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Abstract In this work, we made an extensive study about
the possible presence of anisotropies in strange stars. To
accomplish this task, we use three different configurations for
the strange matter: the unpaired matter, a two-flavor super-
conducting (2SC) strange matter, and a fully three-flavor
super-conducting strange matter (CFL). For each configu-
ration, we calculate the relevant quantities for the strange
stars, such as the mass-radius relation, the dimensionless tidal
parameter, the moment of inertia, and the surface curvature
for different degrees of anisotropies. Whenever possible, we
compare our results with constraints found in the literature,
especially focusing on the existence of very massive pulsars
(PSR J0952-0607), as well as very light compact objects
(HESS J1731-347).

1 Introduction

Strange stars are self-bounded compact objects composite
by deconfined quarks. The theory of strange stars is based on
the so-called Bodmer—Witten conjecture [1,2]. It assumes
that the ordinary matter we know, composed of protons and
neutrons, may only be meta-stable, while the true ground
state of strongly interacting matter would therefore consist
of the so-called strange matter (SM), which in turn is com-
posed of deconfined up, down and strange quarks. For the SM
hypothesis to be true, the energy per baryon of the deconfined
phase (for p = 0 and T = 0) is lower than the nonstrange
infinite baryonic matter, i.e., (Eygs/A < 930 MeV), while at
the same time, the nonstrange matter still needs to have an
energy per baryon higher than the one of nonstrange infinite
baryonic matter (Eyq/A > 930 MeV); otherwise, protons
and neutrons would decay into u and d quarks.
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In this work, we discuss strange stars within three different
possible scenarios. The normal, unpaired quark matter. Two
flavors paired color-superconducting quark matter (2SC) and
a full three flavors, color-conducting quark matter known
as Color-Flavor-Locked (CFL) phase. The quark matter is
expected to behave in a full CFL phase at very high densities.
However, at intermediate densities, the behavior of the quark
matter is still an open issue [3,4].

Furthermore, we study not only isotropic strange stars but
also investigate the effects of local anisotropy. The local
anisotropy can arise due to exotic phenomena, such as a
strong magnetic field, superfluity, phase transitions, etc. (see
Ref. [5] for an extensive discussion). Several models have
been proposed to explore the effects of pressure anisotropy
inside the star [6]. However, in this study, we use the so-
called Bower-Liang (BL) model [7]. In this simple model,
the anisotropy is gravitationally induced and non-linear in
pressure. Moreover, the BL model has the advantage that
the presence of local anisotropy does not break the spherical
symmetry of the star, as discussed in Ref. [8].

We have already discussed anisotropic stars in our pre-
vious work [9]. However, in that short study, we consid-
ered only one model for the quark matter, the unpaired one.
Moreover, that study also restricted our analysis to the mass-
radius diagram and the tidal deformability parameter. In the
present study, we extend our study in all aspects such as the
unpaired matter and two models of color-superconducting
phases. Moreover, altogether with the mass-radius relation
and the dimensionless tidal parameter, we also discuss the
effect of color-superconducting and anisotropy in the inertia
moment of strange stars and the surface curvature [10]. This
work is, therefore, complementary to other studies found in
the literature. For instance, the effect of anisotropy on radial
oscillation was studied in Ref. [11]. The anisotropic charge
in strange stars has been explored in the Tolman-Kuchowicz
space-time geometry in Ref. [12]. They got an interesting
result that the pressure anisotropy initially dominates the
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Coulomb repulsive forces, and the repulsive forces domi-
nate the anisotropic when the radius increases. On the other
hand, in Ref. [13], the authors have explored the effect of the
magnetic field on the anisotropic strange stars and observed
that the transverse component of the magnetic field increases
the mass and size of the anisotropic star and vice-versa for
the radial component of the field.

‘We also check which of our results fulfill some constraints,
mainly focusing on those that are harder to explain for a tra-
ditional neutron star. The first is the HESS J1731-347 object
[14] whose mass and radius are M = 0.77f8:%9 Mg and
R = 10.4*_‘8:?3 km respectively. The true nature of the HESS
object is one of the hot topics in nuclear astrophysics. In Ref.
[14], it was shown that some chiral theory can explain this
object as an ordinary hadronic neutron star. The hadronic
nature was also explored in Ref. [15]. On the other hand, the
HESS object as a strange star was studied in Refs. [9,16].
Finally, in Ref. [17] the authors show that the HESS object
can be a hadronic neutron star with a soft EOS, or a hybrid
star with an early deconfinement phase transition. The sec-
ond constraint is the very small upper limit of the radius
(R14 < 11.9 km) of the canonical star, given by Capano et
al. [18]. Here again, we cannot completely rule out hadronic
neutron stars, although such constraint is tight enough to rule
out mostly hadronic EoSs. Finally, an extreme constraint is
the speculative mass of the black widow pulsars PSR J0952-
0607, M = 2.35+0.17M¢, [19]. Therefore, in this study, we
provide an analysis of the anisotropic stars based on different
models that could be able to fulfill all three strong constraints
simultaneously.

Despite those extreme cases, we also investigate if our
models are able to describe some more traditional constraints.
For instance, the PSR J0740+6620 with a mass of 2.14 M,
was pointed in Ref. [20]. Neutron Star Interior Composi-
tion Explorer (NICER) results refined this data, and today
we have the PSR J0740+6620 with a mass of 2.08 £ 0.07
Mg and a radius of 12.35 £ 0.35 km [21]. The canonical
star, M = 1.4M, also received great attention in the last
years. Two NICER results point that the radius of the canon-
ical stars must be in the range 11.52 < Ry4 < 13.85 km
[22], and 11.96 < R4 < 14.26 km [23]. Nowadays, these
results were revised to 11.80 < Ry4 < 13.10 km [21]. We
also investigate if our results are able to explain the mass-gap
object in the GW190814 event [24], whose mass was esti-
mated to be 2.50 — 2.67 M. Still, there are several debates
about its true nature; see Refs. [25,26].

In addition, we also take the constraints from the gravi-
tational wave observations by LIGO/VIRGO/KAGRA. The
GW170817 event [27] put the constraints on the dimension-
less tidal parameter of the canonical star A1 4 < 800 [27].
This result was then refined in Ref. [28], to 70 < Aj4. <
580. Moreover, assuming that the mass-gap object in the
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GW190814 event was not a black hole implies that the dimen-
sionless tidal parameter for the canonical star must be in the
range of 458 < A4 < 889 [24].

Another important quantity is the moment of inertia (MOI)
of the compact stars. Till now, we don’t have any observa-
tional data for any NS. The authors of Ref. [29] have obtained
the MOI for several pulsars using the universal relations
between the mass and the tidal deformability. Here, we calcu-
late the MOI of the anisotropic SQS with different SQM mod-
els by varying the degrees of anisotropicity. One can constrain
the value of MOI from the future observational data for the
anisotropic compact star. There are other ways to constrain
the magnitude of the MOI for different systems, such as Mil-
lisecond Pulsars (MSP), Double NS (DNS), and Low Mass
X-ray Binary (LMXB), as done in Refs. [29,30]. The MOI of
these pulsars is expected to be measured soon; for example,
the PSR J0737-3039(A) is the only known DNS up to date.
Since the NS equation of state (EOS) is believed to be univer-
sal, the tidal deformability constraints from GW 170817 have
implications for all NSs, including PSR J0737-3039(A), the
MOT has been obtained to be 1.15103% x 10* g cm? [29].
One can also estimate the MOI for other MSPs and LMXBs.

