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CoZZoque C8, supple'ment au no 12, Tome 43, de'cembre 1982 page C8-409 

Resume - Ce rapport a pour but de decrire le d6veloppementdel'~lectrodynamique quan- 
tique des ann6es 30 aux annees 50. I1 repose sur ce que l'auteur a vecu et ce 2 quoi 
il a contribue. I1 part de la preparation (1934 - 1946) puis passe & la thCorie rela- 
tiviste non covariante (1947) pour aboutir alapremi&reth&orie covarianterelativiste 
(1947 - 1948) puis B la seconde (1949 - 1950). Une description technique dPtaill6eest 
prbsent6e. L'auteur indique l'influence de 1161ectrodynamique dans les autres domai- 
nes de la physique. 

Abstract - The aim of this report is to describe the development of the quantum elec- 
trodynamics in the years from the 1930's to the 1950's. It is based on the way the 
author saw and participate to this development. Four phases are discussed : prepara- 
tion (1934 - 1946); non-covariant relativistic theory (1947) ;first covariant relati- 
vistic theory (1947<- 1948) ; second covariant relativistic theory (1949 - 1950). A 
detailed technical description is presented. The author shows the influence of quan- 
tum electrodynamics in other areas of physics. 

My assignment today is to testify. To tell the story, as I saw it and as I partici- 
pated in it, of the development of quantum electrodynamics in the years from the 
1930's to the 1950's. Yet I am also conscious that emphasis must be placed on doou- 
mentation, rather than mere remembrance, an ideal that, like the speed of light, can 
be approached but never attained. 

My story will be divided into four phases: Preparation (1934-1946);   on-~ovariant 
Relativistic Theory (1947); First Covariant Relativistic Theory (1947-1948); 
Second Covariant Relativistic Theory (1949-1950). 

The only exhibit I have with me is a paper I wrote, but did not publish at the age 
of 16. Called "On the Interaction of Several Electrons" it is about quantum elec- 
trodynamics. It combines the space-time varying operator fields of the Dirac, Fock, 
Podolsky electrodynamics1 of 1932 with second quantized operator fields for elec- 
trons,2 asking whether the usual formalism continues to appl~5 when the electron 
interaction is the non-local retarded interaction of M$ller. In the process it 
makes the first tentative introduction of what I would later call the interaction 
representation, which is no more than the extension to a11 operator fields of what 
Dirac, Fock, and Podolsky had done for the electromagnetic field. Let me quote One 
sentence from the paper: "The second term in equation (20) represents the infinite 
self-energy of the charges and must be discarded." The last injunction merely 
parrots the wisdom of my elders, to be later rejected, that the theory was fatally 
flawed as witnessed by such infinite terms, which, at best, had to be discarded, or 
subtracted. Thus, the "subtraction physics" of the 1930's. 
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I sk ip  over the  events of the  next eleven years ,  except t o  note  the  following. In  
the  f a l l  of  1939 1 came t o  Berkeley f o r  the  f i r s t  time, not a s  a s tudent  of 
Oppenheimer, but  armed with a Columbia Ph.D. and a National Research Council Fellow- 
ship.  Our f i r s t  col laborat ion,  l a t e r  t h a t  year ,  used quantum electrodynamics t o  
describe t h e  electron-posi t ron emission from an exci ted oxygen n u ~ l e u s , ~  which 
emphasized f o r  me t h e  physical  r e a l i t y  of such v i r t u a l  photon processes. Also i m -  
por tan t  was t h e  1941 work on s trong coupling mesotron theory5 where I gained experi- 
ence i n  using canonical transformations f o r  ex t rac t ing  the  physical  consequences of  
the theory. 

We come t o  1945. With t h e  War winding down and an enormous capabi l i ty  i n  microwave 
technology developed, it was na tura l  t h a t  f r u s t r a t e d  p h y s i c i s t s  should begin t o  
think of using t h e i r  exper t i se  i n  devising e lec t ron  acce le ra tors .  I took a hand i n  
t h a t ,  myself, and designed parameters f o r  an instrument I c a l l e d  t h e  microtron, but  
t h a t ' s  another s to ry .  What i s  s i g n i f i c a n t  here was t h e  rad ia t ion  emitted by re la -  
t i v i s t i c  e lec t rons  moving i n  c i r c u l a r  paths  under magnetic f i e l d  guidance. I t ' s  an 
old problem, but  t h e  q u a n t i t a t i v e  implicat ions of  r e l a t i v i s t i c  energies  hadn' t  been 
appreciated.  In  a t t ack ing  t h i s  c l a s s i c a l  r e l a t i v i s t i c  s i t u a t i o n  I used t h e  invar i -  
a n t  proper-time formulation of a c t i o n ,  including t h e  electromagnetic se l f -ac t ion  of 
a charge. That se l f -ac t ion  contained a r e s i s t i v e  and a reac t ive  p a r t ,  t o  use t h e  
engineering language I had learned.  The r e a c t i v e  p a r t  was t h e  electromagnetic mass 
e f f e c t ,  here automatical ly  providing an i n v a r i a n t  supplement t o  t h e  mechanical 
ac t ion  and thereby introducing t h e  physical  mass of the  charge. Inc iden ta l ly ,  i n  
t h e  paper on synchrotron rad ia t ion  t h a t  was published severa l  years l a t e r , 6  a more 
elementary expression of t h i s  method i s  used and t h e  r e a c t i v e  e f f e c t  is dismissed 
a s  "an i n e r t i a l  e f f e c t  with which we a r e  not concerned." But here was my reminder 
t h a t  electromagnetic se l f -ac t ion ,  physical ly  necessary i n  one context ,  was not t o  
be, and need not be,  omitted i n  another context.  And, i n  a r r i v i n g  a t  a r e l a t i v i s t i -  
c a l l y  invar ian t  r e s u l t ,  i n  a sub jec t  where r e l a t i v i s t i c  invariance was notoriously 
d i f f i c u l t  t o  maintain, I had learned a simple bu t  useful  lesson:  t o  emerge with 
r e l a t i v i s t i c a l l y  i n v a r i a n t  physical  conclusions, use a covariant ly formulated 
theory, and maintain covariance throughout t h e  ca lcu la t ion .  

Of course, the  concept of  electromagnetic se l f -ac t ion ,  of  electromagnetic mass, had 
not e n t i r e l y  died ou t  i n  t h a t  age of  sub t rac t ion  physics; it had gone underground, 
t o  surface occasional ly.  Kramers must be mentioned i n  t h i s  connection. I n  a book 
published7 i n  1938 he suggested t h a t  the  correspondence p r i n c i p l e  foundation of 
quantum electrodynamics was unsa t i s fac tory  because it was not r e l a t e d  t o  a c l a s s i c a l  
theory t h a t  a lready included the  electromagnetic mass and re fe r red  t o  t h e  physical  
e lectron.  He proposed t o  produce such a c l a s s i c a l  theory by eliminating the  proper 
f i e l d  of  t h e  e lec t ron ,  t h e  f i e l d  assoc ia ted  with uniform motion. Very good--if we 
l ived  i n  a non- re la t iv i s t i c  world. But it was already known from t h e  work of 
Weisskopf and ~ u r r ~ '  t h a t  the  electromagnetic mass problem i s  e n t i r e l y  transformed 
i n  t h e  r e l a t i v i s t i c  theory of e lec t rons  and pos i t rons ,  then described i n  the unsym- 
metr ical  ho le  formulation--the r e l a t i v i s t i c  electromagnetic mass problem is  beyond 
the  reach of  t h e  correspondence pr inc ip le .  Nevertheless, I must give Kramers very 
high marks f o r  h i s  recognit ion t h a t  t h e  theory should have a structure-independent 
character .  The r e l a t i v i s t i c  counterpart  of  t h a t  was t o  be my guiding p r i n c i p l e ,  
and, over t h e  years  has become general ized t o  t h e  Commandment: Thou s h a l t  not 
entangle t h a t  which i s  known, and r e l i a b l e ,  with t h a t  which is  unknown, and specula- 
t i v e .  The e f f e c t i v e  range treatment of nuclear f o r ~ e s . ~  which evolved j u s t  a f t e r  
the War, a l s o  abides with t h i s  philosophy. 

The next  phase opened with the famous She l te r  Is land Conference of June 1947. Not 
r e c a l l i n g  t h e  exact da tes ,  I looked a t  t h e  Lamb-Retherford paper1D and learned t h a t  
it was June 1-3; then I glanced a t  Bethe's paper11 and read t h a t  ~t was June 2-4. 
Anyway, it was i n  June. On t h e  t r a i n  down t o  New York, Weisskopf and I discussed 
the already leaked news t h a t  Lamb and Retherford had used t h e  wartime developed 
microwave techniques t o  confirm ~ a s t e r n a c k  ' s l 2  suggested upward s h i f t  of t h e  2s 
l eve l  i n  hydrogen. W e  agreed t h a t  electrodynamic e f f e c t s  should be responsible ,  and 
t h a t  a f i n i t e  r e s u l t  would emerge from a r e l a t i v i s t i c  ca lcu la t ion .  I do not r e c a l l  
ac tua l ly  saying anything a t  She l te r  Is land,  but  Bethe acknowledges such remarks. A s  
we a l l  know, Bethe then i n s t a n t l y  proceeded t o  exp lo i t  h i s  g r e a t  f a m i l i a r i t y  with 
hydrogenic dipole  matrix elements and sum r u l e s  t o  compute the  non- re la t iv i s t i c  



aspects  of these  ideas.  Owing t o  t h e  comparative i n s e n s i t i v i t y  of the  ca lcu la t ion  
t o  t h e  unknown high energy cu tof f ,  a b e t t e r  than order  of magnitude number emerged. 
The agreement o f  t h a t  number with the  observed l e v e l  s h i f t  ended any doubt, i f  doubt 
there  was, concerning t h e  electrodynamic nature of the  phenomenon. Yet t h e  r e l a -  
t i v i s t i c  problem, of ex t rac t ing  from t h e  theory a f i n i t e  and unique pred ic t ion ,  
remained. 

