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Repulsive properties of hadrons in lattice QCD data and neutron stars
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Second-order susceptibilities χi11j of baryon, electric, and strangeness, B, Q, and S, charges are calculated in the
chiral mean field (CMF) model and compared with available lattice QCD data. The susceptibilities are sensitive
to the short-range repulsive interactions between different hadron species, especially to the hardcore repulsion
of hyperons. Decreasing the hyperons size, as compared with the size of the nonstrange baryons, does improve
significantly the agreement of the CMF model results with the lattice QCD data. The electric-charge-dependent
susceptibilities are sensitive to the short-range repulsive volume of mesons. The comparison with lattice QCD
data suggests that strange baryons, nonstrange mesons, and strange mesons have significantly smaller excluded
volumes than nonstrange baryons. The CMF model with these modified hadron volumes allows for a mainly
hadronic description of the QCD susceptibilities significantly above the chiral pseudocritical temperature. This
improved CMF model, which is based on the lattice QCD data, has been used to study the properties of both cold
QCD matter and neutron-star matter. The phase structure in both cases is essentially unchanged, i.e., a chiral
first-order phase transition occurs at low temperatures (TCP ≈ 17 MeV), and hyperons survive deconfinement
to higher densities than nonstrange hadrons. The neutron-star maximal mass remains close to 2.1M⊙ and the
mass-radius diagram is only modified slightly due to the appearance of hyperons and is in agreement with
astrophysical observations.
DOI: 10.1103/PhysRevC.103.054908

I. INTRODUCTION

The study of the properties of hot and dense strongly
interacting matter is an active area of fundamental research.
For some decades now the focus is on the phase structure
of the matter created in ultrarelativistic heavy-ion collisions
and dense compressed matter in neutron stars (NSs). Experimental facilities as the Large Hadron Collider (LHC) at
CERN and the Relativistic Heavy Ion Collider (RHIC) at
BNL have provided a lot of information about hot and dense
strongly interacting matter. Upcoming experimental programs
like the Facility for Anti-Proton and Ion Research (FAIR)
and the Nuclotron-based Ion Collider fAcility (NICA) will
yield a better understanding of the properties of such matter.
In spite of extensive theoretical and experimental research,
the current understanding of the phase structure of strongly
interacting matter is far from complete. Lattice QCD calculations show that, at high temperatures and vanishing chemical
potential, both the chiral transition and the transition from
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confined hadronic matter to deconfined quark matter occurs
as a crossover [1,2]. On the other hand, at low temperatures
and high chemical potentials, effective model studies suggest
that a first-order phase transition [3,4] could be realized. This
suggests the existence of a critical end point (CEP) in the
phase diagram of QCD. The extension of lattice QCD to
finite chemical potentials often relies on a Taylor expansion
with the expansion coefficients being related to the conserved
charge susceptibilities [5]. Alternatively, a continuation from
imaginary chemical potentials is employed to extrapolate to
high μB [6–8]. These methods are needed as the fermion
sign problem prohibits direct calculations at high finite baryon
chemical potentials. The QCD thermodynamics at vanishing
chemical potentials is connected with the phase structure at
finite chemical potentials. Hence, these susceptibilities serve
as important indicators of the validity of effective models
and for the effective (quasi-)particle interactions employed in
these models. In particular, the susceptibilities have proven
to be sensitive to the density dependent repulsive interactions of quarks (see, e.g., Refs. [9,10]). QCD gives rise to a
rich spectrum of hadronic states with an even richer set of
reciprocal interactions. Although attempts have been made
to extract the properties of these interactions directly from
scattering data [11–14], calculations of the thermodynamic
properties of strongly interacting hadronic matter are mostly
based on phenomenological considerations. In this paper we
show how the second-order conserved charge susceptibilities,
Published by the American Physical Society
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as calculated on the lattice, can be used to extract the features
of the different hadronic repulsive interactions. Furthermore,
these calculations are used to understand the role of these
interactions for the structure of the QCD phase diagram and
for neutron-star properties.
The paper is organized as follows: Sec. II discusses in
some detail the chiral mean field model. Section III compares
the CMF results on fluctuations and on correlations with the
lattice data. Section IV is devoted to study the QCD-based
CMF-phase structure at low and high densities. Section IV C
presents results for the β-equilibrated ultrahigh density matter
and the structure of neutron stars. Section V summarizes our
results.
II. CHIRAL MEAN-FIELD MODEL

Many effective models have been employed to describe and
interpret the lattice QCD data (see, e.g., Refs. [15–19]), often
based on quark quasiparticle or functional renormalization
group methods. These models are mainly concentrated on the
description of QCD properties at μB = 0 on the level of partonic degrees of freedom. For these models the finite baryonic
densities are not of interest, and the role of the confined phase
and hadronic interactions cannot be estimated there. Attempts
to extend lattice-QCD-inspired approaches to finite densities have been made before, mostly based on quark-gluon
quasiparticle models [20–22]. In the following, we describe
a related ansatz which attempts to simultaneously describe
the hadronic and deconfined degrees of freedom in a selfconsistent approach. The proposed ansatz, the CMF model,
does not require any phase matching and thus allows for a
continuous transition from confined to deconfined degrees of
freedom while at the same time giving a proper description
of nuclear matter and neutron-star matter phenomenology. To
be able to make conclusive statements for high-density QCD
it is necessary to also study the susceptibilities of conserved
charges as done in this work, in addition to having a proper
description of hadronic and nuclear matter.
The chiral SU(3)-flavor parity-doublet Polyakov-loop
quark-hadron mean-field model (or the CMF model) describes
the thermodynamics of strongly interacting matter on both the
hadronic and quark level. The CMF model allows us to calculate the equation of state (EOS) of QCD matter at wide range
of temperatures and densities. It incorporates major concepts
of QCD phenomenology: chiral interactions in the baryon
octet [23], the full PDG hadron list [24], excluded volume repulsive interactions among all hadrons [25,26], baryon parity
doubling [27], and quarks coupled to an effective Polyakov
loop potential (similar to the Polyakov Nambu Jona-Lasinio
model [17]).
The main component of the CMF model is the three-flavor
chiral Lagrangian for strange hadronic matter first introduced
in Ref. [23]. The Lagrangian LSU(3) f consists of the following
parts:
LSU(3) f = LB + Usc + Uvec ,

(1)

where LB describes scalar and vector mean-field interactions among the ground-state octet baryons and their parity

partners:
LB =


b

(B̄b i∂/Bb ) +



(B̄b mb∗ Bb )

b


[B̄b γμ (gωb ωμ + gρb ρ μ + gφb φ μ )Bb ],
+

(2)

b

where the index b runs through all ground-state baryons
p, n, , +,0,− , 0,− and their respective parity partners
N (1535)+,0 , (1405), (1750)+,0,− , (1950)0,− . Usc describes the potential of the scalar σ and ζ fields, and Uvec is
the potential of the vector ω, ρ, and φ fields.
The effective masses of the ground-state octet baryons and
their parity partners (assuming isospin symmetry) read [28]


