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The structure of the flux-tube profile in Abelian-projectédP) SU(2) gauge theory in the maximally
Abelian gauge is studied. The connection between the AP flux tube and the classical flux-tube solution of the
U(1) dual Abelian Higgs model is clarified in terms of the path-integral duality transformation. This connection
suggests that the electric photon and the magnetic monopole parts of the Abelian Wilson loop can act as
separate sources creating the Coulombic and the solenoidal electric field inside a flux tube. The conjecture is
confirmed by a lattice simulation which shows that the AP flux tube is composed of these two contributions.
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[. INTRODUCTION dual superconductor, such as the formation of flux tubes,
through a Monte Carlo simulation of lattice QCD directly.
When the QCD vacuum is viewed asdaal supercon- As for the formal derivation, it is known that if magnetic

ductor[1,2], the quark confinement mechanism can be im-monopoles are introduced as the consequence of Abelian
mediately understood: thécolor-)electric flux associated projection in the manner of 't Hooft8] and if the diagonal
with a quark-antiquark d-q) system is squeezed into an components of gluons play a dominant ratempared to the
almost-one-dimensional flux tube by the dual Meissner effecpff-diagonal onesin the long distance behavior of QCD

caused by magnetic monopole condensation. This pictur\P€lian dominancg a condensed phase of monopoles is

leads to a linear confinement potential and is a dual analog g&llzed (t:nqund Ia tpertamﬂ:nﬂcal ASbCEf@lO]. I?emartl'(ably,
of the magnetic Abrikosov vortex in an ordinary supercon- attice QCD simulations with non-Abelian configurations un-

: . .. dergoing 't Hooft's Abelian projectioftypically in the maxi-
QUctor[S—S]. Itis natural to expegt that it can be. q“ar?“‘a' mally Abelian gauggMAG)] support this scenario numeri-
tively formulated by a qlual version of an Abelian Higgs cally. For instance, the string tension measured by the
model, the dual Abelian Higgs(DAH) model. The .xpojian wilson loop” constructed from the Abelian link
Lagrangian—in addition to the kinetic terms of each field, 5 japjes(the “Abelian string tension) is almost saturating
and a minimal coupling between the two fields—should conyhe non-Abelian string tensidii1]. In this context, applying
tain a monopole self-interaction term that allows fo_rabrokenme Zwanziger formalisni12], one can introduce the dual
phase of dual gauge symmetry. The DAH model indeed hagage field which is minimally coupled to monopoles. Sum-
an electric flux-tube solution of the statigq system[5]. ming over monopole current trajectori¢$3,14], one can
A linear potential emerging from a flux tube is quite wel- also introduce a monopole field. This formulation finally
come to give an interpretation for the area law behavior oleads to the DAH moddl15-18. However, it is difficult to
the Wilson loop observed in lattice QCD simulatidig. It ~ determine the effective couplings of the DAH model through
would explain the Regge trajectory pattern or other stringlikethis analytical derivation, because one cannot treat the mono-
properties of hadron7]. Then the problem arises of how to pole current system quantitatively. In order to accomplish
derive the dual superconductor scenario from QCD, that isthis, one would need numerical investigations of monopole
how to formally derive the DAH model from QCD. One also dynamics on the lattice, for instance, by means of the inverse
would like to observe certain characteristic features of theMonte Carlo metho19—22. This might require more com-
plicatedAnsaze for matching the monopole actioh23].
Just in order to seek flux-tube configurations in the non-

*Email address: ykoma@mppmu.mpg.de Abelian gauge theory, the profiles of the electric field and the
"Email address: mkoma@mppmu.mpg.de monopole current distribution induced by an Abelian Wilson
*Email address: ilgenfri@physik.hu-berlin.de loop have been studied within the Abelian-projection scheme
8Email address: suzuki@hep.s.kanazawa-u.ac.jp [24-27. It has been found that the shapes are similar to
'Email address: polykarp@heron.itep.ru those of the flux-tube solution in the DAH model. From now
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we call the former one “Abelian-projecte@P) flux tube” linear potentia[38—4(0. We notice that this structure is quite
and the latter one “DAH flux tube.” We remark that the similar to that of theq—apotential in the DAH model.
connection between the AP flux tube and the DAH flux tube The paper is organized as follows. In Sec. Il we shall
is not on equal footing because the former contains the quantiscuss the theoretical connection of the photon and the
tum effects at work in non-Abelian lattice gauge simulationsmonopole Wilson loops with the composed structure of the
on the original lattice, while the latter is a classical solutionDAH flux tube. We do this by closely looking at the path-
obtained by solving the field equations with dual variablesintegral duality transformation of the AP gauge theory. Mo-
Having in mind this conceptual difference, it is still worth tivated by lattice results on the effective monopole action we
determining the effective couplings of the DAH model, adopt, as our starting point, a Villain type compact QED as
which could not be fixed through a formal derivation, the approximate action of theffective AP gauge theoryIn
through the comparison between the two flux tubes. This i$€c. Ill we present the numerical results, the flux profile
interesting because, once the DAH parameters are fixed, ofgduced by the photon and monopole Wilson loops, mea-
can use the DAH model for further analyses: for discussingUred within SW2) lattice gauge theory in the MAG. We
hadronic object$28—30, for investigating the dynamics of c0Me to the conclusion that the AP flux tube is composed out

