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Abstract

Hyperons are essential constituents in the neutron star interior. The poorly known hyperonic interaction is a source
of uncertainty for studying laboratory hypernuclei and neutron star observations. In this work, we perform
Bayesian inference of phenomenological hyperon—nucleon interactions using the tidal deformability measurement
of the GW170817 binary neutron star merger as detected by LIGO/Virgo and the mass-radius measurements of
PSR J0030+0541 and PSR J0740+4-6620 as detected by NICER. The analysis is based on a set of stiff relativistic
neutron star matter equation of states with hyperons from the relativistic mean-field theory, naturally fulfilling the
causality requirement and empirical nuclear matter properties. We specifically utilize the strong correlation recently
deduced between the scalar and vector meson—hyperon couplings, imposed by the measured A separation energy in
single-A hypernuclei, and perform four different tests with or without the strong correlation. We find that the
laboratory hypernuclear constraint ensures a large enough A-scalar—-meson coupling to match the large vector
coupling in hyperon star matter. When adopting the current most probable intervals of hyperon couplings from the
joint analysis of laboratory and astrophysical data, we find the maximum mass of hyperon stars is at most
2.176f8;%§M@ (68% credible interval) from the chosen set of stiff equation of states. The reduction of the stellar
radius due to hyperons is quantified based on our analysis and various hyperon star properties are provided.

Unified Astronomy Thesaurus concepts: Neutron star cores (1107); Neutron stars (1108); Gravitational waves

(678); Pulsars (1306)

1. Introduction

It is well known that neutron stars are not made of pure
neutrons, since some of them will beta decay until equilibrium
between neutrons n, protons p, and leptons (electrons e and
muons ) is reached, namely p, =, — pte, fhn, f4p, and p,
being the chemical potential of neutrons, protons, and
electrons, respectively. Such uniform npep matter is the
minimal model of the inner neutron star core. Because the
chemical potentials grow with increasing baryon density,
additional particle species besides nucleons (N) will be
populated when their thresholds are reached. For example, A
hyperons, the lightest baryon octet J* = (1/2)*, may appear in
high-density neutron star cores via weak interaction process
p+e — A+ v, replacing highly energetic neutrons when the
A chemical potential fulfills the condition s = pt, = ft, + Le-
Other higher-mass hyperon species (X and = hyperons) may
also appear. Although unstable under terrestrial conditions,
hyperons (Y) are stable in dense stellar matter because the Pauli
principle blocks their decay into nucleons. Consequently, the
core of a massive neutron star consists of an inner hyperon core
and an outer nucleon shell. These neutron stars are unusually
called hyperon stars.

Ever since it was pointed out that hyperons could be present in
neutron star cores in 1959 (Cameron 1959), enormous efforts
have been done to learn the composition and equation of state
(EOS) of neutron stars, including hyperons. It is a great challenge
since the results are very sensitive to the poorly known hyperonic
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interaction and thus very model dependent. There are attempts to
overcome the problem by exploiting arguments of strong
interaction symmetry. For example, in the widely used relativistic
field theoretic approaches, the hyperon—vector meson coupling
constants are unusually fixed from the SU(6) spin-flavor model in
the forms of g guaigusigu==23:2:2:1 and g,n: gon:
8o 8p==1/2:0:1:1/2, w, and p being the isoscalar-vector
and isovector—vector mesons, respectively. Then g,y and g,y are
determined once g.n and g,y are known. Experimentally,
hyperonic interaction could be derived from the scattering
experiments (several hundred AN and XN events) and the study
of hypernuclei (more than 40 A-hypernuclei, a few AA-
hypernuclei and =-hypernuclei), and it is required that hyperonic
potentials used should be fitted from the existing NY scattering
data (in microscopic approaches) or be consistent with the
properties of hypernuclei (in phenomenological approaches).
However, the parameters of the hyperonic interaction cannot be
sufficiently well constrained, and there are still many theoretical
and experimental ambiguities regarding baryon interactions in the
strangeness sector.

The objective of the present study is to confront the
phenomenological hyperonic interaction to the recently observed
neutron star properties (like mass M, radius R, and tidal
deformability A), and perform Bayesian inference for the
hyperon—meson coupling constants from the robust LIGO/Virgo
tidal measurement of the GW170817 binary neutron star merger
(Abbott et al. 2017)3 as well as two NICER mass-radius
measurements of pulsars [PSR J0030+0451 (Riley et al. 2019;

3 The results of the other possible double neutron star merger GW 190425

(Abbott et al. 2020a) were found to provide poor EOS constraint (Li et al.
2021), mainly due to the intrinsically much smaller tidal deformability and its
low signal-to-noise ratio.
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Miller et al. 2019) and PSR J0740+6620 (Riley et al. 2021;
Miller et al. 2021)]. Previously, such kind of Bayesian analysis
on nuclear matter parameters has been performed in, e.g.,
Traversi & Char (2020); Imam et al. (2022); Malik et al.
(2022); we here focus on the hypernuclear matter based on a set
of generally used relativistic mean-field (RMF) Lagrangians.
We consider 18 RMF effective interactions described as both
finite-range interactions (Horowitz & Piekarewicz 2001; Long
et al. 2004; Lalazissis et al. 2005; Typel et al. 2010; Wei et al.
2020) and zero-range (contact interactions or point couplings
PC (Nikolaus et al. 1992; Finelli et al. 2006; Niksi¢ et al. 2008),
which all treat effectively the in-medium properties of baryon—
baryon interaction. And the properties of nuclear saturation and
nuclear symmetry energy are in the empirical ranges given by
finite-nuclei and heavy-ion experiments.

