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Abstract This study applies the concept of a complexity
factor, originally formulated for static spherically symmetric
spacetimes, to a system containing a charged fluid. The analy-
sis commences by formulating the Einstein field equations for
the anisotropic fluid and subsequently evaluating two distinct
mass functions. The scalar YT F is selected as the complexity
factor under Herrera’s formalism due to the incorporation of
the key factors for dynamical complexity, which are pressure
anisotropy and energy density inhomogeneity. Furthermore,
the field equations are solved by imposing several constraints,
one of them being the requirement of vanishing complexity.
Using two different expressions for the radial metric poten-
tial, we obtain two independent solutions. We then determine
the unknowns in these models by applying the junction con-
ditions with the Reissner–Nordström metric as the exterior
spacetime. Multiple stellar candidates’ observational data is
assumed to check the acceptability of the obtained solutions
graphically. It is concluded that both the suggested mod-
els depict stable and physically viable fluid configurations.
These findings ultimately show that how well the vanishing
complexity requirement behave in achieving feasible charged
anisotropic fluid solutions.

1 Introduction

Most people accept that the general theory of relativity (GR)
as the most trustworthy framework in the scientific world for
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understanding gravitational events. According to Einstein’s
1915 theory, gravity is a geometric phenomenon that results
from the curvature that matter and energy impose on space-
time rather than a force. The theoretical base of this rela-
tionship is provided by his field equations, connecting the
energy-momentum tensor (EMT), which depicts the density
and disbursement of matter and energy, to the Einstein tensor,
which characterizes spacetime geometry. These equations
are only tractable for accurate solutions in a restricted num-
ber of physical scenarios because of their highly non-linear
nature. Analytical and numerical methods are the two main
strategies used to solve this system of non-linear equations.
A basic prerequisite for numerical methods is the establish-
ment of boundary conditions. In-depth understanding of the
local physical processes involved in a system is also neces-
sary for the successful modeling. Knowledge of the dynamic
interactions and physical characteristics found in the partic-
ular spacetime region under investigation is also a major part
of this. Numerous physical phenomena that may be related
to the isotropy and anisotropy of local pressure have been
discovered [1–3]. Additionally, research has shown that the
state of isotropic pressure is intrinsically unstable, impacted
by variables such as dissipation, shear stresses, and uneven
energy density [4].

The field equations for a static anisotropic sphere consist
of three differential equations and five unknown functions
pertaining to matter and metric potentials, forming an under-
determined system. In order to solve this system for a unique
solution, two more constraints must be added. These con-
straints are frequently experimentally supported hypotheses,
such as an equation of state or other physical conditions
that have been verified in earlier research [5,6]. A poly-
tropic equation of state is frequently used by researchers to
examine the physical characteristics of objects that resem-
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ble white dwarfs [7–9]. Anisotropic spherical configurations
have been thoroughly studied within the context of GR [10–
14]. However, certain techniques, such the Karmarkar con-
dition, which builds the entire solution from a single, freely
selected function, have been used to confirm their existence
[15–19]. Another prerequisite for this method is conformally
flat spacetime, which is defined by a vanishing Weyl ten-
sor [20]. This demonstrates how researchers can describe
the evolutionary behavior of self-gravitating entities using a
variety of accessible restrictions.

Early research on self-gravitating spherically symmet-
ric systems was predicated on an ideal fluid model, which
assumes isotropic pressure. These fluids must have anisotropic
internal properties due to a variety of physical considerations,
as established by Jeans’ work [21]. The extreme densities
found in compact star objects (more than 1015 g/cm3) can
result in a divergence between radial and tangential pres-
sures, according to Ruderman [22]. Anisotropic pressure,
which is characterized by varying radial and transverse pres-
sure values, is a state that compact stars under severe density
develop, according to Canuto [23]. Anisotropic characteris-
tics in compact stellar objects can be caused by a number of
physical processes, including strong magnetic fields [24–27],
pion condensation [28], nuclear interactions [23], the pres-
ence of a superfluid core [29], and a few others. For stability,
Bowers and Liang [30] discovered that the star center’s pres-
sure anisotropy must be zero. The mass, hydrostatic equilib-
rium, and surface redshift of a star are all significantly influ-
enced by this parameter. By employing pressure anisotropies
and defined radial metric functions, Sharif and Naseer [31]
produced anisotropic solutions and showed that the result-
ing models meet all relevant physical constraints. Govender,
Das and their colleagues have developed multiple physically
acceptable models coupled with the anisotropic fluid distri-
bution in different theoretical frameworks [32–44].

In astronomy, complexity analysis has been a basic and
popular notion for examining the structure of stars and galax-
ies. In order to characterize the complicated internal dynam-
ics of astronomical objects, this complexity analysis inte-
grates important physical factors, such as density, pressure,
and heat flux. These physical factors interact dynamically
to determine the complex behavior and structure of celes-
tial objects, which together determine their evolution. For
a long time, researchers from multiple kinds of professions
have attempted to statistically quantify this idea by connect-
ing it to observable facts. As discussed in [45–47], early ideas
of complexity were varied and frequently conflicting, with
many academics associating it with information content or
thermodynamic entropy. Two disparate systems – a disor-
dered ideal gas and a perfectly ordered crystal – were used to
test the methodology in order to initially validate it. Assign-
ing zero complexity to both extremes revealed a fundamental

weakness in the initial measures and served as a major cata-
lyst for later developments in complexity’s definition.

A novel model for measuring complexity in physical sys-
tems was established by Herrera [48], who described it as
a function of pressure anisotropy and density inhomogene-
ity. A complete set of structural scalars was obtained by him
by applying an orthogonal decomposition to the curvature
tensor [49,50]. For static spherically symmetric systems, the
study found that the combined contributions of inhomoge-
neous density and pressure anisotropy constitute a crucial
structural parameter known as the complexity factor. This
paradigm is based on the idea that there are two different sit-
uations in which minimal complexity occurs: either a system
that is absolutely homogenous and isotropic, or one in which
anisotropic pressures and density inhomogeneities precisely
balance one another. Since then, this method has been mod-
ified for broader uses, such as axially symmetric and time-
evolving models [51,52]. Due to these advancements, in-
depth research on various evolutionary routes has been done,
revealing the complex physics and internal behavior of these
systems [53,54]. In addition to improving complexity anal-
ysis, this thorough approach offers a strong foundation for
examining the underlying mechanisms governing intricate
spacetime structures and astrophysical phenomena.

