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This research paper delves into a thorough examination of the behaviour exhibited by higher dimensional Bianchi Type-I
universes, incorporating the presence of quark and strange quark matter within the framework of f(R,T') gravity. The
solutions derived for the field equations encompass both exponential volumetric expansion and power law scenarios.Under
the exponential expansion model, both the pressure (p,) and energy density (pq) associated with quark matter are initially
finite at the inception of cosmic time, gradually diminishing to zero as time progresses towards infinity. Conversely,
within the power law model, these parameters start off infinitely large at t = 0, subsequently decreasing to zero as time
approaches infinity. Furthermore, an exploration of the physical and geometrical attributes of the model is conducted.
Notably, in power law expansion models, the behaviour of strange quark matter mirrors that of quark matter concerning
pressure (p) and energy density (p). But in exponential expansion model quark pressure and strange quark pressure
behave differently. The bag constant emerges as a critical factor influencing the universe’s expansion, with observations
revealing that both pressure and energy density tend towards the bag constant at large time scales (¢ — o). Specifically,
the pressure p — — B¢ and the energy density p — B¢ as time approach infinity. The negative pressure sign denotes the
universe’s expansion during later epochs.
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1. INTRODUCTION

Modern cosmology has attracted an enormous amount of attention due to its outstanding ability to explain
the natural phenomenon of rapid expansion that takes place in the conclusive stages of the universe. As we
endeavour to explore the universe this field is establishing itself as the one that is advancing the most quickly.
An important discovery of accelerated expansion was made primarily through the analysis of type- I, supernovae
experiment performed by various researchers [1, 2, 3, 4, 5]. These investigations have produced strong evidence
revealing the universe is presently going through an accelerated expansion phase. Notably, many scientists have
made major attempts to find confirmation of dark energy an idea put forward in Einstein’s theory permeating the
universe. These researchers came to the conclusion after an exhaustive examination of observational evidence
suggesting dark energy often regarded as the primary driving force shaping the universe is characterised by
negative pressure.

Researchers in cosmology have a strong desire to learn more about how the universe functions. Albert
Einstein stands out among them for his work on the general theory of relativity which attracted a lot of curiosity
for its effectiveness in building cosmological models as well as offering insights into the development and the
formation of the universe. However, it fails to tackle a significant issue associated with modern cosmology the
late-time acceleration. As a result, several attempts to alter the theory of gravity have been established in order
to explain the current accelerated phase. To solve this constraint and offer brief explanations for the universe’s
late-time rapid expansion cosmologists have created a number of alternative theories including f(R) [6], f(T) [7]
and f(R,T) [8] theories to the general theory of relativity.

One such alternative theory that has garnered interest and motivation is the f(R,T) theory of gravity.
This theory proposed by Harko et al. in 2011 incorporates the Ricci scalar (R) and the trace of the stress-
energy tensor (7). The researchers derived the gravitational field equations in the metric formalism as well as
the equation of motion for test particles based on the covariant divergence of the stress-energy tensor. Within
this particular field, various forms of the f(R,T) function have been extensively explored and discussed by
researchers. This motivates the researchers [9, 10, 11, 12, 13| to construct various models in the context of
f(R,T) gravity.
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Considerable progress has been made in the field of f(R,T') theory of gravity using various kinds of matter.
Among these, two notable examples are quarks and strange quarks. Jokwani et al. [15] have explored locally
rotationally symmetric Bianchi-I model filled with strange quark matter in f(R,T) gravity and found that
model is shear - free at late time but remains anisotropic throughout the evolution. Pawar et al. [16] have
discussed LRS Bianchi type-V Cosmological model in f(R,T) theory of gravity and they found universe has an
initial singularity. Several authors [17, 18, 19] have explored evolution of cosmic universe by analysing Kalunza-
Klien cosmological model with strange quark matter in different theories of gravitation. Pawar et al. [20] have
obtained exact solutions of field equations with quark and strange quark matter for FRW universe in fractal
gravity with the help of assumption a fractal parameter and fractal function in the form of power law.

