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I. Motivation for Dual QCD

Dural QC, D is QCI) expressed irl terms or dl_a,l potentia,ls (,,'/,, In the first
p&l't, of this ttdk I will preseilt, Llle lllO(,iv_:LLiollfor dtJa,l QC',I), lti tile s('coIld pa,rr l

will construct L_(°) , the qut_draA, ic pa,rr of the dua, l QC,1) Lag.ra,ligia.ri, a,nd solve the
, tI'_l 'qrestllting Abelia,n gettlgc theory to obtalin the pa,rt,icle s])e(.'.l, rUlll liii,' ]._a,gl'a, llgia, ll

£(0) is the steLrting point for dua, l QCI.." )
The goa_l of du_l QCD is to sl,udy long-dist_nc, e Y,mg;-Mil!s l,]leory, lli this

t&lk I willnot discuss the inclusion of que_rks. _" 'i ne Ya,lig-Mills l.,_gremgia.n is

1
'" ' " _'A,_,)_ (1)s.D= -7_(O,,A,- t),,A,,-t-e..l'<,_,<:A,,.

. f.2

We have derioted th.e Ya.rig-Mills coupliilg collst_.mt by e; le., :v_ = rg.
I,ong-dista, nce Y_mg-Mills l, lieory is a, sl, rorigly coiipled ga, iige ttieory. 'l'll(,

fL

COUl)lillg _ coIlsta,nt, iilcrea,ses a,rid, l,lle ilia, Li'ix el('llleilt, S of A/i(a:) l)econl(-_ la.l'gje _l.l, lollg

l'a,rig_e.AI; t:,lie 8a.liie time, iii a, l,lie()i'y with (;orililieilleilt,> ptlysica.1 qi..la,iit, il, i(',<_(,xllil-)il,
a, slnoot, li a,nd i1Oll sirigula, r Iolig-.disl,a, ric<, I)elia.vior, "i'ii(!i'<' is, liowe\.'er, l,lio alt,(,rlla.!o

possilDility of tlSillg_ (lua,1 I)oi, elll.ia, ls (../; i,o (les('.ril)(; g_a,l.lg(,,l,lieories[l]. 'I'll(, cOlll)lilig,'

COllst;a, lil, ,qfor tile. dtla.1 l)ol,elltia.] is l, li_' ilivers(, o[' l, li(' Ya.lig-Mills COlll)lill g ('OllSl, a,lll,
2/r r -_

_::, ie. g = <.---. l lie dila, l l_Ol.<,lll,ia,ls arc we_0_ly cOtll>led a.l, Iolig ra.lig(' a,ll(I ilellc<,
sllould be tile _q)l:)rol)ria.l,e \.,a.ria,l_l<w,for (lcsci'ibiiig lolig-(listnll<:e l)liysics.

I,et us fi r,'s',,recall liow (llia.] \,'a.ri_il.ll('sare lis(,.(l 1,odescribe l,lie elecl, ro(lylialilics
of a, rela£ivistic dielectric lll(:,ditllll <.'ll;li'a.cl,('ri'i, et[ I)$:a.lllOlllelll, lllll (l(,I.)(!ll(t('lil, ,.li<,lect,ric
collsta.il!, <:(q) a,nd iiia,gilol, ic i>eri_i(_aiJilil,,$ ,' tr(q), wlier(,.

<:(q)l,.(</)=i. :,)

"!'lie eql.la,l,i()ils of rl/ol, ioii a r(, l,ll(; SOl.ii'('(' l'r(x' Ma.xw<_ll's C(lll_l.l,i()lis:

V,13--:iJ , V×t--71-.- _)13 :l)
t)t '

/17._:: , ..............., ,i)
#/,

and l,h(: constil,ut, i\,e (_qtia.l, iolls ai'(,

.i5- <17 , /77---/,,i-i, (r,)

which rela.l,e i,l_eol<:ctric _lisi,la.c<,_<'_l,veci,o_'i) a_,l l,l_<'_a.g_et, ic I7i vccl.o_' l<, /7_,.,,<1
17 7\1(." illtro(ItlCe dlia.i l:)Ol,(,ill, ials (7 I,osol\:(!!"]<1(3) I,v Wl'ilrillg' " H ' ,,

