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Abstract: Recent advances in nuclear theory and new astrophysical observations have led to the need for specific

theoretical models applicable to dense-matter physics phenomena. Quantum chromodynamics (QCD) predicts the

existence of non-nucleonic degrees of freedom at high densities in neutron-star matter, such as quark matter. Within

a confining quark matter model, which consists of homogeneous, neutral 3-flavor interacting quark matter with
O(m?) corrections, we examine the structure of compact stars composed of a charged perfect fluid in the context of

f(R,T) gravity. The system of differential equations describing the structure of charged compact stars has been de-

rived and numerically solved for a gravity model with f(R,T) = R+ 28T . For simplicity, we assumed that the charge

density is proportional to the energy density, namely, pch, = ap. It is demonstrated that the matter-geometry coupling

constant  and charge parameter a affect the total gravitational mass and the radius of the star.
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I. INTRODUCTION

Despite being over 100 years old, Einstein's General
Relativity (GR) is the most successful theory of modern
physics to explain gravitational phenomena. In fact, the
predictions of GR have passed all observational and ex-
perimental tests, both in the weak field limit and, more
recently, for strongly self-gravitating bodies in pulsar bin-
ary systems. Nonetheless, there are numerous issues that
cannot be explained by GR from both theoretical and ob-
servational perspectives [1], and therefore, various altern-
ative models have been proposed. Particulary, instead of
introducing unknown fluids such as dark energy, one can
propose alternative gravity theories that extend Einstein's
theory. This has been an active area of research in recent
years, and the present study follows a similar approach.

The simplest model of modified gravity in this direc-
tion is f(R) gravity [2, 3], where f(R) is a generic func-
tion of the Ricci scalar R. This modification replaces the
Einstein-Hilbert Lagrangian with an arbitrary function
f(R). This gravity theory can explain the late-time accel-
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eration of the cosmic expansion without the need of intro-
ducing a dark energy field (see, e.g., Refs. [4, 5]). A gen-
eralization of f(R) gravity was proposed in [6], where ad-
ditional degrees of freedom associated with curvature in-
variants and scalar fields have been considered in Exten-
ded Theories of Gravity (ETG). Interestingly, these new
degrees of freedom can be recast as effective fluids
whose meaning differs from that of the standard matter
fluids that are generally adopted as the basis for field
equations. Furthermore, some authors have demonstrated
that ETG can be used to account for the accelerated ex-
pansion of the Universe without the explicit inclusion of
additional matter components [7].

Motivated by these results, the inclusion of matter
terms into gravitational action was investigated further in
f(R,T) gravity [8], where the modified Lagrangian is an
arbitrary function of Ricci scalar and the trace of the en-
ergy-momentum tensor 7. In this context, a number of au-
thors have investigated cosmological solutions by select-
ing various functional forms of £, including cosmological
solutions based on a homogeneous and isotropic space-
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time through a phase-space analysis [9], stability analysis
using energy conditions [10, 11] and thermodynamics as-
pects and its larger consequences have been discussed in
[12—14]. Meanwhile, cosmological and solar system con-
sequences have been discussed in [15]. The authors of
Ref. [16] studied the quantum cosmology of f(R,T) grav-
ity.

Although the viability of some f(R,T) models in the
cosmological scenario has already been discussed
[17—19], these theories can also be used as a test-bed for
dealing with the strong-gravity regime such as compact
stars. The matter within them is compressed at suffi-
ciently high densities, and the "escape velocity" near the
surface approaches the speed of light. Therefore, creating
similar environments in a terrestrial laboratory is diffi-
cult. Different types of equation of state (EoS) can be
taken into consideration when studying theoretical mod-
els. In addition, the most accurate mass-radius relation-
ships from radio pulsars and other accretion-powered X-
ray sources have set rigid constraints on various EoS at
strong-density regimes.

