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The dually transformed path integral of four-dimensionél)Uattice gauge theory is used for the calculation

of expectation values in the presence of external charges. Applying the dual simulation to flux tubes for charge
distances up to around 20 lattice spacings, we find a deviation from the behavior of a dual type-Il supercon-
ductor in the London limit at large distances. The roughening of the flux tube agrees with the effective string

picture of confinement. Further we show that finite temperature effects are negligible for time extents larger
than the charge distance. Finally we analyze the different contributions to the total energy of the electromag-
netic field. The parallel component of the magnetic field turns out to have the strongest influence on the
deviation from the linear behavior at small charge distan®8556-282(98)05801-9

PACS numbds): 11.15.Ha, 14.80.Hv

[. INTRODUCTION sides this support for the interpretation of the results, the dual
theory provides a very efficient tool for simulating flux
The mechanism of quark confinement within hadrons igubes. This fact has already been realized in R&€f4.0], but
still an open problem. Numerical simulations of QCD onto our knowledge no dual simulations of four-dimensional
space-time lattices demonstrate the confinement phenonkl(1) lattice gauge theory with external sources have been
enon but could not yet clarify completely the mechanism forPerformed yet.
the formation of a gluonic flux tube. Effective theories have The organization of this paper is as follows. In Sec. Il we
been created to improve our understanding of this mechd€view the duality transformation of (@) lattice gauge
nism. An intuitive physical picture is the dual Supercon_theory for the Wilson action with special consideration of
ductor model[1]: Dynamically generated color magnetic fields and their squares in the presence of external charges.
monopole currents form a solenoid which squeezes the chrd-ne consequences for the interpretation in the dual supercon-
moelectric flux between quarks into a narrow flux tube. Theductor picture are discussed by connecting the results to a
energy of this flux tube increases linearly with its length anddual Higgs model in Sec. lll. After pointing out the advan-
confinement is achieved. Another approach is the effectivédges of dual simulations of flux tubes in Sec. IV, we present
string theory[2,3] which should describe flux tubes at large 0Ur results for electric field strength and magnetic current in
quark distances. It is an interesting goal of lattice gauge thedhe presence of a charge-anticharge pair in Sec. V, analyzing
ries to test the validity of such effective models and therefordhe flux tube as a function of spatial lattice size and tempera-
deepen our understanding of the confinement mechanism. ture. In Sec. VI we return to the dual superconductor picture,
U(1) lattice gauge theory in four dimensions undergoes $ubjecting our data to a quantitative comparison with the
phase transition at strong coupling and has been widely usdgPndon model. In Sec. VI the dependence of the flux tube
as a prototype of a Confining theory_ |r(1) theory the con- width on its Iength is inVEStigated and Compared with the
densation of magnetic monopoles is made responsible for thrediction of an effective string theory. Finally in Sec. VIl
confinement of electric charges. The results of lattice simuwe calculate the total electromagnetic energy and analyze the
lations have been interpreted in terms of the dual supercor¥arious components contributing to it.
ductor picture of confinement, e.g., the validity of a dual
London relation has been checketl, and the W1) results Il. THE DUALITY TRANSFORMATION OF U (1) LATTICE
for electric fields and monopole currents were found to agree GAUGE THEORY
with the predictions of a classical effective model consider-
ing also string fluctuationgs]. Most of the obtained results
are expected to hold also in non-Abelian gauge theories,
least qualitativel\f6]. The data accumulated so far, however,
for larger flux tube lengths are not of sufficient accuracy to

We begin with the usual prescription for simulating1)y
A?ttice gauge theory. Expectation values of physical observ-
ablesO in the presence of a static charge pair at distahce
are determined by the correlation function

perform a quantitative analysis in terms of effective models (L(O)L*(d)O(x))
for the formation of a gluonic flux tube. (O(X))qo= " —(0), (1)
Furthermore, it was realized many years &gbpthat one (L(O)L™(d))

can perform a duality transformation of the path integral in . . N

compact Abelian gauge theories. In this way a new partitiovhereL(r) is the Polyakov lood.(r) =II, . ; Uy~ (f ka),u=0
function is obtained which can be regarded as a limit of theand the angle brackets denote the evaluation of the path in-
dual noncompact Abelian Higgs mod@]. We will use the tegral using the standard Wilson action