The Lamb-Retherford measurement had been foreshadowed by pre-war spectroscopic 
observations. But t h e  She l te r  I s land  Conference a l s o  brought a t o t a l l y  unant ici-  
pated announcement, from Rabi: t h e  hyperfine s t r u c t u r e s  i n  hydrogen and deuterium 
were too l a r g e  by a f r a c t i o n  of a percent.  The s ign i f icance  of t h e  small d i f fe rence  
between these  two f r a c t i o n s  would l a t e r  be explained by Aage Bohr.13 But it was 
t h e i r  s i m i l a r i t y  t h a t  counted f i r s t ,  suggesting t h a t  there  was y e t  another flaw i n  
the  Dirac descr ip t ion  of  t h e  e lec t ron ,  now r e f e r r i n g  t o  magnetic p roper t i es .  The 
hypothesis t h a t  t h e  e lec t ron  had an addi t iona l  magnetic moment was f i r s t  e x p l i c i t l y  
published by Bre i t ,14  l a t e r  t h a t  year ,  i n  a curiously ambivalent way, " I t  i s  not 
claimed t h a t  t h e  e lec t ron  has an i n t r i n s i c  moment. Aesthetic object ions could be 
r a i s e d  aga ins t  such a view." Perhaps t h a t  ambivalence caused B r e i t  t o  f a l t e r ,  f o r  
he, and here  I quote myself, did "not cor rec t ly  draw the  consequences of h i s  empiri- 
c a l  hypothesis." He a r r ived  a t  a value of the  add i t iona l  magnetic moment about 
f i v e  times l a r g e r  than what more d i r e c t  experiments, not t o  mention the  r e l a t i v i s t i c  
electrodynamic theory, would soon d i sc lose .  An addi t iona l  magnetic moment t h a t  
l a r g e  would cont r ibu te  about one t h i r d  of  the  observed upward r e l a t i v e  displacement 
of t h e  2s l e v e l  of hydrogen. It  was not necessary--the empirical hypothesis of an 
addi t iona l  e lec t ron  moment i s  e a s i l y  handled correctly--but,  i n  f a c t ,  it took t h e  
development of t h e  r e l a t i v i s t i c  electrodynamic theory t o  s t r a i g h t e n  out  t h e  confu- 
slon. However, we a r e  g e t t i n g  ahead of t h e  s to ry .  

A t  t h e  c lose  of  the  S h e l t e r  I s land  conference, Oppenheimer and I took a seaplane 
from Port  Jefferson t o  Bridgeport,  Connecticut, where c i v i l i z a t i o n ,  a s  it was then 
understood--the railroad--could be found. A s  t h e  seawater closed over the  a i rp lane  
cabin I counted my l a s t  remaining seconds. But somehow pr imi t ive  technology 
triumphed. A few days l a t e r  I abandoned my bachelor quar te r s  and embarked upon an, 
accompanied, nos ta lg ic  t r i p  around t h e  country t h a t  would occupy t h e  whole summer. 
Not u n t i l  September d i d  I s e t  out on t h e  t r a i l  of r e l a t i v i s t i c  quantum e lec t ro-  
dynamics. But I knew what t o  do. 

This is  how I would s h o r t l y  pu t  it, i n  t h e  f i r s t  published report15 of t h e  new elec- 
trodynamics: "Attempts t o  evaluate  r a d i a t i v e  correct ions t o  e lec t ron  phenomena have 
heretofore been beset  by divergence d i f f i c u l t i e s ,  a t t r i b u t a b l e  t o  self-energy and 
vacuum pola r iza t ion  e f f e c t s .  Electrodynamics unquestionably requ i res  rev i s ion  a t  
u l t r a - r e l a t i v i s t i c  energies  ( s i c ) ,  bu t  i s  presumably accurate  a t  moderate r e l a t i v -  
i s t i c  energies .  It would be des i rab le ,  therefore,  t o  i s o l a t e  those aspec t s  of t h e  
cur ren t  theory t h a t  e s s e n t i a l l y  involve high energies ,  and a r e  sub jec t  t o  modifica- 
t i o n  by a more s a t i s f a c t o r y  theory, from aspects  t h a t  involve only moderate energies 
and a r e  thus  r e l a t i v e l y  trustworthy. This goal has been achieved by transforming 
the  Hamiltonian of cur ren t  hole  theory electrodynamics t o  exh ib i t  e x p l i c i t l y  t h e  
logari thmical ly divergent self-energy of a f r e e  e lec t ron ,  which a r i s e s  from t h e  
v i r t u a l  emission and absorpt ion of  l i g h t  quanta. The electromagnetic self-energy of 
a f r e e  e lec t ron  can be ascr ibed t o  an electromagnetic mass, which must be added t o  
t h e  mechanical mass of  the  e lec t ron .  Indeed t h e  only meaningful statements of t h e  
theory involve t h i s  combination of masses, which i s  the  experimental mass of a f r e e  
electron."  Then, skipping a b i t ,  ' ' i t  i s  important t o  note t h a t  t h e  inc lus ion  of t h e  
electromagnetic mass with t h e  mechanical mass does not  avoid a l l  divergences; t h e  
po la r iza t ion  of the vacuum produces a logari thmical ly divergent term proport ional  
t o  t h e  i n t e r a c t i o n  energy of the e lec t ron  i n  an external  f i e l d .  However, it has 
long been recognized t h a t  such a term is  equivalent t o  a l t e r i n g  the  value of the  
e lec t ron  charge by a constant  f a c t o r ,  only the  f i n a l  value belng properly i d e n t i f i e d  
with the  experimental charge. Thus t h e  i n t e r a c t i o n  between matter  and rad ia t ion  
produces a renormalization o f  the  e lec t ron  charge and mass, a l l  divergences being 
contained i n  t h e  renormalization fac tors . '  The statement beginning "However, it has 
long been recognized ..." harkens back t o  the  very beginnings of the  hole theory of 
posi t rons.  Allow me t o  t r a n s l a t e  from t h e  French of ~ i r a c ' s  1934 repor t  t o  the  
7 th  Solvay congress16: " In  consequence of t h e  preceding ca lcu la t ion  it would seem 
t h a t  t h e  e l e c t r ~ c  charges normally observed on e lec t rons ,  protons o r  o ther  e l e c t r i -  
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f i e d  p a r t i c l e s  a r e  not  t h e  charges a c t u a l l y  c a r r i e d  by these  p a r t i c l e s  and occurring 
i n  t h e  fundamental equations, but  a r e  s l i g h t l y  smaller." 

One more sentence from my not y e t  wr i t t en  report15: "The s implest  example of  a 
r a d i a t i v e  cor rec t ion  i s  t h a t  f o r  the  energy i n  an ex te rna l  magnetic f i e l d . "  I n  mid- 
November of 1947 I went t o  Washington t o  a t t e n d  a small meeting a t  George Washington 
University and g ive  a s t a t u s  r e p o r t  on t h a t  ca lcu la t ion ,  of  t h e  add i t iona l  magnetic 
moment of t h e  electron.  I t  was not complete a t  t h e  time, but  I have t h e  f in i shed  
ca lcu la t ion ,  which was discovered i n  a p i l e  of manuscripts on January 24, 1976, and 
then labeled "Original  Calculat ion of a/2a (1947)." But t h e  magnetic moment of the  
e lec t ron  was not  my s o l e  concern a t  t h a t  time. My one d i s t i n c t  memory of  t h e  
Washington meeting i s  of s i t t i n g  a t  a b i g  t a b l e  and apparently taking notes  during 
a lecture--was it Gamov explaining h i s  ideas on t h e  black body res idua l  rad ia t ion  of 
the  b ig  bang? I d o n ' t  r e c a l l .  What I do r e c a l l  i s  t h a t  I was ac tua l ly  doing some 
simple computations, using my knowledge of t h e  hydrogenic wave funct ions i n  momentum 
space, t o  understand t h e  "amazingly high value,"  a s  Bethe pu t  it, of h i s  average 
e x c i t a t i o n  energy f o r  hydrogen. I s t i l l  have fragments of those clandest ine calcu- 
l a t i o n s .  I had e a s i l y  found t h a t  t h e  logarithm of the  exc i ta t ion  energy i n  Rydberg 
u n i t s  should be approximately 211/84, o r  a l i t t l e  more than 2.5. The a c t u a l  value, 
which requi res  r a t h e r  extensive numerical ca lcu la t ions ,  is  about 2.8. 

The f i r s t  r e p o r t  on renormalized quantum electrodynamics, excerpts of which have 
j u s t  been quoted, was submitted t o  t h e  Physical Review a t  t h e  end of 1947. I t  gives 
t h e  predicted addi t iona l  magnetic moment of a/2n and p o i n t s  o u t  t h a t ,  not only a r e  
t h e  hyperfine s t r u c t u r e  discrepancies  accounted f o r ,  but a l s o  t h e  l a t e r  more 
accurate  atomic moment measurements i n  s t a t e s  of sodium and gallium.17 The repor t  
continues, "The r a d i a t i v e  cor rec t ions  t o  t h e  energy of an e lec t ron  i n  a Coulomb 
f i e l d  w i l l  produce a s h i f t  i n  the  energy l e v e l s  of hydrogen-like atoms and modify 
t h e  s c a t t e r i n g  of e lec t rons  i n  a coulomb f i e l d  .... The values yielded by our theory 
d i f f e r  only s l i g h t l y  from those conjectured by Bethe on t h e  b a s i s  of a non-relativ- 
i s t i c  ca lcu la t ion  and a r e ,  thus,  i n  good accord with experiment. F ina l ly ,  the  
f i n i t e  r a d i a t i v e  cor rec t ion  t o  t h e  e l a s t i c  s c a t t e r i n g  of e lec t rons  by a Coulomb 
f i e l d  provides a s a t i s f a c t o r y  terminat ion t o  a sub jec t  t h a t  had been beset  with much 
confusion." Now, what is t h a t  l a s t  b i t  a l l  about? 

