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We present a new hadronic EoS with hyperons built within the relativistic mean-field (RMF) formalism
with baryon-density- and isospin-density-dependent couplings. Motivated by microscopic calculations
showing density- and isospin-asymmetry-dependence of self-energies, we implement a new form for the
baryon-meson couplings. The parameters for the couplings are constrained by a Bayesian analysis, which
anchors the model to nuclear saturation properties, chiral effective field theory (χEFT) predictions for
pure neutron matter, heavy-ion collision data, and HALQCD-based hyperon potential calculations at
3-momentum jkj ¼ 0 in both isospin-symmetric and pure neutron matter. The resulting EoS satisfies
neutron star mass-radius constraints from NICER and GW170817, providing another way to address the
hyperon puzzle. The low-density part of the EoS is described via nuclear statistical equilibrium with
modern mass tables (AME20/FRDM12, 8244 nuclei), providing a novel and complete general-purpose
EoS for astrophysical simulations.
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I. INTRODUCTION

The equation of state (EoS) of hot and dense strongly
interacting matter is a cornerstone problem of modern
nuclear physics [1]. It is required for understanding the
structure of neutron stars (NS), numerical simulations of
core-collapse supernovae and binary neutron-star mergers,
as well as for the hydrodynamic modeling of heavy-ion
collisions (HICs). The multimessenger observation of
gravitational waves and electromagnetic signals from the
double neutron-star merger GW170817 [2–4] has opened a
new era in astronomy, allowing to probe matter in con-
ditions unreachable on Earth or in isolated neutron stars.
Recent unprecedented results on neutron star radii from
NASA’s NICER mission [5–8] provide additional require-
ments for the NS EoS. All these new experimental advances
are extensively used to constrain the behavior of hot and
dense strongly interacting matter. Complementary to that,
properties of nearly isospin-symmetric nuclear matter (ISM)
are being investigated based on HICs at RHIC, LHC, and
future facilities such as FAIR and J-PARC [9,10], and there
are plans to measure isospin-asymmetric matter at FRIB and
RIKEN [9].
On the theoretical side, the three main first-principles

approaches to strong interactions are perturbative QCD
(pQCD) [11], lattice QCD (LQCD) [12–15] and chiral
effective field theory (χEFT) [16–18]. Calculations within

pQCD are only valid in the weakly interacting regime at
high energies. Due to the fermion sign problem in LQCD
[19], its applicability is limited in baryon chemical potential
(μB) or baryon density (nB), both related to the excess of
baryons over antibaryons. Even using the most advanced
expansion schemes [20,21], reliable LQCD results are
reserved to the ratio μB=T ≲ 3.5. The validity of χEFT is
also limited to low temperatures and densities in the
range nB ≲ 2n0, where n0 ≃ 0.16 fm−3 is the nuclear
saturation density [22,23]. However, the simulation of
astrophysical transients requires knowledge of the EoS in
a wide range of temperatures: T ¼ ð0 –160Þ MeV, densities
nB ¼ ð10−11 − 10Þn0, and baryon charge fraction Yq ¼
ne=nB ¼ ð0 – 0.6Þ [24,25], well outside the range of appli-
cability of pQCD (at least directly [26,27]) or LQCD
[20,28].
Phenomenological effective models provide a practical

framework to incorporate experimental constraints and
QCD symmetries across the full thermodynamic range
relevant to astrophysical applications. Such models
include σ − ω or Walecka-type relativistic mean-field
(RMF) models, where σ can be associated with the
f0ð500Þ meson [29–33], Skyrme and Gogny models
[34–37], or chiral models [38–40] for hadronic matter,
and (Polyakov)-Nambu-Jona–Lasinio-based [41–46] and
similar relativistic density functional approaches [47,48]
for describing the possibility of quark matter cores of
massive NSs. Recently, substantial progress was made to
build model-agnostic approaches, such as speed-of-sound*Contact author: kmaslov@central.uh.edu
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parametrizations [49–53], piecewise polytropes [54–56]
and the meta-modeling approach [57–59]. However, from
these model-independent approaches, only meta-modeling
can also investigate the matter composition of the EoS,
which is important for understanding detailed properties of
neutron star matter, such as transport parameters [60],
neutron star cooling curves [61–64], and intermediate-
density phase transitions [65,66].
From the point of view of many-body theory, RMF

models can be interpreted as the Hartree approximation to
the meson-exchange theory, supplemented by a different
behavior of scalar and vector potentials under Lorentz
transformations that eventually leads to nuclear saturation
and large spin-orbit coupling [67]. The simplest RMF
models with constant couplings cannot describe the in-
medium modifications to the interaction properties [29].
Additionally, more flexibility is required to simultaneously
describe the vast number of available experimental con-
straints. The coupling constants of such models are
typically fitted to reproduce the bulk properties of nuclear
matter at saturation, and therefore phenomenologically
include the effects of more complicated many-body dia-
grams including exchange terms, N-body correlations, and
dynamical screening of interactions. A common strategy to
resolve this is to introduce phenomenological modifica-
tions of hadron couplings and masses either through their
dependence on the baryon density [68,69] or the scalar
fields [70,71]. Alternative ways of introducing more
flexibility into the models include nonlinear couplings
[72–74], tensor couplings [75,76], or nonlinear derivative
terms in the Lagrangian [77,78].
Available Dirac-Brückner-Hartree-Fock (DBHF) calcu-

lations [79,80] predict that all the scalar, vector, vector-
isovector, and scalar-isovector self-energies depend
noticeably on both the total baryon density and the isospin
asymmetry of the medium. The former realization has
motivated the development of RMF models with density-
dependent (DD) couplings. The first appearance of such
kind of dependence (although on scalar fields instead
of explicitly on density) in relativistic models was in
[81], where a generalization of the Walecka [29] and
Zimanyi and Moszkowski [82] models appeared in the
form of derivative baryon–meson coupling terms in the
Lagrangian. Introduced in [68], the DD coupling formalism
was inspired by microscopic DBHF results and allowed to
provide an adequate description of nuclear matter properties
and finite nuclei. The DD2 parametrization [69] became
widely used due to its successful description of nuclear
matter and NS properties. However, modern data on
compact star radii and tidal deformabilities have excluded
the original DD2 parametrization. Recent studies have
proposed alternative DD parametrizations with improved
description of NS properties [83–85].
In addition to the different possible couplings, the EoS of

nuclear matter is strongly dependent on the appearance of

multiple new degrees of freedom (besides nucleons and
electrons). The composition of the neutron-star inner core is
currently unknown, with multiple possibilities discussed in
the literature. The appearance of hyperons [86] orΔ-isobars
[87,88] is widely studied within hadronic models, as well as
the possibility of pion [89–91], kaon [92,93], or ρ-meson
[70,94,95] condensation in the cores of massive neutron
stars. Another complication arises due to the appearance of
nuclear clusters at low densities, which significantly affect
neutrino transport properties in simulations of supernovae
and BNS mergers [96,97]. The main ways of treating them
are either the single-nucleus approximation (SNA) [98,99]
or the nuclear statistical equilibrium (NSE) approach
[96,100] with in-medium modifications of nuclear proper-
ties; we adopt the latter approach in this work.
The appearance of new degrees of freedom softens the

NS EoS, which leads to a decrease of the predicted
maximum NS mass [101–103]. If one calibrates the model
to describe the hyperon potentials at nuclear saturation
density UΛðn0Þ ≃ −30 MeV, UΣðn0Þ ≃ ðþ10 − 50Þ MeV,
UΞðn0Þ ≃ −ð5 – 20Þ MeV [104,105], then the hyperon
appearance is inevitable at densities n ≃ ð2 – 3Þn0 [106].
The resulting decrease of the predicted neutron star mass is
so strong that it has ruled out the majority of models
available in the 2010s, a problem dubbed as the “hyperon
puzzle” [107,108]. Recent works within phenomenological
models show that it is possible to remedy the hyperon
softening effect on the NS EoS by introducing additional
repulsion in the hyperon-nucleon and hyperon-hyperon
interactions [109–111]. Within hadronic models, a prom-
ising way of reconciling hyperon interactions with a large
Mmax is to consider momentum-dependent hyperon poten-
tials in the medium [77,78]. Apart from the modification of
the hyperon in-medium interactions, another way to circum-
vent this issue is to consider the appearance of quark matter
[112] or quarkyonic matter [113–116]. These transitions are
generally expected as the density increases past ð2 – 4Þn0
and exhibit significant model dependence, which can affect
the NS structure and NS merger dynamics [117]. The
current work is aimed to provide a realistic, multidimen-
sional, self-consistent hadronic model that can be merged
with a quark EoS by constructing a first-order or continuous
phase transition.
Hypernuclear experiments can provide information on

hyperon interactions with nearly isospin-symmetric matter
only. For the typical isospin asymmetry of a neutron star,
however, one has to rely on microscopic calculations to
constrain the phenomenological model predictions. The
input baryon–baryon interactions have been recently
obtained from the Hadrons to Atomic nuclei from Lattice
QCD (HALQCD) Collaboration [118,119] in the S ¼ −1
[120] and S ¼ −2 [121] channels. More experimental data
can be extracted from femtoscopic analyses [122], which
allowed to constrain the p − Λ [123], p − Σ0 [124] and
Λ − Λ [123,125] interaction from HIC experimental data.
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The potentials extracted from these approaches were later
used in Brückner-Hartree-Fock (BHF) calculations of
hyperon potentials in ISM and pure neutron matter
(NM) [126], as well as the EoS [127]. These results
show that, for instance, the Λ potential at saturation in
ISM is UISM

Λ ¼ −28.15� 2.02 MeV, and in NM it
increases to UNM

Λ ¼ −25.42� 1.78 MeV. However, tradi-
tional DD-type models cannot reproduce this behavior.
The single-particle potential of a baryon in the medium
in RMF models is composed of an attractive scalar
potential, proportional to the scalar field, and a repulsive
vector potential. As the composition asymmetry is
increased, the magnitude of the scalar field in traditional
models increases slightly [103]. However, the vector
potential for Λ does not depend on the asymmetry,
because Λ is an isoscalar and is not coupled to the
isovector mesons ρ or δ [a0ð980Þ]. Therefore, the total
UNM

Λ decreases instead of increasing, which contradicts
the microscopic results. One of the aims of the present
work is to provide a possible solution for this. Apart from
modifying the EoS, the appearance of hyperons opens
new channels for neutrino production via direct Urca-
type (DU) processes, e.g., Λ → pþ e− þ ν̄e [128], which
lead to a rapid cooling of NSs with central density
exceeding some critical value, see, e.g., [129,130]. For
the process on Λs mentioned above, this critical density
is only slightly larger than the density of Λ appearance in
NS matter. Therefore, an accurate determination of
hyperon critical densities is essential for a consistent
description of the NS cooling.
In this paper, we focus on describing warm and dense

isospin-asymmetric matter within the RMF framework with
DD couplings. Out of all possible exotic degrees of
freedom, we focus on incorporating hyperons into the
model. In order to describe the BHF results for hyperon
potentials in NM, we extend this class of models to include
not only a density dependence of the couplings, but also a
dependence on the isospin asymmetry of the system. This
requires breaking the SU(3) flavor symmetry in the iso-
vector sector, while the SU(3) free parameter z is used as a
variable for the Bayesian analysis. We show that the new
class of models with baryon-density- and isospin-density-
dependent couplings and hyperons (DIDY) allows for
describing the hyperon potentials in NM following from
BHF calculations using a LQCD-based input [126]. We
obtain the resulting parametrization using a Bayesian
inference framework. The resulting model satisfies the
constraints for saturation properties [103,131,132], NM
pressure from χEFT calculations [18], ISM pressure from
heavy-ion collisions [133], HALQCDþ BHF hyperon
potentials [126], and neutron star mass-radius observations
from NICER [7,8] and GW170817 [3]. The resulting
general-purpose EoS, which will be made available on
CompOSE [24] upon publication, is supplemented with the

low-density, nuclei-rich part following the well-known
NSE calculation equivalent to [96].
The paper is organized as follows. In Sec. II we

formulate the RMF model with density-dependent cou-
plings and introduce the novel isospin-density dependence
into them. In Sec. III we describe the NSE model used for
incorporating nuclear clusters at low densities. In Sec. IV
we discuss the Bayesian analysis performed to constrain the
model parameters. In Sec. V we present the results for the
EoS at T ¼ 0 and confront the resulting NS properties with
the available constraints. Finally, we illustrate the resulting
EoS at T > 0 in Sec. VI and summarize our findings in
Sec. VII.

