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We present a comparison of the ultrarelativistic quantum molecular dynamics model using a chiral mean field
(CMF) equation of state with flow and pion production data in heavy ion collisions at low beam energies Ej,, =
0.2-2.0 A GeV and varying isospin fraction. The CMF model parameters are constrained by known properties
of the high density equation of state of quantum chromodynamics at varying isospin fractions. This allows us to
calculate the equation of state as well as nuclear interactions for different physical systems like neutron stars and
heavy ion collisions in a consistent way. It is found that heavy ion reactions at the upcoming FAIR facility will
only have marginal sensitivity on the isospin dependence of the high-density equation of state. At lower beam
energies, comparing to FOPI, HADES, and SwRIT data, the sensitivity is higher but the observed deviations and
systematic uncertainties of the existing data are larger than the sensitivity to the symmetry energy.

DOLI: 10.1103/6j14-cm4m

I. INTRODUCTION

The equation of state of dense quantum chromodynam-
ics (QCD) matter is being studied extensively in large scale
experiments at collider facilities as well as astrophysical labo-
ratories [1,2]. In particle accelerators one brings heavy nuclei
to almost the speed of light before they collide and creates
a short lived dense and hot fireball whose remnants can be
studied with large detector systems. From the properties of
the hadrons emitted from these violent collisions one can
infer information on the properties of the compressed matter
created which can reach densities up to several times that
of normal nuclear matter. The dense matter created in these
nuclear collisions is almost isospin symmetric, i.e., it consists
of similar numbers of protons and neutrons, neutron stars
contain another form of dense matter. While here, one also
finds densities that reach up to 6 times nuclear saturation
density, the isospin content of the matter is very asymmetric.
The challenge is now to combine these experimental results
and draw conclusions on the properties of dense QCD matter
in both isospin regimes. The goal here is to determine whether,
and if so at which density, a transition from a normal nuclear
liquid to either a deconfined phase of quarks or a phase of
chirally restored matter occurs.
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In neutron stars the equation of state (EoS) can be inferred
from measurements of the mass and radius of the star, based
on the Tolman-Oppenheimer-Volkoff (TOV) equation [3,4]. In
heavy ion reactions, due to the nonequilibrium nature of the
system created, extensive microscopic transport simulations
are necessary to study the EoS [5-11]. The challenges in
these simulations are manyfold, ranging from how the EoS is
implemented in the interactions to the difficulty of describing
a relativistic system of interacting particles [12].

The ‘standard’ observables in heavy ion reaction, to con-
strain the EoS, are collective flow and its higher order
harmonics [5,13-18], as well as particle production near or
below their elementary threshold [5,8,19,20]. Many of the
observables and experiments have been thus constraint to
lower beam energies and therefore lower baryon densities.
The combination of heavy ion and astrophysical constraints
is usually been done by assuming some parametrization of the
symmetry energy and then performing a Bayesian inference
[21]. Here, the results may depend strongly on the choice of
observable and beam energy selection. In addition, little is
known about the density dependence of the symmetry energy.
Suggested probes for the symmetry energy in heavy ion col-
lisions mainly focus on the difference of flow of protons and
neutrons [15,22,23] and charged pion production [24-26] with
yet inconclusive results.

In previous works we introduced an approach to this prob-
lem by employing a chiral mean field (CMF) model to obtain
the EoS which can consistently be applied to heavy ion re-
actions and neutron star observables [27]. The connection
between these two regimes is based solely on the parameters
of the CMF model and can be fixed by input from chiral
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perturbation theory calculations around saturation density. In
this paper we present results where we extended our ul-
trarelativistic quantum molecular dynamics (UrQMD)-CMF
simulations to EoS’s with different isospin per baryon. With
this approach we can study how sensitive different observ-
ables are on the isospin fraction. In addition, we also study
the consistency between different experiments, at the same
energy, which is relevant to understand the systematic uncer-
tainty in determining the EoS.

II. THE CONSTRAINED CMF EQUATION OF STATE

The CMF has been developed to describe the phenomenol-
ogy of interacting hadrons and quarks from low to high
density and temperature. It is based on the interactions of
baryons and quarks with scalar and vector mean fields which
are controlled by a chirally invariant potential. Chiral symme-
try is realized in this model by a degeneracy of the ground
state baryons with their chiral partners, baryons with the same
quantum numbers but opposite parity. If chiral symmetry is
restored their masses become equal but stay finite.

The CMF model in its current form was introduced in
[28-30] (see [31] for the full Lagrangian and standard set of
parameters) also includes a hadron resonance gas of baryons
(beyond the octet) and mesons [32], which is useful for de-
scribing high-temperature physics and is in agreement with
lattice QCD results [33,34]. The Lagrangian Lgy3) consists of
scalar and vector mean-field interactions among the ground-
state octet baryons and their parity partners:

»CSU(3) = »CB + Uscalar + Uvector- (1)

Uscalar 18 the potential of the scalar o and ¢ fields, and Uyector
is the potential of the vector w, p, and ¢ fields.

The effective masses of the ground-state octet baryons and
their parity partners are

2
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where the indices (1) and (2) refer, respectively, to the two
couplings that determine the common mass and mass differ-
ence of the parity partners. The coupling constants gﬁQ are
determined by vacuum masses and by nuclear matter prop-
erties. mg refers to a bare mass term of the baryons which is
not generated by the breaking of chiral symmetry, and ngm; is
the SU(3)-breaking mass term that generates an explicit mass
corresponding to the number of strange quarks 7, in a baryon.
The values of the mean fields are controlled by the scalar and
vector potentials

1
Uscatar = Vo — EkOIZ + k1122 — koly + kel

2

+ kyIn C’2—§ — Uy 3)
0560
with
L=(0>+¢%).
Iy =—(c"/24¢%),
Is = (c°+4¢°), 4)

TABLE I. CMF coupling parameter values adjusted to match the
constraints discussed in the text.
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where V) ensures that the pressure in vacuum vanishes. All
specific parameters have been provided in [31].

In the following we will mainly modify the bare mass
myp, two potential (paramete;rs ko and kg, and the scalar and
vector couplings g G’L and g(a');; to change the nuclear saturation
properties while fixing the vacuum masses of the nucleon and
its parity partner the N*(1535). The vector interactions lead
to a modification of the effective chemical potentials for the

baryons and their parity partners

W = Up — awb® — 8eb® — 8pbP, (6)

where the physical chemical potential is (. Again we will
mainly modify g, to match the nuclear saturation properties
and g, to obtain the correct symmetry energy.

A. Nuclear saturation properties

First, we match the model parameters to known properties
of nuclear matter. This includes the nuclear saturation density
nyg = 0.16 fm~3 and binding energy E /A = —16 MeV. In ad-
dition, the nuclear incompressibility is fixed to K = 242 MeV
which is also in accordance with expectations [37-39]. To
perform calculations for isospin asymmetric matter one has to
modify the isospin chemical potential of the thermal system
to obtain the desired isospin per baryon I3/B. For symmetric
matter this is equal to 0 and for pure neutron matter one has
I;/B = —0.5. For matter that is created in heavy ion reactions
the lowest isospin per baryon is approximately that in Au nu-
clei: I;/B = —0.1. To be able to match the constraints above,
one needs to adjust some parameters previously specified in
[31]. The modified parameters are given in Table I.

