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We investigate the question of the nature of compact stars, considering they may be neutron stars or hybrid
stars containing a quark core, within the present constraints given by gravitational waves, radio-astronomy, x-ray
emissions from millisecond pulsars and nuclear physics. A Bayesian framework is used to combine together all
these constraints and to predict tidal deformabilities and radii for a 1.4 Mg compact star. We find that present
gravitation wave and radioastronomy data favor stiff nucleonic equation of state (EoS) compatible with nuclear
physics and that GW170817 waveform is best described for binary hybrid stars. Binary neutron stars with soft
EoS could however not be totally excluded. In all cases, these data favor stiff quark matter, independently of the
nuclear EoS, with a low value for the transition density (n, € [0.18, 0.35] fm™3). Combining these results with
constraints from x-ray observation supports the existence 1.4 Mg mass hybrid star, with a radius predicted to be

about R, 4 = 12.22(45) km.
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I. INTRODUCTION

Neutron stars (NSs), and most generally compact stars
(CSs), are forefront laboratories to explore the properties
of extreme matter and consequently the strong interaction.
The guidance of experimental and observational data are of
prime importance, especially because the theory of strong
interaction, the quantum chromodynamics (QCD), could not
be simply applied in the regime explored by CSs. One of
the most important questions in this field is to understand
how the strong interaction evolves as function of the density
and how quark matter emerges from hadrons [1,2], if it ever
does for densities relevant for stable CSs. Therefore, one
should consider two types of CS: NS with no phase transi-
tion in the core, and hybrid stars (HS) with phase transition,
towards quark matter, in the core. Note that the existence of
strange quark stars is not considered in our analysis since
we assume that matter is ruled by a single equation of
state. In the present paper, we investigate the onset of a
first order phase transition (FOPT) producing the largest
correction to the global properties of CSs. It should be
noted that CSs observations are also complementary to
Earth experiments, such as for instance heavy ion collision
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[3], since they explore very isospin asymmetric and dense
matter.

Over the last decade, the observation of CSs has entered
into the era of precision measurements, which provides un-
precedented possibilities for constraining the equation of state
(EoS). Among these constraints, the most impactful ones are
shown in Fig. 1: The detection of massive NSs by radio
astronomers has pushed up the maximum mass limit, which
is presently around 2Mg [6,10-14]. As a typical example,
the maximum mass limit from J0348 + 0432 [6] is shown in
Fig. 1. In addition to the masses, the radii of a few millisecond
pulsars (PSR J0030 + 0451 [7,15] and PSR-JO740 + 6620
[8,16]) have recently been extracted from x-ray observa-
tions, using the NICER observatory [17]. Finally, the event
GW170817 [18-20], produced by the merger of two CSs,
allowed the first estimation of the effective tidal deformability
A for dense matter [21-23], which is shown in the right panels
in Fig. 1.

II. THEORY

The link between the observation of CSs and the strong
interaction is performed through the EoS, i.e., the pressure

©2023 American Physical Society
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FIG. 1. Mass-radius (left) and mass-tidal deformability (right)
representations for SLy5 [4] (top) and PKDD [5] (bottom). The
observational contours are related to the analysis of J0348 4 0432
[6], JOO30 + 0451 [7], JO740 + 6620 [8], and GW170817 [9]. The
lines represent predictions of a few selected EoS: purely nucleonic
EoS for NS (black and solid lines), and the others (color lines) show
examples of FOPT built upon nucleonic EoS considering the maxi-
mally stiff case (c¢; = ¢) for the quark phase. The FOPT parameters
prr (MeV fm~3) and * (MeV) are given in the inset for HS.

p versus the energy density e. By solving the Tolman-
Oppenheimer-Volkoff (TOV) equations for spherical nonro-
tating and nonmagnetized stellar objects [24,25], the EoS
can be transformed into observational CS properties, e.g., a
relation between masses and radii. For such a kind of direct
comparison, it is important to accurately estimate systematical
uncertainties. This can be performed for instance by solving
the TOV equations for a large set of EoSs compatible with
the current knowledge. In this way, the model uncertainties
in the EoS can be turned into a contour in the macroscopic
properties, e.g., masses, radii, and tidal deformabilities, shown
in Fig. 1. The tidal deformability is well correlated to the com-
pactness (8 = M/R) of the compact star [18], and together
with the measure of the mass extracted from the gravita-
tional waveform, it allows to infer the value of the radius
[20,26]. In some analyses, it is the radius prediction inferred
from the tidal deformability, assuming agnostic EoS modeling
or universal relations, which is directly used to select EoS
models [27].

