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Abstract This paper is devoted to examining cosmological bouncing scenarios in the framework of the recently proposed symmetric
teleparallel gravity (or f(Q) gravity), where the non-metricity scalar Q represents the gravitational interaction. We assume an f(Q)
model in the form of f(Q) = ¢ Q", where o and n are free model parameters. To obtain a bouncing universe, we consider a special
form of the scale factor a(?) in terms of cosmic time, specifically a(t) = (1 + A3 where A is an arbitrary constant. We derive
the field equations for the flat FLRW universe and obtain the corresponding exact solution. We investigate the physical behavior
of various cosmological parameters such as the deceleration parameter, pressure, and equation of state (EoS) parameter with the
energy conditions for our bounce cosmological model. Furthermore, we investigate the behavior of the perturbation terms §,,(¢)
and §(¢) with respect to cosmic time ¢ using the scalar perturbation approach. We found that although the model exhibits unstable
behavior at the beginning for a brief period, it shows mostly stable behavior for most of the time. Finally, we conclude that the EoS
parameter crosses the quintom line w = —1 in the vicinity of the bouncing point + = 0, which confirms the success of our bounce
cosmological model.

1 Introduction

General relativity (GR) is a geometric theory of gravity based on Riemannian geometry, which extends Euclid’s flat geometry to
describe curved surfaces. Together with quantum physics, GR stands as a remarkable achievement in modern physics. This influential
theory is highly successful and currently represents our best understanding of gravity. These successes are due to numerous tests and
predictions, such as the perihelion advance of Mercury, the deflection of light by the Sun, the detection of the gravitational waves,
etc. [1, 2]. On the other hand, recent observations in cosmology such as Type Ia Supernovae (SNIa) [3, 4], Cosmic Microwave
Background (CMB) [5, 6], Wilkinson Microwave Anisotropy Probe (WMAP) data [7-9], Large-Scale Structure (LSS) [10, 11], and
Baryonic Acoustic Oscillations (BAO) [12, 13] have provided conclusive evidence that our universe has now entered a phase of
accelerated expansion. In addition, the same data support the conclusion that 95% of the total content of the universe in the form of
two exotic components of energy and matter called dark energy (DE) and dark matter (DM), respectively, with only 5% represents
ordinary matter in the form of baryonic matter.

Although GR has provided explanations for many phenomena within the solar system, these recent observations have thrown
this theory into great trouble. In fact, GR cannot explain many gravitational phenomena on a large scale in the universe. Thus, GR
may not be the definitive theory of gravity, because it is not able to account for the present acceleration of the universe (or DE), DM,
the initial singularity, and the singularity of the black hole. To interpret the results of recent cosmological data, several alternatives
have recently been proposed. An approach called modified theories of gravity (MTG), where it is suggested that Einstein’s theory
of gravity is invalid on the grand scale of the universe, and the Einstein—Hilbert action, which describes GR, must be modified to
a more general action. In GR, gravitational interactions are described by Ricci curvature R, as a generalization, it is to replace the
Ricci curvature R by an arbitrary function f(R), and the result is the so-called f(R) gravity [14]. A second alternative to extending
the Einstein—Hilbert action is to presume a non-minimal coupling between geometry and matter such as f(R, T) and f(R, L),
where T and L, are the trace of the energy—momentum tensor and the matter Lagrangian density, respectively [15, 16].

Since GR is a geometric theory, another approach has been taken, which is to generalize Riemannian geometry such as Weyl
geometry. In Riemannian geometry, the curvature of space—time is measured by the variation in the direction of a vector in the
parallel transport process, while in Weyl geometry, the variation in the length of a vector is also taken into account. This leads to the
covariant derivative of the metric tensor, g, is nonzero in Weyl geometry, and this is called the non-metricity, i.e., Qy v = V) guv
[17]. Another extension of Weyl geometry is known as Weyl-Cartan geometry where torsion 7 is introduced. According to this
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presentation, gravitational interactions can be described by three concepts: (i) curvature (GR) in which the torsion and the non-
metricity are zero, (ii) torsion (teleparallel gravity) in which the curvature and the non-metricity are zero, and (iii) non-metricity
(symmetric teleparallel gravity) in which the curvature and the torsion are zero. As mentioned, the f(R) gravity is a generalization
of GR, similarly f(7T) gravity is a generalization of teleparallel gravity [18], and f(Q) gravity is a generalization of symmetric
teleparallel gravity. In this work, we will discuss the newly suggested f(Q) gravity in which the non-metricity scalar describes the
gravitational interactions [19]. Harko et al. investigated the coupling matter in the modified Q theory of gravity [20]. The growth
index of matter perturbations has been analyzed in the background of f(Q) gravity [21]. The signatures of f(Q) gravity have been
analyzed in Ref. [22].

