PUBLISHED FOR SISSA BY @ SPRINGER

RECEIVED: June 28, 2022
REVISED: February 14, 2023
ACCEPTED: March 17, 2023
PUBLISHED: March 24, 2023

Bouncing cosmology in modified gravity with
higher-order curvature terms

J.K. Singh,” Harshna Balhara,* Kazuharu Bamba® and J. Jena®

@ Department of Mathematics, Netaji Subhas University of Technology,
New Delhi-110 078, India

b Division of Human Support System, Faculty of Symbiotic Systems Science, Fukushima University,
Fukushima 960-1296, Japan
E-mail: jksingh@nsut.ac.in, harshnabalhara24@gmail.com,
bamba@sss.fukushima-u.ac.jp, jjena67Q@rediffmail.com
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1 Introduction

The current accelerated expansion of the universe is confirmed by the recent cosmological
observations such as Supernova type Ia (SNela), Baryon Acoustic Oscillation (BAO), Cos-
mic Microwave Background (CMB) radiation, Large Scale Structures (LSS) of the universe,
Baryon Oscillation Spectroscopic Survey (BOSS) collaboration, the Planck satellite [1, 2]
and the Weak Lensing. To explain the current cosmic acceleration, the energy component
with its negative pressure called “dark energy (DE)” is necessary. According to the Planck
results [1], it is known that about 68% of the energy fraction of the current universe is dark
energy, 27% of it is dark matter, and about 5% of it is baryon.

A number of candidates for dark energy have been proposed, e.g., quintessence [3],
phantom [4, 5], k-essence [6], and Chaplygin gas [7]. Despite the success of current dark
energy cosmological models, there are still unresolved issues, which has led theorists to
explore alternative theories of gravity as a possible explanation. Modified theories of gravity
that mimic the late-time acceleration of the universe have been developed by altering the
Einstein-Hilbert action. Many studies have been conducted to explore the implications of
these modified gravity theories on the acceleration of the universe (for several reviews of
dark energy and modified gravity theories, see, refs. [8-20]). The analyses of the late-time
cosmic acceleration have been explored in modified gravity theories [21-32].

In this work, we concentrate on F(R,T) gravity with R being the Ricci scalar and
T the trace of the stress energy-momentum tensor [33] because it is considered to be an
efficient and promising theory of gravitation. The matter Lagrangian £, in F(R,T) gravity
is changed in relation to the space-time which is indicated by the presence of the source
term. Since the expression of the source term is generated as a function of T, different
representation of T can influence the distinct sets of field equations. In F(R,T) gravity, the



motion of classical particles does not follow the geodesics because the covariant divergence
of the stress energy-momentum tensor does not disappear. Such an extra acceleration
is sufficient to realize the late-time cosmic acceleration, although the law of the energy-
momentum conservation is broken. Many aspects of cosmology have been investigated in
the framework of F(R,T') gravity [34-40].

The early universe began with a big bang but had cosmological issues such as the hori-
zon problem, original structure problem, flatness problem, entropy problem, transplanckian
problem and singularity problem. Inflationary cosmology was established [41, 42] to address
these issues, where the universe expanded exponentially for a short period of time 1073 sec-
onds after the big bang. Inflation can explain almost all of the issues raised above. However,
the singularity problem still remains, and therefore the concept of the big bounce has been
considered as a complementary idea to inflation. This idea incorporates the so-called cyclic
model in which the first cosmological event followed the collapse of the previous universe.

In bouncing cosmology, the phase of the universe changes from the initial contraction
one to the late-time expansion one at the bouncing point, in which the Hubble parameter
H(t) changes from H(t) < 0 to H(t) > 0, and at the bouncing point, H(¢) = 0. In a
spatially flat Friedmann-Lemaitre-Robertson-Walker (FLRW) universe, it is widely known
that the Null Energy Condition (NEC) for matter must be broken in order to achieve a
successful nonsingular homogeneous and isotropic bounce. This is due to the fact that, even
if the Hubble parameter itself is zero at the bounce point, the time derivative of the Hubble
parameter is greater than zero. Hence, the equation of state (EoS) parameter, w, of the
universe is w < —1. This means that the total energy density disappears when the pressure
is negative. From the phenomenological point of view, a stable bounce can be realized by
considering a new physical mechanism in the matter sector, such as a quintom field [43], a
ghost condensate [44], or by changing the gravity theory at high-energy scales, even though
it is difficult that a non-singular bounce occurs without the existence of ghost field.