II. THE MODEL

Our model is based on the BHBΛϕ [111]1 and DD2Y
[134] models of hadronic matter, which are in turn
extensions of the DD2 density-dependent relativistic mean
field (DD-RMF) model [69]. BHB14 introduces the Λ
hyperon, and DD2Y includes the complete ground-state
baryon octet.
In the RMF framework, the forces between nucleons are

mediated by the exchange of mesons. The σ meson is
responsible for attraction, and the ω and ϕ mesons for
short-range repulsion, while the isovector ρ introduces the
isospin asymmetry, allowing for different single-particle
potentials for neutrons and protons. The Lagrangian for this
RMF model has the form [134]

L ¼
X
i∈B

ψ̄ iðiγμ∂μ −mi þ gσiσ − gωiγμωμ − gϕiγμϕμ

− gρiγμτi · ρμÞψ i þ
1

2
ð∂μσ∂μσ −m2

σσ
2Þ

−
1

4
ωμνω

μν þ 1

2
m2

ωωμω
μ þ 1

2
m2

ϕϕμϕ
μ −

1

4
ρμν · ρμν

þ 1

2
m2

ρρμ · ρμ; ð2:1Þ

where bold symbols are vectors in isospin space, i
is summed over all baryons, ψ i is the Dirac spinor for
baryon i with corresponding mass mi summarized in
Table I, γμ are the Dirac matrices, τi is the isospin matrix
(normalized so τ3 ¼ �1 for the nucleons), gMi are
the density-dependent couplings of the i-baryon to the
M-meson field, and

1Because this is the only model constructed by the authors and
accepted on an empirical basis, we will use the alternative name
“BHB14.”
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ωμν ¼ ∂
μων − ∂

νωμ;

ϕμν ¼ ∂
μϕν − ∂

νϕμ;

ρμν ¼ ∂
μρν − ∂

νρμ: ð2:2Þ

are the field tensors of the Lorentz vector fields.
In the RMF formalism, the meson fields are treated as

classical, and the equations of motion of the Lagrangian
yield the following expectation values for the constant
uniform meson fields σ0;ωμ ¼ ω0δ

μ0;ϕμ ¼ ϕ0δ
μ0, and

ρμi ¼ ρ0δ
μ0δi3 [69]

σ0 ¼
X
i

gσi
m2

σ
nsi ;

ω0 ¼
X
i

gωi
m2

ω
ni;

ϕ0 ¼
X
i

gϕi
m2

ϕ

ni;

ρ0 ¼
X
i

gρi
m2

ρ
τ3ini; ð2:3Þ

where the density of baryon i is ni ¼ hψ̄ iγ
0ψ ii, and the

scalar density nsi ¼ hψ̄ iψ ii. For brevity, below we use
σ;ω; ρ;ϕ for the respective mean-field values.

A. Density and isospin dependence
of the coupling constants

The original density-dependent parametrization [68] was
motivated by the density dependence of DBHF single-
particle self-energies. However, the large-density behavior
of simple parametrizations is generally not flexible enough
to accommodate saturation properties and NS-related
observables simultaneously. Within phenomenological
models, a viable way of reconciling those observables is
to disentangle the low-density behavior from the high-
density behavior of the couplings. It can be done by
adjusting the scalar field self-interaction potential, as
proposed in [135], or the dependence of the couplings on
the scalar field [103,136]. In the present work, we imple-
ment a similar scheme in the model through density-
dependent couplings.
Apart from the density, the coupling constants in

principle should be dependent on the isospin asymmetry.
Such behavior is expected from DBHF calculations
[137,138], Skyrme [139] forces, and also arises naturally
in some of the models with σ-dependent couplings
(MKVOR-based) [103]. Phenomenologically, this is a
main ingredient for fulfilling the goal of the present paper:
to describe the hyperon potentials not only in ISM, but also
in NM, as follows from HALQCD-based BHF calculations
[140]. We introduce an isospin dependence in the σ, ω, ρ

and ϕ couplings as follows:

gMiðnB; βÞ ¼
�
1 − β2 tanh

�
x
e

��
gSMiðnBÞ

þ β2 tanh

�
x
e

�
gNMiðnBÞ; ð2:4Þ

where nB ¼Pi ni is the baryon density and x ¼ nB=n0.
This form interpolates between ISM (β ¼ 0) and NM
(β ¼ −1), and extrapolates to hypothetical Σ−- or Σþ-rich
environments with jβj > 1. The tanhðx=eÞ multiplier also
ensures that gMi is isospin-independent at zero density
(necessary to ensure that Σt is well-behaved as nB → 0),
and we set e ¼ 1=3.
The specific functional form we use in this work reads

gS;NMi ðnBÞ ¼ gS;Nð0Þ
Mi

�
exp

�
1 −

�
xþ 1

2

�
2aM
�

×
1 − tanh½ðx − cMÞ=dM�

2

þ bM
1þ tanh½ðx − cMÞ=dM�

2

�
; ð2:5Þ

where gS;Nð0Þ
Mi is the coupling strength at saturation density,

aM is a shape parameter for the low-density regime such

that ð∂gS;NMi =∂nBÞðn0Þ ≃ −gS;Nð0Þ
Mi a=n0 for cM ≫ 1, bM is the

ratio of the high-density coupling to g0, and cM and dM are
respectively the center and width of the transition zone, in
units of n0. As we will see below, this functional form is
similar to the one in [103] after the substitution of the self-
consistent scalar field.

B. Coupling ratios

The inclusion of hyperons into the model requires
adjusting their respective couplings with the meson fields
of the model. This is typically done using symmetry
arguments for the vector mesons, while the couplings to
the scalar meson σ are deduced from the empirical value of
the hyperon potentials in ISM at n ¼ n0. The couplings of
hyperons to the vector mesons in BHB14 and DD2Y were
set by SU(6) spin-flavor symmetry [111,134]. In our work,
we have reduced this symmetry to SU(3) flavor symmetry,
which is physically justifiable by chiral symmetry breaking
and the ability of the ϕ meson to couple to the strange
quark-antiquark condensate, ss̄, in the proton [141]. For the
ω and ϕ mesons [134], we write the couplings to the
baryons in terms of the following quantities: the singlet-
octet mixing angle θ, the number α ¼ F=ðDþ FÞ that
relates the symmetric (D) and antisymmetric (F) coupling
modes at vertices with three octet hadrons, and z ¼ g1=g8,
the coupling ratio between the ideal singlet and octet
isoscalars. Their expressions are
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gS;Nð0Þ
ωN ¼ g8

�
1 −

zffiffiffi
3

p ð1 − 4αÞ tan θ
�
;

gS;Nð0Þ
ωΛ ¼ g8

�
1 −

2zffiffiffi
3

p ð1 − αÞ tan θ
�
;

gS;Nð0Þ
ωΣ ¼ g8

�
1þ 2zffiffiffi

3
p ð1 − αÞ tan θ

�
;

gS;Nð0Þ
ωΞ ¼ g8

�
1 −

zffiffiffi
3

p ð1þ 2αÞ tan θ
�
;

gS;Nð0Þ
ϕN ¼ g8

�
− tan θ −

zffiffiffi
3

p ð1 − 4αÞ
�
;

gS;Nð0Þ
ϕΛ ¼ g8

�
− tan θ −

2zffiffiffi
3

p ð1 − αÞ
�
;

gS;Nð0Þ
ϕΣ ¼ g8

�
− tan θ þ 2zffiffiffi

3
p ð1 − αÞ

�
;

gS;Nð0Þ
ϕΞ ¼ g8

�
− tan θ −

2zffiffiffi
3

p ð1þ 2αÞ
�
: ð2:6Þ

In the case of SU(6) symmetry, the parameters are fixed
to θ ¼ arctanð1= ffiffiffi

2
p Þ ≈ 35.3° (where ϕ becomes a pure ss̄

state), α ¼ 1, and z ¼ 1=
ffiffiffi
6

p
. The vector mixing angle is

well-constrained by the meson masses as very close to the
SU(6) ideal case, so we use ideal mixing [142]. Allowed
values for the remaining two parameters are α∈ ½0; 1� and
z∈ ½0; 2= ffiffiffi

6
p � [141]. All parameter values will be fixed

through Bayesian inference, as discussed in Sec. IV. To
simplify the Bayesian analysis, we choose to vary z alone,
while keeping α ¼ 1.
Instead of attempting an SU(3) extension to the scalar

sector, we treat gσi=gσN as free parameters, which are fitted
to describe the HALQCD hyperon potentials. Some models
also add the f0ð980Þ meson (variously abbreviated as σ�,
σs, or ζ) which couples only to hyperons and has a similar
Lagrangian term and attractive force as the σ’s. However,
we do not include the f0ð980Þ in our model, and neither do
BHB14 or DD2Y, because theΛΛ two-body force is poorly
measured but known to be much weaker than the ΛN force
[104,105,111]. For the DD2Y model, adding an f0ð980Þ
lowered the maximum NS mass from 2.04M⊙ to an
unacceptable 1.87M⊙ [134].
The gρi couplings are also related by SU(3); in particular,

all couplings are equal in SU(6) (not including the τ3
isospin factor) [143]. However, we do not include the
SU(3) relations in the model, and instead vary gρi=gρN as
free parameters. First, the ρ coupling tends to behave
differently than the ω coupling in nuclear matter, so
density-dependent RMF models tend to decouple the gω
and gρ relations [68]. Also, the HALQCD potentials in NM
[126] predict a UΣ and UΞ isospin splitting in NM that is
much smaller than in DD2Y. Allowing gρi=gρN to be free
parameters can also overshadow the unknown coupling of
the δ to hyperons, which contributes to the nucleon

effective mass splitting in asymmetric matter and splits
hyperon potentials in the opposite way as the ρ; we do not
include the δ in our model because the nucleon mass
splitting effect is poorly constrained experimentally [144],
and some models predict a δ coupling to nucleons which is
much smaller than for the ρ [145].
The masses of the mesons are those from DD2Y; they are

irrelevant [except in finite systems and for calibratingω and
ϕ couplings with SU(3)] because the couplings exclusively
appear in density-dependent RMFs as gMi=m2

M. For the
baryons, we use the Particle Data Group mass values [142].
All vacuum masses used for the particles included in the
model are shown in Table I. All the coupling-related
constants were calibrated with a Bayesian-inference pro-
cedure (Sec. IV), and their values are presented in Table II.

TABLE I. List of particles included in the model and their
vacuum masses.

Particle Mass (MeV) Particle Mass (MeV)

σ 550 p 938.272
ω 783 n 939.565
ϕ 1020 Λ 1115.683
ρ 763 Σþ 1189.37
e− 0.511 Σ0 1192.642

Σ− 1197.449
Ξ0 1314.86
Ξ− 1321.71

TABLE II. List of parameters of DID and their values, as well
as the bounds used in the Bayesian analysis.

