PHYSICAL REVIEW C 114, 035802 (2026)

Neutron star matter with hyperons: Bayesian comparison of nucleonic
and SU(6)/SU(3) hyperonic models

Athira S.®,! Vishal Parmar®,%* Monika Sinha,! and Ignazio Bombaci 2.3

YIndian Institute of Technology Jodhpur, Jodhpur 342037, India
2INFN, Sezione di Pisa, Largo B. Pontecorvo 3, I-56127 Pisa, Italy
3Dipartimento di Fisica, Universita di Pisa, Largo B. Pontecorvo 3, 1-56127 Pisa, Italy

® (Received 13 May 2026; revised 6 July 2026; accepted 28 July 2026; published 8 September 2026)

We investigate neutron star matter with hyperons within a density-dependent relativistic mean-field framework
using Bayesian inference, considering three composition scenarios: purely nucleonic matter, hyperonic matter
under SU(6) flavor symmetry, and hyperonic matter under SU(3) symmetry with free vector-sector parameters.
The analysis incorporates constraints from empirical nuclear matter properties, theoretical inputs at low densities,
and multimessenger observations of neutron stars. We find that the SU(6) scheme, grounded in the quark model
and isospin counting rule, leads to a significantly softer equation of state. In contrast, the additional flexibility
of the SU(3) framework enhances vector repulsion and yields a comparatively stiffer equation of state consistent
with observational bounds across the explored parameter space; in particular, the posterior distributions favor
values of the vector coupling ratio «, lower than the SU(6) limit o, = 1. These differences are reflected in
neutron star observables, including mass-radius relations, tidal deformabilities, direct Urca thresholds, and
oscillation properties, all of which remain compatible with current constraints within the SU(3) scenario. We
further examine structural signatures through the curvature of the mass-radius relation and find that, although
hyperon-rich configurations can induce noticeable variations, such features depend sensitively on the stiffness of
the equation of state and are therefore not universally robust indicators. Bayesian model comparison further
shows that present constraints do not meaningfully discriminate between the purely nucleonic and SU(3)
hyperonic scenarios, while providing positive, but not decisive, evidence against the more restrictive SU(6)

framework.
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I. INTRODUCTION

A major uncertainty in the physics of neutron star (NS) in-
teriors concerns the role of hyperons in dense baryonic matter.
Their appearance is energetically favored at high densities, but
the resulting changes in the equation of state (EOS) depend
sensitively on the poorly constrained strong interactions in the
strange baryon sector. More broadly, despite extensive studies,
the exact composition of NS interiors remains uncertain. Var-
ious possibilities have been proposed, including the presence
of heavy baryons [1-3], hyperons [4-9], meson condensates
[10,11], and deconfined quark matter [12—18]. Once exotic
degrees of freedom appear, baryonic matter fragments into
multiple Fermi components, altering the EOS and its response
to compression, with direct implications for transport prop-
erties and oscillation modes [5,19,20]. In particular, while
hyperon formation is energetically favored at high densities,
their presence generally softens the EOS, making it difficult
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to sustain the large masses observed in NSs, a tension known
as the hyperon puzzle [21-27].

Importantly, this is not simply a numerical mismatch but
reflects a deeper uncertainty in how particles interact in dense
matter. The degree to which the EOS softens depends strongly
on the interplay between attractive scalar interactions and
repulsive vector interactions in the strange sector. Additional
effects, such as repulsive channels, many-body contribu-
tions [28,29], momentum-dependent interactions [30-34],
and hyperonic three-body interactions of the type NNY,
NYY, and YYY, can partially counterbalance the softening
[24,27]. In particular, repulsive YY channels mediated by
hidden-strangeness vector mesons, density-dependent cou-
plings, higher-order mesonic terms in relativistic mean-field
models, and chiral NNA three-body forces have all been
shown to delay hyperon onset and stiffen the EOS [27,29].
Recent ab initio calculations have further emphasized this
point by including NA, AA, NNA, and NAA interactions
and showing that hyperonic matter can remain compatible
with present mass, radius, and tidal-deformability constraints
[24,35]. In this sense, the hyperon puzzle should be viewed
not as a contradiction but as a useful constraint on the nature
of dense-matter interactions, bridging nuclear physics experi-
ments with astrophysical inference [36-39].

The nuclear physics input to the strange sector is informed
by A hypernuclear spectroscopy, where high-resolution
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experiments, particularly at JLab, probe the AN interaction
and constrain hyperonic interactions relevant for dense matter
[40,41]. Astrophysical inference complements this by con-
straining dense matter through observations of NS masses,
radii, and tidal deformabilities from gravitational waves,
along with cooling and timing measurements, thereby plac-
ing empirical bounds on the EOS and the possible presence
of strangeness. Representative high-precision mass measure-
ments further reinforce these constraints, including PSR
J1614 — 2230 (M =1.97 £0.04 My) [42], PSR J0740 +
6620 (M = 2.08 & 0.07 M with 95% credibility) [43], PSR
J0348 4 0432 (M = 2.01 £ 0.04 M) [44,45], PSR J1810 +
1744 (M = 2.13 £ 0.04 M) [46], and PSR J0952 — 0607
(M =2.35£0.17 Mg) [47], which impose stringent lower
bounds on the maximum mass, thereby disfavoring exces-
sively soft EOSs and constraining the role of exotic degrees
of freedom such as hyperons.

In hyperonic dense matter, symmetry principles play a
central role in constraining the otherwise poorly known inter-
actions in the strange sector. In particular, the choice between
SU(6) spin-flavor symmetry and the more general SU(3) fla-
vor symmetry leads to qualitatively different prescriptions
for hyperon-meson couplings, thereby affecting the compo-
sition and stiffness of the EOS, with direct consequences
for NS and observables. While SU(6) symmetry provides a
commonly adopted and more restrictive framework, SU(3)
symmetry allows greater flexibility in the vector interaction
sector, enabling a broader exploration of dense-matter prop-
erties [48—50]. Given the limited experimental constraints on
hyperonic interactions, it becomes essential to systematically
test how these symmetry assumptions translate into observ-
able consequences in dense matter.

Motivated by this interplay, the inclusion of hyper-
ons in NS matter, first proposed by Ambartsumyan and
Saakyan [51], has been extensively studied using microscopic
[24,29,52,53] and phenomenological approaches [54-58], in-
cluding relativistic mean-field models with density-dependent
and SU(3)/SU(6)-motivated couplings [59-61], microscopic
Brueckner-Hartree-Fock calculations [7,52,62-64], Skyrme-
type energy-density functionals [65,66], chiral and ab initio
approaches including hyperonic three-body forces [27,35,67],
and momentum-dependent or nonlinear derivative models
[19,68], with recent efforts focusing on constraining the EOS
through astrophysical observations using statistical inference
and machine-learning techniques [69—72], and on construct-
ing hyperonic EOSs consistent with massive pulsars while
identifying robust multimessenger and statistical signatures
of hyperons [5,73-76]. The main challenge is the large de-
generacy in the hyperonic parameter space. Hypernuclear data
provide only partial constraints, while symmetry prescriptions
such as SU(6) and SU(3) restrict the couplings without deter-
mining them uniquely. As a result, different descriptions of
the strange sector can produce EOSs consistent with observa-
tions but with very different internal compositions [8,76]. This
ambiguity motivates a statistical framework that can system-
atically explore the allowed models.

In this work, we address this using a density-dependent
relativistic mean-field (DDRMF) framework with explicit in-
clusion of hyperons, treating the underlying couplings as

parameters to be inferred within a unified Bayesian approach.
We consider three scenarios: purely nucleonic matter, hy-
peronic matter under SU(6) symmetry, and hyperonic matter
within SU(3) symmetry with free vector-sector parameters,
while constraining scalar couplings using hypernuclear data.
Here we explore the full SU(3) parameter space through pos-
terior sampling. In contrast to studies that consider a more
limited subset of hyperons [76], we include the full hyperon
spectrum, allowing for a broader and more flexible char-
acterization of NS observables, such as masses, radii, and
tidal deformabilities, and offering complementary insights
into the dense-matter EOS alongside existing approaches
[77-79]. It is important to emphasize that consistency with
current neutron-star observations does not by itself constitute
a resolution of the hyperon puzzle. A genuine microscopic
resolution requires hyperonic interactions that are simulta-
neously constrained by hypernuclear data and derived or
validated within a controlled many-body framework. In the
present work, the SU(6) and SU(3) prescriptions are instead
used as phenomenological parametrizations of the hyperon-
meson couplings. Our aim is therefore to determine which
regions of the adopted parameter space remain compatible
with current nuclear and multimessenger constraints. The cen-
tral question addressed here is therefore not whether hyperons
must be present in neutron-star cores but whether current
nuclear and multimessenger data can distinguish hyperonic
matter from nucleonic matter once the uncertain strange-
sector interaction is allowed to vary.