In f(R,T) gravity, the stellar equilibrium configura-
tions of compact stars have been widely investigated (see
for instance Refs. [20—25] and references therein). With-
in the same context, Pretel and collaborators have stud-
ied the radial stability of compact stars and showed that
the traditional stellar stability criteria still hold [26]. Sev-
eral stellar models with isotropic pressure have been pro-
posed in light of these theories [27, 28]. Some studies
analyzed the stability criteria by imposing some con-
straints on the EoS [29-32]. In Ref. [33], the dynamical
behavior of the Tolman metrics has been studied.
Moreover, there have been constructed models of Mazur-
Mottola gravastar [34], wormholes [35—37], and quark
stars [38—40]. Indeed, a maximum mass of Mrgy > 2.5
M, [41] for static QS has been obtained based on a care-
ful investigation by applying a quark EoS to simultan-
eously analyze the GW 190814 data.

It is a general consensus that the physics governing
the structure of stars does not process a large amount of
charge in nature [42]. However, several researchers dis-
agree with this argument (see, e.g., Refs. [43, 44] for a re-
view). According to them, the matter acquires a large
amount of electric charge during the gravitational col-
lapse or during an accretion process onto NSs if accre-
tion produces luminosity near the Eddington limit [45]. In
order to establish this gravitational phenomenon, it was
demonstarted that electrically charged quark matter can
lead to huge electric fields on the order of 10'® V/cm [46,
47]. In addition, Ray et al. [48] examined the possibility
of any significant changes on the mass-radius relation in
presence of electric fields carried by compact stars. This
finding has only recently been verified in a few other
models of charged stars [49—51]. From the aforemen-

tioned reasons, our goal is to explore charged compact
stars in hydrostatic equilibrium as astrophysical tests of
S(R,T) gravity in a strong-gravity regime.

The rest of this paper is organized as follows. In Sec-
tion II, we give a brief review of the f(R,T) gravity and
derive the field equations in the presence of electromag-
netic field. In the same section, we consider a spherically
symmetric metric and derive the modified Tolman-Op-
penheimer-Volkoff (TOV) equations. In Section III, we
present an overview of a QCD motivated EoS and the
charge distribution profile. In Section IV, we briefly de-
scribe the numerical method employed to determine the
mass-radius relations of QSs for two different sets of
parameters. This section is also devoted to study a relat-
ive difference between the maximum-mass values in GR
and f(R,T) gravity. Finally, in Section V, we draw con-
clusions from our results.

II. STELLAR STRUCTURE EQUATIONS

A. Field equations in f(R,T) gravity

Harko and collaborators [8] constructed a more gener-
al formulation of f(R) theories of gravity by means of an
arbitrary function f(R,T), where R and T are the scalar
curvature and the trace of the energy-momentum tensor
T, respectively. To describe electrically charged com-
pact stars, the gravitational action in f(R,T) is supple-
mented by the standard matter and electromagnetic field.
Thus, in our study, the total action is given by

§S=8S;+S85,+S.

:fd‘*xv——g[if(ze,numu:e W
167

where g is the determinant of the metric tensor g,, and
L,, denotes the matter Lagrangian density. Moreover, the
Lagrangian density of electromagnetic field in curved
spacetime takes the form

o 1 vo
L= A, - EFWFMgMg , ()

where j# = pqu# is the four-current density with pg, be-
ing the electric charge density and «*being the four-velo-
city of the fluid, F,, = V,A, -V, A, is the electromagnet-
ic field strength tensor, V,, is the covariant derivative, and
A, is the electromagnetic four-potential.

As in the pure GR case [52, 53], we consider that the
total energy-momentum tensor for the charged fluid is the
sum of two contributions, namely 7, = M,, +&,,, where
M, and &, are the matter and electromagnetic energy-
momentum tensors, respectively. The latter is given by
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-2 45, 1 2 1 A
W g ogt  4n Fualy = 2 8wkark S

which is traceless. This implies that T = ¢g*'T,, = M and
hence 6T = M, 68" + g6 M, .

