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Abstract
We review the transport properties of the strongly interacting quark-gluon plasma (QGP) created in
heavy-ion collisions at ultrarelativistic energies, i.e. out-of equilibrium, and compare them to the
equilibriumproperties. The description of the strongly interacting (non-perturbative)QGP in
equilibrium is based on the effective propagators and couplings from theDynamical QuasiParticle
Model (DQPM) that ismatched to reproduce the equation-of-state of the partonic system above the
deconfinement temperatureTc from latticeQCD.We study the transport coefficients such as the ratio
of shear viscosity and bulk viscosity over entropy density, diffusion coefficients, electric conductivity
etc versus temperatureT and baryon chemical potentialμB. Based on amicroscopic transport
description of heavy-ion collisionswe, furthermore, discuss which observables are sensitive to the
QGP formation and its properties.

1. Introduction

Numerous achievements of heavy-ion collision (HIC) experiments have dramatically changed the theoretical
understanding of theQCDmatter properties, especially the deconfinedQCDmatter created in the central
interaction volume at relativistic energies. Initially the deconfinedQCDmatter—or theQuark-Gluon-Plasma
(QGP) - has been considered as aweakly interacting systemofmassless partons (quarks and gluons)whichmight
be described by perturbativeQCD (pQCD).Measurements of the anisotropic particle flow and jet quenching at
the RelativisticHeavy-IonCollider (RHIC) revealed that in the vicinity of the quark-hadron phase transition the
deconfined state ofQCDmatter (at high temperature and partonic density) behaves as a nearly perfect
relativistic fluidwith the lowest value of the specific shear viscosity among the knownfluids [1–4]. Actual and
future heavy-ion collision experiments will probe theQCDphase diagram at nonzero baryon density (or baryon
chemical potentialμB). At ultra-relativistic energies at the LargeHadronCollider (LHC) or the Relativistic
Heavy-IonCollider (RHIC) the quark-gluon plasma is formedwith nearly zero baryon chemical potential and
the phase transition from the partons to the hadrons is a rapid crossover. In order to quantify experimental
findings one can employ transport or hydrodynamic simulations that successfully describe the differential
distributions of produced particles in theseHICs.

While there are a plethora of studies about theQCDmedium in the confined hadronic phase the future
facilities will explore theQCDmedium at high net baryon density or baryon chemical potential. TheQCDphase
diagram can be understood from the thermodynamic point of view in terms of the temperatureT and baryon
chemical potentialμB, where themost unexplored region is located atmoderate temperatures and relatively high
μB. This region is of particular interest in the BeamEnergy Scan programs at RHIC [5] aswell as the future
experimental programof FAIR (Facility for Antiproton and IonResearch) [6] atGSI and theNICA(Nuclotron-
based IonCollider fAcility) facility at JINR [7]. In the region of vanishing baryon chemical potential one can
apply latticeQCD (lQCD) techniques to describe themacroscopic properties of theQCDmedium such as the
equation of state;moreover one can extract transport coefficients of theQCDmedium atμB= 0. A primary
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difficulty in dealingwith non-zero baryon chemical potentials is the fermion sign problem forQCD (the
fermion determinant is not positive definite), whichmakes the current latticeQCDmethods inapplicable in the
lowT andfiniteμB region.

An alternative approach, which can describemicroscopic properties of the deconfinedQCDmedium in a
wide range of baryon chemical potentials, is to use effectivemodels on the basis of ‘resummed’ propagators and
couplings. In this workwe review the results of the transport properties and the evolution of theQCDmedium at
finite chemical potentialμB in equilibriumwhile for the description of the deconfined phase—near and out
equilibrium—effectivemodels and the PHSD transport approach are applied. Considering the transport
coefficients and the EoS of theQGPphasewe compare our results with the various results from the literature at
vanishing chemical potential.

To quantify the strongly-interacting liquid one can apply hydrodynamic descriptions of the system.
However, in order to performhydrodynamical simulations of the time evolution of the quark-gluonmatter at
finite baryon chemical potential, one needs to estimate or know the transport coefficients of thematter in this
region. The evaluation of the transport coefficients atfiniteμB depends on the underlyingmicroscopic theory
which describes the interaction between quarks and gluons, butwe face a fundamental problem to construct and
evaluate such a theory at finiteT andμB from first principles.

