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Abstract We study the thermodynamic properties of asym-
metric quark matter, large mass quark stars (QSs), and
proto-quark stars (PQSs) within the quasiparticle model.
Considering the effects of temperature within quasiparticle
model can significantly influence the EOS and the entropy
of strange quark matter (SQM), quark fractions in SQM,
as well as the tidal deformability and the maximum mass
of PQSs along the star evolution line. Our results indi-
cate that the recent discovered heavy compact stars PSR
J0348+0432, MSR J0740+6620, PSR J2215+5135, and espe-
cially the GW190814’s secondary component m, can be well
described as QSs within the quasiparticle model. The tidal
deformability for the QSs describing the heavy compact stars
is extremely large, which can not well describe GW170817
as QSs, and the effects of the temperature in the heating pro-
cess along the star evolution will further increase the tidal
deformability and the maximum mass of PQSs.

1 Introduction

As one of the fundamental issues in modern nuclear physics,
cosmology, and astrophysics [1-4], the investigation of the
properties of strongly interacting matter plays a central role
in discovering the nuclear structures and reactions and the
matter state at early universe. The study of composition of
the matter in the deep dense interior of neutron stars (NSs)
has been lasted for over eight decades, and strange compo-
nent like hyperons, kaons, or even deconfined quark mat-
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ter phase formed from the melted baryons are supposed to
appear in the dense matter inside NSs. At present, one of
the hot topics in compact object studies is the appearance of
quark matter in massive neutron stars (NSs). Strange quark
stars (QSs), whose possible existence is still considered as
the most important fields of astrophysics and nuclear physics
[5-11], could be theoretically converted from NSs, and this
hypothesis cannot be conclusively ruled out. QSs usually has
large u-d quark asymmetry and can be totally made up of
deconfined strange quark matter (SQM), including the abso-
lutely stable u, d and s quarks with leptons in S-equilibrium
condition [7,8,12-16].

A proto-neutron star (PNS) usually forms after the gravi-
tational collapse in the core of massive star with the explosion
of a supernova. The formation of PNSs was well studied in
the work [17], while people still know little about the tran-
sition from PNS to proto-quark stars (PQS) during the type
IT supernova explosion owing to complexity of the burning
process from hadron matter to SQM. From the results in the
work [10,18-24], PQSs could be produced from the neutron
stars merging, and there might be a dynamically unimportant
crust of nucleonic matter with densities below the neutron
drip density for PQS.

In recent reports of the precise measurements of heavy
pulsars, a heavy pulsar PSR J0348+0432 with a mass of
2.01 £0.04 My [25] was discovered in 2013, while a more
massive compact star PSR J 2215+5135, whose star mass
reaches 2.27f8:}; Mg [26], has been detected by fitting
the radial velocity lines and the three-band light curves in
the irradiated compact stars model. In Ref. [27], the MSR
J0740+6620 (2.14 £5:19 M with 68.3% credibility inter-
val and 2.14 £04% M with 95.4% credibility interval) is
reported as the most massive precisely observed pulsar by
using the data of relativistic Shapiro delay with the Green
Bank Telescope. These observations of supermassive com-
pact star can set strict constraints on the equation of state
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(EOS) of star matter and rule out most of the conventional
phenomenological models for quarks, while there still exist
some other models which can provide heavy quark stars
with strong isospin interaction inside the star matter [28—
37]. In particular, the newly discovered compact binary
merger GW190814 [38] from the LIGO/Virgo Collabora-
tions involving a 22.2—22.3 My black hole and a com-
pact object, which includes a secondary component m, with
the mass of 2.50 My—2.67 Mg at 90% credible level, has
attracted extensive attention in modern physics society. The
candidate for the secondary component of GW 190814 could
be compact stars or light black hole, which can put very
strict constraints on the EOS of nuclear matter because of the
extremely large star mass. On the other hand, LIGO-Virgo
collaboration [39] detected the gravitational wave (GW) sig-
nal GW 170817 event from a binary compact star system three
years ago, and lots of works on the constraints on the thermo-
dynamic properties of the star matter have been calculated
based on this observation [40—49]. The LIGO-Virgo collab-
oration investigates the tidal deformability of the compact
objects and proposes an upper limit of Aj4 < 800 for the
low-spin priors of the 1.4 solar mass pulsars in Ref. [39],
and then the constraints on the properties of the nuclear mat-
ter symmetry energy and the EOS of strongly interacting
matter have been calculated from many works based on the
upper limit for the tidal deformability [42,46,47,50-56]. Fur-
thermore, in Refs. [45,57,58], GW170817 can also have the
possibility to be produced from the binary quark/hybrid star
merger, where the limitations of A at 1.4 M, was constrained

