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Abstract In this work, we have investigated a new solution
for charged anisotropic compact stellar system in the frame-
work of an extended theory of symmetric teleparallel gravity
known as f(Q, T) gravity with the non-metricity term Q
and the trace T for energy—momentum tensor. We have con-
structed a complete set of the gravitational field equations
for a non-linear function f(Q,T) = aQ + (1 + Q%) +AT
with o, f and A are dimensionless constant parameters in case
of static spherically symmetric space-time. To evaluate the
expression of relevant unknown constants interior space-time
has been matched with exterior Reissner—Nordstrom metric.
We have performed a graphical discussion in detail to test
the behavior of physical parameters in the interior region of a
stellar system like energy density, radial and tangential pres-
sure, anisotropies of matter portion, electric field intensity
etc. Also, to check the physical validity of our solutions, we
have performed various tests viz., energy conditions, stabil-
ity, mass—radius relation, surface redshift etc. The hydrostatic
equilibrium position of our stellar system has been analysed
through the TOV equation. Finally, we have determined that
our stellar structure solutions satisfy all required physical
conditions for viability and acceptability in the context of
some pulsar like neutron stars. So our model can be used to
characterise the neutron stars in f(Q, T') modified gravity.

1 Introduction

In our universe, stars are the original sources of heat and
luminosity as well they are considered the fundamental com-
ponents of galaxies. The residue portion, after exhausting
all nuclear fuels of a star, becomes a compact object by a
non-equilibrium gravitational collapse. Compact objects are
mainly classified into white dwarfs, neutron stars and black
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holes. Among these objects, neutron stars are most inter-
esting in the present time because of their internal struc-
ture and physical features. Although it has been assumed
that the interior structure of a celestial object was formed
by isotropic fluid but, recently, anisotropic matter distribu-
tion has attracted much attention among researchers in mod-
ern cosmology. Because of various courses like a magnetic
field, phase transition, viscosity, rotation and the mixture of
two fluids etc., it has been predicted that in the interior of
a stellar body, two pressure components may be presented,
such as radial pressure (p;) and tangential pressure (p;) with
pr # pr. In 1972, Ruderman [1] first investigated that inte-
rior matter part with density 101> g/cm? possesses anisotropic
nature. To know the mysterious behavior of our current accel-
erating universe, a big part of research in modern cosmology
has attracted many cosmologists. In the present time, it has
possible to know that a hidden source of energy plays the
main role in the background of this mystery, known as dark
energy (DE). Einstein’s relativistic theory (GR) provides a
successful mathematical platform for explaining all phenom-
ena in the physical world formed by highly compact astro-
physical objects. But this gravitational theory is not sufficient
to describe the phenomena regarding repulsive pressure. So
to explore the current universe, various DE models and mod-
ified theories of gravity (MTG) have been developed. Some
of them are stated by modifying the geometry part and some
by matter part in the Einstein—Hilbert (E-H) action. Among
these theories, the easiest theory is the f(R) theory of grav-
ity, in which the Ricci scalar (R) is replaced by an arbitrary
function f(R) in the Einstein—Hilbert (E-H) action [2]. Also,
f(G) modified gravity made by including an arbitrary func-
tion f(G) in the gravitational action for the Gauss—Bonnet
invariant term G [3]. Moreover, Rastall [4] developed a mod-
ified gravity theory using the non-conservation equation of
motion for the matter part. Besides these, many authors have
developed several extended versions of the above MTGs. For
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example, f(R,T), f(G,T), f(R,G), f(R,G,T), and Generalized
Rastall Gravity (GRG), Rastall-Rainbow gravity etc. [5-10].

Now all of these gravitational theories, including the orig-
inal theory of GR has been formulated by assuming the
underlying geometry as Riemannian geometry. And several
models of physical characteristics of compact objects have
been developed in the framework of these modified gravita-
tional theories [11-21]. Here the Riemannian geometry was
developed corresponding to a symmetric and metric coher-
ent Levi-Civita connection with non-vanishing curvature.
Another type of gravitational theory of Einstein’s GR has
been developed in terms of tetrad field (Weitzenbock space-
time) known as the teleparallel equivalent of general relativ-
ity (TEGR) [22,23]. Actually, in the TEGR theory of gravity,
to find out the equation of motion, non-vanishing scalar cur-
vature (R) is replaced by torsion scalar (T) in E-H action.
Weyl first introduced a generalized version of Riemannian
geometry by replacing the metric field as the class of confor-
mally equivalent metrics [24]. He did introduce a connection
by which the covariant divergence of the metric tensor is non-
zero, and such a property explained mathematically by a new
type of geometrical term known as the non-metricity. Geo-
metrically this term describes the variation of the length of a
vector in the parallel transport. Then the Weyl-Cartan geom-
etry was introduced by including torsion in the Weyl geom-
etry [25-33]. Now, based on this geometry, another alterna-
tive, and our main interest here is possible gravity, is Sym-
metric Teleparallel Gravity (STG). The connection behind
this gravity is a curvature-free and torsion-free connection,
known as a symmetric teleparallel connection (also known
as Weyl-Cartan connection), that is not matric compatible.
In this connection, the teleparallel condition implies van-
ishing curvature, and symmetry implies vanishing torsion.
The non-trivial geometry in the background of this gravity
(STG) is explored by the non-metricity terms of spacetime.
Nester and Yo [34] first introduced such a type of geometry
to construct the symmetric teleparallel equivalent of general
relativity (STEGR). Here the gravitational interaction is gov-
erned by the nonmetricity term (Q) of the metric for stated
spacetime.

Now in differential geometry, we can write a general form
of a linear affine connection as follows

H
Fslw ={ Mv} + Kéuv + Lé;w’ )

where {E;w} represents the Christoffel symbols, coefficients
of Levi-Civita connection, which can be defined as

1
{S[,Lu} = zggx(aﬂng + anX/'L - a)(gptv)s (2)

the contortion tensor is

1
Kg;w — _T¢

&
=5 T 3)

nv)’
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with the torsion tensor Tiv = 2F5,w and the deformation
tensor can be given in terms of the non-metricity tensor as

1
Lo = 58 (= Quxv = Qun + Q) 4)

Here the non-metricity tensor Q, ., is defined as Q, ., =
V) guv i.e., the covariant derivative of metric tensor, in the
context of Weyl-Cartan connection Ffw ,and it can be written
as

QVP-V =- 8;;:};) + 8ve Fgu,y + géurgvy' &)

Similar to some MTG like f(R), f(T) gravity STGR also
has been generalized by many authors to modified f(Q) grav-
ity [35,36]. Like f(T) gravity, in f(Q) gravity, one advantage
is that the second order differential equation arises instead of
the fourth order differential equation in f(R) gravity. Also, it
has many similar properties to f(T) gravity.

