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I.
The Nielsen—Oleseninterpretation[11 of the string modelrequiresthe quarksto be magnetic

monopoles.In the caseof an Abeliangaugetheory,andat leastat thelevel of classicaltheory,
thisseemsto be a consistentpicture. OnecancombinetheLondon theoryof superconductivity
andtheDirac theoryof monopolesto describethe motionof dualstrings [2]. It is a phenomenol-
ogicalstepbackwardfrom a searchfor the dynamicalorigin of strings,but I am interestedin the
possibility,or existence,of just sucha phenomenologicalframeworkin hadronphysics.If we can
indeedfind a phenomenologicalframework,probablywe canalsofind amicroscopicanddynami-
cal modelfrom which it follows.

We arefacedwith two problemsin our task. Oneis a non-Abeliangeneralization,and the other
is quantization.The non-Abelianextentionis a morepressingneedin order to decidewhetheror
not thestring picturemakessensein hadronphysics.Perhapsthe quantumaspectsbecomemore
essentialin non-Abeliantheories,andbothmustgo handin hand.The main question,at anyrate,
is how to constructmesonsandbaryonsin the color SU(3) theoryn, extendedto includemagnetic
monopoles[3]. It is not obviousto me, however,that a non-Abelianmonopoletheory is possible
without breakingthesymmetry.This is becausea string a la Nielsen—Olesen,or a monopolea la
‘t Hooft [41,is aclassicalparticularsolutionto a gaugetheory.Fromthe phenomenologicalview-
point,we attachacoloroctetmagneticflux densityp ateachpoint on thestring. Sinceit should be
parameter-independent,we mayregard it as a field pt(x), andits covariantderivativeswithin the
world sheetmustbezero:D~’~p’= D~’~p’= 0. Integrability thenrequires[D~A),D~Jp’
fiikFJpk = 0. Thus p1 andFr’g = ~ mustbe “parallel”. (For moredetails,seeEguchi [31.)
This is a severeconstraint;the only solutionseemsto be a trivial one(a no-gotheorem?)which,
undera suitablegauge,makesall componentsof p’, F~,A~zeroexceptfor i = 3 and8. We have
thentwo uncoupledAbeliangaugefieldscorrespondingto color isospinandhypercharge.Quark
confinementcertainlyoccurs,but the quarksarenot necessarilyin a color singletstate.This is
only a classicalsolution.In quantumtheoryonecannotput certaincomponentsof the field equal
to zero;symmetry-restoringfluctuationswill be present,andmight destroythe wholepictureif
the symmetrywereto remainintact.

II.
The secondproblemI would like to discussis the possibilityof electric,rather thanmagnetic,

confinement.Although it soundslike a matterof semantics,the mathematicalformulationsare
different. HereI follow the elegantideasdueto P. Ramond.Most of whatI saybelowseemsto
havebeenconsideredby Kalb andRamond[5] in their publishedandunpublishedwork.
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Let usagainstartfrom an Abeliancase.Considera hierarchyof potentialsAM,A,2~,A,Apx,
whichareantisymmetric(exceptfor the first) andundergogaugetransformationsof the first kind:

AAM+~A

AMP -* AMP + a~A~—

-÷ AMPX + ~ a~A~
cyci

The sourcesof theA’s arepoint charge,loop (closedstring)andclosedshell, respectively.Denote
their currentsby ‘~.L’ ~ j,~,which satisfy~M’M= aMJMV = = 0. Thesegaugetransformations
arerelatedto aninfinitesimaldisplacementforming a line ~A dxM, aloop~AM•dxv, ashell
ftAMV d&

2Mp, by virtue of the Stokes’theorem.Thereforethereexista hierarchyof gaugeinvariant
derivatives

6 6
aM —gAs, ~ —gA,~, ~ —gA,~

MV MPX

They are to be appliedto the wavefunctions1~/(x),i,Li[x(u)], l~,[x(u
1,a2)], for apoint, a loopand

a shell. Thefunctionalderivative standsfor thevariation on i~i[x (a)] causedby an in-
finitesimal changeof thestring configurationwhich sweepsa surfaceelementd~Mp,andsoon.
The gaugetransformationsof thefirst kind actingon them will be

i4i(x) -~ exp{giA(x)} ~4i(x)

i~1i[x(a)] -~ exp{gifA~dx~h1I[x(o)]

~i[x(a1, a2)1 -~ exp{gi ffAMVd~iMP}~[x(a1, a2)].

