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军辈革

A 1115122017iai to P.A-Fd.Dirac 

PauJ Adrien Maurice Dirac ‘ born in Bristol , England , on August 8, 

1902 , died on October 20 , 1984, just two months after his 82nd birthday. 

His loss ranks with the loss ofIsaac Newton , Jam巳s Clerk Maxwell , and 

Albert Einslein 
1n 1969 , th巳 first J. Robert Oppenheimer Memorial P Jize of th巳

C己111er for 了heoretical Studies was awarded to P. A. M. Dirac to h0 l101 

the p1让e itsel f. He was introduc己d to the audience with the following 

words: 

Pro[cssor Dirac was born ill 1902 in Bristol , England. He was gradualed [rom 
Brislol Unjversi1y and obtain巳d a Ph.D. [rom the University o[ Cambridge. He 
dccidcd 10 sludy thcoretical physics at Cambridge and con1ributed 
lrcmendously to lhe then developing subject o[ quantum 111巳ory. Heisenberg 
malnx 111巳chanics hardly could be regarded as a basis 10 [ormulate thc laws of 
nalurc withoU1 Dirac‘ s [undamental formulatioll. The quan1um lhcory as we 
know i( and apply i1 loday is as cOlls1ruc1cd by Dirac 

Thè 1920 、s wcrc very cxcitillg years for 1he world o[physics. Grea( discovcri巳S
wcrc bcing madc almosl ovcrnigh l. A ve巧， rich and rewarding path 飞吃as opened 
wilh lbc advcnl (l[ quωI um theory. Onc o[lhc Meccas for 1he lcading physicislS 
of lha ( limc wωinG凸llingen. Young Paul Adricn Maurice Dirac wa吕 one of1he 
:nιmbcr只 oflha1 且roup - one o[ the 1110s1 v巳rsati]e ones. By the age o[ 23 , llc had 
alrcady wrÌllcn l1 is cl 主lssic pap己rs wl lÎch pu1 the conccp1s of quanlum lheory on a 
sOlli1d ma(hcmatiω1 basis. Hc 1'cconcilcd 1hc ideas ofrelalivily with lhc idcas o[ 
qu注111 um lheory and inv巳llled lhc well-known relativislic wav巳巳quallOn

prcdiclín吕 lhe cxislence o[maιnetic momen1 of el巳c1ron and , hencc, a 口c飞w fact 
lh巳 叮吵巾3刀I口川n. I-l c此「ωU盯url叫lh山C1‘丁p汀川r印巳di比clωcd 1山h且川1 巳V叩巳rηyel巳m口m刊m巳创∞n川山1孔lω2且叫1I门yp且μ川rlicle w阳11山h 且 S叩P户归1且川I

巳Olll口11c1'p<且lr口1Wl川111 lhe sam丑1巳 111丑lass b孔ul opposite electric charg巳一 or tha l a par!icle 
has 且n <lnliparlÌcle. lt was a prophetic pr巳diction. To thc e]ectro日， lhc 
corrcsponding systel11 is lhc posilron , which was observed after lh巳 prcdiction in 
C(lSl11 ic ray experiments by Anderso日 in 1932. La1er, clectron and positroll pairs 
\vcrc <!clually produced in laboratory experÌments. 1n the sal11e way , lhe pro1on 
<md ncu(rOll ;11so should hav己 (hcir correspollding antiparticles.ln view of lheÌl 
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A )JJ(,l11orial to P. A. M. Dirac 

mass content being nearly 2000 times that of the electron , experimental 
observation had to await constructioηof a large accelerator 10 prodnce such 
particles by collisions of protons with nuclei. This was accompJish巳d in 1955. His 
fonηulatio口 s of lhe quamum fîeld theory , staris!Ícs oî fields and parlicles , his 
飞飞'ork on gravitational 认raves ‘ and also his prediclion of magnelic monopoJes 
stand as fnrlheτmonU Jl1enls to his origi口ality and d巳ep understanding ofnatural 

phenomena. 
丁he impact of Dirac ‘ s discoveries at the fundamental level has b巳en far 

reachinιSJl1 ce even now our r巳search in lheoretic丘1 physics is guided by Dirac's 
ideas and his [orn1Ulations. It is ofren customary whe口 one has a new idea to ask 
if Dirac hasn't done something in this area. In most instances , il turns out that 
the subject matler has been dealt with by Dirac in depth , with clarity and 

originality. 
His 飞飞'ork ， b巳sides bringing him lhe Nobel Prize and 111any olher honors and 

prizes , has been instrumental in the award ofthc Nobel Prize to many others [or 
the work they have done on his ideas and in the paths opened by him. To cite a 
few examples: Willis E. Lamb ,J r., Julian Schwinεer‘ Eugene P. Wigner句 Richard

Feynma l1, S. Tomonaga , C. D. And巳rso l1， E. Segre, O. Chamberlain , and many 
others. Whal he achieved il1 his ear忖 20's formed lhe basis on which the Nobel 
Foundation award巳d him lhe Nobel Prizc in 1933 at lhe age of 31 

Pro[essor Dirac is known nol only in physics but、 also ‘ in ordinary 
convcrsalrons、 as a nla口 who does nol make trivial remarks. There is a definite 
deep and well-d巳口ned meaning in his cv巳ry sentence ‘ e\'en lhough th巳 senlences

且 re not vcry frequcn t. He is endowed with all the virtucs of a great ma口龟 h巳 has

no cnmitics , 110 dislike for any IlU 111a口 being

Proîcssor Dirac is a frω111an ;n the lrue sense of the word. This makes him 
:1150 very couragcous. 11 is il great honor for us to parlicipale 1011ight in these 
modesl ccrem口口ies to :1 ward Professor Dirac the J. Robcrt Oppenhcim巳1

!VI emorial PriLe 址

丁he years 1949• 52 in Cambηdge were mos1 rewarding and 

memorable 巳xp巳nenc巳s for a young 111an alt巳nding Prof，巳ssor Dirac's 

course‘四 titled ‘Quantum Mechanjcs 、 There were students from other 

discipli口创， such as mathematics、 biology , chemistry , and even 

philosophy. 认!hen 1 askcd one of lhem , ‘ Do you understand 飞斗l1 at

Professor Dirac is writing on 1he blackboard'? ‘ his answer wa队 ιNo'. I 

Séll丛咄咄y 111en are you a l1encling his clnsses so reguJar忖'?' H巳 repJiecl ，

'Som巳 of the lhings 1 unders1ancl , but l11 os1 of the math巳matícal

才 Thc Dere/0 J1m l!111 (扩 QIωIlIU!JI TIJ(!O! 丁 (P. A. M. Dirac￥ Acccplance Spcech吨 1969).

Gordon and Brc山:h Scicnce Publishcrs ‘ New York 

X 



A memorial to P. A. λ1. Dirac 

languag巳 1 do not understand. However, at least I shall be able to say 
one day thal I was among the sludenls sitti且甚川 Pro[essor J二)irac's class 

on quantum mechanics.' Cambridge coJ!oquia for theoretic:ll physics 

\vere heJd we巳kJy in a room adjacent to Professor Dirac's office in th巳

人Jis BuiJding , which wasη巳xt door to tlle famous C :lvendish 

Laboratory 了htre was only one comforlablt chair in t11e coIl oquia 

roo111 , and nobody could occupy it , since it was known as Dirac's c11air ‘ 

even 汀， once or t\丑化e in (11re巳 years , Professor Dirac was absent frO ll1 

111 巳se 111 巳ory colloquia. Tt was rather remarkable that Professor Djrac 

a]\1叫IS sJept in these colloquia，巳xcept when his name was menlioned by 
the speaker. You could then see t11e wJlite part ofhis eyes ‘ indica1ing tha1 

he was responding to the mentioηof his name. However, despi1e 1hal , 

1he simplest and the most intelligent ques1ions w巳re always asked by 

hi111. Sometimes , the answers seemed obvious , but care[u! anaJysis 
showed thal the question itseJf was deep and couJd be the subject of 

another paper. 
Like other gradua1e students in Cambridge, 1 visited him in his o [fí ce 

occasionally to show him S0111e of my communications on unified 丑巳ld

1heory with AJbert Eins1ein and Erwin Schr己dinger， and he wouJd read 
them carefully and then aslζme about the progress o[my work. He was 

most in1巳rested in Einstein 's Jatest approaches 1() 1l1 e generaJiz81ion of 

tll 巳 relativis1ic 1heory orgravitation. 1η1hose days , Professor Dirac was 
v巳ry mucb ìnt巳rested in the possibility of reintrodllcing 1he concept 01' 

8eth巳r into physics. 1n 1his line o[ approach , he had assignecl a probJem 
to !、1arcelo Cini of ItaJy , who was visiting Cambridg巳 for a year. Other 

sludents in 1110s巳 years were PauJ T. Mallhews , Richard Eclen , S. F. 

巳c1warcls ， Abdus SaJam , Suraj N. Gup1a 穹 and many otheJ飞Il1cJuding
John V/ard durjng his occasional visits. NichoJas K巳mmcr， who retir巳CI in 

1981 fro t11 Edinburgh Univ巳rsi1y as Professor of Physics (whcr巳 he

occllpied the chaiï vacated by 1he Jale Max Born) , was , as 且 Cambridge

Universily Senior Lec1llrer, in char吕巳 of the coJJoqui口口 t (ha( 1im巴，

Therefo币， hc chose the speakers in consultation wilh Professor Dirac. 
Dllring the prewar and postwar years , Profe吕sor Dirac w口 s 1he mosl 

eminent and esteem巳d personality of physics 、 and C:l ml汀jclge W;IS lhe 

Mecca visit巳d r巳glllarly by Jηany otherdis1inguished physicis1S. ln lhosc 
days 、 the visitors in cJ uded Uust to ci1巳 a fewJ Heis(;nh巳rιBor口，因labba 、

and Gcll-Manll (lhen a gradua1e slu c! ent a1 MIT). When departi日g
Cambridge , I wen1 10 Pro[essor Dirac's of[ice lo bid him good-bye , and 

XJ 



A IIlemorial to P. A. 1\1. Dir且C

he asked me i[ 1 could calcula1e 111e fin巳 structure constant from 111y 
vcrsion of Einstcí Jl飞 ullifi 巳d fi 己Jd (11eor)'. ) answered 、 ， y don 't kno飞vhow.'

ì thcn asked 11im. 'Can you calculate the fine structur巳 constant from 

\'our t11 巳ory''' He answ巳red ， 丁 11 1h巳 futur巳吨 1 migh t.' Th巳几 with the 

arrogance of you1h , J said to him‘‘1n 1h巳 fu1ur己 T mighl, too!' 
ln J96i;. [.>rofes,or Dir8c was in Tri巳ste at Salallγs Cen1re for 

丁h己01 巳 1icaJ Physics. 1 saw hi日1 in a restauran1 1here, and my wife and 1 
proce巳ded to his table , where he was sitting with Mrs. Dirac (sister o[ 

Eugcnc Wign巳片， whom m巳mbers ofth巳 family and close [riends always 
call Moncic , instead of her name , J、vlargi t. 1 asked Professor Dírac if he 
rem巳mber巳d !11巳‘ and he said , ，y邸， Kursunoglu.' During the 
conv巳rsation ， l asked i[ he and Mrs. Dirac would like to visit the C巳nter

for Th巳ore1ical Studies in Coral Gables for a while. He t l1巳n accepted a 

onc-week s1ay but not mor巳 tban 1hat , because h己 did 且otlike the heat. 

Prof，巳ssor Dirac 且rrived in D巳cemb町， 1968 ， with Mrs. Dirac and stayed 
吕everal months before d巳par1Ìng for Cambridg巳. He was back again in 
1970 and 1971 for similar durations at the Center for Th巳oretical
Studies. 111 1970 , wh巳n Prof，巳ssor Eugen巳轨ligner cal1巳d me one Sunday 

1'r0111 Prince10n regarding his for1hcoming visit to 1he Center for 
Thcorelical Studies、 1 informed him 1ha1 his 'famous br01her-in-law' was 

inquiring abou1 his lime o[ arrival so that he could bc met a1 the airport , 

sincc , 01h巳rwisc ， h巳 would gct lost! Wign巳r r巳plicd in his usual polit巳
\vay,‘1 camc all 1h巳 way [rolηHungary ， and 1 did 口ot g巳1 JOS1. 'ν11y 

sbouJd 1 吕巳t lost in (h巳]飞1iami airportγI said , '1日 1hat casc , 1 shall relay 
yO lJ r rcmarks [0 P<I川、飞.Vhcn 1 relayed bis rcply , Paul Dirac quickly 
I'co: p0 l1l1ccl , 'V;f h巳n 飞7飞ligncr came [ro111 Hungary、 hc had a !01 of time 

BU1 , whcn hc com巳s 10111 己 airport nex( wcck , 11c won飞 hav巳 that J11uch 
II l11 C. 

Simp!icily and clari1y werc 山110ng Pro[essor Dirac气s greates1 
,Illribules. Onc day , going around a smal门alce in Ma1h巳son HammocJc 

I)a rlc in Coral Gabl郎、 r counlα1 s巳ven birds and lold him I saw seven 
bircl 吕， and h巳 saicl ， '1吨。， lh巳re are cighl.' I asked hir刀，气νh巳re is th巳
cighlh'!' He said , 'On巳 juS1 dovc.' 

Margil Di1'ac was grea t]y devol巳d 10 Paul. Sh巳 tn巳d to protect him in 
mal1crs o[bca](h and prcv巳nt in1rusions by press people and 01h巳rs who 
had no reaSOJl 10 se巳 him. At sociaJ affairs , most ofthe stories w巳re told 
by M rs. Dirac , and 1'1'ofessor Dirac either J11 erely nodded his head in 
approval or smilcd wbcn sh巳 relatcd past occurrences in their lives. On 

Xll 



A memorÍα 1 10 P. A. ]\11. Dirac 

111且tlers o[ beauty and physics 、 Dirac has always been ahead o[ 

c飞rybody clsc. On 0丑己 occasion during J. dinncr in FOi'1 Lmd，二rdal己， I

said , 'PauL just th巳 other day. som巳 peopl巳 ask巳d about my religion. 1 

indica1ed (0 them that beaurr w21s my religion , such 21s beauty in ar1s , in 

SClenc巳S ， l丑 n21tur巳， and in woman. Som巳1imes ， I t 巳II them that Professol 
Dirac has the same religion. Do you lhink I made a misl且keγDir21c

add巳d immedi21tely，丁 shouJdlÙ lhink so.' 21nd h巳 then 21sked,‘You 
ar巳η 气 t going to advertise this , 21re youγ 认lith tongue in che巳k ， l r巳plied ，

'O[ course not]' 

Dir21c moved [rom Cor21l G21bles to T21ll21h21ss巳巳 in June of 1971 to join 

the physics d巳p21rtment of Florida St21te University. Besides his 

attraction to 21 smaller city and the Universit)气 he w21nted to b巳 close to 
his d21ughter , Mary , who lives in Tallahass巳巳.

The Center's 21nnual Orbis Scientiae 111eetings on hígh energy physícs 
began in 1964. Professor Dirac first att巳nded in 1969. 1n thís s巳n巳民 he

was the first speaker on an annu21l b21sis. 丁hemeetingínJanuary ， 1983 , 

w21sd巳dic21t巳d to his 80th year 21nd , 21s i口 alI previous 14 Orbis Scicnti21e, 

h巳 pres巳nted 21 p21per. The 1983111巳巳(J口g was the 20th 21nd the last in th巳

Orbis Sci巳ntiae series. 

When the annu21l J. Robert Oppenheim巳r Memorial Príze was 

awarded during the Orbis Scientiae confer巳日C巳，巳ach recipient received 
hís 111巳dal and cítation [rom t11e h21nds of P. A. M. Dirac. 

A special Feslschrift pr巳parcd for him under th巳 autborship of S0111巳 of

his fricnds 、 which was to be published in 1984 with a coniribution by 

him. 巳ntitJed 'Thc Inad巳qu21cies o[ Quanlum Field Th巳ory'， wiJl now , 

most regr巳ttably ， app巳:11' as a memoriaJ to him. 

Very few men and women of Jearning.可冈比nc巳， lcllers , and arts can 
inscrib巳 their achievemcn ts on history. Paul Dirac is certainly 011e of the 

1110s1 esl巳巳mcd on巳s. I-lis n且111巳 wi Jl livc forevcr 

XUl 

Behram N. Kursunoglu 
University of Miami 





Preface 

This book was planηed ， originally , as a Festschrift for Dirac、 80th year. 
Unfortunately , nature has allo\V巳d us to produce il only as a m巳1110ríal

volume. Paul Adrien Maurice Dirac was a most creative physicist who 
mad巳 many revolutionary contributions 10 the development of 

theoretical pbysics. The present volume contains conlributions by some 

of his friends describing his human sidc , along with bis profound 
inOuence in thc evolution of modern physical theor才 es.

Dirac was known by his students and cont巳mporanes as a gr巳at

genius wbo spokc very little and whose sentences w巳re irreducible , in th巳

S巳口 se that the addition or subtraction of ev巳n on巳 1孔lord could moclify 

their fundamentalmeanings. His humor, like his (heories ofphysics , was 

original , logical 吨 and unique. One example is described in Abraham 

Pais、 contribution to this volume , 'Playing wilh Equations , the Dirac 

认lay'吨 where Dirac's comment on the novel Cri l71 e {{/1!1 P I//J ishme /J t was 

that the author made a mistake when he described the sun as rising lwice 
on the sam巳 day. When one ofus (BNK) asked Professor Dirac how he 
felt about th巳 probability of the existcnc巳 of som巳 kind o[ life in othcr 

parts of the univers巳， b巳 replied ， 'Tf we do no( find life in the universc 
oth巳r thaηon earth , theηIη1Ust believe in the existence of god.' 

The simplicity and profouncllogic of his thinking were reneclecl in all 

üî his physic:ll theories. This was, especially. clear when h 巳 said 、‘Gocl

used beautiful ma(h巳ma\ics in creating lhe world. 、

丁h巳 editors gratefully acknowledg巳 thc helpτ巳ccivccl rrom Linda 

Scott , H巳19a S. Billings , and Lisa B. Scott in the preparalion and 

ürganization of this book 
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口king of il1y darling 

a γ Dirac 

My broth巳r Eug巳ne used to spend his summer hoIidays in BudapeS1 , 
stayl丑g with our parents. That was in 1h巳 early 1930s. Th巳 von

Neumanns did Iik巳wise ， som巳times taking the sam巳 boat [r0111 N ew 

York 
It happen巳d on one of1h巳S巳 vìsìts ， that 1 was ìnclud巳d in an afternoon 

outìng, to Ol1e of those fashion且ble tea places, near Budap巳st. 11 was a 
pleasanl , relax巳d outìng , Whel1 Mari巳lta suddenly lurned 10 111巳 saymι ，

'Y ou must C0111巳 and slay wilh us in Prince10n.电 1 was happily surprised 筒

:l.I1d utt巳rly delìghted. Marìe1ta was the mosl charming , will)气 sparkling

woman 1 ever 1丑et.

飞鸟f巳 spent the latter par1 of lh乱1 SU111mer wilh Eu且cnc ， in our summer 
hous巳， 20ki!omet巳rs nor1h of Budapcs t. Eugene insis1Cd , 'Hyou come 10 
Princeton , you I11usl slaywith m巳.认!hut would pcopJ巳吕ay 、 if you did no1 
slay with your brOlh巳r?' 1 was nol 1巳rribly lhriIled wilh lhis id巳江丁hc

VO I1 Neumanns had 且 !ove!y 110m巳， lbcy k巳pl up 1he lifc吕 lylc 10 whicb 
lhcy wer巳 us巳d in Budap巳吕t ， whiJe 111y brolher ljkcd 10 appea1飞 and act , 

lík巳 a paup巳r.

1月J巳 sai!ed in the fall; Eugene had a (wo-b巳droom apartmcn1 、 proudly

boasting that he furnished it 10 lhe COS1 of undcr $25. I( looked Jik巳 1 1.

1月/巳 had a dining room , and kitchen , weIl cquipped as is usuaJ in 1he 
S(at巳s ， but alas , when 1 gr巳wupinHu口gary ， girls were expeclcd lo sludy 
languages , music , history or a口， Germa丑 and French li1eralure and go 

'气
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to school , wher巳 you wer巳 given heaps of homework. AIJ this failed to 

make a scholar ofm巳， but it also deprived me ofthe slightest i口cliηatlü口

towards cooking. Kitchens were out ofboun白， not only [or Jack oftim巳、

but you w巳r巳 nol supposed to risk smeIl ing of onions. Consequently , we 
had to go oul for our meals. My brother was used to that , and th巳rew巳re

many charming places in , and near, Pliηcelon. 
lt was soon after my arrival; w巳 were having lunch at one of these 

restaurants , when a tal!, slend巳r young man ent巳red the dining r00111 , 

looked at Eugene and greeted him. H巳 looked 10s1. and sad. 1 asked who 

he was , stilI standing undecided and none too happy looking. I was told , 

he was an English physicist , whom Eug巳ne knew in Gδttingen ， where 

they used to have their meals tog巳ther. 'H巳 do巳s not like to eat a1one. 吨

'So why don '1 you ask him to join us'?' This was how I met Paul Dirac 

That was the fall of 1934. 丁he Institute for Advanced Studies had 丑O

building ofits own as yet. It s memb巳I飞 like Einstein , von Neumann , and 

Dirac as a visiting member‘ had adjoining rooms in a 1arg巳 Univ巳rS1ty

building , called Fi口巳 Hall. 1 rememb巳r so well: to the 1eft was Einstein弓s

ro0111 , ìn the middle Eugene's and to the right of him , Dirac句s.

Dirac had his sabbaticalleave from Cambridge University. He cam巳

to the U.S.A. via Russia , where he visited som巳 ofhis Russian friends. At 

on巳 of our 111ea1s , he spoke aboul having to go up to New Y。此， to buy 
himsclf a winter coat. He had Je fl his in Russia - one of his great friends 

ther巳 had no口巳. The fr才 end was Tamm , the y巳ar 1934 whe丑 shortag巳S Il1

Russia were many and severe. H巳 obviously dreaded a shopping day , 
while 1 was、 and stilI am , an enlhusiastic shopper 

Eugene was tru1y angelic with me. I had n巳ver feJt this frωinmyli缸，I

was 29 , and for lhe first time , ther巳 was no pressureto get me down. So , I 

felt bold enough to sugg巳st going up with him 、 to he1p him buy one. Th巳

sugg巳stion was accepted at 0丑C巳. Tbe day was set , I was to n生 eet him i口

Fine Hall to drive to th巳 station. Arrivinσfirst ‘ having tim巳 to look b 

round吨 1 saw what looked like an aim1ai1leUeτin Dirac's pigeon-hole. 1 

took it 啕乱nd put it in my handbag. 1n my excitement of going to N巳W

York , I forgot all about tbe 1el1 er. Only in the subway , having to open 

my handbag for a hank妃， did 1 remember it ‘ and hancled ít to him 

Dirac opened it and , as he was reading it , hc seemed mor巳 and more 

concemed. 飞孔1hen he finished reading 吨 hetun丁 ed to me sayiηg that it was 

a letter fro111 Cambridge; a gr巳at friend of bis , a Russian professor at 

Cambridge University , who went ev巳ry summer to Russia , to help with 
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physics , was nol bei口g allow巳d 10 relurn 10 E口gJaηd. His wife wrote , 

saying that she W3.S Jeaγi口g England 10 join her husb二nd wilh her lwo 

young sons. I1 was THE Jetter lhal Anηa Kapitza wrol巳‘ and ofcours巳 11

was aIl v巳ry ups巳tting and sad. The Kapitzas were among lhe v巳ry [ew 
with whom Dirac had a great and a[fectionate friendship. Kapitz<l n巳ver

took British nationaJity 予 and aIl his [\丁 ends used to warn him of the 

possibility thal the Russians on巳 day wouJd not allow him to r巳turn 10 
EngJand. This hadηow happened. 

It was my [irst glimps巳 of New York shops. PauJ had visited lhe 

U.S.A. on s巳veral previous occasions. He chose Lord and Tay10r 10 find 

a wint巳r coat. The superb coat , which serv巳d him 10 lh巳 end o[ his Jif，巳吨
was soon bough t. The sa1esman whispered to 111队‘Do口'( you want 10 

buy 11im a suit a1soT The one he wore did 100k in dire n巳巳d of 

rep1acem巳n 1. In 、34 ， Hungarians were not allowed 10 leave lhe cou口 try

with more t11an a few pengδs. Eug巳ne supplied me wilh all 1 wanled and 

1 kepl a car巳fuI note , paying him back on his next visit 10 Hunga ry. 1 had 
10 smiJe , and shake my head 

认Te continu巳d having our m巳aJs together , and Pau]'s Iong siJ 巳nces

became rarer. H e spoke 10 m巳 aboul his difficu It, 1 should say very 

diïlïcul t.、 childhood. 1 l01d him aboul mi只巳吨 which also left some sad 

memories and aboul my unhappy marriage. r-lis domincering fatber 
made it a ru1e内 10 bc spokcn to on1y in Frencb. Often be had 10 stay 
silenl , becaus巳 hc was unable to express bis needs in French. Having 

been forced to r巳main sil 巳nl may have been lh巳 traumatic cxperi巳nce

that made him a v巳ry si1enl man for lire. His father cliecl in 、 35; PauJ 飞vas

in Russia 10 walcll the ecJipse 01 the Slln. As soon as he heard of lhe 

seriollsness of thc iIlness , he n 巳w home to Brislo!. It was 100 ]at巳丁h巳

first le1ter he wrote 10 m巳 aft巳r his lalher"s cl 巳且 lh W~lS 10 say 呵‘ 1 f，巳巳Imuch

fl 巳巳rnow.、人ηyone who kn巳\v my Pau1 wiU realise , for a s巳nSÍtivc genl1 c: 

persoη(0 feel and write this way、 whal the pasl Jl1 usl 11a、巴 been like. 

His father's family originaled in France , fro I11 th巳 villagc Dirac 、 wilh

the Chateau Dirac. The family le[( Francc during lhe Napoleonic wars 弓

ancl settled in G巳neva ， Switz巳rIand. His falher 1eft his family abrupl1y , 

because ofthe sev巳rity ofhis par巳nls. He went 10 Brisl01 、 Englancl 弓 where

he mel Paul 弓 s I11 0tber弓 the claught巳r 01 a shi扩 s captain. She 飞儿lorked in 

the Universily Library , ancl there th巳y me1. His mOlher was one offour 
beautiful daughlers 、 and two brothers. lt is the irony which on1y life ca日

produce that Paul suffered s巳ver巳ly fro111 his [alher, who hacl lhe sam巳
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diffjculties with his family. Paul , al1hough not a domin∞口丑g father飞

kcpl himsclf loo aloo[ from his childr巳n. That history repeats itself is 

only too tru巳 in lh巳 Dirac family. 
Paulloved trav巳lling; when tcrm was over, he was off 0口 the first da y. 

I. n lhe summer of 1935 , he cam巳 to Budapesl , via Russia , Mongolia , 

China ‘ and lh己 Orient. Still in lh巳 same sui l. His two suitcases were 
cramm巳d with pr己sents h巳 had got in the Eas t. He told us , how difficult it 
had been w !J en shown beautiful thi日gs and agr巳巳iηg their beauty , to be 

then pr巳S巳nted with them. 
Summ巳rs in Hungary used to be hot and lovely. My parents, with 

whom Paul stay巳d ， liv巳d opposit巳 the Count Bathányi Park , where 
building was forbidden , on th巳 hilI y sid己， called Buda , a few minutes' 
walk from the 1-1 ote1 GelIért , with its [amous ‘ unique artificia1 swimming 
poo l. 1 lived som巳讯 hat higher up the hill , calI巳d Gellért mountain. I did 
nol live in my ow丑 hous巳， but had an apartme丑t in Archduk巳

Fr它derick 弓 s house , overlooking the town , with a fairy-tale-like vi巳w. So , 

dOWJl 1 w巳11t ， to felch Paul , [or a swim. The p巳ople fr巳quenting th巳

Gellért w巳r巳 sophisticated ， so , wh巳n 1 was shown the swim-suit , I kn巳W
Paul was in lrout由- a huge hole in the seat. This might cause no alam1 
in Russia , but h巳r巳? Ev巳n a policeman might b巳 called. It was a battle , 

befor巳 anoth巳r on巳 was bought. Vanity was not one of Paul's vices. 
Christmas 1935 , 1 took l11 y two childr巳n and Hilda , their Austrian 

ιoverness (languagcs) , lo Mariacell 吨l1ear Vi巳nna. Paul camc lo visit us 
lhcrc. H 巳 us巳d lo go off for long walks; h巳 knew 110 fatigu巳， m巳als were 
uuimporlanllo him , bul not lo m巳. This incO J11patibility stayed with us 
lbrough liCe 

Mariaccll is Sllp巳rbly beauliful , esp巳cially in winler. It was a tr巳at to 
walk <l11ì Ol1g lhc lovely 11巳CS - wonderful views. 1 often accompani巳d

Paul , bul usually re芷 retted iL His 巳ndurillg capacily 飞Nould have b巳en
loo much Cor 1110st 1110rlals 

I n 1936 , my brother wrol巳 about lús plan to marry a young American 
1、 hysicist he had met in Madisol1，飞Nisconsi l1. He asked lhat one of us 
should COI1l巳 and ll1cet her. 

lt was an 巳nchanting thought to visit the U.S.A.。丑ce more. 1 
volunlccred with 巳nlhusiasm ， and soo日 starl巳d out 011 lhe journey. 1 
saílcd frúm Southamplo11 , 011 lhe Queen Mary; il happened to be h巳r
l1l aiden voyage. J t w且s a long train ride fro111 Budapesl lo Londol1、

whcrc 1 slaycd [or lwo clays in lhe Grosvenor House Hotel. Paul il1vited 
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me to Iu日ch in Cambridge. He fetched me from Cambridge station , and 
took me to our hosts , Bishop Whitehcad ::md his viifc - t11己 p 2..rcnts of 
Henry Whitehead , the mathematician. Mrs. Whit巳head was Paul's 
fri巳nd and confidante , 1 think a sort of mother confesso r. Y己ars lat己r

Paul did t巳II me that 11e sought Mrs 飞Thite11巳ad‘ S opínion of me. She 
liked m巳， and again many y巳ars later Paul told m巳 Mrs. Whitehead 
thought 1 had a childlike simplicity. If this was so 1 have been the right 
one , as w巳 shared this so-called simplicity throughout our lives. 

Next day Paul came to London to fetch me , and tak巳 me down to 
Southampton in his car. I boarded th巳 Queen Mary only to be told that 
my visa for the U.S.A. had th巳 wrong date , it was t巳口 y巳ars too early. An 
important-looking young officer drov巳 me to a big house and took me 
into a口 office where we spent , what s巳巳丑1巳d to m巳， long hours. To my 
questlO口 as to whether 1 would miss the boat , the young offic巳r assured 
m巳， 'lt caJ1J1ot sail , before I am back OJ1 it.' It happen巳d to be the U.S. 
Consul , who took 111e under his wing. 

Paul stayed in Southampton , and watch巳d th巳 boat sai l. H巳 wrol巳

sayíng what a magniiïc巳nt spectacl巳 it was. 

In New York , Eugene was 飞;vaiting for me at the pi巳r. 1 stayed a few 
days in Princ己ton ， then took the train to Madiso日，且nd ther巳 1 stayed 
with the Gregory Br巳its. 1 met Am巳Jia Franck , w110m Eugen巳 marr冗da
few weeks Ia1er. She was a ti J1 Y 、 lovely ， dear girl in 巳very way 

Soon 1 sail巳d back to Europ己， arriving in Sout11a l11 pton , whcr巳 Paul

was waitìng for 111 巳， and drove 1丑c up to London. Then and 1here , WC 

decided to get marri巳d. Paul already had his mother up [1'0111 Bl'is(o l. She 
was a kind 弓 dearlady ‘ and w巳 always gol on wcll. Durinι1he war，马 rhcn

Bristol had so many bombs , shc was bur1 taking ber usual walk. Pau! 
brougl1( her to Cambridge , and sh巳 stayed with us unti! shc dicd in 1942 

Liu!巳 did Paul dr巳ad more (11a l1 reporters. 飞V11enever at a1l possible , 

he a voided (he111 , and ther巳 are stories of how h巳 manag巳d lh且t in 
Slockholm in 1933 , when he go( his Nobe! Prize. His 1110lh巳J' was wi1h 
him , and he 111anaged beau1ifulIy to avoid them mosl of 1he time. 

It was a very qui叭， small w巳ddinι. The BJackc(ts, who wer巳 our

witnesses , Pau]'s mother , ancl w巳 two ， had lunch ancl 1hcn off we drove 
10 Brighto日， for two weeks. It was during the Chrisl111as vacation 、 so

Paul could stay aw且y from Cambridge ‘ Our wedding was on (11巳 2nd of 
January , 1937" 二ll1 d so start巳dav己ry old-fashioncd 、 Viclorian marria吕丘，

La(er, during that sam巳 Christmas holiday 、 r (ravell巳d back to 
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Budapest 、 taking Paul's sister with m巳. In Budapest 、 Betty m巳t a good 
friend of mine 句 who liv巳d in Amsterdam. She eventually married him 
and. from then on , th巳re were two Hungarians in the Dirac famiJy. 

During the summer of 1937 , Paul took me to Russia , wher巳 W巳 visited

his dear. wonderful friend , Peter Kapitza. He became the h巳ro ofmy Jif，巳
-th巳 on巳 great man who was brave enough to say ‘No、 to Stalin , refusing 
to participate in making the hydrogen bomb. He endured five years of 
bouse arrest 吨 had to live in his dacha 、 winter句 and summer, outside 
Moscow , isoJated , lon已Iy going on with his work. wh巳re his only help 
was his wife Anna. He r才 sked daily for all those years hour by hour being 
shot and killed 一 be never wavered. His love for humanity was great , his 
courag巳 boundless. This unforgettabJ 巳 friend we both loved and 
cherished enormously. He died at the age of 86 吨 a few montbs before 
Paul 
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Dìrac in Coral Gables 

μ: 

Professor and Mrs. Dirac first arrived in Coral Gables , Florida 吨 111

December 1968 , which was the month of the High-Energy Physics 
Coη[ere口ce at the University of Miami's Center for Theoretical Studies. 

My husband , Behram , who was the chaim1an of lhe conference, 

thought it would b巳 a good idea to invite Prof，巳ssoτDirac to the 
University at the time ofthe con[erenc巳， which was already v巳1γpopular

with physicists all over the world. Many physicists, young and old , came 
to Coral Gabies to attend thes巳 confer巳nc巳s to talk physics , meet famous 
people, and enjoy Florida sunshin巳. An appJication form was s巳nt from 
the C巳nt巳r for Theoretical Studies (CTS) to Professor Dirac in 
Cambridg巳 for him to fill out , as was the usual proc巳dure for members of 
the Center. Under ‘Proposed Field of 飞ìV ork' ， h巳 wrot巳，也Quantum

theory'. That form is fram巳d and is displayed al t I1e C巳nter \oday 
The conference took place at the new Scienc巳 Building that year. The 

participants were greeled 飞川 th music pbyed by a group o[ musicians 

from th巳 University's School of M usic. Professor Dirac arrived in time 
to list巳丑 to the music and gave the first lecture at 9.00 a.m. 飞凡Then be 
finish巳d his lecture, he sat in a front row s巳at and attend巳d the resl ofthe 
moming session. At 10.30 a.m. , when il was tim巳 for the co汀"ee brealc 、 he

was surrounded by participants who were very excited to s巳巳 bim in 
P巳rson. People slood in line \0 tallc to bim or 10 jus1 gree\ him. 人mong

his friends in attendanc巳 were Maurice Goldhaber , Willis Lamb , Julian 

9 



1968 Orbis Scientiae at the Center for Theor巳tical Stlldies. Front row , left to right: P. A. M. Dirac , Sevda Kursllnoglu , 

Maurice Gusma口， Margit Dirac , Edward Tellar , Lars Onsager , Mrs Teller and Behram Kursufloglu. 
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Schwinger, Edward Teller , and his broth巳r-in-law ， Eugene 飞lVign巳r

That year , Professor 巩Tig口已r came with his wife , Mary , 江丑d bis 

daughter, Martha. Th巳yw巳re staying at the Key Colony Ho1el on Kcy 
I3 iscayne , where Profcssor Dirac , Ivl rs. Dirac , !3 ehram ，且nd 1 w巳nt 10 
visi1 1hem in 1he evening. Profcssor 飞Vigner 1 巳ci1巳d som己 po巳 try rrom 

mcmory in Hungarian弓且nd be gave us a s11or1 summary in English. 
A1 the end of t11巳 confcrence on Saturd町， Professor SkJar , who w且S 且

Profcssor in 1h巳 Physics Departmenl , ren1cd a glass-bouom boa1 and 
invi1ed 1he Diracs 、 Wigners ， some of1h巳 participan1S ， and US , to go on a 
day's cruise with his ramily. Professor Dirac was vcry happy ,1l1 d se巳mcd
10 巳njoy 1his outing very muιh. 

Jn tb巳 early 19705 , when Professor Dirac was a visi1ing profcssor a1 
lhc CTS , they stayed in an apartment main1ained by lh巳 University for 
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visiting dignitaries at the Four Ambassadors Hotel , overlooking 
Biscayne Bay in downtown Miami. M rs. Dirac I11 ade life very pleasant 
for Professor Dirac and everyo日 e else with her gracious hospitality at 
aft巳rnoon teas and ladies咱 Juncheons and by giving smaIl dinner pa口les

Eveτy day ‘ Mrs. Dirac would drive him to the CTS at about 10.00 a. I11., 

已md he wouJd spend alJ moming in his room 0口 the 3rd f1 00r of the 
Computing Center. People at the Center 口am巳d the room 、Dirac's

room . 
H巳 wenl to Junch at the Student Unìon Cafeteria with Behram and 

wìth other members of tbe Center, pìcked hìs own meal , carried his own 
tray and sat at th巳 dining room tabl巳s wbere the stud巳曰ts had ìunch. 
After lunch、 he walked back by the lake near th巳 Student Unio日 and

return巳d to his room. Sometìmes , he went to the nearby F出ulty Club 
for lunch with Behram. Sometimes th巳y went by car and sometimes they 
walked , as ìt took only about twenty mìnutes. 1 asked him once ifhe ever 
got tired after lunch and wanted to take a 口ap. He said he àid nap in his 
chair or put his head on his desk to sleep to refresh himselffor the rest of 
theday.l asked him，叽'hen you are working , do you ever get stuck'?' He 
said ，也AIl the time'. 

Three times a week , at 3 0 'clock in the afternoon , h巳 gave a lecture on 
‘ Quantum mechanics'. His lectures were well att巳nd巳d by Univ巳rsity of 
Miami stud巳n1s from different departments , such as physics , 

matb巳matics ， medicine , and other sciences. 
On巳 of the busiest highways in the Unit巳d Stat邸， U.S.1 , stretches 

from Maine to Key West , Florida , and borders the University ofMiami 
campus on one side. Despite its traffi飞 aft巳r his lectures、 h巳 liked to walk 
back 10 the hote! along that highway. H巳 would b巳 back at the Fouτ 
/气mbaSS3dors in about one hou r. Sometim巳s ， he would get lost among 
th巳 back stre巳 ts and along the railroad tracks , but he always got hom巳

safely. l\在athematics professor Rob巳rt Kelley , who kn巳w Professor 
Dirac吨 recalls that 宝Ie loved i.o walk. 了h巳 firsi. day he sp巳111 at the CTS , 
he 飞飞faH王巳d home (to t l1巳 Four Ambassadors Hotel) up U.S.1 , which is at 
least five miles. 、 He Iiked to go for a swim in the hotel's pool , after h(:; 
returned. After his swim , he would waJlc around the pool , which was by 
the oc巳an 弓 and then take the elevator to his apartm巳nt on the 巳ighth

noo r. 
Sometimes , when 1 \!战s having tea wi1h Mrs. Dirac up in their 
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DÌrac Ìn Coral Gahle旦

apartmel川、 1 would look down from the 飞vindow and see him get1 ing oul 

ofth巳 pool ， relaxed and conten t. 
Eveτy Sunday , the Diracs wenl [or an outing ìn th巳 ìr ca r. Sometimes 、

Behram drove them places , and sometimes 1 wenl along \Yith th巳m to 

such sigbts as Fairchìld Tropical Garden , the Parrot Jungle , the Orchid 

Ju口iZle ， the Mo口key Jungle , or the Seaquarium. [-Ye likecJ lhe many rare 

巳xotic plants at Fairchi1d Garden 、 but was especially fo口 d of tbe 
Seaquarium. wbere he watched the sharks in captivity and enjoyed th巳
porpoise show very much , commenting,‘They do clever tricks'. 

Once , wheηW 巳 were visiting lhe Monkey Jung1e , it was time îor t l1 e 

feeding of t11e animals. A giant gorilla helped himself 10 a spring onion 
and ale it \Vith great delig11 t. Professor Dirac was very much entertained 

by his behavio r. That evening , 1 prepared dinner for lhe Diracs at our 
bouse. Since he liked my mus11room sauce, 1 a1ways made it for him wit l1 
chicken or be巳f. On thal occasion , I also served spring 0ηion5 as a salad 

decoration. Professor Dirac took one and said: 'I am going to have one 

because lhe gorilla seemed to enjoy his onion.' 1 used to serve green p巳as

as v巳getables ， because 1 noticed that he liked them. One time, he showed 

me a chart from a newspaper C] ipping which showed lhal canned peas 

bad mor巳 nounshment than frozen peas. Many years later, 1 leamed from 
his daught匠， M onica , that her father missed mushrooms so much 
during (he war that he tried to cultivate them in their gard巳n 111 

Cambridge. 
On巳 of Professor Dirac吨s favorile outings on a nice Sunday was to be 

drivcn 10 Everglades Nationa1 Park 、 which is about a on巳 and a half 

hour drive fro l1l Cora1 Gables. He liked to wa1k 011 the wooden j rai1 oveτ 
lhe îresh water marsh , from wh巳re he could walch anbing挝、 herons 电

egrets 、 grebes 电 ducks ， wat巳r snakes , and úsh. In the Jake [ull of waler 

plants 、 a l1 hinga wouJd come up 0口 the surface oî lhe wal巳r and s飞飞lallo \V
a 1Ìsh or a small snak巳弓 or hold it in its bealc , and dive lighl back in lhe 

wa(er. Professor Dirac commented on white herons w::mderinQ around 

in t Ì1e wilderness and disappearing îrom sighl among lall thick sa wg了aS5.

He would no1ice the anhingas n巳sting in lhe bushcs by lhe lake. 
There w巳re alligator飞 large and small , 1ying on t11 巳 banks ofth巳 lak巳

又unning themse1ves. Once , a huge alliga10r was trying 10 cross 1he road 

while we were driving in the car, and B巳hra111 had to SlOp 111 巳 car 10 1et it 
pass. Pro{essor Dirac 巳njoyed lhe wholc a汀aIr.
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D r. Kelley , wl1 0 is a professor of math巳matics at tbe University of 

I叫lami a口d president o[the local Audubon Society , went to EvergJades 

National Park with Pro[essor Dirac many times. H巳 would set up his 

1elescope, and Professor Dirac would look through it. D r. Kelley would 

spot an 1111巳resting bird and lend his field glasses to Professor Dirac, 

已xplaining to him what was happ巳ning. After on巳 of their outings , 
Professor Kelley invited him to his home [or di口口巳r. Professor Dirac 

used to tell me that he 巳njoyed his trips to the Everglades with Kelley 

τhe following is Prof，巳ssor Kelley's recoll巳ctlOn:

Professor Dirac was especially inlerest巳d in hummingbirds. His firsl qu巳stJ on
lom巳 was: 'Do hummingbirds migraleγ1 explained that th巳y did and how and 
whcre. He commenled thal h巳 had only brie f1 y se巳n on巳f1y over his h巳adon巳 day

on the beach at Cape Cod. 1 arral1吕ed for him 10 have lunch at my hom巳 (in

Fcbruary 1970) and was able 10 place him next to a shaving brush bush where he 
had over 1cn ruby-lhroated hummingbirds f1ying 且round him. H巳 oft巳n

111巳n1ioned 1his occasion to 111e. 

Professor Dirac was invited to give a lecture at th巳 Miami Museum of 

Science one eve丑ing. The lec1ure r00111 was filled 10 capacity , and some 

p巳opl 巳 were standing up in th巳 back to bear him talk: ‘ On the Birth of 

the Univ巳r白， T l1 e Big Bang Theory.' After the I 巳cture ， there was a 

rcc 巳p1ion in his 110nor at 1h 巳 Mus 巳um.M<且111盯1ηy pro∞1111甘ll1 e巳n川tMi山a汩肌mi让1 C1江tizer巳巳ns1S 5 

a1ηld comm丑lU山n甘itηyle巳正a叫d巳rs wer巳 amη10ηg th巳且udωi巳I口lC巳 to 1口lS剑t巳l口1 to hiβsle巳Cαlur比-它巳

m巳臼巳 1 hi让imη1 雪 shake his hand , and lalk 10 hi !11. 

D r. Henry King Stanford 句 our clos巳 [riend ， and th己n presid巳nt of th巳

Univcrsily of Miami 、 was the firs1 10 enter1ain the Diracs.τhe Stanfords 

invited th巳 Diracs 10 dinn巳r al the presiden1 句 s r巳sidence ， with many 
membcrs of t11c Un1vcrsi1y ‘ s Bo且rd of Trus1e巳吕 and promin巳nt

cO ll1 munity lcacl 巳rs in altcndanc巳 Many o[l11ose promin巳nt cO l11 munity 

lcaders , as w巳l! as scveral 111巳mbers ofthe University [acul1y ，巳ntcrt且incd

1hc Diracs in lhcìr 110m 巳$， including M r. J 且mcs McLamorc , cbairman of 

lhc Univ巳 rSl1y、 s Board of Trustees and [ounder of 1he Burger King 

chain; M r. Edward C. Fogg Ill , Farm Stores own巳r; M r. Emil Gould , 

prominen1 real esta1巳 d巳V巳loper; 礼11工民. Kirk Landon , American 

Bank巳rs lnsurance Group pr巳siden1; Professor Henry FieJd , 

anthropologis1 and visiting profcssor from Harvard 、 M r. Joseph 

Smolian 气 clcpar1ment slorc owner; ancl M r. Gcorge 飞可 ackenhu1 ， . 

found巳r of t11c Jargc sccurity company. 
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M r. David Blumberg , a pro l11inent member ofth巳 University's Board 
ofTrust巳巳立 hosted a dinn 己r party at his home il1 h0110r ofProfessor and 
ìvírs. Dirac and for the distinguish巳d physicists attending one of the 
C巳nter's confer巳nces. 1\在 any distinguish巳d persons from th巳 cOll1munity

ga1hcr巳d at theirbeauti[ul and elegant hom巳 in Gables Estat邸， which is 
011 Biscayn己 Bay. 1 was seated next to Professor Dirac. Lee Blumberg , 

the hostess 啕 was speaki丑g with Professor Dirac and happ巳11 巳d to inquire甸

、Vhat do you think of Kursunoglu's work? Do you work together?' 
Professor Dirac answered,‘No , w巳 are rivals.' Behram said, '1 am 
111 日nitely honored.' 

After th巳 large parties , Professor and Mrs. Dirac would ask Behram 
and me about th巳 various notables. We would talk lat巳 into th巳 night

about those gatherings and the many fin巳 and impr巳sSlve p巳ople who 
atlended. 
τhe Ga[a l7[ Lady 1 V was a 100-foot yacht which belonged to the lat巳

L巳wis Rosenstiel , who was a great philanthropisl and had a hom巳 on

Miami B巳ach. His wífe, Blanka, a very charming lady o[ aristocratíc 
Polish h巳ritag己， invited Professor and Mrs. Dirac, Behram and me , and 
some ofh巳roth巳r friends , for an outing 0日 her yachl one Sunday. "1月 1 巳 all

mel at Palm Bay Yacht Club early i丑 the l11 0rni口g， wher巳 we were 
gre己led by 1h巳 caplain and crew a l1 d shown 011 board. Professor Dirac 
was very much at home wilh Blanka, h巳r brother , and the res( of the 
gucsts. It was a very Jively and el 巳gant group. Ther巳lVere champagnc 
toasls for Professor Dirac、 and caviar and la飞lish hors d'oeuvrcs w巳rc

scrved b)' th巳 crew. Pro[essor Dirac clid no( partake o[ LÌ1 c champagne , 

且 s be was a Leelotaler who always had ginger aJc withoul ice and did not 
caL mucb. He did nol say much during Lhese outings. He sat quictly ‘ but , 

whcn Lhc ladiωw己nt up to him and lried Lo socialize witb him , he 
seemecl to 巳njoy their attention 日ncl aJways respo l1ded with a gentle 
smile. 

Jn 1972 , Pro[cssor ancl J\在 rs. Di rac camc in 且nu且rya吕ain for 1hc 
High-En巳rgy Pbysics Conferencc. Th巳y rented a bouse in Coconut 
Grove on Tig巳rlail Avenue , which is in waJkinιdisLance [ro111 lhe 
Univcrsity (about 45 l11inutes) and also near the ocean at South 
Baysbore Drive. The village aL1110sphere o[ Lh巳 CoconuL Grovc area 
made il v巳ry suilable for his walks. Their daughter、 Mary ， came [r0111 
PrinccLon to visit the ll1 ancl also allcndecl l11巳 conferenc巳 Durin吕 that

visit , Mrs. Dirac inviLed my children to have t巳a wiLh the111 al Lheir 110m巳

15 



Seuda A. Kursu l10gIli 

and to meet Mary. My two daughters吨 Sevil and Ayda吨 my so口， Ism悦，

and the Diracs were having tea in the Jiviog room wh巳n the clock on the 
waJl started chiming 4 o'clock. Professor Dirac was very annoyed and 
asked who played with the clock. Apparently、 from their first day in the 
Coconut Grove hous巳， the c10ck had chimed ev巳ry [ifte巳口 mlllutes ， on 
the hour ‘ hal[ hour, and quarter hour. Professor Dirac could not stop 
thechim凶， so ， wh巳n the clock finally wou口d down啕 he did not rewind it. 
Mary fix巳d it without knowing why it had stopped , and Professor Dirac 
was cross with her. Mary wanted to leave right away.τhe children were 
surprised and amused to s巳e Professor Dirac so uncharact巳ristically
angry and could not help Jaughing \vhen they toJd me the story. 

At the end of th巳 confer巳丑ce ， which lasted only four days , Jv!ary was 
returning to Princeton. Behram was driving the Diracs to the airport on 
th巳 new 巳xpressway. 1-95 was a brand-new road to the airport.飞反!e were 
pressed for time‘ and Mary was wori巳d that sh巳 might miss h巳r plane. 1 
said to Behram , 'Th巳丑巳xt exit is the airport.、 Professor Dirac , in a stern 
tone. said to m巳‘Let' s not have back-seat drivers. ‘ That was the only 
tim巳 1 heard him speak to me in that tone ofvoice in the n巳arly 16 years 1 
kn巳w him. He was always very sweet and g巳ntle with me. 

We would go for long walks without saying a single word to each 
other, and we would both 巳njoy th巳 wallcs. One time气 he aslced m巳 to

waJk with bim from Jv! atheson Hammoclc B巳ach at Coral Gables to our 
house. 1t was such a long distance for m巳 tbat I began to feel fain t. He 
said , 'Let us go slowly , and you will b巳 abl 巳 to make it', and r did. 

Professor Dirac enjoyed sailing very much. It was very conveni巳nt for 
him , sinc巳 their Coconut Grove house was very 口ear the Coral Reef 
Yacht Club. 00 week巳nds ， he sailed witb Paul Vaughan , a fo口丑巳r

research ch巳mist for th巳 Goody巳ar Compaoy who made his fortun巳
mv巳nling a particular ceJl ophan巳 paper for industrial use. Paul 
Vaughan Icept his boat , lhe Flil11 FIIIII1 , docked by his house 011 the bay in 
Gables Estat巳s. He 飞vould bring the Fl im FI{! i71 to Coral ReefYacbt Club 
in the morning , and Professor Dirac \Vould board 1.bere for a day of 
sailing. H巳 wore his sun hat and carried a big scarf in his pocket for th巳
Jv! iami ocean breeze, which is always very pJeasan t. 

Before the 1969 epidemic destroyed thousands of cocoout trees in 
Jv! iami , we had man)' in our back yard. Professor Dirac was fascinat巳d
wilh them. Some 认!eek巳nds 、 W巳 had cook-outs for him in our garden by 
the pool 吨 and he would easily stretch his arm and pick a coconut from a 
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lr巳巳. EveηtbOllgh they were stilI green , he would crack them with an axe ‘ 

split t11em into h21l 飞'tS ， dr:lin the 飞vhite coco打u t ~nilk thro ugh 且 stl飞lnCf

inlo a glass , and drink it right away. He said it was deJicious. Then 、 he

wouJd scoop oul the lender coconut meal wÍth his pocket knife and eat 

S0111巳 o[ ÍL He always ate very little and very slowly. 

He loved 10 go to Crandon park on Key Bisc::ryne, where lhere are 

lhousands o[ coconut trees. The beach also attracted him with its lovely 

clean sand. Sometimes , I waded in the shalIow wat巳T 飞，vhile he was 

SWlm口ling ， but usua lIy I sat on a bench with Mrs. Dirac and we watched 
him enjoy 11is swim. Th巳 big ， whit巳 wav巳s would come and hit him , but 

be was not aí'raid of them. 1 always made sure that a life gllard was 

nearby. Afler his swims , 11 巳 wOllld go for a walk on the sandy beach and 
disappeaτfroI11 sigh(. Then , h巳 wouJd return , appearíηg in lhe distance吨

a tall 句 thiηfigure clad in a bri巳f swimsui t. As we waJked back to the car, 

he would som巳tim巳s pick up a brown coconut from lhe ground wh巳re il 

had [allen and carry it with him to the car. 
。ne tim巳， wc slOpp巳d at D r. Rhona's apartment on Key Biscayne, 

where the University ofMian刀 's Rosenstiel School o[Marine Sciellces is 

situated. 1 do not recall how D r. Rhona and Mrs. Dirac [irst mct ‘ but 
tbcybeιame immediate friends with a common H ungarian heritage. Dr 

Rholla workecl aS:J r巳search sci巳ntist at the Marine Laboratory 飞 VhiJc

the two o[ t11巳m spoke together in Hungarian , Professor Dirac would 

watcll with anmsemen t. He us巳d to sayto m巳，飞在oncie (as he called Mrs 

Dirac) likes 10 talk Hungarian.' Although he did not speak Hungarian ‘ 

it wa, oflittle matter咆 smce ， ev巳n when the conversa1ion was in English 、

h巳 us巳d 10 falI asle巳p in his s巳aL Oft巳口， 1hough , when he hcard his llame 
mention巳d 吨 he would op巳n his eyes and loo ]c a round , mor丑entarily

interrupling his ηap. 
飞飞Ic have a comforlable 'Florida Room、 011 on己 co 1'n巳 r o[ ou r house. 

BelJram lìses it as his study. On巳 day while Professor Dirac was visiting , 

hc dozed olTwbil巳 si !l ing in onc of the heavy , padd巳d chairs h巳l'avored

When I came inlo lhe room and noticed his eyes open , 1 aslced if、 he had 

had a nice rcst. He said he could not sJ 巳ep ， because Behram was chcwing 
gum and was making a Jot of noise. Behram had quit smoking at lhat 
l.ime and had started ch巳wing gum as a sllbsli1ut巳.

h丁 lhoseyears ， 13ehram W:lS v巳ry slrict with our young child r巳n. 、!hen

ìhe Diracs alld our famiJy would go Ol川、 the children would regularly 
:15 1.二 [0 have pets. Bchr<trt1 resisled llllli l, one evening afler 1h巳 childr巳n
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had eaten dinner at the Dirac's house without us , Mrs. Dirac lalked 
Dchral丁i into 1 巳t1 ing thc cbi1dre口 bave a dog. Behram brought home a 
dog which we named Pasha, whom we all (esp巳cially Mrs. Dirac) came 
10 10ve. 1'v1rs. Dirac would bring a tall can of dog food and feed Pasha in 
lb 巳 garden wl1己n巳V巳r t11巳y came to visit. One Saturday , Pro[essor Dírac 
W巳nt with Be l1 ram and my son to a丑 aft巳rnoon matinee to see the film 
S1ν iss Family Robi l1 so l1. 飞马Then lhe moví巳 was over and tbey came out, 
they saw that the two of them were the only adults at th巳 show.

On on巳 occasion ， I ask巳d Professor Dirac what he remembered most 
about his father. He told me his father insisted only French be spoken at 
the di l1n巳r table. Since Pro[essor Dirac did not feel comfortab1巳 sp巳aking

French , he did 110t sp巳ak at all. 
H巳 did nol ta1k much of his fath己r句 but he was quit巳 close to his 

1110th巳1二 H巳 often spok巳 o[h巳r， and h巳 took h巳r with him to Stockholm 
whel1 he reccivcd his Nobel Priz巳. He began his accounl with their train 
rid巳 to Swedc11. Professor Dirac had one sleeper; his mother had another 

in the n巳xt compartm巳n 1. 011 the morning of anival , she oversl巳pl and 
did 110t hear th巳 conductor knocking on the door early in the morning. 
认lhen the lrain puJJ 巳d up to the plal[orm , the conductor came by her 
compartlη巳111. Sh巳 dress巳d hurriedly ‘ not having had time to pack , and 
let lhe conduclor in. He slarted throwing h巳r b巳longings out th巳

window. H巳r cJ othes ‘ hair brush , and c0111b w巳re s1fe明 11 on th巳 plat[or111

as she bustlcd 0汀 the train. Professor Dirac rccounted this tale in his 
gently smiling ，二11most abashed way. Ther巳 were n巳wspaper report巳rs

looking [or hi l11, he added , and tbey wcre 巳V巳11 morc confus巳d than his 
mother 

1n Stockholm thc n巳xt day , he att巳nd巳d to business , leaving his 
moth巳r at the hotel. 1n thc ev巳ning ， when h巳 W巳nl back to 1h巳 bolel for 
his molhcr.吕hc was 庄。n巳. There was a dinner !到rly that nighl , and 
ev巳rybody startcd gc1ting worried. Evcntually，巳vcryon巳巳ls巳 gav巳 up

and le[t 1'or the party ，且nd he stayed bchind to wait for h巳r at the hot巳l.It
且rcw vcry late , and hc was about (0 call the police wl1en ，且t midnight , she 
app巳arcd happy and smiling , as if nothing had happen巳d. Sh巳 said sh巳

got on a boat to go sights巳巳ing around th巳 harbor， but it went far out to 
sca to 江not !1cr dcstination , and shc had to stay Oll the bo且t until it 
rcturncd to the harbor. 

Another boat story hc cnjoycd tc lJ ing was o[ his trip to Japan on 江

boat with Professor HcisenberιWhCll they arriv巳d in Japan , report巳rs
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ca !11e on board where 11巳 was standing on deck b巳side Heisenberg. As 
one of the reporters approached them , Dirac turned his back and 
slepped aside. Th巳 r巳port巳r asked Heisenb巳rg，飞νh巳re is Paul Dirac'?' 
H巳IS巳口b巳rg shrugged his should巳rs and said nothing. The reporter did 
not no(ice Professor Dirac. He interviewed Heisenberg and lefl. Dirac 
was happy thal he successfully a\'oided them (he outsmarted them). 
DcspIt巳 his quiet ways , he was always fuli of surpris巳s. One day , Mrs. 

Dirac asked me to go with them to Coconut Grove to an antique shop 
run by M r. Campbell and his mother. Mrs. Dirac and 1 oft巳丑 went 
shopping togcther, and Professor Dirac liked to tcase her. He would say , 
'Did you go sbopping with Sevda today') Tomorrow you will want to go 
back and return w11at you bought.'、 On this particular occasio日， sh巳

wanted to mak巳 am且jor purchase, so she took her husband along. Th巳y
looked at several pai丑tings i卫 the front roo l11 ofthe shop , before moving 
to 1he darker back roo l11 to s巳巳 the larg巳r paintings. Mrs. Dirac pointed 
to a big oil pamtlllg 0日 the 认'all and said to l11e,‘You have bett巳r 巳yes ，

look at ii. What do you thinkγ It was like a Toulouse-Lautrec paintiηg; 
a lady wea口ng a long 巳vening dr巳ss wi(h yelIow , orang巳‘ and red 110ral 

pnn l. 

1 r印阳-飞币c创111η1a川rkedι， ι寸ThiβS 1巴S 巳X且ctly 1川lik 巳 1山h巳 dress 1 wor臼巳 iωo th巳 C∞onf，位巳r臼巳1口1ce

pa川r勾 las吼t 丑对ight叫t! 、 Professor Dirac repli 巳d , ‘ Yours was low cut.' His 
ans飞vcrs were always short and (0 th巳 point

Thc Diracs , B己11ram. 且nd 1 once went (0 the Coconut Grove sidewalk 
ar1 show , where artists fro l11 al1 over (he Uniled States exhibit their 
work , Profcssor Dirac ]iked a painting of an old man loolcing bchind 
somc tr巳es and want巳d to buy it. Mrs. Dirac bcgg巳d Behram 10 pcrsuade 
him noL to , b巳cause shc lhought Ít was 且 tcrrible picturc. She said 
shc couJd nol bear to Jook at il. S0l11e11ow 、 W巳 escaped withou1 t11e 

pall1 t 1l1且·

JUSL 且 s som巳 pJaccs ar巳 known for their sunrises or sunse1s ，巳vcryonc
sccms 10 know aboul t l1 e 'l11oon over Miami 吨 Somc nighls , when they 
wçrc \'isiting us 、 Professor Dirac wouJd go out in front of1h 巳 house with 
Bchram and sland on the sidewalk away [rom the trces , looking for a 
C0 ll1 C1 in lh己 sky

。11C nighl , lhe [our o[ us were going out and we!它 standing by th巳 car

i11 fronl of 1hc house. There was a full 1110011 , and 1 notic巳d Pro[，巳ssor

Dirac looking around. He said to me , 'Thos巳 shoes would look nic巳 0口 a

d~lIl cc Door'. I was wcaring a pair of black tie evening shoes with thick 
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silver heels that 1 had purchased ín London. I was r巳ally surprised. 1 
said,‘Thank yo口'

Professor Dirac was not an avid television viewer, but there were 
shows h巳 would watch. 0口 Sunday nights , if th巳y happened to be a1 our 
house、 h 巳 watched The M asrerpiece Theoter or F orsythe Saga. He liked 
Irene , Soames、 wife; she was blonde and beautíful.飞Vhen Neíl 
Armstrong went to the 1丑。on 、 Professor Dirac watched it 0日 te1 巳VJSlOn

at our house. He sat in front of the television set allηight 、 causmg Mrs. 
Dirac to remark , 'Pau1 is glued to the television'. 1 recalled that 1 had 
met Colonel Frank Borman and mentioned to Professor Dirac that Mr. 
Gusman had introduced me to the form巳r astronauL 

Maurice Gusman came to America from Russia when he was 14 years 
old. He became very successful , first as a pharmacist in New York and 
later as a banker in Cleveland , although he hadηo formal edllcatiO l1. He 
was 1丑 his seveηties ， but h巳 was still workinσat Southeast Bank. which b 

he fOllndcd. Untíl his death ‘ M r. Gusman remain世 principal

shareholder of this substantial iηstitution. 
1 introduced M r. Gusman to the Diracs , and they b巳came friends. 

Mrs. Dirac 0ηce asked M r. Gusman about hís ínvestments , as she was 
interested ín leaming about the market. Professor Dirac did not say 
much during these conversations. He used to say to me，飞10st people 
lik巳 to talk , and very few peop1e lik巳 to listen.' M r. Gusman said to 
Professor Dirac, '1 口 ever seH stocks、 Profcssor Dirac replied , '1 never 
buy stocks' , stressing ev巳ry 认!ord with a soft voice and a g巳ntl巳 smile. He 
was very cautious in whatev巳r he ~aid ordid. He lik巳d to say穹寸here isno 
foo1 like an old foo1'. 

Just after M r. Gusman moved from thc Imp巳rial House on Miami 
Beach to a n巳wapartme丑t at Key Biscayn巳 Towers at the end of the 
islandηear the lighthouse , he invited the Diracs and us to dinner. His 
butler-cook prepared a lov巳ly m巳al of beef stroganoff, which was 
surpassed only by the ambienc巳 o[ the fïne int巳rior decoration and 
panoramlc ocean V1巳w.

M r. Gusman remarked during dinner that，因 much as he e口tjoyed his 
new residence, he had many fond memories of his form巳r apartment, 
incIuding the visit for a week from his friends , Lord and Lady SI10W. 

J , too , recall巳d the Snows' visit , which had been sponsored by Mr 
Gusman to enable us to hear lectures by Lord Snow. H巳 gave two public 
lectures at the Univ巳rsity onιTaking Care of Excell巳nce句 and ‘The 
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Dirac in Coral Gables 

World Problem.' During a conversation 1 had with Lord Snow , he said 

thal Pω1 DirJ.c \VD. S the greatest ]i\'ing Englishm::n of our tÜl1êS 211址

1110S1 deserving of the ‘ Order of Meri t' given Professor Dirac by lhe 
Queeη. 1 was fascinated to see t l1e Order of Merit al丁10ηg Professor 

Dirac's ktters and medals of commeηdatio口， which he carried ìn a finelv 

cr21fted c21se inside his attache c21se. 
Al lhe con cJ usion o[that ye21r、$ residence in Mi21mi , h巳 mentioned th21t 

he w21s very hap问I to retum to Cambridge before it got really hot here. 

Our îamìlies bad agre巳d to g巳 t together in England over the summer, $0 

we called on the Diracs in Cambridge. Professor Dirac was to din巳 at S1. 

Joh口 's College that night. The rule 飞vas that a fellow could not take his 

own wi[e (0 dinner at St. J o l1n's College; only another feJlow could invite 
her. 80 ‘ r went wi(h Professor Dirac to St. lohn's to have dinner and to 

meel the other [ellows. Professor Dirac wore his Cambridge gown , and 
W巳 sat at a long table ìn lhe center o[ the big dining room. Professor 

Diïac sat in the first se21t , and J sat next to him. There , I met D r. 
Maclaurín , who was sitting across from Pro[essor Dir21c. Dr 

MacLaurin had been in Istanbul in the 1930s. Pro[essor Dirac said to 
hi111,‘Sevda C0111巳s fro111 Cyprus. 、 1 added ，丁 come from the Turkish 
seclion o[ Cyprus. 1 first cam巳 to England as a studen 1. Now、 we are 

living in Amerìc乱， in Miami.' H巳 was a口 inter巳sting m川， who spok巳 a(

Jcngth about hìs travels. 
The younger fellows sat [urther down th巳 tabJe ， all dr巳ssed in gowns 

The candlelighl dinncr was serv巳d rathcr quickly , cours巳 a[(er course: 
Roast beef‘ boiled onions in cream sauc巳， aηd roasted potatoes. 1 

noLiced the yO l1 nger í，巳110ws 5ìtting down [1'0111 US W巳re no( talkinι ， bul 
eating as fast as lhey could. Professor Di 1'ac explain时 later lhat th巳yal巳

like this beca l1 S巳 supper was their main mea l. It was still light when 
dinner ended , 50 proíessor Dirac took me on a tour o[thc hall 认I e t11en 

W巳nl to t低 rs. Besikowitch's house nexl door 10 meet Mrs. Dirac , w110 
w几s visiting h巳r

On tbe Diracs' third visit to Miami , lhey rented a hOllse with a 

swimming pool that was a 45-minute walk [ro111 the Univ巳rsity. He l1 sed 
to swim in th巳ir pool 巳verγday. The hous巳 also was n巳ar Tahiti B巳ac11 ，

on th巳 bay in Coral Gables. The beach had little open straw shelters 

called 'chick巳es' ， with picnic tables and s巳ats. Professor Dirac liked to sìt 
111 the shade under the shel1er wh巳口 he was not in the watcr 

At on巳 time ， 1 had a v巳ry bad pain in my shoulder. 1 asked him i[ it 
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might be from going inl0 air conditioned plac巳s after being i口 the hot 
u孔江e advised , ',Vhen you go to sle巳p at night , cover yourself up , 

including your arms and ha l1ds. Y ou must have uniform temperature of 
the body when you are sJeeping句 This cured the probJem, and 1 am 
e1巳I口ally gra1eful for his advice. 

/\[t己r tl1巳 co江fere丑ce in January 、 h 巳 lold B巳hram 1hat a position had 
b巳巳n o[fered to him at Florida State University (F.S.U.) in Tallahass巳巳­
He Jiked the idea of Iiving in a small u口lverslty tow口， wìth its small 
roads , where he couJd walk D10re freeJy. He aJso preferr巳d th巳 cooJer

wín1er weather. His daughter , Mary , had moved to Tallahassee, so he 
decided 10 1110ve 1h巳r巳. He saíd he wouJd C0111巳 to the High-Energy 
Physics Co口ference ， as usual , and he did. 

Professor K巳lley recalls , 'Aft巳r he moved 10 Tallahassee, he retumed 
to Miamí for some tíme each year. Wh巳n I was fortul1 at巳 enough to se巳
him again , he always liked to talk about his walks in Tallahassee and th巳
turtles and birds h巳 had seen. H巳 was a keen observ巳r o[ 丑ature and 
always curious about what he saw. When he asked me qu巳stions ， he 
always wanted short answers that h巳 couJd think about. He did not like 
to b巳 in1errup1ed while thinking; h巳 pref，巳rr巳d to ask a110ther questio11 
lllst巳ad:

111 1982 , 1hc conferenc巳 was heJd at the K0110ver HoteJ on Míami 
B巳ach. No1 [ar [rom there is a11 excell巳nt Fr巳nc11 restaurant call巳d Cafe 
Chauveron , which I though1 thcy may Jíke. By that tim巳， I fell fr出

巳nougb lo sociaJiz巳 more and worry J 巳ss about enlerlaining at home. 1 
sugg巳sted to Behram that w巳 try il , so , one evening , w巳 went there with 
the Diracs [or dinn巳r. When 1 made lhe reservalions , 1 specifically 
reques1ed a well-li1 1able, as Professor Dírac díd not Iik巳 10 巳at in the 
dark. He wanlcd 10 order 'duck à l'orang巳" but i( was servcd o11ly f01 
two. Mrs. Dirac declined bu( sugg巳stcd lh且 1 f sharc 011巳 with him , whicb 
l dicL 飞νe had a l11os1 enjoyable 111 巳al and wcre pJ巳且sed 飞vith lh巳

rcsta u ran t. 
Behral11 was invit巳d by th巳 F.S.U. Pbysics D巳parlme11t to give a talk 

cvcry yeo. r il1 Dccember, and I wenl with hi l11 .1n early ycars , Mrs. Dirac 
would pick I1 S up o. t th巳且lrpo此， and w巳 would l11eet Professor Dirac at 
thcir bome. During cof[，巳c ， sh巳 o11ce r巳marked，‘PauJ ， look at m巳" and he 
looked up. Sh巳 th巳n said ， ιLook at your 巳y巳s. Th巳y ar巳 poppîng out. 
bec: l1.1吕c Behr且111 且nd Sevda have come 10 sce you 、

011巳 morning ， Professor Dirac , his assistanl , and Behram wenl 
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cano巳I丑g. Upon their retum to shore, the canoe tipped as they were 
丘己 Liîng out , and Bchr注111 got thorouιh1y soak己d. Hc had Lo 1且kc o[f his 
shirt and tro Ll sers aηd hang them up to dry , whi1e h巳 1ay in th巳 su口 1ike

an a1liga1or to dry. As the boats passed by , the peop1e wou1d stare. 1n t11巳
己vening ， when Professor Dirac lold us the story 、 h巳 was still laughing 

ìvírs. Dirac always had s11erry 0丑 the cockt二，il tabJe. 1 got Professor 
Dirac‘ s gI口ιer ak ready without the ice and passed around the sherry for 
th己 other guests. Professor Dirac sat comfortably in a chair ‘ looking out 
th巳ir Jiving r00111 window \vhil巳 havi丑g his drink. He would sit there 
peacefuJJy 吨 sometirnes closing his eyes and s1∞ping quietly , even when 
othcrs around hirn were ta1king or 1110ving about. H卫IS 丑mov巳臼111η entωsw 巳E巳

飞y巳ry ι 巳ntle. Hc would g 巳试t up sIowly , wa纣1k sJo 矶wly ， ta剖1让ke a st 巳p forward 
sι10\巩W浅可F忖 , and speak slowly , as i[he wer巳 countmg ev 巳ry word he was using 

to 巳xpress hi111se1 f. 
He had graceful hands with 10ng , s1 巳nder [ingcrs covered with 

1ransparent whitc skin , Jike fine porcelain lhat could break easily. At the 
Jilln巳 r tabJe, there was ham10ny between his hands and the fine crystal 
glass巳s when hc reach巳d out to drink his water - always without ice. 

In TaIlahassee, w己 always stayed in a motel as guests ofFlorida Sta1e 
línivcrsity and usually arranged our visits for Thursday and Friday. As 
SOOIl as wc arrivcd in TalIahassec on Thursday 111orning, Behrarn 
wal.l、 ed 10 the Physics D巳partment with Professor Dirac 21丘巳r he 
cxcha口gcd grcetin吕s with J\在 rs. Dirac. It was business as usual all day 
long. T l1ey spcnt the morning wi1h graduate students , and Beh.ram gave 
a colloquium ín [h巳 afternoon.I rem巳mbcr thal , during onc of our visits, 
Professor Dirac 叭'alked hom巳 [or 1unch and lef1 ßehram at the 
Univcrsity wi1h the physics p巳oplc. Mrs. Dirac , Professor Dirac , and I 
sal down ín thcir dining roo l11 to hav巳 lunch. Mrs. Dirac opened a can of 
sal ll1 0n [0)" Profcssor Dirac ‘ s Junch , b巳cause h巳Iik己d canl1巳d salmon 
Mtcr las1ing it wíth a slice of whilc br巳ad ， he got Ll p and w巳nt to the 
kilc lJ cn 、 rc1urnlll邑 Vvi1h a boHI 巳 of brown vincg且r.寸he sa1111011 tasles 
bcltcr wÎlh a littJe bi1 of vin巳gar吨， he remarkcd啕且nd poured some [rorn 
lLc bo1tle onto 1hc salmoll. H巳 secmed 10 enjoy his IUllCh VClγ l11uch ‘ I 

askcd him what kind of saJmo口 it was , thinkin!! that I could get it for bim 'ζ:> ~AA~~ ~ ..................~~ 0 

whcn thcy camc lo ν'YiaIl1 i. 飞鸟'hcn wc gol up fro111 th巳 table, Pro[essor 
Dirac went to th巳 kitchcn and broUl:ht the C<1n o[ salmon 10 th巳 dining

U 

rOO ll1 as 1 was clcaring lhe table. H 巳 r巳且 d thc label 10 111e: 、Alaska

Sllcl、cyc Rcd Salmo l1 '. Mrs. Dirac was very l11uch concerned about what 
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he ate. She bought jumbo-size eggs for his breakfast , b巳cause he would 
never 巳at two regular eggs. He used to say , 'Moncie is always trying to 
feed me'. 

Mrs. Dirac would say to Professor Dir町、 'Behram is 24 karat gold 二
and Professor Dirac would nod. But , som巳times. wh巳n she would get 
cross with Behram甸 she would say,‘You are copper now'. 

One da}气 whe口 Behram and Professor Dirac were riding in the 
巳levator、 B巳hram said to Professor Dirac,‘Y our tummy is sticking out , 

Paul丁 chiding that he was not as thin as Mrs. Dirac made him out to be. 
That 巳vening ， Professor Dirac did 口 ot wa l1 t to eat as much as Mrs. Dirac 
offered hi111 弓 because h巳 said Behram lold him that he was putti口g on 
W巳ight. Professor Dirac beli巳ved that people should 巳at sparingly. 
。ηe time, when S0111e Japanese physicists were to be in Tallahassee 10 

see Professor Dirac, he asked Behram 10 stay 011 through the we巳kend.
H巳 said he would like to take B巳hram and me 011 a glass-bottom boat on 
the biggest freshwater lake in 认Tacula Springs , Florida. It was a very 
nice, sunny day. 1 sat 0ηone side of Professor Dirac and Behra111 0口 the

othe[ sid巳 H巳 pointed out to us the interesting things as the boat cruised 
around th巳 lak巳. There was a kind of underwater show with all kinds of 
fïsh swimming b巳n巳ath us. It was very colorful a口d fascinati l1g to watch 
through th巳 boat 、s glass bottom. Professor Dirac 巳njoyed watching the 
different schools of fïsh perform. H e also pointed out to us the alligators 

hug巳 ones and th巳ir babies , which w巳re al1110st invisib!e in the 
landscape, sunning on the shores of the Iake. I told him tha1 I lhought 
alîigators exist巳d only in Everglades National Park near Miami. I asked 
rhetorically if he had heard th巳 expr巳ssion 吨‘See you Iat巳r， a!l igator', to 
which lhe response i孔、Aft盯 'while crocodil巳\

1n November 1977, Behram start巳d a new conferenc巳 series. The first 
111t巳rnationaI Scientific Forum 011 Energy was dedicated to Dirac's 
broth巳r-in-law ， Professor Eugen巳 Wigner吨 on his birthday. Behram 
inviled Professor Dirac to att巳nd that fïrsl Energy Forum , which was 
held in Fort Lauderdale at the Sunrise ì l1n 011 Fort Lauderdale's b巳ach.

A sociaI highlight o[ the con[erence was a party given by ]\在 rs.

Rosemary Bernstein in her beautiful oc巳anfront apartm巳nt at Point of 
Americas on Sunday night before th巳 con位rence started. Cocktails were 
31 7.00 p.m. , and dinner was served at 8.00 p.m. in the clubhouse party 
room. Amo l1g thos巳 invited were Professor ancl Mrs. Dirac, Prof，巳ssor

and Mrs. Bethe, Professor Hofstadter, Professor and Mrs. Teller吨 D r.
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and Mrs. Pierr巳 ZaJeski ， the French nuc1 ear a !tache [rom 飞iVashington ，

D.C.. and ~~r. and Mrs. .Tean Couture :md :'Jr. and Mrs. Ceorιes 
Vendryes from Paris. There were eight courses serv巳d. each with a 

dif[erenl wine, and sherbet between to clear the palate. 丁h巳 FreJl ch chef 
Jvlrs. Bernslein hired especially [or this affair created a 11巳w dish wilh red 
snapper、 8 10caJ físb , in honor of Be!1 r，习 m 匀 ncì his new conferenc巳 The

parly continued untiJ 2.00 a.m. 丁11e Russian represe口 ta(!ves 认rere late 
a了riving ， so they missed the party. Unfortunately , Professor Wigner's 
wife was very ill , and they could ηot come. Professor Dirac enjoyed 
himself, but he was veηr upset that his brother-in-law and sist巳r-in-Jaw
missed the party. 

。ηMonday morning at 9.00 a.m. , the conferenc巳 started. 丁he

participants were s巳renaded by four violi l1 play巳rs as lhey entered th巳
conference room , which was facing the oceaηon three sides with big 
glass windows 

Professor Dirac attended the moming sessions. During lhe lunch 
breaks , he walked across the road to the beach and went for a swim in 
the ocean.τhen ， he would sit on a bench and Jook a1 the water or go for 
a walk on th巳 beach. He would wear a pale yellow beach robe and his 

sun ha l. Sometimes, Mrs. Dirac and 1 would go over anò join him 
Onc day , whiJe we were walking on the beach , h巳 told me that he 

would t巳ach me a saymg: ‘It is easy , if you rem巳mbcr lhe symmelry 
飞瓦Tatch the symmetry'. He went 0口， 叶ìVh巳n a man says yes , he l11eans 
perhaps: wh巳n he says perhaps , he m仅ll1 S no; wh巳n he says 口 0 ， he is no 
diplomat. When a lady says 110 , sh巳 means perhaps; when sh巳 says

perhaps , she means yes; when sh巳 says yes , she is no lady'. 飞Vilh a couple 
of repetitions , I learned it , ancl he was pJeased. 

The following day , Behram arranged a picnic [or lhe confèfenc巳

participants al Birch Park , across the slreet fro l11 the Sunrise 1nn. The 
hoiel prepared box lunches , and went to the picnic wiih Professor ancl 
M rs. Dirac. Enjoying the picnic with us were Professor Basov and his 
Wl缸， who w巳re attending the conferenc巳 from Russia with two 
gentlemcn accompa丑ying tl1巳m ， Professor and J\I!rs. Beihe, and 

Professor and M rs. Teller. The presence ofProfessor Dirnc at the picnic 
made it an ev巳nt for the physicists in our 且roup. 丁his was 孔 free

aft巳rnoon [or the participants. I went for a walk with som巳 01' our guests 

and then walked back to the h01el wil Í1 Professor 江nd Mrs. Dirac. 
Professor Dirac liked the location and t l1e Sunrise 1nn 50 m \1 ch 1ha1 
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Behram boolc巳d the s且mehot巳1 forth巳 High-Energy Physics Conference 
Ín January 198 1. This was an exceptio口、 because this conference was 
always held in Coral Gables 
Th巳 conference party was in the ballroom o[the Sur[ Club in Sur[side , 

ηear Miami Beach.τhe orchestra started playing and 气 SOIl1巳how，

Professor Dirac was asked to slart the dance with 口1巳.飞孔Then 1 got up and 
walked to th巳 dance i100r wÍlh him , 1 did 口01 lcnow which way to tum 
He said to 111已，寸his way , I ha ve to lead'. The party was a great success 
and so was the High-Energy Physics Con[erence. 

Ifr巳quently asked Professor Dirac's advice. At that tim吼 1 was one of 
the wom巳n whow巳nt back to school to conlÍnu巳 their education. 1 had 
lïnished my B.A. degr巳e in mathematics , and , with Professor Dirac's 
encourag巳J11巳nt ， 1 was working toward a mast己f'S degr巳e ， also in 
mathematics. Sometimes Íl was very hard to pursu巳 my studies wÍl h my 
socially demanding ]i[estyle. Since we liv巳 n己arby ， Io[t巳n liked to walk to 
the campus 10 us巳 the Iibrary or study in my office. 1 found my studies 
very 巳xciting ， and 1 enjoy巳d spending my [r巳e 1ime learni日g high巳r

math巳matics. At th巳 S且me tim巳， 1 was afraid o[ what othcrs would b巳
1hinking about 111y behavior. So , 0口巳 day ， 1 asked Pro[essor Dirac about 
i l. H巳 said to 111 巴，‘You come firs t. Tbink abou t yoursel[ [ir乱. If nobody 
g巳ts hur1 , do it ‘ 

Exc巳p1 once or twice when they were ou1 of th巳 coun1ry ， Professor 
and Mrs. Dirac came from Tallahass巳巳 10 Coral Gables every year龟 until

January 1983 , which was 1he 20th an日 IV巳rsary o[ th巳 High-Energy

Physics Conf，巳rcnce. That conference was the last in 1hat s巳ries and was 
d叫ica1ed 10 Proi、巳 sso 1' Dirac's 80th birthday 吗 which was 1he previous 
Augusl. Hc did no1like th巳 id巳且 that SO I11 C peoplc slar1ed celebra1ing his 
80th birthdζl)' prema1urely. The mc巳ting 100k placc a1 the F our 
Ambass以10r.5 l-I otcl , whcr巳 he stayed 111c lïrst year he was in ]\在 iami. It 
was just by coincidcnce th以 the circle was comple1巳d.

