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Abstract We investigate the thermodynamical properties
of color-flavor locked (CFL) quark matter at zero tempera-
ture, finite temperature, and strong magnetic field by using
quasiparticle model. We find that considering CFL quark
phase can significantly change the equation of state (EOS) as
well as the properties of quark matter in quark stars (QSs) at
finite temperature or under magnetic field within quasipar-
ticle model. In particular, our results have shown that we
can provide the large QSs within CFL quark phase from
quasiparticle model by satisfying both the upper limit of
A 1.4 < 800 for the low-spin priors of 1.4 solar mass pulsars
from GW170817 and the new estimates of the mass-radius
region from PSR J0740 + 6620, PSR J0030 + 0451, HESS
J1731-347, and 4U 1702-429, which cannot be obtained by
considering the QSs with SQM within quasiparticle model.

1 Introduction

The properties of the star matter in the inner core of compact
stars are considered as an important issue in nuclear physics
and astrophysics [ 1-4]. In the results of recent pulsar observa-
tions, a number of massive compact stars have been detected
and set rigid constraints on the equation of state (EOS) of
strongly interacting matter. For instance, the radio pulsar PSR
J1614-2230 [5] was precisely measured tobe 1.971+0.04 M,
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by using the general relativistic Shapiro delay 12 years ago,
and a new pulsar PSR J0348+0432 was found in 2013 with a
mass of 2.01 £ 0.04 Mg, [6]. In 2019, the authors of Ref. [7]
use the data of relativistic Shapiro delay with the Green Bank
Telescope to announce PSR J0740+6620 (2.14 039 M with
68.3% credibility interval and 2.14 £3% Mg with 95.4%
credibility interval) as the most massive precisely observed
pulsar, while in 2021 this star mass have been further updated
as 2.08 + 0.07 My [8,9]. The direct detection of the gravi-
tational wave signal GW190817 from a binary compact star
system has been reported by the LIGO-Virgo collaboration,
and the upper limit of the tidal deformability of the 1.4 M,
compact stars is set as A1 4 < 800 for the low-spin priors
[10], which gives the new limitations on the properties of
the nuclear matter symmetry energy and EOSs of strongly
interacting matter. In 2020, the LIGO/Virgo Collaborations
declare the mass of the secondary component m, of the
newly discovered compact binary merger GW 190814 [11]
may reach 2.50 Mg —2.67 M at 90% credible level, which
sets very strict constraints on the EOS of strongly interact-
ing matter if we considered the candidate of the secondary
component of GW 190814 as a compact star. In general, com-
pact stars usually include neutron star (NS), quark star (QS),
and hybrid star (HS). Neutron star matter is consisted with
large fraction neutron and small fraction proton, and the star
matter is considered as charge neutrality with a very tiny
density of electrons. In the inner core of NSs, the hyperon,
meson condensations, and even the absolutely stable strange
quark matter (SQM) may appear, which implies NSs could
be converted to QSs. The possible existence of QSs is still
one of the most important fields of modern nuclear physics
and astrophysics [ 12-24]. If one considered the supermassive
compact stars as QSs, the observations may rule out some of
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the conventional phenomenological models of quark matter,
whereas there still exist some other models which are able to
produce massive quark star cases with strong isospin inter-
action inside the star matter [25—34]. It can be found that the
EOS of the quark star matter in their descriptions becomes
very stiff so as to support such massive quark stars.

On the other hand, for the more stable matter state of
quarks than SQM, the color-flavor locked (CFL) state is con-
sidered as the most symmetric pairing state, where all the
quark flavors and colors are paired [35-37]. As predicted, the
quark matter in CFL phase might appear inside the compact
stars (strange stars or the inner core of hybrid stars) [38,39].
If one considered describing QSs under CFL phase, the CFL
quark matter in QSs should be made up of u, d, and s quarks
with no electrons because of the charge neutrality in QSs,
which means the fraction of u, d, and s quarks is identical.
Hence the CFL quark matter represents the most symmetric
pairing state for u, d, and s quark matter and might be more
stable than normal nuclear matter [40,41].

