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Abstract. We investigate hadronic particle spectra and flow char-
acteristics of heavy-ion reactions in the FAIR/NICA energy range
of 1 AGeV ≤ Elab ≤ 10 AGeV within a relativistic ideal hydrody-
namic one-fluid approach. The particlization is realized by sampling
the Cooper-Frye distribution for a grand canonical hadron gas on a
hypersurface of constant energy density. Results of the hydrodynamic
calculations for different underlying equations of state are presented
and compared with experimental data and microscopic transport sim-
ulations. The sensitivity of the approach to physical model inputs
concerning the initial state and the particlization is studied.

1 Introduction

The exploration of the phase structure of the theory of strong interaction or Quan-
tum Chromodynamics (QCD) has been one of the major goals of relativistic nuclear
physics during the last 30 years [1]. Especially the programs at the AGS (EOS col-
laboration [2]) and at CERN’s SPS (NA49 [3], and Shine collaboration [4]) and later
the RHIC-BES program (STAR collaboration [5]) have tried to to find unambiguous
signals for the onset of deconfinement. On the experimental side this search will con-
tinue in the next years with the novel facilities in Darmstadt and Dubna, namely the
FAIR project [6] and the NICA project [7]. One the theoretical side, the search for
the onset of deconfinement is plagued by the lack of quantitative predictions and high
quality numerical simulations for a collision with a QCD phase transition [8]. While
this might sound surprising, it is unfortunately a fact that most transport simulations
for heavy ion collisions in the FAIR/NICA regime do not allow to include a phase
transition and can therefore at best provide the background dynamics [9] (a notable
exception is [10]).
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In contrast, relativistic hydrodynamics simulations can provide new insights by
incorporating a phase transition at finite baryo-chemical potential as needed for this
energy. The application of hydrodynamic models to the simulations of nuclear colli-
sions has a long history [11–16]. The strength of this approach lies in the fact that
apart from the basic model assumption of local thermal equilibrium essentially only
the choice of a concrete equation of state enters as a physical input.

At low energies, the hydrodynamic picture of a single fluid describing the interac-
tion of projectile and target nuclei has been used early on to study collective effects
like directed flow and the dependence of these effects on the nuclear equation of
state (see, e.g. [14,15,17]). Spectra of secondary particles, however, have rarely been
analyzed in a purely hydrodynamic description of low energy heavy ion collisions, a
notable exception being the two-fluid model approach of [18].

At high collision energies, on the other hand, hydrodynamic models have been
found appropriate for the description of the hot and essentially baryon free matter
created at top RHIC and LHC energies. Especially since the start of the experimental
program at RHIC in 2000, one-fluid hydrodynamics has seen a tremendous increase
in its applications to relativistic heavy ion collisions [19,20].

In addition to pure one-fluid hydrodynamics, alternative approaches have been
developed, namely two- and three-fluid hydrodynamics and Boltzmann+Hydro
hybrid models. Here, the initial stage consisting of the target at projectile nucle-
ons is treated separately from the created fireball. This allows to include the strongly
anisotropic momentum distribution of the initial stage and to include a phase tran-
sition for the central reactions stages. Especially at intermediate energies where the
initial baryon currents can be separated in momentum space such approaches are
very valuable. Prime examples for three fluid hydrodynamics models are [21–24],
while the idea of coupled Boltzmann+Hydro simulations was pioneered in [25–29]
and later applied in [30–33].

A major drawback of hybrid and multi-fluid approaches is that they typically rely
on a separation (in space and momentum space) of the baryon currents. Especially at
low energies this assumption might not be fulfilled and the different currents (prop-
agated in different fluids) should be treated as a single thermodynamic system at
each space time point. The typical minimal scale from which on a simple multi-fluid
approach without unification of the fluids can be used is provided by the thermal
velocity in a typical cell in relation to the Moeller velocity between the fluids (or
baryon currents). This was studied in [22] and indicates that even up to 11 AGeV
one-fluid hydrodynamics provides a good approximation to the expansion stage of
the reaction.

In the present study, a relativistic ideal one-fluid model of heavy-ion collisions is
applied to the FAIR/NICA energy regime. The reaction dynamics is described hydro-
dynamically starting from cold projectile and target nuclei up to the particlization
into hadrons. The final mt spectra of protons, pions and kaons from central Au+Au
collisions are systematically analyzed and compared with experimental data for dif-
ferent equations of state and for different beam energies. Excitation functions of the
flow parameters v1 and v2 in mid-central collisions are also studied. A special focus
is laid on the importance of initial state density fluctuations for these observables.