Now we concentrate on some current papers which are
developed in the framework of f(Q) theory of gravity, where
Q represents the non-metricity scalar. In the Ref. [37], Lazkoz
et al. discussed the f(Q) gravity with an arbitrary function of
redshift f(z) and tested the validity of different observational
data in the background of this new approach. The cosmic
expansion of the universe without a cosmological model,
i.e., cosmography discussed in Ref. [38] and a cosmologi-
cal model in Ref. [39]. The gravitational field equations and
a dynamical system have been analyzed in the background
of f(Q) gravity [40]. In the Ref. [41] performed a new type of
scalar-tensor extended theory of f(Q) gravity. Different types
of energy conditions have been discussed in the Ref. [42].
Rui-Hui et al. [43] discussed f(Q) modified gravity in detail
and explored its application of it to characterize the con-
figurations of spherically symmetric type objects. An exact
solution of anisotropic Bianchi type-I space-time has been
investigated and discussed with stability and energy condi-
tions by Koussour et al. [44] in f(Q) gravity. A static and
spherically symmetric solution with an anisotropic matter
part discussed in Ref. [45]. An anisotropic compact star solu-
tion with a quintessence field has been performed and also
discussed all required physical attributes to examine the sta-
bility and viability of the solutions by Sanjay et al. [46].

In modern cosmological research, the study of Einstein—
Maxwell (E-M) spacetime that is actually created by the
inclusion of charge with static spacetime in the context of GR,
as well as MTG, is attracted more attention to the researchers
[47-49]. According to Neslusan [50], when the neutrality of
a stellar configuration is broken due to much more escape
of electrons from the surface, the resulting stellar configu-
ration would achieve an electric charge. Also, it has been
observed that a distinct feature for compact stars in compar-
ison with normal stars is the existence of a strong electro-
magnetic field, and for this reason, a compact object may
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be an electrically charged object [51-53]. Actually, the addi-
tion of electric charge and thermal pressure gradient of fluid
creates more repulsion in the interior of a stellar configura-
tion, which averts the gravitational collapse [54,55]. Again,
based on Ivanov’s proposition, electrically charged fluid can
prevent the growth of curvature of spacetime, and for this
reason, the creation of singularity may be avoided [56]. In
the Ref. [57], the author has shown a dust distribution with a
small amount of charge may remain in equilibrium due to the
repulsion force of charge against the gravitational pull. Also,
one can study the literature [58—60] to know the importance
of charge. Thus, it is important to mention that the existence
of an electromagnetic field or electrically charged matter dis-
tribution for a static stellar configuration plays an important
role in physical existence and also in attaining an equilibrium
position.

In a similar way to MTGs like f(R,T) and f(G,T), Yixin
Xu et al. [61] constructed an extended theory of f(Q) grav-
ity based on the non-metricity scalar Q, which is coupled
nonminimally to T(trace of the energy—momentum tensor),
known as f(Q,T) gravity theory. Actually, to construct
this gravity, the geometric action of the gravitational field
has been modified by taking Lagrangian density as an arbi-
trary function of Q and T, i.e., L = f(Q, T). Also, in the
Ref. [62], the authors discussed f(Q, T) gravitational theory
with respect to the Weyl type space-time and its cosmological
implications.

The main motivation behind our present work is to study
the complete set of Einstein—-Maxwell (E-M) field equations
that describe the equation of motion for a spherically sym-
metric object in the modified f(Q, T) gravity and exam-
ine the behavior of physical attributes of neutron stars with
respect to this gravity. We divide the whole work into some
sections as follows: In Sect. 2, we have given a mathemati-
cal framework regarding the construction of field equations
in f(Q, T) gravity. Thereafter we have constructed a com-
plete set of E-M field equations for a spherically symmetric
metric in modified f(Q, T) gravity. Next, in Sect. 3, we
have obtained the complete solutions of field equations. The
boundary conditions between interior and exterior space-
times have been discussed in Sect. 4. In Sect. 5, we have
discussed the nature of physical parameters through graphi-
cally and analytically in detail. Finally, the valuable conclu-
sions of our whole work have presented in Sect. 6.

2 Basic formulation of gravitational field equations in
f(Q, T) gravity

The Einstein—Hilbert action for the modified theories of grav-
ity f(Q, T), which is an extended version of the symmetric
teleparallel gravity, in the presence of charge can be written

according to the Ref. [61] in the following form
1
=T / F(Q, T)y/—gd*x + / Loy/—gd*x
+/£e«/—gd4x, (6)

where f(Q, T) is an arbitrary function of Q and T, which are
known as the non-metricity term and the trace of the energy—
momentum tensor T}, respectively. Also g is the determi-
nant i.e., g = det(g,,) for the metric tensor g,., L, is the
Lagrangian density for matter part and L, is the Lagrangian
density for electromagnetic field.

Now the non-metricity term, Q can be defined as follows

0=—gh (Léqux LE oL /W) %)
with

Lf,, = —%gé (vy Sur + Vy&iy — ngy) (8)
Qv = Veguy- ©)
The independent traces of non-metricity tensor are

Q: =0/, and Qr =04, (10)

Again the superpotential function is defined in terms of non-
metricity tensor as follows

1 -
Pé;w = Z[ - Qsl,w +2Q(5 V) + Qég;w - nguv
—55<MQV)], (11)

here the trace i.e., the non-metricity scalar Q takes the fol-
lowing form

0 = — Q¢ P (12)
1
L, = —EFWFuvv (13)

. i)
where the tensor Fy,, is defined as F,, = g;iﬁ — 5y and

P, = 3; ®,(r) is the four potential for electromagnetic field.
If we vary the action (1) then we get

sl

( fgwx/_Sg‘”

+fov/—880 + fr«/—g8T>
1
_E(T;w + E;w)’\/ —gdg"’ }d4x’ (14)
where f = £(Q. T), fr = 2D and 1o = L&D The

energy—momentum tensor, characterizes the matter part can
be defined as

—2 8(J/=8Lm)

