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Abstract. We study equilibrium as well as out-of-equilibrium properties of the
strongly interacting QGP medium under extreme conditions of high tempera-
ture 7 and high baryon densities or baryon chemical potentials up within a ki-
netic approach. We present the thermodynamic and transport properties of the
QGP close to equilibrium in the framework of effective models with Ny=3 ac-
tive quark flavours such as the Polyakov extended Nambu-Jona Lasinio (PNJL)
and dynamical quasiparticle model with the CEP (DQPM-CP). Considering the
transport coefficients and the EoS of the QGP phase, we compare our results
with various results from the literature. Furthermore, out-of equilibrium prop-
erties of the QGP medium and in particular, the effect of a pp- dependence
of thermodynamic and transport properties of the QGP are studied within the
Parton-Hadron-String-Dynamics (PHSD) transport approach, which covers the
full evolution of the system during HICs. We find that bulk observables and
flow coefficients for strange hadrons as well as for antiprotons are more sen-
sitive to the properties of the QGP, in particular to the up - dependence of the
QGP interactions.

1 Introduction

It is known that the evolution of the deconfined QCD phase in ultra-relativistic heavy-ion col-
lisions has been successfully described within hydrodynamic simulations and hybrid meth-
ods [1-4]. However, only a microscopic treatment can provide a proper non-equilibrium
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description of the entire dynamics through possibly different phases up to the final asymp-
totic hadronic states. Here we report on a recent progress made within the PHSD transport
approach [5-9], which is an off-shell transport approach based on the Kadanoff-Baym equa-
tions in first-order gradient expansion. This approach sequentially describes the full evolution
of relativistic heavy-ion collisions from the initial hard collisions and formation of strings, the
deconfinement with a dynamic phase transition to a strongly interacting QGP, to hadroniza-
tion and subsequent interactions in the expanding hadronic phase.
While the hadronic part is essentially equivalent to the conventional HSD approach [10], the
microscopic properties of the QGP phase are described by the DQPM, which is based on
the 1QCD data and allows to interpret the equations of state (EoS) in terms of dynamical de-
grees of freedom and furthermore allows to evaluate the cross sections of the corresponding
in/elastic reactions.The PHSD transport approach well describes observables from p+A and
A+A collisions from SPS to LHC energies including electromagnetic probes [9].
In order to tackle the new challenge — i.e. the evolution of the partonic systems at finite up —
the PHSD approach has been extended to incorporate partonic quasiparticles and their differ-
ential cross sections that depend not only on 7 as in the previous PHSD studies, but also on
up explicitly [11]. Within this extended approach, the ‘bulk’ observables in HICs for differ-
ent energies — from AGS to RHIC - for symmetric and asymmetric Au+Au/Pb+Pb collisions
have been studied. Only a small influence of the up modification of the parton properties
(masses and widths) and their interaction cross sections has been found in bulk observables.
Furthermore, in Ref. [12] we extended our study to more sensitive observables, such
as collective flow coefficients and a manifestation of the yp dependencies of partonic cross
sections in the flow coefficients. In addition, we explore the relations between the in- and
out-of equilibrium QGP by means of transport coefficients and collective flows.

2 Transport properties of the QGP at finite

We present transport coefficients of the QGP medium at finite ;5 where the phase transition
is possibly changing from a crossover to a 1st order one. Due to the notoriuos difficulty for
the estimation of transport coefficients at finite up in lattice QCD it is necessary to resort
to effective models which describe the chiral phase transition. It is important to note that
while most of the models have a similar EoS, which agrees well with available lattice data,
predictions for transport coefficients of the QGP can vary significantly already at ug = 0
[11,13-16].

In Refs. [15, 16] we have evaluated transport coefficients of the QGP medium for a
wide range of up for two models with a similar phase structure: the extended Ny = 3 PNJL
model and the dynamical quasiparticle model with a hypothetical CEP (DQPM-CP) located
at up = 0.96 GeV.

The shear and bulk viscosities for quasiparticles with medium-dependent masses n1;(T, 1)
can be derived using the Boltzmann equation in the relaxation-time approximation (RTA)
through the relaxation time:
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where ¢ = (u,d,s), d, = 6 and d, = 16 are the spin and color degeneracy factors for
quarks and gluons, respectively, whereas 7; are the corresponding relaxation times. c; is the
speed of sound for fixed upg. The relaxation times are evaluated from the interaction rates by
calculating the partonic differential cross-sections as a function of 7 and pup for the leading
tree-level diagrams [11]:
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where v, = —LE denotes the relative velocity in the c.m. frame, d; is the degeneracy
factor for spin and color. The specific shear viscosity of the QGP matter is shown in Fig.
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Figure 1. (Left) n/s as a function of T/T, at ug = 0. The symbols corresponds to the 1QCD results for
pure SU(3) gauge theory (black squares) [17], (green triangles and magenta circles) [18], (cyan stars)
[19]. The red line corresponds to the DQPM results [16], while the dashed blue line displays the 1/s
parametrisation used in hydrodynamic simulations within MUSIC in [22]. The dash-dotted gray line
demonstrates the Kovtun—Son—Starinets bound (17/s)kss = 1/(4m) [20]. The grey area represents the
model-averaged results from a Bayesian analysis of experimental heavy-ion data [21]. (Right) n/s as
a function of 7'/T.(up) at finite pp: DQPM-CP results [16] (solid lines) are compared to the estimates
from the Ny = 3 PNJL model (dashed lines) [15].

