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Abstract The effects of strange quark mass on masses,
radii, and tidal deformabilities of strange quark stars are
studied via the quasiparticle model that includes the non-
perturbative features of QCD in low density region. The
constraints of Mtoy > 2.0Mg and Aja4 < 800 are used
to choose the EOSs with different strange quark masses. We
find that in low density region the EOSs with larger strange
quark mass are stiffer, while in high density region they are
softer. A larger strange quark mass gives a smaller mass and
radius for a strange quark star, and a larger minimum of radii
and tidal deformabilities for 1.4M, strange quark stars. A
larger strange quark mass also gives a larger lower bound of
combined tidal deformability A p.

1 Introduction

The three basic properties of a strange quark star are its mass,
radius and tidal deformability, which can be calculated once
the equation of state (EOS), i.e., the relationship between
pressure p and energy density €, of strange quark matter
is clarified. In recent years, the observations of the pulsars
PSR J0348+0432 (m = 2.01 £0.04mp) [1] and PSR J1614-
2230 (m = 1.928 £0.017m) [2] give the largest masses of
compact stars, which can be used as one of the constraints
on our EOSs. On August 17, 2017, the first gravitational
wave (GW) signal as well as its electromagnetic counterparts,
originating from a binary neutron star system was detected by
advanced LIGO and Virgo systems. This event open an new
era for the multi-messenger astronomy. The analyses done by
the LIGO and Virgo collaborations give the upper bound of
the tidal deformability for a 1.4 M neutron star, A1 4 < 800,
and the upper bound of the combined tidal deformability for
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the two merged stars, A < 900 [3,4]. These two limits can
also be used to constrain the EOS of our model studies.

In the center of a strange quark star, the number den-
sity is, ng < (4 ~ T)ng where ny >~ 0.16 nucleons per
fm3, is the nuclear saturation density. This domain is not
that large for the perturbative QCD calculations that is valid
for ng 2 10 — 100no [5]. Hence, many phenomenologi-
cal models that include some basic characters of QCD are
put forward to construct the EOS of strange quark matter in
this low density region. The MIT bag model is the widely
used one to study the structures of strange quark stars, and it
treats quarks as ideal Fermi gases in a bag that has a negative
pressure to act as the confinement [6,7]. The Nambu—Jona—
Lasinio (NJL) model is also used to describe the properties of
quark matter [5,8]. In this paper, a quasiparticle model that
treats the microscopic interaction between quarks and glu-
ons as an effective mass modification of each particle, thus
incorporates the non-perturbative effects of QCD [9-12], is
adopted to construct the equation of state of strange quark
matter. We use this model to analyze strange quark mass
dependence of strange quark star properties. For different
strange quark masses, we calculate the maximum mass and
its corresponding radius of strange quark star, the maximum
and minimum radius and minimum tidal deformability for a
1.4 M, strange quark star, and the upper and lower bounds of
combined tidal deformability. Since this quasiparticle model
is also widely used in studying the properties of quark-gluon
plasma (GQP) at finite temperature (7) and chemical poten-
tial (u) [13-16,18,21], when more analyses of gravitational
waves directly detected by LIGO and Virgo collaborations
and millisecond pulsars observed by NANOGrav and NICER
projects give more precise observations in the future, one
could compare the astrophysical and terrestrial calculations
within the same model. And constraining the parameters on
one side could be used to make predictions for the other side.

This paper is organized as follows: in Sect. 2, we give an
introduction to the quasiparticle model and present the for-
mula of the EOS for strange quark matter. While varying the
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bag constant and the coupling strength ¢, using the mass and
tidal deformability constraints, the effects of strange quark
mass on the mass-radius relations, the tidal deformabilities
and the radii for 1.4M¢ strange quark stars, and combined
tidal deformabilities A for GW170817 and GW 190425 are
presented in detail in Sect. 3. Finally, we give a summary of
this work in Sect. 4.

