symmetry

Article

Self-Similar Solutions of a Bianchi Type-III Model with
a Perfect Fluid and Cosmic String Cloud in
Riemannian Geometry

Ragab Mohamed Gad ** and Awatif Al-Jedani !

check for
updates

Citation: Gad, R.M.; Al-Jedani, A.
Self-Similar Solutions of a Bianchi
Type-III Model with a Perfect Fluid
and Cosmic String Cloud in
Riemannian Geometry. Symmetry
2023, 15,1703. https://doi.org/
10.3390/sym15091703

Academic Editors: Ghulam Mustafa,
S.K. Maurya and Saibal Ray

Received: 9 July 2023
Revised: 22 July 2023
Accepted: 11 August 2023
Published: 6 September 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

1 Department of Mathematics, Faculty of Science, University of Jeddah, Jeddah 23890, Saudi Arabia;
amaljedani@uj.edu.sa

Department of Mathematics, Faculty of Science, Minia University, Minia 61915, Egypt
Correspondence: rmali@uj.edu.sa

Abstract: A Bianchi type-III cosmological model with self-similarity symmetry is investigated in
cases with perfect fluid distribution and a cosmic string cloud. We show that this model admits a non-
trivial homothetic vector field which possess non-null homothetic bivectors. This homothetic vector
field is not parallel to its source vector (current vector). We discussed cases where the homothetic
vector is either orthogonal or parallel to the 4-velocity of a fluid element. We solved Einstein’s field
equations without making any assumptions on the geometry of space-time, only assuming that it
admits self-similarity symmetry. We obtained new exact self-similar solutions for the Bianchi type-III
model. We show that all obtained solutions are shear, and space-time is shear free in only the case
where the homothetic vector field is parallel to the 4-velocity vector. The kinematical and physical
properties of the obtained solutions are discussed.

Keywords: homothetic vector field; homothetic bivector vector field; Einstein’s field equations;
self-similar solutions; kinematical parameters; energy condition
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1. Introduction

The basic equation of the theory of general relativity is Einstein’s field equation
Gap = 1,5, where the left-hand side represents the geometry of a given cosmological model
and the right-hand side, the energy momentum tensor, represents the matter content in that
model. These equations are nonlinear partial differential equations of a quadratic degree,
and are usually difficult to handle unless some constraints are assumed on the geometry
of a given model and there exist some conditions on the matter content. These geometric
constraints assume some symmetry properties in space-time such as spherical symmetry,
axial symmetry, cylindrical symmetry, stability, and spatial homogeneity. The assumed
conditions on the stress energy-momentum tensor are that the matter is represented by dust,
perfect fluid, cosmic strings cloud, bulk viscosity, etc. These constraints and conditions
reduce the variables derived from the basic equations, and the partial differential equations
are then reduced to ordinary differential equations with fewer variables which, in some
special cases, can be solved more easily.

In addition to the above symmetry properties, different types of symmetries, such as
isometry, homothetic, conformal, Ricci collineations, matter collineations, etc., are used to
obtain exact solutions of Einstein’s field equations. In the context of the theory of general
relativity, these symmetries have been extensively studied [1-19]. Collinson and French [20],
Katzin, Lavine and Davis [21], and Collinson [22] studied more general geometric sym-
metries. Furthermore, some of these symmetries have been studied in the context of the
theory of teleparallel gravity [23-26].
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These symmetries have attracted a lot of attention, not only because of their classical
physical implications, but also because they simplify Einstein’s field equations. One of these
symmetries that plays an important role in cosmological situations and/or gravitational
collapse is self-similarity symmetry. The main advantage of this symmetry is that it reduces
the number of independent variables by introducing a self-similar variable and thus reduces
the Einstein field equations. This variable is a dimensionless set of independent variables
which are the coordinates of space and time.

Another important role of self-similar solutions is to describe asymptotic behaviors of more
general non-self-similar solutions, which are dynamical and inhomogeneous solutions that
are easy to obtain.

Spherically symmetric distributions of self-gravitating perfect fluid with self-similarity
have been analyzed by Cahill and Taub [5]. Homotheties of plane-symmetric space-times
underlining the physical significance of homotheties in general relativity studied Taub [27].
Godfrey [28] constructed all homothetic Wyel space-times. Shabbir and Khan [29] utilized
algebraic and direct integration techniques to find self-similar vector fields in static spheri-
cally symmetric space-times including the orthogonal, parallel, and non-parallel non-tilted
proper self-similar vector fields for a special choice of the metric functions. Sharif and
Sehar [30,31] studied kinematic self-similar solutions of cylindrically and plane-symmetric
space-times for perfect fluid and dust. A self-similar solution of a fluid with a spherical
distribution was investigated in the context of general relativity in [32].

