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Abstract A framework is developed for generalized poly-
tropes with the help of complexity factor introduced by Her-
rera (Phy Rev D 97:044010, 2018), by using the spherical
symmetry with anisotropic inner fluid distribution. For this
purpose generalized polytropic equation of state will be used,
having two cases (i) for mass density (u,), (ii) for energy
density (1), each case leads to a system of differential equa-
tions. These systems of differential equations involve two
equations with three unknowns and they will be made con-
sistent by using the complexity factor. The analysis of the
solutions of these systems will be carried out graphically by
using different parametric values involved in the systems.

1 Introduction

Polytropes are playing a very vital role to discuss the astro-
nomical objects. In astrophysics many mathematicians and
researchers have shown great interest in the study of poly-
tropes. In this respect, different authors and researchers have
used theory of polytropes. Chandrasekhar [2] introduced first
time the basic concept of Newtonian polytropes by using
the laws of thermodynamics. He calculated the density and
mass of white dwrafs. Tooper [3] studied the solution of Ein-
stein field equations for compressible fluid, which obeyed
the polytropic equation of state. He also discussed the Lane—
Emden equation in case of relativistic polytropes [4]. Kaplan
and Lupanov [5] obtained a analytical relation between mass
and density using polytropic sphere. Kaufmann [6] studied
the static polytropic sphere and calculated the mass-radius
relation for different values of polytropic index n. Occhionero
[7] analyzed the rotation of structure by using the polytropes
forn > 2. Kovetz [8] put some divergences right in the theory
of polytropes defined by Chandrasekhar [2].

4 e-mail: 2016265004 @umt.edu.pk
b e-mail: syedalimardanazmi @yahoo.com

¢ e-mail: aziz.rehman @umt.edu.pk

Horedt [9] observed the instability of the model for
the polytroic index n > 3, he also analyzed the physical
attributes like mean density, mass, acceleration and gravi-
tational potential of higher dimensional radially-symmetric
polytropes by using gamma function [12]. Sharma [10] used
Pade approximation to calculate the exact solution of field
equation for spherical geometry. Abramowicz [11] used
spherical, cylindrical and planer polytropes to develop the
Lane-Emden equation. Pandey [13] studied in detail spher-
ical symmertric structures with polytropic equation of state.
Zhang et al. [14] verified that equation of hydrostatic equi-
librium is satisfied by self-gravitating polytropes.

Herrera [15] discussed the relativistic polytropes with the
help of effective variables. Herrera and Barreto [16] gave
a generalized mathematical structure of anisotropic Newto-
nian stars with polytropic equation of state. They [17] also
provided a general framework for anisotropic polytropes
and discussed the stability by using Tolman mass. Herrera
etal. [18] minimized the parameters in spherically anisotropic
polytopic models by using the conformally flat condition and
developed modified form of Lane—Emden equation. Herrera
et al. [19] also used cracking method to discussed stability
analysis of relativistic anisotropic polytropes.

Polytropes depend upon a relation between pressure and
density of objects in which pressure depends on density. The
generalized polytropes are usually defined by two equations
of state.

(i) Linear equation of state, defined as

Pr = aipio, ey
where P, is radial pressure and o/ is constant of propor-
tionality.

(ii) Polytropic equation of state, defined as

1+1
P=Kupl =Kp, ", (2)

where y, n and K are called polytropic exponent, poly-
tropic index and polytropic constant respectively.
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Azam et al. [20] used generalized polytropic equation of
state, which is a combination of the Egs. (1) and (2) given as

141
Pr=O51,lL0+K/¢LZ=Otl/L0+K,bL0 ", 3)

if u, is changed by u then Eq. (3) takes the form
1
Pr=a1M+K[,L1+". (4)

Azam et al. [21] discussed the relativistic charged polytropes
using the generalized polytropic equation of state in the con-
text of general relativity. They first time introduced the con-
cept of general polytropic equation of state and also estab-
lished the general frameworks of anisotropic cylindrical and
spherical polytropes with modified form of polytropic equa-
tion of state. Stability analysis was carried out by Tolmann
mass and cracking technique.