The paper is structured as follows. Section II provides a
concise overview of the DDRMF formalism utilized in this
study. We present the priors and constraints for our Bayesian
analysis. Section III presents the results, wherein we exam-
ine the posterior distribution of several properties of nuclear
matter and NSs, along with their associated interactions. In
Sec. IV, we provide a summary of our work.

II. FORMALISM
A. RMF model for dense matter

The dense matter considered in this work consists of
baryon octet (n, p, A, =, 20 %7, 8% E7)in B equilib-
rium with leptons (e™, ™). The system is described within
the relativistic mean-field (RMF) framework [80,81], where
the strong interactions among hadrons are mediated by the
isoscalar-scalar o, isoscalar-vector w” and ¢*, and isovector-
vector p* meson fields. Accordingly, the Lagrangian density
is written as [9,82]

Ly =Y Pplivud" —mp+ 850 — LoV — gspYud"
B

1
— 8pBYuTB - P 1¥B + 5(3MG o — m(z,oz) —U(o)

1 | T B

= ZOwe" + S = 2 - P+ S B
1 1

= "+ Smiue’. (1)

The baryonic degrees of freedom are described by the
Dirac spinor g, with the vacuum mass mp and the isospin
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operator Tg. The quantities w,,,, ¢,., and p,, correspond to
the field strength tensors of the w, ¢, and p mesons, respec-
tively. The scalar self-interaction term [83] is expressed as

U(o) = g0 + 1g30*. 2

The calculation is carried out within the mean-field approx-
imation [84]. The symbols o, wy, po3, and ¢y represent the
mean values of the respective meson fields. Consequently,
the meson operators are replaced by their expectation values,
leading to the meson-field equations in the form presented
below,

—BU

my Z 8oBMy, 3)
mo,wy = Zgwens, 4)
mydo = quanB, 6))

B
miPOB = ngBI3BnB~ (6)
B

The baryon scalar and vector number densities are given as

20+ 1 [*n
nf =BT + / "B g, %)
k2 + m*2

3
ng = (2Jp +

®)

where Jp, kf,, and Iz are the spin, Fermi momentum, and the
third component of the isospin projection.
The effective mass of a baryon B is given by

my = mp — &sp 0, )

and the corresponding chemical potential is

s = [k, 4+ m? + 8o @0 + 8o Do + g g8 po3.  (10)

Since the hadronic phase is required to satisfy charge neutral-
ity, the total charge density is given by

Q=Y gsng—n.—n, =0, (1)
B

with gp being the electric charge of baryon B, and n,, n,, the
number densities of electrons and muons, respectively. The
chemical equilibrium condition for each species is

Wi = bity — qifhe, (12)
We denote the chemical potentials of the ith baryon, neutron,
and electron by u;, u,, and u,, respectively. The correspond-

ing conserved charges, baryon number and electric charge, are
given by b; and g;.

The total energy density is given by

Lot s Loty Looih Lo
8_—m(7 o o
2 3820 T 489 T,

ZJBH/ VK2 + it K dk
B
k,
JrZi Fl,/k2+m2k2dk (13)
7T2 0 ! ’
1

and the pressure is given by

L5y
+§mpp03

1
+ Emiqbg

I, ., 1 1
P:—Em o —§g20 —Zggo +2 ww0+2 pp03
1 2/ +1
+§m§,¢§+2 = / ——dk
5 7 K2+ m3?
k4
(14)

1 [k
+Z—/ —dk
] 37T2 0 /k2+m12

B. Vector meson-hyperon couplings from SU(6) flavor symmetry

In the SU(6) spin-flavor symmetry framework, a unified
depiction of strongly interacting matter at high densities is
attained by incorporating hyperons into the baryonic sector
alongside nucleons. The study determines the baryon-meson
coupling constants utilizing the quark model and isospin
counting (QMIC) rule [85], which are given as follows:

1 1 1

580A = S80% = 8uE = F8uN (15)

280 = 28px = gpz = —gngv, (16)
goa =0, (17)

%g,oE = gyE = gyN- (18)

C. Vector meson-hyperon couplings from SU(3)
flavor symmetry

The framework of SU(3) flavor symmetry, which incor-
porates the up, down, and strange quarks, provides a natural
and consistent basis for describing strongly interacting matter
at high densities. This method extends the baryonic sector
to incorporate hyperons as inherent degrees of freedom in
addition to nucleons.

An invariant Yukawa Lagrangian can be formulated to
describe the interactions of the baryon octet with the mediator
nonet mesons [61,86],

Lyuk = — g (Wp¥s) M, 19)

where {5 denotes the Dirac field of the interacting baryons
and M represents the mediator meson field. This Lagrangian
belongs to the irreducible representation IR{1}, corresponding
to a unitary singlet. The vector mesons wg and py belong to
the vector octet IR{8}, while ¢, is a vector singlet. To pre-
serve unitary symmetry, the bilinear (1/z¥3) must transform
as IR{8} when M € IR{8} and as IR{1} when M € IR{1}.
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Using the symmetric and antisymmetric couplings of
IR{8} ® IR{8} — IR{8}, the Yukawa interaction can be writ-
ten as

Lyuk = —(gC1 + 8.C) (Up¥p)M (20
for octet mediator mesons, and
Lyuk = —g1M, (21)

for singlet mediator mesons, where g; is the meson singlet
coupling, C; and C, denote the SU(3) Clebsch-Gordan co-
efficients associated with the symmetric and antisymmetric
couplings, respectively, and g, and g, are the symmetric and
antisymmetric couplings.

We use the CG coefficients of Ref. [87] and, following
Ref. [61], define the constants

130 /6 [ 6 g4
=./— g — =,/ — =. 22
88 20 g+ 24 8as Qy 2 g (22)

The flavor SU(3) symmetry involves three parameters: the
weight factor «, [o, = F/(F + D), F-antisymmetric cou-
pling, and D-symmetric coupling]; the coupling ratio z =
gs/81, where gg and g; is the octet and singlet coupling,
respectively; and the mixing angle 6, [85,88,89]. Hence, in
terms of these parameters, we can write the baryon vector
meson coupling constants as
8poN = 88,

8px = 2830y, gpz = —gs(1 — 2ay),

1
8on =0, 8o = ﬁgs(‘*au — 1),
2 1
8wyT = ﬁgg(l - Olv)v 8wgE = _ﬁg8(1 + 2a1))7

2
8uxh = —ﬁgs(l — o),

8N = &ps = &p A = &4 E = &1 (23)

In nature, the physical isospin-singlet vector mesons @ and
¢ arise as mixtures of the idealized wg and ¢; states [90]:

o = cosb,|wg) + sin b, |¢y),
¢ = —sinf,|wg) + cosO,|d1). 24)

Here 6, denotes the mixing angle between the wg and ¢,
states. The couplings of the physical w meson are then given
by

1
8wN = €080, g1 +sin 6, _388 (4ay, — 1)

7

8wn = €080, g — sinb, igs (I —ay)
V3

8wy = C080, g1 +sinb, igg (I —ay)
V3

1
8wz = €080, g —sind, — gg (1 + 2a,). (25)

V3

The ¢-meson couplings follow from the w-meson cou-
plings under the substitutions sin 6, — cos 6, and cos 8, —

—sin @, [90]. From the above expressions, considering an
ideal mixing angle (tan6, = %2), the meson-hyperon cou-

plings can be written as follows:
(i) w-hyperon couplings

Son \/6_ 2z,(1 — o)

cwd : (26)
8N V6 +zp(day, — 1)
w 6 2 v 1 - v
g_zz“/_JrZ( “), 27)
goN 6+ zp(day, — 1)
wE 6 — zo(1 + 20,
gu:«/_ 2u(1 +200) %)
gon N6+ z,(da, — 1)
(ii) ¢-hyperon couplings
V3 =22z,(1 —
Bon _ V2 - o) (29)
guN V6 + z,(4ay, — 1)
gz _ —V3+2V25(1-a) 30)
guN V6+z,(day — 1)
g¢£ _ _\/__ ﬁZv(l +2av) (31)
goN V6+z,(day — 1)
&ﬂ _ _\/§+ ﬁZv(é"av - 1) (32)
goN V6+z(day — 1)
(iii) p-hyperon couplings
8o _ . (33)
8pN
8% _ oq,, (34)
8pN
8pE
SLE — (1= 2a). (35)
8poN

When ¢ interaction is considered in SU(3) symmetry we
must reparametrize g,y so that the nuclear matter properties
remain unchanged [6,86]:

8oN®o —> ZoNwo + genPo. (36)

Then we obtain the modified value of g,y as

1

2 o (=V3+2z,(a=1)\2, 5"
My + (= Fratan ) Mo

8uN = guNMg 37

D. Bayesian analysis

In Bayesian parameter estimation, the probability distribu-
tion of a set of model parameters 6, referred to as the posterior
probability density function, conditioned on the data D, is
obtained using Bayes’s theorem,

L(D|0) 7 (0)
—

Here 7 (#) denotes the prior probability distribution of the
parameter set #, while the likelihood function L£(D | @)
incorporates the information provided by experimental or ob-
servational data to update the prior. The denominator Z =
P(D), known as the evidence, serves as a normalization

P@O|D) = (38)
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constant ensuring that the posterior distribution P(0 | D) is
properly normalized.