Finally, we discuss the surface curvature (SC) of the
strange stars. The SC is a quantity used to measure the mag-
nitude of the curvature made by a compact object due to
its huge mass, and it is also one of the major consequences
of Einstein’s general theory of relativity. The SC is one of
the observables that can be measured for different compact
objects. Recently, the direct detection of gravity-field curva-
ture has also been observed by using atom interferometers
[31]. In the future, we might have modern interferometers
like LISA that could be able to answer the SC for com-
pact objects such as neutron stars/white dwarfs. Since the
SC mainly depends on macroscopic properties such as mass
and radius, we can put constraints on the internal composi-
tion of the star. We explain the details of the methodology to
obtain the SC in the following sections.

2 Quark matter models
2.1 Unpaired quark matter: the vector MIT bag model

We begin our study with a normal, unpaired quark mat-
ter. This implies that all the flavors and colors are degen-
erated. Moreover, the particle distribution in the momentum
space forms a sphere, the Fermi sphere, whose radius is the
so-called Fermi momentum, ky. At T = 0K, all particles
are constrained inside the Fermi sphere. Consequently, the
Fermi-Dirac distribution becomes the Heaviside step func-
tion [32]. To model the unpaired quark matter, we use a
vector-enhanced MIT bag model [33].
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The vector MIT bag model is an extension of the original
MIT bag model [34] that incorporates some features of the
quantum hadrodynamics (QHD) [35]. In its original form,
the MIT bag model considers that each baryon is composed
of three non-interacting quarks inside a bag. The bag, in its
turn, corresponds to an infinity potential that confines the
quarks. As a consequence, the quarks are free inside the bag
and are forbidden to reach its exterior. All the information
about the strong force relies on the bag pressure value, which
mimics the vacuum pressure.

In the vector MIT bag model, the quarks are still confined
inside the bag, but now they interact with each other through
a vector meson exchange. This vector meson plays a role
analog to the w meson of the QHD [35]. The Lagrangian
density reads [36,37]:

Lomir = {%[W(iaﬂ — gqv Vi) —mg ¥
1 2 u -
~B+myV V,L}®<wq1/fq>, (1

where m, is the mass of the quark g of flavor u, d or s, v,
is the Dirac quark field, B is the constant vacuum pressure,
and O (Y, ¥,) is the Heaviside step function to assure that
the quarks exist only confined to the bag. Imposing mean-
field approximation (MFA) and applying Euler-Lagrange to
Eq. (1), we obtain the energy eigenvalue for the quark, as
well as the expected value for the vector field.

Eq=Mq=,/m§+k2+gvVo, 2

2
my Vo = ngnq,
q

where n, is the number density of the quark ¢ and f4 is its
chemical potential. Now, applying Fermi-Dirac statistics, the
energy density is analogous to the QHD plus the bag term:

k
y, f 1
p=§:?’12/0 dkkz,/k2+m§+§m2VV02+B 3)
q

¥4 = 6 (3 colors x 2 spins) is the degeneracy factor. Elec-
trons are also added as a free Fermi gas to ensure chemical
equilibrium. The pressure is then easily obtained by thermo-
dynamics relations: p = un — p.

In this work we use m, = my = 4 MeV, my; = 95, and
define Gy = (gv/mv)z, as suggested in Refs. [36,37].
Although the bag constant B and the parameter Gy are not
fully independent, they are weakly constrained to only satisfy
the stability window [38]. This implies that the maximum
mass of an isotropic strange star can vary from 1.61 Mg, for
Gy = 0[36], up to 2.81 My, for Gy = 0.40 fm? [25].

However, it is well accepted in the literature that color-
superconducting matter is stiffer than unpaired one [4,39—
42]. We then use this fact to constrain the values of Gy and
B by assuming that this model produces a softer EoS than
the 2SC color-superconducting quark matter. Therefore, in
this work, we take Gy = 0.15 fm? and B/* = 150 MeV.

2.2 2S8C color-superconducting quark matter

The 2SC color-superconducting is the simplest pairing that
evolves a BCS coupling, although it is also the least sym-
metrical one. In this model, the s —quark does not pair due to
its high mass value. The lightest quarks form a Cooper pair
if they present different colors and flavors (anti-symmetric
coupling). As a consequence, only two of the three colors
form Cooper pairs. Therefore, we have two of the three fla-
vors and two of the three colors paring. This means that of
the nine quarks, only four are paired [4,40]. The presence
of unpaired quarks gives rise to gap-less quasi-particles. The
density of states of such quasi-particles is proportional to j°
and, therefore, is very large [43]. Therefore, the 2SC EOS is
not much stiffer than the unpaired one, as already suggested
in Ref. [40].

In the 2SC color-superconducting matter, as in the
unpaired one, a small quantity of electrons is needed to
keep the electric charge net equal to zero. In Ref. [44], the
2SC color-superconducting was explored within the NJL
model. Moreover, in Ref. [45], the authors show that the 2SC
phase can be accurately described by an analytical approxi-
mation called constant-sound-speed (CSS) parametrization.
The CSS model also seems to accurately reproduce the
Field Correlator Method (FCM) with and without a color-
superconducting phase [46,47].

In the CSS model, the pressure is a linear function of the
energy density. Due to its simplicity and accuracy (see, for
instance, Figs. 1 and 2 in Ref. [45]), the CSS model is widely
used in modern literature [45-52]. The CSS EoS and total
number density read

p=a(p— ps),
n = n.l(1 +a)p/(ap)]"/ 1. 4)

We have, therefore, three free parameters: the square of
the speed of sound (vf = a), the energy density at p = 0
(p4), which plays a role similar to the bag in the MIT bag
models, and the number density at p = 0 (n,), which in turn,
plays the role of the saturation density (r29) of the MIT based
models. In Ref. [45], the authors freely vary the value of a in
the range 0.2 < a < 0.8 and found that — depending on the
NIJL parametrization - the 2SC phase is well described with
a < 0.33 while the CFL phase is described by a > 0.35.
Therefore, following that paper, we use a = 0.302, which
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was explicitly used in their Fig. 3 to describe the 2SC quark
matter.

We also use here p, = 205 MeV/fm?, and n, = 0.235
fm~3, which produce a energy per baryon E /A = 890 MeV,
therefore, satisfying the Bodmer—Witten conjecture [1,2].

2.3 CFL color-superconducting quark matter

If in the 2SC model, only four of the nine quarks are paired,
in the CFL, all of them are paired in a fully anti-symmetric
coupling in the space of colors and flavors [4]. Also, there
are no gap-less quark quasi-particles in the low-energy spec-
trum of the CFL phase due to the color Meissner effect [43].
Moreover, the Cooper pairing in the CFL phase helps to
enforce the equal number densities of all three quark flavors,
n, = ng = ng, implying that electrons are not present in
this phase. In general, the CFL phase is expected at densities
above four times the nuclear saturation density, ng, while
the 2SC phase is expected in the region 2 < n/ng < 4
[45]. However, some studies indicate that the 2SC phase is
not favored at all due to the significant free energy cost of
the 2SC phase [3]. In this case, the unpaired quark matter
undergoes a phase transition to a full CFL phase, or even a
more exotic phase, as a non-BCS pattern. The gap parame-
ter (A) that determines the pairing strength of Cooper pairs
can be very high in the CFL phase, above 250 MeV [39]. In
this case, a very stiff EoS and consequently a very massive
strange star is produced.