as (0, 630) for large spin pulsar, 3001“2%8 for the largest pos-

terior density interval,and Aj 4 = 1901’? gg by using the Am?
linear expansion in the works [38,42,59,60].

In the present work, we investigate the properties of the
equation of state of strange quark matter (SQM), the quark
fraction, the entropy per baryon of SQM, the maximum mass
of QSs and PQSs, as well as the tidal deformability for QSs by
using the quark quasiparticle model. We find that the recent
discovered supermassive compact stars can be well described
as QSs within quasiparticle model, and the heating process
along the star evolution line can increase the maximum mass
of PQSs within quasiparticle model.

2 Models and methods
2.1 The quasiparticle model

Using the hard dense loop approximation [61], the effec-
tive quark mass of the quasiparticle model was derived
at the zero-momentum limit of the dispersion relations by
resuming one-loop self energy diagrams, which is defined
differently from the conventional density-dependent quark

@ Springer

mass model, whose effective quark mass includes only the
density-dependent quark—quark effective interactions [61—
93]. The effective quark mass for each flavor of quarks within
quasdiparticle model can be expressed as [61,94-96]

2 2,2

Mgy w0 , §H
= — _— N 1
my > 1 + 62 (H

where mgq is the current mass for quarks, which is set as
myo = 5.5 MeV, mgg = 5.5 MeV, and my;o = 95 MeV
respectively in this work. p, means the chemical poten-
tial for the ith flavor of quarks, and g represents the cou-
pling constant of the strong interaction which is considered
as one free input parameter in this work. In the previous
works [61,94-96], the authors study the thermodynamical
properties of asymmetric quark matter at zero temperature or
under strong magnetic fields by using quasiparticle model.
From their work, the thermodynamical self-consistency of
the quasiparticle model has been checked, but the EOS of
the star matter is not stiff and cannot describe heavy compact
stars (at least 2 solar mass QSs) as QSs. In this work, we first
calculate the thermodynamical properties of SQM at finite
temperature, and then discuss the tidal deformability and the
maximum mass (larger than 2 solar mass) of PQSs along the
star evolution line by using quasiparticle model.

The total thermodynamic potential density for SQM can
then be written as

Q= [+ Bi(u)l + B, )

1

where €2; in the sum shows the contribution to the thermody-
namic potential density for quarks (u, d, and s) and leptons
(e and ), B;(u;) is the additional medium dependent terms
determined by thermodynamical self-consistency, and B is
considered as the negative vacuum pressure term for nonper-
turbative confinement [97]. The expression of 2; for quarks
and leptons at finite temperature is written as

T [° (2.
Qi=—gl— In (1 4e WPHmizm/T
272 0

_ 2 2 .
+In(l+e ( p+mi+“’)/T:|p2dp, (3)

where g; is the degeneracy factor with g; = 2 for leptons
and g; = 6 for quarks. The medium dependent term B; (1;)
is determined as

R 39,‘ 8m,~
Bi(ni) = — ———du;. )
0 .
2.2 Properties of strange quark matter at finite temperature
Strange quark matter is assumed to be composed of quarks

(u, d, and s) and leptons (e and w) and satisfies the electric
charge neutrality in beta-equilibrium. The beta-equilibrium