According to the established standard model of physics quarks are the smallest known units found within
the nuclei of atoms. However, isolating individual quarks proves challenging as they are perpetually bound
in groups of three. The family of quarks comprises six members: up (u), down (d), charm (c), strange (s),
top (t), and bottom (b) quarks, with up, down, and strange quarks being the primary types. Quarks serve as
the fundamental building blocks of particles. During an early phase transition of the universe, when the cosmic
temperature was around T ~ 200MeV it is widely accepted that a state known as quark-gluon plasma existed.
The possibility of quark matter’s existence was initially proposed in the early 1970s by Itoh [21], Bodmer [22],
and Witten [23], who suggested two pathways for its formation: the quark-hadron phase transition in the early
universe and the conversion of neutron stars into strange stars under ultrahigh densities. In theories related
to strong interaction, the concept of quark bag models assumes the occurrence of vacuum breaking within
hadrons. Consequently, a notable distinction arises between the vacuum energy densities inside and outside
a hadron leading to a significant difference in the pressure on the bag wall and the pressure exerted by the
quarks. This equilibrium stabilizes the system. The equation of state for strange quark matter based on the
phenomenological bag model of quark matter is given by p = W%B“) within this equation the bag constant (B¢)
represents the disparity between the energy density of the perturbative and non-perturbative QCD vacuum.
Here, p and p denote the energy density and thermodynamic pressure of the quark matter respectively. In
this model, quarks are treated as degenerate fermi gases existing within a region of space characterized by the
vacuum energy density (B¢) known as the bag model. Within this framework, the quark matter is composed
of massive s quarks and electrons, alongside massless u and d quarks. A simplified version of this bag model
assumed that quarks are massless and noninteracting. Therefore, we have quark pressure p, = %q, where p, is
the quark energy density. The total energy density and pressure is p = p; + B, and p = p, — B, respectively.

Mak and Harko [24] have conducted an investigation on spherically symmetric space-time in the presence
of charged strange quark matter considering conformal motion. Dixit et al. [25] have derived deterministic
solution of Kontowski-Sachs space-time with strange quark matter in f(R) gravity and they noticed that the
function f(R) satisfies the cosmological viability constraint. Sahoo and Mishra [26] have confined their work
to strange quark matter attached to string cloud in general relativity for higher dimensional Bianchi type - III
universe. Katore [27] has discussed the FRW cosmological model incorporating strange quark matter attached
to a string cloud. Santhikumar et al. [28] have discussed the properties of axially symmetric cosmological models
with strange quark matter attached to a string cloud. Katore and Shaikh [29] have discussed the properties of
axially symmetric space-time incorporate strange quark matter attached to a string cloud within the framework
of general relativity. Yilmaz et al. [30, 31] have explored the implications of quark and strange quark matter
in Bianchi type-I and V space-times within the context of f(R) theory of gravity. Additionally, they have
also investigated the presence of strange quark matter within a Robertson-Walker cosmological model using the
general theory of relativity. Adhav et al. [32] have investigated the behaviour of quark and strange quark matter
for Kantowski-Sachs cosmological model within the context of f(R) theory of gravity. Chirde and Sheikh [33]
investigated plane symmetric cosmological model with the distribution of quark and strange quark matter in
deformations of the Einstein’s theory of General Relativity. Hatkar et al. [34] have studied Bianchi-I universe
incorporating quark and strange quark matter in f(G) theory of gravity and they observed that quark matter
is transformed into strange quark matter for power law and exponential law model. Aygiin et al. [35] have
explored FRW cosmological model with quark and strange quark matter in creation field cosmology.

Furthermore, Pawar and Agrawal [36] have examined the behaviour of quark and strange quark matter
within the context of f(R,T) gravity for a plane symmetric cosmological model and they found that the mean
anisotropy parameter remains constant throughout the evolution. Pawar and Mapari [37] have explored magne-
tized strange quark matter within the Lyra geometry for a plane symmetric cosmological model, revealing that
the model remains anisotropic throughout its evolution except for the case where n = 1. Sahoo et al. [38] have
discussed magnetized strange quark matter distribution for LRS Bianchi type-I with cosmological constant A
in f(R,T) gravity. Kumbhare and Khadekar [39] have investigated higher dimensional spherically symmetric
space time with magnetized quark and strange quark matter admitting conformal motion. Nagpal et al. [40]
have explored the FLRW cosmological model incorporating magnetized quark matter and strange quark mat-
ter within the framework of f(R,T) theory of gravity.