Consequently, the variation of the gravitational ac-
tion with respect to the inverse metric leads to

e 1
5Sg =f% [fRR#V - ngf+ (g,uv[] _V;zvv)fR
+fr (Myy +©,)| 08" dx, 4)
where fr=0f(R,T)/0R, fr=0f(R,T)/0T, 0=V,V* is

the d'Alembert operator, M,, is the ordinary matter en-
ergy-momentum tensor written as

-2 68, 0Ly
pv—\/__—g@—gpv m—zwa (%)
and the tensor ®,, is defined as
OMap L
O = 8P — = 2Myy + gL - 28" ——"—=. (6
w8 gy o+ 8urLon =285 e (©)

From the variational principle 6S =0 and in view of
Egs. (3)—(5), we obtain the following field equations:

1
fRRyv - Egyvf'f'gvafR - VvafR
=87T(M/1v + Syv) - fT(M,uv + ®,uv)’ (7)

which are fourth-order differential equations in the met-
ric functions, and the standard Einstein-Maxwell equa-
tion is retrieved when f(R,T)=R. Similar to f(R) grav-
ity, the Ricci scalar is a dynamical quantity in f(R,T) the-
ories. In other words, the scalar curvature is governed by
the trace of the field equations (7), that is,

30fr+Rfr—2f =8aM— fr(M+0), ®)

and the covariant divergence yields

VM = s%fT [( My + 6, ) VI fr + V40,
_l VHT — S_HV/JS (9)
28m fro

In order to continue our study, it is necessary to spe-
cify the particular f(R,T) gravity model. Following Ref.
[8], the simplest model is given by f(R,T)=R+28T,
where £ is a coupling parameter. Furthermore, as in Refs.

[20, 24, 26, 40, 41], the matter Lagrangian density can be
taken as L,, = p. Therefore, we have ©,, = -2M,, + pgu,
®=-2M+4p, and Eqgs. (7) —(9) assume the following
form:

Gy = 8nT),, +ﬁngv+2ﬁ(Myv_pgﬂv)’ (10)
R=-8nM+2B(-3M+4p), (11)
26 M\ 4rn
u =7 SR R — v
VMo = a2 V”(p 2 ) Y 8‘”]’ (12

where G,, is the usual Einstein tensor. It is evident that
the general relativistic equations are obtained when 8 = 0.

B. Modified TOV equations

To explore non-spinning isolated compact stars, we
assume that the spacetime can be described by the stand-
ard spherically symmetric metric

dS2 — _ezl//dtz + 32/1(1}"2 + r‘z(d92 + Sil’l2 0d¢2), (13)

which gives a distance rule ds? =g, dx'dx" with x* =
(t,1,0,¢) being the components of the four-position vec-
tor and the metric functions ¥ and A depend only on the
radial coordinate r. In addition, we model the dense mat-
ter by an isotropic perfect fluid whose energy-mo-
mentum tensor is given by M’ = diag(—p, p, p, p), where
p is the energy density and p is the pressure of the fluid.

The electromagnetic strength tensor must satisfy the
Maxwell equations, namely

1
——0,(V=gF"™) = -4n}", 14

=0 (V=er) (14)
VoFyy +VuFyoe+V,Fy, =0, (15)

which lead to the expression V,&" = j;F". Since the
only non-zero component of the strength tensor is
FO' = —F10 the Maxwell equation (14) becomes

o1 _ 9 —y-2
FV = 2 (16)
where the electric charge function ¢(r) is given by
q(r)=4n f Ppen(Pe'Vdr. (17)
0

By substituting these quantities into Eq. (10), we ob-
tain the non-vanishing components of the field equations,
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namely

d -24 1 _ 512 1
r25<re )_r_2 = -8 p+_87rr4 +B(-3p+p), (18)
N 7 L 7 +B(=p+3p),  (19)
62/1 r r2 r2 =om\p 871'}’4 P D),

1 77 7”2 Y 1 ’ ’

S| YT+ - =)

e r

7

=8 — = |+B(=p+3 20

TPt A +B(=p+3p), (20)

where the prime indicates differentiation with respect to
7. The non-conservation of the energy-momentum tensor
(12) reduces to

21)

,__(ptpY,,  (1-2a)\pme'q ap’
p __(1+a)l’b +( 1+a) r? " l+a’
where we have defined a = 8/(87+28).