duality relation for expectation values in the presence of ex-

ternal charges to clarify the connection between dually trans- Sw=2 2 [1—cogdo), ., ]. )
formed U1) theory and the dual superconductor model. Be- X, i<v ‘
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B=1/e? is the inverse coupling, anddq)y ., is the dis- o m
cretized exterior derivative of the phasesafuthe link vari- Zoo=11 _Wde exp — B> (1—cosih)

ablesU, ,=€'x and is assigned to a plaquette of size

Below we will use the notation of lattice differential forms Zie 0
and therefore suppress indices. The observablese are X[[ € lﬁ—[ e 7
interested in are the electric field strength, the magnetic cur- " -

rent and the electric and magnetic energy densities. For théne arrives at an expression equivalent to Ej, with a
field strengthF we use the identificatiora?’eF=sin(@¢)  modified constraintsk==+1 for links belonging to L.

which was shown to fulfil the electric Gauss law for the (equivalent toesk=J,). This constraint is solved by an ad-
Wilson action[5]. The magnetic current can be constructedditional integer two-formm:

via the dual Maxwell equations. The squared fields are cal-

culated in the usual way by means of the opergtoos(6). k=6l+n, with eén=J,,
Let us briefly review the most important steps of the du-
ality transformation. We start from the(l) partition func- *k=d*I+*n, with ed"n=*J,. (8

tion using the Wilson action which reafi$3]
External electric currents are represented by the boundaries

of a dual Dirac sheet in the dual theory. The dually trans-
formed path integral therefore reads

z=11 f_” do exp[—ﬁE (1-cogd)!, (3
Zoo=2m)"N Y T e Plygeisxn(B), 9
*1

where the product is over all links on the lattice, and the sum _ )
in the exponent is over the plaguettes. Expanding the BoltzV/here the product is performed over all links of the dual

mann factor for each plaquette in a Fourier series one caldttice. The dual Dirac sheétn can be fixed as the minimal
write straight area between the two Polyakov loops, while the in-

teger gauge field*l is kept as dynamical variable and up-
dated in simulations. Fluctuations fil result in fluctuations
w of the flux stringd*1+*n.
z=11 f do>, [T expli(k,do)te Pl (B) Further, we will perform the duality transformation for
—mo ik the correlation functiorl). For the determination of the flux
FDo through a given plaquettel,, we have to insert the

— 4N -
= (2) % IIePrgm . 4 operatoryBsindé, into the path integral in addition to the
k=0 Polyakov loops. So we can write

where we have used the plaquette varialdlemd the prop- — 71, J"T —i6

erty of the inner product K,dd)=(dk,0), and then per- <FD°>QQ ZQQjH —wda% E ©

formed the integration over the link& N is the number of

lattice sites, and the Boltzmann factor is a product over all XH eioﬁ(l‘[ eie_H e—ie)
plaquettesk is an integer valued two-form corresponding to L 2i | T, Uo

the field strength~. The constraintsk=0 describes the ab-

sence of electric charge$F=J.=0. We solve this con- XH exp[i(ék,e)}e‘[’l”k”(,@). (10)

straint by introducing an integer valued three-farwith

Taking the imaginary part reflects the change of sign of the
k=4I, (5) field strength under an exchange of charge and anticharge,

i.e., under complex conjugation. Our constraint &ris fur-

ther modified:sk has to be nonzero along the electric current

and the boundary of the considered plaquéftg Solving

z=2m)"Y T e Plysy(B) this constraint by a redefiniton ok on this plaquette
n (k—k=1) and using the identity for modified Bessel func-
tions
=2m" Y [T e Pljg(B), 6)
{*1} B
k'k(ﬁ):E['k—l(ﬁ)"kﬂ(ﬁ)], (13)

where we have finally switched to the dual link variabtds .
. ) X one obtains
representing an integer valued dual potential. The sum now
extends over all possible configurations*df. 1
The next step is the inclusion of external charges into the (g *=Z_l(27r)4NZ ok H e Blige1oxn(B)
U(1) path integral.L, and £_ denote the world lines of a (Fogee=Ze0 VB o el
static charge pair. Starting from (12
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where* k=d*1+*n as before. Note that in this dual expres- Y
sion the validity of Gauss’ law for electric charges is checked g*Jy==([d* x]—g*A), (16)
easily because af*k/\/B=*J,. B

Periorming the_duallty transformation for the expectatlonis constructed in such a way that the fluxoid quantisation
value of,Bcosd&Do in an analogous way leads to

*F+N\2d*Jy=*m(27/g)=*me [4] is valid for every
single field configuration. The integer two-forfrm charac-

