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Abstract In this paper, complexity factor is used with gen-
eralized polytropic equation of state to develop two consistent
systems of three differential equations and a general frame
work is established for modify form of Lane-Emden equa-
tions. For this purpose anisotropic fluid distribution is consid-
ered in cylindrical static symmetry with two cases of general-
ized polytropic equation of state (i) mass density i, and (ii)
energy density . A graphical analysis will be carried out for
the numerical solution of these systems of three differential
equations.

1 Introduction

Polytropes, in the context of general relativity have great
importance in study of different changes in characteristics
and physical models of a astronomical objects. These char-
acteristics and physical models can easily be described by
the polytropic equation of state (PEoS). Polytropes are the
solution of Lane-Emden equation (LEe), which is a pair of
non linear differential equations so these are always attracted
by many researchers in astrophysics and mathematics. Lane
[1] used polytropes to give some basic results associated to
the modeling of cosmological structures. Chandrasekhar [2]
used the idea of polytropes to estimate the maximum mass
limit for a stable white dwarf star in Newtonian physics.
Tooper [3] made use of PEoS to analysis the solution of
basic field equations in the context of general theory of rel-
ativity for spherical compressible fluid under gravitational
equilibrium. He [4] also found the numerical solutions of
hydrostatic equilibrium equation in general relativity using
spherical compressible fluid which governed by the relation
of pressure-energy density. Kaplan and Lupanov [5] studied
the relativistic effects in the theory of the structure of poly-
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tropic sphere and they obtained an analytical relation between
central density and spherical mass in weak relativity. Man-
aghan and Roxburgh [6] investigated the structure of rotating
polytropes for different values of polytropic index. For this
purpose they used method of approximation for the match-
ing of two solutions at an interface. Kaufmann [7] used PEoS
under static spherical symmetry to obtain a single integro-
differential equation and its solution depended on different
values of polytropic index n. Occhionero [8] evaluated the
impact of rotation on the structure of polytropes for n > 2,
which were in equilibrium to the second order with suitable
parameter. Kovetz [9] reviewed the theory of slowly rotating
polytropes of Chandrasekhar [2] and removed some incon-
sistencies in it.

Horedt [10] discussed the instability of weakly distorted
polytropic sphere for polytropic index n > 3. He also
observed that slowly rotating cylinder and polytropic rings
did not show any instability under the external pressure.
Sharma [11] tabulated the values of radius of static poly-
tropic sphere for polytropic index n = 0, 1, 3 and values of
other physical parameters for n = 0, 1 by using the pade
(2,2) approximation. Singh and Singh [12] carried out a
study of rotationally distorted and tidally polytropes by using
the method of [6]. Horedt [13] analyzed the properties like
mass acceleration gravitational potential and mean density of
N — dimensional radially symmetric polytropes with the help
of gamma function. He also discussed the mass—radius rela-
tion in case cylindrical and spherical symmetry. Pandey [14]
calculated various parameters to study the spherical static
structure by using PEoS. For a certain region of sun interior,
Hendry [15] developed three polytropic models.

Herrera and Barreto [17] evaluated the relativistic poly-
tropes by using the two different definitions of relativistic
polytropes giving same Newtonian limit for self gravitating
sphere. They [20] also gave a general structure for the mod-
eling of polytropes in the context of general relativity and
derived the LEe. Herrera et al. [23] used the PEoS to analyze
the spherically symmetric fluid which is distributed confor-

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1140/epjc/s10052-021-09621-8&domain=pdf
mailto:f2016265004@umt.edu.pk
mailto:syedalimardanazmi@yahoo.com
mailto:aziz.rehman@umt.edu.pk

831 Page2of8§

Eur. Phys. J. C (2021) 81:831

mally flat and constructed models of highly compact star
for anisotropic polytropes in mass density case. Herrera et
al. [24] examined the effects of different variations in energy
density and pressure anisotropy under cracking technique for
spherical non static compact objects satisfying the PEoS.