While t h e  quest ion of bound s t a t e  energies  had been la rge ly  ignored, t h e o r i s t s  had 
given a t t e n t i o n  t o  r a d i a t i v e  cor rec t ions  i n  sca t te r ing .  In  1937 Bloch and 
~ o r d s i e c k l  recognized t h a t  a r b i t r a r i l y  s o f t  photons a r e  emitted with c e r t a i n t y  i n  
a c o l l i s i o n ,  implying t h a t  the  c ross  sec t ion  f o r  a per fec t ly  e l a s t i c  c o l l i s i o n  i s  
zero. Yet, i n  a treatment t h a t  considers only s o f t  photons, the  t o t a l  cross  sec t ion  
is unchanged from i t s  value i n  t h e  absence of  electromagnetic in te rac t ion .  The r e a l  
problem begins when hard v i r t u a l  photons a r e  reintroduced. I n  1939 ~ a n c o f f l ~  per- 
formed such a r e l a t i v i s t i c  ca lcu la t ion  f o r  both spin 0 and sp in  1 / 2  charged p a r t i -  
c les .  Inc iden ta l ly ,  on reading Dancoff's paper not  long ago, I was somewhat aston- 
ished t o  see  the word "renormalization. '  But t h e  context t h e r e  was not mass o r  
charge renormalization; it re fe r red  t o  the add i t iona l  terms t h a t  maintain the  nor- 
malizat ion of  t h e  s t a t e  vector .  The confusing outcome of Dancoff's ca lcu la t ion  was 
t h a t ,  whereas spin 1/2 produced a divergent  r a d i a t i v e  cor rec t ion ,  sp in  0, usual ly 
associated with more severe electromagnetic s e l f  energy problems, gave a f i n i t e  
correct ion.  The new theory removed t h e  d i f f i c u l t y  f o r  s p i n  1/2. A t  about t h e  same 
time ~ e w i s ~ O  reconsidered Dancoff's sp in  1/2 work and recognized t h a t  it was incon- 
s i s t e n t  i n  i t s  treatment of the  mechanical and t h e  physical  masses of t h e  e lec t ron .  
Then, on sub t rac t ing  t h e  e f f e c t  of the  electromagnetic mass, the divergences did 
cancel.  But such a sub t rac t ion  of two ambiguous expressions does not automatically 
produce an unambiguous f i n i t e  residue.  Lewis acknowledged t h a t  the  canonical t rans -  
formation method I had developed was b e t t e r  su i ted  t o  t h a t  purpose. A l l  t h i s  r a i s e s  
a quest ion.  After  repor t ing  t h a t  f i n i t e  r a d i a t i v e  cor rec t ions  were a t t a ined  i n  both 
bound s t a t e  and s c a t t e r i n g  ca lcu la t ions ,  why was I not s p e c i f i c  about t h e i r  p rec i se  
values? 

Within a month the  reason would be given publicly.  The American Physical Society 
held i t s  1948 New York meeting from January 29-31 a t  Columbia University. I was 
inv i ted  t o  g ive  a paper on Recent Developments i n  Quantum Electrodynamics. By t h e  
way, another i n v i t e d  paper a t  t h a t  meeting was a repor t  from t h e  General E l e c t r i c  



Laboratory on t h e  observat ion and s a t i s f a c t o r y  s p e c t r a l  ana lys i s  of t h e  v i s i b l e  
synchrotron r a d i a t i o n  emitted by 70 Mev electrons.  On January 31 I gave my talk-- 
twice. The only record I have of t h a t  event i s  a typed copy of my already submitted 
repor t ,  on t h e  back page of which is  wr i t t en  a formula f o r  the  energy s h i f t  of 
hydrogenic l e v e l s .  One of t h e  terms is a sp in-orb i t  coupling, which should be t h e  
r e l a t i v i s t i c  e l e c t r i c  counterpart  of t h e  a/2n addi t iona l  magnetic moment e f f e c t .  
But it is  smaller by a f a c t o r  of 3; r e l a t i v i s t i c  invariance is  v io la ted  i n  t h e  non- 
covariant  theory. Oppenheimer would l a t e r  record t h i s  i n  h i s  reportz1 t o  t h e  8 t h  
Solvay Congress. But t h e  back o f  t h e  page a l s o  contains  something else--the answer 
t o  t h e  obvious question: what happens i f  the  add i t iona l  magnetic moment coupling 
t o  the  e l e c t r i c  f i e l d  i s  given i ts  r i g h t  value, no o ther  change being introduced? 
What emerges, and there fore  was known i n  January 1948, i s  prec i se ly  what o ther  
workers using non-covariant methods would l a t e r  f ind ,  which i s  a l s o  t h e  r e s u l t  even- 
t u a l l y  produced by t h e  covariant methods. Of covrse, u n t i l  those covariant  methods 
were developed and appl ied,  t h e r e  could be no r e a l  conviction t h a t  the  r i g h t  answer 
had been found. 

The t h i r d  s tage,  t h e  development of t h e  f i r s t  covariant theory, had already begun a t  
the  time of t h e  New York meeting i n  January. I have mentioned t h a t  t h e  simple idea 
of t h e  i n t e r a c t i o n  represen ta t ion  had presented i t s e l f  14 years  e a r l i e r ,  and t h e  
space-tlme treatment of both electromagnetic and electron-posi t ron f i e l d s  was 
inev i tab le .  I have a d i s t i n c t  memory of  s i t t i n g  on the  porch of my new residence 
during what must have been a very l a t e  Indian summer i n  t h e  f a l l  of 1947 and with 
g r e a t  ease and g r e a t  d e l i g h t ,  a r r i v i n g  a t  invar ian t  r e s u l t s  i n  t h e  electromagnetic 
mass ca lcu la t ion  f o r  a f r e e  electron.  I suspect t h i s  was done with an equal time 
in te rac t ion .  The space-like general izat ion,  t o  a plane, and then t o  a curved sur- 
face  took time, but a l l  t h a t  was i n  place a t  the  New York meeting. I must have made 
a b r ie f  reference t o  these covariant methods; t h e  typed copy of my r e p o r t  contains 
such an equation on another back page, and I know t h a t  Oppenheimer t o l d  me about 
Tomonaga a f t e r  my l e c t u r e .  

Tomonaga's work on a covariant  Schrijdinger equation had, i n  1943, been published i n  
Japanese and then, i n  1946, was t r a n s l a t e d  i n t o  English t o  appear i n  an ear ly  i s s u e  
of a new Japanese journal.  2 2  I have read remarks t o  the  e f f e c t  t h a t ,  i f  s c i e n t i f i c  
contact  had no t  been broken during the  P a c i f i c  war, t h e  theory t h a t  we a r e  now 
reviewing would have been s i g n i f i c a n t l y  advanced. Of course, lacking an unlimited 
number o f  p a r a l l e l  universes i n  which t o  a c t  out  a l l  possible  scenarios ,  such s t a t e -  
ments a r e  meaningless. Nevertheless, I s h a l l  be bold enough t o  disagree.  The pre- 
occupation of  t h e  majori ty  of  involved phys ic i s t s  was, not  with analyzing and 
care fu l ly  applying t h e  known r e l a t i v i s t i c  theory of  coupled e lec t ron  and e lec t ro-  
magnetic f i e l d s ,  but  with changing it. The work of Tomonaga and h i s  co l labora tors ,  
immediately a f t e r  t h e  War, centered about t h e  idea of compensation, t h e  introduct ion 
of t h e  f i e l d s  of unknown p a r t i c l e s  i n  such a way a s  t o  cancel t h e  divergences pro- 
duced by t h e  known  interaction^.^^ Feynman a l s o  advocated modifying t h e  theory, and 
would l a t e r  int imate t h a t  a p a r t i c u l a r ,  s a t i s f a c t o r y  modification could be foundAZ4 
My point  i s  merely t h i s .  A formalism such a s  the  covariant  Schrodinger equation i s  
but  a s h e l l  awaiting t h e  substance of  a guiding physical  p r i n c i p l e .  And, t h e  
s p e c i f i c  concept of t h e  structure-independent, renormalized r e l a t i v i s t i c  e lec t ro-  
dynamics, while always a b s t r a c t l y  conceivable, i n  f a c t  required the  impetus of 
experiments t o  show t h a t  electrodynamic e f f e c t s  were ne i ther  i n f i n i t e  nor zero, but  
f i n i t e  and small,  and demanded understanding. 