It is necessary to introduce a mass function that al-
lows us to determine the gravitational mass of a charged
star within the context of f(R,T) = R+ 2BT gravity. To do
so, we rewrite Eq. (18) as

d o _ > B g dq
dr(re )—1 2[47rr o+ > Gp p)+rdr
d (4
+a(—), (22)

and after integrating the last expression, we obtain

2 2
eM=1-T4 L (23)
r I

where the mass function m(r) can be interpreted as the
total gravitational mass contained in a charged sphere of
radius r,

m:4ﬂfr2pdr+§fr2(3p—p)dr+fﬂdr. (24)
r

This implies that the total mass of a star is the contri-
bution of three terms: energy density of standard matter
in the first integral, gravitational modification via 28T,
and electric charge in the third integral. For 8 =0, we re-
cover the conventional mass function of a charged per-
fect fluid in Einstein gravity [52, 53]. Furthermore, in the
uncharged case, the above equation reduces to the expres-

sion given in Ref. [26].
In view of Eq. (23), the 11-component of the field
equations (19) becomes

Br

2
, m q
W =|dmrp+ 5 -0 =3p) - e, (25)

Consequently, from Egs. (17), (21), (24), and (25),
the hydrostatic equilibrium of a charged compact star
within the framework of f(R,T) =R+ 28T gravity model
is governed by the modified TOV equations:

d
= 4rpaet 26)
dr
dm Br? q dq
= Ao+ 30— 1 27
dr et 2(3p p)+rdr’ @7
dp _ _p+p m_pr 7| 2
F__PTEy = P31
dr T+a|PT 2 2(p P) - |°
1-2
+ a) g dg, _a dp (28)
l+a |4nr*dr 1+adr
d_(//__1+ad_p+ 1-2a\ ¢ d_qJr a dp
dr — p+pdr \p+plam*dr p+pdr
(29)

This is a set of four first-order coupled ordinary dif-
ferential equations for the six unknown variables ¢, pcn,
m, p, p, and w. The metric function A can be calculated
from Eq. (23). As expected, when the electric charge van-
ishes, the system of equations (26)—(29) reduces to the
uncharged modified TOV equations obtained by Pretel et
al. [26].

Since we have more variables than differential equa-
tions, it is convenient to adopt an equation of state
p=p), and a charge distribution in the form p, =
peh(p). Thus, the number of unknown functions is re-
duced to four, and we can solve the system of equations.
To ensure regularity of spacetime geometry, we have to
specify the following initial conditions at the center of the
star

q(0)=0, m(0)=0, p(0)=p, (30)

where p. is the central energy density, and we integrate
outwards until the pressure vanishes. Specifically, the
stellar surface is determined when p(rg,) = 0, where rg,
is the radius of the star.

In addition, outside the compact star p = p =0 and in
view of Eq. (11), we obtain R = 0. This means that exteri-
or spacetime is still described by the standard Reissner-
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Nordstrom exterior solution as in GR, and hence, the con-
tinuity of the metric at the surface imposes a boundary
condition on the differential equation (29), namely

1 oM Q?
W(Vsur)zzln[l_ + % ], (31
Fsur  Fgyr

where m(rg,) =M and ¢(rq,) = Q are the total mass and
total charge determined at the surface, respectively.
However, it is worth emphasizing that for non-linear
functions in R, the Reissner-Nordstrom metric is invalid
because the scalar curvature does not vanish in the outer
region of a compact star. As a matter of fact, see Ref. [54]
for a discussion about charged quark stars in quadratic

f(R) gravity.

III. EQUATION OF STATE AND CHARGE
DISTRIBUTION

A core-collapse supernova explosion occurs in the
last stage of giant stars at the end of their thermonuclear
evolution. Supernovae are so powerful that they produce
new atomic nuclei in their interiors, where the central
densities are several times higher than nuclear saturation
density [55]. Thus, the internal composition and the prop-
erties of matter are largely unknown to us. The available
data from laboratory experiments strongly indicate the
possible existence of quark matter inside NS. The con-
ventional model used for QSs is a bag model, but here we
assume EoS based on homogeneous and unpaired, over-
all electrically neutral, 3-flavor interacting quark matter
[56]. Within this theory, this phase can be described us-
ing the simple thermodynamic Bag model EoS [57] with
O (m}) corrections. With these assumptions, several au-
thors have examined the roles of this interacting paramet-
er as and provided relatively tight constraints on the
quark matter EoS; see, e.g., Refs. [58—-60]. The QCD mo-
tivated EoS can be addressed via explicit expressions
such as [58]