(1) 2
∗
mb±
+ (m0 + ns ms )2 ± g(2)
(3)
g(1)
=
σ b σ,
σ b σ + gζ b ζ

where the various coupling constants g(∗)
∗b are determined by
vacuum masses and by nuclear matter properties. m0 refers to
a bare mass term of the baryons which is not generated by the
breaking of chiral symmetry, and ns ms is the SU(3) f -breaking
mass term that generates an explicit mass corresponding to the
strangeness ns of the baryon. The single-particle energy of the
baryons, therefore, becomes a function of their momentum k
and effective masses: E ∗ = (k 2 + mb∗2 )1/2 .
This approach describes parity doubling in the baryon octet
implying a mass splitting between the baryon parity partners
which is assumed to be generated by the scalar mesonic fields
σ and ζ [27,29–31]. As a consequence of this nontrivial
coupling, the effective nucleon mass never drops significantly
below its vacuum expectation value, for nuclear saturation
density it reaches a value of mN∗ (ρ = ρ0 ) = 816 MeV.
The chiral field dynamics are determined self-consistently
by the scalar meson interaction potentials, driving the spontaneous breaking of the chiral symmetry:
σ 2ζ
1
Usc = V0 − k0 I2 + k1 I22 − k2 I4 + k6 I6 + k4 ln 2 − Usb ,
2
σ0 ζ0
(4)
with
I2 = (σ 2 + ζ 2 ),

I4 = −(σ 4 /2 + ζ 4 ),

I6 = (σ 6 + 4 ζ 6 ),
(5)

where V0 is included to ensure that the pressure in vacuum
vanishes (i.e., Usc = 0 for T = 0 and μB = 0). The terms
In correspond to the basic building blocks of possible chiral
invariants that form different meson-meson interactions. The
logarithmic term in equation (4) introduced in Refs. [32,33],
contributes to the QCD trace anomaly and is motivated by
the form of the QCD beta function at the one-loop level. In
addition, an explicit symmetry-breaking term is introduced in
the scalar potential:

√ 2
1
2
(6)
2mK fK − √ mπ2 fπ ζ .
Usb = mπ fπ σ +
2
The mean-field vector repulsion is mediated by the fields ω
for repulsion at finite baryon densities, ρ for repulsion at finite
isospin densities, and φ for repulsion when finite strangeness
density is present. The vector fields depend on the respective
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conserved charge densities and are controlled by the potential
Uvec ,

1
Uvec = − mω2 ω2 + mρ2 ρ 2 + mφ2 φ 2
2

1 4 Zφ 2
4
2 2
4
− g4 ω + 6β2 ω ρ + ρ + φ
2
Zω

Zφ
φ2 .
(7)
+ 3(ρ 2 + ω2 )
Zω
Similar to the effective mass mb∗ , which is modified by the
scalar interactions, the vector interactions lead to a modification of the effective chemical potentials for the baryons and
their parity partners:
μ∗b = μb − gωb ω − gφb φ − gρb ρ.
(8)
Note that the coupling strengths of the nucleons and hyperons were chosen to reproduce nuclear binding energies as well
as optical potentials in nuclear matter of ≈ − 28 MeV for the
and −18 MeV for the .1
The remaining mesonic and noninteracting hadronic degrees of freedom are included in a form of Hadron Resonance
Gas (HRG) as a thermal heat bath according to their vacuum
masses.
Altogether, the baryonic interactions allow for a reasonable description of nuclear matter properties. The coupling
constants of the hadronic sector and the parameters of the
effective potential for these fields (see Ref. [28] for details)
are chosen such that the properties of nuclear matter are
reproduced: ground state density n0 ≈ 0.16 fm−3 , binding
energy per nucleon is E0 /B ≈ −15.2 MeV, asymmetry energy
S0 ≈ 31.9 MeV, and compressibility K0 ≈ 267 MeV. All fixed
parameters and coupling constants used in the CMF model are
summarized in Table I in the Appendix.
The quark degrees of freedom are introduced as in
the Polyakov-loop-extended Nambu Jona-Lasinio (PNJL)
model [17], where their thermal contribution is directly coupled to the Polyakov Loop order parameter  [35], the quark
thermal contribution read as
 dqi

∗
∗
1
q = −V T
d 3 k ln 1 + 3e−(Eqi −μqi )/T
3
N
(2π
)
c
qi ∈Q

¯ −2(Eq∗i −μ∗qi )/T + e−3(Eq∗i −μ∗qi )/T ,
(9)
+ 3e
where the index qi runs through u, d, s flavors. The antiquark
contribution can be obtained by replacing μ∗qi → −μ∗qi , and
¯ The Polyakov-loop order parameter  effectively de ↔ .
scribes the gluon contribution to the thermodynamic potential
and is controlled by the temperature-dependent potential [35]:
UPol (, , T ) = − 21 a(T ) + b(T ) ln[1 − 6
3

3

∗
mu,d
= −gu,dσ σ + δmu,d + m0u,d ,

ms∗ = −gsζ ζ + δms + m0q .

(11)

The full grand canonical potential of the CMF model is
expressed as follows:
 = q + q̄ + h + h̄ − (Usc + Uvec + UPol ), (12)
h and h̄ are the contributions from the hadrons which are
the octet and the parity partners according to LB and the rest
of the hadron list is incorporated in a form of a hadron resonance gas. Since we work in mean-field approximation, the
kinetic term of the mesons is not included in the Lagrangian.
The mesonic degrees of freedom are included explicitly in
the grand canonical potential as single-particle states, i.e.,
as a sum over the corresponding thermal Bose-integrals for
all mesonic species using their vacuum masses. Usc is the
mean-field interaction potential of the scalar mean fields σ
and ζ , and Uvec of the repulsive vector mean fields ω, ρ, and
φ. UPol describes an effective gluon potential contribution as a
part of the PNJL description.
The transition between the quark and hadronic degrees of
freedom is controlled by two mechanisms:2
(1) As the Polyakov loop order parameter becomes finite,
free quarks can appear.
(2) Hadrons are suppressed in the deconfined phase due to
the excluded volume interactions.
The suppression of hadrons at high energy densities
is maintained by their excluded-volume hard-core interactions [25,28]. Due to the assumption of finite size the hadrons
are attributed an explicit volume term. This volume term then
introduces an effective chemical potential μeff
j , which replaces
the hadron chemical potential used to calculate the thermal
contributions in h :
∗
μeff
j = μ j − v j P,

(13)

for each hadronic particle specie j. Here, P is the total pressure of the system and the v j are the excluded-volume (EV)
parameters for the different particle species. Note that, in the
previous works, the CMF model assumed only two different
values of v j , namely,
(i) v j = 1 fm3 for baryons;
(ii) v j = 1/8 fm3 for mesons;
while quarks are always assumed point-like. Note that the
EV interaction scheme relates the excluded volume parameter v (particle’s proper volume) to the hard-core radius R

2

+ 4( +  ) − 3() ],

a(T ) = a0 T 4 + a1 T0 T 3 + a2 T02 T 2 ,
b(T ) = b3 T04 .

The dynamical quark masses mq∗ of the light and strange
quarks are also determined by the σ and ζ fields, with the
exception of a fixed-mass term m0q , which can be understood
as the contribution of the gluon condensate to the quark mass:

(10)
2

1
Note that we did not impose constraints on the hyperon couplings
from symmetry relations (see, e.g., Ref. [34]), which could be investigated in the future.

