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" H o w  d o e s  a n o rm 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  th 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 th e r ,  I  s en se  in  th e  ca s e  o f  m a n y  m o r e  o f  t h em  th a t  th is  is 

w h a t  th e y  fe e l .

" I  c a n n o t  sh a re  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 tu d e n t s  

w h om  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  th em ­

se lv e s  b y  t h e ir  in 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  th e y  h a d  a  l i v e ly  c o n c e r n  f o r  th 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 in g  th e  a im s  a n d  m e t h o d s  o f  th e  s c ie n c e s , 

a n d  s h ow e d  u n e q u iv o c a l l y  b y  th 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 iew s  th a t  th is  s u b je c t  s e em e d  im p o r t a n t  t o  t h em .

“ 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 om e  

s u p e r f ic ia l  r e a s o n  su ch  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  

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

a th le t ic s , t h e n  th 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 in g ly  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  th e  s c ie n c e  

t o  w h ic h  I am  d e d i c a t in 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 su 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  th 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 sum e  

so  g r e a t  a n  a u th o r i t y  o v e r  u s , th 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  th em  as u n a l t e r a b le  fa c t s . T h e y  th 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 ch  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 em o n s t r a t e  th 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 lb 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 ted  f r om  am o n g  th ose  o f  m y  p u b lica t io n s  

w h ich  lie  o u ts id e  resea rch  ph ys ics  itse lf, is c o n c e rn 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 ien ce  a n d  re la te d  stu d ies .”  T h e  clum sin ess  

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

o f  the  h is to ry  o f  s c ien ce  th a t  h a s  b e e n  em e rg in g , o n e  th a t  lo ok s  f o r  fru it ­

fu l id ea s  in  fie ld s  ra n g in g  fr om  th e  p h ilo s o p h y  a n d  s o c io lo g y  o f  s c ien ce  

to  p s y ch o lo g y  a n d  aesthetics . S om e  n ew  n am e  m a y  s o on  b e  r e q u ire 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 ou rse , a re  its 

n ew  qu estion s , c o n c e p t io n s , a n d  m od e ls  o f  a p p r o a ch .

W ith  few  e x ce p t io n s , th e  essays span  a b o u t  a  d e c a d e ;  s om e  a re  d e ­

ta iled  a n d  fo rm a l, o th ers  m u ch  less so , a n d  severa l w e re  t r ig g e red  b y  

som e a c c id e n t  o f  p e rson a l h is to ry  d iscu ssed  in  th e  A ck n ow le d gm en ts . B y  

an d  la rge , 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 pm en t  o r  

c o n s e q u en ce  f r om  th e  ea r lie r  on es . T h r o u g h o u t ,  a  p a r t icu la r  a im  has 

b e en  to  sh ow , b y  sp e c ific  ca se  stud ies  o f  th e  g r ow th  o f  id eas  o f  physic ists  

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

o f  th e  w a y  the  s c ien t ific  m in d  w ork s  h a v e  to  b e  c h a n g e d  a n d  su p p le ­

m en ted . F o r  th is p u rp o se  w e  h a v e  to  in tr o d u ce  n ew  c o n c e p ts , su ch  

as th a t  o f  th e  “ th em a t ic ”  c o n ten t  o f  s c ien ce , a  d im en s ion  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  em p ir ic a l a n d  an a ly t ica l c o n ten t . T h e ­

m a ta  a re  sh ow n  to  p la y  a  d om in a n t  r o le  in  the  in it ia t ion  a n d  a c c e p ta n c e  

o f  ce rta in  in d iv id u a l s c ien 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 led  o u t  f o r  s tudy  in  d e p th , d raw in g  in  p a rt  o n  u n ­

p u b lish ed  d o cum en ts  in  the  ex ten s ive  N ach la ss  o f  A lb e r t  E in ste in .

I f  these fin d in gs  h a v e  con sequ en ce s  b e y o n d  th e  study  o f  th e  h is to ry  

o f  s c ien ce  itse lf, it  w ill  b e  ch ie fly  in  th ree  r e sp e cts : th ey  m ay  p r o v id e  the  

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

w h ich  som e  o f  th e  b e tte r  w o rk  in  th a t fie ld  is b a s e d ; th ey  m ay  h e lp  th e  

in te lle c tu a l h is to r ian  to  red e fin e  th e  p la c e  o f  m od e rn  s c ien ce  in  o u r  c u l ­

tu re  b y  id en t ify in g  th e  c on tr ib u t ion s  to  the  sc ien tific  im a g in a t ion  ow in g  

to  th e  w h o le  sp e c trum  o f  in flu en ces , f r om  th e  g en e ra l lite ra ry  a n d  

ep is tem o lo g ica l cu rren ts  to  th e  d e ta ile d  s o c io lo g y  g o v e rn in g  g r o u p  w o rk  

in  th e  la b o ra to r y ; a n d  th ey  m a y  p r om p t  th e  e d u ca to r  to  r e ex am in e  the  

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

n on scien tists .

I  sha ll d iscuss e a ch  o f  these p o in ts  m o re  fu lly , bu t, first o f  a ll, le t  m e  

take  n o te  o f  th e  h is to r ica l p r o b lem s  trea ted  h e re  th a t seem  to  m e  o f  in ­

terest in  th e ir  o w n  r igh t .

P ro b lem s  in th e  H is to r y  o f  P h ysics

A  few  ex am p le s  o f  the  sp e c if ic  qu estion s  th a t g en e ra ted  e a ch  o f  th e  

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

Physics  and  M e ta p h y s ic s , th e  n a g g in g  p r o b lem  w as  w h y  K e p le r ’ s as ­

t r o n om y  w o rk ed  so  w e ll a lth ou g h  h is p r e -N ew ton ia n  ph ys ics  w as  so  in ­

e f fe c t iv e . T h o u g h  h is in s tin ct  f o r  ph y s ica l p r o b lem s  w as s ou 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 tron om y  d e p e n d e d  o n  h is a b ility  t o  

sh ift  t o  fra n k ly  m e ta ph y s ica l p re su p p os it ion s  w h en  his ph y s ica l on es  g a v e  

ou t . T h u s  o n  F eb ru a ry  10, 1605— a  d a te  th a t m ig h t  b e  tak en  to  b e  h is ­

t o r ic  fo r  physics— h e  r e v ea le d  fo r  the  first t im e  his d e v o t io n  to  th e  im ag e  

o f  th e  u n iverse  as a  p h y s ica l m a ch in e  in  w h ich  un iversa l terrestria l fo r c e  

law s w ou ld  h o ld  f o r  th e  o p e ra t io n  o f  th e  w h o le  co sm os  (see  h is 

le tte r  to  H e rw 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 een  

d o om e d  i f  h e  h a d  n o t  su p p lem en ted  th e  m e ch an is t ic  im ag 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  un iverse  as a  m a th em a t ica l h a rm on y , a n d  

th e  u n iverse  as a  cen tra l th e o lo g ica l o rd 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 rk  o f  th e  sev en te en th -cen tu ry  scientists w h o  fo l low e d  

K e p le r , a n d  in d e ed  u p  to  th e  d e la y ed  tr ium ph  o f  th e  p u re ly  m ech an is tic  

v iew  in  th e  c om p le t io n  o f  N ew to n ’ s w o rk  b y  L a p la c e .

A  little  ea r lie r , in  th e  v e ry  first o f  the  essays, th e  q u es tion  ra ised  is w h y
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IN TRO DUC T ION

N ew ton  ch o se  to  suppress h is “ F ifth  R u le  o f  R e a s on in g ,”  o n e  w h ich  n o t  

o n ly  w ou ld  b e  a c c e p te d  tod a y , b u t , it  w o u ld  seem , w as a  lo g ica l c on se ­

q u en ce  o f  N ew to n ’ s ow n  a v ow e d  d is lik e  o f  fe ig n in g  h ypoth eses . W e  

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

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

u n ver ifia b le , u n fa ls ifia b le , a n d  yet n o t -q u ite -a rb itra ry  hypoth eses . T h is  

class o f  h ypoth eses , r e fe r red  to  as th em a tic  h ypoth eses  o r  th em a tic  p r o p ­

os itions, 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 has, I  b e liev e , s ign ifica n ce  a lso  f o r  the  y ou n g e r  sc ien ces  

that a re  n ow  (e rron eou s ly , in  m y  o p in io n )  try in g  to  em u la te  th e  o ld e r  

physica l scien ces  b y  restr ictin g  th e ir  a rea  o f  in vestiga tion , ev en  if  a rtifi ­

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

an a ly tic  sta tem ents.

T h e  th ird  essay exam in es  som e sp e c ific  th em es th a t a re  a c t iv e  b o th  in  

the  scien ces  as n a rrow ly  c on s tru c ted  a n d  in  w o rk  ou ts id e  th e  scien ces  

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

an d  th e  c o n t in u u m ; m e th o d o lo g ic a l  th em a -a n t ith em 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 rn a liz a t io n ]) . T h is  p rep a re s  f o r  th e  

r e co gn it ion  th a t th em a ta  n o t  m ere ly  b e lo n g  to  a  p o o l  o f  sp e c ifica lly  sci ­

e n t ific  id eas bu t  sp r in g  fr om  th e  m o re  g en era l g r o u n d  o f  th e  im ag in a ­

tion .

I n  the  fo u r th  essay, T h e  R o o t s  o f  C om p lem en ta r ity ,  w e  first r e v iew  th e  

w a v e -p a r t ic le  p a ra d o x  an d  th e  re la ted  sep a ra tion  b e tw een  th e  o b se rv e r  

a n d  th e  ob se rv ed . H is to r ica lly  th is d e v e lo pm en t  t o o k  p la c e  in  an  era  o f  

th em a tic  c o n f l ic t  b e tw een  scientists w ith  an tith e tica l p re su pp os it ion s . 

S om e  re g a rd ed  S ch ro d in g e r ’ s in tr o d u c t io n  o f  w a v e  m e ch an ics  as “ a  

fu lfillm en t  o f  a  lo n g  ba ffled  a n d  in supp ress ib le  d es ire ,”  as on e  physic ist  

expressed  it in  1927 , w h ile  o th e rs  a b h o r re d  th is c o n t in u um -b a s e d  a p ­

p ro a ch  a n d  fo u n d  sa tis fa ction  o n ly  in  fu n d am en ta l e x p lan a tion s  r o o te d  

in  the th em a  o f  d iscreteness. B o th  g rou p s  fa c e d  th e  sam e e x p e r im en ta l 

d a ta ; b u t  th e ir  a lleg ia n ces  w ere  to  c o n ju g a te  n o t ion s , a n d  in  th e  p a s ­

s ionate  m o t iv a t io n  b eh in d  th e ir  an tith e tica l quests w e  re co gn iz e  o n e  o f  

the  c h ie f  p rop e rt ie s  o f  the th em a tic  a tta chm en t.

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

c e p t  b o th  m em bers  o f  the  { 6 6 )  c o u p le  as e q u a lly  v a lid  bu t c om p le ­

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

persisten tly  try in g  to  d isso lve  o r  c o n q u e r  o v e r  on e  b y  m ean s  o f  the  o th er . 

T h e  h is to r ica l qu es tion  that arises h ere  is h ow  B oh r  m ay  h a v e  b een  p re -
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p a re d  fo r  th is rem a rk a b le  in n o v a t io n  in  physics— an d  w e  f o l lo w  th e  h in ts  

le ft  b y  B o h r  h im se lf  t o  th e  e f fe c t  th a t  th is n ew  th em a  m ay  h a v e  h a d  

som 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 ica l qu es tion s  th a t a re  th en  su ccess iv e ly  a tta ck ed  

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 dy  o f  th e  

o r ig in s  o f  re la tiv ity  th eo 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 ien ce  a r o u n d  1905 , w h a t  w e re  th e  c o n tr ib u t io n s  w h ich  

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

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

b a s ic  p a p e r ?  T o  w h a t  e x ten t  w as  th is w o rk  a  m em b e r  o f  a  c o n t in u ou s  

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

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

sp e cu la t iv e  h yp o th eses  in  th e  genesis  o f  re la tiv ity  th e o ry ?  W h a t  p a r t  d id  

e p is tem o lo g ic a l  analysis  p la y  in  E in ste in ’ s th ou g h t , a n d  w h a t  w as  his 

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

a b ou t  th e  sty le  o f  h is w o rk , 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 on ­

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 dy  o f  th e  

h is to ry  o f  s c ien ce  itse lf em e rg e  f r om  su ch  a  case  s tu d y ?

O n  th e  w a y , a  n um b e r  o f  o ld  qu estion s  a re  r e e x am in ed  a n d  n ew  on e s  

in tr o d u ce d  in  th is s e c t ion  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 om  an  a lle g ia n ce  to  M a ch is t  p h e n om en a l ­

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

q u e n t  p r e o c cu 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 en ta l p r o ­

cesses,”  a n d  h is c on c lu s ion s  c o n c e rn in g  th em ; th e  fa c t  th a t  h is to r ica l 

s ta tem en ts , like  th ose  in  ph ys ics , h a v e  m ea n in g  o n ly  re la t iv e  to  a  sp e ­

c i f ia b le  fr am ew o rk— an d  th e  u n fo r tu n a te  c o n s e q u en ce  o f  this fa c t  w h en  

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 tem en ts ; th e  

som etim es  q u ite  fla g ran t  n e g le c t  o f  “ e x p e r im en ta l e v id e n c e ”  w h en  su ch  

e v id e n ce  is c o n tra ry  t o  a  g iv en  th em a t ic  c om m itm e n t ; th e  “ re la t iv is t ic ”  

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

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 en  w o r th  a  sp e c if ic  m e n t io n ; an  a t tem p t  to  w restle  m o re  c o n ­

c re te ly  w ith  th e  o ld  p r o b lem  o f  th e  q u a s i-a e s th e tic  ch o ic e s  w h ich  som e  

scien tists  m ak e , f o r  e x am p le  in  r e je c t in g  as m ere ly  “ a d  h o c ”  an  h y ­

p o th es is  w h ich , to  o th ers , m ay  a p p e a r  to  b e  a  n ecessary  d o c t r in e ; a n d  

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

m en t  f r om  c h i ld h o o d , a n d  to  see th e  w o rk  o f  a  g en 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 sp on d en ce  b e tw een  h is p e rson a l style a n d  the  s tru ctu re  

o f  the  law s o f  n a tu re  them selves .

S in ce  a  c h ie f  a im  o f  these  essays is to  ra ise  n ew  qu estion s  f o r  resea rch  

ra th er  th an  m ere ly  t o  an sw er o ld  ones, th ere  has b een  n o  a t tem p t  t o  

c om e  t o  so lu tion s  th a t p re ten d  t o  f in a lity ; ra th er , w e  sha ll b e  satisfied  i f  

w e  ca n  o p en  th e  t o p ic  w id e r  a n d  fin d  in terestin g  qu estion s  sp read  o v e r  

severa l, p re v iou s ly  sepa ra te , sp e c ia lty  d isc ip lin es . T h e n ,  to o , s om e  p r o b ­

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

in g  o f  “ g en iu s” — an d  so  it is best t o  lea v e  th em  u n a sh am ed ly  o p en . T h is  

app lie s  a lso , f o r  e x am p le , t o  th e  r o le  o f  v e rb a l versus v isua l th in k in g  in  

s c ien tific  th e o ry  b u ild in g , a n d  in d e ed  t o  the  q u es tion  that E in ste in  h im ­

se lf, n ea 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 gg led  w ith :  

“ 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  sp e c ifica lly  d e v o te d  to  th e  c o n s tru c t io n  

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

the  e lev en th  essay is th e  r e la t ion  b e tw een  th e  w o rk  o f  th e  in d iv id u a l 

scien tist an d  th a t o f  th e  m ass o f  s c ien tific  w ork e rs  w h o  a re  h is c o n tem ­

p o ra r ie s  a n d  h is successors. I t  d e fin es  th e  c ru c ia l  d is t in ct ion  b e tw een  

tw o  d iffe ren t  a ctiv it ie s— re la ted  to  e a ch  o th e r  a n d  w ith  a  fu zzy  b o rd e r  

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

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

th e  sp ecu la tiv e , p e rh a p s  la rge ly  n on v e rb a l a c t iv ity , ca r r ie d  on  w ith ou t  

s e lf-con s c iou s ly  e x am in ed  m e th od s , w ith  its o w n  m o tiv a t ion s , its ow n  

v o ca b u la ry , a n d  its o w n  m od e s  o f  p rogress . T h e  o th e r  is th e  p u b l ic  a sp ect , 

s c ien ce -a s -an -in s t itu t ion , th e  in h e r ited  w o r ld  o f  c la r ified , c o d if ie d , re ­

fin ed  c o n c e p ts  th a t h a v e  passed  th r ou g h  a  p ro ce ss  o f  s cru tin y  a n d  h a v e  

b e c om e  p a r t  o f  a  d is c ip lin e  th a t c a n  b e  tau gh t , n o  lo n g e r  sh ow in g  m o re  

than  s om e  tra ces  o f  th e  in d iv id u a l s tru gg le  b y  w h ich  it  h a d  b e en  o r ig i ­

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

b e tw een  th e  “ su b je c t iv e ”  a n d  the  “ o b je c t iv e ”  a spects  o f  tru th -seek in g . 

T h e  fo rm e r  a sp e ct  d oe s  n o t  h a v e  to  rem a in  ta c it , n o r  sh ou ld  it  b e  d is ­

c r e d ite d  as in a ccess ib le  to  ra t ion a l study . O n  th e  con tra ry , it sh ou ld  b e  

fe rre ted  ou t , a n d , as K e p le r  a n d  E in ste in  sh ow ed , it  c a n  som etim es  b e  

qu ite  e lo q u en t ly  d e fe n d ed .

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

m en t, th e  tw e lfth  essay dea ls  w ith  th e  essentia lly  q u a lita t iv e  a spects  o f  

s c ien tific  g r ow th  a n d  ch a n g e  in  r e cen t  d e cad es . H e r e  a  key  c o n c e p t  is n o t  

so m u ch  the  e s ca la t ion  o f  k n ow le d g e  as the  e s ca la t ion  o f  ig n o ra n c e—
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th e  som etim es  d is con t in u ou s  p rocess  o f  b re a k in g  in to  n ew  areas o f  w o rk  

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

cesses o f  d if fu s io n  o f  s c ien t ific  in fo rm a t io n , b r a n ch in g  o f  n ew  fie lds , n o n ­

lin ea r ity  o f  p o ten t ia l in  team  w o rk , a n d  re cru itm en t . D e sp ite  th e  fau lts  

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

c io lo g y  o f  ba s ic  s c ien t ific  re sea rch  g r ou p s  in d ica te s  th a t m o re  th an  ever  

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

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

I n  th e  r em a in in g  essays I  h a v e  a t tem p ted  to  d r aw  som e  p ra c t ica l c o n ­

c lu s ion s  fr om  these fin d in g s , p a r t icu la r ly  in so fa r  as th ey  p e r ta in  to  tw o  

a spects  o f  th e  p u b lic  u n d e rs ta n d in g  o f  s c ien ce . O n e  is th e  a c tu a l d es ign  

o f  cu r r icu la  f o r  c o lle g e s  a n d  s ch o o ls ; h en ce , 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 am in a t io n  o f  th e  con sequ en ce s  fo r  

e d u ca t io n , in c lu d in g  se ttin g  c r ite r ia  f o r  cu r r icu lum  d es ign . T h e  tem p ta ­

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

m ax im iz e  th e  separa teness  o f  d isc ip lin es . T h e  s tu den t sees th e  strands o f  

th e  cu r r icu lum  h a n g in g  d ow n  separa te ly , o n e  la b e lle d  ph ys ics , a n o th e r  

p s y ch o lo g y , a  th ird  e c o n om ic s , a n o th e r  p o l it ic a l  s c ien ce . A n d  h e  learns 

e a ch  fr om  a  d i f fe r e n t  p e rson , f r om  a  d i f fe r e n t  b o o k . O n  h is  ow n , h e  is 

su p p o sed  to  m ak e  sense o u t  o f  it  a ll, to  w ea v e  h im se lf  a  tapestry  fr om  the  

strands h a n d e d  t o  h im . T h is  is p u tt in g  m u ch  t o o  la rg e  a  b u rd en  o n  the  

studen t. M o r e o v e r ,  th e  sepa ra ten ess  o f  fie ld s  in  th e  c la ssroom  d oe s  n o t  

c o r r e sp o n d  to  th e  in te lle c tu a l rea lities  o f  w o rk  in  th ose  fie lds . W e  o u g h t  

to  sh ow , p a r t icu la r ly  in  th e  in tr o d u c to r y  o r  g e n e ra l-e d u ca t io n  cou rses , 

th ose  c o h e ren ce s  th a t in  fa c t  d o  ex ist.

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

c e rn  to  m e  is th e  m an n e r  in  w h ich  s c ien ce  is u n d e r s to o d  o r  m isu n d e r ­

s to od  am on g  a d u lt  in te lle c tu a ls , in c lu d in g  th ose  w h o  d en y  th a t s c ien ce  

ca n  b e  c on s id e red  a n  essen tia l a n d  p o s it iv e  p a r t  o f  th e  cu ltu ra l a ch ie v e ­

m en t  o f  o u r  tim e . T h is  c o n c e rn  is b y  n o  m ean s  n ew . T h u s  th e  p a p e r , 

M o d e r n  S c ie n c e  and  th e  In te l l e c tu a l  T ra d it io n ,  n ow  m o re  th an  a  d e c a d e  

o ld  a n d  w r itten  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 ien ce , 

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

ease th a t sp e lled  t r o u b le  a h ea d . A n d  w h ile  som e  th in gs  h a v e  ch a n g e d  in  

the  m ean t im e— m ost ly  th e  a b so lu te  va lu es  o f  s om e  n um bers , th ou g h  

h a rd ly  th e ir  ra tios  a n d  p e r cen ta g e s— th e  c on c lu s ion s  o f  th a t g en e ra lly  

p ess im istic  a r t ic le  a re  p e rh a p s  e v en  m o re  a p p r o p r ia te  n ow . N ew  fo r c e s  

w ill  h a v e  to  b e  in tr o d u ce d  in to  th e  cu ltu ra l d yn am ics  to  ch an g e  the
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con t in u in g  a trop h y  o f  th e  m ech an ism  b y  w h ich , in  th e  m o re  d istan t pa st, 

sch ism s o f  th e  p resen t k in d  w ere  a v e rted . A  c lea re r  u n d ers ta n d in g  o f  

w h a t  s c ien ce  is a n d  is n o t , w h ich  I  see as o n e  o f  th e  fo r em o s t  pu rp oses  

in  these essays, w ill, o n e  dares  to  h o p e , h e lp  m ak e  m o re  e x p lic it  th e  

b on d s  that c o u ld  k eep  s c ien ce  in  r e c ip r o ca l  c o n ta c t  w ith  the  rest o f  o u r  

cu ltu re .

T h e  N a scen t  M om en t

A p a r t  fr om  th e  sea rch  fo r  in terestin g  p ro b lem s  in  the  g en e ra l a rea  o f  

the  h istory  o f  physics , m an y  o f  these essays share  in  th e  a ttem p t a t least 

to  b e g in  the  lo n g -o v e rd u e  w o rk  o f  u n d e rs ta n d in g  th e  “ n a scen t  m om en t ”  

o r  nascen t ph a se  in  s c ien tific  w o rk . E in ste in  h im se lf  p o in te d  fr e q u en t ly  

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

p le , h e  w ro te , “ S c ie n c e  as an  ex is t in g , fin ish ed  [c o rp u s  o f  k n ow led g e ] is 

the m ost o b je c t iv e , m ost  u n p e rson a l [th in g ] h um an  b e in g s  k n ow , [bu t] 

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

p sy ch o lo g ica 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 tudy  is w h a t  o n e  sh ou ld  “ p e rm it  on e se lf  a lso .”  E lsew here , E in ste in  u sed  

the  suggestive  ph rase  “ the  p e rson a l s tru gg le ”  t o  d e scr ib e  w h a t  seem ed  to  

h im  to  deserve  cen tra l a tten tion  in  th e  analysis o f  sc ien tific  d e v e lo pm en t .

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

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

R e ich e n b a ch ’s d ic tum  is t y p ic a l :  “ T h e  p h ilo s o p h e r  o f  s c ien ce  is n o t  

m u ch  in terested  in  th e  th ou g h t  p rocesses  w h ich  lea d  to  sc ien tific  d is ­

cov 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  the  c o n te x t  o f  ju s t if ica t ion .”  H isto r ian s  o f  s c ien ce  a lso  h a v e  n o t  p a id  

m u ch  a tten tion  to  the  n a scen t ph ase  b e cau se , as o n e  o f  th em  p u t  it, th e  

reasons w h y  scientists em b ra ce  th e ir  g u id in g  id eas  in  in d iv id u a l cases 

“ lie  ou ts id e  the a p p a ren t  sph ere  o f  s c ien ce  en tire ly ” ; th e re fo re  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 ow led g e . T h o s e  fe w  

ph ilo soph ers  o f  s c ien ce  w h o  h a v e  lo o k e d  at su ch  p rob lem s  h a ve  ten d ed  

to  la be l th em  as “ m e ta sc ien ce  p ro b lem s ,”  h id d e n  a t  th e  basis o f  s c ien ce , 

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

S cien tists  them selves , b y  a n d  la rge , h a v e  tra d it ion a lly  h e lp e d  t o  d e r ­

o g a te  o r  a v o id  d iscussion s o f  the  p e rson a l c o n te x t  o f  d is co v e ry  in  fa v o r  

o f  the  c on te x t  o f  ju s t ifica t ion . 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 ra ft  p re am b le  to  th e  statutes o f  th e  R o y a l S o c ie ty : “ T h e  business o f  th e  

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

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

e v en  th e  necessary  few  w h o  a re  sym pa th e tic  to  an  analysis  o f  th e  c o n te x t  

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

in g  w ays  o f  u n d e rs ta n d in g  th e  “ p e rson 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 om a in  o f  th e  sc ien ces  “ is th e  ou te r  o b je c t iv e  w o r ld  o f  

ph y s ica l p h en om en a . S c ien t if ic  sta tem en ts  th e re fo re  p e r ta in  m a in ly  to  

re la t ion s  b e tw een  p u b l ic  even ts ,”  a n d  h e  g o e s  o n  to  w a rn  th a t a ll else is 

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

even ts  o f  a f fe c t iv e  s ig n ifica n ce .”  A n d  M a x  B o rn  has w r itten , “ 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 ien ce , w ith  e p is tem o ­

lo g ica l  s ignposts . N o ,  w e  a re  in  a  ju n g le  a n d  fin d  o u r  w a y  by  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 ign ­

p osts  a t  c ro ss -road s , b u t  o u r  ow n  scou ts  e re c t  th em , to  h e lp  the  rest.”

T h e  in ten t  o f  su ch  ra th e r  ty p ica l responses  m ay  b e  b en ig n , p e rh a p s  to  

in d ica te  the  scien tist ’ s d isa g reem en 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 ien ce  as an  im p e rson a l, m a ch in e lik e  success story , o r  w ith  th ose  o v e r ­

b e a r in g  e p is tem o lo g ic a l  treatises th a t c la im  to  p u t  o rd e r  in to  th e  tu rbu ­

len t  w o rk  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 ich  o f  h is 

w ork s  m a y  b e  g o o d  o r  b a d . N everth e less , th e  c h ie f  resu lt is t o  d is cou ra g e  

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

T h e  d e ta ile d  ana lysis  o f  p u b lish ed  s c ien tific  c o n tr ib u t io n s  g en e ra lly  

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

fo rw a rd  re con s tru c tion s , im p ly in g  a  story  o f  s tep -b y -s tep  p rog ress  a lon g  

fa ir ly  lo g ic a l  ch a in s , w ith  s im p le  in terp lays  b e tw e en  e x p e r im en t , th eo ry , 

a n d  in h e r ited  c o n c e p ts . S ign ifican tly , h ow ev e r , th is is n o t  tru e  p re c ise ly  

o f  s om e  o f  th e  m ost  p r o fo u n d  a n d  m ost  sem ina l w ork . T h e r e  w e  a re  m o re  

lik e ly  to  see p la in ly  th e  i l lo g ica l , n on lin ea r , a n d  th e re fo r e  “ ir ra t ion a l”  

e lem en 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 ce p ts  th em ­

selves. C ases  a b o u n d  that g iv e  e v id e n ce  o f  the  r o le  o f  “ u n sc ien t ific ”  p r e ­

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

leaps , s e ren d ip ity  o r  sh eer  b a d  lu ck , n o t  to  speak  o f  th e  in c r e d ib le  ten a c ­

ity  w ith  w h ich  c e r ta in  id ea s  h a v e  b e en  h e ld  d esp ite  the 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 en ta l e v id e n ce , o r  the  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 ick ly  s o lv ed  an  e x p e r im en ta l pu zz le . N o n e  o f  

these e lem en ts  fit in  w ith  the  c o n v en t io n a l m o d e l  o f  th e  s c ien tis t ; th ey  

seem  un lik e ly  to  y ie ld  to  ra t ion a l s tu d y ; a n d  yet th ey  p la y  a  p a r t  in  sc i ­

e n t ific  w o rk .
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IN TRO DUC T ION

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

the d o in g  o f  s c ien ce  itself. S cien tists  g en e ra lly  h a v e  b een  re lu ctan t  (p e r ­

h aps e v en  em barra ssed ) to  d iscuss fra n k ly  th is state o f  a ffa irs  in  th e  

pu b lish ed  w o rk  o n  w h ich  sch o la rs  ou ts id e  the  sc ien ces  g en e ra lly  rely . I t  

is on ly  re la tiv e ly  re cen tly  th a t it has b e c om e  m o re  c om m on  fo r  w o rk in g  

scientists to  a l low  them selves  t o  b e  in te r rog a ted  b y  w e ll p r ep a red  a n d  

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

appara tu s , p e rson a l letters, a n d  o th e r  d o cum en ts .1

W e  h a v e  h e re  a  cu r iou s  s ta n d o ff. W h ile  m an y  a n d  p erh ap s  m ost  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  

nascen t ph ase , th ey  a re  e q u a lly  u n c om fo r ta b le  w ith  h a v in g  to  lea ve  it 

s im p ly  a t  re fe ren ces  to  “ in tu it ion ”  o r  o th e r  p resen tly  in e x p lica b le  m e ch ­

anism s. I  rega rd  m an y  o f  th e  con fe ss ion s  b y  scientists o f  h ow  th e ir  w o rk  

is rea lly  d o n e  n o t  as a ttem p ts  to  d iscred it  th e ir  o w n  m od e  o f  p rog ress in g  

in  the  n a scen t  ph ase , b u t  ra th er  as in v ita tion s  to  o th ers  to  b r in g  to  b ea r  

som e system atic  th ou gh t  in  th is a rea  o f  the  “ p e rson a l s tru gg le .”  I f  in  th e  

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

skep tica l o f  a c c e p t in g  su ch  p ro b lem s  in to  th e ir  a rea  o f  s ch o la r ly  w o rk , 

it m ay  h a ve  b een  tha t th e  s ilen ce  o f  m ost  scientists a n d  th e  fran k  bu t  u n ­

s tru ctu red  testim ony  o f fe r e d  b y  th e  rest h a v e  fr ig h ten ed  in vestiga tors  

aw ay  ra th er  than  a ttra cted  th em , a n d  cau sed  th em  to  d ism iss as u n ­

w orth y  o f  e x am in a t ion  a  f le d g lin g  a rea  o f  s ch o la rsh ip  that, in  m y  v iew , 

w ill soon er  o r  la ter  tu rn  ou t  to  b e  a  cen tra l p a r t  o f  th e ir  stud ies. B o th  

fr om  the  p o in t  o f  v iew  o f  d raw in g  a tten tion  to  areas o f  fru it fu l n ew  

question s  a n d  fr om  th a t o f  a  w id e r , m o re  h um an is t ic  a tt itu d e  tow a rd  

the g r ow th  o f  s c ien ce  itself, it  seem s to  m e  th a t th e  stu dy  o f  th e  p e r ­

sona l c o n te x t  o f  d is co v e ry  is a b ou t  to  c om e  in to  its ow n .

A p p ro 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 ; 

they  a re  o f  tw o  k inds. F irst, o n e  m ust d e lin ea te  m o re  c lea r ly  s c ien ce  in  

the sense o f  the  p e rson a l strugg le , b y  d is t in gu ish in g  it fr om  a  d iffe r en t  

a ctiv ity , a lso  c a lle d  “ s c ien ce ,”  w h ich  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 ay  b e  la b e led  S i  a n d  S 2 re sp ectiv e ly . I t  is fo r  s c ien 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 ov e , has in  fa c t  

w ork ed  so  su ccess fu lly , e v en  th ou g h  fo r  S i  it has n ev e r  a p p lie d . A  sc ien ­

tist, w h ose  ex tern a l ju s t ifica tion  a n d  a p p ro b a t io n  c om e s  fr om  S 2, th e  

arena  in  w h ich  h is p u b lish ed  w ork  is o f  p r im e  im p o r ta n ce , has g en e ra lly  

little  reason  o r  in cen tiv e  se lfcon sc iou s ly  to  e x am in e  S i, the a ren a  o f  h is
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ow n  im ag in a tiv e  p rocesses  w ith in  w h ich  h e  in  fa c t  lives  fr om  d a y  to  day . 

U n less  sp e c ifica lly  u rg ed , h e  is lik e ly  to  a d o p t  in  a ll h is d iscussions o f  sc i ­

e n c e  th e  v o ca b u la ry  a n d  a tt itu d e  o f  S2, d ry -c le a n ed  o f  th e  p e rson a l e le ­

m en ts. I n  th is w a y  h e  b e com es  an  a lly  o f  th ose  h istorians a n d  p h ilo s o ­

p h ers  o f  s c ien 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  

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

n a scen t m om en t  as a  p r o b lem  o f  resea rch .

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

w o rk  in  the  w o r ld  o f  S t w ith ou t  o f fe n d in g  ju d gm en ts  th a t m o re  p r o p ­

e r ly  b e lo n g  in  the  S 2 r e g io n ; th e  a p p a ren t  c o n tra d ic t io n  b e tw een  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  the  lo g ica l n a tu re  o f  p h y s ica l 

c o n ce p ts  is r e so lv ed ; a n d , w ith ou t  m ak in g  ligh t o f  the  d ifficu lties , o n e  

is rea 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 an  in  S 2. 1  

d o  n o t  d o u b t  that so lid  k n ow le d g e  a b ou t  S x c a n  b e  a ch ie v ed . A  s c ien ce  

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

fr ow n  on  su ch  an  en terp rise , o n e  m ay  take  c om fo r t  th a t the  best o f  th em  

— fo r  e x am p le  E in ste in  a n d  B oh r , as d em on stra ted  in  these  pages—  

w ou ld  n o t .

N o r  d o  w e  h a v e  to  lo o k  o n ly  to  th em  f o r  an  u n d ers 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 as  th e  p h ilo s o p h e r -  

p sy ch o log is t  W ill iam  Jam es, w h o  as lo n g  a g o  as 1880  sa id  in  a c o n te x t  

that ca n  b e  s tre tch ed  fr om  p h ilo s o p h y  to  o th e r  b ran ch es  o f  k n ow le d g e :

Pretend what w e may, the whole  man w ithin us is at work when we form  

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

they do  in practical affairs; and lucky it is if  the passion be not something as 

petty as a love o f  personal conquest over the philosopher across the way. The  

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

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

whose denom inator and numerator alone it is swayed, is ideally as inept as it is 

actually impossible. It  is almost incredible that men w ho are themselves work ­

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  dumb 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 made 

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

IN TR O D U C T IO N

W h ile  th e  ex is ten ce  o f  p re su pp os it ion s  in  S x c a n n o t  b e  d en ied— in ­

d e ed , som e  o f  th e ir  a spects  h a v e  b e e n  cen tra l p r e o c cu p a t io n s  o f  p h i ­

lo soph ers  f o r  m o re  th an  th ree  cen tu r ie s— th ey  m ak e  it p u z z lin g  h ow  

scien tific  w o rk  ca n  su cce ed  a t  a ll. W o u ld  su ch  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  ca n  s c ien ce  

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

en tific  p ro fe ss ion  m an a g ed  to  c on s tru c t  a  c o rp u s  th a t is la rge 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 ion 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 ortion s  o f  th e  essays d iscu ss in g  a  p a r t icu la r  ty p e  o f  p r e c o n c e p t io n  

w h ich  I  h a v e  c a lle d  th em a t ic  h a v e  b e en  m en 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 em a t ic  analysis w ill  p e rh a p s  b e  th e  least fam ilia r  a n d  the  

on e  m ost  easily  c o n fu s e d  w ith  o th e r  cu r ren t  c o n c e p t io n s , w e  sha ll h e re  

g o  in to  a  litt le  m o re  d e ta il o n  th e  r o le  th em a ta  p la y  in  s c ien tific  w o rk . 

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

fram ew ork  w ith in  w h ich  th e  m a te r ia l h e re  b e in g  su rveyed  c a n  b e  m o re  

read ily  a c c om m od a te d .

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

o f  sc ien tific  sta tem en ts , n am e ly , p r op o s it io n s  c o n c e rn in g  em p ir ica 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 ow 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 rn in g  lo g ic  a n d  m a th em a tics  (w h ic h  u lt im a te ly  b o i l  d ow n  

to  t a u t o lo g ie s ) . T o  b e  sure, o b se rv a t ion  is n ow  o ft e n  ca r r ie d  o n  a t th e  

o u tp u t  en d  o f  a  c om p le x  o f  d ev ice s . T h e  o b se rv a t io n  th a t  cou n ts  in , say, 

an  e x p e r im en t  su ch  as th e  first “ o b s e rv a t io n ”  o f  th e  a n t ip ro ton  seem s 

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

the m ou n ta in  o f  sp e c ia l e q u ipm en t  a n d  th e  m ass o f  s op h is tica ted  

te ch n o lo g ica l k n ow le d g e  a n d  p h y s ica l th e o ry  w ith ou t  w h ich  o n e  n e ith er  

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

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

th in  tra ce  o n  an  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  em u ls ion  u n d e r  th e  

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

B u t “ p rop o s it io n s  c o n c e rn in g  em p ir ica l m a tters  o f  fa c t ”  c a n  b e  in ­

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

tences in  c om m on  la n gu ag e  th a t c om m a n d  th e  g en e ra l assent ( i .e .,  as ­

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

o f  fa c t ”  ; a n d  th is is w h a t  m akes  th em  “ m ea n in g fu l .”
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T h e  p rop o s it io n s  c o n c e rn in g  lo g ic  a n d  m a th em a tics  a re  an a ly tica l 

p rop o s it ion s . T h e y  a re  m ea n in g fu l in s o fa r  as th ey  a re  con s is ten t w ith in  

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

b e  m o re  w id e ly  u se fu l. T h u s  the  a lg eb ra  o f  o rd in a ry  c om m u ta t iv e  g rou p s  

su ffices f o r  N ew ton ia n  m ech an ics , b u t  n o t  f o r  q u a n tum  m ech an ics .

T h e s e  tw o  types o f  m ea n in g fu l p r op o s it io n s  m a y  b e  c a lle d  p h e n om en ic  

a n d  an a ly t ic  a n d  b y  w ay  o f  a n a lo g y  o n e  m ay  im ag in e  th em  rou gh ly  as 

c o r r e sp on d in g  to  a  set o f  o r th o g on a l x -  a n d  y -a xes  th a t rep resen t the  d i ­

m en s ion s  o f  the  p la n e  o f  u sua l sc ien tific  d iscou rse .

O n e  m ay  n am e  th e  x -y  p la n e  th e  c o n t in g en t  p la n e .  T h e  w o rd  c o n ­

t in g en t  has b e e n  u sed 3 in  a  sense th a t  is su p p osed  t o  b e  m o re  sub tle  th an  

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

fa ls ity  e x p e r ien ce  is re le v an t” — as aga in st  “ lo g ica lly  n ecessary .” 4 B u t 

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

th e  o n e  h a n d , it u nnecessa rily  in tr o d u ce s  b y  th e  b a ck  d o o r  a rgum en ts  

c o n c e rn in g  th e  n a tu re  a n d  w a rran t  o f  t ru th ; an d , o n  th e  o th e r  h a n d , a  

p r o p o s it io n  ca n  b e  c o n t in g en t  n o t  o n ly  o n  em p ir ica l e v id en ce  b u t  a lso  on  

an a ly t ica l e v id en ce . 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  nu cleu s  

w as  d is ca rd ed  n o t  o n  em p ir ica l g rou n d s  ( o n  th e  c on tra ry , e le c tron s  a p ­

p e a r  t o  “ c om e  o u t ”  o f  d e ca 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 er  

b e cau se  it w as  th ou g h t  w iser  to  re ta in  th e  th en  n ew  fo rm a l system  o f  

q u a n tum -m e ch a n ica l  analysis, a c c o r d in g  to  w h ich  a n  e le c t r o n  b o u n d  in  

th e  n u c leu s  c o u ld  b e  ca lcu la te d  t o  r e q u ire  u tter ly  u n rea son ab ly  la rge  

en erg ies .

I  th e re fo r e  d e fin e  th e  c o n t in g en t  p la n e  as th e  p la n e  in  w h ich  a  s c ien ­

t ific  c o n c e p t  o r  a  s c ien tific  p r o p o s it io n  has b o th  em p ir ica l a n d  an a ly tica l 

r e le v an ce . C on t in g en cy  analysis  is th e  study  o f  th e  r e le v an ce  o f  c o n cep ts  

a n d  p ro p o s it io n s  in  th e  x -  a n d  y -d im en s ion s . I t  is a  term  equ iv a len t  to  

o p e ra t io n a l analysis in  its w id est  sense.

A ll  c o n c e p ts  a n d  p rop o s it io n s  ca n  in  g en era l b e  su b je c te d  to  c o n t in ­

g e n cy  analysis. A n d  w e  ca n  re fo rm u la te  th e  c la im  o f  th e  m od e rn  p h i ­

lo soph ie s  o f  s c ien ce  th a t a re  r o o te d  in  em p ir ic ism  o r  p os it iv ism  tha t those  

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

z e ro  c om p on en ts  in  the  x -  o r  y -d im en s ion  (o r  in  b o th  x -  a n d  y -d im en - 

s io n s ) , th a t a ll m ean in g fu l s c ien ce  th e re fo re  h a pp en s  in  th e  x -y  p lan e . 

T h is , in  b r ie f , w as  th e  c o n ten t  o f  N ew to n ’ s p u b lic  p r on ou n cem en ts  

aga in st the  p o s tu la tion  o f  in n a te  p rop e r t ie s  an d  o c cu lt  p r in c ip le s . I t  a lso  

lies b e h in d  H um e ’ s e x h o r ta t ion , th e  persisten t a tta ck s  o f  C om te  an d
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M a ch  a n d  th e ir  fo llow e rs , an d , ou ts id e  s c ien ce  itse lf, the  fu ry  o f  L o ck e  

against the  d o c tr in e  o f  in n a te  p r in c ip le s , the susp iciousness  o f  J . S . M i l l  

aga inst the  in tu it ion ism  o f  the  S co tt ish  s ch o o l, th e  r e d u ce d  ro le  th a t A y e r  

assigns to  p h ilo s op h y  w h en  h e  w rites  that the  fu n c t io n  o f  p h ilo s o p h y  is 

“ to  c la r ify  the p rop o s it ion s  o f  s c ien ce  b y  e x h ib it in g  th e ir  lo g ica l r e la t ion ­

ships, a n d  b y  d e fin in g  th e  sym bols  w h ich  o c c u r  in  th em ,”  a n d  the fe a r  o f  

m any  m od e rn  scientists tha t g o in g  ou ts id e  th e  c o n t in g en t  p la n e  n eces ­

sarily  m eans o p en in g  th e  ga tes  to  a  f lo o d  o f  ob scu ran tism .

I t  is in d e ed  o n e  o f  th e  g rea t  a d van ta g es  o f  the  s ch em e  that in  th e  x -y  

p lane  m an y  qu estion s  (e .g ., c o n c e rn in g  the  rea lity  o f  s c ien tific  k n ow l ­

e d g e ) c a n n o t  b e  asked . T h e  ex is ten ce  o f  su ch  qu estion s  is n o t  d e n ie d ; 

bu t th ey  d o  n o t  h a v e  to  b e  a dm itte d  in to  sc ien tific  d iscussion s, s in ce  th e  

possib le  answ ers a re  n o t  v e r ifia b le  o r  fa ls ifiab le , h a v in g  n o  c om p o n e n t  

that ca n  b e  p r o je c t e d  o n  the p h e n om en ic  d im en s ion  o f  em p ir ica l (o b se r ­

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

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

e xam in ed  fo r  con s is ten cy .

In  fa c t , th is a tt itu d e  is o n e  rea son  w h y  s c ien ce  has  g r ow n  so  ra p id ly  

sin ce  the  ea r ly  p a r t  o f  th e  seven teen th  c e n tu ry ; k e e p in g  th e  d iscou rse  

con sc iou s ly  in  th e  c o n t in g en t  p la n e  m ean s  k e ep in g  it in  th e  a ren a  o f  S 2, 

where  sta tem ents  c a n  b e  sha red  an d  p u b lic ly  v e r ified  o r  fa ls ified . T h is  

h ab it  has m in im iz ed  p r o lo n g e d  d isa g reem en t o r  am b igu ity  o r  th e  m ere  

au th or ity  o f  p e rson a l taste. I t  has  h e lp e d  e x p e l c e rta in  m e ta ph y s ica l 

p rop os it ion s  w h ich  w e re  m a squ e ra d in g  as em p ir ica l o r  a n a ly tica l ones . 

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

su ccessfu l p ro fe ss ion .