Now the gaugeinvariant fields derivedfrom thepotentialsare

FMV =

8MAV — aPAM

FMVX = ~ ~M~VX

cyci

~ = ~ ~

so that their respectiveLagrangiansare

— ~FMVFMV +gA~j~

— 2 FM~xFMVx+gA~~/~~

l2m

— I
4FMPXPFMVXP~

48m
The necessityof a dimensionalconstantm is somewhatsurprising.The aboveconstructionmay
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be extendedto includeopenstringsandshells.Sincethe boundaryof a shellis astring, and soon,
the continuity equationsforce thesesourcesandfields to be coupledto eachother.

From hereon, let usconcentrateon stringsonly. As hasbeenshownby CremmerandScherk
[6] andby Kalb andRamond,the field FMVX describesmasslesszero-helicityquantain contrast
to the usualMaxwell field F~.There is alsoa static (unquantized)part createdby asource;it
leadsto an interactionbetweenstring elementssimilar to thatbetweenelectriccurrents,albeit
with an oppositesign. In otherwords, the stringsbehavelike hydrodynamicvortices.

This is a greatcuriosity,ahithertounknownlong rangeforcegeneratedby (closed)strings
(or vortices).Doessuchaphenomenonexistin nature?

Puttingthis intriguing questionaside,let usgive a massto AMP andtherebybreak thegauge
invariance(of the Ramondvariety).Conceiveablyit canbe accomplishedas a spontaneousbreak-
down, dueto a superfluidof closedstringsin the vacuum.(Considerthe London-typeansatz

JMV~

We canthencomputetheinteractionbetweenopenstrings(aswell as their selfenergies)
through the massiveKalb—Ramondfield. It turns out that the result is exactlythe sameas in the
caseof magneticstringsbasedon the Dirac—Londontheory.We call thepresentcasean electric
confinementbecausethe electricfield A01(thoughit is actually a potential)is staticandnon-zero,
andthereis no violation ofF andT anywherein the theory.The mathematicaldetailsaregiven in
the Appendix.

Whenoneseeksa non-Abelianversionof the extendedgaugeprinciple,unfortunatelyoneruns
into trouble againfor reasonssimilar to thoseencounteredbefore~. But thegaugeinvariancein
the Yang—Mills sensecanbemaintainedby usingcovariantderivativesin definingthe fields~
~ etc.

Appendix

The effectivemassiveLagrangiandensityfor the Cremmer—Scherk—Kalb—Ramondfield is

L = — ~A~AMP — 1 2 FMVAFMPX +
l2m

FMVX ~
cyci

‘MP~ gff~M’~ 6
4(y—x)drda.

With thenotation~ = (B, E) in analogywith the electromagneticfield, wehave

L =~—~(B2—E2)—-—~-— {(VB)2—(VXE+B)2}
2m2

From this we seethat only B is dynamical.The Hamiltonianis

* This trouble tends to make the gaugefields themselvesa nonlocal entity with a Dirac—Mandelstam string attached to it, see

Eguchi [3]. The trick hasalso beenproposed by Christ Li] in his theory of magnetic monopoles.
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H=~(B2—E2)+ —1-—(VB)+ ~ A2 — —‘-—(V XE)2
2m2 2m2 2m2

~(B2—E2)+ _~~L(v•B)2 +~- fl2—11(V XE),

2m2 2

11= .L(B + V XE).

The equationof motion for AMP ~

(i — _~~_)AMP÷—~--- (aMaXAXV — aVaXAXM) =‘M~

m m

from which follows

1 . aMaX a~a~
AMP = 2 ‘~— 2 lAp — 2 ‘AM

1—Dim m m

EliminatingAMy from L, we get an effectiveLagrangian

Leff = ~ 2 ‘M~+ aM ‘MV 2 A/Xp

1-Dim m 1-0/rn
If thestring is open, aM/MV is nonvanishing at the end points of the string. This form is identical to
the onein the Dirac—Londoncaseof magneticconfinement.It is alsointerestingthatif we replace

in L with its dual,we get a similar resultbut with the wrong signfor thestring energy.
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