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Abstract
The Five-hundred-meter Aperture Spherical radio Telescope (FAST) is the most
sensitive telescope at the L-band (1.0–1.5 GHz) and has been used to carry out
the FAST Galactic Plane Pulsar Snapshot (GPPS) survey in the last 5 yr. Up
to now, the survey has covered one-fourth of the planned areas within $±$10�
from the Galactic plane visible by FAST, and discovered 751 pulsars. After the
first publication of the discovery of 201 pulsars and one rotating radio transient
(RRAT) in 2021 and 76 RRATs in 2023, here we report the discovery of 473
new pulsars from the FAST GPPS survey, including 137 new millisecond pulsars
and 30 new RRATs. We find 34 millisecond pulsars discovered by the GPPS
survey which can be timed with a precision better than 3 �s by using FAST 15
minute observations and can be used for pulsar timing arrays. The GPPS survey
has discovered eight pulsars with periods greater than 10 s including one with
29.77 s. The integrated profiles of pulsars and individual pulses of RRATs are
presented. During the FAST GPPS survey, we also detected previously known
pulsars and updated parameters for 52 pulsars. In addition, we discovered two
fast radio bursts plus one probable case with high dispersion measures indicating
their extragalactic origin.
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Abstract
This paper presents a new exact solution for dense stellar objects by employing
the Einstein–Maxwell system of differential equations. The established model
comprises three interior layers with distinguishable equations of state (EoSs):
the polytropic EoS at the core layer, the quadratic EoS at the intermediate
layer, and the modified Van der Waals EoS at the envelope layer. The physical
features indicate that the matter variables, metric functions, and other physical
conditions are viable for dense astrophysical objects. Significantly, this model
extends the two-layered model generated by Sunzu and Lighuda. The layers are
matched smoothly across the junctions with the Reissner–Nordström exterior
spacetime. Utilizing our model, we generate star masses and radii compatible
with observations and satisfactorily known objects. The findings from this paper
may be useful for describing purported strange stars such as SAX J1808.4-3658
and binary stars such as Vela X-1.
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1. Introduction
The establishment of multi-layered stellar models has attracted considerable at-
tention among researchers in astrophysics and related fields. A description of
massive stellar bodies with several layers emerges from the general theory of
relativity, developed by Albert Einstein between 1907 and 1916. This theory
provides a satisfactory description of interior structure, focusing on modeling
relativistic stellar bodies governed by sets of differential equations. From the
general theory of relativity, Einstein field equations are constructed, relating
metric functions, energy density, and the momentum tensor. Furthermore, the
majority of researchers in astronomy and astrophysics have been utilizing Ein-
stein equations to model relativistic stars through static or non-static spherically
symmetric spacetime approaches (Fulara & Sah 2018). Some studies affirm
that massive stellar bodies may automatically undergo disintegration after at-
taining an excited state that triggers transformation (Abreu et al. 2007; Sunzu
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& Lighuda 2023). Other authors have reported that the collapse of interstel-
lar bodies may consolidate to yield a white dwarf state, a neutron star state,
or further collapse into black holes (Misner et al. 1973). The studies by Bon-
nor (1960) and Oppenheimer & Volkoff (1939) show that a dense object can
change when a particular thermonuclear energy point is overly generated at the
interior of the stellar sphere. The study by Ipser (1969), who constructed the
theory for massive star clusters, indicates that clusters may lead to collapse and
produce a black hole. The work of Gedela et al. (2018, 2019, 2021) affirmed
that multi-layered stars may comprise complicated interior configurations that
require more gravitational explanations. The arrangement of physical quanti-
ties inside dense objects may result in various physical features such as energy
density, radial and transverse pressures, metric functions, balancing forces, and
other physical acceptabilities in astrophysical studies (Mafa Takisa et al. 2019;
Lighuda et al. 2021a, 2021b, 2023; Sunzu & Lighuda 2023).

Many studies have been performed with several layers to explain the interior
structure of dense stellar objects. Some research affirms that a composite stellar
object may contain sub-layers referred to as core and intermediate layers (Pant
et al. 2019, 2020, 2021; Bisht et al. 2021; Lighuda et al. 2021a). The inner layer
is strongly held by baryonic materials, while intermediate and envelope layers
are composed of neutron fluids and Coulomb liquids respectively (Gedela et
al. 2019; Mafa Takisa et al. 2019; Pant et al. 2020). In the study of astrophysical
objects, it is essential to examine the dynamic effect of multi-layered objects for a
thorough understanding of the physical features inside stellar spheres. Modeling
anisotropic stellar objects requires equations of state that should be specified to
explain the particular type of material carried in each layer. An EoS is a crucial
aspect utilized to explain the physical characteristics of the interior of dense
stars. Several multi-layered models have been constructed with distinguishable
EoS in particular layers, relying on the density profile they control (Mardan et
al. 2021; Sunzu & Lighuda 2023; Mathias et al. 2024a, 2024b). Many studies in
general relativity utilize linear EoS, quadratic EoS, polytropic EoS, Chaplygin
EoS, and the Van der Waals EoS. Some models employ these EoS, including
the work of Sunzu & Mashiku (2018), Ngubelanga & Maharaj (2015), Pant et
al. (2019, 2020), Lighuda et al. (2021a, 2021b), Bisht et al. (2021), Rahaman et
al. (2010), Mafa Takisa & Maharaj (2016), Mafa Takisa et al. (2019), Maharaj &
Mafa Takisa (2013), Gedela et al. (2019), Ngubelanga et al. (2015), Komathiraj
& Maharaj (2007), and Kumar et al. (2019).

