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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 �eld equations encompass both exponential volumetric expansion and power law scenarios.Under
the exponential expansion model, both the pressure (pq) and energy density (ρq) associated with quark matter are initially
�nite at the inception of cosmic time, gradually diminishing to zero as time progresses towards in�nity. Conversely,
within the power law model, these parameters start o� in�nitely large at t = 0, subsequently decreasing to zero as time
approaches in�nity. 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 (ρ). But in exponential expansion model quark pressure and strange quark pressure
behave di�erently. The bag constant emerges as a critical factor in�uencing the universe's expansion, with observations
revealing that both pressure and energy density tend towards the bag constant at large time scales (t → ∞). Speci�cally,
the pressure p → −BC and the energy density ρ → BC as time approach in�nity.The negative pressure sign denotes the
universe's expansion during later epochs.

Keywords: Quark and Strange quark matter; Bag constant; Higher dimensional Bianchi Type-I universe; f(R, T ) gravity
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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 �eld 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- Ia 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 �nd con�rmation 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 e�ectiveness in building cosmological models as well as o�ering insights into the development and the
formation of the universe. However, it fails to tackle a signi�cant 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 o�er 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 (T ). The researchers derived the gravitational �eld 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 �eld, 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 �eld 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 �lled 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 di�erent theories of gravitation. Pawar et al. [20] have
obtained exact solutions of �eld 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 signi�cant di�erence 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 = (ρ−4Bc)
3 within this equation the bag constant (BC)

represents the disparity between the energy density of the perturbative and non-perturbative QCD vacuum.
Here, ρ 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 (BC) 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 simpli�ed version of this bag model
assumed that quarks are massless and noninteracting. Therefore, we have quark pressure pq =

ρq

3 , where ρq is
the quark energy density. The total energy density and pressure is ρ = ρq +Bc and p = pq −Bc 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) satis�es the cosmological viability constraint. Sahoo and Mishra [26] have con�ned 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. Aygün et al. [35] have
explored FRW cosmological model with quark and strange quark matter in creation �eld 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 Λ
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
�uid 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 Λ 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. Aygün et al. [44] have investigated higher dimensional FRW universe in presence
of quark and strange quark matter for cloud string with perfect �uid in Lyra geometry. They obtained that
cloud of string with perfect �uid is non-existent for higher dimensional FRW universe. Aygün et al. [45]
examined Marder's universe with strange quark matter in f(R, T ) gravity. Pawar et al. [46] investigated
interacting �eld 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 in�ation phase. Mete et al. [48] have delved into higher dimensional
plane symmetric cosmological models featuring two �uid 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 in�ationary models play a crucial role in the formation of the universe's
structure and are of signi�cant 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 �eld equations for
quark and strange quark matter within the context of f(R, T ) gravity. Furthermore, in Section 4, we obtained
the solutions of �eld 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 modi�cation of General
Relativity. In this theory, the gravitational action is given by the following equation:

s =
1

16πG

∫
f(R, T )

√
−gd5x+

∫
Lm

√
−gd5x (1)

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

Tκβ = − 2√
−g

∂ (
√
−gLm)

∂gκβ
(2)

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

fR(R,T )Rκβ − 1

2
f(R, T )gκβ − fR(R, T ) (∇κ∇β − gκβ□) = 8πTκβ − fT (R, T ) (Tκβ + θκβ) (3)

where,

θκβ = −2Tκβ + gκβLm − 2glk
∂2Lm

∂gκβ∂glα
(4)

Here

fR(R, T ) =
∂f(R, T )

∂R
, fT (R, T ) =

∂f(R, T )

∂T
,□ = ∇κ∇κ (5)

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

fR(R, T )R+ 3□fR(R, T )− 2f(R, T ) = 8πT − fT (R, T )(T + θ) (6)

where θ = θκκ 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,

Tκβ = (ρ+ p)uκuβ − pgκβ (7)
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where �ve-velocity vector uκ = (1, 0, 0, 0, 0, 0) and satis�es the conditions, uκu
κ = 1 and uκ∇βuκ = 0.ρ indicates

energy density and p indicates pressure of the matter. Here the matter Lagrangian is assumed as Lm = −p.
Therefore equation (4) becomes

θκβ = −pgκβ − 2Tκβ (8)

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

f(R, T ) =

 R+ 2f(T )
f1(R) + f2(T )

f1(R) + f2(R)f3(T )
(9)

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 byf(T ) = λT where λ is a constant. In this particular case, the �eld
equations take the form

Rκβ − 1

2
gκβR = 8πTκβ + 2ḟ(T )Tκβ + [f(T ) + 2P ḟ(T )]gκβ (10)

where, an overhead dot denotes di�erentiation with respect to the argument T .

