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ABSTRACT

Context. The equation of state (EOS) for neutron stars is modeled using the relativistic mean field (RMF) approach with a mesonic
nonlinear (NL) interaction, a modified sigma potential (NL-o cut) that mimics the effect of an exclusion volume or the onset of
a quarkyonic phase, and influences of dark matter in the NL (NL DM). Experimental constraints on the general properties of finite
nuclei and heavy ion collisions, as well as astrophysical observations of neutron star radii and tidal deformation are taken into account.
Aims. We evaluate the plausibility and implications of each scenario by exploring how modifications to the RMF model, including the
NL-o cut and dark matter influences, affect the neutron star EOS. Additionally, the study examines the tension between the PREX-II
experimental data and other constraints, aiming to identify which model is able to optimally reconcile the available experimental and
observational evidence.

Methods. A Bayesian analysis framework was employed to systematically compare the different EOS scenarios. This approach
integrates constraints from nuclear experiments (finite nuclei properties and heavy ion collisions) and astrophysical observations
(neutron star radii, tidal deformation, and PSR J0437—-4715 measurements) to rigorously assess the viability of each model.

Results. The analysis shows that including the PREX-II data renders all models less favorable, indicating significant tension with the
other constraints and incompatibility with chiral effective field theory calculations of pure neutron matter. When excluding PREX-II,
the NL-o cut model emerges with the highest Bayes evidence, favoring a stiffening of the EOS at high densities, whereas the
model incorporating a dark matter component is the least favorable. Furthermore, new PSR J0437-4715 measurements lead to an
approximate 0.2 km reduction in the 90% confidence interval upper boundary for neutron star radii, along with a notable decrease in

Bayesian evidence, suggesting potential conflicts with prior data and/or the need for more adaptable models.
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1. Introduction

The equation of state (EOS) of neutron stars is pivotal in deter-
mining their internal structure and observable characteristics,
such as mass and radius. Various microscopic many-body
approaches and phenomenological models have been employed
to reconstruct the EOS, taking into account the interactions of
nucleons, hyperons, and other exotic particles Gal et al. (2016),
Curceanu et al. (2019), Tolos & Fabbietti (2020). The EOS
models are validated against both terrestrial laboratory data
and astrophysical observations Malik & Providéncia (2022),
Dutra et al. (2014), Oertel et al. (2017), Burgio et al. (2021).
Furthermore, the detection of gravitational waves from neutron
star mergers provides additional constraints, with postmerger
emissions offering insights into the EOS by correlating specific
spectral features with the star’s compactness Takami et al.
(2014). Recent studies have shown that the onset of phase transi-
tion from hadronic matter to quark matter can significantly affect
the dynamics and gravitational wave signals of binary neutron
star mergers Weih et al. (2020), Haque et al. (2023). One area
of research that has recently attracted considerable interest is
altered gravity theories, with the study of neutron stars within
the framework of modified gravity theories being a lively field
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of research, offering an opportunity to compare the predictions
of these theories with observational data (Nobleson et al. 2023;
Alam et al. 2024; Cooney et al. 2010; Yazadjiev et al. 2018).
The combined efforts from both theoretical and observational
studies are essential for enhancing our understanding of the
extreme conditions within neutron stars. Recent studies have
extended this understanding by incorporating the effects of dark
matter (DM) within neutron stars (Ellis et al. 2018; Das et al.
2019, 2022; Nelson et al. 2019; Karkevandi et al. 2022; Lenzi
et al. 2023; Giangrandi et al. 2023; Rutherford et al. 2023;
Routaray et al. 2023; Shakeri & Karkevandi 2024; Singh et al.
2023; Thakuretal. 2024a; Sagunetal. 2023; Diedrichs
et al. 2023; Cronin et al. 2023; Flores et al. 2024; Scordino
& Bombaci 2025; Barbat et al. 2024). Dark matter, inter-
acting with neutrons through mechanisms such as Higgs
boson exchange, significantly alters the EOS, potentially
leading to observable changes in neutron star characteris-
tics. For instance, DM can affect the mass-to-radius rela-
tion (Dasetal. 2020, 202la,b; Sen & Guha 2021, 2022;
Guha & Sen 2021; Lourencgo et al. 2022; Shirke et al. 2023,
2024; Panotopoulos & Lopes 2017) and the cooling rates of
neutron stars (Kouvaris 2008; Giangrandi et al. 2024). Studies
show that neutron stars containing a mix of baryonic and dark
matter might exhibit different mass-radius relations, com-
pared to those composed solely of neutron matter, influencing
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gravitational redshift and potentially explaining observations
that are inconsistent with typical neutron stars Rezaei (2017).

Numerous candidates for dark matter particles, including
bosonic dark matter, axions, sterile neutrinos, and various
WIMPs, have been discussed (Silk et al. 2010; Bauer & Plehn
2019; Calmet & Kuipers 2021). The nature of dark matter and
its properties, such as self-interaction and coupling with standard
model particles, have been explored for their impact on neutron
star dynamics (Ellis et al. 2018; Panotopoulos & Lopes 2017;
Diedrichs et al. 2023; Leung et al. 2022; Narain et al. 2006).
Two commonly researched methods for examining neutron stars
mixed with dark matter can be found in the current liter-
ature. One approach considers non-gravitational interactions,
using such mechanisms as the Higgs portal (Dutra et al. 2022;
Lenzi et al. 2023; Hong & Ren 2024; Das et al. 2019, 2020;
Flores et al. 2024; Sen & Guha 2021). The other approach con-
siders only gravitational interactions, treated as a two-fluid sys-
tem (Collier et al. 2022; Miao et al. 2022; Emma et al. 2022;
Hong & Ren 2024; Karkevandi et al. 2022; Riiter et al. 2023;
Liu et al. 2023; Ivanytskyi et al. 2020; Buras-Stubbs & Lopes
2024; Rutherford et al. 2023). Another method involves the neu-
tron decay into dark matter particles that accounts for the neu-
tron decay anomaly (Husain et al. 2022; Bastero-Gil et al. 2024;
Baym et al. 2018; Shirke et al. 2023, 2024; Motta et al. 2018).
This can be addressed using either a single-fluid method or a
two-fluid method. Discrepancies in neutron decay lifetimes mea-
sured via bottle and beam experiments suggest a greater num-
ber of decayed neutrons than produced protons, possibly due to
decay into nearly degenerate dark fermions.

To understand the mixed dark matter scenario in neutron
stars (NSs), knowledge of the equation of state (EOS) for both
baryonic and dark matter is crucial. The dense matter EOS is
based on a microscopic approach, which allows for a determi-
nation of the NS composition and can be described by relativis-
tic and nonrelativistic models. Nonrelativistic models describe
nucleons within finite nuclei well, but fail with infinite dense
nuclear matter giving rise to non-causal EOS. Relativistic mean-
field (RMF) models, suitable for describing both finite nuclei
and high-density matter in NSs, incorporate many-body inter-
actions via mesons (o, w, p). Two main RMF approaches
describe nuclear properties: nonlinear meson terms in the
Lagrangian density (Boguta & Bodmer 1977; Mueller & Serot
1996; Steiner et al. 2005; Todd-Rutel & Piekarewicz 2005) and
density-dependent coupling parameters (Typel & Wolter 1999;
Typel et al. 2010; Lalazissis et al. 2005). A different, more gen-
eral approach is an agnostic description of the EOS that can be
parametric or non-parametric. These approaches include piece-
wise polytropic interpolation, speed of sound interpolation, spec-
tral interpolation, Taylor expansion, and Gaussian processes
(Lindblom & Indik 2012; Kurkela et al. 2014; Most et al. 2018;
Lope Oter et al. 2019; Annala et al. 2020, 2022; Landry et al.
2020; Essick et al. 2020), among others. Possible EOSs are
determined by imposing low and high-density theoretical cal-
culations constraints (Hebeler et al. 2013; Drischler et al. 2016;
Kurkela et al. 2010) and astrophysical constraints (Abbott et al.
2018; Fonseca et al. 2021; Riley et al. 2019, 2021; Miller et al.
2019, 2021). These approaches fail to predict the composition of
NS.

