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is going through the cosmic

sion. In present time, the key interest of cosmologists is to find out the source

of this energy. The source of this energy is still under consideration. Cosmol-

find the exact solution to overcome this problem. We are interested to discuss

the bouncing scenario in cosmic evolution for an homogeneous isotropic model

(p) and isotropic pressure (p). We have also analyzed the graphical behavior for

some specific values of parameters H, ¢ and w to have successful bounce.
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. We will use the fol-

SNela: Supernovae Type Ila
CMBR: Cosmic Microwave Background Radiation

DM: Dark Matter
MTG: Modified Theories of Gravity

FLRW: Friedmann-Lemaitre-Robertson-Walker
EoS: Equation of State

DP: Deceleration Parameter
EMT: Energy Momentum Tensor
EFEHs: Finstein Field Eguations

*
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3 Bouncing Solutions in f(R,T") Gravity with Perfect Fluid
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of galaxy clusters, strong and weak gravitational lensing and the large scale

structure confirmed cosmic accelerated expansion of the universe [2]. The rea-

all over the space and its sharing is 68.3% . The DE creates negative pressure

to answer satisfactorily. In order to address these issues different models were

developed by doing some amendments in Einstein-Hilbert action, and known

Alternative gravitational frameworks (large-distance modifications of gravity)

are important to cosmologists as they have brought a fresh insight in the fields

[a)
;
=



among others. The f(R) MTG firstly used by Starobinsky to explain the infla-

tion (theory regarding the early time expansion of universe) [12], this theory has

the historical background of cosmic expansion of our universe like in GR through

DM and holographic DE. Reddy et al. [15] used coupling like f(R,T) = R +

a b - I R & - . . 1 .1 1 11

o

=X
)

E and cosmological constant with matter and without matter respectively.

They also explored the behavior of universe in power law case by using EoS w
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process continues. According to cosmology, our universe was born in a massive

explosion and an idea to support this theory is that it is still expanding. This

1 . - . e

J

tive theory called bouncing modeli of the universe was developed during mid
of 1980's. Kuiroukidis [24] analyzed f(R) MTG in the context of flat FLRW

metric to construct a power law model, he also get solutions for some para-

MTG with exponential scale factor. They analyzed this model to observe bounce

for early universe and studied the asymptotic behavior for late-time cosmic ac-

1SS



-
-

Chahant and Zizie [P arnalyrzad the ve
Ciidiodiii qiild 4iail j£5j aiiaiy4ATU Uil ic-

Aottt fn has Lt

LUUPILLE WU LdvVe YUl

sults of bouncing models in f(R,7") MTG with flat FLRW metric by choosing

ing energy conditions, we can predict the phase from decelerated to accelerated.

Myrzakulov and Sebastiani [31] analyzed cosmological model in context of FRW

model is described through Eckart, Truncated Israel Stewart (TIS) and Full Is-
rael Stewart (FIS) theories. These theories are also helpful to study the deviation

ure, enerov densitv (n). sc

MTG, and examined that at first model accelerates then shows deceleration. Ki-

ran and Reddy [34] explored the Bianchi /77 (BIII) by considering bulk viscous



We aimed to construct a suitable cosmological model to study the bouncing

solution besides evolution of universe through MTG namely f(R,T). Hence,

Is separately. We used the specific func-

tional form f(R,T) = R+ 2f(T) with f(T) = AT (for perfect fluid case) while

The outline for thesis has following sequence: Chapter 2 consists of brief review

about important preliminaries regarding our work. In chapter 3, we analyzed
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space, according to Planck data its sharing is 68.3 % , whereas the DM con-
tributes 26.8% . The DE creates negative pressure which overcomes the positive
pressure (attractive just like gravitational force). it counteracts to gravity and
as a result our universe observe accelerated expansion. The cosmologist tried

to figure out the source of DE, but it is still under consideration. In this regard,

A

2.2 FLRW Space Time

In GR, FLRW space time helps to explain that the universe is homogeneous,

isotropic and observing the expansion as well as contraction. The scale factor

Faemmn 10

ds? = dt? — a?(t)dz® — a®(t)dy? — a?(t)dz?,



2.3 Hubble Parameter

where the dot in a(t) represents time derivative. The sign of the HP is very

crucial in this regard that either the universe is observing expansion, contraction

The deceleration parameter ¢ is among those important parameters used in cos-

mology and it is a time dependent quantity. This parameter helps in description

The recent observations reveal that the universe is undergoing accelerated ex-

sidered that the DP was positive.