A large body of literature exists that analyzed stellar
objects under the vanishing complexity condition. Mau-
rya et al. [55] employed an extended geometric deforma-
tion method alongside vanishing complexity and isotropiza-
tion constraints to derive relativistic models embedded in
class-I spacetimes, yielding isotropic stellar profiles that
align with observed pulsars while emphasizing deformation-
driven equilibrium. Building on this, Das et al. [56] intro-
duced a novel anisotropic compact model tailored to pul-
sar data, using the zero-complexity condition to gener-
ate exact solutions that satisfy stability via the Tolman–
Oppenheimer–Volkoff equation and causality limits. Simi-
larly, Das and his colleagues [57] explored compact stars
under Vaidya–Tikekar geometry with enforced vanishing
complexity, demonstrating enhanced mass predictions and
dynamical stability through adiabatic indices. In a related
study, Rej et al. [58] integrated dark energy into Finch-
Skea ansatz with zero complexity, predicting neutron star
masses exceeding the conventional solar mass threshold, thus
probing exotic matter influences on compactness. Das et al.
[59] further characterized complexity in anisotropic fluids by
solving Einstein’s equations for spherically symmetric struc-
tures, highlighting how trace-free scalars govern pressure
gradients and energy distributions. Extending to dynamical
regimes, Das and his collaborators [60] examined vanish-
ing complexity’s role in self-gravitating dissipative spheres,
revealing counterbalancing effects between inhomogeneity
and shear on evolutionary paths. Complementary efforts by
Pal et al. [61] analyzed stellar equilibrium under modified
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complexity metrics, incorporating radial dependencies to
refine boundary matching for realistic interiors. Finally, Das
et al. [62] constructed zero-complexity anisotropic models
that underscore the interplay of Weyl curvature and matter
stress, validating them against pulsar observations for causal
and stable profiles.

Different evolutionary routes in celestial bodies can be
more effectively analyzed when electric charge is included.
An electromagnetic field within a compact star can produce
a repulsive force that counteracts the inward gravitational
collapse of the star. As a result, compared to uncharged
stars, the system has longer stability and is more adaptable.
The effects of electric charge on Einstein field equations’
solutions are a well-established subject of study, as exam-
ined in [63–66]. Sunzu et al. [67] investigated how charge
affected the final configuration of a dense star and established
a mass to radius relationship. The impact of an electromag-
netic field on the characteristics and dynamics of a known
spherically symmetric system was examined by Murad [68].
Using gravitational decoupling, Sharif and Sadiq [69] devel-
oped anisotropic charged solutions and specified their stable
parameter ranges.

In order to investigate charged matter configurations, this
work expands the current definition for anisotropic spheri-
cal systems [48] to incorporate electromagnetic effects. The
structure of the paper is as follows. The Einstein–Maxwell
field equations governing a static spherically symmetric
anisotropic interior are presented in Sect. 2, after which the
mass function is evaluated. Through the orthogonal decom-
position of the curvature tensor, the structural scalars are
formulated in Sect. 3, establishing the complexity factor for
this system as YT F . The essential physical requirements that
successful stellar models must meet are outlined in Sect. 4.
Two distinct stellar solutions are developed in Sect. 5, where
the unknown parameters are ascertained by applying junc-
tion conditions. A graphical analysis is also conducted by
applying the results to five distinct pulsars. The final section
of our study provides a summary of the key findings.

2 Einstein–Maxwell field equations

Here, the Einstein–Maxwell field equations for a spherically
symmetric static system are constructed. We start with the
line element to explain the geometry of spacetime inside a
stellar body. To simulate the behavior of matter and energy
in self-gravitating systems, this geometry must be defined
precisely. Using a static spherical structure has the signifi-
cant benefit of reducing the field equations’ complexity. A
deeper and more effective analysis of the system is made
possible by this geometric assumption, which reduces the
mathematical complexity of the governing equations. Our
analysis commences with a spacetime interior characterized

by the following line element

ds2 = eχdt2 − eλdr2 − r2(dθ2 + sin2 θdφ2), (1)

where χ = χ(r) and λ = λ(r). The field equations, derived
from the variation of the action, are given as follows

Gεσ = κ
(
Tεσ + Eεσ

)
, (2)

where Gεσ is the Einstein tensor, and Tεσ and Eεσ are the
EMTs for matter and the electromagnetic field, respectively.
The coupling constant κ is assumed to be unity here.

The pressure in isotropic fluids is constant in all direc-
tions, whereas the pressure components in anisotropic flu-
ids are directionally dependent. In relativistic astrophysics,
the extreme gravitational fields and fast rotations of com-
pact objects produce shear stresses and anisotropic pres-
sures, making the analysis of such anisotropic systems cru-
cial. By incorporating directionally dependent properties, the
corresponding EMT yields a more faithful representation of
energy and momentum distributions in high-energy regimes.
Its purpose is to extend the isotropic perfect fluid framework,
enabling the inclusion of greater astrophysical realism. The
anisotropic fluid is characterized by an EMT of the form

Tεσ = (ρ + pt )yε yσ + pt gεσ + (pr − pt ) zεzσ , (3)

the terms ρ, pr , pt , zσ , and yσ correspond to the energy
density, radial pressure, tangential pressure, four-vector, and
four-velocity, respectively. The last two terms are mathemat-
ically defined under the line element (1) as

Gσ = (0,−e
λ
2 , 0, 0), Dσ = (e

χ
2 , 0, 0, 0), (4)

obeying the following relations yσ zσ = 0, yσ yσ = 1 and
zσ zσ = −1.