The generalized polytropic equation of state (GPEoS) is
used to discuss the generalized polytrops (GPs) for the study
of gravitating objects. This equation consists of two parts:
(i) polytropic part P, = Ku) = K u,£+"l and (ii) linear
part P, = a1t,. Combination of these two parts define the
GPEoS [25] as

141
Pr=Kph +oipo=Ku, " +aipo, (1)

where P, K, y, @1 and n are called principal stress, poly-
tropic constant , polytropic exponent, linear coefficient con-
stant and polytropic index respectively. Change of 1, by
gives

1
Po=Kp'"tn o @)

Azam et al. [25,26] carried out spherical and cylindrical
symmetric fluid distribution to study the charged polytropes
with relativistic GPEoS. Mardan et al. [27,28] used spherical
symmetric GPs to investigate some gravitating objects. They
found exact solutions of field equations by taking different
values of polytropic index n and analyzed some mathemat-
ical models which were found physically viable and well
behaved. Mardan et al. [29,30] established new classes of
polytropic models using spherical symmetry and analyzed
the mass and radius of different astronomical objects.

Different equations of state are playing an important role
to describe the two very fundamental aspect of universe, dark
energy and dark matter. Babichev et al. [35] used a form of
linear equation of state, called generalized linear equation of
state with perfect fluid distribution to describe the different
scenarios for dark energy. Mukhopadhyay et al. [18] dis-
cussed the real nature of dark energy through the parameter
of PEoS specially in non-dust situation. Chavanis [19,21,22]
used GPEoS in his series of papers to study dark energy and
dark matter. He considered dark fluid with GPEoS in which
its linear and polytropic part describes the dark energy and
dark matter respectively and used different values of param-
eters of GPEoS to explain the early and late universe.

Herrera [31] used orthogonal splitting of Riemann tensor
into structure scalars for a self gravitating system to present
a new concept of complexity factor (CF). Abbas and Nazar
[32-35] carried out this concept of vanishing CF for self
gravitating object in the context of modify gravity f(R) and
expressed the physical behavior of f(R) model for some
compact objects in spherically static, dynamical and axially
symmetry . Sharif and Iqra [36,37] implemented the CF on
cylindrical system and discussed the electromagnetic effect
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on this system. Khan et al. [38,39] used the idea of CF to
study the GPs and charged GPs for spherical self gravitating
fluid.

The layout of this paper will be follow Sect. 2 will con-
tain the detail of basic field equations using cylindrical static
symmetry and Tolman—Opphenheimar—Volkoff (TOV) equa-
tion. In this section, we will also use the the Weyl tensor to
discuss the mass function for gravitating object. Section 3
will be devoted for the study of structure scalars, which are
obtained through orthogonal splitting of Riemann tensor and
then CF will be defined. In Sect. 4 a discussion will be car-
ried out about GPs and physical conditions. We will give a
graphical solution of cylindrical GPs with CF in Sect. 5. In
the last Sect. 6 we will summarize our study.

2 Basic equations and mass function

Let us consider a static cylindrical symmetric line element,
as

ds? = —A2ds?® + B2dr? + C2d0? + a>C?d 72, A3)

where A = A(r), B = B(r), C = C(r), a is an arbitrary
constant and coordinates are: x° = 1, x! = r, x2 = 9,

x3 = z. The stress-energy tensor is defined as
T;w = (P — PJ_)S[LSU + (PL+ M)uuuv - PJ_g;w’ @

here P, is an other principal stress, four vector and four
velocity respectively are defined as s, = (0, %, 0,0) and
U, = (%, 0, 0, 0), with properties:

sfu, =0, sts, =1, wtu, =-1

It will be more convenient if we take stress—energy tensor
as

T) = pu*uy + Phl, + A}, &)
with
A A 1 A
A} = A(s™sy + §h}’); 3P =2P, + P
A=—(PL—P); h=8—u"u,. ©)

