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1. Introduction

The quark-gluon plasma attracts a lot of attention nowadays due to a asdlifiey to create
this unusual state of matter in heavy-ion collisions. The wide interest to thisitopaditionally
heated by discoveries of interesting properties of the plasma (the veryisoasity of this sub-
stance is a well-known example [1]). Moreover, it seems plausible thatuhek-gluon plasma
may contain exotic objects such as magnetic monopoles [2, 3] and magnetiesd#jc Both
the monopoles and the vortices constitute the nonperturbative magnetic cemhpbthe plasma.
In this paper we concentrate ourselves on the magnetic vortices. Our airdeésnanstrate from
the first principles that these objects are crucially important for the ptiepesf the quark gluon
plasma, because the vortices affect long-range propagation of haetagluons.

Originally, the magnetic vortices were invoked to explain quark confinemeQUDb (for a
review see Ref. [4]). The magnetic vortices are certain stringlike canafigenn of gluons which
populate the vacuum of non-Abelian gauge theories. According to thexvpicture, the confining
force between colored objects emerges due to spatial percolation of theeticagprtex strings
because the vortices lead to certain amount of disorder. The value ofif@\Wop changes by a
center element of the gauge group if the magnetic vortex pierces thé.|ddgerefore, very large
loops receive rapidly fluctuating contributions from the vortex ensemilesse fluctuations make
the average value of the Wilson loop very small. One can show that theesgmn of the loop
follows an area law for very large loops implying a linear confining potengéhben a static quark
and an antiquark [4].

The relevance of the vortices to the confining properties of the vacuarbeaemonstrated
using an elegant method of vortex removal [5]. The gluons in the norigkbféeld configurations
can be divided into the two parts: “gluons emerging due to the magnetic viréicdsthe rest”.
It turns out that if the vortices are removed, the remaining gluons campmost the confining
force between the quarks and antiquarks, and the confinement is logt @mperatures [5]. On
the other hand, the long-distance confinement is unaffected by anenwarsedure which keeps
the vortices intact and removes “the rest” from the gauge field configusatitmus, the magnetic
vortices carry crucial information about the quark confinement at low testyres.

It was suggested in Ref. [2] that in the deconfinement (quark-gluba¥e the vortices be-
comereal objects, as they form a magnetic component of the thermal plasma similarly to the
thermal monopoles. The vortices become real because they provideeactarggibution to the
thermodynamics of the system according to the numerical simulations of Ref. [6

Another known important property of the vortices is their role in the propagaf gluons
at zero temperature [7]. The presence of the vortices in the gluon eleseerthance the gluon
propagators in the low-momentum region. As the vortices do not affectigiierhomentum the
gluons, one concludes that the vortices are responsible for the lotagcksgluon propagation.

In this paper we investigate the propagation of the gluons in the high-tempeeghton plasma
phase, which is interesting from the point of view of the heavy-ion collisadrRHIC and LHC.
The gluon propagators in the deconfinement phase were studied in deRdE [8]. In this paper
we combine the methods of Ref. [7] and Ref. [8] to find the effect of thermag vortices on the
propagation of the hot gluons. We found that the effect is not trivial.

1The “magnetic vortices” and the “center vortices” are the same objects iteoninology.
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2. Propagation of hot gluons

2.1 Gluon propagators

We define the gauge potentillvia the lattice link variablé) in a standard way,
Al (xt) = 1T U, (x,t 2.1
L (xt) = STroUu(x ). (21)
The gluon correlation function is given by the formula:
Dy (%1) = (Au(0,0)A; (1)) . (2.2)

We are interested in the momentum-space propagators which are givenobyier Fransform of
(2.2) evaluated either in the Coulom#4; = 0) or Landau §,A, = 0) gauges.
We study the propagation of the gluons with the zero energy trangfer0,

DwﬁmzmzéZDw@m (2.3)

whereN; is the temporal extent of the lattice.

