ta g e s  in  o th e r  w ays. I t  d i f 

fe r e d  fr o m  its t w o  m a in  p red ecessors  q u a lita tiv e ly  ( i .e ., in  th e  fu n d a -
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m e n ta l m e th o d  o f  a c h ie v in g  th e  a c c e le r a t in g  v o l t a g e ) , as in d e e d  these 

d iffe r e d  fr o m  e a c h  o th e r . In  1940 th e  b e ta tro n — a g a in  a  fu n d a m e n ta lly  

d iffe r e n t  m a c h in e — started  w ith  a  d e s ig n  b y  D . W . K e rs t  at th e  U n iv e r 

sity o f  I llin o is , a n d  th en  e n te re d  reg ion s  o f  h ig h e r  a n d  h ig h e r  en erg ies , 

w h e re  n e w  p h e n o m e n a  c o u ld  b e  e x p e c te d  to  o c c u r . N e w  m a ch in e s  are  

c o n t in u in g  to  c o m e  fr o m  d if fe r e n t  g r o u p s  a n d  w id e ly  d isp ersed  la b o r a 

to r ie s ; th e  le a p fr o g g in g  p rocess  is c le a r ly  a t w o r k  a n d  o p e n s  u p  m o r e  

a n d  m o r e  s p e c ta cu la r  fie ld s  fo r  b a s ic  resea rch .

O n e  c a n n o t  h e lp  n o t ic in g  an  u n e x p e c te d  b u t  c r u c ia l resu lt in  F ig 

u re  2. T h e  h e a v y  stra ig h t lin e  (w h ic h  w o u ld  b e  a n  e x p o n e n t ia lly  u p 

tu rn e d  c u r v e  i f  it w e re  o n  a n  o r d in a r y  p lo t  in stea d  o f  o n  th e  se m ilo g  

c o o r d in a te s )  o f  c o u rs e  in d ica te s  r o u g h ly  th e  a p p r o x im a te  m a x im u m  a c 

c e le ra to r  e n e rg y  a v a ila b le  to  ph ysicists  in  a n y  yea r. T h is  lin e  sh ow s th a t 

th e  to p  e n e rg y  in cre a se d  o n  th e  a v e ra g e  b y  a  fa c t o r  o f  a b o u t  te n  e v e ry  

five  years— fo r  e x a m p le , fr o m  a b o u t  5 0 0  M e v  in  19 48  to  a b o u t  5 ,0 0 0  

M e v  (i .e .,  5  B e v )  in  1953. A t  th is ra te , th e  3 3 ,0 0 0  M e v  A lte rn a t in g  

G r a d ie n t  S y n c h r o tr o n  a t th e  B r o o k h a v e n  N a tio n a l L a b o r a to r y , first o p 

e ra te d  o n  29  J u ly  1960 , w as r e a d y  n o n e  to o  soon .

T h is  te n -fo ld  ( i .e .,  o r d e r -o f -m a g n it u d e )  in crea se  in  en e rg y  e v e ry  fiv e  

years en ta ils  a  c o r r e s p o n d in g  o p e n in g  u p  o f  in terestin g  results a n d  n e w  

fie lds o f  w o r k , e a c h  o f  w h ic h  w ill k e e p  re se a rch  p r o je c ts  g o in g  f o r  a  lo n g  

tim e . T h e  m u lt ip lic a t io n  o f  fie lds a n d  resu lts con stitu tes  a  g r a p h ic  e x 

a m p le  o f  w h a t  is m e a n t  b y  a n  in cre a se  in  sc ien tific  a c t iv ity  in  o n e  area .

T h is , t o o , is a  p a r t ic u la r  a n d  p e c u lia r  p a tte rn  o f  p h y s ica l s c ie n ce — a l 

th o u g h , o f  cou rse , th e  t im e  f o r  a  d o u b lin g  o f  r a n g e  o r  sca le  is n o t  so  

sh ort in  m ost o th e r  areas o f  p h y s ics .24 T h e  d r iv in g  fo r c e  h ere  is in  la rg e  

p a rt  a  s im p le  a n d  g e n e ra l p s y c h o lo g ic a l o n e :  p a r t ic u la r ly  w h e n  th e 

m o r e  o n e ro u s  m a te r ia l con stra in ts  o n  th e  re a liza tio n  o f  a n  in g e n io u s  

n e w  id e a  a re  r e m o v e d , the rea lly  o r ig in a l p e r s o n  is n o t  lik e ly  to  b e  in 

terested  in  sp e n d in g  h is c re a tiv e  e n e rg y  o n  so m e th in g  th a t p r o d u c e s  

m u c h  less th a n  a  th r e e -fo ld , f iv e - fo ld , o r  p r e fe r a b ly  an  o r d e r -o f -m a g n i 

tu d e  ch a n g e . T h is  has a lw ays b e e n  tru e , e v e n  w h e n  th e  fin a n c ia l c o n 

s id era tion s  p r o h ib it  th e  re a liza tio n  o f  th e  id e a , o r  w h e n  costs  a re  

in h e re n tly  n o  g re a t  fa c to r . A  f iv e -  to  t e n -fo ld  in crea se  in  a c c u r a c y  o f  

m e a su re m e n t o r  o f  p r e d ic t io n ; a n  e x te n s io n  o f  th e  a ccess ib le  pressu re 

ra n g e  fr o m  2 ,0 0 0  a tm osp h eres  to  1 0 ,0 0 0 , th e n  to  5 0 ,0 0 0 , th en  to  a b o v e  

2 0 0 ,0 0 0 ; an  e ig h t - fo ld  in crea se  in  th e  v o lu m e  o f  s p a ce  seen  b y  a  n e w  

te le sco p e — th ese  a re  o b v io u s ly  in terestin g  a n d  w o r th y  goa ls . O n  th e
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o th e r  h a n d , to  in crea se  th e  p re c is io n  o r  ra n g e  in  a n  a re a  b y , say 3 0  

p e r c e n t  is g o o d ,  b u t  is n o t  lik ely  to  g e n e ra te  sp ec ia l en th u sia sm  in  an  

in d iv id u a l o r  a  p a r t ic u la r  g r o u p .

T h e  n a tu ra l p a c e , th e re fo re , is th a t o f  d o u b lin g  ( o r  m o r e ) ,  a n d  o f  

d o in g  so  ra p id ly . A s  in  d e v e lo p m e n ts  in  th e  m ilita ry  m issile  fie ld , th e  

u r g e  is s tro n g  to  d e s ig n  an  a c c e le r a to r  w h ic h  w ill b e  b e y o n d  th e  o n e  n o w  

b e in g  re a d ie d  fo r  its first tests. L e a p fr o g g in g  has b e c o m e  som ersa u ltin g . 

B u t n o t  a ll p h y s ics  is a c c e le r a to r  b o u n d , ju s t  as n o t  a ll s c ie n ce  is p h ysics , 

a n d  so  a  b a la n c e  is p re se rv e d  in  th e  la rge .

T h e s e  co n s id e ra tio n s  a p p ly  d ire c t ly  o n ly  to  e x p e r im e n ta l ph ysics, a n d  

e v e n  th en  o n ly  to  th ose  resea rch  p r o je c ts  th a t g o  a fte r  a n  e x te n s io n  o f  

k n o w le d g e  th a t ca n  b e  a ssoc ia ted  w ith  a n  in cre a se  o f  s o m e  n u m e r ic a l 

in d e x  su ch  as ra n g e  o r  a c c u r a c y . I t  th e r e fo r e  d o e s  n o t  r e fe r  to  su ch  e x 

p e r im e n ta t io n  as th e  in v e stig a t io n  o f  G . P . T h o m s o n , w h ic h  w a s  in 

t e n d e d  to  c o n f ir m  w h e th e r  o r  n o t  a n  e le c tr o n  b e a m  e x h ib its  w a v e  p r o p 

e rties , a n d  it a lso  d o e s  n o t  r e fe r  to  m u c h  th e o re tica l w o rk . M o d e ls  to  d ea l 

w ith  th ese cases a re  n ev erth e less  p oss ib le— fo r  e x a m p le , b y  u s in g  as a  

q u a n tif ie r  th e  c r ite r io n  o f  th e  in c lu s io n  in  o n e  fr a m e w o r k  o f  p r e v io u s ly  

u n re la te d  e lem en ts , a n d  th e  p r o d u c t io n  o f  n e w , u n re la ta b le  en tities—  

a n d  su ch  m o d e ls  p r o d u c e  th e  sa m e g e n e ra l c o n c lu s io n s  c o n c e r n in g  th e  

in crea se  o f  p a c e .

D iffu s io n  S p e e d  a n d  C r itica l R a te s

N o th in g  is m o re  str ik in g  in  a  h ig h -m e ta b o lis m  fie ld  su ch  as p h y s ics  o r  

e x p e r im e n ta l b io lo g y  th a n  th e  u sefu ln ess  o f  the presen t. F o r  e x a m p le , 

M . M . K e ss le r25 has fo u n d  th a t 8 2  p e r c e n t  o f  th e  re fe re n ce s  c ite d  in  re 

sea rch  p a p e rs  p u b lish e d  in  th e  P h y s i c 6 l  R e v i e w  d u r in g  th e  last fe w  

years a re  re fe re n ce s  to  o th e r  r e ce n t  a rtic les  in  s c ie n tific  jo u rn a ls . H a l f  o f  

these artic les  c ite d  a re  less th a n  th ree  years o ld !  R e fe r e n c e  to  th e  m o r e  

d istan t p a st d ecreases  q u ite  sh a rp ly ; o n ly  20  p e r c e n t  o f  a ll re fe re n ce s  

a re  seven  years o ld  o r  m o re .

A fte r  jo u r n a l c ita tio n s , th e  n e x t  m o st  fr e q u e n t  re fe re n ce s  (a b o u t  8 

p e r c e n t )  a re  to  p r iv a te  c o m m u n ic a t io n s , u n p u b lish e d  o r  to  b e  p u b 

l is h e d ; i f  th e  la tter , th ey  are  u su ally  in  p r e p r in t  f o r m , th e  o ld  s ta n d a rd  

m e th o d  o f  c o m m u n ic a t in g  in  a  sp e c ia lty  fie ld , a  m e th o d  w h ic h  has n o w  

g r o w n  m a rk e d ly . R e fe r e n c e s  in  P h y s i c 6 l  R e v i e w  artic les  to  b o o k s  tu rn  

o u t  to  ra n k  o n ly  th ird , o r  6^ 2 p e r c e n t  ( th e  r e m a in in g  Z / i p e r c e n t  o f
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re fe ren ces  b e in g  to  in d u stria l rep orts , theses, e t c . ) .  E v e n  these b o o k s  

seem  in crea s in g ly  o ft e n  to  b e  e d ite d  v o lu m e s  o f  v a riou s  articles. T h e  n e t  

e ffe c t , th en , is th at o f  the d iffu s io n  a n d  use o f  in fo r m a tio n  at h ig h  

sp e e d .26

T h e r e  a re  o th e r  w ays in  w h ic h  sc ien tific  in fo r m a t io n  d iffu ses  a n d  is 

u sed . N o th in g , surely , is a  m o re  v iscou s  m e d iu m  fo r  d iffu s io n  th a n  th e  

e d u ca tio n a l system  o f  c o lle g e  a n d  h ig h  s ch o o l. H o w  d o  th e  a d v a n ce s  o f  

s c ie n ce  fa r e  th e re ?  W e  k n o w  th at the s itu a tion  is n o t  yet sa tis fa ctory , 

a n d  w e  c a n  u n d ersta n d  the d ifficu lty  th at m u st arise w h e n e v e r  th e  d i f 

fu s io n  tim e is r a d ica lly  d iffe re n t  fr o m  th e  n a tu ra l p a c e  o f  resea rch . A n  

e x a m p le  is the tre a tm e n t o f  s p e c ia l re la tiv ity  th e o ry  in  a  lo n g -e s ta b lish e d  

se n io r-le v e l p h ysics  text, su ch  as F . K .  R ic h tm y e r ’ s I n t r o d u c t i o n  t o  

M o d e r n  P h y s i c s . In  th e  first e d it io n  (1 9 2 8 )  th e  th e o ry  o f  re la tiv ity  

o c c u p ie d  a b o u t  a  p a g e . S ix  years la ter  c a m e  th e  s e co n d  e d it io n , w ith  

tw e lv e  p a g es  o n  this to p ic , g a th e re d  in  a n  a p p e n d ix . T h e  th ird  e d it io n , 

e ig h t  years la ter, h a d  a  sep a ra te , reg u la r , th ir ty -p a g e  c h a p te r  in  th e  

text. A n d  in  su b seq u en t e d it io n s  o f  this o u ts ta n d in g  tex t th e  m a teria l 

h as p r o p e r ly  sp rea d  th r o u g h o u t  th e  b o o k  so  th a t it is m ea n in g less  to  

m a k e  an  estim a te  o f  th e  a c tu a l sp a ce  g iv e n  it. B u t th en , little  h a d  b e e n  

a d d e d  to  sp ecia l re la tiv ity  th e o ry  as a  sep a ra te  resea rch  t o p ic  s in ce  lo n g  

b e fo re  1928.

A lte rn a tiv e ly , b y  m a k in g  a c u t  th r o u g h  th e  e d u ca t io n a l system  a n 

o th e r  w a y , o n e  ca n  fo l lo w  th e  p rog ress  o f  id ea s  as th ey  m o v e  fr o m  th e  

resea rch  desk  d o w n  to  th e  s c h o o lr o o m . T h e  e m a n a tio n  e le c tro s c o p e  w as 

a  d e v ic e  in v e n te d  at the tu rn  o f  th e  ce n tu ry  to  m ea su re  th e  rate  at w h ich  

a  gas su ch  as th o r iu m  loses its ra d io a c t iv ity . F o r  a  n u m b e r  o f  years it 

seem s to  h a v e  b e e n  u sed  o n ly  in  th e  resea rch  la b o ra to ry . I t  c a m e  in to  

use in  in s tru ctin g  g r a d u a te  stu d en ts  in  th e  m id -1 9 3 0 ’ s, a n d  in  c o lle g e  

cou rses  b y  1949. F o r  th e  last fe w  years a  c h e a p  c o m m e r c ia l  m o d e l has 

ex isted  a n d  is b e g in n in g  to  b e  in tr o d u c e d  in to  h ig h  s ch o o l cou rses. In  a  

sense, this is a  v ic to r y  fo r  g o o d  p r a c t ic e ;  b u t  it a lso  su m m a rizes  th e  sad 

state o f  sc ien tific  e d u c a t io n  to  n o te  th a t in th e  resea rch  la b o ra to ry  itse lf 

th e  e m a n a tio n  e le c tro s c o p e  has lo n g  sin ce  b e e n  m o v e d  fr o m  th e  desk to  

the a tt ic . T h e  h ig h  ra te  o f  tu r n o v e r  o f  id eas in  s c ie n ce  p resen ts a lm ost 

in so lu b le  p ro b le m s  f o r  a  c o n v e n t io n a l e d u c a t io n a l system  in  w h ic h  in 

fo r m a t io n  a b o u t  th e  even ts  at th e  to p  a re  p r o p a g a te d  s low ly  a n d  w ith o u t  

a s h o r t-c ir cu it in g  o f  a n y  o f  the in te rm e d ia te  e lem en ts  b e lo w .

In  o r d e r  to  h a v e  a  b e tte r  m o d e l o f  the p rocess  b y  w h ic h  k n o w le d g e  in
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a  resea rch  fie ld  a d v a n ce s , w e  m u st th in k  a b o u t  th e  ra te  o f  d iffu s io n  

a lo n g  y e t a n o th e r  d im e n s io n . I n  a ll fie ld s  o f  s ch o la rsh ip , th e  in p u ts  f o r  a  

liv e ly  resea rch  t o p ic  a re  n o t  restr icted  to  a  n a r r o w  set o f  sp ecia lties , b u t  

c a n  c o m e  fr o m  th e  m o st  v a r ie d  d ire c t io n s . I n  p h y s ica l s c ie n ce  it  is easy  

to  d o c u m e n t  this p rocess  o f  th e  d iffu s io n  o f  k n o w le d g e  f r o m  m a n y  sides, 

o v e r  a  p e r io d  o f  t im e , in to  o n e  resea rch  a re a — o n  th e  p a r t  o f  in d iv id u a ls , 

a n d  q u ite  in d e p e n d e n t ly  o f  th e  e ffe ct iv e n e ss  o f  g r o u p s  d e a lt  w ith  earlier. 

F ig u re  3 is a  s ch e m a tic  d es ig n  in te n d e d  to  g iv e , in  r o u g h  a p p r o x im a t io n , 

b o th  a  fe e lin g  fo r  w h a t  m a y  b e  m e a n t  b y  th e  “ g r o w th  o f  a  f ie ld ”  a n d  a n  

o v e r v ie w  o f  th e  c u m u la t iv e  e ffe cts  o f  c o n tr ib u t io n s  fr o m  v a r io u s  s c ie n 

t ific  sp ecia lties .27

T h e  fie ld  c h o s e n  is th a t o f  sh o ck  w a v es. I t  is a  “ c la ss ica l”  resea rch  

s u b je c t  th a t o r ig in a te d  in  1848 w h e n  th e  B ritish  m a th e m a tic ia n  a n d  

p h ysic ist G . G . S tok es a n d  th e  a s tro n o m e r  a n d  m a th e m a tic ia n  J . C h a llis  

c o m m u n ic a te d  th e ir  struggles w ith  so lu tion s  o f  th e  e q u a t io n  o f  m o t io n  

in  a  gas as d e v e lo p e d  b y  P o isson  in  1808 . S tok es w a s  le d  to  p r o p o s e , o n  

th e o re tica l g ro u n d s , th a t a  steep  g r a d ie n t  in  v e lo c ity  a n d  d en sity  sh o u ld  

ex ist in  th e  gas i f  a  la rg e  d is tu rb a n ce  w e re  p r o p a g a te d  in  it. B o th  th e ir  

co n tr ib u t io n s  are  rep resen ted  b y  th e  tw o  a rrow s  at th e  fa r  le ft , th e  d i 

r e ct ion s  o f  th e  a rrow s  in d ic a t in g  th e  sp e c ia lty  fie ld s  in v o lv e d .

T h e  su ccessive  even ts  are  s im ila rly  in d ic a te d . F o r  e x a m p le , fu rth e r  

b a s ic  w o r k  in  th e  m a th e m a tics  o f  w a v e  p r o p a g a t io n  b y  R ie m a n n  a n d  b y  

E a m s h a w  fo l lo w s  in  1860 , a n d  o th e r  a rrow s  p la c e d  o n  th e  “ G e n e ra l R e 

sea rch ”  lin e  r e fe r  to  c o n tr ib u t io n s  in  m a th e m a tics  b y  m e n  su ch  as H a d a -  

m a r d  ( 1 9 0 3 ) ,  C h a n d ra se k h a r  ( 1 9 4 3 ) ,  a n d  K a n tr o w itz  ( 1 9 5 1 ) ,  o r  in  

p h ysics  b y  M a c h  (1 8 7 6 , 1887 , 1 8 8 9 ) ,  B e th e  ( 1 9 4 2 ) ,  v o n  N e u m a n n  

( 1 9 4 3 ) ,  a n d  T r u e s d e ll  ( 1 9 5 1 ) .  N e w  sp e c ia lty  fie lds b r a n c h  o f f  as sh o w n  

fr o m  t im e  to  t im e , s o m e  h a v in g  p r o n o u n c e d  t e c h n o lo g ic a l  o r ie n ta t io n ; 

b u t  it  is illu stra tiv e  o f  th e  d ifficu ltie s  o f  c le a r  s e p a ra tio n  th a t a  b r a n ch  

su ch  as m a g n e to h y d r o d y n a m ics  (w h e r e  th e  in it ia l a r r o w  in d ica te s  th e  

w o r k  b y  A lfv é n  in  1 9 4 2 ) n o w  p la y s  a  fu n d a m e n ta l p a r t  in  b o t h  b a s ic  

a n d  a p p lie d  fu s io n  resea rch . T h e  in cre a s in g  a c t iv ity  is e v id e n t  th r o u g h 

o u t . A s  these lines g o  fo r w a r d , o n e  m a y  w e ll  e x p e c t  fu r th e r  b ra n ch in g s

Figure 3. A  representation o f the developm ent o f  basic research and o f  som e 

applications. Each arrow  represents a m a jor  contribution. Its d irection indicates 

the specialty field involved (see coordinate system at the le f t ) ;  for  exam ple, 

an arrow rising perpendicularly  from  the tim e axis represents mathem atics.
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a t  the g r o w in g  e d g e  fr o m  an y  o f  th e  five  p resen t lines, a n d  fu n d a m e n ta l 

c o n tr ib u t io n s  a lo n g  an y  o f  th e  fo u r  d im en sion s . I t  is b e c o m in g  m o re  a n d  

m o r e  e v id e n t  th a t d e p a r tm e n ta l ba rriers  a re  g o in g  to  b e  d ifficu lt  to  

d e fe n d .

A n o th e r  illu stra tive  in te rp re ta tio n  o f  c u m u la t iv e  g r o w th  is o b ta in e d  

b y  fo l lo w in g , o n  a sh orter  t im e  sca le  th a n  F ig u re  3 , th e  e f fe c t  a n d  in te r 

r e la tion sh ip  o f  a  fe w  p a rt icu la r ly  cre a tiv e  a n d  s tim u la tin g  p erson s  

w ith in  a  fie ld . F ig u re  4  represen ts th e  resu lts o f  a  re ce n t  s tu d y ,27 tra c in g  

in  g e n e ra l term s th e  rise o f  th e  fie ld s  o f  m o le c u la r  b ea m s, m a g n e t ic  

re so n a n ce , a n d  re la ted  w o r k  in  p u re  p h ysics . I n  p a rt icu la r , it  is fo c u s e d  

o n  o n e  p a r t  o f  th e  ex ten s iv e  a c h ie v e m e n t  o f  1 .1 .  R a b i ,  b o t h  in  d e v e lo p 

in g  th e  o r ig in a l m o le c u la r  b e a m  te ch n iq u e s , a n d  in  se le c t in g  a n d  stim u 

la t in g  a  g r o u p  o f  p r o d u c t iv e  associa tes o r  s tu d en ts .28

T h is  d e s c r ip t io n  is a n a lo g o u s  t o  m a k in g  a  la rg e  m a g n ific a t io n  o f  a  

sm a ll p a rt  o f  th e  p re v io u s  fig u re  to  d e te rm in e  its “ fin e  s tru ctu re .”  A ft e r  

w o r k in g  w ith  O t t o  S tern  in  H a m b u r g , R a b i  in  1929 e f fe c te d  a  b r a n c h 

in g -o f f  f r o m  p r e v io u s  lin es o f  resea rch  (a n a lo g o u s  th e r e fo r e  t o  A l fv e n ’s 

a r r o w  f o r  1942  at th e  h e a d  o f  th e  m a g n e to h y d r o d y n a m ics  lin e  in  F ig 

u re  3 , o r  th e  a r r o w  o n  th e  a e r o d y n a m ic s  lin e  f o r  P ra n d tl in  1 9 0 4 ) .  I t  

c a n  b e  seen  th a t s o o n  a fte r , b o th  in  in d e p e n d e n t  la b o ra to r ie s  as w e ll as 

in  th ose  o f  R a b i  a n d  h is associates, th e  a p p lica b ility  o f  th e  e a r ly  te c h 

n iq u es , a n d  th e  o r ig in a t in g  o f  n e w  q u estion s  n o w  su g g estin g  th em selves  

in  n e ig h b o r in g  p a rts  o f  th e  sa m e  fie ld s , p r o v o k e d  a  r a p id  b r a n c h in g  in to  

severa l n e w  d ire c tio n s . T h e  e x c ite m e n t  o f  th is fie ld  as a  w h o le  a n d  its 

fru itfu ln ess  a re  a ttested  b y  th e  la rg e  ra te  o f  in f lo w  o f  n e w  p erson s , in 

c lu d in g  m a n y  o u ts ta n d in g  e x p e r im e n ta l a n d  th e o re tica l physicists.

T h e  co u rs e  o f  th e  fu tu re  is c le a r ly  g o in g  to  b e  a  c o n t in u in g  m u lt ip li 

c a t io n  o n  th e  sam e g en era l p a tte rn . A n d  a lth o u g h  th e  g r o w th  is m o r e  

e y e -c a tc h in g  a t th e  e n d  p o r t io n  o f  e a c h  b r a n c h , th ere  is still a  fr u it fu l 

h a rv est in  m a n y  o f  th e  lo w e r  b o x e s  in  F ig u re  4 . T h u s , m o le c u la r  b ea m s  

th em selves  re m a in  im p o r ta n t  in  cu rre n t  resea rch . F in a lly , th e  c o n n e c 

t ion s w ith  th e  t e c h n o lo g ic a l e x p lo ita t io n s  o f  these a d v a n ce s  h a v e  n o t  

b e e n  r e p r e s e n te d ; b u t  o n e  s h o u ld  b e  a w a re  th a t su ch  c o n n e c t io n s  a lm ost 

in v a r ia b ly  exist, a n d  in  this case  th ey  c o u ld  b e  sh o w n  a t severa l p o in ts  

( f o r  e x a m p le , m aser, a to m ic  c l o c k ) .

A  S im p le  M o d e l  f o r  th e  G r o w th  o f  R e s e a r c h  in S c ie n c e

W e  m a y  n o w  c o rre la te  th e  d e scr ip t iv e  d eta ils  in  a  s im p le  q u a lita tiv e
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m o d e l  o f  th e  g r o w th  p rocess  o f  sc ie n tific  resea rch . I t  is t o o  a m b itio u s  to  

e x p e c t  su ch  a  m o d e l t o  te ll us “ h o w  s c ie n ce  w o rk s ,”  b u t  it  s h o u ld  h e lp  

us t o  u n d e rs ta n d  its m o r e  b e w ild e r in g  a n d  s p e c ta cu la r  asp ects.

A  h y p o th e tica l c o n s tr u c t io n  s h o u ld  start w ith  a  “ z e r o e th -o r d e r ”  a p 

p r o x im a t io n ; th a t is, w e  k n o w  it  t o  b e  in a d e q u a te  f r o m  th e  b e g in n in g , 

b u t  w e  a lso  k n o w  h o w  to  im p r o v e  it  t o  a tta in  a  firs t -o rd e r  a p p r o x im a 

t io n  a n d , i f  p oss ib le , h ig h e r -o r d e r  a p p r o x im a t io n s  la ter . S u ch  a  start is 

p r o v id e d  b y  N e w t o n ’ s a n a lo g y  o f  h a v in g  b e e n  o n  th e  s h o r e  o f  th e  k n o w n , 

“ w h ile  th e  g r e a t  o c e a n  o f  tru th  la y  a ll u n d is c o v e r e d  b e fo r e  m e .”  S c ie n 

tists d o  in d e e d  seem  g e n e ra lly  to  th in k  a b o u t  b a s ic  re se a rch  in  term s o f  

s o m e  su ch  p ic tu r e . T h e y  o ft e n  h a v e  d e s c r ib e d  it as i f  it  w e re  a  v o y a g e  

o f  d is co v e ry  la u n c h e d  o n  u n c h a r te d  w a ters  in  th e  h o p e  o f  r e a c h in g  a  

n e w  sh ore , o r  a t least a n  is la n d . T o  b e  su re , n e ith e r  re se a rch  n o r  a  sea  

v o y a g e  is u n d e rta k e n  w ith o u t  s o m e  th e o ry  th a t serves as a  r o u g h  ch a r t . 

Y e t  su ch  v a g u e  term s a re  u sed , e v e n  w h e n  th e  p r o m is e  o f  e n d  resu lts 

w o u ld  s tren g th en  th e  ca u se  o f  th e  h o p e fu l  e x p lo re r . T h u s  d u r in g  a  

C o n g re s s io n a l in q u iry  to  a scerta in  th e  la rg e  fin a n c ia l n eed s  fo r  fu tu re  

a c c e le r a to r  co n s tru ct io n s , th e  scientists— q u ite  p r o p e r ly — g a v e  C o n g re ss  

n o  m o re  d e fin ite  c o m m itm e n t  o f  retu rn s o n  th e  c o n s id e r a b le  in v e stm e n t 

it  w a s  ask ed  to  u n d e r ta k e  th a n  th is : 29

I t  is, therefore, likely  that the next decade w ill see the discovery o f  unex 

pected  phenom ena as w ell as the developm ent o f  hitherto unknow n techniques 

o f  particle detection  and identification , and new  m eans o f  particle acceleration 

and containm ent. S ince it is im possib le to  pred ict the nature o f  these d evelop 

ments, it is very difficult to  take their effect into account in  any ten-year cost 

preview .

T a k in g  th e  a n a lo g y  o f  th e  v o y a g e  o f  e x p lo r a t io n  as su ffic ien tly  su g 

g estiv e  f o r  th e  m o m e n t , w e  see th a t o n  th e  a v e ra g e  a  s in g le  sea rch er  

w ill e x p e c t  th e  n u m b e r  o f  n e w  islan ds h e  d isco v e rs  to  in cre a se  w ith  

tim e , p e rh a p s  m o r e  o r  less lin ea rly . T h e  sam e w ill  b e  tru e  i f  h is is n o t  th e  

o n ly  sh ip  th a t h as sta rted  o u t , a n d  i f  w e  assum e th e  e x p e d it io n s  to  b e  

still fe w  a n d  n o t  yet in  c o n ta c t  w ith  o n e  a n o th e r  so  as to  a f fe c t  th e  in 

d iv id u a l sea rch  p a ttern s .

H e n c e  th e  n u m b e r  o f  u n k n o w n  islan ds y e t  to  b e  fo u n d  in  a  fin ite  

o c e a n  (th a t  is, th e  n u m b e r  o f  in terestin g  id e a s— n o t  “ th e  fa cts ” — su p 

p o se d  to  b e  still u n d is c o v e r e d  in  this p o o l )  w ill b e  e x p e c te d  to  d r o p  o f f  

in  tim e, so m e w h a t as lin e  I  in  F ig u re  5 ( a )  d oes . I n  d e v e lo p in g  a  m o d e l
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Figure 4. Connections among the contributions in an expanding part of basic physics.
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f o r  d is co v e ry , w e  sh a ll n o w  b u ild  a  series o f  s im p le  g ra p h s  o n  F ig u re  

5 ( a )  t o  su m m a rize  in  an  easily  p e r c e iv e d  fo r m  so m e  q u a lita tiv e  tren ds.

B u t  i f  F ig u re  5 ( a )  itse lf w e re  a  p r o p e r  m o d e l  f o r  d is co v e ry , s c ie n ce , 

lik e  g e o g r a p h ic a l e x p lo r a t io n  o r  g o ld -m in in g , w o u ld  s o o n e r  o r  la ter  b e  

s e lf-te rm in a tin g . I n  fa c t , th e  e n d  s h o u ld  c o m e  so o n e r  ra th e r  th a n  la ter , 

b e c a u s e  th e  n ew s  o f  d isco v e r ie s  in  a  fr u it fu l o c e a n  sp rea d s  in terest in  

th e m . N e w  e x p lo re rs  w ill ru sh  in , as sh o w n  b y  th e  e a r ly  p a r t  o f  c u r v e  P  

in  F ig u re  5 ( b ) . T h is  in flu x  b y  itse lf w ill  assure th a t th e  q u a n tity  o f  ig 

n o r a n c e  re m a in in g  d ecreases  w ith  tim e in  a  m a n n e r  sh o w n  n o t  b y  c u r v e  

I  b u t  b y  c u r v e  I '  in  F ig u re  5 ( c ) ; th a t is, it w ill d r o p  m o r e  n ea rly  e x 

p o n e n t ia lly  th a n  lin early . I f  o n e  a lso  takes in to  a c c o u n t  th e  fa c t  th a t 

c o m m u n ic a t io n  a m o n g  th e  search ers  sh o w n  o n  c u r v e  P  im p ro v e s  th e  

e ffe ct iv e n e ss  o f  e a c h  o n e ’ s se a rch  (a  m a in  fu n c t io n  o f  c o m m u n ic a t io n , 

a fte r  a l l ) , th e n  th e  m id d le  p o r t io n  o f  c u r v e  I '  s h o u ld  rea lly  d r o p  o f f  e v e n  

m o r e  steep ly , ca u s in g  I '  to  h a v e  th e  sh a p e  o f  a n  in v e r te d  s ig m a ; a n d  th is 

is p re c ise ly  w h a t  th e  p a rt ia l g ra p h s  d e ta ile d  in  F ig u re  2 in d ic a te d . I n  

e ith e r  ca se , h o w e v e r , the s p e c ifie d  fie ld  w ill  in  t im e  b e c o m e  less a ttra c 

t iv e , a n d  th e  n u m b e r  o f  in v estig a tors  w ill  b e  d e cre a s in g  s o m e w h a t  as 

sh o w n . C u r v e  P  thus in d ica te s  d ire c t ly  th e  size o f  th e  p ro fe s s io n  a t a n y  

tim e , a n d  in d ir e c t ly — b y  th e  steepness o f  th e  s lo p e  o f  P — th e in ten sity  

o f  in terest o r  a ttra ctiv en ess  o f  th e  fie ld  w ith  r e sp e ct  to  n e t  re cru itm e n t  

( t h e  in flo w  m in u s  th e  o u t f lo w  o f  p e o p l e ) .

W e  sh a ll s o o n  h a v e  to  a d d  s o m e  m e ch a n is m  to  e x p la in  w h y  s c ie n ce  

as a  w h o le  in creases  in  in terest a n d  s c o p e  in stea d  o f  d e te r io ra tin g , as in  

F ig u re  5 . N ev erth e less , w e  a lre a d y  r e co g n iz e  th a t f o r  so m e  sp e c ific  a n d  

lim ite d  fie lds o f  s c ie n ce  this m o d e l  is u se fu l. T h u s  in  1820  O e r s te d ’s d is 

c o v e r y  o f  th e  m a g n e t ic  fie ld  a r o u n d  w ires  th a t  ca rry  d ire c t  cu rre n t, a n d

Figure 5. Z eroeth -order approxim ation  fo r  a  m odel o f  research in a specified 

area.
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th e  th e o re tica l trea tm en ts  o f  th e  e f fe c t  b y  B io t , S a va rt, a n d  A m p e r e  in  

th e  sa m e y ea r, sp a rk ed  a  r a p id ly  ris in g  n u m b e r  o f  in v estig a tion s  o f  th a t 

e f f e c t ;  b u t  it w a s  n o t  lo n g  b e fo r e  in terest d e cre a se d , a n d  b y  th e  t im e  o f  

M a x w e l l ’s treatise ( 1 8 7 3 )  n o  fu rth e r  fu n d a m e n ta l co n tr ib u t io n s  fr o m  

th is d ire c t io n  w e r e  b e in g  o b ta in e d  o r  e v e n  so u g h t.

I n  fa c t , th e  sa m e sta tem en t n o w  a p p lie s  (e v e n  in  a  g o o d  p r o g r a m ) 

t o  v ir tu a lly  e v e r y  t o p ic  p re se n te d  in  d e p th  to  p h ysics  s tu den ts  th r o u g h 

o u t  th e ir  u n d e r g r a d u a te  tra in in g , a n d  to  a  n u m b e r  o f  th e ir  ty p ica l g r a d 

u a te  cou rses— e x c e p t  f o r  s tu d en ts ’ o w n  thesis fie lds. S o , w h ile  F ig u re  5 

m a y  a lso  b e  a p p lic a b le  to  o th e r  areas o f  s ch o la rsh ip , th e  im p ress ive ly  

d iffe r e n t  fe a tu re  in  p h y s ica l s c ie n ce  is th a t th e  t im e  sp a n  f o r  c u r v e  I '  h a s  

b e c o m e  q u ite  sh ort w h e n  c o m p a r e d  w ith  th e  t im e  s p a n  o f  a n  a c t iv e  re 

sea rch er ’ s p ro fe ss io n a l li fe , a n d  fr e q u e n t ly  e v e n  w h e n  c o m p a r e d  w ith  

th e  n e w  re cru its ’ p e r io d  o f  tra in in g .