Chirde and Shekh [41] have investigated a plane symmetric dark energy model represented by a wet dark
fluid incorporating f(R,T) gravity. The precise solution of LRS Bianchi type-I spacetime with strange quark
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matter and variable cosmological term A in the context of f(R,T) theory of gravity has discussed by Singh
and Beesham [42]. Khadekar and Shelote [43] have analysed Kalunza-Klein cosmological model with Quark
and Strange Quark matter. Aygiin et al. [44] have investigated higher dimensional FRW universe in presence
of quark and strange quark matter for cloud string with perfect fluid in Lyra geometry. They obtained that
cloud of string with perfect fluid is non-existent for higher dimensional FRW universe. Aygiin et al. [45]
examined Marder’s universe with strange quark matter in f(R,T) gravity. Pawar et al. [46] investigated
interacting field model for plane symmetric universe with cosmological constant in the framework of f(R,T)
theory. Krishna et al. [47]have studied plane symmetric cosmological model with bulk viscous and cosmic strings
in Lyra’s geometry and they observed inflation phase. Mete et al. [48] have delved into higher dimensional
plane symmetric cosmological models featuring two fluid sources within the realm of general relativity. Thakre
et al. [49] analysed higher dimensional plane symmetric cosmological model with quadratic equation of state
in f(R,T) gravity. Plane symmetric inflationary models play a crucial role in the formation of the universe’s
structure and are of significant astrophysical interest. While the present state of the universe exhibits overall
spherical symmetry and isotropy its early stages of evolution did not possess such a smoothed-out characteristic.
Hence, we consider the less restrictive plane symmetry, allowing for deviations from isotropy.

Furthermore, the objective of this study is to explore a higher dimensional Bianchi type I cosmological
model incorporating quark and strange quark matter within the framework of f(R,T) theory of gravity. The
paper is structured as follows: Section 1 provides an introduction to the research topic, while Section 2 presents
the general framework of f(R,T') gravity. In Section 3, we have studied the metric and the field equations for
quark and strange quark matter within the context of f(R,T) gravity. Furthermore, in Section 4, we obtained
the solutions of field equation by considering power law model and exponential expansion model. In section 5,
we explored the results that were obtained in the preceding section. It is important to note that our investigation
builds upon the previous works conducted by [36].

2. GRAVITATIONAL FIELD EQUATIONS OF f(R,T) GRAVITY

The f(R,T) theory of gravity [8] is proposed by Harko et al. (2011) which is the modification of General
Relativity. In this theory, the gravitational action is given by the following equation:

s = ﬁ/f(R7T)\/?gd5x+/Lm\/fgd5w (1)

where f(R,T) is an arbitrary function of Ricci scalar R and trace T of energy momentum tensor of matter T;;.
L,, is the matter Lagrangian density. The energy momentum tensor T;; can be stated as

_ 2 0(V/—gLw)
o8 = =725 g @

In simpler terms, the f(R,T) theory proposes a modified version of General Relativity that considers
additional terms involving the Ricci scalar, trace of the energy-momentum tensor, and matter Lagrangian
density. These modifications are incorporated into the gravitational action to describe the behavior of gravity
in a different manner than predicted by General Relativity. On varying the action with respect to metric tensor
gij, the field equations of f(R,T) gravity are obtained as

frer.1)Rep — %f(R, T)grs — [R(R.T) (ViVp — gip0) = 81T,p — fr(R,T) (Thp + Orp) (3)
where,
O = —2T0p + GrpLm — zglk% (4)
Here
frR(R,T) = %7]%(1%7 T)= %, O=V"V, (5)

where V,, is the co-variant derivative. Now Contraction of equation (4) gives

where 6 = 0% equation (5) gives relation between Ricci Scalar R& the trace T of energy momentum tensor. In
the present study, we assume that the stress energy tensor of matter is given by,