the flux tube by deriving an effective string action from the of Co_ulomb and solenoidal parts, which add up to the full
DAH model [31—36, etc. electric flux tube, in the same manner as the DAH flux tube.

Section IV is the summary.

Up to now, the quantitative status of the comparison be- X 4 .
tween the AP and the DAH flux tubes has not been conclu; The due improvement in the systematic study of the AP

. . _ flux including all ils of th ntitative analysis of
sive, although this has been attempted several tifAds- ux tube including all details of the quantitative analysis o

. . our lattice data, along the guiding lines formulated in the
27,3_ﬂ. In ordgr to flnq DAH parameters \_/vh.|ch POSSeSSesent paper, is the subject of our follow-up pajp.
physical meaning in this context, at first it is important to
understand to what extent the AP flux tube can be really
related to the DAH flux tube, first of all since they are de- !l THE COMPOSED STRUCTURE OF THE FLUX TUBE

fined in terms of differentoriginal and dualvariables. This IN THE DAH MODEL
should become clear once the duality transformation is car- |, this section, based on a path-integral analysis, we dis-
ried out in detail. Second, also a more systematic study of thg,ss 5 possible theoretical relation between the electric-

AP flux-tube profile is required to have well-controlled lat- photon and magnetic-monopole parts of the Abelian Wilson

Fice data; one needs to .c.heck the Gribov copy effect hidde{bop in the AP-SU2) lattice gauge theory and the composed
in the process of MAG fixing, has to examine to what extentinernal structure of the flux-tube solution in thélly DAH

the scaling property is fulfilled, should investigate tie model.

distance dependence of the flux-tube shape, etc., on a suffi- From lattice studies of the effective monopole action in

ciently large lattice volume. the MAG [19-27, it is numerically suggested that, at some
In this paper, we aim to address only the first part, theinfrared scale, the partition function of the AP-&@Ytheory

qualitative and detailed relation between the AP and thegs represented by the Villain type modification of compact

DAH flux tubes. Here we do not attempt to fix the DAH QED. Thus, we regard it as the effective AP gauge theory

model parameters. What we plan to do here is to show thaind start from the partition function

the AP flux tube has the composed internal structure as the

DAH flux tube has, going through the path-integral duality - 1

transformation of the AP gauge theory. In fact, in the DAH Z=f Do Z exp{— =(F,AD F)+i(6,j)|.

model, as we explain later in detail, the appearance of the 7™ nMez 2

electric flux tube is due to the superposition of two well 21

distinguished components, a Coulombic electric field, di- ) .

rectly induced by the electric charges, and a solenoidal eled=(C2) is the field strength

tric field induced by a monopole supercurrent. They are re-

sponsible for the Coulombic and the linearly rising part, F=do—2mn(™, (2.2

respectively, of the inter-quark potential in the DAH model.

If the electric flux profile can be uniquely decomposed in thewhich is composed of compact link variableg(C,)

case of the AP flux tube as well, analogously to the DAH flux e[ — 7r,7r) and magnetic Dirac strings™(C,) e Z [42]. 6

tube, this will be an additional argument in favor of the DAH corresponds to the Abelian gauge field, which interacts with

model description, which will be important for further quan- an external electric currerji{C,) e Z. The operatoD is a

titative discussions. general differential operator anl is the Laplacian on the
The guiding idea to discover this kind of structure also injattice. In the infrared limit, it is numerically shown that the

the AP flux tube comes from the measurement of ghg  operator D is well described by the following formD

potential in terms of the Abelian Wilson loop. The investiga- = 8.A "+ a+ yA, where 8., a and y are renormalized

tion of the Abelian Wilson loop using the decomposition into coupling constants of the monopole action which satisfy the

an electric photon pait‘photon Wilson loop”) and a mag- relation B> «,y [43]. The (inversg effective gauge cou-

netic monopole part‘monopole Wilson loop” shows that pling is B.=4/e?. Since the magnetic Dirac string§™ are

also the Abelian potential consists of a Coulombic and abordered by magnetic monopole curremi&C;) as dn(™
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violated asdF= — 27 dn(™M=27k.