Our study explores the non-linear model within the RMF
framework. This choice has an associated energy density func-
tional that is not completely general, but has already been shown
to describe both nuclear and neutron star properties quite suc-
cessfully. This can be seen from prior studies (Sugahara & Toki
1994; Lalazissis et al. 1997; Horowitz & Piekarewicz 2001;
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Todd-Rutel & Piekarewicz 2005; Providéncia et al. 2014; Chen
et al. 2014; Tolos et al. 2017). In these studies, different param-
eterizations of the model constrained by nuclear and neutron
star properties are proposed. The mass-radius region spanned
by the model with some minimal nuclear matter properties and
NS observational constraints obtained in Malik et al. (2023) is
broader than the corresponding region obtained from a model
with built-in chiral symmetry, as shown in Malik et al. (2024).
A broader mass-radius region could have been spanned if an
RMF with density dependent coupling constants had been used,
as shown in Providéncia et al. (2023). However, in the present
study, we have chosen to use a more controllable functional,
which allows for an EOS with a speed-of-sound square that goes
to 1/3 at high densities.

While the EOS of nuclear matter is quite well constrained
by experimental measurements close to the saturation density
and below, this is not the case for the high-density EOS. The
observation of two solar-mass NSs indicates that the EOS needs
to be stiff at high densities. In order to account for the stiffen-
ing of the EOS above approximately two times saturation den-
sity, the o-cut potential approach was proposed in Maslov et al.
(2015). Within this description, a sharp increase of the mean
field self-interaction potential is imposed above the nuclear sat-
uration density (pg), which effectively stiffens the EOS without
affecting nuclear matter properties near py (Ma et al. 2022). Few
studies on the o-cut scheme focus on EOS stiffness implica-
tions, including kaon condensation, hyperons in neutron stars
(Ma et al. 2022), stellar properties, nuclear matter constraints
(Dutra et al. 2016; Pais & Providéncia 2016), strangeness neu-
tron stars within RMF (Zhang et al. 2018), NICER data analysis
(Kolomeitsev & Voskresensky 2024), and effects on pure nucle-
onic and hyperonic-rich NS matter (Thakur et al. 2024b). The
stiffening obtained with the introduction of the o cut potential
can be seen as the inclusion of an exclusion volume effect (Typel
2016) or even as a mimicking of the onset of another baryonic
phase, such as the quarkyonic phase (McLerran & Reddy 2019).
In the present study, this is the mechanism used to impose a stiff-
ening of the EOS at high densities.

As upcoming observational data become increasingly
refined, we are motivated to conduct a systematic study of the
interior structure of neutron stars under three distinct scenar-
ios. Here, we considered neutron stars comprising only nucle-
onic degrees of freedom within the framework of the non-linear
(NL) model (NL scenario). Second, we modified the NL model
to include a o-cut potential (NL-o cut scenario) and stiffen
the EOS above ~2p(. Third, we investigated neutron stars that
contain an admixture of dark matter, specifically focusing on
fermionic dark matter for simplicity (NL-DM scenario). Previ-
ous studies have indicated that the presence of dark matter tends
to reduce both the mass and radius of neutron stars. Conversely,
incorporating a o-cut potential has been shown to increase these
parameters. Given these contrasting effects, our goal has been to
calculate the Bayesian evidence for each of these three scenarios,
thereby determining which model is most consistent with the lat-
est observational data. By systematically evaluating these mod-
els, we aim to rank them based on their alignment with recent
observations, providing a clearer understanding of the interior
structure of neutron stars and the potential influence of dark mat-
ter and modified nucleonic interaction.

We performed a detailed statistical analysis using the cur-
rent astrophysical observational data on NS properties within
the Bayesian inference framework to explore the potential exis-
tence of DM in NS. Both baryonic (visible) matter and dark
matter were considered within the RMF framework. The EOSs
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were developed using empirical constraints based on experi-
mental data regarding the properties of finite nuclei and obser-
vations from astrophysics. The nuclear matter properties taken
into account include the pressure of symmetric nuclear matter
(Psnm), the pressure resulting from symmetry energy (Pgym),
and the symmetry energy itself (esym). These properties were
empirically constrained across various densities using experi-
mental data on the bulk characteristics of finite nuclei, such as
nuclear masses, neutron skin thickness in 208Pb, dipole polar-
izability, isobaric analog states, and heavy ion collision (HIC)
data covering the density range from 0.03 to 0.32 fm™. Addi-
tionally, astrophysical data utilized here include the mass-radius
posterior distributions for PSR J0030+0451 (Riley et al. 2019;
Miller et al. 2019) and PSR J0740+6620 (Miller et al. 2021;
Riley et al. 2021), as well as the posterior distribution for dimen-
sionless tidal deformability for components of binary neutron
stars from the GW170817 event.

We investigated which of these three scenarios, NL, NL-o
cut, or NL-DM, are better aligned with recent observational data
on NS. In addition, we analyzed the impact of PREX-II exper-
imental data in the nuclear scenarios in detail by performing
a Bayesian inference, with and without this constraint; this is
because PREX-II data often contradict various other nuclear data
reported in the literature (Imam et al. 2024). With the present
study, we hope to provide further evidence in favor or against
the three scenarios and the compatibility of PREX II data with
other nuclear constraints.

The structure of this paper is as follows. The results are dis-
cussed in Sect. 2. Our conclusions and main insights of the study
are presented in Sect. 3. Lastly, Appendix A covers the theoreti-
cal framework used in this study.

2. Results

We analyzed various EOS and neutron star properties, consider-
ing the three different scenarios defined before: i) neutron stars
(NSs) with only nucleonic degrees of freedom, modeled using
the relativistic mean field (RMF) approach with mesonic non-
linear interaction (NL); ii) NS with nucleonic degrees of free-
dom in the RMF model, but with a modified o potential (NL-o
cut); and iii) NS with admixed dark matter, where the nucleonic
matter is modeled with NL and the dark matter is produced by
the neutron decay channel as mentioned in Fornal & Grinstein
(2018) (NL-DM). In addition to these three scenarios, we
also discuss the effect of including the experimental PREX-II
data and the observational data obtained for the recent pulsar
PSR J0437-4715 within the Bayesian inference framework.

2.1. Effect of the NL-o- cut potential and PREX-II data

In this subsection, we discuss the effect of including the mod-
ified o potential in the RMF description (NL versus NL o-cut)
and of introducing the PREX-II constraints in the Bayesian infer-
ence. We first analyzed the effect on the EOS by comparing the
speed of sound squared, cf, obtained in both descriptions and
shown in Fig. 1 (left panel) and the parameter derived from the
trace anomaly, d,, introduced in Annala et al. (2023), as shown
in Fig. 1 (right panel).