In the present work, the parameter vector X consists
of density-dependent couplings from the DDRMF frame-
work. To sample the posterior distribution, we employ the
nested-sampling Monte Carlo algorithm MLFriends [91,92]
implemented in the UltraNest package [93]. UltraNest is
well suited for complex inference problems, including mul-
timodal posterior distributions, nonlinear correlations among
parameters, and posteriors with heavy or light tails. Sampling
is performed using the slice sampler [94] available within
UltraNest, which is particularly efficient in high-dimensional
parameter spaces and ensures robust convergence during the
sampling process. The number of slice-sampling steps is fixed
through a series of nested-sampling runs with progressively
increasing step counts, and the procedure is halted once the
logarithm of the Bayesian evidence, log Z (marginal likeli-
hood), shows convergence.

In addition to posterior sampling, nested sampling provides
the Bayesian evidence, or marginal likelihood,

Zy = /dé’, L(D|0, M), (0|M), 39

for a model M, where £ denotes the likelihood, = denotes the
prior distribution, and @ denotes the set of model parameters.
The evidence quantifies the probability of the data under a
given model after marginalizing over the full prior volume. It
therefore incorporates both the quality of fit and the effective
complexity of the model.
The relative support for two models, M; and M, is quanti-
fied through the Bayes factor,
B, =2
iy — Z] k]

Aan,-,:an,-—anjzlnB,j. (40)

A positive value of AlnZ;; indicates preference for model

M; over model M;. Following the Kass-Raftery interpreta-
tion, Bayes factors in the ranges 1 < B;; < 3, 3 < B;; < 20,
20 < Bjj < 150, and B;; > 150 correspond, respectively, to
evidence that is not worth more than a bare mention, pos-
itive, strong, and very strong in favor of model M; [95].
Equivalently, these ranges correspond approximately to 0 <
AlnZ <1.1, 1.1 <AInZ <3.0, 3.0<AInZ < 5.0, and
AlnZ > 5.0. These categories are descriptive guidelines
rather than strict decision thresholds, since the evidence can
depend on the adopted prior ranges and modeling assumptions
[96].

1. Parameters and priors

The coupling constants of the RMF model are treated
as free parameters, chosen such that the explored parameter
space remains sufficiently broad. For the hyperonic sector in
both the SU(6) and SU(3) scenarios, the relevant coupling
ratios are also treated as free parameters and varied within
the ranges listed in Table I. For the SU(6) case, we adopt
the ranges of the scalar hyperon-coupling ratios suggested in
Ref. [97], whereas for the SU(3) case, where the correspond-
ing couplings are less constrained, we allow them to vary
over the full interval from O to 1. We further require that the

TABLE 1. Prior (P) configuration adopted for the parameters of
the DDRH model in this study. The terms “Minimum” and “Maxi-
mum” denote the lower and upper bounds of the corresponding prior
distribution, respectively. The nucleonic-sector priors are common
to all cases. The hyperonic-sector priors are listed separately for
the SU(6) and SU(3) symmetry assumptions. The meson masses are
fixed to m, = 550 MeV, m,, = 783 MeV, and m, = 763 MeV and
are taken to be common across all cases.

Parameters Prior Minimum Maximum
8goN Uniform 8.5 12.0
8N Uniform 9.5 14.0
8oN Uniform 2.5 8.0
a, Uniform 0.0 0.20
a, Uniform 0.0 0.20
a, Uniform 0.0 1.0
SU(6)
ToA Uniform 0.58 0.63
Tox Uniform 0.42 0.54
Tox Uniform 0.28 0.35
SU3)
ToA Uniform 0.0 1.0
Tox Uniform 0.0 1.0
Tog Uniform 0.0 1.0
o, Uniform 0.0 1.0
Zy Uniform 0.0 0.816

corresponding hyperon optical potentials in symmetric nu-
clear matter remain within empirically motivated intervals,
namely —30 < U, < —25 MeV for the A hyperon poten-
tial, 10 < Uy < 40 MeV for the ¥ hyperon potential, and
—25 < Ug < —10 MeV for the E hyperon potential [97]. In
the SU(3) flavor symmetry scenario, in addition to the above
parameters, the symmetry parameters «,, and the weight factor
Zy, Which represent the ratio of octet to singlet coupling, are
also treated as free parameters. The parameter o, = F/(F +
D) quantifies the relative weight of antisymmetric to total cou-
plings and is therefore intrinsically bounded within 0 < o, <
1, corresponding to the limits of pure D- and pure F-type in-
teractions. In addition, requiring the w-mediated interaction to
remain repulsive for all baryons imposes non-negative vector
couplings (e.g., gup/8wn = 0), which constrains the mixing
parameter to 0 < z, < 2/\/6 (~ 0.816). All these ranges are
taken from Refs. [85,90,97,98]. All model parameters are
assigned uniform priors, as summarized in Table I.

2. Constraints

Since the mid-1990s, considerable effort has been de-
voted to constraining the EOS of dense matter. Following
Refs. [112,113], we employ a broad set of constraints span-
ning a wide range of densities, combining empirical nuclear
matter properties, experimental data from heavy-ion colli-
sions, microscopic calculations based on chiral effective field
theory (x EFT), and astrophysical observations of NSs.

At saturation density, we adopt standard empirical con-
straints on symmetric nuclear matter, including the incom-
pressibility Ky =230+ 30 MeV inferred from the Giant
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TABLE II. Summary of the empirical, theoretical, and observational constraints used in this work.

(1) Nuclear matter properties

Constraint Density n (fm ™) Observable Value Ref.
Symmetric NM

no Saturation density (fm~3) 0.153 £ 0.005

Ey no Energy per nucleon (MeV) —16.1+£0.2

GMR ng Ky (MeV) 230 + 30 [99]
Symmetry energy and symmetry pressure

ap 0.05 J(n) MeV) 159+1.0 [100]
IAS 0.106 £ 0.006 J(n) (MeV) 255+1.1 [101]
Heavy-ion collisions (isospin-sensitive)

HIC (Iso-diff) 0.035 £ 0.011 J(n) (MeV) 103+1.0 [102]
HIC (n/p ratio) 0.069 + 0.008 J(n) (MeV) 16.8 +1.2 [103]
HIC (7 ratio) 0.232 £ 0.032 J(n) (MeV) 52413 [104]
HIC (n/p flow) 0.232 Pym (MeV/fm?) 10.9 £ 8.7 [105]

(ii) xEFT constraints at low density

Esnm(n), Epam(n) 10% expansion of Ref. [106] [106]

(iii) Astrophysical constraints

xEFT PNM band n = 0.04-0.20 fm ™
Constraint MMy)
Gravitational-wave observations

GW170817 (LIGO/Virgo) 1.4

NICER pulsars

PSR J0030+0451 1347013

PSR J0030+0451 1.4470-3

PSR J0740+6620 207500

PSR J0740+6620 2085007

PSR J0437-4715 141810037

R (km) A Ref.
1907359 [107]

12.71%143 [108]
13.021) 3¢ [109]
12.39%538 [110]
13.70%2¢ [43]
11.36%08 [111]

Monopole Resonance [99]. The density dependence of the
symmetry energy, J(n), is constrained by a range of com-
plementary observables probing different density regimes. At
low densities (n 22 0.05 fm™3), the electric dipole polariz-
ability of °®Pb provides symmetry energy constraints [100].
In the intermediate region (n =~ 0.10-0.12 fm~), nuclear
mass systematics and isobaric analog states offer additional
restrictions [101,114,115]. Subsaturation constraints are fur-
ther informed by heavy-ion collision observables, such as
isospin diffusion and neutron/proton spectral ratios [102,103],
while at densities near and above saturation, charged-pion
ratios and neutron/proton elliptic-flow differences constrain
the symmetry pressure [104,105]. In addition, we impose a
super-Gaussian likelihood on the symmetry energy at satu-
ration and its slope parameter, restricting J(ng) to the range
25-40 MeV and L to 30-120 MeV, thereby ensuring phys-
ically reasonable behavior of the isovector sector [116].
A similar treatment is adopted for the saturation density
no and the energy per nucleon Ej, which are constrained
around their empirical values; this also aids in achieving
faster convergence of the Bayesian sampling. At subsatu-
ration densities, we also incorporate x EFT calculations for
symmetric and pure neutron matter [106], with uncertainties
conservatively enlarged by ~10% to account for theoretical
systematics.