2.Microscopic properties of theQGP atfinite chemical potential

For the full description of theQGPdynamics one needs to estimatefirst themicroscopic properties of the
relevant degrees of freedom such as the effectivemasses (andwidths) of the partonic propagators as well as elastic
cross-sections for the different partons. In the region offiniteT andmoderate baryon chemical potentialμB one
can rely on the estimates from effectivemodels. Herewe consider the essential features of theQGPmedium in
terms of strongly interacting quarks and gluons as given by the dynamical quasi-particlemodel (DQPM) [8–10].
TheDQPMreproduces the equation of state of the partonic system above the deconfinement temperatureTc
from latticeQuantumChromodynamics (QCD) and predicts reasonable estimates for theQGP transport
coefficients, which—aswewill see later—are in agreementwith the lQCD results available atμB= 0.

In theDQPM the quasi-particles are characterized by dressed propagators with complex self-energies, where
the real part of the self-energies is related to dynamically generated thermalmasses, while the imaginary part
provides information about the lifetime and reaction rates of the partons (interactionwidths),
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separately for quarks, antiquarks and gluons ( ¯j q q g, , ).
All themicroscopic properties as well as transport coefficients of theQCDmatter are sensitive to the

underlying coupling of thematter, which can be estimatedwithin theDQPMusing the entropy density from
lQCDatμB= 0. Although the coupling constant g2 in general depends on temperature and baryon chemical
potential, we start with the determination of g2(T,μB= 0). The temperature dependence is parameterized via the
entropy density s(T,μB= 0) from latticeQCD from [11, 12] in the followingway:
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with the Stefan-Boltzmann entropy density s T19 9SB
QCD 2 3 and the dimensionless parameters d=169.934,

e=− 0.178434 and f= 1.14631. In order to obtain the coupling atfinite baryon chemical potentialμB, we use
the ‘scaling hypothesis’ introduced in [13], which assumes that g2 is a function of the ratio of the effective
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2 2 2 1 2 (where quark chemical potential is defined as follows

μq= μu= μs= μB/3) and theμB-dependent critical temperatureTc(μB) as [14]
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2 1 2 being the (pseudo)critical line of theDQPM (shown as red dashed linefigure 1),

whereTc is the critical temperature at vanishing chemical potential (≈0.158GeV) andα= 0.974GeV−2.
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Infigure 1we compare the (pseudo-)critical lines of theDQPMwith the lQCDcalculations (forQCDwith
Nf= 2+ 1)which are shown as lines with colored areas: (violet area) (nS=0,μS(μB)) [16, 17] and (red area) [18]
(μq= μs= μB/3). One can see that theDQPM line is in the range of the lQCD errorbars. For completeness we
also show the lQCD estimates from [15] (μq= μs= μB/3)—green area, however, note that these lQCD results
have been obtained by themethod of analytic continuation from imaginary to real chemical potentials for large
μB, which can lead to large systematic errors.

One can define the real part of the partonic self-energies by the dynamical quasi-particlemasses (for gluons
and quarks)which are given by theHTL thermalmasses in the asymptotic high-momentum regime by [19, 20]
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whereNc= 3 andNf= 3 denote the number of colors and the number offlavors respectively. The strange quark
has a larger baremasswhich needs to be considered in its dynamicalmass. Empirically wefindms(T,μB)=
mu/d(T,μB)+Δm andΔm≈ 30MeV. Furthermore, the quasi-particles in theDQPMhave thermal widths,
which are adopted in the form [14, 20]
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wherewe use theQCDcolor factors for quarks, C 4 3q
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, and for gluonsCg=Nc= 3. Further, we

fixed the parameter cm=14.4, which is related to amagnetic cut-off.We assume that all (anti-)quarks have the
same thermal width γu= γd= γs. Fixing the quasi-particle properties as described above, one can estimate the
quasi-particles entropy density sdqp and quark number density ndqp in the 2loopΦderivable approximation from
Baym [21, 22], whereas s= sdqp and nB= ndqp/3. Thenwe can obtained other thermodynamic quantities such as
the entropy density s(T,μB), the pressure P(T,μB) and energy density ò(T,μB).We obtain the pressure P atfinite
T andμB by using theMaxwell relation of a grand canonical ensemble:
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where the lower bound in temperature is chosen between 0.1< T0< 0.15 GeV. The energy density ò then
follows from the Euler relation