Cosmological bouncing scenarios including the ekpyrosis bounce and super-bounce
have been studied [45-47]. Bouncing cosmological solutions have been considered in
F(R,T) gravity [48], and in F(R), F(T'), F(G) with G the Gauss-Bonnet invariant and
other types of modified gravities and also examined the dynamical stability of the solu-
tions [49-53]. It has been found that in modified gravity theories, the dynamics in the
bouncing cosmology is substantially affected by the coupling parameter and the bouncing
scale factors near the bouncing point [54]. A summary of plausible explanation for the
rapid expansion phase [55] has also been examined. Moreover, the bounce cosmology with
an appearance of a Type-IV finite-time future singularity has been discussed in a ghost
free Gauss-Bonnet gravity [56]. In addition, more kinds of theoretical aspects in bouncing
cosmology have been studied [57-62].

In this work, we explore the bouncing behavior of the universe in modified gravity with
higher-order curvature terms in detail. It is shown that the extremal acceleration occurs at
the bouncing point. It is also demonstrated that around the bouncing point, the universe
behaves as it is filled with a perfect fluid. The organization of the present paper is as
follows. In section 2, we briefly review the theoretical background of F(R,T") gravity with
higher-order curvature terms. Such a higher-order curvature term is a combination of a



quadratic R-dependent term and a linear T-dependent term and it yields highly non-linear
field equations. In section 3, we derive the solution of the gravitational field equations and
analyze the bouncing criteria by applying the parametrization technique to the Hubble
parameter. Finally, we summarize the results found in this work in section 4.

2 Formulation of F(R,T) gravity with higher-order curvature terms

The higher order F(R,T) gravity may be reviewed as a modification in basic gravi-
tational theory that describes the evolution of the cosmos. The split-up model F(R,T) =
F(R) + F(T), where F(R) and F(T') are arbitrary functions of R and T', respectively,
has gained significant attention as it allows researchers to investigate the contributions
of each factor independently. The above split-up model has been employed by several
authors [34, 63, 64] to investigate cosmic dynamics from many perspectives.

The general action for F(R,T) = F(R) + F(T) gravity [33] paired with the action of
a matter field with matter Lagrangian S, is given by

A

- / F(R, T)y/—gda* + / So/=gda?, (2.1)

where R is the Ricci scalar and T is the stress energy-momentum tensor trace. The following

S =

equation results from varying the action in eq. (2.1) concerning g;;.

FRR,T)R;; — %gij]:(R, T) + (950 — V;V;))FHR,T) = 87G Tij — F' (R, T)(T3; + Oyj),
(2.2)
where the derivative of F(R,T) w.r.t. R and T is represented by F¥(R,T) and FT(R,T)
respectively. The d’Alembert operator O is defined by 0 = g% ViV, where V; denotes the
covariant derivative w.r.t. g;; related to the symmetric Levi-Civita connection. The form
of ©;; is as follows
625
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Qi =g = —2T}; + §ijSm — 2™ (2.3)

In this analysis we consider a perfect fluid in thermodynamic equilibrium and simply fix
the matter Lagrangian S, = —p and consider the energy-momentum tensor of matter as

Ti; = (p + p)usu; — pgij, (2.4)

where p and p denote the fluid’s isotropic pressure and energy density, respectively. In
a co-moving coordinate system, u’ = (0,0,0,1) is the four velocity vector which satisfies
u'u; = 1 and uivjui = 0. Regarding (2.3), the expression for the variation of the EMT of
a perfect fluid is

