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Abstract In this paper, we explore cosmological bouncing
solutions to investigate the cosmic evolution in the frame-
work of energy-momentum squared gravity. We consider flat
Friedmann–Robertson–Walker spacetime with a perfect mat-
ter distribution. We assume two different functional forms of
f (R, T 2) gravity model to examine the impact of this modi-
fied framework in the evolution of the universe. Furthermore,
we consider a specific scale factor to investigate different
cosmological parameters, analyzing the evolutionary behav-
ior of the universe in this gravity. We also perform stability
analysis using the perturbation technique. Our findings indi-
cate that the null energy condition violates at the bounce point
and equation of state parameter exhibits characteristics of a
quintessence era or phantom regimes. These aspects high-
light the complex interplay between energy conditions and
stability in bouncing cosmological model. We conclude that
the f (R, T 2) theory successfully provides viable alterna-
tives to the standard cosmological scenarios, offering insights
into the early universe and the nature of gravity.

1 Introduction

General relativity (GR), formulated by Albert Einstein trans-
formed our comprehension of gravity by defining it as the
curvature of spacetime, resulting from the presence of matter
and energy. This theory successfully explains a wide range of
gravitational phenomena from planetary orbits to the dynam-
ics of galaxies and the expansion of the universe. However,
the accelerated cosmic expansion poses a challenge to GR
as it relies on the cosmological constant to account for dark
energy (DE), leading to the cosmological constant problem.
This problem motivated researchers to modify GR by adding
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or replacing the scalar invariants and their generic function in
the Einstein–Hilbert action. These are alternative models that
provide deep insights and explanation for phenomena such
as DE, accelerated cosmic expansion and other cosmological
as well as astrophysical observations. This allows for a richer
set of dynamical behavior which can mimic DE and modify
large-scale structure formation. The f (R) theory is regarded
as one of the simplest modifications of GR, which is obtained
by replacing the Ricci scalar (R) with a generic function in
the Einstein–Hilbert action [1]. A thorough discussion of this
theory and its implications is provided in [2]. There are dif-
ferent forms of modified theories such as curvature, torsion
and non-metricity-based theories [3–18].

The presence of singularities is considered a major prob-
lem in GR because of its prediction at the high energy level,
where GR is no longer valid due to the expected quantum
impacts. However, there is no specific formalism for quan-
tum gravity. In this regard, a new generalization of GR is
recently proposed which allows a correction term TμνTμν in
the functional action known as energy-momentum squared
gravity (EMSG). This is also referred to as f (R, T2) theory,
where T2 is denoted by TμνTμν [19]. In this framework, the
gravitational action depends on the Ricci scalar and the con-
traction of the energy-momentum tensor (EMT), allowing for
a more nuanced interaction between geometry and matter.
The inclusion of extra non-linear terms provide the expla-
nations for mysterious cosmic phenomena such as galactic
rotation curves and large-scale structures without the need
for dark matter [20]. It is worthwhile to mention here that
EMSG reduces to GR in vacuum with its effects become
significant only in regions of high curvature regime.

This modification of GR is considered the most favorable
and prosperous technique which resolves the spacetime sin-
gularity in the non-quantum description. Consequently, the
corresponding field equations are different from GR only in
the presence of matter sources. It contributes squared terms
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in the field equations that are used to explore various fas-
cinating cosmological consequences. This theory has maxi-
mum energy density and correspondingly a minimum scale
factor at the early universe which indicates that there is a
bounce at early times. Moreover, this theory possesses a true
sequence of cosmological eras. Although the cosmological
constant does not play a crucial role in the background of
the standard cosmological model, however, the cosmological
constant supports resolving singularity only after the matter-
dominated era in EMSG. However, the profile of density sup-
ports the inflationary cosmological models that successfully
provide convincing answers to major cosmological issues
like horizon problem, flatness problem, etc. It is worthwhile
to mention here that this theory overcomes the spacetime
singularity but does not change the cosmological evolution.

Roshan and Shojai [21] examined that EMSG has a bounce
in the early times and resolves the primordial singularity.
Board and Barrow [22] used a specific model of this theory
and discussed exact solution, singularities as well as cosmic
evolution with the isotropic configuration of matter in this
theory. This novel approach passes the solar system tests [23].
It has garnered increasing interest from researchers due to its
theoretical implications, consistency with observational data
and significance in cosmological contexts [24–26]. Baha-
monde et al. [27] studied various models of this theory and
found that these models manifest the current evolution and
acceleration of the cosmos. Ranjit et al. [28] examined pos-
sible solutions for matter density and discussed their cosmo-
logical results in EMSG. The analysis of observational con-
straints in alternatives theories of gravity has been examined
in [29–44]. Sharif and his collaborators studied the Noether
symmetry approach [45,46], dynamics of gravitational col-
lapse [47–53] and static spherically symmetric structures
[54–57] in f (R, T2) theory.

The cosmic observations determine that the universe
started from singularity, known as big bang theory. This the-
ory explains various observable phenomena, including the
cosmic microwave background and the large-scale structures
of the cosmos. However, it faces challenges such as the hori-
zon and flatness problems [58]. To address these issues, the
inflation theory was developed [59], which provides a basic
explanation of the cosmic expansion. This theory success-
fully addresses all issues except singularity problem. In this
perspective, a viable cosmic model has been developed to
resolve the initial singularity, named as bouncing cosmol-
ogy. Bouncing cosmology offers an alternative to big bang by
proposing that the cosmos experiences cycles of contraction
and expansion, avoiding the singularity issue [60,61]. This
model suggests that rather than a single beginning, the uni-
verse has experienced multiple cycles of expansion and con-
traction, providing a new perspective on cosmic evolution.
Regarding to the bouncing behavior, the Hubble parameter
must be negative before the bouncing point and positive after

the bouncing point. Bounce solutions are significant in the
field of cosmology because they offer a way to solve the ini-
tial singularity. Moreover, this cosmological model provides
an intriguing solution to the horizon and flatness problems
without the need for an inflationary phase.