The hyperonic interaction parameters within the RMF frame-
work, in terms of an exchange of mesons, are hyperon—-meson
coupling constants. Hereafter we define R,y = g,,y/&mn (n =0,
w, p, 6). If the SU(6) symmetry is applied for the w—A hyperon
coupling (R, =2/3), the c—A hyperon coupling can be derived
from the extrapolation at A723 =0 of the experimental binding
energy of single-A hypernuclei: R, ~ 0.61, which corresponds
to Up(pg) = —30MeV (Hashimoto & Tamura 2006). Never-
theless, it is still uncertain to determine the fit to hypernuclear
data. The broken SU(3) flavor symmetry seems inevitable to
accommodate the attractive/repulsive nature of different
hyperon potentials (e.g., Fortin et al. 2017) simultaneously and
to meet the requirement of the mass measurements of heavy
pulsars (e.g., Weissenborn et al. 2012). For the present analysis,
we then relax the symmetry argument and regard R,5 and R, as
free parameters between 0 and 1, while keeping consistency with
the hypernuclear data by imposing an empirical R, versus R,
relation from the experimental binding energy. By doing so, we
have reasonably assumed that the hyperon coupling is positive
and smaller than the nucleon ones(e.g., Glendenning &
Moszkowski 1991). Since there is not yet sufficient experimental
information for the ¥ and = hypernuclei, we fix the vector-3, =
hyperon couplings based on the above-mentioned SU(6)
symmetry, and adopt the scalar coupling values for X, =
hyperons (R,s. = 0.443, R,= = 0.302; Colucci & Sedrakian 2013;
van Dalen et al. 2014) reproducing reasonable single-particle
mean-field potentials in symmetric nuclear matter at the
saturation density po: Us(po) = + 34 MeV (Fortin et al. 2017)
and U=(pg) = —14 MeV (Khaustov et al. 2000; Gal et al. 2016).
As for the isospin vector scalar channel, following Dutra et al.
(2016), we simply take Rss =R,s, Rs= =R,= (Moszkowski
1974). In the present study, we shall explore the constraints on
the A hyperon coupling constants by the current measurements
of the mass, radius, and tidal deformability of neutron stars, and
discuss the parameter spaces of hyperon star properties. We are
also interested in providing useful relations between the
observed properties of hyperon stars, supplementing such kinds
of EOS-insensitive relations commonly obtained based on
neutron star EOSs.

The paper is organized as follows: Section 2 briefly
introduces the employed RMF model and the descriptions of
(hyper)nuclear matter and dense stellar matter, including the
discussions on nuclear symmetry energy parameters, the EOS
stiffness, etc. The used neutron star observations and the
R, a—R. 5 relation from hypernuclei data are detailed in
Section 3, as well as the Bayesian analysis method. We present
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our results and a discussion in Section 4 and summarize our
paper in Section 5.

2. Relativistic EOSs for Hypernuclear Matter
2.1. The RMF Model

The RMF model is constructed based on the framework of
quantum hadrodynamics (Walecka 1974; Serot 1992). It has
been successfully employed to describe the nuclear structure
and is one of the widely used phenomenological models for
studying nuclear many-body systems. One of the big
advantages of the treatment in terms of a relativistic field
theory is that it is automatically causal. Also, we could bypass
the problem of unknown hyperon-relevant three-body interac-
tion, which is supposed to induce additional EOS uncertainty in
the microscopic calculations based on Schrodinger’s equation.

As mentioned in the introduction, we consider various types
of RMF effective interactions: LHS (Reinhard 1989), RMF201
(Dadi 2010), NL3 (Lalazissis et al. 1997), Hybrid (Piekarewicz
& Centelles 2009), TM2 (Sugahara & Toki 1994), NLSV1
(Sharma et al. 2000), PK1 (Long et al. 2004), NL3wp
(Horowitz & Piekarewicz 2001), S271v6 (Horowitz &
Piekarewicz 2002), HC (Bunta & Gmuca 2003), DD-LZ1 (Wei
et al. 2020), DD-ME2 (Lalazissis et al. 2005), DD2 (Typel
et al. 2010), PKDD (Long et al. 2004), OMEG (Miyatsu et al.
2022), and the zero-range point coupling ones without
exchanging mesons: DD-PC1 (Niksi¢ et al. 2008), FKVW
(Finelli et al. 2006), PC-PK1 (Zhao et al. 2010). They also
cover all variants of the RMF models reviewed in Dutra et al.
(2014). In these models, the in-medium effects of nuclear force
are taken into account with effective Lagrangians, in which the
relevant parameters, accounting for higher-order many-body
effects, are introduced by either including nonlinear meson
self-interaction terms or assuming an explicit density depend-
ence for the meson—nucleon couplings. For example, DD-LZ1
is developed with peculiar density-dependent behavior of
meson—nucleon couplings guided by the restoration of
pseudospin symmetry around the Fermi levels in finite nuclei
(Wei et al. 2020).

In the meson exchange perspective, the Lagrangian density
generally reads as (B=N, Y): L=LE.. + LZ + L, + Lne.
The terms L£B5.., £B., L, describe, respectively, the free
baryons, the baryons interacting with the mesons and the free
mesons, while the last one Ly presents only in the nonlinear
version to involve the self-interaction and nonlinear mixing of
mesons. In the zero-range PC models, instead of a meson
exchange diagram, the baryon effective interaction in the
medium is treated by several local four-point (contact) terms
between baryons (see discussions in e.g., Zhao et al. 2010; Sun
et al. 2019). Correspondingly, their Lagrangian density could
be written as: Lpc = LE.. + L% + L&, where only baryons’
degrees of freedom or their densities involve. In general, the
terms in these RMF models are given by:

LE. =" Uplin, 0" — mplp; (1)
B

‘Cilfqt = Z &B[_ggga - gM;BPwa'u - ng'Y;Lﬁ# - Tlp; 2)
B
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where 15 describes baryon B, ¢ is the scalar—isoscalar meson
field, w’ and p* stand for the vector-isoscalar and isovector

fields, respectively. The vector meson field tensors Q" and I_Q‘W
are defined by V,,=0,V,—0,V,. For the PC models, the
coupling strengths ag, ay, azs, and gy introduce various
tensor structures of interactions in the spin—isospin space. £5; is
the four-fermion interaction. The higher-order terms involving
more than four fermions are introduced in £Z,, reflecting the
effects of medium dependence. At the mean-field level, the
many-body state is built up as a Slater determinant from single-
particle wave functions, i.e., four-component Dirac spinors.
The Klein—Gordon equations for the meson fields and the Dirac
equations for the baryon field are solved self-consistently in the
RMF approximation, where the meson field operators are
replaced by their expectation values in the ground state. For the
PC models, the procedure is simplified further as only the
baryon field exists. The nucleon couplings in our set of EOS
models are determined to reproduce the binding energies,
charge radii, neutron radii of selected nuclei, as well as the
properties of symmetric and asymmetric nuclear matter. In
particular, NL3wp includes a mixed isoscalar—isovector term,
which is varied to change the density dependence of the
symmetry energy (Horowitz & Piekarewicz 2001), and we take
it as a representative model of one of the stiffest EOSs in the
literature.

