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Abstract: The properties of strange quark matter and the structures of (proto-)strange stars are studied within the
framework of a baryon density-dependent quark mass model, where a novel quark mass scaling and self-consistent
thermodynamic treatment are adopted. Our results indicate that the perturbative interaction has a significant impact
on the properties of strange quark matter. It is determined that the energy per baryon increases with temperature,
while the free energy decreases and eventually becomes negative. At fixed temperatures, the pressure at the minim-
um free energy per baryon is zero, suggesting that the thermodynamic self-consistency is preserved. Furthermore,
the sound velocity v in quark matter approaches the extreme relativistic limit (¢/ V3) as the density increases. By in-
creasing the strengths of the confinement parameter D and perturbation parameter C, the tendency for v to approach
the extreme relativistic limit at high density is slightly weakened. For (proto-)strange stars, the novel quark mass
scaling can accommodate massive proto-strange stars with their maximum mass surpassing twice the solar mass by
considering the isentropic stages along the star evolution line, where the entropy per baryon of the star matter is set

to be 0.5 and 1 with the lepton fraction ¥; = 0.4.
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I. INTRODUCTION

Since the energy per baryon decreases with incresing
degrees of freedom, Witten speculated in 1984 that the 3-
flavor strange quark matter (SQM) might be more stable
than the 2-flavor nuclear matter, i.e., the true ground state
of strong interactions [1]. It was demonstrated that SQM
plays an important role in several interesting fields. For
example, SQM can accommodate many abnormal astro-
nomical phenomena in compact stars [2, 3]. In particular,
the presence of SQM may be essential to understand the
r-mode instability of compact stars [4] in the multi-mes-
senger era of astronomy [5]. The droplets of SQM,
namely strangelets or slets [6-9], could serve as a unique
signature for the formation of quark gluon plasma (QGP)
in relativistic heavy-ion collisions. A through investiga-
tion on the properties of SQM is thus crucial for us to un-
derstand various astrophysical phenomena and the QCD
phase transition mechanisms [10-14].

In principle, the properties of quark matter can be de-
scribed accurately by quantum chromodynamics (QCD).

However, because of the non-perturbative nature at small
densities and the sign problem in lattice simulations,
QCD cannot be solved by the first principle. Effective
models reflecting QCD characteristics are widely used to
study the stability and properties of SQM, e.g., the
Nambu-Jona-Lasinio model [15], perturbation model
[16], field correlator method [17], quark-cluster model
[18, 19], and other models [20-29]. Most of the effective
models adopt quark masses that vary with density (chem-
ical potential) and/or temperature [30-39], where we refer
to those with density-dependent quark masses as quark
mass-density-dependent models [26, 40-42].

The objective of this work is to investigate the proper-
ties of SQM at finite temperature and density, where a ba-
ryon density-dependent quark mass model, including both
the confinement and first-order perturbative interactions
is adopted. The remainder of this paper is organized as
follows. In Sec. II, we discuss self-consistent thermody-
namic treatment. In Sec. III, we present the quark mass
scale for strange quarks at finite temperatures, consider-
ing both confinement and perturbation interactions. In

Received 16 September 2021; Accepted 15 January 2022; Published online 16 March 2022
* Supported by the National Natural Science Foundation of China (11875052, 11575190, 11135011)

" B-mail: cjxia@nit.zju.edu.cn
* E-mail: gxpeng@ucas.ac.cn

©2022 Chinese Physical Society and the Institute of High Energy Physics of the Chinese Academy of Sciences and the Institute of Modern Physics of the Chinese

Academy of Sciences and IOP Publishing Ltd

055102-1



Huai-Min Chen, Cheng-Jun Xia, Guang-Xiong Peng

Chin. Phys. C 46, 055102 (2022)

Sec. IV, we present the numerical results for the proper-
ties of strange quark matter. In Sec. V, we provide nu-
merical results for the properties of strange stars. Finally,
a summary is given in Sec. VL.