Bozza and Burni [62] addressed the anisotropy problem
in bouncing cosmology. Cai et al. [63] proposed a nonsin-
gular bouncing cosmology using a scalar field. Their model
successfully achieves the “matter bounce” scenario and over-
comes the anisotropy issue, providing a more robust frame-
work for understanding the early stages of cosmic evolution.
Cai [64] proposed the matter-bounce inflation scenarios with
their reconstructed models. These models are anticipated to
provide valuable insights into the future trajectory of observa-
tional cosmology. Bouncing cosmology in modified theories
has attracted significant interest because of their intriguing
features. Bamba et al. [65] explored f (R) gravity using var-
ious forms of the scale factor to identify viable bouncing
solutions in modified context. Moreover, bouncing cosmol-
ogy in the context of modified Gauss-Bonnet gravity has been
examined in [66]. Amani [67] studied the bouncing solution
in f (R) theory by redshift parameter. Haro and Amoros [68]
considered the Arnowitt–Deser–Misner formalism to build
bouncing cosmological solutions in f (T ) theory, where T
is the torsion scalar. Tripathy et al. [69] studied bouncing
solutions in extended theory of gravity.

Shabani and Ziaie [70] explored the bouncing solutions
in f (R, T ) theory using flat Friedmann–Robertson–Walker
(FRW) spacetime. Caruana et al. [71] investigated cosmolog-
ical bouncing scenarios in the flat FRW geometry in f (T , B)

theory, where B is the boundary term. Furthermore, the non-
singular bouncing universe via null energy condition has
been studied in [72]. Zubair et al. [73] observed that matter-
bounce models remain stable only when using linear forms of
the f (R, T ) function, while reconstructed power law model
remain unstable. Ganiou et al. [74] reconstructed f (G) grav-
ity model (G is the Gauss–Bonnet invariant) that characterize
critical phases of cosmic evolution. Singh et al. [75] inves-
tigated bouncing scenario in f (R, T ) gravity by parameter-
izing the scale factor. Sharif and his collaborators studied
bouncing solutions in f (Q) theory (Q characterizes non-
metricity) [76,77]. Recently, Gul et al. [78] generalized their
work in f (Q, T ) and described the cosmic expansion in the
vicinity of the bouncing point.

This manuscript provides a framework to study the cos-
mic evolution in EMSG. The layout of this paper is given as
follows. Section 2 derives the field equations of EMSG in the
presence of FRW spacetime. A comprehensive examination
of bouncing solutions for different scenarios are presented in
Sect. 3. The stability analysis is given in Sect. 4. Our main
findings are summarized in Sect. 5.
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2 f (R,T2) theory and FRW spacetime

The corresponding action is given by

S =
∫

d4x

(
1

2κ2 f (R, T 2) + Lm

)√−g, (1)

where κ2 = 1 is the coupling constant, g demonstrates deter-
minant of the metric tensor and Lm refers to the matter-
Lagrangian density. The field equations are obtained by vary-
ing the action with respect to the metric tensor as

fT 2�μν + Rμν fR − 1

2
gμν f + (gμν� − ∇μ∇ν) fR = Tμν,

(2)

where

�μν = −4
∂2Lm

∂gμν∂gϕβ
T ϕβ − 2Lm(Tμν − 1

2
gμνT )

−T Tμν + 2T ϕ
μ Tνϕ. (3)

Here, fR = ∂ f
∂R , fT 2 = ∂ f

∂T 2 , � = ∇ε∇ε and ∇ε is the
covariant derivative. Rearranging Eq. (2), we obtain

Gμν = 1

fR
(Tμν + T c

μν), (4)

where Gμν represents the Einstein tensor and

T c
μν = 1

2
gμν

(
f − R fR

) − �μν fT 2

−(gμν� − ∇μ∇ν) fR. (5)

We assume perfect matter configuration as

Tμν = (ρ + p)UμUν − pgμν, (6)

where Uμ denotes the four-velocity, ρ signifies the energy
density and p represents the pressure. We assume Lm = p
[79], which simplifies the mathematical formulation, making
it easier to derive the field equations and analyze solutions,
while capturing essential features of the matter fields in cos-
mological context. By adopting this assumption, we effec-
tively investigate the interplay between matter and geometry,
leading to deep understanding of the universe dynamics in
EMSG. Using Lm = p in Eq. (3), we obtain

�μν = −(ρ2 + 3p2 + 4pρ)UμUν . (7)

To explore the enigmatic nature of the universe, we assume
a flat FRW universe as

ds2 = dt2 − a2(t)(dx2 + dy2 + dz2), (8)

where a(t) represents the scale factor. Using Eqs. (2)–(8), the
corresponding field equations become

3H2 = 1

fR

[
ρ + 1

2
( f (R, T 2) − R fR)

+ f2T 2(ρ2 + 3p2 + 4ρp) − 3HṘ fRR
]
, (9)

3H2 + 2Ḣ = 1

fR

[
−p − 1

2
( f (R, T 2) − R fR) + R̈ fRR

+Ṙ2 × fRRR − 2HṘ fRR
]
. (10)

These modified equations are essential for establishing a the-
oretical framework to comprehend cosmic mysteries. The
f (R, T2) gravity provides non-conserved EMT, implying
the presence of an extra force that acts as a nongeodesic
motion of particles given by

∇μTμν = ∇μ�μν fT2 − 1

2
gμν∇μ f (T2). (11)

The non-conservation equation for perfect fluid turns out to
be

ρ̇ + 3ȧ

a
(ρ + p) =

(
3p2 + ρ2 + 4pρ

)
ḟT2

−3ȧ

a

(
3p2 + ρ2 + 4pρ

)
fT2

− fT2 {ρ̇ (3ρ + 4p) + ṗ (9p + 4ρ)} . (12)

The non-conserved EMT shows that in f (R, T 2) theory,
there is an exchange of energy between matter and the grav-
itational field due to the additional term. In the context of
bouncing cosmology, this exchange plays a critical role in
facilitating the bounce, helping the universe to avoid singu-
larities. As a result, particles moving in this modified gravita-
tional field do not follow geodesic lines. Instead, they experi-
ence an additional force acting normal to their four-velocity,
which alters their motion and reflects the complex interaction
between matter and spacetime in this framework. This behav-
ior is essential for understanding the early universe dynamics
and the bounce phenomenon.

In the following section, we employ two distinct func-
tional forms to proceed with the analysis.