The electromagnetic field is fully characterized by its
EMT, expressed as

Eεσ = − 1

4π

[
1

4
gεσ N

ξϑNξϑ − Nϑ
ε Nσϑ

]
, (5)

where Nξϑ = 
ϑ;ξ − 
ξ ;ϑ is the Maxwell field tensor, and

ϑ = 
(r)δ0

ϑ is the four-potential. The tensorial form of the
Maxwell equations is as follows

N ξϑ

;ϑ = 4πjξ , N[ξϑ;ε] = 0,

where the current and charge densities are denoted by jξ and
γ , respectively, and jξ = γ yξ . In this scenario, the above
(left) equation becomes

χ ′′ + 1

2r

{
4 − r(χ ′ + λ′)

}
χ ′ = 4πγ e

χ
2 +λ, (6)
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where ′ = d
dr . When the above expression is integrated, the

outcome is

χ ′ = q

r2 e
χ+λ

2 , q =
∫ r

0
γ e

λ
2 r̄2dr̄ , (7)

where the total charge present in the spherical configuration
denoted by Eq. (1) is represented by q = q(r).

For the spherical metric (1), the non-zero components of
the Einstein field equations (2) are derived as follows

ρ + q2

r4 = 1

r2 − e−λ

(
1

r2 − λ′

r

)
, (8)

pr − q2

r4 = e−λ

(
1

r2 + χ ′

r

)
− 1

r2 , (9)

pt + q2

r4 = e−λ

4

(
χ ′2 − χ ′λ′ + 2χ ′′ − 2λ′

r
+ 2χ ′

r

)
. (10)

The Tolman–Oppenheimer–Volkoff (TOV) equation, which
regulates the equilibrium between strong gravitational fields
and internal pressure, describes the structure of ultra-dense
compact stars in Einstein’s theory. The relativistic effects
that become predominant in massively compact objects are
incorporated into this framework, which expands on the tra-
ditional idea of hydrostatic equilibrium, where pressure gra-
dients resist gravitational collapse. The conservation law,
which may be written as ∇ε(T εσ + Eεσ ) = 0, yields this
condition, which reduces to [70,71]

dpr
dr

+ χ ′

2

(
ρ + pr

) − 2

r

(
pt − pr

) − 2qq ′

r4 = 0. (11)

The active gravitational energy inside a spherical border
is measured by the Misner–Sharp mass function, which is an
important parameter in gravitational collapse research. The
Misner–Sharp formulation, in contrast to prior mass defini-
tions, simultaneously takes the enclosed matter and its asso-
ciated gravitational curvature by incorporating the spacetime
metric. For the analysis of cosmic horizons and star col-
lapse, this renders it indispensable. The primary benefit is
that it may simplify intricate gravitational dynamics into a
single, physically significant, and tractable quantity, gener-
ating testable predictions for extremely curved spacetimes.
The following form expresses the fundamental relationship
as [72]

m(r) = r

2

(
1 − e−λ + q2

r2

)
. (12)

This can be expressed differently using the energy density
found in Eq. (8) as

m(r) = 1

2

∫ r

0
ρr̄2dr̄ +

∫ r

0

qq ′

r
dr̄ . (13)

For χ ′, Eq. (9) gives an expression using the mass (12) as

χ ′ = prr4 − 2q2 + 2mr

r
(
r2 + q2 − 2mr

) . (14)

Inserting this result into Eq. (11) produces the following form

dpr
dr

+ prr4 − 2q2 + 2mr

2r
(
r2 + q2 − 2mr

)
(
ρ + pr

) + 2�

r
− 2qq ′

r4 = 0,

(15)

where � = pr − pt quantifies the pressure anisotropy.

3 Formulation of structure scalars via orthogonal
splitting

An essential component of contemporary research on grav-
itationally bound astrophysical systems is the evaluation of
structural complexity. Although the term “complexity” has
been defined in a variety of methods across the literature, a
fundamental viewpoint is that total homogeneity and isotropy
within a system define no complexity. In this model, the
complexity factor functions as a scalar metric that encodes
the pressure anisotropy and density contrasts of the system.
A fundamental concept of complexity based on these two
characteristics was first proposed by Herrera [48]. He iden-
tified the complexity factor as one of the scalar functions
resulted from the orthogonally decomposed Riemann tensor
[49,50]. The computational framework for the complexity
factor is briefly summarized here, along with its correlations
to important physical parameters. The Riemann curvature
tensor admits a decomposition into trace and trace-free com-
ponents, mathematically represented as

Rηζ
εϑ =Cηζ

εϑ +2
(
T [η

[ε ϕ
ζ ]
ϑ]+E [η

[ε ϕ
ζ ]
ϑ]

)+T

(
1

3
ϕ

η
[εϕ

ζ
ϑ] − ϕ

[η
[ε ϕ

ζ ]
ϑ]

)
,

(16)

where Xηε and Yηε are the tensors provided by

Yηε = Rηζεϑ y
ζ yϑ , (17)

Xηε = ∗R∗
ηζεϑ y

ζ yϑ = 1

2
λ

αβ
ηζ R∗

αβεϑ y
ζ yϑ , (18)

where λ
αβ
ηζ is the Levi-Civita symbols and R∗

ηζεϑ =
1
2λαβεϑRαβ

ηζ . The trace (YT , XT ) and trace-free (YT F , XT F )

components of these tensors can be decomposed as follows

Yηε = hηεYT
3

+
(
zηzε + hηε

3

)
YT F , (19)

Xηε = hηεXT

3
+

(
zηzε + hηε

3

)
XT F . (20)
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Here, hηε = gηε − yηyε is the projection tensor. The follow-
ing scalar quantities are obtained using Eqs. (16)–(20) in a
sequence of uncomplicated algebraic manipulation as

XT = ρ + q2

r4 , (21)

XT F = �

2
− B + q2

r4 , (22)

YT = 1

2

(
ρ + 3pr − 2�

) + q2

r4 , (23)

YT F = �

2
+ B + q2

r4 , (24)

with the electric Weyl scalar B, expressed as

B = −e−λ

4

[
χ ′′ + χ ′2 − λ′χ ′

2
− χ ′ − λ′

r
+ 2(1 − eλ)

r2

]
.

(25)

The degree of local pressure anisotropy and the inhomo-
geneity of the energy density of a self-gravitating system are
described by the scalar functions (21)–(24). Therefore, the
challenge is to identify the complexity factor among these
four scalars. We determine that the scalar YT F is the com-
plexity factor since it is the just quantity that includes all of
the crucial parameters. The following expression, which is
produced by substituting Eqs. (8), (24), and (25) confirms
this, given by

YT F = 3q2

2r4 − 1

2r3

∫ r

0
r̄3ρ′dr̄ + �, (26)

where we notice that, for an isotropic, uniform, and uncharged
fluid distribution, this scalar vanishes.

