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This work is motivated by the existence of mapping the extended theory of gravity with a standard
energy-momentum tensor to general relativity with a modified energy-momentum tensor. We construct a
modified anisotropic energy-momentum tensor from a standard isotropic energy-momentum tensor by
adding a “geometrical correction” to precisely reproduce the Tolman-Oppenheimer-Volkoff equations
predicted by the generalized Tolman-Oppenheimer-Volkoff (GTOV) model. This construction aims to
calculate the moment of inertia (/) and tidal deformability (A) of neutron stars (NSs) within the GTOV
model. Therefore, we can comprehensively investigate the role of each free parameter of the GTOV model
in NS properties. Furthermore, through this construction we can also utilize physically acceptable stability
conditions for anisotropic stars to constrain the physical range of each parameter value and investigate the
existence of a correlation among the parameters of the GTOV model. Except for , we find that the values
of the GTOV free parameters can be limited to acceptable ranges. We also find that the parameters 6, y, and
p are correlated, and the parameter I' — 0. With these free parameter ranges in hand, we study the role of
each parameter of the GTOV model in NS properties, including / and A. We also revisit the hyperon puzzle
in NSs within the GTOV model. We find that the 6 parameter plays a crucial role in controlling the NS
maximum mass value. We also find that the threshold k, peak for NS is k, ~ 0.167. Furthermore, if we use
parameter sets with @ = —1, the mass-radius predictions are compatible with recent NICER data on PSR

JO030 + 0451 and PSR J0740 + 6620.
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I. INTRODUCTION

Neutron stars (NSs) have a relatively large compactness
(e, C< %) and high densities (i.e., around several times
the nuclear saturation density p ~ 3 x 10* %). Therefore,
observational data of neutron star’s properties are crucial to
investigate the equation of state (EOS) of nuclear matter at
high densities and to probe the impact of gravity within
both general relativity (GR) [1-3] and extended theories of
gravity (ETGs) [4-6]. We can extract the NS mass (M),
radius (R), inertia moment (), and tidal deformability (A)
from astronomical observations. For example, observations
by the Neutron Star Interior Composition Explorer
(NICER) can simultaneously constrain the M, R, and [
of PSR J0030 + 0451 [7,8] and PSR J0740 4 6620 [9,10].
We can also obtain information on the merger of binary
NSs from gravitational waves (GWs). The GW events
GW170817 [11-13] and GW 190425 [14] and their electro-
magnetic counterparts [15,16] can provide relatively accu-
rate A and M values, as well as other properties of NSs. We
need to note that sets of observational results from different
systems can also be used to constrain a shared underlying
NS property through a hierarchical inference scheme.
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For a recent report on this scheme, please see Ref. [17]
and references therein. Furthermore, testing gravity using
NSs is challenging since the EOS and the gravity theory to
describe NSs are uncertain. One possible way to overcome
this issue is by employing the EOS-independent (universal)
relation between I, L, and Q, where L is the tidal Love
number and Q is the quadrupole moment of NSs. See
Ref. [6] for a recent report on scalar-Gauss-Bonnet gravity
theory, and the references therein for the GR and other ETG
cases. Information on M, R, I, A or L, and Q are essential to
understanding the EOS and composition of NSs.
References [18-21] reported that one can map the
Einstein field equations of ETGs using a standard isotropic
energy-momentum tensor for describing matter into the one
of Einstein field equation of GR theory but by using the
apparent or modified energy-momentum tensor; see the
detailed discussions in Refs. [18-21] and references therein.
Wojnar and Velten [19] also demonstrated that the modified
Einstein field equations of a large class of ETGs can be
written generally into GR Einstein’s field equations with an
effective energy-momentum tensor. The energy-momentum
tensor consists of energy-momentum tensor of actual EOS
of matter and energy-momentum tensor from geometrical
source. The explicit form of this energy-momentum tensor
correction depends on the specific ETG used, and the
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pressure of NSs might be anisotropic due to this term [19]
[e.g., the Eddington-inspired Born-Infeld (EiBI) case]. In
the EiBI case, the pressure in the apparent EOS becomes
anisotropic even though the pressure in the actual EOS of the
matter is isotropic [18].

A few years ago, Mota et al. [22] introduced a free ad hoc
parametrization of the Tolman-Oppenheimer-Volkoff (TOV)
model to overcome the hyperon puzzle in NSs. The model is
known as the generalized TOV (GTOV) model. From a
phenomenological point of view, this model is attractive
because adding more free parameters to every term of the
TOV equations makes the model more flexible if we compare
this model’s predictions for M and R with observational data.
This model extends the previous proposal known as the free
parametrized TOV (PTOV) model [23]. The PTOV model
aims to investigate the correspondence between each TOV
term with possible terms in ETG and to distinguish the role of
ETG term using NS properties. However, we have difficulty
calculating other observable properties of NSs—I/, A or L,
and Q—and examining the stability of stars in the relative
extreme values of the free parameter due to this model does
not provide TOV equations from Einstein’s field equations.

Inspired by the possibility of mapping ETG with standard
matter into GR with modified matter, we construct a
modified anisotropic energy-momentum tensor to obtain
the TOV equations of GTOV or PTOV models. Using the
Einstein field equations with both a standard, slowly rotating
metric and a tidal deformation metric, the 7 and A of NSs can
be calculated. Furthermore, we employ physically accept-
able stability conditions for an anisotropic object [24-26] to
constrain the GTOV model’s parameters and study the
correlations among the parameters. We hope that we can
reduce the number of free parameters into physically
parameters. With these free-parameter ranges in hand, we
revisit the hyperon puzzle in NSs to test whether the GTOV
model can resolve this issue.