This paper is organized as follows. We first investigate
the thermodynamical properties of color-flavor locked quark
matter at zero temperature, finite temperature, and strong
magnetic fields. Then we calculate the properties of quark star
at zero temperature and finite temperature with CFL quark
matter by using quasiparticle model.

2 The theoretical formulism
2.1 Properties of SQM

From Farhi and Jaffe’s research [16], SQM is absolutely sta-
ble and composed of u, d, and s quarks and leptons (e and w),
where the electric charge neutrality of SQM can be expressed
as

2 1 1
gnu = gnd + §n"' + Re. (nH

For the quarks and leptons in SQM, the weak beta-equilibrium

condition of SQM should also be considered as

Hd = s = My + te, and  ply = [Le. (2
Since color-flavor-locked (CFL) quark matter is predicted

to be more stable than SQM, we study the equation of state

(EOS) in next subsections to obtain the thermodynamical
properties of CFL matter.

2.2 Properties of CFL matter at zero temperature
The CFL phase of quark matter is neutralized automatically

with no leptons being considered in [38], which indicates that
the baryon density of u, d, and s quarks is equal. The number
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density of each flavors of quarks at zero temperature can be
given as
k f3 2A%

ng =+ =55, 3)

where k ¢ is Fermi momentum for quarks, and A means the
nonvanishing common energy gap for different flavors of
quarks. u is the mean chemical potential for the quark matter
in CFL phase, which is written as

p=g X wi= g Ykt el )
i

i=u,d,s

Among the phenomenological quark models, density depen-
dent quark mass models have been widely used in many
works [42—77], while there still exist other works consider-
ing the vector-vector interaction in the Lagrangian density to
obtain stiff EOS of quark star matter [78—90]. In this work, we
employ quasiparticle model to calculate the thermodynami-
cal properties of CFL matter, whose analytic expression can
be obtained by considering one-loop self energy diagrams in
the hard dense loop approximation as [91-94]

2 2,2

Mg, My | 87 Mg
= = — . 5
Ma =7 1 T o2 ®)

Here mgq is the quark current mass, and g means the strongly
interacting coupling constant which is considered as a free
input parameter in the present work. For CFL phase matter
at asymptotically high densities, the u and d quark current
masses can be considered as zero, and the current mass for
strange quark mass is set as mgy9 = 95 MeV in this work for
CFL quark matter.

Then we can derive the total thermodynamic potential den-
sity for CFL matter as

A2 2
Q= ) [+ Biu)] + By —3—5. ©)

i=u,d,s

where B;,, means the negative vacuum pressure term for quark
confinement [95]. €; is written as

8i 2 2 2 2
TIsaZ | PV T (2u; — 5my)
Wi+ ui —m?

mi

+3m¢ In (7)

B; () comes from the chemical potential dependence in the
constituent quark mass, which can be obtained as

Biu) == [ 52 ®)
m; mj aul
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The total energy density can be derived as
AZM/Z

€= (Qi+ Bi(u) + pini) + By —3—5-, ©)

, T

l
where g; = 6 is the degeneracy factor for quarks. Then the
pressure P at zero temperature can be derived as

2,2

A
By + 321
4

= (2 + Bi(u)) — (10)

2.3 Properties of CFL matter at finite temperature

The free-particle contribution for each flavor of quarks can
be expressed analytically at finite temperature as

T [ —(\/ mi— i)/T
Q =& Inf14e WTTE
2712 0

_ 2 2 .
+In(14+e WP +m"+ﬂ')/T:|p2dp. (11)

From the numerical results, we find the chemical potential
w for CFL quark matter with all the parameter sets exhibits
larger values than 200 MeV when the baryon density is larger
than the zero-pressure density, and the temperature cases we
considered in this work are all smaller than the chemical
potential «. The energy gap can be considered to be tempera-
ture dependent by following the studies of superconductivity
in SQM [39,96], which can be obtained as

T 2
AT — 2 18p |1 — (—) , (12)
T.

where T, = 0.57 A comes from the critical temperature of the
superconducting nuclear matter. Then the total free energy
density F can be written as
2
AT MZ
F = Qi+ BiGu) + pini) = 3——

i

+ By (13)

And the entropy density can be calculated by considering

082;
S=- T (14)
Using F = £ — TS, one can obtain the energy density of
CFL quark matter at finite temperature, and the thermody-
namical self-consistency can also be checked by calculating
the baryon density of the minimum free energy per baryon
and the zero-pressure point.