At higher densities, astrophysical observations provide
essential constraints. We include tidal deformability mea-
surements from the binary NS merger GW170817. Addi-
tional constraints are imposed using mass-radius measure-
ments from PSR J0030 + 0451 [108,109], PSR J0740 +
6620 [43,110] (with radio timing mass M = 2.08 £ 0.07 My
[117]), and PSR J0437-4715 [111]. These constraints are
implemented using kernel density estimates of the posterior
distributions from NICER measurements, which are incorpo-
rated as likelihood functions in the mass-radius plane within
our Bayesian framework. A summary of all empirical, exper-
imental, and observational inputs employed in this work is
provided in Table II.

III. RESULTS

A. Posterior distributions of model parameters

The posterior distributions of the DDRMF model pa-
rameters g., 8o, &p» do> Gw, and a, for the nucleonic,
SU(6), and SU(3) symmetry schemes are presented in Fig. 1.
The diagonal panels show the one-dimensional marginalized
posterior distributions of the individual parameters. The off-
diagonal panels illustrate the two-dimensional joint posterior
distributions, highlighting the correlations among the model
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FIG. 1. Marginalized posterior distributions of the DDRMF cou-
pling constants g, 8w~ 8o~ and the density-dependence parameters
ds, d,, and a, obtained from the Bayesian analysis for the nucleonic,
SU(6), and SU(3) symmetry schemes. The diagonal panels show
the one-dimensional marginalized posteriors, while the off-diagonal
panels display the two-dimensional joint posteriors. The contours
represent the 1o and 20 credible regions.

parameters through the elliptical confidence contours. In par-
ticular, the coupling constants g, and g, exhibit a strong
correlation, reflecting the tight constraints imposed by the
nuclear saturation properties, while moderate correlations are
also observed between the coupling constants and their cor-
responding density dependence parameters a, and a,. From
the plot, the marginalized one-dimensional posterior distribu-
tions of the model parameters are largely similar between the
nucleonic and SU(3) cases, indicating that the inclusion of
hyperons within the SU(3) framework does not substantially
modify the preferred parameter space. In contrast, the SU(6)
case exhibits noticeable deviations in the distributions for
most parameters, reflecting a systematic shift in their inferred
values. An exception to this trend is the g, coupling, whose
distribution remains nearly unchanged across all three sce-
narios, signifying the dominant role of scalar o and isoscalar
vector w couplings in the hyperonic sector within the RMF
framework.

Figure 2 provide a clear visualization of the posterior dis-
tributions and the correlations among the hyperon coupling
parameters within the SU(3) symmetry framework. In the
SU(3) scenario, the scalar coupling ratios 7,4, 755, and 7,z
display relatively broad posterior distributions as compared to
the SU(6), indicating that these parameters are only weakly
constrained by the imposed physical conditions. This spread
reflects a significant degree of uncertainty and flexibility in
the scalar sector, allowing multiple combinations of couplings
to satisfy the same observational or theoretical constraints. In

“ X ‘ 50
AN N S TN SN SN

T'ox T'o= ay %

> ) D
NN
ToA

FIG. 2. Marginalized posterior distributions of the hyperon cou-
pling parameters obtained from the Bayesian analysis. Shown are
the posterior distributions of the hyperon coupling ratios 7,4, o5,
and r, g, together with the SU(3) vector-coupling parameters o, and
z, for the SU(3) symmetry scheme.

contrast, the vector-sector parameters, particularly «,, appear
comparatively better constrained, with narrower distributions
suggesting a stronger sensitivity to the underlying constraints.
Notably, «, is fixed to 1 in the SU(6) limit, whereas in the
SU(3) case it exhibits a substantial deviation from this value,
reflecting the additional freedom permitted by the relaxed
symmetry. The two-dimensional projections further reveal
nontrivial correlations among the scalar couplings, as well as
between scalar and vector parameters. In particular, r,, and
7,5 exhibit a strong positive correlation.

On the other hand, the SU(6) symmetry case exhibits
markedly different behavior. The posterior distributions of
the hyperon coupling ratios are essentially flat, reflecting the
adoption of flat priors and the fact that current observations
do not provide significant constraints on these parameters,
unlike in the SU(3) case. For this reason, these distributions
are not shown. The corresponding median values, along with
the 95% (20') and 68% (10) credible intervals, are reported as
superscript/subscript bounds, with the latter given in paren-
theses, and are presented in Table III. The values of 7,4,
7sx, and 7,z are generally higher in the SU(3) case than
in the SU(6) case. While SU(6) corresponds to «, = 1, the
SU(3) posterior favors comparatively lower values of «,,, with
Z, remaining allowed over a broad range of values with no
correlation between them. Figure 3 presents the posterior
distributions and correlations among the key nuclear matter
properties, including the incompressibility modulus K, the
skewness parameter Qy, and the symmetry-energy parameters
J, L, Ksym, Osym, together with the higher-order coefficients Z
and Zgn,. These quantities enter the expansion of the energy
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TABLE III. Median values with 95% credible intervals (super-
script/subscript) and 68% credible intervals (in parentheses) for
hyperon coupling ratios and vector interaction parameters.

Parameter SU(6) SU3)
0.6027528 ("33 08117085 (1002
04772505 (.30 0.7294610% (063
0,308 (*30% 0.782°51 (%8
v - 0.24255 ("0
v - 0,343 (*0 31

per particle of symmetric nuclear matter, £(n)/A, and of the
symmetry energy, S(n), around the saturation density ng as

Ew _,  Koa, Qs %

E 41
A TR TR TR @1
_ Ksym 2 stm 3 Zsym
Sy =J+Lx+—mx"+—x +— mx e
(42)

with x = (n — ng)/(3ng), where S(n) denotes the symmetry
energy as a function of baryon density. The expected correla-
tions among the nuclear matter parameters are clearly visible
in Fig. 3. On the isoscalar side, the posterior distributions of
Ky and Q, differ noticeably when going from the nucleonic
case to the SU(3) and SU(6) hyperonic scenarios. The SU(3)
results remain comparatively close to the nucleonic ones,
indicating that this framework largely preserves nucleonic-
like behavior. In contrast, the SU(6) case exhibits a more
pronounced shift, reflecting its tendency to generate softer
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FIG. 3. Posterior distributions of the nuclear matter parameters
Ko, Qo, Zo, J, L, Kym, Qsym, and Zgy,, for the nucleonic, SU(6), and
SU(3) symmetry schemes.
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FIG. 4. Sensitivity of the SU(3) vector-sector inference to the
lower bound imposed on the maximum neutron-star mass. Upper
panels show the relative profile likelihood in the (e, z,) plane for
the three adopted mass thresholds. Each upper panel is normalized
independently to its own maximum likelihood. Lower panels show
the corresponding marginalized posterior distributions after integrat-
ing over all remaining model parameters. Dark and light shaded
regions enclose the 68% and 95% highest-posterior-density regions,
respectively; solid and dashed curves indicate their boundaries. The
star denotes the SU(6) reference point, («,, z,) = (1, 1/ /6), in the
adopted parametrization.

equations of state, which in turn favors relatively larger values
of the incompressibility and Qy. The posterior distribution of
Zy, however, remains broadly similar in all three cases. By
comparison, the isovector sector, namely J, L, Koym, Osym, and
Zsym, is almost independent of the adopted model, whether nu-
cleonic, SU(3), or SU(6). This is in line with earlier Bayesian
studies indicating that isovector nuclear matter properties re-
main largely unaffected by the specific hyperonic prescription
[76,97].

To assess whether the inferred SU(3) vector-sector pref-
erence is mainly driven by the adopted maximum-mass
requirement or by the full set of constraints entering the
analysis, we repeated the SU(3) inference with otherwise
identical priors and likelihood terms, imposing Mpyax >
1.6 Mg, 1.8 Mg, and 2.0 M. Figure 4 presents two comple-
mentary views of the resulting («,, z,) constraints.

The upper panels show the sampled relative profile likeli-
hood,

Aln »Cprof (ay,zp) =In Eprof (otys 7v) — In Loy, 43)

where In Lo (0y, 2,) is the largest likelihood found among
the sampled models within a given («,, z,) bin and In L,
is the largest likelihood in the corresponding analysis. We
show this quantity to determine whether a region of the
vector-sector parameter space contains at least one model
that can fit the full dataset competitively after the remaining
RMF parameters are allowed to vary. The broader near-
maximum regions for the stricter mass cuts indicate that
the maximum-mass requirement primarily removes strongly
soft equations of state, while leaving a residual degeneracy
among several viable («,, z,) combinations. Thus, the high-
mass condition alone does not uniquely determine the SU(3)
vector-sector parameters. The lower panels show that % and
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FIG. 5. Posterior distributions of the NS observables: Maximum mass (M), radius corresponding to maximum mass Rp,x in km, radius
of the canonical star R, 4 in km, tidal deformability of the canonical star A;4, central baryon density n.(M.x) in fm™3, central pressure
P.(M,,.x) in MeV fm 3, sound speed ¢,(n.), f-mode and the p-mode frequencies of the canonical star in kHz are obtained from the Bayesian

analysis for the nucleonic, SU(6), and SU(3) symmetry schemes.