In particular, the saturation single-A potential in the
symmetric nuclear matter is determined from the scalar and
vector potentials, U = g 00 + guawo for meson exchange
models and Uy = o' p + o p,, for PC models (Tanimura
& Hagino 2012), with pg being the scalar density and py the
time-like component of the vector density (namely, py = p).
See e.g., Dutra et al. (2014) for a general review of the
application of the RMF model to properties of nuclear matter.
There appears to be a linear behavior between the ratios R, 5
and R_, in both nonlinear (Keil et al. 2000) and density-
dependent (Rong et al. 2021) classes of the RMF model. Such
linear relation has been recently fitted (Rong et al. 2021) from
the known A separation energy of hypernuclei, with the
analysis of the fitting errors provided. We shall make use of this
relation in our analysis and denote as the likelihood function
Pnuct. (see below in Section 3).

Sun et al.

2.2. Relativistic EOSs for Nuclear and Hypernuclear Matter

By construction, the RMF effective interactions are well
behaved close to the nuclear saturation density p, and moderate
values of the isospin asymmetry. See Figure 1(a) for the energy
per particle for symmetric nuclear matter plotted as a function
of baryon density for all 18 chosen effective interactions. They
give an acceptable saturation point, which means a saturation
density in the interval of py~0.15-0.17fm > and the
corresponding energy per particle at saturation in the interval
of E/A ~ — (17-15) MeV. The calculated incompressibility at
saturation is compatible with the constraints of 190-270 MeV
(Dutra et al. 2014) from the analysis on giant monopole and
dipole resonances, except the original linear Walecka models of
LHS (Reinhard 1989) and RMF201 (Dadi 2010), having
extreme values of 577.84, 548.10 MeV, respectively, which we
only include them for comparison. Nevertheless, the symmetry
energy parameters (Egym, L, K¢ym) spread the two-dimensional
plots of L versus Egyy, and L versus Ky, in the lower panels of
Figure 1.

Egym, L, K are usually referred to as the magnitude, slope,
and curvature of the symmetry energy at saturation density:
Esym(p) = Esym + XL + %XzKﬂym + .. with X= (P - pO)/(3PO)
Therefore 18 RMF effective interactions predict different EOSs
for asymmetric matter and pure neutron matter (PNM). Since
microscopic calculations of PNM are very accurate, they can
serve as a good reference for phenomenological models. In the
lower panels of Figure 1 of the symmetry energy parameters,
we also include the 95% credible regions from the latest
analysis (Newton & Crocombe 2021) on neutron skin data (one
of the most accessible measurements of neutron-rich environ-
ments in the Laboratory), both for uninformative priors in Egyp,,
L, Ky over their empirical ranges, and for priors incorporating
knowledge of the PNM EOS from chiral effective field theory
calculations (see the quoted reference and references therein for
more details).

In Figure 1(b), we report the pressure versus density
relations, i.e., the EOS, of the beta-stable matter for the study
of neutron star observations. Electrons are treated as free
ultrarelativistic gas, whereas the muons are relativistic. The
EOS for beta-stable matter can be used in the Tolman—
Oppenheimer—Volkoff equations to compute the neutron star
mass and radius as a function of the central density. The
mass as functions of the radius and the central density of
neutron stars and hyperon stars are displayed in Figure 2
with dashed and solid curves, respectively. As an illustrative
example, we show the hyperon star results calculated at
R,r=0.611, R,5x,=0.443, and R,z =0.303 for the scalar
couplings. We also show in the mass-radius plot the mass
and radius constraints obtained from the GW170817 tidal
deformability measurement by LIGO/Virgo (Abbott et al.
2017) and from the NICER measurements for PSR J0030
40451 (Riley et al. 2019; Miller et al. 2019) and PSR J0740
46620 (Riley et al. 2021; Miller et al. 2021). To describe the
structure of the crust, we employ the quantal calculations of
Negele & Vautherin (1973) for the medium-density regime
(0.001 fm 3 < p <0.08 fm %), and follow the formalism
developed in Baym et al. (1971) for the outer crust
(p < 0.001 fm ).

In Figure 2, we see that the softest DD-PC1 cannot support
a2>2.07 M, pure neutron star (Fonseca et al. 2021), while the
five stiffest EOSs (LHS, RMF201, NL3, Hybrid, TM2) are not
supported by both radius constraints from LIGO/Vigo and
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Figure 1. (Panel a) Energy per nucleon in a symmetric nuclear matter as a function of the nucleon density for different models. The pink box represents the empirical
regions of py~ 0.16 = 0.01 fm~> and E /A ~ — 16 £ 1 MeV. (Panel b) EOSs for beta-stable matter. (Panel c) Values of the symmetry energy Egym, and the slope
parameter L, with the black dots with error bars indicating the recent PREX-II results at 68% credible level (Reed et al. 2021). (Panel d) Values of the symmetry
energy slope L and the curvature parameter Kgyp,,. Also shown in the lower panels are the 95% credible regions from the latest analysis (Newton & Crocombe 2021) on
neutron skin data of calcium, lead, and tin isotopes, both for uninformative priors in Egym, L, Ksym, and for priors incorporating knowledge of the PNM EOS from
chiral effective field theory calculations. Note that the two original linear Walecka models (LHS and RMF201) are already ruled out because of too large isospin
symmetric nuclear matter incompressibility, and the five stiffest EOSs (LHS, RMF201, NL3, Hybrid, TM2) are disfavored by the astrophysical radius constraints (see

below in Figure 2).

NICER due to either too large symmetric nuclear matter
incompressibility (in the cases of LHS and RMF201) or too
large slope of the symmetry energy at saturation (in the cases of
NL3, Hybrid, TM2). For the set of 18 RMF EOS models
shown in the figure, it is seen that it is not necessarily a stiff
EOS (resulting in a large maximum mass) corresponding to a
large stellar radius (Lattimer & Prakash 2007). The neutron star
radius is controlled mainly by the density dependence of the
nuclear symmetry energy around the nuclear saturation density
po, while the maximum mass is a reflection of the EOS stiffness
at several times the nuclear saturation density (for example,
2 5pp). The fact that the EOS models of NLSV1, PK1, and PC-
PK1 predict large stellar radii but small maximum masses, with
the corresponding hyperon stars felling out of the 90% credible
regions of the PSR J07404-6620 mass measurements (Riley
et al. 2021; Miller et al. 2021), is because their pressure versus
density relation is relatively soft at supranuclear densities (as
shown in Figure 1(b)). Moreover, except NLSV1, PK1 and
TM2, accompanied by the decrease of the maximum mass with
the addition of the hyperon degrees of freedom, the maximum
central density of neutron stars increases. See again later in

Table 2 and Figure 6 for the comparison of the central densities
of neutron stars with those of hyperon stars. The previously
found compensation mechanisms with microscopic Brueckner—
Hartree—Fock calculations (Schulze et al. 2006) are also
observed here with a set of phenomenological EOS models,
i.e., a stiffer nucleonic EOS will lead to an earlier onset of
hyperons and thus a larger reduction of the maximum mass.
This is also the case for the statistical results, as seen later in
Section 4 (from Table 2).

