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A B S T R A C T   

This paper deals with the existence of a compact stellar object, precisely strange (quark) star, in the framework of 
Einstein’s General Theory of Relativity with Tolman V metric potential, which is one of the simplest forms of 
potential among his proposals. The potential is given by eν = Kr2n, where K is the constant and n is a parameter 
[R.C. Tolman, Phys. Rev. 55, 364 (1939)]. Considering charged, static, spherically symmetric, isotropic fluid 
sphere we have studied different physical features of some strange star candidates namely EXO 1785 − 248,
LMC X − 4, SMC X − 1, SAX J1808.4 − 3658, 4U 1538 − 52 and Her X − 1. To represent the strange quark 
matter (SQM) distribution we have employed the simplest form of MIT Bag equation of state (EOS), which 
provides a linear relationship between pressure and density of the matter through Bag constant B. Several tests 
are done for the stability criteria and physical acceptability of the proposed model. The results show consistency 
with energy condition, TOV equation, adiabatic index, etc. We have also calculated different physical parameters 
of our model for the three different consecutive values of Bag constant B which are 83 MeV/fm3

, 90 MeV/fm3 

and 100 MeV/fm3. Among them with B = 90 MeV/fm3 we have analyzed different properties of the proposed 
strange star candidates.   

Introduction 

Albert Einstein, the creator of General Theory of Relativity (GR) [1], 
is still glowing with his own charm like a Sun in the sky. His grand 
proposal has changed the definition of theoretical astrophysics and 
cosmology [2]. Overcoming the pillars of Newtonian gravity, his theory 
has made a revolution in the cosmic space-time. Though scientists 
observed his proficiency regarding relativity during Special Theory of 
Relativity in 1905 [3] but GR has been actually opened up the hidden 
mysteries of the universe to us. 

We know that type II supernovae explosion of massive star (M >

8M⊙) gives birth of neutron stars. Though this concept gets concrete 
support after the observational detection of pulsars [4]. Extremely dense 
neutron stars can distort the space-time geometry as the masses and radii 
remain between (1.4–2)M⊙ and (11–15) km [5] respectively. According 
to Duncan and Thompson [6] a strong magnetic field exists in such 
compact objects. Some reviews also show that a strong magnetic field of 

the order of 1014–1015 Gauss exists near the surface of highly compact 
magnetars, characterised by strongly magnetized neutron stars [7,8]. 
However, according to Chakraborty [9] core of the neutron star also 
contains an even much stronger magnetic field of the order of 1019–1020 

Gauss. The reason behind the development and existence of this strong 
magnetic field is still unknown to scientists. But quark spins [10] and 
spontaneous ordering of nucleon [11,12] may be taken as a reason for 
this magnetic field. 

In this connection it is to note that the core of the neutron star pos-
sesses extreme pressure and high density, as a result the interior of the 
neutron star suffers from a phase transition of neutrons to hyperon and 
strange quark matter (SQM). According to Cameron [13] production of 
hyperon from neutron is energetically more favorable due to weak 
interaction among them and extremely high density. Quark matter is 
formed from the quarks of nucleons to form a colorless matter. The 
quark star contains equal number of up (u), down (d) and strange (s) 
quarks [14–21]. Due to this extreme density the hyperons are 
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deconfined into strange quarks. Among u, d and s quarks, the most stable 
one is the strange quark. Once the u and d quarks of the quark star 
converted into strange matter the entire quark matter gets converted 
into strange matter, since the strange matter is the true ground state of 
nuclear matter [22–24]. According to Chodos et al. [25] a finite region 
of space confined with fields can be considered as a strongly interacting 
particle. So they consider the Bag constant B which is a finite region with 
constant energy density. This constant must affect the energy- 
momentum tensor (i.e. geometry of the spacetime) of the star. Accord-
ing to the MIT Bag model, the reason for quark confinement is due to this 
universal Bag constant which actually represents the difference between 
the perturbative and nonperturbative Quantum Chromodynamics Vac-
uum (QCD), in terms of the energy density. According to Farhi [21] and 
Alcock [18] (55–75) MeV/fm3 should be range of the value of the Bag 
constant. Though CERN-SPS and RHIC proposed wide range values of 
the Bag constant [26]. 

The study of the static charged fluid sphere in GR is an issue of a 
challenge because its presence creates an electric repulsion in addition 
to the thermal pressure gradient of fluid which averts the gravitational 
collapse [27,28]. According to Ivanov [29], consideration of charged 
perfect fluid sphere prevents the growth of curvature of spacetime, as a 
result we can avoid singularities. Bonnor [30] considers a dust distri-
bution with a small amount of charge and due to the repulsive force of 
this charge, the dust distribution remains in equilibrium against the 
gravitational pull. Das et al. [31] studied isotropic static charged fluid 
spheres with two different specializations in Einstein-Maxwell space- 
time. Malaver [32] studied static, spherically symmetric, charged quark 
stars through Tolman IV metric potential and quadratic equation of 
state. According to his consideration charge density becomes singular 
otherwise physical analysis is well behaved. Ray et al. [33] studied the 
effect of electric charge on the compact star which is proportional to its 
mass density. They studied Einstein-Maxwell field equations through 
polytropic EOS and concluded that the charged star can collapse to form 
a charged black hole before all the charge leaves the system. Negreiros 
et al. [34] studied electrically charged strange quark star with the 
possible existence of ultra-strong electric fields on their surface which is 
of the order of 1018 V/cm. The electric field may exceed the value of 
1019 V/cm if the strange matter forms a color superconductor. 