2 The model

2.1 Initialization

The model can either be initialized with averaged nuclear profiles of the nucle-
ons in each projectile and target nucleus or using a Monte Carlo procedure to
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provide fluctuating initial stages for event-by-event simulations. Consequently, in the
‘event-by-event’ mode multiple hydrodynamic events with different initial states are
calculated in order to obtain a sample of final states which are then averaged for the
present study. While in the ‘averaged’ mode initial configurations are first averaged
and the a single hydrodynamic evolution is performed. Thus, the ‘averaged’ mode
neglects initial stage fluctuations and leads in general to smoother initial density and
energy profiles. The practical implementation of the fluid initialization follows [29]:
The spatial coordinates of the nucleons from an individual initial state is replaced
by three-dimensional Lorentz-contracted Gaussians of width σ = 1 fm. The resulting
sum of the corresponding energy, momentum and baryon-densities of all nucleons is
then mapped on the spatial grid with cell-size (0.2 fm)3. The hydrodynamic evolution
thus starts directly at t = 0 with the center of both cold nuclei being at a distance
∆z = r1 + r2, with z being the longitudinal direction and ri being the radius of
nucleus i.

2.2 Equations of motion

Ideal relativistic hydrodynamic assumes conservation of energy, momentum and
charges:

∂µT
µν = 0 and ∂µN

µ = 0. (1)

Here, Tµν is the energy-momentum tensor and Nµ is the baryon four-current. These
quantities can be expressed in terms of the fluid’s four-velocity uµ and the thermo-
dynamic state in the local restframe of the fluid, described by the energy density ε,
the pressure p and the baryon density n:

Tµν = (ε+ p)uµuν − pgµν and Nµ = nuµ. (2)

In addition to the hydrodynamic equations, a specific equation of state of the matter
is required in the form p = p(ε, n). The following coupled equations then determine
the time evolution of the system:

∂tT
00 + ∇ · (T 00v) = −∇ · (pv), (3)

∂tT
0i + ∂i(

∑
T 0jvj) = −∂ip for i = 1, 2, 3, (4)

∂tN
0 + ∇ · (N0v)) = 0. (5)

These equations are numerically solved with the SHASTA algorithm [34,35]. In
each time step, the algorithm consistently links the discretized conserved quantities
T 00, T 0i and N0 (given in the calculational frame) with the pressure p (given in the
local rest frame) and the fluid’s three-velocity v of each cell.

A main advantage of the SHASTA as compared to other approaches is its ability
to handle shock wave formation and propagation by the flux corrected transport with
non-linear feedback [36]. Especially for our application at low energies, this is a crucial
feature, because the entropy production in the initial stage is completely described
by shock wave formation.

2.3 Equations of state

The Equation of State (EoS) is the main ingredient into the hydrodynamic simulation.
At high energies, i.e. for systems with (nearly) vanishing net-baryon density the EoS
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can be obtained from fits to lattice QCD calculations [37,38], at low energies with high
baryo-chemical potentials lattice QCD calculations can unfortunately not provide
ab-initio results for the EoS and one has to rely on phenomenological approaches
that converge to lattice QCD results in certain limits. For the present study, different
equations of state have been assumed: The hadron gas is an ideal relativistic quantum-
gas of known baryon and meson resonances up to ≈ 2 GeV. It reflects the same
degrees of freedom as the hadronic cascade model UrQMD. For details, we refer
to [39]. The MIT bag model equation of state and its implication on fluid-dynamic
properties have been discussed in [35]. This (rather schematic) equation of state
assumes a version of the σ − ω-model for the hadronic phase and a non-interacting
gas of massless u and d quarks and gluons confined by a bag pressure for the QGP
phase. The transition between the two phases is of first-order, governed by the Gibbs
condition. The bag model EoS serves mainly to showcase the most drastic effects of a
phase transition. According to the chiral model [40], strange and non-strange baryons
interact via mesonic mean-fields. This model equation of state exhibits a cross-over
phase transition to deconfined matter.

