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Hybrid stars are compatible with recent astrophysical observations
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Compact stars (CS) are stellar remnants of massive stars. Inside CSs the density is so high that matter is
in subatomic form composed of nucleons. With an increase of density of matter toward the center of the
objects, other degrees of freedom like hyperons, heavier nonstrange baryons, meson condensates may
appear. Not only that, at higher densities the nucleons may get decomposed into quarks and form
deconfined strange quark matter (SQM). If it is so then CSs may contain SQM in the core surrounded by
nucleonic matter forming hybrid stars (HSs). However, the nature and composition of matter inside CSs can
only be inferred from the astrophysical observations of these CSs. Recent astrophysical observations in
terms of CS mass-radius (M-R) relation and gravitational wave (GW) observation indicate that the matter
should be soft in the intermediate density range and stiff enough at higher density range to attain the
maximum possible mass above 2M which is not compatible with pure hadronic equations of states
(EOSs). Consequently, we study the HS properties with different models of SQM and find that within
vector bag model considering density dependent bag parameter, the model goes well with the astrophysical

observations so far.

DOI: 10.1103/PhysRevD.107.063024

I. INTRODUCTION

Stellar remnant of type-II supernova explosions can be
either a black hole or compact star (CS) depending on the
mass of the progenitor star. We can infer their properties by
observing the radiation from them in the form of electro-
magnetic as well as gravitational wave (GW) radiation
recently detectable. The astrophysical observations from
the CSs are very interesting and useful to probe the matter
properties at extremely high density. The CSs possess mass
~1-2M o with very small radius ~10-13 km. Consequently,
the average density of matter inside these CSs is of the order
of 10'* g/cm?. Naturally the density of matter increases
from surface to centre to maintain the hydrostatic equilib-
rium. The matter density inside these CSs becomes a few
times that of nuclear saturation density (n,) near the center
[1]. Such high matter density scenarios are impossible to
reproduce let alone study the same through any of the
terrestrial experiments till date. Hence, CSs having such
environment provide us the platform to probe this kind of
highly dense matter beyond nuclear saturation density.

In recent years we obtained plenty of information about
these CSs through electromagnetic spectrum and GW
observations. Analysis of these observations put constraints
on macroscopic properties like mass, radius and tidal
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deformability. NICER’s (Neutron star Interior Com-
position ExploreR) observations of two compact objects
(PSR J0O030 + 0451 and PSR J0740 + 6620) helped us to
put further constraints on composition of this matter. But
still exact matter composition of these compact objects is
under investigation.

The outer crust of the CSs are composed of ions and
electrons. With the increase in density toward the center,
electrons are pushed into the nuclei and combing with the
protons of the nuclei produce neutrons inside the nuclei.
Hence, in the inner crust the matter is composed of neutron-
rich nuclei and electrons. With further increase in density,
when density reaches of the order of 10" g/cm?, neutrons
drip out off neutron-rich nuclei and at the base of the inner
crust matter is composed of free neutrons with some
neutron-rich nuclei and electrons. In the outer core, as
density increases further, the nuclei merge together and at
around density of order of 10'* g/cm’ the matter is
composed of mainly neutrons with small admixture of
protons and electrons. So inside the core of a CS, the matter
is mainly asymmetric nuclear matter. Recent discoveries of
massive CSs [2-6] clearly indicate the presence of matter
with density a few times of 7, inside the inner core of the
CSs. At that much high density, nucleon Fermi energy is
high enough for giving chance to new degrees of freedom
like exotic baryon spectrum [7-10] as well as deconfined
quarks [1] to appear in the inner core of the CSs. Even
astrophysical observations discard the possibility of exist-
ence of CS entirely composed of pure nucleonic matter.

© 2023 American Physical Society
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If the pure nucleonic matter is modeled consistent with
observations of massive CSs, then the matter is too stiff to
reproduce the maximum limit of tidal deformability
inferred from the GW observations [11].

Therefore, the appearance of exotic degrees of freedom
demands extensive studies in the context of highly dense
matter inside the stellar CSs. There are many possibilities in
view of the appearance of exotic degrees of freedom at high
density regime. As already mentioned, the possibilities
include the appearance of heavier strange [12—18] and non-
strange (A) baryons [11,19-24], appearance of meson
condensates [25-28] and even the phase transition to
deconfined phase of the quarks. Presence of exotica makes
dense matter EOS softer resulting in less massive CSs
[29,30]. With some recent models of highly dense matter
with hyperons the maximum mass has been achieved near
2.2M 4, the lower limit (2.18M ) of recently observed mass
of PSR J0952 — 0607 [31] is marginally satisfied [11,32].
The same problem comes with matter modeled with (anti)
kaon condensates. In this work we study the CSs consi-
dering the appearance of deconfined quark matter inside the
inner core of the stars.