Tip = (p+ p)usup — pgnp (7)
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where five-velocity vector u,, = (1,0,0,0,0,0) and satisfies the conditions, u.,u” = 1 and u*Vgu,, = 0.p indicates
energy density and p indicates pressure of the matter. Here the matter Lagrangian is assumed as L,, = —p.
Therefore equation (4) becomes

9&6 = —PGkp — 2Tnﬁ (8)

The f(R,T) theory of gravity takes into account the presence of matter fields, and as a result, various
theoretical models can be formulated based on different types of matter. Three distinct functional forms of
f(R,T) gravity is described below

R+ 2f(T)
f(R,T) = f1(R) + f2(T) 9)
J1(R) + f2(R) f3(T)

In this paper we are going to focus on the case, f(R,T) = R+ 2f(T') where, f(T) is an arbitrary function
of stress energy tensor of matter and given by f(T) = AT where A is a constant. In this particular case, the field
equations take the form

Rus — 508 R = 87T + 2f(T)Tos + [F(T) + 2P (7)) (10)

where, an overhead dot denotes differentiation with respect to the argument 7T'.

3. METRIC AND FIELD EQUATIONS
Higher dimensional Bianchi type -I universe given by
ds* = dt* — A? (da® + dy*) — B*dz* — C*dw? (11)

where A, B, C are metric potentials which are functions of cosmic time ¢ and fifth coordinate is taken as
space-like. The energy momentum tensor for quark is defined as

uark
T8 ™ = (p+ p)unug — pges
or .
T/i%uar ) = dla(p7 —pP, =P, =P, _p) (12)

where p = pg + B, is quark matter total energy density and p = p, — B, is the quark matter total pressure and
u,, is the five velocity such that u,u” =1 The FoS parameter for quark matter is defined as

pg=wp; 0<w<1 (13)
Also, the linear equation of state for strange quark matter is

=w(p—po) (14)

where pg is the energy density when pressure p is zero and w is a constant. when w = % and p, = 4B, the above
linear equation of state is reduced to the following equation

p—4Bc¢

; (15)

p =
where B, denotes the bag constant. In co-moving co-ordinate system, the field equation (10) for metric (11)
with the help of equation (12) can be written as

A B ¢ AB AC BC
AT BTt ap T ac T o~ Pe Be Mgt 5B —dpg) (19

A AC A C
2A+2AC+<A> +6:pq_Bc_>\(pq+5BC_4p‘J) (17)
A B A AB
2A+B+<A> 254 = Pa~ Be= Alpg +58: — dp,) ()

AB _AC BC A
25 ol - 4 4 i

2
15 20 T Bo ) = —pg — B. — X(3pg + 5B. — 2pg) (19)
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Dynamical parameters for Bianchi type-I are defined as follows :
Average scale factor

Bl

a(t) = (A*BO)
Spatial volume V is defined as
V = A’BC
The directional Hubble parameters

A B C
Hy=Hy= 7 H. =2 Ho = & (20)

1( A B C

where H;(i = 1,2, 3,4) represent the directional parameters.
Dynamical scalar expansion 6 is given by,

A B C
O=dH =27+ 5+ 5 (23)

The Shear Scalar is given by

>~

0'2:

N | =

4
H? — 40| = ~AH? (24)
i=1 ' 2

qjt@) 1 (25)

The positive sign of q corresponds to standard decelerating model, whereas the negative sign accelerated ex-
pansion.

The deceleration parameter q is defined by

4. SOLUTION OF THE FIELD EQUATIONS
Subtracting equation (17) from equation (16), we get

dfA_By (A_B\V_,
it\A B A B)V "™

% — el exp {dl / Cﬂ (26)

Subtracting equation (18) from equation (17), we get

which on integration gives

which on integration gives

5w [dQ / Cﬂ (27)

Subtracting equation (18) from equation (16)

dfA_c)y (A_c\V _,
dt\A C A C|)V
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g — esexp [d3 / C‘lft] (28)

where ¢, co,c3 and dy, do, d3 are constant of integration which satisfies the relation c3 = cyco and ds = ds + d;
In the view of V = A?BC, we write metric potentials in explicit form

which on integration gives

1 [ dt

A= C1VZ exp D1 V (29)
1 [ dt

B = 02V4 exp D2 V (30)
- dt

C = Ogvi exp D3 V (3].)