Hyperons are fully included in the CMF calculations for
all isospin fractions, however, when we consider matter in
heavy ion collisions, we additionally impose the constraint of
strangeness neutrality which essentially removes hyperons at
T=0.

Figure 1 shows the resulting density dependence of the
energy per baryon for isospin symmetric matter (black solid
line) pure neutron matter (blue solid line) and matter with
I3/B = —0.1 (black dashed line), both calculated in the ther-
mal limit for infinite matter at 7 = 0 MeV. The CMF results
are compared to recent chiral effective field theory (EFT)
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FIG. 1. Density dependence of the the nuclear equation of state
of isospin symmetric matter and pure neutron matter. Compared
to chiral EFT results at different isospin fraction (filled symbols
symmetric matter open symbols pure neutron matter) [35]. The lines
correspond to CMF results where the dashed lines depicts an isospin
fraction expected for Au nuclei.

calculations which should be reliable up to roughly nuclear
saturation density. The values for the nuclear symmetry en-
ergy Egym = 31.9 MeV and the slope of the symmetry energy
L = 54 MeV are also indicated in the figure and are consistent
with expectations. In general the CMF results are very close to
the chiral EFT results. One noteworthy observation is that the
energy per baryon for matter created in heavy ion collisions
(I3/B = —0.1) is very similar to that of isospin symmetric
matter.

Let us now turn to the momentum dependence of nuclear
potentials. This is an important ingredient to the trans-
port simulations of heavy ion reactions. Several observables,
like collective flow and near threshold pion production are
sensitive to the momentum dependence of the potential. Con-
straints on the momentum dependence of the nuclear optical
potential are usually based on measurements of the angular
distribution of elastic proton-nucleus scattering [36], which is
fitted within a Dirac potential. The real part of two separate
fits of the optical Dirac potential to the scattering is shown
as magenta lines in Fig. 2. For comparison we also show the
momentum dependence of the mean-field CMF model with
our fixed parametrization for isospin symmetric matter (solid
line) and for heavy ion matter (dashed line), both calculated
in the thermal limit for infinite matter at 7 = 0 MeV. While
the trend of the fit to the energy dependence of the potential
extracted from data by Hama et al. [36] is generally described,
a small deviation is still observed. In principle one could try
to match the parametrization by even better. However, this
would lead to an even smaller bare mass term my which
will inevitably lead to a strong first order phase transition at
up = 0 which can be excluded by lattice-QCD results. The
asymptotic behavior at large momenta is driven by the vector
coupling strength which is a constant in the chiral mean field
model, while the Hama fit indicates a possible drop towards

-120 - .
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FIG. 2. Momentum dependence of single particle energy from
CMF compared to two fits to data by Hama et al. [36].

zero at large momenta. Such a behavior cannot be reproduced
within a mean field approach unless the coupling strengths are
treated as momentum dependent which is out of the scope of
the current work. In general, one can consider these results as
the best description of the momentum dependence which can
be obtained within the CMF model without violating other
constraints. There is a significant advantage of using the CMF
for the momentum dependence instead of performing a simple
fit (as is usually done), as one naturally obtains the momentum
dependence as function of the baryon density in a consistent
way.

B. High density behavior

Direct constraints on the EoS of high density QCD mat-
ter come mainly from neutron star properties and neutron
star mergers as well as heavy ion reactions. While the latter
requires detailed modeling and suffers from systematic un-
certainties, the neutron star mass-radius relation provides a
more robust constraint, considering both mass and radius are
independently observable to high precision. In addition the
EoS in neutron stars is different from heavy ion reactions as
we can assume the matter to be in 8 equilibrium. That means
neutron star matter includes hyperons. The topic of hyperon
potentials is of great interest since they have the potential to
connect to neutron star properties (for a recent work see, e.g.,
[40]). In the present paper we do not focus on the effect of the
hyperon potentials as we intend a more dedicated work on this
in the future.

We will first compare the equation of state, represented
by the isothermal speed of sound, of the different scenarios
in Fig. 3. In this figure the CMF-EoS for three different
values of the isospin fraction, but under the assumption of
net-strangeness, s — s = 0, is shown. In addition the EoS for
neutron-star matter, including 8 equilibrium and leptons is
shown as magenta line. All four lines show distinct differ-
ences. The matter which is close to isospin symmetry has a
minimum of the speed of sound at low densities, correspond-
ing to bound nuclear matter, but turns stiffer very rapidly. The
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FIG. 3. Speed of sound for isospin symmetric matter, neutron
matter and neutron-star matter, calculated with the same CMF
parametrization, as function of density.

two strongly isospin asymmetric scenarios become softer in
the density range between 1.5 < ng/ng < 2.5. At that point
all EoS undergo a chiral phase transition. This transition is
rather weak with only a small jump in baryon density. At
very high densities the speed of sound will slowly approach
the asymptotic limit of an ideal gas of massless quarks. The
speed of sound for neutron star matter shows more structure,
i.e., more small kinks, which correspond to the appearance of
different particles, such as hyperons, muons, and free quarks.

To better understand the systematics of the symmetry en-
ergy in the CMF model, the upper panel of Fig. 4 shows
the symmetry energy as function of the net baryon density.
The CMF results are compared to the chiral EFT results. At
low densities, the symmetry energy increases as expected as
the Fermi energy of neutrons is increased. At roughly twice
nuclear saturation density, the trend is inverted and the sym-
metry energy starts to decrease and even undergoes a steep
drop around the chiral phase transition. This is because the ap-
pearance of the parity partner of the nucleon, as well as other
degrees of freedom, allow for the distribution of isospin over
more degrees of freedom decreasing effectively the Fermi en-
ergy of neutrons. This is an interesting and important results,
as it means that the nuclear potential at higher densities will
be much less sensitive to the isospin content of the system
making it more difficult to obtain constraints.

This effect can be observed in the density dependence of
the nuclear potential which is shown in the lower panel of
Fig. 4, for zero momentum. Here, the solid line depicts the
nucleon potential, as Uproton = Uneuron fOr isospin symmet-
ric matter. The dashed lines correspond to the potentials for
protons and neutrons for matter with a small isospin asym-
metry, as expected for heavy ion reactions. It is clear that the
difference between the potentials is largest around nuclear sat-
uration density and then is reduced. At densities above twice
nuclear saturation density we observe almost no difference
between the two scenarios.
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FIG. 4. Upper panel: Symmetry energy as function of net baryon
density compared to chiral EFT calculations. Lower panel: Momen-
tum dependence of the nucleon potentials in the CMF at p = 0 for
the isospin symmetric case (solid line) and for an isospin per baryon
of 5/A = —0.1 (dashed lines).