T h ese  successes d o  n o t , h ow ev e r , h id e  th e  p u zz lin g  fa c t  th a t  c o n ­

t in gen cy  analysis e x c lu d e s  a n  a c t iv e  a n d  necessary  c om p o n e n t  th a t is 

e ffe c t iv e  in  sc ien tific  w o rk , b o th  o n  th e  p e rson a l a n d  o n  the  in stitu tion a l 

le v e l ; th a t is, it n eg le cts  the  ex is ten 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 ien tific  th ou gh 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  ex is ten ce  has lo n g  b e en  c om m en te d  u p o n , a n d  s om e  o f  

their  p rop e rt ie s  h a v e  b een  e x am in ed  fr om  d iffe r en t  p o in ts  o f  v iew 5; 

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

pu zzle , n am e ly , w h y  c o n t in g en cy  analysis h e lp s  us to  u n d ers tan d  n e ith er  

h ow  the  in d iv id u a l s c ien tific  m in d  a rr iv es  a t the  p ro d u c ts  th a t la ter  c a n  

b e  fitted  in to  the  c on t in g en t  p la n e , n o r  h ow  sc ien ce  as an  h is to r ica l e n ­

terprise g row s  a n d  ch an ges . T h u s  in  h is in flu en 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 ithw a ite  o ffe rs  th e  ra th e r  ty p ica l 

c on fe s s ion  th a t an  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 ea lm  n o t  

o n ly  o f  the  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  

many different kinds. These are historical problem s, both  as to what causes the 

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

acceptance 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 one o f  

these questions are our business here.6

I f ,  h ow ev e r , w e  w an t  to  m ak e  th em  o u r  business, it is a t  th is p o in t  

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

d icu 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 en t  p la n e . I t  is th e  d im en s ion  

o f  th em a ta , o f  th ose  fu n d am en ta l p r e c o n c e p t io n s  o f  a  s tab le  a n d  w id e ly  

d iffu sed  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 om  ob se rv a ­

t ion  a n d  an a ly t ic  ra 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 rk , a n d  a lso  in  th e  

e n d  p r o d u c t  to  w h ich  h is  w o rk  rea ch es  ou t . T h u s , w h ile  th e  tw o -  

d im en s ion a l x -y  p la n e  m a y  su ffice  f o r  m ost  d iscou rse  w ith in  s c ien ce  in  

th e  sense o f  S 2, it  is in  th e  th re e -d im en s ion a l, x -y -z  sp a ce  w ith in  w h ich  a  

m o re  c om 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 ch o lo g i ­

c a l— o f  sc ien tific  s ta tem en ts  a n d  processes  sh ou ld  p r o c e e d . F o r  e x am p le , 

th e  stu dy  o f  th e  rise o r  fa ll  o f  a  th em a t ic  p r e o c cu p a t io n  is am o n g  the  

m ost  in terestin g  p ro b lem s  f o r  th e  h is to r ian . S om e  th em a ta  g r ow  s low ly , 

as th e  resu lt o f  a  s eq u en ce  o f  lo c a l  successes— e .g ., th e  th em a  o f  strict 

c o n se rv a t ion , as em b o d ie d  in  th e  law s o f  con se rv a t ion  o f  m ass a n d  o f  

en e rgy , e x p la in ed  ch em ica l re a c t ion s  (su ch  as th e  fo rm a t io n  o f  H C 1 ) 

b e tte r  th an  th e  ea r lie r  use o f  m a te r ia l “ p r in c ip le s ”  (su ch  as th e  a c id ify ­

in g  p r in c ip le s ) . T h e  ch em ica l  ideas o f  m a te ria l ch a n g e  b e cam e  b y  a n d  

b y  so  su ccess fu l th a t w h erea s  in  N ew to n ’s t im e  ch em ica l re a c t ion 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  cen tu ry  a n d  a  h a lf  

la te r  th e  a r r ow  o f  e x p la n a t ion  h a d  tu rn ed  a rou n d  an d  o r g a n ic  d ig es tiv e  

p rocesses  w ere  e x p la in e d  in  term s o f  c h em ica l rea c tion s .7 S om e  th em a tic  

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

v ir tu o so  d em on stra tion s  (e .g .,  th e  c o n c e p t  o f  a  cau sa l, m e ch an is t ic
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un iverse  w h ich  w as a t least th e  ex te rn a l resu lt o f  N ew to n ’ s system  o f  the  

w o r ld ) .  O th e r  th em a ta  h a v e  a tr o p h ie d  o r  a re  n ow  d isc red ited  as e x ­

p lan a to ry  d ev ice s— ideas  su ch  as m a c r o c o sm ic -m ic r o c o sm ic  c o r r e sp on d ­

en ce , in h eren t p r in c ip le s , te le o lo g ica l d r ives , a c t io n  at a  d istan ce , sp a ce  

fillin g  m ed ia , o rg an ism ic  in te rp re ta tion s , h id d e n  m ech an ism s , o r  ab so ­

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

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

ples, w e  n eed  on ly  g la n ce  a t som e rep orts  o f  cu rren t  resea rch  in  the  ph ys ­

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

p a raph ra sed  fr om  re cen t  issues o f  resea rch  rep orts  in  th e  jo u rn a ls  o f  th e  

p ro fess ion .

A t  th e  to p  o f  the  p ile  o f  jo u rn a ls  o n  m y  desk  a t th e  m om en t  is a  r ep o r t  

o f  d eep  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 se rv ed  a t th e  S ta n fo rd  

U n ivers ity  lin ea r  a c c e le ra to r , w h ich  has  d raw n  c om m en t  fr om  theorists. 

T h e  p r o b lem  is : w h a t  is th e  s tru ctu re  o f  th e  p r o t o n— w h ich  to  an  h is ­

to r ian  o f  s c ien ce  soun d s  lik e  a  c o n t ra d ic t io n  in  term s. T h e  cu rren t  c a n ­

d ida tes  a re  p o in t lik e  h y p o th e t ica l con stitu en ts , b e  th ey  quark s , d ion s , 

pa 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 qu est f o r  an  

e lem en ta ry— a lth ou gh  p e rh ap s  p ro te a n— con stitu en t  o f  a ll m a tte r , a  

quest th a t has m a d e  sense to  scientists a ll th e  w a y  b a ck  to  T h a le s . I t  is 

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

th em atic .

A lm os t  in va r ia b ly , f o r  e v e ry  th em a tica lly  in fo rm ed  th e o ry  u sed  in  an y  

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

an tith em a . (S om 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 yad s , b u t  

even  tr iads .) T h u s  o p p o s it io n  exists t o  cu r ren t  th eor ies  th a t b e lie v e  a ll 

h ad ron s  to  b e  d y n am ica l con stru cts , sa tis fy in g  se lf-con s is ten cy  c o n d i ­

tions. T h e r e  a re  p u b lica t io n s  in sisting , f o r  e x am p le , th a t n a tu re  exists in  

an  in fin ite  n um b e r  o f  strata  w ith  d iffe r e n t  qu a litie s , e a ch  s tra tum  b e in g  

g ov e rn ed  b y  its ow n  law s o f  ph ys ics  a n d  e a ch  a lw ays in  th e  m id s t  o f  

c rea tion  a n d  a n n ih ila tion . S till a n o th e r  v iew  o f  th e  m a tte r  is h in ted  a t 

in  w o rk  su ch  as th a t o f  G . F . C h ew , w h o  has  sp e cu la ted  th a t th e  w a y  

to  en la rge  cu rren t  id ea s  in  e lem en ta ry  p a r t ic le  physics  is t o  b reak  o u t  in  

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

p r o fo u n d  than  an y th in g  c om p r is in g  the  h a d ron  b o o ts tra p  [a p p r o a c h ] ;  

w e  w ou 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 se rv a t ion  an d , 

possib ly , ev en  th a t o f  con sciou sn ess . O u r  cu r ren t  stru gg le  . . . m ay  thus 

b e  on ly  a  fo re ta s te  o f  a  c om p le te ly  n ew  fo rm  o f  h um an  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  ou ts id e  physics  bu t w ill n o t  e v en  b e  

d e scr ib ab le  as ‘s c ien tific .’  ”

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

s id e  o r  an o th e r , th e  d ia le c t ic  p ro cess  o f  th is sort b e tw een  a  th em a  a n d  its 

an ti-th em a , a n d  h en ce  b e tw een  th e  adh eren ts  o f  tw o  o r  m o re  th eories  

em b o d y in g  th em  resp ect iv e ly , is a lm ost in ev ita b le , a n d  is p e rh a p s  am on g  

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

p ro cess  w ill last as lo n g  as th ere  a re  scientists in terested  in  p u tt in g  qu es ­

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  physicists  o n  fu n d am en ta l 

in te ra c t ion s  a t h ig h  en ergy . 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  

the  qu es tion , “ C a n  eq u a t ion s  o f  m o t io n  b e  u s e d ? ”  A lth ou g h  a g re e in g  

th a t H e isen b e rg ’ s 1925 v iew  ca 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  ob se rv a b le  qu an tit ie s  sh ou ld  b e  u sed  in  fo rm u la t in g  a  ph ys ica l 

t h e o r y ) ,  h e  fe lt  it n everth 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 ion  w o u ld  b e  th e  fin a l an sw er  in  h ig h -en e rg y  physics . S om e  day , 

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 ion s  o f  m o t io n  o f  

en tities  o n ly  rem o te ly  re la ted  t o  e x p e r im en ta l qu an tit ie s . H e  th ou gh t  

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

ph ys ics”  a n d  b e cau se  o f  th e  im p o r ta n t  ro le  p la y ed  b y  e qu a t ion s  o f  

m o t io n  in  a ll o th e r  b ra n ch e s  o f  physics . T h is  c o n f id e n c e , s om ew ha t in  

th e  fa c e  o f  cu r ren t  fa sh ion  a n d  e x p e r im en ta l e v id en ce , led  D ir a c  t o  say, 

“ a  th e o ry  th a t has som e  m a th em a t ica l b e a u ty  is m o re  lik e ly  to  b e  c o r r e c t  

th an  a n  u g ly  o n e  th a t g iv es  a  d e ta ile d  fit t o  som e  exp e r im en ts .”

S u ch  a  qu a s i-a e s th e tic  ju d gm e n t  is a  fo rm  o f  th em a tic  c om m itm en t  

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

in  a c tu a l s c ien tific  w o rk  ( f o r  e x am p le , w h en  o n e  a d  h o c  h yp o th es is  is 

a c c e p te d  a n d  a n o th e r  is r e je c te d , o r  w h en  a  w h o le  a p p r o a ch  to  a  s c ien ­

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

con fe s s ed  in  p u b l ic  p r in t. T h u s , in  1926 , H e isen b e rg  w ro te  to  P au li, 

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

d isgu stin g  it a p p ea rs  to  m e .”  A t  a b ou t  the  sam e tim e , S ch ro d in g e r  in  his 

tu rn  w ro te  a b o u t  H e isen b e rg ’ s a p p r o a c h :  “ I  w as  fr ig h ten ed  aw ay  [b y  

it], i f  n o t  r e p e lle d .”  A n d  F e rm i w ro 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 rm a l resu lts in  th e  z o o lo g y  o f  sp e c tr o s c o p ic  

term s a ch ie v e d  b y  H e isen 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  ten d en cy  to  g iv e  u p  u n d e rs ta n d in g  th in gs .”  A t  least s in ce  

C o p e rn icu s  d e fe n d e d  h is th e o ry  as “ p lea s in g  to  th e  m in d ,”  it has b een  an
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everyday  fa c t  in  the  life  o f  scientists th a t s om e  o f  the  term s an d  a ttribu tes  

th ey  use h a v e  fo r  th em  g rea t  m o t iv a t in g  p ow e r , bu t  c a n n o t  b e  su b je c ted  

to  c on t in g en cy  analysis.

F u rth er  o n  in  a  r e cen t  issue o f  P h y s i c s  T o d 6 y , I  fin d  th e  rep 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  team  

assem bled  fr om  severa l in stitu tion s  rep o r ts  fin d in g  16 am in o  a c id s , a t  

least five  o f  w h ich  a re  c om m on  in  liv in g  system s: these  fiv e  w ou ld  c o n ­

stitu te an  essentia l p a rt o f  an y  ch a in  in  th e  c h em ica l e v o lu t io n  tow a rd  

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

th a t su dd en ly  has sh ow n  th e  “ d e a d  in terste lla r  spaces”  to  b e  p o p u la te d  

w ith  m ore  a n d  m o re  c om p le x  m ateria ls , f r om  h y d ro x y l ra d ica ls  to  f o r ­

m a ld eh yd e . B u t w h a t  n ow  ex c ite s  th e  in terest o f  th e  scientists m ost  is 

the  e v id en ce  o f  e q u a l qu an tit ie s  o f  la e v og y ra te  ( le f t -h a n d e d )  a n d  d e x ­

trogy ra te  (r ig h t -h a n d e d )  am in o  a c id s  in  th e  sam ples . 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 ind s  in creases  b y  fa r  th e  lik e lih o od  

tha t these am in o  a c id s  a re  n o t  m ere ly  c on tam in a t ion s  fr om  h a n d lin g ; 

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

th ings o n  ea rth  a re  a lm ost  a ll le ft -h a n d ed . N o w  it has b e c om e  qu ite  lik e ly  

tha t the id eas o f  ch em ica l basis o f  e v o lu t io n  are  en te r in g  a n ew  ph ase  o f  

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

b le . C h em istry , b io lo g y , g e o lo g y , physics , a n d  a s tron om y  are  b e in g  

b rou gh t  tog e th e r  in  a  rem a rk ab le  in te rd is c ip lin a ry  a ttem p t  to  u n d e r ­

s tand  the  h is to r ic , a n d  p e rh ap 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 , Ch ira lity , B rok en  S ym m etry , a nd  th e  O rig in  o f  L i fe .  T h e  title  

itse lf alerts us to  th e  w h o le  set o f  th em 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  tod a y , as th ey  w ere  in  o th e r  areas in  the 

p a s t : the  e ff ica cy  o f  g e om e try  as an  e x p la n a to ry  t o o l ;  the  con sc iou s  

an d  u n con sc iou s  p r e o c cu p a t io n  w ith  sym m etr ie s ; th e  use  o f  the th em 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 en  tak en  fr om  the 

o rd in a ry  life  c y c le  bu t  th a t h a v e  b e c om e , in  a n y  case , fu n d am en ta l 

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

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

spread  o r  sh a rin g  o f  su ch  fu n d am en ta l th em a ta  th a t has p r o d u c e d  

som eth in g  like  a  sc ien tific  im ag in a t ion  sha red  b y  all scientists, fo rm in g  

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

a p p r o a ch  th a t ch a ra cte r ize s  so  m an y  o f  the  n ew  d ev e lopm en ts .

T h o u g h  ce rta in  th em a ta  a re  d e v e lo p e d  in  d e ta il in  som e  o f  the  essays
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th a t fo l lo w , it w ill  b e  fru it fu l h e re  to  m ak e  d is t in ct ion s  b e tw een  th ree  

d i f fe r e n t  uses o f  th e  c o n c e p t  o f  th em a ta :

( 1 )  A  th em a tic  c o n c e p t  is  a n a lo g ou s  to  a  lin e  e lem en t  in  sp a ce  w h ich  

has a  s ign ifica n t  p r o je c t io n  o n  th e  z - o r  th em a t ic  d im en s ion . P u re ly  th e ­

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

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

w h ich  h a v e  s tron g  x  a n d  y  c om p on en ts  a lso . T h e r e fo r e ,  w h en  w e  speak  

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

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

( 2 )  A  th em a tic  p o s it ion  o r  m eth od o lo g ic a l  th em a  is a  g u id in g  th em e  

in  th e  pu rsu it  o f  sc ien tific  w o rk , su ch  as the  p re fe r en ce  fo r  seek ing  to  

exp ress  th e  law s o f  ph ys ics  w h en ev e r  p oss ib le  in  term s o f  con stan c ie s , o r  

e x trem a  (m a x im a  o r  m in im a ) ,  o r  im p o te n cy  ( “ I t  is im p oss ib le  

t h a t . . . ” ) .

( 3 )  B e tw een  these  tw o  is th e  th em a tic  p ro p o s it io n  o r  th em a tic  

h yp o th es is , e .g ., a  s ta tem en t o r  h ypoth es is  w ith  p r e d om in a n t  th em a tic  

c o n ten t , o r  th e  th em a t ic  c om p o n e n t  o f  a  s ta tem en t o r  h ypoth esis . A  

th em a t ic  p r o p o s it io n  c on ta in s  o n e  o r  m o re  th em a t ic  c o n ce p ts , a n d  m ay  

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 em a . T h u s , th e  p r in c ip le  o f  c o n ­

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

t ion , a n d  it a lso  expresses  th e  con s ta n cy -se ek in g  m e th o d o lo g ic a l  th em a .

W ith o u t  p r e em 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 ch  b r ie fly  o n  a  fe w  o th e r  p rop e r t ie s  o f  th em a ta . O n e  is 

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

a b ly  syn th e tic  a  p r io r i , in  th e  e ig h te en th -cen tu ry  sense ; n o r  is it  n eces ­

sary to  a ssoc ia te  th em  w ith  P la ton ic , K e p le r ia n , o r  J u n g ia n  a rch e typ es , 

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

in  the  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  apprehensions.®

I t  is lik e ly  th a t th e  o r ig in  o f  th em a ta  w ill b e  b est a p p r o a ch e d  th rou gh  

stud ies  c o n c e rn 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 icu la r ly  o f  th e  

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

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

L ew in ’ s d y n am 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 ost  fru it fu l s tan ce  to  take  fo r  th e  m om en t  seem s to  m e  ak in  t o  tha t 

o f  a  fo lk lo r is t  o r  a n th rop o lo g is t , n am e ly , to  lo o k  fo r  a n d  id en t ify  r e cu r ­

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

the  p ro fe ss ion  as a  w h o le , a n d  to  id en t ify  th e ir  ro le  in  the  d e v e lo pm en t  o f  

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

rem arkab le  fa c t  tha t th e  ran ge  a n d  sca le  o f  r e cen t  th eory , e x p e r ien ce , 

an d  exp e r im en ta l m eans h a v e  m u lt ip lie d  vastly  o v e r  th e  cen tu ries  w h ile  

the  n um ber  a n d  k in d  o f  c h ie f  th em a tic  e lem en ts  h a v e  ch a n g ed  little . 

S in ce  P arm en ides  a n d  H era c litu s , th e  m em bers  o f  the  th em a tic  d y a d  o f  

con s tan cy  a n d  ch a n g e  h a v e  v ie d  fo r  loya lty , a n d  so h a ve , e v e r  s in ce  

P ythagoras  a n d  T h a le s , the  e ff ica cy  o f  m a th em a tics  versus the  e ff ica cy  

o f  m ateria lis tic  o r  m e ch an is t ic  m od e ls . T h e  (u su a lly  u n a ck n ow le d g e d )  

p resupposition s  p e rv a d in g  th e  w o rk  o f  scientists h a v e  lo n g  in c lu d e d  a lso  

the th em a tic  c o u p le s  o f  e x p e r ien ce  a n d  sym b o lic  fo rm a lism , c om p le x ity  

an d  s im p lic ity , r ed u c t ion ism  an d  h o lism , d iscon t in u ity  a n d  th e  c o n ­

t inuum , h ie ra rch ica l s tru ctu re  a n d  un ity , the  use  o f  m ech an ism s  versus 

te le o log ica l o r  a n th r o p om o rp h ic  m od e s  o f  a p p r o a ch .

T h ese , tog 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 erh ap s  

a  few  m o re— a  to ta l o f  few e r  th an  5 0  c ou 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 rea t  va r ie ty  o f  d iscover ies . B o th  

natu re  a n d  ou r  p o o l  o f  im a g in a t iv e  to o ls  a re  ch a ra c te r ized  b y  a  rem ark ­

ab le  p a rs im on y  at th e  fu n d am en ta l leve l, jo in e d  b y  fru itfu ln ess  a n d  

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

B oh r )  d oe s  it  seem  necessary  to  in tr o d u ce  a  qu a lita t iv e ly  n ew  th em e  

in to  sc ien ce .

T h em a tic  P r ep a ra tion s  f o r  R e la t iv i ty

Perhaps  th e  m ost  p e rva s iv e  ch a ra c te r is t ic  o f  m od e rn  s c ien ce  is th e  

g en era lly  a c c e p te d  th em a  o f  th e  u n lim ited  poss ib ility  o f  d o in g  sc ien ce , 

the b e lie f  that n a tu re  is in exh au stib ly  k n ow ab le . K e p le r  fo u n d  su p p o r t  

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

those sub jects  w h ich  ca n  b e  u n d e rs to od  in  th e  e x a c t  scien ces . I n  o u r  

day , H e isen b e rg  has s a id : “ E x a c t  s c ien ce  a lso  g o e s  fo rw a rd  in  th e  b e lie f  

that it w ill b e  p oss ib le  in  ev e ry  n ew  rea lm  o f  e x p e r ien ce  to  u n d ers tan d  

na tu re .”

T o  re cap tu re  the e xu b e ran t  en thu sia sm  o f  sc ien ce , o n e  sh ou ld  g o  n o t  

to  a  w e ll-estab lish ed  c o n tem p o ra ry  ph ys ica l s c ien ce , b u t  p e rh ap s  t c  a  

fie ld  w h en  it w as  still y ou n g . In  the jo u rn a ls  o f  the  seven teen th  an d  

e igh teen th  cen tu ries , w e  ca n  fin d , s ide  b y  side, w h a t  w e  w ou ld  n ow  c o n ­

sider v ery  h e te rog en eou s  m a ter ia l— descr ip t ion s  o f  a  v io len t  th u n d er ­

storm , statistics o f  a n d  sp ecu la tion s  o n  th e  causes  o f  d ea 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 cop ic  w on d e rs , o r  o n  th e  c o lo r s  in  

ch em ica l  r e a c tion s , ob se rva tion s  o n  th e  p r o p a g a t io n  o f  ligh t , o n  th e  

g r ow th  a n d  types  o f  rep tiles , o n  th e  o r ig in  o f  the  w o r ld . T h e  h e te r o ­

g en e ity  speaks o f  a  m a rv e lou s  a n d  c o lo r fu l  e fflo re scen ce  o f  in terests a n d  

an  u n se lfc on sc iou s  e x u b e ra n ce  th a t  v e rg es  som etim es  o n  a im less p lay . 

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

a n d  d e lig h t fu l d is c o v e ry  to  th e  n ex t  lik e  h a p p y  ch ild r e n  su rround ed  b y  

g ifts .

A s  th e  t e rm in o lo g y  has  g r ow n  m o re  soph is tica ted , th is w on d e r fu l  

fe e l in g  has  b e c om e  less e v id en 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 om e  less w id e -r a n g in g  in  s c ien tific  c irc le s  as th e  w o rk  

o f  th e  scien tist has b e c om e  m o re  a n d  m o re  sp e c ia liz ed . B u t fr om  the  

p la t fo rm  o f  h is  sp e c ia liz ed  sc ien ce , h e  c a n  m o re  th an  e v e r  fe e l tha t 

n a tu re  ba rs  n o  qu estion s , th a t w h a t  c a n  b e  im a g in ed  a lso  ca n  b e— no , 

m ust b e— in vestiga ted .

B u t b e h in d  this a p p a ren t ly  a tom is tic  fr a gm en ta t io n  o f  a tten tion  has 

b e en  a m on is t ic  a im . T h e  sev en teen th - a n d  e ig h te en th -cen tu ry  re ­

s ea rch er  d id  n o t  see th e  m yriad s  o f  sepa ra te  a n d  d ispa ra te  in vestiga tion s  

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

k n ow led g e . C o u p le d  w ith  th e  th em e  o f  th e  un iversa l a ccess ib ility  o f  

n a tu re  has b e en  th e  o ld  m o t iv a t in g  m e th o d o lo g ic a l  th em e  o f  an  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 th  a  u n ity  a n d  a  s in gu la rity  

o f  n a tu ra l k n ow led g e . T h e  p a th s  to  an  u n d e rs ta n d in g  o f  n a tu re  m ay  b e  

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

a n d  e a ch  o f  these p a th s  is e x p e c te d  t o  h a ve  d ifficu lt  b u t  n o t  in su rm ou n t ­

a b le  barriers . B u t a ll th e  p a th s  h a v e  b e en  v a g u e ly  th ou g h t  to  le a d  to  a  

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

c om p le x  ra t ion a l c o rp u s  w h ich  som e  d a y  a  m a n ’ s m in d  w ou ld  b e  a b le  t o  

m ak e  his ow n  (a s  th e  la ym an  to d a y  says, s om ew ha t fr ig h ten ed , “ on e  

g rea t  fo rm u la ”  th a t tells e v e ry th in g  th ere  is t o  k n ow  a b ou t  n a tu re )

T h e s e  tw o  c o n n e c te d  th em a ta  o f  u n lim ited  ou te r  a ccess ib ility  an d  

d e lim ite d  in n er  m ean in g  ca n  b e  v a gu e ly  d e p ic te d  b y  th e  d e v ice  o f  a  

m a ze  h a v in g  in  its ou te r  w a lls  in n um era b le  en tran ces , th rou gh  ea ch  o f  

w h ich  o n e  c a n  h o p e  to  rea ch , s o on e r  o r  la ter , the  o n e  m ystery  w h ich  

lies a t the cen te r .

B u t a n o th e r  p oss ib ility  has suggested  itse lf m o re  a n d  m o re  in sisten tly : 

th a t a t th e  in n erm ost  ch am b e r  o f  the m aze  o n e  w o u ld  fin d  n o th in g . 

W rit in g  in  th e  fa te fu l yea r  o f  1905 , J o seph  L a rm o r , o n e  o f  N ew 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 em a t ic s  a t  C am b r id g e , saw  it 

c om in g :

There 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  which  further progress can be based, they 

are still little better than a m irage.12

T h e  fina l e n cou n te r , h e  seem s to  c ry  ou t , c a n n o t  b e  w ith  a  m ere  sh ad ow , 

o r , w orse  still, w ith  a  narciss istic  s e lf-re f le c t ion  o f  o n e ’ s ow n  th ou gh t  

processes.

Y e t , o n  th e  fa c e  o f  it, it is n o t  n ecessary  to  b e lie v e  that k n ow led g e  o f  

na tu re  m ust tu rn  o u t  to  b e  o rg an iza b le  in  a  p h ilo s o p h ica lly  sa tis fa cto ry  

way . “ W e  h a v e  n o  r igh t  to  assum e th a t any  ph ys ica l la w  ex ists ,”  M a x  

P lan ck  o n c e  sa id . F r om  a  su itab le  d is tan ce , w e  c a n n o t  s ou n d ly  c la im  

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

standab le  in  a  u n iq u e  w ay— as d is t in ct  fr om  d o cum en 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 ch n ica lly  e x p lo ita b le . W h a t  has 

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

sh ifted , the  a lle g o ry  has c o n t in u a lly  ch a n g e d . D a v id  H um e  expressed  

this in  1 773 :

W hile N ew ton  seemed to draw  off the veil from  some o f  the mysteries o f  

nature, he showed at the same time the im perfections o f  this m echanical 

philosophy; and thereby restored her ultimate secrets to  that obscurity in 

which they ever d id  and ever w ill remain.13

In  the  em p ir ica l sc ien ces , w e  are  fa r  fr om  b e in g  a b le  to  p r o v e  that w e  

h a ve  b een  a p p r o a ch in g  an  in crea s in g  u n d e rs ta n d in g  o f  th e  typ e  tha t 

ch a ra cte r ized  the d e v e lo pm en t  o f ,  say, som e  b ran ch es  o f  m a th em a tics . 

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

exam p le , the h is to r ic  d e v e lo pm en t  fr om  o rg a n ism ic  s c ien ce  to  a  m e ch a n ­

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

opp os ite  d ire c t ion . A n d  th e  o n to lo g ic a l  status o f  s c ien tific  k n ow le d g e  

itself has b een  tu rn ed  c om p le te ly  u p s id e  d ow n  s in ce  the  b e g in n in g  o f  

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

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

less sure a b ou t  a t  the  m om en t.
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K a r l  P o p p e r  summ arizes  this v iew  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 “ body  o f  know ledge,”  but rather as a system o f  hy ­

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

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

tests, and o f  which  we are never justified in saying that we 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 ion  fo r  these h ypoth eses  is tha t th ey  h a v e  a  h o ld  o n  o u r  

im a g in a t ion  an d  th a t th ey  h e lp  us to  d ea l w ith  o u r  e x p e r ien ce . O n  this 

basis, a ll th e  scien tist n eed s  to  say, i f  a n y on e  sh ou ld  ask  h im  w h a t  h e  is 

d o in g , is : h yp o th es e s  jin g o .  T h is— a  n ew  m e th o d o lo g ic a l  th em e  fu n d a ­

m en ta l to  th e  sc ien tific  r e v o lu t ion  o f  th e  first ten  years  o f  o u r  c en tu ry—  

w as  p re c ise ly  w h a t  L o d g e , L a rm o r , P o in ca re , a n d  so m an y  o th ers  c o u ld  

n o t  a c c e p t . P o in ca re , w h o  w as  p e rh a p s  te ch n ica lly  th e  b e s t -p rep a red  

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 eo 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 ed  ou tp u t  u p  to  h is 

d ea th  in  1912 . T h is  s ilen ce— o f  w h ich  m o re  is sa id  in  th e  sixth  essay—  

w as  n o t  m ere  n e g l ig e n c e ; P o in ca re , d esp ite  h is  s ilen ce , h a d  u n d e rs to od  

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 en  b u ilt  in to  a  physics  

restin g  o n  som 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 so lu te . 

In  N ew to n ’ s w o rk , re la t iv ity  w as  m ad e  u n d ers ta n da b le  a n d  re sp e cta b le  

b y  p o in t in g  to  a  cu r ta in  b e h in d  w h ich , in  th e  S en so r ium  o f  G o d ,  th e  

fin a lly  u n k n ow a b le  ab so lu tes  o f  sp a ce  a n d  t im e  w e re  sa id  to  b e  h id d en . 

G o d  m o v e d  b od ie s , w h o se  m ere 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 ov e s  o b je c t s  th a t a c t  o u t  h is th ou gh ts . In  n in e ­

te en th -cen tu ry  physics , in c lu d in g  that o f  P o in ca re  a n d  L o ren tz , the  u lt i ­

m a te  g r o u n d  o f  e x p la n a t io n  sh ifted  to  the  u n d is cov e ra b le  e th er , w h ich  

th e reb y  to o k , so  to  speak , th e  p la c e  o f  the  essen tia lly  u n k n ow ab le  D e ity  

o f  the  p re v iou s  tw o  cen tu r ie s  as th e  r ep os ito ry  o f  un askab le  qu estion s . 

W h a t  E in ste in  d id  in  1905— w ith  h is b ra sh  sen ten ce  d e c la r in g  the  e th er  

to  b e  “ su p e r flu ou 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 om  a h eu ris tic  c o n je c tu r e  to  a  fu n d am en ta l p r o p o s it io n— was to  p u ll  

u p  th e  cu r ta in , a n d  to  a n n ou n ce  th a t th ere  w as  n o th in g  at a ll b eh in d  it.

T h e  d em an d  th a t abso lu tes  in  s c ien ce  sh ou ld  b e  c on s id e red  to  b e  

m ean in g less , th a t  th e  e th er , the last r e fu g e  o f  in scru tab le  rea lity , b e  

a b a n d on ed , w as  t o o  o v e rw h e lm in g  f o r  m ost  scientists a t the  tim e. T h e ir  

w r it in g s  sh ow  w h a t  ou tra g e  w as b e in g  c om m it te d  o n  th e ir  ow n  th em a tic
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or ien ta tion , a n d  p erh ap s  n ev e r  m o re  c le a r ly  th an  in  th e  p a p e r  o n  T h e  

G éom étr isa tion  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 itiqu e  o f  re la tiv ity  th eory  h e  w ro te  :

T o  summarise, then:

In  such a system there is no  need fo r  R eality ; on ly  Phenomena can be 

observed or verified : absolute fact is inaccessible. W e  have no  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 mentally constructed illusion 

generated by loca l peculiarities o f  Space. It is unnecessary to contemplate a 

continuous m edium  as a universal connector, nor need we 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-time m anifold  w ill d o  all that is wanted, or at least all that the equa ­

tions com pel. And , as a m inor detail, w h ich  w ill bring us to the point, it is not 

necessary to invoke a real F itzGerald  contraction  in order to explain  the result 

o f the M ichelson  Experim ent.

. . . U ndoubted ly  general relativity, not as a ph ilosoph ic theory but as a 

powerful and comprehensive m ethod, is a remarkable achievement; and an 

ordinary physicist is fu ll o f  adm iration fo r  the equations and the criteria, 

borrowed from  hyper-Geometers, applied  by the genius o f  Einstein, and ex ­

pounded in this country w ith unexampled thoroughness and clearness by 

Eddington. But notwithstanding any temptation 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 weird ly  ingenious m odes o f  expression; and must re ­

member that his real aim  and ob je ct is absolute truth, however difficult o f  at ­

tainment that may be ; that his function is to discover rather than to create; and 

that beneath and above and around all Appearances there exists a universe o f 

fu ll-bodied , concrete, absolute R eality .15

I t  w as  th e  last, d y in g  c ry  aga in st the  r e p la cem en t  o f  the  th em e  o f  th e  

on ce -c r e a ted , rea l un iverse  b y  that o f  an  o n to lo g ica lly  a gn os tic  un iverse , 

the o n e  in  w h ich , f o r  b e tte r  o r  w orse , w e  h a v e  fo u n d  ou rse lves  s in ce  

1905.

S c ien tific  re la tiv ism  w as n o t  th e  o n ly  r o a d  b y  w h ich  w e  h a v e  c om e  to  

the em p ty  c en te r  o f  the  la by r in th . T h r o u g h  sta tistica l m e ch an ics  th e  

gross b eh a v io r  o f  m a tte r  w as m o re  a n d  m o re  e x p la in a b le , fr om  m id ­

n in eteen th  c en tu ry  o n , in  term s o f  th e  c o n ca te n a t io n  o f  la rge  num bers  

o f  m o le cu le s  w h ose  in d iv id u a l m om en t -t o -m om en t  b e h a v io r  w as  te ch -
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n ica lly  t o o  d iff icu lt  to  p r ed ic t . T o  this, q u a n tum  phys ics  th en  a d d e d  the  

r e c o g n it io n  th a t in d iv id u a l even ts  o n  th e  su b -a tom ic  lev e l ( f o r  e x am p le , 

th e  p a th  o f  in d iv id u a l p h o ton s  g o in g  th rou gh  an  o p e n in g  in  a  s cre en ) 

a re  n o t  p r e d ic ta b le  in  p r in c ip le , ra th er  th an  m ere ly  f o r  reasons o f  c om ­

p u ta t io n a l a n d  e x p e r im en ta l d ifficu lty .

A n d  th ere  w as  yet a n o th e r  rou te  to  th e  estab lishm en t in  s c ien ce  o f  th e  

s e lf- ju s t ify in g  ex is ten ce  o f  in d iv id u a l “ even ts .”  R o g e r  C o te s , in  th e  

d e fen se  o f  N ew to n ’ s P r i n c i p i 6  aga in st th e  C a rte s ian  a n d  L e ib n iz ia n  

heresies, w r o te :

H e who is presumptuous 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 same necessity fo llow s the laws proposed ; or  i f  the order o f  

Nature was established by  the w ill o f  G od , that himself, 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 phenomena inevitably draw  us, 

against our wills, to  such principles as most clearly  manifest to us the m ost 

excellent counsel and supreme dom in ion  o f  the A ll-w ise and A lm ighty Being, 

they are not therefore to be  laid  aside because some men may perhaps dislike 

them . . . . Ph ilosophy must not be  corrupted in com pliance  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 ry  s o on , to o . A s  K o y r é  r em in d s  us

. . . the m ighty, energetic G od  o f  N ew ton  w ho  actually  “ ran”  the universe 

a ccord ing  to H is free w ill and decision , becam e, in quick succession, a con ­

servative power, an intelligentia supra-mundana , a “ D ieu  faineant” . . . .  T h e  in ­

finite Universe o f  the N ew  C osm ology, infinite in Duration  as well as in Ex ­

tension, in w h ich  eternal matter in accordance w ith eternal and necessary laws 

moves 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 od  took 

away with H im .17

In  th is G o d -em p ty  un iverse , 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 te r ?  H e isen b e rg  has  w r it ten  th a t  “ ch an g e s  in  th e  fo u n d a t io n s  o f  

m o d e rn  s c ien ce  m ay  p e rh ap s  b e  v iew ed  as sym p tom s  o f  sh ifts  in  th e  

fu n d am en ta ls  o f  o u r  ex is ten ce  w h ich  th en  express  th em selves  s im u ltan e ­

ou s ly  in  m an y  p la ce s , b e  it  in  ch an ges  in  o u r  w a y  o f  li fe  o r  in  o u r  u sua l

th ou g h t  fo rm s____ ”  A n d  the  sh ift  h e  singles o u t  is “ th a t f o r  th e  first t im e

in  th e  cou rse  o f  h is to ry , m an  on  ea rth  fa ce s  on ly  h im se lf, th a t  h e  finds  n o  

lo n g e r  an y  o th e r  p a rtn e r  o r  f o e .”  I n  s c ien ce , t o o , “ the o b je c t  o f  resea rch
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is n o  lon g e r  n a tu re  in  itse lf b u t  ra th er  n a tu re  e x p o sed  to  m an ’ s q u e s t ion ­

in g , a n d  to  this ex ten t m an  h e re  a lso  m eets  h im se lf .18

T h is , th en , is a  m a in  tren d  in  th e  c o n tem p o ra ry  p h ilo s o p h y  o f  s c ien ce  

— resu ltin g  fr om  a  m e rg in g  o f  th e  tw o  s trongest p h ilo s o p h ica l m o v e ­

m ents, ex isten tia lism  an d  p os it iv ism— w h ich  ap p ea rs  to  m e  to  u n d e r lie  

the uneasiness exp ressed  b y  m an y  w h o  see in  a s c ien ce  a  d is ju n c t iv e  a n d  

a lien a tin g  c om p on en t . T h e  physic ist a n d  m a th em a tic ia n , H e rm an n  

W ey 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  which perhaps is 

better coordinated with the structure o f  m odem  scientific know ledge than 

Kantian idealism  in which  the epistem ological positions o f  Democritus, D es ­

cartes, Galileo, and N ew ton appeared to have found  their full ph ilosophical 

expression.

. . . W hen  Bertrand Russell and others tried to resolve mathematics into 

pure logic, there was still a remnant o f  meaning in  the form  o f simple logica l 

concepts; but in the formalism  o f  H ilbert, this remnant disappeared. O n  the 

other hand, we 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 down to reduce this 

naively and grossly understood ordering o f  signs in space to some purified 

spatial conception  and structure, such as that which  is expressed in Euclidean 

geometry. Rather, we must support ourselves here on the natural understand ­

ing in handling things in our natural w orld  around us. N ot pure ideas in pure 

consciousness, but concrete signs lie at the base, signs wh ich  are for  us recog ­

nizable and reproducib le despite small variations in detailed execution, signs 

which by  and large we know  how  to handle.

As scientists, we m ight be  tempted to argue thus: “ As w e know”  the chalk 

mark on the blackboard consists o f  m olecules, and these are made up o f  

charged and uncharged elementary particles, electrons, neutrons, etc. But 

when we analyzed what theoretical physics means by such terms, we saw that 

these physical things dissolve into a symbolism  that can be handled a ccord ­

ing to some rules. T h e  symbols, however, are in the end again concrete signs, 

written with chalk  on the blackboard. Y ou  notice the rid iculous circle .19

In  sum m a ry : fr om  the  b e g in n in g  to  th e  p resen t day , s c ien ce  has b e en  

sh ap ed  a n d  m ad e  m ean in g fu l n o t  on ly  b y  its sp e c ific , d e ta ile d  fin d in gs , 

bu t  ev en  m o re  fu n d am en ta lly  b y  its th em a tic  c o n ten t . T h e  re ig n in g  

th em a ta  un til a b o u t  the  m id -n in e te en th  c en tu ry  h a v e  b e e n  exp ressed  

m ost  ch a ra cte r is t ica lly  b y  th e  m an d a la  o f  a  sta tic , h om o c e n tr ic ,  h ie r ­

a r ch ica lly  o rd e red , h a rm on iou s ly  a rran g ed  cosm os , ren d e red  in  sha rp ly

35



d e lin ea ted  lines as in  th ose  o f  C op e rn icu s ’ s ow n  h a n d -d raw in g . I t  w as a  

fin ite  u n iverse  in  t im e  a n d  s p a c e ; a  d iv in e  tem p le , G o d -g iv e n , G o d ­

exp ress in g , G o d -p e n e t r a te d , k n ow a b le  th rou gh  a  d ifficu lt  p ro cess  s im ila r  

to  that n ecessary  f o r  en te r in g  th e  state o f  G r a c e— by  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 om p le te  k n ow le d g e , it  w as as c om ­

p le te  as th e  n a tu re  o f  th in gs  adm its  in  this m o rta l life .

T h is  rep re sen ta tion  w as  g ra d u a lly  su p p la n ted  b y  an o th e r , p a r t icu la r ly  

in  th e  last h a lf  o f  th e  n in e teen th  cen tu ry . T h e  un iverse  b e c am 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 ion  b y  M a x  B o r n ) ,  a  

w eak ly  c o u p le d  en sem b le  o f  in fin ite ly  m an y  sepa ra te , in d iv id u a lly  sov er ­

e ign  parts  a n d  even 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 ru p ted  b y  

r a n d om  d iscon tin u it ie s  o n  th e  c o sm o lo g ica 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  ea r lie r  m an d a la  h a v e  b een  

r e p la c e d  b y  u n d e lin ea ted , fu zzy  sm ears, s im ila r  p e rh a p s  to  th e  rep resen ­

ta t io n  o f  d is tr ib u tion  o f  e le c tro n  c lo u d s  a r o u n d  a t om ic  n u c le i.

A n d  n ow  a  s ign ifica n t  n um b e r  o f  o u r  m ost  th ou 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 ien ce  its d em y th o lo g iz in g  r o le , 

seem  to  fe a r  th a t a  th ird  m an d a la  is r is ing  to  take  p r e c e d e n c e  o v e r  b o th  

o f  these— th e  la by r in th  w ith  th e  em p ty  cen te r , w h e re  the  in vestiga to r  

m eets  o n ly  h is ow n  sh a d ow  an d  h is b la ck b o a rd  w ith  h is ow n  ch a lk  m arks 

o n  it, h is ow n  so lu tion s  to  h is ow n  pu zzles . A n d  th is p h ilo s o p h ica l  th rea t 

is th ou g h t  to  b e  m a tch e d  b y  th e  ph ys ica l th rea t c on s id e red  as o r ig in a t in g  

fr om  a  b lin d , a im less, s e lf-m o t iv a tin g , e v e r -g r ow in g  en g in e  o f  t e ch ­

n o lo g y .

I t  is  th e re fo r e  n o t  su rp ris in g  that th ose  w h o  th in k  o f  o u r  cu ltu re  a n d  

o u r  p erson s  as c a u g h t  u p  b y  these  tw o  ten d en c ie s  fin d  litt le  c om fo r t  in  

th e  b ea u ty  o f  sc ien tific  a d van 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 rom ises  that th e  lam p  o f  s c ien ce  w ill  l ig h t  the  w a y  to  a  

b e tte r  so c ie ty . N o t  u n til th e ir  d ou b ts  a re  a lla y ed  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 ien ce  in  o u r  cu ltu re .

T h e  D im en s ion s  o f  M o d e r n  H is to r ica 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 ien ce  in to  its S x a n d  

S 2 c om p on en ts  n o r  th em a tic  ana lysis , sepa ra te ly  o r  tog 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  tw o  te ch n iq u e s  a re  th em selves  

on ly  p a r t  o f  a  la rg e r  set o f  w o rk  too ls  th a t sh ou ld  a t  least b e  en um er ­

a te d  h ere . (T h e  d is t in c t ion  o fte n  m a d e  b e tw een  ex tern a lis tic  a n d  in te r - 

n a lis t ic  a p p ro a ch e s  is a lso  fa r  to o  b lu n t  f o r  la y in g  b a re  the  fin e  s tru ctu re .)
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A lth ou gh  m an y  in d iv id u a l h istorian s  o f  s c ien ce  a re  la rge ly , a n d  p r o p ­

erly , still o c c u p ie d  p red om in an t ly  a lo n g  the  c h ie f  tra d it ion a l d ire c tion s , 

a  g en era l aw areness  a n d  to le ran ce  h a v e  arisen  in  r e cen t  years th a t r e c o g ­

n ize  th e  ex is ten ce  o f  n in e  s om ew h a t  o v e r la p p in g  b u t  still su ffic ien tly  

sepa rab le  d ire c t ion s  th a t m ost  h is to r ica l w o rk  c a n  n ow  take  in  p r in c ip le . 

F ar  fr om  r e d u c in g  s c ien ce  t o  an  e p ip h en om en on  o f  the  soc ia l a n d  e c o ­

n om ic  d e v e lo pm en t  o f  so cie ty , su ch  a m u lt id im en s ion a l a tta ck  ensures 

that s c ien ce  is n o t  r e d u ce d  to  o n e  o r  a n o th e r  o f  th e  lim ited  b u t  p o p u la r  

ca r ica tu res . Id ea lly , th e  fu ll p o ten t ia l o f  a  m a jo r  case  is n o t  likely  to  b e  

exh au sted  un til a tten tion  has b een  p a id  to  e a ch  o f  these c om p on en ts . 

F o r  an y  ev en t  E  in  the  h is to ry  o f  s c ien ce  a t  a t im e  t ( f o r  e x am p le , 

E in ste in ’s a n n ou n cem en t  o f  re la tiv ity , th e  case  o n  w h ich  I  h a v e  a t ­

tem p ted  to  m ak e  s om e  b e g in n in g  in  these e ssays ), th e  system atic  list o f  

c h ie f  e lem en ts  th a t m ay  fru it fu lly  en g a g e  th e  a tten t ion  o f  h istor ian s  o f  

s c ien ce  w ou ld  run  som ew ha t as fo l lo w s :

1. T h e  aw areness  w ith in  t h e 'a r e a  o f  p u b lic  s c ien tific  k n ow le d g e  at 

t im e  t o f  the  s c ien tific  “ fa cts ,”  d a ta , te ch n iq u es , th eories , a n d  te ch n ica l 

lo re  c o n c e rn in g  ev en t  E— bo th  in  th e  p u b lish ed  w o rk  o f  a  p a r t icu la r  

scientist w h o  is b e in g  s tu d ied  a n d  in  the  w o rk  o f  o th ers  in  h is  fie ld  w h om  

h e  m ay  o r  m ay  n o t  h a v e  k n ow n  a b ou t . ( I n  term s u sed  ea r lie r , th is is 

k n ow led g e  o f  S 2 a t £ ) .