95% highest-posterior-density regions remain broadly stable
as the lower bound on M, is varied from 1.6 M, to 2.0 M,
with no systematic shift of the preferred vector-sector region.
Hence, within the present DDRMF framework, the inferred
preference for SU(3) couplings differing from the restrictive
SU(6) point is not produced solely by the precise choice of
the maximum-mass cutoff. Instead, it is a conditional result
of the combined nuclear, hypernuclear, gravitational-wave,
and NICER constraints, together with the adopted priors and
model parametrization. This test does not imply that the
generic requirement of sufficient high-density stiffness is ir-
relevant; it shows that tightening the adopted lower bound on
M nax over the range considered does not qualitatively alter the
inferred vector-sector posterior.

The posterior distribution of NS observables is presented in
Fig. 5. The well-known correlations among NS observables,
such as those involving Ry 4 and A4, are recovered here as
well. As in the nuclear matter sector, the SU(3) case again
shows distributions that remain very similar to those of the
purely nucleonic scenario, whereas the SU(6) case exhibits
more distinct behavior. In particular, the posterior distribu-

tion of M, in the SU(3) framework remains close to that
of the nucleonic case, while in SU(6) it is more narrowly
concentrated around ~2.04 M. This suggests that the ad-
ditional flexibility available in the SU(3) case through the
parameters «, and z, allows the model to support compara-
tively larger NS masses while still preserving nucleonic-like
behavior. A similar trend is seen for the stellar radius: SU(3)
gives values of R 4 that are broadly consistent with the nu-
cleonic case, whereas SU(6) tends to favor larger canonical
radii. The f-mode frequencies and damping times are com-
puted in full general relativity using the publicly available
code, which solves the quadrupolar (/ = 2) fluid perturba-
tions of a static NS on top of the TOV background by direct
numerical integration of the perturbed Einstein-fluid equa-
tions. The interior perturbation equations are integrated from
the center and the surface and matched at an intermediate
point, after which the exterior Zerilli equation is solved, and
a purely outgoing-wave condition is imposed to determine
the complex eigenfrequency, whose real and imaginary parts
give the mode frequency and damping time, respectively
[118].
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TABLE IV. Median values and associated credible intervals for the inferred nuclear matter and neutron star properties. For each quantity,
we report the median together with the 68% credible interval as superscript/subscript uncertainties, while the values in parentheses correspond

to the 95% credible interval.

Parameter NUC SU(6) SU@3)

Nuclear matter properties
Ko (MeV) 25732133 (el 30405912 (334 21127258 (5
Qo (MeV) —45.9577 155415 (Calgoso) 268.934715¢ 075 Cagosss 77224715506 (o567
Zy(MeV) 740.5787555 515 (sairor 603.03215715753; (35506 608.1987535 35 (a1 tiae
7 (MeV) 324674378 (008 AT L 30885553 (317
L (MeV) 67.9947 ¢ 500 (35,027 641971553 (53 1% 5701756500 (25327
Koym (MeV) —77.868"55 416 (73174 —75.284*5 55 (3000 =70.24575.5: Cosiem
Quym (MeV) 243488555554 C i 374.999 500 550 Clis 76 461.77835 6 (s
Ziym (MeV) —2342.3647,11°535 Coson 191 —3815.124%55% 055 Csomorn2 —4135.587 55 656 (i 7s)

Neutron star properties

Mynax (M) 2.222% 006 (o1 2.04470531 Coonr 2.183%0103 (oi6s)
Ros (k) 13407033 (520 1675035 (470 1460020 (30
Ry 4 (km) 127125553 Coen 12.987%535 Coso 12.587 %038 Cossl

Avg 586.746 5055 (116545
N (Mipa )(fm ™) 0.973%0071 (H013)
P.(Mipay) MeV fm ™) 502.640725-085 (T50218)
2(ne) 0.659*5:556 (1150
fia (kHz) 168240038 (X5103)
piia (kHz) 6166556 (103

+82.894 (+207.764

703.809 g5 507 ("137761
+0.030 (+0.059
0.933%5030 Coo7s

+39.462 (+66.836
344'787—50352 (7102653

+0.035 (+0.053
0'493—0,058 (—0.126)

16217505 (56053

559.096+83.690 (+190.649
0.952*5:05% (*5:109)

441.838+31009 (+20.210 )
06015668 (*5:168)

+0.052 (+0.105
1 '692704051 (—0. 107)

+0.258 (+0.487 +0.385 (+0.646
6'252—0.234 (—0.431 6'469—0.384 (—0.682)

The same pattern extends to the oscillation properties
computed in full general relativity. The f-mode frequencies
are generally reduced in the SU(6) framework compared
with both the nucleonic and SU(3) cases, while the p;-mode
frequencies remain almost unchanged across the different pre-
scriptions. These results indicate that, when quantifying the
impact of hyperons on NS bulk and oscillation properties, the
underlying symmetry prescription plays a particularly impor-
tant role. In this sense, not only the presence of hyperons but
also the specific symmetry structure used to determine their
couplings becomes essential for characterizing the resulting
EOS and its astrophysical predictions. For completeness, the
median values of the nuclear matter and neutron star proper-
ties are summarized in Table IV, where both the 95% and 68%
credible intervals are reported for each quantity across the
three cases: nucleonic matter, SU(6), and SU(3) frameworks.

Having analyzed the distributions of the coupling parame-
ters for all cases, we now proceed to examine the implications
of the symmetry framework on the macroscopic properties
of NSs, beginning with the EOS. Figure 6 presents the con-
straints on the EOS derived from our Bayesian analysis of the
EOSs for nucleonic, SU(6), and SU(3) symmetry schemes.
The resulting pressure-density band mostly shows agreement
with gravitational-wave observations from the GW170817
event [107], as well as with representative nuclear-theory
predictions, such as those reported by Huth et al. [112] and
Tsang et al. [113], across the entire density range considered.
Clearly, the posterior distribution of the SU(3) EOS closely
resembles that of the purely nucleonic case. The nucleonic
EOS remains the stiffest, while the inclusion of hyperons
leads to a softening in both SU(3) and SU(6) scenarios

[86,119-122]. Among these, the SU(6) case exhibits the
softest behavior and fails to remain compatible with the con-
straints from the GW170817 event at higher densities. The
relatively stiff behavior found in the SU(3) scenario is partic-
ularly interesting in view of current discussions of the hyperon
puzzle. It is qualitatively in line with modern microscopic
and ab initio calculations [24,27,35], which indicate that the
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FIG. 6. Pressure as a function of baryon density for the EOSs
corresponding to the nucleonic, SU(6), and SU(3) symmetry
schemes. For comparison, we also show the constraints reported by
Huth ez al. [112], the multiphysics constrained band from Tsang et al.
[113], and the pressure constraints inferred from the gravitational-
wave event GW170817 [107]
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FIG. 7. Right panel: Maximum mass as a function of radius for the EOSs corresponding to the nucleonic, SU(6), and SU(3) symmetry
schemes. For comparison, we also show the multiphysics constrained band from Tsang et al. [113], and the shaded elliptical regions depict
the mass-radius (M-R) constraints derived from NICER pulse-profile analyses of PSR JO030 + 0451 and PSR J0740 + 6620. The darker and
lighter bands correspond to the 68% and 95% credibility intervals, respectively. An additional constraint at lower masses is provided by PSR
J0437-4715. Left panel: Lambda deformability as a function of maximum mass for the EOSs corresponding to the nucleonic, SU(6), and SU(3)
symmetry schemes. The contours represent the M-R posterior inferred from the GW170817 event [107]. The blue shaded band represents the
nucleonic case, the red band corresponds to the SU(6) symmetry scheme, and the green band denotes the SU(3) symmetry case.

inclusion of repulsive many-body interactions in the strange
sector can significantly reduce the softening associated with
hyperon onset to support NS above 2 M. From this per-
spective, the SU(3) case may be interpreted as reflecting a
hyperonic EOS in which the balance between attraction and
repulsion remains favorable to massive NS configurations.In
Fig. 7, the left panel displays the M-R relations obtained for
all the considered cases. For comparison, constraints from
pulse-profile modeling by the NICER mission are overlaid,
including results for PSR J0030 + 0451, PSR J0740 + 6620,
and PSR J0437 — 4715, where the darker and lighter shaded
regions correspond to the 68% and 95% credible intervals,
respectively. The predicted EOSs predominantly lie within the
68% and 95% credible regions reported by Tsang et al. [113]
in the M-R plane, indicating consistency with their analysis.
The right panel of Fig. 7 shows the dimensionless tidal de-
formability (A) as a function of NS mass. The 95% credible
intervals corresponding to the three cases are presented, and
the inferred values lie well within the bounds established
by the gravitational-wave observation of GW170817 [107],
thereby supporting the overall compatibility of our results
with multimessenger astrophysical constraints. For both plots,
the SU(6) case exhibits a trend consistent with results reported
in the literature [76]. As observed earlier, the nucleonic and
SU(3) cases show similar behavior, with their corresponding
curves closely overlapping in both the M-R and A-M planes.
The recent NICER measurement of PSR J0437 — 4715, which
gives a mass of M = 1.418 £0.037 M and an equatorial
radius of R = 11.361’8:23 km, points toward a comparatively
soft EOS around the canonical-mass regime [111]. In this
context, our results suggest that such a compact ~1.4 M,
star is difficult to reconcile with the SU(6) symmetry pre-
scription, whereas the SU(3) case remains compatible with
both this NICER inference and the broader astrophysical con-
straints shown in Fig. 7. This is particularly important because

relatively small radii in the 1.4 Mg mass range have long been
regarded as a possible discriminator of hyperonic softening.
Our analysis shows that such an interpretation depends cru-
cially on the assumed symmetry scheme and that hyperons
need not be disfavored.