As we did in the 2SC phase, we also use the CSS model
(Eq. 4) as an analytical approximation to the CFL phase.
Here, following the Ref. [45], we use a = 0.57, as it was
explicitly used in their Fig. 3 to the CFL phase. We also use
px =209 MeV/fm?3, and n, = 0.235 fm~3, which produce a
energy per baryon £ /A = 897 MeV, satisfying the Bodmer—
Witten conjecture.

3 Spherically symmetric anisotropic stars
3.1 Hydrostatic equilibrium

In this section, we briefly review the theory of static equilib-
rium distribution of matter, which is spherically symmetric
but whose stress tensor is, in general, locally anisotropic, as
originally introduced in Ref. [7]. In the isotropic case, the
stress-energy tensor reads: 7y, = diag(p, —p, —p, —p). We
now introduce anisotropies without breaking the spherical
symmetry by assuming the following stress-energy tensor:
T,,» =diag(p, —pr, —pr, —pi). Spherical symmetry implies
that (in canonical coordinates) the stress-energy tensor 7},
is diagonal, and moreover py = pg = p; [8].

@ Springer

We now can redefine the anisotropic energy-momentum
tensor as done in Refs. [53-55]:

Ty = (p + pHuyuy + (pr — pokuky + prguv, ©)

where p, p,, and p; are the energy density, radial pressure,
and tangential pressure, respectively. k, is the unit radial
vector (k*k,, = 1) withu*k, = 0. The Schwarzschild metric
for this type of star having the spherically symmetric and
static configuration is defined as

ds® = e"dt> — &*dr? — r?do® — r*sin? 0dy? (6)
where r, 6, and ¢ are the Schwarzschild coordinates.

Applying Einstein’s field equations, we obtain:

N 1

—* + (1~ ¢") =8np, ™
r r
/
1
Yo —(1—e") = 8np,., ®)
r r

and the contracted Bianchi identities give us:

/

dp, 2
= —(p+ )T+ (= po). ©)

dr

Finally, by isolating the v’ in Eq. (8) and replacing it in
Eq. (9), we can write the equilibrium equations in the Tolman-
Oppenheimer-Volkoff form [53]:

dp, _ (p+p)(m+dnrip) 20

= , 10
dr r(r—2m) r (10)
dm 2
— = A4dmar 0, (11)
dr

where ¢ = p; — p, is the anisotropy parameter, ‘m’ is the
mass enclosed within the radius r. The radial pressure is then
obtained from a pre-determined EOS. On the other hand, for
the case of the transverse pressure, we use the BL model in
the following [7]:

ABL (p +3pr)(p + prr?
3 1—-2m/r

pr=pr+t , 12)

where the factor Agp, measures the degree of anisotropy in
the fluid. There are some boundary conditions required to
solve the above Egs. (10-12) as done in Refs. [6,56]. Also,
different fluid conditions must be satisfied for the anisotropic
stars such as (i) p,, pr, and p > 0, (i) 0 < cfgt < 1, (i)
pr = p; for r = 0, etc. Other conditions are mentioned in
Ref. [6]. We plot the mass-radius relation for different values
of Agr, for unpaired, 2SC, and CFL strange stars in Fig. 1.
We begin our analysis by comparing the different models
of quark matter in the symmetric case. It is observed that the
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unpaired matter produces a maximum mass of 2.09 Mg, the
2SC produces a maximum mass of 2.16 M, and the CFL
produces an impressive maximum mass of 2.76 M.

In the case of the three main constraints, we see that the
unpaired matter is not able to reproduce the radius of the
HESS object [14] in the absence of anisotropies, while the
2SC and CFL easily fulfill this task. In relation to the con-
straint related to the radius of the canonical star 10.4 <
R14 < 11.9 km, presented in Ref. [18], all quark models
are able to fulfill it in the isotropic case. Our last main con-
straint is the speculative mass of the black widow pulsars
PSR J0952-0607, M = 2.35 = 0.17M [19]. In this case,
only the CFL quark matter is able to reach such high mass,
although the 2SC is very close.

In relation to the other constraints, we see that no isotropic
model is able to fulfill the revised NICER results for the
canonical star, 11.80 < Ry 4 < 13.10 km [21] (Notice that
the overlap between the results in Ref. [18] and those in Ref.
[21] is only 100 m), but the CFL still fulfill its original range
[22]. In relation to the PSR J0740+6620 [21], we see that all
quark models reach the mass range of 2.08 £ 0.07 M, but
the unpaired matter produces too-low radii, in disagreement
with the range of 12.35 + 0.35 km. Finally, the mass-gap
object in the GW190814 event, with M > 2.50 Mg, [24],
can be explained only by the CFL phase. Before we finish
the analysis of the isotropic case, it is worth pointing out that
most of the constraint can be fulfilled with unpaired matter
by simply increasing the value of Gy [25]. However, in this
work, we impose that unpaired matter must be softer than the
super-conducting one.

‘We now analyze the effects of anisotropies. As expected, a
positive value of Agy, increases the maximum mass, as well as
increases the radius of a star with fixed mass [7,9], while neg-
ative values do the opposite. For the extreme positive value
(AL = +2.0), we see that the maximum mass increases by
around 23% in the MIT model, 25% in the 2SC, and 22% in
the CFL phase. In the extreme negative value (Agp, = —2.0),
we see that the maximum mass decreases by around 16% in
all three quark models.

In relation to the radius of the canonical star, the extreme
positive value (Ag;, = +2.0) causes an increase by around
2.5% in the MIT model, 2.3% in the 2SC, and 1.0% in the
CFL phase. In the extreme negative value (Agp, = —2.0), we
see a decrease of around 3.2% in the unpaired matter, 3.0%
in the 2SC, and 1.8% in the CFL phase.

We can conclude that the effect of the anisotropies affects
more the maximum mass than the radius of the canonical
star. At the same time, its effects in the maximum mass are
almost independent of the quark matter EOS, but the effects
on the canonical radius are strong for a softer EOS.

In relation to the constraints, we see that a positive value
of Apr will improve the results of the MIT. For instance, for
AL > 0.5, the HESS object can be described even in the

unpaired quark matter. For Agp, > 1.0, the radius range of
the PSR J0740+6620 [21] is satisfied, as well as the mass of
the black widow pulsars PSR J0952-0607. Additionally, for
ABL = 2.0, even the mass-gap object in the GW 190814 event
can be explained as an unpaired quark matter. For the 2SC, we
see that Agr, > 0.5 is enough to fulfill the mass range of the
black widow pulsars PSR J0952-0607, while for Ag;, = 1.5,
the mass of the secondary object in the GW 190814 event is
reached. Finally, in the case of the CFL phase, we have a
different behavior. As the CFL matter presents a stiff EOS
even in the isotropic case, if we increase Agp, up to values
of 1.5, their curves do not cross the radius range of the PSR
J0740+6620 pulsar [21]. On the other hand, most of the con-
straints are satisfied even for extremely negative values of
ABL.