F ig u re  6  sh ow s a g a in  in  c u r v e  I '  th e  d ecre a se  o f  ig n o r a n c e , to g e th e r  

w ith  a  t im e  sca le  ( T ,  2 T ,  3 T ,  e t c .)  a lo n g  w ith  abscissa , d r a w n  in  su ch  a  

w a y  th a t th e  a m o u n t  I '  h as d r o p p e d  r o u g h ly  t o  h a lf  th e  in itia l v a lu e  

w h e n  p e r io d  T  has e la p sed , t o  o n e -q u a r te r  a fte r  to ta l t im e  2 T ,  t o  o n e -  

e ig h th  a fte r  3 T ,  e tc . T  is thus th e  “ h a lf  l i fe ”  o f  th e  su sp e cte d  p o o l  o f

Figure 6. Inverse relationship betw een the accum ulation  o f application  and 

the interest in a basic-research field.
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in terestin g  b a s ic  ideas. T h e  sta tem en ts o f  th e  last p a r a g r a p h  im p ly  th a t 

T  is n o w  sh ort, p e rh a p s  b e tw e e n  five  a n d  fifte e n  years f o r  a  sp ec ific , 

liv e ly  fie ld  o n  th e  fron tie rs  o f  p h y s ica l s c ie n ce .36 T h is  is a lso  in  a c c o r d  

w ith  th e  d a ta  c ite d  e a r lie r , w h ic h  s h o w e d  th a t in  re p o rts  o f  n e w  resea rch  

th e  re fe re n ce s  to  p u b lish e d  w o r k  fa ll o v e r w h e lm in g ly  w ith in  th e  m ost 

r e ce n t  years.

W h ile  it  is n o t  in te n d e d  h ere  to  g iv e  an  a c c u r a te  id e a  o f  th e  a b so lu te  

sca les, th e  re la tiv e  p os it ion s , o r  th e  d e ta ile d  sh a p e  o f  th e  cu rv es , P  has 

b e e n  p la c e d  so  as to  in d ic a te  th a t th e  n u m b e r  o f  a c t iv e  resea rch ers  w ill 

r e a c h  a  m a x im u m  w h e n  a  la rg e  p a r t  o f  th e  p re s u m e d  to ta l o f  in terestin g  

id ea s  has a lre a d y  b e e n  d is c o v e r e d . T h is  su sp ic io n  a n d  th e  sense o f  

d w in d lin g  t im e  a lso  c o n tr ib u te  to  th e  e v id e n t  p ressu re  a n d  th e  fa st p a c e . 

I t  a p p e a rs  to  m e  th a t a  c r it ic a l s lo p e  f o r  I '  exists. W h e n  th e  ra te  o f  d e 

c rea se  in d ic a te d  b y  I '  fo r  the s p e c ific  resea rch  fie ld  is n o t  s o  la rg e  (th a t  

is, w h e n  T  is o f  th e  o r d e r  o f  th e  p r o d u c t iv e  life  sp a n  o f  in d iv id u a ls , o r  

l o n g e r ) ,  th e  p r o fe s s io n  org a n izes  its w o rk , its tra in in g  m e th o d s , a n d  its 

r e cru itm e n t  q u ite  d iffe re n t ly  th a n  i f  th e  v a lu e  fo r  T  is o n ly  a  fe w  years. 

T h e r e  a re  re ce n t  e x a m p le s , as th e  case  o f  o c e a n o g r a p h y , o f  a  s c ie n ce  

p a ssin g  fr o m  th e  first p h a se  in to  th e  s e co n d , ta k in g  o n  m a n y  o f  th e  so 

c io lo g ic a l  ch a ra cteristics  o f  p h ysics  as a  p ro fe ss io n .

B y  m ea n s  o f  F ig u re  6  w e  c a n  b r ie fly  c o n s id e r  th e  a p p lic a t io n  o f  n e w  

fin d in g s  in  b a s ic  resea rch , as in d ic a te d  in  c u r v e  A . S u c h  a p p lica t io n s  

in c lu d e  use in  o th e r  fie ld s  ( f o r  e x a m p le , ra d io is o to p e s  in  m e d ic in e ) ,  

a n d  use f o r  a p p lie d  resea rch  a n d  d e v e lo p m e n t . C u r v e  A  is m e a n t  p a r 

t icu la r ly  fo r  th e  last o f  th ese, f o r  e x a m p le  in  th e  d e v e lo p m e n t  o f  a n  in 

d u str ia l p r o d u c t . C le a r ly , a  c u r v e  P ' th a t w o u ld  b e  s im ila r  t o  P  c o u ld  

b e  d r a w n  to  sh o w  h o w  th e  n u m b e r  o f  p e o p le  e n g a g e d  in  a p p lie d  re 

sea rch  is lik e ly  to  g r o w  a n d  u lt im a te ly  to  d im in ish , f o r  it  is th e ir  w o r k  

w h ic h  A  tra ces  o u t .

S u c h  a  c u r v e  P ' w o u ld  h a v e  th e  sam e g e n e ra l sh a p e  as P , b u t  it  w o u ld  

b e  d isp la c e d  to  th e  r ig h t  o f  c u r v e  P . F o r  it  is c le a r  th a t  th e  lo n g e r  o n e  

w a its  b e fo r e  b e g in n in g  to  a p p ly  fu n d a m e n ta l id ea s , th e  m o r e  n ea rly  

o n e ’ s w o r k  w ill seem  to  b e  b a sed  o n  c o m p le te  k n o w le d g e . T o d a y , h o w 

e v e r , c u r v e  A  d o e s  n o t  w a it  to  rise u n til I '  h as r e a c h e d  v e ry  sm a ll va lu es. 

W e  c a n  re a d ily  u n d e rs ta n d  this in  term s o f  th ree  fa c to r s : th e  c o m p e t i 

t iv e  pressures w ith in  a n  in d u stry , th e  n a tu ra l cu r io s ity  o f  ta le n te d  

p e o p le , a n d  th e  n eed s  o f  b a s ic  resea rch  itse lf— w h ich , in  e x p e r im e n ta l 

p h y sics  a t least, is n o w  c lo se ly  lin k e d  w ith  th e  a v a ila b ility  o f  e n g in e e r in g
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d e v e lo p m e n ts  o f  b a s ic  d iscov er ies . A  c u r v e  P ' f o r  a p p lie d  resea rch  p a r 

t ic ip a tio n  w ill th e re fo re  o v e r la p  c u r v e  P  fo r  b a s ic -re se a rch  p a r t ic ip a t io n , 

a n d  in d e e d  these tw o  p o p u la t io n s  w ill o ft e n  d r a w  o n  th e  sam e sou rces. 

F o r  e x a m p le , K ess ler30 r e m in d s  us th a t a rtic les  in  th e  P r o c e e d i n g s  o f  

t h e  I n s t i t u t e  o f  R 6 d i o  E n g i n e e r s  r e fe r  w ith  c o n s id e r a b le  co n s is te n cy  

to  th e  p u b lic a t io n  o f  b a s ic  resea rch  in  p h y s ic s ; in  a  r e la t iv e ly  n e w  a p 

p l ie d  fie ld , su ch  as transistors, r e fe r e n c e  to  a rtic le s  in  th e  P h y s i c 6 l  

R e v i e w  o c c u r  n o t  m u c h  less fr e q u e n t ly  th a n  c ita t io n s  o f  P h y s i c 6 l  

R e v i e w  a rtic les  d o  in  b a s ic -re se a rch  jo u rn a ls . I n  th e  p a st m u c h  b lo o d  

h as b e e n  sh ed  o v e r  d ist in ction s  b e tw e e n  p u r e  a n d  a p p lie d  resea rch . I t  

m a y  b e  fr u it fu l t o  assu m e th a t a  c r it ic a l d if fe r e n c e  lies in  th e  re la tiv e  

p o s it io n s  o n  th e  t im e  axis o f  c u r v e  P  s h o w in g  th e  b a s ic -re se a rch  p o p u la 

t io n  a n d  a  c o r r e s p o n d in g  c u r v e  P ' th a t  c o u ld  b e  d r a w n  fo r  th e  a p p lie d  

resea rch  p o p u la t io n . T h e  fr u it fu l in te r a c t io n  o f  b a s ic  a n d  a p p lie d  sc i 

e n c e  w ill b e  in d ic a te d  b y  th e  o v e r la p  o f  these tw o  p o p u la t io n s , in  t im e  

as w e ll as in  th e  sou rces  fr o m  w h ic h  th ey  d r a w  th e ir  m a te ria l.

A  F ir s t -o r d er  A p p r o x im a t io n

W e  a re  n o w  r e a d y  to  a tte m p t  a  firs t -o rd e r  a p p r o x im a t io n  to  im p r o v e  

o u r  m o d e l  f o r  th e  p rog ress  o f  s c ie n tific  resea rch . F o r  th is p u rp o s e  w e  

e x a m in e  F ig u re  7 ( a ) ,  w h e re  c u r v e  D  is s im p ly  th e  m ir r o r  im a g e  o f  I ' ,  

p lo t te d  in  th e  sam e p la n e . T h a t  is, w h erea s  I '  p re se n te d  th e  d e cre a se  o f  

ig n o r a n c e , D  p resen ts  th e  in cre a se  o f  to ta l b a s ic  “ d isco v e r ie s ”  m a d e  in  

th e  fin ite  p o o l  o f  in terestin g  id eas. T h e  b e g in n in g  o f  c u r v e  D  in d ica te s  

n ecessarily  th e  o c c a s io n  th a t la u n c h e d  th e  e x p e d it io n s  in  this fie ld , say 

th e  d isco v e ry  in  1934  o f  a r t ific ia l r a d io a c t iv ity  b y  th e  J o lio t -G u r ie s  

w h ile  th ey  w e re  s tu d y in g  th e  e ffe c t  o f  a lp h a  p a rt ic le s  f r o m  p o lo n iu m  o n  

th e  n u c le i  o f  l ig h t  e lem en ts .

U p  to  this p o in t  th e ir  resea rch  h a d  fo l lo w e d  a n  o ld e r  lin e , o r ig in a t in g  

in  R u t h e r fo r d ’ s o b s e r v a t io n  in  19 19  o f  th e  tra n sm u ta tio n  o f  n itr o g e n  

n u c le i  d u r in g  a lp h a -p a r t ic le  b o m b a r d m e n t . T h e  n e w  J o l io t -C u r ie  o b 

se rv a tio n , h o w e v e r , in a u g u r a te d  a  b r illia n t  n e w  b r a n c h  o f  d is co v e ry . 

W e  su d d e n ly  see th a t th e  p re v io u s  m o d e l  (F ig u r e  5 )  w a s  fa ta lly  in c o m 

p le te  b e ca u se  it p o s tu la te d  a n  e x h a u s tib le  fu n d  o f  id eas, a  lim ite d  o c e a n  

w ith  a  d e fin ite  n u m b e r  o f  is lan ds. O n  fu r th e r  e x p lo r a t io n , w e  n o w  n o te  

th at an  is la n d  m a y  tu rn  o u t  to  b e  a  p e n in su la  c o n n e c te d  to  a  la ig e r  la n d  

m ass. T h u s  in  1895 R ö n t g e n  seem ed  to  h a v e  e x h a u ste d  a ll th e  m a jo r  

asp ects  o f  X -r a y s , b u t  in  1912  th e  d is c o v e r y  o f  X - r a y  d i f fr a c t io n  in  crys-
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Figure 7. T h e  escalation o f discovery lines.

tals b y  v o n  L a u e , F r ie d r ic h , a n d  K n ip p in g  tra n s fo rm e d  tw o  sep a ra te  

fie lds, th ose o f  X -r a y s  a n d  o f  c ry s ta llo g ra p h y . M o s e le y  in  1913 m a d e  

a n o th e r  q u a lita tiv e  c h a n g e  b y  s h o w in g  w h e re  to  lo o k  fo r  th e  e x p la n a 

t io n  o f  X - r a y  sp ectra  in  term s o f  a to m ic  s tru ctu re , a n d  so  fo r th . S im i 

la rly , th e J o l io t -C u r ie  fin d in g s  g a v e  rise to  w o r k  th at h a d  o n e  b r a n c h 

in g  p o in t  w ith  F e rm i, a n o th e r  w ith  H a h n  a n d  S trassm an n . E a c h  m a jo r  

lin e  o f  resea rch  g iv e n  b y  lin e  D  in  F ig u re  7 ( a )  is rea lly  a  p a r t  o f  a  

series D x, D 2, D 3, e tc ., as in  F ig u re  7 ( b ) . T h u s  th e  g r o w th  o f  s c ien tific  

resea rch  p r o c e e d s  b y  th e  esca la tion  o f  k n o w le d g e — o r  p e rh a p s  ra th e r  o f  

n e w  areas o f  ig n o r a n c e — in stead  o f  b y  m e re  a c c u m u la t io n .

B y  m ea n s  o f  this m e ch a n ism , w e  c a n  u n d ers ta n d  a t th e  sam e tim e  

th e  p a c e , th e  p r o li fe r a t io n , a n d  th e  p rocesses  o f  d iffu s io n  a n d  b r a n c h in g  

s h o w n  in  F igu res  3 a n d  4 . W h e n  a n  im p o r ta n t  in s ig h t ( in c lu d in g  a  

“ c h a n c e ”  d is c o v e r y ) cau ses a  n e w  b r a n c h  lin e  D 2 to  rise, fr u it fu l re 

sea rch  u su a lly  co n t in u e s  o n  th e  o ld e r  lin e  D t . B u t m a n y  o f  th e  m ost 

o r ig in a l p e o p le  w ill tra n sfer  to  lin e  D 2, a n d  th ere  p u t  to  w o r k  w h a te v e r  

is a p p lic a b le  fr o m  th e ir  e x p e r ie n ce  a lo n g  D j .  (P e r h a p s  n o w  th e  m ost 

im p o r ta n t  th in g  to  k n o w  is w h e n  to  d r o p  D i  a n d  g o  o n  to  D 2.)  I f  th e  

ea rly  p a rt  o f  D 2 rises steep ly— b e ca u se  th ere  is n o w  a  n e w  a rea  o f  ig 

n o r a n c e  th a t c a n  b e  fille d  in  a t  a  r a p id  in itia l ra te— th e n  D 2 w ill a p p e a r  

as an  e x c it in g  fie ld , a n d  w ill  b e  v e ry  a ttra ct iv e  to  research ers. M a n y  

w ill sw itch  to  D 2; b u t  th e  la rgest sou rce  o f  r e a d y  m a n p o w e r  is th e  n e w  

recru its  to  th e  fie ld . H e n c e  th e  liv e ly  sc ien ces  h a v e  a  co n s ta n t  n e e d  to
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“ g r o w ,”  o r  at least to  e n la rg e  th e  p ro fe ss io n . (T h is  m a y  w e ll ru n  e v e n 

tu a lly  in to  d ifficu ltie s  as th e  lim ita t io n  o f  a v a ila b le  ta len t— o r  o f  th e  

w illin gn ess  o f  so c ie ty  to  p r o v id e  th e  n e e d e d  fu n d s — sets an  u p p e r  b o u n d 

a ry  t o  p oss ib le  g r o w th .31)

T h e  n ew est recru its , th e re fo re , a re  lik ely  to  b e  serv in g  th e ir  a p p r e n 

t icesh ip  at th e  n ew est a n d  m o st  ra p id ly  g r o w in g  ed ges. T h is  is a n  

e x c e lle n t  e x p e r ie n ce  f o r  th em . B u t ra p id ity  o f  g r o w th  d e p e n d s  o n  th e  

in flo w  o f  resea rch  ta len t, a n d  a t th e  sam e t im e  it is a lso  d e fin ed  b y  th e  

o u tp u t  a c h ie v e d . T h u s  th ere  a p p e a rs  a  d a n g e r  o f  s e lf-a m p lify in g  

fa sh io n s : fr o m  a  lo n g -r a n g e  p o in t  o f  v ie w , t o o  m a n y  p e o p le  m a y  b e  

c r o w d in g  in to  so m e  fie lds a n d  le a v in g  o th ers  u n d e r m a n n e d . O n e  p a rtia l 

re m e d y  has b e e n  f o r  th e  less fa sh io n a b le  fie lds t o  set u p  th e ir  o w n  p r o 

fess ion a l sp ecia lty  o rg a n iza tio n s  a n d  th e ir  o w n  tra in in g  a n d  re cru it 

m e n t  p ro g ra m s— a  p ro ce ss  w h ic h , o n c e  in it ia te d , fu r th e r  p o la r izes  th e 

n a ir o w in g  su b section s  w ith in  s c ie n ce  as a  w h o le .

W it h  th e  c o n c e p t  o f  e s ca la t io n  in  m in d , let us fin a lly  r e -e x a m in e  F ig 

u re  2, w h e re  w e  fo u n d  a  le a p fr o g g in g  p rocess  to  e v e r  h ig h e r  a c c e le r a to r  

en erg ies . T h e  tw o  c o n c e p ts  a re  in tim a te ly  r e la te d ; F ig u re  2 in d ica tes  

th e  a p p lic a t io n  o f  th e  e sca la tio n  p ro ce ss  o f  F ig u re  7 ( b )  t o  a  n a rr o w  

a n d  p a rt icu la r ly  v ig o r o u s  sp ecia lty , th a t  o f  a c c e le r a to r  d e s ig n .82 T h e  

sam e analysis m a y  b e  a p p lie d  d ire c t ly  to  o th e r  e x p e r im e n ta l fie lds w h ic h  

d o  n o t  h a v e  su ch  s tro n g  in creases  in  th e  v a lu e  o f  a n  easily  id e n tifia b le  

v a ria b le . B u t it  s h o u ld  a g a in  b e  stressed th a t a d v a n ce s  in  m o st  th e o re tica l 

a sp ects  o f  s c ie n ce , a n d  in  n o t  a  fe w  e x p e r im e n ta l on es , d o  resist q u a n t i 

f ica t io n , a n d  th a t th e n  n o  a n a lo g u e  to  F ig u re  2 c a n  b e  re a d ily  d ra w n . 

N o r  s h o u ld  this b e  u n e x p e c te d . I n  th e  e n d , w h a t  a n y  a d v a n c e  m u st b e  

ju d g e d  b y  is n o t  s o m e  q u a n tif ia b le  im p r o v e m e n t  in  a  sp ecia lty , b u t  th e  

q u a lita t iv e  in crea se  in  th e  d e p th  o f  u n d e rs ta n d in g  it  c o n tr ib u te s  to  a 

w id e  fie ld . F o r  this rea son , o u r  m o d e l f o r  th e  g r o w th  o f  s c ie n ce  m u st, a n d  

sh ou ld , re m a in  q u a lita tiv e .

W e  m a y  n o w  su m m a rize . W e  h a v e  d e s cr ib e d  w h a t  is co n s id e re d  an  

a d e q u a te  system  d e s ig n e d  to  s u p p o r t  th e  p u rsu it  o f  in terestin g  id eas th a t 

a d d  to  m a n ’ s b a s ic  k n o w le d g e — a system  th a t a id s  resea rch ers  to  d o  

this s o o n e r  ra th er  th a n  la ter , a n d  w ith  w o r k  a n d  lu ck  to  m a k e  a  la rge  

d iffe r e n c e  to  th e  state o f  k n o w le d g e  o f  th e ir  fie ld . W e  h a v e  n o te d  th at 

— a t least as lo n g  as rea son a b le  fu n d s  are  m a d e  a v a ila b le — scien tific  

w o rk  c a n  so a rra n g e  itse lf as to  m a x im iz e  th e  e ffe ct iv en ess  o f  c o l la b o -
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rators , o f  e n c o u r a g e m e n t  b y  o n e ’ s fe l lo w -m e n , a n d  o f  th e  stim u lus o f  

n e w  results, a ll o f  w h ic h  k eep  m o ra le  h ig h . W e  h a v e  n o te d  a lso  th e  

o p e n  in v ita t io n  to  ta len t, n o  m a tte r  w h a t  rea l o r  im a g in e d  barriers  to  

it m a y  ex ist e lse w h e re ; th e  a id  g iv e n  fr o m  stu d en t days fo r w a r d  fo r  

c o n t in u e d  e d u c a t io n ; th e  p r e d o m in a n t ly  y o u th fu l ch a r a c te r  o f  th e  p r o 

fess ion , w ith  the in flo w  o f  b r ig h t  y o u n g  p e o p le  th a t is s tea d ily  g r o w in g ; 

a n d  th e  sense o f  b u ild in g  o n  th e  c o n tr ib u t io n  o f  oth ers.

T h is , I  b e lie v e , w o u ld  b e  a  fa ir  d e scr ip t io n  o f  th e  m a jo r  fea tu res  o f  

m o st  b a s ic -re se a rch  scien ces  as p ro fess ion s  in  th e  U n ite d  States to d a y , 

w h a te v e r  th e ir  fa u lts  m a y  b e  in  d e ta il. B u t it is t o  b e  n o te d  th a t n o n e  

o f  these traits is in h eren tly  a n d  n ecessarily  restr icted  to  th e  p ro fe ss io n  o f  

sc ien ce . ( I n d e e d , u n til re cen tly , p e rh a p s  th e  m a jo r ity  o f  these traits d id  

n o t  d escr ib e  a n y  s c ie n ce  w e ll .)  T h e  d e s cr ip t io n  in  th e  p a ra g ra p h  a b o v e  

m ig h t  w e ll a p p ly  to  a lm ost a n y  fie ld  o f  sch o la rsh ip , as it n o w  d o e s  to  s om e  

o f  th em . I n  this sense I  re g a rd  this c o n te m p la t io n  o f  th e  p h y s ica l scien ces  

as u se fu l, n o t  b eca u se  th e ir  m e th o d s  are  to  b e  im ita ted , b u t  b eca u se  th ey  

h a v e  a c h ie v e d  a  state o f  o p e r a t io n  th at n e e d  h a v e  n o th in g  to  d o  w ith  

s c ie n ce  as sc ien ce , b u t  o n ly  w ith  a c a d e m ic  s c ie n ce  as a  p ro fe ss io n  in  

w h ic h  th e  a ch ie v e m e n t  o f  e x c e lle n c e  a t  ev e ry  le v e l o f  p e r fo r m a n c e  

is th e  o v e r r id in g  c r ite r io n  fo r  th e  w a y  th e  p ro fe ss io n  o rg a n izes  its w ork .

O n e  m u st o f  cou rse  d istin gu ish  b e tw e e n  w h a t  is u n iq u e  to  s c ie n ce  a n d  

w h a t  is n o t . I t  is n o t  th e  p o in t  to  say th a t h istorian s m u st b e  m a tu re  

m e n  b e fo r e  th ey  c a n  b e  h istorian s, o r  th a t th e  R o m a n c e  la n g u a g es  d id  

n o t  h e lp  b u ild  b o m b s  a n d  h a v e  n o  n e e d  o f  cy c lo tro n s , a n d  th at th e  N a v y  

is n o t  w a it in g  fo r  b re a k -th ro u g h s  in  th e o lo g y . I t  is a lso  n o t  to  th e  p o in t  

to  say th a t s c ie n ce  is u n iq u e  in  its a tte n tio n  to  q u a n tif ia b le  k n o w le d g e , 

in  its n e e d  fo r  c u m u la tiv e  g r o w th , o r  in  its lu ck  o r  its a b ility  to  su rv ive  

p e r io d s  o f  a c ce le ra t io n  in  g ro w th . C e rta in ly , th e  c la m o r  f o r  m o re  m o n e y  

a n d  m o re  m a n p o w e r  fo r  its o w n  sake is a lw ays w r o n g , e v e n  in  sc ien ce , 

a n d  it  c a n  b e  fa ta l o u ts id e  sc ien ce . P erh a p s , in d e e d , w e  n e e d  n o  in 

crea se  in  the ra te  o f  sch o la r ly  p r o d u c t io n  o f  studies in  B yza n tin e  art o r  

e v e n  in  th e  h istory  o f  b io lo g y . B u t e v e n  in  s c ie n c e ,  th e  q u a n tita t iv e  

asp ects  o f  “ g r o w th ”  a re  m e re ly  in d ice s  o f  d e e p e n in g  u n d ersta n d in g . 

T h e r e fo r e ,  th e  q u e stio n  n o w  m u st b e : a l lo w in g  fo r  d iffe re n ce s  b e tw e e n  

th e  n eed s o f  sp ecia l fie lds o f  s ch o la rsh ip , w h a t  c a n  w e  d o  to  h e lp  e a ch  

o f  th e  p a rt icu la r  fie lds rea lize  its fu ll  m ea su re  o f  e x c e lle n c e ?
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supplied , one m ight arrive at a total b ill o f  from  $2.5 to  $3 b illion  fo r  basic 

research in all sciences fo r  the fiscal year 1962, or  about half o f  one percent o f  

the Gross N ational Product. H ow ever, a m ore likely figure for  1962, particularly 

i f  use is m ade o f  a stricter interpretation o f  “ basic research,”  is half this sum 

(o r  an average o f  about $8 per person living in the U nited  States) fo r  all basic 

scientific research in physics, m etallurgy, experim ental psychology, b iology, 

etc. [T en  years later, this last figure has becom e even sm aller.]

18. F or brilliant discussions o f  som e o f  these and related points, see the 

essays by M erle  A . T u ve, Basic R esearch  in Private R esearch  Institutes , S y m 

p o s i u m  o n  B 6 üýþ  R e s e 6 r c h , ed. D ael W olfle  (W ashington, D .C .: A m erican 

A ssociation  fo r  the A dvancem ent o f Science, 1959), pp . 169-184; and by  A . 

M . W einberg, Im p a ct o f  Large-Scale S cien ce  on the U nited  States, S c i e n c e , 

134: 161-164, 1961.

19. A  thorough and sym pathetic study o f the situation is in C o n f l i c t  o f  

I n t e r e s t  6 n d  F e d e r 6 l  S e r v i c e  (C am brid ge : fo r  the Association o f  the Bar 

o f  the C ity o f  N ew  Y ork  by the H arvard U niversity Press, 1960), C hapter 7.

20. A nne R oe , T h e  P sych ology  o f  Scientists, S c i e n c e , 134 :458 , 1961.

21. A ny relaxing o f  social, econ om ic, or other barriers w h ich  prevent talent 

from  finding its proper scope is to be encouraged. Physicists w ou ld  d o  w ell to 

pon der whether the am azingly low  num ber o f w om en in  physics ( 2J/2 percent) 

in the U nited States is not indicative o f  such barriers, particularly in v iew  o f  the 

larger fraction  typical o f  other technically advanced countries. D isturbing diffi

culties o f  another kind are discussed in Russell M idd leton , R acial Problem s and  

the R ecru itm en t o f A cad em ic Staff at Southern C olleges  and Universities, 

A m e r iþ6 n  So c i o l o g i c 6 l  R e v i e w , 2 6 :9 6 0 , 1961. O n  the other hand, the ob 

vious distribution o f  the authors’ nam es in  Figure 1 sets a certain norm  fo r  any 

field. T h e  standard o f  social m obility  im plied  by  this case has very little to d o  

w ith respect to science per se, but everything with the seriousness o f  one ’s 

interest in the excellence o f  scholarship.

22. T h is is the p lace  to m ention (w ithout entering into it) the debate on 

the difficult problem  o f distinguishing am ong basic research, applied  research, 

developm ent, technology, quality control, and technical services. These form  

a continuous spectrum , and precise definitions d o  not survive the test o f  using 

them  and talking about them . Suffice it to say that different panels o f  physicists 

and engineers w orking together usually m anage to discrim inate betw een these 

activities on the basis o f  brief descriptions. F or a discussion, see D ael W olfle , 

T h e  Support o f Basic R esea rch : Sum m ary o f the Sym posium , in W olfle , op. 

c it ., pp. 249-280.

23. From  M . S. Livingston, T h e  D e v e l o p m e n t  o f  H i g h  E n e r g y  A c c e l e r 

6 t o r s , N ew  Y ork : D ov er  Publishing C om pany, p. 3 (in  press [published

429



1966 ]); reproduced by permission. A  similar chart is in M . S. Livingston and 

J. P. Blewett, P 6 ÿ�i c l e  A c c e l e r 6 �o r s  (N ew  Y ork : M cG raw -H ill, 1962), p. 6.

24. Exponential increases in range or accuracy have long been a part o f  sci

entific advance, but the doubling rate was smaller. T hus betw een 1600 and 

1930, approxim ately, the accuracies o f  measuring tim e and astronom ical angu 

lar distance each increased fairly consistently at an average doubling tim e o f  

about 20 years. F or data, see H . T . P ledge, S c i e n c e  S i n c e  1500 (N ew  Y ork : 

H arper & Brothers, 1959), pp . 70, 291.

25. M . M . Kessler, in P r o c e e d i n g s  o f  t h e  W e s t e r n  Jo i n t  C o m p u t e r  

C o n f e r e n c e , 2 4 7 -2 6 7 ,1 9 6 1 , and private com m unications.

26. N ot surprisingly, the speed o f advance im plies a degree o f  waste and a 

num ber o f  sim ultaneous efforts along virtually identical lines. I  have discussed 

elsewhere other reasons for  the necessity o f  som e wastefulness and fo r  syn- 

chronicity  in  scientific w ork; for  exam ple, in  O n the D uality and G row th  
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13 THE CHANGING ALLEGORY OF 

MOTION

1

n  h i s  in flu e n tia l b o o k , T h e  O r i g i n s  o f  M o d e r n  S c i e n c e , 1 3 0 0 -  

18 0 0 , H e r b e r t  B u tte r fie ld  in d ic a t e d  th e  r o le  w h ic h  M o t io n  has 

p la y e d  in  th e  h is to ry  o f  t h o u g h t :  “ O f  a ll  th e  in te lle c tu a l h u rd le s  w h ic h  

th e  h u m a n  m in d  h a s  b e e n  fa c e d  w ith  a n d  h a s  o v e r c o m e  in  th e  last 

fifte e n  h u n d r e d  years , th e  o n e  w h ic h  seem s to  m e  t o  h a v e  b e e n  th e  m o st  

a m a z in g  in  c h a r a c te r  a n d  th e  m o st  s tu p e n d o u s  in  th e  s c o p e  o f  its c o n s e 

q u e n ce s  is th e  o n e  r e la t in g  t o  th e  p r o b le m  o f  m o t i o n . . .  . ’ n  

H e r b e r t  B u tte r fie ld  d o e s  n o t  use su p e rla tiv e s  lig h tly , a n d  y e t  h e  has 

c h o s e n  t o  u n d e re m p h a s ize  th e  m a tte r  o n  th re e  co u n ts . F irst, th e  p r o b le m  

o f  m o t io n  in  s c ie n ce  a n d  p h ilo s o p h y  h a s  a n  e v e n  lo n g e r  h is tory . T h e  

sch o la st ic  a d a g e  i g n o r a t o  m o t u  ig n o r a t u r  n a tu r a  ( w h o  k n o w s  n o t  m o 

t io n , k n o w s  n o t  n a tu re ) h a d  e a r lie r  b e e n  a lso  a  th e m e , in  its c h a n g in g  

co n te x ts , in  E le a tic , A to m is t ic , P la to n ic , a n d  A r is to te lia n  w ritin g s. I n  

th e  last, p a rt icu la r ly , w e  c a n  still see  th e  c o n c e p t  o f  m o t io n  in  a  r ic h  

p r im a l c o n te x t , o n e  in  w h ic h  m o v e m e n t  as w e  n o w  u n d e r s ta n d  it  p la y s  

a  s u b o rd in a te  ro le . A r is to t le ’ s d e f in it io n  o f  m o t io n  p reserv es  a  g e n e ra lity  

w h ic h  w e  c a n  r e co n s tr u c t  o n ly  w ith  g r e a t  e f f o r t :  M o t u s  e s t  a c tu s  e n t i s  in  

p o t e n t i a  s e c o n d u m  q u o d  in  p o t e n t i a  e s t  (m o t io n  is th e  a c tu a lity  o f  th a t  

w h ic h  is  p o te n t ia lly , v ie w e d  f r o m  th e  s ta n d p o in t  o f  p o te n t ia l b e in g ) .  

H e r e  m o t io n  d e n o te s  a n y  tra n s it io n  f r o m  p o te n t ia lity  to  a c tu a lity ,

T h is essay in som ew hat longer form  was originally published in S c i e n t �6 , 

V olu m e L V I I , pp . 1 -1 0 ,1 9 6 3 .
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w h e th e r  th is c h a n g e  b e  g e n e ra tio n  o r  c o r r u p t io n  o f  a  su bstan tia l fo r m , 

w h e th e r  it  b e  a lte ra t io n  in  q u a lity  o r  in  q u a n tity , o r  w h e th e r  it  re fers  to  

o c c u p a t io n  o f  a  d iffe r e n t  p la c e  ( l o c a l  m o t io n  in  th e  n a rr o w  s e n s e ) .

T h is  v ie w , as E . J . D ijk s te rh u is  h as c o r r e c t ly  sa id  in  T h e  M e c h 6 n i 

z 6 t i o n  o f  t h e  W o r l d  P i c t u r e , in tr o d u ce s  e m p h a tic a lly  th e  p r o p o s it io n  

“ th at th e  s u b je c t  m a tte r  o f  s c ie n ce  is c h a n g e ,” 2 b u t  th is v ie w  a lso  e m 

p h a t ic a lly  d e n ie s  th a t th e  stu d y  o f  c h a n g e  is so le ly  th e  p r e r o g a t iv e  o f  

s c ie n ce . A r is to t le ’ s c o n c e p t  o f  m o t io n  is, I  w o u ld  su ggest, a  g re a t  a lle g o ry , 

in  w h ic h  lo c a l  m o t io n  is o n ly  o n e  o f  m a n y  a ttribu tes . A s  it  h as tu rn e d  o u t , 

lo c a l  m o t io n  to o k  o n  a  p r e d o m in a n t  p o s it io n  in  s c ie n ce  b e ca u se  to  som e  

e x te n t th e  o th e r  k in d s  o f  m o t io n  c o u ld  b e  r e d u c e d  to  it. F o r  e x a m p le , 

q u a lita t iv e  c h a n g e  in  p h ysics  o r  ch em istry  o r  b io lo g y — w h e th e r  it is a  

c h a n g e  o f  p h a se  fr o m  ga s to  liq u id  o r  so lid , o r  a  c h a n g e  fr o m  o n e  c h e m 

ic a l su b sta n ce  to  a n o th e r , o r  th e  d e v e lo p m e n t  o f  o r g a n iz a t io n  in  a  ce ll, 

o r  th e  d e c a y  o f  a n  e le m e n ta ry  p a r t ic le  in to  d iffe r e n t  p r o d u cts — is u n d e r 

s to o d  b y  first in v o k in g  th e  re la tiv e  m o t io n  o r  re a rra n g e m e n t  o f  c o n s t itu 

e n t  p a rts . I n  th e  A r is to te lia n  c o n te x t , th is w o u ld  n o t  b e  th e  ce n tra lly  

im p o r ta n t  a s p e ct  o f  q u a lita t iv e  c h a n g e , b u t  in  th e  c o n te x t  o f  p resen t 

k n o w le d g e , th e  m o t io n  o f  p a rtic le s  a n d  th e  p r o p a g a t io n  o f  e n e r g y  (e .g ., 

in  fie ld s ) a re  ce n tra l to o ls  o f  e x p la n a t io n . S c ie n c e  has p rog ress iv e ly  

u n m a sk e d  m o v e m e n t  a n d  c h a n g e  to  fin d  lo c a l  m o t io n  b e h in d  th em .