( )Ts P n . 9B B

The differential cross section for a binary process of on-shell particles (i+ j→ c+ d) in the center-of-
momentum frame (CM), where themomenta of the colliding particles obey k k p p P 0i j c d and

k k s p pi j c d
0 0 0 0, reads

Figure 1. (Pseudo-)critical lineTc(μB). The red dashed line corresponds to theDQPMphase boundary (μq = μs = μB/3). Lines with
colored areas represent lQCD estimates ofTc(μB) forQCDwithNf = 2 + 1: (green area) (μq = μs = μB/3) [15], (violet area) (nS=0,
μS(μB)) [16, 17], (red area) (μq = μs = μB/3) [18].
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denotes the invariantmatrix element squared averaged over the

color and spin of the incoming particles and summed over those of thefinal particles. In (10) dΩ is the
differential solid angle corresponding to one of thefinal particles. Themomenta of the initial/final (pin/out)
particles in theCM frame are given by

( ( ) )( ( ) ) ( )p
s m m s m m

s2
, 11i

i i i i
2 2

where i= in/out,mi and mi being themasses of the colliding partons.
The total cross section is obtained via:
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is the symmetry

factor.
TheDQPM total cross-sections for different channels are shown infigure 2 as a function of temperature for

μB= 0 andμB= 0.4 GeV. The total cross sections atfixed s depend on temperature as T1ij cd
tot

3

or∼ 1/T4, which is governed by theT-dependence of theDQPMrunning coupling. The difference in theT-
dependence for different channels arises from the combinations of s−, t−, u− channels: for q− q, ¯q q and
q− g scatterings T1ij cd

tot
3, while for the g− g channel the terms 1/T3, 1/T4 have equivalent contributions

to the total cross-section c T c Tij cd
tot 3

3
4

4, where c3, c4 depend on s , B. The cross-sections decrease
with the increase of baryon chemical potential as expected from theμB dependence of theDQPMcoupling. This
trend is in agreement with the pQCDpredictions for high temperatures and chemical potential, where theQGP
can be described approximately by a free gas of quarks and gluons.We have found that the collisional widths
from theDQPMand those evaluated from the interaction rates—by calculating the partonic differential cross-
sections as a function ofT andμB for the leading tree-level diagrams—are in reasonable agreement. Accordingly,
the quasi-particle limit holds sufficiently well [23].

For the scatterings of the on-shell partons (i.e. the energies of the particles are taken to beE2= p2+M2 with
M being the polemass) the interaction rateΓon is obtained as follows,
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denotes the relative velocity in the c.m. frame, dj is the degeneracy factor for spin and

color (for quarks dq= 2×Nc and for gluons ( )d N2 1g c
2 ), using the shorthand notation fj= fj(Ej,T,μq)

for the distribution functions. In equation (13) and in all the following sections, the notation ¯j q q g, , includes
the contribution from all possible partonswhich in our case are the gluons and the (anti-)quarks of three
differentflavors (u, d, s). The parton interaction rate ( )p T, ,i

on
i q can be used for the estimation of the parton

relaxation time, which is the key ingredient for transport coefficients fromkinetic theory.

Figure 2.Total DQPMparton elastic cross sections as a function of temperature atμB = 0 (l.h.s.) and atμB = 0.4 GeV (r.h.s.) from
[23].
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3. Transport coefficients of theQCDatfinite chemical potential

Wefirst focus on the the transport coefficients at vanishing baryon chemical potential and present the
dimensionless ratio of the shear and bulk viscosities to the entropy density, i.e., η/s and ζ/s, the scaled electric
conductivityσQ/T, as well as the scaled baryon-diffusion coefficientκB/T

2= σB/T. The results ffor the the
ratios η/s and ζ/s as well asσQ/T are in accordwith the available results from the lQCD calculations atμB= 0.