A few examples of NS and HS EoSs are shown in Fig. 1,
comparing predictions based on the nucleonic SLy5 [4] (top
panel) and PKDD [5] (bottom panel) EoSs. We employ in this
study these two typical nucleonic EoSs which differ by the
density dependence of the symmetry energy: we consider a
soft nucleonic model, represented by SLy5 [4] nuclear model
and a stiff nucleonic model, represented by PKDD [5] rela-
tivistic Lagrangian. The choice of reducing the nuclear EoS
to only two typical ones is also performed by other authors,
see for instance Ref. [28]. The SLy5 model is compatible
with recent chiral effective field theory (EFT) predictions with
a low value of the slope of the symmetry energy (Leym =
48.3 MeV) [29,30], as well as with the analysis of the PREX-
II experiment including also binding energies, charge radii,
and dipole polarizabilities in a set of finite nuclei [31]. The
stiff PKDD model (Lgym, = 79.5 MeV) is compatible with
another analysis of the PREX-II experiment [32].

Note that all the EoSs considered here satisfy the experi-
mental constraints of nuclear physics, and the observations of
NSs such as 2Mg, limit, the stability, and causality conditions.
Twin stars, i.e., two stars with same mass but different radii,
may exist [33] but, in the present study, they are not consid-
ered since we impose a one-to-one correspondence between
masses and radii.

By showing models and observational contours, Fig. 1
illustrates that it is difficult to find equations of state which
reproduce equally well the contours from the NICER obser-
vatory (left panels) and from GW170817 (right panel). For
instance PKDD is out of the GW170817 contour but it is in
very good agreement with the two other contours from the
NICER observatory. The opposite is observed for the other
models which reproduce well GW170817. This tension has
already been observed in previous studies, see for instance
Refs. [34-37]. The mass asymmetry of the binary CS pre-
dicted for GW170817 is explored in the following analysis
but we do not confirm, as suggested in Refs. [38—40], that it
could resolve the mismatch illustrated in Fig. 1. Because of
this tension in the data, we adopt the common strategy—we
employ GW170817 to select EoSs, by comparing different
kinds of binary systems: binary neutron stars (BNS), binary
hybrid stars (BHS), and neutron star hybrid star (NSHS). This
allows to determine whether one of these systems is favored,
in a Bayesian framework, by the present data. In a second
step, we combine the prediction of these modelings together
with NICER contour to infer the radius R;4 of a 1.4Mg
compact star.

In order to describe hybrid stars, a first order phase tran-
sition is built on top of nucleonic EoSs. The quark phase
is described by the constant sound speed approach inspired
from the MIT bag model [41]. It requires three quantities: the
pressure ppr at the entrance of the phase transition, the shift
in energy density, reflecting the latent heat Aepr, and finally,
the sound speed c, in quark matter assumed to be constant. We
have [42-44]

e(p) = {SNM (p)

P < per (1)
enm(ppr) + Asgpr + (p — ppr)/o

p = per’
where exy is the nucleonic matter energy density, and o is
related to the sound speed as o = (¢ /c)?, where ¢ is the
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speed of light in the vacuum. In the following, we use units
where ¢ = 1. A similar approach has recently been employed
in [27,28,45,46], leading to the possible existence of a third
branch of compact stars [47]. In our study, we use these
modelings to explore the nature of CS favored by the present
data.

