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Abstract. We first assemble a full set of the Boltzmann Equation in Diffu-
sion Approximation (BEDA) for studying thermalization/hydrodynamization
and quark production in out of equilibrium systems. We then discuss ther-
malization and the production of three flavors of massless quarks in spatially
homogeneous systems initially filled only with gluons. A complete paramet-
ric understanding for thermalization and quark production is obtained for both
initially very dense or dilute systems, which are complemented by detailed nu-
merical simulations. For initial distributions more relevant for heavy-ion colli-
sions, the complete thermal equilibration is found to be significantly delayed by
considering quark production.

1 Introduction

Different tools have been proposed in order to study and comprehend the behavior of QCD
bulk matter in heavy-ion collisions during the different stages of its short life. It is well known
that right after the collision an out of equilibrium and highly populated system of gluons will
be produced, as well as the system has time to exhibit an hydrodynamic behavior. In order
to understand how thermalization/hydrodynamization is produced, we present the Boltzmann
Equation in Diffusion Approximation (BEDA), and apply it to the simple case of spatially
homogeneous systems of gluons as a testing of its consistency, as detailed in ref. [1].

2 The Boltzmann Equation in Diffusion Approximation

The QCD Boltzmann equation at leading order reads

0i+v - V) = G, 1+ Clo L] ey

Where f* is the distribution function for particle @ = {g,q, g}, and C5_, and C{_, are the
collision kernels for the 2 & 2 and 1 & 2 processes, respectively. In this study we will focus
on spatially homogeneous systems. Thus, the spatial derivative in Eq. (1) will vanish. Also,
we will neglect any angular dependence, such that f(p) = f“(p).
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2.1 The 2 < 2 kernel

The 2 < 2 kernel can be expressed in diffusion approximation as a Fokker-Planck term plus

an additional source term [2, 3],
2
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We have renamed f¢ = f, f¢ = F and f? = F and defined £ = In i’:%. Here, g, is
the quenching parameter for gluons (@ = A) and quarks (a = F), mZD is the screening mass,
T, g/ (2m12)) is the effective temperature and y, = 7. In ?— is the quark chemical potentiall.
Also, we denote, €, = 1 for bosons and ¢, = —1 for fermions, Cr=4/3,71, = I.[f*] and
I.=1. [f “.

When this kernel is the only interaction included in the Eq. (1), a divergence appear if the
system of initial gluons is highly occupied. This is interpreted as the onset of a Bose-Einstein
condensate [4], which can be studied numerically by adding appropriate boundary conditions
to the simulation [3]. This boundary allows to save the extra gluons into the Bose-Einstein
condensate as 71, o« lim,_,o pf — T.

2.2 The 1 < 2 kernel

On the other side, the 1 < 2 is computed in the deep LPM regime [5, 6]. The general
expression for this kernel is more complicated than the previous one

1
dx Ve e 1 _,
Clon = fo =z Z [V—Ca,,(p/x; p.p( = x)/%) = 5 Cy(p; xp, (1 = 2)p) | €)
b,c a

C;,. represents the product of the splitting rate for the process a <> bc and its correspondent
statistical factor given by the distribution function of the particles involved. Notice that the
sum over b, ¢ is only valid if the splitting/merging process a < bc is allowed by the QCD
interaction vertex for three particles. That is, this kernel will only include g < gg, g & qg
and g < gq (and the ones switching g < §).

2.3 Rapid thermalization of the soft sector

In order to see what happens with the condensate after 1 < 2 kernel is introduced, we should
notice that the dominant contribution to the evolution at small values of p is given by the
1 & 2 kernel. In particular, for a system initially occupied by gluons, the g — gg will be
the dominant contribution to the gluon production, meanwhile the g — gg will dominate the
quark/antiquark production. This fact also tells us that the distributions of quarks/antiquarks
and gluons will fill a thermal distribution really quickly up to some soft momentum scale p;.

T. R 1
P~ for p < pyg = (Gamh?/2)3, (4)
)~ —— for p < pog = la,Crn(Te + T35 )
eT +

This implies that the variation of the particles of the Bose-Einstein condensate 7, o
lim,_o pf — T, as defined in Section 2.1, will be exactly zero for gluons.