M o r e o v e r ,  th is p rocess  o f  u n m a sk in g  co n tin u e s . I n  a d d it io n  to  its 

g re a te r  a n tiq u ity , th e  p r o b le m  o f  m o t io n  is h a v in g  a  lo n g e r  li fe . T h e  

p r o b le m  o f  m o t io n  w a s  n o t  settled  b y  G a li le o  a n d  N e w to n , b u t  seem s to  

c o n fr o n t  us in  s c ie n ce  a n e w  w ith  e v e ry  g r e a t  a d v a n c e . I t  w a s  in  this 

c e n tu r y  th a t E in ste in  s h o w e d  th e  s p e e d  o f  lig h t  to  b e  th e  m a x im u m  

sp e e d  in  fr e e  sp a ce  f o r  a n y  p h y s ica l o b je c t .  B e y o n d  th a t  sp e e d , a ll o th ers  

a re  in h e re n tly  im p oss ib le . N ie ls  B o h r  th e n  s h o w e d  th a t p e r io d ic  m o tio n s  

are  q u a n t iz e d . T h a t  is, a n  e le c tr o n  c a n n o t  o r b it  a t a n y  a rb itra ry  d is ta n ce  

fr o m  th e  n u c le u s , b u t  is c o n s tr a in e d  to  ce r ta in  “ a l lo w e d ”  o rb its  w h o se  

r a d ii a re  re la te d  to  o n e  a n o th e r  as th e  ra tios  o f  w h o le  n u m b e rs  (s u c h  as 

1 : 4  : 9  . . . ) .

T h e n  q u a n tu m  m e c h a n ic s  o f  th e  1 9 2 0 ’ s b r o u g h t  o u t  th e  sta tistica l 

n a tu re  o f  th e  m o t io n  o f  s u b a to m ic  p a rt ic le s  a n d  o f  lig h t  en erg y . N o  

lo n g e r  c a n  o n e  th in k  o f  th e  p o in t -b y -p o in t  p rog ress  o f  a n  e le c t r o n  in  its 

o r b it , o r  o f  a  p h o to n  p a ssin g  th r o u g h  a n  o p e n in g  in  an  o p a q u e  o b s ta c le  

a n d  g o in g  o n  in  a  stra igh t lin e  to  a  screen  b e y o n d  it. G iv e n  th e  state o f  

m o t io n  o f  e le c tro n s  o r  p h o to n s  in  th e ir  s p e c ifie d  e n v iro n m e n t  a t  o n e
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in stan t, o n e  c a n  assign  th e  p ro b a b ility  o f  h a v in g  e le c tro n s  o r  p h o to n s  

(w h y  say “ th e  sam e o n e s” ? )  m a te ria lize  o r  reg ister  a t  a n o th e r  lo c a t io n  

a n d  a t  a  la te r  in stan t.

T h e  s im u lta n eou s  d e te r m in a t io n  o f  th e  p o s it io n  a n d  th e  v e lo c ity  o f  a  

m o v in g  p a rt ic le  h a d  a lw a y s  b e e n  ta c it ly  c o n s id e r e d  to  b e  p oss ib le  w ith  

a rb itra ry  p r e c is io n ; b u t  n o w  su ch  m e a su re m e n t w a s  re v e a le d  to  b e  

a fflicted  w ith  a n  in h e re n t , c o u p le d  in d e te rm in a cy . A s  o n e  a ttem p ts  to  

m a k e  o n e  o f  these m o r e  p re c ise , th e  o th e r  n ecessa rily  b e c o m e s  less p r e 

cise. A n d  re ce n tly , y e t  a n o th e r  re s tr ic t io n  o n  c o n c e iv a b le  m o t io n s  a p 

p e a re d  w h ic h  r o c k e d  p h y s ics  to  its v e ry  fo u n d a t io n s . I n  th e  r a d io a c t iv e  

d e c a y  o f  s o m e  n u c le i, i t  w a s  sh o w n  th a t  th e  m o t io n  o f  th e  e m itte d  /8-ray 

is n o t  e q u a lly  p r o b a b le  in  b o th  th e  u p  a n d  d o w n  d ire c t io n s , f o r  e x a m p le , 

b u t th a t in stead  o n e  d ir e c t io n  is p r e fe r r e d .

O n  th e  h u m a n  sca le  o f  m o t io n , th e  G a li le o -N e w to n  d iscu ss ion  still 

su ffices. B u t o n  th e  a to m ic  a n d  s u b a to m ic  levels— th e  leve ls  o n  w h ic h  th e  

b e h a v io r  o f  m a c r o s c o p ic  o b je c ts  fin d s  its e x p la n a t io n  in  s c ie n tific  term s 

— th e  h istory  o f  r e ce n t  s c ie n ce  h as b e e n  a  h is to ry  o f  a c c u m u la t in g  re 

s tr iction s  w ith  re sp e ct  to  m o t io n . A n  in fin ite  v a r ie ty  o f  m o t io n s  w h ic h  

are  im a g in a b le , a n d  th e r e fo r e  m a y  h a v e  b e e n  th o u g h t  to  b e  p ossib le , 

h a v e  tu rn e d  o u t  to  b e  im p oss ib le . I n  e v e ry  o th e r  re sp e ct  w e  h a v e  seen  

a  p r o li fe r a t io n — o f  typ es  o f  fo r ce s , o f  k in d s  o f  p a rtic le s— b u t  w ith  re sp e ct  

to  m o t io n  th ere  h as b e e n  a  r e d u c t io n , a  s tru ctu r in g , a  p ro g re ss iv e  ta m in g . 

W ith  e a c h  step , th e  A r is to te lia n  a lle g o r y  o f  m o t io n  as a l l-p e rv a d in g , 

u n d e lin e a te d  c h a n g e  h as b e e n  m o r e  a n d  m o r e  s tr ip p e d  d o w n .

I I

T h e r e  is a n o th e r  sense in  w h ic h  th e  re m a rk  o n  m o t io n  c ite d  a t  th e  

b e g in n in g  is t o o  restr ictiv e . I t  is th e  fa in t  im p l ic a t io n  th a t  th e  p r o b le m  

o f  m o t io n  is to  b e  d e a lt  w ith  m a in ly  b y  th e  scien tist. A  la rg e  c o l le c t io n  o f  

a rticles  o n  m o t io n  a ssem b led  b y  th e  d is t in g u ish e d  d e s ig n e r  a n d  artist 

G y o r g y  K e p e s , reem p h a sizes  th e  fa c t  th a t th e  p r o b le m  o f  m o t io n  is as 

ce n tra l a n d  v a r ie g a te d  in  a rt as it  is in  s c ie n c e .8 M o r e  to  th e  p o in t  f o r  

o u r  p u rp o s e  h ere , th e  in flu e n c e  o f  th e  arts o n  s c ie n t ific  sensib ilities, w h ile  

n o t  as easy  to  e x h ib it  b y  e x a m p le  as is th e  in flu e n c e  in  th e  reverse  d ir e c 

t io n , is ju s t  as rea l. E r w in  P a n o fsk y ’ s c la ss ic  s tu d y , G 6 l i l e o  6 s  6  C r i t i c  

o f  t h e  A r t s , m a d e  th is case  as c a r e fu lly  as w e  a re  lik e ly  to  see it  m a d e .4

I t  w ill  b e  r e ca lle d  th a t  P a n o fsk y  ask ed  w h y  G a li le o  h a d  fa ile d  t o  use 

o r  e v e n  r e fe r  t o  K e p le r ’ s law s o f  p la n e ta ry  m o t io n  in  h is lo n g  a n d  s tren u -
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ou s  fig h t o n  b e h a lf  o f  th e  C o p e r n ic a n  system  o f  p la n e ta ry  a stron om y . 

T h is  fa ilu re , w h ic h  h o b b le d  G a li le o ’ s ca se  severe ly  b y  o u r  presen t s ta n d 

a rd s , h a d  a lw a ys  d e e p ly  p u z z le d  h istorian s o f  s c ie n ce , f o r  K e p le r ’ s c o n 

t r ib u t io n  w as th e n  (a n d  is s till) b y  fa r  th e  m o st  n a tu ra l a n d  c o n v in c in g  

d o o r  to  C o p e m ic a n is m . G a lile o ’ s in sisten ce  o n  s u p e rp o se d  c ir cu la r  m o 

t ion s  w a s  b o t h  m o r e  c lu m sy  a n d  less a c c u r a te . P a n o fsk y  p r o p o s e d  th a t 

G a l i le o ’ s d e c is io n  rested  o n  a esth e tic  g ro u n d s . H e  c o u ld  n o t  b r in g  h im s e lf  

t o  a c c e p t  K e p le r ’s e ll ip t ic a l p la n e ta ry  o rb its , f o r  th e  e llip se , th e  w r e tc h 

e d ly  d is to r te d  v e rs io n  o f  th e  g o d lik e  c ir c le , w a s  th e  v e ry  s ign a tu re  o f  th e  

M a n n e r is t ic  sty le o f  a rt th a t G a lile o  so  d esp ised .

S u rp r is in g ly , it  w o u ld  seem  fr o m  this e x a m p le  th a t th e  e ffe cts  o f  th e  

arts o n  s c ie n ce  m a y  n o t  b e  sa lu tary . I f  G a li le o  h a d  n o t  b e e n  so  w e ll 

tra in e d  a n d  g e n u in e ly  in v o lv e d  in  th e  v isu a l arts, h e  m ig h t  h a v e  b e e n  

a b le  to  m a k e  a  b e tte r  ca se  f o r  h e lio c e n tr ic  a s tro n o m y . B u t th e  cu r io u s  

th in g  is th a t  u lt im a te ly  h e  w a s  r ig h t. T h e  an alysis o f  p la n e ta ry  m o t io n  

b y  e ll ip t ica l o rb its  is re p u g n a n t  n o t  o n ly  to  c la ss ic istic  aesth etics , b u t  a lso  

to  th e  u n s o p h is t ica te d  h a n d  c a lc u la to r  a n d  th e  im p a rtia l c o m p u t in g  m a 

ch in e . P e r io d ic  m o tio n s  a re  d e a lt  w ith  m o st  s im p ly  b y  r e g a r d in g  th e m  

as th e  resu lt o f  a  su itab le  n u m b e r  o f  su p e rp o se d  c ir c u la r  (h a r m o n ic )  

m o t io n s  o f  d iffe r e n t  a m p litu d e , fr e q u e n c y , a n d  p h a se . I n  th e  e n d , w e  

n o w  use K e p le r ’ s d ia g ra m s  to  im a g in e  p la n e ta r y  m o t io n , b u t  w e  a d o p t  

G a lile o ’ s c o m m itm e n t  to  th e  c ir c le  to  u n d e rs ta n d  th e  m o t io n  c o m p u ta 

t io n a lly .

I t  seem s to  m e  th a t  th is case  illustrates a  g e n e ra l p r in c ip le . W h e n  a 

c re a tiv e  p e r s o n  in  o n e  fie ld  resp on d s  to  a n o th e r  fie ld — a G a lile o  trans 

fe r r in g  a esth e tic  cr ite r ia  fr o m  the arts to  a s tro n o m ica l w o rk , o r  c o n 

verse ly , a  C u b is t  p e r c e iv in g  in  re la tiv ity  th e o ry  d ire c t iv e s  f o r  p a in t 

in g — th e  resu lt on  th e  su r fa c e  o f  it is a p t  to  b e  d isa p p o in t in g . E v e n  

w ith in  a  g iv e n  fie ld , b e  it  p h ysics  o r  p a in tin g , a n a lo g y  is m o r e  o ft e n  d a n 

g e ro u s  th a n  fr u it fu l ;  a n d  b e tw e e n  u n lik e  fie ld s  the transfers th a t in v ite  

th em selves  a re  o fte n  so su p e rfic ia l th a t th ey  a m o u n t  to  little  m o r e  th a n  

p u n s . B u t th is n e e d  n o t  b e  tru e  o n  a n o th e r  leve l o f  tra n sfer— a  le v e l 

w h o se  e x is te n ce  m a y  b e  p r o v e d  o n ly  in  th e  lig h t o f  la te r  a d v a n ce s , b u t  

w h ic h  h a d  b e e n  a ccess ib le  t o  th e  p e r c e p t io n  o f  th e  g e n ia l C re a to r . T h u s  

it  w a s  n e a r ly  2 0 0  years a fte r  G a l i le o ’s d e c is io n  to  stick  to  c ir c le s  th a t 

F o u r ie r  d is c o v e r e d  th e  fa c t  th a t a n y  fu n c t io n  o f  a  v a r ia b le  c a n  b e  e x 

p a n d e d  in  a  series o f  sines o f  m u lt ip le s  o f  th e  v a r ia b le , th e re b y  e n a b lin g  

us to  s u b je c t  K e p le r ia n  m o t io n  to  G a lile a n  analysis.
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I  d o  n o t  w ish  to  p r o p o s e  a  c o n c r e te  m e ch a n is m  o f  p re sc ie n ce  to  e x 

p la in  th e  u lt im a te  r igh tn ess o f  G a li le o ’s d e c is io n  ( t h o u g h  “ r igh tn ess”  

in  a  sense q u ite  d iffe r e n t  f r o m  th a t w h ic h  h e  c o u ld  h a v e  sp e c ifica lly  

k n o w n ) .  R a th e r , I  a m  p r o p o s in g  th a t w e  d e a l w ith  th ese m atters  b y  

c o n s id e r in g  th a t su ch  m e n , w h ile  fo r c e d  t o  p h ra se  th e ir  c r ite r ia  a n d  d e 

c is ion s  in  a  la n g u a g e  a p p r o p r ia te  to  th e  c o n te m p o r a r y  sta te  o f  k n o w l 

e d g e  ( in c lu d in g  th e ir  o w n ) ,  m a y  n everth e less  a lso  u n d e rs ta n d  th e  p r o b 

lem s th ey  are  w restlin g  w ith  in  a  m o r e  g e n e ra l c o n te x t— p oss ib ly  o n  a  

n o n v e r b a l lev e l, as E in ste in  su gg ested  in  J a cq u e s  H a d a m a r d ’ s T h e  P s y 

c h o l o g y  o f  I n v e n t i o n  i n  t h e  M 6 t h e m 6 t i c 6 l  F i e l d .5 P re te le s co p ic  

o b se rv a t io n a l a s tro n o m y , s e v e n te e n th -ce n tu ry  a esth e tic  th e o ry , a n d  h a r 

m o n ic  analysis a p p e a r  t o  b e , i f  o n e  e x a m in e d  th e  te x tb o o k s  in  these fie lds, 

sep a ra te  a n d  u n re la te d  fie ld s  o f  stu d y . W h a t  th e  d e la y e d  tr iu m p h  o f  

G a li le o  illustrates, h o w e v e r , is th a t w e  m a y  a lso  c o n s id e r  th e m  to  b e  d i f 

fe r e n t  sp e c ia liz e d  v iew s o f  a  m o r e  g e n e ra l a lle g o ry , o n e  o f  w h ic h  a  G a li 

le o  sees m o r e  th a n  h e  c a n  re a d ily  d escr ib e .

I ll

I  d o  n o t  w a n t  to  th r o w  d o u b t  o n  th e  p oss ib ility  o f  d ir e c t  rou tes  o f  

v a lid  tra n sfer  fr o m  sc ie n ce  t o  a rt o r  to  h is to ry  o r  t o  a n y  h u m a n is t ic  

stu d y , o r  co n v e rse ly , f r o m  h u m a n is t ic  s tu d y  to  s c ie n t ific  in sp ira tio n . 

T h u s  S ig m u n d  F re u d , in  th e  v e r y  first le tter  in  th e  n e w  c o lle c t io n  b y  

E rn st L . F re u d , w r o te  to  E m il F liiss (1 6  J u n e  1 8 7 3 ) d e s c r ib in g  o n e  p a r 

t icu la r ly  su ccess fu l— a n d  s ig n ifica n t— p a rt  o f  th e  G e n e ra l E x a m in a t io n  

( M a t u r a ) h e  h a d  ju s t  p a ssed  b e fo r e  e n te r in g  th e  U n iv e r s ity : “ T h e  

G re e k  essay s u c c e e d e d  b e tte r , ‘p ra ise w o rth y ,’ th e  o n ly  o n e ,—  a  th ir ty - 

th ree -v erse  p a ssa ge  fr o m  K in g  O e d ip u s ; I  h a d  re a d  this pa ssa ge  a lso  o n  

m y  o w n  a n d  m a d e  n o  se cre t  o f  it .” e

A n d  yet, m o r e  im p o r ta n t  th a n  th e  d ir e c t  c o n n e c t io n s  th a t m a y  b e  o c 

ca s io n a lly  su rm ised  a re  th e  in d ir e c t  c o n n e c t io n s , th e  sh a rin g  o f  a c o m 

m o n  a lleg o ry . T h e  p r a c t ic in g  artist w h o  is in tr ig u e d  w ith  s c ie n ce  m a y  

c o n c e iv a b ly  fin d  s o m e th in g  d ire c t ly  m e a n in g fu l in  th e  stu d y  o f  th e  w o r k 

in g  ph ysic ist ’ s d iffe r e n t ia l e q u a tio n s  g o v e r n in g  th e  m o t io n  o f  la rg e r  

b o d ie s , o r  th e  o p e r a to r  re la tion s  g o v e r n in g  th e  b e h a v io r  o f  e lectron s. 

B u t it seem s to  m e  m u c h  m o re  im p o r ta n t  th a t h e  s h o u ld  u n d e rs ta n d  

th a t th ese  e q u a tio n s  a re  p a in fu lly  w r o u g h t  a ttem p ts  to  fa sh io n  o u t  o f  

th e  g e n e ra l c o n c e p t  o f  m o t io n  a  lim ite d  c o n c e p t  th at a cce n tu a te s  som e
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fea tu res  o f  it a n d  su ppresses o th ers . B y  p a y in g  c lo se  a tte n tio n  to  vestig ia l 

c lu es , a n d  e v e n  b e tte r  b y  s tu d y in g  th e  h istory  o f  th e  fo r m a t io n  o f  sc ien 

t if ic  c o n c e p ts , h e  w ill  d is c o v e r  th ose  p la ce s  w h e re  sc ien tific  s tu d y  is ( o r  

u sed  t o  b e )  c o n n e c te d  t o  th e  sa m e g e n e ra l a l le g o r y  w h ic h  n ou rish es  th e 

artist’ s o w n  sp e c ia liz e d  c o n c e p t io n s .

H e  m a y  a lso  d is c o v e r  c lo se ly  re la te d  d ifficu ltie s  p la g u in g  s c ie n ce  a n d  

art. F o r  e x a m p le , d iffe re n tia l e q u a tio n s , th e  u su a l t o o l  f o r  d e s cr ib in g  m o 

t io n  in  p h ysics , a c c e n tu a te  c o n t in u ity  a n d  a re  g e n e ra lly  h elp less  in  th e  

fa c e  o f  d is co n tin u ity . Y e t  m e a su re m e n t, th e  p ro ce ss  th a t  g iv es  m e a n in g  

to  th e  e q u a tio n s , is in h e re n tly  a  d is c o n t in u ity -p r o d u c in g  p rocess . O n  th e  

s u b a to m ic  le v e l, th e  m e a su re m e n t o f  th e  v e lo c ity  o f  an  o b je c t  ch a n g es  

its v e lo c ity . O n  th e  sca le  o f  la rg e r  o b je c ts , th e  m e a su re m e n t o f  th e ir  

sp e e d  g e n e ra lly  necessitates d o in g  s o m e th in g  th a t is e q u iv a le n t  to  tak 

in g  sn a p sh ots , fr o z e n , c a r to o n -s tr ip  slices o f  e x p e r ie n ce  fr a m e d  in  h a rd , 

b la c k  o u tlin e s  a g a in st th e  f lo w in g  b a c k g r o u n d  o f  c o n t in u in g  a c t io n .

T h e  rep re se n ta tio n  o f  m o t io n  in  its fu ll a lle g o r ic a l sense is th e re fo re  

as im p o ss ib le  in  s c ie n ce  as it  is in  p a in t in g , o r , f o r  th a t  m a tter , in  a  lit 

e ra ry  w o rk . T h e  n e e d  to  use c iv il iz e d  m a th e m a tica l fu n c t io n s  is in c o n 

g ru ou s  w ith  resp ect  to  th e  d isco n t in u o u s  n a tu re  o f  s e lf-co n s c io u s  e x p e r i 

e n c e ;  a n d  co n v e rse ly , th e  n e e d  to  ta k e  d a ta  d u r in g  e x p e r im e n ta t io n  is 

in co n g r u o u s  w ith  re sp e ct  to  th e  c o n t in u o u s  n a tu re  o f  th e  p rocesses  w h ic h  

a re  b e in g  in v estig a ted . S u ch  d ifficu ltie s  a re , o f  co u rse , n o w  o f  n o  in terest 

o r  c o n c e r n  t o  m o st  scientists. S c ie n c e  m a y  b e  d e fin e d  as th e  stu d y  o f  

areas in  w h ic h  su ch  q u estion s  h a v e  b e c o m e  m ea n in g less . N ev erth e less , 

th ey  are  th e  n a v e l-lik e  scars th a t sh o w  w h e re  m o d e r n  sc ie n ce  h a d  t o  sep 

a ra te  itse lf f r o m  e a r lie r  n a tu ra l p h ilo s o p h y .

T h is  p rocess  o f  se p a ra tio n  f r o m  th e  g e n e ra liz e d  m e a n in g  o f  m o t io n  

d u r in g  th e  rise o f  m o d e r n  s c ie n tific  c o n c e p t io n s  c a n  b e  sp ok en  o f  as a  d e -  

a lleg o r iza tio n  o f  m o tio n .  T h e  m o st  r e ce n t  s ta g e  h a s  b e e n  m e n t io n e d  

e a r lie r : th e  d is co v e ry  th a t  w h o le  ra n g es  o f  th in k a b le  m o tio n s  a re  p h y s 

ica lly  im p o ss ib le  o r  im p r o b a b le . B e fo r e  th a t, in  in v erse  o r d e r , c a m e  th e  

re la t iv iza tio n  o f  m o t io n , th e  in tr o d u c t io n  o f  v ir tu a l m o tio n s  in to  sc ien ce , 

a n d , in  th e  p e r io d  f r o m  th e  th ir te e n th  to  th e  sev en teen th  ce n tu ry , th e  

q u a n t if ica t io n  o f  m o t io n .

E a c h  o f  these stages re p re se n te d  a  s tr ip p in g -a w a y  o f  a n th r o p o m o r p h ic  

a n d  o th e r  s u b je c t iv e  associa tion s  fr o m  th e  d e fin it io n  o f  m o t io n . B u t th e 

la s t -m e n tio n e d  w as th e  m a jo r  tu rn in g  p o in t , n o t  o n ly  f o r  th e  d e fin it io n  

o f  m o t io n , b u t  f o r  th e  d is c o v e r y  o f  th e  v e ry  p oss ib ility  o f  s c ie n ce  as w e
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n o w  u n d e rs ta n d  it. H e n c e , it  is p a rt icu la r ly  s ig n ifica n t to  s tu d y  this 

d e v e lo p m e n t  i f  o n e  w ish es to  re tra ce  th e  steps t o  th e  c o m m o n  a lle g o ry .

I V

U n til  N e w to n ’ s t im e  th e  q u e s tio n  o f  ca u sa tion  o f  m o t io n  (d y n a m ic s )  

h a d  tw o  answ ers. O n  th e  o n e  h a n d , b o d ie s  w e r e  th o u g h t  to  b e  s u b je c t  

t o  p r o p u ls io n  b y  v ir tu e  o f  s o m e  in h e re n t  o r  in n a te  p r o p e r ty , b e  it  th e  

a ttr ib u te  o f  g ra v ity  o w in g  to  th e  p r e p o n d e r a n c e  o f  E a rth  essen ce , o r  th e 

a c t io n  o f  a n  a n im a  o r  v irtu s , o r  o f  a n  im p e tu s , o r  (a s  still in  N e w t o n )  a  

vis  re s id in g  in  th e  m o v in g  o b je c t .  O n  th e  o th e r  h a n d , b o d ie s  w e re  

th o u g h t  t o  b e  a lso  s u b je c t  t o  e x te rn a l in flu en ces , w h e th e r  th ese  b e  th e 

h ie ra rc h ica l s tru ctu re  o f  th e  co sm o s  w h ic h  g u id e d  th e  b o d y  t o  its p r o p e r  

lev e l, o r  th e  ta n g e n tia l pressu re  a n d  la tera l a t tra c t io n  e x e r te d  b y  a  lin e  

o f  f o r c e  th at e m a n a tes  f r o m  a n o th e r  o b je c t ,  o r  th e  a c t io n  o f  th e  sur 

r o u n d in g  m e d iu m , in c lu d in g  e x te rn a l p a rt ic le s  d u r in g  c o llis io n  (a s  in  

th e  c h a n c e  co llis io n s  o f  a to m s  in  D e m o c r itu s , o r  th e  v o r t ice s  o f  D e s 

ca r te s ) , o r  o th e r  in flu e n ce s  p r o p a g a te d  th r o u g h  a n  e th e r , a  fie ld , o r  a t  a  

d ista n ce .

B e fo r e  these d y n a m ic a l c o n c e p t io n s  o f  m o t io n  as resp on ses t o  in tern a l 

o r  e x te rn a l a ffliction s c o u ld  g iv e  w a y  t o  th e  m o d e m  c o n c e p t io n  o f  m o t io n  

as a  rela tio n sh ip  o f  c o u p le d  o b je c t s , t w o  d e v e lo p m e n ts  h a d  to  ta k e  p la c e  

in  k in em a tics . T h e  d e s c r ip t io n  o f  m o t io n  (w ith o u t  re g a rd  to  w h a t  m a y  

h a v e  ca u sed  it )  w a s  sh o w n  to  b e  exp ress ib le  first in  term s o f  g e o m e tr ic a l 

figu res, a n d  th en  in  term s o f  n u m e r ic a l s ta tem en ts . A s  A . C . C r o m b ie  

has sh o w n  in  R o b e r t  G r o s s e t e s t e  6 n d  t h e  O r i g i n s  o f  E x p e r i m e n 

t 6 l  S c i e n c e ,7 in  th e  first h a lf  o f  th e  fo u r te e n th  ce n tu ry  tw o  m e th o d s  

w e re  in  u se  fo r  ex p ress in g  fu n c t io n a l re la t io n sh ip s : o n e  th e  “ w o r d -  

a lg e b ra ”  o f  T h o m a s  B r a d w a rd in e  in  O x fo r d ,  th e  o th e r  th e  u se  o f  g ra p h s  

id e n tifie d  w ith  N ic o le  O r e s m e  a t  P aris. “ T h e s e  fo u r te e n th -ce n tu ry  

w riters w e re  still p r im a r ily  c o n c e r n e d  w ith  th e  q u e s tio n  h o w , in  p r in 

c ip le , t o  express c h a n g e  o f  a n y  k in d , w h e th e r  in  q u a n t ity  o r  in  q u a lity , 

in  term s o f  m a th e m a tics , a n d  a n y  tre a tm e n t th ey  g a v e  o f  p a r t ic u la r  o p 

t ica l o r  d y n a m ic a l p ro b le m s  w as in  m o st  cases s im p ly  to  illu stra te  a  p o in t  

o f  m e th o d . Y e t  th ey  s u c c e e d e d  in  ta k in g  th e  first s tep  to w a r d  th e  c r e 

a t io n  o u t  o f  th e  sta tica lly  c o n c e iv e d  G r e e k  m a th e m a tics  [w h e re  th e  

p r o to ty p e  p r o b le m s  w e re  E u c lid ’ s p ro p o s it io n s  a n d  A r c h im e d e s ’ le v e r  

in  a  sta te  o f  e q u ilib r iu m ] o f  th e  a lg e b r a  a n d  g e o m e tr y  o f  c h a n g e  th a t 

w e re  t o  tra n s fo rm  s c ie n ce  in  th e  s e v en teen th  c e n tu r y .” 8
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T e n ta t iv e ly  a n d  in n o c e n t ly , th e  m a th e m a tiz a t io n  o f  th e  a lle g o ry  o f  

m o t io n  h a d  b e g u n . O r e s m e  d r e w  figu res , e . g ., tr ian g les  a n d  e v e n  th re e - 

d im e n s io n a l o b je c ts , to  rep resen t th e  “ q u a n t ity  o f  a  q u a lity ”  (e .g ., h o w  

m u c h  sp e e d  a  b o d y  h a s ) ,  w ith  th e  h o r iz o n ta l d im e n s io n  s ta n d in g  fo r  

e x te n s io ,  th e  h e ig h t  in d ic a t in g  in ten s io n  T h is  w a s  n o t  y e t  a  g r a p h . T h e  

in terest w a s  in  th e  w h o le  fig u re , w h ic h  w a s  to  re v e a l th e  “ p ro p e r t ie s  

in tr in s ic  to  th e  q u a lity ”  d e p ic te d .

O n e  resu lt, p re se n te d  b y  O r e s m e  in  D e  C o n f i g u r 6 t i o n e  Q u 6 l i t 6 t e , 

b e c a m e  p a rt icu la r ly  im p o r ta n t . I t  w a s  a  g e o m e tr ic  p r o o f  o f  a  p r o p o s it io n  

e a r lie r  d e d u c e d  o n  o th e r  g r o u n d s  at M e r t o n  C o lle g e  s o m e tim e  b e fo r e  

1335 . T h is  w a s  th e  ru le  th a t  “ a  u n ifo r m ly  a c c e le r a te d  o r  r e ta rd e d  m o v e 

m e n t  is e q u iv a le n t , so  fa r  as th e  sp a ce  tra v ersed  in  a  g iv e n  t im e  is c o n 

c e r n e d , to  a  u n ifo r m  m o v e m e n t  o f  w h ic h  th e  v e lo c ity  is e q u a l th r o u g h 

o u t  to  th e  in sta n ta n eou s  v e lo c ity  possessed  b y  th e  u n ifo r m ly  a c c e le r a te d  

o r  r e ta rd e d  m o v e m e n t  a t th e  m id d le  in sta n t o f  t im e .” 10 T h e  p r o o f  d e 

p e n d s  o n  th e  fa c t  th a t ( i )  i f  a  u n ifo r m ly  c h a n g in g  q u a lity  su ch  as d e 

c re a s in g  sp eed  m a y  b e  re p re se n te d  b y  a  tr ia n g le  A B C , a n d  ( i i )  i f  a  

r e c ta n g le  A B G F , re p re se n tin g  a  c o n s ta n t  m o t io n , is d r a w n  so  th a t its 

h e ig h t  A F  o r  B G  is ju s t  h a lf  as la rg e  as th e  lo n g  v e r t ica l s id e  A C  o f  th e  

tr ia n g le , th en  ( i i i )  th e  a rea  o f  th e  tr ia n g le  a n d  th a t o f  th e  r e c ta n g le —  

re p re se n tin g  in  e a c h  case  th e  to ta l e f fe c t  o f  th e  m o t io n , e . g ., th e  d is 

p la c e m e n t  a c h ie v e d — b y  s im p le  g e o m e tr y  a re  e q u a l f o r  b o th . B y  in s p e c 

t io n  it is e v id e n t , h o w e v e r , th a t i f  D E  rep resen ts  in  a n y  w a y  th e  “ d e g re e  

o f  in ten s ity ”  o f  th e  c h a n g in g  m o t io n  a t  its m id p o in t , th e n  o n e  m a y  see 

th a t  th is s h o u ld  b e  th e  m a g n itu d e  o f  th e  co n s ta n t  m o t io n  w h ic h  in  th e  

e n d  w il l  a c h ie v e  th e  sa m e resu lt as th e  c h a n g in g  m o t io n . (S e e  F ig u r e )

c
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I n  m o r e  m o d e r n  fo r m  su ch  tr ia n g u la r  a n d  re c ta n g u la r  figu res— n o w  

c o n s id e r e d  essentia lly  as g ra p h s  o f  s p e e d  versu s tim e— c o m e  to  th e  sur 

fa c e  a g a in  in  G a li le o ’ s D i s c o u r s e s  o n  T w o  N e w  S c i e n c e s . T h e  

M e a n -S p e e d  R u le  is a n  essential p a rt  o f  h is d iscu ss ion  o f  u n ifo r m ly  a c 

c e le ra te d  m o t io n , th e  fo u n d a t io n  o f  his w h o le  k in em a tics , a n d  h e n ce  o f  

th e  p r o o f  o f  h is n e o -P la to n ic  e p is te m o lo g y .

F o r , as A le x a n d r e  K o y r é  has sa id ,11 G a li le o ’ s w o r k  w a s  a n  e x p e r i 

m e n ta l p r o o f  o f  P la to n ism  as a  m e th o d o lo g y  o f  sc ie n ce . T h e  sch o la stics  

h a d  a lw ays b e e n  a b le  to  p o in t  to  th e  tw o  m a in  fa ilu re s  o f  P la to n is m : 

o n  th e  o n e  h a n d  th ere  w a s  n o  g o o d  th e o r y  o f  terrestria l m o t io n — e v e n  

A r ch im e d e s , the g rea test P la ton ist o f  a n tiq u ity , h a d  o n ly  g iv e n  a  sc ien ce  

o f  statics— a n d  o n  th e  o th e r  h a n d  th e re  w a s  n o  su ccess fu l m a th e m a tiz a - 

t io n  o f  q u a lity . N o w , in  h is w o rk  o n  th e  m e ch a n ics  o f  fa l l in g  b o d ie s , 

G a lile o  h a d  m e t  b o th  ch a llen g es .

A s  to  th e  first o f  th e se : in  th e  T h ir d  D a y  o f  G a l i le o ’ s D i s c o u r s e s  

o f  1638 , T h e o r e m  I , P ro p o s it io n  1 is in  fa c t  th e  M e a n -S p e e d  R u le —  

re p le te  w ith  d ia g r a m m a tic  p r o o f  c lo s e ly  a n a lo g o u s  to  O r e s m e ’ s o f  th ree  

ce n tu r ie s  b e fo r e — a n d  w ith  its a id , G a li le o  d ra w s  th e  fa m o u s , e cs ta t ic  

c o n c lu s io n , “ S o  fa r  as I  k n o w , n o  o n e  h as y e t p o in te d  o u t  th a t  th e  d is 

ta n ces  tra v ersed , d u r in g  e q u a l in terv a ls  o f  t im e , b y  a  b o d y  fa llin g  fr o m  

rest, s ta n d  to  o n e  a n o th e r  in  th e  sa m e ra t io  as th e  o d d  n u m b e rs  b e g in 

n in g  w ith  u n ity .”

W e  n o w  w o u ld  p u t  it  in  th e  e q u iv a le n t  fo r m  th a t th e  d is ta n ce  c o v e r e d  

in  fr e e  fa ll is p r o p o r t io n a l t o  th e  sq u a re  o f  th e  e la p sed  tim e . B u t  G a lile o  

has his ey e  o n  n u m b ers , 1, 3 , 5 , 7 . . .  . G e o m e tr ic a l  fig u re  a n d  n u m b e r : 

these a re  th e  la n g u a g e  o f  n a tu re , as th e  n e o -P la to n is ts  h a d  a lw ays h o p e d  

to  sh ow . H e r e  at last in  th e  p r o b le m  o f  fa ll in g  m o t io n , w as th e  p r o o f  

th a t trian g les  a n d  o th e r  g e o m e tr ic a l figu res, a n d  s in g le  w h o le  n u m b ers , 

are  in d e e d  th e  signs w ith  w h ic h  th e  B o o k  o f  N a tu re  h as b e e n  w ritten . 

