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ARTICLE INFO ABSTRACT

Editor: F. Gelis

A combined constraint on the QCD equation of state, at high densities, from connecting neutron star observations

to data from heavy ion reactions is presented. We use the Chiral Mean Field Model which can describe neutron
star and iso-spin symmetric matter and allows the consistent calculation of the density and momentum dependent
potentials of baryons which are then implemented in the UrQMD transport model. In contrast to previous
studies, the same equation of state constrained from neutron star properties is also able to describe experimental
observables in heavy ion reactions at the HADES experiment. Unlike many other approaches our results are not
constraint to densities up to nuclear saturation or perturbative results which allows a continuous description of
the equation of state over a large range in baryon density.

Quantum-Chromo-Dynamics (QCD) describes the fundamental in-
teraction governing the physics on sub-nuclear scales. Its fundamental
properties are usually studied in high energy collider experiments at
RHIC or LHC, e.g. with proton+proton reactions or in the collisions of
heavy ions. In reactions at these large collision energies, the net-baryon
density is very small and the temperatures are very high. Such a sce-
nario was realized in nature a few microseconds after the Big Bang.
This regime of QCD can be probed on the basis of ab-initio calcula-
tions or within well controlled perturbative expansions of QCD. Non-
perturbative lattice QCD calculations have established a crossover tran-
sition from hadronic to partonic matter at vanishing net baryon density
[1-3].

When going to lower collision energies (\/m < 10 GeV) the sit-
uation becomes dramatically more complicated as one deals with very
high net-baryon densities (2-5 times nuclear saturation density n;) and
moderate temperatures. This prevents ab-initio lattice QCD calculations
due to the well known sign problem and it further prevents many pertur-
bative approaches leaving the study of this regime to effective models
of QCD.
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This region of the QCD phase diagram is of great importance and in-
terest. It may contain one of the most exciting features of the phase
diagram, namely the critical end point, where the chiral crossover
changes into a first-order phase transition. The location of the critical
end point (CEP) of QCD, or even its existence, is not yet known. Ex-
trapolations of lattice-QCD results have established that the critical end
point may only be located at temperatures and baryon chemical poten-
tials above upg /T 2 3 [4-6]. Current estimates within Dyson-Schwinger
and FRG approaches suggest T£¥ =80 — 140 MeV, u§5P =500 — 800
MeV [7-10]. This region of ug/T ~ 5 — 6 is similarly favored by
Bayesian inference from holographic models [11], Padé type resumma-
tions [12,13], using finite size scaling of net protons cumulants [14] and
lattice QCD extrapolations based on contours of constant entropy den-
sity [15]. It is this region that is extremely relevant for the understanding
of Neutron Stars (NS) and binary NS mergers and it is in the focus of the
experiments at GSI, FAIR, RHIC-BES, HIAF and FRIB. A direct detection
of the critical endpoint is made complicated by the same critical phe-
nomena which define it, namely critical slowing down as well as severe
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dampening of the critical effects due to finite size and finite lifetime of
the systems created in heavy ion reactions [16,17].

In the present paper we suggest a different route to constraining the
phase structure of QCD by combining measurements from neutron star
mergers and heavy ion collisions with an effective model for the equa-
tion of state.

We will show a very first comparison of simulated results with
momentum-dependent potentials, based on an equation of state con-
strained from neutron star observations, compared to heavy ion data
of the HADES experiment. Our results will clearly determine whether a
simultaneous description of both regimes of dense QCD matter is possi-
ble within one equation of state which is an important step towards a
combined and conclusive understanding of dense QCD.

1. The CMF model and the EoS

To be able to combine constraints on the EoS from neutron stars with
heavy-ion data, a model is required that can provide input for both,
based on a limited set of input parameters. For this purpose we will
employ the chiral mean field model (CMF) [18-20].