2. T h e  estab lishm en t o f  th e  t im e  tra je c to ry  o f  th e  state o f  p u b lic  

sc ien tific  k n ow led g e , b o th  le a d in g  u p  to  a n d  g o in g  b e y on d  th e  t im e  

ch osen  a b ov e . T h is  is, as it w e re , th e  t ra c in g  o f  the  W o r ld  L in e  o f  an  

id ea , a  lin e  o n  w h ich  th e  p rev iou s ly  c ite d  e lem en t  E  is m ere 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  an te ced en ts , p a ra lle l d e v e lo p ­

m en ts, con tin u it ie s  a n d  d iscon tin u it ie s , a n d  th e  tra c in g  o f  the  p u b lic  

a c c e p ta n ce  o r  r e je c t io n  o f  an  id ea . T h is  is o u r  s to ck -in -tra d e  : te llin g  the  

story  o f  a  c o n c e p tu a l d e v e lo pm en t  ( th o u g h  p e rh a p s  t o o  o ft e n  a t the  c o s t  

o f  o th e r  c on ce rn s , m ak in g  it th e re fo re  a lm ost  a p p e a r  as i f  s c ien tific  id ea s  

h a d  an  in d ep en d en t  life  o f  th e ir  o w n ) .

3. T h e  re con s tru c t ion  o f  th e  less in stitu tion a l, m o re  e p h em era l, p e r ­

sona l a sp ect  o f  th e  sc ien tific  a c t iv ity  E  a t  t. W e  are  n ow  lo o k in g  a t th e  

sam e even t in  SXi re fle c ted  in  letters, d ra fts , la b o ra to ry  n o teb o ok s , a b a n ­

d o n ed  e q u ipm en t , in terv iew s, a n d  rem in iscen ces . H e r e  w e  d ea l w ith  an  

a ctiv ity  that m ay  b e  p o o r ly  d o cum en te d , a n d  n o t  n ecessarily  a p p re c ia te d  

o r  w e ll u n d e rs to od  b y  th e  a g en t h im se lf.

4 . T h e  estab lishm en t o f  the  t im e  tra je c to ry  o f  this la rge ly  p r iv a te
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sc ien tific  a c t iv ity  u n d e r  s tudy— the  p erson a l con tin u it ie s  a n d  d is con t in u i ­

ties in  d e v e lo pm en t . W h a t  I  am  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 en t  w e  d iscuss in  th e  ten th  essay w h ich  b r o u g h t  E in ste in  fr om  his first 

e n cou n te r  w ith  m agn e tism  as a  y o u n g  b o y  to  h is  ea r ly  e la b o ra t ion  o f  

g en era l re la tiv ity  th eory . N ow  ev en t  E  a t t im e  t b eg in s  to  b e  u n d e rs to od  

in  term s o f  th e  in te rse ction  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 ien 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 ra je c to ry  o f  S i  is th e  tra c in g  o f  a n o th e r  lin e , th e  

p s y ch o b io g ra p h ica l d e v e lo pm en t  o f  the  scien tist w h o se  w o rk  is b e in g  

s tu d ied . F a r  fr om  b e in g  a  p a ssing  fa sh ion , it  is an  a sp e ct  o f  h is to r ica l 

stud ies  th a t in  s om e  fo rm  has b e en  u rg ed  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 ishes to  ca st o n e ’ s lo t  w ith  th e  p o in t  o f  v iew  

o f  F reu d , E rik son , P ia ge t, o r  o th ers , o r  w ith  severa l o f  th em  in  p a rt , 

seek in g  co rre la t ion s  b e tw een  th e  S i  t ra je c to ry  a n d  th e  h is to r ic o -p sy ch o -  

lo g ica l  d e v e lo pm en t  w ill  a t  least g iv e  rise to  th ose  m ost  p r e c iou s  o f  c om ­

m od it ie s , n ew  a n d  in terestin g  qu estion s . F o r  e x am p le , f o r  a t least o n e  

case  o f  h ig h  a ch ie v em en t , w e  sha ll pu rsu e  th e  h ypoth es is  tha t a  p e r s on ’ s 

p u b lic  s c ien tific  w o rk  is an  exp ress ion  o f  th is in tim a te  sty le o f  th ou gh t  

a n d  life .

6 . A  s im ila r  lin e  m ay  b e  t ra ced  that re la tes  th e  t ra je c to ry  o f  th e  id e o ­

lo g ica l  o r  p o l it ic a l  as w e ll as th e  litera ry  even ts  o f  the  t im e  to  th e  t ra je c ­

to r ies  o f  S t a n d  S 2. W e  n e ed  m ere ly  m en tion  th e  fa c t  th a t E in ste in  ( t o  

h is o w n  a s ton ishm en t) b e cam e  a  ch a r ism a tic  figu re , w ith  in flu en ce  fa r  

b e y o n d  physics , as a  resu lt o f  th e  e x p e r im en ta l c o n firm a t io n  in  1919  o f  

h is  g en e ra l re la tiv ity  p r e d ic t io n  c o n c e rn in g  th e  d e fle c t io n  o f  s ta rligh t 

pa ssing  n ea r  th e  sun ’ 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 as  p e r c e iv e d  as a  s c ien tific  “ r e v o lu t io n ”  o f  the  o ld  o rd e r  in  physics , 

seem in g ly  c e r t ifie d  b y  n o th in g  less th an  th e  stars them selves , w as  to  a  

d eg re e  p r e p a re d  b y  th e  ex is ten ce  o f  p o l it ic a l  r e v o lu t ion a ry  s ituation s  in  

m an y  parts  o f  the  w o r ld  a t  th e  tim e . S im ila r ly  i t  ha s  b e en  a rgu ed  tha t 

th e  w id e sp read  in terest am on g  G e rm an  scientists in  a b a n d on in g  the  

p r in c ip le  o f  cau sa lity  in  th e  ea r ly  1920 ’ s (d e sp ite  E in ste in ’ s o p p o s it io n )  

is c lo se ly  re la ted  to  d e v e lo pm en ts  in  the  G e rm an  in te lle c tu a l e n v ir o n ­

m en 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 sw a ld  S p en g le r ’ s 

pessim istic  a n d  in tu it ion 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 ree  w ith  th e  im p lica t io n  th a t in  re tro sp e c t  som e  o f  th e  seeds 

o f  d e s tru ct ion  o f  the  W e im a r  R e p u b l ic  m ay  b e  d is ce rn ed  in  stu dy in g  

th is e p isod e  in  the  h is to ry  o f  q u a n tum  physics . (C on v e rse ly , th e  in flu -
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en ce  o f  the  p rog ress  o f  ph ysics  u p o n  p o l it ic a l  h istory  c a n  o f  cou rse  a lso  

b e  d o cum en te d , f o r  e x am p le  in  the  r o le  o f  th e  n u c lea r  r e a c to r .)

7. A  fu r th e r  c om p o n e n t  essentia l t o  fu ll  u n d e rs ta n d in g  o f  an  ev en t  

refers u n a v o id a b ly  to  th e  s o c io lo g ic a l  setting , c on d it ion s , in flu en ces—  

arising  fr om  co lle a gu e sh ip  o r  th e  d yn am ics  o f  team  w ork , th e  state o f  

p ro fe ss ion a liza tion  a t  th e  tim e , th e  link  b e tw een  s c ien ce  a n d  p u b lic  p o l ic y  

o r  b e tw een  s c ien ce  a n d  in du stry , o r  in s titu tion a l ch an n e ls  fo r  the  fu n d ­

in g , e v a lu a tion , a n d  a c c e p ta n c e  o f  s c ien tific  w o rk . O n e  p a rt ia l exp ress ion  

o f  th is c om p o n e n t  m ay  b e  fo u n d  in  th e  cu r ren t  a ttem p ts  to  c on s tru c t  

em p ir ica l a n d  q u an t ita t iv e  m easures  f o r  th e  p rog ress  o f  th e  sciences* 

But the  qu a lita t iv e  a spects  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 am p le , s tu dy  th e  g rea t  d iffe ren ce s  in  th e  rates o f  a c c e p ta n ce  o f  

re la tiv ity  th eo ry  o r  q u a n tum  th e o ry  in  d if fe r e n t  coun tr ie s , w ith ou t  s tudy ­

in g  th e  d iffe ren ce s  in  th e  s tru ctu re  o f  th e ir  e d u ca 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 ers ta n d  fu lly  the  p h ilo s o p h ica l p r o g re s ­

s ion  o f  E in ste in  aw ay  fr om  h is ea rly  d e v o t io n  to  em p ir ic ism — unless o n e  

u n d ers to od  a n d  m a d e  p ro v is io n  fo r  th e  in flu en ce  o f  su ch  co lle a gu e s  

as M a x  P lan ck .

8 . T h e  p rev iou s  p o in t  is a  rem in d e r , i f  o n e  w e re  r e q u ired , o f  a n o th e r  

a spect, n am e ly , th e  n e e d  fo r  an  analysis  o f  th e  ep is tem o lo g ica l a n d  

lo g ica l s tru ctu re  o f  th e  w o rk  u n d e r  s tudy . H e r e  has  b een  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 op h e rs  o f  s c ien ce  w h ose  c on tr ib u t ion s  

h ave , on  o c ca s io n , in d e e d  b e e n  il lum in a t in g  f o r  th e  h is to r ian  o f  s c ien 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 em a tic  p re su p p os it ion s  th a t m o t iv a te  a n d  g u id e  h is resea rch , as am p ly  

d iscussed  a b o v e .

T o  b e  sure, th e  sepa ra tion s  b e tw een  th e  n in e  c om p on en ts  I  h a v e  c it e d  

a re  n o t  h a rd  a n d  fast. A n y  ca te g o r ica l list is, to  s om e  d eg ree , a rt ific ia l 

— a fa c t  th a t g o e s  b a ck  to  th e  w e ll -k n ow n  fa ilu re  o f  la n gu a g e  fu lly  t o  

c om p reh en d  e x p e r ien ce . B u t the  ca teg o r ie s  ch o sen  d o  h a v e  m erit  a t least 

o p e ra t io n a lly : th ey  c o in c id e  in  m ost  cases w ith  th e  sp e c ific  p ro fe ss ion a l 

interests o f  a c a d em ic  g rou p s  to  w h om  th e  m o d e rn  h is to r ia n  o f  s c ien ce  

ca n  lo o k  fo r  c o lla b o ra t io n  a n d  in s tru ction .

A n d  o n  th e  w h o le , these n in e  m a jo r  strands, c om p o s in g  a  n e t  w ith  

w h ich  to  c a tch  th e  sp ir it  a n d  m ea n in g  o f  a  p a r t icu la r  s c ien tific  w o rk , d o  

fit the  sh ape  o f  h is to r ic  cases them selves . O n e  m ig h t  en v isage  su ch  a  case  

as b e in g , so  to  speak , c a u g h t  in  th e  c en te r  o f  a  n et m a d e  o f  these strands. 

I t  is un lik e ly  a n d  unnecessa ry  fo r  an y  h is to r ian  o f  s c ien ce  to  p e r fo rm  b y
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h im se lf an  analysis 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 iew , th e  o v e r la p  o f  in d iv id u a l c on tr ib u t ion s  sh ou ld  

ev en tu a lly  m ak e  it  p o ss ib le  f o r  a  s c ien tific  w o rk  to  b e  so  s tu d ied  in  fu ll. 

In  this w ay , th e  h is to ry  o f  s c ien ce  m ay  rea ch  its h igh est  a n d  m ost  am b i ­

t iou s  leve l— w h ich  I  take  to  b e  the  h is to r ica lly  b a sed  analysis o f  cu ltu re , 

s o c ie ty , a n d  p erson a lity , seen  th rou gh  th e  fo cu s  o f  a  lens w h ich  the  case  

study  o f  a  sc ien tific  w o rk  p ro v id e s .

A ck n ow led gm en ts

In  a  v o lu m e  stressing b o th  the  o r ig in s  a n d  th e  p e rson a l c om p o n e n t  o f  

s c ien tific  a n d  s ch o la r ly  w o rk , I  sha ll p e rh a p s  b e  fo r g iv e n  f o r  m ak in g  

s om e  p e rson a l c om m en ts  o n  those  o r ig in s  o f  m y  ow n  in terests o f  w h ich  I  

am  m ost  aw a re , a n d  fo r  a ck n ow le d g in g  th ereby  a t least a  few  o f  m y  

deb ts . O n e ’ s th ou gh ts  a re  o f  c ou rse  fa sh ion ed  to  som e  d eg re e  b y  in te r ­

a c t ion s  w ith  o n e ’ s tea ch ers  a n d  fr ien d s , b y  id ea s  d e lig h te d  in  a n d  a rgu ed  

o v e r  in  th e  c om p a n y  o f  o th ers  w h o  m ay  n o t  b y  a n y  m ean s  h a v e  shared  

o n e ’ s ow n  o p in io n— an d  m en t io n  o f  w h om  sh ou ld  n o t  b e  c on s tru ed  as 

im p lica t in g  th em  in  a n y  w ay .

T h r o u g h  a  series o f  lu ck y  a c c id en ts  I  b en e fited  f r om  a n  unu sua l 

va rie ty  o f  c o n t ra d ic to ry  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 en ta l 

w o rk  in  th e  h igh -p ressu re -p h ys ics  la b o ra to ry  o f  m y  thesis p ro fe sso r , the  

cru sty  a n d  con s ta n t ly  q u e s t ion in g  P . W .  B r id gm an , th e  cen tra l rea lity  

w as  ce r ta in ly  s c ien ce  d o n e  a t  first h a n d , a lth ou gh  th e  p ro b lem s  o f  p h i ­

lo s o p h y  o f  s c ien ce  w ere  n ev e r  le ft  o u t  o f  s igh t en tire ly . O n  th e  o th e r  

h a n d , th e  in te ra c t ion  b e tw een  s c ien ce  a n d  e p is tem o lo g y  w as  a t  th e  cen te r  

o f  a tten tion  in  d iscussion s o v e r  m a n y  years w ith  P h il ip p  F rank , tha t 

m o s t  h um an is t ic  a n d  c o n c il ia to ry  o f  lo g ica l  em p ir ic is ts , a n d  b io g ra p h e r  

o f  A lb e r t  E in ste in ; u n d e r  F rank , 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 rv a rd . I t  w as  h e  w h o  p r o v id e d  m e  la ter  w ith  the  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 the  P r in ce ton  In stitu te  

fo r  A d v a n c e d  S tu dy . A n d  it  w as w h ile  r e a d in g  th rou gh  th a t v o lum in ou s  

m a teria l as p a rt  o f  the  e f fo r t  to  c a ta lo g  it  w ith  the  h e lp  o f  E in ste in ’ s 

k n ow le d g a b le  secretary , M iss  H e le n  D u k a s  ( t o  w h om  m an y  a ck n ow 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 cam e  aw a re  o f  

h is to r ica l p r ob lem s  w ith in  th e  fr am ew o rk  o f  S i  w h ich  ra re ly  g e t  asked  

ou ts id e  it.

A  c om p lem en ta ry  in flu en ce  w as ex e r ted  th rou gh  th e  a c c id e n t  o f  b e in g  

in tr igu ed  in to  te a ch in g  in  the  G en e ra l E d u ca t io n  p ro g ram  b y  H a rv a rd ’ s
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President, J am es  B . C on a n t , a n d  th e  physic ist  E dw in  C . K em b le . T h e r e  

I  n o t  o n ly  h a d  to  s trugg le  w ith  th e  c om p e t in g  h is to r io g ra p h ic  th eor ies  in  

try ing  to  u n d ers ta n d  h ow  s c ien 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 re  a n d  soc ie ty , b u t  a lso  c am e  u p  aga in st s om e  o f  th e  r aw  

p e d a g o g ic  p r ob lem s  th a t a re  d iscu ssed  in  th e  essays tow a rd  th e  e n d  o f  

this v o lum e . F requ en tly , I  fe lt  c a u g h t  in  th e  cross fire  b e tw een  co llea gu es  

ou ts id e  the  sc ien ces  w h o  w e re  ra th e r  sk ep tica l o f  th e  fie ld— su ch  as 

D ou g la s  B ush  an d  R a p h a e l  D em o s— an d  in te llig en t  a n d  e lo q u en t  stu ­

den ts in  the  c la ssroom  w h o  in  th ose  days w e re , i f  a n y th in g , a ll to o  ready  

to  c o n c e d e  an y  c la im  m a d e  fo r  s c ien ce .

A s  m u ch  as an y  o f  these, h ow ev e r , I  m ust a ck n ow le d g e  th e  in flu en ce  

o f  a  n um b e r  o f  “ sh op  c lu b s ”  a n d  o th e r  series o f  in fo rm a l m eetin gs  w h ich  

h a d  fo rm ed  sp on tan eou s ly  in  an d  a rou n d  th e  C am b r id g e  area . In  o n e  

o f  these, u n d e r  th e  g en e ra l lea d e rsh ip  o f  P h il ip p  F rank  a n d  P . W . B r id g ­

m an , fa ir ly  regu la r  m ee 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 an y  years, w h ere  th e  irrep ress ib le  in d iv id u a lity  a n d  pa ss iona te  d e ­

fen se o f  w e ll fo rm ed  v iew s  w e re  a lw ays  in  e v id en ce . T h e r e  w e re  m em o ­

rab le  en cou n te rs  in v o lv in g  H en ry  A ik en , K a r l  D eu ts ch , R om a n  J a k o b -  

son , G y o rg y  K ep e s , P h il ip p e  L eC o rb e il le r ,  W . V .  O .  Q u in e , G io r g io  d e  

S an tillan a , H a r low  S h ap ley , B . F . S k inn er , S. S. S teven s , L a z io  T is za , 

R ich a rd  v o n  M ises , N o rb e r t  W ie n e r , as w e ll  as o c ca s io n a l v isitors fr om  

fa r -aw ay  N ew  Y o r k  o r  N ew  H a v en , su ch  as E rnest N a g e l  a n d  H en ry  

M a rg en a u . T h e  lo g ica l em p ir ic ists  am o n g  a ll these, c o n tra ry  to  the 

d o c tr in a ire  days o f  th e  1920 ’ s a n d  1930 ’ s, la id  as m u ch  stress as d id  a ll 

the  o th ers  o n  fu n d am en ta l, in te rd is c ip lin a ry  d iscussion s. F o r  e x am p le , 

fa r  fr om  w ish in g  to  d en ig ra te  o th e r  areas a n d  e x te n d in g  th e  h e g em on y  

o f  sc ien ce , F rank  h e ld  th a t  a  cen tra l q u es tion  w a s  “ H o w  ca n  w e  b r in g  

a b ou t  th e  c lo sest p oss ib le  ra p p r o ch em en t  b e tw een  p h ilo s o p h y  a n d  

s c ie n ce ? ”

B u t b e y on d  that, th e  m em bers  o f  th a t g r o u p  m ad e  n o  e ffo r ts  t o  e x a c t  

any  ag reem en ts , a n d  re lish ed  th e  m ost  w id e -r a n g in g  d eba 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 ca t io n a l m od e l  w as  th a t o f  a l low in g  a  w id e  

va rie ty  o f  v iew s fr om  d iffe ren t  su b je c t -m a tte r  fie ld s  t o  b e  b r o u g h t  to  b ea r  

on  liv in g  qu estion s , a n d  m ea su r in g  the ir  v a lu e  b y  the  u sefu lness o f  th e ir  

con tr ibu tion s .

A  s e con d  sh op  c lu b , started  b y  J. B . C on a n t , a n d  m ee t in g  a few  tim es 

e a ch  yea r , in v o lv e d  those  o n  th e  c o l le g e  fa cu lty— scientists, so c ia l s c ien -
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tists a n d  hum an ists— w h o  p a r t ic ip a te d  in  th e  G en e ra l E d u ca t io n  te a ch ­

in g  p ro g ram . T h is  a l low ed  th e  c iv il iz in g  e x p e r ien ce  o f  d iscu ss ion  w ith  

J e rom e  B run er , H a rry  L e v in , E rnst M a y r , H a r r y  M u rra y , T a lc o t t  P ar ­

sons, D a v id  R ie sm an , P au 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  

others. A t  a b o u t  th a t t im e  E . C . K em b le  a lso  a r ra n g ed  fr e q u en t  w o rk in g  

lu n ch  m ee 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 ien 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 sh ; u n qu e s t ion ­

a b ly  w e  a ll p r o fite d  fr om  these m eetin gs . L a te r  o n , d u r in g  th e  p e r io d  

w h en  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 am ­

b r id g e  to  h e lp  d es ign  th e  P r o je c t  Physics  C ou rse , I  b en e fite d  fr om  d is ­

cu ssions w ith  m em bers  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 tep h en  B ru sh , B an esh  H o f fm a n n , L o y d  Sw en son , a n d  S tep h en  

T o u lm in .

I n  th e  ea 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 sen ce  o f  G e o r g e  S a rton , a n d  the  

e le c tr ify in g  e f fe c t  o f  C am b r id g e  visits b y  A le x a n d re  K o y r e . M o r e  r e cen t ­

ly , th rou gh  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 en e fit  

f r om  th e  v iew s  o r  cou n te r -a rgum en ts  o f  su ch  c o lle a gu e s  a n d  fr ien d s  as 

R u d o l f  A rn h e im , E rw in  H ie b e r t , E v e re tt  M en 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 fsk y , J o sep h  A gass i, Y e h u d a  E lk an a , a n d  C ha rle s  

W e in e r . S om e  stim u la tin g  c on ta c ts  w e re  m ad e  th rou gh  D 6 e d 6 l u s  c o n ­

fe ren ces , f o r  e x am p le , w ith  E r ik  E rik son , w h o  su b sequ en tly  b e cam e  a  

c o lle a g u e  fr om  w h om  I  h a v e  lea rn ed  g rea tly .

In  listin g  in flu en ces , I  m ust n o t  om it  th e  E ran os  T a g u n g en , o rg an iz ed  

b y  A d o l f  P o r tm a n n , a t w h ic h  I  w as  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 en  lea rn  fr om  o th e r  m em bers  o f  th e  “ fa cu lty ,”  su ch  as 

P o r tm ann , M ir c e a  E lia d e , a n d  G e rsh om  S ch o lem .

O f  cou rse , th e  studen ts  in  o n e ’ s ow n  cou rses  a re  a lw ays  th e  m ost  c o n ­

s istent a n d  lo n g -su ffe r in g  cr itics , a n d  I  h a v e  in d ic a te d  in  som e  essays 

th ose  m em bers  o f  m y  sem inars  w h o  sh ou ld  b e  s in g led  o u t  fo r  th e ir  

th ou g h t fu l responses.

F in a lly , it  is a  p lea san t d u ty  to  a ck n ow le d g e  th e  fu n d s  w h ich  m a d e  

som e  o f  these  stud ies p o s s ib le ; th is is d o n e  in  severa l o f  th e  essays 

th em selves , b u t  I  w ish  to  a ck n ow le d g e  in  p a r t icu la r  th e  h e lp fu ln ess  o f  

gran ts  fr om  th e  se c t ion  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 ce  in  th e  

N a t io n a l S c ien ce  F ou n d a t io n .

I  ow 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 rk  C a rro 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 , an d  M a rk  C a rro ll, as D ir e c to r  o f  H a rv a rd  U n iv e rs ity
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Press, b o th  suggested  p u b lica 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 skep tic ism  in to  r ea d y  c om p lia n c e . T o  A u d re y  

N e lson  S la te , C la re  Y .  W h a le y , J o sep h  E ld er , H e le n  S tew a rt , a n d  

B everly  R ea um 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 rob lem s  o f  this v o lum e .

M o s t  o f  th e  essays in  this v o lum e  a re  substan tia lly  as g iv en  in  th e ir  

o r ig in a l fo rm , e x c e p t  fo r  m in o r  ch an ges  in  a  few  passages a n d  som e  

expan sion s  o r  a b b rev ia tion s  to  r em ov e  o b v iou s  in fe lic it ie s  o r  r e d u n d a n ­

cies . S om e  o v e r la p  th a t h a d  b e en  necessary  w h en  pu b lish in g  sepa ra te ly  

a p p ea r in g  essays in  d iffe ren t  jo u rn a ls  has h e re  b e en  d e le te d ; b u t  I  h o p e  

I  h a v e  le ft  e n ou gh , a n d  I  h a v e  p r o v id e d  cross  re fe ren ces , so  th a t sk ip p in g  

b a ck  a n d  fo r th  is p oss ib le  f o r  a  re a d e r  w h o  d oe s  n o t  w ish  to  g o  th rou gh  

th e  essays as h e re  a rran g ed  in  s equ en tia l o rd e r .

J e ffe r son  P h ys ica l L a b o ra to r y  G era ld  H o l to n

D ep a r tm en t  o f  P h ysics ,

H a rv a rd  U n iv er s ity

NOTES

1. Great credit fo r  the recent push in  this d irection  must go  to  such projects 

and institutions as the Center for  the H istory o f  Physics at the Am erican  Insti­

tute o f  Physics, the Joint Am erican  Physical Society-Am erican  Philosophical 

Society P ro ject fo r  the H istory o f  Quantum  Physics, and the Am erican  A cade ­

my o f  Arts and Sciences-A IP  Joint Study on  the H istory o f  Nuclear Physics, to 

the opening up  o f  such archives as that o f  A lbert Einstein in  Princeton, and 

to the financial support provided  fo r  many o f  these activities by such 

granting agencies as the National Science Foundation and, to  a certain extent 

m ore recently, the National Endowment fo r  the Humanities. These remarks 

refer to the history o f  contemporary physics alone; sim ilar activities are begin ­

ning to be  pursued on  the recent history o f  the other sciences.

2. W illiam  James, T h e  W i l l  t o  B e l i e v e  6 n d  O t h e r  E s s 6 y s  i n  P o p u l 6 r  

P h i l o s o p h y  (N ew  Y ork : Longmans, Green & C o ., 1897), pp . 92 -93 .

3. E.g., by R . B. Braithwaite, S c i e n t i f i c  Ex p l 6 n 6 t i o n  (C am bridge : 

Cambridge University Press, 1953), p . 22.

4. Ib id ., p. 107.

5. E.g., Ludw ig W ittgenstein, T r 6 c t 6 t u s  L o g ic o -P h i l o s o p h i c u s  (L ondon : 

Routledge & Kegan Paul, 1961 ), 6.3211, 6.33, 6.34, 6.35; or Stephen T ou l- 

min, Fo r e s i g h t  6 n d  U n d e r s t 6 n d i n g  (B loom ington , Indiana : Indiana U n i ­

versity Press, 1961), p. 100.

6. Braithwaite, op . c it ., pp. 20 -21 ; italics added.

7. See T ou lm in , op . c it., p. 69.
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8. O f  course, not all themata are meritorious. As Bacon warned in discussing 

the fou r Ido ls  that can trap the scientific m ind, some have turned out to divert 

or  slow  the growth o f  science.

N or  d o  all sciences have to benefit equally; the holistic v iewpoint introduced 

at the start o f  the nineteenth century may have had benefits in physics but was 

on  the whole a handicap fo r  b iology . N or  is there any necessity that the allegi­

ance by  a given scientist to a given thema must be unshakable. Scientists can 

and occasionally  d o  change loyalties to a thema, as is demonstrated in the dis ­

cussion o f  the ph ilosoph ical developm ent o f  Einstein in the eighth essay.

9. S im ilarly, it should  not be  necessary to  stress that thematic analysis is not 

an ideology, a school o f  metaphysics, a plea fo r  irrationality, an attack on  the 

undoubted effectiveness o f  em pirical data and experim entation, or, a desire 

to teach scientists h ow  to  d o  their jo b  better. N or  is it a theoretical framework 

fo r  a ccomm odating  such notions as paradigms or  research programs.

10. These may first be  m erely the establishment o f  typology. Just as Ostwald 

had discerned a d ichotom y between classical and romantic styles w ithin science 

(w h ich  A lbert Szent-Gyorgyi recently renamed systematic and intuitive, or 

A pollon ian  and D ionysian ), Lew in  distinguished between the Aristotelian and 

Galilean m odes o f thought, and showed their persistence in contemporary 

scientific work.

11. In  this way w e may possibly have been hop ing  to return to the prim itive 

or childlike state o f  Einheitsw irklichkeit, a prim itive Ganzheitserfahrung der  

grossen W elt  as against the later-learned Ich -W elt ,  the fragmented Partialwelt, 

or  O bjek tw elt, to  use the terms o f  Erich N eumann 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 : Rhein -V erlag , 1959), pp . 105-109.

12. Joseph Larmor, 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 on d on : W alter S cott Publishing C o., 1905 ), p . 12.

13. D av id  Hume. T h e  H i s t o r y  o f  E n g l 6 n d , V olum e  8 (1 7 7 3 ), p . 332.
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Hutchinson, 1959), p. 317.

15. O liver L odge , T h e  G eom etrisation  o f Physics, and Its Supposed  Basis on  
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u r 6 l  P h i l o s o p h y  (A ndrew  M otte  translation o f  1729, revised by Florian 
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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 ien t ific  th eor ie s  a re  c o n s tru c te d  is 

¡b y  n o  m ean s  u n an im ou s . W e  m ay , n everth e less , take  th e  a c c o u n t  

g iv en  n o t  t o o  lo n g  a g o  b y  th e  ph ys ic is t  F r ie d r ich  D essau er  as a  q u ite  

ty p ica l c o n tem p o ra ry  p re sen ta tion  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 ien ce . H is  s ch em e1 re fle cts  b o th  g en e ra l 

p ro fe ss ion a l a n d  p o p u la r  u n d ers ta n d in g .

T h e r e  a re , h e  rep orts , f iv e  steps. ( 1 )  T en ta t iv e ly , p r o p o s e  as a  h y ­

pothesis  a  p ro v is ion a l s ta tem en t o b ta in e d  b y  in d u c t io n  fr om  e x p e r ien ce  

a n d  p rev iou s ly  e stab lish ed  k n ow le d g e  o f  th e  fie ld . A n  e x am p le , d raw n  

fr om  exp e r im en ta l w o rk  in  physics , m ig h t  b e  th is : th e  o b se rv ed  la rg e  

loss o f  s ou n d  en e rgy  w h en  u ltra son ic  w aves  pass th rou gh  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 em en t  o f  th e  m o le cu le s  as 

th e  sou n d  w a v e  passes b y  th em . ( 2 )  N ow , re fin e  a n d  s tru ctu re  th e  h y ­

pothesis— fo r  e x am p le , b y  m ak in g  a  m a th em a t ica l o r  ph y s ica l a n a lo g o n  

sh ow in g  th e  w ay  s ou n d  en e rgy  m a y  b e  a b so rb ed  b y  c lum p s  o f  m o le cu le s . 

( 3 )  N ex t , d raw  lo g ica l  c on c lu s ion s  o r  p r e d ic t io n s  fr om  th e  s tru ctu red  

hypoth esis  w h ich  h a v e  p rom ise  o f  e x p e r im en ta l c h e ck— fo r  e x am p le , i f

Delivered at the Johns Hopkins University as a Shell Companies Foundation 

Lecture under the title P resu p p o s ition  in th e  C on s tru c tion  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. Harry W oo lf  

(Baltim ore: T h e  Johns H opkins Press, 1964) and reprinted in T h e  G �
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Jo u r n 6 l , V olum e V I I ,  N o . 1, pp. 8 7 -1 0 9 ,1 9 65 -6 6 .
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m ore  a n d  m o re  p ressu re  is a p p lie d  to  th e  sam p le  o f  w a te r , it sh ou ld  b e  

m o re  a n d  m o re  d iff icu lt  f o r  th e  a sso c ia ted  m o le cu la r  g rou p s  t o  a b so rb  

s ou n d  so  strik ing ly . ( 4 )  T h e n  ch e ck  th e  p r e d ic te d  c on sequ en ce s  (d e ­

d u c e d  fr om  th e  a n a lo g o n )  aga in st e x p e r ien ce , b y  fr e e  o b se rv a t ion  o r  

e x p e r im en ta l a rran g em en t. ( 5 )  I f  th e  d e d u c e d  c on sequ en ce s  a re  fo u n d  

to  c o r r e s p o n d  t o  th e  “ o b se rv ed  fa c ts ”  w ith in  e x p e c te d  lim its— an d  n o t  

o n ly  these  con sequ en ce s , b u t  a ll d if fe r e n t  on e s  th a t c a n  b e  d raw n  

(b e h a v io r  a t  con s ta n t  p ressu re  b u t  c h a n g in g  tem p era tu re , o r  s im ila r  e f ­

fe c ts  in  o th e r  l iq u id s )— th en  a  w a rran t  is a v a ila b le  f o r  th e  d e c is ion  th a t 

“ th e  resu lt o b ta in e d  is p o s tu la ted  as u n iversa lly  v a lid ”  (p . 2 9 8 ) .  T h u s , 

th e  h ypoth 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 stab lish ed .”

B u t, p o p u la r  o p in io n  con t in u e s , u n til th e  fa c ts  su p p o r t  su ch  a  p o s it ion  

an y  h y p o th e t ica l s ta tem en t is to  b e  h e ld  s c ru pu lou s ly  w ith  o p e n -m in d e d  

skep tic ism . T h e  scientist, D essau er  reports , “ d o e s  n o t  take  a  d o gm a t ic  

v iew  o f  his a ssum p tion , h e  m akes  n o  c la im  f o r  it, h e  d oe s  n o t  h e ra ld  it 

a b ro a d , b u t  k eep s  th e  q u es tion  o p e n  a n d  subm its  h is o p in io n  t o  th e  d e ­

c is ion  o f  n a tu re  itse lf, p r ep a red  to  a c c e p t  th is d e c is ion  w ith ou 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 am en ta l 

m e th o d  o f  th e  en tire  m od e rn  e ra , th e  sou rce  o f  a ll o u r  k n ow led g e  o f  

n a tu re  a n d  p ow 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 sp rea d  ch a ra c te r iza ­

t io n  o f  a  su p p osed  m a in  d i f fe r e n c e  b e tw een  scientists a n d  h um an is ts : th e  

fo rm e r , it  is o ft e n  sa id , d o  n o t  p r e em p t  fu n d am en ta l d e c is ion 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 ak e  a  p r io r i  c om m itm en ts , a n d  

o n ly  le t  th em se lves  b e  g u id e d  b y  th e  fa cts  a n d  th e  ca re 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 ost  su ch  

d iscussion s, n o th in g  w as  sa id  a b ou 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 ou t  th e  c r ite r ia  o f  p re s e le c t io n  w h ich  a re  in ev ita b ly  a t  w o rk  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  “ rea lity ”  o f  th e  fin a l resu lt.

T h is  a c c o u n t  o f  s c ien tific  p r o c e d u r e  is n o t  w r o n g ;  it has its use, fo r  

e x am p le , in  b r o a d ly  ch a ra c te r iz in g  c e rta in  fea tu res  o f  s c ien ce  as a  p u b lic  

in stitu tion . B u t i f  w e  try  to  u n d ers tan d  th e  a c t ion 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 ien ce , th e  ca teg o r ie s  a n d  steps listed  a b o v e  are  

d e f ic ie n t  b e ca u se  th ey  le a v e  o u t  an  essentia l p o in t : to  a  sm a lle r  o r  la rger  

d e g re e , th e  p ro cess  o f  b u ild in g  u p  an  a c tu a l sc ien tific  th e o ry  requ ires  

e x p lic it  o r  im p lic it  d e c is ion s , su ch  as the  a d o p t io n  o f  c e r ta in  h ypoth eses
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an d  cr ite r ia  o f  p re se le c tion  that are  n o t  a t  a ll sc ien tifica lly  “ v a lid ”  in  th e  

sense p rev iou s ly  g iv en  an d  u sua lly  a c c e p te d .2 O n e  resu lt o f  this r e c o g ­

n it ion  w ill  b e  th a t th e  d ich o tom y  b e tw een  sc ien tific  a n d  h um an is t ic  

s ch o la rsh ip , w h ich  is u n d ou b te d  a n d  rea l a t m an y  leve ls , b e c om e s  fa r  

less im press ive  i f  o n e  lo ok s  ca re fu lly  at th e  c on s tru c t ion  o f  sc ien tific  

th eories . T h is  w ill b e c om e  e v id en 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 am e ly  in  th e  fo rm a tion , testing , 

a n d  a c c e p ta n ce  o r  r e je c t io n  o f  hypoth eses .

I

T o  illustrate  th is p o in t  as c on c re te ly  as poss ib le , le t us lo o k  at a  case  

f o r  w h ich  it  has lo n g  b een  th ou gh t  th e  last w o rd  h a d  b e en  said . A s  is 

w ell k n ow n , B o ok  I I I  o f  N ew to n ’s P r i n c i p i 6 , w h ich  w as  su pp osed  to  use 

th e  p r in c ip le s  a n d  m a th em a tica l a ppa ra tu s  d e v e lo p e d  in  B ook s  I  a n d  I I  

t o  “ d em on stra te  th e  fram e  o f  the  System  o f  the  W o r ld ,”  o p en s  w ith  a  sec ­

t ion  tha t is as short as it is in it ia lly  su rp r is in g : the  fo u r  ru les  o f  rea son ­

in g  in  p h ilo sop h y , th e  R e g u la e  P h ilo sop h an d i. A t  an y  rate , th ey  a p p ea r  

so  in  th e  th ird  ed it ion , o f  1726 , k n ow n  t o  us u sua lly  th rou gh  M o t t e ’ s 

transla tion  o f  1729. T h e se  are , o f  cou rse , w e ll -k n ow n  ru les, a n d  I  n e ed  

rem in d  y o u  o f  th em  on ly  b rie fly . T h e y  c a n  b e  p a raph ra sed  as fo l low s :

I . N a tu re  is essentia lly  s im p le ; th e re fo re , w e  sh ou ld  n o t  in tr o d u ce  

m o re  h ypoth eses  th an  a re  su ffic ien t an d  necessary  fo r  th e  e x p la n a tion  o f  

ob se rv ed  fa cts . T h is  is a h ypoth esis , o r  ru le , o f  s im p lic ity  a n d  v era e  

cau sae.

I I .  H e n ce , as fa r  as p oss ib le , s im ila r  e ffe c ts  m ust b e  assigned  to  th e  

sam e cause . T h is  is a  p r in c ip le  o f  u n ifo rm ity  o f  n a tu re .

I I I .  P rop ertie s  c om m on  to  a ll th ose  b od ie s  w ith in  r e a ch  o f  o u r  e x p e r i ­

m en ts  a re  to  b e  assum ed  (e v e n  i f  o n ly  ten ta t iv e ly ) as p e rta in in g  to  a ll 

b od ie s  in  g en era l. T h is  is a  r e fo rm u la t ion  o f  th e  first tw o  h ypoth eses  a n d  

is n e ed ed  fo r  fo rm in g  u n iv e r s a l .

I V .  P rop os it ion s  in  s c ien ce  o b ta in ed  b y  w id e  in d u c t io n  a re  to  b e  re ­

g a rd ed  as ex a ct ly  o r  a p p ro x im a te ly  tru e  un til p h en om en a  o r  exp er im en ts  

sh ow  tha 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 cep t ion s . T h is  p r in ­

c ip le  states that p rop os it ion s  in d u c e d  o n  th e  basis o f  e x p e r im en t  sh ou ld  

n o t  b e  c o n fu te d  m ere ly  b y  p ro p o s in g  c on tra ry  h ypoth eses .

I t  has b een  ju stly  sa id  th a t these e p is tem o log ica l ru les are  b y  n o  m eans 

a  “ m od e l o f  lo g ica l c o h e r e n c e .” 3 T h e y  g r ew  in  a  c om p le x  w ay , sta rtin g
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fr om  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 ey  w ere  still ca lle d  H yp o th ese s  I  a n d  I I .  A s  N ew ton , 

w ith  g r ow in g  d islike  f o r  con trov e rsy , c am e  to  m ak e  th e  co rre c tion s  f o r  

th e  th ird  ed it ion , h e  a d d e d  the p o lem ica l  ru le  I V  w h ich  is a  c o u n te r ­

a tta ck  o n  th e  h yp o th ese s -la d en  m issiles fr om  th e  C artes ian s  a n d  L e ib -  

n izians.

B u t it  turns o u t  th a t N ew ton  at o n e  t im e  w as o n  th e  v e rg e  o f  g o in g  

fu rth er . I t  w as d is co v e red  o n ly  re cen tly  in  a  study  o f  N ew 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 ew to n  h a d  w ritten  a  len g th y  F ifth  

R u le , a n d  th en  h a d  suppressed  it. T h e  s ign ifican t parts o f  it  f o r  o u r  p u r ­

p o se  a re  the  first a n d  last sen ten ces  o f  this ru le , a n d  th e  lik e ly  reasons 

w h y  it  h a d  to  b e  suppressed .

“ R u le  V .  W h a te v e r  is n o t  d e r iv ed  f r om  th in gs  them selves , w h e th e r  b y  

th e  ex te rn a l senses o r  b y  in tern a l c o g ita t ion , is t o  b e  taken  fo r  h ypoth eses . 

. . . A n d  w h a t  n e ith e r  ca n  b e  d em on stra ted  f r om  th e  p h en om en a  n o r  

fo l low s  fr om  th em  b y  a rgum en 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, ev en  as to  N ew to n ’ s c on tem p o ra r ie s , d isc ip les , a n d  d e fen ders , 

the  sense in  w h ich  N ew to n  uses h ere  the  w o rd  “ h ypoth es is ”  in  the  su p ­

pressed  ru le  is c lea r ly  p e jo ra t iv e . I t  w as  a fte r  a ll N ew to n  h im se lf w h o , in  

1704 , h a d  w r itten  as th e  first sen ten ce  o f  th e  O p t i c k s , “ M y  d es ign  in  

this B o o k  is n o t  to  e x p la in  th e  P rop e rt ie s  o f  L ig h t  b y  H yp o th eses , b u t  to  

p r o p o s e  th em , a n d  p r o v e  th em  b y  R ea son  a n d  E xp e r im en 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  soun d  th e  d e c la ra t ion  h yp o th es e s  n on  

j in g o  in  the  s e con d , 1713 , e d it ion  o f  th e  P r i n c i p i 6 . W e  a re  a p t  to  re ­

m em b e r  th is s logan  ra th e r  th an  th e  fa c t  th a t in  N ew to n ’ s w o rk  fr om  

b eg in n in g  to  en d , a n d  e v en  in  th e  last e d it ion  o f  th e  P r i n c i p i 6  itself, o n e  

can  read ily  fin d  e x p lic it  h yp oth eses  as w e ll as d isgu 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 ypoth eses  a re  th em selves  m e th o d o ­

lo g ica l h ypoth eses  o f  c on s id e ra b le  c om p le x ity .

B u t, th en , is it n o t  strange  that N ew to n  a fte r  a ll d id  suppress th is F ifth  

R u le  w h ich  th e  N ew ton ia n s  a fte r  h im , h is m od e rn , em p ir ic is t  d isc ip les , 

f r om  C o te s  t o  D essau er, w ou ld  a c c e p t  rea d ily ?  T o  un derstand  w h y  N ew ­

ton  m ay  h a v e  d o n e  this is o f  im p o r ta n ce  i f  w e  w an t  to  u n ders tand  th e  

co s t  o f  h a v in g  so lo n g  b een  the  p h ilo s o p h ica l heirs o f  th e  v ic to r iou s  side 

in  th a t s ev en teen th -cen tu ry  qu a rre l c o n c e rn in g  w h a t  s c ien ce  sh ou ld  b e  

like.

T h e  an sw er has, I  th ink , severa l e lem en ts , b u t  o n e  is su rely  an  an c ien t
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o n e : th a t d isc ip les  a re  u sua lly  ea g e r  to  im p ro v e  o n  th e  m aster , a n d  th a t  

the  lea d e r  o f  a  m ov em en t  som etim es  d iscovers  h e  c a n n o t  o r  d oes  n o t  w ish  

to  g o  qu ite  as fa st to  th e  P rom ised  L a n d  as th ose  a rou n d  h im . (T h u s , it 

was n o t  C o r té s  b u t  th e  m en  h e  h a d  le ft  in  ch a rg e  o f  M e x ic o  w h o , as s o on  

as his b a ck  w as  tu rn ed , tr ied  to  press the  v ic to ry  t o o  fa st to  a  c o n c lu s io n  

an d  b e g an  to  s lau gh ter  th e  A z te cs , w ith  d isastrous con sequ en ce s .)

H e re  it  is s ign ifican t that N ew ton  h a d  o n ly  sa id , in  o n e  d ra ft  o f  h is 

G en era l S cho lium '. “ I  a v o id  h ypoth eses” ; a n d  in  th e  fin a l vers ion , “ I  d o  

n o t  fe ig n  h ypoth eses ,”  i.e ., I  m ak e  n o  fa lse  h ypoth eses . B u t his spokes ­

m an  an d  fr ien d , S am ue l C la rk e , transla ted  h im  to  r e a d : “ A n d  h y p o th e ­

ses I  m ak e  n o t ” ; a n d  A n d r ew  M o t t e  ren d e red  it  as th e  fam ou s  “ I  fram e  

n o  h ypoth eses .”  In  th is, as in  severa l o th e r  p la ce s , N ew to n ’ s p ro tagon is ts  

w en t  m u ch  fu r th e r  th an  h e  d id  a n d  seem ed  t o  ask f o r  a  B a con ia n  sense 

o f  c e rta in ty  in  s c ien ce  w h ich  N ew to n  k n ew  d id  n o t  exist.

N ew ton  h a d  in d e ed  e x p o sed  a n d  r e je c te d  ce rta in  h ypoth eses  as d e tr i ­

m en ta l; h e  k n ew  h ow  to  to lera te  o th ers  as b e in g  a t least h a rm less ; an d  

he , like  ev e ry on e  else, k n ew  h o w  to  p u t  t o  use  th ose  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 ew to n  a lso  fo u n d  o n e  class o f  h yp oth eses  

to  b e  im poss ib le  to  a v o id  in  h is pu rsu it  o f  n a tu ra l p h ilo s o p h y— a  class 

that shared  w ith  C artes ian  h ypoth eses  th e  ch a ra c te r is t ic  o f  n e ith e r  b e in g  

d em on strab le  fr om  th e  p h en om en a  n o r  fo l lo w in g  f r om  th em  b y  a n  a rgu ­

m en t ba sed  o n  in d u c t io n , t o  u se  th e  la n gu ag e  in  N ew to n ’ s suppressed  

F ifth  R u le  itse lf. T h e  ex is ten 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  un fa ls ifia b le , a n d  y e t  n o t  q u ite  a rb i ­

trary, h yp oth eses— tha t is a n  em barra ss in g  c o n c e p t io n  w h ich  d id  n o t  

a n d  d oe s  n o t  fit in to  a  p u re ly  p os it iv is tica lly  o r ien ted  p h ilo s o p h y  o f  sc i ­

en ce . F o r  th e  d e c is ion  w h e th e r  t o  en te rta in  su ch  hypoth eses  is c o u p le d  

ne ith er  to  o b se rva b le  fa cts  n o r  t o  lo g ica l a rgum en t.