C. Neutron star properties

An important constraint on the high density behavior of
the QCD EoS comes from the properties of neutron stars and
their mergers. For cold, nonrotating, neutron stars the relation
of the stars mass and radius can be derived from the Tolmann-
Oppenheimer-Volkoff (TOV) equation [44]. Using the neutron
star EoS calculated with the CMF model we can simply solve
the TOV equation for stars of different initial central density
and the results are depicted in Fig. 5. For comparison we also
show the constraints from the NICER experiment [41-43].
The results obtained with the CMF model are consistent with
all NICER constraints as well as the maximum mass con-
straint [45-49].

D. Finite temperature

Even though the potential that is included in the UrQMD
simulations does not explicitly depend on temperature, it is
worthwhile to check whether the temperature dependent EoS
can be captured within the CMF model. A significant part of
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FIG. 5. Mass radius relation for neutron star matter from CMF
(red line) compared to experimental constraints taken from simulta-
neous mass-radius measurements [41-43].

the temperature dependence comes from the appearance of
pions and other light mesons, as well as baryonic resonance
excitation. At much higher temperatures, the contributions of
deconfined quarks as well as gluons will start to dominate. All
these effects are included in the CMF model. The contribution
of the hadronic resonances is simply added to the partition
function via a hadron resonance gas (HRG) contribution with
vacuum masses for all hadrons which do not explicitly couple
to the chiral fields. The thermal quark contribution to the
thermodynamic potential is

Q d, [ d%
Zo 7Y 2 (1 4+ deEHTY (7
v Xq:Nc/(ZnP n(l+Pe ) O

with index ¢ running through u, d, s quark flavors, N, is the
number of colors, and d, the color and spin degeneracy fac-
tor. The thermal contribution of the gluons is linked to the
Polyakov-loop order parameter & and is controlled by the
temperature dependent potential [50]

Upol(®, @, T) = —3a(T)®P + b(T) In[1 — 60D
FAHD 4+ D) — 3PP,
a(T) = ayT* + a\ThT* + ay T} T?,
b(T) = by Ty 8)

The parameters of this potential are fixed by demanding
a reasonable description of lattice QCD results at vanish-
ing net baryon density. This comparison is shown in Fig. 6.
For reference we also show the results based on the Dyson-
Schwinger approach [51]. As one can see the CMF model
provides a good description of lattice QCD thermodynamics,
especially at lower temperatures where the system consists of
confined hadrons. We therefore can safely assume that also the
temperature dependence, at least until deconfinement effects
occur, in the UrQMD + CMF simulations will be realistically
described.

5 T T T T T T T
® DSE

I |lattice QCD, Borsanyi et al.

7] lattice QCD, HotQCD HISQ
|- = CMF

N w »

Interaction measure
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FIG. 6. EoS at finite temperature and vanishing net density com-
pared to lattice-QCD data [33,34] and a DSE approach to QCD [51].

III. URQMD IMPLEMENTATION

The implementation of the CMF potential in UrQMD has
been described in [27,30]. Here, we want to provide only a
short summary. The equations of motion which determine the
change of the baryons momentum as well as the velocity with
which a particle propagates in a given time-step follow from a
Hamiltonian [52]:

A= ©)
op; or;
where H = ), H; is the total Hamiltonian function of the sys-
tem which is the sum over all Hamiltonians, H; = EX" + V,
of the i baryons. In this Hamiltonian, the kinetic term is the
relativistic kinetic energy and the potential term is a nonrela-
tivistic density and momentum dependent potential.

This means that, in the absence of any potential, the correct
relativistic velocity follows as r; = p;/E. In the setup includ-
ing potentials, the momentum dependence can be understood
as mimicking the effect of an effective mass in the relativistic
kinetic energy. The change of momentum of each baryon is
then calculated from the derivative of the potential energy
assuming that each particle can be treated as a Gaussian wave
packet [53,54].

The CMF model provides the density and momentum de-
pendence of different baryon (and anti-baryon) potentials,
including the lowest baryon octet (with hyperon potentials fit-
ted to describe the known binding energy of hypernuclei) and
all its parity partners plus the A— baryon in tabulated form.'

r;

'Let us note that we use the potentials calculated from CMF at
vanishing temperature for both isospin scenarios. As we discussed
before the equation of state itself will depend on temperature due
to the thermal contributions of the hadrons even if they do not
interact. An explicit temperature dependence of the potentials could
be incorporated by introducing potentials which depend on the vector
as well as scalar density. This is work that will be presented in a
future publication.

044904-5



JAN STEINHEIMER AND MARCUS BLEICHER

PHYSICAL REVIEW C 114, 044904 (2026)

AuAu, 0.25<b <0.45, b = 13.38 fm, u >0.4, E, =1.2A GeV
T T T T T T T T T T T

0042 L]
0.02 1
<N0.00 F 1
3
2.0.02f 1
O
S
S04} 1
w
-0.06 | 1
UrQMD-CMF:
008 1a=00 1
----- /A =-0.1
- 10 I 1 1 1 1 1
-1.00 -0.75 -050 -0.25 0.00 025 050 0.75 1.00

Rapidity y,

FIG. 7. Elliptic flow of protons as function of rapidity for E},, =
1.2A GeV. UrQMD-CMF simulations (lines) are compared to data
from FOPI [55].

In addition, the effective mass of the baryons as function of
density is also tabulated and then used in the calculation of the
relativistic velocity in Eq. (9). To compare different scenarios
of the isospin asymmetry and thus quantify the possible affect
of the symmetry at large density we can calculate the CMF
tables for two fixed values of isospin per baryon: I3/A = 0
for symmetric matter and I3 /A = —0.1 corresponding to the
asymmetry found in Au nuclei.

IV. RESULTS FOR HEAVY ION REACTIONS

Relativistic heavy ion collisions have been used in the
past to study the properties of dense and hot QCD matter.
Large scale future projects, e.g., at FAIR, aim at studying
highly compressed baryonic matter. In the following we will
focus on several observables which have been discussed to be
sensitive to the density, momentum, and isospin dependence
of the nuclear interactions and thus the EoS. The first is the
elliptic flow, quantifying the asymmetry of particle emission
in the transverse plane. Here, we simply calculate the elliptic
flow with respect to the reaction plane defined by the model

simulation
2 2
Py —D
w=(a—), (10)
px + py

where the average runs over all particles of a given species.
The elliptic flow is usually measured either as function of the
transverse momentum or integrated over a certain momentum
range and has been shown to be sensitive to the EoS and
the momentum dependence of the potentials. In Fig. 7 we
compare the rapidity dependence of the pr integrated v, for
two different scenarios of the iso-spin per baryon (solid and
dashed lines) with experimental data from the FOPI collabora-
tion. The data were taken in Au + Au reactions at Ej,, = 1.2A
GeV. The centrality of FOPI is defined with respect to a max-
imum impact parameter which is different from other heavy

AuAu, 20-30%, E_=1.23A GeV

r T T T T T T T T T T
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FIG. 8. Elliptic flow of protons as function of rapidity for Ej,, =
1.23A GeV. The different colors correspond to different transverse
momentum ranges. UrQMD-CMF simulations (lines) are compared
to data from HADES [56,57].

ion experiments which define centrality bins in percentiles of
the total cross section.