2.4 Properties of MCFL matter under strong magnetic
fields

In Refs. [97-99], the authors discuss the properties of the
quark matter under magnetic color-flavor locked (MCFL)

phase within Nambu-Jona-Lasinio (NJL) model. Their
results indicate that the original non-vanishing energy gap
A of the CFL phase should be split in two MCFL gaps (A}
and A ) when the magnetic field is considered. Furthermore,
a third gap may become significant at extremely strong mag-
netic field, which is larger than 10'° G. In this work we only
consider Aj and Ay for the quark matter in MCFL phase,
and the thermodynamical potential density can be derived
from [100] as

A*2M2
QucrL = Qcharged + Queutral — 3 72 (15)

where Qcparged and Qyeurrq1 are the contributions from the
redefined charged quarks within NJL model [97,100]. The
redefined charges of quarks can be listed as

u ug up dr dy dp s Sg S

0 1 ! -1t 0 0 -1 0 0~ (16)

where r, g, b means the color degree of freedom of different

flavors of quarks. A* = ,/(Al +2A2 47)/3 is the effective

energy gap of MCFL phase. In the previous works [97,100],
the energy gap A1 and Ay are formed by the neutral quark
pairs and charged quark pairs, respectively. In this work, we
use A* to compare with the results with A in zero magnetic
field CFL quark matter for convenience. Then the thermody-
namical potential density for charged quarks under magnetic
fields in MCFL phase within quasiparticle model can be writ-
ten as

ma\' ( B) 1
Z sillai] u{—ui\/uiz—sz'(v, B)?

272 2
. 2 2
_s,(v,zB) . (ul+ ) )} a7

where o, =2 —§, 0 and g; = 2 is the spin degree of degen-
eracy for MCFL phase. In this work, we assume the direction
of magnetic field is set along z axis [101-103], and then the
Fermi energy for quarks under magnetic fields at zero tem-
perature becomes

=,/k;,v2+si(v, B)?2, (18)
where s; (v, B) =, /ml.2 + 2v|q;|B. The upper Landau level

Vmax 18 constrained as

2 2
; | T = m;
Vi =int [W} : (19)
1

where int[- -

2_s5(, B
si(v, B)

-] means the integer function.
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Furthermore, the total energy density &,; of MCFL phase

can be obtained as
B2
ot = QumcrL + Z(Bi(//«i) + wini) + By + - (20)
14

For the uncharged quarks in the rotated representation, the
analytic expression can be referred from the zero magnetic
field case of CFL quark matter within quasiparticle model.
Moreover, the pressure for MCFL quark matter becomes
anisotropic due to the O(3) rotational symmetry for MCFL
quark matter might be broken. Then the anisotropic pres-
sures which is parallel to the magnetic field is defined as the
longitudinal pressure P, while the pressure which is per-
pendicular to the magnetic field is defined as the transverse
pressure P) [104,105], whose analytic forms are written as

Py =" wini = Eor, @1)
i

and

Py =Y pini —Eo + B> — MB. (22)
i

Here M = —g—g is the system magnetization.

3 Results and discussions
3.1 Thermal dynamical properties of CFL matter

In this subsection, we study the strange quark matter and CFL
quark matter by considering S-equilibrium condition (the 8-
equilibrium condition for SQM can be obtained from Eqgs.
(1) and (2)). For CFL quark matter, the fraction and chemical
potential of leptons are zero, and the number density of u,
d, and s quarks are identical to satisfy the charge neutrality.
Then the B-equilibrium condition for CFL quark matter can
be written as ;4 = [, = g = WUs.

