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Background: The remarkable progress in recent multimessenger observations of both isolated neutron stars
(NSs) and their mergers has provided some of the much needed data to improve our understanding about the
equation of state (EOS) of dense neutron-rich matter. Various EOSs with or without some kinds of phase transi-
tions from hadronic to quark matter (QM) have been widely used in many forward modelings of NS properties.
Direct comparisons of these predictions with observational data sometimes also using x> minimizations have
provided very useful constraints on the model EOSs. However, it is normally difficult to perform uncertain
quantifications and analyze correlations of the EOS model parameters involved in forward modelings especially
when the available data are still very limited.

Purpose: We infer the posterior probability distribution functions (PDFs) and correlations of nine parameters
characterizing the EOS of dense neutron-rich matter encapsulating a first-order hadron-quark phase transition
from the radius data of canonical NSs reported by LIGO/VIRGO, NICER, and Chandra Collaborations. We also
infer the QM mass fraction and its radius in a 1.4 Mg NS and predict their values in more massive NSs.
Method: Metamodelings are used to generate both hadronic and QM EOSs in the Markov-Chain Monte Carlo
sampling process within the Bayesian statistical framework. An explicitly isospin-dependent parametric EOS
for the npep matter in NSs at 8 equilibrium is connected through the Maxwell construction to the QM EOS
described by the constant speed of sound (CSS) model of Alford, Han, and Prakash with and without using the
Seidov stability condition for first-order phase transitions.

Results: In the default calculation with the Seidov stability condition, we find that (i) The most probable values
of the hadron-quark transition density p, /oo and the relative energy density jump there A¢/¢; are p,/po = 1.6féj
and Ag/g, = 0.4f8:f2 at 68% confidence level, respectively. The corresponding probability distribution of QM
fraction in a 1.4 Mg NS peaks around 0.9 in a 10 km sphere. Strongly correlated to the PDFs of p, and Ae/¢,, the
PDF of the QM speed of sound squared céM /c? peaks at 0.95f8:‘3’§, and the total probability of being less than 1/3
is very small. (ii) The correlations between PDFs of hadronic and QM EOS parameters are very weak. While the
most probable values of parameters describing the EOS of symmetric nuclear matter remain almost unchanged,
the high-density symmetry energy parameters of neutron-rich matter are significantly different with or without
considering the hadron-quark phase transition. Removing the Seidov condition, while there are appreciable and
interesting changes in the PDFs of quark matter EOS parameters, the qualitative conclusions remain the same.
Conclusions: The available astrophysical data considered together with all known EOS constraints from theories

and terrestrial nuclear experiments prefer the formation of a large volume of QM even in canonical NSs.

DOI: 10.1103/PhysRevC.103.035802

I. INTRODUCTION

Probing the equation of state (EOS) of dense neutron-
rich matter has been a longstanding and shared goal of both
astrophysics and nuclear physics. Much progress has been
made in realizing this goal using various messengers from
both isolated neutron stars (NSs) and their mergers, especially
since LIGO/VIRGO’s observation of GW170817. For recent
reviews, see, e.g., Refs. [1-7]. Among the many interesting
questions studied in the literature, significant efforts have
been devoted for a long time to investigating whether quark
matter exists in NSs, the nature as well as where and when
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the hadron-quark phase transition may happen, what its size
and EOS may be if quark matter does exist in NSs or can
be created during their mergers, see, e.g., Refs. [8-20]. Since
the earlier debate [21,22] on whether the mass and radius of
EXO 0748-676 can rule out the existence of its quark core, de-
spite of the great progresses made using various astrophysical
data including the latest ones from LIGO/VIRGO, NICER,
and Chandra observations, state-of-the-art theories and mod-
els as well as updated nuclear physics constraints, see, e.g.,
Refs. [5,23-26] and references therein, no consensus has been
reached on most of the issues regarding the nature and EOS
of dense NS matter.