Self-similarity symmetry based on Lyra’s geometry has been studied in [33-37]. The
authors classified space-times according to admittance of such a symmetry. For the zero-
displacement vector field, they obtained results consistent with those obtained previously
in the theory of general relativity, based on Riemannian geometry. They also showed that
in the case where the displacement vector field is constant, results obtained in the context
of Lyra’s geometry cannot be compared with those obtained in general relativity, using
Riemannian geometry.

Our aim in the present work is to address the problem regarding the existence of
a proper homothetic vector field (HVF) for the Bianchi type-IIl model and study the
dynamical and physical implications of the obtained results in hopes of providing a way to
obtain a better understanding of their asymptotic dynamics in the past and future.

As mentioned in [38], because of the fact that the Einstein tensor is invariant under
homothetic transformations, the existence of solutions of Einstein’s equations with this
symmetry is naturally suggested.

Einstein’s equations were solved for a cloud of string with heat flux in Bianchi type-III
space-time by Yavuz and Yilmmaz [39]. They found five field equations that connect six
unknown quantities, so they hypothesized that there is a relationship between the unknown
quantities C = A".

2. Space-Time and Homothetic Vector Field

In the theory of general relativity, homothety or self-similarity is defined in terms of
the homothetic vector H = H ”% = H,dx". A vector field H on a space-time M is called
homothetic vector field if one of the following conditions holds on a local chart :

£Hgah = Hu;b + Hb;a = legﬂb <~ Hﬂ;h = lpgub =+ Fab/ (1)

same in whole manuscipt. where £5 stands for the lie derivative over H, ¢ is a
constant on M, and a semi-colon denotes a covariant derivative with respect to the metric
connection.

If p = 0, H is a trivial homothetic vector field or Killing vector field on M; if ¢ # 0, H
is a nontrivial homothetic vector field. Thus,

Fap = Higp) = —Fpa 2)



Symmetry 2023, 15,1703

30f12

is the so-called homothetic bivector field (HBV). According to the definition of the Killing
bivector given by [40,41], the homothetic bivector field can be interpreted as a test electro-
magnetic field [42,43]. The definition of the current vector, J, and the test electromagnetic
field generated by the homothetic bivector, F,;, are defined as follows [42]

F% = —H" = R"H, = 4n]", ©)

where Ry, = R} is the Ricci tensor. In the case of vacuum space-time, R, = 0, the current
vector J = 0 and the test electromagnetic field is then source-free. The source vector J given
by Equation (3) satisfies

Ja = 0.

For a geometric interpretation of Equation (1), we refer the reader to the references [3,5],
and for physical properties, we refer reference [9].

We consider the diagonal form of the homogeneous and anisotropic space-time de-
scribed by Bianchi type-III metric in the following form

ds* = dt*> — A2(t)dx? — B2(t)e 2% dy? — C%(t)dz?, (4)

with the convention (x? = t, x! = x, x> = y, x> = z), a is a constant and A(t), B(t) and
C(t) are the scale factors (metric components) and functions of the cosmic time ¢.

For a vector field H = (H"(t,x, y,z)%)gzl, the homothetic Equation (1) for the
model (4) is reduced to the following system of equations:

HY =y (5)

HY - A*Hp =0, (6)
HY — B% ***Hg =0, 7)
H% - C*H} =0, 8)

HY + %H" =1, )
A’HY + B%e @ H3 =0, (10)
A’Hs+C*H3 =0, (11)
H3 —aH' + gHO =, (12)
C?H3 + B* ***H3 =0, (13)
H + gHO =, (14)

The commas denote partial derivatives with respect to the coordinate indicated.
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After straightforward calculation, the solutions of the above system of equations give
the following differential constraint relations

A . _a ¥

A T Yo wt;cof

B _ b _

B - Ptd+co — Pttcp (15)
(GO _d

c - Pttco’

where ¢y, a, b, and d are arbitrary non-zero constants, and the contravariant components of
the homothetic vector field are

H® = ¢t + co, (16)
H!' = ¢y, (17)