The paper is organized as follows. In Sec. II we briefly
discuss the anisotropic energy-momentum tensor correc-
tion in GR that can reproduce the TOV equations of the
GTOV model. We also show the explicit expressions to
calculate the mass-radius relation, moment of inertia, and
tidal deformability for the GTOV model. In Sec. III we use
stability conditions for anisotropic objects to reduce the
number of free parameters of the GTOV model. In Sec. IV
we discuss the structure of EOSs and the composition of
NSs by taking into account hyperons in EOSs. In Sec. V we
discuss the numerical results. Finally, we give our con-
clusions in Sec. VL.

II. GENERALIZED TOV EQUATIONS AND
EFFECTIVE ENERGY-MOMENTUM TENSOR

In this section we construct an effective energy-
momentum tensor with an effective energy density and
anisotropic pressure. If we define the specific form of the
effective energy density and the difference between radial

and tangential pressure forms, the corresponding TOV
equations of this model can be recast exactly into the
TOV equations of the GTOV model. In this way, we can
calculate all NS properties, including 7 and A. The effective
energy-momentum tensor is defined as [1]

T;u/ Eéuﬂuu+Pkykv+ Q[gyu+uyuu_kﬂku]7 (1)
where € is the effective energy density which consists of the
actual energy density of matter and the correction term
from the geometry. P is the radial pressure, Q is the
tangential pressure, u, is the fluid 4-velocity, k, is the unit
radial vector orthogonal to u,, and g, is the spacetime
metric. The spacetime metric is given by

G = diagle?, —e*, —r*, —r*sin ), (2)

where v =v(r) and 1= A(r). From the Einstein field
equations, we obtain the following three relations:

| 1
6_/1 |:7—p:| +p = 87Z'G€, (3)
LYol 1
4 |:7 p:| - p = 87TGP, (4)

~ l/” (l//)2 l/ /1/ l/ /1/
i|:7 4 4 +Z—Z :ST[GQ. (5)

By manipulating Egs. (3), (4), and (5), we obtain the
following TOV equations:

dP _ G(e+ P)(M +4nr’P) 20

o ) 6
dr r(r—2GM) r (6)
and
am
W = 47[@']"2, (7)

where 6 = P — Q [1].
We define the particular form of € and ¢ in Egs. (6) and
(7) as

E=¢e¢+T, (8)
and
_r~  G(E+P)(M+4zr’P)
o= T Zom ®)

Note that in Egs. (8) and (9), €, I, T, and A are defined as

E=e¢+ 0P, (10)
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r= dzr? (1)
. GI(M +4zr’P)
F=- r(r—=2GM) (12)
and
A=a(l+p)(1+7) —1. (13)

As we can see in Eq. (13), the A term depends on three
functions, i.e., @, f, and ¥, which depend on the GTOV
parameters. The explicit forms of these functions are

a=a+l1, (14)
_ P(F-0-1)
h= e+pP (15)
and
_ 47rr3P(;( -1)
X = M dnrp (16)

If we substitute all of these terms into standard the TOV
equations with an anisotropic pressure [i.e., Egs. (6) and
(7)], after a little bit of algebra we can obtain exactly the
GTOV equations [22], i.e.,

dP _ G(l +a)(e+ pP)(M + 4ynr’P) (17)
dr r(r—2GM) ’

and

dMm
—— =dar*(e + OP) + T/eM,

dr (18)

where a, f, y, 0, and I are free parameters of the GTOV
model. This means that Egs. (8) and (9) play a role in
mapping from anisotropic GR to the GTOV model.
Furthermore, we can calculate an NS’s tidal deformability
and moment of inertia using this GR framework.

Except for I', the physical meaning of these parameters
was discussed in Ref. [23]. Then, Ref. [22] introduced the I
parameter because the author wanted to analyze the
possible new effects that might arise from dM /dr equation.
It is worth noting that a parametrizes the deviation of the
gravitational coupling value, i.e., G = G(1 + @), where
G is the gravitational coupling [22,23]. Some modified
gravity theories predict @ whose form can be seen clearly in
their nonrelativistic limit expression. For instance, f(R)
theory in Refs. [22,23,27]. Note that 3, y, and 0 affect the
pressure contribution of the TOV equations, i.e., they relate
inertial pressure, self-gravity, and gravitational mass of
stellar dense objects, respectively. Furthermore, the term
relates to y is genuine GR [22,23]. In a recent report, the NS

mass was shown to be relatively sensitive to variations in
the value of y [28]. On the contrary, the radius is not too
sensitive to variations in the value of y. In GR, the value of
each parameterisa =0, =1,y =1,0=0,and I' = 0.
The deviation from these GR values indicates the existence
of modified gravity. As far as we know, the reported
observational constraints are only for o and y [29,30].
The best-fit range for a extracted from observations is
0.04 < a <0.15 [29]. However, the big bang nucleosyn-
thesis (BBN) fitting results for y are y = 1.0 = 0.14 and
x =0.84 +£0.25, and the data are strongly incompatible
with y = 0. The corresponding fitting results only slightly
depend on the details of the observable involved. This
means that BBN data is consistent with the value predicted
by GR; see Ref. [30] and references therein for a detailed
discussion of the y constraint from BBN. It is also worth
noting that one of the ETGs, i.e., energy-momentum
squared gravity (T-squared gravity) theory, has a relatively
similar TOV equation structure as those of the GTOV
model; see Ref. [31] and references therein for detailed
applications of the T-squared gravity model. The TOV
equations of this model with the coupling of energy-
momentum squared gravity « are [31]

dP _ Gl +a(e,P)](e+BP)M +x(e, P)4nr’P]

dr r(r—=2GM) - (19)
with

x(e,P) =1 +K€; (1 +3€};2>’

a(e,P) = 2K€<1 - s—;> ,
and

‘Z_j‘f — 4n[e + 0(e, P)P + ke, (20)

where @ = k(8¢ + 3P). The factthat a, y, and € in T-squared
gravity theory depend on the free parameters «, P, and €, the
main difference appears in the term couple by I' in GTOV
model is /eM while the k-term of T-squared gravity theory
is in the form of €. We will discuss the role of these
parameters in more detail for a stellar configuration later.