2.5 Fluids

pressure p to define it or for its complete description. Perfect fluid does not exist

but sometimes considered only to solve problems. Perfect fluid has not acted

o)

J1
Mg
v

direction. The EMT for an isotropic fluid is given as

TMV = (pm + Py — ge)uuuu + (p + ge)gul/ + quy + Gy — 2770;wa

in above expression the parameters ¢, 6, &, 1, 0,,, represent heat flux, expansion,

1 11 : 1
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The ability of the fluid to show resistance against the external force is known as

viscosity. The viscous fluid has large amount of viscosity unlike perfect fluid.

defined by the ratio of matter pressure P(¢) and energy density p(¢). It is given

mathematically as

a < i‘l
- ~ 927
[ ]
Vs -
e n (-1 <w
e Phantom region: (w < —1)
e Cosmological constant: {(w = —1)



2.7 Properties of Fluid

fluid with large density will flow slowly than the fluid with less density. Com-

pressibility change with pressure for compressible fluid and does not change for

Q

=

£

I
w

There are two kinds of viscosity, absolute viscosity 7 and kinematic viscosity v.
The kinematic viscosity is the measurement of resistance of fluid due to gravity,

depends on the temperature and nature of the fluid. It does not depend on

pressure unless extremely high pressure is applied. The viscous fluid has large

amount of viscosity unlike perfect fluid. Honey and ketchup are examples of

b |
H
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which causes the universe to observe accelerated expansion confirmed by the

recent time observational data. It means that the pressure in present universe

attention is big bounce which is a replacement of big bang. The big bounce is

a cosmological model used to know about the origin and the transition from

1'3‘

o]
W
”)

tracts to singularity then expands to a new one and this process continues.

13
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are living in a universe which is expanding. The observational data like su-

pernova shows that the universe is accelerating. An "inflation" theory explains

5]

This phenomena is known as big bang theory and not only shows how universe

was begin, infect tells us about the conversion of all forms of energy into matter

1

f(R,T) MTG is the most fruitful theory in recent times. Harko et al. first used

this theory and then Houndjo remodeied it by considering particuiar functionai

To address the issues regarding sources and behavior of DE, many MTG were

proposed. The F(R), f(7), f(G) and f(R,T) are few among these theories. The

IR MTG t it k it R,

by Starobinsky to explain the inflation [12]. This theory has key importance

because of its models. The f(7) gravity is an important theory and supports the

idea that our universe is expandin

[t

arko et al., [13]
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three models hike

o [(R,T)=R+2f(R),

™D T 11
L. nNeda

. 1
v et al.,

fluid L,, = —p for constructing a cosmological model by using negative DP.

Alvarenga et al., [16] studied scalar perturbation in f(R,7") MTG and chosen

tion. The action for f(R,T) MTG is

S = ﬁ/f(fi, T)\/—_gdx4+/Lm\/—_gd:c4, (2.1)

1
—~
i

87TT;L1/ - fT(R7 T>T;w - fT(Rv T)@;w - fR(Rv T)R;w - %f(R, T).g;w

where O, is defined by
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QL ,ll\_Ll;..L L "'J!IJ.I/’_L 1IN/ — ll‘l{ll\.l.l £ JLt ] (9 ,1{,‘\‘,'. £ /‘ Lt,l\_L(;7_L ) \&mer ]



With the help of Eq.(2.4) and the EMT for perfect fluid, the Eq.(2.2) has the fol-

lowing form

where k7, = ICQJT—RfT is the effective gravitational constant and
. 1 1
waf = T;w + L2 I fT §g,uu(f - RfR) + fTng;w (g;u/ vuvu>fR )

onoaroy momaoniiim fongnr

of f(R,T) w.r.t T and R respectively. Applying the covariant divergence to the
tield Eq.(2.2), one can find [?]

G + (900 =V, V) = [8p+ 2f7]| T, + 2] frP + %f(T)]gW. (2.7)

The field equations corresponding to Eq.(2.7) are

3H® = (87 +3))p— M, (2.8)
GH 4+ 3H* —= —(K7 4+ 3X.\n 4+ A+n {7 Gy
Ll +— old WO 1 SA P T AP, \£.7)

16



Similarly, we can obtain the results for this case as obtained for case-I.
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3.0.3 Exponential Evolution Model

In this section, we examine the first case by considering scale factor as

with ¢, arbitrary time, while A > 0, o > 0 are constants. For model defined in
Eq.(3.1), the HP is