Note in an earlier version of the CMF model which does not
include the chiral partners of the baryons, the deconfinement phase
transition is moderated by an additional  term in the effective mass
of the fermions [36]. There the point-like hadrons are suppressed by
an explicitly-μB -dependent term in the Polyakov loop potential.
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π R3 which for v = 1 fm3 yields R ≈ 0.39 fm. In
as v = 16
3
other words, each hadron excludes a volume with twice its
radius. These values of hard-core radius are in agreement with
the analysis of nucleon-nucleon scattering (NN scattering)
phase shift data [37] and are important for the thermodynamic
consistency of the model.
As soon as quarks contribute to the pressure P, they reduce
the hadronic density ρi by lowering their chemical potential:
ρi =

1+

ρiid (T, μ∗i − vi P)
,
id
∗
jǫHRG v j ρ j (T, μ j − v j P)

(14)

where i refers to all possible contributions from baryons,
mesons, as well as quarks.
In its default version, the CMF model predicts two firstorder phase transitions for isospin-symmetric matter. The
nuclear liquid-vapor phase transition mimics the transition
from dilute gas of nucleons to the dense nuclear matter, this
transition is located at μB ≈ mN with critical temperature
TCP ≈ 17 MeV. At higher densities, the CMF model exhibits a
first-order phase transition due to the chiral symmetry restoration among baryon parity partners [28,38] with rather low
critical temperature TCP ≈ 17 MeV. The transition occurs due
to the rapid drop in the chiral condensates σ and ζ so the mass
gap between parity partners is reduced.
The CMF model can be applied to study neutron stars
without changing its parameters. In this case, electric charge
neutrality and β equilibrium are imposed so the conditions
of neutron-star interior are fulfilled. To model the NS crust,
which presumably consists of mostly neutron rich nuclei and
clusters in equilibrium, an additional input is needed. That is
done by matching the classical crust EOS [39] to the CMF
EOS at nB ≈ 0.05 fm−3 , such that below this density the
matter is described by the crust EOS.
In the current version, the CMF model includes a plethora
of different hadronic states, going beyond the baryonic octet
and their parity partners, to include full hadron list. In principle that means the hundreds of different hadron species, with
all of them having different masses and charges, which could
also have different couplings to the mean fields. In this work
we intend to extract some systematical properties about the
hadronic interactions by a comparison to lattice data and show
how then these properties will affect the models predictions at
finite μB . All other interaction parameters of the model were
constrained before and only the EV are varied as free parameters. Thus, our results will also highlight the robustness of
the CMF approach to the changes of the hadronic interaction
properties.
III. LATTICE DATA COMPARISON

Important information about the phase structure at vanishing and finite baryon densities can be extracted from the
fluctuations and correlations of conserved charges which are
characterized by the susceptibilities [42], these quantities are
sensitive to the effective degrees of freedom and their interactions. The critical regions of the QCD phase diagram
are characterized by a nonmonotonic behavior of these susceptibilities [43]. However, the lattice results for vanishing

chemical potentials, show a smooth transition between two
baselines, a noninteracting ideal HRG and weakly interacting
quark-gluon matter in the region of temperatures between
100 and 250 MeV [1,2]. From duality arguments it should
be possible to describe this transition, up to a certain point,
in terms of a strongly interacting gas of hadronic degrees of
freedom. Such a study is usually carried out by phenomenological models where the effective degrees of freedom and
their interactions are given as input.
Here we employ an effective hadron-quark model, the
CMF model, which already incorporates a smooth transition
between hadrons and quarks. First, different second-order susceptibilities of conserved charges are calculated within the
CMF model and a comparison with available lattice data is
presented. This is done to highlight the importance of different repulsive interactions for nonstrange and strange baryons
and mesons on the extracted susceptibilities. Thermal model
analysis of experimental hadron yields already provides indications that flavor-dependent interactions in the EV-HRG
are important to describe the transition region properly [44].
This idea was then further extended by a brief analysis of
lattice QCD (LQCD) susceptibilities in Ref. [45]. The results
indicated that susceptibilities which involve the baryon B and
strange S charges are sensitive to the repulsive interactions
among strange hadrons. Using the CMF model we can study
how the LQCD data can be described by a proper modeling
of the repulsive short-range interactions represented by the
effective excluded-volume sizes of the hadrons.
The conserved charge susceptibilities are related to the
Taylor series expansion in powers of baryon, electric, and
strange chemical potentials, μB , μQ , and μS , of the thermodynamic pressure of matter at vanishing chemical potentials [5].
The pressure expansion to finite chemical potentials takes the
form



 1
μB i μQ j μS k
i, j,k
4
χ
P = P0 + T
, (15)
i! j!k! B,Q,S T
T
T
i, j,k
where P0 is the pressure at vanishing chemical potentials,
i, j,k
and χB,Q,S
are the conserved charge susceptibilities which are
defined as
i, j,k
χB,Q,S
=

∂ i ∂ j ∂ k P(T, μB , μQ , μS )/T 4
.
∂ (μB /T )i ∂ (μQ /T ) j ∂ (μS /T )k

(16)

We limit the study only to second-order derivatives of the
QCD pressure which already provides sufficient information
to extract the hierarchy of EV sizes in the baryonic, strange,
and mesonic sectors of hadronic matter.
Throughout all following results, we assume that the size
of nonstrange baryons is fixed to the size of the nucleon
vB = 1 fm3 . This value is found to be in agreement with
the microscopical quantum nuclear interactions of nucleons
and is also supported by the analysis of LQCD data [14].
The value of vB = 1 fm3 corresponds to the proton radius as
3
Rp = ( 16π
vB )1/3 ≈ 0.39 fm, the value is in agreement with the
values suggested by the analysis of NN-scattering phase-shift
data [37]. In the first step, the sensitivity of the susceptibilities
on the strange baryon size is presented. The values of strange
baryon sizes are varied as vBS = 1, 1/2, 1/4, 1/8 fm3 . The

054908-4

PHYSICAL REVIEW C 103, 054908 (2021)

REPULSIVE PROPERTIES OF HADRONS IN LATTICE …

FIG. 1. Second-order susceptibilities χi11j as functions of temperature T for various excluded-volume parameters of strange baryons, vBS .
The predictions of the CMF model, solid lines, are compared with available results of lattice QCD calculations by the Wuppertal-Budapest
Collaboration [40] and HotQCD Collaborations [41], blue and green bands, respectively. The HRG results are also presented by the black
dashed lines. All susceptibilities related to the baryon number and strangeness show a strong sensitivity to the hyperon EV. The line which best
fits to the lattice data is presented in bold for vBS = 1/4 fm3 .

