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The observations of compact star inspirals from LIGO/Virgo combined with mass and radius measurements
from NICER provide a valuable tool to study the highly uncertain equation of state (EOS) of dense matter at
the densities characteristic of compact stars. In this work, we constrain the solid states of strange-cluster matter,
called strangeon matter, as the putative basic units of the ground state of bulk strong matter using a Bayesian sta-
tistical method, incorporating the mass and radius measurements of PSR J0030+0451, PSR J0740+6620, and the
recent data for the 1.4 M pulsar PSR J0437-4715. We also include constraints from gravitational wave events
GW170817 and GW190814. Under the prior assumption of a finite number of quarks in a strangeon, [Ny, our
analysis reveals that current mass-radius measurements favor a larger N,. Specifically, the results support the
scenario where a strangeon forms a stable bound state with N, = 18, symmetric in color, flavor, and spin spaces,
compared to the minimum Ny prior. The comparative analyses of the posterior EOS parameter spaces derived
from three-parameter model and two-parameter model demonstrate a consistent prediction under identical ob-
servational constraints. In particular, our results indicate that the most probable values of the maximum mass
are found to be 3.5870 15 Mg (3.6570 15 Me) at 90% confidence level for three-parameter (two-parameter)
EOS considering the constraints of GW190814. The corresponding radii for 1.4 My and 2.1 M, stars are
12.047527 km (12.1670:2% km) and 13.4373-33 km (13.6070 29 km), respectively. This result may impact in-
terestingly on the research of multiquark states, which could improve our understanding of the nonperturbative

strong force.

I. INTRODUCTION

The equation of state (EOS) of dense quantum chromody-
namics (QCD) matter has been the subject of extensive stud-
ies during the last few decades, which provides information
on the internal structure and composition of compact stars [1—
5]. Thanks to the increasing number of electromagnetic (EM)
observations, such as radio and X-ray, as well as gravitational
wave (GW) detections, the ever-increasing data from nuclear
physics experiments and astrophysical observations have pro-
vided valuable information on the EOS of such objects [1-5].
The discoveries of a few pulsars over 2 M, have put strin-
gent constraints on the EOS of supranuclear matter [6, 7].
It requires that the matter inside such compact stars must be
stiff enough to reach these massive stable configurations. On
the other hand, the measurement of tidal deformability from
the GW170817 event indicates smaller radii for the low-mass
compact stars [8, 9], implying that the EOS is soft at densities
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associated with the low-mass configurations. In addition to
the results of the masses and radii for PSR J0740+6620 [6, 7]
and PSR J0030+0451 [10-12], the recent new result on the ra-
dius measurement for the brightest rotation-powered millisec-
ond X-ray pulsar PSR J0437-4715 [13, 14] with ~ 1.4 My
has a very close radius derived from gravitational wave mea-
surements of neutron star binary mergers event GW170817.
These have led to a steady improvement in our understanding
of dense matter EOS.

According to Bodmer-Witten hypothesis [15, 16], compact
stars could be formed by self-bound deconfined quarks that
make up the entire star, which is effectively a quark star. The
component inside the self-bound quark stars depends on what
is the true ground state of the baryonic matter. After decades
of speculation, strange quark stars composed of strange quark
matter [17-32] and up-down quark stars with up-down quark
matter inside [33-36] are both alternative physical models for
neutron stars. It is also intriguing that, besides the new de-
gree of freedom of strangeness, the non-perturbative QCD
is, nevertheless, worth noting, which could led quarks to be
localized in clusters. This strange cluster [37] has been re-
named strangeon, a nucleon-like bound state in fact. The
strangeon matter has intrinsically stiff EOSs [37-50] and has
been proposed to support massive pulsars (> 2 My) prior
to the announcement of the first massive pulsar PSR J1614-
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2230 [51]. And it potentially supports the GW 190814 sec-
ondary object [52], which falls into the so-called “mass-gap”
category, to be a strangeon star.

