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The color-electric flux tube of Abelian-projectédP) SU(2) lattice gauge theory in the maximally Abelian
gauge(MAG) is examined. It is shown that the lattice Gribov copy effect in the MAG is crucial for the
monopole-related parts of the flux-tube profiles. Taking into account both the gauge fixing procedure and the
effect of finite quark-antiquark distance properly, the scaling property of the flux-tube profile is confirmed. The
guantitative relation between the measured AP flux tube and the flux-tube solution ofithdual Abelian
Higgs (DAH) model is also discussed. The fitting of the AP flux tube in terms of the DAH flux tube indicates
that the vacuum can be classified as a weakly type-I dual superconductor.
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[. INTRODUCTION sion that the penetration length is gauge independent. A
large-scale simulation on a 82attice at a single value of
An intuitive explanation why a quark cannot be isolated 3=2.5115 within SW2) lattice gauge theory has been per-
as a free particle rests on the assumption that the QCIrmed nex{10], applying the fine-tuned gauge fixing algo-
vacuum has the property of dual superconductof1,2]. rithm [a mixture of the overrelaxatiofOR) algorithm and a
Analogously to electrically charged Cooper pairs being conrealization ofsimulated annealingSA)] [11] in order to fight
densed in normal superconductors, magnetically chargeth€ lattice Gribov copy problem in the MAG and applying a
monopoles would be condensed in the QCD vacuum, and tH201Se reduction technique, the smearing of spacelike link

dual analogue of the Meissner effect could be expected tyariables before constructing a Wilson loppl]. Through
occur. In the result, for example, the color-electric flux con-thiS study, the dual Ampe law, a relation between the

. . — monopole current and the curl of the electric field, has been
necting a quark-antiquarkg¢q) system would be squeezed

: ) X . X ; confirmed with high accuracy.
into a quasi-one-dimensional flux tub&-5]. This configu- What is interesting and suggestive is that these numerical

ration provides a linearly rising potential between the quarkegyits gave strong hints towards the existence of a dual Abe-
and antiquark such that a quark cannot be separated infinitefjan Higgs (DAH) model [we often call this the dual
from an antiquark spending a finite amount of energy. Ginzburg-LandauDGL) model as an effective model to
Remarkably, lattice QCD simulations with 't Hooft's Abe- geal with the QCD vacuurfl2—14 and with quark-induced
lian projection(6], typically in the maximally Abelian gauge hadronic excitations of the vacuum. In particular, the DAH
(MAG), support thispicture numerically. The distributions of model has a flux-tube solution corresponding tq-asys—

the electric field and of the magnetic monopole currents,, - The mechanism of the flux-tube formation is nothing
which can be identified after Abelian projection, have beery, i yhe qual Meissner effect. The DAH model essentially
measured in the presence of a statiq pair (represented by  ¢ontains three parameters, the dual gauge cougingand
a Wilson loop within pure SU2) [7,8] and SU3) lattice  the masses of the dual gauge bosgnand of the monopoles
gauge theorief8]. It has been shown that the electric fluxis m . The inverses of these masses are identified as the Lon-
confined in a dual Abrikosov vortex due to a monopole cur-ygn penetration length and the Higgs coherence length, re-
rent circulating around they-q axis, signaling the dual spectively. These lengths determine the width of the flux
Meissner effect. More quantitatively, the London penetratiortube. The so-called Ginzburg-Landau parameter is defined as
length of the electric field has been studied systematicallyhe ratio between the two masses=m,/mg, where the
within SU(2) lattice gauge theory9]. These authors com- vacuum fork<1 (>1) is classified as type-type-ll) su-
pared the penetration length in MAG with a gauge invariantperconductor.
definition of the flux-tube profile. They came to the conclu-  Determining the parameters of the DAH model, based on
the comparison between the most elementary flux-tube pro-
file measured in non-Abelian lattice gauge theory and the

*Electronic address: ykoma@mppmu.mpg.de flux-tube solution of the DAH model, is expected to be an
Electronic address: mkoma@mppmu.mpg.de important source of information on the QCD-vacuum struc-
*Electronic address: ilgenfri@physik.hu-berlin.de ture itself, which would be helpful to learn about how the
$Electronic address: suzuki@hep.s.kanazawa-u.ac.jp vacuum can function as a dual superconductor. Moreover, it
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might be useful in view of possible applications of the modelGribov effect by comparing the profiles obtained from the

in more complex physical situatiof® describe baryons, for widely used OR algorithm and from the OR-SA algorithm.
example, in the S(B) casd. The first motivation has been, In the context of the latter algorithm, we have also investi-
more or less, common to the above mentioned works and, igated the dependence on the number of gauge copies under
fact, such a quantitative level of investigation has been atinvestigation. Second, we have studied the scaling property
tempted in Refs[7—10]. For example, the lattice data have of the flux-tube profile by comparing the profiles from vari-

been fitted by some approximate, analytical flux-tube solupys g values, keeping the physical-q distance approxi-
tions of the DAH model, and in this way the GL parametermately the same. The physical scales, the lattice spacing
have been estimated. The conclusions have varied, ranging g) for different values of3, have been calculated through
from the vacuum belonging to the borderline between ahe measurement of the corresponding non-Abelian string
type-l and type-ll superconductor, with~1, as claimed in tension. Throughout the profile measurements, smearing has
Refs.[7,8], to a classification of the vacuum as a type-| su-always applied to the spatial link variables before construct-
perconductor, withc<<1, in Ref.[10]. The reanalysis of the ing a Wilson loop. This procedure is meant to extract the
profile data in Ref[10] by fitting them with a numerical profiles which effectively belong to the ground state of a flux
solution of the DAH model has supported the casecofl ~ tube; we have checked th@)dependence of the flux-tube
[15]. profile on the temporal extension of the Wilson loop. This
However, the systematic analysis of lattice flux-tube datéaffe.ct has not receive_d the due attention in the previous stud-
in MAG itself was incomplete such that doubts have re-i€S in Refs[7-10]. This needs to be checked carefully when