=2 (3.2)

and the expression for DP is

—a 3hiat®  3at?(8m + 3\)
= = 3.4
p 2t§(47r+/\1)(27r+/\1)[ ' t2 t2 J 34

The EoS parameter is
us 1 [e} 2 4 1
a4 2[5 + s -
W = .
[)\1 + 3)\;?2 - 3at2(8tg+3)\1)}

19



Figure 3.1: The graph of H vs ¢, while « = 5 and ¢, = 0.3 are fixed here. We
can easily observe from the figure that at¢ = 0, HP is H = 0, so the universe

will have bounce. For ¢t > 0, HP is H > 0, which is the case of expansion of the

T

univers
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Figure 3.3: The graph on the left side is of w vs t, while @ = 5, \; = 3 and
t. = 0.3 are fixed. The graph on the right side also of w vs ¢, while a = 5,
A = —10 and ¢, = 0.3 are fixed. In both case with \; = 3 and A\, = —10,

EoS parameter is w < —1 which shows the phantom region and confirmed the

We considered oscillatory scale factor for second bouncing model as

a(t) = Asin? (Bti), (3.7)

*

here ¢, represents arbitrary time, while A > 0, B > 0. Here t, and B > 0 are

SIMDiv NONZerG. BOF mmodei getined in & /3 We nave tho iGiiowino Torm O
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t, t,

(%)
ot ()’ (3.9)
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The EoS parameter is

(8 +3\)[2¢esc? (BE) — 32 cot (BE) + SAIW

cot (Bti)]
2X\; cse? (BL) — 3)\15 cot (Bti) + 35(87T + A1) cot (Bti)

w =

ts

Figure 3.4: The graph of H vs t, while B = 3 and ¢, = 1.5 are fixed.
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Figure 3.5: The graph of g vs t, while B = 0.2, \; = 1.3 and ¢, = 1.5 are fixed.
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Figure 3.6: The graph of w vs t, while B = 0.2, \; = 1.3 and ¢, = 1.5 are fixed.

3.0.5 Power Law Model

The scale factor for power law model is considered as
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The EoS parameter is
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Figure 3.7: The graph of H vs ¢, while ¢ = 2 and t;, = 0.5 are fixed here. We
observed that for t < 3, HP is H < 0 and shows the contraction of the universe.
Fort > 3, HP is H > 0 is the expansion case, while at t = 3, HP is H = 0 and

universe observes bounce.
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Figure 3.8: The graph of ¢q vs ¢, while ¢ = 2, \; = 3 and ¢, = 0.5 are fixed here.
We can see that g approaches to —1, while for ¢ < 0 and ¢ > 0, universe observes

expansion and contraction respectively.
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3.20
24 3pert ( )
For Eq.(3.20), the expression for DP is
1 1
=— — . 3.21
1= (3.21)

We used Eq.(2.8) and Eq.(2.9) to have expression for energy density p and pres-

ure £

73]

n
(A}
tn

pCT’ 2
- 2A1 — 3pert A s 22
P 2047 + M) (27 + A1) (2 + 3pert?)? [2X1 — 3pet* (8™ + 3\1)], (3.22)

n 3A_1(;—'3}};t )]. (3.23)

0.035 / \\
0030~  / N,
uvnjzs‘ / \\\
! \\7\
0015+ | ~—
| T
0,010‘ /
0.005‘- I
‘ ‘
0 2 4 [ 8 10

Figure 3.10: The graph of H vs t, while \; = 3 and p., = 0.2 are fixed here. We

observed that the 7 > 0 and thus represents the expansion of the universe.

26



-1 o~

observes accelerated expansion.

(
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4 5 g

3.0.7 Exponential Model-II

We considered exponential scale factor as

a(t) = Aexp [af—4(—)1(t —t)*t, (3.25)

N
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The Eq.(2.8) and Eq.(2.9) yields the expression for energy density p and P as

folt =) (87 +3M) 2\ fo + 3Mfo(t — t)™

T W W N T T

fo(t— t;);(87r +3\) 20+ 3fo(t — 1)
B 8(47’(’ + )\1)(27’(’ + )\1) [ (t — ts)

_ Shflt—t) ]. (3.29)

(87 + 3A,)

150000 ;

100000 -

H()

50000 -




Figure 3.14: The graph of ¢ vs ¢, while o = 5, t; = 0.5 and f, = 2 are some fixed
parameters here. We observed that ¢ is approaching to —1, for which universe

observes expansion.
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here a, ¢ > 0 are simply non-zero constants, while ), is a constant. These con-

stants are used to describe the dynamical behavior of universe.