Model-I

First, we consider the functional form of this theory with
arbitrary constant (β) as [19]

f (R, T2) = R + 2βT 2. (13)

This model introduces a simple extension to GR which allows
for richer dynamics in the interaction between matter and
geometry, offering new pathways to address DE, cosmic
acceleration and the early universe behavior. The term R in
our choice of the functional form is standard in gravitational
theories as it directly recovers GR in the limit where modifi-
cations vanish (β = 0). By maintaining this linear term, we
ensure that the theory reduces to GR in low-energy regimes
or in the absence of significant T2 effects, thus making it
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consistent with classical tests of gravity in well-understood
regimes such as the solar system. The introduction of the T2

term is motivated by the need to incorporate matter-geometry
couplings that could explain certain cosmological phenom-
ena. The quadratic dependence ensures that the corrections to
the Einstein–Hilbert action become significant in the high-
energy regimes of the early universe. This model aims to
provide more accurate predictions for phenomena such as
DE, dark matter and the early stages of the cosmic evolution,
which remain enigmatic in the current theoretical paradigm.
Moreover, this functional form aligns with broader theoret-
ical endeavors, such as the quest for a quantum theory of
gravity and a deep understanding of spacetimes fundamen-
tal nature. It reconciles theoretical predictions with exper-
imental observations while offering a more comprehensive
understanding of the cosmic evolution, particularly during
its transition phases. By adopting this model, physicists can
explore the possibility of avoiding cosmological singularities
and better understand the fundamental laws that govern the
cosmos.

Using Eqs. (9), (10) and (13), the corresponding field
equations become

3H2 = ρ + β(ρ2 + 3p2) + 2β(ρ2 + 3p2 + 4ρp),

(14)

3H2 + 2Ḣ = p − β(ρ2 + 3p2). (15)

Simultaneously these equations, we obtain the explicit
expressions of matter contents as

ρ = − 3

16β
− 1

2

√

1


2 + (192 3
√

2β3)−1
3 + 
4

−1

2

√

5


3 + 
4 − 
6
1


2 + 
3

192 3
√

2β3
4
, (16)

p = 1

288βH2 + 144β Ḣ + 9

×
[

6H2 + 3Ḣ − 27

256β2
√


1


6

− 9H2

β

√

1


6

− 27Ḣ

8β

√

1


6

+9

8

√

1


6 + 4 3
√

2β

√

1


6

3
√


3
− 528 3

√
2β2H2

√

1


6

3
√


3

−46080 3
√

2β3H4

√

1


6

3
√


3
− 424 3

√
2β2 Ḣ

√

1


6

3
√


3

−47616 3
√

2β3H2 Ḣ

√

1


6

3
√


3
− 12416 3

√
2β3 Ḣ2

√

1


6

3
√


3

−
3
√


3

8 3
√

2β

√

1


6 + 8β2
(


1


6

) 3
2

+ 11

4
�1

+48Hβ2�1 + 32β Ḣ�1

−424 3
√

2β2 Ḣ�2 + 528 3
√

2β2H2�2


3

+46080 3
√

2β3H4�2 + �2


3

+424 3
√

2β2 Ḣ�2 + 528 3
√

2β2H2�2


3

+47616 3
√

2β3H2 Ḣ�2 + �2


3

+12416 3
√

2β3 Ḣ2�2 + �2


3

+ 
3

8 3
√

2β
�2 + 6β�2 + 8β2

(
(�2)2 − 
7

�2

) 3
2
]
, (17)

where

�1 =
√√√√√


5


2 + 
4 − 192 3√2β3
√


1
− 
7

4
√


1


1+(192 3√2β3
4)−1
3

,

�2 =
√√√√ 
5


6 − (192 3√2β3)−1
3
− 
7

4
√


1


6

.

Model-II

We assume another functional form of this theory as [80]

f (R, T 2) = R + αR2 + 2βT 2, (18)

where α is a non-zero constant. The inclusion of the R2

term is inspired by higher-order curvature corrections which
provides a mechanism to avoid the singularity by allowing a
smooth transition between contraction and expansion phases.
This model offers a rich framework for exploring deviations
from GR, making it a strong candidate for modeling the early
universe cosmology. Inserting this functional form into Eqs.
(9) and (10), we obtain

3H2 = 1

1 + 2αR

[
ρ + 1

2
(−αR2 + 2βT 2)

+2β(ρ2 + 3p2 + 4ρp) − 6αH Ṙ

]
, (19)

3H2 + 2Ḣ = 1

1 + 2αR

[
p − 1

2
(−αR2 + 2βT 2)

+2α R̈ − 4αH Ṙ

]
. (20)

Solving these equations, we get

ρ = 19

104β
− 1

2

√√√√ 
8 + 
9

78(2
2
3 β3)
10

+ 
10

2496 3√2β3

−1

2

[

11 − 
9

78(2
2
3 β3)
10

− 
10

2496(2
2
3 β3)
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− 
12

4
√


13 + 
9

78(2
2
3 β3)
10

+ 
10

2496 3√2β3

] 1
2
, (21)

p =
[
−10αR2 − 40αR̈ − 60αH2R − 30H2 − 100αHṘ

+80α ḢR + 40Ḣ − 15αR2 + 30

×
(

�3 − 
14

4
√


11 + 
10
+ 
10

2496 3√2β3

)
− 1098

×H2β�3 − �3

2496 3√2β3
− 1

2
�4 − 4392αβH2R�4

+
√


12 − 
10

2496 3√2β3
− 3

2

√√√√ 
11 − 
9

78(2
2
3 β3)
10

− 1

2496 3√2β3

√√√√ 
11 − 
9

78(2
2
3 β3)
10

− 
12√

11−
9

78(2
2
3 β3)
10

+ 
12 − 
10

416 3√2β3
− 18αβR2�3

−1

2

√√√√ 
9 + 
11

78(2
2
3 β3)
10

+ 174αR2β�3 − 696β Ḣ�5

−1392αβRḢ�5 − 1500αβHṘ�5 + 696αR̈β�5

+98β�5 − 312β2�5
]

×
[
−180αR2β − 720αR̈β + 1404βH2

+2808αβH2R + 720β Ḣ + 2088

×αβHṘ + 1440αβ ḢR + 54αβR2 − 20

]−1

, (22)

where

�3 = 19

104β
− 1

2

[

13 + 
9

78(2
2
3 β3)
10

+ 359424β3

×( − 70αR2β − 280αR̈β

+402βH2 + 804αβH2R + 280β Ḣ + 524αβHṘ

+560αβ ḢR − 3α × βR2 − 10
)2 − 
10

] 1
2
,

�4 =

⎡
⎢⎢⎣

(

11

78(2
2
3 β)
10

− �3

2496 3√2β3
− 
14

4
√


9+
13

(782
2
3 β3)
10

) 1
2

⎤
⎥⎥⎦ ,

�5 =
⎡
⎣ 19

104β
− 1

2

√√√√ 
8 + 
9

78(2
2
3 β3)
10

+ 
11 − 
10

2496 3√2β3

⎤
⎦

−1

2

⎡
⎣

√√√√ 
8 + 
9

78(2
2
3 β3)
10

+ 
11 − 
10

2496 3√2β3

⎤
⎦ .