In practice we use the parameters ppr and p*, which rep-
resent the chemical potential of quark matter at zero pressure,
and from which the latent heat Aepr can be recovered as

1+«
Agpr = per — +1
o [MNM([’PT)]T -1
T

—enm(per). ()

We consider the following ranges for the model parameters
and we consider uniform priors: pu* = 925 75 MeV, sug-
gested from color-superconducting quark matter calculations
[48]; the sound speed parameter « is fixed to three possible
values: o = 1/3 (conformal limit), 2/3 and 1 (causal limit);
and finally, ppr is an unconstrained parameter with unknown
boundaries. Here, we vary ppr from 6 to 500 MeV fm 3,
guided by the vanishing of the posterior distribution.

It should be noted that in the present study, quark matter
may appear already around (and above) saturation density,
since we explore a large space for the sound speed, ranging
between 1/+/3 and 1. While other analyses also explore a
large space (see for instance Ref. [27]) which predict quark
matter to appear on the average for densities around 1.5n,,
some analyses of quark matter predict its appearance above
3ng [49,50] or above 1.6Mg, [51]. These predictions may be
related to the choice of the sound speed prior, which is limited
to low values in the quark phase in these analyses while we
explore a wider domain in the present study.

We employ the Bayesian approach to compare our model
predictions, represented by a set of EoS parameters {a;} with
the present data [52]. The probability associated to a given
model considering a set of data, the so-called the posterior
probability, is

P({a;}|data) ~ P(datal{a;}) x P({a;}), 3

where P(datal{a;}) is the likelihood function representing the
ability of the model to reproduce a set of measurements and
P({a;}) is the prior probability, which represents the a-priori
knowledge on the model parameters. We vary the parame-
ters controlling the FOPT, «, ppr, and p*, which are yet
unconstrained parameters. The likelihood probability entering
Eq. (3) is defined as

P(datal{a;}) = whner({ai}) X p3. “

where weyer({a;}) is a pass-band type filter which selects
only the viable models with maximum mass larger than 2Mg
and pj; expresses the ability of the model to reproduce the
observed probability density function (PDF) for A deduced
from the GW signal, considering the wave-form analysis from
Refs. [9,20]. To do so, the effective tidal deformability A(q)
is averaged over the mass ratio g of the binary system in the
range [0.73,1], see Ref. [35] for more details.
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FIG. 2. Posterior PDF function of A obtained for BNS, BHS,
and NSHS configurations, compared to the data from Ref. [9]. The
different line styles correspond to different sound speeds ¢? = 1/3,
2/3, and 1. The two vertical bands represent the tidal deformabilities
obtained for the purely nucleonic EoSs, see the panel associated to
binary configurations.

III. RESULTS AND DISCUSSION

The posterior probability as a function of the effective
tidal deformability A, is shown in Fig. 2 for BNS, BHS, and
NSHS configurations considering the parameter estimation
from Ref. [9]. (See the Appendix for a similar figure where
parameter estimation from Ref. [20] is used instead.) For
BNS systems, only soft nucleonic EoSs overlap the data since
stiff nucleonic models predict too large tidal deformabili-
ties. NSHS systems are not favored by either soft or stiff
nucleonic EoS. Finally, BHS systems are preferred by stiff
nucleonic models, overlapping at best the data, as shown in
Table I where bold values mark the best overlaps. Remark
that there is a non-negligible overlap of the data for BNS
systems with isosoft EoS such as SLy5. It can be remarked
that, in all cases, the overlap is generally optimal for large
sound speed, ¢? > 2/3, implying a stiff quark matter phase.
Considering Fig. 2 and Table I, we conclude that current GW
and radioastronomy observations favors stiff nucleonic EoS
compatible with nuclear physics and a BHS configuration for
GW170817 event. BNS configuration with soft nucleonic EoS
cannot however be fully excluded.

The same EoSs are employed to predict R; 4, as shown in
Fig. 3. Independently of their ability to describe GW170817,
the two nucleonic EoSs compatible with nuclear physics have
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TABLE I. Overlap between the model prediction and the PDF
associated to GW170817 (from Refs. [9,20]), as function of the
nucleonic EoS, the sound speed in quark matter, and the nature of
the binary system. The largest overlaps are stressed in bold.