=—k (hencedk=0), the Abelian Bianchi identity is now j
Z_
For a conserved electric curredf=0, we call

DOPh D exp[—&(dapwzwc(m))z
— keZ dk=0 2

Waljl=exdi(6,))] (2.3 +i( 0P+ 9""’,1)}- (2.9

the Abelian Wilson loop. Its electric-photoM,) and the  |n this expression one still realizes the violation of Abelian
magnetic-monopole W,o) parts are specified as follows. Bianchi identity in the formdF=27dC™=2x7k due to
Applying the Hodge decomposition i we have the rela- gc(™=k. Using the relation ¢¢P",C(™)=(gP", sC(™)

tion =0 (since 6CM=0) one can write F)?=(d@P"?
. . +472(CM)2, Taking into account the gauge fixing condi-
f=A""AG=A""(6d+d5)0 tion 86P"=0, one can integrate ovéP". This yields a direct
—AL5F+27A tonM+A-1ds0 interaction teir{n between electric curreptda the Coulomb
propagatorA ™ ~. Thus we have
=A"16F+27A " 16p+2mq+ A~ tdS(0—27q). 1
2.4 Z= exg — AL
(2.4 ke7: dk=0 F{ 2,3e(J D

In the last line, we have used the relatiof™=p+dq,

wherep(C,), q(C,) e Z. This means that an arbitrary shape =272 Bo(CM)2+i(47M0)
of the open magnetic Dirac string™ is in general described

by the sum of a fixed open string with dp=—k and the Defining C(9(*C,)=A"16*] in analogy toC™=A~15k,

. - 2 _ - -
clqsed stnngsdq with d°q=0. Since all possible closed the first term of the action can also be written in the form
string fluctuations are summed over, one can choose an arbi-

. (2.9

trary open stringp. Inserting Eq.(2.4) into Eq. (2.3), the 1 _ 1 _
Abelian Wilson loop can be written as ﬁ“ A7) = 25 (*j,ATY*))
e e
Waljl=exdi(A™*6F,j)]-exdi(2mA~*op,j)] 1
’ oo = 55 (C9)?=2n7p,(CO)2 (210
:th[J]'Wmo[]]l (2.5 e

: - where we have introduced thimverse dual gauge coupling
where the third and fourth terms of E@.4) do not contrib —1/g%. which should satisfy 428,8,—1 (i.e. Dirac's

: b - Bo=
:;edzg(qtjr;l]s:1d§r?g?jp:ogltlon because of the reIatlomfondition eg=4m). Similarly, the square oC™ can be

Let us proceed with the path integration of the partitionrewrltten as

function (2.1) keeping trackof the two parts of the Wilson 1 1
loop, W[ j] andWi,d j 1. For simplicity and for picking up 212 Bo(CM)2=——(k,A~K)==—(*k,A~1*K).
the essence of the following discussions, we restrict the dif- 2Pm 2Bm (2.10

ferential operator in Eq.2.1) to the leading term,D

—aA-1 - - : _ _ _
=pBeA " ". The path integral duality transformation of such aThe exponential of this expression can further be understood
model itself has been discussed in many places since thgs resulting from functional integration over the magnetic

works [44,45. o .
We first rewrite the summation over Dirac strings as thepart of a noncompact dual gauge field*(* C,), minimally

independent summation over monopole currérisith con- coupled to the magnetic monopole current,
straintdk=0) andq as 1
ex;{ -

* —1x
Zﬂm( kK,A7**Kk)

&, K szk—o zz 20 © D P 7 0
n(Mey keZ dk=0ge :J Dem"exr{—7m(d0m°)2+i(0m°,*k)-

Then, the integration with respect tbis replaced by

(2.12
f” Dgz = Ocpgph, (2.7) We have attached the superscriph¢” in order to distin-
-7 qel o guish it from the photon part of the dual gauge field,

‘9P"(*C,), which is defined in analogy t6™° as
where #P"=A"15F represent noncompact link variables.

Acting with an exterior derivative od™°=27A~16p, one Ph=27A"15n(®). (2.13
finds doM°=27(nM+CM—dq) with CM=A"15k.