1 m?> [p—B
= —(p-4B)- =
p 3('0 ) 3 as

4
N 1 8t [p—-B
+ 1-—+31 —l 32
127r2[ @ n(3m§\/ as (32)

where p is the energy density of homogeneously distrib-
uted quark matter (also to O (m?) in the Bag model). The
role of a; was examined in Ref. [57], and the authors
showed that for a4 ~ 0.7, one can obtain M ~ 2M, hybrid
stars while still ensuring that the nuclear matter to quark
matter phase transition occurs above the nuclear satura-
tion density. In that regard, Tangphati et al. [61, 62] have
proposed several QS models and showed direct influence

of the interacting parameter on mass-radius relations of
QSs. The Bag constant B lies within the range of 57 <
B <92MeV/fm3 [63, 64], and the strange quark mass
is 100 MeV [65]. In the present study, we use B =60
MeV/fm? and a4 = 0.7 for the interacting parameter.

In addition, we need to specify a charge density distri-
bution in order to describe charged quark stars. Follow-
ing a procedure analogous to that carried out in standard
GR [48, 53], we assume that the electric charge density is
proportional to the energy density of standard matter,
namely

Pch = @P, (33)

where the constant o is a free parameter that measures the
amount of charge within the stellar fluid. Here, we adopt
values of o for which appreciable changes in the mass-ra-
dius diagrams can be observed.

IV. NUMERICAL RESULTS

Before continuing with the study of charged equilibri-
um configurations in f(R,T) gravity, we should point out
that the stellar structure differential equations in this
study are solved numerically using the fourth order
Runge-Kutta method in the "Wolfram Mathematica" soft-
ware.

Analogous to the procedure carried out in GR, the
system of modified TOV equations (26)—(28) with boun-
dary conditions (30) is numerically integrated from the
origin at r =0 to the surface of the star at r = r,,. In par-
ticular, for a central energy density p.=1.0x10'
kg/m? with EoS (32), Fig. 1 displays the mass function
and pressure as functions of the radial coordinate for a
specific value of @ =0.4and different values of 5. We
note that the impact of the 23T term on the stellar struc-
ture is a significant increase in both the radius and total
mass of the star. Furthermore, if we keep the value of
fixed and vary the parameter a, it is possible to analyze
the effect of the electric charge on a QS within the con-
text of f(R,T) = R+2BT gravity. According to Fig. 2, we
observe that both the total gravitational mass and the radi-
us of the star increase as the charge parameter increases.

We also allow both a and f to vary in Fig. 3, where
we show the radial behavior of the charge distribution
q(r) and electric field E(r) = q(r)/4neyr* for several val-
ues of a and f. As expected, the electric charge is an in-
creasing function, and E(r) decreases as we move away
from the stellar surface. The total charge (determined at
the stellar surface) increases as f becomes more negative.
Moreover, it can be observed that the greatest effects are
obtained by varying the charge parameter o, while the
main consequence of varying f is an increase in the radi-
us of the star.

By varying the value of the central energy density, we
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(color online) Numerical solution of the modified TOV equations (26)—(28) with boundary conditions (30) and EoS (32) for a

given central energy density p. = 1.0 x 10'3kg/m3, charge parameter = 0.4, and f varying in the range g € [-1.2,0]. The radius of the star

rsur 1S determined when the pressure vanishes, and the total mass M is calculated at the surface. Left panel: mass function, where a
smaller value of § results in larger masses and radii. Right panel: pressure as a function of the radial coordinate. Here, we adopt the set

of constants B =60 MeV/fm?, a4 = 0.7, and m, = 100 MeV.

r [km]

(color online) Radial behavior of the mass function (left panel) and pressure (right panel) for a central energy density

Fig. 2.