Most of the studies about the nature of hadron-quark
phase transition and the size of possible quark matter core in
NSs have been carried out by using the traditional forward-
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modeling approach based on various theories for both the
hadronic and quark phases, perhaps except very few recent
studies using Bayesian analyses, see, e.g., Refs. [5,26]. Often,
various forms of polytropes or spectrum functions are used to
interpolate the NS EOS starting slightly above the saturation
density pg of nuclear matter (below which reliable theoretical
predictions and some experimental constraints exist) to very
high densities where predictions of perturbative QCD exist.
Comparisons of model predictions with observational data
have provided very useful constraints on the model EOSs
considered. Although x2 minimizations are sometimes used,
often conclusions are strongly model dependent. Moreover, it
is normally difficult to perform uncertain quantifications and
analyze correlations of the EOS model parameters involved in
forward modelings especially when the available data are still
very limited.

In this work, metamodelings are used for both hadronic
and quark phases to construct very generally the EOSs of
NS matter. An explicitly isospin-dependent EOS [27] for the
npep matter in NS at 8 equilibrium is connected through
the Maxwell construction to the constant speed of sound
(CSS) quark matter EOS [28]. With totally nine parameters
in their prior ranges allowed by general physical principles
and available constraints, the constructed NS EOS is so
generic that it can essentially mimic any NS EOS available
in the literature. Without restrictions and possible biases of
underlying energy density functionals of specific theories,
we infer the probability distribution functions (PDFs) of the
nine EOS parameters using the available NS radius data from
LIGO/VIRGO, NICER, and Chandra, satisfying the causality
and dynamical stability condition within the Bayesian statisti-
cal framework. We found that the available astrophysical data
considered together with all known EOS constraints from the-
ories and terrestrial nuclear experiments prefer the formation
of a large volume of QM even in canonical NSs.

II. THEORETICAL APPROACH

Here we summarize the major features of our approach. In
the CSS model of Alford, Han, and Prakash [28] for hybrid
NSs, the pressure in NSs is parameterized as

£(p) = {SHM(P) P <D (1)

enm(pi) + De+cou(p—pi)  p>pi

where egm(p) is the hadronic matter (HM) EOS below the
hadron-quark transition pressure p;, A¢ is the discontinuity in
energy density ¢ at the transition, and ¢, is the QM speed of
sound. Once the HM EOS epm(p) is specified, the transition
pressure p; and energy density &, are uniquely related to the
hadron-quark transition density p;. In our Bayesian analyses
using the CSS model, we use the p,/pg, Ae/g, and céM/c2 as
three independent parameters to be generated randomly with
uniform prior PDFs in the range of 1-6 (or 10 for compari-
son), 0.2—1 and 0-1, respectively. We thus use the CSS model
as a generic metamodel for generating the QM EOS.

In several recent applications of the CSS model, see, e.g.,
Refs. [29-32], various HM EOSs predicted by microscopic
nuclear many-body theories and/or phenomenological mod-
els have been used. These HM EOSs are often restricted by

the underlying energy density functionals of the theories used
and are usually not flexible enough in statistical analyses to
explore the whole EOS parameter space permitted by general
physics principles and known constraints as pointed out al-
ready in Refs. [24,33]. On equal footing as the generic QM
EOS, we use the metamodel of Ref. [27] for generating the
HM EOS. The explicitly isospin dependence of the latter
built into the EOS at the level of average nucleon energy in
neutron-rich matter is an important distinction compared to
directly parametrizing the HM pressure as a function of en-
ergy or baryon density with piecewise polytropes or spectrum
functions. Such kinds of parametrizations with minor varia-
tions for HM EOSs have been widely used in both nuclear
physics, see, e.g. Refs. [34,35] and astrophysics applications,
see, e.g., Refs. [2,24,27,33,36—43]. For this work, we calculate
the pressure within the npep model for the core of NSs using