mained whether the resulting parameters represent physictile Wilson loop is used to represent a stafiq source and
reality. At least, one has to check several basic properties ¢he ground state is of interest. This procedure finally helps to
the lattice flux-tube profile before one can seriously discusgeduce the noise. In a final step, we have assessed the DAH
the implications of the extracted DAH parameters. To menfParameters by fitting the lattice data against the numerical
tion the first, since one applies the MAG fixing, the lattice DAH flux-tube solution. For this fit, we have not used the
Gribov copy effect should be controlled, where the OR-SAlnflnltely Iong flux-tube solution as it has been done in pre-
algorithm would be helpful for this purpodd.1]. Second, Vious analyse$7-10,13. It should be noted that the use of
one should check the scaling property of the profile withthe infinitely long solution would be suitablenly for that
respect to Changing the gauge Coupmﬂ@f the lattice simu- part of the electric field which is induced by the mO”OpOle
lation. Third, one has to inquire how the profile behaves as ®art of the Wilson loop with sufficiently large temporal
function of theq-q distance. One also should know how to '€Ngth[16]. For our purpose to assess the DAH parameters,

compare the lattice flux-tube profile with the flux-tube solu-in this way we have taken into full account the finifeq

tion in the DAH model, if the above mentioned quantitative length effect in the fit.

analysis is of interest. The paper is organized as follows. In Sec. Il we describe
In our previous papeir16], which was mainly devoted to the procedures how to measure the Abelian-projecte@®SU

the dua“ty re|ating non-Abelian lattice theory on one handﬂUX-tUbe prOﬁle in MAG. Section Il pl’esents the numerical

with the DAH model on the other, we have carefully studiedresults. In Sec. IV we describe the results of fitting the lattice

the flux-tube structure in the (l]j) DAH model and have prOﬁleS by the DAH flux-tube solutions. Section V is a sum-

confronted it with some related data from our correspondingnary and contains our conclusions. Preliminary results of the

ongoing SW2) lattice gauge measurements in the MAG. Studies summarized in the present paper have been presented

These studies, which will be discussed in the present paper i#f the LATTICE2002 conferendd 7] and in Ref.[16].

much more detail, have been done using & B#tice with

the OR-SA algorithm and with the smearing technique as in

Ref. [11]. Then, based on the Hodge decomposition of the Il. NUMERICAL PROCEDURES

Abelian Wilson loop into the electric photon and the mag- In thi . lain h h file of

netic monopole parts, we have found there that the Abelian- h this section, we explain how to measure the profile of a

projected lattice flux tube consists of two components, thecolor—electrlc flux tube on the lattice within the maximally

Coulombic and the solenoidal electric field, the latter beingfo‘be"an gauge(MAG). We also develop the strategy to

. . . — “achieve a systematic, more detailed study of the flux-tube
induced by the monopole currents circulating aroundefite y y

axis. All this was in full analogy to the structure of the DAH FrOfi:ﬁ which Itak\?vs intotactc:)hunt th? eff?ct of tfhteh fintiieqth q
flux-tube solution. We have also fouht6] that the Coulomb ength properly. Ve restrict the explanations of the methods
to the case of S(2) gauge theory.

contribution cannot be neglected for any flux-tube length . . . .
' o : : The numerical study of the flux-tube profile begins with
ractically accessible in present-day lattice studies. . . . . .
P y b y the simulation of non-Abelian gauge fields. A thermalized

In this paper we are going to present all our results con X : .
ing the flux-tub file within AP- latti ensemblg of S(_JZ) gauge conflgurafuon«suﬂ(lm)} is gener-
cerning the Txilibe prote within SO lattice gauge ated by simulating the standard Wilson action

theory, obtained in the MAG, in a more complete way in
order to meet the above requirements. The strategy of our
study has been the following one. Measurements have been

; . . 1
performed using a 32lattice at variousg values 3=2.3, Ul= 1- ZRe tfU (m 21
2.4, 2.5115, and 2)6At first, we have investigated the lattice Ssul U] B% ,;V 2 (Uuw(m]} 21
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using the Monte Carlo heatbath method. Héve,(m) annealing schedule until sufficiently low temperature is
e SU(2) are plaquette variables constructed in terms of linkeached ¢~0). Then, final maximization is done by means
variablesU ,(m) e SU(2) as of the OR algorithms. Notice that this algorithm only suc-
. . ceeds to escape from the worst local maxima, such that the
U,,(m=U,(mU,(m+ ,u)UL(m+ v)UI(m). (2.2 above-mentioned inspection of many gauge copies per
Monte Carlo configuration cannot be avoided.

The inverse coupling is given bg=4/e?. After the MAG fixing (2.3), the SU2) link variables
Ug(m)=U}4(m) are factorized into a diagonadhbelian)
A. Maximally Abelian gauge fixing link variable u,(m)eU(1) and the off-diagonalcharged

We put all the equilibrium configurations into the MAG, Matter field partsc,,(m), cj(m) e SU(2)/U(1) asfollows:
One exploits the gauge freedom of the (8Ulink variables
Vi=e, (m]*  —ci(m)

with respect to gauge transformatiogém), UMA( m)=(
2 c*(m) 1-[c,(m)?

u,(m) 0
0 un(m))”

U (m—Ug(m)=g(mU,(mg'm+u) (23
in order to achieve a maximum of the following gauge func- x( (2.7
tional:

