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Abstract: A number of reviews of gauge theories cover the period from
about 1929 (Weyl's major paper on the subject) to the present day, with
stress on the post-Yang-Mills epoch. Lev Okun and I address the "pre-
history" of the subject, starting with Ampere, Neumann, Weber, and
others, and the debates over the "correct” form of the vector potential.
The story continues with Maxwell, Lorenz, Helmholtz, Clausius, and
Lorentz by which time the idea of different, equivalent gauges for the
potentials in classical electromagnetism had been clarified completely. We
then discuss the annus mirabilus, 1926, with Fock's discovery of the phase
transformation of the wave function that must accompany a gauge change
of the potentials. The unfair belittlement of the contributions of Lorenz
and Fock are aired. Portraits of all the "electricians" will be presented as
the story unfolds. [Reference: J. D. Jackson and Lev Okun, Rev. Mod.
Phys. Vol. 73, 663-680 (2001)]

Biographical data: Dave Jackson is a Professor Emeritus of Physics, UC
Berkeley, and a Senior Physicist at LBNL since 1967. He is the author of a
well-known text, Classical Electrodynamics. His research interests are mainly
in particle physics, but in his retirement he has been writing pedagogical
articles in the American Journal of Physics as well as the recent foray into
the history of science.
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WHAT 1S GAOGE INVARIARCE ©
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(1) QUANTUM MECRANICS

SCRRIDINCELR 'EQ\)A‘TION FOR CRARGED
PAKNCLE
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[mscwen::p BY VLADIMIR FOCK mc]

© QFT MI GAVGE Pﬂmcxﬂ.ﬁ o |
WEYL (1929 ENSMUNED GAUGE mVAmANCEj
As A SNMMETRY PRLINCIPLE BY RUNNING-

TRINGS BACKWARDS |
IF WAVE FUNCTION oR‘F‘\ELD HAS A LOCAL,

s\.{MMEmY ) f[ , 5 \P \P x¢(#)

WHENE ’)L(of-) }S FUNCTION OF (A&;’Jr‘j)*);
THEN THE THEORY REQUIREs TRE
| mmoﬁomon oF \/ECTOKFIELDS A"




SINCE 1954 (VANG  MILS) | QUANTUM
 GMGE FIELDS UAVE BECOME A WUGE
INDUSTRY (QED, QED, ELECTROWEAK,. - )
REVIEW
L. O RAFEALTAIGH + N, STRAOMANNM,,
REV.MOD.PHYS. 72 1-23 (AN 2000)

~ OTuERS BY ORVN (19%¢) ,\’A&G(Hﬁ,lfm),dﬁ(iﬁﬁ?)
OUR TOPIC 15 THE "PRE- msqu"" '
. CLASSICAL (\3zo-amoo+)

QUANTUM 1926 »1929 5

BUT r:nst, A PLUG For
U.C. BERKELEY'S DOE LIBRARY
~ ((AND PRYSICS LIBRARY)

 AND JOURNALS AVATLABLEG/
 ALSO BANCROFT LIBRARY
4 INTER-LIBRARY LOAN




'MEMOIRES

L’ACADEMIE ROYALE DES SCIENCES
DE LINSTITUT
DE FRANCE,

ANNEH 1823. )

TOME VL

PARIS,

CHEZ FIRMIN DIDOT, PERE ET FILS, LIBRAIRES,

RUE JACOB, N° 2.

PAPERS BY  wa

LEGENDRE  NAWER
__LAPI:_AC'E _ PoyssonN
AMPERE - CAUCHY

FOVRIER



FIRST PAGZ oF AMPERE's MEMOIR

MEMOIRE

Sur la théorie mathematigue des phenoménes électro-
dynamigques uniquement deduite de [experience,
dans lequel se trouvent réunis les Mémoires que
M. Ampére a communigues a I Académie royale des
Sciences, dansles séances des 4 et 26 décembre 1820,
10 juin 1822, 22 décembre 1823, 12 septembre et
21 novembre 1825.

Lépoqun que les travaux de Newton ont niarquee dans
Phistoire des sciences n'est pas seulement celle de [a plus im-
portante des découvertes que Mhomme ait faltes sur les causes
des grands phénoménes de Ia aature, c'est aussi ['époque ou
esprit humain s'est ouvert une n_nuvellc route dans les

- sciences qui ont pour objet I'étude de ces phénomenes.
Jusqu'alors on en avait presque exclusivement chercheé les
causes dans limpulsion d'un fluide inconnu qui entrafnait
les particules matérielles suivant la direction de ses propres
particules; et partout ot I'on voyait un mouvement révo-

lutif, on imaginait un tourbillon dans le méme sens.

