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The HADES experiment at GSI has recently provided data on the flow coefficients v, ..., v4 for protons
in AutAu reactions at Ejy, = 1.23 AGeV (or
viscosity over entropy density ratio, /s at low energies via a coarse graining analysis of the UrQMD
transport simulations of the flow harmonics in comparison to the experimental data. By this we can
provide for the first time an estimate of 1/s 2 0.65 4 0.15 (or (8 £2) (47r)~') at such low energies.

SNN = 2.4 GeV). This data allows to estimate the shear

© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

1. Introduction

Relativistic heavy ion collisions provide an excellent laboratory
to explore the properties of strongly interacting matter in great
detail. While at ultra-relativistic collision energies, e.g. at RHIC and
LHC, Quantum Chromodynamics (QCD) predicts the creation of a
deconfined state of matter, called the Quark Gluon Plasma (QGP),
one expects to explore a super dense baryonic system at lower
collision energies (RHIC-BES, FAIR/NICA, or GSI). One of the key
results of the exploration of QCD matter in collider experiments
has been the precise determination of the QCD transport coeffi-
cients. In particular, the shear viscosity 1 which is usually scaled
by the entropy density s of the matter is in the center of interest.
At ultra-relativistic energies, the shear viscosity n can be rather
directly extracted by analyzing the Fourier expansion of the ra-
dial flow distribution. Especially, the second Fourier coefficient v,
can be measured at midrapidity (e.g. at RHIC [1,2]) with great
precision and allows to extract n/s from the data by compari-
son to hydrodynamic simulations [3-6]. Typical values of n/s at
collider energies are 7/s = (2 — 4) (4w)~". These values are near
the conformal Kovtun-Son-Starinets (KSS) bound of n/s = (47)~!
[7,8] and indicate that the QGP is among the most perfect liquids
ever created. Although 7 /s cannot be smaller than the KSS bound
in equilibrium, recent AdS/CFT calculations point out that out-of-
equilibrium values of 1/s can subceed the boundary [9,10].
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Unfortunately, the methods used at collider energies cannot
easily be applied at very low energies. The reason is the follow-
ing: At very high energies, the initial conditions for the hydrody-
namic evolution can be straightforwardly defined, e.g. at midrapid-
ity by a time independent spatial profile with a fixed eccentricity
€ in space. The shape of the spatial profile can be extracted from
Monte-Carlo Glauber calculations or from a saturation model. This
initial state then expands into vacuum and creates a finally ob-
servable v, in momentum space out of the initial eccentricity. The
response of the momentum space to the spatial eccentricity is gov-
erned by the viscosity. Le. typically one has v, ~ &, exp[—n/s - n?]
[11,12]. Thus comparing €, with v, allows to extract the viscosity.

At lower energies, such an approach is not possible due to the
intricate time dependence of the geometry of the colliding and ex-
panding matter:

o First of all, the expected viscous correction might be too high
to allow for a meaningful hydrodynamic simulation. Estimates
of the shear viscosity over entropy ratio of a moderately hot
hadron gas [13] suggest 1/s = (10 — 100) (47)~" in the low
energy regime.

e Secondly, a simple initial state (i.e. fixed in time and with a ge-
ometry inferable from the initial nuclei) for the hydrodynamic
expansion cannot be defined. The reasons for this problem are:
I) The compression stage lasts very long (=~ 3 — 10 fm), which
means that the initial baryon currents do not quickly decou-
ple as they do at very high energies, hindering the definition
of a time independent initial state with a fixed eccentricity &j,.
II) Due to the slow movement of the spectators, the expand-
ing matter sees a time dependent boundary for its expansion,
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the well known spectator shadowing. This leads to an emis-
sion time dependent in-plane and out-of-plane component in
v,. Both effects prohibit the construction of a simple hydrody-
namic initial state at low energies.

To overcome these problems one can either employ a viscous
multi-fluid approach [14] to include the space and time dependent
source terms for the midrapidity fluid, or one can rely on transport
simulations to extract the shear viscosity to entropy density ratio.