The Abelian link variablesi,,(m) are explicitly written as
1 + “w
RIUS)= gy > tr{rUd(m)mus f(m)}, (2.4 .
m. u,(m=e"%Mm [g (me[-mm)]. 2.9

where V is the number of sites in the lattice. The set of
g(m) e SU(2)/U(1) for all of site m represents the MAG
fixing gauge transformation defined om

For the numerical task to find the “optimatj(m), in the
past mostly an overrelaxatid®R) algorithm has been used.
However, as it has been pointed out in the work in R&f],
the OR algorithm is prone to fall into the nearest local maxi- [0,(m) e[ —4m,4m)],
mum of Eq.(2.4) although the absolute maximum is of in- o
terest. This is due to the existence of many local maximawhich can be decomposed into a regular payt,(m)
which is known as the lattice Gribov copy problem. The only e[ —#,7) and a singular(magnetic Dirac string part
way known before to reduce the risk of being trapped in an,,(m)=0,£1,+2 as follows:
wrong maximum is to explore many such local maxima by o
repeating the OR algorithm, starting each time from a new 6,,(Mm=86,,(m)+2mn,(m). (2.10
random gauge copy of the original Monte Carlo configura-
tion; the ensemble df%(m) corresponding to only the high- The field strength is defined bygw(m)zgw(m)
est of the achieved maxima was then understoodhas —2m,,,(m). Following DeGrand and Touissaift8], mag-

gauge-fixed ensemble. It has then been proposed to usengtic monopoles are extracted from the magnetic Dirac string
“simulated annealingSA)” algorithm with a (final) OR al-  gsheets as their boundaries

gorithm in order to prevent very poor maxima from entering
the competition between gauge copi&s]. We may call this _ 1 R
the OR-SA algorithm, which we mainly apply to fixing the Ku(M)= =3 €40poduNpe(Mtu)  (e123=1), (211
MAG in the present paper. In the SA algorithm, the func-
tional R[UY] is regarded as a spin action

The Abelian plaquette variables are constructed from the
phased, (m) as

0,,,(M)=0,(m)+6,(m+n)— 6,(m+v)—6,(m)

(2.9

wherek,,(m)=0,%1,+2 andm denotes the dual site defined
F(S):R[Ug]zi S H{SMULM)S(m Ut m) by m=m+(1+2+3+4)/2. Note that the monopole current

8V mu # g ' satisfies a conservation Ia&ﬁkﬂ(m) =0 formulated in terms
(2.5  of the backward derivative,, .

where S(m)=g'(m) r;g(m) corresponds to spin variables.
The maximization of this functional is achieved by consid-
ering the statistical system given by the partition function

zZ= > eprF(S)

&y T

B. Correlation functions of Wilson loops
involving local probes

To find the flux-tube profile, one needs to measure the
expectation value of a local prob®(m) with an external
source ag®(m)); (in our casg corresponds to an Abelian
Wilson loop. Based on the path integral representation of
with decreasing the auxiliary temperature-0. Practically, ~(O(m));, it can be rewritten as the ratio ¢iV,O(m)), and
we first prepare a thermalized spin system at a certain higtiW,),, where the subscript 0 means the expectation value in
temperature, which is decreased gradually according to sontee vacuum without such a sourfks|:

(2.6
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~{(WAO0(m))o do=6+27n [see Eq.(2.10] at the last equality. Inserting
(O(m));= (Wa)o (2.12 Eqg. (2.16 into the expression o¥W,, the Abelian Wilson
loop is decomposed as

WaljT=exdi(6P"j)]-exdi(6™,j)1=WpH j1- Wyl j 1.
. (213 (2.17

We callWpy, andW,,, the photon Wilson loop and the mono-

_ pole Wilson loop. They are separately used to evaluate the
The local operator®(m) that we need to describe the struc- photon and monopole parts of the profiles.
ture of the flux tube are an electric field operator

— D. Smearing of spatial links

The Abelian Wilson loop is defined in terms of thg(m)

WA(L)=mHL uﬂ(m):exp{i 2 60,(m)

melL

i 0;4(M)=i[ B;2(mM)—27N;4(M)], 2.1 o ,
(M) =L G1a(m) = 271;4(m) ] 219 The shape of the flux-tube profile induced by a Wilson
and a monopole current operator loop depends on its siz&X T, whereR corresponds to the
g-q distance and the temporal extension. This means that
2aik;(m), (2.15  the profile is influenced not only by the ground state but also

by excited states when a Wilson loop is used as an external
where subscripts take only spatial directions1,2,3. To source. If one is interested in the ground state, e.g., for the
avoid the contamination from higher states as much as posomparison with the flux-tube solution in the three-
sible, we have inserted the local prot¢m) att=t,,=T/2  dimensional DAH model, in principle, one needs to know the
to minimize the effect from the boundary of the Wilson loop profile atT— . However, it is practically impossible to take
att=0 andT. The local field operators are then evaluatedthis limit due to the finite lattice volume.
over the wholex-y midplane erected in the center of the Smearing is a useful technique to extract the profiles
spatial extension of the Abelian Wilson loop=z,=R/2).  which belong to the ground state of a flux tube effectively
In other words, the coordinates of the local operatorrare even with a finiteT. We then see remarkable noise reduction
=(X,Y,Zm.tym) running over the midplane of the flux tube when the size of the Wilson loop is large. The procedure is as

between a quark and an antiquark. follows. Regarding the fourth direction as the Euclidean time
direction, we perform the following step sever&ly) times
C. Decomposition of the Abelian Wilson loop for the spacelike Abelian link variables:

In order to see the composed structure of the flux-tubexdi#,(m)]
profiles, it is useful to apply the Hodge decomposition to the _
Abelian Wilson loop, which allows us to define the photon > @€xdifi(m)]
and monopole Wilson loops. We have shown in the previous
work [16] for the electric field profile that the photon Wilson + 2, exdi(6;(m)+6,(m+])—6;(m+i))], (2.18
loop induces exclusively the Coulombic electric field while 1#

the monopole Wilson loop creates the solenoidal elecm(f/vherei,j —1,2,3 anda is an appropriate smearing weight.

field. At the same time, concerning the monopole current To find an appropriate set of parametes, (), one

profile, the photon Wilson loop is not correlated with the : ! =
: . . needs to investigate th&-dependence of several quantities
monopole currents, while exclusively the monopole Wilson

loop is responsible for the monopole current signal. like the ground state overlap and tleq potential. The
We explain the decomposition using lattice differential ©Merging shape of the profile also should be checked for the

form notationd 19]. The Abelian Wilson loop in Eq2.13 is ~ €ffect of smearing. A numerical example gt=2.5115 is

written asW,=exgi(6,j)], where §(C,) andj(C,) are the Shown inAppendix A. We notice that this procedure seems to

Abelian link variables and the closed electric current. Thehave practical limitations which become visible in the flux-
Hodge decomposition of Abelian link variables leads to ~ tube profile measurement. For the profile extracted with Wil-
son loops of siz&k=T, it works very well with a large class

6=A"1A6=A"1(d5+ 5d)6 of the parameter setof, Ng). We could easily observe
T-independence of the profile within the numerical error. On
=A"1d60+A"150+27A 16N, (2.1  the other hand, for the Wilson loops of si>T, an ex-
tremely fine-tuned parameter set is required for smearing.
where the second and third terms are identified as the photddowever, we did not spend full effort to fix it.
link (6P"=A"156) and monopole link §™°=27A"15n)
variables, respectively. We do not need to fix the Abelian . NUMERICAL RESULTS
gauge in order to specify the first term in the second line,
since it does not contribute to the Abelian Wilson loop due to  In this section, we present numerical results of the flux-
8j=0: (A~'d86,j)=(dA"150,j)=(A"156,8])=0. Note  tube profiles measured over they midplane of theg-q
that A is a lattice Laplacian and ~?! is its inverse, corre-  system(separated in the direction using the Abelian, pho-
sponding to the lattice Coulomb propagator. We have usetbn, and monopole Wilson loops. We are going to clafify
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TABLE I. The non-Abelian string tensions and correspondingwithin errors, at least foR<T. The same procedure was
lattice spacings(g) for B=2.3, 2.4, 2.5115, and 2.6 estimated by also applied to the spacelike photon and monopole link vari-

the relationa(B) = o/ g pnys With orpny=440 MeV. ables before constructing each type of Wilson loop.
B oL a(p) [fm]
23 0.1443) 0.1702) A. Fixing the physical scale and choosing the flux-tube lengths
2.4 0.07125) 0.11974) The physical reference scale, the lattice spaeif)g)), has
2.5115 0.032@) 0.08085) been determined from the non-Abelian string tensiepdy
2.6 0.01862) 0.06125) fixing \opnys= o /a=440 MeV. The non-Abelian string

tension has been evaluated by measuring expectation values
of non-Abelian Wilson loops with optimized non-Abelian
the lattice Gribov copy effect associated with the MAG fix- smearing. The emerging potential has been fitted to match
ing procedure andii) the scaling property. the formV(R)=C—A/R+ o R. The resulting(dimension-

The numerical simulations were done a3 les9 lattice string tensions and the corresponding lattice
=2.3,2.4,2.5115, and 2.6. The lattice volume was alwayspacingsa(8) in units of fm are shown in Table. I.
V=32, We have used 100 configurations for measurements. To compare the profiles from varioyvalues, it is quite
We have stored them after 3000 thermalization sweeps, arichportant to put data into groups close to almost the same

they were separated by 500 Monte Carlo updates. To studyhysicalg-q distance because the finite length effect of the
(i), we have generated several numbers of gauge copies frofyytube system has to be studied simultaneo{is6]. One
a given SUW2) configuration by random gauge transforma- might naively expect that the flux-tube profile has a good

tions, each of which has undergone the OR-SA algorithm iq . : . —
> . . . _ translational-invariant property along theq axis so that the
the process of MAG fixing. The SA algorithm itself is ap difference in length does not matter when one follows the

plied with the temperature decreasing fror=2.5 to 7 . . . .
v . . . ._change in lattice scale. However, as shown in our previous
=0.01. After that the OR algorithm is adopted with a Certamwork [16], the finite length effect is not negligible as long as

convergence criterion. As the number of gauge copies, wi . : .
have choseil,=5, 10, and 20, and have stored the configu-ﬁje photon part of the profile still contributes to the total

rations which provide the best maximal value of the gaugé).rome' In Fig. 1 we then plot, for the _foqu—\_/aIues at our
functional Eq.(2.4) within theseN,. We have also stored the dlsposal, th_e physmal_lengm:Rz_a(,B) In units of fm f(_)r
same numbe.r 6f configuration{;g '100) from the OR algo- various choices of the integer lattice flux-tube lenBthirhis

. : - . . o information is taken into account when we study the scaling
rithm in the MAG fixing with the same stopping criterion as roperty of the flux-tube profile

in the OR-SA case, where always the first copy has beeR perty P '

accepted Klg=1). To study(ii), we have used the configu-
rations from the sample based biy=20 copies. The Abe-
lian smearing parameters have been choNer8 for « We investigate how the flux-tube profile depends on the
=2.0. With this choice, the temporal length independence ofattice Gribov copy effect due to the MAG fixing. As shown
the profiles induced by the Abelian Wilson loop is achievedin Ref.[11], the density of monopole currenis vacuun) is