However, due to the non-perturbative difficulties from the
first-principle QCD, the description of strangeon matter EOS
could be derived phenomenologically from the Lennard-Jones
potential model [53] with parameters €, ng,, and Ny, which
represent the depth of the potential wall, the surface baryon
number density of strangeon star, and the number of quarks
in one stangeon, respectively. Nevertheless, the specific de-
tails of these physical parameters are not clear enough. Due
to the ever-increasing data from astronomical observations,
we have the opportunity to perform a systematic analysis of
the strangeon matter EOS in the Bayesian approach, which
is a robust statistical method for inferring the posterior dis-
tribution of a number of physical parameters based on a set
of measured data [54—61]. Then, one can systematically up-
date that knowledge with observational data using this pow-
erful inference method. This is the first attempt to explore
the observation constraints on strangeon matter EOS from
the approach of Bayesian analysis and to study the poste-
rior results of mass-radius (M-R) relations for strangon stars.
In this Bayesian analysis, we incorporate not only the re-
cent simultaneous mass and radius measurements of PSR
J0030+0451 from NICER [10-12], the observation measure-
ment of PSR J0740+6620 [6, 7, 62, 63], and the gravitational
event GW170817 [8, 9], but also the constraints from the re-
cent new result of PSR J0437-4715 [13, 14] and the gravita-
tional event GW190814 [52].

The paper is organized as follows. Section II is a brief
overview of the strangeon matter EOS for strangeon stars,
where we consider two different forms of the model in the
following analysis. In Section III, we present the employed
astronomical observations and the Bayesian inference proce-
dure. Section IV discusses the results and the properties of
strangeon stars, then we summarize in Section V.

II. STRANGEON MATTER EOS

In this section, we formulate the EOS model to describe
strangeon matter, then define the two model formulation we
explored in this paper.

A. EOS

Following previous studies [37-50], the interaction poten-
tial between two strangeons is described by the Lennard-Jones
potential [53]:

co-[@)-C)]. o

where € is the depth of the potential well, r is the distance
between two strangeons, and o is the distance when U () = 0.
A larger € will then indicate a larger repulsive force at short
range and thus maps to a stiffer EOS.
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FIG. 1. The M-R relations within the two-parameter model for var-
ious parameter sets of € and n in units of MeV and fm™3, re-
spectively. The coordinate scale is logarithmic. The black hole limit
R = 2M, and the limit for central pressure to be infinite R = 9/4M
are also shown together.

The mass density p and pressure density P of strangeon
dense matter at zero temperature derived from Lennard-Jones
potential [40] reads

p=2¢ (A12012n5 - A606n3) +nNgmq ,

2
P = nQW = 4e (2A12012n5 — A606n3) ,
n

where A1 = 6.2, Ag = 8.4, and n is the number density of
strangeons. INqmy is the mass of a strangeon with IV, being
the number of quarks in a strangeon and m, being the aver-
age constituent quark mass. We take the mass of quarks to be
mq = 300 MeV, which is about one-third of the nucleon’s
mass. The contributions from degenerate electrons and vibra-
tions of the lattice are neglected due to their expected small-
ness.

At the surface of strangeon stars, the pressure becomes

zero, and the surface number density of strangeons is
1/2 .

[Ag/ (241209)] /2 Because the relation between the baryon
number density n; and strangeon number density n is n, =
niNy /3, the surface baryon number density ng,, can be ob-
tained as (Ag/2412)"? No/303. Accordingly, the EOS can
be rewritten into a form that depends on the three-parameter
set (Ng, €, Nsur)
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By defining € = ¢/ N, and i = Ngn/ngy,, the simpler form



of strangeon matter EOS can be derived as follows [50]:
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with @ = A2/A;5. Note that i = 3 at star surface where
P = 0. In the following, for convenience, we define the
model containing N, €, ngyy as free parameters to be the
three-parameter model, and €, ng,, to be the two-parameter
model, where ¢ means the depth per quark of the potential
wall in a strangeon.

In Fig. 1, we display M-R relations of strangeon matter
EOS with different sets of parameters ¢ and n, within the
two-parameter model, while the three-parameter EOS are dis-
cussed in Ref. [47]. To better illustrate the approximately lin-
ear relationship between mass and radius at low densities, we
plot the M-R relations in logarithmic space. The results indi-
cate that it is actually the ratio of € to N as a whole that affects
the shape of M-R curve, defined as €, as shown in Eq. 4. In
other words, changing the values of € and [Ny while keeping
the € constant does not impact the M-R relation. Increasing
nsur Significantly changes the surface energy density as well
as the whole range of energy densities, resulting in a softer
EOS, and hence a lower maximum mass.