3. METRIC AND FIELD EQUATIONS

Higher dimensional Bianchi type -I universe given by

ds2 = dt2 −A2
(
dx2 + dy2

)
−B2dz2 − C2dω2 (11)

where A, B, C are metric potentials which are functions of cosmic time t and �fth coordinate is taken as
space-like. The energy momentum tensor for quark is de�ned as

T
(quark)
κβ = (ρ+ p)uκuβ − pgκβ

or
T

(quark)
κβ = dia(ρ,−p,−p,−p,−p) (12)

where ρ = ρq +Bc is quark matter total energy density and p = pq −Bc is the quark matter total pressure and
uκ is the �ve velocity such that uκu

κ = 1 The EoS parameter for quark matter is de�ned as

pq = ωρq 0 ≤ ω ≤ 1 (13)

Also, the linear equation of state for strange quark matter is

p = ω (ρ− ρo) (14)

where ρ0 is the energy density when pressure p is zero and ω is a constant. when ω = 1
3 and ρo = 4Bc the above

linear equation of state is reduced to the following equation

p =
ρ− 4BC

3
(15)

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

Ȧ

A
+

B̈

B
+

C̈

C
+

ȦḂ

AB
+

ȦĊ

AC
+

ḂĊ

BC
= pq −Bc − λ (ρq + 5Bc − 4pq) (16)

2
Ä

A
+ 2

ȦĊ

AC
+

(
Ȧ

A

)2

+
C̈

C
= pq −Bc − λ (ρq + 5Bc − 4pq) (17)

2
Ä

A
+

B̈

B
+

(
Ȧ

A

)2

+ 2
ȦḂ

AB
= pq −Bc − λ (ρq + 5Bc − 4pq) (18)

2
ȦḂ

AB
+ 2

ȦĊ

AC
+

ḂĊ

BC
+

(
Ȧ

A

)2

= −ρq −Bc − λ (3ρq + 5Bc − 2pq) (19)
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Dynamical parameters for Bianchi type-I are de�ned as follows :
Average scale factor

a(t) =
(
A2BC

) 1
4

Spatial volume V is de�ned as
V = A2BC

The directional Hubble parameters

Hx = Hy =
Ȧ

A
,Hz =

Ḃ

B
,Hω =

Ċ

C
(20)

The generalized average Hubble's parameter H is de�ned as

H =
1

4

(
2
Ȧ

A
+

Ḃ

B
+

Ċ

C

)
(21)

The mean anisotropic parameter is de�ned as

∆ =
1

4

4∑
i=1

(
Hi−H

H

)2

(22)

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

θ = 4H = 2
Ȧ

A
+

Ḃ

B
+

Ċ

C
(23)

The Shear Scalar is given by

σ2 =
1

2

(
4∑

i=1

H2
i − 4H2

)
=

4

2
AH2 (24)

The deceleration parameter q is de�ned by

q =
d

dt

(
1

H

)
− 1 (25)

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

4. SOLUTION OF THE FIELD EQUATIONS

Subtracting equation (17) from equation (16), we get

d

dt

(
Ȧ

A
− Ḃ

B

)
+

(
Ȧ

A
− Ḃ

B

)
V̇

V
= 0

which on integration gives
A

B
= c1 exp

[
d1

∫
dt

V

]
(26)

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

d

dt

(
Ḃ

B
− Ċ

C

)
+

(
Ḃ

B
− Ċ

C

)
V̇

V
= 0

which on integration gives
B

C
= c2 exp

[
d2

∫
dt

V

]
(27)

Subtracting equation (18) from equation (16)

d

dt

(
Ȧ

A
− Ċ

C

)
+

(
Ȧ

A
− Ċ

C

)
V̇

V
= 0
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which on integration gives
A

C
= c3 exp

[
d3

∫
dt

V

]
(28)

where c1, c2, c3 and d1, d2, d3 are constant of integration which satis�es the relation c3 = c1c2 and d3 = d2 + d1
In the view of V = A2BC, we write metric potentials in explicit form

A = C1V
1
4 exp

[
D1

∫
dt

V

]
(29)

B = C2V
1
4 exp

[
D2

∫
dt

V

]
(30)

C = C3V
1
4 exp

[
D3

∫
dt

V

]
(31)

where Ci(i = 1, 2, 3) and Di(i = 1, 2, 3) which satis�es the relation C1
2C2C3 = 1 and 2D1+ D2 +D3 = 0

Since we have set of four equations (16),(17),(18), (19) with �ve unknown which are highly nonlinear.
Therefore, to solve the system completely we required additional condition. Here we used two di�erent volu-
metric expansion law

V = α1e
4β1t (Exponential Expansion) (32)

and
V = α1t

4n (Power Law Expansion) (33)

where α1, β1, n are positive constants.