ILkD (B) terizes the physical fluxoid string which is allowed to fluc-
(F2) *=Z_l(27-r)4NE B————11 e Plygsisxni(B) tuate in simulations due to the compactness of the phaxfe
Bo/RQ™7QQ Fn g (B) il the Higgs field[d* ] in Eq. (16) indicates the reduction of
° d* x to the interval &, r]. Therefored[ d* ] may be non-

—(F?)yac- (13 zero for topologically nontrivial field configurations, and

27*m=27*n+d[d* x]. If the value of{d* xy] on one dual

We would like to mention that an identity equivalent to Eq. link flips, i.e., the phase difference between neighboring
(13) was already derived in Reffd] for calculating the elec- points exceeds the range-r,w], this effects six dual
tromagnetic energy density in three-dimensionél)Uattice  plaguettes corresponding to a closed cube on the original
gauge theory, using the polymer formulation of the path indattice. If such a cube has one plaquette in common with the
tegral. Dirac sheet fi=1), 2#*n and d[d* y] may cancel each
other, changing the shape of the physical fluxoid string.

This Higgs model can be regarded as four-dimensional
generalization of the static classical effective model investi-

The results of 1) simulations in the confinement phase gated in Ref[5]. It can also serve to extend numerically the
verify the dual superconductor picty,5]: The electric flux  predictions from the dual QCD ansdtt1] or from similar
between a charge pair is squeezed into a flux tube, encircleahalytical calculations in effective moddtk2], especially in
by monopole currents acting as a coil. We want to discus#nvestigating fluctuations of the fluxoid string. For thé1l
how this scenario can be described by the dual noncompagauge theory, it is even possible to establish an exact con-

Abelian Higgs model, in order to establish an exact connecnection at the level of the path integral. Let us assumes
tion to the dually transformed lattice(l) theory presented which imposes a new constraint on the fields: Choosing a
above. The dual Higgs model is written in terms of dualgauge where the phage of the Higgs field in Eq(15) is
potentials* A assigned to links on the dual latti#he aster-  zero, we realize that the integral oveA for each dual link
isk is again used for all fields which are located on the dual’educes to a sum over an integ’éh according to the con-
lattice) and of a dual Higgs field ® which is located on the straint *A=27*1. Up to a B-dependent factor the— oo
dual sites. Electric charges in this dual model correspond t mit of the partition function of this Higgs model equals the
monopolegassigned to three-dimensional cubes on the du ually transformed path integré®) of U(1) gauge theory
lattice) and can be introduced by the dual of a Dirac string inincluding two Polyakov loops. This duality property is Wéll
the same way as in the last section. On the original lattice thg, 1 for the Villain form of the actionig]. In the case of
world lines of electric charges define the boundary of a CONthe Wilson action the functios(g* F) describing the gauge

tinous surfacdthe Dirac sheet field action in the corresponding Higgs model is determined
by the modified Boltzmann factor in E¢):

lll. A COMPARISON TO A DUAL HIGGS MODEL

1 for plaguettes on the surface,
n= (14
0 elsewhere.

exd —BG(g*F)]=e Pligeriam)(B),  (17)
The field strength*F is given by g*F=gd*A+27*n, andg=1/(4a°p). S ,

whered*A is the exterior derivative of the one-forthA, Especially interesting for us is the interpretation of expec-
andg=2w/e is the magnetic coupling. In the London limit @tion values in 1) in terms of the dual Higgs model. Let
the Higgs field *® is constrained to*®=exp(*y) and US first regard the field strength in(1) derived in Eq.(12):

therefore the coherence length vanishes. Including electrill /S0 agrees with the field strength of the dual Higgs model

sources the corresponding action reads in the y—c limit which reads
1
S:'B E G(gd*A_’_ZW*n)_;z cogd* y—g*A) g*F—2md*l+27*n=*F—e(d*|+*n)= —=*k.
plaquettes links ' \/E
(15) (18)

~ ) ) This means that the field strength expectation values and due
where 8= 1/g°. The functionG(g*F) determines the non- o the validity of the extended Maxwell equations also the
compact gauge field action and  approachesnagnetic currents in (1) gauge theory agree with the cor-
G(g*F)—g®*F?/2 in the continuum limit. The second part responding fields and currents in the dual Higgs model in the
of the action is the compact lattice version of the gauge infimit of both zero coherence length and zero penetration
variant kinetic term of the Higgs field®. The ratioB/y has  length. From this point of view a (1) flux tube looks rather
the meaning of the bare squared London penetration lengtsimilar to an infinitely thin fluctuating string than a flux tube
\2. The Higgs current J,;, given by in a classical dual superconductor.
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This correspondence to the Higgs model does not hold foas stated above, the power of dual simulations lies in the
energy densities. The dually transformed expectation valuaclusion of the sources in the action, which already has been
of the squared field strength, E€L3), obviously disagrees realized in Ref[9,10].