In the present paper we take the second route, because vis-
cous multi-fluid hydrodynamics is not yet available. In [15-17], the
UrQMD model has recently demonstrated its ability to describe the
directed and elliptic flow data from HADES [18,19] and to predict
triangular and quadrangular flow which has been recently mea-
sured [19]. This consistency means that the implemented cross
sections and interactions can be used to calculate a reliable vis-
cosity value that is in line with the observed elliptic and higher
flow harmonics without the need to rely on the initial eccentric-
ity. This allows for the first time, to extract the n/s ratio in Au+Au
collisions at Ej;p = 1.23 AGeV directly from a dynamical hadron
cascade simulation. The idea is supplemented by the investigation
of the n/s ratio in the transverse plane at different times to illus-
trate the relevant viscosities at the different expansion stages.

2. Method

For the present analysis, the Ultra-relativistic Quantum-Molecu-
lar-Dynamics (UrQMD) model [20,21] is used in its recent version
(v3.4) to investigate the properties of the hadronic matter created
in Au+Au reactions at 1.23 AGeV beam energy. At this energy,
the relevant degrees of freedom are hadrons, and their interac-
tion is based on nuclear potentials and scattering cross sections.
A detailed description of the model is provided in [20,21]. UrQMD
has been shown to provide a very good description of the colli-
sion dynamics and especially of the flow characteristics [15-17]
which is relevant for the present analysis. Moreover, hydrodynam-
ics [22], thermal model fits [23,24] and previous coarse-grained
UrQMD calculations [25] have suggested that the matter created in
the model is near equilibrium, allowing to relate equilibrium quan-
tities (T, n, s, ...) to the system.

So far, the extraction of n/s from transport models generally
utilizes infinite matter simulations which are run sufficiently long
to allow for local thermal equilibration and then employs the
Green-Kubo formalism [26,27]. In this setup, the shear viscosity
is expressed in terms of the zero-frequency slope of spectral den-
sities of stress tensor-stress tensor correlations. This method has
been successfully applied to the UrQMD model in [13] and the
SMASH model [28,29]. In [30,31], the UrQMD model has been re-
cently used to infer the /s ratio in AutAu collisions at beam
energies from 10 to 40 AGeV by using the local energy and net-
baryon densities as input for a statistical model (SM) setup.

The aim of this work, however, is to extract the n/s ratio lo-
cally, i.e. space- and time-dependent, from a dynamical simulation.
The first question to answer is whether the use of local equilibrium
concepts such as temperature and viscosity is justified at such low
energies. To test, if local equilibrium is also achieved at low en-
ergies, we use the same established strategy as in high energetic
collisions: We ask if (1.) relativistic hydrodynamics can be used to
describe the system and (2.) if the final yields can be described
by thermal model fits. In addition (3.) we can compare the pre-
sented coarse graining approach with a thermal model analysis in
different time steps over the course of the reaction.

Let us start with (1.) and test if hydrodynamic models provide a
reasonable description of nuclear reactions at low energies. To this
aim we refer to [22] where hydrodynamic simulations for Au+Au
reactions in the energy range from Ej;, = 1—8 AGeV are shown to
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provide a reasonable description of the proton and pion flow and
their multiplicities.

Next we test chemical equilibration (2.). To this aim we refer
to the thermal model analysis in [23] and the updates provided
in [24]. The comparison of the experimental yields at low collision
energies (Ejap ~ 1 AGeV) with the thermal model indicates a good
fit of the thermal model to the data for the bulk hadronic multi-
plicities (deviations for more exotic states like the E are present,
but irrelevant due to the negligible contribution of such states).

Finally, we test (3.) how the transport simulations compare to
a time dependent thermal model analysis at low energies. For this,
we refer to the results shown in [25], where the authors used
a coarse-graining procedure as well. They showed that at Ej,, =
1.76 AGeV, the coarse-grained simulation data on (T (t), up(t)) is
very close to time dependent thermal model fits (T (t), up(t)) of
the chemical yields during the relevant overlap stage of the reac-
tion (i.e. 4 fm/c <t < 12 fm/c).