where C;(i = 1,2,3) and D;(i = 1,2,3) which satisfies the relation C12C5C5 = 1 and 2D;+ Dy + D3 =0
Since we have set of four equations (16),(17),(18), (19) with five unknown which are highly nonlinear.
Therefore, to solve the system completely we required additional condition. Here we used two different volu-
metric expansion law
V = a;e*®t (Exponential Expansion) (32)

and
V = a;t*" (Power Law Expansion) (33)

where a1, 81, n are positive constants.

4.1. Model for Exponential Law
The exponential expansion of volume factor is

V= alewlt

Using the equation (31) in (28)- (30), the scale factor obtained as follows:

1 —D,
A= Cron M exp [ ——-e 4 34
104146 exp <4a1ﬂ16 (34)
1 —Dy _
B = Chateht 2 giput 35
hatelt exp 4@1516 (35)
1 -D
C = Caadebrt 3 bt 36
30 et exp <4a1ﬁ1 e (36)

where C1, Cs, Cs are the constant of integration.
It must be stated that, the metric potentials accept constant value at initial time, after which they evolve
with time without a singularity and eventually diverge to infinity.

The directional Hubble parameter H, = H,, H,, H,, are given as

D
H, = H, = + —e 't (37)
aq
D
H, =1+ e % (38)
a1
D
Hy = fy+ e 2 (39)
aq
Mean Hubble parameter H is given by
H=7p (40)

Anisotropy parameter of the expansion is
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Where p2 = 2D,2 + Dy? 4+ D3>
Dynamical scalar is given by

0 =4H = 45, (42)

The Dynamical scalar is constant throughout the evolution Shear scalar

2

2 H
o= ——— (43)
2 (Vyetht)?
The deceleration parameter
d (1
=1 ( H) (44)
In the context of the exponential expansion model when deceleration parameter ¢ = —1 and % =0it

signifies the most optimal value for the decelerating parameter. This optimal value indicates that the universe is
undergoing acceleration, experiencing the fastest possible rate of expansion. The value of anisotropic parameter
shows anisotropic universe, but for large time it approaches to isotropic Universe. Additionally, when the
anisotropic parameter exhibits a particular value, it suggests an anisotropic universe meaning that the universe
appears uniform and consistent in all directions. on subtracting equation (19) from (18), we get,

A B _AC BC
224'5—2@—%—(%4',%)(14'2/\) (45)

Substituting the values metric potentials, A, B, C from equation (34) (35) and (36) also by using equation of

state (13) for w = %, we obtained quark pressure as follows,

gy 2
(<o) [2D1% + Do? = 2D1 Dy — Da Dy

a1

= 46
Pa A(1+2)) (46)
The quark matter density is given as
—aByt\ 2 2 2
(<52)" [2D1% + Ds? — 2D Dy — D3y
= 47
Pa 12(1+ 2)) (47)
Using equation (34), (35),(36) in equation(45) with the help of equation of state in equation (13) for w = %, the
pressure and energy density of strange quark matter is found to be,
e—am1t\ 2 2 2
(<2)" [2D1% + D;* — 2Dy Dy — D2 Dy . 18
P= A1+ 2N —re (48)
—aBit)\ 2 9 9
(e - ) [2D1% + Dy? — 2Dy D3 — Dy D3]

12(1+2))



28
EEJP.2(2024)

R.V. Mapari, et al.

B L —
Hx, Hy: q1=-1
o | Hz, Hw! q2=q3=1
o | \
5 b \
- -
s
Rl = \
&~ ~
[}
g —
- ——
— /
S0 | /
0o
S
Lol /
o
< =
IS /
N
.
. I IR N NN (NN NN S B
o] 0.2 0.4 0.6 0.8 1

Cosmic time t

Figure 1. Directional Hubble Parameter Vs Cosmic
time ¢ for ﬁl,Dz,D3,0J1 = laDl = —1.

