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A set of kinetic equations is used to study equilibration of the anisotropic quark-gluon plasma produced
by decays of color flux tubes possibly created at the very early stages of ultrarelativistic heavy-ion
collisions. The decay rates of the initial color fields are given by the Schwinger formula, and the collision
terms are treated in the relaxation-time approximation. By connecting the relaxation time with viscosity
we are able to study production and thermalization processes in the plasma characterized by different
values of the ratio of the shear viscosity to entropy density, 7. For the lowest (Kovtun-Son-Starinets) value
of this ratio, 4777 = 1, and realistic initial conditions for the fields, the system approaches the viscous-
hydrodynamics regime within 1-2 fm/c. On the other hand, for larger values of the viscosity, 477 = 3,
the collisions in the plasma become inefficient to destroy collective phenomena which manifest
themselves as oscillations of different plasma parameters. The presence of such oscillations brings in
differences between the kinetic and hydrodynamic descriptions, which suggest that the viscous-
hydrodynamics approach after 1-2 fm/c is not complete if 4779 = 3 and should be extended to include

dissipative phenomena connected with color conductivity.
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I. INTRODUCTION

In this paper, we analyze equilibration of the anisotropic
quark-gluon plasma produced by decays of color flux tubes
possibly created at the very early stages of ultrarelativistic
heavy-ion collisions [1-8]. Our approach is based on the
kinetic theory [9-15] where decay rates of the initial color
fields are given by the Schwinger formula and appear as the
source terms in the kinetic equations. The produced quarks
and gluons interact with the mean color field and collide
with each other. The collisions are described by the colli-
sion terms treated in the relaxation-time approximation
[16-20]. By connecting the relaxation time with the sys-
tem’s shear viscosity, we are able to study production and
thermalization processes in the quark-gluon plasma char-
acterized by different values of the ratio of the shear
viscosity to entropy density, 7 = /0.

In our numerical calculations we use the values of the
parameter 4777} which vary between 1 and 10. The values in
therange 1 = 477 = 3 have been extracted from the recent
hydrodynamic analyses of ultrarelativistic heavy-ion colli-
sions studied at Relativistic Heavy-Ion Collider (RHIC) and
the Large Hadron Collider (LHC). The value 4777 = 10 is
expected by leading log perturbative results extrapolated to
RHIC and the LHC energies. On the other hand, our lowest
value corresponds to the Kovtun-Son-Starinets (KSS)
bound obtained from black hole physics [21].

The proposed model is one dimensional and assumes
boost invariance; hence, it may be applied only to the early
stages of the collisions and to the central rapidity region.
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We note that the boost-invariance assumption has been
found to be an obstacle in describing thermalization pro-
cesses within the color glass condensate theory [22,23].
In this case, only the quantum fluctuations that break boost
invariance allow us to describe equilibration [24-26]. In our
case, the situation is quite different. Although our system is
boost invariant, we explicitly include the collisions between
the produced particles, and the latter are responsible (if fast
enough) for the thermalization of the produced system.

Although similar models to ours have been analyzed
before [27-30], our formulation has a few novel features.
First of all, by studying different components of the
energy-momentum tensor we can analyze in more detail
how the system approaches the hydrodynamic limit.
In particular, we calculate separately the longitudinal and
transverse pressure of the system and study their time
dependence. Second, using different values of the ratio
of the shear viscosity to entropy density, we may study
equilibration of the quark-gluon plasma with reference to
recent viscous-hydrodynamics models of ultrarelativistic
heavy-ion collisions [31-48].

The use of a constant value for 7 in the kinetic equations
implies that the relaxation time becomes a function of an
effective temperature of the plasma. As a consequence, the
present work extends earlier frameworks where the relaxa-
tion time was treated as a constant, although we do not take
into account the non-Abelian terms in the field equations or
the minijet production, which are included in Refs. [28,29]
or [30], respectively. A general time-dependent relaxation
time was used in [19,20], however, without incorporating
the color fields.

Our approach originates from the color-flux-tube model
and transport theory formulated in Refs. [1-15]. At the
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very initial stage of a nucleus-nucleus collision a longitu-
dinal chromoelectric field is formed, which decays subse-
quently via the Schwinger mechanism. Such an initial
configuration of the field is similar to the glasma state
[22,49] where both chromoelectric and chromomagnetic
longitudinal color fields are present at the very early stages
of the collisions. We note that a similar framework to that
presented in this paper has been used recently in Ref. [50]
to study oscillations of the quark-gluon plasma around
expanding anisotropic (color neutral) backgrounds. Our
present approach goes much beyond the framework of
Ref. [50] by solving the coupled kinetic and Maxwell
equations in a self-consistent manner.

The strength of the initial color fields is chosen in such a
way that the effective temperature of the produced plasma
reaches realistic values Ty, ~ 300-500 MeV. For such
initial conditions and the KSS value of the ratio of the shear
viscosity to entropy density, i.e., in the case 477 = 1,
the plasma approaches the viscous-hydrodynamics regime
within 1-2 fm/c. On the other hand, for larger values
of the viscosity, 4m# = 3, the collisions in the plasma
become inefficient to destroy collective phenomena
which demonstrate themselves as oscillations of different
plasma parameters. The presence of such oscillations
brings in differences between the kinetic and viscous-
hydrodynamics descriptions.

This leads us to the conclusion that after the first 1 fm/c
the viscous-hydrodynamics description of the created
quark-gluon plasma is quite appropriate if 4771 = 1; how-
ever, it is not completely satisfactory if 477 = 3. In the
latter case the hydrodynamic approach should be extended
to include transport phenomena connected with color con-
ductivity. On the other hand, it is quite interesting to
observe that for 4777 ~ 3 the plasma might be character-
ized by an effective viscosity 7. which fluctuates around
the fixed value of 7). Hence, in this case one may consider
averaging over different color flux tubes which washes out
the oscillations in such a way that the averaged system may
be effectively well described by the viscous hydrodynam-
ics. Quantitative analysis of this issue is left for a separate
study.

The structure of the paper is as follows. In Sec. II we
define our symbols and conventions. In Sec. III the kinetic
equations for the quark-gluon plasma are introduced. In
Sec. IV our approach is rewritten in a boost-invariant way
and formal solutions of the kinetic and Maxwell equations
are presented. The energy-momentum conservation laws
are discussed in more detail in Sec. V. The results of our
numerical calculations are given in Sec. VI. We conclude
in Sec. VII. The details of the calculations are given in the
Appendixes which close the paper.

II. CONVENTIONS

We use the standard parameterizations of the four-
momentum and spacetime coordinates of a particle:
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p* = (E py, py) = (mpcoshy, p,, p,, m] sinhy),

x# = (t,%),z) = (rcoshn, x, y, 7sinh 7).

— / 2 2 2
Here m,; = 4/m” + py + py is the transverse mass,

7 =+/t* — 7% is the longitudinal proper time, y is the
rapidity

1. E+
y=5m_—LL @)
2 E-p
and 7 is the spacetime rapidity
1 t+z
=—ln——. 3
n=gn— 3)
The flow of matter is described by the four-vector
U* = vy(1,v, vy, v,), y=0-v»)"1 &

Throughout the paper we use natural units where ¢ = 1,
kg =1,and h = 1.

III. QUARK-GLUON PLASMA FORMATION
BY DECAYS OF COLOR FLUX TUBES

A. Kinetic equations, color isotopic charge,
and color hypercharge

Our approach is based on the Abelian dominance
approximation in which the kinetic equations for quarks,
antiquarks, and charged gluons can be written as follows
[9-11]:

dN;
(p*a, + g€ - F*"p,d3)Gs(x, p) = T L+ Cir, ()

] AN,
(p*d, — g€ - F*"p,au)Gis(x, p) = dl“—f + Cip, (0

inv

. dN;; -
(p'“a# + U IT F’U’Vp,,(:)L,)Gij(x, p) = dr- L+ Cl] (7)

Here G;;(x, p), G;s(x, p), and G;;(x, p) are the phase-space
densities of quarks, antiquarks, and gluons, respectively.
The indices i, j = (1, 2, 3) define the color of quarks and
gluons, while the index f = (u, d, s, ...) defines the quark
flavor. In the definitions of the gluon distribution functions
G, ;(x, p) and other similar objects, the two color indices i
and j must be different.