Figure 1 depicts the three equations of state for three different fixed values of
net-baryon density n. Shown is the pressure as a function of energy density. This is
the hydrodynamically relevant representation of the equation of state, since the pres-
sure can be regarded as the ‘response’ of the matter for a given condition (baryon
density and energy density) the system is forced into in the course of the evolution.
Obviously, the different model equations of state indicate strongly differing thermo-
dynamic behaviour of nuclear matter. It will be shown below, how this reflects in the
outcome of the different hydrodynamic simulations.

2.4 Hadronic freeze-out

The transition between the fluid phase and the microscopic transport description of
the reaction is given by the Cooper-Frye equation [41]:

E
dNi
d3p

=

∫
σ

fi(x, p)p
µdσµ. (6)

fi denotes the particle distribution function of hadron species i, boosted according
to the fluid velocity of the hypersurface element.

The hydrodynamic freeze-out or particlization takes place on a hypersurface of
equal local energy density εfr of the fluid. The numerical procedure for determining
the hypersurface is described in [42]. In the present study, reaching nuclear ground
state energy density is used as the particlization criterion, i.e. the value of local
energy density where the hydrodynamic fields are converted into hadrons is εfr = ε0.
The duration of the hydrodynamic evolution until Cooper-Frye freeze-out depends
somewhat on the equation of state and the collision energy, but of course also on
rapidity. For the present study, typical values of the average freeze-out time, weighted
with the entropy flow through the hyper-surface, are on the order of 10− 15 fm/c.

Hadrons are sampled according to the grand-canonical description of a non-
interacting relativistic hadron gas in equilibrium, taking into account the same
degrees of freedom as the microscopic transport model UrQMD. The values of T
and µB depend on the baryon density of the fluid at the particular hypersurface ele-
ment. Different to the implementation of [29], the conservation of energy and baryon
number in the grand-canonical ensemble refers to expectation values, not to indi-
vidual events. Electric charges are not propagated explicitly in the hydrodynamic
simulation. In order to recover the net-charge of the initial state of the heavy-ion col-
lision in the final state, the Z/A ratio of the system is used as global constraint which
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Fig. 1. Equations of state employed in the hydrodynamic model simulations. Shown is the
pressure p as a function of energy density e for different fixed values of net-baryon density
n (n0 is the net-baryon density of the nuclear ground state). The inset in the bottom figure
displays the dimensionless quantity e/T 4 as a function of T for the case n = 0.

implies a certain isospin asymmetry for each element of the freeze-out hypersurface,
depending on the local values of T and µB . The sampling of particles then takes into
account this isospin asymmetry.

In principle, there should be no need for an additional normalization of the par-
ticle yields, since the sampling procedure runs over all elements of the particlization
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Fig. 2. Invariant particle yield at |y − ycm| < 0.05 as a function of mt −m0 in central
Au+Au collisions at (2, 4, 6, and 8) AGeV. Shown are experimental data for protons from
E895 [43], for π+ from E895 [44] and for K+ from E866 and E917 [45] in comparison with
different hydrodynamic simulations and the UrQMD cascade model.

hypersurface. Indeed, the ‘raw’ model-outcome is consistent with baryon number con-
servation on a 1% level in the case of the hadron gas equation of state and assuming an
averaged initial state. Taking into account initial state fluctuations reduces the agree-
ment to a 5% level. Equations of state other than the ideal hadron gas in some cases
lead to even larger apparent violations of baryon number conservation. Therefore, we
calculate an overall correction factor for the net-baryon number expectation value of
each individual particlization hypersurface and apply it in the sampling procedure
(for all hadron species).

The transition from the hydrodynamic evolution is followed by final state interac-
tions (scattering and decays). For these, the UrQMD-cascade description is employed,
as in [29–33]. However, since the particlization is assumed to take place at significantly
lower energy densities, the hadronic scatterings at this late stage are not relevant for
any observables analyzed in this study.

3 Results

3.1 Hadronic particle spectra

Figure 2 shows transverse mass spectra of protons, π+ and K+ at midrapidity for
central Au+Au collisions at different energies. In the simulations, the impact param-
eter is set to b = 2 fm, whereas the experimental data represent the 5% most central
events. Hydrodynamic simulations using the three different equations of state are
compared with the microscopic UrQMD model and experimental data from [43–45].
Firstly, one notes a close similarity between the hydrodynamic simulation using the
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hadron gas equation of state and the microscopic transport model for all hadron
species at all energies. This is a surprising fact, given that the hydrodynamic model
comes with extremely few free parameters, none of which is fitted to experimental
data from heavy ion reactions. The final state of the hydrodynamic description only
reflects local energy and momentum conservation in combination with the assumption
of immediate local equilibration of all hadronic degrees of freedom at all times. The
microscopic model, on the other hand, goes to great length to take into account the
non-equilibrium physics of a nuclear collision by implementing hundreds of elemen-
tary cross sections and decay channels. However, the fundamentally different models
show quantitatively very similar amounts of nuclear flow (indicated by the slope of
the protons), as well as entropy and strangeness production (yield and slope of the
pions and kaons, respectively).