A similar version of this model has already been employed to com-
bine information from NS with heavy ion data based on the speed of
sound as function of density [21]. In the present we will go further
and introduce the momentum dependent interaction potentials from
the CMF in our microscopic transport simulation. The chiral mean field
model is a fully relativistic parity-doublet approach to describe dense
QCD matter, including both the baryonic SU(3)-flavor octet and the A
baryons with their respective parity partners. The model aims to rep-
resent an equation of state (EoS) compatible with empirical data from
heavy-ion collisions, astrophysical constraints, and lattice QCD simu-
lations. It effectively integrates scalar and vector mean fields, which
impact the baryonic masses mZ+ and interactions [22]. The effective
baryon mass is then reduced by the light and strange quark scalar fields
o, ¢ and reads

1 1 2
n, = \/[(géb)a+géb)§)2 +(m0+nsms)2] +¢%6, 1

in which =+ stands for positive (negative) parity partners, g’.(j) are the
couplings to the scalar fields, n g is the strangeness of the baryon, m, rep-
resents a bare mass term and m; is the current quark mass of the strange
quark. The effective chemical potential on the other hand is changed by
the vector fields @ (net baryon density), p (net iso-spin density), ¢ (net
strangeness density) and reads

Hy = Hp = Eop® = EppP = Epp > @

where g; are the couplings to the vector fields. The mean field values
are determined by the scalar and vector interactions. Quark degrees of
freedom are incorporated in a PNJL-motivated approach having their
thermal contribution directly linked to the Polyakov Loop order parame-
ter ® and their effective masses also adjusted by the scalar fields. Finally,
the model also includes an excluded volume v; for baryons and mesons,
while quarks are assumed to be point-like. A more detailed description
of the model and its implementation in UrQMD, including the momen-
tum dependent potentials, can be found in [23].

One should note that this approach allows us to implement the in-
medium potential for all baryons in the CMF model, which includes the
lowest baryon octet with its corresponding parity partners as well as
the A-baryons. In principle one could also introduce a potential for the
mesons, which requires additional assumptions within the CMF model
(see e.g. [25] for recent work within CMF). However, in heavy ion colli-
sions, the pion in-medium effects mainly appear through the excitation
and decay of the A which was shown to resemble the dominant contri-
bution to pion nucleon interactions. Any pion interactions beyond the
resonance channel (and Coulomb) is usually not taken into account as
its effect on the pion properties is negligible [26-28]. In our simulations

Physics Letters B 867 (2025) 139605

150 . f . T . T . T . T
------- m =600 MeV; m*/m=0.76; K= 440 MeV =
A ng=n,
m0=600 MeV; m*/m=0.76; K= 315 MeV
100 f-------- m =675 MeV; m*/m=0.82; K= 340 MeV .
m =675 MeV; m*/m=0.82; K= 303 MeV
% m0=759 MeV: m*/m=0.87; K= 250 MeV .
Obtpmnt v e T e
= [ Hama et. al.
—
] b
<
2
D 0 e
-50 i
.‘] 00 1 1 1 n 1

0.0 0.5 1.0 15 2.0 25 3.0
Momentum p [GeV]

Fig. 1. Momentum dependence of the single particle potential of nucleons in
iso-spin symmetric matter for different parametrizations of the CMF. The green
shades area shows momentum dependent Dirac masses extracted from experi-
ment by Hama et al. [24].

we do include the in-medium modification of the A single particle en-
ergy, but not any change in the pion properties in the medium nor do
we include any change in the nucleon-A cross section.

Other works within a different transport model have shown that the
inclusion of a koan potential can have an effect on the kaon spectra [29],
but the exact treatment will be model dependent. For the current work
all mesons are included as free particles.

While in the previous work [23] the focus was on establishing
the UrQMD+CMF model and its implementation, in the following we
present a parameter study of the CMF in order to establish whether
a simultaneous description of neutron star observables and heavy ion
observables is possible, and if so, determine the most suitable parame-
ters.