“4)

III. CONSTRAINTS AND BAYESIAN ANALYSIS

In the following, we consider the strangeon quark matter
constituting the stars within two model formulation, employ-
ing Bayesian analysis to infer the posterior of strangeon mat-
ter EOS parameters, (Ng, €, Nsur) Or (€, Nur), by applying
multi-messenger observation constraints, and deduce the al-
lowed M-R space of strangeon stars filtered by the observa-
tions we implied. Using this Bayesian technique, we aim to
identify which N, value aligns best with current observational
constraints and to determine whether the results from three-
parameter and two-parameter models are consistent under the
same set of observation data.

A. Choice of priors for model parameters

The three-parameter model is characterized by three free
parameters: N, €, and ng,;, Which capture the unique prop-
erties of the strong interactions between strangeons as men-
tioned before. Although the exact values of these parameters
remain uncertain, reasonable ranges can be inferred based on
the current understanding of strong interactions. In this anal-
ysis, we assume the parameter IV, takes values from the set
Ny =9, Ny = 18, Ny = 21, Ny = 24, and Ny = 27,
each a multiple of three to satisfy the requirement of color
neutrality. Motivated by the evidence of the unstable H-
dibaryon [64, 65], which consists of six quarks in a flavor-
singlet state, we consider Nq > 9 as a minimum for the
number of quarks in a strangeon. In particular, an 18-quark

strangeon is called a quark-alpha [66], which is fully sym-
metric in spin, flavor, and color space. While the theoretical
upper limit of N, is currently unknown, we set a modestly
higher upper bound of N, = 27 for this analysis. As the re-
sults of the following Bayesian inference will show in Table I,
N, = 27 provides an adequate prior, as the Bayes factor com-
parison shows no substantial improvement over the N, = 18
case. Consequently, we adopt Nq = 27 as the upper limit
in this Bayesian framework. The nucleon-nucleon scattering
data indicate that the inter-nucleon potential well lies in the
range of ~ 50 — 120 MeV for the 'S, (spin-singlet and s-
wave) channel [67-69]. Since the strong interactions are not
sensitive to the flavor of quarks, in this Bayesian analysis we
choose € spanning in the range of 10 — 170 MeV, which is
needed to trap the strangeons in the potential well. The sur-
face baryonic density ng,, should be in the same order as the
nuclear saturation density, ng = 0.16 fm_3, because of the
self-bound property of strangeon stars. The interactions may
group the quarks more compactly compared to nuclei with the
same number of quarks. Therefore, we let ng,, lie in the range
of 0.17 — 0.36 fm 3, which corresponds to ~ 1ng — 2.25 ng.
Accordingly, the choice of the parameter € is set in the range
of 0.3—3.0 MeV based on our prior choices for € and N, sepa-
rately for the two-parameter model. These choices are clearly
shown in Table II. Due to the lack of terrestrial experimental
constraints, all parameters are investigated with uniform con-
tributions in this work.

B. Inference framework

According to the Bayes’ theorem, the posterior distribution
of a set of model parameters ¢ given the observational data set
d for a model M can be

p(d]0,M)p(0 | M)

p(0d M) = EET T

(&)

where p (6 | M) is the prior probability of the parameter set
6. p(d| 0, M) is the likelihood function of the data given the
model, and p(d | M) is known as evidence for the model. For
a given data set p(d | M) is a constant and can be treated as
a normalization factor. Since different central energy densi-
ties correspond to different masses and radii, for the present
analysis, we need the parameter ¢, to perform the Bayesian
analysis. Hence, the posterior distributions of the EOS model
parameters € and center energy densities €. can be written as:

p(8.cc | d, M) < p(6 | M)p(ec | 6, M)p(d | 8, M), (6)

where p(6 | M) and p(e. | 6, M) are the prior distribu-
tions of # and e, respectively. p(d | 8, M) is the nuisance-
marginalized likelihood function (see Refs. [60, 71] for the
detail discussions for the definition). The astrophysical inputs
as the likelihood for our inference are explained as follows.
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FIG. 2. Left panel: The posterior distribution of the model parameters under the constraints of PSR JO030 + 0451 and PSR J0740 + 6620 at
different cases of fixed Nq. The contour levels in the corner plot correspond to the 68.3%, 95.4%, and 99.7% confidence levels, going from
dark to light. Right panel: The posterior distribution of the joint analysis with PSR J0030 + 0451, PSR J0740 + 6620, and the new result
measurement of PSR J0437-4715. The confidence levels are the same as in the left panel.