Parameter Range MLE 68% CL

gSð0ÞσN
6.00 11.00 8.94873669 8.263þ0.713

−0.735

gNð0Þ
σN

6.00 11.00 8.89241948 8.094þ0.695
−0.706

aσ 0.00 1.00 0.16394393 0.189þ0.041
−0.032

gSð0ÞσΛ
5.00 11.00 7.51077621 6.203þ0.887

−0.741

gSð0ÞσΣ
3.00 9.00 6.26418057 4.770þ0.999

−0.809

gSð0ÞσΞ
1.00 7.00 6.53781517 4.616þ1.309

−1.373

g̃0ωN 7.00 14.00 10.82857726 9.703þ1.165
−1.255

g̃1ωN 7.00 14.00 11.00228164 9.698þ1.087
−1.133

aω 0.00 1.00 0.15313180 0.172þ0.048
−0.032

bω 0.80000000 0.800
z 0.00 2=

ffiffiffi
6

p
0.07720445 0.194þ0.135

−0.121

gSð0ÞρN
0.00 6.00 3.23020263 3.563þ0.400

−0.320

gNð0Þ
ρN

0.00 6.00 2.59340047 2.663þ0.644
−0.541

aρ 0.00 4.00 0.39223762 0.212þ0.149
−0.130

bρ 0.40000000 0.400

gSð0ÞρΣ
0.00 6.00 0.00545444 0.787þ0.819

−0.553

gSð0ÞρΞ
0.00 6.00 1.11415631 2.096þ0.820

−0.729
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Charge neutrality is maintained in the model by an ideal
Fermi gas of charged leptons; the Coulomb-screening
effects in the jellium model are irrelevant at even the
lowest density scales in our model [146]. If there are both
electrons and muons in cold matter, they exist in a lepton-
flavor equilibrium without neutrinos. However, our model
uses only electrons (with their Particle Data Group mass),
since in the context of astrophysical simulations, lepton
flavor equilibrium is disrupted during violent events
by neutrino transport and relatively long weak decay

timescales [96,111], and in cold neutron stars they typically
make up ∼1% of the total neutron star mass and are
suppressed by competition with negative hyperons [147].
Lastly, the EoS includes a photon gas that is transparent to
the medium and is described by the Stefan-Boltzmann law.

C. Thermodynamics

The grand canonical thermodynamic potential in the
mean-field approximation is given by [111]

Ω=V ¼ 1

2
ðm2

σσ
2 −m2

ωω
2 −m2

ϕϕ
2 −m2

ρρ
2Þ − nBΣr −

X
i

ðτ3i − βÞniΣt

−
X
i

diT
2π2

Z
∞

0

k2dkðln½1þ e−ðE
�
ki−νiÞ=T � þ ln½1þ e−ðE

�
kiþνiÞ=T �Þ; ð2:7Þ

where E�
ki ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k2 þm�

i
2

p
are effective energies and νi

are effective chemical potentials. The effective baryon
mass m�

i is

m�
i ¼ mi − Σs

i ¼ mi − gσiσ ð2:8Þ

and the chemical potential of the ith baryon is defined as

μi ¼ νi þ Σv
i ¼ νi þ gωiωþ gϕiϕþ gρiτ3iρ

þ Σr þ ðτ3i − βÞΣt; ð2:9Þ

where Σs
i and Σv

i are the scalar and vector self-energies,
respectively. Since in this approach the couplings depend
on the density and isospin density, the term nBΣr þP

iðτ3i − βÞniΣt is introduced in the thermodynamic po-
tential to ensure thermodynamic consistency, where nB ¼P

i ni is the baryon density, Σr is the standard rearrange-
ment term, and Σt is a rearrangement term due to the
isospin dependency of the couplings introduced in this
work. The explicit expressions for these terms read

Σr ¼
X
i

 
−
∂gσi
∂nB

σnsi þ
∂gωi
∂nB

ωniþ
∂gϕi
∂nB

ϕniþ
∂gρi
∂nB

τ3iρni

!
;

ð2:10Þ

Σt ¼ 1

nB

X
i

 
−
∂gσi
∂β

σnsi þ
∂gωi
∂β

ωni þ
∂gϕi
∂β

ϕni

þ ∂gρi
∂β

τ3iρni

!
; ð2:11Þ

where nsi is the scalar density of the baryon i. The proof of
thermodynamic consistency of the model with these
rearrangement terms is presented in Appendix A.

The single-particle potential, defined as the energy
gained upon addition of a baryon with 3-momentum
k ¼ 0 to the medium, is

Ui ¼ Σv
i − Σs

i

¼ −gσiσ þ gωiωþ gϕiϕþ gρiτ3iρ

þ Σr þ ðτ3i − βÞΣt: ð2:12Þ

From the thermodynamic potential, Eq. (2.7), we can
obtain all other thermodynamic quantities such as pressure,
P ¼ −Ω=V. The entropy density s, baryon number density
ni, scalar density nsi, and energy density ϵ are given by

ni ¼
∂P
∂μi

¼ di
2π2

Z
∞

0

k2dkðfi − f̄iÞ; ð2:13Þ

nsi ¼
∂P
∂m�

i
¼ di

2π2

Z
∞

0

k2dk
m�

i

E�
ki
ðfi þ f̄iÞ; ð2:14Þ

ϵ¼ −Pþ Tsþ
X
i

μini

¼ 1

2

X
M

m2
MF

2
M þ

X
i

di
2π2

Z
∞

0

k2dkE�
kiðfi þ f̄iÞ; ð2:15Þ

s ¼ ∂P
∂T

¼
X
i

di
2π2

Z
∞

0

k2dkE�
ki½fi ln fi þ f̄i ln f̄i

þ ð1 − fiÞ lnð1 − fiÞ þ ð1 − f̄iÞ lnð1 − f̄iÞ�; ð2:16Þ

where

fiðkÞ ¼
1

eðE
�
ki−νiÞ=T þ 1

; ð2:17aÞ
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f̄iðkÞ ¼
1

eðE
�
kiþνiÞ=T þ 1

; ð2:17bÞ

are the Fermi distributions for baryons and antibaryons,
respectively, FM ¼ σ;ω; ρ;ϕ are the meson fields, and di is
the spin degeneracy.
We can constrain the baryon and electron chemical

potentials with the four strongly conserved charges of
baryon number, electric charge, strangeness, and lepton
number

μi ¼ μB þQiμQ þ SiμS ð2:18Þ

μe ¼ μL − μQ: ð2:19Þ

The antibaryons are treated explicitly by means of
Eq. (2.17). In bulk matter, weak decay equilibrates the
strangeness on the timescale of ∼10−10 s, so we can fix the
hyperons by setting μS ¼ 0 [104,111]. In β-equilibrium at
T ¼ 0, we also have μL ¼ 0.

III. DESCRIPTION OF NUCLEAR CLUSTERS

A. Low-density EoS

In NS matter below saturation density, the composition
of the matter includes nuclear clusters. To describe their
abundances and contribution to the EoS of the NS crust of
and the composition of low-density nuclear matter, we used
the NSE model supplemented by the excluded-volume
mechanism of cluster dissolution developed in Ref. [96],
which we will label below as the HS model. This approach
assumes that below saturation density, finite nuclei with
mass number A ≥ 2 are embedded as a nonrelativistic van
der Waals gas with Coulomb interactions within an RMF
sea of unbound nucleons [96]. The nuclei float freely in the
nuclear fluid, which therefore causes a volume exclusion
effect on the latter. Although the fluid is a quantum system,
it can also be treated for nB < n0 as a liquid with free
nucleons floating through empty space (Fig. 1). In this
picture, we can describe their relative volume fractions in
terms of two quantities: the fraction κ ¼ 1 − nB=n0 of
empty space, and the fraction of space that is not occupied
by nuclei,

ξ ¼ 1 −
1

n0

X
A;Z

AnA;Z; ð3:1Þ

where Z is the proton number. If nB ≥ n0, then there are no
nuclei and the HS model becomes a pure RMF. We can
define n0i as the density of unbound nucleons within the
space unoccupied by nuclei, so that

nB ¼ ξðn0p þ n0nÞ þ
X
A;Z

AnA;Z; ð3:2Þ

np ¼ ξn0p þ
X
A;Z

ZnA;Z; ð3:3Þ

nn ¼ ξn0n þ
X
A;Z

ðA − ZÞnA;Z: ð3:4Þ

We can also calculate the baryon fractions Xi for free
baryons and clusters

Xp ¼ ξn0p=nB; ð3:5Þ

Xn ¼ ξn0n=nB; ð3:6Þ

XA ¼
X
A;Z

AnA;Z=nB: ð3:7Þ

Wewill also define the total baryon fraction Yi of a specific
baryon species, so that

Yp ¼ Xp þ
X
A;Z

ZnA;Z=nB; ð3:8Þ

Yn ¼ Xn þ
X
A;Z

ðA − ZÞnA;Z=nB: ð3:9Þ

Yp is also the same as the charge fraction Yq (in the absence
of hyperons). In RMF, there are no clusters, and the
definitions of Xi and Yi coincide.
While HS is a nuclear statistical equilibrium model that

accounts for each nucleus in the table, rather than a single-
nucleus approximation that approximates the distribution
of nuclei with a representative average nucleus [96], the
CompOSE table uses average atomic and mass number to
represent the distribution of atomic nuclei present, such as
for the various sublayers of the NS crust

hAi ¼
P

A;ZAnA;ZP
A;ZnA;Z

; ð3:10Þ

hZi ¼
P

A;ZZnA;ZP
A;ZnA;Z

: ð3:11Þ

Nuclei

Unbound
nucleons

κ

ξ-κ

1-ξ

Empty
space

FIG. 1. Cartoon representation of the HS model composition as
a heterogeneous mixture of unbound nucleons (green) and bound
nuclei (blue), and the corresponding fractions of space.

RELATIVISTIC MEAN-FIELD MODEL WITH DENSITY- AND … PHYS. REV. D 113, 123049 (2026)

123049-7



Following BHB14, we include nuclei only up to
T ¼ 50 MeV.
We use the AME20 mass table (including systematic

extrapolations, which are expected to be more accurate than
theoretical models since they are extrapolated by trends on
the mass surface from known nuclei with the same Z, N, A,
or N − Z), together with the FRDM12 droplet model for
unknown nuclei with Z;N ≥ 8 and A ≤ 339 [148,149],
instead of the older AME03 and FRDM92 tables that
BHB14 used [111]. The table ends at A ¼ 339 because
the model assumes that the nuclei are spherical: while the
known nuclei are at most moderately deformed, this is not
expected to be true for some nuclei with A > 339 [150]. We
cut off the table at the neutron drip line, but not the proton
drip line; with this exclusion, there are 8244 nuclei within
our model (Fig. 2). Since the mass values in nuclear tables
include electron clouds and the nuclei in HS do not have
them, we apply the additional post hoc mass correction
using the semiempirical formula from FRDM12 [149]

mA;Z ¼ m0
A;Z − Zme − cZp; ð3:12Þ

where c ¼ 14.33 eV and p ¼ 2.39. However, nuclear
binding energies and the position of the drip line are not
subject to this correction, since the in-medium free protons
also lack electron clouds.