In a coalescing neutron star binary, changes in the orbital
phasing due to the component’s mutual tidal interaction leave a
detectable imprint in the gravitational wave signal, and the
measured tidal deformabilities can then inform constraints on
the neutron star EOS. How easily the bulk matter in a star is
deformed by an external tidal field is encoded in the tidal Love
number k, the ratio of the induced quadruple moment Q;; to the
applied tidal field E; (Damour et al. 1992; Hinderer 2008;

Damour & Nagar 2009), Q; = szi—lgE,-j. The dimensionless
tidal deformability A is related to the compactness M/R and the
Love number k, through A = %kz (M /R)7>. The mass-weighed
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Figure 2. Gravitational mass as a function of the stellar radius (upper panel)
and the central density (scaled by the nuclear saturation density po; lower
panel) in the case of pure neutron stars (dashed curves) and hyperon stars (solid
curves) for the considered EOS models. The mass—radius measurements of the
NICER mission for PSR J0030+0451 (Riley et al. 2019; Miller et al. 2019) and
PSR J0740+4-6620 (Riley et al. 2021; Miller et al. 2021) are also shown, along
with the binary tidal deformability measurement from GW170817 by LIGO/
Virgo (Abbott et al. 2017). The horizontal lines in the two panels indicate
14 M. For the hyperon star plot, the scalar couplings are fixed as
R,r=0.611, R,», = 0.443, and R,= = 0.303. See text for details.

tidal deformability A of a binary system,

4
K= L00mt Bmm sy e, ™
13 (ml + m2)5

as a function of the chirp mass M = (mym,)3/° /(m; + my)'/,
can be accurately measured during the inspiral. In the present
work, the tidal deformability measurement of the first binary
neutron star merger event GW170817 (Abbott et al. 2017) is
used to constrain the hyperon content in neutron stars and the
underlying hyperonic interaction (see details below in
Section 3). We also report in Section 4 the most probable
intervals of the tidal deformability for hyperon stars with a
typical mass of 1.4 M.. Before presenting the statistical
results, we introduce the Bayesian analysis framework in
Section 3. The statistical analysis is then performed for 17 stiff
EOSs (i.e., hereafter DD-PC1 is not included) that can support
a>2.3 M pure neutron star, ensuring that there is still room
for the EOS softening by the addition of hyperons for
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explaining the measured masses of presently heaviest ~2 M,
pulsars in binaries with white dwarfs (Demorest et al. 2010;
Antoniadis et al. 2013; Cromartie et al. 2020; Fonseca et al. 2021).

3. Bayesian Inference

In Bayesian parameter estimation, the posterior distribution
of a set of model parameters 6 given a data set D is expressed
as:

PD|6)P(6)

POD) = ——2 77
©ID) [PDI6)P(6)d6

®)

where P(6) is the prior probability of the parameter set 8. The
total likelihood function P(D|0) is given by the product of the
likelihood P;(d;|0) of any individual observational data d,; € D.
In the following, we present a detailed discussion on the prior
and likelihood we adopted in the analysis.

3.1. Data Set and Likelihood

In the present work, we will consider three types of
experimental data: the mass-radius measurements of X-ray
pulsars (PSR J00304-0451 and PSR J0740+-6620) from NICER
and the tidal deformability measurement (GW170817) from
LIGO/Virgo, plus the laboratory hypernuclei data.

NICER. The NICER collaboration has reported two simulta-
neous mass—radius measurements of X-ray pulsars (PSR J0O030
40451 and PSR J0740+-6620) based on the pulse profile
modeling method. The results for PSR J0030+0451 were
M = 1347013 M, R = 12.717}4 km (Riley et al. 2019) or
M = 1.44%013 M., R = 13.027] 2 km (Miller et al. 2019). The
results for PSR JO740+6620 were M = 2.072+3%7 M.,
R = 1239732 km (Riley et al. 2021) or M = 2.062%$%0 M.,
R = 1371728} km (Miller et al. 2021). To incorporate the mass—
radius data of these two sources, we take the likelihood function
as:

Puicer (@nicer|0) = [ [ P(M(0), R(6)), ©
J

where we equate the individual likelihood P; to the joint
posterior density distribution of M and R for PSR J0030+0451
(Riley et al. 2019) or for PSR J0740+6620 (Riley et al. 2021).

GWI170817. The first detected double neutron star merger is
GW170817, with individual masses between 1.17 and 1.60 M,
with a total mass of 2.73700] M. (Abbott et al. 2017, 2019)
and a chirp mass of M = 1.1867099! M., (Abbott et al. 2019).
We calculate the likelihood of GW170817 through the
interpolated likelihood table given by Hernandez Vivanco
et al. (2020), which is encapsulated in the python package
toast.” This interpolation table is obtained by fitting the strain
data with the gravitational wave waveform from the component
masses and their corresponding tidal deformabilities. The
likelihood then reads:

Pow (daw|0) = F (A(0; My), Ma(0; My), M, q), (10)

where F(-) is the interpolation function. The component masses
M, and M, are related to the chirp mass M and the mass ratio
q= M 2 / M 1-

4 https://git.ligo.org/francisco.hernandez /toast
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Table 1
Most Probable Intervals of R, and R, (68% Credible Intervals)
+NICER
EOS +NICER +NICER +NUCL +NICER +GW170817 +GW170817 +NUCL
R Roa R Roa R R R R