3.2 Tidal deformation

The star shape is deformed due to its presence in the external
field of its companion star. The degree of deformation is
measured by the parameter A, which is defined as the tidal
deformability of a star. The definition for the dimensionless
tidal deformability A, which is a quantity observed by the
LIGO/Virgo, and it has a unique relation with the tidal Love
number (k»), and the compactness (C) of the star is [57,58]:

2
A= ngC_S, (13)

We use the linear perturbation in the Throne and Campo-
lattaro metric to determine the value of k7, [59]. In the case of
anisotropic stars, we use the formalism originally introduced
in Ref. [56]:

P 2 a [ 2m(r)
H +H|-+e 7— +4nr(pr —p)
r r

o+ pr 2 6e* 2
+ H |4we® (4p + + 14+¢))— — — =0.
|:rre (,0 8pr dp,/d,o( CA)) s v 0
(14)

The term dp;/dp represents the change of p; with respect
to energy density for a fixed value of Apr. The internal and
external solutions to the perturbed variable H at the star’s
surface can be matched to get the tidal Love number [57,60].
The value of the tidal Love number can then be calculated
using the equation in the following [57,58,61,62].

= 35 — 2020w — DC —
ky = 5c (1 =20)°[2(y2 — DC — y2 + 2]
x [2C[4(y2 £ DC* +2Gys — 2)C3 —2(11y, — 13)C?
+3(5y2 = 8)C = 3(32 — 2)] +3(1 - 20)?

X [2(y2 —1DC -y +2] log(1 — 2C)}_1 , (15)
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Fig. 1 Mass-radius relation for unpaired (top), 2SC (middle), and CFL

(bottom) strange stars for different values of anisotropies. The hatched
areas are bounds discussed in the text
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where y, depends on the surface value of H and its derivative

rH' _ 47 R3 py

) 16
H Ir M (16)

Y2 =

where the p; is the energy difference between the internal
and external regions. The results are presented in Fig. 2.

As in the last sub-section, we begin our analyses with the
isotropic case. In the case of unpaired matter, it provides the
softer EOS, which predicts the lower values of A. For the
canonical mass, we have A4 = 383. As we consider color-
superconducting, the EOS becomes stiffer, and the dimen-
sionless tidal parameter increases. The values of Aj 4 = 622
and 787 for the 2SC and the CFL phases, respectively. In rela-
tion to the effects of the anisotropies on the dimensionless
tidal parameter, we see that the higher values of Ay, predict
the higher value of A4 and vice-versa. For an extreme pos-
itive value, App, = +2.0, we see an increase of the A4 by
around 26% in the MIT model, 24% in the 2SC, and 14% in
the CFL phase. For an extreme negative value, Agp. = —2.0,
it is observed that the decrease of the A4 by around 22%
in the MIT model, 20% in the 2SC, and 11% in the CFL
phase. Therefore, as in the case of the radius of the canonical
mass, the effects of anisotropies in the dimensionless tidal
parameter are stronger in softer EOS.

We now discuss the results in the light of two constraints:
the GW170817 (70 < A1.4. < 580)[28] and the GW 190814
event (458 < A1a4 < 889) [24], although it is worth to
emphasize that the nature of the mass-gap object in the
GW190814 is not know yet, therefore such constraint is
still speculative. We see that the MIT model fulfills the
GW170817 constraint for all values of Agy. Moreover, for
AL = +2.0, the constraint of GW190814 is also satisfied.
For the 2SC, we see that the GW 170817 is satisfied for val-
ues up to Agp, = —1.0, and the GW 190814 for all degrees
of anisotropies. Finally, the CFL model fails to fulfill the
GW170817 for all values of Agr, but it can describe the
GW190814 limit if Agp, < +2.0.

3.3 Moment of inertia

For a slowly rotating NS, the equilibrium position can be
obtained by solving Einstein’s equation in the Hartle-Throne
metric, as given in Refs. [63-65]:

ds®> = — * di*> + e®* dr + r? (d6* + sin? 0d¢?)
— 2w (r)r*sin® 6 di d¢ (17)

For a slowly rotating anisotropic compact star, the MOI
can be calculated as in Ref. [66]:
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;=5 Rr”@(+ y1+—2|a (18)
= — r,
3Jo r—2m P oy,
where,

A 3 2
gzpl_pr:ﬂ(ﬁ pr)(p+pr)r’ (19)

3 1—2m/r

and ® = w/Q, where o is the frame dragging angular fre-
quency, ® = Q — w(r). J is defined as e7V(1 — 2m/r)1/2.
Hence Eq. (18), can be rewritten using Eq. (12) as

R 1574 }»% (P+31Pr)2(P+Pr)r2
o+ p) |14+ 2 gy,
o+ pr

_ 8
T3 o r—2M

I
(20)

As already pointed out in Ref. [66], a measurement of NS
moment inertia is crucial because its inherent capability to
constrain quite restricts the EOS of NSs at high density are
insensitive to EOS, and it has a universal relation with com-
pactness and tidal deformability. The results are displayed in
Fig. 3.

At first approximation, the MOI is proportional to M R?.
Therefore, the larger and heavier strange stars will present a
significantly higher MOI than smaller and lighter ones. This
is reflected in Fig. 3. Considering the isotropic case, we see
that the MOI for the canonical star (I;4 x 10% g.cm™2)
are 1.47 for the unpaired matter, 1.66, 1.78 for the 2SC and
the CFL respectively. In relation to the maximally massive
strange stars, the MOI (Imax X 10% g cm_2) are 2.36,2.82,
and 4.92 for MIT, 2SC, and CFL, respectively. We can also
see that the MOI is strongly affected by anisotropies. For
positive values of Agy, the increase of the 7 4 can reach 6.8%
in the MIT, 6.6% for the 2SC, and 3.4% for the CFL. For
negative values of App, we have a decrease of the 114 of
8.1% in the MIT, 7.8% in the 2SC, and 4.5% for the CFL.
These results are expected; as pointed out earlier, the effects
of the anisotropy in the canonical star are stronger in the
softer EoS. On the other hand, in relation to the maximum
mass of strange stars, we see for positive values of AL, an
increase of 65 % in the MIT, 67% in the 2SC, and 62% in the
CFL. For negative values of Apy, we have a decrease of 29%
in the MIT, 33% in the 2SC, and 32% in the CFL. These large
variations reflect the dependence of the MOI with M R?.

In relation to the constraints, due to the high uncertainty
in the mass, most of the results satisfy the DNS, MPS, and
LMXB bounds discussed in Refs. [29,30]. However, for
higher values of App in the 2SC case, some curves do not
cross some of the DNS and MSP regions. In the CFL case,
even the isotropic case does not cross some curves of the MSP
bound. Nevertheless, we pay special attention to the con-
straint of the PSR J0737-3039(A). With a well-established
mass of 1.34 Mg, in Ref. [29] was able to constraint its MOI

@ Springer
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to the range 1. 15f8:§§ x 10% g cm?. For the MIT, we see that
such constraint is satisfied by all values of A g . For the 2SC
it is satisfied if gz < +1.5, and for the CFL, it is satisfied
only if A, < —0.5.