The values of 
1 − 
14 are given in Appendix A.

3 Comprehensive study of bouncing solutions

Bouncing solutions present a fascinating approach to resolve
cosmological singularities such as the big bang, allow-
ing the universe to undergo a non-singular bounce. This
approach provides a framework where the universe transi-
tions smoothly from a contracting phase to an expanding one,
avoiding the initial singularities. This elegant mechanism not
only offers an alternative to the standard cosmological model
but also opens up new possibilities for understanding the
early universe and the nature of cosmic evolution. The given
constraints must be satisfied for a realistic bouncing pattern
of the universe.

• The decreasing nature of the scale factor indicates that the
universe is in a phase of contraction, while its increas-
ing behavior signifies the era of cosmic expansion. If
the bouncing model is non-singular then the scale factor
should be minimum close to the bouncing point.

• The universe experiences contraction when Hubble
parameter is negative and cosmos undergoes expansion
when Hubble parameter is positive. The Hubble param-
eter vanishes at the bouncing point.

• The energy density must be positive, finite as well as max-
imum and pressure should be negative for the existence
of non-singular bounce.

In the given subsections, a specific functional form of the
scale factor is considered to achieve a successful bounce.
This approach aims to solve the gravitational field equations
under the assumption of no initial singularity in the universe.

3.1 Scale factor

The evolution of scale factor is crucial as it helps to under-
stand how cosmos expands, contracts, or experiences a
bouncing phase. This function plays a key role to examine
the dynamics of cosmos with time. To develop a bouncing
cosmological model, we adopt the scale factor as [81]

a(t) = (
γ + δt2)1/n

, (23)

where γ , δ and n are non-zero constants. Using the val-
ues (δ = 2.5, 3.5, 4), (n = 0.5, 1.5, 2.5) and (γ =
1.2, 1.4, 1.8), Fig. 1 determines the evolution of scale factor
with time. The plot in this figure manifests that the behavior
of scale factor is positive and symmetric which indicates the
balance decreases and increases on both sides of the bouncing
point. Additionally, the scale factor approaches to a non-zero
minimum value near the bouncing point.
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Fig. 1 Evolution of scale factor against t

Fig. 2 Plot of Hubble parameter versus t for different parametric val-
ues

3.2 Hubble parameter

The Hubble parameter plays a vital role in the study of cos-
mic evolution, serving as a key observational quantity that
describes the rate of cosmic expansion. Using Eq. (23), the
Hubble parameter becomes

H = ȧ

a
= 2δt

n
(
γ + δt2

) . (24)

Fig. 2 presents a graphical analysis of the Hubble parame-
ter with time. The Hubble parameter is negative in the pre-
bounce phase (t < 0), indicating a contracting universe and
Hubble parameter vanishes at the bounce point. In the post-
bounce phase (t > 0), the Hubble parameter becomes posi-
tive, indicating that the universe is now expanding. The tran-
sition of H from negative to positive values, passing through
zero at the bounce, exemplifies the non-singular nature of
the bouncing cosmology model. The graphical behavior of
time derivative of the Hubble parameter shows transition in
contraction and expansion phases of the cosmos as shown in
Fig. 3.

3.3 Deceleration parameter

The deceleration parameter (q) is a significant cosmographic
quantity that determines the rate of cosmic expansion. For
q > 0, the universe experiences decelerated expansion, while

Fig. 3 Evolution of Ḣ against t

Fig. 4 Plot of deceleration parameter for different parametric values

q < 0 indicates accelerated cosmic expansion. Using Eq.
(24), the deceleration parameter turns out to be

q = −1 − Ḣ H−2 = 1

2

(
− γ n

δt2 + n + 2
)

. (25)

Figure 4 provides the graphical analysis of the deceleration
parameter, highlighting a behavior consistent with the cyclic
nature. Before and after the bounce phase, the deceleration
parameter is negative, indicating that the universe expansion
is accelerating. This behavior suggests that the forces driv-
ing the universe expansion post-bounce are similar to those
acting during the pre-bounce contraction, leading to a con-
sistent negative value of this parameter before and after the
bounce. This negative value reflects the influence of factors
driving the universe towards the bounce. At the bounce point,
the deceleration parameter diverges, which shows a major
change in the cosmic behavior, marking the exact moment of
the bounce. This determines the dynamic and cyclical nature
of the universe in bouncing cosmology.

3.4 Energy density and pressure

The energy density for both the models is computed by substi-
tuting Eqs. (23) and (24) into Eqs. (16) and (21), respectively.
The resulting energy densities in the background of EMSG
are plotted in Fig. 5. The pressure for both models is deter-
mined by inserting Eqs. (23) and (24) into Eqs. (17) and (22),
respectively and depicted in Fig. 6. In bouncing cosmology,
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the graphical analysis of energy density and pressure provide
valuable insights into the nature of bounce, the behavior of
the cosmos near the bounce point and the viability of differ-
ent bouncing scenarios proposed in theoretical models. These
graphical representations help us to understand the dynam-
ics of the early universe. Prior to the bouncing epoch, the
behavior of the energy density depends on the specific cos-
mological model being studied. For this case, the graphical
behavior of the energy density and pressure is discussed for
both models. Figures 5 and 6 show that the energy density
consistently displays positive behavior for both considered
models while pressure shows negative behavior which also
aligns with the characteristics expected from the DE model.

3.5 Equation of state parameter

The equation of state (EoS) parameter (ω = p
ρ

) serves as a
crucial parameter in understanding the fundamental nature
of cosmic evolution. It provides a direct link between the
pressure and density of the universe constituents, revealing
how different cosmic components interact and influence the
overall dynamics. By examining the EoS parameter, we can
gain insights into the driving forces behind cosmic acceler-
ation or deceleration, unraveling the mysteries of the cos-
mic expansion. This parameter helps us to understand the
underlying physics of different cosmological models and
also reveals the future trajectory of our universe. Its analysis
is essential for bridging theoretical predictions with obser-
vational data, offering a clearer picture of the cosmos and
its evolving nature. This parameter corresponds to differ-
ent cosmic eras, i.e., ω = 0, 1/3, 1 represent dust, radiation
and stiff matter dominated era, respectively. It also deter-
mines the different expanding phases of the cosmos such
as −1 < ω < −1/3 represents quintessence and ω < −1
portrays phantom regime.