The f i r s t  covariant  formulation, i n  ac t ion ,  was exhibi ted a t  t h e  Pocono Manor Inn 
Conference of March 30 - Apri l  1, 1948. I possess a copy of t h e  notes t h a t  were 
taken of  t h e  14 l e c t u r e s ,  including those of Feyman and myself. On reading over 
what was w r i t t e n  about my work, I f e l t  no conviction t h a t  it was a r e l i a b l e  record 
of what was ac tua l ly  sa id ;  the  i n t r u s i v e  hand of t h e  repor te r  l i e s  heavy on those 
pages. However, much t h e  same mater ia l  appears i n  notes of Lectures del ivered 
several  months l a t e r  a t  t h e  University of Michigan. Beyond the  fo rmal i t i es  of f i e l d  
equations, commutation r e l a t i o n s ,  vacuum expectation values, and the  l i k e ,  the  
top ics  discussed were: f r e e  e lec t ron  mass, photon mass and vacuum pola r iza t ion ,  and 
t h e  e lec t ron  i n  an ex te rna l  f i e l d ,  leading t o  t h e  add i t iona l  magnetic moment and t h e  
energy s h i f t s  of hydrogenic atoms. Although it is  a v a s t  improvement over the  non- 
covariant  methods, what is contained here is s t i l l  q u i t e  pr imit ive.  But it in t ro-  
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duces t h e  e s s e n t i a l  computational device of  r e l a t i v i s t i c a l l y  invar ian t  parameters, 
quantum counterparts  of  proper time. I t  i s  those parameters t h a t  appear i n  the  
various outcomes, where they g r e a t l y  f a c i l i t a t e  the  separat ion of the  renormaliza- 
t i o n  terms from t h e  a c t u a l  physical  e f f e c t  under considerat ion.  A logarithmicaLly 
divergent,  invar ian t  electromagnetic mass f o r  t h e  f r e e  e lec t ron  emerges i n  t h i s  way, 
a s  it had i n  t h e  Indian summer of  1947. The photon mass would be a more vexing 
subject .  A s  Oppenheimer i s  c i t e d  a s  remarking a t  Pocono, a covariant  gauge invar i -  
a n t  theory could not have a non-zero photon mass, and there  is no need t o  compute it. 
Yet people, notably W e n t ~ e l , ' ~  would i n s i s t  on doing so  and end up with non-zero 
answers. The r e a l  s u b t l e t y  underlying t h i s  problem did not emerge f o r  another decade, 
i n  t h e  eventual e x p l i c i t  recognitionz6 of what o thers  would c a l l  Schwinger terms. 

While t h e  Pocono Conference was i n  session,  Tomonaga was completing a covering 
l e t t e r ,  d i rec ted  t o  Oppenheimer, which was at tached t o  a co l lec t ion  of papers de- 
sc r ib ing  t h e  work t h a t  had been done i n  Japan, both independently and i n  reac t ion  t o  
the  news from t h e  West. I n  a subsequent review paper, w r i t t e n  i n  response t o  
Oppenheimer's telegraphed request ,  Tomonaga comments on t h e  problem ra i sed  by t h e  
" i n f i n i t y  ( t h a t )  i s  t o  be a t t r i b u t e d  t o  t h e  vacuun po la r iza t ion  e f f e c t , "  i n  other  
words, t h e  photon mass. Charac te r i s t i ca l ly ,  one of t h e  suggested remedies i s  com- 
pensation, t h e  in t roduc t ion  of another charged p a r t i c l e  t h a t  would produce a photon 
mass term o f  opposi te  s ign.  I n  t ransmi t t ing  t h i s  communication2' t o  t h e  Physical 
Review, Oppenheimer added a note  about t h e  photon mass, o r ,  a s  he pu t  it, "the 
fami l ia r  problem of t h e  l i g h t  quantum self-energy.' He remarked t h a t  "as long ex- 
perience and the  recent  discussions of Schwinger and o thers  have shown, the  very 
g r e a t e s t  c a r e  must be taken i n  evaluat ing such self-energies  l e s t ,  ins tead  of t h e  
zero value which they should have, they give non-gauge covariant ,  non-covariant, i n  
general i n f i n i t e  r e s u l t s . "  

The Pocono Conference was my f i r s t  opportuni ty t o  l ea rn  what Feynman was'doing 
with quantum electrodynamics. I had seen h i s  work with Wheeler2* on c l a s s i c a l  
electrodynamics, and t h e  idea of abol ishing t h e  electromagnetic f i e l d ,  i n  a funda- 
mental sense, d i d n ' t  appeal t o  me a t  a l l .  Feynman had discarded t h e  operator  f i e l d  
formulation and y e t ,  a s  h i s  t a l k  proceeded I could see p o i n t s  of s i m i l a r i t y  and, of  
course, po in t s  of  difference,  o ther  than f o r m a l i s t i c  quest ions.  We agreed i n  t h e  
emphasis on a manifestly covariant ,  four-dimensional descr ip t ion  including the use 
of  a four-dimensional electromagnetic gauge. I t  is i n t e r e s t i n g  t h a t ,  where we 
d i f fe red  i n  techniques o f  computation, time has seen a mutual accommodation. Feynman 
used, not invar ian t  parameters, bu t  non-covariant in tegra t ion  methods; he would 
l a t e r  adopt invar ian t  parametrization. Where I used two kinds of invar ian t  func- 
t i o n s  a r i s i n g  from commutator and vacuum expectat ion value considerat ions,  Feynman, 
a s  had StiickelbergZ9 before him, used a complex combination of the  two. A t  the 
l a t e r  s t a g e  of t h e  second covariant  theory I would a l s o  f ind i t  t o  be t h e  na tura l  
element. The mention of  Stiickelberg br ings me back t o  the  remark made i n  connection 
with Tomonaga. I r e g r e t  t h a t  I d i d n ' t  f ind  t h e  occasion t o  review t h e  papers, but  
I gather  t h a t  Stiickelberg had ear ly  an t ic ipa ted  several  of t h e  l a t e r  f e a t u r e s  of t h e  
invar ian t  per tu rba t ion  theory of coupled r e l a t i v i s t i c  f i e l d s .  But ~ t i i cke lberg  a l s o  
f a i l e d  t o  develop renormalized quantum electrodynamics p r i o r  t o  the experimental 
impetus of 1947. 

The sub jec t  of  vacuum pola r iza t ion  i s  a point  on which, throughout t h i s  1948 period, 
and beyond, Feynman and I disagreed, a point  not of  individual  mathematical s t y l e ,  
but  of  fundamental physics. I n  h i s  repor t  t o  t h e  8 th  Solvay Congress, 30 Bethe sa id ,  
"The po la r iza t ion  of t h e  vacuum is  consciously omitted i n  Feynman's theory." The 
reasoning went t h i s  way. A modification o f  t h e  electromagnetic i n t e r a c t i o n  made 
the electromagnetic mass f i n i t e ,  bu t  d id  nothing f o r  t h e  apparently more severely 
divergent--here it i s  again--photon mass. Therefore things would be simpler i f  a l l  
such effects--closed loops, i n  Feynman's graphical ,  acausal language--were o m ~ t t e d .  
But I knew t h a t  t h e  v i r t u a l  photon emitted by t h e  exci ted oxygen nucleus created an 
electron-posi t ron p a i r ;  the  vacuum i s  polar izable .  In a l a t e r  paper,31 I would use 
t h i s  very example t o  i l l u s t r a t e  a manifestly gauge invar ian t  treatment of  vacuum 
pola r iza t ion .  

The e f f e c t  on t h e  e lec t ron  sp in  of an external  magnetic f i e l d  poses no problem i n  
the  covariant  formulation. The addi t iona l  a/2n magnetic moment i n  a s t a t i c  f i e l d  



i s  regained, but now one a l s o  sees  e x p l i c i t l y  t h a t  t h i s  is a dynamical e f f e c t ,  d i s -  
appearing a s  the  invar ian t  measure of space-time var ia t ion  of t h e  f i e l d  becomes in- 
creasingly l a r g e  on t h e  r e l a t i v i s t i c  s c a l e .  I t  i s  when we, Feynman and I, turned 
t o  an e l e c t r o s t a t i c  f i e l d ,  t o  the  r e l a t i v i s t i c  j u s t i f i c a t i o n  and extension of  t h e  
Bethe ca lcu la t ion ,  t h a t  an unfortunate and q u i t e  unnecessary b i t  of confusion 
entered. The problem was t h e  joining of t h e  r e l a t i v i s t i c  ca lcu la t ion ,  where t h e  
Coulomb p o t e n t i a l  is  regarded a s  a per tu rba t ion ,  t o  t h e  non- re la t iv i s t i c  calcula-  
t i o n ,  which t r e a t s  t h e  Coulomb p o t e n t i a l  exact ly.  Later  developments would avoid 
t h e  unphysical separat ion,  bu t  the  f i r s t  a t t acks  used it. And both Feynman and I 
goofed--we blew it. The physical  problem of bound s t a t e s  i s  not s e n s i t i v e  t o  
a r b i t r a r i l y  s o f t  photons--the atom def ines  a na tura l  sca le  of frequencies. But the  
r e l a t i v i s t i c  treatment of  t h e  Coulomb p o t e n t i a l  a s  a  perturbat ion,  a  s c a t t e r i n g  
s i t u a t i o n ,  i s  s e n s i t i v e ,  a s  i n  the Bloch-Nordsieck discussion.  This is  t h e  so- 
c a l l e d  infra-red divergence. And t h e  non- re la t iv i s t i ca l ly  ca lcu la ted  d i f fe rence  
between t h e  c o r r e c t  and the  perturbat ion treatments of the  Coulomb f i e l d  must a l s o  
be s e n s i t i v e ,  i n  such a  way a s  t o  cancel out t h e  infra-red divergence i n  the  com- 
p l e t e  expression. But c l e a r l y  t h a t  w i l l  happen without e r r o r  only i f  t h e  treatment 
of  s o f t  photons i n  the  r e l a t i v i s t i c  and non- re la t iv i s t i c  p a r t s  i s  consis tent .  With 
our eyes on t h e  high energy end of t h e  photon spectrum, both Feynman and I were 
ca re less  about t h e  low energy end. 

The following remarks a r e  intended t o  c l a r i f y ,  not t o  excuse t h a t  lapse. One provi- 
s iona l  technique f o r  handling the  infra-red problem i s  t o  pretend t h a t  the  photon 
does have--horrors!--a non-zero mass. Actually, i n  a  theory t h a t  otherwise is gauge 
invar ian t ,  t h e  unphysical processes thereby introduced w i l l  quickly disappear a s  

t h a t  mass 1s f i n a l l y  s e t  equal t o  zero. The r e l a t i v i s t i c  per turbat ion calcula-  
t i o n  e a s i l y  accepts  a  small photon mass. I n  t h e  non- re la t iv i s t i c  dipole  approxima- 
t i o n  it i s  only t h e  photon energy t h a t  makes an appearance. I t ' s  not  hard t o  
remember t h a t  t h e  i n t e g r a t i o n  over photon energy i s  ac tua l ly  a  momentum space 
i n t e g r a l  and take i n t o  account the  a l t e r e d  momentum-energy r e l a t i o n  demanded by t h e  
non-zero mass. But t h e r e ' s  more. The non- re la t iv i s t i c  treatment r e f e r s  only t o  
t ransversely polar ized photons, a s  i s  appropriate  t o  t h e i r  motion a t  t h e  speed of 
l i g h t .  But, with diminishing energy a  massive photon slows down and t h e  longi tudi-  
na l  po la r iza t ion  begins t o  contr ibute .  I t ' s  not  na tura l  t o  think of slow, longitu- 
d i n a l l y  polar ized photons, and we d i d n ' t ,  but one must, i f  t h e  whole treatment i s  
t o  be consis tent .  