The inclusion of charge in the construction of anisotropic stellar models assists
in producing stimulating physical features (Bhatia et al. 1969). Gravitating ob-
jects may abruptly gain or lose charge in their position in the Universe. The
presence of charge inside the multi-layered sphere assists in balancing the gravi-
tational field (Malaver 2017a, 2017b). Some researchers have reported that the
existence of charge enhances the balance of stellar bodies against gravitational
collapse, increases the mass and central curvature, and affects the redshift, com-
paction, and luminosity of stellar bodies (Varela et al. 2010; Mardan et al. 2021).
The effect of electric fields in the study of multi-layered stars has also been in-
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vestigated in the works of Maharaj et al. (2014), Sunzu et al. (2014a, 2014b,
2019), Sharma & Maharaj (2007), Lighuda et al. (2021a, 2021b), Lighuda et
al. (2023), Sunzu & Lighuda (2023), and Mafa Takisa & Maharaj (2016).

The existence of pressure anisotropy in the interior of a stellar body has been
demonstrated and discussed in many relativistic models (Murad 2016; Maurya
et al. 2022). It has been reported that the presence of pressure in the interior of a
stellar sphere relies on the flowing matter configuration (Maurya & Ortiz 2019).
Some authors have asserted that it is not necessary for pressure to comply with
the isotropic limit (𝑝𝑟 = 𝑝𝑡); instead, anisotropic criteria (𝑝𝑟 ≠ 𝑝𝑡) may affect
how the compact structures of dense stellar spheres like neutron stars, white
dwarfs, and black holes appear (Komathiraj & Maharaj 2007; Thirukkanesh &
Maharaj 2009; Bijalwan 2011). The work of Makalo et al. (2022) addressed the
fact that pressure anisotropy could provide a variety of physical features due
to a tough core, the existence of superfluid, or distinct transitions. The studies
by Maurya & Ortiz (2019) and Maurya et al. (2022) affirmed that when the
pressure anisotropy is positive (i.e., Δ = 𝑝𝑡 − 𝑝𝑟 > 0), the stellar body expe-
riences repulsion, and if it is negative (i.e., Δ = 𝑝𝑡 − 𝑝𝑟 < 0), this results in
attraction. Additionally, a positive measure of anisotropy helps to maintain sta-
bility and equalize the matter configuration inside anisotropic models. Models
that describe the feasibility of pressure in relativity include the work of Bijal-
wan (2011), Komathiraj & Maharaj (2007), Bhar et al. (2017), Maharaj & Mafa
Takisa (2013), Mathias et al. (2021), and Maurya et al. (2022).

Models that consist of multi-layers have been established regarding the inner and
outer layers by employing the Einstein–Maxwell system of equations including
EoSs. Recently, two-layered models have been formulated in the works of Math-
ias et al. (2024a, 2024b), Sunzu & Lighuda (2023), and Mardan et al. (2021),
who inserted EoSs in the respective layers. The studies by Mafa Takisa &
Maharaj (2016) and Mafa Takisa et al. (2019) developed models by substitut-
ing a linear EoS at the core and quadratic EoS at the envelope; results show
that the envelope layer has the least concentration compared to the core layer.
Thomas et al. (2005) constructed a stellar model that comprises an isotropic
fluid state in the core layer and an anisotropic fluid state in the envelope layer.
Tikekar & Jotania (2009) developed a relativistic model with anisotropic matter
distributed in the core and isotropic matter in the envelope layer. The model
formulated by Metcalfe et al. (2003) provides deep descriptions of the physical
features of white dwarf objects. The works of Pant et al. (2019) and Gedela
et al. (2018, 2019, 2021) elaborate on the feasibility of geometrical features of
dense objects by applying a linear EoS in the core and quadratic EoS in the
envelope layer. Similar features for two-layer models are also demonstrated in
the works of Sharma & Mukherjee (2002), Hansraj et al. (2016), Montgomery
et al. (2003), Tikekar & Jotania (2009), Ramesh & Thomas (2005), and Sunzu
et al. (2019).