©i; = 2T} — pgij- (2.5)
The gravitational equation of motion can be obtained by substituting eq. (2.5) into
eq. (2.2) as

1
FRR,T)R;; — 5975;']"(3, T) + (g;;0 - ViV;))FHR,T) = 8xGTy; + F' (R, T)(Tij + pgij)-
(2.6)



A more common representation of eq. (2.6) is as follows

8rG

W(Tij + Tz'/j)v (2.7)

1
Gij = Rij — iRgij =
where

/ 1 /1
Ty = g (50 (FRT) = REFR.T) + 05 F (R.T) + (T, + pg) F'(R.T)) - (28)

and the operator ¢;; is defined as (V;V; — g;;0). We consider F(R,T) = R+ \ R?+2\.T,
where A; and Ay are constants. The function F(R) = R+ A1 R? was proposed by Starobin-
sky [27] as the first inflationary model, and function F(T') = 2X\2T is defined as a linear
function of T.

We consider spatially homogeneous and isotropic flat FLRW line element as

ds? = dt* — a*(t)6;jdx"da? (2.9)

where a(t) is the scale factor.
Taking G = 1, the trace of the stress-energy tensor (2.4) and scalar curvature are
given by
T=p—3p, R=-6(2H>+ H) (2.10)

where H = a(t)/a(t) and the overhead dot indicates derivative w.r.t. time ¢t. Using
egs. (2.4), (2.7), (2.9) and considering F(R,T) = R + A\ R? + 2XoT, we get the following
field equations

(87 +3X0) p — Aop = BH? + 18X, (H? — 6H*H — 2HI ), (2.11)
(87 + 3Xa)p — Aop = —2H — 3H? + 6\ (26 L H? + 2H + 14HH + 9H?). (2.12)

Thus from egs. (2.11) and (2.12), p and p can be written as

(87 + 3X2)p — 3H2 — 18X\, (H2 — 6H2H — 2HH)

p= " : (2.13)
_ Ao(—2H — 3H? + 6\ (26 HH? + 2H + 14HH + 9H?))
P= (87 + 2)a) (87 + 4))
(87 + 3X2)(3H2 + 18\, (H? — 6H2H — 2HH)) (2.14)

(87’1’ + 2)\2) (87T + 4)\2)

It can be observed that the pressure p and energy density p are dependent on the Hubble
parameter H and its time derivative H. In the current scenario, an additional constraint
equation is needed to fully solve the system of field equations. This constraint equation
is typically the state equation of a fluid. However, since we are specifically interested
in a bouncing scenario, we impose a constraint on the Hubble parameter. Alternatively,
one can also use parametrization of physical or geometrical parameters to derive a
constraint equation that is consistent with the system. This approach is known as a
model-independent way to study DE models without compromising the underlying theory.



3 Bouncing solution and its dynamical behaviour

The concept of the Big Bounce scenario is a kind of the possible way to avoid the issue of
Big Bang singularity. In the Big Bounce scenario, the Big Bang appears as the beginning
of a period of expansion that followed a period of contraction. In the scenario of a cyclic
universe, the universe emerges from a previous contracting phase and eventually go through
an expanding phase without any singularity. In other words, the universe undergoes a
bouncing phase. The cosmological bounce can be regarded as an oscillatory or cyclic
universe, in which one cosmological event is the result of the collapse of a previous phase.
The following points are discussed in detail in order to construct a realistic bouncing model
of the universe [43, 65, 79]:

1. In the contracting universe, the scale factor a(t) decreases (a(t) < 0) and in the
expanding universe, the scale factor increases (a(t) > 0). The derivative a(t) = 0
or a(t) > 0 in the vicinity of the bouncing point. When a(t) approaches a non-
zero minimum value in the vicinity of the bouncing point, the model is called as a
non-singular bouncing model.