0.12

0.08 0.1
I
—

Quark density
0.06
T
/

0.04

-\

0.02
T

\

AN

° L1

[T e N

0 01 02 03 04 05 06 07 08 09

Cosmic time t

Figure 3. Quark density Vs Cosmic time ¢

for 617041,D2,D3,)\ = 17D1 =-1

1

0.9

0.8

anisotropic parmeter
02 0 04 05 06 07
T T T T |/
— _—
/
/

N

|t

o

0 01 02 03 04 05 06 07 08 0.9

cosmic time t

Figure 2. Anisotropic Parameter Vs Cosmic time ¢

for 615V17D23D3 = 1,D1 =—1.

1

2.7

Quark pressure
0.3 0.6 0.9 1.2 1.5 1.8 21 2.4
T T T T T T L —
/
— a—
/
/

N~

o T— |

al

0 01 02 03 04 05 06 07 08 09

Cosmic time t

1

Figure 4. Quark Pressure Vs Cosmic time ¢

for Bl,al,Dg,Dg,)\ = 17D1 =—1.



29
Behaviour of Quark and Strange Quark Matter for Higher Dimensional... EEJP.2(2024)

1.12

-0.65

1.08 11
T L
— a—
| |
0.75 -0.7
| =
i (S—

0.85
|
 a
1

strange quark density
1.06
T
a—
1
strange quark pressure
0.8
T
—
1

1.02 1.04

1 1

//

1 1
0.95 0.9
|

//
|

- L1 Sy 1 - I T T M, S S RN N
0 01 02 03 04 05 06 0.7 08 09 1 0 0.1 02 03 04 05 06 0.7 0.8 09 1
cosmic time t cosmic time t
Figure 5. Strange Quark density Vs Cosmic time ¢ Figure 6. Strange Quark pressure Vs Cosmic time ¢
for 617a17D27D37)\aBC = 15 Dl =-1 for BlaalaDQaD?ﬂ)‘)Bc = 17 Dl =-1

4.2. Model for Power Law Expansion
Here, a power law volumetric expansion is given by

V= a1t4"

Using the Equation (33)in (29)- (31), the scale factor obtained as follows:

1 "D1 t1—4n b
A= " —

Ciaft™exp oy 1= dn) (50)

% " 'D2 t1—4n 7]
= —_— 1
B = Cyait" exp o 1] (51)

1 _Dg th—4n ]
C = Czaft" — 52
30 exp e 1 4’[’L_ ( )

At initial time ¢t = 0, all the metric potentials are vanishing and finally they diverge to infinity as ¢ — oco. Thus,
the model compatible with a big bang model.
The directional Hubble parameter H, = H,, H ., H,, are given as

H,=H,=— 53
Yt aptin (53)

n D2
H,=-— 54
z t O[lt4n ( )

n D3
H, =— 55
t a1t4" ( )

Mean Hubble parameter H is given by

H— % (56)

Anisotropy parameter of the expansion is

H; — H\? 112
o[£ ()] s

i=1
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where p? = 2D? + Dy? + Ds?
Dynamical scalar is given by

0=4H = — (58)
Shear scalar is given by

T 202tin (59)
It is noticed that at initial time ¢ = 0 the Hubble parameter H, dynamical scalar expansion 6 starts with infinite
value and finally tends to zero as t — oo. Deceleration parameter q is given by,

1
==--1 60
¢= (60)
For n > 1 the deceleration parameter is always negative which represent the accelerating universe. Substituting
the values metric potentials, A, B, C from equations(50) (51) and (52) in equation (45) also by using equation

(13) for w = %, we obtained quark pressure as follows,

(2D12+D22*2D1D3*D2D3 ) _ 3n

(a1t4")2 t2
Pa A1 +2X) (61)
The quark matter density is given as
(2D12+D22—2D1§)3—D2D3) _3n
(artm) 2
Pq = : (62)

12(1 4 2))

Using equation (50),(51), (52) in equation (45) with the help of equation of state in equation (13) for w = £,
the pressure and energy density of strange quark matter as follows,

(2D12+D22—2D1D3—D2D3) _ 3n

(a1t4)2 t2
= B, 63
P 12(1 1 2V * (63)
<2D12+D22*2D1D3*D2D3) _ 3n
a1 12)2 2
p= (01t?) v B. (64)
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In this work, we have explored the higher dimensional plane symmetric cosmological model with quark and
strange quark matter in the context of f(R,T) gravity theory. We have obtained the exact solutions of field
equations by assuming two different volumetric expansion laws namely, exponential expansion and power-law
expansion.