Figure 7 shows that the EoS for model-II exhibits a sig-
nificantly negative value, though it is less than −1. This
high negative value suggests that model-II is operating in
a regime where the pressure is strongly negative compared
to the energy density, indicating an exotic matter scenario or
a strongly accelerating universe. Physically, this could imply
that model-II is associated with a phase where the cosmic
expansion is dominated by a form of energy or matter that has
unusual properties, leading to accelerated expansion or even
scenarios like a cosmological constant or DE. This behavior
could also suggest that the model aligns with alternative cos-
mological models where the dynamics of the universe deviate
from standard expectations. For model-I, the EoS parameter
is greater than −1. Thus, the graphical analysis reveals that
both models exhibit accelerated expansion before and after
the bounce, but model-I aligns with quintessence cosmology,
while model-II corresponds to the phantom regime.

3.6 Analysis of null energy condition

The energy conditions serve as viable constraints with spe-
cific physical properties based on the EMT, which are
employed to assess the physical consistency of cosmic mod-
els. Researchers have evaluated the viability of various cos-
mic configurations by imposing these constraints. These
energy bounds are classified as null (0 ≤ ρ + p), dominant
(0 ≤ ρ − p), weak (0 ≤ ρ, 0 ≤ ρ + p) and strong energy
conditions (0 ≤ ρ + p, 0 ≤ ρ + 3p). Here, we explore the
graphical behavior of the null energy constraint for the con-
sidered EMSG models. Violation of the null energy condition
yields the violation of all energy conditions. Figures 8 depicts
that the null energy constraint is negative before and after the
bounce point. This violation is interpreted as an indication
of a non-singular bounce that allows the universe to transi-
tion from a contracting phase to an expanding phase without
encountering a singularity.

4 Stability analysis

The stability of the bouncing cosmological is investigated
through linear homogeneous perturbations, which is crucial
to understand the model’s resilience to small fluctuations
in the cosmological background. By examining the model
response to these perturbations, we can evaluate its effec-
tiveness as a theoretical framework for describing the cos-
mic dynamics. Additionally, assessing stability helps us to
determine the conditions under which the model solutions
remain consistent and reliable, offering valuable insights to
explain accelerated cosmic expansion. For this purpose, we
consider a general solution expressed as H(t) = Hh(t) [82].
We analyze the model using this arbitrary solution, where the
energy density and Hubble parameter can be perturbed as

H(t) = Hh(t)(1 + η(t)), ρ(t) = ρh(1 + ηm(t)). (26)

The first perturbation equation for the conserved EMT is [14]

η̇m(t) + 3Hh(t)η(t) = 0. (27)

The second perturbation equation is obtained by inserting
Eq. (26) into (17) and (23) and plotted in the Fig. 9 for model-
I. This determines the behavior of the perturbation parameters
ηm and η as a function of z in the context of the bouncing
cosmological model. The graphs show that both perturbation
parameters decrease and approach to zero as z → −1, indi-
cating minimal perturbations in the early stages of the cosmic
evolution. As the universe undergoes a bounce, these param-
eters remain positive, signifying the robustness of the model
against small perturbations. In the late time, the perturbation
parameters continue to exhibit stable behavior, reinforcing
the stability of the bouncing cosmological model under lin-
ear perturbations. Substituting Eq. (26) into (21) and solving
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Fig. 5 The graphical behavior of energy density parameter versus t for different parametric values

Fig. 6 The graphical behavior of pressure versus t for different parametric values

Fig. 7 Evolution of ω for different parametric values

Fig. 8 Graphical behavior of null energy condition verses time
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Fig. 9 Evolution of ηm(z) and η(z) against redshift variable for model-I

Fig. 10 Graphical evolution of ηm and η against redshift

it with (27), the perturbation parameters η and ηm are deter-
mined and depicted in Fig. 10 for model-II. The graphs in
Fig. 10 demonstrate that the perturbation parameters follow
a pattern similar to that observed in model-I.

5 Conclusions

In the recent years, the questions about the cosmic origin
and evolution have been subject of great interest for cosmol-
ogist due to the limited observational data and mysterious
aspects. In this regard, cosmologists have turned to bouncing
cosmology as an appealing approach to address the chal-
lenges posed by the inflationary paradigm in the light of
uncertainties regarding initial conditions and singularities at
the outset of the big bang model. Our investigation has been
focused on exploring viable bouncing models in a newly pro-
posed EMSG framework. This study focuses on examining
the well-known bouncing cosmological models in a FRW
spacetime using a perfect matter distribution.

The extension to f (R, T2) gravity is motivated by the
need to explore modifications of GR that incorporate both
quantum corrections and cosmological phenomena such as
bouncing scenarios, which aim to address the singularity
problem inherent in GR. This theory offers a modified gravi-

tational action where the non-minimal coupling between the
Ricci scalar and self-contraction of the EMT introduces addi-
tional degrees of freedom. These degrees of freedom can be
interpreted as contributing to the effective energy density and
pressure, which can lead to the required violation of energy
conditions and consequently facilitate a nonsingular bounc-
ing solution. The choice of f (R, T2) is based on the idea
that interactions between matter and geometry could play a
key role in the early universe. While f (R) theory modifies
the geometric side of the Einstein field equations, the inclu-
sion of T2 reflects a further coupling with the matter content.
In many early-universe models, high-energy conditions can
induce non-linear matter terms, and the T2 term provides a
phenomenological approach to capture such interactions.

Specifically, it allows for a more detailed modeling of
energy-matter couplings, which are essential in high-energy
cosmological regimes, like the ones expected in bouncing
cosmology. The introduction of higher-order terms like T2

can be viewed as an attempt to incorporate quantum cor-
rections to the classical theory of gravity. In several quantum
gravity approaches, corrections to the Einstein–Hilbert action
are expected to emerge, which could include terms depending
on the EMT. By introducing f (R, T2), we aim to explore a
class of modifications that could encapsulate such quantum
effects in a phenomenological way, potentially leading to
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new insights into the early universe dynamics. This extension
aims to address cosmological challenges while maintaining
consistency with observational data, especially in the context
of early universe phenomena. Thus, the physical motivation
behind using f (R, T2) gravity lies in the desire to explore
non-singular cosmological models, account for higher-order
matter couplings and incorporate quantum corrections into
the classical gravitational framework. This approach not only
addresses the initial singularity problem but also provides a
more comprehensive model for the interaction between mat-
ter and geometry in the early universe.