In studies of relativistic objects, fewer three-layered models have been con-
structed regarding density visibility from each layer. Some three-layered stellar
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models are found with the absence of an electric field describing the layers.
The three-layered models developed by Bisht et al. (2021), Gedela et al. (2021),
and Pant et al. (2020) have demonstrated and discussed features of the physi-
cal characteristics and geometrical properties of uncharged neutron stars. On
the other hand, the charged core-intermediate-envelope models formulated by
Lighuda et al. (2021a, 2021b) and Lighuda et al. (2023) have remarked on the
physical properties of massive objects and highlighted the importance of electric
charge in the construction of three-layered models.

This study aims to develop a charged three-layered model as an extension of
the two-layered model constructed by Sunzu & Lighuda (2023). Our model
comprises distinct layers: the core layer is fitted with a polytropic EoS, an
intermediate layer is described by a quadratic EoS, and the envelope obeys a
modified Van der Waals EoS. The work by Olengeile et al. (2023) generated a
three-layered model where the Van der Waals EoS is inserted at the intermedi-
ate layer. The work by Lighuda et al. (2021a) developed three-layered models
by utilizing a linear EoS at the intermediate layer and Chaplygin EoS at the
envelope region. The model by Lighuda et al. (2023) utilized a polytropic EoS
at the core, quark matter at the intermediate layer, and Chaplygin EoS at the
envelope layer. A remarkable aspect of our paper is the third layer fitted with
the Van der Waals EoS, a significant feature that distinguishes this work from
Lighuda et al. (2021a, 2023), Olengeile et al. (2023), and Sunzu & Lighuda
(2023). The geometrical features of the three-layered model are subsequently
observed.

To develop a relativistic stellar model, we consider a static spherically symmetric
spacetime described using Schwarzschild coordinates (𝑥𝜄 = 𝑡, 𝑟, 𝜃, 𝜙) as

𝑑𝑠2 = −𝑒𝜈(𝑟)𝑑𝑡2 + 𝑒𝜆(𝑟)𝑑𝑟2 + 𝑟2(𝑑𝜃2 + sin2 𝜃𝑑𝜙2).

The basic line element describing the exterior spacetime for a charged object is
expressed in terms of Reissner–Nordström geometry:

𝑑𝑠2 = − (1 − 2𝑀
𝑟 + 𝑄2

𝑟2 ) 𝑑𝑡2 + (1 − 2𝑀
𝑟 + 𝑄2

𝑟2 )
−1

𝑑𝑟2 + 𝑟2(𝑑𝜃2 + sin2 𝜃𝑑𝜙2),

where 𝜈(𝑟) and 𝜆(𝑟) define the metric functions, 𝑄 stands for total charge, and
𝑀 expresses the total mass of the object. The energy-momentum tensor for the
charged body is regarded as

𝑇𝑖𝑗 = diag (−𝜌 − 𝐸2

2 , 𝑝𝑟 − 𝐸2

2 , 𝑝𝑡 + 𝐸2

2 , 𝑝𝑡 + 𝐸2

2 ) ,
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where 𝜌 expresses energy density, 𝐸 is electric field, and 𝑝𝑟 and 𝑝𝑡 denote radial
and transverse pressures respectively. If 𝐺 = 𝑐 = 1 are set due to geometrical
reasons, the Einstein–Maxwell field equations may be expressed in the form

1
𝑟2 (1 − 𝑒−𝜆) + 𝑒−𝜆𝜆′

𝑟 = 𝜌 + 𝐸2

2 ,

1
𝑟2 (𝑒−𝜆 − 1) + 𝑒−𝜆𝜈′

𝑟 = 𝑝𝑟 − 𝐸2

2 ,

𝑒−𝜆 (𝜈″

2 + 𝜈′2

4 − 𝜈′𝜆′

4 + 𝜈′ − 𝜆′

2𝑟 ) = 𝑝𝑡 + 𝐸2

2 ,

𝜎 = 1
𝑟2 𝑒−𝜆/2(𝑟2𝐸)′,

where primes (′ and ″) signify the first and second derivatives respectively.

In our study, we transform and simplify the system of field equations by utilizing
new variables obtainable from Durgapal & Bannerji (1982, 1983) written in the
form

𝑥 = 𝐶𝑟2, 𝑍(𝑥) = 𝑒−𝜆(𝑟), 𝑦2(𝑥) = 𝑒𝜈(𝑟), 𝐸2(𝑥) = 𝑄2(𝑥)
𝑟4 .