Onc of his sludcnts fr0111 C且mbr址。C ， DI二I-l arish卢Chandra. cam巳 toc-, 
Miami f1'0111 The Insti1u1e for Advanced Study in Princeto l1. Hc was 
accompanied by his wife , Lili. They , too , slayed a1 the Four 
Ambassadors. It was like old tim巳s ， wh巳n Harish-Chandra and Behram 
wer巳 s(uden(s in Cambrïdg巳认/巳 W巳n( upstairs to Prof，巳sso 1' Dirac's 
apartme口 ton巳 dι厅， andh巳 W江S vcry happy 10 have Behram and Harish­
Chandra wilh him. He [el1 sleepy , so Mrs. Dirac persuaded him to lie 
down 011 (h巳 sofa. Evcrybody had to I 巳ave , and I stayed in the apartm己nt
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to s巳巳 that h巳 woke in tim巳 to go down for an int巳rview which was 
scheduled for 3.00 p.m 

ln the eveninιMr. and Mrs. MigueJ OrJandini hosted a di口n巳r

reception for the conference participants at 1he for丑1巳r estat巳 of Alcoa 
founder Arthur Vining Davis. Th巳 Orlandinis were the n巳w owners of 
the estate that Davis nam巳d 'Journ町、王丑d、 Since they own Bolivian 
tin mines , when Behr且m introduced the host and hostess , he said ，‘τ111 

can b巳 converted into gold verγeasily'. Professor Dirac came on the bus 
[ro111 1he Four Ambassadors with the other participants. Mrs. Dirac 
stayed home and had dinner wi1h the Harish-Chandras , as he had a 
hear1 problem and did not want 10 overdo it. 

That ev巳口1日巨， ma口y beautiful ladi巳s wanted to have their pictur巳S
1akcn with Professor Dirac for the n己wspapers. He was in exceJlent fOm1 , 

and ì was fortunate to have the opportunity to 巳口joy that 巳vening with 
him. He had a very good dinner , a l1d , at the end of the party , he said 
goodbye a l1 d went back to the hoteJ on the bus with the participants. As 
Behram said about Professor Dirac, 'By honoring Professor Dirac [or 
his 80th birthday , we 且 re honoring 1he party of the 20th High-El1 er，吕Y

Physics Confer巳nc巳 with his presence ‘ 

1n ì\1ay 1984, Behram wa吕]丑vi1巳d to Tallabasse巳 by Professor 
Lannu111 、 an 巳xpenm巳n1al physicist and associa1e dean o[ arts and 
scicJl ces at Florida S(a(e Univ巳rSI(y 咱 to give a lec1ure 011 ï-lumaniza1ion 
o[ Nuclear Issu巳S 、 Tbis was an eveni l1g lcc1ure , at 8.00 p.m. 011 May 

20tb. for FSU stud巳n1s and the pubIic. 
飞;'，'c arriv巳d in Tallahassee in the morning and took a 1axi to (h巳 1110 teI. 

平 'hcn wc callcd her弓 M r5. Dirac picked us up and drove llS to (heir 
homc , wherc Professor Dirac was waiting [or US. H巳 was very happy to 
sc巳 Bchram 吨 as usual. Aft巳r 1hey exchanged gr巳巳tmιS ， Bchram w巳n1 to 
111e Uniγcrsi1y ， and 1 slaycd 且 1 hOllle wi(h Pro[cssor and Mrs. Dirac. The 
1hrce of us bad a quie1 luncb a1 hom巳E

Professor Lannlltti clropp巳d Behram a1 the Diracs' home lat己 r in 1h巳
江ftcrnoon. 1n (he eve日ing ， Professor ancl Mrs. Dirac, B巳hram ， and 1 
wen1 ou1 to a res(aurant for dinner. We finisbed dinner in time 10 go to 
thc lccture halJ on the University campus. Professor Dirac sa1 in the 
fïO n1 row. ancl M r5. Dirac and 1 sa1 in the back with 50me friends who 
came to h巳ar Bchr且m spcak. 了he lecture wcnt well , and (berc was an 
且ctivc Cjuestion lim 巳 arterwards. 丁he qu巳stions and answcrs went on 
until 10.30 p.m. 八1 thc end ofthe lccture, 1he Diracs dropp巳d us off at thc 

27 



Serda A. KlI rs日nog/u

motel , and Mrs. Dirac drove hom巳 with Professor Dirac. 
The following day , Behram and 1 spent the day with Professor and 

Mrs. Dirac at their home. 1n the aftemoon , when we wer巳 ready to leave 
Tallahassee at the end of our visit , Behram went for a walk with 
Professor Dirac in the churchyard across the street from their house. 
Mrs. Dirac insisted that she take us (0 the aìrport in her car which was 
parked in their garage 

Professor Dirac came out throught the garage to se巳 US off. Mrs. Dirac 
was driving. As "ie pull巳d out in the car啕 he stood in front of the house, 
straight and tall , smiling , his hand up 飞飞.raving goodbye to us 

Behram told me at the airport , while we were waiting for our f1 ight , 

that this was the last tíme Professor Dirac would say goodbye to him. 
He said som巳how he felt it. 1 was 口 ot aware of it. 1 thought I would see 
him again. 1 did not want to believe Behram , but , unfortunately , in 丑ve

months , on October 20 , 1984 ‘ the whole world knew that we had lost a 
dear friend. 
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Recoilccti011s cf PaulDimc at Fio 
State U niversitv 

E 
Florida State University 

1 cannot presu111e to describe the impact of Paul Dirac on Florida State 

University. However, 1 can give 80111e personal recollections of Paul as a 
c1 0se friend and colleagu巳 during bis years with us 

Altbough my knowledge and appreciation ofPaul Dirac began in the 

chiJdhood ofmy career in physics , 1 had nev巳r seen or heard bi111 speak 
untiJ tbe fîrst time he caJηe (0 visit here at Florida State in January of 

1970. If 1 r巳member correctiy , someone had met him at one of Behram 
Kursu只 ogJu 弓 s conferences in Miami and invited him 10 visit 

J r比reIαm丑1elαmηb 巳盯r b 己ellη19 巳mη10tionaI口Iy mov 已ed b均y (山ha挝i 口命rst c∞ollo仪叫l(吁q吼巾lμ归川u川I口JUIη11

Ha趴飞V札叩'1心ing s(ωudie时d and 飞叽w叮刊/吵ork王ed in p抖11可ys创lCαs for mη乱口町yy严/吧eaωr飞s ， th巳 name Dirac 

was a basic constitue丑 t ， an Jl1 tegτal part of the warp and woof of 1丑y

understanding of physics. Dirac was nol a perSO I1. Dirac was an 

cqua(ion 、 a theory ofanti-matter弓 a deJta func(io J1, a 1110110pol己 or a kind 
o[ statistics. H巳 was only a name in textbooks and history - in 

association with other grea( names such as Einstein , Schroeding巳r ，

Heisenberg and Bohr. But , now , he was here , in person! Describing his 
work and his interactions with our oth巳r heros in textbooks! 

My 巳xperience was not unusual. 1 have leamed that it had occurred 

with almost everyo丑巳 at Dirac lectures - always giv巳n to capacity 
crowds. 

Having NSF Science Development Funds budgeted for visiting 
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i七八 M. Dirac ‘ January 1972 

CI11IlJ巳nl prufcs:wrs. wc invitcd him 10 cumc.back for lh巳 fall semcst巳r. Hc 

agrcc:d 1 \\付 wcrc cJalcd l 1-1 巳 spellt lh巳 fall of 1970 wilh u立

/\boul :1 W巳ck bc l"orc lhc Diracs wer巳 to 1巳av巳， al 且 Christmas parly at 

my lIomc , IvJargil Dirac (00]( 111 巳 ιlside (0 say lhal Paullik巳d it here. She 

ask巳ιI if il would b巳 pos吕iblc (0 arrangc a continuinιappo 1l1 1m巳n l. 1 

calmly rcspondcd lh川 1 would investig且1 巳. Of course , what 1 couldn.t 

s~ly was , I lJ al lliis 1'1' ::1 :3 whι11 1'1'巳 W巳re hopin吕 for all along! 

\孔lilhin (1'1 0 day吕， a J't cr 且 rapiJ sequ 巳nce of 111巳etings wilh Norman 
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Reco//巳crions of Pα11/ Dirac ar FSU 

H巳ydenberg (our departm巳nt chairman) , Bob Lawton (Dean of Arts 
aηd Sciences) , Paul Craig (Vic巳 President for Academic Affairs J, Stan 
Marshall (Presid巳丑吟、 and Bob Mautz (Chancellor of the State 
University System) , Paul was given an off，巳r and he accepted. 

I 巳specially rememb巳r that , since Bob Lawton was a Shak巳spear巳
scholar , he b巳cam巳 more enthusiastic when I asked how he would 
respo口d i[ Shakespeare had asked to joi日 our faculty! 
丁henext 14yearsarealcal巳ido岳cop巳 o[m巳mon巳s and I will recit巳 only

a [ew personal on巳s:

Lunch on th巳 7th i100r with Paul , Steve Edwards 吨 and Bill Moulton. 
Paul walking to work every day 
G巳1ting him on our High Energy Physics contract with 1he U.S 
D巳partm巳nt of Energy 10 support him with a r巳5巳arch associa 1e and a 
graduate stud巳n t.

Comm巳nt by our DOE contract monitor , Bemard Hildcbrand , 

concerning the need for peer review of the research proposai: ‘认1ho

could b巳 ap巳er to Dirac? Whose opinion could he accept , if con1rary?' 
His re[usal to accept an honorary degree [rom FSU , sinc巳 he had 

consist巳ntly refused 巳very oth巳r university iηthe world and he did not 
want to insult them. 

His contention at a Ma1hematics DcpartJ11 cnt scminar that lh巳

math巳matics that appli巳s in physics J11 ust be beautiful , sinc巳 il was th巳
for l11 sel巳cted by God. 

Thc female undergraduute student who came 10 his offícc and 11unded 
him a ros己、 comm巳ntinιonly thal il was to respect and honor him 、

and 1h巳n 1巳aving wilhout inlroduc1ion. 
My firsl non-family visitors af1巳 r my hc:.\rl surgcry wcrc PuuJ and Margil 

and Pau l's strong recomm巳nclation 1hat 1 do 1110re walking [01 
CXCIT1S巳

丁11 己口， for 1110re than a year, walking with PauI4-10-1 0 mil巳S on 1he fores1 
[j re trails of the Appalachicola Na1ional For巳s1 each Saturday and 
Sunday ~ Lost Lakc , Dog Lake , Silvcr L且kc ， behind 1he Acnon 
Church , around Lake Bradford , c1c. Contcmplating nature fr0111 21 

i且kcside

Rccounting his expericnce as an air-raid w且rclen during 飞鸟lorld 'vVar 11. 
Paul bcing prompted by Margit 10 tcJl jokes al 1巳as in thc Dirac living 

ro0111. 

31 



Joseph 五 . Lannutti 

Paul avoiding medical doctors. Until aηintroduction to Hank and 
Henrietta Watt began a lasting friendship. 

Pau]'s smile and sparkle whenever I visited him in his offíce. 
过is desk [ull of letters from people seeking his opinion. Gnce 

complaining that people should have the courage and commitment to 
proc巳ed with their ideas themselves. 

Surprise of a口 Encyclopedia Britannica interviewer when Paul said that 
the Physics Departl11 e口ts at Cambridge and Fl orida State were about 
th巳 same quality. 

Recounting his arguments at a meeting wilh the Governor that North 
Florida water r号sources shou1d not b巳 shipp巳d south. 

His greatest fear 矶'as loss of i 丑 tellectual prowess. But he continu巳d to b巳
creative to the end , dictating a contribulion for a Kapitza m巳morial

volul11巳 to his Research Associate , LeopoJd HaJpern , a few days before 
he died. 

Even with a severe case of flu , becaus巳 he had promised , he trave1ed to 
Ferrηilab near Chicago and stood alone on stage in front of a口
auditorium full of physicists and talked continuously for two hours 
without rest , reciting historical anecdotes for a conference on the 
history of physics. 

His llnusual and llniqlle agre巳ment to 1et us use his 丑ame on the main 
road [or Innovation Park. Evidence o[ his slrong support [or his 
adopted cO l11munityl He very much wanted to help Innovation Park 
and F10rida Stal巳 E

Although h巳 was one of the Falh巳rs o[ Quantum Mechanics , he 
conte11ded that it was wrong , and young physicists should 110t accept 
it so readily withoul queslion. 

His grand programs continued to th巳 end.τhe gravitational strength is 
110t constant 、 he said , and thcre ar巳 obser飞'able cosmological 
cons巳quences. The pathological repres巳ntations o[the Lorentz group 
may hold clues for a new quantum 111巳chanics ， h巳 said.

This was how 1 knew Paul A. ]\在. Dirac. 飞Norld leader in sci巳nce.

Profoundly in f1uential iηthe course o[ science and history. 
Acquai口 ta口ce of Ei日 slein ， the Queen , and the Pope. Known 缸ld

respected world-\"付e. Honored by academies of sci巳nce throughout th巳
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world. But , a modest and gentíe human being. Probably TaIlahassee's 

greatest resident ever. 
An inteIlectual giant who lived and worked for'us for almost 14 years. 

Uplifting and honoring us. His spirit lives on through his friends and his 
intelleclual legacies. 
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My association Professor Dírac 

γι 

InstÎtute of Advanced Study , PrÎnceton 

As a young undergraduate În 1940 , 1 came across a copy ofDírac's book 
The Principles of Qua l1 tum M echanics - the fírst edition of 1930 - in the 
library of Allahabad U niversity in India and was imm巳diately fascinated 
by it. The exposition was so lucid and el巳gant that it gave me th巳 iJl usion

of ha ving understood most of it and prompted in me a strong desire to 
d巳vote my life to theoretical physics. K. S. Krishnan , who was 
appointed Professor of Physics at Allahabad two years later, 
巳日courag巳d me in every possible way and on the basis of his 
Y巳comm巳ndation ， Bhabha accepted me as a research student at 
Bangalore in 1943. At that time , Bhabha was 丑Jainly inter巳sted in two 
proJ巳cts ， th巳 classical theory of poin t particles and the th巳ory ofparticles 
of high巳r spin. Both of thes巳 had their oligins in papers by Dirac. 1 did 
some work in thes巳 areas ， some of it jointly with Bhabha , and he sent it 
for publication to the Royal Society. During the war, themail between 
India and EngJand was very slow and , th巳refore ， as a special favor , 
Bhabha requested Dirac to corr巳ct the proofs of th巳 first two papers. 
丁his is how Dirac came to hear about me and , eventually , to acc巳pt me 
as a research stud巳nt at Cambridge in 1945. 

Although the war had ended , things were far from normal when 1 
aniv巳d in England. Cambridge was almost deserted , and Dirac had only 
two other rcs巳arch students: S. Shanm丑1Ugadhasan fr咱0111丑.1 C巳y川lon (now Sri 
Lank 且叫)， who创n丑11 had met b r.口:1 巳í1y i η Banga纣lor飞 and SOl均1让ja Ashauer f仕ro口m1 

34 



lvJy assoôa fÍo l7 \vÎlh ProJèssor Dirac 

Brazil. As a thesis problem , Dirac asked me to investigat巳 lhe irreducible 
reDresel1 talÍons of lJl 巳 Lorentz group. 丁he finite-dimensionaJ 
repres巳ntations were all known but 11011e of them , exc巳pt th巳 trialol1院 IS

u !1l tary. 丁herefore， he \瓦rant巳d me to look for in日nite-dim巳nsional

unitary representationsτhis is how 1 got start巳d il1 group 

rcprese丑tat!Ons

In Cambridge, my personal contacts with Dirac wer巳 rather

infr巳quent. I went 10 his lectures but soon dropped out when 1 
dlSCO\ 巳red that they were almost th巳 samc as his book. How巳ver， I did 
attend th巳 weekly colloquium ruηby him. 1 found that he was very 
ge日 tl巳 and kind and yct rather aloof and distant. Ther巳fore， I fcl t that 1 
should not bother him too much and went to see him only about once 
巳且ch t己r111. At my request , 11e communicatcd 111y paper 0且 thc Lore丑tz

group to the Royal Society and anoth巳r one to the Physical Review. He 
also got m巳 admitted to th己 Institute of Princ巳ton in 1947. But, beyond 
this 、 1 had 口o way of knowing what h己 t110ught ofmy work. During my 
stay at Cambridge, 1 attended the lectures of J. E. Littlewood and Philip 
Hall and discov巳red th巳巳xciting world of mathematics. 1n those days 
bcfore renormalization, quantUl丑 electrodynamics was plagued with 
divcrg巳ηt integrals , and 1 began to have an u口巳asy feeling that what 1 
W且S doi l1g had very littl巳 connection with physical reality. This drov巳 me
to look [or com[ort in the security of pure math巳matJ cs.

Dirac was also sp己nding the acad巳111ic ycar '47二48 i日 Princ巳lon ， and , 

in fact , 1 was appointed to b巳 his assistant. Soon aft巳r coming to 
Pri11ccton , 1 became aware that my work 011 the Lorcntz group was 
bascd on S0111己what shaky arguJ11巳nts. I had naivcly 111anipulal巳d

unboU11ded op巳rators without paying a日yat1巳ntion to 1hcir d0111ains o[ 
dcJïnition. J 011ce compl山口已d to Dirac about lh巳 [aci that my ])roof:吕
W巳rc not rigorous and h巳 r巳pJied ，‘I am not i11tcrest巳d in proofs but only 
in what nature does. 、 τhis remark confirmed my growing conviction 
lhat 1 did not have th巳 myslcrious sixth scnsc which onc nceds in order 
to succeed in physics , and 1 soon d巳cid巳d to 1110ve over 10 mathematics. 

1 havc often ponder巳d over the roJes of knowledge or exp巳nence on 
theon巳 hand and imagination or intuition 011 the other, in lhe process o[ 
discoverv. I believe that there is a certain fU11dam巳ntal con l1 ict b巳tw巳巳n
the two , and knowlcdge , by advocating caution , tends to inhibit the 
l1 ight of imaginatio丑. Th巳r巳[or巳， a cerla ll1 11 aJ v巳té ， unburdened by 
convcntional wisd0111 , can sometimes be a positive asset. 1 r巳gard

35 



Harish-Chandra 

Dirac、s discovery of the relati飞也tic 巳quatlO日 of the electron is a shining 
example of such a case. The arguments which he gave for his derivation 
are very suggestrv队 bu t_ on closer examination, th巳y do not seem to be 
entirely convinci口g. H巳 said that the equation should be of th巳 first

order. But , if he had had a more co口 ventional grounding in differ巳ntial
巳quatlO时， h巳 would have realized that the Klein-Gordon equation 、 as

Kemm巳r showed later, can also be w口tten as a first order equation. The 
second argum巳nt that the probability density ought to be positive was 
Iηore cogent. But then his equatio卫 12.口ded him in terrible difiïculti巳S
with the negativ巳巳丑巳rgy states , and it took a very bold strok巳 of

imagination to rescue it from ther巳. In fact , the pτoposed solutio口，
although physically very daring and attractive, was math巳matically
somewhat ungainly and awkward. N巳vertheless ， within a few years , 
nature conferred her approval on Dirac's marvellous insight by the 
discovery of th巳 positro口.

I have found that reading Dirac's papers is a m巳morable experience. 
Even though they always deal with some major probl巳m ， they are 
usually quite short. Knowing the difficulty ofthe subject , t11巳 reader is all 
geared for uerc巳 skinnishes on the way wh巳r巳 he will have to slay 
dragons before he caηreach the covet巳d treasur巳. But. as th巳 journey
unfolds , no dragons materialize, and all the obstacles keep melting away 
under the magic spell of the expert guide. There are 110 complicated and 
laborious computations, and the argument proceeds so naturalIy and 
smoothly that there is an illusion of effortJ巳ssness. Finally , on reaching 
th巳 goal; the reader cannot he1p wondering what the fuss was about and 
where did the difficulty of the problem li巳.

In Princeton, the Diracs invited me to their hous巳 many times, and I 
cam巳 to know the whole family quite well. 1n the spring of'48 , tbey took 
m巳 on a short lrip wíth them to Ithaca where Mrs. Dirac's sis1er and 
parents had a fann. They all received 111巳 very warnl1y , a口d ， as a result , I 
have felt a close personal bond 飞.vith t11巳 Diracs ev巳r slJ1ce. 

Although I cannot claim that my work had clos巳 links with tbat of 
Professor Dirac, it is true that , as I said ear1i町， my lO l1g infatuation with 
group r巳presentations came about from a suggestion of Dirac. 
Mor巳over， his example was always a powerful guiding in f1 u巳nc巳 in my 
lifl巳.Th巳 aw巳 and rev巳re口ce which 1 have felt for him for over 40 years is 
now mixed with a feeling of gratitud巳 and affection; therefore , 1 am ve巧r

happy to have this opportunity of paying homage to the profound 
originality of his thought a口d the purity and g巳ntle口 ess of his spirit. 
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The name Dirac meant something important to me well before I had 

taken my first steps into theoretica! physics. I hav巳 a vivìd me1110ry o[ a 

day during 111y fïna! year at schoo! , when , in an end-of-term talk 011 the 

latest ìn the physìcs of ato111s , my science masler went to lhe blackboard 
and wrote down a !ist of 口ames:

Pla l1ck Einsteìn Bohr 

Bom de Brogli巳

Schrδdinger Heise口b巳rg

Jordan 

Dirac 

I didn't retail1 much ofwhat was said in that talk ，巳xcept that 、JJ1 some 

way 龟 the word 'wave' was r巳!ated (0 the two nam巳S 011 the rigbt and th巳

myslerious word 'matrix 、 to those on the left. Sìnce my schooldays 

ended in the spriηg of 1930 and Dirac气s firsl great paper had appearcd 

only four years carlìer,* 111y schoolmaster 111US( hav巳 broken som巳 kind

of a record in the communication field.t 

Why I know for certain that Dirac's name stood on that blackboard is 

布 Not 11>s lïrst publication , w11ich 1 believe was in print before Dirac was 22! 
i' 1 think this is made only slightly Icss remarkable in t11e light o[t11e knowJedgc tbat hc had 
a stron且 P巳rsonal interest in lhe career of his foπncr pllpil PascllaJ Jordan , in whose 
foo(stcps 1 飞，vas urged to fo l1 ow 
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that,for quit巳 S0 l11e y巳ars Sl丑C巳 that day , 1 carried in my l11ind the picture 

of a Pantheon o[mod己r11 Sιiencc inhabited by jus1. 1.ho吕e nine people. Of 

ιourse啕 at that tim己， I kncwηothing about Dirac the l11an , not even in 

wha 1. part of th巳 world h巳 was at home 

I n 1.his litt1e of[ering in memory o[ Pau1 Dirac , 1 should lik巳 to relate 

how my knowledge 0[1h己 j丑an and his work gradually deve1oped.1 want 

to testi乌， that , wha1.ev巳r criterion might b巳 applied 1.0 revi妃， enlarge , or 

reduce 1.he list of occupants of my Pantheon , wh巳1.h巳r th巳n or now , the 

口ame Dirac is there to s1ay. 

My first introduction to Dirac's work came in 1932 , when 1 attend巳da

brilliant first course on quantum m巳chanics give口 by Gregor Wentzel at 

Zürich. 1 stil1 hav巳 th巳 1ecture notes 1 made at the time and see that, 
towards the end of th巳 course , we wer巳 pres巳口ted with a v巳ry clear 

accoun1 of Dir町、s work on the quantisation of the radiation field 1. 1 

hav巳 110 similar de[inite evidenc巳 of my first 巳ncou11ter with th巳 Dirac

equation for 1he r 巳lativistic elect fO n 2
, but lhat could 110t have b巳巳丑

much 1al巳r. By the 巳11d of 1933 , wh巳n 1 was starting on my first research 

problem , that equa1ion was central 10 my work. 1 also remember vividly 

how , in a Zürich bookshop , 1 pick巳d up their sole copy o[ Dirac's 

Qua /J ttl l11 M ecJw l1 ics in its first edition. 1 have that copy be[or巳 me 110W 

wi 1.h 26 1.h October 1934εntered as the dat巳 of my purchas巳. Anyone 

[amiliar on1y with 1at己r 巳di1ions wou1d be surprised to s巳巳 that bras and 

kels do not figure in it and that oth巳r standard rnat巳rial associated with 

Dirac 's nam巳 is not yet there , but h巳 wou1d c巳rtain1y r巳cognise th巳

1.ypical Dirac style; tlle clarity , directn巳ss ， and self-containedness -

P巳rhaps 'puri 1.)户 is lh巳 word 1 want - o[ the pres巳ηtation lS 

unmislakeab1巳

1 bad beard fr0111 Wentze1 of t11巳 'Iransfom1ation theory' o[ quantu111 

111cchanics , which S0111巳how unifìed the diff，巳ren1 possibl巳 approaches 10 

th巳 subj巳C1 3 吨 but‘巳ven SO , the bold , sw巳eping exposition of this 

unifica1ion 1 found in lhe book as10nish巳d and thrilled 111e. Let me dwell 

for a 1110mcnl on jus 1. one [eature of Dirac's approacll - 111巳 'delta

func1ion'. r叫 year1i巳r studi巳s had been centr巳do口 mathematícs ， maínly 

undcr ins1ruction [rom purists and formalists. Reading of 1he delta 

[Ul1Clioll , l 1'clt \孔'élS 1reading 0丑 forbidd巳n ground , 10 be avoided by all 

good 1i 1ll巳 ma1hematicians. Soon , howev巳r， I was eager 1.0 accept what 
Dirac olrered. How di[[erent 1hing吕 are 丑owaf1巳r 飞lis1ributio11 tll巳ory'

has providecl resp巳ctabi1ily 1'or tll巳 Dirac approach. 飞Nllat a contrast 
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thcre is , to giv巳 but one small exar丑p1e ， between the painstaking 111ethod 
of CClntour integratio口 by which 飞Ventzel derived the rctard巳d

potentia1s for us , and the few 1ines that wer巳 sufficient whe口， much 1ater, 

1 had to present the same resu]ts in my 1ectures! 

At the start of 111y work for a doctorate, Wentzel handed 111巳 a reprint 

that was importa丑t for the work: he was doing at the time. That sam巳

y巳Jl owing booklet is a!so with m巳 now. It is probably the first reprint of a 

scientific paper that I ever possessed and is certainly the first of Dirac's 

original publications that I studied. For Dirac , it is a且 unusual paper 

b巳cause 1t r巳ports on a collaboration with Fock and Podolsky , who ar巳

co-signato扫 es4 . It was publish巳d in the long defunct Physikalische 

Zeitschrift der So叼etul1l o月.飞Ventzel was inter巳sted in it during his 
cfforts to eliminate the self-energy of the electron described by th巳 Dirac
equation (in its original form , with negative energy levels). 飞鸟1entzel's5 

efforts w巳T巳， of course, not successful ,* but he was right to have chos巳n
thc Dirac-Fock-Podolsky paper for study. Tt is a remarkab1e 0丑巳;ifone
Iooks at it now , one can s巳巳 l且泣， with its many-time description for a 

n飞any-el巳ctron system and ils techniqu巳 of canonical transformations , 
th巳 ancestry of the ideas of Tomonaga and Schwinger that 1ed into 
Quantum Electrody丑amics as it is pr巳se口1巳d today. 

As for 111y own car1y r巳search ， the Dirac 巳quation was ìn th巳 centr巳 of

alì 1 tried to do , and even a Iittle lat巳r ， when 1 was mor巳 int巳r巳st巳d in 
boson than in fermion fields , many of the id巳as that 1 helped 10 deve10p 
gr巳W out of what had been first 巳ncounterecl with Dirac's eJectron­

posilron field. 
The history of that field itself provides a口 cxampl巳 of how far beyond 

olher pcople's horizons Dirac was able to see 认dle丑 h巳 fOffiluJated n巳W

idcas. True, when h巳 firSl pub1ish巳d the idca 7 of the vacuum witb a!l 
l1cgativ巳 en巳rgyel巳c1ron states filled , he was not ready to break out of 

111 己 confìnes of t l1e t l1en know丑 world of physics by postuJating a Ilew 
parlicle and saw lhe prolon ìn t11己 ro1巳 of ll1巳己l巳clron 、s anlipaflicle 

iwhicll promptly led Pauli to dismiss the whole pictur巳).How巳vcr， as we 
all know , Dirac triumphccl in the end 8 

need not go on to enumerate forward movcs in 1h巳ore1ica1 physìcs 

身 Howcver， lhe formulalion of eJcctroJynamics contained in Wcntzcl's work allraCled 
Dirac.s al!ention 6 Thc construction hc numed 飞Ncntzel [icld. wus lukcn from thc papers 
jlublíshcd by \νenlzeI ul l11c limc , anu Dirac￥‘Iambda-limilin且 proc('$S、 was

forcshadowed ín 认'enlzel's 认'ork
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that started in Dirac's rnind. I arn sure that rnany will be rnention巳d by 
others joining in this tribute. One thing , however, needs to be str巳ssed.
There have been huge developrnents in the physics of th巳 last half崛

century frorn which Dirac stood aside. Many experimental results were, 
I am sure , as unexpected to him as to the rest ofth巳 physics world. Many 
trends have go日e in directions that seemed unsatisfactory to him , even 
though they grew from the base he cr巳ated. Quite a few of Dirac、s

papers , though always original and fuIl of surprises 、 wer巳 too far 
removed from fashionable thought to have attracted the attention that 
th巳y deserved. However, the unique feature of his work was that it 
t巳nded to do the revers巳 of becoming dated. While other peopl巳 's

unfashionabl巳 contributions tend to rest in peac巳 betw巳en the covers of 
journals to be entirely forgotten in due course , Dirac's worl< tends to 
grow topicaì with age. This is surely true of what he said about the 
variation of physical constants with tirne9

• and what about th巳

monopole?lO So 1 say to colleagues more active than r arn these days: if 
you 卫丑巳arth an old Dirac idea that seems ofno signifícance- watch out, 
it rnay be th巳 theory of tornorrow! 

I rernarked at the start of this offering that, in due course, Paul Dirac, 
the man , became important in my life. Let rne bri巳f1 y teIl the story. As 
soon as r found myselfback in England (where I had spent t巳ny巳ars of 
childhood), 1 was eag巳r to meet that hero of mine in p巳rso日. Cambridge 
was easily acc巳ssible ， and 1 had [riends there; aJso , there were regular 
meetings of physicists in London attended by many Cambridg巳 folíc

However, I have no memory of seeing Dirac during that p巳riod and , for 
c巳rtain ， th巳r巳 was no significant p巳rso日 al contact. I口 1940 ， I was moved 
to Carnbridge to do woτk ofwhich I was sworn to say nothing except to 
co斗凡rorkers in the group. 1\1y pr巳sence in Cambridge was known , 
however, so that 1 met many physicists on a purely sociall巳vel ， and in 
due cours巳， 1 also helped the depleted Cavendish staff with some 
lecturing.I still did not 111巳巳t Dirac in U niversity surroundings , as far as I 
rernember. Naturally , 1 acquired a mental picture o[ him as aloof and 
unapproachable. Then the dear friends in whose house 1 was living told 
meon巳 day that I was included in an invitation to afternoon tea with the 
Diracs - just down the road. That day , 1 [ound myself j丑 a beautiful 
garden in an atrnosphere of warmth and infor丁nality with Paul Dirac 
and his daughters on th巳 lawn or among (or ev巳n up) the great tr己巳 s.

True、 in gen巳ral conversation , our dear , gracious hostess contributed 
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rather r丑ore than her illustrious husband 、 but 1 soo口 knew that 
adjectives like aloof or cold to describe him 飞飞Tould be 飞'ery f:立了 from tnJe 
pauI Dirac, on whatever tbeme, said what there was to be said in a 
minimum o[words match巳d to a maximum o[co l1 ten1. The clarity ofhis 
spoken words was the san生e as i口 his writings 、 but there was aclded 10 it 
111 eJement of warmth and humanity that immedi:Hely put one at east. 
That tea party was only one o[ a number of happy , privrne occasiollS. 

I飞 wartime stay in Cambridge only lasted for a few y巳a[s ， but it was 

my great [ortune that my first peacetim巳 job brought me back there , bu t 
under quite different conditions. I re-emerged fully inlegral巳d ìnto 
University and CoJlege Iife. AIso , a[ter not much more than a yea了， I 
married; our happin 巳ss was added to by th巳 warmth with which my 
ncw wife - and in du巳 coursc嗡 our children - werc receivec1 by the 
Díracs. 

Now , in addition , I had th巳 privilegc of working in the I工aculty of 
which the Lucasian Professor was the mosl distìnguished member. This 
was th巳 Faculty of Mathematics which was abl巳 to attract virtually all 
the most gífted young math巳maticians from English schooJs and rnany 

1110re frorn eIsewhere. In general , Pur巳 Mathematics was the 111051 
prestigious subject , but Dirac's annual course oflectures 10 what would 
have b巳en the final undcrgraduat巳 y巳ar in othcr universities inspired 
111any of the ablest students 10 turn 10 theoretical physics. In 1he 

Cambridge system there was , bowever弓 an addilional ycar lbal was 
已omparable 10 a post-graduate year elscwhere. Wìthìn this , 1 was 

巳ntrusted with a two tern1 course called 'Nuclear Physics'. ln i( 吨 1 \vas 

suppos巳d to cover aIl tha1 was 1二nown in 1110sc days abolll nucl巳1 ，日 clcls

and partic1es. Inspired by what lhcy had ìearned [ro111 Dirac 、 many

students cam巳 to hear m巴， and I am sure 110 yO Ll llιleclurer ‘lJ1 ywh己i 己以

the time could havc been addressing a 1110re gi fLed asscrnbly ofwould-bc 
theoretical physicists. From among them , t lJ erc cam巳 a $(己ady s(r巳am of 
applicants to continuc 0ηPh.D. work - with , of coursc , Dirac a 吕 fïrSl

choice for a superviso r. Since、 however， working with even onc res巳arcl1

student did not always fit into Dìrac啕 s plans , 1 was overwbe!med wi1h 
applicants whom 1 500n found c1 ifTicul( 10 accep t. (I nearly rcfused 
Abdus Salam!) Happily , aft巳r a [ew years , was joined by coll巳agues
with whom 1 could share this work (an c1 1 could also pass on some o[lhe 

worlc to coI!eagues elsewher巳、 particula rIy (0 R.udolf Peierls at 
Birmingham). There is , thus , no doubt in my mind thal the c1 evcloplτlenl 
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tbat started in Dir挝、s mind. 1 am sure that ma丑y will be m巳ntion巳d by 
otbers joinin吕 in lhis tribu 1 巳 One thing , howev巳了， n已巳ds to be stressed. 
Th巳re have b巳en huge developme口ts in the physics of th巳 last half­
century from whicb Dirac s100d aside. Many experirnental results were, 

am su!"巳句 as unexpected to him as 10 th巳 r巳st ofthe physics world. Many 
1rends have go日巳 in directions that seemed unsatis[actory to him , even 
1hough they grew from the base he created. Quite a few of Dirac ‘ s 
papers , though always original and full of surprises , w巳re too far 
removed from fashionable 1hought to have attracted the attention tha1 
1hey deserv巳d. However, 1he unique feature of his work was that it 
tel1 d巳d to do the r巳V巳rs巳 of becoming dated. Whil巳 other p巳ople's

unfashionabl巳 contributions tend to rest in peace between 1he covers of 
Jourηals 10 be 巳ntirely forgottell in du巳 cours号， Dirac's work tends to 
grow topical with age. This is surely true of what h巳 said about the 
variatioll of physical constants wi1h tim巳9 _ and what about th巳

monopole?lO So 1 say to colleagu巳s more active than 1 am th巳se days: 江

you un巳arth an old Dirac idea that se巳ms of no significance - watch out, 
it may be the theory of t0 l110rrowJ 

1 remarked at the slar1 ofthis offering that , in du巳 course ， Paul Dirac , 

the ma丑， became important in my life. Let me brieJ1y telI tll巳 story. As 
soon as 1 found myselfback in England (wher巳 1 had spent ten years of 
childhood) , I was cager 10 meet that hero ofmine in persoll. Cambridge 
was easily acccssibJ 巳， alld Ihad fr冗nds th巳re; also , there w巳r巳 regular

m巳巳tillgS of physicists in London att巳nd巳d by many Cambridg己 follc.

Howev巳r ， I have 110 memory of scci l1g Dirac during that period and , [or 
cer1ain , 1her巳 was 丑o signi日cant p巳rsonal cOlltact. 1n 1940 , 1 was moved 
10 Camblidgc 10 do work ofwhich 1 was sworn to say nothing 巳xc巳ptto

co-work己r5 J 口 1he group. My presence in Cambridg巳 was known , 
how巳V巳r， 50 that 1 met 111any physicists on a purely social level , and in 
duc course , r also heJp巳d th巳 d巳plelcd Ca vendish sta[f with some 
lecturing.l stiIl did no1 meet Dirac in U11iversi1y surroundings , as far as 1 
rem巳mber. Naturally , 1 acquired a m巳I1tal picture of him as aloof alld 
ullapproachable. 丁h巳n the dear friends in whose house I was living to!d 
l11C Olle day that 1 was included in all illvitation to afternoon tea with th巳
Diracs - jusl down 1he road. Tba1 day , 1 found myself in a beautiful 
gardcJl in an atmospbcre of warm1h and illformality with Paul Dirac 
and his dauιhlcrs 011 1h巳 lawn or among (or even up) th t; grcal1r巳es.

Tru 巳， ill general conversation , our dear , gracious hosl巳S5 contributed 
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rather more tha日 her illustrious husband , but 1 soon knew that 
adjectives like aJoof or cold to describ巳 him wouJd b巳 V巳ry far from true. 
paul Dirac，。丑 whatever theme , said what there was to be said in a 
minimum ofwords ma1ch巳d to a maximum of content. The clal1ty ofhis 
spok己丑 words was the same as in his writings , but there was added to it 
an elemen1 of warmth 且nd humanity that immediately put one at ease. 
That tea party was on1y on巳 o[ a 口umber o[ happy , private occasions. 

My wartime stay in Cambridge only lasted for a few y巳ars ， but it was 
my great fortune that 111y first peacetim巳job brought me back there, but 
under quitc differ巳nt conditions. 1 re-em巳rged fully integrated into 
Univ巳rsity and College life. Also , after not much more tl1an a yeaf, I 
married; our happiness was added to by the warmth with which my 
new wife - a丑d i口 due course , our children - were received by the 
Diracs 

Now , in addition , 1 had th巳 privil巳ge of working in the Faculty of 
which the Lucasian Professor was the most distinguisl1巳d member. This 
was the Faculty of Mathematics which was able to attiact virtually all 
lh巳 most gift巳d young math巳maticians from English schools and many 
more [rom elsewhere. In general , Pure Mathematics was th己 most

prestigious subj巳ct ， but Dirac's annual course oflectures to what would 
have been the final undergraduate year in oth巳r universiti巳s inspired 
many o[ the ablesL sludents 10 turn to theoretical physics. 1n the 
Call1bridg巳 system ther巳 was 、 how巳ver ， an additional year that was 
comparable to a posL-graduat巳 year elsewhere. W i1hin this , 1 was 
巳ntrusted with a two term cours巳 called ‘Nucl巳ar Physics'. 111 it , 1 was 
supposed to cover all that was known in those days about nuclei , fields 
and particles. Inspired by what they had learned [rom Dirac, many 
sLudents came 10 hear 111号， and 1 am sure no young lcclur巳r anywhere at 
lhetim巳 could hav巳 been addr巳ssing a more gifted ass巳l11bly o[would-be 
theor巳tical physicists. FroJ11 among them , lher巳 came a st巳ady stream of 
applicants to con1inue 011 Ph.D. work • with , of cours己， Dirac as 丘rst

choice for a sup巳rviso r. Si日C队 however， working with 巳ven one res己arch
slud巳nt did nol always [it into Dirac ‘ s plans , 1 was ov巳趴可helmed with 
applicanls whom I soo旦 found di[ficult to accept. (1 丑巳arly refused 
Abdus Salam!) Happily , a[ter a [ew years , 1 was joined by coll巳agues
with whom 1 could share 1his work (and 1 could also pass on some o[th巳
work Lo colleagucs elscwhere , particularly 10 Rudol[ Pei巳rls at 
Birmingham). There is, thus , no doubt in l11y I11 ind that the development 
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ofthe postwar school of theoretical physics at Cambridge all began with 
th巳 impact of Dirac's Quantum Mcchanics Course. 

Within our postgraduate group in those early postwar days , Dir时's

personal iniluence was also felt strongly. He r巳gularly attended the 
seminars in which we sought to keep abr巳ast with the f100d of advances 
in our subject. Through Dirac's interventions , which were , as always , 

short and crisp , he could often do more to clari乌! our thinking than 
hours of discussion without him. 

1 terminated my service to theoretical physics at Cambridge when 1 
moved to Edinburgh in 1953. Inevitably , contacts with Paul Dirac 
became much rarer , but , 1 am happy to say , they did not cease, nor did 
our family friendship. 1 had the privilege to help honour him in Trieste 
when he reached his 70th y巳ar， and subsequently we in Edinburgh were 
honoured by a visit by him and his d巳ar wife. Paul deli飞/ered a pu blic 
lecture, and we had a happy family reunion. The lecture proved that 
Paul Dirac could still enthral an audi巳白ce - 1 even had one lett巳rfrom a 
non-physicist member of the audience describing the lecture as the best 
he had'巳ver attended. 

Now that Paul Dirac has passed on , 1 offer this as my very persoúal 
tribut巳 and way of saying , Thank you for everything'. 
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Dirac's vlay 

及时。扩Peielρ
Oxford ‘ England 

Friends and acquaintances of Paul Dirac w巳re often struck by his 
surprising and sometimω ‘odd' reactions on topics ansmg in a 
conversation. Y悦， when you had time to re f1 ecl , it became clear that his 
remark was the natural and logical response , and that it was only the 
automatic and unthinking associations of everybody else which made us 
expect something differen t. The sam巳 quali1y caηb巳 seen in his physics 
The similarity is so close that , as 1 shall show , many of lh巳 famous

anecdotes (some perhaps apocIγphal ， but nonetheless charact巳ristic)
can be put in parallel with some of his papers. 

Take, for exampJe , the well-known story , told to me by 日. R.Hulme ‘ 

oHhe pills in the bottle. Hulme apologised for the ratlle in his pocket by 
巳xplaining that a bottle ofpills 飞!Vas no long巳r full , and therefore made a 
noise. Dirac's comm巳nt: 'I suppos巳 it makes the m以imum noise when it 
is halffull?' He had seized on the fact that the bottle was sil 巳nt not only 
when empty , as is obvious , but also when completeJy fi lJed. This thought 
is similar. 10 the idea underlying hisιhole theOIγ. When 1 firs1 heard this 
story , without the date , 1 thought it would have been very interesting if 
tl1is conversation had preceded the hole theory , so that the phenomenon 
of the bottle might have led to the hole theory. However , it was much 
later, so Dirac merely repeated the train ofthought that had given rise to 
the hol巳 theory

On another occasion , t巳a-time conversation concemed the fact that , 
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of the childr巳n recently born to physicists in Cambridge , a surprising 
proportion had bec扫 girls. 平lhe口 someone airily remarked,‘It must be 
something in th巳 alr尸 Dirac add巳d ， aft巳r a pause,‘or perhaps in the 
wat巳r'. He had tak巳n th巳 phrase 'in the air 穹口ot in its loose conventional 
meaning , but literally, 5巳eing a possiblc application. This trend is 
reilected in 111uch of his work , perhaps first in his picking up 
Heisenberg、s observation that the quantum variables did not commute 
which , to Heisenbe毯， s巳巳med a口 ugly feature of the formalis l11. Dirac 
showed ìnstead that it had a very significant place in th巳 new th巳ory

τhe importaηce of looking at th巳 real meanìng of a conventional 
remark extended 巳V巳n (0 comm巳nts on the weather. Jagdish Mehra 
r巳ports how a visitor, sitting n巳xt to Dirac at college dinn巳r and anxious 
to start.a conv巳rsatlO日， said，也Very windy today'. Dirac got up and went 
to the door , so that th巳 visitor b巳gan to [e且r he had somehow offended 
him. Dirac opened the door , looked out , and , resuming his seat at the 
table , said,‘Yes'. 

Another charact巳ristic is illustrated by the storγthat ， during a visit to 
Copenhage几 it was decid巳d that Pauli was putting on too much weigl!t, 
且nd Dirac was asked to watch that Pauli did not eat too much. Pauli 
巳nt巳r巳d into th巳 Spl民 t of the game and ask巳d Dirac how many lumps of 
sugar he was allowed in his co[fl巳e. '1 think one is enough for you" said 
Dirac, adding a[ter a 1110m巳nt: '1 think on巳 is enough for anybody'. Aft巳I

som巳 further reDection: '1 think the lumps ar巳 mad巳 in such a way that 
one IS 巳nough for a口ybody.'

Sucb faith in th巳 ord巳rlin巳ss of th巳 world is reDect巳d oft巳n 1日 his

wntll1gs 、 above all in the remark in the paper pointing out that a 
mag日ctic rnonopol巳 would not contradicI th巳 known laws of quantu l11 

mecbanics: ‘ One would bc surprised if nature had made no us巳 of iL' 
丁hc sal11巳 idca is also rcDect巳d in his conviction that the lru巳 thcory

musl bavc mathem且 lical beauly. He says in his 1980 paper , 也认Thy we 
beljcve in lh巳巳inslein th巳ory' (Symmerries il1 Scien此， ed. B. Grub巳rand

R. S. Millman , Plenum Press , 198时， that lhe real basis [or believing i日

8巳n巳ral r巳lativity does not lie in tbe expe口mental evidence. ‘11. is the 
essen tial beau ty o f1h巳 theory which, 1 feel , is th巳 real reason for believing 
ill i l' 

H is said lhat hc was Ollce writing a paper al thc dictation of Niels 
Bolll二(Jt was Bohl气 US Ll且1 habit of dictaling a draft [0 one of his 
collaborators , while walking around lh巳 roo111.) At one point , Bohr 
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interrupted himself and said , 

sentence'. Dirac , so the story goes 吨 put down his pen and said 、 '1 was 
taught at school that you should 口ever start a sentence without knowing 
the end of itτ 

He seems to hav巳 observed this injunction hims巳IL At least , all his 
papers reJ1ect very great tidi日ess of expressio日. F ew drafts se巳m to have 
survived , but there were probably v巳ry few alterations or corrections. 
When he talked in a seminar about a recent paper , he 巳xplain巳dhis 飞vork

almost verbatim in the sam己 terms as!日 his publish巳dpap巳r ， the for111 he 

had chosen as the clearest expression. 
One anecdote is instructive on how Ieg巳nds for111. Tyabji , a retired 

Iawyer fro111 India , w110 was studying theoretical physics under Dirac, 

discovered that Dirac was very a口XIOUS to meet E. M. Forster, lhe 
novelist. He invited bolh to dinner , and when they w巳r巳 inlroduced‘

Dirac asked , so Tyabji told m巳，气汽Ihat happ巳丑巳d in the cave'?' (referring ‘ 

of course , to Forst巳r's Pαssage to India) , with Forsler replying , 

ιN othing'. This answer appar巳ntly satisfied Dirac , and h巳 ask巳dno111ore
during th巳 rest ofthe evening. 1 later heard another versio丑， according to 
which Forster's reply was , '1 do not know.' I though( the earlier version , 
dircc tJ y from th巳 hos( ， was likely to be righ t. La(er , when 1 met Dirac , 1 
aslced if he rem巳mbered lhe occasion. Hc did remember it v己ry well , and 
bolh verSlOns w巳re maccura t巳.1n fact , he had asked whether therc could 
nol hav巳 been a third p巳rson in thc cave , which would have meant that 
neith巳 r of the protago丑ists had lold a口 un(rulh ， and Forsler r巳plied ，

'Absolutely no t. There w且s no olher p巳rso11 !口 th巳 cavc.'

As usual , Dirac had thought of an intercsti11g possibility which had 
occurr巳d to nobody els巳. He did this , of cours巳， in so many ofhis papers , 

that there 飞.vould be 110 poinl in s巳]巳cling spccific examplcs. 
These few stories might suffïce (0 illuslra(e my poinllhat un巳xpcct以i

and 巳nd巳aring turns of his conversation w巳re typical of a mind which 
gavc us SO 111an)' fundam巳n1a1 contributions lo physics. 
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认Then Behram Kursunoglu first asked me to write a short paper about 
my interactions with Pro f. Dirac, 1 was v巳ry honored , since Dirac was 
probablyth巳 most distinguished scientist that 1 will ever meet. However, 

1 point巳d out that it was very difficult for an experimenter, such as me, to 
understand much of Dirac's w。此， and 1 gave a fairly negative response. 
N巳vertheless ， I soon recall巳d how difficu]t it ís to say no to Behram , and 
1 also recalled that he was responsible for providing many OPPO r1unities 
for me to interact with Dirac, which was indeed a valuable gift. Thl' s, 1 
agreed to writ巳 a short article with some anecdotes and perhaps a few 
thoughts from an experimenter about Dirac、 s unique view ofthe world. 
Let me stress that my quotes from Dirac ar巳 only as accurat巳 as my 
memory. 

1 first heard Dirac lecture in the 1960s at one of th巳 Orbis Scientiae 
Conferences which Kursunoglu organized 巳very year at Coral Gables. 1 
was a very young man , and 1 am sure that Dirac did not notic巳 me.I
recall being very impr巳ssed by t Ì1e precise and careful way in which 
Dirac spo Ice. 

In 1974, 1 was involv巳d in orgamzmg , at Argonne National 
Laboratory , what became the 1st International Symposium on High 
Energy Spin Physics. It seemed that the high en 巳rgy physicists , who 
W巳re just startiηg to study spi口， would b巳nefit by hearing directly about 
the history of spin in the 1920s. Thus , 1 fearfully but bτavely tel巳phon巳d
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An experime l1 ter's view o[ P. A. M. Dirac 

Pro f. Dirac at Florida State Uni飞rersity and asked if he would come and 
give us a lecture on the history of spin. He silently thought for a minute 
and th巳n said 吨 simply ，‘Yes'.Ith巳n said that he would be most welcome 
to spend the entire we巳k and hear something 01' what we high energy 
people w巳r巳 trying to do with spin. After another 20 seconds o[ silence , 

he said , '1 think that would be interesting'. 1 was starting to learn that 
Dirac was a man o[ few words and tha1 he responded 1110s1 positiveìy 10 
conClse questlO口 s.

Pro f. Dirac gave use a beauti[ul and precise lecture on ‘人n Historical 
Persp巳ctive of Spin' which was published in the proceedings of the 
Sym.posium (ANLjHEP 75-02). One technical point about this lecture 
IIηpressed me enormously. We agreed to 1ape-record Dirac's lecture and 
then to have it typed by a secretary at Argonne. As many of you k丑O\V ，

transcribing 1巳ctures is norrnally a very painful process , since f，巳w ofus 
speak in s巳ntences. For Dirac's Iecture , the process was trivial; Dirac 
spoke in perfect sent巳nces. If you are not impress巳d by this , listen 
sometlm巳 10 a recording of one of your own I巳ctures.

On巳 day ， 1 asked Dirac if he would like to see the 12 GeV ZGS (Zero 
Gradi巳nt Synchrotron) Accelerator, whos巳 new polarized proton beam 
was realIy the reason for the Symposium. He said immediately that he 
would be very int巳rested in seeing it. After sev巳ral minutes o[ silenc巳 he

said that h巳飞 had visit巳d several other acc巳Icrator Iaboralories but 
had sp巳nt essentially the entire visit in th巳 Direclor、Office、 and no 0日t
had of[ered the opportunity to sec thc accelerato r.' 飞叮 e arranged [or 
Charles Potts , the engineer who was in charge of ZGS operations , 10 
show Dirac 1he ZGS. They spenl more 111a11 aηhour on the tou r. 
Afterwards , Dirac told m巳 (hat he had a '. . . very in1cresting time with 
M r. Potts.' He then volunteered tha1 bis '... undergraduatc cducation 
was in engineering , and wen1 into theoretical physics because in the 
19205 , whe口 1 graduated , therc was a r巳cession in England , and 1 was 
unablc to find a position.' 

A second interesting incident occur丁ed at t11 巳 Symposium Banquet , 

where we had not arranged an aftcr-dinner speak巳τ. About 20 minutes 
after co[[e巳 was served , the conversation was b巳ginning to slack巳n ， and 1 
was getting ready to suggest that wc shouîd tbank (he Argonn巳 Cafeteria

for a fíne Roast Beef dinner and go to bed. Sudden妙， Dirac stood up and 
said , 'f think that it is an excelIenl 1radition at Conferenccs to 1eIl 
amusing stories about physicìsts 、 ancll would like 10 tell one ifthere is no 

47 



A. D. Krisch 

objection 吨。f cours巳，日o on巳 objected ， and he th巳n told us a story , which 
1 (hink was about K巳111me[. Unfortunately , I do not remember the story. 
From this inciden1 , I came to se巳 that Dirac was not excessively shy , he 
just did n01 speak unless he had some point to make. 

We have continued Dirac's tradition of 1elling amusing stori巳s

through the 6th High Energy Spin Physics Symposium at Mars巳ille in 
1984, and 1 hop巳 that our Russian colleagu巳s wiII co丑tinue it at the 7th 
Spin Symposium at Serpukhov in S巳ptel11ber 1986.1 would like to add 
that many of th巳 amusing stories have been about Wolfgang PauIi. 
According to C. N. Yang , such stories may be especially appropriate at 
a Spin Sy l11posiu l11 in view of Pauli's lack of enthusias l11 for spin when it 
was first propos巳d. This lack of enthusias l11 was certainly well 
documented by Dirac in his Argonn巳 lecture.

The third ÍncÍd巳nt involves what may be the most fa l110us Dirac story. 

Dirac gave a Colloquium somewhere in England. At the end ofthe Colloquium , 

the Chairman ask巳d ifther巳 W巳re any questio口s. Pro f. X then stood up and said , 

气. .1 do not understand the last equation which Prof. Dirac wrote'. There 
followed scveral minutes of silence which became increasingly uncomfortabl巳
Th巳 Chairma口 the口 asked ifPro f. Dirac would care to answer Prof. X's qucstion 
Dirac replied ,‘He did not ask a queslion , he made a slat巳ment'

On th巳 dayaft巳r the Symposium Banqu叭， while walking 1hrough t l1 e 
Argonn巳飞.voods 0卫 1he way 10 lunch , 1 related this v巳rsion ofth巳 story to 

Dirac and asked if there was a口y elel11ent of truth in it. He walk巳d on in 
sÍlence for about a hundred yards with his hands clasp巳d behind his 
back. He t l1巳 11 said 、也Perhaps ther巳 was some elem巳nt oftruth in it'. Aft巳r

an01her hundred yards of silence he announc巳d ，也After all , it was a 
questio l1 of profl巳ssional cOl11petenc巳; themaηclaim巳d to be a theolist.' 
From 1his incid巳川， 1 learn巳d that Dirac also had high standards for 
others. 

In 1978 ‘ wed巳cided 10 l1a ve a s巳 ries of occasional public lectures at the 
University of Michìgan by very distinguish巳d physicists. RecalIìng 
DÍrac's Argonne ]ecture, 1 though1 that his giving th巳 1st H. R. Cran巳
Lec1urc would certainly s巳t an adequately high standard for th巳 lectures.

1 ag且in found thal by i口vitìng him directly , 1 got lhe 吕且111巳 simpie ‘Y巳s'

all巳 r a brief silence. How巳V巳r， afLer SOI11巳 thought ， he expressed conc巳m
aboul 1hc possibilily of s日ow ìn AnηArbOJ飞 so we aJ丁ang巳d th巳 Lecture
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[or April 17 , 1978 ‘ which is 口巳ar th巳 end of our semester wh巳n the 
probability ofsnow is smalJ. He also asked ifhe could bring Mrs. Dirac , 

since h己'. . • was fínding traveling alone more difficult in rece泣t years 嗯

We、 of cours己， were very pleased to hav巳 them both , and , during their 
visi t_ wc camc to appreClat巳 l叫 rs. Dirac's unusua1 intellig巳口ce and 
understanding of p巳ople. She is , of course , one of tbe rare people in thc 
world whose broth己r aηd husband both received Nobel Prizes. 

Diracτs lectur巳 on 'The Prediction of Antimatt巳r' was superb. It was 
altendcd by about 1500 peop1e, many of them students who came from 
lhroughout the state ofMichigan. His lecture was , of course, co日 C1S巳 and

10ιicaJ. Jt a1so gave an exc巳llent picture of what 1 consider perhaps the 
greates( triumph of pure theoretical physics. I am u且aware ofany hint o[ 
the existence of antimatter prior to Dirac's prediction. Th巳巳legant and 
simple Dirac Equation suggested th巳 existence of antimaLter‘ and it was 
found as predicted. 

An amusing anecdote occurred during this visit. On巳 morning ， Dirac 
slated tllat , when he had 飞 last visited Michigan 49 y巳ars 巳arlicr

(1929) , Prof. Randall had a very high quality ru日ng machine for making 
diffrac lÍons gratings , and would like to s巳巳 1t aga1孔'飞凡Then 1 indicated 
that 1 did not know where it was , h巳 said that he rememb巳red and would 
show me. He th巳n led lhe way to the 2日d sub-basement ofRandall Lab. , 
whcn:: 恼， indeed , found th巳 sp巳cial vibration-free [oom. Unfortunately , 

lhe ruling machine was no 10nger ther巳， and we only found a丑

und己rgraduatc asleep on a lab table. Th巳 studen t's expression wh巳n he 
awoke and found Dirac inspecting him was interesting. 

F or almost a decad巳， I att巳nded 1110St of thc Orbis Sci巳n lI ae

Confercnces in Coral Gabl郎， and 1 believ巳 that Dirac attended all of 
theJ11. 1 had m且ny opportumtJ巳s 10 III比ract wilh the Diracs , b巳cause

Bchram }之ur吕unoglu o[ten arrang巳d invitations to small dÍnner parlies 
hcld by hís promin巳nt fricnds in lV! iami. Of course , DÍrac was the guest 
o[ ÌJo Jl or al all of lbcsc partics. Onc inlereslÍng incidcnl occurred in a 
r巳巳cption line a 1 one of these parli巳s. One of th巳 guests reached Dirac 
and saicl. ‘ Oh , Pro[essor DÍrac , what does il feel like to be the most 
brilliallt man in the World?' Dirac stared at h巳r with his penetrati口E
巳ycs for several minules and was silen l. As th巳 mÍnutes passed , she 
slarted giιιling more and mor巳 nervously and th巳n quickly shook my 
h川
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can you possibly say to someon巳 like that?' 1 decid巳d not to a口swer. 1 
learned somethi口g from this incident which 1 have fou旦 d useful in 
Committee meetings. 

Another anecdote involves a lecture that Dirac gave at the 1977 Orbis 
Scientiae. B巳hram was being ev巳n nicer to me than usual and appointed 
me as Chairman (Moderator) [or Dirac's lecture. Behram had outdon巳
himself in getting distinguished pa口icipants 3t this particular Orbis , and 
Richard Feynman was sitting in th巳 [ront row. Dirac decided to devot巳
much of his lecture to pointing out the various shortcomings of QED句

the th巳ory for which Feynman had receiv巳d th巳 Nobel Prize. Dirac 
emphasized his be!ief that a theory with such inelegant infinities , which 
had to be subtracted , could not possibly be correct. As Moderator句 1 was 
looking forward to the question period with S0111e concem , since 
F巳ynman is not noted for his mildn巳ss 吨 and I felt s0111ewhat out o[ my 
d巳pth in this c0111pany. However , F eynman merely nodded quietly each 
time Dirac referred to these inelegant subtractions , p巳rhaps with som巳
disdain. What 1 learned from this incid巳nt was that either Feynman 
shared Dirac's concerns or that there may be levels in the Theoretical 
‘pecking order' that are not easily obs巳rvable to an experimenter. 
B巳hram Kursunoglu encouraged m巳 repeatedly to say som巳thing

about my interactions with Dirac related to our experiments on spin 
effects in very violent proton-proton collisions. Unfortunately , 1 C3nnot 
recall 巳ver discussing the experimental data with Dirac. This may b巳
becaus巳 of the many times that 1 saw Dirac approached by eager 
physicists who enthusiastically lold him oftheir latest important work; a 
飞!eil of weariness' oft巳n s巳emed to descend upon Dirac. 1 assume that 
this was because, during the previous six d巳cades ， sev巳ral hundred other 
'young' physicists had tri巳d to impress th巳 'great ma口， with the 
[undamental importance of their work. On the day following 3n Orbis 
talk , which I gave on the ZGS Polarized Beam , Dirac did ask some 
detailed questio口 s about the accelerator physics and the hardware used 
in jumping through the d巳polarizing resonances; we discussed such 
things s巳veral times in the following years. 1n his 1974 Argonne pap巳l
Dirac also discussed bri巳Dy the similarity between the ZGS polarized 
beam and th巳 electrons in an atom with íespect to the Th0111as 
precessional [requency. 1 think tbat Dirac continued to have a lively 
int巳rest in sci巳nce and 1巳clmology; he bad just become understandably 
jaded with people trying to impress him 
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丁o partialIy respond to B巳hram's request ‘ 1 will say tha1 1 cer1ainly 
口口d our high energy spin experiments quite fascin :1tiηg bec:mse of1h己Jf
exploratory nature and un巳xpected results. This fascination comes 
partly from the long held belief o[ most high energy theorists tha1 spin 
would becom巳 less important wi1h increasing en巳rgy and transverse 
momentum; this belief now appears to be quite í与lse. Using recent 
advances in both Polarized Proto日 B巳ams and Polarizecl Proton 
Targets ，飞v巳 have been able to study spin effects in more ancl more vioJent 
proton-proton collisions , firs1 at the 12 GeV Argon口 e ZGS and , more 
recently , at the 28 GeV Broolchaven AGS. These large transv巳rse

momentum elastic scattering experiments indical巳 tha1 both spin-spin 
and spin-orbit forc巳s appear to be quit巳 large and possiblyιrowmg. 
Such spi丑 effects were certainly not pr巳dicted and ar巳， incleecl , guite 
difficul t to r巳concile with the now-popular 1heory of Quantum 
Chromody口amics ， which pictures each spin古 proton as being 
constr山1ed of three spi 
Mya叩pp严ro侃ach tωosωu比时ch an ur口lexp巳ct 巳ed s臼ltωi工丑ua剖矶t10n 1山s tωo explore it further 

by varηying aIl possible parame创1ers and obs巳rving wha创t happ巳ns. Thus , 

we are 口ow looking at even more viol 巳nt collisions by increasing the 
AGS beam intensity, whicb may Jet us increas巳 tbe 1ransverse 
momentum squared to 7 or 8 (G巳Vjc户. 飞鸟le may also increase the 
inciden1 energy to 800 or 900 GeV by doing a simiJar 巳xp巳riment at 
Femlilab. Tbis is clearJy aηinductive or ‘巳xploratory、 approach to 
studying the Jaws o[ nature , which may be a proper apprmch for an 
expenmeη1er. Our common in1erest in spin was probably responsibl 巳
[ormuch ofmy interaction with Diτac; bow巳ver ， m)' approach 10 sciencc 
JS C巳rtainly guite different from his. 

r recall on巳 scientifïc discussion with Dirac in CoraJ Gables on what is 
the proper technique for searching for 1ru1h in 吕clenc巳. Dirac slated lha1 、

二. the eleganc巳 o[ the formlllation was very important in choosing: 1hc 
direction for one、s research: 1 replied thal lh巳 Sci巳ntifïc Ivl e1hod 
suggests 1hat tbe only absolute cri1erion for truth is 1heτcprodllcibilit)' 
ofexp巳rimental observations. 1 suggested that this one clear cli1erion [or 
truth has resu ]1ed in enormous progress in science in the past 2000 years , 

while other fïeJds , sucb as philosophy and !iteratllre, wbicb used 

elegance as a major criterion , have made relatively little progress. 
think , from his sligb1 nod 、 that this mad巳 som巳 impression 011 Dirac , but 
Iamηot sure吨 since there was 0日Jy silence for the next 15 minules. 1n 
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thinking about this discussion later , 1 hav巳 com巳 to b巳li巳ve that the 
reproducibiJi1y o[ expcrim巳nlaJ obs巳rvations may 、 indccd ， bc our only 

absolute criterion of truth , but th巳 crcative elcgancc of rare p巳opl巳 such

as Dirac may somctimcs point us to that lruth.l 1 巳main ov巳rwhclmcd by 

his predictÍon of antimatt巳r.

1n another discussion , Dirac suggested the possibility that little 

[ur1h巳r progress wiJl be madc in th巳oretical physics until someone 

invenls a new lype of mathematics that is capable of dealing with the 

nex11巳vel ofunderstanding ourUniv巳rse. He seemed to beli巳ve that Our 

math巳matical abili1ies often limit our capabilities to discov巳r and 

und巳rS1and 口巳w natural ph巳nom巳na. 1n thinking about the diffículty of 

und巳rstanding 1he hydrogen atom wíthout our knowledg己 of calculus , 1 
gu巳ss that 1 see his poi丑t. I sometÍmes think that th巳re may be a simple 

and elegan1 way to und巳rstand slrong interactions, including their 
un巳xpecled spin effecls , bu1 that we are blind to it b巳cause of our 
math巳matical weakn巳ss

1n summary , 1 found it an unusual b巳nefi1 to ha ve th巳se opportunities 

to in1eract with Dirac.τh巳re were certainly many sides to Dirac and his 
approach to TheoI巳tical Physics that 1 will 口ever understand and 

perhaps few oth己rs wilI. However, 1 did learn 1hree important Jessons 
from Dirac 

1 Physics should be el巳ganl. lf1he equations ar巳 notsimpl巳 and el巳gant ，

th巳y are probably wro口g.

2 N巳ver say tha1 anything is true 吨 unless you ar巳 certain 1ha1 il is true. 
3 丁here are 1alkalive people in 1h巳 worJd who sometimes vioJale lesson 

2 and do nol understand lesson 1 

Lesson 2 is especially important 10 an experimen1er, as it is remarkably 

巳asy 10 mak巳 lotally 01' partially iI1 valid assumptions. I will , therefor巳，

cJosc wilb onc of our Spin Symposia stories about Dirac and Pauli 

which is probably fictitious , but so beaulifully illuslrates Lesson 2 that 1 
will stiU tell it. 

Pauli and Dirac were riding on a train in thc counlryside. Afler an hour o[ 
silcnc巳吨 Pauli was becomin且 U口comforlabl巳 and was eagerly searching for an 
opcning rcmark. Upon pa吕sing some sheep , h巳以id to Dirac、'It looks like the 
shccp havc bccn frcshly shorn.电 Aftcr studying the sheep , Dirac replied , '... at 
lcast on lhis siùe 、
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I rem巳mber vividly the first time 1 met Paul Dirac. H巳 h乱d come to th巳
University of Miami to accept lhe first J. Robert Oppenheimer 
Mernorial Prize, initiated by th巳 Cenler for Th巳oretical Studies. 1 was 
1l0t qUlle pr巳par巳d for the fragile fram巳 that encompassed such a giant 
inlcJl ect.丁his shy , wispy gentleman sat at the di且且巳rs or stood at th巳
reccptions given in his hon时， scarcely volunteering a CO !11menl until 
spok巳n 10 [irs1. The ordinary chitcha1 o[ the social situations seem巳d
painful to him. He would pause before responding 10 a qucstion as if 
weighing the co口sequcnc巳s of his answ巳r. Always , hè s巳emed

prcoccu picd 吨 oncc 10 thc point o[ falling aslc己p at thc dinner lable, as ifto 
prov巳1.hat the conversation he was trying to 巳ndure was cntirely 
soporific. 
Wh巳n Paul Dirac stood up to spcak, howcv町， hc bccamc a differ巳nt

perso口. Her巳， he was in thc ar巳na of ideas where h巳 could tilt with th巳
besl minds and ke巳p them on the deknsive. The Íl rsl speech 1 heard him 
give foUowed his acceptance of the Oppenheimer Prize on March 12, 

1969. It was largely autobiographical. The sp巳巳ch was 111巳1110rable for 
mc，口ot a physicist , because of lhe 巳mphasis Dirac placed upon the 
human emotions attendant upon scientific discoveries. He was intrigued 
wilh the role play巳d by 'hopes ‘ and ‘fcars' in the establishment o[ 口ew
principl巳s. Young scientists , so Dirac conjectured in his tallc , would 
postulate a n巳w theory with high hopes of its acceptance as a new 
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paradigm. Then , sometimes , they would fail to take the ‘ last , and rather 
small , st巳p' to assure the logical outcome o[ f，巳ar that the theory would 
collapse if extended. Dirac cited Heisenbe毡's idea conceming the 
construction of a theory in t巳口ns of quantities provided by experime口ts

rather than building it up from an atomic mode!. 
Dirac suggested that Heisenberg was fearful of taking the additional 

st巳p leading to the id巳a of noncommutation because his theoηmight 
collapse. Dirac, however, explained that he , himselL not being the 
author ofthe new theory , had no personal stake in it and , therefore , was 
able to extend it , b巳cause he was 'not afraid of Heisenb巳毯's theory 
collapsing. 啕 1n other words , Dirac seemed to be saying that an 
investigator ‘ s or thinker's stake in the 'intellectual 巳stablishmen t' might 
make him reluctant to accept the ‘new句 because of his fear of losing the 
'old ,' particularly if he had had a shar巳 in postulating the 'old 吨 Anoth巳r

example of this hopejfear tension suggested by Dirac was the case of 
Brackett. 1口 spite ofthe fact that he was the first to obtain hard evièence 
for 毛he 巳xist巳nce of a positro丑， he wasιafraid to publish it ,' thus , leaving 
to Anderson the opportunity to scoop him. 
丁he fear that som巳thing will go wro口g is not confined to physics 

alone. Fear ofthe unknown has made human beings cautious since the 
巳mergence of our species. Theι巳stablishment ，' whether in science, 

politics , business , or what not , does nOl usually like boat rock巳rs with 
unt巳sted and unproven notions. 

Paul Dirac began his four-year residence at th巳 campus of the 
Universify ofMiamijust as th巳 national student 'boat rocking' appeared 
at our university. For several years , students 0口 campus巳s across the 
nation had d巳monstrated in [avor of, or prot巳sted against，乱 numb巳r of 
lssues: ‘fr巳巳 sp巳ech ，' beginning at Berkeley; th巳 war in Vietnmτ1 、 civil

rights , incIuding great巳r opportunities for women and minority groups; 
consumerism; a日 d so forth. Somehow Dirac se巳med dra wn to the pu blic 
d巳monstrations and even sit-ins which characterized tllat era on th巳
campus o[ the University of Miami and other universities across the 
United Stat巳s. He was 口巳V巳r one ofthe d巳monstrators ， to be sur巳， butI
observed him at several demonstrations ‘ standing 0口 the peliphery of 
th己 protesting groups , ke巳nly listenìng to the student charg巳s and 
proposals and my respons巳 to them. The dialogue betw巳en the students 
and me onιτh巳 Rock，、 a stage-like stone structure in th巳 middle of the 
campus ‘ fascinated him 
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1n May , 1970, 1 was hurrying 10 ‘τhe Rock吗 10 speak before 7,500 
students \vho had r::ll1Ìed to prolcst the trJ.ge c1 y ~ì. t l(eβt SLåLιUniversicy 

in Ohio. Ther己、 several stucIents had diecI two days be1'ore frolìl the ShOls 
01' Ohio National Guardsmen. Professor Dirac sud cI enly stepped out 

[rom theedg巳 o[th巳 crowcI， approached me, ancl :isked: ‘ Are VOll afraicl~尸
飞飞Iheη I r巳plied that 1 was not and 8dd 号d 、 feelin且 the adrenalin 日OWll1g ，

thal1 飞vas looki口g forward to the exchange , he lhen offerecI this a cI vic巳·

'Tell tbem what you think ancI listen to wbat they have to say.' That was 
认'hat 1 was gOI口g to cI o anyway , but it was surprising and reassuring to 

f巳ceive this practicaI advice from such a r巳nowned scientist. 
At the time , 1 thought I detected a spiritual kinship in Dirac's mind 

b巳tw巳巳n himself and the students. r do not mean that he 3gre巳d wi1h 311 

the issues they were raising with rη巳. Rather , i只 advising me to engaιe ll1 

a sincere exchange with the students by Iis1ening to what they had to s3y. 
he was supporting implicitly the right to chall己nge 'the establisluηent ， 'of 

which I was the foremost symbol 0丑 the campus. 

1 had th巳 lïrm conviction that he was putting himself back into the 

yOUlh of his early twenties when h巳 was challenging anolher kincl of 

establishm巳nt ， the accepted physical theory ofhis day. I rem巳mbered his 
Oppenheimer lecture. 丁he theoretical an cI experim巳n(al workers of th巳

1920s 哈 the physicaI establishment of his )'outh 、‘would look for any 
explanation rather than postulale a new particle,' 11 巳 reminisced i n 1he 

lectur巳 But Dirac enjoyecI something then that r used (0 tell my stud巳n1s

theyenjoy巳d ， nam巳Iy ， the 'aclvantage ofinexperi 巳nce 、/飞 clvancing y巳ars

have a way not onl)' ofpiling up cI isappointments , disi Il usionments、日 ncl

巳℃巳n failur巳s ， but of fre巳zing a mind-sel as w巳I I. ofturninι'what is 、 lllto

the 'ultimate.' Amo日g my students 、 idealism and enlhusiasm abounded. 
The whit巳 charg巳r was always pr巳sent ， ready to b巳 mountecl ， reacly for 
lhecharg巳 whe口 new worlds would b巳 conquerecl ， 11 巳ver windmi Ils tillcd. 
The students did not know wha( would not work 飞Don '( telI Ll S it can '( 

be cI o口 e ，' th巳y se巳mecI 10 b巳 say Jl1g; 飞νe h :t v 巳 not tried [() do it 、

1 an1' sure that that way ofthinking , the oblique lhink in comparison 

飞.vith the diτ巳ct thought of traditional processes , W且s the road that 1 巳d

young Paul Dirac to chaIlenge the accepted notions ofphysical t11巳ory of 

the 1920s. 111 that first lectUI巳 on ourcampus , he c1aimecl lwo aclvanlages 
over H巳isen berg: lack o[ [ear of upsel1ing Heisenb巳rg's notion b巳ca l1 se

h巳 ha cI no vested interest in it ancl the youth of a rese且 rch studen t. 
Dirac、s mind was 110t immersecI in lhe ultimate r巳alily as the 
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cont巳mporary intellectual establishm巳丑t perceived it; so he was fr巳e to 
l110unt his own chargcr and ridc off to conquer new worJds of physical 
th巳ory. His keen interest in the student issues and confrontations ofthe 
!ate Sixties in the United Stat巳s was stimulated by nostalgia, I believe, 
for the days when he , hims巳1 [， was postulating ideas that had not 
occurred to the intellectual establishmen t. H巳 wanted me to listen to the 
young as he , himsel[, had bee口 listened to 

56 



? 

Remen由ering Paul Dirac 

PL) 
月

GVWd 17L-hM rJ/ra 
z
刊
w
p
ρ
i
w

τ
信
才

V
n 

eu 
pn 

nu 

ρ
阳
时
η
m
 

ρ
L
V
.
n
 

gup u E 

Scientific αccomplishments 

1 want to tell , principally, about the 巳arly years' accomplishm巳nts of 
Paul Dirac - he was less famous in those years , and you may know Jess 
about them. The picture I'1I present may also convey his very modest 
and considerate personality. As you probably know , he was born in 
England - i丑 Bristol in 1902, just a few months b巳fore 1 was born in 
Hungary. He had a broth巳r， old巳r than himself, and a sister, you丑ger
than h巳 was. But he hardly ev己r mentioned his family - hè b巳Jieved
others were not truly interest巳d in them. He did 1巳arn French from his 
fath町， who was a t巳ach巳r of that language , but he did not like [0 use i1. 

He had profound admiration for few peopl己， not 巳V巳n for his father. 
But he did like the Bristol high school he attcnded , callcd 且![erchant

Venturer's Schoo l. It seems that the teach巳rs had appreciation for the 
吕ifted students and h巳Iped t11巳m individualIy by providing support for 
th巳ir in terests. P巳rhaps 1 may mention that this was tru巳 aIso in th巳 high

school 1 attended - our mathematics teacher gave private classes to Jolm 
Von Neumann and gave me interesting mathematical books to read. 
Actually , the Merchant V巳nturer's School was cJosely connected with 
the University of Bristol , and it was nalural for Paul to conlinu巳 his

studies there after graduation [rom high school 
'What was , perhaps , less natural was that , in spite of his 己且rlyand
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overwhelming - and eventually marvelous - interest in mathematics and 
physics , he studied electrical engi口eering. The reaso旦 may have been , 

perhaps , similar to my own reaso旦 for studying chemical e口gme巳口日g­
thechanc巳s were small of obtaining a job as a physicisL H巳 did not reaJJy 
confÎlm this reason in the course of our co口versations. But , as he 
emphasizecl ‘ his study o[ el 巳ct丘caJ engi口 eering bad some good 
consequences (as also did my knowledge o[ chemistry): he became aware 
of the fact that the Jaws of nature which ma丑 can discover will b巳
approximate laws - just as the designs oftbe electrical e丑gine巳r are based 
on approximate ruI邸. He felt that recognising the usefulness of 
approximations - and the impossibiJity ofthe discovery or us巳 of totally 
accurat巳 Iaws ofηature-had afundaη1ental and very usefuI effect 0丑 his

thinking. He told this to me in the couτse o[ our conv巳rsations many 
years later - when we had cI os巳 contact at Princeton University. 

He admitted , however , that , in spite of his prime subject of electrical 
engineering , he also studied physics and had the moral , though rarely 
direct, .support of his teachers in this regard. He graduated in 1921 but 
remam巳d in Bristol for another year, learning mostJy mathematics and 
physics. As to the latter subject , he concentrated on general relativity 
and studied qua口tum theory only superficially. In mathematics , h巳 was

interested in approximation methods though , to be frank , 1ηev巳r

understoocl in which way. 
1 should admit here that most o[ th巳 preceding in[ormation about 

Paul Dirac's early life was furnish巳d by my recoll巳ctions of early 
conv巳rsations with him -1 hop巳 myr巳collections are correct , but 1']] tell 
more about the occasions wl1 en we l1 ad t l1 0s巳 conv巳rsations

1 feel 1 should now revi巳w brief1 y the origin of qua丑tum mechanics , 

because the original \孔iork introducing totaJly new id巳as bad an 
enormous and lasting effect 011 PauL 

Before the so-calJed quantu111 mechanics was created 哼 there was , in the 
minds of m05t physÍcists , S0111巳 question 01 w11巳th巳r maηis bright 
巳úough to OV巳rcometh巳 inlernal problems of quantum th巳ory - whelher 
the probJel11s ofthe microscopic structure of matter and of radiation are 
simple enough to be solvable by the human mind. This question was not 
publicly discussed , but , attending the physics colloquia at the University 
of Berlin , 1 had the impression that most of t11e famous participants , 
including Einstein , Planck , Von Laue , and several other gr巳at minds , 

had such doubts - just as I am unsure now whether the existence oflife, 
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of human knowledge and emotions , can be incorporat巳d into a 
fundamental extension of the present the0 ry 0f nature. The qu:mtu l11 

tbeory of matter was , at the time referred to (b巳fore 1925), iηserious 
trouble. It could not describe any atomic struclure 巳xcept tha t of 
hydrogen ， and 巳ven th巳 description 01、 hydrogen was clearly inadequate. 