Basic equations are

2C*>k ZB*C* C*2
87 = _ , 7
THW="gc ~ TBic ' BC? @
C*2  2A*C*
8P = — s+ 8
T =pcr T ABic ®)
A*C* C* B*C* AFF A*B*
87 P, = _ - .
TP=agcteic e Tap a0
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where “x’ indicates the derivative w. 1. t. ‘r’. The correspond-
ing exterior geometry is considered as [40].

oM
ds? = ?dvz —2dRdv + R*(d6? + a*)dz?, (10)

where M represents the total mass in the exterior. On the
hyper surface X, the necessary and sufficient conditions for
smooth matching of two metrics (3) and (10) are given in [40]
asC(r) =r = C*(r) =1 and C**(r) = 0, then Eqgs. (7-9)
become,

1 [ 2B* 1
“:a[‘m+m] (n
A [L+2—A*} (12)
' 87 | B2r2 ' ABr ]’
Pr=—%s [A32 ~ A Ay E] ' (13)

Solving Egs. (11-13) simultaneously we obtain generalized
TOV equation as

A* 2(PL—P)

Pf ==t P+ (14)

Thorne [41] defined C-energy in the form of mass function
as

1 1
E=L(1-tv,rver), (15)
8 [
it yields
()= E=IE ra (| _B (16)
r) = = = —— _— s
" 282 4
using Egs. (11) and (16)
r
mr) = % — 471[ 72 udr. (17)
0

From Eqgs. (11-13) and (16), we have

ra 1 (ra 1
m:§+8n(u—Pr+PJ_)— — +

B\2 "
L [y ABTATAAB s
AB? B ror? rB |’

Now with the help of Weyl tensor, we can simplify above
expression. For cylindrical symmetric fluid distribution Wely
tensor has electric and magnetic components. For the purpose
of simplification, we take electric component as

Eup = Caypst? i, (19)
where
C;WKA = (guvaﬂgxxyé - nuvaﬂnxkyﬁ)uauyEﬁéa (20)

with 8uvap = uava and Nuvap- Note that

1
Eup = E (sas,g + ghaﬁ) , @1

and
E:A**—ﬁ—A—*—A-i—A—B* (22)
B r r2 rB’
satisfying the following properties:
Eq :iE EQQZ—LE E33=£E. (23)
3A 6AB% "’ 6AB?

From Eqgs. (18) and (22) we have

ra 1 (ra 1 E
m:§+8ﬂ(M—Pr+PJ_)—F —+_2 +m

2 r
(24)
Using Eqgs. (17) in (24)
_ 4 2" s e, 4 2.3 ra 1
E = 37mAB /0 roprdr 3zmAB r /L+A<2 +r2)
—87 AB%1u + 8T AB*(P, — P)). (25)
Then Eq. (24) will be
4 r 4
m= % + gna/o Purdr — gnar3,u. (26)
Using Eq. (16) in (12)
A" l6arr’P 1 27)
A ra—8mm 2r
Put Eq. (27) in (12), the TOV equation becomes
16anr?P 1 2(PL — P
pr= (200l LY by 2D g
ra—8mm  2r r

3 Structure scalars and vanishing complexity factor

CF is defined [31] through structure scalars, which are
obtained from orthogonal splitting of curvature tensor [43].
This splitting of curvature tensor give the following tensors
[44,45].