B. Assessment of the lattice Gribov problem

1.6

Q
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A B=25115 =
L2Elv =26 ol 8 .
&
=]
10 o =
0.84 f ®
— . m &= - _
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— =) & = r in units of fm as a function of lattice distan&e
i ® & o e for variousB= 2.3, 2.4, 2.5115, and 2.6 used in
o6 g & . N this study.
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FIG. 2. The profiles of electric fieldeft) and monopole curreritight) at 8= 2.3 for theW(3,3) quark-antiquark system for gauge fixing
according to OR and OR-SA algorithms, respectively, and the dependence on the number of gauge copies in the OR-SA case. Noninteger
radii appear due to off-axis distances from the flux-tube axis. Upper, middle, and lower figures refer to correlations with the full Abelian, the
monopole, and the photon Wilson loops.

sensitive to the gauge fixing procedure; it decreases whetie monopole, and the photon Wilson loops, respectively.
larger R[UY] is achieved. Therefore we expect that the We observe that the electric field and the monopole cur-
monopole-related part of the profile crucially depends on théent profiles(except from the photon Wilson lopare over-
quality of the gauge fixing procedure. estimated if the OR algorithm is applied. A possible expla-
In Fig. 2 we show the electric field and monopole currentnation of this behavior is the following. The correlation
profiles as observed over the flux-tube midplanggat2.3  between the monopole Wilson loop and the monopole cur-
for W(R,T)=W(3,3). Profiles, both with the use of the OR rents are enhanced artificially due to a denser monopole cur-
and the OR-SA algorithms, are presented. The dependenégnt system owing to the imperfect gauge fixing, which re-
on the number of gauge copies under exploration is alsgults in a larger contribution to the monopole current profile.
investigated for the case of the latter algorithm. The upperI'hen, the strongly circulating monopole current around the
middle, and lower figures are the profiles from the Abelian,q-q axis induces a strong solenoidal electric field. In this
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FIG. 3. The same plot as in Fig. 2 g=2.4 forW(4,4).

way, the electric field profile is also overestimated when the In Figs. 3, 4, and 5 we show the same plot as in Fig. 2 for
OR algorithm is adopted. It is interesting to note that sinceother 8 values, correspondingly choosing the Wilson loops:
the photon Wilson loop is not correlated with the monopoleat 3=2.4 for W(4,4), atB=2.5115 forW(6,6), and atg
currents, the corresponding electric field profile is insensitive=2 g for W(8,8). Here, the physical sizes of the respective
to the Gribov copy problem. Finally, the impact of the Gri- \jlson loops are approximately the same (0<4B48 frrf).

bov copy problem on the monopole part is inherited also bYye find that with increasings (approaching to the con-
the total flux-tube profile measured by the Abelian Wilsonijn ym jimit), the difference between the profiles from the
loop. Notice that the number of gauge copies to which thégp gigorithm and the OR-SA algorithm becomes clearer,

OR-SA algorithm is applied does not drastically change th ;
profiles compared with the change from OR to OR-SA algo?'e" the effect of the Gribov copy problem becomes more

. . : . significant. Since the continuum limit is of interest, one
rithm. This suggests that the tentative maxima successfull eceds 1o take care of this problem as already emphasized in
anticipated at the end of the SA algorithm do not strongly P y emp

differ in the monopole density. Ref.[20].
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FIG. 4. The same plot as in Fig. 2 g=2.5115 forW(6,6).

C. Does the flux-tube profile satisfy scaling?

We investigate the scaling property for groupsqeadis—

Here, the physical size of the temporal extension of the
Wilson loop is taken approximately the same among all sets.
This choice is made to normalize the systematic uncertainty

tances according to Fig. 1 using the best MAG-fixed con<or the flux-tube profile which might come from finifeeven
figurations withN,=20. We choose three sets of physical after smearing, especially for Wilson loops haviRg-T,

distances:

(1) at r~0.48 fm: from B=2.4 with W(R,T)
=W(4,4), B=2.5115 with W(6,6), and B=2.6 with
W(8,8);

(2) atr~0.80 fm: from 8=2.5115 withW(10,6) andg
=2.6 with W(13,8); and

(3) atr~0.84 fm: fromB=2.3 with W(5,3) andg=2.4
with W(7,4).

which reflect contributions from excited states. We did not
attempt to include profiles from such Wilson loops into the
fit in Sec. IV. The first set is shown in Fig. 6. The other two
sets are plotted together in Fig. 7.

We find that both the electric and monopole current pro-
files measured at differem values from the interval 2.3 to

2.6 scale properly for each of the three groupsqa? dis-
tances. The remaining minor differences can be blamed on
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FIG. 5. The same plot as in Fig. 2 gt=2.6 for W(8,8).

small differences irg-q distance and uncontrolled smearing son loop for differentg-q distance can be explained by the
effects. We also observe the following properties. Althoughchange of the photon contribution. The large error of the
the rotational invariance around theq axis is poor for ~Mmonopole current profile from the Abelian Wilson loop in
small 8, it is recovered with increasing. The electric field F19- 7 is due to the large size of the Wilson loop X3, at
profile from the photon Wilson loop is very sensitive to the 3= 2:6. The statistics are not sufficient in this case. How-

— . ._ever, it is interesting to find that the decomposition of the
change of they-q distance. Clearly, the shape of the electric ppajian Wilson loop into the photon and monopole parts

field profiles from the photon Wilson loop in Figs. 6 and 7 pe|ns 1o see a clear signal even with a number of configura-
creases with increasing-q distance. On the other hand, the
electric field profile from the monopole Wilson loop remains IV. FITTING WITH THE U (1) DAH FLUX TUBE

almost the same with increasiqgadistance. The difference In this section, we discuss the quantitative relation be-
of the electric field profile coming from the full Abelian Wil- tween the extracted AP-3P) flux tube and the classical flux
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FIG. 6. TheB dependence of the profiles of the electric fidkft) and the monopole currefitight) for q-adistancer ~ 0.48fmas a
function of the flux-tube radiup given in units of fm(see Table | and Fig.)1

tube of the dual Abelian Higgs modéhe DAH flux tubeg 1 mé 3
through ay? fit of the former profile by the latter. In the fit, Span=84> > > Fij(m)2+7 > |®o(m)
we take into account both the electric field and the monopole m 1< =1
current profiles simultaneously. 2.2

_eiBi(m)q)(m_._?Hz_i_@(|q)(m)|2_1)2 , 4.