volume of mesons here is initially fixed to 1/8 fm3 as in
Refs. [28,35] and will be varied later.
The resulting second-order susceptibilities are presented in
Fig. 1. As expected, the BB, SS, BS susceptibilities show a
strong sensitivity to the size of strange baryons in the temperature range 150 < T < 250 MeV, which can be considered as
the transition region between hadrons and quarks. A decrease
of the strange baryon size, to vBS = 1/4 fm3 , allows a reasonable description of the BB, SS, and BS susceptibilities.
The susceptibilities which involve the electric charge, however, show much less sensitivity to the strange baryon volume.
Since a large fraction of the electric charge is carried by
mesons, a change in the meson EV parameter should affect
the electric charge susceptibilities. To study the susceptibilities which involve the electric charge, we vary the EV
parameters for strange vMS and nonstrange vM mesons while
vB = 1 fm3 and vBS = 1/4 fm3 are fixed as a result of the
comparison presented in Fig. 1. The results are presented
in Fig. 2 where four combinations of meson volumes are
compared, vM = vMS = 1/8 fm3 as in the default version of
the CMF, vM = vMS = 1/4 fm3 , vM = vMS = 1/2 fm3 , and
vM = 1/2 fm3 , vMS = 1/4 fm3 . From these parametrizations,
the last one, which assumes a larger volume for nonstrange
mesons, appears to describe the lattice data best.
Consequently, the parametrization with vB = 1 fm3 , vBS =
1/4 fm3 , vM = 1/2 fm3 , vMS = 1/4 fm3 provides a much improved agreement with LQCD data for the second order BB,
QQ, SS, BS, QS, susceptibilities. Only the BQ susceptibility
appears to be unaffected by all EV parametrizations studied
above. Since the BQ combination is sensitive to the baryon
charge correlations we conjecture that the BQ susceptibility

can be better described by a change of the EV parameters
of the  and N ∗ baryons. This would require one or more
additional parameters related to the  and N ∗ repulsive interactions, supporting the scenario of a unique EV parameter
for every hadron, which are, however, mainly unknown. Such
a picture seems reasonable and it would introduce a whole
plethora of new parameters which allows for the description
of even higher orders of LQCD susceptibilities.
IV. CONSEQUENCES OF THE MODIFIED
EXCLUDED VOLUMES

As discussed above, the introduction of species-dependent
repulsive interactions of hadrons yields a good description of
lattice QCD data, essentially up to an arbitrary order. Such a
procedure, however, poses the question what conclusions can
be drawn. Instead of trying to understand and justify every
parameter, it is more convenient to study the sensitivity of
the CMF model predictions for the high-density matter on
these parameters. In the following, we will discuss how the
modified EV parameters change the phase structure of the
model and the equation of state for dense nuclear and neutronstar matter. Thus, the goal of this section is to explain the
consequences of the modified hyperon repulsion on different
relevant states of matter: iso-spin symmetric, heavy-ion collisions (with strangeness conservation), as well as net strange
matter. All these forms of QCD matter can be studied in
different experimental and observational scenarios:
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FIG. 2. The same as Fig. 1, but for various excluded-volume parameters of mesons vM and strange mesons vMS . The line which best fits
to the lattice data is presented in bold for vM = 1/2 fm3 and vMS = 1/4 fm3 . The EV parameter of strange baryons is fixed to vBS = 1/4 fm3
as the best result from Fig. 1. The predictions of the CMF model, solid lines, are compared with available results of lattice QCD calculations
by the Wuppertal-Budapest collaboration [40] and HotQCD collaborations [41], blue and green bands, respectively. The HRG results are
also presented by the black dashed lines. The electric charge susceptibilities show a particular strong dependence on the meson EV. Only the
baryon-electric charge correlation appears to be insensitive.

one refers to the “QCD-phase diagram.” In particular
we assume that the strange chemical potential μS = 0
vanishes, which can lead to a finite net strangeness.
(2) The EOS for heavy ion collisions: This state of matter
is close to the iso-spin symmetric matter, but obeys an
additional constraint of zero net strangeness. This type
of matter is created in heavy ion collisions at various
beam energies where net strangeness is conserved.
(3) Neutron-star matter: Neutron stars are cold compact
stellar objects which are composed of QCD matter
in β equilibrium and in local charge neutrality. At
low densities neutrons are much more abundant than
protons and strangeness is not conserved, i.e., μS = 0.
The densities in the NS interiors surpass several times
nuclear saturation density. The description of such
matter is essential for the calculations of neutron-star
properties and stands as a benchmark for QCD phenomenology for a region in the QCD phase diagram
which is not accessible by LQCD methods or heavy
ion collisions.
A. Phase structure of isospin-symmetric matter

The interactions in the CMF model provide a reasonable
description of the nuclear ground-state properties, such as
binding energy, compressibility, asymmetry energy, and the
slope parameter [35]. The changes of the EV parameters
introduced in the previous section do not allow hyperons to
appear at below and slightly higher than the nuclear saturation
density. As shown in Fig. 3 the properties of the nuclear

ground state are not affected by the change of EV parameters.
The figure shows the energy per baryon ε/nB at T = 0 for
isospin symmetric matter as function of the order parameter,
the chiral condensate σ /σ0 . After a density of nB ≈ 0.5 fm−3
the parametrizations start to deviate for different values of the

FIG. 3. Energy per baryon ε/nB as a function of the chiral
condensate σ /σ0 for T = 0, isospin symmetric nuclear matter.
Four different parametrizations of the strange baryon excluded volume vBS = 1, 1/2, 1/4, 1/8 fm3 are presented. While the nuclear
ground-state properties are unchanged, a second minimum in the
energy per baryon located at smaller values of the chiral condensate, indicating the chiral phase transition, is sensitive to the EV
parametrization. This second minimum signals a metastable state of
chirally restored matter.
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FIG. 4. Baryon density nB as a function of baryon chemical
potential μB for T = 0 isospin symmetric nuclear matter for four
different parametrizations of strange baryon excluded volume vBS =
1, 1/2, 1/4, 1/8 fm3 . Note that no additional phase transition appears while the chiral transition is shifted to higher values of baryon
chemical potential.

hyperon EV parameter (at T = 0 mesons are not excited and
the meson Bose condensation is not included in our calculations). The nonmonotonic behavior of the energy per baryon
indicates the presence of a phase transition with a metastable
state. Note that, even though a metastable state with a small
energy barrier is created, no absolutely stable state of matter
can be generated by the appearance of the hyperons.
The effect of the modified EV parameters on the phase
structure is also depicted in Fig. 4. Here we show the net
baryon density nB as a function of the baryon chemical potential μB for T = 0 and isospin-symmetric matter. To better
illustrate the position of the first-order transition, a Maxwell
construction between two coexisting phases was done. For
the default version of the CMF a very weak chiral phase
transition appears at μCB ≈ 1400 MeV, with a critical endpoint
at TCP ≈ 17 MeV. As the volume of the hyperons is decreased,
this transition gets slightly stronger, i.e., the latent heat and
the jump in the density is increased and at the same time the
critical chemical potential is increased. It was checked that the
value of critical temperature (temperature of the chiral critical
point) is not significantly affected by the change of interaction parameters. Thus, the general characteristics of the phase
structure, i.e., a critical endpoint at a very low temperature,
are not changed.
The standard CMF parametrization, Refs. [26,28,35],
yields matter at T = 0 (assuming μS = 0), which is only composed of nucleons and their parity partners. Heavier hadrons
as deltas and hyperons are suppressed by the interactions. This
is a result of the EV interactions in the CMF model: hadrons
are suppressed at higher densities as a result of their repulsive
hard-core interactions. The quarks become the dominant degrees of freedom in the medium. The degree of suppression
depends on the repulsion coefficient, i.e., the EV parameter.
The higher the value of this parameter, fewer hadrons will be
present as the pressure is increased. If the EV coefficient of
the strange baryons is smaller than the EV of the nonstrange

FIG. 5. Strangeness fraction fS as a function of baryon density
nB for T = 0 isospin-symmetric nuclear matter. The band illustrates
the range of values due to varying the hyperon EV parameter in range
vBS = 1/8–1 fm3 . The hyperon contribution to strangeness fraction
is illustrated by dashed lines. Note that no additional phase transition
or a state of bound hyperon matter appears.