TABLE I. The Bayesian evidence with and without PSR J0437-4715 for different Ny. The N; denotes the supported EOS parameter by

comparing the Bayes factor with the analysis under identical observational data, which will be discussed in detail below.

Evidence three-parameter model Ng=9 N; =18 Nq =24 Ny =27
logZ without PSR J0437-4715 -34.4 -29.8 -28.9 -29.0
logZ with PSR J0437-4715 -48.1 -36.7 -37.5 -36.0

1. Constraints from NICER data

We consider the masses and radii inferred from the NICER
data, by Riley et al. [7, 10, 11], for PSR J0030 + 0451 we
use the result from [10] (M = 1.347012 My and R =
12.7171-15km) and the heavy pulsar PSR J0740 + 6620 (M =
2.07270 58T M, and R = 12.397(30km) by X-ray pulse
profile modeling of NICER data. Here, we also consider
the impact of the new result on the mass measurement for
the ~ 1.4 M pulsar PSR J0437-4715 [13, 14]. Using a
mass prior from radio timing [70] people reported a mass of
M = 1.418 + 0.037 M, and a radius of R = 11.3670 35 km
(68% credible intervals) for PSR J0437-4715.

Given that all of the measurements are independent,
by equating the nuisance-marginalized likelihoods to the
nuisance-marginalized posterior distributions [60, 71], we can

rewrite the likelihood as follows:
p(0,ec | d, M) o< p(@ | M)p(e. | 0, M)

~ Hp(Mj,R_j | dNICER,) S ™
J

with j representing the different measurements of masses and
radii inferred from the NICER data.

2. Constraints from gravitational wave events

The tidal deformability inferred from gravitational wave de-
tection of binary neutron star mergers have also led to a steady
improvement in our understanding of the dense matter EOS.
Here, we consider the constraints from the gravitational wave
events GW170817 [8, 9] and GW 190814 [52] reported by the
LIGO Scientific Collaboration, and study the mass-gap sec-
ondary object (M = 2.597008 M) in GW190814 poten-
tially being a strangeon star.
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FIG. 3. The posterior distributions of the three-parameter model EOS at fixed N, = 18 and two-parameter model EOSs are shown in the left
and right panels, respectively. Each distribution indicates the different constraints of Case 1, Case 2, Case 3, and Case 4. The contour levels in
the corner plot correspond to the 68.3%, 95.4%, and 99.7% confidence levels, going from dark to light.

TABLE II. The most probable intervals of the EOS parameters (68.3 % confidence level) as well as the strangeon star properties (90%
confidence level) in three-parameter and two-parameter models constrained by Case 1 (PSR J0030+0451 & PSR J0740+6620), Case 2 (PSR
J0030+0451 & PSR J0740+6620 & PSR J0437-4715), Case 3 (PSR J0030+0451 & PSR J0740+6620 & PSR J0437-4715 & GW170817,
and Case 4 (PSR J0030+0451 & PSR J0740+6620 & PSR J0437-4715 & GW170817 & GW190814), respectively. & means Uniform (Flat)
distribution. Mrov is the maximum mass. R 4 and Ry 1 are the radii of 1.4 M and 2.1 M stars, espectively.

three-parameter model (Vg = 18) Prior Case 1 Case 2 Case 3 Case 4

e (MeV) U(10,170) 12.6312:32 11.02+3:61 11.76 719 11.62+1:88
[e/Nq (MeV) 0.70+5-14 0.61759% 0.6515 0 0.6570 00