However, we note that Roy Chowdhury et al. [35] have studied 
charged case where they considered charged fluid in the framework of 
Finslerian Geometry. Considering the MIT Bag model they calculated the 
total charge and corresponding electric field which are of the order of 
1020 C and 1022 V/m respectively. They showed that the central density 
and pressure vary inversely with the charge. On the other hand, Biswas 
et al. [36] have studied charged case under f(R,T) modified gravity 
where they considered the charge distribution as given by q(r) =
Q(r/R)3 = αr3 with α as a constant. They studied all the features and 
physical parameters and found that Bg reduces significantly due to 
matter geometry coupling constant χ. Arbañil and Malheiro [37] studied 
the equilibrium and stability of a charged strange quark star considering 
MIT Bag EOS where the radial charge distribution follows a power law. 
In this connection it is worthwhile to note that in high-temperature 
astrophysical events Paulucci and Horvath [38] presented beautifully 
that the fragmentation of SQM takes place into strangelets. They have 
done it with the consideration of MIT Bag model framework in color- 
flavor-locked (CFL) state [39–41]. 

An ultra-dense strange (quark) stars with the MIT Bag model with 
Mak and Harko [42] density profile was studied by Deb et al. [43]. They 
showed the typical mass-radius relation and featured a very unique 
result that the anisotropy of compact strange star increases with the 
radius of the star and attains a maximum value at the surface. Deb et al. 
[44] also studied the charged generalization of the above case which is 
suitable to study ultra-dense strange stars. Jasim et al. [45] studied 
anisotropic strange stars, with massive strange quarks whose EOS is pr =

0.28(ρ − 4B) along with the cosmological constant Λ, in Tolman- 

Kuchowicz (TK) spacetime. They predicted exact values of the radii of 
different strange stars where the solutions satisfy all the physical re-
quirements of stability. Interestingly, more the value of Λ and B make 
the system more compact ultra-dense stellar object. There are so many 
literature available regarding the MIT Bag model EOS and strange stars 
[46–58]. In this connection, some other exact models also have been 
investigated without EOS in GR as well as modified f(R,T) gravity 
theory [59–68]. Motivated by one of the earlier works [69] we present 
here the charged generalization of it. In the paper, the authors present a 
strange stellar model by considering the Tolman V [70] metric potential 
and MIT BEOS in the presence of anisotropic fluid. They studied the 
model for different values of n, where n is the parameter of the Tolman V 
metric potential, though n = 1

2 provides a physically acceptable solution 
as in the original paper assumed by Tolman. In this context it is worth to 
mention that Tolman [70] presented several stellar models under 
various metric potentials (altogether eight solutions) hoping that “the 
investigation may be of some help in connection with studies of stellar 
structure”. 

Using the above concept, here we have studied charged and isotropic 
fluid sphere under Tolman V metric potential. The exact solutions of the 
Einstein-Maxwell field equations lead us to understand the physical 
nature of the strange stars, by incorporating typical mass-radius rela-
tionship of them. The singular nature of the pressure and density makes 
the situation more crucial and interesting to study our case deeper than 
any other ultra-dense compact stellar system. However, several tests of 
the physical validity of our model provide positive feedback to go ahead. 
We have examined the present model for different strange star candi-
dates, namely EXO 1785 − 248, LMC X − 4, SMC X − 1,
SAX J1808.4 − 3658, 4U 1538 − 52 and HER X − 1 assuming different 
values of the bag constant (B) like 83 MeV/fm3

,90 MeV/fm3 and 
100 MeV/fm3. Inspired by the work of Rahaman et al. [71] and Kalam 
et al. [72] we have chosen the above values of the bag constants. 

The present research work has the following line of action: In Section 
“Mathematical structure of Einstein-Maxwell space time” the basic 
mathematical structure of the Einstein-Maxwell spacetime with isotropy 
and electric field has been provided. Section “Solutions to the Einstein- 
Maxwell field equations” contains solutions to the field equations and 
other parameters of the astrophysical scenario. To represent the model 
properly we have found out the model constants with respect to the 
known parameters in Section “Boundary conditions”. The physical fea-
tures of our model are represented in Section “Physical features of the 
proposed model” through various subsections, namely, Energy Condi-
tions, TOV equation, Herrera’s Causality condition, Adiabatic Index, 
Mass radius relationship and redshift of the isotropic charged strange 
star. Lastly, in Section “Concluding remarks” some concluding remarks 
and discussions are made to open the hidden mysteries and different 
aspect of our strange star model. 