LHS 0.8211342 0.755:997 0.865-05%0¢ 0.658-913¢ 0.9415093% 0.76329%3¢ 0.658791%3 0.75219332
RMF201 0.760+3:158 0.759+0951 0.658+:472 0.672+3138 0.949+0,932 0.7699933 0.842+0929 0.754+0:%8;
NL3 0.424+9339 0.746 4313 0.6817917) 0.768+0:13¢ 0.399+9377 0.794+9128 0.765+:139 0.8401319
Hybrid 0.363+038! 0.807+:432 0.750+139 0.865+0:92 0.305+93%8 0.7647948 0.777+3148 0.86910939
T™M2 031179330 0.751+0433 0.7360483 0.856791%2 0.323793%7 0.7847 9408 0.77279333 0.8707098¢
NLSV1 02521938 0.7560487 0.68879117 0.86371% 0.24779372 0.74479182 0.6897 0432 0.8667 0300
PK1 025419773 07560122 0.68773333 0.869799% 02489271 07549378 0.68370130 0.867-31%
NL3wp 0.384703% 0.773+034 0.690+0183 0.75950134 0.42040448 0.777431% 0.712:9437 0.778+121
S271v6 0.287+939 0.775+3438 0.750+31% 0.886+959 0.304+9.28 0.782+913 0.740+0148 0.884-+0.0%3
HC 0.26679%3 0.517+9318 0.733+3:119 0.902+4979 0.266+03% 0.783*9337 0.737+31% 0.902+9972
DD- LZ1 0.298%9321 0.77579432 0.769* 132 0.871+99%3 0.3277938} 0.7927914 0.772+9:128 0.870709%7
DD-ME2 0.275+033] 0.77101% 0.77053:123 0.88510978 02671034 0.776+3:189 0.767+3128 0.88370973
DD2 0.292+934¢ 0.7751% 0.7837913} 0.901+397 0.3057939? 0.78579132 0.789791% 0.9007995%
PKDD 0.2674034 0.8060149 0.8204093 0.9309:53) 0.282+0429 0.813*013¢ 0.835+01%2 0.93250:041
FKVW 0.327793% 0.6777934 0.647791% 0.70673:47 0.3537933¢ 0.69679373 0.658+9177 0.7164013%
PC-PK1 0.283*9310 0.701°9213 0.650+913 0.770+34%7 0.282+9317 0.703+3:312 0.651* 9348 0.7712948
OMEG 02724938 0.778+3:438 0.726 43137 0.880109% 0.27332%2 0.775+33%3 0.731°91% 0.889+0.9%2

Notes. The softest DD-PC1 is not included because it cannot support a 2> 2.07 M, pure neutron star (Fonseca et al. 2021).
Intervals of four different tests (see details in Section 3) for 17 considered relativistic EOSs (see details in Section 2).

NUCL. Recently, from fitting calculated A separation
energies to experimental values of 11 known A hypernuclei
with A > 12, an excellent linear correlation between R, and
R, is found (Rong et al. 2021), i.e., R, = 1.228R,, — 0.097,
and it is found that the relation is consistent with our chosen set
of RMF models (see Appendix A for details). To encapsulate
this empirical relation, we write the likelihood function as:

2
Pnuct (@nuct|0) = exp —iw , )

2 TR,
where R,p = (R,x + 0.097)/1.228 is deduced from the
relation and og,, = 0.08 is taken to mimic the statistical error
of R, in Rong et al. (2021). See Appendix B for the results
with different choices of the statistical error.

3.2. Model Parameters and Priors

In the present work, the model parameters can be divided
into three groups:

1. The EOS parameters Ogos = {R,a, R }- As discussed in
the introduction, the hyperon—-meson couplings should be
weaker than the nucleon—meson couplings and not
necessarily constrained by SU(3) symmetry. We thus

take uniform distributions for the coupling strength ratios
as R, ~ U[0, 1] and R_, ~ U[O, 1].

2. When we consider the NICER measurements, we add the
central energy density of pulsar j, £, into the parameter set
to obtain its mass and radius, M= M(Ogos;e ;) and
R = R(Bgos; €.,)- We also assign reasonably wide ranges
for the central energy density as e.~ U[0.3 x 10",
1 x 107 g/cm3 for PSR J0030+0451, and as e.~
U10.6 x 10", 3 x 10"] g/em® for PSR J0740+6620.

3. The gravitational wave parameters are the chirp mass M
and the mass ratio ¢, while the tidal deformabilities of
two components can be obtained through the EOS and
component masses, A1(0gos; M) and Ay(Ogos; Ms). We
take uniform priors for the chirp mass M~
U[1.18, 1.21] M, and for the mass ratio g ~ U[0.5, 1].

With the priors and likelihood at hand, we then sample from
the posterior distribution by using the python-based bilby
(Ashton et al. 2019) and pymultinest (Buchner 2016)
packages. We carry out four main tests to investigate the
influence of individual astrophysical data as well as the
laboratory data on the A coupling strengths, namely:

1. +NICER: where we consider both the constraints of PSR
J0030+0451 and PSR J0740+-6620 from NICER;

2. +NICER+NUCL: where we consider both the con-
straints in (i) and the hypernuclei one;
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Figure 3. Posterior PDFs of R,5 (upper panels) and R, (lower panels) of
scalar and vector couplings between AN and NN interactions for the considered
relativistic EOSs. Both the data of GW170817 and NICER (PSR J0030+0451
and PSR J0740+6620) are incorporated, and the analysis is performed with
(red curves) and without (blue curves) the inclusion of the empirical R,y\—R, 5
relation constrained by available single A hypernuclei. The results of the
already-excluded LHS and RMF201 are shown in light colors (see Section 2.2).

3. +NICER+GW170817: where we consider both the
constraints in (i) and the GW170817 data;

4. +NICER+GW170817+NUCL: where we consider both
the constraints in (iii) and the hypernuclei one.

4. Results and Discussion
4.1. Hyperon—Meson Couplings

The most probable values of the scalar and vector coupling
ratios (R,, and R,,) and their 68% credible boundaries,
constrained by the astrophysical and laboratory data in four
different tests, are reported in Table 1. The posterior PDFs with
the joint +NICER+GW170817 analysis on all 17 EOSs are
shown in Figure 3. Two additional figures are reported for the
representative NL3wp case: Figure 4 for showing the effects of
including or excluding any individual data, and Figure 5 for
comparing the R, and R, results from the astrophysical and
laboratory data.

From Figure 3, except the already-excluded LHS (Reinhard
1989) and RMF201 (Dadi 2010), it is evident that the

Sun et al.
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Figure 4. Comparison of posterior PDFs of four different tests for R, (upper
panels) and R,x (lower panels) detailed in Section 3 using the NL3wp EOS.

introduction of the hypernuclei constraint favors large values of
R, and R, and disfavors small values of both couplings. The
peak values of R, are shifted largely to the right, while the R
peaks only slightly change. Nevertheless, the R, distributions
are considerably narrowed toward to the right. The strong
underlying R,,—R_ correlation imposed by the data of single A
hypernuclei ensures a large enough scalar hyperon coupling to
match the large vector hyperon coupling. For example, in the
case of NL3wp, R,y is lifted from ~0.4 to ~0.7 when the
hypernuclei constraint is added. Also, the softer the EOS, the
more concentrated the distributions for large values of R, and
R_x. One may notice the second peaks at large R, values for
NL3wp and PKDD are removed by the introduction of the
hypernuclei constraint. As seen more clearly in the NL3wp plot
of Figure 4, such peaks are present because the not-so-high tidal
deformability upper limit of GW170817 necessarily requires a
considerable scalar attraction between nucleons and hyperons.
The addition of astrophysical observational data on top of the
laboratory R,5,—R_ correlation also rotates the linear correlation
(indicated with two black lines in Figure 5 slightly toward the
direction of small values of R,,. One sees the exclusion of the
small-R,, area in the upper-left corner of Figure 5 by the
hypernuclei constraint.
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Figure 5. Comparison of the posterior distributions of R, and R, with (in
red) and without (in blue) the empirical hypernuclei constraint. The laboratory
R, 7—R. relation, deduced from the measured A separation energy in single A
hypernuclei, is also indicated with two black lines. The contours are the 68%
credible regions for the parameters using the NL3wp EOS.