The parameters that are most relevant for the equation of state
as well its momentum dependence are the scalar and vector coupling
strengths g, and g, as well as the bare mass of the nucleons m.
These are not entirely independent, demanding that the nucleon vacuum
masses are reproduced. By fixing the bare mass m,, also the momen-
tum dependence of the single particle energy is fixed. In addition to
g, the repulsive interaction between hadrons can be modified by their
excluded volume parameter v; and the nuclear incompressibility has
been shown to be sensitive to the parameters of the scalar potential.
This means we essentially have 4 free parameters in our model but 3
additional constraints, the nuclear saturation density ny = 0.16 fm~3,
nuclear binding energy per baryon E/A — my = —16 MeV and the in-
compressibility of nuclear matter at saturation density K. Although the
first two can be considered strict constraints, there is some freedom on
the incompressibility. In the following, we will compare five different
parametrizations of the CMF model. The resulting momentum depen-
dencies of the single particle potential U(p,np), at saturation density,
of these 5 scenarios are shown in Fig. 1. Here, parameter sets with
the same bare mass have the same color. For the blue (m, = 600 MeV)
and black (m, = 675 MeV) curves also a scenario with increased incom-
pressibility (dashed curves) is shown. As expected, a smaller bare mass,
resulting in a stronger scalar coupling, leads to a stronger momentum
dependence. A larger scalar coupling tends to also require a stronger
vector repulsion to be able to reproduce nuclear binding and saturation
properties which leads to a higher incompressibility. Fig. 1 lists the ef-
fective mass of the nucleon at saturation density for all scenarios. The
momentum dependence of the single particle energy derived from pro-
ton+nucleus scattering experiments is shown for comparison as green
band. This band corresponds to two possible scenarios of the momen-
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Fig. 2. Speed of sound squared at 7' =0 in iso-spin symmetric matter for the
different parametrizations.

tum dependence of the relativistic Dirac potential extracted in [24].!
For the following comparisons we therefore have 5 different scenarios
with 3 different momentum dependencies and a range of incompress-
ibilities.

The equation of state of symmetric nuclear matter, characterized by
the speed of sound, for all the different parametrizations of the CMF
model is presented in Fig. 2. The line colors and styles are the same as
in Fig. 1. All curves show a characteristic peak of the speed of sound, its
position and height depend on the parameters. The strong increase in
the speed of sound above nuclear saturation density is caused in part by
the vector mean field repulsion but also by the excluded volume of the
baryons. The softening of the equation of state is then due to the slow ap-
pearance of deconfined quarks which do not interact repulsively. While
scenarios with a large incompressibility show a peak at a rather low den-
sity, the height of the peak seems to be systematically lower for a strong
momentum dependence. All equations of state show a decrease of the
speed of sound below the conformal limit of 1/3 due to the appearance
of free quarks that start to dominate at high densities. At asymptotically
high densities, the speed of sound will slowly approach the (conformal)
limit of a free gas of massless quarks, as expected, by construction.

2. Neutron star matter

Using the Tolmann-Oppenheimer-Volkoff (TOV) equation [31], one
can relate the equation of state to a unique mass-radius relation of neu-
tron stars. To do so in the CMF model, we perform calculations assum-
ing f—equilibrium matter, including electrons and muons, and without
strangeness conservation. In the CMF model, the symmetry energy of
nuclear matter is controlled mainly by the coupling parameter to the
iso-vector field p: g,. This coupling is set to g, = 4.9, for all baryons and
all scenarios discussed, which leads to a symmetry energy in the range
of 30-32 MeV for all cases. This is in the range of the known uncertain-
ties. The remaining density dependence of the symmetry energy is then
controlled by the iso-scalar couplings which are discussed in the remain-
der of the paper. This leads, for example, to a varying value of the slope
of the symmetry energy L between 43 and 73 MeV as shown in Table 1.
As the value of L is experimentally not well constrained, this observable

! Note, that also in the QMD part of the UrQMD model we will use the rela-
tivistic single particle potential from CMF instead of the Schrédinger equivalent
potential [30] as the UrQMD model uses the relativistic kinetic energy and the
momentum dependent potential can be understood as an effective way of intro-
ducing an effective mass in the relativistic kinetic energy.
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Table 1
Slope L of the symmetry energy for the different parameteriza-
tions used.
Parameters L [MeV]
my =600 MeV; m*/m =0.76; K = 440 MeV 48
my =600 MeV; m* /m =0.76; K =315 MeV 44
my =675 MeV; m*/m =0.82; K =340 MeV 55
my = 675 MeV; m* /m =0.82; K =303 MeV 53
my =759 MeV; m* /m = 0.87; K =250 MeV 73
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Fig. 3. Neutron star M-R curves for the different EoS’s used. The solid black
line gives the best agreement. Too stiff EoS give too large radii and too strong
momentum dependencies too small maximum masses.

does not help us to further pin down the remaining couplings. However,
as we have shown, the actual M-R relation is more sensitive on the den-
sity dependence of the EoS and thus allows a stronger constraint than
obtained from the slope parameter.