Figure 8 illustrates the particle population fractions for
the nucleonic, SU(6), and SU(3) symmetry schemes. A clear
distinction emerges in the onset of hyperons, with species
such as A and E~ appearing at comparatively lower baryon
densities in the SU(6) case than in the SU(3) framework.
This behavior can be traced to the underlying meson-baryon
coupling structure that governs the chemical potentials of the
baryonic species in relativistic mean-field models. In general,
the appearance of a new baryon is dictated by the condition
that its chemical potential equals its in-medium effective en-
ergy, which depends on the interplay between scalar attraction
and vector repulsion.

Within the SU(6) symmetry scheme, the vector meson
couplings follow the QMIC relations that typically assign
weaker couplings of hyperons to the @ meson, along with
relatively modest contributions from the ¢ meson. As a result,
the overall vector repulsion experienced by hyperons remains
limited, allowing their chemical potentials to increase more
rapidly with density. This facilitates an earlier fulfillment
of the threshold condition, leading to the premature appear-
ance of hyperons. In contrast, the SU(3) symmetry scheme
introduces additional flexibility through symmetry-breaking
parameters, namely o, and z,,, and mixing angles (6,), which
generally enhance the repulsive vector interactions, partic-
ularly via stronger couplings to the w and ¢ mesons. The
increased repulsion shifts the effective energies of hyperons
to higher values, thereby delaying their onset to larger densi-
ties. This is in agreement with the results reported by Lopez
et al. [86], where it was shown that stronger vector repulsion
suppresses the presence of hyperons at higher densities. In our
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FIG. 8. Particle fractions Y; as functions of the normalized baryon number density n/ny. (Left panel) Nucleonic case; (middle panel)
SU(6) symmetry scheme, and (right panel) SU(3) symmetry scheme. The vertical gray bands denote the 95% CI of the central density for the

maximum-mass star.

case as well, the enhanced w and ¢ meson couplings within
the SU(3) framework lead to a delayed onset and subsequent
reduction in hyperon fractions with increasing density.

This delayed onset of hyperons in the SU(3) case has
important consequences for the stiffness of the EOS. Since the
emergence of hyperons tends to soften the EOS by introducing
additional degrees of freedom, postponing their appearance
helps maintain a stiffer behavior over an extended density
range. This is consistent with the comparatively larger values
of the squared speed of sound obtained in the SU(3) scenario
relative to SU(6). Owing to the exploration of the full param-
eter space, we also find that the £~ hyperon can appear in
matter in both SU(6) and SU(3) scenarios, with a large asso-
ciated uncertainty. Although the X° and Z° hyperons appear
in the SU(6) case, their onset occurs only beyond the den-
sity range reached in the maximum-mass configuration, and
they do not appear in the SU(3) scenario within the density
range considered here. This indicates that, within the present
uncertainties of both the NS EOS and the hyperonic sector,
the appearance of these neutral hyperons is disfavored, with
SU(6) providing only a marginally more permissive threshold
for their onset.

The direct Urca (DUrca) process plays a crucial role in
governing the thermal evolution of NSs, as it provides an effi-
cient mechanism for rapid neutrino emission from the stellar
interior.

A general DUrca process can be written as

By — By +1+7 (44)

and its inverse

B2+l—)B1+U1, (45)
where B; and B, denote baryons, / represents a lepton
(electron or muon), and v; (V;) is the associated neutrino
(antineutrino). For the process to proceed, the phase-space
momentum conservation condition, which is a triangular
inequality, must be satisfied, which constrains the Fermi mo-
menta as

B

PR = P <R < PP+ P (46)

[123]. Here pg‘ , p?, and plF are the Fermi momenta of
the initial baryon, final baryon, and lepton, respectively. If
this condition is violated, then the process is kinematically
forbidden.

However, the onset of these processes is highly sensitive to
the underlying EOS and the composition of matter, particu-
larly the strength of baryon-meson interactions that determine
particle populations at high densities. Consequently, different
symmetry schemes, such as SU(6) and SU(3), can lead to sub-
stantial variations in the threshold densities and the likelihood
of DUrca processes. Figure 9 displays the probability density
distributions of threshold densities for the initiation of direct
Urca processes in NS matter under pure nucleonic, SU(6),
and SU(3) frameworks. The panels show the distributions
for the nucleonic process and hyperonic channels involving
A and E~ baryons. The percentages indicate the fraction
of the parameter space for which each process is allowed.
In the first panel, only the nucleonic process is present, as
no hyperons are included. In this case, we also observe that
the process is more favored around 2n(, whereas nearly 60%
of the EOSs in our posterior ensemble forbid the nucleonic
DUrca process, suggesting that this behavior merits further
scrutiny. In the SU(6) and SU(3) cases, hyperonic processes
are also operative and occupy almost the entire fraction of
the parameter space. In all three cases, the nucleonic DUrca
process has more or less the same distribution percentage, thus
implying that the inclusion of hyperons does not have much
effect on the process. We also find that, in systems where hy-
perons are included, the hyperonic channels involving A and
EZ~ baryons dominate over a wide density range, indicating
that their appearance is largely framework-independent once
hyperons are present. We further identify the relevant DUrca
processes, including both nucleonic and hyperonic channels.
The onset of DUrca occurs at densities below 2ny and up to
~4ny, corresponding approximately to canonical 1.4 M NSs,
and is therefore significant for their thermal evolution and
cooling. In the SU(6) scenario, we find a broad distribution
of DUrca onset densities, reflecting the wider variation in the
underlying parameter space. Figure 10 illustrates the variation
of the squared speed of sound, c?, and trace anomaly, A,
as a function of baryon density n for the three scenarios.
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FIG. 9. Probability density distributions of the threshold densities (in units of n/n,) for the onset of direct Urca processes in NS matter for

nucleonic, SU(6), and SU(3) scenarios.

At lower densities, all three cases exhibit a similar trend,
with ¢? increasing steadily, indicating a stiffening of the EOS
as density rises. However, as the density increases further,
noticeable deviations emerge. The nucleonic case maintains
a relatively higher value of ¢2, reflecting a stiffer EOS due to
the absence of additional degrees of freedom. In contrast, the
inclusion of hyperons softens the EOS, leading to a reduction
in ¢2, with the SU(6) case showing the most pronounced
softening. The SU(3) scenario, while still softer than the nu-
cleonic case, exhibits comparatively higher values of ¢? than
SU(6), suggesting that stronger repulsive interactions in the
SU(3) framework partially counterbalance the softening effect
of hyperons. The trace anomaly, defined as A = % - %, is
introduced as an indicator of conformality in NSs, and its role
in dense-matter physics is currently being actively explored
[124-127]. In the conformal limit, A approaches zero. In
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FIG. 10. Top panel: Square of the speed of sound (c?). Bottom
panel: Trace anomaly (A) as functions of baryonic density for the
EOSs corresponding to the nucleonic, SU(6), and SU(3) symmetry
schemes. The blue shaded band represents the nucleonic case, the
red band corresponds to the SU(6) symmetry scheme, and the green
band denotes the SU(3) symmetry scheme.

all cases, A decreases monotonically with increasing density,
indicating a gradual approach toward conformal behavior. For
the purely nucleonic case, the decrease is more pronounced,
with A crossing zero at intermediate densities and attaining
increasingly negative values at higher densities. This behavior
reflects a rapid stiffening of the EOS, leading to P/E > 1/3
beyond the conformal limit. In contrast, the SU(6) case ex-
hibits a much smoother decline, with A remaining positive
throughout the considered density range and approaching zero
only asymptotically. This indicates that the system moves
toward the conformal limit without overshooting it, consistent
with the softening effect introduced by the early appearance of
hyperons. The SU(3) case displays an intermediate behavior.
While A follows a trend similar to the SU(6) case at lower
densities, it decreases more rapidly at higher densities and
eventually crosses zero, becoming mildly negative. This sug-
gests a partial recovery of stiffness at high densities compared
to SU(6), though less pronounced than in the nucleonic case.
Overall, although all models exhibit a common trend toward
conformality, their high-density behavior shows noticeable
model dependence, reflecting the differing roles of hyperonic
degrees of freedom and underlying symmetry assumptions.