4.2. Hyperon Star Properties

Table 2 collects various hyperon star properties for all 17
considered EOSs, at 68% credible level, under the most
probable hyperonic interaction from the joint +NICER
+GW170817+NUCL analysis. For the representative stiff
NL3wp EOS case, we further present in Figure 6 the
composition and the mass versus radius & density relations
of hyperon stars in comparison with the corresponding
neutrons star results. Since the NL3wp EOS is one the stiffest
ones in the literature, while being consistent with all current
nuclear and astrophysical constraints, from the figure, one may
learn roughly the status of uncertainties of the hypernuclear
matter and hyperon star properties due to the uncertain
hyperon—nucleon interaction in dense matter.

In the left panel of Figure 6 for the particle composition, we
see that at densities below saturation, the charge-neutral matter
is almost pure neutrons with a small admixture of protons and
electrons. With increasing density, the electron Fermi energy
rises to the muon mass, and the muons will be populated.
Hyperon thresholds are reached at above~ 1.5pj, and the
negatively charged ¢~ and p~ are then replaced by negatively
charged hyperons with the increase of density. At densities
close to the central density of the maximum-mass hyperon stars
(~ 5pp; see Table 2), the hyperons constitute a sizable fraction
of baryons, and the stars are essentially baryonic stars without
the lepton population. Nevertheless, the lack of precise
knowledge of hyperonic interaction strongly affects the
predicted hyperonic composition of neutron star cores. It is
still unclear whether the lightest A of the baryon octet or the
heavier but negatively charged =~ appear first. And the
threshold density of A hyperons is in the wide range of
~1.4-3.8p¢. In the current choice of the strength of hyperonic

Sun et al.

interaction, three hyperon species (A, =, EO) are present.
hyperons are absent because they interact repulsively in the
dense medium. Despite a strong dependence on the uncertain
hyperonic interaction, one can notice generic features that the
formation of hyperons softens the EOS. This is because the
Fermi pressure of neutrons and protons near the top of their
Fermi seas is relieved by allowing them to hyperonize to
unoccupied low-momentum states, producing lower pressure.
Consequently, neutron stars containing hyperons are more
compact, and the maximum mass is lowered by about 20%, for
example, from 2.7 M, down to ~ 2.2 M, in the NL3wp case.
And a stiffer nucleon EOS leads to more softening (thus more
decreasing in the maximum mass) since the hyperon appear-
ance shifts to lower densities (see Table 2 in the third column
from the left). As to the smaller radius due to hyperons (e.g.,
Long et al. 2012), the effect sets in above ~ 0.5 M, and grows
with the stellar mass: ~ 16% for 2.0 M, stars and relatively
half for 1.4 M., stars, as seen in the right panel of Figure 6. We
mention here that, according to the results of the representative
stiff NL3wp EOS, at 68% credible level, the maximum of
hyperon star is My, = 2.176799%5 M, with the peak value
being ~ 2.26 M, with the current determination of hyperonic
interaction. Therefore it is not supported that the secondary
components of GW190814 (with mass ~ 2.6 M,,; Abbott et al.
2020b) and GW200210_092254 (with mass ~ 2.8 M.; Abbott
et al. 2021) are hyperon stars.

Before the end of this section, we make an attempt to
provide possibly useful relations between observed properties
and the underlying phase state of hyperons stars based on our
analysis. The strangeness fraction Ng/Np, defined as follows,

. . 2
NS:4—7deI" qSlplr :
3 1 =2m@)/r
. 2
NB=47rfer (12)

J1=2m() /r’

characterizes the strangeness contents in the hypernuclear
matter, p; and gg; representing the particle number density and
strangeness charge of particle i, respectively. m(r) denotes the
enclosed gravitational mass at radial coordinate r. Figure 7
shows the posterior distributions of R; 4, Rpo and Mp,x as
functions of the strangeness fraction Ng/Np from the joint
analysis of our representative EOS. There are excellent linear
anticorrelations between Ng/Np and R4 as well as R, as
shown in the left two panels of Figure 7, with the determination
coefficients of R* = 0.998 and R*> = 0.968, respectively. There
appears also an anticorrelation between Ng/Np and My, of
hyperon star, and the trend is similar to what was previously
revealed in Fortin et al. (2020), but no simple relation is found
in the present analysis.