Neur (fm™3) U(0.17,0.36) 0.23+5-03 0.2275:92 0.22+5:02 0.1970:01
Ri.4 (km) 11.3215°7¢ 11.3379:58 11.4715:80 12.041537
Rs.0 (km) 12.59157 12.56 1572 12.62+9:69 13.2815-24
Mrov(Me) 3.5110%2 3.4815:21 3.5155:05 3.58101%

two-parameter model Prior Case 1 Case 2 Case 3 Case 4

€ U(0.3,3) 0.621519 0.4815-% 0.5415-19 0.611557
Neur (fm™3) 4(0.17,0.36) 0.2215-03 0201592 0.2075-02 0.18%5:91

Ri.4 (km) 1143457 11.6579 43 11.69703% 12,1692
Ra.0 (km) 12514553 12.66+0:64 12.95+0:33 13.38+0:27
Mrov(Mo) 3.52+0:04 3.4970:19 3.5110:17 3.65+0:18




When treating the GW events, we fix the chirp mass M, =
(M1M2)3/5 / (My + M2)1/5 to the median value M, =
1.186M for GW170817. Ref. [71] has shown that the small
bandwidth of the chirp masses has almost no significant influ-
ence on the posterior distribution, contributing less than the
sampling noise. We therefore fix the chirp mass, which is
also beneficial in reducing the dimensionality of the param-
eter space and hence the computational cost. To speed up
convergence of our inference process, we transform the GW
posterior distributions to include the two tidal deformabilities,
chirp mass and mass ratio g, simultaneously reweighing such
that the prior distribution on these parameters is uniform. The
posterior then becomes

p(e,EC | de) O(p(0 | ./\/()p(EC | 0,./\/1)

X Hp(Al,i;AQ,ia%' | Mc,daw i (, deni)) "

< [[p(M;, R; | dyicer,;)
J

where Ao ; = Aa; (0;¢;) is the tidal deformability, with the
ith indicating the individual-event GW likelihood marginal-
ized over all binary parameters. We follow the same conven-
tion as demonstrated in Ref. [9] and define M; > M,, since
the gravitational wave likelihood function is degenerate under
the exchange of the binary components.

All the inferences in this work employs the
CompactObject package[72], developed by the author and
detailed in the Zenodo repository [73]. CompactObject
is the inaugural open-source package that is extensively
documented and offers comprehensive functionalities for
applying Bayesian methods to constrain the EOS of neutron
stars. It supports various EOS models, such as relativistic
mean field (RMF) and polytropes, and has been utilized in
other studies like [60, 61]. For the Bayesian inference, we
used the UltraNest package [74], specifically employing
its slice sampler, which is available at Github. We chose
to use 50,000 live points for each inference to establish a
baseline for comparing Bayes evidence, ensuring efficient
and consistent high-dimensional sampling and convergence
speeds.

IV. RESULTS AND DISCUSSIONS
A. three-parameters case

In Fig. 2, we present the posterior distribution of EOS pa-
rameters in three-parameter model, where we show the typi-
cal cases of Ny, = 9, Ny = 18, and N, = 27 in each panel.
The left panel depicts the joint analysis of PSR J0030+0451
and PSR J0740+6620, while the right panel includes an ad-
ditional observation data incorporating PSR J0437-4715. The
contour levels in each corner plot indicate the 68.3%, 95.4%,
and 99.7% confidence regions, shaded from dark to light, re-
spectively. Comparing the posterior parameter space across
different choices of Ny, we could explore the optimal choice

for this quantity. Our results demonstrate that increasing N
in these joint Bayesian analyses favors larger values of € and
smaller values of ng,,. This trend aligns with our theoreti-
cal understanding: as Iy increases, the EOS softens, leading
to a deeper potential € and a reduced surface baryon density
Nnsur to counteract the additional softening by enhancing the
repulsive interactions. Comparing the results across two plots
under the same N, including PSR J0437-4715 results in a
smaller € and correspondingly smaller ng,,. With other pa-
rameters unchanged, a smaller € results in a softer EOS, and
a smaller ng,, corresponds to a stiffer EOS. Therefore, the in-
clusion of this new observation has a mixed effect on the EOS
parameters.