II. SELF-CONSISTENT THERMODYNAMIC
TREATMENT

One important aspect for the baryon density-depend-
ent quark mass model is the thermodynamic self-consist-
ency, where the fundamental thermodynamic relation-
ship needs to be satisfied, e.g., the pressure at the minim-
um free-energy per baryon should be exactly zero. A de-
tailed investigation on thermodynamic self-consistent
treatments was carried out in Ref. [43], where the quark
masses depend on the density and/or temperature [44].
The basic thermodynamic differential relationship of free
energy F is expressed:

dF = -SdT - PdV + Z widN;, (1)

where S, T, P, V, u;, and N; represent the entropy, tem-
perature, pressure, volume, chemical potential, and
particle number of the system, respectively. For a uni-
form system, one can define the free energy density
F =F/V, entropy density S =S/V, and particle number
density n; = N;/V. Substituting those into Eq. (1), we
have

dv
dF = —SdT+(—P—F+Z;1,~n,~) 7 +Z,u,'d}’li.
i i

For a system comprising noninteracting particles, the free
energy density is connected to the thermodynamic poten-
tial density Qo(7', {u;},{mio}) by

F=0Qp+ Zﬂini- (3)

Note that the masses m;y of quark flavor i take constant
values in these equations. To account for the strong inter-
action among quarks and gluons, the masses are replaced
with the equivalent ones m; =m;(ny,ng,ng,T) = mp+
my(ny,ng,ng, T), where m;y denotes the current mass of
quarks. In such cases, as the mass varies with the state
variables 7T and n;, expressions for other quantities, such
as the entropy, pressure, and chemical potential, should
be carefully derived to maintain thermodynamics consist-
ency [43, 44]. Here, we consider the temperature 7,
volume V, and quark number densities n; as independent
state variables, while the free energy density F corres-
ponds to the characteristic thermodynamic function. The
free energy density takes the same form as the free

particle system with the quark masses replaced by the
equivalent ones in Eq. (3), i.e.,

F = F(T {n},{m;}) = Qo(T, {1},

)+Z,U,”:,

where the chemical potential y; is replaced with the ef-
fective one y; . The differential relationship then becomes

6Q
0dT Z(—dpl + i dn; + n; d/«l,)

0Q ﬁm, 6m,
g
T S |
| Kb, 3&%
T — dm; OT

+Z i Zagoam,} . )

om; On;

Comparing Eq. (2) with Eq. (5), one immediately obtains
the thermodynamic quantities

090 om; ont; 690

5= TOT T 44 dT om; ©)

pP= —F+Zﬂini, (7N
890 amj

R . iy 8

# Hi +; 6mj Gni ( )

The particle number densities n; and the energy density
are given by

o0
n; = —WO )
E=F+TS=QO+nyni+TS. (10)
i

III. DENSITY AND/OR TEMPERATURE
DEPENDENT PARTICLE MASSES

Another important issue for the baryon density-de-
pendent quark mass model concerns the quark mass scal-
ing, i.e., how to parameterize the density and/or temperat-
ure dependent particle masses. The equivalent quark
masses m; usually comprise two parts, i.e.,
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m; = mjo +my, (11)

where myy represents the current mass (m, =5 MeV,
mgo = 10 MeV, and my = 100 MeV), and m; accounts for
the strong interaction. Considering the fact that quark
confinement dominates at low densities, based on MIT
bag model, the interaction part m; was initially paramet-
erized as an inverse proportion to the baryon number
density [40, 45-47], i.e.,

my=—, (12)

where B denotes the bag constant. The contribution from
temperature can be considered in an expansion form [48]

(7|

An inverse cubic scaling was later derived, considering
the in-medium quark condensate and linear confinement
[26,49],1i.e.,

B
mp= —
! 3nb

(13)

D
my = 1—/3, (14)
,

where D represents the quantity reflecting the confine-
ment strength. This mass scaling was extended to the fi-
nite temperature as [28]

8T AT
1- ATcexp(— T )}, (15)

where 1 = 1.6 is a constant, and 7. = 175 MeV is the crit-
ical temperature for the transition of the hadronic matter
into QGP. This quark mass scaling is consistent with the
temperature dependence of the string tension. However, it
becomes negative at temperatures above the critical value
T., while we expect m; — 0 at large temperatures. The in-
verse cubic scaling can be extended to include the one-
gluon-exchange interaction [50, 51]. To account for the
first-order perturbative interactions at larger densities, an
additional term proportional to the cube root of baryon
number density was obtained in Ref. [43], i.¢.,