In the literature, there are three scenarios that describe the cosmic expansion and predict the ultimate fate of the universe. The
first scenario is that there could be so much matter in the observable universe that despite the observed expansion of gravity, it would
bring everything back to a big crunch. The second scenario is that galaxies recede from each other and space—time itself expands all
the time. The final scenario is the idea of the oscillating universe, which describes a model of the universe that alternates between
expanding and contracting phases, with big crunch and big bang between these phases, and is famous as the big bounce, which
we ought to examine in the context of symmetric teleparallel gravity. The big bounce theory is an attractive cosmological model
that describes the origin of the universe without the initial singularity found in GR because in this theory the universe passes from
contraction to expansion without collapsing on itself [23, 24]. In addition, bouncing cosmology contradicts the existence of the initial
singularity. Thus, this cosmological model is considered an effective solution to the problem of singularity in the standard model of
the big bang. Several authors have discussed the idea of a bouncing universe in various contexts such as f(R), f(R, T), f(G), f
(R, G),and f(Q) gravities [25-33]. The null energy condition (NEC) is included in most phenomenological models, which makes
it difficult to realize a bouncing cosmological model. The NEC, which is the sum of isotropic pressure and energy density of the
universe, must be violated for the Hubble rate to increase and the bounce to occur [34]. However, violating the NEC can introduce
instability issues such as the Belinski—Khalatnikov—Lifshitz (BKL) instability [35]. This instability occurs when the anisotropic
energy density of space—time increases faster than that of the bouncing agent during the contracting phase, resulting in an unstable
background evolution. Therefore, the matter bounce scenario suffers from two significant flaws: (1) BKL instability and (2) in the
perturbation evolution, a large tensor-to-scalar ratio implies that the scalar and tensor perturbations have similar amplitudes. An
exact matter bounce scenario with a single scalar field results in an essentially scale-invariant power spectrum [36].

The paper is ordered as follows: In Sect. 2, we present an overview of f(Q) gravity theory in the framework of a flat FLRW
universe. In Sect. 3, we briefly discuss the energy conditions in f(Q) gravity. Next, we consider some cosmological solutions to
obtain the bouncing universe in Sect. 4. The behavior of some cosmological parameters of the bouncing f(Q) model, such as the
pressure, and EoS parameter, is discussed in Sect. 5. In Sect. 6, we show the evolution of the stability analysis of the model. Finally,
we conclude with our results in Sect. 7.

2 f(Q) gravity theory

As it is well known, the metric tensor g, in GR is a generalization of the concept of gravitational potentials in Newton’s theory.
Generally, the metric tensor is used to determine distances, volumes, and angles while the affine connection £7 ,,, is used as a basic
tool in the parallel transport process and covariant derivatives. In the differential geometry of the Weyl—Cartan type with the presence
of torsion 7" and non-metricity Q terms, the most general affine connection can be given in terms of all possible contributions as [17]

5 =T + KV + LY o, 1)

where I'? ,,,, K7, and L7 ,, are the Levi—Civita connection, the contorsion tensor, and the disformation tensor, respectively.

1
Fy/u) = ng (3Mgau + avg(ru_ - a(rguv)a (2)
1
Ky/w = Egy(r (Tp.av + Toop + T(rp.v), 3)
1
Ly,uv = EgyU(Qvua + Q,uva - Qy/w)- “4)

The torsion tensor is determined by the antisymmetric part of XV ,,,, while the non-metricity tensor from the covariant derivative of
the metric g, as

Ty =227 (1), Qyuv = —Vy 8w # 0, (&)
and Oy, in terms of the most general connection is given as
Oyuv = =0y &uv + 8o Eam/ + gauzavy- (6)