2. Correspondingly, the universe contracts when H < 0, the universe expands when
H > 0 and finally H = 0 at the time when the cosmological bounce occurs (which we
call as the bouncing point). The condition H = 4Gp(1+w) > 0, which is comparable
to the violation of null energy condition (p 4+ p > 0), must be satisfied in the vicinity
of the bouncing point for a successful bouncing model in standard cosmology. It can
be seen from this equation that w ~ —1 around the bouncing point.

3. Another crucial aspect is that the equation of state (EoS) parameter w crosses the

phantom divide line (w = —1) in the quintom model close to the bouncing point.

Given the aforementioned general criteria for a cosmological bounce and considering the
Friedmann equations (2.11) and (2.12), it can be deduced that such a behavior can be
achieved in the framework of F(R,T) cosmology. Specifically, by starting with a desirable
form of the Hubble parameter H(t), the corresponding scale factor a(t) can be easily
determined. In this paper, we focus on the cosmographic parameter H (t), which describes
the expansion of the universe and helps us find impressive bouncing solutions to the Einstein
field equations.

3.1 Technique of the reconstruction

We analyze the Hubble parameter to examine the other cosmological quantities and inves-
tigate the cosmological behavior of the universe. Without loss of generality, the Hubble
parameter H = a/a is parametrized as

H(t) = o+ Bt + ~t", (3.1)

where «, 3, v and n are arbitrary constants. The motivation behind such a parametrization
is to generate a bouncing scenario which gives the acceleration era of the universe together



with the high rate of contraction before the bounce followed by the high rate of expansion
after bounce by taking the suitable values of the model parameters.

In figure 1, the bouncing position is shown in terms of the cosmic time ¢ for the
parameters 3, v, n = 2.15 and o = —10. The Hubble parameter evolves from its negative
value to the positive one. This means that the universe evolves from a contraction phase
to the expansion one. The plot of H ~ t depicts a delay in the future bounce if 5 and
~ decreases for fixed value of a and n, respectively. The bouncing points occur at ¢t =~
3.41,3.67, and 3.93 when v = 1.5 is fixed and § = —3.3,—4, and —4.7, respectively, as
shown in figure 1(a). For = —4.7, the bouncing points occur at ¢ ~ 3.93,3.25, and 2.8
when v = 1.5,2, and 2.5, respectively, as shown in figure 1(b). We consider the bouncing
point ¢ &~ 3.93 when § = —4.7 and v = 1.5. The nature of Hubble parameter is shown in
table 1 for the different values of model parameters 5 and v and fixed values of n and «a.
Here, the standard unit of H is taken as km/s/Mpc and t as Gyr.

By using eq. (3.1), the scale factor a(t) can be expressed as

g+l Bt2
a(t) = k‘e,ynJrl +T+°‘t' (3'2)

where k is an integration constant.

In figure 2(b), the evolution of the scale factor is shown. At the instant of the bounce,
t = 3.93, the scale factor behaves symmetrically. As a result, the universe evolves from a
former contraction phase (¢ < 3.93) to a later expansion one (¢ > 3.93). At the bouncing
point ¢ = 3.93, the scale factor does not vanish. For a successful bounce, as demonstrated
in figure 2, the Hubble parameter have to be negative before the bounce and positive after
the bounce with H = 4Gp(1 + w) > 0 close to the bouncing epoch.

The deceleration parameter ¢ is defined as

ad H

q:——:—l

A (3:3)

By using egs. (3.1), (3.3), the expression for the deceleration parameter ¢ is expressed as

B+ nyt" 1
-1 . 3.4
4 (o + Bt + 12 (3.4)