Sometime i n  1948, Weisskopf and French completed t h e i r  non-covariant ca lcu la t ion  of 
t h e  bound s t a t e  energy s h i f t ,  using every possible  c lue  t o  maintain r e l a t i v i s t i c  
invariance,  including t h e  known e f f e c t  of a  magnetic f i e l d .  Their r e s u l t  was simi- 
l a r  t o ,  bu t  not q u i t e  i d e n t i c a l  with what the  covariant  ca lcu la t ions  of Feynman and 
myself had produced, which were the  same, apar t  from Feynman's omission of t h e  
vacuum pola r iza t ion  e f f e c t .  Somewhat shaken, French and Weisskopf r e t r e a t e d  t o  
t h e i r  blackboards and pondered. I, of  course, bel ieved the covariant  ca lcu la t ion .  
But I happened t o  chance on the,  by then, almost fo rgo t ten  outcome of  my own non- 
covariant  ca lcu la t ion  using t h e  r i g h t  spin-orbi t  coupling. It  was i d e n t i c a l  t o  the 
French-Weisskopf r e s u l t !  That shook me up t o  t h e  po in t  t h a t ,  a s  Dyson i n  1949 
a t t e s t e d , 3 2  I found t h e  ca re less  s l i p  i n  t h e  use of  t h e  photon mass. This recon- 
c i l e d  a l l  t h e  ca lcu la t ions ,  3 3  vacuum pola r iza t ion  as ide .  And so, a s  f a r  a s  t h e  
r e l a t i v i s t i c  energy s h i f t  is concerned, while Weisskopf was not t h e  f i r s t  t o  f i n d  
t h e  cor rec t  r e s u l t ,  he was t h e  f i r s t  t o  i n s i s t  on i t s  correctness .  

From Ju ly  19 t o  August 7, 1948, a  period of th ree  weeks, I l ec tured  a t  t h e  Univer- 
s i t y  of  Michigan S m e r  School on--what else!--Recent Developments i n  Quantum 
Electrodynamics. It seems t h a t  I supplied the  notes  f o r  the  f i r s t  p a r t  of t h e  
course, which must have been t h e  manuscript f o r  t h e  paper34 received by t h e  Physical 
Review on Ju ly  29. The notes f o r  t h e  second p a r t  of t h e  course were taken by David 
Park. I have read recen t ly  words t o  t h e  e f f e c t  t h a t  what I presented t h e r e  was l i k e  
a  c u t  and pol ished diamond, with a l l  the  rough edges removed, b r i l l i a n t  and dazzling. 
O r ,  i f  you don ' t  c a r e  f o r  t h a t  s imi le ,  you can have "a marvel of pol ished elegance, 
l i k e  a  d i f f i c u l t  v i o l i n  sonata played by a  virtuoso--more technique than music." I 
gather  I s tand accused of  present ing a  f inished,  e laborate  mathematical formalism 
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from which had been excised a l l  t h e  physical  i n s i g h t s  t h a t  provide s ignposts  t o  i t s  
construct ion.  To a l l  charges, I plead: Not Guil ty .  The paper t o  which I have 
re fe r red3% has a long h i s t o r i c a 1  and physical  introduct ion t h a t  motivates t h e  deval- 
opment, and s e t s  o u t  t h e  goals ,  of  r e l a t i v i s t i c  renormalization theory. Beyond 
t h a t ,  t h e  l e c t u r e s  presented the  e x p l i c i t  working out  of t h e  i n t e r a c t i o n  of a non- 
r e l a t i v i s t i c  e lec t ron  with t h e  r a d i a t i o n  f i e l d ,  i n  t h e  dipole  approximation. The 
canonical transformation t h a t  i s o l a t e s  t h e  electromagnetic mass i s  an elementary 
one, and t h e  f u r t h e r  d e t a i l s  leading t o  t h e  so lu t ion  of t h e  bound s t a t e  and s c a t t e r -  
ing problems a r e  provided. This was t h e  simple model on which t h e  r e l a t i v i s t i c  
theory was erected.  I t  was good enough f o r  t h e  immediate purposes b u t ,  a s  I have 
already remarked, s t i l l  q u i t e  pr imit ive.  I needed no one t o  t e l l  me t h a t  it was bu t  
a f i r s t  s t e p  t o  an a e s t h e t i c a l l y  s a t i s f a c t o r y  and e f f e c t i v e  r e l a t i v i s t i c  theory of 
coupled f i e l d s .  Inc iden ta l ly ,  a t  about t h i s  same time the  canonical transformation 
method was being successful ly appl ied,  by Corinaldesi and ~ o s t , ~ '  t o  t h e  r a d i a t i v e  
correct ion f o r  t h e  c ross  sec t ion  of  Compton s c a t t e r i n g  on a sp in less  charged 
p a r t i c l e .  

Sometime i n  mid 1948 I became aware t h a t  the  National Academy of Sciences was o f f e r -  
ing a p r i z e  f o r  "an outstanding contr ibut ion t o  our knowledge of t h e  nature of 
l igh t . "  Ent r les  could be i n  e i t h e r  of two categories ,  of which one was a contribu- 
t i o n  published o r  submitted i n  manuscript before October 1, 1948, "which is a com- 
prehensive contr ibut ion t o  a l o g i c a l ,  cons i s ten t  theory of the  i n t e r a c t i o n  of 
charged p a r t i c l e s  with an electromagnetic f i e l d  including t h e  i n t e r a c t i o n  of p a r t i -  
c l e s  moving with high r e l a t i v e  speeds." Well! And, when I not iced t h a t  Feynman was 
on t h e  committee t o  award t h e  p r i z e ,  and therefore presumably i n e l i g i b l e  t o  receive 
it, I decided t h a t  someone out  t h e r e  had me i n  mind. The reason I mention t h i s  
" a i n ' t  t h e  money; i t ' s  the  p r i n c i p l e  of t h e  th ing ." j6  I submitted t h e  manuscripts 
of two completed papers and t h e  incomplete, provisional  version of a t h i r d  paper. 
What survives of  t h a t  t h i r d  paper begins with t h e  r e l a t i v i s t i c  treatment of 
r a d i a t i v e  cor rec t ions  t o  Coulomb s c a t t e r i n g ,  a top ic  t h a t  was experimentally 
remote a t  t h e  time, bu t  i s  now a rou t ine  aspect  of i n t e r p r e t i n g  high energy exper- 
iments t h a t  employ e lec t rons  and posi t rons.  Then t h e  manuscript takes up t h e  
top ic  "Radiative Corrections t o  Energy Levels" and begins " In  s i t u a t i o n s  t h a t  do 
not permit the  treatment of t h e  ex te rna l  f i e l d  a s  a small per tu rba t ion ,  it is  con- 
venient t o  employ a representat ion i n  which t h e  matter f i e l d  spinors  obey equations 
t h a t  correspond t o  a p a r t l c l e  moving under t h e  inf luence of  the ex te rna l  po ten t ia l . "  
This  is what, severa l  years  a f t e r ,  would be c a l l e d  the  Furry r e p r e s e n t a t i ~ n . ~ ~  
The manuscript goes on t o  study so lu t ions  of those f i e l d  equations and, i n  the  
process, exh ib i t s  i n t e g r a l  equations t h a t  a r e  t h e  space-time, r e l a t i v i s t i c  versions 
of what Lippman and I would presen t ,  more symbolically, a year o r  so l a t e r  .38 The 
manuscript ends abrupt ly i n  t h e  middle of  a sentence: deadline time had a r r ived .  

I may have been se r ious ly  d i s t r a c t e d  by t h e  pressure of o ther  work f o r  the  com- 
p le ted  t h i r d  and l a s t  paper i n  t h e  Quantum Electrodynamics s e r i e s 3 4  was not sub- 
mit ted u n t i l  May 26, 1949, although a summary of  the  r e s u l t s  f o r  r e l a t i v i s t i c  
Coulomb s c a t t e r i n g  cor rec t ions  and energy s h i f t s  was sen t  i n  a t  t h e  beginning of 
t h a t  year .40 f c i t e  i n  t h i s  connection my only memory o f  t h e  Old Stone on t h e  
Hudson meeting, held i n  Apri l  of 1949. On a r r i v i n g ,  I was somewhat disconcerted t o  
be immediately asked t o  repor t  what I was thinking about. To whlch I rep l ied ,  ha l f  
face t ious ly  and ha l f  fac tua l ly  t h a t  " the  Harvard group was not  thinking,  it was 
wri t ing."  But it i s  more probable t h a t  t h e  delay had a psychological bas i s .  The 
impetus of  t h e  experimental discoveries  of 1947 was waning. The pressure t o  account 
f o r  those r e s u l t s  had produced a c e r t a i n  t h e o r e t i c a l  s t r u c t u r e  t h a t  was per fec t ly  
adequate f o r  t h e  o r i g i n a l  t a s k ,  bu t  demanded s impl i f i ca t ion  and general izat ion;  a 
new v is ion  was required.  There already were v i s ions  a t  l a rge ,  being proclaimed i n  
manner somewhat akin t o  t h a t  of  t h e  Apostles, who used Greek log ic  t o  br ing t h e  
Hebrew god t o  t h e  Genti les .  I needed time t o  go back t o  t h e  beginnings of things;  
not y e t  would I go back t o  t h e  source. 

