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Variation of the A baryon mass and hybrid star properties in static and rotating conditions
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The possible conditions for hadron-quark phase transition in hybrid star cores are investigated in the present
work. For the hadronic matter part the effective chiral model is adopted. Exotic baryonic degrees like hyperons
and the A baryons are also taken into account. As As possess Breit-Wigner mass distribution (1232 & 120 MeV),
the hadronic equation of state is obtained by varying the mass of the A baryons in this range. For the quark
phase the MIT Bag model is chosen with repulsive effects of the unpaired quarks. Phase transition is achieved
using Gibbs construction and the gross properties of the resultant hybrid star are calculated in both static and
rotating conditions and compared with the various constraints on them from different observational and empirical
perspectives. The work presents a thorough study of the phase transition properties like the critical density
of the appearance of quarks, the density range for the persistence of the mixed phase, and the population of
different hadrons and quarks in hybrid star matter. The hybrid star properties, calculated in both static and
rotating conditions, are found to be consistent with the bounds on them from different perspectives.
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I. INTRODUCTION

The composition of neutron star (NS) matter (NSM) at
high density [(5-10)p0; po & 0.16 fm~ being the normal nu-
clear matter density] is one of the most interesting and active
research areas of NS physics. Nuclear matter properties are
mostly well examined in the vicinity of saturation density pg.
However, at high density relevant to NS cores, the properties
of matter and interactions are still inconclusive from experi-
mental perspectives. Therefore at present the composition of
NSM still remains uncertain. The theoretical calculations of
the structural properties of NSs are largely dependent on the
equation of state (EoS) of NS, which in turn is determined by
the composition and the interactions considered. Theoretical
predictions have suggested the possibilities of formation of
exotic baryons like the hyperons [1-18], A baryons [1,19—
28] at high density when the nucleon chemical potential
matches with the rest masses of these heavier baryons. Al-
though [1,29] predicted that the formation of As is not
favored in NSM, recent studies based on both relativistic mean
field (RMF) [20,22,25,27,28] and microscopic [24,30,31] ap-
proaches have not only shown early onset of As but also
predicted that they may populate NSM considerably and bring
significant changes to structural properties of the NSs espe-
cially the radius and compactness [20,24,25,27,28,31].

On the other hand, it has been suggested from the QCD
phase diagram that at very high temperature or density,
hadronic matter is prone to undergo phase transitions to
form deconfined quark matter composed of u, d, and s
quarks [1,13,27,32—41]. Thus the possibility of such transition
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at high density relevant to NS cores, thereby forming hybrid
stars (HSs), is of great current interest. Recently, in the context
of binary neutron star merger (BNSM), works like [42] have
suggested that hadron-quark phase transition may be possible
in NS cores.

However, such exotic degrees of freedom are known to
soften the EoS that dictates the gross NS properties. At
present, certain bounds obtained on the different properties of
neutron/compact stars from various perspectives constrain the
EoS to some extent. The last decade was extremely successful
in this regard. The discovery of the most massive pulsars like
PSR J0348+4-0432 [43] and PSR J0740+6620 [44] have put
upper bounds on the gravitational mass. Also, with the phe-
nomenal detection of gravitational waves (GW170817) from
BNSM by the LIGO-Virgo collaboration, stringent bounds
on dimensionless tidal deformability (A 4) and radius (R} 4)
of a 1.4My NS are obtained [45—47]. It also opened up
new windows to constrain indirectly and corelate several
other NS properties like the symmetry energy [48], speed
of sound in NSM [49-53], and many more in terms of A4
and R; 4. Moreover, very recently, constraints on the M — R
relation have been obtained from PSR J0030+0451 in the
NICER experiment [54]. Apart from the gravitational mass
and radius, the maximum bounds on surface redshift (Z;) are
established from the source spectrum analysis of 1E 1207.4-
5209 [55] and RX J0720.4-3125 [56]. As NSs are mostly
observed as pulsars or rotating NSs, therefore it becomes
imperative to calculate the rotational properties of NSs. The
discovery of rapidly rotating pulsars like PSR J1748-2446ad
has put a strong upper bound on the maximum rotational
frequency of NSs [57]. Moreover, in the slow rotation approx-
imation (P < 10s), theoretical constraints on the normalized
moment of inertia have been obtained in terms of the tidal
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deformation [58] and compactness parameter [59]. Such re-
lations are called universal relations and are independent of
EoS. Therefore it becomes much more challenging to sat-
isfy the aforesaid constraints on the various properties of
neutron/compact stars considering the formation of exotic
matter like the hyperons, As, and quarks. In the present work,
I intend to investigate the possibility of the hadron-quark
phase transition and the gross properties of the resultant HS
in the light of such constraints.

To describe the hadronic phase the effective chiral
model [60,61] is adopted. In the present work, the hadronic
phase consists of the baryon octet (n, p, A, =0+ B0
and the A quartet (A~%%"+%) that interact via the o, ,
and p mesons [13,14,27,28]. The model is well tested and
the parameters are determined on the basis of SNM prop-
erties [60,61]. The detailed attributes of the model are
discussed in [60,61] while its salient features can be found
in [13,14,27,28]. The highlights of the model and the param-
eter set adopted for the present work are discussed in the next
Secs. IT A and IT A 1, respectively. The set of hyperon and A
couplings are chosen the same as in [28] and is also discussed
briefly in the formalism Sec. IT A 2.

