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Abstract This research article examines the impact of
f(Q,T) theory on the geometry of charged neutron stars
filled with anisotropic matter configuration. Here, Q rep-
resents non-metricity and 7 denotes the trace of energy-
momentum tensor. We use a particular functional form of
this modified theory to reduce the system’s complexity and
derive explicit relations of the energy density and pressure
components. Further, we consider viable non-singular solu-
tions to analyze the internal structure of the charged neu-
tron stars. The unspecified parameters in the metric coef-
ficients are evaluated through Darmois junction conditions,
which ensures consistency between interior and exterior solu-
tions of the stellar objects. These parameters are then used to
explore different physical characteristics such as the behavior
of energy density, pressure components, anisotropy, energy
bounds, equation of state parameter, compactness and red-
shift function in the interior of charged neutron stars. The
stability and equilibrium states of the charged stellar objects
are discussed using the Tolman—Oppenheimer—Volkoff equa-
tion and the speed of sound, respectively. Our results suggest
that the charged neutron stars are viable and stable in the
presence of dark source terms.

1 Introduction

Modified theories of gravity are alternative approaches to
address the unresolved problems in cosmology model and
general relativity (GR). These theories aim to provide deeper
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insights or entirely new explanations for phenomena like dark
matter, dark energy, accelerating expansion of the universe
and other cosmological/ astrophysical observations that chal-
lenge the current understanding of the universe. Einstein’s
gravitational theory uses the mathematical framework of Rie-
mannian geometry (RG), which focuses on how shapes (like
spheres, curves) and distances are preserved under smooth
transformations. A pivotal element in RG is the Levi-Civita
connection which facilitate comparison and parallel trans-
port of vectors while preserving their length. Weyl [1] pro-
posed a generalization of RG to include a gauge symmetry
that modifies the metric tensor at each point in spacetime.
He introduced length connection which aimed to adjust vec-
tor’s length during parallel transport, addressing the concept
of non-metricity [2] where the covariant divergence of the
metric tensor exist.

Teleparallel gravity is a framework that replace the cur-
vature of spacetime with torsion. Here, torsion describes
how vectors twist around each other in a manner that differs
from curvature which describes how paths bend towards each
other. This theory uses the Weitzenbock connection, which
has no curvature but only torsion. In Teleparallel gravity, tor-
sion is the fundamental quantity that represent gravitational
effect. Torsion refers to the twisting of spacetime geometry as
opposed to bend or curve. Despite their different approaches,
Teleparallel gravity is mathematically equivalent to GR in
many respects but offer a different perspective in the underly-
ing physics. It provides the same classical test of gravity (like
bending of light, perihelion precession of Mercury and grav-
itational time dilation) as GR. In Teleparallel gravity motion
of free-falling bodies is described not by geodesics of the
spacetime geometry as in GR but by force equations due to
torsion tensor. In Teleparallel gravity theory, torsion serves
as a tool to describe the gravitational interaction rather than
curvature. Symmetric Teleparallel Gravity development and

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1140/epjc/s10052-024-13156-z&domain=pdf
mailto:mzeeshangul.math@gmail.com
mailto:msharif.math@pu.edu.pk
mailto:aarooj933@gmail.com
mailto:ajami@aus.edu
mailto:ajami@aus.edu
mailto:baiju@unizwa.edu.om

775 Page 2 of 16

Eur. Phys. J. C (2024) 84:775

exploration are active areas of research in theoretical physics,
promising new insights into the fundamental forces of nature
and the structure of spacetime. The action for f(Q) theory is
formulated similarly to the Einstein—Hilbert action in GR, but
replacing the Ricci scalar f(R) (which measures curvature)
with a scalar f(Q) constructed from the non-metricity tensor
[3]. Adak [4] discovered a spherically symmetric static solu-
tion in f(Q) gravity. Maurya et al. [5] found non-metricity
parameter and decoupling constant have a significant impact
on stellar objects in f(Q) gravity. Various extended theories
of gravity in different context has been discussed in [6—15].

Xu and his colleagues [16,17] introduced f(Q, 7) theory
by including the trace of stress-energy tensor in the action of
symmetric teleparalell theory. This modified proposal use
connection that has neither curvature nor torsion but instead
determine the concept of non-metricity to describe gravita-
tional phenomena. Here, the presence of non-metricity quan-
tifies how length of vectors can change under parallel trans-
port. The primary geometric entity in this theory is non-
metricity, which describes variations in the inner product of
vectors transported along curves in spacetime. Thus, grav-
ity is attributed to change in length and angles of vectors,
rather than twisting or bending of spacetime. In this grav-
ity, paths of free particles are geodesics similar to GR, but
these geodesics are defined different due to absence of tor-
sion and curvature. One of the appealing aspects of f(Q, 7)
theory is its applications in cosmology. The f(Q, 7) theory
can offer alternative explanations for dark energy and cosmic
acceleration without needing additional exotic components.
Researchers are motivated to study this theory for multiple
reasons including its theoretical consequences and its impor-
tance in cosmic scenarios. Arora et al. [18] indicated that
f(Q, T) theory addresses the late-time cosmic acceleration
phenomenon. Agrawal et al. [19] studied the bouncing cos-
mology in this theoretical framework. Godani and Samanta
[20] explored cosmic evolution using the analysis of differ-
ent physical quantities in the same theory. Najera and Fajardo
[21] emphasized how this modified theory offers alternatives
to the standard cosmological model. Arora et al. [22] con-
ducted a study on constraining free parameters in two distinct
f(Q, T) models through energy conditions, shedding light
on the viability of this theory and paving way for a new
approach to understanding the dark sector of the universe.
Shukla and his colleagues [23] analyzed a universe model
that is both isotropic and homogeneous in this framework by
studying the deceleration parameter.