Newton nous a appris que cette sorte de mouvement doit,
comme tous ceux que nous offre la nature, étre ramenée par
le ‘calcul a des forces agissant toujours entre deux particules
““matérielles suivant la droite qui les joint, de maniére que
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MAC.CULLAGH | SCHRAIDINGER
(1840 — [ FocK
NEUMANN | coapon
WEBER @ LoxpoN
1950 4| | M8 — wevL
MAXWELL ) - |
Rincagorr 19— wevL
1860 < opewe |
MAXWELL |
LOLENZ ,RIEMANN
1870 — REWMHOLTZ.
1920 — C.LAVUSIVS “TIMELINE
SHOWING
HEAVISIDE VTZ'NUPAL
1sa0 o EEE PLAYER S
LOoRENT 2 |
- '- (N GAVUGE
1900  Lotentz - HlSTOlZ‘(.) ;
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Andr€ - Marie Ampere
(1775 - 1836)



QERSTED (JULY,1320) /I/({m
AMPERE |NMEDIATELY hl F |
LEAPT INTO0 ACTION - INTERACTION BETWEEN
CLOSED CRCUNTS [ ETC -

[E1G. 4 oF out PATER |

ROOT OF CONFUSION — DIFFEENT

VECTOR POTENTIALS —> GAUGE INY.
TOOK 0 YEA®S To cmmw

cgoss OF_CONFUSION °
AMPERE's DESIRE FoR @EM\AL

EXPRESS1ON FOR FORCE (ASSUMED To
BE CENTIAL)

azﬁ
dF = 4k LL
T Jsds'

IN MORE FAMILIAR NOTAT)ON

ds ds'

dF = LL I | 3Tnrn'-2nn' | ds ds
c? r? - | o



FIGURE 1, JACKSON & OKUN



YET BE IS CREJ?WED wrm MAK]NG—
THE m GAT lecovem OF FORCES
BETWEEN COLRENTS /

How cAN ThaT BE ¢ _
- pRESENT-DA! DIFFENERTIAL FORE 1S

dF =1L nXx(n xr)dsds
c2r2

=‘aclz£2'- [n'En) - (@n)] ds ds |

(NEUMANN , GRASSMANN ,1 545 )

TUE DIFFERENCE 1S

AF M: = ;1!,.[&4?' )(m m') - m-m') -m'(:nm,
dada!

THIS CAN BE WRITTEN AS

IFa-dF =11 [uw*’@,) T U nde|

PRESENCE OF DEREECT DIFFERENTIALS
MEANS DIFEERENCE VANISHES UPON
INTEGRATION OVER CLOSED CIRLWTS




Franz E. Neumann
(1798 - 1895)




COMPETING VERSIONS OF DIFF FLENTIAL,
FORCE LED T0 COMVTETIKG BEXPRESS 10NS
o ENERGY
{. NEUMANN
DROPPED PEAFECT DIFFEUENTIAL FﬂoM
WIS FORCE | NOTED THAT -V (-—-)

AND DEFINED “HAGNETIC POTENTIAL ENEYL(H’ "

dP=-—I—§-9-;_l—dsds' P=- “2'# 22 ds ds
C C _

Cc C'
NOWADAYS WE DEWINE W =—P. I\ TERMS
OF CURIENT DENSITIES J(X3),3'(58)

wefeufon T - w3 g,

WRERE NEUMANN'S VECTOR POTENTWAL IS

ANGX, D) = % ] d3x' .;_J(x', )




Wilhelm E. Weber
(1804 - 1891)




7. WEBEK :
‘ WANTEY To UNITE. ELECTROMAGNETICS (
1 AND ELECT0 STATICS .
CURRENT FLOW WAS NoT FLUID FLOW, BUT

CAARGED PARTICLES IN uo‘T\oN

— —p /N
CUfLRENT[I ——»] =] 7 . ] ( NEUS GG
- | FACORS |

WEBER |NYENTED A ﬂﬁlc popee °F 7

EQUATION YOl HIS anﬁsEs:- -

r2 de 2r2\d
cojuom} FoRCE PETWEEN
FoRcE CIRCBTS

CDOKED UP T GNE AGREEMENT WM
() AMPERE'S EXPERIMENTS
(i) EARADAY'S LAW OF INDUCTION

FOR (1)), WEBER'S FORCE ON A STATIONARY
- CRALGE € is -

gF = - € tin 9L g¢
cir dy

1 THE CURRENT 18 <iexwt ¢/ cpan¢es
IN TIME



I WE IDENTEY E =-J—Z’£__- \WE CET

dA =L 4y’
CN
FOR A DISTRIBUTION OF CURRENY DERNSVTY

TRIS GAWVES THE WEBER FOILM OF THE

Aw(x, ) = IE [ &x’ %f’f’-](x',_. 0 .