Putting Equation (5) into the system of differential equations (4), the trans-
formed system of field equations is expressed as

1 − 𝑍
𝑥 − 2 ̇𝑍 = 𝜌

𝐶 + 𝐸2

2𝐶 ,

𝑍 − 1
𝑥 + 2𝑍 ̇𝑦

𝑦 = 𝑝𝑟
𝐶 − 𝐸2

2𝐶 ,

4𝑥𝑍 ̈𝑦
𝑦 + (4𝑍 + 2𝑥 ̇𝑍) ̇𝑦

𝑦 + ̇𝑍 = 𝑝𝑡
𝐶 + 𝐸2

2𝐶 ,

4𝐶
𝑥

𝑑
𝑑𝑥 (𝑥2𝐸2

𝐶 ) = 2𝜎2

𝐶 .

The basic line element (1) is now expressed in three layers as

𝑑𝑠2 = −𝑦2
𝑖 𝑑𝑡2 + 𝑑𝑥2

4𝐶𝑥𝑍𝑖
+ 𝑥

𝐶 (𝑑𝜃2 + sin2 𝜃𝑑𝜙2),

where 𝑖 = 𝑎, 𝑏, 𝑐 denotes the core, intermediate, and envelope layers respectively.
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2.1. Region a (Core Layer)

The fundamental hypothesis of polytropes affirms that the pressure inside the
sphere is normally countered by the force of gravity which depends on the density
profile. The core layer is compact, consisting of solid matter configuration. The
polytropic EoS is applied in the core layer since it is convenient for explaining
solid materials (Mardan et al. 2021; Lighuda et al. 2023; Sunzu & Lighuda 2023).
Notable here are the geometrical features that may result from polytropes.

This EoS is given as

𝑝𝑟 = 𝜐𝜌1+ 1
𝑛 ,

where 𝜐 and 𝑛 correspond to arbitrary real constants, meeting the condition
𝑛 > 0. Placing (6a) in (10) results in

𝜌 = (𝑝𝑟
𝜐 )

𝑛
𝑛+1 .

For ease, we have stated

𝑝𝑟 = 𝐴𝑥𝑛,

where 𝐴 is an arbitrary constant. Equations (6b) and (11) are equated to give

𝜌 = (𝐴
𝜐 )

𝑛
𝑛+1

𝑥 𝑛2
𝑛+1 .

Assembling (7) and (8) into Equation (12) results in the differential equation

4𝑥𝑍 ̈𝑦
𝑦 + (4𝑍 + 2𝑥 ̇𝑍) ̇𝑦

𝑦 + ̇𝑍 = 𝐴
𝐶 𝑥𝑛 + 𝐸2

2𝐶 .

In the core layer, the total mass is expressed in the form

𝑀𝑎(𝑥) = 4𝜋 ∫
𝑥

0

𝜌(𝑥)
2
√

𝐶𝑥
𝑥
𝐶 𝑑𝑥.

Applying Equations (7), (8), and (13) and the system of differential equations
(6), the metric functions and matter variables of the core layer are obtainable
in the form

𝑦𝑎(𝑥) = exp [∫ 1
2𝑍𝑎

(𝑍𝑎 − 1
𝑥 + 𝑝𝑟𝑎

𝐶 − 𝐸2
𝑎

2𝐶 ) 𝑑𝑥] ,
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𝜌𝑎(𝑥) = (𝐴
𝜐 )

𝑛
𝑛+1

𝑥 𝑛2
𝑛+1 ,

𝑝𝑟𝑎(𝑥) = 𝐴𝑥𝑛,

𝑝𝑡𝑎(𝑥) = 𝐶 [4𝑥𝑍𝑎
̈𝑦𝑎

𝑦𝑎
+ (4𝑍𝑎 + 2𝑥 ̇𝑍𝑎) ̇𝑦𝑎

𝑦𝑎
+ ̇𝑍𝑎] − 𝐸2

𝑎
2 .

2.2. Region b (Intermediate Layer)

Here, a quadratic EoS is inserted to describe the physical trends of the mat-
ter arrangement in the intermediate layer that is characterized by less fused
substances, namely neutron fluids and Coulomb liquids. The quadratic EoS is
assigned to emphasize that the radially directed force in the intermediate layer
is less than in the core layer (Lighuda et al. 2021b; Sunzu & Lighuda 2023).
This is written as

𝑝𝑟 = 𝐿𝜌2 + 𝑁𝜌 + Υ,

note that 𝐿, 𝑁, and Υ are arbitrary real constants.

Regarding Equations (6a) and (16), we have acquired

𝜌𝑏(𝑥) = −𝑁 ± √𝑁2 − 4𝐿(Υ − 𝑝𝑟𝑏)
2𝐿 .

