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MONOPOLE STORY 1

IKAMESHNAR <. WAL

THE Moar PowERFUL METHOD OF ADVANCE
THAT CAN BE SUGRESTED AT PRESENT IS TO
EMPLOY ALL THE RESOURCES OF PURE
MATHEMATICS IN ATTEMPTS TO PERFECT
AND GENERALISE THE mMATHEMATICAL FORMALISM
THAT FORMS THE EXISTING BASIS OF THEORE TICAL
PHysics, AND AFTER EACH SUCCESS (N~ THIS
DIRECTION , TO TRY TO INTERPRET THE NEMW
MATHEMATICAL FEATURES IN TERMS oF

PHYSICAL ENTITIES.

DIRAC, 1931

FPLAN OF My TALK

I. DIRACS CLASSICAL MONOPOLE ; MOTIVATION
FOR /T ; SAHA'S CENTRIBUTION

I. NONABELIAN MONO POLES; 't HOOET- FoLyAKO
MONOPOLES

L. MoNCPOLES IN  GRAND ANt FIED THEORIES
( GUT MONOPOLES )

Y. MONOPOLE - PRODUCTION N THE QuT
PHASE ©F THE EARLY WUNIVERSE, THE
MONG POLE P ROBLE M

Y. DMONOPOLES IN CURVED SPACE-TIME

V. CONCLUSIONS
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1. DiIrRAC MONOPOLE

MAXWELLS ELECTROMAGNETIC FIELD EQNS

- i COVARIANT FORM |
P-E= P
. D Mp: — -F
6)‘@"'?_;: yF d
V-6 =0 W HERE
- - ~
T XE of _ v _ o VAP

I~ =mpTy SPACE | THE ABOVE EQNs HAVE
THE SymmETRY | E#E AND B2 -E  REMAINING
AR AN ZEDL  WHEN THE CURRENTS DUE TO MATTER
Fidlla AE PRESENT THIS SyrmMETRY 5 LOST,

. ’ S}
THERE 1S5 A T MONO CHARGE  BUT NO
/

s

"MMoNC P LE

THIS ASSYMETRY ROTHERED DIRAC, HE WONDERE]

IF THIS SYMMmETRY CAN BE MAINTAINED EVEN (N THE
PRESENSE oF MATTER FIELDS. & UPPOSE WE CONSIDER

nmeprgiiiiarn

gpppff‘—' —“.Jﬁl D‘,EF":_ kH
e = 2.9 [dn] SxxD,; ke 3 g, [a% See

_— ]

TS SUCH A SYSTEM Con SISTENT WiTH QUANUM
MECHANICS 7
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DIRACS STARTNG POINT :  PHYSICAL

INTERPRETATION OF A PATH- DEPENDENT

OR NON-ITEGRABLE PHASE OF A @UANTUM

MECHANICAL WAVEFUNCTION

PATH-DEPENDENT PHASE ——>» PARTICLE MOVING
NOT NEW, IN AN EM POTENTIA

I

’ )
(EQUIVALENT TO WEYLS GAUGE INVARIANCE
IN MODERN EORM D

HOWEVER PHASE AROUND A CLOSED CURVE IS5

ARBITRARY TO THE EXTENT OF QNN , WHERE
N 15 AN INTEGER.

THERE FOR.E) IE ONE CONSIDERS A WAVE FUNCTIQ!
THAT VANISHES AlLoONG A LINE (NODARL
LINE) (T LEADS TO A SINGULAR POTENTIAL
AND THE POSSIBILITY OF A DPIAGNETIC MoNOPOLE
CONSISTENT QUANTUM MECHANICS IF AND IF
ONLy

L )

1% 2 L n , "L AN ENTEGER
4nk

’ NTIEH‘TION
THE CELEBRATED DIRACS QUA

CONDITION



— A SUBTLE AND PROFOUND INTERPRETATION

OF THE PHASE OF A QUANTUN~-MECHANICAL

WAVE FUNCTION

_ G ENERALIZATION OF M AXWELLS
ELECTRODYNAMICS WITH A IMAGNETIC
MONOPOLE AND HENCE JYyrameTRy BETWEEN

CHARGES AND MMIONOPOLES

MOST (PIPORTANT, FOR DIRAC,

— THE EXPLAINVOATION FOR THE QUANTIZATI

OF ELECTRIC CHARGE JSMmALLEST UNIT OF

ELECTRIC CHARGE
9_‘3 (AT 4) n

n AN INTEGER

?

