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We establish a Bayesian analysis framework with a general Walecka-
type relativistic mean-field model to study dense nuclear matter under
constraints from nuclear matter properties and neutron star observations.
With the experimental and observational data well described, we find that
pure hadronic descriptions can generate a peak structure in the sound ve-
locity by ω, ρ, σ, and a0 meson mixing, which is crucial for describing both
medium and massive neutron stars. As the peak structure is frequently
interpreted as a signature of phase transitions, our findings provide a new
perspective on the microscopic origin of the sound-velocity peak just with
pure hadronic matter.
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1. Introduction

The discovery of GW170817 [1] from a binary neutron star inspiral, com-
bined with electromagnetic observations, constrains neutron star (NS) struc-
tures such as mass–radius (M–R) relations, and tidal deformation. These
relate to the equation of state (EOS) of nuclear matter (NM), allowing us to
probe NM in extreme regimes, while nuclear experiments such as heavy-ion
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collisions and nuclei structure analysis constrain NM properties around sat-
uration density. Theoretical developments such as Walecka-type relativistic
mean-field (RMF) models [2] have made significant progress, but combining
constraints from different sources remains challenging due to the complex
interplay of nuclear forces and non-perturbative QCD.

We present an AI-driven Bayesian analysis platform to search for the
optimal parameter space of a general Walecka-type RMF model [3, 4], in-
corporating all mesons lighter than 1 GeV with constraints from nuclei struc-
tures, heavy-ion collisions, and astrophysical observations. We find that pure
hadronic descriptions can generate a peak structure in the sound velocity
through ω, ρ, σ, and a0 meson mixing, which is crucial for describing both
medium and massive neutron stars, so that the optimal parameter space can
simultaneously describe the NM properties around saturation density and
NS structures.

2. The analysis framework

2.1. The Bayesian analysis framework and experimental constraints

The Bayesian analysis provides a systematic framework to incorporate
various constraints from nuclear physics experiments and astrophysical ob-
servations based on Bayes’ theorem

p(θ | D) =
p(D | θ)p(θ)

p(D)
, (1)

where θ denotes the model parameters, p(θ) is the prior distribution, p(D | θ)
is the likelihood function, and p(D) is the Bayesian evidence serving as a nor-
malization constant

p(D) =

∫
p(D | θ)p(θ)dθ . (2)

With the assumption that the different data are conditionally independent,
the overall likelihood factorizes as

p(D | θ) =
n∏

i=1

p (Di | θ) . (3)

In this work, the data D consist of two parts: the NM properties and
the M–R relations of neutron stars. The NM properties around saturation
density n0 include the binding energy e(n), pressure P (n), incompressibility
K(n), symmetry energy Esym(n), and its slope L(n), whose definitions can
be found in Ref. [5]. Since these properties are derived from different the-
oretical models and experiments, we summarize them as reasonable ranges
supported by current knowledge, each modeled as a normal distribution with
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one standard deviation for simplicity. For the M–R relations, Refs. [1, 6–11]
provide the corresponding regions, and the contribution of the M–R relation
to Eq. (3) is estimated from the maximum value of the predicted M–R line
for a given constraint.

2.2. A general Walecka-type model for dense nuclear matter

The model is a general Walecka-type RMF model incorporating the rel-
evant degrees of freedom below 1 GeV, i.e., the σ, ω, ρ, and a0 mesons and
the nucleons (n and p), with the π meson neglected in the RMF approxi-
mation; details can be found in Ref. [4]. The EOS and M–R relation are
obtained from the RMF Hamiltonian and the Tolman–Oppenheimer–Volkoff
equation, with computation methods given in Ref. [3], and the NS crust is
interpolated to a BPS EoS [12, 13] below 0.5n0.