These were the problems for the solution ofwhich Heisenbèrg produced 
(in 1925) the lcey: he proposed (hat Bohr吨s pictur巳 o[ atoms , though 

admirable ‘ shouJd be replaced by a theory based 011 observable 
quantities: the en巳rgy levels and the lransition probabilities between 
these. For hydroge口， thes巳 were given quite 认rell by Bohr's picture of 

electrons , whose state was classically described by the paths they 
traveled around the nucleus. But this classical picture coulù 口 01 be 
extend巳d to o(her atoms , and Heis巳nberg propos巳d (July 1925) 1h巳
radical theory to replace the classical picture by 0η巳 which us巳d 0111y 

observable qua丑tities: energy levels and transition probabilities. 
Heisenb巳rg's wonderful idea and his proposed theory were 

enthusiastically accepted and formulated in detail by Born and Jordan 
ve巧r soon Gust about a month) after Heisenberg proposed his th巳ory.
Dirac, 1 believe ind巳pendently ， acc巳pted Heisenberg's proposal 10 

abandonth巳 pictureof 巳lectron orbits, in fac t, the classical description of 
the state of the e1eclrons , and proposed , in December 1925 , a qua口tU l1l

!11巳chanics wbich was inherently very similar to that ofBorn and Jordan 
and also to the later (F巳bruary 1926) article o[ Born , Heiscnb巳rg ‘ and

Jordan. H巳 aJso extended his December article by on巳1I1 March 1926 

which could already be compared wilh the ßorn , Hcisenb巳r卫、 anù

Jordan article 

These w巳f巳 wonder[uJ developmenls which convinced 、 1 beli巳ve 、 all

physicislS that , alter all , 111an is bright 巳nO l\gh to cr巳31 巳 il physics 01' thc 
microscopic , that is atomic , phenomcna. O[ course 吨 lhey were slill fi1f 

[rom that - they gave , essentially吨。nJy ways 10 caJcuJale cnergy J 巳vels

and thc probabilities of transi1ions betwe巳n lhese causcù by lhe 
absorption or 巳mission o[ light - but lhey were wonclerfuJ 10 do thal 

much and they wer巳 relatively simple. must admit th8t Dirac's papers , 

though highly respected , had less inDuence than lhose o[ Heisenberg , 

Bor口、 and Jordan. It was not easy to [ully dig巳stthem亏 ancllhis cliverl巳d

some attention f[om Dirac、S 认rork which was also quite di[[jcult 1"0 

understand fu lIy - partly because it was in English 号 whiJe 1110S( physicislS 
o[int巳rest in the subject wer巳 G巳rmans
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But , I beli巳ve ， every physicist int巳f己st巳d in qua丑tum theory knew 
about his work 且nd admired it - even though it was , perhaps , less easily 
digestabJe than those of the tbre巳 German authors. And , in some 
regards , ít w巳nt further than thos巳 of the other writers 
丁h巳丑ext fundamental st巳p forward cannot be attributed eith巳r to th巳

Gemlan trio (Heisenberg , Born , and Jordan) , or to Paul. It cam巳. at 
least [or most of 时， un巳xpectedly ， from 0卫巳 who had not contributed 
[undamentally to qua口tum theory before. It came from Erwin 
Schrödinger - only fív巳 years young巳r than l'低 ax Born , who often 
doubted the possibility of making basic scientiJìc contributions at his 
age. Schrödinger , in March , April , and May 1926 articl邸， reformulated 
quantum mechanics , glVll1g a new description of th巳 stat巳s of the 
physical systems. Accordíng to th巳 earlíer description of physical realíty, 
the energy of the atom is always deJìnite and corr巳sponds to 0丑e ofthe 
energy levels. Schrδdi旦g巳r's d巳scription ofthe ‘stat巳， of a system includes 
linear superpositíons of such states, it postulates an ínfini比ly greater 
variety of states than did th巳 id巳as of the earlier contributors. Perhaps I 
should formulat巳 this more explicitly , though probably all ofyou know 
ít: Schrödínger charact巳rised the state ofthe system by a ‘ wave function'. 
This can b巳 wJitten ， if so desired , as a linear combinatio l1 o[ the wave 
functio l1s whích correspond to stat巳s wítb deJìnite en巳rgy values , tlle 
co巳[Jìcients being co日lpl巳x nurηbers. Th巳 absolute squares of these 
compl巳x numbers do giv巳 tll巳 probabiliti巳s that the measurer丑巳nt ofthe 
energy gives th巳巳nergy value which corresponds to tll巳 wave function of 
which the numb巳r is the coe[[jcien t. But 110t only the absolute value, but 
also lhe complex phase of th巳 co巳fJìcient is r巳1巳vant - th巳 outcomes of 
olher types 01、 measurements are decisively inf1u白白d by th巳 compl巳x

phas巳S oftbes巳 coe[[icients. This means that the multitud巳 ofthe possible 
slates o[ 1he syst巳m iS ， alr巳ady according 10 Schrδding巳r's lheorγ ，l11uch 

greater than it is in classical physics , whereas , it was l11uch small巳r111
巳且rly quantu J11 m巳chanics which recognised only stat巳s with d巳JìnÏt巳

en巳rgles .- 01‘ possibly mixtures of these. Actually , Schrδdinger's wave 
functions could describe not only 巳n巳rgy values and transition 
probabilities - as was poslulated by Heisenberg for the initial quantur丑
111巳chanics - but a J11ucb 1l10re ge口巳raI situation and behavior which 
could approach classical mechanics at higher 巳nergies. H aIso led to the 
possibility of describing internal changing siluatÌons , not onl)' those 
whÌcl1 consisl of t.he absorption or 巳mission of líght. lt describes also 
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c11己mical and nucl巳ar reactions which play , of course, a very important 
role in our physics.J would like to mention also that their description of 
col!ision processes - which ca丑 lead to chemical or nuclear reactions 
led J ohn A. Wheeler to defining the so-called collision matrix , which is , 
according to the lat巳 ideas of H巳isenberg ， the most importa旧

obs巳rvable quantity ofmicroscopic physics.ln summary、I'd like to state 
that Schröding己r's ‘second equation' , giving th己 time dependenc巳 ofthe

wave functio日， and ， hence , of1he sta1e ofthe physical system , was (a口d
is) ofmost fundamental importa口ce. It was so recognised quite soo丑， 111

par1Ícular also by Dirac. 
The development of quantum theory through the contributions ofthe 

aforeme卫tioned fiv巳 contribulors (including Dirac) was fantastic. 
Naturally , i日 addition to the aforementioned five , th巳re were other 
highly effectiv己 contributors (including W. Pauli). But the most 
important contributions in th巳 n巳xt two years , 1927-28 , can be 
attributed , I believ巳， to Paul Dirac. Th巳 first of these is th巳 introduction

of quantum field theory (February• March 1927). 
As already impli巳d ， the interaction of light with matter was n01 

described adequately by 巳ither ofthe theories proposed by 1927. 1n fact , 
no th巳ory was available which would deal wi1h the quan1is巳d nature of 
Jigh1 and its interactio l1 with matter as a resul1 ofits quantum nature. All 
1his was provided by an article from Paul Dìrac in February and March 
1927. He introduced the idea that som巳 compon巳nts of the 
el 巳clromagnetic fí e]d strength ar巳 observable at defínit巳 sJ1ac巳-tIme

poin1s of a space-lik巳 surface and quantised the resulting fícld in such a 
way that , i[its IocaI periodicity corresponds to a d巳fínite wa ve-I巳ngth ， its 
l01al 巳nergy ， detelη1lni口g 1h巳 1üη巳 dependence of i1s stat巳 vec10r，

corresponds 10 a且 i口tcger multiplc 01' thc value gív巳n by Planck. The 
cxpression [or the Hamìltonian inl(二raction wi1h charged particl巳s is th巳
classÍcal one. lt wou1d b巳 100 comp1ical巳d and 1 巳ng1hy 10 give explicìt 
dclaiIs o[ his a口icle (Proc. RO_l人 Soc. Al 243 (1927)) , bu1 it is well 
known.that it was vcry , very successful. It was success[ul n01 on1y in 
d巳scribing the 1ìght-absorption and 巳mìssìon processes but was fo lIowed 
also by the description o[ 0111巳r S0111巳what sìmilar processes, including 
tha1 of t]1巳卢-decay ， ar且ld s巳V巳ral 0111巳rs con1Iibut巳d by physicists 
particul且r.‘忖 i口t巳r巳sted in th巳I口11 and Ìl丑1 the ‘'ü巳1d th巳ory 、 found巳d by him 

11 shou1d b巳 admittcd in lhis connection , lleverth巳lcss ， that these iïeld 
lhcori己s do somewhat laclc beauty and simplicity. They are uSllalJy 
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applied by 巳xpanding the mathematicaì expression for the rate of 
processes ._ in our case , the emission and absorption of light quanta -
and th巳巳ffects of thes巳 process巳S on the interaction beIWeen the particles 
which emit and absorb them. But the result of such calculations often 
gives infinite - and , h巳nce‘ jncorrect - results. The infinities are then 
eIiminated by the process called renormaIisation , which is necessary and 
useful , but greatly decreases the mathematical beauty of the theory. It 
must be admitted , on the other hand ‘ that , up to th巳 present ， ηo idea 
with usefulness similar to those of the field theories has been invented 
认re hope it wiJl be and th巳 postulat巳 ofrelativistic invarianc巳 wi11 makeit 
巳asier， not more difficult , to inve口t 1t. 

Dir町、s next basic contribution came in 1928 and was of a very 
different nature. He proposed a new equation 呜 again a relativisticaJly 
invariant one , but for a single particle , the electron. 1 \凡fiU not describe 
this equation , as a11 physicists are familiar with it. But 1 wi Jl tell you that 
just about the same time that Dirac's electron equation was discovered 
by hir丑， Pascual J ordan and I also tri 巳d 10 日口d thecorr巳ct relativistically 
invafiant equation for the electr‘ on. Weworked hard 0丑 theprobl巳m and 
wereconsid巳ring several equations b时，frankly ， we did not truly lik巳 any
of them. Then on巳 day ， BO l11, the professor of theoretical physics at 
Göttingen , received a letter f1'om Dirac, relating to his proposed visit to 
Gδtting巳到. And there was a postscript to th巳 lett巳 r which told , in about 
four Ii n巳5吨 about hís eI 巳ctron equation. Born showed the l巳tt巳 r to Jordan 
andh巳 was overwhelmed. Dirac啕 s equation dif[ered from alI those which 
we were considering by having fouτcomponents 穹 whereas ， all those w巳

considered had only two , corresponding to the two possible 
components o[ the spin in any direction. But Jordan was , at once, 
ov巳rwhelm巳d by Dirac's equation ，且丑d ， when he told 111巳 about it , he 
said , 'H is too bad w巳 did 110t discover that equation 哈 but it is wonderful 
that someone dicl.' 

As yO Ll probably also know , Dirac was perturbed by tl1巳 fact that his 
equation had solutions with negative en巳rgy values. He assumed that 
the states o[ negative energy are occupiecl , so that no particle can b巳
moved into a negative energy state. If a negative energy particle is mov巳d

into a positive energy stat巳- the hol巳 so formed wi lI have a pos i1ive 
electric charg巳 som巳 negativ巳 charge will be missing. He first thought 
the resulting apparent particle was the proton , but , wh巳丑 Ca r[ D. 
And巳rson ， in 1932, discoverecl the positron 、 he realised that the 
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appare口t hol巳 IS a posJtron , a particle wíth the same mass as that of the 

electron. Dirac's el 巳ctron equatIOn is not only mathematically neat 、 ltS

vanous consequ巳nces ， Ín particular, its r巳sponses to potentiaJs such as 
that of a proto日， have also been confin吁ned.

My discussion of Dir町、s lat巳 r contribulions 10 physics wi lI be very 

short and superficia l. Actually , in 1110st cases 吗 a satisfactory review ofa口

article would take as much space as did the anic1e its巳l f. But I \Vould lik巳

to mention the article which impressed me I11 os t. 1t deals wit [J lhe large 
numbers in physical theories and in the struclure of lhe worJd. The ralio 
ofthe electromagnetic and gravitational forces between a protoηand an 

electron is about 2.2 x 1038
• a fantastic number, but lhe nU l11ber of 

prolons in the universe and the alleged age lhereof in ter l11 S of 11川lC 2 are 

ev巳口 more fantastic. ActualJy, he sugg巳sts that these nU l11bers are 

relat巳d ， but he defines two tim巳 measures for the distant pasl , and the 
ag巳 of the universe , the li口.1 e wh巳n lhe big bang occurred , is. infinil巳 ly
long in terms of one of th巳m.

Y consider the article just referred to to be 巳xceptionally interesting­
巳ve口 though it does not share the characteristics of other surmises in 

physics which can be tested experim巳ntal1 y. Bul he wrole several other 

semi-philosophical and very inleresting articles which 1 wiU nol • and , 

mostJy , cannot - review 

This concludes my review ofthe scientific contribulions of Paul Dirac 

it is , naturaIly, a very superficial revi巳W. Bul a detaiJ 巳d one would not 
be reaIIy possible. I will now go 011 to talk about his personality and his 
reJationships wilh his coIIeagl1巳s ， principa l1y mys巳lf - 1 am J110re familiar 

with that thall with bis fri 巳ndship and collabor且lion with o(her 

coIIeagues. 

ι famous er-in-la旷~ o l/r 

personα! 

first met Paul in 1928 in Gδtlmg巳11 - he was invited to give an address 

on his rec巳nt work , 1 believe on his original icleas which led 10 quantum 

lleld theory. He was 吨 scientificalI y 句 remarkably clea r and detached from 

any personal remarks - almost as if he had read 10 Ll S fr0111 a public且 tlon

or a book. This reJ11出口巳d with him throu邑hO l1 t his lifc - hc seemed to bc 
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l110re intereSled in science , and the particular problel11 he was working 

on 、 than in hims巳J f. But we enjoyed his pr巳sentatio日， even though the 
discussion which follow巳d it was not v巳ry thorough. His answers to 

questions , as 011 later similar oCCaSiO I1S, were always restricted 10 th己

problem raised by the questio日一 he did 110t extend hís answer to subjects 

rela1ed to the question raised. This restriction remain巳d with him all110st 

compl巳tely for alllat巳r years.l did mention an exceptio丑: the four added 

Iines to his let1er to M. Born ，且11丑ouncing his relativistic th巳ory of th巳
己lectron ， were not r巳la1ed to his visit plaη11巳d at that time. 

Our relatio l1S i口 lat巳r y巳ars were much cJ oser and much more 

exl巳nded. During 1h巳 period of my half-year visits to Pri l1ceton (1931一句，

h巳 oft巳11 spe口 t a few w巳巳ks there; after 1932 、 at the Institute for Advanced 

Studies. We had our m巳als logether, almost constantly, at on巳 or

another restaurant , again wi1h rather littJe p巳rsonal conversation. It 
was , neverl l1eless , on t l1es巳 occasions tha1 ì learned about his family , his 
ra1her weak attachm巳n1 to its members , his past interest in mathematics 

al1d 巳ve丑 ín elec1rical engin巳er才nσand about himself. H巳 seemed to like "', 
som巳 company，巳ven 1hough silen1 company seemed to be his 

pr巳fer巳nc巳 But ， during our many , many joint meals , I started to know 

abou1 his past and 10 like him not only as a big contributor to sci巳nce ，

but also as a friend. 

I like 10 recaìl two particular incicl巳nls of our joint meals. Onc巳， a 
third coll巳agu巳 JOI11巳d us , and thcre was a problem on which we had 
diff，巳r巳n1opinions 引le b0111 argu巳cl vigorously but , well b巳fore we came 
10 an agr巳巳m巳nt ， he had 10 Ieave. Paul se巳m巳d 10 lis1en in bu1 did n01 

voice his opinion , n01 on a single occasion. 飞Iv' h巳nw巳 W巳re left alonc , 1 
asked him why he did nü1 speak up') His answcr 巳xprcsscd his conviction 

about 1hc uscful口巳ss o[argum巳11tS ， such as 1hose which the 1wü o[us put 

[orwarcl. H c said: 'τh巳r巳 arc always morc pcople willing to spcak 1han 

willin且 10 listen.' And hc had adop1cd that usefuJ roJc on this and ma丑y

01h巳r occ且510ns

Thc s巳concl story is v巳ry p巳rsonal. I且 1934 ， 111y sister , subsequcntly 
Mrs. Din比， accompanied 111巳 on my Princ巳ton half-year sojourn. H巳r

marriage had brok巳n up - her husband abanclon巳d her, and she was very 
unhappy. 1 thought t l1a1 且 newe口vlronm巳nt mighr divert hcr from her 

P江infuJ 巳xpcrie口巳巳.

On巳 clay ， whcn wc visitcd an ca1ing place, sh巳 was surprised by our 

h且ving ， apparcn t!y , a 1trac1巳d 1hc allention of a ncw visitor to the 
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restaurant. I did not see him b巳cause 1 was facing the opposite 
direction. But she asked me to look back. 1 did and sa飞v the unc;-~pectcd 

visitor , Paul Dirac. 1 told my sister that w巳 used to have our meals 
together wh巳n both o[us were in Pri丑cetoll. She 1h巳丑 asked me 10 invite 
him to joí丑 us 向 and he did. Paul and r丑y sister b己came acquainted this 
way. and th巳y married , to my great p!easur巳 and some surpris己， 011

January 2 , 1937. He became a very 10vil1g husband and adopted my 
sister's two children from her earli巳r marriage. They also had two 

children 
Of course , that marriag己 gr巳atly strengthened my i日terest 1日， and my 

a[[1己clion [or , Paul Dirac, and we met quite o[ten a[ter tha t. As 1 said , he 
was a very aff巳ctionat巳 husband ， and their two daughters w巳r巳 fond of 
him and are stiIl very fond ofmy sister. l appreciate lhe Iucky life which 
111y sisler gained [rom her marriag巳 10 Paul , and his d巳parture from our 
world sorrows me greatly. 
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side Dirac 

tz 
University of Oxford 

1 钉'oduction

My fírst contact with Pro[essor Paul Dirac came in January 1947 when 1 
began to attend his lectures 011 Quantum M巳chanics in the Arts Faculty 
Building, Cambridg巳 Universi1y ， as a res巳arch student in math巳matical
physics. I had already read the fírst edition of his book The Principles of 

QuC/ntum Mec1wnics during our six-week voyage by refrigeration ship 
from Sydney to Lo口don in 1946. 1n Cambridg巳 1 SOOI1 learn巳d tha1 much 
of the book had b巳en rewri1tcn and 1ha1 the 1hird cdition was then in 
course o[publica1ion. Dirac lectured 10 us by reading from the proüfs üf 
the 口巳w ed ì1ion and kept us very busy as w巳 noted down the chanιes and 
1h巳 new text. This edition introduced 1h巳 bra and lcet notation which 
pleased Dirac so much. 

The c1ass attending Dirac's lectures was ralhcr larg巳. NOl only were 
th己re ma口y ex-servicem巳n ， r巳turni且g war 飞飞'ork巳rs and studenls from 
abroad who had had to delay 1h巳ir coming to Cambridge, bul also 
in terest in q ua口tummechanics had grown rapidly during the war y巳ars
becaus巳 of its widespread applications. S. Shanmugadhasan ol1ce 
mentioned to 111巳 that ， when Dirac camc to his first lecture in 1945月， he 
was so astonish巳d at the crowd waiting in the lecture roo l11 thal h巳 said

(0 thcm 'This is a lccture on qll C/ntum ，ηechanics' ， supposing lhat rnost of 
the students were 1her巳 by mistake and would th巳n leave. Sincc nobody 
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Ieft, he repeated this statement more Ioudly , but still nobody moved , so 
he had to begin his leèture to this unexpectedly Iarge audience. In 1946/7 
there were aIso many students attending Dirac's lectures for the s巳cond
time in order to hear the text of the new edition. However崎 it was quite 
common for students to attend th巳 cou rse tWlce‘ even when the text was 
the saI口巳

2 Dirac 's engineering training 

Most people ar巳 aware that Dirac had been a口 engin巴巴rb巳fore h巳 came

into theoretical physics and becam巳 quickly prominent as on巳 ofthe

creators of qua口tum 丑1巳chanics ‘ although the stories given in the 
literature ar巳 often 口ot correct in d巳tai l. These stories interested me 
particularly, since 1 also began my trainìng as an engineer. 1n a 
developing country Jike Australia句 the engìneer was clearJy an important 
persoÌ1 and what he achieved was visible to aJl. Nobody was abl巳 to say 
wher巳 a traìnìng in mathematics and physics wouJd lead , other than to 
teaching; the pur巳 scientist was invisible and unknow口， and entry into 
those specialities was discourag巳d both by University advisors and by 
parents. So 1 played safe and entered the 巳ngineering track. After 1 heard 
the stories about Dirac, 1 wondered whether he had been imp巳lled by 
similar forces. 

The Merchant Ventur巳rs' Tec!mica! CoJ1ege at BristoI had been 
estabJish巳d as such in 1885 by th巳 Society of Merchant Venturers of the 
City of Bristol , their aim being 飞o provide a sound , contínuous and 
complet巳 preparation for an IndustriaI Career'. It had both S巳nior and 
Junior Class巳s ， the Iatt巳r constituting :J. four-year Secondary School for 
Boys. Dirac's father Charles was the head of French Ianguage teaching 
in the Colleg巳 when Paul 巳nter巳d the S巳condary School in th己 Autu口nn

tem1 of 1914, at age 12 y巳ars. Charles Dirac lectured in all parts of th巳
College, including the additional evening classes. ln 1909, the U niversitj 
College o[ Bristol gained its charter to b巳come the University of BristoJ 
and the new University decided to enJarge its Faculty of Enginee口口gby
incorporatìng the Senior Engineering Classes o[ the Technical Co lIege; 
the arrangement was that the PrincipaJ of the College became th巳 Dean
of the Facu]ty of Engine巳ring in the University. Since Charles Dirac 
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regularly taught French to the Senior C1asses, h巳 thereby became a 
Recognized Teacher of Brist01 University in the new Pacu1ty 

It was natural for Pau1 to attend this 8cho01 , as had a1so his brother 

Reginald 吨 older by two years. It was quite a 1arge schoo1 , giving a 
thorough training with a practica1 beη t. Modern Languages were laught 
for use , there was some Historγand bm not Classic:ll 

Studies. Tl1lS gives point to a storγof a Jater time , at S1. l01m's College, 

Cambridge , when Cockcroft (who had also trained as a口 engíneer) ， after 
a discussion at the head ofthe dinner tab1e , called to Dirac in the middle 
o[ the soup course: ‘ Do you consider yourself to be an educated man , 

Dirac0 ' Dirac did not reply , but kept 011 eating. Allhe end ofthe third 
course , he replied to Cockcroft in a 10w vo元汇、No ， I do口、 1 know any 
Latin or Greek'. Ho认rever， Paul Celiainly stood Ollt as a malhell1a1icía丑

in the S巳condary School and spent ll1uch of his time in more advanc时

smdies, separate frorn the rest of the class. The Schoo1 was fortunate in 
being pa口 of the College, the well-equipped Senior 1aboralories being 
avaiJable for use by the School , being especially accessible in those War 
years when the senior students were rath巳r few 

1t was also natural for PauJ to stay on in the same buildings and to 
study engineering. His fatheτrecomrn巳nded this course哼 as he had done 
for Reginald , who had wished to sludy rnedicine , and lh巳re was no one 
to object. Reginald had aJready been studying mechanical engin巳巳nng
for two years , and so Paul follo飞NecI afler him , speciaJizing in e1ectrica1 
巳ngl丑eering and graduating with first class honours in J 921. Despite this 
success , he was not considerecI ;] !可 romismg engineeI 吨 bec:luse 1h巳 repoft

fro ll1 the Brilish Thompson Houslon 认Torks al RlIgby where he h山l

work巳d to gain th巳 praclical experi巳nce which w川 required before 
graduation 予 was 1101 favourabl 巳吨 as he himself recall巳d in an interview 1 in 

1963 and as his contemporaríes (sev巳ral of them still alive locJ ay) al80 
remember. As a result , he did nol iïnd a job in engineering and it is clear 
111at such worlc did not really hold his inl巳re鼠， 了o fill in time , David 
Robertso口， the EJectrical Engineering Professor at Bris101 Uni飞 erslty、

encourag巳CI him to sta r1飞vork on som巳 practical projects in hís 
d巳partll1ent. At this point , the Mathematics cleparliηcnt staff, who had 
been ratherunhappy when Paul chose toιo Ínlo engineering ra1 ]J er (h日 n
matl1ematics after 11 巳 left th巳 S巳condary Scl1 ool , proposed 1hal be shou!d 

follow th巳 Mathematics lectur巳s ， unoffïciaJly and witho Ll l (lI ition fecs , 

cover才ng the course i口 two years. Since he was able to live at hom巳， this 
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was feasible financially and attractive to him p巳rsonally ， and so he 
ιccepted this offeï 

Oirac's own recollections from that p巳riod str巳ss the great attraction 
Projective Geom巳try had for him , in large measure b巳cause of its beauty 
and th巳 gr巳刮目t巳nt of the implications of rath巳r few assumptio旧， but 
also b己cause ofthe skill ofthe teacher, M r. Peler Fraserτhere was only 
one oth巳r stud巳nt following the honours cours己， MissB巳ryl May Dent , 

daughter of a schoolmaster at VVarminst巳f ， near Chippenham, who was 
a r巳glster巳d fee-paying student.丁here was a choice of specialization in 
th巳口口al year; as th巳 only official student , Miss Dent had the right of 
choi<二e and sh巳 decided to opt for App!ied Mathematics. Since the 
D巳partment could offer only on巳 set of lectures , it was therefore 
n巳cessary for Paul to follow th巳 Applicd Mathematics s巳quence also. At 
the final examination i卫 1923 ， Paul and Miss Dent both gain巳d first­
class degr巳巳s and they w巳re both accepted as research students by 
Camblidge University , Paul at S1. John's Coll巳ge and Miss Dent at 
Newnham College. Paul had hop巳d to be taken on by E. Cunninghar丑，
to work on relativistic electrodynamics , but this was not possible at the 
tÌm巳 and h巳 became a stud巳nt of R. H. Fowler instead. 

3 Dirac 、 s prαctical side 

Besídes all o[、 the major research which h巳 did on the formulation and 
d巳velopm巳nt of quantum mechanics , 011 thc i11corporatio11 of relativity 
into qua11tum m巳cbanics 1巳ading to l1 is gr巳atest achievement , th巳 Dirac

equ以ion [or lhe el巳ctro11 ， and on the founding of quantum 
el 巳ctrodynamics 、 Dirac did make mundane calculations of cross­
sec1ions or rates 11 巳巳ded by exp巳nm巳nters ， fr0111 tir丑巳 10 tim巳. For 
巳xample ， h巳 was th巳 fîrst to calculate the cross-sectÍon [or th巳

annìhìlation of 江 positron by a stationary el巳巳tron givìng two p11oto口S

This pap巳[2 actually bears th巳 till巳 'On the annihilatìon of electrons and 
protons', since the posi1ron had 1101 yet b巳en identified 巳mpirically at 
tba1 1ime and Dìrac iden tÍfì巳d the el巳ctron hol巳 wìth th巳 proton.

Howevl汀， Dirac carríed the calcuJation through [or a single mass value 
111 、 cOffim巳nting only thatιW巳 do not know wheth巳r the 111 1here refers to 
lhc cleclro l1 or thc proto11. Prcsumably i1 is some kind o[mean.' When m 
is taken to b巳 the mass of 111巳 el巳ctro口， thc cross-section [ormula is that 
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now quoted [or the process e+ e •)!)! in the slandard works 0日

巳lectromagnetic radü1tion processes 3 I扫 1932 ， hc publishcd SOI孔G

calculations of photo-巳lectrìc absorption cross-sections" carried oul 
jointly with J. VV. Harding , who was 1hen a student of Ruth巳rford 吨 work

prompted by th巳 q ueslions of th巳巳xp巳nm巳口lers engaged in measuring 

lhese processes in the Cavendish Labora 1 ory at Cambridge'. In 1933 , 
jointly with P. Kapitza ‘ hc discussed th巳 characteristics of a very 
interesting physicai situa lÌon 6 , the diffraction of electrons from a 

-SEatil1g 、 conslstJ日g 01' standing light waves , a process whose observation 

they showed to be outside lhe range of experime丑 tal possibility at that 

time. 1t is ofint巳rest to recall h巳re lhat Kapitza and Dirac gav巳 a review 

of this proposal and 01' the possibility of carryi口g out th巳 necessary

observations to check it , at a11 exlraordinary meeti11g of the Kapitza 

Club on 10 May 1966 during Kapitza's visit to England to give a lectur巳
about Rutherford to the Royal Society in that year7

. This Kapitza 
Dirac effect has been sludied 巳mpirically a number of times in the last 

fiv巳 years ， a particularly compJete and quantitative demonslration of ils 
characteristics ha ving be巳n achiev巳d very r巳C巳ntly ， but for a beal11 of 

sodiu l11 atO l11S rather lhan of elecl ro口S8
The subject of iS010pC separation was in cverybody飞 mind al thc 

Cavendish Laboralory in th巳巳arly 1930s , b巳caus巳 of lhe d巳sirability of 

using isotopically-pure 1arge1s for thc study and analysis of lluclear 

rcacl lOn proc巳ss巳s. Dirac conc巳ived lhe id巳a of separaling isotopes by 

usmg lh巳 ce口lrifuga1 elTect , causing a jel o[ gas to be deDccled through a 
larg巳 angl巳， 1口 which case t11巳 a10ms of th巳 heavicr specics wou1d be 

d己i1 ccted J 巳ss 1ha11 lhose o[ 1hc ji且 hter Sp巳cies ， Jeading to som巳 degr巳巳 o[

spatiaJ separation b巳tween 1he heavy and light compo l1cnts. The 

out吕oing s1ream cou!d then b巳 divid巳clint01woj巳 lS by lhc USC of a sharp 

巳dg巳， 1h巳 ralio hcavyjlìght being diff巳ren1 for lhc lwo final jciS. The 
aclvantagc of this sch巳m巳 was 1ha1 such an 且ppara1us need have 110 

mechanical moving parts. KapilZa 巳口couraged Dirac (0 carry out the 
experimeη1a1 work hims巳1 f. R. E. Peier1s was at Cambridg巳 a l tha t lil11e 

and has written a brief account of 飞vhat he saw纱:

Kapitza allowed him thc USC of a comprcssor in the )\1 ond Labofalory , and thc 
devicc was tried initi且lJ y 011 a mixture 110t o[ isotopes , but o[ 且ir with a heavy 
organic compound.τWh巳11 1 saw the c.xpcrime口 t thCl 巳 hacl bcc口 ωyet no 
cvidcnce o[ a diff.巳 rel1c己 l口 composi1io l1 betwecn thc two outpUl tubω ， but by 
fecling the tubes 011巳 could easily check lhat on巳 was 1101 and th巳 otl1cr colcl , 

showin吕 that som巳t]üng no且-trivial was happenÌng in lhe junction. 
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Dirac did not leave any d巳tailed description of the intemals of his 

apparatus but it appears that the centrifugal effect was obtained by 

means of a spiralling tube10. His own account of the outcome runs as 

fo11owS 11 : 

1 go! an effect which I wasn't exp优ting which was interesting , namely a thermal 
effect. 1 was a ble to produce something like a conjuring trick. Ijust showcd thr臼
pipes , pumped in som巳 air into on巳 pipe; have the 0口e pipe here branching out 
into two pip巳s and the air would come out of !hese two pipes at widely diff，巳r巳nt
temperatures . . .1 believe we had differences of about maybe 100 0 ce口tigrad巳...

(lt) comes entirely from the viscosity effects. The inner layers have a higher 
angular velocity than the outer 0丑es and the viscosity transD巳rs energy from th巳
inner lay巳rs to the outer ones. The outer ones go out on巳 side and the in丑er ones 
come out th巳 other side and the陀、s quite a big temperature difference 

Ruth巳rford was highly amused by th巳se goings-on , for he wrote as 

[0110WS 12 in a letter dated 23 April 1934 thanlcing E. Fe口ni at Rome fOf 

lhe news he had sent of his neutron-induced nuclear reaction studies: 

r congratulate you on your successful escape from the sphere of theoretical 
physics! Y ou seem to ha、 e struck a good line to start with. Y ou may be 
mter巳sted to hear that Professor Dirac also is doing some experimen钮. This 
seems to be a good augury for the future of theoretical physics! 

However, Dirac's experiments were 口ot completed; in particular, he 
did not demonstrate whether or not his apparatus could separate 

isotopes. D巳spJtewar丁lings from Rutherford and others , Kapitza mad巳 a

return visit to Russia in the summ巳r of 1934, and the RussÍan 

government did not permit him to go back to CambridgeJ3
. In the 

absence of Kapitza , Dirac's interest in this experiment languished. 1n his 

own words 11 : 

When Kapitza was detained in Russia , I ratber stopped. 1 didn't bave enough 
enthusiasm to carη， on without him and so nothing further was done on it until 
the war came and people wanted to separate isotop巳:s of uranium. 

As far as w巳 k口ow ， this was the last piec巳 o[ experimental work that 

Dirac did. 

4 's ì-var 

τhe Frisch-Peierls memorandum1
4- of March 1940 made it clear t11at 

the separation of uraníum isotopes was going to be vital for the 
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construction of an atomic bomb. Its authors considered at the time thal 

this separation couJd be done ad巳qnately by therm?J diffnsiσ11 meth (ìd" 
already known. A number of groups were set up to study possible 

separation methods ‘ especially at Liverpool and OxforcL From 
Liverpool , M. H. L Pryc巳唱 rot巳 to Dirac several times in JuJy 1940 , 

repOliing their initial discussions there and aslcing for some notes about 
Dirac's experimentaI work of 1934 , since his method might provide a口
initial stage ìor the electromagnetic separator under consideration 

there15
. We do not Icnow Dirac's response to these Jetters but no work 

on the jet separation method was done at Liverpool , to the b巳st of our 
knowledge. The Oxford group , u l1 der F. Simon 16 , opted for 235U 

S巳paration by gaseous diffusion of uranium hexafluoride through 
membranes , as sugg巳sted to them by PeierIs , but carri巳d on a small 
research project on the jet s巳paration method as we1l 1 O. The 
Bim1ingham group under Pei巳rI s worked 011 a numb巳r of theorelical 

aspects of the atomic bomb proj巳叭， in c1 uding the 235U separations 
methods being deveJoped at Oxford. 1n the Jater summer of 1940 , PeierIs 
wrote an undated memorandum MS12 en 1Ï tI时， 'Efficiency of Isotopic 
S巳paration' ， discussing the generaI problems. This was Iater revised by 
Peìerls jointly wìth K. Fuchs and issued 17 as m巳morandum MS12人甸

aIso undated , entitled ‘Separation of lsotop巳s'. It begins with the 
following statement: 

This Report is 10 replace the 巳arlier 扣fSJ2. 了heηolalíon and lerminoJogy hav巳
b巳en revised in the light of experience and severaJ errors eliminated. Since MS 12 
W丘s wri t1en we have seen a report by Dirac who comes 10 identical conclllsions 
concerning lh巳 quantity we now caIl‘民para lÍl1g power' (this tenn is taken fro Il1 

Dirac) and aJso reports by Urey and Coh巳n on the same subj巳ct. Thes巳 pages ns 
welI as the formulae given in a reporl by Simon and Kurti bave been llsed in 
redrafting 

In his standard work on the theoη! of isotope separation 18, published in 

1951 , KarI Cohen gives the date ofreport MS 12A as February 1942. W巳

shall see below that this is consistent with other ind巳p巳nd巳nt 巳vidence.

The report by Dirac mentioned h巳r巳 is known. H bears the ti t1 e The 
Th巳ory o[ th巳 Separation of lsotopes by StatisiicaI Methods'. 丁he only 
copy we know bears no dat巳 nor identifying number and lacks the 
Appendix referred to in the text , but it does bear a sign to Ìndicate that it 
was a highly classified docum巳nt. It consists of thre巳 pages of closely 
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lyped materiaJ , conc巳rned with the g巳口巳ral theory of those m巳thods of 

separaling isotopes which subject the mixture of isotopes to physical 
conditio肘， such as a centrifugal force field or a temperature gradient, 
which t巳nd to cause a gradient in the concentration of th巳 isotop巳 lt

puts an upp巳rlimit 0口 the output of any sllch apparatlls and shows what 
running conditions 111ay a]]ow this theoreticaI Iimit to be approached in 
practice. It is th巳I 巳for巳 a v巳ry fllndal11巳ntal contribution to this field o[ 
research. With c (assumed small) denoting th巳 concentration of th巳

isotop巳 to be concentrat巳d ， Q( being the gradi巳nt of c wh巳n equilibrium 
holds for thes巳 physical conditions and 卢 b巳ing its actuaI gradient , Dirac 
obtained th巳 expr巳sS10nρ. (IX 一卢)}c 2 for the diffusion flow per unit 
volu l11 e producing s巳paration ， whereρis the fluid d巳nsity and D its 
coefficient of diffusion , and in1roduc巳d th巳丑al11e separation-po \V eï for 
this quantity , which he abbreviated as 飞巳p.-power'. The maximum sep.­

power is reach巳d when the apparatus is arra吨巳d such lhal ß =• E 

everywh巳re. Th巳 'sep.-en ergy穹 of a sample of the fluid increases with the 

s巳p.-work done on it , the Iatt巳r being the ti l11 e-int巳graloft且es巳:p.-power
used. lts gen巳ral form may be wrilte丑 as mf(c) where 111 is lhe mass ofthe 
fluid and c its conc巳口 trat10口， and Dirac obtained the following explicit 

expression for f(cl , 

[(c) = -1 + log(c/co) + (c/c o) τ 
) l ( 

wh巳r巳 C o d巳noles the initial concentration. Expressions [or th巳 cas巳

whcrc lhe conccntration c is not small wcre apparcntly giv巳n 1日 thc 
missing Appcndix. This r巳cognition that 1he separative power had an 

upper Iimil , irrespeclivc 01' lhc physical d巳t且iIs of th巳 procedur巳 uscd ，

且nd hi吕 calcula1ion of this 1h巳or巳tical maximum in an 巳l巳gant and 
吕encraI way 、 cons1l tL!(巳 th巳 most important part o[ Dirac穹 s c0111ributio l1 

10 1he 1heory of iS010pC scp过ration by diffusivc 111 巳chanisms.
111 his book , Cühen re[ers 19 10 this report by Dirac as 'British R巳port

J94 1'. Cohen carries 1he calculations ou1 for arbitrary strcng1.h of th巳

cO l1CCnlrat lOn c 、 'following Dirac' as he pu1s i1 吨 ob1aining a rcsult which 
reduccs to 1.he expr巳ssion (1) [or small c. 1如 uscs thc term ‘ separative 

power二 csscntiaJJy that inlroduced by Dirac , and lhis is now par1 of thc 
accepted tenninoJogy 、 perhaps thc most apparcnt trace today ofDirac's 
contribulion 10 this field. Th巳 d且1e o[ his seminal paper is n01 r巳alJ y

known. H was ilOt 111巳 rcsponse to Pryce弓 s Ic1l巳rs [r0111 Liverpool , [or 

th且t enquiry was concerncd only with ccntrifugal separation o[ a 
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partícular kínd. This ís a much 1110re ge日eral paper, applícable to a wide 

range of diffusion separation techniques. As w巳 have s巳en above, it was 
obviously written be[ore the Fuchs~Pei巳rls memorandu l11 M 12A was 

finalis巳d. Fuchs was gíven a quaJified securíty clearal1ce and sígned the 

Ofìïcial Secrets Act at the end ofl'vIay 1941 , and it app巳ars reasonable to 
suppose that Peierls may hav巳 r巳C巳ived this paper in the summer or 

autum且 of 1941 and then worked through it with Fuchs. 1t is not y巳L

clear how Dirac's report came to b巳 wntt巳n 110r exactly whel1, 110r is th巳
path knowl1 by which it reach巳d Peíerls. 

011 10 November 1941 , Peíerls wrote to Dirac as follows 20 : 

1 am doing so日le thcoretical \Vork in connec1ioJl wi1h a problem for a 
Govemment Depa口ment and we find now lhal there is mOI巳 urgent work 1Il 

conn巳ction with 1his problem than \Ve can handle al Bìnningham. . . Therc are 
cer1ain aspects o[ the probl巳m which 1 thì口k you migh1 be ìnlerested in 、 apar1

[rom lhe problems which we hav巳 alr巳ady dìscussed wìlh you some 1ime ago 

1n reply , Dirac suggested that Peierls should have supp巳r wilh him 0丑

his l1ext visit to CambI世ge ， on the[o]]owing weeker址， and it is c1 ear lhat 

Dírac then agreed to work with lhe Pei巳rls group , while remainíng 且I

home at Cambridge. Th巳 earlier problems referred to are probabJy to do 

,-,{ith isotope separa1ion by díffusion at Ox[ord , i口 view of Dirac's letter 
10 Peierls of 29 D巳cember 1941 20 : 

1 should bc glad 10 know the reslll1s o[lhc scparatìo且 cxperimcn1s whcn 1hey are 
done and \Vould probably bc able 10 comc to Ox[orù (0 dìscuss 1hel11 .1 am a[raid 
lhal 1 havc not y巳1 done ll1uch wi1h 1hc olher probkI丑，

the la l1er being the ne' 月 1 probl巳m wi1h the Peier1s group. Apparently hc 

was glV巳nm巳morandum 1\11 12A 10 check , for he says in a lett巳r20 daled 

25 January 1942 , 

认'hy don '1 you us巳 1he abbreviation sep.-power ctι ‘)... WOllid s巳p.-work bc 
any bett巳r 1han sep.-巳ncrgyι) 1t ìs a quan lÌ1y whìch diyided by scp.-powcr gives a 
lImc. 

These r巳marks ， taken togeth己r with the [oreword to MS 12A , imply tha1 

thcfinal foπ11 ofthe latter was wrilt巳n subseguenl to this le1tcr , in accord 
with the date assigned to MS12A by Cohen. It is rath巳r likely that 

f说 S12A was one ofthe reports taken 10 America by Pcierls at 111巳巳nd 01' 
February 1942 , a visil of about a 1110ntll in whìch a discussion mcclÍnι 

节li1h D r. Cohen at Columbia Univ巳rsity was an important part. 
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τhe first report written by Dirac after he began to collaborate with the 
Peier!s group was also not conc巳rned with the new project. On 11 May 
1942 , Dirac wrot巳 to Pei巳rls20 : 

r have written up my oJd 飞瓦'ork abollt lhe circuJalio口 in a self-fractionating 
centrifuge and have enclosed it forthwith 

1 have not done any calcuJations on the effecl oflemperature variatio口 along

the tube, but 1 believe the effect is important and someone should work it out 

This paper21 , numbered clearly as D.l but with ‘ Report Br-42' also 
written on it by hand , is entitled The ]\在 otion in a Self-Fractionating 
Centrifuge'. 1t seems probable that this study may hav巳 b巳巳n carried out 
by Dirac some time before he 100k up this regular collaboration with th巳
PeierI s group , possibly in response to a丑 E口quiry by Pei巳rls about the 
experimental work of B巳ams er al. 22 concerning the us巳 of a c巳丑1rifuge
for isotope separation. The problem dealt with is to detenτ1111巳 the

circulation ofthe axial 110w in a c巳ntrifuge where the initial gas is fed in at 
the centre ofthe base, the light component being extracted at the axis at 
the fop and heavy compon巳nt being removed at the periphery of the 
base. Dirac simplified the problem in very 111any ways , retaining on1y 
essential features; 日巳 assumed the rat巳 of removal of th巳 gas to be 
n巳g1igib1已， that the rotation ofthe centrifuge is so fast that essentially a11 
of the gas is near the boundary , so that the curvatur巳 of the boundary 
could be neg1ected , and t11at the ‘adiabatic force、 tern1 could be neglected 
(probab1y t11e 1110st questionable assumption) 丁he equations were 
linearized for sma!! axial velocities and for smaII deviations of the 
azimutbal velocities from thos巳 due to tbe steady rotation of the 
centrifuge. Dirac sought eigenfunctions of the form (þ ,, (r) exp( -k"z), 
which falI exponentiaIly with height z above the base of the centr汀uge ，

and solv巳d this problem analyticaiIy for the lowest cigenvalue k o, which 
he found to b巳 given by 

ko = 1.2μ V 5j(pa2R 2 T 2) 、

wher巳只 p and a denote the vcIoci1y , pressure and radius at the periphery 
of th巳 centrifuge， f1 is the viscosity , R the gas constant and T the 
t巳mperature o[ the gas. 丁h巳巳Ig巳nvalue ko specifies the eigenfunction 
which n巳cessarily dominat巳s for suffici巳ntly large z. The characteristic 
length ljko measures the rate at which the circulatory motion decreases 
with increasing z and so provides an estimate ofthe greatest axiallength 
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useful for such a centrifuge to hav巳. 1n this lowest mod巳， the axial 

velocities ofthe gas are necessarily thos巳 of a counter-current centrifuge. 

the gas with the heavier fraction moving downward near its p巳riphery

and the gas with the lighter fraction moving upward further inward from 
the periphery , and this mode of circulation is readily set Up 

mechanically , by a stationary SCOOp set Up at the base ofthe centrifuge. 
In the last paragraph ofhis paper, Dirac notes that greater lengths could 

be usefully used for the centrifuge tube ifth巳 circulation w巳re set Up by a 
suitable temperature gradient along the tube , but he does not investigate 
this situation further. 

This paper by Dirac was seminal in the centrifug巳 field. Although he 

did not invent the counter-current centrifuge ~ this was proposed by 

I-L C. Urey in 1939 ~ his work provided a theoretical basis for it and 

drew attention to its characteristics. For isotope separatio口， th巳

counter町current centrifug巳 hasbe巳n shown to have a very high 巳fficiency

in practice, almost 100 % of the maximum efficiency theoreticaIly 

possible , so that it has become widely used for uranium isotope 

separation , for example by the British~Dutch~W巳st German 

consortium URENCO. As a result , much calculational work was 
subsequently directed towards going beyond the simplifying 

assumptions made by Dirac in his early treatment. Most of this Iater 
work has been classified since about 1961 when the U.S. Government 
decided to investigat巳 the counter-currenl centrifuge system in detaiI , as 

a possible roul巳 for the 巳xpansion of their uranium isotope s巳paratJOn
programme , the finaI d巳cision to go this way being taken in Presidenl 

Cart町's ti l11e and now being implemenlecl 38
. Dirac 、s cenlraI 

contribution 10 this fî巳ld is generally recognised ancl frcquenl1y 1 巳ferrccl

to. It is o[ interest to remark that Dirac's ccntrifug巳 paper is neithcr 
discussed nor re[erred to in Coh巳n ‘s decJassifi巳d text' B, although we are 

infonned that il was discussed i口 full ， and extendecl , in tbe much Jarge ，飞

classified version of this t巳xL

Th巳 n巳w work to be done arose out of the exlensions rcquirecl to lhe 

1940 Frisch~Peierls paper14 on eηergy g巳n巳ration in blocks of fissi!e 

l11aterial and to Peierls's 1939 paper23 。口 neutron multiplication in the 

sal11 e. Dirac's work led to fîve reports on these lopics. The first of lhese 

rcports was MS.D .2, entitledιExpansion of U-spher巳巳nclosed in a 

container'. This was concerned with the dynamical effects of a thick 

container (or tampeτ) placed around the bJock o[ fissil 巳 material
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Without a contain巳r， a supercritical mass o[ uranium und巳rgo巳s a 

rapid rise in temperatur巳，叩d therefor巳 of pressure , more or less 
uniformly throughout the matelìal , beCallS巳 ofthe 巳xponeηtial incr巳as巳

o[n巳utron mllltiplication and the trans[er ofth巳 energy ofth巳se neutrons 
to the block of material as a whole. Since the 巳xternal preSSllre on the 
block is only atmosph巳nc ， a rar巳[action wav巳 then 1110VeS iI1wards fro111 
its surfac巳 Behind this wa v巳， the pressure fa!ls and th巳 material th巳re

moves outward , its conseqllent fall in density leading to a cessation of 
neutron mllltiplication and energy generation there. When this wave 
reaches the centre ofthe block , th巳 neutron mllltiplication stops and the 
availabl巳 energy is concentrated at the centre of this mass. There th巳n
fo !lows a strong outl1 ow of 巳nergy ， leading to a blast wave of high 
111 tensJty. 

With a container, tll巳 rapid rise of pressure in the sup巳rcritical
ural1lum mass gcn巳rates an outgomg preSSllre wav巳 in t11巳 container

material which can develop into a shock fron t. When this wave r巳aches
the out巳r surface o[ th巳 contaI日町， it is rel1巳cted as a rarefaction wavc , 

which travels inward and into the llranium core. The pr巳senc巳 ofthc

container therefore causes delay in the expansion of th巳 uranium mass , 
which means that th巳日巳utro口 mul1iplication can go on [or a longer time 
and so lcad 10 high巳r temp巳ratures due to th巳 increascd nucl巳ar energy 
rclcase. Dirac 's discussion of the dynamical asp巳cts of this sequence of 
process巳s must havc been complet巳d early in th巳 Summ巳r of 1942 

The increas巳d neutron multiplication due to the container was 
discuss巳d in Dirac's 口ext pap巳r ， numbered MS.D.3 and entitled 
'Ncutron Mlll iÍplica1ion in a Sphere ofUniform D巳nsity surround巳d by 
a Shcll of Non-uni[orm Dcnsity ‘ This work was complctcd early in 
August , for Dirac wr01巳 to Peierls as [ollows , in 日 l 巳tt巳 r da1ed 25 August 

1942: 

Thanks [or the ]Xlpers on shock wave吕. • . J was rath巳r surprised to see how the 
whoJe 1hcory comes out without a detaiJed knowlcdge 0 1"、 th巳 processes by which 
1hc cner且y is de吕raded. I hav巳巳nclosed my work on the e[[cct o[ a non-uni[orm 
dt:nsi1y in thc outer layers in changing the ra1e of neutron muJtipJication. 

Hc was much fascina1ed by th巳 elegant 1h巳ory G. 1 丁aylor had worl∞d 
ou1 24 10 describc ihe ou1going blast wav巳 which was formcd in 1he [inal 

slaιeofihcsllp巳rcritical uraniu ll1 cxplosion , 1'or he wrote furth巳r20 ， on.

Scp1ember 8: 
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Conceming the stability of Taylor￥ solutions ， this could be investigated by 
considering small departures from Taylor's solutions. Do you want me 10 look 
into this') 

了his particular proposal waS not fo lIowed Up but it appears that the 
paper MS.D.3 had at least a substantial part in which perturbation 
tbeory m巳tbods were used for raking into accollnt the non-u11iformity of 
tbe co丑tai11er. As mentio11ed above, the c011tainer mat己rial undergo巳S

distortio11 early in the sequence ofprocess巳s set offby the initial neutron 
multiplication. Outgoing neutrons may b巳 scattered back into th巳

uran lUm cor巳 by interactio11 with the container nuc]巳i and so incr巳ase
tbe n巳utron multiplication further , and it is important to take this e[[ect 
in10 account accurately i丑 calculating the final olltcome. The 
perturbation theory approach 10 巳stimating this ef[ect llsed th巳 rate of 
variation ofthe density with position as 1he expansion parameter ‘ but it 
S巳ems possible that this part of the work may ha ve been carri巳d out at a 
ra1ber late stage in the history of this paper.丁h巳re are a n umber of 
refere口 ces 10 this aspect of the work in 1he lat巳r letters bet，vee日 Dirac

and Peierls. 111 a lett巳r20 dat己d 1 S巳ptember 1943 , Dirac commented 
1hat '1h巳re are various new tem1S appearing in th巳 P巳rturbation theory 
which hav巳 no analogue for the bare sphere、。丑 17 October 1943 , 

Pei巳rls wrot巳20 10 Dirac to say '} v巳rify that your Papcr on P巳rturbation
Tb巳ory is MS.D.了， which SllggcstS that theÍr discussion in that period 
was involving a re-巳xamination of S0111巳 dctails rela t巳d with that pap巳r
which had firs1 been mentioned in th巳se 1巳t1巳rs more than 且 yca r carlier 
Much later still , this paper MS.D.3 is rcferrcd to again in a le t1cr20 of 
J May 1944 written by Pei巳rls soon aftcI飞 or dllring , his second visit to 
Los Alamos fro111 his base in N巳w York at lhal time. This Ict1巳τco口veys
cri1icisms from H. A. Bcthe, th巳n at Los Alamos , who had found that 
1hesimplep巳rturbation treatm巳日 t followed by Dirac was not sllfficiently 
accurate to d巳scribe thc situa1ion quantita1ivcly. Th巳 assump1i on that 
thedcnsityρ (r) varied slowly wi1h r fail 巳d bccause the 01l1going prcssurc 
waves quiclcly develop into a shock w且vc and thc derivativc p'(r) is no( 
small in th巳 neighbollrhood of the shock front. Be1he found il was 
nccess且Iγto keep high巳r ord巳r tcrms giving additio日 al contributions of 
thc sam巳 ord巳r o[ maglli1ude as those calculaled in lVIS.D.3. 

The fourth report ill this s巳rics by Dirac was lv1 S.D.4 , en1itlcd 
‘ Eslimale of the efficiency of 巳nergy releas巳 with a 110日-scatt巳nnι
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container'. On 9 October 1942 , this was nearly complete, for he 
?A wrote- V 

1 ha ve no objection to your sending any of my reports to Am巳rica but it might 
perhaps be better to wait until the work on the effici巳ncy is completed , as this 
work should not take long now and th巳 su时ect will then appear in a more 
fïnished fom1 

At the end of September 1942 , W. A. Akers 、 chaim1an of the 
Directorate of Tube Alloys , under whose umbrella all of these 
ínvestigatíons were being carried out , raised the question whether 
Dirac's work might 旦ot be put 0丑 a more official basis , which would 
pave the way for a change of location for him to become more closely 
integrated into the 丁ube Alloys programme of work. Peierls did not 
consider this important and made only the Comment that he would like 
to make sure that Dirac、s reports were all made available to the 

Americans. An oflïcial appointment would hav巳 r巳quired Dirac to take 
leav巳 from his professorship at Cambridge wh巳reas he was quite able to 
contribute signìficantly to the Tube Alloys Project work while fulfilling 
the duties of his Chair飞 receJV1ng only travelling and other minor 
expenses from the Govemm巳T泣， and he c巳rtainly preferred not to leave 
his home at Cambridge. Neverthe!ess , he replied 气 do not have any 
preference as to whether my work is put on a more official basis or not'. 
Peierls found the 巳xisting situation satisfactory and Akers did not press 
his sugg巳StlO丑.

Lale in 1942 , b巳fore the breakdown in American-British cooperatio l1 

d巳velop巳d ， Peierls had received from J. R. Opp巳口heimer papers 
concerning the Los Alall10s work 011 the delailed dynamics involv巳d i口

the explosion of fissil 巳 mat巳rial and had passed them on to Dirac for 
study and commen t. Dirac was ll10st concerned with the neglect of the 
material pressure relative to the radiatíon pressure and of th巳 expansion
arisíng from the ll1aterial pressure. On 17 January 1943 , he returned to 
Peierls a copy of Peierls's draft reply to Opp巳nh巳lme仁 with the 
remarks 20

: 

r think your answer to Oppenheimer covers the whole fïeld pretty weIl and gives 
the right amount of emphasis to each point, except that 1 would lik巳 to see the 
point about whether equilibrium is attained betwee丑 matter and radiation 
tr巳ated more fuIl y，且S lt IS a丑 important poin t. which they may not have 
considered 3d巳quat巳ly

82 



Anolher side to Pα111 Dirac 

He also discussed a number of internal inconsistencies in the Am巳ncan

document and also the questions how the 1wo haJ飞/侣。fthe homh should 
best be shaped and how they should be brought together for explosìon 吨

concluding that mechanical convenienc巳 would probably be the mos( 
important factor in deciding between op1imaJ possibiJities of various 

kinds. 
丁he first of the two papers 0口 th巳 initial neutron muJtiplication 吨

numbered MS.D.5 (Part I) and entitled 、Approximate Rate ofNeutron 
Multiplication for a Solid of Arbitrary Shape and Uniform Density 吨， was 
written by Dirac alone , and compJeted about the end of March 1943. 
Peierls had already laìd out the essentials of the probJem23 The time 
dependence ofthe neutron number IJ 仗， 1) a1 poinl r and time t consists of 

a sum ofexpoηentiaI terms exp(λJ) ， where the Ài are eigenvaJues of a 
time-independent integraI equation. Exponential increase of the 
neutron number with time wiI1 occur and iead to expJosio口 if the Jowest 
eigenvaJu巳 λ。 is negative. For a small mass , the Jowest eigenvalue is 
positive; a neutron f1ux in the fissiJ 巳 mateliaJ (produc巳d for exampJe by 
incident cosmic radiation or by spontaneous fission) wiJJ then be 
damped ou.t. As the fissile mass is increased , the eigenvaJu巳s chaηg巳 and

the mass reaches its critical value when )'0 reaches the vaJueλ。= O. In 
this lowest elg巳nstate ， it is reasonabJe to assume that tbe n巳utron
distribution is uniform ov巳r th巳 soIid. As Dirac shows , the criticaJ 
condition is then determin巳d by purely geometric consid巳rations 、 Slllce

it can be obtained by quadratur巳s from a knowledge of th巳C] istribulion

function 1//(1) giving the relativ巳 frequency of chords conneclìng t wo 
pomts 0丑 the surface of the soJid , with Ienιth b巳lween 1 and (1十 cll). This 
procedure is known as the metho cI of chorc!s. The fl1 nClion IjJ(I) salis!ïes a 
numbeτof constraints; for 巳xampJe、 10 specify several of them , we may 

note that 

(i) f户μ圳圳州川(1仰仰川1)1川l

(ii订)f千)rW仙r户μμ归川1收制削州川川卢κ川附阳(l伺川川l月圳忖)川川dωI/n = A , wJ… … S 川h… 
叫圳圳川州附川l巧切伊阳)川r川l尸川4-dl = 12V2 i口盯川2V川V俨2 
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the last t wo hoJding in this form only for a con vex solid. 丁hecaseo[most
Íntcrest is that of 丘 hemi-spheroid ， corr巳sponding to one of the t飞vo

pieces of fissil巳 material to be brought together to f01111 a spheroid of 
more than critical mass. 丁he hemi-spheroid has an edge with dih巳dral
a口gleπ/2 ， and Dirac obtains the ge口eral r巳sult

(iv) 收(0)=(4/3JIL i {(π- yJ cot Yi 十 l}

for a丑y solid which has edges of total length Li with dihedral angle Yi 
Forth巳 hemi-sph巳roid ， this expression reduces to 收 (0) = 87日1/3 、 where a 
is the end circular radius. For the oblate hemi-spheroid , where the axial 
Jength b is small巳r than a, the [unction VJ (l) has its great巳st 飞 alu巳 for 1 = b, 
but this is a sharp maximum wher巳 the derivative 庐(1) is discontinuous, 
its jump at 1 = b being calculated to be 

(v) 1j/(l)lb+ - tþ' (l)lb- = 8π2{向b2 .

The int巳resl in these and other such relationships is that a t !Íal 收 (1)

satisfying them 1巳ads to a rather good approximation for the critical 
condition for solids which are not precisely spheroidal in shape. 

The second part o[ this paper, numbered MS.D.5 (Part and 
巳ntitled ‘AppIication to th巳 Oblat巳 Spheroid ， Hemi-sphere and Oblate 
H巳mi-spheroid' ， was writt巳n jointly with K. Fuchs , R. E. Peier! s and P. 
Pr巳5t011 and appears to hav巳 bcen completed about the end o[ July 1943. 
The chord distribulion tþ (l) is calculated analyticalIy [or a sph巳roid 、 and

numericalIy [or a hcmisph巳rc. Thc approximate methods devcJoped in 
Part I are then appJjed to thc casc of an oblate h巳mi-spheroid; [or th巳
límíting casc /)• 11 , thc approximate results agree quite well with those 
of thc nU I11巳rically cxact calculation [or the h巳míspher己，

5 Dirac 飞 jet separatio l1 

During most of [h巳 p巳riod discussed , and Jater飞 Dirac was also in direct 
touch with F. E. Simon's group al Ox[ord. It appe丘rs that he did visit 
Simon at the CJarcndon Laboratory earJy in 1942 to discuss the status of 
thcir isotop巳 S巳paratio !1 results吨 as he had off巳red to do in his 1巳tt巳r o[ 
29 Dcccmber 1941 10 Pcicr沁人lthough the precise date o[ this visit does 
not scem to b巳 recorcled ， l am in[offi1ed by N. Kurti that it was in the 
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B P2 

Fig. 1. Shows the lwo proposals which Dirac made 10 SimOD and the Oxford 
group for th巳 construction o[ a 235U separator, using an incidentjet ofuranium­
bearing gas. They are re[erred to as (a) the curved path s1it syst巳m ， and (b) the 
h01e-p1at巳 system. For the latter, we 口 se the notation d for the distance between 
the p1ate , and \1)1 and "'2 for the diameters o[ the h01巳s in the first and second 
pJate, resp~ctively. 

cours巳 of these dÍscussions that Dirac proposed the possÍbility of a 
simple centrifugaljet separato r. His first proposal was to turn thejet by a 
smooth curved 90 0 angle , as shown on Fig. l(a) , divÍding the final slream 
into two jets as shown th巳re. Later in the discussion, he 0汀巳red a口巳V巳n

simpler system, consisting of two parallel plates with circular coaxial 
ap巳rtures of diamet巳rs W 1 and W 2 , respectively, the set-up being as 

depicted on Fig. l(b) , th巳 gas 巳nrich巳d in 1h巳 light isotope bCÍng that 
pumped away from the region labelled A. Subsequently、 J. A. V. 
Fairbrother undertook 10 supervise the project of inveslÍga1ing Dirac嗯s

proposals. The matter was of more than acadcmic interes1 af th巳tIme
since Ít was not c巳rtain 1 ]1巳n ， norev巳n early i口 1944 ， that 235U separation 
by gas巳OUS diffusÍo l1 through membranes would necessarily b巳且

succcssful proj巳cl on a faclory sc二lle.

Fairb1'othe1' obtained some preliminary data wilh t l1巳 sct-up 1(b) fo1' 

tl1e case of an equimolar N 2-C02 mixture as 巳arly as October 1942, [or 
Dirac wrole to him 0口 250ctob巳r to thank him for the intercsting sct of 

results he had sen t. Dirac comment巳d that , since lhe ísotope s巳paration
incrcased as the i日itial pressure Po of operation was decreased , this 
pressure should be still further reduced , and that the pr巳ssure Pl shouJd 
ah\叫'8 be kept l11uch low巳r than Po. On 26 Nov巳mber， Dirac wrot巳25.

1 wonder how the separatìo l1 is getting 011 . . . There 飞\'ill b巳 a transfer o[ encrgy 
[1'Orn A to B [cf. Fig. l(b)J by v出os叼. 1 wou1d 1ike )'OU to tr)' w11巳ther this is 
really the case by (hro ttlin且 down the exi1 for the gas B and measurÎng exactly 
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B 

Fig. 2. Shows the most successfuJ system used by Fairbrother and Tahourdin in 
their 巳xperimental worlc using N2-C02 mixtures , the straight-through sJit 
system developed after experience with the hole-plate system depict巳d in 

Fig. l(b). 

the pressure diJTerence between Po and P2 as it wouJd be very co 口venient for a 
separation plant if the gas B did not hav巳 to be pump巳d at all 

Their correspondence continued through the wint町， many sets of data 
beÌI飞g s巳nt by Fairbrother, with repli巳 s from Dirac end巳avouring to 
understand the effects observed - th巳 phenomena were a function of at 

least five variables , the pressure Po , the pressure ratio P2/Pl' the gap d, 

and the slit widths w1 and 平\12 ， specified on Fig. 1 (b) - and suggesti丑g 口ew
runs which 1丁1ight be made to clarify the situation 

At some tim巳 before May 1943 , Fairbroth巳r was J0111巳d by a口 Oxford

University student named P. A. I. Tahourdin ，、 who carried out this 
work first as Part II (fourth year) of 1h巳 B.Sc. requirements in Physical 
Chemistry , and later as a research student for the D.Phil. degree, for h巳
wrot巳 to Dirac on 17 May 1943 吨 as follows 25 : 

Please find enclos巳d the readi口gs which Dr. [SiC 26J Tahourdin has tak刊咄巳nw川
the 口巳warrangem巳m口t of slits, namely飞 entranc巳 slit 0.07 x 3.2 mm and exit slit 
0.123 x 3.2 mm 

including a large body ofm巳asurements. Th巳 apparatus was rebuilt and 

further developed to use straight-through slits (see Fig. 2), and 
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Faitbrother wrote on 14 October to tell Dirac that th巳y were in business 

again. Dirac repliecl on :24 October2S : 

Wilh the new apparalus. I would like 10 have th 巳 results concenlrated around 
the optimal cond>tions - in parlicula r. 1 \Vould snggesl lhat you keep to 
conditions for which the ratio of 1he Dows Jl !J; is near unity since 11山 r3(10

would hav巳 to be very closc to unity in aC lUal worbng condjlio丑 s and the 
performa口C己 ofth巳 apparatus in other conditions is 口。( 01 much importance 01 
interest. 

认lork was continued at Oxford on the Dirac jet separation method 

until 1945 , whe丑 Tahourdin wrote and submitt巳d his D .PhiJ. 
dissertation 26 , entitled 'The Dirac Jet Separation Method'. The 

straight-through slit systems proved 10 b巳 the most conveni巳nt and most 
巳汀ïcient to use , and gave incr巳ases iJ.c in the molar fractions of N 1 

between (he input N 2-C02 mixture and the light fraction olltgoing injet 

A (cf. Fig. 1) as large as 4.5 % over the range of conditions 
investigated 1 0, 27. Tahourdin wrote a report on this phase of [h巳 work in 

August 1944, which was entitled Th巳 Dirac Jet Separation Mcthod 

applied to Nitrogen• Carbon Dioxide Gas Mixture弓 and cnds witb the 
acknowledgement: 

Thanks are due 10 Professor P. A. M. Dirac‘ whos巳 id 巳as and suggeslions hav巳
continued to fonηa basis of this work. 

Tb巳 story is taken furth巳r in Tahourdin 's D.PhiI. c1 isserlntion 26 in J 945. 
lt hacl bcen expected that t11巳 curv巳d pal ]l slit syste1η(cf. Fig. 1(b)) woulcl 

give a Jarg巳 Iη1provement over the p巳rfonmmce of the slr日 ighl-through

sJit system , perbaps 巳ven by a factor 01、 five ， bu( the resu]ls proved (0 be 

disappointing in that the highesl values measured 1'0 1' Ll.c wilh (his syslem 

W巳re beJow 2 % 
Al together, Dirac's jet separation method was nol compclj(ive wi(h 

the other melhods a vailabl巳 in the 1940s~ll) d lh巳 process chosen for 235U 

separation , gaseous diffusion through 111巳mbranes ， proved to be 
sLl ccessful and r巳liable in the time of necd. H owev巳飞 Dirac's work w且s

recalled again in 1975 , wb巳nr巳ference was made in the journaI Science to 
two 'new、 methods for the enrichm巳nt of 235U. (he Becker 、S巳paratlOn­

nozzle' in West Gerrηany28 and the 'h巳Jikon、 technique ìn South 

Africa29 , and in th巳 journaI N ew Scienlis1 30 (0 lh巳 Becker 气10zz1e
enrichment process'. FoIlowing the Jatter, NichoJas Kurti wrote a Ietter 
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of protest to tl1巳 New Scie lJ tist 30 , pointing oui that the Beck巳r nozzle 
proc巳ss was identical wit Ì1 theιurved-jet lYlethod iDV巳nt巳d by Dirac ;n 
1941 and tested extensively by Tahourdin at tb巳 CJarendon Laboratory 
in th巳 period 1942-5. FoJlowing th巳 two articl巳s in Science , S. A. Stem of 
Syracus巳 University similarly v、'rote a 1巳tter ， rath巳r longer but 0口 the

same lines , to Science31 in order to draw attention to Dirac's p口or
111V巳口tion. Appar巳ntly ， technical improveme丑怡， esp巳cial1y in the 
strength of materials , hav巳 mad巳 Dirac's jet method more competitive 
today 

6 Conclμsiοn 

After the Quebec Agreement in late August 1943 , British-American 
cooperation on atomic bomb development was resumed and a number 
of key figures in the U.K. programme join巳d the work in the U.S.A. 
Peierls went in December 1943 and Fuchs followed him in the 巳arly

months of 1944. After about six montbs in New York , Peierls was mov巳d

on to Los A1amos sinc巳 th巳 U.S. programme on uranium isotope 
separation by the gas巳ous diffusion method appear巳d to be well in hand. 
Thus Dirac's connection with the work of the Peierls group 巳nd巳d Jatein 
1943. As recount巳d above, his active interest in th巳 jet 111巳thod for 
isotop巳 separation continucd untiJ lat巳 1944

On巳 can s巳巳cJ early some ambivalenc巳 in Dirac's attitudes concerning 
physics. On the on巳 hand ， he has r巳peated many , many times his 
conviction tha1 b巳auty in the fundamen1al 巳quations of physics has 
pnonty ov巳r any 01h巳r consid巳rations such as the closeness ofth巳ir fit to 
current 巳xpenm巳n1. This may be well illustrated by a number of 
ma 1hema tical inves1iga1ions which h巳 madc32 3气 which have not yetled 
10 an y JI1 tercstmιphysics. Jncid巳口tally ， one interesting exception to this 
remark is 10 be found in 1he papcr34 巳ntilled 'Pretty Math巳mat邸， where 
he rccords tha1 hc had found in 1927, be[ore he discov巳r巳d lhe Dirac 
cquation for 1hc electron , a rcIativis1ic tWO-C0111pOηent equation 
describi吨 an巳山:al particlc wi1h spin l , 1h巳 eqω1ion we assoc川etoday

wíth the n且111 巳 of Majorana , that of the M ajorana neutrin0 36 , published 
by Majorana in 1937. On the oth巳r hand , in 1hc pres巳nl ar1icle , w巳 S巳巳

Dirac deeply involved wi1h approximate calculalions Wh05巳 only

purpose was 10 obtain an answer which the exp巳nm巳nters could rely 
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Llpon for the building of Iarge and significant projects , acting eff、'ectively
in the role of a consuItant engi扫巳cr. Ec 江Iso said in an intcrvi巳\V 111 

1963 11 
: 

1 owe a Iot to my engin巳己ring training becaus己 it did teach me to toi巳rate

approximations , Previously to lhat 1 thought. . . one shouldjusl concentrate on 
exact equatlO口s alI th己 tlme 丁hên 1 gOllhe iåea lhat i口 the actuaI world aIl our 
叫uatlO丑 s are 0丑ly 叩proximate. We must just tend to gr巳aler and grealer 
accuracy. 111 spite of the equations being approximate‘ th巳y ca l1 be beaulifu]. 

H巳 felt that this training had give口 him an appreciation of how 
important a simpI巳 approximate [ormula could be. He also felt that 

巳verything might be a旦 approximatio丑， a [eeling which he thought came 
very largely from his e且gineering training. 

Dirac was clearly interested in this work he did during the 飞鸟lar years , 

with an intcnsity goìng beyond what was called for by the national n巳ed.
His long conn己ction wi1h the Oxfordjet separation project suggests that 
h巳 felt S01丑e considerable pleasure in the conc巳ptio日 and invcstigation of 
a practical schem巳 like that 

Dìrac's experimental work under Kapitza、s encouragement 飞vas a 
more complicated matter. Dirac and Kapitza were a most u日usual pair, 
this sby and taciturn mal1 and that gr巳at extrovert, lhat Russian b巳a r.

Dirac、 impuIse to do that practical work in 1934 was a product of his 
relationship with Kapitza; his loss of interest in the project after 
Kapi 1.za's confinem巳nt to Russia [ro111 1934 0日， indica 1.cs this. For 1.he 
res1 of his Iife , h巳 fclt deeply about wha1 had bcen do日已 10 Kapi1za. 1n 
1934 and 1h巳 y巳ars l111m 巳diately folI owing 吨 h己 visited Russia whcnever h巳
could 穹 10 glve cncouragem巳n 1. to Kapitza. Even in 1he las1 days ùfhis life , 
he spok巳 repea1edly about Kapitza in 1hose prc-War limcs , both b己[or巳
口 nd 且 ft巳r Kapilza's conJï nement to 1bc U.S.S.R 

Professor Paul Dirac was a deep and remarkable m且口， about whom 
we shall marv巳1 for the rest of our days. 

7 Ackno飞Ivledgem巳nts

丁he account 1 have giv巳n in this paper 01' Dirac、s 飞?v'ar-tim已出search ，

owes a gre且1. deb1 to thc skill , p己rsistence and acumen of M r. ] ohn 
Clark巳， Archivist with th巳 UKAEA Archivcs at AERE (Harwell) , in 
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locating th巳 rele飞 ant letter fïles and the d巳classified copies of reports, 

which wereηecessary for me to gai卫 a full picture. I also wish to 
acknowledge here the willing help of Pro f. Nicholas Kurti in discussing 

the background and origins ofthe isotopic separation work o[th巳 Simoη
group at the Clarendon Laboratory, especially co口cermηg th巳飞vork of 

D r. P. Tahourdin on the Dirac s巳parat!O口 method. Discussions with 

Prof. Sir Rudolf Peierls on the work 01 his group at Birmingham in the 
early years of the 认rar and on the con te口 t ofrhe papers pr巳pared by ProL 
Dirac (not all known to be exrant , although their titles are recorded) in 

his ìJVar-time collaboration with the Peierls group , have been vital for 
this account and r acknowledg巳 them with much gratitude 

N ote added in 

After this paper had been prepared and submitted for publication I cam巳

across a rec巳nt article by S. Whitley 39 which reviews gas centrifuge 

research up to 1962 and acknowledges iηsome detail Dirac's 

outstanding contributions to gas centrifug巳 technology.
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Playing 有 equatio丑Sp211S
Dirac vlla yl 

A. Pais* 

A greur deα 1 of my work is just playing with equutiollS α nd 

seeing what they give. 
P. A. M. Dirac 

1n the year 1902 , the literary world witnessed the d巳ath of Zola, the birth 
o[ J ohn Steinbeck, and the first publications o[ Thè H owzd of the 

Baskcrv il/es, The lmmoralist, Three Sistel飞 and The Varieties of 
Religious Expcrience. Monet pain1巳d 怀/aterloo Bridge, and EIgar 
composed Pomp and Circumstance. Caruso made his first phonograph 
I 巳cording and the Irish Channel was crossed for the first 1im巳 by

ba11oon. 1n 1h巳 world of sci巳nc民日巳aviside pos1ulated the Heavisidc 
layer , Rulher[ord and Soddy published th己ir trans[ormation theory of 
radioacLiv巳 el巳me口ts ， Einst巳in started working as a clerk in th巳 paten1

o[fice in Bem , ar吐、 0日 August 8, Paul Adrien Maurice Dirac was bom in 
Bristol , one of the children o[ Char让s Dirac, a nativ巳 ofMonth巳y in the 
Swiss canton of Valais , and Florenc巳 Hol1巳n. Ther巳 also was an old巳r
b1"0111er, whose life ended in suicide, and a young巳r sis1巳1二 About his 
[a1hcr Dirac has recall巳d:ιMy father mad巳 thc rulc that 1 should only 
1alk to him in Fr巳nch. Hc thought it would bc good for mc to !ear口
Frcnch)n tha1 认!ay. Sínc巳 1 found that 1 couìdn 't exprcss mysclf in 
French , it was better for me 10 stay silent than to talk in English. So 1 
b巳came very silen1 at that time - that started v己ry early'.3 

Dirac rec巳ived his sccondary education at the Mcrchant Venlurer's 
School in Bris101 where his father taught Fr巳nch. ‘ My fathcr al吼叫

布飞Vork supporlcd jn parl by lbc Dep山lmcnl of Encrgy ul1dcr C山】 tracl Gran( No. DE 
AC02-8IER40033B.OOO. 
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encouraged me towards mathematics . . . He did 口 ot appreciate th巳 need
[or social coηtacts. Th巳 result was that 1 didn 't speak to anybody unless 
spoken to. r was very much an introvert , and 1 sp巳nt my time tbinking 
about probl巳ms in nature 寸 Throughout his li缸， Dirac maintained a 
minimal , sparse (not terse), precis巳， and apoetically elegant style of 
speech and writing. Sample: his comme l1 t 011 the novel Crime (/nd 

Punishmenl: ‘It is 且 ice ， but in 0口e of the chaptcrs the author made a 
mistake. He dcscribcs the su口 as rising twice on the sam巳 day.'4

Dirac completed high school at age 16 四 theηwent to the University of 
Bristol where he graduated in 1921 with a d巳gree J口巳ngineering. He 
stayed 0ηfor further study in pure and applied mathematics until , in the 
autumn of 1923 , he 巳nrolled at Cambridge wh巳re ， nme y巳ars later , he 
would succe巳d Larmor to the Lucasian Chair o[ Malh巳matics once held 
byNewto口 .5 It was Fowler who , in Cambridge, introduc巳d Dirac to the 
old qua口tum theory , and it was from him that he first learned of the 
atom o[ Ruther[ord , Bohr, and Sommerfeld. 

Dirac first met Bohr in May 1925 when the latter gav巳 a talk in 
Cambridgeo口 the fundamental problems and dif[iculties o[the quantum 
theory. Of that occasion Dirac said later: ‘People were pretty well 
spellbound by wha1 Bohr said . . . While 1 was v巳τy much impressed by 
(hil时， his argum巳nts were mainly ofa qualitative nature, and 1 was not 
able to really pinpoint th巳 facts behind them. 飞鸟Ih日 t J wanted was 
statements which could b巳 express巳d ín ten11S of 巳quations ， and Bohr龟s

work vcry seldom provid巳d such statements. I am really not sure how 
much my lat巳r work was inDu巳nc巳d by th巳se lectures of Bohr、s... He 
certainly did not hav巳 a direct inDuence , b巳cause he dìd not stimulate 
on巳 to think of new equations'.6 

A íew months lat巳 r ， Heisenberg's first paper on quantu l11 m巳chanics

came ou t. '1 learned about this theory o[Heisenberg in Septemb时， andìt

was very difficult for me 10 appreciate it at firs t. It took two weeks; then 1 
suddenly realizcd that the noncommutation was actually the most 
important idea that was iniroduced by Heisenb巳毡 '.7 Th巳 result was 
Dirac's first paper on quantum mechanics 8 containing the relation 
pq - qp = h/2nì , independently derived shortly before by Born and 
Jordan. The respective authors were unaware of one another's resuIts. 
Born has described his reaction upon receiving Dirac 、s paper: ‘ This was 
- 1 remember wel1- one ofthe greatest surprises of my scientific life. For 
the name Dirac was completely unknown to mc、 the author appear巳d to 
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be a youngster, yet everything was perfect in its way and admirable'.9 

111 those days , Dirac invented several notations which are now part of 
our language: q-numbers , where 'q stands for quantum or maybe qu巳er';

c-numbers , where ‘ c stands for classical or maybe commuti l1g'.l 0 He has 

described his work habits in lhose y巳ars: 'Inte丑se thinking about those 

problems during the week and relaxing 011 Sunday. going for a walk in 
the cou口try alone'.lo (Dirac also liked mountains. Lat巳rh巳 climbed the 

Elbruz in the Caucas时， together with Igor 丁amm.)
In May 1926 , Dirac received his Ph.D. on a lhesis entitled 'Quantum 

Mechanics' .11 扎在巳anwhile， Schroedi l1ger's papers 0旦 wave mechanics 

had app四τed ， to which Dirac reacted with initial hostility ‘ then with 
enthusiasm. He quickly applied the theory to systems of identical 

particles. 12 At almost the same time , that probl巳m also attracted 

Heise旦berg ，I 3 whose main focus , on few particle systems ‘ resulted in his 

theory of the helium atom. 14 Dirac ‘ s paper J 2 (Augus1 1926), on the 

oth巳r hal1 d , wiIl be remembered as lhe first in which quantum mechanics 

is brought to bear on statistical mechanics. Recal1 that the earliest work 
011 quantum statistics, by Bose and by Einstein , predates quantum 
mechanics. A1so , Fenηi 电s introduction of the 巳xclusion princip1e in 

statistical prob1ems, though published J 5 after lhe arrival of quantum 
mechanics , is still executed in the con1ext o[the ‘ old' quaη1um th巳ory.J 6 

AIl th巳se contributions w巳re gJve口 their quan1u l11 m巳chanical

underpinnings by Dirac who was , in fact , the IÏrst to give 111e correct 

justifîcation of Planck's law , which started il all: 'Symmetrical 
巳igenfunctions . . . give jusl 1he Einstein-Bose sratistical m巳chanics . . 
(which) leads to Planck's law o[ blacIc-body radia1Ìon 吗 12

It is edi马ring 10 remember that it took some time before it was sorted 

out wh巳n Bose-Eiηstein and F巳rmÌ-Dirac statistics respec(jvely apply. 

Dirac in August 1926: ‘ The so!ution with anti-symm巳tnc 巳igcnfunc1ions

(F.D. statistics) . . . is probably the correct one for gas molecul邸， since it 
is known to be the correcl one for el巳ctrons in an atom , and one would 

expect .m olecu1巳s to resemble e1ectrons more closely 1ha11 light­
qua丑ta. '12 Other grea1 men wereηot at once c] ear either about this 

issue , Einstein , Fenni. Heiseηberg ， and Pauli among them. 