T [
NETEER T

and its trace T = g""T),,. (15)
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Now the energy—momentum tensor for electromagnetic field ~ where
can be written as if A
2 1 5 Te = T;w + — = Tg;w - Q(Tp,v + ®;w) (23)
Eu\):__ (g FMBva__gquéwF a)). (16) .
4 let us take L,, = p, the energy density of the matter part and
The components of the field strength tensor are non-  hence we can get ©y, = =27, + pguy. Also we can write

commutative and givenby F;, = —F,; =

. . . . 9, d; (r)
"[he elect.rlc field intensity is £ = W7 '
ing modified form of Maxwell’s electromagnetic field equa-

tions are given by

W—g F'"),,=4nJ" /=g, Flus1=0 a7y

where J# is the 4-current vector of electric charge satisfying
J* = out, where o is the charge density. So we can get
from the Maxwell’s equation as follows

—0, D, (r). Locally
. The correspond-

d
d—(rzE(r)) = 47r’o /g, = 4nrice” (18)
p

By integrating the above Eq. (18) we can evaluate the electric
field E as follows

q(r)

1 ' 2 A
E(r) = — drrco(r)e” dr = — (19)
r 0 r

where g (r) represents the total charge inside a spherical
object with radius r. The matrix form for the components
of energy—momentum tensor E,, can be written as El =
E diag(+1,+1, -1, —1).

Now if we use the variational principle i.e., the variation
of gravitational action is zero, then we get the field equation
in f(Q, T) gravity as follows

—%vg <fQ¢——gPiw> -

_fQ( HEX

1
_fg;w + fr(Ty + Op)

—20%% Peyy) = 87 (Tyuw + Epv)
(20)

ST,
where 0, = g/ Sg%'

Now we have chosen the function f(Q, T) in separable
form like f(Q,T) = f1(Q) + f2(T), where fi(Q) and
f>(T) are arbitrary functions of Q and T respectively. In our
present model we take f] in quadratic form like f1(Q) =
aQ + B + Q2) and f> in linear form like f>(T) = AT
with «, B and A are constant parameters. So we can write the
following [43,44,61,63]

f(O,T)=a0+ (1 + Q%) + AT. 1)

For the above function (21) the modified form of gravi-
tational field equation (20) can be written to the following
form

2 aQ+ B+ 0%
——Ve(fov—gPi,) + ———gm

_g %‘( Q ,LL) 2 14

+fo(Puey Q5 —20%% Peyy) = =87 (T + Ep),

(22)
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the above equation as follows

by A
Tfff =T (T
Tox L8+ g T

The connection equation of motion can be established by
taking the variation of the gravitational action with respect
to the connection. For this purpose, we have to use the
Lagrangian multiplier method with the constraint that the
connection is flat and torsion-free, i.e., Ti,, = Oand Riw =
0. Now for our model, the connection equation of motion, i.e.,
the field equation after taking the variation of (6) w.r.t. the
connection can be given as

ViV (VTR Fo P + 4w H") = 0. (25)

T;w + — - ;ng,v)' (24)

Here the term Hsﬂ " defined as Hypermomentum tensor den-
sity with

. v—ng 5T n S/—8 (L + L)
S lem Tert,, sT¢,,

(26)

For more details of explicit calculations see the Refs. [45,61].

In the General Theory of Relativity (GR), one impor-
tant fundamental consideration is T;l);v = 0 i.e., the covari-
ant divergence of the energy—momentum tensor is zero. In
a gravitational theory, the matter energy—momentum ten-
sor becomes conserved if T" = 0 hold. After confirm-
ing the experimental eV1dence for the existence of DM and
DE, several alternatives or modified theories of gravity are
developed. But these theories of gravity may be obeyed or
disobeyed conservation law of energy—momentum. In the
Ref. [61], it has been discussed in detail that the matter
energy—momentum is not conserved in f(Q,T) theory. In the
present model, we are discussing f(Q,T) theory in the pres-
ence of the electromagnetic field. Again the covariant deriva-
tive of E,,, is non-zero. Hence in our present study, the matter
energy—momentum is not conserved.

Phenomenologically, the non-conservation of energy—
momentum confirms a production process of physical par-
ticle [64—68]. In this regard, P. Rastall [4] developed a gravi-
tational theory as an extension of GR with the simplest form
of non-conservation equation energy—momentum that is the
covariant derivative of energy—momentum tensor is propor-
tional to the Ricci scalar. Again the main point of Rastall
and its generalization [9] theories is the ordinary conserva-
tion law is verified only for flat spacetime (Minkowski) or
specifically in a weak gravitational field limit. Actually, the
violation of classical conservation law comes from some fea-
tures of quantum effects in gravitational systems [64,69,70].
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In the Ref. [71] the authors discussed the impact of non-
conservation of energy—momentum on strange star configu-
ration. So, physically there is an energy exchange between
geometry and cosmic fluid. Also, it may be an initial base of
the primary inflation era and the current accelerating phase
of the universe expansion.

Let us consider a spherically symmetric space-time to
describe the interior region with radial co-ordinate » from
the center of symmetry. Next we describe the interior geom-
etry of the stellar object in the co-ordinate system (t, 1, 6, ¢)
by the following line element

ds® = b di* — "dr? — r?(d6* + sin® 0d¢?), (27)

Where ¢ and 7 are functions of radial co-ordinate r only. We
have taken that the matter distribution as anisotropic type
inside the whole region of star. So, the energy—momentum
tensor, describing the anisotropic matter portion, can be given
as

T = (o + pugtty + piguv + (Pr — pVLL, (28)

where g,,, represents the metric tensor, v/ is the space-like
4-vector, u'* is the 4-velocity and it is orthogonal to v** vector
i.e., u,v* = 0. Also they are satisfying some relations like
uyuu’ = —1and v, v = 1. So we can write the components
of T}, for anisotropic fluid in a matrix form as (THM =
diag(p, —pr, —pt, —Pt)-

In the Refs. [72-74], the authors studied the most gen-
eral form of static spherical metric and the connection in the
context of symmetric spacetime and the postulates of sym-
metric teleparallelism. And also discussed the field equations
and the non-metricity scalar Q depending on two types sets
of connection coefficients. One is dependent on some initial
constant, and the other is purely a function of radial coordi-
nate r. In our model, we will consider only r dependent con-
nection coefficients with respect to the particular spherical
symmetric metric (27). Because it is more compact and eas-
ier due to the absence of initial constants for the case of field
equation reduction and examination of physical characteris-
tics of spherical symmetric objects. Now in the following,
we will discuss the connection and field equations.