The dimensionless tidal deformability can be expressed
as [32]

2k
- 3CY
where k, and C are the electric-tidal Love number and NS

compactness, respectively. The NS compactness can be
expressed as

A (1)
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2GM
C=——, (22)
R
where M and R are the NS mass and radius, respectively.
We have to solve a first-order differential equation to obtain

ky (1],

d
rd—i +y2 4+ B,y + B,r* =0, (23)
where
r—d4nri(e — P)
B =——— 7~ 24
! r—2GM (24)

dP

(é+P)<1+j—;)
drr 4€+8P+T+46

Bzz

r—2M
2

3
_4 M + 4rxr’ P ‘ (25)

(1 -294)

More details about obtaining Eq. (23) can be found in
Ref. [1]. Here, we set the initial value of y, i.e., y(0) = 2, to
solve Eq. (23). Moreover, we solve it simultaneously with
the anisotropic TOV equations. After solving it, we can
compute the k, value,

_ B

ky = —, 26
=5 (26)

where

By =—-(1-20)*)C°(2C(Y -=1)-Y +2), (27)

| oo

B, =2C(4(Y + 1)C* + (6Y —4)C?)
+2C((26 — 22Y)C? + 3(5Y — 8)C — 3Y + 6)

—3(1=20)22C(Y=1) =Y +2) 1n<1_12C>,
(28)

where Y = y(R). Therefore, we can compute the dimen-
sionless tidal deformability after we obtain k, and C.

To obtain the moment of inertia, we have to solve two
first-order differential equations,

do 6 ( 2GM)—‘/2~
— ‘11— K
dr

di 8z r*e (¢ + P) c
- v~ " (1+—a. 29

r

More details about obtaining Eq. (29) can be found in
Ref. [1]. Here, we use the slowly rotating approximation.
We solve two first-order differential equations using the
Runge-Kutta methods with boundary conditions:

21
F )
R(R) =1, (30)

W(R) =1-

where [ is the moment of inertia of NSs.

III. ANALYSIS OF GENERALIZED TOV MODEL
FREE PARAMETERS

In this section we study the behavior of each free
parameter of this model on the boundaries of NSs
(r - 0 and r — R). Requirements of physically acceptable
interior solution for anisotropic static fluid sphares in GR
[24-26] can constrain these parameters. This analysis aims
to obtain the ranges of the free parameters in the GTOV
model since the information from existing observations is
insufficient. Furthermore, we should be careful when
comparing the GTOV model with ETGs as the TOV
equations of each model might not always be the same.

Five conditions should be met if we want the interior
solution of fluid spheres to be able accepted physically
[24-26]:

(1) Inside the star, ¢ > 0 and P > 0.

(2) %£<0,9 <0, and 2 <0.

(3) The speed of sound should be less than the speed of

light inside the star.

(4) The component of the energy-momentum tensor has

toobey e+ P+20 >0 and ¢ > P+ 20Q.

(5) P = Q at the center of the star, but P # Q at the

surface since P = 0 but Q may not vanish.
Note that P and Q are the radial and tangential pressure,
respectively.

In a realistic and physical description of the interior of
stable stars, it is assumed that the spacetime does not
possess a singularity. Therefore, the pressure and energy
density in the center should be positive and definite. The
energy density and pressure should decrease monotonically
up to the surface, and become zero at the surface of the
stars. Conditions 1 and 2 represent these requirements. If
these conditions are satisfied, then the null energy con-
dition, weak energy condition, and strong energy condition
(SEC) are also satisfied. Note that the energy conditions are
the criteria for a physically admissible energy-momentum
tensor in GR. Therefore, the energy conditions are used to
rule out nonphysical solutions of the Einstein field equa-
tions. The energy density should have a positive value and
gravity should encode attractively in these requirements
[33]. Condition 3 is the causality condition, i.e., the speed
of sound should be subluminal. Condition 4 is an SEC and
a trace energy condition (TEC). The TEC is stronger than
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the dominant energy condition, i.e., ¢ > P and ¢ > Q. Note
that if the TEC holds, anisotropic stars have a larger redshift
bound than that of isotropic stars [34]. Condition 5 is
related to the behavior of the anisotropic factor at bounda-
ries. In the center, the pressures are at a maximum and tend
to be isotropic due to stability reasons, where P = Q at the
center. Meanwhile, the consequences of P =0 and Q # 0
at the surface are the stars (i) more stable [35], (ii) have a
relatively massive configuration [35], and (iii) have hard
outer mantles [36].

Before we analyze hte energy conditions at the
center and surface of a NS, we determine the range of ¢
from condition 4. Note that 0 = P — Q so that condition
4 vyields two inequalities, i.e., € —3P+206 >0 and
€+ 3P — 206 > 0. Therefore, we conclude that the range
of o can be expressed as

_%(6_310)505 (e 4 3P). (31)

N[ =

Equation (31) is the constraint of ¢ that obtain from energy
conditions. Moreover, this constraint is valid for every
model with an effective anisotropic pressure and energy
density.