In Fig. 1, we show the free energy per baryon F and
the pressure P of SQM and CFL quark matter as functions
of baryon density np at T = 0 and 7 = 50 MeV with
A(AT) = 0, 50, 100 MeV (SQM case can be considered
as A = 0 case here). The parameter set for quasiparticle
model we use here is g-2 (g=2, B,L/ 4:141MeV), which can
describe the massive pulsar PSR J0348+0432 (with a mass of
2.01£0.04 M) [6] as QSs in SQM case within quasiparticle
model in [94]. One can find in Fig. 1 that the baryon density
of the minimum free energy per baryon is exactly the zero-
pressure point density in all cases, which satisfies the require-
ment of the thermodynamical self-consistency (for 7 = 0
case, the free energy per baryon is identical to the energy
per baryon). It can also be seen in Fig. 1 that the values of
the free energy per baryon decreases when the temperature
increases from zero to 50 MeV, while the pressure increases

@ Springer

with temperature for both SQM and CFL quark matter cases.
Furthermore, one can find that the minimum free energy per
baryon begins decreasing when the nonvanishing common
gap AT is introduced at different temperatures, and the min-
imum free energy per baryon becomes much smaller when
we change AT =50 MeV to AT = 100 MeV, which indi-
cates the CFL quark matter is more stable than the ordinary
SQM at both zero temperature and finite temperature cases.
Moreover, we can also obtain that the zero-pressure density
in g-2 case decreases with AT, and the pressure at fixed
baryon densities gets larger with AT, which implies that we
might describe heavier and larger QSs with CFL quark matter
compared with the QSs with SQM.

In Fig. 2, we calculate the energy per baryon and pressure
of SQM and CFL quark matter as functions of baryon density
n g under constant magnetic fields B = 0Oand B = 2 x 103G
with A = 0, 50, 100 MeV and A* = 0, 50, 100 MeV.

1501 = — T ——
—~ ——T=0 : T=0 T=0
«@ SQM . A=50 MeV A=100 MeV
é - - -T=50MeV] I - --T=50MeV | - = -T=50 MeV |
~ A'=50 MeV
>
%100
N
S5
~ I
ma 400
°§ 300
O 200
100
R 0
0.0

Fig. 1 Free energy per baryon and pressure as functions of baryon
density with different nonvanishing common energy gap A(AT)at T =
Oand 7' = 50 MeV

W
(=3

/\1 \ L—B% L —L=B0" v —LB=0"
gl \ . sQM \ D A=50 MeV | v ¢ A=100 MeV
g N - T-B2EISGL M - --B=2EISG |\ - =-B=2EISG |
= : \ ¢ A'=100 MeV|
> z -]
§100 : T =
m 1 : T : |
1 f —f—
~ T 1 i
"‘E 400+
L‘;*3()0»
O 2001
%100~
2% 0"
0.0

Fig. 2 Energy per baryon and anisotropic pressures as functions of
baryon density with A* = 50 and A* = 100 MeV under constant
magnetic field B
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Fig. 3 Entropy per baryon as a function of baryon density at 7 = 30
MeV and T = 50 MeV with different AT

One can find in Fig. 2 that the energy per baryon decreases
with A* while increasing with the magnetic field when
np is fixed, which implies that the MCFL quark matter is
more stable than the ordinary SQM in magnetic field case
within quasiparticle model. Furthermore, it can also be seen
that the zero longitudinal pressure density is identical with
the baryon density of the minimum energy per baryon for
MCFL quark matter under strong magnetic field to satisfy
the thermodynamical self-consistency, and the difference
between longitudinal pressure P and transverse pressure
P, becomes very large when magnetic field B increases to
B = 2 x 10'8G. We then calculate the normalized pres-
sure splitting factor §, = 2(pL — p))/(pL + p)) to quan-
titatively describe the pressure anisotropy in MCFL quark
matter under strong magnetic fields with different A in g-2,
and we find §p = 0.72, 0.706, 0.65 at np = 1fm~3 in
B =2 x 108G when A* = 0, 50, 100 MeV, which implies
that the degree of the pressure anisotropy for MCFL quark
matter under strong magnetic field can be reduced with the
effective gap A* within quasiparticle model.