NEUMANN AND WEBER NSVER WROTE Ay of Ay,
SETARATELY . TREY AWAYS WILOTE FORMULAS
FOR TTWO CIRCUITS INTERACTIN ¢~

“0 \357) WAS TUE FIRST TO WIUTE

oV T A (1N coMPONENT Fopm) 1N A PAPER

ANALXZING THE TELEGRAPH.
HE ESTAEUSHED THE RELATION,

- b‘?:
Fofl. ThE gvA QUASI - IA’I]C(IR%TANFANEOQS)
VECTOR AND S<CALAR POTENTIALS

\—ﬂﬁnzs*r PUBLISHED R ELATION BE—TWEE!§ “

- THE POTERTIALS (1N A PACTICULAR G—AUG—E)
(NOT LORENE CONDITION)



Gustav Kirchhoff
(1824 - 1897)



Hermann von Helmholtz
(1821 - 1894)




WJNEUMANN &EW?
NELMMOLTZ O0BJECTED T0 WEBER'S FOR(E

AS UNPRYSICAL — THE PRESENCE oF THE
ACCELEAATION WAS PARTICULARLY BOTHERSOME

BUT HELMHOLTZ XNEW THAT WEBER'S FoRM
Fol, A WORED. |N 1$70-74 WEIMHOLTZ |
SOLVED THE POZRLE : |
( mem! NEUMANN
dW-—.I_I-dd&‘%A N } A

ENVR oo Ve WEBER

HELMRAOLTE NOTED THAT THE TwO;FonMs
DIFFEAED BY A PEQFECT DUFEMENTIAL,

1
M = B (R R

[WE SAW THE GAADIENT oF THIS BEFORE/ ]

THE TOTAL ENERGIES ARE TUE SAME /

HELMPAOLYZ CONCLVDED THAT THE VECTOA
POTENTIALS WERE EQUIVALENT AND
GENERALZED:

Ay= —(1+0c)AN +—(1 a)Aw

FIRST EXAMPLE OF A (RESTleC’TEJ))
CLASS 0¥ DIFFELENT GAVGES -




HELMUOLTZ WENT ONTo FIND TUE G—AUG-E '
wUNCTION X . UE SHOWED THAT

Ag = AN + a 5(1) VY ,
where ¥ =- %[f-](x‘, t) d°x’

- ot=—4 GWES KIRCHAOFF'S RELATION For A,
ol = +i G-\WVES QUASI-STATIC LONLENZ RELATION
P . B e e i T e T N

- HEUMHOLTZ SAYS (NOTQUITE CORRECTLY) THAT
o= LEADS T0o MAXWELLS THEORY
FOR oA=0 , THE EQVAL PARTS oF Ay AND Ay 1S

\\ Ap(x,0) = 2c[(](xr .t) rrJ(x t))d3 - ,

MAXWELL NEVE& WIOTE TH(S EXPRESSION,

BUT «=0 IMPLIES VAM"'O
bt WA Y

AND THE cHOICE TA=0 WAS ALWA‘{S
MADE BY MAXWELL . |




JAMES CLERK M AXWELL
(1831 - 1879)



\

IN THE 1850 s MAXWELL DEVELOPED His OWN
APPRoACH TO QUANTIFY FARATAYS INTUTIVE
\DEA 0F A Q1RCUIT IMMERSED IN A NAG—NET!C

F |ELD BEING IN AN " ELECTRO-TONIC STATE
LEMY To LESPOND WITH CUREENT FLow

1% TRE MAGNETIC FLUX THROOGH 1T CHANGED

AWARE OF WEBER'S APPRIACH, \E AVOIDED
CRARGED PARTICLES IN ! MOTION AND GoT TO

EMFs AND R =—dA __bAJN"‘)A

le
wrm A A _BENG TE NwﬂmN \'-‘orLM

WE CALLED T& EXECTRO M AGNETIC Uogﬁmom”
CITING THE ANALOGY WITH F =

ASO "BIECR EINEIIC MOMWENTOM ™ ) Tatee 1 Wi
As WeLL AsS" \rggog, POTENTIAL . | TREATISE (1973)

HIS CHOICE oF y , WITH TS <ONSEQUENKE

OF AN |} NSTA{r_.@NEov_é SCALAR POTENTIAL , WAS
A RESULT OF WIS DESIRED PARALIELI(SM

— Vg =g S

> - =2

VA= 3= BT +4:3D)
HLL\KEI) TRE (DEA OF V- &-o

DISCONNECT BETWEEN LNSTANTANEODS P /
AND PROPAGATION WiTH EINITE SPEED 4



Ludvig Valentin Lorenz
(1829 - 1891)




LUWIG_ VALENTIN LORENZ (DaNisH)