A. The dual lattice formulation of the DAH model
whereF;; is the dual field strength
The DAH flux-tube profile is calculated within thdual

lattice formulationof the three dimensional DAH moddh F--(m)=B-(m)+B-(m+7)—B-(m+i)
order to mimic eventual lattice discretization effects in the fit ! : ! :
[21]. The lattice DAH action is —Bj(m)—27Z;;(m). (4.2
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FIG. 7. The same plot as in Fig. 6 fqradistancer ~ 0.80 and 0.84 fn{see Table | and Fig.)1

Bi(m) and®(m) are the dual gauge field and the complex-conductivity is characterized by the Ginzburg-Landau pa-
valued scalar monopole field. The electric Dirac stiygin ~ rameter, k=m, /mg. In this definition, the casex<1

the dual field strength reflects the actual length of the fluX>1) are classified as typettype-Il) vacuum.

tube. For instance, for a straight flux tube along ztdirec- The flux-tube solution is obtained by solving the field
tion, 3,,=1 for all plaquettes penetrated by this flux tube, equations. The equation forB;(m) is given by
otherwiseX;; = 0 [21]. This action contains three parameters: 9Span/9Bi(m) = B¢Xi(m)=0. Similarly, the equations for
the dual gauge couplingg,=1/g?, the dual gauge boson the monopole field are’Spa / dPR(m) = BgmEXR(m)=0
massmg=\/2gv, and the monopole mass,=2\\v. Here  and ISpan/d®' (m)=Bym3X'(m)=0. The superscriptR

v corresponds to the monopole condensate Jaigithe self- and| refer to the real and imaginary parts of the complex
coupling of the monopole field. Writing the masses in termsscalar monopole field. The explicit form of the field equa-
of g, v, and\ is more familiar in the continuum form of the tions X;(m), X®(m), andX'(m) are given in Appendix B.
DAH model. Note that in the lattice formulation, all fields To solve the field equations numerically, we adopt a relax-
and parameters are dimensionless. The type of dual supeation algorithma la Newton and Raphson by taking into
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TABLE Il. The q—adistance dependence of the DAH parameter.

B R By Mg m, X%/DOF Fit range
2.5115 3 0.063(®) 0.463323) 0.349@43) 135/67 pla=2
2.5115 4 0.071(B) 0.459517) 0.37387) 99.9/81 pla=2
2.5115 5 0.079B) 0.4485%29) 0.409@6) 77.4/81 pla=2
2.5115 6 0.084(®B) 0.450421) 0.40913) 186/97 pla=2
2.6 4 0.071%9) 0.337272) 0.2284371) 35.7/91 pla=3
2.6 5 0.079813) 0.329536) 0.288429) 22.0/91 pla=3
2.6 6 0.083412) 0.336831) 0.267311) 33.3/75 pla=3
2.6 7 0.086718) 0.335446) 0.30045) 37.3/91 pla=3
2.6 8 0.090714) 0.336310) 0.30812) 75.5/105 pla=3

account the second derivative of the action with respect tdlux tube. Since we want to use tliendependent profile and
each field 21]. We iterate this procedure until the conditions it can only beT-independent iR<T, we are restricted for
S 2 [X(M)]2<0.0001 and S, {[XR(m)]2+[X'(m)]2  this purposeprofile) to R<T. The electric field and mono-
<0.0001 are satisfied and the change of the action for ongole current profiles of the DAH flux tube aréByeiikF
iteration stepA Spay<0.001. Within the possible range of andBgK; (see Appendix B which are regarded as repre-
the DAH parameters, we find that the solution is well- sentingd;, and 27k; of the AP-SU2)field profile [see Egs.
converged. (2.14 and (2.19]. The DAH field profiles are calculated
The strategy of the fit is as follows. We fit the flux-tube with the same spatial volume as used in the(83imula-
profile induced by the Abelian Wilson loop with the DAH tion, namely 32, imposing the same periodic boundary con-

0.08 , | : " 0.010 , , r r
B=2.5115: W(6,6) B=2.5115: W(6,6)
A O AP (Abelian) 0.008 - O AP (Abelian) ||
0.06 O AP (h/lljonopole) 1 —— DAH (Abelian)
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FIG. 8. Some examples of the fitting At=2.5115 forR=6 (upper row and 3=2.6 for R=8 (lower row). The solid line is the DAH
flux-tube profile(obtained by the fjt The dotted and dashed lines correspond to its monopole and photoriggapredicted using the fit
parameters
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ditions for all three directions. The length of the DAH flux 0.10 T - T T T

tube is taken equal to that of the AP-&V flux tube to be o B =25115

fitted. We extract the profile all over the midplane cutting the ol & B =26 Al
flux tube between the quark and the antiquark. The DAH e

lattice spacing is assumed to be the samea@3) of the & o
SU(2) lattice. Once the fit has found the optimal set of di- o 0081 4 o T
mensionless DAH parameters, the physical masses are fixeo. x

with the help ofa(B). To seek the set of parameters which 0.07 |- = =
provides minimumy?, we use themiNuIT code from the

CERNLIB. ol T _

After getting the set of the DAH parameter, we check
whether this set can reproduce the composed internal stru | | | | |
ture of the electric field profile as a superposition of the — *® 50 025 o3 o35 o040 o045 050
Coulombic plus the solenoidal field by applying the Hodge
decomposition as in Eq2.16 to the dual field strength.
Each field strength can be constructed from the DAH photor
link (BP"=27A"153) and the DAH monopole link B™° 1300 - -
=A"16F), respectively. Note that the field strength from the 1200 |- .