Combining Equations (6b) and (17), and making use of Equations (7) and (8),
we produce a differential equation in the form

4𝑥𝑍𝑏
̈𝑦𝑏

𝑦𝑏
+ (4𝑍𝑏 + 2𝑥 ̇𝑍𝑏) ̇𝑦𝑏

𝑦𝑏
+ ̇𝑍𝑏 = 𝑝𝑟𝑏

𝐶 + 𝐸2
𝑏

2𝐶 .

Plugging (7), (8), and (18) into the field equation (6), matter variables and
metric functions are obtainable as

𝑦𝑏(𝑥) = exp [∫ 1
2𝑍𝑏

(𝑍𝑏 − 1
𝑥 + 𝑝𝑟𝑏

𝐶 − 𝐸2
𝑏

2𝐶 ) 𝑑𝑥] ,

𝜌𝑏(𝑥) = −𝑁 + √𝑁2 − 4𝐿(Υ − 𝑝𝑟𝑏)
2𝐿 ,

𝑝𝑟𝑏(𝑥) = 1
2 [𝑄2

𝑏(𝑥)
𝑥2 − 𝐸2

𝑏
𝐶 ] ,
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𝑝𝑡𝑏(𝑥) = 𝐶 [4𝑥𝑍𝑏
̈𝑦𝑏

𝑦𝑏
+ (4𝑍𝑏 + 2𝑥 ̇𝑍𝑏) ̇𝑦𝑏

𝑦𝑏
+ ̇𝑍𝑏] − 𝐸2

𝑏
2 .

The total mass of a stellar object in the intermediate layer is written in the form

𝑀𝑏(𝑥) = 4𝜋 ∫
𝑥

𝑥𝑎

𝜌𝑏(𝑥)
2
√

𝐶𝑥
𝑥
𝐶 𝑑𝑥 + 𝑀𝑎(𝑥𝑎),

where 𝑐1 denotes an integration constant.

2.3. Region c (Envelope Layer)

The envelope layer may be considered as gaseous matter that has the lowest
density of all layers. We insert the modified Van der Waals EoS that is ade-
quately suitable to describe the outermost layer (Malaver 2017a, 2017b). This
is written as

𝑝𝑟 = 𝜌
1 − 𝛽𝜌 − 𝛼𝜌2 − 𝛾,

where 𝛼, 𝛽, and 𝛾 are arbitrary real constants. The energy density and radial
pressure are subsequently respectively given by

𝜌𝑐(𝑥) =
1 + √1 + 4𝛽(𝛼 + 𝑝𝑟𝑐+𝛾

𝜌2𝑐
)

2𝛽(𝛼 + 𝑝𝑟𝑐+𝛾
𝜌2𝑐

) ,

𝑝𝑟𝑐(𝑥) = 𝜌𝑐
1 − 𝛽𝜌𝑐

− 𝛼𝜌2
𝑐 − 𝛾.

Plugging Equation (22) into (21) yields

𝑝𝑟𝑐 = 𝜌𝑐
1 − 𝛽𝜌𝑐

− 𝛼𝜌2
𝑐 − 𝛾.

Regarding Equations (23) and (24), the results are

𝜌𝑐(𝑥) = 1
2𝛽 [1 ± √1 − 4𝛽(𝛼 + 𝛾)] .

.

Employing the chosen metric function 𝑍 and the electric field 𝐸2, we have
arrived at a differential equation in the form
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4𝑥𝑍𝑐
̈𝑦𝑐

𝑦𝑐
+ (4𝑍𝑐 + 2𝑥 ̇𝑍𝑐) ̇𝑦𝑐

𝑦𝑐
+ ̇𝑍𝑐 = 𝑝𝑟𝑐

𝐶 + 𝐸2
𝑐

2𝐶 .

Solving Equation (26), the matter variables and metric functions of the envelope
layer are obtainable as

𝑦𝑐(𝑥) = exp [∫ 1
2𝑍𝑐

(𝑍𝑐 − 1
𝑥 + 𝑝𝑟𝑐

𝐶 − 𝐸2
𝑐

2𝐶 ) 𝑑𝑥] ,

𝜌𝑐(𝑥) = 1
2𝛽 [1 − √1 − 4𝛽(𝛼 + 𝛾)] ,

𝑝𝑟𝑐(𝑥) = 𝜌𝑐
1 − 𝛽𝜌𝑐

− 𝛼𝜌2
𝑐 − 𝛾,

𝑝𝑡𝑐(𝑥) = 𝐶 [4𝑥𝑍𝑐
̈𝑦𝑐

𝑦𝑐
+ (4𝑍𝑐 + 2𝑥 ̇𝑍𝑐) ̇𝑦𝑐

𝑦𝑐
+ ̇𝑍𝑐] − 𝐸2

𝑐
2 .