H? = acyy + oo, (18)
H = (p—d)z+c3, (19)

where ¢, ¢, and c3 are constants of integration.
The covariant components of the homothetic vector, H, = g, H b are

Hy = 9t + co, (20)
Hy = —c1 A%, (21)
Hy = —(acyy + cp)e **B?, (22)
Hy = —((¢ —d)z +c3)C?, (23)

From Equations (16)—(19) and (20)—(23), we see that the obtained homothetic vector is
non-null homothetic vector field (H*H, # 0).
Integrating Equation (15), we obtain the components of the metric as follows

A(t) = m(pt+co),
B(t) = m(yt+ cO)d, (24)
C(t) = m(yt+co)?,

where 11, np, and n3 are constants of integration.
According to the above discussion, we can state that the solutions with proper homo-
thetic motion for the metric (4) are space-times with metric

ds* = dt* — (Pt + co)? (n3dx® + nde > dy? + ng(ypt + co)%fzdzz), (25)

We choose, without loss of generality, ¢g = ¢ = c3 = 0 and ¢; = 1. So, the space-
time (4) admits the following non-null homothetic vector field

0 2 0 0 )

g Y o Z Y _ _ —
H=H 5 = Vigp Tt ocyay +(p d)zaz, (26)
and the scale factors are
Al) = muyt,
B(t) = myt, (27)

C(t) = na(yt)’.
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In this case, the self-similar solutions of the metric (4) can be written in the following
form

d
ds? = di* — q%tzde - q%tzefz”‘xdyz - q%t% dz?, (28)

where 41, g2, and g3 are non-zero constants. Without loss of generality, we choose
ny = np = ng = 1; then, we have the following solution

Alt) = 9t
B(t) = g, (29)
C(t) = (ypt)v,

Homothetic Bivector Field

From Equation (2), the components of the covariant homothetic bivector of the
model (4) are given by

0 c1AA  (ciay +c2)BBe 2% ((p —d) +c3)CC
—AAq 0 0 0
—(cray +co)BBe=2 0 0 0 (30)
—((p —d) +c3)CC 0 0 0
and the contravariant components are
0 —a4 —(qay+e)h —((w-d) +c)s
Fab _ aq 0 0 0 1)
(cray + cz)% _ 0 0 0
(p-d)+e)E 0 0 0
The non-vanishing components of the current vector J are
]l = 1 %/ .
Po= (asyto)l, (32)

Po= (y—d)z+ C3)%.

From the components of the space-like homothetic vector (16)—(19) and the components
of the above current vector J, we obtain

HxJ#0

Then, the homothetic vector field H is not parallel to its source vector J. Consequently,
Bianchi type III (4) admits a non-trivial homothetic vector field (see theorem 4.2 in [42]).

From Equations (30) and (31), we note that the Bianche type-III space-time (4) with a
symmetry (homothetic symmetry) admits nontrivial homothetic vector fields which possess
non-null homothetic bivectors.

3. Einstein’s Field Equations and Dynamical Variables of the Model for Perfect Fluid
Distribution

In this section, we study the gravitational effects of a perfect fluid. In this case, the
energy momentum tensor is taken as

Tap = (0 + p)uatiy — P&abs (33)

where p is the pressure, p is the energy density, u the 4-velocity vector, and it must verify
£gu, = 0. For the space-time (4) the 4-velocity vector is defined by u® = u; = (1,0,0,0),
and it is verified gubu“ub =1.
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In natural units (G =1 and ¢ = 1), the Einstein field equations are
1
Gap = Rap — ERgab = 87Ty (34)

where Ry, is the Ricci tensor, R is the Ricci scalar, and T is the energy—-momentum tensor
given by Equation (33). For anisotropic Bianchi type-III space-time (4) in a comoving
coordinate system, Einstein’s field Equation (34) is read as

B C BC
3Tctge =% (35)
A ¢ AC
Z + E R = —87Tp, (36)

=+ —=+-=——-5 = —-8mp, (37)
-+ 5=+ = — - = 87mp, (38)

Integration of Equation (39) using (24) yields

n
A=nB, n=_2. (40)
ny
where 7 is a constant of integration which can be taken as unity without loss of any
generality. We notice that we obtain the same results if we use the components (24); so, for

n = 1, we have
A=B 41)