2 The quasiparticle model

As we all known, in quantum field theory (QFT), the prop-
erties of particles are contained in their full propagators of
the theory. When the full quark propagator at zero tempera-
ture T and finite chemical potential u is specified, the quark
number density can be expressed as [17],

d4p
pr(u) = —ch S0l Sy (p ) (1)

where S¢(p, u) stands for the full quark propagator, N, is
the number of colors which is given by N, = 3 in this work,
and the trace operator “¢trp” is taken over all Dirac indices.
But, Unfortunately, the exact form of the full quark propaga-
tor at zero temperature and finite chemical potential is still
unknown from the first principles of QCD. Here, we treat
an effective quark propagator that has the same form as the
free quark propagator but with a density dependent effective
quark mass, as an approximation of the full quark propagator
in the dense strange quark matter. And, the effective quark
propagator proposed in Ref. [18] is given by,

1

. 2
iy - p+myg(p) @

Sr(p, n) =

where p = (p, p4 + i) is the four momenta of the quark
at zero temperature and finite chemical potential, and in
Euclidean space, the gamma matrices satisfy {y,, y} =
28,v. The effective quark mass that depends on chemical
potential reads [9,15],

m% () = (m po + mg (1) + my (1), 3)
with,

N 2.2
m§<u>=—f’;°852(“), @)

where m f( is the mass of current quark (u, d, or s), N is the
number of quark flavors which is given by Ny = 3 in this
work. And g(u?) is the effective coupling constant obtained
in the two-loop approximation [16,19-21], which reads,

g W _ 67
4w (33—2Np)ln(ap)

as(n) =
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where a = 1.91/(2.91¢), and ¢ is a phenomenological
parameter of the quasiparticle model, which characterizes the
strength of the non-perturbative effect. The larger ¢ brings
the stronger interaction og ().

When the full quark propagator is specified, using the con-
tour integration method, the quark number density for each
quark flavour reads,

N,
pr() = 35 (= mG(u) 2 0L —m (). (6)

Since there is a step function on the right-hand side of Eq. (6),
the quark number density vanishes when the quark chemical
potential w is less than a critical value .. This phenomenon
is qualitatively consistent with the general conclusions in
Ref. [22]. Here, the critical chemical potential depends on
the current quark mass m ro and the parameter ¢ . For the case
of chiral limit, i.e., m ro = 0, one can obtain p. = 2.23¢.

Then, according to Refs. [23,24], the pressure of strange
quark matter at zero temperature and finite chemical potential
can be written as,

%
P(p) = P(u)|u=0 + /0 du’ p(u'), (7

where P (1), is called the vacuum pressure which defines
the pressure at © = 0. And it can also be written as
P(u)lu=0 = —B(B > 0), where B is also a phenomeno-
logical parameter in our present model. Since the parameter
B is analogous to the bag constant in the MIT bag model, it
is always a positive number, for the vacuum pressure must
be negative, which preserves the confinement of quarks and
gluons. It should also be noticed that Eq. (7) is a model inde-
pendent expression, since the pressure P (i) at zero temper-
ature and finite chemical potential is determined by the quark
number density p (1) (up toaconstant P (i)|,—o). Therefore,
once the quark number density p (1) matches the phenomena
of QCD in low density region, the pressure surely satisfies
the behavior of QCD at the same region.

In strange quark stars, there are u, d, and s quarks in
such complex system, and the baryon number density of this
system is defined as,

1
() = 3 (0u () + Pa(1ta) + ps(1ts)) ®)
and the pressure of such system is given by,

P(u) = =B + Py(u) + Pa(ia) + Ps(pes) + Pe(ite) . (9)

When considering the electroweak effects, one should take
the constraints of chemical equilibrium and charge neutrality
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conditions, such like,

Hd = My + e, (10
Ms = My + Ue, (11)
2 1 1
3Pu = 3Ps + 3Pd + Pe (12)

where, the number density of electrons at zero temperature
is given by [25],

3

He
. 13
A2 (13)

Pe(the) =

Owing to the constraints given by Egs. (10), (11) and (12),
there is just one independent chemical potential left. In this
work, 1, is treated as the variable, and other chemical poten-
tials, such as g, s, and p,, are expressed as functions of
M-
Finally, the energy density of this model is given by,
oP
o
=—P+ Y urorlup). (14)
f=u.d,s,e
From Eq. (14), we can see that the EOS described by this
quasiparticle model depends on the masses of current quarks,
the parameter ¢, and the so-called vacuum pressure B.