1n September, Dirac went to Copenhagen ‘ admired 130hr very 

l11uch. 认1e had !ong ta!lcs logelher, long talks in which Bohr did 

practicallyall the lalking 咱 11 was there that he worked ou 1. 1he 1h巳ory o[ 

canonical transformations in quantum mechanics sinc己 kn ü\月 n as the 
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transformatio口 th巳ory.17 '1 think that is th巳 piece of 飞只 ork which has 
most pleased me of all the works that I've done in my life... The 
transformation theory (became) my darling.叮 In this paper, Dirac 

introduc巳d an important lool of mod巳rn physics , th巳c5-function ， about 
which he remark巳d right away: ‘ Strictly, of course, c5 (x) is not a proper 

function of.飞 but can be regard巳d as th巳 limit o[ a certain s巳quence of 

functions. P让1 lhe same, on巳 can usc c5 (x) as though it wcre a proper 
[unction [or practicaliy all th巳 purpos巳s o[ quantum mechanics without 
gett1口g incorrect r巳suJts'.18

Dirac吨 s stay in Copenhagen - lasting till February 1927 - is also 
highly m巳111 orable, because it was ther巳 that he completed the first 19 of 

two pap巳rs in which he laid the foundatio l1S of qua丑tum

巳l巳c1rodynamios. 丁he sequeJ 10 was writt巳n in Goetting巳11 ， the next 

impor1ant stop on his journey. 
Preceding lhesc two papers , Dirac had alr巳ady giv巳n 12 a th巳ory of 

induced radiativ巳 1rä.nsitions by lr巳ating atoms quan1um mechanically 
but still considering thεMaxwell field as a classicaI system. 22 How巳ve乙
、oη 巳 cann01 take spo丑tan巳ous 巳mission into accoun1 without a more 

elaborate lh巳01γ12 Her巳‘ Dirac echo巳d Einstein who , aJready in 1917 , 

still lhe days of 1h巳 oJd quantum th巳ory ， had stresscd lha1 SpOl1tä.口eous

巳1111吕sion 'mak己(sJ il aJmost in巳vilabl巳 to [ormulale a truly quantiz巳d
lheory of radialion. 、 22 ln his Cop巳nhagen paper, 19 Dirac did just that. 
H巳 proc巳edcd to qu且ntizc lh 巳 eleclromagn巳tic [i巳ld 、 ther巳by giving the 
[irst ration且1 descriplion 01' lighl quanla , and lh巳n d巳rivccl 1'ro111 first 
principJcs Einslcin', phcnomcnoJogical 00巳fficienl o[ spontan巳ous

。毛

已1111SS1on. - _' 

Tbe thcory wa吕 110t yel complcte , how巳ver: ‘ Radiative processes . . . in 
wbiιh mO l"c th川1 onc lighl qua口 tU l11 tak巳 (s) parl simuJlaneously al 巳 not

alJowcd 011 lhc prcs巳nt lheory.'J0 How young quan(u111 l11ccbanics slill 
was. EarJy in 1927 , Dirac did 口ol yel know lhal lhese processes are 
p巳r[cctly wcll in c1 uJ 巳d in his lheory. AJl one bad (0 do was 巳xlend

pcrturbalion lheory [r0111 日rsl ordcr (uscd 七y him in lhe trealm己nl o[ 

sponlaneous cmission) lo second ordc1二 30 ， in his Goeltingen paper ,20 
he deveJoped 2

-1- s巳cond order perturbalio l1 lheory , which enabled him lo 
gl飞巳 lh巳 quanlum thcory 01' dispcrsion. 25 He [urlhcr noted16 lhal (h巳
lheory could now also be appli巳d 10 lhc Compton e[[ect , a subject that 
hau int巳resled him ca rI icr. 2 7 

Fro l11 Goellingcn , Dirac wen1 to Leid巳且 and conc1uded his travels by 
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att巳nding the Solvay conference in Brussels (i口 October) ， where 11巳 rnet

Einstein for the first time. Frorn discussions wÍth Dirac , 1 know that he 
admired Einstein. Th巳 respect was mutual. ('. . . Dirac to whom , in my 
opinion , w巳 owe the 1110st logically pcr[ect pres巳ntation of (quantum 
mechanics)'.2 8) Y巳t ， 1he contact be1 w巳巳n the two men remained 

rl1l丑imal. I do not belÍev己 that thÍs is due to Einstein's critical attitude to 
guantum mechanics , expressed llrst at that 1927 Solvay conference 
lndeed , as time wenr by , Dirac himself developed res巳rvations not only 
regarding quantum 日eld 1heory but also , 1hough less strongly , i口

relation to ordinary quantum mechanics. 29
,30 1 would rath巳r think that 

it was 口ot in Dirac穹 s personality to seek for fath巳r figures 

Dirac has recaIled a conversa1ion wi1h Bohr during the 1927 Solvay 
con[erenc巳. Bohr: ‘Vlha1 are you working on'广 Dirac: Tm trying to g巳la
relati 飞listic theory of t11巳巳1ectron.' Bohr: 'But Klein has already solved 
1hat probl巳m'.6

Dirac disagreed. 
By the lirne o[lhe 1927 Solvay confcren白， a rclativistic wave equalÍo丑

was a!ready known: the scalar wave equatio日， stat巳d independen11y by 
at Ieast six authors/ 1 Klein and Schroedinger among 111em. One could 
110t , it s巳emed ， associat巳 a positive defini1e probabilìty with t11a1 
equation , however. That Dirac did 口 011Íke at aII , since the 巳xis1ence o[ 
such a density was (and is) c巳nlral 10 his transformatÍon 1hcory. 'The 
transformatÍon theory had beco111e 丑1y darJing. 1 was not in1cres1cd in 
considering any theory which 飞鸟 ould 口ot fit in with my darling . . . 1 just 
couJdn 't fac巳 ιJVJ吨叩 lhe trans[orn川íon theory.7 TI川 i心S 叭W时1)句i

Di口r丑ac dωis汹agr陀巳巳d 叭WJ扎lh BollI二 Accordin口19ly ， h巳 began his own search for a 
rclati 飞!lstlC wav巳巳quation that do巳s hav巳 an assoCIated positive 
probability d巳口 sity. Not onJy did h巳 find it bu l, in th巳 course of doing so , 

be also discovered th巳 reJativistic quanlU l11 mechanical trealment of 
Sp ll1 

Thal was 且 major noveJ ly. ln May 1927 , Pauli had proposed 32 tbat 
th巳cIectron satisfy a two-compon巳口t wav巳 equation wbich cloes contain 
(h 巳 electron spi口，巳xplicitly coupled to 1he 巳!巳ctron's orbital anguJar 
1110111entu111. Nothing cletermined th巳 strength of lhal coupling, 1h巳

Thomas fac(or' , which had to be Ínserê巳d by hand 、'Íthou t further 
juslification'. This Daw , PauJi noted , was due to th巳 [ac1 tha1 his 
equation did not s且[isfy the req uir巳111巳nls o[ reJativily. The theory was , 

in his words , provisionaI and approximat巳
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In his equatio口， Pauli d巳scribed the spin by 2 x 2 matrices 苦 S1l1 ce

known as thc Pauli matrices. It appears that Dirac had discovercd these 
independently: 'I believe 1 got these (matrices) independently of Paulì , 

and possibly Pauli also got them indepe口d巳口tly from me 吨 6 Always in 

quest of a relativistic wave equation with positive probability density , 

Dirac continued playi口g33 with the spin matrices. '1t took me quite a 
while . . . before I suddenly rea!ized that there was no need to s1ick to 
quantiti巳s. . . withjust two row5 and colum口3 轧lhyηot go to four rows 
and columns' , 6 Quite a while , actually , was only a few weeks. Toward 
th巳 end ofhis life, Dirac reminisc巳d: '1 n retrospect , it seems strange that 
on巳 can b巳 so much held up over such an elementary point (!)'.34 
Thus、巳arly in 1928 、 was bom the Dirac equation35.36 with the 

positive density its author had so fervently desired. To his great surprise, 

he had stumbled on much more , however 

It was [ound that this equation gave the pa了ticle a spin 01 hall a quantum. And 
also gave it a mag口etic moment. It ga ve just the properties that one n巳eded for 
a口 eleètron. That was really a口 unexpected bonus [or me ‘ completely 
unexpected.7 

Spin was a nec巳ssary consequence, the mag口etic mom巳nt and the 

Somm巳rfeld fine structure formula cam巳 out right , th巳 Thomas factor 
appeared automatically; and for en巳rgies small compared to I11 C2 

(111 = electron mass) all the results of the nonrelativ岱tic Schro巳dinger

theory were recover巳d. Dirac had play巳d hard and play巳d welL His 
discovery ('onc巳 you got the right road it jumps at you witbout any 
e[fort'37) , ranking as it does among the highest achievements of 
twentieth c巳ntury science电 is all the more remarkable since it was made i丑
pursuit o[ what ev巳ntually turn巳d out to be a side issue , positiv巳

probabilities. 38 

Along with its sp巳ctacular successes , the Dirac equation was , [01句 a few 
years , also a source of great trouble , however 

Pauli 、 s wave functions have two components , corr巳spo口ding to the 
options spin up and spin down. But Dirac's wav巳 functions had fouτ­
The question: why four? led to monumental confusion about which , in 
the 1960s穹 Heisenberg recalled: ‘ Up till that time (1928) , I had the 
impression that , in quanlum theor)气 we had come back into the harbor气

into the porL Dirac's paper threw us out into the sca again.'39 
From the outset ,35 Dirac had correctIy diagnosed the cause for this 
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doubling ofthe number of componeηts. Th巳re are two wÍ1h positive , two 
with 口 egatlve 巳n 巳rgJes 、 each paÍr with spin up/do飞\'11. ìVhat to do witlì 
the 口巳gative energy solutÍons') ‘ One gets over lhe diffïculty on th巳

classical theory by arbitrarily excludÍng those solutions that have a 

nega11ve en巳rgy. One ca口not do this in the quantum 1heory , si口白，JJ1

gen己ral ， a perturbation wÍII cause transitions f1'o l11 states with E posi1Íve 
to sta1es with E negative.'35 日e wenl on 10 speculate that negative 
t口已rgy solutions may be associated with par1Ícles whose charge is 
opposite to that ofthe electron. ln that regard , Di 1'ac did 口 ot ye1 know as 
clearIy what h巳 was talking about as he would one and a halfy巳ars later 
This undeveJop巳d idea led hüηto take thεprobJem lighily , initiaIly 
'Half of the soIutions must be r句巳cted as referring to 1he charge 十 e of 
the electron 、 35 1n a talk given in LeÍpzig , in June 1928 , he no longer 

spoke o[r巳:jection ， however. Transitions to negative e口 eîgy states simply 
could not b巳 19nor己d ‘Consequen (]y , 1h巳 pres巳口( theory is an 
叩proximation.叫。

While Ín LeÍpzig , Dirac , of course , visited Heisenberg (recently 
appointed there), who must have been welJ aware ofthes巳 dÍfficull ies. 1n 
May , he had written to Pauli: 'I日 order not to be forever irritated with 
DÍrac, 1 have done something else for a change',41 th巳 something els巳

being his quantum theory of fer ïOl11 agnetism. Dirac and Heisenberg 
discussed several aspecls of th巳 new theory.42 Shortly thereafter, 

Heisenberg wrote again to PauJi: 'Th巳 saddest chapt巳l' of modern 
p lJysics is and remains th巳 Dirac theory' ,43 mentio口ed some of his own 
work , which d巳monstrated the difficulties , and added that (11e magnelic 
electron had made Jordan triihsi l1l1 ig (melanchoJic). 八1 aboul lhe same 

time , Dirac，且 ot feeling so good either , wrol巳 lo Klein: ‘ 1 have nol mel 
with any success in my atI巳mpts 10 solve lh巳土 e difficully. Heisenberg 

(whom 1 m巳t in Leipzig) lhinks t11e problem \孔!ill not be solved unlil one 
has a th巳ory of the proton and electron together'.44 

Early in 1929 , both Dirac and Heisenberιmade their first lrip (0 lhe 
United Stat郎、 Dirac Iecluring at the University of 飞Nisconsin ，

Heisenberg at lbe University ofChicago. In August oftha( ye~汀， t11巳 two

men boarded ship tog巳t Í1 er Ín San Francisco , slopped over in Hawaii ,45 

then went on to Japan wher巳 they botb Iccm red in and Kyoto. 1 
was curious whether they had discussed the problematics 01、(l1 e Dirac 

equation during tbeir trip ‘ 50 I asked Djr~1C. He repliecl: ‘ 111 1929 、

Heisenberg and I cross巳d the Pacific and sp巳nt some lÍme in Jap日n
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tog巳t11er. Bu1 we did not have any technical dìscussìons together. We 
both just wanted a holiday and 10 get away fro111 physics. 亨、TC had no 
dìscussions of physics ，巳xc巳pt when we gave lectures ìn Japan and each 
o[ us atlended the leC1ures of the oth巳r. 1 do not rel11巳mber what was said 
011 tbese occasìons. but 1 b巳li巳V巳 there was essential agre巳meηt

bet\veen us ‘ 46 

1n 1he l11ea口tJme，认Teyl had made47 a new sugg巳stioηregarding the 
extra 1wo compone口ts: lt ìs plausibl巳 to anticipate tha1 , of th巳 two palrs 
ofcompon巳nts ofthe Dirac quantity , one belongs to th巳 electron ， one to 
th巳 proto日.' 1n Decemb巳r 1929 , Dìrac (back in Cambridge) diss巳nted崎:

℃丑巳 cannot simply assert that a 且已gative energy el巳ctro丑 is a proton', 
since this would violat巳 charge conservation if an electron ju丑1pS from a 
positive 10 a n巳gatìve energy state.49 Rather , 'Let us assum巳. . . that all 
the states of ηegative energy ar巳 occupìed ， except , perhaps , for a f，巳w of 
v巳ry small v巳locity' ， this occupation being 0口e electron per state, as 1he 
巳xclusion principJ巳 del11ands. Imagine that one such n巳gatlve energy 
electron is removed , leavinσa hoJ巳 in the initial distribution. Th巳 resultb 

is a rìse in e日ergy and in charge by one uniL This hole, Dirac noted , acts 
like a particle with posì1ìv巳 energya口d posìtìv巳 charge: 气可巳 arc. . .Ied to 
the assump1ion that 111巳 hol巳s in the distribution of 口巳gativ巳巳口巳rgy

巳leclrol1 s ar巳 th巳 protons'.49

Th巳 id巳111ifica1ion of holes with particles is fine , but why pro1ons? 
Dirac laler remarkcd ‘ Al lhallime . . . everyone felt pretty sure that the 
eleclrOJ1 s and thc proto l1 s w巳rc 1he only elemen1ary particles in 
Nature吨 50 (R巳call that , in 1929 , thc atomic nuclcus was still believed to 
be bllilt llP o[ pro1ons and elcctrons!51) 

]usl prìor lo submilting his pap町、 Dirac wrote a letter52 to Bohr‘ 

which shows lhal b巳 knew qui1e well that , at leasl in the absenc巳 o[

ÌnteraclÌons、 hÌs boles should ha ve the sam巳 mass as lh巳 elecLrO I1 S

lh巳mselvcs. It was his hope (an idle one) that 1his equality would b巳
violaled by e]cclromagn巳tic inlerac1ions: 'So long as 011巳 n巳glects

111 (巳 rac1Jo J1、 onc has complc1巳 symmelry betwω11 el巳c1rons and protons; 
onccould rc吕ard the prolons as the real parlicl巳5 且nd thc c]ectrons as tbe 
holes in the dislrìbulion of proto l1s 0[nega1iv巳巳口巳毡y. However , wh巳11

lhc inleractio l1 betw巳巳口 lh巳 elcc1rollS is lakc l1 inlo accou l11, this 
symm巳try is spoiJ t. 1 hav巳口ot Y巳1 work巳d out mathematically th巳

ιonsequel1ces of thc inleractio日. .. 011e can hope, howev巳f ， that a 
prop巳r theory of this will enabJe one to caJculate the ratio of the masses 
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of pro10日 and electron 吨 ActuaJly the 'compl巴比 symmetrγof which 
Dirac wrolè‘ ιhar￥己 ιO IlJU甚alion lllvanance，巳xlends to the 
electromagnetic interactio l1s as weIL For want of a better procedure , 

Dirac briefly considered the mass ])J in his equation 10 be th巳趴'erage of 
the proto J1 and the 己Iectron 口1ass. 53

了h巳 confusion lasted all tbrou到1 19~， O \v11己日 Cirst Opp巳丑heimer5气
thcn , independentJy吨丁a丑1日1 55 noted lhat tbe pr010n proposaI would 
make all atoms unstable b巳cause o[ th巳 process: proton 十 electron →

photons. In N ovember 1930 ，亨、!eyl took a new stand 56 in regard to the 
proto巳s: ‘However attractive this idea may s巳巳m at first , it is certainly 
impossibJe 10 hold withoU1 introducing oth巳r profou丑d l110difications 

indeed , according to (the hole theory) , the mass o[t ]1e proton shouJd 
be the same as the mass of the electron; furthem10re . . . this hypothesis 
l巳ads to the essential equivalence of positive and negative electricity 
under all circumstanc巳s ... the dissimilality of the two kinds of 
electricity thus seems to hide a s巳cret of Nature which li巳 s yet deep巳r
than the dissimilarity between pas1 and future . . . 1 f<巳ar that the clouds 
hanging over this part of th巳 subjec1 wilJ roll together to form a 丑ew

cnsls 111 qua口1ul11 physics'. 
Then , in M叮 1931 ， Dirac bit lhe buI!et 57 (or , in his words , h巳 made ‘a

small Sl巳p forward 、 37):'Ahol巳， ifthere w巳re one , would be a new kind of 
particle , unknown to cxp巳rimental physics , having the same mass and 
opposite charge of the electron.' Dirac initialJy called th己 new particIe 
anli-cJeclron. JUS1 beCore the ye:J r's end , Carl Anderson made thc first 
announcemenl 58 o[ expcrimcntal eviclence [or th巳 anti-e1巳ctron. Th巳

J1乱rne positron first app巳ared in prinl in onc of his lat巳r papers. 59 The 
prediction and subsequent c1 iscovery of the positroηr且nk am011ιthe 

great triumphs of modcm physics. 
了hat ， however, was 110t al Ol1 C巳 obvious

The detection of lhe positron was considerecl by nearly 巳V巳ryone as a 
vin c! ication ofDirac吨sth巳ory. Yet its basic idc泣， a positron is a hole in a11 
infinite sea ofnega1iv巳巳lectrons ， r巳l11ained unpalatable 10 S0111巳， and not 
without reason. Ev巳口 th巳 simplest stalc , thc vacuu l11, was a cO l11plex 
consisting of infinitely many particles , the 10tal filled sea. Int巳rac110ns
bctween these par1icles !C[( 且 1he V:lCLl Um had a ríega1ive infinite 
'zero point 巳nergy' and an infinitc 'zcro point charge '. Pauli c!id n01 lik巳
thaL Even after th巳 positron had bcen discover巳d ， h巳 wrole (0 Dirac: 'I 
do not believ巳 I丑 your perceptlonυf"'holes" 巳ve口 ifthe "anti-巳lectron" is 
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prov巳d'.60 丁hat was not all , however. Pauli to Heisenberg 0口 e month 
later: 'I do n01 believe in lhe hole theory , since 1 would like 10 have 
asymmetries between positive and negative electricity in the laws of 
nature (it do巳s not satisfy me to shift the 巳mpirically established 
asymm巳try to one of the initial sta时， 61 

The zero point energy and charge are actually i口nocuous and can be 
eliminated by a simple reformulation of the th巳ory.62 Even thereafter, 

the theory is still riddled with infi口 i lies caused by interacti ons 吗 however

To this day , the influence o[ interactions ca旦旦ot be treated rigorously 
Rather， on巳 uses the fact that the fundamental charge e is small 吨 more

precisely that th巳 dim出sionl 巳ss numb巳r c( = e2hc :::::: 1/137 is small , and 
expands in c(. To leading power i口出， theoretical predictions were 
excellent for processes like photo-electron scattering , the creation and 
annihilation of electro口-positron pairs‘ andma口y others. Contributions 
to thesesam巳 p rocesses st巳mming from high巳rpow巳rs in C( are invariably 
infinitely large, however. One was faced with a crisis: how to cope with a 
theory which works very well approximately but which makes no sense 
rigorously. As Pauli put it in 1936 during a seminar given in Princeton: 
ιSuccess seems to have been on the side ofDirac rath巳r than oflogic'.63 
Or, as Heisenberg put it64 in a lett巳r to Pauli (1935):ιI丑 regard to 
qua丑tum electrodynamics , we are still at the stage in which we w巳re 111 

1922 with regard to qua口tum mechanics. Vve k口ow that 巳V巳rything is 
wro丑g. But, in order to find the direction in which we should depart 
from what prevails, we must know the consequences of the prevailing 
fonnalism much be t1er than we do.' Heis巳nb巳rg was , in fact , one o[that 
quì1e small band of theoretical physicists who had th巳 courag巳 to

巳xplore those aspects of quantum electrodynamics 认rhich remained i丑 an

uncertain sta1e unlil the late 1940s , wh巳n renom1alizalÌon would 
provìd巳 more systematic and more successful ways of handling th巳
problems. 
了he first sl巳ps toward r巳normaJization go back 0口ce again to Dirac. 

1n August 1933 , he had written65 to Bohr: ‘Peierls and 1 have beeη 
Iooking into th巳 questìon of the ch:ll1ge ìn the distribution of ηegative 
energy electrons produced by a static eJectric field. 职le find that this 
changed distribution causes a partial neutralization of the charge 
producing the field... If w巳 neglect the dìsturbance that the field 
produces in negative en巳rgy electrons with energies less than - 1371ηc29 

then the neutralization of charge produced by the otherηegat1ve energy 
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巳Jectrons is smalI and of th巳 order 136/137. . . The effective charges are 

wbat one measures in a lJ low-eneγEY 归严nmen吨 2nd t!1e 

expenm巳ntally detennined vaJue of e must be effective charge on an 

eJectron , the reaJ value being slightly bigger . . . One wouJd expect some 
smaJl aJterarions in the Rutherford scatt巳口ng fom1Ula 、 the KJein­

Nishina formuJa , the Sommerfeld fi口 e structure formula , etc. , when 

energies of the order I11 C
2 come into play" 

Transcrib巳d in the mode口1 vernacuJar, Dirac's effective charge is our 

physicaI charge; his reaI charge ouτbare charge; his 日巳utraJization of 

charg巳 our charge renormalization; and his disturbance that the fieJd 
produces in negative energy electrons our vacuum poJarizatio日，

I丑 quantitative fo口口， the r巳sults Dirac had m巳ntioned to Bohr are fírsl 

found in his report67 to the seventh Solvay conference (October 1933 ), 
the paper that marks the beginning of positron theory as a serious 

discipline. There , Dirac aJso gives th巳 finite contribution to the vacuum 

polarization 68 which , in 1935, was to be evaluated by Uehling69 for aη 
巳lectron moving in a hydrogen-Jike atom - a resuJt which , in turn 、 wasto

provide the direcl stimuJus for the ceJebrated Lamb shi丘 exp巳riments

of 1946 
With Dirac's Solvay report his exquisit巳 burst of creativity at the 

outer frontiers of physics , spanning eight y巳ars ， comes to an end. 
The years 1925-33 are the heroic p巳口od in Dirac's Ji旬， cluring whicb 

he emerged as 0丘巳 ofth巳 principal fígures in twentieth century scienc巳

and changed the face of physics. H巳 hîmseJf has caJlecl those years in his 
SCl巳ntific care巳rιthe 巳xciting era'. 70 My foregoing sk巳tch orthat period is 

not , by any means , compJete. For example, in 1931 , Dirac produced 57 

the first appJication of gJobaJ topology to physics , his proof that the 
巳xistence of magnetic monopoJ巳s impJies吨 quantum mechanicalJy , that 

eJectric charge is quantized. He returned to this subjecl some twenty 
years Jater71 (he Jectur巳d upon it 72 at the Pocono confer巳nce ，

扎1arch 31-ApriJ 1, 1948) and , onc巳 again ， nearly thirty years 

thereafter. 73 As th巳se intervaJs i lJ ustrale句 Dirac remainecl scientifïcaJJy 

active for the fifty years following the cleveJopments that cam巳 to a close 

in 1933. 
Rather than dîscussing in detail Dirac's work clurîng that baJf century , 

1 shalI confí口e myself to brie[ indications of his main pursuîts , in \\创ch

he continuecl 10 show hîs high mathematicaJ inventivity and 

craftsmanship but no longer that al111oS1 startling combination o[ 
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口ove]1y and simplicity that mark his heroic period. I shall further add 
吕 ome comments 011 his stylc; and som巳 p巳rsonal reminiscences. 

Without pret巳口ce to completeness , and in fairly random ord巳r， h巳re

are som巳 main themes which , as 1 see it 、 conv巳y the flavor ofhis thinking 
in his later years. 

EIα borα tions of Hwniltonian dYJ1Clmics. Th巳se includ巳 studies of the 

special relativistic dynamical 巳volution of syst巳mso且 various types of 

hypersurfaces , in classical theory 7 4- and in quantum mechanics. 75 Also , 

investigations of constrained Hamiltonian syst巳ms ， 76. 77 leading to hi s. 
Hamiltonian formulation of gen巳ral relativity.78 That work , in tum , 
aroused his inter巳st in gravitational waves. 79 Did Dirac coin the name 
graviton? According to the New York Times of January 31 , 1959 , 
'Professor Dirac proposed that the gravitational wave units be called 

gravJtons 
ReJated to Dirac‘ s Ii felong interest in gen巳ral relativity are his papers 

011 wave equations in conformal ,80 de Sitter,81 and Riemannian 

spac巳S.82 He lectured 。口 general relativity u l1 tiJ il1 his sevel1ties. 83 

Cos月1OIogicCl l issμes. 1n these he had b巳com巳 mterest巳d alr巳ady in his 
Goettingen days.84 He did 110t publish on this subject until 1937.85 

Fro l11 tbel1 011 , until the 巳nd of his !ife , h巳 was l11uch intrigu巳d by the 
possibilily that lhe fundam巳ntal constants in natur巳 actually ar巳丑ot

constant but dep巳nd 011 tim巳 in a scale set by th巳 cosmological 巳poch ， the 
(ime interval betw巳巳11 thc big bang and thc presellt B6 It was his hope 
tbal simple relations should emerge belw巳en such extremely larg巳 but

FOughly comparable numb巳rs as the ratio of 巳poch to atomic time 
intervals and the ra1io of electric to gravitational forc巳s b巳tw巳巳n an 
electron and a proton B7 No definitive advance was ever achieved. 
Others followed thesc exploits with more inlercst than cl1 th让 SJa SI11.

The ae/her. A brief p巳riod (1951-3) of sp巳culations 10 the e[[ect that 
quantum 111 巳chanics allows for th巳巳xlstenc巳 of an aeth巳r. 8 日

QU lI llil llJ 1 日lec/rudyllul71 ics. One further contribution still belongs to the 
hcroic period. Tn l\tíarch 1932 , Dirac proposed a ‘ many time formaliS I11' 

in which an individual time is assigned to each electron. H9 This new 
V巳rsion 01" (h巳 theory，巳quivalent [0 carlier formulations ,90 marks an 
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important first step toward the mani[esily covariant procedur巳s that 
wcrc to play such a tey ro1e from t11巳 late 1940s 011. 

A few years later, Dira_c turn巳d highly crìtìcal o[ qua口tum

electrodynamics. On the 0日巳 ha口d ， th巳 work he produced as a result of 
this negativ巳 attitude has not in 丘口ywayenhanc巳d our understanding of 
fundamental issu巳s. On t he other lnnd 、 these !ater struggles are ofprime 
importance for aη und巳rstandi卫星 of Dirac hims巳lf. His radically 
modified positioil resulted from his work67 0ηvacuum polarization in 
which h巳 had encount巳red the i且finities that , as said , constituted a crisis 
il1 the qua丑tum fíeld theory of the 1930s 

Dirac's drastic chal1ge in attitude is starkly express巳d in a briefpaper 
he wrote in 1936, his first publication following his involvement67 wìth 
th巳 implicatìons of posilron th巳ory. I regard it as signìfìcant that this 
artìcle followed a period during which he had 旦ot published at a11 for 
more than a year. The apropos was a fleeting experimental doubt about 
the validity ofthe theory ofphoton-electron scattering. Dirac reacted91 

asfollows: ‘The only important part (o[th巳oretical physics) that w巳 have

to give up is qua口tum electrodynamics . . . we may give it up without 
regr巳ts . . . in fact , on account o[ its extreme complexity , most physicists 
wi11 be very glad to see the end of it.' 

At this poi时， it should be recalled that the germs of the difficulties 
with lhe infinities dat巳 back to the classical era. A c1assical electron 
considered as a poinl particle has an infínite en巳rgy du巳 to the coupling 
10 its own electrosta1ic fieJd. With this in mind , Dirac adopted th巳
slratcgy of attempting 10 modify t11巳 classical theory first , so as to rid it of 
Íls in日niti巳s ， and th巳r巳upon lo revisit (h巳 quantum theory in th巳 hope

lhat also t11ere all wouJd IlOW be weJL At tha1 tim己， that approach was 
folJowed also by 01h巳rs ， Born , Kramers , and Wentzel among them. 
Even 10day, there rem且ins a much 日巳巳ded understanding o[ w11a1 lies 
b巳yond t11e infinities. There are ovcrwhelming reasons , howcver , why a 
r巳lurn to the cl丘ssical t11巳ory is lhe wrong way to gO.92.93 

Be that as it may , Dirac tried sev巳rallimes to rcformulate the classical 
theory of the electro l1. His first attempt9 4 dates from 1938. ‘ A new 
physical theory is need巳d which should b巳 intelligibl巳 bOlh in the 
cJassical and ill t11巳 quanlum lheory and our casiest path of approach is 
to keep within the coη口口巳s 01" thc classical theory.' 1寸 e started fl‘ om the 
obs巳rvations t11at Lorenlz' c1assical lheory of thc electron's motion is 
日 ot rigorously valid for high acc巳lerations ， since Lor巳ntz' electron has a 
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fïnite radius. Dirac , instead , started from a zero radius electron and was 
able to fï口 d a rigorous classical equation of motion [or it which is free of 
the classical infïnities but which exhibits n巳w pathologies: it has 
solutions corresponding to accelerations even in tbe absence of external 
íïelds. He did find a noi very palatable constraint that eliminates these 
unwanted soIutions - but there was more trouble. Nevv infìnities arose 
upo口 quantizìng tbe theory.95 In order to eliminate these , Dirac 
introduced96 what amounts to photons 01' negative e丑ergy. He 
attempted to eliminate the physical paradoxes resulting from this 口ew

postulate by introducing an indefïnite metric in Hilb巳rt space97 That, 
how巳ver， leads to still further difficulti巳s ， critically analyzed by Pauli.98 

These new postulates were never discussed in the coηtext of positron 
theory. 

UnabJe to fïnd a satisfactory qua口tum version of his point electron , 
Dirac never mentioned this theory again in later years. By 1946 , he 
tended to the view that the infinities are a mathematical artifact resulting 
from expa丑s!Ons 1口出 that are actually invalid. 99 

ShortJy thereafter, in the years 1947-8 , quantum eJectrodynamics 
took a n巳w turn when the renormalization program was systematically 
d巳veloped. That technique do巳s not fully resolve the problem of the 
infînities. The eJectro口 's mass and charg巳 unalterably remain infinit巳.To
a v巳ry large 巳xtent ， these two infinities ca口 be rendered harmless , 

however, in the sense that predictions to arbitrarily high orders in cx can 
now be mad巳 for th巳 scattering ， creatio丑， and annihilation process巳5
111巳口t10日ed e在rlier ， where , b巳fore， the leading order inαhad worked so 
w巳ll ， bu1 the higher ord巳rs had been intractable. As a result , quantum 
electrodynamics could now be confronted with experiment to vastly 
ímproved ord巳rs ofmagnitude. Th巳 E巳sults were spectacular. With good 
reason , Feynman has calJ巳d100 the new version of qua口tum

electrodynamics '1he jewe! of physics - our proudest poss巳ssion.'
Dirac \Vould hav巳 none of it. 
In 1951 , h巳 wrot巳: 'Recent work by Lamb , Schwinger and Feynman 

and others has be巳n very successfuI . . . but the resulting theory is an ugly 
and incomplet巳 one.'lOl 日巳 had a deep aversion to the way iniïnite 
111asses and charges are manipu!ated in the renormalization program. 111 
that year, he started a1l over again for a second time in his s巳arch for a 
new , c1 assical , point of departure. 协Th巳 troubI巳s . . . should be ascribed 

to our working from the wrong c!assical theory.'101 His new 
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sugg巳stion may be consid巳red as th巳 extr巳me opposite of what he had 
proposed in 1938. This time ‘ he began 飞川th a classical theory that rlOp.s 
not contain discrete particIes at alI. 'τh巳 theory o[ electrons should be 
built up from a classical theory of the motion of a continuous stream of 
electricityJ 02 rather than the motion of point charges. One then looks 
upo丑 the discrete electrons as a quantum phenomenon.. 103 After 1954 , 

this modeJ , too , vanished fro111 his writings without leaving a trace 
Thus , from the early 1950s on , Dirac went his own lonely way. He 

accepted the successes of the renormaJization method. 1n fact , in the 
mid-'60s , he Jectured on the anomalous mag口etic moment and Lamb 
shift calculations.1 04 日e n巳ver wavered in his beJief, however, that 
quantum electrodynamics needed a new starting point. In later years , he 
wouJd occasionally seek new remedies in a reformuJatio日 not so much of 
classical as of quantum theory.l 05 1n 1970 , he invented the last of the 
Dirac equations , a relativistic wave equation with positive energies 

1.. J 06 
0 l1ly. 

1n September 1971 , at age 69 , Dirac started a new phase of his career: 
Professor o[ Physics at the FJorida State University in TaJl ahassee. 11 
was to become a happy p巳riod in his li[e during which he wrote another 
forty pap巳rs. The last of these (1984)，己ntitled 'Th巳 inadequacies of 
quantum field theory ,'107 contains his Jas( judgement on quantum 
electrodynamics:ι丁hese rules of renormalization give surprisingly , 

excessively good agreem巳nt with exp巳liments. M ost physicists say that 
these working rul巳s are , th巳refore ， correct. I feel that is not an adequat巳
reason. Just because the results happen to be in agreement with 
observation does not prove that one's theory is correc1.'丁he paper 
concludes with Dirac's final publish巳d scientific words: 

1 have spent many years searcbing for a Hamiltonia口 10 brinιinlo lbc lh巳ory
and have not yel fou口d iL 1 sbaII continue 10 work on il as lon且 as 1 can , and 
other p巳ople ， 1 hope, wiII follow along such lines 

Dirac died on October 20 , 1984, aged 82. He was buried in the 
Roselawn c巳metery in TalJ ahassee rather than at Westminster Abbey , as 
memb巳rs ofthe Order of Merit traditionally are. It was his family's wish 
that he should rest where he left the world. 

The first edition of Dirac吨 s book，号 lIa7J tll l11 M echani(飞 has been on my 
shelves since my graduat巳 student days in Holland. Learning from it the 
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b巳auty and power of that compact little Dirac equation was a thrill 1 

shall n巳V巳r forget. Years later, in January 1946, 1 first met Dirac and his 

wif，巳 on a brie[visit to their hom巳 in Cambridge. 1 saw much more ofhim 

1日 the autumn of that year when w巳 met at the Institute for Advanced 

Study in Princ巳t0 I1. 108 轨f巳 would often have lU11ch together. It was on 
one o[ those occasions that ì had my first 巳xposure to th巳 Dirac style of 

exhaustiv巳 inquiry. B巳cause o[ a large app巳tite and a Dutch 
background , I would regularly 巳at three sandwich巳s at that time. One 

day , Dirac queri巳d me. (Between each answer and the next question 

there was a halfminut己's paus巳.) D. Do you always eat three saηdwiches 

for lunch? P. Yes. D. Do you always 巳at the same three sandwiches for 

lunch? P. No , it depends 011 my taste of the day. D. Do you 巳at your 

sandwiches in some fixed order? P. No. Some months later, wh巳n a 

young man named Salam visited me at the Institul丑， he said: 1 have 

regards for you fr0111 Professor Dirac in Cambridge. He wa口ts to know if 
you still eat threc sandwiches [or lunch. Dirac and 1 again often lunched 

togetherwh巳丑 hccam己 back to the Jnstitute for academic 1947-8. On an 
αuly occasion , Dirac looked at my plat巳 and nOled , triumphant1y: ‘ Now 

you on1y eat two sandwiches for lunch.' Another recollection: A 
corridor conversation al the Instilute. D. My wife wants to know ifyou 

can come for dinn巳r tonigh t. P. 1 regret. 1 have anoth巳r engagemen t. D. 

Goodby巳 Nothing unfriendly impli巳d. Nothing e1s巳 said like 'Som巳

olher tim巳 perhaps.' The qu巳stion had been posed and answered 噎 the

conversation was finished. 
巳飞/巳rything had been arranged at the Inslitute for Dirac's 口ext visit in 

academic 1954-5. It wasη0110 be. The events of lhe troubled spring of 

J954w巳re summarizecl in the News and Views column of Physics Today , 
July 1954 , under two h巳adin且s: 丁h巳 Oppenh巳1m巳r Case; Dirac denied 
Visa. Dirac had been informed by the American Consulat巳 in London 

lha1 he was ineligiblc for a visa under Section 212A of th巳 Immigration

且nd Naluralization Act , the infamous McCarran Acl which (to quote 

Physiω Today) 'Covers categori巳s of undesir孔bles ranging from vagranls 
lo slowaways ‘ Th巳 reasons for this decision h且V巳口巳ver b巳come quite 

clαlr ， bul it was believed that Dirac's visits to Russia (for scientific 

purposes) had l11 11ch to do with it.1 09 The 巳ven1 ， widely report巳d in the 

press ,J 1 0 caused SOl丑巳 Am巳rícan physicists 10 write 10 the N cw York 

Ti l!1 cs: ‘If this is whal the McCarran Act means in practice, i t seems to us 
a form o[ cultural suicidc.' 111 It was a quil巳 bad ， y巳 t by no mè且ns th巳
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\\Iors1, case of harm done during tha1 period. It passed; Dirac was to 

spe丑d two 口10re academic years in Princeton.108 

During all these visits to t11巳 Institute and also in the course of 

encounters elsewher飞 1 came to know Dirac quite well. A friendship 

developed. 1口 the course of joint talks and walks and wood chopping 

expeditions , I developed a good grasp ofhis views on physicsτime a l1d 

agal日， 1 would draw him 0以 abou1 his discontent with quantum 
巳]巳ctrodynamics. He would concede the successes of r巳normalization

but forever was of the Op ll1lOn that the remai卫ing mass and charge 
infinities ‘ought not to be there. They remove them artificially.' 1 07 This 

diagl10sis may well be much better than the cures he proposed 

Other r巳collections: his evident prid巳 at having invented the bra and 
ket notations , anηou丑C巳d in a paperl12 specially wri1ten for that 

purpose; his reply to my ques1ion , posed il1 the early 1960s, why space 

ref1 exìon and time reversal invariance do not appear in his book on 
quantum mechanics: ‘Because 1 did not believe in th巳m. 吨 Ind巳巳d ， i口

1949, he had writte且.也I do not beli巳ve there is any n巳巳d for physicaJ laws 
to be invariant under these refl巳ctions ， although all 1h巳 exact laws of 
nature so far known do have this invariance.'113 

By far, the most revealing insight 1 gain巳d fro111 those discussions 

concerned the Dirac way of playing with equations, which can be 
summed up like this: First play with pretty math巳matics for i1s own 

salce , then see whether this leads 10 n巳w physics. 

Throughout 111os1 ofhis life, that attitude is manifest in his \月 Jrítings. At 
ag己 28: ‘ There are, a1 pr巳S巳口 t ， fundam巳ntal problems in 1heoretical 

physics . .‘ 1he solulion of which . .. will presumably requír巳 a more 

drastic revision of our fundam巳J1 tal conccpts than any 1hat have gone 

before. Quit巳 Jikely ， th巳5巳 changes will be so grcat tha 1 it will bc beyond 
1h巳 power ofhuman inteIligcnce to g巳1th巳 necessary n巳\V ideas by direct 

att巳mpts \0 formu]a(e the exp巳rimental da1a in mathematiα11 t己n口s. The 

theoretícaI worker in 1he future w山， 1hereforc, have \0 proce巳d in a 1110r巳

direci way. The 1110st pow巳rful method of advance 1hat can be suggested 

at present JS 10 巳mployaIl 1he resources ofpure mathematícs i卫 attempts

to perfect and gen巳ralize the math巳malícaI formalism that [onns the 

existing basís of th己oretícal physics , and aft巳r cach succes吕 ín ihis 

dir巳ctio口， to 1ry to interpret the new math巳matical features in 1erms of 
physica! entities ,'57 just wha1 is happenin阜 these d江ys ， in 1986. At age 
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36: 'As time goes 0口， it becomes increasingly evident that the rules which 
the mathematician finds interesting are the same as those which Nature 
has chosen.'29 At age 60: '1 think it's a peculiarity ofmyselfthat 1 like to 
play about with equations , just looking 1'or beauti1'ul mathematical 
relations which maybe do口't have any physicaJ meaning at alI. 
Sometimes they dO.'2 At age 78: 'A good deal of my research work in 
physics has consist巳d in not setting out to solve some particular 
problem , but simply examining mathematical quantities 01' a kind that 
physicists use and tr户口g to fit them toge1her in an interesting way , 
regardless of a口y application that th巳 work may have. It is simply a 
search for pretty mathematics. 1t may turn out later that th巳飞vork does 
have an application. The口 0口 e has good luck. ‘ 34 1口 that last paper, he 
gave three examples of the way he played: the Dirac equatioη ， 

monopoles ‘ and the last Dirac equation. 1 06 日lS owηjudgement吨 at age 
69: 'My owηcontributions since (the) early days have been of minor 
importance.' 114 

What kinds of mathematics did Dirac consider pretty? 寸he research 
worker, in his efforts to express the fundamental laws of Nature in 
math巳matical fo口口， should striv巳 mainly for math巳matical beauty. He 
should take simp!icity into consideration in a subordinate way to 
beauty. .. It often happens that the requirements of simpIicity and 
beauty are the same, but where they clash the latter must take 
precedence.'29 It is , o[ course, idle to argue about such subjective issues 
as the distinction between beauty and simplicity. 

Dirac was a veη! private man , n01 much given to reminiscing about 
other personalities or past e飞 ents. He would only rarely talk about 
himself. 1, therefore , never f(巳!t close to having a rounded picture of his 
personality. In particular , much about th巳 years o[ his youth has 
remained obscure to me. On a few occasions , he would reveal some ofhis 
emotions in his writings , however二 I find it striking that , as mentioned , 

he would refer to the trans[or丁nation theory asιmy darling'. 7 Equal!y 
notable are his rar巳 utterances about anxiety. When , at age he was 
asked about his f，巳elings on discovering the Dirac equation he replied: 
吼!ell , in the [irst place, it leads 10 great anxiety as to whether it's going to 
be correct or not . . . I expect that's the dominating fe巳Ii日g. It g巳ts to be 
rather a fever . . .'2 At ag巳 67:ιHopes are always accompanied by fears , 

and , in scienti[ic research , th巳 fears are liable to become dominant.寸 15
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At age 69: ‘ I thinlc it is a general rule that the originator of a new idea is 
not the rnost suitabI巳 person to deveJ op it , because his fears of sornething 
going wrong are really too strong. . .'114 

Finally , two Dirac stories. 
Once Dirac and E. M. F orster met at a dinner in Cambridge. The tale 

of the exchange betw巳en them , in its entirety , has often been told. D 
飞?\That happened in the cave? F. 1 don't know. That version is 
apoc巧rphal ， however. Peierls has told me that he asked Dirac what 
really was said , and got this answer. D. Was there a third person in that 
cave? F. No 

The other story is not about Dirac , but one that 1 have heard Dirac 
teIl more tha口 onc巳， with relish. 1n a small village, a newly appoi口ted
priest went to call on his parishioners. On a visit to a quite modest home , 

he was received by the lady ofthe house. He could not fail to notice that 
the place was teeming with children and asked her how many the couple 
had. Ten , she replied , five pairs of twins. Astonished , the priest asked: 
You mean you always had twins? To which the woman replied: No 
Fathe了 sometimes we had nothing. Precision at that level had an 
immense app巳al to Dirac 

As 1 look back on tl1巳 almost forty years 1 knew Dirac, alI memories are 
fond ones. ln some, but only some, ways h巳 reminds me of Einstein: one 
of the ce口 tury's great contributors , always going his own way，口 ot

making a school , compell巳d by the need for beauty and simplicity i口

physica! th巳ory ， in his !ater years , more addicted to mathemaLics than 
was good for his physics , continuing his activities i口 pure research until 
verγ c1 0se to his death. 1n other respects , I never knew anyone quite 
like him. 
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Dirac and I-ieise旦berg 一
a 口号rship' science 

Laurie 1\1[. * 
Northwestern Univ己rsity ， Evanston , Illinois 

ω Rechenberg 
Max-Planck Institut für Physik und Astrophysik吨认Tesl Germany 

Duringa丑 interview carried out in 1963 , Carl Friedrich von 矶、izsäcker，

one of Heisenb巳皂's earliest students, was asked what the la1ter thought 

about the possibility of electrons in the nucleus (before th巳 discovery o[ 

the neutron). After noting that the problem was related to thal o[ 

reJativistic motion of the electrons, von Weizsäcker continu巳d:

1 remember that Heisenberg said，气Nell now , the problem o[ relativity and 

quantum theory and the el巳ctron has b巳巳丑 solved by a younιEnglishman by thc 

nam巳 ofDirac, and he is so cJever it is 日ot. . . es /011111 sich nicl汀 ， mil d凹J1 U斤J die 
Werte ZU Q1如iteJJ.' And 1 fe]t lhat Heisenberg wasjust really u由叩py to sce tl川

lherc was a man who was able 10 solve a probJcm whicb hc hadn'l b巳en abIc to 

do himself (1). 

On the other hand , Dirac introduced Heiscnberg to an audienc巳 m

1968 with this comment 0日 Heis巳nb巳毯's 1925 invenlioll 0 1' malrix 

mechanics: 

1 have l !1e'besl of reasons for being an admirer o[Werner Heiscnberg. He and J 
were young res巳arch students al tbe same tim巳， about the samc age , working 0日

tbe same problem. Heisenberg succeeded wher巳 1 fa i!ed. There was a larg巳 mass

"L.M.B. is gratcful to thc M似乎lanck Institut [ür Physik und Astrophysik. Wcrncr­
Heisenberg-Institut für Physik , [or hosp>tality and summer support. Hc also wishcs tll 
thank the Program il1日istory and Philosophy o[ Scicncc of the NatiollaJ Scicncc 
Foundation , U.S.A. , [or aιrant that assistcd this work , 
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of spectroscopic data accumulated at that time and H巳isenberg found th巳 proper
way of handling it. 1ηdoing so he st丘rted the golden age i口 theoretical physics , 

and for a few years after that it was easy for any second rate student to do first 
rate work (2). 

Dirac might have added that he was , hirnself (already in th巳 fall of 
1925) , amo口g the first to help in creoting that golden age、3.nd that his 
own contributions paved the way to unexpected extensions of the 
theory. 1n 1933 , when I-Ieisenberg received the 1932 Nobel Prize for 
Physics and Dirac shared the 1933 prize with Erwin Schrödinger, 
Heìsenberg wrote to Nìels Bohr that he wished the full prìze had been 
given to Dirac (and to Schrödinger as well). Inde巳d ， after qua丑tum

mechanics , there was no development which Heisenberg rated more 
highly than the relativistic eJectron equation of Dirac. About thirty 
years Jat町， Heisenberg ‘ s fundamentaJ field equation , intended to 
describe all elementary particles and their interactions , was cJ osely 
modelled after Dirac's electron equation of 1928 , and a crucial rδlein the 
new theory was ascrìbed to the ìndefinìte metric , whìch had been 
proposed by Dirac in his Bakerian Lecture of 1941. 

For n巳arly fifty years , they worked on the forefront of theoretical , 

atomic , mol比ular， and elementary particle physics , their programs 
oft巳n ov巳rlapping. The two met lïrst at Cambridge in July 1925 and 
b巳came close personal friends in the fall of 1926 at Bohr's institute in 
Cop巳丑hagen. Afterwards , they saw each otherfrequ巳ηtly， either at hom巳

or when travelling , and their lifelong friendship was a unique on巳 for

both of them. On the present occasion , we want to rec3.11 some of their 
fruitful scientific and personal 巳xchanges during three periods: 1925 to 
1927 (discovery and completion of quantum m巳chanìcs) ， 1928 to 1932 
(relati飞/istic eJectron equation and quantum electrodynamics) , and 1935 
to 1976 (quantum lïeJds and el 巳mentary particle theory). 

1 Discovery and completion of mec旧时cs

925-27) 

Dirac 's introduction , quoted above , referred to this situation: 
Heisenberg , who had been a student of Arnold Sommerfeld 3.t Munich 
beginning in the faIl of 1920 , had then collaborated with Max Bom in 

118 



·
』U

叫
口
毛
币
。
】

Z
u
m
d
s
m
卢Z
U
M
H
U
Z
G
E
~

。
在(
U」T
J
J
)
』U
∞
口
宅
。
』
Z
U的
·
〈
己
制
L
R
(
』U
Z
H
C
F
H
H
)
U

叩
口Q
e
E
的O
M
F
/
{
(

』U』
】0日
)

H
H
B
A
口
出
刀
汇
-
J飞
的'
ζ
t
u
}』
∞=
C
H
￡
u
-
5
0
【
比
-
m
〔
E
b
n
~
g
u
u
u
Q
趴
巨
-
0
4
4
U
O
}

的
，(
m
m
E
『
甘
口
国
叫m
E
{的U
Z
Z巳
的
』U口
口r
J
J
U
N
立
也
-
U
A
C
Z
u
z

←



Luurie lv在 Browll αnd H el l7l ut Rechenberg 

Gδttingen and Niels Bohr in Copenhagen ‘ trying to solv巳 the difficulties 

in th巳 Bohr-Sommerfeld Lj uanlum lheory of atomic structure. At lhe 

same t1m巳叫 1h巳巳qually you1hful Dirac , who had graduatcd in electrical 
engme巳ring in 1921 and applied mathematics in 1923 at Bristol and had 
then become a research sludent of RaJph Fowler at Cambridge, was 
working on the sal丑己 problems. Heisenber苔， older by only eight month5 , 

develop巳d a new theor巳tical sch巳m巳 in July 1925, which Dirac 
recognized as theιkey to the whole mystery' (3). 

1.1 Dirαc 's reuction to H eisenberg '5 piolleering puper 

Heisenberg's paper，气Jber die quantentheoretische Umdeutung 
ki丑巳matischer und mechanischer Beziehungen ,' finished on 9 July 1925, 

propos巳d to describe dynamical variables (such as the coordinates and 

momenta of eleclrons) by symbols depending 0口 two quantum numbers, 
and obeying a muJtiplication law that was not commutative (4). He 

applied this sch巳m巳 to integrate the equations of motion of the 

anhamlonic oscillalor and of the rotator and achiev巳d results in 

agreement with some spectroscopic data (nam巳ly ， on molecular speclra 

and th巳 multiplet slruclure of a1oms). During a visit to Cambridge to 
pr巳sent a lalk at the so-called Kapitza Club 0日 28 July 1925, Heisenberg 

mentioned his n巳w results to Fowl巳r， who ask巳d him to send a copy of 

the pap巳r as soo丑 as it was available. Heis巳nb巳rg rec巳ived the 

proofshee1s of his article by the middle of August and mailed the second 

copy to Fowler飞 who 1he口 passed them on 10 Dirac to study 

Dirac scl lhe papcr aside for a week or so , bu1 he soon realiz巳d how 
imporlant it was and tried to rela1e Heisenber苔's n巳w dynamical 

quanlities to lhe Hamilton-Jacobi action-angle variables. Aft巳rweeks of 
inlensive research 、 11 巳 gol his decisiv巳 íd巳a: ‘During a Jong walk on a 

Sunday , i1 occurr巳d to me that 1h巳 comI11utator (i.e. , th巳 differ巳nce

X J' - yx , wh巳re x and y denot巳 two o[ Heisenberg's non-commuting 

dynamical variablesl mi且ht be the analogue of th巳 Poisson bracket' (5). 

Explicitly 、 if Pr and '1,. are a complet巳 set of canonically conjugate 
variables used il1 the classicaJ description of an a10mic syslem - lhepr 

denoling 1110m巳11tum and i.he (j,. position COOI命dinates - and x and yare 

functions of lhem , th巳11 the following association exists b巳tw巳en th巳m

and Heisenberg's x and y (placed on the left-hand sid巳) : 
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From lhe end of S巳pt巳mber to early Nov巳mber 1925 、 Dirac worked 
out a theory based 0丑 this correspondence, described in his paper , 'Th巳

Fundame口tal Equations of Quantum Mechanics' (6). It shou!d be not巳d
that , about six we巳ks earlier, lV1 ax Born and PascuaI J ordan in 

Göttingen had submitt巳d to Zeitschrift Jür Physik their paper,‘Zur 

Quaηte丑mecha丑ik' ， in which they formulated Heisenberg's scheme in 

matrix languag巳 (7). Th己口， Born , Heis巳nb巳rg ， and Jordan further 

developed matrix mechanics at about the same tim巳 that Dirac worked 

out his theory (8). Wh巳n Dirac [inished his manuscript, he sent 

Heisenberg a copy , who acknowledged it immediately in a Ietter dated 

20 November 1925. 
Many y巳ars later , Dirac said , 'That was really . . . a very kind lett巳r ，

because he did not want me to be disturbed by the fact that there w巳re

other people simultaneously working 0口 lhese pròblems who had 

anticipated my results to som巳巳xtent ， and he was also full of praise for 

my own contributions' ((到， p. 126). Heise日berg had especially 

appreciated Dirac's connection betw巳巳n the quantization conditions 
and Poisso口 's brack巳ts ， and th巳 genera! defïnition of diff，巳rential

quotients in quantum mechanics. He also declared that Dirac吨s paper 
was better writt巳口 than ‘our att巳mpts here. , j That H巳isenb巳rg was not 

merely l1attering Dirac can be se巳n from a letter he wrole on the sam巳

day to Niels Bohr: 

Today弓 J receiv巳d a work sen1 me by Dirac, in which hc has donc 1he 
mathematicaJ parl of the n巳w quantum 111巳chanics on thc basis of my work 
(indep巳nd巳ntly of Born and Jordan) . . . in its slyJe in writing:, somc ofit plcases 
mc bcll巳 r lhan lhal of Born and Jordan 2 

Dirac w巳ntah巳ad to show that his q-且umber [ormula1ion of q uantum 
mechanics was superior to matrix mechanics by solving lhe problem of 

th己 hydrog己口 spectrum (lO)， and 巳spccially by generalizing his sch巳meto

apply to many-electron atOJ11 S (1 1) and c巳rtain relativistic problems, 

such as Complon scatte口ng (12). The second papcr, containi丑且 the

clpplication to the hydrogen alom , brought fort l1 this response [rom 

Heisenberg: 

1 congraluJate you. 1 was quite lhrilled as 1 r巳ad lh巳 paper. Your separalioll of 
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th巳 problem inlo 1wo parlS - calcula1ion wi1h ‘q-口umbers: 0ηthe one hand , and 
physical interpretation of the 可-numbers ，' 0ηthe other hand - seems to 
correspo口d 咱 in my opinion , completely to the 口ature of the mathematical 
problem. With your treatment ofthe hydrogen atom , 1here seems to me a small 
slep towards the calculation of the transition probabilities (i. 巳.， the intensity of 
spec1ral lin巳S).'3

He then went on to ask Dirac's opinion about Schrödinger's work on 
the hydrogen atom: 

A few weeks ago a口 article by Schrδdinger appeared . . . whose co口tents 10 my 
mind should be c10sely connected with quantum mechanics. Have you 
considered how far Schröding町's trea1ment of the hydrogen a10m is connected 
with the quantum mechanical 0口e? This mathematical probler古1 in 1eres1s me 
especially because I believe that one can win from it a great deal for the physical 
SJgm日cance of the theory.4 

1.2 Víi(αve l11 ech日nÎcs 、 tranSfOrl11C1 tio l1 theory , CI /1 d J/l1 certαÎnly γelα tions 

At first , Dirac hesitated to accept Schrödinger's wave mechanics; he was 

bappi巳r with his owηscheme， and b巳 criticized Schrödinger in his 
respoηse to Heisenberg , who wrote agaiηo口 26 May 1926 (this time in 

English): ‘1 quite agree with your criticism of Schr己dinger's paper with 
regard to a wave theory of matter. This t11巳ory must be inconsistent 、 Just

liketh巳 wave theory oflight.' But he added ，也1 s巳巳 th巳 real progress made 

by Schrδding巳r's t11巳ory in this: t11at the sam巳 math巳matical equation 

can b巳 inlerpreted as point m巳chanics in a non-c1assical kinemalics Cll1d 
as wave theory according 1'0 Schröding町. r always hope that the 
solu tion of the paradox巳s in quantum theory later could be found in this 

way. 句 1n the same lett町， H巳IS巳nberg discussed the fom1al connection 

between Schrδdinger's wav巳 mechanics and the Gδttingen-Cambridge 

quantur丑 mecha口 ics、 showing how tb巳 physical qua丑1ities iηthe two 

scbem巳s were related. 5 

On Heis巳nb巳咚's urging , Dirac retumed to the study of Schrδdinger's 

paper (15), analyzed it , and derived [urther interesting results; th巳n乡1!1

August 1926 , be submitt巳d a paper in which he showed tbat the original 

Bom-Jordan formulation ofth巳 en巳rgyeigenvalu 巳 problem for a matrix 

Hamiltonian correspo口ded to u~ng a 3chrδding巳r equation with a 
special choic巳川、 th巳巳igenfunctions (16). He found also that the wave 
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functío日 of a two particle system could be written in either a symmctric 
or an a口tJsymmetnc way , 1 巳.，

!f;mn (1, 2) = !f;m (1)比 (2) 土 if;n，(2) 1儿(1)

FOï the case that the minus sign held in this equation , h巳 determined the 
statistical behavior of the partic!cs, obtäining for their distribution as a 
function of 1巳mperature:

Ne=→一→ As
, exp(a + E)kT) + 1 

(Ns is the numb巳r ofparticles having the 巳nergy Es , k being Boltzmann's 
constant、 T the absolute temperature, and (/ another constant.)丁his
distribution is different from that ofBose-Einstein statistics 、 and applies 
to particles that obey Pauli's exclusion principle • as Enrico Fermi had , 

in fact , shown earlier (17).6 
1n the middle of September 1926 , Dirac arriv巳d in Copenhagen to 

spend Íive months at Bohr's institu怡. Th巳re he met Heisenberg , who , in 
May , had replaced Hendrik Kramers as assistant to Bohr and Jeclurer a1 
the University ofCopenhagen. The fruitful coop巳ration betw巳en the two 
young physicists would continu巳.

Heisenberg had spent the first hal[ of 1926 coηtinuing his pione巳nng
investigations into quantum mechanics. 1n March , he hacl finishe c1 a 
paper with Jordan , d巳aling with the long-stancling probJem o[ lhe 
anomalous Zeeman ef[ecL U sing the actioneanglc formalis l1l o[ Dirac 
(which hacl also been indepenclently deveìopcxl hy Gregor W巳ntzel on 
the basis of matrix mechanics (1 8)) ancl including 1hc spin , (]1巳y had 
derived th巳 success[ul formula t l1at l1ad bcen obtaincd 巳江rlicr semi­
empirically (19). Th巳y also obtained thc relativistic fin巳-structllrc

formula for hydrogen-like atoms. 飞Nhile in Cop巳nhagc口， Hciscllbcrg 
had treated lhc problem of rcsonance in quanlllm mcchanical systems 
and had introduced the concept of cxchange en 巳rgy (20). Thc口、 in June 
and July , he made a successful attack on the cn巳rgy lcvels of the hclium 
atom , a旦 olcl acquaintancc of his , and also of Dirac (21). 

1n evaluating certain matrix el巳ments reCj uired for the heliu l11 

problem , Heise口berg had uscd wave-mechanical mctho白， bllt 、 aftcr the 
midclle of 1926 , he b巳cam巳 increasingly critical oÎSc]1 rödinιer's physical 
interpr巳tation ， for the la 1t巳r claiI11巳d to have shown tha1 hc had 
eliminatecl discontinuous quantumjumps from the theory. 1 一íeisenbcr且
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on the other hand , now rather emphasized the discontinuous aspects of 
guantum theory , as shown in his report , given on 2 S巳ptember 1926 at 
the Düsseldorf Naturforscherversammlung (22). Upon his return fro111 
that meeting to Copenhag巳口， he worked on two papers in which h巳 tried

to make the consequences of quantum mechanics more preci饨， while 
avoiding altogether any reference to wave-mechanical methods 

(23) , (24). 

I丑 the pap巳r 0η fJ uctuation phenomena in quantum mechanics , 

submitted in November, Heisenberg demonstrated that , in the quantum 
mechanical interaction of two identical atomic systems , although there 

is an analogy to the classical resonance phenomenon , in which energy is 
transmitted from one vibrating system to the oth巳r at a slower b巳at
freguency , on巳 cannot speak of the 巳nergy as being transmitted 

continuously as a function of time, as Schrödinger had claim巳d; he 

showed , instead , thal , for any given state of the total system , only tim巳
averages have physical significance: 

The calculations carried through h巳re appear to me to be an argument that a 
continuous interpretation of the quantum mechanical formalisr口， thus also that 
of the de Broglie-Schrödinger waves, would not correspond to the essenlial 
meaning of the welI-known formal connections7 

Th巳 rcsult that Heisenberg stal巳d here so 巳mphaticaJly cast light on 
the relalion bc1ween 1h巳 theory and i1s experimental impl巳mentation ， a 

problem to which Dirac 口ow bcgan to pay increasing attention. Havinι 
learned from Heisenberg about this result before its publication 、 he

claim巳d i1 10 be ‘ capable of wid巳 extensions ，' for , he said: 

IIιan bc appIied 10 any dynamicaI systcm，口ot necessarily composed of two 
parls in resonance with onc another , and to any dynamicaI variable，口 01

n∞cssarily onc 111川 can take only guantized values . . . lt 1hus app巳ars 1hat 
cert且in gUCS1Í011S that OIlC can ask abou1 th巳 classical 1heory can bc given 
unambiguous answcrs 011 1he gua口tU l11 theory as weII as on the cIassicaI theory. 

T 1J is was contained in th巳 introduc1ion to his next pape几'The PhysicaJ 
Int巳rpretalion of 1he Quantu l11 Dynamics: senl [or publicatio日出巳arly

D巳ccmber 1926 (see (25) , p. 622). 111 it , he established a systematic 

lrιlJ1 sfOrmalion theory , with which he showed that tl1巳re eX1St巳d a on巳-

10-011巳 relation bc1we巳n theGδttmg巳n一C江mbridge guantum mechanics 
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and Schrδdi口g巳1" s wave mechanics , but without th巳 latter‘ s physìcal 
interpretatJOn. o 

While Dirac was 飞Norkíng out thos巳 results ín Copenhagen , J ordan 
was deveioping another transformation scheme in Götting己口; he sent his 
ma丑uscrípt to Heísenberg , who showed it to Dirac. After having studied 
it , Dirac wrote to J ordan,‘As far as 1 ca口 see it is equival巳口t to my Work 
in all ess巳ntial parts. 丁h己 way 01' obtaining the results 1口ay b巳 rather

different though.' And after explaining this point , h巳 concluded ， '1 hope 
you do not mind the fact that 1 have obtained th巳 same results as you , at 
(1 believ巳) the same time:9 

Whatever the merits of th巳 two authors' approaches，江巳isenberg
made 巳xtensive use of their investigations when he derived his 
uncertall1 ty r巳lation ，

!1 p' !1q ç hl4π2 

which stat巳s that the prec1sJOn of measurement of position and 
mom巳ntum is limited by the nonzero value of Planck吗s quantum o[ 
action h. And h巳 wrote in his famous paper，气Jber den anschaulichen 
Inhalt der quantentheoretischen Kinematik und Mechanik': ‘ This 
u口certa1日ty is the r巳al basis for the occurrence of statistical relations in 
quantum mechanics ,' adding，寸heir mathematical fon丑ulation can be 
achieved by m巳ans of the Dirac-Jordan theory. D巳parting from lhc 
foundaLions so achi巳V巳d ， it wiJl be shown how macroscopic processes 
can be understood fr0111 the qua口tU111 mechanical point of ViCW.'l 0 

Thus , in less than two years - Heisenb巳rg submitted his pap巳r on thc 
ωJschauliche int巳rpretation in March 1927 - Dir缸's and H巳15巳nberg's

combined efforts succe巳ded in 巳stabJishing both th巳 mathematicaJ

theory and the physicaJ interpr巳tation of quantum m巳chanics. This 
th巳ory would b巳 pres巳nt巳d and intensively discussed at th巳 Fifth Solvay 
Confer己nce ， held in Brussels in Ociober 1927. 11 

2 Relαtivistic quantum th巳ory

The new quantu111 111己chanics ， when appli巳d to th己 problem of tbc 
structure of the atom with poiηt-charge eleclrons , does nol 阜1V巳 rcsuJt吕

in agreemcnt with experim巳丑l.' So begins Dirac哩 s landmark pap巳r，寸hc
Quantum Theory orthe Elcctron' (rec巳1V巳d 2 January 1928) , in which he 
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proposes his r巳lativistic equation for the spinning electron and shows 
tha t it produces 吨 at Ieast to first order of accuracy 吨 the relati 飞 IstlC

correction to the hydrogen spectrum as weII as the 'duplexity节

phenomena shown in spectra; that is , the doubIing of the number of 
stat邸， corresponding to the electron having 0肘-half quantum of 
angular momentum , or spin. In Part II ofthat work (received one moηth 

later) , Dirac uses his new equation to calculate successfulIy the relative 
intensity of the spectral lines of the anomaJous Zeeman effect (29). 
Shortly thereafter, both Charles Galton Darwin (30) and 飞Nalter

Gordon (31) showed that the reJativistic fin巳 structure formuJa for the 

hydrogen energy levels fo11ows exactly from the Dirac equation. More 
remarkabJe still 、 when the theory was found to have ‘ objectionable' 
negative energy states , Dirac's new physical interpretation of these 
sta tes in his so町called ‘theory of hoJes' predicted a new elementary 

particle, the positiv巳 el巳ctron or positron (32) , whose presence in the 
cosmic rays was coníirmed in August 1932 by Carl Anderson (33). Soon 

after that, Patrick M. S. Blackett and Giuseppe P. S. Occhialini found 
Dirac's' predicted electron-positron pairs in their count巳r-triggered
cloud chamber (34).12 

2.1 H eisenberg 's resp017se to the electro17 equatio l1 

One might easiJy argue that Dirac's relativistic e!ectron equation , his 
ho!e theory , and his pioneering work on quantum electrodynamics (35) 

wer巳 the principal theoretica! advances during th巳 years 1927-32. 13 But , 

in 1969 , when Heisenberg loolced back upon that period , he wrote: 

To those of us who participaled in lhe development of alomic theory, lhe fíve 
years foIlowing the Solvay Congress in Brussels (iη1927) look巳d so wonderflll 
that we of1en spok巳 of them as thc golden ag巳 of alomic physics. The great 
obstacles that had occnpied all our efforts in the preceding years had b巳en
cleared olll o[ the \Vay; the gate to that cnlirely n巳\V fíeld - the qua口lum
mcchanics of the atomic shell - stood wide-open 、 and fresh fruits seemed ready 
for the plucking. 认'here purely empiricaI rules or vague concepís had had to 
S巳rve as substitutes for real understanding - for inslance, of ferromagnelic 
phenomena and of chemical bonds in the physics of solids - the new methods 
brought absolu1e clarity. Moreover, it seem巳d vcry mucb as if lhe ne \V physics 
was in many respects greal1y supellor 10 the old ev巳n onlhe philosophical plan巳:

tha1 , in ways 1hat had 10 be invesligated more closely , it was m口ch broader and 
richer (36 上
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Note that Heisenberg does not even rne口 tJO丑 h巳re the relativistic 
quanturn theoryl 

1n the AHQP inter飞'1巳w with VOI1飞νeizsäcker (which we quoted 
earlier) , Thornas S. Kuhn asked,‘Did you get the impression that 

H巳lse口b巳rg hÍmselfhad been working on th巳 relatÍvisticproblem') In his 

pub!ished papers fr0111 this perÍocl thel 旷日 Jυst nothing at all.'啊。，

旦othing at a!l，吨 von \凡Teizsäcker agreed , then added , '... p己rhaps one 

may say that Heisenb巳rg was surprised to see that it was possible to 

Ínvent a relativistic equatio丑 which seemed to b巳 consisten t. 1 mea口， he 

rnight have expected that relativity and quantum theory were so 

different that it would need far greater st巳ps than the st巳ps done by 

Dirac, not just the step to invent a relativistic equatio口、 (1). From the 

foregoing , one might surmise (incorrectly) lhat Heisenberg was not 

m飞 olved with the problem of combining relativity with quantum 

mechanics. That was not the cas巳. He regarded that probl巳m as one of 

fundamental irnportanc巳， but , untiJ the puzzIe of the negativ巳 energy

states in Dirac's theory could be solved , Heisenberg remained sceptical 

-a丑 attitude prevalent among the adherents of the Copenhagen school. 
Negative total energies have no meaning and are not acceptable in the 

theory of relativity; but even more important , according to Heisenberg , 

electrons in positive energy states would spontaneously drop inlo 
negative energy states (emitting a pho(on to carry offth巳 lost en巳rgyaηd

momentum). That wouJd Jeave no elcctrons to observc. Dirac弓 s cvcntuaJ 

suggestlO口， that this could b巳 avoided by all th巳 negatJve energy states 

being filled , was not rcgarded favorably. Thus , in March 1928 , 

Heisenberg wrote to Bohr from Munich: ‘ 1 hav巳 marvelled greatly at 

Dirac's worlcs; but 1 find it very disturbing tbal such 且n apparently so 

complete th巳ory as that ofDirac (Oflh巳 r巳lativistic electron) shows such 

terrible def，巳cts as transitions from positive 10 11 巳gative energy.14 

Three months later, he wrote to Jordan from Lcipzig哼飞vhere he had 

accepted his first prof，巳ssorship:

Dirac has lectured here only on his curr巳nt theory ，且iving as J pretty foundJtìo口
for it that the differential 巳quations must be Jinear in ♂/11"". 且 e has nol been able 
to solve th巳 well-k口own difficulties; 1 have discussed lh巳111 tho r0 llghly with 
Dirac; 1 personaJIy tend to believe thal one J1l usl lry somehow 10 brìng in the 
asymmet叩 in +e and -e (111 and M). A s(ro口ιargumenl for lhat is also thal 
supposedly the ratìo m/M is connec!ecJ wilh the fine slruclure conslan 1. Dirac is 、
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howev巳r ， of ulJ oth巳r opimon and sli Jl hop巳s lo oblai口 a co口lradiction-free

lheory for a single eleClrOn. 1 5 

He wrote to Bohr. in much the same spirit 句 during the following 

1110nth 哼 that '. . . upon mor巳 careful re f1 cction the difficulties are 111uch 

日10re s巳rious than th巳y appeared to 111巳 1ηthe beginning.' On th巳 O丑巳

hand , the radialive transitions to negalive energy sí.ates seemed to be 

!l1uch J11 0re frequent than any other spontaneous transitions; on the 

other hand , if OJ丁巳 lookcd at the scattering of light by electrons , on巳

could see that those proc巳sses could not be simply ignored , for '. . . the 

ominous processes are still an integral constituent of Dirac theory.' 

Heisenberg concluded with the revealing remark: ‘Thus I lïnd the 

prese口 t situation quite absurd and 0口 lhal accou丑t ， almost OUt of 
d巳spair， I ha ve laken up another field 雪 that of ferromagnetism.'j6 

l-l. eisenb巳rg‘s mterest J口 making a quantum mechanical theory of 

magnellsm we口 t back to the summer of 1926 , wh巳n he r巳alized that the 

exchang巳 inleraction 1h丘t he bad discovered in 1reating th巳 stat巳s ofth巳

helium atom could provide the strong spin-depend巳nt force 11 巳eded to 

align the spins (h巳11ce ， also th巳 mag日创ic 1110ments) of the electro11s. A 

little lat巳r ， when Heise口berg was in Copenhagen tog巳ther wi1h Dirac, 

and wrotc to Pauli about Dirac、 s first a t1empt lo unite relativity and 

quaηtUJll t h巳ory ， 17 hc went 011 to say: 

1 myscJf havc lhou吕hl a bit aboul lh己 lheory o[ f，巳rroma芷nclism 吨 aboul

conduclivity a l1d similar dirly lhings. The idca is lhis: ln ordcr lo use Lungevi口、s
lhcory of fcrrom且吕nclisll1‘ 011 巳 lllusl assume a Jargc coupli11且 force belwe巳11 the 
叫)1I1 111 Jl且已lcct ['011S (υ 11/ 1' rheseare lUl 口 ing around (i11 a ferromagnel)). This forc巳
should 吨 as for hcliU Jll‘ b巳 indircclly suppJied by r巳sonance.l believc thal onc c且II

且Jways provc: paralJ 巳 1 posilion of lhc spin veclors always 吕ivcs lhc SI1lμ lIesl 

Cllcrιy . . .1 ha vc lhcfccJing lhal lhis in principJc couJd be suC口ιi巳nllo providc an 
cxpJanalion of fcrruma吕l1 clism.' 8 

1 n Oclobcr J 027、二lrter OI1 C and a half ycars in COj}巳nhaι巳11 ，

Heisenbcrg w巳I1 t to Lcipzig 10 occupy the chair o[theor巳(ical physics at 

the university. Hc 且nd Pcter Debyc、 who had just assum己d thc chair o[ 

巳xpenm巳ntal physics , mad巳 Leipzìιan JJ1lj}orlanl ccnt巳l' [0 1' res巳arch

and inst 1'uιtìon in the ncw physics. Pauli , who had bcen a profcssor in 

t-l ambU1卫 SIl1 C巳 l吨。vcmb巳r 1926 , was callcd (0 a chair [or thcore1ical 

physics - actually t11 巳 chair vacat以j by D巳byc - in Zürich in April 1928. 

Earlier二 Pauli and Som l11crfcld had origin且(ed thc quantu l11 theory of 
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m巳taIl ic conductio口， and 雪 beginning in 1928 , th巳 schools of Heisenberg 
~ìi1 d Pau1i , in collaboration or scp 丘r::ttcly 0γ己r thc n巳xt fj 飞 e ycar压

produced great advances i口 l Ì1e applicatio丑 o[ quantum mechanics to 
solids , a field that would eventually be called solid sta1巳 theory. Some of 
H巳isenberg、s stud巳nts working on the properties ofthe solid sta1巳 during
that period w巳re: Fe1ix BJoch. RudoJf Peierls 、 and Edward Tell巳l二(区JS

other stude丑ts includ己ù vo日 Vleizsäcker ， Hans Eu1er, L巳0日 Ros巳nfe1d ，

and Gian Carlo 认lick.)

Meanwhi1e吨 Dirac ， who had come to Cambridge in 1923 as a graduatc 
student , comp1eted his doctoral degree i口 May 1926 and became Fellow 
ofSt. John、 College ofthat university in 1927. His duties included S0111e 
lecturin革， but 111ost1y on his ow口比cent r巳search. Dirac was typically a 
10ner, throughout his life on1y rare1y collaborating on sci巳ntific work 
with others , and 巳ven aft巳r he was appoi丑tcd to the Lucasian Chair of 
Mathematics (a position that had been he1d by Isaac Newton), he 
accepted few research students.19 Tbus , whi1e Heisenberg and Pauli felt 
obliged to spend at least part oftheir efforts 0口 applications of quantum 
mechanics that would provid巳 good problems for their r巳search

students, Dirac was able to concentrate on more fundamental 
questions. 20 In noting this point , howev巳r， on巳 shou1d k巳ep in mind t11at 
b01h Pauli and Heis巳nberg had b巳巳n trained in Munich in the schoo1 of 
ArnoJd S0ll1111巳r[cld ， a great teach巳r who was a maslcr of applied 
mathematical physics , and the)' nevcr forgot lhe Jessons 111ey J 巳arncd

from him. Fur讪巳rnlore ， as w巳 shaIl discuss , th巳y did carry out 
fundamentaJ r巳search on the rclativistic quantum lheory o[ ficlds 

2.2 Re/uliuislic Lj UO l1 tUI1I jìeld theory 

Heis巳nb巳l召江nd Pauli's r巳[ormulation o[ quan(um elcctrodynamics was 
bcgun bcforc 1hc time that Dirac was inv巳n1ing his rcb1ivislic cJ巳ctron
thcoryY Paul wrote 10 Dirac from l-jlamburι011 17 February 1928 、

saying 1ha1 he and Hcisenb己rg were OCCUpJ巳d wi1b th巳 problcJ11 of 且IVll1 g

a relativistically invariant formulalion 10 thc quantum 111eory o[ 
el巳ctromagn巳1ic interaclion. (1且 lhe same 1 巳tter ， hc said 1hat he was 
sending Dirac the manuscrip1 of a paper by Pascual J ordan and Eugene 
Wign巳r， in which they quanlized 111巳自己Jd r巳pres巳ntiηg fcrmions , i.c. , 
1h己y inlroduccd 1he idea o[ S巳cond quanlization (41).) Pauli bricny 
explained the id巳a behind the Heis巳nberg-PauJi worlc: 10 1 巳1 th巳
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electromagnetic field quantities , as weIJ as the matter fields , be q­

numbers obeying spec汀Ïed commutalìo口 relations ， while satis九ring the 
c!assical field equations as supplementary conditions. 1n their case, the 
matter fìelds were to obey the relativistic Schrδding巳r (also known as the 
Klein-Gordon) equatioη22Whil巳 they had not arrived at a fínal result, 
Pauli felt that th巳y had made good progress ('ein gutes Stück vonvärts 
E巳kommen'). 日e urged Dirac to tell him lhe relationship b巳twee口
Dìrac's new electron theory and hìs earlier v巳rsion of quantum 
cJectrodynamic队 aηd ， again , he brought up the problem of spontaneous 
transitions to negative 巳nergy states (which he regarded as states of 
positive charge).23 

On 19 March 1929 - Heise口berg being at the time in America -
Heisenberg and Pauli submitted their paper, 'Zur Quantendynamik d巳r
Wellenfelder: a major work 0ηthe HamiJtonian theory of relativistic 
fíelds , and a pioneering achievement not only in its quantum aspects but 
also in classical fieJd theory. While they stìll had the exp巳cted difficulty in 
handling the Dirac el巳ctron fíeld , they nevertheless tried to treal th巳
巳ffects' of retarded forces as a separate problem; i.e. , to \reat fields 
transmitted with th巳 velocity oflight , without specializing (as Dirac had 
done) to the radiation field alon 巳. As they noted in the introduction to 
their paper、 they could not expect to be able to wlite down and solve the 
many-body equations of motion , sinc巳 that could 110\ b巳 done even in 
classicaJ mechanics. The corr巳spo11dence pri口ciple was assum巳d in the 
sense that the qua丑tum electromagnetic 自己Id should , under sui\able 
conditions (large occupation numb巳rs) ， approach the 且在axwell field , 

while the el巳ctron field should be \ha1 satisfying Dirac's equation. In 
addition \0 finding an infinite charge density of the vacuum , if Dìrac's 
、01巳s' were filled , they encountered the problem of the 'infinitics 咱 that

wouJd plague th巳 quanlul11 field theory untíl the renormalizatio丑

program ofthe 1940s. Spccifically, Heisenberg and Pauli recognized the 
probl巳ms of infínite zero-point cnergy and infínite eJ 巳ctron selι 

mass (43).24 

Because of thes巳 difficulties ， H巳ísenberg was less than enthusiastic 
about his work with Pauli and wrot巳 to Bohr on 1 March 1929 from the 
ship !hat was taking him to America: 

1 am particular1y eager to know what )'OU 飞入'ill say aboul the relation be(ween 
quantum tll 巳ory and relativity theory. Incidental to the worlc with Pauli 1 have 
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also pondered much 0口 those questions of principle , but without much success; 
lhe '.vork by Pauli a口d myselfis , to begin with. 9.1 b付1 9. fon呐al advanc巳 per11aps

not 巳ven that , because the Dirac diffïculties nalurally remain unsolved 
飞νhether 1 get to work 0口 pap巳rsataIl inAm巳rica seerns uncIearto me; 10 rnyjoy 
r heard lhat Dirac will aIso b巳 ov巳rlhen= (in America) in lh巳 nexl months. $0 lhat 
1 will be able to discuss theoη; a bi\.25 

As we shaIl describe in 1hc ncxt scction , Dirac and Heisenberg did 

meet in Americ丘， and visited the Far Eas1 together before retur丑mg to 

Europe. Back agai口 l口 Leipzig ， Heis巳nberg wrote to Bohr in December 
1929: 

Pauli ‘ s and my electrodynamics has further quile remarkabJy simplilied itself: 
the earlier extra terms ha ve alI becom巳 entireJy superOuou队 and ， aside from 
some formal ugliness (Unschönh巳iten). it seems to me that this int巳raction

problem is now in order; howev巳r ， it stiJl r巳mains a very gray theory , as long as 
the Dirac diffïcu Ity is unsolved. Dirac has already written a new \Vork on the 土 t

business; you probably also know tha t. 1 am , however , reaJly skeptical 句 because

the proton mass comes out equal to th巳 eJectron rηass 、 so far as r can s巳e. 26

In order to appreciate the quandary that resultecl from lhe ‘ ominous' 

口egatJve e丑ergy states of Dirac's electron theory , il is ncc巳ssary to 

appreciale the power of the theory. 1丑 th巳 firsl plac巳 it was 

relativistically covariant ancl gavc cxactly lhc Somm巳rfcld rclativistic 

fine-structure formula , which appeared to fit pcrfectly the hyclrogen 

spectru口1. It gave correcl1y th巳 spm aηgular 1110mentum and 111e 

magnetic moment ofthe eleclron. These properties w巳I飞 111 a sen罚， buill 

into the th巳ory. But above all 吨 perhaps ， the l11os1 convincing argUJηent 

for the theorγs validity was given by the calculation by Oskar Klein and 

Yoshio Nishina , in Copenhagen , ofthe scattering ofX-rays and gamma 

rays from free electrons (44). Th巳ir formulas gave gooò agreem巳nt wíth 

the intensity , the angular distribution , and 1he polarizalion of th巳
scatt巳red radialion up 10 the highest available know J1 gamma ray e日创引f

~ with one important exc巳ption. 27

The expr巳ssion was a rather larg巳巳xcess scatt巳ring (up 10 40 percenl) , 

found wh巳11 the most energ巳lic known gamma ray ('Th C') scattered in 

the elem巳n1s ofhighest atomic number (巳 .g. ， lead). The anomalous e[f，巳cl

was found almost simultan巳ously by sev巳ral experim巳ηtal groups in 

America and Europe , w110 submittecllhcir resulls for publication clurinι 

May 1930. H became know11 as tb 巳 Meil11er~Hupfeld effect、 and ， [or 

131 



Lallrie /'1. Browl1 α门d Helmμt Rechenberg 

several years aHerwards , it was thought to be a nuclear structure e[fect 

arising [rom el巳ctrons that wer巳 thought to be pres巳nt in th巳口ucleus.

Eventual1y , it was recognized to be the combin巳d effect of electron­

positron pair productio日， subs巳quent annihilation of the positron , and 

elcctron and positroη Brel1lsstrahhll1g. For our pr巳se口t purpos巳s ， its 

111m丑 significanc巳 is tbal it tells us that the predictions ofDirac啕5 electro口

theory were accepted so completely that any de飞!iation from them (eVen 

at the 己xtrem巳 limits of known high energy and high nuclear mass) was 

consid巳red a m勾or anomaly that h巳ralded a new physical 

phenomenon. 28 he口omenon

3 Dirac αnd H eisenb凹'g as travelling compαηions 

Dirac and Heis巳nberg each visit巳d the United States for the first time in 

the spri丑g of 1929 , Dirac to spend a term as visiting professor at the 

University ofWisconsin in Madison , Heisenberg to lecture on quantum 

mechanics at th巳 University of Chicago. They met in Madison and 

agre巳d that they would return to Europ巳 via th巳 Pacific. They did so , 
sharing passage on a Japan巳se ship from San Francisco to Y okohama, 
and stopping en roule in Hawaii. After leaving Japan , howev巳r， they 

travelled s巳parat巳Iy - Heisenberg taking a southern route via Hong 

Kong and lndia、 while Dirac took a ship to Vladivostock and then 

crossed Siberia by rail. Most oftheirtrip was d巳voted to sightseei吨， but 

they gave a series ofl巳ctures in Japan which had an important in日u巳nce

on thc physics that was do口巳 th巳re afterwards. 