Researchers are interested in understanding how the cos-
mic objects are formed and evolved with the passage of time.
They explored various mysterious aspects of galaxies, plan-
ets, stars and claimed that these constitute a significant por-
tions of the universe each holding its own enigmatic features.
Stellar evolution and the interplay of various physical pro-
cesses in star are essential topics in astrophysics. Stars are
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the fundamental elements in describing structure and behav-
ior of cosmos. Stars are big giant glowing balls of dust and
gasses mainly of hydrogen and helium held together by their
own gravity. The balance between gravitational collapse and
energy release due to the fusion reaction is what that main-
tains a star’s equilibrium and allows it to shine. However,
stars exhaust its inner fuel to decrease its mass and pres-
sure with increase in gravitational contraction that results
in gravitational collapse of star under its own gravity. This
gravitational collapse give rise to a new massive remnants
known as compact star. Compact stars include white dwarfs
(strong dense solid dwarf emitting light enormously), neu-
tron stars (consist of electron and proton merge by gravity)
and black holes (regions of spacetime from which nothing
not even light can escape) which are incredibly dense and
have small radii. Neutron stars (NSs) are further supported
by the discovery of pulsars [24].

Pulsars are rotating NSs that are highly magnetized
and emit beams of electromagnetic radiations [25]. They
observed regular pulses of radio waves coming from a spe-
cific point in the sky and initially dubbed the source “LGM-
1. The beams of radiations emitted by pulsars are not evenly
distributed but are concentrated into narrow cones that sweep
across space as the NS rotates. If one of these beams hap-
pens to intersect the Earth, it is detected as a regular series
of pulses at regular intervals, hence the name “pulsar”’. The
periods between pulses can range from milliseconds to sev-
eral seconds. The period represents the time it takes for the
pulsar to complete one full rotation. Pulsars emit radiations
across the electromagnetic spectrum, including radio waves,
X-rays and gamma rays. They are most commonly observed
in radio wavelengths, where the regularity of their pulses
makes them easily detectable. By studying the timing and
characteristics of such pulses, astronomers can learn about
their properties, such as their rotation rate, magnetic field
strength and the environments in which they reside. Pulsars
have been used to investigate the interstellar medium and
even search for gravitational waves. Pulsars continue to be
a subject of active research and new discoveries have been
made regularly about these enigmatic stellar remnants. Sev-
eral researchers have studied the physical attributes of NSs
under various considerations [26-31].

Viable characteristics of stellar objects endorse significant
progress in alternative theories. Yousaf et al. [32] used Krori—
Barua metric solutions to explore some realistic configura-
tions of anisotropic spherical structures in the background of
f(R) gravity. Bhar et al. [33] discovered a new well-behaved
charged anisotropic solution of Einstein Maxwell field equa-
tions. Zubair et al. [34] analyzed the spherically symmet-
ric compact star model with anisotropic matter distribution
admitting Finch—Skea solution satisfying the Karmarkar con-
dition in the framework of teleparallel modified gravity. The
impact of modified f(G,72) theory on the complexity of
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time-dependent dissipative as well as non-dissipative spher-
ically symmetric celestial structures has been investigated
in [35]. The spherically symmetric gravitational structure in
the presence of electromagnetic field in the same theory has
been studied in [36]. Yousaf [37] studied the impact of the
cosmological constant on hyperbolically symmetric matter
configurations. The physical characteristics of static irro-
tational matter content that assumes hyperbolical symme-
try in f(R) theory has been discussed in [38]. Dayanandan
[39] obtained a completely deformed Finch Skea anisotropic
solution using embedding Class I spacetime. It is observed
that the anisotropy enhances in the presence of gravitational
decoupling, which may help in preventing the gravitational
collapse of the star due to the repulsive anisotropic force.
Yousaf et al. [40] analyzed the charged spherically symmet-
ric structures through orthogonal splitting technique in the
framework of f(G, 7?) gravity. Khan and Yousaf [41] used
the extended geometric deformation approach to explore the
charged anisotropic Finch—Skea solution satisfying the Kar-
markar condition. Mustafa et al. [42] studied the dynamical
characteristics of an anisotropic compact star model with
spherical symmetry in modified f(Q) theory and discovered
that the compactness rises when density increases.

Yousaf [43] explored the consequences of extra curva-
ture terms mediated from f(R, 7, Q) theory on the forma-
tion of scalar functions and their importance in the study
of relativistic objects. It is found that the computed one of
the f(R, 7, Q) structure scalars has a vital role to play in
understanding celestial mechanisms in which gravitational
interactions cause singularities to emerge. Khan et al. [44]
explored the possibility of constructing dark matter black
holes in the formalism of the Starobinsky gravity model.
Yousaf et al. [45] developed black hole surrounded by fuzzy
dark matter haloes, based on the Einasto density profile. They
described how the coupling of the Einasto profile with an
anisotropic stress energy tensor gives rise to different BH
solutions corresponding to each value of the Einasto index
and the rescaled mass parameter. Kunkel et al. [46] investi-
gated non-linear structure formation in the context of fuzzy
dark matter model and compared it to the cold dark mat-
ter model from a weak lensing perspective. The Fuzzy dark
matter wormhole solutions coupled with anisotropic matter
distribution in extended modified theories of gravity have
been explored in [47]. Dome et al. [48] used high-resolution
hydrodynamical N-body simulations of both cold dark matter
and fuzzy dark matter cosmologies in the post-reionization
redshift range. Naz et al. [49] employed the Karmarkar con-
dition with the Finch Skea ansatz to discuss several physi-
cal properties of anisotropic compact stellar structures and
explore viability as well as stability of the proposed models
in f(G) theory. It is concluded that features of established
models are in good agreement with the reality of compact
stellar structures in the background of this theory. Yousaf et

al. [50] used minimal geometric deformation technique to
analyze new analytical solutions that explore the influence
of complexity on time-independent, spherically symmetric
astrophysical configurations.