baryons then the strange baryons will survive to higher energy
densities.
This allows for a distinct type of nuclear matter to emerge
prior to the transition to the quark matter. Hyperonic matter
thus appears as an additional phase between nuclear and quark
matter. Hypermatter is a metastable state which appears as an
exotic strange form of matter [46–52].
Figure 5 shows the strangeness per baryon fS =
−(nS /nB ) as a function of the baryon density for T = 0
isospin-symmetric matter. The limit for fS is 3 as then the
matter would be made up completely of strange quarks. A
value of fS = 1 would correspond to matter, where 1/3 of
the baryon charge is carried by the strange quarks.
The four values of the hyperonic volume are located within
the purple band which covers the possible range of fS for
vBS = 1/8–1 fm3 . The dashed lines correspond to the fraction
of fS which stems from the hyperons. Since in the scenario
with vBS = 1 fm3 all strangeness is carried by the s quark,
the blue dashed line constantly stays at zero. As the EV
of the strange hadrons is decreased, the fraction of hyperonic matter is increased significantly. At the density around
nB ≈ 1.5–2 fm−3 The hyperons start to be suppressed, this
is a result of EV suppression when the free quarks create a
significant contribution to the total system pressure. At very
high densities, nB ≈ 20 fm−3 , strangeness fraction fS for all
parametrizations coincide, this is where the pure quark matter
is produced and all hadrons are completely suppressed. However, a super-rich strange state fS > 1 is never produced by
multistrange baryons and the strangeness fraction increases
continuously from 0 to 1, which is also the limit for a free gas
for three quark flavors.
As the metastable states observed in Fig. 3 appear for systems below the critical temperature of TCP ≈ 17 MeV, states
of hyperon-rich matter may survive here for an extended time.
It is questionable whether such a cold and dense environment
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could be created in heavy ion collisions; however, in neutron
stars and their mergers this scenario appears feasible.
B. The equation of state for heavy ion collisions

A direct confirmation of the equation of state at high
density from heavy ion data would require the space-time
simulation of the collision, using the CMF model as input.
A first study in this direction was already done for low beam
energies using ideal fluid dynamics [53]. However, for heavy
ion collisions it is essential to also take into account the
nonequilibrium aspects. Early studies extracted an effective
nuclear equation of state from the flow data [54]. This method
cannot be directly compared with the CMF finite-temperature
EOS. It is planned to apply the proper treatment to take
into account the interactions in relativistic transport through
the mean-field description at finite temperatures, as shown in
Refs. [55,56].
This work focuses on thermodynamic properties of the
CMF model related to heavy ion collisions. Effects of the different EV parametrizations may be observed in the late stages
of heavy ion collisions and neutron stars. The change in the repulsive properties leads to different thermodynamic properties
of the system at the chemical freeze-out which, potentially,
can be measured through the final particle yields. The chemical freeze-out conditions depend on the energy of the nuclear
collision, which allows experiments to probe various regions
of the QCD phase diagram experimentally. Since the bulk
evolution, at any given beam energy, is well characterized by
the produced entropy per baryon, the mapping between the
collision energy and the expansion path through the phase
diagram can be done by the chemical composition of hadrons
after the chemical freeze-out [57–59]. For simplicity, we use
the so-called freeze-out line for our comparison. Through the
measured chemical composition of particles this line provides
√
a mapping of the collision energy sNN with temperature T
and baryon chemical potential μB at the chemical freeze-out.
Here the chemical freeze-out curve from Ref. [60] is used.
11
The strangeness-baryon cross susceptibility χBS
is particularly sensitive to the strange hadron EV parameter: we
11
estimate the values of χBS
along the freeze-out line for four
different values of vBS . Figure 6 compares these resulting
11
CMF susceptibilities χBS
with the well-known ideal HRG
results. As the chemical freeze-out is assumed to occur when
matter is quite dilute, moderate effects of the EV interactions
are observed.3
The matter at the studied freeze-out scenario does not produce such significant sensitivity to the EV parameters as the
lattice QCD data. In addition, for a meaningful comparison
of measured susceptibilities with our model calculation, some
elaborate simulations, taking into account effects of the finite

3
A more elaborate scenario for chemical freeze-out which implies
two or more separate freeze-out points for strange and nonstrange
particles finds that strange hadrons could freeze-out at 10 to 15 MeV
higher temperatures than the light hadrons at the highest collision
energies [61–63]. A strange freeze-out at these higher temperatures
could provide stronger signals of different EV interaction schemes.

FIG. 6. Collision-energy dependence of baryon-strangeness
11
estimated in the CMF model along
second-order susceptibility χBS
the chemical freeze-out curve of Ref. [60] for zero net-strangeness
isospin-symmetric matter.

size and lifetime of the system, would be necessary. Thus we
conclude that low baryon densities offer for the LQCD data a
good benchmark to probe hadronic interactions. These interactions and the related phase structure should be tested with
heavy ion collisions in the high baryon density regime, e.g., at
the FAIR facility. In addition, nuclear astrophysics offers an
alternative venue through the study of neutron-star properties
and binary neutron-star mergers with their gravitational wave
signals [64–66].
C. Neutron stars

Observations of neutron stars provide another way to probe
the equation of state of cold and dense nuclear matter and
possibly deconfined quark matter. The CMF model, in its
default parametrization, gives a satisfactory description of the
properties of cold static nonrotating neutron stars. In particular, the mass-radius relation M(R), and the tidal deformability
[35]. The mass-radius relation is obtained by solving
the Tolmann-Oppenheimer-Volkoff (TOV) equation [67,68],
which uses the equation of state as input and provides density and pressure profiles of the NS. A solution of the TOV
equation relates the central density to the NS mass and radius.
The densities in the NS’s interiors can reach several times
nuclear saturation density n0 . This allows for the formation
of quark cores in the interior of the stars [64,69–75]. These
cases are not yet observed. They could be tested in future by
measurements of NS masses and radii, e.g., with the NICER
X-ray telescope [76,77], and by the next generation GW detectors [78,79]. However, even in the hadronic part of the EOS
the chemical composition is not well known. The assumption
of β equilibrium implies that the matter is dominated by neutrons at densities close to n0 and that the charge of the small
admixture of protons is compensated by the same number of
electrons.4 With increasing density, heavier hadrons should

4
Note that we have checked that the inclusion of muons does not
alter our results in any significant way.
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FIG. 7. Particle composition by the CMF model for T = 0 matter in β equilibrium. Particle number densities ni , over the baryon density
nB are presented as functions of baryon density, note that an additional factor 1/3 for quarks is used. Four plots correspond to four different
parametrizations of strange baryon excluded volume vBS = 1, 1/2, 1/4, 1/8 fm3 . Electrons and baryons only from the ground-state octet are
presented by solid lines, quarks by dotted lines, octet parity partners by dot-dashed lines.

appear. The implications of the hyperon appearance for the
NS properties is actively discussed as the “hyperon puzzle,”
(for a review we refer to Ref. [80]), which traces back to the
1960s [81].
Furthermore, in neutron-star matter, d quarks are favorable
as compared with u quarks or protons due to their opposite
electric charge. They are easier to excite than neutrons. Even
at nB ≈ 2 n0 the free quarks make up only to 20% of the
baryonic charge. In the CMF model, the chemical composition for isospin-symmetric matter contains no free quarks for
nB < 2 n0 , and free quarks make up 20% of the total baryon
number only at nB ≈ 5 n0 .
When the hyperon volumes are treated as the same as
the nonstrange baryons, i.e., vSB = vB , the hyperons in the
CMF model are suppressed by both, their higher masses and
their EV interactions. Hence, they do not appear in neutron
stars [35]. The same is true for any other higher mass baryons
which are suppressed at T = 0 by their repulsive excluded
volume interactions. In this case, the hadronic part of the NS
is only composed of nucleons and their parity partners. The
early appearance of the parity partners, as opposed to, e.g.,
the Delta baryons which have a smaller vacuum mass, is the
parity doubling due to chiral symmetry restoration. Both the
N and as well as their parity partners will have a smaller
effective mass than slightly heavier hyperons, or  groundstate baryons.