Ly, is defined for each quark flavour. If there is quark-antiquark symmetry, then g, = 0.
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Figure 1. Parametric estimate for the underpopulated scenario (left) and numerical results for
different macroscopic quantities (center) and quark number density (right) with fy = 1074,

3 The underpopulated scenario

Now, let us review the behavior of a system initially populated with gluons, similar to the
scenario that Color Glass Condensate predicts right after the collision. In this case, and
as was already identified for the pure gluon system [7], thermalization is achieved in three
different stages: overheating, cooling/overcooling and reheating.

First, the system will radiate a large amount of soft gluons which will fill a thermal dis-
tribution with effective temperature 7., higher than the equilibrium one, 7. All macroscopic
quantities are dominated by the hard partons and their time dependence is parametrically neg-
ligible. In the next step, the screening mass starts to increase as it is dominated by the soft
sector of gluons. Meanwhile, the quark production experiences a speed up as soft gluons take
control of the g — ¢g and gg — qg processes while T, decreases and drops below T'. Finally,
in the last stage, ¢ and m%) are both dominated by soft partons, which form a thermalized
quark-gluon plasma at temperature 7, < T. T, is then heated up again by quenching hard
partons. The parametric evolution of these quantities as well as their numerical results are
plotted in Figure 1 for an initial distribution of gluons f(r = 0, p) = f,6(Q — p).

4 The overpopulated scenario

Similarly to the previous case, the quarks do not play a major role in the parametric evolution
of the system with respect with the pure gluon scenario. Thus, we only distinguish two
different stages in the evolution [7]. The first one is the rapid thermalization of the soft sector
of gluons, and the second one the cooling of the system as shown in the left panel of Fig. 2.
Thermalization is complete when the effective temperature equals the equilibrium one.

The quark number density also increases linearly with time at the first stage. Nevertheless,
in contrast with the underpopulated scenario, the quark production does not experience a
speed up, but a slow down (see the center panel of Fig. 2). This is due to the dominance
of the momentum broadening in the second stage. The second stage shows the self-similar
scaling behavior, as exemplified by the quark distributions in the right plot of Fig. 2 with

F = F,((Q)7p/ Q).

5 Top-down thermalization

At later times, and for not extremely underpopulated systems, we notice that the process
g < gg establishes detailed balance before the system completely thermalizes. As a result,



EPJ Web of Conferences 296, 10013 (2024) https://doi.org/10.1051/epjcont/202429610013
Quark Matter 2023

0.40

e 10° 4 / F
104 \\ Al Q/ Pz 035 1[;,7:;03:: <001
caatens / A
/ A (Q
| RN /
N T v
—\ T/Q 7 025
Y &
\ . 2 10724 2 -
\ ™~ < 7 3
> P E
\ \_ E / EREY
107! 4 \\ m%, 'Q" ll =
N\ o 1073 4 i 015
=10 ,/
0 =Fo= 0.10 ===t =03
-2 | / -
10 o 1074/ S
— N =3 i/Q / fo—1ho o Q=05
“““ Ny =0 / Fo=Fo=0 e Q-0
5 1/
T T T T 1074 T T T T 0.00 r T
107 1071 10t 10% 1073 107! 10" 10* 107! 10°

Qt Qt »/Q

Figure 2. Numerical results for different macroscopic quantities (left) and quark number
density (center) with fy = 100, and rescaled quark distribution according with self-similar
scaling(right).
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Figure 3. Gluon (left) and quark (right) distribution functions at different times.

the gluon distribution achieves a thermal profile with a non-equilibrium temperature 7. By
the time this detailed balance appears, the gluon number is not constant, but decreasing as a
result of the g — ¢gg and gg — ¢g processes.

As shown in Fig. 3, the gluon subsystem achieves thermal equilibrium among itself before
the quark distribution is able to fill a Fermi-Dirac profile, consistent with the results of [8].
As a consequence, the thermalization time will be delayed in comparison to the pure gluon
scenario. Also, such energy flow from gluons to quarks provokes a decrease of the effective
temperature, such that the last stage of the thermalization follows a top-down fashion as long
as the system is not extremely underpopulated.
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