13=-_x(! ii..- ::(7 ¢>c', "........ -.0. ((;)
7)/

1;]<ts, (2), (5) a,_(l (6) yiold

_ /. _, 1 1, (V, 0-t- / =--:--/7. (7= __-, , __ .-,(, :)(! I
/, \ -7)7) i,

I
'11 IIII _l ,"



I

'_ - r "_

Inserting Eq, (7) into 15q. (4) i;hen gives the equations of mot;ion for (.,'t,., [ hes(.,

are generated by tlae Lagr_mgian,

t C."""_,(q) C,,.., (8)

where

c": .:,,.,- O.C:.,- O,,G'..

i, 6'G'In the La,ndau ga,uge the G'. propagator Act.L. =< .'tL t, > gen,era,te,d from £, is

l l (_q"q'.___2) (lO)Act.,_, -. q2lt(q ) gr,. q2 '
i

r _ _ "_ i_ ¢

.I.he propagator Ac,, Eq. (10), describes exactly tile same physics ((Lqs, (3), (4 a_d
(5)) as (;he ordinary Al,. propag,_tor /_A, where

AA,...- . (:1I)

In Ya,ng-Mills theory Mandels(,aln [1] showed how (,o delitl(, d/lal l_O(,eIli,iMs

(71,_, However, the tr:msforn_a,(,ion A(_', _ G'7;is not explicitly known, C,onsequ(;ntly,
in contrast wit,h electrodynamics, the Yang-Mills I_agra,]lgian as a fuJ}ctior) of tll(-_

duM potentials (.;'. cannot be explicitly written down. We only know [1] (,lla.(, ii, is
inva, rian(, under a non Abelia, ll gauge tra,nsforlnaLion of t,he potentials (""-l,, wllich ill
ma, trix notaJ, ion is given by

(.,_,._ _2-1 ' ), ,0,__, (12)' 6,,,_, + _-1
g

where _2 is a SU(3) matrix,
We are interested, howew_r, in solving Ya,ug-Mills (,beery only _:_(,lo)l_,;disl, aJ_c('s.

For this l)urpose we must find only (;he Lagrallgian £(C,') describing t,tle lollg-dis(,allc('

regime of Yang-Mills theory. Sillce we expect that the 6/, fields in(;era,c(, w¢:_a,kly _I,
long distances, £(C/) should be _ mini_na,1 ga,uge inva, riant extensiorl ot. a, (it_adral, ic

_" Lagrangian £(°)(C) ; non mi_finaa,1 a,ddit, ions (,o £(C) should t_ot, be releva, nt a,t lo_g
distances. Thus a,lthough the full dua,1 QCD Lagra, ngian is not explicitly know_l, iI,s

long-distance pa,rr £(C) necessary (:o describe lo_g-dista, nce QCI) call b(; d<,(,(_r_il_od.
The first step is' Lo const;ruc(_ t,lm quadratic La,gra,ngia,_ /2(_))(G'), 1(, (Iosc)'i)>(,s

a,n Abelitm gauge t,heory a,_d l_e_lc(._l_lsi, be o1' t,l_e rorln of t;;q. (8). lli or(l(:,r i,o sl)('('-
it'y/_(q) we must have seine inrortna,l, ion a.i_ou(,lo_g-disl, aJlce Ya,_g-Mills (lylla,i_lics.

• ,_ i)r()l)a,ga,-I)uri_g the past 1.0 years a, numbe.r of a,l_t,l_ors [2] t_a,ve ca,lctll,:_,t,(>t l,lle gl_l()l_ ..
t,or AA irl the simplest self-c, onsisl, ent, (,rt_nca,tio_ of t,he Schwil_gt;r l)yso_l (,(l_la,(,io_s

of Yang-Mills (;beery compa(,ible with the requiremet_(,s of gauge il_varia_lc('. 'l'l_(,s(,.
calculations have been ca,tried out in differen(, gauges a,nd differ iu l,(,,clli_i(,al¢t(,1,a,ils;

new_rttmless they all yield a solution for AA(q) which l_a,s l,he 1)el_avior

&A(q)~ , O,

3

:11
Iv



i_ ' s" t,}la,t,1,11_solllt, ionwhere M 2 is _n undetermined p_u'a.mel,er. lroin l!,q, (1 1) we, ec