There are some significant differences between the simulations with different equa-
tions of state, though. Firstly, the chiral model equation of state shows the strongest
flow, indicated by relatively flat slopes of protons, and also secondaries, in particu-
lar at higher energies. This corresponds to the relatively high values of pressure at
given baryon density in a wide range of energy densities, see Figure 1. The bag model
exhibits interesting deviations from the other scenarios, concerning the pion and kaon
yields at 4 AGeV, which appear clearly suppressed. This can be understood in view of
the low pressure (and relatively low temperature) in the mixed phase, which seems to
dominate the reaction dynamics just at 4 AGeV (at this energy also fluctuations due
to spinodal instabilities reach their maximum [46]). At 2 AGeV it is plausible that
only a small portion of the reaction volume enters the mixed phase of the equation
of state.

The comparison with experiment shows that UrQMD and the hydrodynamic cal-
culations with all inspected equations of state do not fully capture the flow in the
slope of the proton spectrum at 2 AGeV. At 4–8 AGeV, both the hydrodynamic mod-
els as well as the UrQMD model agree nicely with the proton data, perhaps with the
exception of the chiral model equation of state which renders slightly too much trans-
verse collective motion. The spectra of pions are well reproduced by hydrodynamics
at all energies. As mentioned above, the bag model equation exhibits a remarkable
deviation from the other model scenarios at intermediate energies, most pronounced
at 4 AGeV. Hence, the outcome of the bag model model equation of state is also
clearly in conflict with experimental data.

All models presented here fail to reproduce the kaon yield at 2 AGeV and 4 AGeV.
It appears that the steep rise of the K/π ratio when comparing 4 AGeV collisions
with 2 AGeV poses a challenge for dynamical model descriptions of hadron production
in heavy-ion collisions. Statistical models with an assumed energy dependence of the
thermodynamical parameters describe the observed strangeness production [47]. How-
ever, new complications arise for most models when trying to explain experimental
data at higher collision energies [48].

As for the present analysis, in particular the hadron gas equation of state shows
very good agreement with the experimental data for all hadron species at 6 and
8 AGeV. It seems that these collision energies with significantly higher collision
rates and hadron production cross sections way above threshold are consistent with
the assumption of thermal and hadrochemical equilibrium during the determining
reaction stage.

As mentioned above, apart from the equation of state, the hydrodynamic model
does not leave much space for different physical model parameters or assumptions
that could affect the outcome. In the following, the sensitivity of the hadron spectra
to this model input is analyzed. Firstly, one might question the assumed initial state
of the fluid as being determined by the distribution of a finite number of nucleons
on the computational grid. It could be argued that averaging density fluctuations
over an ensemble of projectile and target nuclei constitute the appropriate initial
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Fig. 3. Invariant particle yield at |y − ycm| < 0.05 as a function of mt −m0 in central
Au+Au collisions at 2 and 8 AGeV according to the hydrodynamic calculation with the
hadron gas equation of state. Shown are the sensitivities with respect to initial state density
fluctuations (left hand side) and with respect to the value of the particlization parameter
εfr (right hand side).

state for the fluid dynamical description. In Figure 3, the plots on the left hand side
show an analysis of the hadron spectra for the standard scenario with initial state
density flucutations in comparison with the scenario with an averaged initial state.
The resulting mT distribution of all particle species are only very weakly sensitive
to the choice of the initial state scenario (‘averaged’ initial conditions vs. ‘event-
by-event’ initial conditions). This holds for the whole energy range explore in this
study.