B. Nuclear properties

We treat the nuclei as spherical with nucleon density
equal to n0 [96]. This implies a radius

RA;Z ¼
�

3A
4πn0

�
1=3

: ð3:13Þ

The Coulomb energy of the nucleus can be determined
from the density of electrons in the surrounding medium as

Ec
A;Z ¼ −

3

10

Z2α

RA;Z
ð3λ − λ3Þ;

with λ ¼
�
neA
n0Z

�
1=3

; ð3:14Þ

where α ≃ 1=137 [151] is the fine-structure constant, and
ne ¼ YpnB is the density of electrons in the system.
Instead of computing the large number of energy

levels for each nucleus, the partition function of an
individual nucleus is handled using the semiempirical
model from [152]

gA;Z ¼ g0A;Z þ
c1
A5=3

Z
BA;Z

0

e−E=Tþ
ffiffiffiffiffiffi
2aE

p
dE; ð3:15Þ

where BA;Z is the binding energy before applying the mass
correction in Eq. (3.12),

a ¼ A
c2

ð1 − c3A−1=3Þ; ð3:16Þ

g0A;Z is the spin degeneracy of the ground state,
c1 ¼ 0.2 MeV−1, c2 ¼ 8 MeV, and c3 ¼ 0.8. Spin degen-
eracies are obtainable from NUBASE20 [153] for the
empirical and systematic nuclei, and Ref. [154] for the
theoretical FRDM12 nuclei or when the NUBASE20 spin
assignment of the ground state is unknown or uncertain
(e.g., 45Ar).
In HS, we can compute the following effective chemical

potential for nuclei in terms of properties of the RMF at n0i,
henceforth denoted by a superscript zero

νA;Z ¼ Zμ0p þ ðA − ZÞμ0n −mA;Z − Ec
A;Z − P0VA;Z: ð3:17Þ

In chemical equilibrium, the number density of a nucleus is

nA;Z ¼ LA;ZeνA;Z=T; ð3:18Þ

where the coefficient is defined as

LA;Z ¼ κgA;Z

�
mA;ZT
2π

�
3=2

: ð3:19Þ

The above expression for nA;Z comes from setting
μA;Z ¼ Zμp þ ðA − ZÞμn.

C. Thermodynamics

In addition to the unbound nucleons, the nuclei contrib-
ute to the free energy as an ideal gas with a screened
Coulomb interaction [96]

fA;Z ¼ nA;Z

�
mA;Z −T

�
1þ ln

LA;Z

nA;Z

��
þnA;ZEc

A;Z: ð3:20Þ

FIG. 2. The table of nuclides used in our HS model; masses
from AME20 are shown in blue and masses from FRDM12 are
shown in pink; light yellow nuclei are excluded by the neutron-
drip cutoff. The β-stable nuclei are also shaded in dark colors.
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The total free energy without electrons is

f ¼
X
A;Z

fA;Z þ ξf0ðT; n0iÞ: ð3:21Þ

The nuclei contribute to the pressure as in an ideal gas, plus
the Coulomb interaction

PA;Z ¼ TnA;Z
κ

þ Pc
A;Z; ð3:22Þ

where

Pc
A;Z ¼ −

3

10
nA;Z

Z2α

RA;Z
ðλ − λ3Þ; ð3:23Þ

and λ is the same as in Eq. (3.14). Therefore, not including
electrons,

P ¼ P0ðT; n0iÞ þ
X
A;Z

PA;Z: ð3:24Þ

The chemical potentials of the nucleons receive a
correction due to the presence of the nuclei [96]

μi ¼ μ0i ðT; n0iÞ þ
1

κ

X
A;Z

TnA;Z
n0

: ð3:25Þ

The nuclei receive a correction as well, compared to the van
der Waals gas, due to both the nucleons and the Coulomb
interaction

μA;Z ¼ mA;Z − T ln
LA;Z

nA;Z
þ Ec

A;Z

þ VA;Z

�
P0ðT; n0iÞ þ

T
κ

X
A;Z

nA;Z

�
: ð3:26Þ

In chemical equilibrium, μA;Z ¼ AμB þ ZμQ, analogous to
the baryons. The entropy of nuclei in the system is

sA;Z ¼ nA;Z

�
5

2
þ T
gA;Z

∂gA;Z
∂T

þ ln
LA;Z

nA;Z

�
ð3:27Þ

and the total entropy follows as

s ¼ ξs0ðT; n0iÞ þ
X
A;Z

sA;Z: ð3:28Þ

Finally, the energy density of nuclei is

ϵA;Z ¼ nA;Z

�
mA;Zþ

3

2
Tþ T2

gA;Z

∂gA;Z
∂T

�
þnA;ZEc

A;Z; ð3:29Þ

so that the full energy density due to hadrons is given by

ϵ ¼ ξϵ0ðT; n0iÞ þ
X
A;Z

ϵA;Z: ð3:30Þ

The properties of electrons in the HS approach are
identical to the ideal fermion gas, except for their chemical
potential, which is corrected by the Coulomb interaction
with the nuclei

μe ¼ μ0eðT; neÞ þ
1

ne

X
A;Z

Pc
A;Z; ð3:31Þ

where μ0e is the ideal chemical potential from the RMF
model.
In principle, the HS model is fully thermodynamically

consistent if the RMF model used is consistent and the table
of nuclides is complete. At low temperatures, hAi and hZi
should increase without limit, and XA should approach
unity, as the baryon density approaches n0. However, we
applied a cutoff of A ≤ 339 on our table, so states with
hAi > 339 need to be approximated [96]. Therefore, HS
applies a Maxwell construction across the liquid-gas tran-
sition; both phases have local charge neutrality, which leads
to equal Yq, and are in thermal equilibrium, and the pressure
P and chemical potential, defined by [155]

μ ¼ ðμp þ μeÞYq þ μnð1 − YqÞ ¼ μB þ YqμL; ð3:32Þ

are equal at both endpoints of the transition. Here μL follows
from Eq. (2.19). Pressure and μ are constant, so c2s ≡
ð∂P=∂ϵÞs=nB ¼ 0 within the transition zone. The volume
fractions of the two phases change linearly with density
from the less dense phase to the more dense one.
Below the T ¼ 50 MeV cutoff, the HS and hyperonic

RMF phases compete with each other, and we use the
hyperonic RMF if and only if it is lower in free energy and
the baryon fraction of all the hyperons is greater than 10−5.

IV. BAYESIAN INFERENCE

We calibrated the free parameters of the model using a
Bayesian inference to simultaneously reproduce hyperon
potentials from lattice QCD, nuclear matter saturation
properties, and constraints from neutron star observations
and heavy-ion collisions. The model, which we refer to as
DID (density- and isospin-dependent), and DIDY for its
hyperonic extension, was fitted using the PyMultiNest pack-
age [156] with 2000 live points to 18 observables
described below, with likelihoods modeled as independent
normally distributed variables (least-squares minimization
of z-scores). The maximum likelihood estimate (MLE)
was then found using a minimizer initialized at the great-
est-likelihood posterior samples. While DD-RMF poste-
riors can contain spurious correlations, the optimal EoS
remains reliable if the functional form is well-chosen
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[157]. The results are listed in Table II, and the posteriors
themselves are described in Appendix B.

A. Parameters

We constrained all hyperon couplings to fixed ratios
relative to nucleon couplings, and similarly fixed the ratios
gNMN=g

S
MN . As follows from Eq. (2.5), this can be imple-

mented by adjusting only the saturation values gS;Nð0Þ
MN . In

order to qualitatively reproduce the density-dependent
coupling behavior from Ref. [137] and ensure smooth
speed-of-sound profiles reminiscent of those in Ref. [133],
we have set the transition-zone parameters for vector
mesons to cω;ρ ¼ 3.5 and dω;ρ ¼ 1.8 (in units of n0),
and these are exempt from the Bayesian analysis. For
the σ meson, we did not impose high-density flattening
because it tends to introduce the instability c2s < 0, which is
not associated with appearance of new degrees of freedom
and we ruled out as spurious. This choice of stabilizing
vector meson couplings, but allowing the scalar meson
couplings to keep decreasing, leads to phenomenological
behaviors unreachable in models with σ-field-dependent
couplings and hadron masses, where all couplings stop
decreasing simultaneously with an increase of the density
[103]. To utilize this phenomenological freedom, we fixed
cσ ¼ ∞, which makes dσ irrelevant.
For convenience and lack of strong constraints on the

high-density behavior of vector couplings, we performed
separate fits for five discrete values bω ∈ f0.60; 0.65; 0.70;
0.75; 0.80g, selecting the best value by requiring consis-
tency with neutron star tidal deformability constraints from
GW170817 [158]. We also set bρ ¼ 0.40 a priori because
low bρ delays hyperon onset that helps to solve both the
Mmax and NS cooling hyperon puzzles within this class of
models.
With these constraints, there are 15 free parameters fitted

to the 18 observables described below:
(i) Nucleon–σ coupling (3 parameters). The parameters

gS;Nð0Þ
σN and aσ for the σ coupling to nucleons.

(ii) Hyperon–σ couplings (3 parameters). The parame-

ters gSð0ÞσY for Y ∈ fΛ;Σ;Ξg. For convenience of
fitting, we varied these constants directly, not as

ratios to gSð0ÞσN . The gNð0Þ
σY ’s are in the same propor-

tions to gNð0Þ
σN as their ISM counterparts.

(iii) Aggregated ω–ϕ coupling (2 parameters). The
coefficient that describes the combined effects of
the ω and ϕ in nucleonic matter [141],

g̃S;Nð0Þ
ωN ≔ gS;Nð0Þ

ωN

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ

 
gS;Nð0Þ
ϕN =mϕ

gS;Nð0Þ
ωN =mω

!
2

vuut : ð4:1Þ

(iv) Vector meson parameters (2 parameters). The
SUð3Þf parameter z for vectors, with α ¼ 1, and

aω (with bω surveyed over five discrete values as
described above).

(v) Nucleon–ρ coupling (3 parameters). The parameters

gS;Nð0Þ
ρN and aρ for the ρ coupling to nucleons (with
bρ ¼ 0.40 fixed a priori).

(vi) Hyperon–ρ couplings (2 parameters). The parame-

ters gSð0ÞρY for Y ∈ fΣ;Ξg. (gρΛ is always zero, since
the Λ has zero isospin.)

B. Exclusion heuristics

For any choice of parameters, the saturation density n0
was calibrated so that Pðn0Þ ¼ 0 in ISM without leptons at
T ¼ 0. Some EoS candidates were discarded because this
could not be achieved. Specifically, we ruled out EoSs if
n0 < 0.01 fm−3 or n0 > 0.30 fm−3, under presumption
that these values are extremely implausible or indicate
absence of saturation. We used the experimental measure-
ment n0 ¼ 0.150� 0.010 fm−3 from Ref. [131], estimated
from radius measurements of 208Pb with parity-violating
electron scattering.
Since the DD couplings in DD-RMFs are not Lorentz-

invariant [68], we needed to introduce the second exclu-
sion constraint 0 < c2s < 1 at selected key points. We
chose to evaluate this for ISM and NM at cωn0, where
there is a peak in the speed of sound due to the large
positive ∂

2gωN=∂n2B in the transition zone, which leads to
an increase of ∂Σr=∂nB.

C. Evidence

The 18 observables used to constrain the model param-
eters are

(i) Hyperon single-particle potentials (9 observables).
The UY at 3-momentum jkj ¼ 0 in ISM and NM,
calculated in the BHF approach with baryon–baryon
interactions obtained by HALQCD collaboration
[126] at near-physical quark masses (mπ ¼
146 MeV, mK ¼ 525 MeV). This comprises three
iso-multiplet averages in ISM and six individual
hyperon species in NM, with statistical uncertain-
ties ∼�2 MeV.

(ii) ISM saturation properties (4 observables). The
binding energy per nucleon B ¼ −15.6� 0.6 MeV
[103], the incompressibility from GMR of 208Pb and
90Zr with K ¼ 240� 20 MeV [103], the quadratic
symmetry energy at saturation S2 ¼ 32.0�
1.1 MeV from Ref. [132] (fitted to various nuclear
data), and the saturation density n0 ¼ 0.150�
0.010 fm−3 from Ref. [131] (estimated from radius
measurements of 208Pb with parity-violating electron
scattering).