Themost popular transport coefficients—shear and bulk viscosities—have been evaluatedwithin various
models in the hadronic and the partonic phase. The shear viscosity reflects the strength of the interaction inside
theQGPmedium; it can be related to the parton interaction rates, which is a challenge to evaluate on the basis of
first principles. Various theoreticalmodels show that the temperature dependence of theQCD specific shear
viscosity is qualitatively different in the confined and deconfined phases. Starting from the hadronic phase below
the pseudo-critical temperatureT< Tc, η/smonotonically decreases withT because the system is dominated by
pionswithweaker interactions at lowerT. For the partonic phase above the pseudo-critical temperatureT> Tc,
η/s increases with temperature because the interaction attenuates at highT. Approaching the phase transition
fromhadronic to partonic phase at vanishing chemical potential the specific shear viscosity shows a dip followed
by an increase with temperature. A similar temperature dependence of the specific shear viscosity η/s is also seen
for otherfluids such asH2O andHe.

Whilefirst only the shear viscosity was considered in the hydrodynamical simulations it was found later that
the bulk viscosity of theQGP should be non-zero, at least in the vicinity of the phase transition [24]. The bulk
viscosity reduces the speed of the radial expansion and thus influences themeanmomentumof produced
particles. It is known that the bulk viscosity is identically zero in conformal fluids and it is expected that theQCD
medium converges a conformal behaviour in the high-energy or temperature regime.Nevertheless, the lQCD
results on the enhanced trace anomaly close toTc have shown that it is probably not the case for the deconfined
QCDmedium in the vicinity of the phase transition.

The transport coefficients of theQCDmatter can be obtainedwithin theKubo formalism [25, 26], which
was used to calculate the viscosities for a previous version of theDQPMwithin the PHSD transport approach in
a boxwith periodic boundary conditions (cf [27]). Themethod becomes notoriously difficult for the partonic
phase. Amore simpleway to estimate the transport coefficient is to imply the effective Boltzmann equation in
the relaxation-time approximation (RTA) [28] from the collisional widths. As has been shown in [23, 27] the
bothmethods agree rather well for the ratios η/s and ζ/s.

Infigure 3we show theDQPMresults (red lines) for the ratios of specific shear η (left) and bulk ζ (right)
viscosities over entropy density s for theQGPphase as a function of the scaled temperatureT/Tc atμB= 0
evaluatedwithin the RTA.Wefind that theDQPMratios of η/s and ζ/s are in a good agreementwith the lQCD
data for pure SU(3) gauge theory (dark blue pentagons) [29, 30], (light green triangles and dark red squares) [31],
(orange circles) [32] , (violet triangles) [31], (dark cyan squares) [33]. For comparisonwe display also the
estimates fromnon-conformal holographicmodels [34, 35] and the far-from-equilibrium time-dependent
value of η/s in a holographicmodel (in the region of average time tavg= 0.24− 0.59 fm) [36] aswell as the results
from the Bayesian analysis of the experimental data fromheavy-ion collisions [37].

Moreover, we show the results for the hadronic phase from the transportmodelsURQMD (orange linewith
open circles) [42] and SMASH (grey solid linewith rhombuses) [43, 44]. The PHSD results for the hadronic
phase are shownby the violet solid linewith triangles and for the partonic phase by violet solid linewith circles
[27]. The specific shear viscosity for the partonic phase from the PHSD is in a good agreement with the estimates
from theDQPM,while in case of the bulk viscosity the previous PHSD result is higher than the actualDQPM
calculations. This is related to the fact that in the early PHSD study in [27] theQGPphase has been realizedwith a
DQPMparametrizationwith slightly different quasiparticle properties (masses andwidths) that have been fitted
to the entropy density of earlier lQCDdata [45]. Also the presentDQPMpartonic cross sections are evaluated
from leading order scattering diagrams and depend onT s, ,B and the scattering angel while the previous
cross sections in [27]were only depending on the energy density, i.e. on temperature. The differences showup
more pronounced in the bulk viscosity than in the shear viscosity due to the terms related to themass derivative
and speed of sound cs

2 in the expression for the bulk viscosity which are sensitive to the actual formof the
temperature dependence of themasses and cross sections.