The terms on the left-hand sides of Egs. (5)—(7) describe
the free motion of particles and their interaction with the
mean field F .. In this work, the only nonzero components
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of the tensor F*” = (F(/, F(g) are those corresponding
to the longitudinal chromoelectric field £ = (F (330) F ?é))).l

The quarks couple to the chromoelectric field £ through
the charges [51]

1 1 1 1 1
€1=§(1,J%>, 62=§(_1,\/;), €3=(0,_ g)
(8)

The charged gluons couple to £ through the charges n;;
defined by the relation

Tlij = €; — fj. (9)

The two components of the color charges (8) and (9)
are called the color isotopic charge and color hypercharge
[51].

B. Initial conditions

The Gauss law applied to a color flux tube yields EA =
kgq, where A = 7r? denotes the area of the transverse
cross section of the tube, & is the number of color charges at
the end of the tube, and gq = g(g(), g() is the color
charge of a quark or a gluon. Since the string tension is
the energy of an elementary tube (with k = 1) per unit
length, we may write

_ 1 _ g

U—Eﬂf)-g—ﬁq-q. (10)
Substitution of the quark charges (8) into Eq. (10) gives
(independently of the color index i) o, = g?/(6.A).
Similarly, the gluon charges (9) give (independently of
the color indices i, j) o, = g*/(2.A). We conclude that
the string tension of a tube spanned by gluons is 3 times
larger than the string tension of a quark tube. The Gauss
law can be rewritten in the following form:

20 60
E= 1/W—rﬁkq = ‘/W—r‘gkq. (11)

This equation determines the value of the initial chromo-
electric field spanned by the two receding nuclei.

We have three parameters which characterize an
elementary tube: the string tension o, the strong coupling
constant g, and the tube radius r. For the standard value
o, =1GeV/fm (0, =3 GeV/fm) which is used in
our calculations, we find the following relation between
gand r:

"For the one-dimensional boost-invariant geometry considered
in this work, one may check that the initial longitudinal chromo-
electric field generates no other field components in later times;
hence, our reduced form of the field tensor is consistent with the
assumed form of expansion. The inclusion of other possible field
components (in particular, of the longitudinal chromomagnetic
field) is left for future studies.
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g> = 6. A GeV/fm = 307> /fm>. (12)

For a single tube we assume 777> = 1 fm?; hence, we find
g = 5.48. Consequently, our coupling constant is quite
large, which excludes any perturbative treatment of the
considered physical processes. The number of color
charges k may be obtained from the hypothesis of random
walk in color space [52]:

k = +/number of collisions = %wrz,

where dv/d?s is the number of collisions per unit trans-
verse area. In the original papers on the color-flux-tube
model the values of k between 1 and 5 were used. In this
paper, to obtain the initial effective temperature of the
plasma which is similar to that used in the hydrodynamic
calculations describing the RHIC and the LHC data, we
use k =5 and k = 10.

C. Schwinger tunneling

The terms dN/dl,, on the right-hand sides of
Egs. (5)—(7) describe production of quarks and gluons
due to the decay of the chromoelectric field. In the refer-
ence frame where the particles emerge from the vacuum
with the vanishing longitudinal momentum, the production
rate of quarks in the chromoelectric field is given by the

formula
dN;; A, m’
if _ A\ fi 0
= In(1— - 1)
i~ e (1= e (7)) [t

= R 6(py)p°, (13)

where my) = 1/m]% + pi + p} is the transverse mass,
Ai = (glei : gl - O-q)a(glei ' gl - o-q)r (14)

and @ is the step function. The quantity A; describes the
effective force acting on the tunneling quarks. The effect of
the screening of the initial field by the tunneling particles is
taken into account by subtraction of the ‘“‘elementary
force™ characterized by the quark string tension o, [2,6].
Similarly, for gluons one can find

= + — 0
drinv 47T3 In (1 eXP( AIJ )) | 6(p”)p
= R,y5(py)p" (15)

where the effective force is
A= (g|7hj & - U'g)e(glnij & - a,).  (16)

The covariant form of the production rates which is valid in
arbitrary reference frames is given in Sec. IV B.
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D. Collision terms and Landau matching

The terms C are the collision terms which we treat in the
relaxation-time approximation [16-20]:

G — G, i} G — G,
L Gy =pu—t—T
Teq Teq
B G4 -G,
Ci=p- |

Teq

Cyp=p-U

a7

The background equilibrium distributions G7}, G/, and
ijq are all equal and given by the Boltzmann dlstrlbutlon

(2727)3 P (‘ ¥)

Similarly, we assume that all the relaxation times are equal.
The effect of having different relaxation times for different
particle species has been recently analyzed in a similar
framework in Ref. [53].

The factor 2 in Eq. (18) accounts for spin degeneracy.
The effective temperature 7 is obtained from the Landau
matching

fde : Up”(i Z(

i=1

G =

(18)

G + G — Gy)

3
£ 36 -6y) =0 (19)
ij=1
or
fde . Up”<(6Nf + 6)G*
- ZZ(sz +Gyp) — Z ) =0. (20

i,j=1

The factors 6 account for six types of quarks (three
quarks and three antiquarks) and six types of gluons
(the two extra gluon degrees of freedom are treated as
fields). As we shall see below, the Landau matching is
reduced to the condition which demands that the energy
density obtained from the quark and gluon distribution
functions is equal to the energy density determined from
the equilibrium background (defined by the sum of
thermal distributions).

E. Relaxation time

As stated above, the relaxation time used in Eq. (17) is
the same for all parton species and independent of momen-
tum. On the other hand, it may depend on the proper time.

>The generalization of our approach in such a way as to
include quantum Bose-Einstein or Fermi-Dirac statistics is quite
straightforward. It typically brings only different normalization
factors.
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In the numerical calculations we use the following relation
between the relaxation time and the viscosity [54-60]:

57
T(7)
Here 7 is the ratio of the viscosity to the entropy ratio

which is treated as a constant in our approach. We consider
three values of 7:

Teg(T) = 21

1 3 10
47’ 41’ 4o
The first two numbers on the right-hand side of Eq. (22)
determine the viscosity range extracted from the recent
hydrodynamic analyses of relativistic heavy-ion collisions
studied at RHIC and the LHC. The last value is on the order

expected by leading log perturbative results extrapolated to
RHIC and the LHC energies.

M= (22)

F. Maxwell equations

Equations (5)—(7) determine the time changes of parton
densities caused by the presence of the mean field and
parton collisions. In order to obtain a self-consistent set
of equations we should have also the dynamic equation for
the field. It can be written in the following Maxwell form:

9, F#r(x) = j(x) + jpx), (23)

where

0 =g [P Se 3 (Gylrp) - G
i7

if(x’ P))

3
+ > 0,6 P)] = g[dPPVA(T’ W, p1)

i,j=1

(24)

and

i = [ar| S350

Here dP = d’p/E is the invariant momentum integration
measure.’ The current (23) has two components. The first
one (conductive current), defined by Eq. (24), is related to
the simple fact that particles carry color charges €; and 7.
The second one (displacement current), defined by
Eq. (25), has the origin in the tunneling of quarks and
gluons and, hence, in the creation of color charges from
the vacuum. On the right-hand side of Eq. (24) we have
introduced A(7,w, py), which is an antisymmetric
function of w.

dNy |

o+ ZdR:v d”] (25)

3The spin degeneracy factor of 2 is included in the production
rates (13) and (15). Therefore, we include it also in the defini-
tions of the quark and gluon distribution functions.
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The quantities d” are the dipole moments of the
produced pairs whose third Lorentz components equal

2€; 2m;;
3 = “€i [5 2 3 M
d;; = e - g\/PJ_ +my, d;; = m - EPL (26)

t

Below, in Sec. VC, we show that the form of
Egs. (23)-(26) follows directly from the energy-
momentum conservation law.