At finite temperature the temporal component of (2.3) corresponds to tttei@tduon,Dg ~
Doo, while the propagator of the magnetic gluon is defined by the spatial corredailg ~ Dj;.
The masses corresponding to the electric and magnetic gluons can catlydrgecalculated with
the help of, respectivehDe and Dy propagators in the coordinate space (2.2) at large spatial
separations [8]. Here we study the momentum dependence of both elextrinagnetic gluon
propagators in order to investigate the effect of the vortices both in treréufi(large distance) and
ultraviolet (short distance) regions.

2.2 Gluons at finite temperature

At finite temperature the electric and magnetic gluons behave differently.le&irie gluon
demonstrates the color-screening of the Debye type. The correspgmatiential is proportional
to exd—meR) /R, whereR is the spatial separation. According to the perturbation theory the tem-
perature dependence of the electric massis g(T)T, whereg(T) is the running coupling at the
temperature scal€.

Itis hard to define the magnetic gluon propagator in the perturbative theury the magnetic
sector of QCD has a nonperturbative nature. The magnetic mass is an impoidatity because it
serves as an infrared cutoff of a thermal QCD theory. In the scopedafithensional reduction the
magnetic mass should scalerag ~ g?(T)T atT > T.. This temperature dependence agrees with
the recent lattice simulations in the temperature rahgg = 1.5 ~ 6, Ref. [8]. The temperature
behavior of another nonperturbative quantity, the spatial string terisiafso understood in terms
of the magnetic scaling [9%sp ~ [g?(T)T]2. Thus, the magnetic gluons play an important role in
the infrared physics of the deconfinement phase.
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2.3 Magnetic vortices

In order to identify the center vortex on the lattice we employ the direct maximétcgauge
(MCG) [10] in SU(2) gauge theory. The gauge condition is given by thgimiaation of the
functionalR[U] over all possible gauge transformatidhis— U<,

maxR(U“), RU] = \% ;Tr [Uu(x1)])%. (2.4)

The center gauge field is defined as fevalued link fieldZ, (x) = sgnTr[U,(x)] = +1 in the
MCG. If a Z, plaquetteZ, ;v = Z,,(X)Zy (X + [1)Z,,(x+ V)Z,(x) takes a negative value, then this
plaquette is pierced by a center vortex. A detailed review of the magnetite(enrtices can be
found in Ref. [4].

The vortices can be removed using the de Forcrand-D’Elia procefilwehjch is formulated
as the redefinition of the original gauge field

Up(X) = Uy (X) = ZuUp(x) . (2.5)

The gauge field)’ does not contain vortices. Numerical simulations show that the string tension
vanishes in the confinement phase after the removal of the center v@Biicébe infrared propa-
gation of the cold gluons is also suppressed by the vortex removal [TgwBee study the effect

of the vortices on the propagation of the hot gluons using the proce@iie (

3. Numerical Results

We simulate theSU(2) lattice theory in the quenched approximation. We generate 30
gauge configurations per a fixed set of lattice couplings. We use stattice volumesNSN; with
varying spatial sizés = {12, 20, 24, 32,48} and fixed temporal sizi¥; = 4. We perform the MCG
and then Landau (or Coulomb) gauge fixing. The convergence critetilad violation of the gauge
fixing conditions are set as= 1019 ande = 108, respectively. We work at two temperatures:
close to the transitionl ~ 1.40T;, and deeply in the deconfinement phaBes 6.0T; (the later
regime may be realized at LHC/ALICE experiments).

3.1 Electric and magnetic gluons in Landau and Coulomb gauges

In Fig. 1 we demonstrate the electric and magnetic gluon propagatbrs at40T; calculated
both at the original gluon configuratiots and at the gluon configurations without vortices,
Eqg. (2.5). One immediately notices that the vortices do not affect the high momeergion of
both electric and magnetic propagators. This feature — which is in line with thetemperature
studies of Ref. [7] — is a natural consequence of the fact that thercemtiees are nonperturbative
objects so that they may not play a role in the perturbative regime.

