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We solve a leading order QCD kinetic theory with light quarks and gluon degrees of freedom to
study the non-equilibrium dynamics of the quark-gluon plasma (QGP). By including both elastic
and inelastic scatterings for quarks and gluon, the model is proficient to describe kinetic and
chemical equilibration of the QGP, and thus connects the initial (semi-) hard production of partons
at early times with the hydrodynamic description of a near-thermalized quark-gluon plasma after
the first fm/c of the collision. Within this approach, we investigate the time scales and mechanisms
for kinetic and chemical equilibration of the QGP at zero and non-zero net-baryon density, and
elaborate on the connections to jet quenching physics and hydrodynamics.
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1. Introduction

Exploration of collective phenomena within Quantum Chromo Dynamics (QCD) has been
ongoing for decades based on studies from ultrarelativistic heavy-ion collisions (URHICs). The
space-time dynamics of the near-equilibrium Quark-Gluon Plasma (QGP) produced in URHICs
can be successfully described by relativistic viscous hydrodynamics with parameterized initial
conditions at the end of the pre-equilibrium stage. Since the pre-equilibrium stage is expected to
last only for ~ 1fm/c after the collision, it has a comparatively small impact on the development of
collective flow and other experimental observables. Nevertheless, a theoretical description of the
pre-equilibrium dynamics is important from a conceptual point of view. While previous works have
studied kinetic equilibration and onset of hydrodynamic behavior in pure Yang-Mills theory [1], a
dynamical description including quark and gluon degrees of freedom [3] is needed to capture the full
glory of non-equilibrium QCD. We establish a non-equilibrium QCD kinetic description including
both quark and gluon degrees of freedom, to investigate kinetic and chemical equilibration of QCD
plasmas with zero and finite charge/baryon density. Details of our study are provided in [6].

2. QCD Kinetic Theory

Our non-equilibrium simulations are based on an effective kinetic theory of QCD [2] including
both elastic and inelastic scatterings between gluons and light quarks. The corresponding Boltzmann
equation describes the dynamics of species a = g, u, it, d, d, s, § at weak coupling
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with collision integral of elastic scattering C2<2[ f], inelastic scattering C1~?[ f] and an additional
longitudinal expansion term C;, " [ f]. Elastic 2 — 2 scatterings include all leading order pQCD
processes involving gluon and light quarks
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with statistical factor ch? (P1, P2|p3, pa) fulfilling detailed balance, that eliminates the reactions
in equilibrium, and scattering amplitudes |M%5 (5, p2|p3, Pa)|, which are screened by HTL con-
strained thermal masses [3]. Effective 1 < 2 inelastic processes describe the emission/absorption
of quark/gluon radiation
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as described by an effective collinear rate dgg" (p, ) (see e.g. [2]), which encompasses the Bethe-

Heitler regime at low energies as well as the Landau-Pomeranchuk Migdal regime at high energies.
When considering systems which undergo a boost invariant longitudinal expansion, we employ
co-moving 7, i1 coordinates, where the Boltzmann equation receives an additional contribution [5]
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Figure 1: Left and Middle panels: Evolution of the energy density of gluons and quarks plus antiquarks for
different couplings at zero chemical potential. Right panel: Evolution of the energy density of gluons (red),
quarks (blue) and antiquarks (green) at different chemical potentials /T, = 0 — —2.5 and coupling A=1.

3. Kinetic and Chemical Equilibration of the QGP

Naturally, we shall first examine the equilibration of systems without longitudinal expansion,
leading to a conservation of the total energy density and charge densities in the system. Within
this setup far-from-equilibrium systems can be characterized broadly into two categories, an over-
occupied system dominated by a large number of low momentum gluons, or an under-occupied
system with a small number of high-momentum gluon/quark mini-jets. However, as a baseline
examination, we first inspect the chemical equilibration of near-thermal systems.

Near-thermal Systems: We prepare the system with either thermal gluons without quark/antiquark
or thermal quark/antiquark pairs without gluons, such that the chemical equilibration of the system
can be monitored in terms of the individual energy densities of gluons and quarks compared to
their equilibrium values. We evaluate the time scale of chemical equilibration in terms of a kinetic
relaxation time 7 = 4”T'7 /S where the final equilibrium temperature Tpq can be estimated from the
total energy density, and the shear viscosity over entropy density ratio depends on the strength of
t"Hooft coupling A = g”N,. We present the evolution of the individual energy densities of gluons,
quarks and antiquarks for different couplings A=10 (/s =~ 1), A=1 (/s =~ 35) in Fig. (1). The
energy densities of each species approach their equilibrium values at = 27g, indicating a chemical
equilibration at the same time scale as but slightly later than the kinetic equilibration. Notably, with
initially thermal gluon condition, the system equilibrates slightly slower, presumably caused by the
ineffectiveness of quark/antiquark equilibration during the evolution. The evolutions at different
couplings show an overall universal merging curvature to their equilibrium values. Evolutions
of finite density systems in the right panel of Fig. (1) show very similar results, with perhaps a
slightly faster equilibration at finite density, due to the larger energy density in the presence of a
non-vanishing chemical potential.