GR in which gravitational interactions are outlined by the concept of curvature can be obtained from the above description by the
absence of both the contorsion term and the disformation term, i.e., KV, = LY, = 0. In addition, depending on the form of
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the connection, two different other theories that are equivalent to GR can be constructed, namely TEGR (teleparallel equivalent
to general relativity), i.e., L, = 0, and STEGR (symmetric teleparallel equivalent to general relativity), i.e., K, = 0. In this
work, we have focused on the last presentation of GR, i.e., STEGR. If space-time is considered flat with zero torsion, it must
match to a pure coordinate transformation from the trivial connection as exhibited in Ref. [19]. More clearly, the connection can be
parameterized as
Y

Eyuﬁ = %%aﬁép’ (N
It is good to point out in Eq. (7) that £ = &7 (x*) is an invertible relation and % is the inverse of the corresponding Jacobian
[37]. Thus, it is always possible to get a coordinate system in which the general connection is zero, i.e., 7, = 0 [19]. Also, the
curvature tensor is zero which makes the overall geometry of space—time flat as the Weitzenbock geometry. The previous condition
is known as coincident gauge, and the covariant derivative V,, reduces to the partial derivative d,. Thus, in the coincident gauge

coordinate can be gained Q, ,,, = —d, g,y Itis clear from the above discussion that the Levi-Civita connection I'” ;;,, can be written
in terms of the disformation tensor L” ;,,, as I'V ;,, = —LY ,,,. The action that corresponds to the STEGR is described by
1
SSTEGR = / ¢—gd4x[§(— Q)+ Lm]. ®)

The f(Q) theory of gravity is a generalization of the STEGR in which the extended action is given by [37]
1
5= [ Va5 1@+ L], ©)

where f(Q) represents an arbitrary function of the non-metricity scalar Q , g is the determinant of the metric tensor g, and L, is
the matter Lagrangian density. In addition, from the above action, GR can be reproduced for the option of function in the form f

(Q) = —Q, i.e., for this option we recover the known as STEGR [38]. Now, owing to the symmetricity of g, there are only two
independent traces procured from the non-metricity term Q, ,, specifically,
0, =0y, 0y=0", (10)
In addition, it is useful to introduce the superpotential tensor, i.e., non-metricity conjugate given by
APY = =07 1y +20,) ) + OV guv — 07 8w — 87, Qv (1)
Then, the trace of the non-metricity tensor can be obtained as
0= _Qyp.va/w- (12)

The Riemann curvature tensor is defined as
A
Ry, =202 + 257, Sis- (13)
Using the affine connection given in Eq. (1), we obtain

s34 v 14 v 14
=Ry, +VuXlg = VX" o+ XV XD — X7 X

= XX g (14)

In this context, RJ}; v and V are defined with respect to the Levi-Civita connection (234) and X7, = K7, + LY ;.. By applying
appropriate contractions to the curvature term and imposing the torsion-free constraint 77 ,,, = 0 in Eq. (14), we obtain

R=k-0+V,(0"-0), (15)

where R represents the usual Ricci scalar calculated using the Levi-Civita connection. By imposing the teleparallel constraint R = 0,
we achieve curvature-free teleparallel geometries, and consequently, Eq. (15) simplifies to

k=0-%,(0"-0"). (16)

From Egq. (16), it is evident that the Ricci scalar, when calculated using the Levi-Civita connection, differs from the non-metricity
scalar Q by a total derivative. Applying the generalized Stokes’ theorem, this total derivative can be converted into a boundary term
[39]. Consequently, the Lagrangian density changes by a boundary term, indicating that Q is equivalent to R. Thus, Q provides a
comparable description of GR.

By varying the action in Eq. (9) with respect to the metric tensor g,,,,, we get the field equations for the f(Q) symmetric teleparallel
gravity as,

2 1
ﬁvyu/—gfgw )+ 58 f + fo(Puyp Qv P 20,8, PP \) = T (17)
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where fp = df/dQ and V,, denote the covariant derivative. While the first two terms are manifestly symmetric, the third term can
be shown to be symmetric as well. This ensures that the field equations of f(Q) gravity are symmetric, preserving local Lorentz
invariance and confirming that no additional degrees of freedom are introduced when analyzing perturbations [40]. Furthermore,
the energy—momentum tensor for the perfect fluid matter of the universe is given by

2 6(/—8L
Typ = ———— M (18)
v—g  dg
In addition, by varying the action with regard to the connexion, we find
VEVY (V=g fo P w) =0. (19)

Taking into account the cosmological principle which reads that our universe is homogeneous and isotropic on large scales, in this
work, we assume the following flat Friedmann—Lemaitre-Robertson—Walker (FLRW) metric,

ds? = —dr? + az(z‘)[dx2 + dy2 + dzz], (20)

where a(?) is the scale factor of the universe that measures the cosmic expansion at a time ¢. The non-metricity scalar corresponding
to the flat FLRW metric is obtained as

0 =6H?, 1)

where H is the Hubble parameter which measures the rate of expansion of the universe.
In the case of a universe filled with perfect fluid type matter content, the energy—momentum tensor is defined as

Tuv =(p+ p)uuuv + P8uv, (22)

where p and p represent the isotropic pressure and the energy density of the universe, respectively. Here, u* = (1, 0, 0, 0) are
components of the four velocities of the perfect fluid.