According to the Bodmer-Witten conjecture matter
composed of up (u), down (d), and strange (s) quarks or
strange quark matter (SQM) can be more stable than
nuclear matter at high density [33,34]. However, as the
strong inter-quark interaction is not still well understood,
we have to rely on some phenomenological model of SQM
at high density regimes. Then we can test the models with
the available astrophysical observations as astrophysical
objects are only suitable environment to contain such kind
of matter. The SQM is well described by the most used
phenomenological MIT bag model [35] in which the
hadrons are considered as the bubble of free quarks
confined within a bag. The quark interaction has been
included in this model as perturbative correction with
nonzero strong coupling constant «, leading to modified
bag model. However, this modification is by some ad-hoc
way to reproduce the some lattice QCD result. Other way to
include the strong interaction between the quarks is by
introducing vector interaction between them via coupling
to a vector field which is popularly known as vector bag
(VBAG) model [36-39]. HS models have already been
constructed for SQM with MIT bag models and Nambu-
Jona-Lasinio (NJL)-type models [8,17,40-44]. However,
recent astrophysical observations of massive stars demand
SQM should have repulsive vector interactions [39,45,46].
In this work we consider covariant density functional
(CDF) model with density-dependent DD-MEX coupling
parametrizations [47,48] for hadronic matter and vector bag
(VBAG) model for SQM [49]. Phase transition from
hadronic matter to quark matter can be either smooth
(Gibbs construction) or sharp (Maxwell construction). In
case of Maxwell construction (MC) the surface tension
at the interface is higher than Gibbs construction (GC)

[50-53]. Vector coupling causes high surface tension at the
interface, so we need local charge neutrality that can be
possible through MC [54].

Recently obtained lower limit of maximum attainable
mass by the CSs is M = 2.35 £ 0.17M, from the obser-
vation of PSR J0952 — 0607 [31]. M-R constraints
obtained through analysis of X-ray data from NICER of
PSR J0030 4 451 [55,56] and PSR J0740 + 6620 [5,6]
help us to further understand properties of dense matter.
Raajimakers et al. [57] evaluated radius range 11.39—
13.09 km of 1.4M, CS with 95% credibility from this
NICER data. Binary system of compact objects generate
GWs during merging due to disturbance in their nearby
space-time. These GWs have enough high amplitude that
can be detected by our modern GW detectors LIGO and
Virgo interferometer. Recent GW170817 and GW190425
signals appears to be binary CS merger events [58,59].
From data analysis of GW170817 combined tidal deform-
ability parameter (A) found to be less than 900 [58].
Interpreting electromagnetic spectrum of GW170817 data
with kilonova models lower limit of A <400 is deduced
[60]. Reanalysis of GW170817 data using PhenomPNRT
model this parameter is restricted in the range 110 < A <
720 [61]. Tidal deformability parameter (A) of 1.4 solar
mass CS is estimated to be in range 70 < A4 < 580 with
90% credibility [62]. Similarly, for low spin prior systems
upper bound on parameter A is found to be less than 600 for
GW190425 event [59]. Additionally, the analysis of
GW190814 signal indicates binary coalescence of a black
hole and a CS of mass in range 2.5-2.67M. This
secondary component mass range lies in mass gap region
(in the region where it can be either a BH or CS). As
mentioned earlier, the mass of PSR J0952-0607 is in range
M =2.35+0.17M, that is the heaviest pulsar observed
till date [31]. Upper limit of this mass range emphasis us to
think that secondary component of GW190814 could be a
CS. However, as already mentioned very stiff matter with
only nucleonic component is too stiff to reproduce the
upper limit of A and matter with hyperonic and bosonic
components are too soft to attain the observed mass of the
CS. Therefore, we study the possibility of existence of HS
compatible with all recent astrophysical observations.

The paper is organized as follows. In Sec. II, we briefly
describe the CDF, vBAG model formalisms as well as the
phase transition from hadronic to quark matter. The
implications of de-confined quark matter possibility in
CSs are shown and discussed in Sec. III. Section IV
provides the summary and conclusions of this work.

Conventions: We implement the natural units G = A =
¢ = 1 throughout the work.