As the CMF model does not include atomic nuclei as degrees of free-
dom it will underestimate the pressure of low density matter found in
the crust of neutron stars. We therefore need to match the CMF model to
a model for the crust at some density below nuclear saturation density.
We choose this to be at pg = 0.25p,. At this density the pressure in both
models becomes similar and allows for a good matching. This combined
EoS is then used to solve the TOV equation. Using the well established
DD2 [32] equation of state for the crust we obtain five different mass ra-
dius curves for the different scenarios. These are shown as lines in Fig. 3.
The colors and styles of the lines are the same as in the previous figures.
The green shaded area is a constraint from a binary neutron star merger
[33] which is also consistent with NICER constraints [34-39]. As one
can see the solid black line gives the best description of the constraint
which corresponds to an intermediate momentum dependence and a
nuclear incompressibility of K =303 MeV. This value for the nuclear
incompressibilities is larger than early constraints from the giant dipole
resonance (K =210 + 30 MeV) found in [40]. However, a more recent
and widely accepted study, that takes into account surface effects on the
giant dipole resonance [41], obtained a different range (250 < K < 315
MeV) which is consistent with our value of K ~ 303 MeV.

In the following we will refer to results with this parametrization
as the best fitting parametrization and always show it as a black solid
line. Using the best fitting parametrization, where m( = 675 MeV and
K =303 MeV, we also calculated the symmetry energy E,, =31 MeV
and slope of the symmetry energy L =53 MeV, which are both well
within the range of experimental observations [42].

To study the sensitivity of our M-R-results on the matching condi-
tion, we have added another solution of the TOV equation to Fig. 3 as
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grey dotted line. Here, we have solved the TOV equation using only the
CMF model without any matching to the crust as an extreme, physi-
cally unrealistic, case. As we can see, the maximum mass and radius is
only marginally influenced by the crust and the influence of the crust
becomes relevant only for neutron stars with masses below 1.5 solar
masses. In general, the radius then will decrease without a crust. The
general conclusions of our study do not change even without any crust
and the best fitting parametrization still describes the M-R constraints
well.

3. Results from HIC

In heavy ion collisions the equation of state is mostly inferred
through the directed v; and elliptic flow v,, being the first and second
order Fourier coefficient in the expansion of the azimuthal angular dis-
tribution [43], of protons [44,45]. In the energy regime probed with the
SIS18 accelerator the generation of elliptic flow follows an intricate in-
terplay of interactions via the potential and collisions [46]. The HADES
experiment at GSI has recently measured highly differential data of pro-
ton and light nuclei elliptic flow [47,48]. To relate the different CMF
parametrizations to the heavy ion data by HADES, we will employ the
UrQMD model which has recently been extended to incorporate a mo-
mentum dependent potential from CMF [23]. Since the procedure has
not been changed in the current work we refer to [23] for the descrip-
tion of the model.

In principle one has to reduce the elastic cross sections for any reac-
tions for which also the potential interaction is included at small relative
momenta. Most studies with in-medium elastic cross sections where
done at much lower beam energies, where a change in the cross sec-
tion at a few hundred MeV will have a significant impact on the systems
dynamics. The degree of the modification however, is model dependent
and still under discussion (see e.g. [49-54]). A recent study found that
already at a center of mass kinetic energy of 450 MeV, the in-medium re-
duction factor is above 0.9 [55]. This means that for spectator-spectator
and participant-spectator scatterings at the energies we consider the in-
medium reaction can be ignored and even for participant-participant
scattering the effect should be small. Previous results from UrQMD simu-
lations have shown that an effective (global) in-medium reduction factor
for heavy ion collisions at beam energies above E,,;, > 14 GeV quickly
approaches 1 [56]. Also in [57], for momenta above p ~ 600 MeV, the
reduction factor becomes unity. This means, that the in-medium cross
sections are only relevant for collisions at beam energies of a few hun-
dred MeV but become irrelevant for the higher beam energies discussed
in the current manuscript. In our simulations, we do not include any
in-medium modification of the elastic NN cross section.