For the quark phase, the famous MIT Bag model [62],
characterized by a Bag constant B, has been employed. The
inclusion of the repulsive quark interactions via the parameter
a4 in the thermodynamic quark potential has been suggested
by [1,32,63—66]. Hadron-quark phase transition in NS cores
results in the formation of HSs. First order phase transition
can be achieved using Gibbs construction (GC) or Maxwell
construction (MC) depending on the surface tension (oy) at
the hadron-quark phase boundary. However, as the value of oy
at the crossover boundary is still inconclusive, in the present
work I proceed to achieve phase transition with GC assuming
o, to be small and compute the HS properties. It is to be
remembered that the choices of B and a4 play crucial roles in
determining the phase transition properties like the threshold
quark density, the density range of the mixed phase, the hybrid
EoS as well as the structural properties of HSs. However, the
limits to the values of B and w4 are still indefinite. In the
present work, I therefore choose moderate values of B and
o4, consistent with the prescriptions from GW 170817 data, as
mentioned in Sec. II B of the formalism section.

This paper is organized as follows. The highlights of the
hadronic model along with the model parameter and the
hyperon and A coupling scheme chosen for this work are
discussed in Sec. I A. A brief discussion on the attributes of
the MIT Bag model and the formalism for obtaining phase
transition is added in Sec. II B. A flavor of the mechanism to
obtain the HS properties in both static and rotating conditions
is added in Secs. IIC 1 and I C2, respectively. I present the
results and their detailed analysis in the following Sec. III.
I finally put the conclusions of the present work in the last
Sec. IV.

II. FORMALISM

A. Hadronic matter with the baryon octet and A quartet

The effective chiral model [60,61,67] has been adopted
where the hyperons (A, X70% E70 and A baryons

TABLE 1. Model parameters chosen for the present work
(adopted from [61]).

CUN Ca)N CpN B/m2 C/m4
(fm?) (fm?) (fm?) (fm?) (fm?)
6.772 1.995 5.285 —4.274 0.292

(A% +++) have been taken into account along with the
nucleons, following the same formalism as [28]. It is a phe-
nomenological model based on chiral symmetry with the
scalar o and pseudoscalar w mesons being chiral partners.
The spontaneous breaking of chiral symmetry at ground state
leads to the dynamical generation of all the baryonic masses
as well as that of the o and w mesons [13,14,27,28,60,61,67].
The model is also of RMF type and in such approximation,
<m >=0 and the pion mass becomes m, = 0. Thus the
pions do not contribute in this case. The isospin triplet p
mesons take care of the isospin asymmetry in the system.
An explicit mass term for the p mesons is involved in the
Lagrangian following [13,14,27,28,60,61,67] though it is also
possible to generate the mass of p mesons dynamically like
that of the o and @ mesons. Since the A~%*+*++ baryons
possess Breit-Wigner mass distribution, their mass is varied
as (1232 + 120) MeV [20,21,28] in the present work.

1. The model parameter

There are five model parameters C,n, Con, Con, B, and C.
Of them B and C are the coefficients of higher order scalar
field terms. The meson-nucleon couplings g;y are calculated
interms of Ciy = g% /miz, where i = o, w, p. These parameters
are obtained by reproducing the SNM properties [61]. The pa-
rameter set adopted for the present work is tabulated below in
Table I. The same set has also been used in [13,14,27,28,67].

The values of SNM properties obtained with the above
parameter set can be found in [13,14,27,28,61,67]. It is note-
worthy that the nucleon effective mass my = 0.85my for this
model is quite high compared to other well-known RMF mod-
els and at high density unlike other RMF models, the effective
mass increases after a certain value of density [13,60,61,67].
This is because the effective mass of this model is dependent
on both the scalar and vector fields and at high density the
dominance of vector potential increases the nucleon effective
mass. Moreover, the higher order terms of a scalar field with
coefficients B and C and the mass term of the vector field of
the present model also become highly nonlinear and dominant
at high density. This leads to a softening of EoS at high
density [13,60,61,67] and as seen from [61] the EoS for the
adopted parameter set passes through the soft band of heavy-
ion collision data. The EoS softens more when the formation
of exotic baryons like hyperons and As are considered in
NSM [13,14,27,28]. Thus the NS configurations, obtained in
the presence of such baryons, do not satisfy the maximum
mass constraints for NSs [43,44].

Apart from nucleon effective mass, the other SNM proper-
ties like the binding energy per nucleon (B/A = —16.3 MeV)
and the symmetry energy (J =32 MeV), the saturation
density (pp = 0.153fm~>) match well with the estimates
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of [68,69]. The nuclear incompressibility (K = 303 MeV),
yielded by the chosen parameter set, is consistent with the
results of [70] but it is larger than the estimate reported
in [71-73]. There are other parameters of the model
shown in [61] that yield lower values of K which are
consistent with the range prescribed by [71-73]. However, as
discussed in [13,67] such parameter sets cannot be adopted
as they yield softer EoS [61] and consequently low mass
NS configurations that do not satisfy the maximum mass
constraint of NSs even with 8 stable NSM. Therefore for the
present work, I choose the parameter set (shown in Table I)
following [13,14,27,28,67] although it yields a higher value
of incompressibility compared to that prescribed in [71-73].
Although the slope parameter (Lo = 87 MeV) is a bit large
compared to the findings of [74], it is quite consistent with the
range specified by [68]. Moreover, recent corelation between
the symmetry energy and tidal deformability and radius of a
1.4 M NS shows that Ly can be as high as ~80 MeV [46,75].
This model and the adopted parameter set is thus well
tested to describe nuclear matter at finite temperature [67]
and hadron-quark phase transition with A baryons [27] and
hyperon matter in HSs both in static and rotating cases [13].