Herrera [1] first time introduced the concept of complex-
ity factor in the vicinity of general theory of relativity by
splitting the Riemann tensor Ry, gs into four structure scalars
X1, X7F, Y7 and Y7 . One of them Y7 r named as complex-
ity factor after this, he quantified it equal to zero and termed
itas vanishing complexity factor. Sharif and Iqra [22] applied
the vanishing complexity factor on charged spherical system
and found that the electromagnetic field decreases complex-
ity of the system.

The plan of this paper is as follows. In Sect. 2 we will
discuss the Einstein field equation and generalized Tolman-
Oppehheinar-Volkoff equation (TOV). In Sect. 3 relation of
Riemann and Weyl tensor will be stuied. In Sect. 4 mass func-
tion and Weyl tensor will be discussed. We shall talk about
the orthogonal splitting of Reimann tensor and complexity
factorin Sects. 5 and 6. Section 7 will be devoted to study the
generalized polytropes and the energy conditions. In Sect. 8
we shall discuss the graphs of generalized polytropes with
complexity factor. In last section we shall summarized our
discussion.

2 Einstein field equations
We consider static spherically symmetric distributions of

fluid, bounded by a spherical surface . The line element
is given as

ds® = e'dt> — e dr? — r?(d6? + sin® 0d¢?), (5)
where v = v(r) and A = A(r). We number the coordinates:
XY = t,x! = x2 = 9,x3 = ¢. The energy-momentum

tensor for anisotropic fluid distribution is given by
T = W+ Puyuy — Prguy + (Pr — P1)sysy, (6)

where P is the tangential pressure. The four velocity u,, and
four vector s, are given by the following equations respec-
tively,

@ Springer

ut = (e7,0,0,0), @)
st = (0,e7,0,0), (8)

with properties s*u,, = 0,
The Einstein field equations are

(1 W

+e ;3_7 s (9)
T O T B

Prz——SjT r—2—e r_2_7 5 (10)

1 —A Y
[e— (21// 02— 3y 22 >] . 34D

L —
sts, =—1.

P = —
LT 8| 4 r

where primes indicate the derivatives w. r. t. ‘r’. From Eqgs.
(9-11) it is easy to write the hydrostatic equilibrium equation
as

Z(Pl - Pr)
— (12)

’ U/

It is called generalized TOV equation for anisotropic fluid.
As another option is

oA (13)
r(r —2m) ’

then we may write

2(PL—P)

+4n Por?
p= I oy by T g

e r(r —2m)

here m is the mass function given by

2
Rypy=1-e¢"= =, (15)
- r
alternatively
,
m =4n/ 72 udr. (16)
0

From four velocity vector Eq. (7) we can calculate the four
acceleration, a% = u“ﬁuﬁ , whose non-vanishing component
is

v/

a=-2. a7

It will be favorable to put down the energy-momentum tensor
as

T/ = putu, — PhY; + A, (18)
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with
1 P, +2P
Al = A(stsy, + ghff); p=-"_"- 3 L
A=P—Pi; hY =38 —utu,. (19)

We take Schwarzschild space time for the exterior of the fluid
distribution

oM oM\ !
ds* = <1 - —dﬂ) — (1 - —) dr?
r r
—r(d6? + sin? 0d¢?). (20)

In order to match smoothly the two metrics Eqgs. (5) and (20)
on the boundary r = ry =constant, we need the continuity
of the first and second fundamental form as

oM

e =1-"—, Q1)
ry
oM

e =1 ", (22)
ry

Py =0. (23)

3 The Riemann and Weyl Tensor

The Weyl tensor C 5/3 , the Ricci tensor Rg and the Ricci

scalar R can be used to expressed the Riemann tensor as

1 1 1
o _ P o oL L o
Rapu = Capp+ 5 Rpgan = 5 Reupd + 5 Randp
1 1
—5 Riigep = ¢ RO 8au — 8apd))- (24)