(13), describes a dielectric mediun_ for which (:(q) _ --Q2/M2, a.s q2 __+ 0. 'IG,,'

corresponding ma.gnctic l)errnea.l)ilil,y lt(q) is tlli:ll given by

a4_
/,,(q)= </_t-1 (14)

a,t sma.ll q2, II'lie choice of l,lie const, a.llt; 1 for l;lle llorl-lea.ding low l_lolncllt, lllll c.olll,ri-.

bution to lt(q)in Eq. (ld) represer_l,s a,choice of norrna, liz_tioi_ of t,he fields. Iz_sert,it_g
T' ' g (°) C .Eq. (14)for lt(q)into Lq. (81) the,, g,w_;s ( )

Using Lqs,p (10) a,nd (14) we s<.c.... t,ha,t, l,lic(..-,'/, 1)ropa,ga.t.or A_:,.c,orresl:)Orl(liiig_ l,o

the A/, propa,ga;tor (Eq. (13))is

.l ( q/,.q,,_A_:,,,,,,(v)= <:__M"- v,,,, _v ) ' (lr,

(Eq. (15)) indica.i,es tl_a.(, g(°)(C')c:o_I,a.i_,s a. n,a.ssiv(' veer, or tnc-,so_. (Ja,lct_la,l,ion

of the long-disl, a,nc.e correcl, iolis I,o tile sillgllla, r ill, propa,ga.t, or (l'](I. (13))via. t,lie

Schwinger Dyson eqlia.l, iolls is c:ssellt,ia.lly ililpossible. ()vi tile ol,ller tla.nd, 1,11<_lolig-
dist;a,nce corrections I,o t,llc pllysica.lly c,qlliva,lelll, Ac.,,(Etl. (15)) sllolll(I I)e ca.lcllla, I)l(,,

'1'his is the goa, l ot' dua,1 Q(7',I).
?In t,he coordina,l,e rcl_rescllt, a.i,ioll l,<lS. (8)a.rld (ld) give

l (_1,1_'_ } (,,/,,,s..:c0)(_-.,)= __Ti_c,,,,,t,77) _''''''- c,',,,. . (i(;)

\,Ve Iiow inl:,rodticc a,ii a._i.,,:ilia.ry alil, iSyli'ilii(_l,l'i(: l,(,iisor ['I, ,, =: --I lq, iii (_i'_l<'i' t,o writ,c

£(°)(C;') in loca.1 t'or_. (W<' o_iI. <'<>loti_cl.i,.'_,ssi_<'<,L:(<') is ,i_si,,, s_,, <,r l,<,r,,,s
corrosponding I,o c,a,clioi l,lle colors). \'\,'c iill,<,grat,c l,}lc_i{lelll, il,y

{[ ]t<'xi' '/ -"2 "" :77 . (I 7)

over ./';_,,,,a.nd cva,ltia.l,e l.lie illtx_gral ,,,,.'c,i'tile l<,l'l.-linll_l sicl<,of l'_ct. (17). ILy l,ra.llsla,l,illg
va,ria.hies

M

, " " 'e < c killcilla, l,ic idc'lll, il,,yHowever Sill(,7 ('/ii, sa,l,isfics i,l_

p/, .. ,.",,,i_ () ( 19l ( lllSiv/'7 tl :

_'
WC.',need orlly illl,(:gl'a.l,e ov(,r fiel<ls /,,,, sll.l,is[yilig 1,lie si:l.lll(7'i<l<'ill,ity

'/_ 1_"_t '_• k) <,,,,,,.l_ = (), (20)
!

4
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,,, t_

,, Using Eqs. (16), (17) mad (20), we c_n then replace £(o)by the loca, I l,a,g,'tu,gitul

£,(°)(C,_,H)= T Z,,,,G""+ _ - _, - _U"O"_:,,,,_y,,,:

where H _ is t_ La,grange multiplier field. The la,st term in Eq. (21.) a,cco_l_ll,s for l,l_e

consl, rMnt, gq. (20).