3.4 Surface curvature

In the general theory of relativity (GR), there are different
quantities to measure the curvature of space-time, mainly
the Ricci scalar, the Ricci tensor, the Weyl tensor, and the
Riemann tensor. However, except for the Riemann tensor, all
of the magnitude becomes zero outside the star. Therefore,
we adopt the curvature quantity from the Refs. [10,67], that
is known as the Kretschmann scalar (full contraction of the
Riemann tensor) and is defined as

| gpuvpo %/w,oa

- |:(871)2 {3p2(r) +3P2(r) + 2P(r)p(r)}

A (r)

2, n1/2
_ 128p(r)m(r) N 48m (r)i| ’ o1

r ré

Atthe surface,m — M asr — R.Exceptforthelastterm,
all other terms vanish outside the star because they depend on
p(r) and P(r), which are zero outside the star. But, there is
a non-vanishing component of the Riemann tensor that does
not vanish; %"610 = —ZR—%I = —£, even in the outside of the
star [10,68]. Therefore, the Riemann tensor is a more relevant
quantity to measure the curvature of the stars. Kretschmann
scalar is the square root of the full contraction of the Riemann

tensor. The vacuum value for % is

44/3M
H = V3 , (22)
R3

as one can easily see from Eq. (21). Therefore, one can take
 reasonable measures for the curvature within the star. The
SC is defined as the ratio of curvature at the surface of the NS
J (R) to the curvature of the Sun %5, SC = JZ(R) /5.
At the surface of the Sun, the curvature is equal to £ = 3.0
x 10717 km~2, which can be considered as a small quantity.
We show in Fig. 4 the quantity SC in units of x 104,

We first notice that, despite the model utilized, the selected
model, or even the anisotropy degree, all values of the SC are
in the same order of magnitude: 10'* times the curvature of
the sun. In relation to the isotropic case, we see that the SC
for the canonical star is (x 10'4) 3.93 for the unpaired matter,
3.16 for the 2SC, and 2.94 for the CFL. When anisotropies
are taken into account, as a positive value of Agy, increases
the radius of a fixed mass, we have a decrease of SC. For
ABL = +2.0, we have a decrease of around 8% for the MIT,
7% for the 2SC, and 4% for the CFL. On the other hand,
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for Agr, = —2.0, we have an increase of around 10% for the
MIT and for the 2SC and 5% for the CFL. For more massive
strange stars, we see that anisotropy has a stronger influence.

Although today, there is no data for the SC of neutron
stars, as pointed out in Ref. [10], this quantity can poten-
tially act as a strong constraint in the future. For instance, in
Ref. [67], it was shown that the presence of dark matter in
neutron star interiors can increase the curvature by one order
of magnitude. 0.91—1.53

The main results of this study, as well as some constraints
discussed, are summarized in Table 1. Before we finished,
we quickly analyzed some results presented in this table.
As pointed out before, our main goal is to fulfill three con-
straints that are not easily fulfilled simultaneously in ordi-
nary hadronic models: the small radius of the canonical star
(R1a4 < 11.9 km) presented in Ref. [18]; the existence of
very light compact objects, HESS J1731-347 [14]; and the
speculative mass of the black widow pulsar PSR J0952-0607
[19].

The models that satisfy simultaneously these three con-
straints are the MIT for Ag;, > +1.0, 2SC for Agr. > +0.5,
and the CFL for all degrees of anisotropy. If altogether with
those three bounds, we impose that the model also needs to
fulfill the mass and radius range of the PSR J0740+6620 [21]
and the inertia moment of the J0737-3039(A) [29], there-
fore we must rule out the CFL for Ag;, > —0.5, while
for the 2SC, only the values Ay, = +0.5 and +1.0 are now
valid. On the other hand, if altogether with the three main
bounds, we impose that the model must satisfy the con-
straint related to the dimensionless tidal parameter in the
GW170817 event. Therefore, we must rule out all models
based on super-conducting quark matter. We finish by point-
ing out that unpaired quark matter with Agp, = +2.0 virtu-
ally fulfills every constraint presented. The only exception
is the radius constraint for the canonical star. However, we
must emphasize that the window comprehending the NICER
(R1.4 > 11.8 km) [21] and the Capano (R;4 < 11.9 km)
[18] is very narrow.

4 Conclusion

In this work, we study the effect of the anisotropy in strange
stars within three different quark models: unpaired quark
matter, 2SC, and CFL. For the unpaired quark model, we
use the vector MIT bag model as introduced in Ref. [36,37].
For both super-conducting quark matter (2SC and CFL) we
use the CSS model [45-52]. The parameters for the 2SC and
CFL are taken from Ref. [45], and as an additional constraint,
we impose that the unpaired quark matter must be softer than
the color super-conducting one, as indicated in the literature
[4,39]. The effects of the anisotropy are studied in the BL

@ Springer
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Table 1 Some strange star properties for unpaired (MIT), 2SC, and CFL quark matter and some constraints discussed in the text. The inertia
moment is given in units of x 10* g.cm~2. The scalar surface, SC = .# (R)/.%#, is given in unit of 10

Model Al  Mmax/Mo Ria(km) A1s Iia Imax SCis HESS Capano NICER;4 J0740+6620 J0952-0607 GW170817 GW190814 (M/A) J0737-3039(A)

MIT -2.0 1.75
MIT —1.5 1.83
MIT —-1.0 191
MIT -0.5 2.00
MIT 0.0 2.09

10.25 302 1.35 1.64 433
10.35 319 1.38 1.77 422
10.44 340 141 193 4.11
10.52 361 1.44 214 4.02
10.60 383 1.47 236 393
MIT +0.5 2.19 10.67 406 149 2.64 3.85
MIT +1.0 231 10.74 431 152 299 3.78
MIT +1.5 244 10.81 456 1.55 3.39 3.71
MIT +2.0 2.58 10.87 482 1.57 3.89 3.64
2sC 2.0 1.80 11.05 495 153 1.88 3.47
2SC  —1.5 1.88 11.14 523 1.57 2.07 3.38
2sC  —-1.0 197 11.23 555 1.60 228 3.30
2SC  —0.5 2.06 11.31 588 1.63 253 3.24
2SC 0.0 216 11.39 622 166 282 3.16
2SC 405 227 11.46 658 1.69 3.17 3.10
2SC  +1.0 240 11.53 696 1.72 3.57 3.05
2SC  +15 254 11.60 733 175 4.07 2.99
2SC 420 2.70 11.66 775 177 471 294
CFL  -2.0 232 11.49 699 1.70 3.32 3.08
CFL —-1.5 242 11.54 718 172 3.64 3.04
CFL —-1.0 252 11.59 739 1.74 398 3.00
CFL  —-0.5 2.63 11.63 762 176 441 297
CFL 0.0 275 11.67 787 1.78 492 294
CFL  +0.5 2.89 11.71 812 1.79 548 2091
CFL  +1.0 3.03 11.75 838 1.81 6.14 2.89
CFL  +15 3.19 11.78 856 1.83 6.95 2.86
CFL  +2.0 3.37 11.82 899 1.84 795 283

AN N N N N N N T N N N N N N N N N T
N N N N N N N N N N N N N T N N N N NN

X X X X X X X X X X X X X X X X X X X X X X X X X X X

AN

X7X
X/X
XIX
X/IX
X/X
X/X
X/X
XIX
VIV
Xiv
XIv
XIv
XIv
XIv
XIv
XIv
vIv
vIv
Xiv
XIv
VIV
VIV
VIV
vIv
VIV
vIv
vIX

<\

XX A AN A A NSRS SR R X X X A X X X X X X
C AN NN NN N A X X X X X A X X X X X X
X X X X X X X X X X X X X X X & 4 4 A A A A A A S
XX X X X X oA A X X AN A NSRS S A SRS

model [7], which has the advantage of preserving the spher-
ical symmetry of the star [8].