Thus, the modified Friedmann equations that describe the dynamics of the universe in f(Q) symmetric teleparallel gravity read
as

1 f
3H = —(—p+ %), 23
270 ( 14 2) (23)
) g 1
H+3H2+@H:—<p+i), (24)
fo 2fo 2
where the dot (-) denotes the derivative with regard to the cosmic time ¢. Especially, for f(Q) = —Q we retrieve the standard GR

Friedmann’s equations [20]; as mentioned above, this specific option for the functional form of the function f(Q) is the STEGR
limit of the theory. The continuity equation of the energy—momentum tensor writes

p+3H(p+p)=0. (25)

Using Egs. (23) and (24), we obtain the expressions of the energy density of the universe p and the isotropic pressure p, respectively,
as

p=L _en2y,, (26)

2

p= <H+3H2+f—QH>2fQ—L 27
fo 2

Again, by using Egs. (23) and (24) we can rewrite the cosmological equations similar to the standard Friedmann equations in GR,

by adding the concept of an effective energy density p and an effective isotropic pressure p as

1
=5 = (p-1), (28)
2fo 2
i 2f, 1
2H+3H2:—ﬁ=—QH+—<p+2p+i>. (29)
fo 2fo 2
Moreover, the gravitational action (9) is reduced to the standard Hilbert—Einstein form in the limiting case f(Q) = —Q. For this

choice, Eqs. (28) and (29) reduce to the standard Friedmann equations of GR, 3 H? = p, and 2H+3H?=— p, respectively.
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3 Energy conditions

The energy conditions (ECs) are a set of simple constraints on different linear combinations of the energy density of the universe
and isotropic pressure. These conditions show that the energy density of the universe cannot be negative and that gravity is always
attractive and have many applications in theoretical cosmology. For example, the ECs play an important role in GR as they help to
prove the theorems about the presence of the singularity of space—time and black holes [41]. In the context of this work, the ECs
are used for two reasons: to verify the bouncing cosmic scenario and to predict the acceleration phase of the universe. The ECs can
be obtained from the Raychaudhury equations, which are given as [42-44]

do 1

dr _592 = 00" + w0’ — Ryputu®, (30)

do 1

el —592 — oo™ + w0 — Ryyntn?, 31
T

where n*, 6, w,,,, and o*” are the null vector, the expansion factor, the rotation, and the shear associated with the vector field u*,
respectively. In Weyl geometry with the existence of non-metricity scalar Q, the Raychaudhury equations take various forms; for
more details, see [45]. For attractive gravity, Egs. (30) and (31) fulfill the following conditions

Ryyutu’ >0, (32)
Rywntn’ > 0. (33)
Thus, if we examine the perfect fluid distribution of cosmological matter, the ECs for f(Q) gravity are given as follows:

WEC (weak energy condition): if p > 0, 0+ p > 0.
NEC (null energy condition): if p + p > 0.

DEC (dominant energy condition): if p > 0, |p|< p.
SEC (strong energy condition): if p + 3p > 0.

By taking Eqgs. (28) and (29) in the WEC, NEC, and DEC constraints, we can demonstrate that

e WEC:ifp>0,p+p>0.
e NEC:if p+p > 0.
e DEC:if p > 0, |p|< p.