2. Hyperon and A couplings

Similar to [4,13,14,28,76-78], the hyperon-meson cou-
plings x;y = gin/giv (Where i =0, w,p and H = A, X, B)
are calculated following the constraint (x,z < 0.72[1,79,80])
from hypernuclear studies on the scalar couplings x,y while
the corresponding vector couplings x,y can be obtained
in terms of the potential depths of the individual hyperon
species ((B/A)w|p, = —28 MeV for A, 430 MeV for X, and
—18 MeV for B [13,14,28,81-83]). Among them (B/A)x |,
is known by extrapolating the A binding energy of finite
hypernuclei in the limit of infinite matter. In the present work,
x-g = 0.7 following [28]. Following [13,14,28], x,5 is cho-
sen to be the same as x,y due to the similar mass values of
p and » mesons and also because both are responsible for the
generation of short range repulsive forces.

However, the potential depth of the As is still exper-
imentally poorly determined. However, [22,23,25,84] have
suggested different possible ranges in this regard. Therefore
the A-meson couplings x;p = g;a/giv (Wherei = o, w, p) are
inconclusive at present. However, there are certain sugges-
tions based on theoretical perspectives [19,85,86] and QCD
calculations [87]. A detailed discussion on the uncertainties
pertaining to the A couplings can be found in [27]. In the
present work, the A-meson couplings are chosen following
the constraint prescribed by [19,85]. There is no definite sug-
gestion regarding the choice of x,5. Reference [27] shows
that considering the present model, As are not formed in
NSM if x,o = 1. Thus similar to [27,28] the A coupling
set is chosen as (X5 A, Xwa, Xpa) = (1.35, 1.0, 1.0). It can be
seen from [27] that this A coupling set yields a A poten-
tial (—110 MeV) which is consistent to the range suggested
by [22,23]. Also with this set the second minima of the energy
per baryon (8 MeV at 2.5py) lie well above the saturation
energy of normal nuclear matter (—16.3 MeV at pg) [27,28].

This respects the criteria for choosing A couplings prescribed
by [19,85,86].

With the above-mentioned couplings, the hadronic EoS
is computed for three values of the A baryon mass ma =
1112, 1232, and 1352 MeV.

B. Pure quark phase and hadron-quark phase transition

The well-known MIT Bag model [62] is taken into ac-
count to describe the pure quark phase consisting of the
unpaired u, d, and s quarks along with the electrons.
The Bag constant B and repulsive parameter oy determine
the strength of strong repulsive interaction between the
quarks [27,32,63,64,88,89]. The thermodynamic quark poten-
tial of such a system is given by [1,27,32] from which one
can obtain the EoS for the pure quark phase. The u and d
quark masses are much smaller compared to that of the s
quark (m; = 100 MeV) [90,91]. As mentioned in the Intro-
duction, Sec. I, the values of B and oy are still uncertain. It
is also known that the perturbative effects on HS properties
can also be realized by changing the value of B [65,92—
96]. The higher these values the stiffer the EoS is, giving
more massive HS configurations [97-99]. Literature sug-
gests B'/* &~ [(100-300) MeV]* [65,100-102] while lattice
calculations predict B4 ~ 210MeV/fm’> [103]. Recently,
consistent with GW170817 observation and measurement of
A4 and R 4, [104] suggests that B'/4 = (134.1-141.4) MeV
and a4 = (0.56-0.91) for a low-spin prior while for the high-
spin priors B!/4 = (126.1-141.4) MeV and s = (0.45-0.91)
considering pure quark stars. Reference [105] suggested sim-
ilar maximum values of B'/4 and a4 for HSs while [106]
also suggests B'/4 = (130-160) MeV. Consistent with recent
prescriptions from GW170817 data analysis [105,106], the
hybrid EoS is obtained in the present work by choosing mod-
erate values as B'/* = 150 MeV and ay = 0.5.

As mentioned in the Introduction, Sec. I, GC or MC can be
employed to achieve phase transitions in HS cores, depend-
ing on the value of surface tension (oy) at the hadron-quark
phase boundary. According to [107-112] if oy < 70 MeV
fm~3, GC is favored with the formation of an intermediate
stable mixed phase where both hadronic and quark matter
coexist [1,13,27,99,113-116]. However, if the value of oy is
higher, the mixed phase becomes unstable and MC is then
adopted to obtain phase transition. Therefore, unlike MC, a
mixed phase region is expected in case of GC rather than
a density jump as in case of MC [13,27,89,116-121]. This
is because in the case of GC, both the neutron and electron
chemical potentials are continuous along with pressure but
MC predicts the continuous variation of pressure and neutron
chemical potential with jump in electron chemical potential
at the transition density. Moreover, GC is ruled by the global
charge neutrality condition that states the overall HS matter
(HSM) must be charge neutral unlike MC which states that
the pure hadronic and quark phases must be individually
charge neutral [13,27,116,119,120]. In case of GC with low
values of surface tension, the presence of quark matter in HSs
enables the hadronic regions of the mixed phase to become
more isospin symmetric than in the pure phase by transferring
electric charge to the quark phase [13]. In the present work,
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phase transition is obtained by assuming the surface tension
at hadron-quark boundary to be small and hence using GC.
Once the hybrid EoS is obtained, the speed of sound (C)
can also be calculated as the first order derivative of pressure
with respect to energy density [120,122]. It is known that the
speed of sound plays important role in the context of phase
transition. It is suggested that under such circumstances, the
value C; can vary drastically and may surpass the conformal
limit of C?> = 1/3 and be close to the causality limit of C? <
1 [51,123]. Therefore, it will be interesting to study the effects
of phase transition on the speed of sound in the present work.