with the corresponding result in thg— oo limit of the dual For each charge distandea separate simulation has to be
H|ggs model. This is not astonishing’ since the expectatiorﬁ)erformed, and of course for the subtraction of the vacuum
values of the squared fields are connected to the vacuu@xpectation value in Eq1) a distinct run is needed. There-
fluctuations which show the opposite behavior in the duafore one gets a good estimate of the reliability of the error-
theory, where the confinement phase is the weakly couplefiars. For smaller distances on &>84 lattice an accurate
phase and fluctuations become more important with increagomparison was performed between expectation values from
ing B. Hence, a direct interpretation of the1) energy den- ordinary and from dual Simulatiorﬁi4]. The onIy difference
sity in the dual Higgs model is not possible, which makes itin the observed results is the effect of the periodic boundary
difficult to distinguish by analytical considerations betweenconditions which is absent in the dual model: There can be
dual type-l and type-II superconductivity. no electric flux over the period per construction. Eer 3a
the dual simulation is clearly more efficient, because in or-
dinary simulations the signal decreases exponentially with
IV. SIMULATING THE DUALLY TRANSFORMED the charge distance, while in the dual simulation it stays
U(1) THEORY constant(the necessary amount of computer time still de-

As has been pointed out above, one has to be carefl@®nds of course on the lattice size used _
when comparing () lattice gauge theory to a dual Higgs  FOr the updating procedure we use a standard Metropolis
model on a “microscopic” level. Nevertheless, simulating algorithm, WhICh has proven sufficient for the |nvest|gz_ited
the dual U1) gauge theory gives us the possibility to calcu- "2nge of co_uplmgs, although a npnlocal c!uster algorithm
late any expectation value in the presence of static chargé’¥0U|d gertalnly lead to a further increase in performance.
with significantly higher precision. This has several reasonsOUr typical measurements are taken from B0°—2x 1¢°
The confinement phase is the weakly coupled one in the du&onﬂgurano_n_s, where each tenth configuration is evaluated.
theory, therefore we have less quantum fluctuations in th&OF determining the errorbars we took blocks of 100 evalu-
region of interest. Simulating the dually transformed path@ted configurations. For the results shown in the next sec-
integral (12), respectively, Eq(13) is also much faster be- tions we used the coupling=0.96, where the system is
cause of the integer valued gauge fields. Most important?'ea_”y in the confinement phase. On the other hand the fluc-
however, is the fact that it is not necessary to project thduations in the dual theory are already large enough to pro-
charge-anticharge state out of the vacuum: Charge pairs witfuce a flux IUbe of the desired transverse extent. If one likes
arbitrary distance can be simulated with equal accuracy, a® compare with the QCD flux tube, we can require that our
well as multiply charged systenid4,15. strlng tension equals the physical value, which gives a lattice

The updating procedure itself is very simple: As alreadySPacinga of roughly 0.25 fm.
discussed in the previous section, the dual Dirac string sheet
*n gonnecting the t\_/vo Polyakov lines is held fixgd, while V. THE PROFILE OF ELUX TUBES
the integer gauge fieldl, located on the dual I|nI_<s, is BETWEEN STATIC CHARGES
changed byt 1 during the updates. We have to mention that
this is essentially the same procedure as the ‘“change-a- We present now our numerical results for the electric field
cube” algorithm used in Ref9]. The only difference for the and magnetic current distribution in the presence of a static
three-dimensional model used there is that the dual potenti@harge pair. The great advantage compared to the results
is located on the dual sites instead of the dual links. In Refreported in Ref[5] is that we are now able to investigate
[9] the electromagnetic energy distribution was calculated tanuch larger charge distances and much lower temperatures.
extract the string tension in a range of weaker couplings as Before discussing the temperature dependence of the flux
total field energy per length. However, this quantity must nottube profile, let us comment on the necessary spatial size of
be confused with the string tension calculated from usuathe lattice. There is the simple condition that the spatial ex-
correlation functions. tent of the lattice has to be greater than the extent of the