The authors in the Ref. [43] have discussed clearly that
the inertial connection FSW should not effected whether the
gravity is canceled or not. This implies the following

Fsp.v = Fs;w lG=0= {EMU} lG=0 - (29)

Now by using the above relation (29) we can obtain the fol-
lowing non-vanishing components of I" for the metric (27).

1*9”9 = F‘% = My = sin29F’99 = —rsin®6,

F9¢¢ = —cosfsind, F%qs = cot 6. 30)

So, the non-vanishing components of Q¢ and LSW corre-
sponding to the metric (27) are as follows

err = —enﬂ/, ert = efé-/, Q9r9 = Q09r = r(l - e'l),
Qpro = Qppr = (1 — eMrsin®6 (31
and

r 1, t t 1, r ! E=nyt
er=—§n, Ltrert:_EC’ Lttz_ze ¢,

Lgg=("=Dr, Ly,=e"(1-eNr sin 6. (32)

Therefore, the simplified form of non-metricity scalar with
respect to the metric (27) can be obtained as follows

_ (" =)E+m)
p :

(33)

where the prime ’ represents the derivative with respect to r.
The componentwise field equations using the metric (27)
and function (21) (with G, ¢ = 1) can be written as

-n

¢ 4 7 ’
- ﬁ[élrﬁQ (" —1)+ (a+2,6Q){(e7 - 1)2+r¢)

2
+ (1 +e§)rn/}:| _ w — Snpeff + E27

2
(34)
e " ,
ﬁ[“ﬂQ (e"=1) + (@ +2,3Q){(e" —1)
x 2+ rg” + rn/) — 2r§’}:|
2
+ w =8mpi!l — E2, (35
%[ —4rBQ + (a + 2020 ("~ 2) — ¢
1 2
+ 7/(26” +r§-’) _ 2}’{”}] + w
_ sup! 4 B2, (36)
where
eff _ A
P —p+K(p—pr—2pz), (37)
T
B A
P =p + F(p +3pr +2py), (38)
T
ef f A
P =p+ E(P + pr+4p0). (39)

3 Solution of field equations

The set of field equations (34)—(39) contains six unknowns.
Hence to close the set of the field equations we have to some
considerations. Let us consider the metric potential functions
by Krori—Barua (K-B) space-time [75] as follows

@ Springer
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2 2
el =BT and e = oA (40)

where A, B and C are unknown constants.

Again we use a workable relation between radial pressure
(pr) and energy density (p) of matter arrangements in the
whole interior of compact objects as follows

pr = wp, (41)
where w is the EoS parameter that lies between 0 and 1, i.e.,

0 < w < 1. Now by solving the field equations we get the
following expressions.

2(A+ B)e 24 (—4(A+ B)B + ¢ (—a + 4(A + B)B))

4 Matching conditions

For physically existence of a stellar structure there should
be a smooth connection between interior geometry (M ™)
and exterior geometry (M) of the star. Due to the absence
of matter distribution at the outside of the star, many vac-
uum solutions have been evaluated to describe the exterior
geometry of a stellar system. For example (i) Schwarzschild
vacuum solution (for static, non-charge) [76], (ii) Reissner—
Nordstrom (for static, charge) [77,78], (iii) Kerr (for rota-
tion, non-charge) [79] and (iv) Kerr—Newman (for rotation,
charge) [80,81], etc. Actually we discuss the smooth con-
nection between two geometries by smoothly connectedness
of metric coefficients (g, ) for interior and exterior line ele-

pr) = 1+ w)87 + 1) ' (42)
A% ( Art,
orlr) = 2(A + B)e w(—4(A+B)B+e( oz+4(A+B)ﬂ)). “3)
(I 4+ w)@r +A)
i) = = [2(,4 +B) (e = Do+ (1+4(A + B)2e 24 (7 —1)°) B + 4(A + B)e > (= 3B + Ar
+(A—B)Br*)B+ (A + B)(@ —4(A+ B)p) + A (B(=3+(A—B)*)a+4(A+ B)(A+4B
—24r?
+B(B — A)r?)p) + ¢ = (4(A+ B)(—1+ (A =3B)rH)p + A (1 4 (A + B)r®)(a — 4(A + B)B)
—e* (@ + (A +3B)r2a — 8(A + B)(1 + 2Br%)B))
2(A + B)e247 (4(A+ B)B + A (o — 4(A + B)B))(Brw + A+ 2wi) "
+ (I + w) (87 + 1) } @
2 e 2 2
B0 = i e e T30 [4(A + B)BBTQ(1 + w) + Bri(5 + w) — Ar(3 + Tw))
+(Br?(3 —5w) +4(1 + w) — 2B*r*(1 + w) + Ar*( =7 — 15w + 2r(1 + w) + 2Br*(1 + w)))2)
—*7 (1 4+ w)(167a — 87 (8B — r24A%2 + 8A(1 + Br?))B
+dan — (16B — 12 + 4427 + 4B% + 8A(2 + Br?))BA) + 2 (8w (1 + 2Br? + w — 24r w)a
+32(A+ By (—2(1 +w) — Br*G+w))p + (2+ (2 — 4Ar*)w — BAr*(1 + w) + Br?(1 — 3w
+Ar* (1 + w)))ar — 4(A — B)(—2Br*(w — 1) +4(1 + w)
—32r4(1+w)+Ar2(—3—7w+Br2(1+w)))ﬁ,\)]. (45)
e 2 2472 2 2
) = s T T T3 [e (1+w)(@ — (A + B) + (4(A+ B)2 = 1)r2) )87 + 1) + 4(A + B)B

x(87(—1—w+r*(—B(S5+w+Bri(1+w)+AQ+6w+r(1+Br)(1+w)))+(—1—w+r?
x(—B(3 = 5w+ Bri(l +w)) + A@ + 12w +r(1 + Br)(1 + w))))A)

+e (87 (= 1 —w+r2(— B4+ Br2(1 + w)) + A(1 + 5w + Br2(1 + w))))r

—32(A+ B)m(—2(1 + w) + r2(A(1 + 5w + Br’(1 + w)) — B(Br’(1 + w) + 23 + w))))B
+(—1—w+r*(=B2—6w+ Bri(l + w)) + A3+ llw + Bri(1 + w))))ar — 4(A + B)(— 2(1 + w)
+r2(= B(4 = 4w+ B2+ w) + AB3 = 1w + B2+ w)))B3) | (46)

@ Springer
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ments at the boundary of the star. Here our goal is to evaluate

the expression of unknown constant parameters A, B, and C.