Mathematical structure of Einstein-Maxwell space time 

Let us consider the metric [73] (also note the metric and allied as-
sumptions made in the following works [74,34,75–77,37,78]) to 
describe the curvature coordinate of ultra-dense spherically symmetric 
stellar system 

ds2 = eν(r)dt2 − eλ(r)dr2 − r2(dθ2 + sin2θdϕ2), (1)  

where the metric potentials ν(r) and λ(r) are the function of radial co-
ordinate only. These metric coefficients have much significance to un-
derstand the gravitational environment of the stellar model. The 
signature of the spacetime is taken here ( + , − , − , − ). Now the Einstein- 
Maxwell field equations for obtaining the hydrostatic stellar structure of 
the charged sphere can be provided as 

Gi
j = R

i
j −

1
2

R δi
j = − κ(Ti

j +Ei
j), (2) 
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where we have chosen G = 1 = c in the relativistic geometrized unit so 
that κ(= 8π) is the Einstein’s constant. In the above equation R i

j and R 

represent the Ricci tensor and Ricci scalar respectively. 
Here Ti

j and Ei
j are the energy momentum tensor of the perfect fluid 

and electromagnetic field are defined as 

Ti
j = (ρ+ p)vivj − pδi

j, (3)  

Ei
j =

1
4π( − FimFjm +

1
4
δi

jF
mnFmn), (4)  

where p, ρ, vi and Fij denote the fluid pressure, energy density, four ve-
locity vector and anti-symmetric electromagnetic field strength tensor 
which can be defined as 

Fij =
∂Aj

∂xi
−

∂Ai

∂xj
, (5)  

where Aj = (ϕ(r), 0,0, 0) is the four potential. Now Fij satisfies the 
covariant equations of Maxwell as 

Fik,j +Fkj,i +Fji,k = 0, (6)  

[
̅̅̅̅̅̅̅
− g

√
Fik],k = − 4πJi ̅̅̅̅̅̅̅

− g
√

, (7)  

with the electromagnetic four-current vector Ji, defined as 

Ji =
σ
̅̅̅̅̅̅g44

√
dxi

dx4 = σvi, (8)  

where σ = eν
2J0 represents the charge density with J0 as the only non- 

vanishing component of the electromagnetic four-current Ji for a static 
spherically symmetric stellar system. Here g is the determinant of the 
metric gij defined by 

g = − eν+λr4sin2θ. (9) 

The total charge, following the relativistic Gauss’s law, with a sphere 
of radius r can be defined as 

q(r) = r2E(r) = 4π
∫ r

0
J0r2e

ν+λ
2 dr, (10)  

where E(r) being the intensity of the electric field. 
Using the above mathematical background we therefore have the 

Einstein-Maxwell field equations for the isotropic charged spherically 
symmetric stellar system as follows [79,80] 

e− λ
(

λ
′

r
−

1
r2

)

+
1
r2 = 8πρ+E2, (11)  

e− λ
(

ν′

r
+

1
r2

)

−
1
r2 = 8πp − E2, (12)  

e− λ

2

(

ν′′ +
ν′ 2

2
+

ν′

− λ
′

r
−

ν′λ
′

2

)

= 8πp+E2, (13)  

along with the conservation equation 

−
(ρ + p)ν′

2
−

dp
dr

+
q

4π r4

dq
dr

= 0,
(14)  

where‘′’ and ‘′′’ denotes the derivative and double derivative with 
respect to the radial parameter r. 

Since the Einstein-Maxwell field equations are highly nonlinear in 
nature, they are not easily solvable. Some well behaved model of 
charged perfect fluid relativistic matter, with proper analytical solutions 
are given in the following literature [81–88]. However, in the present 
work we would like to study the Einstein-Maxwell field equations using 

Tolman V metric potential, which is given by 

eν = Kr2n, (15)  

where K is a constant and n being a parameter. 
To describe SQM distribution of strange star we consider the most 

simple MIT Bag model EOS. According to this model, the quarks are 
massless and non-interacting, the quark pressure can be represented by 
the following relation, where all the corrections due to pressure and 
energy are included, can be defined as [18,21,25] 

p =
∑

f=u,d,s
pf − B, (16)  

where pf represents the pressure due to individual quark flavors and B is 
the ‘Bag constant’ which represents the vacuum energy density. The 
quark pressure and energy density of each quark flavor are related by the 
following relation pf = 1

3ρf . So, the energy density of the deconfined 
SQM distribution according to this model is given by 

ρ =
∑

f=u,d,s
ρf +B. (17) 

Using Eqs. (16) and (17) we have MIT Bag EOS as 

p =
1
3
(ρ − 4B). (18) 

This simple model is very useful to study equilibrium configuration 
of an ultra-dense compact object in GR as well as in modified gravity 
[89,90], without involving quantum mechanical aspect of particle 
physics. 

The exterior spacetime of our charged system can be described by the 
Reissner-Nordström metric [91,92] which is as usual 

ds2 =

(

1 −
2M
r

+
Q2

r2

)

dt2 −
1

(

1 −
2M
r

+
Q2

r2

)dr2

− r2(dθ2 + sin2θdϕ2),

(19)  

where Q is the total charge within the boundary of the star. 

Solutions to the Einstein-Maxwell field equations 

In this Section we sought for the solution to the Einstein-Maxwell 
system of Eqs. (11)–(13) for the charged compact object. Since the 
field equations mainly depend on the metric functions λ(r) and ν(r), so in 
order to solve these equations, we adopt the following procedure: 

First, we add Eqs. (11) and (12) together with Eq. (18), and we get 

e− λ

2

(λ
′

+ ν′

r

)
= 16πp. (20) 

Secondly, by adding of Eqs. (12) and (13), in order to eliminate E2, 
we obtain 

e− λ
(

ν′

r
+

1
r2

)

−
1
r2 +

e− λ

2

(

ν′′ +
ν′ 2

2
+

ν′

− λ
′

r
−

ν′λ
′

2

)

= 16πp.