NSs can sustain a rich spectrum of nonradial oscillation
modes arising from perturbations in their fluid and spacetime
structure, which serve as powerful probes of their internal
composition and EOS. Among these, the fundamental (f)
mode constitutes the lowest-order fluid mode and is pri-
marily determined by the global stellar properties, such as
mass, radius, and mean density [128]. Its frequency exhibits
a well-known scaling with the average density of the star,
thereby providing a robust diagnostic of the underlying EOS
[129,130]. As a mode with no radial nodes [131], the f-
mode is strongly coupled to the bulk motion of the fluid
and typically dominates the oscillation spectrum, making it
a promising source of gravitational-wave emission from per-
turbed NSs.

The posterior probability distribution of f-mode oscilla-
tion frequency as a function of NS mass is depicted in the
left panel of Fig. 11. These results highlight the univer-
sal character of the f-mode relations, indicating that it is
not straightforward to infer the presence of hyperons solely
from the behavior or shape of the mode, as their impact
depends sensitively on the underlying symmetry assumptions
adopted in the modeling. NSs support a spectrum of pressure
(p) modes that arise from pressure gradients acting as the
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FIG. 11. Left panel: The posterior probability distribution of f-mode oscillation frequency as a function of NS mass. Right panel: The
posterior probability distribution of pl-mode oscillation frequency as a function of NS mass.

dominant restoring force. Among these, the first pressure
mode (p;) represents the lowest-order acoustic overtone and is
characterized by the presence of one radial node in the eigen-
function. Unlike the f-mode, the p;-mode is more sensitive
to the local properties of the stellar interior, particularly the
pressure profile and the stiffness of the EOS at higher densities
[132,133]. Its frequency generally lies above that of the f-
mode and reflects the propagation of sound waves within the
stellar medium, making it a useful probe of the internal struc-
ture and high-density behavior of NS matter.Considerable
effort has been devoted to identifying observable signatures
of non-nucleonic degrees of freedom, such as hyperons, in
NS interiors. The onset of hyperons is known to soften the
EOS, typically leading to smaller radii and reduced maxi-
mum masses [2,134-137]. However, translating this generic
softening into a robust and model-independent observable has
remained challenging. Earlier studies have primarily focused
on global trends in the mass-radius (M-R) relation and tidal
deformabilities, as well as on the slope dR/dM as a potential
diagnostic of EOS softening [138,139]. Nevertheless, it has
been shown that the slope alone does not provide a reliable
discriminator, as nucleonic and hyperonic EOSs can exhibit
significant overlap in their dR/dM behavior across relevant
mass ranges [6,140]. More recently, attention has shifted
toward higher-order structural properties of the M-R rela-
tion, particularly its curvature, which captures the enhanced
bending induced by the appearance of additional degrees of
freedom.

In this work, we revisit one such diagnostic in the form of
the curvature of the mass-radius relation, defined as [74]

-3/2
_ @RI (4R 7

Ve am '

This quantity provides a direct measure of the geometric

bending of the R(M) curve and is more sensitive to EOS

softening than the first derivative alone. As demonstrated in

previous studies [75], hyperonic EOSs tend to exhibit sig-

nificantly more negative values of kg over intermediate mass
ranges, reflecting the stronger softening induced by the onset

(47)

of hyperons. In contrast, purely nucleonic models generally
show a milder curvature in the same regime. The curvature
thus offers a more discriminating probe of non-nucleonic de-
grees of freedom compared to the conventional slope dR/dM,
which by itself is insufficient to uniquely identify their pres-
ence. The left panel of Fig. 12 shows the probability density
distribution of the curvature of the mass-radius relation, kg,
evaluated over the mass range 1 < M/M¢ < 2.5 for different
compositions. In the purely nucleonic scenario, the distribu-
tion of kz remains largely above —2.5, indicating relatively
mild curvature across the considered equations of state. In
contrast, both the SU(6) and SU(3) hyperonic cases extend
to lower values than the nucleonic one, indicating an over-
all shift toward enhanced curvature. However, the effect is
markedly stronger in SU(6), whose distribution reaches sig-
nificantly more negative kg values, whereas the SU(3) peak
remains much closer to the nucleonic case. This shows that
the imprint of hyperons on the curvature is not universal but
depends sensitively on the degree of EOS softening induced
by the adopted symmetry scheme. Although Ref. [74] iden-
tified a large negative curvature as a characteristic signature
of hyperonic degrees of freedom, their conclusion was based
on hyperonic models adopted from the literature, where the
SU(6) symmetry scheme is commonly employed. The present
results suggest that such an interpretation should therefore be
viewed more cautiously and in a retrospective sense, since the
strength of this signature is clearly model dependent.

The right panel of Fig. 12 displays the probability density
distribution of the stellar mass corresponding to the minimum
value of xg. A relatively sharp peak is observed in the SU(6)
scenario; however, the overall mass range remains similar
across all cases. Previous studies have suggested that the mass
at which « attains its most negative value could serve as
a signature of hyperon onset in NSs [74]. However, our re-
sults indicate that this mass range is largely unchanged across
different compositions, implying that such a signature is not
robust and must be interpreted with caution. In particular,
its effectiveness depends sensitively on the softness of the
underlying EOS. While the distributions for the nucleonic and
SU(3) cases are relatively broad, the SU(6) case exhibits a
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FIG. 12. Left panel: Probability density distribution of the minimum value of curvature of the mass-radius relation k% in the NS mass range
1 < M/Mg < 2.5 for the nucleonic, SU(6), and SU(3) symmetry schemes. Right panel: Probability density distribution as a function of the

stellar mass corresponding to the minimum value of «g.

pronounced peak, which can be attributed to the enhanced
softening of the EOS at densities where hyperons appear,
leading to a rapid variation in «. This indicates that, although
curvature may provide qualitative insights into the presence
of hyperons, it cannot be regarded as a reliable or universal
signature.

As mentioned earlier, a number of studies have demon-
strated that the inclusion of additional repulsive mechanisms
in hyperonic matter can significantly alter its high-density
behavior. In particular, the incorporation of three-body forces
involving hyperons has been shown to play a crucial role
in reconciling hypernuclear properties with experimental ob-
servations while simultaneously modifying the composition
and stiffness of dense matter. In the work [27], the authors
present that incorporating the chiral NNA three-body force
into Brueckner-Hartree-Fock calculations both improves A
separation energies in heavy hypernuclei and stiffens the NS
EOS enough to raise the predicted maximum mass to &2 M,
thereby partially alleviating the hyperon puzzle. Such ap-
proaches effectively delay the onset of hyperons, suppress
their abundance at higher densities, and lead to a stiffer
EOS capable of supporting massive NSs. What is particularly
noteworthy in these works is that, even after the inclusion
of hyperonic degrees of freedom, the resulting matter ex-
hibits bulk properties that closely resemble those of purely
nucleonic matter. This is primarily achieved through the
introduction of repulsive three-body interactions, which coun-
terbalance the softening typically induced by hyperons.

In a similar phenomenological spirit, the present work
employs a generalized SU(3) symmetry framework to ex-
plore the allowed hyperon-meson coupling space. Within this
parametrization, we identify posterior-supported regions in
which hyperonic matter remains compatible with the adopted
nuclear and multimessenger constraints while producing bulk
neutron-star properties close to those of nucleonic matter.
This result should not be interpreted as a microscopic res-
olution of the hyperon puzzle. Rather, it demonstrates that
the observational viability of hyperonic matter depends sen-
sitively on the still poorly constrained interaction structure in
the strange sector. Determining whether hyperons are present
inside the neutron-star cores, and establishing the microscopic

origin of the repulsion required at high density, therefore
remains an open problem. Progress will require more pre-
cise hypernuclear measurements, improved constraints on
hyperon-nucleon and hyperon-hyperon interactions and hy-
peronic three-body forces, as well as increasingly informative
multimessenger observations of neutron stars.

B. Bayesian model comparison

The posterior distributions discussed above show that
the present constraints affect the three composition sce-
narios differently. The nucleonic and SU(3) cases exhibit
substantially overlapping posterior distributions for the nucle-
onic couplings, nuclear-matter properties, and the principal
neutron-star observables. In contrast, the restrictive SU(6)
coupling prescription generally leads to earlier hyperon for-
mation and a systematically softer equation of state.

To quantify the relative support for the three scenarios,
we compare their Bayesian evidences. The nested-sampling
analysis yields

InZye = —57.06 £ 0.01,
anSU(()) = —58.69 + 001,

InZsya) = —57.25 £ 0.01, (48)

where the quoted values denote the total evidence uncertain-
ties reported by ULTRANEST. For each pairwise comparison,
the uncertainty in the evidence difference is estimated as

— |52 2~
OAlnz = O’ani +O’1nzj ~ 0.014.