Thus, the partition function is written as noncompact QEDHeren(®)(* C,) e Z denotes electric Dirac strings, satisfying
with summation over closed monopole currents, dn®=—*j which necessarily accompanies the presence of
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external electric charges. FormaI"I@‘?h enters our consider- Bm ~ ) o~ ~h ) > 202

ation when we reexpress the monopole Wilson loop, using SDAHZT(F) +{Ld+i (6™ 6P Ix |+ N ([ x[* v )%

the relation (2.189
(8M°,j)— (PN *Kk)= —2m(p,*n®@)=27N (NeZ). Although we cannot argue the precise values of the effective

(2.14  couplings in this formal derivation, we can restrict ourselves
to the range of parameters able to describe the condensed
This means that the direct coupling pto ™° can be set phase of monopoles, according to the lattice reg@ie§.
equal to that ok to 6P", because of ep27N)]=1. Thus, Due to the singular structure @P" associated witm(®
the partition function is found to be [see Eq(2.13], the DAH modelhasthe open flux-tube so-
lution, obtained by solving the field equations,
® -~ Bm, ~
— mo _/m mo (e)y2 - - - -
Z _OCDG ke'/%kzO ex;{ > (deM°+27C') BmaM(aﬂngno_ 5,,0;?0):2(0;?0‘?‘ 05h)¢2=kw
(2.19

+i(Mo+ 6PN *k) |. (2.19 ~mo . ~oh
9,0,0+ (07°+ 0P 2 p=2\ p( p*—v?).

~ B (2.20

The action is invariant under the transformati@f%— ¢™° H H ) dth ar d N tth

+d¥. This is nothing but the realization of the dual gauge 1©'¢; W& have inserted the polar decomposition of the mono-

symmetry, due to the conservation of magnetic monopolé’OIe f|eld)(.=¢equ 77),(?[’_’776,,%)0’ and the phasg has p(?en
currentsdk=0. In this action, the electric currents are now absorbed into the definition @,°. The boundary conditions

implicitly defined via the violation of the dual Abelian Bian- ©f the dual gauge field and monopole field are determined so

chi identity written down for the dual field strength as to make the energy of the system finite: just on the electric
Dirac stringn(®, 6;‘20= 0 and¢=0 whereas at large distance
F=domo+27C® (216  from the string,87°=—6"" and ¢=v. After solving the
B field equationgin general, numerically we can compute the
asdF=27dC®=27*|, wheredC®=*]j, profile of the electric field as the spatial part of the field

The summation over monopole currents is the most diffistrengthF in Eq. (2.16),
cult part of the evaluation. In principle, one needs to know
the monopole dynamics, for instance, such as monopole cur- E=VX @M+ 27CO=gmo4 EPN (2.2
rent distribution in the vacuum and self-interactions, etc. The
numerical investigations of the effective monopole actionsand the magnetic current as the spatial part of the monopole
based on lattice Monte Carlo simulation in the MAG provide current,
such information, which has suggested the approximate form
of the AP action given in E¢2.1). Here, we are not going to ~ o Db 42
deal with these complications, since the kinetic structure of k=2(0"°+ 6"") 9%, (2.22
the dual gauge field, being composed of a regaf@? part
and a singula@®" part, is not affected by the summation "espectively. Concrete forms of the field equations and the
over monopoles. We then assume that the monopole currehpundary conditions of fields for the straigidg system are
system is described by the grand canonical ensemble afiven in Appendix A.
closed loops, interacting via the dual gauge field. Then the A typical flux-tube solution, the profile of the electric field
complex-valued scalar monopole fiejd which minimally  and the monopole current, for the straigiiy system is
couples to the dual gauge field, is introdu¢#8,14] instead  shown in Fig. 1. The parameters we have chosengare

of monopole currents as =1/g°=1, mg-a= \/Egv.a:o_5 and mX.azz\/Xv.a
=0.5, taking theg-q separatiorr = 16a, wherea is a certain
2 exdi(M°+ 6P *k)] length scale. The Ginzburg-Landau parameter is here
keZ, dk=0 =m, /mg=1, which means the vacuum has superconduct-
ing properties just between type-I and type-ll vacuum. This
_>f DxDx* exp(—{|[d+i(79m°+"éph)]x|2 set of parameters is just to illustrate the flux-tube profile as
an example. In Fig. 2, we then show the ingredient of the
A ([x2-vd2), (2.17  electric-field profile based on Eq2.21). We plot the flux-

line pattern of the electric fields along tljeq axis, and the
where thex|x|* (A>0) term plays the role of keeping the strength of each field as a function of the cylindrical radius.
density of loops finitgit produces a short distance repulsion In Fig. 3, we plot the strength of azimuthal monopole-current
between the loop segmeihtand v denotes monopole con- profile. Here, for the plots of the electric field and monopole
densate which describes the typical scale of the system. lourrent, we have added two cases correspondingigoa
this way, we arrive at the DAH model, =0.5 andm -a=0.25 (k=0.5, type ) andmg-a=0.5 and
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m,-a=0.75 (k=1.5, type I). Note that only the monopole- electric charges, at some distance from the electric Dirac
related part depends ofy while the photon part does not.  string. By this interplay the total electric field is squeezed
In Fig. 2, we find that although the electric field derived from the dual superconducting vacuum, which finally leads
from the monopole part of the dual gauge fiel,°, takes  to a flux tube. This is theomposed internal structuref the
positive value near the center, it turmggativebeyond a DAH flux tube we are referring to. The solenoidal electric
certain radiugp. (in the given casey.~ 7a): this signals the field and monopole supercurrent are related by the relation
appearance of aolenoidalelectric field which plays an im- V XE™°=k. Itis important to realize that although the shape
portant role to cancel the Coulombic fieEEh, induced by of total electric field profile becomes steeper with increasing