Yousaf et al. [S1] examined the impact of Palatini f(R)
terms in the formulations of inhomogeneity factors of spher-
ical relativistic systems. Bhatti et al. [52] explored the dark
dynamical effects of the f(R,7) modified theory on the
dynamics of a compact celestial star. Maurya et al. [53]
used the Karmarkar condition to probe charged relativistic
objects in f(G, 7) gravity. Athar et al. [54] contributed to
the understanding of matter distribution and various charac-
teristics of anisotropic CSs in the realm of f(R,G) grav-
ity. Bhar and Pretel [55] used metric potentials of Tolman
Kuchowicz spacetime to investigate the relativistic struc-
ture of CSs in the extended symmetric teleparallel theory.
Ilyas et al. [56] studied charged compact spherical structures
filled with anisotropic fluid distribution in (R, G, T ) grav-
ity. Majeed et al. [57] delved into the stability analysis of
CS candidates through Tolman—Kuchviz solutions in Rastall
theory. Malik et al. [58] used the cracking technique in the
same framework to assess how local density perturbations
affect the stability of anisotropic stellar structures. Albal-
ahi [59] used gravitational decoupling technique to examine
the self-gravitational charged sources with spherical sym-
metry. Malik et al. [60] examined the examined the static
spherically symmetric structures in f (R, ¢, x) theory. Ditta
and Tiecheng [61] discussed a comprehensive analysis of the
physical properties of CSs in Rastall teleparallel gravity.

Bhatti et al. [62] studied some physically viable aspects
for the possible emergence of compact stars in f(G, 7) the-
ory with some particular models. Yousaf et al. [63] inves-
tigated the possible emergence of relativistic compact stel-
lar objects in f (R, 7) theory. Dey et al. [64] explored the
viable anisotropic stellar objects employing the Finch—Skea
solutions in f(R, 7) framework. Rej et al. [65] conducted
a detailed examination of the charged NSs in the same theo-
retical framework, unveiling valuable insights into the inter-
play between charge and gravity in compact stellar systems.
Ilyas [66] explored the viable features of strange stars in
f(R,G,T) theory. Ilyas et al. [67] shed light on the intri-
cate interplay between charge, gravity and matter in compact
stellar systems. Lin and Zhai [68] investigated the influence
of effective fluid parameters on the geometry of CSs in the
f(Q, T) theory. Shamir and Malik [69] provided valuable
insights into the dynamical stability of compact spherical
systems in modified framework. Das [70] delved into sta-
ble spherically symmetric stellar configurations in f(R, G)
gravity. Malik et al. [71] analyzed the charged anisotropic
characteristics of CSs using Karmarkar condition in modi-
fied Ricci-inverse gravity.

Nashed and Capozziello [72] investigated the viable
model for NSs in f(R) gravity, suggesting intriguing pos-
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sibilities to understand the gravitational behavior of dense
objects. Shamir and Rashid [73] found that the f(R) gravity
models yield suitable and viable results with the considera-
tion of Bardeen geometry. Ilyas and Ahmad [74] used obser-
vational data from various NS candidates to investigate the
behavior of static spherical structures in the same theory. Rej
and Bhar [75] employed the Durgapal-IV metric to analyze
the physical characteristics of anisotropic static spherical
solutions in f (R, 7T) theory. Their examination confirmed
that the obtained results remain in the physically acceptable
range. Sharif et al. [10] explored the geometry of NSs with
anisotropic matter configuration in modified f (R, ¢, x) the-
ory. Recently, the study of observational constraints in modi-
fied gravities discussed in [76—83]. The geometry of compact
stars with different considerations in f(Q) and f(Q, T') the-
ory has been studied in [84—89].

The above literatures emphasize the importance of explor-
ing the viable attributes of charged NSs in f(Q, 7) theory.
This paper is formatted as follow. We employ the following
pattern in this paper. In Sect. 2, we present the field equa-
tions of f(Q, 7') gravity, establishing the theoretical founda-
tion for our work. We also evaluate the unknown parameters
through the Darmois junction conditions. Section 3 delves
into examining different physical quantities to identify the
physical characteristics exhibited by the charged NSs. Sec-
tion 4 analyzes the equilibrium state and stability of the pro-
posed NSs, providing insights into their dynamic behavior.
The findings and implications of our results are given in
Sect. 5.

2 f(Q, T) theory and matching conditions

The corresponding action with matter-Lagrangian (£,,) and
the Lagrangian of electromagnetic field (L, ) is expressed as
[16,17]

S= %/f(Q, T)/—gd*x + [(Em + L)/ —gd*x,
(1

where Lagrangian of electromagnetic field is expressed as
[fe 167 ]: op F affs

Here, Fup = @u,p — ©p,« is Maxwell field tensor and ¢, is
four-potential. The superpotential is expressed as

~ 1
-~ w0, @

The relation for non-metricity using superpotential is given
by

1 1
Yy _ __prY - Y
Php=—3L0s+ 7(Q

1
Q = _anﬁpyaﬁ = _Z(_Qyﬁngyﬁn
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The detailed calculation of this relation is given in [16,17].
The resulting field equations are

-2
Hvy(fgv _g,PJ:xﬁ)
1
_zfgaﬁ + f7(Top + Oup)
_fQ(PaynQﬂyn — ZQVZP)/U/B), “4)

where fo and f7 represent the derivatives corresponding to
non-metricity and trace of stress-energy tensor, respectively.