>denm(p, 8)/p
dp ’

where the HM energy density egm(p, §) = €,(p, 8) + €,(p, 8)
with €,(p, 8) and €;(p, &) being the energy densities of nucle-
ons and leptons, respectively. While the €;(p, §) is calculated
using the noninteracting Fermi gas model [44], the €,(p, §) is
from

P(p,8)=p 2

€n(p,8) = plE(p,8) + My], 3

where My is the average nucleon mass. The average en-
ergy per nucleon E(p,d) in neutron-rich matter of isospin
asymmetry 8§ = (o, — pp)/p is parameterized in terms of the
energy per nucleon Ey(p) = E(p, = 0) in symmetric nu-
clear matter (SNM) and the symmetry energy Eynm(p0) as [45]

E(p,8) = Ey(p) + Esym(p)8>. )

The Eo(p) and Egyn,(p) are parameterized, respectively, as

Ko(p—p0\"  Jofp—p\
Eo(,O)=E0(,00)+—O(p p“) +—°(p "°>, )

2\ 3po 6\ 300
£ — Po K. p—po\
E =E L >z
sym(p) sym(pO) + ( 30 ) + ) < 300 )
Jsym (0 — po :
=2 =2, 6
+ o ( 3 (6)

where Ey(pp) = —15.9 MeV. Guided by our prior knowledge
from both astrophysics and nuclear physics, see, e.g.,
Ref. [2] for a recent review, we generate randomly with
uniform prior PDFs for the six HM EOS parameters Ky, Jy,
Egym(p0), L, Ksym, and Jgyp, in their currently known uncertain
ranges: 220 < Kp < 260 MeV, —800 < Jy < 400 MeV, 28 <
Egym(po) <36 MeV, 30 <L <90 MeV, —400 < Kyn <
100 MeV, and —200 < Jgym < 800 MeV, respectively.

The density profile of isospin asymmetry §(p) in charge
neutral NSs at § equilibrium is uniquely determined by the
symmetry energy Eqm(0). Once the §(p) is determined, both
the P(p, ) and egm(p, §) become barotropic functions of
density p. The core EOS outlined above is then connected
smoothly to the NV EOS [46] for the inner crust and the BPS
EOS [47] for the outer crust using the crust-core transition
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density and pressure evaluated consistently using a thermody-
namical approach from the core side with the same parameters
given above [27].

The role of Seidov stability condition for first-order phase
transitions [8,9,11]

A 1
ae 1,3m
& 2 2¢

(N

in forming different topologies of hybrid stars was studied in
detail in Ref. [28]. Enforcing the above condition leads to
a stable connected hybrid branch on the mass-radius curve
but does not rule out a disconnected stable hybrid branch.
On the other hand, without the above condition, additional
hadronic or a hadronic together with a disconnected hybrid
branch may also be formed depending on the hadron-quark
transition density and the energy jump there. Overall, it was
concluded that the Seidov condition is not a good guide for
the presence of observable hybrid branches [28]. In this work,
we carried out two calculations. In the default calculation to
be presented first in the following, we enforce the Seidov con-
dition. We focus on discussing if quark matter may exist and
how big it may be in canonical neutron stars of mass 1.4 Mg
as well as if the inferred EOS parameters are consistent with
their known constraints from both astrophysics and nuclear
physics. In another calculation, we remove the Seidov stability
condition and then compare the resulting PDFs of the CSS
model parameters with those from the default calculation. A
comparison of these two calculations will allow us to evaluate
the role of the Seidov condition on the inferred PDFs of quark
matter EOS parameters.