From Equations (35)—(38), using (24), we obtain the relations between the three con-

stants ¢, «, and d as follows
& =y —a?, (42)

and the physical variables p and p (pressure and density) are

2y
P= 87t (pt + co)?’ (43)
and 1/)2 294 )
+ -
- 87t (yYt +cp)? @

Without loss of generality, we choose 1y = ny = n3 = 1; then, we have the following
new self-similar solution

2—a2

ds* = dt* — (Pt + co)?(dx® + e 2 dy* + (Pt +co) ¥

dz?). (45)
Again, without loss of generality, if we choose ¢y = 0, we obtain the following self-
similar solution

a2

ds? = df? — ()2 (dx + e 25dy? + (pt) P dz?). (46)
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4. Two Special Cases
4.1. HVF Parallel to 4-Velocity Vector

In this case, the 4-velocity vector is proportional to the time component HY, that is,
H', H?, H3 = 0. The homothetic Equations (5)-(14) reduce to the following equations

HY =y (47)
and A B ¢
0 _ 20 >0
A =¢ gH =y H =9 (48)

From the above equations, we obtain

A B _C_ @
A B C yttc 49
which gives
A(t) = nl(lpt +c¢o),B(t) = nz(wt +¢),C(t) = 1’l3(lpt + o). (50)

Without loss of generality, we choose 11 = 1, = n3 = 1. Consequently, the self-similar
solution assumes the form

ds? = dt? — (Pt 4 c)?(dx? + e~ 2% dy? + dz?). (51)

If we choose ¢y = 0, the above self-similar solution leads to the following solution
ds? = dt* — (pt)?(dx® + e 2% dy? + dz?). (52)

4.2. HVF Orthogonal to 4-Velocity Vector Field

In this case, the component H = 0 which implies that ¢ = 0; then, the space-time (4)
does not admit any self-similar solution.

5. Gravitational Effects of a Cosmic Strings Cloud

In this section, we will study the gravitational effects of the space-time cosmic string
cloud (4) without making any assumptions between the scale components of the space-time
under study. To execute this case, we consider the energy—-momentum tensor T;} which
takes the following form

Ty = pu'uy + AX"X,, (53)

where y is the rest energy density for a string cloud with particles attached to it, and A is
the string cloud tension density.

Here, u” is the four-velocity vector of particles and X; is the unit space-like vector repre-
senting the direction of strings orthogonal to u®. We choose X* parallel to
% (X% = X2 = X® =0, X! # 0). These two vectors u? and X“ satisfy the following conditions

U =1=-X, X u,X*=0. (54)
For the space-time (4), in a comoving coordinate system, we obtain

1

a4 a __
1y = u® = (1,0,0,0), X —(O,A(t)

,0,0), X, = (0,A(t),0,0)

If the particle density of the configuration is given by i, then we have

p=pp+A (55)
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Einstein’s field Equation (34) for anisotropic Bianchi type-III space-time (4), in case of
a cosmic strings cloud, read as

B ¢ BC
stetae =0 (56)
A ¢ Ac
S T M 7
2 C+ C 0, (57)

A B AB o

atstag a2 8

ABTACTBC T AT &%)

a5 -3 =0 (60)

Before solving the above Einstein’s field equations, we notice that if we assume that
the direction of strings parallel to % (or %), the left-hand side of Equations (56) or (57)
becomes equal A; then, from Equation (24), we obtain A = 0. So, the direction of strings
was taken in the % direction.

Because all the scale factors A, B, C that appear in the left-hand sides of Einstein’s field
Equations (56)—(60) are functions of t alone, then A and p are function of t alone.

Using the components (24) in Equation (56), we obtain d = 0. Equations (58) and (59)
give, respectively

_ y-a
A e 1
_ -

N O (¢

According to the above discussion, the only self-similar solution for a Bianchi type-II1
model (4), with a cosmological strings cloud in % direction, is

ds? = dt* — (n} (Pt + co)?dx® + n3 (Pt + co) e 2 dy* + n3dz?), (63)

Without loss of generality, if ny = np = n3 = 1 and ¢y = 0, we obtain the following
self-similar solution

ds? = di* — (pt)%dx® + (pt)2e 2%%dy? + dz?), (64)

6. Physical and Kinematical Parameters of the Obtained Solutions

To discuss the physical behavior of the obtained self-similar models given by the
metrics (45), (46), (51), (52), and (63), we find the following physical and kinematical
properties of the solutions which are very important in the discussion of cosmology.