Yop = Raw%uyua, (29)
1
En;ﬂ;Rgﬂﬂauw‘, (30)

where o denote the dual tensor i.e. R}, ; = %ngw(g R;Z .
While the trace free parts (Y7p, X7r) and trace part
(Y7, X7) of these tensors are related as [44,45]. and so the
tensors in Eqgs. (29) and (30) can be represented as

Xop = .Rt;y;%uyua =

1 1
Yop = YrF <§haﬁ + SaSﬂ> + 3 Thag, (31)
1 1
Xop = X7F ghaﬂ + Sasp | + nghaﬂ- (32)
After using the field equations, we have
Xr =8mp, (33)
XTF=4T[A0,;3—E. (34)
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Using Eq. (25) in (34)
-

2 4 2 =3 x g—=
Xrrp=4nA(1 —2AB )—gnaAB routdr

0
4 2.3
—l—gnaAB ru
ra 1 5

—A|—+ = | +8TAB L, (35)

2 r2
Yr =4n(n+ 3P — 2A), (36)
Yrr =4n A+ E, 37

or using Eq. (25) in (37)
4 r
Yrr = 4w A(l +2AB%) + 5;mABZ/ P utdr
0
4
—gnaAB2r3/L

ra 1 2

+A| —+ - ) —8TAB L. (38)
2 72

From Egs. (35) and (38)

87A=XrFp+ YrrF. 39)

In order to discuss stellar structure the basic field Eqs. (11—
13) form a system of three ordinary differential equa-
tions (DEs) for static cylindrical symmetry in five variables
(A, B, u, P, P/). So we implement condition Yrr = 0
which gives the vanishing CF Eq. (38), as [36]

—1 4 2 r_3 * g—
A= —+—— | -aAB rourdr
4r(1+2AB2) | 3 0

4 23 ra 1 5
—grraABr,u—i—A 74-’3 — 8T AB . (40)

but we may still required one more condition to explain the
stellar structure for this purpose we will use GPEoS.

4 Generalized cylindrical polytropes

Since GPEoS are widely used [20 — 26, 31, 32] to discuss
the different characteristics of inner structure of self gravi-
tating objects. So we use it for cylindrical static symmetry
anisotropic fluid as

4.1 Case 1

1+1
Pr=Kp, "+ oo, (4D)
energy density u connected with the mass density u, [23] as
W= o +nPr. (42)

following assumptions are to be considered

@ Springer

Py 2 4 e

r=£, o= NP= D¢ (43)
N i 1+ n)a
0 N3
o= Ho e = MOV (44)
Moc 477/’%

Then TOV Egq. (15) becomes

EN"ta?[ = 167y, "8 a PP (e
+(aain — oy + ), — aagn)
X((1 +n)¢o(a —aj +aain)
+(1 —an)(a; +oan + 1)) — 2(aN%€
=327 Prev) QoA — £ Pt
x((1+n)(a —ay +aan)y,
—ain(an —1)))] = 0. (45)

where prime indicates the derivative w. r. t. £. Using Eqs. (43,
44) in (17) we have

dv @ a&? Y [(1 = na)(1 + nay)
de  8(n+ a ¢
+n(a —ay + nozotl)]. (46)

At boundary surface & = &, such that ¥,(&,) = 0 and we
have boundary conditions as

Yo =0)=1 and v(E =0)=0. 47)
Equations (45,46) constitute the LEe for this case

a3—lN4 [2( —~ %[(MA —EP Y, ((n 4+ DY
+ain(l —an)))
x(E@*N?*(n+ 1) — 2waP,e) + 16ma(n + 1) Pre
x (@& Y," (nrof + (1 — an)
x(ain + 1)) — )] — 8waa(n + DE* P2 BY, > v,/
x(ap + Yo — aan)
+8maant* P yo™ Wy (a1 + o B
+ae (—n)((an — DB — (n + 1)
XWoB) — 8maat? Py, !
x((n + DB — (an — DB EY, (1 + Do
+ain(l — an)) + 41 + Yo + aai (—n)))
+aé Prcwon_2(aN2§
—327 Poev) (—at1 (n — Dné(an — 1),
+(n+ DY BEWS + 1)
+no(arE(L — an)y,” + ¥/

x (a1 + (n+ DERY, + Owtl(—n))))>], (48)

where 8 = (0 — o1 + @an) and B = (o] +an + 1)
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4.2 Case 2