A framework to quantify how a system’s total energy,
momentum, and stress all work together to determine its
gravitational field is provided by the Tolman mass idea. In
this way, it deepens our knowledge of cosmic structure by
providing a means of investigating the complex relationship
between matter and spacetime geometry. This quantity is
defined as [73]

mT = 1

2

∫ r

0
r̄2e(χ+μ)/2(T 0

0 +E0
0−T 1

1 −E1
1−2T 2

2 −2E2
2)dr̄ ,

(27)

which, upon substitution of Eq. (26), becomes

mT = (mT )�

(
r

R

)3

+ 2r3
∫ R

r

q2e(χ+λ)/2

r̄5
dr̄

+ r3
∫ R

r

e(χ+λ)/2

r̄

{
� − 1

2r3

∫ r

0
r̄3ρ′dr̄ − q2

2r4

}
dr̄ .

(28)

In terms of the scalar (26), this is expressed as

mT = (mT )�

(
r

R

)3

+ r3
∫ R

r

1

r̄
e(χ+λ)/2

(
YT F + 2q2

r̄4

)
dr̄ .

(29)

Equation (29) reveals that the Tolman mass is determined by
the anisotropy and density inhomogeneity, as quantified by
the complexity factor YT F .

It is important to recognize that a state of zero complexity
is not exclusive to systems with homogeneous density and
isotropic pressure. Equation (26) indicates that YT F vanishes
only under the following specific condition

� = 1

2r3

∫ r

0
r̄3ρ′dr̄ − 3q2

2r4 . (30)

Substituting the expressions for ρ, pr , and pt from Eqs. (8)–
(10) yields

22q2eλ(r) + r3 (
χ ′(r)

(
rλ′(r) − rχ ′(r) + 2

) − 2rχ ′′(r)
) = 0. (31)

The system of field equations comprises five unknown func-
tions, such as λ, χ , ρ, pr , and pt . Equation (31) now provides
a fourth independent relation, which will be solved in con-
junction with a specified form for the radial metric function
to determine a unique solution in the subsequent analysis.
The condition (30) acts as an effective non-local equation of
state, greatly enabling the derivation of solutions to the field
equations.

4 Physical existence criteria of realistic celestial models

The scientific literature presents numerous methodologies for
obtaining solutions to the gravitational field equations that
model physically admissible compact stellar objects. Solu-
tions that fail to meet the required physical acceptability crite-
ria cannot be considered viable models for real astrophysical
objects. Various researchers have compiled a set of physical
acceptability conditions essential for this analysis [74–77].
The most critical of these are outlined below.

• For a compact model to be physically viable, its met-
ric components must be non-singular, finite, and strictly
positive at all points within the configuration.

• For a stellar model to be considered physically realis-
tic, its interior energy density and pressure profiles must
satisfy a set of essential criteria. Both the energy den-
sity and pressure components must remain strictly pos-
itive throughout the stellar interior. It is also necessary
for every thermodynamic quantity to be finite and non-
singular throughout the entire system. Furthermore, these
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parameters must be centrally maximized and decrease
monotonically in a smooth manner from the core to the
surface. The gradients of both the energy density and
radial pressure must vanish at r = 0 and remain strictly
negative throughout the rest of the stellar interior.

• It is confirmed that there is no point mass at the origin
since the mass enclosed within a radius r , described by
Eq. (13), approaches zero as r → 0. This function illus-
trates the distribution of mass inside the arrangement by
showing a constant positive growth as r grows. The mass
to radius ratio, which defines compactness, is a crucial
notion for assessing the equilibrium state and gravita-
tional binding of an object. Celestial objects with extreme
density, such as neutron stars, exhibit pronounced gravi-
tational effects due to their exceptionally high compact-
ness. For a highly dense object to remain stable, Buchdahl
[78] demonstrated that its compactness μ = m

r must not
exceed the value of 4

9 .
• Surface redshift is a well-documented phenomenon in

which light escaping a strong gravitational field, such as
that of a massive celestial body, undergoes a shift toward
longer wavelengths. The reason for this phenomenon is
that gravity affects time. Light’s energy decreases as it
leaves a huge body’s strong gravitational field, which
results in redshift. The surface redshift, zs , defined as
follows, is observed to be strictly positive in astrophysi-
cal contexts

zs = (
1 − 2μ

)− 1
2 − 1. (32)

A physically acceptable model requires its value at � to
be bounded by zs ≤ 5.211 [79].

• For the internal fluid distribution, the gravitational red-
shift is calculated using the expression zg = e−χ/2 − 1.
This redshift, being determined entirely by the temporal
metric, is expected to decrease monotonically towards
the surface.

• For compact stellar objects, the radial and transverse pres-
sures are related to the energy density by the equations of
state pr = ωrρ and pt = ωtρ, where ωr and ωt are the
respective parameters. This relation governs fundamen-
tal characteristics like the mass-radius ratio, stability, and
maximum mass limit for compact stars. The correspond-
ing formal expression is given by

ωr = pr
ρ

, ωt = pt
ρ

. (33)

A fundamental criterion for physically realistic matter is
that these ratios fall within the interval [0, 1]. Such solu-
tions are thermodynamically admissible for describing
stellar interiors.

• The description of physically plausible matter in stellar
cores requires the interior fluid to satisfy specific energy
conditions. Within this formalism, the corresponding
expressions are

ρ + q2

r4 ≥ 0, ρ + pr ≥ 0, ρ − pt ≥ 0,

ρ + pt + 2q2

r4 ≥ 0, ρ − pr + 2q2

r4 ≥ 0,

ρ − pr − 2pt ≥ 0, ρ + pr + 2pt + 2q2

r4 ≥ 0.

