EPJ Web of Conferences 296, 09001 (2024) https://doi.org/10.1051/epjconf/202429609001
Quark Matter 2023

Heavy quark momentum diffusion coefficient during hydro-
dynamization via effective kinetic theory

Kirill Boguslavskjl, Aleksi Kurkela?, Tuomas Lappi3’4, Florian Lindenbauer', and Jarkko
Peuron®**

'Institute for Theoretical Physics, Technische Universitit Wien, 1040 Vienna, Austria
Faculty of Science and Technology, University of Stavanger, 4036 Stavanger, Norway
3Department of Physics, P.O. Box 35, 40014 University of Jyviskyli, Finland
“Helsinki Institute of Physics, P.O. Box 64, 00014 University of Helsinki, Finland

Abstract. In these proceedings, we compute the heavy quark momentum diffu-
sion coefficient using QCD effective kinetic theory for a plasma going through
the bottom-up thermalization scenario until approximate hydrodynamization.
This transport coefficient describes heavy quark momentum diffusion in the
quark-gluon plasma and is used in many phenomenological frameworks, e.g.
in the open quantum systems approach. Our extracted nonthermal diffusion co-
efficient matches the thermal one for the same energy density within 30%. At
large occupation numbers in the earliest stage, the transverse diffusion coef-
ficient dominates, while the longitudinal diffusion coefficient is larger for the
underoccupied system in the later stage of hydrodynamization.

1 Introduction

Recent studies on the very early stages of ultrarelativistic heavy-ion collisions indicate that
transport coefficients are large during the glasma stage [1-7], where the heavy quark diffusion
coeflicient is estimated to be roughly k ~ O(10)Cev*/m [8]. In equilibrium we expect k =
0(0.1)Gev*/tm [9], as illustrated in the left panel of Fig. 1. The discrepancy is due to the
larger energy density at the early stages. The aim of this work [10] is to study « during the
hydrodynamization process to answer the questions: How large and how anisotropic is «?

2 Theoretical background

In effective kinetic theory [12] we describe the evolution of the gluon phase space density f
by numerically solving the Boltzmann equation [11]

af(p)

B8P — Croalf1+ Coual 1+ Conl 1, M)
where C|., describes the effective one to two splittings, Cr» two to two processes and
Cexp incorporates the longitudinal expansion in the form of an effective scattering term. The

right panel of Fig. 1 illustrates the evolution of the distribution function (different linestyles
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Figure 1. Left: Cartoon of the evolution of « from the initial nonequilibrium phase to thermal equilib-
rium. Right: Trajectory of the system on an occupancy-anisotropy plane [11].

correspond to different initial conditions) on the occupancy-anisotropy plane. In order to
make a connection to the bottom-up thermalization picture [13], we use time markers. The
star symbol indicates occupancy f;, ~ 1/4, A = ¢g*>N,, coinciding with maximum anisotropy
for small couplings. The circle marker indicates minimum occupancy. The triangle marker is
located at approximate isotropy, quantified by Pr /Py = 2.

2.1 Heavy quark diffusion coefficient

In kinetic theory, the diffusion coefficient can be computed as [14]

1

3k=—
2M Sy

@r)’ 6 (p+k—p = K)2n5 (K = k) ¢ [IMF fROL+ D] ()
Here ¢ is the momentum transfer, k and k£’ (p and p’) are the in- and outgoing gluon (heavy
quark) momenta. We use the shorthand notation fp = f dp’ /29, The dominant contribu-
tions in the limit of very large quark mass M arise from t-channel gluon exchange and are
16M2K2 (1 + cos? O )
(g% + mp)?

momentum transfer is purely spatial and the screening can be implemented by inserting the
screening mass mp into the propagator. The transverse «7 and longitudinal «. coefficients are
related to the full coefficient by 3k = 2«7 + ;.

In order to better understand the nonequilibrium medium, we define three scales associ-
ated to it. The effective temperature is given by T, = 4Y/m, fp pf(p)(1 + f(p)). The Debye

described by the matrix element I/\/(KI2 = [NCCHg“] . In this limit, the

screening mass can be computed as mZD =8 fp Af(p). The temperature can be defined from

the energy density by T, = (30¢/z2,)!/* | where Vg =2 (NC2 - 1) for pure glue QCD.

3 Results
3.1 Comparing non-equilibrium « results to thermal equilibrium

We compare our nonequilibrium simulations with thermal systems for the same &(¢), mp(?),
and 7.(¢) as functions of time rescaled by the thermalization timescale Tgyss = " *los [13,
15]. The results are shown in Fig. 2. The main result is that for the same & (Landau matching),
the deviation from equilibrium is ~ 30% (left panel). When matching for the same m, (center
panel) or T, (right panel) the deviations are considerably larger.
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Figure 2. Equilibrium and nonequilibrium « for the same 7 (left), mp (center) and 7', (right). Figures
taken from [10].
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Figure 3. Left: Comparison of transverse and longitudinal diffusion coefficients as functions of time in
the units of the thermalization time. Center: Comparison of our results and [17] in units of GeV. Right:
Comparison of our values with lattice simulation results [9]. Figures taken from [10].

3.2 Transverse vs. longitudinal diffusion coefficient

The ratio of the transverse and longitudinal diffusion coefficients is shown in the left panel in
Fig. 3. The initial k7 /«, > 1 arises from the overoccupation and large anisotropy leading to
enhanced transverse momentum exchange. After the star marker, i.e., during the second stage
of the bottom-up scenario, one finds x7/k, < 1. This originates from the large momentum
anisotropy of the underoccupied system and is in line with results from squeezed thermal
distributions [16]. Between a maximal underoccupation and hydrodynamization, the ratio
smoothly evolves towards unity. Throughout the whole evolution, the anisotropy ratio is at
most 2.

3.3 Comparison with lattice & glasma

The center panel of Fig. 3 shows our and the glasma results [17], which are initially consider-
ably larger. The transverse diffusion coefficients match better than the longitudinal ones. The
lattice result [9] at T = 1.5T. is depicted for the same energy density.

The right panel of Fig. 3 shows our results for 4 = 2,5,10 and lattice results [9] at
T = 1.5T. and T = 10*T, in terms of the ratio ¥/7°. At extremely high temperatures, the
coupling of the lattice calculation corresponds to A ~ 2, while for the lower temperature
A ~ 10 from the one-loop beta function (breaks down at this scale). The stages of the bottom-
up evolution are shown by the respective markers. Our result for 4 = 2 is in rough agreement
with the lattice estimate at 7 = 10*T,. However, at 1.57 the lattice result is considerably
larger.
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4 Conclusions & Outlook

Our primary aim in this paper is to understand the magnitude and anisotropy of « during
hydrodynamization. We find that the diffusion coefficient is within 30 % from its equilibrium
value for the same energy density. For the anisotropy of the diffusion coefficient, we observed
that initially x; > k. For underoccupied systems, the hierarchy is reversed. The maximal
difference between 7 and «, throughout the entire evolution is a factor of < 2.

We expect our results to have applications especially in phenomenological descriptions
of heavy quark diffusion and quarkonium dynamics.
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