Now we consider [25]
P = Ku'ti + oy, (49)

in this case energy density © and mass desity j, are expressed
as [46]

1
pK g = 1" = (=" o, (50)
By taking ¢" = %0 TOV equation becomes
§

il — 16maE Py (@ — ey + )
x((@ —a)y +o1+1)
—2(aN% — 327 Prcv) QaA — EPr " 1Y (8)
x((n—l—l)(a—oc])—l—a]n)]:O. (&28)
and from Eq. (17) we have

dv a
dé  8(n+ D
Equations (51, 52) together give the generalized LEe

—a&>y". (52)

3N n+1
+a®N%(n + 1)&
—167a(n + 1) Prcv) 2aA + & Py 1y
X((1+n)(o; — )y
—ain))] — 8maa&* P (o — a) "y’
x((@ —a)y +ay)
—8rwaang* Pty (0 — a))Y
tap)((@ —aDy +o1 + 1)
—8maat’ Py (0 — an) Y
+a; + DEY (@ —anDy +aj)
+EY ((n + Do — a))y + ain))
+ag Py (@N%E
=327 Prev)((n + V(o — a) Y2 (EY" + 9)
+ny (&Y + ¥’ (ay
+(1+ )y’ (@ —ap)) —a

x(1 — n)néw/z)] =0. (53)

: [_—1[2<2nasPrc<8a(n +DEY" — 1)

Both cases have to satisfy the physical conditions

P P
r L (54)

_517 =
I I

Conditions (54) takes the form for case 1 as

u >0,

(I —na)+ (1 +nop) +nlae —ay + naay)y, > 0,

% + (@1 + a,) < (1 —na) + (1 + nay)

+(ana; — oy + a)ny,,
v a

E3yn  Ba(n+ DE2an
x[n(l —ny,) (o — anaay) — 1]
+alai (1 — na) + na’y,). (55)
and in Case 2 these conditions (54) becomes as

w=>0 a1(1—=vy)+ay <1,

<(1—-a?

v 1
2By Samg ey = e =1
—(I+ay —a). (56)

5 Vanishing complexity factor with generalized
cylindrical polytropes

As we already have discussed CF as a single scalar and now
it is merged with cylindrical GPEoS so that we are able to
develop a consistent system of DEs for both cases.

5.1 Case No. 1

In this case Eqgs. (43, 44) are used with Yrr = 0, as

4 (A +2B*(AA' + AN) + 4ABAB)

e LG

X ((6N3 = a&3)y," (n(@ — a1 ¥
+a(—n) +ajn+1) —3v) + aaE(3N2

+327£2)) — 12aN3(ag? +2N%) + A<12a2N2(4N3 —a&¥)

+&°B (2aB’(32n Pre((6N® — ag™)yy,"
x(n(e —ap)yo +a(—n) + an + 1) —3v) + aag
x(3N2 +327&2)) + B<327ranPrcw0"_l (6N — a&®Prery)

x((n+ D(a —avo
+a(—n) +ain + 1) + 3aco nE2 (Yo — D)

+3a <32na2§2 +a?N? - 47”’“))))} —o. (57)

n+1

Now Egs. (45, 46, 57) form a system of ordinary DEs having
three variables v, ¥, and A. This system of ordinary DEs is
solved numerically and its solution is described graphically.
Figures 1, 2 and 3 depicted the behavior of v, v, and A for
=5 0a=.5 A=.5 B=.5anda =5.