II. THE MATTER MODEL

The matter at lower density end is nuclear matter and
after certain density is SQM with electrons. As mentioned
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in the Sec. I, for nuclear matter section we consider the DD-
MEX parametrizations within the CDF model and for SQM
we consider VBAG model.

A. CDF model for hadronic matter

In lower density region near surface of HS the matter
constituents are proton, neutron, and electrons. The inter-
action between these nucleons is mediated via isoscalar-
scalar o, isoscalar-vector @, and isovector-vector p mesons.
The total Lagrangian density of hadronic matter is given
as [1]

1
Ly = Zl//N iy, D' — my)wy + 5 (0,00 — m3o?)

1 1 1 1
4wﬂyw"” + 2m 0,0 — 1P pr +2mppﬂ - pr.
(1)

with the covariant derivative given by D, =9, +
igon®y + ig,nTyz - p, With N denoting the nucleons.
Equation (1) provides the minimal Lagrangian as it does
not take into account the tensor couplings of vector meson
to baryons (appears in Hartree-Fock theories [63,64]). The
antisymmetric field tensors corresponding to vector meson
fields are given by w,, = Jd,®, — d,w, and p,, = 9,p,—
d,p,. The Lagrangian density for the leptonic part is given
by £, = >, (iy,0" — m;)y, with m; denoting the mass of
|

! 2
sb:—ma —|— m

2 2

Z |:pFIE;1
l

2
<pF1EF] + mlz 1n<

leptons (e~). For the isoscalar meson-nucleon couplings,
they are defined as

gin(n) = gin(ng)fi(x) fori=o,m, (2)
where, the function is given by
1 + bi(x + di)z
. — =, 3
fl(x) a; 1 +Ci(X+di)2 ( )

where x = n/ny and a;, b;, c;, d; are parameters which
describe the density-dependent nature of saturation proper-
ties. The isovector-vector p-meson coupling is given
by gpN(") = gpN(”O)e_ap(x_l)‘

And to maintain the thermodynamic consistency in case
of density-dependent coupling model (such as DD-MEX
considered in this work) the rearrangement term X' is
introduced which is given by [65]

, 09N 09sn 09N
z :;{ (30;; a)onN——a; ony —|——a/;l

PO3TN3NN | - (4)

Note that this term explicitly contributes to the matter
pressure only. The rearrangement term enters through the
baryonic chemical potential to solely contribute to the
matter pressure term. Now in order to describe the dense
matter, the baryonic and electric charge conservation
should be taken into account with ultimately evaluating
the baryonic energy density as,

3 m

?\/2 *2 PFy +EFN
+2mpp03 + Z PrEr, 3 PryEp, +my In T

)

with pp , Er, denoting the Fermi momentum and Fermi energy of the jth fermion in the system. With this, the baryonic
matter pressure is evaluated from the Gibbs-Duhem relation and given by

L)

1 1
pm:—im 50 +2m2(1)(2)+§ p/)03+212 5 |:pFNEFN

+ E
<5pFNEFN 3m}‘\,2 1[1(%))]
N

: p E ——2 PFr ‘l‘ F
TJ[ZZ[ Fy i?‘ﬂl 2l (SPFIEFI 3m%1 ( ! / nyr. (6)
l +

For the outer and inner crust regions, we have imple-
mented the Baym et al. [66] and Negele and Vautherin [67]
EOSs respectively which satisfy the nuclear physics data
while maintaining thermodynamic consistency in the crust-
core transition region [68].

B. vBAG model for quark matter

Near core, matter is SQM composed of quarks u, d, s
with electron (e) as a lepton. VBAG model incorporates
quark’s interaction in MIT bag model [35,69] via isoscalar-
vector V field analogous to @ meson between baryons in
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CDF formalism [39,49,70,71]. In this
Lagrangian density of SQM is

model the

Lo= Y Wylrio —gwV,) —mg}w,~BlOW,w,)
q=u.d,s
1 L u .
_Z(a/lvu_auvﬂ) +§mVV/4V +We<7ﬂlau_me)l//e’
(7)

where B is bag constant and ® is heavyside step function
(function vanishes outside bag and remains unity inside the
bag). my is mass of vector meson and g,y is its coupling
parameter with quark. The repulsive vector field (V*) shifts
chemical potential of quark q (u, d, s) as

Hqg =/ (qu)Z + (mq)z + ngV()’ (8)

where qu is the Fermi momentum of quark g. With this
model, the energy density of the quark matter is

€= %Zq: Ak‘“ (\/m + ngVO) 12 dk

S my Vo + B, ©

and pressure can be obtained by using Gibbs-Duhem
relation as:

P= Z,uqnq —€, (10)
q

where n, signifies number density of quark q.