For reference, the shown data would correspond to mid-
central (R5-15 %) collisions. The simulations are performed
using the UrQMD-CMF model as described above and using
the two iso-spin scenarios. To avoid late stage artifacts, the
runtime of the simulations is limited to t = 40 fm/c. To allow
for a realistic comparison to the experimental data, we per-
form a coalescence calculations to create light nuclear clusters
up to He to obtain the flow of the free nucleons. As we can
see, the model simulation gives a reasonable description of the
data. The elliptic flow from the model is slightly too large as
compared to the data but the centrality dependence and width
are reasonably reproduced.

To put this comparison into perspective, we can also com-
pare our model results with measurements of the elliptic flow
of a different experiment. HADES has measured proton flow
in Au + Au collisions at Ej,, = 1.23A GeV, which is almost
identical with the FOPI measurement. Figure 8 shows the
rapidity dependence of the elliptic flow, integrated over dif-
ferent transverse momentum intervals. Again, we compare
to UrQMD-CMF simulations with two different isospin frac-
tions. These results are obtained in a 20-30 % centrality bin,
i.e., more peripheral than the FOPI data. However, we can
already see a difference. While in the comparison with the
FOPI data, the model showed an increase of the magnitude
of v, with respect to the data at midrapidity, this is not the
case for the HADES data. On the other hand we observe a
clear deviation at low transverse momenta and large rapidities,
where the contributions from the fragmenting spectator in the
UrQMD-CMF simulation cannot be precisely captured.

A discrepancy in the model-data comparison can also
be observed for the differential v, measurements. Figures 9
and 10 show the elliptic flow of free protons as func-
tion of the transverse momentum for Au + Au collisions at
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FIG. 9. Elliptic flow as function of transverse momentum for
mid-rapidity protons. The lines correspond to UrQMD-CMF results
for protons and deuterons at two different beam energies and two

iso-spin fractions. The symbols correspond to HADES data at Ej,, =
1.23A GeV [56,57].

different beam energies. Figure 9 compares the UrQMD-
CMF results with HADES data and Fig. 10 with FOPI
data. Again, both experiments have different rapidity accep-
tances as well as centrality definitions and selections which
makes a direct comparison difficult. However, we can again
see that the UrQMD-CMF model compares more favorably
with the HADES data (very close to mid-y) than with the
FOPI data which has a larger rapidity acceptance. Especially
at lower beam energies we see a systematic deviation be-
tween model and data at low pr which is again due to the

AuAu, 0.25<b <0.45, |y |<0.4, b = 13.38 fm
T gl1 T T T ' T T

ii%%h
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_020 " 1 " 1 " 1 " 1 " " " " "
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utO
FIG. 10. Elliptic flow of protons as function of the scaled trans-
verse momentum (as defined in [55]) for midrapidity |y < 0.4.
Shown are three different beam energies where the UrQMD-CMF
simulations (lines) are compared to FOPI data.
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FIG. 11. Charged pion multiplicities for central AuAu collisions
from the UrQMD-CMF model with different iso-spin fractions (solid
and dashed blakc lines), compared to FOPI data [58].

imperfect description of the fragmenting spectator remnants
in the URQMD-CMF model.

Regarding the effect of the iso-spin fraction of the observ-
able flow, all results show that the effect is very small and
almost negligible. Figure 9 even shows the difference between
proton and neutron elliptic flow (as different colors) for both
iso-spin symmetry scenarios. The difference between the two
isospin states at the beam energy of Ej,, = 1.23A GeV is not
visible and at the lower beam energy of Ej,, = 0.84 GeV is
very small. It is therefore unrealistic to try to constrain the
isospin dependence of the EoS at high density with elliptic
flow measurements in heavy ion reactions in the GeV energy
regime.

A. Charged pion production

The production of charged pions at energies close to
threshold has been shown to be sensitive to the momentum
dependence of the nuclear potential [5,19]. It has also been
suggested that the ratio of negative to positive charged pions
may carry some information on the iso-spin dependence of
the interactions [24-26]. In the following we will compare
results with the new UrQMD-CMF model and two different
isospin symmetries with experimental results on pion produc-
tion from the FOPI, HADES, and Sz RIT experiments. To be
able to do so we have to make certain improvements to the
UrQMD model. In its current version, UrQMDv4.0 does not
include any Coulomb interactions for charged mesons. Since
the Coulomb interaction will be important for the difference in
the transverse momentum distributions, we have now imple-
mented the Coulomb interactions also between mesons and
mesons as well as mesons and baryons.

Figure 11 shows the beam energy dependence of the mean
charged pion numbers for central Au + Au collisions for the
two isospin symmetry scenarios. The UrQMD-CMF results
are compared to FOPI data. No significant difference between
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FIG. 12. Charged pion ratios for central AuAu collisions com-
pared to FOPI [58] and HADES [59] data.

the data nad the model for the charged pion production is
observed. The model simulations give a good description of
the data, except for the lowest beam energy, where the 7+
production is slightly overestimated in the model.

This difference can be more clearly observed when the
ratio of negative to positively charged pions is taken. This ratio
is shown as function of beam energy in Fig. 12 and compared
to FOPI and HADES data. Again, all beam energies except the
lowest are well described and only a very small effect from the
iso-spin asymmetric potentials is observed.

When looking at the transverse mass dependence of the
charged pion ratio, the effect of the Coulomb interaction
becomes dominant. This can be seen in Fig. 13 where the
UrQMD-CMF simulations for the two isospin fraction cases
are compared to HADES data at Ej,, = 1.23A GeV (black

3.5 T T T T T T T T
AuAu, |y|<0.1, C: 0-10%
sol E,=08AGeV |
—E,_, = 1.23AGeV
‘o 25+ B
=
B
9 20r \ 1
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8 1.5+ ¢ é é
& tee
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0.0 0.1 0.2 0.3 0.4 0.5

Transverse mass m.-m [GeV/c]

FIG. 13. Charged pion ratio as function of mean transverse mass
for collisions of AuAu Ep, = 1.23 and 0.8AGeV. Symbols corre-
spond to HADES data at E,, = 1.23 [59]

E,, = 0.27A GeV, b=3.0 fm
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FIG. 14. Charged pion multiplicity as function of neutron over
proton ratio for collisions of different Sn isotopes at Ej, =
0.27AGeV. The UrQMD-CMEF calculations (red and black lines) are
compared to experimental results shown as symbols [26].

lines and symbols). We also present a prediction for the ratio
at a lower beam energy of Ej,, = 0.84 GeV where the effect
becomes stronger. We can observe again, that the data is well
described by both iso-spin asymmetry scenarios with only a
very small effect from the finite iso-spin density. The main
effect at low pr is given by the Coulomb interaction.