IV. IMPLEMENTATION OF BOOST INVARIANCE

A. Boost-invariant variables

In the case of one-dimensional boost-invariant expan-
sion, all scalar functions of time and space coordinates
(for example, energy density, transverse and longitudinal
pressure, and temperature) should depend only on the
proper time 7. In addition, the hydrodynamic flow U*
should have the form (4) with v, =v, =0 and v, =
z/t; hence, U* = (t/1,0,0, z/7) [61].

The phase-space distribution functions behave also like
scalars under Lorentz transformations. The requirement of
boost invariance implies in this case that they may depend
only on the variables 7, w, and p; [3]. The boost-invariant
variable w is defined by the formula

w=1Ip| — zE. 227
We note that at z = 0 the variable w is reduced to the

longitudinal momentum multiplied by the time coordinate
t. Knowing w and p; we define

v=Et—piz=1p-U= \/w2 + (m* + p7)r (28)

At z = 0, v is reduced to the energy multiplied by z. In the
numerical calculations we neglect the quark masses and set
m = 0. From (27) and (28) one can easily find the energy
and the longitudinal momentum of a parton:

wt + vz

vt + wz
= PI= (29)

E_ ’
7'2

The integration measure in the momentum sector of the
phase space is

dw

d
aP = 2 po(pM0p) = T dp = ZEdpi (0

A chromoelectric field £ = F* does not change under

Lorentz transformations along the z axis; thus, it may be
also treated as a scalar and written in the form

dh(r) _1dh(r)

E(r) = —2 du T dt

: (31

where h is a function of the variable 7 only.
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B. Boost-invariant form of the Kkinetic
equations and their solutions

Using the boost-invariant variables introduced in
the previous section we find simple forms of the terms
appearing in the kinetic equations (5)—(7), namely,

v G oG
)2 = _ nv p = _
pta,G ey F*p,0,.G = Ev PR )
dN
T vé(w)R.
Using (32) in (5)—(7) one obtains
o dh; 0 G* — G;
<_ - d —)Glf = Tlea(W) + 7f,
ot dt ow/ - : Teq
o dh; 9\~ G — Gy
—+——|G;y = TR;;6(w) + ———,
(67 dr aw) i = TR () Teq (33)

o dh;; 0\ = - G — Gy
or drt ow Teq

Here we have introduced the functions
hij(1) = gnm;; - h(7). (34)

One may notice that the distribution functions in (33)
satisfy the following symmetry relations:

hi(7) = g€; - h(7),

Gif(T’ w,p1) = Gif(T, —w,pL),
- - (35)
Gij(T’ w, pl) = Gji(T! W, pJ.)

Equations (33) have general solutions of the form

Gip(r,w,py) = /T d7' D(7, T/)I:T/Rif(Tl, pL)S(AR; +w)
0

+ Geq(Tl’ Ahl +w, pl)],

Teq(7)

Gi(r,w,p1) = fT d7'D(r, T/)[T/Rif(Tl, pL)S(AR; —w)
) 0 A

N Geg(7/, ARy — w, pl):l
7-eq(Tl) ’

Gi(r,w,py) = /0 d7'D(r, T/)I:T/Rij(Tlr P1)8(Ah;+w)

n Geq(Tl, Ahl] + w, pl)]

Teq(T))

(36)

Here we have introduced the damping function

D(7y, 7y) = exp[— f K d—TN] (37)

1 Teg(T")

and the functions A#h(7, 7) = hi(7) — h,(7) and
Ah;i(r, 7') = h;;(1) — h;;(7'). Equations (36) are general-
izations of the formulas used previously in the literature
where the relaxation time was constant [27]. By using the
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boost-invariant variables, the equilibrium distribution
function may be rewritten in the following form:

w/wz + pirz :| (38)

G, w, p1) =ﬁexp |:_ e
T)T

C. Boost-invariant form of the conductive
and displacement currents

1. Conductive current

By the explicit calculations starting with Eq. (24) one
can check that the boost-invariant conductive current has
the form

37 =1(20,0,0J(7), (39)

where

n)——jﬂ%2wmrwm> (40)

The function A(7, w, p ) is a combination of the distribu-
tion functions multiplied by the appropriate color charges;
see Eq. (24). This leads us to the expression

i—i\gZGi [()T d7'D(7, ')
< AN D B ) Sl )
4 —= Zn,j /()T d7' D(r, T')[ZT’A?]-(T’),BU(T, 7)

i>j

J(r) =

X C*(By(r, 7)) — 31(7, )]

The function B(7, 7/) is defined by the formula (below,
for clarity of notation, in most places we skip the color
indices i, j)

(41)

Ah(r, 7)

A7) = VAR (7, 7) + A(’T/)Tz/’YT’

(42)

whereas the functions C* are defined as integrals [11]
[In(1 = e ¢)|
VB + (1 = BHé

The function X7(7, 7/) appearing in (41) is defined as an
integral over the equilibrium distribution function

eq< ) / aw [,

X GA(7, Ah(7, ) +w, p1).

cx(p) = [ a 43)

S(r, )
(44)
In the limit 7., — oo the 3/ terms in (41) vanish, and

Eq. (41) is reduced to the expression derived for the first
time in [11].
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2. Displacement current

The boost-invariant displacement current has the same
form as the conductive current, namely,

}}) = (Z’ 0’ Or Z)JD(T)’ (45)
where
N M M@
JD(T)_27T3TZA,~(T)+O'(I p sgn(e; - E)D~(0)
8 niinj(T) AU(T) +
27T3Ti>inj(T)+0-g Sgn(m, 5)D (0)
(46)
and the functions D* () are defined as integrals [11]
p=(p) = [Tagfp + (1= pema = el @)

We note that Eq. (46) agrees again with the expression used
before in [11].

D. Boost-invariant Maxwell equations

With all the substitutions required by the boost invari-
ance, the field equation (23) may be written in a very
compact form as

d*h(7) _1 dh(7)
dr? T dr

This is an integro-differential equation for the function
h(7), because the conductive current J(7) depends not
only on h(7) but also on the values of h(7/) for 0 = 7/ =
7. Equation (48) has to be solved numerically for given
initial values. These are taken in the form

60'q
—& = —q/—3kq.  (49)
Tr

In practice, to solve Eq. (48) we apply the iterative method
introduced in [27]. We first assume a certain temperature
time profile in the background thermal distributions; i.e.,
we start with an arbitrary function 7(7) and solve the
equation for the field h(7) in this background. At the
same time we determine the new temperature profile
from the Landau matching condition. In the next step, we
use the new temperature profile to solve the field equations
and determine the next temperature profile from the
Landau matching condition. Repeating this procedure sev-
eral times, we come to the stable solution for 7(7) and the
field h(7).

The solution of (48) is independent of the initial condi-
tion for h(7) because of the cancellations connected with
the gauge transformation which leaves € unchanged. Since
the exchange of color charges at the initial stage of a
heavy-ion collision leads to the color fields spanned by

+ 7[J(7) + Jp(7)]

(48)

1 dh

h(0)=0,  —— (0)
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gluons, we assume that q is one of the gluon color charges
n;;. In reality, after a collision the color distribution of
nuclear disks may be strongly fluctuating in the transverse
direction. In this approach such fluctuations are smoothed
out.

V. ENERGY-MOMENTUM CONSERVATION LAW

A. Energy-momentum tensor of quarks and gluons

The energy-momentum tensor of the produced quarks
and gluons has the form

THY = fdPPMpV[Z > (Gilx p) + Giylx, p))
i f

+ i Giilx, P)]

i,j=1
— [ PP p?S(7, w, po). (50)

Here we have introduced the function S(7, w, p | ) to denote
the expression in the square brackets in (50). The symme-
try properties (35) imply that S(7, w, p ) is an even func-
tion of w. Using this fact as well as Egs. (29) and (30) we
find that the energy-momentum tensor (50) may be written
in the form

TH = (e + P )UU” — P g* + (P — P1)VFV?,

(51)
where
2
e(r) = [dP%S(T, w, pL) (52)
2
Py(r) = / dP%S(T, w, pL), (53)
2
P (7) = [dP%S(T, w, p). (54)

The structure of the energy-momentum tensor (51) is
typical for anisotropic systems; for example, see [62—-64].