To summarize, there is substantial evidence that the matter in
the discussed energy regime and for massive collisions (in our
case Au+Au at 1.23 AGeV) is to a very good approximation in lo-
cal kinetic and chemical equilibrium. Thus, the notion of viscosity
and temperature is justified. The shear viscosity n can then be
extracted using the finding that 1 can be well described by the
following relation extracted from relativistic kinetic theory [32,33]
in Boltzmann limit:

5T ~/mT
nr) =—-— ; (1)
16 Otr

with T being the temperature, m being the mass and o be-
ing the transport-cross section! of the interacting particles. The
term /m/o¢ generally depends on the chemical composition pro-
duced at each individual energy and is therefore collision energy
dependent. Within the simulation, we extract {v/m/otor)(+/SNN)
for central Au+Au collisions at 1.23 AGeV, obtaining («/m/0tet) =
0.0256 +/GeV/mb (as expected for a nucleon dominated system
with ~ ,/mp/opp and opp =40 mb). In principle one would also
be able to obtain the transport cross section at each individual
space time point. We omit this extremely computational time in-
tense task here and assume that the s-wave and p-wave scattering
provide reasonable upper and lower bounds for the conversion of
the averaged total cross section to the transport cross section and
treat this as a systematic error. The temperature T and the en-
tropy density s are then extracted at each space-time point via the
coarse-graining method discussed below. To validate our approach
for the extraction of «/m/o¢r, T, pg and s we will later also com-
pare to the improved (in equilibrium) shear viscosity calculation
by Shi and Danielewicz [35].

To relate the shear viscosity to the entropy density and to con-
front their ratio with the complex dynamics encountered in the
collision, we employ the UrQMD coarse-graining approach [36-42].
It consists in computing the temperature and the baryo-chemical
potential from the average energy-momentum tensor and net-
baryon current of the hadrons formed in a large set of heavy ion
collision events with the same collision energy and centrality. The
computation is done in cells of a fixed spatial grid at constant in-
tervals of time. In the present study, the cells are four-cubes with
spatial sides of length Ax= Ay =Az=1 fm and At =0.25 fm
length in time direction. First, we evaluate the net-baryon four
current j’;(t, r) and the energy momentum tensor T#V(t,r) in the

1 The transport cross section is defined by oy (s) = fdQsinz(G)g—g(s,G) [34].
The transport cross section oy is related to the total cross section o for s-
wave (isotropic) interactions through oy, =2/3 0to¢ and for p-wave interactions via
Otr = 2/5 Otot-
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Fig. 1. Time evolution of (n/s) in central Au+Au reactions at a beam energy of
1.23 AGeV.

Eckart’s frame definition [43]. Then, we perform a Lorentz trans-
formation of the net-baryon current and of the energy momen-
tum tensor into the Local Rest Frame (LRF) and compute the local
baryon density pp and the energy density ¢ as:

pp(t.1) =3 ge(t.1), et 1) =TR(t, 7). (2)

The final step in the coarse graining procedure consists in associat-
ing to each cell of the coarse grained grid the temperature T (g, pp)
and the baryo-chemical potential wg(e, pg) through the interpola-
tion of a tabulated Hadron Resonance Gas EoS? [44].

Being close to thermal equilibrium as shown in [25] and utiliz-
ing that the coarse-graining employs the grand-canonical ensemble
allows us to extract the local entropy density s(t, r) from the ther-

modynamic relation 2 = —PV via
e(t,r)+ P(t,r) — t,r t,r
s(t,r):( )+ P(t,r) — up(t, r)pp( )_ 3)
T(,r)

With the local entropy density in hand, we can now define the n/s
ratio with a beam energy specific (v/m/o¢r).

3. Results

In the following we use the relation 5(T) = 5/16/wm/cy - T
as derived in [32,33]. We apply it to the coarse grained simula-
tion data of T(e(t,r), pp(t,r)) at 1.23 AGeV and extract the space
and time dependent 7/s ratio during the evolution of the reac-
tion. Central events are selected via an impact parameter cut at
b < 3.4 fm. Cold cells (T < 10 MeV) are excluded, because the
mapping of (¢, pg) <> (T, ug, s) through the HRG EoS is imprecise
at very low temperatures especially with respect to the entropy.
The coarse-grained data is based on an ensemble of 107 events.