The expansion of the model depends on the deceleration parameter gq. A positive value
of ¢ represents a decelerated universe whereas a negative value of g explains an accelerating
model of the universe. Figure 3 depicts the symmetrical nature of the deceleration param-
eter in the neighbourhood of the bouncing point ¢ = 3.93. It is significant to notice that
before and after the bouncing point the deceleration parameter has a constant value of —1
and has a negative value for both contracting and expanding universes. From eq. (3.3), it
has been seen that the deceleration parameter ¢ < 0, Vi and the acceleration is extreme
at the bouncing point ¢ ~ 3.93 (see figure 3). The authors of [66] investigated the many
forms of growth that our universe shows including i) ¢ < —1; super exponential expansion,
(ii) —1 < ¢ < 0; exponential expansion ( ¢ = —1 also known as de-Sitter expansion), (iii)
g = 0; expansion with constant rate, (iv) —1 < ¢ < 1; accelerating power expansion, and
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Figure 1. Evolution of the Hubble parameter H as a function of the cosmic time ¢ for distinct
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Figure 1(a)
B v | Time (Gyrs) | Nature of H(km/s/Mpc)
—47115 | 0<t<3.93 Contracting
-4 15| 0<t<3.67 Contracting
33 15| 0<t<341 Contracting
—4.7 1151393 <t< 00 Ezxpanding
—4 |15 |367T<t<0o0 Ezxpanding
—33 |15 |34l <t< o0 Ezxpanding
Figure 1(b)
B v | Time (Gyrs) | Nature of H(km/s/Mpc)
—4.7 115 ] 0<t<28 Contracting
—4.7 | 2 0<t<3.25 Contracting
—4.7 125 ] 0<t<3.93 Contracting
—4.7 15| 28<t< Ezxpanding
—4.7 | 2 325 <t< 0 Ezxpanding
—4.7 125 1393<t< 00 Ezxpanding

Table 1. Constraints on the model parameters.
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Figure 2. Evolution of the time derivative of the Hubble parameter H and that of the scale factor
a as a function of the cosmic time t¢.
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Figure 3. Evolution of the deceleration parameter ¢ as a function of the cosmic time t.

(v) g > 0; decelerating expansion. In other words, one can say that this bouncing model is
an ever-accelerating model. Table 2 exhibits the nature of g in the evolution of the Universe
for fixed values of free model parameters.



q H  Time interval Fvolution of Universe
<0 <0 0<t<3.93 q@® H!
<0 =0 t~3.93 Gmax D H?
<0 >0 393<t<oo q@© H?

Table 2. Evolution of the universe for n = 2.15, « = —10, f = —4.7 and v = 1.5.

We solve the effective field equations explicitly and define the EoS parameter as w =
p/p. The energy density p and pressure p of the universe are given by

_ 1 _ n—1 _ n\2 o o n—3
P = 8Ot 27) (a1 41) [—2(B+nt""1y) = 3(a+ Bt +4")* +6[2(n—2)(n— 1)nt" 3y
+9(B+nt" )2+ 1dn(n — D)™y (a+ Bt +9") +26(8+nt" 1) (a+ Bt +7t™) | A1) A
—3[(a+Bt+yt")?+6[(B+nt"19)? = 2n(n— )" *y(a+ Bt +t")
- G(ﬁ—i—nt”17)(a+ﬁt+’yt")2])\1](87r+3)\2)1 : (3.5)
and

1
p=-| = 3(a+ Bt + ") —18[(8+nt" ™) = 2n(n — D" Py(a+ Bt +41")
2

— 6(B +nt" " Iy) (o + Bt + ") Ag + (87 + 3>\2)p] : (3.6)

We plot figure 4 for § = —4.7, v = 1.5 and the constants \; = —0.05, Ao = —7.8 in the
action of F(R,T) gravity. It can be seen from figure 4 that the EoS parameter w crosses
the phantom divide line (w = —1) and shows the perfect fluid behavior in the short-range
2.95 < t < 5.62 in the vicinity of the bouncing point ¢ ~ 3.93. From figures 2, 3 and 4, we
observe the following:

1. In figure 2(a), H evolves from negative to positive and in the neighbourhood of the
bouncing point ¢ ~ 3.93, H > 0.

2. The scale factor a(t) decreases during the contraction of the universe (a(t) < 0)
before the bounce and increases during the expansion of the universe (a(t) > 0)
after the bounce at ¢t ~ 3.93. Moreover, the universe starts from finite volume as
lim;_,3.93 a(t) — 0.38264 at the bounce t ~ 3.93. Thus, a bounce without a singularity
can be realized as shown in figure 2(b). In addition, the fact that the value of the
Hubble parameter vanishes at the transfer point is guaranteed by the point that the
value of the scale factor is finite at ¢ = 3.93.