In the spherical symmetric case, magnetic part of the Weyl
tensor vanishes and we can write Weyl tensor within its elec-
tric part (Eqg = Cay,gguyu’s) as

C;wSJT)L = (guvaﬂgKAyS - nuvaﬂnkkyﬁ)uauyEﬂaa (25)

with g vap = &ua&va and n,,qp denoting the Levi-Civita
tensor. Note that Eyg can also be expressed as

1
Eaﬁ = E(sasﬁ + ghaﬁ)y (26)
with
e e |, N V2 v =N N 2(1 — e*)
= ——1v — ,
4 2 r r2
(27)

satisfying the following properties:
E) =0, Eyy = E@y), Equ” =0. (28)

4 The mass function

Now we shall bring in a widely used definition for the mass of
a sphere interior to the surface and some relations between it

and the Weyl tensor. Using Eqgs. (911, 24, 26) and the mass
function given in Eq. (15) or (16) we have

4w 4 PE
m=?” (M+PJ_—Pr)+T, (29)
and then we have
5 S
E=—-—— rou'dr +4n (P — Pp). (30)
r 0

Finally, inserting Eq. (30) into Eq. (29) we have
= W dr. (31)

Equation (30) associates the Weyl tensor with the two phys-
ical attributes of the self gravitating fluid distribution, first
density in homogeneity and second the anisotropy in pres-
sure. Equation (31) expresses the mass function in terms of
homogeneous energy density distribution, plus the change
induced by density inhomogeneity.

5 The orthogonal splitting of the Riemann tensor

The Bel [23] first time introduced the orthogonal splitting of
Riemann tensor. Thus according to Bel, we have

Yop = Raypsu” u®, (32)
1
Zog = *Rwﬁ(gu"u‘s = znawa;’;uyu‘s, (33)
* pk 8 1 5
Xup ="R w%u u’ = 2170(},R€m%u u (34)

where * denote the dual tensor i.e. R;ﬂy 5= %ne 1yd R;g VIt
is possible to show that the Riemann tensor can be expressed
in terms of these tensors which is called orthogonal splitting
of Riemann tensor [24]. Using the field equations, Eq. (24)
may be written as

1
RYY = CgY + 2810 + 877 ( 5%

(%3] 3 [8%3] 5'/‘;‘%), (35)

we split the Riemann tensor by using Eq. (18) into Eq. (35)

ay
Ry = R ps + Blinps + Ril1nps (36)
where

Rjps = 167'[/,Lu[ay]u[ﬂ53 — 287 Ph 23;5]

ay [ay]

Rii1ngs = 1674 g5 (38)
R?IVII)/% = 4l uggeg) — €, epsvE"" =0, (39)
with

€ayp = u“nuayﬁ, Gayﬁuﬂ =0, (40)
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and where the vanishing, due to the spherical symmetry of
magnetic part of the Weyl tensor (Hyg =" Coppsu” u®) has
been used.

With the help of above results, we can now find the explicit
expressions for the three tensors Yy, Zqp and Xyg in term
of the phyisical variables, we have

4
Yop = ?(M +3P)hgp + 47 Agp + Eqp, (41)
Zop =0, 42)
and

8
Xaﬁ = ?Mhaﬁ +4n Aaﬁ — Eaﬁ. 43)

These tensors, can be written in term of scalar functions,
called structure scalars [25].