L -9 -4

" ONE WoUuLD BE SURPRISED |F _NATURE

N

HAD NOT (MADE WUSEYP -- OF THE MONOPOLE

CoNc. EPT .
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SEVENTEEN YEARS LATER |, DIRAC ELABORATED
ON THIS AND SAID

- -

THE MERE EXISTENCE OF ONE POLE OF
STRENGTH g Wwoucep REQIUIRE ALL ELECTRIC
CHARGES TO BE QUANTIZED In UNITS OF

f_’;ﬁ\ AND , SIMILARLY, THE EXISTENCE OF
+ €. - -

ONE CHARGE Wourp REQUIRE ALL POLES
7D BE QRUANTIZED. THE QLUANTIZATION OF
ELECTRICITY 1S ONE GF THE MOST FUNDAMENTA

AND STRIKING FEATURES oF ATOMIC PHYSICS

AML THERE SEEMS TO BE NO EXPLANATION

MK AT AFART FROM THE THEORY oF POLES, THIS

FROVIDES  SCME GRCOUNDS FOR BELIEVING
N FEURE THE EXISTENMCE OF THESE PoLES

(DIRAC (948)
193] - AN _INCOMPLETE THEQRY

PIONOPOLE - NOT A PoINT cmmes’ 8uT
A POINT @HARGE WITH A STRING

PHYSICAL PICTURE @ AN INFINITELY THIN AND

LON G SOLENOID/ ONE END OF WHICH (S AT
INFINITY
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¥ K

ELECTRIC MAGNETIC
C'HAR GE MQNQPQI 173

SymmETRY IN MAXWELLS EQUATIONS
BUT CHARGE AND POLE NOT QuITE SYMMETRIC

A_RECIPROCAL RELATIONSHIP.

UNIT OF ELECTRIC CHARGE |8 S8MALL IF THE

UNIT OF MAGNET/C CHARGE IS LARGE AND
VICE VERSA

et | q . 157
137 g

STRONG BINDING BETWEEN TwO OPPOSITE PoLES
DIRAC ESTIMATED THE BINDING ENERGY OF SooMev.
A POLE WoulD BE A HEAVILY IONIZING PARTICLE

SUGGESTED THAT ONE SHOULD LOOK FOR SuUcH
PARTICLES IN ATOMIC PROCESSES.

IN (1948 5 DIRAC PROVIDED A COmMPLETE DyNAMCAL

THEORY BASED ON ACTION PRINCIPLE. - REATRIENT
oF 8TRING COORDPINATES ETC.
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SAHAS INTERPRETATION OF THE G@UANTIZATION
CONDITICN

MoTiIoN OF A CHARGED PARTICLE IN THE
PMIAGNETIC FIELD OF A FIXED MONOPOLE

FIELD EQUATION oF MOTION

qmy3 \x/ ’

WHAT IS CONSERVED IS NOT THE USUAL
ORBITAL ANGULAR MIORMENTUN Y X m?’, BuUT

—tpy — d N
J = PXW)?— 32. r
<L

ADDITIONAL TERM POINTING ALONG THE LINE
SOINING THE POLE AND THE CHARGE WITH

Ty -._ 319
7¥ = - 3
CDERIVED EARLIER, ( AROUND |1895) By POINCARE

AND T3 THOPEDON D
SAHA SUGGESTED THAT THI$ TERM 15 DuUE TO

THE ELECROMAGNETIC FIELD AND APPLYING THE
LSUAL QUANTIZATION CONDITION FOR ANG. MOM ENT:

OB8TAINED
‘99- = L n,l, N AN (INTEGER
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SAHA ALSO CONTEMPLATED CompPoSITES OF A

A
CHARGE AND MIONCFOLE — DYONS

S PINLESS CHARGE AND SPINLESS POLE FORMING
AN OBJECT OF HALF-INTEGRAL SPIN !

STATISTICS © ARE THEY REAL FERMIONS ©

ARE ALL ELEMENTARY PARTICLES MADE oF Dyons®
(ScHwINGER | BARUT D

EXPERIMENTAL SEARCH

PROPERTIES CF AN _ELEMENTARy PFOLE

- £
= S.h1 X1t Ca. oumTE

= 3% ¢
=
2 } N ]
9‘/1:,5 = dYy-d4 (: é:f/t,(_ = 1_‘75”?)
4
ENERGY ACQIKED W/euD = 264 X 1D ff(gauss)icw

iN A MAGNETIL FIEL
Coulb ACQUIRE LARGE ENERGIES IN MODEST

MAGNETIC FIELDS
2
IONIZATION (%)ﬁz (%)q (_2:) g

ENERGY LOSS :
4,700

FOR RELATIVISTIC VELOCITIES TONI& ATION 1S
T00 TIMES THE VALUE OF THE NMINIMUM |ONIBIBG

CHARGED PARTICLE
THE TwoO CAN BE EQUAL FOR B~ Ik xlo



SEARCHES FOR ORJECTS WITH THE ABOVE
FEATWRES CONDUCTED

HI1&H ENERGY ACCeLERATORS ( p+p— P+#+3+§)