3 The properties of strange quark stars

When the EOS of strange quark matter is constructed, it is
now straightforward to explore the inner structures of strange
quark stars. As we all know, the tidal Love number describes
that how easily the substantial part of a star is deformed by
an external tidal field, as discussed in [26—28], which is asso-
ciated with the dominant contribution to the stellar deforma-
tion, while the tidal deformability describes the ratio of each
star’s induced mass quadrupole moment to the tidal field of its
companion [26,29,30]. The perturbation scheme developed
in [27,31,32] is used to calculate the [ = 2 dimensionless
tidal Love number k> and the associated tidal deformability
A. And they are related by (in the conventions: G =c = 1),

A=Zk Ry’ 15
—52(M>' (15)

In order to compute the tidal deformabilities for strange
quark stars using our EOS, the Tolman—Oppenheimer—
Volkoff (TOV) equations [33,34]

dP(r)  (e+P)M+47nrP)

= . (16)
dr r(r—2M)
M) _ 2 (17)
dr

should be solved simultaneously with

dH(r)

] B, (18)
.

dB(r) _2<1 _ﬂ)‘l

dr r

H{—Zn[Se+9P+f(e+P)]

3 M\~ (M :
+=+2(1-2— — +4nrP

r r r

28 m\™! M 2
+=(1-2— —1+—+27r°(—P)¢, (19)

r r r

where, f is written by

de
I=ar

for slow changes in matter configurations. Equations (18) and
(19) are integrated outward starting just outside the center
of strange quark stars via the expansions: H(r) = agr?,
and B(r) = 2apr asr — 0, where qg is a constant which
determines how much the star is deformed by an external tidal
field and can be chosen arbitrarily since it is cancelled in the
expression of the Love number k3. Here, in our calculations,
we choose ap = 1 for simplicity.

For the internal solutions, the [ = 2 tidal Love number k>
reads

(20)

8C3 2
ko= —-(1-202+2COr = D — yl

x{2C[6—3yR+3C(5yR—8)]
+4C 13— 11yr +CByr —2) +2C>(1 + yp)]

-1
+3(1—=2C)*[2—yr+2C(yg — D]In(1 —2C)} ,

ey

where C = M/R is the compactness of the star, and yp is
given by yg = y(R) = [r B(r)/H(r)]=k.

As discussed in Refs. [35,36], if there is a first-order
quark-hadron phase transition in the EOS, there is a jump of
A€ in the energy density at pressure P; where this transition
happens. This delta-function behavior should be considered
in Eq. (20) as

de
f:E|p#P"+(S(P—P”)A€. (22)

This leads to an additional term for the solution of y(r) across
r¢r, wWhich is given by

drr) Ae
M) + 477 P(ryy)

Y —y@r,) = (23)
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where r;, is the position where this first-order phase transition
happens in the star, A€ is given by Ae = €(r,,) —e(r;}), and
rtf = 1y &= 8r where 8r is an infinitesimal distance around
Tir.

For strange quark stars, since there is a finite energy den-
sity discontinuity in the vicinity of the surface R, one should
also add this extra term to y(R) and get

47 R3 Ae
M+4x R3P(R)’

_RB(R)
~ H(R)

(24)

where Ae = €(R7) is the energy density just inside the
surface, and the pressure at the surface is given by P(R) = 0.

For the parameters, we choose ¢ changing from 0.05 GeV
to 0.095 GeV, since in this region the running coupling con-
stant os (w) varies consistent with the experimental data [37].
The vacuum pressure B varies from (0.098 GeV)* to (0.148
GeV)*, which ensures that the surface energy density is
always larger than 2.80 x 10'# g/cm?, and the energy per
baryon number at zero pressure is smaller than that for the
ordinary nuclear matter. For the mass of u or d quark is very
small, we set m, 0 = mgo = 0 MeV. The masses of s quark
are 0 MeV, 30 MeV, 60 MeV, 90 MeV and 120 MeV. Every
set of parameters is made by different mass of s quark with
the same values for ¢ and B, and of course the same mass
of u or d quark. And, the effect of the strange quark mass
on the observables of strange quark stars is analysed in the
followings.