Using tensor X4 and Y, we can define four scalars func-
tions X7, Xrp, Y7, YrF, and a fifth scalar related to the
tensor Zyg vanishing in the static case. These scalars can be
written as

X7 =8mpu, (44)
Xrp =47 Agp — E, (45)
Xrp = %T /O ' 3 dr, (46)

Yr =4m(u+ 3P —2A), 47
Yrr =47A+ E, (48)

or using Eq. (30)
4 r

Yrr=81A— — / U/ dF. (49)
r 0

From Egs. (46) and (49) local anisotropy of pressure is given
by

8mA=Xrr+Y7F. (50)

6 Complexity factor and fluid distribution

Herrera in [1] introduced Y7r as complexity factor. This
complexity factor not only disappears for homogeneous
isotropic fluid where two term of Eq. (49) vanishes, but also
for all configurations where the two terms in Eq. (49) cancel
each other. It also noticeable that contribution of the pressure
anisotropy to Y7 is local and contribution of the density
energy inhomogeneity is not.

The Eqgs. (9-11) form system three differential equations
with five unknowns (A, u, v, P1, P.). If we apply the con-
dition Y7 = O we shall still need one condition to solve
system. From Eq. (58), vanishing complexity factor condi-
tion will be

r—%/—
= — udr. 51
33 ), T (51)

@ Springer

From Eq. (51), it is noticeable that vanishing complexity
factor condition implies either pressure isotropy and homo-
geneous energy density, or inhomogeneous energy density
and pressure anisotropy.

7 Polytropes with Generalized Polytropic Equation of
State

Now we consider the generalized polytropic equation of state
for anisotropic fluid [20] as

Casel

14+
Pr=ajpo+Ku, ", (52)

the mass density u, connected with total energy density w
[18] as

= o +nkP.. (53)

Let us consider the following assumption

Prc 4 c

a=—, r:i, 2 THe (54)
e A a(n+1)
P, m(r)A3

Yo = ;o v() = . (55)
Hoc 47 e

Then TOV Egq. (13) becomes

—v = [E9, (€ — 2av)((n + D)o B
+ain(l —an))(v + 04531//0"“)]/
[a(n+ DYo((n+ Dpop1 — (an — 1)
Br(v + €20 (@1 + Yo
—aon))] — a&3Y," T+ 2AY, T (E = 2a(n + 1)v)
(v + O153%"“)1/[(;1 + D Pre((n + D,

B — (an — D)Ba(v + &3, (a1 + Vo1 — aey
n))] =0, (56)

where 1 = ¢ —ojo + o n, B2 = o1 +@1n + 1 and prime
indicates the derivative w. r. t. £. From the definition of mass
function Egs. (15) and (9), we have

m' = 4dnrp, (57)
or using Eqs. (54, 55) we have

dl = 20, (Yo (a — a1 + ain) — (an — D(ayn + 1)).

3
(58)
The boundary of surface of sphere is defined by & = &,

such that ¥, (£§,) = 0 and following boundary conditions are
applied
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Fig. 1 Graphs between & and v; for oy = .5,n = 1 and ¢ = 10710 (curve a); ¢ = 2 x IO*IO(Cuwe b), « = 4 x 10*10(curve ¢) and
o =8 x 107 0curve d)
Y6 =0)=1 and v =0)=0. (59) —(n 4 D) Bato) (£ (—naar + a1 + Bavo) o™ + v)¥

Egs. (56, 58) to gather give the Lane—Emden equation for

generalized polytropic equation of state in this case

[(ZnaA(E —2(n + Dav)((na — 13 — (n + D) Bavo)

X (@& + 0) (& (—naay + o
FB4V )W + V)W Yo' " — 20 A((ner — 1) B3
—(n+ DBavo) @&y, " T + v) (@&, !
+0) (& (—naay +ay + Bavo)¥o" + v)
x (1= 2(n + Dag?y," (nPavr, — (na — 1)
x(nay + D) o® " = 2(n + Do A(E
—2(n + Daw) (@& y," ! +v)
x (&7 (—naay + a1 + Bavo) Vo + v) Yot "
— P& (E = 2(n + Dav)((ne — D3 — (n + D Batpo)
x (n(l — naay + (n + 1)Bavo) (@&, " + v)y/
x((n+3)Bavro” + ((n + DPag vy’ — (o — 1)
x((n+3)a1 + D)o +n(l — nao &