The scale factor reaches its minimum size, becomes non-
zero and starts increasing, which explains the bouncing
behavior during the early stages of cosmic evolution (Fig. 1).
The Hubble parameter becomes negative during the pre-
bounce phase, which indicates a contracting cosmos. As the
universe approaches to the bouncing point (t = 0), the Hub-
ble parameter vanishes. Moving into the post-bounce epoch,
the Hubble parameter becomes positive, signifying the cos-
mic expansion (Fig. 2). We have seen the dynamic nature of
the considered cosmic model as it transits between contrac-
tion and expansion phases (Fig. 3). There is a positive energy
density and negative pressure, aligning with the anticipated
accelerated expanding behavior of the cosmos as postulated
by the DE model (Figs. 4, 5, 6). The EoS parameter falls
in the quintessence and phantom regions near the bounce
point (Fig. 7). Furthermore, we have discussed the cosmic
acceleration and expansion through null energy condition
in this framework. The null energy condition is violated for
both models which confirms the existence of viable bouncing
model in this theoretical framework (Fig. 8). Finally, we have
studied the stability of both the models. The stability of the
perturbation parameters over time confirms the robustness of
the model against small perturbations, reinforcing its consis-
tency and viability as a theoretical framework for describing
cosmic evolution (Figs. 9, 10).

This research is focused on the idea of a bouncing cosmol-
ogy in f (R, T 2) gravity which provides important perspec-
tives for future investigations into the early development of
the universe. These modified field equations using a variety
of scale factors can offer a more effective way to analyze the
present cosmological scenario. We have looked at how the
results from the standard cosmological models match or dif-
fer. This aspect provides a more comprehensive knowledge
of cosmological ideas and observational evidence. Gul et al.
[78] studied the cosmological bouncing solutions in f (Q, T )

theory but they did not check stability. We have also checked
stability of the system. It is found that our results are more
consistent with observational data.
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Appendix A

The values of 
 factors are given by


1 = 9

64β2 − 48βH2 + 32β Ḣ + 5

16β2

+5β + 48β2H2 + 32β2 Ḣ

48β3 + ( − β2 + 11520β4H4

+11904β4H2 Ḣ + 132β3H2 + 3104β4 Ḣ2

+106β3 Ḣ
)
,


2 =
[

3 × 2
2
3 β3

(
15552β3(8βH2 − 4β Ḣ − 1

)2

+5184β2(5β + 48β2H2 + 32β2 Ḣ
)

×(
8βH2 − 4β Ḣ − 1

) + 128
(
5β + 48β2H2

+32β2 Ḣ
)3 + 559872β4(48βH4

+48β Ḣ H2 − H2 + 12β Ḣ2)
−165888β3(5β + 48β2H2 + 32β2 Ḣ

)(
48βH4

+48β Ḣ H2 − H2 + 12β Ḣ2)

+
(

4 − ( − 32β2 + 368640β4H4 + 380928β4H2 Ḣ

+4224β3H2 + 99328β4 Ḣ2 + 3392β3 Ḣ
)3

+
(

15552β3(8βH2 − 4β Ḣ − 1
)2 + 5184β2

×(
8βH2 − 4β Ḣ − 1

)(
5β + 48β2H2 + 32β2 Ḣ

)
+128

(
5β + 48β2H2 + 32β2 Ḣ

)3

+559872β4(48βH4 + 48β Ḣ H2 − H2 + 12β Ḣ2)
−165888β3(5β + 48β2H2 + 32β2 Ḣ

)
×( − H2 + 48βH4 + 48β Ḣ H2 − H2
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+12β Ḣ2))2) 1
2
) 1

3
]
,


3 =
[(

15552β3(8βH2 − 4β Ḣ − 1
)2

+5184β2(8βH2 − 4β Ḣ − 1
)

(
5β + 48β2H2 + 32β2

×Ḣ
) + 128

(
5β + 48β2H2 + 32β2 Ḣ

)3 + 559872β4

(
48βH4 + 48β Ḣ H2 − H2 + 12β

×Ḣ2) − 165888β3(5β + 48β2H2 + 32β2 Ḣ
)

(
48βH4 + 48β Ḣ H2 − H2 + 12β Ḣ2) + 
2)

]
,


4 =
[

4 − ( − 32β2 + 368640β4H4

+380928β4H2 Ḣ + 4224β3H2 + 99328β4 Ḣ2

+3392β3 Ḣ
)3 +

(
15552β3(8βH2 − 4β Ḣ − 1

)2

+5184β2(8βH2 − 4β Ḣ − 1
)

×(
5β + 48β2H2 + 32β2 Ḣ

)
+128

(
5β + 48β2H2 + 32β2 Ḣ

)3

+559872β4(48βH4

+48β Ḣ H2 − H2 + 12β Ḣ2) − 165888β3

(
5β + 48β2H2 + 32β2 Ḣ

)( − H2

+48βH4 + 48β Ḣ H2 − H2 + 12β Ḣ2))2) 1
2
) 1

3
]
,


5 =
[

9

32β2 − 48βH2 + 32β Ḣ + 5

16β2

+5β + 48β2H2 + 32β2 Ḣ

48β3 + ( − β2 + 11520β4H4

+11904β4H2 Ḣ

+132β3H2 + 3104β4 Ḣ2 + 106β3 Ḣ
)]

,


6 =
[

1 + 1

192 3
√

2β3

(
15552β3(8βH2 − 4β Ḣ − 1

)2

+5184β2(8βH2 − 4β Ḣ − 1
)(

5β

+48β2H2 + 32β2 Ḣ
)

+128
(
5β + 48β2H2 + 32β2 Ḣ

)3

+559872β4(48βH4 + 48β Ḣ H2

−H2 + 12β Ḣ2) − 165888β3(5β

+48β2H2 + 32β2 Ḣ
)

(
48βH4 + 48β Ḣ H2 − H2 + 12β

×Ḣ2) + 
2
)]