Now using the continuity of metric coefficients g;;, g, and
081

its derivative =* at the boundary (r = R) we can write the

following conditions

dg, ogt
gr_r:g;';’ and ﬁ:ﬁ’

47
ar or “7)

— ot
81t = 8>

where the signs + and — indicate the exterior and interior
geometries respectively.

Now we want to know about the spherically symmetric
vacuum solution corresponding to our considered model in
f(Q,T) gravity. For the vacuum case we must have 7, = 0
i.e., matter part is zero and hence f(Q,T) reduces to f(Q).
Again by simplifying the reduced form of field Eqs. (34)-
(36), we can get

e Na+280)n" +¢ _

r

0. (43)

From the above equation it follows that n” + ¢’ = 0, which
implies g, = g/ ! Now comparing (48) and (33), we can
say that for spherical vacuum, Q i.e., non-metricity scalar
always zero. Also we can get the following equation

a(e" —1+rn) +r2e"E?> =0. (49)

Let us take E(r) = qr(?, where ¢(r) represents the charge

within a sphere of radius r and Q =total charge. By integrat-
ing the above Eq. (49), we can get

H
e*"=1———3=e5, (50)

r OH'Z

where H is integration constant. Now if we take H = 2M
and @ < 0, then we will get Reissner—Nordstrom (R-N)
metric as a vacuum solution corresponding to our assumed
model. In our present study, we have considered that the
star is electrically charged and non-rotating. So, the exterior
vacuum space-time in the context of our consideration can
be described by Reissner—Nordstrom (R-N) metric. And this
metric represents an asymptotically flat space-time because
when the distance from the body approaches infinity, the
metric becomes Minkowski metric. Now we define the R—-N
metric as

M 2 M 2\~
ds2=<1——+Q—2>dt2—<l——+Q—> dr?
r r r

—r?(d6* + sin® 6d¢?), (51)

where M and Q are respectively represents total mass and
charge. Analysing the above conditions (Eq. 63) we have
obtained the following expressions

A ! In(1 M + o
= —— 1N _— —_—
R? R R?

(M Q? oM 2\ 7!
= () (- % )

B M Q2 M Q oM 92\
c=n(i-F i) (k- w)-F k)

(52)

5 Physical analysis

In this section, we will inspect about some physical features
in details. Our goal is to investigate physical validity and sta-
bility of our considered stellar system in modified f(Q, T)
gravity by concentrating on some necessary physical proper-
ties and conditions for well-behaved stellar interior solutions.
In this connection, the behavior of physical parameters of our
dedicated model will also be delivered by a fruitful graphi-
cal representation of obtained solutions. Now we are taking
some pulsars like neutron stars with mass (M), radius (R)
and charge (Q), which are given in the following Table 1
[82-85]. Also we have evaluated the numerical values of
required unknown constants like A, B, included in that table.
Here actually we have taken four neutron stars like 4U1820-
30, Vela X-1,4U1538-52 and SAXJ 1808.4-3658, which are
indicated by PS1, PS2, PS3 and PS4 respectively for sim-
plicity.

5.1 Energy density and pressure

In our presenting model, the main physical quantities govern-
ing the acceptance and validness of a stellar model are energy
density (p), radial pressure (p,) and tangential pressure (py).
For a well-behaved physical characteristics of compact object
(as well neutron star) these parameters values should be
finite, non-negative and strictly monotonically decreasing in
direction of surface boundary throughout the whole interior
region. Now we have calculated the expressions of central
density (p©), central radial pressure (pf) and central tangen-
tial pressure (py) i.e., the values of parameters p, p, and p;
atr = 0 as follows.

. —2(A+ B
Pr=rr=0 =0 Gt n (53)
. o —2(A + B)wa .
P = P =0) = e = . (54)
Py = pilr = 0) = [ 2a(4 ~ 28)
2a(A + B)(. + 27w + 87 w) /3]. 55
O+ 80w+ 1)
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Table 1 The assumed values of total mass (M), total radius (R) and total charge (Q) for different compact stars candidates and the calculated
numerical values of constants A, B and C

Pulsars M (M) R (km) e = % A (km~2) B (km~2) C (km2)
4U1820-30 (PS1) 2.25 10 0.0133208 0.0105105 0.00911272 —1.96232
Vela X-1 (PS2) 1.77 9.56 0.0133624 0.00832706 0.00608302 —1.31699
4U1538-52 (PS3) 0.87 7.8 0.0001 0.00655645 0.00402718 —0.643908
SAX]J 1808.4-3658 (PS4) 0.88 8.9 0.000001 0.00435381 0.00259941 —0.550765
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Now for the parameters p, p, and p; of a compact stel-  the center and decreases in the direction of surface boundary
lar structure to attain the maximum value at the center and  for the stars (Table 2).
strictly monotonically decreasing behavior in the whole inte-
rior region of the star, the following conditions should be

satisfied at every point along radius of the star. 5.2 Energy conditions
dp 0 dp —0) =0 and d2 —0) <0 Some physical prominent conditions based on density and
dr <5 dr o ) =0 an (r ) < pressure also determine the respectful matter distribution in
dp, Py 2 - the interior of a stellar structure are known as energy condi-
dr 0, dr (r=0)=0 and 2 (r=0)<0 tions. Actually these conditions support to verify the presence
dp, dp dp, of realistic (i.e., not exotic) matter. For anisotropic configu-
o = 0, W(V =0 =0and ——=(@r=0)<0 ration these conditions are classified as
(56)
In the Figs. 1, 2 and 3, we have depicted the behaviors ¢ 1(;Iu11 Energy Condition (NEC): p+pr 2 0, p+pit+ 37 =
of p, pr, p; with first derivatives like Zp , ddpr r (Zp ¢ and sec- ’
2o Lo & ° Weak Energy COl’ldltIOI’l WEC): p+pr=>0,0+ pr +
ond derivatives like <2, 2 £t for variations of r. From
dr?’ dr? dr 471_0p+8 >0,

these figures we can e.asﬂy checked th.at energy densiF){, radial e Strong Energy Condition (SEC): p + p, > 0, p + p; +
pressure and tangential pressure satisfied the conditions of PR ) E 2

Eq. (56) and positive at each point in interior region of PS1, aw =Pt prtipt g 20, )

PS2, PS3 and PS4. So with respect to our solutions for stellar o Dominant Energy Condition (DEC): p+ 2 = ||, o
structure the values of p, p, and p; becomes maximum at |p:el, o+ SE—; > 0.