These findings are consistent with the results obtained by Capozziello et al. [46]. In the case of the SEC, we obtain

p+3p—6foH+f>0. (34)

4 Bouncing cosmological solutions

In this section, we will discuss one of the cosmological solutions that produce a bouncing universe. First of all, in order to construct
a successful bouncing dark energy model in standard cosmology, some necessary conditions are given as follows

e The first condition is a violation of the null energy condition (NEC) in the vicinity of the bouncing point, which is equivalent in
the standard FLRW universe H = —47 Gp(1+w) > 0.

e The second condition is that, in the phase of contraction of the universe, the scale factor a(r) decreases with cosmic time 7, i.e., a
(t) < 0 and Hubble parameter H (1) < 0, whereas, in the phase of expansion of the universe, the scale factor should increase with
cosmic time ¢, i.e., a(t) > 0 and Hubble parameter H (t) > 0. Further, a(¢) = 0 and Hubble parameter H (t) = 0 bouncing point.

e Lastly, the equation of the state (EoS) parameter w crosses the quintom line (phantom divide) @ = —1 in the vicinity of the
bouncing point t = 0.

Taking into account the conditions above, we assume the scale factor of the form
1
a(t) = (1+a?)3, (35)

where A is a free model parameter. The choice of the specific form of the scale factor used in the present work is motivated by
both theoretical and observational considerations. The scale factor in Eq. (35) is chosen in such a way that it satisfies the following
conditions: (i) it is finite and positive for all values of time, (ii) it reaches a nonzero minimum value at ¢ = 0, corresponding to the
bouncing point and thus provides a description of the origin of the universe without the initial singularity. This is a notable advantage
of the present model over other models that rely on the existence of an initial singularity. This form of the scale factor satisfies all
the above conditions and ensures the physical viability of the model. The quadratic term in the scale factor is introduced to obtain a
bouncing universe, as it allows the universe to undergo a phase of contraction followed by an expansion. In addition, this form of
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the scale factor has been previously used in various works to study bouncing cosmologies and has been shown to provide physically
meaningful results [47, 48]. The corresponding Hubble parameter H (¢) can be obtained as

Ho=%= 2 (36)
a  3(1+xr?)
The deceleration parameter can be obtained by the relation
a0 =1+ 5 (50 ) G37)
dr \ H(t)
Using Eqgs. (36) and (37), the deceleration parameter of our model is derived as
g0 =1 - . (38)
2 22

From Fig. 1, it is clear that in the contracting universe, the scale factor is a monotonically decreasing function with cosmic time
t,i.e., a(t) < 0, while in the case of the expansion of the universe, the scale factor is an increasing function with cosmic time z, i.e.,
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a(t) > 0. Further, we can see that the scale factor of the universe reaches to a nonzero minimum value a(¢) = 1 at the transition
point + = 0. It is noted that the choice of the scale factor satisfies the required conditions and provides a bouncing cosmology
scenario. The specific values of A are chosen to produce physically meaningful results. The spatial volume of the universe is given
as V(¢) = a>(¢). Hence, from this equation, we can observe that the spatial volume of the universe decreases before the bounce and
starts to increase after the bounce. In the bouncing universe, the contraction and expansion of the universe can be described with
the help of the Hubble parameter H (¢). Figure 2 indicates two phases of the Hubble parameter H(t) < O for ¢ < O (contraction)
and H(t) > 0 for t > 0 (expansion) with the bouncing condition satisfied, i.e., at t = 0, H(t) = 0. Hence, we observe that our
cosmological model contracts before the bounce and begins to expand after the bounce.

The deceleration parameter ¢(¢) is another important tool to explain the dynamics of the universe. The positive values of the
deceleration parameter (¢ > 0) exhibit the deceleration phase of the universe, while the negative values of ¢ < O point out the
acceleration phase of the universe. From Fig. 3, it is clear that the deceleration parameter has a symmetrical behavior at the bouncing
point t = 0 . Further it is important to check that the deceleration parameter has a negative value for both the expanding and
contracting universes. Finally, this negative behavior may be consistent with recent observational data showing that the expansion
of the current universe has entered an accelerating phase.

5 Cosmological f(Q) model

In this section, we discuss the assumed bouncing solutions via a cosmological model in f(Q) symmetric teleparallel gravity. In
addition, for a detailed interpretation of the proposed bouncing model, we need to investigate other required conditions such as
energy density, pressure EoS parameter, and null energy condition. For our investigation of the bouncing cosmological model, we
consider the following f(Q) functional form

f(Q)=a0", (39)

where o # 0 and n are free parameters of the model. The choice of the power-law form of the f(Q) function has been used in previous
studies and is motivated by its simplicity [49, 50]. The specific values of n and « are chosen to satisfy the physical constraints and
produce consistent cosmological scenarios.