Cosmic RAYs  CEmMuULSIONS D

BuLKk MATTER ( TRAPPED MONOPOLES , TRAPPED
By AN IMAGE FORCE >

(ASSUMED ®)ASS Ms - (.g_)zme = 24 GeV for N=\

QUARKS Le Mg = (Li-"—’xajmezzz GsV
NO MONOPOLES ') EXPTS NULL RESULTS

TRIESTE CONF. 1981 TO CELEBRATE THE 50'" "BIRTH
ANNIVERSARY OF TWg "8mv8 THE MONOPOLE

RESPONDING TO THE INVITATION J EXPRESSING
HS INABILITY TO DO SO, DIRAC SAID

I AP INCLINED NOW TO BELIEVE THAT
MONOPoLES DO NOT EXIST. 80 MANY YENRS
HAVE GONE BY WITHOUT ANY ENCOURAEGEMENT
FRoM THE EXPERIMENTAL SIDE. ITT WiLL BE

INTERESTING TO SEE |F YOUR CONFERENCE CAN
PRODUCE ANY NEW ANGLE OF ATTACK ON THE
PRoOBLEM
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T ‘tHooeT PoLyAKOV NMonoPOLED; THE
NEW ANGLES

RisE OF THE STANDARD MODEL IN THE SEVENTIE

ELECTRIC CHARGE WAS A " QUANTUM NUMBER’
ASSOCIATED WITH A GENERATOR OF A GROUP. NO

NEED OF A MoNOPOLE.

QLLANTIZATION OF ELECTRIC CHARGE DID
NOT NEED A MAGNETIC MO NCPOLE

YVET | A NEW KIND OoF MONOPDLE WAS
LINAVOIDABLE N NONABELIAN GAUGE
THEORIES WITH SPONTANEQUS SYyMMETRY

BREAKING .

A MODEL

[ = uy o ‘
= F "‘i”&f‘%”@é"\[ﬁ)

s = “Z"{u-”
23 5003)  GAURS AND HIGGRS
Toy THE ADISCINT TRIPLET REFPRESENTATION

FIELD BELONGING

E}“’ = ar-l/-vv"gy!’.\jf* -€ [wl‘)‘ﬁ’;]

.__D,.;@:: Qﬁéi - ﬁ:ellﬁjﬂ é
vig) = -2+ 2 ]
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SymmeTrIc VACLUM (FALSED

ENERGY DENSITY Bpp= O EVERYWHERE
aQ A
=0 , Wa=0, vid:=0

H1&&S VACUUM (TRUE)D

¢2= a?.. l wq"'- # 0
V(3)z -2 g2
@) Sa
5OCz> SPNTANEQUSLY  socad ~ UICD
BROKEN

LERT OVER UL PROVIDES A BASIS FOR AN
ELECTROPIAGNETIC GAUGE THEORY , STATIC

SPHEmanLy SymmETRIC SOLNS WITH

&% ' Hiaer) Wz - €qqjt YT kae]
e_rl 7 eyz

CouPLED DIFF. EQns FOR H AND K, A
WHOLE BODYy OF LITERATURE AROUND THESE
EQUATIONS . EXACT SOLUTIONS (N THE LimMIT
Mot 4+ O, THE WELLKNOWN PRASAD - SOPMERFIELD

SOLUTIONS, BOGOMOLN'Y! BOUND - -

PARTICLES AT CLASSICAL LEVEL
Mm_ ll’_
HI&&GS PARTICLE M= a(Ar) k

MASSIVE GAUGE M- geth
PAR T1CLES (CHARSED)
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AND A MONOPOLE !'!

DESCRIBED BY

-~ FINITE ENERRY CLASSICAL CONFI&. OF
GAUQGE AND HIGGS FIELDS. FINITE RADIUS

DETERMINED @Y THE COMPTON WAVELENGTHS
*‘/M) ﬁ/f“' .