C. Neutron star structure and properties

As the structural properties of NSs/HSs depend solely on
the EoS, the former can be obtained with the computed hybrid
EoS.

1. Static properties

For the hybrid EoS, the structural properties of HSs are
computed in static conditions by integrating the Tolman-
Oppenheimer-Volkoff (TOV) equations [124,125] that depict
the hydrostatic equilibrium between gravity and the internal
pressure of the star. Solving these equations, the static prop-
erties like central energy density (e.), gravitational (M) and
baryonic masses (Mp), radius (R), and the surface redshift (Z)
of the HS are calculated for the obtained hybrid EoS.

2. Rotational properties

The rotational properties like rotational mass (M) and ra-
dius (R), maximum rotational frequency (1), and the moment
of inertia (/) are calculated using the RNS code [126].

III. RESULT AND DISCUSSIONS

A. Neutron star properties with pure hadronic matter

The hadronic EoS is constructed by varying the A baryon
mass mp in the presence of hyperons and following the cou-
pling scheme discussed in the formalism section (Sec. IT A 2)
for the hyperons and As. The EoS and the formation of the
baryons in NSM can be found in [28] for the same set of
hyperons and A couplings with the same hadronic model.
EoS softens quite a lot due to considerable formation of hy-
perons and As and the softening is a maximum when ma
is a minimum and therefore most favored in NSM. The A
baryon mass indeed plays an important role in the population
fraction of various particles and the EoS. Interestingly, for a
minimum value of A baryon mass (1112 MeV), the forma-
tion of hyperons is completely suppressed by the As of all
charge whereas when the maximum A mass (1352 MeV) is
considered, it is the As that get completely suppressed by the
hyperons. The intermediate mass value of As (1232 MeV)
yields formation of both hyperons and As with comparatively
fast deleptonization [28].

B. Hadron-quark phase transition

Using the chosen values of B and a4, discussed in the
formalism section (Sec. II B), the hybrid EoS is constructed
with GC and presented in Fig. 1.

16 T T T
my=1112 MeV ———

14 My=1232 MeV

my=1352 MeV ———

12 :

10 + / /) i

P(1 0% dynes cm'2)
(o]

p/pg

FIG. 1. Equation of state (¢ vs P) of hybrid star matter for differ-
ent masses of A baryons. The red (medium gray), green (light gray),
and blue (deep gray) curves correspond to ma = 1112, 1232, and
1352 MeV, respectively. The hadron-quark mixed phase regions are
also marked by vertical dashed lines.

Figure 1 shows a smooth phase transition with GC char-
acterized by stable and distinct mixed phases for all the
hybrid EoS. For ma = 1112 MeV, the mixed phase ranges
as (2.3-4.1)pg while it starts from 3.5py and ends at 5.8,
for mp = 1232 MeV. For ma = 1352 MeV, the mixed phase
exists from 4.0p9 to 7.1pg. The stiffer the hadronic EoS, the
delayed is the transition and more is the stretch of the mixed
phase region.

The relative abundance of hadrons and quarks in the HSM
is studied and shown in Figs. 2, 3, and 4 form, = 1112, 1232,
and 1352 MeV, respectively.

The early formation of quarks in the case of ma =
1112 MeV suppresses the formation of hadrons to a large
extent. Only a feeble fraction of A~ is formed along with

0.1+t

pilp

0.01 ¢

0.001
PIpo
FIG. 2. Relative particle fraction of different baryons and quarks

in hybrid star matter for m, = 1112 MeV. The shaded region indi-
cates the mixed phase.
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0.1+t

pilp

0.01 ¢

Qcw

0.001

plpg

FIG. 3. Same as Fig. 2 but for m,y = 1232 MeV.

the nucleons and leptons (Fig. 2). For the other two values
of ma, no A baryons appear in the HSM. The formation
of hyperons are also not much favorable in HSM except for
the A and E~ which populate HSM in considerable amount
(Figs. 3 and 4). It is noteworthy that E~, though heavier
than the Xs, appears earlier because the latter having positive
potential depth (430 MeV) suffer more repulsion at high
density [13,14,28,127]. Consistent with [95,116], it is seen
that the population of down quarks is predominant in HSM,
followed by that of the up quarks and finally the strange
quarks. Although the d and s quark are treated in the same
way with equal chemical potential and both have the same
charge, the s quarks being massive compared to the other two,
it has comparatively less concentration in HSM.

The speed of sound and its behavior are studied in HSM
and depicted in Fig. 5.

The density dependence of the speed of sound shows that it
increases monotonically for the pure hadronic phase. Unlike
the case of MC where the value of C? drops to zero in the
phase transition region [128,129], it is seen that in the mixed
phase region with GC, the initial increase of C? is rapid and
drastic. However, it again decreases sharply as the mixed

0.1}

pilp

0.01 |

[y ,

0.001
0
plp,

FIG. 4. Same as Fig. 2 but for my = 1352 MeV.

m,=1112 MeV ———
1.2 1m=1232 MeV
m,=1352 MeV ——

P/po

FIG. 5. Speed of sound in hybrid star matter for different masses
of A baryons. The lower red (medium gray), middle green (light
gray), and the upper blue (deep gray) curves correspond to ma =
1112, 1232, and 1352 MeV, respectively. The mixed phase regions
are also marked with vertical dashed lines. The shaded region shows
the bound on speed of sound from GW170817 analysis [49].

phase region ends to initiate the pure quark phase, thereby
C? showing a peak value within the mixed phase region. The
result is consistent with that of [51,122,130]. The speed of
sound shows a monotonic increase in the pure quark phase.
As expected the speed of sound is more in the case of quark
matter. For my = 1112 MeV, the peak (0.40) is observed at
3.3p9 while for my = 1232 MeV and ma = 1352 MeV, the
maximum values of Cs2 are 0.57 (4.5p9) and 0.80 (5.70¢). It
is noteworthy that the peaks of C? with all the hybrid EoS
are obtained within the bound (lower bound = 1/3 and upper
bound =1 in ¢ =1 units) specified by [49-53] consistent
with GW170817 observations.