⎫
⎪⎪⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎪⎪⎭

(34)

The most critical constraints are the dominant and trace
energy conditions. These require that throughout the sys-
tem, the energy density must be non-negative and must
dominate over the radial pressure (accounting for electro-
magnetic effects), the tangential pressure, and the com-
bined stress pr + 2pt . Formally, these are expressed as

ρ − pr + 2q2

r4 ≥ 0, ρ − pt ≥ 0 and ρ − pr − 2pt ≥ 0.
• The moment of inertia is another crucial characteris-

tic that must be carefully considered when describing
compact stars. It calculates the distribution of mass with
respect to the rotational axis. A star’s evolutionary trajec-
tory and structural stability are significantly influenced
by its moment of inertia. The highest sustained rota-
tional rate and maximum stable mass of a compact star
are directly determined by these factors. By accurately
determining the rotational inertia of a compact star empir-
ically, the equation of state governing ultra-dense matter
can be greatly reduced. This is given by [80]

I = 2

5

(
1 + M

R

)
MR2. (35)

It must be mentioned here that the anisotropic pressure
arises in relativistic astrophysical objects where strong
gravitational fields, very high densities, magnetic fields,
phase transitions, superfluid cores, or rotation can pro-
duce a difference between radial and tangential pressure.
We list the rotation as one of the possible mechanisms
that appear in the literature, but it will not be imple-
mented in our solutions. The anisotropy in our work is
purely local pressure anisotropy balanced against density
inhomogeneity through the vanishing complexity condi-
tion. Hence, the anisotropic fluid description used here
provides a convenient mathematical framework to study
local pressure anisotropy independently of the specific
physical mechanism that generates it.

• Hydrostatic equilibrium in stars describes a state of bal-
ance where the inward pull of gravity is precisely counter-
acted by outward pressure forces. This equilibrium state
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is fundamentally described by the TOV equation (11),
which can be recast into the following equivalent form

fg + fh + fa + fe = 0, (36)

where

fg = −χ ′

2
(ρ + pr ), fh = −dpr

dr
,

fa = 2

r
(pt − pr ), fe = 2qq ′

r4 .

In a stellar system in equilibrium, the inward gravita-
tional force is balanced by the combined positive con-
tributions from hydrostatic pressure, anisotropic stress,
and electromagnetic repulsion. This balance of opposing
forces maintains the system’s stability. Hydrostatic equi-
librium is achieved when the net force acting on every
point within the stellar interior, for all r , is identically
zero.

• The causality condition requires that the speed of sound
within a medium must not exceed the speed of light
[81]. A fundamental requirement for a physically admis-
sible compact star is that the radial and tangential sound
speeds remain subluminal (0 < v2

r , v2
t < 1) at all inte-

rior points. These quantities are defined by the following
expressions

v2
r = dpr

dρ
, v2

t = dpt
dρ

. (37)

• Analyzing the stability of celestial systems has emerged
as a central focus in modern high-energy astrophysics.
Herrera [82] first proposed the concept of “cracking” in
self-gravitating fluids. It occurs when the net radial force
reverses its direction at specific interior points. To prevent
cracking, the system must fulfill the following condition

0 < |v2
t − v2

r | < 1. (38)

• Developed to evaluate the stability of compact objects,
the Harrison–Zeldovich–Novikov criterion determines
whether a gravitationally bound system will remain in
equilibrium or collapse when perturbed. It provides a
method for determining whether a system in equilibrium
remains stable under small perturbations or becomes
unstable. This criterion states that a system in equilib-
rium is stable, provided the derivative of its total mass
with respect to the central density is positive. Mathemat-
ically, this requires ∂M(ρc)

∂ρc
> 0 [83,84].

• In dense stellar astrophysics, the adiabatic index serves as
a fundamental determinant of a star’s structural integrity
and stability against collapse. It quantifies how pressure
responds to density changes during adiabatic processes,

where no heat is exchanged with the environment. A star
becomes unstable and may collapse gravitationally if its
adiabatic index is less than 4

3 [85,86]. A stellar configu-
ration remains stable against gravitational collapse only
if its adiabatic index exceeds the critical threshold. This
parameter is defined along the principal spatial directions
as

�r = ρ + pr
pr

dpr
dρ

, �t = ρ + pt
pt

dpt
dρ

. (39)

5 Exact analytical models of stellar interiors

Researchers have long stressed that obtaining solutions to
Einstein’s field equations is fundamental for modeling the
universe’s gravitational phenomena. This study, therefore,
aims to develop and examine potential strategies for obtain-
ing viable solutions to this system. A number of well-defined
methodologies for solving this problem have been proposed
in the existing research. Our approach derives exact solutions
by simultaneously imposing the vanishing complexity crite-
rion and specifying the form of the radial metric potential.
The subsections that follow provide an individual analysis
for each solution.

5.1 Stellar solution 1

The system (8)–(10) is under-determined, as it comprises
only three equations for the six variables ρ, pr , pt , χ , λ,
and q. To constrain the system’s degrees of freedom, we
adopt a known charge distribution model as q = αr3 with α

being a parameter having the dimension of �−2 [87], which
reduces the number of undetermined physical parameters to
five. Here, α quantifies the charge intensity within the stellar
interior. This particular functional form for the interior charge
has been widely adopted in the literature on charged compact
objects because it guarantees that the charge vanishes at the
center, the electric field is zero at the center, and the charge
density remains finite and regular everywhere inside the star,
avoiding any singularity at r = 0. We, therefore, enforce
the vanishing complexity condition (YT F = 0) and spec-
ify a known expression for the radial metric function. This
particular constraint is defined as [88]

eλ = 7
(
r2x + 1

)2

7 − r4x2 − 10r2x
, (40)

with the constant x possessing the dimension �−2. Substi-
tuting this in Eq. (31) and solving this differential equation
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leads to the following form for the temporal potential

eχ=c2 cos2
[
c1+ 1

2x

{√
77

2

√
−α2

(√
7 − r2x

(
r2x + 10

)

+4 sin−1
(
r2x + 5

4
√

2

)) }]
, (41)

where c1 and c2 are constants of integration. Conse-
quently, the fluid triplet (8)–(10) can be rewritten using the
metric potentials (40) and (41) as follows

ρ =
8x

(
r2x

(
r2x + 2

)
+ 9

)