First, we analyze the implications of the energy con-
ditions for the region near the NS center r.. The energy
density, radial pressure, tangential pressure, anisotropic
factor, and NS mass near the NS center are written as
€ =€(r.), Po=P(r.), Q.= 0(re), o.=o(r.), and
M, = M(r.), respectively. Note that r.,— 0 and

M, — 0. Based on condition 3, (%)max = 1. Based on

condition 4, (5).;, = 3. Note that o, — 0. Therefore, we
obtain a range for the ratio of the energy density and radial
pressure,

<T. <1, (32)

W | =

where T, = ':; Note that T is insensitive to the details

of the NS EOS [37]. Saes and Mendes [37] obtained
Y in ® 0.300 using the universal relation between Y,
and the compactness C. In addition, they obtained Y, =
0.2007092 from GW170817 which is from the median of
90% credible interval T probability distribution function
for primary component and obtained from combination
data of NICER and XMM Newton [37]. Therefore, the
T min = 1/3 that we obtained from the energy conditions is
compatible with those obtained in Ref. [37]. Next, we apply
the energy conditions for the anisotropic TOV equations for
our case where ¢ — €. The energy density for the aniso-
tropic TOV equations in our case can be expressed as

LyeM (33)

Equation (33) is a combination of Egs. (8) and (10). At the

NS center, the third term vanishes since M, ~ 2 zrie, and
c~3Mtlcte

r. — 0. By applying condition 4, we obtain T, < 3710' Asa
consequence of Eq. (32), we obtain a physically acceptable
range for the € parameter, i.e., 0 < € < 2. We need to note
that we obtain # equal to zero as the minimum range result
since we use Y, = 1/3. Therefore, the range of 6 is
uncertain because of the dependency on the uncertainty of
Y ,.in- For instance, if we assume that T ;, < 1/3, then we
obtain a negative value for 6,,,;,,, and if we take T, ;, = 0.25,
then we obtain 6, = —1.

Next, we rewrite Eq. (9) in a different form, i.e.,

0 =0y + 0,4, (34)
I'/eM(M + 4zr’P
Gl:_G \/52( + drxr )’ (35)
8rr*(r—2GM)
G+ P)(M +4zrP)
2T o0 —26M) (36)

As a consequence of r, = 0, 6. = 0, and 6; — 0 at the NS
center, A has to be zero since o, is positive. From A = 0,
we obtain

1 B 1 0 _
al >+ ;(+/— Te+p0e) =5+ (1+5) Y +0T2
3 3 3 3

(37)
Note that & = @ + 1. From Eq. (37), we obtain three
equations,

a=1, (38)
B0
Pr=0. (40)

From Eq. (38), we obtain a = 0. From Eq. (39), we obtain
the explicit form of y, i.e.,

(4+0-p). (41)

W] =

X:

By inserting Eq. (41) into Eq. (40), we obtain the quadratic
form of S,

p—(4+0)p+3(1+6)=0. (42)

If 8 =0, we obtain two values for y and f: y = 1 with
p=1, and y =1 with =3. If 6 =1, we obtain two
values fory and f: y = 1 withf = 2,and y = %withﬁ =3.
If & = 1, we obtain one value for y and : y = 1 with § = 3.
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Based on the analysis of energy conditions near the NS
center, we obtain the correlated free parameter values of 6,
x, and . Next, we use the energy conditions at the NS
surface to obtain estimates of the value of I'. Before we
analyze the energy conditions, we note the following
notation for the energy density, radial pressure, tangential
pressure, anisotropic factor, and NS mass at the surface
(7" = R) ER = C(R), PR = P(R), QR = Q(R), OR = G(R),
and My = M(R), respectively. From Eq. (18), eg — 0
since it has to fit the exterior solution with ¢ = 0 so that
€ ~ 0 in Eq. (7). From € ~ 0, we obtain the explicit form of
T,

4nR?
M0 Jen. (43)
My

Note that I has dimensions (fm/MeV)z. I — 0 is due to
the fact that eg — 0. Another argument I' — 0 can find
from the requirement dM/dr > 0 which satisfies evaluat-
ing on the surface. To this end, the energy conditions alone
can constrain the range of almost all of the GTOV model’s
free parameters, except for a. In brief, @ seems to be an
independent free parameter in the GTOV model. In the
following, we compare the weak-field (nonrelativistic) limit
of the GTOV model with some modified gravity theories.
We hope that we have insight from other theories about the
I' term and what the range of the a parameter should be.
The nonrelativistic limit of the GTOV model can be
expressed as

dP  GMe

— = 1 44
=T (1 a), (44)
dm r'veM
—— —darte| 1 . 4
ar r e< + e ) ( 5)

First, we compare Eqgs. (44) and (45) with the general post-
Newtonian approach for modified gravity from Ref. [38].
Its equations can be expressed as