To explore the structure of charged stellar objects, we con-
sider static spherical metric as

0(,3+T

—dr?e’™")

ds® = d*e”) —do*r? —dp*r*sin®6.  (5)

The anisotropic matter distribution with four-vector (V) and
four-velocity (U4, ) is defined as [90]

7:15 =UUpp + PV Vg — Prgap + Pr(UsUp — Vi Vp),
(6)

where p, P, and P; define the energy density, radial pressure
and tangential pressure of the fluid, respectively. The matter-
Lagrangian is important in various cosmic phenomena as
it demonstrates the configuration of fluid in spacetime. The
particular value of matter-Lagrangian can yields significant
insights. The well known used formulation of the matter-
Lagrangian in the literature is £,, = — b ’+2P =2t [91].

The Maxwell equations of motion with four—current TJ*
and charge density (o) are expressed as

Fiapiy) =0, Flly = 4nJ", ™
where
J¢ =olU”. (8)

The corresponding Maxwell field equation becomes

/7 !/ 2
¢ - (l; +v5__)<ﬂ =dno 2t ©)
where prime is radial derivative and ¢ (r) is total charge in
the NSs. Integrating Eq. (9) yields

;o q(r)
v =-—7¢
P

v r " q
2, q(r)=47r/ arzefdr, E =
0

4rr2’

The modified field equations for static spherical spacetime
become

/
P= 5o [ZFQ (" —1foo+ fo
x(e"@+rv +ru)y+rv —rp' —2)

q2

1
—frze”] —3f1Gp+ P 42P) — o (10)
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= 5|2 o0 1)
—i—fQ(e”(Z—i—ry,/—i—rl/)—2—rv’—3ru’)
2 v 2 q2
—free’ |+ s fr(Pr— P+ o, (11)
3 8mr

PI =
4reV

+fo(2u' (e’ —2) — r? +0'(2e" + ru)

—1
|: — ZrQ/,bL/fQQ

6]2

8ard’

1
—2r,u//) — 2fre”i| + ng(Pr - P) - (12)
The field equations are complicated because of multivari-

ate functions and their derivatives. We take a particular model
as [92]

f(QT)=§2+nT, 13)

where £ and 7 are arbitrary constants.

This model enhances our ability to explain gravitational
interactions and their connection with matter and energy in
greater detail. This model is motivated by its promise to
overcome current theoretical limitations and provide a more
explanation of the fundamental principles underlying the uni-
verse. By adopting this framework, physicists embark on a
journey toward unraveling the mysteries of the universe and
uncovering the secrets of nature at its most fundamental level.
This model stands as a pivotal pursuit in theoretical physics,
aiming to unravel the fundamental essence of physical phe-
nomena from the smallest to the largest scales. This model
of the f(Q, 7) theory emerges as a crucial endeavor in the
realm of theoretical physics, particularly in the pursuit of
understanding the fundamental nature of physical phenom-
ena at both macroscopic and microscopic scales. The moti-
vation behind this model of f(Q, 7) theory stems from its
potential to overcome existing theoretical limitations, recon-
cile theoretical predictions with experimental observations
and provide a more comprehensive understanding of the fun-
damental laws governing the universe. By embracing this
framework, physicists embark on a journey towards unravel-
ing the mysteries of the cosmos and unlocking the secrets of
nature at its most fundamental level. The considered cosmo-
logical model has been widely used in the literature [93-98].

The corresponding modified field equations are

e’ v 2
2477320 — D+ 1) [e Gt =2
+87r?E(n — 1)) — Bnre
+g?)m) + 22’1200 = D' = 1)
+3rp(u' 4 —rv' +ru') 4+ 2ru”)
+nE+2r(—V' 2 +ru)

+u'(4+ru) + ZVMN))):|, (14)

p:

—V

_ € v 2 _
b= e — e+ D ["’ (3" (1 = 2m)
+87rE(n — 1)) + (8mr&
+¢>)n) + 272120 — 1 + ry))
+3r( Gy —4+rmp’ —rpu) — 2r
xnu”) 4+ 2n(rv' 2 4+ ru)
(W @+ru))+2rn”) — 2))}, (15)
P = < "G - 2n)
" 2t -+ "

+87r%En) + (¢° + 87r°E))

272 EQn(rv' 2 + ri)

—r(W@+ru) +2rn”) =2

+3(r (=" — i)

x(r(n—Du' =2)+2r(n —Hu'") — 477))]- (16)

Here, the metric functions (@, v) must be finite and non-
singular to obtain the singular free spacetime. In this regard,
we consider Karmarkar condition which is considered as a
significant tool to find the exact viable solutions for interior
spacetime. This condition is one of many mathematical tools
that has been used to comprehend the geometry of cosmic
objects, defined as [99]

Ro303R1212 = Ro101R2323 + Ro113R0223, (17

where

Roto1 = %e"(ﬂ/v/ + 1 +2u”,
Rozs =r2sin0(e — 1),
Rozo3 = rsin” Op'e" ™, Rizz = %v/r,

Rot13 = 0 = sin? FR23.

Using these values in Eq. (17), we have

O = uH'e’ +2(1 = e + u? = 0. (18)

Here, we consider a new solution of the metric coefficient as
[100]

w(r) =2xr* +Inz, (19)

where x and z are non-negative constants. Using Eqgs. (18)
and (19), we have

v(r) = In(1 4 yu'?e"), (20)

where y is an integration constant. The unknown parameters
in the metric coefficients can be determined by Darmois junc-
tion conditions. In the realm of gravitational physics, a single
solution to the field equations is not sufficient to completely
depict the geometry of cosmic objects. For instance, when
dealing with a star, the interior area displays static spherically
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symmetric spacetime, whereas the exterior geometry depend
upon the matter configuration. The external geometry can be
Schwarzschild, Reissner—Nordstrom or Vaiya, representing
perfect, charged perfect and heat dissipative matter configu-
rations, respectively. The specific constraints called matching
conditions must be applied on interior and exterior solutions
to obtain a unified depiction of the entire spacetime. Their
purpose is to establish a smooth connection between both
regions, resulting in one coherent solution at the boundary of
the NSs.
We consider the exterior geometry of the NSs as

ds3 = Wwdt* — v ldr? — r?(d6? + sin’ 0d¢?), (21)
where

2M 2
w:1———+%n

r r

One of the basic matching requirements is the continuity
criterion, which asserts that a metric function is assumed
to be continuously differentiable at a given point. Applying
this criterion enables the derivation of a consistent solution
at the boundary (r = R) of the NSs. This solution is obtained
by establishing equivalence between the interior and exterior
metric functions, including their respective derivatives, given
as