(iii) Finite-nucleus crossover density (1 observable). The
pressure derivative
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M ¼ 3nB
∂

∂nB

�
9n2

∂
2B
∂n2

þ 18
P
n

�

¼ x

�
18

∂B
∂y

þ 12KxþQx2
�
; ð4:2Þ

evaluated at the crossover density of 0.11 fm−3 ≈
0.7n0, which is the average density in the outer
extent of atomic nuclei and where EoSs fitted to
finite nuclei agree most strongly, with M ¼ 1100�
70 MeV [159].

(iv) NM pressure (2 observables). While experimental
constraints on NM are sparse, χEFT calculations
provide reliable estimates. Reference [18] used an
N3LOþ 3 N formulation to compute the pressure of
NM (related to the slope of symmetry energy L ¼
3n0∂S=∂nB and various NS constraints [85]) over
ð0.05 − 0.34Þfm−3 ≃ ð0.3 − 2.1Þn0. We selected

two key points to ensure well-behaved low-density
matter: nB ∈ f0.08; 0.16g fm−3 ≃ f0.5; 1.0gn0.

(v) Dense ISM pressure (2 observables). To constrain
dense matter behavior, we used the pressure series
from Ref. [133] for ISM (excluding electrons). There,
a Bayesian analysis of HIC data employed a flexible
EoS parametrization with three inputs: incompress-
ibility K below 2n0 (with n0 ¼ 0.16 fm−3), plus two
regions with constant c2s over ð2−3Þn0 and ð3 – 4Þn0,
with c2s fixed at the near-conformal value of 0.3
above this threshold. We selected key points at
nB ∈ f2; 3.5gn0 ¼ f0.32; 0.56g fm−3. While this
model likely overestimates the pressure at intermedi-
ate densities [9], its confidence band for PISM is
consistent with DD2 and DDB.

DID is not fitted to finite nuclei, and we did not verify
how accurately it describes their measured masses and
shapes.

V. ZERO-TEMPERATURE RESULTS

In this section, we present the results of the calibrated
model at T ¼ 0 and compare them with existing exper-
imental and observational constraints. Fig. 3 presents the
behavior of the meson couplings to nucleons as functions
of baryon and isospin densities. The couplings gσN and gωN
decrease rapidly with increasing density at low values of
nB. Nevertheless, for nB ≳ 0.5 fm−3, gωðϕÞN saturates
around gωðϕÞN ∼ 0.7gωðϕÞNð0Þ, while gσN continues to
decrease monotonically. Similarly, gρN declines gradually
and plateaus around 0.3gρNð0Þ after nB ≳ 0.5 fm−3,
although with a gentler slope. We also observe that the
splitting due to the isospin asymmetry is quite moderate for
most couplings, except for gρN, where the effect is notice-
ably stronger.
For comparison, we also constructed DDBY, an exten-

sion of the DDB relativistic mean-field model [83] that uses
SU(6) symmetry for vector couplings and fits σ couplings
to HALQCD-based potentials in ISM only (Table V). We

FIG. 3. Plot of meson couplings to nucleons in DID as a
function of baryon and isospin density. The solid lines represent
ISM (β ¼ 0), the dotted lines are for NM (β ¼ −1), and the
unmarked edge of the shaded zone is the theoretical limit of
β ¼ �2. The vertical dashed line corresponds to the saturation
density for the DID model.

TABLE III. List of data points, other than hyperon potentials, used as evidence in the Bayesian analysis, and their MLE values and
confidence intervals obtained in DID.

Quantity Units Empirical Ref. Value @ MLE 68% CL

n0 fm−3 0.150� 0.010 [131] 0.15880045 0.153þ0.006
−0.006

B MeV −15.6� 0.6 [103] −15.40 −15.42þ0.58
−0.57

K MeV 240� 20 [103] 227.06 212.0þ15.0
−9.04

Mð0.11 fm−3Þ MeV 1100� 70 [159] 1122.72 1132.þ60
−62

S2 MeV 32.0� 1.1 [132] 32.44 32.43þ1.06
−1.03

PNMð0.08 fm−3Þ MeV fm−3 0.472� 0.036 [18] 0.4569 0.441þ0.032
−0.034

PNMð0.16 fm−3Þ MeV fm−3 2.898� 0.404 [18] 3.233 3.243þ0.238
−0.232

PISMð0.32 fm−3Þ MeV fm−3 19.0� 14.3 [133] 12.11 12.36þ0.86
−0.78

PISMð0.56 fm−3Þ MeV fm−3 106.8� 22.0 [133] 109.0 109.2þ10.9
−10.7
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used the median parameters for DDB, since Ref. [83] did
not report a mean or MLE for their Bayesian posterior. This
EoS has saturation density n0 ¼ 0.143862 fm−3.

A. Hyperon potentials

The inclusion of hyperons into the model requires
calibration of the parameters of hyperon interaction, which
is most commonly done using the hyperon single-particle
potential at saturation [101]. Figure 4 presents the hyperon
single-particle potentials as functions of baryon density nB
at T ¼ 0 for ISM (left panel), NM within the DDBY model
(middle panel), and NM within the DIDY model (right
panel). In all panels, the vertical dotted line indicates n0. In

ISM, the DDBY (dashed lines) and DIDY (solid lines)
models predict nearly identical hyperon potentials across
the entire density range, as expected, because both models
are fitted to describe the hyperon potentials in ISM at n0.
The Λ potential remains attractive throughout, reaching
approximately −30 MeV at n0. The Σ hyperon exhibits a
repulsive potential, rising to þ15 MeV at n0, while the Ξ
potential shows weak attraction of about −4 MeV near
saturation density.
For ISM, the only significant difference between DD2Y

and our model is that the gS;Nð0Þ
σY values are calibrated to

different UY targets [134]: DD2Y uses empirical estimates
from Ref. [104] (−30 MeV for Λ, þ30 MeV for Σ,
−18 MeV for Ξ), while we used the LQCD-based results
from Ref. [126]. The latter two empirical values are highly
uncertain due to limited data and widely varying model
estimates [104,126].
In NM, however, the behavior of the models is dramati-

cally different. The DDBY model (third panel) predicts
hyperon potentials that deviate significantly from the BHF
results [126] derived from LQCD-based interactions, par-
ticularly for the Σ and Ξ hyperons. The Λ potential for NM
in DDBYmodel shows the trend to deepen with an increase

TABLE IV. Hyperon potentials in ISM and NM at nB ¼ n0 vs results from [126]. Blank cells in the ISM columns are the same across
each iso-multiplet.

HALQCD Value @ MLE 68% CL

Quantity ISM NM ISM NM ISM NM

Λ −28.15� 2.02 −25.42� 1.78 −27.87 −25.54 −28.39þ1.75
−1.69 −25.17þ1.52

−1.60

Σþ þ14.62� 1.82 þ8.24� 3.68 þ14.99 þ6.85 þ15.04þ1.68
−1.70 þ6.48þ2.51

−2.51
Σ0 þ15.73� 1.70 þ15.79 þ15.67þ1.24

−1.22
Σ− þ24.86� 1.39 þ24.74 þ24.86þ1.35

−1.33

Ξ0 −3.60� 2.14 −12.19� 1.46 −3.97 −12.13 −3.46þ1.68
−1.71 −12.22þ1.45

−1.40
Ξ− þ5.79� 2.59 þ5.85 þ5.73þ2.30

−2.35

TABLE V. The σ couplings in DDBY. The remaining param-
eters of the base DDB model, except n0, are listed in Ref. [83].

Iso-multiplet gσi

N 8.983000
Λ 5.699184
Σ 4.339637
Ξ 2.732038

FIG. 4. Left panel: hyperon single-particle potentials as functions of baryon density nB for ISM within DDB (dashed lines) and DID
(solid lines) models. Three remaining panels: hyperon single-particle potentials in NM for DDBYand DIDY, respectively. In all panels,
dots with error bars denote the BHF results [126] for the hyperon potentials at jkj ¼ 0 with their respective uncertainties.
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of the asymmetry, while the LQCD-based calculation
predicts a more shallow potential in NM than in ISM.
This observation initially motivated our decision to develop
a parametrization with isospin-dependent vector and scalar
meson couplings, since Λ hyperons are not coupled to the
isovector ρ-meson. The Σ–hyperons, coupled to the ρ-
meson, show isospin dependence of the potential, but it is
clear that the values of the potentials from the BHF
calculation are not reproduced. The isospin splitting
between the Σ species is also dramatically overestimated,
which indicates that the coupling of Σ to hyperons is too
strong. For Ξ0 the DDBY model overestimates the attrac-
tion at n0 almost 4-fold, and Ξ− is the only species for
which the DDBY model result is close to the respective
BHF value. The behavior of the hyperon potentials in ISM
and NM for the DD2Y model is qualitatively the same as in
the DDBY model.
The DIDY model (right panel) demonstrates substan-

tially improved agreement with the BHF constraints across
all hyperon species. The Λ potential describes well the
LQCD-based data points in both ISM and NM within their
uncertainties. The increased repulsion in the Λ interaction

with nucleons is attributed to the slight increase of gð0ÞωN and

decrease of gð0ÞσN with increasing asymmetry. Since the
single-particle potential in RMF models results from a
subtle cancellation between large scalar and vector poten-
tials, this change is enough to produce the increase of
UΛðn0Þ as the asymmetry increases from ISM to NM. The
Σ hyperon potentials show the correct splitting between
isospin states. The Ξ potentials also show improved agree-
ment with BHF results, reproducing both the Ξ0 and Ξ−

potential values. This marked improvement in NM dem-
onstrates that the introduction of isospin-density depend-
ence in the coupling constants allows to consistently
describe the microscopic results at different isospin asym-
metries at the mean-field level.

B. Particle fractions

The improved description of the hyperon potentials in the
asymmetric matter directly affects the composition of dense
NS matter in β-equilibrium. Figure 5 shows the particle
fractions as functions of baryon density nB in β-equilibrium
matter for two different models: DIDY and DDBY. The
composition includes neutrons, protons, and hyperons Λ,
Σ−, Ξ−, and Ξ0 in the case of DDBY model. At low
densities, matter consists primarily of neutrons with a
modest proton fraction to ensure charge neutrality and
β-equilibrium. We see that the DID model has a different
proton fraction Xp ≃ 0.03 at n ¼ n0, while the DDB model
gives Xp ≃ 0.05. This seeming contradiction for two models
with similar saturation properties is resolved by considering
the expansion of the binding energy per nucleon of nuclear
matter beyond the quadratic approximation in terms of the
asymmetry β. Generally, this dependence can be presented

as a power series [132]

BðβÞ ¼ Bð0Þ þ S2β2 þ S4β4 þOðβ6Þ ð5:1Þ

In practice, the symmetry energy S2, which we used for the
Bayesian analysis, is much larger than subsequent coef-
ficients. We can alternatively define the symmetry energy as
S≡ Bð−1Þ − Bð0Þ ≃ S2 þ S4 (because these are inequiva-
lent, we use a different symbol). In the parabolic approxi-
mation, where B is exactly quadratic in β and me ≪ μB
[160],