If we used the equilibrium distribution functions in (50),
we would obtain the equilibrium energy-momentum tensor
of the form

Tég" = (Seq + Peq)U“ U” — Peyg*?, (55)
where
6T* 36(Nf + DT 1
8eq:(6Nf+6)?:’T, Pengseq
(56)

The factor 6T /7> describes the energy density of classical
(Boltzmann) massless particles with the spin degeneracy 2.
The Landau matching (20) is reduced in this case to the
equation

PHYSICAL REVIEW D 88, 034028 (2013)

o) = ) = DN LDTE )

Equation (57) allows us to determine the effective tem-
perature of the system and to use it in the background
distribution functions.

B. Energy conservation for field and matter

The energy-momentum conservation law for the system
of quarks, gluons, and the chromoelectric field has the form

9, T (x) + 9, T a(x) = 0. (58)

Here T+ is given by Eq. (51), while Tk, is a diagonal
energy-momentum tensor of the field

Efield 0 0 0

v O Ef O 0 1
Tgeld = el ) Efield = 5 €
O 0 & field 0 2
0 0 0 ~ Efield
(59)

One may notice that the field acts as matter whose trans-
verse pressure is positive and equal to the field energy
density &gqq- On the other hand, the field longitudinal
pressure is negative and equals —&geq-

The total energy momentum tensor may be written in the
form analogous to (51), namely,
Tiow = (8 + PL + 280 UFU” — (PL + €giaig)8"”

total

+ (P — P — 2&ga0) VAV
= (Stotal + PtJ[)tal)U'u U” — Ptjc-)talgMV
+ (Pl = Pl VAV (60)

The energy-momentum conservation (58) implies that the
following equation should be always satisfied:

dsfield+d_8: _8+P||
dr dr T

We note that, in the case without the field, the first term on
the left-hand side of Eq. (61) is absent and (61) is reduced
to the equation used in anisotropic hydrodynamics for one-
dimensional and boost-invariant expansion. Moreover,
for isotropic pressure, P| = £/3, Eq. (61) is reduced to
Bjorken’s law.

(61)

C. Equations of motion

In this section, we show that the field equations
(23)—-(25) guarantee that the energy and momentum of
our system are conserved quantities. The v = 0 component
of the energy-momentum conservation equation includes
the terms

0 a (1 0E oF03
0, Thewa = 5(552) =& = —F30 = (62

034028-7



RADOSLAW RYBLEWSKI AND WOJCIECH FLORKOWSKI

and

3
9, TH0 = ’[deOp“(?#[z Z(Gif +Gy) + Z G~ijj|
I

ij=1

= —gFr- /deOPVGﬁ[Ze,-Z(Gif — Gyf)
P

3
+ > n,-jG,-j]

ij=1
dNy

+ 2fdeO[§§drmv +)

i>j

drinv

:l. (63)

In Eq. (63) we used the kinetic equations (5)—(7) and
applied the Landau matching (20). This allows us to write
the » =0 component of the total energy-momentum
conservation law in the form

o o dpp’ Gy—G
'7— "8 p Zfi;( if if)

3 0
~ 2pe;
+ ) m/Gij] +FO- '[dPI:ZEI .30

ij=1
dNy 2p°n;; dNij]
X /4 . (64)
; drinv i>j U F30 drinv

We thus see that the field equations (23)-(25) with the
definitions of the dipole moments (26) represent a suffi-
cient condition to have the total energy of the system
conserved (note that the delta functions present in the
production rates generate zero longitudinal momenta at
z = 0). Similarly, we may analyze the » = 3 component
of the energy-momentum conservation law and obtain the
same conclusion.

10ff T T T T T T ]
k=5 ]
0.8} — 4my=1 ]
I — — 4m=3

_osf — - 4m=10 ]
OQQ ....... 477 = o0 ]
= o04f b
3 ] ]
C 02l \\ ]
0.0 = e T
[ w7 ]
_0_2k1 L f

0 1 2 3 4 5

FIG. 1 (color online).
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VI. RESULTS

A. Initial conditions and model parameters

In this section, we present our main results. In the
numerical calculations we use two values of the parameter
k (k=5 and k = 10) and three values of the parameter
41 7; see Egs. (21) and (22). The extra cases defined by the
condition 4777 = oo correspond to the situations where the
collision terms are absent and the system’s dynamics is
determined by the mean field only (Boltzmann-Vlasov
limit). For the sake of simplicity, the masses of quarks
are neglected and we take into account only two quark
flavors, Ny = 2 (the incorporation of the finite quark
masses into the present formalism is quite straightforward,
but all the equations become much more intricate; see, for
example, Ref. [12]). In addition, we assume that the initial
field is spanned by the gluons with the charge n,:

60
Eo = (E) E = 0) = ‘,W—rgkﬂu-

In this case, the second component of the field is always
zero. With the initial condition (65) we solve Eq. (48) and
obtain the functions h(7) = (h;)(7), h(g)(7) = 0) and T(7).
The knowledge of %) (7) and T(7) allows us to calculate
all other interesting physical quantities.

(65)

B. Oscillations vs damping of the color fields

In Fig. 1, we show the time dependence of the chromo-
electric field normalized to its initial value, for k = 5 (left)
and k = 10 (right). Different curves describe our results
obtained for different values of the viscosity. In the case
477 = o and k = 5 (dotted green line in the left part of
Fig. 1) we reproduce the result obtained earlier in Ref. [11].
This result describes oscillations of the chromoelectric
field which are slowly damped due to the longitudinal
expansion of the system. Similarly, in the case 477 = o

—r— 7T T

1.0f ]
k=10 ]
0.8F — 4mp =1 ]

! — — 4m=3
06} — - 4m=10 ]

o(,oe T 47rﬁ:oo
© 04f ]
s | 1
© 02l ]
0.0L /"\ e L

\.\‘7_7,_"__, _____ = T
_()_Ql1 1 1 1 1 fA
o 1 2 3 4 s

7 [fm/c]

Time dependence of the chromoelectric field for different values of the viscosity in the case k = 5 (left) and

k = 10 (right). The values of the field are normalized to its initial value.
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and k£ = 10 (dotted green line in the right part of Fig. 1) we
deal again with the oscillations of the chromoelectric
field—they are faster than those found in the case 477 =
oo and k = 5. The increase of the field frequency with the
increasing strength of the initial chromoelectric field was
observed earlier for k = 5 in Ref. [11].

A new aspect of the present work is the inclusion of the
viscosity effects which are characterized by the parameter
417. As the viscosity of the system decreases, the colli-
sions between particles become more frequent, the system
becomes more dissipative, and the oscillations of the chro-
moelectric field are more and more damped. For 475 = 1
the oscillations practically disappear for both k = 5 and
k = 10 (solid red lines in the left and right parts of Fig. 1).
Nevertheless, for larger values of the viscosity (for
example, for 477 = 3) the effects of collisions do not
seem to be efficient enough to completely damp down
the plasma oscillations. Only if the viscosity is defined
by the KSS bound may the oscillations be neglected.

It is interesting to note that the dependence of the
relaxation time on the inverse of the effective temperature
makes 7., on average smaller in the case k = 10 than in the
case k = 5. This leads to similarities between the cases
k =5 and k = 10, because larger initial fields in the case
k = 10 are damped faster by the collisions, while the
smaller initial fields in the case k = 5 are damped slower.

C. Effective temperature and effective viscosity

Figure 2 shows the time dependence of the effective
temperature T(7) of the system for k = 5 (left) and k =
10 (right). Again, different curves describe our results
obtained for different values of the viscosity. The effective
temperature is a measure of the energy density of the
produced quarks and gluons; see Eq. (57). Initially, it is
equal to zero; however, due to the fast decay of the initial
chromoelectric field, it grows rapidly at the very early
stages of the evolution of the system. After the initial rapid

—

OISJ""V""X""X""
k=5

04} — 4m=1 i
— — 4m=3
03F \ —-- 4m=10 |
>
[0
<
— 0.2
0'1 kl n n n n 1 n n n n 1 n n n n 1 n n n n 1 n n n n lA
0 1 2 3 4 5
7 [fm/c]

FIG. 2 (color online).
k = 10 (right).
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growth, the effective temperature decreases in a qualita-
tively similar way to that predicted in the Bjorken model
[61]; one may check that T(7) = 7—'/3. However, the
presence of both viscosity and color fields leads to notice-
able deviations from the Bjorken-scaling behavior.