All the results we present in this paper are obtained from
the astrophysically compatible EOSs that are selected by
two astrophysical constraints: one is the mass constraint
of Mtoy > 2.0My that comes from the observables,
PSR J1614-2230 (M = 1.928 £ 0.017My [2]) and PSR
J0348+0432 (M = 2.01 £ 0.04Mg [1]), where Moy is the
maximum mass for each EOS while solving the TOV equa-
tions, and the other is the constraint on the tidal deforma-
bility of A1.4 < 800 from GW170817 [3]. In Figs. 1, 2, 3,
and 8, the quantities shown in blue-solid, magenta-solid, and
yellow-solid lines represent the results calculated withm gy =
0 MeV, 60 MeV, and 120 MeV, respectively. And in Figs. 4,
5,6, and 7, the quantities shown in blue-solid, magenta-solid,
and yellow-solid lines stand for their upper bounds calculated
with mso = 0 MeV, 60 MeV, and 120 MeV, respectively,
while the quantities shown in blue-dashed, magenta-dashed,
and yellow-dashed lines stand for their lower bounds calcu-
lated withmgyy =0 MeV, 60 MeV, and 120 MeV, respectively.

In order to check that strange quark matter that described
by the astrophysically compatible EOSs are more stable
than the ordinary nuclear matter EOS, we extract the rela-
tion between energy per baryon number and baryon num-
ber density from the EOS described using the Compressible
Liquid Drop Model (CLDM) of nuclei with the parameters
calculated using the SLy effective nucleon-nucleon interac-

@ Springer
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Fig. 1 The relation between energy per baryon and baryon number
density. The black-dashed line represents this relation for the EOS of
ordinary nuclear matter described by CLDM
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Fig. 2 Equations of state for strange quark stars selected by the con-
straints of Mtoy > 2Mg and A 4 < 800. The gray-dashed line stands
for P =€

tions [38], and compare this relation with that extracted from
the astrophysically compatible EOSs in this work. Figure 1
shows this comparison. And it is obviously that the energy
per baryon number for the astrophysically compatible EOSs
are smaller than that for the EOS of ordinary nuclear matter
described by CLDM, which fulfills Witten’s conjecture [39].

The equations of state for strange quark matter with dif-
ferent strange quark masses are shown in Fig. 2. And the
gray-dashed line stands for P = €. From this picture, we can
see that in the low density region the astrophysically com-
patible EOSs with large strange quark mass are stiffer, while
in the high density region they are softer.
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Fig. 3 Upper: mass-radius relations for strange quark stars. The black-
dashed line stands for M = 2.0M, and the black-dotted line stands
for M = 1.4M. Lower: A-mass relations for strange quark stars. The
black-dashed horizontal line stands for A = 800, and the black-dotted
vertical line stands for M = 1.4M¢,

The mass-radius relations of the astrophysically compati-
ble EOSs are shown in the upper panel of Fig. 3. The black-
dashed line stands for M = 2.0Mg, and the black-dotted
line stands for M = 1.4Mg. And the A-mass relations of
the astrophysically compatible EOSs are shown in the lower
panel of Fig. 3. The black-dashed horizontal line stands
for A = 800, and the black-dotted vertical line stands for
M =1.4Mg.

Our results for the masses, radii and tidal deformabilities
with different strange quark masses are listed in Table 1.
The chemical potentials for u, d, and s quarks (14, 4, i45) at
the surface of strange quark stars are also listed, and at these
chemical potentials the quasiparticle model is still valid. The
constraint on tidal deformability of Aj4 < 800 gives the

Table 1 Properties of the strange quark stars, including the chemical
potentials of u, d, and s quarks, p, gandus, at the surface of strange
quark stars, the maximum mass Mp,x, the maximum radius Rp,x and

1000
11 S e —
800}
700}

600F

500

Fig. 4 Combined tidal deformability A as a function of mass ratio
for the case of GW170817. The black-dashed line stands for A = 900

maximum mass and radius for strange quark stars. A larger
strange quark mass gives a smaller mass and radius for a
strange quark star, and, the variation of the maximum radius
R4 for 1.4M¢ strange quark stars is very small. The mass
constraintof Moy > 2.0M, gives the minimum radius, and
a larger strange quark mass gives a larger minimum of radius
for a 1.4M strange quark star. The mass constraint also
gives the minimum tidal deformability, and the minimum of
tidal deformabilities for 1.4M¢ strange quark stars become
larger for larger values of strange quark mass.