μL¼
1

nB

�
∂ϵ

∂Xp

�
nB

¼ð3π2nBXpÞ1=3þ4S2ð2Xp−1Þ: ð5:2Þ

Adding the next term in the expansion BðβÞ, of order β4,
corrects this by

μð4ÞL ¼ 2
∂

∂β
ðS4β4Þ ¼ 8S4ð2Xp − 1Þ3; ð5:3Þ

and likewise for higher-order coefficients. Thus, a positive
S − S2 will lower μL in neutron-rich matter and raise the Xp

of β-equilibrium relative to the parabolic approximation (me
is still small relative to this correction). The S2’s of DD2,
DDB, and DID are similar (≃31 MeV), but while S − S2 is
positive in DD2 and DDB, it is negative in DID (Table VI).
Therefore, DID has a lower β-equilibrated Xp at saturation
density (Xp ≃ 0.03) than DDB and DD2 (Xp ≃ 0.05).
At large densities, hyperons appear with model-depen-

dent onset densities (Table VII). The DDBYmodel exhibits
the conventional hierarchy, with Λ appearing first at
nΛc ≃ 0.39 fm−3, then Σ− at nΣ

−
c ≃ 0.40 fm−3, followed

by Ξ− at nΞ
−

c ≃ 0.57 fm−3 and Ξ0 at nΞ
0

c ≃ 1.45 fm−3.
The Λ fraction reaches approximately 0.28 by

FIG. 5. Baryon fractions as functions of the baryon density nB
in the β-equilibrium matter with hyperons for DIDY (solid lines),
DDBY (dashed lines), and DD2Y (dotted lines) models.
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nB ¼ 1 fm−3. The Σ− fraction peaks at nB ≃ 0.7 fm−3

before being displaced by Ξ−, which reaches about 0.14
by nB ≃ 1.58 fm−3.
In contrast, the DIDY model inverts the first two

species: Σ− appears first at nΣ
−

c ≃ 0.47 fm−3, followed by
Λ at nΛc ≃ 0.58 fm−3, and Ξ− at the highest density
nΞ

−
c ≃ 0.98 fm−3. The Λ fraction rises rapidly after onset,

reaching approximately 0.16 by nB ¼ 1 fm−3, while the Σ−

fraction peaks at nB ≃ 1.1 fm−3 before being displaced by
Ξ−, which reaches about 0.06 by nB ≃ 1.58 fm−3. The later
onset densities in DIDY reflect the less attractive hyperon
potentials, particularly for Λ and Ξ−.
To summarize, the DID parametrization has consistently

larger critical densities for the hyperon appearance. As we
will see in the next section, it leads to reduced softening of
the EoS due to the hyperon appearance.

C. Pressure and energy density

Figure 6 shows the pressure as a function of baryon
density at T ¼ 0 for NM (upper panel) and ISM (lower
panel) for the three models: the newly developed DID
parametrization, the standard DD2, and DDB model. All

three models have similar behavior below saturation
density n0, where all models provide an adequate descrip-
tion of the χEFT constraint [18] for NM, with DD2

TABLE VII. Density of hyperon onset, in fm−3, for cold
β-equilibrated matter. The Ξ0 does not appear in DIDY below
the maximum density of the table, and the Σþ and Σ0 do not
appear in any of the models.

Baryon DD2Y DDBY DIDY

Λ 0.327 0.386 0.578
Σ− 0.352 0.401 0.470
Ξ− 0.369 0.568 0.978
Ξ0 1.162 1.453

FIG. 6. Pressure as a function of baryon density nB at T ¼ 0 for
DID (solid black line), DDB (dashed orange line), and DD2
(dotted blue line) in NM (upper panel) and ISM (lower panel).
The green shaded band shows the χEFT constraint [18] for NM.
The red and blue shaded bands in the lower panel show HIC flow
constraints from Danielewicz et al. [162] and Oliinychenko et al.
[133] for ISM. The vertical dotted line indicates saturation
density n0 for the DID model.

TABLE VI. Both definitions of symmetry energy, slope L ¼ 3∂S=∂x, incompressibility K ¼ 9∂2B=∂x2, skewness
Q ¼ 27∂3B=∂x3, Ksym ¼ 9∂2S=∂x2, and Xp in β-equilibrium at saturation density; as well as M at 0.11 fm−3;
compared to estimates from experiment or χEFT. Xp is dimensionless, n0 in fm−3, and all other quantities are in
MeV.

Quantity DD2 DDB DID Emp. Ref.

n0 0.149065 0.143862 0.158800 0.150� 0.010 [131]

B −16.02 −15.27 −15.40 −15.6� 0.6 [103]
K 242.68 210.87 227.06 240� 20 [103]
Q 168.58 −138.05 −608.09
Mð0.11 fm−3Þ 1148.70 1215.57 1122.72 1100� 70 [159]

S2 31.67 30.26 32.44 32.0� 1.1 [132]
S − S2 1.00 0.86 −2.72 1.2� 1.5 [161]
L2 55.03 38.10 59.90 53� 13 [132]
L − L2 2.67 2.28 0.05 0� 6 [161]
Ksym2 −93.23 −117.99 −130.59 −78� 43 [132]
Ksym − Ksym2 −0.46 −0.06 33.27 −24� 58 [161]

Xeq
p ðn0Þ 0.0523 0.0481 0.0336
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following the upper edge of the uncertainty band. For
nB > n0, DD2 predicts a larger pressure than DID or DDB
in both ISM and NM. For nB ≳ 2n0, DD2 significantly
exceeds the χEFT constraint, predicting the stiffest EoS.
Out of the three models, DID is the softest, while DDB
demonstrates intermediate stiffness, remaining closer to the
χEFT band than DD2. The isospin-density dependence in
DID produces a moderately softer NM EoS compared to
DDB in the range nB ≃ ð1.5–3.5Þn0, but afterward it
overtakes it.
In ISM at low densities nB ≲ 0.1 fm−3, all models

exhibit negative pressure corresponding to the nuclear
liquid-gas phase transition, with zero pressure at their
respective saturation densities. For nB ≳ n0, the pressure
has the same ordering as in NM, with DD2Y being
the stiffest and DIDY the softest until it overtakes
DDB near 0.60 fm−3. Compared to HIC constraints
from Refs. [133,162] at nB ≃ ð2 – 5Þn0, corresponding to
nB ≃ ð0.3 – 0.8Þ fm−3, DID is in good agreement with
Ref. [162] throughout the range. Therefore, the isospin
dependence of the couplings introduced to accommodate
HALQCD-based hyperon potentials in neutron-rich matter
does not compromise the description of ISM properties
constrained by terrestrial experiments, validating the iso-
spin-density-dependent coupling framework across the full
range of isospin asymmetries.
Figure 7 presents the pressure as a function of energy

density for β-equilibrium matter, comparing six paramet-
rizations: the purely nucleonic models DD2, DDB, and
DID, and their hyperonic counterparts DD2Y, DDBY, and
DIDY. At low energy densities ϵ≲ 300 MeV fm−3, all
models exhibit nearly identical behavior in the nucleon-
dominated regime. All models remain consistent with
the constraint band from Hebeler et al. [163], which

incorporates causality and the requirement to support
Mmax ≥ 1.97M⊙.
At higher energy densities ϵ≳ 400 MeV fm−3, the

models deviate significantly from each other, as hyperons
begin to populate the matter and gωN for DID and DIDY
bottom out. DDBY’s early onset for hyperons causes it
to soften drastically at this point compared to DDB. DID
and DIDY are also moderately softer than DDB for
ϵ ≃ ð250–550Þ MeV fm−3, after which the hyperon onset
begins in DIDY but the EoSs are both comparable to DDB.
Figure 8 shows the speed of sound squared c2s as a

function of baryon density nB in β-equilibrium matter for
the DD2Y, DDBY and DIDY models. The DD2Y model
shows a nearly monotonic increase, crossing the conformal
limit (horizontal dotted line at c2s ¼ 1=3) at nB ≃ 0.55 fm−3

and continuing to rise to c2s ≃ 0.65 at high densities. The
DDBYmodel displays a similar nearly monotonic increase,
surpassing the conformal limit for nB ≃ 0.7 fm−3. For both
these models the speed of sounds features the standard
hyperon-induced sharp bends at their respective critical
densities. In contrast, the DIDY model shows nonmono-
tonic behavior with a peak of c2s ≃ 0.71 around nB ¼
0.66 fm−3 (approximately 4n0), followed by a decrease
to a minimum c2s ≃ 0.54 at nB ≃ 1.05 fm−3, and subsequent
gradual rise at higher densities that closely follows. Such
nonmonotonic c2s profiles with peaks at intermediate
densities are consistent with astrophysical constraints in
model-independent approaches based on speed-of-sound
parametrizations [50,51,53,164,165], the similar HIC-fitted
constraint of [133], and in some models that include a quark
phase [166–168]. We note that in this work, the non-
monotonic behavior of the speed of sound arises due to a
purely hadronic mechanism, as a consequence of the
saturation of density-dependent couplings and the

FIG. 8. Speed of sound squared in β-equilibrated matter, as a
function of baryon density, for DIDY (solid black), DDBY
(dashed orange) and DD2Y (dotted blue) models. The horizontal
dotted line denotes the conformal limit of c2s ¼ 1=3.

FIG. 7. Pressure as a function of energy density in
β-equilibrium, with and without hyperons, for DD2(Y) (blue),
DDB(Y) (orange), and DID(Y) (black) models. The shaded area
denotes the constraint from [163] (Mmax ≥ 1.97M⊙).
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appearance of hyperons. The work presented in Ref. [169]
has demonstrated that supporting 2M⊙ NSs requires c2s to
exceed this bound at intermediate densities, which does
happen in the DD2Y model, but at the cost of predicting
large radii. RMFs do not converge to the conformal limit of
c2s ¼ 1=3 because they lack a quark phase. For the Walecka
model [29], which is linear with constant couplings like the
asymptotic behavior of the DD-RMFs presented in this
work, c2s converges to 1 at high density [170].

D. Neutron star properties

In the present work, we use the same HS approach
to calculate the EoS of the outer and inner crust in
β-equilibrium self-consistently with in-medium properties
of individual nucleons. In Fig. 9 we show the average mass
number of the nuclei in the NS crust as a function of density
at T ¼ 0.1 MeV for DD2, DDB and DID models, which
yield the crust-core transition densities 0.0367 fm−3,
0.0369 fm−3 and 0.0457 fm−3, respectively. The model
dependence of the hAiðnBÞ is weak, and the overall shape is
similar to the one observed at T ¼ 0 in [171].
The left panel of Fig. 10 shows the mass-radius relations

for the three models compared with modern astrophysical
constraints for DD2Y, DDBYand DIDYmodels, calculated
using the QLIMR module [172,173] of the MUSES
calculation engine. We see that while the NS Mmax in
the DD2(Y) and DDB(Y) models are significantly affected
by the appearance of hyperons, the effect of hyperons on
the mass-radius curve is very small in the DID model. In
particular, the decrease of the maximum NS mass is just
0.049M⊙. Table VIII lists some properties of neutron stars
calculated with varying EoSs and the HS crust model.
The results for GW170817 tidal deformability measure-

ments favor radii R1.4 ≃ 11.5–13.5 km [3], while NICER
observations of PSR J0030þ 0451 [6] and PSR J0740þ
6620 [7,8] provide direct mass-radius determinations. The
massive pulsar J0740þ 6620 with M ¼ 2.08� 0.07M⊙
exceeds the maximum mass of DDBY, while DD2Y
comfortably accommodates it but predicts radii near the
upper observational bound for GW170817. DIDY achieves

FIG. 10. Left panel: Mass-radius relations for DID(Y) (black), DDB(Y) (orange), and DD2(Y) (blue) models with the HS crust with
(solid lines) and without (dotted lines) hyperons. Shaded regions show observational constraints from NICER analyses of pulsars
J0030þ 0451 [6] and J0740þ 6620 [7,8], the progenitors of GW170817 [3], and the low-mass compact object J1731–347 [64].
Horizontal bands denote mass measurements for high-mass pulsars J0348þ 0432 [174] and J0952–0607 [175] and the maximum mass
constraint (based on GW170817 observations) from [176]. Gray shaded regions indicate excluded parameter space from causality and
Buchdahl limits [177]. Right panel: ΛA–ΛB relations for the progenitors of GW170817, which had a chirp mass of 1.186ð1ÞM⊙ and a
primary mass MA < 1.60M⊙ at 90% confidence level [158]. By convention, we assume that MA ≥ MB and therefore ΛA ≤ ΛB; the
curves follow the permissible values of MA and MB.