15

@®
~
N

10

-10

0.00p-r-7-7-3=

8 12 0 4 8 12
p/a (at z=0) p/a (at z=0)

I

* ola (at 2=0)
(a) (b) (c)

FIG. 2. The flux-line pattern of the electric fie{dpper row and the electric field strength as a function of the cylindrical radmser
row): (a) the solenoidal electric fiel&™° and (b) the Coulombic fieldEP" add up to the flux-tube profile of the full electric field).
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g 0.05 In order to measure the the flux-tube profile induced by
- - - K=1.5 the Abelian Wilson loopW,[j]=exdi(6,j)], one can sche-
_\?0-04 —,, \\ —kKk=1 matically use the following relation for a local operator
R K=0.9
0.03 \\
0.02(! [7.D03 Oexd —4(F,ADF)+i(6,)]
, n{™m
0.0}l (0)j=
oo f’zwm% exd — 3(F,ADF)+i(6,j)]
' Col "
4 8 12
p/a (at z=0) fﬂzwpa(E) OW,[jlex] — 4(F,ADF)]
n m,
FIG. 3. The monopole current strength as a function of the cy- - - . N
lindrical radius. f,,TDe(E) Waljlexd — 3(F,ADF)]
n m
, _ (OWa[j])o
« due to the change of its monopole part, the flux tube is = T (3.9
(Walil)o

always composed of the Coulombic and solenoidal electric

fields. For the infinitely separatefq system, the Coulombic qvhere@ .-); denotes an average in the vacuum with an ex-
er

contri_bution disappears _and qnly the solenoidal electric field, 4 source, and- - - ), an average in the vacuum without
remains, where translational invariance of the flux-tube prog,c, source. Thus by measurement of the expectation values
file along theg-q axis becomes manifest. of (OW,), and the Abelian Wilson loogW,),, the expec-
Now we come to the main point of the present sectiontation value of a local operator associated with the external
Through the path-integral duality transformation, which haSsource,((9>]-, can be evaluated. Below, the Abelian field
formally led us to the DAH model, we have found the role of strengthF and the monopole currelthave been chosen as
the photon Wilson loopV,,[ j1=exdi(6™",j)] and the mono-  |ocal operatorg). In the actual simulation, since we do not
pole Wilson loopWy,d j ]=exdi(6™,j)] for the DAH model  know the exact form of the AP action, we first generate non-
and its flux-tube solutionW,[j] leads to the square of the Abelian SU2) gauge configurations and then specify the
Coulombic field strengttC(® after the integration oveé®"  U(1) degrees of freedom by Abelian projection after MAG
[see Eq(2.10], while W,/ j] is translated into the interac- fixing.
tion term betweed”"=27A~15n(® and the monopole field Typical profiles of the electric field and monopole current
x [see Eqs(2.14) and (2.17)]; namely, the photon Wilson Measured in this context are shown in Fig{se_tme details of
loop provides the origin of the Coulombic electric field con- the simulation are given below briefly and in Appendix B
tribution to the DAH flux tube. On the other hand, the mono-Alréady at glance, the shapes of the resulting profiles are
pole Wilson loop determines the non-trivial behavior of theVery similar to the flux-tube profiles obtained within the
dual gauge field, inducing the monopole supercurrent and theAH model, see Fig. 1. _ _ _ o
solenoidal electric field component of the DAH flux tube. ~ Before discussing the numerical simulation further, it is
The Coulombic and solenoidal electric fields are responsibl&iSeful to consider what happens if we inseff, and Wi,
for the Coulombic and linearly rising parts of the inter-quarkinto Ed.(3.1) instead oW, . Using Eq.(2.5) and writing the
potential in the DAH model. In the actual AP lattice gaugeAbelian field strength ag==d¢""+27CM=F ,;+Fp,,
simulations, it has been numerically shown that the potentiavé can expect
detected by the photon and monopole Wilson loops have just
the same feature88—40. Now, this is naturally understood {(Fpnt Fmo)Worl ] IWimd j 1o

from the relation between each Wilson loop and the com- (F)= (Worli IWid i 1Yo

posed internal structure of the DAH flux tube. We then ex-

pect that the AP flux tube will exhibit the same composed _ (FpnWorli D)o | (FmoWmdil)o
structure as in the DAH flux tube, whevi,,[ j ] andW,J ] - (Worlilo (WhndiDo

would be respective sources.
:<th>j+<Fmo>j . (3.2
IIl. DETECTING THE COMPOSED STRUCTURE