II. Solution of Zero Order Dual QCD

Va.rying t:I" in tl_e La.grangia.n (Eq. (21)) then gives l:,q. ('20). Va.tying /,,,

gives
" = - 0'\ I-I° (22)M G ,,, - D2ft;,,, e,,.\o ,

while wrying G'" gives
fflllJ •

I..l _ 01/" ,_[ 0,, M F,'" (23)
-,_]"rom Get. (23) we see that, MO../_''" ha,s l;he inl,erpreteLtion of a,nlonopo]e cuvrenl, a,nd

hence t,he a,uxilia,ry fields -./14t '_'" _re t,he componerlts of l,he rtla,gllet,iza,l,iofl l,ensor,
These a,ppetu' a,s funda.naent.a,ldyna,mica,l variM_]es since the die.lccl,vic cotlsl, a,lll, is a,

' 9')differentiM opera.t, or, a.nd _s _ consequence l,he "const;it;ul;ive equ_U,ions" (]',q. (._..,))

(a.nMogous to Eq. (7))a.re equa, t,ions of mot, ion.
In order l,o cla.rify the pllysica.l nlea, nillg of tile equa, tiolls of mot, loll (2(J), (2'2)

a.nd (23), ii, is convenient, t,o introd_lce til(.', following tllree climensiolla.I llo(,a.l,ioll for

1;he components of .! m,

I3,,. -= M t'ok , ICk 1l(I _, 24)-- ' -- eklm.[ lm
2

We ]_t_ve used the nottttion t"_a.nd _ for t,hc. components of (,he mt_glw, l.iza.t,iolls llc.c

they represent, cont, ributions t,o the magnel;ic and elecl;ric fields wllicll dopell(I Ul)Oll
?

the sta.te of t,he dielecl, ric medium. Using Eq. (24) we ca.n wril,C I,( l, 20) a.s

_.I2 = O,

# x :_ oz,: = o. (_)

Eq. (25) ma.kes eviclent tile physica.l meaaling of the const, rtdnt, .I!'3_1(20)); lla.lnely,
tlmre is no elect'ric current, in the medium. Next define

1 -

Z" = -_O,,l_'" , (26

we. then htwe

0,,Z" = 0.

li

'" q!Ii''q_'



From Eqs. (23) a.nd (26) we see tha.l, M'2Z '' is l,he monopole currel_l,. [.lsit_g l_'hls. (12,'1)

(26)we ca.n write Eq, as

-9,/_ = ,_4_z _',

¢ -.4

OB

×£ + at = _,1"-2, (27)
'_' ? 9.[he nionopole current then det, er_nit_es li? a.nd 13 via. l.,qs. (25)a.nd (,..,7).

;' (20), (22) ml con% solve Lqs. d (23) ii..is v('ni(-'nl, I,o (_lilllina, l,e til(-' i)()I,(_llI,ia.ls
' ;' ,...,,:,,jwe ol)I,a.illC., Ta,king the divergence of Eq. (22)a, nd usillg Ix/. (")'_

(O_+ M:_)Z. = (), (2s)

Hence Z" is a free. ma.ssiv(, w_cl,or liold of nla.ss M. Eqs. (20) a.tl_l (2(;) ar(:' .itlsl,

l;lle Ma,xwell e(lua,l, iolls for li.. in I,(,rnls of it,s m()llOl)()l(-' sotlr(:(:_s Z j' '1'11(,g_.lleral
sollti, ion t,o t,llese e(:ltla,l,iolls ('a,ll l,h(:,,t_I)(, writ, l,cll a,s

F,,,,= -(0,,z,, -- i),,z,,)_ (o,,,,/,,;- o,,,,/,,,), (,,,_)._..Al M

where '_/.,..sa,t,isfies
-"4

o"+,,= c) , 9. ',1,= li. (:_0)

Eq, (29) then gives /.,. a,sa,slllil ot' ii, lllassiv(, v+.,ci.orli(.,l(I ('_Jlll,ril,lll, i(Jll (a, I)a,rl,i('lllar
solul, ioli 1,o inhomogeil('olis (,(llia.l,i()lis (2()) a,lld (26)), all(I a, llla,ssl(.ss v(.('l,()r fi(:l(l
contribul, ioll (l,l_(-7general solltl, iol_ ()t' l,ll(_ corr(:Sl,Otl(liilg llonlog(,il(,()tls ('rl_ta,l,iotls),
']'he constra, int, (Fq. (2())) (.li_til_a.l,(-,sa.(l(lit,iol,al re(l_,i_(la,l_l, (Icgr(._,s o1' l'r_'_'(l(,_ i_