In  N ew to n ’ s case , tw o  o b v io u s  exam p le s  o f  h is  use o f  this class o f  

hypoth eses— to  w h ich  I  re fe r  as “ th em a tic ”  p rop o s it ion s  o r  th em a tic  

hypoth eses , f o r  reasons to  b e  d iscu ssed  la ter— ap p ea r  in  h is th eo ry  o f  

m atter  a n d  his th e o ry  o f  g ra v ita t ion . 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 ted  th e  first m an u scr ip t  d ra ft  o f  th e  

G en era l S ch o lium  (w r it ten  in  Janua ry , 1712—13 ) in  w h ich  N ew ton  

very  p la in ly  con fesses  h is  in a b ility  to  c o u p le  th e  h ypoth es is  o f  g ra v i ­

ta tiona l fo r ce s  w ith  ob se rv ed  p h e n om en a : “ I  h a v e  n o t  yet d isc lo sed  

the cause  o f  g rav ity , n o r  h a v e  I  u n d erta k en  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 ers tan d  it f r om  the  p h en om en a . F o r  it  d oe s  n o t  arise fr om  the  

c en tr ifu g a l fo r c e  o f  an y  v o r te x , s in ce  it d oe s  n o t  ten d  to  th e  ax is  o f  a  

v o r te x  b u t  to  th e  c en te r  o f  a  p la n e t .” 5 A n d  sp eak in g  o f  N ew ton ’ s in ­

a b ility  to  a rr iv e  a t  th e  cau se  o f  g ra v ity  fr om  p h en om en a , th e  H a lls  

a d d :  “ In  o n e  o b v iou s  sense, th is is true , a n d  in  th a t sense it  kn ock s  th e  

b o t t om  o u t  o f  th e  ae th erea l h ypoth esis . In  a n o th e r  sense it  is fa ls e : 

N ew to n  k n ew  th a t G o d  w as the  cau se  o f  g ra v ity , as h e  w as  th e  cau se  o f  

a ll n a tu ra l f o r c e s . . .  .” 6

E x a c t ly  so— fo r  th is in d e ed  w as N ew to n ’ s cen tra l p re su p p o s it ion  in  

th e  th e o ry  o f  g ra v ita t ion . 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 as  N ew to n ’ s d i lem m a : I n  sp ite  o f  h is c o n ­

fid en t  ex p e c ta t ion s , physics  a n d  m etaphys ics  ( o r  ra th e r  th e o lo g y )  d id  

n o t  sm oo th ly  c om b in e . I n  th e  en d , m e ch an ism  a n d  N ew ton ’ 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  ch o o se , N ew ton  

p re fe r r ed  G o d  to  L e ib n iz .”

T h a t  N ew to n  c o u ld  n o t  b r in g  h im se lf t o  a n n ou n ce  th is  h ypoth es is  in  

th e  P r i n c i p i 6  is n o t  s tran ge  s in ce  th e  g rou n d s  o f  th e  h ypoth es is  a re  so  

fo r e ig n  t o  th e  a v ow e d  p u rp o se  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 em a tic  h ypoth es is  b e ­

c om e s  m o re  p ersuasive  th e  lo n g e r  th e  p e r io d  o f  u n su ccess fu l a ttem p ts  to  

use  o th e r  h ypoth eses , n am e ly , th ose  th a t a re  c o u p le d  to  p h en om en a . 

T h e  th em a tic  h ypoth es is  is o fte n  an  im p o ten cy  p ro p o s it io n , in  th e  sense 

th a t th e  sea rch  f o r  a lterna tives  has p r o v e d  t o  b e  va in . T h e  p o in t  w h en  

o n e  is fo r c e d  to  re ly  o n  th em a tic  h ypoth eses  is e x a ct ly  w h en  o n e  has t o  

say, w ith  N ew to n :  “ I  c o u ld  n o t  u n d ers tan d  it f r om  th e  p h en om en a .”

S o  w h en  w e  a p p r o a ch  th e  physics  o f  a  m a n  lik e  N ew ton , a n d  ev en  

w h en  w e  try  to  in te rp re t  h is e p is tem o lo g ica l p o s it ion , w e  m ust lo o k  b e ­

y o n d  th e  e x p lic it  a n d  o b v iou s  c om p o n e n t  o f  it, th e  b a s ica lly  op e ra tion is t  

a n d  re la tiv istic  physics  o f  o b se rva b le  even ts. W h a t  m a d e  h is  w o rk  m ean ­

in g fu l t o  N ew ton  w as su rely  th a t in  h is physics  h e  w as c o n c e rn e d  w ith  a  

G o d -p en e tra te d , rea l w o r ld : G o d  h im se lf is s ta n d in g  b eh in d  th e  scenes, 

lik e  a  m a r ion e tte  p layer , m o v in g  th e  un seen  strings o f  th e  p u p p e ts  tha t 

m ere ly  a c t  o u t  th e  th ou gh ts  in  H is  g rea t  sen sorium . A n d  th is is a  p r o p ­

o s it ion  w h ich  N ew to n  tr ied  to  a v o id  h a v in g  to  state op en ly , w h ere  h is  

fr ien d s  a n d  enem ies  w ou ld  see it, th ou gh  th is r e lu c ta n ce  a c cou n ts  fo r  

s om e  o f  th e  strange  ten s ion  w h ich  p e rvad es  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 ew ton , o n e  is s tru ck  b y  th e  fa c t  th a t b e low  the  su r fa ce  

th e  m a jo r  p ro b lem s  w h ich  h aun ted  h im  w e re  v e ry  c lo se ly  re la ted . T h e y

5 2



T H E  T H EM A T IC  IM AG IN A T IO N  IN  SC IEN CE

a re : ( a )  th e  cau se  o f  g rav ity , w h ose  ex is ten ce  o n ly  h e  h a d  “ estab lished  

fr om  p h en om en a ” ; ( b )  th e  ex is ten ce  o f  o th e r  fo r ce s , e .g ., sh ort-ran ge  

fo r ce s  to  e x p la in  c oh e s ion , c h em ica l p h en om en 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  “ sensory”  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 ten ce  o f  th e  D e ity  (n am e ly , b y  sh ow in g  

th a t  th ere  c a n  b e  n o  o th e r  fina l causes  f o r  d em on s tra ted  fo r c e s  a n d  m o ­

t ion s  th an  th e  D e ity— that, th e re fo re , th e  D e ity  n o t  o n ly  has p rop ertie s , 

b u t  a lso  “ d om in io n ” ) .

I n  N ew to n ’ s physics , th e  h yp o th es ized  “ sensory”  o f  G o d  is th e  c u t -o f f  

p o in t  b e y on d  w h ich  it  w as  unnecessa ry  a n d  in a p p ro p r ia te  to  ask  fu rth e r  

qu estion s. A n d  th is  is an  im p o r ta n t  fu n c t io n  o f  a  th em a tic  h ypoth esis , 

w h ich  b y  its v e ry  n a tu re  is n o t  su b je c t  to  v e r if ica t ion  o r  fa ls ifica tion . F o r  

un lik e  th e  u sua l class o f  hypoth esis— w h ich , t o  u se  A r is to t le ’ s fo rm u la , is 

a  s ta tem en t th a t m ay  b e  “ b e lie v ed  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 em a tic  h yp o th es 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 ce . T h u s ; as scientists, w e  c a n n o t  a n d  n e ed  n o t  

ask w h y  it is th a t  w e  b e lie v e , w ith  D esca rte s , in  an  “ in e sca p ab 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 rre sp on d en ce s  b e ­

tw een  ce r ta in  ob se rva tion s  a n d  th e  p re d ic t io n s  th a t fo l lo w  fr om  a  m o d e l ;  

o r  n ow adays , f o r  th a t m a tter , w ith  N ie ls  B oh r , w h y  w e  c a n  “ b u ild  u p  an  

u n d ers tan d in g  o f  th e  regu la rities  o f  n a tu re  u p o n  th e  c on s id e ra t ion  o f  

p u re  n um b e r .”

I I

W e  h ave  in d e ed  le ft  th e  r e c ip e  f o r  a  s tep -b y -s tep  c on s tru c t ion  o f  s c ien ­

t ific  th eo ry  fa r  b eh in d . L e t  us n ow  tu rn  fr om  th e  s p e c if ic  e x am p le  a n d  

a ttem p t to  d iscern  in  a  s ch em a tic  w a y  w h a t  the  analysis o f  s c ien tific  

theories  in  term s o f  th em a ta  ad d s  to  th e  m o re  c o n v en t io n a l k in d  o f  

analysis.

R egard less  o f  w h a t  s c ien tific  sta tem en ts  th ey  b e lie v e  to  b e  “ m ean in g ­

less,”  a ll p h ilo soph ie s  o f  s c ien ce  a g ree  th a t tw o  types o f  p r o p o s it io n  a re  

n o t  m ean ing less , n am e ly , sta tem en ts  c o n c e rn in g  em p ir ica l m atters  o f  

“ fa c t ”  (w h ic h  u lt im a te ly  b o i l  d ow 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 rn in g  th e  ca lcu lu s  o f  lo g ic  a n d  m a th em a tics  (w h ic h  u ltim a te ly  b o il  

d ow n  to  t a u t o lo g ie s ) .

T h e r e  a re  c lea r ly  d ifficu ltie s  h e re  th a t w e  m igh t  w e ll d iscuss. F o r  e x ­

am p le , the  em p ir ica l m atters o f  fa c t  o f  m o d em  sc ien ce  a re  n o t  s im p ly  

“ o b se rv ed ,”  bu t  a re  n ow aday s  m o re  a n d  m o re  o b ta in a b le  on ly  b y  w a y
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o f  a  d e tou r  o f  te ch n o lo g y  ( t o  use a  te rm  o f  H e isen b e rg ’ s ) a n d  a  d e tou r  

o f  th eory . B u t  in  th e  m a in  w e  c a n  d istin gu ish  b e tw een  these  tw o  types o f  

“ m ean in g fu l”  s ta tem ents  q u ite  w e ll. L e t  us ca ll  th em  resp ectiv e ly  em ­

p ir ica l  ( o r  p h e n om en ic ) a n d  ana ly tica l  s ta tem ents , a n d  th in k  o f  th em  

as i f  th ey  w e re  a rrayed  re sp e ct iv e ly  o n  o r th o g o n a l x -  a n d  y -a xes , th e reby  

w e  ca n  rep resen t these tw o  “ d im en sion s”  o f  u sua l sc ien tific  d iscou rse  b y  

a  fra n k  a n a lo g y , a n d  g en e ra te  te rm in o lo g y  w h ich  w ill b e  u se fu l as lo n g  

as w e  d o  n o t  fo rg 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  an a ly ze  th e  c o n c e p ts  o f  s c ien ce  (su ch  

as f o r c e ) , a n d  the  p rop o s it ion s  o f  s c ien ce , e .g ., a  h ypoth es is  (su ch  as “ X -  

rays a re  m a d e  o f  h ig h  en ergy  p h o ton s ” ) o r  a  g en e ra l s c ien tific  law  

(su ch  as the  law  o f  un iversa l g r a v ita t io n ) .  T h e  c o n c ep ts  a re  an a log ou 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 rd in a te s . T h e  p r o p o s i ­

tion s  a re  a n a lo g ou s  to  lin e  e lem en ts  in  th e  sam e p lan e , h a v in g  p r o je c te d  

c om p on en ts  a lo n g  x -  a n d  y -axes .

T o  illu stra te , c on s id e r  a  c o n c e p t  su ch  as fo r c e . I t  has em p ir ica l, x -  

d im en s ion  m ean in g  b e cau se  fo r ce s  c a n  b e  q u a lita tiv e ly  d is co v e red  a n d , 

in d e ed , q u an tita t iv e ly  m easu red , by , say, th e  ob se rv a b le  d e fle c t ion  o f  

so lid  b od ie s . A n d  it has an a ly tica l, y -d im en s ion  m ean in g  b e cau se  fo r ce s  

o b e y  th e  m a th em a tics  o f  v e c to r  ca lcu lu s  (e .g .,  th e  p a ra lle lo g ram  law  

o f  c om p o s it io n  o f  f o r c e s ) , ra th er  th an , f o r  e x am p le , th e  m a th em a tics  o f  

sca lar  quan tities .

N ow  c on s id e r  a  p r o p o s it io n  ( a  h ypoth es is , o r  a  la w ) : th e  law  o f  u n i ­

versa l g ra v ita t ion  has an  em p ir ica l d im en s ion  o r  x -c om p o n e n t— fo r  e x ­

am p le , th e  ob se rv a t ion  in  th e  C av en d ish  e x p e r im en 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 easu red . 

A n d  th e  law  o f  un iversa l g ra v ita t ion  has an  an a ly tica l o r  y -c om p on en t , 

th e  v e c to r -ca lcu lu s  ru les f o r  th e  m an ip u la t ion  o f  fo r c e s  in  E u c lid ean  

spa ce .

A n  in te rp o la t io n  is h e re  in  o rd e r , t o  a v o id  th e  im press ion  th a t th ere  is 

som e  ab so lu te  m ean in g  in ten d ed  fo r  the x -  o r  y -c om p on en ts . In d e e d , it  

is p r e fe ra b le  to  use th e  te rm  “ h eu r is t ic -a n a ly t ic ”  f o r  the  y -d im en s ion , o n  

g rou n d s  w h ich  I  c a n  a t least in d ica te  b y  n o t in g  th a t there  ex ist in  p r in ­

c ip le  in fin ite ly  m an y  p oss ib le  lo g ica l  an d  m a th em a tica l system s, in ­

c lu d in g  m u tu a lly  c o n tra d ic to ry  on es , fr om  w h ich  w e  ch o o s e  th ose  tha t 

su it o u r  pu 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 eg ree  

o f  f r e e d om  to  m ak e  “ a rb itra ry ”  d e c is ion s  o n  h eu ris tic  g roun d s . A t  

least a t first g la n ce , w e  seem  con s tra in ed  to  d ea l w ith  th e  p h en om en a  o f
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ou 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 an  w ith  

m any  m u tu a lly  c o n tra d ic to ry  w o r ld s  o f  p h en om en a  fr om  w h ic h  w e  

m igh t  b e  fr e e  to  se le ct  th ose  to  w h ich  w e  w ish  to  p a y  a tten tion . H o w ­

ever, o n e  ca n  a t least im a g in e  w or ld s  th a t  a re  q u ite  d iffe ren t ly  c o n ­

s tru cted , w h ere  o n  th e  o n e  h a n d  an  in fin ite ly  la rge  p o o l  o f  p h en om en a  

con ta in s  “ c o n tra d ic to ry ”  sets ( i .e . ,  stones th a t som etim es  fa ll  a n d  som e ­

tim es rise, in  som e  r a n d om  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 em a tica l to o ls  a re  severe ly  restr icted— say, o n ly  to  

A r is to te lian  sy llogism s a n d  e lem en ta ry  a r ithm etic . T h e n  w e  w ou ld  b e  

fo r c e d  to  se lect fr om  a ll p o ss ib le  ob servab les  th ose  w h ich  c a n  b e  rep re ­

sen ted  a n d  d iscussed  in  term s o f  s ca la r  qu an tities , a n d  w e  w ou ld  h a v e  to  

e x c lu d e  fo rce s , a c ce le ra t ion , m om en ta , e tc . In  th a t case, the  x -d im en -  

sion  c o u ld  b e  n am ed  th e  d im en s ion  o f  h eu r is t ic -em p ir ica l sta tem ents.

N ow , to  som e  e x ten t  w e  a re  in  th is s itu a tion  ev en  n ow  in  o u r  “ rea l”  

w o r ld . W e  g e t  a  h in t  o f  it  w h en  w e  th in k  o f  the  g rea t  n um b e r  o f  p h e ­

n om en a  that a re  th ou gh t  to  b e  im p o r ta n t  tod ay , bu t  th a t w ere  u n k n ow n  

y es te rd ay ;7 o r  i f  w e  th ink  o f  th e  c on t in u a l ch a n g e  in  th e  a lle g o ry  ( f o r  

e x am p le , the  a llego ry  o f  m o t io n  i t s e l f ) ,  f r om  th e  A r is to te lian  c o n c e p ­

t ion  w h ich  e q u a ted  m o t io n  a n d  ch a n g e  o f  an y  k in d , t o  th e  m od e rn , 

m u ch  a ttenu a ted  id e a  o f  m o t io n  as th e  ra te  o f  ch a n g e  o f  d is tan ce  o r  

d isp la cem en t w ith  re sp ect  to  t im e , o r  qu an t if ia b le  lo c a l  m o t io n .

W e  rea lize  th e  sam e p o in t  a lso  w h en  w e  th ink  o f  a ll th e  “ p h en om en a ”  

w h ich  a t  an y  t im e  a re  s im p ly  n o t  a dm itte d  in to  s c ien ce— fo r  e x am p le , 

h ea t a n d  s ou n d  in  G a li le o ’ s physics , o r  m ost  types o f  s in g le -ev en t  o c ­

cu rren ces  th a t d o  n o t  p rom ise  e x p e r im en ta l c o n t r o l  o r  r ep e t it ion  in  

m o d em  ph y s ica l sc ien ce . I n  sh ort, w e  a re  a lw ays  su r rou n d ed  o n  a ll 

sides b y  fa r  m o re  “ p h en om en a ”  th an  w e  c a n  use, a n d  w h ich  w e  d e c id e  

— an d  m ust d e c id e— to  d isca rd  a t  a n y  p a r t icu la r  s tage  o f  s c ien ce .

T h e  c h o ic e  o f  a llow a b le  ana ly t ica l  system s is in  p r in c ip le  a lso  v e ry  

la rge . T h u s , an y  p o in t , o n  a n y  o b je c t ,  c o u ld  f o r  pu rp oses  o f  k in em a tica l 

d escr ip t ion  b e  r e g a rd ed  as the  c e n te r  o f  the  w o r ld . B u t th e  c h o ic e , in  

p ra c t ic e , is q u ite  restr ic ted . In d e e d , th e  rea son  th a t s c ien ce , un til the  la te  

n in e teen th  cen tu ry , w as  so  sure o f  th e  un iqu eness  o f  th e  g iv en  w o r ld  is 

to  b e  sou gh t in  th e  fa c t  th a t th e  an a ly tica l system s th en  av a ila b le  w ere  

so s im p le  a n d  h a d  s o  lo n g  r em a in ed  w ith ou t  fu n d am en ta l qu a lita tiv e  

changes  a n d  a lterna tives . T h u s  N ew to n  c o u ld  say in  th e  p r e fa ce  o f  th e  

P r i n c i p i 6  th a t g e om e try  itse lf is “ fo u n d e d  in  m e ch an ica l p ra c t ic e  a n d  is 

n o th in g  bu t  th a t p a r t  o f  un iversa l m e ch an ics  w h ich  a c cu ra te ly  p rop oses
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an d  d em on stra tes  th e  art o f  m ea su r in g .”  T h is  im press 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  an a ly zed  b y  s c ien ce  in  term s 

o f  th en  cu r ren t  x -  a n d  y -c om p on en ts , ex is ted  in  a  u n iq u e , a  p r io r i  w ay . 

I n  m a th em a tics  o n e  ca lls  su ch  a  s itu a tion , w h e re  th e  p o ten t ia l p lu ra lity  

o f  so lu tion s  shrinks to  o n e  o r  a  v e ry  few , a  “ d e g en e ra te ”  case . I t  is o n ly  

a fte r  th e  d is co v e ry  o f  n o n -E u c lid e a n  m a th em a tics  th a t o n e  b eg in s  to  

see th e  essentia l a rb itrarin ess  o f  th e  y -d im en s io n  e lem en ts  in  w h ich  o u r  

s c ien tific  sta tem en ts  a re  c o u ch e d , a n d  th a t o n e  b e c om e s  o p e n  to  th e  

su ggestion  th a t  th ere  is a lso  a n  arb itrarin ess  in  th e  d e c is ion s  a b ou t  w h a t  

x -d im en 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 rh a p s  a t th e  h ea rt  

o f  th e  cu r ren t  a gn os tic ism  c o n c e rn in g  th e  o ld  qu es tion  as t o  th e  “ rea lity ”  

o f  th e  w o r ld  d e s c r ib ed  in  th e  x -y  p la n e .

B u t w h e th e r  th ey  a re  a rb itra ry  o r  n o t , th e  x -y  axes  h a v e , s in ce  th e  

seven teen th  a n d  e ig h te en th  cen tu r ies , m o re  a n d  m o re  d e fin ed  th e  to ta l 

a llow a b le  c o n ten t  o f  s c ien ce  a n d  e v en  o f  s ou n d  sch o la rsh ip  g en era lly . 

H um e , in  a  fam ou s  passage , exp ressed  e lo q u en t ly  th a t  o n ly  w h a t  c a n  b e  

r e so lv ed  a lo n g  x -  a n d  y -a x e s  is w o r th y  o f  d is cu ss ion :

I f  w e take in  our hands any volum e; o f  divinity, o r  school metaphysics, fo r  in ­

stance : Let us ask, D oes it contain  any abstract reasoning concern ing quantity 

or  number? N o . D oes it contain  any experim ental reasoning concern ing matter 

o f  fact or  criteria? N o . C omm it it then to  the flames. For it can  contain  noth ­

ing but sophistry and illusion.

I f  w e  n o w  lea v e  th e  x -y , o r  c o n t in g en t ,8 p la n e , w e  a re  g o in g  o f f  in  

an  u n d en ia b ly  d a n g e rou s  d ir e c t io n . F o r  it  m ust b e  con fe s sed  at o n c e  that 

th e  to u g h -m in d e d  th inkers  w h o  a t tem p t  t o  liv e  en tire ly  in  th e  x -y  p la n e  

a re  m o re  o f t e n  th an  n o t  q u ite  ju s t ified  in  th e ir  d ou b ts  a b ou t  the  c la im s  

o f  th e  m o r e  te n d e r -m in d ed  p e o p le  ( t o  use a  ch a ra c te r iza t ion  m a d e  b y  

W ill iam  J am e s ) .  T h e  r e g io n  b e low  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 au d lin  rea lm , e v en  i f  th e  n am es  o f  th o se  

w h o  h a v e  som etim es  g o n e  in  th is d ir e c t ion  a re  d istin gu ish ed . A s  E d u a rd  

D ijk s te rhu is  has  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  found  out by em pirical verification; imagination, w h ich  constitutes 

an indispensable element 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 on d  the  x -y  p la n e  in  u n d ers ta n d in g
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sc ien ce  an d , in d e ed , in  d o in g  sc ien ce , h a d  b e en  con sisten tly  v o ic e d  lo n g  

b e fo r e  C op e rn 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 ypoth eses  is n o t  o n ly  th a t th ey  m ust a g ree  w ith  o b se rva tion , 

b u t  a lso  “ th a t th ey  m ust b e  con s is ten t w ith  ce r ta in  p r e c on c e p t io n s  ca lle d  

‘a x iom s  o f  physics ,’ su ch  as th a t ev e ry  ce lestia l m o t io n  is c ir cu la r , ev e ry  

celestia l m o t io n  is u n ifo rm , a n d  so  fo r th .” 10 A n d  i f  w e  lo o k  ca re fu lly , 

w e  ca n  fin d  e v en  am on g  the  m ost  h a rd -h e a d e d  m o d em  ph ilo soph ers  

an d  scientists a  te n d en cy  to  a dm it  th e  n ecessity  a n d  ex is ten ce  o f  a  n o n ­

c on t in g en t  d im en s ion  in  s c ien tific  w ork . T h u s  B ertran 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 -su p ­

p os it ion s  n e ith e r  em p ir ica l n o r  lo g ica lly  necessary ” ; a n d  in  a  rem ark ab le  

passage, K a r l  R . P o p p e r  con fesses  v e ry  p la in ly  to  th e  im poss ib ility  o f  

m ak in g  a  s c ien 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 lem en ts :

Science is not a system o f  certain, o r  well-established, statements; nor is it a 

system which  steadily advances towards a state o f  finality . . . .  W e  d o  n o t  

kn ow : w e  can  on ly  gu ess . A nd  our guesses are gu ided by  the unscientific . . . 

faith in  laws, in regularities which  w e can uncover— discover. Like Bacon, 

w e m ight describe our ow n  contemporary science— “ the m ethod  o f  reasoning 

which  men now  ordinarily apply  to  nature”— as consisting o f  “ anticipations, 

rash and premature”  and as “ prejud ices.” 12

O n e  c o u ld  c it e  an d  ana ly ze  s im ila r  o p in io n s  b y  a  n um b e r  o f  o th e r  

scientists a n d  p h ilo soph ers . I n  g en e ra l, h ow ev e r , th e re  has b e e n  n o  sys­

tem a tic  d e v e lo pm en 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 ou ld  

d iscern  th e  ex is ten 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 rou gh  w h ich  

the  p h ilo s o p h y  o f  s c ien ce  has re cen tly  b e e n  tra ve lin g . T o  su p p lem en t  

c on t in g en cy  analysis, I  suggest a  d isc ip lin e  th a t m a y  b e  c a lle d  th em a tic  

analysis o f  s c ien ce , b y  a n a lo g y  w ith  th em a tic  analyses th a t h a v e  fo r  so 

lo n g  b een  used  to  g rea t  a d van ta g e  in  s ch o la rsh ip  ou ts id e  sc ien ce . I n  

a d d it ion  to  th e  em p ir ica l o r  p h e n om en ic  ( x )  d im en s ion  a n d  th e  h eu ­

r is tic -ana ly tic  ( y )  d im en s ion , 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 en s ion  o f  fu n d am en ta l p re su pp os it ion s , n o t ion s , 

term s, m e th o d o lo g ic a l  ju d gm en ts  a n d  d ec is ion s— in  sh ort, o f  th em a ta  

o r  them es— w h ich  a re  th em selves  n e ith e r  d ire c t ly  e v o lv e d  fr om , n o r  

reso lvab le  in to , o b je c t iv e  o b se rv a t ion  o n  th e  o n e  h a n d , o r  lo g ica l , m a th e ­

m a tica l, a n d  o th e r  fo rm a l a n a ly tica l r a t io c in a t io n  o n  the  o th e r  h a n d . 

W ith  th e  a d d it ion  o f  th e  th em a tic  d im en s ion , w e  g en era lize  th e  p la n e  

in  w h ich  con cep ts  a n d  sta tem ents  w ere  p rev iou s ly  an a ly zed . I t  is n ow  

a  th ree -d im en sion a l “ sp a ce ” — using  th e  term s a lw ays in  fu ll aw areness
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o f  th e  lim its  o f  a n a lo g y— w h ich  m ay  b e  ca lle d  p ro p o s it io n  sp a ce . A  

c o n c e p t  (su ch  as f o r c e ) , o r  a  p r o p o s it io n  su ch  as th e  law  o f  un iversa l 

g ra v ita t ion , is t o  b e  c on s id e red , re sp ectiv e ly , as a  p o in t  o r  as a  c o n fig u ra ­

t ion  ( l in e )  in  th is th re e fo ld  sp a ce . Its  re so lu t ion  a n d  p r o je c t io n  is in  

p r in c ip le  p oss ib le  o n  e a ch  o f  th e  th ree  axes.

T o  illu s tra te : th e  p h e n om en ic  a n d  an a ly tic -h eu r is t ic  c om p on en ts  o f  

th e  ph ys 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 en  

m en t io n ed . W e  n ow  lo o k  a t  th e  th em a tic  c om p o n e n t  a n d  see th a t  

th r o u g h ou t  h is to ry  th ere  has ex is ted  in  s c ien ce  a  “ p r in c ip le  o f  p o t e n c y .”  

I t  is n o t  d iff icu lt  to  tra ce  th is f r om  A r is to t le ’ s cvcpycta, th rou gh  th e  n e o -  

P la to n ic  an 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 ew to n ’s P r i n c i p i 6 , to  th e  m id -n in e te en th  cen tu ry  w h en  “ K r a f t ”  is still 

u sed  in  th e  sense o f  en e rg y  (M a y e r ,  H e lm h o lt z ) .  I n  v iew  o f  the  o b s t i ­

n a te  p r e o c cu p a t io n  o f  th e  h um a n  m in d  w ith  th e  th em e  o f  th e  p o ten t , 

a c t iv e— som e  m ig h t  h a v e  sa id  m ascu 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 om  an y  s c ien ce  o f  d y n am ics  (a n d  a lso  w ith  its o p p o s ite , th e  p a s ­

s ive  pers is tin g  p r in c ip le  o n  w h ich  it a c t s ) , it  is d iff icu lt  t o  im a g in e  an y  

s c ien ce  in  w h ich  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 icu lt  t o  u n d ers tan d  ce r ta in  c on flic ts . S ch o la s t ic  

ph ys ics  d e fin ed  “ f o r c e ”  b y  a  p r o je c t io n  in  th e  p h e n om en ic  d im en s ion  

tha t c o n c e n tra te d  o n  th e  o b se rv a t ion  o f  c o n t in u in g  terrestria l m o tion s  

aga in st a  c on s ta n t ly  a c t in g  o b s ta c le ; G a lile a n -N ew ton ia n  ph ys ics  d e fin ed  

“ f o r c e ”  q u ite  d iffe ren t ly , n am e ly , b y  a  p r o je c t io n  in  th e  p h e n om en ic  

d im en s ion  th a t c o n c e n tra te d  o n  a  th ou g h t  e x p e r im en t  su ch  as th a t o f  

an  o b je c t  b e in g  a c c e le ra te d  o n  a  fr ic t io n -fr e e  h o r iz on 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 en s ion  d if fe r e d  a lso  in  th e  tw o  fo rm s  o f  

physics  ( i .e ., a t ten t ion  to  m agn itu d e s  versus v e c to r  p rop e r t ie s  o f  f o r c e s ) . 

O n  these  tw 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 ren t . B u t  th e  

rea son  w h y  n a tu ra l p h ilo s op h e rs  in  th e  tw o  cam p s  in  th e  ea r ly  seven ­

te en th  cen tu ry  th ou g h t  th ey  w e r e  sp eak in g  a b o u t  th e  sam e th in g , n ev e r ­

theless, is th a t  th e y  sh a red  th e  n e ed  o r  d es ire  to  in co rp o ra te  in to  th e ir  

ph ys ics  the  sam e  th em a tic  c o n c e p t io n  o f  an im a , o r  vis , o r  K ra f t— in  

sh ort, o f  fo r c e .

A  s e con d  e x am p le  o f  th em a tic  analysis m ig h t  b e  th e  w a y  on e  w ou ld  

c on s id e r  n o t  a  c o n c e p t  b u t  a  g en era l s c ien tific  p r o p o s it io n . C on s id e r  th e  

c le a r  th em a tic  e lem en t  in  th e  p ow e r fu l  law s  o f  con se rv a t ion  o f  ph ysics , 

f o r  e x am p le  th e  la w  o f  c on se rv a t ion  o f  m om en tum , as fo rm u la te d  f o r  th e
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first t im e  in  u se fu l fo rm  b y  D esca rte s . I n  D esca rte s ’ s physics , as D i  jk ster - 

hu 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 od ’s con cu rsu s Ordi­

narius, the continuous act o f  conservation. H e  so directs the m otion  that the 

total quan tita s m o tu s  (m om en tum ), i.e., the sum o f  all the products o f  mass 

and velocity, remain  constant.13

T h is  re la t ion , 2  m v  =  con s t ., “ con stitu tes  th e  su p rem e  n a tu ra l la w ___ ” 14

T h is  law , D esca rte s  sh ow s, springs fr om  th e  in va r ia b ility  o f  G o d ,  in  v ir tu e  

o f  w h ich , n ow  th a t H e  has  w ish ed  th e  w o r ld  to  b e  in  m o t io n , th e  v a r i ­

a t ion  m ust b e  as in va r ia b le  as p oss ib le .

S in ce  th en , w e  h a v e  le a rn ed  to  ch a n g e  th e  ana ly tic  c o n ten t  o f  th e  c o n ­

se rva tion  law— aga in , f r o m  a  s ca la r  to  a  m o re  c om p le x  ca lcu lu s— an d  

w e  h a v e  e x ten d ed  th e  p h e n om en ic  a p p lica b il ity  o f  th is law  fr om  im p a c t  

b e tw een  p a lp a b le  b od ie s  to  o th e r  even 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 ays  b een  try in g  to  c l in g  t o  th is  a n d  to  o th e r  con se rv a ­

t ion  law s, e v en  a t  a  t im e  w h en  th e  ob se rva tion s  seem  t o  m ak e  it v e ry  

d ifficu lt  to  d o  s o .15 T h e  th em a  o f  c on se rv a t ion  has  r em a in ed  a  g u id e , 

ev en  w h en  th e  la n gu a g e  has h a d  to  ch a n g e . W e  n ow  d o  n o t  say  the  

con se rv a t ion  la w  springs fr om  th e  “ in v a r ia b ility  o f  G o d ” ; b u t  w ith  tha t 

cu r iou s  m ix tu re  o f  a r r o g a n ce  a n d  h um ility  w h ich  scientists h a v e  le a rn ed  

to  pu t in  p la c e  o f  th e o lo g ica l te rm in o lo g y , w e  say in stead  tha t th e  law  

o f  c on se rva tion  is th e  p h y s ica l exp ress ion  o f  th e  e lem en ts  o f  c on s ta n cy  

b y  w h ich  n a tu re  m akes  h e rse lf u n d e r s to od  b y  us.

T h e  s tron 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 om m itm en t  to  s om e  p o in t  o f  v iew  th a t m ay  in  fa c t  

run  exa 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 en ce  o f  

the senses. O f  this n o  o n e  has sp ok en  m o re  e lo q u en t ly  a n d  m em ora b ly  

than  G a lile o  w h en  h e  c om m en 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  ea rth  o n e  m ust o v e r c om e  th e  s tron g  im press ion  th a t o n e  c a n  

“ see”  that 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 [Gali ­

leo ’s Salviati says in the T h ird  D ay  o f  the D ialogue Concern ing the Tw o  

Principal Systems], w ho 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 own  senses that they have been able to  prefer that which their 

reason dictated to them to that which  sensible experience represented most
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manifestly to  the contrary . . . .  I  cannot find any bounds fo r  m y adm iration 

how  reason was able, in Aristarchus and Copernicus, to comm it such rape 

upon  their senses as, in spite o f  them , to  make itself master o f  their belief.

A m o n g  th e  th em a ta  w h ich  p e rm ea te  G a li le o ’ s w o rk  a n d  w h ich  h e lp e d  

reason  t o  “ c om m it  su ch  ra p e  u p o n  th e ir  senses,”  w e  c a n  read ily  d is ce rn  

th e  th en  w id e ly  cu r ren t  th em a  o f  the  o n c e -g iv e n  rea l w o r ld  w h ich  G o d  

superv ises  f r om  th e  c en te r  o f  H is  tem p le ; th e  th em a  o f  m a th em a tica l 

n a tu r e ; a n d  th e  th em a  th a t  th e  b e h a v io r  o f  th in gs  is th e  c o n s e q u en ce  o f  

th e ir  g e om e tr ic a l shapes  ( f o r  w h ich  rea son  C o p e rn icu s  sa id  th e  ea rth  

ro ta tes  “ b e cau se ”  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 xp e r im en ta lly , a t least to  h is o w n  satis ­

fa c t io n , th a t a  ca r e fu l ly  m ou n te d  m agn e tiz ed  sph ere  k eep s  u p  a  con s tan t  

r o t a t i o n ) . T h u s  to o , S igm u n d  F reu d  in  M o s e s  6 n d  M o n o t h e i s m , a fte r  

su rvey in g  th e  o v e rw h e lm in g ly  u n fa v o ra b le  e v id e n ce  s ta n d in g  aga in st th e  

cen 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 led  b y  th e  e v id e n ce .”

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 em a ta  h a v e  as leg itim a te  a n d  

necessary  a  p la c e  in  th e  pu rsu it  a n d  u n d e rs ta n d in g  o f  s c ien ce  as h a v e  

o b se rv a t ion a l e x p e r ie n ce  a n d  lo g ica l c on s tru c t ion , I  sh ou ld  m ak e  c le a r  

th a t w e  n e e d  n o t  d e c id e  n ow  a lso  o n  th e  s o u r c e  o f  th em a ta . O u r  first 

a im  is s im p ly  to  see th e ir  r o le  in  s c ien ce  a n d  to  d e s c r ib e  s om e  o f  th em , as 

a  fo lk lo r is t  m ig h t  w h en  h e  ca ta lo gu e s  th e  trad 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 ecessary  to  g o  fu r th e r  a n d  to  m ak e  an  a sso c ia t ion  o f  th e ­

m a ta  w ith  an y  o f  th e  fo l lo w in g  c o n c e p t io n s : P la ton ic , K e p le r ia n , o r  

J u n g ia n  a rch e typ es  o r  im ag e s ; m y th s  ( in  th e  n on d e r o g a to r y  sense, s o  

ra re ly  u sed  in  th e  E ng lish  la n g u a g e ) ; syn th etic  a  p r io r i  k n ow le d g e ; in ­

tu it iv e  a p p reh en s ion  o r  G a li le o ’s “ rea son ” ; a  rea lis tic  o r  ab so lu tistic  o r , 

f o r  th a t  m a tte r , an y  o th e r  p h ilo s o p h y  o f  s c ien ce . T o  sh ow  w h e th e r  an 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 an t to  im p ly  th a t th e  o c cu r r e n c e  o f  th em a ta  is ch a ra c ­

teristic  o n ly  o f  s c ien ce  in  th e  last cen tu r ies . O n  th e  c on tra ry , w e  see th e  

th em a tic  c om p o n e n t  a t w o rk  f r om  th e  v e ry  b e g in n in g , in  th e  sou rces  o f  

c o sm 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 enesis . 

In d e e d , n ow h e re  c a n  o n e  see  th e  p ers is ten ce  o f  g rea t  qu estion s  a n d  th e  

o b s t in a cy  o f  c e rta in  p re se le c ted  pa ttern s  fo r  d e fin in g  a n d  so lv in g  p r o b ­

lem s b e tte r  th an  in  c o sm o lo g ic  sp e cu la tion s . T h e  a n c ien t  M ile s ia n  c o s -
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m o lo g ic  a ssum ption s  p re sen ted  a  th ree -s tep  s ch em e : a t  th e  b e g in n in g , 

in  F . M . C o r n fo r d ’s w ord s , th e re  w a s :

a primal Unity, a state o f  indistinction or fusion in  wh ich  factors that w ill later 

becom e distinct are m erged together. (2 )  O ut o f  this Unity  there emerge, by  

separation, parts o f  opposite things . . . .  Th is  separating out finally leads to 

the disposition o f  the great elemental masses constituting the w orld -order, and 

the form ation  o f  the heavenly bodies. (3 )  T h e  Opposites interact o r  reunite, 

in  m eteoric phenomena, o r  in the production  o f  individual living things . .  . .16

N ow  th e  s ign ifican t th in g  to  n o t ic e  is th a t w h en  w e  m o v e  these  c o n ­

cep t ion s  fr om  th e  an im is tic  t o  th e  p h y s ica l lev e l, th is fo rm u la  o f  c o s ­

m o g on 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 ion is t  c am p s  o f  

m o d em  co sm o lo g y . T h a t  r e cen t  th e o ry  o f  th e  w a y  th e  w o r ld  s ta rted  p r o ­

poses a  p rog re ss ion  o f  th e  un iverse  f r o m  a  m ix tu re  o f  ra d ia t ion  a n d  n eu ­

tron s a t t im e  t =  0 ;  th r ou g h  th e  su b sequ en t  stages o f  d iffe ren t ia t ion  b y  

expan s ion  a n d  n eu tr on  d e c a y ;  a n d  fin a lly  to  th e  b u ild in g  u p  o f  h ea v ie r  

e lem en ts  b y  th e rm on u c le a r  fu s ion  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 rm a t io n  o f  m o le cu le s . A n d  e v en  th e  a n c ie n t  m a in  op p o s it io n  

to  th e  e v o lu t ion a ry  c o sm o lo g y  itse lf, n am e ly , th e  tra d it ion  o f  P a rm en id es , 

has its e q u iv a len t  to d a y  in  th e  “ steady -sta te ”  th e o ry  o f  c o sm o lo g y .

S o  th e  qu estion s  persist (e .g .,  c o n c e rn in g  th e  p oss ib ility  o f  s om e  

“ fu n d am en ta l s tu ff,”  o f  e v o lu t io n , o f  s tru ctu re , o f  spa tia l a n d  tem p o ra l 

in fin it ie s ). A n d  th e  ch o ic e s  b e tw e en  a lte rn a tiv e  p r o b lem  so lu tion s  a lso  

persist. T h e s e  th em a tic  con 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 on o c la s t ic  r o le  o f  s c ie n c e ; f o r  s c ien ce , s in ce  its d aw n , h a s  a lso  h a d  its 

m ore  g en era l th em a ta -c re a t in g  a n d  th em a ta -u s in g  fu n c t io n . J am es  

C le rk  M a xw e l l  exp ressed  this w e ll a  c en tu ry  a g o  in  a n  address  o n  th e  

su b je ct  o f  m o le cu la r  m e ch a n ic s :

T he  m ind o f  man 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  atoms exist, o r  is matter 

infinitely divisible?

T he  discussion o f  questions o f  this kind has been going on  ever since men 

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 hey  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 ay  a d d  th a t th em a tic  qu estion s  d o  n o t  g e t  s o lv ed  a n d  d isp osed  

o f . N in e te en th -cen tu ry  a tom ism  tr ium ph 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— bu t th en  fie ld  th eories  rise w h ich  d ea l w ith  m a tte r  p a rtic le s  a ga in  as 

s ingu larities, n ow  in  a  tw en t ie th -cen tu ry -ty p e  c on t in u um . T h e  m o d em  

v e rs ion  o f  th e  c o sm o lo g ic a l  th e o ry  ba sed  o n  th e  th em a  o f  a  li fe  c y c le  

(B eg in n in g , E v o lu t io n , a n d  E n d )  m a y  seem  to  t r ium ph  o n  ex p e r im en ta l 

g r ou n d s  o v e r  th e  r iva l th eo ry  b a sed  o n  a  th em a  o f  C on t in u ou s  E x is ten ce , 

a n d  th r ow  it o u t  th e  w in d ow — bu t  w e  ca n  b e  sure th a t th is  th em a  w ill  

c om e  in  a g a in  th rou gh  th e  b a ck  d o o r . F o r  c on tra ry  t o  th e  ph ys ica l 

th eor ies  in  w h ich  th ey  f in d  em b od im en t  in  x -y  term s, th em a ta  a re  n o t  

p r o v e d  o r  d isp rov ed . R a th e r , th ey  rise a n d  fa ll  a n d  rise a g a in  w ith  th e  

tides  o f  c o n tem p o ra n e ou s  u se fu lness  o r  in te lle c tu a l fa sh ion . A n d  o c ­

ca s ion a lly  a  g rea t  th em e  d isappea rs  f r om  v iew , o r  a  n ew  th em e  d e v e lo p s  

a n d  strugg les to  estab lish  itse lf— a t least f o r  a  t im e .

M a xw e l l ’ s is an  unu sua l con ce ss ion , b u t  it  is n o t  d ifficu lt  to  u n d ers tan d  

w h y  scientists speak  o n ly  ra re ly  in  su ch  term s. O n e  m ust n o t  lo se  s igh t 

o f  th e  o b v io u s  fa c t  th a t s c ien ce  itse lf ha s  g r ow n  s tron g  b e cau se  its p r a c ­

t it ion ers  h a v e  seen  h ow  t o  p r o je c t  th e ir  d iscou 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 ien ce ,18 o f  fa ir ly  c le a r  con s c iou s  fo rm u la tion s . 

H e r e  a  m easu re  o f  p u b lic  a g re em en t  is in  p r in c ip le  easy  to  o b ta in , so  th a t 

scientists c a n  fru it fu lly  c o o p e r a te  o r  d isag ree  w ith  o n e  a n o th e r , ca n  

b u ild  o n  th e  w o rk  o f  th e ir  p red ecessors , a n d  ca n  te a ch  m o re  o r  less 

u n am b ig u ou s ly  th e  cu rren t  c o n te n t  a n d  p ro b lem s  o f  th e  fie ld . A ll  fie ld s  

w h ich  c la im  o r  p re ten d  to  b e  s c ien 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 ro b lem s  in to  th e  x -y  p la n e , t o  em pha s ize  th e  

p h e n om en ic  a n d  an a ly tic -h eu r is t ic  aspects.

B u t it is c le a r  th a t w h ile  th ere  c a n  b e  a u tom a t ic  fa c to r ie s  ru n  b y  m ean s  

o f  p r o g ram m ed  com pu te rs  a n d  th e  fe e d b a ck  f r om  sensing  e lem en ts , th ere  

ca n  b e  n o  a u tom a t ic  la b o ra to ry . T h e  essence  o f  th e  a u tom a ton  is its 

success in  th e  x -y  p la n e  a t th e  exp en 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 ak e  qu a lita tiv e ly  n ew  f in d in g s ) . A n d  the  essence o f  the 

g en ia l c o n tr ib u to r  to  s c ien ce  is o f t e n  ex 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 en  a t  th e  exp en se  o f  su ccess  in  th e  x -y  p la n e . F o r  

w h ile  the  z -d im en s ion  is n ev e r  ab sen t ev en  in  th e  m ost  e x a c t  o f  th e  sc i ­

en ces  as p u rsu ed  b y  a c tu a l p erson s , it  is a  d ir e c t io n  in  w h ich  m ost  o f  us 

m u st m ov e  w ith ou t  e x p lic it  o r  c on sc iou s  fo rm u la t io n  an d  w ith ou t  tra in ­

in g ;  it is th e  d ir e c t io n  in  w h ich  th e  su b je c t  m a tte r  a n d  th e  m ed ia  fo r  c om ­

m u n ica t io n  a re  en tire ly  d iffe ren t  f r om  th ose  in v en ted  sp ec ifica lly  f o r  

d iscu ss ion  o f  m atters  in  the  x -y  p la n e  w ith  w h ich  th e  scien tist a fte r  lo n g  

tra in in g  ca n  fe e l at h om e .
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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 gu a l in  this sense. 

