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The structure of hybrid stars within the nonperturbative framework of the field correlator method,
extended to the zero-temperature limit as a quark model, has been studied. For the hadronic sector, we have
used the lowest-order constraint variational method by employing AV g two-body nucleon-nucleon
interaction supplemented by the phenomenological Urbana-type three-body force. For an adapted value of
the gluon condensate, G, = 0.006 GeV*, which gives the critical temperature of about 7, ~ 170 MeV,
stable hybrid stars with a maximum mass of 2.04 M, are predicted. The stability of hybrid star has been
investigated for a wide range of gluon condensate value, G,, and quark-antiquark potential, V. A hybrid
equation of state fulfills the constraints on tidal deformability and hence on the radii of the stars, extracted
from the binary GW170817. Moreover, tidal deformability for different chirp masses and different binary
mass ratios of hybrid stars have been studied. The mass-radius relation satisfies the new constraint obtained
from the neutron star interior composition explorer (NICER). A comprehensive analysis on the structure of
a hybrid star and also its compactness, tidal Love number, and tidal deformability has been conducted for
several parameter sets of the quark equation of state. The influence of different crustal equations of state on
the mentioned quantities has been studied. Our calculations suggest the value of quark-antiquark potential,
V1, to be around 0.08 GeV. The results achieved in this study are in strong concurrence with the other

calculations reported on this subject.
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I. INTRODUCTION

In the last few decades, a great effort has been made to
understand the properties of nuclear matter at densities
higher than nuclear densities. From heavy ion collisions
and astrophysical observations of compact objects, many
attempts have been made to determine the equation of state
(EOS) of dense nuclear matter in both hadronic and quark
phases. The probable appearance of quark degrees of
freedom in the interior of heavy neutron stars (NSs) is
one of the most debated issues in the context of the compact
stars [1-3]. By the discovery of two massive NSs [4-8], the
question of whether quark matter exists in the core of
neutron stars has newly received interest [9—15].

The study of properties of NSs concerns the high-density
and low-temperature region of the phase diagram, and in
particular, it requires the QCD nonperturbative EOS at
low temperature and large chemical potential, where the
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essential theoretical lattice formalism of QCD is inappli-
cable. Due to the lack of lattice data, analytic approaches
such as the MIT bag model [16,17] and the Nambu—Jona-
Lasinio (NJL) model [18] are mostly used in the high-
density regions.

The MIT bag model provides a mechanism for natural
confinement by the inclusion of phenomenological confin-
ing pressure, which is the difference in energy density
between the peturbative vacuum and true vacuum, named
the bag constant, B. The NJL model contains one of the basic
symmetries of QCD, namely chiral symmetry. The most
important feature of this model is its nontrivial vacuum in
which the chiral symmetry is broken dynamically by the
spontaneous mass generation. The NJL model is applicable
in vacuum as well as in high densities, but not in the hadronic
phase in between, because of the lack of confinement due to
the lack of gluon degrees of freedom in this model.

In our previous study [19], we investigated the properties
of hybrid stars (HSs) within the Nambu—Jona-Lasinio (NJL)
and MIT bag models. Within both quark models, stable HSs
with pure quark cores were predicted—however, with a
maximum mass lower than 2 M. HSs with the maximum
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mass compatible with the observations were predicted,
although they were found to be unstable. Since the quark
phase is unable to support the increasing central pressure due
to gravity, the instability is manifested by a cusp at the
maximum mass of the mass-radius relation [20]. However,
the radii and tidal deformability of HSs were in the same
range as deduced from the gravitational wave data of the
binary GW170817.

The general feature of many quark models, which is their
serious drawback;, is their inability to give predictions for the
full temperature-chemical potential range. One of the few
exceptions is the field correlator method (FCM) [21-23],
which in principle could cover the full phase diagram panel.
Besides, the same method includes from first principles the
property of confinement (in contrast to the NJL model),
which seems to have a role in the stability of the predicted
HS [20,24].

Microscopic theories of baryonic matter have been devel-
oped in the last few decades in contrary to the quark matter
case. The lowest-order constraint variational method
(LOCYV), which is a pure variational technique in the study
of the bulk properties of many fermion systems [25-28], is
employed as the nucleonic model of our study. This approach
is extended in such a way to enable one to calculate the
properties of asymmetric nuclear matter, neutron matter, and
beta stable matter EOSs at both zero and finite temperatures
by using more sophisticated potentials [29—-32]. Besides this,
the thermodynamic properties of nuclear matter at both zero
and finite temperatures are calculated by considering rela-
tivistic corrections in this formalism [33,34]. It is well known
that the bare two-body nucleon-nucleon (2BF) interactions
cannot reproduce the saturation properties of nuclear matter.
The LOCV method is capable of dealing with the three-body
forces as well [35,36]. Recently, we have shown that by
employing the Urbana-type (UIX) three-body forces (TBF),
one can obtain the correct saturation quantities such as
binding energy, saturation density, and symmetry properties
like Eyp, (o, L, and K, ). Also, the NSs with masses above
2 M, are predicted within the LOCV formalism employing
AV supplemented by TBF in Urbana-type [36] and chiral
symmetry [37]. The EOS of hypernuclear matter is produced
within the LOCV method [38,39]. Newly, the HS structure is
studied within the framework of the LOCV method combined
with the three-flavor version of the NJL model for several
parameter sets of this model [19]. Moreover, the phase
transition of hypernuclear matter to the two-flavor version
of the nonlocal NJL model is recently being studied [40].

In the study of HS structure, the nucleon-quark phase
transition plays an important role. We restrict our study to
analyze sharp hadron-to-quark matter phase transitions. It
may happen that a hadron-quark mixed phase is unlikely to
be stable for a reasonable value of the surface tension;
this situation is closer to the Maxwell construction case
[41-43], where two pure phases are in direct contact with
each other, and it shows a sharp phase transition behavior.

In this paper, we have employed the nonperturbative
EOS of quark-gluon plasma which was derived in the
framework of the FCM for describing quark matter [22,23].
The FCM is a nonperturbative approach which provides
a natural treatment of the dynamics of confinement
and transition to the deconfinement phase in terms of color
electric and color magnetic correlators. The quark-antiquark
(gg) potential, V{, and the gluon condensate, G,, are the
parameters of the model, whose numerical values are
partially supported by lattice simulations at small chemical
potentials [23,44] and the QCD sum rules [45], respectively.

Inrecent years, besides the maximum-mass constraints on
compact stars’ EOSs, 2.01700) < Myoy/M © <2.16%011,
there exists a new constraint on tidal deformability, and
hence on the radii of compact stars set by the binary NS
system GW170817 [46]. With the first direct detection
of both gravitational and electromagnetic radiation from
the binary NS merger GW170817 on 17 August 2017
(recorded by the Advanced LIGO and Virgo network of
gravitational-wave recorders [47-49]), we are facing a new
important feature of astronomy which could help us to
understand the origin of these phenomena [50-53]. By
applying the tidal deformability constraints on the EOS,
GW170817 provides a new essential insight to understand
the physics of matter under extreme density conditions. The
influence of the perturbing tidal field of the companion of a
NS is reflected in the tidal deformability, A. These new
constraints will be investigated on the several hybrid star
EOSs in this paper, and we will go further to present the
predictions for tidal deformability with different chirp
masses and different binary mass ratios. We will also check
the new constraint on the mass-radius relation extracted
from the neutron star interior composition explorer
(NICER). The effect of different crustal EOSs on the
structure and tidal deformability of a HS will be studied too.

The paper is organized as follows: In Sec. II, we briefly
describe the EOS of the nucleonic sector in beta equilib-
rium at zero temperature within the LOCV method.
Section III is devoted to the quark matter EOSs according
to the FCM. In Sec. IV A, by using these models, the EOS
of a HS is proposed assuming the Maxwell construction.
The structure of the HS is presented in Sec. IV B, and in
Sec. IV C we are concerned with the calculation of the tidal
deformability, new constraints on the mass-radius relation
extracted from NICER, and the effect of different crustal
EOSs on the structure of the hybrid stars. The summary and
concluding remarks are presented in Sec. V.

II. HADRONIC PHASE: LOCV APPROACH

The LOCV model is a microscopic model based on
cluster expansion and is in good agreement with empirical
nuclear saturation properties.

The first step in the LOCV formalism is to consider a
trial wave function for the N-body interacting system at
zero temperature. Such a trial wave function is given by
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.N)O(1...N), (1)

where @(1...N) is a noninteracting ground-state wave
function of N independent nucleons and F(1...N) is an
N-body correlation operator considered in the Jastrow
approximation.

In general, the nuclear Hamiltonian is read as the sum of
the nonrelativistic single-particle kinetic energy and the
nucleonic potential:

szzl:;i+zv(ij)+ N V(ijk) 4. (2)

i<j i<j<k

So, the baryonic energy expectation value Ep can be
written as

1 (Y|H|Y)

=E +Eyg=E +E,, (3)

in which E| is the one-body energy and E, is the two-body
energy. Higher-order terms in the cluster expansion series
are negligible [29]. E, is minimized with respect to the
channel correlation functions but subjected to the normali-
zation constraint [29,54,55], which introduces the
Lagrange multipliers in the formalism. The procedure of
minimizing E, provides a number of Euler-Lagrange
differential equations for two-body correlation operators.
Solving these equations leads to the determination of
correlation functions and the two-body cluster energy.
By the inclusion of TBF in the nuclear Hamiltonian, the
problem of incorrectly reproducing the saturation proper-
ties of cold symmetric nuclear matter is resolved. In order
to avoid the full three-body problem, the TBF (semi-
phenomenological UIX interaction) is included via an
effective two-body potential derived after averaging out
the third particle, which is weighted by the LOCV two-
body correlation functions at a given baryonic density ppg.
For more details, see Refs. [35,36].