In order to quantitatively characterize the system’s
behavior at later times we assume that the plasma may
be characterized by the first-order viscous-hydrodynamics
equations. In the case of one-dimensional boost-invariant
expansion, the ratio of the shear viscosity to entropy den-
sity is connected with the system’s effective temperature
T(7) and its time derivative dT(7)/d through the formula

dT T A%
= .
dr 37 972

(66)

We use the numerical results for the functions T(7) shown
in Fig. 2 and substitute them into the left-hand side of
Eq. (66) in order to calculate the effective viscosity 7q;.
The functions 7.4 (7) obtained for different values of the
parameters k and 4777 are shown in Fig. 3.

At first, in the two upper parts of Fig. 3, one can notice
that in the minimum viscosity case (defined by the condi-
tion477 = 1) the effective viscosity of the system starts to
agree very well with the viscosity parameter 7 after
1-2 fm/c, for both k =5 and k = 10. In practice, this
means that for 7> 1 fm/c our complicated system of
fields and particles is very well described by the first-order
viscous hydrodynamics (and, consequently, also by the
second-order hydrodynamics).

On the other hand, for larger values of the viscosity,
for example, in the cases 477 =3 and 477 = 10
(see the two middle and two lower parts of Fig. 3), the
effective viscosity 7.4 differs from the value of 7). In these
cases the collisions in the plasma become inefficient to
damp down the plasma oscillations. The presence of such
oscillations brings in differences between the kinetic and
viscous-hydrodynamics descriptions and indicates that the

0.5yvvvvyvvvvyvvvvyvvvvyvvvvy

0.4

0.3

T [GeV]

0.2

0.1} 1

S RS S E S S S E S

0 1 2 3 4 5
7 [fm/c]

Time dependence of the effective temperature T for different values of the viscosity in the case k = 5 (left) and
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FIG. 3 (color online).
(left) and k£ = 10 (right).

viscous-hydrodynamics description after 1-2 fm/c is not
completely satisfactory if 47# = 3.* The presence of
the color fields at this stage suggests that the viscous
hydrodynamics should be extended to include transport
phenomena connected with color conductivity.

However, it is interesting to observe in the case
477 = 3 that, although 7. and 7 are different, after
1-2 fm/c the effective viscosity starts to fluctuate around
the constant value corresponding to 7. In this case, one
may consider averaging over different color flux tubes
which washes out the oscillations in such a way that the
averaged system may be effectively well described by the
viscous hydrodynamics. It is also interesting to notice that
similar patterns in the behavior of the effective viscosity
have been observed in Ref. [25]; see also [65].

D. Energy density, longitudinal pressure,
and transverse pressure

In Fig. 4, we show the time dependence of the energy
density &(7), the longitudinal pressure P)(7), and the
transverse pressure P, (7) of the produced quarks and
gluons. These quantities have been calculated according
to the formulas given in Appendix A—see discussions

“The same holds if one uses the second-order hydrodynamics.
The oscillations of the plasma parameters imply strong varia-
tions in the initial conditions for hydrodynamics and make the
pure hydrodynamic predictions very unstable.

PHYSICAL REVIEW D 88, 034028 (2013)

0.5 , , ,
k=10

— T1eg/5

'47rﬁ:1 '

7 [fm/c]

Time dependence of the effective viscosity 7.q for different values of the parameter 477 in the case k = 5

following Egs. (A1), (A4), and (A7). Here we use again
the values k = 5 (left) and & = 10 (right). In order to have
similar time asymptotic behavior for all thermodynamics-
like quantities shown in the figure, the two pressures are
multiplied by a factor of 3. Three panels in the left and right
parts of Fig. 4 correspond to three different values of the
parameter 47 7.

The two upper parts of Fig. 4 may be interpreted as an
illustration of the fast and almost complete thermalization
of matter—the energy density of the plasma as well as the
two rescaled pressures approach each other very fast. This
result indicates that the viscosity corresponding to the
choice 477 = 1 is efficient to equilibrate the system
within 1-2 fm/c. Nevertheless, small differences between
the energy density and the two rescaled pressures remain.
They are caused by the nonzero viscosity included in the
kinetic approach, which has been discussed above.

The two middle panels of Fig. 4 show our results
obtained for 4777 = 3. In this case the differences between
the functions &(7), 3P(7), and 3P (7) are larger. In par-
ticular, the longitudinal pressure (dashed lines) is clearly
below the transverse pressure (dotted lines) for 7>
1 fm/c. This is certainly an effect of the nonzero viscosity
of the system which tends to lower the longitudinal
pressure and to increase the transverse pressure.

The differences between the transverse and longitudinal
pressures become even larger in the case 477 = 10, which
is shown in the two lower panels of Fig. 4. In this case, the
longitudinal pressure is not only much smaller than the

034028-10
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FIG. 4 (color online).
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&, 3P, 3P, [GeV/fm®]

7 [fm/c]

Time dependence of the energy density, longitudinal pressure, and transverse pressure of the produced

quark-gluon plasma again in the case k = 5 (left) and k = 10 (right).

transverse pressure but it strongly oscillates in time. The
survival of such oscillations indicates that the collision rate
is not sufficiently fast to destroy collective phenomena in
the plasma.

E. Longitudinal vs transverse pressure

In order to follow in more detail the system’s approach
towards local thermodynamic equilibrium, in Fig. 5 we
show the time dependence of the ratio Py(7)/P (7). At
7 = ( the longitudinal pressure is zero. This behavior is
connected with the fact that tunneling particles emerge

L
r k=5
— 4 =1
5,\3. — — 4m=3
2r iy — - 4m7=10 ]
t M ------- 47Tﬁ:oo
|
SRl
- L H
ol
_1:1 P S S T U USSP
0 1 2 3 4 5

7 [fm/c]

FIG. 5 (color online).

from the vacuum with vanishing longitudinal momenta
[see the Dirac delta functions &(p) or 8(w) appearing in
the quark and gluon production rates, Eqs. (13), (15), and
(32)]. In the collisionless case 477 = oo, the ratio of the
two pressures strongly oscillates and its average value is
significantly smaller than 1. With decreasing viscosity, the
ratio P)(7)/P 1 (7) gets closer to unity.

In Fig. 5, the two pressures characterize the produced
quarks and gluons. It is interesting to note, however, that
the chromoelectric field gives extra contributions to the
longitudinal and transverse pressures, and the complete
expressions for the pressures should include the field parts.

L
L k=1
[ — 4 =1
b — — 4 =3
ol o ]
[ — -~ 47 =10

,'&. ------- 47rﬁ:oo

S S S S S RS S

0 1 2 3 4 5

7 [fm/c]

Time dependence of the ratio Pj()/P () for k = 5 (left) and k = 10 and for different values of the viscosity.

034028-11



RADOSLAW RYBLEWSKI AND WOJCIECH FLORKOWSKI

3kV T T T T VA
L k=5 |
— 4y =1
L — — 4m =3 1
°r i — - 4m=10 ]
- i ------- 4nm = 0
418 ;I
L ol 1
= 17
- ‘1 -
ol i
-1t ! ! P ! 1]
0 1 2 3 4 5

7 [fm/c]

FIG. 6 (color online).

The ratio of the total (particles + field) longitudinal pres-
sure and the total (particles + field) transverse pressure is
shown in Fig. 6. Since the longitudinal chromoelectric
field gives a negative contribution to the longitudinal
pressure and a positive contribution to the transverse
pressure, the main effect of the field is to lower the
Py(7)/P () ratio calculated for the system of particles
only. This effect is, of course, the strongest at the initial
stages when the color fields are the strongest. For later
times, when the field decays and becomes negligible, the
field contributions to the energy-momentum tensor
become irrelevant and the results shown in Figs. 5 and 6
are very much similar.