Bayes factors, which are defined by log K = log(Z1/Z5)
where Z is the Bayesian evidence, are used to compare the
capability of different models of 1 and 2 to reconstruct the in-
jected EOS. Per the standards in Ref. [77], a model is substan-
tially preferred if its Bayes factor is above 3.2, strongly pre-
ferred when the factor exceeds 10, and decisive with a Bayes
factor greater than 100. Table. I presents the Bayesian evi-
dence for several selected cases with varying N, under the
finite Ny value assumption motivated by the strangeon mat-
ter hypothesis. Under the constraints of PSR J0030+0451 and
PSR J0740+6620, the generally growing evidence indicates
that the data predominantly favor the large IV, model. Specif-
ically, when comparing the Ny = 18 model to the Ny = 9
model, the analysis relatively supports the EOS model with
N, = 18 as indicated by a Bayes factor of K = (Z7/Z3) =
99.5, which signifies decisive evidence in favor of N, = 18.
When additional data from PSR J0437-4715 are incorporated,
the preference for N, = 18 is further strengthened, with an
exceptionally large Bayes factor of K = 80, 821. This statis-
tical evidence favors the fully symmetric configuration in spin,
flavor, and color space for N, = 18. Continuing to increase
N could result in a slight improvement in the log evidence,
from —29.8 to —28.9, when IV is raised to 24 under the con-
sideration of only PSR J0030+0451 and PSR J0740+6620.
However, this improvement is minimal, making it reasonable
to truncate the indefinite increase of N, at a value of 18. Fur-
thermore, when PSR J0437-4715 is included, the evidence ex-
hibits a local maximum at Ny = 18 as IV increases. Since
models with Ny = 9 and Ny = 24 demonstrate lower evi-
dence values, this observation further supports our decision to
fix Vg at 18.

Thus in the subsequent analyses, we fixed the number of
quarks in a strangeon to N, = 18, reflecting the strong sup-
port from previous results. Fig. 3 displays the marginalized
posterior distribution functions for the EOS parameters, de-
rived from four distinct cases of joint analyses under various
astronomical constraints, described as follows:

e Case 1: The joint analysis of PSR J0030+0451 (M =
1.3470 1 Mg, R = 12.7177°]§ km) and the heavy pul-
sar PSR J0740+6620 (M = 2.07 & 0.07Mgy,R =
12.397 339 km).

* Case 2: Joint analysis including PSR J0030+0451, PSR
JO740+6620, and PSR J0437-4715 (~ 1.418, Mg, ~
11.36 km).



 Case 3: Analysis under the combined constraints from
PSR J0030+0451, PSR J0740+6620, PSR J0437-4715,
and the GW170817 gravitational wave event.

* Case 4: The most comprehensive case, including data
from PSR J0030+0451, PSR J0740+6620, PSR J0437-
4715, along with gravitational wave observations from
GW170817, and incorporating the mass measurement
of GW190814’s secondary component, 2.597058 M,
(at the 90% confidence level) as a lower bound on the
maximum mass.

Table II presents posterior values of the EOS parame-
ters, along with their 68.3% confidence intervals, and the
most probable intervals of the starangeon star properties with
90% confidence levels. The preferred parameter estimates
for the Case 1 analysis are ¢ = 12.637332 MeV and

Neur = 0.237593 fm~3. Incorporating the constraints from
GW170817 shows a clear trend toward a slightly stiffer EOS
by comparing the results from Case 2 and Case 3, as evidenced
by a increase in ¢ from 11.0273 55 MeV to 11.767}:57 MeV,
while the posterior distributions for ng,, in Case 2 is the
same as Case 3’s results. Although including PSR J0437-
4715 in Case 2 analysis further reduces e compared with Case
1, thereby softening the EOS, it simultaneously introduces a
stiffening effect by decreasing the surface density ng,,. The
parameter e exhibits slight differences in its posterior distri-
bution between these cases, reflecting subtle variations in the
inferred EOS properties as additional constraints are consid-
ered. Interestingly, once N is fixed at 18, the normalized €
can be calculated. As the number of observations increases,
this ratio remains approximately constant, around 0.65. Sur-
prisingly, the inclusion of GW190814 does not further in-
crease or decrease this value in Case 4 compared to previous
cases in three-parameter EOS model. The secondary object of
GW190814 is classified as a mass-gap object, which typically
necessitates a much stiffer EOS. However, the strangeon EOS
employed in this study is inherently stiff, allowing it to easily
satisfy the high-mass observational constraints. This demon-
strates a significant advantage of the strangeon EOS, as it can
simultaneously satisfy the very high mass criteria while ad-
equately explaining all other observations. Additionally, the
reason why including this mass-gap object did not substan-
tially refine the posterior is that this object only provides mass
information without accompanying radius or tidal deformabil-
ity data. Consequently, this results in looser constraints on the
strangeon matter EOS.