Recently, a detailed analysis of simulating dudllJat-  considered flux tube both in longitudinal and in transverse
tice gauge theory in three dimensions was performed in Refirection in order to prevent strong finite size effects. For our
[16]. The authors found that at weak coupling the advantagesimulations we used a spatial extent of ®r charge dis-
are outweighed by large autocorrelation times as the dudhncesd=1la—5a, 12 for simulatingd=5a—8a, and 16
model becomes disordered. We also observed the increasefof d=8a— 12a. Further we performed some simulations on
the autocorrelation time and correspondingly of the error folarger lattices; the largest investigated charge distance was
increasing values oB—with a peak at the phase transition d=22a (on a 26 32 lattica. Results for this distance are
of the four-dimensional theory. In the deconfinement phaselisplayed in a three-dimensional plot in Fig. 1. We focus on
there are large fluctuations, but the autocorrelation time ishe longitudinal component of the electric field strength and
smaller than around the phase transition. Since our goal isn the azimuthal component of the magnetic current which
the investigation of the confinement mechanism, we take thencircles the flux tube like a coil. It can already be seen in
main advantage from simulations in the confinement phasehese plots that a flux tube of constant thickness is not ob-
anyhow. In this context we want to mention that we used aerved even for this large charge distance. The increase of
duality transformation exactly valid for the whol@ range, the flux tube width with the distance between charges may
not only in the weak coupling limit as in Ref16]. Further, be explained by roughening effects and will be discussed in
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Ju(d = 3a) Jn(d = 12a)
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FIG. 3. The temperature dependence of the magnetic current
profile in the symmetry plane between charges for charge distances
FIG. 1. The flux tube between static charges for a distance of 22=3a and d=12a: If NT is smaller thand, the signal for the
lattice spacings. The left plot shows the parallel component of th&urrent gets significantly lower which means a widening of the flux
electric field, the right plot shows the azimuthal component of thetube. Ford=12a the maximum current is observed at the transverse
magnetic current, both in a half plane through @@ axis. Note ~ distanceR=1.5a, like in thed=22a case shown in Fig. 1.
that in the symmetry plane between charges the magnetic current
takes its maximum value at a transverse distance af, h6t atR ~ dual simulation, this widening can easily be explained.
—0.5. Quantum fluctuations of the world sheet of the string corre-
spond to cubelike excitations on the original lattice. At finite

Sec. VII. The right figure demonstrates that the signal for thd€MPerature there also appear time-independent excitations

magnetic current drops in the middle between charges, it\yhich wrap around the lattice in time direction and therefore

radial dependence in the symmetry plane exhibits a maxilncrease the effective flux tube width. These excitations van-

mum at finiteR. This behavior is interesting for the dual 'Sh If NT is large compared to the length of the flux tube.

superconductor interpretation as will be discussed in the next Adfter the discussion of the techniques used for the simu-
section. ation of long flux tubes and the dependence of the results on

In all our simulations we represent static charges byh€ temperature, we will now turn again to the dual super-

Polyakov loops and therefore have to deal with finite tem-cOnductor interpretation.

perature effects due to the finite time extent of the lattice. It

is therefore important to separate the occuring thermal fluc- VI. A CLOSER LOOK AT THE DUAL
tuations from quantum fluctuations which are essential for LONDON EQUATION

the extended flux tube. This is achieved by analyzing the In the presence of a pair of static charaes. the classical
dependence of the results on the time extent of the Iattices luti ?th Hi ge(llS) ield Ig A N field and
denoted by NT, as is shown in Fig. 2 for the electric field olution ot the Higgs ModeLLo) yIelds an electric hield an
profile and in Fig. 3 for the magnetic current profile in the 2 magnetic current distribution according to

symmetry plane between charges for various charge dis-

tancesd. From the results we conclude that if the time extent rotE(r) = —Jn(r), (19
NT exceeds the charge distanddinite temperature effects . oL
can safely be neglected. For smaller NT, however, we realize E(r)=\2rotd(r)+&(r), (20

a significant widening of the flux tube, connected with a

decreasing magnetic current. From the point of view of theyhere the(straight string 5(() connects the point charges,
carrying a quantum of electric flug. Integrating Eq(20), a
E(d = 3q) 05 | E(d:ISa) . generalization of the London equation, over a surface inter-
025 secting the string gives the fluxoid quantization. For an infi-
02 - nitely long string Eqs(19) and (20) yield an electric field
015 £ profile of the formE(R) = (e/2m\2)Ko(R/\).
0.1 These classical equations were used in R&ffor com-
) 0.05 parison with the results of (@) lattice simulations. The free
parametein (the London penetration lengtleould be fitted