VII. CONCLUSIONS

In this paper we have analyzed equilibration of the
quark-gluon plasma produced by decays of color flux tubes
possibly created at the early stages of relativistic heavy-ion
collisions. A novel feature of our approach is the imple-
mentation of the viscosity of the produced quark-gluon
plasma in terms of a constant ratio of the shear viscosity
coefficient to the entropy density, 7 = n/o = const. For
constant 7, the relaxation time in the collision terms
becomes a function of the effective temperature of the
plasma, and the numerical analysis of the kinetic equations
becomes much more involved than that applied in the case
where the relaxation time is a constant.

In our numerical calculations we have used realistic
values of the initial field strength and the viscosity.
The initial field strength is chosen in such a way that the
effective temperature of the produced plasma reaches
values expected at RHIC and the LHC, T, ~
300-500 MeV. For the lowest (KSS) value of the ratio of
the shear viscosity to the entropy density, 477 = 1, the
analyzed system approaches the viscous-hydrodynamics
regime within 1-2 fm/c. On the other hand, for larger

PHYSICAL REVIEW D 88, 034028 (2013)
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The same as Fig. 5 but the pressures include the contributions from the field.

values of the viscosity, 477 = 3, the collisions in the
plasma are not efficient to destroy collective phenomena
in the plasma, which manifest themselves as oscillations of
different plasma parameters. The presence of such oscil-
lations after the first 1-2 fm/c brings in differences
between the kinetic and viscous hydrodynamic descrip-
tions, which suggests that the viscous-hydrodynamics
description is not complete at this stage if 477 = 3 and
should be extended to include dissipative phenomena
connected with color conductivity.

Although our model includes nonperturbative phe-
nomena connected with the Schwinger tunneling
process, the proposed framework is based on the Abelian
assumption. For fast varying fields, such an assumption
may not be justified, and further developments of our
approach are necessary to achieve a more realistic picture
of the quark-gluon plasma. The further developments
should include the gluon saturation phenomenon in the
initial condition and the presence of the chromomagnetic
field in addition to the chromoelectric field in the color
flux tubes.

Another way of extension of the present framework is
the inclusion of the transverse expansion of the produced
matter. However, in this case the system’s description
becomes much more complicated, and, perhaps, com-
pletely different realizations of the color-flux-tube
model might be necessary, for example, in the form of
Monte-Carlo simulations of decaying and interacting
tubes; see [66].

To some extent, the framework presented in this paper
may be regarded as complementary to other approaches
used nowadays to analyze the isotropization or thermaliza-
tion of matter produced in relativistic heavy-ion collisions
[67-73]. For example, in contrast to Refs. [67,68] where
(i) one uses weak coupling techniques, (ii) the background
distribution function is fixed (describing the parton
free streaming), and (iii) the plasma instabilities in the
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non-Abelian version are taken into account, (i) our
approach uses the large coupling constant, (ii) the kinetic
and field equations are solved in a self-consistent way, and
(iii) there are no plasma instabilities in our Abelian case.
In the future analyses it will be interesting to check if the
damping of the plasma oscillations described in this paper
may have its analog in a possible damping of unstable
modes in the plasma (an effect which may also lead to
thermalization). In the very recent paper [26], a rapid
increase with the coupling constant of the ratio of
longitudinal to transverse pressure has been shown. This
type of dependence on the coupling constant is qualita-
tively reproduced in our model by decreasing the value
of viscosity.
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APPENDIX A: ENERGY DENSITY,
LONGITUDINAL PRESSURE,
AND TRANSVERSE PRESSURE

In this Appendix, we give details of our calculations of
the energy density and the two pressures, which have been
presented in Sec. VI.

1. Energy density

Our starting point for the calculation of the energy
density of quarks and gluons is Eq. (52):

U2 —
or) = [ap [N, Z (G p) + Gitx. p)

+ Z(Gij(xx p)+ G~ji(xr P))]

i>j

_2 / v | dzplv[zvfzc; () + 360 )]

l>]

(AD)

Since in the numerical calculations we take into account
only two massless flavors, we have changed here our
notation from G;r(x, p) to G;(x, p) and replaced the
sum by the factor N;. We have also used the symmetry
properties of the distribution functions with respect to the
change w — —w; see Eq. (35). In the next step we use
the general forms of the solutions of the kinetic
equations (36) and substitute them into Eq. (Al). In this
way we obtain

PHYSICAL REVIEW D 88, 034028 (2013)

&(r) = / 7' D(r, T')Z[zT'M(TI)D (Bi(r, ™)

Aar 3 2
X\/Ah%(r,r’) (T/)T ———+2%(7, T/)]

. [ dr'D(r, 7/)2[27/A2 D* (B, )

i>j

47737'

x\/Ah?j(T, 2O s )

The function B(7, 7/) has been already defined by Eq. (42),
while the functions D* () have been defined by Eq. (47).
The function %¢(7, 7/) is defined as an integral over the
equilibrium distribution function

(A2)

28(r, 1) = ~ | dw | d®pvG(r,Ah(r,7) +w,p)).
T eq( )/ w/ pLvGH(r T 1
(A3)

2. Longitudinal pressure

In order to calculate the longitudinal pressure we use
Eq. (53):

2
Pin)= [P [ N3 (Gt p) + Gt p)

+ 3 (G )+ G ) |

i>j

__jdw[dzpl—[NfZG (x, p)+ > Gjx, p)]

i>j

(A4)
Using Eqs. (36) one finds

Py(r)= P 2[ d7' D(r, T’)Z[2T’A2(T’)C (Bi(7, 7))
Ahi(T,T) +El-|(7',7'/):|
\/Ahz(r 7 +—A"(TI)T2
'D(, TI)ZI:zTIAIZj(T/)
i>j
2 /

X C* (B, )T s >]

AR, 7') + 2T
(AS)

where the functions C*(8) have been defined by Eq. (43)

and
w?
dw f d*p, —
req(r’) / o

X G(7, Ah(r, ) + w, p)).

Sz, )

(A6)
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3. Transverse pressure

The transverse pressure is obtained from Eq. (54):

Pun) =3 [P N/ Z (G ) + G p)

+ Z(Gij(x’ p)+ Gji(xr P))]
=
fdw[deL—[NfZG (6, p) + > Gy, p)],

i>j
(AT)

Using again the general forms of the solutions of the
kinetic equations—see Egs. (36)—one finds

N T
P (r) = 47731;2 /{; d7'D(r, T’)Z
3 _ 2
" ’T/Ai(T/)E (,3,'(7', 7)) T + EZJ‘(T, )
JA/’I2 T 7./) + M ™
47737'2 j 47'D(r, 7)
\/Ah2 (r, 7)) + 207 -
(A8)
where
Si(r, 7) | d’p plT
X Geq(Tl, Ah(r, 7') + w, Pi) (A9)
and
00 +e ¢

o VB - BE
The functions (43), (47), and (A10) satisfy the constraint
D*(B) = B*C*(B) + (1 — BHE=(B).

APPENDIX B: X FUNCTIONS

The functions 3(7, 7/) defined by Egs. (44), (A3), (A6),
and (A9) have a form of the integral

fdw[d piX(t,w,py)
X Geq(’r’, Ah(7,7)+w, p1)

+o00 0
=47r/ dwf pirdp  X(t,w,py)

\/(Ah(r ) +w)? + p2 2
X exp T . (BD

(7, 7)
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where the function X(7, w, p) equals w/v, v, w?/v, and

P 7/ (2v), respectively (we recall that v =q/w? + p3 72).

Introducing the new integration variables y = w + Ah and
b=p,/T(7) and using the notation T(7') =T, we
rewrite (B1) as

+o00 00
S = 47Tlej dyf bdbX(1,y — Ah, T'b)
— 0

X exp |:— T/yz—:z + b{|. (B2)
In the next step we define a = y/(T'7') and obtain
S = 47777 fm da fo " bdbX(r, T'v'a — Ah, T'b)

X exp[—Va® + b?]. (B3)

Changing to the polar coordinates a = rcos¢ and
b = rsin ¢ we find

S = 47T"? ’f o 2drf d¢ sin ¢

X X(7,T'7'rcosp — Ah, T'rsin ). (B4)
In the case 2 = X7 (X = w/v),
o0 N An(r, 7)) 7
J N — 3( 1! 2 ,—rp] ’
SIHr, 1) = 47T ()T j;) drrte”F (T(T’)T’r’ T),
(B5)
where
in ¢(cos ¢ — x)do
Fl(x, y) = sin ¢ . (B6)
b y.[o Vy?*(cos ¢ — x)> + sin’¢
In the case 2 = 2¢ (X = v),
o0 N An(r, 7)) 7
e N — 4 (12 3, rLe _
Se(r, ') = 4aT*() 7 ,[0 drri3e™F (T(T’)T’r’ T),
(B7)

where

Fé(x,y)=y _/:T sin ¢\/y2(cos ¢ — x)*> +sin’¢pdep.  (BS)
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In the case 3 = 3 (X = w?/v),

Sz, 7/) = 47T*(7') 72 foo drr3e_’F”<
0

Ah(r, ) 7")
T(r'r’ 1)

(B9)

where

Fli(x, y) = y?