1500

1400 |- —

photon (monopole links describe the Coulombi¢solenoi- % 1100 | El B I =
. . & iy

dal) electric field. z 1000 ]

B. Fitting results Em 900 |- —
We fit the flux-tube profiles atg=2.5115 from 8001 O B=2.5115

W(3,6), W(4,6), W(5,6), andW(6,6), and at3=2.6 from 700 |- A P=26 i

W(4,8), W(5,8), W(6,8), W(7,8), and W(8,8) Here, the 600 |- —— const. fit (1091 + 7) g

physical length of the temporal extension of the Wilson loop 500 I | I

for theseB values is approximately the same, 0.48 fm. We 020 025 030 0.35 0.40 045 050

did not attempt to fit the profiles from the Wilson loops with 1500

R>T, since they still contain the contribution from excited wol| O [3':2_511'5 ' ' ' _

states T dependenceeven after the smearingee Sec. Il D sooll 2 B=2.6

and Appendix A. In the fit, we have taken into account the —— const. fit (953 £20)
data fromp/a=2 for =2.5115 and fromp/a=3 for g =~ = 1200 -
=2.6 to certain maximum radii which provide the positive & 1100~ -

expectation values for the field profiles. We have checketz 1000 |- SN =
that the DAH parameters emerging from the fit are rathel ., oo | L= .
insensitive with respect to restricting the fit rangerther € ol = i
increasing the minimal radils

In Table Il we summarize the parameters obtained by the o ? 7]
fit. In Fig. 8 we show how the AP flux tube is described by 600 1= N
the DAH one using the profiles from/(6,6) at3=2.5115 500 0'25 0'30 0'35 o!m 0115 5o
and fromW(8,8) at 3=2.6. One can see that the profiles ’ ’ ’ ’ ' ) ’
from the Abelian Wilson loop are reproduced. Remarkably, r [fm]

the resulting DAH parameters also reproduce the composed _
internal structure of the AP flux tube as well. In this sense, FIG. 9. The DAH parameter§y, mg, andm, as functions of
the fit which takes into account the finiteq distance works ~the Physicald-g distance.

very well. In Fig. 9 we plot the fitting parameters as a func-

tion of t_he physicalg-q digtance, Wher_e the sgale of the K= &=0.87(2)<1, 4.5
masses is recovered by using the(Uattice spacing(3). Mg

The maximum physicafl-q distance is around 0.5 fm. We \hich means that the vacuum corresponds to weakly type |
find that thes, becomes large as tteq distance increases, in terms of the classification of the dual superconductivity.
r=Ra(), while the masses of the dual gauge boson and oHowever, we have noticed that the change of the dual gauge
the monopole are rather stable. The constant fit of the massesupling Bg as a function ofr indicates that the vacuum
using the stable data for>0.3 fm provides cannot completely be regarded as the classical one. In fact, if
one defines an effective Abelian electric charge based on the

mg=1091(7)MeV, 43 Dirac quantization condition asgs=4m/g=4m\B, this
m, =953 20)MeV. (4.4) cqup_ling shqws an antiscreening behgv'eg.f; becomes Igrge
with increasingr. The constant behaviors afg andm, in-
The GL parameter is then found to be dicate that various widths of the AP flux tube, which are
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defined by the inverse of these masgbe penetration depth slightly smaller than unity, indicating that the vacuum is clas-
mgl and the coherence Iengt‘n;l), do not depend om. sified as a weakly type-l dual superconductor.

This is established at least up tajaq distancer =0.5 fm. We should mention that, while we have chosen the
DeGrand-Toussaint prescription for the electric flux and the
V. SUMMARY AND CONCLUSIONS monopole currents featured in the description of the flux tube

in the Abelian projected gauge theory, this choice is not

The main aim of this paper has been to present the fluxunique. We have made our choice because of the possibility
tube profile data within Abelian-project¢\P) SU(2) lattice  to relate then the AP theory to the DGL descriptidi6].
gauge theory in the maximally Abelian gau¢AG) in a  Cheluvarajeet al.[22], on the other hand, have proposed an
quality and sufficiently detailed in order to warrant quantita-alternative definition to satisfy the Maxwell equations even
tive discussions from the point of view of the dual Abelian at finite lattice spacing. It would also be interesting to study
Higgs (DAH) model. We have mainly studie@) the lattice  the differences of the measured flux-tube profile with their
Gribov copy effect associated with the MAG fixing proce- definition.
dure and(ii) the scaling property & independendeof the Suggested by an effective bosonic string descripiis],
flux-tube profile using a large lattice volume,“*3During it is expected that the width of the flux tube broadens with

these investigations, we have always paid special attention {@creasingg-q distance. If such an effect exists in the effec-
the Composed internal structure of the AP flux tube. We havgve DAH description, tOO, we would have to see the Change

als(q)c\;a\llrefrlljlly Tomtgrt?]d ttrt]ﬁ e]flfecttog‘) smeaf_rllng. . of the DAH mass parameters as a function of an dis-
i It tﬁ ?\;f. Oan b atthe ux—blu € prctJhl e'\lj,Avgry SENSance. Our results show that, at least until 0.5 fm, the width
Ive 1o the latlice Lribov copy problem Inthe N PAT o the flux tube is appearing as an almost stable vacuum