ASYmPTOTICALLY | SURVIVING EM FIELD

OF A MAGNETIC MONOPOLE ( IN AN APPROPRIATE
&AUGE )

—~ ITS CHARGE CONNECTED WITH TOPOLOGY
AND LEADS TO THE Q@UANTIZATION CONDITION

3% .1 N N 4N TNTEGER
4t 2 /

BEING THE NUMBER OF TIMES THE HI&&S

Filecd & coveRs M, VACuuMm MANIFOLD) AS

Ir CoveRS THE SPHERE 2 SURROUNDING THE
MONO POLE

— M™MASS OF THE DMONOPOLE A Mgwn:mmuy
INCREASING FUNCTION OF Mer= i,
M 1.g M
— — a il

Aoz »0O %.; 400
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SAME QUANTIZATION CONDITION
FROP!I A DIFFERENT ANGLE |/

DIRAC ‘'t HOOFT - POLY AkOV
@ UANT U CLASSICAL EXTENDED
MECHANICA L OBJECT WITH
{ QAUANTUM - PARTICLE
EM WITH

LIKE CHARACTERISTICS

NO DIRAC STRING
REGULAR AT ORIGIN .

MONOPOLE WITH

STRING AND A
POINT SINGULARITY

NEW THEORETICAL OBSECTS TO
PLAY ITH .

WHAT ARE THEIR INTERACTIONS ‘P
MULT! - MIONOPOLE  SOLNS

ETC,



/%)

I GUT MONOPOLES

SO0C3) MONOPOLES GENERIC TO ALL

NONABELIAN GAUMGE THEORIES WITH SSB.

IN ANY @RAND UNIFIED THEORY

& sss" SUBR SR ULD _._..,-, SUBD XU,

ARGQUMENTS BASED ON HOMOTOPY AND TOPOLOGY
SHow THAT NAGNETIC MONOPOLE JOLUTIONS
EXIST. BRIEFLY STATED,

IF THE VACLium mamFoLd M= @/H
ASSCCIATED WITH THE SymmeTRYy BREAKWNG

> H CONTAING MBEICPRITAL NON-SHRINKABLE
SURFNCES, 1-e., iIF THE MAPPING OF M

ON TO THE TWO-SPHERE 15 NON-TE!VIAL)

YIONO POLES MUST EXIST.

IF THE GRoOuPp & 13 SIMPLY CDNNECT’ED)
M (&/n) = MCHI

AND IF H CONTAINS A LI(1) FACTOR 6 SINvCE
T, (Um) = 2 (GROUP OF I NTEGERSD |S NON-TRIVIM

@UT GROWPS SucH AS Sucs), S0CI0D Wikl HAVE
MONO POLES



MM_-; MASS OF THE MONOPOLE

1y Y
..‘:4_‘ ~ 'O"GW |F  Mg=lo-10 GeV

932 AND g = -1
ENORMOUS ™ASS FOR AN ELEMENTARY
MONOPOLE !

VALENTINE DAY PRESENT TO CARBRERA

PABRERA JAW ON FEB 14,1982 A GOLDPLATED
EVEMT THAT CoiulD BE NOTHING OTHER THAN
A TriT NSPOCE )

CREATED A GREAT DEAL OF EXCITEMENT,
MAN)/ PAPERS .

CouwulD NOT B8B& A GUT MONOPOLE/
BECAUSE OF THE FlLux PROBLEM.