3.1. Time evolution of /s

Let us start by exploring the time evolution of the average?
(n/s) ratio in the central cube, V = (10 fm)3, for Au+Au reactions

2 Here, the HG EoS is used because of the absence of QGP at the investigated
energy. When applying this method to higher energies, the employed EoS should
be adjusted as well.

3 We define (1/s) as the volume average of 1/s(t,r) at each time: (n/s)(t) =
vy, d3rg(t, ) with V = (10 fm)3.
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Fig. 2. Evolution of (n/s) in central Au+Au reactions at a beam energy of 1.23 AGeV
as a function of temperature T. The time evolution is encoded in the color, see scale
on the right hand side.

at Ejap = 1.23 AGeV as shown in Fig. 1. The red line shows our
calculation using Eq. (1) and with the parameters discussed above
[32,33], the red error band is determined by the difference of s-
and p-wave scatterings. The blue line denotes the results employ-
ing the parametrization by Shi and Danielewicz given in [35] as-
suming full equilibrium. This comparison further supports that the
assumption of local equilibrium is fulfilled to a very good degree.

We further observe that n/s has a pronounced time depen-
dence, which reflects the temperature and density evolution of
the system. l.e. during the initial stage of the nuclear medium
the shear viscosity to entropy density ratio is large, but rapidly
decreasing, reflecting the increase in temperature and baryon den-
sity. After the initial heating, 1/s develops a plateau in line with
a rather constant temperature and baryon chemical potential (in
line with [25]) until full overlap (t =9 fm) where expansion takes
over and n/s increases again slightly. This weak time dependence
of n/s after the initial collision allows us to extract a value for the
viscosity ratio at this energy.

Next we turn to the temperature evolution. Fig. 2 shows (n/s)
in dependence of the temperature, again averaged over the central
cube with side lengths of 10 fm. The time at which the average
is calculated is denoted by the color scale on the r.h.s. We ob-
serve a sharp decrease of (n/s) during the compression stage in
line with rising temperature. In this phase, the entropy produc-
tion increases stronger than the shear viscosity. During the rele-
vant overlap time, the temperature stays approximately constant
at 60 — 80 MeV which corresponds to the time of maximal com-
pression as already seen in the time evolution in Fig. 1. Finally,
after ~ 15 fm the expansion rate becomes the driving force and
hence the system cools down.

Fig. 3 shows the evolution of (1/s) in the same volume as a
function of baryon density (normalized to the ground state den-
sity). Here one observes again an intricate time evolution: The
viscosities in the compression stage and the expansion stage be-
have differently due to different T (g, pg) distributions. During the
most dense phase (from 5-10 fm) with pg/pp ~ 2 the system
stays in the region with approximately constant 1/s ~ 0.4 —0.6 (or
(5—7) (4m)~1). This is the stage at which the first order flow com-
ponent vq is mostly generated. As the HADES data [19] revealed,
the slope of dvi/dy at midrapidity is positive at 1.23 AGeV beam
energy. It is worth mentioning that the bulk viscosity might have a
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Fig. 3. Evolution of (n/s) in central Au+Au reactions at a beam energy of 1.23 AGeV
as a function of the scaled baryon density pg/po. The time evolution is encoded in
the color, see scale on the right hand side.

non negligible influence on vq as well [45]. The second order flow
component vy, in contrast, is determined by an intricate interplay
of the compression phase, the blocking of spectator nucleons and
the subsequent onset of expansion. In turn that suggests that the
vy component of the flow which is mostly generated during the
compression and overlap stage receives a different contribution
from the viscous corrections than the v, component which also
achieves a major contribution from the late expansion stage of the
system. As pointed out in Ref. [19], further insights into the inter-
play of shear (and bulk) viscosity and the Fourier-decomposition of
azimuthal particle distribution may be investigated through higher
order flow components and their correlations.