The beta equilibrium condition should be imposed on the
EOS of the NS, since the density of the system is high
enough for nuclei to dissolve to form an interacting system
of nucleons and leptons. As the system survives longer than
the timescale of weak interactions, it reaches equilibrium
with respect to the f decay n = p + e + v, and its inverse
reaction.

By solving the # equilibrium conditions, u, = p, + p,
and u, = p,, along with the charge neutrality condition
Pp = pu + p. atany given baryon density, pg, the energy of
p-stable matter, E, written as the sum of the baryonic
energy and leptonic energy, can be determined (details of
calculations can be found in related references of LOCV
formalism). Leptons are supposed to be highly relativistic
noninteracting particles. The pressure of the NS matter as a

function of baryonic density is calculated by using the
following thermodynamic relation:

P (500). @

III. QUARK MATTER: FCM METHOD

In this section, we briefly address the nonperturbative
framework of the field correlator method. The FCM is a
systematic method of computing nonperturbative effects
in the quenched approximation from some fundamental
nonperturbative input. A set of field strength correlators,
namely [22]

A = ’I‘I'<F‘ﬂ],/1 (X1)®<X1,XZ)FM2D2()C2)...

Fyny,,(xn)q)(xnvxl)>7 (5)

AV e iU

is chosen as the nonperturbative input, where F,,’s are the
field strength tensors and ®(x,y)’s are the phase factors,
introduced for the gauge invariance condition. The main
idea, which is proposed in Refs. [56-58], is to use the
gauge-invariant quantities in Eq. (5) as a dynamical input in
the nonperturbative domain and to describe gauge-invariant
observables through Eq. (5) via the cluster expansion.
Moreover, a systematic cluster expansion can be per-
formed, and the first term, named the Gaussian correlator,
gives a good qualitative description of most nonperturba-
tive phenomena, while higher cumulants can be considered
as corrections. It is shown that these corrections are not
large and contribute around a few percent of the total effects
[59-62]. Therefore, one obtains a theory with a simple but
fundamental input—Gaussian approximation—and the
corresponding formalism is called the Gaussian dominance
approximation or the Gaussian stochastic model of QCD
vacuum. The method can be called “fundamental phenom-
enology,” since it uses correlators (actually the lowest-order
one) in Eq. (5) as the dynamical input which is given by
lattice measurements. The necessary nonperturbative infor-
mation enters via string tension o, which is an integral
characteristic of the Gaussian correlator, and as a result, one
can define the hadron in terms of one parameter. In the
FCM method, the Euclidean vacuum picture of QCD fields
is considered. The results of QCD sum rules and quarko-
nium spectrum analysis show that the gluon vacuum is
dense [22] and the value of the gluon condensate G, is

R

Gy =2 (F%,F4,) ~0.012 GeV*, (6)

N |

with 50% uncertainty. Each point of the phase diagram can
be characterized by the values of condensates, describing
the symmetry-breaking pattern. The simplest condensates
are given by the nonperturbative gluon and quark con-
densates: (% F,, F,,) and (P¥).
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A dynamical characteristic of such a stochastic vacuum
is given by a set of gauge-invariant correlators, which in the
non-Abelian case have the form

1
A1,2 ,,,,, n N7<TFG;41U1 (xl’x())Gﬂguz(x27x0)"'
Gﬂnl/n (xm x0)>’ (7)
where

Gykuk (X, x0) = q)(x()vxk)Fukuk (20 )@ (X, X)) (8)

and phase factors @ are defined as follows:

®(x,y) = P exp i/xA,,dzﬂ, 9)
y

with the path integral taken along some curves, connecting
the initial and the final points. Although the functions

,,,,,, ,, depend on the form of the contour, this dependence
has to be canceled in physical quantities [22].

The most attractive feature of the nonlocal average
[Eq. (7)] is its gauge invariance, as compared with
the case of the usual gauge field Green’s functions
(ADA()...A(2)).

The dynamics of confinement is described by Gaussian
color electric [D(x), D¥(x)] and color magnetic [D(x),
D! (x)] gauge invariant field correlators. The main quantity
which governs the nonperturbative dynamics of deconfine-
ment is given by the two point functions:

g (Tri Ei()®(x, ) By ) (v, x)])
=y | D+ DY + 25 f] aDE
— Yik i 4 B ‘21 —*2 ’

92<Trf[H-( O (x, y)Hi (y)@(y, x)])

oDy oDy
=6y | D" + DY +u? — 10
a|prepp @R a2 o
where z = x —y, and
®(x,y) = P exp ig/ A,dz, (11)
y

is the parallel transporter to assuring gauge invariance.
In the confined phase (below T.), Df (x) is responsible
for the confinement with string tension o* =1 [ DF(x
In the deconfinment phase (above T..), DE( ) Vanlshes
while D¥(x) remains nonzero, being responsible [together
with the magnetic part due to D¥(x) and D (x)] for
nonperturbative dynamics of the deconfined phase.
In the lattice calculations, the nonperturbative part of
DE(x) is parametrized as follows [22]:

D (x) = Df(0)e™/%, (12)
where 4 = 0.34 fm (full QCD) is the correlation length,
with the normalization fixed at 7 = u = 0 by

2
DF(0) + DF(0) = TG, (13)
where G, is the gluon condensate. The numerical value of
G, is determined by QCD sum rules with a large uncer-
tainty as mentioned above [45]:

G, = 0.012 +0.006 GeV*. (14)

For the adapted parameter G, = 0.006 GeV*, the critical
temperature turns out to be 7 = 170 MeV, at zero chemical
potential [23]. The generalization of the FCM at finite T
and p provides expressions for the thermodynamic quan-
tities where the leading contribution is given by the
interaction of the single quark and gluon lines with the
vacuum [called single-line approximation (SLA)]. Within a
few percent, in SLA the quark pressure for a single flavor is
given as follows [21,23,63]:

Y W 0 B G

in which v = m, /T, and

1
u K
Vi + 02 (exp[Vi? +17 —a] + 1)

(16)

and V is the large-distance static gg potential:

V= Al/TdT(l —1T) /000 d)(;(DlE(\/)(z +12>. (17)

The gluon contribution to the pressure is

P,IT" = —/ ! . as)

exp ;(+9V‘)—1

Note that the potential V; in Eq. (17) does not depend on
the chemical potential, and this is partially supported by the
lattice simulation at small chemical potential [23,44].

If confinement is dominated by nonperturbative contri-
butions, the normalization Df (0) in Eq. (12) can be
identified with the term appearing in Eq. (13) which has
been denoted by the same symbol. Then, from Egs. (17),
(12), and (13) in the limit 7 — 0, we obtain

ﬂ'

V(T =0 <%

G, 25, (19)
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However, other choices of V; are possible, and these will be
considered at the end of the results section.

The pressure in the quark-gluon phase can be written
as [23,64]

P, = Z Pl + P, + Ay, (20)

i=u,d,s

where P; and P, are given in Egs. (15) and (18),
respectively, and

(11-2/3N;) G,

R 2 2

Aevac ~ =
which corresponds to the difference of the vacuum energy
density in the two phases, with N ; being the flavor number.

Other thermodynamic quantities in the quark-gluon
phase can be derived in the standard way by using the
relation

e=-P+ > un. (22)

i=u,d,s

As the weak decays (d <> u + e + U, <> s) should be taken
into account in the quark-gluon matter, the electrons
(neutrinos have enough time to leave the system) should
be included, which are described by a noninteracting gas of
massless fermions with

4 4
JZ JZ
P, = 12:[2 —>€, = 4;2. (23)
Therefore, we will have
Py =P+ P, €0t = €+ € (24)

in the f-stable quark-gluon matter. The relations between
chemical potentials of the particles take the form

Ha = Hy = J,
H= Hy + He (25)

The charge neutrality condition implies (Gn, —31n, —
I

3ng —n, = 0), and so the system can be characterized by
one independent variable—that is, the baryon number
density pp =1 (n, + ng + ny).

IV. RESULTS
A. Hadron-quark hybrid EOS

We study the hadron-quark phase transition in order to
obtain the EOS of a hybrid star. We consider the Maxwell
construction by assuming a first-order hadron-quark phase
transition. Maxwell construction is a sharp phase transition
from neutral hadronic matter to homogeneous neutral quark

matter. Both hadron and quark phases are in f equilibrium
and also satisfy charge neutrality, separately. Each phase is
considered to be a one-component system controlled by the
baryonic density—or equivalently, a baryonic chemical
potential—because of the requirement of the charge neu-
trality in Maxwell construction. By imposing the condi-
tions of thermal, mechanical, and one-component chemical
equilibrium at zero temperature, the transition point in the
Maxwell construction is identified as

P1(/43) = PZ(P‘B)’ (26)

where the indices 1 and 2 stand for the hadronic and quark
phases, respectively. Equation (26) implies that Maxwell
construction corresponds to constant pressure in the density
interval between two phases. pp stands for the baryon
chemical potential in each phase (ug; = p, +p, and
Hpr = M, + Hg + ps). At the interface between the two
phases, the baryon chemical potential yp is continuous,
while the electron chemical potential 4, jumps in Maxwell
construction. One can consider Maxwell construction as a
limiting scenario, where the surface tension is large.