(21) 

Now using the pressure isotropic condition in Eqs. (20) and (21), we 
get the following differential equation 

e− λ
(

ν′

r
+

1
r2

)

−
1
r2 +

e− λ

2

(

ν′′ +
ν′ 2

2
+

ν′

− λ
′

r
−

ν′

λ
′

2

)

−
e− λ

2

(λ
′

+ ν′

r

)
= 0.

(22) 

As one can notice that the above second order differential equation 
consists of two unknowns ν(r) and λ(r), therefore we insert ν(r) from Eq. 
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(15) into Eq. (22) which yields the following first order differential 
equation in λ(r) as 

λ
′

e− λ +
2(n2 + n + 1)

(n + 2) r
e− λ =

2 (1 − 16πBr2)

(n + 2) r
. (23) 

Now we integrate the above Eq. (23) with respect to r, and obtain the 
value of λ(r) in the form 

λ(r) = ln

⎡

⎢
⎣

⎧
⎪⎨

⎪⎩

(
n2 + n + 1)

(
n2 + 2n + 3

)
r

2 n2+2 n+2
n+2

⎫
⎪⎬

⎪⎭

/

⎧
⎪⎨

⎪⎩

(
3 + 2n + n2) − 16πB(1 + n + n2) r2) r

2 n2+2 n+2
n+2

+ C
(
n2 + n + 1

)(
n2 + 2 n + 3

) ) } ]
,

(24)  

where C is the arbitrary constant of integration. Now as both the grav-
itational potentials ν(r) and λ(r) are available, so we can easily specify 
other thermodynamical observables, like pressure (p), density (ρ(r)) and 
electric intensity (E2) for stellar model. However, as we are interested in 
realistic compact objects so we first need to use the appropriate 
boundary conditions to determine the constants that are involved in the 
system. 

Boundary conditions 

Here we have considered charged isotropic fluid sphere as a bounded 
object and we want to describe this compact structure in such a way that 
it can ensure a well behaved stellar interior, i.e. finite material content 
and smooth geometry at the surface (Σ ≡ r = R, where R is the radius of 
the fluid sphere) of the configuration. For this purpose we have to match 
interior spacetime M − with the corresponding outer spacetime M +. Our 
mathematical and geometrical spacetime is described by Eqs. (15) and 
(24) corresponding to the line element (1). 

Since we have considered charged compact star so the appropriate 
spacetime for the exterior M + can be given by the Reissner-Nordström 
metric as given Eq. (19). Now to find out the fundamental constants we 
have to join the interior spacetime with the Reissner-Nordström metric 
and we have to impose the first and second fundamental forms across the 
bounday Σ. The first fundamental form refers to the continuity of the 
intrinsic metric gμν induced by both metrics M − and M + on Σ which can 
be expressed as 
[
ds2]

Σ = 0⇒e− λ− (R) = e− λ+(R)

and eν− (R) = eν+(R).
(25) 

So, for the present model we have 

e− λ(R) = 1 −
2M
R

+
Q2

R2 , (26)  

eν(R) = 1 −
2M
R

+
Q2

R2 . (27) 

The second fundamental form is related with the continuity of the 
extrinsic curvature Kμν induced by M − and M + on Σ. The continuity of 
Krr component across Σ yields to 

p(R) = 0. (28) 

The above requirement determines the size of the object, i.e. the 
radius r = R, which means that the material content is confined within 
the region 0⩽r⩽R. 

Using the Eqs. (24) and (26), we get the constant C as 

C = R
2(n2 − 1)
(2+n)

[(
n2 + n + 1)(n2 + 2n + 3)(Q2 − 2MR)

+ n(n + 1)(n2 + 2n + 3)R2 + 16π B (n2 + n + 1)R4]/

[(n2 + n + 1)(n2 + 2n + 3)],

(29)  

where M is the total mass content of the ultra-dense compact star. Now 
using Eqs. (12), (13), (15), (18), (20), (24) and (29) we obtain λ(r), p(r)
, ρ(r) and E2 for the charged compact object as: 

λ = ln

⎡

⎢
⎣

⎧
⎪⎨

⎪⎩

(
n2 + n + 1)

(
n2 + 2n + 3

)
r

2 n2+2 n+2
n+2

⎫
⎪⎬

⎪⎭

/

{( (
− 16Bπ r2 + 1

)
n2 +

(
− 16Bπ r2 + 2

)
n

− 16Bπ r2 + 3
)
r

2 n2+2 n+2
n+2 +

(
16Bπ

(
n2 + n + 1

)
R4

+n(n + 1)
(
n2 + 2n + 3

)
R2

− 2 M
(
n2 + n + 1

)(
n2 + 2n + 3

)
R

+ Q2( n2 + n + 1
)(

n2 + 2n + 3
) )

R2 n2 − 2
n+2

⎫
⎪⎬

⎪⎭

⎤

⎥
⎦,

(30)  

[16
(
!˝substring − after(preceding − sibling :: comment()[starts − with(.,′ hskip′)][1],

(31)  

Table 1 
Physical parameters of the strange star candidates for B = 90 MeV/fm3.  