Over-occupied Systems: Over-occupied system are initially dominated by a large number of
low momentum gluons, while the effects of quark/antiquarks are suppressed by the Pauli exclusion
principle. The over-occupied gluon undergoes a quick memory loss of its initial spectra, followed
by a self-similar direct energy cascade, before the system eventually approaches the equilibrium,
as seen in Fig. (2). The spectra of quarks/antiquarks follow the gluon spectra, but the occupancies
are limited due to Fermi statistics. Based on dimensional analysis of the underlying Boltzmann

equation, screening masses m%), mfl, effective temperature 7™ as well as the average momentum per
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Figure 2: Left and Middle panels: Gluon (left) and Quark ( right)spectra of an over-occupied system with
initial average momentum (p), /Teq = 0.2 at coupling 4=0.1. Right panel: The universal self-similar
scalings of the same system.

particle (p) are expected to follow a power-law evolution, which can be seen in the right panel of
Fig. (2). Due to the dominance of gluons in the system, the power laws m%) ~ 1727 T~ 73,
{p) ~ 17117 predicted in [8] are not limited to pure-Yang Mills dynamics but also apply to QCD
dynamics, and the same observations are also validated at larger couplings (see [6]).
Under-occupied Systems: While over-occupied

igi T systems are dominated by low energy gluons, under-
a0t A occupied systems are dominated by small number of high
E—D o T e energy particles. Energy loss of hard particles and equili-
o 10" f KZ form 5
ER bration of the system are similar to mini-jet/jet quenching
2 0l and equilibration in URHICs [7], undergoing the promi-
izj | | nent "bottom-up thermalization" pattern [9]. Fig. (3)
wo? PTeq o o shows spectra evolution of gluon and quark/antiquark
10? ‘ ‘ for an initially under-occupied system of quark/antiquark
0%y pairs. Emission of primary quark/gluon radiation pro-
f?”):’ duces a soft thermal bath of quarks and gluons at low
g 11(:1 momenta. Subsequently, the remaining hard mini-jets
g 10?2 loose energy to the soft bath. This inverse energy cascade
1°'j is mediated by multi successive radiative branchings, and

described by the Kolmogorov-Zakharov spectra [10] at
intermediate time scales. Eventually, the system ther-

Figure 3: Evolution of gluon (top) malizes when the initial hard partons have lost all their

and quark (bottom) spectra of an under- energy to the soft thermal bath. More discussions with

occupied system with initial separation of larger separations of scale and different mini-jets (gluon

scale (p)g /Teq = 3 at coupling A=1. mini-jets/jets, quark mini-jets/jets at finite density) are
presented in [6].
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Figure 4: (top) Isotropization of expand-
ing QGP for varying net-baryon density
Heq/Teq = 0 — 1. (bottom) Energy frac-
tions of different species as an indicator of
chemical equilibration.

Longitudinal Expansion Systems: Now we move
on with systems including expansion, most similar to the
QGP produced in URHICs. In order to simulate a realis-
tic pre-equilibrium dynamics we adopt gluon dominated
initial conditions with zero and finite net-baryon density
(ng =~ 0.4np,ng = 0). We summarize our main results
in Fig (4), where the top panel shows the evolution of the
longitudinal pressure over energy densities pTL at differ-
ent densities compared to the first-order hydrodynamic
asymptotes. We find that larger density systems exhibit
slower isotropization, presumably due to ineffective quark
contributions to isotropization. Chemical equilibration
occurs on roughly the same time scale as kinetic equili-
bration, as can be inferred from the relative amount of
energy carried by each species shown in the bottom panel
of Fig (4), where all species show an universal chemi-
cal equilibration time @ =~ 2 where & = 1Teg/(47n/s)

1/4

with T o e'/* 1s a dimensionless time scale for kinetic

equilibration.

4. Conclusions & Outlook

We developed a non-equilibrium QCD kinetic de-

scription to microscopically simulate the equilibration of the QGP far-from equilibrium. By

including gluons as well as all light flavor quarks & anti-quarks as explicit degrees of freedom, we
are able to describe kinetic and chemical equilibration of the QGP at zero and non-zero densities
of the conserved charges. Hence this framework provides a connection between the far-from equi-

librium initial state and the initial conditions for hydrodynamic in URHICs. Beyond applications
to URHICs, e.g. extending the pre-equilibrium description in KgMPgST [1] to full QCD, this
framework could also be used to access the QGP dynamics in the early universe.
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