Now by using Eqgs. (26) and (27) for the proposed cosmological model and with the help of the bouncing solutions, we obtained
the following expressions for the energy density of the universe and the isotropic pressure,

2n
p(t) = a(=2*""137"2n — 1)(3}120)) , (40)
and
2n
pt) = —/\% |:ot23"_13_"(2n — 1)(@) (n(ra* — 1) — Azz):|, 1)

respectively. In addition, the EoS parameter plays a critical role in describing the bouncing universe. For our analysis, the EoS

parameter w(?) can be obtained as
p(t) A2

The energy conditions for our specific form of f(Q) gravity are

w(t)

1 3n—1q—n 2 3H(Z) 2n
NEC<:>,o+p:—)72 a2 13720 — 1)(A” — 1) 5 >0, (43)
1 3H@)\ "
DEC <= p—p= M2|:a23"_13_”(2n — 1)( 2( )> (n(r? = 1) — mz)} >0, (44)
: 1 3H(1) ™"
SEC <= p+3p—6foH+ f = M2|:a23"_13_”n()»t2+3)< 2( )> } > 0. (45)

Figure 4 indicates that the bouncing solutions exhibit the negative isotropic pressure for the all range of cosmic time before and
after the bouncing point. Thus, the negative isotropic pressure makes the cosmological bouncing scenarios a candidate for cosmic
acceleration. From Fig. 5, it is clear that the EoS parameter for both cases n = 1 and n = 1.5 crosses the phantom divide, i.e.,
w < —1 in the vicinity of the bouncing point t = 0, which is a very strong criterion for a successful bouncing cosmological model.
Moreover, there is another condition for the bouncing universe model to be successful, which is that the criteria for violation of NEC
must be satisfied near the bouncing point # = 0. To check this, the behavior of all energy conditions is described in Figs. 6 and 7 for
both cases n = 1 and n = 1.5, respectively. From these figures, we can see that both NEC and SEC are violated in the vicinity of the
bouncing point ¢ = 0 while the DEC is fulfilled. The violation of NEC is an important criterion for obtaining the bouncing universe
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Fig. 4 Evolution of the pressure 0.000
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as mentioned above, while the violation of SEC is a requirement to obtain the acceleration of the universe due to the presence of
exotic matter. Lastly, it can be said that our cosmological model satisfies all the fundamental criteria for the bouncing universe in
symmetric teleparallel gravity and also predicts the scenario of the accelerating universe.

6 Linear scalar perturbations

In this section, we will discuss the stability of our cosmological model under homogeneous linear perturbations. Specifically, we
define the first-order perturbation for both the Hubble parameter and the density parameter as [51-53],

H(t) = H(t)(1 +8) (46)

p(t) = p(t)(1 + ). 47
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Fig. 7 Evolution of the energy ]
conditions versus cosmic time 0.004 ]
witha = —1.5(n = 1.5) ]
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0.000
Q ]
= _0.002f ]
—0.004f — NEC]
— DEC/|
—0.006 - — SpC ’
-15 -10 -5 0 5 10 15

Cosmic time (Gyrs)

The perturbed Hubble and density parameter are represented by H (r) and p(¢), respectively, while 8 and §,, correspond to the
perturbation terms. In addition, we can express the perturbed f and fp as 6f = fpdQ and 6fp = fppdQ with§Q = 12 HéH.
Substituting these expressions into the continuity equation and Eq. (26), we obtain the following equations:

0(fo+20f00)8 = —pém, (48)
Sm +3H(1 + )8 = 0. (49)

By solving the aforementioned equations for § and §,,, we obtain

3H(1 +w)p (50)

VTP s =0
" 0(fo+20f00) "
After using Eq. (27) to simplify the previous equation, the solution can be expressed as follows:
S = Sy H 51)
§=24 H (52)
= 00 H .
The constant §,,, is introduced, and we set §o = —%. The solution is obtained for our cosmological model, which is given by:
28my At
Sm(t) = —22— 53
nl) =523 ©3)
Smort
8(t) = ————. 54
® 3ant? +3n (>4)

The evolution of the perturbation terms &,,(z) and §(¢) as a function of cosmic time ¢ is illustrated in Figs. 8, 9, and 10 for our
cosmological models. We can see that the behavior of both perturbation terms is similar for both values of the parameter n. At
early times, both §(¢) and §,,(¢) increase before reaching a maximum and then decreasing toward zero. This behavior indicates the
growth of perturbations during the contracting phase and their subsequent decay during the expanding phase. After the bouncing
point, both perturbation terms approach zero, indicating that the perturbations have been stabilized and the universe has returned to
a homogeneous and isotropic state. Furthermore, the stability analysis shows that the bouncing cosmology model considered in this
paper is stable under scalar perturbations, which is a desirable property for a viable cosmological model.