A s  K o y r é  sa id , “ L a  d e c o u v e r te  g a lilé e n n e  tra n s fo rm e  l ’ é c h e c  d u  p la to -  

n ism e en  v ic to ir e . S a  s c ie n ce  est u n e  r e v a n ch e  d e  P la to n .” 12

W h a t  o f  th e  s e c o n d  c h a lle n g e ?  T h e  m a th e m a tiz a t io n  o f  q u a lity  h a d  

p r o v e d  p oss ib le  f o r  su ch  q u a litie s  as m o t io n  a n d  size, b u t  n o t  f o r  o th ers , 

su ch  as taste, th e  sen sation  o f  h e a t, c o lo r  ( th o u g h  m ost o f  these subse 

q u e n t ly  w e re  in d e e d  a lso  fo u n d  to  h a v e  q u a n t if ia b le  a s p e c t s ) . G a l i le o ’s 

d e c is io n  w a s  s im p le : t o  b a n ish  th e  u n q u a n tifia b le  q u a litie s  fr o m  sc ie n ce  

— o r  m o r e  p r o p e r ly , to  w ith d r a w  th e  a tte n tio n  o f  s c ie n ce  fr o m  th e  re a lm  

o f  u n q u a n tifia b les . A s  h e  w r o te  in  I I  S 6 g g i 6 t o r e , “ I  th in k  th a t  these
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tastes, o d o rs , c o lo r s , e tc ., o n  th e  s id e  o f  th e  o b je c t  in  w h ic h  th e y  seem  to  

ex ist, a re  n o th in g  else th a n  m e re  n a m es, [a n d ] h o ld  th e ir  re s id e n ce  so le ly  

in  th e  sensitive  b o d y ;  so  th a t i f  th e  a n im a l w e r e  r e m o v e d , e v e ry  su ch  

q u a lity  w o u ld  b e  a b o lis h e d  a n d  a n n ih ila te d . N ev erth e less , as s o o n  as 

w e  h a v e  im p o s e d  n a m e s  o n  th e m , p a r t ic u la r  a n d  d iffe r e n t  f r o m  th ose  

o f  th e  o th e r  p r im a ry  a n d  rea l a cc id e n ts , w e  in d u c e  ou rse lv es  to  b e lie v e  

th a t th ey  a lso  ex ist ju s t  as tru ly  a n d  rea lly  as th e  la tte r .”

T h e  d iv is ion s  o f  c o n c e p ts  a c c o r d in g  to  p r im a r y  (q u a n t i f ia b le )  a n d  

s e co n d a ry  q u a litie s , a n d  th e  a b a n d o n m e n t  b y  s c ie n ce  o f  th e  la tter , w as, 

o f  co u rse , a  c r u c ia l r e d u c t io n  o f  th e  a lle g o r y  o f  m o t io n  f r o m  its o r ig 

in a l sense o f  c h a n g e  a n d  m o v e m e n t  o f  e v e ry  k in d . I t  h as fr e q u e n t ly  b e e n  

o b s e r v e d  th a t this d iv is io n , a n d  th e  c o n s e q u e n t  m a th e m a tica l in te rp re ta 

t io n  o f  n a tu re , has h a d  in c a lc u la b le  co n s e q u e n ce s  o n  m o d e r n  th o u g h t. 

T h is  w as, E . A . B u rtt sa id , “ th e  first s tage  in  th e  r e a d in g  o f  m a n  q u ite  

o u t  o f  th e  rea l a n d  p r im a r y  re a lm . . . . M a n  b e g in s  t o  a p p e a r  f o r  th e  

first t im e  in  th e  h is to ry  o f  th o u g h t  as a n  ir re le v a n t  s p e c ta to r  a n d  in sig 

n if ic a n t  e f fe c t  o f  th e  g re a t  m a th e m a tica l system  w h ic h  is th e  su b stan ce  

o f  rea lity .” 13

I t  w a s  u n a v o id a b le  th a t w e  s h o u ld  fin a lly  c o m e  to  this issue, w h ic h  

lies a t  th e  b o t t o m  o f  m o st  d iscu ssion s o n  th e  re la t io n  b e tw e e n  a rt a n d  

sc ie n ce . I  h a v e  e lsew h ere  a r g u e d  a t le n g th  th a t th e  im p lic a t io n  in  sta te 

m en ts  su ch  as th at c ite d  a b o v e  is  u n w a rra n te d  a n d  e rro n e o u s .14 F a r  fr o m  

m a k in g  m a n  an  ir re le v a n t  s p e cta to r , th e  in sigh ts g ra n te d  to  th ose  w h o  

tak e  th e  tro u b le  to  lea rn  th e  la n g u a g e  o f  s c ie n ce  h a v e  d e m o n stra te d  a  

p re v io u s ly  u n su sp e cte d  c a p a c ity  o f  m a n ’ s m in d . T h e  d e -e m p h a s is  o f  sec 

o n d a r y  q u a lities  in  s c ie n ce  w a s  n o t  a  w a n to n  a c t  o f  d e h u m a n iz a t io n , b u t  

ra th e r  a  s tra teg ic  d e c is io n  to  r e a c h  a  w o r th y  h u m a n  g o a l, th a t  o f  u n 

d e rs ta n d in g  n a tu re  ( in c lu d in g , u ltim a te ly , m a n ’ s n a tu re ) in  a  n e w  

w a y .

T h e  d ifficu lty  h as p e rh a p s  b e e n  n o t  th a t this n e w  w a y  w a s  t o o  h a rd , 

b u t  th a t it tu rn e d  o u t  to  b e  a ll t o o  easy. O n c e  th e  scientists o f  th e  seven 

teen th  c e n tu ry  h a d  fo u n d  th e  k ey  to  th is p a r t ic u la r  g a te , th e  r o a d  th a t 

o p e n e d  b e y o n d  le d  m o r e  a n d  m o r e  sp eed ily  a n d  d e e p ly  in to  re m o te  a n d  

fa sc in a t in g  terr itory , fu r th e r  a n d  fu r th e r  f r o m  th e  o r ig in a l g r o u n d  o f  

u n d e rs ta n d in g  th e  w o r ld  in  term s o f  m u lt ifo r m , u n d iffe re n t ia te d , a n 

t h r o p o m o r p h ic  a lleg or ies .

O n e  c a n n o t  h e lp  r e g a r d in g  th is as im p o r ta n t  p r o g re ss ; a n d  o n e  a lso  

c a n n o t  h e lp  n o t ic in g  th e  loss. O n ly  a  fe w  a t a n y  t im e  seem  to  b e  a b le  to
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m o v e  w ith  s o m e  a ssu ra n ce  o n  b o t h  sides o f  th e  g a te  e q u a lly . G a lile o  

h im se lf , o f  w h o se  a esth e tic  c r ite r ia  f o r  p la n e ta ry  o rb its  w e  sp ok e  e a r lie r , 

w a s  a n  e x a m p le ; th e re  a re  n o t  m a n y  o th ers . T h e  rest o f  us a re  fa r  d o w n  

o n  so m e  r o a d  to  d e -a lle g o r iz a t io n — e a c h  o n  his o w n . F o r  ju s t  as th ere  

a re  p r im a l a lle g o r ie s  o th e r  th a n  th a t o f  m o t io n  ( f o r  e x a m p le , th ose  o f  

sp a ce , t im e , m a tte r , o rg a n ism , life , d e a th )  f r o m  w h ic h  s c ie n ce  has p r o 

g ressive ly  m o v e d , so  a lso  a re  th ere  in  e a c h  ca se  o th e r  ro a d s  th a n  th ose  

o f  sc ie n ce , le a d in g  a w a y  f r o m  th e  p r im a l a lleg ories . P e rh a p s  I  m a y  b e  

a llo w e d  to  su ggest th a t e v e n  art, a n d  p a r t ic u la r ly  a rt, h as in  th is re sp e ct  

su ffe re d  th e  sam e fa te  as s c ie n ce . A n d  th e  tre a tm e n t o f  m o t io n  in  

m o d e r n  v isu a l a r t  m a y  w e ll p r o v e  th e  p o in t . T o  m y  eye , a t a n y  rate , 

th e  d is ta n ce  b e tw e e n  p r im a l m o t io n  as ex p ressed  in  r itu a l d a n c in g  o r  

N a v a h o  s a n d p a in tin g  o n  th e  o n e  h a n d , a n d  m o t io n  ex p ressed  in  c in e 

m a to g ra p h y , m o b ile s , a n d  a c t io n  p a in t in g  o n  th e  o th e r , is as la rg e  as 

th e  d is ta n ce  b e tw e e n  p r im a l m o t io n  in  G r e e k  n a tu re -p h ilo s o p h y , a n d  

m o t io n  as in d ic a te d  o n  a  ta c h o m e te r  o r  a n  o s c i llo s c o p e  screen .

F o r  th e  p ro ce ss  o f  r e d u c in g , t ra n s fo r m in g , a n d  a b s tra ctin g  th e  a l 

le g o r y  is th e  h a llm a rk , n o t  ju s t  o f  s c ie n ce , b u t  o f  o u r  w h o le  d e v e lo p in g  

cu ltu re  itse lf.
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14 M O D E R N  S C IE N C E  A N D  T H E  

IN T E L L E C T U A L  T R A D I T I O N

^
h e n  f u t u r e  g e n e ra tio n s  lo o k  b a c k  to  o u r  d a y , th e y  w il l  e n v y  

us f o r  h a v in g  liv e d  a t a  t im e  o f  b r illia n t  a c h ie v e m e n t  in  m a n y  

fie lds, a n d  n o t  least in  s c ie n ce  a n d  te c h n o lo g y . W e  a re  a t  th e  th re sh o ld  

o f  b a s ic  k n o w le d g e  c o n c e r n in g  th e  o r ig in s  o f  li fe , th e  c h e m ic a l  e lem en ts , 

a n d  th e  g a la x ies . W e  a re  n e a r  a n  u n d e r s ta n d in g  o f  th e  fu n d a m e n ta l 

con stitu en ts  o f  m a tte r , o f  th e  p rocess  b y  w h ic h  th e  b ra in  w ork s , a n d  

o f  th e  fa c to r s  g o v e r n in g  b e h a v io r . W e  h a v e  la u n c h e d  th e  p h y s ica l e x 

p lo r a t io n  o f  s p a ce  a n d  h a v e  b e g u n  t o  see h o w  to  c o n q u e r  h u n g e r  a n d  

d isease o n  a  la rg e  sca le . S c ie n t if ic  th o u g h t  a p p e a rs  to  b e  a p p lic a b le  

t o  a n  e v e r  w id e r  ra n g e  o f  studies. W it h  cu r re n t  te c h n ic a l in g e n u ity  

o n e  c o u ld  in  p r in c ip le  h o p e  to  im p le m e n t  m o st  o f  th e  u to p ia n  d rea m s  o f  

th e  p a st.

H a n d  in  h a n d  w ith  th e  q u a lity  o f  e x c ite m e n t  in  s c ie n tific  w o r k  to d a y  

g o e s  a n  a s ton ish in g  q u a n tity . T h e  w o r ld -w id e  o u tp u t  is vast. A n d  th e  

a m o u n t  o f  s c ie n tific  w o r k  b e in g  d o n e  is in cre a s in g  a t  a  r a p id  ra te , 

d o u b lin g  a p p r o x im a te ly  e v e ry  10 o r  2 0  years. E v e ry  p h a se  o f  d a ily  a n d

T h is is a slighdy abbreviated form  o f  an essay published in  S c i e n c e , V o l 

um e 131, pp . 1187-1193, 1960, and reprinted in T h e  G r 6 
u 6 �e  Jo u r n 6 l , 

V o lu m e IV , pp . 4 8 -6 3 , 1961. A  shorter form  was published in the anthology, 

T h e  I n t e l l e c t u 6 l s , ed. G eorge B. de Huszar, G len coe, 111.: Free Press, 1960.
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n a tio n a l li fe  is b e in g  p e n e tra te d  b y  so m e  a sp e ct  o f  this e x p o n e n t ia lly  

g r o w in g  a ctiv ity .

I t  is a p p r o p r ia te , th e r e fo r e , th a t se a rch in g  q u estion s  a re  n o w  b e in g  

ask ed  a b o u t  th e  fu n c t io n  a n d  p la c e  o f  th is lu sty  g ia n t. Ju st as a  m a n ’ s 

v ig o r o u s ly  p in k  c o m p le x io n  m a y  a le rt  th e  tra in e d  eye to  a  g r a v e  d isease 

o f  th e  c ir c u la to r y  system , so  t o o  m a y  th e  s p e c ta c u la r  su ccess  a n d  g r o w th  

o f  s c ie n ce  a n d  te c h n o lo g y  tu rn  o u t , o n  m o r e  th o r o u g h  stu d y , t o  m ask  

a  d e e p  a fflic t ion  o f  o u r  cu ltu re . A n d  in d e e d , a n y o n e  c o m m it te d  t o  th e  

v ie w  th a t s c ie n ce  s h o u ld  b e  a  b a s ic  p a r t  o f  o u r  in te lle c tu a l tra d it io n  w ill  

s o o n  fin d  g r o u n d s  f o r  c o n c e r n .

S o m e  o f  th e  m a jo r  sy m p to m s  o f  th e  re la tiv e ly  n a r r o w  p la c e  s c ie n ce , 

as p r o p e r ly  u n d e r s to o d , rea lly  o c c u p ie s  in  th e  to ta l p ic tu r e  a re  q u a n t i 

ta t iv e . F o r  e x a m p le , w h ile  th e  to ta l a n n u a l e x p e n d itu r e  f o r  s c ie n tific  

resea rch  a n d  d e v e lo p m e n t  in  this c o u n tr y  is a t a  h ig h  lev e l, b a s ic  re 

sea rch — th e m a in  ro o ts  o f  th e  tree  th a t fu rn ish es  s c ie n tific  k n o w le d g e  

a n d  th e  fru its  o f  t e c h n o lo g y — h as a  sh are  o f  o n ly  a  fe w  p e r c e n t .2 C o r 

r e sp o n d in g ly , o f  th e  la rg e  n u m b e r  o f  tra in e d  scientists a n d  en g in eers , 

o n ly  a b o u t  2 p e r c e n t  h a v e  b e e n  es tim a te d  to  b e  resp on s ib le  f o r  th e  

m a jo r  p a rt  o f  th e  c re a tiv e  w o r k  b e in g  d o n e  in  b a s ic  resea rch . A  n a t io n 

w id e  su rv ey  fo u n d  th a t n e a r ly  4 0  p e r c e n t  o f  th e  m e n  a n d  w o m e n  

w h o  h a d  a t te n d e d  c o lle g e  in  th e  U n it e d  S ta tes  co n fe sse d  th a t th e y  

h a d  ta k en  n o t  a  s in g le  co u r s e  in  th e  p h y s ica l a n d  b io lo g ic a l  scien ces . 

S im ila r ly , in  c o n tra st  to  th e  o v e r w h e lm in g  a m o u n t  o f ,  a n d  c o n c e r n  

w ith , s c ie n ce  a n d  t e c h n o lo g y  to d a y , th e  m ass m e d ia  p a y  o n ly  n e g li 

g ib le  a tte n t io n  to  th e ir  s u b s ta n ce ; th e  n e w sp a p e rs  h a v e  b e e n  fo u n d  to  

g iv e  less th a n  5 p e r c e n t  o f  th e ir  (n o n a d v e r t is in g )  sp a ce  to  fa c tu a l p r e 

sen ta tion s  o f  s c ie n ce , t e c h n o lo g y , a n d  m e d ic in e ; a n d  te lev is ion  sta tion s, 

o n ly  a b o u t  0 .3  p e r c e n t  o f  th e ir  t im e . I n  sh ort, a ll o u r  v o r a c io u s  c o n 

s u m p t io n  o f  t e c h n o lo g ic a l  d e v ice s , a ll o u r  ta lk  a b o u t  th e  th reats o r  

b e a u tie s  o f  s c ie n ce , a n d  a ll o u r  m o n e y  sp en t o n  e n g in e e r in g  d e v e lo p m e n t  

s h o u ld  n o t  d r a w  a tte n t io n  f r o m  th e  fa c t  th a t th e  p u rsu it  o f  s c ien tific  

k n o w le d g e  itse lf is n o t  a  s tro n g  c o m p o n e n t  o f  th e  o p e r a t iv e  system  o f  

g e n e ra l v a lu es .

T h e  A to m iz a tio n  o f  L o y a lt ie s

I n  th e  q u a lita t iv e  sense, a n d  p a r t ic u la r ly  a m o n g  in te lle ctu a ls , th e  

sy m p to m s  a re  n o  b e tte r . O n e  h ea rs  ta lk  o f  th e  h o p e  th a t  th e  fo r c e s  o f  

s c ie n ce  m a y  b e  ta m e d  a n d  h a rn essed  to  th e  g e n e ra l a d v a n c e  o f  id eas , 

th a t th e  m u c h  d e p lo r e d  g a p  b e tw e e n  scientists a n d  h u m a n ists  m a y  b e
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b r id g e d . B u t the tru th  is th a t b o th  th e  h o p e s  a n d  th e  b r id g es  a re  il lu 

sory . T h e  se p a ra tio n — w h ic h  I  sh a ll e x a m in e  fu r th e r — b e tw e e n  th e  

w o r k  o f  th e  scien tist o n  th e  o n e  h a n d  a n d  th a t  o f  th e  in te lle c tu a l o u t 

s id e  s c ie n ce  o n  th e  o th e r  is s tea d ily  in cre a s in g , a n d  th e  g e n u in e  a c c e p t 

a n c e  o f  s c ie n ce  as a  v a lid  p a r t  o f  cu ltu r e  is b e c o m in g  less ra th e r  th a n  

m o r e  likely .

M o r e o v e r , th ere  a p p e a rs  a t  p resen t t o  b e  n o  fo r c e  in  o u r  cu ltu ra l 

d y n a m ics  s tro n g  e n o u g h  to  c h a n g e  th is tren d . T h is  is d u e  m a in ly  t o  th e  

a tr o p h y  o f  t w o  m e ch a n ism s  b y  w h ic h  th e  sch ism  w a s a v e rte d  in  th e  past. 

F irst, th e  c o m m o n  c o r e  o f  th e ir  ea r ly  e d u c a t io n  a n d  th e  w id e  ra n g e  o f  

th e ir  in terests w as a p t  t o  b r in g  sch o la rs  a n d  scientists to g e th e r  a t  som e  

lev e l w h e re  th ere  c o u ld  b e  m u tu a l c o m m u n ic a t io n  o n  th e  su b jects  o f  

th e ir  in d iv id u a l c o m p e te n c e ; a n d  s e co n d , th e  c o n c e p ts  a n d  a ttitu des o f  

c o n te m p o r a r y  s c ie n c e  w e re  m a d e  a  p a rt  o f  th e  g e n e ra l h u m a n is t ic  c o n 

cern s  o f  th e  tim e . I n  th is w a y  a  re a so n a b le  e q u ilib r iu m  o f  c o m p a t ib le  

in terp re ta tion s  w a s  fe lt  t o  ex ist, d u r in g  th e  last ce n tu ry , b e tw e e n  th e  

c o n c e p ts  a n d  p r o b le m s  o f  s c ie n ce  o n  th e  o n e  h a n d  a n d  o f  in te llig en t 

c o m m o n  sense o n  th e  o t h e r ;  th is w a s  a lso  tru e  w ith  re sp e ct  to  th e  s c i 

e n t if ic  a n d  th e  n o n s c ie n t ific  a sp ects  o f  th e  tra in in g  o f  in te llectu a ls . 

S p ecia lists , o f  co u rse , h a v e  a lw a ys  c o m p la in e d  o f  b e in g  in a d e q u a te ly  

a p p r e c ia te d ; w h a t  is m o re , th ey  a re  u su a lly  r ig h t. B u t a lth o u g h  th ere  

w e re  som e la rg e  b l in d  sp ots  a n d  so m e  b itte r  q u a rre ls , th e  tw o  sides 

w e re  n o t , as th ey  are  n o w  in  d a n g e r  o f  c o m in g  to  b e , s e p a ra te d  b y  a  

g u l f  o f  ig n o r a n c e  a n d  in d if fe re n ce .

I t  is o f  co u rs e  n o t  m y  p u rp o s e  h ere  to  u rg e  b e tte r  s c ie n ce  e d u c a t io n  

a t  th e  ex p e n se  o f  h u m a n is t ic  a n d  so c ia l stu d ies. O n  th e  co n tra ry , th e  

la tter  d o  n o t  fa r e  m u c h  b e tte r  th a n  s c ie n ce  d o e s , a n d  th e  sh a b b y  e f fo r t  

d e v o te d  to  s c ie n ce  is m e re ly  th e  s y m p to m  o f  a  m o re  ex ten sive  sickness 

o f  o u r  e d u c a t io n a l system s. N o r  d o  I  w a n t  t o  p la c e  a ll b la m e  o n  e d u 

ca tors  a n d  p u b lic ists . T o o  m a n y  scientists h a v e  fo r g o t te n  th a t e sp ec ia lly  

a t a  t im e  o f  ra p id  e x p a n s io n  o f  k n o w le d g e  th e y  h a v e  a n  e x tra  o b l ig a 

t ion  a n d  o p p o r tu n ity  w ith  re sp e ct  to  th e  w id e r  p u b lic  a n d  th a t so m e  o f  

th e  fo r e m o s t  resea rch  m e n , in c lu d in g  N e w to n  a n d  E in ste in , to o k  g rea t 

p a in s  to  w r ite  e x p o s itio n s  o f  th e  essen ce o f  th e ir  d isco v e r ie s  in  a  fo r m  in 

t e n d e d  to  b e  a ccess ib le  to  th e  n on scien tist. A n d  in  th e  h u m a n ities , to o  

m a n y  c o n tr ib u to r s  a n d  in terp reters  seem  t o  s c o f f  a t S h e lley ’s c o n te n t io n  

in  h is D e f e n c e  o f  P o e t r y  th a t  o n e  o f  th e  artist ’ s tasks is t o  “ a b so rb  th e  

n e w  k n o w le d g e  o f  th e  sc ien ces  a n d  assim ila te  it  t o  h u m a n  n eed s , c o lo r
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it  w ith  h u m a n  passion s, tra n s fo rm  it in to  th e  b lo o d  a n d  b o n e  o f  h u m a n  

n a tu re .”

I t  is th r o u g h  th e  a c c u m u la t io n  o f  su ch  n eg lects , ju s t  as m u c h  as 

th r o u g h  d e te r io r a t io n  in  th e  q u a n t ity  a n d  q u a lity  o f  in s tru ctio n  g iv e n  

o u r  fu tu re  in te lle c tu a l lea d ers , th a t th e  a c c e p ta n c e  o f  s c ie n ce  as a  m e a n 

in g fu l c o m p o n e n t  o f  o u r  cu ltu re  h a s  c o m e  to  b e  q u e s tio n e d . A g a in , this 

p rocess  is to  a  la rg e  e x te n t  m e re ly  o n e  a sp e ct  o f  th e  in cre a s in g  a to m iz a 

t io n  o f  loy a lties  w ith in  th e  in te llig en ts ia . T h e  w r ite r , th e  sch o la r , th e  

scientist, th e  e n g in e e r , th e  te a ch e r , th e  la w y er , th e  p o lit ic ia n , th e  p h y s 

ic ia n — e a c h  n o w  re g a rd s  h im se lf first o f  a ll as a  m e m b e r  o f  a  sep ara te , 

sp e c ia l g r o u p  o f  fe l lo w  p ro fe ss io n a ls  to  w h ic h  h e  g iv es  a lm o st  a ll h is 

a lle g ia n c e  a n d  e n e r g y ; o n ly  v e ry  ra re ly  d o e s  th e  p ro fe ss io n a l fe e l a  sense 

o f  resp on s ib ility  to w a r d , o r  o f  b e lo n g in g  to , a  la rg e r  in te lle c tu a l c o m 

m u n ity . T h is  loss o f  c o h e s io n  is p e rh a p s  th e  m o st  re lev a n t s y m p to m  o f  

th e  d isease o f  o u r  c u ltu re , f o r  it p o in ts  d ire c t ly  to  o n e  o f  its sp e c ific  

causes. A s  in  o th e r  cases o f  th is sort, this is a  fa ilu re  o f  im a g e .

P u r e  T h o u g h t  a n d  P r a c tic a l  P o w e r

E a c h  p e r s o n ’s im a g e  o f  th e  ro le  o f  s c ie n ce  m a y  d if fe r  in  d e ta il f r o m  

th a t o f  th e  n e x t, b u t  a ll p u b lic  im a g e s  a re  in  th e  m a in  b a sed  o n  o n e  

o r  m o r e  o f  seven  p os ition s . T h e  first o f  these g o e s  b a c k  to  P la to  a n d  

p ortra y s  s c ie n ce  as a n  a ct iv ity  w ith  d o u b le  b e n e fits : s c ie n ce  as p u re  

th o u g h t  h e lp s  th e  m in d  fin d  tru th , a n d  s c ie n ce  as p o w e r  p r o v id e s  to o ls  

f o r  e f fe c t iv e  a c t io n . In  B o o k  S ev en  o f  th e  R e p u b l i c , S o cra te s  tells G la u - 

c o n  w h y  th e  y o u n g  ru lers in  th e  I d e a l  S ta te  sh o u ld  stu d y  m a th e m a t ic s : 

“ T h is , th en , is k n o w le d g e  o f  th e  k in d  w e  are  seek in g , h a v in g  a  d o u b le  

use, m ilita ry  a n d  p h i lo s o p h ic a l ; f o r  th e  m a n  o f  w a r  m u st le a rn  th e  art 

o f  n u m b e r , o r  h e  w ill n o t  k n o w  h o w  to  a rra y  h is  t r o o p s ; a n d  th e  

p h ilo s o p h e r  a lso , b e ca u se  h e  has to  rise o u t  o f  th e  sea o f  c h a n g e  a n d  lay  

h o ld  o f  tru e  b e in g . . . . T h is  w ill b e  th e  easiest w a y  fo r  th e  sou l t o  pass 

fr o m  b e c o m in g  to  tru th  a n d  b e in g .”

T h e  m a in  fla w  in  this im a g e  is th a t it  om its  a th ird  v ita l a sp ect. 

S c ie n c e  h as a lw ays h a d  a lso  a  m y th o p o e ic  fu n c t io n — th a t is, it gen era tes  

a n  im p o r ta n t  p a r t  o f  o u r  s y m b o lic  v o c a b u la r y  a n d  p r o v id e s  so m e  o f  

th e  m e ta p h y s ica l bases a n d  p h ilo s o p h ic a l o r ie n ta t io n s  o f  o u r  id e o lo g y . 

A s  a  c o n s e q u e n c e  th e  m e th o d s  o f  a r g u m e n t  o f  s c ie n ce , its c o n c e p t io n s  

a n d  its m o d e ls , h a v e  p e r m e a te d  first th e  in te lle c tu a l life  o f  th e  tim e , th en  

th e  ten ets a n d  usages o f  e v e ry d a y  life . A ll  p h ilo s o p h ie s  sh are w ith  s c ie n ce
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th e  n e e d  to  w o r k  w ith  c o n c e p ts  su ch  as sp a ce , t im e , q u a n tity , m a tte r , 

o rd e r , la w , cau sa lity , v e r ifica t io n , rea lity . O u r  la n g u a g e  o f  id ea s , f o r  e x 

a m p le , o w es  a  g re a t  d e b t  to  statics, h y d ra u lics , a n d  th e  m o d e l o f  th e  so la r  

system . T h e s e  h a v e  fu rn ish e d  p o w e r fu l  a n a lo g ie s  in  m a n y  fie ld s  o f  stu dy . 

G u id in g  id eas— su ch  as c o n d it io n s  o f  e q u ilib r iu m , c e n tr ifu g a l a n d  c e n 

tr ip e ta l fo r c e s , co n s e rv a t io n  law s, fe e d b a c k , in v a r ia n ce , c o m p le m e n ta r ity  

— e n r ich  th e  g e n e ra l s toreh ou se  o f  im a g in a t iv e  to o ls  o f  th o u g h t .

A  so u n d  im a g e  o f  s c ie n ce  m u st e m b r a c e  e a c h  o f  th e  th ree  fu n ctio n s . 

H o w e v e r , u su a lly  o n ly  o n e  o f  th e  th ree  is r e co g n iz e d . F o r  e x a m p le , 

fo lk lo r e  o ft e n  d e p ic ts  th e  life  o f  th e  scien tist e ith e r  as iso la ted  fr o m  life  

a n d  fr o m  th e  b e n e fic e n t  a c t io n 1 o r , a t th e  o th e r  e x tre m e , as d e d ic a te d  to  

te c h n o lo g ic a l im p ro v e m e n ts .

I c o n o c la s m

A  s e co n d  im a g e  o f  lo n g  s ta n d in g  is th a t o f  th e  scien tist as ic o n o c la s t . 

In d e e d , a lm o st  e v e ry  m a jo r  s c ie n tific  a d v a n c e  h as b e e n  in te rp re te d —  

e ith er  tr iu m p h a n tly  o r  w ith  a p p r e h e n s io n — as a  b lo w  a g a in st re lig io n . 

T o  s o m e  e x te n t  s c ie n ce  w a s  p u s h e d  in to  this p o s it io n  b y  th e  a n c ie n t  

te n d e n cy  to  p r o v e  th e  e x is te n ce  o f  G o d  b y  p o in t in g  to  p r o b le m s  w h ic h  

s c ie n ce  c o u ld  n o t  so lv e  a t  th e  tim e . N e w to n  th o u g h t  th a t th e  re g u la r i 

ties a n d  sta b ility  o f  th e  so la r  system  p r o v e d  it “ c o u ld  o n ly  p r o c e e d  

fr o m  th e  co u n se l a n d  d o m in io n  o f  a n  in te llig e n t a n d  p o w e r fu l  B e in g ,”  

a n d  th e  sam e a tt itu d e  g o v e r n e d  th o u g h t  c o n c e r n in g  th e  e a r th ’ s f o r 

m a t io n  b e fo r e  th e  th e o ry  o f  g e o lo g ic a l  e v o lu t io n , c o n c e r n in g  th e  d escen t 

o f  m a n  b e fo r e  th e  th e o ry  o f  b io lo g ic a l  e v o lu t io n , a n d  c o n c e r n in g  th e  

o r ig in  o f  o u r  g a la x y  b e fo r e  m o d e m  c o s m o lo g y . T h e  a d v a n ce  o f  k n o w l 

e d g e  th e re fo re  m a d e  in e v ita b le  a n  a p p a r e n t  c o n fl ic t  b e tw e e n  sc ie n ce  

a n d  re lig io n . I t  is n o w  c le a r  h o w  la rg e  a  p r ic e  h a d  to  b e  p a id  f o r  a  m is 

u n d e rs ta n d in g  o f  b o th  s c ie n ce  a n d  r e l ig io n : to  ba se  re lig iou s  b e lie fs  o n  

a n  estim a te  o f  w h a t  s c ie n ce  c a n n o t  d o  is as fo o lh a r d y  as it is b la s p h e 

m ou s .

T h e  ic o n o c la s t ic  im a g e  o f  s c ie n ce  has, h o w e v e r , o th e r  c o m p o n e n ts  

n o t  a scr ib a b le  to  a  m is c o n c e p t io n  o f  its fu n c tio n s . F o r  e x a m p le , A r n o ld  

T o y n b e e  ch a rg e s  s c ie n ce  a n d  te c h n o lo g y  w ith  u su rp in g  the p la c e  o f  

C h ris t ia n ity  as th e  m a in  so u rce  o f  o u r  n e w  sym bols . N e o -o r t h o d o x  th e o 

log ia n s  ca ll s c ie n ce  the “ se lf-e stra n g e m e n t”  o f  m a n  b eca u se  it carries  

h im  w ith  id o la tro u s  zea l a lo n g  a  d im e n s io n  w h e re  n o  u ltim a te — th at 

is, re lig iou s— c o n ce rn s  p re v a il. I t  is e v id e n t  th a t these v iew s fa il to  re c -
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o g n iz e  th e  m u lt itu d e  o f  d iv e rg e n t  in flu e n ce s  th a t  sh a p e  a  c u ltu re , o r  a  

p e rso n . A n d  o n  th e  o th e r  h a n d  th ere  is, o f  co u rse , a  g r o u p  o f  scientists, 

t h o u g h  n o t  a  la rg e  o n e , w h ic h  rea lly  d o e s  r e g a r d  s c ie n ce  as la rg e ly  a n  

ic o n o c la s t ic  a c t iv ity . I d e o lo g ic a l ly  th e y  are  d e sce n d a n ts  o f  L u cre t iu s , 

w h o  w r o te  o n  th e  first p a g es  o f  D e  R e r u m  N 6 t u r 6 , “ T h e  te rro r  a n d  

d a rk n ess  o f  m in d  m u st b e  d isp e lle d  n o t  b y  th e  rays o f  th e  su n  a n d  g litte r 

in g  sh a fts  o f  d a y , b u t  b y  th e  a sp e ct  a n d  th e  la w  o f  n a tu r e ; w h o se  first 

p r in c ip le  w e  sh a ll b e g in  b y  th u s sta tin g , n o th in g  is e v e r  g o t te n  o u t  o f  

n o th in g  b y  d iv in e  p o w e r .”

E th ic a l  P e rv er s io n

T h e  th ird  im a g e  o f  s c ie n ce  is th a t o f  a  fo r c e  w h ic h  c a n  in v a d e , 

possess, p e rv e r t , a n d  d e s tro y  m a n . T h e  cu rre n t  s te re o ty p e  o f  th e  so u l 

less, e v il scien tist is th e  p s y c h o p a th ic  in v e s tig a to r  in  s c ie n ce  f ic t io n , o r  

th e  n u c le a r  d es troy er— im m o r a l i f  h e  d e v e lo p s  th e  w e a p o n s  h e  is ask ed  

t o  p r o d u c e , tra ito ro u s  i f  h e  refuses. A c c o r d in g  to  th is v ie w , s c ie n tific  

m o ra lity  is in h e re n tly  n e g a tiv e . I t  cau ses th e  arts to  la n g u ish , it  b lig h ts  

c u ltu re , a n d  w h e n  a p p lie d  to  h u m a n  a ffa irs , it  lea d s  to  r e g im e n ta t io n  

a n d  to  th e  im p o v e r is h m e n t  o f  life . S c ie n c e  is th e  se rp e n t  s e d u c in g  us 

in to  e a t in g  th e  fru its  o f  th e  tree  o f  k n o w le d g e — th e re b y  d o o m in g  us.

T h e  fe a r  b e h in d  th is a tt itu d e  is g e n u in e  b u t  n o t  c o n f in e d  to  s c ie n c e ; 

it  is d ir e c te d  a g a in st  a ll th in k ers  a n d  in n o v a to rs . S o c ie ty  h as a lw a y s  

fo u n d  it h a r d  to  d e a l w ith  cre a tiv ity , in n o v a t io n , a n d  n e w  k n o w le d g e . 

A n d  s in ce  s c ie n ce  assures a  p a rt icu la r ly  r a p id , a n d  th e r e fo r e  p a r t ic u la r ly  

d is tu rb in g , tu r n o v e r  o f  id ea s , it rem a in s  a  p r im e  ta rg e t  o f  su sp ic io n .

F a c to r s  p e c u lia r  to  o u r  t im e  in te n s ify  th is su sp ic io n . T h e  d isco v e r ie s  

o f  “ p u r e ”  s c ie n ce  o ft e n  le n d  th em se lv es  re a d ily  to  w id e s p r e a d  e x p lo ita 

t io n  th r o u g h  te c h n o lo g y . T h e  p r o d u c ts  o f  t e c h n o lo g y — w h e th e r  th ey  

a r e  b e tte r  v a c c in e s  o r  b e tte r  w e a p o n s — h a v e  th e  ch a ra cter ist ics  o f  f r e 

q u e n t ly  b e in g  v e r y  e ffe c t iv e , easily  m a d e  in  la rg e  q u a n tit ie s , easily  d is 

t r ib u te d , a n d  v e r y  a p p e a lin g . T h u s  w e  a re  in  a n  in e sca p a b le  d ile m m a  

— irresistib ly  te m p te d  to  r e a c h  fo r  th e  fru its  o f  sc ie n ce , yet, d e e p  in s id e , 

a w a re  th a t o u r  m e ta b o lism  m a y  n o t  b e  a b le  to  c o p e  w ith  th is e v e r - in 

c re a s in g  a p p e tite .