— - — 2 e— (46)

aM )
o= 4rr-e, (47)
where «, is a free parameter. Note that Eq. (46) neglects
terms that violate the equivalence principle in the spherical
case [38]. Note that Egs. (46) and (47) are the same as those
predicted by the EiBI theory; see, for example,
Refs. [39,40] which discuss EiBI theory in the weak-field
limit. Note that the constraint for x, depends on the
compactness of the objects [4,38—41]. The tightest con-
strain is NS compactness. This parameter plays a signifi-
cant role in explaining the hyperon puzzle in NSs; see, for
example, the corresponding discussions in Refs. [4,41]. We

can see that @ — 0 by comparing Eqgs. (44) and (46), where
Kk, term only appears in EiBI theory and post-Newtonian
approach. Therefore, it seems that the role of the a term in
the GTOV model is effectively replaced by the k, term in
these models. Moreover, we can identify that the I" term
does not appear in the post-Newtonian approach or EiBI
theory by comparing Eqs. (45) and (47). Next, we discuss
the weak-field limit of the f(R)-theory-derived result
in Ref. [40]. The result is based on the Taylor expansion
of f(R) concerning the Ricci scalar R, ie.,
f(R)~ C\R + C,R> + .... Note that C; =1+ and § is
an independent parameter describing the deviation from the
GR value of C; that may acquire nontrivial values on
astronomical scales [40]. For the case of C; =1+ 6 and

{=+/C/(6C,), the authors of Ref. [40] obtained the

gravitation potential ® as

G
(I)(r) = —m

G P) o) 3
3(1+5)/|r—r’|e d’r.  (48)

p(r')

[r—r &r

|

If we take the long-range limit { — oo in the second term in
Eq. (48), we obtain

dP GMe
P 1 +a), 49
WM ) (49)
am
W:4ﬂ'r2€, (50)

with a ~ 1/3-4/35. Note that if 6 =0, a = 1/3 [22,23,27]
and fitting the masses and radii prediction of the model into
white-dwarfs data provides the range —0.155 < § < 0.593
[40]. In short, @ is not zero, and f(R) theory does not
predict the I" term. To this end, as shown in Eq. (20), there
are indeed ETG models that yield corrections in dM/dr,
e.g., T-squared gravity [31]. However, the corresponding
function is different or does not coincide in the weak-field
limit with that of I" term in the GTOV model. Therefore, it
is clear from the discussion that a generally should not
equal zero, and extending the PTOV model by adding the I"
term to the GTOV model does not seem too natural.

To this end, we conclude that the value of the GTOV free
parameters can be restricted to specific ranges, except for a.
We have found a correlation among 6, y, and . Moreover,
we obtain the parameter I' - O or the demanding value
should be tiny if it is not zero. Besides, a should not be zero
based on the weak-field in some ETGs arguments and
observation results.

IV. NEUTRON STAR EQUATION OF STATE

In this section we briefly review the NS EOS. We use the
usual NS EOS structure, which consists of a crust and a
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core. For the NS crust, we use the EOS proposed
by Miyatsu et al. [42]. For the NS core, we use the
relativistic mean field (RMF) model for baryons by
including hyperons that can be expressed as [43,44]

£:£B+£M+£Lv (51)

where Lg, L, and £; describe baryons, mesons, and leptons,
respectively. Lp defines as summing of Lagrangian density
free baryons and Lagrangian density interaction between
through mesons [44], i.e.,

Ly = Z\PB |:i7”a/4 — (mp = gop0)
B
1
= oB O + 5 987" 75 P+ Gy Py | | P (52)

where mp is the baryon mass. Note that the baryon particles
described in Eq. (51) are N, A, Z, and E. The coupling
constants between o, @, and p through baryons are denoted by
9oB> Jwp»> and g,p, respectively. g, is the coupling constant
between a hidden-strangeness meson and hyperons
(H=A,Z, and E). Note that high-density nuclear matter
is a thermodynamic limit of finite nuclei. In this limit, B — oo
and volume — oo, but the densities are finite. Therefore, in
this limit, we have >, — [ d°k.

2 2
2958 Mg 2

2
L _’hgawa P a)”w# +

cwp — 2mN 0" +

" 4m3, 2my

" in Eq. (55) and p* in Eq. (56) are w and p meson field
tensors, respectively. @ and p** can be expressed as w"* =
o’ — 0!’ and pt = o!p¥ — d*p*, respectively. The last
term in Eq. (51) describes free leptons (electron and muon)
and can be written as

‘CL = ZU_IL(Z]/”a” - mL)WL? (60)
L

where m; is the lepton mass. In the present work, we use
the BSP parameter set of the RMF model proposed in
Ref. [43]. Note that for the nucleon sector, the values of the
nucleon coupling constants and nonlinear parameters of
the BSP set are tightly constrained by the bulk properties of
the finite nuclei and nuclear matter; see Ref. [43] for a
detailed optimization procedure to obtain the BSP coupling
constants and parameters in the nucleon sectors. Refer-
ence [43] also discussed the quality of BSP predictions in
finite nuclei and nuclear matter by comparing them with
other models and available experimental data. On the
contrary, because the hypernuclei are primarily unstable,
the coupling constants of hyperons could not be precisely

2
npgﬁNmp

L, is the sum of the Lagrangian densities for the o, , p,
o*, and ¢ mesons and the Lagrangian densities describe
cross interactions among o, @, and p mesons, which we can
write as

Ly =Ls+Ly+L,+ Ly + Ly + Logps (53)
where
1 K3 N2 Kyganm?
L, ==(0,060'c — mic?) — =200 53 _ ZAToN 0 54
0 =3 Ouodo —meo”) == 24m3, °
(54)
1 Lo, oo >
L, = —Zwﬂ,,w” +§mwwﬂa)" + o (w,@")?, (55)
1 v 1 2
‘cp = _Zpyyp” +§m/)pﬂpﬂ’ (56)
1 * * 2 %2
L :E(aﬂa o* —mZ2.0*?), (57)
1 v 1 2
Ly = —fo’wfﬁﬂ +§m¢¢ﬂ¢”, (58)
and
2 2 2 2
NipGenm M2pGunm
Py P _|_P471;P02pu - pH +/74T];pw”wﬂpﬂ P (59)
N N