The left panel of Fig. 1 presents the 90% confidence inter-
vals (CI) for c? as a function of baryon density, (p), while com-
paring NL with and without the PREX-II constraint, alongside
results from the NL-o cut. The PREX-II data have an insignif-
icant effect on ¢2, since these data primarily affect the density
dependence of the symmetry energy, and the squared speed of

sound is largely determined by the symmetric nuclear matter
EOS. Between the two scenarios, NL and NL-o- cut, we con-
clude that the modifications to the o potential in the NL-o cut
result in a stiffer ¢? at low densities below 0.5 fm~3, becoming
softer at higher densities. This occurs because, in the NL-o~ cut
model, the o field saturates due to a very stiff o potential and
the effective mass stays at a constant value that may take val-
ues above 0.5 my. As discussed in Maslov et al. (2015), the pres-
sure increases and as a consequence larger NS maximum masses
are reached and medium and high mass NS have larger radii. In
order to satisfy the observational constraints, it is necessary to
have a stronger w* term at high densities to mitigate the effect
of the repulsive w potential when it becomes dominant. Indeed,
as can be seen from the Table 5, the median value of the & cou-
pling more than doubles, increasing from 0.005 to 0.011. As dis-
cussed in Mueller & Serot (1996) (see also Malik et al. 2023),
this term causes the speed of sound squared to tend towards 1/3
at high densities, and the larger the coupling the faster this limit
is reached.

Another quantity that characterizes EOS is the parameter d_,

introduced in Annala et al. (2023), defined as d. = /A% + (A’)?,
where A = § — £ is the renormalized trace anomaly introduced

in Fujimoto et al. (2022), A’ = ¢2 (% - 1) denotes the logarith-

mic derivative of A, and y = ‘flll';f . In the conformal limit, c?

and y reach 1/3 and 1, respectively. It has been proposed that
a value d. < 0.2 suggests a proximity to the conformal limit,
as both A and its derivative need to be small for this to hold
true. Since quark matter is expected to show approximate con-
formal symmetry, a small value for d. could be indicative of the
presence of quark matter. In Fig. 1 (right panel), we present the
posterior distribution of d, as a function of density for the three
cases examined: NL with and without PREX-II data, and NL-
o-cut. Notably, even when incorporating only nucleonic degrees
of freedom, d. drops below 0.2 for all the three case in the den-
sity range of 0.6-0.7 fm~3. This result is aligned with findings
from other nucleonic models Santos et al. (2024), Marquez et al.
(2024), Malik et al. (2024). The behavior is primarily dictated by
the w* term, as previously identified in Malik et al. (2024) and
Malik et al. (2023).

The region shaded in blue illustrates the 90% confidence
interval for the NL model, while the blue dashed lines denote the
inclusion of NL along with PREX II. As density increases, d, ini-
tially decreases, followed by an increase, reaching a small peak
around 0.5fm~3, and subsequently exhibits a clear downward
trend. Then, NL with PREX-II follows the same trend as NL,
but lies slightly below it. For the NL-o cut model, shown as the
pink region, a similar decreasing trend is observed, but it peaks
earlier, around 0.4 fm~3, with a more pronounced peak due to the
stiffening of the o potential. This stiffening reduces the need for
the omega meson’s contribution to achieve high-mass neutron
stars. As a result, the coupling constant g,, is smaller in this case,
while the w* term coupling is larger, leading to an overall softer
EOS at very high densities. This effect is visible in the speed
of sound squared (c2), which rises rapidly at intermediate densi-
ties due to the sigma-cut contribution but then stabilizes or even
decreases above p = 0.4fm™>. The impact of this behavior on
d. can be understood through A’. Initially, as pressure increases
rapidly, P/e also increases, but when the speed of sound stabi-
lizes, P/e saturates at a lower value compared to other EOS sce-
narios. This leads to a larger A" and since the transition from stiff
to soft EOS is more pronounced in the sigma-cut case, A" also
exhibits a significant change, producing the observed bump in d..
After this transition, the effect of A diminishes, and d.. stabilizes.
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Fig. 1. 90% confidence intervals for ¢Z, (top left) d. = VA? + A’ (top right), with A = & — £ and A" = ¢? (i - 1) shown respectively in bottom
left and right panels. All results are given as a function of density for NL, NL-o cut, and NL + PREX-II models.
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Fig. 2. Left: 90% credible interval (CI) region for the neutron star (NS) mass-radius posterior P(R|M) is plotted for the NL, NL-o cut, NL + PREX-
II, and NL-o cut + PREX-II. The gray area indicates the constraints obtained from the binary components of GW170817, with their respective
90% and 50% credible intervals. Additionally, the plot includes the 1o~ (68%) CI for the 2D mass-radius posterior distributions of the millisecond
pulsars PSR J0030 + 0451, shown in in cyan and yellow (Riley et al. 2019; Miller et al. 2019) and PSR J0740 + 6620, shown in in orange and peru
(Riley et al. 2021; Miller et al. 2021), based on NICER X-ray observations. Furthermore, we display the latest NICER measurements for the mass
and radius of PSR J0437-4715 (Choudhury et al. 2024) (lilac color). Right: 90% CI region for the mass-tidal deformability posterior P(A|M) for
the same models. The blue bars represent the tidal deformability constraints at 1.36 M.

Additionally, in the conformal limit at very high densities, both A
and A’ should ideally approach zero. The presence of the w* term
in our case accelerates the approach of ¢? toward 1/3, similar to
what is observed in agnostic EOS studies Annala et al. (2023). In
those cases, a bump in d,. emerges because the EOS must be stiff
at low densities to support 2 My, stars, but softer at high densi-
ties to comply with perturbative QCD constraints. Although our
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study does not impose pQCD constraints, the sigma-cut EOS
naturally leads to a similar effect due to the role of the w* term.
To validate this, we have plotted both A and A’ as function of
baryon density in Fig. 1 (bottom panels).

Figure 2 depicts the mass-radius (M-R) and mass-tidal
deformability (M-A) relationships of neutron stars based on the
different scenarios considered above, compared with different
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astrophysical observational data. In the left panel results for the
NL (blue), NL-o cut (red), and the corresponding distributions
when the PREX-II constraints are also included, respectively, the
dashed blue and red lines, are plotted. In the right panels, the
mass-tidal deformability are shown for the same scenarios. All
distributions correspond to 90% confidence intervals. We com-
pare our results with several observational constraints. In the left
panel, the grey region shows constraints from the binary com-
ponents of the gravitational wave event GW 170817, including
their 90% and 50% credible intervals (CI). Constraints from the
NICER X-ray data for the millisecond pulsar PSRJ0030+0451
are depicted in cyan and yellow color, while those for the pul-
sar PSRJ0740+6620 are shown in orange and peru color, both
representing the 1o (68%) CI for the 2D posterior distribution
in the M-R domain. The new pulsar data PSR J0437-4715 is
highlighted in a lilac shade. In the right panel, the constraints
obtained from GW170817 are included for the 1.36 M, tidal
deformability Abbott et al. (2018).

The two posterior distributions without the PREX-II con-
straints diverge from each other starting around an NS mass
of 1.4 M. The NL-o cut tends to shift the M-R posterior to
the right, thereby increasing the radius, the larger differences
occurring for the larger masses. The inclusion of the PREX-
II constraints shifts the two distributions to larger radii, with
the low mass NS suffering the strongest effects. This low mass
effect is due to the large symmetry energy slope associated
with the PREX-II constraints, a nuclear matter property that
affects mostly the low mass NS: the larger the symmetry energy
slope at saturation the larger the radius of a low mass NS. In
Table 1, median and 90% CI of the nuclear matter and NS prop-
erties are given, and it is seen that the median of the symmetry
energy slope, Lgym o, essentially doubles with the inclusion of the
PREX-II constraints, increasing from 54 MeV to ~105 MeV. In
the right panel of Fig. 2, we confirm that the different scenarios,
namely, NL and NL o-cut without and with PREX-II, have on
the tidal-deformability effects similar to the ones discussed for
the radius. Specifically, NL o-cut and the PREX-II constraints
give rise to larger tidal deformabilities.