D
my = W+Cntl)/3, (16)
,

where C represents the strength of perturbative interac-
tions. If C takes negative values, the one-gluon-exchange
interaction is effectively included [50]. The interaction
mass my in Eq. (16) is later extended to include the finite

temperature effect for the ud quark matter [52], i.e.,

173 b
n

-1

mp = D (1 + SXTeA/T) +Cnl'P (1 + SXTeA/T) (17)
with A =280 MeV. Unlike the scaling in Eq. (15), here,
the interaction mass tends to zero when the temperature
approaches T.. We thus adopt the m; expression to fur-
ther investigate the properties of SQM at finite temperat-
ures. To be consistent with the conventional nuclear
physics and simultaneously ensure that strange stars exist
stably in the Universe, the perturbative parameter C and
confinement parameter D should satisfy the condition that
the minimum energy per baryon of the strange quark mat-
ter is less than 930 MeV at zero temperature while that of
the ud quark matter is larger than 930 MeV. According to
our previous study, a stability window exists for various
combinations of perturbative parameter C and confine-
ment parameter D'/? [33], where the parameter sets with-
in are adopted in this work. In this work, we adopt the
parameter sets (C, VD in MeV) as (0.7,129), (0.6,160),
(0.4,160), (0,160), (0.4,140), and (0.4,129). Note that the
sets (0.7,129), (0,160), and (0.4,140) lie within the stabil-
ity window.

At large temperatures, one needs to also consider the
contribution of gluons. The gluon's equivalent mass is
given by

(mg/T)* = nab(T ~To), (18)
with 7. =175 MeV and n=15 [52]. For the running
coupling constant a, we use a rapidly convergent expan-

sion [53]

_ Bo
* 7 BIn@/Ar)+pi Inln(w/Ar)’

(19)

where Bo=11/2~N¢/3, Bi=51/4—(19/12)N;, and N;=3.
To include the non-perturbative effects, we assume that
the renormalization scale varies linearly with temperat-
ure as:

u/Ar =co+cix, (20)

withco=1,¢1=1/2, x=T/T,.

The respective partial derivative with respect to dens-
ity and temperature are easily obtained from relevant ex-
pressions

oy 307

om,, D 8T 7\ C 8T 7
(1+Te +3n§/3 Hxe)
2
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omg 8D ( . A) e MT
ar AP\ T) s\
Am (1+8_Te—A/T)
A
r8cn Ly L)ecam (22)
b AT A ’
dmg, my xdlne
—=—[1+= , 23
dr T( 2 dx ) 23)
and
dl 1
ne _ aa +[ﬁ—. (24)
dx cot+cix Bo In(co + c1x)

Finally, it is important to mention that there are other
forms of quark mass scalings in the literature, e.g., an ex-
plicit isospin dependent term was introduced to include
the quark matter symmetry energy [54, 55], the asymptot-
ic freedom of strong interaction was considered expli-
citly through a Wood-Saxon factor [56]. In this study, we
investigate the properties of SQM at finite temperatures,
adopting the quark mass scaling with an interaction part
in Eq. (17), where both quark confinement and first-or-
der perturbation interactions are included. Note that only
valence quarks are considered in the quark mass scaling
while the baryon density is defined by n;, = 3; (nf —n;)/3.
The contributions of antiquarks and gluons are accounted
for by further considering the temperature dependence, as
indicated in the quark and gluon mass scalings in Eq. (17)
and Eq. (18).

IV. PROPERTIES OF STRANGE

QUARK MATTER
For simplicity, we assume that the system comprises
quarks, electrons, their antiparticles, and gluons at finite
temperatures. According to the equivalent mass model,

the contribution of free particles to the thermodynamic
potential density can be written as

Q) = QF +Q5 + Q. (25)

The contributions of the equivalent particle (+) and
antiparticle (-) are

dT o0 _ 2 mzi -
ngz—ﬁfo ln[1+e (Ve ‘“')/T]pzdp. (26)

d T 0 2 2
f = ﬁ ) 1n[1—e‘VP +'"~v/T] pdp, (27)

where i=¢q(g=u,d,s), d,=3(colors)x2(spins)=6 and
i=e,d,=2and i=g, d, = 8(colors) x 2(spins) = 16.