[
constrained. From experimental measurement results, we
have only the values of hyperons potential depths at
saturation density. Therefore, it is common to use “pre-
scriptions” to determine the hyperon vector coupling
constant and employ the potential depths at the nuclear
matter saturation density to determine the hyperon scalar
coupling constant. The most conservative prescription to
determine the hyperon vector coupling constants involves
using the SU(6) symmetry of the quark model [45]. Note
also that the EOS of NS matter tends to soften when
including hyperons. In the case of RMF parameters that are
compatible with all terrestrial experimental data like the
BSP parameter set, the maximum mass of the NS is less
than the NS maximum mass constraint, i.e., #2.1 M. This
fact is known as the hyperon puzzle. The possible ways to
overcome this issue are as follows. First, one can introduce
a phenomenological prescription or use other symmetries
like SU(3) to determine the hyperon coupling constants
(see Ref. [44] and references therein for details.). Second,
one can introduce the possibility that the pressure in NSs
can be anisotropic (see Ref. [1] for details related to the
interaction between hyperon contributions and anisotropic
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contributions confronted with current observational NS
data).

Here we use the SU(6) prescription, which is expressed
as [45]

ginN‘9intGiz gz = 3:2:2:1,
giN gint9jz gz = 1:0:2:1,

giN:gkA:ng:ng:3:\/5:\/5:2\/57 gy = 0. (61)

The potential depth of hyperons can be expressed as [46]

U (po) = gini(po) = gono(po). (62)

In Egs. (61) and (62), i, j, and k denote the w, p, and ¢
meson, respectively. The experimental values of the poten-

tial depth of hyperons at saturation density are given
by [45]

U =28 Mev, UV =430 MeV, and
Ud) = —18 MeV. (63)

The values in Eq. (63) are used to determine the scalar
hyperon coupling constants in the current work. We use an
EOS based on this model as input to numerically solve all
equations related to NS properties. The results are dis-
cussed in the next section.

TABLE 1. Parameter sets of the GTOV model to predict NS
properties. We vary « in Sets 1-3. 0 < 6 < 2 appear in Sets 4-7.
6 = —1 appear in Set 8 and Set 9.

Parameter TOV Set 1 Set 2 Set 3 Set 4 Set 5 Set 6 Set 7 Set 8 Set 9

a 0 0.04 0095 0.15 O 0 0 0 0 0
0 0 0 0 0 0 1 1 2 -1 -1
p 1 1 1 1 3 2 3 3 0 3
¥ 1 1 1 1 1/3 1 2/3 1 1 0
TABLE II. Parameter sets of the GTOV model to match with

the NS mass-radius from NICER. The set numbers denote that,
e.g., in Set 14 the « value is taken from Set 1 and the other
parameters are taken from Set 4 in Table 1.

Parameter TOV Set 14 Set 15 Set 16 Set 17 Set 18 Set 19

a 0 004 004 004 004 004 004
0 0 0 1 1 2 -1 -l
B 1 3 2 3 3 0 3
¥ 113 1 23 1 1 0

Parameter TOV Set 18 Set 28 Set 38 Set 19 Set 29 Set 39

a 0 004 0095 015 004 0095 0.15
0 o -1 -1 -1 -1 -1 -1
B 1 0 0 0 3 3 3
P 1 1 1 1 0 0 0

V. NUMERICAL RESULTS

By obtaining the parameter value range of GTOV from
analysis in Sec. III, we make several parameter sets shown
in Tables I and II. Those are use to study the physical
impact on NS properties. In Table I we provide parameter
sets to check the role of each parameter. In this work we set
I' =0, and we use a = 0.04 in Set 1, a = 0.095 in Set 2,
and @ = 0.15 in Set 3 to predict the impact of @ on NS
properties. a values are the lowest, middle, and highest
values taken from observational cosmology [29]. To predict
NS properties, we provide 6 variation in Sets 4-9.
However, we use = —1 (Sets 8 and 9) as a representative

25 . ; . ;

1600

1200

<! 800

400

1(10% g em?)

25

M M)

FIG. 1. Impact of @ on NS properties. The gold circle indicates
the maximum NS mass.
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0.15

()

FIG. 2.
compactness.

negative value of # since this value cannot be obtained
using Y,,;, = 0.25 instead of the T, = 1/3 constraint. In
Table II we provide combinations of parameter sets from
Table I. For example, Set 14 is generated using the a value
taken from Set 1 and the other parameters taken from Set 4
in Table I. We hope that we can gain intriguing impacts on
NS properties from parameter value combinations. Note
that the moment of inertia provides the information that can
connects the mass and radius simultaneously. At the same
time, the tidal deformation gives information that cannot be
obtained only from the mass-radius relation. Furthermore,
in this paper we use mass and radii values from observa-
tions of PSR J0030 + 0451 by NICER in 2019 [7,8] and
PSR J0740 + 6620 by NICER in 2021 [9,10] as constraints
to study whether the GTOV model can solve the hyperon
puzzle in NSs. In addition, we also include an EOS without
a hyperon—denoted by “TOV-" in all figures—as a
comparison with those with hyperons.