In an articIc of rcminiscence about Dirac written in 1972‘上 H. van 

Vlcck told about t l1巳 trip: ‘Dirac dccidcd that when hc got as far west as 

认!isconsin hc might as wcll go arouncl th巳 worlcl ， ancl aft巳r Ieavi丑S

Madison he mad巳 at Icast the first part of this trip along wit l1 
Hcisenberg. Thc la((er was lecturing at thc Univ巳rsily of Chicago in th巳

spring of 1929. Whilc Dirac was in Madison , Heisenbcrg came to 

Madison for a bricf trip to give a colloquium. Whether tll巳y arrangecl 

(]1巳 lf voyag巳 thel1， or b巳fore Dirac lcft England , 1 don飞 know.'29 111 fact , 

lhc id巳乱。 f a jOi l1 t visit to the Far 巴ast hacl b巳巳n propos己cl to Diraιby 

Hcisenb巳fιmore than a year 巳arlier in the following letter, which w巳

l] llole in [llll 

Jt is vcry probabJc lhal 1 will go lo Chicago [rom Apríl1929 to Sept. 1929: 1 have 
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decided ，口 ot (0 go i口 this year; the journey for next year is nol quite certain yet. 
Ofcours巳 r would be eXlremely glad , ifwe could work together lhose 6 months in 
Chicago and bring European life into lhe America口 hurry. Ifyou go to Chicago ‘ 

1 will certainly go. Perhaps wc could have som巳 pleasur巳 from seeing b巳autiful
parts of the countηr、f.e. from s巳巳ing Cali[ornia 、 which I probably would visit in 
July or June. Or we could go back to Europe via Japa口一India or China etc. But 
of course you ought to do , what you lìke best. - 1 admìre your lasl 飞vork about 
the spin in the highest degre巳. I have especially still for questions: do you get the 
Sommerfeld-foffi1Ula in all approximations.) 了hen: what are the currents in your 
(heory ofthe electron~ -] am writing a paper togeth巳r with Pauli 飞Ve tried to 
change th巳 Schrödinger theory of the Broglie-waves + Maxwell-waves 
('Energie-Impuls-tensor' etc.) into a theory of quantized waves (Bos巳 or F巳rmi

statistics does not make much difference); in so far the theory is g巳neralization of 
Klein-J ordans worlc as well as o[Pauli-J ordans last paper (relativistic invariant 
Vertauschungs-relations between the F,). On(e) gets new terms in the Energy­
Impuls-tensor, which compensate the int巳raction o[ the electron with itself, lilce 
in Klein-Jordans wo了lι1 thinlc , one gets a ddïnite idea , how retard巳d potentials 
etc. have to be treated in quantum mechanics. O[ course the theory has to b巳
巳xtended to the spin i口 your way. - You will get proofs ofthe paper吨 as 500n as 
possible. 30 

Three days aft巳r Heisenb巳rg wrote this Ietter飞 on 16 F巳bruary 1928 , 
Arthur Compton s巳旦1 a telegram to Dirac at St. J ohn 's Col!ege, reading , 

'Can you come next faII and winter Heisenberg comes spring and 

summer.' Apparen1ly , Dirac did not acc巳pt Compton's invitation , but , 

i口stead ， agr巳ed to visi1 Madison during 1he fo lIowing spring. On 

23 January 1929 , Heisenberg again wrote 10 Dirac: 'I wilI be in 

Cambridge (Massachusetts) in March and in Chicago from the 

b巳ginning of Apri] till th巳巳nd of August. I am very glad to hear that you 

ar巳 going to America too , 1 think we will meet there severaI times.'31 

And from Cambridge he wrote (the letter is undated , but it l11ust have 

been later in March ‘ where Dirac was in Madison): 

Next.Friday 1 wil! arrive in Chicago; since we then are not more than 200 miles 
apart [rom anotlier, 1 wOllld lik巳 to 巳stablish the connection betwe巳丑 us. Could 
you be lcind and writ巳 to me, w(h)ether may visit you some weelcend , say 
April 6th or 13th.τhen 1 wOllld be especially interested to hear your opi日10口

about Weyl's work. ì,Veyl thinks to have th巳 solu1ion of the :t e difficulty . . . 
Shortly a[(er your last letter to Leipzig 1 saw Eddington's paper on the charge e 
1 ca口not 1ìnd anything reasonable in it , bul perhaps yo让 understand the deeper 
reasons and can tell me about them. Sometimes I am enlirely wrong injudging 

134 



Dirac and H eisenbeγg-apαrtn臼'ship in science 

other papers. Be[ore I lefl Gerrηany. Pauli and I finish巳d a paper about t且已

relati飞'istic formulation of th巳 many-body problems; I would very much like to 
show it to yo口 and to hear your 0户口ion.32

In writing to Bohr from the S.S. Washington 0口 his overseas trip , 

Heisenberg had questioned whether he would be able to produc巳 any

口ew works there25 As he had just completed his very important and 
extcnsive work with Pauli on thc quantum th巳ory of fields , and , before 
that, had proposed his new theory offerromagnetism, it might have b巳en
a good occasion for him to rest and seek fresh inspiration. 1n the event , 
however, the lectures that he delivered at thc University of Chicago in 

the spring of 1929 \可巳re sophisticated physical, math巳ma1i cal ， and even 
philosophical discussions of the fundamental aspects of qua丑tum
theory , including: critiques of the physical concepts of wav巳 and particle 
(in th巳 light of the unc巳rtainty principl时， th巳 important underlying 

experiments , the statistical int巳rpretation of quantum mechanics , 
complementarity , relativistic quantum mechanics and field theory. With 
the addition of an eighty page appendix on 寸he Mathematical 
Apparatus of the Quantum Theory,' the lectures w巳re published in 

EngIish as Heisenberg's first book. 1t is a classic work , although 
Heisenberg's preface modestly disclaims: 

On the whole the book contains nothing that is not 10 be found in previous 
publications , particularly in lhe investigations of Bohr. The purpose o[th巳 book
seems to me to be fulfilled if il con(ribu(es somewhal 10 the diffusion of lhal 
'Kopenhαgen凹• Gei:守 t der Quo l1 tcnlheorie ,' if r may so express myselL which has 
directed tbe entire development of modern atomic physics (45) 

认Thile Heisenberg was lecturing a1 Chicago , Dirac was sharpcning 1hc 
presentation of his own appr08ch to quantum mechanics and laying 
down the foundation for his first book , probabJy the m051 famous and 
in l1uential of alI the books t l1 at hav巳巳vcr bcen writtcn on the su bjcct. I ts 
first edition appeared in 1930, with subsequent editions in 1935 , 1947 , 

and 1958 (4-6). Concerning his term in Madison , van Vleck wrote: ‘Dirac 
gave a weIl-organized course of Jectuτes ， alm05t a formal course, on 
mainly the transformation theory of quantum 111巳chanics ， which he had 

evolved about a year and a half earlier. It was [aτ J1l ore abstract t11an the 
usual American courses in physics of that era. 、 The visit was impor1ant 

10 va日 Vlcclc忑 work. as 11 巳 related:

Dirac eitber lectured on ‘ or told me abollt his 口ow celebrated vector model (47) 
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[or handlìng permuíation degeneracy. In particular he indicated how it cou1d be 
uscd to oblain Hcisenbe骂'$ [ormulas for ferromagnetism , something not 
mentlOl1巳d in his publications. 1 was greatly inf1ue日ced by Dirac's procedure, 
and subsequently capita1ized 0口 it heavi1y , applying it 1101 on1y to magnetism 
but also 10 complex spec1ra and chemica1 bonding . . . Al1 1 did was app1y it 
Dirac had 1he origina1 and essen1ia1 idω33 

τh巳 residents oí Madison , other than the physicists at the University, 
Jeamed about Dirac from a local 丑ewspaper interview: 

1 b巳en h巳aring about a fe lIow they have up at 1he U. This spring - a 
mathematica1 physicist , or somethinιthey call him - who is pushing Sir Isaac 
Newton , Eins1ein and all th巳 oth巳rs ofT the front page . . . His name is Dirac and 
he is an Englishman . . . So the other afternoon 1 knocks a1 the door of Dr 
Dirac吨sof1ìc巳 in S1erling Hal! and a pleasant voice says ‘Come in.' And 1 wa丑tto
say here aJ口d now that this sentence ‘com巳 in' was about the longest one emitted 
by 1h巳 doctor during our in1erview. 

1 found th巳 doctor a tall youngish-looking ma丑， and the minute 1 seen the 
twinkle in his ey巳 1 knew 1 was going 10 like him . . . he did not se巳m 10 be at all 
busy 认Ihy if 1 wen1 to interview an American scie口list of his class , . . . he would 
blow in carrying a big briefcase , and whi1e he ta1ked he would b巳 pulling lecture 
no1e队 proofs ， repri口 [s ， books , manuscripts , or what have you , out of his bag. 
Dirac is differ巳n t. He s巳ems 10 have all the time th巳re is looking out the 
window. .. 'Pro[essor,' says 1, 'I noli巳巳 you have qui1e a few letters in front of 
your last name. Do 1hey stand for anylhing in particular?' 

'No ,' say严I也s he (怡etωCι.小 344 

For tbe return trÌp of Dirac and hims巳lf at the 白地 oftheÌr Am巳rìca且

visits , Heisenberg mad巳 the travel arrangel丑ents as far as Japan; in r叫 ay ，

hc wrote Dirac that he would malce tbe cabÌn reservations fo 1' bot l1 of 
th巳111. 35 InJu日巳， hewrote、 reporting that he was unable to get a cabin on 

the Presidelll ηρof the Dollar Line, as it was already fully booked. 

lnstead , he had rcserv巳d passage on the N.YJζ (Japanese) Lin巳. After 

glVIl1且 a number of d巳ta过s ， such as the ship's displacem巳nt and gross 

lonna自民 he said , '1 don't know , wheth巳r you mind , to sail on a Japan巳se

steamer; but 1 did not know what to do els巳 '36

Recciving 口 o reply fro ll1 Dirac, he wrote the following on 5 Jul)': 

A [ew wccks ago 1 wrole a ]etler 10 you aboul our lrip 10 Japan; apparently you 
did not gel il. Thc contcnt was: 1 was J1ο t able 10 gel a cabin on Presidcnt Taft , 

she was crowded. So 1 mad巳 the reservations 0日 a Japanese steamer, leaving San 
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Francisco Aug. 14th. Our cabin is a丑 outside cabin 1st cJ ass; we wi lJ arrive in 
Yokoh:l口la Aug. 30th. The price of thc lid:et is thc same as on Presidenr Taj[, 
about 300 $. Th巳 size of the Sl己丘口.1cr is about the sam己 as that of Presfdellt Taft. If 
you should not like to 1ake lhe Japa口已se steamcr , please write [0 me at onc己， if 
possible. - l'叫y lectures in Japa口 will probably be (- lhanks to your lett己r!): 1) 
Principle o[ unccrlainty. 2-3) Th巳ory of ferromaglletism. 4) Theory of 
conductivity (Bloch句 s paper). 5) Retarded pote且tials in Qu. th. J think , this will 
1l0t illterfere with your plans. 0日 1h巳 steamer we migh t sp巳ak about the delails. 
50 that our lectures fít som巳what logcther. 37 

On巳 week !ater , Heis己丑berg wrot巳， ‘ Our steamer is call巳d Shinyo 

λ1 aru , and stops at Honoluiu Aug. 201h . . . You n巳ed a Japanese visa 
and a ‘ sailing permit,' which confirms , lhat you have paid your income 

tax in U.S.A. . . . 1 will probably ar口ve in B巳rkeley Aug. 12th and give 

three lectures there. On tb 巳 way. . .1 will probably stop 0日巳 or two days 
in Yellowston巳 Park. Ar巳 you going 1her巳 tooγ38 Final arrangements 

betw巳en the two were concluded in 1巳tters of 19 July and 1 August; they 
included dinn巳r together in Chicago before Dirac, who was s(arting west 
earlier, was to board the night train. 

During July, Dirac was in Ann Arbor, lccturing a1 the famous 
Summ巳r School in physics at the University of Michigan , onc o[ a series 
that was started in 1927 by Harrison Randall , Chairman of the Physics 
Departm巳n t. While Heis巳nberg was trying to res巳rve passage to Japan ‘ 

Dirac was corresponding with Nishìna ìn Tokyo about his forthcoming 

visit, and also about trav巳1 arra口gements after Jeaving Japan. 
Y oshio Nishin且， t l1巳ir maill host in Japan 啕 graduated in 日cctrical

Engineering from Tokyo Universily in 1918 (as Dirac did from Bristol 
fiv巳 ycars later) , and had the丑 joincd the recenlly [ounded Institu(c [or 
Physical and Chemical Res巳arch (whose Japan巳se abbrc飞'iatcd na l11 C is 
Riken) in Tokyo. 1η 1921 ， Rikell scnt him abroad to improve his 
scientific skiJls. He work巳d [or a y巳江r in Cambrìdge al lhc Cavcndish 
Laboratory , then went to s(udy theoretical physics in Göltingcn. Aftcr 
that , he sp巳nt six ycars at Bohr‘ s institute in Copcnha吕CI1， wlJcrc he 
wfO te his famous paper on 1he Compton cf[cct with Klcin 八ftcr bcin且

recalled to Japan , h巳 rel泣rn巳d at the cnd of 1928 and 500n becamc the 
i 巳ading figur巳 in Japanese nucl巳ar and cosmic ray re自己且rch

1n 1927 , Nishina had wriUcn to Dirac , who was in Götting巳11 ， to 

arrange to visit him: 

1 am leaving Copenhagcn on aboul the 1st of July.l havc not a fïxed pJan ycl. bul 
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I shall come to Germany and France to leam languages , then about the end of 
this year 1 shaIl come to England to stay for a short time. After that 1 shall cross 
toAm巳rica and go back to Japa口. . 1 should like very much to know your p!an 
in the near future 80 that 1 ca口 see you somewhere and learn physics from you [or 
some time when it is most convenie口 t for you . . . At present we have Pauli and 
Wentzel h巳re for a short visi t. Pro f. Bohr and Pro f. Darwin have just moved to 
Prof. Bohr弓s summer villa at Tisvilde.'39 

Nishina also wrote to Dirac twic巳 from Hamburg , in F巳bruary 1928 , 

to say that he would spend a few months at Copenhagen (at Bohr's 
sugg巳stion) before going to see Dirac at Cambridge, and that he 
intended to sail for America at the beginning of October.40 Upon 

Dirac's replying that he would 口ot be in Cambridge that summer, 

Nishina proposed to join Dirac in Leiden (wher巳 Dirac would be) ‘ ..m 
order to leam different thi丑gs from you.' He also asked for ‘ a separate 
cover of your last paper on "the theorγof electron" . . . in case you can 
spare one. I hope to caJ culate Compton-effect according to your new 
theory.'41 The visit was actually made in Cambridge in fa!l. After sailing 

to AmeJ;Íca and crossing the continent, a weary Nishina wrote from 
Pasadena that he was sailing from San Francisco on 5 December 1928. 
Headded，气ìVhen I left Cambridg巳 a month earlier, r told you that there 
might be a possibility of im叫口g you to Japan on your way back , 1 do 
not know whether it can be realized. 1 shall talk with some p巳ople in 
Japan about i仁'日巳 tÌ1en asked Dirac what month would b巳 most

convenient for his visit.42 

Dirac received two letters in Ju!y 1929 from Nishina in Tokyo in 
respo口 se to a request to reserve a seat on the Trans-Siberian raiJway. 
There was a potential difficulty , as Nishina wrote: 

For last few days , the newspapers here have been reporting the tension in the 
Russo-Chinese relation 听ith regard to the Eastem Chines巳 Railway ， which 
connects South Manchuria with Central Siberia and also VladivoSlOcl二 with

CentraI Siber瓜， both via Harbin . . . Russians might close the frontier between 
China.I do not know how far these news are reliable... Ifyou could not traveI 
by way o[ Manchuria 、 you could cross 10 Vladivostock and the口 get to Ce口tral

Siberia without coming into Manchuria , so 10丑g as Russians do not close Siberia 
to foreigners . . . In case this route 飞凡rere aIso closed , you would have to travel by 
steamer either via Indian Ocean or via America:J.3 

E口 th巳 second letter, Nishina reported that , although the Russo­
Chinese troubles hadηo1. be巳n settl巳d ， it would still be all right for Dirac 
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to retum to England by going through Vladivostock: '. . . there is a train 
connexJO旦 between Vladivostock and Mo忧。w without tOllchin l! 

Manchuria. This train runs regularly 0口ce a week and the journey takes 
a few days more than that through Maηchuria; they sa)' the jour丑巳y is 
quite a11 right. . . Looking forward very much to seeing you agai日 at
Yokohama Pier.叫4- In the end , Dirac did make his return to England via 
Vladivostock. 

Before leaving America , the two friends visited the University of 
Califomia at Berkeley. Each lectured on the morning of August 13 ‘ 

Dirac on the vector model (47) and Heisenberg on ferromagnetis l11 (38) 
As Van Vleck remarked , the two works ar巳 r巳lated ， both use the idea of 
the exchange force , and H巳isenberg made use 01、 Dir饵's results in 
presenti口g his own lecture. In the aftemoon , beginning at 4.00 p.m. , 
Heisenberg gave a double lecture on his 轨 ork with Pauli on qllantllm 
electrodynamics. Th巳 Dean，飞NaJter M. Hart , had been sent a letter by 
the Physics D巳partment Chairman asking that Dirac receive $50 and 
Heisenberg $150 'before the close of banking hours on Tuesday 句

August 13'because ιthese gentlemen are sailing for Japan on th巳 ]4th'.45

Dirac and Heisenberg sailed as plann巳d 仕om声an Francisco , arriving 
in Honolulu on 20 August 1929 , where they were given a friendJy 
welcome and a sightseeing tour by the locaJ physicists , but th巳re \vas no 
recognition that they were anything special ,just a pair ofrath巳ryouthful
Europ巳an scientists. They were not asked to lectu币， nor to hoJd 
infomlal discussions干 Their ship !eft the next day and proceeded 10 
Japan , where their visit made a consideτably great巳 r lmpac1. 

They arrived in Yokohama on 30 August , and they gave eight lcctures 
in Tokyo during 2-7 Sept巳mber. On September 8, th巳y regist巳red a1 the 
Kanaya Hotel in Nilcko , a mountain resort not far from Tokyo47 人flcr

that , they lect盯ed al Kyoto lmperial University 、 where lhcy werc hearcl 
by both Sinitiro Tomonaga and Hideki Yukawa , who were 1he11 lhirct­
year students at the University. The latt巳r wrotc in his autobiography: 
'Attending those 1巳ctures was a gr巳at stimulus 10 m巳.叫 8

The Tolcyo lectures were offïcially sponsored by :111 organization 
called the Venus Society (Kei mekai) , with some financial assistance 
from Rilwn.4-9 The actual arraηgements were made by Nishina ancl thc 
distinguished older physicist Hantaro Nagaoka; they also made notes 01' 

the lectures for subsequent publication in the Japanese language. 50 1n 
the prefac巳 to that publication , dated Augusl 1931 弓 Nisbina slales that 
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i巳ct口 res were held both at Tokyo Imperial Uni飞lersity and at Riken. The 

first lecture of each speak巳r was supposed to be less specialized than the 

remainder. While the translator made some modifications of the 

material and added SOl丑e footnotes , he tried 10 keep as close as possible 

1.0 the original. 
Tomonaga made the trip from 1，主yoto to τokyo to hear th巳 lectures ， as 

he report巳d in his book Spin Tíμ1715. According to him , the two more 

general lectures were held at Riken , the oth巳rs at th巳 University. He 

continued: 

Fortunately, 1 had read th巳 r巳1evant papers b巳forehand ， so a1most all the 
contenls were known to mc. But 加ing shy and coming [rom Kyoto to the big 
city o[ Tokyo , 1 took a rear seat. One of my friends , who was a graduate o[ th巳
University ofTokyo . .哽 pointed out Nishina 10 m巳， and a1so the young Kotani 
and lnui ,. . . who were regular members ofNishina's colloquium. 丑ewanted me 
to meet them , but 1 hesitated. On巳 incid巳nt 1 remember well was a question 
address巳d to Heisenberg by Dirac. The question was this: Heis巳nberg and Pauli 
had used the q-numb巳r relation 

(V'E-4πρ)收 =0.

Dirac asked whether 1h巳 zero eigenva1ue ofthe operator is discrete or belongs to 
the continuum. Heiscnberg had not expec1ed tha1 qucs1ion , so he had to 
considcr it for a whi1c. Then h巳 answered ， '1 think i1 may be part of the 
contmuum 吨 At lhc 巳nd of lhe Univcrsity ofTokyo lccturcs , Profcssor Nagaoka 
gave congratu] alio且s in Eng1ish to Dirac and Heisenberg for th巳ir bril1ian1 
contributions made while they were slill in their twenties.ιJ apanese scholars 
are stiU on1y sludying 1he r巳sul1S of European and American achievemcnts and 
our s(udcn1s are only 1aking no1cs. Wha1 a poor si1uation lha( is!' (48). 

认1C concludc this account of this trip around the world with a lettcr 

thal H巳isenb巳rg wro(e (0 Dirac in D巳cember 1929 after his return to 

Leipzig: 

Many lhanks for your lCllcI二 1 heard aboul your ncw pap巳r already a few days 
且go fr0111 Landau (via Gamow). 1 1hink 1 u口d巳rsland the idea ofyour paper; il is 
cer1ainly a grea1 progress. l3ul 1 cannot see yct , how the ratio ofth巳 masses c1c. 
wi l1 come ouL It seems 10 111e already very doubtful , whe1her 出e 1巳rms of the 
clectron (i.e. Sommcrfcld formula) wil1 no1 be complete1y changed by the 
in(eraction with the negative cel1s. 011e may hope , lhat al1 (hese difficu](ies will 
be solved by slraigh1 calculation of the interac1i o口 In lhis case i1 would 
probably be necessary, to lrcat 1h巳 in1eractÍon in a proper relativis1ic way, so 
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Pauli ‘ s and my paper might be of some use. I was almost sorry to send you the 
first paper, sin巳e the scco口 d simplifies the whole matter v己ry much. Our presen1 
scheme is very similar to your old th巳ory of radiation- Coulomb in1eraction e"/r 
plus interaction be(ween radiation and mat1er; the schemc is relalivistically 
invariant in spite of e2 /r (r = space - dis(anc巳)

My trip via Shanghai-Hongkong etc. was very pleasan( and interes(ing; (he 
bcst part was the trip to the biggest and best mounrains ‘ 1 had \'巳ry good luck 
wi1h the wealher just the morni口go丑 Tiger Hill. 1n India itself it was v巳ry hot 
and rather rainy. Once our train went offthe rails in the middk ofthc Jungle and 
people were very a[raid of tigers; 由己 tigers probably were pre11y afraid 100. ln 
the Red Sea the lemp巳rature at night 飞;vas 95", the wa(巳r temperaturc i口 the

swimming pool 890
. On the boat 1 had very nice company , 1110stly Japanese 

businessmen. 1 did n01 see the SoutherηCross ， 50 you are right agai口 You arc 
wrong how巳ver 111 t且e qu己stion o[ ma1ing a King and a Knight with King and 
Castle; this is l10r possibJe according to the edition o[ 1926 o[ Du[rcsnc吨s

handbook of ch巳ss (the bes( book about 1heory of chess)51 

4 The later yeαrs: ω1tWη field theor y and 

elementary pαrticles 

After the t巳mpestuous decade of 1he 1wenties 、 which saw 1he 

developm巳nt of the theory of quantum mechanics , its applications、 and

its relativistic 巳x1巳丑sions 10 the theory of the cleclron and lo qua口1um
field theory , there followed a pcriod of slower progr巳ss in thòsc arcas , 

巳specially as s巳E口 in the work of Heis巳nb巳rg and Dirac. Tbc chief 

concerηoftheir overlapping inl巳rests was quantum field lhcory , and 1his 
encountered both mathematicaI and conc巳ptual dilTicultics (esp巳cially

the ‘infinítíes丁， which could no1 be handled unlil the 1 巳normaliza1ion

program was introduced in the 1940s (and nol completely , evcn 1hen). 
On th巳 olher hand，且n 巳ver íncreasing number of new parlicl巳s was 
discov巳f巳d ← positron ， 111eso1rol1 (l al巳r muon) , pio l1, kao日， antiprolon , 

hyperons，巳xcít巳d nucleon stales , etc. - whose behavior, if not whose 
very exislence , was to be explained by quantum iïeld th巳0巧，了h巳sen巳W

constituents of ma t1er (mostly unexpected) requircd th巳 introduction

and 巳laboration of new lypes of fields in addition lo those already 

known; their new types of inl巳raclions cr巳ated malhematical difficu l1ies 
that were even 1110re severe than those which plagued quantum 
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electrodynamics. In attempting to deal with these problems , Dirac and 
Heisenberg took paths that w巳re essentially separate, although 
occasionally their paths crossed. 

After 1933 , there were fewer opportunities for the two friends to meet , 
as compar巳d with the earlier ‘golde丑 age.' Before the outbreak of the 
war, Heisenberg w巳nt to England only twice ~ to Cambridg巳 in 1934and 
to Bristol in 1938; aside from those trips abroad , he went 0口 several

occasions to Copenhagen , where he met with Niels Bohr, and with his 
associates and visitors. Of course, between 1939 and 1945 , the war 
interrupted virtually all communication between the scientists on 
OppOSlt巳 sides. 52 From July 1945 to January 1946 , Heisenberg and other 
leading German scientists who were working in the Uranium Project 
were detained in Farm Hall near Cambridge; during this time, they were 
visited occasionally by some British scientists (including P. M. S. 
Blackett). Heisenberg went again to Britain in Decemb巳r 1947, this time 
as a free ma口， to lecture at the Universities of Cambridge, Edinburgh , 

and BristoL 53 Only late in the 1950s, however, did Dirac and 
Heisenberg begin to see each other again with some regularity: e.g. , at 
the Lindau meetings ofNobel Laureates (in 1959 , 1962 , and 1969); at the 
Solvay Conferenc巳 in Brussels in 1961; at the Bohr memorial meeting in 
Cop巳nhagen in 1963; the Feldafing symposium in 1965; and at 
conferences in Trieste in 1968 and 1972. On these occasions, tbey eagerly 
seized the opportunity to be tog巳th巳r as in the old days , discussing recent 
advances in physics and their own 飞Nork.

4 .1 Dirac's and Heisenberg's work 0 /1 qua /1 tu l11 field theory a71d 

related topics after 1935 

了he starting point for Dirac's renewed attack 0ηthe problems of 
quantum field theory can be indicated by quoting from the 1935 edition 
of his book , The Principles of Qua l1 lWl1 M echanics , which ends with a 
few remarks on the status of quantum electrodynamics , including th巳
following: 

The foregoing theory provides a quantum electrodynamics which is a 
satisfactory analogue of classical electrodynamics , each of the features of 
classical electrodynamics having its quantum counlerpart. As a description of 
nature, though , the theory is incomple怡、 as it suffers from the same Jimitations 
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Dirac (righ() 川江I Hei吕enberg. Summcr 1962 、 during (hc Lindau Nobel Priz巳

认linncrs Mcetin 且 (on (he s(rc巳(S of Linclau) 
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as the c1assical th巳ory. The quantum theory that we have set up also leads 10 an 
infinite mass of th巳巳lectron . . . It seems tha1 some essential new physical ideas 
are h巳re need巳d 54

Sinc巳 the classica1 and the quantum theory both had dif[iculties in 
tr 巳ating the point electron ‘ Dirac began by trying to improve the 
classica! e1ectron theory. Speci[ically , he modified the interaction ofthe 
electron with the radiation field such that lhe in日nite Coulomb self­
巳n巳rgy was avoided (1938). A few years laler, he suggested a new 
mt巳rpretation of quantum [ield theory , which mad巳 use of an indefinite 
metric in the mathematical space of states (1941). 丁he problem of 
improving the [oundations of classical 巳l巳ctron theory continued to 
occupy Dirac [0 1' many years. 1n his attempt to modify the theory , he 
even proposed that one mighl give up lhe equivalence ofthe H巳isenberg

and Scluδdinger pictures in quan1u l11 mechanics , which he had himsel[ 
demonslrated [or the non-relativistic theory about thirty y巳ars 巳arlier!

(49). Atsom巳 point ， he consid巳red a possible r巳vival of the ether concept 

(1951 , 1953); he also played with lhe idea of an 巳xt巳nded electron , whose 
first quanlum 巳xcilation might be the muon (1962) 

During this same p巳riod ， Heise丑berg was pursuing different , and 
pcrhaps 巳V巳n l11 0r巳 ambilious goaIs. 1n a 1etterto Dirac in 1935 , in which 
hc thank巳d 1h巳 1a1l巳 r [or s巳n正ling a copy of his new edilion of The 
Principles of QuμnLWll !vlechω11口， he said , '1 don飞 b巳Iieve at aII any 

more in your conj巳c1ure that th巳 Sommer[eld fine structur巳 constant

ll1ay have some1hing to do with the 1emperatur巳 concept . . . Rather , 1 

a111 fírmly convinccd that on巳 mus1 d巳t巳rmine e2/hc within the hole 
theory itself, in ord巳r for th巳 theory to be s巳nsible.'55 However, a[t巳r alI 
his att巳mpts to obtain t l1e 011巳 slructm巳 conslant [rom ho1e th巳ory faiI巳d ，

and he became Ìncreasingly involv巳d in the study of cosmic ray 
ph巳nomen且， Hcis巳nb巳rg soon turned 10 quite diff，巳r巳nt ideas 

1吨巳w par1iclcs (n巳u1n110 ， m巳solron) and nc认， hiι11 en巳rgy phcl1 omcna , 

巳sp巳cially thc so-caJJcd 巳xplosive showers in cosmic rays , persuaded 
H巳1S巳nberg that it wou1d b巳 n巳C巳ssary to abandon lhe 巳xisting quantum 
fïeld lhcory (1936 , 1939).56 Sinc巳 1h巳 11巳w fi eId theories , i.己， FermÍ's 
1h巳ory o[ be1a clecay and Yukawa's 111巳S011 1h巳ory ， Jcdto 巳ven greater 
malbcmatical di[ficu ]ties 1han quantum electrodyn且1111CS 、 he

construclcd a radicaJ!y altematÍve description of c1巳mentary particJe 
interac1ions , invo1ving on1y observable quantities: S-matrix theory 
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(Streumatrixtheorie , 1942, 1944). Howev巳f， wh巳口 he was unable to fínd 
enough general conditions to determine the scattering completely , he 
turned to qua口tum field theory once again (after 1946), this time 

introducing n己w featur己s like non-locality and non-linearity. The n巳W
th巳ory ， he hop巳d ， would describe all elementary particles and 
interactions through a differential equatio口-

ln the unified field theory that he began to develop in 1953 , 

Heisenberg made essential use of a method due to Dirac , as he stat巳din
the letter acknowledging the receipt of still another edition of Dirac's 
treatise on quantum mechanics (the fourth edition): 

I ha ve in the past years repeal巳dly had the experience thal 、心en one has any sort 
of doubt about diffícult [undamental mathematical problems and their formal 
representation , it is besl to consult your book , b巳cause lhes己 questlOns are 
treated mos1 carefuJ]y i丑 your book. Moreover, il will interest you that we have 
m臼nwhile made greal progress wilh lhe inde1ìnite metric in Hilb巳r1 space , 

which you already introduced some lim巳 ago ， so tha1 we ca卫 no longer doubl 
thal it forms an essential part of the ultimately valid lheory cif the elementary 
particles. 57 

4.2 The lasl scient i.fic exchange of H eisenberg and Dirac: the 

ind吃fìnite l7l etric 

1n his Bak巳rian Leclure 10 1he Royal Sociely of London , 'Th巳 Physical

lnterpretation of QuanlU l11 Mechanics' , deIivered on 19 Jun巳 1941 ，

Dirac said about quantum field th巳ory: ‘The simplcst way of dcvcloping 

a th巳ory would make it apply to a hypothe1ical world in which theinitial 
probability of certain stalcs is negativ巳， bUl transition probabilities 
calcula1巳d for this hypothetical world arc found to be always positivc, 
and it is, again , reasonabl巳 to aSSUl11巳 1hat th巳S巳 transition probabilities 
are the same as thosc for 1he actuaI world' (50). That is, h巳 sugg巳sted that 
one should kcep 111 巳 standard formalism of C] uanlum fi巳ld th巳ory ， bU1 
should apply a n巳w inlcrpretation involving negative probabili1ies; lhat 
would penllit the rC l110val of some of tl1巳 infíniti巳s.

Although Dirac [ound that the good resulls obtained fr0111 standard 
quantum fícld theory w巳re reiain巳d in his new vcrsion , it was criticized 
by Pauli , who analyzed its COllS巳quences soon a f1cr Dirac proposed it 
Pauli noted that 飞he interpretation o[ the ncw method is 110t a consistent 
and complete system, but consists of c巳rlain preliminary rules for 
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computing probabiJity coefficients of radiation and co lJ ision processes ,' 

and he went 0丑 to say that 气. the theory does not giv巳 the correct 
dependence ofthe transition probabiJities . . . 0口 the number ofparticles 
initially present in the different states.'58 With his student , Josef Maria 
Jauch , he used Dirac穹 s method to treat the emission of soft photo口s by 
an electron in an extemal field ‘ arriving at the conclusion: 寸he result is 

. not satisfactory 、 (52)

For quantum electrodynamics, Suraj N. Gupta and Konrad Bleuler 
W巳re able to develop a formalism in which states ofnegative probability 
could be introduced consist巳ntly (53). These were states of scalar 

photoηs ， and they did not Iead to any 口egative transition probabilities, 
owing to the supplementary condition satisfied by the electromagnetic 

four-vector potential. However, one could aIso formulat巳 quantum

electrodynamics without using states of negative norm - inde巳d ， that 
was th巳 standard method develop巳d after the war (som巳times called the 
Dirac-Schwinger fom1alism) - so Pauli said iη1952: 

As a curiosity 1 might mention in passing lhat il was not a mathematician but a 
physicist , namely P. A. M. Dirac , who had the idea of putting aside the axiom 
according to which the probabilities must lie betw巳巳口 the numbers 0 and 1, and 
(retaining the oth巳r axioms) also alIowing ‘negatlv巳 probabiIities 、 to ent巳r(with

constanl and normalized sum of all probabilities). Thes巳 generalized

‘probabilities 吨 are nalurally no longer interpretable as frequencies. One must 
also say t11日1 lhose far-reaching applications in physics originally forescen by 
Dirac have not proven f，巳asible. N巳vertheless they are occasionally us巳ω1 for 
auxiliary mathematical quantities which have 白 o direct physical meaning. 59 

As a mathematical artifice , Pauli had , hims巳If， used Dirac's negative 
probabilities a few years 巳arlier ， i口 order to regularize infinite int巳:grals
occurring in quantum field theory , but the masses of the states having 
n巳gative p ïObability were at the end of the calculation taken to be 
infini饨， henc巳， unphysical (54). PauIi and Gunnar KäIIen found that 
states of negative norm also occurred in T. D. Le巳's solvable field 

theoreticaI model (5坷， as well as in the convergent quantum field theory 
that Heisenberg deve!oped , beginning in 1953. The Iatter th巳ory

contains a spectral functionρ (x2) (related to a mass spectrum) which 
satisfies the pair o[ conditions (56): 
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人t tbe Pisa Conference in June 1955, Pauli claimed that these conditions 
imp!ied an indefinite metric in Hi!bert space_ The second condilion 、 11(:

continued 、 ιse巳ms to indicate the presence ofpairs of states with a square 
ofthe rest mass e and 0 respectively , ofwhich one has posiliv巳， (he olher 
n巳gative 市robabilities." The result of a suitable limiting process [;• 0 1"01 

such a pair of states one may call a "dipole ghos t." . . . a11 S-m过trix which 
is unitary without exception is possible in such a theory only if 

transitions from normal to abnonnal states are always excluded 

Heisenberg c1aims the existence of such a general seìection rule in his 
theory , but I am awaiting at pr巳S巳口 t a further clarificatio口 。f this 
p01丑t...' (57).60 

1之巳sponding to this challeng巳， Heisenberg studied th巳 dipol巳 ghost iη 

the Lee model , and showed that , at least in the one-heavy-particlc 
sector, the dipole ghost destroyed neither the unitarity of the S-matrix 

nor the probabiJity interpretation (58). PauJi , thereupon 叮 worked with 

Heisenberg on a non-linear spinor theory of eJemen(ary particles with 

ind巳fínite metric, containing a dipole ghost. Howe飞'er ， PauJi withdrew 

his name from a planned publication in early 1958 , and I-l. eisenber忘

instead , elaborated the lheory with young collaborators in ]\在 unich (59) 

At the beginning of 1965 , after applying the no口 -linear spinor (heory to 

try to detem1ine the fine structure constant (60) , H巳isenb巳rg wro(c to 

Dirac: 

1 am Jooking [orward 10 our me巳ting in Lindau next summer. By (he sam巳 maill
am sending a preprint about 1he [amous coupling co口slan1 c' jhc which we have 
discuss巳d so much in old times. As you wi lJ s闵行0111 (he paper, in (11 巳 end lhe 
calculations are rea lJy qui(e simple and the nU111巳ricaJ resu)( is very sa lis[actory. 
Tbe coupJing consta口t is actually dete门口ined no( wilhin quanlu ll1 

elec(rodynamics alone but by connec(ing quan1um clec(roclynamics wilh a 
general th巳ory o[ elemen(ary par(i cJes. I am convincecl (hal this is t11e [inal 
solu(ion in spi(e o[ unavoidable shortcomings o[ approximatio日 mel l1 ods-"l

4 .3 Opinions and out/ook 

The non-linear spinor tbeory was a unifi巳d quantum field lheory 

intend巳d to describe a!! eJementary particles ancl their inlcractions in a 
single scheme. Heisenberg had a number of opporlunilies 10 discuss his 

theory with Dirac, beginning with t11巳 Lindau m巳e(ings 01 1959 ancl 

1962.62 1n summer 1965 , i.e. , at the time ofpublication ofthe c8JculatÌon 
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of the fine structure constant mention巳d above, Dirac and Heisenberg 

were tog巳thertwic巳: fìrst in Lindau , then in Feldafing at a symposium on 

unified theories of elementary particles. Dirac always listened 

attentively to Heisenbergτs 1巳ctures but did not say much in the public 

discussions. Two years after thes巳 m巳巳tings ， he expressed his opinion in 

a letter, writing: 

My main objection to your work is that 1 do not think your basic (non-linear 
field) 巳quatJO口 has sufficient mathematical beauty to be a fundamental 巳quatJOn

of physics. The correct equation , when it is discov巳red ， wilI probably involve 
some 11巳w kind of mathematics and will excite great inlerest among the pure 
mathematicians ,just like Einstei日 's theory ofthe gravitational field did (and stíll 
does). The existing math巳malical formalismjusl s巳ems to me inadcquale. Maybe 
your theory makes lhe besl possible use of th巳 existing mathematics , but 10 see 
whether this is so one would have to study oth巳r possibilities , e.g. , a theory based 
on quarks.b3 

Dirac and Heisenberg had travelled a long way together. They knew 

巳ach other well , and each admir巳d the other's work. But they were 
independent thinkers who often emphasized quite different ideas. To 

Dirac, the guiding plincíp1e of research was mathematical beauty, as he 

said: 

It seems to be one of the fundamental features of nalure that f也丑dame口tal

p11ysical laws are described in tem1S o[ a mathematical theory o[ great beauty 
and power, nccding quile a high standard o[ mathematics for one to understand 
jt. . . Just by sludying malhemalics we can 110pe 10 mak巳 a gu巳ss al the kind of 
mat]lcmalics lhal wil1 come inlo lhe physics o[ the future . . . It may well be that 
111巳 n巳xt advance in physics wíll come about along these lines: people firsl 
仁lis(二overing lhe cqua(Íons ánd lh四日ccding a [ew years of developmenl În order 
10 find lhe physical ideas behind th巳 equations 64

Dirac usually Jimited his attention 10 one problem at a tim巳­

巳JS巳nb巳rg ， perhaps recalling his grea1 success with quanlur丑 mechanics

in 1925 , preferred to mak巳 a globa! altack on a whole class of prob1ems. 

For exampJe, while Dirac strove mainJy to improve the theory of 
quantum electrodynamics , Heisenberg tried to solve the whole 

el巳mentary particle 1heory at one coup. Heis巳nberg thought that nalure 

d巳manded a non-linear description , and despite his love for theoretical 

beauty , he was 飞villi丑ιto admit mathematical \ools that Dirac 

considered ugly. To Heisenb巳1毡， it was th巳 physical id巳as that had 10 be 
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beau tiful , even if their math巳matical repr巳sentatlO11s app巳ared clumsy at 

the outset 

Notwithstanding these diff，巳rences ， they ge口巳rally agre巳d i口 th巳Ir

views 0旦 many questIO日s of rec巳nt physics , For 巳xample ， Heisenberg 

once said: '.. it is natural tha 1. even nowadays many 巳xpenmen 1. al

physicists - even som巳 theoreticians - still look for rea l/y elementary 

particles. They hope for i丑stance that quarks , if they existed, could play 

this role. 1 think that this is an 巳rror.'丁o which Dirac commented: '1 am 

mgen己ral agreement with this point of view about elementary particles 

that a conc巳pt really does口'1. exist , but there is a r巳5巳rvatio口.1 wonder 

whether the electron should 口otb巳 considered as an el巳m巳ntary particle. 

It may b巳 that 1 am prejudiced because 1 hav巳 had success with 1.he 

electron and no success wi1.h other par1. icl巳S.'65

丁he two friends were of one mi口d on the re11ormalization procedure. 

In one of his last public lectures , Dirac said: 

W巳 should 丑。 longer have to make use of such illogical processes as in[jnite 
renormalization. This is quite nons巳nse physically飞 and 1 have always been 
oppos巳d to it . . . In spite of its successes , one shouJd be prepared to abandon it 
compl巳teJy and look on all th巳 successes that have b巳巳n obtained by using the 
usual fonns of q口antum elcctrodynamics with the infi口ities removed by artifìciaJ 
processes asjust accidents when (hey give th巳 righ( answ巳骂， in th巳 same way as 
the success巳s ofBohr's theory al巳 consid巳r巳Jy mereJy as accidenLs when thcy tum 
OU( (0 bc correc(."6 

Had Heisenb巳rg bee口 pres巳nl ， h巳 would have nodd巳cl in a￥re巳111ent1

Now both of them are gon巳， and w巳 have no way of knowing wha1 

thcy 111ight hav巳 1110u且h 1. about t l1e r巳C已丑t progr巳S5 in the 1.heory of 

elemcntary particl巳s and the 口ew problems that face it. However, we 

rcmain profoundly grateful for the id巳as of Dirac ancl Heis巳nberg ，

which , for over half a century，巳口richecl our physics and broke 11巳wpalhs

towards answering its fundam巳ntal queslions. 

Notes 

1 ln a !ct(cr daled 20 November 1925 , I-! eisenber，ιwrol巳 (0 Dirac: 

lhre außerordenllich sch凸nc Arbcil übcr Quanlcnmcchanik hab ich mil dcmιrö1J len 

ln lerC55e gclescn und es kann wohl kein Zwcifel sei口， daß allc Jhrc Resultale richtig 
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S1口d ， sofem man überhaupt an die neue versuchte Theorie glaubt... Hoffenllich sind 
Sie nu口 nicht betrübt darüber. daß allerdings ein Teil Ihrer ResuJtate auch hier vor 
einiger Zeit schon gefu口den werde und daher in z\Vei Arbeiten (die eine von Bom und 
Jordan 、 die andere von Bom、 Jorda口 u口d mir) unabhängig in Zeirschrifr flïr Physi!c 
erscheinen wird. Aber deswegen sind Ihre Resultale keineswegs unrichtiger 
geworden; denn 巳inerseits gehen Ihrc Ergebnisse、 insbesondere was die allgemcine 
Delïnition des Differenlialquotienlen und deηZusammenhang dcr Quanten­
bedingungen mit den Poissonschen Klammersymbolcn anlangt，巳rhebJich über die 
ge口aηnte口 Arbeiten hinaus , andererseits is\ Thre Arbeil auch wirkJich engentlich 
bcsscr und konzenlriertcr geschrieben als u口serc Versuche hier. 

(丁ranslation ， partially by Dirac , who occasionally u口derstates Heisenberg句S

enthusiastic language: 

I rcad your extraordinaτily beauliful paper on quantum mechanics with the grealest 
intercs t. Tbere can be no doubt lhat aJ1 your resuJts are corrcct , insofar as one believes 
in the new , atlempled theory al a lJ ••• Now 1 hope you a了e not disturbed by the fact 
that indeed part of your resulls have already been found here some time ago and are 
pubJished independentJy h巳re in two papers - one by Bom and J ordan. t he olher by 
Bor刀， Jordan , and me - in Zeitschnfr 刀ïr Physik. However守 because of lhis your 
resuJts by no means have becomc less impOrlan\; on the 0口e hand , you了 rcsults ，

especially conccming lhe generaI delïnition of the differe口tial quotienl and lhe 
co口口-ectlO口 of the quantum conditions with the Poisson brackets , go considerabJy 
further lh::m lhe menlioned work; on the other hand. your paper is also written rea J1y 
better and more concisely than our formulations given here.) 

Unless otherwise stated , the letteTs received by Dirac are in th巳 archives of 

Churchill College , Cambridg巳弓 UK 认1e wish to thank the Archivist ofthat 

college Îor providing access to them. Lett巳rs received by Heise口berg cluring 

this p巳riod are , unfortunately , not a飞'ailable ， and their pres巳nt whereabouts 

are u口know口. Some oÎ Heisenb巳rg 吨 s pap巳rs were remov巳d by the United 

States military authorities in 1945吨 and 50me were destroyed during an air 

raid on Leipzig in the Îall oÎ 1943. 

2 Heisenberg to Bohr, 20 November 1925: 

l-lcut bekam ich von I-Ierm Dirac. . . eine Arbeit zugeschiclcl , in derer im wesentlichen 
den mathcma1ischcn TeiJ zurneuen Quanlcnmec l1anik aufGrund meiner Arbeit auch 
gcmachl hal (unabhängig voηBom und J ord:ll1) . . . 1 n der Schrcibwcisc gcr:illt mir 
n1a口ches sogar nocb besser, aJs bci Bom und Jorda口

3 H巳isenberg to Dirac, 9 April 1926: 

Zunächst graluliere ich I l1nen sel汀， ich war ga口z begeistcrt als ich die Arbeitlas. Ihre 
Tcilung des ProbJems in die z\Vei TeiJe - Rech口巳ηmil den ‘ q-numbers ‘ elnerseJls 
physikalische lnterpretalion dieser ‘q-numbers ‘ andererseits - scheinl mir 
vollkommen dem Wcsen des mathematischen Prob \ems zu entsprcchen. Bei Ihrcr 
Behandlung des 认lasserstolTproblcms scheinl mir auch 口ur noch cin kleiner Schrill 
zu ßcrechnung der Uhergangs wahrscheinlichkeiten 
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In th巳 last remark，日巳isenberg is re[erring implicitly to the work o[ his 

「口t口d ， 飞汽'olf:￥ang Pauli , in !-Iamburg , who hn c1, in the m~C\ mvhile ， C\lso 

calculated the hydrogen spectrum , but had not bee口 able to obtain the line 

intensities (1 3) 

4 Heisenb巳rg to Dirac , 9 April 1926 

Vor ein paar 飞Vochen kam eine Arbeit 飞'011 Schrödinger . . . heraus . . . . deren lnhalt 
me1口 er Ansicht nach mathematisch eng mit der Quantenmechanik zusammenhä口旦m
muß. Haben Sie sich überlegt 、 wie weit diese Schrödinger5che BehandJung des 
Wasserstoffaloms mit der quantenmechanischen zusammenhämgt O Mich i口 tereSS1erl

diese mathematische Frage deswegen besonders ，飞，veil 】 ch gJaube , daß man für die 
physikalische、 prinzipielle Bedeutung des FonnaJismus 5ehr viel gewinneηkönnte 

5 This connection had already been established by Pauli in a le1ter to J orda口

of 12 Ap口1 1926 and independently and earlier by Schrödinger in a paper 

received 0口 18 March by Ann日len der Physik (1 4) 

6 Although Dirac may have see口 Fermi ‘s paper , he did 口ot remember it whe口

he worked on th巳 sy口11口巳try properties of the Schrödinger func1io口

7 See (23) , p. 506: 

Die hierfür durchgeführten Rechnungen scheinen mir ein Argument dafür , daß einc 
kontinuierliche lnterpretation des quantenmechanischen FormaJis l11us , aJso auch ùer 
de Broglie-Schrödingerschen Wellen , nicht dem Wesen der bekannten formalen 
Zusammenhänge entsprecben würde 

8 As a particlllar example , Dirac showed the eqllivaler丁 ce of lh巳 problem of 

diagonalizing the 巳口巳rgy matrix in 1he Born-Heisenberg-Jordan thcory 

with the problem of finding the energy tigenvalues of Schr己c1 inger's wavc 

equation , To accomplish 1his proof of the equivalence、 h 巳 inven1ed lh巳

singular delta function. 

9 From Dirac ‘ s lelter 10 J ordan ‘ 24 December 1926. This 1ime, Dirac had 

beaten the Göt1ingen group by 1wo weeks 、 S ll1 ce ‘íord乱口、s paper (26) was 

rcceived on 18 Decembeτ1926. 

10 See I-leisenberg (27), p. 172 

Dies巳 Ungenuuigkeit is( der eigentJichc Grund für das AuJhc(cn statistischcl 
Zusammcnhii口ge in der Quantenmechanik. fhre D1 athcmatischc FOfmu!ierllng 
gelingt miuels der Dirac-Jordanschen Theorie. Von den $0 gè认 onnene口 Gru口 dsfit7cn

ausgehend wird gezeigt , wie dic makroskopischen Vor且änge aus der 
Quantenmechanik heraus verstancten 飞~erden können 

11 At 1h巳 Fifth Solvay Conference , held from 24 (0 29 October 1927 电 besides the 

5巳丑ior quantum physicists (Planck , Eins1ein , Bom , and Bohr) ‘ also the 

younger genera1ion (de Brogli巳， Dirac、 Heisenberg ， Palrli , and Schröclinger) 

participated. Of lhes巳， only de Broglie a口 d Schrödinger presen1ecl reporls 、

but ma口y of Heise口berg's reslllls w巳f巳 incorporaæd ìn 1he reports of Born 
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(and Heisenberg) and of Bohr. Bohr had alr巳ady presen ted his r巳porl a little 

earlicr al lhc Como Congress in Scplcmb巳r (28). I1 contained the fi口t

stalement 01" Bohr‘ s principle of compl巳m巳ntarity. However, it was at lhe 

Solvay Con[erenc巳 that this pri日ciple ~ which , tog巳lher with I-I eisenb巳rg's

u口C己rtainly relalion pro\'id巳d the basis of lhc ‘ Copenhagen inlerpretatio口， of 

quanlum I11cchanics ~ was discussed for the firsl tim巳

12 SOI11巳 hislorical studies of Dirac ‘ s relativistic electron theory are: Donald 

Franklin Moyer, Amer. J. Phys. 49 ‘ 944, 10元， 1120 (1981); Helge Kragh , 

Arch. Hist. Exact Sci. 24 , 31 (1981). Dirac has discussed his electron 

cquation in Recollectio /l s of all Exciti叩 Era ， ref. (9) , and also in Directions in 

Physics , Wiley ‘ New York (1978) and in 寸he Prediction of Antimatter ,' I-I. 
R. Crane Lecture , Univ. of Michigan. Ann Arbor (17 April 1978). 

13 Sec also Dirac's revicw article , The origin of qua口tum field theory , in The 

Birlh of Pω.tic/e Physics、 pp. 39~55 ， eds. Laurie M. Brown and Lillian 

Hoddeson 乡 Cambridge Univ伞 Press (1983). For a hislorical discussion see 

Joan Bromberg in Hislory of T \Venrielh Century Physics , ref. (匀， p.243

14 日eisenberg 10 N. Bohr, 31 March 1928: 

Dirac's Arbcitcn 11abc icb aucb 5chr bcwllndcrt; aber ich 日nde es 5ehr beunrubigend , 
da自己ine scheinbar so ge5chl05sene Theorie wie die Dirac‘民hecin巳 50 schlimme Lücke 
aufweist , wie dic Übcrgänge von positiver zu ncgativcr EηerglC. 

On26 Nov巳mb己r 1929 , Dirac wrotc to Bohr fro J11 Cambridge , suggesling 

thal one could avoid lh巳 difficulty of negativ巳巳n巳rgy 巳lectron stat巳s by 

ιlssuming that l11 os1 of lhosc stal巳s were already occupied by 巳lectrons ， so 

that the Pauli principle would forbid transilions lo them. H巳 added:

lt SCC Il1S rcasonablc to aSSU111C that not all t11e statcs of neιativc cncrgy afC occupicd 吨

以.Jl that thcrc arc a fcw vacancics or ‘ holes ‘. Thcsc hoJcs J bclievc lo bc lhe prolo口5.

(Sce Moyer, refercncc quot巳din 丑ote 12 above , parl 2 ‘ for lh巳 complet巳 lexl

o[ Dirac's lett巳r and Bohr、s reply.) Dirac Pllblished his holc lheory in 

1930 (37). 

15 Heisenberg lo Jordan , 25 June 1928 

Dirac hat hicr nur seine bisheriιc Thcoric vorgetragcn , saml cincr hübschen 
ßc且rünuung dafür , daLl dic Differcntialglcichl日1且C口 Ji口car 1I1♂ /t工μsein muß. Dic 
bcrühmtcn Schwicrigkeitcn hat cr nicbt Jösc口 könnc口~ ich habc cingchcnd darübcr 
l11 il D. 且csprochcn; ich pcrsön Ji ch möchtc gJauben , daß man versuchen mu白， die 
Unsym IIlclrie ín +e und ~e (111 und M) ir且cndwíe hereí口zubekommen. Ein slarkès 
hιumcnt da[ür ist ja auch , daß vCffi1U tlich das Vcrhä l1nis mjM mil dcr 
Feinslrllkturkonstantc zu阳lnn1c:nhän吕l. Dirac ist abcr anderer Ansicht und hom 
noch auf widcrspruchsfrcíc Theoric für Cíl1 cínzclncs Elektron 
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16 Heisenberg to Bohr, 23 July 1928 

S~hr vicl un吕lücldichcr bin ich übcr dic Fr::i';c nach dcr rclativÎstischcn Formu1îcrung 
und über die lnko口sequenz der Dirac-Theorie. Dirac war hier und hielt uns einen seh! 
schönen 飞rortrag über seine ja wirklich geniale Theorie. Er sieht aber ebensowenig wic 
wir anderen einen Wcg aus der Schwicrigkeit • e - e und die Schwicrigkeit ist bei 
genauerer Uberlegung doch viel ernster‘ als 出 mir anfangs schien. Z.B. sollten die 
spo口tanen Strahlungsü bergänge + J1l C

2 • -mc2 wohl viel häufiger vorkomme口， als 
irgend welche anderen spo口tanen übcrgänge. Andererscits 5ich! man bei Anwendung 
der Dirac-Theorie auf andere Fragcn , z.B. Streuung des Lichtes, bes. bei freien 
Elektro且en ， daß die ominösen Ubergänge doch cin integrierender Bestandteil der 
Dirac-Theorie sind. Also ich find' d>e ge且enwärtige Lage ganz absurb und hab' mich 
deshalb , quasi aus Verzweif1u口g ， auf ei口 anderes Gebi时， das des F巳rromagnetismus ，

begeben 

汪巳 had submilted his theory of ferromagn巳tism already two months car1ier 

for publication (38). 

17 Before proposing his famous linear rela1ivis1ic e!ectron equation , Dirac tri巳d

(i丑 Aprill926) to make a ‘ re1ativity quanturn mechanics' by putting tirne and 

space on the same quantum m巳chanical footing , i.e. , !etting th巳m both b巳

represented by q-numbers. H巳 applied the resulting theory 10 Cornpton 

scaltering , obtaining a resu1t that was satisfactory for photon wavelengths 

thatw巳re ll0t too short , but that fai!ed to agree with subs巳quent experiments 

at higher e口ergy气 partly because his theory did 口ot include the el巳ctron

spin (12) 

18 Heisenberg to Pauli , 4 N overnber 1926: 

Icb selbst hab' ein wenig über dic Theoric dcs Ferromagnctismus , der Leitfähigkeit 
und ähnlich巳 S . . . crcic口 nachgedachL Die ldee ist die: Um die Langevinsche Theorie 
dcs Ferromagn[ elismus] zu brauchen , muß man eine große Kopplu鸣skraft zwischen 
dcn spinncnden Eleklroncn annehmen (es drchen ja IWI' diωe sich). Diesc Kraft soll , 
wic bcim Heliulll , von der R口onanz indirekt 且elie[crt werden. lch gbu bc号 111an kann 
allgemain beweiscn: Parallelstcllung dcr Spinvektorcn 且ibl s(cls klei l1sle Encrgie. . . 
lch hatγdas Gefühl . . . , daJl die im Prinzip zu cincr Deutunιdes Fcrroma吕net!smus
ausreichen könnte 

19 See the report of R. J, Eden and J. C. Po!kinghome , Dirac in Cambrid肘， in

Aspects of Ql川11um Theory , pp. 1-5，叫s. A. Sa1am and E. P. Wigner , 

Cambridge Univ. Press (1972) 

20 Dirac , from 1928 on , worked on developing a re!ativistic quantum lie!d 

th巳ory (which he had i日itiated earlier (35)) , ín addition to his work 0丑 the

re!ativistic e!ectron theory. See papers (39) and (40) , 

11 See the Jetter ofHcisenberg to Pauli of23 February 1927 in Wo((ga l1_(j Pau/i: 

Wìssenschafilicher Brìej扣echsel mìt Bohr, EinSlein 、 Heise巾el'g u.a.jScie!lt机c

Correspo口deηce， Volume I: 1919-1929 , pp. 376-81 , eds. A. Herr丑ann ， K. 

v. Meyenn and V. F. Weisskopf, Spri口ger V巳r1ag ， New Y ork-Hcide!berg­

Ber1in (1979). 
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22 PauJi and Jordan had already considered the case of '5ymm巳tric 5tatistics ,' 

闷， boson matter íïelds (42). Pauli thought lhat lhe antisymmetric case 

(fermions) wouJd 口ot be more difficul t. 

23 Pauli to Dirac , 17 February 1928: 

In dieser V crbindu口g habe ich auch darübcr nachgedacht. in we!chem Ve ,.!J(i!rnis 1 !J re 
月 elfe Quanteη rheorie des Elekrro l1s 工u I !J rer friih凹.tn Qwmrenelckrrod_ì'/1 Dmik . .. stehr. 

(‘1n this connectio口， 1 hav巳 a1so thought about the re/atio J1 of _l'ollr J1 ew 

q 1l{/l1t!11η rheorl' o[ the electro月 to your earlier Cj UOlliW l1 eleClrodYI1ω11ics.') 

24 See Victor Weisskopf, Growing up with field theolγ ， in The Birth of Particie 
Physics , refer巳nce quoted in note 13 , pp. 56-8 L 

25 Heisenberg to Bohr‘ 1 March 1929 (from S.S. George FVashi门glOI1 of lhe 

United States Line): 

Besonders gespannt bin ich , was Du über das Verhiilt口is zwischen Quantenthcoric 
und Relativitiitstheorie sagcn wirst. Gclcgentlich der Arbeit mit Pauli hab ich auch 
viel über diese prinzipielien Dinge nacbgedacht , doch ohnc viel Erfolg; dic Arbcit von 
Pauli und mir ist zu口5chst im besten Fallc ei口 foπη口ler Fortschritt , vic l1 eicht nicht 
einmal d町、 wcil die Dirac-Schwierigkcitcn na tiirlich ungelöst bleÌben . . . Ob ich in 
Amcrika zu irgendwelchen Arbeiten komm.. schcint mir nocb unklar; zu meiner 
Freude hδrte ich , daß_Dirac auch in den nächsten Monaten drüben sein wi时， da kann 
man docb ein wenig über Theorie diskutieren. 

26 Heisenb巳rg to Rohr, 20 Oecembcr 1929: 

Pauli und meine Elektrodynamik hat s>ch weilcr ganz außerordentlich vereinfacht , 

die [rüheren ZusatzgIieder sind <dlc ganz iiberl1üssig gcwo盯r叫den u山mdb冒l臼S

Uns町ch己nhei且ten scheir川1川tm】汀rdωJe臼se臼5 认f怡cch丁咀selwi让rk二口飞ungsp丁汀robl升Icmj巳etzl in Or时dnu山I口ng;ab丁er es 
b1ciht halt eine s臼ehr grauc 丁heoric ， solange die Diracsche Schwierigkeit ungelöst ist 
Dirac hat ja iibcr die 十 eAn吕e1egcnheit eine neue Arbeit g口chrieben; Dur wÎrst sie 
jcdenfalls auch kenneJL Ich bin a ber rccht skeptisch. wcil die Prolonenmasse glcich 
der Elcktronenmass herauskommt ‘ sovicl ich sehe 

27 On 26 January 1934 , Bohr wrote from Copenhagen 10 Yoshio Nishin日， who

had returned 10 Tokyo i口 1929，‘. th巳 strilcing coníïrmation which this 

(Klein-Nishina) formula has obtained became 50011 lhe main support for 

lhe essential correctn巳ss of Oirac.s 1h巳ory when il was apparentJy 

confronted with so many grav巳 diríïculti白'
28 See Laurie M. Brown & Donald F. Moye了， Lady or tiger'J 一 The Meitner 

Hupfeld effect and Heis巳nb巳rg吨5 口eutron theory , A l1J er. J. Phys. 52 , 130-6 

(1 984) 

29 J. H. Van Vleck , Travels with Dirac in tbe Rockies. in Aspects of Ql/al1 t1il11 

Theory (not巳 19) ， pp. 7• 16. 

30 I-! eisenberg to Dirac , 13 F巳bruary 1928 , fr0111 Leipzig. 

31 日巳isenberg 10 Dirac、 23 January 1929 , from Leipzig. 
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32 Heisenberg to Dirac , from Cambridge, Mass ., undated. 

:13 Van 飞TIeck ， note 2R 

34 Roundy 、 interview published in WisCO J1 siJ1 Stale ]ounJ a/ 、 31 ApriJ 1929.The 

compJete lext is given by S. S. Schweber in Rrlaril'irr. Grοups m日1 )0户口100.1'
11 ‘1'p.54-5 ‘ eds. B. S. De \Vill & R. Stora. North-Holland. Ams\erdam 

(1 984). 

35 Heisenberg to Dirac ‘ 24 May 1029 哼 ìro111 Chic且芷0

36 Heise口berg to Dirac ‘ J 7 June 1929. from ChiGlgO 

37 Heise口berιto Dirac ‘ 5 JuJy 1929 ，已 0111 Chicago; 正[uoted in [uJ J. 

38 Heisenberι10 Dirac句 11 July 1929 

39 Nishina \0 Dirac, 11 June 1927 , [rom Copenhagen. Dirac 叭'a~ also 飞飞 'ell­

acquainted with Y. Sugi lI ra , another Japanese 1'hysicist doing rescarch in 

Europe at that lim巳 Sugiura wro\e 10 Dirac [ro111 Göttingen on 

26 S巳ptemb巳r 192710 say that he wanl巳d 10 visil Cambridge in October 10 

listen to Dirac 、s lectures. 1n 1929, when Dirac a口 d Hei"enberg visiled Japa口‘

th巳y met both Nishina and Sugiura , who had re\urned in lhe m巳an11111e

40 Nishina to Dirac、 10 February 1928 , from l-lamblI rι 

41 Nishina to Dirac , 25 February 1928 , from Hamburg. 

42 Nishina to Dirac吨 3 December 1928 , [rom Pasadena. 

43 Nishina 10 Dirac , 16 J lIly 1929 , from Tokyo. 

44 Nishina to Dirac, 30 July 1929 、 from Tokyo 

45 The infonnalion on the Berkel巳Y visil is in thc R. T. I3 irge letlers il1 the 

Bancro[1 Library o[ the U口iversi\y o[ California a( Berke1cy. W巳:.I re v~rv 

grate[uJ 10 Pro[essor ]\在 anueJ G. Doncel [or aCCjuainlin♀ llS with this 

material and a [，巳w o(h巳r sugg巳stions

46 A brie[anecdolal accouol o[lhe Dirac-Heisenb巳rg visi\ to l-l o l1 oJulu isg 川'cn

by Van Vleck ，口ole 28. A more delaiJcd ancl clo c:umc11\cd vcrsio l1 lS 1马'S. F. 

Tua陀、Dirac and Heisenbcrg in Hawaii 、飞Ve lh且nk Pro !esso[ 丁uan [or a 

copy o[ his unpublished manuscrip l. 

47 A photocopy of lh巳 hotel registcr is givcn b)' Tua口， no 1(: 4ι 

48 I-l ideki Yukawa 、 Tabibi(o (The TraveJer), p. 71. translalècl by 10. M. nroWll 

and R. Y oshida , W orJd Scicnli日c 、 Sin芷apore (1982). 

49 The Venus Society was eSlabJished i11 1918 on the bäSis o[ 也1 011C Jl1 iJ[ ion yCll 

granl by Tetsu口1 :.1 Akaboshi , wilh the purpose o[ 巳nCOlI r:lglnιncw lI1 vcnlJ() !l 

and discov巳ry 、 supporting research and puhlicalion , lnll1 slätillι[orcign 

books , etc. Nagaoka was a n丁emher o[ its board 01' lruslees 

50 The 1 巳ctur巳sw巳τe published by th巳 Venus Society undcr lhe lil1e 、 VurÌOI川

Problems ín QU(/ I1(U/11 Thcory. Nishina was th巳 tnll1 sJal01 、且ssisled by M 

Kotani and T. lnui. Th巳 publication dale was 20 ApriJ 19 :1 2. 丁helitlcso[thc

leclures were 邑lV巳n in bolh En兰Jish and Japanese 且S follows 

155 



Laurie Jvf. Brown and H elmut Rechenberg 

H eÍsenberg: 

1. Th巳 I口 detcrminary-RcJ a1ions and 1he Physical Principles of the 

Quantum Theory. 

11. Theory o[ FerromagnetisJll. 

Hl. Theory o[ Conduc1ion 

IV. R巳(arded P01ential in the Quantum Theory. 

Dirac: 

I 丁h巳 Principle of Superposition and the Two-Dimensional Oscillator. 
11. The Basis o[ Statistical Quantu lD Mechanics 

IIl. Quan1u ll1 Mechanics of Many-Electron Syslems. 

IV. Relativi1y Theory of Electron. 

51 日巳isenberg (0 Dirac‘ 7D巳cember 1929. 

52 丁he only word o[ Dirac that Heis巳口berg had during the war was very 

indirect. On 25 March 1943 ‘ Josc[ Teszler, a Rou ll1anian Jew who had 
married Dirac's sister, Beatrice , in 1937 , wrote to Heisenberg 仕om

All1s1erdam to ask [or advic巳 in what he described as ‘ our threalening 
situalion' (u l1 serer bedrohlichell Lage). In the same 1巳tl巳r ， he wrote，‘明f巳

occasionalJy hear aboul Paul via the Red Cross and are happy that h巳 JS

wel l.' (WÍr hörell VO I1 Pau/ ab ul1 d zu durchs ROle KreL 

Iυhηmgutgεh忖1.) H巳IS巳nberg ， having sought out various possibilities , replicd to 

Teszl巳r ， in a lelter da(ed 20 July 1943 , lhat he could not yel offer a口y specific 

help , but hoped to con1acl him a liule laler when visiting Holla口d.Al1hough

Heisenber且 did go to Holland in th己 fall of 1943 , he seems nol to have mad巳

contac( with Teszler. Th巳 latter wrote again on 2 February 1944，由JS lIme 

from Budapcsl , ur且巳n l] y requ巳stmg a statemenl con日rming lhc Aryan 

descenl of his wifc , which I-Ieisenberg promp(ly senl 

53 On thal occasion 、 Hcisenberg me( 111any former colleagues and his old 

leach口、 Max Born. Howcv巳r ， hc did nol m巳el Dirac, who was in Princ巳lon.
011 12 hnuarγ1948 ， Dirac ‘ s artícl队也Quanlu J11 Theory of LocalizabJe 

Dynamical Syslcl11S二 was receivcd by lhe Physical Revi的飞比nl from lh巳

!nstilulC for Advanccd Study. The lïrst (wo refcrences in lhis worlc are (0 

papers o[ !-J eis巳nb巳rg.

54 Dirac , ref. (46) , sccond editio口、 1935 确 pp.296-7.

55 J-! cisenb巳rg to Dirac , 27 March 1935: 

Jch glaubc gar nichl mcbr a口 Jhre VermulU11且， daß die SO l11merlèldschc 
Feinslruklurkonslanlc elwas mÍ1 dem Tcmperalurbcgri町 zu lun hälle... Vicl l11cbr 
bin ich fcsl ùa飞'011 übcrzcugl. daß man SCh011 in dcr Löcherlhcorie e2jhc bes[i l11men 
mull. bcvor ùie Thcùric vcrnü口Ilig wcrden kan n. 
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56 For a recent historicaJ aCCOUI址， see David C. Cassidy , Cosmic ray showers ‘ 

high energy phY5ics , and quantu ll1 JÏeld th巳ories: Programmatic int巳ract lOns
in the 19305 , in I-1 istorica! Studies il1 rhe Phl'sic(/! Sciences 12 , 1 (1981). 

5í I-Ieise口b巳T耳 (0 Diraι ， 2í February 1958: 

Icb habe ìn den \'or，抖nιcncn J ahrcn i丑1 l11 er 飞.vieder die Erfahrung 旦cnlach t. daß man 
bei den schwierìgen ‘ grundsiitzlichen malhematisc Ì1en Problemcn und ihrer fom1alen 
Darstellunιam beslen in lhrem Buch nachschau i. w巳口口 man lfζendwelchc Zweifel 
h"l , weil diese F rag口1 in lhr巳mBuch 山11 sorgfältiιslen bchandcll si口 d. Übrige口 s wird 
es Sic interessìeren ‘ daß 认叮 mit der indciïniten ÌVl 巳lrik i口 1-1 ilbcrlraum , dic ja scincrzcil 
von Ihncn cingeführt wurde, so dall wir nichllllchr dar川1 zwcifcln können. dall sic cin 
wescntlicher Bestandtcil der endgültig巳n Thwrie dcr Elemenlarteilche口 1S t.

58 See ref. (51). This is an exle口ded version 0 1' a 1 巳cture thal Pauli ga ì'e at 

Purdu巳 University in Jun巳 1942. 1n i\ , Pauli look Dir丁lC吨 s proposal scriously 

and analyzed it in de\ai l. 1n a footnote 10 this arlicle 、 Pauli calls it ‘a 

conlll1 ualJO口 oflhe earli巳r report , Rel'.lvfod. Ph)'s.13 啕 203 (1941).' The lalter 

arlicle、 entitled 'Relativistic Field Theories of Elem巳n\ary Parlicl巳s ，' was an 

elaboration 01' part 01' Pauli气s report prepared for lh巳 1939 Sol ì'ay 

Con[ercnce - as the first par\ of a joinl report with Hcisenbcr且 on lhe 

properties of cJcmen\ary particles. (丁he Solvay Co 口1'cre口C巳 was cancellcd 

du巳 to the ou tbreak o[ war. R巳cenlly ，去fcisenberg‘s rcport was !口cludcd in 

Vo/ume B 01 his Co l/ected Works , p. 346 , cds. W. Blum，日 -P. Dürr & H. 

Rcchenberg , Sprinιer、Verlag ， Berlin (1984).) Pauli thus considered his 

anaJysis ofDira矿s new method offíeld quanlization as par\ ofa new serics 0 1' 

papcrs 011 quantu l11 fï 巳ld lh巳ory

59 飞ìV. Pauli ，飞νahrscheinlichkeit un Physik. Diu/eclicu g , 2t\3 (1954): 

Als Kuriosu ll1 möchlc ic ]1 ncbc口 bci anführcn. dall niclH cin M‘Ilhcn飞alikcr ， sondcrn 
cin Physiker, nämlich P. A. M. Dirac , auf dic IJcc ka1刀、 daIJ Axiom. wonacJj ùic 
认'ahrschcinlichkeitcn zwischen 0 und 1 gckι巳nc Zahlcn 比111111ussen 、 [allcn zul 区lsscn

und (unler Beibch"llunιdcr übriιcn Axiomc) ullch 'ncgalivc WahrschcillJichkcitcn 
(mil konslantcr und normicrlcr Surnmò allcr 飞VahrschcinlichkcilcnJ zuzulassen. 
Dicsc vcraIJgemeincrien .飞 1、八lhrschcinlichkcilcn' 剖nd nalürlich nichl I11chr als 
!-l äulïgkeil己n inlerprcticrba r. DC Il1cnlSprcchcnd hal sich 川 uch dcrcn \'on Dirac 
ursprünglich vorgcschcne WCJtιchendc 八nwcndun且 in Jcr I'hysik als nichl 
durchfübrbar erwicsen. Dcnnoch si口d sic abcr zu飞飞'cilcn nülzlich für J11:l 1hcIl1alische 
Hil [sgrö [l en 守 dic kcînc dìn二klc physikalischc BcJculung habcll 

60 Pauli and Villars (rcf. 54) had no\ic巳d carlicr lhal lheir reguJarization 

procedure implied these same mass spec\raJ condilions. 

61 Heisenber吕 10 Dirac , 19 January 1965 

62 One of the authors (H.R.) was prcscn\ at bOlh Lindau meetings and 

observ巳 d lhal Dirac and j-Ieis己nberg rcmaín巳d 10ιclhcr al 巳very

opportulll(Y. 
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63 Dirac to Heisenberg, 6 March 1967. 
64 Dirac , ref. 61 , p. 53. 
65 日eisenberg 、 Development o[ conc巳pts in th巳 history o[ quantum theory , 

discussion in The Ph _rsicist '5 CO l1 ceptio l1 of N口ture ， pp. 264-75 (on p. 273). 
ed. Jagdish Mehra , ReideL Dordrecht-Boston (1973) 

66 Dirac ‘ The origin of quantum field th巳ory ， note 13 吨 on p. 100. 
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Dirac吉s n1.agnetic nl0口opole a口 the
fi丑号 structure COEstant 
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Go 
Brookhaven National Laboratory* 

1n 1931 , P. A. M. Dirac1 published his seminal work , 'Quantized 

Singulariti巳s in the Electromagnetic Field' , which broug11t tog巳l11er fOI 

the fïrst time quantum mechanics and magnetic 1110nopoles. Sevenle巳n

years later , h 巳 f扎印ürther cla τ if凶f日l 巳d and r巳inforced his 巳ar叶lier result 旦 1]η1 口

second classic s剑tudy ， 2

b口ehind t由ha以t body of wo创rk wa出s Dirac 哼s dcω51九re tωO 巳口xp抖la缸11口111 eJecαtr忖i巳 charge 

quantization (i.巳.， why all observecl charges are integral J11 ullipl巳s 01 lhe 

巳lectron'5 charge e) and to unclerstancl the valu巳 of lhe finc slruclurc 

consta口t

出三 e2/4πlìc ~ 1/137 
) i ( 

Inclecd , fincling a simplc malhematicaJ 巳xpJanation [or lh巳 m巳asurecl

value of cx was consid巳T巳d one ofthe outstancling t11巳oretic~lJ probJcms o[ 

that era. 
Dirac showed that 、 by introclucing magn巳lic charge in aclclition to 

electric charg巳， Max\月巳Irs equations became 1110re syJl111l巳lric with 

respect to electric-magn巳tic interchange. 1n facl , t11 巳 ir vacuum duaJ 

symmetry E •13:, B •- E would also be prcscnt in mat1巳r if there 

existed mag口etic currenls kμwhich similarly transform巳d inlo ei 巳clric

currents F' under duality (j l' →俨 ， k ' / →尸). However , describing 

本 Supported by the Departmenl 01" Enerι)'. U.S.A 
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magnetic monopoles required potentials with stri口g singulariti巳S

巳xtendinιfrom th巳 pol巳S out to infinity, the so-called Dirac Strings2 . Of 
cours己， singularities are generally math巳matical artifacts in physics; so 

Dirac demanded that string singularities be unobservable i丑 a丑y

quantum process. That requirement led to the now famous Dirac 

Quantization Condition; 

QM ]J、

4π :2 I1C ， (2) 11 = IJ1teger, 

whereQ andλ;f denol己已lectric and magnetic charges. Th巳 appearance of 

Planck、 constant on the right-hand side of this relationship shows its 

quantum mechanical origin. 1n fact , (2) can b巳 viewed as a half-integral 

quantization condition 0丑 th巳 angular momentum stored in the 

electromagnetic fields of electric and magnetic charges. 3 Of course, any 

formalism that relies on singular pot巳口tials is subject to some 
skepticism , and such was the case for th巳 Dirac Quantization Condition. 

How巳ver ， over the y巳ars ， it has been carefully scrutinized and rederived 

in a number of v巳ry different approach巳s; so its validity is no longer 
seriously questioned卢

The implications of (2) are truly remarkable. Taking th巳己!ectron's

charge e to be the smalJ est (unconfi日创) u日it of electric charg巳 impli巳S

2π 
M_. .= nlm 

已
Dirac Magnetic Charg巳 (3) 

for th巳 valu巳 of the small巳st (no丑-zero) unit of magnetic charge 

Inserting that value back into (2) gives an electric charge quantization 

condition 

♀=时， 11= ll1(巳ger. (4) 

So , the existcnce of magnctic charge implies elcclric charge 
quantizatioll; thus , ful JïIling the first ha lJ‘ of Dirac's goa l. How巳ver，

cmploying e 2/4π 三出::::: 1/137 , (3) indicates 

137 
A1min 立一干 e. (5) 

*' 1n kcepin且 witl1 J11 0rc modcrn convcnLion , wc havc scalcd Dirac's original ckcLric "and 
川gncljc unjls by J人/4πAlso. foJJowing (匀. wc will subscqucnlly cmploy nalural unils 
h=c= J. 
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The minimum non-z巳ro magnetíc charg巳 is predict巳d to b巳 much larger 
lhan the basic unit of elcctric ch且rgc.lts巳ems that Naturc cho吕c to pul 泣

big asymmetry in el巳ctric-magnelic duality. Whereas quantum 
electromagne1ic processes involving 巳leclrically charg巳d particles ar巳
W巳II deSCI由ed by perlurba1ive q ua口tum electrodynamics (QED) with a 
small 己XpanSlOl1 p o.ram巳l. er c(二三 1.137 ‘ m:lgn巳1ic 口10日opole interactions 
are govemed by 

λ1:;~ /斗π 二 137/4 二 34
μHllI 

0. very strong coupling. Ther巳for巳， lhe physics of magn巳tlC monopoles 
shouJd be quit巳 different from wha1 we are accustom巳d to. 

Un[ortunately , little can b巳 said about th巳 propenies of Dirac、s

original magn巳tic J11 011opol巳， other than it should have a M min!r2 

magnetic field with M min :è:: 1371'/2. Of course , such a large fieìd sugges1s 
a big mass; but the classical seJ[-巳旦ergy of a point magnelic monopoJe is 
infinite (as is a point electric charg时， so its mass isηot predicted. Over 
th巳 y巳ars ， num巳rous 巳xpenm巳丑ts ha ve searched for magne1ic monopoles 
using mainly 1h己且nticipated large magnetic coupling as guidance. 
AJthough , from tim巳 lO 1imε ， candidate Jηonopol巳巳venls w巳re report巳d ，

none have stood up under cJoser scruliny or be t1er statistics 5 

Moder口 day gra l1 d unified 1hcories (GUTS)6 also predict th巳

巳xistence of 111丘吕n 巳lic monopolcs. 7 
ö 1日 1hose th巳ones、巳Jectric ch o.rge 

quantizo.lÍ o日 follo \V s dir巳ctly [ro111 the fact that th巳y possess a simple 
compact gauge group structure (e.g 穹 SU(匀， SO(lO), E6' 巳tc.); so there 
can 0丑ly b巳 011巳 g o.uge coupling iJCUT' Electric charges are rela1ed (0 1hat 
paramet巳rby simpleιroup weighting factors. )\11 0.ιn巳tJ c monopoles exist 
as 10pologically stable soJiton-Jik巳日巳Id configuratiolls with short­
dislancc corc struclure. Their exis(ence dcpends on 1he presence of a 
U(l) subgroup in the unbrok巳n symmetry of lhc 1h巳 or.)'. For example, 

the 吕pontan巳ous breLJ],ing of G = SU(匀， SO(10) or Eó down 10 thc 
standard ll1 0del 气 SU(3l c x SU(2h x U (l) (i 巳吨 QCD x El巳ctroweak
theory) . at mass 吕C江Je IIl c;u丁 g J\'es nsc to 江 CamiJy of magn巳tic

monopoles. 8
.
9

-
11 The Jiιhtest 111onopol己 carries OllC unit of ordinary 

Diro.c magnctic charιc2代/ιas wcll as (screcnedl coJor mo.gn巳tic charg巳a

丁hat expl且ins hO \\l (11 巳 Dirac Quan lÍzation Conclition applies to 
fractionally chargcd qu且 rks. Il is the tOlal an芷ul o. r l11 0m巳ntum stored in 
orclinary elèctrom且吕口已 tic Jields plus color ficlds of the quark~l11agn巳tic

mo日opole system tha1 I11us1 bc quantized in half-integer unit吕 of 17. The 
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mass of the lightest (stable) mag且etic monopole in GUT models is finite 

(du巳 to the core structure) and generally predicted to be (in the Prasad 
Sommerf，巳Id limit)8.10-12 

717monopOk = 111GUT/aGUT" (6) 

飞vhe陀Cl.O UT 三、gÔuT i4πis the unif时 gauge coupli吨 value at the 
unification mass scal巳口10UT ' Since pmton decay can be mediated by 
gauge bosons X土 4/3， y :t l;3 in GUT modeìs aηd those particles ha ve 

口1丘SS 1110UT ‘ we can use present experimental bounds on the proton 
Jifetime13 

r_ _.1 .::1 to mler 
τp_"_ ，， O > 2.5 X 1032 yr 

7110UT> 10 15 GeV. 

(7a) 

(7b) 

So , GUT monopoles are exp巳cted to be very heavy and , therefore呵 have

production thr巳sholds way beyond the capabilities of any presently 

conceivable high energy accelerator. It seems that the only way 

magnetic monopoles may be observable is as leftover remnants of the 
very early universe. 

Besides carrying ordinary and color magnetic charg巳 and being very 
massiv巳， GUT magnetic monopoles have another importa川 property.

They are able 10 catalyze proton d巳C町， Monopole + p • 
Monopol巳十 e+ 十 X \Vith fairly larg己 cross-sections. J 5 16 Tha1 feature 

provid巳s further us巳ful guidance for magnetic monopole search巳S5 and 
means that ongoing proton d巳cay experiments 13 which employ mJssive 

und巳rgrou口d detectors ar巳 also sensitiv巳 to very small monopole f1ux巳S
So 弓 it secms that Dirac哼 s magnetic monopole [inds a nJtural setting in 

GUTS and , within that framework. it exhibits more fantastic 

properties 9 lhan one possibly could have imagined in 1931 

Although Dirac \vas successful in 巳xplaining electric charge 

quantization b)' introducing magnetic monopoles 、 he was , nev巳rthel巳ss ，

disappointed 17 in not b巳ing able to shed light on the value of CI. 

Howev町， our attitude towards cf. as a fundamental number has changed 

over th巳 y巳ars. 京le now view ìt (as 飞孔 eIl as alI other couplings) as an 

effective charg巳 which is screened (or antiscrecned) by quantU I11 vacuum 

polarization 巳ffects. Its value depends on th巳 distance (or en巳rgy scal巳 μ)

probed ‘ as well as the renormalization prescriptio丑巳mpJoyed. The usual 

fin巳 structure constant CI. is defined through Thomson scatt巳ring in the 
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Iimit of zero momentum transfer and , thus , correspo口ds to a value as 
S巳E旦 at infinite distance. At shorter distances (higher e口 ergy probes) , the 
effective el巳ctromagn巳tic couplingα(μ) 三 e2 (μ)/4πgrows. It satisfies a 
simpI巳 (perturbative) r巳normalization group equation 

队 18
1可nere

+h仰) = b 0 0: 2川

? 7 
bO =去 IQj8(μ -111/ ) 一古。(μ - I11 W).

Jιf 牛儿

(8b) 

The summation in (8b) is over aII electricaIIy charged fermions (quarks 
and leptons) which screen the charge, wbile the second term describes 
w士 boson antiscre巳ning effects. (Tbresholds are íncorporated with a 

step-functio口 as is appropriate for the MS (modified mi口imum

subtraction) prescription. 18) If otber, as y巳t undiscover巳d ，巳lementary
charged particles exist , their contribution must be included at energies 1/ 
above their masses. 