C. Phase transition

As density increases inside CSs, the distance between
adjacent nucleons decreases. Nucleons touch each other at
density p ~ (1.6 fm)~=> = 0.24 fm~ assuming these nucle-
ons as spheres of rms radius 0.8 fm. Considering the merger
of nucleons is necessary condition for quarks deconfine-
ment, we consider the threshold density for quark decon-
fined should be p = 0.24 fm™ [1]. So, this density of
nucleonic matter is the threshold density i.e., the lower limit
for phase transition (PT) from hadronic matter to quark
matter. Neutron chemical potential corresponding to this
lower limit of matter density for DD-MEX EOS is
~1039 MeV which is consistent with the theoretical result
for QCD phase transition considering the vVBAG model
[72,73]. Also extrapolation to zero temperature of exper-
imental results indicates the same range of nuclear chemical
potential [72]. In this work we consider first order phase
transition from hadronic matter to quark matter through
MC. MC requires local charge neutrality for both phases.
Maxwell conditions for phase transition are

PH - PQ,
™ = 2, (11)

where Py and P, are hadronic and quark phase pressure,
respectively. The baryonic chemical potential (u,,) is given
by the following equilibrium conditions,

My =ty = 3(py + He),
s = g = Py + Hes (12)

where u,, is neutron chemical potential and other chemical
potentials are according to the notations we men-
tioned above.

D. Parameter space

For nucleonic matter EOS, we consider DD-MEX
parametrization [47,48] as already mentioned. For SQM,
we consider the masses of quarks as m, =4 MeV,
my =7 MeV, and m; = 100 MeV. In vBAG model the
vector interaction for all the three flavors are considered to be
the same.

Bag constant B is inward pressure that keeps quarks
confined inside the bag. As the density of matter increases,
the energy of the bag decreases and the size of nucleons
increases [74,75]. Bag constant B should depend on density
of matter [40,76,77], multiple types of parametrization are
available for the variation of B with density [78]. But
the Gaussian parametrization is mostly opted and can be
given as:

B(p) = B, + (B, — B,)exp {—ﬂ (pﬁ) } NGE)

where B,., By, p, and p, are bag constant near center, bag
constant at surface, baryon number density, and nuclear
saturation density, respectively. Baryon number density (p)
for quark matter is related to quark number densities
through the following relationship,

_nu—i—nd—i—ns

: (14

We consider the free parameters, f = 0.2 and Bl/ =
130 MeV in this work. With this choice of parameters f
and y the variation of B with density is shown in Fig. 1.
Now if B is density dependent then an extra term appears in
the expression of chemical potential as

dB(p)
dn,

(kg )? + (mg)* + ggvVo + (15)

Hqg =
q

For stable SQM the range of Gy = g,,v/my values is
considered between 0-0.3 fm? [39]. However, in the case
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B, =180
—————— B, =170
B, = 160

180

140 —

FIG. 1. Variation of bag parameter B with density for the EOSs
we considered with Bi/ * = 130 MeV. The solid curve, dashed

curve, and dotted curve are for Bi/ 4= 180, 170, 160 MeV,
respectively.

of HS, stability of quark matter is not required. So we have
freedom to choose the value of g higher than 0.3 fm?. For
different values of gy, By the minimum values of B are
shown in the Table I for which the stability of SQM is not
assured.

In the Fig. 2 we plot the variation of pressure with baryon
chemical potential for nucleonic matter with DD-MEX
EOS and for SQM with vBAG model with the different
values of gy and B outside the stability window. The
equilibrium points between two phases are shown by dots
in Fig. 2. The pressure point where the baryon chemical
potential of nucleonic matter crosses that of the SQM
indicates the point of PT. From the figure it is seen that with
increase of Gy the baryon chemical potential increases.
Again with same value of Gy, the baryon chemical
potential increases with increase of B. So larger the values
of Gy and B, the later is the PT. Thus the values of Gy are
restricted from the upper side for PT to occur within the CS.
The upper value of Gy, is restricted to 0.4 fm? and in the
case of density dependent values of B, the upper value of
Gy is restricted to 0.5 fm?. From the figure it is clear that
for a particular value of Gy, the chemical potential at
transition point decreases with the decrease of B. So, this

TABLE I. The values of By from stability window and Bpy
from phase transition for density independent (DI) and density
dependent (DD) parametrization.