My r e t r e a t  began a t  Brookhaven National Laboratory i n  t h e  summer of 1949. It  is  
only human t h a t  my f i r s t  ac t ion  was one of  reac t ion .  Like the s i l i c o n  chip of more 
recent  years ,  t h e  Feynman diagram was br inging computation t o  the  masses. Yes, one 
can analyze experience i n t o  individual  pieces of  topology. But eventual ly one has 



t o  put it a l l  together  again. And then the piecemeal approach loses  some of i t s  
a t t r a c t i o n .  Speaking technica l ly ,  t h e  summation of some i n f i n i t e  s e t  of diagrams 
i s  b e t t e r  and more general ly  accomplished by solving an i n t e g r a l  equation, and those 
l n t e g r a l  equations usual ly have t h e i r  o r i g i n  i n  a d i f f e r e n t i a l  equation. And so,  
t h e  copious notes  and scratches labeled New Opus, t h a t  survive from t h e  summer of 
1949, a r e  concerned with t h e  compact, operator  expression of c lasses  of processes. 
And slowly, i n  these pages, the  i n t e g r a l  equations and t h e  d i f f e r e n t i a l  equations 
emerge. There i s  another co l lec t ion  of  scraps which, a t  sometime i n  t h e  p a s t ,  I put  
i n t o  a fo lder  labeled New Theory - Old Version (1949 - 1950),  although I now 
bel ieve t h a t  t h e  reference t o  1950 i s  erroneous--by then t h e  New Theory i n  i t s  l a t e r  
manifestat ion had a r r ived .  There i s  a way t o  t e l l  the  d i f fe rence .  With t h e  empha- 
sls on t h e  operator  f i e l d  descr ip t ion  of  r e a l i s t i c ,  i n t e r a c t i n g  systems, t h e  i n t e r -  
ac t ion  representation had begun t o  l o s e  i ts  u t i l i t y ,  and f i e l d s  incorporat ing t h e  
f u l l  e f f e c t s  of  i n t e r a c t i o n  en te r .  The unpublished essay of t h e  National Academy of 
Sciences competition had already taken a s tep  i n  t h a t  d i rec t ion .  I f  f i e l d s  of both 
types, with and without reference t o  in te rac t ion ,  appear i n  an equation, the  h i s t o r i -  
c a l  period is t h a t  of t h e  Old Version. The l a t e r  version has no s ign  a t  a l l  of t h e  
i n t e r a c t i o n  representat ion.  On one of these pages t h e r e  i s  an Old Version, 1949, 
equation giving t h e  f i r s t  s t eps  toward t h e  r e l a t i v i s t i c  equation f o r  two i n t e r a c t i n g  
p a r t i c l e s  now known a s  t h e  Bethe-Salpeter equation. Accordingly, it i s  not surpr i s -  
lng t o  read i n  a footnote of a 1951 paper,41 present ing an operator  der iva t ion  of 
t h e  two-part ic le  equation, t h a t  I had already discussed it i n  my Harvard lec tures .  
Before I take up what is  r e a l l y  important i n  t h i s  new theory, which is t h e  second 
covariant r e l a t i v i s t i c  theory, t h e  r e a l i z a t i o n  of t h e  new v i s i o n  t h a t  I sought, l e t  
me, f o r  a moment, t u r n  anecdotis t .  
I had been i n v i t e d  t o  t h e  1948 Solvay Congress meetlng i n  Brussels,  but dld not go, 
and regre t ted  it. Accordingly, I was more than pleased t o  accept  an i n v i t a t i o n  t o  
p resen t  a paper a t  t h e  In te rna t iona l  Congress f o r  Nuclear Physics, Quantum Electro- 
dynamics and Cosmic Rays, j o i n t l y  sponsored by t h e  I t a l i a n  and Swiss Physical  
Soc ie t ies ,  and t o  be held i n  Base1 and Como from September 5-16, 1949. My s to ry  
does not concern the  meeting i t s e l f ,  which was a g r e a t  s o c i a l  occasion; it i s  about 
a s ide  t r i p  t o  Zurich. Rabi was i n  P a r i s ,  the  f i r s t  s top  of my epic journey, and 
he i n s i s t e d  t h a t  I t a l k  t o  Pau l i ,  t o  soothe h i s  r u f f l e d  fee l ings .  Apparently I had 
t ransgressed,  but  t h e  p rec i se  nature of  my s i n  I do not  now r e c a l l .  And s o  we went 
t o  Pau l i .  He, along with V i l l a r s  had ~ u s t  completed a paper42 t h a t  had taken them 
through a l l  t h e  recent  publications i n  quantum electrodynamics. He s a t  me down and 
voiced h i s  unhappiness with various aspects  of my papers. To each of h i s  complaints 
I would, i n  e f f e c t ,  r ep ly  "Yes, but  I don ' t  do it t h a t  way anymore." This re fusa l  
t o  be a s t a t i o n a r y  t a r g e t  l e f t  Pau l i  u t t e r l y  exasperated. Nevertheless, I th ink  we 
parted f r i e n d s  . 

Feynman had found h i s  v i s ion  i n  a pager of ~ i r a c ~ ~  t h a t  gave a correspondence 
pr inc ip le  s e t t i n g  f o r  ac t ion ,  the na tura l ,  invar ian t  s t a r t i n g  po in t  of a r e l a t i v -  
i s t i c  theory. I found my v is ion  i n  t h e  same place.  Working with simple mechanical 
systems,45 Feynman not iced t h a t  Dirac 's  asymptotic connection, between t h e  quantum 
descr ip t ion  of time evolut ion and the  c l a s s i c a l  ac t ion ,  sharpened i n t o  an equa l i ty ,  
f o r  in f in i tes imal  time changes. The i n d e f i n i t e  r e p e t i t i o n  of  in f in i tes imal  d i s -  
placements gave a quantum descr ip t ion  of  time development i n  an i n t e g r a l  form, s i m i -  
l a r  t o  t h e  one Wiener had e a r l i e r  introduced i n  another context.  One could e a s i l y  
genera l ize  p a r t i c l e  var iab les  t o  Bose-Einstein f i e l d s  and emerge with t h e  type of 
funct ional  i n t e g r a l  t h a t  i s  commonly regarded today a s  the s t a r t i n g  po in t  of quantum 
f i e l d  theory. But quantum f i e l d  theory must dea l  with Bose-Einstein f i e l d s  and 
Fermi-Dirac f i e l d s  on a f u l l y  equivalent foot ing.  There i s  nothing i n  these corre- 
spondence p r i n c i p l e  based i n t e g r a l s  t h a t  suggests t h e  need f o r  anticommuting 
ob jec t s ,  o r  supplies  t h e  meaning of in tegra t ion  f o r  such var iab les  without reference 
t o  independent knowledge of some proper t ies  of  t h a t  kind of  system. This was not my 
idea of a fundamental b a s i s  f o r  t h e  theory. And, a s  t h e  h i s t o r y  of  physics, and my 
own experience ind ica ted ,  i n t e g r a l  statements a r e  b e s t  regarded a s  consequences of 
more bas ic  d i f f e r e n t i a l  statements. Indeed, t h e  fundamental formulation of c l a s s i -  
c a l  mechanics, Hamilton's p r i n c i p l e ,  is  a d i f f e r e n t i a l ,  a v a r i a t i o n a l ,  p r inc ip le .  

There was my challenge. What is t h e  general quantum statement of Hamilton's p r inc i -  
p l e  i n  v a r i a t i o n a l  form? I t ' s  not hard t o  find--Diracls paper already contains  some 
s t e p s  i n  t h i s  d i rec t ion .  Here it is." Time development is  represented by a t rans -  
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formation function, r e l a t i n g  the  s t a t e s  of  t h e  system a t  two d i f fe rence  times, o r ,  
i f  you l i k e ,  on two d i f f e r e n t  space-like surfaces.  Apart from a f a c t o r  of i = G, 
the  v a r i a t i o n  of t h i s  transformation funct ion i s  j u s t  t h e  corresponding matrix 
element, r e f e r r i n g  t o  those s t a t e s ,  of the  v a r i a t i o n  of t h e  ac t ion  operator--for a  
c e r t a i n  c l a s s  of operator  var ia t ions .  It  is  t h e  in t roduc t ion  of operator  v a r i a t i o n s  
t h a t  c u t s  the  umbilical cord o f  the  correspondence p r i n c i p l e  and br ings  quantum 
mechanics t o  f u l l  maturi ty .  The way i s  now open f o r  Fermi-Dirac f i e l d s  t o  appear 
na tura l ly  and on an equal foot ing with Bose-Einstein f i e l d s .  