Integrating (8) and employing known particle masses , as well as data 
on e+e…• hadrons to incorporat巳 strong interaction effects , 0口efinds l8

that the MS electromagnetic coupling at j1 = I11 w ~ 83 G巳V (i.e. , 

distances ~ 2 x 10 - 16 cm) i沪

出一 1(111 11') ~ 127.7 土 0.3. (9) 

Tb巳 7 % increase , du巳 to fermion scre巳ning effect5 喳 in going from infinite 
distanc巳 (μ=0) to 2x 10 … 16 cm is supported by high energy e+ ε­
scatt巳ring 巳xpeτiments. So , we see that the numberα~ 1/137 i.s not 
particularIy sp巳cial or fundam巳ntal; at least no more 50 than thc 1/127.7 
in (9). As a matter of [acl , within th巳 framcwork of GUTS , intcraclions 
becom巳!11ore syη1metric at short distanc巳s; 50 , on巳 would expecl 江

viablc ‘ derivation' o[ 0:(μ) from first principles to occur at S0111巳 very

large mass scalc such as I11GUT or I11Planck = (G N ) • 1/2 ~ 10 19 GeY. For 
巳xample， in ma口y popular GUTS (SU(匀， SO( lO), E r" etc.) , the 
SU(3 )c x SU(2L_ x U(I) couplings 0:;(川 ， i = 1, 2, 3 of thc standard 
modcl b巳comc unified 19 (v巳ry ncarly equal) at /7JGU丁> 10 15 GeV. F Oi 

以 At 1I = 0, the MS couplin♀ is related to \he u吕ual fine struc1ure COnSl~In l v出 IB

α'(0)=α'+ 1/6冗，
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example, in the MS scheme, one finds 

1X1
1(I71GUT) = 1X 2 1 (r月GU←J=时 1 (mGUT) 一÷(ma)

。πqπ

出 1 (mGUT ) =如11(mGUT)+ 1X 21(mGUT)， (10b) 

w扫ere the smali differences in (lOa) arise in lhe usual 1\在 S definitions. 18 

(They could be absorbed into a redefinition of th巳 couplings.) A 

pot巳ntial program for 'deriving' cx would be to find a symmetry or 

stability argument that detemlines 时I1lGUT) and , conseque口t1y ，面(mOUT)

via (1Gb). Th叨， assuming all charg巳d particles with masses < I1!GUT were 

know日， one could integrate (8) down to μ= 0 and obtain 比

Given the abov巳 discussion ， one should naturally ask: At what value 

o[μdoes Dirac's quantization condition 

e(μ)Mm川μ) 1 

4π2 

) 4ti 45A ( 

hold? Allhough (hat issue is nol completely settled , we expect it to hold 

for all μ. (1n l110dern temlinology, it is renormalization group invarian t.) 
ln fact , [or a given deiïnition ofthe renormalized charge e(μ) ， (1 1) should 
be used (0 c!eiïne the corresponding renormalized magnetic charge and 

to d巳1巳rl11ine its dependence onμ. That reciprocal relationship would 

S巳em to b巳 a necessary condition for any consistent th巳ory ， since the 

diel巳ctric constant and magnetic pen丑巳ability of the vacuum det巳r111m巳

巳leclric and magnetic screening and Lorentz invariance of the vaCUU l11 

r巳quires 20 lha( l11巳

dielectric constant = (magnetic permcabilily) -1. 

Ac电<\cc∞巳pμ阳lm吨1毡ι i山he I归￥acα1 (山h旧1at以1 e呻(心仙』μl) g♂row附S 呐W叫咄11巾也创hil叫I江ile巳 l'vJm川1ηiJJ(
I口Jl1 CI 巳as剖sm吕 μ(at 1巳且st up lo 171ηlGUT)' then , for some appropriat巳 d巳iïnition

of the rcnormalized charges, ther巳 may be a mass scale \凡 here they are 

nearly eljual and cluality becomes manifes1. 1 日 GUT models, /JlOUT could 

be the fighl scaJe for such a symmetry resloration. \月Ie would lik巳 to

specula1e tha1 , for an appropria1e definition ofthe renormaIized charge 仁

e'(p) , exact 巳Jectric寸nagnetic duality (in alI fielcls) is achievecl ,1"' 

J" = I1lG肝、 tbe primecl el巳ctric charge 01‘ lhe X土 4/3 gaug巳 boson is 巳qua

* Tbc primcd couplings dilTer fro l11 lhc usual MS dcfinilion 

168 



Magnetic 1)10月opoles und the fine structure COi1s [Qnr 

to the primed magnetic charge of the lightest mag口创ic monopole 

fEr(mGUT)z-2L-p D叫ty Conjecture. (12a) 
e'(IIJGUT) 

The duality conjecture in (1 2a) , taken together with Dirac's 

qua川JzatJO日 condition ， determines the unification couplings 

0:'(叫U丁) =斗 (12b) 

(12c) α;(i1l GUT) = 1, i=1 , 2 , 3. 

Of course 、 since we haven't defined the primed couplings , there is little 

real conte丑t in Equations (12). I口deed ， we 飞Nill tak巳 Equations (12) as a 
starting definition of the primed couplings , hoping that they will 
eventually emerge from some as yet hidd巳n symmetry,21 as fixed points , 
or perhaps from dynamical considerations. To motivate that possibility , 

we note from (6) that , in the Prasad-Sommerfeld limit ,1 2 the lightest 

magnetic monopole is degenerate with mGUT = I11x to lowest order in 
α;(，ηx).W巳 co町eclure that the deg巳neracy may , in fact , be 口巳arlyexact

mx = I11GUT = I11monopoJc (13) 

and helping in definingα'(717CUT)' Such a situation might occur in 

superstring mode]s ,22 where aIl large mass scal巳s ar巳 nearly

degenerate23 

mλ: == 117GUT = 111compactifícation ::::::::- 11151ring ~ lnplanc 

For the primed couplings to have perturbativc 111巳aning ， they must be 
relativcly small at lowμ~ I11 w and prcsumably not v巳ry different than 

the 巳xpeIimcntal MS coupling values 

出3(I1l W) = 0.10 土 0.01

0: 2(斤1 11') = 0.036 土 0.002

0: 1 (111 ，γ) = 0.0167 土 0.0003

出(m w)= lj(127.7 :t 0.3). 

)))) abcd 5555 1111 (((( 

" fact , they should be related by 

1 1 
→一-一→--c. i= 上 2吨 3
0:;(μ) O:j(μ) 

(16a) 
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1~18f 
0:'(μ) - o:(p) 3ν ， 

(16b) 

where C accounts for the different renormalization pr巳scriptio日5

(definitions). That being the case , the O: i(μ) and 0:;(μ) will hav巳 the same 
perturbative ß-functions up to O(αf) τo examine the approxirr刚巳

conditions necessary to have 0: '(1110UT) evolve from :è:ó 3/8 at unification 
to :è:ó α ( l11 w) :è:ó 1/128 , we ca丑 integrate (8) , making the simplifying 
assumptio口 that all as yet undiscovered fermions have mass JnF • Then , 
using (9) and (12) as input , we find that o:'(mw) :è:ó 0: (1η w) requires 

口5斗叫tjz)+主FUln(yz) (17) 

where the sum is over all fermions beyond the usual three generations. 
Anticipating that l110UT may b巳 near the Planck mass in such a scenario , 
we take 111 0UT :è:ó 1018 GeV and find that (17) is satisfied if 

~Q;Inex1::叫叫7 (18) 

Since each complete generation o[ quarks and 1叩tons gives 

LF 台~ = 8/3 , one way to fulfill this requirement is to have five additionaI 
relatively lighl generations with 1J1p :è:ó 137 G巳v. So , the discovery offive 

more fermion generations could be construed as providing indirect 
巳vidence for the duality conj巳cture and would be suggestive of strong 
coupling at unification. 

A large valùe of JnOUT near 1018 GeV , as w巳 have envision巳d， most 
naturally occurs in supersymmetric GUT models. 2

4- Furthermore, 
supersymmetry may be needed for 巳xact duality to occur. In those 
scenarios , ther巳 are [ermion partners of gauge bosons and scalar 
partners of ordinary [ermions that contribut巳 to charge screening; 凹，

not too many generations are n巳eded to have o: '(μ) run from 3/8 at 1I10UT 
10 :è:ó 1/128 at mw. As a realistic examp[e, we focus on a supersymmetric 

E6 mode1 2s with three relatively light 27-plets of [，巳rmions and their 

supersymmetric scalar partners. Each 旦-p抖l巳创t c∞on阳ns a 口 ordinary 
[emlion generation as well as an additional color tripl巳t quark and three 
new leptons. Such a model is a candidate efn巳ctive theory forμ< mou-r 1旦

Es x Es superslring theory.26 Assuming that all supersymmetric 
partn巳rs of gaug巳 bosons and [em1ions as we!l as the additional 
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members ofthe 27-plets have mass of O(mwl and 1X;(mGUT 1 =如'(I1JGUT) = 1 
at mGUT 立 10 18 GeV , w巳 integrate the 3 generation su]'ersymm创了~C 'Î 

loop ß-fimctíons27
-

28 for th巳出i(μ) and find 

民(111 11') = 0.144 

的(111W) = 0.040 

IX~(月lW) = 0.0173 

面'(mw) = 1/121 

(1 9a) 

(19b) 

(1 9c) 

(19d) 

These values are systematically Iarger than the experimental MS 
couplings in (15) and si.Iggest the r巳lationship

1 1 
一-一-~---2.5. i= 1. 2.3. 
IX;(μ)αi(f1.) - - , -, -, 

(20) 

So , at low 巳丑ergies ， the prim巳d and MS couplings are not so differ巳nt;
but , at unification ，出;(mGUT) = 1 while lX i(1ηGUT) ê:::: 0.286. 1t might app巳ar

that the MS couplings are better for perturbative expansions, since th巳y
are smaller. Howev巳r， higher order corrections expressed in temlS of 
those couplings are probably !arge. For example, the first teml in th巳

出3(f1.) ß-function vanishes for 3 supersymmetric 主-plets and one is left 
with 28 

6 _ 9 丰 3
Ji ，1X3(μ)= …Ed十一三 α5αz 十一τα3α1 + b333α~+. .、 (21) 
dp 孔。孔险π-

where b333 depends on the renormalization scheme. Álthough b333 has 
not been fully calcu!ated in supersymmetric tbeories , bas巳doηtb巳 pure

QCD calculation ,29 we would guess tbat j Jl th巳 MS scbeme 
b333 二:;;3 9/π2 ， which is too large 10 ignore. On巳 could 巳]iminate the b333 

tenτ1 by defining a new expaηsIon parameter 

1 1 b333 

吗(μ) 一 α3(μ) (6/π巧'
(22) 

which could then be viewed as a kind of optimal perturbative coupling. 
Using our educated guess that b333 ê:::: 39/π2 for this model , (22) becomes 

(23) 
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which is v巳ry similar to the relationship in (20). It suggests that the 0:;(μ) 
defin巳d by our duality condition may weìl be optimal expansion 
param巳ters.

In conclusion , w巳 hav巳 shown that , in GUT models with ma町r

rclatively light fermions and scalars , such as the 3 gen巳ratwn

supersymmetric E6 example、 the gauge couplings may well b巳 unified

near the Planck scale::::: 1019 GeV and be of 0(1) there. That being the 
case，巳ffective elcctric and magnetic couplings would both be of similar 
magnitude, thereby , sugg巳sting a dual symmetry. The occurrence of 
strong coupling at unification may signal a phas巳 transition ， such as the 
opening up of tiny 巳xtra dime口sions as in Kaluza-Klein or superstring 
scenarios. 22 . 26 Unfortunately , it would also render perturbative 
analysis near unification dubious at best 

Dirac's magnetic monopole has inspired th巳 creative imaginations of 
sevcral gen巳rations ofphysicists. It has found a place in GUTS , Kaluza­
Kl巳in tbeories 30 and , most rec巳ntJy， i口 superstring models. 31 1n each 
case , il has provided i且sigbts into the theory and 1巳d to interesting new 
predictions for magn巳tic monopole ph巳nomenology. Unfortunately , 

magn巳tic monopoles hav巳 yet to be detected experimentally. Perhaps 
Nature made them hard to iïnd , so we would learn to unravel and 
appr巳ciat巳 her fundamentallaws during our long pursuit for the elusiv巳
Dirac magnctic monopole. 
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1 Introduction 

At the height of the gr巳at economic depression of the early nin巳teen­
thirties , I was fortunate to b巳 awarded a scholarship to the University of 
Cambridge, with aII expenses munifice旦tly paid by the education 
authori1ies in my native County of Yorkshire. 1 came up first to 
Cambridge in 巳arly October 1933 with the intention of studying physics 
andch巳mistry ， but 1 soon discovered that the professors whose courses I 
particularly wished to att巳nd gave their lectures und巳r the auspic巳s of 
th巳 Faculty of Math巳matics. This circumstance led m巳 to change my 
studies to the topics and lectures associated with the Mathematical 
Tripos , a switch for which I was th巳丑 ill-prepar巳d bul which I have never 
sinc巳 regretted. After two ratb巳r torrid years of it 句 I cam巳‘ at last , i日

Octob巳r 1935 to the lectures on quantum rηechanics giv巳n by Paul 
Dirac. 

To this point , all the courses I had attended had bee口 at specified 
times. Now, at a more advanced 1 巳vel ， the times were mostly by 
arrangement between class and lecturer. You were simply infO!med by 
the University listing that you were to calI on various professors in th巳lr
colleg巳 rooms at specified hours in order to fix the times of lectures by 
mutual agre巳m巳nt. So it came about that , one morning in Octob巳r 1935, 
I found myself walking into 缸. John、 s ， Dirac's Coll巳g巳. His rooms , in 
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those days , were in the far right-hand corner of Second Court (as you 
headed towards the River Cam). Wheη! rCJched the 2pp了opri :t te

staircase, it was obvious from the noise which set of rooms they were. 
Knocking a1 the outer door and lhen poki丑g my nose inside , I found a 
飞feritable mob already assembled there. Only aboul a half were 
concemed , as 1 was 嗖 with the Mathematical 丁ripos. The others 飞飞'ere

research students from physics and chemistry , and lher巳 was also a 
considerable sprinkling of old巳r people from abroad. 1t was my firs1 
sight of Dirac , then thirty-four years old. Young as this might seem , h巳

was already a Cambridge professor of four years ‘ standing and a Nobel 

Laureate of two years' standing , and it V'ias four ye乱rs S ll1 C巳 he had 
published his first paper on magnetic monopoles (Proc. Roy. Soc. A133 , 

60 (1931)). 1丑 a subsequent pap巳r (Phys. Ret工 817 (1948)) , the 巳arlier

discussion is broadened into an action formulation , with the equations 
given generally instead of being based on special exampJes 

It seems that Dirac began his investigation of magnetic monopoles 

with th巳 hope of deducing th巳 fine structure constant , 

~2 1 

二=一二 approximately、
hc 137 

) 1 . l ( 

with h standing for the Planck constant divided by 27[. Towards the end 
ofth巳 first paper, ]J e 巳xpresses disappointment tha1 this obj巳clive is not 

achieved. However , ther巳 IS a r巳markable consol:ltion prize. If even one 
magnetic poJe of strength q exists , th巳n ， for cO l1 sistency in quantum 
mechanics , it is essentiaJ that 1he eJ 巳ctron chargc be rclaled lo g by 

hc 137 
σ=11 一 =一一-'17 1:'、

21:' 2 
(1.2) 

where 11 is a l1 int巳g巳1'. Hence 哩 lhe eJectron charge is quanliscd Ìn (he s巳ns巳
tbat , whiJe on巳 could imagine a number of differenl electrons 、 dif[erences

ofcharg巳 can arise only from changes of 11 吨 (here can be 口 o continUllll1 of 
electron' charg巳. Reciprocally 、 Sl口C巳巳lec(rons exist , magne(ic poJe 

strengths must also be quantis巳d. In modem discussions of magnetic 
poles, it is usual to set 11 = 1 in (1 .2), and this will be done from here on 

Dirac suggested an inversion o[ the a rgumel江、 ηamely (h川、 because

from empirical cxperi巳nce the electron has a lInique charge, mag口 etic

poles probably exist in ord巳r (0 forc巳 tbe empiricaJ r巳sult to b巳 1rue. This 

inversion has lain fallow for aJmost half a ccntllry ‘ 1ll1 til with t l1巳
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emergenc巳 ofmoder且 grand unification theories physicists have become 
convinced faí r1y generaJJy that Dirac's perception was correct. 1n this 
articl己 1 shall show that th巳re is also a considerable body of 
astronomical data which point to th巳 same conclusion 

It is well worthwhile for every young physicist, to whom the ni且巳te巳卫­
thirties may se巳m almost as remote as the ag巳 ofP巳ricl邸， to take a look 
at Dirac ‘ s 1931 paper，巳specialIy to read its very first page where Dirac 
explains that progress i卫 theoretical physics depends on the recmitment 
of more advanced mathematics. Not more ad飞创lced in the s巳nse of 
adding epicycles to mathematical systems already in use, but more 
advanced in th巳 sense of bringing-in hitherto abstract ideas in 
math巳matics. How incredibly tm巳 this has proved to be! The first page 
1'rom th巳 1931 paper illustrates Dirac's propensity for stating th巳 most

profound thoughts in aη 巳xc巳巳dingly short space. Speaking from 
personal experience , the troubJe was that you read through \hose vital 
passages so quickly that it was quite hard , at the time, to appreciate their 
wholIy fundarτ1巳ntal significance. Richard F巳ynman remarks that the 
entire program for his d巳veJopment of path integrals is contained in a 
single page of Dirac's book ♀ualJ tU/11 Mechωlics ， page 125 ofmy much­
thumbed second edition; and，。口 page 72 ofth巳 same edition , there is a 
passag巳 which 111ight almost have s巳rved as the abstract [or Laurent 
Schwarz' trea tÏse on distribution th巳ory (Volumes 1 and 2 , H巳江11ann et 
Cie , Paris (1950-1)). 

By 1938-9 ,1 had risen as it were [r0111 being a late addition \0 the mob 
o[ October 1935 \0 being a research student of Paul Dirac , himself. 
There 8re anecdotes 1 could tell from that p巳riod ， but , regretfully , 1 must 
d巳SISt ， smc巳 in this articl巳 like Thursday's child - 1 still hav巳 [ar to go. 
Yet 吨 1 must mention a remark 01 Dirac which had a pro[ound cffect 011 
my career. On巳 day ， apropos of physics in gener剖， not , 1 hope, of my 
personal prospects, be said (1 am not sure 1 have lhc words 巳xactly right , 
but 1 will put the l11 ín quotes , ncvcrthcless): 

1n 1926 吨 pcopJc who were nol parlicuJarJy good couJd do imporlan1 work 、 bu1

nowadays cvcn pcopJc who arc very good ca口nol [ind imporlan1 probJ巳I11S 10 
soJve'. 

As alway吕 with Dira(二， lhis remark proved to be far-sight巳d ， since, over 
lhe next decade , iheoretical physícs was 10 pass through a depressingly 
static phasc thal clid nol pick up appreciably unlil th巳 discovery of the 
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Lamb shift with its attendant developm己nt ofr巳nonnalisation theory. In 
1939 , the exciting dεcades of particle physics through th巳 sixties and 
seventies were still a long way i丑to the future. Although 1 巳njoyed

working in theoretical physics , Dirac's implied advice was not to be 
ignored ， a口d ， by 1940 ,1 had turned my attention to astronomy , a subject 
in which many problems were then becoming ripe for solution. 1 am 
happy that this switch now p巳rnl1ts m己， more than forty years later , to 
bring what appear to be significant arguments to bear concerning th己
existence of mag卫巳tic pol巳s ， so returning f ull circle to an earlier episode 
in my life and to what may well prov巳 to ha ve been one of Dirac's most 
profound glimps巳s of reality. 

2 A 刑odel foγ the missil可 mαss in galaxies 

There is compelling evidence for the existence of massive, approximately 
sph巳rical halos extending outward from the centres of spiral galaxi巳s to 
distances of 50 kpc or more.1-5 Observations of gas molions by CO 
emission and by 21 cm HI emission yield circular velocities V(r) lhat are 
substantially ind巳pendent ofthe c巳ntral distance, r, to r ~ 50 kpc. In our 
own galaxy , Alle丑6 gives V 勾 200kmçl ， i且d巳P巳nd巳nt of I飞 beyond

1 kpc from the c巳ntfe. From the 1 巳lalion

V 2 = GM(r) 
一一 (2.1) 

where M(r) is the tolal mass interior to distance r, one infers M(r) 
proportional to r for r > 1 kpc in the Galaxy , implying that lhe d巳nSHyρ
varies proportionally [0 r- 2 , with 
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R being a parameter ofthe order ofLhe radius oJ" the halo and 豆 being 且

mea旦 density given by 

子的勾 M(R) (2.3) 

with M(R) th巳 total mass of the galaxy. Using (2.1) at r= 反 and
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eI iminating j5 and M(R) from the above equations ‘ one obtains 

V 2 

ρ (1') 花一一一
4πGr2 (2 .4) 

The nature of the halo material , which comprises most of the mass of 
the galaxy ‘ is unknown ‘ since the halo material is unsee口. It has bee口
speculated that the material might be primordial 口eutrinos with a rest 
mass of 10 to 50 eV , but recent experimental work 7 puts this suggestion 
in consid巳rable doubt. Faint stars of small mass hav巳 also b巳en

considered as a possible halo material , but this too is an uneasy 
proposal , since halos of stars 巳V巳n of small masses would probably have 
been detect巳d ， which they hav巳 not ， by modem highly sensitive photon蛐

counting devices. The furth巳r possibility suggests itself that magnetic 
monopoles in th巳 halos constitute this so-called missing mass 、 somewhat

along the lines suggested by Cabrera,8 in assigning the local missing 
mass of the solar neighbourhood to monopoles. The association of 
missing mass with monopole halos has also b巳en considered by Kolb et 
(/1. 9 and by Salpeter et (/1. 10 in preprints which are mainly concemed 
with imposing constraints on the idea. 飞N巳 shall consider the question of 
constraints at a later stag巳， after the present model has been developed a 
little further. 

The proportionalityρ (1') oc r- 2 in (2.2) was written down above in 
order that V given by (2.1) be independent of r. 飞Nhat one has to wonder 
is the meaning of such a proportionality. Rec巳ntly ， 11 I investigat巳d the 
possibilily that the halo material is in radial orbits directed in-扭ιout

[rom the galactic centre , but avoiding a strict singularity at r = 0 by 
letting the Iin巳 orbits miss the exact centre by a small distance rmin , say , 

rmin bei口g a variable parameter [rom one galaxy to anoth町， τh巳

distribution ofhalo material was taken to be sphericaIly symmetric with 
alI elements of the material moving on their outward joumeys to the 
sam巳 distance R from the c巳ntre. Thus , r = R was the outer boundary of 
tl1巳 halo ， with R taken to be 100 kiloparsecs or more in typical cases. 

With the halo structure in a steady stat巴， one can then solve [or V(r) as 
a series of approximations. In the first order, on巳 obtains V = constant , 
as was considered above. 1n s巳cond order. however, one obtains (for r 
not too close to R) , 
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Over a limited range of r, the dependence 0丑 In R/r can be represented as 

a power law , viz 

V(r) = constant(r)~lnR/飞 (2.6) 

applicable for l' reasonably c10se to 1'0' From (2.1) , we the口 have 1\1(1') 

proportiona! to 

乡

。
r nhn n -A 

斗
-j (2.7) 

and from 
dλf 

4πrLρ (r)= 丁一
ar 

(2.8) 

th巳 proportionality o[ ρ (r) on l' is easily se巳n to be modified from 

(J Cι 1' -2 to 

ρ 。 .~ln R/ro 
α= r -.]一 (2.9) 

It is now relevant that the data given by AlIen 6 was , itse汀， somewhat 
approximate , and that more recent work shows that V(r) does , indeed , 

increase slowly with r, as required by (2.6). Thus , Burstein et (//.12 give 
V(r) cc r- 0.15 at large distances from th巳 centres of Sc galaxi巳s ， from 
which they conclude thatρ (r) c汇l'一1. 7 土 0.1 at such distances , which 

agrees c1 0sely with (2.9) at distances of r 勾 1'0 去-::R/3

Iamimpress巳d by this close agreem巳旧， partly for th巳 personaI reason 

that 1 obtained (2.5) ahead ofknowing the results of Burstein et (1 1. , and 

partly for the objective reason tllat the simpl巳 radial model for tbe 
motions of halo material realIy does look as though it must be correct , 

cl巳arly implying that the material has been ejected by 巳xplosion fro111 lhc 
galactic centre. If, indeed , t l1巳 material consists of monopoles we ha 飞 E

lh巳 furth巳r implication that at galactic centres there ar巳 ιmachines‘

which produc巳 monopoles in cnormous quanti1ies , 10 13 times the mass 
o[ the Sun in typical cases, a result of profound importance bot l1 for 

astronomy and for theoretical physics. 

3 The 

By applying thc model to our ow丑 galaxy ， the f1 ux 01‘ monopolies a( lhc 
Earth ca口 be 巳stimated with suffici巳nt accuracy from (2均 Wrili口8 日]旧

forthemo口opole mass and making up the density p(r) al dislance l' from 
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the galactic centre largely from monopoles yields a monopole number 

density IJm(r) given by 

ρ (r) V 2 

I1m(r) =一-~一一寸→
)J1m 斗πU广111m

(3.1) 

For the total number 八Tn，(r) of monopoles int巳rior to r. 0时， thus , has 

V2.. 

Nm(r)问=M(的l'吵')/1η叫7 (3.2) 
LT Iì.η'1m 

Since th巳口lonopoles move in th巳 gravitational field of the galaxy, 
their velocity must be of order V, and this will a!so be the order of their 

speed relative to a galactic star system such as the solar system. Hence, 
the f1ux of monopoles relative to a star system at distance l' from the 

galactic centre is given per steradian per unit area per unit ti丑le simply 

by multiplying l'lm(r) by V/4n , viz 

u3 

φ"，(1') = Flux of monopoles ~一一「寸一 (3.3)
l斗π广GrLmm

Putting V = 200 km S-I , r = 10 kpc , gives a f1 ux 

5 x 1。一 14(mpl/lJ1m ) cm -2 çl 8r- 1, (3 升)

when the monopole mass is expressed in 1巳rl11S of th巳 Planck l11ass , mpb 

defined by 

/hcyigty-5G巳V= ( ~.~ ) = ( "; ) = 1.54 x 10 - 5 gram 勾1Q1 9 -.~'. (3.5) 
\ 2G } \ G } 

Here, the Dirac monopole charg巳 is written as g = hc/2e = 13 7 e/2 , and it 
is intercs1ing 10 n01e tha1 thc Planck mass can b巳 simpl~ 巳xpr巳ssed in 
ler111s o[ the pol巳 slr阳

the g巳01丑巳lnc 111丑1ean of g2 andε2 

Equation (2.1) yields M(r) 勾 4.7 X 1011 M 0 at l' = 50 kpc , whereas 

AIlen6 giv巳s the small巳r valuc of 1.4 x 1011 M 0 for the 111ass of visible 
maUer in thc galaxy. The mass density ρn，(r) of monopoles at r 二 8 kpc , 
ihe usually adopted distanc巳 of the solar syst巳111 [r0111 th巳 gaìactic c巳丑tre ，

is giv巳n by (2 .4) and is ~ 10 - 24 gram C111- 3 , similar to the l11ass d巳nsity

o[ thc interst巳llar gas , but less by a [actor o[ about 4 tha口 the 111ass 
density of tl1巳 stars of lhe solar neighbourhood. 
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At first sight, there scems to be a discrepancy h巳re ， for飞 how can the 
monopoJes have a smQllcr local mass dcnsity than the visible stellar 
m丘terial and yet 兑ave agr巳ater mass in total? Th巳巳xplanation is that the 
visible material is concentrated towards the galactic pla丑巳 into a dislc , 
wher巳as the monopole distribution has b巳en taken in the abov巳
discussion to be spherical. The possihility that the monopole 
distribution may be in the form of an oblate sph巳roid with some 
concentration towards the galactic plane ca丑not be excluded. If this 
wer巳 so ， both the local mass density and the flux ofthe monopol巳swould
be increased according to the d巳gr巳e of the conce口tration ， oth己I飞N1se，

nothing in principle would be changed. 

4 The m吗netic fields of galaxies 

The identification ofhalo mat巳rial with mo且opoles has, so far , d巳pend巳d
on the 巳limination of other possibilities , rather than 0日 the positive 
properti巳s of th巳 111onopoles ， themselves. This negative and S0111巳what
unsatisfactory asp巳ct of th巳 argument will b巳 f巳moved in the present 
scction. Spiral galaxies have large-scale magnetic fields with intensities 
o[ order 1。一 6 gauss towards the central plane, defined by their visible 
mat巳rial and direct己d generally in the sense of the rotation of the visible 
material. The sourc 巳 o[ such fields has for long been a myst 己ry , 飞w鸟可11江thout
hop巳 of solution according to conv巳ntìonal ideas. The b，且lS剖ic di江f[j cul让ty of 
thc conventional pOS臼Ítion iβs w 巳cll-晌-句扎ι

probl巳n丑<1.

A wire of ncgligible resistanc巳 in thc form of a circlc of radius a 

con(ains a battery of clcctromotive force E(eJ• How long does th巳 battcry

necd to opcrate in order that thc ll1agnctic ficld throuιhout a region of 
dim巳nsion a surrounding th巳 wirc shall risc to an in比nsity H? Thc rìse of 
thc magnetic [ield is controllcd by thc self-inductancc, which is ~ 4πα/c 2 ， 

and the required time T is easily sccn to b巳 givcn by 

T :::o a2H/cE(eJ• (4.1) 

Putting H = 10 →吕auss ， T = 109 years ， ι= 1023 Cl11, 111 (4.1) 
dcmonstrates that the batt巳ry must havc a口 m说Fof~1013C‘g.s. units 、

i.c. 3 X 1015 volts. This simpl巳巳xamplc shows that the sh巳er S1Z巳 of a 
gaJaxy demands , within th巳 framework ofthc usuaJ Maxw巳II th巳ory ， thc 
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existence of a口 enormous impressed EMF if the astronomically 

observed magnetic fields are to be built up within the lifetimes of 

galaxies. 

There have been m21ny att巳mpts to evade the need [or an enormous 
impressed EMF by arguing that a旦 initially v巳ry small seed fi 巳ld might 

have bee口 greatly amplified by dy口amo 21ctlO口 AIl such 21ttempts are 

failures , however, because tb巳y do not explain lhe l21rge-scale structure 

of the fields. To produce 21mpliJïc21tion 0口 a large scale , lhe relative 

motions within a dynamo must have sufJï ci巳口 t time to undergo very 

m21ny'tums飞 21nd this is not possible within the lifetime of a galaxy. To 

illustrate the positio日， suppose the s巳ed Jïeld initially h21s 21 g巳ner21lly

r21di21l structure. Owing to V(r) h21ving some d巳pendence 0日 r ， and 

bec21use ofthe high conductivity ofthe ioniz巳d gas within the intersteIl21r 

medium吨 such 21n initi21lly radial fi eId becomes wound into 21 spiral 

structure by the gas 口巳21r the galactic pl21n己， with the number oftums of 21 

m21gnetic line of force betwe巳n th巳 inner and outer regions equal to the 

number of differentÍal rot21tions between the inner 21nd outer parts of the 

gal21xy; and with th巳 magnetic intensity incr巳asing proportion21tely to 

the number oftums. Since, in the lifetime of 21 galaxy , there c21n , 21t most , 

b巳 10-100 turns due to differential rotation , the initial se巳d field c21n be 

21mpliJï ed 丑 o more than 21 hundreclfold , requiring a seed lÏeld of at least 
10 … 8 gauss i口 ord巳r to arriv巳 21t a spirally-twisted field of inlensity 

10 - 6 g21uss. Since explaining the origin of a fi巳Id of intensity 10 - 8 gauss 

is essentiaIly just as difficult as explaining one ofint巳nsity 10 - 6 gauss , no 

mitigation ofthe basic probl巳m is reaIly achieved by such an argument. 

By an impressed field in element21ry eleclricity, one mea丑s a departur巳

from th巳 standard M21xwelI equations for macroscopic bodies , a 

dep21rture usually [rom the conductivity equatio旦 j=σ丑， which 

becomes modified to 

j=σ[E 十区(吁， (4.2) 

wh巳re j is the electI北 current d巳nsity，区 is the 巳lectric fieJd , and E(e) a 

vector representing the impress巳d EMF. 1n the presenc巳 of magnetic 

monopoles , the usuaJ M21xwell equ21tions are changed 、 howev巳r， and we 

can think o[ th巳 chang巳s as a ]Cind of impressed effect , something [rom 

outside the usual system. Just as j together with the electric charge 

density ρform a 4-v巳ctor ， so there is a monopol巳 4-vecto r. To 

distinguish the two , write L，儿 for the electric 4-vector and jn"ρm for th巳
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magnetic 4-vecto r. τhen the c1 assical electrodynamic equations in the 3-

dimensionaI forτnat nOffi1:l11y employed for the solulion of priictiιd 
problems are th巳 following:

divE=4πρ巳 divH = 4nρm' (4.3) 

写E (♂H\ 
c curl H = 4对c 十-:;- , c curl E =一(叫m+-:-) ， (4 .4) 

ôt . \♂t } 

d I I凡 y I I y I 
→卜τ二土二二 I=el E 十← xHI ， (4.5) dt 1 0 , ? 1 -1 - , r .. -- 1 

L... /1 - V-;C- _J L _J 

d 1 111飞 1 y 1 
二十一工二二二= I=gl H •- x E 1, (4.6) 
dtL、 i 一川Z2J "L-- c -J 

where 111, is the rest mass o[ the charge e and 117m ís the monopole rest 
mass , y being the 3-dimensional particle velocity in either case. As 

always , c stands for the speed of light , should one wish to work in 
Gaussian units. 

Referring back now to the simple problem of a wíre in th巳 form of a 

circle of radius a , the need [or a battery of enormous EMF came from th巳

-òH/♂t term on the right-hand sid巳 o[th巳 second of 巳quations (4.4), 
which stands alone in tbe usuaI theory. Th巳 addition here of 4njm to 
♂♂t provides the possibility of overcoming the [ormer dj[ficulty , 
although吨 in itselL it does n01 guarantee a11 escape [rom 1he di[[icu l1y. Tt 
is also necessary 1hat II1m/g be very largc , vastly larger than mje. I I1 

ef[ect, the maximum equivalent EMF that the monopoles can produce is 

given by setti吨 gE(叫 equal to the monopole kinetic energy 1mm V 2 , 

which leads [or E(叶宅 10 14 C.g.S. units to 111m > ~ 10- 8 gm , a condition 

well-satislïed i[ 111m is equal to th巳 Planck mass , /1l P1 = (hc/2G)i. 

It is not hard to inv巳nt a situation in which there is a lack of pl巳cise
compensation between the N and S poI郎、 andth巳 thought arises almost 
inevitably that such disparities may b巳 lhe primary cause of cosmic 

magn巳tic fields. The disparity !:"Nm is Ii mit巳d by th巳 condition

!:"N一向 !:"N一 1137εv 咱 1 GN~ I71~ 
→~g注:一~{一→ I < ~1mm V~ 吃一一~ (4.7) 
R" R \ 2 } ~ '" 2 R 

If this condition were not satisfied , monopoles witb th巳 particular

polarity that happ巳ned to b巳 in excess would be repelled away [rom th巳

galaxy , a situation lhat would conlinue until (4.7) was satislïed. 
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Condition (4.7) requires th巳 motions of the individual monopoles to 

be controlled by gravity , rather than by the magnetic field arising from 

the disparity IlN m' Because monopoles are vastly more massive than 

e1ectrons and protons 咱 the el巳ctrostatic situation in which excess charge 

mov巳s to the boundary of a conducting body (giving zero fie1d in its 

mte口 or) does 日 ot arise for monopo1es. Monopo ]es at r = R are 

compell巳d by gravity to fall back into the interiors o[ ga1actic halos , so 
that non-zero IlN m inevitably generates non-zero internal mag丘巳tic

fie1ds. Lik巳wise ， I rather doubt that the ana10gy ofIongitudina1 electrical 

plasma oscill21tions consid巳red by S21lpeter et al. 1o c21丑 be t21ken over 

月lLltμ tis /Il utcmdis to 111onopo1巳s. Provid巳d condition (4.7) is well­

satisfied , the distribution o[ m21gnetic pol21rity follows mo日opole

motions which 21re con1rolled by gr21vity , not by the pol21rity distribution 

itself. 
τhe m21gnetic fie1d s1r巳ngth g巳ncr21t巳d by IlN m would be of order 

IlN一·…
Hm(R)~Ef(Z吟 (4.8) 

which , in virtue of (4.7) , h21s 21n upper limit of 

1711... V 2
…­Hm(R)~ ←'"一. (飞.Le)-l.

2 只
(4.9) 

Ag21in , putting V = 200 km s … l 川. = 50 kpc , 21nd expressing IJlm in terms 

of1he P121nck m21ss , (4.9) gives Hm ~ 6 X 10- 7 (I1lnj I11PI) g21uss 21s 21n upper 

limit in the out巳r g21l21ctic h21lo 

The disp21rity of N 21nd S poJes within a cen1r21l dist21nce r must 211so 

satisfy a condition simil21r to (4.7) , but with R replaced by r, 

IlN m (r) , 
(..'..γer < ~~l71m V 气 (4.10) 

whcrc 11八1m(r) is lhc disparity int巳nor lo r. 丁bis Je21ds , as abov己， to 且n

upper limit of 

ρ
ν
 

句
/
-

3
•2 川

一
l

l-2 
VJSA ri 

(4.11) 

for lhc field inlensily o[ distance r. τhu队且 1 r = 10 kpc and with 
fI:二 200k111S- 1 、 (4.11) giv创

Hm ~ 3 x lO -G(m旷I11PI) g21uss. (4.12) 
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了he order of magnitude agreement whe口71Jm /mp1 = 1 of the right田hand
side of (4.12) with th é: observed galactic field near the solar sysLcm 
suggests that the mo丑opole mass may , ind巳巳牛 be comparable to th己
Planck mass. 

丁he field Hm is , however, the se己d field ge口巳rated by the monopol巳S
The total field of i丑t巳nsity H inc!uties lhe dy丑ílr丑o effect of lhe rotating 
interstellar gas. Since the monopol巳s are in radial motion , the l11ag口创IC

field H m generated by the disparity of N and S monopoJes would be 
巳xpected to be ge口erally radial in its struclur巳 The pr巳sence of rotating 
plasma disks in spiral galaxies l11ust appr己ciably modify such radially 
directed l11agnetic fields , since ionized plasma cannot cross magnetic 
fíeld lines to an appreciable extent , as transversely-moving ionized gas 
would have 10 do if the magnetic lines of forc巳 re!1lained radia!ly­
dir巳cted. In order to maintain transverse motion , more or 1巳ss in circular 
orbits around th巳 galactic centre, ionized gas must wind心p the field 
lines into a spiral structur巳， thereby forcing th巳 radially伽movmg

monopoles to cross the field li口es ， which the monopoles can do because 
of their large individual masses. Th巳 effect is to giv巳 a total field in1ensity 
H that caηbe appreciably larger than H nn say by an ord巳r ofmagnitude, 

increasing Hm , say , from ~ 1。一 7 gauss to ~ 10 - 6 gauss, by adding a 
main component to H that is generated by eJectric currcnts wi1hin 1h巳
plasma. These currents have a larg巳 induction effect tl1at is canc巳II巳d by 
an 巳ffective El\在F gen巳rat巳d by the monopole distribu1ion itself, as will 
be sl10wn later in this section. 
τhe monopoles te口d to annihilal巳 the componen1 of I.h巳 magnetic

自己ld gen巳ra1ed by cJcc1ric curren1s in the plasr丑且， an 巳ffcct 日 rs1 pointed 
ou1 by Park巳[.13 (The monopol己s cannot穹 o[ course , annihilalc their 
own contribution to thc Jïeld.) Howev巳r ， the transversely-moving 
plasma constantly regenerates tbe transv.::rse component of 1he fjcld , 

with th巳 [ield acting as a couplin吕 aι巳n1 whereby kíne1ic 巳ncrgy lS 
ιraduaJly ínt巳rchanι巳d betwe巳n the rotating plasma and the 
monopòles , a process that is maintai口巳d so long ,l5 the rOla1inιplasma 
docs 丑ot lose a larg巳 [raction of íts angular momentum abou1 tbe ccnlre 
ofth巳 galaxy. It is ofin1er巳st to estimale lhe 1il刀 e ínlerval over which th巳
plasma rotatíon and thc transvers巳 magnetic field componen1 which ít 
gen巳rates ca l1 be continued. 

Each of the monopoles travelling through thc plasma is ac1cd 011 by a 
transv巳rs巳 mag丑巳tic acceleration of magniludc H( 137 e/2)/m"γHcn白、

185 



F. Hoyle 

each monopole moving radially i且-and-out through a disk-like region of 

the plasma of radius r acquires a transvers巳 velocity component of 
magnitude ~ (2rjV) . H . (137 ej2)/mm , the first factor here being the tim巳

of travel across the regio口. The lcin巳tic energy acquir巳d in tim巳 2rjV by 
each such monopole is, th巳refore ，

啊
川

1 1 
2 ) 

ρ
u
 

句J
一

守
J
一
句
-

( 句
，
-

了
斗
，
A

γ
r
'
 

,-
\
飞
I
l
l
-
/

ν
-
v
 

//ta--\\ l-2 
(4.13) 

and the average rate at which each monopole t 了avelling through the 
plasma acquires kinetic energy is giveηby dividing (4.13) by 2r/V; 

112r\ 啕 4 … A
2\V)'H~'(怦-]~ I e吵e)~γ忖阿兰勺V//川/

He口C巳， the rate of acquisition of kinetic energy by the 1110丑opoles

pasSl丘g through 巳ach unit 飞'olume of the plasma is given by multiplying 

(4.14) by 11m' Thus , in terms of the monopole mass density Pm = I1ml71m, 

the rat巳 of energy acquisition by the monopoles is 

1 (2r \ ^ ,,_ _ ^ 

一 1~I'PmH千古Le)~jm二 per unit volume. 
2 \ V J 

(4.15) 

This acquisition of 巳日巳rgy is at the exp巳丑se of the kinetic e口 ergy of th巳

plasma，妇、 V2 ， whereρi、 is the plasma mass d巳nsity. The time interval 
over which such a process of energy il1 terchange ca丑 contmu巳 is giv巳11 ，

ther巳fore ， by dividing ~ρr V 2 by (4.15) , viz 

叫
二
…

(4.16) 

For a plasma of uniform density 2 x 1O- 24 g 1'a l11 c111- 3 (巳qual to the 

111ean d巳nsity of the interstellar gas in the solar neighbourhood of the 
galaxy) , and using th巳 valu巳 ρm 勾 10 - 24 gram C111 - 3 obta ined at the end 

of the previous section , th巳 required time interval is 

~171~ V 3/rH 2(137e/2)2 , (4.17) 

which for H = 10- 6 gauss 电 V = 200 km s -) , r = 10 kpc , is 

~2 X 109 (mm/I71PI)2 years. Longer-term persiste口ce of the coupling 

between interstellar gas and the l11 onopoJes wouJd be continge口t on 
increasing the plasma d巳nSlty 内、 plasma being then condensed into 
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clouds , as , ind巳ed ， is largely the cas巳 i丑 our ow丑 galaxy. Thus , for a 
typical cloud density ~ 10- 23 gr2.m cm- 3 , :md for 开1m = l711,j, (~， .16) giVéS 
a time scale of order 1010 years , th巳 age o[ the galaxy 
τhe pres巳nt considerations suggest that the interst巳llar medium may 

well be deeply a[fected by forces which have, hitherto , been omi l1ed from 
discussion , a possibilily reinforced by continuing the argumen! a Jittle 
further. The magnetic curre日( density generated by the transverse 
mo口opole motio口s is ~l1m' (2rjV)H (1 37ej2f/l11 np directed in circJes 
around the galactic centr巳 Such a curr巳nt density within a plasma disk 
of thickness 2t and radius r geηerates a radial electric field o[ magnitude 

4πIL、H (137ε\ 2 2rt 
E 勾一一'"一-1 一一一- I ‘ 

叫1ca 飞 2 ) V 

which produces a口 electric potential difference o[ 

4πI1nJI (137eì\ 卢I
/11mC \ 2) )/ 

(4.18) 

(4.19) 

betwe巳n the two fac巳s o[ the plasma disk. Putting Pm ~ 10 - 24 gm C111 - 3 J 

H = 10- 6 gauss , V = 200 km S-1 , tjr = 0.01 , r = 10 kpc , gives an 
e[fective EMF according to (4.19) of ~ 1016(I11Pl/l11nYvolts , a r巳suJt
which for nJm 勾 I11 p1 is remarkably close to the required EMF that was 
eslimaled above to be n巳cessary if a field of in 1巳nsity 10- 6 gauss is to be 
built-up in an adequately shorl time scale 一 the 巳xample of the circlllar 
wire* We see, therefor巳同 thal ， provid巳d the monopole mass 111m is la rgc 
enough,t the 4叶m term in (he second of equations (4 .4) can CO l11 fl巳nsale

for the ♂t t巳rm. The indllctance effect o[ the Ja(ter , olh巳rWIse吨

destroys all hope of understanding the origin of th巳 111日gnetic fï 巳lds of 

galaxies 
This has b巳en a somewhat lengthy interlucle in lhe main argumen( , 

bul ilS importance for identi[ying lhe so-called I11 Jssmg mass 01、 l iI e

galactic halos in tem1S o[ ηugnetic monopoles juslifies lhe exten( 01' lhc 

discussion 

* Noting the diJTcrcnce , however, thal whcrcas lhe present e[[ectivc EIvI F bclwccηthe(wo 
[aces o[ lh巳 plasma disk generales an approprialcly orient巳d azimut hal magnetic fïelJ ìn 
lhe galactic disk , lbe magnetic [ield in lhe example o[ thc circuJar wirc was directcd in 
meridian plancs through the axis o[ Ihe wire. The sirnil" ,.ity ,,[ thc tWl) cascs li,'s in 
overcoming scll~inductance、 which is thc essenlial prob1em 
γSo that the lime scalc (4.16) is long cnough 
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5 且在onopole αnnihilαtion

1n 1931 吨 it was not possible, of course , to consider the hadronic 
couplings of monopoles ‘ such as 巳merge nowadays from grand 
unification theories. These couplings permit the annihilation ofN and S 
monopoles wi1h most ofthe large annihilation energy , 21ηmC2 ， appearíng 
as a burst of hadrons. Th巳re has been much argument as to what 1he 
annihilation cross-sectÍon should be, with suggestions varying [rom a 
strong interaction valu巳 of order (h/mπ C)2 ， 111πb己ing the pion mass , down 
to a v巳月， much smaller value arising from the weak interaction. Because 
the astrophysical consequ巳口C巳S ofthe high value are in1巳resting ， wher巳as

there is little o[ pot巳ntial importance in th巳 low value , I will choose th巳
high al1emative , bu1 , be[ore doing so , it is relevant to consider the 
prepn且1 of Kolb et al. 9 who clai111 to have proved that either the 
annihilation cross-section is very low indeed or 111onopole halos of th巳
kind considered here do not exist. 

Kolb et al. argue that 1h巳 capture of 111onopoles fro111 a galactic halo 
by n巳u tron stars (tak巳n on a time scalc of ~ 1010 Y巳ars) would catalyse 
far too much proton d巳cay ， unl巳ss 1h巳 proton annihilation cross-section 
is controlled by the weak interaction. About 1 per cent of the energy of 
proton decay would be expected to app巳ar as X-rays , to which an 
observational upper limit of luminosity , ~ 1031 巳rg s • 1 , can be set. If 
thel巳 is a 111onopole halo ofthe kind consid巳red here , this upp巳rlimit on 
the X-ray 巳mission of neutron stars translat巳s into a limit on proton 
dccay , which , in tur丑， plac巳s a sever巳 limit on th巳 mo日opole a口nihilation

cross-scctJOn. 
lt is implicit in 1his argumcnt that captured monopoles accumulate 

within 且 neu1ro11 star over (h巳 whole age of th巳 star， th巳r巳by building up 
aιonsider且blc monopolc l1umber which catalyse proto l1 d巳cay 1110re 
and 1110r巳且s the s(ar ages. 丁his does 110t seelηto me to b巳 correct ，

howcvcr , because 1h巳re is a proc巳ss (h以 caus巳S1110日opoles (0 山mihilate

cach other almost immediately after they arc captur巳d (assuming the 
monopolcs are of n巳al忖 equal N and S types). A cap1ured l110nopole 
enters a 11巳utron star a( a speed ~c/3. 1n order that s口ch a 1110nopole 
does no1 pass through the star and mov巳 out back into 1he interstellar 
m巳diu J11， its J11otion has 10 bc damped by an a1110unt at least of order V 

ll1且 singlcpasιage through (he slar 丁he sam巳 damping ， for exampl巳 due
(0 nucleon-monopol巳 scattering ， would operate af1巳r captur巳 and
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would within a time scale of order 1 second largely d巳stroy the motion of 
the mo且opole relative to the nucleonic mat巳rial of the s1ar , but not 
quite! Because of gravily , monopoles would si丑k gradually ìnto the very 
centre of the star, like metai peilets sinki口且 lhrough lr巳acle. The 
1110口opoles ar巳 drawn by gravity inlo a tiny zone near th巳 centre ， with 
their density i卫creasing as the ratío of the volume of lhe star 10 1he 
volum巳 of the tiny zo日E、 wi1h the total annihilation rate of all the 
captured monop01es increasi l1g as this ratio , and with th巳 ratio

increasing until the tota1 annihi1ation rate ris巳s to equality with the tota1 
capture rate. Thus, the el1ergy r巳leased wilhi日 the star is no t det巳口丑iηed
by the calalysis of proton decay but by the annihi1a1ion of the captured 
mO l1opoles, which can readily be calculated. 

The rate of capture of monopoles by a 11 巳utron star of mass ]\;1 and 
radius R is given by 

2πGlvfRllm jVmo11op01巳s p己r unit ti l11e , (5.1) 

a 1111日or post-N巳wtonian correction being neglected. If the whole rest 
energy of the captured monopoles were con斗lert巳d at a 1 per c巳口 t

efficiency into X-rays , the X-ray 1u111inosity would , therefore , be of order 

0.01mmc2 . 2ηGM71m Rj V. (5 .2) 

Puttingρm= l1m 177m= 10- 24 gran1cm- 3 ， λ1=Jy/o' R= 10km, 
V = 200 km s … 13giv巳s a luminosily of 0111y ~ 5 X 1020 erg s - 1 , less by 
~ 1010 than thc vaJu巳 of ~.1031 erg s -1 that is consid巳r巳dp巳rl11issible by 

Kolb et a/. No difficulty would , 1herefo币， seem to arise 0红 this scor巳，

and so I wi1J proceed unimpcded by 1his 口已utron-star argume l1t. 

Since there is no canonical formula for thc annihilation 巳ross-sectlO日，

I will take one tha1 is conv巳nient for lhe purposes of caJcu1ations, viz 
(11川πcf . cjr , so 1ha1 

〈σv) 花 c-(l归ln c)2. (5.3) 

Here , v is aιeneral e11coun1巳r Sp巳ed be1w出11 N and S m011opoles , not 
11巳C巳ssarily 1h巳 galactic velocity V. ln th巳 galaxy case、 how巳ver， the 
annihilation rate p巳r uni t vol UI11巳 is 11t;(σv) ， which i且 virtue of (3.1) is 
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The rat巳 01' energy rcl巳ased per unit volu l11e du巳 to 1丑o11opole
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annihilation is given by multiplying (5 .4) by 2nim c2 and th巳 totaI
annihilation Iuminosity is then obtained by integrating with respect to r. 
The outcome of this procedure is easily seen [0 be 

L,nn "" [是(UWr r (5.5) 

wh巳re (5.3) has been us巳d for <σv). and rmin is the smallest valu巳 of 1" 

down to which the monopole density distributionρ.2) can be used. In 
effect , 1"min is a measure ofthe precision with which the radial in-and-out 
motions of the monopoles are directed towards a ce口 tr己， a measure of 
the degree of focussing of the mo且opole distribution 

The numerical factor in square brackets in (5.5) is about 1024 in c.g.s 
units , so lhat the annihilation Iuminosity in th巳se units is giv巳n by 

4γ4. 
I11 pl 

Lann ;:::; 10 2 一一一- erg s 
f min 111m 

(5.6) 

wh巳re V is to be ins巳rted in cm s-l , and rmin in cm. Forrmin "" 1 kpcand V 

a veIocity of several hundred kilometres per s巳c ， (5.6) for lJlpl/lJlm ~ 1 has 

an unspectacular value of 1032 to 1033 erg s - 1. BuL if w巳 postulate
the existence of more compact monopole halos capable of gen巳ratmg
infaII speeds of ord巳r c, the situation is very much oth巳rWJse.

Putting 1"min=1018 cm and V=10 10 cms- 1 in (5.6) gives Lann"" 
1046 (I71 PI! lJ1m) erg s - 1 吨 for example. With perhaps 1 per ce口t of th巳
annihilation energy appearing as radiation , the photon luminosity 
would be of galactic order. Cornpact rnonopole distributions with 
high m巳asures of focussing (srnaII 1"min) could , therefore , appear as 
extrem巳Iy bright objects. Th巳 potential importance to astrophysics 
of such a physical proc巳ss hardly needs emphasis 

6 The centres gαlαxies 

The elements of the material of the halos of galaxies would appear to 
have motions that are radially directed with respect to their centres. The 

巳vidence for this point of view is so strong that it makes good sens巳 to

accept it as a basis for further argument. When we ask why there should 
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be such motions , thè answer inevitab!y has to be that the halo material 

of a galaxy moves radially because、 at one tim巳. It was eX [le!l ecì from tht 
centre. So one concludes that ifthe halo material consists ofmono[loles. 

then monopoles have been expelled in large numbers from lhe centres of 
galaXles. 

了he co口U口drum ofthe galactic balos is tbar their gγavilational effeclS 
show them to have masses of order 1013 times the Sun 、 whereas lhe 

compact objects situated at the ceηtres of galaxies hav巳 gravitational

e[[ects corresponding generaIIy to masses only in the range 10 (, to 10 8 

times the Su日‘ and how can 1013 0 hav巳 come out of ~ 10 7 0') 
Certainly 丑ot from an accretion disk moving around a black hole of 

mass ~ 10 7 0 、 th巳 currently popular th巳ory. Al1hough the nerves ofthe 

popular conse丑sus may grate at the Iast part of the following sentence 

[rom Astro l1 omJ' (//日1 Cos l110!ogy by James Jeans (Cambridge University 
Press , 1928 , page 352) , something of the sort would seem to b巳 tm巳

The type o[ conjecture which presents itselL somewhal in5istenl1y 斗 is thal lhe 
ccnlres of lhe (galaxi巳s) are of the nature of singular poinls ，日\ which J11口 lter is 
poured into our universe from some other ‘ and entirely exlraneous dimensio l1. 

50 thal , 10 a deniz巳n of our univ巳rse ， they app巳ar as points at 飞νhich ma l1 er is 
h巳ing continually created 

The clue (0 a resolution of the conu l1drum Jiωin th巳 existence 01' a 
field with negative 巳nergy density. 1n theoreticaI physics , one usualJy 

learns that , if coupJ巳d to the creation ofparticles ofpositive energy , such 
a [i 巳ld would J 巳ad to an impossible catastroph巳叮 becaus巳 lhe crcation of 

particJes wouid yield a field that was stillmore negative , ancl.. l11巳口C巳， to 

still stronger particle creation , and so 011 to infi l1 ity. But lhe argument 
ignores gravitation. A 11 巳gative energy [jeld being gravitation i1 lly 

repulsive causes explosio l1、 with a l1 emergel1 ce o[ the positive el1巳 rgy
particJ巳s ， just as the observationaJ facts indicate for lhe em巳r且ellce 0 1' 
haJo mat巳rial from the centres of galaxies. 

Although we have no description of such a process in terms 01' a((巳sled

quantm口 particl 巳 physics、 simpl巳 classica! theory shows what the 

gen巳ral mathematical shape o[ the process would have to be. 了11 巳

negative-energy field turns out to be best r巳present巳d by a scalar, 11刊 c­

丑巳Id as il has oftel1 bcen called. Bot11 the pure C-field terms and lhe 

mt巳raction of th巳 [ield with particles ca l1 be expτessed in a J1 actÎo J1 

formuJatio口 J4 from which dynamicaI equatio l1 s ca口 r巳adily he 

obtained. The dynamical equations then lead to the folJowing piclure 
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Th巳 C-fieJd becomes gr巳atly enhanced in a strong gravitational field , 
suggesting that a threshold for particle creation is passed only in highly 

collapsed objects. Such obj巳cts ，ll1 st巳ad ofimploding i 口to black holes , as 
would be lhe cas巳 if all fields had posiliv巳巳nergy density , implod巳 into

centr巳s of particle cr巳ation. Cr巳ation proceeds with th巳 C-field becoming 
ev巳r 1110r巳 n巳gativ己， until 、巳ventually 啕 the C-field becomes strong 巳nough

for ils gravitational repulsion to change lhe initial implosíon to an 
explosio丑. Although much of th巳 created matter from 巳ach object is 
prob且bly thrown 0[[ into extragalactic space , 1hereby serving to ‘close吨

lhe universe , once lhe repulsive C-field has also 巳xpanded into 
巳xtragalactic space , a fraction of lhe cr巳ated mat巳rial is held together by 
its own self-gravilation , so forming a galactic halo. The escapi丑g

repulsiv巳 C-field has th巳 furth巳re汀巳ct offorcing tb巳 galaxies apart from 
each other , ther巳by giving rise to lhe expansion of the univ巳rs巳.

This piclur巳 disagrees with tbe currenlly popular cosmologies i口

which everything of main imporlance to theor巳tical physics is ov巳r and 
done with in a firsl f1 eeling m0111ent following a suppos巳d origin of the 
whole univ巳rs巳. But lhe popular COs ll1oJogies lead into a morass when 
one tries lo undcr吕tand th巳 properties of galaxies , and they also 
contradict the uniformíty principle of James Hutton according to which 
lh巳 pr巳senl-day world has to be comprch巳nsible in t巳rms of ongoing 
proc巳sscs 、 a principlc whích should bc jusl as applicabJe in cosmology as 

il is in geology 
Classical 1hcory do巳s not give i11formation conc巳rning th巳 kind o[ 

particles to which the C-field is coupled. Howev巳r‘ lh巳 argume口ts of 
巳arlier sccti011S suggest 1ha1 lhe parlicles are monopol巳s. Monopoles 

lh巳n b巳come lhe prim且ry malerial of lhe univers巳. They nol o11ly 
constilulc lhc halo吕 of galaxics bu l may ev巳n serve lo cl 0吕己 th巳 u l1lvers巳，

and il is quile possibly tlle clouds of hadrons resulliηιfro111 monopole 
éln日 ihilalion lhal provid巳 lhe nucl巳onic componenl of lhe universe , as 
scen in slar 吕、 l l1巳1I1 1ersl巳Il alιas ， planels 吨 and in ours巳lve吕

! l is 且 plcasurc lo lhank Profcssor WiJl iam A. Fowler for v主duable

discussio I1 s and correspond巳I1ce on lhis whole subject , and esp巳cially for 
lhc remark lhat follows equalion (3.5) 
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The inadequacies of q口口m
field theory 

P. . γ 
Florida State Uníversíty 

My whole talk wíll be centered around the equatíon 

il12!:=d-HZl 
dt 

The n巳w quantum mechanics introduced by Heis巳nberg in 1925 has 
noncommuting quantities as dynamical variables. That is to say UVand 

VU is not the same for two dynamical variables U and V This was a v巳ry
surprisi吨 idea. and it was hard for physicists to g巳t u sed to it. 1 heard 
that Heisenberg吨 himse汀， thought his theory must be wro丑g wh巳nh巳

[ully realized its implications. It needed th巳巳口couragemen t o[ his 
professor , Max Borr丁， to continue this way. Born was an expert of 
matrices呼 whereas Heisenberg ha时ly knew what a matrix was. A special 

interpretation of this quantum m巳chanics was needed. and it tums out 
that this interpretation has to b巳 of statistical 口ature.On巳 just calcuJates 

possibilities. 
The interpretation o[ quantum mecbanics has been dealt with by 

many authors , and 1 do not want to discuss it bere. I want to deal with 

more fu口damental things. 
The equation that 1 have writt巳n down is the fundamental equation of 

motion for dynamical variables in Heisenberg's theory. The 

Hamiltonian H is characteristic for th巳 dynamical system. Different 
choices of H b巳long to different dynamical systems. The de飞 elopment of 
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the th巳ory soon showed that there was a cI ose analogy betwee口 the new 

mechanics of Heisenberg and the old mechanics ofNewton. It was later 
d巳veloped by several people. Th巳re was a close analogy which 巳nabled

one to find the corresponding quantum system when one had a 
particular classical system , and it appeared froη1 this analogy tha1 tbe 
quantum theory gave results very close to the old classical theory when 

one dealt with large masses. 
All this was very satisfactory , and it leads to a great confidence in 

Heisenberg's theory. The theory was developed in the two or three years 
following 1925. Previously , w巳 could not do better than work with 
Bohr's orbits. Bohr、 S orbits were satisfactory for simple problems where 

on巳 was conc巳med essentially with just one 巳l 巳ctron ， but , if on巳 has two 
electrons interacting with 巳ach oth巳r吨 the Bohr lheory was J1 0t al all 
precise. This old巳r theory got replaced by Heisenberg 、 s quantum 
mechanics , which was a general system of m巳chanics and people were 
happy to be abJe to use it instead of the primitive theoJγof Bohr orbits. 

How did this quantum mechanics deveJop') P巳ople were very 
impressed by the cJ ose conn巳ctlOηbetween the n巳w theory and the old 
c1assicaJ theory. The problem is to find the correcl HamiJtonian 10 us巳
for aηy dynamical system 

If you take a gen巳ral system , such as particles and fields interacting 

with each oth巳1飞 you can handl巳 this by classical m巳chanics and that 
suggests a certain Hamiltonian; its fOI如 hasb巳en worked OU t. But ifthis 

Hamiltoniar丁 is substituted into th巳 fundam巳ntaJ equations of motion of 
th己 Heisenberg theory 吨 the r巳sult is definitely wro日g. It is not onJy wrong 
一 it is not a sensible r巳sult at aJ l. It is a result which has infinities in it. It is 
really a wrong theory , but still physicists !ike 10 1.I S巳 this HamiJtonian 
which is suggested by cJassÍull mechanics. 

How th巳n do lhey manage with these incorrect 巳qua(ions') Thcsc 

equations lead to infïnities wh巳n one tries to solve \h巳m:l11巳se infï口 ities

ought 口ot to be ther飞了hey remove them artificiaJJy. 丁ha( 111己ans they 

are departing from the Heis巳nb巳rg equatlo口 S of motion. 
People do not seem toτeaJize that they ar巳 r巳aJl y departing [rom the 

original Heisenberg th巳ory and that they con[ine thems巳lves to working 
with this 日amiJtonian ， with th巳 1日日出lies removed from it by artificiaJ 

means. Iηdeed ， there is some justification for that b巳cause rules can be 

S巳t Up to remove th巳 infinities. This is the renormalization process. 1t 

turns out that , sometimes , one gets very good agreem巳nt with 

195 



P. A. 且在 . Dirac 

exp巳1"1m巳nts working with these rul巳s. 1口 particular ， if 0口e has charged 
particles int巳racting with the electrOl刀agn巳tic fieìd , these rules of 
renormalization giv巳 surprisingly ， excessively good agreement with 
experim巳nts. Most physicists say that th巳se working ruIes are , therefore , 
corr巳ct. I feel that is 110t al1 adequate reason. Just b巳cause th巳 results

happel1 to be in agreem巳且t with obser飞ratio l1 does 110t prove that 011己 's

theory is correct. After all , the Bohr theory was correct in simple cases.lt 
gav巳 very good al1 SW巳rs ， but stiil the Bohr th巳ory had the wrong 
conc巳pts. Correspondingly , the renormalized kind of qua口lum theory 
with which physicists are working nowadays is not justifiable by 
agre巳m巳ηt with experiments under c巳rtain conditions. 

1n spite of this , physicists hav巳 go日巳 a long way in developing this 
theory; in fact , most of the physics of el巳mentary particles ov巳r about 
forty y巳ars has been along th巳se Iines. P巳ople work with a Hamiltonian 
which , used in a dir巳ct way , wouldgiv巳 the wrong results , and then they 
suppl巳ment it with th巳se rules for subtracting infiniti巳s. 1 feel that, under 
thos巳 conditions ， you do not really hav巳 a correct math巳matical theory 
at all. You have a set of working rules. So the quantum mechanics that 
mosl physicists are using nowadays is just a set of working rules , and not 
a complet巳 dynamical theory al alI. 111 spite of that , people have 
d巳veloped it in great d巳taiI.

1 wa口 1 to 巳mphasize that many of these modern quantum field 
th巳0 1"1巳s are not reliable at all , even though many people are working on 
tbem and their work s0l11etil11巳s g巳ts detailed results 

1 would Iike to point out that l11y insistence on the n巳巳d for keeping to 
this Heisenb巳rg 巳quation previously had a big succ巳ss. When on巳 is just 
considering one el 巳clron 1111巳racting with the electromagne1ic fi巳ld ， one

feels tha t thc 己quation ofd巳 Broglie governing the wav巳s associated with 
a particle has to be CO l1n巳cted with 1he th巳0巧，且nd people who \vere 
飞鸟rorking wÍlI1 Íl in 1926 and 1927 were clomina1ed by 1his idea. But using 
1he de Broglie wave 巳quatlOn 111 conn巳ction wilh the H巳ísenb巳rg theory 
produccd inconsistencies which peoplc clid not aIlow 10 disturb lhem 
very much. But I insisted on the 11 巳ccssity (0 k巳巳P to this equalion of 
Heisenberιand ， wi1h this insistence, 1 was enabled to 1hink of a 
di[fcren( kind of Hamiltonian • a Hamiltonia口 tbal is not suggested a1 
alI by cIassical m巳chanics. got away from the idea 111a1 011巳 has to have 

a Hamiltoni且 11 ， suggcs1cd by classical l11 cchanics , and 1 got a new 
Hamiltonian thal involved a spin variable. The spin of the electro口
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Univcrsily of Mi且1m!.

turned oul [0 be in agr巳cment with obs巳rvatio I1. This was a great 

success , and it showecl 110町， by d巳parting [ro l11 idcas sugg巳sted by 

classiι且1 meclwnics , oneιoulcl mak巳且11 éldvance in a new directio l1. 

1 I'eellh且仁 in the prescnt situatio日， w巳 should insist on th巳 validity o[ 

thi吕巳isenbc(吕巳quatio l1 which i 吕 the basis 0 1' l11 巳 w l1 01巳 quantum

theory. W巳 have got 10 hold onto it, whatev巳r wc do. If the 巳quatlOn
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gives results which are not corr巳Cl ， lt mea口 s that we are using the wrong 
Hamiltonian. The foundations of the quantum mechanics of 
Heisenb巳rg ， which aτe very sound and beautifuL should not be changed 

Can we get a belter 日amiJtonian"? The theory of Heisenberg is more 
powerful1han classical mechanics because its dynamical variables can 
be ofa morege口eralηature. One usual l\' takes these dVnalη沱江 1 variables 
to be functions of dy口amical coordinates and their derivati飞 es.

Heisenberg originally formulated thes巳 equations with th巳 dy口amical

variables appearing as matrices. This can be g巳neralized by aJlowing 
more ge口巳ral quantities as dynamical variables τhey can be any 
algebraic quantities such tha t yOll cloηot have in general commutative 
multiplication ‘ bUl it seems that one has 10 retain associative 
multiplication. This a]]ows dynamical variables of a more ge口eral kind 
that are n01 at a]] suggest巳d by classical mechanics. 1t could be that the 
dynamical vmiables form the 巳lem巳nlS of som巳 group. Modern physics 
is much concerned with bringing such clynamical variables into 
quantum 1heory. It could b巳 that 1he dynamical variables are of a mor巳
gen巳ral nature , som巳thing lhat has 110t y巳t been thought ofby physicists. 

1 feel that 1hose ar巳 the lines along which physicists should 
concentrate their attentio l1、 rath巳r t l1 a l1 working wit l1 a falsification of 
the Heise口berg equations. Their work should be concerned with finding 
1h巳 correct Hamiltonian , maki旦g use of the vast possibilities of 
no日commuting quantiti巳s which n巳巳cl not be suggested by classical 
mechanics. That wouJd m巳an some kind 01' degrees offre巳dom occurring 
in a fundamerital way in th巳 equations of q口antum theory. The trend 
1'ollowed by most physicists of ke巳ping to ideas suggest巳d by classical 
m巳chanics and th巳n supplementing them by certain groups is a very 
t巳stric1ecl on巳 J believe that on巳 must ]ook 1'or som巳I110re gen巳ral kind 
of HamiHonian. 
Som巳 years ago , I did think ofa di 1'ferent kincl o1' Hamiltonian which is 

in COnf0n11i1y with the H巳lse口berg equations , bu 1 all its solulions ar巳 of

positive energy 丁bis ncw 1h巳ory bas v巳。! mt巳r巳sting equations that 
follow from i1 , but it has not led to al1ything of practical importa口ce up 
to the pres巳口1. Still , 1 lik巳 to mentlo口 it as an example of the li旦巳s on 
which onc shoulcl seek to mak巳 adVélnce. I have spent many years 
searching 1'or a HamiJ tonian to bring into th巳 theory and have 110t y巳l

1'ound i1. 1 shall con1inue to 认lork on it as long as J ca凡江口d other people呼

1 hop巳， will follow along such lines. 

198 



Dirac and 主ndation of 
ulechanics 

P. T 
University o[ Cambridge 

1 Introduction 

Paul Dirac di巳d in Florida on 20th Octob巳r 1984. The whole o[ his 
professional life had been spent in Cambridge , and one of the first 
announcements of his death in the British press was in the Cambridg巳
巳vemng pap巳r. There, he was honoured with a 0口e-line obituary which 

read，飞1r. Dirac had a degree from Cambridge University'. 1n the 
foIlowing days , th巳 national pr巳ss showed itself almost equaIIy 
u口appreciativ巳 of his amazing achi巳vem巳口ts. 1'his lack of popular 
acclaim is in marked and surprising contrast to the esteem in which 
Dirac is held by his fellow physicists, who number him with Newton and 
Maxwell among th巳 great theor巳tical physicists of alI tim巳，

1n this account , I wilI try to summarise Dirac's contribution to the 
foundation of quantum mechanics in its historical context. Sincc he did 

for quantum th巳ory what Newton had done 巳arlier for classical 
mechanjcs , this wiII take us into those magic years of J 92510 1930 , wh巳n

quant.um mechanics emerged miraculously r了0111 t11e European 
consciousness - something that future generations will surely recognise 
as man's gr巳at巳st achievement during the twentieth cen1ury. 

1'0 begin at the beginning, Dirac was bom in Bristol 011 8th Augusl 
1902 日is father was Swiss ‘ his mother English. He was educated locally , 

and , at the age of sixt巳el1， he went to the Mercbant V巳nturers Co l!ege 
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and emerged in 1921 with a B.Sc. (First Class) in Electrical Engineering, 
飞孔rbicb 叭las valida(巳d by Bristol University. He was unable to fi日dajob ，

but , thanks to the wisdom ofProfessor Hasse , he was off，巳red afr巳eplace

to read mathematics at Bristol Univ巳rsity. Two y巳ars later吨 he had 
qualified [or a second First Class B.Sc. which was never awarded, 
because the U口iversity statutes do not allow for the awarding of the 
sam巳 degree twice to one studen t. This per[o红卫ance did 巳nable him, 
however , to go up to St. John's College , Cambridge , as a Senior Student 
ofth巳 1851 Exhibition, where he registered for a Ph.D.τhe year was 
1923; Dirac was the丑 tw巳nty-on巳， and he could not hav巳 arriv巳d in 
Cambridge ai a more opporiune mom巳nt.

The leading figures in Cambridge physics at the time were Eddington , 

one of the major 巳xpon巳且ts of general relativity, and Rutherford , who 
bad transferred from Manchester to the Cav巳ndish ， succeeding J. J 
Thomson, and was already launch巳d on the programme of experim巳nts
which were to u日 ravel ihe basic properties of atomic nudei. Dirac's 
supervisor was R. H. Fowler - a first rate a11 round theor巳tical physicist 
who gave him an excellent grounding in the subj巳ci. In the following two 
years, Dirac published seven papers1 in a variety of topics in statistical 
mechanics , r巳latívity ， astrophysics 甸 and atomic physics , including 
atomic radiation. During this period , he musi have b巳come acutely 
awar巳 of the siark contradictions which 巳五isted between the very well 
established principJ巳s o[ classical physics and the quantum mechanics of 
atoms as it was then formulated ('old' quantum mechanics) and he 111ust 
hav巳 realised tha 1 lh巳 r巳cO l1ciliation of 1h巳se 1wo disciplines was 111巳 key
physics probJem o[th巳 tlm巳， transc巳nding all oihers in its g己日巳ralityand
l Jl1portance. 

2 Classical physics 

H is convenient to summarise the situation as it ,hen confronted bim. 
Th巳 classical physics o[ basic physical !aws bas two mai日 branches. The 
first o[ th巳S巳， particl巳 dynamics，巳stablished iηthe seventeenth century 
by New10日， hacl b巳巳11 worked over by the ninete巳nth c巳ntury

ma1hematicians and been put in a particularly elegant form , which 
且rea(]yapp巳alcd [0 Dirac , by Hamilto l1. The 挝amiltonian of a system of 
particles is tbe en巳rgy expressed in terms o[ the positions，义， and 
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mome丑ta ， p, of the particles. For a single particle in one dimension 

X V + 
z-n p-2 

一
­

n
μ
A
 

VA H 
(2.1) 

where V(x) is the potentìal. τhe dynamics ofthe system is then gìven by 
two s巳ts of equations: 

♂FI 
x=-_- 甸

òp' 

òH 
p=丁了-

(2.2) 

(2.3) 

Applying these g巳丑eral equations to the simple system (2.1) , we see that 
(2.2) implies 

p-m 
一
一

-X 
(2 .4) 

and (2.3) gives 
òV 

p= 一一一­
òx 

(2.5) 

Given the Hamiltonian of any physÍcal system , t l1ese equatìons can b巳
so!ved to gÍv巳 tl1巳 orbits ， x(t) , of th巳 partìcles of the system in terms of a 
set of ÍnÍtia! conditÍons. (If the forces b巳tw巳en th巳 particles arise e且tÍrely

from the gravitational attractions between the masses, these can be 
incorporated by specÍfying the appropriate gravÍtatÍonal potcntials , but 
we wÍll not b巳 concerned with gravity any further here.) 
Th巳 other mai且 branch of classical physics is 孔1axwelJ's th巳ory ，

由scribing electromag口etic phenomena in terms of el巳ctric and magnetic 
fields , or equival巳ntly of a scalar potential 功 (x ， i) and a v巳ctor pot巳ntial
A(x , t). If the system does not contain charg巳d particlcs, it can also be 
defined by a Hamiltonian , whicl丁 in this cas巳 is a function o[ the 
potentials (and their derivatives) , 

江t中， A). (2.6) 

The Hamiltonian formaJism applied to this Hamiltonian reveals the 
propagatìon o[ waves , lransmitting energy and 1110mentum (but no 
mass) , through emply space wiih constant veJocity c. Th巳se waves had 
been ìdentifíed by MaxwelJ with radia1ion , o[ which visible light ìs a 
particularly important example. 
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The particle system described by (2.1) and the radiation-wave system 
described by (2.6) couple if the particles carry electric charge , e. This 
coupling is given by the Lorentz force which can b巳 put in HamiJtonian 
form by a prescription which greatly appealed to Dirac for its elegance 
and simplicity, and which he had already exploited in his early 
pubJicatio l1S. 1n (2.1) , the mechanical potential must be replaced by 

V(x) → V(χ)+εq;(叫‘ (2.7) 

and the momentum by 

E 
P• p--A. 

C 
(2.8) 

AppJying this to the kinetic energy term in the simpJe one particle system 
give口 above in (2.1); then 

击右。-~A)二三个川(e2)
giving ris巳 to an additional int巳ractJOn term 

E 
ffl= 一一立 .A. (2.9) 

C 

This fo口nula plays a k巳y roJe in the subsequent discussion. 
If the coupled system is dominated by externally applied fields , then 

Hamilton's equations (2 .2) and (2.3) applied to th巳 extended

Hamiltonian obtained by combining (2. 斗， (2.6) and (2.匀， determine the 
orbits of the particles, and electromagnetic energy fed into the system 
through the fields is transferred to the kìnetic and potential energy ofthe 
particles in the orbìts. If these orbits involve accelerations - in 
particular, if they involve oscillations - or if the particles are made to 
oscillate throug11 mechanical pot巳ntials - these oscillations couple 
through (2.9) to the fields and generate eJectromagnetic radiation. 1n 
this way, mechanical energy ca口 110w back from the particles into the 
radiation waves. 

By the turn of the century , this very compact s巳t o[ equations was 
supported by a口 enormous body of 巳xperimental evidence and practical 
application. 1n particular, it was known to work for free electrons. 1n 
1906 , J. J. Thomson , the Profì巳ssor of Physics in Cambridge , was 
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awarded the Nobel prize for establishing the 巳xistenc巳 ofthe electron by 
showing that beams of such partic1 es , whcn extr:::cteè from :::toms in 
cathode ray tubes , could b巳 manipulat巳d by externaJ]y applied electric 
and magnetic fields in precise accord with the above formalism 

3 Old qμ臼1tum lnechanics 

By the time Thomson was awarded his Nobel prize 甸 it had already been 
established that the formalism did not give th巳 right answers for the 
exchange of energy between radiation and atoms. If a body is made to 
radiate simply by heating it up , the relation between 1h巳 angular

仕巳quencyωand the intensity of the resulting (black body) radiation is 

completely wrong unless it is assum巳d ， as postulated in 1900 by Planck 2 , 

that the eηergy exchange tak巳s plac巳 in discrete quanta ofmagnitude fj úJ 

wher巳 h is a universal constant (白 = h/2πwh巳re h is PJanck's constant). 

E，， =nFJω. (3.1) 

Planck, himself, attributed this qua口tisation of energy to the oscillations 
in the matter system , so amplitud邸，凡， of osciJJators associated with 
frequencyωare given by th巳 r巳lation

L>"'.....""2/.~2 _ T.. l: 
言111λ"ω=11ηω. (3.2) 

This implies 
tnTX2ω =h ， (3.3) 

which deten卫ines the amplitude , x , of the lowest a!low巳d energy level. 
Five years later, Einstein 3 ，在.om hîs study of the photo-electric effect , 

postulated that Planck's quantisation should also be applied directly (0 

the radiation and that radiation of frequ巳ncyωshould beh3v巳 3S an 
assembly of massless particJ es - photons - with en 巳rgy and momentum 
given by 

E = húJ , p = iJk , (3 .4) 

where k is related to the wave lengthλ， 

k=2πj)， (3.5) 

This explained the observed phenom巳na bUl was in direct conlradictioll 
with Maxwell's wave theory of lighL 
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The next major step was in 1909 , wh巳n Thomson's stud巳nts ， Geiger 
and Marsden 4 , per[ormed their celebrated experiments showing very 
large d巳flections up to 150 0 of energeticα-particl己s scattered by atomic 
nuclei. These were interpreted two years later by Rutherford 5 , (0 imply a 
‘solar system' model of the atom with electrons in orbits of diameter 
about 10 一 10 m cÍrcling about a ti口y compact nucleus wÍth radius some 
ten thousand times smaller. 

Al though Thomson bad 口o satisfactory alt巳mative expla旦ation ， h巳

was 巳xtremely well aware of th巳 total inconsistency of the Rutherford 
atom. It involved rapidly oscÍllating electrons , which , through the 
interaction term (2.9) , should be an immedÍate and Ínt巳丑 se source of 
radÍation. A simple calculation shows that , ifthe electrons are set going 
in Coulomb orbits of the required size, Ín a matt巳r of 10 -11 seconds , 
they radiate away all their energy in a brief f1ash of light and collapse 
into the nucleus! No one knew thÍs b巳tter than Thomson , and he was 
somewhat embarrass巳d by a young Danish post-doctoral student Niels 
Bohr, who was visiting Cambridge at the time and persist巳d in taking 
the Ruth巳rford atom s巳riously. 1n 1912 , Bohr was encouraged by 
Tho l11son to join Ruth巳rford in Manchest巳r， where he could pursue his 
ideas without bringing the University into disreput巳. Bohr, under 
Thomson's in l1uence, was concerned with the stability ofthe Rutherford 
atom, but amazingly was not awar巳 of the by then well established 
巳xp巳Ilm巳ntal fact that , when a口 atom does radia饨， it is by discrete 
sp巳ctral lines and not in a contÍnuous flash , as Ímplied by Maxwell's 
theory. Fortunately , Bohr made a bri巳f trip to Copenhagen where he 
le且rnt ， almost by chanc巳吨 of th巳 Balm巳r Scries 6

. Armed with this 
informationτhe was led very quickly (0 his [amous rules 7 . Planc]('s 
constan( has th巳 dimensions of angular 1110111巳ntull1. The obvious 
gen巳ralisation o[ the Planck-Einst巳in quantisation rule to the 
Ru(herford at0111 was that th巳 angular momentum o[ allowed orbíts 
(takcn circular for conv巳l1lcnc巳) should be a丑 ínteger multiple of h. 
Expr巳ss巳d in terms of the radius r and th巳 angular [rcqu巳ncyω ， thís 
implies , for th巳 ground state , 

mr2ω =11 ‘ (3.6) 

which is very 叩丑ilar (0 Planck穹 s rule (3.3). Combined wi(h th巳 Coulomb
poten1ial in (2.1) through (2.2) and (2.3) , thís determín巳sa旦 orbit for the 
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ground stat巳 of hydrogen with radius 

r= !J 2/月1e2 ， (3.7) 

and a discrete s巳t of allowed 巳nergy levels 

1 e1 1 
E1=-27p(f1=l,25··)(38) 

Bohr got rid of the radiation predicied by MaxwelI by fiaL He simply 
asserted that the interaciion term (2.8) , which had to be 1here吨 did not 

operate when the electro日 was 1日 an allowed orbi t. Instead , he 
postulated that the radiation occurs when the eleciron mak巳S

discontinuous jumps from 0丑e allowed orbit to another with th巳

emission or absorption of a photon of frequ巳ncyωgiven by 

IE" -Ekl =11ωIlk (3.9) 

As is well known , th巳 Bohr rules were triumphantly succ巳ssfuL The size 
of the atomic system given by (3.7) is correcL The combination of (3.8) 
with simple values for n reproduces the Balm巳r ， Lyma口， and other 
simple spectraI se口巳s.