Table V summarizes the pairwise Bayesian evidence
differences, corresponding Bayes factors, approximate pos-
terior odds for equal prior model probabilities, and their
qualitative interpretation for the three composition scenar-
ios. The nucleonic model has the largest evidence, but its
difference relative to the SU(3) hyperonic model is neg-
ligible, with AlnZ,,csu@3) = 0.19 £0.014 and By sua) =
1.21. Therefore, within the model space explored in this work,
the present data do not provide meaningful statistical dis-
crimination between a purely nucleonic composition and a
hyperonic composition described by the more general SU(3)
vector-coupling framework. In contrast, the nucleonic model
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TABLE V. Bayesian comparison of the nucleonic and hyperonic composition scenarios. The evidence difference is defined as AInZ;; =
InZ; —1In Z;, such that a positive value favors the model listed first. The Bayes factor is B;; = exp(A InZ;;).

Comparison AlnZ; Bj; Approx. odds Interpretation

Nucleonic vs SU(6) 1.63 £ 0.014 5.10 5.1:1 Positive evidence for nucleonic matter (weak-to-moderate)
Nucleonic vs SU(3) 0.19+0.014 1.21 1.2:1 Inconclusive

SU(3) vs SU(6) 1.44 £0.014 4.22 4.2:1 Positive evidence for SU(3) (weak-to-moderate)

is favored over the SU(6) framework by A lInZ,..sue) =
1.63 £ 0.014, corresponding to By sue) = 5.10, while the
SU(3) model is favored over SU(6) by A lnZsyasy-sue) =
1.44 £0.014, corresponding to Bsy)sue) = 4.22. These
comparisons provide positive, but neither strong nor decisive,
evidence against the restrictive SU(6) prescription relative to
the nucleonic and SU(3) scenarios.

The Bayesian evidence should therefore not be inter-
preted as a direct detection or exclusion of hyperons. Rather,
it indicates that the current combination of nuclear-matter,
chiral-effective-field-theory, gravitational-wave, and NICER
constraints does not strongly favor either the absence of
hyperons or their presence in a sufficiently flexible interac-
tion framework. The nearly equal evidence of the nucleonic
and SU(3) scenarios sshowsthat hyperonic matter can remain
fully compatible with present constraints when the vector
couplings are allowed to depart from the restrictive SU(6)
relations. In the SU(3) case, the posterior distributions favor
coupling combinations that enhance the repulsive vector inter-
action in the strange sector, delay the appearance of hyperons,
and reduce their abundance over the density range relevant
for most observed neutron stars. Consequently, the posterior
EOS, mass-radius relation, tidal deformability, and oscillation
properties of the SU(3) model remain close to those of the
purely nucleonic case.

By contrast, the SU(6) relations impose a more rigid hierar-
chy among the hyperon-meson couplings. Within the present
DDRMF framework, this generally leads to weaker effective
vector repulsion for hyperons, earlier hyperon onset, and a
more pronounced softening of the EOS. The positive evidence
against SU(6) therefore constrains this particular symmetry-
based framework of the strange sector rather than ruling out
hyperonic degrees of freedom in neutron-star cores. In this
sense, the available data are more informative about the al-
lowed interaction structure of hyperonic matter than about the
mere presence or absence of hyperons.

This result also has important implications for proposed
observational signatures of hyperons. Many earlier stud-
ies of mass-radius curvature, tidal deformability, maximum
mass, direct-Urca thresholds, and oscillation properties have
adopted SU(6)-motivated couplings or similarly restrictive
hyperonic prescriptions. In such models, the early appearance
of hyperons produces appreciable EOS softening and can
generate pronounced structural signatures. Our posterior re-
sults show that these signatures are not generic consequences
of hyperons themselves. When the broader SU(3) parame-
ter space is considered, the enhanced vector repulsion can
postpone hyperon onset and yield macroscopic observables
that overlap substantially with the nucleonic posterior pre-
dictions. Therefore, a feature such as enhanced mass-radius

curvature, reduced maximum mass, or a distinctive oscillation
pattern should be interpreted primarily as a signature of strong
hyperon-induced softening rather than as an unambiguous
signature of hyperon formation. This explains why the SU(6)
case exhibits clearer deviations in the EOS, particle frac-
tions, sound speed, curvature, and mode properties, whereas
the SU(3) posterior remains much closer to the nucleonic
scenario.

The principal outcome of the present analysis is therefore
twofold. First, the close agreement between the nucleonic
and SU(3) posterior predictions, together with their nearly
equal Bayesian evidences, shows that current observations
do not reliably distinguish a purely nucleonic composition
from hyperonic matter when sufficient freedom is allowed
in the strange-sector interaction. Second, the comparison
with the SU(6) framework demonstrates that the same data
can constrain restrictive assumptions about hyperon-meson
couplings. The present constraints thus provide conditional
information about the interaction structure required for hy-
perons to remain compatible with neutron-star observations
rather than a direct detection or exclusion of hyperonic de-
grees of freedom.

IV. SUMMARY

We have carried out a Bayesian analysis of neutron-
star matter within a density-dependent relativistic mean-field
framework, comparing purely nucleonic matter with hyper-
onic matter described by the restrictive SU(6) prescription and
by a generalized SU(3) vector sector with free parameters o,
and z,. All three scenarios are confronted with the same set
of nuclear, hypernuclear, chiral-EFT, heavy-ion, gravitational-
wave, and NICER constraints, allowing their differences to
be traced directly to the assumed composition and hyperon-
meson interaction structure.

The restrictive SU(6) prescription leads to earlier hyperon
onset, stronger softening of the equation of state, and reduced
high-density pressure support. By contrast, the generalized
SU(3) sector allows posterior-supported coupling combina-
tions with stronger repulsion in the strange sector. These
combinations delay the appearance of hyperons and reduce
their abundance over the density range relevant for neutron-
star interiors. As a result, the SU(3) posterior predictions for
the equation of state, mass-radius relation, tidal deformability,
and oscillation properties can remain close to those of purely
nucleonic matter, whereas the SU(6) framework shows more
pronounced deviations.

The Bayesian model comparison shows that the present
combined constraints do not meaningfully distinguish purely
nucleonic matter from hyperonic matter once the general-
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ized SU(3) interaction freedom is admitted. In contrast, the
restrictive SU(6) realization is comparatively less favored
by the combined data. Thus, within the adopted DDRMF
parametrization and priors, current information constrains re-
strictive assumptions about hyperon-meson couplings more
effectively than it constrains the presence or absence of hyper-
ons in neutron-star cores. The posterior also places substantial
weight at values of «, below the SU(6) limit. The sensitiv-
ity analysis performed with different lower bounds on M«
further shows that this result is not produced solely by the
precise choice of the adopted 2 M, threshold but arises from
the combined likelihood, prior assumptions, and high-density
stiffness requirements of the model.

Our results show that caution is required when inter-
preting proposed observational signatures of hyperons. In
the restrictive SU(6) scenario, early hyperon onset and
stronger equation-of-state softening can generate more Vvisi-
ble changes in the mass-radius relation, tidal deformability,
curvature of the mass-radius curve, and oscillation proper-
ties. However, these features become much weaker when the
hyperon interaction sector is generalized through the SU(3)
parametrization. In particular, the SU(3) posterior can overlap
substantially with the nucleonic predictions for the princi-
pal macroscopic observables. Therefore, a reduced maximum
mass, enhanced mass-radius curvature, or a modified oscil-
lation spectrum should not be regarded as an unambiguous
signature of hyperon formation. Such features are more di-
rectly associated with strong hyperon-induced softening under
a particular interaction prescription.

The appearance of individual hyperon species remains
model dependent within the posterior ensemble. In particu-
lar, the onset of ¥ hyperons retains substantial uncertainty

and depends sensitively on the allowed scalar and vector
hyperon-meson couplings. The inferred direct-Urca threshold
distributions identify cooling-relevant regions of the poste-
rior parameter space. However, a quantitative comparison
with neutron-star cooling observations requires dedicated
thermal-evolution calculations that include neutrino emissivi-
ties, baryon pairing, and envelope physics.

The generalized SU(3) framework therefore provides phe-
nomenologically viable hyperonic equations of state compat-
ible with the present nuclear and multimessenger constraints,
without requiring neutron-star observables to differ strongly
from those of nucleonic matter. This should not be inter-
preted as a microscopic resolution of the hyperon puzzle,
since the underlying hyperonic interactions remain only par-
tially constrained and are not derived from first-principles
many-body calculations. Improved hypernuclear information,
microscopic constraints on hyperonic two- and three-body
forces, and more precise multimessenger neutron-star obser-
vations will be required to reduce the remaining degeneracy
between dense-matter composition and interacation structure.
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