P r o b a b ly  th e  d i le m m a  c a n  n o  lo n g e r  b e  re so lv e d , a n d  this in creases 

th e  a n x ie ty  a n d  c o n fu s io n  c o n c e r n in g  sc ie n ce . A  cu r re n t  s y m p to m  is 

th e  p o p u la r  id e n t if ic a t io n  o f  s c ie n ce  w ith  th e  te c h n o lo g y  o f  su p e rw e a p 

on s . T h e  b o m b  is ta k in g  th e  p la c e  o f  th e  m ic r o s c o p e ; W e r n h e r  v o n
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B ra u n , th e  p la c e  o f  E in ste in , as sy m b o ls  fo r  m o d e r n  s c ie n ce  a n d  sc i 

entists. T h e  e ffo r ts  to  c o n v in c e  p e o p le  th a t s c ie n ce  itse lf c a n  g iv e  m a n  

o n ly  k n o w le d g e  a b o u t  h im s e lf a n d  h is e n v iro n m e n t, a n d  o c c a s io n a lly  

a  c h o ic e  o f  a c t io n , h a v e  b e e n  la rg e ly  u n a v a ilin g . T h e  scien tist as sci 

en tis t  c a n  tak e  litt le  c re d it  o r  resp on s ib ility  e ith e r  f o r  fa c ts  h e  d iscov ers  

— fo r  h e  d id  n o t  c re a te  th e m — o r  f o r  th e  uses o th e rs  m a k e  o f  his d is 

cov e r ie s , f o r  h e  g e n e ra lly  is n e ith e r  p e r m itte d  n o r  sp e c ia lly  fitted  to  

m a k e  these d ec is ion s . T h e y  a re  c o n t r o l le d  b y  c o n s id e ra t io n s  o f  eth ics , 

e c o n o m ic s , o r  p o lit ic s  a n d  th e r e fo r e  a re  sh a p e d  b y  th e  v a lu es  a n d  h is 

t o r ica l c ir cu m sta n ce s  o f  th e  w h o le  socie ty . I t  is, h o w e v e r , a lso  a p p r o 

p r ia te  to  say  h e re  th a t th ere  has b e e n  o n ly  a  m o d e r a te  su ccess in  p e r 

su a d in g  th e  a v e ra g e  scien tist o f  th e  p r o p o s it io n  th a t  th e  p r iv ile g e  o f  

fr e e ly  p u rsu in g  a  fie ld  o f  k n o w le d g e  h a v in g  la rg e -s ca le  s e co n d a ry  e ffe c ts  

im p oses  o n  h im , in  h is c a p a c ity  as c it ize n , a  p r o p o r t io n a te ly  la rg e r  

b u r d e n  o f  c iv ic  resp on s ib ility .

T h e r e  a re  o th e r  e v id e n ce s  o f  th e  w id e s p r e a d  n o t io n  th a t s c ie n ce  itse lf 

c a n n o t  c o n tr ib u te  p o s it iv e ly  to  cu ltu re . T o y n b e e , f o r  e x a m p le , g iv es  a  

list o f  “ c re a tiv e  in d iv id u a ls ,”  f r o m  X e n o p h o n  to  H in d e n b u r g  a n d  fr o m  

D a n te  to  L e n in , b u t  d o e s  n o t  in c lu d e  a  s in g le  scientist. I  c a n n o t  fo r e g o  

th e  re m a rk  th a t th ere  is a  s ig n ifica n t  e q u iv a le n t  o n  th e  le v e l o f  ca su a l 

co n v e rs a t io n . F o r  w h e n  th e  m a n  in  th e  street— o r  m a n y  a n  in te lle c tu a l 

— h ears  th a t y o u  a re  a  p h y s ic is t  o r  m a th e m a tic ia n , h e  w ill  u su a lly  re 

m a rk  w ith  a  fr a n k  sm ile , “ O h , I  n e v e r  c o u ld  u n d e r s ta n d  th a t s u b je c t ” ; 

w h ile  in te n d in g  th is as a  c u r io u s  c o m p lim e n t , h e  b etra y s  h is in te lle c tu a l 

d isso c ia tio n  fr o m  sc ie n t ific  fie ld s . I t  is n o t  fa s h io n a b le  to  c o n fe ss  to  a  

la ck  o f  a c q u a in ta n c e  w ith  th e  la test e p h e m e r a  in  litera tu re  o r  th e  arts, 

b u t  o n e  m a y  e v e n  e x h ib it  a  to u c h  o f  p r id e  in  p ro fe s s in g  ig n o r a n c e  o f  

th e  s tru ctu re  o f  th e  u n iv erse  o r  o n e ’ s o w n  b o d y , o f  th e  b e h a v io r  o f  

m a tte r  o r  o n e ’ s o w n  m in d .

T h e  S o r c e r e r ’ s A p p r e n t i c e

T h e  last tw o  v iew s  h e ld  th a t m a n  is in h e re n tly  g o o d  a n d  s c ie n ce  ev il. 

T h e  n e x t  im a g e  is b a se d  o n  th e  o p p o s ite  a ssu m p tio n — th at m a n  c a n n o t  

b e  tru sted  w ith  s c ie n tific  a n d  te c h n ic a l k n o w le d g e . H e  has su rv iv e d  

o n ly  b e ca u se  h e  la ck e d  su ffic ien tly  d e s tru ct iv e  w e a p o n s ; n o w  h e  c a n  

im m o la te  his w o r ld . S c ie n ce , in d ir e c t ly  resp on s ib le  f o r  this n e w  p o w e r , 

is h ere  c o n s id e r e d  e th ica lly  n eu tra l. B u t m a n , like  th e  s o rce re r ’ s a p p r e n 

t ice , c a n  n e ith e r  u n d e rs ta n d  this t o o l  n o r  c o n t r o l  it. U n a v o id a b ly  h e
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w ill b r in g  u p o n  h im se lf ca ta s tro p h e , p a rt ly  th r o u g h  h is n a tu ra l s in fu l 

ness, a n d  p a rt ly  th r o u g h  h is  lust f o r  p o w e r , o f  w h ic h  th e p u rsu it  o f  

k n o w le d g e  is a  m a n ife s ta tio n . I t  w as in  this m o o d  th a t P lin y  d e p lo r e d  

th e  d e v e lo p m e n t  o f  p r o je c t i le s  o f  ir o n  fo r  p u rp o se s  o f  w a r : “ T h is  last 

I  r e g a r d  as th e  m o st  c r im in a l a rtifice  th a t h as b e e n  d e v ise d  b y  th e  h u 

m a n  m in d ;  fo r ,  as i f  to  b r in g  d e a th  u p o n  m a n  w ith  still g re a te r  ra 

p id ity , w e  h a v e  g iv e n  w in g s  to  ir o n  a n d  ta u g h t  it  to  fly. L e t  us, th e re 

fo r e , a c q u it  N a tu re  o f  a  c h a r g e  th a t b e lo n g s  to  m a n  h im se lf .”

W h e n  a  s c ie n ce  is v ie w e d  in  this p la n e — as a  te m p ta tio n  fo r  th e  m is 

c h ie v o u s  sa v a g e— it b e c o m e s  easy  to  su gg est a  m o r a to r iu m  o n  sc ie n ce , 

a  p e r io d  o f  a b stin en ce  d u r in g  w h ic h  h u m a n ity  s o m e h o w  w ill  d e v e lo p  

a d e q u a te  sp ir itu a l o r  s o c ia l resou rces  f o r  c o p in g  w ith  th e  possib ilities  

o f  in h u m a n  uses o f  m o d e r n  te ch n ic a l results. H e r e  I  n e e d  p o in t  o u t  

o n ly  th e  tw o  m a in  m isu n d ersta n d in g s  im p lie d  in  th is re cu rre n t  ca ll f o r  

a  m o ra to r iu m .

F irst, s c ie n ce  o f  co u rse  is n o t  a n  o c c u p a t io n , su ch  as w o r k in g  in  a  

store  o r  o n  a n  assem bly  lin e , th a t o n e  m a y  p u rsu e  o r  a b a n d o n  at w ill. 

F o r  a  cre a tiv e  scientist, it is n o t  a  m a tte r  o f  fr e e  c h o ic e  w h a t  h e  sh a ll 

d o . I n d e e d  it is e r ro n e o u s  t o  th in k  o f  h im  as a d v a n c in g  to w a r d  k n o w l 

e d g e ; it is, ra th er , k n o w le d g e  w h ic h  a d v a n ce s  to w a r d  h im , grasps h im , 

a n d  o v e rw h e lm s  h im . E v e n  th e  m ost  su p e rfic ia l g la n c e  a t th e  life  a n d  

w o r k  o f  a K e p le r , a  D a lto n , o r  a  P asteu r w o u ld  c la r ify  this p o in t . I t  

w o u ld  b e  w e ll i f  in  h is e d u c a t io n  e a c h  p e r s o n  w ere  sh o w n  b y  e x a m p le  

th a t th e  d r iv in g  p o w e r  o f  c re a tiv ity  is as s tron g  a n d  as sa cred  fo r  th e  

scien tist as f o r  th e  artist.

T h e  s e c o n d  p o in t  c a n  b e  p u t  e q u a lly  b rie fly . I n  o r d e r  to  su rv iv e  a n d  

to  p rogress , m a n k in d  su rely  c a n n o t  e v e r  k n o w  to o  m u c h . S a lv a tio n  c a n  

h a rd ly  b e  th o u g h t  o f  as th e  r e w a rd  fo r  ig n o ra n c e . M a n  has b e e n  g iv e n  

his m in d  in  o r d e r  th at h e  m a y  fin d  o u t  w h e re  h e  is, w h a t  h e  is, w h o  h e  

is, a n d  h o w  h e  m a y  assu m e th e  resp on s ib ility  f o r  h im se lf w h ic h  is th e  

o n ly  o b lig a t io n  in cu rr e d  in  g a in in g  k n o w le d g e .

I n d e e d , it  m a y  w e ll tu rn  o u t  th a t th e  t e c h n o lo g ic a l a d v a n ce s  in  w a r 

fa re  h a v e  b r o u g h t  us to  th e  p o in t  w h e re  so c ie ty  is a t last c o m p e lle d  

to  c u r b  th e  aggression s th a t in  th e  p a st w ere  c o n d o n e d  a n d  e v e n  g lo r i 

fied . O r g a n iz e d  w a r fa re  a n d  g e n o c id e  h a v e  b e e n  p r a c t ic e d  th r o u g h o u t  

r e c o r d e d  h istory , b u t  n e v e r  u n til n o w  h a v e  e v e n  th e  w a r  lo rd s  o p e n ly  

exp ressed  fe a r  o f  w a r . I n  th e  sea rch  fo r  the cau ses a n d  p r e v e n tio n  o f
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a g g ress ion  a m o n g  n a tion s , w e  sh a ll, I  a m  c o n v in c e d , fin d  sc ien tific  in 

v estig a tion s  to  b e  a  m a in  s o u rce  o f  u n d e rs ta n d in g .

E c o lo g ic a l  D isa s ter

A  c h a n g e  in  th e  a v e ra g e  te m p e ra tu re  o f  a  p o n d  o r  in  th e  sa lin ity  o f  

a n  o c e a n  m a y  sh ift  th e  e c o lo g ic a l  b a la n c e  a n d  ca u se  th e  d e a th  o f  a  

la rg e  n u m b e r  o f  p la n ts  a n d  a n im a ls . T h e  fifth  p r e v a le n t  im a g e  o f  sc i 

e n c e  s im ila rly  h o ld s  th a t w h ile  n e ith e r  s c ie n ce  n o r  m a n  m a y  b e  in 

h e re n tly  e v il , th e  rise o f  s c ie n ce  h a p p e n e d , as i f  b y  a c c id e n t , t o  in it ia te  a  

c h a n g e  in  th e  b a la n c e  o f  b e lie fs  a n d  id ea s  th a t n o w  c o r r o d e s  th e  o n ly  

c o n c e iv a b le  basis f o r  a  s ta b le  so c ie ty . I n  th e  w o r d s  o f  J a cq u e s  M a r ita in , 

th e  “ d e a d ly  d isea se”  s c ie n ce  set o f f  in  so c ie ty  is “ th e  d e n ia l o f  e te rn a l 

tru th  a n d  a b so lu te  v a lu e s .”

T h e  m a in  ev en ts  le a d in g  to  th is state a re  u su a lly  p re se n te d  as f o l 

low s  : th e  a b a n d o n m e n t  o f  g e o c e n tr ic  a s tro n o m y  im p lie d  th e  a b a n d o n 

m e n t  o f  th e  c o n c e p t io n  o f  th e  e a r th  as th e  c e n te r  o f  c r e a t io n  a n d  o f  

m a n  as its u lt im a te  p u rp o s e . T h e n  p u r p o s iv e  c r e a t io n  g a v e  w a y  to  b lin d  

e v o lu t io n . S p a c e , t im e , a n d  ce r ta in ty  w e r e  sh o w n  t o  h a v e  n o  a b so lu te  

m e a n in g . A ll  a  p r io r i  a x io m s  w e re  d is c o v e r e d  to  b e  m e re ly  a rb itra ry  

co n v e n ie n ce s . M o d e r n  p s y c h o lo g y  a n d  a n th r o p o lo g y  le d  to  cu ltu r a l re la 

tiv ism . T r u th  itse lf h as b e e n  d isso lv e d  in to  p r o b a b il is t ic  a n d  in d e te r 

m in ist ic  sta tem en ts. D r a w in g  u p o n  a n a lo g y  w ith  th e  sc ien ces , lib e ra l 

p h ilo s o p h e rs  h a v e  b e c o m e  in cre a s in g ly  re la tiv ist ic , d e n y in g  e ith e r  th e  

necessity  o r  th e  p oss ib ility  o f  p o s tu la t in g  im m u ta b le  verities , a n d  so  

h a v e  u n d e r m in e d  th e  o ld  fo u n d a t io n s  o f  m o r a l  a n d  so c ia l a u th o r ity  

o n  w h ic h  a  s ta b le  so c ie ty  m u st b e  b u ilt .

I t  s h o u ld  b e  n o te d  in  p a ssin g  th a t m a n y  a p p lica t io n s  o f  r e ce n t  sc i 

e n t if ic  c o n c e p ts  o u ts id e  s c ie n c e  m e re ly  re v e a l ig n o r a n c e  a b o u t  s c ie n ce . 

F o r  e x a m p le , re la tiv ism  in  n o n s c ie n t if ic  fie ld s  is g e n e ra lly  b a sed  o n  fa r 

fe t c h e d  a n a log ies . R e la t iv ity  th e o ry , o f  co u rs e , d o e s  n o t  fin d  th a t  tru th  

d e p e n d s  o n  th e  p o in t  o f  v ie w  o f  th e  o b s e rv e r  b u t , o n  th e  co n tra ry , r e 

fo rm u la te s  th e  la w s o f  p h ysics  so  th a t th ey  h o ld  g o o d  fo r  e v e ry  ob se rv e r , 

n o  m a tte r  h o w  h e  m o v e s  o r  w h e re  h e  stands. Its  ce n tra l m e a n in g  is 

th a t th e  m ost v a lu e d  tru th s in  s c ie n ce  are  w h o lly  in d e p e n d e n t  o f  th e  

p o in t  o f  v ie w . I g n o r a n c e  o f  s c ie n ce  is a lso  th e  o n ly  e x cu se  f o r  a d o p t in g  

r a p id  ch a n g e s  w ith in  sc ie n ce  as m o d e ls  fo r  a n titra d it io n a l a ttitu d es  o u t 

s ide  sc ien ce . In  rea lity , n o  fie ld  o f  th o u g h t  is m o re  co n se rv a tiv e  th a n
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sc ie n ce . E a c h  c h a n g e  n ecessarily  e n com p a sses  p re v io u s  k n o w le d g e . S c i 

e n c e  g ro w s  like a  tree , r in g  b y  r in g . E in ste in  d id  n o t  p r o v e  th e  w o r k  o f  

N e w to n  w r o n g ;  h e  p r o v id e d  a  la rg e r  se ttin g  w ith in  w h ic h  so m e  c o n 

t ra d ic t io n s  a n d  asym m etries  in  th e  e a r lie r  p h ysics  d isa p p e a re d .

B u t th e  im a g e  o f  s c ie n ce  as a n  e c o lo g ic a l  d isaster c a n  b e  s u b je c te d  

to  a  m o r e  sev ere  c r it iq u e .2 R e g a rd le ss  o f  s c ie n c e ’ s p a r t  in  th e  c o r r o s io n  

o f  a b so lu te  v a lu es , h a v e  th ose  v a lu es  rea lly  g iv e n  us a lw ays a  sa fe  a n 

c h o r ?  A  p r io r i  ab so lu tes  a b o u n d  all o v e r  th e  g lo b e  in  c o m p le te ly  c o n 

t ra d ic to r y  v a rieties . M o s t  o f  th e  h o rro rs  o f  h is to ry  h a v e  b e e n  ca r r ie d  

o u t  u n d e r  th e  b a n n e r  o f  so m e  a b so lu tis t ic  p h ilo s o p h y , f r o m  th e  A z te c  

m ass sacrifices  to  th e  a u to -d a - fe  o f  th e  S p a n ish  In q u is it io n , f r o m  th e  

m assacre  o f  th e  H u g u e n o ts  t o  th e  N a z i ga s  ch a m b e rs . I t  is fa r  fr o m  

c le a r  th a t a n y  so c ie ty  o f  th e  p a st d id  p r o v id e  a  m e a n in g fu l a n d  d ig n i 

fied  life  f o r  m o r e  th a n  a  sm all fr a c t io n  o f  its m em b ers . I f ,  th e re fo re , 

s o m e  o f  th e  n e w  p h ilo so p h ie s , in sp ire d  r ig h tly  o r  w r o n g ly  b y  s c ie n ce , 

p o in t  o u t  th a t a b so lu tes  h a v e  a  h a b it  o f  c h a n g in g  in  t im e  a n d  o f  c o n 

t r a d ic t in g  o n e  a n o th e r , i f  th ey  in v ite  a  r e -e x a m in a t io n  o f  th e  bases o f  

so c ia l a u th o r ity  a n d  r e je c t  th e m  w h e n  th ose  bases p r o v e  fa lse  (a s  d id  

th e  C o lo n is ts  in  this c o u n t r y ) ,  th en  o n e  m u st n o t  b la m e  a  re la tiv istic  

p h ilo s o p h y  f o r  b r in g in g  o u t  these fa u lts . T h e y  w e r e  th ere  a ll th e  t im e .

I n  th e  se a rch  f o r  a  n e w  a n d  s o u n d e r  basis o n  w h ic h  t o  b u ild  a  sta b le  

w o r ld , s c ie n ce  w ill  b e  in d isp en sa b le . W e  c a n  h o p e  to  m a tc h  th e  re 

sou rces  a n d  stru ctu re  o f  s o c ie ty  to  th e  n e e d s  a n d  p o te n tia lit ie s  o f  p e o p le  

o n ly  i f  w e  k n o w  m o r e  a b o u t  m a n . A lr e a d y  s c ie n ce  has m u c h  to  say th a t 

is v a lu a b le  a n d  im p o r ta n t  a b o u t  h u m a n  re la tion sh ip s  a n d  p ro b le m s . 

F r o m  p sy ch ia try  to  d ie te tics , f r o m  im m u n o lo g y  to  m e te o r o lo g y , f r o m  

c ity  p la n n in g  to  a g r icu ltu ra l resea rch , b y  fa r  th e  la rgest p a r t  o f  o u r  

to ta l s c ie n tific  a n d  te ch n ic a l e f fo r t  to d a y  is c o n c e r n e d , in d ir e c t ly  o r  

d ire c t ly , w ith  m a n — his n eed s , re la tion sh ip s , h e a lth , a n d  c o m fo r ts . I n 

s o fa r  as a b so lu tes  a re  to  h e lp  g u id e  m a n k in d  sa fe ly  o n  th e  lo n g  a n d  

d a n g e ro u s  jo u r n e y  a h e a d , th e y  su re ly  s h o u ld  b e  a t  least s tro n g  e n o u g h  

to  s ta n d  scru tin y  a g a in st th e  b a c k g r o u n d  o f  d e v e lo p in g  fa c tu a l k n o w l 

e d g e .

S cien tism

454

W h ile  th e  last fo u r  im a g es  im p lie d  a  rev u ls ion  fr o m  sc ien ce , scien tism  

m a y  b e  d e s c r ib e d  as a n  a d d ic t io n  to  sc ien ce . A m o n g  th e  signs o f  sc i 

en tism  are  th e  h a b it  o f  d iv id in g  a ll th o u g h t  in to  tw o  ca teg ories , u p -



M O D E R N  S C IE N C E  A N D  T H E  I N T E L L E C T U A L  T R A D IT IO N

to -d a te  s c ie n tific  k n o w le d g e  a n d  n o n se n se ; th e  v ie w  th a t th e  m a th e 

m a tica l scien ces  a n d  th e  la rg e  n u c le a r  la b o r a to r y  o f fe r  th e  o n ly  p e r 

m issib le  m o d e ls  f o r  su ccess fu lly  e m p lo y in g  th e  m in d  o r  o r g a n iz in g  e f 

f o r t ;  a n d  th e  id e n t ific a t io n  o f  s c ie n ce  w ith  te ch n o lo g y , to  w h ic h  r e f 

e re n ce  w a s  m a d e  a b o v e .

O n e  m a in  so u rce  f o r  this a tt itu d e  is e v id e n t ly  th e  p ersu a sive  success 

o f  r e ce n t  te ch n ica l w o r k . A n o th e r  resides in  th e  fa c t  th a t w e  a r e  p a ssin g  

th r o u g h  a  p e r io d  o f  r e v o lu t io n a r y  c h a n g e  in  th e  n a tu re  o f  sc ien tific  

a c t iv ity — a  c h a n g e  tr ig g e re d  b y  th e  p e r fe c t in g  a n d  d issem in a tin g  o f  th e  

m e th o d s  o f  b a s ic  re se a rch  b y  team s o f  specia lists  w ith  w id e ly  d iffe r e n t  

tra in in g  a n d  in terests. A  g e n e ra tio n  a g o  th e  ty p ica l scien tist w o r k e d  

a lo n e  o r  w ith  a  f e w  stu d en ts  a n d  co lle a g u e s . T o d a y  h e  o ft e n  b e lo n g s  to  

a  s iza b le  g r o u p  w o r k in g  u n d e r  a  c o n tr a c t  w ith  a  su b sta n tia l a n n u a l 

b u d g e t . ( I n  th e  resea rch  in stitu te  o f  o n e  u n ivers ity  m o r e  th a n  1500  sci 

entists a n d  te ch n ic ia n s  a re  g r o u p e d  a r o u n d  a  set o f  m u lt im ill io n -d o lla r  

m a c h in e s ; th e  fu n d s  c o m e  fr o m  g o v e r n m e n t  a g e n c ie s  w h o se  u ltim a te  

a im  is n a tio n a l d e fe n s e .)  S c ie n c e  h as th e re b y  b e c o m e  a  la rg e -sca le  o p 

e ra t io n  w ith  a  p o te n t ia l f o r  im m e d ia te  a n d  w o r ld -w id e  e ffe cts . T h e  re 

sults a re  a  sp le n d id  in crea se  in  k n o w le d g e , a n d  a lso  side e ffe c ts  th a t a re  

a n a lo g o u s  to  th ose  o f  s u d d e n  a n d  r a p id  u rb a n iz a tio n — a  stra in  o n  c o m 

m u n ic a t io n  fa c ilit ie s , th e  rise o f  a n  a d m in is tra tiv e  b u re a u c ra cy , th e  

d e p e rs o n a liz a t io n  o f  so m e  h u m a n  re la tion sh ip s .

T o  a  la rg e  d e g re e , a ll th is is u n a v o id a b le . T h e  n e w  sc ie n tific  r e v o lu 

t io n  w ill ju s t ify  itse lf b y  th e  f lo w  o f  n e w  k n o w le d g e  a n d  o f  m a te r ia l 

ben efits  th a t w ill n o  d o u b t  fo l lo w . T h e  d a n g e r — a n d  th is is th e  p o in t  

w h e re  sc ien tism  enters— is th a t th e  fa sc in a t io n  w ith  th e  m ech a n ism  o f  

this su ccess fu l en terp r ise  m a y  c h a n g e  th e  scien tist h im s e lf a n d  soc ie ty  

a r o u n d  h im . F o r  e x a m p le , th e  u n o r th o d o x , o f t e n  w ith d ra w n  in d iv id 

u a l, o n  w h o m  m o st  g re a t  s c ie n tific  a d v a n ce s  h a v e  d e p e n d e d  in  th e  past, 

d o e s  n o t  fit w e ll in to  th e  n e w  system . A n d  so c ie ty  w ill b e  in cre a s in g ly  

fa c e d  w ith  th e  se d u ct iv e  u r g in g  o f  sc ien tism  to  a d o p t  g e n e ra lly  w h a t  

is re g a r d e d — o fte n  e rro n e o u s ly — as th e  p a tte rn  o f  o r g a n iz a t io n  o f  th e  

n e w  s c ie n ce . T h e  cra sh  p ro g ra m s , th e  b re a k th ro u g h  p u rsu it, th e  m e g a 

to n  e f fe c t  a re  b e c o m in g  r u lin g  id eas in  c o m p le x  fie lds su ch  as e d u c a t io n , 

w h e re  th e y  m a y  n o t  b e  a p p lica b le .

M a g ic

F e w  n on scien tists  w o u ld  su sp ect a  h o a x  i f  it w e re  s u d d e n ly  a n n o u n c e d
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th a t a  s ta b le  c h e m ic a l e le m e n t  lig h te r  th a n  h y d r o g e n  h a d  b e e n  syn 

th esized , o r  th a t a  m a n n e d  o b s e rv a t io n  p la t fo r m  h a d  b e e n  esta b lish ed  

a t  th e  s u r fa ce  o f  th e  sun . T o  m ost  p e o p le  it a p p e a rs  th a t  s c ie n ce  k n o w s  

n o  in h e re n t  lim ita tion s . T h u s , th e  sev en th  im a g e  d e p ic ts  s c ie n ce  as 

m a g ic , a n d  th e  scien tist as w iz a rd , d eu s  e x  m a ch in a , o r  o ra c le . T h e  a tti 

tu d e  to w a r d  th e  scien tist o n  this p la n e  ran g es f r o m  te rr o r  to  sen tim en ta l 

su b serv ien ce , d e p e n d in g  o n  w h a t  m o tiv e s  o n e  ascribes to  h im .

I m p o t e n c e  o f  th e  M o d e r n  I n te l le c tu a l

T h e  p r e v a le n c e  o f  these fa lse  im a g es  is a  m a in  s o u rce  o f  th e  a lie n a 

t io n  b e tw e e n  th e  s c ie n tific  a n d  n o n s c ie n t if ic  e lem en ts  in  o u r  cu ltu re , 

a n d  th e r e fo r e  th e  fa ilu re  o f  im a g e  is im p o r ta n t  bu siness f o r  a ll o f  us. 

N o w  to  p in  m u c h  o f  th e  b la m e  o n  th e  in su ffic ien t in s tru ctio n  in  s c ie n ce  

w h ic h  th e  g e n e ra l s tu d e n t re ce iv es  at a ll leve ls  is q u ite  ju stifia b le . I  

h a v e  im p lie d  th e  n e e d , a n d  m o st  p e o p le  n o w a d a y s  seem  to  c o m e  to  

this c o n c lu s io n  a n y w a y . B u t th is is n o t  e n o u g h . W e  m u st co n s id e r  th e  

fu ll  im p lica t io n s  o f  th e  d is c o v e r y  th a t n o t  o n ly  th e  m a n  in  th e  street 

b u t  a lm o st  a ll o f  o u r  in te lle c tu a l lea d ers  to d a y  k n o w  at m ost  v e ry  little  

a b o u t  s c ie n ce . A n d  h e re  w e  c o m e  to  th e  ce n tra l p o in t  u n d e r ly in g  th e  

an alysis m a d e  a b o v e :  th e  c h il l in g  re a liza tio n  th a t o u r  in te llectu a ls , f o r  

th e  first t im e  in  h is tory , are  lo s in g  th e ir  h o ld  o f  u n d e rs ta n d in g  u p o n  

th e  w o r ld .

T h e  w r o n g  im a g e s  w o u ld  b e  im p o ss ib le  w e re  th ey  n o t  a n c h o r e d  in  

tw o  k in d s o f  ig n o ra n ce . O n e  k in d  is ig n o r a n c e  o n  th e  b a s ic  lev e l, th a t 

o f  fa c ts — w h a t  b io lo g y  says a b o u t  life , w h a t  ch em istry  a n d  p h y s ics  say 

a b o u t  m a tte r , w h a t  a s tro n o m y  says a b o u t  th e  d e v e lo p m e n t  a n d  s tru ctu re  

o f  o u r  g a la x y , a n d  so  fo r th . T h e  n on scien tis t  rea lizes th a t th e  o ld  

c o m m o n s e n s e  fo u n d a t io n s  o f  th o u g h t  a b o u t  th e  w o r ld  o f  n a tu re  h a v e  

b e c o m e  o b s o le te  d u r in g  th e  last t w o  g e n e ra tio n s . T h e  g r o u n d  is tre m 

b l in g  u n d e r  h is fe e t ;  th e  s im p le  in te rp re ta tio n s  o f  so lid ity , p e r m a 

n e n ce , a n d  rea lity  h a v e  b e e n  w a sh e d  a w a y , a n d  h e  is p lu n g e d  in to  

th e  n ig h tm a rish  o c e a n  o f  fo u r -d im e n s io n a l c o n t in u a , p r o b a b il ity  a m 

p litu d es , in d e te rm in a c ie s , a n d  so  fo r th . H e  k n ow s o n ly  tw o  th in gs a b o u t  

th e  b a s ic  c o n c e p t io n s  o f  m o d e m  s c ie n c e : th a t h e  d o e s  n o t  u n d e rs ta n d  

th e m , a n d  th a t h e  is n o w  so  fa r  sep a ra ted  fr o m  th e m  th a t h e  w ill n e v e r  

fin d  o u t  w h a t  th e y  m e a n .

O n  th e  s e co n d  le v e l o f  ig n o ra n c e , th e  c o n te m p o r a r y  in te lle c tu a l 

k n o w s  ju s t  as little  o f  th e  w a y  in  w h ic h  th e  m a in  fa cts  f r o m  th e  d iffe r e n t
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scien ces  fit to g e th e r  in  a  p ic tu r e  o f  th e  w o r ld  taken  as a  w h o le . H e  has 

h a d  to  le a v e  b e h in d  h im , o n e  b y  o n e , th ose  g re a t  syntheses w h ic h  u sed  

to  rep resen t o u r  in te lle c tu a l a n d  m o r a l h o m e — th e  w o r ld  v ie w  o f  th e 

b o o k  o f  G en esis, o f  H o m e r , o f  D a n te , o f  M ilt o n , o f  G o e th e . I n  th e  m id -  

2 0 th  c e n tu ry  h e  fin ds h im se lf a b a n d o n e d  in  a  u n iv e rse  w h ic h  is to  h im  

a n  u n so lv a b le  p u zz le  o n  e ith e r  th e  fa c tu a l o r  th e  p h ilo s o p h ic a l lev e l. 

O f  a ll th e  b a d  e ffe c ts  o f  th e  se p a ra tio n  o f  c u ltu r e  a n d  s c ie n tific  k n o w l 

e d g e , this fe e l in g  o f  b e w ild e r m e n t  a n d  b a s ic  hom elessn ess is th e  m o st  

te rr ify in g . H e r e  is th e  rea son , it  seem s to  m e , f o r  th e  in e ffe c t iv e n e ss  

a n d  s e lf-d e n ig ra t io n  o f  o u r  c o n te m p o r a r y  in te lle ctu a ls . N o r  a re  th e  sc i 

entists th em selves  p r o te c te d  f r o m  th is fa te , f o r  it  h a s  a lw a ys  b e e n , a n d  

m u st a lw a ys  b e , th e  j o b  o f  th e  h u m a n is t  to  c o n s tr u c t  a n d  d issem in ate  

th e  m e a n in g fu l to ta l p ic tu r e  o f  th e  w o r ld .

T o  illu stra te  th is p o in t  c o n c r e te ly  w e  m a y  e x a m in e  a  w id e ly  a n d  

p r o p e r ly  re sp e cte d  w o r k  b y  E . A . B u rtt, a  s ch o la r  w h o  w a r m ly  u n d e r 

stands b o th  th e  s c ie n ce  a n d  th e  p h ilo s o p h y  o f  th e  s ix teen th  a n d  sev en 

te e n th  cen tu r ies . T h e  re a d e r  is c a r r ie d  a lo n g  b y  h is a u th o r ity  a n d  e n th u 

siasm . A n d  th en , su d d e n ly , o n e  e n co u n te rs  a  p a ssa ge  u n lik e  a n y  o th e r  in  

th e  b o o k , a n  a n g u ish e d  c r y  f r o m  th e  h e a r t : “ I t  w a s  o f  th e  g rea test c o n s e 

q u e n c e  fo r  s u c c e e d in g  th o u g h t  th at n o w  th e  g r e a t  N e w to n ’ s a u th o r ity  

w a s  sq u a re ly  b e h in d  th a t v ie w  o f  th e  co sm o s  w h ic h  sa w  in  m a n  a  p u n y , 

ir re le v a n t s p e c ta to r  (s o  fa r  as a  b e in g , w h o lly  im p r is o n e d  in  a  d a rk  r o o m , 

c a n  b e  c a lle d  s u c h )  o f  th e  vast m a th e m a tica l system  w h o se  re g u la r  m o 

t ion s a c c o r d in g  t o  m e c h a n ic a l p r in c ip le s  c o n s titu te d  th e  w o r ld  o f  n a 

tu re . T h e  g lo r io u s ly  r o m a n t ic  u n iv erse  o f  D a n te  a n d  M ilt o n , th a t set 

n o  b o u n d s  to  th e  im a g in a t io n  o f  m a n  as it p la y e d  o v e r  sp a ce  a n d  t im e , 

h a d  n o w  b e e n  sw e p t  a w a y . S p a c e  w a s  id e n t if ie d  w ith  th e  re a lm  o f  g e 

o m e try , t im e  w ith  th e  c o n t in u ity  o f  n u m b e r . T h e  w o r ld  th at p e o p le  h a d  

th o u g h t  th em selves  l iv in g  in — a  w o r ld  r ic h  w ith  c o lo r  a n d  so u n d , 

r e d o le n t  w ith  fr a g r a n c e , filled  w ith  g la d n ess , lo v e  a n d  b e a u ty , sp ea k in g  

e v e ry w h e re  o f  p u rp o s iv e  h a r m o n y  a n d  c re a tiv e  id ea ls— w a s c r o w d e d  

n o w  in to  m in u te  c o m e r s  in  th e  b ra in s  o f  s ca tte re d  o r g a n ic  bein gs. T h e  

rea lly  im p o r ta n t  w o r ld  o u ts id e  w a s  a  w o r ld  h a rd , c o ld ,  co lo r less , s ilen t, 

a n d  d e a d ;  a  w o r ld  o f  q u a n tity , a  w o r ld  o f  m a th e m a tica lly  c o m p u ta b le  

m o t io n s  in  m e c h a n ic a l regu la rity . T h e  w o r ld  o f  q u a lities  as im m e d ia te ly  

p e r c e iv e d  b y  m a n  b e c a m e  ju st a  c u r io u s  a n d  q u ite  m in o r  e f fe c t  o f  th a t  

in fin ite  m a c h in e  b e y o n d . I n  N e w to n , th e  C a rtes ia n  m eta p h y s ics , a m 

b ig u o u s ly  in te rp re te d  a n d  s tr ip p e d  o f  its d is t in ct iv e  c la im  fo r  seriou s
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p h ilo s o p h ic a l  c o n s id e r a t io n , fin a lly  o v e r th r e w  A ris to te lia n ism  a n d  b e 

c a m e  th e  p r e d o m in a n t  w o r ld -v ie w  o f  m o d e r n  t im es.” 3

F o r  o n c e ,  th e  cu r ta in  u su a lly  c o v e r in g  th e  d a rk  fea rs  m o d e m  sc ie n ce  

e n g e n d e rs  is p u lle d  a w a y . T h is  v ie w  o f  m o d e r n  m a n  as a  p u n y , irre le 

v a n t  s p e c ta to r  lost in  a  v a st m a th e m a tica l system — h o w  fa r  this is f r o m  

th e  e x a lta t io n  o f  m a n  th a t K e p le r  fo u n d  th r o u g h  sc ie n tific  d is c o v e r y : 

“ N o w  m a n  w ill  a t  last m ea su re  th e  p o w e r  o f  h is  m in d  o n  a  tru e  sca le , 

a n d  w ill  rea lize  th a t G o d ,  w h o  fo u n d e d  e v e ry th in g  in  th e  w o r ld  o n  th e  

n o r m  o f  q u a n tity , a lso  has e n d o w e d  m a n  w ith  a  m in d  w h ic h  c a n  c o m 

p r e h e n d  these n o r m s !”  W a s  n o t  th e  u n iv erse  o f  D a n te  a n d  M ilt o n  so 

p o w e r fu l  a n d  “ g lo r io u s ly  r o m a n t ic ”  p re c ise ly  b e ca u se  it in c o r p o r a te d , 

a n d  th e re b y  r e n d e r e d  m e a n in g fu l, th e  c o n te m p o r a r y  s c ie n tific  c o s 

m o lo g y  a lo n g s id e  th e  cu rre n t  m o r a l a n d  a e s th e tic  c o n c e p t io n s ?  L e a v in g  

a s id e  th e  q u e s tio n  o f  w h e th e r  D a n te ’s a n d  M il t o n ’s c o n te m p o ra r ie s  b y  

a n d  la rg e , w e r e  rea lly  l iv in g  in  a  r ic h  a n d  fr a g r a n t  w o r ld  o f  g la d n ess , 

lo v e , a n d  b e a u ty , it  is fa ir  t o  sp e cu la te  th a t i f  o u r  n e w  co sm o s  is fe lt  to  

b e  c o ld ,  in g lo r io u s , a n d  u n r o m a n tic , it is n o t  th e  n e w  c o s m o lo g y  w h ic h  

is at fa u lt , b u t  th e  a b se n ce  o f  n e w  D a n te s  a n d  M ilto n s .