5. Summary

The dense neutron star matter may contain a significant
fraction of non-nucleon baryonic components, such as
strangeness-bearing hyperons. They affect the stellar structure
and evolution in various ways; see, e.g., Burgio et al. (2021);
Logoteta (2021) for recent reviews. The formation of hyperons
inside neutron stars may lead to a significant softening of the
EOS of a neutron star core, with respect to the npep case, and
lower the theoretical maximum mass below the observed pulsar
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Table 2
Most Probable Intervals of Various Hyperon Star Properties 3
EOS Myax /M, pel Po Ry 0/km R, 4/km Arg
LHS w.0. Y 2.986 3.919 15.449 15.083 1643.781
with Y 210679333 46287090 13.190+3433 14.04975:9%9 1643.7817299%,
RMF201 w.o. Y 2.953 3.882 15.212 14.810 1526.412
with ¥ 2.117+53% 45567328 134867333 1436979990 1524401299
NL3 w.o.Y 2777 4514 14.784 14.827 1258.012
with ¥ 2.147+094 4.5415) 33} 14.6769332 14.824759% 1258.01210909 ¢
Hybrid w.0. Y 2.773 4.554 14.683 14.758 1161.133
with ¥ 2.131°99%3 4.649111% 1452379468 14.58870909 1161.131299%,
FKVW w.0. Y 2.747 4353 14.360 14.121 1106.960
with Y 2.1647995 3.7585 9503 1428810983 14.079*5:999 1092.946739%9
NL3wp w.o.Y 2.756 4.676 14.070 13.772 941.852
with ¥ 2.176+0553 4.846+0:9% 13.968799%% 13.76979:0% 940.165 926
DD-LZ1 w.0. Y 2.560 4.942 13.376 13.146 727.072
with ¥ 206579999 5.120498% 12.976+909% 13.14179.9% 725.192+90%
™2 w.0. Y 2.492 5.143 15277 15.460 1677.406
with ¥ 2.089+09% 44705033 152372594 15.460709% 1677.4023999%¢
DD-ME2 w.o.Y 2.486 5319 13.286 13.241 730.747
with ¥ 2.02079:593 55391018 1265479912 13.238799% 71155879909,
OMEG w.o0. Y 2457 5.318 12.882 12.978 576.307
with ¥ 197340919 5.3815 0048 12.977+9%% 565.429"99%9
DD2 w.0. Y 2.419 5.282 13.133 13.212 639.034
with Y 1.94579:0% 5.913%054 13.210+099%9 635.58219909,.
$271v6 w.o. Y 235 6.013 12.889 13.167 635.925
with ¥ 192743943 7.342+0532 13.16679% 635.92199%
NLSV1 w.o.Y 2344 5.142 14.053 14.495 1028.908
with ¥ 1.8867004 4.32240:0%7 14.495%0:0% 1028.901+9:0%
PKDD w.o. Y 2.329 5.920 13.223 13.710 768.771
with Y 1.81839% 6.170133% 13.709799%9 764.093+9000,
PK1 w.o.Y 2315 5.348 14.058 14.531 1111.863
with ¥ 19124999 4.696 0378 14.529%900 1102.674+99%9
PC-PKI1 w.0. Y 2.306 4.422 14.188 14.442 1079.255
with ¥ 1.852199%3 5.1989272 14.42175000 1079.24919999,
HC w.o. Y 2.286 5.775 12.141 12.410 446.984
with Y 182879019 7.42319053 12.410+99% 446.984+90%0

Note. For 17 RMF effective interactions, to the 68% confidence level, constrained jointly by the +NICER-+GW170817+NUCL analysis explained in Section 3. The
corresponding results of neutron stars (without hyperons) are also shown. My, is the maximum mass and p./pg is the corresponding central density scaled by the
saturation density. R, is the radius of 2.0 M, stars. Ry 4 and A; 4 are the radius and tidal deformability of 1.4 M, stars, respectively. The R, results for eight
relatively soft EOSs (NLSV1, PK1, S271v6, HC, DD2, PKDD, PC-PK1, OMEG) are not shown because most of the posterior hyperon stars cannot reach 2.0 M.,

masses, causing the well-known hyperon puzzle problem (e.g.,
Burgio et al. 2011; Lonardoni et al. 2015; Bombaci 2017). The
hyperon softening of the EOS may strongly affect the spin
evolution of isolated neutron stars (e.g., Zdunik et al. 2004; Qi
et al. 2015), and sufficiently massive stars containing hyperons
(or other negatively charged, strongly interacting particles) may
result in a delayed collapse of the hot newly born neutron star
to a black hole (Baumgarte et al. 1996). The presence of
hyperons may affect the cooling of neutron stars (e.g., Tsuruta
et al. 2009), the dynamics and the gravitational wave radiation
of neutron star mergers (e.g., Pradhan & Chatterjee 2021;

Benvenuto & Bauer 2021). Also, as soon as hyperons appear,
various hyperon reactions contribute to the bulk viscosity of
neutron star matter and influence the damping of r-mode
instability of neutron stars (e.g., Langer & Cameron 1969). The
resolution of these problems necessarily requires an accurate
description of the hyperonic interaction.

In the present work, we performed one of the first Bayesian
inferences of the hyperon—nucleon interaction strengths in the
relativistic Lagrangian using the robust multimessenger neutron
star observations from LIGO/Virgo and NICER, in combina-
tion with the study of hypernuclei. A set of 17 RMF
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Figure 6. (Left panel) Particle fractions of beta-stable hypernuclear matter as a function of the baryon density (scaled by the nuclear saturation density py), with the

most probable hyperonic interaction from the joint +NICER+GW170817+NUCL analysis (at 68% credible level) for the representative NL3wp model. (Right panel)
The corresponding most probable mass vs. radius & density relations of hyperon stars, compared to those of neutron stars.
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Figure 7. Correlations between the strangeness fraction and the radius of 1.4 M, stars (left panel), the radius of 2.0 M, stars (middle panel), and the maximum mass
of hyperon stars (right panel). The posterior distributions shown are conditioned on the joint analysis priors (+NICER+GW170817+NUCL). The left two panels are
shown at 68% credible level together with the newly fitted linear functions, respectively, while both 68% and 95% credible regions are shown in the right panel for the
maximum mass of hyperon stars in comparison to the previous obtained linear fit of Fortin et al. (2020). See text for details.

interactions (LHS, RMF201, NL3, Hybrid, TM2, NLSVI, the set of employed EOSs, we take the NL3wp one as an
PK1, NL3wp, S271v6, HC, DD-LZ1, DD-ME2, DD2, PKDD, exemplary stiffest one and discuss some quantitative features
PK1, FKVW, PC-PK1 and OMEG). The medium dependence for hyperon stars in light of the statistical results with NL3wp.
of the effective mean-field interactions, accounting for higher- We find the hyperon threshold can be as low as ~1.5 times the
order many-body effects, is also included. The accurately nuclear saturation density, and the hyperon star EOS is

measured mass, radius (for PSR J0030+0451 and PSR J0740 moderately stiff with a 68% credible interval of the maximum
+6620), and tidal deformability (for GW170817) of neutron mass being My, = 2.176709%5 M. The introduction of

stars can be translated directly into the information on the hyperons not only softens the neutron star EOS, but also
underlying EOS, including hyperons. We mainly focus on the results in a more compact star. And we find the decrease of the
possible constraints on A couplings in dense stellar medium, by radii of typical 1.4 M, and 2.0 M, stars can both be linearly
confronting the single A hypernuclei data with the neutron star depicted as functions of the strangeness fraction in neutron
observational data. In particular, we relax the SU(3) symmetry stars. The corresponding analytic fittings are provided,
commonly assumed and take the priors distributions of the potentially useful for future research on the structure and
coupling ratios R,p = &,4/8on> Ruon =8un/8gun as uniform evolution of hyperon stars.
ones in the ranges of 0 to 1. The Bayesian analysis is performed There are several caveats in the present work. The major one
for four different tests with or without the laboratory hyper- is that, for reasons of simplicity, we only explore the preferred
nuclear constraint, and R,5, R, are studied by mapping the coupling constants of A hyperons, while keeping the 3 and =
hyperon star parameter space with the observational data. hyperon couplings fixed to their empirical values. We take the
The laboratory constraint from the single A-hypernuclei data simplified procedure for the study also because similar studies
is found to play an important role in determining the for ¥ and = hyperon couplings should await considerable
phenomenological interactions, preventing a too-small scalar progress on X and = hypernuclei in the future. Recently, the
coupling through a strong positive correlation between the possibility of hyperons in equilibrium with other exotic phases
scalar and vector ones. Also, consistent with previous studies, a [such as kaons(e.g., Ellis et al. 1995; Ang et al. 2007),
stiff (soft) nucleon EOS causes an earlier (later) onset and quarks (e.g., Maruyama et al. 2007; Masuda et al. 2016), A-
larger (smaller) concentration of hyperons in neutron star resonances (e.g., Li et al. 2018; Ribes et al. 2019)] becomes a
interior, which considerably change the star properties. Among vivid field of research. For future plans, it is interesting to