B. Comparison with two-parameter case

As we mentioned before, the free parameters for strangeon
matter EOS can be reduced to two parameters by defining
€ = ¢/Nq and 7 = Ngqn/ngy,. The influence of € and N, on
mass and radius is concurrent, thus only changing € can pro-
duce a different M-R curve, that is to say, the parameters € and
nsyur fully determine the EOS stiffness and the overall shape.
An increase in the average potential depth per strangeon, ¢,

and a reduction in surface baryon number density, ng,;, re-
sulting in a stiffer EOS due to the enlarged phenomenologi-
cally repulsive force. In this section, we aim to test the results
between these models with different degrees of freedom EOS
parameters.

Like three-parameter model, the right panel of Fig. 3 dis-
plays the posterior distribution for the two-parameter EOS
model, € and ngy,, while Table II provides the posteriors of the
EOS parameters and their 68.3% confidence range. As illus-
trated in Fig. 3, a heavy star of mass 2.1 M and a 1.4 M, star
require: € = 0.62751) MeV, ngy = 0.2279:03 fm ™. When
considering additional constraints from PSR J0437-4715, the
results show a lower value for both € = 0.48'_"8:(1)515 MeV and

Neur = 0.20f8:8§. Therefore, it is hard to say the direct in-
fluence of this constraint on the EOS property, since a lower €
leads to a softer EOS while a smaller ng,, results in a stiffer
EOS, which is consistent with the results of the Bayesian anal-
ysis for the three-parameter model under the same constraints.
However, the gravitational event GW170817 has a straight-
forward influence on € by comparison of Case 2 and Case 3.
GW170817 requires a slightly stiffer EOS to accommodate a
slightly larger radius than PSR J0437-4715. Previous stud-
ies have suggested that the secondary object in GW190814
could potentially be a quark star, considering the interact-
ing quark matter [36, 75, 76]. Given the inherently stiff na-
ture of the strangeon matter EOS, we also consider the con-
straints of GW190814. The results obviously indicate that
a stiffer EOS with larger ¢ = 0.6175:02 MeV and smaller

Ngur = 0.181'8:81 fm ™ is required to support this observa-
tion.

C. The M-R posteriors and maximum mass of strangeon stars

Mapping the EOS posteriors to M-R space facilitates the
understanding of how observational constraints influence the
EOS and delineates the allowable regions in M-R space based
on specific EOS models informed by various sets of observa-
tional data. We show in Fig. 4 the M-R contours correspond-
ing to the posterior distributions of the strangeon star EOSs.
Every point in the EOS parameter space is uniquely corre-
lated to a point in EOS posterior parameter space. Then by
varying central density, EOS points can be mapped to the M-
R plane through deriving the Tolman-Oppenheimer-Volkoff
(TOV) equations.

Fig. 4 demonstrates that incorporating additional astronom-
ical observations in the Bayesian analysis refines the M-R
space for both three-parameter and two-parameter models,
yielding more constrained M-R relations. The stiffness of the
strangeon matter EOS leads to the dominant role of the PSR
J0740+6620 compared to the results of Bayesian analyses in
Cases 1, 2, and 3, with the addition of further observational
constraints only slightly changing the shape of the M-R curve.
In particular, the inclusion of the GW190814 constraint ex-
cludes excessively soft EOSs, thus supporting the existence
of superheavy compact stars around ~ 4.0 M. This suggests
that strangeon matter could feasibly support the structure of
massive compact objects that may be observed in the future.
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FIG. 4. The M-R posterior distributions at 90% confidence level resulting from the three-parameter and two-parameter models.