A n d  yet, B u rtt c o r r e c t ly  re flects  th e  p resen t d ile m m a . W h a t  h is o u t 

bu rst tells us, in  starkest a n d  s im p lest fo r m , is th is : b y  h a v in g  le t  th e  

in te lle c tu a l re m a in  in  te rr ified  ig n o r a n c e  o f  m o d e m  s c ie n ce , w e  h a v e  

fo r c e d  h im  in to  a  p o s it io n  o f  tra g ic  im p o t e n c e ; h e  is b l in d fo ld e d  in  a  

m a z e  w h ic h  h e  c a n n o t  traverse .

O n c e  this is u n d e r s to o d , th e  c o n s e q u e n c e  a lso  b e c o m e s  p la in . I  fin d  

it  rem a rk a b le  th a t th e  in te lle c tu a l to d a y  d o e s  n o t  h a v e  e v e n  m o r e  d is 

to r te d  im a g es  a n d  h ostile  respon ses w ith  re g a rd  to  sc ie n ce , th a t  h e  has 

so  fa r  n o t  tu rn e d  m u c h  m o r e  fie rce ly  a g a in st th e  so u rce  o f  a p p a r e n t  

th reats to  h is p e rso n a l p o s it io n  a n d  san ity4— in  sh ort, th a t th e  d isso c ia 

t io n  has n o t  resu lted  in  a n  e v e n  m o r e  severe cu ltu ra l psych osis .

B u t this, I  a m  c o n v in c e d , is lik e ly  t o  b e  th e  resu lt, f o r  th ere  is a t p res 

e n t  n o  c o u n te r c y c lic a l  m e ch a n is m  a t  w o rk . S o m e  o th e r  em e rg e n c ie s  o f  

a  s im ila r  o r  re la te d  n a tu re  h a v e  b e e n  r e co g n iz e d  a n d  a re  b e in g  d e a lt  

w i t h : w e  n e e d  m o r e  su p p o r t  f o r  stu dies in  h u m a n itie s  a n d  so c ia l s c ie n ce , 

a n d  th e  base  o f  s u p p o r t  is g r o w in g  g ra t ify in g ly . W e  sore ly  n e e d  to  g iv e  

o u r  y o u n g  scientists m o r e  b r o a d  h u m a n is t ic  studies— a n d  i f  I  h a v e  n o t  

d w e lle d  o n  th is it  is b e ca u s e , in  p r in c ip le , th is c a n  b e  d o n e  w ith  ex is tin g  

p r o g r a m s  a n d  fa c ilit ie s , f o r  th e  e x is t in g  too ls  o f  s tu d y  in  th e  h u m a n itie s , 

u n lik e  th e  to o ls  in  s c ie n ce , a re  still in  t o u c h  w ith  o u r  o r d in a r y  sen sib ili-
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ties. B u t h a rd ly  a n y th in g  b e in g  d o n e  o r  p la n n e d  n o w  is a d e q u a te  to  d e a l 

w ith  th e  fa r  m o r e  seriou s p r o b le m , th e  cu ltu ra l p sych osis  e n g e n d e r e d  b y  

th e  s e p a ra tio n  o f  s c ie n ce  a n d  th e  rest o f  cu ltu re .

O n e  m a y  o f  co u rse  sp e cu la te  as to  h o w  o n e  c o u ld  m a k e  s c ie n ce  a g a in  

a  p a r t  o f  e v e ry  in te llig e n t m a n ’ s e d u c a t io n a l e q u ip m e n t— n o t  b eca u se  

s c ie n ce  is m o r e  im p o r ta n t  th a n  o th e r  fie ld s , b u t  b e ca u se  it is a n  im p o r ta n t  

p a r t  o f  th e  w h o le  j ig s a w  p u z z le  o f  k n o w le d g e . A  p la u s ib le  p r o g r a m  

w o u ld  in c lu d e  so u n d  a n d  th o r o u g h  w o r k  a t  e v e ry  le v e l o f  e d u c a t io n —  

im a g in a t iv e  n e w  p r o g r a m s  a n d  c u r r ic u la ; s tre n g th e n e d  s ta n d a rd s  o f  

a c h ie v e m e n t ; e x te n d e d  c o lle g e  w o r k  in  s c ie n ce , as u se d  to  b e  th e  ru le  

in  g o o d  c o lle g e s  s o m e  5 0  years a g o ;  g re a te r  r e c o g n it io n  o f  e x c e l le n c e ; 

e x p a n s io n  o f  o p p o r tu n ity  f o r  a d u lt  e d u c a t io n , in c lu d in g  th e  p re se n ta tio n  

o f  fa c tu a l a n d  cu ltu r a l asp ects  o f  s c ie n ce  th r o u g h  th e  m ass m e d ia . B u t 

w h ile  s o m e  e ffo r ts  a re  b e in g  m a d e  h e re  a n d  th ere , f e w  p e o p le  h a v e  

fa c e d  th e  rea l m a g n itu d e  o f  th e  p r o b le m , o r  a re  a w a re  o f  th e  la rg e  ra n g e  

a n d  a m o u n t  o f  s c ie n tific  k n o w le d g e  th a t is n e e d e d  b e fo r e  o n e  c a n  “ k n o w  

s c ie n c e ”  in  a n y  sense a t  a ll. M o r e o v e r ,  w h ile  so m e  t im e  la g  b e tw e e n  n e w  

d isco v e r ie s  a n d  th e ir  w id e r  d isse m in a tio n  h as a lw a ys  ex is ted , th e  in crea se  

in  d e g re e  o f  a b s tra c tio n , a n d  in  te m p o , o f  p re s e n t -d a y  s c ie n ce , c o m in g  

p re c ise ly  a t a  t im e  o f  in a d e q u a te  e d u c a t io n a l e f fo r t  e v e n  b y  o ld  sta n 

d a rd s , has b e g u n  to  c h a n g e  th e  la g  in to  a  d isco n t in u ity .

T h is  la p se , it m u st b e  re p e a te d , is n o t  th e  fa u lt  o f  th e  o r d in a r y  c it i 

z e n ; n ecessarily , h e  c a n  o n ly  ta k e  h is c u e  f r o m  th e  in te lle ctu a ls— th e  

sch o la rs , w riters , a n d  tea ch ers  w h o  d e a l p ro fe s s io n a lly  in  id eas. I t  is 

a m o n g  th e  la tte r  th at th e  c r u c ia l n e e d  lies. E v e ry  g r e a t  a g e  has b e e n  

sh a p e d  b y  in te lle ctu a ls  o f  th e  s ta m p  o f  H o b b e s , L o c k e , B erk eley , L e ib 

n itz , V o lta ir e , M o n te s q u ie u , R o u sse a u , K a n t ,  J e ffe rso n , a n d  F ra n k lin —  

a ll o f  w h o m  w o u ld  h a v e  b e e n  h o r r if ie d  b y  th e  p r o p o s it io n  th a t  c u lt i 

v a te d  m e n  a n d  w o m e n  c o u ld  d isp en se  w ith  a  g o o d  g ra sp  o f  th e  s c ie n 

t if ic  a sp e ct  o f  th e  c o n te m p o r a r y  w o r ld  p ic tu re . T h is  t ra d it io n  is b r o k e n ; 

v e ry  fe w  in te lle ctu a ls  a re  n o w  a b le  to  a c t  as in fo r m e d  m e d ia to rs . M e a n 

w h ile , as s c ie n ce  m o v e s  e v e r y  d a y  fa ste r  a n d  fu r th e r  f r o m  th e  bases 

o f  o r d in a r y  u n d e rs ta n d in g , th e  g u l f  g ro w s , a n d  a n y  re m e d ia l a c t io n  b e 

c o m e s  m o r e  d ifficu lt  a n d  m o r e  u n lik e ly .

T o  restore  s c ie n c e  t o  r e c ip r o c a l  c o n ta c t  w ith  th e  c o n c e rn s  o f  m o st  

m e n — to  b r in g  s c ie n ce  in to  a n  o r b it  a b o u t  us in stea d  o f  le tt in g  it  e s ca p e  

fr o m  o u r  in te lle c tu a l tra d it io n — th a t  is th e  g r e a t  c h a lle n g e  th a t  in te l 

le ctu a ls  fa c e  to d a y .
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15 PHYSICS AND CULTURE: CRITERIA 

FOR CURRICULUM DESIGN

n  h i s  sp e cu la tiv e  essay, T h e  R u le  o f  P h a se  A p p l ie d  to  H is to ry , 

d a te d  J a n u a ry  1, 19 0 9 , th e  A m e r ic a n  h is to r ia n  H e n r y  A d a m s  

c a m e  to  a  re m a rk a b le  c o n c lu s io n : . . th e  fu tu r e  o f  T h o u g h t ,  a n d

th e r e fo r e  o f  H is to ry , lies in  th e  h a n d s  o f  th e  p h y s ic is t, a n d  . . .  th e  fu tu r e  

h is to r ia n  m u st seek h is e d u c a t io n  in  th e  w o r ld  o f  m a th e m a t ica l p h y sics . 

A  n e w  g e n e r a t io n  m u st b e  b r o u g h t  u p  to  th in k  b y  n e w  m e th o d s , a n d  i f  

o u r  h is to r ica l d e p a r tm e n ts  in  th e  U n iv e rs it ie s  c a n n o t  e n te r  th is n e x t  

P h a se , th e  p h y s ica l d e p a r tm e n ts  w ill  h a v e  to  assu m e th e  task a lo n e .”

I n  a r r iv in g  a t  th is s ta rtlin g  v ie w , H e n r y  A d a m s  e x p la in s  th a t h e  w as 

g u id e d  b y  a  d es ire  to  tra n s fe r  to  th e  stu d y  o f  h is to ry  s o m e  o f  th e  c o n 

c e p t io n s  d e v e lo p e d  in  1 8 7 6 -8  b y  W illa r d  G ib b s , P ro fe sso r  o f  M a t h e 

m a t ic a l P h ysics  a t  Y a le , in  h is fa m o u s  p a p e r  E q u ilib r iu m  o f  H e t e r o 

g e n e o u s  S u b s ta n ces ,  a n d  b y  o t h e r  ph ysicists  a n d  ch em ists  w h o  fo l lo w e d  

h im . Ju st as th e  p h ysic ist S to re y  sa w  in  th e  P h ase  R u le  a  m ea n s  f o r  p u t 

t in g  in to  h ie ra rc h ica l o r d e r  th e  s e q u e n c e  o f  “ ph ases”  co n s is t in g  o f  so lid , 

flu id , gas, e le c tr ic ity , e th e r , a n d  sp a ce , so  d id  A d a m s  b e lie v e  th a t

T his essay is adapted from  the opening address given at the S econ d Inter 

national C onferen ce on Physics E ducation held in R io  de Janeiro, Brazil, 

July 1963, and was published in the B u l l e t i n  o f  t h e  I n s t i t u t e  o f  P h y s i c s  

6 �d  t h e  P h y s i c 6 l  So c i e t y , 1963, pp . 321-329 .
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th o u g h t , t o o , in  t im e  h a d  p a ssed  th r o u g h  d if fe r e n t  ph ases. A c k n o w le d g 

in g  h im s e lf  to  b e  a  fo l lo w e r  o f  T u r g o t ,  L it tré , J o h n  S tu a rt M il l ,  C o m te , 

a n d  o th e rs  w h o  h a d  a lso  h e ld  th a t  h is to ry  o b e y s  q u a s i-p h y s ica l law s, 

A d a m s  fo u n d  c o n fir m a t io n  fo r  th e  co rre c tn e ss  o f  h is essen tia lly  p r o 

p h e t ic  a n d  a p o c a ly p t ic  v ie w  o f  h istory  in  th e  a p p a r e n t ly  in cre a s in g  ra te  

o f  c h a n g e  o f  h is to r ic  p rocesses , a n d  h e  th o u g h t  th ey  w e re  a n a lo g o u s  t o  

th e  in cre a s in g  m o t io n  o f  o b je c t s  w h ic h  a re  a ttra ct in g  o n e  a n o th e r  b y  an  

in v erse -sq u a re  fo r c e .

I  h a v e  c ite d  th is  e x a m p le  n o t  b e c a u s e  p h ysic ists  w o u ld  b e lie v e  th a t 

h is to ry  ob e y s  la w s  c lo s e ly  a n a lo g o u s  to  th ose  o f  p h y sics— in d e e d , a  m e e t 

in g  o f  p h ysic ists  w o u ld  b e  th e  last p la c e  t o  fin d  sy m p a th y  w ith  th e  

m o d e r n -d a y  p h y s io cra ts . R a th e r  I  h a v e  sp o k e n  a b o u t  H e n r y  A d a m s , b e 

ca u se  as u su a l h e  h a d  b r illia n t  in sigh ts  in  this essay. H e  sa id  th a t th e  

id ea s  e m e r g in g  f r o m  p h ysics  w o u ld  c o n t in u e  to  b e , as th e y  h a d  a g a in  

a n d  a g a in  b e e n  s in ce  th e  se v e n te e n th  c e n tu ry , a  ce n tra l p a r t  o f  m o d e m  

c u lt u r e ;  a n d , s e c o n d , h e  saw  th a t s c ie n ce  is b o t h  a  m a jo r  m e ch a n is m  

fo r  c h a n g e  in  c u ltu r e  as w e ll as a  w a y  o f  u n d e r s ta n d in g  th e  c h a n g e  

b etter.

T o d a y ,  w e  w o u ld  lik e  to  b e lie v e  th a t th ese in sights a re  g e n e ra lly  

sh a re d  b y  a ll m e n  w h o  h a v e  th o u g h t  a b o u t  th e  m a tter . B u t th ere  a re  

tw o  m a in  g r o u p s — n o t  to  m e n t io n  th e  p h ilis tin es  w h o  h a v e  a lre a d y  

v ie w e d  a n y  in te lle c tu a l a c t iv ity  w ith  su sp ic io n — th a t  w o u ld  d e n y  it. 

O n e  rep resen ts , as it w e re , th e  r e a c t io n  f r o m  th e  r ig h t, f r o m  th e  s id e  o f  

m is g u id e d  tra d it io n a lism . T h e y  w o u ld  say w ith  M a t th e w  A r n o ld  th a t 

“ c u ltu r e  is, o r  o u g h t  to  b e , th e  stu d y  a n d  p u rsu it  o f  p e r fe c t io n ,”  a n d  

w o u ld  th e n  d e fin e  th e  p r o p e r t ie s  o f  p e r fe c t io n — f o r  e x a m p le , b e a u ty  a n d  

in te llig e n ce — in su ch  a  w a y  th a t m o st  s c ie n tific  w o r k  stands e x p o s e d  a n d  

c o n d e m n e d  as soulless h a c k w o r k  a n d  th e  m a n ip u la t io n  o f  tr a d e -s c h o o l 

m e ch a n ics . O r  w ith  T .  S . E lio t , th e y  w o u ld  say th a t c u ltu r e  a n d  r e lig io n  

a re  “ d iffe r e n t  a sp ects  o f  th e  sa m e th in g ,” 1 a n d  th en , in s tea d  o f  n o t ic in g  

th a t s c ie n c e  is a lso  a n  “ a sp e ct  o f  th e  sam e th in g ,”  th e y  w o u ld  d e fin e  

c u ltu r e  a n d  r e lig io n  in  su ch  a  w a y  th a t s c ie n ce , w h e n  it  is m e n t io n e d  a t 

a ll, b e c o m e s  id e n t if ia b le  w ith  id o la t r y .2

A  r e v e a lin g  q u o ta t io n  f r o m  a n  e d ito r ia l in  th e  E n g lish  S u n d 6 y  T e l e 

g r 6 p h  e x h ib its  th is  a tt itu d e  as c le a r ly  as w e  c a n  w is h :

A  free and prosperous society depends on  the activities o f  three distinct 

classes— a politica l élite, trained by the study o f  the humanities to take broad 

and enlightened views about ends and means, a technical élite , w illing to exer-
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cise its skills in obedience to the com m unity ’s w ill, and a proletariat w ith 

enough m echanical intelligence to respond to managerial direction.

T h e  first o f  these conditions has not yet been entirely rem oved by  the renunci

ation o f the classics, the second w ill be secure so lon g  as scientists are not en 

couraged to dabble in the humanities to develop  a wish to govern society, and 

on ly  the th ir d . . .  is strikingly a b sen t. . .  .3

T h e  o th e r , o r  le f t -w in g  o p p o s it io n  c o m e s  fr o m  th e  ranks o f  s c ie n ce  

itself. A  re la tiv e ly  sm a ll b u t  in flu e n tia l p r o p o r t io n  o f  scientists w o u ld  

say th a t th ere  s im p ly  is n o  m e a n in g  in  th e  p r o p o s it io n  th a t p h ysics , fo r  

e x a m p le , is m o r e  th a n  w h a t  th ey  a n d  th e ir  best associates a re  a c tu a lly  

d o in g  a t th e  b la c k b o a r d  o r  in  th e  la b o r a to r y  h e r e  a n d  n o w . U n lik e  th e  

first g r o u p  o f  o p p o n e n ts  w h o  o b je c t  th a t s c ie n c e  h as litt le  p la c e  in  c u l 

tu re , th e  s e c o n d  o b je c t s  th a t cu ltu re  has litt le  v a lid ity  c o m p a r e d  t o  sc i 

e n c e .4 O n ly  p o liten ess  p re v e n ts  th e m  f r o m  d ism issin g  w ith  v o c a l  im 

p a t ie n c e  th e  su g g estion  th a t th e re  a re  im p o r ta n t  links b e tw e e n  w h a t  

h a p p e n s  in  th e  la b o r a to ry  n o w  a n d  w h a t  h a p p e n s , h as h a p p e n e d , a n d  

w ill h a p p e n  e lsew h ere— in  th e  s c u lp to r ’ s s tu d io , in  th e  c o u r tr o o m , in  th e  

stu d y  o f  a  p h ilo s o p h e r  o r  a n  e c o n o m is t , o n  th e  stage , a n d  e v e n  in  th e  

n u rsery  w h e re  a  c h ild  is a sk in g  h is m o th e r  f o r  h e lp  in  m a k in g  sense o u t  

o f  th e  w o r ld  a r o u n d  h im . A n d  th e  m a jo r  rea son  w h y  s o m e  o f  th ese  s c ie n 

tists ca n  n e g le c t  th e  c o m p le x , te n u o u s , lo n g -r a n g e  links th a t a t ta c h  to  

th e ir  s c ie n ce  is th a t th e y  a re  so  su ccess fu l d o in g  w h a t  th e y  a re  d o in g . 

T h e  s h o rt-ra n g e  fo r c e s , w h ic h  th e y  m a ster , c o m p le te ly  sa tu ra te  th e ir  

c a p a b ility  f o r  fo r m in g  a n d  p e r c e iv in g  lo n g -r a n g e  c o n n e c t io n s .

O n e  is r e m in d e d  o f  th e  d ia g n osis  C . P . S n o w  o ffe r e d  in  h is p r o v o c a 

t iv e  b o o k  S c i e n c e  6 n d  G o v e r n m e n t 5 f o r  th e  re a so n  w h y  so m e  scientists 

so  s in g le -m in d e d ly  s tu ck  to  a  n a r r o w  d e c is io n  o r  w e re  satisfied  w ith  a  

n a r r o w  ra n g e  o f  in v estig a tion s . I t  w as th e ir  su ccess in  o n e  p a r t ic u la r  fie ld  

o r  w ith  th e  o p e r a t io n  o f  o n e  p a r t ic u la r  a p p a ra tu s . S n o w  d u b s  these 

m e n  “ g a d g e te e rs .”

B u t  o n  th is o c c a s io n , I  tru st I  sh a ll b e  sa fe  in  a ssu m in g  th at o n e  d o e s  

n o t  h a v e  to  d e fe n d  fu r th e r  th e  p r o p o s it io n  o f  ce n tra lity  o f  s c ie n ce  in  

c u ltu re , e ith e r  fr o m  th e  r a d ica l scien tism  o f  th e  le ft  o r  th e  c u ltu re  s n o b - 

b ism  o f  th e  r ig h t. O n  th is m id d le  g r o u n d , w e  sh a ll th u s p o s it  th a t th e 

m u ch -d is cu sse d  c le a v a g e s  o f  k n o w le d g e  are  a ll t o o  o fte n  th e  u n h a p p y  

resu lts o f  e r ro n e o u s  d e fin it io n . T h e  co n tro v e rs y  b e tw e e n  T .  S . E lio t  a n d  

his cr itics , o r  b e tw e e n  S n o w  a n d  L e a v is  m o r e  re ce n tly , serve  to  re m in d  

us h o w  n ecessary  it is fo r  e a c h  a g e  to  re -th in k  w h a t  “ c u ltu r e ”  is in  e a c h
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o f  its m u lt ip le  senses, w h a t  m a k es  th e  cu ltu r e  o f  a  p e o p le  c o h e r e , a n d  

w h a t  fo r c e s  a n d  m e ch a n ism s  are  a t  w o r k  to  c h a n g e  it. I n  th is lig h t  th e 

im p o r ta n t  t o p ic  is n o t  to  w h a t  e x te n t  s c ie n c e  is se p a ra te d  f r o m  o th e r  

a ctiv it ie s , b u t  r a th e r  h o w  w e  m a y  d e fin e  a n d  tra n sm it cu ltu r e  in  su ch  a  

w a y  th a t th e  sc ien ces  a re  seen  to  b e  v a lid  c o m p o n e n ts  o f  o u r  cu ltu re . 

W e  th e re fo re  m u st h ere  a d o p t , as o n e  o f  o u r  m a in  tasks, th e  a c tu a l d e 

s ign  o f  e d u c a t io n a l c u r r ic u la  stressing th e  c o h e r e n c e  o f  p h y s ics  a n d  th e  

o th e r  c o m p o n e n ts  o f  in te lle c tu a l life.®

T h r e a ts  to  C o h e r e n c e

B e fo r e  a n y  s p e c if ic  p r o p o s a ls  c a n  su c c e e d , w e  s h o u ld  b e  a b le  to  d e a l 

w ith  th e  m a jo r  th reats w h ic h  e v e ry  c o h e r e n c e -s e e k in g  p r o g r a m  o f  s c i 

e n c e  in s tru ctio n  w ill fa c e . T w o  o f  th ese  th reats s h o u ld  n o w  b e  d iscu ssed  

b r ie fly .

T h e  first is th e  r a p id ity  w ith  w h ic h  th e  s im p lest te r m in o lo g y  o f  th e 

c o n te m p o r a r y  sc ie n ce s  is b e in g  r e m o v e d  f r o m  th e  n a tu ra l la n g u a g e  o f  

th e  b e g in n e r . T h is  m a k es  o b v io u s  d ifficu ltie s  f o r  th e  n e w  le a rn e r— n o t  t o  

sp ea k  o f  th e  d iffic u lty  th is s tu d e n t  w ill h a v e  10 o r  2 0  years a fte r  h e  has 

p a ssed  th r o u g h  o u r  c la s s ro o m  a n d , a t  th e  h e ig h t  o f  h is  ca r e e r  a n d  a b ility , 

fa ce s  a  s c ie n ce  th a t is b y  th e n  c o n c e r n e d  w ith  e n t ire ly  c h a n g e d  p r o b le m s , 

p h ra se d  in  a n  en tire ly  c h a n g e d  v o c a b u la r y . A s  w e  a ll k n o w  v e ry  w e ll, 

f o r  h is  te a ch e rs  th is is a lso  a  m a jo r  a n d  c o n t in u in g  p r o b le m . B u t o n  

a n  e v e n  m o r e  fu n d a m e n ta l le v e l, th ere  is th e  a d d it io n a l a n d  o b v e rse  

p r o b le m  o f  th e  e f fe c t  o f  th e  in cre a s in g  v o c a b u la r y  g a p , n o t  m e re ly  o n  

th e  n e w  lea rn er , b u t  o n  th e  la n g u a g e  o f  s c ie n c e  itse lf.

T h is  is in d ic a te d  b y  a n  o b v io u s  d i f fe r e n c e  b e tw e e n  e v e n  a  m o st  d iffi 

c u lt  a n d  s o p h is tica te d  n a tu ra l la n g u a g e , su ch  as J a p a n ese , a n d  e v e n  a  

re la tiv e ly  s im p le  c o n te m p o r a r y  s c ie n ce , su ch  as in tr o d u c to r y  q u a n tu m  

p h y s ic s ; th e  d i f fe r e n c e  is c le a r ly  th a t  th e  d iff ic u lt  n a tu ra l la n g u a g e  c a n  

b e , a fte r  a ll, le a rn e d  b y  a n y  sm a ll c h ild , w h erea s  th e  s im p le r  m o d e m  sci 

e n ce s  tu rn  o u t  to  b e  a ll b u t  in a cce ss ib le  to  m a n y  o f  o u r  m o st  in te llig e n t 

stu den ts . T h e  p o in t  is o f  c o u r s e  th a t n a tu ra l la n g u a g e s  h a v e  d e v e lo p e d  

in  a  v e ry  d iffe r e n t  w a y  fr o m  sc ie n tific  la n g u a g e . A s M a r g a r e t  M e a d  

p e r c e p t iv e ly  n o te d  in  a n  essay f r o m  w h ic h  I w ish  to  q u o te  a t s o m e  len g th , 

“ it  has b e e n  ch a ra c te r is t ic  o f  a ll e a r lie r  fo r m s  o f  cu ltu ra l tran sm ission  

th a t n e w  in te lle c tu a l a cq u is it io n s— su ch  as s cr ip t, m a th e m a tica l c a lc u 

la t io n , p r o s o d y — h a v e  b e e n  ta u g h t  in  fa c e - t o - fa c e  s itu ation s  b y  ad u lts  

w h o  k n e w , to  c h ild r e n  a n d  a d o le sce n ts  w h o  d id  n o t  y e t k n o w .”  M iss
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M e a d  fin d s th a t w h ile  in  th e  p a st e v e n  c o n te m p o r a r y  s c ie n tific  la n g u a g e  

u sed  t o  b e  so  c o m m u n ic a te d , th is s itu a tio n  h a s  b e g u n  t o  ch a n g e  r a d ica lly  

w ith  th e  rise a n d  a c c e le r a t io n  o f  th e  sc ien ces  in  r e ce n t  t im e s :

As the several sciences have begun to g row  at an unprecedented rate, the 

distance from  one m a jor  advance to  the next is o ften  reduced from  fifty to  

five years. A n d  now , instead o f  teaching a w idely  selected, intelligent student 

audience, m ore  and m ore the young scientists are com m unicating to each 

other, horizontally, in  highly specialized languages, m aterial so new  that pu b 

lication  is not rapid enough to  encom pass i t . . . .  W e  are, in fact, in danger 

o f  developing— as other civilizations before  us have developed— special esoteric 

groups w h o can  com m unicate on ly  w ith  each  other and w h o can accept as 

neophytes and apprentices on ly  those individuals w hose intellectual abilities, 

tem peram ental bents, and m otivations are like their ow n . A  schism ogenic pro 

cess is under w ay that is self-perpetuating and self-aggravating . . . .

A ll o f  us w h o cherish the change in pace m ade possible by  this new  kind 

o f  horizontal, face-to-face , m ultim odal transmission, w h ich  works even across 

national boundaries, inevitably w ill guard jealously any attem pt that w ou ld  

seem to slow  up  this in toxicating process. But n ow  w e must find new  educa 

tional and com m unication  devices that w ill not sacrifice this new  high level 

o f  specialized com m unication  and yet w ill protect ou r society and all the in 

tellectual disciplines w ithin it from  the schism atic effects o f  too  great a separ

ation o f  thought patterns, language, and interest betw een the specialized 

practitioners o f  a scientific or hum ane discip line and those w h o are laym en in  

each particular field .7

T h is  is, I  b e lie v e , a n  im p o r ta n t  w a r n in g . I t  g iv es  u s  a n  a d d it io n a l 

rea son  f o r  in sistin g  th a t  o u r  y o u n g  stu d en ts  s h o u ld  re ce iv e  e a r ly  a n d  

fu ll  o p p o r tu n ity  to  le a rn  th e  c o n c e p ts  a n d  th e o r ie s  o f  m o d e r n  sc ie n ce , 

a n d  so  to  b e  b r o u g h t  t o  a  state w h e re  th e  v o c a b u la r y  a n d  g r a m m a r  o f  

m o d e r n  s c ie n ce , in c lu d in g  so m e  o f  th e  te ch n iq u e s  o f  c a lc u la t io n , w il l  

n o  lo n g e r  th em selves  b e  th e  m a in  o b s ta c le  to  a n  u n d e r s ta n d in g  o f  th e  

p r o u d  a ch ie v e m e n ts  o f  o u r  tim e . A n d  M iss  M e a d  c o n c lu d e s  th a t su ch  

a  p r o g r a m  w ill a lso  m o d ify  th e  th rea t th at s c ie n c e  w ill  e sca p e  e n tire ly  

fr o m  th e  a rea  o f  n a tu ra l d is c o u r s e :

T h e  process o f  vertical com m unication  o f  results arrived at by horizontal, 

fa ce-to -face  adult learning w ill alter the vocabulary and syntax o f  the com 

municators. T hus they w ill be  the m ore able to  transmit what they know, and 

they themselves w ill keep in  closer touch  w ith  the oth er specialties o f  our
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highly specialized societies. Any language taught only by adults to adults—  

o r  to children as if they w ere adults— becom es in certain respects “ dead.”  It 

fails to  enlist recruits, it m ay lose its productivity, and it serves in  the end pri

m arily to separate those w h o know  it from  those w ho d o  not. In  contrast, any 

language that is taught to  all children attains a m ultim odal com prehensive 

ness that makes it a suitable veh icle fo r  the thought o f  not only the highly in 

telligent but also the m oderately  endow ed person. By insisting that all children, 

not only those children w ho, by  jo in in g  the ranks o f  a discipline, w ill accen 

tuate its highly specialized style, should be  taught recent advances in a parti

cu lar discip line, w e can set up an autom atic corrective system for  the dan 

gerous intellectual divergencies o f  vocabulary and know ledge w ithin our 

society. . . .8

W e  tu rn  to  th e  s e c o n d  th rea t to  th e  a ch ie v e m e n t  o f  c o h e r e n c e , a n d  

h e re  w e  m a y  w e ll w ish  th a t M iss  M e a d ’ s w a r n in g  h a d  b e e n  h e a rd  a n d  

h e e d e d  lo n g  a g o . F o r  th e  fa ilu re  o f  “ th e  o th ers”  to  u n d ersta n d  w h a t  th e  

cre a tiv e  scien tist n o w  k n ow s a n d  d o e s  has h a d , I  fe a r , s o m e  d e b ilita tin g  

a n d  e v e n  tra g ic  co n se q u e n ce s— p a rt icu la r ly  to  th e  e ffectiv en ess  a n d  m o 

ra le  o f  o u r  m o st  v a lu a b le  in te llectu a ls  o u ts id e  sc ien ce . F o r  th ey  a re  

c a u g h t  b e tw e e n  th e ir  irrep ressib le  desire  rea lly  to  u n d e rs ta n d  this u n i 

verse , a n d , o n  th e  o th e r  h a n d , th e ir  c le a r ly  r e co g n iz e d  in a b ility  to  m a k e  

a n y  sense o u t  o f  th e  s im p lest v o c a b u la r y  o f  m o d e m  scien ce . I  h a v e  

stressed e lsew h ere9 th e  c h il l in g  rea liza tion  th a t o u r  in te llectu a ls , f o r  th e  

first t im e  in  h istory , m a y  b e  lo s in g  th e ir  h o ld  o f  u n d e rs ta n d in g  th e  w o r ld : 

“ the n on scien tist  realizes th at th e  o ld  co m m o n s e n s e  fo u n d a tio n s  o f  

th o u g h t  a b o u t  th e  w o r ld  o f  n a tu re  h a v e  b e c o m e  ob so le te  d u r in g  th e  last 

tw o  g en era tion s . T h e  g r o u n d  is tre m b lin g  u n d e r  his fe e t ;  the s im p le  in 

te rp reta tion s  o f  so lid ity , p e r m a n e n ce , a n d  rea lity  h a v e  b e e n  w a sh ed  aw ay , 

a n d  h e  is p lu n g e d  in to  th e  n ig h tm a rish  o c e a n  o f  fo u r -d im e n s io n a l c o n -  

t in u a , p r o b a b ility  a m p litu d e s , in d e term in a n cies , a n d  so  fo r th . H e  k n ow s 

o n ly  tw o  th in gs a b o u t  th e  ba sic  c o n c e p t io n s  o f  m o d e m  s c ie n c e : th at h e  

d oes  n o t  u n d e rs ta n d  th em , a n d  th at h e  is n o w  so fa r  sep a ra ted  fr o m  th em  

th a t h e  w ill n ev er  f in d  o u t  w h a t  th ey  m e a n .”

T o  take a  c o n c r e te  e x a m p le , c o n s id e r  the recen t, w id e ly  re a d  b o o k , 

T h e  S l e e p w 6 l k e r s , b y  A r th u r  K o e s t le r . In  it, K o e s t le r  tried  to  tra ce  

th e  rise o f  m o d e r n  ph ysics , a n d , w ith  it, o f  m o d e m  p h ilo s o p h ic a l th o u g h t, 

s tem m in g  fr o m  th e  w o r k  o f  K e p le r , G a lile o , N e w to n , a n d  som e  o f  th e ir  

co n te m p o ra r ie s . T h is  is in d e e d  still a  u se fu l task to  set on ese lf. K o e s t le r  

h as w o r k e d  w ith  d e v o t io n  o n  h is m a teria l. A n d , m ost  im p o r ta n t , h e  is o f  

co u rse  th e  in te llig en t la y m a n  p a r  e x c e l le n c e  w h o m  an y  scientist w o u ld
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b e  p lead ed  a n d  p r o u d  to  h a v e  as h is  s tu d en t in  this e v id e n t ly  earn est 

se a rch  f o r  a n  u n d e rs ta n d in g  o f  m o d e m  sc ie n ce .