We searched for models that are able to satisfy three strong
constraints simultaneously: the small radius of the canonical
star (R14 < 11.9 km) presented in Ref. [18]; the existence
of very light compact objects, HESS J1731-347 [14]; and
the speculative mass of the black widow pulsar PSR J0952-
0607 [19]. Additional constraints, as well as additional fea-
tures such as the dimensionless tidal parameter, A, the MOI,
and SC are also presented. The main results are summarized
below:

e In the mass-radius diagram, we observed that the pres-
ence of the anisotropy increases the maximum mass, as
well as the radius of a fixed mass star for positive values
of AL, and vice-versa for negative ones.

e The effect of anisotropies in the maximum mass is similar
for all three quark matter models; however, the effect in
the canonical star is stronger in the softer models.

e The models that are able to fulfill the three main con-
straints simultaneously are the MIT for Ag;, > +1.0,

@ Springer

2SC for Apr, > +0.5, and the CFL for all degrees of
anisotropy.

The anisotropy increase the tidal dimensionless parame-
ter A for positive values of A, and reduce it for negative
ones. Despite this, only unpaired quark matter can fulfill
the constraints related to the GW 170817 event.

The MIT presents the smaller values of MOI, and the
CFL model has the large MOI. The anisotropies change
the MOI of the canonical star by around 10%. However,
due to the proportionality of I with M R, the anisotropy
strongly affects the maximum mass of strange stars. The
MOI increases more than 60% for positive Apr values
and decreases around 30% for negative values. Only for
the MIT the constraints related to the JO0737-3039(A), are
satisfied for all values of Agp..

The anisotropy has a weak influence of the SC in low-
mass strange stars and a moderate one in most massive
ones. For all values of mass and all degrees of anisotropy,
the SC is always in the same magnitude order (10'4).



Eur. Phys. J. C (2024) 84:166

Page 11 of 12 166

e The unpaired matter with Agp, = +2.0 virtually fulfill all
constraints presented, with the exception of the revised
NICER constraint.

e Therefore, it has been observed that pressure anisotropy
has significant effects on the various strange star proper-
ties. There are still unsolved issues based on the origin
of anisotropy and its effects on the various properties of
compact stars, which will be discussed in future work.

Acknowledgements L.L.L. was partially supported by CNPq Univer-
sal Grant No. 409029/2021-1.

Data Availability Statement This manuscript has no associated data
or the data will not be deposited. [Authors’ comment: Data sharing is
not applicable to this article as no datasets were generated or analyzed
during the current study.]

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adaptation,
distribution and reproduction in any medium or format, as long as you
give appropriate credit to the original author(s) and the source, pro-
vide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article
are included in the article’s Creative Commons licence, unless indi-
cated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permit-
ted use, you will need to obtain permission directly from the copy-
right holder. To view a copy of this licence, visit http://creativecomm
ons.org/licenses/by/4.0/.

Funded by SCOAP?.

References

1. A.R. Bodmer, Phys. Rev. D 4, 1601 (1971). https://doi.org/10.
1103/PhysRevD.4.1601
2. E. Witten, Phys. Rev. D 30, 272 (1984). https://doi.org/10.1103/
PhysRevD.30.272
3. M.G. Alford, K. Rajagopal, JHEP 2002(06), 031 (2002). https://
doi.org/10.1088/1126-6708/2002/06/031
4. M.G. Alford et al., Rev. Mod. Phys. 80, 1455 (2008). https://doi.
org/10.1103/RevModPhys.80.1455
5. L. Herrera, N. Santos, Phys. Rep. 286(2), 53 (1997). https://doi.
org/10.1016/S0370-1573(96)00042-7
6. H.C. Das, Phys. Rev. D 106, 103518 (2022). https://doi.org/10.
1103/PhysRevD.106.103518
7. R.L. Bowers, E.P.T. Liang, ApJ 188, 657 (1974). https://doi.org/
10.1086/152760
8. G. Delgado, J. Delgado, Eur. Phys. J. C 78, 673 (2018). https://doi.
org/10.1140/epjc/s10052-018-6151-z
9. H.C. Das, L.L. Lopes, MNRAS 525, 3571 (2023). https://doi.org/
10.1093/mnras/stad2554
10. K.Y. Eksi, C. Giingor, M.M. Tiirkoglu, Phys. Rev. D 89, 063003
(2014). https://doi.org/10.1103/PhysRevD.89.063003
11. J.D. Arbaiil, M. Malheiro, JCAP 2016(11), 012 (2016). https://
doi.org/10.1088/1475-7516/2016/11/012
12. S.K. Maurya, F. Tello-Ortiz, Eur. Phys. J. C79(1), 1 (2019). https://
doi.org/10.1140/epjc/s10052-019-6575-0
13. D. Deb, B. Mukhopadhyay, F. Weber, Astrophys. J. 922(2), 149
(2021). https://doi.org/10.3847/1538-4357/ac222a
14. V. Doroshenko et al., Nat. Astron. 6, 1444 (2022). https://doi.org/
10.1038/541550-022-01800- 1

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

. S. Kubis, W. Wjcik, D.A. Castillo, N. Zabari, Phys. Rev. C 108,
045803 (2023). https://doi.org/10.1103/PhysRevC.108.045803

1. Rather, G. Panotopoulos, I. Lopes, Eur. Phys. J. C 83(11), 1065
(2023). https://doi.org/10.1140/epjc/s10052-023-12223-1

V. Sagun, E. Giangrandi, T. Dietrich, O. Ivanytskyi, R. Negreiros,
C. Providéncia, Astrophys. J. 958(1), 49 (2023). https://doi.org/10.
3847/1538-4357/actc9e

C.D. Capano, 1. Tews, S.M. Brown et al., Nat. Astron. 4(6), 625—
632 (2020). https://doi.org/10.1038/s41550-020-1014-6

R.W. Romani et al., Astrophys. J. Lett. 934(2), L17 (2022). https://
doi.org/10.3847/2041-8213/ac8007

H.T. Cromartie, E. Fonseca, S.M. Ransom et al., Nat. Astron. 4(1),
72 (2020). https://doi.org/10.1038/s41550-019-0880-2

M.C. Miller et al., Astrophys. J. Lett. 918(2), L28 (2021). https://
doi.org/10.3847/2041-8213/ac089b