Substituting this thermodynamic potential into Egs.
(6)-(10), we obtain the thermodynamic density of each
particle at a finite temperature. The number density of
particle and anti-particle is expressed as:

n?:ﬁf‘x’ p’dp
b2t Jo o(NrEmE)IT g

(28)

The chemical potentials are obtained with Eq. (8),
where the derivative terms with respect to equivalent
masses are:

0Qy _dym, fw 1
6mq 212 0 C( \/p2+m§—p;)/T +1

1 2d
+ Pep (29)
VT 1] [ m
0Q d,m 1 2d
0 _ % 2gf — p-ap (30)
(9mg 2 0 e\/p-er;/T -1 PZ +m§

To obtain the properties of SQM inside compact stars,
we introduce an electron e; hence, condition of charge
neutrality can be fulfilled. In addition, owing to the weak
reactions such as d,s o u+e+v, and s+u < u+d, the
chemical potential y; (i =u,d,s,e) needs to satisfy weak
equilibrium conditions (where we have assumed vanish-
ing neutrino chemical potentials for simplicity).

Mo+ =y = i, (31)

and the charge neutrality condition is

2ny —nj —ni —3n; —(2n;

—-ny;—ng —3n,)=0, 32)
and the quark number density satisfies the baryon num-
ber conservation condition

np = Z %(n;—n;). (33)

q=u,d,s

In the framework of the thermodynamic treatment
method given in Sec. II, we could connect the particle
number density Eq. (28) with the effective chemical po-
tential w; via the particle number density expression.
Therefore, when we have a given baryon number density,
the formula for Egs. (31)-(33) comprises four effective
chemical potential equations. Hence, we can get the ef-
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fective chemical potential by solving these four equa-
tions. Eqgs. (6)-(10) were adopted to determine other ther-
modynamic quantities. The real chemical potential u;
connect with the effective chemical potential w; using
formula Eq. (8).

According to our quark mass scale, we present a
curve of density as a function of the temperature when
ny=0.5fm™>, D'/?2 =160 MeV, and C = 0.6 in Fig. 1. The
contributions of the confinement and perturbation are de-
picted by dashed and dash-dotted lines, respectively. We
note that the quark mass constraint becomes less import-
ant than the perturbation term as the temperature in-
creases.

In Fig. 2, we consider the energy per baryon as a
function of the baryon number density, where T =50,
100, and 150 MeVwhile D'/2 = 160 MeV and C = 0.6 are
adopted. It is determined that, at small densities, the en-
ergy per baryon becomes infinite, as represented by quark

500
450 C=0.6,D"*=160MeV u--—- Confinement
E - -3 ----d------- Perturbative
n=0.5fm™ <
400 |
g 350
~ 300
[%)]
® 250
=
4
5 200
=) L
g 150
100
50
0 20 40 60 80 100 120 140 160 180 200
Temperature (MeV)
Fig. 1. Mass of quark as a function of temperature at

np = 0.5 fm=3 for D'/2 = 160 MeV and C = 0.6.
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Fig. 2. Energy per baryon as a function of baryon number

density at differently fixed temperature values of T =50, 100,
150 MeV.

confinement. At a higher baryon density, the energy per
baryon also tends to increase because perturbation inter-
actions become increasingly important.

The temperature dependence of the energy per bary-
on and free energy per baryon is presented in Fig. 3. We
notice that the energy per baryon increases with temperat-
ure. However, the free energy per baryon decreases with
temperature and eventually becomes negative. This is un-
derstandable, considering the fact that F = E—TS and the
entropy term —7'S are dominant at high temperatures.

The obtained the equation of state (EOS) of matter of
SQM inside compact stars is presented in Fig. 4. We de-
termine that the slope of EOS increases with the increase
in C and decrease in D.