In Fig. 1, the pressure P as a function of the baryon
chemical potential up for baryonic and quark matter phases
in f equilibrium is shown, and also the hybrid EOSs
(pressure P vs baryon density pp) are displayed. In Fig. 1(a)
[1(b)], we show the results obtained using V; =0
[Vi =0.01 GeV] ¢gg potential [according to the constant
obtained in Eq. (19)]. In both panels, the solid black line
represents the EOS of nuclear matter with AV g potential
supplemented by TBF in LOCV formalism, and other lines
represent the EOS of the quark-gluon phase within the
FCM with several choices of parameter sets. It is worth
noting that the chosen values of G, give values of the
critical temperature in a range between 7 =~ 150 and
200 MeV. The transition point in the V| = 0.01 GeV case
is shifted slightly to higher values of chemical potential,
and hence also baryon density, compared to the case in
which V; =0. We notice that the crossing point is
significantly affected by the choice of the gluon conden-
sate, G,. With an increase in the value of the gluon
condensate G,, the transition point shifts to higher values
of chemical potential. However, the exact value depends
also on the stiffness of the baryonic EOS at those
densities. The onset of phase transition is around 2p
(po = 0.16 fm=3). In Fig. 1(c) [1(d)], the hybrid EOS in
Maxwell construction is displayed for several cases dis-
cussed. The result obtained with V{ = 0 [V; = 0.01 GeV]
is displayed in Fig. 1(c) [1(d)]. Below the plateau, the
p-stable hadronic EOS governs the star, while in densities
higher than the ones characterized by the plateau, the stellar
matter is in the f-stable quark matter phase.

It is clear that the width of the plateau is related to
the values of gg potential V, gluon condensate G,, and the
baryonic EOS. With increasing values of G, and V,, the
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(a),(b): Pressure vs baryon number density for f-stable nuclear matter within the LOCV method supplemented with TBF and

p-stable quark matter in the FCM model with (a) V; = 0 (b) V; = 0.01 GeV and several values for the gluon condensate G, (in GeV*).
(c),(d): The hadron-quark hybrid EOSs in Maxwell construction with gg potential (c) V| = 0 (d) V; = 0.01 GeV and several choices of
gluon condensate G, (in GeV*) combined with the LOCV supplemented by TBF.

width is extended. As the width of the plateau increases, the
discontinuity in energy density between the two phases
increases, which in turn causes the instability of the HS.
(We will refer to this point later.)

B. Hybrid star structure

The structure of a hybrid star is calculated by numerical
integration of the well-known hydrostatic equilibrium equa-
tions of Tolman-Oppenheimer-Volkoft (TOV). The EOS of
the star is the fundamental input of the TOV equations:

o _ouge,,poy, )
. (1 _2GM“> 27)
dM(r) _ dme(r)r? (28)

dr 7

in which e(r) is the total energy density, M (r) is the star mass
within radius 7, c¢ is the speed of light, and G denotes the
gravitational constant.

The hybrid EOS in Maxwell construction, with constant
pressure in the transition region, is taken from the calcu-
lations discussed above. For the description of the NS crust,
we use the Harrison-Wheeler (HW) EOS. The effects of
different crustal EOSs on the structure of hybrid star are
studied in Sec. IV C.

In Fig. 2(a) [2(b)], we display the mass-radius [mass—
central density] for hybrid stars with ¢g potential V| =0 for
several choices of gluon condensate, G,. Figure 2(c) [2(d)]
is the same as the previous case, but for gg potential
V| = 0.01 GeV. By looking at Fig. 2(a) [2(b)], we find that
the maximum mass of the HS spans over a range between
1.4 My and 2.16 M depending on the values of the gluon
condensate G, and ¢q potential V. The HS with the
maximum mass of 2.13 M, is predicted for V; = 0 and
the gluon condensate G, =0.017GeV*. By switching on the
value of gg potential, V, as displayed in Fig. 2(c) [2(d)],
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(a),(b): The gravitational HS masses vs (a) radius (b) central baryon density of the star with the ¢g potential V| = 0 and several

choices of gluon condensate G, (in GeV#) combined with AV ¢ supplemented by TBF. (c),(d): Same as (a),(b), but with the ¢ potential

Vl = 0.01 GeV.

we observe a trend similar to the case of V; = 0. The value
of the maximum mass slightly increases in the case V| =
0.01 GeV with respect to the case V; = 0. In the case
V1=0.01GeV, the maximum mass of 2.03 M, (2.16 M)
is calculated for G, =0.12 GeV* (G, = 0.17 GeV*).
However, in the mentioned cases, with the maximum
masses compatible with observations, the HSs are unstable.
The instability manifests itself as a cusp in the mass-radius
curve, which in turn is due to the large discontinuity in the
energy density in the phase transition region. A stable HS
with a pure quark core is predicted only for small values of
G, around less than G, = 0.07 GeV with the maximum
mass of about 1.4 M, which are hardly in agreement with
the observations. It is worth noting that an “acceptable”
EOS must give a maximum mass around 2 Mg. By
increasing the value of the gluon condensate, G,, the value
of the maximum mass increases, up to about 2.16 My;
however, the stability of a pure quark core is lost. The
results are summarized in Table I. As seen in Table I,
in the cases with energy density discontinuity around
300 MeV fm=3, the HS with a pure quark core is stable.
For higher values of discontinuity in the energy density, the

HS becomes unstable. Therefore, generally speaking, the
FCM model with very low values of gg potential, V, as
predicted by Eq. (19), gives a maximum value of mass
higher than 2 M, for large values of the gluon condensate
(around G, = 0.012 GeV4), and the star becomes unstable
as soon as the onset of the quark phase. A stable pure quark
core is predicted in low values of the gluon condensate with
a maximum mass around 1.4 M.

As we mentioned before, lattice calculation determines
the value of the gluon condensate to be G, = 0.006 GeV*
at critical temperature and p = 0, while up to now, our
calculations predict the maximum value of the HS mass to
be around 1.4 M, which is far from the observational data.
This puts a serious constraint on the value of the gluon
condensate. However, this prediction is obtained for the
very low value of long-distance static ¢gg potential V
arising from Eq. (19). Other choices are possible. If
Eq. (12) is assumed to be valid only at long range, while
Eq. (13) is a true short-range relationship, then in this case
the parameter Df(0) in the two equations cannot be
identified and may correspond to two different numerical
values, and therefore the value of V| must be considered as
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TABLE I.

Hadron-quark phase transition and hybrid star structure properties for several values of gluon condensate, G, (GeV*), and

qq potential, V; (GeV), where up is the critical baryon chemical potential (MeV), pg/p, is the ratio of the baryon density to the
saturation density, and € is the energy density at the starting (1) and ending points (2) of phase transition (MeV /fm?). M, (M) is
the maximum mass of the star in terms of the Sun’s mass, pcgmax/Po i the ratio of central density to the saturation density, and R, is

the hybrid star’s radius (km).

Vv, G, W Py Ipo P Ipo e €@ PCBmax/ Po R Mpax (M)

0 0.005 987.3 1.25 2.66 191.8 4152 10.10 8.89 1.48
0.006 1072.1 2.09 3.46 330.2 565.7 10.52 9.16 1.41
0.007 1146.6 2.57 4.8 416.8 729.9 95 9.79 1.40
0.008 1206.2 2.9 5.02 478.1 887.8 5.06 12.39 1.62
0.012 1364.5 3.62 7.38 626.9 1448.1 747 12.15 1.98
0.017 1488.3 4.10 9.66 737.0 2061.4 9.7 11.93 2.13

0.01 0.005 1018.7 1.63 2.81 253.1 444.9 10.0 9.11 1.47
0.006 111.0 2.36 371 377.2 618.1 9.75 9.58 1.43
0.007 1184.3 2.78 4.55 455.8 791.3 4.62 12.39 1.53
0.008 1241.6 3.07 5.29 5122 953.2 5.40 12.34 1.73
0.012 1393.8 374 7.62 653.1 1519.9 7.68 12.10 2.03
0.017 15143 42 9.88 759.9 2138.4 10.0 11.87 2.16

an independent parameter [21]. In the comparison with
lattice calculations [65], one finds a value of V| = 0.5 GeV
at the critical temperature and for ¢ = 0. Besides that, the
assumption of the independence of V; on u can be
questioned, and in any case, the value of this parameter
is quite uncertain at high densities and low temperature
[21]. We have therefore varied the strength of V; from small
values considered previously up to 0.5 GeV. The results for
the EOS are reported in Fig. 3 for different values of gg
potential V. One can see that the hadron-quark phase
transition is shifted to higher values of the chemical
potential—and hence, of the densities. Actually, for gg
potential V; = 0.1 GeV, the phase transition occurs, while
for V| = 0.5 GeV, there are no crosses between hadronic
and quark matter EOSs, and therefore the quark phase is
irrelevant for NS physics.

; ; ; — T ;
900 _ _ v -0, G,~0.006 D 1

— = -V,=0.1,, G,=0.006 ) /./'

------ V=0.1,G=0015 [,/
o sool V=05, G,=0.006  / //' |

E S V05, 60015 0

> ——AV,,@b#3b) S/
’ k / 7
= 300f
0r—~="_- P 1

1000 1200 1400 1600 1800 2000 2200

i (MeV)

FIG. 3. Pressure vs baryon chemical potential, for different values
of gluon condensate, G, (GeV*), and ¢g potential, V, (GeV).

In order to obtain the probable stable HS with higher
maximum masses, we have carried out the calculation for
larger values of gg potential: V; = 0.05, 0.07, 0.09, 0.1,
0.12 GeV.