! Accelerated contraction.
2Bounce with max. acceleration.
3 Accelerated expansion.
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Figure 4. Evolution of the equation of state (EoS) parameter w and the Null energy condition
(NEC : p+ p) as a function of the cosmic time .

3. Figure 3 illustrates that the model is an ever accelerating one and attains extremum
value at the bouncing point ¢ = 3.93.

4. The value of the EoS parameter w evolves from w < —1 to w = —1 in the neigh-
bourhood of the bouncing point ¢t ~ 3.93. w crosses the line of the phantom divide
w = —1 as depicted in figure 4(a). In figure 4(b), the fact that the null energy condi-
tion (p+ p > 0) is satisfied is shown. The null energy condition violates in the range
3.086 <t < 6.448, in which the bouncing conditions are met.

3.2 Violation of energy conditions

In general relativity, the energy conditions (ECs) are crucial to investigate the issue of the
singularity of the space-time and the behavior of the null, space-like, time-like or light-like
geodesics. By exploring these conditions, the nature of cosmic geometries and its relations
to the stress energy-momentum, which must be positive, can be found. These conditions are
just simple constraints on various linear combinations of the energy density and pressure.
This results in the fact that energy density cannot be negative and that gravity always
exhibits an attractive force.

ECs impose restrictions on the ability of the stress tensor to contract at each location
of the space [67]. Conditions for various theories can also be written in a geometric form in
addition to their original physical form that complies with the gravitational field equation
by taking the Ricci tensor as the stress tensor. The four main ECs are the weak energy con-
dition (WEC), the strong energy condition (SEC), the dominant energy condition (DEC)
and the null energy condition (NEC). ECs in different forms are given in table 3, where ¢!

~10 -



Energy Conditions
Condition Physical Form Geometric Form Perfect Fluid
WEC T;t't) >0 Git't! >0 p>0,p+p>0
SEC | (Ty — 7559ij)t'7 >0 Rijt't) >0 p+p>0,(n—3)p+(n—1)p=>0
DEC Tit'¢? >0 Git'e >0 p>Ip|
NEC T;ik'k >0 Rijk'kI >0 p+p=>0

Table 3. Energy conditions.

Figure 5. Behaviors of NEC, DEC and SEC for n = 2.15.

and &7 are co-oriented time-like vectors and &’ is a null (light-like) vector. These conditions

cannot be independent of each other [68].

The aforementioned relationships hold as: WEC = NEC; SEC = NEC; DEC =
NEC. If the NEC is violated, none of the ECs can be satisfied [69]. It is considered

— 11 -




that the NEC is met for all of the stable systems. In a sensible system, other ECs can be
violated by adding a suitable (positive or negative) cosmological constant. In the event that
the stress-energy tensor violates the NEC, the system becomes catastrophically unstable,
meaning that a ghost is present. This occurs when the kinetic term has the wrong sign, or
when the system contains tachyons [70], which are modes that expand exponentially with
arbitrarily short wavelengths. Modified gravity theories deviating from general relativity
can be viewed as having a background scalar field with a stress-energy tensor, serving as a
sort, of cosmological constant. This means that in such theories, it is possible for the NEC
to be violated. Consequently, modified gravity theories may result in degenerate dispersion
relations, enabling the breaking of the NEC.

The NEC plays a crucial role among various ECs considered in general relativity. In
terms of the NEC, the energy-momentum tensor for matter Tj; satisfies T;;k'k?, V k', i.e.,
for any vector with g,;j/cikj = (0. There are two main reasons why the NEC is considered
significant [71]. First, it was previously believed that the NEC could only be violated in a
theory involving a scalar field with non-minimal coupling to gravity [72]. Second, the NEC
is a fundamental assumption in the Penrose singularity theorem [73], which is applicable in
general relativity. The Penrose singularity theorem requires two conditions: (i) the NEC
be upheld; (ii) the Cauchy hypersurface be non-compact. The theorem states that if there
is a trapped surface in space, a singularity will eventually occur. A trapped surface is a
closed surface where outgoing light rays are actually converging (moving inward).