In Fig. 3, we calculate the entropy per baryon as a function
of baryon densityat 7 = 30 MeV and T = 50 MeV for SQM
and CFL quark matter cases. One can find that the entropy per
baryon increases when temperature increases, while S/np
decreasing with A7, which implies that the degree of disorder
for quark matter can be reduced at CFL case and increased
at high temperature.

3.2 Properties of quark star and quark star matter

In the middle panel of Fig. 4, we calculate the maximum star
mass as functions of A at zero temperature and zero magnetic
field with g-2, and we also draw the secondary component
mo of GW190814 with the mass of 2.50 Mg — 2.67 Mg
at 90% credible level, the heavy pulsar PSR J0348+0432
with the mass of 2.01 £ 0.04 M, and the compact star PSR

T il T=0B-0
Soop- g-2 T~ ’ -
= L s = - _

0.8 1 ! ! ! =
—
26777, 2 2 7
S 24-cwi9 ~
& 2417 PSR J0740+6620 ]
S o[ PSR IOz ]
WAL s A % Pt
1200 T T T T s
ol (50,799) L .- ]
< 900[- ot .
600k= = ¢ ~ N =77 7] i | | | V44
0 20 40 60 80 100
A(MeV)

Fig. 4 Central density, maximum star mass, and tidal deformability
of QSs with g — 2 as functionsof Aat7 =0and B =0

J0740+6620 with the mass of 2.08 = 0.07 M, as the shaded
area in the middle panel of Fig. 4. We can find the maximum
star mass increases with A from 2.01 solar mass (SQM case)
to 2.51 solar mass (A = 100 MeV), which indicates that star
matter for CFL phase can support much heavier quark stars
than the star matter for SQM, and this conclusion matches
the result in Fig. 1 that the pressure becomes larger at CFL
phase than that in SQM at zero temperature. For the upper
panel in this figure, we can find the central density of QSs
decreases with A from ng = 1.03 fm™3 (SQM case) to
np = 0.82 fm—3 (A = 100 MeV, CFL case), which implies
that the average baryon density and the compactness of QSs
might be reduced by considering CFL quark matter in the
compact stars. Furthermore, we calculate the corresponding
tidal deformability at 1.4 solar mass as a function of A in the
lower panel, and the shaded area comes from the upper limit
of A14 < 800 for the low-spin priors of the 1.4 solar mass
pulsars in GW 190817 [10]. One can find that A 4 increases
with A and reaches the upper limit once A = 50 MeV. Then
our results indicate that the compact star comprising CFL
quark matter may possess larger maximum star mass and
tidal deformability (A 4), but the average star density might
be reduced by CFL quark matter inside the stars.

In Fig. 5, we calculate the squared speed of sound as func-
tions of the total energy density with A = 30 — 50 MeV at
T = 0 and B = 0, and we find that the sound speed for
all cases is less than the speed of light, which satisfies the
causality condition. Furthermore, one can find in Fig. 5 that
the squared speed of sound increases with the energy density
in A = 30, 35, 40 MeV cases while decreasing with &,
in A = 43, 45, 50 MeV cases in g-2 within quasiparticle
model. It is interesting to see that the squared speed of sound
almost keeps the value as a constant 1/3 (which is exactly
the so-called conformal limit of the squared speed of sound)
with the energy density increasing in A = 42 MeV case with
g-2 within quasiparticle model.