Eur. Phys. J. C (2021) 81:569

Page 3 0of 9 569

condition at finite temperature can be expressed as

= WUy + He — Ky,
and  wy, = Wy, (5

Md = HUs
Mp = He,

The electric charge neutrality condition can be written as

2 1 1
gnu = §nd + gns + Ne + Ny, (6)

where the number density for the particle with flavor i can
be obtained as

gi /°° 1 1 24
n=— - .
l 272 0 1+ etei—ni)/T 1 + et€itu)/T pap
@)

Here ¢, = ,/p? —i—mi2 is the energy dispersion for parti-

cles. The total free energy density F and the pressure P
are, respectively, written as

F= Zf Z(sz + B; (i) + pini) + B, ®)
— (@i + Bi(w)) — B. ©)

And the total energy density can be written as £ = ) ; &;
with

PR ol IR S T, o
"Tox2 Jo | T e@rlT T 1 elarmniT | PP
(10)

Then the entropy density relevant to €2; in the preceding
equations can be calculated as

3
S = Zs - T (11)

Considering F; = & — T'S;, one can obtain the thermody-
namical self-consistency by solving Egs. (8), (10) and (11).

3 Results and discussions
3.1 Equation of state at finite temperature

The absolute stability of SQM/udQM has been proposed in
the work [9], which means that the minimum value of the
energy per baryon of SQM/udQM at zero temperature should
be less/larger than 930 MeV (the minimum binding energy
per baryon of the observed stable nuclei M(°°Fe)/56) at
zero temperature, and the absolutely stable condition usu-
ally sets very strict constraints on the parameter chosen
space for lots of the phenomenological quark mass mod-
els. In Fig. 1, we calculate the free energy per baryon and
the energy per baryon for SQM as functions of the baryon
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Fig. 1 Freeenergy perbaryon and energy per baryon as functions of the
baryon density for SQM within the quasiparticle model with different
parameter sets at finite temperature

number density within the quasiparticle model with differ-
ent parameter sets at the temperature of 0, 30 MeV, and
50 MeV. Considering the absolute stability for quark matter,
the parameters are set as g-2 (g = 2, B/* = 141 MeV), g-3
(g =3, BY* =136 MeV), g-4 (g = 4, BY/* = 131 MeV),
and g-5 (g = 5, BY/* = 120 MeV), which can satisfy the
absolute stability for SQM and udQM at zero temperature
with the quasiparticle model. From the figure we can find
that the energy per baryon increases with the temperature at
a certain baryon density, while the free energy per baryon
decreases with the temperature. The split between F and
£ is expected to be due to the effect of temperature in the
equation F = & — T'S. Furthermore one can see that the
minimum value of the free energy per baryon/energy per
baryon decreases/increases with the increment of the cou-
pling constant g, and the corresponding baryon density of
the minimum value of the free energy per baryon decreases
with both the temperature and g.

Figure 2 shows the pressure of SQM as a function of the
baryon number density with different sets of parameters at
T =0, T = 30 and 50 MeV. We can find for all the four
cases, the baryon density of the zero-pressure point in Fig. 2
is exactly the baryon density of the minimum value of the cor-
responding free energy per baryon in Fig. 1, which satisfies
the thermodynamical self-consistency of the quark matter.
Furthermore, we can see that the baryon density of the zero-
pressure point decreases with both temperature and g. In par-
ticular, one can also find the pressure of SQM increases with
both the temperature and g, which indicates that the effects
of the temperature of SQM and the coupling constant g can
both stiffen the EOS of SQM to support heavy QSs.

In Fig. 3, we calculate the quark fractions of u, d and s
quarks in SQM with different sets of parameters at 7 = 0 and
50 MeV. One can see that the d quark fraction is larger than u

@ Springer
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Fig. 2 Pressure as a function of baryon density in different temperature
cases
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Fig. 3 Quark fractions as functions of the baryon density in SQM with
g-2, g-3, g-4, and g-5 in different temperature cases

and s quark fractions at low baryon density for all the cases,
and the difference among u, d, and s quark fraction decreases
with the baryon density for the four cases at both 7 = 0
and 50 MeV. One can also find that the difference of the
quark fractions decreases when the temperature increasing,
which implies that the u, d, and s quark fraction can almost
be identical at low baryon density region when temperature
increases large enough.