In figure 5, it is demonstrated how the energy criteria are violated. It is shown that
there is no singularity close to the bouncing epoch. The circumstances of energy change
in the vicinity of the bouncing point ¢t ~ 3.93. According to the anticipated matter bounce
scenario, the energy conditions p + p and p + 3p become negative near the bounce, and
therefore there is a strong evidence of the violation of the energy conditions. The violation
of the energy conditions causes the phantom phase with w < —1.

3.3 Scalar field description

A model with both the phase of quintessence (—1 < w < —1/3) and that of phantom
(w < —1) is referred to as quintom model. The necessary condition of the present model to
be consistent with observations is ¢ < V (¢). This implies that the kinetic energy (KE) of
the scalar field is minimal in comparison with its potential energy (PE). There have been
proposed a number of models with w ~ —1 to explain the cosmic acceleration (including
inflation in the early universe).

The action in general relativity is described as

A
167G

5= / Ry=gd'z + S,,. (3.7)

where S, consists of the action for the quintessence-like scalar field (S,,) and that for
phantom-like one (S, ), which are given by

S, = / [— % b0 by — V(qbq)} Ner o (3.8)

- 12 —



and

1
S = [ [500m0"ém — V(o) | v=gaa. 3.9)

respectively.
The energy density pg,,pp,, and pressure pg ,pe,, for the quintessence-like and
phantom-like scalar fields are represented as [36, 74]

1.

1.
Po, = 504 +V(d), Po, = 34" = V(90) (3.10)

P = —%Gﬁ;ﬁf + V(dpn)s Doy = —%dﬁ;f —V(dpn) (3.11)

The subscripts of ¢ and ph denote the quintessence-like and phantom-like scalar fields,
respectively. In appendix, we express the kinetic energy and potential energy of the
quintessence-like (%qﬁg) scalar field and that of the phantom-like (1 '?;h) one. For the
phantom-like and quintessence-like scalar fields, the EoS parameters w are represented
as [36]
w:pd)—ph<—1, W=D (3.12)
Poph Pgq

Egs. (A.1), (A.2) and (A.3), which are presented in appendix, yield
=8 (3.13

Eq. (3.13) indicates that the EoS parameter crosses the phantom divide line of w = —1.
This is the significant criteria of the bouncing model and compatible with the consequences
in ref. [43]. Thus, it is interpreted that the present model is a non-singular bouncing model
in F(R,T) gravity.

A unified model for dark energy and dark matter can be constructed as a develop-
ment of properties of a scalar field with its negative kinetic energy. From eq. (3.11),
it is understood that the kinetic energy of the phantom-like scalar field is given by
(%gf)];hQ) = —(pg,, +Pg,,). Various cosmological models of scalar field with negative kinetic
energy have been studied [70, 75-77] to account for the late-time cosmic acceleration. In
figure 6, we show the inequality of the kinetic energy of the quintessence-like filed (%(bg) and
that of the phantom-like (%gbﬁh) one and the potential energies V(¢,) and V(¢,p) of the
scalar fields with respect to the cosmic time ¢ in F (R, T') gravity as well as general relativity.