@ Springer
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For proto-neutron stars (PNSs) along the time evolution
line, people usually describe the first minutes of life of PNSs
by three snapshots with isentropic stages as

M S/np=1,Y =04, (23)
) S/np=2.Y, =0, (24)
() S/ng=0,Y, =0, (25)

where the entropy per baryon is set about one and the num-
ber of leptons per baryon with trapped neutrinos is about 0.4
Yi=Ye+Y,+Yy, =Y +Y,+Y,,+Y,, =0.4)forthe Ist
isentropic stage. In the following stage, the neutrinos diffuse
and heat the star matter, which increase the corresponding
entropy per baryon increasing to 2. Then in the 3rd stage, the
temperature of the star decreases to zero and we can obtain
the conventional neutron stars. On the other side, once we
consider the star matter being CFL quark matter, the fraction
of the leptons in the 1stisentropic stage should be zero, which
is then not the proto-quark star (PQS) scenario. In this work,
we still use the similar isentropic stages from PQSs to inves-
tigate the quark star mass at finite temperature within CFL
quark phase, and we should mention that this scenario pro-
posed is not the PQS scenario because there is no diffusing
neutrinos to heating the star with CFL quark matter (we use
the isentropic stages here mainly with the purpose of inves-
tigating the quark star mass at finite temperature within CFL
quark phase ). Then one can rewrite the isentropic stages for
the QSs at finite temperature within CFL quark phase as

(D S/np=1,Y,=0, (26)
D) S/ng=2,Y =0, Q7
) S/ng=0,Y =0. (28)

In Fig. 6, we calculate the mass-radius relation at different
isentropic stages of quark stars for CFL quark matter phase
with AT = 50 MeV and AT = 100 MeV. One can find in

%03 I I I I I T T | T TTTTTT
=

T g-2 |
> |[Mey

‘5 A:43~1\;[€\7------'""-------------_-;::
Q033 = T s s S T TR
i) A=42MeV e e ettt -
‘_; A 4()M6V

g T T=0,B=0 7
g s ’

c/)0_3 1 NN NN EEEET

3y 500 1000
Stot(MeV/ m°)

Fig. 5 Sound velocity square as functions of the total energy density
with different Aat 7 =0and B =0
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Fig. 6 Mass-radius relation at different isentropic stages of quark stars
with different AT

Fig. 6 that the maximum quark star massin A = 50 MeV case
increases from2.17 Mg forT = 0t02.19 My for S/np = 1,
and the maximum star mass can finally increase to 2.23 M,
forS/np=2.InA = 1007 MeV case, the maximum quark
star mass becomes even larger at corresponding isentropic
stages, where the maximum mass for quark starsare 2.51 M,
2.58 Mp,and2.65 Mg forT =0,S/np = 1,and S/np =2
respectively. Our results indicate that the maximum mass of
QSs for CFL quark matter increases with the entropy per
baryon in the isentropic stages and the maximum star mass
also increases with AT at finite temperature.

In Fig. 7, we show the core temperature 7, (here the core
temperature means the temperature at the center of the star
for the maximum mass case) and 1.4 M temperature 77 4
of QSs for CFL quark matter at S/np = 1 and S/np = 2
stages as functions of baryon density with AT = 50 MeV
and AT = 100 MeV. One can find from Fig. 7 that both
T, and T} 4 increase with the increment of the entropy per
baryon with AT =50 MeV and AT = 100 MeV, and both
T. and T} 4 also increase with AT at a certain S /np.One can
also find in Fig. 7 that the central density of the maximum
mass of QSs decreases with both S/np and AT Our results
indicate that both the entropy per baryon S/np and AT can
significantly influence the EOS, the maximum mass, and the
core temperature of the QSs made up of CFL quark matter.

InFig. 8, we calculate the mass-radius lines of QSsin SQM
and CFL phase within quasiparticle model. The gray shaded
region with R = 13.777% km and M = 2.08 £ 0.07 M
shows the mass-radius constraint of PSR J0740+6620 from
[9], the dark cyan shaded region with R = 13.O2J_r{:(2)2 km and
M = 1441013 M, is the measurement of PSR J0030+0451
[106], the pink shaded region with R = 10.41'8:?2 km and
M= 0.774_'8:%(7) M, comes from the estimate from the central