The envelope layer composed of a gaseous fluid has total mass written in the
form

𝑀𝑐(𝑥) = 4𝜋 ∫
𝑥

𝑥𝑏

𝜌𝑐(𝑥)
2
√

𝐶𝑥
𝑥
𝐶 𝑑𝑥 + 𝑀𝑏(𝑥𝑏),

where 𝑐2 denotes an integration constant.

3. Matching Conditions
When trying to satisfy continuity, the matching of the radial pressure and metric
functions should meet the requirements at the interface of the star boundary.
The matching rules may be stipulated as:

The junction criterion at the core-intermediate interface: 𝑒𝜈𝑎 = 𝑒𝜈𝑏 , 𝑒𝜆𝑎 = 𝑒𝜆𝑏 ,
𝑝𝑟𝑎 = 𝑝𝑟𝑏 at 𝑟 = 𝑅𝑎.

The junction criterion at the intermediate-envelope interface: 𝑒𝜈𝑏 = 𝑒𝜈𝑐 , 𝑒𝜆𝑏 =
𝑒𝜆𝑐 , 𝑝𝑟𝑏 = 𝑝𝑟𝑐 at 𝑟 = 𝑅𝑏.

The junction criterion at the envelope-surface needs the interior and exterior
line elements (1) and (2) to match smoothly at the interface 𝑟 = 𝑅𝑐. We get

𝑦2
𝑐 (𝑅𝑐) = 1 − 2𝑀

𝑅𝑐
+ 𝑄2

𝑅2𝑐
,
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𝑍𝑐(𝑅𝑐) = 1 − 2𝑀
𝑅𝑐

+ 𝑄2

𝑅2𝑐
,

𝑝𝑟𝑐(𝑅𝑐) = 0.

Substituting the required equations yields

𝜁(10−3) 𝜗(10−5) 𝜀(10−1) 𝑀/𝑀⊙ Model Applied

0.0200 0.0000685 0.675 1.43 Mathias et al. (2024a)
0.0198 0.0000680 0.670 1.42 Maurya et al. (2022)
0.0201 0.0000690 0.676 1.44 Sunzu & Lighuda (2023)
0.0199 0.0000683 0.672 1.43 Ngubelanga & Maharaj (2015)
0.0202 0.0000692 0.677 1.45 Mafa Takisa et al. (2019)

Stellar Masses and Radii Consistent with Other Findings

The occurrence of a reasonable number of unconstrained parameters
(𝐴, 𝑀, 𝑄, 𝑝𝑟, 𝑅𝑐, 𝛼, 𝛽, 𝜁, 𝜔, 𝜀, 𝜗) in the system (32) affirms that the match-
ing criterion has met the needs of our study.

4. Star Quantities Relevant with Astronomical Observa-
tions
Based on physical grounds, it is essential to compute the star mass, radius, and
surface redshift for comparison with the geometrical features contained inside
stellar bodies. The calculated values have been presented in Tables 1–3.

[Figure 1: see original paper] Energy density vs. radial distance.
[Figure 2: see original paper] Radial pressure vs. radial distance.
[Figure 3: see original paper] Transverse pressure vs. radial distance.

5. Physical Conditions
To avoid discontinuity inside the star, matter variables, metric functions, and
other physical viability must meet the following requirements:

(i) The energy density (𝜌), and radial and transverse pressures (𝑝𝑟, 𝑝𝑡) must
be greater than zero, continuous, regular, and defined throughout the
interior of the star.

(ii) The metric functions 𝑒−𝜆 and 𝑒𝜈 must be positive and unlimited through-
out the interior.
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(iii) The radial speed of sound must be smaller than the speed of light to
coincide with the causality limit (Itoh 1970; Herrera 1992). In our study,
we have computed in each layer as

𝜈2
𝑟 = 𝑑𝑝𝑟

𝑑𝜌 < 1,

𝜈2
𝑡 = 𝑑𝑝𝑡

𝑑𝜌 < 1.

(iv) The energy conditions should be positive and continuous to satisfy the
strong energy condition (SEC), the weak energy condition (WEC), and
the null energy condition (NEC), i.e.,

SEC: 𝜌 − 𝑝𝑟 − 2𝑝𝑡 ≥ 0,

WEC: 𝜌 − 𝑝𝑟 ≥ 0, 𝜌 − 𝑝𝑡 ≥ 0,

NEC: 𝜌 + 𝑝𝑟 ≥ 0, 𝜌 + 𝑝𝑡 ≥ 0.
(v) The adiabatic index of imperfect fluid must agree with the critical sta-

bility criterion Γ > 4
3 (Maurya & Ortiz 2019). In our formulation, the

computation of this condition in each layer has been done as follows:

Γ = 𝜌 + 𝑝𝑟
𝑝𝑟

𝑑𝑝𝑟
𝑑𝜌 .