C. Static hybrid stars

The static properties of HSs like central energy density
(ec), gravitational (M) and baryonic masses (Mp), radius (R),
and the surface redshift (Z;) are obtained solving the TOV
equations. In Fig. 6, the variation of gravitational mass with
radius is shown for different values of mix.

The maximum gravitational mass for 8 stable star (V) is
found to be 2.10 M with corresponding radius 12.2 km.
The hadronic matter solutions (in the presence of hyper-
ons and As) [28] are also compared to infer that with
phase transition, there is considerable increase in the grav-
itational mass & (15-17)%. This result is consistent with
that of [32-38,64,131]. Like few other relativistic mod-
els [83,132], none of the solutions obtained with hadronic
matter EoS in the presence of hyperons and As (dotted
lines) satisfy the maximum mass constraint obtained from
the most massive pulsars like PSR J0348+4-0432 [43] and
PSR J0740+6620 [44]. On the other hand, with hybrid EoS,
for both ma = 1232 MeV (1.98 My) and mpa = 1352 MeV
(2.06 My), the maximum mass constraints from both PSR
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25 T T T

T
PSR J0740+6620

""" “PSRT0348+0432"

|5 [EwiosiT NN T

GW170817 M2
PSR J0030+0451

Mass (M)

05 F N
mp=1112 MeV ——
mp=1232 MeV
mp=1352 MeV ——
0 L L L L L L L L

8 9 10 11 12 13 14 15 16 17
Radius (km)

FIG. 6. Mass-radius relationship for static stars with B stable
matter [denoted by ‘N’ (thick solid magenta curve)], in the pres-
ence of hyperons and As (dotted curves) and hybrid star matter
(thin solid curves) for different masses of A baryons. Among the
dotted and thin solid curves the lower red (medium gray), middle
green (light gray), and the upper blue (deep gray) curves correspond
to ma = 1112, 1232, and 1352 MeV, respectively. Observational
limits imposed from high mass pulsars like PSR J03484-0432
(M =2.01 £ 0.04 M) [43] (area under horizontal solid cyan lines)
and PSR J0740+6620 [2.1415.09 M, (68.3%—area under horizon-
tal dot-dashed orange lines) and 2.1470% M, (95.4%—area under
horizontal dashed-double dotted dark green lines)] [44] are also
indicated. The horizontal black and brown dashed horizontal lines
indicate the canonical mass M = 1.4M, (GW170817 M1) and
mass M = 1.6 Mgy (GW170817 M2), respectively. The limits on
Ry 4 [45,46] and R, ¢ [133] prescribed from GW170817 are indicated
by crossmarks. The constraints on the M-R plane from the NICER
experiment for PSR J0030+0451 [54] are also compared (95%—
outer grey shaded region and 68 %—inner pink shaded region).

J0348+0432 and PSR J0740+6620 are satisfied. However,
for ma = 1112 MeV the obtained value of maximum gravi-
tational mass is little low (1.91 My). All the M-R solutions
shown in Fig. 6 are in excellent agreement with the results
from NICER experiment for PSR J0030+4-0451 [54]. Also the
radii values Ry 4 and R;¢ are in good agreement with that
suggested from the analysis of GW 170817 data [45,46,133].

Next the variation of gravitational mass is depicted with
respect to the baryonic mass in Fig. 7.

The inset of Fig. 7 shows that with all the hybrid EoS,
the constraint on baryonic mass from PSR J0737-3039B
[Mp = (1.366-1.375)My] [134] with corresponding maxi-
mum gravitational mass Mg = (1.249 4+ 0.001)M [135] has
been satisfied. Consistent with results of [22,23,37], it is seen
that this constraint is better satisfied as more A baryons are
formed when they are considered to be less massive.

22 . T r : T T
1.251
2 F
1.249 |
18 }
- 1.247
® 16 F
=
§ 14 }
12}

LF ma=1112 MeV
my=1232 MeV
my=1352 MeV

0.8 L L L L L
1 12 14 1.6 1.8 2 2.2
Mp(M)

FIG. 7. Baryonic mass vs gravitational mass of hybrid stars
for different masses of A baryons. The rightmost red (medium
gray), middle green (light gray), and the leftmost blue (deep
gray) curves correspond to ma = 1112, 1232, and 1352 MeV, re-
spectively. The magenta box represent the constraint of [134] on
baryonic mass [Mp = (1.366 — 1.375)M] for pulsar B of binary
system PSR J0737-3039 with gravitational mass [Ms = (1.249 £+
0.001)Mg] [135].

The surface redshift is calculated in terms of M and R.
Figure 8 shows the variation of Z; with M.