The impact of a on the NS mass-radius relation, moment
of inertia, and tidal deformation for Sets 1, 2, and 3 (shown
in Table I) is shown in Fig. 1. In the upper and lower panels
the a gives different effect in the maximum mass and the
maximum moment of inertia of NS. Increasing a can
decrease the NS maximum mass and increase the NS
moment of inertia. Moreover, increasing a decreases the &,

0.15
(b)
0.1
2
0.05
0.0 - - - -
0.0 0.05 0.1 0.15 0.2 0.25
C
1600 T
(d i — TOV
R -—- TOV-
1200 ) ---- SET 1
< 800

400

0.1

Impact of a on k, as a function of (a) ¥ and (b) the NS compactness and on A as a function of (c) k, and (d) the NS

peak shown in Figs. 2(a) and 2(b). As a consequence, for
the same A value, the corresponding mass of NS becomes
smaller as shown in the middle panel of Fig. 1. In addition,

TABLE III. Additional information about NS masses around
the NS maximum mass calculated using the parameter sets in
Table I. Note that (R, + ;) is R of the NS at PM™* +
10 MeV/fm® and (Rpy—95;) is R of the NS at
P™X _ 10 MeV/fm?. P™* is the central pressure for an NS
with maximum mass. If M(R . — 1) — Mpax Of M(Rpa +
8y) — M 4« €qual negative, then the maximum masses denoted in
figures with gold dot are maximum.

Set M(Rmax - 5]) - Mmax M(Rmax + 52) - Mmax

TOV —0.0000747604440421 M, —0.0000597884926483 M,
TOV- —0.0000672213564741 M, —0.0000551032519338 M,
1 —0.0000533302831444 M, —0.0000604642910033 M
2 —0.0000439587583361 M, —0.0000495651891945 M
3 —0.0000425436319525 M —0.0000349895611307 M,
4 —0.0000908223788454 M, —0.0000857824257028 M
5 —0.0001122472364268 M, —0.0000991124073156 M
6
7
8
9

—0.0001279402468302 M, —0.0001189420703389 M
—0.0001443066432006 M, —0.0001431342905434 M
—0.0001977167698524 M, —0.0002659681841313 M
—0.0001083279003677 M, —0.0001508951420308 M,
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FIG. 3. Impact of the variation of € on NS properties. The gold
circle indicates the NS maximum mass.

for the same A value, k, and compactness significantly
increase as shown in Figs. 2(c) and 2(d). Note that to
determine the maximum mass denoted by gold dots in all
figures, we simply calculate the masses at R,,,, = 0, where
o is a positive small number with units of meters. If both
masses are smaller than the corresponding maximum mass
value, then we have the maximum mass value. The results
are shown in Table III.

In Fig. 3 we show the impact of the correlated parameters
in the GTOV model, i.e., 8, 5, and y on NS properties. As
shown in the top panel of Fig. 3, we find that the § value
significantly influences the value of NS mass or plays
significant role for the maximum mass of NS prediction or

plays the dominant role in predictions of the NS maximum
mass. At the same time,  and y can affect predictions of the
NS radius and slightly influence the NS mass. These
parameters’ roles were discussed in Refs. [23,28]. From
the NS moment inertia plots in lower panel of Fig. 3, we
can check that the 8 or y parameters impact on NS radius. It
is evident from the bottom panel of Fig. 3 that the moment
of inertia is quite sensitive to the y value. We can observe
that for an NS mass M = M, y is inversely proportional to
the moment of inertia of the NS. Furthermore, from the
middle panel of Fig. 3 it is evident that by decreasing the 8
value, for the same predicted A value, the NS mass
becomes smaller. However, the pattern of € variation in
this plot is not the same as that in the mass-radius relation,
shown in the upper panel. The reason of this difference is
because f and y parameters also play a role in A prediction.
The letter can be understood by comparing the A results
obtained by using Sets 5 and 6. These parameter sets have a
similar trend for A. However, if we compared the results
obtained by using Sets 8 and 9 or the ones obtained by
using TOV and Set 4, the A results do not show similar
behavior. The large difference in A results obtained by Sets
8 and 9 or TOV and Set 4 are due to the difference value of
and y parameters. To see the roles of  and y in A in more
detail, we show the relation of A with k, and the compact-
ness in Fig. 4. It is evident from Figs. 4(c) and 4(d) that A as
a function of either k, or C is shifted to the right as y
decreases. y also influences the k, peak shown in Figs. 4(a)
and 4(b). A smaller y predicts a higher k, peak. In Fig. 2(a)
we can see that Set 9 with y = 0 and Set 4 with y = 1/3
have a k, peak with a negative Y value, while the rest of the
parameter sets (Sets 5—-8 and TOV) have a k, peak with a
positive Y value. The k, peak with a negative Y value is
evidence for an unphysical NS since the y value of Sets 9
and 4 is incompatible with BBN data fitting results [30]. In
Fig. 4(a) the highest k, value for Set 4 near Y = 0 is k, =~
0.166 (Y ~ 0.004). Thus, we use k, ~ 0.167 [shown as the
magenta line in Fig. 4(b)]. This k, value could be
considered as the threshold value in order the NS tidal is
still physical. Aside from that, we cannot observe a regular
trend for the variation of # in A. Therefore, we conclude
that y plays a more crucial role than f in the tidal
deformability predictions of the GTOV model.