This scenario can significantly change as the EV parameter of the hyperons is reduced: the chemical composition of
neutron-star matter is shown in Fig. 7 as a function of the
baryon density. The nonstrange baryon EV parameter is fixed
at vB = 1 fm3 , while the EV parameter of strange baryons
is varied, vBS = 1, 1/2, 1/4, 1/8 fm3 . Decreasing the hyperon repulsion allows
baryons and their parity partners
(1405) to populate the NS matter, while heavier hyperons
are suppressed due to their higher mass. The threshold for
the appearance of the
corresponds to nB ≈ 0.3–0.4 fm−3
(for all values of vBS except the largest). This is clearly below
the density of the chiral phase transition in the CMF model.
The location of the chiral transition is sensitive to vBS as
well: for vBS = 1 fm3 and 1/2 fm3 the transition is located at
nB ≈ 0.6 fm−3 . For vBS = 1/4 fm3 it is shifted to higher density, nB ≈ 0.8 fm−3 . The transition is located at nB ≈ 1 fm−3
for vBS = 1/8 fm3 . At the chiral transition, the parity partner
mass drops to the mass. Hence, (1405) contributes to the
strangeness fraction similarly to the octet hyperon.
The reduced vBS repulsion in the strange baryon sector
yields a significant hyperon fraction of the total baryon density. If the repulsion among the strange particles is eight times
smaller than among nonstrange, as illustrated in Fig. 7 which
shows that, for vBS = 1/8 fm3 , the hyperons can survive up
to extreme densities of 10 fm−3 and even more. At these densities quarks are the dominant degrees of freedom. However,
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FIG. 8. The ratio of charge neutral CMF matter pressure P at
T = 0 in β equilibrium, P, to the Stefan-Boltzmann pressure limit
of a massless three-flavor gas of quarks, PSB . Lines correspond to
the four different excluded-volume parameters of strange baryons
used. The respective particle contents are illustrated in Fig. 7. The
yellow band illustrates parametrization [82] of three-loop pQCD
calculations for pressure of cold quark matter in β equilibrium [83].

this type of matter is distinct from the quark matter due to the
small admixture of strange hadrons.
The appearance of the additional hyperon degrees of
freedom leads to a softening of the NS-matter EOS. This
inevitably changes the properties of neutron stars. To illustrate the change of the EOS due to the vBS , Fig. 8 shows
the pressure P for the CMF calculations as a function of the
baryon chemical potential μB as compared with the results of
pQCD calculations [83]. The additional degrees of freedom at
a given chemical potential yield additional pressure. For the
values vBS = 1/4, 1/8 fm3 a significant increase in P/PSB is
observed. This is a result of the sudden appearance and subsequent suppression of hyperons in the EOS. For vBS = 1/8 fm3
the increase reaches the borders of the pQCD bands of confidence suggesting that it can be considered as an absolute lower
bound for vBS . However, all the parametrizations fit within the
pQCD band and merge into one line at the region of chemical
potential μB > 3500 MeV where the pQCD bands become
narrow, there the baryon densities are extreme with nB > 20
fm3 . At these values of μB , as predicted by the CMF model,
the matter is composed of free quarks only without admixture
of hadrons. At the lower values of the chemical potential
the pQCD bands permit various scenarios of hadron-quark
interactions as shown by the CMF results.
These differences of the EOS due to the possible variation
of vBS change the properties of neutron stars: Fig. 9 depicts
the mass-radius relations as calculated from the TollmanOppenheimer-Volkoff equation,5 for the EOS parametrizations discussed above. The additional degrees of freedom
results in a softening of the EOS. The maximum central densities reached in the CMF model lie between five and six times

5
The numerical solutions were obtained using the TOV solver of
Ref. [84].

FIG. 9. The CMF mass-radius diagrams for four different excluded volume parameters of strange baryons. The respective particle
content is illustrated in Fig. 7. Note that the appearance of numerous
strange baryons only slightly changes the mass-radius diagram, substantially affecting only the unstable branch of the solutions.

nuclear saturation density. The softening decreases the maximum mass of the NS families by 5%, from M max ≈ 2.15M⊙
to M max ≈ 2.05M⊙ . The differences appear only in the highest
mass region where the hyperons can influence the EOS. These
high densities can be reached only in the most massive stars.
For all parametrizations, the calculated properties of neutron
stars, like the mass-radius relation, the chemical composition
of the stars, and the tidal deformabilities are in good agreement with recent experimental constraints [85–88]. Since only
mergers of neutron stars yield much higher densities and high
temperatures, a study of the effects of the hyperonic repulsion
in simulations of neutron-star mergers is needed. Another
worthwhile study could be the effect on neutron-star cooling:
an early study of the CMF model in the context of parity
doubling showed that the cooling curve can be reasonably
well described within this model. There, certain assumptions
on the role of the parity partners are made [89].