The following are the parameters for the metric (45)

1.  The spatial volume is defined by
d
V=a’(t) = A(DB(HC(H) = (¥t +c0)" 7,
where a(t) is the average scale factor of the universe.

2. The scalar expansion, ©, is

2p+d
l[Jt—FCo.

A B C
e A2, D
O=un=2+37C
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3. The components of the shear tensor (7{ are given by

a) =0,

d
(wtﬁco B ¢t+c0)’

3'A B C
» 128 A C
d=3(F3-%¢)

1
~3
d
- ;(q)tl—ico N ¢t+co)'
1, 2d 2y
- §(¢t+co - l/Jt+c0)'

_____ p—d

11 An Ba G AB BC CApD
Gl&+ @+ @ -3 -3¢~ cal) T VBt t o)

5. The average Hubble parameter is defined as

_ 1 1, _ _ 1A B C 2+ d
HZg@Z*(Hl-l-Hz-i-Hg): 1 7)_ Yy

~ 3(Pt+cp)’

68}
+
+

aln

6.  The anisotropy parameter J of the expansion is

H; — H)Z . 3(y? +d?)

5
T (2p+d)? 3

0= 52?:1(

in which H;,i = 1,2, 3 represent the Hubble parameter in the directions of x, y, and z,
respectively.

7. Solution (46)
For the obtained solution (46), we obtain

V=a(t) = (yt)* .

29 +d
T
o) =0,
1_ 2 L1y d
_5(%7%)/
1,24 2
3 (56~ 90
p—d
V3(pt)'
2p+d
3yt '
_ 3(y? +d?)
- (2p+d)?

Lo
I

I:I:

5
=



Symmetry 2023, 15,1703

10 of 12

8. Solution (51)

For the obtained solution (51), we have
V = (pt+ ).

Q= 3¢ ,
Pt + ¢

oc=0.

="
1,l7t+C0,
2

5=—=2.
3

We notice from the above that the space-time (51) admits a time-like homothetic vector,
HO = ¢t + co, which is parallel to the four-velocity vector. This space-time is shear free, i.e.,

o = 0, and the homothetic factor ¢ = ®THO. This result agrees with the proposition given
in [44], which states that a space-time admits a time-like homothetic vector field parallel to
the unit time-like vector field u* (u”u, = 1) if and only if 0,;, = 0 and the homothetic factor
1 satisfies 1 = HTQ

9. Solution (63)
For the obtained solution (46) (if n1 = ny, = n3 = 1), we obtain

V = (pt +co)*.

e = 2y ,
Pt +co

o =0,
¥
3(1,[7t + Co) !

32
%= T30t + o)

1_ 2 _
o =05 =

10. Conclusions

This work is devoted to the study of symmetries, in particular homothetic symmetry,
of a Bianchi type-IIl model based on Riemannian geometry. We focused on this type of
symmetry because space-time admitting it is recognized as stable from the point of view of
a dynamical system; therefore, it is important from a physical point of view. For Bianchi
type-III space-time, we have shown that such space-time admits non-trivial homothetic
vector fields which possess non-null homothetic bivectors.

Exact solutions of Einstein’s equations are of great importance in understanding the
behavior of a variety of celestial phenomena. The literature abounds with many different
techniques that have been used in an attempt to obtain new exact solutions for different
configurations of matter.
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In this paper, we studied Bianchi-type III space-time (4) and attempted to obtain exact
solutions to Einstein’s field Equation (34). To do this, in addition to self-similarity symmetry,
we assumed that the matter is represented by a perfect fluid, as in Section 4, and by a cosmic
string cloud, as in Section 5. In both cases, we obtained exact self-similar solutions for the
space-time (4). Furthermore, we classified the space-time (4) under study according to
admitting a homothetic vector field. For the obtained solutions (45), (51), and (63), we have
the following: The spatial volume V increases as time increases, and it is finite when f = 0
and becomes infinite when ¢t — co. The expansion, shear, and average Hubble parameter
decrease as time increases and tends to zero as t — oo. g is a constant, that is, the expansion
® in each model is proportional to the shear o. The model (46) and (52) are began with a
big bang at t = 0 and the expansion in the model decreases as time increases. These models
have point-type singularity at t = 0. For the model (46), the energy density p — co when
t — 0and p — 0 when t — co provided (¢ + 2d — a?) # 0. The energy condition p > 0
requires that (2 + 2¢d — a?) > 0.
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