,


7 = − 27

64β3 + 3
(
48βH2 + 32β Ḣ + 5

)
16β3

+3
(
8βH2 − 4β Ḣ − 1

)
8β3 ,


8 = 361

2704β2 − 1

208β2

(
888βH2

+1776αβH2R + 544β Ḣ

+1232αβHṘ + 1088αβ ḢR

−136αβR2 + 12αβR2 − 544αβR̈ + 5

)

+ 1

624β3

(
5β + 888β2H2 + 1776αβ2H2R

+544β2 Ḣ + 1088αβ2 ḢR + 1232αβ2HR

−136αβ2R2 + 12αβ2R2 − 544αβ2R̈
)

,


9 =
[

4585β2 + 4584960β4H4 + 18339840α2β4H4R2

+18339840αβ4H4R + 26959872

×α2β4H3RṘ + 13479936αβ4H3Ṙ
+4859904β4H2 Ḣ − 249312β3H2 + 626688α2β4

×H2R3 + 19439616α2β4H2 ḢR2

−1214976αβ4H2R2 − 2429952α2β4H2R3

+313344 × αβ4H2R2 + 9914368α2β4H2Ṙ2

+19439616αβ4H2 ḢR − 4859904αβ4H2R̈
−9719808

×α2β4H2RR̈ − 498624αβ3H2R + 1294336β4 Ḣ2

−122240β3 Ḣ + 325632α2β4 ḢR3

+5177344α2β4 Ḣ2R2 + 463872α2β4HR2 Ṙ

−1294336α2β4 ḢR3 − 647168αβ4 ḢR2

+162816αβ4 ḢR2 − 1782784α2β4HR2 Ṙ

+14262272α2β4H ḢRṘ + 5177344αβ4 Ḣ2R

+7131136αβ4H ḢṘ − 5177344α2β4 ḢRR̈
−2588672αβ4 Ḣ R̈ − 7131136α2β4HṘR̈
−244480αβ3 ḢR − 376384αβ3H Ṙ + 5760α2β4R4

+80896αβ4R4 − 40704α2β4R4

+647168α2β4R2R̈ − 162816α2β4R2R̈
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+30560αβ3R2 − 10992αβ3R2 + 1294336α

×β4R̈2 + 122240αβ3 R̈

]
,


10 =
[(

9980928
(
24336R2α2βH4 + 24336RαβH4

+6084βH4 + 36192Rα2β ṘH3

+18096αβṘH3 + 13456α2β Ṙ2H2

−240RαH2 − 3120R3α2βH2 − 1560αR2βH2

+936R3α2βH2 + 468R2αβH2

+24960R2α2β Ḣ H2 + 24960Rαβ Ḣ H2

+6240β Ḣ H2 − 12480Rα2βR̈H2 − 6240βαR̈H2

−120H2 − 240α ṘH − 2320α2R2βṘH + 696R2

×α2βṘH + 18560Rα2β ḢṘH + 9280αβ ḢṘH

−9280αβṘαR̈H + 6400R2α2β Ḣ2

+6400Rαβ Ḣ2 + 1600β Ḣ2 + 1600αβR̈2 − 20R2α

−60α2R4β + 9R4α2β + 100R4αβ

−1600R3α2β Ḣ − 800αR2β Ḣ + 480R3α2β Ḣ

+240R2αβ Ḣ − 240R2α2βR̈ − 6400R
×αβ ḢαR̈ − 3200β ḢαR̈ + 800R2α2βR̈

)
β4

+359424
(
804RαβH2 + 402βH2 + 524α

×βṘH − 70αR2β − 3R2αβ + 560Rαβ Ḣ

+280β Ḣ − 280βαR̈ − 10
)2

β3 − 239616

×(
888H2β2 − 136αR2β2 + 12R2αβ2

+1776H2Rαβ2 + 1088Rα Ḣβ2

+544Ḣβ2

+1232HαṘβ2 − 544αR̈β2 + 5β
)

(
24336R2α2βH4 + 24336RαβH4 + 6084βH4

+36192Rα2βṘH3 + 18096αβṘH3

+13456α2β Ṙ2H2 − 240RαH2 − 3120R3α2βH2

−1560αR2βH2 + 936R3α2βH2 + 468R2αβH2

+24960R2α2beta Ḣ H2 + 24960Rαβ Ḣ

×H2 + 6240β Ḣ H2 − 12480Rα2βR̈H2

−6240βαR̈H2 − 120H2 − 240αṘH − 2320α2

×R2βṘH + 696R2α2βṘH + 18560Rα2β ḢṘH

+9280αβ ḢṘH − 9280α3βṘR̈H

+6400R2α2β Ḣ2 + 6400Rαβ Ḣ2 + 1600β Ḣ2

+1600αβR̈2 − 20R2α − 60R4α2β

+9R4α2β + 100R4αβ − 1600R3α2β Ḣ

−800αR2β Ḣ + 480R3α2β Ḣ + 240R2αβ Ḣ

−240R2α2βR̈ − 6400Rα2β ḢR̈ − 3200β ḢαR̈
+800R2α2βR̈

)
β3 − 87552

(
804RαβH2

+402βH2 + 524αβṘH − 70αR2β

−3R2αβ + 560Rαβ Ḣ + 280β Ḣ − 280βαR̈ − 10
)