In Fig. 4, we display the effect of increasing the gg
potential V; on the maximum mass of the HS. In Fig. 4(a)
[4(b)], the mass-radius [mass—central density] of the HS
with a gluon condensate value of G, = 0.004 GeV* and
several values of gg potential V; are displayed. Figures 4(c)
[4(d)] and 4(e) [4(f)] are the same as the previous case, but
with gluon condensate values of G, = 0.005 GeV* and
G, = 0.006 GeV*. By increasing the ¢ potential, V', the
maximum mass increases, and simultaneously, the HS
becomes unstable. For the case G, = 0.004 GeV*, as seen
in Fig. 4(a) [4(b)], a stable HS is predicted up to ¢g
potential V; = 0.09 GeV with the maximum mass
1.92 M. For larger V|, the HS becomes unstable. As
seen in Fig. 4(c) [4(d)] for the case G, = 0.005 GeV*, a
stable HS is predicted up to gg potential V| = 0.09 GeV
with the maximum mass 2.03 M. For larger V|, the pure
quark core becomes unstable. As seen in Fig. 4(e) [4(f)] for
the case G, = 0.006 GeV*, a stable HS is predicted up to
qq potential V; = 0.08 GeV with the maximum mass
2.04 M. For larger V,, the star becomes unstable. The
results are summarized in Table II. The discontinuity in the
energy density in stable HSs is around 500 MeV fm™. By
increasing the value of gg potential, V;, to higher than
0.09 GeV, the value of the maximum mass is shifted higher
than 2 M, and simultaneously the stability of the star is
lost for all values of gluon condensates G,. The results are
summarized in Table IIL.

We also display the dependence of the maximum mass
of the HS as a function of ¢g potential, V4, and gluon
condensates, G,, in Figs. 5(a) and 5(b), respectively.
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FIG. 4. (a),(b): The gravitational HS masses vs (a) radius (b) central baryon density of the star with the gluon condensate G, =
0.004 GeV* and several ¢g potential V; (in GeV). (c),(d): Same as (a),(b), but with the gluon condensate G, = 0.005 GeV*. (e),():

Same as (a),(b), but with the gluon condensate G, = 0.006 GeV4.

The increasing behavior of the maximum mass of the HS ~ We also show the maximum mass constraint for NSs by the
when increasing both the gg potential, V;, and the gluon = dashed yellow region, and the values of FCM parameters
condensate, G,, is obvious in Fig. 5. In Fig. 5(c), we  through which a stable HS is predicted by the shadowed
display the maximum mass of a “stable” HS vs the gluon  blue area. The adapted value of G, from lattice QCD, which
condensate G, for several values of gg potential, V| (GeV). gives a temperature of about 7, = 170 MeV, is displayed

TABLE II. Same as Table I but for higher values of gg potential, V; (GeV) of the FCM.

Vi G, HB /’1(31)/ Po pgz ) /Po eV @ PCBmax/ Po Rinax M (M)
0.05 0.004 1075.35 2.11 2.77 334.4 448.3 8.26 10.12 1.57
0.07 1206.2 2.90 3.77 478.1 645.6 6.12 11.39 1.68
0.08 1266.9 3.19 4.28 536.58 757.63 4.81 12.17 1.8
0.09 1322.167 3.44 4.78 587.7 870.5 5.0 12.2 1.92
0.1 1372.9 3.65 5.24 634.4 983.1 5.31 12.14 2.0
0.12 1464.5 4.01 6.12 716.3 1208.3 6.18 11.97 2.11
0.05 0.005 1203.5 2.89 4.07 475.5 703.8 5.27 11.83 1.64
0.07 1301.4 3.35 4.92 568.7 890.4 5.0 12.26 1.87
0.08 1347.3 3.55 5.31 610.9 989.9 5.43 12.17 1.95
0.09 1391.1 3.73 5.70 650.6 1089.9 5.83 12.1 2.03
0.1 1432.9 3.89 6.09 686.7 1192.3 6.18 12.02 2.08
0.12 1512.5 4.2 6.85 758.3 1403.4 7.0 11.87 2.16
0.05 0.006 1281.1 3.26 5.02 550.3 911.04 5.14 12.29 1.83
0.07 1363.5 3.62 5.74 626.1 1088.4 5.83 12.16 1.99
0.08 1403.3 3.78 6.1 661.2 1182.5 6.187 12.08 2.04
0.09 1441.8 3.92 6.45 695.2 1278.6 6.58 12.0 2.09
0.1 1479.4 4.07 6.81 729.3 1377.2 6.81 11.95 2.13
0.12 1551.6 4.33 7.5 792.5 1580.3 7.62 11.79 2.19
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TABLE III. Central density pcp (fm™3), radius R (km), compactness C, yp, tidal Love number k,, and dimensionless tidal
deformability A for several hybrid stars with the mass of 1.4 M studied in the paper. The units of V| and G, are GeV and GeV*,
respectively.
Vi Gy Pcs R C VR ky A
0 0.005 1.065 9.44 0.219 0.393 0.0646 84.573
0.006 1.42 9.47 0.218 0.388 0.0655 88.396
0.007 1.39 10.01 0.206 0.380 0.0720 128.498
0.01 0.005 1.078 9.72 0.212 0.388 0.0685 105.545
0.006 1.156 10.27 0.201 0.378 0.0750 152.721
0.007 0.42 12.42 0.168 0.356 0.0951 469.980
>0.008 0.42 12.42 0.168 0.356 0.0951 469.980

by a vertical line. As is clear, the area in which all three
constraints are satisfied occurs with a value of gg potential

of about V| = 0.08 GeV.

Up to now, we have studied the effect of two FCM
parameters—gqq potential, V,, and gluon condensates,
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G,—on the maximum mass of the HS. The calculation
predicts that values of V; as small as 0.01 GeV are
excluded, since the maximum mass of stable HSs (around
1.4 M) is so far from the observational values. If one
requires a stable HS, our calculations also exclude large
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(a),(b): Maximum mass of the HS vs (a) gg potential, V; (GeV) (b) gluon condensate, G, (GeV*). (c): Maximum mass of

“stable” HS vs gluon condensate, G, (GeV*), for several values of gg potential, V; (GeV). The dashed yellow region shows the
constraint on the maximum mass of NSs, the shadowed blue region displays the values of FCM parameters for which a stable HS is
predicted, and the vertical line manifests the adapted value of the gluon condensate which gives the critical temperature of about

T. =170 MeV.

123001-10



STRUCTURE AND TIDAL DEFORMABILITY OF A HYBRID ...

PHYS. REV. D 101, 123001 (2020)

values of G,, larger than around 0.007 GeV*, and the
maximum mass is shifted to values higher than 2 M,
which is compatible with the observations. A stable HS is
predicted for lower values of the gluon condensate G,,
around 0.006 GeV*. Therefore, our calculations put con-
straints on the ¢gg potential, V{, of around 0.08 GeV, and
on the gluon condensates, G,, of around 0.006 GeV*,
The adapted value of G, from lattice QCD calculations
which give rise to a critical temperature around 7', ~ 170
is 0.006 GeV*.

C. Tidal deformability

Until 17 August 2017, electromagnetic observation of
NSs [66,67] and simultaneous measurements of both the
masses and radii of NSs [68—70] provided constraints on
the EOSs of such dense systems. However, these measure-
ments are dependent on detailed modeling of the radiation
and absorption mechanism at the NS surface and inter-
stellar medium and are also subject to systematic uncer-
tainties [71]. Another possibility for obtaining information
on the EOS of the NS is from ispiraling binary NSs due to
the gravitational radiation. The tidal distortion of NSs in a
binary system links the EOS describing NS matter to the
emission of the gravitational wave during the inspiral [71].

On 17 August 2017, the first direct detection of a binary
NS merger (GW170817) by the LIGO-Virgo scientific
collaboration has opened a new window into modern
astronomy. This historic detection has been instrumental
in providing initial constraints on the tidal polarizibility (or
deformability) of NSs [50-53].

During the early regime of the inspiral, the signal is very
clean, and the influence of the tidal effects is only a small
correction to the wave form’s phase [72]. The influence of
the internal structure on the gravitational wave phase in this
early regime of the inspiral is characterized by a single
dimensionless parameter—namely, the ratio of the induced
quadrupole moment to the perturbing tidal field (from the
companion star). This ratio, which is called the tidal
deformability (or tidal polarizability), A, is related to the
star’s tidal Love number, k,, by

2 2R\ 3
A=2k, <@> , (29)

where R and M are the radius and mass of the NS. In other
words, the tidal deformability A measures the star’s
quadrupole deformation in response to the companion’s
perturbing tidal field. The compactness of the star, C, is
defined as C = %. As is clear, A is extremely sensitive to
the compactness of the star.

The tidal Love number k,, being a dimensionless
parameter that is sensitive to the entire EOS [71,72], is
expressed as

(€. yg) =g C(1=2CP[(2 =)+ 2C(vg = 1)
x{2C(6-3yr+3C(5yzx—38))
FACY (13— 11yg) + C(3yg—2) +2C2(1 4 yg)]
+£3(1-2CP((2 - yi) +2C(ye 1)
xlog(1-2C)}". (30)

Now, we proceed to compute yp, which is the value of
the function y(r) at the surface of the star (for more details,
see Refs. [71-75,77] and references contained therein).
y(r) satisfies the following nonlinear, first-order differential
equation [77,78]:

PB4 20 4 By () + P00 =0

with y(0) =2 and yz =y(r=R), (31)
where F(r) and Q(r) are functions of the mass, pressure,
and energy density profiles assumed to have been obtained
by solving the TOV equations and are given by the
expressions

N = 1 —4zGr?(e(r) — P(r))

" (1 -2 )
and
B 4 e(r)+ P(r) 6
o(r) —@ <5€(r) +9P(r)+ 20 _4ﬂ'}"2>
G(M(r)+4xr*P(r))

in which ¢2(r) = dP(r)/de(r) is the speed of sound at
radius r.

One may use the weighted A(M), where M is defined
by M =M M3/ (M, + M,)"/5. However, as both
EOSs of the NSs are the same, the mass ratio of stars
has no big effect on A. Therefore, we can use A instead of A
without loss of generality [77].