Yo Vo + Prc& (8 — 2(n + Darv)
x(n(1 — na)ay + (n + 1Bao) (o — 1) B3

X(—(na — (na; + 1)+ ((n + 3)«x
+n(na — Do) o + (n + Dy, ), !
+(n + 1) Prea? (nat — 1) (noy + 1) — naipo)
x((nat — B3 — (n + 1) Bavro)* (€ (—naay + oy
FB4V) V" + v)* " T — (n+ 1) Prea®E (na — 1)
B3 — (n + 1) Bavo)* (& (—naer + a1 + Baro)¥ro"
+0) 29, Yo" T = 3(n + 1) Prea®% (na — 1) B3
—(n + DBavo)* (& (—naay + o1 + Baro) "
+0)29," 3 — 20 AE2(E — 2(n + Dav)((no — 1)B3
— (1 + Do) (€3 (—naay + ay + Bavo) Yo" + v)
(—(nae — D(nay + 1)+ (n+3)a +nna —1)
aDVo + (n+ Dagy ), + (n+ 1)
PrcPag (& — 2(n + Do) (n(1 — na)oy + (n + 1)Bavro)
X (@& ™ + )Y Yo + (0 + 1) Prcat
x(& — 2(n + Dow)((nar — 13 — (n + 1)Bahro)
x (@& Y," T+ v) (& (—naey + a1 + Bavro) Yo"
+0)Wo "o + Pre(E — 2(n + Dav)(n(l — na)oy
+(n + D Bavo)((na — 1)B3 — (n + 1) Patp,)
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Fig. 2 Graphs between & and ¢,; foro; = 5, n = 1l and ¢ = 10719 (curve a); @ = 2 x 107 %curve b); « = 4 x 10~ (curve ¢) and
o =4 x 107 curve d)
X (& Yo" + ) (& (—naar + a1 + Bavo) Yo" where 3 = (nay + a1 + 1) and g = (najo + o — o).
+0), Yo + PrcE(n(1 — ne)ay + (n + 1) Bavr,) Equations (56, 58, 60) become Egs. (30, 32, 57) of Herrera
(et — D)3y — (n + 1)’341//0)(0[531/,0"“ +) [17], when («¢; — 0) and then obviously, Eq. (60) becomes
X (&3 (—naa) + a1 + Bavio) " + v)(1 = 2(n + 1) Yo 2d¥o o, 6D
2 0 :
&2, (nBavro — (na — 1) (nert + D)V dg= & df
+20AEX(E — 2(n + Dav)((na — 1) in the Newtonian limit (« — 0). Equation (61) is called
By — (n + 1)Batlo)( 53 won+] +0)((n + 3)Bs 1/102 classical Lane-Emden equation.
+((n 4+ DBag W, — (o — D((n + a1 + D)V, Case2
+n(l — na)a1Ey, VWo + Prek(E —2(n + Dav) Another possibility can be consider [20] as
x(n(l —na)o; + (n+1 no — 1 1
(n( ) (3 n+)lﬂ41/fo)((3 B3 P =i+ Kt 62)
— (4 Do) @&, ! + 0) (€ (—naen U o
Tt 4 Bavo) Vo™ + V)W Wy — Py in this case mass density u, is replaced by total energy den-
sity 1 in Eq. (53), and they are related to each other as [16]
x(§ —2(n + Doav)((na — 1) B3 — (n + 1)Bav,) M
(4
x(n(1 = neyar + (0 + Dayo) @& 9"+ v) b= kT 63)
3. n 2] ¢
X ¢ (mnaar o1+ Bayo)vo” + )Y )]/ Introducing " = %0 we obtain TOV equation as
n+ 1) Preaty,?((na — 1 —(n+1 2
[+ DPreavs? (= 13 = (1 + Dpavr) o+ [ Catn + Dy — O+ Dl — )y
x (& (—naar + a1 + o) " +v>2)] =0,  (60) +aim) (v + ag* Y] /et + Dy (@ — ey
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H §
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(b)
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4.015x1075
4.014x1076
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4.012%1076