Next we explore the transition criterion from the hydrodynamic stage to the
Boltzmann dynamics. The parameter εfr, the value of the energy density that serves
as the hydrodynamic freeze-out or particlization criterion. For the present study, the
value is set to εfr = ε0, the energy density of the nuclear ground state. This value
is motivated by the typical mean free path of the nucleons and may be seen as a
lower limit for this value. In contrast, in [29], a value of εfr = 5ε0 was assumed for
collisions in the highly relativistic regime. However, this is not appropriate for the
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present study where such an energy density may not even be reached as a peak value.
To be consistent, the energy density where particlization takes place is instead chosen
such that cold nuclei are below or just at the threshold of the fluid description. Much
lower values of εfr, on the other hand, can hardly be justified due to the resulting large
mean free path or low scattering rates. Thus, the reasonable parameter range of εfr
is rather small for low energy nuclear collisions. Still, the sensitivity of the the model
on its variation should be checked. In Figure 3, the plots on the right hand side show
an analysis of the hadron spectra for εfr = 0.75ε0 in comparison with εfr = 1.25ε0.
The spectra from the hydrodynamic model calculations are very robust with respect
to the changes of εfr in this range. One just observes a slight suppression of kaon
production for the lower value of εfr, which is to be expected considering the lower
average freeze-out temperatures associated with this choice of εfr.

3.2 Directed flow

Excitation functions of the directed flow have been studied in [17] as a possible way of
probing the equation of state of nuclear matter in a fluid-dynamic model. These cal-
culations did not take into account hadronic freeze-out – as most of the early studies
– and relied directly on the analysis of the energy momentum tensor of the baryonic
fluid. The proposed quantity for measuring the effect was the mean x component
of the fluid momentum (with x pointing transversely in the reaction-plane), inte-
grated over forward rapidity and weighted with the baryon number rapidity density.
Unfortunately, this is not an experimentally accessible observable.

In the present study, the directed flow is calculated on the basis of the nucleons
after particlization and subsequent hadronic freeze-out from the final microscopic
transport stage. The directed flow is quantified by the first Fourier coefficient of the
azimuthal distribution of the nucleons with respect to the event plane:

v1 = 〈cos (φ)〉 =

〈
px
pT

〉
. (7)

The value of v1 of particle distributions changes its sign at midrapidity for symmetry
reasons. Therefore, in order to define a meaningful observable integrated over rapid-
ity1, the quantitity 〈v1sgn(y)〉, averaging over all individual nucleons, is considered.
This quantity, called the directed flow, is depicted in Figure 4 as a function of beam
energy for different model equations of state.

The UrQMD cascade calculation may serve as a baseline to which the different
hydrodynamic simulations are compared. The energy dependence of the directed
flow is rather weak. One observes a slow decrease which seems to saturate at a value
lower than all fluid-dynamic model scenarios. For the hydrodynamical calculation
with a hadronic equation of state with the same degrees of freedom as the UrQMD
model, the directed flow effect is also rather weak and the energy dependence is not
very pronounced. While, this scenario exhibits a slow increase of the directed flow
parameter instead of a decrease, the numerical values of the directed flow are rather
similar for both hadronic scenarios.

In contrast, the chiral model equation of state shows a completely different energy
dependence of the directed flow: Firstly, the flow effect is stronger at all energies.
Secondly, it exhibits a pronounced maximum at around 4 AGeV. In contrast, the
bag model equation of state renders the minimum of the directed flow at around
6 AGeV which perfectly coincides with the results of [17], where this minimum had

1An alternative observable may be defined by the slope of v1 at midrapidity. However, the
extraction of a slope parameter is less reliable than an integrated value.
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Fig. 4. Mean directed transverse momentum in the reaction plane for protons in Au+Au
collisions (b = 7 fm) at different energies. Shown are the results of hydrodynamic calculations
for different equations of state with and without taking into account initial state fluctuations
of the nuclear matter distributions. Also shown is the result of the microscopic UrQMD
transport simulation.

been proposed as a qualitative signal for the transition of hadronic matter to quark
and gluon degrees of freedom. The reason is, of course, the extreme softening of the
equation of state in the mixed phase, as can bee seen from Figure 1. It is notable that
the chiral model also incorporates a phase transition to deconfined matter with quark
degrees of freedom, which is best recognizable in the inset of Figure 1 as e/T 4(T ).
However, assuming this equation of state does not lead to the minimum in the directed
flow in the inspected energy range.