7
(
r2x + 1

)3 − α2r2, (42)

pr = 1

r2x + 1

{
tan

(
c1

+

√
77
2

√
−α2

(√
7 − r2x

(
r2x + 10

) + 4 sin−1 ( r2x+5
4
√

2

))

2x

)

×
√

22

7

√
−α2

√
7 − r2x

(
r2x + 10

)}

+ α2r2 − 8x
(
r2x + 3

)

7
(
r2x + 1

)2 , (43)

pt = 1

r2x + 1

{
tan

(
c1

+

√
77
2

√
−α2

(√
7 − r2x

(
r2x + 10

) + 4 sin−1 ( r2x+5
4
√

2

))

2x

)

×
√

22

7

√
−α2

√
7 − r2x

(
r2x + 10

)
}

+ 9α2r2

2
+ 8x

(
r2x − 3

)

7
(
r2x + 1

)3 . (44)

The presence of anisotropic pressure indicates that the
pressure within a system is not isotropic and varies along
different spatial axes. This study employs a spherical geom-
etry, and therefore, examines the main pressures in the radial
and tangential directions. For this configuration, the pressure
anisotropy is given by

� = 7α2r2

2
+ 8r2x2

(
r2x + 5

)

7
(
r2x + 1

)3 . (45)

In relativistic astrophysics, junction conditions are essen-
tial for describing how matter and spacetime curvature
behave at boundaries. A fundamental requirement for phys-
ical consistency is the continuity of the metric tensor and
extrinsic curvature across an interface, as enforced by these
conditions. In boundary value problems, these conditions are
essential for analyzing wave propagation and disturbances,
and for understanding system behavior at interfaces. At the
boundary surface r = R(> 2M), where M denotes the total
mass, the interior spacetime metric must continuously match
the external Reissner–Nordström solution. This metric thus

Table 1 Estimated data of different stars [89–92]

Stars Mass (M	) Radius (km)

PSR J1614 − 2230 (S1) 1.97 ± 0.04 9.69 ± 0.2

PSR J1903 + 327 (S2) 1.667 ± 0.021 9.48 ± 0.03

4U 1608 − 52 (S3) 1.74 ± 0.01 9.3 ± 0.10

Vela X − 1 (S4) 1.77 ± 0.08 9.560 ± 0.08

4U 1820 − 30 (S5) 1.58 ± 0.06 9.1 ± 0.4

Cen X − 3 (S6) 1.49 ± 0.08 9.178 ± 0.13

SMC X − 4 (S7) 1.29 ± 0.05 8.831 ± 0.09

LMC X − 4 (S8) 1.04 ± 0.09 8.301 ± 0.2

serves under the total charge Q as

ds2 =
(

1 − 2M

r
+ Q2

r2

)
dt2 −

(
1 − 2M

r
+ Q2

r2

)−1

dr2

−r2(dθ2 + sin2 θdφ2). (46)

The continuity of the metric functions over the boundary
r = R and the continuity of the extrinsic curvature are the
two main postulates. The metric functions’ continuity and
the radial pressure’s disappearance at the boundary are both
guaranteed by the following mathematical expressions

1 − 2M

R
+ Q2

R2 = 7 − R4x2 − 10R2x

7
(
R2x + 1

)2 ,

pr = 0 = 1

R2x + 1

{√
22

7

√
−α2

√
7 − R2x

(
R2x + 10

)
tan

(
c1

+
√

77
2

√
−α2(

√
7 − R2x(R2x + 10) + 4 sin−1( R

2x+5
4
√

2
))

2x

)}

+ α2R2 − 8x(R2x + 3)

7(R2x + 1)2 . (47)

By simultaneously solving the system, the constants (x, c1)

are found, yielding the following expressions

x =
4
√
R6

(−14MR + 7Q2 + 9R2
) + 2R3(7M − 6R) − 7Q2R2

R4
(
2R(4R − 7M) + 7Q2

) ,

c1 = 1

4x
√

−α2

[
4π

√
−α2c1x

+ √
154α2

{√
7 − R2x(R2x + 10) − 4αx

× tanh−1
(

7α2R2(R2x + 1)2 − 8x(R2x + 3)√
154

√
7 − R2x(R2x + 10)(α + αR2x)

)

+ 4 sin−1
(
R2x + 5

4
√

2

)}]
. (48)

The Harrison–Zeldovich–Novikov static stability condi-
tion and the mass function for this model are

m = 1

70
r

{
40r2x

(
r2x + 3

)

(
r2x + 1

)2 − 7α2r4

}

, (49)
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Fig. 1 Metric components for solution 1 at Q = 2 (thick) and 2.2 (dashed)

Fig. 2 Governing variables for solution 1 at Q = 2 (thick) and 2.2 (dashed)

M(ρc) = 1

70
R

{
280R2ρc

(
7R2ρc + 216

)

(
7R2ρc + 72

)2 − 7α2R4

}

.

(50)

The developed solution undergoes a thorough physical
investigation with an emphasis on its stability behavior and
internal characteristics. Basic properties of the solution’s sta-
bility are revealed by analyzing it under various physical
circumstances as well as external stimuli. We assume the
estimated masses and radii of five compact stars in order to
assess the impact of electric charge in Table 1 by taking into

account charge parameter values of Q = 2, 2.2. Notably, the
values of the total charge Q are not chosen arbitrarily but are
those required for the vanishing-complexity models to cor-
rectly describe the observed mass-radius data of the selected
pulsars. These Q values lie in the range that keeps the con-
figurations far from the extremal Reissner–Nordström limit
(Q < M in geometric units), and are consistent with the
charge magnitudes typically considered in the recent litera-
ture on charged compact objects. On the other hand, one can
consider the values of Q from the relation α = Q/R3 which
holds at the boundary. Since fundamental physical charac-
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Fig. 3 Regularity conditions for solution 1 at Q = 2 (thick) and 2.2 (dashed)

Fig. 4 Realistic parameters for solution 1 at Q = 2 (thick) and 2.2 (dashed)

teristics dictate whether the solutions are feasible in realistic
situations, our study starts by looking into how the matter
variables and metric coefficients behave. The metric poten-
tials, which are bounded between (0, 1], are the first thing
we examine. The radial potential achieves unity at the star’s
center, after which both metric components grow monotoni-
cally in the direction of the outer boundary. For both values,
the profiles shown in Fig. 1 exhibit smooth and physically
permissible behavior, remaining positive-definite throughout
the stellar interior.