1843 *ON “THE THEORY OF LIGHT“
T THENOMEN OLO GHCAL — TRANSVERSE VIBRATIONS , ETC,

1967  INDETENDEAT OF MAXWELL ({3¢5)

AVOYDS TASTASTEFUL AETHER WYPOTHES)S |

YoLLows HELMAOLTZ AND ASSUMES ALL.
MEDIA (1NcL.EMPTY" sPACE) CONDUCT
J B ) STARTIN & PomT :

(D INSTANTANEOUS $ AND A (K\amnoFF),suT
(1) ASSERTS FINITE SPEED oF PROPACATION
(3) ASsuMES RETADED § AND A :

NEUMANN-LIKE
“ For siMPLYCITY

X, t-r/c .
D(x,t) = ]P( - /o) &x' ; J (SINCE VT DoESNW'YT
MATTSL)

A1) = fj(x t-10) gy

AND
ARGUES TWAT

ALL STATIC AND QUAS|-STATIC OBSERVATIONS
ARE coNSISTENT WITR "TUESE ForMS

() UE HAD SHOWN (|26l , PAPER oN ELASTIC WAVES)
THAT THESE RETAMWED SOLVTIONS SATISKY

“TRE WAVE EQUATION,
| P 4T P

A .._v"-i _
(Ciﬁ" A{~ 42"3




s) ATPLY WAVE OFERATOR 7o E-= —?@ “é
To GET 'z-
o - - 33'
(—2_33— V) 4'"(Vj) +.L )
Wit CLEAZLY NAS WAVE-URE SOLUTIDNS Forz E

W Uses dp 7. T =p INTHE RETARDED

Sow‘nons FoR @ ap A o DEKNE

@) warTes -é,—%"f: ___‘_%3%%_%@1 o
=9ER) -RER
= F xTxA +€V2‘- E;L'iv%" A
FINALLY %1_5_ +%%-E% —eed) {%ﬁ mL;
P;k2?+4 -#@-Z dy( I

;k ?t; d:c(d B) dY) - @)

1dw éy)__ ﬂ__d_a
wa T "’"“"(Zz“' dw(dx &)}




) GETS PILECTLY FROM E:-ﬁ@—%%é\f

- =) - - | -

VrE = —Ja%(vxp.ﬂ 3 FARADAY's LA

q) CHOO0SES To ELIMINATE K IN FAVOfL oF [~
(A<TUALLY _J") To ¢ET

—_ = G _\~
HED s

 [onN's LAW covibumms()
LORENZ DIS(USSES | -

C DELECTRICS (= 0Y) -
METALS (LMEE o) - NO FREE CRARGE
R i  INSIDE
LORENZ SHOULD RANK WITH MAWELL. /
MUCH MORE MODERN YIEWFOINT
BUT IN 1963 , MAXWELL WROTE ABWT
TVE RETARDED SOLUTIONS ToR B awp A -

“From the assumptions of both these papers we
may draw the conclusions, first, that action and
reaction are not always equal and opposite, and
second, that apparatus may be constructed to

generate any amount of work from 1its
resources.” (Maxwell, 1868, Sc. P., Vol. 2, p.

137). -
| ) ) CONSERVATION oF P & ’
KISS OF DEATH !  SACROSANCT + mARWELL. !

IRONIC ~ ELECTROMAGNETIC MOMENTULM /

e




Rudolf J. E. Clausius
(1822 - 1888)



{
LORENZ'S WORK WAS LARGELY 1—NORED .
BY 1900, HE HAD DISAPPEARED FOM THE
LITERATURE,

CAMRGED PARTICLE DYNAMICS

WEBE R, ~ NoOT A PRoPER FONKE

CLAVSIVS (1977)
Took AW = I mwdudt’ (NEUMMNN)
s
AND YDENTIFIED I?LAL—*&E, ,1'3'44'-%%'3
To GET INTERACTION LAGIANGIAN,

Line = e—e'[-1+ﬂ] FOol. TWo CHARGES
0R ¥oR APARTICLE IN EXTEIINAL POTENTIALS
L = ¢ [- 0, 9+ Lv-Axx, 0|

IMPROYEMENT o_VEP\NEBER -~ GETS
MAS NETIC FORCE CoRRECT T O(%a),

BUT NOT ELECTRIC FORCE



Oliver Heaviside
(1850 - 1925)




HEAVISIDE (mOO
CHROSE V A 0 S0 TPAT INSTANTANEOUS
COVLOMP INTELACTION WAS EXACT ,AND

DERWED THE VELOOTY ~DEPENDENT
INTERACTION To ORDER A Ye2

E L;,,t=—r—[ 1+——(vv'+rvrv')]
[RECALL W = J—SZ)‘ A,.dw. AND "MAXWELL'S”