2
8ty = &rr_ = e R =y,
8rry =&r. =1+ 1632y R*2e* K = ¢!,
> 2(MR— 0%

8itry = 8ttr. = 4RXZ€2R o R3 (22)
By solving above equations, we get
MR — Q2

X =- ,

2RZ(2MR — Q% — R?)

B R*QMR — Q%)

YT AMPRZ Z2M Q2R + 0%

2MR — Q% — R?
1=—--—. (23)

___MR-02
R2¢ 2MR—Q2-RZ
These parameters play a vital role in the interior of NSs. The
mass and radius of the stars under consideration are detailed
in Table 1, while the corresponding constants are given in
Table 2. Analyzing metric elements is crucial when inves-
tigating stellar objects to ensure smoothness and absence
of singularities in spacetime. We assume the expression for
charge as ¢(r) = Q(%)3 [101] with Q@ = 3 to examine the
effect of charge on the geometry of NSs. Figure 1 demon-
strates that both metric components exhibit consistent pat-
terns and indicate an increasing trend which indicates the
absence of irregular fluctuations in the spacetime. Thus, we
can conclude that the spacetime seems to be uniform and
free from singularities, which fulfills the necessary criteria
for our investigation.

@ Springer

Table 1 Values of input parameters

Compact Stellar Objects R(km) Mg

Her X-1 [102] 0.85 £ 0.15 8.1 £0.41
EXO 1785-248 [103] 1.30£0.2 10.10 + 0.44
SAX J1808.4-3658 [104] 09+£03 7951 +£1.0
4U 1820-30 [105] 1.58 £+ 0.06 9.1£04
4U 1538-52 [106] 0.87+ 0.07 7.866 £+ 0.21
Vela X-1 [106] 1.77 £ 0.08 9.56 £+ 0.08
LMC X-4 [106] 1.04 £ 0.09 8.301 £0.2
Cen X-3 [106] 1.49 £ 0.08 9.178 £ 0.13
SMC X-4 [106] 1.29 £ 0.05 8.831 £ 0.09
4U 1608-52 [107] 1.74 £ 0.01 9.3 £0.10
PSR J1614-2230 [108] 1.97 £ 0.04 9.69 £0.2
PSR J1903+327 [109] 1.667 £+ 0.021 9.48 £0.03

Table 2 Values of output parameters

Compact Stellar Objects X y z

Her X-1 (orange line) 0.000161147 9216.97 0.810495
EXO 1785-248 (black line) 0.000701883 720.947 0.614217
SAX J1808.4-3658 (blue line) 0.000239456 5044.6 0.784553
4U 1820-30 (cyan line) 0.0014896  0.0014896  0.466346
4U 1538-52 (magenta line) 0.000173288 9048.16 0.802016
Vela X-1 (gray line) 0.0017267  335.927 0.403078
LMC X-4 (purple line) 0.000515286 1407.2 0.709083
Cen X-3 (yellow line) 0.00125142  446.233 0.508829
SMC X-4 (red line) 0.000935454 615.673 0.591806
4U 1608-52 (pink line) 0.00179681  328.132 0.404899
PSR J1614-2230 (brown line) 0.0021859  284.507 0.329349
PSR J1903+327 (green line) ~ 0.00152105  0.00152105 0.442595

3 Viable characteristics of charged neutron stars

In this section, we examine the viable features of NSs using
graphical analysis. The following conditions need to be fulfill
for viable and stable NSs.

e The metric coefficients need to be monotonically increas-
ing and non-singular at the center of NSs, which ensures
that spacetimes does not contain any kind of irregulari-
ties.

e The fluid parameters should be maximum at the center
and decrease towards the surface boundary. Also, P.-(r =
R) = 0 assures that it has a stable denser core.

e The matter gradient must be vanish at the center and
then demonstrate negative behavior towards the surface
boundary.

e Positive energy bounds ensure the presence of normal
matter in the stellar objects
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Fig. 1 Behavior of metric coefficients for different charged NSs

e The EoS parameters must fall in the range of [0,1] for
charged NSs to be viable.

e The mass function for NSs needs to be continuous at the
core and then show positively increasing behavior.

e The compactness and redshift functions must be less than
0.4 and 5.21, respectively, for viable charged NSs.

e The forces in the NSs must satisfy equilibrium condition
to maintain stability.

e For NSs to be stable, the velocities of sound speed should
remain in the range of [0,1].

These constraints together provide a framework to under-
stand the behavior of NSs and ensure that their properties are
consistent.