GW170817 puts only an upper limit on the tidal
deformability of a 1.4 My NS; ie., A;4 <800 [75].
Moreover, the authors in Ref. [46] find additional con-
straints on the tidal deformability and radii of neutron
and hybrid stars. For a purely hadronic star with a mass
of 1.4 M, the radius of the NS is considered to be
12.00 km < Ry 4 < 13.45 km; similarly, the smallest
weighted average dimensionless tidal deformability is
A, 4 > 375. Since EOSs with a phase transition allow
for very compact stars on the “twin star” branch, small
radii are possible for HSs [76]; therefore, the radius varies
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in a much broader range of 8.35 km < R4 < 13.74 km,
with A, > 35.5.

In order to check these new constraints, we have
computed the tidal deformabililty for individual stars with
the mass of 1.4 Mqg: Ay4 [71,77]. The results of the
computation of yg, the compactness C, tidal Love number
k>, and dimensionless tidal deformability A for HSs with
the mass of 1.4 My within the FCM, with several choices
of parameter sets, are summarized in Tables III and IV.
Table III concerns very low values of the gg potential,
V; =0, 0.01, with several choices of gluon condensate G,,
while Table IV collects the results of higher values of
Vi = 0.05, 0.07, 0.08, 0.09, 0.1 GeV.

As seen in Tables III and 1V, for the cases in which the
mass of 1.4 My occurs on the hadron branch, the men-
tioned properties are similar for the same hadron inter-
action. The reason is that the EOS of hadron matter governs
the star in the hadron branch, and as is clear from Egs. (31),
(32), and (33), yg, which depends on the profile of the star,
takes the same value, so k, and hence A from Egs. (30) and
(29) will have a unique value for the same hadron
interaction. In these cases, the HSs become much less
compact, and tidal deformability takes larger values in
comparison with the cases in which the mass of 1.4 M
occur on the quark branch. In those cases, the EOS is the
hybrid EOS of hadron and quark matter within the Maxwell
construction. If one compares these results with those for
pure NSs [19], one can see that the HSs are a little less
compact in comparison with pure NSs. Moreover, if we
compare the result for HSs within the FCM with HSs
within the MIT and NJL models [19], it is obvious that
when a star with the mass of 1.4 M occurs in the hadron
branch, the tidal deformability parameters are independent
of the employed quark models and just depend on hadron
models. It means that the tidal deformability in such cases
is the same for a specified hadron model with any quark
models.

For very low values of gg potential, V; = 0, 0.01 GeV,
and low values of quark condensation, G, = 0.005,
0.006 GeV* and rarely G, = 0.007 GeV*, the star mass
of 1.4 Mg occurs on the quark branch. In such cases, the
HSs are much compacted (9 km < R;4 < 11.6 km), and
the dimensionless tidal deformability takes low values
(lower than around A;4 = 350).

For larger values of ¢g potential, V; > 0.05 GeV, and all
values of the quark condensate, G,, (except in the case of

TABLE IV. Same as Table III, but for larger values of V,
(GeV).

Vi G, peg R C Yr ko A

0.05 0.004 0.72 11.28 0.183 0.365 0.0861 279.02
0.055 0.004 0.65 11.75 0.175 0.365 0.0906 361.243
>0.05 >0.005 042 12.42 0.168 0.355 0.0958 469.980
>0.063 >0.004 0.42 1242 0.168 0.355 0.0958 469.980

V, =0.05GeV and G, = 0.004 GeV*), the mass of
1.4 Mg occurs on the hadron branch, and therefore the
tidal deformability depends only on hadron interaction. The
values of dimensionless tidal deformability are in the range
470 < A4 < 485, and the radii of the HSs in such cases
are in the range 12.28 km < R4 < 12.42 km. All the
results are in line with the constraint on tidal deformability
for HSs, 35.5 < A, 4 < 800.

If we link the results of this section for tidal deform-
ability to the results of the last section on the maximum
mass of the HSs, we can observe that for the cases with
larger masses (which are compatible with observations), the
tidal deformability takes larger values, which is more
compatible with the constraints extracted from binary
GW170817 for “NSs”: 375 < /~\1,4 < 800. Therefore, this
scenario is a feasible scenario for a NS.

Moreover, we study the effect of different chirp masses
and different binary mass ratios ¢ = M,/M, on the tidal
deformability A. The total mass of M, = M + M, ~
2.74 M, which was inferred from the gravitational wave
signal, is compatible with masses measured in binary NS
systems containing pulsars [79,80]. The binary mass ratio g
is restricted to the range 0.7 to 1. In Fig. 6(a), we present the
tidal deformability A as a function of star mass M/Mg,,.
The gray box shows the A < 800 constraint in the range
1.16 M5—1.60 M, of the low-spin prior [48,81]. As seen
in Fig. 6(a), the hybrid EOSs mentioned in Fig. 5(c),
associated with stable hybrid stars, are within the range of
this constraint. In Fig. 6(b), we display the tidal deform-
ability A; and A, of the low- and high-mass mergers
obtained from the A(m). For comparison, the 50% and 90%
probability contours of the low-spin prior from the analysis
by the LIGO VIRGO Collaboration (LVC) of the gravita-
tional wave signal of the GW170817 merger event are also
shown [48,81]. As seen in Fig. 6(b), the hybrid EOSs with
very low values of ¢g potential, V; =0, 0.01 GeV, are
within the 50% fidelity region, and the hybrid EOSs with
high values, V; > 0.05 GeV, are in the 90% fidelity region.

We also study the influence of different inner and outer
crusts on the radius and tidal deformability of the hybrid
stars. We apply two different crustal EOSs: the first one is
that of Bame, Pethick, and Suttherland (BPS) [82], and the
second one uses the base of microscopic calculation (we
mention it as “Sharma” in the figures) [83]. In Fig. 7, we
display the relative deviation, for different quantities—
namely, radius R, tidal Love number k,, dimensionless tidal
deformability A and yg, calculated with the BPS and
Sharma crusts—and the quantities calculated with the
HW crust, W as a function of the star mass

M /My,,. We present the calculation for a sample parameter
set, V, = 0.08 GeV, with G, = 0.006 GeV* of the FCM.
As is clear from the figures, the EOSs of the crusts are more
or less important in the determination of all these quantities
except for the dimensionless tidal deformability A. This
result arises from a cancellation between the second Love
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(a) Dimensionless tidal deformability A as a function of the star mass, M/M,,, for some of the parameter sets concerning

stable hybrid stars mentioned in Fig. 5(c). The gray box shows the A < 800 constraint in the range of 1.16 My—1.60 M for the
low-spin prior [48,81]. (b) Corresponding tidal deformability A; and A, of the low- and high-mass mergers obtained from the A(m).
The 50% and 90% fidelity regions of the low-spin prior are also shown [48,81].

number k, and the stellar compactness C. Whereas A
depends on both C and k,, with k, being a highly complex
function of C and yg [see Eq. (30)], the value A « k,C~3 is
almost equal for different crusts. So, while yr—and hence,
the second Love number k,—is sensitive to the crustal
component of the EOS, such sensitivity disappears in the
case of the dimensionless tidal deformability A. As shown
earlier, the behavior of A is largely dictated by the EOS of
the uniform liquid core. It worth noting that the core-crust
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FIG. 7. Relative deviation (Xgps or Sharma — Xuw)/Xnaw for the
different quantities—radius R, tidal Love number k,, dimension-
less tidal deformability A, and yy calculated with BPS and
Sharma crust and the quantities calculated with HW crust—as a
function of hybrid star mass M/M,, for the parameter set V| =
0.08 GeV and G, = 0.006 GeV* of the FCM. See text for
details.

transition densities in BPS and Sharma crustal EOSs are
almost the same (around 0.06 fm™3), and the results
obtained on the HS radii when applying them are almost
the same. Meanwhile, the core-crust transition density in
HW crustal EOSs (0.04 fm~) is different, and the results in
this case are a little bit different (in HW crustal EOSs, the
radii of the stars are around 0.04-0.1 km lower than the
mentioned cases). It seems that—at least in the cases
studied—the core-crust transition density has more influ-
ence in the HS radii than the type of the crustal EOS.
Our results are in good agreement with those given in
Refs. [75,84].

We close this subsection by checking the constraints
deduced from GW 170817 for the radius of NS; i.e., R, >
9.6 km and R, > 10.7 km [79,81].

We also check the new constraint on mass-radius relation
extracted from the neutron star interior composition
explorer (NICER) for PSR J0030 + 451 [85], as well as
the constraint on the maximum mass extracted from PSR
JO740 + 6620 [86]. These constraints are summarized in
Fig. 8. In this figure, we have also shown various stable
hybrid stars’ mass-radius relations from Fig. 5(c). The
green (red) region shows the constraint on the mass-radius
relation inferred from NICER for PSR J0030 + 451 (the
excluded region inferred from the binary GW170817). The
constraint on maximum mass, extracted from PSR
J0740 4 6620, is shown by the gray region. Finally, the
dashed line shows the causality constraint. As is clear from
the figure, the hybrid stars with very low values of gg
potential, V; < 0.01, do not fulfill the value and the radius
of maximum mass, while they fulfill the constraints on R, ¢
and R,,. These cases also satisfy the constraint inferred
from NICER. The only exception is the case with V; =0
and G, = 0.004. The constraint on R, ¢ is not fulfilled only
in the case with V; = 0.05 and G, = 0.004.
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FIG. 8. Mass-radius relations of the stable hybrid star men-

tioned in Fig. 5(c) overplotted with constraints on the NS radii
and maximum mass. The gray region shows the constraint on the
maximum mass extracted from the PSR J0740 4 6620 results
[86]. The red region shows the excluded region of mass-radius
relation inferred from the GW170817 results [79,81]. The green
region shows the constraint on mass-radius relation extracted
from NICER, PSR J0030 + 451 [85,87].

The hybrid stars with higher values of gg potential,
V; >0.07, and gluon condensate, G, > 0.05, fulfill the
maximum mass constraint from PSR J0740 + 6620 and the
mass-radius constraints inferred from both GW170817 and
NICER, PSR J0030 + 451.