Ap(x,t) = 210 [ (J(xr, ) + rr-I(rx, t)_) d3x' ]

THIS 15 TUE “DARWIN LAGRANGAAN (1920)
LORENTZ (1$92,1995)

USES D/ALEMBEMT'S PUNCITLE To

DERIWE WHAT WE <ALL "MIcscopic”

MAXWELL EQUATIONS AND LORENTZ

FOICE EQUATION |

IMPLIED USE OF RETARDED POTENTIALS,

BUT NEVER WROTE THEM O0UT EXPLICITLY.
IN LATER CHUAFTER ,UE WROTE

RETARDED SOLUTION To WAVE SQUATION
WITROUT KEF. To LORENZ oR UEMANN



Hendrik Antoon Lorentz
(1853 - 1928)



_LARMOR (1900), SCHWARZSCAILD (1903)
FIRST USE oF PAINATILE OF LEAST ACTION

TO DERIWVE DYNAMI(S OF FIELDS AND PALNCLES
TOGETUER . g_gLMAtL%sc_ml:g WRITES
EXPLICITLY,

1" mwr - © F&’RE‘_(XZ,*) * -é’:',' ’ KD.E#%&)] .

WHELE @m AN ]&m_ ARE POTENTIALS FROM
ALL THE OTHER <CED YARTKLES
G AVGE INVARIANCE ¢
NO PUBLISRED DIscussioN UNTIL 194
( LANDAY +LIFSHITZ [CTFE" (v issian) )

WITH 53 -JE?%'_ ,B=A s Y,

ALor= £[ 4397 = 24k

A ToTAL DEIUVATIVE

BN 1900 | FESTSCHUFT FoR LORENTZ

. s e gt e ™t N it fratrent ™,

PAEANS oF PRAISE Vol M.A.LORENTZ
"WISToRICAL” ACCOUETS CTE HELMHOLTZ,

RIEMANN) POINCARE ETC . RETARDED POT'S

BUT NEVEA LORENZ /  CALLED )
e : “Loasn:;z PSTENTIALS




LORENTZ (1904,1909)
Two ENCYCLOPEDIA ARTNCLES ,AND WIS
BOooK  THEOY 0¥ ELECTAONS”

“ SOLIDIFIED LORENTZ'S P0SITION AS A u
DOMINANT FIGURE AND REFELENCE POINT
1904  SOMNEWNAT AMBIGUOUYS ACCOUNT OF
TRE LOREN(NZ conDmMoN |, T2 +_i£%%=o,

AND ALBITRARINESS OF CHOICE OF GAVGE
(N6T TRAT NAME).

1909 EVLL DISCUSSION oOF @-—35':%-];3%)}:—1(,

M

BUT WiTR INTENT AWANS To cHoosE Y
S8 THAT ﬁ.‘aw{_{%‘ij:o , WHICH | OonesT2

e P SN

VIEWED As NATURAL.

PRE-QUANTUM [WEVL,1919]

GENERALIZATION OF EINSTEIN'S GR
To INCLVDE ELECTROMAENETISM

( DIDN'T WoRR) -

WEYL INTIUDVRED A LOCAL CRANGE OF

SCALE, AV g .J“’.o_)\v(&)
N REAL ;] INVAQIMICE UNDER THIS
TRANS FORMATION , WEYL CALED

M"EVCHIN VARIAN%U ( EICHEN =T M EASVIE,
CALIBRAANE y FAVGE )




HASTY DISCUSSION oF 19261929
GAUGE “TEASTORMATION oF WAVE FUNCTION

M SES MIST NATURALLY IN RELATWISTIC
WAE EQUATION (KNOWN ToDAY AS KLEIN-
ZO6DON_EQUATION)

FW—LA/C) ‘ (}‘)-—-QA/::) = e

e

[(3‘ + ie Atflic )9y + ie A,_,/ﬁc ). + (mc/h)* ] v =0

S CHRAPINGCER (LATE 925, JANVARLY 192¢)

E'QL\IEQ K- G GOVLOMB Eg-ﬁﬁLEM

DID NAT CET SOMMERFELD FINE -
STRUCTURE FoRMULA

RISAPPOINTED, DID NO6T PUBLISH; WENT NR
(MENTIONED REL.EaN. IN WIS FIRST PATER)

PAVLI (EARLY APRIL,LETER T2 JORDAN)
GETS K~-G EQN.WITH STATIC POTENTIAL
DOES NOT SOLVE |IT

KLEIN (LATE APRIL)

FUBMITS PAPEL ON ¥-G EQN- IN 5-D
TONMALIS™M . DOES NOT SOWE, GoT N

E oK (JUNE 1929) LI
SVBMITS PAPER DERWING K-G EQN.
Tilom VAR ATIonAL PRANCIPLE AND SOLVES
COVLOMB PROBLEM




Erwin Schrodinger
(1887 - 1961)




Oskar Klein
1894 - 1977)




Vladimir Alexandrovich Fock
(1898 - 1974)




SCHRODINGER (LATE JUNE)

SUBMITS HIs 4TH TAPELR IN SELIES,
HAS SECTION ON LEL. EQN. AND QITES

ANSWERS FoR COULOMB PROBLEM AND
ZEEMAN EFFECT-
% Fack (Juy1926) M

SUBMITS SECOND PAPER on LEL EQN WITH

T AND A . DEMONSTEATES CANCE TLANSE.