TABLE II. Predictions for the R;4 radius constrained by both
GW170817 and NICER observations of PSR J0030 + 0451, as func-
tion of the nature of the CS.

R; 4 radius
EOS c? BHS NSHS BNS EOS Configuration ~ ¢? km
soft  SLy5  1/3  0.00/0.00  0.00/0.00  0.00/0.00  soft SLy5 NS 2/3  12.00 (20)/12.00(20)
SLyS  2/3  0.07/0.07  0.04/0.04  0.07/0.07 SLy5 NS 1 12.00(20)/12.00(20)
SLy5 1 0.12/0.15  0.08/0.08  0.06/0.07 SLy5 HS 2/3  11.86(31)/11.97(37)
stiff  PKDD  1/3  0.00/0.00  0.00/0.00  0.00/0.00 SLy5 HS 1 11.84(32)11.95(38)
PKDD  2/3  0.28/027  0.00/0.00  0.00/0.00 SLy5 HSorNS — 2/3  11.98(22)11.98(22)
PKDD 1  0.65/0.65 0.00/0.00  0.00/0.00 SLy> HSorNS 1 11.96(24)/11.97(23)
Average 11.94(31)/11.98(32)
stiff ~ PKDD HS 2/3  12.06(40)/12.35(37)
PKDD HS 1 11.98(39)/12.27(41)
a good overlap with the NICER data for NSs: they predict radii Average 12.02(39)/12.31(40)
from 12.00 km (SLy5) to 13.50 (PKDD). Table II subsumes Global average 12.22(45)

the R; 4 predictions conditioned by GW 170817, radioastron-
omy and nuclear physics. We consider only the cases for
which nonzero values are obtained in Table I. The centroids
are weakly dependent on the nucleonic modeling, going from
about 11.84 to about 12.35 km. We obtain however that the
stiff nucleonic EoS, favoring the HS configuration, predicts
a radius R;4 = 12.22(45)km, shown in Table II. The soft
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FIG. 3. Same as Fig. 2 but as function of the radius R, 4. The data
shown in the graphs are deduced from the analysis of PSR J0030 +
0451 by Miller et al. [7] where the PDF is sliced for masses between
1.35 and 1.45 Mg, The two vertical bands represent the radii obtained
from the purely nucleonic EoSs, see the panel associated to binary
configurations.

nucleonic EoS, which is not favored in Table I, predicts a
radius R; 4 = 12.00(20) km. These two predictions are quite
close and considering moreover their uncertainties, they are
not significantly different. Let us note that the uncertainties
which we report are obtained for a given nucleonic EoS. We
expect, in a future work, to obtain larger uncertainties by
exploring more nucleonic EoSs and therefore getting closer
to the ones obtained in Refs [53,54]. We then find that the
radius of a 1.4Mg CS is weakly impacted by the nucleonic
EoS as well as by the nature of CS within the two nucleonic
scenarios that we have investigated. By weakly, we mean that
the uncertainties originating from the nucleonic EoS are not
the dominant ones.

IV. CONCLUSIONS

In conclusion, we have obtained that the cross-constraints
from gravitational wave, radioastronomy, x-ray observations,
and nuclear physics favor binary compact star systems with
stiff nucleonic EoS complemented with stiff quark matter. The
neutron star-hybrid star configuration is not statistically fa-
vored for the GW 170817 event. The present analysis supports
the existence of 1.4 Mg mass hybrid star, with a low value
for the phase transition (n, € [0.18, 0.35] fm~3). Our analysis
illustrates the complement between nuclear physics and astro-
physics for the understanding of dense matter in CS. Future
tight constraints in the slope of the symmetry energy Lqym will
further constrain the nature of CSs in GW170817, as well as
in the future astrophysical observations, such as for instance
binary CS mergers, radioastronomy, or x-ray emission from
millisecond pulsars.
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APPENDIX

We provide additional figures exploring the impact of the
masses in the binary system and of the distribution of the tidal
deformability in our analysis.