Strange Observed Predicted Q Values 2M
R  

Surface  

Stars Mass (M⊙) Radius (km) (coulomb) of n  Redshift  

EXO1785 − 248  1.3 ± 0.2  7.259 ± 0.191  1.144× 1020  0.50 0.53 0.46  

LMCX − 4  1.29 ± 0.05  7.267 ± 0.040  1.078× 1020  0.50 0.52 0.44  

SMCX − 1  1.04 ± 0.09  7.321 ± 0.029  1.333× 1020  0.42 0.42 0.31  

SAXJ1808.4 − 3658  0.9 ± 0.3  7.235 ± 0.280  1.676× 1020  0.38 0.37 0.26  

4U1538 − 52  0.87 ± 0.07  7.207 ± 0.072  1.725× 1020  0.37 0.36 0.25  

HERX − 1  0.85 ± 0.15  7.185 ± 0.169  1.752× 1020  0.36 0.35 0.24   
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p =

⎡

⎢
⎣ρ1

(

n +
1
2

)

r− 2 n2 − 2 n− 2
n+2 − 48 (n + 2)

(

Bπ r2n4 +

(

4Bπ r2 −
1
16

)

n3 +

(

6Bπ r2 −
1
8

)

n2

+

(

5Bπ r2 −
3
16

)

n + 2Bπ r2
)]/

[48
(
n2 + 2n + 3

)
(n + 2)

(
n2 + n + 1

)
π r2],

(32)  

E2 =

⎡

⎢
⎣ − ρ1(n + 3)r− 2 n2 − 2n− 2

n+2 − 48n(n + 1)

(n + 2)
{(

Bπr2 −
1
8

)

n3 −
3
16

n2 −
n
4
− Bπr2 +

3
16

}]/

[6(n + 1)(n + 2)
(
n2 + 2n + 3

)(
n2 + n + 1

)
r2],

(33)  

where 

ρ1 = 96
(

n +
1
2

)

(n + 1)
[

1
16

n(n + 1)

(
n2 + 2n + 3

)
R

2n2+2n+2
n+2 +

⎧
⎪⎨

⎪⎩
R

2 n2+4 n+6
n+2 Bπ

−
1
8

⎛

⎜
⎝ −

1
2

R
2 n2 − 2

n+2 Q2 + R
2 n2+n

n+2 M

⎞

⎟
⎠

(
n2 + 2n + 3

) }(
n2 + n + 1

) ]
.

(34) 

On the other hand, by matching of the second fundamental form (28) 
at the boundary r = R, i.e. the pressure at the surface is zero which leads 
to the following relation 

Q2 = [R(16BπR3n + 16BπR3 + 4Mn2 − 2Rn2

+6Mn − 3Rn + 2M)]/[2n2 + 3n + 1]. (35) 

Now from Eq. (15) together with Eq. (27), we get the value of the 
constant K as 

K =

(

1 −
2M
R

+
Q2

R2

)(
1
R

)2n

. (36) 

Fig. 1. Variation of the density (upper left panel), pressure (upper right panel) and charge (lower panel) with respect to the fractional radial coordinate r/R for the 
strange star LMC X − 4. 
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However, the matching of the component eν(R) = e− λ(R) together with 
Eq. (35), provides us the model parameter n as 

n =
[
112BπR3 + 6M − 9R +

(
18688B2π2R6 −

3264BMπR3 − 2016BπR4 + 36M2

− 108MR + 81R2)1
2
]
/

8
[
4BπR3 − 3

]
.

(37) 

The pictorial representation of the density, pressure and charge are 
shown in Fig. 1. From the variation, it is very clear to understand that 
density and pressure possess singularity but both of them decrease 
rapidly with the radius of the star. At the surface of the star, they become 
a minimum. This feature indicates that the interior i.e., the core of the 
star is highly compact and our model is valid for outside of the core 
region. We have presented the properties through three graphs for three 
different consecutive values of the Bag constant, i.e., for 83 MeV/fm3

,

90 MeV/fm3 and 100 MeV/fm3 in each frame. We have considered these 
values from the following literature [71,72]. Though a more wide range 
of this Bag constant also possible according to the result of CERN-SPS 
and RHIC. The variation of charge with respect to the fractional radial 
coordinate represents a usual variation. It increases with the radial co-
ordinate of the star and from the pictorial representation, it is very clear 
that as the value of Bag constant increases, the charge also increases very 
rapidly. So, one can assert that more the value of Bag constant represents 
more charge content of the strange star candidate. It is a very vital and 
interesting result. Also, the total charge content must satisfy the con-
dition Q2 < 2MR according to the logarithmic principle. A more dense 
star requires a greater Bag constant represents density-dependent Bag 
constant. Bordbar et al. [93] employed Bag constant which is dependent 
on density to represent magnetized strange quark star. Here we have 
assumed values of the total mass (M), bag constant (B) and hence have 
derived the values of the constants, viz. Q,K and n in the above ex-
pressions. The numerical values of this parameter n is very important 
because Tolman [70] found out the physically valid solutions for n =

0.5. We have provided the values of the parameter in Table 2. From this 
table we can note the characteristic features of this important parameter 
n. 