1. SzRIT

The SmRIT experiment has performed measurements
of pion production at beam energies very close to the
production threshold and for systems of varying isospin asym-
metry. In particular three systems have been investigated:
Sn(108)4Sn(112), Sn(112)4-Sn(124), and Sn(132)4-Sn(124)
at a beam energy of Ej,, = 0.27A GeV. The centrality selec-
tion for these systems corresponds to an impact parameter of
b =3 fm and we will show results for polar angles, in the
center-of-mass frame of 6 < 90°. The different collision sys-
tems have a neutron over proton fractions N/Z which can also
be related to the isospin fraction. Note, that the largest N/Z in-
vestigated in these studies corresponds to an iso-spin fraction
which is just marginally different from that in Au + Au.

Figure 14 shows the average event multiplicity of charged
pions as function of the neutron over proton fraction for
Ejp, = 0.27A GeV. The UrQMD-CMF simulations are again
shown for two scenarios of the isospin per baryon fraction,
I;/B =0 and I3/B = —0.1. The effect on pion production
at this low beam energy is larger than for the higher beam
energies, but still relatively small and mostly for the negatively
charged pion. In general we can see, that the model describes
the w~ production rather well for all three systems while the
largest deviation is observed for the system with the largest
isospin asymmetry. The deviation from the simulation is in the
opposite direction of the effect of the isospin dependence of
the potentials. A larger effect is observed for the 7+ which
seems suppressed in the data compared to the simulations.
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FIG. 15. Charged pion ratio as function of neutron over proton
ratio for collisions of different Sn isotopes at E},, = 0.27A GeV. Data
are taken from [26].

This is similar to the FOPI results where at the lowest beam
energies the measured 7+ multiplicity was overestimated by
the model.

This effect can be seen more clearly in Fig. 15 where the
ratio of the integrated pion yields is shown as function of
the neutron to proton ratio. The two lines show again the
effect of the iso-spin asymmetry in the potentials which is
very small compared to the overall deviation to the data and
also goes into the wrong direction. While for systems with
small iso-spin asymmetry, the UrQMD-CMF model gives a
reasonable description, the discrepancy rises with increasing
asymmetry. As we have seen before this is mainly an effect of
reduced " production in the data as compared to the model
calculations.

Finally, looking at the momentum dependence of the
charged pion ratio, for the systems measured by SzRIT, we
can again see the effect of the Coulomb interaction as shown
in Fig. 16. Negatively charges pions are attracted by the sys-
tems bulk (mainly positively charged protons and neutrons)
and slowed down while positively charged pions are feeling a
repulsion and get accelerated. For the system with the smallest
iso-spin asymmetry (blue symbols and lines in Fig. 16) the
data can be well described by the UrQMD-CMF simulation,
except for very low py. The system with higher iso-spin asym-
metry is qualitatively described, i.e., the shape is correct, but
there is a fixed shift in the ratio. This shift simply comes from
the difference in multiplicity. Again, the deviation at low pr is
obvious. The two line styles (solid and dashed) represent the
two different isospin fraction scenarios from the CMF model.
As before, the effect is very small and points to the wrong
direction.

V. DISCUSSION

We have made an extensive comparison of the CMF model
with constraints for the high density equation of state of QCD

E,, = 0.27A GeV, y,,>0.0, b=3.0 fm
T

T T
Isospin symmetric
----- I,/B=-0.1
10" F Data: 4
® SnRIT ]
® %
8 ]
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0.0 0.1 0.2 0.3 0.4

Transverse momentum p_ [GeV/c]

FIG. 16. Charged pion ratio as function of transverse momentum
for collisions of different Sn isotopes at Ej,, = 0.27A GeV. Data are
from [26].

at varying isospin fractions. Our study is based on the effective
chiral mean field model which allows us to calculate the
equation of state as well as nuclear interactions for different
physical systems like neutron stars and heavy ion collisions in
a consistent way.

Fixing nuclear matter properties such as the binding en-
ergy, saturation density, nuclear incompressibility, symmetry
energy, and slope of the symmetry energy, the CMF is able
to provide a good description of neutron star mass-radius
relations and the momentum dependence of the proton single
particle potential in nuclear matter. The finite temperature EoS
at vanishing net baryon density is consistent with lattice QCD
calculations.

Using this parameter set, we make simulations of heavy
ion reactions at various beam energies and different iso-spin
fractions. It is shown that the data on elliptic flow from the
HADES and FOPI experiments can be described reasonably,
although the description of the FOPI data is worse than for
the HADES data. The reason is not clear as both experiments
measure the same systems at almost identical beam energies.
This implies that the systematic uncertainties when comparing
these two experiments are probably larger than anticipated.
Future comparisons of the two experiments at lower beam
energies can help shed more light on the uncertainty in the
flow measurements which translates directly to an uncertainty
in the EoS.

Furthermore, it was shown that the charged pion produc-
tion near threshold only shows a very weak dependence on
the isospin asymmetry. UrQMD-CMF provides a very good
description for systems that are almost isospin symmetric but
overestimates 7+ production for more asymmetric systems.
The reason for this is still unclear but unlikely related to the
symmetry energy. A possible reason for this effect could be
the initialization of the Fermi moment of protons and neutron
in UrQMD which are independent of the initial proton frac-
tion, where in reality a more asymmetric system should have
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smaller Fermi momenta for protons. The transverse depen-
dence of the ratio of charged pions at these low beam energies
is mostly sensitive to the Coulomb potential and if its effect
are included for mesons the model provides a good description
of the data, except for very low transverse momenta. Again,
this effect is not well understood and is unlikely related to
the symmetry energy as it goes in the wrong direction. Again,
different Fermi momenta for protons and neutrons could make
adifference for collisions near the pion threshold. Other works
have explored the effects of meson-baryon potentials (see,
e.g., [60]) and one may also speculate about possible effects
from the fact that pions are bosons and thus should feel an
attraction for very small relative momenta. This is, however,
something that we plan to explored in a future work.

ACKNOWLEDGMENTS

The computing resources where provided by the Green
Cube at GSI and the Center for Scientific Computing of the
GU Frankfurt and the Goethe—HLR. The publication is funded
by the Open Access Publishing Fund of GSI Helmbholtzzen-
trum fuer Schwerionenforschung.

DATA AVAILABILITY

There are no publicly available research data or software
supporting this manuscript. Requests for further information
or data should be sent to the authors.

[1] M. Oertel, M. Hempel, T. Kldhn, and S. Typel, Equations of
state for supernovae and compact stars, Rev. Mod. Phys. 89,
015007 (2017).

[2] A. Sorensen, K. Agarwal, K. W. Brown, Z. Chajecki, P.
Danielewicz, C. Drischler, S. Gandolfi, J. W. Holt, M.
Kaminski, C.-M. Ko, R. Kumar, B.-A. Li, W. G. Lynch, A. B.
MclIntosh, W. G. Newton, S. Pratt, O. Savchuk, M. Stefaniak, I.
Tews, M. B. Tsang, et al., Dense nuclear matter equation of state
from heavy-ion collisions, Prog. Part. Nucl. Phys. 134, 104080
(2024).