A%
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) with radial co-ordinate r for Table 1

Table 2 The numerical values of p¢, p*, p¢ and p; have been calculated in standard units

Stellar objects 0° (g/em?) 0° (glem?) Dy (dyne.cm™?) Dl (dyne.cm™?)
4U1820-30 (PS1) 7.290662 x 10 2.548717 x10'* 1.641229 x10%* 2.487538x10%2
Vela X-1 (PS2) 5.337785 x 104 2.493811x 10 8.651581 x10%3 5.437549 x 1032
4U1538-52 (PS3) 4.150669 x10'4 2.785422% 10 4.111246 x1033 1.1395781 x 1032
SAXJ 1808.4-3658 (PS4) 2.983037 x 104 2.111294 x 104 2.551791 x1033 4475521 x1032
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Fig. 4 Behaviorof p, p + py, p + pt, p + Pr +2pt, p — pr and p — p; with r for Table 1
In the Fig. 4, we have shown the behavior of various alge-  5.3.1 Causality conditions

braic compositions for parameters p, p, and p; with respect

to the radius r. Now if we verify all graphs in the Fig. 4 then A compact stellar structure model becomes physically sat-
we can say that all the energy conditions are hold good for  isfactory if causality conditions are satisfied at every point
neutron stars PS1, PS2, PS3 and PS4 in the context of our  throughout the interior whole region. Conceptually the prin-
considerations. So the stellar configurations representing by  ciple of causality describes that for anisotropic matter dis-
our present model contains realistic matter in the interior  tribution the radial and tangential sound speeds should not

region. exceed the speed of light. Now we define the sound speed as
5.3 Stability d

vg = radial sound speed = dpr

o
Here we will examine the stability of the present stellar struc- (57)
. . o i d

ture .sy.stem by studying (i) causality conditions and (ii) adi vy, = tangential sound speed = ap: .
abatic index. dp
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Fig. 5 Behavior of radial sound speed square (vfr) (left panel), tangential sound speed square (vf,) (middle panel) and the difference vft — 2

(right panel) against r for Table 1

So, the principle of causality becomes 0 < vy, vy < 1
[86,87], as we have taken speed of light (¢c) = 1 throughout
the model. Additionally, we can verify the stability by using
another strategy based on anisotropic matter distribution,
known as the Hererra’s cracking concept [87]. According
to the Hererra’s approach, at every stable stellar region point
of such matter distribution the condition 0 < v —v2,| < 1
must be hold, which means no cracking cannot present in
that region.

In the Fig. 5, we have illustrated the graphical behavior of
radial sound speed square (vszr) in the left panel, tangential
sound speed square (vszt) in the middle panel and the differ-
ence v, — v in the right panel with variations of radius r.
Now we have verified that the radial sound speed values are
constant and lies in the interval (0,1) for PS1, PS2, PS3 and
PS4. As well the graphs of tangential sound speed square are
monotonically decreasing and the value of speed lies between
0 and 1 at every point in the interior for all of PS1, PS2, PS3
and PS4. So we can conclude that throughout the interior
region of stellar configurations representing by our proposed
model satisfy the causality conditions. Moreover, we can eas-
ily verify the difference v2 — v2, of sound speed squares
satisfies the cracking condition 0 < |v, — v2,| < 1 inside
the stars. Hence we can claim that our considered model is
physically stable.

5.3.2 Adiabatic index

In the investigation about the stable status of an anisotropic
compact stellar model, the adiabatic index plays a vital role.
Actually this index value describes the stiffness of density
and pressure ratio for interior matter distribution [88,89].
Chandrasekhar [90,91] as a pioneer provided some technics
regarding the performance of adiabatic index to examine the
dynamical stability of stellar objects against radial perturba-
tion. According to the prediction of another work by Heintz-
mann and Hillebrandt [92], for dynamically stable compact
spherical stellar object the adiabatic index (I") value must be
greater than % throughout the whole interior region of the
object. Now for our proposed system the adiabatic index can

@ Springer
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Fig. 6 Behavior of tangential adiabatic index (I";) against  for Table 1

be defined in two ways, which are

I'; = radial adiabatic index = (1 + ﬁ)vfr
Pr

) (58)
I'; = tangential adiabatic index = (1 + —)v
Pt

2

st*

In our present study the radial adiabatic index (I",-) is con-
stant and so we have to check the values of tangential adia-
batic index (I';) inside the interior region. To understand the
values of I'; in the context of our present model we examine
its graphical nature, which is given in the Fig. 6. From this
figure we have found that I'; > % in the whole interior region
for PS1, PS2, PS3 and PS4. Hence we can say that our model
can represents a dynamically stable stellar configurations.

5.4 Electric field

We have given the expression of electric field intensity (E)
in square form in the Eq. (45). We have plotted the graphs
of E? with variations of radius r in the Fig. 7 for known
neutron stars which are given in the Table 1. Now we have
seen that EZ becomes positive in the whole interior region
and monotonically increasing nature to outward of the stars.
Moreover, electric field satisfies a physically true condition
because E2 = 0 atr = 0 i.e., it vanishes at the center of stars
for our considerations.
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Fig. 7 Behavior of electric field intensity (E2) against r for Table 1

5.5 Anisotropy

The anisotropy factor (A) can defined as

A(r) = pr — pr. (59)

The explicit expression of A(r) is provided in Eq. (50). Phys-
ically A measures the additional stress along the tangential
direction over the radial direction. For p; > p, it leads to
A > 0, which represents the anisotropic stress is outward
directed i.e., repulsive force in nature. Again p; < p, yields
A < 0 that represents an inward directed anisotropic stress
i.e., attractive force in nature. For a suitable understanding of
the behavior of the anisotropy factor, we examine the graph-
ical nature of A with respect to the radius of stars. We have
given the graphical behavior of A in Fig. 8. Now we have
observed that the values of A in our model is negative inside
the interior region and decreases in the direction of the surface
with the increased value of r for known neutron stars. Also
A(r = 0) = 0 i.e., radial pressure (p,) and tangential pres-
sure (p;) are equal at the center of the stars. So anisotropic
nature becomes attractive and inward-directed, and hence our
proposed model represents a more compact stellar configu-
ration.
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Fig. 8 Behavior of anisotropic factor (A) against » for Table 1
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Fig. 9 Behavior of tangential EoS (w;) against r for Table 1

lar system, the condition 0 < w,, w; < 1 should be satisfied.
In our considered model w, = w and it lies between 0 and 1.
Again the profile of the Fig. 9 represents the graphical nature
of w; and makes clear that 0 < w; < 1 in the interior of
stars. So EoS parameters satisfied physically true conditions
in the case of our model.