Physical features of the proposed model 

Now we shall study the physical features of our isotropic, charged 
fluid configuration in the Einstein-Maxwell spacetime via the following 
subsections. 

Energy conditions 

For the physical validity of the stellar configuration an isotropic 
charged fluid sphere composed of SQM should satisfy energy conditions, 
viz., null energy condition (NEC), weak energy condition (WEC), strong 
energy condition (SEQ) and dominant energy condition (DEC) at all the 
interior points of the system [99] which can be provided as follows: 

NEC : ρ+ p⩾0, (38)  

WEC : ρ+ p⩾0, ρ+E2

8π⩾0, (39)  

SEC : ρ+ p⩾0, ρ+ 3p+
E2

4π⩾0, (40)  

DEC : ρ+E2

8π⩾0, ρ − p+
E2

4π⩾0. (41) 

We have represented the energy conditions for the strange star 
candidate LMC X − 4, with the values of the Bag constant 83 MeV/fm3

,

90 MeV/fm3 and 100 MeV/fm3. The graphical variation in Fig. 2 dem-
onstrates that the energy conditions are satisfied and well consistent by 
our model for the chosen values of B. It is noted from Fig. 1 that the 
density is larger than 3 times of the pressure at each point within the 
model then the present models also satisfy the trace energy condition 
(TEC): ρ − 3p+E2

2π⩾0 at each point within the star. 

Tolman-Oppenheimer-Volkoff (TOV) equation 

In order to study compact stars, we must holistically first investigate 
the stellar structure of these objects. The stellar properties of any 
compact object are dependent on its internal structure, which is 
described by the EOS. The stability of the compact stellar system can be 
obtained when the inward gravitational force should be counter 
balanced by the repulsive and outward forces produced inside the stellar 
object in such a way that the resultant force on the system would be zero. 
Otherwise a small perturbation will cause the system to be unstable. 
Using the Einstein field equations Oppenheimer and Volkoff [94] 

Table 2 
Physical parameters of the strange star candidate LMC X − 4.  

Case Values of B Predicted Q  Values M
R  

Surface Lower bound Upper bound    

(MeV/fm3  Radius (km) (coulomb) of n   Redshift Q2 (18R2 + Q2)

2R2 (12R2 + Q2)

2R2 + 3Q2 + 2R
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
R2 + 3Q2

√

9R2    

I 83 7.603 ± 0.027  0.698× 1020  0.48 0.25 0.41 0.004649 0.448569   

II 90 7.267 ± 0.040  1.078× 1020  0.50 0.26 0.44 0.012136 0.455173   

III 100 6.829 ± 0.061  1.414× 1020  0.52 0.28 0.51 0.023634 0.465234    

Fig. 2. Variation of the energy conditions with respect to the fractional radial 
coordinate r/R for the strange star candidate LMC X − 4. Here, dashdot, dash, 
dot and longdash linestyle represent ρ+3p+E2

4π, ρ+p, ρ+E2

8π and ρ − p + E2

4π, 
respectively, whereas blue, green and red colours represent cases with B =

83 MeV/fm3
,B = 90 MeV/fm3 and B = 100 MeV/fm3 respectively. 
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derived a differential equation using the work of Tolman [70] that de-
scribes the stellar structure of a compact object of static, isotropic ma-
terial in hydrostatic equilibrium and is known in the literature as the 
TOV equation. However, in the case of charged compact stars, an 
extended TOV equation was found first by Bekenstein [95] and there-
after that was followed by other authors [96–99] in the form 

−
MG(ρ + p)

r2 eλ− ν
2 −

dp
dr

+
q

4π r4
dq
dr

= 0,
(42)  

where MG = MG(r) is the effective gravitational mass inside a sphere of 
radius r. We can derive MG(r) from the modified Tolman-Whittaker 
formula [100] as 

MG(r) =
1
2

r2eν− λ
2 ν′

. (43) 

Using Eq. (43) in Eq. (42) we get the following form of TOV equation 

−
(ρ + p)ν′

2
−

dp
dr

+
q

4π r4

dq
dr

= 0.
(44) 

The above equation represents the equilibrium conditions of an 
isotropic charged fluid sphere under the combined effect of gravita-
tional, hydrostatic and electrostatic forces: 

Fg +Fh +Fe = 0, (45)  

where Fg represents the gravitational force 
(

ν′
2(ρ + p)

)
, Fh is the hydro-

static force 
(

dp
dr

)

and Fe signifies electrostatic force 
(

q
4π r4

dq
dr

)

. 

The variation of the above forces with respect to the radial coordi-
nate r/R for different values of B are shown in Fig. 3. Now, if one looks at 
Fig. 3 then it will be very much clear that for B = 83B0, the positive side 
of the graph contains Fh and Fe whereas the negative portion of the graph 
contains Fg. Here the force Fg is balanced by the joint action of the two 
forces Fh and Fe which means that the combine effect of Fh, Fe and Fg 

gives us zero value, and hence physically balanced situation. This sug-
gests that our considered system is in hydrostatic equilibrium. Similarly, 
one may also further check the validity of the model with B = 90B0, B 
= 90Bo and B = 100B0 in the context of stability. 