PHYSICAL REVIEW D 88, 034028 (2013)

7 sin ¢(cos ¢ — x)*d
0 Y2 (cosd — )2 +sin’d

(B10)

We note that the definition of the variable v—see
Eq. (28)—implies that 3¢ = 3 + 23+, Hence, the func-
tion 3+ may be expressed in terms of 3¢ and 3/l We also
note that the integrals (B6), (B8), and (B10) are analytic.

A. Casher, H. Neuberger, and S. Nussinov, Phys. Rev. D
20, 179 (1979).

N. K. Glendenning and T. Matsui, Phys. Rev. D 28, 2890
(1983).

A. Bialas and W. Czyz, Phys. Rev. D 30, 2371 (1984).
A. Bialas and W. Czyz, Z. Phys. C 28, 255 (1985).

A. Bialas and W. Czyz, Nucl. Phys. B267, 242 (1986).
M. Gyulassy and A. Iwazaki, Phys. Lett. 165B, 157
(1985).

A. Bialas and W. Czyz, Acta Phys. Pol. B 17, 635 (1986).
G. Gatoff, A. K. Kerman, and T. Matsui, Phys. Rev. D 36,
114 (1987).

H.T. Elze, M. Gyulassy, and D. Vasak, Nucl. Phys. B276,
706 (1986).

H.T. Elze, M. Gyulassy, and D. Vasak, Phys. Lett. B 177,
402 (1986).

A. Bialas, W. Czyz, A. Dyrek, and W. Florkowski, Nucl.
Phys. B296, 611 (1988).

A. Dyrek and W. Florkowski, Nuovo Cimento Soc. Ital.
Fis. 102A, 1013 (1989).

A. Bialas, W. Czyz, A. Dyrek, W. Florkowski, and R.B.
Peschanski, Phys. Lett. B 229, 398 (1989).

K. Bajan and W. Florkowski, Acta Phys. Pol. B 32, 3035
(2001).

W. Florkowski, Acta Phys. Pol. B 35, 799 (2004).

P. L. Bhatnagar, E. P. Gross, and M. Krook, Phys. Rev. 94,
511 (1954).

G. Baym, Phys. Lett. 138B, 18 (1984).

G. Baym, Nucl. Phys. A418, 525 (1984).

H. Heiselberg and X.-N. Wang, Phys. Rev. C 53, 1892
(1996).

S.M. H. Wong, Phys. Rev. C 54, 2588 (1996).

P. Kovtun, D. T. Son, and A. O. Starinets, Phys. Rev. Lett.
94, 111601 (2005).

T. Lappi and L. McLerran, Nucl. Phys. A772, 200 (2006).
K. Fukushima and F. Gelis, Nucl. Phys. A874, 108 (2012).
P. Romatschke and R. Venugopalan, Phys. Rev. Lett. 96,
062302 (2006).

K. Dusling, T. Epelbaum, F. Gelis, and R. Venugopalan,
Phys. Rev. D 86, 085040 (2012).

F. Gelis and T. Epelbaum, arXiv:1307.2214.

B. Banerjee, R.S. Bhalerao, and V. Ravishankar, Phys.
Lett. B 224, 16 (1989).

G.C. Nayak and V. Ravishankar, Phys. Rev. D 55, 6877
(1997).

G.C. Nayak and V. Ravishankar, Phys. Rev. C 58, 356
(1998).

(30]
(31]

(32]

034028-15

R.S. Bhalerao and G. C. Nayak, Phys. Rev. C 61, 054907
(2000).

R. Baier, P. Romatschke, and U.A. Wiedemann, Phys.
Rev. C 73, 064903 (2006).

R. Baier, P. Romatschke, D.T. Son, A.O. Starinets,
and M. A. Stephanov, J. High Energy Phys. 04 (2008)
100.

P. Romatschke and U. Romatschke, Phys. Rev. Lett. 99,
172301 (2007).

K. Dusling and D. Teaney, Phys. Rev. C 77, 034905
(2008).

M. Luzum and P. Romatschke, Phys. Rev. C 78, 034915
(2008); 79, 039903(E) (2009).

H. Song and U.W. Heinz, J. Phys. G 36, 064033
(2009).

A. El, Z. Xu, and C. Greiner, Phys. Rev. C 81, 041901
(2010).

J. Peralta-Ramos and E. Calzetta, Phys. Rev. C 82, 054905
(2010).

G.S. Denicol, T. Kodama, and T. Koide, J. Phys. G 37,
094040 (2010).

G.S. Denicol, T. Koide, and D.H. Rischke, Phys. Rev.
Lett. 105, 162501 (2010).

B. Schenke, S. Jeon, and C. Gale, Phys. Rev. Lett. 106,
042301 (2011).

B. Schenke, S. Jeon, and C. Gale, Phys. Lett. B 702, 59
(2011).

P. Bozek, Phys. Rev. C 81, 034909 (2010).

P. Bozek, Phys. Lett. B 699, 283 (2011).

H. Niemi, G.S. Denicol, P. Huovinen, E. Molnar, and
D. H. Rischke, Phys. Rev. Lett. 106, 212302 (2011).

H. Niemi, G.S. Denicol, P. Huovinen, E. Molnar, and
D. H. Rischke, Phys. Rev. C 86, 014909 (2012).

P. Bozek and I. Wyskiel-Piekarska, Phys. Rev. C 85,
064915 (2012).

G.S. Denicol, H. Niemi, E. Molnar, and D. H. Rischke,
Phys. Rev. D 85, 114047 (2012).

P. Romatschke and R. Venugopalan, Phys. Rev. D 74,
045011 (2006).

W. Florkowski, R. Ryblewski, and M. Strickland, Phys.
Rev. D 86, 085023 (2012).

K. Huang, Quarks, Leptons, and Gauge Fields (World
Scientific, Singapore, 1982).

T.S. Biro, H. B. Nielsen, and J. Knoll, Nucl. Phys. B245,
449 (1984).