compact object within the supernova remnant HESS J1731-
347 [107], and the wine shaded region for 4U 1702-429 [108]
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Fig. 7 Core temperature and 1.4 Mg temperature at different isen-
tropic stages of quark stars with as functions of baryon density with
different AT
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Fig. 8 Mass-radius lines of QSs in SQM and CFL phase within quasi-
particle model

estimates R = 124 £ 04 kmand M = 1.9 £ 0.3 M. One
can see in Fig. 8 that the mass-radius line of g-2 in SQM
with the maximum star mass being 2.01 M only satisfies
the constraint of the estimate from HESS J1731-347 [107].
For g-2 A = 50 MeV case, we find the mass-radius line
can satisfy all the mass-radius constraints in Fig. 8 (which
exactly reaches the left boundary of the estimate region of
PSR J0030+0451), and the tidal deformability A1 4 is calcu-
lated as 799, which reaches the upper limit of Aj4 < 800
for the low-spin priors of the pulsars in GW170817. For g-2
A = 90 MeV case, one can find the mass-radius line also
satisfies all the listed mass-radius constraints, which reaches
exactly the right boundary of the region of 4U 1702-429.
Furthermore, the tidal deformability for g-2 A = 90 MeV
case is calculated as A4 = 1201, which cannot satisfy the
the upper limit of A1 4 < 800 for the pulsars in GW170817.
Then our results indicate that we can provide the large QSs

within CFL quark phase from quasiparticle model by satis-
fying both the upper limit of Aj4 < 800 for the low-spin
priors of 1.4 solar mass pulsars from GW170817 and the
new estimates of the mass-radius region from PSR J0740 +
6620, PSR JO030 + 0451, HESS J1731-347, and 4U 1702-
429, which cannot be obtained by considering the QSs with
SQM within quasiparticle model.

4 Conclusion and discussion

In this work, we explore the thermodynamical properties of
CFL quark matter in quark stars at zero temperature case,
finite temperature cases, and strong magnetic field case. The
EOS of CFL quark matter, the entropy per baryon, the sound
speed, the central density and core temperature, and the max-
imum mass of QSs are also studied by using quark quasipar-
ticle model.

We first investigate the thermodynamical properties of
CFL quark matter. Our results indicate that we can obtain
more stable CFL quark matter by considering large nonva-
nishing common gap in quark phase, and the EOS of CFL
quark matter becomes stiffer with A at zero temperature case,
finite temperature cases, and strong magnetic field case. We
have further calculated the entropy per baryon of CFL quark
matter at finite temperature, and the result shows that the
entropy per baryon decreases with AT, which implies that
the degree of disorder for quark matter can be reduced at
CFL case and increased at high temperature.

Furthermore, we calculate the maximum star mass, Aj 4,
and the central density of the quark stars for CFL quark matter
at zero temperature as functions of A. The results indicate
that both A4 and the maximum star mass increase with A
because of the EOS for CFL phase being stiffer with the
energy gap, while the average star density might be reduced
by considering CFL quark matter inside the star due to the
decrement of the central density of QSs by considering A.

For the properties of QSs at finite temperature, we calcu-
late the mass-radius relation at different isentropic stages of
QSs for CFL star matter at finite temperature, and we find
that both the entropy per baryon of the isentropic stages and
AT can significantly influence the EOS, the maximum mass,
and the core temperature of the QSs made up of CFL quark
matter.

Therefore, our results have demonstrated that consider-
ing CFL quark matter can significantly change the EOS of
quark matter as well as the properties of CFL quark matter in
QSs at zero temperature, finite temperature, and strong mag-
netic field. In particular, our results have shown that CFL
quark matter may be more stable than SQM and can support
more massive QSs at zero temperature and finite tempera-
ture. Moreover, we can provide the large QSs within CFL
quark phase from quasiparticle model by satisfying both the
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upper limit of A1 4 < 800 for the low-spin priors of 1.4 solar
mass pulsars from GW 170817 and the new estimates of the
mass-radius region from PSR J0740 + 6620, PSR JO030 +
0451, HESS J1731-347, and 4U 1702-429, which cannot be
obtained by considering the QSs with SQM within quasipar-
ticle model.
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