Figure 8 depicts that the redshift is maximum (0.57) for
ma = 1232 MeV although the mass is maximum for my =
1352 MeV. This is because Z; depends both on the mass
and radius. The hybrid EoS for m, = 1232 yields the min-
imum radius (9.91 km) corresponding maximum mass 1.98
Mg compared to that for my = 1352 (11.15 km; 2.06 Mg).
For may = 1112 MeV and ma = 1232 MeV, the maximum
values of Z; are 0.54 and 0.55, respectively. The values of
maximum redshift obtained with all the hybrid EoS satisfy the
observational bounds obtained from EXO 07482-676 [136],
1E 1207.4-5209 [55] and RX J0720.4-3125 [56]. The various
static properties of HSs obtained from the present analysis are
tabulated in Table II.

TABLE II. Static properties of stars with 8 stable matter (N),
hadronic matter in the presence of hyperons and deltas (H), and
hybrid star matter (HSM) for different masses of A baryons.

ma M Mp R R4 Ris
(MeV) (M) (M) (km) (km) (km)
— N 2.10 2.41 12.2 134 13.3
1112 H 1.65 1.77 10.7 11.6 11.0

HSM 1.91 2.10 104 11.8 11.5
1232 H 1.69 1.82 104 12.3 11.2

HSM 1.98 2.15 9.9 12.4 12.1
1352 H 1.76 1.96 11.2 12.5 12.4

HSM 2.06 2.19 11.1 12.6 12.5
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mp=1112 MeV'
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FIG. 8. Surface gravitational redshift vs mass of hybrid stars for
different masses of A baryons. The leftmost red (medium gray),
middle green (light gray), and the rightmost blue (deep gray) curves
correspond to ma = 1112, 1232, and 1352 MeV, respectively. Ob-
servational limits imposed from EXO 07482-676 (Zs = 0.35) [136],
1E 1207.4-5209 [Zs = (0.12 — 0.23)] [55], and RX J0720.4-3125
(Zs = 0.20570:-009) [56] are also indicated.

D. Rotating hybrid stars

The rotational properties of HSs like the rotational mass,
radius, central energy density, rotational frequency and the
moment of inertia are calculated using the RNS code [126].

The rotational mass and radius of the HSs for different
values of m, are calculated for rotational frequencies v =
300, 600 Hz and the Kepler frequency vg. The results are
presented in Fig. 9.

Both gravitational mass and radius increase with rotational
frequency (angular velocity). This is because of the centrifu-
gal force that increases with increasing frequency and affects
greatly the rotational mass and radius of NSs. Thus for any
given value of ma, both M and R are maximum at Kepler fre-
quency which is the maximum frequency of a stable rotating
NS.

Figure 10 shows the variation of rotational frequency of
HSs with respect to gravitational mass at Keplerian velocity.

As expected, massive NSs can experience fast rotation.
Therefore the rotational frequency is maximum (1297 Hz)
in the case of the most massive HS configuration obtained
with ma = 1352 MeV. For ma = 1112 MeV and mp =
1232 MeV, the values of maximum rotational frequency are
1103.5 and 1144.4 Hz, respectively. The estimates of ro-
tational frequency for all the HS configurations satisfy the
observational constraints from PSR B1937421 [137] and
PSR J1748-2446ad [57]. For both ma = 1232 MeV and
ma = 1352 MeV, the bound from XTE J1739-285 [138]
is satisfied. Also for slow rotation (v = 205.53 Hz), the
obtained values of gravitational mass with the three HS
configurations lie within the range specified from PSR
JO030+0451 [54].

25 F
2k
~
S st
N
w
72}
05 =112 MeV T
Im,=1232 MeV
ma=1352 MeV
0 1 1 1 1
10 12 14 16 18 20
Radius (km)
25 F
2k
~
S st
-
w
72}
05 =112 MeV T
Im,=1232 MeV
mp=1352 MeV
0 1 1 L '
10 12 14 16 18 20
Radius (km)
3 T
25 F
= 2F
-
w 15F
72}
s
1 b J
0.5 F mp=1112 MeV — E
mp=1232 MeV
mp=1352 MeV
0 L 1 1 1
10 12 14 16 18 20
Radius (km)

FIG. 9. Mass-radius relationship of hybrid stars for different
masses of A baryons rotating with different rotational frequencies.
The lower red (medium gray), middle green (light gray), and the
upper blue (deep gray) curves correspond to ma = 1112, 1232, and
1352 MeV, respectively.

Next the moment of inertia profile for slow rotation is stud-
ied with the three hybrid EoSs. The change of / with respect
to M is shown in Figs. 11 and 12 for rotational frequencies
v = 300 and v = 600 Hz, respectively.

As expected, the moment of inertia is larger for massive
stars as they can sustain faster rotation. Therefore moment of
inertia also increases with rotational speed for a given hybrid
EoS. It can be seen from Figs 11 and 12 that all the hybrid
EoS satisfy the slow rotational constraint from PSR JO737-
3039A [139] for both v = 300 and v = 600 Hz.