2ot

c — g arctant
- 2 21 42
(1+t2)(c — Ay arctant) + n( n )]’ (4.2)
1 Aot
P = 2a(1 +
(1 + 6 + 80(2) [ ( (1 4 tz)(c — g arctan t) —In (c—)\z atrctant))
The EoS parameter is
L [2 + (1+t2)(c2—>\)\22tarctant) —2In (M)}
T T2 22 1) 1y (c=Dzarctant)\Z o 2ot 7
Qowl” + ot” + 1) 11 { t ) T & (1+t2)(c—Xo arctant)}J
N 3t In (22aetant) (¢ + 6ap8a’y)
c—Xp arctant ) 2 2ot
af(8at? + 3t2 + 1) In (Rearctant)® 9 (1+t2)(c—)\22arctant))j|
—2- (1+t2)(ci);\2:arctant)}Ji
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Figure 4.2: The graph of w vs t, whilea =5,c =18, s =2,&§ =0.1and & = 0.1
are fixed here. We observed that w < —1, represents phantom region and thus

universe observes accelerated expansion.
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P = Bit6a+tsa 72 (F) I+ & ratbab+ 8a%¢1)
The EoS parameter is
[—2— (%2) (1 4 & + a + 6a&; + 8a2;) + 3t(& + 6a& + 8a%6))]
W= - . (4.10)

20 [CEIE 4 1]

33



Figure 4.3: The graph of H vs ¢, while « = 5 and ¢, = 0.3 are fixed here. We
can easily observe from the figure that # > 0 for ¢ > 0, which is the case of

expansion of the universe, while at t = 0, HP is H = 0 and universe observes

-207

Figure 4.4: The graph of w vs ¢, while o = 5,1, = 0.5, { = 0.1 and & = 0.1
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For Hubble parameter Eq.(4.12), the DP is
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Figure 4.5: The graph of H vs ¢, while B = 3 and ¢, = 1.5 are fixed here.

05~ q

Figure 4.6: The graph of w vs t, whilea =5, B =3,t. =3, =0.1and & = 0.1
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The EoS parameter is
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Figure 4.8: The graph of w vs ¢, while « = 5, ¢ = 0.5, t. = 3, § = 0.1 and

& = 0.1 are some fixed parameters here. We observed that w > —1 represents

quintessence region for ¢ < 3, and cold DM (w = 0) at ¢ = 3.

4.0.12 Critical Density Model
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2tper

= 4.24
24 30,02 (4.24)

= 2per [(6pcrt2 ) (GPcrtz)
(14 60+ 8a2)(2 + 3pet2)2 L (2 + 3pert?) (24 3pert?)

i+&+a+0 'cuf’i 'o[itn+auf +cumll (4.27)

vEq

And the EoS parameter is

(Gt ol (1 + 6t kGt + 80 +81(6 +6abo + 80)]
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Figure 4.9: The graph of H vs t, while p., = 0.2 is fixed here. We observed that

the H > 0, and thus represents the expansion of the universe.

15+

L

05+ 1

IS
o
o

=02&=01land & = 0.1

of wvs t, while o = 5, p.,

ad L L/ o

are some fixed parameters here. We observed that w > 0, thus represents the

radiation region.

bounce occurs and « is another constant. The corresponding HP to Eq.(4.29) is

40
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+ 3fot —t5)" (& + 6a +8a%%)]. (4.33)

The F0S narametfor ig
11010 O3 paraiiicicr is

[ — 2afo (t - ts)a_l - 3/3 (t - ts)za(l +& +a+6ag; + 8a2§1)}
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Figure 4.11: The graph of H vs ¢, while « = 5, ¢, = 0.5 and f, = 2 are fixed
here. We observed that att = 0, H = 0, thus universe observes bounce, while

for t > 0, H > 0 universe shows expansion.
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of cosmic acceleration, MTG gained significant consideration. The cosmological

models are known as oscillatory or simply cyclic universe. By cyclic universe, it

HP by assuming \; = A\, = A and also assumed f(t) = \;T. we discussed the

necessary conditions to models parameter in order to get bouncing solutions or

(o1 1a
ii q

expansion, contraction and bouncing point of the universe. Universe shows

contraction for (a(t) < 0) and (q > 0), while universe expands for (a(t) > 0)
and (q < 0), they both approach to zero for bouncing point.
The sign of HP is very important in order to check the behavior of universe

either the universe shows expansion or contraction. The Hubble parameter ob-

both, we have analyzed that the exponential and power law models show the

acceleration expansion of the universe.

e
[I=N
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