Gy B/t @y By D)  BY' ®H BY (DD)
(fm?) (MeV) (MeV) (MeV)  (MeV)
0.3 146 153 155 .
0.35 145 151 1525 172
0.4 144 149 150.5 165
0.45 143 147 o 160

120 —pwex T

— G,=03,B"=155

— DDMEX 1
1/4
— ¢,=035,8""=1m2
] \ s
--- G,=03,B" =156
100|---. G =035,B" =155
G,=035.B"= 156

174
--- G,=035.B/"=180

174
- G,=0458 =172
174
G,=045,B"=180

0
=]
T

P (MeV/fm’)
(=)
(=]
I

40

| | L0 . | . |
1200 1300 1000 1100 1200 1300
[N [N

i |
1000 1100

FIG. 2. Variation of pressure with baryon chemical potential
(neutron chemical potential) in both phases. Left panel: for
density independent B parameters. Right panel: for density
dependent B parameters. For both the panels the solid curve is
for the nucleonic matter and for SQM matter the parameters
values for different curves are as indicated in the figure. The point
of PT for each parametrizations of SQM is denoted by black
circles.

sets a lower limit of B for every value of Gy in the view of
that the threshold nuclear chemical potential for the PT
from hadronic matter to deconfined SQM is around
1039 MeV for nucleonic matter with DD-MEX EOS.
From this consideration Bpr, the permissible lowest values
of B corresponding to different values of Gy are given in
the Table I.

III. RESULTS

According to the condition of PT from nucleonic matter
to SQM the matter model parameters are chosen as
discussed in Sec. IID. We have seen that for density
independent values of B the maximum admissible values of
Gy is 0.45 fm? and for density dependent values of B it is
0.5 fm?. Within these ranges of Gy, the minimum values of
B for PT to occur is tabulated in Table 1. Following these
constraints on parameter space we plot the matter EOS in
Fig. 3 for different values of Gy and B. The matter becomes
stiffer with lower values of B and higher values of Gy as
expected. According to Maxwell criterion the pressure in
both phases remains same at the interface but energy
density immediately increases in quark phase. The position
of the PT point is more sensitive to the values of B
compared to the values of Gy.The macroscopic properties
of star like mass and radius particularly depends on these
equilibrium points.

We construct M — R relations of CS composed of the
matter with these EOSs and choices of parameters. We
represent those M-R relations along with M-R constraints
obtained through astrophysical observations in Fig. 4.
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300 G,=04,B" =151 Py . G,=045B" =170 Vo -

P (MeV/fm’)
[}*)
(=]
(=]
T

100 —

0 200 400 600 800
¢ (MeV/fm’)

FIG. 3.

0 200 400 600 800 1000
¢ (MeV/fm)

Variation of pressure with energy density. Left panel: for density independent B parameters. Right panel: for density dependent

B parameters. The parameter values for different curves are as indicated in the figure.

Appearance of SQM at high density softens the matter.
Consequently, the stars become more compact compared to
stars composed of pure nucleonic matter and earlier appear-
ance of SQM lowers the theoretical attainable maximum
mass. It is evident from the figure. For density independent B
parameters PT occurs for the stars with masses near 2M , at
B'/* =160 MeV if we consider Gy = 0.3 fm? and at
B'/* = 151 MeV if we consider G, = 0.4 fm?. This sets
the upper limit of B for a specific value of Gy,. Within this
range of B and Gy, the theoretical attainable maximum mass
comes out to be compatible with the observationally obtained

lower limit of CS maximum mass. However, a later appear-
ance of SQM does not favor the smaller radii of CSs as
estimated form the NICER’s x-ray data analysis for pulsars
PSR J0030 + 51 and PSR JO740 + 6620 [5,6,55,56]. On the
other hand if we consider the lower values of B correspond-
ing to each G we get PT to occur for stars with masses less
than 1.4M . In those cases, though the maximum theoretical
attainable mass decreases due to larger portion composed of
SQM, still they are within the range of observed lower limit
of CS mass. Again we see that in the lower side of B, still the
matter with higher G, = 0.4 fm? is too stiff to satisfy the

solar

M/M

1|— 6,=03.B"=155
---- G,=03,B" =160
--- G,=04,8"=1505

------ G,=04,B" =151

— G,=035.B =172

---- G =035B""=183
\ s
---- G,=045B =160

------ G,=045B"" =170

0'58 10 12 14

Radius (km)