The evolution of the matter variables and anisotropy is
depicted in Fig. 2. At the star core, the tangential pressure,
radial pressure, and energy density all reach their maxi-
mum values. The star’s energy density decreases monotoni-
cally from the core to the surface, staying positive and finite
throughout. The radial pressure remains positive throughout
the star as it steadily decreases from its greatest at the core to
zero at the surface. From the core to the surface, the tangen-
tial pressure remains decreasing. The pressure rises from the
core, peaks in the center of the star, and then declines steadily
in the direction of the stellar surface. Fundamental physical
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Fig. 5 Viability for solution 1 at Q = 2 (thick) and 2.2 (dashed)

Fig. 6 Mass dependent factors for solution 1 at Q = 2 (thick) and 2.2 (dashed)
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Fig. 7 Moment of inertia for solution 1 at Q = 2 (thick) and 2.2
(dashed)

restrictions are satisfied since the tangential pressure gradu-
ally decreases to preserve finite values at the surface. There
is zero anisotropy at the core since the tangential and radial
pressures are equal. The rate of change of physical quantities
in relation to the radial coordinate inside the star is described
by the radial gradient. Gradients quantify the radial variation
of fluid properties within the star and can be used to evaluate
the physical validity of the solution. Both the radial pressure
and energy density must have negative second derivatives
and zero first derivatives at the center (r = 0) for a regular
solution. The models successfully satisfy these requirements
and exhibit the anticipated physical consistency, as shown in
Fig. 3.

For a realistic star model, the energy density to pressure
ratios specified in Eq. (33) have to adhere to accepted phys-
ical constraints. Meeting these requirements demonstrates
that the model complies with the basic thermodynamic prin-
ciples governing star matter. Both parameters in Fig. 4 main-
tain values less than one over the whole star configuration,
confirming that the model is density-dominated. From the
center to the surface, fluid characteristics like density and
pressure decrease monotonically. In order to verify the phys-
ical validity of the solution, we further examine the energy
conditions across the star interior. The research confirms that
this solution is physically consistent as Fig. 5 shows that the
fluid properties in the star’s core behave properly. The mass
function’s radially growing profile, which approaches zero
at r = 0, is depicted in Fig. 6. The compactness of an object,
defined by its mass relative to its radius is a key factor govern-
ing its gravitational binding energy and structural integrity.
This work show that configuration are only physically admis-
sible if they adhere to the compactness limit μ < 0.44.
Furthermore, it is shown that the surface redshift remains
within its permissible theoretical range, verifying the solu-
tion’s physical admissibility. As shown in Fig. 7, the moment
of inertia increases monotonically with stellar mass, confirm-
ing a positive correlation. Figure 8 shows the force distri-
bution within the solution, confirming the establishment of

hydrostatic balance. Figure 9 verifies that the solution meets
all four stability criteria, confirming its dynamical stability.

5.2 Stellar solution 2

The physical properties of an alternative stellar solution, con-
structed from a particular ansatz for the radial metric, are
investigated in this subsection. This is defined according as
[93]

eλ = 1

r4x − r2y + 1
, (51)

where x and y are constants, both carrying dimensions of
�−4 and �−2. Solving the differential equation derived from
substituting this into Eq. (31), we get

eχ = c4 cos2

⎛

⎝

√
22

√
−α2 ln

(
2r2x + 2

√
x
√
r4x − r2y + 1−y

)

4
√
x

−c3

⎞

⎠ ,

(52)

where c3 and c4 represent constants of integration. Applying
Eqs. (51) and (52) to the fluid triplet (8)–(10) yields

ρ = 3y − r2
(
α2 + 5x

)
, (53)

pr = − tan

(√
22

√
−α2 ln(2r2x + 2

√
x
√
r4x − r2y + 1 − y)

4
√
x

− c3

)

× √
22

√
−α2

√
r4x − r2y + 1 + r2(α2 + x) − y, (54)

pt = − tan

(√
22

√
−α2 ln(2r2x + 2

√
x
√
r4x − r2y + 1 − y

)

4
√
x

− c3

)

× √
22

√
−α2

√
r4x − r2y + 1 + r2(9α2/2 + 2x) − y, (55)

where the resulting pressure anisotropy is

� = 1

2
r2

(
7α2 + 2x

)
. (56)

To satisfy the Darmois matching conditions, the exterior
spacetime of a spherical star must be static and spherically
symmetric, with metric components depending exclusively
on the radial coordinate r . The Reissner–Nordström metric,
previously defined in Eq. (46), is used to apply the matching
conditions, yielding

1 − 2M

R
+ Q2

R2 = R4x − R2y + 1, (57)

pr = 0 = R2(
α2 + x

) − y − √
22

√
−α2

√
R4x − R2y + 1

× tan

(√
22

√
−α2 ln

(
2R2x + 2

√
x
√
R4x − R2y + 1 − y

)

4
√
x

− c3

)
.
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Fig. 8 Balance of forces for solution 1 corresponding to fg (thick), fh (dashed) and fa (dot-dashed) at Q = 2 (left) and 2.2 (right)

Fig. 9 Stability analysis for solution 1 at Q = 2 (thick) and 2.2 (dashed)
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Fig. 10 Metric components for solution 2 at Q = 2 (thick) and 2.2 (dashed)

Fig. 11 Governing variables for solution 2 at Q = 2 (thick) and 2.2 (dashed)

We solve this system simultaneously to obtain the constants
(y, c3) as

y = 2MR − Q2 + R6x

R4 , (58)

c3 = πc5 +
√

11
2

√
−α2 ln

(
2R2x + 2

√
x
√
R4x − R2y + 1 − y

)

2
√
x

+ tan−1
(

y − R2(
α2 + x

)

√
22

√
−α2

√
R4x − R2y + 1

)
, (59)

with c5 being an integer. Furthermore, the model defines both
the mass function and the Harrison–Zeldovich–Novikov sta-
bility condition as follows

m = 1

10

{
5r3y − r5

(
α2 + 5x

)}
, (60)