3.1 Evolution of fluid parameters

The investigation of fluid parameters such as density and
pressure is essential to understand the internal features of
celestial objects. These matter variables are anticipated to be
maximum at the core due to their intense density, counteract-
ing gravitational forces and maintaining the stability of NSs
against collapse. Any deviations or negative values could dis-
turb this balance, resulting in structural instability. Compre-
hending the evolution of fluid parameters and their variation
in different theoretical frameworks is crucial not only for
astrophysics but also for guiding observational methods and
interpreting data from telescopes and other instruments that
observe stellar phenomena and structures.
Using Eqgs. (14)—(16), we have

o= [27r2 — 63r%n + 240x7 R%n + 160x%7r> RO

—256x*y2 2 2 (8
xR(3 —2n) + 9r*(7n — 3))
132292627 (974 (3 — ) + 127E(2n — 3)

x R® + 16xmr? ROE(Tn — 3))}

x [24;1(1 1 16x2yze> 7 2RO (1 + 1)

-1

x(2n — 1))} , (24)
P, = [288x2yze2“2r4(7n —3)

12304x4y222eM7 16 (T — 3) + 48x7 RO

x Bxyze®™ (1 4 27) =2 — 1) +r>(9(Tn — 3)

1322w ROE(16xyze>"”

x (57 — 3 — dxyze® 2y — 3)) — sn))}

x |:24n(1 1 16x2yze® " r)2 RO

-1

x(1+nmQ2n— 1)] ) (25)
P = [ — 288x2yze2”2r4(517 -3)

—2304x* 2727 16(5y — 3) + 48x7 RO

x Bxyze®™ (14 27) =2 — 1))

+r2(27 — 455 + 32x2 7 RO&((1 + 16xyz

xe™" (16xyze™™ — 1)) — 3))}

x [2471(1 1+ 16x2y2¢> 7 )2 (1 4 )

—1
xR(2n — 1)} . (26)

The plots in Fig. 2 determine that the matter contents are max-
imum at the core before decreasing, highlighting the dense
nature of the NSs. Additionally, the radial pressure in the con-
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Fig. 2 Evolution of fluid parameters for different charged NSs

sidered NSs shows a consistent decrease as distance from the
center increases until it dissipates at the boundary. Figure 3
manifests that the NSs have highly condensed structures in
this framework as they vanish at the core but they become
negative thereafter

3.2 Anisotropic pressure

An anisotropic fluid refers to a fluid that exhibits different
physical properties or behavior in different directions. The
term “anisotropic” comes from the Greek words “aniso”
meaning unequal or different and “tropos” meaning direc-
tion. Anisotropy refers to a difference in pressure along dif-
ferent directions within the NSs. Using Egs. (25) and (26),
we obtain

A=P —P = |:r2(16x2(nR6.§ +2yze®”

x(—9r% — 8xm R — 8x2yzez’"2

x (9r* — 47 R%¢))) — 9)}

—1
x [4n(1 1 16x2yze® P22 RO(1 + n)} .

@ Springer

The pressure in a star is isotropic when there are no additional
forces or anisotropic effects present. However, in certain sit-
uations such as the presence of strong magnetic fields or
deviations from isotropy due to gravity or other factors, the
pressure becomes anisotropic. One example of anisotropy is
the gravitational field around a rotating object. The gravita-
tional field surrounded by rotating massive objects such as
a spinning black hole is not uniform in all directions. The
gravitational attraction is stronger in some directions than in
others, resulting in anisotropic effects. This phenomenon is
known as frame-dragging, where the rotation of the object
drags the surrounding spacetime along with it. Figure 4 indi-
cates the existence of a repulsive force as the behavior of
anisotropy is positive, which plays a crucial role in sustaining
large-scale structures and preventing gravitational collapse.

3.3 Energy conditions

Astrophysical entities are composed of a variety of materi-
als in their composition and it is important to differentiate
the types of substances (exotic/ordinary) present in celes-
tial objects. Energy constraints are necessary to examine the
viable fluid configurations in the system. These limitations
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play a crucial role in investigating the presence of specific
cosmic formations and understanding how matter and energy
interact under the influence of gravity. These constraints man-
ifest the physical viability of the matter configuration in the
cosmic objects. The ECs are characterized into four types as

e Null Energy Condition
This condition states that for any null vector, the energy
density measured along that vector is non-negative.

Mathematically, this condition can be expressed as

2
0<P+p, 0ZP+p+

Amr4’

This condition does not provide any direct information
about the relationship between the energy density and
pressure. It allows for cases where the pressure may be
larger or smaller than the energy density.

Strong Energy Condition

This constraint demonstrates that the sum of three times
the energy density and the pressure in any given direction
is non-negative. Mathematically, it can be expressed as

2
0<p+P, 0<p+P+—,
4y
2
O<p+P+2P+—.
drr

Dominant Energy Condition

The dominant energy condition manifests that for any
vector field, the energy density must be non-negative and
the vector must be time-like or null-like. Mathematically,
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it can be written as

2

in_Pry 4]‘[}"4

0<p—P+

Weak Energy Condition

This condition determines that the energy density mea-
sured by any observer must be non-negative. Mathemat-
ically, for all vector fields, this condition can be written
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The weak energy condition is more restrictive than the
null energy condition as it requires the energy density to
be non-negative for all observers.
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Scientists can gain insights into the nature and behavior of
cosmic structures by analyzing these energy bounds and their
effects on the stress-energy tensor, contributing to our under-
standing of the dynamics and evolution of the universe. Fig-
ure 5 shows that the considered NSs are viable as all energy
constraints are satisfied in the presence of modified terms.

3.4 Analysis of state parameters

The EoS parameters explain how energy density is related to
anisotropic pressure in different types of systems. The radial
component (@, = %) and transverse component (w; = ﬂ)
of EoS parameters must satisfy range [0,1] for viable stellar
objects. Using Eqgs. (24)—(26), we have

Wy = |: — 288x2yzezxr2r4(7r/ —3)

—2304x* 27247 16 (Tn — 3) + 48x7E RS
X (2 + 1 — 8xyze®™ (1 +21))
11227 — 631 + 32x27 R (16xyze>"”

x(3 =50+ 4xyze2”2(2n - 3))5n))]
x |:63r2)7 — 27r% — 240x7 R%&n160x>

—7r*ROn + 256)c4yzz264’"2r2
x (87 ROE(3 — 21) + 9r*(Tn — 3)) + 32x2
xyze®" (16xwr2 R (3 — Tn)

—1
+127 RO6(3 — 217) + 9r*(Tn — 3))} , (27)
o = [288x2yze2”2r4(7n —3)

12304x4y22e477 10Ty — 3) + 48x ROE(2
1 — 8xyze™ (14 2m) + r2(9(5n — 3)
— 32227 RO (51 + 16xyze™"

X (3 — 51 + dxyze® " 2n — 3))))}
x |:63r2n —27r% — 240x7 R®&n — 160x2

xmr?ROEn + 256x4y2z264”2r2
x (87 ROE(3 — 2n) + 9r*(7Tn — 3)) + 32x7yz
xe¥" (16xmr2 RO (3 — Tn)

-1
+127 RO6(3 — 2n) + 9r* (T — 3))] , (28)

Figure 6 determines that the EoS parameters satisfied the
required limit for the NSs under considerations.