8 10 12 14
Radius (km)

FIG. 4. Mass-radius relations along with constraints from astrophysical observations for different parametrizations. Left panel: for
density independent B parameters. Right panel: for density dependent B parameters. The parameter values for different curves are as
indicated in the figure. Contours represent constraints for PSR J0740 + 6620 [5,6] and PSR J0030 + 451 [55,56]. Horizontal straight
lines depict radius constraints as we discussed in introduction section. Upper shaded regions are for GW190814 and PSR J0952-0607.
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3000

— G,=030.B"=155 = G,=035B" =172
I --- G,=030,B"= 160 [ e G =035, " =183
2500 - - G,=04,B"= 1505~ - G,=045,B" = 160
L G,=04B"=151 | 6,=045.8" =170
2000 |- —+ e
<1500 - N-n, |
1000 |- . + . -
00F A=900 T I
A=720
okl 0, 1 NEED 2. 0 . 1 N
0 500 1000 1500 0 500 1000 1500 2000
Al AI
FIG. 5. Tidal deformabilities associated with the both compo-

nents of the binary of GW170817. The shaded regions indicate
the allowed region in the plane from two estimates of A from
GW170817 observations.

radius constraints obtained through NICER’s x-ray data
analysis [5]. Hence for density independent B case the
parameter values are constrained near Gy, = 0.3 fm? and
B'/* = 155 MeV. On the other hand, as for density depen-
dent B, the larger valued of Gy, is required for PT, the matter
may be stiffer compared to density independent B case.
Hence, with density dependent B, theoretical maximum mass
~2.46M ; can be obtained with G, = 0.45 fm?2. However, in
this case also if the PT occurs for stars with masses larger than
1.4M 4, then the radius constraints for intermediate mass stars
obtained through NICER’s x-ray data analysis [57] cannot be
satisfied. Therefore, from these observations, we may con-
sider for density dependent B, with Gy, = 0.35 fm? the
maximum allowed value is B }/ 4 — 183 MeV and with Gy =
0.45 fm? the maximum allowed value is BY/* ~ 165 MeV.

Next we examine the dependence of tidal deformability
parameter on the matter model parameters. Figure 5 depicts
tidal deformability of both stars in binary merger scenario.
A upper bounds are also incorporated to find our results
compatibility with this parameter also. The observation of
GW the maximum limit of A is estimated as 900 and 720
respectively on two estimates. So it is seen that for density
independent B, with the parameters compatible with M-R

TABLE II.
dependent B.

900

: - :
— G,=0308"=1ss | 4 — G,=035.B= 172
\ s
1

800 |4 ---- G,=030,B"= 160

)\ GW190814 L - G,=0358 =18
\ 14 il

- - G,=045B"= 160
700

0 - G,=04,8"=1505[ |1
I /4

i G,=04.B" =151

! L

G,=045.8"'=170

600 B
500 B
400 B
300 B
200 B

100 -

M/M

solar solar

FIG. 6. Variation of A with stellar mass. The vertical arrows
show the constraints from GW190814 and GW170817 event
data.

observations (G, = 0.3 fm? and B'/* = 155 MeV) repro-
duce A well below the observational constraints from both
the estimates. For density dependent B case, all the
parameter sets compatible with the M-R relation also
satisfy the upper limit of A obtained from GW observations.
In right panel of this figure with density dependent B
mostly curves satisfy upper limit A < 720 except with the
set of parameters Gy = 0.45 fm?2, Bi/ Y~ 170 MeV, and

Gy = 0.35 fm?, BY* — 183 MeV at some values.
However, for density independent B case the matter is too
stiff to satisfy the estimated range of A for 1.4M, star from
GW170817 observation. We plot the variation of A with the
star mass in Fig. 6. A;4 upper bound from GW170817
event is not satisfied with any set of parameters without
density dependent B. For density dependent B case the
sets (Gy = 0.45 fm?, BY* = 160) and (G, = 0.35 fm?,
BY* =172 MeV) come under the range of this estimate.
This is because, with density dependent B the quark phase
appears earlier compared to density independent B case
making the matter softer even for 1.4M, star. Other softer
sets which come within this range fail to satisfy the observed
constrained to M-R relations because of higher values of B.