'I'o d(.torrnir_e rh(" li(,l(l /[" w(, l)('r['()r_l_ 1,11('()l)('r..t,i(),l _,,;_.,...SZ_(,_ !,;(I (,),_)
. ]"llsing Lq. (2.0) a,_(l I,l_e i(l('l_l,il,y

(l_l',\_ --_ --"-'\ ,\ o

i)'_H/._- i)/.,/.),-,/ 1" -- (), (;I 11

'l"ht,_s I:/¢' is a, free _a, ssle,ss field. 'I'1_<'libya,ria.litr' ot' l",q. (til) t_cl_,l' a. ga, rig;(, t,ra.llS-

torlna, tior_ of 1.11¢:l_,agra,ng(, t_ult.il)lit,r [i(_l(1,I1_,,

I1_, --, II, 4-/),A/t(,c), (32)

_,(.[l¢-:cl,s the correspol_dillg il_va.ria,l_('t, o1'£(()) , 1';(I, (('21)).

'l'l_e Lagra,_lgia.ll /2((_)l,l_(!,lld(,scril)(,s a. n_a.ssi,,,(' v(wl.or [i(,l(l Z t` ;1,11(1 I,W()llI_I,SSI('S,q

vector tields )/," a._,l II" corr(.sl,oll(ti_g 1,o s(.v('_ 1)l_ysi('a,I (l(_gr(,cs ()t' t'r_,('(l()_, llls(.rl,-
;' 29) s. (2_)a.nd (ii()) w(. (,t,l,a.i_ t,l_(,I'(,ll()wit_g (,xi)licitillg l,q, ( inl,o (22) a,_d ttsit_g I';(I

('x-n'(,ssiori [or ' '

I

6/ ,., = -( O,,Z,, ---O,,Z,, ) - .-_;:[(..,,,,,\,i) \ 11". (;l:l

.... , _ ,, , ill



_. ,'4

, We see t,ha,t G'.. depends only upon Z. a,nd .Ht,, and does not, involve t,lle nlassh.ss
'II,. degree of freedom. Eq. (aa)the. del,ermines C. tl l) tO a gauge tra,llsl'ortnal, i(_ll,

C,, -_ C,, -t- O,,Ac:(:c), (:l,l)

which reflects the inva,rla,nce of/2 (°1 under l,he l;ra,nsforma,t,iotl (:l,l),
We now proceed witll t,he ctmonical qtla,nt,iza,t.ioll of the t,lleory, 1)_'[illillgUallOtl-

ica,1rnoment, a.

6£(°} = () -' , -.frc'= a + Vgo- B,
aC

t.,

_5/2(°) B
7r'B_ :_, --

t_Z.'.(°) /I Ii.'
_,:- --a- = _ - )_,I".' (:_r,)

we c_u tltell write Z2(°) in Hamilt,ollia,n I'orln,

0 t} °

i £(o) = _c," (] + _t3 ' 11+ 77,,,,,.Ii;-- g , (:_,6)

wlitre

1 7r 1 17 rr/,:, 1 '_ ' _ (7 -'
= 5('h' + fi)_+ :2_I-' '2 ?7 + :2(v'>:c'')_ (v _'_ )'/'

r

-I I

--_M----g-+ 21_,---/T-t-/1' M -f -.0V' ec. + IT./(-V" '/_'). 37)

Va,tying 7rc,,,'NI3a,nd 7r_ in/2 (°1 giwts l!.qs, (3o), while va,ryi_g [t yiel_ls

M _l "

wliich ca._I)(' used I,o eli_illa,l,c 17], Varyi_g (7,'.m_(l f!_ i_ L'.(°1giv_'s 1,1_'eqt_al,io_s
of consl,ra,inl,

(;_= _7,gc,,= o , (;,,.=9.I.'=:o, (:_!t)

'File quaa_titie.s (]_ and (/u are l,l_e,general, ors of (,l_egarage l,ra,_st'orll_a.llolls l,;{ls, (32)
a,nd (3d) _md lmnce the consl,ra.il_l,sof l:,q. (3,}) a,rc. preserved by 1,1_('C(l_a,l,io_ls of
mot, ion. Ihc fields /_10a,nd ("'0are not, del,en_il_ed 1.)3'l,l_e _lytla,l_lics, \'\f_'call t,l_'_l
in,pose two more condit, ions