V. CONCLUSION

In this paper, we have studied the appearance of a quark
matter in the NS core with the corresponding quark-gluon
EOS derived in the framework of the FCM. We performed
our analysis at various constant values of the parameters of
the model—namely, the gluon condensate, G,, and the gg
potential, V;, extracted from QCD sum rules and lattice
data, respectively. For small values of ¢g potential,
V1 £0.01, HSs with maximum mass higher than 2 Mg
are predicted for large values of the gluon condensate, G,,
around 0.012 GeV*; however, these HSs become unstable
as soon as the onset of the quark phase in the core of the
star. This instability manifests itself as a cusp in the mass-
radius curves. The large discontinuity in the energy density
is probably responsible for the instability of the quark core,
since the star cannot counteract the additional pressure due
to the additional force exerted on the star.

By increasing the values of gg potential, V;, to higher
than 0.07 GeV, a stable HS with maximum mass higher
than 2 M, is predicted also for small values of the gluon
condensate G,, around 0.006 GeV*. A stable HS with a
maximum mass of 2.03 My (2.04 M) is calculated for

G,=0.005GeV* and V| = 0.09 GeV (G, = 0.006 GeV*
and V; = 0.08 GeV).

Strictly speaking, our calculations excluded very low
values of gg potential V;, since the maximum mass of
stable HSs for very low values of V, is around 1.4 M,
which is so far from the observational values. Besides, it
suggested that values of gg potential, V;, around 0.08-
0.09 GeV and gluon condensate, G,, around 0.006 GeV*
are the FCM parameters in which stable HSs with maxi-
mum mass higher than 2 M are predicted. Since the lattice
calculations predict the value of the gluon condensate
to be G, = 0.006 GeV*, resulting in a critical temperature
of about T.= 170 MeV, in the parameter set G, =
0.006 GeV* and V,; = 0.08, we obtain a maximum mass
value for a stable HS of 2.04 M. Therefore, one can
conclude that V|, = 0.08 GeV could be the best choice in
accordance with our calculation.

In order to test the new constraint which was extracted
from the gravitational waves of the binary GW170817 on
tidal deformability and hence on the radii of the NSs, we
have calculated the tidal deformability of a HS with the mass
1.4 M with several choices of parameter sets of the FCM.
For very low values of quark-antiquark static potential,
V1 =0,0.01 GeV, and values of gluon condensate G, lower
than around 0.007 GeV*, the mass of 1.4 M occurs on
the quark branch, and so the HS becomes so compact
(9 km < R4 < 11.6 km) that the tidal deformability takes
lower values (84 < A4 < 345). However, even in such
cases, the value of tidal deformability—and hence the radii
of HSs—is still compatible with the constraints in HSs,
A, 4>35.5and 8.35km <R, , <13.74km. The lower limit of
the constraint in HSs is much lower than that for purely NSs
because of the probability of the existence of a “twin branch”
in HSs.

For higher values of quark-antiquark potential, V' >0.05,
the mass of 1.4 M occurs on the hadron branch. Thus, the
HS becomes much less compact, 12.28 km < Ry, <
12.42 km, and therefore the tidal deformability takes larger
values, 470 < A, 4 < 485, for different hadron interactions
supplemented by TBF. These values are more compatible
with the constraint for tidal deformability for NSs—that is,
375 < A4 < 800 and 12.00 km < R, , < 13.45 km. In
such cases, the value of tidal deformability is independent
of the quark model and only depends on the hadron model
and the hadron interaction. As we mentioned above, in
some of such cases our calculations predict a stable HS with
a pure quark core with the maximum mass higher than
2 Mg, which is in the recent constraint put on maximum
mass—that is, 2.015004 < M. /M © $2.16701.

We study the effect of different chirp masses and
different binary mass ratios ¢ = M,/M, on the tidal
deformability A. All the hybrid EOSs are in the range of
constraint on the low-spin prior.

The influence of different inner and outer crusts on the
tidal deformability of the stars is examined. The crustal
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EOS is important in the determination of the radius R, yp
and the tidal Love number k,, but not the dimensionless
tidal deformability A. This result arises from a cancellation
between the second Love number k, and the stellar
compactness C.

We check the new constraint extracted from NICER for
PSR J0030 + 451. All the hybrid EOSs except the case
with V; =0 and G, = 0.004 are within the range of this
constraint. We also check the constraints on the radius of
maximum mass and the star with 1.6 M configurations
extracted from GW170817. The hybrid EOSs with V| >
0.05 satisfy these constraints.

Considering all the above results, we conclude that, in
some range of the parameter sets of the FCM, i.e.,
Vi ~0.08-0.09 GeV, and the gluon condensate, G, ~
0.005-0.006 GeV*, we find stable HSs with a maximum

mass higher than 2 M in which the tidal deformability of a
HS is exactly compatible with the new constraint extracted
from the binary GW170817 for NSs. Also, it is compatible
with the mass-radius constraints extracted from both
GW170817 and PSR JO0O30 + 451. Therefore, this scenario
for the EOS of the NS system can be considered an
acceptable one.

ACKNOWLEDGMENTS

We warmly appreciate G. F. Burgio from INFN Catania
turning our attention to the FCM model, and we would also
like to thank the Research Council of the University of
Tehran. S.A.T. is grateful to the School of Particles
and Accelerators, Institute for Research in Fundamental
Sciences.

[1] N. K. Glendenning, Phase transitions and crystalline struc-
tures in neutron star cores, Phys. Rep. 342, 393 (2001).

[2] E. Witten, Cosmic separation of phases, Phys. Rev. D 30,
272 (1984).

[3] G. Baym, E. W. Kolb, L. D. McLerran, T. P. Walker, and
R. L. Jaffe, Is Cygnus X-3 strange?, Phys. Lett. 160B, 181
(1985).

[4] P. Demorest, T. Pennucci, S. Ransom, M. Roberts, and J.
Hessels, A two-solar-mass neutron star measured using
Shapiro delay, Nature (London) 467, 1081 (2010).

[5] J. Antoniadis et al, A massive pulsar in a compact
relativistic binary, Science 340, 1233232 (2013).

[6] R. S.Lynch et al., The Green Bank telescope 350 MHz drift-
scan Survey II: Data analysis and the timing of 10 new
pulsars, including a relativistic binary, Astrophys. J. 763, 81
(2013).

[71 M.H. van Kerkwijk, R. Breton, and S.R. Kulkarni,
Evidence for a massive neutron star from a radial-velocity
study of the companion to the black widow pulsar PSR
B1957 + 20, Astrophys. J. 728, 95 (2011).

[8] E. Fonseca et al., The NANOGrav nine-year data set: Mass
and geometric measurements of binary millisecond pulsars,
Astrophys. J. 832, 167 (2016).

[9] M. Hempel, G. Pagliara, and J. Schaffner-Bielich, Con-
ditions for phase equilibrium in supernovae, proto-neutron
and neutron stars, Phys. Rev. D 80, 125014 (2009).

[10] G.F. Burgio, M. Baldo, P. K. Sahu, and H. J. Schulze, The
hadron quark phase transition in dense matter and neutron
stars, Phys. Rev. C 66, 025802 (2002).

[11] G.F. Burgio and D. Zappala, Hybrid star structure with the
field correlator method, Eur. Phys. J. A 52, 60 (2016).

[12] F. Weber, Strange quark matter and compact stars, Prog.
Part. Nucl. Phys. 54, 193 (2005).

[13] D. Blaschke and N. Chamel, Phases of dense matter in
compact stars, Astrophysics and Space Science Library 457,
337 (2018).

[14] A.E. Radzhabov, D. Blaschke, M. Buballa, and M. K.
Volkov, Nonlocal PNJL model beyond mean field and
the QCD phase transition, Phys. Rev. D 83, 116004 (2011).

[15] D.B. Blaschke, D. Gomez Dumm, A.G. Grunfeld, T.
Klahn, and N. N. Scoccola, Hybrid stars within a covariant,
nonlocal chiral quark model, Phys. Rev. C 75, 065804
(2007).

[16] E. Farhi and R. L. Jaffe, Strange matter, Phys. Rev. D 30,
2379 (1984).

[17] C. Alcock, E. Farhi, and A. Olinto, Strange stars, As-
trophys. J. 310, 261 (1986).

[18] M. Buballa, NJL model analysis of quark matter at large
density, Phys. Rep. 407, 205 (2005).

[19] S. Khanmohamadi, H.R. Moshfegh, and S.A. Tehrani,
Hybrid star within the framework of a lowest-order
constraint variational method, Phys. Rev. D 101, 023004
(2020).

[20] M. Baldo, M. Buballa, F. Burgio, F. Neumann, M. Oertel,
and H.J. Schulze, Neutron stars and the transition to
color superconducting quark matter, Phys. Lett. B 562,
153 (2003).

[21] M. Baldo, G.F. Burgio, P. Castorina, S. Plumari, and D.
Zappala, Astrophysical constraints on the confining models:
The field correlator method, Phys. Rev. D 78, 063009
(2008).

[22] A. Di Giacomo, H. G. Dosch, V. 1. Shevchenko, and Y. A.
Simonov, Field correlators in QCD: Theory and applica-
tions, Phys. Rep. 372, 319 (2002).

[23] Y. A. Simonov and M. A. Trusov, Vacuum phase transition
at nonzero baryon density, Phys. Lett. B 650, 36 (2007).

[24] M. Baldo, G.F. Burgio, P. Castorina, S. Plumari, and D.
Zappala, Quark matter in neutron stars within the Nambu—
Jona-Lasinio model and confinement, Phys. Rev. C 75,
035804 (2007).

[25] J.C. Owen, R.F. Bishop, and J.M. Irvine, Constrained
Jastrow calculations, Phys. Lett. 59B, 1 (1975).