Now, we consider the tidal deformabilities of two compact
stars in the binary inspiral. The chirp mass reads

(m1m2)3/3

=y +my)5” @

where, m| and m, are the masses of the two compact stars.
And the combined tidal deformability is given by

4 4
i E (my1 + 12ma)m{ A1 + (ma + 12my)m5 A, 26
13 (my + m»)?

where, A and Ay are the tidal deformabilities of the two
compact stars.

In the low-spin case of GW 170817 [3,4], the chirp mass
is M = 1.186J_’8:88}M@, the component masses are m| €

[1.36, 1.60]Mq, my € [1.16, 1.36] M, and the mass ratio is
n=my/m; € [0.72, 1.0].

the minimum radius Ry, and the maximum radius R 4max, the min-
imum radius Rj 4min and the minimum tidal deformability A amin for
1.4M strange quark stars, with different strange quark masses m0

mso (MeV) Hu,a(GeV) ws (GeV) Mmax (M) Rnax (km) Runin (km) R 4max (km) R 4min (km) A1 4min
0 0.279-0.299 0.279-0.299 2.168 12.001 11.066 11.977 11.118 513.7
30 0.284-0.305 0.290-0.311 2.156 11.982 11.100 11.973 11.180 531.6
60 0.283-0.303 0.296-0.317 2.134 11.929 11.149 11.970 11.268 558.3
90 0.281-0.300 0.302-0.322 2.115 11.899 11.387 11.963 11.385 596.1
120 0.281-0.296 0.313-0.328 2.086 11.828 11.504 11.957 11.494 632.6

@ Springer
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Table 2 Combined tidal deformabilities of strange quark stars for the
case of GW170817: the ratio A|,—9.72/Al,=10, the upper bound of
combined tidal deformability 1~\U B, the lower bound of combined tidal
deformability A1 p, with different strange quark masses m(

mso (MeV) Aly=0.72/Aly=10 Ays Arg

0 93.38-93.58% 868.0-927.5 556.4-595.1
30 93.39-93.56% 867.0-926.7 576.0-616.1
60 93.39-93.53% 867.5-927.5 604.9-647.2
90 93.39-93.51% 866.9-927.0 645.4-690.6
120 93.39-93.47% 866.1-926.6 684.2-732.2

Shown in Fig. 4 is the combined tidal deformability A as
a function of the mass ratio 1, which are calculated by the
astrophysically compatible EOSs for strange quark stars. The
upper bounds for A with different strange quark mass almost
coincide. The black-dashed line stands for A = 900.

The results for the combined tidal deformability with dif-
ferent strange quark masses are listed in Table 2. The ratio of
A [1=0.72 tO 1~\|,7:1_0 is stable when varying the strange quark
mass. The upper bound of A p is also stable, while the lower
bound of A7 g becomes larger with increasing strange quark
mass.

The two tidal parameters A; and A; are also shown
in Fig. 5 with the 90% probability contours for the tidal
deformabilities of the two stars measured by LIGO and Virgo.
The purple-solid line stands for the 90% probability contours
givenin Fig. 5 of Ref. [3], and the brown-solid line represents
the 90% probability contours given in Fig. 10 of Ref. [4].
Both of them are for the waveform models of TaylorF2. The
brown lines are calculated using a lower starting frequency
of 23 Hz instead of 30 Hz, resulting in the upper bounds of
A1 and Aj are about 20% smaller than the purple lines. The
upper limits for (A1, Aj) with different strange quark mass
almost coincide, while the lower limits for (A, Ay) with
larger strange quark mass stays closer to the 90% probability
contour.

In the low-spin case of GW190425 [40], the chirp mass
is M = 1.441‘8:8§M@, the component masses are m; €
[1.60, 1.87]Mq, my € [1.46, 1.69]M, and the mass ratio is
n =my/m; € [0.8, 1.0].

The combined tidal deformabilities As for GW190425
as a function of mass ratio n are shown in Fig. 6, which
are calculated by the astrophysically compatible EOSs for
strange quark stars. The black-dashed line stands for A =
310.1, which is the maximum value for n = 0.8 and my9 = 0
[12].