After discussing each parameter’s impact on NS proper-
ties shown in Figs. 1 and 3, we now investigate the impact
of the parameter sets collected in Table II on NS properties.
The aim is to test whether the GTOV model can solve the
hyperon puzzle in NSs. Here we compare the predictions of
the corresponding parameter sets with the most recent
masses and radii from NS observations. We compare the
masses and radii predictions of the parameter sets in
Table II with those from observations of PSR J0030 +
0451 by NICER in 2019 [7,8] and PSR J0740 4 6620 by
NICER in 2021 [8,10]. It can be seen clearly from Fig. 5
that comparing to the values of «, 3, and y parameters, the
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NS compactness.

value of O plays more dominant role for controlling
maximum mass prediction. In short, @ determines the
compatibility with the mass and radius observational data
of NICER shown in Fig. 5. It can be observed in Fig. 5(a)
that the parameter sets with —1 < 6 < 0 can satisfy con-
straints from PSR J0030 + 0451 [7,8] and the canonical
mass constraint from PSR J0740 + 6620 [9]. Meanwhile,
in Fig. 5(b) we can see that all parameter sets can satisfy
both constraints, i.e., from both PSR J0030 + 0451 [7,8]
and PSR J0740 4 6620 [9]. However, the compatibility of
the calculational result with observations can accomplish
by using § = —1 in these parameter sets. This 8 value was
obtained by using the Y,,;, = 0.25 constraint.

To this end, we need to highlight our findings in this
study related to the physical meaning of each parameter in
the GTOV model.

(1) a, which parametrizes the effective gravitational
coupling, has a constraint from cosmology [29].
Some modified gravity theories also predict this
correction. The simple form of the correction could
be seen easily in the corresponding nonrelativistic
limit. The results from modified gravity theories
seem to produce mainly a density-dependent form
for a, even in the nonrelativistic limit. The properties
of NSs are sensitive to the value of this parameter.

(b)

0.6

04

S}

1600 .
(d) “. — TOV
Vo e TOV-
1200 \‘ ---- SET 4
Yooy e SET 5
R - SET 6
< 800 ——— SET7
SET 8
SET 9
400
ol T
0.1 0.15 02 025

Impact of the variation of @ on k, as a function of (a) Y and (b) the NS compactness and on A as a function of (c) k, and (d) the

For example, by increasing a, the mass and radius
decrease, the moment of inertia increases, and the
tidal deformation decreases.

(2) y is the self-gravity parameter. This parameter is
crucial in cosmology and BBN [28,30]. Recently it
is reported in Ref. [28] that the NS mass-radius
relation cannot be used as a test bed for examining
the self-gravity of pressure through y parameter
variation from O to 1 [28]. A and [/ are sensitive
to variations in y.

(3) p (inertial pressure parameter) and € (gravitational
mass parameter) are not independent parameters, as
their values are correlated with each other and with y
through physically acceptable conditions of the
interior solution of fluid spheres. Furthermore, these
conditions demand that I" be zero.

(4) 0 plays the most significant role in reproducing the
pulsar mass-radius constraints from NICER [7-10].

(5) It is also evident that the moment of inertia is quite
sensitive to f.

The GTOV model has many relative parameters. It is
also evident that we have only a few constraints. Therefore,
for a quantitative study, a Bayesian statistical analysis to
determine the parameter values is admittedly crucial.
However, these computations could be rather complex
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FIG. 5. Impact of the GTOV model parameter sets in Table II
on the NS mass-radius relation. Panel (a) shows 6 varying with a
fixed, i.e., @ = 0.04. Panel (b) shows « varying with 0 fixed, i.e.,
6@ = —1. The gold circle indicates the NS maximum mass. We
include constraints from PSR J0030 4+ 0451 [7,8] and PSR
JO740 4 6620 [9,10].

and are already beyond the scope of the present work, so we
leave this investigation for our next project.

VI. CONCLUSIONS

In this work we constructed a modified anisotropic
energy-momentum tensor as a standard isotropic energy-
momentum tensor by adding a “geometrical correction” to
precisely reproduce the TOV equations predicted by GTOV

or PTOV models. The motivation for performing this
construction is that we can solve the Einstein field
equations using this modified anisotropic energy-momen-
tum tensor to calculate / and A. By obtaining 7 and A, we
were able to explore the role of all free parameters of the
GTOV model since we could not obtain sufficient infor-
mation by only exploring the NS mass-radius relation. For
example, y in the GTOV model is a self-gravity of pressure
term. The y term is crucial for specific cases, such as
cosmology and BBN [28,30]. The authors of Ref. [28]
reported that the NS mass-radius relation is not a helpful
test bed for examining the self-gravity of pressure through y
parameter variation from O to 1 [28]. Here we found that A
is sensitive to variations in y. We also found that the
threshold k, peak for NSs is k, ~ 0.167. Furthermore, we
employed physically acceptable stability conditions for
anisotropic objects [24-26] to constrain the GTOV model
in the physical range of each parameter value and to
investigate the existence of a correlation among the
parameters. We found that the value of the GTOV model’s
free parameters can be limited to specific physically
acceptable ranges except for a, and it is evident that not
all parameters are independent. We found correlations
between 6, y, and . We also found from energy conditions
that I" should be zero, while from the weak field of some
selected ETG cases and observational results it is clear that
a should not be zero. With these free parameter ranges in
hand, we studied the role of each parameter of the GTOV
model in NS properties, including / and A. We also
revisited the hyperon puzzle in NSs to test whether the
GTOV model with free parameters restriction by energy
conditions could resolved this problem. We found that the
crucial role of @ is to control the NS maximum mass. If we
use parameter sets with 6§ = —1, the mass-radius predic-
tions are compatible with recent NICER data [7-10] on
PSR J0030 4 0451 and PSR J0740 + 6620. However, this
0 value does not satisfy the strict Y, ;, = 1/3 constraint.
Note that the existence of similar form to the € term of
GTOV model also predicts by T-squared gravity theory
[31]. It is also worth noting that a similar mapping occurs in
the case of Rastall-rainbow gravity theory with anisotropic
matter, i.e., we can map this gravity theory into GR with a
modified anisotropic energy-momentum tensor [47].
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