In order to test the universality of the obtained hybrid
EoSs, the normalized moment of inertia //MR?* and I/M?
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my=1232 MeV
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0.5 1 15 2 25 3
Mass (M)

FIG. 10. Rotational frequency versus gravitational mass for hy-
brid star for different masses of A baryons rotating at Kepler velocity.
The lower red (medium gray), middle green (light gray), and the
upper blue (deep gray) curves correspond to m, = 1112, 1232, and
1352 MeV, respectively. The frequencies from fast rotating pulsars
such as PSR B19374-21 (v = 633 Hz) [137] and PSR J1748-2446ad
(v =716 Hz) [57] and XTE J1739-285 (v = 1122 Hz) [138] are
also indicated. Range of gravitational mass (M = 1.4470:1> M) for
PSR J00304-0451 with v = 205.53 Hz [54] is shown with the brown
dotted line and crossmarks.

is obtained for the three hybrid EoSs considering slow ro-
tation (v = 300 and v = 600 Hz). Figures 13 and 14 depict
the variation of I/MR?> with respect to the compactness
parameter (C = M/R) for v = 300 and v = 600 Hz, respec-
tively, for all the hybrid EoS while Figs. 15 and 16 show
the change of / /M3 with C for v = 300 and v = 600 Hz,
respectively.

It is clear from Figs. 13, 14, 15, and 16 that the
universality of the hybrid EoS for all the values of mp
holds quite well in terms of normalized moment of in-
ertia. The obtained estimates of I/MR? and I/M? are in
good agreement with the theoretical constraints from [59]
and [140].

The various rotational properties of HSs obtained from the
present analysis are tabulated in Table III.

The present work shows that the A baryons play a signif-
icant role in determining the properties of HSs. In order to
emphasize the effects of the uncertainty of A baryon mass
on the HS properties, the latter has been calculated using a
fixed value of Bag constant B and repulsive parameter o while
mp has been varied. A large number of properties of the HSs
have been calculated in both static and rotating conditions and
compared with the bounds obtained on such properties from
different perspectives. One of the interesting results of this
work is that the combined effect of As and phase transitions

3 U T T
ma=1112 MeV
mpa=1232 MeV
mp=1352 MeV
25} 4
2} 4
1.5 F E

1(10% gm cm?)

X PSR J0737-3039A

0.5

0 1 1 1 1
0.5 1 1.5 2 2.5 3

M(Ms)

FIG. 11. Moment of inertia (/) as a function of gravitational mass
(M) of hybrid stars for different masses of A baryons rotating with
frequency v = 300 Hz. The lower red (medium gray), middle green
(light gray), and the upper blue (deep gray) curves correspond to
ma = 1112, 1232, and 1352 MeV, respectively. Constraint from PSR
J0737-3039A (I = 1.15733% x 10* gcem? for M = 1.338M,) [139]
is also shown.

shows large and interesting variation of C2 values within the
limit obtained from GW170817. Also the combined effect

35 r r T T
mp=1112 MeV —
my=1232 MeV
my=1352 MeV
3L J
25 | .
—
(q\]
S
Q
SEEEY! ]
w
<~
(e}
p—
N—
= s} X J
1} J
X PSR J0737-3039A
05 L L L L
0.5 1 L5 2 2.5 3

M(Ms)

FIG. 12. Same as Fig. 11 but for v = 600 Hz.
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FIG. 13. Normalized moment of inertia (//MR?) versus com-
pactness factor (C = M/R) of hybrid stars for different masses of A
baryons rotating with frequency v = 300 Hz. The lower red (medium
gray), middle green (light gray), and the upper blue (deep gray)
curves correspond to ma = 1112, 1232, and 1352 MeV, respectively.
The fitted function of normalized / from various theoretical models
for slow rotation (black dashed line) [140] is shown along with the
uncertainty region (shaded region) [59].

of formation of As and phase transition yields very compact
HS configurations that helped to satisfy the radius constraints
obtained from GW170817 better compared to that obtained
with B stable matter (Fig. 6). Also with the obtained HS con-
figuration, the rotational properties are thoroughly examined
and they are successfully consistent with the various con-
straints from different perspectives. Especially, the constraints
on rotational frequency and moment of inertia from a wide
variety of sources are compared and the results of the present
work are found to be consistent with them.

0.45 \ ‘
mp=1112 MeV
m,=1232 MeV
m,=1352 MeV

04
o

0.35

<
0.3
0.25

0.1 0.2 0.14 0.16 0.18 0.2
M/R

FIG. 14. Same as Fig. 13 but for v = 600 Hz.

o m=1112MeV
m,=1232 MeV
25 [\ m,=1352 MeV ——
20 t 1
™
=
15 | ]
10
5

0.1 012 0.14 0.16 0.18 0.2
C

FIG. 15. Normalized moment of inertia (//M?) versus compact-
ness factor (C = M/R) of hybrid stars for different masses of A
baryons rotating with frequency v = 300 Hz. The lower red (medium
gray), middle green (light gray), and the upper blue (deep gray)
curves correspond to ma = 1112, 1232, and 1352 MeV, respectively.
The lower red (medium gray), middle green (light gray), and the
upper blue (deep gray) curves correspond to m, = 1112, 1232, and
1352 MeV, respectively. The fitted value of normalized / from vari-
ous theoretical models for slow rotation (black dashed line) [140] is
shown along with the uncertainty region (shaded region) [59].