The ratio η/s in the hadronic phase decreases when approaching the phase transition temperatureTC. One
can see a difference in the vicinity of the phase transition in theT-dependence for the transportmodels, which
can be attributed to differences in the evaluation of the viscosities as well as difference between the transport
model descriptions. Additionally, we show theRTA calculations from theNf= 2 linear sigmamodel (for a
vacuum sigmamassm0= 600MeV) [40] and theNf= 3 PNJLmodel [41].

Furthermore, the electric conductivity and baryon conductivity ofQGPmatter, produced inHICs, are of
fundamental importance. It is known that the electric conductivity determines the soft photon spectra
[20, 46, 47] and is directly related to their emission rate [48].Moreover, the electric conductivity affects the
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generation and evolutionof electromagneticfields produced inHICs [49–52]. TheDQPMresults for the electric (left)
andbaryon conductivities (right) are shown infigure 4 as a functionof the scaled temperatureT/Tc.Wefinda good
agreementwith the lQCDcalculations forσQ/T forNf= 2: red circle-shapedpoint [53], yellowcircle-shapedpoints
[54], and forNf= 2+ 1: black spheres [55] andblue stars [56]. The scaled electric andbaryon conductivity have a
similar temperature dependence: the ratios increasewith temperature increase as∼T2which ismainly due to the
increasingquarkdensitywith temperature.We founda goodagreement in the vicinity ofTcwith the estimates from
the variousmodels in thepartonic sector, such as theChapman-Enskogmethod,where cross-sections formassless
quarks and gluons arefixed asσtot≈ 0.72/T2 [57], thenon-conformalholographicmodel [35], and extendedNf= 3

Figure 3. Specific shear (left) and bulk (right) viscosities as a function of the scaled temperatureT/Tc atμB = 0. TheDQPMresults—
obtained by the RTA approachwith the interaction rate [38] - are presented by the red solid lineswhile the dashed gray line
demonstrates theKovtunSonStarinets bound ( ) ( )s 1 4KSS [39]. The symbols corresponds to the lQCD results for pure SU(3)
gauge theory (dark blue pentagons) [29, 30], (light green triangles and dark red squares) [31], (orange circles) [32] , (violet triangles)
[31], (dark cyan squares) [33]. The solid blue lines show the results from aBayesian analysis of experimental heavy-ion data [37]. The
lightmagenta dotted line corresponds to the estimates from the Einstein-Maxwell-Dilaton (EMD) holographicmodel [35]. The black
dashed-dotted line depicts the predictions from the non-conformal holographicmodel [34]. The orange area corresponds to the far-
from-equilibrium time-dependent value of η/s in a holographicmodel (in a region of tavg = 0.24 − 0.59fm) [36]. The dark red
dashed-dotted line corresponds to the RTA estimations for theNf = 2 linear sigmamodel [40]. The dark green dashed line presents
RTA estimations for theNf = 3 PNJLmodel [41]. For the hadronic phaseT < Tc = 0.158 GeVwe show evaluations from transport
models: URQMD (orange linewith open circles) [42], SMASH (grey solid linewith rhombuses) [43, 44]. The PHSD results for the
hadronic phase are shown by the violet solid linewith triangles while for the partonic phase given by violet solid linewith circles
calculated byKubo formalism [27].