Based on the EOS indicated in Fig. 4 and the sound
velocity formula

dpP
V=1/—, 34)
dE
2.0
E " n=05
18F S oneog .
E RO e
1oF ng0.1-" -
14F e
o ,f:_,/'
12E =22

1.0F
08F
06

04 6-0.6,0™=160MeV
0.2F

Energy/Free Energy Per Baryon (GeV)

E - - - - Energy per baryon
0.0 - Free energy per baryon
_0.25....|....|....|....|....b| s N N
0 20 40 60 80 100 120 140 160
Temperature (MeV)
Fig. 3. Energy (dashed line) and free energy (Solid line) per

baron vary with temperature for baryon density n, = 0.1, 0.2,
and 0.5 fm=3.
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Baryon Number Density (fm'3)
Fig. 4. The relationship between the energy per baryon of

strange quark matter and the baryon number density for
T =100 MeV.
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we calculate the sound velocity in a SQM at a fixed bary-
on number density. As illustrated in Fig. 5, the sound ve-
locity increases with the baryon number density. In the
case of high density, the curve corresponding to the lar-
ger C and D approximates the hyperelastic (1/V3)
slower. This is understandable because perturbation inter-
actions still exist at higher densities.

To check thermodynamic consistency and prove the
influence of perturbation interaction, we plot the relation-
ship between the free energy per baryon and energy per
baryon and density at 7T =30MeV in Fig. 6, where
D'?=160MeV, C =0, C =0.4 and C = 0.6. The triangle
is the minimum, and the open circles correspond to the
zero pressure. We notice that the pressure happens to be
zero in the case of the minimum free energy, which is a
necessary condition for thermodynamic consistency.

Additionally, Fig. 7 presents the pressure and the cor-
responding free energy per baryon at T =50 MeV. Evid-

0.56
0.54 |
= 052}
=2
« 050F
(]
2
9 o048f
&
— 046
=
8 o044f : / /
) /——C=0,0"=160 --- C=0.4,0"=129
> 042 L i LS C=0.4,0"=140 ----- C=0.4,0"=160
R €=0.6,D""=160 - €=0.7,0"*=129
0.40 [/, L L I L L L L
00 01 02 03 04 05 06 07 08 09 10
Baryon Number Density (fm”)
Fig. 5. The sound velocity in SQM as a function of baryon

number density at fixed temperature 7 = 50 MeV.

140 [~ 1 O ZeroPressure --- Energy Per Baryon
135\ 4 TheMinimum Free Energy Per Baryon
130F[}\ ® C=0.D™=160MeV I
“TE| w o c=0.4,0"=160MeV T
1.25F ! O C=0.6,D1IZ=160MGV’—_,—”
N -

120f
1.155
110
1.05
1.00 F
0.95F
0.90
0.85

Energy/Free Energy Per Baryon (GeV)

Baryon Number Density (fm™®)

Fig. 6. Relationship between the free energy per baryon, en-
ergy per baryon and density at 7 = 30 MeV. The triangle marks
the minimum, and the open circles marks the zero pressure
point.

ently, when the density is less than the density with the
lowest free energy, the pressure is negative. Otherwise it's
going to be positive.

To ensure the correctness of the results, we usually
choose

P—nZi(f)zo, (35)

dn\n

to test thermodynamic self-consistency. Please refer to
Ref. [26] for details of derivation.

Based on this formula, we can directly differentiate
the average baryon free energy with respect to the bary-
on number density, to get the pressure. We note that the
pressure at the lowest point of the energy per baryon is
equal to zero, which is consistent with the most com-
monly used thermodynamic self-consistency test method.

Figure 8 shows the entropy per baryon as a function
of temperature at different densities. It's an increasing

1.1

- Free Energy Per Baryon q 7 30

v A The Minimum ,

X = C=0,0""=160MeV K

| 0 C=0.4,0"=160MeV S

e C=0.6D"=160MeV

Yoo T Pressure v a

W o  Zero Pressure R ---1
P=0 SO

Pressure (MeV/fm®)

Free Energy Per Baryon (GeV)

07 1 1 1 1 1 _10
0.00 0.05 0.10 0.15 0.20 0.25 0.30
Baryon Number Density (fm’s)

Fig. 7. Relationship between the free energy per baryon,
pressure and density at 50 MeV for D'/?=160MeV, C=0,
C=0.4and C=0.6.
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/// ./‘/
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& L n,=0.5fm>
= 2 7 b
c _ 12_
I 1 C=0.6,D "=160MeV
o

0 10 20 30 40 50 60 70 80 90 100
Temperature (MeV)
Fig. 8. Entropy per baryon as a function of temperature at
different baryon number densities, which increases with tem-
perature, where D'/2 = 160 MeV and C = 0.6.
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function of temperature, whether the density is high or
low, going to zero at zero temperature. This is guaran-
teed by

lim dm, /9T = 0. (36)

Interestingly, we did not require this in the derivation
of the partial derivative of mass with respect to temperat-
ure. This ensures that at zero temperature, all quantities
are restored to density-dependent models. In particular, as
the temperature approaches zero, entropy naturally ap-
proaches zero, thus satisfying the third law of thermody-
namics.