IV. SUMMARY AND CONCLUSION

The possibility of deconfinement of hadronic matter into
quark matter at high density relevant to HS cores is studied
in the present work. The effective chiral model is adopted to
account for the hadronic matter while the MIT Bag model
describes the quark phase. The hadronic EoS is obtained by
varying the mass of the A baryons in the presence of the
hyperons. With Gibbs construction the hybrid EoS is obtained
and the phase transition properties like the critical density of
the appearance of quarks, the density range for the persistence
of the mixed phase, the population of different hadrons and

30 ¢ my=T112 MeV
m,=1232 MeV
25 L mA=1352 MeV —
20 r 1
[¢2]
=
15 | ]
10
5

0.1 012 0.14 0.16 0.18 0.2
C

FIG. 16. Same as Fig. 15 but for v = 600 Hz.
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TABLE III. Rotational properties of hybrid stars for different
masses of A baryons.

ma Vv M MB R 1
MeV)  (Hp (M)  (Mo)  (km)  (10% gem?)
1112 300 2.08 2.14 11.8 1.81
600 2.20 2.29 11.9 2.10
7% 2.60 2.71 12.8 -
1232 300 2.25 3.10 11.9 2.26
600 2.39 2.47 12.2 2.65
7% 274 2.83 13.4 —
1352 300 2.40 3.10 12.3 2.62
600 2.50 3.20 12.6 3.05
Vg 2.89 2.95 14.1 —

quarks, the speed of sound in HSM are thoroughly studied.
For the stiffest EoS, the quarks formation is delayed but the
mixed phase persists the longest. For all the hybrid EoS, the
maximum values of speed of sound is found to be within the
bounds specified from GW170817 data analysis.

With considerably stiffened EoS due to phase transition,
various static and rotational properties of the HS are calcu-
lated. In the static case, the gravitational mass estimates for
ma = 1232 and 1352 MeV are consistent with the bounds
obtained from observational analysis of massive pulsars like
PSR J0348+0432 and PSR J07404-6620. Also the radii es-
timates of R4 and R;¢ fall within the range suggested by
analysis of GW170817 data from BNSM. Moreover, the static
M-R solutions are in excellent agreement with the NICER
experimental data for PSR J0030+4-0451. With the hybrid
EoS, the constraints on baryonic mass from PSR J0737-
3039B and that on maximum surface redshift from EXO
07482-676, 1E 1207.4-5209 and RX J0720.4-3125 are also
satisfied. With the formation of more A baryons, the con-
straint on baryonic mass from PSR J0737-3039B is also well
satisfied.

The rotational properties of HSs are also studied in the
present work at different rotational frequencies. The bounds
on maximum rotational frequency from fast rotating pul-
sars like PSR B1937421, PSR J1748-2446ad, and XTE
J1739-285 are satisfied with all the HS configurations. The
moment of inertia, studied for the slow rotation approxi-
mation (v =300 and 600 Hz), satisfy the constraint from
PSR J0737-3039A. With the intention to test the universality
of the hybrid EoS, the dependence of normalized moment
of inertia is studied with respect to compactness parame-
ter and the universality holds quite good for all the HS
configurations.

Overall, the work presents a picture of the possible for-
mation of various hadrons and quarks at relevant individual
densities and consequently the gross structural properties of
the resultant HSs are calculated. One of the primary aims of
this work is to test the calculated structural properties of HSs
with respect to the various recent constraints obtained from
various perspectives. The work highlights that the uncertainty
in A baryon mass may play an important role in satisfying
these constraints. Additionally, it is also seen that reasonable

2.1 T T T T T T T

195 | L .

Mass (M)

1.85 4

mp=1112 MeV %
ma=1232 MeV

ma=1352 MeV - -o- -
18 . , \ - ;

130 135 140 145 150 155 160 165 170
B/* (MeV)

FIG. 17. Variation of maximum gravitational mass with Bag
constant.

HS configurations can also be obtained in static conditions
with the variation of Bag constant for a particular value of A
baryon mass. The increasing values of the Bag constant yield
massive and compact HS configurations up to a certain extent
beyond where the solutions become unstable.

APPENDIX: EFFECT OF BAG CONSTANT ON STATIC
HYBRID STAR PROPERTIES

I now investigate the dependence of structural properties
of HSs with respect to the Bag constant in static condition. I

115 . i . . : . .
[
Te..
tr . J -
—_~
g
-
~
2 i . -
2 105 S
;a TN X
<
=4
10 F |
mp=1112 MeV -
mp=1232 MeV
mA:1352 MeV - --e@- -
9.5 L 1 1 N f |

L
130 135 140 145 150 155 160 165 170
B'/4 (MeV)

FIG. 18. Variation of radius with Bag constant.
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TABLE IV. Variation of maximum mass and corresponding ra-
dius of hybrid stars with Bag constant for different masses of A
baryons.

ma B/ M R
(MeV) (MeV) My) (km)
1112 140 1.86 10.5
150 1.91 10.4
160 1.95 10.4
1232 140 1.92 10.1
150 1.98 9.9
160 2.02 9.8
1352 140 2.00 11.2
150 2.06 11.1
160 2.08 11.0

show the variations of maximum mass (Fig. 17) and the cor-
responding radius (Fig. 18) with respect to the bag constant.

The maximum limit to B has been has been chosen consistent
with that prescribed from [105,106] in the light of GW 170817
data.

Consistent with [13,27,32-38,64,131], I find that the in-
crease in bag constant yields more massive and compact HS
configurations. This is because for a given hadronic EoS
obtained with a fixed value of ma, the higher value of Bag
constant shifts the hadron-quark crossover points to higher
densities and the delayed transition results in stiffer hybrid
EoS and consequently massive HS configurations. However,
I find that a too delayed transition leads to an unstable so-
lution of HS configuration as in the last possibility (ma =
1352 MeV; B'* =160 MeV). For mpy = 1112 MeV, the
increase in maximum mass is upto 4.8% while for my =
1232 MeV and 1352 MeV itis 5.2% and 4%, respectively. The
radius shows slight decrease in value with the increase in Bag
constant. The values of maximum mass and corresponding
radius of HSs obtained by varying B'/# for fixed values of m,
are tabulated in Table I'V.
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