It is interesting to analyze how the above scenarios agree
with the ab initio chiral effective field theoretical (YEFT) cal-
culations for pure neutron matter (PNM). In Fig. 3, we evaluate
how well the computed posteriors match the yEFT calculations
for PNM across all scenarios. The figure displays the posterior
distributions for the NL, without and with PREX-II, and NL-o
cut without PREX-II models within the 90% confidence inter-
val (CI) for the PNM pressure as a function of baryon density.
At low densities near the saturation density, the three scenarios
are indistinguishable. At larger densities, the inclusion of addi-
tional PREX-II data makes the pure neutron matter pressure sig-
nificantly stiffer, pulling the posterior outside the PNM chEFT
constraints. In the absence of the PREX-II constraint, the PNM
pressure posterior for both NL and NL-o cut shows a good over-
lap with yEFT data. It should be noted that the yEFT PNM con-
straints were not part of the constraints applied to the likelihood
considered in this study. These data indicates the PREX-II data
are in tension with yEFT constraints, contrary to all the other
constraints included in our inference analysis, independently of
the model considered.

The inclusion of the modified o cut potential has a strong
effect on the effective mass at high densities. Fig. 4 shows the
90% CI region for the effective mass, m*, versus baryon den-
sity, p, without PREX-II constraints for NL and NL-o cut, and
with PREX-II constraints for the NL model. The NL scenario
shows a decreasing trend of the effective mass with density, with

a minimal effect of the PREX-II data on m*. When the o cut
potential is applied, the effective mass stabilises above a density
of 0.3fm™3 due to the o potential, thereby stiffening the EOS.
In the following, we analyse the magnitude of the dR/dM
derivative in order to identify possible features that distinguish
the different scenarios. Figure 5 shows the dR/dM distribution
for neutron stars with a mass of 1.6 My for the two models,
NL and NL o-cut, without and with the PREX-II constraints.
Among the models, the NL o-cut has the largest dR/dM slopes,

—0.44*0:% for a neutron star mass of 1.6 M. The NL model has

a slightly more negative slope of —1.04f8‘§2. When the additional
PREX-II data are included, all slopes become more negative.
The effect of the PREX-II data is to make the symmetry energy
stiffer, increasing the radius for masses below 1.6 M. As dis-
cussed earlier and seen in Fig. 2 left panel, the PREX-II data
make the M-R distribution narrower for low mass NS, pushing
the distribution to larger radii. In order to be able to still satisfy
the other constraints, the MR curve slope becomes more nega-
tive.

2.2. Effects of dark matter

In this subsection, we discuss the implications of considering
the presence of DM. The Bayesian inference was performed
again, as before, considering the stellar matter described by the
NL model and including the presence of DM when integrating
the TOV equations. As expected (see Table 1), the nuclear mat-
ter properties are practically unaffected. The same conclusion
is drawn from Fig. 6, where we compare the speed of sound
squared (left panel) and the trace anomalous related parameter,
d. (right panel), obtained including DM in a NL description of
stellar matter NL-DM with the two previous scenarios, NL and
NL-o cut.

Only the NS properties change in the presence of DM, as can
be clearly seen in Fig. 7, where the mass-radius (left) and mass-
tidal deformability (right) distributions are shown for the NL,
NL-o cut, and NL-DM scenarios. DM mainly affects medium
and high mass NS, reducing the upper 90% CI limit of the radius
and tidal deformability distributions and the maximum mass of
the NS. Its effect is in the opposite direction to that of the mod-
ified o potential, o cut. These results should be reflected on the
slope of the M-R curves, with NL-DM having a more negative
slope than NL and than NL o-cut, see Fig. 5.

In Table 1, we summarize some of the nuclear matter prop-
erties (NMP) and neutron star properties predicted by the NL,
NL-o cut, and NL-DM inference models. Some conclusions can
be drawn: i) independently of the inclusion (or otherwise) of
PREX-II constraints, the symmetric nuclear matter properties
are only slightly affected by the inclusion of the o cut potential
and the presence of DM, in particular; in the last case, it makes
it slightly harder for the EOS to compensate the effect of DM
on the neutron star properties; ii) the symmetry energy and its
slope at saturation do not depend on the model but the inclusion
of PREX-II constraint rises the symmetry energy and its slope at
saturation from 32 MeV and 54 MeV to 38 MeV and ~105 MeV,
respectively. Including PREX-II results in an increase in tidal
deformability for all cases due to an increase in radius. The effect
of the o cut parameter and DM matter on the tidal deforma-
bility is clearly seen comparing A;3s = 478 for the NL-o cut
model and Aj 3¢ = 419 for NL-DM with A 3¢ = 440 for the NL
model. PREX-II data shifts A 3¢ predictions to higher values:
A136 = 653 for NL-PREX-II (red), Aj3¢ = 675 for NL-o cut-
PREX-II (purple), and Aj 36 = 639 for NL-DM-PREX-II (black
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Table 1. Nuclear matter and neutron star properties for different models.

Without PREX-II With PREX-II

Quantity NL NL-o cut NL DM NL NL-o cut NL DM

Med. CI Med. CI Med. CI Med. cI Med. cI Med. cI
m 0.73 [0.69, 0.78] 0.77 [0.73, 0.79] 0.74 [0.71, 0.78] 0.73 [0.69, 0.78] 0.76 [0.72, 0.78] 0.75 [0.72, 0.78]
0o 0.160  [0.155,0.165]  0.160  [0.155,0.165]  0.161  [0.155,0.165]  0.160  [0.155,0.165]  0.160  [0.155,0.165] 0.161  [0.156, 0.165]
& ~15.99 [-16.03,-15.96] -15.99 [-16.03,-15.96] —16.00 [-16.03,-15.97] —15.99 [-16.03,-15.96] —16.00 [-16.03,-15.96] —16.00 [-16.03,~15.97]
Ko 239 (215, 263] 240 [222, 259] 243 [227, 265] 238 [212, 262] 236 [216, 257] 244 [230, 266]
o —472 [-541,-401] =522 [-592,-466]  —467  [-521,-404]  —483  [-563,-415]  —537  [-612,-468]  —475  [-524,-414]
Z 2465  [1406,3718] 2060  [1400,2648] 2221  [1436,2973] 2395  [1389,3742] 2181  [1445,2977] 2119  [1306,2788]
Jsymo 32 129, 36] 32 129, 36] 32 [30, 36] 38 136, 39] 38 136, 39] 38 [37, 40]
Leymo 54 [38, 86] 54 (38, 87] 54 [37, 90] 106 [97, 112] 104 [96, 110] 105 [97, 111]
Kymo ~ —133  [-175,-69]  —158  [-183,-87]  —144  [-176,-76] -11 (=57, 18] -20 (=70, 2] -17 [-64, 8]
Quymo 1004 [50, 1294] 866 [1, 1270] 965 [2,1297] 17 [—48, 65] 8 [-47, 49] 7 [-54, 54]
Zymo  —2926 [-10616,1519] —1227 [-8971,1723] —2272 [-10276,1649] —600  [-895,-22]  —515  [-704,176]  —567 [-759, —2]
Mo 2014  [1.893,2.152]  2.055 [1.931,2.163] 1981  [1.876,2.095] 2.003 [L1.881,2.131] 2.087 [L.960,2.201] 1975  [L1.868,2.079]
Runax 10.65  [10.19,11.02] 11.12  [10.48,11.47] 1052  [10.16,10.82]  11.00  [10.65,11.31] 11.62  [10.93,11.96] 10.89  [10.59, 11.15]
Ris 1218 [11.77,12.68] 1229  [11.81,12.85] 12.09 [11.74,12.65]  13.15  [12.84,13.40] 1320 [12.83,1347] 13.10  [12.79, 13.35]
Ris 1203 [11.57,1247] 1225  [11.68,12.74] 1191  [11.53,12.38] 12.82  [1243,13.13] 13.04 [12.54,1337] 1274  [12.37, 13.04]
Ris 1175 [11.11,1224] 1211  [11.38,12.58]  11.59  [11.07,12.04] 1235  [11.73,12.79]  12.81  [12.09,13.22] 1222  [11.65, 12.64]
Rao7 1132 [10.71,11.88] 11.66  [11.01,12.25] 1125 [10.96,11.57] 11.65  [11.05,12.25] 1229  [11.51,12.83] 1166  [11.29,12.10]
Al 440 [356, 536] 478 [363, 594] 419 [351, 526] 653 [554, 745] 675 [548,781] 639 [541, 726]
¢ 0.56 [0.48, 0.67] 0.47 [0.39, 0.58] 0.58 [0.49, 0.68] 0.53 [0.46, 0.64] 0.4 [0.38, 0.55] 0.56 [0.48, 0.65]