4.1. Model for Exponential Law

The exponential expansion of volume factor is

V = α1e
4β1t

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

A = C1α1
1

4
eβ1t exp

(
−D1

4α1β1
e−4β1t

)
(34)

B = C2α
1
4 eβ1t exp

(
−D2

4α1β1
e−4β1t

)
(35)

C = C3α
1
4
1 e

β1t exp

(
−D3

4α1β1
e−4β1t

)
(36)

where C1, C2, C3 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 in�nity.

The directional Hubble parameter Hx = Hy, Hz, Hω are given as

Hx = Hy = β1 +
D1

α1
e−4β1t (37)

Hz = β1 +
D2

α1
e−4β1t (38)

Hω = β1 +
D3

α1
e−4β1t (39)

Mean Hubble parameter H is given by
H = β1 (40)

Anisotropy parameter of the expansion is

∆ =
µ2

4β1
2 (V1e4β1t)

2 (41)
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Where µ2 = 2D1
2 +D2

2 +D3
2

Dynamical scalar is given by

θ = 4H = 4β1 (42)

The Dynamical scalar is constant throughout the evolution Shear scalar

σ2 =
µ2

2 (V1e4β1t)
2 (43)

The deceleration parameter

q =
d

dt

(
1

H

)
− 1 = −1 (44)

In the context of the exponential expansion model when deceleration parameter q = −1 and dH
dt = 0 it

signi�es 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,

2
Ä

A
+

B̈

B
− 2

ȦĊ

AC
− ḂĊ

BC
= (pq + ρq) (1 + 2λ) (45)

Substituting the values metric potentials, A, B, C from equation (34) (35) and (36) also by using equation of
state (13) for ω = 1

3 , we obtained quark pressure as follows,

pq =

(
e−4β1t

α1

)2 [
2D1

2 +D2
2 − 2D1D3 −D2D3

]
4(1 + 2λ)

(46)

The quark matter density is given as

ρq =

(
e−4B1t

α1

)2 [
2D1

2 +D2
2 − 2D1D3 −D2D3

]
12(1 + 2λ)

(47)

Using equation (34), (35),(36) in equation(45) with the help of equation of state in equation (13) for ω = 1
3 , the

pressure and energy density of strange quark matter is found to be,

p =

(
e−4β1t

α1

)2 [
2D1

2 +D2
2 − 2D1D3 −D2D3

]
4(1 + 2λ)

−BC (48)

ρ =

(
e−4B1t

α1

)2 [
2D1

2 +D2
2 − 2D1D3 −D2D3

]
12(1 + 2λ)

+Bc (49)
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Figure 1. Directional Hubble Parameter Vs Cosmic
time t for β1, D2, D3, α1 = 1, D1 = −1.

Figure 2. Anisotropic Parameter Vs Cosmic time t
for β1, V1, D2, D3 = 1, D1 = −1.

Figure 3. Quark density Vs Cosmic time t
for β1, α1, D2, D3, λ = 1, D1 = −1

Figure 4. Quark Pressure Vs Cosmic time t
for β1, α1, D2, D3, λ = 1, D1 = −1.
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Figure 5. Strange Quark density Vs Cosmic time t
for β1, α1, D2, D3, λ,Bc = 1, D1 = −1.

Figure 6. Strange Quark pressure Vs Cosmic time t
for β1, α1, D2, D3, λ,Bc = 1, D1 = −1.