However, the magnetic vortices affect the long-distance propagatior afitions. After the
removal of the vortices the magnetic propagator gets suppressed in Hredhfegion, Fig. 1(right).
The suppression of the infrared electric gluons is also visible [Fig. J(léfij this effect is much
less compared to the suppression in the magnetic sector.
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Figure 1: The electric (left) and magnetic (right) gluon propaga@sgunctions of the spatial momentum.
The calculations are done in the Landau gauge using origimhlortex removed gauge field configurations.
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Figure 2: The same as in Fig. 1 but in the Coulomb gauge. Notice theithgac scale of the ordinate axis.

Thus, the center vortices are related to the magnetic sector of quarkjgegma phase as
it was suggested in Ref. [2]. The vortices support the long-distaragagation of the magnetic
gluons and they may be responsible for the low viscosity of the QCD plasma [2]

We also studied the propagation of the hot gluons in the Coulomb gau@er numeri-
cal results are shown in Fig. 2. It is interesting to note that the removal ofdtiees has a
renormalization-like effect on the electric gluons. The electric propagaturaled by a constant
factor which is visibly independent on the momentum. The propagator of thaetiagyluon in
the Coulomb gauge is suppressed in the infrared region similarly to the magrmtgator in
the Landau gauge. Thus, the effect of the infrared suppressiomimoa for the Landau and
Coulomb gauges. Below we continue the discussion of the gluon propagatacentrating only

on the Landau gauge.

2Note that our gauge field configurations are additionally fixed by the temhgauge fixing that maintain the
Coulomb gauge property (for the details one can consult Ref. [8]).
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Figure 3: The vortex removal: effects of high temperatures (left) Enge lattices (right).

In Fig. 3(left) we show the magnetic and electric propagators at high tetaperf ~ 6.0T..
There is almost no effect of the vortex removal on the electric propagdtwever, as expected,
the magnetic propagator is affected by the vortices in the infrared regienertmoval of the vortices
leads to the suppression of gluons with low momenta. The value of the ptopafhe magnetic
gluons (calculated either with or without vortices) in the infrared region gelacompared to the
propagator of the electric gluons in the same region.

3.2 Volume and Gribov copy effects

In general, the propagators at the low momentum region can be influentiee finite volume
corrections. We checked the stability of our results against the variatibie ¥blume of the system
in Fig. 3(right). Since the data taken at different volumes follow the sameswrithin error bars,
we conclude that both original and vortex-removed configurations depandent of the volume.
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Figure 4: A check of the MCG-related Gribov copy effects on the gluoopaigator in a small volume.

Another source of error may come from the Gribov copy problem: the glob@amization
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of the functional (2.4) cannot be achieved exactly using the numericaloagtivhile the gluon
propagator may be affected by the choice of the minimum. In Fig. 4 we chec&libstness of our
results against the number of the Gribov copies given by the number dithieg configurations
generated by random gauge transformations (RGT). One can seedlgyataiftative behavior of

the propagators is not affected by the number of the Gribov copies n&theriginal nor for the

vortex-removed configurations.

4. Summary

We found that the presence of the magnetic vortices enhances the ai@paigthe magnetic
gluons in the low-momentum region at finite-temperature. Alternatively, ondaranulate this
statement as follows: the vortex removal procedure suppresses thetmgmopagator at low
momenta. This effect is found both near the phase transition=at..40T. and in the deep quark-
gluon plasma phase @t= 6.0T.. The propagation of the electric gluon stays almost unaffected by
the vortices (the small effect of vortices is visible close to the critical temperaiul is not seen
at the high temperature). We checked that influence of the vortices omdapagation of the hot
gluons is not shadowed by the finite volume or the Gribov copies effects.

In Ref. [2] the magnetic vortices were suggested to form a light (i.e., lowshtasnponent of
the gluon plasma, and therefore their removal should naturally suppeskesitirdistance propaga-
tion of the magnetic gluons. Our numerical results demonstrate that the certteey are indeed
responsible for important nonperturbative properties of the magneticamenpof the quark-gluon
plasma.
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