7 Conclusions

Bouncing cosmology offers a promising alternative to address the singularity problem and limitations of the inflationary paradigm.
It provides a non-singular beginning for the universe and makes distinct predictions that can be tested through observations such as
CMB anisotropies [54], LSS formation [55], and primordial gravitational waves [56]. Future detectors and surveys will be crucial for
validation. Bouncing cosmologies can also produce non-Gaussianities and unique behaviors near the bounce point [57], like the EoS
parameter crossing the quintom line. In this work, we investigated the bouncing behavior of the universe in the framework of f(Q)
symmetric teleparallel gravity theory in which the non-metricity scalar Q represents the gravitational interaction. We considered a f
(Q) model in the form of f(Q) = ¢ Q", where « and n are free model parameters. Next, to obtain the corresponding exact solution
of the field equations in the FLRW universe, we proposed a special form of scale factor a(¢) in terms of cosmic time, specifically, a

1
() = (1 + Atz) 3, where X is an arbitrary constant. In addition, we have investigated the physical behavior of various cosmological
parameters which shows the bouncing scenario in our cosmological model.
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Fig. 8 Evolution of the
perturbation term 8,, (¢) versus
cosmic time

0
Cosmic time (Gyrs)

0.0
Fig. 9 Evolution of the

perturbation term 48(¢) versus
cosmic time (n = 1)

Cosmic time (Gyrs)

Fig. 10 Evolution of the
perturbation term §(¢) versus
cosmic time (n = 1.5)

0.01

0
Cosmic time (Gyrs)

Figure 1 indicates that the scale factor for our cosmological is a monotonically decreasing function with cosmic time ¢, i.e., a
() < 01in the contracting universe, while in the case of the expansion of the universe, it is an increasing function with cosmic time
t,i.e., a(t) > 0. Further, we have obtained the scale factor of the universe reaches to a nonzero minimum value a(¢) = 1 at the
transition point ¢ = 0. The evolution profile of the Hubble parameter in Fig. 2 indicates two phases of our model, i.e., H(¢) < 0O for
t < 0 (contraction) and H (¢) > 0 for t+ > 0 (expansion) with the bouncing condition satisfied, i.e., at t = 0, H(¢) = 0. From the
figure, we observed that our cosmological model contracts before the bounce and begins to expand after the bounce. Furthermore,
the deceleration parameter presented in Fig. 3 indicates the symmetrical behavior at the bouncing point # = 0. It is important to note
that the deceleration parameter has a negative value for both the expanding and contracting universes.

We have verified the behavior of the EoS parameter, which represents the phantom behavior (w < —1) of our model (see Fig. 5)
for both cases n = 1 and n = 1.5, which leads to the success of our bounce cosmological model. Moreover, from Figs. 6 and 7
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we found that NEC and SEC are violated in the vicinity of the bouncing point # = 0 for both cases » = 1 and n = 1.5. The
violation of NEC satisfies the bouncing criteria while the violation of SEC depicts the existence of exotic matter in the universe.
Furthermore, we investigated the behavior of the perturbation terms §,,(¢) and 6(¢) with respect to cosmic time ¢ using the scalar
perturbation approach. We have obtained that although the model exhibits unstable behavior at the beginning for a brief period, it
shows mostly stable behavior for most of the time. Therefore, we conclude that our presented cosmological model is a bouncing
model in symmetric teleparallel gravity which is coherent with the models examined by several authors [25-31]. In both the present
work and the work by Mandal et al. [31], cosmological bouncing scenarios in the framework of symmetric teleparallel gravity have
been examined. However, the specific form of the f(Q) function and scale factor used in the two studies differ. The present work
employs a power-law form of the f(Q) function and a scale factor with a different form than that used by Mandal. In addition, the
analysis of cosmological parameters and adherence to energy conditions yield different results due to these differences. Therefore,
although the two studies share some similarities, they offer distinct perspectives on cosmological bouncing scenarios in symmetric
teleparallel gravity.