We fix the well-determined masses mω = 782, mρ = 763, ma0 = 980, and
mN = 939 MeV, while the less certain mσ is varied from 400 to 800 MeV.
The OBE couplings gσNN , gωNN , gρNN , and ga0NN are limited to [−20, 20],
and the magnitudes of the three- and four-meson couplings are taken to
be below 10000 MeV and 1000, respectively (see Ref. [5] and references
therein). The resulting 21 model parameters θ, from the Lagrangian of
Ref. [4], make the evidence integral, Eq. (2), computationally challenging;
we therefore adopt uniform priors within the above ranges and use Eq. (3)
as the benchmark for the model performance.

3. Neutron star structure and sound velocity from
the general Walecka-type model

With these constraints, we obtain two optimal parameter sets, GQHD1
and GQHD2, for the general Walecka-type model, whose details can be
found in Ref. [4]. With well-reproduced NM properties, the resulting NS
M–R relations, compared to past Walecka-type parameter sets, are shown
in Fig. 1. One can see from Fig. 1 that, compared to past parameter sets,
GQHD1 and GQHD2 perform better for the NS M–R relation in reproducing
a more compact NS with mass around 1.4M⊙.

3.1. Sound velocity and the role of σωρa0 term

The speed of sound v2s encodes the EOS stiffness and important aspects
of QCD. While peak structures were previously attributed to phase transi-
tions, Fig. 2 shows that GQHD1 and GQHD2 exhibit peaks at intermediate
densities within pure hadronic matter. For GQHD1, v2s becomes negative in
the region n0 ≲ n ≲ 2n0 (Fig. 2), signaling a mechanical instability, before
rising steeply to its peak near 2n0. Once the EOS reaches this unstable
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region, it is truncated and extrapolated to the BPS crust EOS [12, 13]; the
EOS actually used for the stellar structure is therefore mechanically sta-
ble (v2s ≥ 0) throughout, and the GQHD1 neutron-star sequence in Fig. 1
remains stable.

Fig. 1. The M–R relation for different parameter sets with beta equilibrium. The
constraints PSR J1614-2230, PSR J0348+0432, PSR J0740+6620, J0030+0451,
PSR J0437–4715, and PSR J0614–3329 are taken from Refs. [1, 6, 8–11, 14], re-
spectively.

Fig. 2. Sound velocity v2s versus density for various Walecka parameter sets [4, 15–
19].

We found that the mixing term b8σωρa0 is crucial for producing this
peak. Figure 3 demonstrates that, as b8 increases, the peak emerges and re-
duces NS radii around 1.4M⊙ while preserving the 2M⊙ constraint. Besides,
at high densities, the GQHD2 v2s approaches the conformal limit 1/3, while
that of GQHD1 remains higher (≳ 0.6) and does not reach this limit within
the density range relevant to neutron stars (up to 6n0). This reflects a trade-
off: GQHD1 is the parameter set we pick to reproduce a compact 1.4M⊙
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star satisfying the constraint from PSR J0614–3329, and such a compact
configuration requires a stiffer EOS at high densities, so that the approach
of v2s to the conformal limit is sacrificed; GQHD2, with a softer high-density
EOS, instead approaches 1/3 but predicts a less compact star.

Fig. 3. Sound velocity and M–R relation for different b8 values in GQHD2.

4. Summary and outlook

In this work, we developed a general Walecka-type RMF model for dense
nuclear matter and performed a Bayesian analysis of its parameter space
under constraints from NM properties and NS observations. The model
includes operators that capture high-density behavior not considered in past
studies; with an appropriate choice of parameters, it can produce a NS
of mass ∼ 1.4M⊙ with a small radius compatible with PSR J0614–3329.
The sound-velocity results demonstrate the role of the sound-speed peak in
shaping NS structure and highlight the importance of the mixed interaction
term b8σωρa0 at intermediate densities, providing a new perspective on the
microscopic origin of the peak within pure hadronic matter. In the future, we
plan to extend our framework to NSs with chiral effective field theories [5],
providing a clearer connection to the underlying QCD dynamics.
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