10
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consider multiple forms of exotic phases and study their
competition and coexistence. In addition, a further RMF model
is an effective Lagrangian with meson fields mediating strong
interactions between quarks, which we call the quark—meson
coupling model (Guichon 1988), or the quark mean-field model
(Toki et al. 1998; Shen & Toki 2000). It self-consistently
relates the internal quark structure of a nucleon and a hyperon
to the RMFs arising in the nuclear and hypernuclear matter,
respectively, and has been employed extensively in the
calculations of finite (hyperon-)nuclei and infinite dense matter.
See Guichon et al. (2018); Li et al. (2020) for recent reviews.
Therefore the present study can be further extended in this
direction.
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Software: Bilby (Ashton et al. 2019, version 0.5.5,
ascl:1901.011, https://git.ligo.org/Iscsoft /bilby /), PyMultiN-
est (Buchner 2016, version 2.6, ascl:1606.005, https: //github.
com/JohannesBuchner/PyMultiNest), =~ Toast  (Hernandez
Vivanco et al. 2020, https://git.ligo.org/francisco.hernandez/
toast), Corner (Foreman-Mackey 2016, https://github.com/
dfm/corner.py).

Appendix A
Linear Relations between R, and R, with Different
RMF Models

As suggested in Rong et al. (2021), the linear relation
between R, and R, for finite-range RMF effective interac-
tions can be expressed as:

Ua

RO’A + s

—g nO
RwA ~ 8oN
Uv — g.n0

UN - gUNO-

(AD)

while for zero-range PC models, an analogous relation reads
(Tanimura & Hagino 2012):

Rua
-~ _UQ‘INPS R
TUy — a5 — BV 02 — A0l — WVl — ol — el
Uy
Uy — afps = B o5 = 7§ = WY ey — oo — alfpy”
(A2)

In Figure 8 we show the linear correlation between R, and
R, for all 18 RMF models used in this work, where the
potential depths are set as Uy = —70 MeV and U, = —30 MeV
following Rong et al. (2021). It is seen that the results of
different RMF models located inside the adopted NUCL
constraining region, which justifies the adopted linear relation
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Figure 8. Linear correlation between R, and R, for the 18 RMF models
(LHS, RMF201, NL3, Hybrid, TM2, NLSV1, PK1, NL3wp, S271v6, HC, DD-
LZ1, DD-ME2, DD2, PKDD, DD-PC1, PK1, FKVW, PC-PK1, and OMEG)
used in this work, obtained from Equation (A1) or Equation (A2). The potential
depths are fixed at Uy = —70 MeV, U, = —30 MeV following Rong et al.
(2021). Also shown is the error of R, from fitting the experimental data of A
separation energy for PKDD and DD-ME?2, as taken from Rong et al. (2021).
The shaded region is the 68% credible region of our NUCL constraint:
Ron = 1.228R,5 — 0.097 with an error of og , = 0.08 (see above in
Section 3).

from hypernuclei calculations can be generally applied to our
chosen set of RMF models for the study of stellar properties.

Appendix B
Changing the Statistical Error oy , for the NUCL
Constraint

In Rong et al. (2021), the values of R, and R, have been
obtained by reproducing the experimental A separation
energies of several single A hypernuclei. Due to the strong
correlation between R,, and R, ,, Rong et al. (2021) only
needed to evaluate the errors of the independent parameter R, .
As seen in Figure 8, the statistical errors op , reported in Rong
et al. (2021) for PKDD and DD-ME?2 vary slightly from ~0.04
to 0.10. In Section 3 and Section 4, the results with o , = 0.08
are discussed for different employed RMF models. Here we
reperform the analysis with two other values oz , = 0.06 and
0.10 to examine the sensitivity of our results on oy ,.

For the representative NL3wp EOS, in Figure 9 we show the
posterior distributions of the ratios R, and R_,, conditioned
by different choices of the value of og_, as jointly constrained
by the +NICER+GWI170817+NUCL analysis. We also
tabulate the results of the ratios and various hyperon star
properties in Table 3. We see that both the coupling ratios and
the hyperon star properties do not rely sensitively on the choice
of the statistical error o, .


https://git.ligo.org/lscsoft/bilby/
https://github.com/JohannesBuchner/PyMultiNest
https://github.com/JohannesBuchner/PyMultiNest
https://git.ligo.org/francisco.hernandez/toast
https://git.ligo.org/francisco.hernandez/toast
https://github.com/dfm/corner.py
https://github.com/dfm/corner.py
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Table 3
Most Probable Intervals of the Ratios R,5 and R, and various Hyperon Star Properties 3
Ron Roa Miax /Mo, Pe/ Po R, 0/km Ry 4/km A
ok, = 0.10 0.707+93%4 0.777+3188 2.180199%2 4.8651993 139800988 13.769+9:99 940.1659%%0
ok, = 0.08 0.712+3537 0.7781 9121 2.17619983 4,846+ 13.968799%% 13.76979:0% 940.165 326
ox,, = 0.06 0.71073:133 0.772531% 2.168+09%2 496610932 13.950+9973 13.769+9:0% 94016579900 ¢

Notes. My, is the maximum mass and p./po is the corresponding central density scaled by the saturation density. R, ¢ is the radius of 2.0 M., stars. Ry 4 and A, 4 are

the radius and tidal deformability of 1.4 M., stars, respectively.

At 68% credible level, conditioned by different choices of the value of for the representative NL3wp EOS from the +NICER+GW170817+NUCL joint analysis

explained in Section 3.
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Figure 9. Posterior distributions of R, and R, conditioned by different og_,
values for the representative NL3wp EOS from the +NICER+GW170817
+NUCL joint analysis explained in Section 3.
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