5.7 Mass—radius relation and compactness

The mass—radius relation for our spherical stellar structure
can be defined as

" r —24r2 2( _ A,
m(r) 2/ 47T,0r2dr :'/ 47T|:2(A+B)€ r ( 4(A+B)ﬂ—|—e ( 05+4(A+B)ﬁ))
0 (14 w)(8m + 1)

]dr. (60)

5.6 EoS parameter

The equation of state parameters corresponding to our model
can be defined by

Pr

Pt
Wy = — —.
r o

P
Now for a non-exotic matter distribution, it has been required
that EoS parameters must lie in the interval [0,1]. Again Zel-
dovich’s [93] condition suggests that for a well-behaved stel-

and w; =

The effective gravitational mass M,y for our current
spherically symmetric charged stellar object can be defined
as [94]

r E2
M,sy :/ A7 <p(r’) + 8—> r2dr’, (61)
0 T

where (p ") + SE—;) is the effective density due to the addi-
tional charge.
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Fig. 10 Behavior of mass function (M,sy) compactness (U, ) against r for the Table 1

Again we can analyze the viability of our compact stellar
structure configuration by a physical parameter that is defined
as the mass to radius ratio, known as the compactness factor
(Uesr).So,Uefy = w Now for a well-behaved solution
of compact stellar configuration, the mass and compactness
factor should be zero at the center and monotonically increas-
ing throughout the interior region. According to Buchdahl
limit [95], the maximum mass is allowed inside a compact
star so that the condition Uery < 4/9 must be satisfied at
every point in the interior of the star.

The variations of mass function (M, ) with radius (r) has
been depicted in the left panel of the Fig. 10. From this figure
it has been cleared that at the center of the stars mass value
becomes zero and mass function monotonically increases
towards the boundary. Again we have shown the graphical
nature of compactness factor (U, sy) inside the stars in the
right panel of the Fig. 10. Now one can easily verify that
compactness behavior in the stellar interior region satisfies
required Buchdahl condition for representing a well-behaved
stellar configuration in the context of our assumed model.

5.8 Surface redshift

Here we will check the validity of our stellar system by
a physical parameter that measures the amount of force
appointed on the light due to the existence of strong grav-
itational field, known as surface redshift (fo ! ). The surface
redshift is defined as

zI = (12U - 1, (62)

M,
where, U,y represents the compactness factor %(r) Now

for physically true stellar configuration, the value of Zﬁf f

should vanish at the center and increase towards the out-
ward surface. The maximum value of Zﬁf 7 was suggested
by 2 for an isotropic stellar structure without cosmological
constant [96,97]. Again in presence of cosmological con-
stant for anisotropic matter distribution, Bohmer and Harko

@ Springer
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Fig. 11 Behavior of surface redshift (Zﬁff ) against r for the Table 1

[98] proposed that fo f < 5 whereas Ivanov [56] suggested
Zf < 5.211. Now we have illustrated the behavior of sur-
face redshift (fof ) with the variation of radial coordinated
r in Fig. 11. From this figure, it is remarkable that fo ! van-
ishes at the center of stars and increases in the direction of
the boundary with an increased value of radial coordinate
r. Also, the redshift value does not exceed the upper limit
for the validity of an anisotropic stellar configuration. So our
considered model represents a good stellar configuration in
the context of surface redshift.

5.8.1 Tolman—Oppenheimer—Volkoff (TOV) equations

In this subsection, we want to investigate whether our current
stellar system in a hydrostatically equilibrium state through
the TOV equation [99,100]. The modified form of the TOV
equation in f(Q, T) gravitational theory given by

A
16 +2A

(r4E2)/ —0. (63)

8 2
=5 )+ (e pr) -

/ ! / 1
x (p +pr+2pr)+m
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Fig. 12 Behavior of all active forces Fg, Fy, Fy, Fy, andF, against the radial co-ordinate r

The above equation can be rewritten in a simplest form as

Fh+Fg+Fa+Fm+Fe=0, (64)
where
/ ¢ 2
th—pr,FgZ—E(erpr),F z;(pz—pr),
A
Foo=— 1 / 2p! ,
m= e g on PP 2p)

Fom— 1 <r4E2)/.
(8 + M)ré

The Eq. (63) represents the equilibrium condition for our
present charged anisotropic stellar system in f(Q, T) grav-
ity under the combined active forces. Here all active forces
are represented as F, = hydrostatic force, F, = gravitational
force, F, = anisotropic repulsive force, F;,, = force corre-
sponding to the modified gravity and F, = electric force.

In Fig. 12, we have illustrated the behaviour of all active
forces throughout the whole interior region of the stellar
structure. By examining this figure, one can easily observe
that the positive part of each figure profile contains the forces
Fy, F, and F,, whereas the negative portion contains the
forces F, and F,. So, we may claim that the forces F, and
F are balanced by the combined action of three other forces
like Fy, F,, and F,. Thus, the addition of all active forces
gives zero value, and the resulting stellar system becomes a

physically stable equilibrium state. Therefore, our discussed
stellar system is in a hydrostatically equilibrium state in the
context of f(Q, T) gravity.