A n d  yet, s o m e th in g  te rr ify in g  h a p p e n e d  as K o e s t le r  c a m e  to  th e  e n d  

o f  h is b o o k . H e  h a d  still b e e n  a b le  to  see m e a n in g  a n d  o r d e r  in  th e  p h y 

sics o f  th e  sev en teen th  ce n tu ry . W h e n  h e  tu rn e d  in  th e  E p ilo g u e  t o  m o d 

e rn  p h ysics , a ll sense o f  u n d e rs ta n d in g  a n d  c o h e r e n c e  d isa p p e a re d , a n d  

th e  in co m p r e h e n s ib le  m o d e r n  c o n c e p t io n s  se e m e d  to  rise a r o u n d  h im  o n  

e v e ry  s id e  as threats to  h is san ity . A s  h e  su m m a rizes  h is w o rk , h e  fin d s 

th a t t o  a  la rg e  d e g re e  “ th e  story  o u t lin e d  in  th is b o o k  w il l  b e  r e c o g n iz e d  

as a  story  o f  th e  s p litt in g -o ff , a n d  su b seq u en t is o la te d  d e v e lo p m e n t , o f  

v a r io u s  b ra n ch e s  o f  k n o w le d g e  a n d  e n d e a v o u r — sk y -g eom etry , terrestria l 

ph ysics, P la to n ic  a n d  sch o la st ic  th e o lo g y — e a c h  le a d in g  to  r ig id  o r th o 

d o x ie s , o n e -s id e d  sp ec ia liza tion s , c o l le c t iv e  obsession s, w h o se  m u tu a l in 

c o m p a t ib il ity  w a s  re fle c te d  in  th e  sy m p to m s  o f  d o u b le -th in k  a n d  ‘ c o n 

t ro lle d  s ch iz o p h re n ia .’ ” 10

I  b e lie v e  it  is im p o r ta n t  to  c o n s id e r  th is ca se  as sy m p a th e tica lly  as w e  

c a n — to  listen  to  th e  a n g u ish  o f  a n  in te llig e n t m a n  w h o  h as d is c o v e r e d  

th a t h e  c a n n o t  c o p e  w ith  th e  m o d e r n  c o n c e p t io n s  o f  p h y s ica l rea lity . F o r  

w h a t  h e  is sa y in g  to  us is w h a t  m o st  p e o p le  w o u ld  say— i f  th ey  w e re  e lo 

q u e n t  e n o u g h  a n d  in terested  e n o u g h  in  k n o w le d g e  t o  b e  d e e p ly  d is tu rb e d  

b y  a  state o f  u n ch a n g e a b le  ig n o r a n c e :

E ach o f  the “ ultim ate”  and “ irreducible”  prim ary qualities o f  the w orld  

o f  physics proved  in  its turn to  be  an illusion. T h e  hard atom s o f m atter went 

up  in fireworks; the concepts o f  substance, force , o f  effects determ ined by 

causes, and ultim ately the very fram ew ork o f  space and tim e turned out to be 

as illusory as the “ tastes, odours and colours”  w h ich  G alileo  had treated so 

contem ptuously. Each advance in physical theory, w ith its rich technological 

harvest, was bought by a loss in  in te llig ib ility . . . .

C om pared  to the m od em  physicist’s picture o f  the w orld , the P tolem aic 

universe o f epicycles and crystal spheres was a m odel o f sanity. T h e  chair on  

w h ich  I  sit seems a hard fact, but I  know  that I  sit on  a nearly perfect vac 

uum  . . . .  A  room  w ith a few  specks o f  dust floating in the air is overcrow ded  

com pared  to  the emptiness w hich  I  call a chair and on  w h ich  m y fundaments 

r e s t . . . .

T h e  list o f  these paradoxa cou ld  be continued indefinitely; in fact the new  

quantum -m echanics consist o f  nothing but paradoxa, fo r  it has becom e an ac 

cepted truism am ong physicists that the sub-atom ic structure o f  any ob ject, 

including the chair I  sit on, cannot be  fitted into a fram ew ork o f  space and



tim e. W ords like “ substance”  or “ m atter”  have becom e void  o f  m eaning, or  

invested w ith sim ultaneous contradictory meanings . . . .

T hese waves, then, on  w h ich  I  sit, com in g  out o f  nothing, travelling through 

a non -m edium  in  m ulti-dim ensional non-space, are the ultim ate answer m od 

e m  physics has to offer to  m an’s question after the nature o f  reality.11

A n d  a t  d ie  v e ry  e n d  o f  th e  b o o k , in  its last, fu r io u s ly  sp la sh in g  p a r a 

g r a p h , I  c a n n o t  b u t  h e a r  th e  c ry  o f  a  d r o w n in g  m a n , a  c ry  f o r  h e lp  th a t 

c a n n o t  le a v e  o n e  u n c o n c e r n e d  i f  o n e  b e liev es  th a t p h y s ics  c a n  a n d  m u st 

b e  sh o w n  to  p la y  a  v a lid , c re a tiv e  p a r t  w ith in  o u r  c u lt u r e :

T h e  m u dd le  o f  inspiration and delusion, o f  visionary insight and dogm atic 

blindness, o f  m illennial obsessions and discip lined double-th ink, w h ich  this 

narrative has tried to  retrace, m ay serve as a cautionary tale against the 

hubris o f  science— or rather o f  the ph ilosoph ical outlook  based on  it. T h e  dials 

on  our laboratory panels are turning into another version o f  the shadows in 

the case. O u r hypnotic enslavem ent to  the num erical aspects o f  reality has 

du lled  ou r perception  o f  non-quantitative m oral values; the resultant end- 

justifies-the-m eans ethics m ay be  a m a jo r  fa ctor in  ou r undoing. Conversely, 

the exam ple o f  P lato ’s obsession w ith  perfect spheres, o f  Aristotle ’s arrow  

propelled  by the surrounding air, the forty-eight epicycles o f C opernicus and 

his m oral cow ardice, T y c h o ’s m ania o f  grandeur, K ep ler ’s sun-spokes, G a lileo ’s 

con fidence tricks, and Descartes’ pituitary soul, m ay have som e sobering effect 

on  the w orshippers o f  the new  Baal, lord in g  it over the m oral vacuum  w ith 

his electron ic brain.12

T h is  is th e  e n d  o f  h is r o a d  th a t  h a d  sta rted  w ith  g re a t  h o p e  a n d  

p ro m ise . W h a t  c a n  w e  d o  a b o u t  i t ?

G o a ls  a n d  S c ie n c e  C o u rses

T h e r e  a re  sev era l re la te d  areas o f  s tu d y  th a t  w o u ld  a lle v ia te  th e  d i f 

ficu lties  w e  h a v e  d iscu ssed  a n d  p r o m o t e  th e  sense o f  c o h e r e n c e  w h ic h  

w e  seek t o  c u lt iv a te .

T h e  first, o b v io u s ly , is th e  stu d y  o f  m o d e m  sc ie n ce  itself. M iss  M e a d ’ s 

a n d  A r th u r  K o e s t le r ’ s a rg u m e n ts  b o t h  sp ea k  first o f  a ll f o r  su bstan tia l 

a tte n t io n  to  m o d e m  s c ie n c e  in  th e  s c h o o l  a n d  c o lle g e  c u r r ic u lu m — a n d  

a lth o u g h  I  sh a ll speak  in  w h a t  fo l lo w s  m o stly  a b o u t  p h ysics , th e  v e ry  

sa m e  a r g u m e n t  c o u ld  b e  a p p lie d  to  o th e r  fu n d a m e n ta l scien ces .

I  h a v e  litt le  u se  f o r  th e  a tt itu d e  th a t o n e  h ears  o c ca s io n a lly , t o  th e  

e f fe c t  th a t  q u a n tu m  p h y s ics  a n d  re la t iv ity  s h o u ld  p r e c e d e  o r  e v e n  ta k e
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th e  p la c e  o f  classica l p h y sics  in  in tr o d u c to r y  cou rses. I  b e lie v e  th a t th is is 

p e d a g o g ic a lly  u n s o u n d  f o r  m o st  s tu d e n ts ; ra th er , w e  m u st h e lp  th e ir  in 

tu ition s  to  b r id g e  th e  d is ta n ce  f r o m  th e ir  n a tu ra l A r is to te lia n  b e n t  to  th e  

s tran ge  n e w  c o n c e p t io n s  b y  m ea n s  o f  c lassica l (G a l i le a n -N e w t o n ia n -  

M a x w e ll ia n )  id eas. T h e  g r o w th  o f  im a g in a t io n  reca p itu la tes  th e  g r o w th  

o f  a  fie ld  t o  a  la rg e  e x ten t.

B u t  w h e th e r  w e  a ll a g ree  o n  th e  o r d e r  o f  p re se n ta tio n  o r  n o t , th e  

m a in  p o in t  sh o u ld  b e  b e y o n d  d isp u te  h e r e : th e  c o l le g e  s tu d en t sh o u ld , 

as p a r t  o f  h is g e n e ra l e d u c a t io n , a rr iv e  a t  a n  u n d e r s ta n d in g  o f  th e  m a in  

c o n c e p ts  a n d  th eories  o f  m o d e r n  p h ysics . T h is  in c lu d e s  ce rta in ly  a n  

in tr o d u c t io n  to  q u a n tu m  th e o ry  a n d  re la tiv ity  th e o ry . S u c h  a  p r o g r a m  

n ecessitates c a r e fu l c o n s id e r a t io n  a n d  use o f  th e  w h o le  c u r r ic u lu m , fr o m  

g r a m m a r  s ch o o l to  c o lle g e , in  o r d e r  t o  p r o v id e  e n o u g h  so p h is tica tio n  a n d  

too ls , b o t h  in  m a th e m a tics  a n d  in  p h ysics , to  en su re  th a t th e  m in im u m  

e n d -p o in t  a c h ie v e m e n t  in  p h y sics  b e  n o t  su p erfic ia l. T h is  e f fo r t  c a n , I  

fe e l, n o  lo n g e r  b e  sh irk ed . I n  o u r  w o r ld , th e  essentia l n o t io n s  o f  q u a n tu m  

p h y s ics  a n d  re la tiv ity  a re  n o  lo n g e r  o p t io n a l f o r  a n y o n e  w h o  w ishes t o  

re g a rd  h im s e lf as g e n e ra lly  e d u c a te d , a n y  m o r e  th a n  a re  th e  essentia l 

n o t io n s  o f  c e rta in  sp e c ifia b le  o th e r  fie ld s .13 I t  is a lso  im p o r ta n t  to  d es ig n  

im p e d a n c e -m a tc h in g  d e v ice s  in  o u r  c u r r ic u lu m  b y  w h ic h  a  s tu d e n t fr o m  

su ch  a  seriou s g e n e ra l e d u c a t io n  c o u rs e  ca n  c o n t in u e  in  m o r e  a d v a n c e d  

p h ysics  cou rses  i f  h e  w ish es. R e g a rd le ss  o f  h is f ie ld  o f  fin a l c o n c e n tr a t io n  

o r  s p e c ia liz a t io n , it s h o u ld  b e  p o ss ib le  f o r  th e  ta le n te d  a n d  in terested  

s tu d e n t to  re ce iv e  p h ysics  in s tru ctio n  a t  th e  h ig h est  lev e l o f  w h ic h  h e  is 

c a p a b le . T h e  a d m in is tra tiv e  p r o b le m s  f o r  d o in g  th is a re  la rg e  a t  m o st  

co lle g e s  in  th e  U .S .A .,  a n d  w o r s e  a t  c o lle g e s  fo l lo w in g  th e  E u r o p e a n  

m o d e l.  B u t th is m e re ly  sh ow s f r o m  a n o th e r  a n g le  w h a t  a ll o f  us k n o w  

a lr e a d y ; th a t a d m in is tra tiv e  d iffic u lty  is th e  last th in g  t o  co n s id e r  a n d  

th e  first th in g  t o  s ta m p  o u t  ru th lessly— if  a n y  s o u n d  id e a  is to  c o m e  to  

a n y th in g  b e y o n d  m e re  talk .

D if f ic u lt  th o u g h  a  p r o g r a m  o f  seriou s p h y s ics  in s tru ctio n  f o r  a ll c o l 

le g e  stu d en ts  is t o  c a r ry  o u t , i t  rep resen ts  in  m y  v ie w  o n ly  h a l f  th e  

n ecessary  jo b .  E v e n  i f  w e  s u c c e e d  in  p re se n tin g  fa ir ly  so p h is tica te d  

p h y s ics  to  s tu den ts  w h o  w ill n o t  g o  o n  in  th e  s c ien ces , b u t  h a v e  d o n e  

n o th in g  m o re , w e  sh a ll h a v e  fa ile d . F o r  th ese  stu d en ts  b y  a n d  la rg e  d o  

n o t  c o m e  to  u s as w e  ou rse lves  c a m e  to  th e  stu d y  o f  p h y s ics . W h e n  w e  

w e re  tra in e d  as p h ysicists , w e  d e m a n d e d  n o  m o r e  th a n  g o o d  p h y s ics  fr o m  

o u r  in tr o d u c to r y  cou rses . T h e y , h o w e v e r , w h o  d o  n o t  in te n d  to  b e c o m e
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us  (s o m e tim e s  a  d iff ic u lt  p o in t  to  r e m e m b e r ! ) ,  w a n t  to  see a lso  w h a t  

p la c e  p h y s ics  h a s  in  th e  to ta l rea lity , in  th e  c o n te x t  o f  a ll in te lle c tu a l 

e n d e a v o r s ; a n d  un less w e  h e lp  th e m , n o b o d y  w ill , a n d  th ey  w ill  k n o w  

th a t th e y  c a m e  to  o u r  s h o p  e rro n e o u s ly .14

H e r e  I  m u st e x p la in  in  m o re  d e ta il ju s t  w h y  I  b e lie v e  it  to  b e  w r o n g  

to  f o r c e  a  n o n s c ie n c e  s tu d e n t to  tak e , as is o fte n  d o n e  t o  “ fu lf il l  a  s c ie n ce  

r e q u ire m e n t ,”  s im p ly  th e  re g u la r  in tr o d u c to r y  sp e c ia lty  co u rse  g iv e n  b y  

a  s c ie n ce  d e p a r tm e n t . I  start f r o m  a  g e n e ra l b e l ie f15 th a t th e  to ta l o r ie n t 

in g  p ro ce ss  o f  a  y o u n g  s tu d en t in  c o l le g e , it  seem s t o  m e , h a s  a t  least fiv e  

g o a ls . I f  h e  o r  she is to  e m e rg e  as a n  e d u c a te d  a n d  san e p e rso n  f r o m  o u r  

e d u c a t io n a l in stitu tion s , th e  s tu d e n t s h o u ld  b e  w e ll  o n  th e  r o a d  to  r e c o g 

n iz in g  w h ic h  a re  h is o w n  ta len ts, w h a te v e r  th e y  m a y  b e ;  s e co n d , h e  

s h o u ld  k n o w  e n o u g h  a b o u t  his p h y s ica l h o m e , th is  u n iv erse , n o t  to  fe e l 

e ith e r  o v e r w h e lm e d  b y  it  o r  a  to ta l stra n g er  in  i t ;  th ird , h e  s h o u ld  k n o w  

h o w  to  b e  in  fr u it fu l re la t io n sh ip  w ith  h is  fe l lo w  m e n ; fo u r th , h e  s h o u ld  

k n o w  w h a t  th e  p a st m ea n s  a n d  w h a t  th e  p r o b a b le  fu tu r e  m a y  b e ;  a n d  

fifth , h e  s h o u ld  k n o w  th e  d i f fe r e n c e  b e tw e e n , a n d  th e  re la t iv e  fu n c t io n s  

o f ,  h is m in d  a n d  his sou l.

O b v io u s ly , th e  stu d y  o f  s c ie n c e  c a n ’ t c o n tr ib u te  e q u a lly , o r  e v e n  

p r o m in e n t ly , to  e v e ry  o n e  o f  th ese  g oa ls . B u t m y  fu n d a m e n ta l c la im  is 

th a t th e  stu d en t w h o  w ill n o t  g o  o n  in  s c ie n tific  stu d ies  c a n  a n d  s h o u ld  

h a v e  s c ie n c e  cou rses  w h ic h  a tte m p t  to  c o n tr ib u te  m e a n in g fu lly  t o  e a c h  

o f  th ese  g e n e ra l g o a ls  o f  e d u c a t io n . T h is  d o e s  n o t  m e a n  in  th e  least th a t  

su ch  cou rses  h a v e  to  b e  s o ft  a n d  s im p le ; o n  th e  c o n tra ry , p re c is e ly  b e 

ca u se  o f  th e ir  a m b itio u s  g o a ls , th ey  su re ly  w ill h a v e  to  m a k e  as ta x in g  

d e m a n d s  o n  th e  s tu d e n t (a n d , it s h o u ld  b e  a d d e d , o n  th e  in s tru c to r ) as 

a n y  h e  w ill  e n c o u n te r . T h u s , to  d o  ju s t ic e  to  th e  first g o a l  w o u ld  m e a n  

seriou sly  c h a lle n g in g , h e lp in g , testin g , a n d  w a tc h in g  th e  s tu d en t, to  e n 

a b le  h im  to  d is c o v e r  h is a b ilities  in  s c ie n tific  w o r k , in c lu d in g  w o r k  in  th e  

la b o r a to ry , w h e th e r  o r  n o t  h e  h im s e lf  h a s  k n o w n  o f  a n y  su ch  ab ilities . 

T h e  s e co n d  g o a l  im p lie s  th e  a ll-b u t -im p o s s ib le  a t te m p t  to  te a ch  h im , in  

th e  lim ite d  t im e  a v a ila b le , e n o u g h  b a s ic  a n d  su b sta n tiv e  m a te r ia l to  

s h o w  th a t th e  n a tu ra l u n iv erse  is fu n d a m e n ta lly  k n o w a b le .

T h e  th ird  g o a l  im p lie s  th a t th e  s tu d e n t s h o u ld  h e a r  a n d  r e a d  a t  least 

o c c a s io n a lly  a b o u t  th e  so c ia l a c t iv ity  c a lle d  s c ie n ce  (w h ic h  is  n o t  a t  a ll 

id e n t ic a l w ith  th e  t e x tb o o k  c o n te n t  a lso  c a lle d  s c i e n c e ) ; in d e e d , in  su ch  

a  co u rse , w e  h a v e  a  strik in g  o p p o r tu n ity  t o  s h o w  th e  p lu ra lity  o f  ro les  

p la y e d  b y  th e  in d iv id u a l as a  tra n s fo rm e r  o f  a c c u m u la te d  k n o w le d g e ,
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as a  m e m b e r  o f  a  c h a in  o f  tea ch ers  a n d  stu d en ts , as a  c o lla b o r a to r  in  

team s a n d  soc ia l g ro u p s .

T h e  fo u r th  g o a l  im p lie s  th a t su ch  cou rses  w ill  n o t  sh rin k  fr o m  s h o w in g  

a t th e  p r o p e r  t im e  th a t  s c ie n ce  h as its h is to r ic  tra d it io n  as w e ll as its 

ch a ra c te r is t ic  w a y  o f  g r o w in g  a n d , as it  w e r e , o f  a n t ic ip a t in g  th e  fu tu re . 

F o r  s c ie n ce  has g r o w n , o n  th e  o n e  h a n d , n o t  b y  d e s tro y in g  o ld  k n o w le d g e  

a n d  b y  r e b u ild in g  o n  to ta lly  n e w  lin es, b u t  ra th e r  lik e  a  tree , r in g  b y  

r in g , w h e re  th e  in n e r  layers a re  in v is ib le  th o u g h  still re sp o n s ib le  f o r  th e  

s tren g th  o f  th e  w h o le  s tru ctu re  o f  w h ic h  o n ly  th e  o u te r  p a r t  is seen . O n  

th e  o th e r  h a n d , scientists d i f fe r  f r o m  m ost o th e r  sch o la rs  in  th e  d e g r e e  

o f  th e ir  o p t im ism  a n d  fu tu re -d ire c te d n e ss , a  q u a lity  th a t  a t  its b est is 

th e  p r o p e r  a n t id o te  t o  th e  ex is ten tia l d e sp a ir  so  fa sh io n a b le  e lsew h ere .

T h e  fifth  g o a l  w o u ld  re q u ire  us to  c o n v e y  to  o u r  stu den ts , a t  least o n  

o c c a s io n , w h a t  h a s  b e e n  th o u g h t  t o  b e  th e  p h ilo s o p h ic a l m e a n in g  o f  

s c ie n tific  k n o w le d g e . T h is  is o ft e n  sa id  t o  b e  a n  u n n ecessa ry  p r e o c c u p a 

t io n , p a r t ic u la r ly  b y  scientists— w ith  th e  s ig n ifica n t  e x c e p t io n  o f  th e  

re a lly  g re a t  on e s  f r o m  A r is to t le  t o  K e p le r ,  f r o m  N e w to n  to  B o h r  a n d  

H e ise n b e rg .

O rie n ta tio n  vs. T r a in in g  C o u rses

I t  s h o u ld  b e  im m e d ia te ly  o b v io u s  th a t th ese g o a ls  a re  n o t  th e  o n e s  

a n im a tin g  th e  o n e  ty p e  o f  s c ie n ce  co u rse  th a t is so  o fte n  th e  o n ly  o n e  

o p e n  to  th e  n o n s c ie n c e  stu d en t— th e  in tr o d u c to r y  d e p a r tm e n ta l sp e c ia lty  

co u rse , d ir e c te d  p r im a r ily  to  a n  a u d ie n c e  w h ic h  is e x p e c te d , c o r r e c t ly  

o r  in co r r e c t ly , t o  m a k e  s c ie n c e  its p r o fe s s io n . I n  su ch  a  co u rse , th e  se a rch  

fo r  w id e r  c o h e r e n c e  a n d  th e  o r ie n ta t io n  fu n c t io n  a re  n ecessarily  s e c o n d 

ary . T h e  c la s s ro o m  u su a lly  resem b les  a  tra in in g  g r o u n d  a t  th e  f o o t  o f  a  

la rg e  m o u n ta in  th a t is  t o  b e  c o n q u e r e d  stage  b y  stage  b y  se le c te d  stu 

d en ts  in  la ter  years. H e r e , n e x t  t o  th e  p e r s o n  w h o  h as la rg e , h ig h -  

a lt itu d e  lu n gs a n d  w h o  w a s  b o r n  w ith  c l im b in g  b o o ts  o n  h is fe e t , th e re  

sit b y  a d m in is tra tiv e  d e c r e e  th e  e tern a l lo w la n d e r , th e  s to lid  fa rm e r , th e  

c o n g e n ita l su b w a y  r id e r , th e  d r e a m in g  sa ilor , a n d  e v e n  th e  a d v e n tu r 

o u s  d e e p -se a  d iv e r . S ilen tly , th ey  listen  a n d  m o v e  th r o u g h  th e  m ass o f  

te ch n ic a l in stru ction s  g u a ra n te e d  to  p a y  o f f  in  th e  e x h ila r a t in g  c lim b  to  

th e  to p  in  w h ic h , alas, th ey  w ill n e v e r  tak e  p a rt .

L e t  us g ra n t q u ic k ly  o n e  a d v a n ta g e  th e  n a rr o w e r  tra in in g  c o u r s e  h a s : 

w e  k n o w  h o w  to  ru n  it f o r  th e  b e n e fit  o f  stu d en ts  w h o  rea lly  w a n t  th e  

tra in in g — o r  a t  least w e  th in k  w e  k n o w , a n d  w e  h a v e  le a rn e d  to  b e  satis-
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f ie d  w ith  litt le . A lm o s t  a n y  in s tru c to r  is e x p e c te d  t o  d o  a  to le ra b le  jo b  

w h e n  g iv e n  a n y  o n e  o f  th e  g re a t  n u m b e r  o f  s im ila r , r e a d y -m a d e  tex t 

b o o k s  a n d  a  to n  o f  la b o r a to ry  e q u ip m e n t . T h e  o r ie n ta t io n  co u rse , o n  th e 

o th e r  h a n d , is v e ry  m u c h  m o r e  a m b itio u s , has n o t  th e  b a c k lo g  o f  fo lk 

lo r e , o f  texts, o f  t e a c h in g  trick s, o f  e x p e r ie n c e d  sta ff, a n d  is u su a lly  ask ed  

to  liv e  u p  to  v e ry  h ig h  s ta n d a rd s  o f  p e r fo r m a n c e . I  su sp ect it  is as h a rd  

a t  th is t im e  to  g iv e  a  tru ly  su cce ss fu l o r ie n ta t io n  cou rse  as to  g iv e  a n  

a lto g e th e r  b a d  tra in in g  co u rse .

T o  e s ca p e  th is d ile m m a  a n d  y e t to  stress th e  w id e r  c o n te x t  o f  s c ie n ce , 

s o m e  c o lle g e  cou rses  h a v e  a t te m p te d  to  g o  a w a y  f r o m  sc ie n ce  itse lf a n d  

h a v e  in stea d  c o n c e n tr a te d  o n  stu d y  o f  jo in t  a rea s  in v o lv in g  s c ie n c e  as 

o n e  p a rtn e r . I  d istin g u ish  tw o  k in d s : th e  “ . . .  o f  s c ie n ce ”  cou rses , a n d  

th e  . .  a n d  s c ie n c e ”  cou rses .

T h e  first o f  these typ es  y ie ld s  cou rses  in  h is to ry  o f  s c ie n ce , s o c io lo g y  

o f  s c ie n ce , p h ilo s o p h y  o f  s c ie n ce , a n d  so  fo r th . T h e y  a re  ch a r a c te r iz e d  

b y  u s in g  th e  a c t iv ity  a n d  a cc o m p lis h m e n ts  o f  s c ie n ce  as th e  r a w  m a 

teria ls, u p o n  w h ic h  to  o p e r a te  w ith  th e  s ch o la r ly  to o ls  o f  h istory , o r  

s o c io lo g y , o r  p h ilo s o p h y . T h is  is, o f  co u rse , a  w o r th y  a n d  u se fu l p r o 

c e d u r e , b u t  o n ly  i f  th e  r a w  m a te r ia l, n a m e ly  s c ie n ce , has b e e n  fu lly  u n 

d e r s to o d . F o llo w in g  th e  stu d y  o f  s c ie n ce  (e .g . in  th e  sy llabu s o f  a  sc ie n ce  

c o n c e n tr a to r  in  h is last y e a r  o r  tw o , o r  as a  p r o fe s s io n a l s tu d y  in  its 

o w n  r ig h t, u n d e r g ir d e d  b y  th o r o u g h  s c ie n ce  c o u rse s ) it  c a n  b e  a n  in 

te restin g  fie ld . B u t as a n  a lte rn a tiv e  to  th e  s tu d y  o f  s c ie n ce , su ch  cou rses  

seem  t o  m e  d u b io u s  i f  n o t  m is le a d in g , a n d  p a rt icu la r ly  so  f o r  th e  in tr o 

d u c to r y  s tu d e n t.16

T h e  s e co n d  o f  th e  jo in t -a r e a  stu d ies , th e  “ . .  . a n d  s c ie n ce ”  stu d y , c a n  

b e  o n  h is to ry  a n d  s c ie n ce  (a s  in  th e  case  o f  H e n r y  A d a m s ’ s e s s a y ) , o r  

p s y c h o lo g y  a n d  s c ie n ce  (a s  in  th e  stu d ies b y  A n n e  R o e  a n d  B e rn ice  

E id u s o n ) ,  o r  s c ie n ce  a n d  p u b l ic  p o l ic y  ( A .  H . D u p r e e , o r  D o n  K .  P r ice , 

o r  J . S te fa n  D u p r e  a n d  S a n fo r d  A . L a k o f f ) ,  o r  s c ie n c e  a n d  a r t  (E r w in  

P a n o fsk y  o r  J a m e s  A c k e r m a n ) . T h e s e  d o  n o t  u se  th e  a c h ie v e m e n t  o f  

s c ie n ce  as r a w  m a te r ia l t o  as la rg e  a  d e g r e e  as th e  p re v io u s  stu d y  a rea , 

b u t  th ey  a re  lik e ly  t o  d e v e lo p  th e  lin k  b e tw e e n  th e  tw o  m e m b e rs  o f  th e  

c o u p le  w ith o u t  s u b ju g a t in g  o n e  to  th e  o th e r .

T h e s e  stu dies, t o o ,  c a n n o t  b e  r e g a r d e d  as re p la ce m e n ts  f o r  so u n d  

s c ie n c e  stu d y , b u t  th e y  c a n  a lso  b e  o f  g r e a t  h e lp  in  th e  c o h e r e n t  p re se n 

ta t io n  o f  s c ie n ce  in  g e n e ra l e d u c a t io n . I n d e e d , th e  s p e c ific  su g g estion  

I  h a v e  to  m a k e  is b a se d  o n  th e  id e a  o f  in tr o d u c in g  in to  th e  c o n v e n t io n a l

472



P H Y S I C S  A N D  C U L T U R E

sc ie n ce  co u rse , w h ic h  w e  a ll k n o w  w e ll h o w  to  g iv e , a  m u lt ip lic ity  o f  

re fe re n ce s , illu stra tion s, sh o rt  d iscu ssion s, lo n g e r  r e a d in g  a n d  essay 

assign m en ts , a ll b a se d  o n  v a r io u s  jo in t -a r e a  stu dies. T h e r e b y  w e  c a n  

b u ild  in to  o u r  co u rse  th e  sp ir it  as w e ll  as th e  su b sta n ce  o f  th e  c o h e r e n c e  

— m a k in g  ties b y  w h ic h  o u r  stu d en ts  c a n  c le a r ly  see fr o m  th e  b e g in n in g  

th a t p h y s ica l s c ie n ce  d o e s  n o t  s ta n d  as a n  iso la te d  a n d  fo r b id d in g  area , 

h a v in g  n o  r e la t io n sh ip  o r  a n a lo g ie s  w ith  o th e r  fie ld s . O n  th e  co n tra ry , 

in  th is  w a y  th e y  s h o u ld  b e  h e lp e d  t o  see c le a r ly  w h a t  m o st  scientists 

th em selves  a re  a p t  to  tak e  fo r  g r a n te d  w ith o u t  m a k in g  th e  e f fo r t  to  

v e rb a liz e  it , a n d  w h a t  is so  easily  lost in  th e  h a ste  o f  m o s t  “ s tra igh t”  

s c ie n ce  co u rse s : th a t  a n y  p a r t  o f  p re s e n t -d a y  s c ie n c e  h a s  im p o r ta n t  

c o n n e c t io n s  w ith  o th e r  a c h ie v e m e n ts  o f  h u m a n  b e in g s , w ith  o th e r  sc i 

e n ce s  a n d  w ith  stu d ies a n d  a ctiv it ie s  o th e r  th a n  sc ie n ce .

F o r  th e  p u r p o s e  o f  th e  d iscu ss ion  o f  s u c h  g e n e ra l e d u c a t io n  cou rses , it  

is u se fu l t o  d e scr ib e  h o w  a  s c ie n ce  sp e c ia lty  c o u r s e  is tra d itio n a lly  g iv e n  

a t  m a n y  co lle g e s , in  term s o f  a  c o n v e n ie n t  m o d e l .  T h e  c o v e r a g e  t o  b e  

a t te m p te d  in  a  p h y s ics  co u rs e  is re p re se n te d  o n  a  th re e -d im e n s io n a l 

“ m a p .”  (S e e  F ig u re  1 .) O n  th e  x  ax is  lie  th e  a c a d e m ic  fie ld s  th a t m a k e  

u p  th e  to ta l a c a d e m ic  e d u c a t io n a l e x p e r ie n c e  o f  th e  s tu d en t, a rb itra r ily  

a rra n g e d  fr o m  th e  m o st  q u a n t ita t iv e  (m a th e m a t ic s )  t o  th e  least (h u 

m a n it ie s ) .  T h e  y  a x is  m a y  re p resen t t im e  fr o m , say, 1 6 0 0  t o  to d a y , 

w h ic h , f o r  in tr o d u c to r y  p h y sics  cou rses , c o r r e s p o n d s  v e ry  r o u g h ly  t o  th e  

d e v e lo p m e n t  o f  th e  u su a l s u b d iv is io n  (m e c h a n ic s  to  n u c le a r  p h y s ic s ) .  

T h e  z  ax is  rep resen ts  d e p th s  o f  p e n e tr a t io n  a t te m p te d  in  th e  co u rse  o n  

a  g iv e n  t o p ic .  O n  th is m a p  th e  p r e -p r o fe s s io n a l p h y s ics  c o u rs e  m a y  b e  

re p re se n te d  r o u g h ly  b y  a  set o f  c lo s e ly  s p a c e d  o r  so m e tim e s  o v e r la p p in g  

p y ra m id s , b a sed  in  a  m o r e  o r  less n a r r o w  a n d  w e ll-d e f in e d  strip  in  th e  

x y  p la n e .

W h e n  a  p h y s ics  s tu d en t g o e s  o n  to  h ig h e r  le v e l s c ie n c e  cou rses  a n d  

fin a lly  t o  resea rch , h e  e v e n tu a lly  sees th a t  th e  f ie ld  h e  is s tu d y in g  d o e s  

h a n g  to g e th e r . F o r  as h is s tu d y  o f  p h y sics  a n d  re la te d  scien ces  p en etra tes  

fu r th e r  a lo n g  th e  ax is  o f  d e p th  in  F ig u re  1, h e  u n a v o id a b ly  fin d s  th a t 

th e  sep a ra te  “ p y ra m id s ”  re p re se n tin g  m e ch a n ics , o p t ic s , e tc ., in  F ig u re  1 

a re  u lt im a te ly  jo in e d  to g e th e r  a lo n g  th e  d e p th  d im e n s io n  in  a  s in g le  

in te rre la te d  c o r p u s  o f  k n o w le d g e  th a t  a lso  stretch es fa r  to  th e  r ig h t  a n d  

le ft  o f  th e  n a r r o w  str ip  u n d e r  “ p h y s ics .”  A lt h o u g h  as a n  u n d e r g r a d u a te  

p h ysics  s tu d e n t  h e  w ill h a v e  ta k en  m a th e m a tics , e n g in e e r in g , a n d  c h e m 

istry cou rses  in  d iffe r e n t  d e p a rtm e n ts  a n d  b u ild in g s , as s o o n  as h e  tries to
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Figure 1. T radition al presentation o f  topics in  introductory physics.

d o  a n y  s ig n ifica n t  p ie c e  o f  re se a rch  h e  d isco v e rs  th a t  th e  se p a ra tio n  b e 

tw e e n  n e ig h b o r in g  scien ces  w a s  a  p e d a g o g ic ,  a d m in is tra tiv e  c o n v e n 

ie n c e , w h ic h  fr o m  th e  p o in t  o f  v ie w  o f  liv in g  s c ie n c e  is ju s t  as a rtific ia l 

as th e  se p a ra tio n  b e tw e e n  th e  “ p y r a m id s ”  o r  b e a d s  in  F ig u re  2 .