[3] A. Akmal, V. R. Pandharipande, and D. G. Ravenhall, Equation
of state of nucleon matter and neutron star structure, Phys. Rev.
C 58, 1804 (1998).

[4] J. Lattimer and M. Prakash, Neutron star observations: Progno-
sis for equation of state constraints, Phys. Rep. 442, 109 (2007).

[5] J. Aichelin, A. Rosenhauer, G. Peilert, H. Stoecker, and W.
Greiner, Importance of momentum-dependent interactions for
the extraction of the nuclear equation of state from high-energy
heavy-ion collisions, Phys. Rev. Lett. 58, 1926 (1987).

[6] W. Cassing, G. Batko, B. Blittel, V. Koch, A. Lang, U. Mosel,
K. Niita, K. Weber, and G. Wolf, Dynamics of heavy-ion reac-
tions and the nuclear equation of state, Nucl. Phys. A 519, 357
(1990).

[7] P. Danielewicz, Determination of the mean-field momentum-
dependence using elliptic flow, Nucl. Phys. A 673, 375 (2000).

[8] C. Hartnack, H. Oeschler, and J. Aichelin, Hadronic matter is
soft, Phys. Rev. Lett. 96, 012302 (2006).

[9] O. Soloveva, J. Aichelin, and E. Bratkovskaya, Transport prop-
erties and equation-of-state of hot and dense QGP matter near
the critical endpoint in the phenomenological dynamical quasi-
particle model, Phys. Rev. D 105, 054011 (2022).

[10] M. Omana Kuttan, A. Motornenko, J. Steinheimer, H. Stoecker,

Y. Nara, and M. Bleicher, A chiral mean-field equation-of-state

in UrQMD: Effects on the heavy ion compression stage, Eur.

Phys. J. C 82, 427 (2022).

J. Steinheimer, A. Motornenko, A. Sorensen, Y. Nara, V. Koch,

and M. Bleicher, The high-density equation of state in heavy-

ion collisions: Constraints from proton flow, Eur. Phys. J. C 82,

911 (2022).

[12] J. Zhao, J. Aichelin, and E. Bratkovskaya, Formulation of fully
covariant Quantum-Molecular Dynamics for an N-body system
with scalar and vector potentials, arXiv:2511.13975.

[11

—_—

[13] H. Stocker and W. Greiner, High energy heavy ion collisions—
Probing the equation of state of highly excited hardronic matter,
Phys. Rep. 137, 277 (1986).

[14] P. Danielewicz, R. Lacey, and W. G. Lynch, Determination
of the equation of state of dense matter, Science 298, 1592
(2002).

[15] M. B. Tsang, Y. Zhang, P. Danielewicz, M. Famiano, Z. Li,
W. G. Lynch, and A. W. Steiner, Constraints on the density de-
pendence of the symmetry energy, Phys. Rev. Lett. 102, 122701
(2009).

[16] A. Le Fevre, Y. Leifels, W. Reisdorf, J. Aichelin, and C.
Hartnack, Constraining the nuclear matter equation of state
around twice saturation density, Nucl. Phys. A 945, 112 (2016).

[17] D. Oliinychenko, A. Sorensen, V. Koch, and L. McLerran, Sen-
sitivity of Au + Au collisions to the symmetric nuclear matter
equation of state at 2-5 nuclear saturation densities, Phys. Rev.
C 108, 034908 (2023).

[18] M. Omana Kuttan, J. Steinheimer, K. Zhou, and H. Stoecker,
QCD equation of state of dense nuclear matter from a Bayesian
analysis of heavy-ion collision data, Phys. Rev. Lett. 131,
202303 (2023).

[19] J. Hong and P. Danielewicz, Subthreshold pion production
within a transport description of central Au + Au collisions,
Phys. Rev. C 90, 024605 (2014).

[20] C. Fuchs, A. Faessler, E. Zabrodin, and Y.-M. Zheng, Probing
the nuclear equation of state by K™ production in heavy-ion
collisions, Phys. Rev. Lett. 86, 1974 (2001).

[21] S. Huth, P. T. H. Pang, I. Tews, T. Dietrich, A. Le Fevre,
A. Schwenk, W. Trautmann, K. Agarwal, M. Bulla, M. W.
Coughlin, and C. Van Den Broeck, Constraining neutron-star
matter with microscopic and macroscopic collisions, Nature
(London) 606, 276 (2022).

[22] B. Li, L. Chen, and C. Ko, Recent progress and new challenges
in isospin physics with heavy-ion reactions, Phys. Rep. 464, 113
(2008).

[23] M. B. Tsang, J. R. Stone, F. Camera, P. Danielewicz, S.
Gandolfi, K. Hebeler, C. J. Horowitz, J. Lee, W. G. Lynch,
Z. Kohley, R. Lemmon, P. Méller, T. Murakami, S. Riordan,
X. Roca-Maza, F. Sammarruca, A. W. Steiner, 1. Vidaifa, and
S.J. Yennello, Constraints on the symmetry energy and neutron
skins from experiments and theory, Phys. Rev. C 86, 015803
(2012).

044904-10


https://doi.org/10.1103/RevModPhys.89.015007
https://doi.org/10.1016/j.ppnp.2023.104080
https://doi.org/10.1103/PhysRevC.58.1804
https://doi.org/10.1016/j.physrep.2007.02.003
https://doi.org/10.1103/PhysRevLett.58.1926
https://doi.org/10.1016/0375-9474(90)90641-X
https://doi.org/10.1016/S0375-9474(00)00083-X
https://doi.org/10.1103/PhysRevLett.96.012302
https://doi.org/10.1103/PhysRevD.105.054011
https://doi.org/10.1140/epjc/s10052-022-10400-2
https://doi.org/10.1140/epjc/s10052-022-10894-w
https://arxiv.org/abs/2511.13975
https://doi.org/10.1016/0370-1573(86)90131-6
https://doi.org/10.1126/science.1078070
https://doi.org/10.1103/PhysRevLett.102.122701
https://doi.org/10.1016/j.nuclphysa.2015.09.015
https://doi.org/10.1103/PhysRevC.108.034908
https://doi.org/10.1103/PhysRevLett.131.202303
https://doi.org/10.1103/PhysRevC.90.024605
https://doi.org/10.1103/PhysRevLett.86.1974
https://doi.org/10.1038/s41586-022-04750-w
https://doi.org/10.1016/j.physrep.2008.04.005
https://doi.org/10.1103/PhysRevC.86.015803

TRANSPORT SIMULATIONS WITH A CONSTRAINED ...

PHYSICAL REVIEW C 114, 044904 (2026)

[24] B.-A. Li, Isospin dependence of the 7~ /7™ ratio and density
dependence of the nuclear symmetry energy, Phys. Rev. C 67,
017601 (2003).

[25] B.-A. Li, G.-C. Yong, and W. Zuo, Near-threshold pion produc-
tion with radioactive beams, Phys. Rev. C 71, 014608 (2005).