OF ABELIAN-PROJECTED ELUX TUBE Here, we have taken into account that in many cases lattice

simulations in the MAG have found operatofg, and
In this section, we are going to confirm the composeddefined in terms of the photon part and the monopole part of
structure of the AP flux tube by measuring the electric fieldthe Abelian link variabled, respectively, to be uncorrelated:
and monopole current profiles induced from the photon andX,,Y mq)o~{(Xpno{ Ymo)o (S€€, €.g., Ref[40] and refer-
monopole parts of the Abelian Wilson loop, based on theences therein From the relation(3.2), we expect that the
Monte Carlo simulation of S(2) lattice gauge theory in the sum of the flux profiles induced by the photon and monopole
MAG. Wilson loops reproduces the total AP flux tube.
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?t ¥ Ares S8 FIG. 4. Profiles of electric fieldleft) and
1118t yg{?T 71‘17' S B A2 F monopole currentright) at 8=2.5115, with an
Y A T\‘TT “IT T'JITTrrT 20 i e Abelian Wilson loop of size 184 on a 32 lat-
B\ ;"\& ;rf Ag Pa's b IR tice. The corresponding quark and antiquark po-
-5 R et ~ 537 sitions are X,y,z)=(0,0,—8) and (0,0,8).

-5

Second, let us consider the expectation value of the mondances correspond to 0.48 fm and 0.97 fm, respecti{aye
pole currentk. Since we have the obvious relatioh  Appendix B. In Fig. 7 we show the same electric field pro-
=—dC™=k,,,, where a photon part of the monopole cur-files as in Fig. 5, focusing on the region where the monopole
rent does not exisk,,xd?6P"=0, we will observe part of E, becomes negative.

_ We find that these lattice results concerning the behavior
(k) ~ <km0Wmo[J]>0:<k ) of the profiles strongly support our considerations above;
o (Wi i Do mory from the photon and the monopole Wilson loops, we obtain
the Coulombic electric field and the solenoidal electric field
This means that the correlator of the monopole current onlyvith the monopole supercurrent profile, respectively. We find
with the monopole Wilson loop will account for the full ex- that the sum of these two contributions reproduces the profile
pectation value of monopole current profile and, at the samgbtained from the complete Abelian Wilson loggee Eq.
time, the correlator with the photon Wilson loop vanishes(3.2)]. There is no correlation between the photon Wilson
everywhere. loop and monopole current as anticipated in E8.3).

We then show the corresponding lattice results, the elegyence, we conclude that the AP flux tube has the same com-
tric field profile in Fig. 5 and the monopole current profile in hoseqd structure as the DAH flux tube.

Fig. 6, both as a function of the cylindrical radius. These
measurements have been dongat2.5115 on a 32lattice

after the MAG has been fixed. The-q distances are

(3.3

The behavior of the profiles as a function of tipay dis-
tancer is also remarkable. While the monopole Wilson loop
contributions, the solenoidal electric field and the monopole
=6a and 12, and the measurements refer to #g plane  cyrrent profiles in the midplane are rather stable with respect
at half-distance. The lattice spacingas=0.081 fm, which {01, the photon Wilson loop contributiofi.e. the Coulombic
has been determined from the non-Abelian string tensiomectric field drastically changes. From Fig. 5 it becomes
oL, Ophys= Jo la=440 MeV. Physically, theg-q dis-  obvious that the latter determines the change of the full Abe-

4 o Abelian o Abelian
008 0 Monopole 008 0 Monopole
e A Photon A Photon
© & Mono + Photd B ¢ Mono + Photd
ooal 8 004 2
N i o3 N g
L A L gg
L & 2
0o 002k g, %
=] % %
0.00 0.00
|

FIG. 5. Electric field profile from correlators with Abelian, photon and

=12a=0.97 fm (right).
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0.010 0.010
O Abelian O Abelian
0008 O Monopole 0.008= 0 Monopole
a
T oo A Photon ~ Photon
0.006{— g B

0.006— i ﬁ %

0.004—

0.002—

FIG. 6. Monopole current profile from correlators with Abelian, photon and monopole Wilson loopsGit=0.48 fm (left) and atr
=12a=0.97 fm (right).