123001-15


https://doi.org/10.1016/S0370-1573(00)00080-6
https://doi.org/10.1103/PhysRevD.30.272
https://doi.org/10.1103/PhysRevD.30.272
https://doi.org/10.1016/0370-2693(85)91489-3
https://doi.org/10.1016/0370-2693(85)91489-3
https://doi.org/10.1038/nature09466
https://doi.org/10.1126/science.1233232
https://doi.org/10.1088/0004-637X/763/2/81
https://doi.org/10.1088/0004-637X/763/2/81
https://doi.org/10.1088/0004-637X/728/2/95
https://doi.org/10.3847/0004-637X/832/2/167
https://doi.org/10.1103/PhysRevD.80.125014
https://doi.org/10.1103/PhysRevC.66.025802
https://doi.org/10.1140/epja/i2016-16060-y
https://doi.org/10.1016/j.ppnp.2004.07.001
https://doi.org/10.1016/j.ppnp.2004.07.001
https://doi.org/10.1007/978-3-319-97616-7
https://doi.org/10.1007/978-3-319-97616-7
https://doi.org/10.1103/PhysRevD.83.116004
https://doi.org/10.1103/PhysRevC.75.065804
https://doi.org/10.1103/PhysRevC.75.065804
https://doi.org/10.1103/PhysRevD.30.2379
https://doi.org/10.1103/PhysRevD.30.2379
https://doi.org/10.1086/164679
https://doi.org/10.1086/164679
https://doi.org/10.1016/j.physrep.2004.11.004
https://doi.org/10.1103/PhysRevD.101.023004
https://doi.org/10.1103/PhysRevD.101.023004
https://doi.org/10.1016/S0370-2693(03)00556-2
https://doi.org/10.1016/S0370-2693(03)00556-2
https://doi.org/10.1103/PhysRevD.78.063009
https://doi.org/10.1103/PhysRevD.78.063009
https://doi.org/10.1016/S0370-1573(02)00140-0
https://doi.org/10.1016/j.physletb.2007.04.052
https://doi.org/10.1103/PhysRevC.75.035804
https://doi.org/10.1103/PhysRevC.75.035804
https://doi.org/10.1016/0370-2693(75)90139-2

KHANMOHAMADI, MOSHFEGH, and TEHRANI

PHYS. REV. D 101, 123001 (2020)

[26] M. Modarres and J. M. Irvine, LOCV calculations with
a self-consistent treatment of isobars, J. Phys. G 5, 511
(1979).

[27] R. V. Reid, Jr., Local phenomenological nucleon-nucleon
potentials, Ann. Phys. (N.Y.) 50, 411 (1968).

[28] A. M. Green, J. A. Niskanen, and M. E. Sainio, The effect of
the delta (1236) on the imaginary component of nucleon-
nucleon phase shifts, J. Phys. G 4, 1055 (1978).

[29] H.R. Moshfegh and M. Modarres, Asymmetrical nuclear
matter calculations with the new charge-dependent Reid
potential, Nucl. Phys. A759, 79 (2005).

[30] H.R. Moshfegh and M. Modarres, Thermal properties of
asymmetrical nuclear matter with the new charge-dependent
Reid potential, Nucl. Phys. A792, 201 (2007).

[31] M. Modarres and H.R. Moshfegh, Lowest-order con-
strained variational calculation for f-stable matter at finite
temperature, Phys. Rev. C 62, 044308 (2000).

[32] M. Modarres and H. R. Moshfegh, A(1232) isobar proba-
bility in frozen and hot neutron, nuclear and beta-stable
matter, Prog. Theor. Phys. 107, 139 (2002).

[33] S. Zaryouni and H. R. Moshfegh, A relativistic approach to
the equation of state of asymmetric nuclear matter, Eur.
Phys. J. A 45, 69 (2010).

[34] S. Zaryouni, M. Hassani, and H.R. Moshfegh, Thermal
properties of nuclear matter in a variational framework
with relativistic corrections, Phys. Rev. C 89, 014332
(2014).

[35] S. Goudarzi and H.R. Moshfegh, Effects of three-body
forces on the maximum mass of neutron stars in the lowest-
order constrained variational formalism, Phys. Rev. C 91,
054320 (2015).

[36] S. Goudarzi, H. R. Moshfegh, and P. Haensel, The role of
three-body forces in nuclear symmetry energy and sym-
metry free energy, Nucl. Phys. A969, 206 (2018).

[37] S. Goudarzi and H.R. Moshfegh, Neutron and nuclear
matter properties with chiral three-nucleon forces, Nucl.
Phys. A985, 1 (2019).

[38] M. Shahrbaf, H. R. Moshfegh, and M. Modarres, Equation
of state and correlation functions of hypernuclear matter
within the lowest order constrained variational method,
Phys. Rev. C 100, 044314 (2019).

[39] M. Shahrbaf and H. R. Moshfegh, Appearance of hyperons
in neutron stars within LOCV method, Ann. Phys.
(Amsterdam) 402, 66 (2019).

[40] M. Shahrbaf, D. Blaschke, A.G. Grunfeld, and H.R.
Moshfegh, First-order phase transition from hypernuclear
matter to deconfined quark matter obeying new constraints
from compact star observations, Phys. Rev. C 101, 025807
(2020).

[41] T. Maruyama, T. Tatsumi, T. Endo, and S. Chiba, Pasta
structures in compact stars, Recent Res. Dev. Phys. Chem. 7,
1 (2006).

[42] M. G. Alford, K. Rajagopal, S. Reddy, and F. Wilczek, The
Minimal CFL nuclear interface, Phys. Rev. D 64, 074017
(2001).

[43] F. Neumann, M. Buballa, and M. Oertel, Mixed phases of
color superconducting quark matter, Nucl. Phys. A714, 481
(2003).

[44] M. Doring, S. Ejiri, O. Kaczmarek, F. Karsch, and E.
Laermann, Screening of heavy quark free energies at finite

temperature and non-zero baryon chemical potential, Eur.
Phys. J. C 46, 179 (2006).

[45] M. A. Shifman, A. 1. Vainshtein, and V.I. Zakharov, QCD
and resonance physics: Applications, Nucl. Phys. B147, 448
(1979).

[46] E.R. Most, L.R. Weih, L. Rezzolla, and J. Schaffner-
Bielich, New Constraints on Radii and Tidal Deformabil-
ities of Neutron Stars from GW170817, Phys. Rev. Lett.
120, 261103 (2018).

[47] B.P. Abbott et al. (LIGO Scientific and Virgo Collabora-
tions), Properties of the Binary Neutron Star Merger
GW170817, Phys. Rev. X 9, 011001 (2019).

[48] B.P. Abbott et al. (LIGO Scientific and Virgo Collabora-
tions), GW170817: Observation of Gravitational Waves
from a Binary Neutron Star Inspiral, Phys. Rev. Lett.
119, 161101 (2017).

[49] B.P. Abbott et al. (LIGO Scientific and Virgo Collabora-
tions), GW170817: Measurements of Neutron Star Radii
and Equation of State, Phys. Rev. Lett. 121, 161101 (2018).

[50] J.W. Negele and D. Vautherin, Neutron star matter at
subnuclear densities, Nucl. Phys. A207, 298 (1973).

[51] C. Drischler, A. Carbone, K. Hebeler, and A. Schwenk,
Neutron matter from chiral two- and three-nucleon calcu-
lations up to N3LO, Phys. Rev. C 94, 054307 (2016).

[52] E. Annala, T. Gorda, A. Kurkela, and A. Vuorinen,
Gravitational-Wave Constraints on the Neutron-Star-Matter
Equation of State, Phys. Rev. Lett. 120, 172703 (2018).

[53] C. Drischler, K. Hebeler, and A. Schwenk, Chiral Inter-
actions Up to Next-to-Next-to-Next-to-Leading Order and
Nuclear Saturation, Phys. Rev. Lett. 122, 042501 (2019).

[54] M. Modarres, H. Moshfegh, and A. Sepahvand, LOCV
calculation for the uniform electron fluid at finite temper-
ature, Eur. Phys. J. B 31, 159 (2003).

[55] J.C. Owen, R.F. Bishop, and J. M. Irvine, A variational
approach to nuclear matter with realistic potentials, Nucl.
Phys. A277, 45 (1977).

[56] H. G. Dosch, Gluon condensate and effective linear poten-
tial, Phys. Lett. B 190, 177 (1987).

[57] H. G. Dosch and Y. A. Simonov, The area law of the Wilson
loop and vacuum field correlators, Phys. Lett. B 205, 339
(1988).

[58] Y. A. Simonov, Vacuum background fields in QCD as a
source of confinement, Nucl. Phys. B307, 512 (1988).

[59] L. Del Debbio, A. Di Giacomo, and Y. A. Simonov, Field
strength correlators in SU(2) gauge theory, Phys. Lett. B
332, 111 (1994).

[60] A. Di Giacomo, M. Maggiore, and S. Olejnik, Evidence for
flux tubes from cooled QCD configurations, Phys. Lett. B
236, 199 (1990).

[61] A. Di Giacomo, M. Maggiore, and S. Olejnik, Confinement
and chromoelectric flux tubes in Lattice QCD, Nucl. Phys.
B347, 441 (1990).

[62] G.S. Bali, N. Brambilla, and A. Vairo, A Lattice determi-
nation of QCD field strength correlators, Phys. Lett. B 421,
265 (1998).

[63] E. V. Komarov and Y. A. Simonov, Nonperturbative equa-
tion of state of quark-gluon plasma. Applications, Ann.
Phys. (Amsterdam) 323, 1230 (2008).

[64] E. V. Komarov and Y. A. Simonov, Theory of quark-gluon
plasma and phase transition, arXiv:0801.2251.