T h u s  h e  w ill f in d  th a t  a n  e x p e r im e n ta l re se a rch  p r o je c t  o n , say, th e  

d e p e n d e n c e  o f  m o le c u la r  re la x a tio n  e ffe c ts  o n  pressu re  in v o lv e s  s o o n e r  

o r  la ter  m a te r ia l f r o m  e v e ry  sep a ra te  b lo c k  in  a  p h y sics  cou rse , b u t  a lso  

b r in g s  in  m a th e m a t ica l m e th o d s , m e ta llu rg y , e le c t r o n ic  e n g in e e r in g , 

c h e m ic a l  th e r m o d y n a m ic s  (n o t  t o  sp ea k  o f  th e  areas o f  p o lit ics  a n d  

p s y c h o lo g y  w h ic h  a n y o n e  m u st c o p e  w ith  i f  o n e  w ish es to  o b ta in  a n d  

c o r r e c t ly  a d m in is te r  resea rch  gra n ts  in  a  b u sy  d e p a r t m e n t ) .  N o  o n e  

w h o  h as e n g a g e d  in  a c tu a l s c ie n tific  w o r k  c a n  fa il  to  h a v e  seen  th e  in 

t im a te  c o n n e c t io n  b e tw e e n  p h y s ics  a n d  a d v a n ce s  in  o th e r  sc ien ces  a n d  

e n g in e e r in g , o r  b e tw e e n  th e  a d v a n c e  m a d e  in  p u r e  p h ysics  a n d  its so c ia l 

a n d  o th e r  p r a c t ic a l  c o n se q u e n ce s . I n d e e d  “ p u r e ”  p h y sics  is a n  in v e n t io n  

th a t exists o n ly  in  th e  o ld - fa s h io n e d  c la ssro o m . A s  s o o n  as a  rea l p r o b 

le m  in  p h ysics , o r  a n y  o th e r  fie ld , is g ra sp e d , it  a p p e a rs  th a t th ere  h a n g  

f r o m  it  c o n n e c t io n s  to  a  n u m b e r  o f  e x p e c te d  a n d  u n e x p e c te d  p r o b le m s  

in  fie ld s  th at, b y  h a b it , w e  m a k e  o u r  stu d en ts  th in k  o f  as “ b e lo n g in g ”  

to  o th e r  p ro fess ion s .

T h e  C o n n e c t iv e  P h ysics  C o u rs e  in  G e n e r a l  E d u ca tio n  P ro g ra m s

N o w  w h ile  o u r  p r e -p ro fe s s io n a l stu d en ts  d is c o v e r  b y  la te r  e x p e r ie n c e
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Figure 2. C onnective presentation o f  a top ic  in  physics.

th e  e x is te n ce  o f  these c o n n e c t io n s , th e  n o n s c ie n c e  s tu d en ts  d o  n o t  h a v e  

th is o p p o r tu n ity . I n  o r d e r  to  d o  ju s t ic e  t o  o u r  s c ie n ce , t o  th e ir  n e e d s , 

a n d  to  th e  c o m m itm e n t  w h ic h  I  h a v e  u r g e d  u s t o  m a k e  t o  a  c o h e r e n t  

c o n c e p t io n  o f  c u ltu re , w e  th e r e fo r e  m u st stress w ith  c a r e  th ese  c o n n e c 

t ion s  in  p h y s ics  cou rses  f o r  th ese stu d en ts . I  p r o p o s e  th a t  in  a d d it io n  t o  

th e  so u n d  p r e se n ta tio n  o f  p h y s ics  itse lf, w e  in je c t  in to  su ch  cou rses  re 

su lts f r o m  th e  stu d y  o f  c e r ta in  jo in t  areas, as d iscu ssed  a b o v e . I  u r g e  th a t  

t o  start w ith , a t  lea st to  s o m e  e x te n t  o r  at c e rta in  p o in ts  in  th e  p h y sics  

co u rs e , th e  r e p re se n ta tio n  fo r  a  s p e c if ic  t o p ic — fo r  e x a m p le , N e w to n ia n  

m e ch a n ics — b e  c h a n g e d  f r o m  a  p y r a m id  to  a  “ co n s te lla t io n ”  o f  r e la te d  

to p ic s , r o u g h ly  as s h o w n  f o r  th e  x y  p la n e  in  F ig u re  2 . I  s h o u ld  lik e  t o  

c a ll it  a  c o n n e c t iv e  a p p r o a c h  to  th e  te a c h in g  o f  p h ys ics , f o r  it  is a  w a y  o f  

sh o w in g  s o m e  o f  th e  in te rre la te d  c o m p le x  o f  c o n n e c t io n s  ex is tin g  b e 

tw e e n  a n y  o n e  s p e c if ic  f ie ld  o f  s tu d y  in  p h ysics  (e .g .,  N e w to n ia n  m e 

ch a n ics , o r  th e r m o d y n a m ic s , o r  e le c t r o m a g n e t ic  r a d ia t io n , o r  sp e c ia l 

re la t iv ity  th e o ry , o r  n u c le a r  p h y s ic s ) o n  th e  o n e  h a n d , a n d  o th e r  fie ld s  

o f  s tu d y  (e .g . m a th e m a tics , h is to ry , p h ilo s o p h y )  o n  th e  o th e r .

T h e r e fo r e  a  stu d en t in  th e  class in  w h ic h  th e  sp e c ia l re la tiv ity  th e o ry  

h a s  b e e n  o r  is b e in g  d iscu ssed  s h o u ld  a lso  b e  a b le  to  h e a r , r e a d , o r  w r ite  

a n  essay, a b o u t  s o m e  o f  th e  fo l lo w in g  p o in ts  ( f o r  w h ic h  w e  m u st p r e p a re  

m o r e  te a c h in g  a id s , m o n o g r a p h s , c r it ic a l b ib lio g ra p h ie s , e tc ., t o  h e lp  

th e  a v e ra g e , h a rd -p re sse d  in s t r u c t o r ) :
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( i )  G a lile a n  re la t iv ity  ( in c lu d in g  c la ss ica l a rg u m e n ts  f r o m  k in em a tics  

a n d  d y n a m ic s ; m e a n in g  o f  t ra n s fo r m a tio n , in v a r ia n c e ) .

( i i )  C la ss ica l c o n c e p ts  o f  s p a ce  a n d  t im e  ( in c lu d in g  N e w to n ia n  a b 

so lu tes , th e ir  c r it iq u e  b y  E rn st M a c h ) .

( i n )  T h e o r ie s  o f  lu m in ife ro u s  e th e r  ( in c lu d in g  D e sca rte s , N e w to n , 

Y o u n g ,  F resn e l, F iz e a u  e x p e r im e n t , M ic h e ls o n  e x p e r im e n t ) .

( i v )  E le c tr o m a g n e t is m  ( in c lu d in g  th e o r ie s  o f  f ie ld  in  th e  w o r k  o f  F a r a 

d a y , M a x w e l l ,  L o r e n t z ) .

( v )  E in ste in ’ s e a r ly  w o r k  ( in c lu d in g  b a c k g r o u n d , an alysis o f  first re la 

t iv ity  p a p e rs , c r it ic a l r e fe re n ce s  t o  b ib lio g r a p h ic a l  m a t e r ia l ) .

( v i )  O t h e r  resu lts ( in c lu d in g  o u t lin e  o f  M in k o w s k i re p re se n ta tio n  a n d  

s u m m a ry  o f ,  o r  r e fe re n ce s  to , o th e r  sou rces  d e a lin g  w ith  c o s m o l-  

o g y , g e n e ra l re la t iv ity — p e r h a p s  a lo n g  th e  lin es  o f  b o o k s  b y  E in 

s te in  a n d  I n fe ld  o r  E d d in g to n — a n d  n u c le a r  p h y s ic s ) .

(v i i )  E p is te m o lo g y  ( in c lu d in g  E in ste in ’ s d e b t  to  H u m e , K a n t ,  M a c h ;  

p o s it iv ism , o p e r a t io n a lis m , r a t io n a lis m ; u se  o f  th e  sp e c ia l re la 

t iv ity  case  t o  d iscu ss su ch  q u e stio n s  as th e s e : W h a t  is th e  r o le  o f  

a  c o n c e p tu a l s c h e m e ?  R e la t io n  o f  s c ie n c e  a n d  c o m m o n  sense. 

R e la t io n  o f  o b s e r v a t io n  o r  e x p e r im e n t  a n d  th e o r e t ica l c o n s tr u c 

t io n . D e fin it io n , a x io m , a n d  h y p o th e s is  in  th e  fo r m u la t io n  o f  

la w s  o f  s c ie n ce . C r ite r ia  o f  s c ie n tific  tru th . C o n t in u ity  a n d  d is c o n 

t in u ity  in  th e  g r o w th  o f  s c i e n c e ) .

(v i i i )  U ses  a n d  abu ses ( in c lu d in g  sp re a d  o f  “ re la t iv is t ic ”  v ie w s  in  p h i 

lo s o p h y  a n d  s o c ia l stu d ies. E f fe c t  o f  “ re la t iv is t ic ”  id e a s  o n  w o r k  

o f  a rt, e .g . D u r r e ll . D if fu s io n  a n d  m is in te rp re ta tio n  o f  s c ie n ce  in  

o th e r  fie lds. I d e o lo g ic a l  rea son s  f o r  a c c e p t a n c e  o r  r e je c t io n  o f  

th eories , as in  th e  ca se  o f  th e  re la t iv ity  th e o r y  in  H it le r ’ s G e r 

m a n y )  .

T o  re p e a t , these e x a m p le s  a re  m e a n t  to  b e  o n ly  su gg estive . A n  in 

s tr u c to r  w o u ld  start t o  tra n s fo r m  h is  c o u r s e  f r o m  a  tra d it io n a l p h ysics  

c o u r s e  to  a  “ c o n n e c t iv e ”  p h y sics  c o u rs e  b y  in tr o d u c in g  f o r  e a c h  o f  th e  

fiv e  o r  s ix  m a in  to p ic s  o f  th e  co u r s e  a f e w  item s  o f  th is  s o r t , p e rh a p s  

u s in g  n o  m o r e  th a n  10 p e r  c e n t  o f  th e  le c tu r e  t im e  p lu s  th e  ass ign m en t 

o f  c e r ta in  r e a d in g  a n d  essays. W h ile  th e  b lo c k  o n  re la t iv ity  th e o r y  w o u ld  

b e  a n  e x c e lle n t  o p p o r tu n ity  to  s h o w  c o n n e c t io n s  w ith  p h ilo s o p h y , f o r  

o th e r  m a in  b lo ck s  o n e  c o u ld  d e v e lo p  th e  r e la t io n  o f  p h y s ics  to  e n g in e e r 

in g ;  s c ie n ce  a n d  p o l ic y  m a k in g ; th e  r o le  o f  s c ie n tific  s o c ie t ie s ; e x a m p le s  

o f  th e  u se  o f  p h y s ics  in  ch e m istry , b io lo g y , e tc .
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Figure 3. N ew tonian dynam ics is linked to earlier and later achievem ents, 

not on ly  in  physics but in other fields as w ell.

T h in k  n o w  o f  th e  o p p o r tu n it ie s  th a t  su gg est th em selves  i f  in  th e  c o n 

s te lla tio n  in  F ig u re  2 th e  c e n tra l, d a rk -s h a d e d  a re a  is c e n te re d  o n  ( in 

s tead  o f  r e la t iv ity ) ,  in  tu rn , N e w to n ia n  m e c h a n ic s ; th e r m o d y n a m ic s ; 

q u a n tu m  th e o r y ; o r  n u c le a r  p h y s ics . F ig u r e  3 in d ica te s  th e  case  f o r  

N e w to n ia n  m e ch a n ics , as a p p lie d  to  p la n e ta ry  m o t io n , a  s u b je c t  th a t is 

u su a lly  o n e  o f  th e  “ b e a d s ”  o n  th e  p h y s ics  c h a in . N e w to n  h a d  s tu d ie d  

th e o lo g y  a n d  p h ilo s o p h y , a n d  th ose  id e a s  e m e rg e  in  th e  P r in c ip ia  in  h is  

se ctio n s  a b o u t  th e  n a tu re  o f  t im e  a n d  s p a ce  (s e e  F ig u re  3 , lin k  A  t o  

p h i lo s o p h y ) . W ith in  p h y s ics  itse lf, N e w to n  b r o u g h t  to  a  c u lm in a t io n  th e  

w o r k  o f  K e p le r  a n d  G a li le o  ( l in k  B ) . M u c h  o f  th e  esta b lish ed  m a th e 

m a tic s  in  N e w t o n ’ s w o r k  c a m e  f r o m  th e  G re e k s  ( l in k  C ) . N e w  m a th e 

m a tics , p a r t ic u la r ly  th e  b a s ic  id e a s  o f  c a lc u lu s , w e r e  in v e n te d  b y  N e w to n  

to  a id  h is  o w n  p rog ress , th e re b y  a d v a n c in g  th e  p rog ress  o f  m a th e m a tics  

( l i n k D ) .

W ith in  p h y s ics , a ll  w h o  fo l lo w  N e w t o n  w ill  u se  h is law s a n d  a p p r o a c h  

(l in k  E ) . H is  e ffe cts  o n  th e  D e is t  th e o lo g ia n s  ( l in k  F ) , o n  J o h n  D a lt o n ’s 

a to m ic  m o d e ls  in  ch e m is try  ( l in k  G ) , a n d  o n  th e  a rtistic  sensib ilities  o f  

th e  e ig h te e n th  c e n tu r y  in  w h ic h  N e w t o n  sw a y ed  th e  m uses ( l in k  H )  a re  

q u ite  easily  d o c u m e n te d .

T h e  sam e k in d  o f  w e b  e x te n d s  a r o u n d  e a c h  o f  th e  c h ie f  to p ic s  o f  

p h ysics . T h in k  o f  th e  lin k  f r o m  p h ilo s o p h y  to  th e  w o r k  o f  H a n s  C h ris t ia n
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O e r s te d , A n d r é  A m p è r e , a n d  F a r a d a y  in  e le c tr ic ity  ( t h r o u g h  th e ir  in 

terest in  N a tu r p h ilo s o p h ie ) .  T h in k  o f  th e  lin k  r e a c h in g  f r o m  n u c le a r  

p h y sics  b a c k  a lo n g  th e  c h a in  to  th e  c la ss ica l p h ysics  o f  th ree  ce n tu r ie s  

e a r lie r  (a s  in  th e  d e te r m in a t io n  o f  th e  n e u tr o n  m ass) a n d  o f  th e  s id e 

w ays lin ks to  b io lo g y , to  e n g in e e r in g , a n d  in d e e d  to  p o lit ics , o w in g  to  th e  

v a r io u s  a p p lic a t io n s  a n d  b y p r o d u c ts  o f  n u c le a r  rea ctors , f o r  e x a m p le .

S u ch  lin ks ex ist b e tw e e n  m a in  a ch ie v e m e n ts  in  m a n y  fie lds. S o m e  o f  

th e  to p ic s  a n d  p erson s  d iscu ssed  in  a  p h y sics  co u rse  th a t d ra w s  a tte n tio n  

to  th is state o f  a ffa irs  w ill  a lso  c o m e  u p  in  o th e r  cou rses  th e  stu d en t w ill  

b e  ta k in g . I f  w e  d r e w  a ll th e  links b e tw e e n  fie ld s  o n  th e  in te lle c tu a l m a p , 

w e  w o u ld  see in s tea d  o f  sep a ra te  strings o f  b e a d s  a  tap estry , a  fa b r ic  o f  

id ea s . T h is  v ie w  o f  th e  r e le v a n c e  o f  s c ie n ce  s h o u ld  d e e p ly  p e n e tra te  a  

co u rs e  th a t in ten d s  to  e d u c a te  as w e ll as to  tra in . S c ie n c e  is th e n  seen  

to  b e  in  d y n a m ic  in te r a c t io n  w ith  th e  to ta l in te lle c tu a l a c t iv ity  o f  a n  a g e .

B e g in n in g  p e r h a p s  w ith  o n ly  a  fe w  su ch  illu stra tion s , in  t im e  o n e  

c a n  re o r ie n t  o n e ’ s cou rse , u n til th e re  e m erg es  b e fo r e  th e  eyes o f  th e  stu 

d e n t  first th e  in t im a tio n  a n d  la ter  th e  p r o o f  o f  p h y sics  as a  m e m b e r  o f  

a  c o n s te lla t io n  o f  c o n c e rn s , so d if fe r e n t  f r o m  th e  u su a l, a r t ific ia l p ic tu r e  

o f  p h y sics  as th e  iso la te d  a n d  stern  s u b je c t  th a t has n o th in g  to  c o n tr ib u te  

to  a n y th in g  b u t  m o r e  p h ysics .

I  h a v e , f o r  so m e  t im e , b e e n  w o r k in g  o n  su ch  a  co u rse . T o  illu stra te  

th e  v a r ie ty  o f  p oss ib ilities , I  th in k  y o u  w ill  b e  in terested  in  to p ic s  stu 

d en ts  c h o o s e  f o r  th e ir  essays, w r it te n  a fte r  th ey  h a d  s tu d ie d  th e  b lo c k  

o n  N e w to n ia n  d y n a m ics , in  th e  e a r ly  p a r t  o f  th e  yea r. T h e  o v e r a ll  th e m e  

ass ign ed  to  th e  class f o r  th e  first m a jo r  p a p e r  h as b e e n  “ O n  th e  im p a c t  

o f  th e  N e w to n ia n  synthesis o n  X  in  th e  e ig h te e n th  c e n tu r y ,”  w h e r e  X  

sta n d s  fo r  p h ilo s o p h y  o r  t h e o lo g y  o r  p o l it ic a l  s c ie n c e  o r  e c o n o m ic s  o r  

la w  o r  p s y c h o lo g y  o r  fin e  arts—  w h ic h e v e r  is n ea rest to  th e  in terest o r  th e  

p r o s p e c t iv e  fie ld  o f  c o n c e n tr a t io n  o f  th e  stu d en t. T o  g iv e  b e tte r  fo c u s  t o  

th is  o v e r a ll  th e m e , th e  s tu d en t h a s  to  d e fin e  h is  a tte n tio n  as in d ic a te d  b y  

a  su b tit le  o f  h is c h o ic e ,  su ch  as “ T h e  r o le  o f  N e w to n ia n  m e c h a n ic s  in  

s h a p in g  th e  im a g in a t io n  o f  a  c e rta in  e ig h te e n th -c e n tu r y  p h ilo s o p h e r ,”  o r  

w h a te v e r . ( T h e  s tu d en t is a lso  fr e e  to  a p p ly  f o r  p e rm iss io n  to  w o r k  o n  

a n o th e r , s im ila r  g e n e ra l t o p ic  o f  h is  c h o i c e ) .

T h r o u g h  h is essay th e  s tu d e n t is le d  t o  e n g a g e  h is o w n  sp e c ia liz e d  in 

terests, to g e th e r  w ith  th a t w h ic h  rep resen ts  th e  m a jo r  in terest o f  th e  

p h y s ica l s c ie n ce  cou rse . H e  sees th a t th e  c o u rs e  tries to  b e  s o m e th in g  

s p e c ific  f o r  h im  as a n  in d iv id u a l, ra th e r  th a n  b e in g  a n  ex te rn a l o b je c t ,
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to  b e  a c c e p te d  o n  its o w n  u n y ie ld in g  term s. A n d , a b o v e  a ll, h e  is tra in ed  

to  e x p lo r e  th e  c o h e s iv e  links th a t in  fa c t  d o  ex ist b e tw e e n  tw o  fie lds o f  

sch o la rsh ip , n a m e ly  p h y s ics  a n d  h is o w n  fu tu re  fie ld  o f  p ro fess ion a lism . 

I  m u st n o te  h ere  th a t w e  fin d  a g a in  a n d  a g a in  th a t stu d en ts  c a ll  th is essay 

a  h ig h  p o in t  o f  th e  co u rse , a n d  th a t  th e  q u a lity  o f  p a p e rs  is g e n e ra lly  

v e r y  g o o d .

H e r e  a re  so m e  o f  th e  titles o f  p a p ers , w r itte n  b y  s o m e  o f  th e  stu den ts 

d u r in g  th e  last a c a d e m ic  y e a r , o n  th e  im p a c t  o f  th e  a ch ie v e m e n ts  o f  p h y 

s ica l s c ie n ce  o f  th e  sev en teen th  c e n tu r y  o n  o th e r  p a rts  o f  W e ste rn  

cu ltu re .

O n  B io lo g y :

“ A sp e c ts  o f  N e w to n ia n  s c ie n ce  in c o r p o r a te d  b y  th e  le a d in g  e ig h te e n th - 

c e n tu ry  b io lo g is ts ” ; e .g . L a  M e ttr ie ’ s L ’H o m m e  m a c h in e , H o f fm a n n , 

B o e rh a a v e , T r e m b le y , B u ff  o n , L a m a r c k , a n d  so m e  p o in ts  o n  w h ic h  

w e  n o w  see th e  a d h e r e n c e  to  th e  p r e s u m e d  N e w to n ia n  m o d e l o f  

s c ie n ce  m is led  th e m .

“ E v o lu t io n  f r o m  N e w to n  to  D a r w in ” ; e f fe c t  o f  success o f  m e ch a n is tic  

m o d e ls , a n d  o f  a l l-e n co m p a ss in g , n o n h ie r a r c h ic a l law s.

O n  P s y c h o lo g y :

“ T h e  E n g lish  e m p ir ic a l p sy ch o log is ts ” ; th e  e m p ir ic a l r a t io n a lism  in  

L o c k e ’ s, B erk e ley ’s, a n d  H u m e ’ s th eories  o f  p e r c e p t io n , a n d  th e ir  d e b ts  

t o  a n d  d iffe re n ce s  w ith  N e w to n ia n  m e th o d .

O n  E c o n o m ic s :

“ N e w to n ia n  in flu e n ce  o n  A d a m  S m ith ” ; th e  se a rch  f o r  u n iv ersa l, 

n a tu ra l f o r c e  a n d  la w  in  e c o n o m ic  system s.

“ T h e o r ie s  o f  ca u sa lity  in  e ig h te e n th -c e n tu r y  e c o n o m ic s ” ; th e  e x te n t 

to  w h ic h  these w e re  s o c ia lly  a n d  p o lit ic a lly  d e te r m in e d  d e sp ite  th e  

a tte m p t to  b e  p u re ly  “ s c ie n tific .”

O n  P o litica l, S o c ia l, a n d  L e g a l  T h e o r y :

“ T h e  p o lit ic a l th e o ry  o f  T h o m a s  J e ffe rso n ” ; o n  th e  a c k n o w le d g e d  

d e b t  to  s e v e n te e n th -ce n tu ry  s c ie n ce .

“ H e n r i  S a in t -S im o n  a n d  N e w to n is m ” ; th e  d e v e lo p m e n t  f r o m  a rd e n t  

N e w to n ia n  to  v io le n t  a n t i-N e w to n ia n .

“ T h e  e f fe c t  o f  s c ie n ce  o n  leg a l th e o r y ,”  a n d  “ S c ie n c e  a n d  th e  C o m 

m en ta ries  o n  th e  L a w s  o f  E n g la n d  b y  S ir  W ill ia m  B la ck sto n e ” ; tw o  

fin e  studies.

O n  P h ilo so p h y  a n d  T h e o lo g y :

A  n u m b e r  o f  in terestin g  essays, in c lu d in g  “ B e n th a m ’s P rin c ip le s  o f
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M o r a ls  a n d  L eg is la tio n  a n d  its fo r m a l a n a lo g ie s  w ith  N e w to n ’ s P r in -  

c ip ia ” ; th e  in te n tio n a l a n d  u n in te n t io n a l p a ra lle ls .

“ S c ie n c e  a n d  L e  B a r o n  d ’H o lb a c h ,”  o n  th e  m o s t  o r t h o d o x  c h a m p io n  

o f  u n o r th o d o x y .

“ U s e  o f  m e ch a n ics  in  a rg u m e n ts  f r o m  d e s ig n  as a  p r o o f  o f  G o d ’ s e x 

is te n ce  in  e ig h te e n th -c e n tu r y  th e o lo g ic a l d iscu ssion s.”

“ T h e  o p p o s it io n  t o  N e w to n ia n is m  b y  B erk e ley .”

“ N e w t o n ’ s e p is te m o lo g y  a n d  th e  e th ics  o f  K a n t .”  

“ S e v e n te e n th -ce n tu ry  m e ch a n ics  a n d  th e  e ig h te e n th -c e n tu r y  F r e n c h  

m ateria lis ts .”

O n  L ite r a tu r e  a n d  th e  A r ts :

“ T h e  c o n c e p t io n  o f  o r d e r  in  E n g lish  p o e tr y  b e fo r e  a n d  a fte r  N e w to n .”  

“ T h e  e ffe c t  o f  s c ie n ce  o n  th e  sty le a n d  p o e t ic  th em es  o f  A le x a n d e r  

P o p e .”

“ F r o m  P a ra d ise  L o s t  to  E ssa y  o n  M a n ”

“ T h e  r e a c t io n  ag a in st th e  N e w to n ia n  syn th esis: B la k e  a n d  W o r d s 

w o r th .”

I  s h o u ld , fin a lly , a n tic ip a te  so m e  q u estion s  th a t  y o u  w il l  h a v e  c o n 

c e r n in g  th e  p r o p o s a l o f  d e v e lo p in g  C o n n e c t iv e  P h ysics  C ou rses .

( a )  I  m u st re -e m p h a size  th a t th e  a d d it io n  o f  “ e x te rn a l”  m a te r ia l 

n e e d  n o t  a n d  m u st n o t  d e tr a c t  f r o m  th e  sou n d n ess  o f  th e  s c ie n tific  c o n 

te n t  o f  th e  c o u r s e ; th e  la tte r  is, o f  co u rs e , th e  sin e  q u a  n o n  o f  a n y  p h y sics  

co u rs e  g iv e n  b y  a n  in s tr u c to r  w h o se  fu n d a m e n ta l lo y a lty  p r o p e r ly  b e 

lo n g s  t o  th e  s c ie n c e  in  w h ic h  h e  h a s  b e e n  tra in ed . I n  o u r  in tr o d u c to r y  

co u r s e  f o r  n on scien tists17 w e  d e v e lo p  a n d  u se  th e  e lem en ts  o f  th e  c a lc u lu s  

f o r  a ll s tu d e n ts ; th ose  w h o  a lre a d y  h a v e  s o m e  k n o w le d g e  o f  th e  ca lcu lu s  

c a n  e n te r  section s  in  w h ic h  th e  c a lc u lu s  is u sed  ex te n s iv e ly  f r o m  th e  

b e g in n in g . T h is  is d e c id e d ly  n o t  a  co u r s e  “ a b o u t ”  p h y s ics  ra th er  th a n  in  

p h ysics . A n d  I  a m  c o n v in c e d  th a t  th is is p o ss ib le  regard less  o f  w h e re  

su ch  a  co u rs e  is g iv e n , b e ca u se  it  d e p e n d s  p r im a r ily  o n  th e  a tt itu d e  o f  

th e  in s tru c to r  a n d  o n ly  s e co n d a r ily  o n  th e  q u a lity  o f  th e  stu d en t. M o r e 

o v e r , o n e  m u st n o t  n e g le c t  th e  e f fe c t  o f  th e  c o n t in u in g  u p -g r a d in g  in  

s tu d e n t p r e p a r a t io n  fo r  a  seriou s p h y s ica l s c ie n ce  c o u r s e ; w h a t  w e  k n o w  

t o  b e  p o ss ib le  w ith  re la tiv e ly  u n p r e p a r e d  stu den ts  w ill  b e  th a t m u c h  

m o r e  p o ss ib le  w ith  w e ll-p r e p a r e d  on es .

( b )  I  h a v e  n o  illu s io n  th a t  su ch  a  co u rs e  w ill  e v e r  b e  easy  to  te a ch , 

o r  n ecessarily  w ill  d e lig h t  ev e ry  stu d en t. T h e  w o r k  I  p r o p o s e  is n o t  easy.
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O f  cou rse  n o t !  M o s t  easy th in gs seem  to  h a v e  b e e n  tr ied  a lre a d y ; a n d  in  

p h ysics  in s tru ctio n  th ey  c le a r ly  h a v e  n o t  w o r k e d  w e ll e n o u g h . T h e  

in s tru ctor  o f  this n e w  co u rse  m u st b u ild  u p  his m a teria l p a tie n tly  o v e r  

a  lo n g  p e r io d  as h e  fa sh ion s  his C o n n e c t iv e  P hysics C o u rs e  w h ile  te a c h 

in g  it. H e  m u st re a d  w id e ly , c o l le c t  re sp e cte d  b ib lio g ra p h ie s — a n d  lea rn  

n e w  th in gs a lw ays. H is  te a c h in g  assistants h a v e  to  b e  e sp ec ia lly  tra in e d —  

th o u g h  o u r  e x p e r ie n ce  h as b e e n  th a t th is cou rse  attra cts  th e  m ost 

k n o w le d g e a b le  a n d  loy a l assistants, t o  w h o m  th is e x p e r ie n ce  is as fresh  

a n d  im p o r ta n t  as it is t o  th e  stu den ts th em selves . A b o v e  a ll, th e  in stru c 

t o r  m u st rea lly  b e  c o m m itte d  to  h is  a p p r o a c h — oth erw ise  h e  s h o u ld  n o t  

try  it.

A n  o b v io u s  d a n g e r  to  g u a r d  a g a in st is d ile tta n tism . F o r  th e  p r e p 

a ra tio n  o f  illu stra tive  m a teria l o r  f o r  som e  essay b ib lio g ra p h ie s  a n d  a d 

v ic e  o n  c o r r e c t io n  o f  so m e  essays, the in s tru cto r  sh o u ld  b e  p r e p a re d  to  

seek assistance f r o m  fa c u lty  m e m b e rs  w h o  are  n o t  m em b ers  o f  h is o w n  

d e p a r tm e n t , a n d  w h o  m a y  b e  sch o la rs  in  e c o n o m ic s  o r  litera tu re , e tc . 

B u t in  w h a t  sense are  w e  m e m b e rs  o f  a  “ u n iv ers ity ,”  o f  a  cu ltu ra l “ c o m 

m u n ity ,”  i f  th is is n o t  d o n e  s im p ly ?  M o r e  p o s it iv e ly : I  w o u ld  h o p e  th a t 

the te a c h in g  o f  a  C o n n e c t iv e  P hysics C o u rse  h e lp s  to  c e m e n t  th e  b o n d s  

o f  co lle a g u e s h ip  across  d e p a r tm e n ta l fron tiers , so  th at, fo r  e x a m p le , th ere  

w o u ld  arise at th e  c o lle g e  a  “ s h o p  c lu b ”  c o m p o s e d  o f  sch o la rs  fr o m  d i f 

fe r e n t  areas w h o  sh are th is in terest.

( c )  E v e n  so, lo c a l ta len ts s h o u ld  b e  su p p le m e n te d  b y  m o r e  g e n e ra lly  

a v a ila b le  te a c h in g  a id s— as I  su g g ested , c r it ica l b ib lio g ra p h ie s , n e w  b r ie f  

m o n o g r a p h s , e tc . W h a t  is n o w  n e e d e d  is a  c o l le c t iv e , su b stan tia l e ffo r t  

t o  w r ite , c o l le c t ,  a n d  s u p p ly  su ch  te a ch in g  a ids o n  a  la rg e r  sca le  th a n  a  

s in g le  c o lle g e  c a n  h o p e  to  p r o v id e .

I f  th is v ie w  o f  th e  fu n c t io n  o f  p h ysics  in s tru ctio n  in  g e n e ra l e d u c a t io n  

c a n  b e  m a d e  g e n e ra lly  w o rk a b le , in  m a n y  co lle g e s  a n d  in  m a n y  la n d s, 

w e  shall h a v e  d o n e  ju s t ice  b o th  to  th e  w a r n in g  o f  M iss  M e a d  to  k eep  

a d v a n c e d  v o c a b u la r y  a n d  b e g in n in g  stu den ts  in  m u tu a l c o n ta c t , a n d  

a lso  to  the d isg u ised  p le a  o f  K o e s t le r  n o t  to  c o n d e m n  b r ig h t  m en  a n d  

w o m e n  to  p e rm a n e n t  ig n o r a n c e  o f  th e  m u lt ifa ce te d  rea lity  seen  b y  

m o d e r n  scien ce . A n d  i f  w e  are  su ccess fu l, w e  sh a ll c e rta in ly  h a v e  p r o 

d u c e d  m o re  th a n  a  m e re  e d u ca t io n a l im p r o v e m e n t . F o r  a  c u r r ic u lu m  

w h ic h  stresses th e  c o n n e c t iv e  e lem en ts  w o u ld  p e r m it  a  tru ly  e x c it in g  n e w  

v ie w  o f  e d u c a t io n , in  w h ic h  e a c h  stu d en t, in  a d d it io n  to  p e n e tra t io n  in  

d e p th  o f  h is o w n  ch o s e n  fie ld  o f  sp e c ia liza t io n , w ill see th e  rest o f  th e



f ie ld  o f  k n o w le d g e  cr iss -crossed  b y  c o n n e c t iv e  links, w ith  th e  sa m e m a jo r  

e lem en ts  a p p e a r in g  as m e m b e rs  o f  d iffe r e n t  co n ste lla tio n s . T h u s , e v e n  

as th e  C o n n e c t iv e  P h ysics  C o u rs e , w h e n  c e n te r in g  o n  N e w t o n ’ s w o r k , 

m a y  a lso  e x p lo r e  th e  lin ks to  V o lt a ir e  a n d  A le x a n d e r  P o p e , so  s h o u ld  

th e  P h ilo s o p h y  o r  L ite ra tu re  co u rs e , w h e n  ce n te r in g  o n  V o lt a ir e  o r  P o p e , 

b e  e x p lo r in g  th e  lin k  to  N e w t o n  f r o m  its o w n  v a n ta g e  p o in t .

S o m e  o f  th is is o f  c o u r s e  a lre a d y  d o n e ;  b u t  b y  a n d  la rg e  e a c h  d e p a r t 

m e n t  o f  le a rn in g  p resen ts  its co u rs e  n o w  in  a n  iso la te d , s tr ip -lik e  fa sh 

io n  a n a lo g o u s  t o  F ig u r e  1— th e  u n fo r tu n a te  resu lt  o f  t o o  e a r ly  a n d  t o o  

s in g le m in d e d  sp e c ia liza t io n . I t  w ill b e  w h e n  m a n y  fie ld s  fo l lo w  o u r  lea d  

a n d  a d o p t  a  m e th o d  sk e tch e d  in  th e  d iscu ss ion  o f  F ig u res  2 a n d  3 th a t 

o u r  c u ltu r e  w ill  b e  seen , b y  tea ch ers  as w e ll as b y  stu d en ts , t o  h a v e  th e  

c o h e r e n c e  w h ic h  in d e e d  a lre a d y  exists, b u t  w h ic h  so  fa r  has n o t  b e e n  

n u rtu re d , c o n v e y e d , a n d  c h a m p io n e d  e n o u g h  in  o u r  tim e . L e t  us b e g in  

h e r e .18
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Thematic Origins of Scientific Thought 
Kepler to Einstein
Gerald Holton

By means of case studies of the growth of ideas of 

Kepler, Newton, Einstein, Bohr, and others, Gerald 

Holton shows that our traditional view of how the 

scientific mind works must be changed and supple

mented. He introduces the new concept of the 

thematic content of science, a dimension that can be 

conceived as independent of the empirical and 

analytical content, and demonstrates that themata play 

a crucial role in the initiation and acceptance of 

individual scientific insights. Drawing on his work in 

the unpublished documents in the extensive 

Nachlass of Einstein, he examines the origins of 

relativity theory in depth.

Mr. Holton identifies three respects in which 

Thematic Origins of Scientific Thought may have 

consequences beyond the study of the history of 

science itself: It should provide the philosopher of 

science with the kind of raw material on which some of 

the best work in that field is based. It should help the 

intellectual historian to redefine the place of modern 

science in contemporary culture by identifying the 

contributions to the scientific imagination owing to 

influences ranging from the general literary and 

epistemological currents to the social ecology 

governing group work in the laboratory. And it may 

prompt the educator to re-examine conventional 

concepts of education in science.
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