Figure 4. Scaled electric (Left) and baryon (Right) conductivities as a function of scaled temperatureT/Tc atμB = 0 andμB = 0.3 GeV.
TheDQPMresults obtained by the RTA approachwith the interaction rate [38] are presented by the red solid lines forμB = 0 and by
the blue solid line forμB = 0.3 GeV. The symbols corresponds to the lQCD results atμB = 0 forNf = 2: red circle-shaped point [53],
yellow circle-shaped points [54], and forNf = 2 + 1: black spheres [55] and blue stars [56]. Violet and grey dashed lines show the
estimations for theHRGmodel obtainedwithin theChapman-Enskogmethod [57] forμB = 0 andμB = 0.3 GeV, respectively. The
light green dotted line and dashed black line correspond to the estimations from the Einstein-Maxwell-Dilaton (EMD) holographic
model [35]. The grey solid linewith rhombuses corresponds to the estimations from the SMASH transportmodel [60]. The dark red
dashed-dotted line corresponds to the RTA estimations forNf = 2 linear sigmamodel [40]. The dark green dashed line presents RTA
estimations forNf = 3PNJLmodel [41].
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PNJLmodel [41].However, the temperature dependenceofσQ/Tdiffers among the variousmodels. Futhermore,we
show recent results of the scaled electric conductivity for thehadronicphase from the SMASHtransportmodel (grey
solid linewith rhombuses) [43, 44], Chapman-Enskogmethod for theHRGmodel [57], andRTAestimations for
Nf= 2 linear sigmamodel [40]. There are alsopredictions for the electric conductivity by solving the relativistic
transport equations for partons in a boxwithperiodic boundary conditions in thepresence of an external electricfield
as in [58, 59].

With the increase of baryon chemical potential the net baryon density increases, which influences the baryon
conductivity. Figure 4 (right) shows the actual results for the baryon diffusion coefficient in the range of
temperature and non-zero baryon chemical potentialμB= 0.3 GeV aswell asμB= 0.We compare theDQPM
results to the estimates from the non-conformal holographicmodel [35] and the estimates for the hadron gas
within theChapman-Enskogmethod [57]. In the vicinity ofTc theDQPMvalues for the diffusion coefficient are
in agreementwith the calculations within theChapman-Enskog first-order approximation formassless quarks
and gluons in [57]. Nevertheless, approaching higher temperatures the ratio TB

RTA growswith temperature in

theDQPMwhile theChapman-Enskog results stay nearly constant T 0.048B
CE . Recently, estimates for the

full diffusion coefficientmatrix of theQGPhave shown rather small difference between theChapman-Enskog
method in comparison to the RTAmethod [61], where the partonmicroscopic properties are described by
theDQPM.

TheDQPMresults for non-zero baryon chemical potential, obtainedwithin the relaxation-time
approximation, are presented infigure 5 for the ratios of shear viscosity to entropy density η/s, bulk viscosity to
entropy density ζ/s, electric conductivity to temperatureσ0/T, the baryon-diffusion coefficient to the temperature
squaredκB/T

2 fornon-zeroμB as a function of the scaled temperatureT/Tc(μB) and the baryon chemical potential
μB.We showalso the lQCDcalculations forμB= 0 from [29, 30, 53–55, 62]. Additionally,we compare theDQPM

Figure 5.TheDQPMresults for the ratios of shear viscosity to entropydensity η/s, bulk viscosity to entropydensity ζ/s, electric
conductivity to temperatureσ0/T, the baryon-diffusion coefficient to the temperature squaredκB/T

2 for non-zeroμB as a function of the
scaled temperatureT/Tc(μB) and the baryonchemical potentialμB from [38]. The solid blue lines correspond to the results from the
first-orderChapman-Enskog approximation taken from [57]. The lQCDcalculations forμB = 0 are taken from [29, 30, 53–55, 62].
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calculations forσQ/T andσB/T≡ κB/T
2 to the results from thefirst-orderChapman-Enskog approximation for a

simplifiedpQCDmediumatμB= 0 taken from [57] andfind a reasonable agreement.
Wefind only a rather weak dependence of the transport coefficients onμB. The shear and bulk viscosities,

and electric conductivities of theQGP increase slightly with increasingμBwhile the baryon-diffusion coefficient
decreases. The latter has important consequences for the transport results forHICobservables, e.g., the baryon
diffusionmight enhance the difference between proton and antiproton elliptic flow v2(pT) andmean transverse
momenta.