[26] J. Estee, W. G. Lynch, C. Y. Tsang, J. Barney, G. Jhang, M. B.
Tsang, R. Wang, M. Kaneko, J. W. Lee, T. Isobe, M. Kurata-
Nishimura, T. Murakami, D. S. Ahn, L. Atar, T. Aumann, H.
Baba, K. Boretzky, J. Brzychczyk, G. Cerizza, N. Chiga, et al.,
Probing the symmetry energy with the spectral pion ratio, Phys.
Rev. Lett. 126, 162701 (2021).

[27] J. Steinheimer, T. Reichert, Y. Nara, and M. Bleicher, Momen-
tum dependent potentials from a parity doubling CMF model in
UrQMD: Results on flow and particle production, J. Phys. G:
Nucl. Part. Phys. 52, 035103 (2025).

[28] J. Steinheimer, S. Schramm, and H. Stocker, Hadronic SU(3)
parity doublet model for dense matter and its extension to
quarks and the strange equation of state, Phys. Rev. C 84,
045208 (2011).

[29] A. Motornenko, S. Pal, A. Bhattacharyya, J. Steinheimer, and
H. Stoecker, Repulsive properties of hadrons in lattice QCD
data and neutron stars, Phys. Rev. C 103, 054908 (2021).

[30] J. Steinheimer, M. O. Kuttan, T. Reichert, Y. Nara, and M.
Bleicher, Simultaneous description of high density QCD matter
in heavy ion collisions and neutron star observations, Phys. Lett.
B 867, 139605 (2025).

[31] R. Negreiros, L. Brodie, J. Steinheimer, V. Dexheimer, and
R. D. Pisarski, Enhanced neutrino cooling from parity-
doubled nucleons in neutron star cooling simulations,
arXiv:2603.06789.

[32] R. L. Workman, V. D. Burkert, V. Crede, E. Klempt, U. Thoma,
L. Tiator, K. Agashe, G. Aielli, B. C. Allanach, C. Amsler,
M. Antonelli, E. C. Aschenauer, D. M. Asner, H. Baer, S.
Banerjee, R. M. Barnett, L. Baudis, C. W. Bauer, J. J. Beatty,
V. 1. Belousov, et al., Review of particle physics, Prog. Theor.
Exp. Phys. 2022, 083C01 (2022).

[33] D. Bollweg, D. A. Clarke, J. Goswami, O. Kaczmarek, F.
Karsch, S. Mukherjee, P. Petreczky, C. Schmidt, and S. Sharma
et al. (HotQCD Collaboration), Equation of state and speed
of sound of (2 + 1)-flavor QCD in strangeness-neutral matter
at nonvanishing net baryon-number density, Phys. Rev. D 108,
014510 (2023).

[34] S. Borsanyi, G. Endrédi, Z. Fodor, S. D. Katz, S. Krieg, C. Ratti,
and K. K. Szab6, QCD equation of state at nonzero chemical
potential: Continuum results with physical quark masses at
order u2, J. High Energy Phys. 08 (2012) 053.

[35] J. Keller, K. Hebeler, and A. Schwenk, Nuclear equation of state
for arbitrary proton fraction and temperature based on chiral
effective field theory and a Gaussian process emulator, Phys.
Rev. Lett. 130, 072701 (2023).

[36] S. Hama, B. C. Clark, E. D. Cooper, H. S. Sherif, and R. L.
Mercer, Global Dirac optical potentials for elastic proton scat-
tering from heavy nuclei, Phys. Rev. C 41, 2737 (1990).

[37] J. P. Blaizot, Nuclear compressibilities, Phys. Rep. 64, 171
(1980).

[38] D. H. Youngblood, Y. W. Lui, H. L. Clark, B. John, Y. Tokimoto,
and X. Chen, Isoscalar EQ — E3 strength in ''®Sn, “*Sm,
154Sm, and 2%8Pb, Phys. Rev. C 69, 034315 (2004).

[39] U. Garg and G. Colo, The compression-mode giant resonances
and nuclear incompressibility, Prog. Part. Nucl. Phys. 101, 55
(2018).

[40] A. Jinno, K. Murase, Y. Nara, and A. Ohnishi, Repulsive A
potentials in dense neutron star matter and binding energy of
A in hypernuclei, Phys. Rev. C 108, 065803 (2023).

[41] T. E. Riley, A. L. Watts, S. Bogdanov, P. S. Ray, R. M. Ludlam,
S. Guillot, Z. Arzoumanian, C. L. Baker, A. V. Bilous, D.
Chakrabarty, K. C. Gendreau, A. K. Harding, W. C. G. Ho, J. M.
Lattimer, S. M. Morsink, and T. E. Strohmayer, A NICER view
of PSR J0030+0451: Millisecond pulsar parameter estimation,
Astrophys. J. Lett. 887, L21 (2019).

[42] T. E. Riley, A. L. Watts, P. S. Ray, S. Bogdanov, S. Guillot,
S. M. Morsink, A. V. Bilous, Z. Arzoumanian, D. Choudhury,
J. S. Deneva, K. C. Gendreau, A. K. Harding, W. C. G. Ho, J. M.
Lattimer, M. Loewenstein, R. M. Ludlam, C. B. Markwardt,
T. Okajima, C. Prescod-Weinstein, R. A. Remillard, ef al., A
NICER view of the massive pulsar PSR J0740+6620 informed
by radio timing and XMM-Newton spectroscopy, Astrophys. J.
Lett. 918, L27 (2021).

[43] D. Choudhury, T. Salmi, S. Vinciguerra, T. E. Riley, Y.
Kini, A. L. Watts, B. Dorsman, S. Bogdanov, S. Guillot,
P. S. Ray, D. J. Reardon, R. A. Remillard, A. V. Bilous, D.
Huppenkothen, J. M. Lattimer, N. Rutherford, Z. Arzoumanian,
K. C. Gendreau, S. M. Morsink, and W. C. G. Ho, A NICER
view of the nearest and brightest millisecond pulsar: PSR
J0437-4715, Astrophys. J. Lett. 971, L20 (2024).

[44] J. R. Oppenheimer and G. M. Volkoff, On massive neutron
cores, Phys. Rev. 55, 374 (1939).

[45] P. Demorest, T. Pennucci, S. Ransom, M. Roberts, and J.
Hessels, A two-solar-mass neutron star measured using Shapiro
delay, Nature (London) 467, 1081 (2010).

[46] J. Antoniadis, P. C. C. Freire, N. Wex, T. M. Tauris, R. S.
Lynch, M. H. van Kerkwijk, M. Kramer, C. Bassa, V. S. Dhillon,
T. Driebe, J. W. T. Hessels, V. M. Kaspi, V. I. Kondratiev,
N. Langer, T. R. Marsh, M. A. McLaughlin, T. T. Pennucci,
S. M. Ransom, 1. H. Stairs, J. van Leeuwen, et al., A massive
pulsar in a compact relativistic binary, Science 340, 1233232
(2013).