I  am  n o t  su rprised  th a t fo r  m ost  c o n tem p o ra ry  scientists an y  d iscu ssion  

w h ich  tries to  m o v e  s e lf-con sc iou s ly  aw ay  f r om  th e  x -y  p la n e  is o u t  o f  

b ou nd s . H ow e v e r , it  is s ign ifican t th a t  e v en  in  o u r  t im e  th e  m en  o f  

gen ius— su ch  as E in ste in , B oh r , P au li, B om , S ch rod in g e r , H e isen b e rg—  

have  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  tha 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 iscou rse  has b een  p r o ­

gressively  t ilted  o r  p r o je c te d  fr om  x -y -z  sp a ce  in to  th e  x -y  p la n e . (P e r ­

haps p r om p te d  b y  this e x am p le , th e  sam e th in g  is h a p p en in g  m o re  a n d  

m o re  in  o th e r  fie lds o f  s ch o la rsh ip .)  T h e  th em a ta  a c tu a lly  u sed  in  s c ien ce  

are  n ow  la rge ly  le ft  im p lic it  ra th er  th an  e x p lic it . B u t  th ey  a re  n o  less im ­

p o r tan t . T o  u n d ers tan d  fu lly  th e  r o le  a  h ypoth es is  o r  a  law  has in  th e  

d e v e lo pm en t  o f  s c ien ce  w e  n e ed  to  see it  a lso  as a n  e x em p lif ic a t io n  o f  

persistent m o tifs , f o r  e x am p le , th e  th em a  o f  “ c on s ta n cy ”  o r  o f  “ c on se r ­

v a t ion ” ; o f  q u a n t if ic a t io n ; o f  a tom is tic  d iscre ten ess ; o r  in h e ren 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 am p le  f r om  N ew to n— o f  th e  

in te rp en e tra t ion  o f  th e  w o r ld s  o f  th e o lo g y  a n d  o f  physics . In d e e d , in  this 

w ay  w e  ca n  m ak e  a  u se fu l d iffe ren t ia t ion  th a t  to  m y  k n ow le d g e  has n o t  

b een  n o te d  b e fo r e , n am e ly , th a t N ew to n ’ s p u b lic ,  e x p e r im en ta l ,  a n d  

m a th em a tica l  p h ilo s op h y  is s c ien ce  ca r r ied  o n  in  th e  x -y  p la n e , w h erea s  

N ew ton ’ s m o re  c o v e r t  a n d  m o re  g en era l na tu ra l  p h ilo s o p h y  is s c ien ce  in  

th e  x -y -z  p r o p o s it io n  sp a ce .19

I V

I  h a ve  sp ok en  m ostly  o f  th e  ph ys ica l scien ces . I  m ig h t , w ith  e q u a l o r  

g rea ter  a d van ta g e , h a v e  d ea lt  w ith  th e  n ew er  scien ces , w h ich  d o  n o t  h a v e  

a  h igh ly  d e v e lo p e d  co rp u s  e ith e r  o f  p h e n om en a  o r  o f  lo g ica l ca lcu li a n d  

ra tiona l stru ctu re . In  those  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 om in en t  b u t  a lso  a re  d iscu ssed  w ith  m u ch  g rea te r  fr e e d om  

— possib ly  becau se  a t  its ea r ly  stage  a  fie ld  o f  s tudy  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  few  m en  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 em a ta -p ron e ,”  a n d  w h o  h a v e  th e  n ecessary  c o u ra g e  

(o r  fo l ly ? )  to  m ak e  d ec is ion s  o n  th em a tic  g rou n d s .

T h is  w as the  case  in  ea rly  m ech an ics , ch em istry  a n d  b io lo g y , a n d  

aga in , w ith  re la tiv ity  an d  th e  n ew  q u an tum  m ech an ics . I  su spect th a t a n  

an a logou s  s itua tion  has h e ld  in  ea r ly  m o d em  p sy ch o lo g y  a n d  s o c io lo g y . 

M o re o v e r , in  th ose  fie lds , as in  th e  n a tu ra l scien ces  d u r in g  a  stage o f  

tran sform a tion , the  s ign ifica n ce  a n d  im p a c t  o f  th em a ta  is in d ica te d  b y
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the  fa c t  th a t th ey  fo r c e  u p o n  p e o p le  n o t ion s  th a t a re  u sually  re g a rd ed  as 

p a ra d o x ic a l , r id icu lou s , o r  ou tra geou s . I  am  th in k in g  h e re  o f  th e  “ a b ­

su rd ities”  o f  C op e rn icu s ’ s m o v in g  ea rth , B ru 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 od ie s  o n  a  h o r iz on ta l p la n e , N ew ton ’ s g ra v ita tion a l 

a c t io n  w ith ou t  a  p a lp a b le  m ed ium  o f  c om m u n ica t io n , D a rw in ’ s d escen t 

o f  m an  fr om  low e r  crea tu res , E in ste in ’ s tw in  p a ra d o x  a n d  m ax im um  

sp eed  fo r  signals, F re u d ’s c o n c e p t io n  o f  sexua lity  o f  ch ild r en , o r  H e isen ­

b e r g ’ s in d e te rm in a cy  c o n c e p t io n . T h e  w id e  in terest a n d  in tensity  o f  su ch  

d eba tes , am on g  b o th  scientists a n d  e n ra g ed  o r  in tr igu ed  la ym en , is a n  

in d ic a t io n  o f  th e  streng th  w ith  w h ich  th em a ta— and  frequ en t ly  c o n f l ic t ­

in g  on es— are  a lw ays a c t iv e  in  o u r  con sciou sn ess .

A n d  th e  th em a t ic  c om p o n e n t  is m ost  o b v io u s  w h en  a  s c ien ce  is y ou n g , 

a n d  th e re fo re  has n o t  y e t e la b o ra ted  th e  c om p le x  h ie ra rch ica l stru ctu re  

o f  h yp oth eses  w h ich  R ic h a rd  B ra ithw a ite  has p o in te d  o u t  to  b e  th e  m ark  

o f  a n  a d v a n ce d  s c ien ce . A s  a  resu lt, th e  ch a in  le a d in g  fr om  ob se rva tion a l 

“ fa c ts ”  t o  the  m o s t  g en e ra l h ypoth eses— those  w ith  a  la rg e  th em a tic  c om ­

p o n e n t— is n o t  lo n g , as in , say, m o d em  physics  o r  ch em istry , b u t  is fa ir ly  

short. A  ph ys ica l scien tist is u sed  t o  h a v in g  h is m ost  g en era l a n d  m ost  

th em a tic  h ypoth eses  sa fe ly  o u t  o f  s igh t, b eh in d  th e  c lo u d s  o f  a  m a je s t ic  

O lym p u s ; a n d  so  h e  is ap t  to  sm ile  w h en  h e  sees that th e  a lta r  o f  o th e r  

g od s  stands o n  su ch  sh ort  legs. W h en , fo r  e x am p le , a  ch em 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  ex is ten ce  o f  a  n ew  ch em ica l 

e lem en t  at th e  en 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 ed , e x p lic it ly )  runs u p  o n  a  la d d e r  o f  h ie ra rch ica lly  c o n n e c te d  h y ­

p o th eses , e a ch  o f  w h ich  has s om e  d em on s tra b le  p h en om en ic  a n d  h eu r ­

is t ic -an a ly t ic  c om p on en t , u n til a t the  to p  h e  c om es  u p  to  th e  g en era l 

th em a tic  h ypoth eses— w h ich  h e  is, b y  a g reem en t o f  this fra tern ity , e x ­

em p t  fr om  g o in g  in to— nam e ly , th e  th em a t ic  h ypoth eses  o f  a tom ic ity , 

o f  con s tan cy , o f  th e  tran s fo rm ab ility  o f  qua lities , o f  th e  o rd e r in g  r o le  o f  

in tegers . I n  con tra st , th e  ea r ly  p sychoana lysts , f o r  e x am p le , tr ied  to  g o  by  

a  r e la t iv e ly  u n to r tu ou s  r ou te  fr om  th e  d e ta il o f  o b se rv ed  b eh a v io r  to  th e  

g en era lity  o f  p ow e r fu l  p r in c ip le s . F reu d  h im se lf o n c e  w a rn ed  o f  th e  “ b a d  

h a b it  o f  p sych oana lys is  . . .  to  tak e  tr iv ia  as e v id en ce  w h en  they  a lso  

a dm it  o f  a n o th e r , less d e e p  e x p la n a to ry  s ch em e .” 20

I  d o  n o t , o f  cou rse , say this to  c o n d em n  a  sc ien ce , b u t  o n  th e  con tra ry  

to  p o in t  ou t  a  d i f fe r e n c e  b e tw een  it  a n d  the  ph ys 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 rd ”  scientists to  fie lds o u t ­

s id e  th e ir  o w n  ( o r  e v en  o f  p sych o log is ts  o f  o n e  s ch o o l to  those  o f  an -
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o t h e r ) . A t  th e  sam e tim e , it m ay  h e lp  t o  e lu c id a te  w h y  d isc ip lin es  su ch  

as p sy ch o lo g y  (a n d  ce rta in ly  h is to ry ) a re  so  con s tru cted  th a t th ey  are  

w ron g  to  im ita te  th e  h a b it  in  the  m o d em  ph ys ica l scien ces  to  dep 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 lan e . W h en  th e  th em a tic  c o m ­

p on en t  is as s tron g  a n d  as e x p lic it ly  n e ed ed  as it  is in  these fie lds, th e  

cr ite r ia  o f  a c cep ta b ility  sh ou ld  b e  a b le  to  rem a in  e x p lic it ly  in  th ree - 

d im en sion a l p r op o s it io n  spa ce . T o  c ite  an  in stan ce , I  am  b y  n o  m ean s  im ­

pressed  w ith  th e  C on c lu s ion  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 :

The  natural scientist, beginning with the assumption that nature is rational, 

has not allow ed himself to be  turned from  that assumption by  any o f  the 

difficulties into which  it has led  him ; and it is because he has regarded that 

assumption as not on ly  legitimate but obligatory that he has w on  the respect o f  

the whole w orld . I f  the scientist is ob liged  to assume that nature is rational, 

and that any failure to make 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 ge rou s  k in d , n o t  b e cau se  it is so  easy  to  

sh ow  it  is w ron g , b u t  b ecau se  it  is so d ifficu lt  to  sh ow  this.

V

M u ch  c o u ld , a n d  sh ou ld , b e  sa id  a b ou t  o th e r  p ro b lem s  in  th e  th em a tic  

analysis o f  sc ien ce , su ch  as th e  m ech an ism s  b y  w h ich  th em a ta  c h a n g e ; 

o r  th e  w ay  in  w h ich  th e  c h o ic e  o f  a  th em a tic  h ypoth esis  g ov e rn 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  the  f in d in g s ; o r  

the rem ark ab ly  sm all n um b e r  o f  d iffe ren t  th em a ta  tha t, o v e r  tim e, seem  

to  h a ve  p la y ed  th e  im p o r ta n t  ro les in  th e  d e v e lo pm en t  o f  s c ie n ce ; o r  th e  

fa c t , im p lie d  in  th e  exam p les  g iv en , th a t m ost  a n d  p e rh ap s  a ll o f  these 

th em a ta  a re  n o t  restr icted  m ere ly  t o  uses in  s c ien tific  c o n te x t , b u t  seem  

to  c om e  fr om  th e  less sp ec ia liz ed  g r o u n d  o f  o u r  g en era l im ag in a tiv e  

capa c ity .

B u t in  c lo s in g  I  m igh t  best s im p ly  restate h ow  these c o n c e p t io n s  can  

h e lp  us to  a  v iew  th a t g o e s  b e y on d  th e  u sua l an tith e tica l ju x ta p o s it io n  

b e tw een  s c ien ce  an d  th e  hum an ities . F o r  th e  m u ch  lam en ted  sepa ra tion  

b etw een  s c ien ce  a n d  the o th e r  c om p on en ts  o f  o u r  cu ltu re  d ep en d s  o n  the  

ov e rs im p lifica t ion  th a t s c ien ce  is d o n e  o n ly  in  the  c on t in g en t  p la n e , 

w hereas sch o la r ly  o r  artistic  w o rk  in vo lv es  ba sic  d ec is ion s  o f  a  d iffe ren t
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k in d , w ith  p r e d om 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 iew  this d ich o tom y  is m u ch  a ttenu a ted , i f  n o t  e lim in a ted , i f  w e  see that 

in  s c ien ce , t o o , th e  c o n t in g en t  p la n e  is n o t  en ou gh , a n d  n ev e r  has b een .

I t  is su re ly  u nnecessa ry  to  w a rn  th a t d esp ite  th e  a p p ea ra n ce  a n d  re ­

a p p e a ra n ce  o f  th e  sam e  th em a tic  e lem en ts  in  s c ien ce  a n d  ou ts id e , w e  

sha ll n o t  m ake  th e  m istake  o f  th in k in g  th a t s c ien ce  a n d  n on s c ien ce  a re  

at b o t tom  s om eh ow  th e  sam e a c t iv ity . T h e r e  a re  d iffe ren ce s  w h ich  w e  

sh ou ld  treasure. A s  W h ite h e a d  o n c e  sa id  a b ou t  th e  necessity  to  to le ra te , 

n o , t o  w e lc om e  n a t ion a l d i f fe r e n c e s : “ M e n  requ ire  o f  th e ir  n e igh b o rs  

s om e th in g  su ffic ien tly  ak in  to  b e  u n d e rs to od , som e th in g  su ffic ien tly  

d iffe r en t  t o  p r o v o k e  a tten t ion , a n d  som e th in g  g rea t  e n ou g h  to  c om ­

m an d  a dm ira t io n .”  I t  is in  th e  sam e sense th a t  w e  sh ou ld  b e  p r ep a red  

to  u n d ers tan d  th e  separa teness  th a t g iv es  id en tity  to  th e  study  o f  e a ch  

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 een  th em .

T o  re tu rn , th e re fo re , t o  N ew to n ’ s F ifth  R u le  o f  R e a s o n in g : h e  surely  

m u st h a v e  k n ow n  th a t  h e  c o u ld  n o t  p u b lish  it  a n d  rem a in  tru e  to  his ow n  

w o rk  a n d  th a t  o f  m o s t  m a jo r  in n ova to rs . A s  N ew to n ’ s suppressed  ru le  

stands, it  en d s , y o u  w ill  r e ca ll, w ith  th e  w o rd s : “ T h o s e  th in gs  w h ich  

n e ith e r  c a n  b e  d em on s tra ted  f r om  th e  p h e n om en a  n o r  f o l lo w  fr om  

th em  b y  an  a rgum en t  o f  in d u c t io n , I  h o ld  as h ypo th eses .”  T o  b e  ju s t ified  

in  p u b lish in g  this ru le  N ew to n  w o u ld  h a v e  h a d  to  a d d  som e th in g—  

p e rh ap s  th is sen ten ce  : “ A n d  su ch  h ypo th eses , n am e ly  th em 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 ion s  o f  J oh ann es  K e p le r  ( 1 5 7 1 -1 6 3 0 )  p r e ­

c e d e d  th ose  o f  G a lile o , D esca rtes , a n d  N ew to n  in  t im e , a n d  in  

som e respects  th ey  a re  ev en  m o re  rev ea lin g . A n d  ye t , K e p le r  has  b e en  

strangely  n e g le c te d  a n d  m isu n d ers to od . V e r y  fe w  o f  h is  v o lum in ou s  

w ritings h a v e  b e en  tran sla ted  in to  E ng lish .1 I n  th is  la n g u a g e  th ere  has 

b een  n e ith er  a  fu ll  b io g ra p h y 2 n o r  e v e n  a  m a jo r  essay o n  h is w o rk  in  

o v e r  tw en ty  years. P art o f  th e  rea son  lies in  th e  a p p a ren t  c o n fu s io n  o f  

in con g ru ou s  e lem en ts— physics  a n d  m etaphys ics , a s tron om y  a n d  a stro l- 

ogy , g e om e try  a n d  th e o lo g y— w h ich  ch a ra cte r ize s  K e p le r ’ s w o rk . E v en  

in  c om p a r is on  w ith  G a li le o  a n d  N ew ton , K e p le r ’ s w r itin g s  a re  str ik ing ly  

d iffe ren t  in  the  qu a lity  o f  p r e o c cu p a t io n . H e  is m o re  e v id en t ly  r o o te d  in  

a  t im e  w h en  an im ism , a lch em y , a s tro logy , n um e ro lo g y , a n d  w it ch c ra ft  

p resen ted  p rob lem s  to  b e  seriou sly  a rgu ed . H is  m o d e  o f  p resen ta tion  is 

equ a lly  u n in v it in g  to  m o d em  readers , so  o f t e n  d o e s  h e  seem  to  w a n d e r  

fr om  th e  p a th  le a d in g  to  th e  im p o r ta n t  qu estion s  o f  ph ys ica l sc ien ce . 

N o r  is th is im press ion  m ere ly  th e  resu lt o f  th e  in ev ita b le  a stigm atism  o f  

o u r  h is to r ica l h in d s igh t. W e  a re  tra in ed  o n  th e  a sce tic  s tandards  o f  p r e ­

sen tation  o r ig in a t in g  in  E u c lid , as reestab lish ed , f o r  e x am p le , in  B ook s  I  

an d  I I  o f  N ew to n ’ s P r i n c i p i 6 ,3 a n d  a re  tau gh t t o  h id e  b eh in d  a  r ig o rou s  

stru ctu re  th e  a c tu a l steps o f  d is co v e ry— those  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 IV , N o. 5, pp . 340 -351 , M ay, 1956.
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ca s ion a l strokes o f  g o o d  lu ck  w ith ou t  w h ich  c rea tiv e  sc ien tific  w ork  d oes  

n o t  u sua lly  o c cu r . B u t K e p le r ’ s em barra ss in g  c a n d o r  a n d  in ten se  em o ­

t ion a l in v o lv em en 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 ­

ou s  p rogress . H e  still a llow s  h im se lf t o  b e  so  o v e rw h e lm ed  b y  th e  b eau 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 tten tion  to  th e  m a in  p ro b lem s  w h ich  ca n  in  fa c t  b e  s o lv ed . H e  g ives 

us len g th y  a c c ou n ts  o f  h is fa ilu res , th ou g h  som etim es  th ey  a re  t in ged  

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 ith  r ich  im a g i ­

n a t ion  h e  fr e q u en t ly  finds  an a log ie s  f r om  every  ph ase  o f  li fe , e x a lted  o r  

c om m on p la c e . H e  is a p t  to  in te rru p t  h is  s c ien tific  th ou gh ts , e ith er  w ith  

e xh o rta t ion s  to  the  read e r  to  fo l lo w  a  little  lo n g e r  th rou gh  th e  a lm ost  

u n rea d ab le  a c c o u n t , o r  w ith  tr iv ia l s id e  issues a n d  tex tu a l q u ib b lin g , o r  

w ith  p e rson a l a n e cd o te s  o r  d e lig h te d  e x c lam a tion s  a b ou t  s om e  n ew  g e o ­

m e tr ica l re la t ion , a  n um e ro lo g ica l o r  m u s ica l a n a log y . A n d  som etim es  h e  

breaks in to  p o e try  o r  a  p rayer— in du lg in g , as h e  pu ts  it, in  h is “ sa cred  

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 rou n d  

o n  w h ich  o u r  s c ien ce  c o u ld  la ter  b u ild , a n d  o ft e n  le d  in to  reg ion s  w h ich  

w e  n ow  k n ow  to  b e  u n su itab le  m arsh lan d .

T h e se  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 ro r  the  m an y -s id ed  s tru gg le  a tten d in g  th e  rise o f  m o d em  sci ­

e n c e  in  the  ea r ly  seven teen th  cen tu ry . C on ce p t io n s  w h ich  w e  m igh t  n ow  

rega rd  as m u tu a lly  ex c lu s iv e  a re  fo u n d  to  o p e ra te  s id e -b y -s id e  in  h is in ­

te lle c tu a l m ak e -u p . A  p r im a ry  a im  o f  th is essay is t o  id en t ify  th ose  d is ­

p a ra te  e lem en ts  a n d  to  sh ow  th a t in  fa c t  m u ch  o f  K e p le r ’ s s treng th  

stem s fr om  th e ir  ju x ta p o s it io n . W e  sha ll see th a t  w h en  his ph ys ics  fa ils , 

his m etaphys ics  c om e s  to  th e  r e s cu e ; w h en  a  m e ch a n ica l m o d e l  breaks 

d ow n  as a  to o l o f  e x p la n a t ion , a  m a th em a t ica l m o d e l  takes o v e r ;  a n d  a t  

its b ou n d a ry  in  tu rn  th ere  stands a  th e o lo g ica l a x iom . K e p le r  set o u t  to  

u n ify  th e  c lassica l p ic tu re  o f  th e  w o r ld , o n e  w h ich  w as  sp lit  in to  ce lestia l 

a n d  terrestria l reg ion s , th rou gh  th e  c o n c e p t  o f  a  un iversa l ph ys ica l 

f o r c e ; b u t  w h en  th is p r o b lem  d id  n o t  y ie ld  to  ph ys ica l analysis, h e  read ily  

re tu rn ed  to  the  d ev ice s  o f  a  u n ify in g  im a g e , n am e ly , the  cen tra l sun 

ru lin g  the  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 rv a d in g  m a th ­

em a tica l h a rm on ies . In  th e  en 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  the  m e ch an ica l e x p la n a t ion  fo r  th e  o b se rv ed  m o tion s  o f  th e  p lanets , 

b u t  h e  su c ce ed ed  a t least in  th row in g  a  b r id g e  fr om  th e  o ld  v iew  o f  th e  

w o r ld  as u n ch an g ea b le  co sm os  to  th e  n ew  v iew  o f  the  w o r ld  as th e  p la y ­

g r o u n d  o f  d y n am ic  a n d  m a th em a tica l law s. A n d  in  th e  p ro ce ss  h e  tu rn ed
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up , as i f  it w ere  b y  a c c id en t , those  c lu es  w h ich  N ew ton  n e ed ed  f o r  the 

even tu a l estab lishm en t o f  th e  n ew  v iew .

T o w a r d  a  C e l e s t ia l  M a c h in 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 tm e n t  t o  n e o -P la t o n i c  m e t a ­

p h y s ic s— these a re  K e p le r ’ s tw o  m a in  gu id es  w h ich  are  n ow  to  b e  e x ­

am in ed  separa te ly  a n d  at th e ir  p o in t  o f  m erger . A s  to  th e  first, K e p le r ’ s 

gen iu s in  physics  has o ft e n  b e en  o v e r lo o k e d  b y  cr itics  w h o  w ere  taken  

a b a ck  b y  h is fr e q u en t  ex cu rs ion s  b e y on d  the  b ou n d s  o f  s c ien ce  as they  

cam e  to  b e  u n d e rs to od  la ter , a lth ou gh  h is  D i o p t r i c e  (1 6 1 1 )  a n d  his 

m a th em a tica l w o rk  o n  in fin itesim a ls  ( in  N o v 6  S t e r e o m e t r i 6 , 1615 ) 

an d  o n  loga rithm s  ( C h i l i 6 s  L o g 6 r i t h m o r u m , 1624 ) h a v e  d ir e c t  a p ­

p ea l f o r  th e  m o d em  m in d . B u t e v en  K e p le r ’ s ca sua lly  d e liv e red  o p in ion s  

o ften  p r o v e  h is in s igh t b e y on d  th e  g en era l state o f  k n ow le d g e  o f  h is  day .

O n e  e x am 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 ro je c t i le s  o n  

the  ro ta t in g  ea rth , e q u iv a len t  to  th e  fo rm u la t io n  o f  th e  su p erp os ition  

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 good  reasons that 

neither any never-ending m otion  nor the quadrature o f  the circle— two prob ­

lems which  have tortured great m inds fo r  ages— will ever b e  encountered o r  

offered by nature.5

Bu t, o f  cou rse , o n  a  la rg e  sca le , K e p le r ’ s gen iu s  lies in  h is  ea r ly  search  

fo r  a  physics  o f  the  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 om p reh en d  th e  w h o le  

un iverse  in  its q u an tita t iv e  deta ils . In  th e  A r is to te lia n  a n d  P to lem a ic  

w o r ld  sch em es, a n d  in d e ed  in  C o p e rn icu s ’ s ow n , the  p lan ets  m o v e d  in  

th e ir  re sp ectiv e  o rb its  b y  law s w h ich  w e re  e ith er  p u re ly  m a th em a tica l 

o r  m e ch an ica l in  a  n on terrestr ia l sense. A s  G o ld b e ck  rem inds  us, C o ­

p ern icu s  h im se lf still w a rn ed  to  k eep  a  c le a r  d is t in ct ion  b e tw een  ce lestia l 

an d  m ere ly  terrestria l p h en om en a , so  as n o t  to  “ a ttr ibu te  to  the  ce lestia l 

b od ies  w h a t  b e lon g s  to  th e  ea rth .” 6 T h is  c ru c ia l d is t in ct ion  d isappea rs  in  

K ep le r  fr om  th e  b eg in n in g . In  h is y ou th fu l w o rk  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  sing le  g e om e tr ica l d e v ic e  is u sed  to  sh ow  the  

necessity  o f  th e  ob se rv ed  o rb ita l a rran gem en t o f  a ll p lanets . I n  th is re ­

spect, th e  earth  is trea ted  as b e in g  an  equ a l o f  th e  o th e r  p lan e ts .7 In  the 

w ord s  o f  O t to  B ryk ,

The  central and permanent contribution lies in this, that for  the first time

� � � � � � � � � 	 � � � � � � � � � � � � � � � �
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the whole  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 between spaces, but nevertheless one single law .8

F ou r  years la te r  K e p le r  m eets  T y c h o  B rah e  a n d  f r om  h im  lea rn s to  re ­

s p e c t  th e  p ow e r  o f  p rec ise  ob se rva tion . T h e  m ere ly  a p p ro x im a te  a g re e ­

m en t  b e tw een  th e  o b se rv ed  a s tron om ica l fa cts  a n d  th e  sch em e  la id  o u t  

in  the  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 ing . T o  b e  sure, 

K e p le r  a lw ays r em a in ed  fo n d  o f  this w o rk , 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 en  h o p e d  th a t G a l i le o ’ s n ew ly -fo u n d  m oon 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 om e tr ica l 

m od 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  kn ow s  th a t an  en tire ly  

d iffe r e n t  a p p r o a ch  is w an ted . A n d  h e re  K e p le r  turns to  th e  n ew  c o n ­

c e p t io n  o f  th e  un iverse . W h ile  w o rk 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 am :

I  am  m uch  occup 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 clockwork  . . . , insofar as nearly all the m anifold  

m ovements are carried out by  means o f  a single, quite simple magnetic force , 

as in the case o f  a clockwork  all motions [are caused] by  a sim ple weight. 

M oreover I show  how  this physical conception  is to  be  presented through 

calculation  and geom etry.9

T h e  ce lestia l m a ch in e , d r iv en  b y  a  s in g le  terrestria l fo r c e , in  th e  im age  

o f  a  c lo ck w o rk ! T h is  is in d e ed  a  p r o p h e t ic  g oa l. P u b lish ed  in  1609 , the 

A s t r o n o m í 6  N o v 6  s ign ifican tly  bea rs  th e  sub 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 ow n  f o r  c o n ta in in g  K e p le r ’ s F irst a n d  S e co n d  L aw 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  sea rch  f o r  o n e  u n i ­

versa l fo r c e  law  to  e x p la in  the  m o t ion s  o f  p lan ets— M a rs  in  p a rt icu la r—  

as w e ll as g rav ity  a n d  th e  tides. T h is  b rea th tak in g  c o n c e p t io n  o f  u n ity  is 

p e rh ap s  e v en  m o re  str ik ing  th an  N ew to n ’ s, f o r  th e  s im p le  reason  th a t 

K e p le r  h a d  n o  p red ecesso r .

T h e  P h ysics  o f  th e  C e les tia l M a ch in e

K ep le r ’ s first r e c o g n it io n  is th a t fo r ce s  b e tw een  b od ie s  a re  cau sed  n o t  

b y  th e ir  re la tiv e  p o s it ion s  o r  th e ir  g e om e tr ica l a rrangem en ts , as w as  a c ­

c e p te d  b y  A r is to t le , P to lem y , a n d  C op e rn icu s , b u t  b y  m e ch an ica l in -
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tera ction s b e tw een  the  m ateria 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  17 ) h e  a n n ou n ced  “N u llum  p u n c tum ,  

nu llum  c en trum  g ra v e  est ”  a n d  h e  g a v e  th e  e x am p le  o f  th e  a ttra ct ion  

b e tw een  a  m agn e t  a n d  a  p ie ce  o f  ir on . In  W ill iam  G ilb e r t ’ s D e  M 6 g - 

n e t e  ( 1 6 0 0 ) ,  p u b lish ed  fo u r  years la ter, K e p le r  finds  a  ca re fu l e x p la ­

n a tion  th a t th e  a c t io n  o f  m agn ets  seem s to  c om e  fr om  p o le  p o in ts , b u t  

m ust b e  a ttr ibu ted  to  th e  parts  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 ich  K e p le r  a p p en d ed  to  h is o w n  trans ­

la tion  o f  A r is to t le ’ s m Pl ovpavov, h e  states ep ig ram m a tica lly  “ D a s  M it t e le  

is nur e in  D i ip f f l in ”  a n d  h e  e labora tes  as fo l low s :

H ow  can the earth, or  its nature, notice, recognize and seek after the center 

o f the w orld  which  is only a little point [D iip fflin ]— and then go  toward it?

The  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 magnet which  cou ld  attract the earth, for  it has no sub­

stance and therefore cannot exert a force.

In  th e  In 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 ich  w e  shall n ow  

con s id e r  in  s om e  d e ta il, K e p le r  is q u ite  e x p l ic i t :

A  mathematical 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 which  is neither cor ­

poreal nor recognisable as anything but a pure reference [mark].

T h u s  w h a t  is n e ed ed  is a  “ tru e  d o c tr in e  c o n c e rn in g  g ra v ity ” ; th e  

ax 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 mutual bod ily  striving am ong related bodies to ­

ward union or connection ; ( o f  this order is also the magnetic fo r c e ) .

T h is  p rem on it io n  o f  un iversa l g ra v ita t ion  is b y  n o  m ean s  an  iso la ted  

exam p le  o f  lu ck y  in tu it ion . K e p le r ’ s fe e l in g  f o r  th e  ph ys ica l s itu a tion  is 

adm ira b ly  soun d , as sh ow n  in  a d d it ion a l a x iom s :

I f  the earth were not round, a heavy body  would  be  driven not everywhere 

straight toward the m idd le  o f  the earth, but toward 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 would  com e together at some intermediate 

place similar to two magnetic bodies, the first approaching the second through 

a distance which is proportional to the mass [moles'] o f  the second.
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A n d  a fte r  th is p r e cu r so r  o f  the  p r in c ip le  o f  c on se rv a t ion  o f  m om en tum , 

th ere  fo l low s  th e  first a t tem p t  a t a  g o o d  e x p la n a t io n  fo r  th e  tides  in  

term s o f  a  f o r c e  o f  a ttra ct ion  ex e r ted  b y  th e  m o o n .

B u t th e  A ch ille s ’ h ee l o f  K e p le r ’ s ce lestia l ph ysics  is fo u n d  in  th e  v e ry  

first “ a x iom ,”  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 en t if ie d  w ith  a  ten d en cy  to  c om e  to  rest— causa  p r iv a tiv a  

m o tu s :

Outside the field o f  fo rce  o f  another related body, every bod ily  substance, 

insofar as it is corporea l, by  nature tends to remain at the same p lace at 

w h ich  it finds itself.10

T h is  a x iom  d ep r iv es  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 rm — the  c ru c ia l too ls  n e ed ed  f o r  sh a p in g  th e  ce lestia l m e ta ph y s ics  o f  

th e  an cien ts  in t o  th e  ce lestia l ph ysics  o f  th e  m o d em s . W ith o u t  these  c o n ­

c ep ts , K e p le r ’ s w o r ld  m a ch in e  is d o om e d . H e  has to  p r o v id e  sepa ra te  

fo r ce s  f o r  th e  p ro p u ls io n  o f  p lan ets  tan g en 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 om p o n e n t  o f  m o t io n .

M o r e o v e r ,  h e  a ssum ed  th a t th e  fo r c e  w h ich  rea ch es  o u t  fr om  th e  sun  

to  k eep  th e  p lan e ts  in  tan g en tia l m o t io n  fa lls  in verse ly  w ith  th e  in crea s ­

in g  d istan ce . T h e  o r ig in  a n d  th e  con sequ en ce s  o f  th is a ssum p tion  are  

v e ry  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  sp e cu la ted  ca sua lly  w h y  th e  s iderea l p e r io d s  o f  r e v o lu t io n  o n  the  

C o p e rn ic a n  hypoth es is  sh ou ld  b e  la rg e r  f o r  th e  m o re  d istan t p lanets , a n d  

w h a t  fo r c e  law  m ig h t  a c c o u n t  f o r  th is :

W e  must make one o f  two assumptions: either the forces o f  m otion  [an im ae  

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 an im a m o tr ix  at the center o f  the orbits, 

that is, in  the sun. I t  drives the m ore vehemently the closer the [m oved] body  

lies; its effect on  the m ore distant bodies is reduced  because o f  the distance 

[and the corresponding] decrease o f  the impulse. 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 

same 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 weakened through spreading from  the sun in the same manner 

as light.

T h is  su ggestiv e  im ag e— w ith  its im p o r ta n t  o v e r ton e s  w h ich  w e  shall 

d iscuss b e low — does , h ow ev e r , n o t  le a d  K e p le r  to  th e  in verse -squ a re  law  

o f  fo r c e , f o r  h e  is th in k in g  o f  th e  sp rea d in g  o f  lig h t  in  a p la n e , c o r -
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re sp on d in g  to  the p la n e  o f  p lan eta ry  orb its . T h e  d ecrea se  o f  ligh t in ten ­

sity is th e re fo re  assoc ia ted  w ith  th e  lin ea r  in crease  in  c ir cum fe ren ce  fo r  

m ore  d istan t o rb its ! In  his p re -N ew ton ia n  physics , w h ere  fo r c e  is p r o ­

p o r t ion a l n o t  to  a c ce le ra t ion  bu t  to  v e lo c ity , K e p le r  finds  a  rea d y  use fo r  

the inverse  firs t -p ow er  law  o f  g rav ita tion . I t  is exa ct ly  w h a t  h e  n eed s  to  

e xp la in  h is o b se rva tion  that 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 early  w ith  th e  in crease  o f  th e  p la n e t ’ s d istan ce  fr om  th e  sun .

T h u s  K ep le r ’ s S e con d  L aw  o f  P lan eta ry  M o t io n— w h ich  h e  a ctu a lly  

d iscovered  b e fo r e  th e  so -ca lle d  F irst a n d  T h ir d  law s— finds a  pa rtia l 

ph ysica l e x p lan a tion  in  jo in in g  severa l e rron eou s  postu la tes.

In  fa c t , it  is c lea r  fr om  th e  c o n te x t  that these postu la tes  o r ig in a lly  

suggested  the  S e con d  L aw  to  K e p le r .11 B u t n o t  a lw ays is th e  fina l o u t ­

c om e  so  h appy . In d e ed , th e  h ypoth es is  c o n c e rn in g  th e  ph ys ica l fo r ce s  

a c t in g  o n  th e  p la n e t  seriously  delays K e p le r ’ s p rogress  tow a rd  the  law  o f  

e llip tica l orb its  (F irst  L a w ) . H a v in g  sh ow n  tha 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  an  o v a l  figu 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  deta ils  o f  a  ph ys ica l fo r c e  law  w h ich  

w ou ld  exp la in  th e  “ o v a l”  p a th  in  a  q u an t ita t iv e  m ann er . B u t a fte r  ten  

chap ters  o f  ted iou s  w o rk  h e  has to  con fess  th a t “ th e  ph ys ica l causes in  

the fo r ty -fifth  ch a p te r  thus g o  u p  in  sm ok e .”  T h e n  in  th e  rem ark ab le  

fifty -seven th  ch ap te r , a  fin a l a n d  ra th er  d esp era te  a ttem p t  is m a d e  to  

fo rm u la te  a  fo r c e  law . K e p le r  e v en  dares to  en terta in  th e  n o t io n  o f  

c om b in ed  m a gn e t ic  in flu en ces  a n d  an im a l fo r c e s  [t/w anim a lia ] in  th e  

p laneta ry  system . O f  cou rse , th e  a ttem p t fa ils . T h e  a c cu ra te  c lo ck w o rk ­

like celestia l m a ch in e  c a n n o t  b e  con s tru cted .

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  tha t a  un iversa l 

fo r c e  exists in  the un iverse , ak in  to  m agn etism . F o r  e x am p le , in  B o ok  4  

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  ( 1 6 2 0 ) ,  w e  e n cou n te r  th e  

p ic tu re  o f  a  sun  as a  sph erica l m agn e t  w ith  o n e  p o le  a t  th e  c en te r  an d  

the o th e r  d istr ibu ted  o v e r  its su r fa ce . T h u s  a  p lan e t , itse lf m agn e tiz ed  

like  a  b a r  m agn e t  w ith  a  f ix ed  ax is , is a lterna te ly  a ttra cted  to  a n d  re ­

p e lled  fr om  the  sun  in  its e llip t ica l o rb it . T h is  is t o  e x p la in  th e  rad ia l 

c om p on en t  o f  p lan e ta ry  m o t io n . T h e  tangen tia l m o t io n  has b een  p re ­

v iou sly  e x p la in ed  ( 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 om  

the d ra g  o r  to rq u e  w h ich  m agn e tic  lines o f  f o r c e  fr om  th e  ro ta t in g  sun  

are  supposed  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 re  

rem ains qu a lita tiv e  a n d  in com 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 lan  to  “ sh ow  h ow  this ph ys ica l c o n c e p t io n  is to  b e  p resen ted
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th rou gh  ca lcu la t io n  a n d  g e om e try .” 9 N o r  d oe s  his lo n g  la b o r  b r in g  h im  

ev en  a  fa ir  am ou n t  o f  r e co g n it io n . G a lile o  in tr od u ce s  K e p le r ’ s w o rk  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 ev en  th ou g h  T y c h o  B rah e ’ s d a ta  an d  

K e p le r ’s w o rk  ba sed  o n  th em  h a d  sh ow n  tha t th e  C o p em ic a n  s ch em e  

w h ich  G a li le o  w as so  a rd en tly  u p h o ld in g  d id  n o t  c o r r e sp on d  to  th e  e x ­

p e r im en ta l fa c ts  o f  p la n e ta ry  m o t io n . A n d  N ew to n  m an ages  to  rem a in  

s trange ly  s ilen t a b o u t  K e p le r  th rou gh ou t  B ook 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 on ym ou s ly  as “ th e  p h e n om en on  o f  

th e  3 /2 t h  p ow e r ”  a n d  th e  F irst a n d  S e co n d  L aw s  as “ the  C o p em ic a n  

hypo th es is .” 13 K e p le r ’ s th ree  law s h a v e  c om e  to  b e  trea ted  as essentia lly  

em p ir ic a l  ru les. H o w  fa r  r em o v e d  th is a ch ie v em en t  w a s  fr om  h is  o r ig in a l 

am 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 ys ica l O p e ra t io n s  o f  N a tu r e

L e t  us n ow  set a s id e  f o r  a  m om en t  the  fa c t  th a t K e p le r  fa ile d  to  b u ild  

a  m e ch an ica l m o d e l  o f  th e  un iverse , 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  an sw er  is th a t  K e p le r  (r a th e r  like  G a l i le o )  w as  try in g  t o  es ­

tab lish  a  n ew  p h ilo s o p h ica l in te rp re ta t ion  f o r  “ rea lity .”  M o r e o v e r ,  h e  

w as  q u ite  aw a re  o f  th e  n o v e lty  a n d  d iff icu lty  o f  th e  task.

I n  h is o w n  w o rd s , K e p le r  w an ted  to  “ p r o v id e  a  p h ilo s o p h y  o r  physics  

o f  ce lestia l p h e n om en a  in  p la c e  o f  th e  th e o lo g y  o r  m etaphys ics  o f  A ris ­

to t le .” 14 K e p le r ’ s c o n tem p o ra r ie s  g en e ra lly  r e g a rd ed  h is in ten tion  o f  

p u tt in g  law s o f  physics  in to  a s tron om y  as a  n ew  a n d  p r o b a b ly  p o in tless  

id ea . E v en  M ic h a e l  M ás tlin , K e p le r ’ s o w n  b e lo v e d  tea ch e r , w h o  h a d  

in tr o d u ce d  K e p le r  to  th e  C o p em ic a n  th eo ry , w ro te  h im  o n  O c t o b e r  1, 

1 6 1 6 :

Concern 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 ing  to astronom ical m ethod  with the aid  o f  

astronom ical, not physical, causes and hypotheses. T ha t is, the calculation  

demands astronom ical bases in  the field o f  geometry and arithmetic . . . .

T h e  d if fe r e n c e  b e tw een  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 tron om y  a n d  th e  m e th o d o lo g y  o f  h is con tem 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  rep resen ta tiv e  letters b y  th e  tw o  

grea test a s tron om ers  o f  th e  tim e— T y c h o  B rah e  an 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 em b e r  9 , 1599 , rep ea ts  th e  p r e o c c u p a ­

t ion  o f  tw o  m ille n n ia  o f  a s tro n om ica l sp e cu la t ion s :

I  d o  not deny that the celestial m otions achieve a certain symmetry [through 

the C opem ican  hypothesis], and that there are reasons why the planets carry 

through their revolutions around this or  that center at different distances from  

the earth or the sun. H owever, the harm ony or  regularity o f  the scheme is 

to be discovered on ly  a posteriori . . . .  A nd  even if  it should appear to some 

puzzled and rash fe llow  that the superposed circu lar m ovements on the heav ­

ens yield sometimes angular o r  other figures, m ostly  elongated ones, then it 

happens accidentally, and reason recoils in horror from  this assumption. For 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 same path eternally in 

equal manner, and an eternal duration w ou ld  b e  impossib le, not to  m ention  

that the orbits w ou ld  be less simple, and irregular, and unsuitable fo r  scientific 

treatment.

T h is  m an ife s to  o f  a n c ien t  a s tron om y  m ig h t  in d e ed  h a v e  b e e n  su b scr ib ed  

to  b y  P y th agora s , P la to , A r is to t le , a n d  C o p e rn icu s  h im se lf. A ga in s t  it,

K e p le r  m a in ta in s  a  n ew  stand . W r it in g  t o  D .  F a b r ic iu s  o n  A u gu st  1,

1607 , h e  sound s  th e  g rea t  n ew  le i tm o t i f  o f  a s tro n om y : “ T h e  d if fe r e n c e  

consists on 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 fen 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 os it ion  

o f  c irc les  to  rep resen t th e  o rb it  o f  M a r s :

W hen you say it is not to be  doubted  that all m otions occu r on  a perfect 

circle, then this is false for the com posite, i.e., the real motions. A ccord ing  

to Copernicus, as explained, they occu r on  an orbit distended at the sides, 

whereas accord ing  to P tolem y and Brahe on spirals. But if  you speak o f  com ­

ponents o f  m otion , then you speak o f  something existing in thought; i.e., som e ­

thing that is not there in reality. For nothing courses on  the heavens except 

the planetary bodies themselves— no orbs, no ep icy c le s . . . .

T h is  s tra igh t fo rw a rd  a n d  m od e rn -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 rd  “ rea l”  stands “ m e ch a n ica 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 ch a n ica l in te ra c t ion s  in  th e  

sense w h ich  N ew to 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  :

Then  from  these [gravitational] forces, by  other propositions which  are 

also mathematical, I deduce the m otions o f  the planets, the comets, the m oon, 

and the sea. I wish we cou ld  derive the rest o f the phenomena o f  nature by 

the same kind o f reasoning from  mechanical principles . . .  ,15
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T h u s  w e  a re  tem p ted  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 ch an is t ic -ty p e  la ter  id en t ifie d  w ith  th e  N ew ton ia n  d isc ip les . B u t this 

is d e cep 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 ram  o f  th e  A s t r o ­

n o m í 6  N o v 6 , an o th e r  a sp ect  o f  K e p le r  asserted  itse lf. T h o u g h  h e  d oes  

n o t  a p p e a r  t o  h a v e  b e e n  con sc iou s  o f  it, h e  n e v e r  re so lv ed  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 ou gh t  o n  th e  ph 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 rd s  “ rea l”  o r  “ ph ys ica l”  th em selves , as u sed  

b y  K e p le r ,  ca r ry  tw o  in te rp en e tra t in g  c om p le x e s  o f  m ean in g . T h u s  o n  

r e ce 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 ow n  in  th e  

m a rg in  h is  ow n  d e fin it io n  o f  “ p h y s ica 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 doubt they are real and consequently 

physical, where one must refer to  the nature o f  the heavens, not the elements. 

W hen  I dismiss the perfect eccentric and the ep icycle , I  d o  so because they 

are purely geom etrical assumptions, for  which  a corresponding bod 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 row s  th e  b u rd en  o n  th e  na tu re  o f  h eaven s , th e  n a tu re  o f  b od ie s . 

H o w , th en , is o n e  to  r e co gn 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 rd  w ith  th e  n a tu re  o f  th in gs?

T h is  is th e  m a in  q u es tion , a n d  to  it  K e p le r  has a t  th e  sam e t im e  tw o  

v e ry  d iffe r e n t  answ ers, em erg in g , as it w e re , f r om  th e  tw o  pa rts  o f  h is 

sou l. W e  m ay  ph ra se  o n e  o f  the  tw o  answ ers as fo l lo w s : th e  ph ys 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 om ­

en a  exp la in a b le  b y  m ech a n ica 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 ion  o f  rea lity , a n d  assum es th e  p oss ib ility  o f  fo rm u la t in g  a  

sw eep in g  a n d  con s is ten t d yn am ics  w h ich  K e p le r  o n ly  sensed  b u t  w h ich  

w as  n o t  to  b e  g iv en  un til N ew to n ’ s P r i n c i p i 6 . K e p le r ’ s o th e r  an sw er, t o  

w h ich  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 se lf r e b u ffe d  

b y  th e  d e fic ien c ie s  o f  h is d yn am ics , a n d  w h ich  w e  sha ll n o w  e x am 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 ed  h a rm on ies  w h ich  m an  can  d is c o v e r  in  th e  ch a o s  o f  ev en ts .

K e p l e r ’ s S e c o n d  C r ite r ion  o f  R e a l i t y :  T h e  M a th em a tic a l  

H a rm on ie s  o f  N a tu r e

K ep le r ’ s fa ilu re  t o  c on s tru c t  a  Ph ysica  C o e le s tis  d id  n o t  d am a g e  his 

c o n c e p t io n  o f  th e  a s tron om ica l w o r ld . T h is  w o u ld  b e  strange  in d e ed  in
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a m an  o f  h is s tam p  i f  h e  d id  n o t  h a v e  a  ready  a lte rn a tiv e  to  th e  m e ch ­

an istic  p o in t  o f  v iew . O n ly  ra re ly  d oe s  h e  seem  to  h a v e  b e en  rea lly  u n ­

c om fo r ta b le  a b ou t  th e  p o o r  success o f  th e  la tter , as w h en  h e  is fo r c e d  to  

specu la te  h ow  a  sou l o r  an  in h eren t in te llig en ce  w ou ld  h e lp  t o  k eep  a  

p lan et o n  its p a th . O r  a ga in , w h en  th e  p e r io d  o f  r o ta t ion  o f  th e  sun  

w h ich  K e p le r  h a d  p o s tu la ted  in  h is  ph ys ica l m od e l p r o v e d  to  b e  v e ry  

d iffe ren t  fr om  th e  a ctu a l ro ta t ion  as first o b se rv ed  th rou gh  th e  m o t io n  

o f  sunspots, K e p le r  w as  ch a ra cte r is t ica lly  n o t  u n du ly  d istu rbed . T h e  

tru th  is that d esp ite  h is  p ro testa tion s , K e p le r  w as n o t  as c om m it te d  to  

m e ch an ica l e xp lan a tion s  o f  ce lestia l p h en om en a  as w as, say, N ew ton . H e  

h a d  a n o th e r  r ou te  o p en  to  h im .