_, _ = I_ , _, (,:=0, (,1o)



#

which fix t,he ga,uge, Eqs, (39) a,nd (,10) t,llen reduce t,lle nu111ber pmrs of ca,llonical
'Svariables frorn 9 to 7 wllich 1,!'just, wl_a,t, is necessa, ry t,o d¢;scril__¢'a, ma,ssiv¢, reel, or

pa,rt,icle a.nd two massless veer,or l_a,rl,icles, '-l?tllsga,uge cl_oice (Eq, (.10)) gives IJo = 0,

_nd hence H. sa,i,isfies

O'_i:t. = O. ,(,11)

Next, we insert (,he solul, icm o1' t,lle e(lttt_i,iolls of lllol, iOll (l,(Is, ) a,ll

Eq. (37)for the [-Ia,|nilt,oniall densil, y '/11.,Usillg li;qs. (28), (:10) all¢l (,1()) we. ol_t,aill
lJhe following expression tor t,he l lanlilt,ollia.n ill t,ll¢' lllOl_l¢'lll,_llllr¢'l_r¢'s¢'tll,a,l,]oll'

/ /"{I-'" l z:......J,_'_(_)= ,H,:0., z,,(_)z,'(J_;)+/,'.LT,'()._1,(/,'.)-.,1,'(_.,/:(/,,)1}, (,_:_)
¢

W 110 r o

0.,,--: 7_ _ --t--/l'l_ , (,1:1)

-, , -, /i(,_:)
_1,(,_,)_ ,1,(._:)-t..... . (.l..l)

M

l"rom Eqs, (3(I), (,dO), (,11)al_d (.'1,1)we s_,_,I,l_al.

- 4 --'_

i_,,, 4' is also a. rnassl_,_st,ral_svers(, ,,,cot.or ti(,l_l, l,_,t,_/,(I,,, ,\) all_l ,'/,(_:, ,\), .\ .... I, '...4,),

l,,e i,l_(-'t,wo ind_:,l_e__¢lent,t.rm_s',,ers(:_:'._::,I_l),._l_('_ll,so1'_/,(I:)a.l_(1 ,[.,(],;), '1'11¢'_1_si_lg; t.ll_'
ca_o_ica, l co_n_,_._t,a,i,ic,_,_relat,io_s l'_.,,rt,l,(, /i(,l(Is (!, /_, a._:l /"_a._,l t,l_,'ir co_Li_._a.t,,'
lll()lll('llt,_l.W{, ol_l,a,ini

[ ],!,(i;, ,',,),_!,1(_, .\,) = ,s(_;...../,.'),s,,,,,,

[,/,();:,.x),,/,)(:,:',,\)] :: ....,',(/,1....i::),s.,,,,,,

l,ll_'ory del,ermi_ed /,y £(__)((i:'), (I!,<1.(21)), _:lescril_illg a.syst,e_l_ l_a.,,,il_gal_ ,.'1, I:_rol_-

a.ga.t,or NA(q) ,-.-, "__:_is a. I.l,_eory c.,,l'_l_-il_i,_,l'a.cl.i_g l_arl.icles II;_,,'iIIg I.ll_, I'ollo,,vil _.';

cl_ava.ct,erist,ics' a l_osit,iw .,1_o1'__v_,,:'l,orll_,sox_Z _1'i_l_ss/1/, a.l.,osit.iv_.'l_,._,rn__lassl_,ss

\,_,ct,or inesol_ _, a.l_.l a. r_,gal.i',,i, _ol'n_ n__ssl_,ss,,'_,cI._ri_l_,so_le/,.
Nexl, l_c.,I,et,ha,l, l,]l_, _lill'_,r_'_lc_'s

//(/_,,\)- _t.,(il;,,\ ....,1,ii:, .\) , ..\...._,.,.., (_r)
A.I

sa.t,ist'y

.i-I(1,_,,\1tit(£ ' , ,V :-- llt(f ' , ,V)II i;, ,\), (.IS)

, I Illl
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.. a.lld lleIlce I-/_tcfc,arcs zero horn1 sta.tes. Now let us il_ll)ose tile t'olloxvil,g slll)si¢liary
condition on l)hysica,l states [_P):