Adiabatic index 

Ratio of the two specific heat, known as adiabatic index Γ, represents 
the stiffness of the equation of state for a given density. It also signifies 
the stability of fluid sphere which may be relativistic and non relativ-
istic. Using this adiabatic index one can study dynamical stability of the 
stellar structure against an infinitesimal radial adiabatic perturbation 
[101–109]. The following literature survey [110–112], tells us that for a 
stable Newtonian sphere the adiabatic index should exceed 4/3 inside a 
dynamical stable fluid distribution. We can write Γ for our system as 

Γ =
p + ρ

p
dp
dρ . (46) 

The graphical variation of the adiabatic index in Fig. 4 notifies the 
validity of the model for isotropic charged strange star. The results are as 
usual very simplistic for each chosen values of Bag constant. Especially, 
the effect of Bag constant on the adiabatic index is not so appreciable for 
different values of B as clear from the graph as such Γ remains almost 
constant with respect to range of B. However, the value of Γ being above 
4/3 our model is a stable one. 

Mass-radius relationship 

Buchdahl [113] provided a precise restriction on the upper bound of 
the mass to radius ratio in uncharged perfect fluid model and it should 
be 2M

R < 8
9. Its charged generalization i.e. lower bound for a charged 

compact object was developed by Böhmer and Harko [114] which was 
given by 

Q4 + 18R2Q2

12R4 + R2Q2 ⩽
2M
R

. (47) 

Andréasson [115] find out the upper bound of the mass to radius 
ratio for charged fluid sphere and it can be written as 

2M
R

⩽
2
(

2R2 + 3Q2 + 2R
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
R2 + 3Q2

√ )

9R2 . (48) 

So 2M
R must satisfy the following inequality 

Q4 + 18R2Q2

12R4 + R2Q2 ⩽
2M
R

⩽
2
(

2R2 + 3Q2 + 2R
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
R2 + 3Q2

√ )

9R2 . (49) 

Fig. 3. Variation of the different forces with respect to the fractional radial 
coordinate r/R for the strange star candidate LMC X − 4. Here, dot, dashdot and 
dash linestyle represent Fh, Fe and Fg , respectively, whereas blue, green and red 
colours represent cases with B = 83B0,90B0 and 100B0, respectively. 

Fig. 4. Variation of the adiabatic index with respect to the fractional radial 
coordinate r/R for the strange star LMC X − 4. 
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The effective gravitational mass for a spherically symmetric isotropic 
charged stellar system can be given by 

Meff =

∫ R

0
4π

(

ρ(r) + E2

8π

)

r2dr, (50)  

where 
(

ρ(r) + E2

8π

)

is the effective density for the charged case. 

In Fig. 5, variation of the total mass M (normalized in solar mass), i.e. 
M

M⊙
, with respect to the radius of the strange star is presented very clearly. 

The solid circles represents the maximum mass point on each curve. It is 
very clear from the graph that maximum value of mass gradually de-
creases for increasing value of Bag constants. So as Bag constant in-
creases the strange stars become more compact and smaller is the radius, 
which will make density more intense than an ordinary compact star. 
Also if we look at the Table 2 then it will be clear that as the Bag constant 
increases for the strange star candidate LMCX − 4, its radius gets more 
smaller than the previous one. For 83 MeV/fm3

, 90 MeV/fm3 and 
100 MeV/fm3 the radii are 7.603 ± 0.027Km,7.267 ± 0.040Km and 
6.829 ± 0.061Km respectively. Thus increasing nature of Bag constant 
reduces the radii of the ultra-compact objects. see Fig. 6. 

Redshift 

For a static, spherically symmetric, perfect fluid star the term Meff
R is 

known as the compactification factor and it classifies the stellar objects 
into different categories as follows [116]:(1) normal star: M/R ∼ 10− 5, 
(2) white dwarf: M/R ∼ 10− 3, (3) neutron star: 10− 1 < M/R < 1/4, (4) 
ultra dense compact star: 1/4 < M/R < 1/2 and (5) black hole: M/R =

1/2. 
The compactification factor can be represented as 

u =
Meff

R
. (51) 

On the other hand, the gravitational redshift function can be defined 
as 

Z = e−
ν(r)

2 − 1. (52) 

Barraco and Hamity [117] showed that for an isotropic star the 
redshift must be ⩽2, provided the Cosmological constant is absent. After 
that Böhmer and Harko [118] generalized the above result for aniso-
tropic case along with Cosmological constant and they found out that 

Zs⩽5. But Ivanov [29] in one of his pioneering works showed that 
modification or restriction leads the maximum acceptable value equal to 
5.211. From Table 2 it is clear that its value always remain ⩽1 and thus 
our model represents a stable ultra-dense strange star. 

Concluding remarks 

Strange stars are always an interesting object of study to astrophys-
icists. From every point of view, strange star opens up a new feature of it 
like the layers of an onion. In one of our previous works, we have already 
studied the strange star with Tolman V metric potential [69]. In that 
paper, we have explored the situation without charge and clarify the 
stability of it. Here we have generalized the model with charge in the 
spherically symmetric and isotropic case with Tolman V metric poten-
tial. However, consideration of more realistic EOS due to Quantum 
Chromo Dynamics makes the study more prominent, pinpointed and 
complicated [119]. 