Figure 4 shows the entropy per baryon of SQM as a func-
tion of the baryon density with g-2, g-3, g-4, and g-5 at
T = 30 and 50 MeV. One can see in Fig. 4 that the entropy
per baryon of SQM decreases with the baryon density for all
cases, and the entropy per baryon increases when the tem-
perature increases from 30 MeV to 50 MeV at a certain g,
which indicates the degree of disorder for SQM increases at
high temperature. We can also find that the entropy per baryon
increases with the coupling constant g at a fixed temperature,
which is consistent with the increasing split between the free
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Fig. 4 Entropy per baryon for SQM as a function of the baryon density
with g-2, g-3, g-4, and g-5 in different temperature cases

energy per baryon and the energy per baryon causing by the
increasing g in Fig. 1. These results indicate that consider-
ing the temperature effects inside the SQM and increasing
the coupling constant g in the quasiparticle model can both
stiffen the EOS of SQM and increase the entropy per baryon
of the strongly interacting matter, which can support heavy
QSs and increase the complexity of the system.

3.2 Properties of proto-quark stars

One can then calculate the Mass-radius relation of static QSs
by solving the Tolman—Oppenheimer—Volkoff (TOV) equa-
tion [98]:

am 5
— =A4nare(r), (12)
dr
dp _ Ge(r)M(r) p(r)
a2 [1 - e(r)]
47 p(r)r3 26M@r) 7!
><[1+—M(r) Hl——r } , (13)

where M (r) is the total mass inside the sphere of radius r, G
is Newton’s gravitational constant, and € (r) and p(r) are the
corresponding energy density and the pressure for quark star
matter. The TOV equations of QSs is solved by integrating
the equations from the central density to the surface baryon
density (which s just the zero-pressure density), because QSs
have no crust.

In this work, we describe the time evolution of PQS in its
first minutes of life by three snapshots as

(D) S/ng=1,Y; =04, (14)
() S/np =2,Y,, =0, (15)
() S/np =0,Y, =0, (16)
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which follows the way of the previous studies [17,21,99—
103] to describe the evolution of PQS as that of PNS. At
the first snapshot of PQS evolution after the gravitational
collapse with the explosion of a supernova, the entropy per
baryon is set about one and the number of leptons per baryon
with trapped neutrinos is about 0.4 (Y; =Y, + Y, +Y,, =
Ye+Y,+Yy,+Y, = 0.4). In the following tens of seconds,
the diffusing neutrinos heat the star matter and escape from
the star, which could increase the corresponding entropy den-
sity, and then the decreasing neutrino fraction reaches almost
zero while the entropy per baryon increasing to 2. Following
the heating stage, the star starts cooling with the neutrino
pairs radiating, and then finally the conventional cold quark
star forms. In this work, we do not study the evolution of an
isolated star with the baryon number density being fixed.

InFig. 5, we calculate the mass-radius relation of QSs with
g-2, g-3, g-4, and g-5 at zero temperature case, and the three
snapshots along the PQS evolution for g-4 and g-5 are also
included. For comparison, we also added the large compact
star mass value 2.597005 M, (90% CL) from GW190814
[38] and two independent constraints of the simultaneous
M-R measurements from NICER (through the analysis of
the X-ray data for the millisecond pulsar PSRJ0030+451)
[104,105]. It can be seen from Fig. 5 that the results of the
maximum mass of QSs with g-2 can describe the PSR J0348+
0432 with the mass of 2.01£0.04 My [25] as QSs, while
it cannot satisfy the constraint from NICER because of the
small radius of QSs. Furthermore, the results of the maximum
mass of QSs with g-3, g-4, and g-5 are all consistent with the
constraints from NICER, and one can describe the recently
discovered massive pulsar MSR J0740+6620 (2.14 )19 M,
of 68.3% credibility interval and 2.14 £330 M of 95.4%
credibility interval) [27] and PSR J2215+5135 with the mass
of 2.27:i:8:(1)8M@ as QSs with g-3 and g-4, respectively. For
the case g-5, the result shows that the maximum mass of the
QS is 2.59M¢, which is able to describe the GW190814’s
secondary component as QSs within quasiparticle model.