FIG. 9. Average mass number of nuclear clusters in
β-equilibrated matter at T ¼ 0.1 MeV (HS breaks down at
T ¼ 0 due to a lack of repulsive intercluster forces) versus the
T ¼ 0 crust computed by [171] using the TMA nonlinear RMF.
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consistency with the complete set of mass-radius observa-
tions, and marginally does so for a radius measurement of
the low-mass NS HESS J1731 − 347 [64], while simulta-
neously reproducing microscopic hyperon potentials from
BHF calculations. Therefore, the DIDY model offers a
potentially viable solution to the hyperon puzzle through
the inclusion of an isospin-dependent coupling.
In the right panel of Fig. 10 we show the results for the

tidal deformability parameters, ΛA and ΛB, obtained from
the three models and compared with the posterior distri-
bution from Ref. [3] for the binary neutron star merger
GW170817, characterized by component masses
MA ≥ MB. The chirp mass

M ¼ ðMAMBÞ3=5
ðMA þMBÞ1=5

¼ μ3=5M2=5 ð5:4Þ

for this system is well constrained at M ¼ 1.186ð1ÞM⊙,
since it determines the gravitational wave signal beginning
at 1 1

2
post-Newtonian order [3]. For each model, the curve

in the ΛA − ΛB plane is obtained by varying MA from
21=5M ≈ 1.36M⊙, where the masses are equal, to the
90% confidence upper limit ofMA ¼ 1.60M⊙, while fixing
the chirp mass. Both the DDBY and DIDY models show
good agreement with the observational constraints, whereas
the DD2Y model deviates significantly from the observa-
tional constraints. However, as shown in Fig. 10, the
maximum mass predicted by the DDBY model lies below
the observed lower limit of Mmax ≳ 2M⊙. We have
observed that pushing the model to lower ΛB − ΛA values,
decreases significantly the predicted maximum mass.
Nevertheless, the inclusion of isospin-density-dependent
couplings, together with the fine-tuning of the model
parameters, allows the model to remain consistent with
both the lower limits on Mmax and the constraints on the
tidal deformability parameters.
For moment of inertia, I versus mass is plotted against

the constraints from Refs. [178,179] on the primary
component of the double pulsar, PSR J0737 − 3039A

(M ¼ 1.3381ð7ÞM⊙ [180]), in Fig. 11. The crustal fraction
of moment of inertia, important for modeling pulsar glitch
phenomenology [181,182], is also plotted in Fig. 12. While
DD2Y meets the very broad limits of IJ0737A ¼ ð44.0 −
150.9ÞM⊙km2 from Ref. [179], it fails the far narrower
estimate of IJ0737A ¼ 64.9þ13.1

−7.5 M⊙km2 from Ref. [178].
While the latter estimate is model-dependent in principle,
the two models the authors employed lead to indistinguish-
able posteriors, and their results are similar to other
published estimates for IJ0737A. DIDY is close to the median
estimate, while DDBY falls near the upper limit of this
confidence interval. The crustal fraction of the moment of
inertiaΔI=I spans 0.8–1.6% forM ¼ 1.4M⊙ and 0.2–0.5%
for M ¼ Mmax across the three models. For DIDY, ΔI=I at
1.4M⊙ falls below the 1.4% limit inferred from the Vela
pulsar glitch observations [183], and well below the 7%

FIG. 11. Moment of inertia vs mass for nonrotating neutron
stars, compared with that estimated for PSR J0737 − 3039A from
Ref. [178]. The pink error bar demarcates the upper (90% con-
fidence) and lower (causal) bounds on the same NS from
Ref. [179].

TABLE VIII. Various properties of neutron stars calculated with the HS crust model.

Property DD2 DD2Y DDB DDBY DID DIDY

R1.4 (km) 13.25 13.24 12.65 12.65 11.99 11.99
Λ1.4 702.37 700.24 511.30 510.40 355.13 355.00

ncð1.4ÞB (fm−3) 0.349 0.358 0.410 0.418 0.487 0.488

I1.4 (M⊙ km2) 86.18 86.10 79.11 79.07 71.85 71.85
ðΔI=IÞ1.4 0.01220 0.01222 0.01630 0.01644 0.00827 0.00828

Mmax (M⊙) 2.422 2.035 2.199 1.864 2.245 2.196
Rmax (km) 12.06 11.46 11.17 11.06 10.87 10.91
Λmax 6.34 15.13 6.89 22.30 4.92 6.13

ncðmaxÞ
B (fm−3) 0.804 0.983 1.004 1.097 1.008 0.999

Imax (M⊙ km2) 165.92 111.65 125.46 91.69 127.92 123.32
ðΔI=IÞmax 0.00212 0.00296 0.00324 0.00518 0.00155 0.00169
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bound presented in [184] when entrainment effects are
taken into account, which supports the growing evidence
that the crust alone is not enough to explain pulsar glitches
[185,186].
Lastly, we remark that the central baryon density of

DIDY is comparable to DD2Y for high-mass NSs (Fig. 13).
Below ∼ 1.5M⊙, DIDY has the highest central density
while DD2Y has the lowest, which reflects the relative
softness of DIDY at low densities. DDBY’s central density
overtakes DIDY around 1.65M⊙, and DD2Y surpasses
DIDY near 1.9M⊙. All three ncB’s increase rapidly as the
EoSs approach their respective maximummasses: in DIDY,
it increases from 0.681 fm−3 at 2.0M⊙ to 0.999 fm−3 at the
maximum mass of 2.196M⊙. The hyperonic inner core
appears around M ≃ ð1.25 – 1.3ÞM⊙ in all three models,
and in particular the Σ− appears above ð1.3 – 1.4ÞM⊙.
However, the Λ in DIDY is delayed to M ≥ 1.738M⊙, and
whereas Ξ− begins at 1.437M⊙ in DD2Y and 1.675M⊙ in
DDBY, in DIDY it does not appear unless the neutron star is
very close to the maximum mass (M ≥ 2.194M⊙). The
critical threshold of Xp ≃ 1=9 for the n → pþ e− þ ν̄e DU
process [187] is also delayed from 1.700M⊙ in DD2Y and
1.723M⊙ in DDBY to 1.882M⊙ in DIDY.

VI. RESULTS AT FINITE T

Figure 14 presents the matter composition of
DIDY as a function of nB at representative temperatures
entering the logarithmic grid of CompOSE T¼
f101.00;101.68;101.92gMeV≃f10;48;83gMeV and Yq ¼
0.1, 0.3, 0.5. For all charge fractions, an increase in
temperature has a significant impact on the matter compo-
sition, where, except for neutrons and electrons, all other
species fractions increase with temperature at low densities.
In the low-temperature regime (T ≲ 10 MeV) the hyperon
thresholds are relatively sharp. For example, XΛ at

T ¼ 10 MeV and Yq ¼ 0.3 increases from 2.1 × 10−4 at
nB ≃ 0.52 fm−3 to 0.075 at nB ¼ 1.00 fm−3. Increasing the
temperature to T ≃ 48 MeV broadens these thresholds into
smooth transitions where multiple hyperon species coexist
over wider density ranges, including the Σ0, which is
strongly suppressed at low temperatures by being in
chemical equilibrium with the less massive Λ.2 Thermal
effects dominate at T ≃ 83 MeV, populating all hyperon
species simultaneously. As the isospin asymmetry
decreases from Yq ¼ 0.1 to Yq ¼ 0.5, the hyperon fractions
become more isospin-degenerate, whereas for large asym-
metries the negatively charged baryons have significantly
larger fractions. Overall, the temperature and asymmetry
dependences of the hyperon fractions are qualitatively
similar to the ones observed in the literature [188].
The cluster phase is also more prominent at Yq closer to

0.5, vanishing at higher temperatures compared to the case
with low Yq. At T ¼ 10 MeV, XA peaks at around 0.18 at
nB ≃ 0.021 fm−3, while at Yq ¼ 0.5 and the same density,
XA ≃ 0.70, and it continues to increase until XA ≃ 0.90
before the Maxwell transition. At T ≃ 48 MeV, XA for the
Yq ¼ 0.5 case drops to about 0.14, while the crust phase for
Yq ¼ 0.1 vanishes completely. hAi also decreases dramati-
cally with temperature: for Yq ¼ 0.5 at nB ≃ 0.021 fm−3, it
is around 128, but by T ¼ 10 MeV, only the lightest nuclei
remain, with hAi ≃ 3.5. This is qualitatively similar to other
models of in-medium nuclear clusters at finite temper-
ature [96].

FIG. 13. Mass vs central baryon density ncB for nonrotating
neutron stars in DD2Y, DDBY, and DIDY. The colored markers
represent the critical central densities for hyperon onsets, and the
vertical lines represent the onset of the n → pþ e− þ ν̄e DU
process, which in the absence of muons requires Xp ≳ 1=9 [187].

FIG. 12. Crustal fraction of moment of inertia vs mass for
nonrotating NSs.

2The mass difference in vacuum is 77 MeV, and the Σ0 decays
electromagnetically to Λ on a timescale of ∼10−20 s [142].
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VII. CONCLUSIONS

In this manuscript, we presented the first extension of the
standard RMF model with density-dependent (DD) meson-
baryon couplings to include an explicit isospin-asymmetry
dependence. This extension was motivated by the manifest
dependence of microscopic DBHF results on the isospin
composition of the medium, as well as the phenomeno-
logical necessity to describe the hyperon single-particle
potentials in isospin-symmetric and neutron matter in a
BHF model based on HALQCD results for microscopic
hyperon interactions. We parametrize the coupling depend-
ence on the asymmetry β ¼Pi∈B τ3ini using the leading-
term expansion in β2, and perform a 17-parameter Bayesian
analysis to constrain the free parameters of the model. This
flexibility proved crucial for achieving simultaneous agree-
ment with HALQCD-based hyperon potentials across
media with different isospin compositions. The model is
calibrated to describe saturation point observables
(n0 ¼ 0.150� 0.010 fm−3 [131], B ¼ −15.6� 0.6 MeV,
K ¼ 240� 20 MeV [103], S2 ¼ 32.0� 1.1 MeV [132]),
ab initio χEFT pressure calculations for NM at sub- and

near-saturation densities [18], phenomenological symmet-
ric-matter pressure extracted from relativistic HIC data at
suprasaturation densities [162], and nine hyperon potential
values (∼2 MeV precision) from the HALQCDþ BHF
calculations [126]. The hyperon couplings for the ω and ϕ
mesons follow from SU(3) flavor symmetry, for which we
fix the parameters tan θ ¼ 1=

ffiffiffi
2

p
(the ω–ϕ mixing angle)

and α ¼ 1 (related to antisymmetric and symmetric cou-
pling modes at vertices with three octet hadrons), and use z
(the ratio between singlet and octet couplings) as a free
parameter. For the isovector mesons, we treat hyperon
couplings as fit parameters in order to fit the splitting
between Σ�;0;Ξ−;0 single-particle potentials in neutron
matter.
The resulting parametrization, which we label as DID,

reproduces all quoted observables within their uncertainty
ranges. At subsaturation densities, where nuclear clusters
dominate, we employ the nuclear statistical equilibrium
formalism incorporating 8244 nuclei from the AME20
(experimentally measured and systematically extrapolated
masses) and FRDM12 (theoretical extrapolations) mass