—— 77— 77— T— ] T—T—T—

Fig. 7 Graph of mass function for different charged NSs

3.5 Evolution of different physical aspects

The mass of stellar objects is defined as [110]

R
M = 4x f r2pdr. (29)
0

Figure 7 demonstrates that the mass function is monoton-
ically increasing and M — 0 as r — 0, suggesting that
there are no abnormalities or irregularities in the mass dis-
tribution. Various physical characteristics can be assessed
to analyze the structural configuration of cosmic objects. A
fundamental factor in assessing the viability of NSs is the
compactness function, represented by (¢ = %). This func-
tion offers insights into the distribution of mass relative to the
radius of a NS and its concentration. The compactness factor
is a physical parameter that provides a quantitative measure
of how densely packed the mass is within a given radius.
This factor is calculated by dividing the mass of the structure
by its radius. There is a specific limit for the mass to radius
ratio that was proposed by Buchdhal for a physically relevant
model [111]. According to his criterion, the mass-radius ratio
should be less than % for viable charged NSs.

The surface redshift is a significant factor in the study of
NSs as it provides important information about the brightness
and energy of light emitted from their surfaces, which is
caused by the gravitational redshift experienced at a star’s
surface due to its strong gravity. It is a phenomenon which
explains the change in frequency (and hence the wavelength)
of light or other electromagnetic radiations as it travels away
from a gravitational field. It occurs when the source of light
or radiations is in a stronger gravitational field compared to
the observer. As the light moves away from the gravitational
field, it loses energy and thus its wavelength is increased,
causing it to shift towards the red end of the electromagnetic
spectrum. It is denoted by Z; and mathematically expressed

@ Springer
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as

1
J1=2u’

In case of anisotropic configuration, the redshift at the surface
must satisfy the specific condition as Z; < 5.211 for NSs
to be viable [112]. The graph in Fig. 8 demonstrates that
both compactness and redshift functions meet the essential
feasibility criteria.

Zy=—1+ (30)

4 Equilibrium and stability analysis

Itis important to comprehend the behavior and physical char-
acteristics of celestial objects in the field of gravitational
physics. Equilibrium and stability play a significant role in
this endeavor. Equilibrium represents a balance state where
the resultant of all forces acting on a system vanishes. The sta-
bility of cosmic formations is significant to develop their reli-
ability and coherence. Scientists have investigated the condi-
tions that determine the stability of these formations against
various forms of oscillations. To assess the stability of NSs,

The corresponding equation is defined as

“—v
Mg (r)e 2 dP,
Gr—z(,o+P,)+ dr

2
— (P —P)=0, (€29)
.

-
where

Mg (r) = 47 / T (I — T — TE — TP)rdr,

Its solution yields

1, v
Mg(r) = zrzeTM//.
Inserting this value in Eq. (31), we have

1, . 2A
EM(’O+P’)+P’_T:O'

This equation presents a model to understand the internal
structure of stars, encompassing their density distribution
and pressure profile. It demonstrates the influence of distinct

forces on the system, i.e., gravitational (F, = £ (pZJFP r)),
hydrostatic (F, = %) and anisotropic (F, = 2£=f))

forces acting on the system. Using Eqgs. (24)—(26), we obtain

researchers use the methods such as causality constraint and [, 2xr2 2
. . F, = 1 1+4
Herrera cracking approach, providing important perspectives § _8x r(l+8xyze™ (I +4xr))%
on the structural integrity of astronomical objects. R -1
X |:(1 +16x%yze® " r)2 (1 + n)] , (32)
4.1 Analysis of different forces i )
Fi, = | r(9(7Tn — 3) + 16x%(256x*y3 7357 12

Here, we consider the TOV equation, which offers a math- B 87 ROE(2 3) 4 974(7 3
ematical representation of how pressure counteracts gravi- x (B R°E(2n _2 ) +9r(7n = 3)
tational collapse to maintain equilibrium [113]. The TOV —16x%y?72e*" (8 ROE(3 + 141)
equation is derived by considering a static spherically sym- +16xmr?ROE(20n — 9) + r*(81 — 189y
metric object and solving the Einstein field equations. This 26 2xr2
equation provides us with valuable information regarding the +64x 7T3R i(sg —IM+y Zi
forces that act upon a system and keeps it stable. It is crucial X (640x"7r" R°En + 16x7 R°E(9 + 22)
to study the internal structure and properties of dense stars. +3r2(9(717 —3)+32x°% R6$(2 +7n)))
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Fig. 8 Behavior of compactness and redshift for different charged NSs
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—107[R6§n))] [l2n(l +16x%yz
e PP RO1 4+ m@2n — D] (33)
F, = [r(9 + 16x2(2yze2”2(9r2 + 8x7 RO
+8x2yz62”2 (9r* — 47 R%))
—nR%))] [2;1(1 T 16x2yze® 2RO (1 + n)}_l.
(34)
Figure 9 shows that the charged stellar objects are in equilib-

rium phase as sum of Fg, Fj, and F, is zero.