1 as a function of scaled temperature 7/T, at ug = O (left) and at finite up (right). At
up = 0 we show results from the DQPM [16] (solid red line), in comparison with the 1QCD
results for pure SU(3) gauge theory [17—-19], model-averaged results from a Bayesian analysis
of the experimental heavy-ion data [21] (grey area) and /s as employed in hydrodynamic
simulations in [22] (dashed blue line). For finite up > 0 we compare the results from the
PNJL and DQPM-CP models obtained by the RTA approach with the interaction rate. The
estimates from both models show an increase of the specific shear viscosities 77/ and electric
conductivities opo/T with ug. While results for 77/s are in agreement for moderate yp in
the vicinity of the phase transition, there is a clear difference in o-g /T essentially due to the
different description of the partonic degrees of freedom [16].

3 Evolution of the QGP in the PHSD transport approach

To investigate the sensitivity of ‘bulk’ observables as well as flow coefficients of different
hadrons produced in HICs to the modification of the partonic interactions and their transport
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properties at non-zero baryon density we have considered the following two settings for the
transport simulations:

e PHSDS.0 - up = 0 (dashed blue lines): the pole masses and widths of quarks and gluons
depend only on T'; however, the differential and total partonic cross sections are obtained
by calculations of the leading order Feynman diagrams employing the effective propagators
and couplings g*(T'/T,) from the DQPM at uz = 0 [11]. Thus, the cross sections depend
explicitly on the invariant energy of the colliding partons +/s and on 7. This is realized in
the PHSDS.x by keeping up = 0.

e PHSDS.0 - up (solid red lines): the pole masses and widths of quarks and gluons depend
on T and up explicitly; the differential and total partonic cross sections are obtained by
calculations of the leading order Feynman diagrams from the DQPM and explicitly depend
on /s, T and up. This is realized in the full version of PHSD5.x [11].
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Figure 2. (Left) The QGP energy fraction from the PHSD as a function of time in central (impact
parameter b = 2.2 fm) Au+Au collisions for different /syy = 200 — 3 GeV at the midrapidity region
lyl < 1. (Right) The transverse momentum distributions for 0-5% central Au+Au collisions at /syy =
27 GeV and midrapidity (ly| < 1) for PHSDS5.2 with partonic cross sections and parton masses calculated
for up = 0 (dashed blue lines) and with cross sections and parton masses evaluated at the actual up in
each individual space-time cell (solid red lines) in comparison to the experimental data from the STAR
collaboration [23].

Fig. 2 (Left) displays the actual results for transverse momentum distributions for 0-
5% central Au+Au collisions at y/syy = 27 GeV and midrapidity (Jy| < 0.1) for PHSD5.1
with partonic cross sections and parton masses calculated for yp = 0 (dashed blue lines) and
with cross sections and parton masses evaluated at the actual chemical potential yp in each
individual space-time cell (solid red lines) in comparison to the experimental data from the
STAR collaboration [23].

4 Summary

We find that HIC results from the extended PHSD transport approach, where in the QGP
phase we found that transport coefficients have noticeable 7' and up dependence, have been
in agreement with the BES STAR data in case of bulk observables [11] and elliptic flow
of charged particles [12], and reasonably agrees with the results from the hybrid approach
[22]. It is important to note that, n/s used for hydrodynamic evolutions is close to the
DQPM estimates as shown in Fig. 1 (left). However, results from the PHSD transport
approach have shown a rather small influence of the y-dependence of the QGP interactions
on the elliptic flow than hybrid simulations. This small sensitivity of final observables
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to the influence of baryon density on the QGP dynamics can be explained by the fact
that at high energies, where the matter is dominated by the QGP phase, one probes the
QGP at a very small up, whereas at lower energies, where yp becomes larger, the fraction
of the QGP drops rapidly (see Fig. 2 (left)). Therefore, the final observables for lower
energies of order of 1 — 10 GeV are in total dominated by the hadrons which participated
in hadronic rescattering and thus the information about their QGP origin is washed out or lost.
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