4.2. Model for Power Law Expansion

Here, a power law volumetric expansion is given by

V = α1t
4n

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

A = C1α
1
4
1 t

n exp

[
D1

α1

t1−4n

1− 4n

]
(50)

B = C2α
1
4
1 t

n exp

[
D2

α1

t1−4n

1− 4n

]
(51)

C = C3α
1
4
1 t

n exp

[
D3

α1

t1−4n

1− 4n

]
(52)

At initial time t = 0, all the metric potentials are vanishing and �nally they diverge to in�nity as t → ∞. Thus,
the model compatible with a big bang model.
The directional Hubble parameter Hx = Hy, Hz, Hω are given as

Hx = Hy =
n

t
+

D1

α1t4n
(53)

Hz =
n

t
+

D2

α1t4n
(54)

Hω =
n

t
+

D3

α1t4n
(55)

Mean Hubble parameter H is given by

H =
n

t
(56)

Anisotropy parameter of the expansion is

∆ =

[
4∑

i=1

(
Hi −H

H

)2
]
=

µ2

4n2α2
1t

2(2n−1)
(57)
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where µ2 = 2D2
1 +D2

2 +D3
2

Dynamical scalar is given by

θ = 4H =
4n

t
(58)

Shear scalar is given by

σ2 =
µ2

2α2
1t

4n
(59)

It is noticed that at initial time t = 0 the Hubble parameter H, dynamical scalar expansion θ starts with in�nite
value and �nally tends to zero as t → ∞. Deceleration parameter q is given by,

q =
1

n
− 1 (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 ω = 1

3 , we obtained quark pressure as follows,

pq =

(
2D1

2+D2
2−2D1D3−D2D3

(α1t4n)
2

)
− 3n

t2

4(1 + 2λ)
(61)

The quark matter density is given as

ρq =

(
2D1

2+D2
2−2D1D3−D2D3

(α1t4n)
2

)
− 3n

t2

12(1 + 2λ)
(62)

Using equation (50),(51), (52) in equation (45) with the help of equation of state in equation (13) for ω = 1
3 ,

the pressure and energy density of strange quark matter as follows,

ρ =

(
2D1

2+D2
2−2D1D3−D2D3

(α1t4)
2

)
− 3n

t2

12(1 + 2λ)
+Bc (63)

p =

(
2D1

2+D2
2−2D1D3−D2D3

(α1t2)
2

)
− 3n

t2

4(1 + 2λ)
−Bc (64)

Figure 7. Directional Hubble Parameter Vs Cosmic
time t t for β1, V1, D2, D3 = 1, D1 = −1

Figure 8. Anisotropic Parameter Vs Cosmic time t
for D1 = −1, n, α1D2, D3 = 1
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Figure 9. Quark density Vs Cosmic time t
for β1, V1, D2, D3, λ = 1, D1 = −1.

Figure 10. Quark Pressure Vs Cosmic time t
for β1, V1, D2, D3, λ = 1, D1 = −1.

Figure 11. Strange Quark density Vs Cosmic time t
for β1, V1, D2, D3, λ,Bc = 1, D1 = -1 .

Figure 12. Strange Quark Pressure Vs Cosmic time
t for β1, V1, D2, D3, λ,Bc = 1, D1 = −1.

5. CONCLUSION

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 �eld
equations by assuming two di�erent volumetric expansion laws namely, exponential expansion and power-law
expansion.

In exponential expansion model

� The metric potentials accept constant value at initial time, after which they evolve with time without
a singularity and eventually diverge to in�nity. This result compatible with big bang scenario bear
resemblance to [41].
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� From Figure 1 and equations ((37), (38), (39)) represent that at initial epoch the directional Hubble
parameters are �nite whereas gradually decreases to constant β1 as time tends to in�nity.

� 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.

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

� From equation (43), Shear scalar measures constant value at t = 0 while vanish as t → ∞.

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

� From equation (46) and (47) the pressure pq and energy density ρq for the quark matter are �nite in
beginning of cosmic time and gradually decrease to zero as time tends to in�nity as shown in Figure 3
and Figure 4. This result agreed with [36].

� The energy density (ρq) of strange quark matter exhibits the same behavior as quark matter. However,
the di�erence in ρ values compared to ρq is attributed to the inclusion of an extra term, the bag constant
Bc, in equation (49). Notably, while the quark pressure (pq) 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

� The metric potentials vanish at initial time t = 0 and eventually they diverge to in�nity as t → ∞. thus,
the model compatible with a big bang model and has a initial singularity.

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

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

� At initial epoch the directional Hubble parameter H, dynamical scalar expansion θ, mean anisotropic
parameter, shear scalar starts with in�nite value and �nally tends to zero as t → ∞. 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.

� 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).

� From equation (61) and (62) the pressure pq and energy density ρq for the quark matter are in�nitely
large as t = 0 and it gradually decrease to zero as t → ∞ shown in Figure 9 and Figure 10. This result
agreed with [51].