4.2 Causality constraint

The stability of NSs can be evaluated by considering the
causality constraint, which states that nothing can travel
faster than the speed of light. In order to maintain stable
configurations, both the radial and tangential velocities of
sound (1, = [fip L and u; = ‘fi—i’) must fall in the range of 0
to 1 [114]. These characteristics related to sound speed play

a critical role in ensuring the stability of NSs.

U, = [27 — 63n + 16x2(107 R%n

—256x4y33¢5 128 RO (21 — 3) + 9r*

X (T — 3)) + 16x2y%22eM7 (87 ROE(3 + 14n)
+16x7r2ROEQ200 — 9) + r*

x (81 — 189y + 64x>7w ROE(51 — 3)))
—yzezx"2 (640x37r* ROE ) + 16x7E

X R®(9 4 22n) +3r2(9(7Tn — 3)
+32° 7 R% (2 + 7n))))] [9(%; -3)

116x2(256x* 33657 128 RO (21 — 3)
+9r*(7n — 3)) + 16x2y?22

™ (407 R (2 — 3)

+r*(27 + 64x27 RO€) (T — 3) + 16x7r* RS

xE(167 — 9)) + yze™"”

x (640x3 7 r* RO& 0 + 80x ROE(3 + 21) + 3r2(9(Tn — 3)

—1
+327ERX2 (2 + ) — 1071R6$17):| , (35)

s = [9(5;7 —3) + 16x2(256x4y3 357 12

x (32 RO + 9r*(5n — 3)) — 16x>

><y2z2e4’"2 (16xr?ROg(4n — 3)

—16m RO6(3 + 4n) + r*(81 — 1357 + 64
x7x>ROEN) + yze™”

(12833 r* ROE () — 3) — 80x7w ROE(3 + 21)) — 3r2
x (27 — 45y + 32x2w ROE(5 + 1))

—27 ROy — 3))] [9(777 —3) + 16x2

X (256x4y3z3e6”2r2(87r R6§(217 -3)
194 (T — 3)) + 16x2y2Z2eHr

x (407 ROE (21 — 3) + r*(27 + 64x>7 R%¢)
x(Tn —3) + 16x7tr2R6§(1677

—9) + yze¥"* (640x3r* RO

+80xw ROE(3 + 21) + 3r2(9(7Tn — 3)

-1
+32x%w ROE(2 + 7)) — 107 Rﬁgn))] ) (36)

Figure 10 shows that the considered NSs meet the required
condition. Thus, this modified theory supports the existence
of physically viable and stable NSs.

4.3 Herrera cracking approach

The analysis of solution’s stability is based on a mathemati-
cal method called the cracking approach (0 <| u; —u, |< 1),
which was developed by Herrera [115]. Satisfying this condi-
tion indicates stable cosmic structures capable of long-term
existence, otherwise, it signifies instability and will collapse.
This method enables researchers to determine the stability of
cosmic structures, which is essential for understanding their
behavior in the universe. Figure 11 depicts the fulfillment of
the cracking condition as the both radial and tangential sound
speed components lie in the range [0,1], which ensures the
stability of the stellar objects under consideration.

5 Final outcomes

This research investigates the feasibility and stability of NSs
in the extended symmetric teleparallel theory. The main
aim is to investigate whether incorporating non-metricity
into the gravitational field equations results in feasible solu-
tions for NSs. Introducing these terms to the theory presents
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Fig. 11 Plot of Herrera cracking for different charged NSs

new insights into how matter and geometry interact under
extreme gravitational circumstances. Furthermore, we have
conducted a graphical analysis of various physical charac-
teristics to verify the viability of the NSs in the proposed
theoretical framework. In addition, we have assessed stabil-
ity through methods that incorporate sound speed.

The metric functions describe the geometry of spacetime.
Consistent and non-singular metric coefficients ensure that
spacetime is smooth and free from singularities (Fig. 1).
This smoothness is fundamental for any viable cosmolog-
ical model. The matter contents are dense at the center of
the considered NSs, indicating a stable core (Fig. 2). This
behavior of fluid parameters is important for maintaining the
structural integrity of NSs. Moreover, the decrease in fluid
variables as we move towards the boundary indicates a viable
configuration of the NSs. The absence of radial pressure at
the surface boundary confirms the physical viability of these
objects. The matter contents exhibit a negative gradient, indi-
cating a dense profile of the suggested stellar objects (Fig. 3).

The anisotropy diminishes at the core of NSs which is
a desirable feature for maintaining the stability of the NSs
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(Fig. 4). Furthermore, the outward direction of anisotropic
pressure is a crucial characteristic for compact stellar forma-
tions. All energy constraints are positive (Fig. 5), affirming
the presence of ordinary matter in NSs. Figure 6 demon-
strates the validity of the model under consideration as the
EoS parameter falls in a range from O to 1. The mass function
shows an increasing trend as the radial coordinate increases,
indicating a feasible mass distribution in the NSs (Fig. 7).
Additionally, the compactness factor is less than 4/9 and red-
shiftis less than 5.2, supporting the viability of these compact
structures (Fig. 8). The stability limits guarantee the existence
of stable NSs in this framework as illustrated in Figs. 9, 10
and 11.

‘We have analyzed various physical quantities and stability
criteria to check whether NSs could exist in the theoretical
framework provided by f(Q,7) theory. Our investigation
into the physical characteristics reveals the dense nature of
NSs and confirms the presence of viable and stable NSs in
this modified framework. In the context of f(R, 72) theory,
previous studies have shown that NSs are neither physically
feasible nor stable at their centers [116]. However, our find-
ings demonstrate that all considered stars display both phys-
ical feasibility and stability at their central positions under
f(Q, T) theory. Therefore, the solutions we have derived
yield stable formations of anisotropic NSs.
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