H(_, .X)l.)---0, (,.l_)

Then t,he ma.ssless '_/,a.nd q5excii,a.tions give no CoIlt,ril_tll,ioll t,o tile _'tl¢'l'g,,,,of I)llysical
si,a.tes jLtst a.s sca.lm' a.lld longitudinal luhotons give Ilo contril)lli.ioll t.o t,lle ellergy of

I lit, llla,trix elt,lllt'llts ofphysicM stales in cova,ria,ntly qua,lltized e,lectrodvnalllics, "
the Ha,miltonia,n between sl,a,tes [qJ) sa,tisfying l_3q,(:19)are tl_,_ gi,,'t'_ 1,y

/ /-. ;. z:(*1 d:_,:(,_)l,)= (*1 ,Z_,_[-z,,(/)z,'( )] I*), (:,t_)

'I'll.tin in l,lie spa.ce of states sa.tisfyil!g I,q, (,19) l,lle lltu_ilt,:)niall is l_(:,sitiv(,(l('fi_it_'
and describes a. sysl,e.m of l_ot_-irti,era,ct, il_g reel.or Inesons of n_ass M. 'l'l_is Sl)aCe
in('It_des tl_e G', sector of the theory, si_c.e it {'t_llowst'ro_n l,?,¢ls,(33) a_l (./8) l,l_at
['3(1,(49) is wt.lid for any s{,_t,':"[tl¢)of tl_e st,ructt_rc

I,I,)= ((,,(,,,)),v10).
!
i

l /ks ai_ a.ltt.rna,te to ca,_ol_ical qtlal,tiza,ti,:_l, ,,v_.('a,i t'alc_,la.b' I,l_, i,r_l)at_al._,r
I for l,he (.,,,, 1_,_ and li, fields b5, i,lv¢,r(,il_gtl_¢,_a,l, rix ¢1_,1i_'¢1I,y l.l_, _ll_a_lr_lic
', l.,agra,ngia,_ L.'.(_I(6/)(l';q, (21)), SUl_1)le_el_te.dI_y1,1_(,garage' {ixi_lg t_'l'l_

i l )'2 I ),,,(,,,_. _._(o,,)_" (..',1)_(_.('".., _

1_ l,l_el.,a.'nda,t_ gauge ct._ 0, the G' 1)rol)a.gtd,o_£ is gi\,e_ I_y Ii;(I, (I 5), ,,vl_ilt,l.l_, _l,ix_,_l
" I ,,;-_),al_([ l,l_e 1;' prol)agator, _,,;_ .,,_.... (f',,,_/;'.,,,), i_l'_'(,'t;' propa.ga.l.or, _,,,-,_ = ((', _'

givel_ I)y

2i M q'\":"'\'"" (52 )
A,,,,-,,(q)- (q___z_l_) q,2 ,

_-/,11([

,/ q.\S.\,,,,._._:_(/,\',q'.\'.,-,,s (5:1)
A.f_,.,.,,;(q)--.... (q_ - til::) (/_ '

W llere

q, ,(I,_'r,qlfl_' -- (l,,,S (Jl_ ,̂,

'I'1 _ _ ?_:.,poles at, q = M i_. 1,(1s. (52) a_¢l 53) r'(.'l)r¢'se_ll,I.Iit, ,:,ol_l,ril,_l.i(,l_ ,.,I'Z illl.{'r-
l'_.e(lial,e stales, ',,,,,l_ilet,l_.eI:_ol_,sal, (/_ = 0 are l,lle co,_.t,ril_tll,io_ls_.,t't/, i_l._'l'_,(li_l._'

(,l_ederivatives al)p{,ariI_g ill Ii;(I, (29),

IlI. Discussion

'l'lae tinal sl,eI) is l,l_t,c(_l_sl,r_t('l,i{_tloi' £((,'), tll_, exl,_'_si<_t_{,t' £(_)(('), wl_icl, is
i_v_tria,nt _(1_'_'_lol_-Al_t,lia,ll garage,I,r;_llsl'¢)r_a,l,i{_t_s(1';(I, (1:2)) (.,1'tilt, tlttal I_t,l,_'tll,ials