FIG. 14. Plot of baryon fractions in DIDYat T ∈ f101.00; 101.68; 101.92g MeV ≈ f10.00; 47.86; 83.18g MeV and Yq ∈ f0.1; 0.3; 0.5g.
Light blue dashed lines are electrons, and magenta dot-dashed lines are nuclei.
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tables with A ≤ 339. This complements the RMF descrip-
tion by treating finite nuclei in thermal and chemical
equilibrium with unbound nucleons, providing a transition
to a pure RMF behavior at nB ≳ n0. In addition, it provides
us with a self-consistent description of the neutron star crust
in our model.
The functional shape of the coupling density dependence

features a detachment of high-density from low-density
behavior by means of a smooth switching construction. At
low density, the parameters of the couplings follow from the
Bayesian analysis, whereas at large densities the vector
meson couplings are forced to become constant. This
behavior is similar to the models with σ-field dependent
masses and couplings [103], where all the couplings stop
changing for densities larger than some critical value.
However, in DD-type models there is no reason for all
the couplings to stop decreasing, and we utilize this
phenomenological freedom to not limit the decrease of
the baryon–σ coupling constants. This phenomenological
effect, providing more stiffness to the EoS, can be inter-
preted as a possible way to capture the manifestation of
nucleon hard-core repulsion at large densities. The resulting
coupling dependence on the isospin asymmetry β, necessary
for describing the constraints in the DID model, is rather
weak for all the isoscalar mesons. The baryon couplings to
the ρ meson are more affected by introducing the asym-
metry dependence, which results in a more significant
nonquadraticity of the symmetry energy, and accordingly
decreases the proton fraction at nB ≲ 2n0 relative to models
with near-quadratic symmetry energy at saturation.
The improvement of the description of hyperon poten-

tials in neutron matter, introduced by the present model, has
a dramatic effect on the hyperon population in the neutron
star matter. Increased repulsion for the Λ hyperon in the
asymmetric matter makes it energetically less favorable to
appear than the Σ− hyperons, and this changes the usual
hierarchy of critical densities observed in other models
(e.g., [103,188]) nΛc < nΣ

−
c < nΞ

−
c to nΣ

−
c < nΛc < nΞ

−
c . This

should have a significant impact on simulations of neutron
star cooling, as it pushes the rather efficient DU process on
Λ hyperons to be operative only in the largest-mass neutron
stars. Moreover, in our DID model Λ hyperons do not
appear in 1.4M⊙ neutron star cores at all, which challenges
the viability of efficient neutron star cooling due to the
appearance of hyperons.
The resulting equation of state proves to be rather soft at

intermediate densities, in accordance with the constraint
from analyses of the flows in heavy-ion collisions [162].
Interestingly, the speed of sound c2s within the DID model
exhibits a peak for any matter composition, whereas in
standard DD-type models the speed of sound keeps mono-
tonically growing, with the exceptions of hyperon-induced
sharp drops in neutron star matter. The possibility of the
peak in c2s is widely discussed in the literature as a possible
signature of exotic phases in the neutron star inner core, and

our DID model provides an example of a purely hadronic
model which exhibits such feature. In β-equilibrium, owing
to smaller hyperon abundances than in the typical RMF
models, the softening effect is rather weak and leads to a
decrease of the maximum predicted neutron star mass by
just 0.049M⊙. This demonstrates the importance of an
accurate description of hyperon potentials in neutron matter,
and therefore the DID model provides a possible alternative
way to resolve the hyperon puzzle. After generalization to
finite temperature, the resulting general-purpose EoS spans
the full thermodynamic parameter space required for
modeling of neutron stars, supernovae, and binary neutron
star mergers, and is available at a Zenodo repository [189]
and through the CompOSE database.
As an outlook, we find it extremely interesting to apply

similar formalism with isospin-density-dependent cou-
plings, deployed in this paper by the necessity to describe
neutron star-related phenomenology, to a description of
finite nuclei in light of the CREX/PREX controversy
[132,190]. The current work presents an example of
large-scale Bayesian analysis, which is made possible by
modern high-performance computing, and will be expanded
to even larger scales upon application of machine learning-
based tools like TOVemulators [191]. This would allow one
to use astrophysical data on neutron star properties and
gravitational-wave signal parameters to further constrain the
physical input of the hadronic model, in particular the
hyperon potentials, well in line with the goals of modern
multimessenger astronomy. Such an analysis is beyond the
scope of the present work and will be performed elsewhere.
In the present work the pressure in the isospin-symmetric
matter does describe the constraint from [162], but misses
the constraint from [133] at intermediate densities, and a
systematic study of the tension between the latter constraint
with low tidal deformabilities from GW170817 is needed. A
natural extension of the current work is to merge the present
hadronic EoS with equations of state of quark matter in
neutron star cores and to study the effect of such a transition
on observable neutron star properties. Finally, the absence
of Λ hyperons and the proton DU process in the majority of
neutron stars, observed in the DID model, challenges the
applicability of the “standard coolinglike” paradigm with
hyperons to fast neutron star cooling, and supports the need
for focused development of alternative scenarios.
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APPENDIX A: PROOF OF THERMODYNAMIC
CONSISTENCY WITH ISOSPIN DEPENDENCE

OF THE COUPLINGS

Here we show that the rearrangement terms in Eq. (2.10)
and (2.11) make the model thermodynamically consistent.
Let S be an index over scalar mesons and V over vectors

in a generic DD-RMF, and let FM be the meson fields. We
will assume that gMi includes the necessary τ3i factor if the
meson M is an isovector, so that Eq. (2.3) genericizes to

FS ¼
X
i

gSi
M2

S
nsi ; FV ¼

X
i

gVi
M2

V
ni: ðA1Þ

Thermodynamic consistency requires that at T ¼ 0, μi ¼
∂ϵ=∂ni for each baryon i, which allows us to solve for the
rearrangement terms Σr and Σt. Then at T ¼ 0, ignoring
leptons

μi ¼
X
S

m2
SFS

∂FS

∂ni
þ
X
V

m2
VFV

∂FV

∂ni
þ
X
j

∂ϵj
∂ni

¼
X
S;j

nsjgSj
∂FS

∂ni
þ
X
V;j

FV

�
gVj

∂nj
∂ni

þ nj
∂gVj
∂ni

�
þ
X
j

∂ϵj
∂ni

¼
X
S;j

nsjgSj
∂FS

∂ni
þ
X
V;j

FVnj
∂gVj
∂ni

þ
X
V

FVgVi þ
X
j

∂ϵj
∂ni

;

ðA2Þ

where ϵi is the integral in Eq. (2.16). The derivative in ϵj
expands as

∂ϵj
∂ni

¼
�
∂ϵj
∂ni

�
m�

j

þ dj
2π2

Z
kFj

0

k2dk
m�

j

E�
kj

∂m�
j

∂ni

¼ δijνj − nsj
X
S

 
gSi

∂FS

∂ni
þ ∂gSj

∂ni
FS

!
; ðA3Þ

where kFi ¼ ð6π2ni=diÞ1=3 is the Fermi momentum of a
baryon. Substituting back in, we get

μi¼ νiþ
X
V

FVgVi−
X
S;j

nsjFS
∂gSj
∂ni

þ
X
V;j

FVnj
∂gVj
∂ni

: ðA4Þ

Since our EoS’s meson couplings depend only on baryon
and isospin density, each partial derivative expands as

∂

∂ni
¼ ∂

∂nB
þ ∂

∂ni

P
jτ3jnj
nB

∂

∂β
¼ ∂

∂nB
þ τ3inB −

P
jτ3jnj

n2B

∂

∂β

¼ ∂

∂nB
þ τ3i − β

nB

∂

∂β
: ðA5Þ

This means that there are two copies of the latter two
terms in Eq. (A4): one with ∂=∂nB and the other with
ðτ3i − βÞ∂=∂β. Comparing to Eq. (2.9), our rearrangement
terms are thus those in Eqs. (2.10) and (2.11).

APPENDIX B: BAYESIAN POSTERIOR

We sampled the posterior distributions for the parameters
and the properties used as Bayesian evidence using
PyMultiNest, though the posteriors for the full EoS and
neutron-star properties were too time-consuming to evalu-
ate efficiently. Because the full posterior exists in 15
dimensions (and that of the evidence, on a 15-dimensional
submanifold in 18 dimensions), we can visualize the more
important low-dimensional marginal distributions as a
corner plot: a square matrix of two-dimensional marginal
plots, with each entry being the marginal distribution for
the two parameters corresponding to its row and column,
generated by the CORNER.PY package [192]. The one-
dimensional marginal histograms are then placed along
the main diagonal, in the row and column corresponding to
that variable.
The MLE and 68% confidence intervals are given in

Tables II–IV. We show the posterior for the parameters in
Fig. 15, and that for the evidence, in Fig. 16. The Pearson
correlation coefficients are also given in Fig. 18.
The combined corner plot of parameters and evidence,
existing as a 15-dimensional submanifold in 33 dimen-
sions, is too large to display in the paper, and is available
upon request.
We observe strong correlations between most parameters

related to the scalar and isoscalar potentials, including near-

perfect correlations (jrj ≥ 0.9) for gS;Nð0Þ
σN and g̃S;Nð0Þ

ωN , aσ and

aω, the g
Sð0Þ
σY ’s (except Σ–Ξ), and gSð0ÞσΞ and z (the strongest

negative correlation, r ¼ −0.91). A few of the ρ-sector

parameters are correlated with each other, especially gS;Nð0Þ
ρN

(r ¼ þ0.84), though none as strongly as in the isoscalar
sector, and the isoscalar and ρ parameters are only weakly
correlated with each other. As a result, most of the two-
dimensional marginals are elongated. The posterior for

gSð0ÞρΣ suggests that a model better than DID may exist in the

region beyond the lower bound of gSð0ÞρΣ ≥ 0, as with the
value in DID being ≃0.0055; physically, this probably
corresponds to a regime where the missing δ couples
relatively strongly to the Σ’s.
There are very few strong correlations between the

evidence or the evidence and parameters, and the one-
dimensional posteriors for the evidence are all roughly
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normal. Some isoscalar parameters are closely and non-

linearly correlated with K (Fig. 17) (especially the gð0ÞN ’s),
and to a lesser extent n0. n0 is moderately correlated
(jrj ≃ 0.6) with K, Mð0.11 fm−3Þ, and PSMð0.32 fm−3Þ.
The latter two are also closely correlated with each other
(r ¼ þ0.72). The strongest correlation outside the isoscalar

parameters is between UN
Σþ and UN

Σ0 (r ¼ þ0.86), likely
due to the relatively broad uncertainty forUN

Σþ in HALQCD
[126] and the property that UN

Σ0 is always halfway between
UN

Σþ and UN
Σ− . It is important to note that these correlations

are highly model-dependent in DD-RMFs, especially on
the functional form [157].

FIG. 15. Corner plot of the Bayesian posterior for the 15 free parameters with bω ¼ 0.80 and bρ ¼ 0.40. On the one-dimensional plots,
dashed lines are the median and the 16th and 84th percentiles, and the solid black lines are the values at the MLE. On the two-
dimensional plot, contours are placed at f1; 2; 3gσ confidence levels, and the MLE is marked by the crosshairs on each plot. Numbers
above each one-dimensional marginal are uncertainties at 68% confidence level; all parameters are dimensionless.
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FIG. 16. Same as Fig. 15, but for the bulk properties used in the Bayesian inference. Units are the same as in Tables III and IV, but are
omitted for space (including in some coefficient names).

FIG. 17. Same as Fig. 15, but for the free parameters against K. No one-dimensional marginals are plotted, since no variable is being
compared against itself.
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