In the upper panel of Fig. 4 we compare results of proton elliptic
flow calculated with the different parametrizations of the CMF as a func-
tion of transverse momentum p; in 20-30% peripheral Au+Au collisions
2 with the recent HADES measurements. The colors and styles of the
lines are the same as in the previous figures. Very clearly the best fit-
ting parametrization obtained from neutron star mass-radius constraints
also yields the best description of proton elliptic flow data in 20-30%
peripheral AuAu collisions at 1.23A GeV kinetic beam energy. In com-
parison to the other parametrizations one can conclude that a larger
incompressibility turns v, more negative, as well as a stronger momen-
tum dependence.

While the best fitting parametrization very well describes the ellip-
tic flow in 20-30% central AuAu collisions at the HADES experiment,

2 For the simulations we used the Glauber model based, impact parameter
ranges given by the HADES collaboration in [58]. These have been shown to
correspond to similar centrality classes as obtained from UrQMD simulations
[59]. This method of determining the centrality is not exactly the same as the
experimental method. However, it is as close to the experimental setup as one
can reasonably get, without having to recreate the whole experimental proce-
dure including a detector simulation.
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Fig. 4. Proton v, as function of transverse momentum for the different EoS
compared to HADES data (upper panel). Proton v, as function of transverse mo-
mentum for the best fitting EoS (black line) for different centralities compared
to HADES data (lower panel).

it is also important to provide a comparison to the other centrality bins
available from HADES. We therefore use the best fitting parametrization
to evaluate the elliptic flow as a function of transverse momentum for 4
different centrality classes shown in the lower panel of Fig. 4. The results
show a generally good agreement between the UrQMD model calcula-
tions using the best fitting parametrization of the CMF with measured
data on elliptic flow. However, the quality of the agreement varies with
centrality. For the most central collisions a deviation for small transverse
momenta is observed which is still within the range of the experimental
uncertainty. While the deviation from the experimental data can have
different reasons, one should note that our centrality selection and re-
action plane reconstruction in the model is not exactly the same as in
the experiment which may cause part of the deviation.

In addition to flow observables, the production of strange hadrons,
specifically Kaons, was shown to be sensitive to the equation of state.
Although the total yield of Kaons and hyperons depends on both the
equation of state and the momentum dependence of the corresponding
potentials, the centrality dependence of Kaon production was shown to
be sensitive only to the equation of state [60-63]. The upper part of
Fig. 5 shows the rapidity distributions of A’s for two different centrality
bins, using the five CMF parametrizations discussed above. The hyperon
rapidity distribution shows a very strong sensitivity to the momentum
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Fig. 5. The centrality dependence of A and K+ production compared to HADES
data (upper panel). A and K™ rapidity distributions compared to HADES data
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dependence as well as the equation of state. One clearly observes again,
that the best-fit parametrization shown as black line gives the best de-
scription of the HADES data [64] for both centrality bins.

The total yield of strange hadrons, A and K*, per number of partici-
pants A, as function of the number of participants is presented in the
lower panel of Fig. 5. As one can see the UrQMD model with the best
fitting parametrization gives a good description of the centrality depen-
dence of both hadron yields. The K™ yield is slightly underestimated
while the hyperon yield is better described. This is an unexpected result
as hyperons and Kaons are produced together and strangeness conserva-
tion would imply that either both yields are well described or neither.
The discrepancy may be due to the fact that UrQMD also underesti-
mates the ratio of K*/K° which is a consequence of the violation of
isospin symmetry in strangeness production in elementary SU(3) ; QCD
processes [65]. Nevertheless one can fit the centrality dependencies, i.e.
the number of Kaons and hyperons as function of number of participant
simultaneously with a simple function:

My (Apary) = Mo A @)

part
Where M,,(A) is the number of Kaons or A +X°, A part 1S the number

of participants and « is a parameter which quantifies the centrality de-
pendence. The resulting parameter @ = 1.41 is in good agreement with
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the HADES result and with previous results from the KaoS and FOPI
collaborations [66,67].

In addition to the Kaon number, the pion number was also shown
to be a sensitive probe of the momentum dependence of the potential
[68,69]. Recent HADES data however have been overestimated by es-
sentially all baseline transport model simulations [70]. The deviations
of many model calculations from the measured pion multiplicity at the
HADES experiment are an interesting aspect which needs to be un-
derstood. In its current form the UrQMD model (without momentum
dependent potentials) gives similar results on the pion production and
rescattering processes as most other transport models shown in [71-73].