s,max

Notes. The median values and related 90% confidence intervals (CI) for certain nuclear matter parameters (NMPs), equation of state (EOS), and
neutron star (NS) properties for the following models: NL, NL-o cut, and NL-DM, both with and without the inclusion of PREX-II data. In this
table, saturation density (po) is expressed in units of fm™. NMPs such as € — Zym are given in MeV. The properties of neutron stars, such as
M ax, are expressed in units of M. The radii corresponding to masses M; € [1.4, 1.6, 1.8,2.07] M,, are given in kilometers. The parameter A 36,

representing the tidal deformability, is unitless. The square of the speed of sound, 2, is given in units of ¢2.
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Fig. 3. Posterior distributions for the NL, NL-o cut, and NL + PREX-II
models within the 90% confidence interval (CI) with respect to the pres-
sure (P) as a function of baryon density in pure neutron matter (PNM).

boundary). All models fit within or near GW 170817 constraints,
even when PREX-II data are included.

2.3. The Bayes factor

In the subsections above, it was shown that the effects of DM
and of the o cut potential on the NS properties as radius and
tidal deformability are opposite. We aim to test which case
would be favored by the current astrophysical and nuclear con-
straints; therefore, we calculated the Bayes factor for each infer-
ence model. The results are given in Tables 2 and 3, where the
Bayes factor for each model and the Bayes factor ratios are
given, respectively. Interestingly, our evidence calculations sug-
gest that: i) the models that do not include the PREX-II con-
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Fig. 4. 90% CI of effective mass (m*) as a function of baryon density
(p) for the NL, NL-o-cut and NL + PREX-II models.

straints are favored, having systematically a higher Bayes fac-
tor; ii) considering the models with no PREX-II constraint, the
model with the o cut seems to be preferred with respect to both
the NL and the NL-DM models, indicating a preference for a
stiffening of the EOS at high densities. We note, however, that
the evidence only indicates that there is a substantial preference
of NL-o cut with respect to NL.

2.4. DM and o cut potential parameters

Given that the inference analysis has been completed, we can
now explore the constraints on the unknown parameter f; for the
NL-o cut and the G, parameter for the DM model, under the
assumption of a uniform prior for both cases. The values consid-
ered for f; ranged from O to 1, and for G, from 0 to 1000 (fm?).
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Fig. 5. dR/dM distribution at a neutron star mass of 1.6 M for four
scenarios: NL, NL-o cut, NL + PREX-II, and NL + DM. (The median
values and related 90% confidence intervals (CI) are given on top of the
respective distributions).
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Fig. 6. 90% confidence intervals for ¢? (top) and d. (bottom) vs. baryon
density for NL, NL-o cut, and NL-DM models.

We define the DM self-interaction strength as

g 2
my
so that G, = 0 corresponds to the noninteracting case and

increasing G enhances the repulsive self-interactions among DM

Table 2. Log evidence values for different models.

Model In(2) In(22)
(With PSR J0437-471)

NL -64.14 £ 0.16 -65.25+0.15

NL + PREX-II -68.53 £0.17

NL-o cut -62.18+0.15 —-63.36 £ 0.15
NL-o cut + PREX-II —66.15 +0.17

NL DM -64.53 £ 0.15 —65.57 £ 0.15

NL DM + PREX-II —-69.12 +0.17

Notes. Log evidence In(Z) Values for the different Models. The best
model is NL-o cut (without PREX-II) with the highest log evidence of
-62.18.

Table 3. Log evidence differences and interpretations.

Modell/Model2 Aln(Z2) Interpretation

NL-o¢c P2/NL-oc  -3.96 Decisive for NL-o¢
NL-o¢ P2/NL P2 2.38 Substantial for NL-o¢c P2
NL-oc¢ P2/NL -2.01 Substantial for NL
NL-o¢/NL P2 6.35 Decisive for NL-o¢
NL-o¢/NL 1.96 Substantial for NL-o¢
NL P2/NL -4.39 Decisive for NL

NL DM/NL -0.39 Barely worth mentioning
NL DM/NL-o¢ -2.35 Substantial for NL-o¢

Notes. P2 indicates models with PREX-II, and NL-oc indicates NL-o
cut.

particles. For a DM particle mass of m, ~ 938 MeV, the corre-
sponding self-interaction cross section per unit mass is given by

2
Oy 4 Gy ( ny )2 2
— ~12x10 .
m, % (1fm2) [Gev) “™/2

Astrophysical constraints, derived from galaxy cluster observa-
tions and studies addressing the core—cusp problem, typically
require

Tx <0.1-1 cmz/g,
my

which, for m, ~ 1GeV, translates to a range of approximately
30fm* < G, < 943 fm”.

Thus, by exploring a broad interval 0 < G, < 1000 fm?, we not
only capture the extreme cases (from the noninteracting limit
to very strong self-interactions) but also cover the region sug-
gested by astrophysical constraints. This comprehensive range
enables us to systematically assess how variations in G, influ-
ence neutron star observables, such as the maximum mass,
tidal deformability, and thereby provides a robust framework for
constraining DM properties using multimessenger astrophysi-
cal data Eckert et al. (2022), Harvey et al. (2015), Shirke et al.
(2023).

In the following, we also show results including the PREX-II
constraint just for reference. As expected, these constraints have
essentially no effect on the parameters f; and G,. Figure 8 shows
the probability distribution of f; for the ocut model (top panel)

A220, page 7 of 15



Thakur, P., et al.: A&A, 697, A220 (2025)

2.5
r NL
L [ 59 -
gf_ P NL-o cut
N C ~5J0 0 o0
L B O ¢ 1 NLDM
,'/ Foo800hoo8
L / 000900800
2.0 1A AR SRR
L W GQoocoooXodood
Q 00 0 0 N AO 0 d,
— L o N0 0000 R e 0 &
) " N0 000 0nd\ o0&
L M\ R o0 00d0%0 o4
= A\ o000 Sgho o
el N “vouoao\oe‘
v 0000 0RO o
=15+ \ oooooo
— T
oooooo
L Yo ooo000 Yo
~ NMooocoo
L 0000000 d}
,,,,, 000
[ Mooo0o0o0000
00000000
1.0 i oﬂooooooooceaaooo‘}%
\
r $lo0 000000008\
.H;Ioooo‘oooope&“ 1
10 12 14
R [km]