The price paid for this success was to mak巳 the clash bci ween classical 
physics and (the then new!) ‘old' quantum mechanics ev巳n worse. It 
violated Maxwell by 1he arbitr飞ry suspension of 1he r刀diation which 
should be g巳nerated by the oscillating elcctron. It also fia(]y 

contradicted Newtonian mechanics, which predicts that charged 
partiC]巳s (el巳ctrons) moving in s11100th electric and magn巳tic fi巳lds (and 
nothing is s111001h巳r than a Coulomb p01ential) should îollow sl11 oot l1 
orbits and 710t make sudd巳n discon1inuous jumps. 

lt was twelv巳 y巳且rs la1er, in 1925, 1hai Dirac completed his 
apprenticeship as a research stud己nt in Call1bridge. During all this ti ll1 c、

且o significant progress appeared to be ll1ade in tl1e reconciliation of the 
new quantUI丑 1刀i巳s with classical theory. lnstead , there devclop巳d a 
lamentable hodg己-podge of hypotheses , principles, theorems，且nd

computational recipes! The 111051 ingenious cooks for 1h巳se recipes , Ín 
1heir respective centres , were Bohr, back in hisηätive Copcnha吕巳n ， and

80mm巳r[eld in t11巳 ancient University of Gö t1ingen. 
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4 日eiserzberg 飞 mαtγix mechanics 

The first signs of a breakthrough came from Wemer Heis巳nberg 8 雪 a
contemporary ofDirac's , who was th巳n a research student in Gδttingen 
Heisenbcrg had work巳d with Kramers on the theory of atomic 
radiation 吨 and he looked for some way of establishing a reJationship 
between Bohr's radiation ruJe (3.9) and the interaction term (2.9) which 
must be its source. The driving term is the :( of the radiating electron in 
its orbit. Classically , the orbit can be expressed as a Fourier seri巳5

x (t) = :L Xn e,nw
' (4.1 ) 

τo introduce som巳 quantity which could conceivably give ris巳 to t11巳 sort

of expressions occurring in Bohrτs radiation rule , Heisenberg made the 
inspired guess that 、 in an atomic situatio口， the orbit (4.1) is replaced by a 
two-index symboJ 

x(t) 定 Xnk eJ(!)"k
l (4.2) 

He further assumed , in line with (3.9) , that the fr巳quency was ofthe form 

K 
Q Q 

一
一此

以
ω

山n、
U

ρ
L
V
 

ny 
卫

VJ l 
ρ
L
V
 

t 
丘

'd AU m 
、
i

n L
μ
 

FIV 
气
'
A

W 

(4.3) 

Ú) llk = -Cùk (4.4) 

and 

(1)",, =0. (4.5) 

τo introduce Planck's constant, Heis巳口berg postulated that , if X is th巳
position of a particle of mass 111 , th巳η

2I11 LX"山，，(JJkn= i1 、 (4.6) 

which is similar , apart from numerical constan ts , to (3.3) and (3.6). 

For consistencv. Heisenberσfound that he must define a ), ......_,,_.....u............ ._, ... Ob 

multiplication rule 

(X2)川k=ZXIIJ (4.7) 

which , to his intense dismay , implies that , in gen巳ral ，

xy 笋 yx (4.8) 
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Heisenberg was extremely unsure ofhis argume口 t ， but , while on holiday 
in I-Ieligoland in June , recovering from hay-[evC: f , he deriv以ì from his 
new foηnalism the correct 巳xpression for the en巳rgy levels of a C[uantum 
oscillator, modifying Planck's earlier conjecture to 

E,,= (η 十吉)[1(1). (4.9) 

On his return to Göttingen , he wrote up the work and sent it to Pauli , 

who encouraged him to show it to Max Born. Born was immediately 
impressed and , 011 291h July 1925. submitted it for publication in 
Zeitschrift fiir PhJ'sik 

飞νh巳丑 Heisenberg wrote his paper, h巳 did not know what a matrix 
was , and Born stared at the new product rule , (4.7). for ov巳r a we巳k
before he realised that H巳isenberg had re-invented matrix 
multiplication. He imm巳diately set about trying to rccruil a research 
associat巳 with the appropriate mathematical backgrollnd , but the 口ew

mathematics was so unfamiliar to physicists that he had considerable 
difficulty in finding anyone for the post. Fermi passed brieí1y through 
G己ttingen at the time but left earlier than he had intend巳d ， as he did not 
like what seemed to him a philosophical and unphysical approach. Pauli 
turned the job down , though he immediately started \Vork on the new 
theory. 1口 the 巳nd ， Born made a train journey from Göttingen to 
Hamburg 011 which he describ巳d 10 a colleague the n己w ideas and his 
difficulty in recruiting an assistan t. By chance , t l1巳 conv巳rsation was 
ov巳rheard by Paul Jordan , then working with Couranl on Courant and 
Hilbert's M erhode l1 der Marhematische Ph .1'sik (1924) , the fir~;t chapt 巳r of 
which is devoted 10 malr才 x algebra. Jordan introduc巳d himself at 
Hamburg station and , thus , began the 巳xlremely fruitful coJJaboration 
of Born , Heisenberg , and .l ordan 吨 subs巳qllen11y knO\月 11 as the ‘ drei 
Manne Arb巳i t'. But it is tim巳 10 gel back to Dir<l c. 

5 Dirac 飞 fiγst bγeαkthro吨h

。η25th July 1925 , H巳ìsenberg deliv巳red a lectur巳 al the KapitzλClubin 
Cambridge. He did not mention his new work bul lalked on Term­
zoology and Zeeman botany", describing his previous collaboτative 
work with Kramers. Dirac probably attendecl 1he lecturc , bllt lhere 
seems to have been no signi丑cant conlact bct we巳n th巳 1wo men 

207 



P. T. Matthews 

However, in September ofthat year, Bohr sent a copy o[th巳 proofs of 
Heisenberg's paper to Fowl町， who passed them 0口 to Dirac. Dirac's 
first impr巳ssion was that there was little in th巳 paper ， and , after a cursory 
reading , he put it away. Returning to it a w巳ek later , he som巳how
reaIised that the non-commutative multiplication rule , which 
Heisenberg regarded as lhe major w巳akness ofhis new ideas was , in fact , 

the lcey to the whole problem. Ruminating ov巳r this 0丑 a lone Sunday 
walk , hc got th巳 idea that this non-commutative algebra 1TIight be 
co丑丑巳cted with the Poisso丑 braclcets of classical mechanics , but he could 
not rem巳mber precisely what a Poisson brack巳t was. He hurried baclc to 
Cambridg巳， but ， bei口g Sunday , all the Iibraries wer巳 locked ， and it was 
丑。t until th巳 following morning that h巳 could look up the definition and 
巳verything fell into place. 
Th巳 Poisson bracket is defined , for a single particle, 

。υ 3v 3v 3u 
Jll 11l =一一一一­
l~' V J - 3x 3p 3x 3p (5.1) 

A number of identities follow directly [rom the definition , for example 

{ r仁 v} = 一扣，叶，

and most importantly , tl1巳 Jacobi id巳ntity

二 {U.[ ，J.W]:=OLI ‘.; V.H l v , I~. J J 

It follow吕 trivially from the d巳fÏnition tbat 

(义 ， x}=O={p ， pL
and tbat 

[x , p}= 1. 

(5.2) 

(5.3) 

(5 .4) 

(5.5) 

Usin吕 lhc defínition (5. jJ and Hamiltolγs equations (2 .2) and (2.坷， it is 
V巳ry sirnple lo show lhal 

x={x , H} , p={p , H}. 

Thus , for any function of position and momcntum , F帜， p)， Hamilton's 
equation of motion is 

F = {F, H}. (5.6) 

ln this way , the Poisso l1 brackcts provide a丑other elcgant and g巳口已raì
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formulation of N己wtoman m巳chanics. It is a1so easy to sce from the 

definitioll how Dirac's subconscious threw up tl10 Poisson br2.己l~ct '.\'h己2

11e was thinking of tho commutator (or Dirac bracket) of H巳isenberg's
quantum observables , which we de丑ne as 

[日，叮三日V 一 ν (5.7) 

Dirac's first observation was t11a1 t11e general properti巳s of th巳

Poisson bracket , including t11巳 Jacobi identity, are all also satisfied by 

the Dirac brack巳t. It is , thus , algebraically consistent to replace Poisson 
brackets in the classical rnechanics of a口y system by a constant multiple 

of the Dirac bracket. Dimensions require this multiple to be 

proportiona1 to P1anck's constant , and reality conditions imply that it is 
purely imaginary. Agreement with experiment is obtained if 

忡， v} → ih[口， vJ. (5.8) 

丁he two important equations (5.5) and (5.6) lead , resp巳ctively ， to the 

quantum condition 

[x , pJ=ih , (5.9) 

and the (Heisenberg) 巳quation of motion 

ihF伙，的=[汇区J. (5.10) 

Dirac had hit upon a completely g巳neral rule for constructing the 

qua口tum mechanics of any physical system for which there was a well 
defined classical Hamiltonian. The two syslems we口 t smootblý into 巳ach

other in the limit of h going 10 zero. 人II hc had to do vvas 10 chcck the 

implications. Take Heisenberg's ansatz thal 

F(I)=F此巳iω (5.11) 

Then 

Pnk= /1 1土叫= Îlnxllkω此巳
1ωIJk! (5.12) 

Evaluating a diagonal ter111 of (5.匀， for which the time dependence 

vanishes , impli巳S

lJl I(x，认Xk/l ωJ~1I ) 一 (x川 ωIIk)Xkll ) = h, (5.13) 

which , thanks 10 (4.4), is identical wilh Heisenbe毡's condition (4.6). 

209 



P. T. M atthews 

Next , taking 

F(t)=H(吟， (5.14) 

equation (5.10) shows that 

H=O 吨 (5.15) 

implying that 目的 is a diagonal matrix 、 independent of time, 

H"k = E"èì"k' (5.16) 

Finally, taking 

F(t) = x(t) , (5.17) 

in (5.10) , 

Ì1Cú"k X"k = x"k l-I kk - H""x",C' (5.18) 

which reduces by (5.16) to the Bohr frequency condition (3.9). It 
飞iVork巳dl

Dirac kn巳w that he had solved , in principle, the key problem which 
had baffled 巳veryone for the previous d巳cad巳 He said many years later 
that nothing he did subsequently ever gave him so much satisfaction as 
this、 his first major discov巳ry.Ov巳r the moon with 巳xciteme町， Dirac 
showed his work to Fowl前. who submitted it on 7th November 1925 to 
the Proceedings of the Royal Society9 , arranging for it to be published 
immediately, thus avoiding the delays ofthe usua! refereeing procedure 
1n fact ,‘the three men' in Gδttingen independently arrived at the key 
equations (5.9) and (5.18) , but the beautifullink with classical mechanics 
through the Poisson brackets was undisputedly Dirac's v巳ry ow口

contributio口， which 巳stablished him on the international scen巳.
Dirac went feverishly to work and submitted another paper10 in 

January 1926 , in which he indicated how the Bohr levels could be 
obtained using his non-commutative algebra - a calculation that was 
completed by Pauli. In March , yet another manuscnpt was ready1\ in 
which he developed the quantum theory of angular momentum and 
applied it to the Zeeman effect givi口g energy level splitti丑g in a weak 
magnetic field. 1n May , M r. Dirac was aV/arded a Ph.D. This was the 
‘ degree [rom Cambridge University', corr巳ctly reported in the one-Iine 
obituary more than fifty years lat巳r.
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Dìrac αnd the foundatìo l1 of quantu l11 7ηechal1 ìcs 

6 Schrödinger 's wave mechanics 

Dirac's trillmph was far from complete. The mathem二ltics \vhich he 叭'JS

using was unfamiliar to physicists , and the matrix mechanics which h巳

and the Göttingen school wer巳 developing seemed , 10 many , abstracl 
and llnphysical. I口 other parts of EUfOpe , a completely differenl 

approach was m21king progress , which got 21 much more enthusiastic 
recept lOn. 

This beg21n with the work of Louis de Broglie 12 , in Paris , who , i 口
1923 , h21d sugg巳sted that Einstein 吨 s relations (3 .4), which deter丁nin巳dthe

particle properties , E and p oflight waves ‘ could be read backwards to 

defïne wave propertiesωand λof particles , panicularly elec1rons. The 
idea appealed greatly to Einstein , who pressed it 21t the Solv21Y 
Conference in 1924. It w21s agreed that 巳xperimenlal proof of electron 

w21ves would follow from the observ21tion of diffr21ction p21iterns of 

electron b巳ams deflected by crystals. James Franck, who had been the 
h巳ad of th巳 d巳partment of exp巳rimental physics in G己 ttll1gen ，

maintained that such experiments h21d already been done by Clinton 

Davisson at the research labor21tori巳s of the American Telephone 21nd 
Telegraph Company in New York. (Th巳 same l21boratories which 

subsequently discovered the 40 cosmic b21ckgrou日 d radiation.) Davisson 

was not convinced of his own results a1 the time , and 111 巳yw巳rc n01 

actuaIly published un1j] lhr巳ey巳ars l21ter, 21fter thc experim 巳nts had be巳n

repeated in collaboration with Germer13 

Th巳 Solv21Y Confer巳nce w21s attendcd by Debye , who had retired from 
the Chair in Zurich in 1920 and been repl21ced by Erwin SchrδcJ inge r. 

Schrödinger was fj[(eeηye21rs older th21n Dirac 21nd Heisenberg who had 
previously be巳口 21 student 21nd lecturer in Vicn口21.0日 his return to 

Zurich , Deby巳 asked Schrödinger to give a semin ::t r on the ideas of de 
Brogl陀、 which he h21d heard 21boul 21t th巳 conf，己 rence. Schrödinger did 

r21ther more than th21L 
His intense interest w21s 21rous巳d and he was struck by thc appιtrenl1y 

rather . trivial observation that Bohr's quantum condition for a 

hydrogen崎like 21tom , (3.6) which can be wrilten 

pr= nh 、 (6.1) 

when combined with de Broglie's interpretation of (3 .4) and (3.5) fo 了 the
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electron waves, yields 

2πr=nλ- (6.2) 

τhe circumferenc己s of the allowed circular Bohr orbits are integer 
multiples of the electron's de Broglie wave length. This exact , though 
somewhat quixotic , fitting of the wav巳s to the available space put 
Schrödinger in mind of an eigenvalue equation. On 27th January 1926, 
he submitted a clear, self confid巳nt ， brilliant paper14

. If the momentum 
in the Hamiltonian for the hydrog巳n atom is replaced by the d巳nvatlve ，

3 
P•- ilí -;::- , 

ox 
(6.3) 

then the 巳igenvalue equation of th巳 resulting operator - what we now 
call 1he Schr己ding巳r Equation - is: 

斗斗)问， (x) = E"u,, (x) (6 .4) 

Schr凸dinger showed that the eigenvalu巳s E" are identical with the Bohr 
levels. A month later15 , he used th巳 same technique to dete口丑ine th巳

en巳rgy I巳vels of the harmonic oscillator (reproducing Heisenberg's 
earli巳r result) and of the rigid rotator, which he used as a model for a 
diatomic mol巳cule.OfH巳isenb巳鸣's work , he wrote,‘1n d巳rM巳thode ist 
er so toto genere verschied巳n dass es mir bisher nicht gelungen ist, d巳r
V巳rbindungsgli巳d zu finden' (His meihods are so totally different tÌ1at I 
have not been able to see lhe connection) but add巳d ， 'Es schwer wird, 
daran zu zweifeln ，巳r enthaltet , jedenfalls 巳inen Tei1 der 飞Nahrh巳it'

(N巳vertheJess ， it is hard 10 doubt that they contain an elel丑巳nt of the 
truth). But another 1110nth 1a1er, he had solved ihis probl巳m ， too , l!1 a 
third monumental paper16

. 

He observed that , if one takes position , x , 10 b巳且n ordinary variabl巳
and us巳s (6.3) for momentum , one has a simple operator repr巳sentation
for the Dirac/Heis巳nberg qua口tum condition (5.9). Given any physical 
observable, F (巳 .g. ， position ，巳n巳rgy ， angular momentum) , expressed in 
Hamiltonian form F仗 ， p) ， one can construct 1h巳 Schrödinger operator 

个吐) (6.5) 

From the 巳Igenstat巳S of th巳 Schrδdinger Equation , one can further 
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construct matrices , defíned by the relatíon 

Fm" = fU~(X)个一咱h川
Schrödinger showed that the matríces X m,,, Pm" and Hm口， so form巳d ， wcre 
identícal with those íntroduced by Heisenberg. He further postulated 
the Schrödínger Equatíon of motíon , that for any wave functíon Ij; (X) , 

时川=咔川 (6.7) 

This ís a natural 巳xtensJOn to e口巳rgy of the momentum relatíon (6.3). 
The tím巳 d巳pend巳nt eígenfu口ctíons ， which satísfy both (6 .4) and (6.7) , 

are 

u,, (X ,t) = un(x) eiE，， 'j飞 (6.8) 

and matrices constructed through (6.6) with tíme dep巳nde且t eígenstates 
include the exponentíal factors postulated by Heísenberg 

Fmn(t)=F m" ei(Em-E，，)州 (6.9) 

1n June 1926 , the picture was completed by Born17 , who gave the 
correct probabilistíc interpretation oft l1e wa ve-function (收 was replaced 
by IV/12 in the galley proofs of the paper) 

Pψ(工) = I 圳工W. (6.10) 

The square modulus of thc wave function de1ermín巳s thc probabilíty of 
dístríbutíon of th巳 partícle i口 spac巳. By disposing of thc orbit , thís 
11111丑巳díately explaiηs why an cl 巳clron ìn an allow巳d Bohr cncrgy lev巳i

does n01 radiate. lts probability dislIibutíon , 且口d ， hencc, its charge 
dístríbu ti on , 

IU,, (X , L)i2. (6.11) 

ís static and should nOt radiatc，己ven accordíng to Maxwell. 
Schrödinger's work was ímmediately and enthusiastícally accepled by 

the physics community. Physìcists w巳re back on fírm and [amiliar 
ground. Schrödingcr taJked 111巳 languag巳 to whích they were 
accustomed. Ev巳ryone knew how to handlc a dí[fer巳ntial equation and 
physics was 'physical' again. 

All thís happened in the few 1110nths whíle Dirac was cl巳an ll1g up 0旦
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his breakthrough , using Poisson brackets as the basis for th巳 Heisenberg
matrix formulation. A lesser man might have been discouraged , but 
Dirac was in full cre乱tive f1 ight and nothing could stop him. 

7 Dirαc 、s second breαkthrough 

Dirac submitted for publication again in August 1926 , with another 
astounding paper 1 

8. H巳 had immediately started using the Schrödinger 
10lmalism and , quite casually , showed how PauIi 's exclusion principle 
lollow巳d naturaIly from th巳 indistinguishability of two 巳l巳ctrons ，

expressed through th巳 anti-symmetry ofthe two-particle wave function. 
The conseque口t statistics , but not the symmetτyargum巳nt ， had been 
found previously by Fe刀口i 19 - h巳nce ， the name Fe口口i-Dirac statistics. 

In th巳 sam巳 paper， Dirac developed time-d巳pendent p巳rturbation

theory apd appIied it to the int巳raction Hamiltonian , (2.9) , to develop a 
th巳ory of atomic radiation , treating th巳 atom quantum mechanically but 
taking the radiatio日 vector potential as an ordinary classical field. He 
was able to show that external radiation of the appropriate frequency 
induced absorption and stimulated ellllSSlOn in accordance with th巳
Bohr formula , (3.匀， and established the equality ofEinstein 's stimulated 
emission and absorption coe汀ïcients吨

Bmll = β11m" (7.1) 

τh巳re was still no direct explanatio丑 ofth巳 spontaneous emission of an 
excited atom when no external radiation was pres巳11t

Dirac's next paper20 , submitted in D巳cember J 926 , was ev巳ntuaIly to 
turn out to be his gr巳atest. 1n it 咱 hew巳nt way b巳yond Schrδdinger and 
estab!ished th巳 completely gen巳τal mathematical fram巳认!ork in which 
quantum m巳chanics has 巳ver since be巳n formulated. A m句or

compone口 t was his introduction of the 6-functio口. Th巳 structure ，

though not th巳 essen tial co丑tent of the formalism , was greatly clariJïed 
nearly twenty years later by his bra-ket notation 咛 and it seems sensible 
to summarise, talcing advantage of thís later development. 

Observables of qua丑tum systems are represented by Hern1itian 
operators æ in H油ert space , the states by g巳neralised vectors I 收). Th巳

巳igenstates of an observable are speciJïed by the eigenvalue rx' , so the 
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已igenvalue equation is 

也 1 00= 叫出') (7.2) 

丁he eigenstates fo红卫 an ortho丑orma1 set , 50 

〈ihN〉=刮目'、出1 (7.3) 

where the right hand side is taken as a Kronecker J-function or a Dirac 
ιfu丑ctioηwhe口出'is ， respectively句 a discrete or continuous variab1e.τh巳
eigenstates of O: ly observable also forr丑 acompl巳1巳 S剖， which leads to the 
V巳ry poweτful expression [or the unit operator, 

l=S …|白')<αl (7 .4) 

where 、 again‘~ is a sum if 0:' is discret巳 and an íntegral overα ， if the 
z 

variable is continuous. This implies , [or 巳xample ， that any state 11卢) can 
be expanded in 阳ms of the 归tes 1的

i 收) =SI的〈α'1份， (7.5) 

the scalar prodl川〈白'I l/t) b巳ing a componenl of 1]1巳 V巳ctor 1 收) in the 0:­

r巳prese口 tatJOn.

The states <白 '1 ca口 also be used 10 label th巳巳lem巳nts of a malríx 
r巳pr巳S巳ntation of any other observable 孔

卢x 笑，， =<α'1卢|出") (7.6) 

Th巳 expr巳ssion <卢[白') may b巳 mt巳rpreted as the !J' compone川 oflhe

eígenveclor 1的 ín the 介叫Jres巳ntation - or vice versa. Howe\'er , this 
expression is also the unitary transformatio l1 from lh巳介 to thc 除

r巳pres巳ntalío口， S!l1 ce、 by a doubl巳 use of (7 .4) (empb :l sis巳cl b)' lhe 

und巳rlining )，

<ß'I J' lfJ") = S S <!i' I~~注目 J'I巴金Jf!"). (7.7) 

Using (7.2) a口d (7.匀， it follows tlwt 

< 0:' 1 0: 1α勺=白丁((X'， 0:") (7.8) 

so that，且ny observable is repres巳nted by a diagonal matrix in ilS own 

repres巳ntatiol1. If 0: is continuous and 

=ih , (7.9) 
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the丑

机 I fJ lα)= 一心(0:' - 0:") (7.10) 

so that 

叫F(时)1的=千一听)<0:'1 1/1> 川
1n this way , differential operators ar巳 incorporated within a framework 
whic11 is based primarily 0日 the notion of matrices. 

The physical interpretation of all this mathematical fom1alism follows 
from two simple rules: 

(i) the possible r巳su Jt s of t11巳 measurement of an obs巳rvable C( are the 
elg巳nvalu巳S 0:飞 and

(ii) the av巳rage value of repe以ed obs巳rvations of an observable C( for a 
set of systems in a ge口巳ral state 11/1) is 

Ci.11f 三〈收 1 01 1 1/1> . (7.12) 

Using (7.2) and (7.5) ‘ 

〈收 1011 1þ> =立 <1卢 1 01 1 的<0:'1 1/1>

= LIX'I< o: 'l 收)1 2 (7.13) 

Combining this with (7.12) shows that the probability that si口gle

measur巳111巳川 of 饵， for a sy由m in th巳 state 11卢> gives lh巳 res山出 IS

p川的= 1< 0: '1 收>12. (7.14) 

Dirac already apprecialed that if two observabl邸， such as position and 
momel1tum , do 110t commute this implied limitation 011 the extent to 
which lheir 1111111erical valu巳s could be simultaneously specified. This 
was Jater d巳velopcd into th巳 Uncertainty Principle by Heisenb巳rg 21 .

Diffcrent rcprescntations for the observabl巳s can be developed as a 
malter of conveni巳nce by deciding which observables [0 diagonalis巳.

(Only commll(ing observables can b巳 diagonaJised simu l1aneously.) The 
Scl1 r己ding巳r rcpres巳nlalion is obtaincd by diagonalising the particJe 
posltlons , 

Q( = X , (7.15) 
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i口 which case 

<xl的=中(x) (7.16) 

is the Schr己dinger wave [unction , anà Bom's physical int巳rpre1ation o[ 
the wave [unction , (6.10) , is just a sp巳cial case o[ (7.14). Heisenberg 、s

matnx r巳presentations of the observab!es aris巳 from the diagonalisation 
of the energy 

在 =H ， (7.17) 

and Schröàing町's construction for the Heisenberg matrices from his 
own formulation given in (6.6) is just a special case of (7.7) with 

íJ = 眩 oc=x ， y=F. (7.18) 

Combined with Dirac's earlier work on th巳 quantum limit of Poisson 
brackets leading to (5.9) and (5.10) , this defin巳s a general procedure for 
the quantum mechanical description of any simple physical syst巳m ，

valid when the typical action of the system (length x momentum) is 
comparable with Planck's consta丑t n. To Dirac, the distinction between 
the Heisenberg anà Schröàing巳r formulations had become as trivial as 
the choice b巳tw巳巳n cartesian and polar co-ordinates. 

He had established a mastery ofthe new quantum physics, unmatched 
at that time by any ofhis contemporari巳s ， and he set about applying it to 
two outstanding problems , in both of which the matrix formulatio l1 

played a crucial role. 

8 The 伊αntisation of the radiation 丑eíd

1n 1927 he applied his general formalism to construct a qllan1um theory 
of th巳 radiation field 22. The effect was miraculous. The diτ巳ct

application of his t巳chn;ques to the pure radiation Hamil10nia丑 (2五)

rev巳aled that , in quantum 1巳rms ， it à巳scribed an assembly of photons , 

exactly as Planck and Ei且st巳in had conjectureà. Applying a periodic 
boundary condition in a box 10 generate a discret巳 S巳1 of allowed 
frequ巳ncies and wave numbers, th巳己ηerιy (and simiJarly the 
momentum) conte口t of the el巳ctro-magne1ic ficld could be expressed 

H = L: Njhω); (8.1) 
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where N is the numb巳r operator 

o . 

N= 7 111) = I 0 (8.2) 
，、

2 

and the non-zero eleme时 in 1 吵 is in the (11 十 1 t 1 position. Then 

Nln)=nl门 (8.3) 

An energy 巳igenstate is specified by giving the number oíphotons in each 
allowed state. Interactions can only be expressed by changes in these 
ηumbers. 

The Fourier expansion of the vector pote口tial á(x' t) , itself‘ now 
treat巳d as a quantum observable, turned out to be a linear superposition 
oí matrix' op巳ratorsιι" where 

FrJfjrfJt­

\ 

/>

O

/>

O

AU· 

一
­

a 

)1 0 

)3 0 at == (8λ) 
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Note that these matrices are (almost) the square roots ofth巳 matrix N , 

aa t = N + 1 , a t a = N , (8.5) 
so that 

[盐，在 tJ = 1 (8.6) 

They have the r巳quired property of either decreasing or increasing the 
number of particles in a gi\'en momentum stalc , 

在 111)=)nl l1 -1) ， atln) =)11 十 11 11 十 1) 、 (8.7)

1.巳.， of annihilating or creating photons. 

Taking the fully quaηtised Hamiltonian for the atom and th巳

radiation given by (2.1) and (2.6) , 

目。-飞尸)十日(价 ， A). (8.8) 

Dirac applied the perturbation theory he had deveJoped to the 

completely qua口tised versio口 of the interaction 日amiltonian (2.9). The 

probabilities for th巳巳mission or absorption of a photon of frequencyω 

are proportionaI to the squar巳 of the matrix elem巳nts ofthe appropriale 

terms in the Fourier expa口sioη of the vector pol 巳ntiaJ ， A(岳飞 t) which , 

from (8.7) , are , respec1iv巳Iy ，

1<11 十 1Ia:，， 111)12 = 71"，十 1 (巳n山，io吨 (8.9)
and 

1<11- 1Ia",I71)12 =凡 (absorpti门叽 (8.10) 

Forlarge 11ω ， both ofthes巳 are proportionaI 10 thc number ofphotons of 
the requir巳d frequency. This dependenc巳 of the probabiJity 011 lhe 
mt巳nsity ofthe radiatio日 reproduced the 巳arJier semi-classical r 巳sultsfor

th巳 Einst巳in B-coefficienls. But the quantum probability for emissio l1、

given by (8.9) 吨 does not vanish when 17 ", is zcro , giving rise to the 

previou'sly missing spoηtaneous emISSlon co巳fficient A"m and neatly 

providing the mechanism for thc discontinuous jumps of an undisturbed 

atomic electron from one aIIowed orbit to another, so mystenoLl sly 
postulated by Bohr in 1913. To complete the piC1U陀、 Dirac 2J cv巳nw巳n1

on to derive Kramers-j-Ieisenberg 24 dispersion formuJa巳呼 which had 
provid巳d the motivation for Heis巳nb巳rg '5 original pa[刀r in 1925 , onl)' 

two years earlier. 
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争、 τhe γelαtivistic electron 

During 1928 , Dirac published th巳 two papers for which he is most 
famous 25,26 , giving the reJati飞'istic theory of the electron , By that time, 
Uhlenbeck and Goudsmit27 had already introduced the electron spin to 
巳xpJain th巳 double1 structure of a single electron spectra , and Pauli28 

had developed the two-component formalism in terms ofhis celebrated 
σ-matnc邸. KJein 29 and Gordon 30 had ind巳pendently quantised, by the 
Schrδdinger procedure, the relativistic equation 

(p2 _ m2c2)收(x) =0. (9.1) 

丁his gives no hin1 of spin and has the further failing that the probability­
cun巳n1 d巳口Slty

♂ 3V;本
jμ= V;-;;-V;一一-，' v; 
μ ♂χμ ♂Xμ 

gives a probability density which is 日ot positive definite. 

(9.2) 

Dirac solved both these problems by the observation that (9 , 1) can be 
factorised to 

(pμYμ 十 mc)(p川一I1Jc)收 (x) =0 (9.3) 

if 
1) 1' 1' ，，+1'''1'μ = 2ð~' ， (9λ) 

an algebra which can be salis日巳d by four-by-four matrices. 
For th巳 Dirac cqualion 

(P"1'γ -mc)收(x)=O ， (9.5) 

the probability densily can , consist巳n1Jy with Lorentz trans[ormations , 
be tak巳n to bc 

ρ(工) = I 收(xW. (9.6) 

Dirac 巳stablished this wilh considerabl巳 care. The effect of elcctro­
magnetic 1ïelds can be simply incorporated by lhe relativistic 
gen巳ralisalion of (2.8). Dirac showed that the particle d巳scribed by his 
equalion has 叩in 11ì and a magnetic 1110men 

ch 
μ= 一二

2171c 
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in accordance with the exp巳rimentally establish巳d properties of the 
e1巳ctron. He a1so derived an approximate cxprcssion for thc finc 
structure of the energy leve1s of hydrogen 吨 a prob1巳m which was 
subsequent1y solved exact1y by Darwin and Gordon. Th巳 fina1 formu1a 
is id巳ntical in form to 0日巳 found by Sommerfeld in th巳 o1d quantum 
theory , but , si日ce the assignmènt of q1J antum numbers is comp1ete1y 
different , this has been described by Van V1eck as 'perhaps the most 
remarkable numerica1 coincidence in the history of physics雪

I口 1930 ， Dirac solved th巳 awkward prob1em of the negative energy 
states implied by his equatio日 by his ingenious suggestion lhat , in the 
physical ‘ vacuum' state, these levels were all full of partic! es satisfying 
Ferr口ιDirac statistics and that the observable effect would b巳‘holes穹 m

this i日finit巳 sea ， which would behav巳 like positive energy particles of 
opposite (positive) charge. H巳 first tried to interpret thes巳 as proto丑S31 ，

but, whe口 it was clear1y established by Weyl that particles and 比h01es'

had to hav巳 the same mass , he v巳ry 巳xplicitly pr巳dictcd 32 , in 1931 , 'a new 
kind o[ particle unknown to exp巳nme日tal physics' and wrotc further , 

气Ne may call such a partic!e the anti-el巳ctron'. He correctly prcdicted 
pair annihilation and pair crcation by two photo丑s. Thc positron was 
discovered by Anderson in 1932. 

Actually , in 'holc theory' , Dirac's amazingly confidcnt physica1 
intuition !ed him marginally astray , al thou吕h he still arrived corr巳ctlyat
th巳巳ssentia1s ofthe situatio l1. The 1 己al answer was ev巳n simpler and lay 
even clos巳r to his own previous work. 1n thc expr巳súon for the 
int巳raction of a char且cd particJe with a v巳ctor potenliaí , (2.9) , lh巳

product of t11巳 charge with [h巳 partiC]己 velocity is the curren仁

74 
一
一

-x­E (9.8) 

When th己 scalar pote口tiaJ is included in a relalivistic nOlation , thc 
combination of (2.7) and (2.9) gives a口 interaction 日amiltonian in which 
the four-vector potential coupl巳s to thc chargc-current density , 

G 
Hí = 一 j j4Ait , 

c 
(9.9) 

and , for particles satisfyin吕 the Dirac cquation 吨 the four-v巳ctor

current lS: 

jμ= 圳μ 飞b (9.10) 
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If tj;(x) is treated ，丑。t as a Schrδdi口ger wave function but as an operator 
fieJd , in exact anaJogy with Dir肘's treatment of the electro-magnetic 
vector potential , modified appropriately to allow for the different 
statistics, its Fourier expansion either annihilates a口 electroηor creates 
a pos山on. The fíeld f(x) plays a similar roJ 巳 with the electrons and 
positroηs reversed. The relativistic , qua口tum field theory interaction 
Hamiltonian density , 

Hj衍， t)= Z J(X? 「)jLI卢仗 ， t)A"(几 o (9.11) 
C 

then has matrix elements betw巳巳n states which either allow for electrons 
or positrons to make transitions from one energy state to another or [or 
an electron-positron pair to be annihilated or created , in each case, 
en巳rgyandmome口tum being formally conserved by the photon which is 
simultaneously created or annihilated by th巳 potentiaJ Aμτhis 

fO rInulation was consid巳rabJy delayed by Dirac's ingenious hole theorγ 
ideas, and the elegance of a口 overtly reJati飞'istic quantum 
electrodynamics , as d巳scribed above , was not fully appreciated until 
nearly twenty years later, wh巳n the renormalization technique to deal 
with inherent infînities in the theory , was developed by Feynman 33

, 
Schwinger34 and Dyson 35. Dirac had discovered a1l the basic 
ingredients requir巳d for this s巳cond great leap forward , incIuding such 
technical tricks as the use of th巳 momentum representation and tl怡
、interaction' pict口 re which describes the time-d巳pendence of operators 
and state vectors in a manner half-way betwe巳卫 that empJoyed by 
Heis巳nberg arid by Schrδdinger. 

Epilogue 

人t this point , Dirac seems to hav巳 felt th巳口eed to consolidate his 
position. In fíve short years, the horizons o[ physics had been 
immeasurably extended , and a confused and contradictory amalgam of 
hypotheses in atomic phenome口a had been replaced by a beauti[ul 
theory which was compatible not on]y with cJ assical physics , but aIso 
relativity. 1n this developmen t. Dirac had played a role which , in the 
ear1y stages , was important , but finally came to dominate the whole 
scene. After establishing his relati飞也tJC equatlOTI 同 he turned his attention 
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to the fïrst edition of his textbook 36 on quantum mechanics , which has 

罚。吃 unreasonab!y been compared with Ne\í忖r;_ 's Ptinc(nfn. 节。了叫'r:?1!

over thirty years and through three editions , it was outstandi口gly (h巳

most profound and complete treatmenl of the subject 穹 which is all the 

more amaZlηg S1口ce it consists entirely of his own \\'01、k. Dirac、

approach of quantum mecllanics is 50 general aηd so powerf ul lbat it is 

hard to see the trees for the \\'ood. F or many years , the subject continued 

to be dominated by Schrödinger‘ s methods. Gradually , thro l1gh hi, 
lectures in Cambridge and , particularly , after his introd l1 ction of lbe 

bra-ket notation in the third 巳dition iη1947 ， Dirac、 s formulation came 

to be recognised for what it is. a complete and d 巳日nitive stat巳ment. Ofall 

his many achievements , in the long run 吨 this is probably his greates t. 
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the feet of Dirac 

. c. 户口 ε
University o[ Kent , England 

Certain physicists attract a cloud of stori巳s about th巳mselves ， both true 
and apocryphal. For this to happeη ， thre巳 things ar巳 necessary - lhe 
physicist must be a man of great distinction so that people want to lcnow 
about him , he must be a person of strong and interesting character, and 
he must be someone who is held in af[ection and r巳gard. Dirac [ulfilled 
a11 thes巳 crit巳ri且， and he is the subject o[ much oral tradition in the 
physics community. AIl the stories centre round the w::J y he brought to 
巳ve巧/day life the logical directness which hc employcd so succèss[ully in 
making his great discov巳ries. One 巳xample ， with a local Cambridge 
i1avour, will suffice. 

The Colleges o[ Cambridge us巳d to set ev巳ry year highly lesting 
examinations which were talcen by able school childrcn. Those who clid 
well became Scholars of their College, an achiev巳mcnt which has been 
the starting point o[many acadcmic carecrs. As Lucasian Pro[essor, the 

successor ofNewton , Dirac woulcl ηormally have b巳巳n in a position (00 

elcvat巳d 10 be concernecl with such routinc matters. I-! owcver , in 
wartime , many people p巳r[ornl unexpectecl cluties , and il is said that in 
the 1940s he was aslced by his Colleg巳， St. John 、呛 to be a Scholarshìp 
巳xamin巳r. He duly set an exacting se( o[ qucstions. Thc ncx( year吨 hewas

asked to serve again. To their su叩risc ， his fellow cxamincrs [ouncl that 
he had proposed exactly the same set of questions as the yc盯 b巳fore.On
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b巳ing chall巳nged ， he simply r巳plied ，‘Well ， th巳ywer巳 good questions last 
Y巳ar and t11ey 叭ri]! be good questions t11is year' 

1 didηot know any of these stories when 1 came up to Cambridge as 
an und巳rgraduate Scholar in 1949. However, 1 soon heard some of1h巳m
and leamt that their subj巳ct was the greatest British th巳oretical physicist 
SJl1 C巳ClerJ.:: Maxwel l. I rcmemb巳r the first tim巳 1 saw Dirac, in the foyer 
ofthe Arts School , where th巳 lectures for th巳 Mathematical Tripos were 
given. His tall , rather gaunt, figure was one of obvious distinction. Later, 
1 attended his 1巳ctures 0丑 qua口tum theory. They 飞Nere bas巳d clos巳ly on 
his ìamous book , The Princìples of ♀uantum M echanics , and his 
audience, in addition to final y巳ar undergraduates , included a number of 
visiting scholars who rightly deemed it an important experie丑cewhilstin
Cambridge to h巳ar an account of qua丑tum theory ‘ straight from the 
hors巳's mouth'. Attending th巳m was one of the great intellectual 
expeI冗nces of my life. One was given an obj巳ct lesson in how clear and 
elegant mathematical thinking was the key to the understanding of the 
structure of th巳 physical world. 认Te were carried along in the telling of a 
1hrilling story of insightful e口quiry. The lec1urer's clarity and power of 
mind shone through 巳V巳ry word h巳 spoke ， but there was absolutely no 
att巳mpt to underlin巳 in any way his own v巳ryconsid巳rable contributions 

to the subject. 
Great men usually se巳 the 011巳 needful thing wi1h grea1 巳xactitud巳.

τ11巳y also see i1 the way it cam巳 to them; th巳 111t巳nsity of their vision is 
concentrat巳d 011 th巳 way they first made the discovery. Th巳re IS 
something of this idiosyncracy in Dirac's book , as there was in his 
leclures. Mathematically, bras and kels are a some唱 hat laborious 
(pedeSlr才an ， even) way of developing the notion o[ Hilb巳rt space. 
Physically , Dirac was as10nishingly uninterested in the grea1 unresolved 
ínterpretative issue of 111巳 ac1 of measuremenl in quantu l11 lheory; the 
collapse of the w且V巳 packet is simply attributed to the unanalys巳d
concepl of 'disturbance'. Nevertheless , The Prínciples of Quantum 
λ，f echαnicsJS on巳 ofthe great intellectual classics o[the twentielh century 
and will take its place with Newton's Principia and Maxw巳ll's A 

D vnamical Theory of the Electromagnetic Field in the select library of 
books which have formed our unders1anding of 1h巳 physical world. 

Later飞 wh巳n I became a r巳search student and , eventually , a junior 
colleague of Dirac节日， 1 \lS巳d 10 se巳 him a1 our weekJy theoretical physics 
seminar二 Once or twice a year, he spoke himself about his currenl work 
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in progress. To young 丑1en in a hurry , thinking about pio日 physics and 
dispersion relations and all that , it secmed 己s though the grand old man 
was 10st in the past, forever playing around with some ingenious v巳rsion
of re1ativistic quantum mechanics. 'All very clever' , we thought to 
ourselv邸， 'but Dirac would probab1y not know a pio丑 if he saw one' 
The 1ast 1augh is where it ought to be, with lbe tmly great and insightfu1 , 
not toss巳d about by every wind of physica1 fashion , but profound in his 
understanding of the quantum field theory he had invented. I rea1is巳
日ow ， with hindsight , that 1 heard Dirac talk about monopoles and the 
quantum mechanics of constrained and of extended systems and the 
difficulties of quantising gravity，且II topics of th巳 highest contemporary 
interest , to which h巳 contributed the u丑ique clarity and force of his 
understanding 

One final story. 1n 1956 , it was discovered that parity was not , aft巳f

all , conserved in weak interactions. One ofus whipper-snappers had the 
temerity to ask Dirac what he thought about tha t. With characteristic 
simplicity and directness , he replied , '1 丑ever said anything about it i丑

my book' 
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Reminiscences Dirac 

Cav巳口dish Laboratory, Cambridge 

PauI Dirac , bom ìn August 1902 ‘ was three years my senior啕 and when 1 
S引ta盯rt臼巳d r巳search i山n Cambridge on t由heoreti巳aI phys剖JC臼s ， he was already 
weIl establìshed , 1 had tak巳n the mathematìcaJ tripos , but with the 
ìntention of becoming 一 if 1 could - a theoretical physicist , and when , i口
1926 , then巳w quantum mechanics burst upon the world , 1 knew at once 
that this was what 1 had to understand , and s巳t out to do so , Th巳r巳 were

no lectures on the subject; lhe professors as welI as the students had to 
study the original papers of H巳isenberg ， Born , and ScÌ1rδdinger. 1n my 
case this 巳ntaìI巳d lcarning some G巳r111an firs t. I spent the b巳st part of a 
y巳ar 011 the job , with a German dictionary in on巳 hand and a trea tise on 
differentiaI 巳quations in the 0111 巳r. 1 aIso studied Dirac's work 0口 the

spontaneous emission of radiation , which gave a deduction [rom 
quantum mechanics of the Einstein A and B coefiïcients. As far as can 
remember , Dirac was not brought ìn (0 give a much needed lecture 
couτE巳 on quantum 111巳chanics. Neither dìd I go to hi111 [or help , 

although w巳 were both in th巳 same co lI ege (St. J ohn、). He was , by 
repute句 rath巳r diffìcuJt to approach. 习' 人 cont巳mporary ， sitting n 巳xt to 

* See电 for instancc、 1he comrnenls in C{/ l7lhridge Phy.<.;ics in rhe Thirtie几 p. 104，已d.John

HcndryιAdam I-lilger. Bristol (1984) , by (Sir) AI口 n Wil$on 吨 on the poor relationship 
belween thcory and cxperimcnl in lhc Cavcndish. Fowler workcd mainly al home and. to 
$ce hi111 , you had to drop in halr a dozen limes bc[orc you could fÏnd him in 守。 lrac was 
unapproachable and spent much o[ his limc abroad 
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him at dinner , is said to have ask巳d him what he was worlcing on , and 

got the reply - do you k口ow what adiabatic inv立了iants are~ I-lis 
interlocutor answering that he did not , Dirac said ，气'v hat ， then 吨 is th巳

use o[ my talking to you if you don 、t know the very 巳lements of the 
subject? ‘ 

For my pa扰， haviηg master时1 SCll röcli;.lger啕 s equation ancl lhe 

probability interpretation as giv巳11 in Max Born 呜 s pap巳r

气'velIenmechanik der Stossvorgange' , I set out 10 obtain the fïrst wave­

mechanical derivation of Rutherford 、 s scattering law. Here , 1 do 

τ巳m巳mber that , discussing the work with my supervisor , R. H. Fowler, 

Dirac was call巳d in to give advice. After this paper was published , 1 was 

in correspondence with Charles Darwin ‘ then Prof，巳ssor of Theoretical 
Physics at Edinburgh ，飞"，ho hoped that 1 would work with him 0丑

developing a relativistic wave equation that incorporated spin , and then 

could be applied to the scattering of electrons by nuclei. Darwin did , 

indeed , publish a paper making some attempts in this direction (Proc 

Roy. Soc. 227 (1927)). Then , suddenly , there appeared in the 

Proceedings 01 the Royal Society , Dirac's paper on the relativistic wave 

equation (Proc. Roy. Soc. 人117 ， 616 (1928)) , which showed that , if the 

el巳ctron obeyed quantum m巳chanics and th巳 principle of relativity , it 
must have a spin. Otherwise, it would be impossible to writ巳 down an 

equation offïrst ord巳rin ò/♂t for lþ , which was essenlial ifthe initial form 
of 收， incorporating information about position and mom巳ntur口， was to 
determine its behaviour at subsequenl times. This sèem巳d and still se巳ms

to me the most beautiful and exci1 ing piece of pure lheoretical physics 
that 1 have se巳n in my lifetime - comparable wilh Maxwell's deductioD 

that the displacement current , and , th巳refore ， electromagnetic wav巳S
must exisl. 1 was immensely impressed - as wer巳 the few senior people in 

Cambridge who wcr巳 competent to judge such things. And 1 also 

ren口emb巳r that , until it appeared in print , 1 and my conl巳mporaries had 

heard nothing about it 

Then came another paper from Charles Darwin (Proc. RoJ'. Soc. 

AH8 , 654 (1928)). He wrote, 

In a recent paper Dirac has brilliantly removed 1he derecls previously exis1ing in 
1he mechanics orthe electron , and has shown how 1hc phenomena usually called 
thc ‘ spinning electron 吨 [i1 into plac巳 in 1he complet巳 th巳ory. He applics 10 1he 
problem 出e me1hod o[ q-numbers aηd ， usi口g non-commutative algebra , 
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exhibits the properti巳S o[ 1he elec\ron . . .丁here ar巳 probably r巳ad巳rs who will 
share \h 巳 present wnl巳r、 s [，巳巳li口gs that \he n丁巳thods o[no口-com lTI utative algebra 
are hard巳r \0 [ollow , and certainly much 1110re difiícult \0 inv巳l江、 1han are 
opera1ions o[ types long famìlìar 10 analysis . . .30 the objecl 0[1 Í1e presen 1 work 
is to 1ake Dirac's syste111 and 1rea\ ìt by the ordinary 111巳thods o[wave calculus. 

Dar飞;in was able to deduc巳 exactly the relativistic hydrogen leve1s by 

this method , and a1so to show that his ongI口a1 paper was an 
approximation to th巳 truth. For my part , Darwin's [omm1ation of the 

Dirac equation was the basis o[ much o[ my OW11 work during the n巳xt

few years , particu1arly on the re1ativistic fommla for the scattering of 

electrons by nuclei , the spin polarization ofthe scattered beam and , with 

H. M. Taylor , the problem of the intema1 conversion of gamma rays. 
Here, it was necessary to use the Dirac-Darwin wav巳 functio旦s for th巳 k

and L electrons. 
1 was in Cambridge as a lecturer and fellow of Caius from 1930 to 

1933 , and this included the 'an丑us mirabilis、 in the Cavendish when the 

neutron was discovered by Chadwiclc and th巳 1ithium nucleus 

disint巳grated. 1n the same year , came th巳 V巳rification by Blackett and 

Occhialini ofDirac's theory ofth巳 positron - a similar brilliant1y simp1e 

argumen t. Slates of negativ巳 energy must exist because th巳巳n巳rgy ofan 
electron was CJ[ (川C)2 十 p勺， and a 吨uare root could have 口egatIVe
values. The nega(iv巳 states must b巳 occupied ， and an unoccupi巳d stat巳

would b巳hav巳 like a positív巳 e1ectron. Black巳tt was too cautious in 

publishing his evid巳nc巳， and Anderson , in th巳 U.S. ， published similar 
evidence sJigh Lly earlier二

Dirac was , as [ar as 1 know , n巳ver mt巳r巳st巳d in applying quantum 

mechanics (0 lh巳 problems o[ physics and chemist巧， which was the 
occupatio l1 of l11 0s1 o[ US. P巳rhaps nothing that he did later produced 

such a11 impacl on physics as lhes巳 lwo achievemenls , made b巳[or巳 h巳

was lhirty. 

During thes巳 thrce y巳ars ， my wife a l1d 1 got to know Dirac rather well 
as a p巳rsonal [riend. 1 believe we w巳re th巳 first to introduce him to th巳

Cambridg巳 theatr巳; but he hated anything that was not crystal clear and 

logical ，但1d did nol seem to Jike the th凶tr巳 V巳ry much. 1n Götting巳11 ，

th巳y used (0 say thal h巳 beli巳ved that th巳re is 110 God and Dirac is his 

proph 巳1. ln 且 Jett巳r to 111y parents (8 March 193 月， 1 wrote: 

Icy w巳a1her her巳 as cvcrywhere else. 1 wenl down 10 London ycsterday in 
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Dirac's car - very cold. Dirac ran • very gently - into the back of a lorr)' and 
smashed a headlamp 

Dirac is rather like on己‘s idea of Gandhi. He is quite indifferent to cold , 

discomfort , food , etc. We had him to supper here when \V巳 got back from the 
Royal Society in London. It was quite a llicc litll巳 supper but 1 am sur巳 h巳 would
not have minded ifwe had only given him porridge. He goes to Copenhagen by 
th巳 North Sea route because he thinks h巳 ought to cure him比lf of beíng sea sick. 
He is quile incapable o[ prelending to thnink anything that he did 口。 t really 
think. 1n the ag巳 o[ Galileo he would have bee丑 a very contented ma口yr.

Dirac was very popular in Russia at tha:t time; r am sure he did not 

notic巳 the discomforts of life ther民 and 0且C巳 h巳 was ínvited to go 
climbing with some Russians on the Soviet-Chinese border. 1 remember 

how he went , dr己ssed in lh巳 tidy black suit he always wor民 10 practice by 

climbing lre巳s 0巳 the Gog-Magog hills outside Cambridge. 

Much lat己已 when I came back to Cambridge in 1954 as Cavendish 
Professor, Dirac and his wife Margit w巳re our 且巳ar neighbours and very 

good friends. But I do not remember any interaction betwce口 Dirac's

work at the time and r巳search in the Ca v巳ndish ， though his bril1 iant 

!ectures 0口 quantum mechanics , based on his book , remained as 

popular as ever. 
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From relativistic quantum 号。ry
the huma丑 brain
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In October, 1984, we heard ofthe death ofProfessor P. A. M. Dirac, one 
of the giants of twentieth century physics. Shortly afterwards , a 
conference 0日寸he Impact of Sci巳nce on our Lives、 at the W巳izmann

Institute heard a lecture on the latest research into th巳 human brain, 

investigating the biochemical effects o[ anti-d巳pression drugs on the 
operation of the brain. A key ingredient in this brain r巳search was the 
use of positron emission tomography (PET) , a technique for looking 
deep into the brain with the use of radioactive atoms which emit 
particJes called positrons. The positron , discov巳red a halfc巳ntury ago , IS 

a very unusuaJ particJe call巳d th巳 antiparticJ巳 of the electron. This 1 巳ads
us back to Dirac, who predict巳d the existenc巳 of the positron a number 
of years befor巳 its discov巳ry.l shall now attempt to tel! the fascinating 
story of the positron from Dirac to brain research. 

In the 1920s, Dirac played a very important role in the development of 
the new revolutionary quantum theory of the atom. The quantum 
theory expJain巳d many ofth巳 puzzling features of atomic pbysics , which 
could not be understood with the ninetee口 th century mechanics of 
Newton. But the other great revolution ofthe beginning of this century , 
Albert Einst巳in's theory of relativity , wasηot incorporated into the new 
quantum theory. They seemed to be very differen t. 

The quantum theory dealt with the failure ofNewtonian mechanics to 
describe the motion ofvery tiny objects the size of atoms , and provided a 
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re飞 olutionary new approach to atomic phenomena. Einstein dealt with 
the failuτ巳 ofNewtonian mecJlanics to descτíhe the motion of ohjects at 
very high speed , like the motion of the earth around the su口 and the 
passage of light rays near the sun 's surface. Einstein provided a 
revolutionary new approach to J11 otion al high speeds. All attempts to 
put the two great revolutions together encounter巳d fomlidable 
difficulties. Dirac was disturbed because lhe quantu l11 theory , on which 
he had worked so hard , wasηot consistent with relativity. He set himself 
the task of ÍÏnding a way to combine quantum th巳ory and Einstein ‘ s 
relativity and using his new approach to describe one of the basic 
particles of nature, the electron. 

Today. we are alI familiar with the picture of lh巳 aloJ孔 with the 
eJectron moving in a口 orbit around the nu cIeus like the planels around 
the sun. Electrons also move fr巳eJy from 0口巳 alom to another in 
materials caIled electrical conductors. This motion produces the electric 
curr巳nts that bring us Iight , telephone messages , heat fro J11 el巳ctric

heaters , and power from electric motors. The electrons moving in 
individual atoms and moving from one atom to another in radio 
ant巳nnas and microwave cookers radiate the elect了。magnetJc waves 
which appear to us in ma旦y different phenomena like ligl扰， radio and 
t巳levision signals, h巳at， and laser beams. The new qua口tum th巳ory ofthe 
1920s explained alI these properties of the electron but complet巳ly
ignored Einsteirγs relativity 丁his s巳emed v巳ry reasonable at th巳 time.

because aII these phenomena involved only slowJy J1loving eleclrons and 
th巳 new effects of relativity only appeared wh巳n particles moved at veη/ 

high sp巳巳d ， near the spe巳d of Iigh t. For slowly moving particJes , 

Einstein哼 S 巳quations of motion were very n巳arly lhe same as N巳wton 句 s

equations of molion. 
Dirac felt that it must be possible 10 combine 1 巳lativity wilh quantum 

theory , to obtain a new theory which would aIso d巳scribc lhe motion of 
very rapidly movîng electro Jl s. He developed an cqualio l1 which 
described aII known properties of the electron and incorporaled the 
principles of both the quantum lh巳ory and Einst巳in's r巳Iativily. lt 
described aII the electron orbits observ巳d experimentalIy in the 
hydrogen atom very preciseJy and in excelIent agJ 巳巳m巳I1 t wilh the results 
of experiments, including very fine cffects not previously d 巳scribed with 
th巳 old nonreJati飞ristic theory. 

But Dirac弓 s relativistic quantum theory o[ th巳 electron had a very 
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pecuIiar sid巳巳ffect. I t also described a new family of very crazy electron 
orbits which seemcd to make no s巳nse at alI. FurtheIτno白， Dirac's 
tl1巳ory implied that an el巳ctroll movl丑g in one of its regular orbits in an 
atom could sudd巳nl)" jump into one ofthese new crazy orbits and , at the 
same time , rel巳as巳 an 巳normous amount of energy. Nobody understood 
t11e meaning of these crazy orbits app巳aring in a b巳autiful new theory 
which was , otherwise , so sensible. 

Several years later , Dirac , hims巳汀， propos巳d the answ巳r to the puzzle 
of the crazy orbits. 日e postulated the 口istence of a 丑ew particle, the 
positron , which was the antiparticle of the electro l1. It had all the same 
properties as the el巳ctro日， except that it had the opposite sigl1 of electric 
charge.τhe charge ofthe electron is negative; t l1巳 charge ofthe positron 
is positive. Dirac's equatio l1 described the orbits ofboth th巳巳lectrol1 and 
of its antiparticle the positron. The crazy orbits that had perplexed 
ev巳ryone suddenly b巳camc reasonabl巳 when they were int巳rpreted as 
orbits of a 口ew and different particle which had the opposite sign of 
electric charge from the electron. 

The enon丑ous en巳rgy released when an el巳ctron jumped from a 
regular orbit to a crazy orbit also had a simple and revolutionary 
int巳rpretation in this new piclure. Einst巳111 、 sth巳ory ofrclativity said that 
matter and 巳nergy were related; that matt巳r could be converted into 
巳nergyand 巳11巳rgy into matter. Dirac吨s equation described precisely this 
conv巳rsion. A丑巳lectron and a positron could annihilate on巳 another，

and their mass would b巳 converted into e口巳rgy. Th巳 en巳rgy of an X-ray 
could be converted into matter by cr巳ating an 巳lectron and a positron 
logether 丁he jumping of an elcctron into a crazy orbit was simply the 
annihiJation of an eJectron against a positron in the crazy orbi t. 

Dir挝、 revolutionary br巳akthrough introduced the n巳w co口C巳pt of 
an tJ matter二 For 巳very particlc , there was an antiparticle which had the 
opposi(巳 elcctric char吕巳， and a particle and an antiparticle could 
annihilate on巳 another and turn their 1ηass into energyτhis was an 
inevit日 ble conscquence of combining Einst巳in's relatívity with tbe new 
quantum theory. Soon afterwards , Dirac's prediction was con1Ïrmed by 
巳xperim巳11 1. The positron was discovcred in the cosmic rays en!ering th巳
eartlγs atmosphcre from outer spacc. Then , many radioactive nuclei 
were fOU11d whicb emittcd positrons. Ma口y years later, the antiparticle 
of thc proton , thc antiproton , was discov巳red. Today , the existence of 
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antiparticles for alI particles is accepted and agre巳s with alI exp巳nm巳ntal

results 

Hundreds of radioactiv巳 nuclei which 巳mit positrons are now known ‘ 

and so]丑巳 of thes巳 have b己E丑 found to be useful in many applications , 

lik巳 brain research. 1n the work describ巳d in the ll1eeting at the 
飞Ãl eizll1a丑n 1nstitute、 a丑 atom with a radioactive nucleus was used which 
b己haved chell1ically like aηatom naturalIy attract巳d to a particular 
chemical found in t11巳 brain. When such radioactive atoms were i口ljected
into a specim巳n of brain tissue, they wer巳 naturally attract巳d to this 
chemical. The brain specimen was then placed in a口 instrum巳nt called a 
positron 巳mission t0 ll10graph which det巳cts the 巳nergy rel巳ased wh巳na

radioactiv巳 atom emits a positron 、 computes exactly where this occurred 
in the specimen , and produces a picture called a PET-scan which shows 
the precise point where any radioactive atom and the che且.1 ical that 
attract巳d it had be巳n. The result is a precise ]丑ap of the brain showing 
wh巳re the particular chemical related to antidepression drugs appeared. 
By studying the brains of animals which had undergone differ巳nt

tr巳atm巳n怡， it was possible to pinpoint the effects of these drugs 
The energy w hich produced these pictures cam巳 from the annihilation 

of the positrons against the normal electrons whìch w巳re present in th巳
material. Positrons , usually , are 口ot found in the matter w巳 5巳巳 evcry

day , which consists of atO l11S built fro ll1 nuclei a且d electrons. A posilron 
巳mitted into any normal material guickly fïnds an electron , annihiJates 
i( 、 and 巳mits thc en巳rgy as two gamma rays (similar to X-rays)吨巳ach with 
a very large en巳rgy of about on巳 haJf million cJectron volts. Th己 gamma
rays make it easy 10 detect positrons 、 since no ol !J er known 
phenomenon produces two gamma rays emiUed 巳xactly 且 1 thc samc 
time in opposit巳 directions with exactly this high e丑巳l 且y.

Sophisticated instrumen ts , lik巳 the positron emission tomograph , u吕C

lhes巳 gamma rays to detect th巳 annihilation of a positron against an 
elcctron in a sp巳cimen o[ matter and pinpoint the exact spol where lhe 
annihilation occurred. These instruments contain gam l11a ray dct巳clors
which conv巳rt the gamma ray 巳n巳rgy into a short pulse of eJ巳ctricaJ
cnergy , m巳asure the ga丑.1ma ray en巳rgy and record thc cxact timc and 
plac巳 at which th巳 gamma ray was det巳cted. This information is fcd into 
d巳ctronic computer circuits which s巳arch for cases wherc simultancous 
pulses of cleclricaJ energy are observed in lwo gamma ray detcclors 011 
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opposite sides o[ the specim四 and check that the gamma rays have 

号xactIy the right energy. This shows that t\VO gamma rays were emitted 
exactly at the same time in opposite directions from th巳 specimen. The 

observation o[ two gamma rays emitted in exactIy opposite directions 
and observed in two diff巳rent detectors in different places provides the 

infom1ation that enabIes the computer to detem1ine the exact locatio日

of the radioactive atoms that emitted the positrons. 

This kind of information is obtainable only from radioactive atoms 

that emit positrons. Other types ofradioactivεatoms aIso emit radiation 

that can produce energy pulses in detectoτs ， but a single pulse in 0口e

detector onIy telIs us that radiation hit t11at detecto r. 1t provides no 

information about th巳 direction from which the radiation came. The 

simuItaneous puIs巳s in two detectors produced by positron annihilation 

tell us also the direction. The source of the radiation 1τlUSt have b巳en

somewhere between these two d巳tectors and aIong a straight line 

connecting them. 

Th巳 energy of these gamma rays frO I11 positron→巳l巳ctron annihilation , 

one halfmillion electron volts , is enormous compared with the energy of 
only a few electron volts τel巳as巳d when an el 巳ctron jumps from 0口巳

normal orbit to another in the hydrogen atom. But it is just the 

mystenous energy which Dirac、s original 巳quation showed was released 

when an 巳lectron jU l11ped from a normaI orbit to a crazy orbitτhe 

peculiar side 巳ffect of Dirac's theory 吨 wh巳n properly interpreted 、 has

now not only been conJi rmed by exp巳riment ， but has found uses iη 

industry , medicin巴， and research , which 口00丑e could have anticipated 

at the tim巳 v，i hen Dirac predicted the positron 

Anoth巳r side effect of Dirac吨S 巳qua tJ on was ltS pr巳diction of the spin 

and magn巳tic prop巳rties of the eIectron. The el巳ctron ， like maηy other 

elementary parti cI es、自pins Iike a top and behaves Iike a tiny magnet. 
Dirac、 s theory pr巳dicted this behaviour and gave tbe exact and correct 

vaIu巳s of th巳 spin and of the strength o[ the magnet. 
In 1974 , Dirac was ask巳d to review the history ofthese developments 

at an mt巳rnational conference on Spin Physics at the Argonne National 

Laboralory near Chicago. Someone in th巳 audience asked him ifhe had 

be巳n dis!urbed w11e口 h巳 first discovered that thes巳 crazy orbits of tlle 
electron had appeared in his equation. His answ巳r was very interesting 

and instructi陀、 sh巳dding light not only on the workings oflh巳 mind of a 

greal physicist 、 but on a generaI approach to frontier research into the 

nature of matter and en巳rgy.
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Dirac said that he had set himselfthe goal of resolving the difficulty of 
reconciling the two new great r巳volutions of quantum theory and 

relativity. He had 飞vorked hard to achiev巳 this descriptio口， and he had 
succeeded. 它ut ，' said Dirac , 'one can never hope to resolve a]] the 

difficulties at 0口ce. 1t is natural tha t, in the process of resolving some 

difficulties , other 口巳w difficulties ari ，己-τhis simply sets the stage for tbe 

next research project , the resolution of the new di[fïculties. Tbis is the 
way that progress is continuaIly made in our understanding of nature. 、

τhe predic1ion of the electron 、 s spin and th巳 strengtb o[ its magnet 
cam巳 as a complete surprise to Dirac. H巳 had 0日ly wanted to combine 

relativity and quantum theory and had thought that it would be easiest 

for a particle that did not spin and badηo magnet. H巳「巳lt that spin and 

magnetisI口 could be added lat巳r on; h巳 only wanted to solve one 
problem at a time. But they came as a free bonus in his theory. 

Dirac、 s relati飞忖tic equation o[ the electron solved the difficulty of 
bringing relativity and quantum theory together. [t also solved the 

problem ofthe spin and magnetis l11 ofthe electron , which Dirac had not 
expected. Its crazy orbits introduced a new difficulty、 which was later 

solved by Dirac, leading us into a n巳w world ofmatter and anti l11atter, 

transfom1ation of energy into matter and l11atter into en巳rgy ， and , 

eventually , to radioactiv巳 nu cI ei us巳ful in brain research. 人nd (l1es巳 new

concepts led to many new difiïculties , whos巳 resolution have lcd to mor巳

difficulties. 
The chain of eveηts started by Dirac's revolutionary discovery sti lI 

continues ‘ as physicists discov巳r l11 0re and more new particles and 

attel11pt to understand th巳 nature oí the basic building blocks oí th巳
world we live in. Alongside oí these develop l11 cnts , the bioJogists and 

biochemists have be巳n using the side effects oí Dirac、s discovery to 

create new tools and new techniqu 巳s for investigating living organisms 

and understanding the human brain. 

Appendiχαc、s positro l1s 011 

。飞1111 COγeεγ 

My own scientific career began with Dirac 、s positrons. 1n 1946 , when 

started l11y graduate study a( Princ巳ton 、 tll巳 posi(ron had alr巳ady been 

discovered , and the transíormation of matler j日(0 energy when <1 
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positron collided with an electron had bee口 well estabIished. But there 
had not yet b巳巳n aηy experimental confinnation that rapidly moving 
posÍtrons behaved Ín accordance with Dir町's equation. Everybody 
believed that th巳 equatlO丑 was corr巳ct; it had been t巳st巳d for electrons, 

and the positron was the antipartic! e of the electron. StÍlI, physÍcists are 

not satisfied until every possible loophole has be巳n checked , and 
1h巳or巳ticaI predictions are directly confirmed by experimen t. 

One way to check Dirac吨 s theory is to study what happe丑S whe口 a

rapidJy moving positron passes c!ose to the nucleus of a heavy atom Iike 
platinum. The electric force betwee口 the l1ucleus and the positron 
dei1 ects the motÍon of the positro丑 frol11 its original direction , and the 
amount of d巳11巳ction can be measured in a laboratory experim巳n t.

Dirac's 巳quation predicted that the amount of del1巳ction would be 
different from the amount pr巳dict巳d by the oId theory. This difference 
results both frorηthe new effects of Einstein's relativity and fror丑

magnetic forces acting on the positro旦 magnet predicted by DÍrac. Th巳
Brilish theorist N. F. Mott had ÍnvestÍgated thÍs process for both 
eI巳clrons and posilrons passÍng close to a nuc! eus , using DÍrac's 
equatÍon , and had publÍshed exact quantitative predictions for r巳sults of 
exp巳riments. This process , Jl OW called 飞10tt ScatterÍng' , could be 
observed Ín the Iaboratory by shooting a beam ofpositrons at a piece of 
pJatinum and Iooking for positrons coming out of the platÍnum Ín 
differ巳nt dir巳ctÍons.

Such dei1 cc1ion 巳xperÍments were firsl performed by the famous 
British 巳xpenm创刊巳r Ern巳s1 Rulh巳rford. He Ínvestigated the internal 

structur巳 of the atom by 111巳asuring the de f1 ection of partic!巳s call巳d

‘ alpha particJ es 穹 whcn they passcd through aloms. Rutherford 
calculatcd how particles are d巳i1 ect巳d by eI巳ctric forc邸. This process has 
since been called 'Rutherford Scattering' , and the formula that gives tl1巳
巳xac! amount of lh巳 d巳l1 eclion is call巳d the Rutherford formula. 

Rutherford 、 s expcnm巳nts found very large de l1 cctions and proved 
thal lhe int巳rior of th巳 atolD was very different from a homogeneous 
mass Iike a lump of jelly 明 as many physicisls believed at that time. 
Rutherford's formula showed that such Iarge dei1 ections could 110t be 
produced when an aJpha particlc passed through that kind of atom. But , 

if nearly all ofthe mass ofthe a10口1 is concentrated in a tiny nucleus with 
巳l巳ctrons 1丑oving in lar且c orbits around it , the alpha particles can easily 

pass throllgh lhe empty space between the electrons and the nucleus , 
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C0111巳 very clOSê to the nucleus , and be strongly d巳i1 ected by the strong 
el巳ctric forces. This is how the modern picture of the atom was 
discovered. 

Rutherford's experiments used síowly moving particles , wh巳r巳 the

effects of r巳lativity wer巳 negligible. The old ‘口onrelativistic theory' used 
by Rutherford predicted that eleclτons and positrons would both be 
dei1ected by the Samê amount whe11 they came 丑ear a nucleus. Mott's 
prediction from Dirac电sth巳ory was that th巳 effects of relativity and ofthe 
magnetic forces were very diff，巳rent for 巳lectrons and positrons. The 
‘Mott scattering formula' show巳d that , when electrons and positrons 
were moving very rapidly at speeds very close to the speed of light and 
very close to a platinum nucJeus , the dei1ection of an electron could be 
three times stronger than the dei1ection of a positron under th巳 same

conditio口s. This had not y巳t be巳n ch巳cked when 1 started my graduate 
study in 1946. 1n my Ph .D. thesis res巳arch project, 1 compared the 
dei1巳ctions o[positrons and 巳lectrons 巳卫litted from different radioactive 
nuclei wh巳口 they passed through thin foils of platinum. τhe results 
agr巳巳d with Dirac's theory , and nobody was surpris巳d.

When 1 was starting my thesis work , 111y thesis adviser, Prof. M. G. 
飞Nhite ， suggested that 1 look into a dìfferent test of Dirac's th巳ory. A丑
lndian theorist 气 H. Bhabha, had studied the process of collisions 
between positrons and electrons using Dir‘ ac's equation. He [ound that , 
w11巳11 a positron came close to a11 electron , th巳r巳 was another process 
tha1 could occur in addìtion to the d巳l1ection of the positron by c1ectric 
and mag口etic forces. The electron and posi1ron could annihilale one 
another and turn their mass into the energy of gamma radiation , but , 

then , the gamma rays could turn bacJc into matt巳r again and c1'巳ate an 
el巳c1ron and a positron moving in a differ巳nt direction. 

Prof. Whi1e suggest巳d that 1 try to m巳asure this process, which is now 
calIed 'Bhabha scattering'. The effcct could b巳 observed in the 
laboratory by shooting a beam of positrons at a target maleriaJ 
contaiüing electrons and looking for positrons COI口ing out ofthe target 
in a different direction. Some of the positrons det巳cted would simply 
have be巳nd巳i1ected by the elcctromagnetic forces , bul ther巳 would bean 
additional con(ribì以ion from th巳 annihilatÍon of 1h巳 clectron-posi tron 
pair into gamma ray 巳口巳rgy and the cr四tion of a new e1巳ctron-positron
palr. 

I found that tÍle experiment was not feasible at that time. Evcn ifI used 
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the strongest possibl巳 source of positrons available at the time, and tbe 
best possible detectors , r would not get cnough positrons into my 
detector to give a significant effect. However , I then noted that the 
predictions from the Dirac theory for Mott scattering had not yet been 
checked and found that this experiment was feasible and was a suitable 
subject for a thesis 

Much has changed since those days. The best detectors available for 
positrons and electrons were Geiger counters. A few doors down from 
my laboratory , in the basement of the Princeton physics building , a 
young professor named Robert Hofstadter was investigating the 
possibility ofusing sodium iodide crystals as detectors for radiation. But 
these stiII required ext巳nsive developm巳口t before they could be used in 
a口y experiment. The best source ofpositrons 1 could obtain came from a 

radioactive nucIeus which was made by shooting a beam of helium 
nuclei into a piece of copperin a machine calIed a cycI otron. In coIIisions 
betwe巳n the helium and copper nuclei , radioactive nucI ei of the element 
gaIIium were formed which decayed by emitting high speed positrons. 
The positron sources for my experi l11ent w巳re prepared i丑 a cycIotron ìn 

Washington , D.C. , by bO l11barding a copper target with helium nuclei 
for a fuII day. 1n the evening , th巳 radioactive target was í1 0wn to 
Princeton by a private pla丑巳. A radiochel11ist then separated out the 
radioactive galIium from the IU l11p of copper and d巳posited it into my 
apparatus. By midnight , r start巳d 1口y experiment , and worked night 
and day for sev巳ral days , until 111y radioactive source had 10st its activity. 
The particu1ar nuc1eus 1 us巳d had a nine llour 'ha1f 1ife' , which m巳ans

t l1 a1 it loses halfits str巳ngth 巳ve巧'nm巳 hours. After 36 hours , it was too 
W巳ak to use any more. 

Today , Hofstadt町、S sodiu111 iodide crystals hav巳 been developed and 

are wide1y avai1able as radiation detectors. There arc machines for 
producing int巳nse beams of positrons and e1ectrons , and co lIisions 
betwe巳n very high speed electrons and positrons are studied with the 
aim of fïnding new particIes. One of th巳 detectors used with these 
coIIiding 'e1ectron-positron' acce1erators is call巳d the ‘crystaJ balI、 and

consists of tO I1 S of sodium iodide. 
There was trem巳ndous progress in the development ofpartic!e physics 

during Dirac.s 1ifetime. His equation and Bhabha scattering are now 
weII established; nobody worr刊s about t巳sting th巳111 any l110re. On the 
contralγ ， the Bhabha scatteri口 g ， which \可as consid 巳 red so interesting 
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but undetectable in 1948 , is easily detected and 口olong巳r of inter巳st in 

1987. Instead , it is always present :lS a ‘baclcground' i丘 the experimenls 
looking for oth巳r new effects of greater interest in electron-positron 
collisions. Sometimes , Bhabha scattering is measured as a co口vement
way to check whether the apparatus is working properly. 
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D\irac 1曰 1962 ， weak gravitational 
radiatio口 i口teractions

阵泣
University of Maryland 

Dirac obtαined α Social Secuγity Number 

1 return巳d to 1he Institute [or Advanced Study , in Princeton , during the 
summer of 1962. Shortly thereafter, the chairman of the University of 
Maryland Physics Department , D r. John S. Toll , telephoned. H巳 asked

m巳 10 invite Professor Dirac to visit the University of Maryland and 
address our physics colloquium. 

1 spent a day ga1hering courag巳 and decided to approach 1he gr巳atest
physícist ín the world at tea. Dirac was charming and agreed readíly , 

saying 1ha1 Mrs. Dirac wished to vísi1 the National Gallery of Art in 
Washington , D.C. 

1 was jubilant and reported th巳 good news to Johnny Toll. Hís 
response was uη巳xp巳c1ed. He said , 'Jo已， please obtain Dir时's Social 
Security Numb巳r.'

1 was afraid 10 approach Dirac a sccond lím巳.

There is a theorem ascrib巳d 10 Pro[essor Thomas Gold , which states 
that positive human qualities are correlated. The secr巳taries at the 
lnstitute for Advanced Sludy are excellent exampl巳s. They are beautiful, 
and 巳fficien t.

Professor Oppenheimer's secretary was very beautiful inde巳d ， and 1 
且Iways 巳丑joyed trips to the [ron1 offic巳. I ask巳d her to obtain Dirac's 
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Social Security Numbcr from Institute filω.Sh巳 informed me that Dirac 
was a British subj己ct 丘nd had 口o SociaJ Security Number 

1 telepho丑巳d J ohnny Toll to advise tha1 no Social S巳curity Number 
existed [or Dirac. J ohnny remarked that it wouJd be necessary fo 1' Dirac 
to fill out a r己quired fom1 to obtain a Social S巳curity Number. Without 
that numb巳r，丑。 honorariu l11 could be paid. 

Again , I approached Oppenheim町's s巳cretary ， with a requ巳sl that th巳
Institute for Advanced Study sta[f obtain th巳 r巳quired information fro l11 

the files for 1he Social S巳curity Number applicatio且.1 was soo口 informed

1hat data such as the Chris lÌan names of Dirac's parents were requìred , 
that such i日formatio丑 was not available i丑 the Ins1Îtu1e for Advanced 
Study files. 

It was clear that there was no escape - 1 wouJd have to ask Dirac to fill 
out a United States Gov巳rnment form. Finally 1 inserted this for l11 

together with a short note , in Dirac's mailbox. 
京Tithin a few hours the form was returned , with all required data , 

together with a polite note thanking me for arranging the visit to the 
Univ巳rsity of Maryland. 

It was a丑oth巳r success for Gold's theorem. The great巳st physicist in 
the world was well endowed with kindness and llUmility 

New αpproαches for weak. and gravitational 
int臼'action physics 

Dirac dev01ed considerabJe attention to 1he wealζ巳5t interactions in 
ηatur巳. He had grcat ínter巳s1 in the dcvclopment of gravitationaJ 
radiation an1ennas and gave us v巳ry 51rong encour且ι己口1cnl

A major objective o[ lwcn iÍcth ce口tmy physics , bcginning wit l1 
Einstei日， has been the devdopmcnt of a fieJd lhcory which d巳scribcs all 
force5 in a uniJïed way 

The niosl succ巳ssful lhcory , quantum eJ 巳clrodynamics ， is based on 
consid巳rab!e experimentaJ data. 1n contrast , very few cxperi口.1 ents have 
be巳n carried ou1 with the gravitational inl巳ractions ， primarily becaus巳 of

the gr巳at weak口css of t l1c gravil口tionaJ forccs associaled with reJatively 
small masses , in Jaboratory exp巳nm巳n1s.

τo províde new exp巳rimental dala , it was decid巳d to study 1he 
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dynamics of gravitational fields. The classical theory of elastic solid and 
free mass int巳rferometer antennas was developed at the University of 
Maryland , together with an exp巳rimental program、 beginning in 1958. 

1n common with many n巳w concepts , new features of the theory , 

apparatus developm巳nt ， and observations received intense criticism 
b巳fore acceptance. There were great fluctuations in financial support. 
Professor R. P. Feynman suggested that I explore 且已w methods in weak 
interaction physics as a means for achieving stable operation of a 
research group. The physics was so interesting that the project became 
all consuming. Financial stability may n巳ver be achieved! 
丁he weak interaction and gravitational radÍation theorγand 

expenmeηts of the period 1960-75 had almost nothing in commo口，

巳xcept the idea that detectors should b巳 as larg巳 as possible. 
Discussion of both kinds of interactions , from the poin t of view of the 

quantum theory of scattering , leads to imporlant new results. 
Until recently, alI weak Ínteraction experiments hav巳 given total cross 

sections proportional to the total numb巳r N ofscatterers. WeshalI study 
these , with a view to understanding a completely new method 1 which 
gives total cross sections proportional to N 2

• 

Scattering by a two dimensional aγγay 

Supposew巳 have a two dimensÍo口 al array o[ N scatterers , with spacing b 

in the x and l' directions. L巳t each scatterer consist of a delta function 
potential U given by 

U(r) = B i5 (r - r,J 
) 4''IA ( 

forascatt巳rer at 凡 For incident particl巳s havi旦旦 mom巳ntum p with de 
Broglie wavelength smaìl compared with b 吨 the total cross sectionσN IS 

given approximately by 

]7 2 B 21V 
σ/lI=._-.气「

川 4174c~
(2) 

σ八， is proportional to N. This results from the [act that the dif[erential 
cross section is proportional to N 2

, but th巳 solid angle Ínto which 
particles are scattered is limited b)' int巳rference ph 巳nomena to l/N. This 
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IS a conseque口ce of the fact that phase sbifts associated with the 
differ巳nce of incident and scattered momenta , for SC:ltterers at opposite 
ends of the array , may approach πfor small scattering angles. 

Scatteγing of neutì切cs ci1151 ci11ti11elitrims Uy 

rigid crystals 

Th巳re is a method for enormously increasing the solid angle. For 
neutrinos and antineutri口os ， th巳口 ucIeons \凡'ill sca tter.人 nucleon ìs a 
particIe with a wavefunction , and it may exchange l1l 0mentum. 飞V巳 m且y

imagine a proc巳ss in which all momentum is 己xchanged al a single 
scatterer. lf tha t sca tt巳rer is tigbtly coupled 10 other scalterers , i1s 
identity cannot b巳巳slablished by subsequ巳nt measurements. There ar巳

now three momenta , instead of two 弓 contributing to phase shi[ts. If a 
nuc]eon is so tightly bound that i1 can 巳xchang巳 a large fraclion of the 

incident particIe momentum without having its id巳ntity determi口时， th巳

solid angle may approach 4n. Under these conditions ‘ low en巳rgy
neutrinos and antineutrinos will have a total cross seclion 

G3: E: 
σAr z-JLz气 (O.387Nu 一 O.693ND)L.

4究 ÍJ 4c 鸟
(3) 

Her巳， Gw is the Fermi weak int巳ract10日 coupling consta l11, E飞 is thc 
energy of incident (Iow energy) neutrinos or anli l1 eutrinos 、 N u is the 
numb巳r of up quarks , and N D is th巳 number o J" do \Vn quarks 

Equalion (3) is enormously grealer tha口 av山lable cross seclio I1 s J"or 

other low energy processes 弓 during Dirac's li J"ctim巳，

N ew to gravitational antell l1 aS 2 

The 1958-63 approach which appealed very much to Dirac was based 
on a rigorous solu tion of Einst巳in 弓 s equations and the classical theory of 

elasticity.τhem巳thod o J" Fock and Papape1rou was employed 10 deduce 
equations of molion of a gravitalio日al anl巳nna a, ;] conlinuous elastic 

solid. 
。uring the paSl two years , a di汀er巳nt approach has b巳巳11 巳mployed
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The elastic solid antenna is regarded as an ens巳mbl巳 of atoms coupled by 
ch巳mical forces. 

For a single quadrupole of reduced mass m and mass separation r , 
bOlh the classical and quantum theory give the cross sectionσas 

l付
一
句A

rJ-z 3-c 
π
­

nXu-

-
一

σ
 

(4) 

1n (4), G is Newto日 's constant of gravitation , c is the speed of light , 

andλis the gravitational wavelength. For a solid composed of N 

quadrupoles , single gra vitons nαay be exchanged anywhere. The 
ant巳nna length is smaller than an acoustic wavelength - very much 
smaller than a gravitational wavel巳ngth. Phase shifts are, therefo妃，
n巳gligible ov巳r th巳 a旦t巳nna. The total cross section is , ther巳fore ，

8π3GI71 r 1N 2 

σTOTAL =一一一一一τ-一一一c- j , (5) 

The totaJ J11且ss M = 11m and the le口gth L ~ N 1
j3 r . These relations, 

together with (匀， gjv巳

N­E-A M-d 
G

一
π
-

O
凸
-A O T σ

 
(6) 

The factor N 1
(3 is absent in the cJassicaJ theory. A deeper analysís 

shows that it is a consequenc巳 of the equivaJenc巳 principle and th巳
quanlum theory. The cross s巳ctlO日 (6) is very 111UCl1 larg巳r than tl1巳

classicaJ valu巳，
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Schrödinger's cat 

E. , Jr. 
University of Arizona 

This pap巳r contains rnaterial 1 presented in a lecture in July , 1985, at a 
rneeting of Physics Nobel Prize winners. Such ameeting is held about 
every third year i卫 th巳 city ofLindau on the Bodensee (Lake Constanc巳)
in Bavaria. 1 have participated in nin巳 conferences ， b巳ginning in 1959, 
while Paul Dirac had attended all eleven of th巳 sessions prior to 1985.1 
had hop巳d that he would be in Lindau for the 1985 rneeting , so that 1 
could get sorne rnor巳 of his reactio11 to rny ideas 011 the nature of 
quanturn rnechanics. Although 1 found in past conversations with him 
that h巳 was always v巳ry friendly and kind , he would not tell me much 
Still, 1 thought it worthwhile 10 try again. Unfortunalely , he was called 
elsewhere and could 1101 attend. 