While at zero (or vanishing)μB the transport coefficients can be extracted from theHIC data at high energies
by a Bayesian analysis based on hydrodynamicmodel calculations (cf figure 3), atfinite and large baryon
chemical potential, which are probed byHICs at low and intermediate energies, this becomes conceptually
difficult due to the large passing time of the colliding nuclei, which limits the applicability of hydrodynamic
models. Theway to overcome this difficulties has been proposed recently in [63]where η/s= 0.65± 0.15 has
been extracted from the low energy Au+Au collisions at s 2.4 GeV based on coarse graining analysis of the
UrQMD transport simulations of theflowharmonics in comparison to the experimental data from theHADES
Collaboration. According to the freeze-out line obtained by comparison of statisticalmodel results with the
experimental data [64], this corresponds toT ∼ 70MeV andμB∼ 800MeVwhere thematter contains hadronic
degrees of freedom.With increasing energy ofHICs the partonic degrees showup and η/s decreases (cffigure 5
of [63]). In [65] the η/s of nuclearmatter produced in the central area of central Au+Au collisions at energies
Elab= 10− 40AGeV (i.e.μB∼ 600− 400MeV)has been studiedwithin theUrQMDmodel and aminimal
value of η/s; 0.3 has been obtained. Furthermore, according to the hybridUrQMDcalculations from [66],
with increasing energy range s 7.7 200 GeV, i.e. with further lowering ofμB from∼400MeV to 25MeV,
η/s decrees from0.2 toKKS boundary 1/(4π).

4.Dynamics of theQCDatfinite chemical potential

To study the evolution of theQCDmediumproduced inHICs one can rely onmicroscopic transport
approaches, which provide the full time evolution of the system.Nevertheless, the evolution of the deconfined
QCDphase has been successfully describedwithin hydrodynamic simulations and hybridmethods, too. The
parton-hadron-string dynamics (PHSD) approach is an off-shell transport approach based onKadanoff-Baym
equations infirst-order gradient expansionwhich allows for simulations of both the hadronic and the partonic
phases.Whereas the hadronic part is essentially equivalent to the conventionalHSD approach [67], the partonic
dynamics is based on the dynamical quasi-particlemodel (DQPM) described above. The parton-hadron phase
transition (for light quarks/antiquarks) is described by the dynamical hadronization, where the fusion of quark-
antiquark pairs tomesonic resonances (or three quarks (antiquarks) to baryonic states) is realized by the the
covariant transition rates [68, 69].Wemention that an out-of equilibrium study on theμB dependence of the
QGP—created inHICs—has been performedwithin the PHSD transport approach, which encompass full
evolution of the system including the partonic phase. The evolution of the partonic phase in the PHSD transport
approach is extended by explicitly calculated the total and differential partonic scattering cross-sections based on
theDQPMand evaluated at the actual temperatureT and baryon chemical potentialμB in each individual space-
time cell where partonic scattering takes place [23, 70].

We found only a small influence of aμB evolution of theQGP in heavy-ion observables, sincewhen
decreasing the collision energy and thus increasingμB, theQGP volume decreases rapidly and the hadronic
phase becomes dominant [23, 70, 71]. Therefore even for low collision energies the influence of theQGPmatter
is washed out. Nevertheless, observables for strange hadrons—kaons and especially anti-strange hyperons—as
well as for antiprotons show amore pronounced effect of theμB dependence ofQGP interactions. This gives an
experimental hint for the search offinite-μB traces of theQGP for experiments at the future FAIR andNICA
accelerators, even if it will be a very challenging experimental task.

5. Conclusions andOutlook

Wehave presented recent results on the transport properties of theQCDatfinite chemical potential. Starting
with the description of themicroscopic properties of the parton degrees of freedomwe have discussed the
transport coefficients of the partonic phase obtainedwithin the dynamical quasi-particlemodel (DQPM) and
compared the results at vanishing chemical potential with numerous predictions from the literature.We have
found a good agreementwith the available lQCD calculations for transport coefficients atμB=0. Furthermore,
we have shown that the presence of a non-zero chemical potential can affect the transport coefficients already in
the region ofmoderate baryon chemical potentialμB� 500 GeV,where a cross-over phase transition likely takes
place.
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