For the PQS cases of g-4 and g-5, the maximum mass
of PQS with g-4 (g-5) is 2.30 Mg (2.63 M) and 2.33 Mg
(2.67 M) for stage I and stage II, respectively, which implies
that the star mass of PQSs is larger during the heating stages
of stage I and stage II. Furthermore, we can obtain that the
largest star mass of the three snapshots along the star evolu-
tion can be found at S/np = 2 stage for both g-4 and g-5
cases within quasiparticle model. Then our results indicate
that we can describe the secondary component of GW 190814
as QSs at § = 0 stage along the star evolution line, and the
maximum mass of stars at the heating process stages usu-
ally becomes larger when PQSs forms, which indicates the
effects of temperature can stiffen the EOS of the star matter
and support more massive stars.

The thermodynamic properties of the star matter can also
be concluded by using the observation of tidal effects in

2 S 220720 0207704222077 25,
GW190814 . Vi

— g-5,8/n,=2 . )
20 g-5,8/n,=1,Y=0.4
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Fig. 5 Mass-radius relation with g-2, g-3, g-4, and g-5 at zero temper-
ature and the three snapshots along the PQS evolution for g-4 and g-5
are also included

binary compact star system, because the tidal deformation
can be determined by the internal structure of the compact
stars. In Table 1, we list the maximum mass and the tidal
deformability A4 of QSs and PQSs with g-2, g-3, g-4 and
g-5, and one can find that only A 4 for g-2 in S=0 case can
satisfy the upper limit A4 < 800 derived from GW170817,
while the cases of the heavier stars (g-3, g-4, and g-5) all
strongly violates the constraint Aj4 < 800 derived from
GW170817. One can also see that the tidal deformability
A1 4 increases with the coupling constant g within quasi-
particle model (especially the tidal deformability A4 even
larger than 2000 for g-5). Since the tidal deformability of 1.4
solar mass for the QS whose maximum mass is 2.59 solar
mass (candidate of GW190814) within quasiparticle model
is far beyond the upper bound of 800 found by LIGO, we
should point out that our results within quasiparticle model
is not acceptable for describing GW170817 as QSs unless
we choose the maximum star mass with the parameteriza-
tion of the quasiparticle model is less than 2.14 solar mass
(when A4 < 800). As we have mentioned in Fig. 5 that the
results of g-5 can be in agreement with NICER radius mea-
surements with A1 4 > 2000, which is very large and seems
to be mismatched. The reason for this phenomenon why the
result of that large tidal deformability can still satisfy the
NICER results is complicated, and one can find in Eq. (2)
to Eq. (4) of Ref. [106] that the computation of tidal love
numbers and the tidal deformability are dependent on the
star mass, star radius, the EOS of star matter (conventionally
during the calculation of the maximum mass and radius for
QSs, people stop the TOV integrations at zero pressure point,
which is of great importance for the determination of stel-
lar mass and different from the criteria used for stopping the
TOV integrations for NSs), the squared sound speed, the cen-
tral density of the star, etc. In the left panel of Fig. 6, we show

@ Springer
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Table 1 The maximum mass and the corresponding tidal deformability
A 1.4 of QSs and PQSs within quasiparticle model with g-2, g-3, g-4,
and g-5