5.2 Case No. 2

CF for case 2 will be read the as

47 (A +2B*(AA' + AAN') + 4ABAB)

@ Springer
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n=1.5 (curve b)
n=3 (curve c)
= n=3.5 (curve d)

0.3

0251

>
0.2+

0.15+

0.1F

Fig. 1 Graphs between & and v

1

09r
0.8r
0.7r
06F
]
0.5F
> n=1 (curve a)
04r n=1.5 (curve b)
= n=3 (curve c)
0.3F = n=3.5 (curve d)
0.2r
0.1F
0 L . . . ! i
0 0.5 1 1.5 2 25 3 35
Fig. 2 Graphs between & and v,
1.0006
1.0005
1.0004 -
<1 1.0003F
1.0002 n=1 (curve a)
n=1.5 (curve b)
n=3 (curve c)
1.0001 - n=3.5 (curve d)
1 .
0 0.5 1 1.5 2 2.5 3 35

Fig. 3 Graphs between £ and A
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> 0.985F
0.98+
0.975
0.97
0.965 . . :
0 0.5 1 1.5

Fig. 4 Graphs between & and v

1 1
24N3g5 [(ZAB(B(aZ(n +1)
x[x(a+ DEP] + 6N5> - 3N5.§B’)
+N (4 - 3532/4’)) + iz I:Sz(aéA’
o

x(£2B*(aaé(BN? + 327&%) — 327 P,
x((a€> — 6N*)Y" + 3v)) — 12aN?(a&?

+2N%) + A<12a2N2(4N3 —a&d)

+£°B <zag:3’(aas(31v2 +327&?)
—327 Pre((a€> — 6N Y™ + 3v))

+B <4a(—8nn5Prc<aé3 — 6Ny (8))

+3a& (32na2§2 + o’ N?

SR

Equations (51, 52, 58) constitute a system of ordinary DEs
containing three variables A, v and . This system of ordi-
nary DEs is numerically solved and its solution is explained
through graphs in Figs. 4, 5 and 6 for o1 = .5, ¢ = .5,
A=.5, B=.5anda =5.

6 Summary

We have used the CF to provide a general framework for
the development of modify form of LEes for both cases of
GPEoS. For this purpose static anisotropic fluid distribution
with cylindrical symmetry is used for stellar structure. Basic
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09r
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02F
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0.7 n=1 (curve b) 1
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0.2 ]

0.1F ]

Fig. 6 Graphs between & and A

field equations and TOV equation is established. The C-
energy is applied to develop a expression for mass function.
Curvature and Weyl tensors are brought into play to calcu-
late the structure scalars. These structure scalars are used to
define vanishing CF. We applied assumptions Eqs. (43, 44)
to establish the LEes for static cylindrical fluid distribution
for two cases (1) mass density (14,) and (2) energy density
(w) to study the physical characteristics of GPs. The physical
conditions have also been studied for these two cases under
same the assumptions. These two set of LEes led us to the
two system of three ordinary DEs with CF. These system of
DEs numerically solved and discussed as

For case 1 the solutions of system of three DEs (45, 46, 57)
are shown in the Figs. 1, 2 and 3. These solutions reveal the
response of variables v, ¥, and A corresponding to different
values of parameters. The curves of Fig. 1 indicates that v
has zero value at center and uniformly increases in straight

line.It can also be observed from Fig. 1 that for small value
of polytropic index n v has maximum value (curve a) but
when values of n increases value of v decreases at bound-
ary (curve b, c, d). In Fig. 2 curves show the pattern of v,
which has maximum value at center and gradually deceases
towards the boundary and becomes zero in case of curve (a)
and (b). While curves (c) and (d) show that value of 1, is
considerable high. In Fig. 3 anisotropic factor A has zero
value near center of compact star and gradually increases but
with the increase of polytropic index n value of A decreases
at boundary surface

For case 2 the Figs. 4, 5 and 6 display the pattern of v, ¥
and A. It can be seen from the curves of Fig. 4 that value of v
is minimum at the boundary and gradually increases towards
center with the increase of polytropic index n. The values of
Y and A in Figs. 5,6 behave in same manner both variables
have zero values at center and maximum values at boundary
of surface.

Data Availability Statement This manuscript has no associated data or
the data will not be deposited. [Authors” comment: No data is required
for this study.]
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