V. PROPERTIES OF STRANGE STARS

Quark stars are an interesting branch of nuclear phys-
ics, astrophysics, and other important fields. In the past
two decades, several studiesa have been conducted on
these astronomic bodies, such as Refs. [57-61].

In the earlier stages of strange star evolutions, the
neutrinos are still trapped within the star; hence, the
chemical equilibrium conditions become
Hi+ Mg — My, = iy = p5, py, = and 5, = 15, and the lepton
fraction Y; = (n, +n, +n,.+ny,)/n, canreach 0.4, accord-
ing to numerical simulations [62]. Based on the EOSs, we
solve the Tolman-Oppenheimer-Volkov equation

dP _ GmE (1+P/E)1 +4rr*P/m) .
dr =~ 2 1-2Gm/r ’

with the subsidiary condition
dm = 4nEr*dr. (38)

Then, the mass-radius relationship of the strange star cor-
responding to different parameters are obtained. The ob-
tained results are presented in Fig. 9, where the most
massive stars are represented by black dots. Generally,
the maximum star mass increases with the confinement
intensity parameter D, but decreases with the perturbat-
ive strength C. We can observe that relative to the previ-
ous quark mass scaling, the maximum star mass exceeds
2 M, after considering the first-order perturbation inter-
action. In addition, we adjust the parameter space within
our model to describe the recently discovered compact
stars  (MXB 1730-335, PSR J0030+0451, PSR
J0348+0432, MSR J0740+ 6620 and PSR J2215+5135)
as quark stars at different entropy per baryon. It can be
observed that the results of the strange star with
C=-0.1,0,0.6 and D'?=160MeV are consistent with
the observational mass and radius of the Rapid Burster
(MXB  1730-335) with M=11+03M, and
R=9.6x1.5km [63]. The maximum star mass for the

28 PSR 12215+ 51%
24k
2.2H
2.0 Shaa
PSR J0348 + 0432 MSR JO740 + 6620 .- :
@ 1.8} H
® 16F—c=07 D"=129 % Fo
E 141 --- C=06, D"=133 H -
8 gL C=04, D"™=140 I 7
[<] - > -
2 1ok~ C=-0.1,0"= 160 PSR JOR3(y+ 0451
@ [ --c=0 D"=160 R
g o8f C=0.6, D"=160 % 5 -
g fo =06, D"= MX@*1730-385 ,
06} Sin, =1, Sin=05 .7
04 v,=04 /, .‘,:/,,
02[ P
0.0 L ety & 1 1 1 1
0 2 4 6 8 10 12 14 16
Radius (km)
Fig. 9. (color online) Mass-radius relationship for proto-

quark stars with different baryon entropies at fixed lepton
fraction. We have also included lower and upper limits of the
masses and radii of MXB 1730-335 [63], PSR J0030+0451
[64, 65], PSR J0348+0432 [66], MSR J0740+6620 [67] and
PSR J2215+5135 [68].

strange star with C =0.4 and D'/? = 140 MeV is consist-
ent with the observations of the pulsars in the Rapid
Burster (MXB 1730-335) and can describe the milli-
second pulsar PSR J0030 + 0451 [64, 65]. The result of
the maximum star mass of the strange star with C = 0.6
and D'/? =133 MeV can describe the millisecond pulsar
PSR J0030 + 0451, PSR J0348 + 0432 with a mass of
2.01£0.04 M, [66] and the recently discovered massive
pulsar MSR J0740 + 6620 (2.14702% M, at the 95.4 %
credibility interval) [67]. Furthermore, the result of the
maximum star mass of the strange star with C = 0.7 and
D'? =129 MeV can describe massive pulsar MSR J0740
+ 6620, PSR J0348 + 0432 and PSR J2215 + 5135 with a
mass of 2.27*19 My [68], but with the radii slightly lar-
ger than that of PSR J0030+0451.