Parameter sets g-2 g-3 g-4 g-5

M(Mgp, S =0) 2.01 2.14 227 2.59
M(Mg, S/np =1,Y; =0.4) 2.03 2.16 2.30 2.63
M(Mg, S/np =2) 2.05 2.18 2.33 2.67
A4, S=0 588 826 1150 2236
A4, S/np=1,Y, =04 602 843 1189 2438
A4, S/np =2 615 857 1245 2550

the mass-radius relation of QSs for g-5 within quasiparticle
model and the mass-radius relation of NSs within MDI inter-
action [107] (in this work, we set x = —1, Ko = 230 MeV,
Esym(po) = 32.5 MeV, and Ey(pg) = —16 MeV for the
MDI interaction, and the maximum mass of NS for this case
is 2.16 solar mass), and one can see that both the radius
for the two cases at the mass of 1.4 My for compact stars
are exactly 13.6 km and satisfy the radius measurements of
NICER. From the results, the central density of the 1.4 solar
mass at the same radius for QS and NS are different, which
are 0.19 and 0.37 fm 3, respectively. For the right panel of
Fig. 6, one can find that the pressure of the two cases for
the star matter is totally different (the pressure of quark star
matter is much larger than that of the neutron star matter),
which can make different contributions to the tidal love num-
ber and the tidal deformability. As we have already shown
in Table 1, A4 of g-5 is 2236 at zero temperature with the
radius being 13.6 km, while the tidal deformability A 4 for
neutron star with MDI interaction at the same radius is only
771, which indicates that the value of the tidal deformabil-
ity of the compact stars is very complicated and depends
on not only the star mass and radius but also the EOS and
other physical quantities of the star matter. Additionally, in
the recent work from Cao [108], their results in Fig. 1 also
show that the tidal deformability could be extremely large
once heavy QSs is calculated by using ICQM model with a
very stiff EOS, which satisfies the NICER measurement too.
Therefore, the results imply that large QSs within some phe-
nomenological models might satisfy the NICER radius result
with large tidal deformability. Furthermore, we can obtain in
Table 1 that the tidal deformability A4 for PQSs is larger
in the heating stages for different sets of parameters, and the
largest A1 4 appears in the 2nd stage of the three snapshots
along the star evolution for both cases.

In Fig. 7, we calculate the core temperature of QSs as a
function of the baryon density with g-4 and g-5 for Stage I
and II. The central density for the maximum mass of QSs with
g-4 for stage [ (II) is 0.73 fm=3 (0.71 fm—3), while the central
density for the maximum mass of QSs with g-5 for stage I (IT)
is 0.55 fm =3 (0.53 fm~3), which implies that the central den-
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Fig. 7 The core temperature for the star matter as a function of the
baryon density

sity for the maximum mass of QSs decreases with the entropy
per baryon of the stages along the star evolution line. One can
also find the corresponding core temperature of PQSs 7, at
different stages increases from 9.7 MeV to 21.4 MeV with
g-4, while T, increases from 7.8 MeV to 17.1 MeV with g-5,
which implies that the core temperature of PQSs increases
with the entropy per baryon of the stages along the star evo-
lution line (this result is consistent with the conclusion that
the entropy per baryon for SQM increases with the tempera-
ture). In particular, we can obtain that the core temperature of
PQSs at the certain stage of the star evolution line decreases
with the increment of the coupling constant g.

Figure 8 shows the isospin asymmetry of the star matter as
a function of the baryon density in the three snapshots along
the PQS evolution for g-4 and g-5. From the works [91, 109—
112], the isospin asymmetry is defined as

§=3—— amn
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Fig. 8 The isospin asymmetry of the star matter as a function of the
baryon density in the three snapshots along the PQS evolution for g-4
and g-5

which equals to —n3/n p with the isospin density n3 = n,, —
ng and np = (n, + nyg)/3 for two-flavor u-d quark matter.
One can find in Fig. 8 that the isospin asymmetry § decreases
with the increment of the baryon density inside the stars.
Furthermore, one can also see that the isospin asymmetry §
for T = O stage is larger than those for S/np =1,Y; =0.4
and S/np = 2 cases. Additionally, the isospin asymmetry
8 reaches the smallest value at S/np = 2 stage (the core
temperature of PQSs in this stage is the largest of all the three
stages along the star evolution line), and the results above
are self-consistent with the conclusion that the difference
among u, d, and s quark fraction decreases with temperature
in Fig. 3. Combining Figs. 3 and 8, one can also obtain that
the difference of the u and d quark fraction and the isospin
asymmetry 8§ both increase with the coupling constant g at a
fixed temperature, which indicates that the coupling constant
g is closely related to the isospin properties inside the isospin
asymmetric quark matter.