For the set of parameter (G = 0.45 fm?, Bi/ * =170 MeV)

Properties of stars corresponding to different set of parameters. DI denotes density independent and DD represents density

Gy (fm?) BY* (MeV) u, MeV) P, (MeV/fm?) M, (My) R (km) e, MeV/fm®) R4 (km) R,gg (km) A g =0.73 A,

DI 0.3 155 1060 21 222
0.3 160 1262 91.4 2.23
0.4 150.5 1057 20.5 242
0.4 151 1309 111 242
DD 0.35 172 1049 18.42 2.27
0.35 183 1110 35.8 223
0.45 160 1048 18 2.46
0.45 170 1198 66 242

11.64 1136.5 12.65 12.39 725.1 596
12.06 1048 13.05 13.11 895.4 803
12.32 993 12.96 13.22 861.6 755
12.37 978 13.05 13.28 815.4 803
11.11 1264 11.81 11.72 425.5 342
11.05 1283 12.74 11.72 756.1 630
11.89 1061 12.49 12.65 642.4 550
11.90 1186 13.05 12.98 895.4 803
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FIG. 7. Variation of radius of 1.4M, star with content of quark
matter inside HS for different parametrizations.
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FIG. 8. Variation of A of 1.4M star with content of quark

matter inside HS for different parametrizations.

A 4 1s very high due to PT occurs at high density as shown in
Fig. 3 and the star does not contain the core of quark matter.

For different parameter sets with density independent
and dependent parameter B we tabulated the values at the
point of PT and the corresponding star properties in
Table II. We have listed the parameter sets which satisfy
the M-R constraints from different observations. However,

though the values of A for all chosen parametrizations are
coming under the older estimate, only certain parameter
sets in density dependent bag parameter scheme satisfy the
recent estimates of upper limit which also reproduce A; 4
within the estimated range from GW170817 observations.

As already noticed, the early appearance of SQM
reduces the radius of intermediate mass star we study
the behavior of R; 4 with the quark content of the star. We
parametrize the quark content by the ratio of total SQM
mass inside the star to the stellar mass. We plot R, 4 with
quark content for different parametrizations in both density
independent and dependent B parameter schemes in Fig. 7.
We see tight correlation between them for a specific value of
Gy. Considering the minimum baryonic density for PT to
occur to be ~0.24 fm™3, corresponding quark matter content
is shown by arrow in the figure which shows the upper limit
of quark content inside a HS. Quark matter with density

dependent B decreases radius more effectively than without
density dependent B. More repulsive vector interaction

causes stiffer EOS and results larger radius of 1.4M .

Moreover, as the appearance of SQM softens the matter,
it reduces the tidal deformability parameter. Hence A 4 also
depends on the quark content of the star. In Fig. 8§ we
represent plot A4 with respect to content of quark matter
with different parametrization with density independent
and dependent B parameters in hybrid star. Here A 4, shows
strong correlation with quark content for specific values of
Gy. We fit them by

A1.4 = ab_q + C, (16)

where g = ;w"—i %. The values of a, b, and c are represented in

Table III. The arrow indicates the same points as in Fig. 7.
Hence, from the figure it is clear that for density independent
B case A4 cannot be less than the estimated value of that
from GW170817 observations. However for density depen-
dent B case itis possible for several sets of the parameters. We
obtain range 17% to 57% of quark matter content with
density dependent bag constant and G, = 0.35 fm?. If we
assume higher repulsive vector interactions Gy, = 0.45 fm?
this range of quark content becomes narrow as 39.27%
to 46%.

Similar to Fig. 8, upper limit of effective tidal deform-
ability (A < 720) should be satisfied due to the presence of
quark matter. In Fig. 9 we represent variation of A with

TABLE II. Curve fitting parameters for the relation of Eq. (16). (std. dev.) represents maximum standard

deviation.

Type of B Gy (fm?) a b c 7’ std. dev. % R2

DI 0.3 458.12 1.02 346.67 0.1802 1.53 0.9987
0.4 -98.37 0.987 904.61 0.1503 0.77 0.9942

DD 0.35 549.43 1.032 253.14 0.1452 1.07 0.9997
0.45 435.11 1.019 370.91 0.118 0.943 0.9993
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FIG. 9. Variation of A of 1.4M, star with content of quark
matter inside HS for different parametrizations.

respect to content of quark matter inside the 1.4 solar mass
star. We assume a primary component of mass 1.4M, and
secondary component of mass 1.33M . This combination
of masses lies within the range of chirp mass, mass ratio,
and total mass provided for GW 170817 event [58]. Here we
find a strong correlation between A and content of quark
matter with different repulsive vector interactions for
density dependent and density independent B. The corre-
lation is polynomial as