In exponential expansion model

e The metric potentials accept constant value at initial time, after which they evolve with time without
a singularity and eventually diverge to infinity. This result compatible with big bang scenario bear
resemblance to [41].
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e From Figure 1 and equations ((37), (38), (39)) represent that at initial epoch the directional Hubble
parameters are finite whereas gradually decreases to constant 51 as time tends to infinity.

e From equation (41), the mean anisotropy parameter shows a constant value at initial epoch, while as
time increases the anisotropy parameter exponentially to null. Thus, universe approaches isotropy in this
model as shown in Figure. 2.

e From equation (42), Dynamical scalar 6 exhibits constant value throughout the evolution which shows
uniform exponential expansion i.e., universe expands homogeneously as time ¢ increases from initial epoch
to infinity.

e From equation (43), Shear scalar measures constant value at t = 0 while vanish as t — oc.

e From equation (44), The deceleration parameter ¢ = —1 represents universe is accelerating with highest
rate which is in good agreement with present day observation.

e From equation (46) and (47) the pressure p, and energy density p, for the quark matter are finite in
beginning of cosmic time and gradually decrease to zero as time tends to infinity as shown in Figure 3
and Figure 4. This result agreed with [36].

e The energy density (p,) of strange quark matter exhibits the same behavior as quark matter. However,
the difference in p values compared to p, is attributed to the inclusion of an extra term, the bag constant
B, in equation (49). Notably, while the quark pressure (p,) shows a positive value, the strange quark
pressure (p) is observed to be negative for the same constant values (refer to Figure 5 and Figure 6).

In power law expansion model

e The metric potentials vanish at initial time ¢ = 0 and eventually they diverge to infinity as ¢ — co. thus,
the model compatible with a big bang model and has a initial singularity.

e The directional Hubble parameter are diverging at initial epoch and as the time tends to infinity, they
approach to zero monotonically, from Figure 7.Also, Hubble parameter is decreasing as time increases and
agreed with the results of [50].

e From equation (57) and Figure 8, mean anisotropic parameter decreases with time and tends to zero as
time tends to infinity. Which shows that at early stage of evolution universe was anisotropic and at large
time it approaches to isotropy.

e At initial epoch the directional Hubble parameter H, dynamical scalar expansion €, mean anisotropic
parameter, shear scalar starts with infinite value and finally tends to zero as t — oo. This suggest that
in the initial phase of universe, the expansion of the model is notably rapid and progressively decreases
over time. This observation indicates that universe evolution began with exceptionally rapid expansion
and subsequently moderated as it continues to expand. i.e., it decreases with the expansion of universe.

e For the value n > 1, the deceleration parameter shows negative value which indicates that universe
undergoes accelerated expansion while the positive value of decelerating parameter shows decelerating
model from equation (60).

e From equation (61) and (62) the pressure p, and energy density p, for the quark matter are infinitely
large as ¢ = 0 and it gradually decrease to zero as ¢ — oo shown in Figure 9 and Figure 10. This result
agreed with [51].

e The pressure (p) and energy density (p) of strange quark matter exhibit behaviour similar to quark matter.
The difference in p and p values compared to p, andp, is attributed to the inclusion of an extra term, the
bag constant, in equation (63) and (64). Also, we have observed the shifting of graph in Figure 11 and
Figure 12 because of additional term Bag constantB..

In both the model, the pressure p and energy density p of strange quark matter behave same as quark
matter. The bag constant plays a vital role in the expansion of universe. We observed that the pressure and
energy density approaches to bag constant for large time (t — oco) energy density. In particular, pressure p —
—B. and energy density p — B, as t — co. Negative sign for pressure indicates the expansion of the universe
in late time [42].