V. SUMMARY AND CONCLUSIONS

The CMF model is employed to study the change of
hadronic properties and the EOS dependence on repulsive
interactions. A decrease of the excluded volume parameters
of hyperons and both strange and nonstrange mesons, as
compared with nonstrange baryons, leads to an improved
description of lattice QCD data of the second-order susceptibilities χi11j .
The structure of the conserved charge susceptibilities in the
transition region of QCD is reflected in the complex structure
of hadronic interactions. As the hadronic interactions appear
to drive the susceptibilities towards the Stefan-Boltzmann values of a free gas of quarks, it is not possible to define a sharp
transition point at which quark degrees of freedom “appear”
and hadrons “disappear” using the susceptibilities alone.
Our improved comparison to the lattice QCD data shows
that the hard-core repulsive interactions of hyperons is sys-
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tematically smaller when using a smaller hard-core radius
than for nonstrange baryons. Also, nonstrange and strange
mesons appear to have a smaller effective size than baryons.
This provides the following scenario of the hierarchy of the
repulsive hadronic interactions: nonstrange baryons are more
repulsive than nonstrange mesons, while strange baryons and
strange mesons are the least repulsive. These results can be
further improved by attributing a separate repulsive parameter
for each hadron species. Since recent lattice QCD calculations
also show that the  and  baryons show a parity doubling
behavior, it will be worthwhile to extend our approach in the
future to include also the higher mass states of the baryon
decuplet.
Even though the interaction parameters between the
hadrons are changed to better match the lattice QCD results,
the phase structure at large baryon densities remains remarkably unchanged. The critical endpoint of the chiral transition
therefore appears out of reach of heavy ion experiments.
The properties of neutron stars are only weakly influenced
by the hyperonic interactions, as they do get strong at the
highest densities, as can only occur in relativistic collisions
of NS. Consequently, the properties of static neutron stars
and the properties of the QCD phase transition in cold NS
matter seem to be dominated by the nonstrange baryon degrees of freedom. The existence and location of the QCD
phase transition is, therefore, constrained most strongly by
neutron-star observations and their binary mergers, as well
as by nuclear matter properties, rather than by lattice QCD
results.
The present analysis suggests that nonstrange baryons have
an EV parameter of vB = 1 fm3 , the nonstrange mesons volume is close to vM = 1/2 fm3 . Strange baryons and strange
mesons seem to have smaller excluded volume and therefore
are less repulsive with an EV parameter of vBS = vMS = 1/4
fm3 . As the excluded volume mechanism in the CMF model
provides the suppression of hadrons at high energy densities,
the reduction of the strange baryon EV parameter means that
hyperons will be less suppressed at higher energy densities
than nonstrange hadrons.
Our study implies that the most stringent constraints for the
high density QCD equation of state can only come from binary neutron-star mergers or heavy ion collisions. The baryon
densities reached exceed those found in cold neutron stars and
the finite temperatures allow the excitation of the mesonic as
well as the hyperonic degrees of freedom. The CMF model
provides a unique framework to be used in simulations of
neutron-star mergers as well as heavy ion collisions, thus pro-
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APPENDIX: TABLE OF PARAMETERS

The CMF model has numerous parameters and coupling
constants. These are summarized in Table I.
TABLE I. List of default parameters and coupling constants of
the CMF model.
mπ
mK
mω
mρ
mφ
m0q
δmq
ms
σ0
fπ

138 MeV
498 MeV
783 MeV
761 MeV
1019 MeV
253 MeV
56 MeV
130 MeV
−93.0 MeV
93 MeV

gqσ
gsζ
g(1)
σN
g(1)
σ
g(1)
σ
g(1)
σ
g(2)
σB
g(1)
ζN
ζ0
g(1)
ζ

fK

122 MeV

g(1)
ζ

m0

759 MeV

g(1)
ζ

180 MeV
3.51
−11.67
9.33
−0.53

g(2)
ζB

T0
a0
a1
a2
b3

gωN
gω
gω
gω

−1
−1
−9.45
−7.62
−5.83
−4.89
3.21
−0.899
−106.77 MeV
−3.49

gρ p,n
gρ
gρ ±
gρ ±
gφN
gφ
gφ
gφ
V0
k0

±4.55
0
±3.63
±1.816
0
−3.34
−3.34
−6.69
−(2294 )MeV4
2422 MeV2

k1

4.818

−7.35

k2

23.3

k4
k6
β2
Zφ
Zω

4

−6.02
0
5.45
6
8.175
4.905

76 MeV4
10−4 MeV−2
1500
2.239
1.322

[5] C. R. Allton, S. Ejiri, S. J. Hands, O. Kaczmarek, F. Karsch,
E. Laermann, C. Schmidt, and L. Scorzato, Phys. Rev. D 66,
074507 (2002).
[6] P. de Forcrand and O. Philipsen, Nucl. Phys. B 642, 290 (2002).
[7] V. Vovchenko, A. Pásztor, Z. Fodor, S. D. Katz, and H. Stöcker,
Phys. Lett. B 775, 71 (2017).
[8] V. Vovchenko, J. Steinheimer, O. Philipsen, and H. Stöcker,
Phys. Rev. D 97, 114030 (2018).

054908-11

PHYSICAL REVIEW C 103, 054908 (2021)

ANTON MOTORNENKO et al.
[9] J. Steinheimer and S. Schramm, Phys. Lett. B 696, 257 (2011).
[10] J. Steinheimer and S. Schramm, Phys. Lett. B 736, 241 (2014).
[11] R. Dashen, S.-K. Ma, and H. J. Bernstein, Phys. Rev. 187, 345
(1969).
[12] R. Venugopalan and M. Prakash, Nucl. Phys. A 546, 718
(1992).
[13] P. M. Lo, Eur. Phys. J. C 77, 533 (2017).
[14] V. Vovchenko, A. Motornenko, M. I. Gorenstein, and H.
Stöcker, Phys. Rev. C 97, 035202 (2018).
[15] C. Ratti, M. A. Thaler, and W. Weise, Phys. Rev. D 73, 014019
(2006).
[16] S. Rossner, C. Ratti, and W. Weise, Phys. Rev. D 75, 034007
(2007).
[17] K. Fukushima, Phys. Lett. B 591, 277 (2004).
[18] B.-J. Schaefer, J. M. Pawlowski, and J. Wambach, Phys. Rev. D
76, 074023 (2007).
[19] J. Luecker, C. S. Fischer, L. Fister, and J. M. Pawlowski, PoS
CPOD2013, 057 (2013).
[20] A. Peshier, B. Kampfer, and G. Soff, Phys. Rev. C 61, 045203
(2000).
[21] Y. B. Ivanov, A. S. Khvorostukhin, E. E. Kolomeitsev, V. V.
Skokov, V. D. Toneev, and D. N. Voskresensky, Phys. Rev. C
72, 025804 (2005).
[22] A. S. Khvorostukhin, V. D. Toneev, and D. N. Voskresensky,
Nucl. Phys. A 845, 106 (2010).
[23] P. Papazoglou, D. Zschiesche, S. Schramm, J. SchaffnerBielich, H. Stocker, and W. Greiner, Phys. Rev. C 59, 411
(1999).
[24] M. Tanabashi et al. (Particle Data Group Collaboration), Phys.
Rev. D 98, 030001 (2018).
[25] D. H. Rischke, M. I. Gorenstein, H. Stöcker, and W. Greiner,
Z. Phys. C: Part. Fields 51, 485 (1991).
[26] J. Steinheimer, S. Schramm, and H. Stocker, J. Phys. G 38,
035001 (2011).
[27] C. DeTar and T. Kunihiro, Phys. Rev. D 39, 2805 (1989).
[28] J. Steinheimer, S. Schramm, and H. Stöcker, Phys. Rev. C 84,
045208 (2011).
[29] D. Zschiesche, L. Tolos, J. Schaffner-Bielich, and R. D.
Pisarski, Phys. Rev. C 75, 055202 (2007).
[30] G. Aarts, C. Allton, D. De Boni, S. Hands, B. Jäger, C. Praki,
and J.-I. Skullerud, J. High Energy Phys. 06 (2017) 034.
[31] C. Sasaki, Nucl. Phys. A 970, 388 (2018).
[32] E. K. Heide, S. Rudaz, and P. J. Ellis, Nucl. Phys. A 571, 713
(1994).
[33] P. Papazoglou, J. Schaffner, S. Schramm, D. Zschiesche,
H. Stocker, and W. Greiner, Phys. Rev. C 55, 1499 (1997).
[34] N. K. Glendenning, Phys. Rev. C 64, 025801 (2001).
[35] A. Motornenko, J. Steinheimer, V. Vovchenko, S. Schramm,
and H. Stöcker, Phys. Rev. C 101, 034904 (2020).
[36] V. A. Dexheimer and S. Schramm, Phys. Rev. C 81, 045201
(2010).
[37] R. B. Wiringa, V. G. J. Stoks, and R. Schiavilla, Phys. Rev. C
51, 38 (1995).
[38] Y. Motohiro, Y. Kim, and M. Harada, Phys. Rev. C 92, 025201
(2015); 95, 059903(E) (2017).
[39] G. Baym, C. Pethick, and P. Sutherland, Astrophys. J. 170, 299
(1971).
[40] S. Borsanyi, Z. Fodor, S. D. Katz, S. Krieg, C. Ratti, and K.
Szabo, J. High Energy Phys. 01 (2012) 138.
[41] A. Bazavov et al. (HotQCD Collaboration), Phys. Rev. D 86,
034509 (2012).