The values of the kinetic energy of the quintessence-like scalar field are negative,
whereas those of the phantom-like one are positive in the neighbourhood of the bounc-
ing point ¢ ~ 3.93 in both F(R,T) gravity (A1 # 0) and GR (A = 0). The negative values
of the kinetic energy of the quintessence-like scalar field means that in the present dark
energy model, the late-time cosmic acceleration can be realized by the repulsive force in the
neighbourhood of the bouncing point ¢ ~ 3.93 as found in figure 6(a). From eq. (A.3), it is
seen that the potential energies V(¢,) and V(¢pp) for the quintessence and phantom-like
scalar field are negligible in the neighbourhood of the bouncing point at t ~ 3.93 in F(R, T
gravity as well as in general relativity. It is important to note that a scalar field with its
negative potential energy and minimal coupling to gravity in general gravity can lead to
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Figure 6. The evolution of the kinetic energy of the quintessence-like field (%gb.qz) and the phantom-

like field (%%iﬁ) and that of the potential energy V(¢) with respect to the cosmic time ¢ for
quintessence and phantom-like scalar fields in F(R,T) gravity (A; # 0) and GR (A = 0).

the end of an accelerated contraction within a finite time and pull the trigger of the onset of
the cosmic expansion in the vicinity of the bouncing point ¢ ~ 3.93 as shown in figure 6(c).
In addition, it is recognized that the sign of the kinetic energy of the quintessence-like
and phantom-like scalar fields change in the neighbourhood of the bouncing point ¢ ~ 3.93
only in F(R,T) gravity, and such a behavior cannot be realized in general relativity, as
represented in figure 6(a), (b).

4 Conclusions

In the present paper, we have studied a non-singular bouncing behavior of the spatially
flat homogeneous and isotropic space-time in F(R,T) gravity with higher-order curvature
terms. We have used the reconstruction technique by parametrizing the Hubble parameter
H in eq. (3.1). It has been found that the time when the cosmological bounce occurs (called
the boucing point) delays as model parameters 5 and ~ decrease as shown in figure 1. The
possible range of 5 and ~y for which the bouncing behavior can be realized from a contracting
phase (H < 0) to an expanding one (H > 0) have been shown in table 1. It has been shown
that an accelerated universe appears around the bouncing point ¢ &~ 3.93 in the presence
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of dust or vacuum as depicted in figure 3. We have also examined the range of 5 and ~ for
which the accelerating criteria (¢ < 0) is satisfied in table 2.

Moreover, it has been demonstrated that the EoS parameter of the universe crosses the
phantom divide line w = —1 in the neighbourhood of the bouncing point with satisfying
the bouncing criteria as shown in figure 4(a). The realisation of the cosmological bounce
is indicated by the time derivative of the Hubble parameter H > 0 and the violation
of null energy condition (NEC) in the neighbourhood of the bouncing point ¢ ~ 3.93 as
shown in figure 2(a) and 4(b), respectively. We have discussed the quintessence-like and
phantom-like scalar fields in F(R,T) gravity with higher-order curvature terms and general
relativity. The necessary condition in eq. (3.13) for the bouncing behavior is satisfied.

The kinetic energy of a quintessence and phantom-like scalar field lead to a similar
behavior of the universe to that in F(R,T) gravity with higher-order curvature terms
and general relativity owing to the differing scales as shown in figure 6(a) and figure 6(b).
However, as depicted in figure 6(c), the potential energy of a quintessence and phantom-like
scalar field is negative in F(R,T') gravity with higher-order curvature terms and positive
in general relativity. Hence, it can be interpreted that the canonical scalar field with a
negative potential energy density and minimally coupled to the Einstein gravity induces
the end of the accelerated contraction within a finite cosmic time and leads to the cosmic
expansion in the vicinity of the bouncing point ¢t =~ 3.93. In such a situation, for the present
scenario, the universe behaves similarly to that in a quintom model with the requirement
specified in eq. (3.13), which is an essential condition for the bouncing phenomenon. This
condition is also supported in refs. [43, 78]. Thus, it has been concluded that the issue of the
big bang singularity can be avoided in F(R,T) gravity with higher-order curvature terms.

It is considered that the most crucial issue is whether the NEC-violating fields exist
in nature. It may be observed at some point in future that the universe went through the
bounce or Genesis epoch, and then it can be indicated that the NEC-violation indeed took
place in the past [71, 80].
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A Detailed equations

P2 = Mﬁkl(*yt”(/\z(n(n2+22a(n— 1)t—3n+58a%t242)+26t (58a(n+1)t
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