(vi) In general relativity, the surface redshift has been thoroughly studied by
many researchers from an astrophysical perspective (Gedela et al. 2019,
2021; Pant et al. 2020, 2021; Lighuda et al. 2021a, 2021b, 2023). Some
authors have suggested that surface redshift must be less than 5.211 for
imperfect fluids (Baraco & Hamity 2002; Ivanov 2002, 2010). The criterion
for surface redshift is represented by

𝑧𝑠 = (1 − 2𝑀
𝑅𝑐

)
−1/2

− 1,

where 𝑀(𝑟) is the effective mass–radius ratio. In this study we have solved the
redshift as follows:

𝑧𝑠 = 𝑦−1
𝑐 (𝑅𝑐) − 1.
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(vii) The compactification factor of dense stellar objects has been examined
thoroughly in the study of astrophysical objects. The models developed
by Jasim et al. (2018, 2020), Mathias et al. (2021), Jape et al. (2021), and
Sunzu & Lighuda (2023) exhausted the mass–radius ratio of astrophysical
objects in the interval 10−5 ≤ 𝑀

𝑅 ≤ 0.5 𝑀⊙ km�¹ for the group: normal
stars, white dwarfs, neutron stars, ultra-dense compact stars, and black
holes. The compactification factor is expressed in the form

𝑢(𝑟) = 𝑀(𝑟)
𝑟 .

Applying the criterion in this model produces

𝑢(𝑅𝑐) = 𝑀(𝑅𝑐)
𝑅𝑐

.

In our treatment, we have calculated that

𝑢(𝑅𝑐) = 0.7347.
(viii) Determination of the equilibrium forces in the study of relativistic stars

has been enhanced by the Tolman–Oppenheimer–Volkoff (TOV) equation.
Many authors have been applying the TOV equation to assess the viability
of the matter configuration inside the star (Jasim et al. 2018, 2020; Maurya
& Ortiz 2019; Maurya et al. 2019a, 2019b, 2019c, 2022; Jape et al. 2021;
Mathias et al. 2021; Sunzu & Lighuda 2023). Referring to a charged
object, the four equilibrium forces in astrophysical study are gravitational
force (𝐹𝑔), anisotropic force (𝐹𝑎), hydrostatic force (𝐹ℎ), and electric force
(𝐹𝑒). The sum of equilibrium forces in general relativity must be zero:

𝐹𝑔 + 𝐹𝑎 + 𝐹ℎ + 𝐹𝑒 = 0.

The TOV equation is stated in the form

𝑑𝑝𝑟
𝑑𝑟 = −(𝜌 + 𝑝𝑟)(𝑀 + 4𝜋𝑟3𝑝𝑟 − 𝑄2/𝑟)

𝑟(𝑟 − 2𝑀 + 𝑄2/𝑟) + 2
𝑟 (𝑝𝑡 − 𝑝𝑟) + 𝜎𝑄

𝑟2 .

[Figure 4: see original paper] Measure of anisotropy vs. radial distance.
[Figure 5: see original paper] Metric functions vs. radial distance.
[Figure 6: see original paper] Energy conditions vs. radial distance.
[Figure 7: see original paper] Adiabatic index vs. radial distance.
[Figure 8: see original paper] Radial speed vs. radial distance.
[Figure 9: see original paper] Charge density vs. radial distance.
[Figure 10: see original paper] Electric field vs. radial distance.
[Figure 11: see original paper] Mass vs. radial distance.
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[Figure 12: see original paper] Equilibrium forces vs. radial distance.
[Figure 13: see original paper] Redshift vs. radial distance.
[Figure 14: see original paper] Mass–radius ratio vs. radial distance.

6. Physical Analysis
In this paper, we have investigated the physical features inside stars that com-
prise three layers with the inclusion of charge. The geometrical features are
yielded in the ranges (0–2.5) km, (2.5–6.0) km, and (6.0–10) km for the core
region, intermediate region, and envelope region respectively. The graphs for
metric functions and matter variables are drawn versus radial distance at iden-
tified radius values as applied in various past studies (Gedela et al. 2019, 2021;
Pant et al. 2020, 2021; Bisht et al. 2021; Mardan et al. 2021; Sunzu & Lighuda
2023; Mathias et al. 2024b). The graphs are obtainable by applying the specified
values of the constants:

𝐴 = ±2.43, 𝑛 = 3, 𝐿 = ±0.47, 𝛾 = ±0.325, 𝑁 = ±0.02,

𝑐0 = 𝑐1 = 𝑐2 = 0.005, 𝛼 = ±0.000071, 𝛽 = ±0.252, Υ = 6.5,

𝜁 = ±0.0200, 𝜐 = ±0.000148, 𝜗 = ±0.0000685, 𝜀 = ±0.675.