The distributions of masses m; and m, defining the tidal
deformability have been obtained in our analysis from the
chirp mass Mpip = (m1m2)3/5m;t1/5 [20], myor = my + mo,
and the mass fraction ¢ = m;/m, in the interval [0.73-1] at
90% confidence level. It can also be extracted assuming a
constant value of the total mass myy = 2.731“8:843‘ Mg inde-
pendently of the mass ratio g. These two prescriptions are
not totally equivalent as one can see from Fig. 4. The total
mass My is represented as function of g, where m; and m;
are obtained from Mpirp and ¢ = [0.7, 1]. Figure 4 shows that
a constant value of M, implies a nonconstant distribution
of my,, which decreases by 0.05Mg as g varies from 0.7 up
to 1. One shall indeed prefer this prescription since Mchirp
is directly extracted from the data: Mcpir, is the third-order
post-Newtonian correction to the wavefront phase [21,23].

The fifth-order post-Newtonian correction to the wavefront
phase is the tidal deformability [21,23], which is defined as

16 |:(m1 + 12my)m

13 m,

A= A1+1<—>2:|. (A1)

The impact of the two prescriptions for m; and m, into our
analysis is shown in Fig. 5, where we present the posterior
distribution for R; 4 for the PKDD BHS case. The posteriors
are calculated by employing the two prescriptions: a constant
value for my or a constant value for Mpirp,. This illustrates that
the small differences in the masses m; and m, obtained using
one or the other of the two prescriptions have a negligible
effect for our analysis.

We now analyze the impact of the extracted A-PDF in
our analysis by exploring the A-PDF from another parameter
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M
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FIG. 4. The total mass my, of the binary system as function
of the mass ratio g, where the chirp mass is fixed to be M, =
1.1975(1) Mg [20]. The dependence of m,, in the mass ratio g shall
be compared to the uncertainty in my, which is considered in the
second prescription, see text for more details.
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FIG. 5. Distribution of radius R 4 obtained with our analysis for
the PKDD EoS and the BHS case, calculated using a constant value
for myy (filled square symbol) or a constant value for M, (filled
circle symbol), where the data are extracted from Ref. [20]. We have
considered EoS where the sound speed ¢? has been fixed to 1 (red
lines) and to 2/3 (blue lines).
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FIG. 7. Same as Fig. 2 but employing data from Ref. [20].

estimation approach. In Fig. 6, the contours of GW170817
are calculated from the prediction by the LVC [20], instead
of Ref. [9], where the mass asymmetry of the binary sys-
tem is given as the lo and 20 confidence intervals, as in
Fig. 1 of the paper. Comparing with Fig. 1 of the paper, the
contour associated to GW170817 is now larger and allows
a larger number of EoSs. The tension between NICER ob-
servations and GW170817 is however still visible: the EoSs
compatible with the contours from the NICER observatory
(PKDD for instance) have marginal overlap with the contours
of GW170817.

The posterior probability as a function of the effective
tidal deformability A from Ref. [20], is shown in Fig. 7 for
BNS, BHS, NSHS configurations. Although, the A-PDF is
qualitatively quite different between Refs. [9] (see Fig. 2 in

—=—HS (PKDD), .51 (a)—=—HS (8Ly5), c.2=1  (b)
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FIG. 8. Same as Fig. 3 but employing the A-PDF from Ref. [20].

the paper) and [20] (with a double peaked distribution), the
posteriors are almost identical between Fig. 2 the text and
Fig. 7: BNS systems are preferred only with soft nuclear EoS
with FOPT, NSHS systems are not favored by either soft and
stiff nuclear EoSs with FOPT and finally stiff nuclear EoS
with FOPT is overlapping best with data for the BHS systems
as shown in Table I. The overlaps are given in Table I, and
they are very close.

We now come to the predictions for the radii Ry 4, using
the same approach as in the paper. Results are shown in Fig. 8
where the EoSs are now constrained by A from Ref. [20]. The
results are qualitatively very similar. There are however small
quantitative differences which are also reported in Table II.
The largest difference is of the order of 300 m.
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