T.E. Riley et al., Astrophys. J. Lett. 887(1), L21 (2019). https://doi.
org/10.3847/2041-8213/ab481c

M.C. Miller et al., Astrophys. J. 887(1), L24 (2019). https://doi.
org/10.3847/2041-8213/ab50c5

R. Abbott et al., Astrophys. J. Lett. 896(2), L44 (2020). https://doi.
org/10.3847/2041-8213/ab960f

L.L. Lopes, D.P. Menezes, Astrophys. J. 936, 41 (2022). https://
doi.org/10.3847/1538-4357/ac81c4

H.C. Das, A. Kumar, S.K. Patra, Phys. Rev. D 104, 063028 (2021).
https://doi.org/10.1103/PhysRevD.104.063028

B. Abbott et al., Phys. Rev. Lett. 119, 161101 (2017). https://doi.
org/10.1103/PhysRevLett.119.161101

B. Abbott et al., Phys. Rev. Lett. 121, 161101 (2018). https://doi.
org/10.1103/PhysRevLett.121.161101

P.Landry, B. Kumar, Astrophys. J. Lett. 868(2), L22 (2018). https://
doi.org/10.3847/2041-8213/aaee76

B. Kumar, P. Landry, Phys. Rev. D 99, 123026 (2019). https://doi.
org/10.1103/PhysRevD.99.123026

G. Rosi et al., Phys. Rev. Lett. 114, 013001 (2015). https://doi.org/
10.1103/PhysRevLett.114.013001

W. Greiner, L. Neise, H. Stocker, Thermodynamics and Statistical
Mechanics. Classical Theoretical Physics (Springer, 1995)

T. Klahn, T. Fischer, Astrophys. J. 810, 134 (2015). https://doi.org/
10.1088/0004-637X/810/2/134

A. Chodos et al., Phys. Rev. D 9, 3471 (1974). https://doi.org/10.
1103/PhysRevD.9.3471

B.D. Serot, Rep. Prog. Phys. 55(11), 1855 (1992). https://doi.org/
10.1088/0034-4885/55/11/001

L.L. Lopes, C. Biesdorf, D.P. Menezes, Phys. Scrip. 96(6), 065303
(2021). https://doi.org/10.1088/1402-4896/abef34

L.L. Lopes et al., Phys. Scrip. 96(6), 065302 (2021). https://doi.
org/10.1088/1402-4896/abef35

J.R. Torres, D.P. Menezes, Europhys. Lett. 101(4), 42003 (2013).
https://doi.org/10.1209/0295-5075/101/42003

J. Horvath, G. Lugones, A&A 422, L1 (2004). https://doi.org/10.
1051/0004-6361:20040180

S.B. Riister, D.H. Rischke, Phys. Rev. D 69, 045011 (2004). https://
doi.org/10.1103/PhysRevD.69.045011

L. Linares, et al., Braz. J. Phys. 36, 1391 (2006). https://doi.org/
10.1590/S0103-97332006000800013

G. Lorenzatto, D. Hadjimichef, Braz. J. Phys. 52, 179 (2022).
https://doi.org/10.1007/s13538-022-01161-0

I.A. Shovkovy, Found. Phys. 35, 1309 (2005). https://doi.org/10.
1007/s10701-005-6440-x

B.K. Agrawal, Phys. Rev. D 81, 023009 (2010). https://doi.org/10.
1103/PhysRevD.81.023009

J.L. Zdunik, P. Haensel, A&A 551, A61 (2013). https://doi.org/10.
1051/0004-6361/201220697

M.G. Alford et al., Phys. Rev. D 92, 083002 (2015). https://doi.
org/10.1103/PhysRevD.92.083002

@ Springer


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1103/PhysRevD.4.1601
https://doi.org/10.1103/PhysRevD.4.1601
https://doi.org/10.1103/PhysRevD.30.272
https://doi.org/10.1103/PhysRevD.30.272
https://doi.org/10.1088/1126-6708/2002/06/031
https://doi.org/10.1088/1126-6708/2002/06/031
https://doi.org/10.1103/RevModPhys.80.1455
https://doi.org/10.1103/RevModPhys.80.1455
https://doi.org/10.1016/S0370-1573(96)00042-7
https://doi.org/10.1016/S0370-1573(96)00042-7
https://doi.org/10.1103/PhysRevD.106.103518
https://doi.org/10.1103/PhysRevD.106.103518
https://doi.org/10.1086/152760
https://doi.org/10.1086/152760
https://doi.org/10.1140/epjc/s10052-018-6151-z
https://doi.org/10.1140/epjc/s10052-018-6151-z
https://doi.org/10.1093/mnras/stad2554
https://doi.org/10.1093/mnras/stad2554
https://doi.org/10.1103/PhysRevD.89.063003
https://doi.org/10.1088/1475-7516/2016/11/012
https://doi.org/10.1088/1475-7516/2016/11/012
https://doi.org/10.1140/epjc/s10052-019-6575-0
https://doi.org/10.1140/epjc/s10052-019-6575-0
https://doi.org/10.3847/1538-4357/ac222a
https://doi.org/10.1038/s41550-022-01800-1
https://doi.org/10.1038/s41550-022-01800-1
https://doi.org/10.1103/PhysRevC.108.045803
https://doi.org/10.1140/epjc/s10052-023-12223-1
https://doi.org/10.3847/1538-4357/acfc9e
https://doi.org/10.3847/1538-4357/acfc9e
https://doi.org/10.1038/s41550-020-1014-6
https://doi.org/10.3847/2041-8213/ac8007
https://doi.org/10.3847/2041-8213/ac8007
https://doi.org/10.1038/s41550-019-0880-2
https://doi.org/10.3847/2041-8213/ac089b
https://doi.org/10.3847/2041-8213/ac089b
https://doi.org/10.3847/2041-8213/ab481c
https://doi.org/10.3847/2041-8213/ab481c
https://doi.org/10.3847/2041-8213/ab50c5
https://doi.org/10.3847/2041-8213/ab50c5
https://doi.org/10.3847/2041-8213/ab960f
https://doi.org/10.3847/2041-8213/ab960f
https://doi.org/10.3847/1538-4357/ac81c4
https://doi.org/10.3847/1538-4357/ac81c4
https://doi.org/10.1103/PhysRevD.104.063028
https://doi.org/10.1103/PhysRevLett.119.161101
https://doi.org/10.1103/PhysRevLett.119.161101
https://doi.org/10.1103/PhysRevLett.121.161101
https://doi.org/10.1103/PhysRevLett.121.161101
https://doi.org/10.3847/2041-8213/aaee76
https://doi.org/10.3847/2041-8213/aaee76
https://doi.org/10.1103/PhysRevD.99.123026
https://doi.org/10.1103/PhysRevD.99.123026
https://doi.org/10.1103/PhysRevLett.114.013001
https://doi.org/10.1103/PhysRevLett.114.013001
https://doi.org/10.1088/0004-637X/810/2/134
https://doi.org/10.1088/0004-637X/810/2/134
https://doi.org/10.1103/PhysRevD.9.3471
https://doi.org/10.1103/PhysRevD.9.3471
https://doi.org/10.1088/0034-4885/55/11/001
https://doi.org/10.1088/0034-4885/55/11/001
https://doi.org/10.1088/1402-4896/abef34
https://doi.org/10.1088/1402-4896/abef35
https://doi.org/10.1088/1402-4896/abef35
https://doi.org/10.1209/0295-5075/101/42003
https://doi.org/10.1051/0004-6361:20040180
https://doi.org/10.1051/0004-6361:20040180
https://doi.org/10.1103/PhysRevD.69.045011
https://doi.org/10.1103/PhysRevD.69.045011
https://doi.org/10.1590/S0103-97332006000800013
https://doi.org/10.1590/S0103-97332006000800013
https://doi.org/10.1007/s13538-022-01161-0
https://doi.org/10.1007/s10701-005-6440-x
https://doi.org/10.1007/s10701-005-6440-x
https://doi.org/10.1103/PhysRevD.81.023009
https://doi.org/10.1103/PhysRevD.81.023009
https://doi.org/10.1051/0004-6361/201220697
https://doi.org/10.1051/0004-6361/201220697
https://doi.org/10.1103/PhysRevD.92.083002
https://doi.org/10.1103/PhysRevD.92.083002