!)
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C" We ha,ve shown [3] tlla,t, sucl_ a, t,lleorv possc:ssvs I_la,t_v of tll_, I_rol_,rt,i_'s_,1'a
dua.1 superconducl, or a.nd could t'ornl t.lle basis for (l¢,s¢'l'il_iIigIol_g-¢lisl.all¢,¢,Q(',I),
However, ix_[3] ,,w'.did I_o(,inlpos¢-, t.l_e ¢,sse_l.ia.lc¢_stra.in_t (!';¢1.(20))a1_cl 1.1_¢'r_,-.

consequence, t,he long-dist, a.llce l,a.gra._lgia.zl£'ola((") (_,l,l.aill_,(l_,ss_,llt,ially I_y IIl_lkill,e;

ma,trix, This prol_,l('lusl_o_lldI_(,eli_,i_a,t,(,_l,it' £((,') is ._;(,ll_,rld._',lI'r_,_ 1.1_'_l_a_ll'a.l,i_"
La,gva.ngia.n£.(o)((,) ((l;kl ' (21)), wl_icl_takes t,1_'c(,_sl,r_ti_t,(l';q. (20)) i_,l._,a_'c._.,_l,.
However, t,l_et_o_lifica.tion_so['k;,-,t,,,((".')t_t,,cessit,n.l,_'tlby I,llt, cottst,raitlt, are riot.sl,ra.it_;l_t,-.
forwa.rd, 'l'hcy reqttirc l'url,hersyn_l._lel,ry (m)t_-,,\l.,elia.,tv<'t'si(,l_so1'I,_,l,lt (1",<1s, (:',2)
a._d (3,1))) a.n<ll,l_o' ha,re l_ot yet I,_:_i_I'ou_d, I1't,l_,s_,_lo_lilical,i_,_s_'_ I,_,1'{,_1_1,
then the _l_it,a.rityco_tril-nll, io_s t'ro_ t,l_c_a.ssl_,ss6 a._l_l4' _l_,gr_.(,s_,t'I'r_,_,_l_,_lsl_o_ll_l
ca._cel n.nd l.l_evesult.i_g l,agra_gia.tl £.((,') woful(1_l_,,c.vil,_,a.c_,_sisl._.ull._l_il.ary l.ll_,_,l'y
of lo_g-(lista._ce Q(",I).
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DIS(71.,AIMER

"['his rcp()rl ,,va:,;prepurcd as an accmmt ,)f work Sl_msorcd by an agency ul"tlm l lmlcd Stales
Govctnmcnl, Neither lhc I lniled Slalcs (hwcrrmmnl nor any agency thercol', tmr any _l' their

enlpl[wees, Inllkes ally wllrrlulty, express ur implied, or assumes _.lllyh:gal liat,ilily ii1 rcslU_llsi-
hilllv Fur lhc accuracy,completeness,<_ntlsel'|llrless ('d" lilly inlurmaliun, llpparllllls, pr_thlcl, or
pruccss (li!;cl(_sc(I, or represents lhul its use would lu_t il_l'ringe I_rivutely owtmd rights, R,:lt;r-
ell¢C hereJll I(_any !ipecjftc commercial pr(uluct, Im_:css, _r service hy trade II;.lllle, Iladellltlrk,
IllllllllJ'tlt:llller, lH" c,Lherwise does IlO| llccessilrily COllSliltlte oi' imply ii,,; ellthHselllt;lll, lct:llllV-

,mcmlaliun, _r Iaw_ring hy Lhc I lniled Slules (hwexnmcn, _r am,, agency Ihc.reut, lhc view,;
ilnll _l_Jllit_ll,Sof illllhlqs ,:\pressed her¢ill Ill_ not IleCe,_Sallly :qlltt: or refh,cl thmc, _1' lhc
l lniled ,glare.';(h_vernlllenl or _lI_ I al4CncyIhe_mff.

,,,,",,............... ,','"nn...... ,', ,_u,..... ,'1'H,''1'_'......... '""'" "I'"'" " '_1_'"'"'_1_'" "' ' '"' ......... ,,n, '""_'l'_I_'IIF'_I<_"n'l,,_n ,,,,, ,nlnn,nn,,......... nlnnlll..... Ill_'_H'"Hl,l''"'I,_11_nn'_qlllI'_1_""" _'_......_111





,ii I , _,