In Fig. 9, we calculate the pressures of SQM as functions
of baryon density with different lepton fraction Y, = 0.4
and Y7 = 0.2 when S/np = 1 for g-5 in order to find the
effects of the fixed lepton fraction in the star matter. One
can find in Fig. 9 that the pressure for Y7, = 0.4 case is a
little larger than that for Y7, = 0.2 case at a fixed baryon
density for g — 5, which indicates that the EOS of star matter
can be stiffer with the increasing lepton fraction inside the
PQSs. Larger lepton fraction can increase the number of u
quark under B-equilibrium condition from star matter, which
might be the reason to make the EOS be stiffer, and this
phenomenon can also be found when S/np is fixed as other
values. Furthermore, we also calculate the star mass and the
tidal deformability A4 with Y7 = 0.4 and Y; = 0.2, and
the results shows that the maximum mass of the PQS for
Yr = 0.2 and S/np = 1 is 2.62 solar mass, which is less
than the maximum mass in Y7 = 0.4 and S/np = 1 case

1000 :

I ! I !
S =1,Y =0.4
- - - S/n=1Y,=02

Pressure(MeV/ fm'3)
T

| ! | !
0.5 0 ( fm_3)1.0

0
0.0

Fig. 9 Pressures as functions of baryon density with different lepton
fraction when S/np = 1 for g-5

because the EOS from Y; = 0.2 case is softer. For the tidal
deformability A4 of the PQS for Y = 0.2 and S/np = 1,
the value is calculated as A1 4 = 2369, which is also less than
the case of Y7 = 0.4 and S/np = 1. And then we can obtain
that both the maximum mass and the tidal deformability A 4
of the PQS increase with the increment of the lepton fraction
inside the star matter.

4 Conclusions

In this work, we have studied the properties of SQM
and PQSs within the quasiparticle model. The EOS of
SQM has been explored, and we found that the minimum
value of the free energy per baryon/energy per baryon
decreases/increases with the increment of the temperature
or the coupling constant g, and the EOS of SQM can also
be stiffen by temperature or the coupling constant g. We
have also found that the difference of the quark fractions
decreases when the temperature increasing, which would
cause the isospin asymmetry of the star matter decreasing
at high temperature cases.

Considering the absolutely stable condition for SQM, we
have chosen reasonable sets of parameters and further stud-
ied the maximum mass of QSs and PQSs along the star evo-
lution line. The recent discovered large mass compact stars
PSR J0348+ 0432, MSR J0740+6620, PSR J2215+5135, and
especially the GW190814’s secondary component m; can be
well described as QSs within quasiparticle model. Consider-
ing three snapshots along the evolution line of PQSs, we have
found that the star mass of PQS is larger at the heating stages,
which indicates that the heating process in the evolution will
increase the maximum mass of PQS.

Moreover, we have also calculated the tidal deformability
of QSs and PQSs, and we have found that the tidal deforma-

@ Springer
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bility of the larger stars can strongly violates the constraint
A1.4 < 800 derived from GW170817. Furthermore, we have
obtained that the tidal deformability A 4 for PQSs is larger
in the heating stages, and the core temperature of PQSs
increases with the entropy per baryon at the heating stages
along the star evolution line. We have also found that both
the maximum mass and the tidal deformability A 4 of the
PQS increase with the increment of the lepton fraction inside
the star matter.

Therefore, our results indicates that considering the effects
of temperature within quasiparticle model can significantly
influence the properties of the EOS of SQM, fractions of
quarks, the entropy of the quark matter, and the tidal deforma-
bility and the maximum mass of PQSs along the star evolu-
tion line.
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