2 0.5 1.0 1.5 2.0 25 3.0 3.5 d

(d)

Fig. 3 Graphs between & and A; forv; = 5,n = 1 and ¢ = 10-10 (curve a); ¢ = 2 X 10*10(curve b), a = 4 x 10*10(curve ¢) and

o =4 x 107 %curve d)

+ai + D =&Y " (@1 — )y —a1))]
a3y L 289 7"(E = 2a(n + 1)
x (v +a&y" ] /[ + D Prc((@ — an)y + a1 + 1)

(v = EY" (@1 — )y —a1)] =0, (64)
and from Eq. (57) we have
dv 5,
e =&Y (65)

Egs. (64, 65) to gather give the generalized Lane-Emdan
equation

[ —2naAE —2(n+ Dav)(a) + (@ —a)y + 1)
x (@& 4 0) (v = EY" (@) — )y —a)y "
—20A(ar + (@ — a)y + D1 —2(n + Dag?y™")
x (@& 4 v)(v = EY" (@1 — ) —a)y "
+2o(a — a)A(E — 2(n + Dav) (@E3Y" T + v)
x(v = E3Y" (@) — o)y —a))Y' P> " — Pk &
—2(n + Daw) (@ + (& — ap)¥ + D (na;
+(n+ D@ —a)P) @&y +v)
¥/ Bl —a)Y? + Gy + (n+ 1)

x(a —a)EY + DY + na YY"
+Pr &3 (E = 2(n + Dav) (@ + (@ — o)
¥+ D(nay + (n 4+ D@ —a)y) (v — 39"
x (a1 — )y —a))¥ Gayr + (n + Daky’ + Dyt
+(n + D) Preag? () + (@ — a)y + D (v — £39"
x((@y — )y — a2y + (n + 1)* Prea’?
x(ay + (@ —a)y + D) — &y"
x((1 — ) — a)* YY" + 3(n + 1) Preo’g?
x (a1 + (& —a)y + 1)*(v — £3y"
x (1 — )y — a)* " + 20 AE22(n + Dav
—&)(o1 + (@ — a)y + (v — E39" (o
—a) ¥ — 1) Bayy + (n + Dagy’ + 1)
Y2+ (n+ D) Pree — a)EE — 2(n + Daw)
x (a1 + (@ — )Y + D& Y™ +v)
x (v — E3Y" (@) — )y — a2 — Prelet — 1)
E(E —2(n + Dav)(noy + (n + (e — apy) (@& >yt
+0)(v — EY" (@) — )Y — )Py
+Pre(E = 2(n + Dav) (@ + (@ — any
+1)(ney + (0 + Dia — a) ) (@& y" +v)
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&

x(v =&Y (a1 — )Y — )YV + Pk
+(@ — DY + D(ney + (n+ D — an)y)
x(1=2(n + Dag>y") (@& y" ' +v)(v — £3y"
x((a1 — )y — )YV — 20AE*2(n + 1)
av — &) + (@ —a)y + @&y + )
X3l —a)P? + Bag + (n+ 1)
x(a —a)EY + DY + nai )y
+Pre£(E —2(n + Daw) (a1 + (@ —any + 1)
x(nay + (n+ 1) — apy) @&y +v)
x (v — E3Y" (@1 — )Y — a)y"y
—£(E —2(n + Dav) (@) + (@ —a)y + 1)
x(noty + (n+ (e — o))
X (@Y o) = £y (o1 — )y — ey ?] /
[(n + D Preap () + (o — a)) + 1)2

x(0 = E9" (@ — Oy —an)?] =0, (66)

Springer

Egs. (64, 66) become Egs. (59, 60) of Herrera [17], when
(¢ — 0) and in this case Eq. (66) becomes Eq. (61) in
Newtonian limit (¢« — 0).