We use the standard Bayesian formalism and the Markov-
Chain Monte Carlo (MCMC) technique to evaluate the
posterior PDFs of EOS parameters as in our previous work
where no hadron-quark phase transition was considered but
using the same HM metamodel for the entire core of NSs
[40,41]. For ease of the following discussions, we notice the
following key inputs and aspects of our Bayesian analyses:

(i) The likelihood function P[D|M(p;.2...9)] measures
the ability of the model M with nine parameters
Di,2,..9 to reproduce the observational data D. We use
[40,41]

P[D|M(P129)] = Priter X Pmass,max X Pradius,

where the Py, is a filter selecting EOS parame-
ter sets satisfying the following conditions: (i) The
crust-core transition pressure always stays positive;
(ii) At all densities, the thermaldynamical stability
condition (i.e., dP/de > 0), the Seidov stability of
Eq. (7), the causality condition (i.e., the speed of
sound is always less than that of light) are satisfied.
The Puassmax Stands for the requirement that each
accepted EOS has to be stiff enough to support the
observed NS maximum mass Mp,x. We present re-
sults with Mp,.x = 1.97 Mg to be consistent with that
used by the LIGO/VIRGO Collaborations in their
extraction of the NS radius from GW170817 [48].
Using 2.01 or 2.14 Mg, for My, has only some minor
quantitative effects.

(ii)) We use the following radii of canonical NSs as
independent data: (i) Rj4=11.9+14 km ex-
tracted by the LIGO/VIRGO Collaborations from
GW170817 [48], (ii) Ry4 = 10.8"7} extracted inde-
pendently also from GW170817 by De et al. [49],
(iii) Ry 4 = 11. 7+1 1 from earlier analysis of quies-
cent low-mass x- ray binaries observed by Chandra
and XMM-Newton observatories [50], and (iv) R =

13 02704 km with mass M = 1.4470- 13 Mg, [51] or

= 12.71%}%3 km with mass M = 1.34 £0.24 Mg,
[52] for PSR J0030+0451 from NICER Collabora-
tion. The errors quoted are at 90% confidence level.
Correspondingly, the P4iys s @ product of four Gaus-
sian functions, i.e.,

(Rth j Robs,j)2
Pragivs = -~ 53 — — |»
1_[ V2 T Oobs, j |: 20-obs J

where o, j represents the 1o error bar of the radius
from the observation j while Ry, ; is the correspond-
ing theoretical prediction. More details can be found
in our previous work in Refs. [40,41].

(iii)) In the MCMC process of sampling the posterior
PDFs of EOS parameters, we throw away the ini-
tial 100000 burn-in steps/EOSs before the stationary
state is reached. Afterwards, we generate 1.6 x 106
steps/EOSs to calculate the posterior PDFs and cor-
relations of EOS parameters. The acceptance rate is
about 15%.

We emphasize that a fundamental assumption made in the
CSS model is that once the energy density reached in the
core of NS is higher than a critical value ¢, = egm(p;) + As,
QM will be formed through the first-order hadron-quark phase
transition. All results presented here thus have to be under-
stood with this assumption in mind.

III. RESULTS AND DISCUSSIONS

In the following, we first present results of the default
calculation with the Seidov condition. Effects of the latter on
the PDFs of quark matter EOS parameters will be examined
in Sec. IIIE by comparing the default calculation with a cal-
culation without using the Seidov condition.

A. Quark matter fraction and size in hybrid stars

Shown in Fig. 1(a) are the mass-radius sequences in
selected samples with the hadron-quark transition density
o/ po = 1.5,3.5, and 5.5, respectively, while all other param-
eters are fixed at the values specified in the figure (notice in
particular that céM /c? = 1.) As expected, the stable hybrid
branches are all connected to the NS branches.

In the study of hybrid stars, a key question has been
whether the densities reached inside NSs are high enough to
form a sizable QM core. To answer this question, we show in
Figs. 1(c) and 1(b) the normalized probability distribution of
the QM fraction foy® (defined as the ratio of QM mass over
the total NS mass) and the corresponding QM radius Rqu,
in regions where the energy density is higher than the QM

035802-3



WEN-JIE XIE AND BAO-AN LI

PHYSICAL REVIEW C 103, 035802 (2021)