0 2 3 4
Rla N i
E(d:”m) by comparingE and rod,, off axis, and also the fluxoid
0.15 . I 0.12 guantisation was verified. An extension of this analysis was
R Nl o1 performed in Ref[5] by including fluctuations of the string

0.08 1+
0.06
0.04
0.02

NT=4 ---- > >
&(r) in the above model. Further the effective model was

solved numerically on a lattice of same size, to avoid being
misled by lattice artifacts. Due to the exponential falloff of
. : the signal, however, the () data analyzed so far contain
Rfa) Rfa) only charge distances up tb=3a. We will now consider the

FIG. 2. The temperature dependence of the electric field profiledata obtained in the dual simulations, in order to see if the

in the symmetry plane between charges for various charge distanc@?ove interpretation holds for longer flux tubes; .

d: If the time extent NT of the latticécorresponding to the inverse  In the classical model with a straight strirg(r) one
temperaturgis smaller than the charge distance, the width of thewould expect that the flux tube width as a functiordaoon
flux tube is strongly temperature dependent. approaches a constant, this means that the fitted parameter

0.05 —
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- Ey(d = 3¢) o Ej(d = 12a) tive flux tube width which increases with charge distance.
0;7' ' ' %U(,l'} — o _' ' ‘ %U“'(; — | The extreme scenarion(~0) leads us again to the exact
) i R ) correspondence of (1) to the y—o limit of a dual Higgs
p Y a9
model.

The second possibility for arguing is to stay in the classi-
| cal model of a dual superconductor, but leave the London
2 E 4 0 1 2 3 1 (extreme type-ll limit described so far. A strong suppression
R[a] R[a] i . . . .

of the Higgs condensate in the region of electric fields may

FIG. 4. Comparison of the (1) electric field profile with the also lead to the behavior of the current observed in Fig. 5. A
numerical solution of the Maxwell and London equation for a similar current distribution measured in Abelian projection
straight fluxoid string. The free parametgris fitted. For small  of SU(2) was interpreted in this way in RdfL7]. Hence, one
charge distancesd3a, left figure, \q;=0.75%) good agreement may conclude that (1) lattice gauge theory in this respect
can be achieved; for larger distanced=(12a, right figure, \s;  behaves as a dual type-1 superconductor. Stronger evidence
=1.50) it is not possible to describe the(l) flux tube behavior.  for such a statement is expected of course from an investi-

gation of the interaction between flux tub@shich also can
should not depend od, A2 is constant everywhere off axis, be performed very efficiently in a dual simulatiorindeed
the azimuthal magnetic current encircling the axis shouldoreliminary result§15] show an attraction between(l) flux
exhibit a maximum in the symmetry plane between thetubes for the regarded value 6t
charges, and not near the charges. The radial dependenceWe may conclude that interpreting the flux tube results in
should exhibit an exponential falloff. terms of the dual superconductor picture still makes sense,

It was shown that these requirements are not even fulfilledhut U(1) lattice gauge theory certainly cannot be regarded as
for a charge distancd=3a [5], nevertheless the flux tube a classical dual superconductor in the London limit if one
profile in the symmetry plane may be described well by theexamines larger charge distances. On the other hand, the ef-
effective model with a static strinfd]. Considering larger fective string description of flux tubes represents an indepen-
charge distances confirms the discrepancy to the items medent feature of the lattice gauge system, and from the point
tioned above. In a comparison of electric field profiles forof view of dual simulations this looks somehow easier to
d=3a andd=12a (see Fig. 4it can be seen that the fitted argue. We will use this approach in the next section for a
values for\ not only differ very much, but it is already closer look at the flux tube width in dependence of the
impossible to describe the field distribution for larger chargecharge distance.
distances by the numerical solution of coupled Maxwell and
London equation.

For the magnetic current distribution we already see in
Figs. 1 and 3 that its behavior cannot be explained in the
above effective model. Figure 5 shows the corresponding In Ref.[3] the string model approximation to Wilson loop
classical solutions, again fat=3a andd=12a. For larger  correlation functions was used to study the behavior of the
distances, there is not even qualitative agreement: The aZilux tube width for large charge distances. This model as-
muthal component of the magnetic current as a function osumes a very thin bare flux tube subjected to quantum me-
the transverse distance first increases and takes its maximurhanical fluctuations. A convenient measure for the trans-
value atR=1.5a. verse extent of the flux tube is the squared width