166 Page 12 of 12

Eur. Phys. J. C (2024) 84:166

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

G. Burgio, D. Zappala, Eur. Phys. J. A 52, 60 (2016). https://doi.
org/10.1140/epja/i2016-16060-y

M.G. Alford, S. Han, M. Prakash, Phys. Rev. D 88, 083013 (2013).
https://doi.org/10.1103/PhysRevD.88.083013

S. Han, A.W. Steiner, Phys. Rev. D 99, 083014 (2019). https://doi.
org/10.1103/PhysRevD.99.083014

M. Cierniak, D. Blaschke, Eur. Phys. J. ST 229, 3663 (2020).
https://doi.org/10.1140/epjst/e2020-000235-5

H. Sun, D. Wen, Phys. Rev. C 108, 025801 (2023). https://doi.org/
10.1103/PhysRevC.108.025801

L.L. Lopes, H. Das, JCAP 2023(05), 034 (2023). https://doi.org/
10.1088/1475-7516/2023/05/034

D.D. Doneva, S.S. Yazadjiev, Phys. Rev. D 85, 124023 (2012).
https://doi.org/10.1103/PhysRevD.85.124023

H.O. Silvaetal., Class. Quant. Grav. 32(14), 145008 (2015). https://
doi.org/10.1088/0264-9381/32/14/145008

G. Estevez-Delgado, J. Estevez-Delgado, Eur. Phys. J. C 78(8), 673
(2018). https://doi.org/10.1140/epjc/s10052-018-6151-z

B. Biswas, S. Bose, Phys. Rev. D 99, 104002 (2019). https://doi.
org/10.1103/PhysRevD.99.104002

T. Hinderer, Astrophys. J. 677(2), 1216 (2008). https://doi.org/10.
1086/533487

T. Hinderer, Astrophys. J. 697(1), 964 (2009). https://doi.org/10.
1088/0004-637x/697/1/964

K.S. Thorne, A. Campolattaro, Astrophys. J. 149, 591 (1967).
https://doi.org/10.1086/149288

@ Springer

60.

61.

62.

63.

64.

65.

66.

67.

68.

T. Damour, A. Nagar, Phys. Rev. D 80, 084035 (2009). https://doi.
org/10.1103/PhysRevD.80.084035

C. Flores et al., Eur. Phys. J. C 80(12), 1142 (2020). https://doi.
org/10.1140/epjc/s10052-020-08705-1

H. Das et al., Int. J. Mod. Phys. E 30(10), 2150088 (2021). https://
doi.org/10.1142/S0218301321500889

J.B. Hartle, Astrophys. J. 150, 1005 (1967). https://doi.org/10.
1086/149400

J.B. Hartle, K.S. Thorne, Astrophys. J. 153, 807 (1968). https://
doi.org/10.1086/149707

J.B. Hartle, Astrophys. Space Sci. 24(2), 385 (1973). https://doi.
org/10.1007/BF02637163

A. Rahmansyah et al., Eur. Phys. J. C 80(8), 769 (2020). https://
doi.org/10.1140/epjc/s10052-020-8361-4

H. Das, A. Kumar, B. Kumar, S. Biswal, S. Patra, JCAP 2021(01),
007 (2021). https://doi.org/10.1088/1475-7516/2021/01/007

X.T. He et al., Phys. Rev. C 91, 015810 (2015). https://doi.org/10.
1103/PhysRevC.91.015810


https://doi.org/10.1140/epja/i2016-16060-y
https://doi.org/10.1140/epja/i2016-16060-y
https://doi.org/10.1103/PhysRevD.88.083013
https://doi.org/10.1103/PhysRevD.99.083014
https://doi.org/10.1103/PhysRevD.99.083014
https://doi.org/10.1140/epjst/e2020-000235-5
https://doi.org/10.1103/PhysRevC.108.025801
https://doi.org/10.1103/PhysRevC.108.025801
https://doi.org/10.1088/1475-7516/2023/05/034
https://doi.org/10.1088/1475-7516/2023/05/034
https://doi.org/10.1103/PhysRevD.85.124023
https://doi.org/10.1088/0264-9381/32/14/145008
https://doi.org/10.1088/0264-9381/32/14/145008
https://doi.org/10.1140/epjc/s10052-018-6151-z
https://doi.org/10.1103/PhysRevD.99.104002
https://doi.org/10.1103/PhysRevD.99.104002
https://doi.org/10.1086/533487
https://doi.org/10.1086/533487
https://doi.org/10.1088/0004-637x/697/1/964
https://doi.org/10.1088/0004-637x/697/1/964
https://doi.org/10.1086/149288
https://doi.org/10.1103/PhysRevD.80.084035
https://doi.org/10.1103/PhysRevD.80.084035
https://doi.org/10.1140/epjc/s10052-020-08705-1
https://doi.org/10.1140/epjc/s10052-020-08705-1
https://doi.org/10.1142/S0218301321500889
https://doi.org/10.1142/S0218301321500889
https://doi.org/10.1086/149400
https://doi.org/10.1086/149400
https://doi.org/10.1086/149707
https://doi.org/10.1086/149707
https://doi.org/10.1007/BF02637163
https://doi.org/10.1007/BF02637163
https://doi.org/10.1140/epjc/s10052-020-8361-4
https://doi.org/10.1140/epjc/s10052-020-8361-4
https://doi.org/10.1088/1475-7516/2021/01/007
https://doi.org/10.1103/PhysRevC.91.015810
https://doi.org/10.1103/PhysRevC.91.015810

	Spherically symmetric anisotropic strange stars
	Abstract 
	1 Introduction
	2 Quark matter models
	2.1 Unpaired quark matter: the vector MIT bag model
	2.2 2SC color-superconducting quark matter
	2.3 CFL color-superconducting quark matter

	3 Spherically symmetric anisotropic stars
	3.1 Hydrostatic equilibrium
	3.2 Tidal deformation
	3.3 Moment of inertia
	3.4 Surface curvature

	4 Conclusion
	Acknowledgements
	References