1985 is the sixtieth an l1iversary of th巳 birth of quantum mechanics. 
Sixty years is a long time. Without qllantum mechanics , physics would 
hav巳 had a v巳ry diff巳renl and much less int巳resting history. Quantum 
mechanics was founded in 1925 by 认rcrner Heisenberg (matrix 
m巳chanics) ， Erwin Schrδdinger (wave mechanics) , and Dirac (quantum 
mechanics). A y巳ar later, 1\1ax Born add巳d the essential probability 
interpretation for the wave fU l1ctio l1. With Dirac句s death a few mO l1ths 
ago , all four ofthe founders are gon巳， bUl theÎI 引rork will be remembered 
as long as sci巳nce is part of our culture. .Heisenberg and Born att巳ndeda
numb巳r ofthe me巳1Íngs of the physicists in lhe city of Lindau. 1 do 卫ot
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Schrödinger's cat 

think that Schröding巳r ev巳 r partlclpat巳d ， although , after he died , Mrs. 
Schr凸出口ger visited Lindau during at least one of th巳 meetings

In order (0 illustra(己 some of t11巳 features of quantum mechanics , I 
have chosen to ceηter th巳 discussion around th巳 problem of 

Schrödinger's Cat 、 which dates from 1935. B巳[ore consideration of this 
paradox 甸 it is desirabJe IO briefly mention some other deveJopments o[ 
the subject. 1n 1925 , Cornelius Lanczos 1 i丑V巳nt巳d a quaηtum theory 
involving integral equations. He 飞vas discouraged by 飞鸟!ol[gang Pauli 、s

comments. The 1927 theory o[ Gree丑 's [unction propagators by Ea r1 e 
k巳n口ard 2 can be regarded as a口 anticipation of Richard F巳ynman's3

path integral formulation of quantum mechanics. Density matrices , 

which play a central role in parts of the present discussion 吨 were

independently invented by Lev Landau 4 (1 927) , Johann vo口 Neumann 5 

(1927) , and Dirac6 (1 929). 
Heisenberg 、 s uncertainty principle 7 was first introduced in a 1927 

paper which m巳丑tIO口 ed a ‘gamma ray microscope 、 H巳 relied on 

mathematical properties of Fourier transforms to derive a rather 
primitive form o[ an uncertainty relation for coordinate and 
momentum. Heisenberg gave no se口ous analysis of th巳 operation of a 
gamma ray microscope making prop巳r us巳 of quantu l11 m巳chanics. 1n 
fact , to dat己， no one has made such a calculation. A mor巳 genera!

uncertainty relation was discovered in 1929 by Howard Robcrtson ,8 

and this was furth巳τ 巳xtended by Schröding巳 r') in 1930. Heisenberg's 
Chicago lectures J 

0 of 1929 expanded on his 1927 discussion of lhe 
gamIηa ray microscope、 and iI1cluded a derivalion of lhe unc巳rlaJ 口 ly

relation a !ittle 1 巳ss gen巳ral thaηthat given by Rob巳]"lso l1.

Schrδdiηger11 had found wave packel solutions for siJηple probJem 日

i口 quantum m巳chanics. He very much wanted to have wav巳 pack巳ts slay 
together without spreading , so thal they could be llsed 10 describe 
particles. We now know thal nonlinear partial differential equations 
admit of solutions ca!l ecl solitons which ca l1 relain lheir shap已年 The 
normal dispersion e的cls which procluce sprcading of wa v巳 packels can 

be cancelled out by nonlinearilies in the wavc cquation. l! is amusing 10 
l 巳ar口 that ‘ in 1915 , Schrödinger 12 bad (二onsiclerecl a problem of a 
I10nlinear chain which , unknow !1 10 him , had so!i tO !1 so!ulions. lVl y own 
feeling is thal the progrcss of quιll1 (U111 111巳chanics woulcl h~J\'c been set 
back by 111any years ifSchrödinger had realizccl lhal he coulcl have k巳pt
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wave packets tog巳lher by introducing nonlinear temlS into his wave 
equatlO口-

Quantum m巳chanics was extended to apply to the electromagnetic 
field by Dirac13 in 1927 , a口d ， in 1929 , this was followed by the qua口tum
theorγoffields pap巳rofH巳IS巳nb巳rg and Pauli. 14 In 1928 , Dirac1s found 
the relativistic wave equatio丑 [or an electron which has had e旦ormous
significance [or the deve]opme口t of physics. A reconciliation of quantum 
mechanics and general relativíty has yet to be made. 

011 the birthday of quantum mechanics in 1925,1 was twelve years old 
and in the eighth grade of school , about to begin the study of algebra. By 
the tíme of the Cat Paradox in 1935 , 1 had leamed el10ugh quantum 
mechanics to start r巳search in that subject. My thesis adviser was Robert 
Oppenh巳1m町， who took his doctor's degree with Bom in Göttingen in 
1927.1 learned a lot about quantum mechanics from Oppenheimer飞 and
a great d巳al from olher theoretical physicists , too numerous to name 
here , who worked in the subject after 1925. With all of their help , 1 did 
not learn as much as 1 wanted to about th巳 physical significance of 
quantum mechanics. 1 hav巳 had to try to fill in some gaps for mys巳汀， and
expressed the hop巳 that some of the young and old students in the 
audience at Lindau might fínd my remarks helpful. 

Mytitl巳 for th巳 lectur飞，‘Schröding町's cat' , was a timely refere丑 ce to a 
book published last year by 101m Gribbin16 called 111 Search of 
Schrödi/Jg白 's Cat. Gribbin took a Ph.D. i口 astrophysics from 
Cambridge University. 1 do not know ifhe h巳ard any ofDirac's lec1ur巳s
011 quantum mechanics al Cambridge. Gribbin is now a consultant for 
the N ew Scientist magazine and a wliter of s巳mi-popular books 0丑
sciel1 c巳 The su bti tJc of his book is Quan tum Ph ysics and Reality, and the 
cover cJ aims that it is 、A fascinating and delight[ul introduction to th巳
strang巳 worJd of 1h巳 quantum. AbsoluteJy essential for understanding 
loday、s world.' 

1 can agree with some o[ those rath巳r immodesl c1aims. Gribbin's 
book is well wrilten , and quit巳巳I1t巳rtaining. Howevcr , it has a number of 
nontrivial errors. My opinion lhat there are ilaws in his physics se巳msto
bc supported by the t wo rcviews of the book 1 ha ve seen: one by Sir 
Rudolf Pei巳rls in lhe N ew Scientist ,l 7 and another by Russ巳11
h在acCormmach in Science Digest. 18 

111 1957 啕 a slud巳nt of 10hn 飞Nheel巳r's ， Hugh Ev巳ritt/ 9 introduced the 
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'many universes、 III比rpretation of quantum mechanics. I have 口o tlme 
to d巳al with such an incon飞r巳nic口 t fantasy. As far as 1 know , it is not 
shared by many physicists.l havc to warn the reader that Gribbin rath巳r
favors this approach. It may b巳 more appropriate for the astrophysics oî 
the big bang than for problems d巳aling with a small part ofthe universe. 

1t is a strange fact that !11allV famous Dhysicists did not like the ‘.,;;J ~- -~-- - ../ 

dominant role of probability theory in quantum mechanics. Among 
them were Albert Einstein , Louis de Broglie, and Schrδdinger. Nils 
Bohr and Einst巳in had many arguments on the subject and considered 
ma且y gedanke口 or thought experiments , including the two slit 
diffraction experim巳nt in some of its many fom1s. Fifty years ago , 

Einstein , with Boris Podolsky and Nathan Ros巳丑 20 published th巳
famous 'EPR' paper. τhis deals with a system oftwo particles which are 
initially joined together, and later allowed to separate. 1n that same 
Y己ar， 1935 , Schrödi口ger21 published a thre巳 part paper, entitled ‘The 
Present Situation in Quantum Mechanics.' One of the shorter of its 
some eighty paragraphs contained the Cat Paradox. 认1e also owe to 
Schrödinger a highly regarded 1944 book ,22 entitled What is Life? If 
t1m巳 permitt时， 1 could make S0 l11e rather句 critical r巳l11arks about the 
qua口tUl11 mechanics in this book. 

1 have a firm belief that none of thes巳 problems were prop巳rly treated 
according to co丑V己ntional quantum mcchanics in thc discussions ofany 
ofthes巳 distinguished p巳oplc. To save tim巳， 1 will dcal only with the Cat 
problem, but similar arguments can bc applicd to all such gedanken 
arrangcm巳nts.

Lctm巳 íïrst remind you of S0111巳 more featur己S of quantum mechanics 
w hich bear on th己 Cat paradox. Quantum mechanics is a gen 巳ralization
o[ dassical (nonrelativistic) mechanics.τhc íïrst thing to do in th巳

subject is to dcfine the system of interest 丁hat 111巳ans to introducc thc 
coordinates and velocities (or 1l10menta) of the various parts of the 
system. 丁here is usually a ccrtain degre巳 of choic巳 her巳. lf the systeI丑 lS

taken too large, th巳 math巳matics will be too difficul t. If thc system is 
taken too small , some important featur巳s of th巳 problem will bc 
neglected. If th巳 system is not isolated 句 some 巳xtra t巳rms will ha ve to be 
inc!uded in the Schr凸ding巳r wave 巳quation to allow for external 
disturbances 、 or the notion o[ the ‘system' will hav巳 to be extended to 
take (a little bit) more ofthc universe into accoun t. Onc巳 the syst巳111a口d
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its Hamiltonian have been defined , on巳 should be very suspicious if 
anyone tries to bring a diiferent system or a different Hamiltonian into 
the discussion. 

1n quantum mechanics , a physical syst巳m ca i1 have states which are 
described by wave functio 口 s whìch may be complex , i. 已.， can contain the 
imaginary quantity j -1. Quantum mechanics is an essentially 
probabilistic theory. The absolute values squared ofwave functions can 
be used to calculate probabìlìty distributions ofvarious functions ofthe 
dynamical variables of the system. Wave functions are functions of the 
coordinates which describe the confïguration of the system. They 
depend on time i卫 a way described by the Schrödinger time dependent 
wave equatlO且 [or the system. For a reasonably isolated system 句 there

are some so-called stationary states. The corresponding probability 
d巳nsities are independent of th巳 time. How巳ver， there is a much larg巳r
number of nonstationary states tha丑 statIO且ary states. 

Any observation or measurement mad巳 on the system represents a 
disturbance which should be taken into account in the ana!ysis of the 
problem. Th巳 four founders of quantum mechanics did not teII us much 
about how measurements are to b巳 made， and what innuence , ifany , th巳

result of a measurenient might have 0口 the subsequent history of a 
S)创em. In his 1930 book , The Priηι:iples of Quuntum Mecha lJ ics , 

Dirac23 postulat巳d that a measurem巳口t ofan obs巳rvable would lead to a 
result 巳qual to one ofthe eige口values ofthat observable , and would leave 
th巳 system in a new state whose wav巳 function was an 巳igenfunction of 
the observable corr巳sponding to the m巳asured eigenvalue. J ohann von 
Neumann ,24 in his 1932 book Marhematicul Foundati0 7Js of Qll(/ lJ tum 
Mechani口， expand巳d on this idea. He distinguished betwe巳n two ways 
in which wav巳 functions could change with time: (a) causally , in 
accordance with a time dependent Schrödinger equation , and (b) 
acausalIy, as a result of a measur巳m巳nt 、 to theγ巳duced、 wave function 
exactly as postulat巳d by Dirac. Both of these great men left many 
questions unanswered. 

I 1巳ctur巳d in Lindau in 1968 on preparalion of states and 
I古巴asurement in quantum mechanics 25 and ‘ again , 26-28 in 1982 about 
my unhappiness with von Neumann吨 s wave function reduction 
hypothesis. lf 1 retumed again in the 1985 1巳cture to the measurement 
problem , it was because I thought that Gribben 吗s recent book (a口dsome
others , of less merit) seemed to be giving to the g巳口巳ral read 巳r a wrong 
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impression of the nature of quantum mechanics. ÁIso , 1 hoped to leam 
something from th己 react!On吕 of a perc巳ptive and crilical audience. 

Á very important principle of quantum mecbanics was recognized by 
Dirac in his 1930 book , and much used by Pauli 29 in his 1933 H Clndbuch 
der Physik article. This is the superpositio口 principlιFor reasons which 

will be apparent shortly , we denotc by L and D two possible suitably 

normalized wave functions for the system. L and D will be taken to be 
orthogonal to each other吨l.e 电 th巳y are very 'different' functions. The 

superposition principle states that an unlimited number of other 
possible states of the sys1em exis1 which are of 1he forrηcalled 

superposition stat郎， whos巳 wave functions are linear combination of L 
and D. Thus , one may have the normalízed wave function S given by 

S=uL 十 bD ，

where CI and b are any complex consta口lS whose SU I11 of squared absolute 
values add up to unity. Ifthe wave functions L and D happ巳n 10 be wave 
functions for stationary states , then S will , in general , represent a 
nonstationary state which is neith巳r L or D, but something 'in between'. 
Consid巳r a system which is in state S. According 10 the conventional 
interpretation of the wav巳 function ， if an 巳xperiment can be devised 

which asks whe1her th巳 sys1em is in state S , il will give th巳 answ巳r 'Yes'. 
For a system in the same state S弓 W巳 may carry ou1 a very differ巳nl
巳xp巳rim巳ntal procedure which is devised to ask whether tb巳 system lS 1丑

slate L. The result for any on巳 m巳asuremenlmay be eitbel ‘ Yes'or ‘ No'. 
In a s巳 ries of repealed measur巳ments for an 巳nsembl巳 of syst巳ll1 S of 
exactly the same sort , we have be巳n consid 巳nng，巳ach in tb巳 same state S. 
the p时)ability 10r g巳Uing the answer ‘Yes、 to 山 L question is 1(/ 尸 A

simiJar r巳sult Ib 尸 would be obtained 10r me 口川S贝川川阳11盯l门汀r它'em创emη1忧1en巳创nt$ 飞叭W川「盯川ω，]

the stat臼巳 D. 人t this POil扰， we should not worry about how a system is to 
be pul into a given state S , or how experi111ents are to be de吕igned to give 

information about th巳 state ofa system. gav巳 somc 巳X ‘lmpJes oÎth巳se

. things in 111y 1968 1巳ctur巳 and will later disCllSS some o(hcr simpl巳

examples o[ such measurem巳nts which are relevant for the cal problem. 
Imagi口e a box [or a cat that contains a radioactive source , a delec!or 

that records lh巳 presence of radioactiv巳 par!iclω(a Gciger cO l1 n(er , 

perhaps), a gJass bo ttJ e that conlains a poisonous gas s\l ch as hydrog巳n
cyanide, and a hinged hammer heJd above the bottle by a thread which 
will be cut by a kni[e if (and on1)' i[) th巳 counler clicks. Á living cat in 
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good health is pJaced in th巳 box. The apparatus in the box is arranged so 
(he delecloï is switch巳d on just Jong enough for there to be a fifty-fifty 
chanc巳 of a click of the Geiger counter. If th巳 detector records a decay , 

th巳 thread is cut 钊 the hamm巳r falls , the bottle breaks and the hydrogen 
cyanide gas kills th巳 cat. Otherwise , the cat liv巳s. We have no way of 
knowingth巳 outcomεofthis expellment untiI we open the box and Iook 
inside. What is th巳 problem? We hav巳 h巳ard that Pandora got into 
trouble when sh巳 op巳ned a box. Did our CUllosity kill the cat? 
Th巳re is no problem for a classical physicist. He might say that what 

happens is the 'will of God' or, perhaps , that it is 'just the way the cookie 
crumbles'. If the classical physicist is a gambler, he has experienced 
excitement without calling on quanturηmechanics when a card is turn巳d
over, or a ball settles down after the spin of a roulette wheel. The 
problem exists only for a person who knows a little qua丑tum mechanics , 

and who beli巳ves that quantum mechanics is universally applicabl巳 and
should be applied to the cat experiment. Such a person believes that 
wh巳n the box is opened the box•cat system is described by a wave 
function like S, whicb is a sum of two other wave functions , L and D 
One of th部队 L ， repres巳nts a living cat , with und巳cayed nucleus , 
unbroken bottie,. . . , etc. , and the other , D , a dead cat , decay巳d nucleus , 

broken bottl巳，... ，巳lc. The constantsαand b of the superposition are 
eacb taken 归 h川吨ual absolt白 values of I/J2 , so 出atth巳 probability
offinding a live cat is 50%. Until the observ巳r looks to see whether th巳
cat is alive or dead , th巳 wav巳 function is a superposition , or linear 
combinatipn , of lhe two functions. The cal may be aliv巳， or lhe cat may 
bed巳ad.lfthe observer determines that the calli\咄， he may bc happy to 
acc巳pl von N巳uman口's sudden change of wav巳 function from S to L , 

which is th巳 wave function corresponding to a living cat 
1 now return 10 the applicalion of quantum mechanics (0 (he cat 

problem. First of all , 1 have to state som巳 1hings about th巳 subject of 
qua口tum 111 巳chanics that I omitled b巳fore. 1 I11cntioned 1hat systems can 
exist in s1atcs. Howev町， in general , 1hìs I11cans that some process has 
pr巳pared the system to b巳 in (hat statc. It is very unlikely that a given 
complicat巳d syslem wiIJ have a definit巳 wave function. Thc b巳st wc can 
do is try 10 describ巳 a system by a statistical distribution or ensembl巳 of

states. The density matrix of Landau , vo日 Neumann ， and Dirac is 
ideally suited for d巳scribing mixtur巳s. If the system has a wave fu口ctlOl1，

on巳 speaks o[a ‘pUI巳 cas巳'.Otherwise，。丑巳 has a ‘statisticaI mixture'. A 
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pure case is all loo easi1y converted into a mixture by any small erratic 
disturbance , whilc :t mixture can never be pUl ba巳k inlo 且 pure c且吕巳3

巳xc巳pt by some process of selec1ion of a memb巳r o[ the ensemble which 
happe丑 s to be in a d巳sired state. Such a selection process involves 
external interactions with lhe syslem that completely wipe out the 
memory o[ the past. One is reminded of Levús Carroll's HU111pt; 
Dumpty , .. vho , 0丑ce broken , could never b巳 put together again 

In the case of the cat problem , the system should certainly include the 
atoms , mo1ecu1郎， and macromol巳cules contained in the box and a11 of 
11S cont巳丑ts. Th巳 mode1 shou1d make provision [or the opening of the lid 
and for the disturbances of the syst巳rn brought about by observation of 
th巳 ope丑己d box and its contents 飞Ne wi11 hav巳 at least a million million 
million million degr巳es of fre巳dom. No such problem can be solved 
analytically or numerically , except in th巳 1110st trivial cas巳s. A Jiving cat 
is not an isoJated system. The cat-box system is 口 ot realIy an iso1aled 
system , because there is an observer who will op巳n the box. Even if it 
were a口 isolated system , it cou1d not be assigned a wave function , but 
on1y a mixtur巳 ofwave functions. Even ifit cou1d have a wave functio口，
the observation made when t11巳 box was op巳n巳d wou1d disturb the 
system enormous1y. At the v巳ry 1easl, it wouJd randomize t11巳 compl巳X
phase angle of th巳 ratio b/a of 1h巳 two probability amplilud巳s of the D 
and Lcompon巳n1 wave [unclions for the dead and live cat. Such a mixed 
slal巳 is calI巳d an incobercnt miXlur巳 ofthe two stat巳S oflive ca1 and dead 
ca l. Such mixlures occur in discussions which atle口.1pl 10 applyquan1um 
m巳chanics 10 coin tossi日g-30

1 wilI make a few more remarks aboul th巳 ca1 problem. It is a messy , 

rather pointless probJem , and in bad taste for s巳vera1 differen1 r巳asons.
(1) Th巳 con1emplat巳d lr巳a1mel1l of the cat is inhumane. (2) Tbe possible 
death of the cat scrvcs no useful sci巳ntific purpose. (3) Cats oftcn have 
nine lives. (4) A different kind of bad tas1e involv巳s proposmg a 
complicated problem whe丑 a slmple one will sufJïce 10 illustrate the 
physical principl巳s invo1ved 

飞只Ie ca口巳asily get into a much simpler prob1巳I丑， which would still 
leave Einstein and Schr己dingcr unhappy. The abov巳 expressio日 for the 
wave functio日 ， S=aL • bD , has the appear正I!J ce of the kind of wave 
function which is much consid巳red in the so-called two stale or 1wo level 
problem. 1日 lhe cat problem , one [oolíshly thought of L and D as 
representmg pure case slat巳s of th巳 living and d巳ad cat. 1n the simpler 
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case, the \vave functions L and D are 110t wave functions of a complicated 
S}吼em ， but of a system with one (two valued) degr巳e of freedom. The 
theory of a number of very important problems can b巳 r巳duced to th巳
theory of a two level system. A particle with a spin of 1/2 provides one 
exampJe. The 0口e particle system may have oth巳r degrees of freedom , 
5uch as translational mOlion. but , in 50me app!ications, only the spin 
degree of fr巳edom is importan t. τl1 ere is a very great deal of 
experimental work on two level systems , and it is cIear that the 
probabiIistic int巳rpretation of quantum mechanics works very weII , 

indeed. The theory of nuclear magnetic resoηanc巳 provides examples. 
The recent development of NMR tomography wi lI quite possibly win 
someone a Nobel prize. The t l1eory of masers and lasers mak巳s h巳avy

use of the two level problem. The Nobel prizes of Stem , Rabi , Bloch , 

Purcell , Kusch , Townes , Shawlow, and Bloembergen are reJated to th巳
two Jevel problem. 1 would not b巳 giving a J 巳cture at Lindau without 
some understanding of it. Rudolf M össbau町、 lec1ure 0口 the first day of 
the 1985 session made numerous references to two Jevel probJ巳ms in 
elementafy particle physics. 

Let us go back to an 巳arly atomic beam experiment of Otto Stern and 
WalterGerlach. Th巳yheat巳d metalI ic siJver in an oven and made a beam 
o[ silver atoms in a vacuum chamber. (1 wiII add a few 巳xperimentaJ

[aciliti巳s which th巳y did not have in 1h巳 twenties ， bu1 couJd hav巳 had

now.) Th巳且tomic beam is direct巳d along the x-axis into a magnetic field 
which is mos1Jy in the z-direction and which incr巳ases in magnitude as z 
goes frol丑 negative to positive. Tn th巳 inhomogeneous magnetic fieJd , the 
beam o[ atoms is split into two beams , one moving slightly up in z and 
on巳 slightly dow口. Quantumm巳chanics provides a simpJe interpretation 
of the exp巳rimental findings. A silv巳r atom has a spin o[ 1/2 unit of 
angular mom巳ntum h/2π. The atoms in one b巳am ha ve a spin 
orientation qua丑tum number (for the z-direction) o[ + 1/2 and in th巳
other of - 1/2. Individual atoms can be detected , and it is certain that 
whether an atom goes into the + 1/2 beam or the -1/2 beam is 
determin巳d by just the same kind o[ random process which Schrödinger 
invoked for his radioacti吐出cay. No experiment can be devised to tell 
beforehand what an individual alom will do. 1 think il is highly desirable 
10 reformulate the Cat paradox in terms ofthe two leveJ problem. None 
o[ the physics is los1 , and u口c1 ear thinking is not 巳ncourag巳d.

FurthemloI巳、 as a bonus , double or compound Steτn-Gerlach 
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experiments can be made and analyzed.τhe atoms of the upper beam 
might be passed into another inhomogeneou5 mag日创ic [jeld whiιh wjll 
split that beam into two beams. The numbers of particles in tJle new 
beams depend on the angles ofthe various fields injust the way uniqu巳Jy
characteristic of and described by quantum mechanics. 

I口 1949 ， shortly before he died , Einstein 31 explained quite clearly why 

he did not like probability in qua丑tum mechanics. He wanted a theory of 
the radioactive nuclei which could predict ah巳ad oftime \vhen a nucl巳us
would decay. Perhaps he had (]1巳 hope that a ‘ hidde口 variahJe.、 theory

could be found. He would have at Ieast as hard a problem with the silver 
atoms of the Stern-Gerlach experiment. N ow , through the theoretical 
work of John Be1l 32 and lhe experiments of AJain Aspect ,J3 we know 
that what Einstein wanted ca丑not be had. Quantum 111 巳chanics really 
does work in simple cases ‘ and probability must be used in lh巳

int巳rpretation. Our genetic heritag巳 and social pressures make us fcel 
that lhings are deterministic. However, on an atomic level , they simply 
are no1. 1n principle , we could apply quantum descriptions 10 large scale 
phenom巳ηa ， bUl , in general , w巳 can't becaus巳 W巳 are unwilling or unable 

to adhere to the rules of the game. If such a system is obs巳rved ， it is 
disturbed. One can (ry to take the effect ofthe disturbancc into élCCOU旧，
but this inevitably introduces an element of chance. I (hink it is high time 
that weτeaJize that this is in巳vitabJe and Icarn to 巳njoy i1. 
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22 

Dirac ∞创

International Centre [or Theoretical Physics ‘ Trieste 

Pau! Adrien Maurice Dirac was undoubtedly one of the greatest 
physicists o[this or any century. 1n thre巳 decisive years - 1925 , 1926 and 
1927 - with thre巳 papers ， he laid the founda1ions , first , of qua口tum
physics , second , o[the quantum theory o[fields , and , third , ofthe theory 
of e]ementary particles , with his famous equation of th巳 electron. No 
maηexcept Einstein has had such a d巳cisive inDuence , in so short a time , 

0口 the course of physics in this century. For mε ， p巳rsonally ， Dirac 
r巳presented the highest reaches of p巳rsonal integrity of a丑yone I have 
ever known. 了hus ， 011 this Commemorati飞 e Day写 with sadness [0τhis 
passing , and with deeply felt sympathy for his bereaved 臼mily穹 let me 
begin with sentiments of r号。icing for his li[e and [or our good fortun巳ll1
having known him. 

1n speaking of Dirac、 s work today , I wish to take as my subject the 
area of renormalization. Even though Dirac and Kram巳rs w巳re the first 
(0 巳mphasize th巳 physica! n巳cessity of tbe concept o[ (finite) 
renonnalization (of the electron 、s mass), Dirac never approved ofour 
use of this b巳autiful idea of r巳normalization to hìde away th巳 111日mtI es

which app巳ar in perturbation calculations in quantum electrodynamics. 
1-1巳 believed in and always advocated that、巳ventually ， a finite fi巳ld

theoIγwould be discovered [or aIl processes. 
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Dirac and finite field theories 

My generation oftheoretical physicists was brought up on the \Vorlc of 

Tomonaga , Schwinge了， Feynma妇， and , in p::lrticular, o[ Dyson. Dyson 
proved that all infinities in quantum electrodynan飞lCS in each 

perturbative order could be absorbed into a renom1alization of electron 
mass and charge. This was an important result. Thus , at th巳 pηce ofnot 

being able to compute these two quantities* alone , all scattering 
processes in quaηtum electrodynamics could be 阳出 finit巳 This ‘ m

Dyson's view , was a small price 10 pay for a resol山on of the field 
theoretic infiηity-problem. My generation avidly bought this idea , but 
not so Dirac. 

Whilst recognising that such absorption of infínities through a 

renorma!ization of mass and charge couJd be a temporary expedient , 
Dirac always insisted that there is no place for infinities in a fundamental 

field th巳ory. He felt strongly that one should keep searching for a basic 
amelioration of the in日ηily problem. 

It now appears that there is , indeed , a class of field lheories w Ì1 ich ar巳
perturbatively finite to all orders. If renonnalizations of coupling 

constants and masses ar巳 ph叭叭y严s刽ic臼allyn时巳优c巳m吼 t山hes巳sew附ou川lld 0∞n时均lyb巳 f口fin订1D巾11
r臼enorm丑lali泣zations. The hitherto discover巳d field theories of this lype ar巳

non-Abelian gauge theories of the extended supersymmetric type. 

Whether such th巳ories are physicalIy relevant is not yet lcnown , but they 

are mathematically elegant and , without doubt , satisfy the crit巳rion of 
beauty which Dirac always advocated. 

Even more important , there has rec巳ntly been developed a local field 

theory of extended one-dimensional objects (strings).i' There is th巳

promise - brought to a n巳ar proof - that closed-string supersymmetric 
field theories , whose long-range 巳xcitations must contain quanlum 

gravity (as welJ as Yang-r叫ills excitations c! escribing el 巳ct ro-nucJear 

interactions of matter) may give rise to finite méltrix cJe口lents. lf this 
conJ巳ctur巳 is fina !ly proved. and if thes巳 theories prove to b巳 physically

releva时， Dirac would be fully vindicatec! 

本 There is a third inlïnity associated with the wave function oCthe elcctron 、 but this ìs gauge 
dependent and one can fi口 d ga咚es in which this q川ntlly could be rendered Í1nitc. 
j'Oirac、 one m3y recall 、 W凶。ne of the rioncers úf lïèld theorics of (lwo.dimensional) 
extended objects. 
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2 

Th巳 finite supersymmetric field th巳on巳s at present known fall into two 

class巳s:

(1) N = 2 Yang-Mills sup巳rsymmetric th巳ori巳s ， wh巳re the 
Yang-l\在 i Il s gaugc particIes (plus foU!二component gauginos and 
compl巳x sca!ars) belong to 1he adjoint representation of the gauge 

group , e.g. , SU(I1). This Yang-Nills N = 2 supersymmetric multiplet 
in1eracts with 211 fundamental representation of N = 2 mattermultiplets. 
There is no coupling of matter multiplets among th巳mselves.

(2) The second type of [ini比 theories are the N = 4 Yang-Mills 
supersymmetric field th巳ones.

Let m巳 describe the N = 4 Yang-~Mills theories firs t. These are 
theories with an in1巳rnal sym111巳try group SU(n). (The symmetry group 
could be any non-Abelian group G, but SU(n) is a good example.) This 
theory conlains (η2 -1) Yang-Mills spin-on巳 objects in the adjoiηt 
representa1ion of SU例 ， 4(11 2 

- 1) two-component chiral fermions 比
and 3(月 2 _ 1) complex scalar particles H [.町， whereH41 =H32 , etc. with 
the ind己x c( = 1, 2 , 3, 4 characterizing the underlying N = 4 

supersymmetrγ. 

The in1巳rac1i on Lagrangian is given by 
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The Lagrangían contaíns seven mass巳s (four for the fermíons tj;" and 
three for the complex scalars H 14 , H2斗 ， H34Jτhc ínclusíon of thcsc 
masses breaks supersymmetry softly. It can be ShOW11 that th巳 Green's

[unctio11s of the theory exhibit no ultra飞riolet infíníties , provided the 
following co日ditions are satisfied. 

(1) The masses of the particles cOIlcemed obey the rel础。n:

M2(H 14) + M2(H 24) 十 M2(H34)

= M2(tÞd 十 M2 (归)+M2(t卢3)+M2 (仇).

(2) The Green's functions must be computed in the light co日巳 gaug巳­

If a general gauge is employed, there wiIl, of course, be no ultraviolet 
infinities on-shell , but such infiniti巳S may arise for the off-shell wav巳
fnnction renormalizations. 

(3) If we restrict n toη= 2 (i.e. , the intemal gauge symmetry group is 
SU(2)) , there are 口o infrared ínfínities in the theory either, i.e. , the theory 
is completeJy finite in the light cone gauge, both for uJtraviolet and 
infrared infinities. 

For ì1 > 2, some infrared infinities may remain aS50ciat巳d with the 
SU(η- 2) unbroken Yang-Mills symmetries due to the massl巳ssn巳s50f
the Yang一Mills vector particl邸， associated with the SU(n - 2) 

This result (M. A. Namazie, J. Stralhdee & Abdus Salam , PhJ队 Reu.

D28 , 1481 (1983)) is the 1110st powerful to date of a se口创 of resulls which 
started with th巳 advent of supersyr丑metry in the latt巳r part _o[ 1973. I 
shall trace some o[ the steps in this d巳velopment.

(1) 1士or sup巳rsymmetric theori巳s (with thc sam巳口umber 01' [cfl11 ioll 
and boson modes) , Weiss and Zumino showed that there was a 111ulual 
canc巳llation of loop infinities betwe巳n fermions and bosüns, such t11at 
the vert巳x-part infinitics canc巳l1 ed in a Yukawa typ巳 of 吕upcrsyl口口1clry

th巳ory. The only ullcanceIled infiniti巳s in SUcI1 thcorics wcre those 
associated with th巳 mass and the wave function rCJ1 ormalizalionsl 

(2) For Yang-Mills supersymmetric theories , however, the wav巳

function renormalizations afe 1卫币nite， and 50 are the vcrtex 
r巳口onnaIizations. This implies a charge rcnormalization. In 且 11 axial 
ιaug飞 this renormalization is associatcd with thc wa飞'è funclion 
renormal山ltion 01、 the gauge particles , ω. ， GR=ZFZE. 

(3) For N = 4 Yang• MilIs t11巳or)' wilhout mass , it was nOlcd by L. V. 
Avdeev , O. V. Tarasov & A. A. Vladimirov (Phys. Lett. 96边， 94 (1980)); 

265 



Abdus Salam 

M. T. Grisaru , M. Rocek &引人 Siege1 (Phys. Rev. Lett. 45, 1063 (1980)); 
and 飞N. Caswell & D. Za口0口 (Phys. Lett. HIO匪， 152 (1980)) that , up to 
three 100ps , the ß-function (which is a gaug巳 invariant qua口tity and 
which deterr丑ines wh巳ther there is a口 infinity associated with charge 
renorrnalization) ‘ is actually zero (i.已， Z3 = 1 in eR = Z1 /2 e). 

(4) Sugg巳stive arguments were give口 to a11 orders for the vanishing of 
the 卢-function by S. Ferrara & B. ZU l11ino (unpublished) , M. Sohnius & 
P. 引F巳st (Ph}'s. Lett. 100B 吨 245 (1981)) 句 and K. Stelle in Quantuì11 

Srructure of Space and Time , p. 337，巳ds. M. J. Duff & C. J. Isham , 

Cambridg巳 Univ. Press (1 982) 
(5) Thes巳 arguments were l11ade quantitative and ext巳nded to include 

Green ‘ s functions to all orders for the massless theory by S. Mande1stam 
(Nuc/. Phys. B213, 149 (1983) and 21st 111t. Conf. 011 High Energy 

Physics , Paris (1982)) and L. Brink et 01. (Phys. Lett.123队 323 (1983)) in 
the light co口 e gaug巳. Not only was the gaug巳 invariant charge 
renorrnalizatìon fìnìte , but in this gauge, all the Zs weτe a1so fìnite. 

(6) Th巳re was , however , a worry that the l11assJess , fuJJy 
sup巳rsymri1 etric theory may , after al!, be a free fie1d theory. One needed 
to see if the resuJts on finiteness wou!d survive th巳 breaking of 
supersymmetry imp1ied by the addition of l11ass terms. Such additions of 
mass terrns are 巳xpected to be gentJe、 so far as the infiniti巳s are 
concerned. This led to the investigation by Namazi己， Strathdee, and 
Salam mentioned above. We discovered that , ifthe supertrace of is 
巳qua1 to zero , and a specific set of cubic terms ofthe typ巳 indicated in (1) 
and (2) are added to the Lagrangian (together with 1h巳 mass terms) , the 
tbeory r巳taJ日s its finil巳n巳ss (in the Jighl cone gauge) to all orders. 

(7) The infrar巳d finiteness for th巳 cas巳 of 11 = 2 (i.e. , inl己rna1 symmetry 
group SU(2)) comes about because it turns out that the theory posses臼s

a vacuum soIution where the internaI symmetry group (SU(2)) is 
spontaneously broken such that aIl three vector mesons in th巳 theory

acquire spontaneously generated masses. Tlms , no infrared infinities can 
arise. Namazie has gone further and shown that if n = 3 (i.巴， the interna1 
symmelJγgroup is SU(3)) , the symmetry breaks down to His 
conjecture is that SU(n) may be expected to break down to 
SU(月一 2) x U(l) so that (17 - 2)2 vector meSO l1S r巳mai丑l11assI巳ss ，

1eading to 1h巳 siandard infrared problems (familiar in QCD). Resu ]ts 
similar to ours were obtained by .T. G. Taylor and A. Parkes and P. 
认1es t. (These authors did not work in the Jight cone gauge.) 

266 



Dirac and .finite field rheories 

3 

1n addition to the N = 4 theory described so [ar , t11巳re ís the set of N = :2 
supersymmetric Yang-Mills theories which , for charge renormalization , 

are also fînite. This comes about because, as M. T. Grisaru &飞v. Siegel 
showed in 1982 (Nucl. Phys. B201 、 292 (1982片， for 卢-functions ， the only 
surviving infinities are expected to exist for one loop graphs. AlI high巳T
loops are finite - provided there exists an extended superfield formalism 
for such a theory. Such a formalism was , indeed , recently provided by P. 
Howe , K.. Stelle & P. Towns优eJη1d (Pl句1飞ηJ严1

K.. S缸t巳elle巳 andP 双w怆es剖1 s印ugge臼st臼巳dt山ha剖t ， i汀fa cJ ass ofmη1at札1巳町rm丁η1U川I Itip纠i巳创ts could 
b 巳 found such that their inf口ïnili巳s and th 巳 lT口1证山fir口1iti巳sfrom丑.1 th 巳 gauge sect01 
cancelled in the ol1 e loop approximation , the 卢-function would be zero to 
all orders. There would , therefore, b巳 no charge renormalization 

Preciselyτlhis happens for SU(I1) int巳rnal symmetry, provided one 
takes 211 (N = 2) matter multiplets in the fu口damental representation (or 
alternatively , one N = 2 matter multiplet in the adjoint representation) 
1n an axial or a background gauge, the wave-function renormalizations 
are also finite. (See Appendix 1.) 

As 1 said earli町， we do not know if thes巳 theories are physically 
relevant.]. Pali & Abdus Salam (Nucl. Phys. B214 , 109 (1 984), section 
V) have suggested that such theories may describ巳 preons ， the basic 
constituents of quaτks and Ieptons. Time and experimentation wilI tell if 
this conjeclure is justifîed. In the meanwhile , w巳 mlls1 saI 1I 1e lhe physicaI 
insight of Dirac哼s insistence that one mllst conlinlle looking for finite 
field theories , rath巳 r than be reconciled with ultraviolet infini1ies 一巳ven
though these may refer 10 only a few physicaI (j llantiti巳s like m85S and 

charge 
FinalIy, N = 3 supersymme!ric Yang-Mi lI s has also been shown 日 lllte

(E.Ahm巳d &J. G. Taylor , King's CoIl eg巳 Preprint) \l sing the harmonic 
superspace techniques of V. Ogievetsky 吨 E. Sokatchev，日 nd their 
coIIaborators年

4 

1 have not discllssed th巳 supergravity 1heori巳s so far 飞可 h巳n these were 
invented in 1976 , ih巳 hope was tha1 they I11 ight make infinities of thc 
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gravity th巳ory tractabl巳. Such a hope was entertained particularly for 
extcnded supergravity theory N = 8 (d = 4). Unhappily , this hope has 
not been justified yet , and p巳rhaps n巳ver will be. 1n Appendix 2 is given 
the present situation as reviewed by Martin Sohnius. 
An巳w possibi!i1y for renormalization o[ gravity , however , has op巳ned

up from stlÌ口g theories and , i口 particular ， for c10sed superstring theories 
l口 10 dimensions based on the group E8 x E8. Mandelstam , in 
particular, has r巳C巳ntly given powerful arguments to show that all closed 
string theories (which i丑clude Einstein's gravity) are likely to be finite to 
all orders. This result will not apply to open string theories which are 
expected 10 be 1 巳normalizable 0丑ly.

The string theories are bas巳d 0日 2-dimensional Nambu-Gotto 
1h巳ori邸， for which Alvar口-Gaumé and D. Z. Freedman had shown 
(following the earlier work of Freedman and Towns巳nd) that the N = 4 
supersymm巳tric non-li丑巳ar sigma models are finite. This result has been 
rec巳n1ly extended by HuIl to N = 1 (and N = 2) supersymmetric non­
linear sigma models that are d巳fined on manifolds which are Ricci flat 
(D. Z. Freedman & P. Towns巳nd ， Nuc/. Phys. Bl77 , 282 (1981); 
Alvarez-Gaumé & D. Z. Freedman , Com l11. Math. Phys. 80 , 443 (1981) 
and Phys. Rev. D15 , 846 (1980); Alvarez-Gaumé啕 D. Z. Freedman & S 
Mukl让， A口11. Phys. 134 , 85 (1985)).ln th巳 construction of string theories , 

these basic finite 2-dimensio丑al string 1h巳ories are destined to play an 
important rol巳

5 

1 would like 10 conclud巳 with a number of p巳rsonal recoll巳ctions about 
Dirac. 

1 once asked Dirac wha1 he thought his greatest contribution 10 
physics was. H巳 said: 'The Poisson brack巳t.' 1 was surpris巳d ， because 1 
thought he would speak of the electron equation. Whe口 1 asked him to 
elaborat巳 on this , h巳 said that , after a long search for the quantum 
analogue of1he Poisson bracke1 , i1 struck him that, ifthere are two non­
C0l11mutative operators - A and B, th巳且 the quantity AB - BA would 
have all the properties of a cIassical Poisson bracket. How巳ver飞 on the 
Sunday 011 which he had made this discovery , h巳 had no texts on 
dynamics available , and it was a丑 anxious waÍ1 until Monday morning 
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wh巳n he could finally go to th己 Library and check whether his 
expression , indecd , satisfied all conditions 丘 quantum Poisson should. 

But , with characteristic mod巳sty 、 he added after a pause that, for a 
long t1m己， h己 f巳lt ecstatic and pleased乡 till h巳 found essentially the same 
remark made by Hamilton as a footnote i口 one o[ his papers wrÏtten in 
the last century 

1 once unwisely criticized Eddington in Dirac、5 presence. My remarks 
were the resu]t of 己xasperation with Eddington、‘Fundamentalτh巳ory'.
1 believe 1 said that , if Eddington were not a professor at Cambridge , he 
would 丑ot have had his book published. Dirac made th巳 remark (which 1 
have appreciated deeply later): 'One must norjudge a man's worth [rom 
his poorer work; one must always judge him by the b巳st h巳 has don巳J

011白， Dirac asked me wheth巳r 1 thought geometrically or 
algebraically~ 1 said 1 did not know what he meant , could he tell me how 
he , himself吨 thought. He said his thinking was geom巳tricaI. 1 w且s taken 
aback by this because Dirac , with his transformalion theory , 
r巳pres巳口ted for my gen巳ration the aIgebraic mov巳m巳nt in physics par 

excellence. So , 1 said: ‘1 still don 't und巳rstand.' He said: ‘ 1 will ask you a 
question. How do you picture the de Sitt巳r spacc?' 1 said , '1 writc down 
the 111巳tric and the口 think about thc structure of the t巳rms in th巳

expresslO丑.' He said ， ιPr巳cisely as 1 thought. You think aJgebraicaIIy , as 
most people [ro l11 th巳 lndian sub-continent do. 1 picture , without effo口，
the de Sitter space as a four-dimensionaI surfac巳 in a live-dimensional 
space.' 

Most of th巳se conversations look place at High Table at SL John's 
Coll巳g巳 when ，巳very Tuesday , he drov巳 into College in his two-scater for 
dinner. It was 111y vcry great p[easur巳 to sit n巳xt lo him for scveral tenns 
at that 日igh Table, and I always anticipatcd th巳 pIcasure of those 
巳V巳口mgs.

Dirac was always very 巳conomical \Vith words. Perhaps , 0 1l C of the 
best record巳d stories is of a newspaper int巳rVl巳w that Dirac gave to a 
飞Visconsin journal and which is recounted in the papcr by Laurie M. 
Brown and Helmut Rechenberg (Chap. 12). 

The residents of Madison , other than the physicists at the University , 

learned about Dirac from a locaJ newspapcr interview: 

1 been hearing about a [ellow thcy have up at the U. this sprin旦- a mathcmatical 
physicisl , or somethi口且， they call hir丑- who is pushing Sir Isaac Newton , 
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Einstein and all the others off the front pag巳. His name is Dirac and 且e is an 
Englishma口. . . So the other afternoon 1 knocks at th巳 door ofDr. Dirac's office 
in St巳rling Hall and a pleasant voice says ‘Comei口， And 1 want to say here and 
now thal this sentence ‘ come in' was about the longesl 0口e emitted by the doctor 
during: our interview. 

1 found the Doctor a tall youngish-looking ma口， and the minute 1 seen the 
twinkle in his eye 1 knew 1 was going 10 like him . . . he did not seem to be al all 
busy. Why ifI w巳nt to interview an American scìentist of his class . . . h巳 would
blow in carη切g a big briefcase ‘ and while he talk己d he would be pulling lecture 
notes吨 proo[， r巳prints ， books , manuscripts ‘ or what have you , out of his bag 
Dirac is diffeτen t. He seems to have all th巳 time there is in the world and his 
heaviest work is looking out the window 

‘ Professor,' says 1, '1 notice you have quite a few letters in front of your last 
name. Do lh巳y stand for anylhing in particular ‘V 

'No ,' says he 
. Fìn巳" says 1 . . . '1证ow Doctor will you giv巳 me in a few words the low-

down on aJl your investiga1ions?' 
‘No ,' says he. 
1 went on: ‘ Do you go 10 the movies'?' 
也Yes，' says h巳
切hen?吨 says L 
t口 1920 - perhaps also J930 ,' says he 

. And now r wan1 to ask you some1hing J11 ore: Tbey tell me that you and 
Einstein are the only 0口巳s who can reaIly understand 巳ach other . . . Do you ever 
run across a fellow that even )'0 1.1 can't understand~' 

也Yes ，' says he. 
Do you mind releasing to me who he is')' 

哈1eyl ,' says he. 

When at Triest巳， \V巳 had lhe idea of celebra1ing his 70th birthday , he 

was most reJuctan t. 111 1.he end 哼 M rs. Dirac convinc巳d him otherwise and 

he agre巳d. One o[ the best evenings in my Iife was the Banquet 巳V巳l1ing

for that ceJ巳bration when , in his pr巳sence， those pr巳S巳nt loJd th巳lr

r巳collections of Dirac.* 

In Trieste, we constructed ‘ ScaJa Dirac' -lhe Dirac Stairs which take 

visitors [rom the Centre to the Park and are built along th巳 face of a ste巳p

slope. These stairs were named ScaJa Dirac, because my secretary onc巳

saw Dirac lrying to scal巳 down that slope. He could not quite n巳go lI at巳

和 Published in J. Mehra's volume、 The Ph_\'sicisl 's CO l1 ccptio l1 of NalurιReidel ， 

Dordrech! and Boston (1973) 
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it because it was so steep. Dirac then happily started to slide down. 认Te

had to build the siairs and (0 name ther口， lhe口， after him 
The Centre has now instituted 旦 Dir3. c Prize to be given in his honour 

oηhis birthday - 8 August - every year, for the highest achievements in 
theoretica! physics. 

I will conclude with 2. story ofDilcìC anû Feynman that , perhaps , will 
convey to yo认 in F巳ynma丑 's words , what we all thought ofDirac. 1 was 
a witness to i1 at the 1961 So!vay Conference. 丁hose of you who have 
attended the oId Solvay Confer巳nces will know thal , at !east then , one 
sat at long tables that were arranged as if one was sitting to pray. Lik巳 a
Quaker gathering , lhere Was no fixed Agenda; the expectation - seldom 
be!ied - was that someone would be moved to start off the discussion 
spontaneously. 

At th巳 1961 Conference , I was sitting at one ofthese !ong tables next to 
Dirac, waiting for the session to start , when Feynman came and sat 
down opposite. Feynman extended his hand iowards Dirac and said:ιJ 
am Feyηman.吗 It was clear from his tone that it was the firs1 time they 

had met. Dirac 巳xtended his hand and said: ‘1 am Dirac.' There was 
silence, which from F巳ynman was rather remarkable. 了hen F巳ynman ，

lilce a schoolboy in the presence of a Master, said to Dirac: ‘Jt must have 
felt good to hav巳lTI飞rented lhal equatio贝吨 And Dirac said: 'But 1ha1 was 

a long time ago.' Silence again. To bre:lk this , Dirac aslced Feynma口，
呗That are you yourself working on?' Feynman said: ‘ Meson lh巳ories‘

and Dirac said:ιAre you trying to inv巳nt a similar equa1ion?、 Feynman

said: 'That would be very difficult.' 人nd Dirac 弓 in an anxious voice , said 
古ut one must try.' At that point , 1h巳 cO l1 versation finish巳d because the 
m巴巴ting had started. 

1 

Finit巳ness of N = 2 1heori巳S

The condition for one loop íïnileness which guarantees finiteness to all orders is 

T(尺)=C2 (G).

where T(只)且nd C 2(G) ar巳 the Oynkin index of ma1ter !11 U11ir可lets in 
representalion R and lhe quadralic Casimir operalor for lbe adjoin( 
represe口tation of gauge group G. 八 compl巳lc list o[ finite fjeld theories can be 
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readily 0 btai口巳d. (See , for example , L G. Koh & S. R勾poot ， Phys. Lett. 135B, 
397 (1984).) lf matter multiplets are assigned solely to the adjoint 
f巳presentat!O时， the N = 2 th巳ory coincides with N = 4 theory. 

For SU(n) internal symmetry, N = 2 supersymmetric Yang-J'世ills th巳on巳S

with the following represe口tations for matter multiplets ar巳Jïnite:

(a) 211 口 for all SU(Il), 

但) (月 一 2)0+00 叫2川(11 -2)J 口 十 P 日B f，川U叭叼山川(1价例η叫1)川吮W呐咄咐ri也怕i江灿t由hll

(ω刨c叫) 日卧+00 fo阳川r仆圳叫S町町川U叭盯W川(1价例11川1什)w毗l认协t山h 山
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Here, the coefJïcients in front ofYoung tableaux denot巳 the multiplicities and are 
posltJve. 

For SO(I1) group , th巳 represe口tations for the matter multipl巳ts of Jïnite field 
theories are the following: 

(a) (η-2) r巳petitions of 11 (fundamental) represe口tation

(b) H the matter multiplets are assigned to spinor representations of SO(I1), 
the following four cas巳S 吨 6(4) ofSO(匀， 5(8) of SO(7), 6(8) of SO(8) and 4(16) of 
SO(10) satisfy the condilion for finiteness , with multiplicities shown in front of 
dim巳nslO日ality

(c) The repres巳口lations with 11[ repetilions ofthe fundamental representation 
of dim巳nsion )] and wilh 11, repelitions of th巳 spinorial representation of 
dimension 2[叫 2J for odd 11 吨 and s["/2J -1 for ev巳n 11 satisfy the finiteness condition 

wilh lhe following (11[，月，) combinations: 

SO(5) (川、1lS) = (2‘匀， (1 , 4) 

SO(7) (1斤， llsl = (4, 1) , (3 ，匀" (2 ， 3) 吨 (1 ， 4)

SO(9) (阶， 11 ，) = (5 , 1) , (3 ，匀， (1 , 3) 

SO(10) (1斤， 11，)= (6 ， 1) ，侣，匀， (2 , 3) 

SO(12) (叶，时=币， 1) ， (2 , 2) 

SO(14) (Ilr, llJ = (4 , 1). 
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The representations o[ rnatter rnultiplets allow巳d for Sp(2111) group are: 
(a) (2m + 2) repetitions of 2m fundamental representation ‘ 

(b) four repetitions of2m and one second-rank a口tisymmetric representation 
of dimension 111(21η-1). 

To give more detaìls of N = 2 theori巳s in excep lÏonal groups、 the [ollowing 
representations of matter multiplets form N = 2 [inite field theories: 

(a) four times 27 ;n E6 
(b) thre巳 times 56 in E7 
(c) thr巳e times 26 in F.,_ 

(d) four tim巳s 7 in G2 . 

It is interesting 10 note that th巳 only representatio口 satisfying th巳 finit巳口巳ss

condition for E8 is the adjoint repr巳sentation. Thus , finit巳口巳ss for E8 gauge 
group requires the N = 4 theory. 

Appendix 2 

Quantum gravity 

K = jp;;(j "" 5 X 10- 19 GeV- 1 , 
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= No surviving countertenn , l-Ioop finile 

if one uses Gauss-Bonnet theorem and the equation of motion R ,,,. = O. 
For 2-10ops: 出反μVp"RpqdR~~ remains # 0 on-sh巳II

This term does IJO[ hav巳 a supersymmetric extension. 
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On巳 can show that Supergravity is 2-1oop finite if 1-1oop fimte. 
This is tr口e if no matter is present; 

but: 
For 3-1oops: 出((Bel-Robinso口)2 + SUSY-extension) exists for N ζ4. 

Also 7-loops: 出((Weyl)8 + SUSY-extension) exists for N = 8. 
1t has been conjectured that 3-1oop term probable for N = 8. 

Remaining hope: cx = 0 

T且is requires more miracles than SUSY is likely to deliver (口o C( has yet been 
calculated at 3-loop level). 

Appendix 3 

N = 4 Super - Yang-Mills with soft breaking te口ns

Fields: 

Aμ 口2_1

H[aßJ H complex啕 H41 = fj32 , etc. 

4(n 2 -1), 

6(11 2 - 1) 、

ψα 饵，卢= 1,..., 4 (intemal index) 

for SU(n) gauge group. 

Lagrangian: 

.st = -iF;v -lfïaï9比 +fVl'fjaß • 飞H时

+ - g_(fjaρi卢;- x (C- 1 tj'ß + h.c.) 
、 2

+-JZMJMTVα山 )-V(H)

V(H) = M2(H14)IH1412 + M2(Hμ阳斗2 + Jv[ 2(H 34) IH 341 2 

n 
+一气二gFMa(旷

) l ( 

+旦-: fjaß X Hl'ð. H_n x H"λ 
16 叩 fυ

(2) 

Seven masses: four for fermions , three for Hs 
(Scalar)3 - coupling which depends on fermion masses. 
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Finite if: 

。) M2(H 14) + M2(I-l 24) 十 M"(H34)

= lvI"(内)十 M2(归) + Jví"(lP3l + Jvj"(ljJ4J. 

(2) light-cone gauge 
(othef'.vise: infïnite off-shell wave function renonn.). 

(3) No IR-infïnities if 11 = 2 (i .e. , for SU(2) - Yang-MiIJs) 
(other飞，vise: IR-infinities ass. with unbroke口 sector o[ gauge group). 

(From Namazi巴， Strathdee & SaJam ‘ Phys. Rev. D28 , 1481 (1983).) 
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23 

Dirac雪 s 旦ce 0丑口丑ified

theory 

N. 
University of Miami 

1 1ηtrodμction 

The last paragraph of the following letter from Dirac concerns his 
attempt to unify gravitation and electromagnetism based on Weyl's 
g巳neralization of Einstein 's relativistic theory of gravitation. Dirac's 
approach was contained in a paper, entitled 寸he Geometrical Nature of 
Space and Time,' which he presented at the 1974 Coral Gables Orbis 
Scien tiae.1 Dirac stat巳s that,‘The passage from Euclid巳an to Riemann 
space was so successful. Should one not try to tak巳 another step in the 
sal丑e direction? Passing to Ri巳口1anη space provid巳d one with an 
excellent description of th巳 gravitational field. Now there is another 
[ield , the electromagnetic field. Both fields involve long-rang巳 forces，

which fall of[ according 10 the la w r- 2. This distinguishes them from the 
olher fields ofphysics, which are sp巳cially important for atomic physics, 
involving short-range forces , which fall off according to the law 
exp( 一 /(1'). Should one not treat the electromagnetic field lik巳 the

gravitationaJ , and try to explain it in terms of a more general geometry? 
This !eads to the problem of the unification of the gravitational and 
electromagnetic fieJds.' For furth巳r detaiJs of Dirac's approach , 1 wouJd 
like to refer the r巳ader to his pap巳[.1

1 attended Dirac's quantum mechanics course at Cambridge 
University as a research student from 1949-52 and , thus, b巳longed to a 
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privileg巳d group of students at that time. 1 was not officially assigned to 
Dir剖's supervision 江s a r巳search student, but 1 visited him more often 
than did most of his research students_ He always took great interest in 
Einstein's unifi巳d fieJd th巳ories. 1 was 巳specially pleased to show hi日1

Einstein's and Schrδdinger's lcrters replying to my letters to th巳mon th巳

nonsymmetnc g巳n巳ralization of the general theory of relativity. His 
comm巳口 ts on thes巳 lett巳rs and on my own work on uni[ied [ield theory 
have been a source of inspiration for me. Our relationship , which was 
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Dirac 、s injlllence 011 lInified field theory 

interrupted after I left Cambridge at the 巳nd of 1952, was resumed when 
I invited th巳 Diracs to visit t11己 Cen比r [or Theoretical Sluùi己S j日 i968.

He accepted a one-weelc-only stay in Florida but , happiJy , stilyed in 
Coral Gables until 1972, when he accept巳d an offer from Florida State 
University in TalIahassee and stayed there until his death in October 
1984 日e visited the Center every y巳ar for two weeks and was th巳 first

speaker in our annual Orbis Scientiae, the last of which in 1983 was 
dedicated to his 80th year. 

I resumed my work 0ηunified field theory in 1969 when Dirac arrived 
in CoraI Gables and have further developed my own v巳rsion of the 
nonsymmetric generalization of general relativity, alternative to those of 
Einstein and Schrδdinger. AlI three versions ofthe nonsymmetric theory 
were discussed by Einstein 's assista川、 Brira Kaufman ,l and later 
inc1uded in a book on Einstein by A. Pais. 3 丁he fir吼 two paragraphs of 
Dirac's preceding letter refer to this theory of mine and ha ve led me to 
answer his question and concern that 1 may have a problem regarding 
the possibility that even short-range forces might propagate with the 
velocity of light. τhe fo lIowing is a shortened presentation concerning 
the propagation of short-range forces , which travel with a velocity less 
than that oflight. 1n fact , 1 traveled to Tallahassee in December of 1973 
to give a ta1k on this subject and fully convinced Dirac ofthis important 
result. It gave me greatjoy and satisfaction to gain his approval on this. 

2 Prop吨α tion shoγt-range γces 

1n this section, w巳 shaJJ demonstrate that the propagatioηof short-range 
field tak巳s place with a velocity less than that ofligh t. The propagation 
ofwaves in a nonlinearfïeld theory can b巳 stlldied in an indirect way. In 
fact , tbe velocity of energy and mom巳ntum-carrying waves can provide a 
good test for tbe physical validity of the theory. Here, w巳 shall be 
concerned on1y with nongravitational 唱raves.

1n order to stlldy the nature ofthe short-range forces in this theory , we 
shall consider, of the sixteen-field equations , only the linearized for古10f
the four field equations4 

Rμ\'.p十十 μ，v+rü1II'VP=O ， (2.1) 
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[or the nonsymmetric field variables gρ =g~ ，， +q-l$~V' wher巳 th巳
Iηagl1 etic currcnt d巳nsity

lμvρ=$μ".ρ 十 φ、ρ 、μ+φ

is related to its dual v巳ctor j' according to 

1 ...~ =εf J!l'p μvρσ 

The inlegrated [01111 o[ (2.1) , 

r6Rμ，，+⑥μv=Fμ ，， =3μ A"-3，， Aμ ， 

contains, for short distances , a modification of el巳ctrodyl1amics. We 
shall study the gen巳ral behaviorof(2.1)forw巳ak lïelds at distances large, 
compared to r口， wher巳 R"νrcpresents th巳 anlisymJ丑巳tric part of the 
口0口symm巳tric curvature tensor and where the constant length ro 

and the constant q (with the dimensions of an electric field) are related 
according to 

4 
2.2 、d

r~a- = 一-
V" 2G 

Thus, in an approximately Galilcall region , i.e. 、 a t distances 

r 主>"0 , 

(2.2) 

(2.3) 

wcca口 neglect (i) the gravitationaI [ield and (ii) all the terms containing 
cubíc or higher powers at the cO J1stant q -1. Under these assumptíons, 
the above-m巳ntioned field 巳quatíons can be lin巳arízcd into a wave 
equation 

(V 2 一二十 l个 (2.4) 

for th巳 parlicle、smagn巳tic current density ./'. 1n (2.4), /(2 (= 2"( 2
) and íts 

larg巳 value implies t l1 at , at distanccs r :>> ro , the magnelic current density 
jμís ncgJigibly smalJ. Thus , wav巳巳quation (2.4) descríbes the wav巳
charact巳ristics of thc vaníshingJy small magnetic current density at 
dístances r :>> ro in an approximateJy f1at space-tíme. 
Th巳 magnetic current d巳nsity f(x) can be represented as a 

supcrposition of pJane wavcs ín the form 

)"(x) = (二yftwxW川σ 斗 ;(2)的。 5)
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where f(k) (i.e 句 )'(k 1 ， k2 , k 3 , ko)) is the Fourier transform of .)~(x) (i.e. , 
jl(Xl ， 又23X33 沪)) in the 1←spac巳 or thc \'气妇'e-number space a旦d wherc 
tl1巳 delta function under the int巳gration sign can be 巳xpressed as 

c5 (kρkρ + J( 2) = 吉 [c5(飞/(k~ 十 1(2) + k) 十 c5 (J(k6+ κ2) - k)J.口 6)

I口 the plane wave 

exp(ikρXρ) = exp(ikox O ) 巳xp( - iko . 1"), (2.7) 

ko and kj (j = 1, 2 , 3) are related to th巳 frequency v and wavelength λ 
according to v = cko ， λ=1叫 1 wl1ere the veloc叮 of the 
monochromatic wave is given by v = λv. Because of (2λ) and (2.5) , the 
wave number vector kμmust satisfy the equation 

2 , 
Lkρ 十 K. 2 = 二-~十 κ2=0. (2.8) 
Y 巳"人-

Hence, for the velocity o[ a wave wit l1 frequ巳ncy v and wavelengthλ ， w巳

have 

:=J(i 一州，

or，巳xpressed as a function of the [requency v, we obtain 

vc 
口-

(ν2 + c2κ2) , (2.9) 

wh巳r巳 λ<κ一 1 Thus , 1.he ma吕netic charge curr巳nt densi1y .)μ(χ) is 
obtained as a superposition ofplane waves mo飞'111吕 with a velocity less 
than that o[ lig l1t. How巳ver， if 1.h巳 lζ2 terms in the wa v巳 equatlOn were 
negative (i.e. , replacing κby i/() , th巳n expression (2.9) would yield , for 
short-range [orc巳s ， a velocity of propagation gr巳at巳r than light velocity, 
resulting in tachyons. Thus , th巳 only way to obtain waves moving with 
the velocity oflight is by setting l( = 0 or ro = CfJ. The latter corresponds 
to Einstein's version of the uni[ied field theory. The case "0 = 0 yields 
general relativity in the prcse丑ce o[ electromagnetic field 

The conservation of t l1e current d'(x) yields the correspo口ding
statcmcnt 

kμ )I'(k) =0 , (2.10) 

in the wave number spac巳.τhe delïnition of J气x) by 1.he divergence 
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equatlOn 

f!:7=4πdμ ， (2.11) 

in 11at space-time, togeth巳r with (2.5) and (2.10) 电 yield the result 

户口(hfyx)+」丁 I [J" (k)k 、 ♂ (k)k"J 
斗π-/C I 

x exp(ikρXρ)5(krr k σ 十兀2) d4k , (2.12) 

where f/''(.x) represents an 巳lectromagnetic field satisfying the equations 

刀:\~. = 0 , (V2 垃)r=0 (2.13) 

He口ce ， the field jV"(斗， as fo lIows from (2 .4) and (2.1匀， satisfies the wave 
equatIOη 

(vzJ 二十 K2) P"'(x) = K~{j' (2.14) 

Thus , the short-range [orces corresponding to fl'" propagate with a 
velocity 1巳ss than that of light. The fields jV v

, which carry energy and 
momentum , have a part obeying wave equation (2.14) without theκ气

臼ml and , there[or巴， correspond to electromagnetic waves represented 

by f j' v. Furthermore, the electromagnetic waves represented by 刀<v

int巳ract with the short-range field fl'" geηerated by th巳 magnetic charge 
distribution. 

For waves of frequ巳ncy v, which propagate with (1 velocity Iess than 

tha1 o[ Iight, the wave equation (2 .4) becomes 

where 
(V2 + k，~)ο::=0 、

o 

lcyhL1ιC飞♂Jj?
c . 

kizZrzfE 

(2.15) 

(2.16) 

Áccording to the fundamentaI theorems o of eigenfunctions and 
eigenvalues of an equation Iike (2.15) , ther巳 exists an infinite system of 
巳igenfunc1ions

Il 1/1 ,/1 Ji , .)2 , ')'3' . . . , (2.17) 

whoseelemeη1s are regular in the interior of a spatial region S and satis[y 
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di[ferential equation (2.15) , as well as a homogeneous boundary 

condition 飞，vhere .J~' = 0 ， η= 1, 2 , 3,. . . The CQfTeSponding eigeη\'a! t! cs 

k 1 、 /(2' /(3' . . .吨 (2.18) 

ord巳red in an i卫creaSlηgs巳quence ， are iJÏfinilé ií1 numbeτ;相d incr巳ase to 

infinity , i.e川 ν" → 3己，吃?→ χ(or 7'0" • 0) as 11 •rr_. Because of the 
boundedness of the region S‘ the 巳igenfunctions and the corr巳sponding
eigenvalues form a discrete spectrum. Eigenfunctions (2.17) tend to zero 

as n →∞. It follows from the above analysis that the oscillations of the 

mag口巳tJc curre口1 J;: in the regio口 S ， because ofthe Lim"→∞ J:，' = 0, tend 
to zero. In fact , in view of1h巳 very Iarge size of k" as d巳fined by (2.16 ), aIl 
ofthe currents 'J;: tend to zero with distance from the origin. The velocity 
of the waves defined by (2.9) for Iarge l( and smaII wavelength 

λ~ (1/)2) 7'0 can become v町 smaJ I. Thus , the magnetic cωu盯l町rrer
d巳nsi创itie创s á;: do not propagat臼巳 tωo infl日m时1丘it叩y bu川1川1 丘f臼e ιcoω'l听f斤ì，口le盯d正d 飞Wl凡N川/吁lt出hin the 

r臼eg♂ior口1 S. Hence, aII the magnetic current densities j:,' are confined to 
constitute the extended dynamicaI structure of the elementary particle. 

In wave equation (2.14), th巳 field fμ ，. can be decomposed according to 

['川 = f，// γ +f/飞。， (2.19) 

where f'/'''' represents th巳 field due to 1he magnetic charge dis1ribution at 
distanc巳s Iarge compared to ro. Su bstitu1ing [rom (2.19) in wave 

equation (2.14) and using eleclromagn巳tic wave 巳quation (2.13) , we 

obtain the wave equation 

(V 2 二十巾 (2.20) 

[or the short-range field f.j,'" produced by 1he oscillations of the 

mag口etic-charge distribution , and it propagates as a wave with velocity 

Iess than that oflight. 1口 fact ， in view of 1he very Iarge valu巳 of K , thefield 
f./,"" is vanishingly smaII and , 1here[ore、 represents 1he field of confi /J ed 

mαgnetic charges. vVe have, thus 、 proven that shor1-range forces 
propagate wi1h velocity less tha l1 1ha1 ofliι ]1 1 ， and 1he problem posed by 

Dirac in his leHer above does not arise! 
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3 Stratified distribution of magnetic charges 

τhe nature oft扫巳 magn巳1ic charge predict巳d by the present theory is not 
related 10 1he magnetic 1丑onopole (i.e. , a particle carrying a 口et magnetlc 
charge) proposed by Dirac6 in 1932 and discussed in more detail in his 
1948 paper. Dirac's approach was based on estabJishing a complete 
symm巳try between the existenc己 of el巳ctric- and magnetic-curr巳ηt

d巳nsities and th巳 [act that his theory do巳s not involve gravitation. 1n th巳
present case, 1he magnetic charge 巳onstitutes the structure of an 
elementary particle and , therefor巳， the origin of the density of matter. It 
emerges as the basic entity, generating a third short-range force in 
addition to the short由ra口ge parts of th巳 electromagnetic and 
gravitational forces. Th巳 dis1ribution of 1h巳 magnetic charge in an 
el巳men1ary particle produces a short-rallge force ol1ly. Hence , its 
detectioll callnot be based on the sam巳 premises employed in th巳

d巳tection of an 巳l巳ctric charge producing long-range force in addition to 
the short-range part of the el巳ctromagn巳tic field. 

1n ord巳r 10 obtain th巳 na1ure ofth巳 magnetic charge distribution , we 
shall begin by an 巳xpansion of plane waves of th巳 form 巳xp( 土 ik" .斤，

which satisfies wave 巳quation (2.15). 丁he well-known plane wave 
expansion 7 is giv巳n by 

exp(isk" . r) = 巳xp(isk" r CoS 0) 

工工 (21 + l)(si))/(k"r)P/(coS e) , (3.1) 
/ ~O 

wher巳 s = :t 1 and j/(!(" . r) are spherical B巳ssel functions and PJcos G) 
repres巳I1 tS Le吕巳ndre polynomials. using (2.5) and (2.6) , we may 
lurl !J cr expr巳5S the m吨netic-current dcnsity eigcnfunc1ions in the [orm 

/ 1 \ 4 1 ∞「∞内 (2π 「在

J::(X) = \2~)ιE I lE(2l+l州jodML 邮↓创sin e 

x LW川俨山〉〉dbν/1')八1')':'(句4机收"川忡.~(川(υ川3

(3 .2) 
轧wh巳re th巳 d巳eltω且 fu凡:unction i比sd巳fin巳d by (ρ2.6句) and wh巳reth巳 SUl丑 ov已r s= 1, 

5 巳一 y川i巳eJds 且 com口p抖l巳创L巳 expans剖101口1 1山nclud副II丑19 bol山h positive and 

negative frequ巳nCles.
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For a tim巳-independent ， sphericaJly symmetric (i. 巳， 1= 0) magnetic­
charge distribution at distances large ‘ compared to 1'0' we can write 

OJ qsmkFn1 
) =寸-一一-一←一 D= 寸-1'

→ 4咒卢 ' 
(3.3) 

where .)0 satisfies the 巳quatlOn

nu -­n
υ
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Thus , the density changes sign at th巳 pomts

Kl"=土 π3 土 2π，土 3π ， (3.4) 

and the spherically symmetric distribution consists of st1'alified 1正lye1's of 
magn巳tic-charg巳 d巳nSl tJ巳s with aJternatìng signs and decr巳aSll1 g

m凡gnitudes (Fig. 1) 
Each term i丑 expansion (3.2) for 1 笋 o repres巳nts a deviation [rom the 

sphericalJy sym111etric magnetic-charge distribution. These prop巳rties of 
the magnetic-charge distribution apply , as can be seen [ro111 wave 
巳quatJO丑 (2.20) ， to the short骨range field f,:'". 

4 Spectrwn of 11四gnetic charges 

One com l11on characlcristic o[th巳 exact soJutions discussed in ref. 4 and 
iηaηunpublished report B is the fact that alJ of 1hcm rcfer 10 the regions 
of zero magnctic-char且e den日ity (i.c. , magn巳 tìcally n巳utral sur[aces). 认le

111USt , therefore , s巳ek aJl other solutions for which magnetic-charge 
density vanìshes. 

The points give口 by (3.4) describ巳 the neutral sur[aces or regions o[ 

transition lying between opposite signs o[magnetic-charge distribution. 
1n g巳neral ， the existence o[ magnetic Iayers with alternating signs of 
charge densities in traversing through the 111agnetically neutral surfaces 
are to b巳 obtained by setting magnetic-charge d巳nsity 巳quaI to z巳ro ín 
the field 巳qua110ns

了h巳 field equations for spbericaJly symJ口elnc space- t1111巳 (p巳rtaining

to regions ofz巳ro magnetic-charge density) to b巳 mtegrat巳d are given by 
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。 g~ 

Fig. 1. A sphericaIly symmetric orbiton consists of stratified layers of mag口号tic
charges with altemating signs and decreasing amounts. The sum ofth巳 magnetic
charges ofthese infinite stratified layers is zero. The boundaries of the magnetic 
layers are not sharply defined , but have distributions that are deteπ口m巳d from 
the soJutions of equations (4.1)一(4.3). An orbiton is a ‘magnet吨 where each 
monopoJe is screened by the adjac巳nt monopoJe with different magnitude 
resuiting in a short-range force aro口 nd the orbiton. 

(see ref. 8) 

trV(1 十 t2)J

=L二LV(I 十 m干)-1 +(-1叫， (4 月2 (1 十广)..i{.2. L V 
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去 [St- 1/2J(1 + 户口

=才it;柯)31严而百币t刮7万甘王迁仆[t 一→4卅呐tJ川叭J(ω(οl忏川川+村忖叫Jη7

圣主l空丛t 叮3 /2J川J(l忏+t内2)3 Iμ=」J 」旦二|ιl卜→ !lJ rι→ l 11 、
uωLLUL J L 飞-J (ο1+1泸2) L v八句 1 十川111 2勺(2)川J

飞〔寸 f 

wh巳re the 'eigenvalue' 111 is defined by 

7 16 g2 
月r= …--;-=-丁-一ro e~ + 9 斗' (4 .4) 

and where 
1'

2 "2G" 丙
t= 丁亏7"6 =丁 (e二十 g汀，

tõ c' 

?r; 
l327号叫(e二十的

For the region ofzero magneticωcharge density , the field equ3tiol1孔川
se巳口 from (4.1)一(4.匀， are now decoupled. The integraled form oì 
equatio口s (4.1)一(4.3) is obtained in (VI.42)-(VL44) of App巳ndix VI." 
The solutions for S of equations (4.1)一(4.3) will be repr巳8cnt巳d by lhe 
surfaces S = 11 (t , 117) , S = 12(t , 117) , S = 13(t , m ), respectively. Equalior飞
(4.1)一(4.3) are not compatible for every S , t , and 117. One obvious solu lion 
satisfying alI three equations (4.1)一(4.3) is given by 

m=O , S=O , (4.5) 

wh巳r巳 t is a lïnite arbitrary parameter which , log巳lher with lhc funclio门
exp(u) appearing in th巳 delïnition (IV. J.1 1) of r巳f. 8 for S. imply lhc 
nonlocalizability of the origin of a particle , i.巳， 111 巳 01-lgl l1 lS 吕 ubject lο 

distribution. From delïnition (V.3.8) of ref. 8, we have 

,.2 = 1 飞 I 、 (斗的

and , tberefore , for m = 0 , we obtain r = 0 , providcd I and lhc I'unclion 
exp(u) remain finite. Solution (4.5) is also valid 3t infinily 、 wh巳rc exp(ji) 

tends to infinity and S t巳nds to zero. The 13tt巳ris no surprise sincc、 l 口 lhi 且

case , for 16 = 0 a口dt= 忧， we should still obtain ,. =立-
The surfaces of compatibility for 巳quations (4. 1)一 (4.:') corr己叩 ond [u 

the mag口巳tic layers with a ]ternating sigηS o[ m日gne(IC cll:u古已 1 ， rClI1l 

definition (4.4), we see that the magn巳tic and electric clnr卫es 川口
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I 巳lated by 

where 

节
J)I-

2 .2 rr = e 丁一一一τ
1-11广

0:"二 111 2 < 1 

(4.7) 

(4.8) 

R巳!ation (4.7) provid邸， [or given spectrum o[ l11-valu邸， a discrete (0 r 
'quantized丁 relationship between the magnetic-charge values g" and the 
巳lectric charge e 

1n equa110日 s (4.1)-(4.3) , the s = 0 and s = 1 refer to adjacent lay巳rs of 
OppOS11巳 signs ofmagnetic charges. Equation (4.3) is independent ofthe 
magnetic-charge sign and contains dS/巾， the slope of the function S. 
丁hus ， (4.3) is relat巳d to the interface betwee口 the a吗Jac巳nt lay巳rs of 
opposite signs of mag丑巳tic charges (i.e. , magnetically neutral sur[aces). 
H巳nc巳， we see that the solutions S + and S _, corresponding to the S = 0 
and s = 1 values. respectively (representing transitions in the directio丑
行0111 positiv巳 to negative lay巳r and from n巳gatlv巳 to positive lay巳r，

resp巳ctively) can be taken together with th巳 dS/dt of (4.3) to posit two 
S巳1s of algebraic equations to caIcu!at巳 the spectra o[ t ， 口 1 ， and mG/c210 

The two s巳Is of aJgebraic equations ar巳 given by 

川 (111 ， t , c~J = j~- (川军) dfl- df3 dfζ df 

dt dt' dt - dt ' 

(4.9) 

df/ df3 df/ df 
dt dt' dt - dt 向 f(J11I :12)=叫1 儿去)

(4.10) 

!-I encc , wc see that , in principle , thc t wo scts o[ alg巳braic equalions 
(4.9)一(4.10) should yield two differenl S巳ts of sp巳ctral valu巳s of 
f、 111 ，I11 C/c 2 /0 that may reprcse卫1 two different particJes. Of cours巳， a

corrcsponding valu巳巳xists for the function S for 巳ach sct o[ spectral 
valuc. Furthcnnore, in view of e2噜depend巳nce o[ /ll and 10 , the r巳sults
apply 10 both particl 巳s and antiparticl巳S. The actual solutions of 
alg巳braic equations (4.9) and (4.10) , in terms oflhe integrals as given in 
ref. 8, r巳quir巳 a computer analysis o[ lhcse equalio丑S
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5 Complimentarity of spin αnd stl"μctω它

丁he fundame川al conservatíon Iaw .2::0' 9 /1 = 0 for the magnetic charge 
structur巳 of an elementary partícl巳 and lhe spin and slruclure r巳lation

117 = (1/c) .2::0" g~ provide an example for the principle of 
complimen tari ty τhe m巳asurem巳丑t o[ the spin , on the one hand , and 
the measurem巳n t o[ the mag丑etic structure、 i .e.. the observation of the 

11 th partial angular l11 0mentum 19乙 o丑 1h巳 oth巳r hand , constitute 
co口.1plim巳nlary prOpertl巳s of an elem巳n1ary particle. Thus, if 0口E
performs an experiment to measur巳 the spin-a丑gular momen1um of a 
particl己， 0日巳 fïnds that it has spin. 1n the same mann巳r， if 0丑e per[orms 
an expe口ment to m巳asure magnetic charge compository structure of a 
particIe, one th巳丑 observes its magne1ic charge structure. The 
obs巳rvatio日 ofany one of1hes巳 two ， spin and structure ‘ properties of an 
elem巳ntary particl巳 will depend 011 the nature of the experime丑t

performed. At a 1巳mperature corresponding to an energy of 1021 MeV , 

the 巳xp巳Jiment wiIl aIlow direct obs巳rva tion of the partic!e's mag丑e1ic

charge constan1s. At Iower t巳mperatur邸， w巳 caηmeasure the total spin 
angular mom巳ntum.

1n 1975 、 Dirac called to infor111 111巳 that he had just s巳巳na口 arti cIe in 
Physics Today d巳scribing 巳xp巳n丑1巳nts by Alan. Krisch and his co­
workers on polarized proton scatlering fr0111 a polarized proton targ巳t.

The da1a indicat巳d that. at larg巳 1raηsverse 1110m巳n1口m. lhe cross , ...._.. ......... c> 

section is signifïcantly larger when lhe two spins were parallellhan when 
1heyar巳 antiparallel. The fundamental result of lhe 巳xpe口ment was the 
[acllhal spin-spin inleraclion is [ar fro111 being negligible in lar旦巳-angle巳
protωon-p严1'0创tOl口1 巳las创凶(J山c S沉ca川tl比已n山l口I卫1ι a创t high 巳丑巳rg引leωs (σ5-3如OG巳d飞V吁).γ1川o Dira 
infon口111丑1巳dm丑1巳 that Krisch propos巳d a lh巳or⑤飞己tical 1η110d巳1 o[ 1h已 pro1o口

consislμing o[ three layer吕 o[ S0111巳 conslÍ tucnts and 1hat 1his was 
som巳whal similar 10 my own resulls o[ a particl己 havin吕 lhe slruclure 
presentcd in lhe previous scction. I immediatcly called Krisch and 
pointed ou1 to hím tha( he would have, among olhers , the problem oft l1e 
noninvariance of (he slr口c(ure based 0日 a fíníte numbcr of lay巳rs.
Furthermore, th巳r巳 was also thc problcm 01' prolon slability which he 
could not possibly cxplai l1 with 1his model. Howev伐， Krisch was more 
intercsted in 1he abs巳nce of an cxplanatío l1 bascd on QCD (han lhe 
‘ success' of his own modcl. 
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My own interest in the Krisch expe口m巳nt was, on the one baηd ， 

inllu 巳nced by Dirac's teJephone call and , 0口 the other, by Krisch's 
proposed layered model , even though the latter may tum out to be quite 
irreJevant to explaining the expeηment. The c1 0se relation between spin 
and structure in this theory implies that tbe spin-dependent effects and 
tbeir possibJe growth with higber energies in the eJastic large-angle PP 
scattering should be predominant. 8 日owev町， Dirac persuaded me that , 

unless I find a way to calculate differential cross sectio丑， the theory will 
not have an immediate in红ue旦ce on the evolution of physical theories! 

6 Other remarks 

B巳fore leaving Cambridge at tbe end of 1952 , I went to see Dirac to tell 
him that I was accepted as a postdoctoral research associate at Comell 
University in Ithaca, New York, to work with Hans Bethe. He asked me 
whether 1 would continue working on my version of the no丑symmetric
theory unifying electromagnetic and gravitational fields. He then 
inquir巳d ifI could calculat巳 the fine structure constant frOJηmy theory. I 
asked Dirac ， ζCan you calculate the 口口e structure constant from your 
theory?' H巳 answer时， 'In the future , 1 might be abl巳 to.' My parting 
remark , as a young and credulous pbysicist , was吨 '1n the future , I might 
be abl巳 to calculate it , too.' Many years and many theories later, no one 
has an answer to that important question. 

Dirac always had a great interest in constructing a fínit巳 physical

theory independent of all renormalization schemes. His contribution to 
this volurne was originally pr巳pared ， at my request , for his 80th year 
Festschrift. The last tirne I spoke with Dirac on the phon巳 (August

1984) , it was about that manuscrip t. He said h巳 was mailing it to me and 
that it co口tained a summary of his fe巳lings 0口 the undesirability of the 
appearance of in日nities in qua口tum electrodynamìcs, even ìf they can be 
suppressed by the methods of renormalization. He disliked the 
acceptance of the renormalizability of any field ìn physics as a principle 
o[ physics. 
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