In general theory of relativity the energy conditions are
derived to achieve maximal possible details withoutimposing
a certain equation of state for energy. The energy conditions
are used with the sense that energy density cannot be —ve
and satisfied by all the models as [18]

P
7

P
w>0, —<I, <1 (67)
"

For case 1 conditions (67) becomes as

na +noi(1 —na) < 1,
@ + o1 (1= na)(1 — ) .
(1 —na)(1 + nay) + n(a — o1 + naa)y, ~

o+ avo +ar(l—na)(1 =)
o o <1
(1 —no)(1 + noy) + n(oe — ay + noay) v, -
(63)
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o =8 x 10~ curve d)

and for Case 2 these conditions (67) tern out to be as

>0, ay+a(l—1y) =<1,
sf%+ou/r+oq(l—1ﬁ)—l§l. (69)

It can be observed that conditions (68) and (69) become (31)
and (35) of Herrera [18] when (a; — 0).

8 The generalized polytropes with vanishing complexity
factor

8.1 Case No.1

The vanishing complexity factor Y7 = 0, with the notation
in Egs. (54, 55), will be read as

[462(E Vo QA) + pe(—mEYL" Yo (0 + Do
—a1 + aain) — (an — D)(ajn + 1))

Now Egs. (56, 58, 70) form a system of first order differential
equation with three unknown function v, ¥, and A depending
on a triplet of parameters n, o and «. This system is solved
and the solution is depicted through graphs. Figures 1,2 and 3
for different values of n, @ and o = .5 describe the behavior
of v, ¥, and A.

8.2 Case No.2

In this case the complexity factor will be read as

dy

dg

6A 28 dA
+ -

e Nite 28

(71

Egs. (64, 65, 71) form a system of first order differential
equation with three unknown function ¥, v and A depending
on a triplet of parameters n, « and «. This system is solved
and the solution is shown through graphs in Figs. 4, 5 and 6.

@ Springer
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9 Summary

In this work we have formed a framework to study the
relativistic polytropes with generalized polytropic equation
of state using vanishing complexity factor. For this pur-
pose spherical symmetry is used for compact object with
anisotropic inner fluid distribution. In order to discuss the
relativistic polytropes we have developed the formalism to
obtain the generalized Lane—Emden equation. The general-
ized polytropes have been studied in two different cases. The
energy conditions for both cases have been developed. In
case (1) mass density is to be taken and in case (2) energy
density is to be considered. These cases led us to a system of
two differential equations and these systems made consistent
with the help of vanishing complexity factor.

In case (1) the system of differential equations solved and
solution were shown through graphs in Figs. 1, 2 and 3. Fig-
ure 1 shows the behavior of v for different value of parame-
ters. The graphs in Fig. 1 depict that v is zero at center and
gradually increase with the the increase of radius and it does

@ Springer

not show any abnormal pattern. Graphs of Fig. 2 show that
the value of 1, is minimum at center and increases with the
increase of radius and it becomes maximum at the boundary
surface. All four curves show normal behavior for different
values of parameters. In Fig. 3 curves of graphs show that A
has maximum at center and continuously decreases with the
increase of radius and it becomes zero at surface boundary.
All four curves show normal pattern through out the graphs.
In case (2) graphs in Figs. 4, 5 and 6 have same pattern of the
variables v, ¥, and A for different values of £&. They have
minimum value at the center and gradually increase with the
increase of radius and become maximum at the boundary sur-
face. All the graphs of this case show no abnormal behavior.

Data Availability Statement This manuscript has no associated data
or the data will not be deposited. [Authors’ comment: We have not used
any data in this paper. The graphs content in the article was generated
using Mathematica.]
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give appropriate credit to the original author(s) and the source, pro-
vide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article
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cated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permit-
ted use, you will need to obtain permission directly from the copy-
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