At fixed S/n, and Y;, we deduce that the star surface
density could become negligible, or even lower than the
normal nuclear saturation density when larger perturba-
tion intensity parameters C and smaller quark confine-
ment parameters D were adopted to generate a massive
star. This might be a signal of phase transition to nuclear
matter. Therefore, in the study of quark mass scale, it is
necessary to further study the QCD phase diagram. To
clearly illustrate this point, we chose four sets of paramet-
ers and drew the radial distribution diagram of the dens-
ity corresponding to the central density of different stars,
as illustrated in Fig. 10. The top curve of each subgraph is
the central density corresponding to the maximum mass
of the star, the third curve is the central density corres-
ponding to the maximum radius of the star, and the hori-
zontal line corresponds to the surface density of the star.

We can observe that the surface density of the star be-
comes negligible, even lower than the normal nuclear sat-
uration density when larger C and small D is used to pro-
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Fig. 10. Density distribution of different parameter groups.

duce a larger maximum mass. The panel (a) represents
the parameter pair (C, VD) =(0,160 MeV). At this point,
the central density of the baryon number corresponding to
the maximum star mass (about 1.56 M) is 1.255 fm™>.
The surface density is 0.228 fm™. When the central dens-
ity of baryon number is 0.64 fm™>, the maximum radius
of the star is about 9.98 km. The panel (b) is for the para-
meter pair (C, VD) = (0.4,140 MeV). At this point, the
central density of the baryon number corresponding to the
maximum star mass (about 1.86 M) is 0.801 fm™>. The
surface density is 0.132 fm~>. When the central density of
the baryon number is 0.41 fm~>, the maximum radius of
the star is approximately 12.62 km. The panel (c) repres-
ents the parameter pair (C, VD)= (0.7,129 MeV). The
central density of the baryon number corresponding to the
maximum star mass (about 2.16 M) is 0.610 fm~>. The
surface density is 0.091 fm~. When the central density of
baryon number is 0.28 fm=3, the maximum radius of the
star is approximately 15.12 km. The panel (d) presents
the parameter pair (C, VD) =(0.6,160 MeV). At this point,
the central density of baryon number corresponding to the
maximum star mass (about 1.38 M) is 1.139 fm™>. The
surface density is 0.188 fm™. When the central density of
baryon number is 0.59 fm™3, the maximum radius of the
star is approximately 9.52 km.

In some cases, the maximum mass of the star in-
creases; however, the surface density decreases, even be-
low normal nuclear matter. This may obviously indicate a
phase transition to nuclear matter. Therefore, further in-
vestigations on the QCD phase diagram are required to
follow-up with the novel quark mass scaling.

VI. SUMMARY

We comprehensively studied the thermodynamic self-
consistency of the equivalent mass model. Together with
the novel quark mass scale, we studied the equation of
state of strange quark matter at finite density and temper-
ature. In particular, we studied the effects of quark con-
finement and first-order perturtabative interactions on
strange quark matter. Based on the obtained equation of
state, we calculated the velocity of sound in strange quark
matter, the relationship between strange star and radius,
which incluthe the fact that the maximum stellar mass
varies with perturbation and constraint intensity paramet-
ers, and the relationship between the mass and radius of
strange star whose surface density is lower than that of
normal nuclear matter. We believe that this could be a
signal for a phase transition to nuclear matter. The self-
consistency of the model's thermodynamic treatment is
verified by the relationship between pressure and free en-
ergy. Furthermore, we verified the third law of thermody-
namics for strange quark matter under this model by ad-
opting the entropy of the average baryon as a function of
temperature.

In the next step, we plan to study the phase diagram
of strongly interacting matter in the framework of the
equivalent mass approach, and compare it with the phase
diagram in the conventional MIT model. Then, we will
proceed to the application of the model on the structure of
hybrid stars, the properties of strangelets, and the forma-
tion of quark gluon plasma in relativistic heavy ion colli-
sions, etc.
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