×(
888H2β2 − 136αR2β2 + 12R2αβ2

+1776H2Rαβ2 + 1088Rα Ḣβ2 + 544Ḣβ2

+1232Hα Ṙβ2 − 544α R̈β2 + 5β
)
β2 + 128(

888H2β2 − 136αR2β2 + 12R2αβ2 + 1776H2

×Rαβ2 + 1088Rα Ḣβ2 + 544Ḣβ2 + 1232HαṘβ2

−544αR̈β2 + 5β
)3 +

(
4
(
73359360

×H4β4 − 38879232H2R3α2β4 + 92160R4α2β4

+10027008H2R3α2β4 + 293437440H4

×R2α2β4 + 82837504R2α2 Ḣ2β4

+82837504Rα Ḣ2β4 + 20709376Ḣ2β4

+158629888 × H2α2Ṙ2β4 + 20709376αR̈2β4

+1294336R4αβ4 + 19439616H2R2αβ4 + 5013504

×H2R2αβ4 + 293437440H4Rαβ4

+651264R4α2β4 + 77758464H2 Ḣβ4 − 10354688

×αR2 Ḣβ4 + 5210112R3α2 Ḣβ4

+311033856H2R2α2 Ḣβ4 + 2605056R2α Ḣβ4

+311033856H2Rα Ḣβ4 + 20709376R3α2 Ḣβ4

+7421952HR2α2Ṙβ4 + 431357952

×H3Rα2Ṙβ4 − 28524544HααR2Ṙβ4

+215678976H3αṘβ4

+228196352HRα2 ḢṘ
×β4 + 114098176Hα Ḣ Ṙβ4 − 77758464H2αR̈β4

+10354688R2α2R̈β4 − 2605056R2

×α2R̈β4 − 155516928H2Rα2 R̈β4 − 82837504Rα Ḣ

αR̈β4 − 41418752ḢαR̈β4

−114098176Hα2ṘR̈β4 + 3988992H2β3

+488960R2αβ3 + 175872R2αβ3 + 7977984H2

×Rαβ3 − 3911680Rα Ḣβ3 + 1955840Ḣβ3

−6022144HαṘβ3 + 1955840αR̈β3

+73360β2)3 +
(

9980928
(
24336R2α2βH4

+24336RαβH4 + 6084βH4 + 36192Rα2β
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×ṘH3 + 18096αβṘH3 + 13456α2βṘ2H2

−240RαH2 − 3120R3α2βH2 − 1560αR2

×βH2 + 936R3α2βH2 + 468R2αβH2

+24960R2α2β Ḣ H2 + 24960Rαβ Ḣ H2

+6240 × β Ḣ H2 − 12480Rα2βR̈H2

−6240βαR̈H2 − 120H2 − 240αṘH

−2320α2R2βṘH + 696R2α2β ṘH

+18560Rα2β ḢṘH

+9280αβ ḢṘH − 9280αβ Ṙ

αR̈H + 6400R2α2β Ḣ2 + 6400Rαβ Ḣ2 + 1600β Ḣ2

+1600αβR̈2 − 20R2α − 60R4α2β

+9R4α2β + 100R4αβ

−1600R3α2β Ḣ − 800αR2β Ḣ + 480R3α2β Ḣ

+240R2αβ Ḣ − 240R2α2βR̈ − 6400Rα2

×β ḢR̈ − 3200β ḢαR̈ + 800R2α2βR̈
)

β4 + 359424
(
804RαβH2 + 402βH2 + 524αβṘH

−70αR2β − 3R2αβ + 560Rαβ Ḣ

+280β Ḣ − 280βαR̈ − 10
)2

β3 − 239616
(
888H2β2

−136αR2β2 + 12R2αβ2 + 1776H2Rαβ2

+1088Rα Ḣβ2 + 544Ḣβ2 + 1232HαṘβ2

−544αR̈β2 + 5β
)(

24336R2α2βH4 + 24336RαβH4

+6084βH4 + 36192Rα2βṘH3

+18096αβṘH3 + 13456α2βṘ2H2 − 240RαH2

−3120R3α2βH2

−1560αR2βH2 + 936R3α2βH2

+468R2αβH2 + 24960R2α2β Ḣ H2

+24960Rαβ Ḣ H2 + 6240β Ḣ H2

−12480Rα2βR̈H2 − 6240βαR̈H2

−120H2 − 240αṘH − 2320α2R2βṘH + 696R2α2

×βṘH + 18560Rα2β ḢṘH + 9280αβ ḢṘH

−9280αβṘαR̈H + 6400R2α2β Ḣ2

+6400Rαβ Ḣ2 + 1600β Ḣ2 + 1600βαR̈2

−20R2α − 60R4α2β + 9R4α2β + 100R4αβ

−1600R3α2β Ḣ − 800αR2β Ḣ + 480R3α2β Ḣ

+240R2αβ Ḣ − 240R2α2βR̈
−6400R × α2β ḢR̈ − 3200β ḢαR̈
+800R2α2βR̈

)
β3 − 87552

(
804RαβH2 + 402βH2

+524αβ × ṘH − 70αR2β − 3R2αβ + 560Rαβ Ḣ

+280β Ḣ

−280βαR̈ − 10
)(

888H2β2

−136αR2β2 + 12R2αβ2 + 1776H2Rαβ2

+1088Rα Ḣβ2 + 544Ḣβ2 + 1232HαṘβ2

−544αR̈β2 + 5β
)
β2 + 128

(
888H2β2

−136αR2β2 + 12R2αβ2 + 1776H2Rαβ2

+1088Rα Ḣβ2 + 544Ḣβ2

+1232Hα Ṙβ2 − 544αR̈β2

+5β
)3

)2) 1
2
) 1

3
]
,


11 = 361

1352β2 − 1

208β2

[
−136αR2β − 544αR̈β

+888βH2 + 1776αβH2R + 544β Ḣ

+1232αβHṘ + 1088αβ ḢR + 12αβR2 + 5

]

− 1

624β3

[
−136αR2β2 − 544αR̈β2 + 5β

+888β2H2 + 1776αβ2H2R + 544β2 Ḣ

+1088αβ2 ḢR + 1232αβ2HṘ + 12αβ2R2
]
,


12 = 6859

17576β3 − 1

26β3

[
70αR2β − 402βH2

−804αβH2R − 280β Ḣ − 524αβHṘ

−560αβ ḢR + 3αβR2 + 280αβR̈ + 10

]

− 19

1352β3

[
888βH2 + 1776αβH2R

+544β Ḣ + 1232αβHṘ + 1088αβ ḢR − 136αβR2

+12αβR2 − 544αβR̈ + 5

]
,


13 = 361

2704β2 − 1

208β2

[
−136αR2β − 544αR̈β

+888βH2 + 1776αβH2R + 544β Ḣ

+1232αβHṘ + 1088αβ ḢR + 12αβR2 + 5

]

+ 1

624β3

[
−136αR2β2 − 544αR̈β2

+5β + 888β2H2 + 1776αβ2H2R + 544β2 Ḣ

+1088αβ2 ḢR + 1232αβ2HṘ + 12αβ2R2
]
,


14 = 6859

17576β3 − 1

26β3

[
70αR2β

+280αR̈β − 402βH2 − 804αβH2R − 280β Ḣ

−524αβHṘ − 560αβ ḢR + 3αβR2 + 10

]

− 19

1352β3

[
−136αR2β − 544αR̈β
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+888βH2 + 1776αβH2R + 544β Ḣ

+1232αβHṘ + 1088αβ ḢR + 12αβR2 + 5

]
.
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