INCLUDIN ¢ yC) 7
) \-]/—94’ \PD— /4

WWM .
MENTIONS TUAT KLEiIN'S BETAUTIFUL WoRK”

ARLWED 'N LENINGRAD WRHILE BEWAS <OMUECTiNG~
P ROOFS.

GORDON (END oF SEPTEMOER)
svBMirTs PATER. ANALYZING “TWE <OMPTON
EFFECT USING REL.WAVE E@QN.

DOES NOT CITE RLE! yFOCK ,0R SCHROD. W

“TWO CONCLVSIONS:

(1) FOCK DIScoveRED QUANTUM G-ALGE
'mnns FORMATION

(2) "RLEIN- GORDON " EQUATION SHOULD Bs

(ScuroD INGE 1) (PAVLY) KLEIN-FO Cl -
] "“‘)g""‘ SCULOD INGER

EQVAT 10N |




9 November 1885 — 8 December 1955




G-AVGE INVARIANCE AS BASIC PRINCIPLE

IN MID-1910 s WENL HAD BN DoNG
MATHEMATICS ,NOT PRYSICS, BUT 1927
SAW MM WUTNG HIS “grovf THEOY
AND QUANTUM MECHAN|CS”

LONDON ( EARLY [927) - SHoaT + LONG PAPERS
NOTIcED THAT FOCK's PPASE FACTIR

WAS LIKE WEVYLS ScALE FACTOR >
LoNDON 1DENTIFIED FOCK'S “GRADIENT
"HIS(FARLED) EICHINVARIANCE 1N GR To

IN THE ENCUSH YERSION , THE TERM

, &
EXCETT FoR AFACTOR A -
LONDON TIVED T0 FORCE THINGS I1NTo
| NVARIANCE " WiTh RIS (novn:nep)
CTEICRINNANANE” 0F wEYL.
QLVANTLUM MECHANICS |
RIS Booi (1929) - MORE or LEss Fock
“GAUGE mvaince” 15 vsep FOR, THE FIRST
s Pt agiiey SR - i e, ;-

A “ SCALE’ CHANGE BY WRITIN ¢
AN
Y=o, swn L=,
WevL (1925 ,1929)
JUMPED AT LONDON's TRANSFERENCE OF
TWo PAPERS (1929) - ENGLIsH, THEN
G-EAMAN




EYOLUTION OF WENUs THINRING

IIN NS BIoK ,AFTER DERWING THE FOCK. TIANS FORM ATION |
WENL SA SI(tN'mANSLATloN)

“This ‘principle of gauge invariance’ is quite analbgous to that p_revioﬁ;ly set up by the
author, onzsycculative grounds, in order to arrive at a unified theory of gravitation and

glectricity™. But I now believe that this gauge invariance does not tie together
electricity and gravitation, but rather electricity and matter in the manner described
above.” ) o

His note 22 refers to his own work, to Schrodinger (1923), and to London (1927b). In the
first (1928) edition, the next sentence reads (again in translation):
"How glﬁwitatigg according to general relativity must be incomorated is not certain at
present. OF THE 1919 PAPER
INTHE FRST VERSION (INENG-LISH , PROC. NAT. ACAD. S¢.,1929) HE
V'S TREATING RELATIVISTIC CHARGED PARTICLES AND EM FIELDS .
HE sAYS

“This new principle of gauge invariance, which may go by the same name, has the

character of general relativity since it contains an arbitrary function A, and can
certainly only be understood with reference to it.” ..




IN “THE SECOND, SLIGRTLY LONCER ( GEAMAN)VERS |ON yWEYL ELABOATED
ON THE APPARENT NEED Fol R :

" In_special relativity one must regard this gauge-factor as asonstant because here (N oT
we have only a single point-independent tetrad . Not so in %enerd Jelativity ; every T&UE)
point has its own tetrad and hence its own arbitrary: gauge-factor: because by the

removal of the rigid connection between tetrads at different points the gauge-factor

\Trve) pecessarily becomes an arbitrary function of position." (translation taken from
O’Raifeartaigh and Straumann, 2000, p. 7) :

Nevertheless, Weyl stated ( Weyl, 1929a, p.332, below equation (8)),
“If our view is correct, then the electromagnetic field is a necessary gccomBaniment of

the matter wave field and not avitation.” ”

The last sentence of (Weyl, 1929b) contains almost the same words. His viewpoint about the
need for general relativity can perhaps be understood in the sense that A must be an arbitrary

function in the curved space-time of general relativity, but not necessarily in special relativity,
and his desire to provide continuity with his earlier work.