Finally, exact solutions introduced in this section might be valuable for better comprehension of develop-
ment of the universe.
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IIOBEAIHKA KBAPKA TA ,Z[I/IBHOT KBAPKOBOI MATEPIi AJId BCECBITY
BUIIIOT'O BUMIPY TUIIY B’IHKI-1I Y f(R,T) FPABITAI_HT
P.B. Manapi?®, C.C.Takpe”, B.A. Txakape®
¢ enapmamenm mamemamuru, Jepocasnuli nayrosut xoaedoic, Ladwipoai (M.C.), India - 442605
® Menapmamenm mamemamurxu, Hesaneocnuds morodwuts xoredoc, Ampasami (M.S.), Indis - 444604
¢ enapmamenm mamemamuru, Shri Shivaji Science, Amravati (M.S.) - 444604 India

Ila gocaimauibKa CTATTS NPUCBAYEHA PETEILHOMY JOC/IIIZKEHHIO MOBEIIHKY, IKY JIeMOHCTPYIOTh BcecBiTu Tuiy B’amki
y BHIIKX BuMmipax Tuiy I, BK/IIOYa09M NPUCYTHICTD KBapKa Ta AMBHOI KBAPKOBOI marepii B pamkax rpasitauii f(R,T).
Pimterss, orpuMaHi [1UTst piBHSHHS IIOJIsS OXOIUIIOIOTE CIIEHAPIl K €KCITOHEHIIIHHOT0 00’ €MHOTO PO3NINPEHHS, TaK 1 CIieHa-
plIO CTEnmeneBoro 3akoHy. BiamoBimHO MO0 MOmENi eKCIIOHEHIIAIbHOTO PO3IMUPEHHAs IK THUCK (Dg), TaK 1 MIIBHICTD eHepril
(pq), MOB’A3aHI 3 KBAPKOBOIO MATEPIEI0, IOIATKOBO CKIHIEHH] HA MOYATKY KOCMIMHOTO 9acCy, MOCTYIOBO 3MEHIIYIOIUCh /10
HyJIsl, KOJIM 9aC TIPOCYBAETHCS JI0 HECKIHIeHHOCTI. | HaBIMaKu, y MO/esii CTEITeHeBOr0 3aKOHY ITi TapaMeTPH ITOYNHAIOTHCS
HeCKiH4YeHHO BeaukuMu mpu t = (. 3roI0M 3MEHIIYOThCA 10 HyJIsA, KOJIN Yac HAO/IMKAETHCA N0 HecKindeHHOCTI. Kpim
TOrO, LIPOBOAMUTHLCH J0C/i/KeHHs (izuuHux 1 reomerpuanux arpubyris Mmouesi. 30KpeMa, y MOAE/IAX PO3IIUPEHHS 3a
CTeIeHeBNM 3aKOHOM TIOBEJIHKA JAMBHOI KBapKOBOI MarTepii BimoOparkae MOBeAiHKY KBapKOBOI MaTepil momo Tucky (p) i
ryctuan eHeprii (p). Ajie B MOZe/Ii €KCIIOHEHTIAIHHOTO PO3IMIUPEHHST TUCK KBAPKIB I THCK JUBHAX KBAPKIB IMOBOIUTHCS
mo-piznomy. Komcranra bag crae kpurwaanmM (GaxTopoM, II0 BIUIMBAE HA po3mupeHHst Beecsity, 1 criocrepeskeHHsT TIOKa-
3YIOTb, O | TUCK, 1 NIIBHICTG €Heprii MATh TEHJEHIHIO 0 KOHCTAHTH bag y BeIWKuX 9acoBmx Macmrabax (t — 0o).
Bokpema, Tuck p — — B¢ 1 mibHicTh enepril p — Be y Mipy HabiimkeHHsi 9acy J10 HECKIHYEHHOCTi. 3HAK HEraTHUBHOIO
TUCKY BKa3y€ Ha PO3IIUPEHHsS BcecBiTy MpoTAroM Mmi3HIMAUX €IoX.

Kuiro4oBi cioBa: xsapk 1 dusHa keapkosa mamepisa; nocmitinag bag; Beecsim euwozo eumipy Bvanxi muny I; f(R,T)
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