H is  o th e r  c r ite r ion , h is  s e con d  an sw er to  th e  p r o b lem  o f  ph ys ica l 

reality , s tem m ed  fr om  the  sam e s ou rce  as h is o r ig in a l in terest in  as ­

t r on om y  a n d  his fa s c in a t ion  w ith  a  un iverse  d e s cr ib a b le  in  m a th em a tica l 

term s, n am e ly  fr om  a  fre qu en t ly  a ck n ow le d g ed  m etaphys 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 ch u s . I t  is th e  c r ite r ion  

o f  h a rm o n io u s  r e g u la r i t y  in  t h e  d e s c r ip t i v e  la w s  o f  s c i e n c e .  O n e  m ust 

b e  ca re fu l n o t  to  d ism iss it e ith er  as ju s t  a  r e a p p ea ran ce  o f  an  o ld  d o c ­

trine o r  as an  aesth e tic  re q u irem en t  w h ich  is still r e co gn iz ed  in  m o d em  

scien tific  w o rk ; 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 on iou s ”  w as  fa r  

m ore  sw eep in g  a n d  im p o r ta n t  than  e ither .

A  c o n c re te  e x am p le  is a ga in  a f fo r d e d  b y  th e  S e c o n d  L aw , th e  “ L aw  

o f  E qu a l A rea s .”  T o  T y c h o ,  C op e rn icu s , a n d  th e  g rea t  G reek  a s tron o ­

m ers, th e  h a rm on iou s  regu la rity  o f  p lan e ta ry  b eh a v io r  w as  to  b e  fo u n d  

in  the  u n ifo rm  m o t io n  in  c om p on en t  c ircles. B u t K e p le r  r e co gn iz ed  th e  

orb its— a fte r  a  lo n g  strugg le— as e llip si o n  w h ich  p lan ets  m o v e  in  a  n o n -  

u n ifo rm  m ann er . T h e  figu re  is lop s id ed . T h e  sp eed  varies  fr om  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 om p le x ity  is h id d en  a  h a r ­

m on iou s  regu la rity  w h ich  transports  its ecsta tic  d is cov e re r— nam ely , th e  

fa c t  tha t a  con stan t a rea  is sw ep t o u t  in  e qu a l in terva ls  by  a  lin e  fr om  

the fo cu s  o f  the  e llip se , w h e re  th e  sun  is, t o  the  p la n e t  o n  the  e llipse . F o r  

K ep le r , the  law  is h a rm on iou s  in  th ree  separa 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 rea s  K ep le r , d esp ite  lo n g  

and  h a rd  labors , h a d  been  u n ab le  to  fit T y c h o ’ s a ccu ra te  ob serva tion s  o n  

the m o tion  o f  M a rs  in to  a  c lassica l s ch em e  o f  su p erp osed  c irc le s , th e  

p ostu la te  o f  an  e llip t ica l p a th  fitted  th e  ob serva tion s  at o n ce . K e p le r ’s 

d ic tum  w as : “ h a rm on ie s  m ust a c c om m od a te  e x p e r ien ce .” 16 H ow  d iffi ­

cu lt  it m ust h a v e  b een  fo r  K e p le r , a  P y th ago rean  to  th e  m a rrow  o f  his
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bon es , to  fo rsak 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 rk  th e  n e ed  fo r  a b a n d on in g  h is  ch e r ish ed  a n d  in g ra in ed  p re ­

c o n c e p t io n s , th e  v e ry  basis o f  h is p re v iou s  sc ien tific  w o rk , in  o r d e r  to  

fu lfill th e  d ic ta te s  o f  q u an t ita t iv e  e x p e r ien ce— this w as  p e rh ap s  o n e  o f  

th e  g rea t  sa cr ific ia l a cts  o f  m o d em  sc ien ce , e q u iv a le n t  in  r e cen t  s c ien ­

t if ic  h is to ry  to  th e  a g on y  o f  M a x  P lan ck . K e p le r  c lea r ly  d r ew  the  

s treng th  fo r  th is a c t  f r om  th e  b e l ie f  th a t  it  w o u ld  h e lp  h im  to  g a in  an  

e v en  d e ep e r  in s igh t in to  th e  h a rm on y  o f  th e  w o r ld .

T h e  s e con d  rea son  fo r  r e g a rd in g  th e  la w  as h a rm on iou s  is its r e fe r ­

e n c e  to , o r  d is c o v e ry  o f ,  a  c on s ta n cy , a lth o u g h  n o  lo n g e r  a  con s ta n cy  

s im p ly  o f  a n gu la r  v e lo c ity  b u t  o f  a rea l v e lo c ity . T h e  typ ica l law  o f  a n ­

c ie n t  p h y s ica l s c ien ce  h a d  b e en  A r ch im ed e s ’ la w  o f  th e  le v e r : a  re la t ion  

o f  d ir e c t  ob se rvab le s  in  sta tic  c on fig u ra t ion . E v en  th e  w o r ld  systems o f  

C op e rn icu 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  

len t  th em se lves  to  v isu a liza tion  in  term s o f  a  set o f  fix ed  c o n c e n tr ic  

spheres. 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 em a in ed  to  th e  e n d  a  tru e  fo l lo w e r  o f  C o p e rn icu s  w h o  h a d  sa id  

“ th e  m in d  shudders ”  a t  th e  su p p o s it ion  o f  n o n c ir cu la r  n o n u n ifo rm  

ce lestia l m o t io n , a n d  “ it  w o u ld  b e  u nw o r th y  to  su pp ose  su ch  a  th in g  in  

a  C r e a t io n  c on s titu ted  in  th e  best p o ss ib le  w ay .”

W ith  K e p le r ’ s F irst L a w  a n d  th e  p o s tu la t ion  o f  e ll ip t ica l o rb its , th e  

o ld  s im p lic ity  w as d es troy ed . T h e  S e co n d  a n d  T h ir d  L aw s  estab lished  

the  ph y s ica l law  o f  c o n s ta n cy  as an  o rd e r in g  p r in c ip le  in  a  ch a n g in g  

s itu a tion . L ik e  th e  c o n ce p ts  o f  m om en tum  a n d  c a lo r ic  in  la te r  law s o f  

c on s ta n cy , a rea l v e lo c ity  itse lf is a  c o n c e p t  fa r  r em ov e d  f r om  th e  im ­

m ed ia te  ob se rvab le s . I t  w as th e re fo re  a  b o ld  step  to  sea rch  f o r  h a rm on ­

ies b e y o n d  b o th  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  law  is h a rm on iou s  a lso  in  a  g ra n d io s e  sen se : th e  fix ed  

p o in t  o f  r e fe r en ce  in  th e  L a w  o f  E q u a l A reas , th e  “ cen te r ”  o f  p lan e ta ry  

m o t io n , is th e  c e n te r  o f  the  sun  its e lf , w h erea s  e v en  in  th e  C o p em ic a n  

s ch em e  th e  sun  w as  a  litt le  o f f  th e  c en 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 akes th e  p la n e ta ry  system  a t  last tru ly  h e lio cen tr ic , 

a n d  th ereby  satisfies h is in s tin ct iv e  a n d  sou n d  d em an d  fo r  som e  m a ter ia l 

o b je c t  as th e  “ cen te r ”  to  w h ich  u lt im a te ly  th e  ph y s ica l e ffe cts  th a t k eep  

th e  system  in  o rd e r ly  m o t io n  m ust b e  tra ced .

A  H e l io c e n tr ic  and  T h e o c e n t r i c  U n iv er se

F o r  K e p le r , the  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 ed  an d  c om m an d in g  p o s it ion  a t  th e  cen te r  o f  th e  p lan e ta ry  

system  m a tch es  th e  p ic tu re  w h ich  a lw ays rises b eh in d  K e p le r ’ s tab les  o f  

ted iou s  d a ta— th e  p ic tu re  o f  a  c en tr ip e ta l un iverse , d ire c ted  tow a rd  an d  

g u id ed  b y  the  sun  in  its m an ifo ld  ro le s : as the m a th em a tica l  c en te r  in  

the  d escr ip t ion  o f  ce lestia l m o t io n s ; as th e  cen tra l ph ys ica l  a g en cy  fo r  

assuring c o n t in u ed  m o t io n ;  a n d  a b o v e  a ll as th e  m eta ph ys ica l  cen ter , 

th e  tem p le  o f  th e  D e ity . T h e  th ree  ro les  are  in  fa c t  in separab le . F o r  

g ran tin g  th e  sp ec ia l s im p lic ity  a ch ie v ed  in  the  d e s cr ip t ion  o f  p lan e ta ry  

m otion s  in  th e  h e lio cen tr ic  system , as e v en  T y c h o  w as w illin g  to  g ran t, 

a n d  assum ing  a lso  th a t e a ch  p la n e t  m ust e x p e r ie n ce  a  fo r c e  to  d ra g  it 

a lo n g  its ow n  con s ta n t  a n d  e tern a l o rb it , as K e p le r  n o  less th an  the 

S ch o la stics  th ou gh t  to  b e  th e  case , th en  it  fo l low s  th a t the  c om m on  

n eed  is su pp lied  fr om  w h a t  is c om m on  to  a ll o rb its ; i.e ., th e ir  c om m on  

cen ter , a n d  th is sou rce  o f  e tern a l con s ta n cy  itse lf m ust b e  con s tan t  an d  

eternal. T h o s e , h ow ev 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 od  o f  rea son in g  o n  th e  basis o f  a r ch e ­

types, K e p le r  p ile s  fu r th e r  c on sequ en ce s  a n d  ana log ies  o n  this a rgum en t.

T h e  m ost fam ou s  is th e  c om p a r is on  o f  th e  w o r ld -sp h e re  w ith  th e  T r in ­

ity : the  sun , b e in g  at th e  cen te r  o f  th e  sph ere  a n d  th ereby  a n te ced en t  to  

its tw o  o th e r  a ttribu tes , su r fa ce  a n d  v o lum e , is c om p a re d  to  G o d  the 

F a ther. W ith  va r ia tion s  the  a n a lo g y  o c cu rs  m an y  tim es th rou gh ou t  

K e p le r ’ s w ritings, in c lu d in g  m an y  o f  h is letters. T h e  im ag e  haun ts  h im  

fr om  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 ) an d  to  th e  v e ry  en d . C lea r ly , it  is n o t  su ffic ien t t o  d ism iss it w ith  

the usual ph ra se  “ su nw orsh ip .” 17 A t  th e  v e ry  least, o n e  w ou ld  h a v e  to  

a llow  that th e  e xu b e ran t  K e p le r  is a  w o rsh ip p e r  o f  the  w h o le  so la r  

system  in  all its parts.

T h e  p ow e r  o f  th e  su n -im age  ca n  b e  tra ced  to  th e  a ck n ow led g ed  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 en tu ry ) an d  

W ite lo  (th ir te en th  c e n tu r y ) .  A t  th e  t im e  it  w as cu rren t  n e o -P la ton ic  

d o c tr in e  to  id en t ify  ligh t w ith  “ th e  sou rce  o f  all ex is ten ce ”  an d  to  h o ld  

that “ sp a ce  a n d  ligh t  a re  o n e .” 18 In d e ed , o n e  o f  the  m a in  p re o c cu p a t io n s  

o f  the  s ix teen th -cen tu ry  n eo -P la ton is ts  h a d  b een , t o  use a m od e rn  term , 

the  tran s fo rm a tion  p rop e rt ie s  o f  sp a ce , ligh t , a n d  sou l. K e p le r ’ s d is ­

c o v e ry  o f  a  tru ly  h e lio c en tr ic  system  is n o t  o n ly  in  p e r fe c t  a c c o rd  w ith  

the c o n c e p t io n  o f  the  sun as a  ru lin g  en tity , b u t  a llow s h im , fo r  the  first 

t im e , to  fo cu s  a tten tion  o n  th e  sun ’ s p o s it io n  th rou gh  a rgum en t fr om  

physics.
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In  the  m ed 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  an d  

in  n e o -P la to n ic  a s tron om ica l m etaphys ics , h a d  c om m on ly  b e en  e ith er  

b e y on d  th e  last ce lestia l sph ere  o r  else a ll o f  s p a c e ;  f o r  o n ly  th ose  a lte r ' 

na tives  p r o v id e d  f o r  the  D e ity  a  “ p la c e ”  f r om  w h ich  a ll ce lestia l m o tion s  

w ere  equ iva len t . B u t K e p le r  ca n  a d o p t  a  th ird  p oss ib ility : in  a  tru ly  

h e lio c en tr ic  system  G o d  ca n  b e  b r ou g h t  b a ck  in to  th e  so lar  system  itse lf, 

so to  speak , e n th ron ed  a t  th e  fix ed  a n d  c om m on  re fe ren ce  o b je c t  w h ich  

c o in c id e s  w ith  th e  s ou r ce  o f  ligh t  a n d  w ith  th e  o r ig in  o f  th e  ph ys ica l 

fo r ce s  h o ld in g  th e  system  toge th er . I n  the  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 sed  p a r t  o f  this im ag e  w h en  h e  w ro te , a fte r  d e s cr ib in g  

th e  p la n e ta ry  a r ra n g em en t :

In  the m idst o f  all, the sun reposes, unmoving. W ho, indeed, in this most 

beautiful temple w ou ld  p lace  the light-giver in any other part than that whence 

it can  illum ine all other parts.

B u t C op e rn icu s  a n d  K e p le r  w e re  q u ite  aw a re  th a t the  C o p em ic a n  sun 

w as n o t  q u ite  “ in  th e  m id st  o f  a ll” ; h en ce  K e p le r ’ s d e lig h t  w h en , as o n e  

o f  h is earliest d iscover ie s , h e  fo u n d  tha t o rb ita l p lan es  o f  a ll p lan ets  

in tersect a t the  sun .

T h e  th re e fo ld  im p lica t io n  o f  th e  h e lio c en tr ic  im a g e  as m a th em a tica l, 

p h y s ica l, a n d  m e ta ph y s ica l c en te r  h e lp s  to  e x p la in  th e  sp e ll it  casts o n  

K ep le r . A s  W o l fg a n g  P au li has p o in te d  o u t  in  a  h igh ly  in terestin g  d is ­

cu ss ion  o f  K e p le r ’ s w o rk  as a  ca se  stu dy  in  “ th e  o r ig in  a n d  d e v e lo pm en t  

o f  s c ien tific  c o n c e p ts  a n d  th eor ie s ,”  h e re  lies th e  m o t iv a t in g  c lu e :  “ I t  is 

b e cau se  h e  sees th e  sun  a n d  p lan ets  aga in st th e  b a ck g r o u n d  o f  this 

fu n d am en ta l im ag e  [a r ch e ty p is ch e  B ild ] th a t  h e  b e liev es  in  th e  h e lio ­

c e n tr ic  system  w ith  re lig iou s  fe r v o r ” ; it  is this b e l ie f  “ w h ich  causes h im  

to  sea rch  fo r  th e  tru e  law s c o n c e rn 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 ak e  th e  p o in t  su cc in c t ly , w e  m ay  say tha t in  its fin a l v ers ion  

K e p l e r ’s ph ys ics  o f  th e  h ea v en s  is h e l io c en tr ic  in  its k in em a tic s , bu t  

th e o c e n tr ic  in its d yn am ics , w h e re  h a rm on ie s  b a sed  in  p a r t  o n  th e  p r o p ­

erties  o f  th e  D e ity  serve  to  su p p lem en t  p h y s ica l law s ba sed  o n  th e  c o n ­

c e p t  o f  sp e c ific  q u an t ita t iv e  fo rce s . T h is  b ra n d  o f  physics  is m ost  

p r om in en t  in  K e p le r ’ s last g rea t  w o rk , 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 -ca lle d  T h ir d  L a w  o f  p lan e ta ry  m o t io n  is a n n ou n ce d  w ith ­

o u t  an y  a ttem p t to  d e d u c e  it  f r om  m e ch a n ica l p r in c ip le s , w hereas  in  th e  

A s t r o n o m i 6  N o v 6  m agn e t ic  fo r c e s  h a d  d r iv en— n o , obsessed— the

82



p lanets. A s  in  his earliest w ork , h e  sh ow s  that the  p h en om en a  o f  n a tu re  

exh ib it  u n d er ly in g  m a th em a tica l h a rm on ies . H a v in g  n o t  q u ite  fo u n d  

the  m ech an 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 tion .
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T h e  S ou rc e  o f  K e p l e r ’ s H a rm on ie s

U n ab le  to  id en tify  K e p le r ’ s w o rk  in  a s tron om y  w ith  ph ys ica l sc ien ce  

in  the  m od e rn  sense, m an y  h ave  b een  tem p ted  to  p la c e  h im  o n  th e  o th e r  

side o f  the im ag in a ry  d iv id in g  line  b e tw een  c lassica l an d  m od e rn  sci ­

en ce . Is it, a fte r  a ll, su ch  a  la rge  step  fr om  the  h a rm on ie s  w h ich  the  

an cien ts  fo u n d  in  c ir cu la r  m o t io n  an d  ra t ion a l n um bers  to  th e  h a rm on ­

ies w h ich  K ep le r  fo u n d  in  e llip t ica l m o tion s  a n d  exp on en t ia l p r o p o r ­

t ion s?  Is it n o t  m ere ly  a  g en era liza tion  o f  an  estab lished  p o in t  o f  v iew ?  

B oth  answ ers a re  in  the n ega 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 on tem p ora r ie s , th e  h a n d  o f  the  D e ity  w as rev ea led  in  n a tu re  

th rou gh  law s w h ich , i f  n o t  qu a lita tiv e , w ere  h a rm on iou s  in  an  essentia lly  

se lf-ev id en t w a y ; th e  a x iom a tic  s im p lic ity  o f  c irc le s  a n d  spheres 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  are  q u a n tita t iv e , n o t  in  som e  

specific  s im p le  fo rm  o f  th e  q u an 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  can  n ow  r e c o g n iz e  as on e  p o in t  o f  

b rea k th rou gh  tow a rd  th e  la ter , m od ern  c o n c ep t io n  o f  m a th em a tica l law  

in s c ien c e . W h e re  in  c lassica l th ou gh t  th e  q u an 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 ew  a ttitu de , w h a tev e r  its m e ta ­

physica l m o tiv a t ion , o p en s  th e  im ag in a t ion  to  an  in fin ity  o f  possib ilities . 

A s a  d ire c t  c on sequ en ce , w h e re  in  classica l th ou gh t  the qu an tita tiv e  re ­

sults o f  e x p e r ien ce  w ere  u sed  la rge 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 ew  a ttitu de  p erm its  th e  results o f  e x p e r ien ce  to  re ­

vea l in  them selves w h a tev e r  p a tte rn  n a tu re  has in  fa c t  ch o sen  fr om  the 

in fin ite  set o f  possib ilities. T h u s  th e  seed  is p la n ted  fo r  the  g en e ra l v iew  

o f  m ost m od e rn  scientists, w h o  fin d  the  w o r ld  h a rm on iou s  in  a  v a gu e  

aesthetic sense becau se  th e  m in d  can  fin d , in h eren t in  the  ch a o s  o f  

events, o rd e r  fram ed  in  m a th em a tica l law s— o f  w h a tev e r  fo rm  they  m ay  

be. A s  has b een  ap tly  sa id  a b ou t  K e p le r ’ s w o r k :

Harm ony resides no longer in numbers which  can be gained from  arithmetic 

without observation. Harm ony is also no longer the property o f the circle in 

higher measure than the ellipse. H arm ony is present when a multitude o f
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P erh ap s  it w as  in ev ita b le  in  th e  p rog ress  o f  m o d e m  s c ien ce  th a t th e  

h a rm on y  o f  m a th em a tica l la w  sh ou ld  n ow  b e  s ou gh t  in  aesthetics  ra th er  

th an  in  m etaphys ics . B u t K e p le r  h im se lf w o u ld  h a v e  b e en  th e  last t o  

p r o p o s e  o r  a c c e p t  su ch  a  g en era liza t ion . T h e  g r ou n d  o n  w h ich  h e  p o s tu ­

la ted  th a t  h a rm on ie s  resid e  in  th e  q u an t ita t iv e  p rop e rt ie s  o f  n a tu re  lies 

in  th e  sam e m etaphys ics  w h ich  h e lp e d  h im  o v e r  th e  fa ilu re  o f  his ph ysi ­

c a l  d yn am ics  o f  the  so la r  system . In d e e d , th e  s ou rce  is as o ld  as na 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 ow  sh ow , K e p le r  h e ld  that m a n ’ s a b ility  to  d is co v e r  

h a rm on ies , a n d  th e re fo re  rea lity , in  th e  ch 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 een  u lt im a te  rea lity ; n am e ly , G o d ,  a n d  th e  m in d  o f  

m an .

In  an  ea r ly  le tter, K e p le r  o p en s  to  o u r  v iew  th is m a in sp r in g  o f  h is 

l i fe ’ s w o r k :

M ay  G od  make it com e  to pass that m y delightfu l speculation [the M ys- 

terium  Cosmographicum ] have everywhere am ong reasonable m en fu lly the 

effect which  I strove to  obtain  in  the publication ; namely, 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 hen  man w ill at last measure the 

power o f  his m ind on  the true scale, and w ill realize that God , who founded  

everyth ing in the world accord ing to the norm  o f quantity, also has endow ed  

man with a m ind which 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  man 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 er fic ia l lev e l, o n e  m ay  rea d  th is as a n o th e r  rep e t it ion  o f  th e  

o ld  P la ton ic  p r in c ip le  o #eos act yea>/«Tet; a n d  o f  cou 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  true  first cau se  o f  g e om e try , w h o , as P la to  says, 

a lw ays  g e om etr iz e s .” 22 K e p le r  is in d e ed  a  P la ton ist, a n d  e v en  o n e  w h o  is 

re la ted  a t th e  sam e t im e  t o  b o th  n e o -P la to n ic  trad it ion s— w h ich  on e  

m ig h t  p e rh ap s  b e tte r  id en 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— tha t o f  th e  m a th em a tica l physicists  like  G a li le o  a n d  that o f  th e  

m a th em a t ica l m ystic ism  o f  th e  F lo ren t in e  A ca d em y . B u t K e p le r ’ s G o d

p h en om en a  is regu la ted  b y  th e  u n ity  o f  a  m a th em a tica l la w  w h ich  expresses

a  c o sm ic  id e a .20
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has d on e  m o re  than  b u ild  th e  w o r ld  o n  a m a th em a tica l m o d e l ;  h e  a lso  

sp ec ifica lly  c rea ted  m an  w ith  a  m in d  w h ich  “ carries in  it  c o n ce p ts  bu ilt  

on  the  ca te g o ry  o f  q u an tity ,”  in  o rd e r  tha t m an  m a y  d ir e c t ly  c om m u n i ­

ca te  w ith  th e  D e i t y :

Those laws [which govern the material w orld] lie  w ithin the power o f  un ­

derstanding o f  the human m ind; G od  wanted us to perceive them when he 

created us in H is im age in order that we may take part in  H is own thoughts 

. . . .  Our know ledge [o f numbers and quantities] is o f  the same kind as 

G od ’s, at least insofar as we can understand something o f  it in this mortal 

life .23

T h e  p ro ce d u re  b y  w h ich  o n e  a p p reh en d s  h a rm on ie s  is d e scr ib ed  qu ite  

exp lic it ly  in  B o ok  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 on ie s ; n am ely , th ose  in  sense p h en om en a , as in  m u s ic , 

an d  in  “ p u re ”  h a rm on ie s  su ch  as are  “ con s tru cted  o f  m a th em a tica l c o n ­

cep ts .”  T h e  fe e lin g  o f  h a rm on y  arises w h en  th ere  o c cu rs  a  m a tch in g  o f  

the p e r c e iv ed  o rd e r  w ith  th e  c o r r e sp on d in g  in n a te  a r ch e ty p e  [a r ch e -  

typu s, U rb ild ]. T h e  a r ch e ty p e  itse lf is p a rt  o f  th e  m in d  o f  G o d  an d  w as 

im pressed  o n  the  h um an  sou l b y  th e  D e ity  w h en  H e  crea ted  m an  in  H is  

im age . T h e  k in sh ip  w ith  P la to ’ s d o c tr in e  o f  id ea l fo rm s  is c lea r . B u t  

whereas th e  la tter, in  th e  u sua l in te rp re ta tion , a re  to  b e  sou gh t ou ts id e  

the  h um an  sou l, K e p le r ’ s a rch etyp es  a re  w ith in  th e  sou l. A s  h e  sum ­

m arizes a t the  en d  o f  the  d iscussion , th e  sou l carries “ n o t  an  im ag e  o f  

the  tru e  p a tte rn  [p a rad igm a ], b u t  th e  tru e  p a tte rn  itse lf . . . .  T h u s  fi ­

n a lly  the  h a rm on y  itse lf b e com es  en tire ly  sou l, n a y  ev en  G o d .” 24

T h is , th en , is th e  fin a l ju s t ifica tion  o f  K e p le r ’ s sea rch  f o r  m a th em a ti ­

ca l h a rm on ies . T h e  in vestiga tion  o f  n a tu re  b e com es  an  in vestiga tion  

in to  the  th ou gh t  o f  G o d , W h om  w e  c a n  a p p reh en d  th rou gh  th e  la n ­

gu ag e  o f  m ath em atics . M un d u s  est im ago  D e i  c o rp ó r ea , ju s t  as, o n  the  

o th er  h an d , anim us est im ago  D e i  in co rp ó r ea .  In  th e  en 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 en om en a  is n o t  m ere ly  th e  c o n c e p t  o f  

m ech an ica l fo r ce s , b u t  G o d ,  exp ress in g  H im se lf  in  m a th em a tica l law s.

K ep le r ’ s T w o  D e it ie s

A  final b r ie f  w o rd  m ay  b e  in  o r d e r  c o n c e rn in g  th e  p sy ch o lo g ica l o r ­

ien ta tion  o f  K ep le r . S c ien ce , it  m ust b e  r em em bered , w as  n o t  K e p le r ’ s 

o r ig in a l d estina tion . H e  w as first a  studen t o f  p h ilo s op h y  an d  th e o lo g y  

at the U n iv ers ity  o f  T ü b in g e n ; on ly  a  few  m on th s  b e fo re  rea ch in g  th e
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g o a l o f  c h u r ch  p o s it ion , h e  su dd en ly— an d  re lu ctan tly— fo u n d  h im se lf 

tran sferred  b y  th e  U n iv e rs ity  au th oritie s  to  a  te a ch in g  p o s it ion  in  m a th e ­

m a tics  a n d  a s tron om y  at G ra z . A  y ea r  la ter , w h ile  a lrea dy  w o rk 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 ep le r  w r o te :  “ I  w a n te d  to  b e ­

c om e  a  th e o lo g ia n ; f o r  a  lo n g  t im e  I  w as  restless: N ow , h ow ev e r , o b ­

serve h ow  th rou gh  m y  e ffo r t  G o d  is b e in g  ce le b ra ted  in  a s tron om y .” 25 

A n d  m o re  than  a  fe w  tim es in  h is  la ter  w rit in g s  h e  re fe rred  to  a stron ­

om ers  as priests o f  th e  D e ity  in  th e  b o o k  o f  n a tu re .

F r om  his earliest w r it in g  to  h is last, K e p le r  m a in ta in ed  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 ica l in terest. H is  w h o le  li fe  w as on e  

o f  u n com p rom is in g  p ie ty ; h e  w as  in cessan tly  s tru gg lin g  to  u p h o ld  his 

s tron g  a n d  o fte n  n on con fo rm is t  c o n v ic t io n s  in  re lig ion  as in  sc ien ce . 

C a u gh t  in  th e  tu rm o il o f  th e  C o u n te r -R e fo rm a t io n  a n d  th e  b e g in n in g  o f  

the  T h ir ty  Y ea rs ’ W a r , in  the  fa c e  o f  b itte r  d ifficu lties  a n d  ha rd sh ip s , h e  

n ev e r  c om p rom is e d  o n  issues o f  b e lie f. E x p e lle d  fr om  c om m u n io n  in  th e  

L u th e ran  C h u rch  fo r  his u n y ie ld in g  in d iv id u a lism  in  re lig iou s  m atters , 

e x p e lle d  fr om  h om e  an d  p o s it ion  at G ra z  fo r  re fu s in g  to  em b ra ce  

R om a n  C a th o lic ism , h e  c o u ld  tru ly  b e  b e lie v ed  w h en  h e  w ro te , “ I  take 

r e lig ion  seriously , I  d o  n o t  p la y  w ith  it ,” 26 o r  “ I n  a ll s c ien ce  th ere  is 

n o th in g  w h ich  c o u ld  p re v en t  m e  fr om  h o ld in g  an  o p in io n , n o th in g  

w h ich  c o u ld  d e te r  m e  fr om  a ck n ow le d g in g  o p en ly  an  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 ich  is b e in g  tw isted  

b a d ly  b y  m an y .” 27

B u t as h is w o rk  sh ow s  us a g a in  a n d  aga in , K e p le r ’ s sou l bea rs  a  d u a l 

im ag e  o n  this su b je c t  to o . F o r  n e x t  to  the  L u th e ra n  G o d ,  r e v ea led  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  stands th e  P y th a g o rean  G o d ,  

em b o d ie d  in  th e  im m ed ia cy  o f  o b se rv a b le  n a tu re  a n d  in  th e  m a th em a ti ­

c a l  h a rm on ie s  o f  th e  so la r  system  w h ose  d es ign  K e p le r  h im se lf  h a d  

tra ced— a  G o d  “ w h om  in  th e  c o n tem p la t io n  o f  th e  un iverse  I  c a n  g rasp , 

as it  w e re , w ith  m y  v e ry  h and s .” 28

T h e  exp ress ion  is w on d e r fu lly  a p t : so  in tense  w as  K e p le r ’ s v is ion  that 

th e  ab stra ct  a n d  c o n c r e te  m erg ed . H e r e  w e  fin d  th e  key  t o  th e  en igm 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 ren t  c om p le x ity  a n d  d iso rd e r  in  

h is w r it in g s  a n d  com m itm en ts . In  o n e  b r illia n t  im age , K e p le r  saw  th e  

th ree  b a s ic  th em es  o r  c o sm o lo g ic a l  m od e ls  su p e rp o se d : t h e  u n iv e r s e  as  

p h y s i c a l  m a c h in e ,  t h e  u n iv e r s e  a s  m a th em a t i c a l  h a rm o n y ,  a n d  th 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 as  th e  se ttin g  in  w h ich  

h a rm on ie s  w ere  in te rch an g eab le  w ith  fo r ce s , in  w h ich  a  th e o cen tr ic
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c o n c e p t io n  o f  the un iverse  le d  to  sp e c ific  resu lts o f  c ru c ia l im p o r ta n ce  

fo r  the  rise o f  m od e rn  physics .
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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 Book  

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 go : Encycloped ia  Britannica, 1952), V o lum 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 lhammer, 1950; the English trans­

lation is K e p l e r , trans. and ed. C . Doris H eilman, N ew  Y ork : Abelard- 

Schuman, 1959. Some 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 Am erican  Association fo r  the Advance ­

ment o f  S c ien ce ), Baltim ore: W illiam s & W ilk ins C o ., 1931. [S ince this 

article was written, a number 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 , Observation 5, there is, 

for example, an attempt to associate the parts o f the light spectrum  w ith  the 

“ differences o f  the lengths o f  a m onochord  which  sounds the tones in an 

eight.”

4. Letter to David  Fabricius, O ctober  11, 1605.

5. Letter to Herwart von  Hohenburg, M arch  26, 1598, i.e., seven years be ­

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  (Leyden , 1605). Som e o f  K ep ler ’s most im portant letters are 

collected  in M ax  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 , Munich  and Berlin : R . O ldenbourg, 1930. A  m ore com ­

plete collection  in the original languages is to be  found  in V ols . 13—1*5 o f  

the m odem  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 un 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 writer’s.) Excerpts from  some 

letters were also translated in Carola  Baumgardt, Jo h 6 n n e s  K e p l e r , New  

Y ork : Philosophical Library, 1951.

6. Ernst G oldbeck , A bh and lu n g en  zu r  P h ilo sop h ic  titid ih re r  G e s ch ich 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 lum e 

V I— a useful m onograph demonstrating K ep ler ’s role as a herald o f mechanical 

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 he
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main  point, w h ich  it w ou ld  b e  foolhardy to challenge, is that in the description 

o f  phenom ena Copernicus still on  occasion  treated the earth differently from  

other planets.]

7. In  K ep ler ’s Preface to his D i o p t r i c e  (1 611 ) 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  astronomy and Euclid ’s 

G eom etry ,”  and describes the main features as fo llow s: “ I took the d im en ­

sions o f  the planetary orbits accord ing  to the astronomy o f  Copernicus, w ho 

makes the sun imm ob ile  in the center, and the earth m ovable  both  round 

the sun and upon  its own axis; and I  showed 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 elements o f the world , though 

the attempt was adm irable rather than happy or  legitimate . . . Th e  scheme 

o f  the five circum scribed regular bodies originally represented to K ep ler  the 

cause o f  the observed number (and  orbits) o f  the planets: “Habes rationem  

numeri 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. (Jena : D iederichs, 1918), p. xxiii.

9. Letter to Herwart von  H ohenburg, February 10, 1605. A t about the same 

tim e he writes in a sim ilar vein  to Christian Severin Longomontanus concern ­

ing the relation o f  astronomy and physics: “ I believe that both  sciences are 

so closely  interlinked that the one cannot attain com pletion  w ithout the other.”

10. Previously, K ep ler  discussed the attraction o f  the m oon  in a letter to 

Herwart, 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 ctober 11', 1605. 

O n  the last subject see A lexandre Koyr6, Galileo 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 

argument were erroneous. For a short discussion o f  this concrete illustration 

o f  K ep ler ’s use o f  physics in astronomy, see John  L . E. Dreyer, 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 Pub ­

lications, 1953), second edition, pp . 387 -399 . A  longer discussion is in Max 

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 un ich  and Berlin : R  

O ldenbourg, 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 go : University o f  C h icago  Press, 1953 ), p . 469. H owever, an oblique 

com plim ent to K ep ler ’s T h ird  Law  may 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  (Berkeley: University o f  California Press, 1946), pp. 394—395. Ir
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Book I I I , N ew ton remarks concerning the fact that the Th ird  Law  applies 

to the m oons o f  Jupiter: “ This we 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  power law  applies to  the “ five primary planets”  and the earth. N ew ton ’s 

real debt to K ep ler  was best summarized in  his own letter to Halley, 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 ctober 4, 1607. Th is picture o f  a man 

struggling to  emerge from  the largely Aristotelian tradition is perhaps as sig­

nificant as the usual one o f  K ep ler  as C opem ican  in a P tolemaic w orld . N or 

was K ep ler ’s opposition , strictly speaking, P tolemaic any longer. For this we 

have K ep ler ’s own opin ion  (H 6 r m o n i c e  M u n d i , Book 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 which  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 uoted  in K epler, W e l t h 6 r m o n i k , ed. M ax  Caspar (M un ich  and 

Berlin: R . O ldenbourg, 1939), p. 55*.

17. E.g., Edwin 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 ond on : Routledge & K egan  Paul, 1924 and 1932), p . 47 ff.

18. For a recent analysis o f  neo-P latonic doctrine, which  regrettably om its 

a detailed study o f  K epler, see M ax  Jammer, C o n c e p t s  o f  S � 6 c e  (C am ­

bridge: Harvard University Press, 1954), p. 37 ff. Neo-Platonism  in relation 

to K epler is discussed by Thom as S. Kuhn, T h e  C o p e r n i c 6 n  R e v o l u t i o n ,

Cambridge: Harvard University Press, 1957.

19. W olfgang  Pauli, D er  Einfluss archetypischer Vorstellungen auf die 

Bildung naturwissenschaftlicher Theorien  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 Verlag, 1 9 5 2 ) ,p. 129.

An 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 . Hull 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 Mastlin, April 19, 1597. (Ita lics supplied .) T h e  “ numerologi- 

cal”  component o f m odem  physical theory is in fact a respectable offspring 

from  this respectable antecedent. For example, 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.,

� � � � � � � � � 	 � � � � � � � � � � � � � � � �
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1934), pp . 103 -104 : “ This interpretation o f the atom ic number [as the 

number o f  orbital electrons] may be said to signify an im portant step toward 

the solution o f  one o f  the boldest dreams o f  natural science, namely, to  bu ild  

up an understanding o f  the regularities o f  nature upon  the consideration o f  

pure number.”

22. H 6 r m o n i c e  M u n d i , Book 3.

23. Letter to  Herwart, April 9 /1 0 , 1599. G a lileo  later expressed the same 

prin cip le : “ That the Pythagoreans had the science o f  numbers 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 same op in ion .”  de  

Santillana, op. cit., p. 14. Descartes’s remark, “ Y ou  can substitute the mathe ­

m atical order o f  nature fo r  ‘G od ’ whenever I  use the latter term ”  stems from  

the same source.

24. F or a discussion o f  K ep ler ’s mathematical epistem ology and its rela ­

tion  to  neo-Platonism , see M ax  Steck, Ü ber das W esen  des M athematischen  

und die mathematische Erkenntnis bei K ep le r , D i e  G e s t 6 l t  (H a lle : M ax  N ie ­

meyer, 1941), V o lum e V . T h e  useful material is partly  buried under national­

istic oratory. Another 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 Mästlin , O ctob er  3, 1595.

26. Letter to  Herwart, D ecem ber 16, 1598.

27. Letter to  Herwart, M arch  28, 1605. I f  one wonders 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 same letter contains the answer: “ I 

hold  that w e must look  into the intentions o f  the m en w ho were 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.”  Th is view , later associated w ith Galileo, is further developed  

in K ep ler ’s eloquent introduction  to  the A s t r o n o m i 6  N �� 6 . Th e  relevant 

excerpts w ere first translated by  Thom 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 on d on : 1661), Part I , pp . 461 -467 .

28. Letter to  Baron Strahlendorf, O ctob er  23, 1613.
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3 THEMATIC AND STYLISTIC 

INTERDEPENDENCE

1

H
t  is  c om m on ly  a c k n ow le d g e d  that a  p r o p o sa l  o f  P la to  set the  

style fo r  o n e  o f  the m a in  tra d it ion s  o f  c la ss ic  s c ien tific  th ou gh t . 

A s  B lake, D u ca sse , a n d  M a d d e n  ph 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 em y  

the task o f  w o rk in g  o u t  a  system  o f  g e om e tr ic a l  h ypo th eses  w h ich , b y  

substitu tin g  u n ifo rm  a n d  c ir cu la r  m ov em en ts  f o r  th e  a p p a ren t ly  ir re gu ­

lar m ov em en ts  o f  the  h ea v en ly  b od ie s  [th a t  is, th e  p lan ets , p a r t icu la r ly  

d u r in g  r e tro g ra d e  m o t io n ] ,  w o u ld  m ak e  it p o ss ib le  to  e x p la in  the la tter  

in  term s o f  th e  fo rm e r— in  his o w n  fam ou s  ph ra se , to  ‘ save  th e  p h e ­

n om en a .’ 9,1 S im p lic iu s  w rites  in  h is C om m en 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 osigenes  says, set th is p r o b lem  fo r  studen ts  o f  as ­

t r o n om y : ‘B y  the  a ssum p tion  o f  w h a t  u n ifo rm  an d  o r d e r e d  m o t ion s  

ca n  the  a p p a ren t  m o t io n s  o f  th e  p lan ets  b e  a c c o u n te d  f o r ? ’ ”  T h is  fa ­

m ou s  p r o b lem  k ep t  n a tu ra l p h ilo s op h e rs  a g ita ted  fo r  2 ,0 0 0  years an d  

was im m en se ly  in flu en tia l in  sh a p in g  s c ien ce  as w e  k n ow  it.

T o  this d a y , it still strikes us as a sou n d  s c ien t ific  q u es tion , a n d  w e  are  

n o t  su rp rised  to  h ea r  that 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 ­

itab le  s o lu tion  b y  p r o p o s in g  a g e o c e n tr ic  system  o f  h om o c e n t r ic  spheres. 

P la to  starts fr om  p u zz lin g  o b se rva tion s— pa rt icu la r ly  th e  a p p a ren t  h a lt -

This article was originally presented at T h e  University o f  F lorida , Gaines ­

ville, for  the Thirtieth  Anniversary o f the University C ollege and was published 

under the title S c ien c e  an d  N ew  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 olum e V I I ,  N o . 2, pp . 399 -421 , 1967.
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in g  a n d  b r ie f  b a ck w a rd  e x cu rs ion  w h ich  th e  p a th s  o f  th ose  w anderers , 

the  p lan ets , s h ow  a t regu la r  in terva ls  d u r in g  th e ir  o th e rw ise  p r e d om i ­

n a n tly  fo rw a rd , n ig h t -b y -n ig h t  p rogress  aga in st th e  b a ck g r o u n d  o f  the  

fix ed  stars. W e  still ask a s im ila r  typ e  o f  qu e s t ion  w h en  a  c om e t  o r  as ­

t e r o id  is d is c o v e red , o r  w h en  an  a r tific ia l sa te llite  su dd en ly  is la u n ch ed  

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 em a t ica l a n a lo g u e  ( o r  

e q u a t io n )  rep re sen tin g  its m o t io n ?  W e  n o  lo n g e r  h a v e  to  so lve  su ch  a  

k in em a tic  p r o b lem  b y  th e  v e ry  ted iou s  g e om e tr ic  m e th od s— it c a n  b e  

tran s la ted  in to  an  e q u iv a le n t  la n gu a g e  b y  w h ich  an  e le c t r o n ic  c om p u te r  

ca n  g iv e  us a  q u ic k  an sw er  w h en  p resen ted  w ith  d a ta  d e r iv ed  f r om  o b ­

s e rva tion . B u t, q u a lita tiv e ly , th e  c om p u te r  a d d s  n o th in g  n ew . I n  fa c t , 

th e  su p e rp o s it ion  o f  c ir cu la r  m o t io n s  n ow  has its e x a c t  m a th em a t ica l 

e q u iv a le n t  in  th e  trea tm en t o f  p e r io d ic  m o tion s  th rou gh  th e  sum  o f  a  

series o f  term s o f  a  t r ig o n om 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 lem  ap p ea rs  to  b e  c o n c e rn e d  w ith  th ree  

e lem en ts  th a t  m o d e rn  sc ien ce  still dea ls  w ith :  F irst, th e  “ fa c ts ”  o f  o b ­

s e rva tion  (h e re , th e  o b se rv ed  m o t io n  o f  th e  p la n e ts ) im press th em se lves  

o n  o u r  senses. N e x t , w e  fin d  h e re  a  p u zz lin g  m ix tu re  o f  c om p le x ity  a n d  

o r d e r  w h ich  tr iggers  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 any , 

n o t  a  s im p le  fo rw a rd  m o t io n  b u t  an  a p p a ren t  re trog ress ion , 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 ch  p la n e t ) .  A n d  fin a lly , w e  re so lv e  th e  

a p p a ren t  p u zz le  b y  th e  im a g in a t iv e  c o n s tru c t io n  o f  an  a n a lo g on . T h e  

a n a lo g on  ca n  b e  e ith e r  m a th em a t ica 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 lem en t  in  th e  o b se rv a t ion  w ith  the  

c on sequ en ce s , p e rh a p s  u n e x p e c te d ly  b u t  lo g ica lly  s ou n d  con sequ en ce s , 

o f  the  p o s tu la ted  stru ctu re  o f  th e  a n a lo g on . I n  P la to ’ s case , th e  a n a lo g on  

w h ich  h e  sp e c ifica lly  in v ites  is th a t  o f  u n ifo rm  m o t io n  a lo n g  c ir cu la r  

p a th s  in  an  in te rre la ted  k in em a tica l system . T h is  a n a lo g on  is p u t  f o r ­

w a r d— h yp o th e s iz e d .

B u t th e  m ost  s ign ifican t e lem en t  in  m o v in g  fr om  p r o b lem  to  so lu tion  

in  P la ton ic  s c ien ce  is o n e  th a t has n o t  y e t  b e en  m en t io n ed— p re s e le c t io n .  

T h e r e  a re  m a n y  con stra in ts  w h ich  h a v e  b e en  p la c e d  fr om  th e  v e ry  b e ­

g in n in g  o n  th e  p oss ib le  so lu t ion  in  an  a lm ost  im p e r ce p t ib le  m an n e r ; 

con stra in ts  o n  the  “ fa c ts ,”  o n  th e  h ypoth es is , a n d  the  c o r r e sp on d en ce  

b e tw een  a n a lo g on  a n d  fa c ts  b y  w h ich  w e  a re  re lie v ed  o f  the  fe e lin g  o f  

p u zz lem en t, b y  w h ich  w e  “ u n d e rs ta n d .”

F o r  o f  a ll th e  p oss ib le  fa cts  o f  ob se rv a t ion , w e  a re  in v ited  to  lo o k  ju s t  

a t ce lestia l o n e s ; a n d  o f  a ll those , a t  th e  p lanets . O f  the  fa cts  o f  o b se rv a -
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t ion  c o n c e rn in g  p lanets , o n ly  o n e  k in d  is se lected  a n d  n o t , fo r  e x am p le , 

their  d iffe ren t  c o lo r s  o r  th e ir  c h a n g in g  brigh tness , b o th  o f  w h ich  strike 

the eye m u ch  m o re  q u ick ly  than  th e ir  m o t io n  w ith  resp ect  to  th e  f ix ed  

stars, ce rta in ly  m o re  q u ick ly  th an  any  e lem en t  o f  o rd e r  w ith in  th e  “ d is- 

o rderlin ess”  o f  re trogression . O f  a ll the p oss ib le  an a lo g on s  ( f o r  e x am p le , 

an im istic , o r  ph y s ica lly  m e ch a n ic a l ) ,  w e  are  g iv en  h e re  a g e om e tr ica l 

o n e ;  o f  a ll g e om e tr ica l-k in em a t ic  on es , o n ly  u n ifo rm  m o t io n  an d  on ly  

o n  c ir cu la r  pa th s. O f  a ll th e  c o r r e sp on d en ce  b y  w h ich  w e  “ u n d ers tan d ”  

the b eh a v io r  o f  th e  p lanets , w e  m ust ch o o se  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 ag in a ry  p o in ts  

in  the  g e om e tr ica l system , a n d  n o t , f o r  e x am p le , a  m ere  c a ta lo g u e  o f  

p os ition s , su ch  as the  B ab y lon ian s  u sed  to  “ u n d ers tan d ”  a n d  p r e d ic t  

ce lestia l p h en om en a .