2.5
E NL
F ° NL-o cut
o NL DM
2.0F
S
g |
s |
1.5¢
TR | Lol Lol L
1.0 T 102 10°
A

Fig. 7. 90% credible interval (CI) region for the neutron star (NS) mass-radius posterior P(R|M) is plotted for the NL, NL-o cut, and NL-
DM models. The gray area indicates the constraints obtained from the binary components of GW170817, with their respective 90% and 50%
credible intervals. Additionally, the plot includes the 10~ (68%) CI for the 2D mass-radius posterior distributions of the millisecond pulsars PSR
JO030 + 0451 (in cyan and yellow color) Riley et al. (2019), Miller et al. (2019) and PSR J0740 + 6620 (in orange and peru color) Riley et al.
(2021), Miller et al. (2021), based on NICER X-ray observations. Furthermore, we display the latest NICER measurements for the mass and
radius of PSR J0437-4715 Choudhury et al. (2024) (lilac color). Right: 90% CI region for the mass-tidal deformability posterior P(A|M) for the
same models is presented. The blue bars represent the tidal deformability constraints at 1.36 M, Abbott et al. (2018).
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Fig. 8. Probability distribution of the free parameter, f;, for the ocut
model (top) and G, for the DM model (bottom) is shown. Both panels
include the distribution with and without PREX-II. The blue line indi-
cates uniform prior.

and of G,, for the DM model (bottom panel) from Bayesian infer-
ence. As shown in Maslov et al. (2015), Thakur et al. (2024b),
the smaller the f;, the greater the effect of the o cut poten-
tial. It can be seen that the most likely f; compatible with the
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constraints lies in the range ~0.4—0.6, an interval that includes
fs = 0.5, the value obtained in Thakur et al. (2024b) for hyper-
onic stars describing two solar mass stars. The bottom panel of
Fig. 8 shows that G, is not significantly constrained by the wide
range of constraints from the nuclear and astrophysical data con-
sidered in the present study.

2.5. Impact of PSR J0437-4715

NICER’s nearest and brightest target is the 174 Hz millisec-
ond pulsar PSR J0437-4715. Using NICER data from July
2017 to July 2021 and incorporating NICER background esti-
mates, the latest mass-radius measurements of PSR J0437-4715
are reported in Choudhury et al. (2024). We have investigated
the effect of these measurements, together with the two old
NICER measurements for pulsars PSR J0030+0451 and PSR
J0740+6620, on NL, NL-o cut, and NL-DM scenarios, exclud-
ing the PREX-II constraint. Figure 9 shows the posterior dis-
tribution of neutron star mass-radius relations for the NL, NL-
o cut, and NL-DM models, respectively in panels a, b, and c,
incorporating the new data from PSR J0437-4715. The inclusion
of this new data particularly affects the estimated radius for neu-
tron stars in the 1-1.5 My mass range. These new data reduces
the upper limit of the 90% confidence interval by about 200 m
and the lower limit by less than ~30 m, with a consistent effect
across all models. This is seen in Table 4, where the NS radius
for masses of 1.2, 1.4, and 1.6 Mg, for the three cases are given,
including the new PSR constraints. We computed the Bayes evi-
dence for each model that incorporates PSR J0437-4715 data,
but excludes PREX-II and observed a decrease of ~1 in the log-
arithm of the Bayes evidence in all instances (see Table 2). This
suggests that the new NICER data are in conflict with the old
data or that the current EOS model lacks the flexibility to simul-
taneously accommodate all NICER data.

3. Conclusion

In this study, we examine the equation of state (EOS) for neutron
stars under three different scenarios: a purely nucleonic com-
position, a nucleonic composition with a o-cut potential, and a
nucleonic composition with a dark matter admixture. The effect
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Table 4. Radius measurements with and without PSR J0437-4715 data.

Quantit NL NL +J0437 NL-o cut NL-o cut +J0437 NL DM NL DM +J0437
B Y "Med. 90% CI Med. 90% CI Med. 90% CI Med. 90% CI Med. 90% CI Med. 90% CI
Ri2 12.27 [11.89,12.89] 12.23 [11.85,12.70] 12.29 [11.87,12.95] 12.21 [11.85,12.76] 12.20 [11.85,12.89] 12.14 [11.82,12.69]
Ri4 12.18 [11.78,12.69] 12.14 [11.75,12.55] 12.29 [11.81,12.86] 12.21 [11.79,12.69] 12.09 [11.75,12.65] 12.03 [11.72, 12.46]
Rie 12.03 [11.57,12.47] 11.98 [11.54,12.41] 12.25 [11.68,12.74] 12.17 [11.64,12.62] 11.91 [11.53,12.38] 11.85 [11.50, 12.23]

Notes. The median and 90% confidence intervals (CI) of the radius, Ry, (km), for neutron star masses of M € [1.2,1.4,1.6] My, comparing
results for obtained posterior with older NICER data and the additional inclusion of new PSR J0437-4715 NICER mass-radius measurements.
The models include NL, NL-o cut, and NL-DM. The terms NL+J0437, NL-cocut+J0437, and NL-DM+J0437 represent the inclusion of PSR

J0437-4715 NICER measurements along with the older NICER data.

Table 5. Derived parameters across various posterior distributions.

Without PREX-II

With PREX-II

Quantity NL NL-o cut NL DM NL NL-o cut NL DM

Med. CI Med. CI Med. CI Med. CI Med. CI Med. CI
9o 8.438 [7.827,8.915] 7.965 [7.681,8.470] 8257 [7.842,8.653] 8369 [7.775,8.907] 8.073 [7.714,8.576] 8.144 [7.753,8.552]
Jo 9.903 [8.689,10.715] 8.901 [8.381,9.927] 9.540 [8.719,10.242] 9.767 [8.612,10.687] 9.120 [8.475,10.121] 9.336 [8.557, 10.082]
dp 10.108 [9.282,10.950] 10.059 [9.311, 10.840] 10.097 [9.274,10.927] 9.288 [9.048,9.562] 9.364 [9.142,9.625] 9.342 [9.118, 9.586]
B 5.199 [4.167,7.897] 7.253 [4.961,8.731] 5.746 [4.578,7.880] 5346 [4.172,8.125] 6.722 [4.678,8.612] 6.066 [4.767,8.257]
C —4.106 [-4.916, 0.346] —2.124 [-4.692,3.478] —3.838 [-4.901, —-0.032] —-3.969 [-4.897, 1.540] -2.613 [-4.758,2.709] —3.441 [-4.861, 1.784]
3 0.005 [0.000,0.012] 0.011 [0.001,0.028] 0.004  [0.000,0.012]  0.006 [0.000,0.015] 0.015 [0.002,0.032] 0.005 [0.000, 0.013]
Ay 0.047 [0.013,0.092] 0.060 [0.014,0.104] 0.051 [0.012,0.096] 0.001 [0.000,0.006] 0.002 [0.000,0.008] 0.002 [0.000,0.007]
[ - - 0.44 [0.38, 0.58] - - - - 0.46 [0.39, 0.61] - -
G - - - - 534.71 [159.91, 852.7] - - - - 532.16 [156.99, 854.79]

X

Notes. The median and 90% confidence interval (CI) values for the derived parameters across various posteriors. Specifically, B and C are b x 10
and ¢ x 10, respectively. The parameter f; in the NL — o cut model is dimensionless, while the parameter G, in the NL DM model is measured

in units of fm?.
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Fig. 9. Posterior distribution of the neutron star mass-radius P(R|M) for models (a) NL, (b) NL-ocut, and (c) NL-DM, compared with the distribu-
tion that includes the new PSR J0437-4715 NICER mass-radius measurements. The legends of NL+J0437, NL-cocut+J0437, and NL-DM+J0437
indicate the integration of PSR J0437-4715 NICER data with the previous NICER measurements. The additional constraints being compared are

identical to those in Fig. 2. More information is given in the caption.

of the o-cut potential is to stiffen the EOS above the saturation
density, with a net effect similar to the presence of a quarky-
onic phase, as described in McLerran & Reddy (2019), or, alter-
natively, an exclusion volume Typel (2016). Using Bayesian
inference and incorporating the latest constraints from nuclear
physics and astrophysical observations, we were able to assess
the plausibility and implications of each scenario. Our analysis
shows that the inclusion of dark matter and modified potentials

in the EOS significantly affects the macroscopic properties of
neutron stars, such as their mass-radius and mass-tidal deforma-
bility relations.