A=aq® +bg+ec, (17)

m .
where ¢ = M—1Q4 %. The values of a,b and c are represented in

Table IV. Assuming Gy = 0.35 fm? with density depen-
dent bag constant we find quark content range from 17.3%
to 57%. We obtain narrow range 30.45% to 52.80% with
higher repulsive vector interactions Gy = 0.45 fm?.
Content of quark matter with density independent bag
constant Gy, = 0.3 fm? also satisfies this limit. On the other
hand, this content of quark matter does not satisfy the A; 4
upper limit. Therefore from observations we get quantita-
tive limit on the quark content inside HS which is
compatible with the model of the star discussed in this
work. We estimate the range of quark matter content with
different hadronic matter EOSs as tabulated in Table V.
Parameter G, = 0.45 fm? does not provide a single equi-
librium point with GM1 EOS.

TABLE V. Percentage of quark content with different hadronic
matter EOSs.

EOS Gy (fm?) Minimum % Maximum %
DDME2 0.45 33.02 46.00
0.35 12.80 59.72
GM1 0.45
0.35 22.97 56.00
DD-MEX 0.45 39.27 46.00
0.35 17.30 57.00

IV. CONCLUSION

We studied the HS with vector model for SQM with both
density dependent as well as independent B. The CSs
composed of only pure nucleonic matter do not fulfill their
respective observational constraints. If the model of pure
nucleonic matter is made to reach the lower limit of
attainable maximum mass, the matter becomes too stiff
to match with the upper limit of tidal deformability
estimated from GW observations as well as the upper limit
of radius near 1.4M estimated from NICER observations.
This motivates us to study the CS properties considering
the possibility of SQM appearance inside the core of the
star leading to HS. Appearance of SQM softens the matter
reducing the radius. Hence to obtain the observed upper
limit of radius of intermediate mass star the early appear-
ance of SQM is favorable. This condition constraints the
matter parameters. This also indicates that as early SQM
appearance is favorable, the stellar properties are mainly
governed by SQM model and parameters. This helps in
constraining the models and parameters from astrophysical
observations.

First of all, the value of B is constrained for HS from the
limit of minimum density of PT from hadronic matter to
quark matter as the PT point is highly sensitive to values of
B. This also depends on strength of the repulsive interaction
Gy. Lower values of B and Gy makes earlier PT. So this
limits the minimum values for the set of B and Gy,. Also,
the higher values of B and Gy, shift the PT to higher density
providing the upper limits of the set of B and Gy, for PT to
occur within the HS. From these considerations we limit
Gy between 0.3-0.4 for density independent B and
between 0.35-0.45 for density dependent B. The matter
is soft if B is large and Gy is small. However, this is more
sensible to B values compared to Gy values. Hence, the

TABLE IV. Curve fitting parameters for the relation of Eq. (17). (std. dev.) represents maximum standard

deviation.

Type of B Gy (fm?) a b c 7 std. dev. % R2

DI 0.3 0.0301 —7.44 937.25 0.125 0.7741 0.9989
0.4 —0.0136 -1.59 931.24 0.038 0.434 0.9985

DD 0.35 0.0995 -1.56 962 1.5 4.13 0.9979
0.45 0.044 —-8.56 939.6 0.068 0.575 0.999
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observed lower limit of maximum attainable mass and
estimated A from GW observations narrow down the
window for B and hence corresponding values of Gy to
obtain observed properties of CSs. From both the M-R
constraints and the upper limit of A4, it seems that the
density independent B model is not compatible with
astrophysical observations. On the other hand, the density
dependent B model provides a wide range of quark matter
content that satisfies both M-R constraints as well as tidal
constraints obtained from observations. We estimated the
common range 17.3%-57% and 39.27%-46% of quark
matter which satisfy all constraints from observations with
lower vector interactions and higher vector interactions,
respectively. Quark matter with higher vector interactions
can be preferred over lower vector interaction because it
satisfies M-R constraints properly. If we consider different
parametrization like GM1 and DDME?2 for hadronic matter
EOS, we obtain almost same percentage of quark content

inside the star. Quark matter having repulsive vector
interactions with density dependent bag constant can be
generated with NJL model as discussed in Ref. [79]. After
the birth of CS the content of quark matter may get increase
inside the core with spin-down [80] which is compatible
with our findings.
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