T h e  issue n ow  raises itse lf f o r c ib ly : w h a t  a re  th e  cr ite r ia  w h ich  g u id e  

us in  these p rese le ction s  o f  fa cts , h ypoth eses , a n d  e x p la n a to ry  m e th od s ?  

O n  the  an sw er to  this qu estion , fa r  m o re  th an  o n  the  “ fa cts  o f  n a tu re ”  

them selves, d ep en d s  w h a t  k in d  o f  s c ien ce  w e  sha 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 ien ce  ca n  te a ch  us. I t  is, th e re ­

fo re , o n e  o f  the ba s ic  qu estion s  o f  a n y  s c ien ce  o r  p h ilo s o p h y  o f  s c ien ce .

T h is  is the p o in t  w h ere  the  style o f  th ou gh t  o f  th e  t im e  en ters o u r  d is ­

cussion . F o r  I  n eed  on ly  r em in d  y ou  o f  th e  m a in  ou tlin es  o f  P la to ’ s p o s i ­

t ion  w h ich  e x p la in  his cr ite r ia  o f  p re se le c tion  a n d  c on sequ en t ly  e x p la in  

the style o f  P la ton ic  s c ien ce  itself. In  th e  L 6 w s , B ook  X I I ,  th e  A th en 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 two motives— those w e have already re­

hearsed— o f credibility in divin ity? . .  . O ne 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 movements o f  the planets and 

other bodies swayed by the m ind that has set this whole frame o f  things in 

com ely array. N o  man who has once  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 comm on  belie f that men who 

busy themselves with such themes are made infidels by their astronomy and its 

sister sciences, with their disclosure o f  a realm where events happen by stringent 

necessity, not by the purpose o f a w ill bent on the achievement o f good . . . . 

The 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 wonder, 

and aroused in the breast o f  close students the suspicion, which has now  been
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converted into accepted doctrine, that were they without souls, and by conse ­

quence w ithout intelligence, they would  never have con form ed  to such precise 

com putation .2

T h e r e fo r e , a n y on e  a sp ir in g  t o  b e  “ a  su ffic ien t m ag istra te  o f  th e  w h o le  

c om m u n ity ,”  P la to  c on tin u es , m u st “ possess th e  requ is ite  p re lim in a ry  

scien ces  . . . a n d  a p p ly  h is k n ow le d g e  m ee tly  to  h is m o ra l a n d  lega l b e ­

h a v io r .”  T h e  p r o p e r  stu dy  o f  m an , o f  w h ich  th e  “ p re lim in a ry  sc ien ces”  

a re  o n ly  a  stage , is, o f  cou rse , u lt im a te ly  th e  sou l. A n d  a s tron om y  is u sed  

as a n  illu s tra tion  a g a in  a n d  a g a in  in  P la to ’ s w o rk  t o  m ak e  th is p o in t .3

A s tron om y , w e  see, is n o t  p u rsu ed  p r o p e r ly  i f  o n e  stud ies o n ly  th e  

m in u te  p re cess ion  o f  the  e q u in o x , o r  c o r r e c t io n s  o f  th e  ca le n d a r  o r  o th e r  

m easu rab le  d e ta il— p ro b lem s  th a t o n ly  la te r  c om e  to  b e  h igh ly  rega rd ed . 

R a th e r , a  m an  m ust “ pu rsu e  h is  stud ies  a r igh t  w ith  h is m in d ’ s eye  fix ed  

o n  th e ir  s in g le  e n d .”  [E p i n o m i s , 991e .] A s  th e  A th en ia n  h a d  sa id  ea r lie r  

[L 6 w s  7 : 8 2 1d ] : “ . . . th e  rea son  w h y  I  am  n ow  in sisting  th a t o u r  c it i ­

zens a n d  th e ir  y o u n g  p e o p le  m ust lea rn  e n ou g h  o f  a ll th e  fa cts  a b ou t  

th e  d iv in ities  o f  th e  sky is to  p r e v en t  b la sph em y  o f  th em  [su ch  as th e  

ch a rg e  th a t th ey  w an d e r  a r ou n d , w h en  in  fa c t  th ey  c a n  b e  sh ow n  to  h a v e  

regu la r  m o t io n s ; 822a ], a n d  to  en su re  a  rev eren t  p ie ty  in  th e  la n gu age  

o f  a ll o u r  sa crifices  a n d  p rayers .”

A s tr on om y  is thus an  a d ju n c t  to  m o ra l p h ilo s op h y . A n d  n ow  w e  h a v e  

n o  d ifficu lty  in  r e con s tru c t in g  a n d  u n d e rs 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 tron om ica l p rob lem s . T h e y  a re  th ose  c r ite r ia  w h ich  

assure th a t th e  su b je c t  m a tte r  a n d  persuasiveness o f  this s c ien ce  shall 

c o n tr ib u te  to  m o ra l e d u ca t io n . T o  le t  scientists lo o k  fo r  th e ir  o w n  sub ­

je c t  o f  s tudy  a n d  fa sh ion  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 ry  m e th o d  w o u ld  b e  as a b su rd  as g iv in g  th e  n am e  

“ tru e  m u s ic ian s”  [R e p u b l i c  3 :  4 0 2 ] to  th ose  w h o  w ou ld  in v en t  th e ir  

o w n  in strum ents , a n d  p la y  o n  th em  an y  d ish a rm on iou s  tu n e  o r  rh y thm  

tha t p leases  th em , a n d  w h o  in  g en e ra l h a v e  n o t  s tu d ied  “ the  fo rm s  o f  

soberness, c o u ra g e , lib era lity , a n d  h igh -m in d edn e ss .”

In d e ed , it is so  easy  to  sh ow  h ow  th e  m ora lis t ic  se ttin g  su rrou n d in g  

P la ton ic  s c ien ce  d e te rm in ed  th e  s c ien ce  o f  its t im e  th a t w e  som etim es  

assign  it to  s tuden ts  as an  exercise , a n d  as a n  e x em p la ry  w a rn in g  that 

m etaph ys ica l p re su pp os it ion s  h a v e  h a d  a  p ow e r fu l h o ld  u p o n  the  sci ­

en ces  o f  th e  an 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 ou g h  the  scene , b o th  in  s c ien ce  a n d  ou ts id e , has ch a n g ed  g rea tly  

sin ce  the  classic  G reek  p e r io d , w e  h a v e  n ev e r  h a d— an d  c o u ld  n o t  h a v e  

im ag in ed— a  sc ien ce  sepa ra ted  fr om  ex te rn a l in vo lv em en ts , a n d  ex is tin g  

tru ly  “ f o r  its ow n  sake .”  T h e  c r ite r ia  o f  p re se le c t ion  ch a n g e , th e  ba s ic  

con ce rn s  sh ift, b u t  th e  ex is ten ce  o f  a  sty listic re la tion sh ip  am on g  th e  d i f ­

fe ren t w ork s  o f  a  g iv en  p e r io d  rem a in s  con stan t.

A n  e x am p le  w ill b e  h e lp fu l h ere . I t  is c om m on p la c e  th a t th e  p r e d ile c ­

t ion  fo r  see ing  p rob lem s  in  term s o f  a  h a rm on iou s ly  o rd e re d  w o r ld  w as 

still ch a ra cte r is t ic  e v en  o f  th e  v e ry  la n gu age  o f  s c ien tific  im a g in a t ion  in  

the  c lassic  p e r io d  o f  th e  seven teen th  a n d  e igh teen th  cen tu ries . H o w  fa r  

w e  h a v e  c om e  in  s c ien ce  m o re  re cen tly— an d  n o t  on ly  in  s c ien ce— fr om  

that p o s it ion  is p e rh a p s  expressed  m ost  d ire c t ly  a n d  s im p ly  in  a  passage  

that seem s as strange  n ow  as it w as  c o n g en ia l in  1681 w h en  T h om a s  

B u rnet pu b lish ed  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 eak in g  o f  th e  

a n n oy in g  d isorderlin ess  o f  th e  d is tr ibu tion  o f  th e  stars, h e  s a id :

They lie carelesly scatter’d, as if they had been sown in  the Heaven, like Seed, 

by handfuls; and not by a skilful hand neither. W hat a beautiful Hem isphere 

they wou ld  have made, 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 one  fa ir p iece or  great C om ­

position, accord ing to the rules o f  A rt and Symmetry.

W e  h a v e  n o t , o f  cou rse , lost  th e  c on cep ts  o f  h ie ra rch y , con t in u ity , a n d  

o rd e r  in  c o n tem p o ra ry  w ork . T h e y  stay  in  s c ien ce , bu 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 ew  th em es th a t c o r r e sp on d  to  the 

ch a ra cter ist ic  style o f  o u r  ow n  ag e— o f  w h ich  o n e  o f  the  m ost  p ow e r fu l  

an d  s ign ifican t is th e  an tith e tica l th em a  o f  d is in teg ra tion , v io le n ce , an d  

d eran gem en t.

T h u s  in  th e  la n gu a g e  o f  physics  a lon e  w e  fin d  th e  rise in  the  last six  

d ecad es  o f  term s su ch  as ra d io a c t iv e  d e ca y , o r  d e ca y  o f  p a r t ic le s ; d is ­

p la cem en t la w ; fiss ion ; sp a lla t ion ; n u c le a r  d is in te g ra t ion ; d is con t in u ity  

(as in  en ergy  levels  o f  a t o m s ) ; d is lo ca t ion  ( in  c r y s ta ls ) ; in d e te rm in a cy , 

u n ce r ta in ty ; p ro b a b ilis t ic  (ra th e r  th an  c la ss ica lly  d e te rm in is t ic )  cau sa l ­

ity ; t im e  reversa l; strangeness q u a n tum  n um b e r ; n eg a tiv e  states ( o f  

energy , o f  t em p e r a tu r e ) ; fo r b id d e n  lines a n d  tran s ition s ; p a rt ic le  a n ­

n ih ila tion . I  o n c e  w ro te  th a t it  is n o t  t o o  fa r fe tch e d  to  im ag in e  th a t som e
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physic ist  w ill p r o p o s e  to  n am e  a  n ew  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 rea fte r  I  d is co v e red  th a t the  te rm  “ s ch iz on ”  w as  b e in g  

in tr o d u ce d  in to  th e  te ch n ica l litera tu re  o f  p a rt ic le  physics.

I t  is as i f  a fte r  a  su ccess fu l sea rch  f o r  s im p lic it ie s  a n d  h a rm on ie s  in  

s c ien ce  o v e r  th e  last th ree  cen tu ries , the  search  has tu rn ed  to  a  m o re  

d ire c t  c o n fr o n ta t io n  o f  c om p le x ity  a n d  d e ran g em en t, o f  soph is tica ted  

a n d  a ston ish in g  re la tion sh ip s  am on g  s tran ge ly  ju x ta p o s e d  parts. A n d  

i f  o n e  is in terested  in  th e  p a ra lle ls  b e tw een  sty le in  s c ien ce  a n d  style 

ou ts id e  s c ien 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 em e  in  the  

p h y s ica l sc ien ces  has its c ou n te rp a r t  in  m o d em  th em es  ou ts id e  s c ien ce , 

f o r  e x am p le  in  th e  a n a lo g ou s  p r e o c cu p a t io n  w ith  th e  th em e  o f  a p p a ren t  

d e ran g em en t  in  c o n tem p o ra ry  art.

T o  se lect o n e  e x am p le  am on g  m any , c o n s id e r  th e  w o rk  b y  th e  F ren ch  

artist M . A rm an , w h o  has ca lle d  som e  o f  h is  w o rk  c o lè r e s  o r  c ou p es . 

I n  th e  w o rd s  o f  P e te r  Jon es , a  c r it ic  w h o  m a d e  a  stu dy  o f  h is w o rk ,4 th e  

a im  o f  the  c o lè r e  is t o  “ h o ld  fast o n  a  su r fa ce  o n e  in stan t, th e  exp lo s iv e  

in stan t in  w h ich  o b je c ts  a re  v io len t ly  d is in teg ra ted  in to  a  m ass o f  p ie ces  

— a c t ion  scu lp tu re  in  th e  h igh ly  re ca lc itra n t  (a n d  thus  ch a lle n g in g )  

m ed ium  o f  o b je c ts  tha t b reak  th e  w ay  th e  artist w an ts  o n ly  w ith  m u ch  

fla ir  a n d  p ra c t ic e  o n  his p a rt . . . .  A rm a n  is fa sc in a ted  b y  . . .  th e  c o o r d i ­

n a ted  m astery  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  sp a ce  a n d  t im e .”  I n  d e s cr ib in g  th e  w o rk  A lle g r o  F u r io so  (see  

F ig u re  1 ) ,  J on es  g ives  this d e s c r ip t ion  :

T h e  c o lè r e  looks spontaneous, but its construction was deliberate all through. 

H ere is what A rman did. Having la id  the b lack  panel that serves as a base flat 

on  the floor (and  having built up temporary planks on  the sides) he began by 

smashing a cello . Th is cam e first because it was to be  the determ ining factor 

o f  the com position . A rman broke it diagonally, to  d iv ide  his surface in two. 

T hen  he took  the viola, an old  and dry hand-made instrument wh ich  he knew 

would  spread itself broad ly  on  im pact (wh ile  a newer one w ou ld  have broken 

m ore com pactly ) : 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 way 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, stamped on  them with his foot, and dropped  the necks nearby. 

Thus he achieved a com pact mass on  the le ft side. Finally, to counterbalance 

fully the mass o f  the cello , he threw down the bows on  the le ft.5
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Figure 1. Arman, C olère quatuor à cordes �������� �	������  1962.
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T h e  w o rk  o f  A rm a n  a n d  th a t o f  his co lle a gu 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 ay  o r  m ay  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 pu lse  to  o b je c t ,  I  b e lie v e  w e  m ust take  th e  in ten tion  seri ­

ou s ly . I t  is th r o u g h  d ism em berm en t  o f  m a teria ls  th a t o n e  m ay  h o p e— as 

o n e  m e th o d  am on g  m an y  o th ers— to  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  sym m etry  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 esa liu s  k n ew  this, o f  cou rse . A n d  I  m ig h t  p o in t  o u t  th a t  a  physic ist 

in terested  in  th e  o rd e r ly  s tru ctu re  o f  n u c le i o r  su bn u c lea r  p a rtic le s  o f t e n  

has t o  in d u ce  that stru ctu re  a n d  sym m etry  b y  m ean s  o f  an  A rm an -lik e  

p r o c e s s : h e  p rep a re s  the  n u c leu s  b y  first s tr ip p in g  aw a y  the  a t om ’ s ou te r  

e le c tron s  th a t sh ie ld  it, a n d  th en  lets th e  n u cleu s , a t  th e  en d  o f  a  v io len t  

jo u rn e y  th r ou g h  a  p a r t ic le  a c ce le ra to r , b om b a rd  a ta rget. T h e r e , i f  th e  

en e rg y  is h ig h  en ou gh , th e  p r o je c t i le  n u cleu s  a n d  p e rh ap s  a lso  th e  ta rget 

w ill d is in teg ra te , a n d  th e  fra gm en ts  w ill g o  o f f  w ith  m om en tum , en ergy , 

a n d  sp ins th a t  a re  fu ll  o f  fa s c in a t ion  an d  m ean in g  to  those  w h o  c a n  

a ch ie v e  a  “ c o o rd in a te d  m astery  o f  a ll th e  fa c to r s  in v o lv e d .”  M ea nw h ile , 

t o  th e  u n in it ia ted , it a ll lo ok s  m ere ly  like  a  r id icu lou s  o r  d a n g e rou s  d e ­

s tru ct ion .

I f  th is a n a lo g y  is v a lid , it m ay  b e  th a t  the  cu r ren t  a tten t ion  to  th e  

th em a  o f  d e ra n g em en t  in  s c ien ce  as w e ll as in  a rt is a t b o t tom  an  in d i ­

c a t io n  o f  th e  re tu rn  o f  its a n t ith em e  o f  o r d e r  in  a  n ew , m o re  soph isti ­

c a te d  gu ise . T h e  s im p le  h a rm on ie s , the  s im p le  symm etries , h a v e  b een  

fo u n d  ou t . H o w  m u ch  m o re  sa tis fy in g  it w ill b e  i f  w e  ca n  d isce rn  h a r ­

m on ie s  a n d  s im p lic it ie s  d ire c t ly , th rou gh  a m o re  h igh ly  tra in ed  v is ion , 

in  c om p le x , a p p a ren t ly  b rok en , a n d  d e ra n g ed  con fig u ra t ion 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 ew  sensib ilities  w h ich  w ill set a  n ew  style.

I n  the  m ean tim e , th e  ca r e fu l  a tten t ion  to  d isorderlin ess  has y ie ld ed  

su rp r is in g  n ew  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 ra n ce  o f  th e  stars, w h ich  seem ed  so  d iso rd e r ly  a n d  

ir regu la r  in  th e  seven teen th  cen tu ry , has s in ce  th en  s low ly  p r o v id e d  

d a ta  f o r  a n  en tire ly  d iffe r e n t  v iew  o f  th e  ea rth , th e  sun , the  so la r  system , 

a n d  in d e ed  o u r  w h o le  un iverse . F irst, it  tu rn ed  o u t  th a t w e  are  s itua ted  

in  o n e  o f  the  o u te r  arm s o f  a  h u g e  len s -shaped  g a th e r in g  o f  stars, m an y  

o f  w h ich  seem  them selves  to  b e  th e  cen ters  o f  th e ir  ow n  so la r-system -lik e  

p la n e ta ry  d is tr ib u tion s ; th e re fo re , lo o k in g  fr om  o u r  ea rth  in to  d iffe ren t  

d ire c t ion s  w e  see q u ite  d iffe ren t  densities— la rg e  n um bers  o f  stars w h en  

w e  lo o k  tow a rd  th e  c en te r  o f  the  g a la x y  a n d  b e y on d , few  stars a t  r igh t 

ang les . T h e  h a n d  th a t sca tte red  these stars w as  in d eed  sk illfu l; b u t  to
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re cogn ize  this w e  first h a d  to  g e t  u sed  to  the  id e a  that that h a n d  d id  n o t  

a lso  pu t us  a t the c en te r  o f  th ings, a n d  that it d id  n o t  p la c e  a h igh er  

va lu e  o n  s im p le  la ttice  a rrangem en ts  th an  o n  sto cha stic  a rrangem en ts . 

A n d , se con d ly , lo o k in g  b e y on d  th e  stars to  the  n ebu la e , w e  a g a in  fin d  

th em  to  b e  p la c e d  essentia lly  a t ra n d om  as fa r  as th e  te le s cop ic  eye  ca n  

see. S o , a fte r  a ll, w e seem  to  b e  in  a  m ore  o r  less is o trop ic  an d  h om o g e n e ­

ous, that is, in  a  m ost s im p le  a n d  sym m etric , w o r ld . O r  a t least the style 

o f  th ou gh t  o f  o u r  tim e has m a d e  it  easier  to  en terta in  the  n ew  m od e l,  

o n e  so g rea tly  a t v a r ia n ce  w ith  that o f  ea r lie r  cen tu ries .

I ll

L e t  us turn  b r ie fly  to  a n o th e r  c o n c e p t io n  that has e x p e r ie n ce d  a  c y c le  

o f  ch a n g in g  a c c e p ta b ility : a tom ism . T h is  th em a  a lso  has b e en  im p o r ta n t  

in  sc ien tific  th ou gh t  fr om  the  first— in d e ed , fr om  th e  a tom ism  o f  P y th ag ­

o rean  n um b er  physics— an d  u sua 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 qu a lly  an c ien t  th em a  o f  th e  c on t in u um . (A s  w ith  

o rd e r  a n d  d iso rd e r  th em a ta  a n d  o th e r  exam p les , it is p a ir in g  o f  o p p o s ­

in g  o r  c om p lem en ta ry  th em e  a n d  a n tith em e .) In  th e  ea rly  p a rt  o f  th e  

n ineteen th  cen tu ry , w ith  D a lto n , a tom ism  cea sed  to  b e  reg a rd ed  as a  

“ m ere ”  p h ilo s op h ica l p o s it ion  a n d  b eg an  to  g o  t o  th e  fo r e fr o n t  o f  th e  

stage. But th ere  w ere  c o n t in u in g  a ttacks, f o r  e x am p le  b y  H um p h ry  D a v y . 

A n d  e v en  w h en  in  the ea r ly  p a rt o f  the  tw en tie th  c en tu ry  the  a tom is tic  

hypothesis  w as d iscussed  as i f  it h a d  b e c om e  m ere ly  a p h e n om en ic  on e  

(n am e ly , b o rn e  o u t  o f  e xp e r im en ta l e v id e n c e ) , it  w as  still n o t  a c c e p ta b le  

to  a ll op p on en ts , ju s t  as in  N ew to n ’ s d a y  it w as  still p oss ib le  to  o p p o s e  

C op e rn ica n ism .

E ven tua lly , th e  ba s ic  h ypoth eses , su ch  as h e lio cen tr ic ity  a n d  a tom ism , 

w ere  a c c e p te d  in to  s c ien ce  becau se  th ey  w ere  rega rd ed  as p h en om en ic  

ones. B ut is this c o r r e c t ?  T h e  an sw er is n o . T h e y  rem a in  th em a tic  p r o p o ­

sitions, an d  so  n o t  d ire c t ly  c o u p le d  to  the p h en om en a .6 A  s im p le  e x ­

am p le  w ill su ffice  to  p r o v e  it. T h e  a tom  w h ich  W ilh e lm  O s tw a ld  a c ­

c ep ted  in  1909— on e  o f  th e  last to  d o  so— was an  a tom  w e  w ou ld  n ow  

re je ct  as in ca p a b le  o f  e x p la in in g  ra d ioa c tiv ity , x -rays, sp ectra , v a len ce , 

an d  so fo r th , n o t  to  m en tion  the  n ew  d iscover ie s  m ad e  s in ce  that tim e, 

such  as iso top ism  an d  sp a ce  qu an tiza tion . W h a t  O s tw a ld  an d  others  

th ou gh t  th ey  w ere  a c c e p t in g  w as  the “ exp e r im en ta l fa c t ”  o f  a tom s. 

W h a t  they  rea lly  w ere  a c c ep t in g , h ow ev e r , w as the  th em a tic  hypoth esis  

o f  a tom ism . I t  is this hypoth esis , o f  cou rse , w h ich  has su rv iv ed  the re cen t
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ad v an ce s , the  n ew  d a ta , w h erea s  th e  e x p e r im en ta l  a tom  o f  1909  has lo n g  

b een  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 as  a t ta ck in g  w h en  h e  o b je c t e d  to  th e  

n o t io n  o f  a tom s, sa y in g  they  w ere  n o t  c o n g ru ou s  w ith  sensation s, w as n o t  

th e  p h e n om ic  h yp o th es is  o f  th e  a tom  as an  e x p la n a to ry  d e v ic e  to  d ea l 

w ith , say, o b se rv ed  sc in tilla t ion s . R a th e r , h e  w as  a tta ck in g  th e  c o n c e p ­

t ion  o f  fu n d am en ta l s u bm ic r o s c o p ic  d iscreten ess  as a ga in st  c on t in u ity .

T h e  tw en t ie th -cen tu ry  v ic t o ry  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 en tu ry  o f  p r e p a ra t io n  fo r  th is n ew  style o f  th in k in g  in  a ll 

b ra n ch e s  o f  s c ien ce . W e  see h ere  ra th er  b ea u t ifu lly  a  fam ily  o f  re la ted  

d e v e lo pm en ts— the  th em e  o f  d iscreten ess  exp ress in g  itse lf in  physics , 

b io lo g y , a n d  ch em istry . F o r  b e tw e en  1808 a n d  1905 , ph ys ics , b io lo g y , 

a n d  ch em is try  saw  the  in tr o d u c t io n  o f  rem a rk ab ly  s im ila r  c o n c e p t io n s . 

I n  e a ch  o f  these  fie lds  it  w as fo u n d  fru it fu l to  assum e th e  ex is ten ce  o f  

fu n d am en 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  consists  o f  a tom s  w h ich  m a in ta in  th e ir  in teg r ity  in  a ll c h em ica l  re ­

a c t ion s . I n  b io lo g y , S ch le id en  f o r  p lan ts  (1 8 3 8 )  a n d  S ch 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 ry  o f  ce lls , b y  th e  v a r iou s  c om b in a t io n s  

o f  w h ich  l iv in g  tissues w ere  a ssum ed  to  b e  bu ilt . M e n d e l ’ s w o rk  (1 8 6 5 )  

le d  t o  th e  id ea  tha t the  m a te r ia l g o v e rn in g  h e red ity  c on ta in s  a  stru ctu re  

o f  d e fin ite  en tities , o r  g en es , w h ich  m ay  b e  tran sm itted  f r om  o n e  g e n ­

e ra t ion  to  the  n e x t  w ith ou t  ch a n g e .

M e a nw h ile , h ea t, e le c tr ic ity , a n d  ligh t , w h ich  w e re  th e  parts  o f  p h y s ­

ics  th a t th e  e ig h te en th  cen tu ry  h a d  v isu a lized  la rg e ly  in  term s o f  th e  

a c t ion s  o f  im p on d e ra b le  flu id s, w e re  b e in g  reph ra sed  in  a  s im ila r  m a n ­

n er . I n  J o u le ’ s k in e tic  th eo ry  ( 1 8 4 7 ) ,  sensib le  h ea t w as  id en t if ie d  w ith  

th e  m o t io n s  o f  d iscre te  a tom s  a n d  m o le cu le s . T h e  e le c tro n , a  p a rt ic le  

ca r ry in g  th e  sm allest u n it  o f  n e g a t iv e  ch a rg e , w as d is c o v e re d  ( 1 8 9 7 ) .  

F in a lly , th e  en e rgy  o f  the  sou rces  o f  r a d ia t ion  a n d  th en  o f  ra d ia t ion  itse lf 

w as fo u n d  to  be  q u an t iz ed  (1 9 0 0  a n d  1 9 0 5 ) .  I t  w as as i f  these  n ew  

v iew s  in  th e  sc ien ces  s tem m ed  fr om  a  s im ila rly  d ir e c te d  ch a n g e  in  th e  

m en ta l m od e ls  u sed  to  c om p re h e n d  p h e n om en a— a ch a n g e  in  style 

w h e re  the  g u id in g  id e a  is n o  lo n g e r  a  c o n t in u um , bu t  a  p a r t ic le , a  d is ­

c re te  q u a n tum .7

IOO
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T h e  d iscu ss ion  o f  th em a tic  analysis a n d  an tin om ie s  c om e s  to  th e  

p o in t , th en , w h e re  o n e  ca n  con s id e r  a  p a ir  o f  th em es w h ich  are  cen tra l
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to  the  qu estion  o f  the  re la tion sh ip  o f  p erson a l style a n d  sc ien tific  a ch ie v e ­

m en t. I  am  re fe rr in g  to  the  m e th o d o lo g ic a l  them es o f  p r o je c t io n  ( o r  

e x tem a liz a t io n )  o n  th e  o n e  h an d , a n d  r e tr o je c t io n  ( o r  in te rn a liza t ion ) 

o n  the o th er .

W e  are led  in to  th em  b y  n o t in g  a  s tep  b a s ic  to  a ll sc ien tific  w ork , b u t  

rare ly  d iscu ssed : it is th e  p rocess  o f  r em ov in g  th e  d iscou rse  fr om  th e  

p ersona l leve l— the leve l o n  w h ich  th e  p r o b lem  o r ig in a lly  b e com es  o f  

in terest to  th e  p a r t icu la r  p erson  w h o  w ork s  o n  it, th e  leve l o n  w h ich  

aesthetic  an d  “ p r iv a te ,”  som etim es  n o t  ev en  easily  c om m u n ica b le  c o n ­

s idera tion s m ay  b e  im p o r ta n t— to  a  s e con d  leve l, th a t o f  p u b lic  sc ien ce , 

w h ere  the  d iscou rse  is m o r e  u n am b igu ou s ly  u n d ers tan dab le , b e in g  p re ­

d om in an t ly  a b ou t  p h en om en a  a n d  an a ly tica l sch em es. [T h e  d iffe ren ce s  

b e tw een  “ p r iv a te ”  a n d  “ p u b lic ”  s c ien ce , o r  vs. S 2) a re  fu rth e r  d ea lt  

w ith  in  Essay 11.] T h is  is a  p rocess  w h ich  ev ery  scien tist u n qu e st ion ab ly  

a ccep ts , a  p ro cess  th a t m ay  b e  te rm ed  e x tem a liz a t io n  o r  p r o je c t io n . 

T h e  w o rk in g  scien tist m ust b e  a b le  to  sh ift  the  c o n c e p tu a l fram ew o rk  

fr om  th e  p r iv a te  to  the  p u b lic  leve l, w h ere  it  c a n  b e  sha red  g en era lly  

b y  r e tr o je c t ion  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  the  p ro ce ss  is to  a rr iv e  at sta tem en ts  th a t a re  in va r i ­

an t w ith  re sp e ct  to  the  in d iv id u a l ob se rv e r— tha t is, in so fa r  as p oss ib le , 

the sam e fo r  e a ch  p a rt icu la r , p u re ly  p e rson a l fr am ew o rk  in to  w h ich  it 

u ltim a te ly  m ay  b e  ch a n n e le d . T h e r e  is a n  a n a lo g y  h ere  w ith  the  m e th o d  

by  w h ich  re la tiv ity  physics  selects s ta tem ents  a n d  law s tha t a re  in va r ian t  

w ith  resp ect  to  tra n s fo rm a tion  a n d  a re  th e re fo r e  g en era lly  a p p lica b le .

W h a t  is in terestin g  is th a t o n  c e rta in  o c ca s ion s , d u r in g  th e  trans ­

fo rm a tion  o f  c o n c e p t io n s  f r om  the  p e rson a l to  the  p u b lic  rea lm , th e  

scientist, p e rh a p s  u n k n ow in g ly , sm ugg les  th e  style, m o t iv a t ion , a n d  

com m itm en t  o f  his in d iv id u a l system  an d  th a t o f  h is so c ie ty  in to  his 

su pposed ly  n eu tra l, v a lu e -in d iffe r en t  lu ggag e . A n d  it is a t this p o in t  

tha t the  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 ders tand  h ow  th e  sty le 

o f  c o n tem p o ra ry  p e rson a l a n d  s o c ia l th ou g h t  in trod u ce s  itse lf in to  s c ien ­

tific  w ork .

O f  the  tw o  m a in  exam p le s  I  w ish  n ow  to  in vestiga te , th e  first refers 

to  w h a t  is u sua lly— an d  ra th er  lo o se ly— ca lled  a n th ro p om o rp h ic  th in k ­

in g  in  sc ien ce . O n  this a sp ect  o f  th e  m ech an ism  o f  p r o je c t io n , a  u se fu l 

sou rce  is the  w o rk  o f  E rnst T o p it s c h .8 A t  the  ou tse t he n otes  tha t w h ile  

the variety  a n d  n um b e r  o f  c o n ce p t io n s  b y  w h ich  a ttem p ts  h ave  b een  

m ade  to  u nderstand  ou r  en v ironm en t  and  ou rse lves  a re  en o rm ou s , th e
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th ou g h t  m od 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 ited  

n um b e r  o f  ca teg o r ie s . H e  rem in d s  us th a t in  th e  study  o f  th e  p sy ch o lo g y  

o f  d e v e lo pm en t , J ea n  P iage t, am on g  o th ers , has stressed th a t th e  ch ild  

c o n ce iv e s  o f  th e  w o r ld  as ex is t in g  in  a n a lo g ica l re la tion  to  h is w ishes 

a n d  a ct ion 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 ien ce  in  

g en era l. I n  th is sense p h y lo g en 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  un til fa ir ly  re cen 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 em o te , u n k n ow n , o r  d ifficu lt  to  u n d ers tan d  in  term s o f  w h a t  is n ea r , 

w e ll -k n ow n , a n d  s e lf-e v id en t  in  e v e ry 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 exp lan a tion s  b y  a n a lo g y  

f o r  th e  un iverse  as a system— in  sh ort, by  p r o je c t in g  o u tw a rd  in to  th e  

u n iverse  c o n c e p tu a l  im ages  fr om  th e  d om a in  o f  so c ia l a n d  p r o d u c t iv e  

a c t ion .

W h ile  it  ha s  b y  n o  m ean s  b e en  w id e ly  r e co 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  sam e p o in t  has a t least b een  n o te d  

in  th e  so c ia l stud ies. T a lc o t t  Parsons, f o r  e x am p le , ha s  w r it te n :

It  is curious— and w ou ld  merit investigation in terms o f  the socio logy  and 

psychology o f  know 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 human 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 known that the ch ild ’s first structured 

orientation to his w orld  occurs in the field o f  his social relationships. T h e  

“ ob jects”  involved  in Freud’s fundamental con cep t o f  ob 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 ponen t wh ich  is the foundation  on  w h ich  a 

ch ild  builds his later capacity  fo r  the scientific understanding o f  the empirical 

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 between 

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 on  the prob ­

lem s is the article Prim itive Classification  (1 903 ) by Durkheim  and Mauss 

Th 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 rn in g  to  th e  sc ien ces  m o re  n a rrow ly  d e f in e d , it  is n o t  d ifficu lt  to
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see that th e  h ie ra rch ica l un iverse  o f  A r is to tle  o r  o f  th e  m ed ieva l s ch o o l ­

m en  w as a lso  ab stra cted  fr om , a  re fle c t ion  o f ,  the  h ie ra rch ica l class 

o rgan iza tion  o f  socie ty  in  w h ich  these th inkers liv ed . T h is  still h appen s , 

o f  cou rse , in  o u r  d a y : th e  ch em ist, the  physicist, o r  the  a s tron om er  look s  

ou t  an d  b eh o ld s  a  n ew  w o r ld , o n e  fitt in g  to  h is t im e . F o r  e x am p le , it  is 

n ow  a  p r o fo u n d ly  ega lita r ian  ra th er  than  h ie ra rch ica l un iverse , so  m u ch  

so  tha t a  w h o le  th eo ry  o f  re la tiv ity  (M i ln e ’ s ) has b een  b u ilt  a r ou n d  the  

so -ca lled  c o sm o lo g ica l p r in c ip le , th e  p r in c ip le  that an y  ob se rver  an y ­

w h ere  in  the  un iverse  in terp rets  d a ta  in  exa ct ly  th e  sam e w ay  as an y  

o th e r  ob se rv e r  e lsew here , m ak in g  eq u iv a len t  co rre la t ion s  b e tw een  d a ta  

an d  instants at w h ich  d a ta  are  taken . I t  is a  restless w o r ld , in  w h ich  the  

parts a re  c o u p le d  b y  a  c om p lem en ta r is t ic  m u tu a l en ga g em en t  w h ich  is 

n ever  a  u n id ire c t ion a l a c t ion  bu t a lw ays an  in te ra ct ion . I t  is, as it w ere , 

a c la ss -u n bou n d ed  w o r ld  in  w h ich  m an y  o ld  qu estion s  are  m ean in g ­

less bu t  n on e  is im p iou s , a n d  in  w h ich  ea ch  o f  the few  law s is p re sum ed  

to h a v e  the w id est possib le  s cop e .

N o t  on ly  a re  ce rta in  c o n c e p tu a l im ages  p r o je c te d  ou tw a rd  in to  the 

cosm os, bu t  there is, as T o p it s ch  stresses, a lso  a p r o je c t io n  ba ck , a  p ro cess  

by  w h ich  the  cosm os  itself, in  its a n th ro p om o rp h ic  in te rp re ta tion , m ay  

be  r e tr o je c te d  in to  its o r ig in a l c on te x t , that o f  h um an  a c t ion . 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 human ruler is the image, the son o r  

deputy o f  the divine ruler o f  the world . 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 echo  o f  “ the harmony 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 Europe far 

on into the N ew  Era. T h e  conception  o f the ecclesiastical edifice as an image 

o f the “ Heavenly Jerusalem”  or even o f the cosm os was still fam iliar to the 

architects o f  the Goth 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 IV . M oreover, 

astrology (which  for thousands o f years, far from  being mere superstition, was 

a conception  o f the world equal in rank to ph ilosophy) was founded on the 

same process o f  projecting conditions o f  immediate earthly reality into the 

cosmos (as in the nam ing o f the stars), and then o f retrojecting the “ m acro ­

cosmos”  so interpreted into the “ m icrocosm os”  o f  human existence.10



T h e  in te rp re ta t ion  o f  th e  co sm os  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 ch n o lo g ic a l  m od e s  o f  h um an  b eh a v io r  is 

a  th em a t ic  ten d en 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 en t  c o n ­

s id e ra tion . 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 ide  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 um an  lim ita tion s  a n d  transitoriness , 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 tion s  a n d  e v en  a b o v e  m an ’ s 

th ou gh t , is easily  r e c o g n iz a b le  in  s c ien tific  th ou gh t , f r om  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 ren t ly  irresistib le  

o n e  d esp ite  a ll e v id e n c e  to  th e  c o n tra ry— 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 ow le d g e  to  w h ich  th e  cu r ren t  sta te  o f  s c ien ce  is w id e ly  

th ou g h t  t o  le a d  us, m o re  o r  less a sym 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 em p li f ic a t io n  o f  this c o n c e p t io n  ou ts id e  s c ien ce— in  the 

S u p rem e  B e in g , o r  th e  m illen n ia l u to p ia— the  fin a l sta te  o f  s c ien ce  is o n e  

th a t it is g en e ra lly  a g re ed  c a n n o t  b e  d e fin ed  w ith  an y  d e g re e  o f  p re c is ion  

b y  m ean s  o f  c o n c e p ts  o r  th e  use o f  o rd in a ry  la n gu ag e . T h a t  w o u ld  b e  in ­

c om 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 on d  

those  a r is in g  d ire c t ly  f r om  an  e x am in a t io n  o f  th e  em p ir ica l w o r ld . O c ­

ca s ion a lly  a  scien tist ra sh ly  dares  to  p u t  th is d r e am  in to  w o rd s , a n d  th en  

it is lik e ly  to  em e rg 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 lrea dy  

b e in g  a ch ie v e d . T h e  in a d e q u a cy  o f  su ch  a  sta tem en t s o on  b e c om e s  a p ­

p a ren t  to  e v e ry on e . T h u s  A . A . M ich e ls o n  sa id  in  1 9 0 3 :

T h e  m ore im portant fundamental 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  

remote. . . . 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  physic ist  R o b e r t  B . L e ig h to n  w ro te  m u ch  m o r e  r e cen t ly :

. . .  It is now  believed that quantum  electrodynam ics provides an exact descrip ­

tion o f  all physical phenom ena wh ich  d o  not directly involve nuclear forces, 

the weak 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 powerfu l m athematical techniques were known! 

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 phenomena 

w ill be equally well understood .12
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W e  m ay  guess that th ere  w ill v e ry  likely  a lw ays b e  su ch  expression s o f  

h op e  in  th e  im m in en t  p e r fe c t ib ility  o f  s c ien ce  to  b a la n ce  th e  sense o f  

tu rm oil a rou n d  us a n d  o f  u n e x p e c te d  transitions b e y on d  th e  h o r izon .

V

R e tu rn in g  to  th e  m e th o d o lo g ica l  th em es o f  a n th r o p om o rp h ic  p r o ­

je c t io n  a n d  r e tr o je c t ion  in  o u r  ow n  cu rren t  s c ien tific  w o rk , w e  w ou ld  b e  

fu n d am en ta lly  m istaken  to  r e g a rd  these as a n  a c c id en ta l ra th er  than  an  

essential an d  im p o r ta n t  e lem en t. I  h o ld  w ith  W h o r f  a n d  S ap ir  that a  

w ork in g  la n gu age  m irrors  the  in terna l m etaphys ics  o f  the  cu ltu re  o f  

w h ich  la n gu age  is a  pa rt. T h is  is true  a lso  f o r  the  la n gu age  u sed  in  th e  

sc ien tific  a rea  o f  a  cu ltu re . N ie ls  B oh r  th ou g h t  that th e  sam e p r in c ip le  is 

a p p lica b le  o n  a  la rger  s ca le : in  the  essay N a tu ra l P h ilo so p h y  and  H u ­

m an  C u ltu res , h e  con fesses  h is b e lie f  th a t “ th e  tra d it ion a l d iffe ren ce s  [ o f  

h um an  cu ltu res] in  m an y  w ays resem b le  th e  d iffe ren t  e q u iv a len t  m od e s  

in  w h ich  ph ys ica l e x p e r ien ce  ca n  b e  d e s c r ib ed .” 13 M o r e  p e rson a lly  an d  

specifica lly , M a r t in  D eu ts ch , a  n u c le a r  physic ist a t  the  M assachusetts  

In stitu te  o f  T e ch n o lo g y , con fe ssed  in  an  a rtic le , E v id en c e  and  I n fe r e n c e  

in N u c lea r  R e s ea r ch  : “ In  m y  ow n  w ork  I  h a v e  b een  p u zz led  b y  th e  strik ­

in g  d eg ree  to  w h ich  an  e x p e r im en te r ’s p r e c o n c e iv e d  im a g e  o f  th e  p ro cess  

w h ich  h e  is in vestiga tin g  d e te rm in es  th e  o u t c om e  o f  h is ob serva tion s . 

T h e  im age  to  w h ich  I  re fe r  is the  sym bo lic , a n th r o p om o rp h ic  rep resen ­

ta tion  o f  the  b a s ica lly  in co n ce iv a b le  a tom ic  p rocesses .” 14

O n e  m ay  g o  fu rth e r  th an  this. N o t  o n ly  a re  th e  a tom ic  processes  

basica lly  in con ce iv a b le  o n c e  o n e  leaves th e  leve l o f  c om m on  sense, b u t  

there is a lso  c on s id e ra b le  n a ïv e té  in  a c c e p t in g , e v en  o n  th e  leve l o f  c o m ­

m on  sense, w h a t  w e  “ see”  in  the  la b o ra to ry . F o r  m ost  scientists, th e  c r e ­

a tive  sc ien tific  im ag in a t ion , as D eu ts ch  n otes , ca n  “ fu n c t io n  o n ly  b y  

e v ok in g  p o ten t ia l o r  im ag in ed  sense im pressions. . . .  I  h a v e  n ev e r  m e t  a  

physicist, at least n o t  an  e x p e r im en ta l physic ist, w h o  d o e s  n o t  th ink  o f  

the  h y d rog en  a tom  by  e v ok in g  a v isua l im age  o f  w h a t  h e  w ou ld  see i f  the 

p a rticu la r  a tom ic  m od e l w ith  w h ich  h e  is w o rk in g  ex isted  litera lly  o n  a  

[large] sca le  a ccess ib le  to  sense im pressions. A t  the  sam e tim e the ph ys i ­

cist realizes that in  fa c t  the  s o -ca lle d  in terna l s tru ctu re  o f  the h y d rog en  

a tom  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 ore  soph is tica ted  s c ien ce  b e com es , the  m o re  strik ing  is this p a ra ­

d o x . E ven  the  s im p lest ob se rva tion  in  any  a d v a n ce d  s c ien ce  in vo lves  a  

fo rm id a b le  appara tu s  o f  th eory . T h e  v a lu a b le  exp e r im en ta l ob se rva tion s
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in  an y  m od e rn  la b o ra to ry , D eu ts ch  recogn izes , “ seem  v ir tu a lly  n eg 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 en t . . . . A lm o s t  all 

sense im press ion s  c o n c e rn in g  in te rp re ta t ion  are  ir re levan t  to  th e  qu es ­

t ion  in v e s tig a ted .” 16 T h u s , th e  en ergy , the  size, the  p e r io d  o f  p ers isten ce  

o f  the  p h e n om en on  s tu d ied , a ll a re  m in u te  c om p a r e d  to  the o th e r  a tten d ­

an t d a ta . T o  use th e  la n gu ag e  o f  c om m u n ic a t io n  en g in e e r in g , th e  ra tio  

o f  s igna l to  n o ise  is e x trem e ly  sm all in  th e  la b o ra to ry .

In  su ch  s ituation s  the  en g in ee r  kn ow s  th a t h e  m ust w o rk  w ith  a  v ery  

sp e c ia l k in d  o f  “ r e ce iv e r ”  in  o rd e r  to  re ce iv e  an y th in g . A  m od e l is th e  

m aser  (a s  u sed  in  ra d io a s tr o n om y ) w h ich  in  p r in c ip le  is a  d e v ic e  that 

o p e ra te s  b y  r e -em itt in g  o r  re lea s in g  a  s igna l a t  c on s id e ra b ly  la rg e r  en ergy  

th an  th e  in c om in g , n o is e -la d en  s igna l. T h is  is a ch ie v e d  b y  h a v in g  the  

em itte r  p r e lo a d e d , as it w e re , to  b e  tr ig g ered  b y  the  re la tiv e ly  low -  

en ergy , in c om in g  s igna l. S im ila r ly , it  is p oss ib le  to  u n d ers tan d  a n d  use 

ob se rva tion s  in  physics  to d a y  o n ly  i f  th e  scien tist has, f r om  th e  v e ry  b e ­

g in n in g , a  “ w e ll-s tru c tu red  im ag e  o f  th e  a c tu a l c o n n e c t io n s  b e tw een  the  

even ts  tak in g  p la c e .”

T h is  is in d e ed  fa r  fr om  the  c o n v en t io n a l id e a  th a t th e  scien tist keeps 

a  c om p le te ly  o p e n  m in d . T h e  m o re  ca re 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 re  w e  see th e  r e fle c t ion  o f  o u r  ow n  fa ces . 