W. Florkowski, R. Maj, R. Ryblewski, and M. Strickland,
Phys. Rev. C 87, 034914 (2013).


http://dx.doi.org/10.1103/PhysRevD.20.179
http://dx.doi.org/10.1103/PhysRevD.20.179
http://dx.doi.org/10.1103/PhysRevD.28.2890
http://dx.doi.org/10.1103/PhysRevD.28.2890
http://dx.doi.org/10.1103/PhysRevD.30.2371
http://dx.doi.org/10.1007/BF01575732
http://dx.doi.org/10.1016/0550-3213(86)90153-7
http://dx.doi.org/10.1016/0370-2693(85)90711-7
http://dx.doi.org/10.1016/0370-2693(85)90711-7
http://dx.doi.org/10.1103/PhysRevD.36.114
http://dx.doi.org/10.1103/PhysRevD.36.114
http://dx.doi.org/10.1016/0550-3213(86)90072-6
http://dx.doi.org/10.1016/0550-3213(86)90072-6
http://dx.doi.org/10.1016/0370-2693(86)90778-1
http://dx.doi.org/10.1016/0370-2693(86)90778-1
http://dx.doi.org/10.1016/0550-3213(88)90035-1
http://dx.doi.org/10.1016/0550-3213(88)90035-1
http://dx.doi.org/10.1016/0370-2693(89)90426-7
http://dx.doi.org/10.1103/PhysRev.94.511
http://dx.doi.org/10.1103/PhysRev.94.511
http://dx.doi.org/10.1016/0370-2693(84)91863-X
http://dx.doi.org/10.1016/0375-9474(84)90573-6
http://dx.doi.org/10.1103/PhysRevC.53.1892
http://dx.doi.org/10.1103/PhysRevC.53.1892
http://dx.doi.org/10.1103/PhysRevC.54.2588
http://dx.doi.org/10.1103/PhysRevLett.94.111601
http://dx.doi.org/10.1103/PhysRevLett.94.111601
http://dx.doi.org/10.1016/j.nuclphysa.2006.04.001
http://dx.doi.org/10.1016/j.nuclphysa.2011.11.003
http://dx.doi.org/10.1103/PhysRevLett.96.062302
http://dx.doi.org/10.1103/PhysRevLett.96.062302
http://dx.doi.org/10.1103/PhysRevD.86.085040
http://arXiv.org/abs/1307.2214
http://dx.doi.org/10.1016/0370-2693(89)91041-1
http://dx.doi.org/10.1016/0370-2693(89)91041-1
http://dx.doi.org/10.1103/PhysRevD.55.6877
http://dx.doi.org/10.1103/PhysRevD.55.6877
http://dx.doi.org/10.1103/PhysRevC.58.356
http://dx.doi.org/10.1103/PhysRevC.58.356
http://dx.doi.org/10.1103/PhysRevC.61.054907
http://dx.doi.org/10.1103/PhysRevC.61.054907
http://dx.doi.org/10.1103/PhysRevC.73.064903
http://dx.doi.org/10.1103/PhysRevC.73.064903
http://dx.doi.org/10.1088/1126-6708/2008/04/100
http://dx.doi.org/10.1088/1126-6708/2008/04/100
http://dx.doi.org/10.1103/PhysRevLett.99.172301
http://dx.doi.org/10.1103/PhysRevLett.99.172301
http://dx.doi.org/10.1103/PhysRevC.77.034905
http://dx.doi.org/10.1103/PhysRevC.77.034905
http://dx.doi.org/10.1103/PhysRevC.78.034915
http://dx.doi.org/10.1103/PhysRevC.78.034915
http://dx.doi.org/10.1103/PhysRevC.79.039903
http://dx.doi.org/10.1088/0954-3899/36/6/064033
http://dx.doi.org/10.1088/0954-3899/36/6/064033
http://dx.doi.org/10.1103/PhysRevC.81.041901
http://dx.doi.org/10.1103/PhysRevC.81.041901
http://dx.doi.org/10.1103/PhysRevC.82.054905
http://dx.doi.org/10.1103/PhysRevC.82.054905
http://dx.doi.org/10.1088/0954-3899/37/9/094040
http://dx.doi.org/10.1088/0954-3899/37/9/094040
http://dx.doi.org/10.1103/PhysRevLett.105.162501
http://dx.doi.org/10.1103/PhysRevLett.105.162501
http://dx.doi.org/10.1103/PhysRevLett.106.042301
http://dx.doi.org/10.1103/PhysRevLett.106.042301
http://dx.doi.org/10.1016/j.physletb.2011.06.065
http://dx.doi.org/10.1016/j.physletb.2011.06.065
http://dx.doi.org/10.1103/PhysRevC.81.034909
http://dx.doi.org/10.1016/j.physletb.2011.04.020
http://dx.doi.org/10.1103/PhysRevLett.106.212302
http://dx.doi.org/10.1103/PhysRevC.86.014909
http://dx.doi.org/10.1103/PhysRevC.85.064915
http://dx.doi.org/10.1103/PhysRevC.85.064915
http://dx.doi.org/10.1103/PhysRevD.85.114047
http://dx.doi.org/10.1103/PhysRevD.74.045011
http://dx.doi.org/10.1103/PhysRevD.74.045011
http://dx.doi.org/10.1103/PhysRevD.86.085023
http://dx.doi.org/10.1103/PhysRevD.86.085023
http://dx.doi.org/10.1016/0550-3213(84)90441-3
http://dx.doi.org/10.1016/0550-3213(84)90441-3
http://dx.doi.org/10.1103/PhysRevC.87.034914

RADOSLAW RYBLEWSKI AND WOJCIECH FLORKOWSKI

[54]
[55]
[56]
[57]
(58]
[59]
[60]
[61]

[62]
[63]

J.L. Anderson and H.R. Witting, Physica (Utrecht) 74,
466 (1974).

W. Czyz and W. Florkowski, Acta Phys. Pol. B 17, 819
(1986).

A. Dyrek and W. Florkowski, Phys. Rev. D 36, 2172
(1987).

C. Cercignani and G. Kremer, The Relativistic Boltzmann
Equation: Theory and Applications (Birkhduser Verlag,
Basel, 2002).

P. Romatschke, Phys. Rev. D 85, 065012 (2012).

W. Florkowski, R. Ryblewski, and M. Strickland,
arXiv:1304.0665.

W. Florkowski, R. Ryblewski, and M. Strickland, Phys.
Rev. C 88, 024903 (2013).

J.D. Bjorken, Phys. Rev. D 27, 140 (1983).

W. Florkowski, Phys. Lett. B 668, 32 (2008).

W. Florkowski and R. Ryblewski, Phys. Rev. C 83, 034907
(2011).

[64]
[65]
[66]
[67]
[68]
[69]
[70]
(71]

[72]
[73]

034028-16

PHYSICAL REVIEW D 88, 034028 (2013)

M. Martinez, R. Ryblewski, and M. Strickland, Phys. Rev.
C 85, 064913 (2012).

M. Asakawa, S. A. Bass, and B. Muller, Phys. Rev. Lett.
96, 252301 (2006).

A. Dyrek and W. Florkowski, Acta Phys. Pol. 22, 325
(1991).

A. Rebhan, M. Strickland, and M. Attems, Phys. Rev. D
78, 045023 (2008).

M. Attems, A. Rebhan, and M. Strickland, Phys. Rev. D
87, 025010 (2013).

A. Kurkela and G.D. Moore, J. High Energy Phys. 11
(2011) 120.

A. Kurkela and G.D. Moore, J. High Energy Phys. 12
(2011) 044.

J. Berges, K. Boguslavski, S.
R. Venugopalan, arXiv:1303.5650.
K. Fukushima, arXiv:1307.1046.
J.-P. Blaizot, J. Liao, and L. McLerran, arXiv:1305.2119.

Schlichting, and


http://dx.doi.org/10.1016/0031-8914(74)90355-3
http://dx.doi.org/10.1016/0031-8914(74)90355-3
http://dx.doi.org/10.1103/PhysRevD.36.2172
http://dx.doi.org/10.1103/PhysRevD.36.2172
http://dx.doi.org/10.1103/PhysRevD.85.065012
http://arXiv.org/abs/1304.0665
http://dx.doi.org/10.1103/PhysRevC.88.024903
http://dx.doi.org/10.1103/PhysRevC.88.024903
http://dx.doi.org/10.1103/PhysRevD.27.140
http://dx.doi.org/10.1016/j.physletb.2008.07.101
http://dx.doi.org/10.1103/PhysRevC.83.034907
http://dx.doi.org/10.1103/PhysRevC.83.034907
http://dx.doi.org/10.1103/PhysRevC.85.064913
http://dx.doi.org/10.1103/PhysRevC.85.064913
http://dx.doi.org/10.1103/PhysRevLett.96.252301
http://dx.doi.org/10.1103/PhysRevLett.96.252301
http://dx.doi.org/10.1103/PhysRevD.78.045023
http://dx.doi.org/10.1103/PhysRevD.78.045023
http://dx.doi.org/10.1103/PhysRevD.87.025010
http://dx.doi.org/10.1103/PhysRevD.87.025010
http://dx.doi.org/10.1007/JHEP11(2011)120
http://dx.doi.org/10.1007/JHEP11(2011)120
http://dx.doi.org/10.1007/JHEP12(2011)044
http://dx.doi.org/10.1007/JHEP12(2011)044
http://arXiv.org/abs/1303.5650
http://arXiv.org/abs/1307.1046
http://arXiv.org/abs/1305.2119