lian electric field profile for different. In order to see a Hodge decomposition, and have clarified the role of each
really translationally invariant profile of the electric field, we contribution to the structure of the flux-tube solution in the

need practically infiniteg-q separationr —. In this limit, ~ DAH model. The photon and monopole Wilson loops pro-
the profile only from the monopole part remains. This situa-vide sources of the Coulombic and solenoidal electric field

tion is also the same in the DAH flux tube. components of the DAH flux tube. _
Guided by this observation, we have performed lattice
IV SUMMARY simulations of the S(2) lattice gauge theory in the MAG

and have measured the flux profiles induced by the photon

It has already been known that the profiles of the classicahnd the monopole Wilson loops. We have found that the
flux-tube solution in the dual Abelian Higg®AH) model  resulting profiles show the same composed structure as the
and of the Abelian-projectehP) flux tube, observed in lat- DAH flux tube.
tice simulations in the maximally Abelian gaug®AG), The further question would be how both sides are related
look quite similar. guantitatively. One way would be to fit the profile of the AP

In this paper, in order to establish a more detailed correflux tube by that of the DAH flux tube and to determine the
spondence between these two kinds of profiles, we havBAH parameters which remain unknown in the formal deri-
studied the composed structure of both flux tubes more careration of the DAH model. Here, we would like to emphasize
fully. First, by applying the path-integral duality transforma- that the composed structure of the AP flux tube found here
tion to the Villain type compact QED considered as the ap-and its relation to the DAH flux tube will be important for
proximate action of the AP gauge theory, we have been led téurther quantitative discussions. In fact, there is no such
the U1) DAH model. Along the way, we have identified the work that takes into account the correspondence of the struc-
electric and magnetic parts of the Abelian Wilson loop by thetures. In addition to this, as we have mentioned briefly in the

0.0020, 0.0020

0.0015— 0.00151-

0.0010— 0.0010—

[} 0.0008- 1) 0.000s1-

0.0000] 0.0000]

-0.0005— -0.0005—

-0.0010 L L L L | -0.0010 1 L L L |
0 0
p/a p/a

FIG. 7. The same plots as in Fig. 5, for flux tubes of lengt0.48 fm andr=0.97 fm, with theE, axis rescaled. The profile directly
from the Abelian Wilson loop is omitted.

094018-8



DUALITY OF GAUGE FIELD SINGULARITIES AND. .. PHYSICAL REVIEW D68, 094018 (2003

profile itself is required: the Gribov copy effect in the MAG, BPh=— — -
2p\ \Jp?+(z+112)2  p?+(z—1/2)?

Introduction, a more systematic study of the AP flux-tube n 241/2 7—1/2 )
e,.
¢

the scaling property, thq-adistance dependence, etc. Oth- (A3)
erwise, one cannot trust the robustness and physical rel-

evance of the resulting DAH parameters. A part of such arhe factorn in BP" is the winding number of the flux tube
quantitative analysis is reported in Lattice 24@8] and the  (an integer valug which is determined by the representation
detailed report will be presented in Rg#1]. of the electric charge#8,50,51. The fundamental represen-

In closing, we note that although we have concentratedation corresponds to=1.
here on SW2) gauge theory, the ideas discussed in the The field equation$2.19 and(2.20 are then reduced to
present paper can be extended to arbitrary APNjUfauge
theory in the MAG[47-49. 2BM° 1 gBM°  s2BMO

Bm

- = +
ap? P Ip ria
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APPENDIX A: CLASSICAL FLUX-TUBE SOLUTION B™=3 D2 (211122 o2t (z—1122)’

IN THE DAH MODEL

In this appendix, we present concrete form of the field ¢=v as p, z—-=. (AB)

equations of the DAH model, Eq2.19 and (2.20, for a After getting the numerical solution of the field equations for

straightq-asystem. We use here the continuum notations; IeEmo and , the profiles of the electric field are computed as
B7° be the continuum form of the regular dual gauge fieIqu. 2.21) ‘Where

denoted?;‘jo on the Iattice,Bﬁh that of the singular dual

gauge field®". mo_ _ 1 gB™ 1 gB™ A7
We put the quark and the antiquarkxat=(—r/2)e, and T p oz &t p dp * (A7)
X,=(+r/2)e,. Since this system has cylindrical geometry,
the fields can be parametrized in terms of cylindrical coordi- . p p
nates p,¢,z) as EP"'= - — e
b2 2\ [p2+(z+11221%2  [p?+(z—1/2)%*?) "
b=d(p,2), (A1) +E z+r/2 B z—r/2 )ez.
2\ [p?+(z+1/22]¥2  [p?+(z—1/2)%]2
B™(p,2) (A8)
B™=B"(p,2)e,= — e, (A2)

The profile of the monopole curre(®.22) is given by
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z+r/2

p*+(z+r/2)*

Bmo_

2

¢ e,. (A9)