r [km]

pc = 1.0x10"8kg/m?3, free constant 8 =—0.5, and the charge parameter varying in the range @ €[0,0.6]. It can be observed that both the

total mass and the radius of the star increase as a increases. The particular case ofa = Oindicated in red corresponds to the uncharged

solution. The constants B, a4, and m, assume the same values as in Fig. 1.

can obtain a family of QSs in hydrostatic equilibrium, as
presented in Fig. 4, through the mass-radius diagrams and
mass-central density relations. The charged case in stand-
ard Einstein gravity (that is, when g =0) is shown using
magenta curves in the upper panels. The mass and radius
undergo substantial changes due to electric charge only in
the high-mass region, while the changes are irrelevant for
small masses. On the contrary, when a = Oand the values
of f are varied, the intermediate plots exhibit significant
deviations from pure GR for uncharged stars. These res-
ults have been included for comparison purposes. Never-
theless, the bottom panels show the effect of the electric
charge and modification term 28T on the macro-physical
properties of QSs, when both parameters a and f are var-

ied simultaneously. It is visualized that such parameters
allow maximum-mass values above 2M,, and hence, an
appropriate combination of these can lead to masses that
fit the observational data.

To better quantify the variations in the maximum
mass induced by the electric charge within the
f(R,T)=R+2BT gravitational background, we can define
a relative difference between the maximum-mass values
in GR and f(R,T) gravity, namely

A Mumax, f(R,7) = Mmax,GR

. 34
Mmax,GR B ( )

Given a value of £, such differences can be plotted as
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(color online) Radial profile of electric charge (left panel) and electric field (right panel) for the central energy density con-
sidered in Fig. 1 and several values of a and . The dashed curves on the right plot indicate the electric field in the exterior of the star,
which goes to zero as we approach infinity. One can observe that the most relevant changes in both electric charge and field are intro-
duced by the parameter a, while such quantities vary slightly when f varies and « is fixed. Note that the main effect of the parameter f
is a significant increase in the radius of the star.

Fig. 3.

a function of the charge parameter, as shown in Fig. 5. As
expected, the deviations are close to zero when g — 0. In
the uncharged case (a =0) the deviation grows to about
6% for B=-0.8. However, as a increases, the deviation
increases, reaching up to ~16% for a=0.7. Con-
sequently, the largest deviations from GR are achieved
for large values of a.

The total charge versus radius is plotted on the left pan-
el of Fig. 6. Similar to the trends observed in the pure GR
case, larger values of o lead to a larger total charge. Never-
theless, it should be noted that when a assumes a fixed
value, the total charge undergoes relevant alterations only in
the high-charge region due to the additional term 28T . Fur-
thermore, the total charge as a function of the gravitational
mass is displayed on the right panel of the same figure,
where larger masses also yield higher charges, although the
details are less apparent when a is fixed.

Recently, the authors in Ref. [54] constructed charged
quark stars in pure f(R) gravity for a quadratic function
in the Ricci scalar, i.e., the Starobinsky model. However,
in the present study, we considered a function f(R,T) lin-
ear in R but with an additional contribution from the trace
of the energy-momentum tensor by means of the 28T
term. According to the mass-radius diagrams (for the un-
charged case), the radius undergoes relevant changes due
to the 28T term throughout the curve, while in the
Starobinsky model, the radius is significantly altered only
in the high-mass region.

V. CONCLUDING REMARKS

In the present paper, we investigated the physical
properties of compact stars composed of a charged per-

3.5

3.00 o =02 a=02 ]
, ; ]

2.5F W ]

150 B=-1.0a=04} ]
Lo :

0.5 [ARREEET :

0.0F ]

r [km]

fect fluid within the context of modified f(R,T) gravity.
An important feature of the theory is an extra force in the
geodesic equation of a perfect fluid, which may account
for the accelerated expansion of the universe. The matter
field was assumed to be an interacting EoS (32) that
strictly depends on the interaction parameter, a4 and the
bag constant, B. Moreover, the EoS reduces to the
simplest MIT bag model when the quark mass m; =0. In
particular, assuming that the charge distribution is pro-
portional to the energy density, we obtained the basic fea-
tures describing the structure of charged compact objects
in f(R,T) gravity.