123001-16


https://doi.org/10.1088/0305-4616/5/4/016
https://doi.org/10.1088/0305-4616/5/4/016
https://doi.org/10.1016/0003-4916(68)90126-7
https://doi.org/10.1088/0305-4616/4/7/013
https://doi.org/10.1016/j.nuclphysa.2005.04.021
https://doi.org/10.1016/j.nuclphysa.2007.04.013
https://doi.org/10.1103/PhysRevC.62.044308
https://doi.org/10.1143/PTP.107.139
https://doi.org/10.1140/epja/i2010-10983-1
https://doi.org/10.1140/epja/i2010-10983-1
https://doi.org/10.1103/PhysRevC.89.014332
https://doi.org/10.1103/PhysRevC.89.014332
https://doi.org/10.1103/PhysRevC.91.054320
https://doi.org/10.1103/PhysRevC.91.054320
https://doi.org/10.1016/j.nuclphysa.2017.10.007
https://doi.org/10.1016/j.nuclphysa.2019.02.002
https://doi.org/10.1016/j.nuclphysa.2019.02.002
https://doi.org/10.1103/PhysRevC.100.044314
https://doi.org/10.1016/j.aop.2019.01.008
https://doi.org/10.1016/j.aop.2019.01.008
https://doi.org/10.1103/PhysRevC.101.025807
https://doi.org/10.1103/PhysRevC.101.025807
https://doi.org/10.1103/PhysRevD.64.074017
https://doi.org/10.1103/PhysRevD.64.074017
https://doi.org/10.1016/S0375-9474(02)01371-4
https://doi.org/10.1016/S0375-9474(02)01371-4
https://doi.org/10.1140/epjc/s2005-02462-y
https://doi.org/10.1140/epjc/s2005-02462-y
https://doi.org/10.1016/0550-3213(79)90023-3
https://doi.org/10.1016/0550-3213(79)90023-3
https://doi.org/10.1103/PhysRevLett.120.261103
https://doi.org/10.1103/PhysRevLett.120.261103
https://doi.org/10.1103/PhysRevX.9.011001
https://doi.org/10.1103/PhysRevLett.119.161101
https://doi.org/10.1103/PhysRevLett.119.161101
https://doi.org/10.1103/PhysRevLett.121.161101
https://doi.org/10.1016/0375-9474(73)90349-7
https://doi.org/10.1103/PhysRevC.94.054307
https://doi.org/10.1103/PhysRevLett.120.172703
https://doi.org/10.1103/PhysRevLett.122.042501
https://doi.org/10.1140/epjb/e2003-00020-0
https://doi.org/10.1016/0375-9474(77)90261-5
https://doi.org/10.1016/0375-9474(77)90261-5
https://doi.org/10.1016/0370-2693(87)90863-X
https://doi.org/10.1016/0370-2693(88)91675-9
https://doi.org/10.1016/0370-2693(88)91675-9
https://doi.org/10.1016/0550-3213(88)90262-3
https://doi.org/10.1016/0370-2693(94)90866-4
https://doi.org/10.1016/0370-2693(94)90866-4
https://doi.org/10.1016/0370-2693(90)90828-T
https://doi.org/10.1016/0370-2693(90)90828-T
https://doi.org/10.1016/0550-3213(90)90567-W
https://doi.org/10.1016/0550-3213(90)90567-W
https://doi.org/10.1016/S0370-2693(97)01583-9
https://doi.org/10.1016/S0370-2693(97)01583-9
https://doi.org/10.1016/j.aop.2007.07.005
https://doi.org/10.1016/j.aop.2007.07.005
https://arXiv.org/abs/0801.2251

STRUCTURE AND TIDAL DEFORMABILITY OF A HYBRID ...

PHYS. REV. D 101, 123001 (2020)

[65] Y. A. Simonov and M. A. Trusov, Deconfinement transition
for nonzero baryon density in the field correlator method,
JETP Lett. 85, 598 (2007).

[66] J. M. Lattimer and M. Prakash, Neutron star observations:
Prognosis for equation of state constraints, Phys. Rep. 442,
109 (2007).

[67] J.S. Read, B.D. Lackey, B.J. Owen, and J.L. Friedman,
Constraints on a phenomenologically parameterized neutron-
star equation of state, Phys. Rev. D 79, 124032 (2009).

[68] F. Ozel, Soft equations of state for neutron-star matter ruled
out by EXO 0748-676, Nature (London) 441, 1115 (2006).

[69] D. A. Leahy, S. M. Morsink, and C. Cadeau, Limits on mass
and radius for the ms-period x-ray pulsar SAX J1808.4-
3658, Astrophys. J. 672, 1119 (2008).

[70] D. A. Leahy, S. M. Morsink, Y.Y. Chung, and Y. Chou,
Constraints on the properties of the neutron star XTE J1814-
338 from pulse shape models, Astrophys. J. 691, 1235
(2009).

[71] T. Hinderer, B. D. Lackey, R. N. Lang, and J. S. Read, Tidal
deformability of neutron stars with realistic equations of
state and their gravitational wave signatures in binary
inspiral, Phys. Rev. D 81, 123016 (2010).

[72] T. Hinderer, Tidal Love numbers of neutron stars, As-
trophys. J. 677, 1216 (2008).

[73] L. Bildsten and C. Cutler, Tidal interactions of inspiraling
compact binaries, Astrophys. J. 400, 175 (1992).

[74] E.E. Flanagan and T. Hinderer, Constraining neutron star
tidal Love numbers with gravitational wave detectors, Phys.
Rev. D 77, 021502(R) (2008).

[75] J. Piekarewicz and F. J. Fattoyev, Impact of the neutron star
crust on the tidal polarizability, Phys. Rev. C 99, 045802
(2019).

[76] G. Montana, L. Tolos, M. Hanauske, and L. Rezzolla,
Constraining twin stars with GW170817, Phys. Rev. D 99,
103009 (2019).

[77] S. Postnikov, M. Prakash, and J. M. Lattimer, Tidal Love
numbers of neutron and self-bound quark stars, Phys. Rev.
D 82, 024016 (2010).

[78] F.J. Fattoyev, J. Carvajal, W.G. Newton, and B. A. Li,
Constraining the high-density behavior of the nuclear
symmetry energy with the tidal polarizability of neutron
stars, Phys. Rev. C 87, 015806 (2013).

[79] A. Bauswein, N. F. Bastian, D. Blaschke, K. Chatziioannou,
J. A. Clark, T. Fischer, H. Janka, O. Just, M. Oertel, and N.
Stergioulas, Equation-of-state constraints and the QCD
phase transition in the era of gravitational-wave astronomy,
AIP Conf. Proc. 2127, 020013 (2019).

[80] F.Ozel and P. Freire, Masses, radii, and the equation of state of
neutron stars, Annu. Rev. Astron. Astrophys. 54, 401 (2016).

[81] M. Marczenko, D. Blaschke, K. Redlich, and C. Sasaki,
Chiral symmetry restoration by parity doubling and the
structure of neutron stars, Phys. Rev. D 98, 103021 (2018).

[82] G. Baym, C. Pethick, and P. Sutherland, The ground state of
matter at high densities: Equation of state and stellar models,
Astrophys. J. 170, 299 (1971).

[83] B. Sharma, M. Centelles, X. Vinas, M. Baldo, and G.
Burgio, Unified equation of state for neutron stars on a
microscopic basis, Astron. Astrophys. 584, A103 (2015).

[84] L. Perot, N. Chamel, and A. Sourie, Role of the crust in the
tidal deformability of a neutron star within a unified treat-
ment of dense matter, Phys. Rev. C 101, 015806 (2020).

[85] M. Miller et al., PSR JO030 + 0451 mass and radius from
NICER data and implications for the properties of neutron
star matter, Astrophys. J. 887, L24 (2019).

[86] H.T. Cromartie et al., Relativistic Shapiro delay measure-
ments of an extremely massive millisecond pulsar, Nat.
Astron. 4, 72 (2020).

[87] M. Marczenko, D. Blaschke, K. Redlich, and C. Sasaki,
Towards a unified equation of state for multi-messenger
astronomy, arXiv:2004.09566.

123001-17


https://doi.org/10.1134/S0021364007120028
https://doi.org/10.1016/j.physrep.2007.02.003
https://doi.org/10.1016/j.physrep.2007.02.003
https://doi.org/10.1103/PhysRevD.79.124032
https://doi.org/10.1038/nature04858
https://doi.org/10.1086/523794
https://doi.org/10.1088/0004-637X/691/2/1235
https://doi.org/10.1088/0004-637X/691/2/1235
https://doi.org/10.1103/PhysRevD.81.123016
https://doi.org/10.1086/533487
https://doi.org/10.1086/533487
https://doi.org/10.1086/171983
https://doi.org/10.1103/PhysRevD.77.021502
https://doi.org/10.1103/PhysRevD.77.021502
https://doi.org/10.1103/PhysRevC.99.045802
https://doi.org/10.1103/PhysRevC.99.045802
https://doi.org/10.1103/PhysRevD.99.103009
https://doi.org/10.1103/PhysRevD.99.103009
https://doi.org/10.1103/PhysRevD.82.024016
https://doi.org/10.1103/PhysRevD.82.024016
https://doi.org/10.1103/PhysRevC.87.015806
https://doi.org/10.1063/1.5117803
https://doi.org/10.1146/annurev-astro-081915-023322
https://doi.org/10.1103/PhysRevD.98.103021
https://doi.org/10.1086/151216
https://doi.org/10.1051/0004-6361/201526642
https://doi.org/10.1103/PhysRevC.101.015806
https://doi.org/10.3847/2041-8213/ab50c5
https://doi.org/10.1038/s41550-019-0880-2
https://doi.org/10.1038/s41550-019-0880-2
https://arXiv.org/abs/2004.09566