Figures 1 and 2 affirm that the energy density and the radial pressure are
maximum at the center, decreasing toward the envelope layer. The same profiles
are also found in the treatments of Pant et al. (2019, 2020), Gedela et al. (2019),
Maharaj & Mafa Takisa (2013), Maharaj et al. (2014), Lighuda et al. (2021a,
2021b, 2023), Mardan et al. (2021), and Sunzu & Lighuda (2023). Figure 3
indicates the transverse pressure which demonstrates a decreasing profile. This
physical trend is also marked in the studies by Thirukkanesh & Maharaj (2008),
Jape et al. (2021), Maurya et al. (2019a, 2019b, 2019c), Mardan et al. (2021),
Ngubelanga & Maharaj (2015), and Sunzu & Lighuda (2023). The measure
of anisotropy in Figure 4 shows an increasing behavior, reaching a maximum
peak where it starts to cease with the variation of the radial coordinate. We
see that the behavior of anisotropy may be accelerated with the existence of the
electric field and charge density. This viable characteristic is also demonstrated
in previous studies (Thirukkanesh & Ragel 2014; Murad 2016; Bhar et al. 2017;
Pant et al. 2020, 2021; Bisht et al. 2021; Sunzu & Lighuda 2023). In Figure 5,
the metric functions (𝑒−𝜆, 𝑒𝜈) are observed to intersect at the boundary, which
is reasonable in the study of astrophysical objects (Lighuda et al. 2021a; Sunzu
& Lighuda 2023; Mathias et al. 2024a, 2024b).

Energy conditions in Figure 6 indicate reducing behavior toward the envelope
layer, which complies with the suggested criteria. These physical trends are
also seen in the models by Gedela et al. (2019, 2021), Mafa Takisa et al. (2019),
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Lighuda et al. (2021a), Mardan et al. (2021), and Mathias et al. (2021). Figure
7 represents the adiabatic index utilized to measure the stability condition of
the stars (Γ > 4/3). In our model, we yield Γ(𝑥 = 0) = 1.6736, which affirms
that the star is stable against gravitational collapse. A similar physical trend is
also captured in Mathias et al. (2024a, 2024b), Sunzu & Lighuda (2023), Jasim
et al. (2018, 2020), and Jape et al. (2021). Figure 8 affirms that the radial
speed of sound has a lower range than the speed of light. In our study, we
obtained values in the range 0.00798 < 𝜈𝑟 < 0.225, which is acceptable for the
star. The same trend was also observed in various models constructed in the
past (Gedela et al. 2019, 2021; Mafa Takisa et al. 2019; Pant et al. 2019, 2021;
Mathias et al. 2021; Lighuda et al. 2023; Sunzu & Lighuda 2023). Figures 9 and
10 illustrate the charge density and electric field respectively. The two graphs
of 𝜎2 and 𝐸2 exhibit increasing behavior away from the physically acceptable
center. Figure 11 indicates that the mass function increases from the origin
toward the surface, which is consistent with the study of relativistic stars. In
Figure 12, we observe that the hydrostatic force (𝐹ℎ), the electric force (𝐹𝑒),
and the gravitational force (𝐹𝑔) flow uniformly toward the surface where the
anisotropic force (𝐹𝑎) appears to increase. This can also be demonstrated in
the work of Fulara & Sah (2018), Lighuda et al. (2021a), Das et al. (2016), Jape
et al. (2021), Mathias et al. (2021), and Sunzu & Lighuda (2023).

Figure 13 depicts that the redshift increases monotonically versus radial coor-
dinate (𝑟), having the maximum value 𝑧𝑠 = 3.159, which is valid in general
relativity. We can also find this trend in the studies of Lighuda et al. (2021b),
Maurya & Ortiz (2019), Maurya et al. (2019a, 2019b, 2019c, 2022), and Jasim
et al. (2018, 2020). Figure 14 depicts the trend of the mass–radius ratio as an
increasing function, reaching the peak value 𝜇(𝑥) = 0.7347, which is consistent
with the study of stars.

7. Conclusion
In our paper, we have yielded a new solution utilizing the Einstein–Maxwell
system of differential equations. Our model comprises three interior layers, each
satisfying a chosen EoS. Matching across the layers has been completed smoothly
by utilizing exterior Reissner–Nordström spacetime. A thorough analysis of the
physical features has been performed, affirming that all physical parameters are
feasible and consistent with the study of massive stellar objects. Our solution
extends the two-layered model developed by Sunzu & Lighuda (2023) into a
three-layered model, yielding notable geometrical features in the third layer
fitted with a modified Van der Waals EoS. These are physically demonstrated
in various graphs.

In future work, we shall construct a charged model that will obey distinguishable
multi-layered settings.
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