T MM =14 T . r |
50 i - M/Ms\m=1'6 30 T T T T T T T _
= 35— . . i
—MM,=1.8 J=180MeV L =51 MoV Y
c r MIM_ =20 25| | 30QKz222Mev Enp45MeV ---ppe3s)
S 9 c J, =800 Mev  Acle=04 oln,55
5 40 o 250K =130Mev =t i
-8 37 20 .
2 <20F
i ' = = 15k
O ‘ 250 1S
- skIS I
2 30 ‘ 3 1= 10t
© | 2 :
‘ S 10f 05t (g |
> ‘ I
= 20} | 3 [ oo . i
= | <] | 10 T 12 5 "
o 05F | |
% 1 R(km) s
' (b) PN
QO 10 B 0.0 w‘ | | .-y_ﬂ-,%’) S\ |
e | 0 2 4 6 8 10 12 m
o i () Ry, (km) H//\\
0 i 1 e i | )

0.0 0.2 0.4 0.6 0.8 1.0

ass
faw

FIG. 1. The inner window: mass-radius sequences of selected
samples with the three different hadron-quark transition densities
but all other parameters fixed at the values specified. The middle
and outer windows are the normalized probability distribution of
the quark matter radius and fraction, respectively, from all accepted
EOSs in the Bayesian analysis.

critical energy density &, in NSs of mass 1.4, 1.6, 1.8, and
2.0 Mg, respectively, in the default Bayesian analysis with
the nine EOS parameters. It is interesting to see the two peaks

(@)

As/gt

indicating the formation of purely hadronic and hybrid stars.
The major peaks at foy* = 0 correspond to pure hadronic
NSs in cases where the ¢, is always higher than the maximum
energy density at the core of the NSs considered. The second
peak around foy® =0.90 ~0.95 and Rom = 10 ~ 11 km
corresponds to the formation of hybrid stars consisting of
mostly quark matter. While the probability ratio of the two
peaks is about 6.7, the total probability of forming hybrid stars
with oy higher than 0.11s 77.6%, 81.8%, 85.2%, and 88.7%
for M = 1.4, 1.6, 1.8, and 2.0 Mg, respectively.

By changing the prior range of hadron-quark transition
density p;/po from the default 1-6 to 1-10, we found very
little effect. We also found that correlations between the HM
and QM EOS parameters are very weak, thus in the following
we present the PDFs and correlations of quark matter and
hadronic matter EOSs separately.

B. Posterior probability distribution functions of quark matter
EOS parameters and their correlations

Shown in Fig. 2 are the posterior PDFs and correlations of

QM EOS parameters p;/po, Ae/e, and com/ s as well as the

Jom® and Rqum for canonical NSs in the default calculation.
Several interesting features deserve emphasizing:

(i) The most probable values of the QM EOS parameters
are p,/po = 1.67%, Ae/e, = 0.4752% and com/ ¢ =
O.95f8:g§ at 68% confidence level. Because the
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FIG. 2. The posterior probability distribution functions (in arbitrary units) and correlations of the three quark matter EOS parameters as
well as the fraction and radius of quark matter in hybrid neutron stars of mass 1.4 Mg,.
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transition density peaks at a rather low density, and
the energy jump at the transition is also relatively low,
the QM stiffness represented by its céM value is rather
high to provide the necessary pressure in QM. Since
the average baryon density of a canonical NS with a
12 km radius is about 2py, it is thus not surprising
that for canonical NSs the PDFs of QM fraction and
its radius peak around fou* ~ 0.9 and Rom ~ 10 km,
respectively.

(i) The total probability for céM /c® < 1/3 is rather
small. The considered astrophysical data informed us
clearly that the value of ¢y, /c* in QM is likely very
high while the strength of the phase transition mea-
sured with the energy density jump Aeg/g, is modest
(around 0.4).

(iii) The fé“lf,‘fs, Rqwm, and Ag/¢; are all anticorrelated with
01/ po as one expects. When the transition density is
low and the energy jump is weak, the required c,,/c*
has an approximately equally high probability to be
between 0.5-1.