—r/2
- \/p2+(z—r/2)2>

APPENDIX B: LATTICE SIMULATION DETAIL

For the SUW2) link variablesU ,(s) generated by Monte
Carlo method with Wilson gauge action, we adopt the MAG

fixing, which is achieved by maximizing the functional

RIUV]=2 tr{r3U}(s) 73U}, T(s)}. (B1)
S\

After the MAG fixing, Abelian projection is performed; the

SU(2) link variablesU (s)=U"(s) are factorized into a

diagonal(Abelian link variable u,(s) € U(1) and the off-

diagonal (charged matter field parts c,(s), c}(s)
e SU(2)/U(1) asfollows:
UMA(S):(Vl‘M(S)F —CZ(S))
" (s Ni-[eu(9)?
u(s) 0
X( 0 UZ(S))’ (82

where the Abelian link variables,,(s) are then explicitly
written as
Qb
u,(s)=e'%

(0,(s) e[ —m,m)). (B3)

The Abelian plaguette variables are then constructed as

0,,(S)=0,(S)+0,(s+u)—0,(s+7v)

—0,(s) e[—4m4dm), (B4)
which is decomposed into a regular par,;V(s) e[—m,m)
and a singulafmagnetic Dirac stringpart n (s) 0,+1,
+2 as follows:

0,,(5)=10,,(s)+2mn{(s). (B5)

The Abelian field strength is defined bqw(s) 0,.,(8)
—2mn{"(s). Following DeGrand and Toussaif§2], mag-
netic monopoles are extracted as the string boundaries

(Sd) ,u,Vp()'a ng:-)(s—'_ ;L) (81234: 1)1 (86)

where|k,,(sq)| <2 andsy=s+ (1+2+3+4)/2 denotes the
dual site.

PHYSICAL REVIEW D 68, 094018 (2003

O(s)=i04(s)=i[Ois(s) —2m{(s)],  (BY)
and a monopole current operator
O(Sd)ZZWiki(Sd). (B8)
The Abelian Wilson loop is constructed as
W[ j]=|1_[j uM(s)zexp{ilzj 0,(s) (B9)

Similarly, the photon and the monopole Wilson loop are con-
structed from the photon and monopole parts of Abelian link
variables,6°" and #™°, respectively, where

0,(5)=A"13,[0,,(s)+2m((s)]=62"(s)+ 01 (s).

(B10)

In this decomposition, it is necessary to adopt the Abelian
Landau gauge which is characterized 4y0,,(s)=0. Note,
however, that the Wilson loops constructed from each link
variable are Abelian gauge invariant.

In this simulation, in order to see the profiles which be-
long to the ground state of a flux tube, we have adopted a
smearing technique for spacelike Abelian link variables.
Then we have constructed tenearedAbelian Wilson loop
[40]. Considering the fourth direction as the Euclidean time
direction, we have performeldg times the following step in
a smearing procedure applied only to thpatial Abelian
links (i,j=1,2,3),

ae @+ [0/ +6i(s+])—0j(s+D]_, g 6i(s)
3

(B11)

where « is an appropriate smearing parameter. The same
procedure was also applied to the spatial parts of the photon
and the monopole link variables before constructing each
type of Wilson loop.

The numerical simulations which are presented in this pa-
per have been done #=2.5115. The lattice volume was
32*. We have used 100 configurations for measurements. We
have produced them after 3000 thermalization sweeps, sepa-
rated by 500 Monte Carlo updates. They have been stored for
performing MAG fixing. This has been repeathlg times,
starting each time from a different random gauge copy of the
configuration, in order to explore an increasing number of
Gribov copies. The copy reaching the maximal value of the
gauge functionalB1) has been selected for measuring the
profiles and kept for further increasing df;. Finally we
have choseNy=20. For the MAG fixing itself, we have
used the simulated annealing algorith4®], followed by a
final steepest descent relaxation. The sizes of the Wilson
loops mainly studiedfor Figs. 5—7 are RXxT=6Xx6 and
12X 6 in units of lattice spacing. We have measured the

For measuring the correlation function, we have used th@rofiles in thex-y plane orthogonal to the Wilson loop in its

following local operators: an electric field operator

midpoint. The Abelian smearing parameters have been found

094018-10
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by optimization alNs=8 anda=2.0. With this choice, the tension has been reevaluated by measuring expectation val-
profiles induced by the Abelian Wilson loop with timelike ues of non-Abelian Wilson loops with an optimized non-
extensionsT=8 andT=6 agree within errors. Abelian smearing. The potential has been fitted to match the

The physical scalgthe lattice spacin@(8=2.5115)] has form V(R)=C—A/R+ o R. The resulting string tension is
been determined from the non-Abelian string tensignby ¢ =0.0323(4) atB=2.5115, such that the corresponding
fixing vVophys= Jo_/a=440 MeV. The non-Abelian string lattice spacing in physical units &(8) =0.0806(5) fm.
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