This development must have begun i n  l a t e  1949 o r  ea r ly  1950, t o  judge by a s e t  of  
notes  e n t i t l e d  Quantum Theory o f  F ie lds ,  A New Formulation. They were taken by the  
now President  of t h e  Ca l i fo rn ia  I n s t i t u t e  of Technology, then known a s  Marvin 
Goldberger. Dated Ju ly ,  1950, they r e f e r  t o  a  f i e l d  theory course t h a t  was given i n  
t h e  semester between January and June. F i r s t  f o r  p a r t i c l e s ,  and then f o r  f i e l d s ,  
t h e  notes  t r a c e  how t h e  s i n g l e  quantum ac t ion  p r i n c i p l e  leads t o  operator  comuta-  
t i o n  r e l a t i o n s ,  equations of  motion, o r  f i e l d  equations, and conservation laws. In  
t h e  r e l a t i v i s t i c  f i e l d  context ,  t h e  p o s t u l a t e  of invariance under time r e f l e c t i o n  
(remember, t h i s  i s  1950) leads t o  two kinds of fields--two s t a t i s t i c s - - a s  a  conse- 

quence of  t h e  more elementary ana lys i s  i n t o  two kinds of sp in ,  i n t e g r a l  and ha l f -  
i n t e g r a l .  This occurs because time r e f l e c t i o n  i s  not a  canonical,  a  un i ta ry ,  t rans -  
formation, bu t  a l s o  requ i res  an inversion i n  the  order  o f  a l l  products. That dis-  
c loses  t h e  fundamental operator  nature of  t h e  f i e l d ,  d i s t inguish ing  e s s e n t i a l  
commutativity from e s s e n t i a l  anticommutativity, a s  demanded by the  sp in  character  of 
t h e  f i e l d .  I n  a  subsequent version47 the  exis tence of two kinds of f i e l d s  with 
t h e i r  c h a r a c t e r i s t i c  operator  p roper t i es  is recognized a t  an e a r l i e r  s tage .  Here 
a l s o  t h e  non-Hermitian f i e l d s  of charged p a r t i c l e s  a r e  replaced by Hermitian f i e l d s  
of  several  components, f a c i l i t a t i n g  t h e  descr ip t ion  of t h e  i n t e r n a l  degrees of 
freedom t h a t  would l a t e r  p r o l i f e r a t e .  In  t h i s  version,  time r e f l e c t i o n  implies a  
transformation t o  t h e  complex conjugate algebra,  and t h e  pos tu la te  of  invariance 
p r e d i c t s  t h e  type of  sp in  t o  be associated with each s t a t i s t i c .  An inspect ion of 
t h e  proof shows t h a t  what i s  r e a l l y  used is t h e  hypothesis of  invariance under time 
and space re f lec t ion .  That invariance and t h e  s p i n - s t a t i s t i c s  connection a r e  
equivalent.  But, with t h e  l a t e r  discovery of  p a r i t y  non-conservation, t h e  common 
emphasis a s  embodied i n  t h e  so-called TCP (or  i s  it PTC?) theorem, i s  t o  regard t h e  
s p i n - s t a t i s t i c s  r e l a t i o n  a s  primary and the  invariance under space-time r e f l e c t i o n  
a s  a  consequence. 

The Theory of Quantized F ie lds  i s  t h e  t i t l e  of a  s e r i e s  of papers t h a t  developed 
and exploi ted t h e  quantum ac t ion  pr inc ip le .  The f i r s t  of  t h i s  s e r i e s 4 6  was la rge ly  
w r i t t e n  during the  summer of 1950, again a t  t h e  Brookhaven National Laboratory. 
Also begun a t  t h i s  time was a  paper31 t h a t  I have already mentioned a s  a  manifestly 
gauge i n v a r i a n t  treatment of  vacuum pola r iza t ion .  But more s i g n i f i c a n t  here is the  
glimpse it gives of t h e  new s p i r i t ,  i n  use, but  without d e t a i l e d  introduct ion.  An 
Appendix contains  a  modified Dirac equation involving a  so-called mass operator  
t h a t  i s  constructed from t h e  Green's funct ions of e lec t ron  and photon. The reader 
is  re fe r red  t o  a  footnote t h a t  most unhelpfully says,  "The concepts employed here 
w i l l  be discussed a t  length i n  l a t e r  publ icat ions.  The purpose of t h e  ~ p p e n d i x  i s  
t o  provide a  shor t ,  bu t  not  y e t  t h e  s h o r t e s t  reder iva t ion  of t h e  a / 2 ~  magnetic 
moment. I cannot r e f r a i n  from remarking t h a t  t h i s  same year saw t h e  f i r s t  applica- 
t i o n  of  t h e  Feynman-Dyson methods t o  a  problem t h a t  had not a lready been solved by 
o ther  procedures. This was t h e  ca lcu la t ion  by Karplus and  roll^^ of t h e  a2 modi- 
f i c a t i o n  of  t h e  e lec t ron  magnetic moment. They go t  it wrong. That e r r o r  remained 
unnoticed u n t i l  1957, when Sommerfield, a s  h i s  doctoral  t h e s i s ,  used t h e  mass 
operator  technique t o  produce t h e  r i g h t  answer.49 

I have e a r l i e r  s t a t e d  my goal  of  achieving an a e s t h e t i c a l l y  s a t i s f a c t o r y  and effec-  
t i v e  r e l a t i v i s t i c  theory of  coupled f i e l d s .  What I have j u s t  discussed about t h e  
two s t a t i s t i c s  is, I be l ieve ,  a e s t h e t i c a l l y  s a t i s f a c t o r y .  Effect iveness  came with 
the  introduct ion of sources.50 The concept of  source uses numerical space-time 
funct ions;  t o t a l l y  commutative numbers f o r  Bose-Einstein f i e l d s ,  t o t a l l y  anticommu- 
t a t i v e  numbers f o r  Fermi-Dirac f i e l d s .  The l a t t e r  c o n s t i t u t e  a  Grassmann algebra.  
Often considered b i z a r r e  t h i r t y  years  ago, anticommutative number systems a r e  now 
t h e  dar l ings  of  the  super-symmetryists. A source en te rs  t h e  ac t ion  operator  multi- 
p l i ed  by i t s  assoc ia ted  f i e l d .  Those addi t iona l  ac t ion  terms symbolize t h e  i n t e r -  
ventions t h a t  c o n s t i t u t e  measurement of  the  system, as  t h e  t e s t  charge i n  e lec t ro-  



s t a t i c s  probes t h e  e l e c t r i c  f i e l d .  The ac t ion  p r i n c i p l e  expresses t h i s  succinct ly.  
Apart from t h e  ubiquitous i, t h e  func t iona l  der iva t ive  of  t h e  transformation func- 
t i o n  with respec t  t o  a source i s  t h e  matrix element of  the  associated f i e l d .  That 
enables a l l  operator  f i e l d  equations t o  be represented by numerical funct ional  
der iva t ive  equations. And, t h e  cormnutation proper t i es  of  t h e  f i e l d s  a t  equal times, 
o r  on a space-like surface,  a r e  i m p l i c i t  i n  t h e  f a c t  t h a t  t h e  operator  f i e l d  equa- 
t i o n s  now contain t h e  sources, ac t ing  a s  d r iv ing  terms. The sources se rve  y e t  a 
t h i r d  function. Through t h e i r  dynamical ac t ion ,  any desired i n i t i a l  o r  f i n a l  s t a t e  
of t h e  system can be produced from the  physical  ground s t a t e ,  t h e  invar ian t  vacuum 
s t a t e .  Accordingly, it s u f f i c e s  t o  consider t h e  transformation funct ion connecting 
the  vacuum s t a t e s  on two d i f f e r e n t  space-like surfaces,  i n  the  presence of a r b i t r a r y  
sources. The funct ional  d i f f e r e n t i a l  equations a r e  given a l e s s  concise but  more 
elementary form on expanding the  vacuum probabi l i ty  amplitude a s  an i n f i n i t e  power 
s e r i e s  i n  t h e  sources. The c o e f f i c i e n t  of  a p a r t i c u l a r  product of sources, re fe r -  
r i n g  t o  a s e t  of  space-time po in t s ,  is  a funct ion of  those po in t s .  I gave the  name 
Green's funct ion t o  t h e  t o t a l i t y  of those multi-point functions. A s  t h e  equivalent 
of t h e  func t iona l  d i f f e r e n t i a l  equations, t h e  Green's funct ions obey an i n f i n i t e  
l i n e a r ,  inhomogeneous s e t  of  coupled d i f f e r e n t i a l  equations. The accompanying 
boundary condit ions,  implied by t h e  reference t o  t h e  vacuum s t a t e ,  a r e  t h e  general i -  
za t ion  of  those introduced by Stiickelberg and Feynman. 

But t h e  s e t  of coupled Green's funct ion equations is only one way of applying t h i s  
f l e x i b l e  source method. Do you want t o  work d i r e c t l y  with a per tu rba t ion  expansion 
of t h e  transformation function? Then use funct ional  der iva t ives  with respec t  t o  
sources t o  construct  t h e  i n t e r a c t i o n  term of t h e  ac t ion  operator .  The transforma- 
t i o n  funct ion f o r  t h e  physical ,  i n t e r a c t i n g  system w i l l  now be produced, from t h e  
i n t e r a c t i o n l e s s  transformation function, by t h e  e f f e c t  of an exponential involving 
t h a t  funct ional  der iva t ive  replacement f o r  the  f i e l d  i n t e r a c t i o n  term. (Confronted 
with a sentence l i k e  t h i s  one appreciates  why mathematics i s  t h e  pre fe r red  language 
of  t h e o r e t i c a l  physics.) The power s e r i e s  expansion of  t h e  exponential then gener- 
a t e s ,  order  by order ,  the  desired perturbat ion s e r i e s .  Topology--the Feynman dia- 
grams--is op t iona l  here; t h a t  is  a matter  of pedagogy, not physics. And, f o r  
s u f f i c i e n t l y  complicated s i t u a t i o n s ,  it should be advantageous to  have a method t h a t  
suppl ies  a l l  r e levan t  terms a n a l y t i c a l l y ,  r a t h e r  than by geometrical i n t u i t i o n .  
Would you r a t h e r  manipulate funct ional  i n t e g r a l s ?  Then begin with a formal so lu t ion  
of t h e  func t iona l  d i f f e r e n t i a l  equations i n  which an exponential funct ion of t h e  
action--multipled by i, of course--with operators  replaced by func t iona l  deriva- 
t i v e s ,  a c t s  on a grand d e l t a  funct ional  of a l l  sources. The Fourier  construct ion of 
t h a t  d e l t a  funct ional ,  using well defined funct ional  in tegra t ion  concepts, then 
y i e l d s  t h e  func t iona l  i n t e g r a l  construct ion of t h e  transformation function. And, 
t h e r e  a r e  mixed procedures, with func t iona l  d e r i v a t i v e s  f o r  one kind of  source 
enter ing numerical d i f f e r e n t i a l  equations f o r  t h e  o ther  type of f i e l d .  