[42] V. Koch, in Relativistic Heavy Ion Physics, edited by R. Stock
(Springer-Verlag, Berlin, Heidelberg, 2010), pp. 626–652.
[43] M. A. Stephanov, Phys. Rev. Lett. 102, 032301 (2009).
[44] P. Alba, V. Vovchenko, M. Gorenstein, and H. Stocker,
Nucl. Phys. A 974, 22 (2018).
[45] V. Vovchenko, A. Motornenko, P. Alba, M. I. Gorenstein,
L. M. Satarov, and H. Stöcker, Phys. Rev. C 96, 045202
(2017).
[46] J. Schaffner, C. Greiner, and H. Stöcker, Phys. Rev. C 46, 322
(1992).
[47] J. Schaffner, C. B. Dover, A. Gal, C. Greiner, and H. Stöcker,
Phys. Rev. Lett. 71, 1328 (1993).
[48] E. P. Gilson and R. L. Jaffe, Phys. Rev. Lett. 71, 332 (1993).
[49] J. Schaffner-Bielich, C. Greiner, A. Diener, and H. Stöcker,
Phys. Rev. C 55, 3038 (1997).
[50] S. Scherer, M. Bleicher, S. Haussler, and H. Stocker, Int. J.
Mod. Phys. E 17, 965 (2008).
[51] J. Steinheimer, M. Mitrovski, T. Schuster, H. Petersen, M.
Bleicher, and H. Stöcker, Phys. Lett. B 676, 126 (2009).
[52] A. Botvina, J. Steinheimer, E. Bratkovskaya, M. Bleicher, and
J. Pochodzalla, Phys. Lett. B 742, 7 (2015).
[53] F. Seck, T. Galatyuk, A. Mukherjee, R. Rapp, J. Steinheimer,
and J. Stroth, arXiv:2010.04614.
[54] P. Danielewicz, R. Lacey, and W. G. Lynch, Science 298, 1592
(2002).
[55] Y. Nara and H. Stöcker, Phys. Rev. C 100, 054902 (2019).
[56] Y. Nara, T. Maruyama, and H. Stöcker, Phys. Rev. C 102,
024913 (2020).
[57] J. Cleymans and H. Satz, Z. Phys. C: Part. Fields 57, 135 (1993).
[58] P. Braun-Munzinger and J. Stachel, Nucl. Phys. A 606, 320
(1996).
[59] F. Becattini, J. Cleymans, A. Keranen, E. Suhonen, and K.
Redlich, Phys. Rev. C 64, 024901 (2001).
[60] V. Vovchenko, V. V. Begun, and M. I. Gorenstein, Phys. Rev. C
93, 064906 (2016).
[61] J. Steinheimer, J. Aichelin, and M. Bleicher, Phys. Rev. Lett.
110, 042501 (2013).
[62] R. Bellwied, J. Noronha-Hostler, P. Parotto, I. Portillo Vazquez,
C. Ratti, and J. M. Stafford, Phys. Rev. C 99, 034912 (2019).
[63] F. A. Flor, G. Olinger, and R. Bellwied, Phys. Lett. B 814,
136098 (2021).
[64] E. R. Most, L. J. Papenfort, V. Dexheimer, M. Hanauske, S.
Schramm, H. Stöcker, and L. Rezzolla, Phys. Rev. Lett. 122,
061101 (2019).
[65] L. R. Weih, M. Hanauske, and L. Rezzolla, Phys. Rev. Lett. 124,
171103 (2020).
[66] M. Hanauske, J. Steinheimer, A. Motornenko, V. Vovchenko, L.
Bovard, E. R. Most, L. Papenfort, S. Schramm, and H. Stöcker,
Particles 2, 44 (2019).
[67] R. C. Tolman, Phys. Rev. 55, 364 (1939).
[68] J. R. Oppenheimer and G. M. Volkoff, Phys. Rev. 55, 374
(1939).
[69] M. G. Alford and S. Han, Eur. Phys. J. A 52, 62 (2016).
[70] A. Zacchi, L. Tolos, and J. Schaffner-Bielich, Phys. Rev. D 95,
103008 (2017).
[71] G. Montana, L. Tolos, M. Hanauske, and L. Rezzolla, Phys.
Rev. D 99, 103009 (2019).
[72] L. McLerran and S. Reddy, Phys. Rev. Lett. 122, 122701
(2019).
[73] E. Annala, T. Gorda, A. Kurkela, J. Nättilä, and A. Vuorinen,
Nat. Phys. 16, 907 (2020).

054908-12

PHYSICAL REVIEW C 103, 054908 (2021)

REPULSIVE PROPERTIES OF HADRONS IN LATTICE …
[74] P. Jakobus, A. Motornenko, R. O. Gomes, J. Steinheimer, and
H. Stocker, Eur. Phys. J. C 81, 41 (2021).
[75] H. Tan, J. Noronha-Hostler, and N. Yunes, Phys. Rev. Lett. 125,
261104 (2020).
[76] T. E. Riley et al., Astrophys. J. Lett. 887, L21 (2019).
[77] M. Miller et al., Astrophys. J. Lett. 887, L24 (2019).
[78] M. Punturo et al., Classical Quantum Gravity 27, 084007
(2010).
[79] B. P. Abbott et al. (LIGO Scientific Collaboration), Classical
Quantum Gravity 34, 044001 (2017).
[80] I. Vidaña, Proc. Roy. Soc. Lond. A 474, 20180145 (2018).
[81] V. A. Ambartsumyan and G. S. Saakyan, Astron. Zh. 37, 193
(1960).
[82] E. S. Fraga, A. Kurkela, and A. Vuorinen, Astrophys. J. Lett.
781, L25 (2014).

[83] A. Kurkela, P. Romatschke, and A. Vuorinen, Phys. Rev. D 81,
105021 (2010).
[84] https://github.com/amotornenko/TOVsolver; online; accessed
21-Sep-2020.
[85] A. Nathanail, E. R. Most, and L. Rezzolla, Astrophys. J. Lett.
908, L28 (2021).
[86] E. R. Most, L. R. Weih, L. Rezzolla, and J. Schaffner-Bielich,
Phys. Rev. Lett. 120, 261103 (2018).
[87] B. P. Abbott et al. (LIGO Scientific Collaboration,
Virgo Collaboration), Phys. Rev. X 9, 011001
(2019).
[88] T. Hinderer, B. D. Lackey, R. N. Lang, and J. S. Read,
Phys. Rev. D 81, 123016 (2010).
[89] V. Dexheimer, J. Steinheimer, R. Negreiros, and S. Schramm,
Phys. Rev. C 87, 015804 (2013).

054908-13