1.Density,Pressure, andCharge : Solutions to the Einstein field 
equations provide us the expression for density (ρ) and pressure (p) as in 
Eq. (31) and Eq. (32). From the matching condition of the component gtt 
for our system and the exterior Reissner-Nordström metric provide us 
the expression of the total charge content (Q) in Eq. (35). Here both the 
central density and pressure suffer from the singularity problem. Fig. 1 
provide us the information that with the increase of the radius of the star 
the physical features decrease significantly. The variation of the charge 
content of the system with the radius of the star is finite, increases 
monotonically and maintains its nature for differently chosen values of 
Bag constant. From Fig. 1 it is also clear that as Bag constant increases 
the charge content also increases significantly. It is a very important 
result for further study. In Table 1 we have listed the numerical value of 
the total charge content of different strange star candidates for Bag 
constant 90 MeV/fm3. It is ∼ 1020 coulomb for each of these stars. Also, 
we have studied the total charge content of a particular strange star 
candidate LMC X − 4 with different values of Bag constant in Table 2. 
Though the order is the same but total charge content increases with the 
increasing values of the Bag constant respectively. 

In the present study one can notice that the pressure and density 
suffer from singularity. Following the concept of Aziz et al. [120] we can 
easily overcome this singularity by considering a core at the centre of the 
spherical fluid distribution so that the model is physically valid for the 

Fig. 5. Variation of the M/M⊙ with respect to the radius of the strange star 
LMC X − 4. Here, the solid dots represent the maximum mass points for the 
strange stars. 

Fig. 6. Variation of the gravitational redshift with respect to the fractional 
radial coordinate r/R for the strange star LMC X − 4. 
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outside of this core region. In the connection of singularity one may 
consult the following works [121–123]. 

2.ConstrainingValueofn : We have found out the expression for 
different constants of the model by matching our spacetime with the 
exterior Reissner-Nordström metric. With the help of this matching, we 
have found out the expression of n which is very important regarding the 
nature of strange star candidates. Because Tolman originally used n = 1

2 
as physically acceptable solution. From our model we have found out the 
values of n for B = 90 MeV/fm3 as 0.50,0.50,0.42,0.38,0.37 and 0.36 
for the Strange star candidates EXO1785 − 248, LMCX − 4 , 
SMCX − 1, SAXJ1808.4 − 3658,4U1538 − 52 and HERX − 1 respectively 
(Table 1). Also for LMCX − 4 we have found out the value of n with Bag 
Constant 83 MeV/fm3

,90 MeV/fm3 and 100 MeV/fm3 in Table 2. The 
corresponding values are 0.50,0.52 and 0.56 respectively. So it is very 
clear that as the Bag Constant increases the value of n also increasing in 
nature. This is a case of further study for researchers. Very recently Aziz 
et al. [124] obtained from different observational data for several 
compact objects that the possibility of the wide range of Bag constant 
should be (41.58 − 319.31)MeV/fm3. 

3.Energyconditions : Our charged isotropic fluid distribution satisfies 
all the energy conditions, viz. NEC, WEC, SEC and DEC as in Eqs. (38)– 
(41). We have studied these equations for the strange star candidate 
LMC X − 4 for three consecutive values of Bag constant, i.e. 83 MeV/fm3

,

90 MeV/fm3 and 100 MeV/fm3 respectively. Fig. 2 exhibits that all the 
energy conditions have a maximum value at the center and reduce 
gradually towards the surface of the star. 

4.TOVequation : The generalized TOV equation for our static, 
isotropic, charged, spherically symmetric fluid sphere is given in Eq. 
(42). The balancing nature of the model under gravitational, hydrostatic 
and electrostatic forces is given in Fig. 3. We have represented the 
graphs for three consecutive values of the Bag constant, i.e., 83 MeV/
fm3

,90 MeV/fm3 and 100 MeV/fm3 respectively. 
5.AdiabaticIndex : Another stability checking criterion is the adia-

batic index. For a stable, spherically symmetric fluid sphere the adia-
batic index should be greater than 4

3. From Fig. 4 it is clear that our 
proposed model satisfies the required condition for Bag constant 
83 MeV/fm3

, 90 MeV/fm3 and 100 MeV/fm3 respectively. So with 
respect to the adiabatic index also we have proposed a stable model. 

6.SurfaceRedshift : In Table 1 we have found out surface redshift of 
different strange star candidates for Bag constant 90 MeV/fm3. A critical 
analysis indicates that these values are much less than 1. So it provides a 
stable structure. Also for the strange star candidate LMCX − 4 (Table 2) 
we have found out the surface redshift for Bag constant 83 MeV/fm3

,

90 MeV/fm3 and 100 MeV/fm3 which are 0.41,0.44 and 0.51 respec-
tively. So it is obvious that as Bag constant increases the value of surface 
redshift also increases. 

The overall study of this paper suggests that though the density and 
pressure suffer from the problem of singularity but the other stability 
criteria satisfied by the present model which can be utilized to discuss 
the parameter dependence of charged strange stars in a unique way. So 
our charged stellar model with SQM distribution and Tolman V metric 
potential serves a new path for the researchers to study the ultra-dense 
compact stars. 
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