Our results show that the inclusion of PREX-II constraints
has a strong effect on several NS properties, such as the mass-
radius or mass-tidal deformability curves, and, in particular, on
the slope of the MR curves. The PREX-II data shift the radius
of low-mass stars to very large radii on the order of 13.5-14 km.
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The models including PREX-II data are completely unsuccess-
ful in reproducing the yEFT PNM pressure. In addition, the cal-
culation of the Bayes factor has shown decisive or substantial
evidence arguing against the usefulness of these models, when
compared with the models without PREX-II data.

The analysis of the effect of the o cut potential has shown
that the constraints imposed in our Bayesian inference calcu-
lation favour this model, giving larger Bayes factors. The NL-
o cut model leads to a stiffening of the EOS at large densities
and therefore predicts massive stars with larger radii. It also has
a very pronounced effect on the speed of sound, leading to a
steep increase above 0.2 fm™ and a flattening above 0.4 fm=3.
The trace anomaly related quantity is also affected, showing a
clear peak for p ~ 0.3 fm~> followed by a steep decrease to val-
ues below 0.2 at 0.6 fm~3; whereas for the other models, there
is no distinct peak and the values below 0.2 are only reached
above 0.8fm™. We also analyzed the slope of the MR curve
with respect to the star mass, dR/dM. The NL-o cut model is
the model that presented the largest values of dR/dM, possibly
even positive, due to the presence of a stiff EOS at high densi-
ties. The calculation of the Bayes factor has also indicated that
this was also the most favored model.

Finally, we examined the effect of the new PSR J0437-4715
measurements on the posterior neutron star mass-radius distri-
bution, observing a consistent reduction of about 0.2 km in the
upper bound of the 90% confidence interval across all models.
The inclusion of this additional constraint was accompanied by
a notable decrease in the log Bayes evidence (~1), suggesting
either a conflict with previous measurements or a need for more
flexible theoretical models to accommodate the updated data.
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Appendix A: Methodology

In the present section, the frameworks necessary to develop each
scenario are briefly presented. The equation of state (EOS) of
nuclear matter is carried out within the relativistic mean field
(RMF) framework. Our analysis focuses on the RMF model that
includes non-linear mesonic interactions (labeled NL). In addi-
tion, modifications to the RMF o potential are considered in the
second scenario (referred to as NL o cut). The impact of DM
in NS is studied considering a model for fermionic DM in the
NL framework (NL DM). We employed a Bayesian inference
approach to impose a set of accepted constraints from nuclear
and astrophysical observations. The details of the framework are
as follows.

A.1. NL model

In the RMF model with non-linear mesonic contributions, the
EOS for nuclear matter is described by the interaction of the
scalar-isoscalar meson o, the vector-isoscalar meson w, and the
vector-isovector meson o. The Lagrangian density is given by
(Fattoyev et al. 2010; Dutra et al. 2014; Malik et al. 2023):

.E = .LN + LM + -£NL + Llepmnx,

where

- 1
Ly = ‘I’[y'“ (ia# — Gy — Egg‘r . Qu) — (my — goo) ]‘*I"

(A.1)

denotes the Dirac Lagrangian density for the neutron and proton
doublet with a bare mass, my, in interaction with mesons o, w,
and o, where ¥ denotes a Dirac spinor, y* represents the Dirac
matrices, and T the Pauli matrices. The £y, is the Lagrangian
density for the mesons, given by

1 2 2 1 w) p(w)py 1 2
3 [6”0'6”0' —-mso ] - ZF;(U/)F( Yy Emwwﬂw“

| 1
- Cplow o — 2,
4F;1v FO 4 5 M@ o,
where FWOH = iA@Y _ 5" A@OH are the vector meson tensors
and the term

Lyy =

+ Awgie, - 0" giwu (A.2)

includes the non-linear mesonic terms characterized by the
parameters b, c, £, and A,,, which manage saturation properties,
the symmetry energy and the high-density properties of nuclear
matter. The coefficients g; represent the couplings between the
nucleons and the meson fields i = o, w, 0, which have masses
denoted by m;.

Finally, the leptons are described by the Lagrangian density,

-Lleptons = ‘{_Il[’y'u (lau - ml) ]lPl»

with ¥; (I = e7, ") the lepton spinor for electrons and muons;
leptons are considered non-interacting.

The energy density of the baryons and leptons is given by the
following expressions:

1 kFi
_ 2 %2 7.2
€= E —ﬂzjo‘ VK2 +mC k" dk

i=n,p,e.pu
1 1 1
2 2 2. 2 2 2
+ Em(,o' + —m, W+ Emgg
8

Ly =

é‘: i(wﬂa}z)Z

1 1
—gb my g (o)’ - ZC(%O')4 T

(A.3)

w

b c
+ gmN<g¢(r>3 + Z(gm“ + 2(gow)* + 3A4(goguow)?,
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where m; = m; — g,o for protons and neutrons, m; = m; for
electrons and muons, and kp; is the Fermi moment of particle i.
The o, w, and p are the mean-field values of the corresponding
mesons Malik et al. (2023).

Once we have the energy density for a given EOS model, we
can compute the chemical potential of neutron (u,) and proton
(up). The chemical potential of electron (u.) and muon (u,) is
computed using the condition of -equilibrium : u, -y, = u,. and
He = i1, Charge neutrality is also imposed p, = p, +p,, where p,
and p, are the electron and muon number density. Furthermore,
using the thermodynamic relation, the pressure is given by

P = Zﬂipi—f-
i

A.2. NL o Cut

(A4)

We further investigated the addition of the o cut potential
U, (o) to the RMF Lagrangian, as mentioned in Maslov et al.
(2015), Zhang et al. (2018), Patra et al. (2022). The U,,,(c") with
a logarithmic form, as in Maslov et al. (2015), has been intro-
duced to affect the o field only at high density and is given by

Ueu(o) = aIn[l + exp{B(go0/my — fo}l, (A.5)

where a = mﬁ and 8 = 120 Maslov et al. (2015), and in the fol-

lowing, the f; parameter determined by Bayesian inference.
The Lagrangian density equation for the NL term, Eq. (A.2),

including the U,,(07) and denoted as Ly scut, 1S given by,

-£NL,0'c'ut LNL - Ucul(o-)' (A6)
The meson fields are determined from the equations
o= 23 (A7)
mo‘,eff i
Jo
w = == (A8)
mw,eff i
9o
= I is A9
Y 7 Z 30 (A.9)
oeff i

where p} and p; are, respectively, the scalar density and the num-
ber density of nucleon i, and

U (o
My = My +bmygyo+cgoo’ + % (A.10)
My = Mg+ %giwz +2M09,950"5 (A.11)
M = my+2M,g0000, (A.12)

where U/, (o) is the derivative of U, (0) with respect to 0. In
these equations, the meson fields should be interpreted as their
expectation values. The energy density and pressure for this case
are Maslov et al. (2015)