The results for the combined tidal deformability with dif-
ferent strange quark masses are listed in Table 3. The ratio
of A [1=0.8 tO 1~\|,,: 1.0 is also stable and larger than that in the
case of GW170817 when varying the strange quark mass.
Again, a larger strange quark mass gives a larger lower bound

@ Springer
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Fig. 5 (A1, Aj) relation obtained for the case of GW170817. The
purple-solid line stands for the 90% probability contours given in Fig.
5 of Ref. [3], and the brown-solid line represents the 90% probability
contours given in Fig. 10 of Ref. [4]. The black-dotted line stands for
AL = A2
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Fig. 6 Combined tidal deformability A as a function of mass ratio
1, calculated by the astrophysically compatible EOSs for the case of
GW190425. The black-dashed line stands for A = 310.1

Table 3 Combined tidal deformabilities of strange quark stars for the
case of GW190425: the ratio 1~\|,,:048/1~\|,,:1,0, the upper bound of
combined tidal deformability Ay g, the lower bound of combined tidal
deformability A 1B, with different strange quark masses m o

mso (MeV) Aly=08/Aly=10 Aus Arg

0 96.54-96.95% 310.1-320.1 184.8-191.4
30 96.54-96.93% 308.6-318.6 191.5-198.3
60 96.54-96.87% 306.2-316.2 201.3-208.5
90 96.52-96.84% 304.9-314.9 215.2-2154
120 96.49-96.78% 298.3-308.2 228.1-236.3

of Azp and a little bit smaller upper bound of Ay g, i.e., a
narrower range of A.

The two tidal parameters A1 and A, are also shown in
Fig. 7.

Finally, the relation between A and M are also presented
in Fig. 8. The upper panel shows the A-M relations for the
mass ratio n = 0.7, while the lower panel shows the A-
M relations for the mass ratio n = 1.0. The black-dashed
horizontal line stands for A = 900, while the two black-
dotted vertical lines stand for the chirp mass in the case of
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Fig. 7 (A1, Ay) relation obtained for the case of GW190425. The
black-dotted line stands for A| = A2
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Fig. 8 Combined tidal deformability A as a function of chirp mass, cal-
culated by the astrophysically compatible EOSs for the case of n = 0.7
(Upper) and n = 1.0 (Lower), respectively. The black-dashed horizon-
tal line stands for A = 900, while the two black-dotted vertical lines
stand for M = 1.186 and M = 1.44, respectively

GW170817 and GW190425, i.e., M = 1.186 and M =
1.44, respectively. The same as shown in Tables 2 and 3, As
for n = 1.0 are larger than that for n = 0.7 with different
chirp masses, and the lower bound of A for a lager strange
quark mass is larger than that for a smaller strange quark
mass.

4 Summary

The effects of strange quark mass on masses, tidal deforma-
bilities and radii of strange quark stars are studied via the
quasiparticle model that includes the non-perturbative fea-

tures of QCD in the low-density region. The constraints of
Mtoy > 2.0Mg and A4 < 800 are used to choose the
EOSs with different strange quark masses. Our results show
that, in the low density region, the astrophysically compatible
EOSs with large strange quark mass selected by these two
astrophysical constraints are stiffer, while in the high density
region they are softer.

Table 1 lists the results for the masses, radii and tidal
deformabilities with different strange quark masses. These
data shows that a larger strange quark mass gives a smaller
mass and radius for a strange quark star, and a larger min-
imum of radii and tidal deformabilities for 1.4M, strange
quark stars, and the variation of the maximum radius Rj 4
for 1.4M, strange quark stars is very small.

In the case of GW 170817, results in Table 2 show that, a
larger strange quark mass gives a larger lower bound of A,
while the upper bound of A is stable.

In the case of GW 190425, results in Table 3 show that,
a larger strange quark mass gives a larger lower bound of
A and a little bit smaller upper bound of 1~\, i.e., a narrower
range of A.

The relation between A and M is also calculated. The
same as shown in Tables 2 and 3, As for n = 1.0 are larger
than that for n = 0.7 with different chirp masses, and the
lower bound of A for lager strange quark mass is larger than
that for smaller strange quark mass.
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