C. Role of the speed of sound in quark matter

Motivated by perturbative QCD predictions at extremely
high densities or the casual limit, often in forward-model
predictions one sets céM /c? = 1/3 or 1 among other constants
examined. In fact, much effort has been devoted to finding
signatures/imprints of cgy;/c* from/on astrophysical observ-
ables especially since LIGO/VIRGO Collaborations’ recent
discovery that GW190814’s secondary component has a mass
of (2.50-2.67) Mg, see, e.g., Ref. [53] and references therein.

While in our default Bayesian analysis we have generated
céM /c? randomly with a uniform prior PDF in the range of
0-1, it is interesting to compare the default results with cal-
culations setting c&/c? to certain constants. Shown in Fig. 3
are the posterior PDFs of the transition density (upper) and
the jump of energy density there (lower) with céM /2 =1/3
and 1, respectively. While the results with cgy/c* =1 are

very close to the default ones, setting CéM /c? = 1/3 requires
a much higher transition density and a larger energy density
jump. This is simply because the resulting very soft QM EOS
can not support the NSs considered if the hadron-quark tran-
sition happens at too low densities. Consequently, only very
small QM fractions are allowed in the hybrid NSs. Quantita-
tively, we find that with ¢, /c* = 1/3 the f5 has a value of
only 2.3%,2.3%, 2.3%, and 2.8% for 1.4, 1.6, 1.8, and 2.0 Mg
NS, respectively. While with céM /c? =1 the fom: almost
remains the same as in the default calculation where the PDF
of cdy/c* peaks at cdy/c* =0.957092 at 68% confidence
level as shown in Fig. 2(f).

D. Posterior probability distribution functions of nuclear
matter EOS parameters extracted with and without considering
the hadron-quark phase transition in neutron stars

Properties of NSs have been studied extensively using var-
ious models with or without considering the hadron-quark
phase transition in the literature for many years. Within the
framework of the present work, it is thus interesting to study
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FIG. 3. The posterior probability distribution functions of the
hadron-quark matter transition density (top) and the energy density
jump at the transition (bottom) from Bayesian analyses by setting the
quark matter speed of sound squared céM /c?to 1/3 (solid curves) and
1 (dashed curves), respectively.

effects of considering the hadron-quark phase transition in
NSs on extracting nuclear matter EOSs using astrophysical
observables. Shown in Fig. 4 are our results. Some interesting
observations can be made:

(i) The incompressibility Ky of symmetric nuclear matter
and the symmetry energy Eqym(pp) at saturation den-
sity po are not affected at all. In fact, their posterior
PDFs are not much different from their uniform prior
PDFs. These are not surprising and consistent with
earlier findings. While the most probable value of
Jo characterizing the stiffness of symmetric nuclear
matter at suprasaturation densities does not change,
the hadron-quark phase transition requires more con-
tributions from larger J values as it generally softens
the EOS unless the ¢y, /¢ is close to 1.

(i) The L and Ky, parameters together characterize
the density dependence of nuclear symmetry energy
around (1-2)pg. They are known to have significant
effects on the radii of canonical NSs in both forward
modelings and Bayesian inferences, see, e.g., Ref. [2],
for a recent review. It is seen that their posterior
PDF:s shift significantly to higher values especially for
L when the hadron-quark phase is considered. This
can be well understood as the hadron-quark phase
transition reduces significantly the pressure above p,
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FIG. 4. The posterior probability distribution functions (in arbi-
trary units) of nuclear matter EOS parameters inferred from Bayesian
analyses with (thick blue curves) and without (thin red curves)
considering the hadron-quark phase transition in neutron stars in
comparison with their uniform priors (dashed curves).