6 Conclusions

In this study, we have explored a new analytical solution
of electrically charged spherically symmetric object with
interior anisotropic matter distribution in modified f(Q, T)
gravity. Following the variational principle to Einstein—
Hilbert (E-H) action, we have formulated a complete set of
Einstein-Maxwell (E-M) field equations correspondence to
anon-linear arbitrary function f(Q, T) = a Q+B(1+ Q%)+
AT . To obtain the analytical solution of E-M field equations,
we have described the interior space-time of stellar structure
by K-B metric potentials. Next, with the help of the junction
procedure between interior and exterior Reissner—Nordstrom
metric, the analytical form of constant parameters A, B and
C have been obtained. Next, to judge the realisticness of our
obtained solutions, we have presented a suitable graphical
analysis to test the required viability conditions. For this pur-
pose, we have selected four pulsars like neutron stars with
mass, radius and charge, which are included in Table 1.
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The behavior of main physical quantities that character-
izes the model like energy density (p), radial pressure (p;)
and tangential pressure (p;) have been depicted in the respec-
tive Figs. 1,2 and 3 and it is observed that the values of these
quantities are positive and finite in the interior region of stars.
Again with the help of first and second derivatives nature, we
have confirmed p, p, and p; decreases to the boundary sur-
face of considered stars. So with respect to our stellar struc-
ture solutions, the quantities p, p, and p; become maximum
at the center and decreases towards the surface of stars.

All energy conditions are satisfied for all selected stars
PS1, PS2, PS3 and PS4 (for more details, see Fig. 4) in the
presence of charged effect. So normal matter is present in
the interior region of the stellar body represented by our pro-
posed model. Also, we have analyzed the behavior of the
anisotropic factor that is A < 0 and A(r = 0) = 0. So in
the case of our model, anisotropic force is attractive, and that
permits the building of a more compact stellar object.

Now we claim that our present solutions fulfill all neces-
sary conditions for stability. Because in Fig. 5, it has been
shown that the radial and tangential sound speeds lie in the
interval (0,1). Also the inequality 0 < [v%, — v2.| < 1 holds
by all considered neutron stars. That indicates our proposed
model is physically stable. Further, Fig. 6 has displayed the
behavior of tangential adiabatic index (I";), and it is observed
that I, > % within the stellar region. So our stellar struc-
ture becomes dynamically stable. Moreover the, Zeldovich’s
condition 0 < w,, w; < 1 has satisfied in the context of our
solutions in the whole interior region of known stars.

To verify the Buchdahl condition regarding the maximum
allowable mass within a compact object, we have examined
the behaviour of the mass function, i.e., the effective gravi-
tational mass (M7 (r)) due to presence of electric field E 2
inside considered compact stars. In Fig. 10, it has been shown
that at the center of stars, M.y (r) is zero and increases when
radial coordinate r increases. Also the compactness factor
WUepr = Me+’(r)) satisfies Uryp < g at every point in the
interior region. So, our considered model can deliver a phys-
ically possible existing compact stellar object. Besides, we
have verified the physical validity of our solutions through
surface redshift (Z?f ! ), whose nature has been depicted in
Fig. 11. And we have observed that the values of fo  do
not exceed 1 throughout the interior region of known stars.
So, our solutions become physically valid in the context of
surface redshift.

Again, in order to examine the hydrostatic equilibrium
position of our current stellar system, we have used the
modified TOV Eq. (63). In Fig. 12, we have demon-
strated the graphical behavior of all active forces like
Fg, Fy, Fy, Fy, and F, throughout the whole interior region
for considered three stellar objects corresponding to our
obtained solutions. By observing the nature of forces, we
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have the negative nature of the forces F, and F, are bal-
anced by the combined action of three other forces like Fj,,
F,, and F,, which are in positive nature. Hence, the sum of all
active forces becomes zero. Thus, our proposed stellar sys-
tem is in an equilibrium position in the context of f(Q, T)
gravity.

Now, for a rotating neutron star, i.e., pulsar, there must
exist ‘magnetism’, but for a static neutron star, there must not
be any associated magnetism. First, we want to clarify that
we have used pulsar-like neutron stars to verify the viability
of our current model. The main reason behind this is that
our proposed neutron star is static and electrically charged,
inspired by the Ref. [102]. But there is no any relation with
rotation. Now, we present the connection of the electromag-
netic field to our considered model as follows: Based on
the Ref. [103], we have a self-gravitating stellar system that
attained the equilibrium position after some amount of elec-
trons, i.e., lighter particles escape, leaving an electrified star.
Again, in the case of cold stars, electrostatic energy is bal-
anced by gravitational energy. For compact stars, i.e., high
density and pressure, the effect of net charge plays a definite
role in the mass—radius ratio. According to the Ref. [104],
such types of stars allow some more charge to be in equilib-
rium. In our discussing model, we have produced the effec-
tive role of the electric field in case of energy conditions,
mass, compactness, surface redshift, etc. More importantly,
we have shown the definite role of an electric field in attaining
the hydrostatic equilibrium position for our stellar system,
i.e., the TOV equation is satisfied. Because if the force due
to the electric field, i.e., is absent, then the sum of all other
forces is not equal to zero, i.e., the hydrostatic equilibrium
condition, is not satisfied.

Now, according to the Ref. [101] a charged body always
produce an Electromagnetic mass model (EMMM), where
mass and other physical parameters have a purely electro-
magnetic origin and also, both the solutions like, interior
and exterior, are of purely electromagnetic origin, i.e., both
the spacetimes become flat when charge density vanishes.
In this connection, one may study several works on EMMM
[105-113]. An electromagnetic mass model for a Lorentz
extended electron has been obtained in [114,115]. Also, in
the Refs. [116,117], authors have constructed several solu-
tions for EMMM via embedding technique in GR. In the
Ref. [118], Corne et al. proposed that "pure electromagnetic
mass cannot exist. Again, Arnowitt et al. [119] constructed
pure electromagnetic mass asm = 2|e| withelectric chargee.
In our current study, Einstein—-Maxwell field equations (34)—
(36) are highly non-linear, and hence they are not easy to
solve. Hence, we have used a different technique to solve the
field equations via an EoS. As a result, we have the pres-
sure gradient p, depending on electric field EZ and also, E>
dependent on the mass, i.e., the effective mass has been dis-
cussed. So, based on the literature survey, we may claim our
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current model is not purely EMMM but may be considered
a special kind of EMMM.

Now from the whole of our above discussions, we notice
that our obtained solutions for describing a spherically sym-
metric stellar system in f(Q, T) gravity maintains all phys-
ical conditions through graphically and analytically for via-
bility and stability. Moreover, we have examined all required
physical conditions in case of four selected pulsars like neu-
tron stars viz., PS1, PS2, PS3 and PS4. Hence the configu-
ration of a neutron star can be designed by our considered
model in f(Q, T') modified gravity.
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