What I have j u s t  described i s  a l l  technique. Now, here is  the  music. It  is  proba- 
bly a f a i r l y  wide-spread opinion t h a t  renormalized quantum electrodynamics is  j u s t  
t h e  old,  quantized, version of  t h e  combined Maxwell and Dirac equations, with some 
r u l e s  fo r  hiding divergences. That is  simply not  t rue .  A theory has two aspects .  
One is  a s e t  of equations r e l a t i n g  various symbols. The o ther  is, a t  some l e v e l ,  
t h e  physical  i n t e r p r e t a t i o n  t o  be associated with t h e  symbols. In  t h e  course of t h e  
development here being described, t h e  equations did not change, bu t  the  in te rpre ta -  
t i o n  did.  I n  t h e  l a t e  1930's most people would not  have challenged these s t a t e -  
ments: e and m, a s  they e n t e r  t h e  Dirac and Maxwell equations, a r e  t h e  charge and 
t h e  mass of  t h e  electron;  an electromagnetic f i e l d  operator  c r e a t e s  o r  ann ih i la tes  
a photon; a Dirac f i e l d  operator  c rea tes  an e lec t ron  o r  ann ih i la tes  a pos i t ron ,  its 
ad jo in t  f i e l d  does t h e  inverse.  And a l l  t h i s  would be t r u e  i f  t h e  two f i e l d s  were 
uncoupled. But, i n  t h e  r e a l  world, t h e  loca l ized  exc i ta t ion  represented by an 
electromagnetic f i e l d ,  f o r  example, does not j u s t  c r e a t e  a photon; it t r a n s f e r s  
energy, momentum, angular momentum, and then Nature goes t o  work. And so,  it may 
c r e a t e  a photon, o r  an electron-posi t ron p a i r ,  o r  anything e l s e  with t h e  r i g h t  
quantum numbers. The various Green's funct ions a r e  t h e  c o r r e l a t i o n  funct ions among 
such loca l ized  exc i ta t ions ,  and t h e  study of t h e i r  space-time behavior i s  t h e  
instrument f o r  t h e  i d e n t i f i c a t i o n  of t h e  physical  p a r t i e s ,  and of  t h e i r  i n t e r -  
ac t ions .  Renormalization, properly understood, is  an aspect  of t h e  t r a n s f e r  of 
a t t e n t i o n  from t h e  i n i t i a l ,  hypothet ical  world of local ized exc i ta t ions  and i n t e r -  
ac t ions  t o  t h e  observable world of the  physical  p a r t i c l e s .  A s  such, it is Logically 
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independent of divergences. Could we construct  a convergent theory of coupled 
f i e l d s ,  it would s t i l l  need t o  be renormalized. 

A l l  t h a t  I have been saying was e x p l i c i t  o r  i m p l i c i t  i n  work performed before the  
end of  t h e  f i f t h  decade, although ac tua l  publ icat ion would be delayed, sometimes 
i n d e f i n i t e l ~ . ~ ~  Thereafter ,  quantum electrodynamics was incorporated i n t o  the  gen- 
e r a l  quantum theory of p a r t i c l e s  and f i e l d s .  But I f e e l  t h a t  I cannot conclude 
without saying something about the more recent  inf luence t h a t  electrodynamics has 
had i n  o ther  a reas  of  physics. And I do not see how I can avoid mentioning t h e  
ul t imate f a t e  of renormalization i n  my hands. Rather than march i n t o  t h e  s i x t i e s  
and sevent ies ,  I t u r n  back i n  time. 

Here i s  an anecdote of 1941, unat tested and, unfortunately,  now una t tes tab le .  I had 
been thinking about Fermi's theory of 6-decay, wherein appears a very small coupling 
constant of  order  10-12. I t  occurred t o  me t h a t  the  e lec t ron  mass, then used a s  t h e  
s i g n i f i c a n t  mass sca le ,  was not  necessar i ly  the relevant  quant i ty .  The neutron and 
proton were a l s o  involved, and possibly t h e  nucleon mass was the  appropriate  u n i t .  
On introducing it, t h e  coupling constant became of order  10 5 .  And then I thought-- 
perhaps t h e  r e a l l y  s i g n i f i c a n t  mass u n i t  i s  several  t ens  of nucleon masses, f o r  then 

t h e  coupling constant  could be t h e  electromagnetic coupling constant  a 1/137. 
One day I mentioned t h i s  b i t  of  numerology t o  Oppenheimer. He s t a r e d  a t  me, and 
then s a i d  coldly,  "Well, i t ' s  a new idea.  " Indeed it was, and is .  52 

And f i n a l l y ,  I t u r n  t o  t h e  l a s t  sec t ion  of a 1949 paper by Dyson,53 which I think 
it reasonable t o  assume was s t rongly influenced by Oppenheimer. In  any event,  here 
i s  a quotat ion " . . . IwJha t  i s  t o  be looked f o r  i n  a fu ture  theory is  not so much a 
modification of t h e  present  theory which w i l l  make a l l  i n f i n i t e  q u a n t i t i e s  f i n i t e ,  
but r a t h e r  a turning-round of  t h e  theory so  t h a t  t h e  f i n i t e  q u a n t i t i e s  s h a l l  become 
primary ...," and then,  ',One may expect t h a t  i n  t h e  fu ture  a consis tent  formulation 
of electrodynamics w i l l  be poss ib le ,  i t s e l f  f r e e  from i n f i n i t i e s  and involving only 
the physical  constants  m and e." That i s  j u s t  what I have accomplished i n  a program 
c a l l e d  Source Theory, 54 which is i n  no way l imi ted  t o  quantum electrodynamics. 

And so, i f  I were asked t o  respond t o  c r i t i c i s m s  of  t h e  path I followed p r i o r  t o  t h e  
beginning of  t h e  s i x t h  decade, I would answer: 

"I d o n ' t  do it t h a t  way anymore.' 
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DISCUSSION 

E.C.G. SUDARSFAN.- Professor Schwinger's presentation must have left you speechless 1 
Is Professor Weisskopf here ? ProfessorWeisskopf youare theonly personin theaudience 
who was mentioned twice in Professor Schwinger's talk. Would you care to comment ? 

V.F. WEISSK0PF.- Schwinger's talk has special significance. His approachdiffers from 
the one that is used by most theorists. I believe that the contentand the resultsare 
the same, but he uses a very different terminology and a different way of reasoning. 
In some instances it brings out certain physical featuresof thetheory that arehidden 
in the customary approach. I don't think that problems can be solved by his approach 
that cannot be solved by the ordinary one. But Schwinger's formulations are of great 
value just because they are so different. In poetry,artand musicwe value highly new 
ways of expressing the same contents. Intheoretical physicsthere isnotenoughvariety 
of presentation. Most of the theorists stick to,the generally employedways of arguing 
and of calculating. This brings about too much uniformity althoughithelps to under- 
stand the papers of those authors. We must be gratefulto Schwingerfor showing us an- 
other way and we should devote more efforts to understand it. Perhaps the physical 
content is not so different but some of the problems of the orthodox approach appear 
in a new light. So let us rejoice that there is a Julian Schwinger who says it in an 
other tune ! 

E.C.G. SUDARSHAN.- You mentioned anticommuting numbers, and compensating fields. In 
super-symmetry,whichemploys anticommuting numbers and superfields there seems to be 
compensation of divergences and hence even simpler methods to deal into calculations 
of physical quantities. Could you care to comment on ( 1 )  compensationsof divergences, 
(2) superfields and supersymmetry ? 

J. SCHW1NGER.- Well ! That's a very difficult question of course ! I Should say that 
when super-symmetry came on on the scene I scratched my head and said can't I under- 
stand it simply, and I found a way of doing it that I thoughttoreduce supersymmetry 
to a kinematical rather than a dynamical way of looking at things. I beat myself on 
the head for not having discovered it myself but basically of course one is sayingif 
yourlike any angular momentum can be made out by a spin 112 which I once made a 
profession out of ; so I myself have understood supersymmetry as simply a kinematical 
relation, between or among various kinds of fields we all know that there is no sign 
of in the real world and I wonder if perhaps that is the way it liesbecauseofcourse 
the fact that in simple supersymmetric models there are miraclous cancellationis most 
intriguing. But of course cancellations involves the question of attitude towards 
divergences, and I think towards the end of my lecture today I expressed theattitude 
that divergences are perhaps not fundamental and not necessarily a guiding post for 
developping the theory and they may be false leads. I'm not sure if that is the sort 
of answer you wanted. 

E. W1GNER.- Does the present quantum electrodynamics and renormalization theory 
satisfy Einstein requirement that every physical theory should be simple andmathema- 
tically beautiful ? 

J. SCHW1NGER.- Thank you for a simple question. The trouble is that your question 
ambiguous; for example in my own talk I traced the history of the developmenL-of re- 
normalization theory and indicated that I myself nolonger use it, thatrenormalization 
per se is not necessarly an integral part of quantum electrodynamics, that there are 
formulations in which it does not appeared, and I regard some formulations as inten- 
sely beautiful. Beautiful is of course in the eye of the creator, if you like. 

E.C.G. SUDARSHAN.- I had spent two years as an assistant of Professor Schwinger and 
I had always wondered in later life how come I did not ask him more questionsandnow 
I see that it is not just a problem that I face but others too. Julian gives such 
brillant presentations, has brillant tasks accomplished that you don't dare ask any 
questions. I'm pleased to see that at least Professor Wigner was an exception to the 



rule ; and it remains for me nly honour to thank Professor Schwinger for thisbrillant 
presentation of a vast and complex field, I'm not sure that I have understood his 
answer to the question about whether he is satisfied with the theory ornotbutnever- 
theless I am sure that you will all agree with me, that this is perhaps one of those 
presentations in which we could not add very much by asking him questions. 