This phenomenon together with the other described obser-

VII. THE FLUX TUBE WIDTH AND THE EFFECTIVE
STRING DESCRIPTION

vations may be explained within the dual superconductor ’ )

picture by two different approaches: First, it can be regarded f rie(r)dor,

as evidence for the importance of string fluctuations. This Wi (21
way was chosen in Ref5], where the intrinsic thickness of f e(r,)d?r,

the flux tube\ turned out to be much smaller than the effec-

Juld = 3a) Juld = 120) wheree represents a quantity characteristic of the flux tube,
el ; i~ T 061? . ] for example théchromo)electric field energy density. It was
0l Frvmod —- ot v miod ——- found in Ref.[3] that the squared widtiwv? diverges loga-

rithmically for d— oo,
0.1 -
w?=w3 In(d/d,), (22)
007 2 3 0 1 2 3
RE=] Rl=] with some constantsv? and d.. A numerical test of this

FIG. 5. Comparison of the (1) magnetic current profile with NYPOthesis could not be performed up to now fdd Lattice
the numerical solution of Maxwell and London equation for a 9auge theory. In the three-dimensioal gauge model this
straight fluxoid string X values chosen as in Fig).4The agreement  Prediction was verified in Ref10], where the authors also
is reasonable for small charge distances-@a, left figure, for ~ €xploited the duality relation to a three-dimensional Ising
large distances the behavior of the current distribution cannot b&odel and combined their data with high precision data on
described by the solution of the London modé(12a, right fig-  the interface physics of the three-dimensional Ising model.
ure). They also achieved agreement with the prediction
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FIG. 6. The thickness of the flux tubeg (calculated from the FIG. 7. The squared thickness of the flux tub (for NT=16)
profile of the electric fieldin the symmetry plane between charges is plotted against the logarithm of the charge distathcEhe dashed
as a function of the charge distarttéor various time extents NT of ~ line shows a fit of the formw?=wjIn(d/d,) for charge distances
the lattice. Ifd exceeds the time extent NT, finite temperature ef-=3, with wj=1.022), d;=0.844), andx’<1.
fects becomes important and the flux tube significantly widens.

Polyakov loops—see Eq(13)—which gives the squared
1 field strength on a specified plaqueffig. This allows for the
(23 Getermination of the Euclidean action densiy+ B? and
energy densitfg2— B2, As has been pointed out, the squared
(whereg is the string tensionfor the two-dimensional free field strength calculated in the dual simulation differs from

Gaussian model. There is the conjecture that this behavior gfe squared field strength of thge—c Higgs model. The
the flux tube width should be observed in all gauge theoriesgontributions of all plaquettes can be summed up and give
It is therefore interesting to test this prediction in dualthe total action respective energy of the system. In ordinary
U(1) simulations where large flux tubes become accessiblagttice simulations this is a very difficult task, since the dif-
We determine the flux tube width by means of the parallekerence between the squared field strength of the puie U
component of the electric field strendf. Our definition on  yacuum and the charge-anticharge state is small compared to
the lattice reads the vacuum expectation value itself. Therefore it cannot be
9 resolved for larger charge distances. Further, concerning the
:EiRi Ej(Ri) (24)  €nergy density there are large cancellations between electric
SiE(R) and magnetic field contributions.
In the dual simulation of (1) lattice gauge theory it is
This slightly reduces the estimated error compared to th@ossible to determine the total energy of the electromagnetic
definition via the electric field energy, in all other aspects thefie|ds as a function of the charge distance. The influence of
results roughly agree. The sum extends over a transverggjte temperature effects is analyzed in Fig. 8. The thermal
plane of the lattice witlR; <R Ford<12a we evaluate flyctuations increase the total energy. This is again due to the

the sum until a transverse distarRga,=4a, for larger dis-  periodic excitations in time direction which contribute to the
tances we us&k,,,=5a. In Fig. 6 one can see again the glectric part of the energy only.

influence of finite temperature effects on the flux tube width.  The total field energy shown in Fig. 8 qualitatively be-