[47] A. Bauswein, O. Just, H.-T. Janka, and N. Stergioulas, Neutron-
star radius constraints from GW170817 and future detections,
Astrophys. J. Lett. 850, L34 (2017).

[48] B. Margalit and B. D. Metzger, Constraining the maximum
mass of neutron stars from multi-messenger observations of
GW170817, Astrophys. J. Lett. 850, L19 (2017).

[49] L. Rezzolla, E. R. Most, and L. R. Weih, Using gravitational-
wave observations and quasi-universal relations to constrain the
maximum mass of neutron stars, Astrophys. J. Lett. 852, L.25
(2018).

[50] A. Motornenko, J. Steinheimer, V. Vovchenko, S. Schramm,
and H. Stoecker, Equation of state for hot QCD and compact
stars from a mean-field approach, Phys. Rev. C 101, 034904
(2020).

[51] Y. Lu, F. Gao, Y.-x. Liu, and J. M. Pawlowski, Finite density
signatures of confining and chiral dynamics in QCD thermo-
dynamics and fluctuations of conserved charges, Phys. Rev. D
113, 054019 (2026).

[52] J. Aichelin and H. Stocker, Quantum molecular dynamics—A
novel approach to N-body correlations in heavy ion collisions,
Phys. Lett. B 176, 14 (1986).

[53] J. Aichelin, “Quantum” molecular dynamics—A dynamical mi-
croscopic n-body approach to investigate fragment formation
and the nuclear equation of state in heavy ion collisions, Phys.
Rep. 202, 233 (1991).

044904-11


https://doi.org/10.1103/PhysRevC.67.017601
https://doi.org/10.1103/PhysRevC.71.014608
https://doi.org/10.1103/PhysRevLett.126.162701
https://doi.org/10.1088/1361-6471/adab0b
https://doi.org/10.1103/PhysRevC.84.045208
https://doi.org/10.1103/PhysRevC.103.054908
https://doi.org/10.1016/j.physletb.2025.139605
https://arxiv.org/abs/2603.06789
https://doi.org/10.1093/ptep/ptac097
https://doi.org/10.1103/PhysRevD.108.014510
https://doi.org/10.1007/JHEP08(2012)053
https://doi.org/10.1103/PhysRevLett.130.072701
https://doi.org/10.1103/PhysRevC.41.2737
https://doi.org/10.1016/0370-1573(80)90001-0
https://doi.org/10.1103/PhysRevC.69.034315
https://doi.org/10.1016/j.ppnp.2018.03.001
https://doi.org/10.1103/PhysRevC.108.065803
https://doi.org/10.3847/2041-8213/ab481c
https://doi.org/10.3847/2041-8213/ac0a81
https://doi.org/10.3847/2041-8213/ad5a6f
https://doi.org/10.1103/PhysRev.55.374
https://doi.org/10.1038/nature09466
https://doi.org/10.1126/science.1233232
https://doi.org/10.3847/2041-8213/aa9994
https://doi.org/10.3847/2041-8213/aa991c
https://doi.org/10.3847/2041-8213/aaa401
https://doi.org/10.1103/PhysRevC.101.034904
https://doi.org/10.1103/s1kg-cl9p
https://doi.org/10.1016/0370-2693(86)90916-0
https://doi.org/10.1016/0370-1573(91)90094-3

JAN STEINHEIMER AND MARCUS BLEICHER

PHYSICAL REVIEW C 114, 044904 (2026)

[54] S. A. Bass et al., Microscopic models for ultrarelativistic heavy
ion collisions, Prog. Part. Nucl. Phys. 41, 255 (1998).

[55] W. Reisdorf, Y. Leifels, A. Andronic, R. Averbeck, V. Barret,
Z. Basrak, N. Bastid, M.L. Benabderrahmane, R. Caplar, P.
Crochet, P. Dupieux, M. Dzelalija, Z. Fodor, P. Gasik, Y.
Grishkin, O.N. Hartmann, N. Herrmann, K.D. Hildenbrand, B.
Hong, T.I. Kang, et al., Systematics of azimuthal asymmetries
in heavy ion collisions in the regime, Nucl. Phys. A 876, 1
(2012).

[56] J. Adamczewski-Musch, O. Arnold, C. Behnke, A. Belounnas,
A. Belyaev, J. C. Berger-Chen, A. Blanco, C. Blume, M.
Bohmer, P. Bordalo, S. Chernenko, L. Chlad, I. Ciepal, C.
Deveaux, J. Dreyer, E. Epple, L. Fabbietti, O. Fateev, P. Filip, P.
Fonte, et al., Directed, elliptic, and higher order flow harmon-
ics of protons, deuterons, and tritons in Au 4 Au collisions at
VNN =2.4GeV, Phys. Rev. Lett. 125, 262301 (2020).

[57] J. Adamczewski-Musch, O. Arnold, C. Behnke, A. Belounnas,
J. C. Berger-Chen, A. Blanco, C. Blume, M. Bohmer, P.
Bordalo, L. Chlad, I. Ciepal, C. Deveaux, J. Dreyer, E. Epple,

L. Fabbietti, P. Filip, P. Fonte, C. Franco, J. Friese, 1. Frohlich,
et al., Proton, deuteron and triton flow measurements in Au+Au
collisions at o/Syy = 2.4 GeV, Eur. Phys. J. A 59, 80 (2023).

[58] W. Reisdorf, M. Stockmeier, A. Andronic, M. L.
Benabderrahmane, O. N. Hartmann, N. Herrmann, K. D.
Hildenbrand, Y. J. Kim, M. KiS, P. Koczon, T. Kress, Y. Leifels,
X. Lopez, M. Merschmeyer, A. Schiittauf, V. Barret, Z. Basrak,
N. Bastid, R. Caplar, P. Crochet, et al., Systematics of pion
emission in heavy ion collisions in the regime, Nucl. Phys. A
781, 459 (2007).

[59] J. Adamczewski-Musch, O. Arnold, C. Behnke, A. Belounnas,
A. Belyaev, J. C. Berger-Chen, J. Biernat, A. Blanco, C. Blume,
M. Bohmer, P. Bordalo, S. Chernenko, L. Chlad, C. Deveaux,
J. Dreyer, A. Dybczak, E. Epple, L. Fabbietti, O. Fateev, P.
Filip, et al., Identical pion intensity interferometry at ,/sy\y =
2.4GeV, Eur. Phys. J. A 56, 140 (2020).

[60] M. D. Cozma, Constraining the density dependence of the sym-
metry energy using the multiplicity and average pr ratios of
charged pions, Phys. Rev. C 95, 014601 (2017).

044904-12


https://doi.org/10.1016/S0146-6410(98)00058-1
https://doi.org/10.1016/j.nuclphysa.2011.12.006
https://doi.org/10.1103/PhysRevLett.125.262301
https://doi.org/10.1140/epja/s10050-023-00936-6
https://doi.org/10.1016/j.nuclphysa.2006.10.085
https://doi.org/10.1140/epja/s10050-020-00116-w
https://doi.org/10.1103/PhysRevC.95.014601