� The pressure (p) and energy density (ρ) of strange quark matter exhibit behaviour similar to quark matter.
The di�erence in p and ρ values compared to pq andρq 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 constantBc.

In both the model, the pressure p and energy density ρ 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 → ∞) energy density. In particular, pressure p →
−Bc and energy density ρ → Bc as t → ∞. 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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Öÿ äîñëiäíèöüêà ñòàòòÿ ïðèñâÿ÷åíà ðåòåëüíîìó äîñëiäæåííþ ïîâåäiíêè, ÿêó äåìîíñòðóþòü âñåñâiòè òèïó Á'ÿíêi
ó âèùèõ âèìiðàõ òèïó I, âêëþ÷àþ÷è ïðèñóòíiñòü êâàðêà òà äèâíî¨ êâàðêîâî¨ ìàòåði¨ â ðàìêàõ ãðàâiòàöi¨ f(R, T ).
Ðiøåííÿ, îòðèìàíi äëÿ ðiâíÿííÿ ïîëÿ îõîïëþþòü ñöåíàði¨ ÿê åêñïîíåíöiéíîãî îá'¹ìíîãî ðîçøèðåííÿ, òàê i ñöåíà-
ðiþ ñòåïåíåâîãî çàêîíó. Âiäïîâiäíî äî ìîäåëi åêñïîíåíöiàëüíîãî ðîçøèðåííÿ ÿê òèñê (pq), òàê i ùiëüíiñòü åíåðãi¨
(ρq), ïîâ'ÿçàíi ç êâàðêîâîþ ìàòåði¹þ, ïî÷àòêîâî ñêií÷åííi íà ïî÷àòêó êîñìi÷íîãî ÷àñó, ïîñòóïîâî çìåíøóþ÷èñü äî
íóëÿ, êîëè ÷àñ ïðîñóâà¹òüñÿ äî íåñêií÷åííîñòi. I íàâïàêè, ó ìîäåëi ñòåïåíåâîãî çàêîíó öi ïàðàìåòðè ïî÷èíàþòüñÿ
íåñêií÷åííî âåëèêèìè ïðè t = 0. çãîäîì çìåíøóþòüñÿ äî íóëÿ, êîëè ÷àñ íàáëèæà¹òüñÿ äî íåñêií÷åííîñòi. Êðiì
òîãî, ïðîâîäèòüñÿ äîñëiäæåííÿ ôiçè÷íèõ i ãåîìåòðè÷íèõ àòðèáóòiâ ìîäåëi. Çîêðåìà, ó ìîäåëÿõ ðîçøèðåííÿ çà
ñòåïåíåâèì çàêîíîì ïîâåäiíêà äèâíî¨ êâàðêîâî¨ ìàòåði¨ âiäîáðàæà¹ ïîâåäiíêó êâàðêîâî¨ ìàòåði¨ ùîäî òèñêó (p) i
ãóñòèíè åíåðãi¨ (ρ). Àëå â ìîäåëi åêñïîíåíöiàëüíîãî ðîçøèðåííÿ òèñê êâàðêiâ i òèñê äèâíèõ êâàðêiâ ïîâîäèòüñÿ
ïî-ðiçíîìó. Êîíñòàíòà bag ñòà¹ êðèòè÷íèì ôàêòîðîì, ùî âïëèâà¹ íà ðîçøèðåííÿ Âñåñâiòó, i ñïîñòåðåæåííÿ ïîêà-
çóþòü, ùî i òèñê, i ùiëüíiñòü åíåðãi¨ ìàþòü òåíäåíöiþ äî êîíñòàíòè bag ó âåëèêèõ ÷àñîâèõ ìàñøòàáàõ (t → ∞).
Çîêðåìà, òèñê p → −BC i ùiëüíiñòü åíåðãi¨ ρ → BC ó ìiðó íàáëèæåííÿ ÷àñó äî íåñêií÷åííîñòi. Çíàê íåãàòèâíîãî
òèñêó âêàçó¹ íà ðîçøèðåííÿ Âñåñâiòó ïðîòÿãîì ïiçíiøèõ åïîõ.
Êëþ÷îâi ñëîâà: êâàðê i äèâíà êâàðêîâà ìàòåðiÿ; ïîñòiéíà bag; Âñåñâiò âèùîãî âèìiðó Áüÿíêi òèïó I; f(R, T )
ãðàâiòàöiÿ
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