WAS CABEERA VICTII oF A HOAX 7
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IV MONOQPQLES (N PHASE TRANSITIONS

QF THE EARLY WUNIVERSE

THE KIGBBLE MECHANISM
- COMBINE GUTS WITH CosSMoLOGY

~ THE VERY EARLY HOT UNIVERSE WENT
THROUGH A SEQUENCE OF PHASE TRANSITIONS

~ DURING SUCH PHASE TRAN.S/T/@MS’/ VARIOUS
KINDS OF DEFECTS ARE TO BE EXPECTED

DOMAIN WALLS  OTRINGS MONO POLES

}

_ALTHOUGH SLICH DEFECTS ARE NoOT MIN(IMUM

ENERGY CONF/GueATION.S) THEY RENMAIN TRAPPED
AND SHOULD BE RELICS OF THE BYGONE ERA

{ EORMAL ARGUMENTS AF KIBBLE SuUBSTANTIATED
fy Nt CATE Ry EXEERIMENTS D

ESTIMATE mMONDPOLE PRODUCTION

- CORRELATION LENGTH LI TED BY THE
PARTICLE HORIZON . STANDARD Bl BANG COSMOLOGY

Ay~ Mu/12. One MONOPOLE PER HORIZON
- 3 Y
VOLUME n,,a dﬂ’,\, 72‘/»1;;; 7;~Io' eV

’
ﬂ“/b ~ lo"g —> PRESENT MONOPOLE MASS
DENSITY ~ 16" f 1

NOoT ACCEPTABLE .
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Y. NONABELIAN MONOPOLES CoOUPLED
TO_GRAVITY °

- RECENT FLurrRy OF PAPERS oN THE
STUDY CF EINSTEIN.YANG-MILLS - HIGES
SYSTEM

- tHOOFT - FoLyAKOV MONOPOLES —
QUANTUM PARTICLES LIKE OBJIECTS

DESCRIBED &Yy CLASSICAL, FINITE ENERGY,

CONFIGUR ATIONS HAVE AN EXTENDED STRUCTURE

CourLomp INTERACTIONS ARE ALTERED.
NO INTERACTION THEOREM ( on»r::nzrmsu

000 YONG PARK AND K.C.w). S/mPLE INTE&PRE‘Iﬁm

WHAT HNAPPENS IFE ONE (NCLUDES
ZRAVITY &

NEWTONIAN MECHANICS

STATIC CONEIGURATION OF CHARGED
PARTICLES

EENERAL RELRTI}’I.‘]}
COWPLED EINSTEIN-MAXWELL EQNS ATAII_EN
A TU TIDAR Y PAPAPE TROU So:z,c
HIHBTLE‘HANK/N& rNTERPRETATION.
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DOES AN ANALOGOUS SITUATION EXISTS
IN THE CASE OF NONABELIAN FIONOPOLES

COUPLED TO GRAVITY P

NUWPIERICAL SCLNS TC COUPLED £ YMH
EQRNS STuDleTl: BY SEVERAL AUTHORS HAVE

REVEALED ™MANy INTERESTING FEEATURES

MONO POLES W ITHIN BLACKHOLES
BLACK HOLES WITHIN T¥IONO POLES

IINCONVENTIONAL COUPLING . REDULTION TO
FIRST ORDER, EQNS USING BOGOTOOLN 'yt CONDITION

™MOSTLY ANALY TICAL

AN EXTREME REISNER- NORDSTROM [BLACK HOLE
WITH A MAGNETIC CHARGE WITHIN EYMH
SYSTEM.

INTERPLAY RETWEEN ZRAYVITATIDNAL FORCES
AND @ PAUGE INTERACTICNS WITH HIGGS MECHANISH
PROVIDES /A FERTILE ROUND FOR FURTHER.

STUDIES INTC EXTENMDED CONEIGURATIONS THAT
CENETITUTE Tmie G T LES,

A SPECULATIVE REMARK.

DO MASSIVE FIONOPOLES R ECOMIE BLACK HOLES 'Y
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BALAKRISHNA, WALl - Nguyen Al Vie1 watl

S-= fd"x V-9 [— IGIWGU’qu + ‘CHnra]
a\2 2 2 2.2
xmmrm = - 2;'_"(’:{"’) + -;j (D) - %-(d"v-)

IN THE PRASAD-SOMMERFIELD LIruT  OME CAN

SBHoW THAT THE SYSTEM HAS STATIC SOLNS

GIVEN BY FIRST ORDER DIFF. EQNS (BogomoLNY!
TECHMIQUE )

FINITE ENERGY . SOLNS DETERMINED BY SoME
WELEKNOWN CLASSICAL EQNS (NON-LINEAR)

E =p = [0 3800CE23 6]
v [ [2 081+ 43475 3V5e )]
> [A [t E18"+ £0.(1F 0VFu &)
IF E,=28:, & o Satus ated -

ISOTROPIC COORDINATE SYSTEM

-2F , -F
r‘F"f-_-e , i: ..;._.+F ; W-e /r'
A
STANDARD COORDINATE SySTEM
g/= - 2x9

Y-14x
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V]l CONCLUSION

THE CONCEPT OF A MNMAGNETIC
PIONOPOLE INVENTED By DIRAC) ™MOTIVATED
PRIMARILY By ASKIN& THE PHYSICAL MEANING
OF THE ARBITRARINESS OF QUANTUWM
MECHANICAL PHASE AND RELATING IT TO THE
SYRIMETRIES IN IMIAXWELL'S THEORIES, HAS

AND DIVERSE
PLAYED A SIGNIF(CANTAROLE /N ELEMENTARY

PARTICLE PHySIcs. IT NMAY NEVER BE Founp

EXPERITFENMIALLY,, Hyyr 7 LIELEARE THAT T
LR Y LIS . - . . A ) [l ] . . . .
- . . A
WILL CeppTramee: T Ry o7 N THE THECKISTS

LR RATC kv the TR A IS TS Afr L Ce NTINUE

Te EXPERIMDIEA'T W iTH T