One can also evaluate the star’s important properties as illus-
trated in Table Il in detail. For example, the radius of a 1.4 M,
star is constrained to 11.4715-8km (11.69703%) in the three-
parameter (two-parameter) model for Case 3. Similarly, the
radius for a 2.0 M, star is approximately 1km larger than for
a 1.4 My, star, with values of 12.62715-35km (12.957)->km)
for the three-parameter (two-parameter) model, which is in
line with our expectations, since the difference between the
measured radii of J0437-4715 and J0740+6620 is about 1 km.
In these analyses, both three-parameter and two-parameter
EOSs can easily favor the superheavy compact objects above
~ 2.6 My. The maximum mass of strangeon stars can be
~ 3.8 M. Including GW 190814 changes the results to favor
more massive compact stars.

V. SUMMARY

In conclusion, we use Bayesian analysis to explore the pa-
rameter space of the EOSs for strangeon matter constrained
by recent astronomical observations. In particular, This anal-
ysis includes the new mass and radius measurements for PSR
J0437-4715 and the secondary component of the GW 190814
gravitational wave event, a mass-gap object. Due to the lim-
ited constraints on strangeon matter from terrestrial experi-
ments, astronomical observations play a crucial role in guid-
ing the parameter space for this exotic matter. Our study
also provides a comparative analysis of the posterior EOS pa-
rameter spaces derived from two different models: a three-
parameter model and a two-parameter model. Both models
are evaluated under identical observational constraints, allow-
ing us to assess how each model adapts to the data. Despite
differences in their theoretical formulations, these two mod-
els are largely consistent in predicting a stiff EOS. They can
easily reproduce the mass-gap object observed in GW 190814
while still satisfying all current observations. This consistency
aligns with the inherently stiff nature of the strangeon EOS
model and demonstrates the advantage of this EOS model

in explaining the observational data. The results suggest
that current astronomical observations support 18 quarks per
strangeon, N, = 18, indicating a preference for this quark
configuration in the strangeon-matter model.

When fixing N, = 18, Bayesian analyses of both the
two- and three-parameter models yield a consistent ratio
of €/Ng4 around 0.6. Considering observational constraints
from PSR J0030+0451, PSR J0740+6620, PSR J0437-4715,
and GW170817, the inferred radius for a 1.4 M star is
11.4770%%m in the three-parameter model and slightly

increased to 11.69702%km in the two-parameter model.
For a massive 2.0 M star, the corresponding radii are
12.62158%km and 12.9570:5%km, respectively. By incor-
porating the mass measurement of GW190814’s secondary
component, 2.591005 M (at the 90% confidence level), as a
lower bound on the maximum mass, the upper boundary of € is
increased from 0.64 MeV to 0.70 MeV in the two-parameter
model at the 68.3% confidence level. Due to the stiff nature
of strangeon matter EOS, the change is slight. In addition, we
find that, for a 2.6 M star like GW190814’s secondary com-
ponent, the radius is 14.331932km. Future measurements of
such massive compact objects could provide further insights
into the dense matter EOS and the internal nature of compact
objects.

Our results could be relevant to a hot topic of multiquark
states [82, 83]. The state of strongly interacting matter re-
mains certainly a fundamental question directly related to the
physics of compact stars. Resolving the mystery of dense mat-
ter has motivated extensive efforts, leading to several propos-
als for alternatives of neutron matter in the interior of com-
pact stars, including strange quark matter [15, 16], two-flavor
quark matter [33-36], quarkyonic matter with baryonic exci-
tations near the Fermi surface [78-81], and strangeon matter
with quark condensation in position space [37-50], as an in-
complete list of examples. Among those efforts, the strangeon
as a kind of stable bound state could be natural in QCD, which
might attract particular interest in future study of multi-quark
states. Our Bayesian analysis strongly supports the scenario in



which a strangeon forms a stable bound state with N, = 18,
exhibiting symmetry in color, flavor, and spin spaces. In-
vestigating the interactions between strangeons provides valu-
able insights into strongly interacting matter and the EOS of
dense matter. Nevertheless, advancing our understanding of
strangeon matter further will rely on forthcoming experimen-
tal and observational developments, which are expected to
provide crucial perspectives on its properties and its role in
the composition of compact stars.
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