3.2. n/s in the transverse plane

Now that the difference between the compression phase and
the expansion phase in central Au+Au reactions at 1.23 AGeV
beam energy is elaborated, we will take a look into 7/s in the
transverse plane* at z~ 0 and at different times of the reaction.
Fig. 4 shows the distribution of (n/s(x, ¥)) in the transverse plane
(x-y plane) for z =0 fm. The top left figure shows the beginning of
the reaction (t =5 fm), the top right figure indicates the n/s dis-
tribution at the time of maximal compression (i.e. at t ~ 10 fm),
while the bottom figures show the transverse distribution of 7n/s
in the expansion stage, i.e. after 15 fm and 20 fm. Here we observe
that the shear viscosity is rather uniformly distributed within the
transverse plane. However, with further distance from the center of
the fireball the n/s ratio increases rapidly. As expected, the region
of low n/s evolves with elapsing time from an elliptic to a circular
shape. As a side remark, we want to point out that the spatial gra-
dients in n/s might influence the evolution of the vorticity @ via
the vorticity transport equation De/Dt = (@ - V)u+ V2w, with u
being the fluid velocity. This may allow to use A and A polariza-
tion measurements to explore the radial dependence of 7n/s using
the different spatial emission regions of A and A as suggested in
[46].

4 The average is taken over the interval z € [—1, 1] for every x-y cell at the given
times.
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tom right) in central Au+Au reactions at a beam energy of Ejop = 1.23 AGeV from
UrQMD. The 7/s values are encoded in the color, see scale on the right hand side.
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Fig. 5. Dependence of n/s from ,/syn. The red square (this work) is taken at full
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3.3. Energy dependence

Finally, we put the present result at very low energies in per-
spective to the existing estimates of n/s at higher collision ener-
gies.

In Fig. 5 we show the dependence of 1/s on the center of mass
energy /SNy in nucleus-nucleus collisions. The red square (this
work) is calculated at the time of full nuclear overlap. The error
bar stems from the upper and lower limits estimated from the s-
and p-wave scaling. The blue triangles-up are extracted from [30]
at full overlap, while the black triangles-down are from [47] and
the green circles are from [48] both employing a Bayesian analy-
sis of elliptic flow data from RHIC in comparison to hydrodynamic
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simulations. The orange star denotes an estimate from hydrody-
namic calculations at LHC [49], while the dotted black line shows
the KSS boundary [7,8]. We observe that a) the extracted n/s val-
ues at high energies (including error bars) approach the KSS bound
for strongly coupled systems at ,/syy around 40 GeV and that
b) in the GSI/FAIR energy regime the n/s values increase strongly
with decreasing center-of-mass energy reaching typical values for
a rather cold relativistic hadron gas.

4. Summary

In this article we have used the Ultra-relativistic Quantum
Molecular Dynamics (UrQMD) transport approach combined with
a coarse graining procedure to extract for the first time the
shear viscosity to entropy density ratio in Au+Au reactions in
the GSI/FAIR energy regime. The extracted value in Au+Au reac-
tions at ./sSyy = 2.4 GeV is (n/s) = 0.65 £+ 0.15. We showed that
the n/s ratio is space and time dependent. We found that n/s
is decreasing rapidly during the compression phase and levels of
around the maximum compression of pg/po =2, corresponding to
a temperature of T = 60 — 80 MeV. We further showed the dis-
tribution of 7/s in the transverse plane and discussed how the
spatial distribution of 1/s might be explored with A, A polariza-
tion measurements. We suggest that at the discussed FAIR energies
different flow components receive different contributions from the
shear viscosity to entropy density ratio because they are created
at different times of the collision. Le. v1 is mainly created dur-
ing the maximal compression phase where 7/s is lowest, while v,
gains further contributions during the expansion phase where /s
moderately increases. Finally, we related our result to previous es-
timates on 7/s as a function of /sy showing that the extracted
value of n/s ~ 0.65 carries on the trend established by previous
calculations at higher energies.
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