PDF

PDF

compared to the extension of the hadronic pressure
into higher density regions. To reproduce the same
radius data, the contribution to pressure from the sym-
metry energy in the (1-2)pg density region has to
increase. Thus, the L and Ky, parameters have to
be higher. Since the Jy,, characterizes the symmetry
energy at densities above about (2-3)pg [37], with
the PDF of p,/py peaks at 1.67)% and all the QM
EOS parameters are isospin independent, the analysis
considering the hadron-quark phase transition is thus
not sensitive to what one uses for the Jg,. Conse-
quently, the posterior PDF of Jgy, is almost identical
to its prior PDF. Therefore, the high-density behav-
ior of nuclear symmetry energy extracted from NS
properties does depend on whether one considers the
hadron-quark phase transition or not. Moreover, the
nuclear symmetry energy loses its physical meaning
above the hadron-quark transition density.

While the most probable values of L and Ky
extracted from the astrophysical data with and with-
out considering the hadron-quark phase transition
are significantly different, they are unfortunately all
consistent with currently known theoretical predic-
tions and findings from terrestrial nuclear experiments
[2,54]. Moreover, to our best knowledge, there is
currently no terrestrial experimental constraint on the
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FIG. 5. The posterior probability distribution functions (in arbitrary units) of the three quark matter EOS parameters as well as the fraction
and radius of quark matter in hybrid neutron stars of mass 1.4 Mg with (solid curves) and without (dashed curves) considering the Seidov

condition of Eq. (7).
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Joym at all. Thus, the available constraints on the
nuclear EOS from terrestrial nuclear laboratory ex-
periments do not provide any additional preference on
whether QM exists or not in NSs.

E. Effects of the Seidov condition on the posterior probability
distribution functions of quark matter EOS parameters

As mentioned earlier, the Seidov stability condition of
Eq. (7) may affect topologies of the mass-radius curve. It may
thus also affect the PDFs of quark matter EOS parameters
we inferred from the neutron star observables. It is therefore
interesting to compare the PDFs of quark matter EOS parame-
ters inferred with and without considering the Seidov stability
condition. Shown in Fig. 5 is such a comparison for canonical
neutron stars of mass 1.4 Mg. As one expects, by removing
the Seidov condition of Eq. (7) the most probable transition
density p;/po shifts slightly lower from 1.6 to 1.3 while the
PDF of the energy density jump has higher weights towards
larger Ae/e; values compared to the default calculation. In-
terestingly, there are additional bumps around foy* ~ 0.2 and
Rom ~ 4 km in the calculation without the Seidov condition
besides the major peaks at the same locations as in the default
calculation. The minor peaks in the PDFs of foy® and Rom
indicate an enhanced formation of a small quark core with a
high energy density, probably due to the formation of an ad-
ditional disconnected stable hybrid branch with smaller radii,
compared to the calculation with the Seidov condition.

Since we fixed the neutron star mass at 1.4 Mg, for the
nuclear pressure to remain the same but at higher energy den-
sities to reproduce the same set of observables under the same
conditions, the speed of sound of quark matter has to become
smaller compared to the default calculation. Consequently, the
PDF of the speed of sound in quark matter shifts towards
lower céM /c? values. Interestingly, it has a minor peak around

CéM/Cz = 0.1 that is even less than the 1/3 predicted by

the perturbative QCD. It would also be interesting to sort
out the posterior events (accepted EOS parameter sets) to
study the fractions and topologies of the different branches
in the mass-radius plot with and without using the Seidov
condition. Such a study within the same Bayesian framework
using expected/imagined future radius measurements of more
massive neutron stars is in progress and will be reported
elsewhere.

IV. SUMMARY AND CONCLUSIONS

In summary, within the Bayesian statistical framework us-
ing generic EOS parametrizations for both the hadronic and
quark matter connected through the Maxwell construction we
inferred the PDFs of EOS parameters as well as the QM
fraction and its size from NS radius data from several recent
observations with and without using the Seidov stability con-
dition. We found that the available astrophysical data and all
known EOS constraints prefer the formation of a large vol-
ume of QM even in canonical NSs regardless of whether the
Seidov condition is used or not. Future Bayesian inferences
using unified EOS models describing both NSs and heavy-ion
reactions with possible phase transitions from combined mul-
timessenger data from both fields will significantly improve
our knowledge about the EOS of superdense neutron-rich
matter.
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