A modification of the inelastic nucleon-A cross section was discussed
as possible solution of this problem [74,75]. Here, it was shown that
the pion yield can be reduced by a significant change in the in-medium
nucleon-A cross section.

Fig. 6 (upper panel) shows a comparison of the positively charged
pion dN/dy from or simulations with the published HADES data in two
different centrality bins. A deviation from the HADES data is clearly
visible for all parametrizations.

A more balanced picture emerges as one compares the centrality
dependence of the pion production of different experiments with the
best fitting parametrization (black) in the lower panel of Fig. 6. In this
figure we also included the newly corrected HADES results that where
shown at the Quark Matter 25 conference as [76] red open square. In
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Fig. 7. Different phase diagrams for the various parametrizations. A larger
momentum dependence tends to decrease the critical chemical potential and
temperature.

this re-analysis of the HADES AuAu data, it was found that an improved
efficiency correction leads to an increase of the observed pions which
is now in very good agreement with our simulations as can be seen
in Fig. 6. Again, one observes that the best-fit is compatible with the
available data within their errors. The resolution of the deviation from
previous model calculations to the HADES data may be therefore under-
stood as a combination of including momentum dependent potentials
and better efficiency corrections by the experiment. We can therefore
say, that our simulations without any additional pion in-medium modi-
fications do very well describe the HADES data on pion production and
no in-medium modifications of the pion are necessary.

4. Discussion

It was shown how a consistent description of the equation of state
(and momentum dependence of the nuclear potential) can be achieved
for the description of neutron star properties as well as heavy-ion re-
actions. To do so we used the Chiral Mean Field Model to calculate
several parametrizations of the iso-spin symmetric as well as neutron
star equation of state. The parameters of the model where fixed by new
constraints on the mass-radius relation from neutron stars. The result-
ing equation of state is able to describe several experimentally measured
observables sensitive to the equation of state and its momentum de-
pendence. A small discrepancy in the pion production at the HADES
experiment is still visible.

The resulting parameters of the best fit can be used to draw a corre-
sponding phase diagram of dense matter which is shown in Fig. 7. The
well known nuclear liquid-gas transition is shown as grey line. The dif-
ferent colored lines correspond to the chiral transitions in the CMF for
the different parameter sets used in our study. The black solid line cor-
responds to the best fitting curve. Due to the large repulsion at high
densities in the CMF model, the critical endpoint for all the scenarios is
rather low T gp < 30 MeV. The values for the best fitting parametriza-
tion are: Tcpp = 16 MeV and ucpp = 1410 MeV. These results for the
location of the QCD critical endpoint are significantly different from e.g.
recent predictions of functional methods [8,9]. The reason for the low
critical temperature in the CMF model is the strong short-range baryon
repulsion at high density, which is a necessary ingredient to describe
the compactness of observed neutron stars. It would be therefore inter-
esting to understand whether the CMF model is missing an important
aspect of the QCD transition which drives the transition in the FRG cal-
culations or whether the FRG calculations are missing important aspects
of many-baryon interactions. A more in-depth comparison of the CMF
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phase structure and thermodynamics to the FRG results is an interesting
future project which may help understand the differences.

The resulting CEP is at such a low temperature that it will not be
reached by any planned heavy ion experiments and unlikely by neutron
star mergers, as shown in [77].

The current analysis presents a way forward in how results from as-
trophysical observations like neutron star masses and binary neutron
star mergers can be combined with heavy-ion observables to constrain
the high density and temperature QCD equation of state. It also shows
a path forward on how such analyses can and should be improved in
several ways in the future. This includes the implementation of an ex-
plicit dependence of the equation of state on the scalar density, and thus
the temperature, which would be naturally included in a relativistic de-
scription of the MD-part with a scalar and vector density. In addition,
another independent and direct constraint for the symmetry energy, and
therefore EoS parameters sensitive to the isospin density, from heavy ion
reactions would be an important next step. Within the CMF framework
that we have laid out, such an extension is straight forward and will be
done in a future work. Finally, a more complete set of data, including
results from other experiments can be used in a statistical inference that
can constrain the CMF parameters in a more quantitative way that also
includes uncertainties.
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