M(ρc) = 1

30

{
5R3ρc − 3R5

(
α2 + 5x

)}
. (61)

We now evaluate the derived solution against the obser-
vational data in Table 1. An analysis of the metric potentials
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Fig. 12 Regularity conditions for solution 2 at Q = 2 (thick) and 2.2 (dashed)

Fig. 13 Realistic parameters for solution 2 at Q = 2 (thick) and 2.2 (dashed)

confirms that this model exhibits regularity and behavior con-
sistent with the previous solution. As shown in Fig. 10, the
metric components exhibit smooth, positive, and monoton-
ically increasing behavior across the entire domain. Figure
11 shows the behavior of the matter variables, which adhere
to the required physical constraints. The regularity condi-
tions are further evaluated by analyzing radial gradients,
which characterize the spatial variation of physical param-
eters. Analyzing the behavior of these gradient serves as
a key indicator for assessing the model’s physical validity.
Figure 12 confirms the physical acceptability of the param-

eters through their well-behaved profile. All fluid variables
decrease monotonically towards the stellar surface, as illus-
trated by the radially decreasing profiles of the parameters
in Fig. 13. For a compact stellar object to be physically
viable, certain regularity requirements must be fulfilled. A
physically normal fluid configuration is shown in Fig. 14,
which also verifies that the system complies with all neces-
sary bounds.

The validity of the stellar model’s demonstrated by the
physically realistic mass, compactness, and surface redshift
as depicted in Fig. 15. This model supports a higher max-
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Fig. 14 Viability for solution 2 at Q = 2 (thick) and 2.2 (dashed)

Fig. 15 Mass dependent factors for solution 2 at Q = 2 (thick) and 2.2 (dashed)
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Fig. 16 Moment of inertia for solution 2 at Q = 2 (thick) and 2.2
(dashed)

imum mass than the previous solution, according to our
investigation. The rotational dynamics of the star is directly
governed by its mass distribution, which is quantified by its
moment of inertia. In Fig. 16, the radial profile is constant
over the whole stellar structure. We examine the model’s
equilibrium point, or the situation in which all opposing
forces are in balance, in order to assess its stability. The
system is confirmed to be in equilibrium when the vector
sum of all applied forces is zero, as shown in Fig. 17. Fig-
ure 18 demonstrates the model’s dynamical stability and its
compliance with all four necessary physical requirements.

6 Summary, conclusions and future directions

We have derived and examined two distinct, physically per-
missible solutions to the Einstein–Maxwell field equations
in this work. Our methodology involves solving the gravi-
tational field equations coupled with the TOV equation for
a static, spherically symmetric source. We have also derived
the mass function through both geometric and energy density
formulations. Via the orthogonal decomposition of the cur-
vature tensor, we have constructed four scalars that elucidate
specific physical characteristics of the system. In accordance
with Herrera’s framework [48], the quantity YT F has been
adopted as the complexity factor for our system, as it compre-
hensively encodes the effects of energy density inhomogene-
ity and pressure anisotropy. Since the field equations (8)–(10)
form an under-determined system with six unknowns (three
for matter, one for charge, and two for the metric), we intro-
duced specific constraints to derive a physically admissible
solution. The requirement for a system with no complexity, as
defined by Herrera’s framework, is given by Eq. (30). This
yielded two separate solutions, each derived by specifying
a distinct form for the radial metric potential while main-
taining the same predefined charge distribution. By ensur-
ing a smooth correspondence between the interior and exte-
rior geometries, the junction conditions at the stellar sur-

face determined the integration constants. A set of physical
requirements for realistic stellar models has been developed
in this study. The main findings are summarized below.

• It is confirmed that both metric potentials are physically
admissible since they are finite at the origin, increase
monotonically, and remain regular throughout the star.
Each component’s behavior is depicted in Figs. 1 and 10.
The behavior of the matter variables, detailed in Figs. 2
and 11, satisfying all necessary requirements, confirming
their physical feasibility for modeling compact stars. A
repulsive force is produced by the pressure anisotropy,
which decreases in the core and increases towards the
surface. Preventing gravitational collapse and maintain-
ing hydrostatic equilibrium both depends on this repul-
sive force. Both solutions’ physical validity is confirmed
by the well-behaved radial gradients in Figs. 3 and 12.

• The equations of state of each matter distribution deter-
mine its distinct physical features, and Figs. 4 and 13
show this relationship. Figures 5 and 14 confirm that both
solutions adhere to all energy conditions, indicating their
physical plausibility.

• A stable stellar model requires that the mass and com-
pactness profiles exhibit peak at the surface and mono-
tonically decreasing towards the center. The redshift
increases monotonically from the center to its maximum
value at the stellar surface, as seen in Figs. 6 and 15. The
relation between the moment of inertia and total mass is
shown to be directly correlated in Figs. 7 and 16.

• Figures 8 and 17 demonstrate a diminishing net force
throughout the star interior, indicating that both models
maintain hydrostatic equilibrium. Both radial and trans-
verse sound speeds continuously remain within the nec-
essary bound, indicating that both models exhibit stability
under cracking and sound speed examinations. Figures 9
and 18 demonstrate that both solutions have adiabatic
indices that are compatible with stability and meet Zel-
dovich’s requirement.

The zero complexity framework simplifies a very com-
plex system by effectively generating physically realistic star
models by combining both pressure anisotropy and density
gradients. This method improved our knowledge of equi-
librium in self-gravitating systems exposed to electromag-
netic fields by producing stable anisotropic charged struc-
tures. The formalism provides a more profound view into
stellar evolution under Einstein gravity by efficiently reduc-
ing complexity without compromising its physical integrity.
This paradigm should be extended to modified gravity in
future research, providing new opportunities to comprehend
structural formation in a wider variety of astrophysical phe-
nomena. This approach could be used in future research to
better model compact objects and their role in the universe
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Fig. 17 Balance of forces for solution 2 corresponding to fg (thick), fh (dashed) and fa (dot-dashed) at Q = 2 (left) and 2.2 (right)

Fig. 18 Stability analysis for solution 2 at Q = 2 (thick) and 2.2 (dashed)
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by applying gravitational wave observations as constraints to
dynamic stellar evolution.
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