The calculation with time extent 16 can be taken as accephaves as the free energy for a charge gasr determined in

able approximation to the zero temperature case for the re-

garded charge distances and is analyzed according to the s g e

prediction(22) in Fig. 7 in analogy to Ref{10]. The loga- 8 | | |

rithmic increase of the flux tube width is realized very well NT=16 —

for U(1) lattice gauge theory. The constawﬁ, however, NT=4 --- T

disagrees with Eq23) by roughly a factor 2. I |
The above data demonstrate that the thickness @j U E"’I/

flux tubes does not saturate for large charge distances, as 4 |- o e —

expected in a naive formulation of the dual superconductor Pl

picture. It seems to diverge logarithmically, as predicted by E

the effective string description. As can be seen from Fig. 7 : =

this behavior sets in already dt2a, which corresponds to

a physical length of around 0.5 fm in agreement with Ref. 0 | | | | | |

[10]. 0 2 4 g[a] 8 10 12

Wi=-—
0 270

2

VIIl. ENERGY FROM THE DUAL SIMULATION FIG. 8. The total field energy as a function of the charge dis-
tanced for NT=16 and NT=4. For higher temperature the periodic

In Sec. Il we have discussed the duality transformation forexcitations in time direction mainly contribute E&? and therefore
the expectation value o8 cosdego in the presence of two increase the total energy.
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5 T IX. CONCLUSIONS
2
L ﬁy o | Our motivation was a detailed quantitative analysis of the
Lo dual superconductor picture in(l) lattice gauge theory. By
Bl - | considering the duality transformation of correlation func-
3p B e T tions we improved the understanding of the behavior of ex-
P pectation values of fields and currents in the presence of a
2 - LT charge pair, as well as the significance of string fluctuations.

é Moreover, simulating the dually transformed theory provided
e numerical flux tube data for low temperatures and large
charge distances not obtained before in four-dimensional
U(1) lattice gauge theory.
0 1 9 3 5 We found that finite temperature effects may be neglected
dfa] for time extents exceeding the charge distance, while for
smaller time extents the flux tube widens significantly. Fur-
her we examined the electric field and magnetic current dis-
£ributi0n and found that its description by the classical solu-
tion of Maxwell and London equation fails for large charge
distances. The observed effects may be explained by fluctua-
tions of the flux tube, on the other hand the current profile

Coulomb and a linear term. However, as already realized ifESEMbles that of a dual type-I superconductor. Roughening

Ref. [9], a quantitative comparison shows that the integranfeCtS which become important for large distances are de-

over the enerav densitv differs from the potential. We men-Scribed well by the effective string picture of confinement
oy y P hich predicts a logarithmic increase of the flux tube width.

tion here that it is also possible to determine the free energy. ; ;
via dual simulations; this opens the opportunity for the ap- inally, _th.e. analysis of the total f|§Id energy revealed the
plication of lattice sum rule§18]. Such calculations are in '€SPonsibility of the parallel magnetic field for the Coulomb
progress and will be reported elsewhere. behavior at small distances.

It is also interesting to look at the individual contributions At _th's time, no final statement ShO.UId be made which
to the total field energy. FoB— 0 there are no string fluc- effective model is really able to describe strongly coupled

tuations, and therefore only the parallel component of thé?(1) gauge theory. Certain aspects of the flux tube may be

electric field contributes. If we consider single cubelike ex_explalned by a “classical” dua! superclond'uctor plctpre,
citations in transverse directions, we get also contributionéf"hIIe others cannot. Further studies considering periodically

from transverse electric and transverse magnetic fields. 1f0Sed flux tubedtorelong are in progress and promise to
this case they cancel each other exactly and therefore do ngfiSWer some of the remaining questions.

change the total energy. For :_stronger fluctuations, i.e., in- ACKNOWLEDGMENTS

creasing roughening of the string, these components differ,

and also the parallel magnetic component gets nonzero. The We want to thank Richard W. Haymaker for interesting
results for8=0.96 are plotted in Fig. 9. One can argue thatdiscussions on the description of confinement iti)Uattice

for charge distanced<<3a the string fluctuations are not gauge theory by effective models. Further we thank Jeff
fully developed. The “Coulomb” behavior of the total field Greensite for making us aware of an arti¢fermerly not
energy observed in Fig. 8 is mainly due to the parallel comknown to u$, where the energy density in three-dimensional
ponent of the magnetic field which gives the smallest contriJ(1) was calculated in an analogous way. Finally we ac-
bution to the linear increase of the energy. This demonstratdenowledge critical comments from Andrei lvanov anfan
that the behavior of the flux tube cannot be explained easilplejnik. This work was supported by Fonds zurréferung
within a classical static model. der wissenschaftlichen Forschung, Proj. P11156-PHY.

FIG. 9. The various contributions to the total energyr NT
=16). The parallel component of the electric field increases almos
linearly for all distances, the parallel magnetic component develop
its full slope afterd=3a only.

usual lattice simulationsi.e., up to a constant such as a
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