tlgfulatr, (;he_”r]nonopole-rtlelated pa;ts offfclhe_proﬂle arﬁ Strtorgjgl%roperty. It could be argued that the bosonic-string-like fea-
ariected. The monopole current profiie IS overesimated 1y, o5 of the flux tube might become manifest only for much

one uses a nonimproved gauge fixing algorithm or just Omtwore elongated strings. In order to study the existence of

single gauge copy. Since we do not know the real globa trin . ; .
. o g roughening, one might be forced to study the profiles
maximum ofR[U®] [see Eq(2.4)], we cannot insist that our correlated with Wilson loops of much larger size. For larger

reSI:IIt is the ];'ngl on(:i Hgv¥ev§r, Wet havi ;)hbtamed Sl'gmf('j'R, if one takes small, one can get the signal of the flux-tube
can ?/tcc(;rrec e I.pro Ile '?ha y virtué o 'tf? overredaxet rofile with the help of smearing techniques. However, one
simulated annealing algorithm converging within a moderalg, ,s 4 care that such a profile does not immediately corre-

humber of gauge copies. spond to the physical profile 8t—«. In order to check if

(it) We_ have ponfirmed the scal_ing property of the flux- the flux tube becomes broader, the profile should be investi-
tube profile, which has been achieved by using the well-

) ; ; - ated in aT-independent regime.
gauge-fixed configurations and by taking into account theg It would be worthwhile to extend the strategy of this pa-

finite g-q distance effect properly. In fact, the flux-tube pro- per to the AP-S(B) flux tube in order to discuss the quanti-
file is strongly dependent on the sizR @ndT) of the Abe-  tative relation between SB) gluodynamics and the U(1)
lian Wilson loopsW(R, T). At finite g-g distanceR, the pho- X U(1) DAH model.
ton part of the flux-tube profile is crucially contributing to
the total Abelian electric field measured at any distance from
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FIG. 10. The ground state overlap befdleft) and after(right) smearing af3=2.5115.

APPENDIX A: FIXING THE SMEARING PARAMETERS V(R,T) = IN[Wa(RT)/WA(R,T+1)]. (A2)
The smearing procedure for the spatial link variables as o o

indicated in Eq(2.18 successfully reduces the contribution This is shown in Fig. 11, where the potential is plotted as a

from excited states. To find a set of optimized smearing pafunction of T for some fixedR. After smearing, we see a

rameters, the weight and the number of smearing sweeps clear pattern of plateaus ranging frofi=1 to largeT, the
Ng, we need to investigate the behavior of the ratio height of which corresponds to the values of the potential
V(R) at T— .

In Fig. 12 we show the effect of the smearing to the be-
havior of the flux-tube profile atpg=2.5115 for
W(6,4), W(6,6), andw(6,8). Before smearing, the shape of
the electric field and monopole current profiles are dependent
as a function oR for some fixed values of [11]. For inter-  on the size of the Wilson loop; the profile from the smaller
pretation, we notice that this ratio turns into the ground stat&Vilson loop is enhanced. After the smearing, we see a reduc-
overlap in the limitT—o. We apply the smearing step re- tion of the electric field for all cases and at least the profiles
peatedly on the spatial links until we get a good ground statérom W(6,6) andW(6,8) coincide within the numerical error
overlap. In Fig. 10 we show the typical behavior of the (the error is also reducgdThis suggests thatindependence
ground state overlapbefore and after smearing atB  of the flux-tube profile is now achieved. The shape of the
=2.5115. We see clearly th&t, got enhanced t€,~1 as  monopole current profile is insensitive to smearing. How-
the result of smearing. This justifies us to select, for fhis ever, we find a remarkable reduction of the error. Note that
the smearing parametess=2.0 andN,=8 which have led the profile fromW(6,4) still did not converge into the same
to the improved ground state overlap. Using this set, we caprofile, which means that the chosen smearing parameter set
also confirm a typical improvement of the Abelian potential is not adequate in this case.

Co=[Wa(R I /[WaART+1)]" (A1)
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FIG. 11. The potential befordeft) and after(right) smearing a3=2.5115.
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FIG. 12. The flux-tube profiles befofkeft) and after(right) Abelian smearing g8=2.5115 forR=6 (fixed). Three cases of the temporal
length, T=4, 6 and 8, are shown.

APPENDIX B: FIELD EQUATIONS
OF THE LATTICE DAH MODEL

2yl
= BymgX'(m)=0, B5
| | _ iy~ PameX!(m) (BS)
We note the field equations of the lattice DAH model. For

the dual gauge field, where

aS

WZBgXi(m)ZO, (B1)

3
XR(m)=6®R(m)— >, {(@F(m+i)cosB;(m)
where .
. . —®'(m+1)sinB;(m))+ (®R(m—1)coB;(m—1i)
Xi(m)=F;;(m) +Fj(m=j)+ Fj(m)+ Fi(m=k) = K;(m).

82 +®'(m—1)sinB;(m—1))}

1
The last term corresponds to the monopole current +§m)2(c1)R(m)(cI>R(m)2+cI)'(m)2— 1), (B6)

Ki(m)=—m3[ ®R(m)(PR(m+1i)sinB;(m) .

+®'(m+1)cosB;(m)) X!(m) = 60! (m)— 3, {(®F(m-+1)sinB;(m)

— @' (m)(®R(m+1)coB;(m) + &' (m+1)coB;(m))

—®'(m+1)sinB;(m))]. (B3) T (@R(m—1)[—sinB,(m—1)]
For the monopole fields, +<I)'(m—iA)cosB<(m—f))}

LS:B mgXR(m)=0, (B4) + }mzdb'(m)((bR(m)vaCI)'(m)z—1) (B7)
gPRm) ' ° 2 X :
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