€Ercut = € T Ucut(o-),
Py = P — Ucut(a-)~

(A.13)
(A.14)

A.3. Dark matter

The current interpretation of experimental data on neu-
tron decay suggests the potential presence of phenomena
beyond the standard model of physics Czarnecki et al. (2018),
Fornal & Grinstein (2018), Baym et al. (2018). Neutrons pre-
dominantly undergo 5-decay:

n—pt+e +v,.
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The two experiments that measure neutron lifetime, namely the
beam experiment and the bottle experiment, yield two differ-
ent neutron lifetimes. The bottle experiment yields Tpoye =
879.6 = 0.6 s Mampe etal. (1993), Serebrov et al. (2005),
Pichlmaier et al. (2010), Steyerl et al. (2012), Arzumanov et al.
(2015), Pattieetal. (2018) and the beam experiment mea-
surement gives Tpeam = 888.0 = 2.0 s Yueetal. (2013),
Byrne & Dawber (1996). These two neutron lifetime measure-
ments differ by 40, indicating a need to reconcile our under-
standing of fundamental interactions. In Fornal & Grinstein
(2018), authors have come up with an intriguing sugges-
tion where they propose that new decay channels of neu-
trons into dark matter particles could account for the anomaly
in the neutron lifetime measurement. These new decay chan-
nels, where neutrons decay into dark matter particles, could
be potentially interesting for neutron star physics. Several
recent studies have investigated this possibility, suggesting
that neutron stars can serve as powerful laboratories to
test the proposed decay of neutrons into dark matter parti-
clesHusain et al. (2022), Bastero-Gil et al. (2024), Baym et al.
(2018), Shirke et al. (2023), Motta et al. (2018), Shirke et al.
(2024). In this work, we examine the effect of neutron decay on
neutron star dynamics using the decay channel involving baryon-
number- violating beyond the standard model (BSM) interaction,

(A.15)

where y is a dark spin-1/2 fermion, and ¢ is a light dark boson.
Other decay channels of neutrons are also possible, e.g., n —
x + v, and n - y + e*e”. However, phenomenologically all
decay channels are not favored; e.g., laboratory experiment puts
stringent constraints on the decay channel n — y + y Tang et al.
(2018). The decay channel n — x + ¢ is especially intriguing
in the context of neutron star physics, as it can be argued that
the light dark matter boson ¢ would quickly escape the neutron
star, rendering it insignificant. Conversely, some of the neutrons
within the neutron star will transform into fermionic dark matter
x due to the BSM interaction. Physically these dark matter parti-
cles will experience the gravitational potential of the neutron star
and will reach thermal equilibrium with the surrounding neutron
star matter. This sets the equilibrium condition

n-y+d¢,

[y = (A.16)

Nuclear stability requires 937.993 MeV < m, + my < m, =
939.565 MeV Motta et al. (2018), Shirke et al. (2023). For the
dark particles to remain stable and avoid further beta decay, the
condition |m, — my| < m, + m, = 938.783 MeV must be met
Fornal & Grinstein (2020).

To account for dark matter (DM) self-interactions, we intro-
duce vector interactions between dark particles, described by:
LD gty xVi— %v,,va + %m%,V#V” , (A.17)
where gy is the coupling strength and my is the mass of the vec-
tor boson. This introduces an additional interaction term in the
energy density, beyond the free fermion part. The energy density
of DM is given by:

1 (ke 1
eom = — f I k2 + m2 dk + EGX;@;, (A.18)
0
where,
2 k3
gv F)(
G, =], = A.19
“ (mv) S ( )

and

My = {Jk2 +m2 +Gyny.

This study examines a scenario where a chemical equilib-
rium is established between ordinary matter and the dark sector.
The dark matter (DM) population vanishes as the neutron den-
sity approaches zero. Thus, we used a single-fluid TOV approach
Shirke et al. (2023, 2024) instead of the two-fluid method in
Husain et al. (2022). We add the dark matter energy density
(epm) to the hadronic matter energy density (€) to get the total
energy density (€0 = € + €pyr). The pressure is calculated using
Equation A .4.

A.4. Bayesian likelihood

The Bayesian likelihood is fundamental in Bayesian statistics
Imam et al. (2024), enabling the probability assessment of a
hypothesis to be revised in light of new data or evidence. Within
Bayesian inference, the posterior distribution illustrates the cred-
ibility of parameter values based on the observed data.

Data:- Within our inference analysis, various constraints
from nuclear physics experiments that involve both symmetric
and asymmetric matter are considered, as well as astrophysical
constraints on the properties of NS, such as NICER radius mea-
surements and GW170817 tidal deformability. All constraints
are listed in Table A.l including references (for more details
see Tsang et al. (2024)). Each scenario is examined with and
without the constraints obtained from PREX II Adhikari et al.
(2021), Reed et al. (2021). The constraints are established based
on empirical data derived from experimental observations of
finite nuclei properties, such as nuclear masses, neutron skin
thickness in 2%®Pb, dipole polarizability, and isobaric analog
states, alongside heavy ion collision (HIC) data spanning den-
sities from 0.03 to 0.32 fm~3. In addition, our analysis includes
the following astrophysical data: the mass-radius from pulsars
PSR J0030+0451, PSR J0740+6620 and PSR J0437-4715 and
the tidal deformability from the GW170817 event. We apply
these constraints within a Bayesian framework to constrain the
parameters of the EOSs.

Likelihood: the likelihood of the given data is described as
follows:

— Experimental data: For experimental data, Dexp; + 0 having

a symmetric Gaussian distribution, the likelihood is given as:

= Lexpt .

L(Dexpt|0) = 20

1 ( (D(Q) - Dexpt)z)
exp |- >
V2ro?
Here, D(0) is the model value for a given model parameter
set 6.

— GW observation: For GW observations, information on the
EOS parameters comes from the masses my,m; of the two
binary components and the corresponding tidal deformabili-
ties A, A,. In this case,

Mu M
P(dgw|EOS) = f dm f dmyP(my, my|[EOS)
m M;

xP(dgwlmi, ma, A1(my, EOS), Ay (my, EOS))
=LY (A20)

where P(m[EOS) (Agathos et al. 2015; Wysocki et al. 2020;
Landry et al. 2020; Biswas et al. 2021) can be written as,
! iff M <m<M,

P(m|EOS) = {MuMz

0 else, (A-2D)
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In our calculation, we set M; = 1 Mg and M, as the maximum
mass for a given EOS.

— X-ray observation(NICER): X-ray observations give the
mass and radius measurements of NS. Therefore, the cor-
responding evidence takes the following form,

M,

P(dx_|EOS) = f dmP(m|EOS)
M,

XP(dX—raylms R(m, EOS))

— LNICER. (Azz)

Here, again, M; represents a mass of 1 My, and M,, denotes
the maximum mass of a neutron star according to the
respective EOS.

The final likelihood for the three scenarios:

L= LEXPT LGW LNICERI LNICERII ) ( A23)

NICER I and NICER II refer to the mass-radius measure-
ments of the pulsars PSR J0030+0451 and PSR J0740+6620,
respectively.

We have successfully implemented the nested sampling
algorithm using PyMultiNest Buchneretal. (2014), setting
the number of live points at 2000. This configuration allowed
us to obtain a robust posterior distribution with approxi-
mately 9,000 samples, derived from roughly 400,000 likeli-
hood evaluations. Each individual case costs about 30,000 CPU
hours on a high-performance computing system, DEUCALION
Rede Nacional de Computacio Avancada (RNCA) (2024).
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