WEML's DAPERS ARE A WATERSMED

ENSRRINED AS FUNDAMENTAL THE MODENN PRUACIPLE oK
GAVGE INVADANCE , I N WHICH “THE BXISTENCE OF THE

A-VECTOR POTENTIALS (ANASSOCIATED FIELDS) FoLLow FroM
THE RE QUIREMENT oF TNE INVAMUANCE 0%TiHE MATTER

EQUATIONS UNDER Local PRASE TRANSFORMATION S
OF THE MATYER FIELDS .,




HISTOICAL. ROTTS oF GAUGE INVARIANCE

e TR e Tane St B

PART 2 (\419-1929)

PRE -QUANTUM: WEYL,)919
GENERALIZATION OV EINSTEIN'S GR
ToWAWPE ELECTTOMAGNETIS M
(PYDN'T WoRK)

WENLS GENEUALIZATION
LOCAL CRANGE OF SCALE 47 o/ T

YY) REAL
POSTUNTE ¢ EQUATIONS INYARIANT UNDEL
TS TTZANSFORMATION
WEYL CALLED THE INVARIANCE |
Y EICHINY ARIAKZ
(EJcHEN = To MERSURE, CALIBRATE , GAVGE )
WEYL WILOTE DIFFEAENTIAL FORM FoR
CHANGE OF LENGTH SCALE AS

4L =4 9

WITHE FONMAL SoLUTI oN,

\( I RN (




NE WENT OM To show THAT /7 perinep
BY FMY=@-YoM (usuan DEFINmAN),
SATISFIED THE FREE MAX WEEL EQUATIONS .
FLAW POINTED oUy BY EINSTE 0 (AdD PAULY)

T IF (T anY DETENDS oN VATH, 1
g‘\ SCALE OF LENGTH AT ANY POINT ‘{ .
\. z

1 1S NOT PEAMANENTLY DEFINED - |
!

4 Pavsics FAILs As A sarENcE [

SCIRODINGE \922-23 BORE +WEYL

E.S. RAD READ WEYL S S?ACE-T]ME-—-HA'TTESZ
(?um. 1921) N WRICH WEYL JEQIBED WS

1919 THEORY. HNE WAS STV BY THE
l&(a-)

FACTOR AND APPLED 1T To THE
BOHL ATOM : )j%-e\‘r £.PUYSIK 12.,1V3-23 (\qza)]

Uber eine bemerkenswerte Eigenschaft
der Quantenbahnen eines einzelnen Rlektrons,

Von Erwin Schridinger in Ziirich.
(Eingegangen am 5. Oktober 1922.)

Y oN A REMARKABLE PROPERTY OF TWE )
RUANTIZED ORB\TS OF A SINGAE ELECTRON




Sculfépmi}&'ll T 00X ‘Qj = A (‘6 A Cous-r)
1) svLe Ao (Y = (’i) )

6@, < Smr ¥
BUT SOMMERFELD -WILSoN QUANTIZATION RULE
&’?“V%"’@'T’M =277 =mh
VIRIAL THEOREM ¢ 2.7 ==\

@%M =—_rr_\{& s

(2) E.S. GOES 0N T0 DIscuss THE ZEEMAN EFFECT
STARR EFFECT |AND COMBINED Z. $STARK.
IN WS MIsXUsSiaN oF QLESuLT5 NE REMARKS
DN THE AMAZING FACTOL OF _& h§
WHAT CANBE TUE VALVE O0F ¥ 2

(@) DIMENSIONS oF K (Acion) . NATURAL ONIT?
WRAT ABovT £/ 7

' «\371
WP‘\T’ THEN W(:’F’\" ~ _,Q:lﬂ \ N_R_\OOO/

Nn&‘turu.L/, |
() popE LIKELY, ¥ = O(h).
E.S. THEN SAYS ANOTRER POoSS\BILITY 1S
THUS A PLURELY maa-mmn’ VAL\)E
N S

END oF PAPER




IN FALL 1925 | DE BROGLIE'S THESIS WAS

PUBLISRED AND SHABDINGEL WAS ASKED
T3 GIVE A JoVANAL CLU B REPORT ON \T-

ON 3 NOV 1925 HE WIWTE EINSTEN:

A few days ago I read with the greatest interest the ingenious thesis of Louis
de Broglie, which I finally got hold of; with it section 8 of your second paper on
degeneracy has also become clear to me for the first time. The de Broglie
] i ntum rules seems to me to be related to my note in
Zeit. f. Physik 12, 13, 1922, where a remarkable property of the Weyl ‘gauge
factor’ along every quasi-period is shown. As far as I can see, the mathematical
content is the same, only mine is much more formal, less elegant, and not
actually shown in general. Naturally de Broglie’s consideration in the frame-
work of his comprehensive theory is altogether of far greater value than my
single statement, which I did not know what to make of at first.? o

IN DECEMBER , SCHIODINCER WENT ON
A SRING VACATION WITH A FEMALE FRLEND,

WHILE THERE UE WORKED IGoN0USLY oN
BETH HIS LOVE LIFE AND HIS PHYSICS

( ALL AGNEE 6N TRE MUTVAL STIMULAT 10N )

IT 1S CLEAR TAAT H\S APPLICATION
0F WEVYL'S SCALE FACTOR WAS
INFLVENTIAL IN SCUIRIDINGENR'S
DPEVELOPMENT 0F N1S WAVE EQUATION.



CoMECTIN To_SAmYRCER 923,

LOOX AT THE FOIMAL SOL\mON oF
TRE K—-G E@UA"HON I

[(8“ + ie AMffc )9y + ie -A,,/ﬁc) + (mc/ﬁ)z-] \]t- =0 ,

where Yo is the zero-field solution. ...

- THE INTEGRAL PUASE - FACTOR 1S
SCH!;QNNG‘EV\S 1F WE C oosE ms
SPECULATWE ¥ =—i K.

v e i e ¥ e A e T S - i e B A o

W\Tu A CAVGE TZANSFOKNM'\OK
AR AR = AR a"x
| mza-nn'now c-\\rss (uv ‘Ta*A—GoNSTANT-
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Schrodinger’s first paper in 1926 :

e submitted on 27 January; published on 13 March.

¢ devoted largely to the nonrelativistic time-independent wave equation problems
* BUT in the second paragraph of Sect. 3, Schrodinger says (in translation):

“For example, if the relativistic Kepler problem is worked out, it is found
to lead in a remarkable manner to half-integral partial quanta (radial and
azimuthal).”

¢ obviously S. had written down and solved the relativistic wave equatiori with
a static Coulomb potential, but had not obtained the Sommerfeld fine-structure
formula.

What is this business of getting “half-integral partial quanta” ?

Sommerfeld’s fine-structure formula (formally the same as the Dirac result, still
to come) is

-1/2
E = mc2[1+(oz)2}

s

where

As = 0 +VkZ- (027 ; k=+1,42, 43 .. ..

Note that K = (j + 1/2f,and n” =0, 1, 2, ...... is the radial quantum number.
Note that in A both k and n’ are integers.

What is the answer for the Klein-Gordon Coulomb problem?
It has the same form as the Sommerfeld-Dirac result, but with A, replaced
by Ags:

Ak = o'+ 1/2 + V(€+ 1/2)% (02 .Q =0,1,2,....

A differs from A by having n” = n’ +1/2 andk — ¢ + 1/2 . That is why
Schrodinger spoke of “half-integral partial quanta” and why he was disappointed.




DECEMBENR 77,1926 LONDON —> SCHRODIN FER,
MM

In 1926, Fritz London wrote a remarkably playful letter to

Schrodinger about this paper:6

Very Respected Herr Professor:

Today I must talk with you seriously. Do you know a certain Herr Schrodinger
who described, in the year 1922, a ‘noteworthy property of quantum orbits’?
Do you know this man? What, you say you know him rather well, you were
even with him when he wrote this paper and were implicated in the work?
This is truly shocking. Hence you already knew four years ago that one does
not possess rods and clocks for the definition of an Einstein-Riemannian
measure in the continuous description that occurs in analyzing atomic
processes; thus one must see whether perhaps the general principles of
measurement that arise from Weyl's theory of distance transfer might help.
And you even realized four years ago that thev help very well . . . and you

showed that for real discrete orbits the gauge factor reproduces itself on a
spatially closed path; and especially you then realized that on the nth orbit the
unit of measure swells and shrinks # times, exactly as in the case of a standing
wave describing the position of charge. You therefore demonstrated that
Weyl's theory becomes reasonable - i.e., leads to a unique determination of
measure — only if combined with quantum theory; and one has no other choice
if the whole world of atoms represents a process in a continuum without any
identifiable fixed point. You knew this and said nothing about it . . . Will you

now immediately confess that, like a priest, you held the truth in your hands
and kept it a secret? . . .