As mentioned above, the values of the pressure for given baryon and energy den-
sity determine the hydrodynamic evolution. In this respect, the differences between
the chiral model equation of state and the bag model of state are much more pro-
nounced than the differences between the chiral model and the hadron gas over a
considerable range of energy density and baryon density. This explains the differ-
ences of the directed flow parameter between 2 and 8 AGeV. For low beam energies
between 1 and 2 AGeV, on the other hand, the chiral model and the bag model
equation of state show very similar amounts of directed flow, whereas the hadron
gas differs considerably. This seems plausible in view of the Figure 1 (centre and
top), where the pressure of nuclear matter for energy densities and baryon densities
expected in heavy-ion collisions at these energies can be read off. The hadron gas with
its numerous noninteracting degrees of freedom shows much lower values of pressure
than both the bag model and chiral model.

For the hydrodynamic model Figure 4 also shows the resulting directed flow
parameters according to the scenario with the ‘averaged’ initial state, where density
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fluctuations of single events are averaged over. In this case, the effect of directed flow
is consistently stronger than in the standard scenarios. The momentum correlations
corresponding to the directed flow appear to be distorted by random fluctuations of
the spatial fluid distribution. The importance of the initial state fluctuations was also
observed in [49].

3.3 Elliptic flow

Finally, we turn to the elliptic flow or v2. The elliptic flow is quantified by the second
Fourier coefficient of the azimuthal distribution of the nucleons with respect to the
event plane:

v2 = 〈cos (2φ)〉 =

〈
p2x − p2y
p2x + p2y

〉
. (8)

The experimentally observed elliptic flow of protons at midrapidity for mid-central
Au+Au collisions in the beam energy range between 1 and 10 AGeV exhibits a
characteristic sign change [50]. The elliptic flow is especially important, as it provides
an extremely sensitive link to the Equation of State as discussed in [51]. In Figure 5
the experimental excitation function of v2 is compared to the hydrodynamic model
for different equations of state and to the UrQMD calculation. The impact parameter
in the simulations is b = 7 fm.

For the UrQMD cascade simulation, one observes the correct trend of the elliptic
flow as a function of energy, namely an increase from negative to positive values,
however, the absolute values of the flow parameter v2 are significantly lower than
the experimental data. This is consistent with the findings of [51,52] where it was
demonstrated that the additional assumption of a hard equation of state (or a soft EoS
with momentum dependence) is needed in order to describe the elliptic flow with the
microscopic UrQMD model. A cascade of on-shell nucleons and secondaries scattering
according to unmodified cross sections apparently does not create the observed flow
characteristic [51].

The results for the hydrodynamic simulation with the hadron gas equation of
state do not show a sign change of the elliptic flow parameter. In fact, v2 is positive
at all energies and it is significantly higher than the experimental data. The lack of
the ‘squeeze-out’ effect at low energies is plausible, since the hadron gas equation
of state is very soft at low values of energy and baryon density (see Fig. 1). Of all
hydrodynamic scenarios, the excitation function of the elliptic flow rendered by the
chiral model equation of state exhibits the best agreement with the experimental
curve. The bag model equation of state, on the other hand, ‘exaggerates’ the actual
trend of the elliptic flow. The sign change is reproduced, but the absolute negative
and positive values are significantly larger. The reason for this behavior – as compared
to the chiral model – can be explained in terms of the equations of state as shown in
Figure 1: The strong squeeze-out effect can be attributed to the relative stiffness of
the bag model equation of state in the purely hadronic phase. The extreme softness
of the bag model equation of state in the mixed phase, on the other hand, is related
to a delayed expansion, which clearly favors positive elliptic flow due to the absence
of spectator matter during the expansion phase.

Again, we contrast the ‘event-by-event’ simulations with the calculations employ-
ing ‘averaged’ initial conditions, shown in Figure 5 as open symbols. As in the case
of the directed flow, the (positive or negative) elliptic flow effects in the ‘averaged’
scenario are stronger than for the more realistic scenario with fluctuating initial state
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Fig. 5. Excitation function of the elliptic flow v2 of protons at |y − ycm| < 0.05 in Au+Au
collisions (b = 7 fm). Shown are hydrodynamic calculations with different equations of state,
the results of the microscopic transport model UrQMD and experimental data from [50].
Also shown are the hydrodynamic results without taking into account initital state density
fluctuations.

configurations. We conclude that fluctuating initial conditions and a realistic EoS
with a transition to a QGP can best describe the flow data in this energy regime.