The modified TOV equations for this model were nu-
merically solved with appropriate boundary conditions,
and the structure of spherically symmetric QSs was sub-
sequently determined. Next, we examined the mass-radi-
us and mass-central density relationships based on the
value of (i) 8=0 and « # 0 (Einstein-Maxwell gravity),
(i1)) B+#0 and =0, and (iii) B# 0 and « # 0. Further-
more, we discussed the characteristics of the f(R,7T) mod-
el on theoretical grounds, identifying the significant devi-
ation of f(R,T) gravity from standard Einstein-Maxwell
gravity at the high-mass region.

Depending on the parameters of the model, we ob-
served that by varying the values of a and S, the total
gravitational mass and the radius of the star increase. All
these features can be seen in Figs. 1 and 2, respectively.
In the case B=0, i.e., in Einstein-Maxwell gravity, the
mass and radius undergo substantial changes due to elec-
tric charge only in the high-mass region, whereas the
changes are negligible for small masses. Another interest-
ing feature is the effect of the electric charge and modi-
fication term 28T on QSs, when both parameters a and S
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Fig. 4.

(color online) Mass-radius relations (left column) and mass-central density curves (right column) for quark stars with interact-

ing quark EoS in GR and within the framework of f(R,T) = R+28T gravity for different values of . The magenta curves in the upper
panels represent pure general relativistic solutions for charged stars, i.e., for =0 and « # 0. Blue lines in the middle panels correspond
to uncharged solutions (« = 0) for different values of . The lower plots correspond to @ # 0 and g8 # 0. Substantial changes due to elec-
tric charge occur in the high-mass region. Furthermore, the extra term 28T plays a crucial role in significantly modifying the radius of

the stars. Note that both parameters a and f allow an increase in the maximum-mass values. The constants B, a4, and m, for the EoS

(32) assume the same values as in Fig. 1.

are varied simultaneously. Our analysis demonstrates that
by substantially increasing the value of o and decreasing
the value of f, a significant increase in maximum mass
(Muax > 2M,,) 1s possible; see bottom panels of Fig. 4.
The next step was to show the deviation between the
maximum-mass values in GR and f(R,T) model. The cal-
culations showed that when « =0, i.e., for the uncharged
case, the deviation grows to approximately 6%, whereas
for a # 0, the deviation grows up to approximately 16%.
This suggests that the presence of larger values of o

would lead to more massive QSs compared to their stand-
ard GR counterparts, as we can see from Fig. 5. Finally,
we can say that our formalism in f(R,T) gravity can be
applied to analyze the structure of QSs with other dense-
matter EoSs.

The advantage of using the particular gravity model
f(R,T)=R+2pT is that it allows us to obtain R =0 out-
side the star, and hence, the exterior spacetime can still be
described by the Reissner-Nordstrom metric. This would
not be valid for non-linear functions in R because the
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corresponds to « = 0, and the deviations grow as « is larger.

(color online) Relative deviation (34) as a function of the charge parameter for several fixed values of . The uncharged case
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(color online) Left panel: total charge versus radius predicted by the f(R,T) = R+28T gravity model, where different values of

f and a are considered for the EoS (32). Right panel: total charge plotted as a function of mass, where more negative values of f yield
higher maximum-charge values. The most relevant modifications due to the parameter  occur in the high-charge region. Moreover, as

expected, the total charge increases as a increases.

scalar curvature does not vanish in the outer region of the
star. In fact, the non-zero additional contribution around
the star due to such curvature in pure f(R) gravity has
been interpreted as a "gravitational sphere" in the literat-
ure [66—68]. The cost of considering non-linear functions
is that a second-order differential equation for the Ricci
scalar emerges from the trace of the field equations, thus
increasing the complexity of the problem.

Finally, we must point out that the model considered

in this study has been subject to criticism in recent years,
although there is an open discussion. Fisher and Carlson
[69] have argued that the term f>(T) for the separable
function f(R,T) = f1(R)+ f>(T) should be included in the
matter Lagrangian £, and thus has no physical signific-
ance. Nevertheless, Harko and Moraes [70] demonstrated
that there are several major conceptual problems related
to the physical interpretations reexamined by the authors
in Ref. [69].
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