E v en  in  th e  m ost  u p -t o -d a te  ph ys ica l c o n c e p ts  th e  a n th r o p om o rp h ic  

b u rd en  is v e ry  la rge . P artic les  still a ttra ct  o r  rep e l o n e  a n o th e r , ra th e r  as 

d o  p e o p le ;  th ey  “ e x p e r ie n ce ”  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 ca y . C ir cu its  “ r e je c t ”  s om e  signals a n d  “ a c c e p t ”  o th e r s ; a n d  so 

fo r th . D eu ts ch  n o te s : “ A n  e le c t r o n  [o r  an y  p a r t ic le  o f  m o d em  physics] is 

c lea r ly  n o t  an  o b je c t  w ith  th e  g en e ra l p r op e r t ie s  o f  a  ba ll w h ich  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 erves  w e re  a  little  m o re  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 age . W e  h a v e  d e v e lo p e d  it  b e cau se  

it a llow s  us to  rea son  fr om  o n e  e x p e r im en t  to  th e  n e x t  b y  a n a lo g y ; ev en  

in  a  m a th em a t ica lly  soph is tica ted  th e o ry  w e  m ust d ea l w ith  fo rm a l 

th ou gh t  p rocesses  d es ig n ed  to  c o n n e c t  sen sory  im press ion s . I t , t o o , m ust 

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  estab lish ed  b e tw een  su ch  p e r ­

c e iv a b le  even ts .” 17

H e r e  is on ly  o n e  o f  severa l reason s  th a t som e  cr itics  o f  s c ien ce  are  

so  w r o n g  in  th in k in g  o f  m od e rn  s c ien ce  as en tire ly  d ep e rson a liz ed , 

c o ld  a n d  ab stra ct, d e v o id  o f  all p e rson a l con ce rn s . I f  th is w ere  so , sci ­

entists w o u ld  fin d  th e ir  w o rk  la ck in g  that secre t sou rce  o f  e x c item en t
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w h ic h  c a n n o t  b e  e a s i ly  a n a ly 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 it h o u t  th e s e  t i e - l in e s  t o  p e r s o n a l  s ty 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 ld  n o t  s o  s u c c e s s fu l ly  u n d e r s t a n d  th 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 la t io n s h ip s  w e r e  

p r o j e c t e d  in t o  t h e  v e r y  n a m in 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 le a r  p h y s ic i s t  p r o j e c t s  h u m a n  r e la t io n s h ip 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 id a b le  t h r o u g h  u se  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 im 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 rm 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 ib 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 le  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 in g  t h a t  in t e r p r e t s  t h e  

r a w  o b s e r v a t io n s  ( F i g u r e  3 ) — c o m e s  in t o  t h e  v i e w f i e ld  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 chamber.
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Figure 3. Schematic analysis o f events in Figure 2.

c e n te r  p o r t io n . I t  en cou n te rs  a  p r o t o n  in  th e  c h am b e r  a n d  in tera cts  w ith  

it  to  fo rm  tw o  s o -ca lle d  s trange  p a rt ic le s  ( la b e le d  K °  a n d  A 0— ca lled  

“ s tran ge”  b e cau se  th ey  w ere  fo u n d  to  su rv iv e  u n e x p e c te d ly  lo n g , n am e ly  

10 -10 s e c . ) ; these, b e in g  n eu tra l, lea ve  n o  t ra ce  to  lo o k  a t, u n til th ey  d e ­

cay . T h e  p r o d u c t  o f  e a ch  “ s tran ge”  p a r t ic le ’ s d e ca y  is o n e  n eg a t iv e  a n d  

o n e  p os it iv e  p a r t ic le , th e reby  p r o d u c in g  in  o u r  v iew fie ld , as it  w ere , a  

th ird  g en e ra tion  o f  pa rtic le s , e a ch  a g a in  h a v in g  its ow n  ch a ra cte r is t ic  

life t im e .

T h is  is a  fam ilia r , p r im o rd ia l  typ e  o f  d ram a  o r  fo lk  ta le , o n e  a c ted  o u t  

in  sp 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 physicists  m igh t  h a v e  ch o sen  a  q u ite  d iffe ren t  w ay  

o f  lo o k in g  a t “ w h a t  h a p p en s ”  h e r e ; th ey  m igh t  h a v e  s ta rted  b y  see in g  

F igu re  2 as a  w h o le , as a  ca ll ig ra p h ic  d es ign  (s om ew h a t  a n a lo g ou s  to

108



TH EM A T IC  A N D  S T Y L IS T IC  IN T E R D E P EN D EN C E

A rm an ’s p r o d u c t s ) , w ith ou t  sp a ce -t im e  d e v e lo pm en t . Its  m ean in g  c o u ld  

h ave  b een  sou gh t in  the  stru ctu re  o f  th e  a p p e r ce p t io n  ra th e r  th an  in  a  

story  o f  e v o lu t ion  a n d  d e v o lu t io n , o f  b irth , a d v en tu re , a n d  d ea th .

O f  cou rse , o n e  m igh t  o b je c t  th a t th is a lte rn a tiv e  w ou ld  p r o b a b ly  b e  

qu ite  ba rren  in  the  fram ew ork  o f  o u r  sc ien ce . B u t this r e co g n it io n  w o u ld  

s im p ly  r e in fo r c e  the  su sp ic ion  tha t th e  sym bo lic  p ow e r  o f  u se fu l s c ien ­

t ific  c on cep ts  rests at least in  som e  p a rt  on  th e  fa c t  th a t so m an y  o f  these 

c on cep ts  h a v e  fo r  so lo n g  b een  im p o r t in g  a n th ro p om o rp h ic  p r o je c t io n s  

fr om  th e  w o r ld  o f  th e  h um an  d ram 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 ien ce  w h ich  is n o t  m ere ly  

c on cep tu a l b u t  tem p o ra l. I t  w ill h e lp  us to  u n d ers tan d  th e  fa c t  tha t, a t 

b o ttom , the w o rk  o f  m a jo r  sc ien tific  “ r e v o lu tion 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 ion  o f  th e  base  o f  s c ien ce  a n d  

the re b u ild in g  o f  a  rad ica lly  n ew  state, a  sta te  p oss ib le  o n ly  in  th e  fu tu re . 

R a th er , su ch  a d van ce s  ca n  u sua lly  b e  seen  to  b e  p r o je c t io n s  b a ck  t o  an  

id ea lized , p u r ified  state o f  the  past— an d , in  p a rt icu la r , a  re tu rn  t o  a  

state o f  im ag in ed  c lassica l pu r ity , to  th e  id ea l o f  a n  ea r lie r  s c ien ce  tha t 

supposed ly  h a d  a  sm a ll n um b e r  a n d  a  low  c om p le x ity  o f  h ypoth eses .

T o  b e  sure, th e  d ream  o f  p o r tra y in g  w ith  an  ea r lie r  k in d  o f  s im p lic ity  

a m ore  h igh ly  d e v e lo p e d  state o f  s c ien ce  is, a n d  a lw ays has b e en , in  an  

im portan t  w ay  d o om e d  to  fa ilu re . S im p lic ity  in  th e  n ew  th e o ry  is a lw ays 

b ou gh t  a t the  exp en se  o f  r e je c t in g  reg ion s  o f  p rev iou s ly  a ccess ib le  sp e cu ­

la tion , o r  b y  con s id e ra b ly  d e e p en ed  m a th em a tica l soph is tica tion , o r  b y  

the in v en t ion  o f  m ech an ism s  th a t a re  a t  th e  t im e  o f  a n n ou n cem en t  o f  th e  

th eory  n o t  a t a ll am en a b le  to  e xp e r im en ta l v e r ifica t ion . 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  va lid ity . T h e  m o tiv a t ion  is, as it  

w ere , a  lo n g in g  to  establish  a ga in  an  u n com p lic a te d  s itu a tion , a  s itua tion  

in  w h ich  e x p e r ien ce  is d ea lt  w ith  in  term s o f  o n e  o r  a  few  la rge  un ities 

rather th an  d e ta iled  pa rticu la rs— perh ap s  in d e ed  an  a ttem p t to  fin d  a  

w ay  b a ck  to  a  p r im it iv e  o r  c h ild lik e  state o f  rea lity .

In  the case  o f  E in ste in , th is p r o je c t io n  to  a  p a rad is ica l past m ay  h a v e  

h ad  tw o  sou rces  w h ich  r e in fo r c e d  e a ch  o th e r . In  h is  a u to b io g ra p h ica l 

a c cou n t  h e  sp ok e  o f  h is y ou th fu l b e lie f  in  th e  rea lity  o f  b ib lica l even ts , 

a  d ream  w h ich  w as sha ttered  a t th e  a g e  o f  tw e lv e  b y  c o n ta c t  w ith  s c ien ­

t ific  w orks o f  th e  tim e. A  q u o ta t io n  fr om  h is A u to b io g ra p h ica l  N o te s  

seems to  m e  p a rt icu la r ly  rev ea lin g  b ecau se  it show 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 ized  p a rad ise  a n d  th e  d es ire  t o  

e s ca p e  to  a n  e x tra p e rson a l leve l. E in ste in  w ro te  as f o l lo w s :

Thus I cam e— despite the fact that I was the son o f  entirely irreligious (Jew ­

ish) parents— to a deep religiosity, which , however, found an abrupt ending at 

the age o f  12. Through  the reading o f  popu lar scientific books I soon, reached 

the conviction  that much 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 coup led  with the impres ­

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 me that the religious paradise o f  youth, 

w h ich  was thus lost, was a first attempt to  free m yself from  the chains o f  the 

“ m erely personal.”  . . .T he  mental grasp o f  this extra-personal w orld  w ithin 

the fram e o f  the given possibilities swam as highest aim  ha lf consciously and 

ha lf unconsciously before  m y m ind ’s eye.18

E in ste in ’ s a t tem p t  to  re stru ctu re  s c ien ce , th en , 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 iza tion  o f  th e  re lig iou s  c h i ld h o o d  p a ra d is e ; s e con d , t o  the  ea r ly  

d r e am  o f  a  sta te  o r  s o c ia l e n v iro nm en t  g rea tly  a t  v a r ia n ce  w ith  th e  harsh  

rea lity  th a t h e  saw  a ll a r o u n d  h im — to  a  d r e am  o f  a  so c ia l e n v iro nm en t  

w h ich , in  a  w o r d , ch a ra c te r ize s  th e  so c ia l c h i ld h o o d  p a ra d is e ; th ird , to  

an  ea r ly  state o f  s c ien ce  in  w h ich  th e  p u r ity  o f  a  fe w  h ypo th eses  su p ­

p o sed ly  w as  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 ch  o f  th e  ph y s ica l s c ien ­

tists w h o  b y  th e ir  w o rk  “ c om p le te ly  r e v o lu t io n iz e d ”  s c ien ce  h a d  a  s tron g  

sense o f  h is to ry  a n d  an  a dm ira t io n  fo r  th e  an cien ts , a n d  th a t b o th  these 

tra its a re , as a  m a tte r  o f  fa c t ,  ra th e r  la ck in g  f r om  th e  th ou gh ts  a n d  v o ­

c a b u la ry  o f  m ost  lesser scientists, th ose  b e low  the  lev e l o f  a  C op e rn icu s , a  

N ew to n , a n  E in ste in , a  N ie ls  B oh r . T h is  h is to r ic  taste is, h ow ev e r , w h a t  

o n e  w o u ld  e x p e c t  o f  th inkers  w h o  a t  h ea rt  a re  pu rifie rs  a n d  c o u n te r ­

r e v o lu t ion a r ie s .

T h u s , C op e rn icu s , d ir e c t ly  a n d  th rou gh  R h e t icu 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 rran t  f o r  his h e re t ica l v iew  in  the  w r it ­

in gs o f  th e  an cien ts . H e  d o e s  n o t , o f  cou rse , d a re  to  m en t io n  A r is ta rchu s  

in  th e  fin a l m an u scr ip t  o f  D e  R e v o l u t i o n i b u s , bu t  h e  ca lls  u p o n  H e c e -  

tas o f  S yra cu se , H e ra c lid e s , a n d  E cp h a n tu s  th e  P y th a g o rean  f o r  su p ­

p o r t  in  th e  b e l ie f  in  th e  d iu rn a l r o ta t io n  o f  th e  ea r th , w h ile  P h ilo lau s  is 

c a lle d  u p o n  to  su p p o r t  the  d o c t r in e  o f  th e  a n n u a l o r b it  a r ou n d  th e  sun.

N ew to n  w as, o f  cou rse , w e ll v ersed  in  c la ss ica l h is to ry  a n d  in d e ed
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p r e o c cu p ie d  w ith  b ib lica l c h r o n o lo g y . A lth o u g h  he  w as , w ith  L e ib n iz , 

the d is co v e re r  o f  d iffe ren t ia l a n d  in teg ra l ca lcu lu s , N ew to n  w ro te  th e  

P r i n c i p i 6  in  th e  la n gu age  o f  A p o llo n iu s  a n d  A rch im ed e s . T h is  in c id en ­

ta lly  a c cou n ts  f o r  th e  fa c t  th a t s o on  th e  P r i n c i p i 6  b e cam e  a lm ost  en ­

tire ly  u n rea d ab le  to  m ost  scientists. T h e  g e om e tr ica l style o f  p r o o f  has 

lo n g  s in ce  b een  su p p la n ted  b y  p r o o fs  in v o lv in g  th e  m o d em  ca lcu lu s . O n  

this p o in t  N ew to n  o n c e  e x p la in ed , in  th e  th ird  p e r s o n : “ B y  the  h e lp  o f  

the  n ew  analysis M r . N ew to n  fo u n d  o u t  m ost  o f  th e  p rop o s it ion s  in  his 

P r i n c i p i 6  P h i l o s o p h i 6 e . But b e cau se  the  an cien ts , fo r  m a k in g  th ings 

ce rta in , a dm itte d  n o th in g  in  th e  g e om e try  b e fo r e  it w as  d em on s tra ted  

syn thetica lly , h e  d em on stra ted  th e  p rop o s it ion s  syn th etica lly , th a t  the 

systems o f  th e  h eaven s  m igh t  b e  fo u n d e d  u p o n  g o o d  G e om e try .” 19

T h e  ea rly , in d eed  th e  c la ss ica lly  s im p le , state o f  sc ien ce , th en , is the 

tru e  h om e  o f  th e  “ r e v o lu t ion a ry ”  scien tist ’ s im a g in a t ion . A n d  h ow  im ­

p o r tan tly  th e  m a jo r  s c ien tific  a d van ce s  o f  w h ich  w e  speak  a re  d e te r ­

m in ed  b y  a  c om m itm en t  t o  a  sty le ra th e r  th an  “ b ru te  fa c t ”  is m a d e  

c lea r  b y  a  v ery  s im p le  o b s e rv a t io n : e a ch  o f  th e  g rea t  a d van ce s  p la in ly  

g en era ted  m o re  str ictly  ph ys ica l p r o b lem s  th an  it e lim in a ted . T h e y  w ere  

g rea t a d van ces  in  th e  sense th a t th ey  b rok e  th rou gh  to  a  n ew  a rea  o f  

fru it fu l ig n o ra n ce . C op e rn icu s  m akes  necessary  th e  fo rm u la t io n  o f  a  

c om p le te ly  n ew  d yn am ics  o f  ce lestia l m o t io n ;  h e  turns h is b a ck  o n  A r is ­

to te lian  physics , 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 ave  to  w a it  un til th e  N ew ton ia n  synthesis o f  m e ch an ics  f o r  a  n ew  ph ys ­

ics, a  physics  C o p e rn icu s  w ou ld  n o t  h a v e  u n d e rs to od  o r  su p p o r ted . N ew ­

ton , in  tu rn , rem a in s  in com p reh en s ib le  w ith ou t  an  e x p la n a t ion  o f  a c t ion  

at a  d istan ce , a n d  that b e com es  o n e  o f  the  m a jo r  a n d  obsessive  p r e o c c u ­

pa tion s  o f  n in e teen th -cen tu ry  physics— un til M a xw e ll ,  H e r tz , a n d  E in ­

stein  g iv e  so lu tion s  w h ich  N ew ton  w ou ld  h a v e  fo u n d  q u ite  u n con g en ia l.

C on s id e ra tion s  o f  an  aesth e tic  n a tu re  a n d  the  y ea rn in g  fo r  a  s im p le  

state o f  s c ien ce  m erg e  in  the  requ irem en t  th a t th e  n um b e r  a n d  types o f  

hypoth eses  b e  severe ly  restr icted  in  an y  tru e  th eory . I t  is, I  th ink , v e ry  

s ign ifican t that C o tes , N ew to n ’ s d is c ip le , eu lo g iz ed  h is m aster  in  th e  p re ­

fa ce  to  the  s e con 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 lea r ly  la id  o p e n  th e  m ost  b e a u t ifu l fram e  o f  th e  system  o f  th e  w o r ld , 

that i f  K in g  A lp h on s o  w ere  n ow  a liv e  h e  w ou ld  n o t  c om p la in  fo r  w an t  

o f  the  g ra ces  o f  s im p lic ity  o r  h a rm on y .”  S im p lic ity , it sh ou ld  b e  r e ca lled , 

is ch a ra cte r is t ic  b o th  o f  the state o f  th e o ry  in  an tiqu ity  a n d  o f  the  d es ired  

state o f  th eo ry  in  th e  fu tu re . T h e  r igh t p a th , these m en  seem  to  say, is,
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in  s c ien ce  as in  a ll m y th ica lly  d r iv en  a ctiv itie s , f r om  th e  past th rou gh  

th e  u n fo ld in g  p re sen t  in to  a  re g a in ed  sta te  o f  th e  p a s t .20

V I I

I  h a v e  p re sen ted  h e re  som e  sp e cu la t iv e  c on s id e ra t ion s  o n  the  v a r iou s  

w ays  in  w h ich  th e  state o f  a ffa irs , th e  fo lk lo r e  a n d  b e lie fs  ex te rn a l to  

s c ien ce  ( in  th e  n a r r ow  sense o f  the  w o r d ) , a f fe c t  th e  im a g in a t ion  o f  th e  

a c t in g  scien tist. P e rh ap s  these  th ou gh ts  w ill  b e  o f  s om e  use t o  th ose  

p h ilo s op h e rs  o f  s c ien ce  w h o  h a v e  b e en  s tru g g lin g  w ith  the o ld  q u e s t ion  

o f  w h a t  th e  s ou rce  m ay  b e  f o r  the  s tron g  w a rran t  fo r  e x p la n a to ry  s c ien ­

t if ic  p r in c ip le s— a w a rran t  th a t c a n n o t  b e  fo u n d  in  e x p e r im en 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 en  m o re  im p o r ta n t  reason  fo r  r e co g n iz in g  the  

ex is ten ce  o f  g en e ra l sty listic  c om m itm en ts  b u ilt  in to  s c ien t ific  w o r k : in  

th is w a y , w e  m ay  h o p e  to  c o n t r ib u te  a  litt le  to  u n d e rs ta n d in g  th e  p u z ­

z lin g  fa c t  th a t  s c ien ce  has in d e e d  f o r  so  lo n g  b e e n  so  su ccess fu l a n d  has 

r em a in ed  so  in terestin g . F o r  w ith o u t  s om e  su ch  su p p o r t  f o r  th e  im a g in a ­

t ion , c om in g  t o  us f r om  b e y o n d  th e  b ou n d a r ie s  o f  s c ien ce  a lon e , w ith ou t  

th e  h e lp  o f  a ll the  b est th a t has b e en  th ou g h t  a n d  fe lt  b e fo r e  us, h ow  

c o u ld  w e  h o p e  th a t th e  b r ie f  a tten tion  w e  c a n  g iv e  to  sc ien tific  p r o b lem s  

d u r in g  o u r  sh ort lives c o u ld  e v en  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 tru c t  s c ien ce  a n ew  o u t  o f  s c ien ce  a lon e , w ith ou t  the  

g u id a n ce  o f  sty le  a n d  k n ow 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 ch  th is  c om 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 om o , 1 9 2 7

�
ACH 6 g e  is fo rm e d  b y  c e rta in  ch 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 ow n  u nm istak ab le  m od e rn ity . T h e  r e n o v a t io n  o f  

q u an tum  physics  in  th e  m id -1 9 2 0 ’ s b r o u g h t  in to  p u b lic  v iew  ju s t  su ch  

a  c o n c e p t io n , o n e  th a t m a rk ed  a  tu rn in g  p o in t  in  th e  r o a d  fr om  w h ich  

o u r  v iew  o f  the  in te lle c tu a l la n d sca p e , in  s c ien ce  a n d  in  o th e r  fie ld s , w ill 

fo rev e r  b e  q u a lita tiv e ly  d iffe r e n t  f r om  tha t o f  ea r lie r  p e r iod s . I t  w as in  

S ep tem ber  1927 in  C om o , I ta ly , d u r in g  th e  In te rn a t ion a l C on g re ss  o f  

Physics h e ld  in  c om m em o ra t io n  o f  th e  o n e -h u n d r e d th  ann iv ersa ry  o f  

A lessandro  V o l t a ’ s d ea th , th a t  N ie ls  B oh r  f o r  th e  first t im e  in tr o d u ce d  

in  a  p u b lic  le c tu re  h is fo rm u la t io n  o f  c om p lem en ta r ity .1 I t  w as  r e p o r ted  

that B oh r ’ s a u d ie n ce  c o n ta in e d  m ost  o f  th e  le a d in g  physicists  o f  th e  

w o r ld  in  th is a rea  o f  w o rk , m en  su ch  as M a x  B orn , A . H . C om p to n , P eter  

D eb y e , E n r ic o  F e rm i, J am es  F ra n ck , W e rn e r  H e isen b e rg , M a x  v o n  

L au e , H . A . L o ren tz , R o b e r t  M ill ik a n , W o l fg a n g  P au li, M a x  P lan ck , 

A rn o ld  S om m e r fe ld , a n d  O t t o  S tem , am on g  oth ers . I t  w as  a  v e r ita b le  

summ it m ee tin g . O n ly  E in ste in  w as  c o n sp icu ou s ly  absen t.

In  the  in tr o d u c t io n  to  h is  le c tu re , B oh r  sa id  h e  w o u ld  m ak e  use “ on ly  

o f  s im p le  con s id e ra tion s , a n d  w ith ou t  g o in g  in to  an y  deta ils  o f  te ch n ica l, 

m a th em a tica l ch a ra c te r .”  In d e e d , th e  essay c o n ta in e d  o n ly  a  few

This 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  eq u a t ion s . R a th e r , its a v ow e d  p u rp o se  w as  a  m e th o d o lo g ic a l  o n e  

that, a t  least in  th is in itia l a n n ou n cem en t , d id  n o t  y e t con fe ss  its am b it i ­

o u s  s cop e . B oh r  stressed o n ly  th a t h e  w an ted  to  d e scr ib e  “ a  c e rta in  g e n ­

e ra l p o in t  o f  v iew  . . .  w h ich  I  h o p e  w ill b e  h e lp fu l  in  o r d e r  to  h a rm on ize  

th e  a p p a ren t ly  c o n f l ic t in g  v iew s  taken  b y  d iffe r e n t  scien tists.”

H e  w as  r e fe r r in g  to  a  p r o fo u n d  an d  p ers isten t d i f fe r e n c e  b e tw een  th e  

c la ss ica l d e s c r ip t ion  a n d  th e  q u a n tum  d e s c r ip t ion  o f  p h y s ica l p h e n om ­

ena . T o  re v iew  it, w e  c a n  g iv e  fo u r  b r ie f  e x am p le s  o f  th e  d ic h o tom y :

1. I n  c la ss ica l ph ys ics , f o r  e x am p le  in  th e  d e s c r ip t ion  o f  th e  m o t io n  

o f  p lan e ts  o r  b illia rd  ba lls  o r  o th e r  o b je c t s  w h ich  a re  la rg e  e n ou 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 rv e d , d e s c r ib ed , d e f in e d  w ith  a rb itra r ily  sm a ll in te r fe ren ce  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 . In  q u a n tum  d e s c r ip t io n , o n  the  o th e r  h a n d , the  “ state 

o f  th e  system ”  c a n n o t  b e  o b se rv ed  w ith ou t  s ign ifican t in flu en ce  u p o n  the 

state, as f o r  e x am p le  w h en  an  a t tem p t  is m a d e  t o  a sce rta in  th e  o rb it  

o f  a n  e le c tro n  in  a n  a tom , o r  to  d e te rm 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 ton s . T h e  rea son  f o r  th is s itu a tion  is s im p le : th e  a tom s, e ith er  in  

the  system  to  b e  o b se rv ed  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 rva tion , a re  n e v e r  a rb itra r ily  fin e  in  th e ir  re sp on se ; th e  en e rgy  e x ­

c h a n g e  o n  w h ich  th e ir  resp on se  d e p en d s  is n o t  an y  sm a ll qu an t ity  w e  

p lease , bu t, a c c o r d in g  to  th e  “ q u a n tum  p o s tu la te ”  (P la n ck ’ s fu n d am en ­

ta l law  o f  q u a n tum  p h y s ic s ) ,  c a n  p r o c e e d  o n ly  d is con t in u ou s ly , in  d is ­

c re te  steps o f  fin ite  size.

2. I t  fo l low 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 equ a te , 

a  system  ca n  b e  c o n s id e r e d  c lo s e d  a lth ou gh  it  is b e in g  o b se rv ed , s in ce  

th e  f low  o f  e n e rg y  in to  a n d  o u t  o f  th e  system  d u r in g  a n  ob se rv a t ion  ( f o r  

e x am p le , o f  the  r e fle c t ion  o f  lig h t  f r om  m o v in g  b a lls )  is n e g lig ib le  c om ­

p a re d  t o  th e  en e rgy  ch a n g e s  in  th e  system  d u r in g  in te ra c t ion  o f  th e  pa 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 tum  d e ­

s c r ip t ion , o n e  c a n n o t  n e g le c t  the  in te ra c t ion  b e tw e en  th e  “ system  u n d e r  

o b se rv a t ion ,”  s om etim es  lo o se ly  c a lle d  th e  “ o b je c t ,”  a n d  th e  a g en cy  o r  

d e v ice s  u sed  to  m ak e  th e  ob se rv a t ion s  (s om e tim es  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 ow n  ca se  o f  th is  sort is illu s tra ted  b y  H e isen b e rg ’ s 

g am m a -ra y  m ic r o s c o p e , in  w h ic h  th e  p rog ress  o f  an  e le c tro n  is 

“ w a t ch e d ”  b y  s ca tte r in g  g am m a  rays f r om  it, w ith  the  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 om  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 ich  c la ss ica l m e ch a n ic s  is a d e -
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qua te , w e  h a v e  b o th  c o n v en t io n a l cau sa lity  ch a in s  a n d  o rd in a ry  sp a ce - 

tim e c o o rd in a t io n , a n d  b o th  c a n  ex ist a t th e  sam e tim e. In  q u a n tum  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 en t io n a l cau sa lity  ch a in s ; i f  

le ft  to  itself, a  system  su ch  as an  a tom  o r  its ra d io a c t iv e  nu cleu s  u n d e r ­

g oes  ch an ges  (su ch  as em ission  o f  a  p h o to n  fr om  th e  a tom  o r  a p a r t ic le  

fr om  the n u c leu s ) in  an  in tr in s ica lly  p ro b a b il is t ic  m ann er . H ow e v e r , i f  

w e  su b je ct  the “ o b je c t ”  t o  sp a ce -t im e  ob se rva tion s , it n o  lo n g e r  u n d e r ­

g oes  its ow n  p rob a b ilis t ic  cau sa lity  sequ en ce . B o th  these m u tu a lly  e x ­

c lu sive  d escr ip tion s  o f  m an ife s ta tion s  o f  th e  q u an tum  system  m ust b e  

rega rd ed  as e qu a lly  re levan t  o r  “ tru e ,”  a lth ou gh  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  sam e tim e.

4 . F in a lly , w e  ca n  re fe r  to  B oh r ’ s ow n  illu stra tion  in  the  1927 essay o f  

“ the m u ch  d iscussed  qu es tion  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  spa ce  a n d  t im e  is a d equ a te ly  exp ressed  b y  th e  e le c trom a gn e t ic  th eory . 

E spec ia lly  th e  in te r fe ren ce  p h en om en a  in v a cu 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 ed ia  are  c om p le te ly  g o v e rn e d  by  the  w a v e  th eo ry  su p er ­

p o s it ion  p r in c ip le . N everth e less , the  c on se rv a t ion  o f  en e rgy  a n d  m om en ­

tum  d u r in g  the  in te ra c t ion  b e tw een  ra d ia t ion  a n d  m a tter , as e v id en t  in  

the p h o to e le c t r ic  a n d  C om p to n  e ffe c t , fin ds  its a d eq u a te  exp ress ion  ju s t  

in  th e  ligh t q u a n tum  id ea  p u t  fo rw a rd  b y  E in ste in .” 2 U n h ap p in e ss  w ith  

the  w a v e -p a r t ic le  p a ra d o x , w ith  b e in g  fo r c e d  t o  use in  d iffe ren t  c on tex ts  

tw o  su ch  an tith e tica l th eor ie s  o f  ligh t  as th e  c lassica l w a v e  th e o ry  a n d  

th e  q u an tum  (p h o t o n )  th eo ry  w as w id e ly  fe lt . E in ste in  expressed  it  in  

A p r il 1924  b y  w r it in g : “ W e  n ow  h a v e  tw o  th eories  o f  ligh t , b o th  in d is ­

p en sab le , b u t, it  m ust b e  a dm itte d , w ith ou t  an y  lo g ica l c o n n e c t io n  b e ­

tw een  th em , d esp ite  tw en ty  years  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 een  th e  c lassica l d e s cr ip t ion  a n d  

qu an tum  d e s c r ip t ion  w a s : c o u ld  o n e  h o p e  that, as h a d  h a p p en ed  so  

o ften  b e fo re  in  physics , on e  o f  th e  tw o  an tith e tica l v iew s w ou ld  s om eh ow  

b e  subsum ed  u n d e r  o r  d isso lv ed  in  the  o th e r  (s om ew h a t  as G a lile o  a n d  

N ew ton  h a d  sh ow n  ce lestia l ph ysics  to  b e  n o  d iffe r e n t  fr om  terrestria l 

ph ysics) ? O r  w ou ld  o n e  h a v e  to  settle  f o r  tw o  so  rad ica lly  d iffe ren t  

m od es  o f  d e scr ip t ion  o f  ph ys ica l p h e n om en a ?  W o u ld  the essential c o n t i ­

nu ity  that u n der lie s  c lassica l d e s cr ip t ion , w h e re  c o o rd in a te s  su ch  as 

spa ce , t im e , en ergy , a n d  m om en tum  can  in  p r in c ip le  b e  con s id e red  in ­

fin ite ly  d iv is ib le , rem a in  un y ie ld in g ly  an tith e tica l to  the  essential d is ­

con tin u ity  and  d iscreteness o f  a tom ic  p rocesses?



C on s id e r in g  th e  s itu a tion  in  1927 in  th em a t ic  term s, it w as b y  th a t 

t im e  c le a r  th a t ph ys ics  h a d  in h e r ited  c on tra ry  th em a ta  fr om  th e  “ classi ­

c a l”  p e r io d  (b e fo r e  1 9 0 0 ) a n d  fr om  th e  q u a n tum  p e r io d  (a fte r  1 9 0 0 ) .  A  

ch ie f  th em a  o f  th e  ea r lie r  p e r io d  w as c on t in u ity , a lth ou gh  it ex is ted  s ide  

b y  s ide  w ith  th e  a tom is t ic  v iew  o f  m a tter . A  c h ie f  th em a  o f  th e  m o re  

r e cen t  p e r io d  w as  d iscon t in u ity , a lth ou gh  it ex is ted  side b y  s id e  w ith  the 

w a v e  th e o ry  o f  e le c t rom a gn e t ic  p r o p a g a t io n  a n d  o f  th e  m o re  re cen t 

th eor ie s  a sso c ia ted  w ith  d e  B ro g lie  a n d  E rw in  S ch rö d in g e r .

In  the  o ld e r  ph ys ics , a lso , c la ss ica l cau sa lity  w as  tak en  f o r  g ran ted , 

w h erea s  in  th e  n ew  ph ys ics  th e  c o n c e p t  o f  in d e te rm in a cy , s ta tistica l d e ­

s c r ip t ion , a n d  p rob a b il is t ic  d is tr ibu tion  as an  in h e ren t  a sp e ct  o f  n a tu ra l 

d e s c r ip t ion  w ere  b e g in n in g  to  b e  a c c e p te d . In  th e  o ld e r  physics , th e  p o s ­

s ib ility  o f  a  sharp  s u b je c t -o b je c t  sep a ra tion  w as  n o t  g en e ra lly  c h a l le n g e d ; 

in  th e  n ew  ph ys 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  

cu t  o n ly  in  an  a rb itra ry  w ay . In  B o h r ’ s sense, a  “ p h e n om en o n ”  is th e  

d e s c r ip t ion  o f  th a t w h ich  is to  b e  o b se rv ed  and  o f  th e  a p p a ra tu s  u sed  t o  

o b ta in  th e  o b se rva t ion .

B o h r ’ s p r o p o sa l o f  1927 w as  essentia lly  th a t w e  sh ou ld  a t tem p t  n o t  

to  r e c o n c i le  th e  d ich o tom ie s , b u t  ra th er  to  rea lize  the  c om p lem en ta r ity  o f  

rep resen ta tion s  o f  even ts  in  these tw o  qu ite  d i f fe r e n t  lan gu ages . T h e  sep ­

arateness o f  th e  a c c o u n ts  is m ere ly  a  tok en  o f  th e  fa c t  tha t, in  th e  n o rm a l 

la n gu ag e  a v a ila b le  t o  us fo r  c om 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 oss ib le  to  express  th e  w h o len ess  o f  n a tu re  o n ly  th r ou g h  a  

c om p lem en ta ry  m o d e  o f  d e s cr ip t ion s .4 T h e  a p p a ren t ly  p a ra d o x ic a l ,  c o n ­

t ra d ic to ry  a c c ou n ts  sh ou ld  n o t  d iv e r t  o u r  a tten t ion  fr om  th e  essentia l 

w h o len ess . B o h r ’ s fa v o r ite  a p h o r ism  w as  S ch ille r ’ s N u r  d ie  F ü lle  fü h r t  

zu r  K la rh e it .  U n lik e  th e  s itu a tion  in  ea r lie r  p e r io d s , c la r ity  d o e s  n o t  re ­

s ide  in  s im p lif ica t ion  a n d  r e d u c t io n  to  a  sin g le , d ir e c t ly  c om p reh en s ib le  

m od e l,  b u t  in  th e  exh au stiv e  o v e r la y  o f  d if fe r e n t  d e scr ip t ion s  th a t  in c o r ­

p o ra te  a p p a ren t ly  c o n t ra d ic t o r y  n o t ion s .

S um m a r iz in g  h is C o m o  ta lk , B oh r  in  1949 stressed th a t th e  n e e d  to  e x ­

press o n e ’ s rep orts  u lt im a te ly  in  n o rm a l (c la s s ica l)  la n g u a g e  d o om s  an y  

a ttem p t to  im p o s e  a  c le a r  sep a ra tion  b e tw een  an  a tom ic  “ o b je c t ”  a n d  the 

e x p e r im en ta l e q u ipm en t .

T h e  new  progress in atom ic physics was comm ented  upon  from  various 

sides at the International Physical Congress held in September 1927, at C om o  

in comm em oration  o f V olta . In  a lecture on  that occasion , I advocated  a point 

o f  v iew  conveniently  termed “ complem entarity ,”  suited to em brace the char-
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acteristic features o f  individuality o f  quantum phenomena, and at the same 

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, how 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  argument is 

simply that by the word “ 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 unambiguous language w ith suitable application  o f  the term inology 

o f classical physics.

This crucial point, which was to becom e a main theme o f  the discussions 

reported in the follow ing, implies the impossibility o f any sharp separation  

between 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 phenom ­

ena appear. In fact, the individuality o f  the typical quantum  effects finds its 

proper expression in the circumstance that any attempt o f  subdividing the 

phenomena will demand a change in the experimental arrangement, in troduc ­

ing new  possibilities o f  interaction between objects and measuring instruments 

which in principle cannot be  controlled . Consequently, evidence obtained 

under different experimental conditions cannot be com prehended w ithin a 

single picture, but must be regarded as com plem en tary  in the sense that only 

the totality o f the phenomena exhausts the possible in formation  about the 

objects.6

W h a t  B oh r  w as  p o in t in g  to  in  1927 w as  th e  cu r iou s  r ea liza tion  tha t 

in  the a tom ic  d om a in , th e  on ly  w a y  th e  ob se rv e r  ( in c lu d in g  h is  e q u ip ­

m en t) can  b e  u n in v o lv e d  is i f  h e  ob serves  n o th in g  at a ll. A s  s o on  as h e  

sets u p  the  o b se rva tion  too ls  o n  h is w o rk b en ch , th e  system  h e  has ch o sen  

to  pu t u n d e r  ob se rv a t ion  a n d  h is m ea su r in g  in strum en ts  fo r  d o in g  th e  

jo b  fo rm  on e  in sepa rab le  w h o le . T h e r e fo r e  the  results d e p e n d  h ea v ily  on  

the appara tu s . In  th e  w e ll -k n ow n  illu stra tion  in v o lv in g  a  ligh t  b eam , i f  

the in strum en t o f  m ea su rem en t con ta in s  a  d o u b le  p in h o le  th rou gh  w h ich  

the ligh t passes, the  resu lt o f  o b se rv a t ion  w ill in d ica te  that a  w a v e  p h e ­

n om en on  is in v o lv e d ; b u t  i f  the “ sam e”  ligh t b eam  is u sed  w h en  the  

m easuring  in strum en t con 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 en  

the ob se rva tion  results w ill in d ica te  th a t a stream  o f  pa rtic le s  is in v o lv ed . 

(M o r e o v e r ,  p rec ise ly  th e  sam e tw o  k inds  o f  ob se rva tion s  a re  o b ta in ed  

w h en , in stead  o f  the  b eam  o f  ligh t, o n e  uses a  b e am  o f  “ p a rt ic le s ”  su ch  

as a tom s o r  e le c tron s  o r  o th e r  su b a tom ic  p a rt ic le s .)  O n e  c a n n o t  con s tru ct  

an  e x p e r im en t  w h ich  s im u ltan eou s ly  exh ib its  the  w av e  an d  p a r t ic le
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aspects  o f  a t om ic  m a tte r . A  p a r t icu la r  e x p e r im en t  w ill  a lw ays  sh ow  on ly  

o n e  v iew  o r  rep re sen ta tion  o f  o b je c t s  a t th e  a tom ic  leve l.

T h e  stu dy  o f  n a tu re  is a  stu dy  o f  a rt ifa cts  th a t a p p e a r  d u r in g  an  e n ­

g a g em en t  b e tw een  th e  scien tist a n d  th e  w o r ld  in  w h ich  h e  fin d s  h im se lf. 

A n d  these a rt ifa cts  th em se lves  a re  seen  th rou gh  th e  lens o f  th eory . T h u s , 

d if fe r e n t  e x p e r im en ta l c o n d it io n s  g iv e  d if fe r e n t  v iew 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 om en o n  o r  a  p a r t ic le  p h e n om en o n  is im p o s ­

s ib le ; in  e ith e r  ca se , t o o  m u ch  is le ft  o u t . T o  ca ll l ig h t  b o th  a  w a v e  p h e ­

n om en o n  a n d  a  p a r t ic le  p h e n om en on  is to  o v e r s im p lify  m atters . O u r  

k n ow le d g e  o f  ligh t  is c o n ta in e d  in  a  n um b e r  o f  s ta tem en ts  th a t a re  seem ­

in g ly  c o n t ra 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 en 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 rp re ted  in  th e  lig h t  o f  a  c om 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 er  is : th e  ob se rv e r , h is  v a r iou s  

p ie ce s  a n d  types o f  e q u ipm en t , h is e x p e r im en ts , h is th eor ie s  a n d  m od e ls  

o f  in te rp re ta t ion , and  w h a te v e r  it m a y  b e  th a t fills an  o th e rw ise  em p ty  

r o om  w h en  th e  lig h tb u lb  is a l low ed  to  k eep  o n  bu rn in g . A ll  this, to g e th e r , 

is ligh t .

N o  o b je c t io n s  seem  t o  h a v e  b e e n  ra ised  aga in st N ie ls  B oh r ’ s p a p e r  a t  

th e  C o m o  m ee 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 ce  o f  th e  n ew  p o in t  o f  v iew  w as  n o t  im m ed ia te ly  a p p r e c ia te d . A p ­

p a ren tly  a ty p ica l c om m en t  o v e rh e a rd  a fte r  B oh r ’ s le c tu re  w a s  th a t it  

“ w ill n o t  in d u c e  a n y  o f  us to  ch a n g e  h is o w n  o p in io n  a b o u t  q u a n tum  

m e ch a n ic s .” 6 A  d is t in gu ish ed  g r o u p  o f  physicists , a lth ou g h  a  m in o r ity  in  

the  fie ld , r em a in ed  u n c o n v in c e d  b y  a n d  in d e ed  h ostile  t o  th e  c om p le ­

m en ta r ity  p o in t  o f  v iew . F o rem os t  am on g  th em  w as E in ste in , w h o  h ea rd  

th e  first ex ten s ive  e x p o s it io n  a m on th  a fte r  th e  C om o  m ee tin g , in  O c t o ­

b e r  1927 , a t th e  S o lv a y  C on g ress  in  Brussels. E in ste in  h a d  d is lik ed  ev en  

the ea 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 tion s  o f  a tom ic  ph ys ics  th a t  

w e re  b a sed  o n  the  th em a ta  o f  d is con t in u ity  a n d  n on c la ss ica l cau sa lity . 

H e  h a d  w ritten  to  P au l E h ren fe st  (A u g u s t  28 , 1 9 2 6 ) ,  “ I s tand  b e fo r e  

q u a n tum  m e ch an ic s  w ith  a dm ira t io n  a n d  su sp ic ion ,”  a n d  t o  B o rn  (D e ­

c em b e r  4 , 1 9 2 6 ) E in ste in  h a d  sa id , “ Q u a n tum  m ech an ics  d em an d s  seri ­

ou s  a tten t ion . B u t an  in n e r  v o ic e  tells m e  th a t this is n o t  the  true  J a co b . 

T h e  th e o ry  a c com p lish e s  a  lo t , b u t  it d o e s  n o t  b r in g  us c lo se r  to  th e  

secrets  o f  th e  O ld  O n e . In  a n y  case , I  am  c o n v in c e d  that 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 en tu ry  la ter  E in ste in  w as  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 om p lem en ta r ity  p r in c ip le :  “ to  m e  it
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must seem  a  m istake to  p e rm it  th e o re t ica l d e s c r ip t ion  to  b e  d ire c t ly  d e ­

p en d en t  u p o n  acts  o f  em p ir ica l assertions, as it  seem s to  b e  in ten d ed  [ f o r  

e x am p le ] in  B oh r ’ s p r in c ip le  o f  c om p lem en ta r ity , th e  sha rp  fo rm u la t io n  

o f  w h ich , m o re o v e r , I  h a v e  b een  u n a b le  to  a ch ie v e  d esp ite  m u ch  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 oh r  h im se lf w as aw a re  fr om  the  b e g in n in g  that the  c om p lem en ta r ity  

p o in t  o f  v iew  w as  a  p ro g ram  ra th e r  th an  a  fin ish ed  w o r k ;  th a t is, it h a d  

to  b e  e x ten d ed  a n d  d e e p en ed  by  m u ch  su b sequ en t w o rk . I t  w as  to  h im  

“ a m ost  v a lu a b le  in cen tiv e  . . .  to  re exam in e  the  v a r iou s  aspects  o f  th e  

s itua tion  as regard s  the  d e s c r ip t ion  o f  a tom ic  p h e n om en a ”  a n d  “ a  w e l ­

c om e  stim u lus to  v e r ify  still fu r th e r  the  r ô le  p la y ed  b y  th e  m ea su r in g  

in strum en ts .” 9 H ow e v e r , as w e  sha ll see, o v e r  th e  years B oh r  c am e  to  

regard  th e  c om p lem en ta r ity  p r in c ip le  as m o re  a n d  m o re  im p o r ta n t , e x ­

ten d in g  fa r  b e y on d  th e  o r ig in a l c o n te x t  in  w h ich  it  h a d  b e en  a n n ou n ced . 

F o r  his la ter, d e e p  c om m itm en t  to  th e  c o n c e p t io n , a n d  fo r  h is  aw areness  

o f  the  a n tiq u ity  o f  s om e  o f  its roo ts , w e  n e e d  c ite  h ere  o n ly  an  a n e cd o ta l  

p ie ce  o f  e v id en ce . W h e n  B oh r  w as aw a rd ed  the  D an ish  O r d e r  o f  th e  

E leph an t in  1947 , h e  h a d  to  superv ise  th e  d es ign  o f  a  c o a t  o f  a rm s fo r  

p la cem en t  in  the  c h u r ch  o f  th e  F red e r ik sb o rg  C a stle  a t H i l le r o d . T h e  

d ev ice  (see  p . 122 )  presen ts  the  id ea  o f  c om p lem en ta r ity : a b o v e  th e  

cen tra l in sign ia , th e  le g en d  says C on tra r ia  su n t c om p lem en ta , a n d  a t  th e  

cen te r  B oh r  p la c e d  th e  sym bo l f o r  Y in  a n d  Y a n g .

L u x  versu s L um en

H ow  d id  B oh r ’ s c om p lem en ta r ity  p o in t  o f  v iew— so  fa r  f r om  the  o ld e r  

scien tific  t ra d it ion  o f  s tr ict s ep a ra tion  b e tw een  th e  ob se rv e r  a n d  the  o b ­

served— com e  to  b e  d e v e lo p e d ?  F in d in g  th e  va r iou s  roo ts  o f  a n d  the  

likely  p rep a ra to ry  c o n d it io n s  f o r  th is tra n s fo rm in g  c o n c e p t io n— those  in  

physica l th e o ry  a n d  th ose  in  p h ilo s o p h ica l tra d it ion— app ea rs  t o  m e  to  

be  an  in terestin g  p r o b lem  that is fa r  fr om  its u n am b ig u ou s  so lu tion . H o w ­

ever , there  a re  a lrea d y  som e  u se fu l resu lts o f  the  sea rch , p a rt icu la r ly  in ­

so far  as th ey  m ay  h a v e  r e le v an ce  fo r  a  b e tte r  u n d e rs ta n d in g  o f  th e  m u ­

tual in te ra c t ion  o f  s c ien tific  a n d  h um an is t ic  trad ition s .

T h e  first d ir e c t io n  to  lo o k  is the d e v e lo pm en t  o f  th e  ea r ly  id eas  c o n ­

c e rn in g  the  n a tu re  o f  ligh t . T h a t  a m od e rn  th em a  w as a lrea d y  in h e ren t  

in  the  fo rm u la tion s  th a t b eg an  in  a n tiq u ity  sh ou ld  n o t  su rprise  u s ; w e  

k n ow  fr om  o th e r  stud ies  th a t d esp ite  a ll ch a n g e  a n d  p rogress  o f  s c ien ce ,
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