4 Summary and conclusion

We have revisited the one-fluid description of nuclear collisions for the low energy
regime. To this aim, we used a SHASTA implementation of ideal relativistic one-fluid
hydrodynamics in order to study central Au+Au reactions in the beam energy range
between 1 and 10 AGeV. By applying a relativistically invariant particlization scheme
with conservation of average energy, net-baryon number and charge, we extracted final
state samples of individual hadrons. The resulting mt spectra of protons, π+ and K+

at midrapidity depend to some extent on the assumed equation of state. Very good
agreement with experimental data is observed for the hadron gas equation of state
and Elab between 6 and 10 AGeV. However, the spectra from the hydrodynamic
model scenarios are remarkably similar to the microscopic UrQMD model results at
all energies and for all particle species. The sensitivity of the hydrodynamic model to
the value of the local energy density εfr which defines the particlization hypersurface,
is found to be very weak.
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First and second flow harmonics of protons were analyzed and found to be much
more sensitive to the Equation of State than inclusive particle spectra. The compar-
ison to the experimental data indicates that the v2 data can be best described with
a chiral euqation of state that includes a phase transition to the QGP. In addition,
we explored the effect of single-event density fluctuations of the initial state on the
flow observables v1 and v2. We found that averaged initial stages do not allow for a
realistic description of the flow data.

In view of the above results we conclude that the relativistic one-fluid hydro-
dynamic approach with particlization constitutes a useful baseline to predict and
explore effects of the QCD phase transition in the FAIR/NICA energy range. Espe-
cially the improved EoS’s, the fluctuating initial conditions and the state-of-the-art
Monte Carlo freeze-out/transition procedure improve the results and reliability of the
current one-fluid models over their ancestors.
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Phys. A 619, 391 (1997)

23. Yu.B. Ivanov, V.N. Russkikh, V.D. Toneev, Phys. Rev. C 73, 044904 (2006)
24. P. Batyuk, D. Blaschke, M. Bleicher, Yu.B. Ivanov, I. Karpenko, S. Merts, M. Nahrgang,

H. Petersen, O. Rogachevsky, Phys. Rev. C 94, 044917 (2016)
25. A. Dumitru, S.A. Bass, M. Bleicher, H. Stöcker, W. Greiner, Phys. Lett. B 460, 411
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35. D.H. Rischke, Y. Pürsün, J.A. Maruhn, Nucl. Phys. A 595, 383 (1995)
36. G. Ben-Dor, Handbook of Shock Waves (Academic Press, San Diego, 2001)
37. P. Huovinen, P. Petreczky, Nucl. Phys. A 837, 26 (2010)
38. A. Monnai, B. Schenke, C. Shen, Phys. Rev. C 100, 024907 (2019)
39. D. Zschiesche, S. Schramm, J. Schaffner-Bielich, H. Stöcker, W. Greiner, Phys. Lett. B
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40. J. Steinheimer, S. Schramm, H. Stöcker, Phys. Rev. C 84, 045208 (2011)
41. F. Cooper, G. Frye, Phys. Rev. D 10, 186 (1974)
42. P. Huovinen, H. Petersen, Eur. Phys. J. A 48, 171 (2012)
43. J.K. Klay et al., Phys. Rev. Lett. 88, 102301 (2002)
44. J.K. Klay et al., Phys. Rev. C 68, 054905 (2003)
45. L. Ahle et al., Phys. Lett. B 476, 1 (2000)
46. J. Steinheimer, J. Randrup, Phys. Rev. Lett. 109, 212301 (2012)
47. P. Braun-Munzinger, J. Cleymans, H. Oeschler, K. Redlich, Nucl. Phys. A 697, 902

(2002)
48. C. Alt et al., Phys. Rev. C 77, 024903 (2008)
49. H. Petersen, M. Bleicher, Phys. Rev. C 81, 044906 (2010)
50. C. Pinkenburg et al., Phys. Rev. Lett. 83, 1295 (1999)
51. P. Danielewicz, R. Lacey, W.G. Lynch, Science 298, 1592 (2002)
52. P. Hillmann, J. Steinheimer, M. Bleicher, J. Phys. G 45, 085101 (2018)

https://arxiv.org/abs/nucl-th/0011058

	Effects of the QCD phase transition on hadronic observables in relativistic hydrodynamic simulations of heavy-ion reactions in the FAIR/NICA energy regime
	1 
	2 The model
	2.1 Initialization
	2.2 
	2.3 
	2.4 

	3 Results
	3.1 
	3.2 
	3.3 

	4 Summary and conclusion

	References