It is important to note that the matter content of the universe is a complex and ongoing area of research. While our proposed model
may provide insights into the behavior of the universe in a bouncing scenario, it is a theoretical construct that may not necessarily
reflect the physical reality of the universe. We have assumed a specific form of f(Q) and a scale factor to investigate the bouncing
scenario, and while this may fix the nature of the matter present in the universe, it is important to acknowledge the limitations of our
model. Further investigations are needed to explore the physical realism of the matter content in bouncing cosmological models,
and we encourage researchers to explore alternative forms of f(Q) and scale factors to investigate the behavior of the universe in a
bouncing scenario.

Acknowledgment This research is funded by the Science Committee of the Ministry of Science and Higher Education of the Republic of Kazakhstan
(Grant No. AP23483654).

Data availability There are no new data associated with this article.

References

L.D. Landau (ed.), The Classical Theory of Fields (Elsevier, Amsterdam, 2013)
B.P. Abbott et al., Phys. Rev. Lett. 116, 061102 (2016)

A.G. Riess et al., Astron. J. 116, 1009 (1998)

S. Perlmutter et al., Astrophys. J. 517, 565 (1999)

R.R. Caldwell, M. Doran, Phys. Rev. D 69, 103517 (2004)

Z.Y. Huang et al., JCAP 0605, 013 (2006)

C.L. Bennett et al., Astrophys. J. Suppl. 148, 119-134 (2003)

D.N. Spergel et al., WMAP Collabor. Astrophys. J. Suppl. 148, 175 (2003)

G. Hinshaw et al., Astrophys. J. Suppl. 208, 19 (2013)

10. T. Koivisto, D.F. Mota, Phys. Rev. D 73, 083502 (2006)

11. S.F. Daniel, Phys. Rev. D 77, 103513 (2008)

12. D.J. Eisenstein et al., Astrophys. J. 633, 560 (2005)

13. W.J. Percival et al., Mon. Not. R. Astron. Soc. 401, 2148 (2010)

14. S. Capozziello et al., Phys. Rev. D 76, 104019 (2007)

15. T. Harko, E.S.N. Lobo, Eur. Phys. J. C 70, 373 (2010)

16. T. Harko, F.S.N. Lobo, S. Nojiri, S.D. Odintsov, Phys. Rev. D 84, 024020 (2011)
17. Y. Xu et al., Eur. Phys. J. C 79, 8 (2019)

18. M. Koussour, M. Bennai, Class. Quantum Gravity 39, 105001 (2022)

19. J.B. Jimenez et al., Phys. Rev. D 98, 044048 (2018)

20. T. Harko et al., Phys. Rev. D 98, 084043 (2018)

21. W. Khyllep, A. Paliathanasis, J. Dutta, Phys. Rev. D 103, 103521 (2021)

22. N. Frusciante, Phys. Rev. D 103, 0444021 (2021)

23. J. de Haro, JCAP 11, 037 (2012)

24. R. Moriconi et al., Phys. Rev. D 95, 12 (2017)

25. S.D. Odintsov, V.K. Oikonomou, Int. J. Mod. Phys. D 26, 08 (2017)

26. J.K. Singh et al., Phys. Rev. D 97, 12 (2018)

27. B.J. Barros et al., Ann. Phys. 419, 168231 (2020)

28. F. Bajardi et al., Eur. Phys. J. Plus 135, 11 (2020)

29. S. Bhattacharjee, P.K. Sahoo, Phys. Dark Univ. 28, 100537 (2020)

30. P. Sahoo et al., Mod. Phys. Lett. A 35, 13 (2020)

31. S.Mandal et al., Eur. Phys. J. Plus 136, 1-13 (2021)

32. M. Koussour et al., Int. J. Geom. Methods Mod. Phys.arXiv:2403.15772 (2024)
33. A. Zhadyranova, M. Koussour, S. Bekkhozhayev, Chin. J. Phys. 89, 1483-1492 (2024)
34. S.D. Odintsov, V.K. Oikonomou, Phys. Rev. D 90, 124083 (2014)

35. V.A. Belinskii, .M. Khalatnikov, E.M. Lifshitz, Adv. Phys. 19, 525-573 (1970)
36. S.D. Odintsov, V.K. Oikonomou, T. Paul, Nucl. Phys. B. 959, 115159 (2020)
37. 1.B. Jimenez et al., Phys. Rev. D 101, 103507 (2020)

38. R.Lazkoz et al., Phys. Rev. D 100, 104027 (2019)

O X NANE WD =

@ Springer


http://arxiv.org/abs/2403.15772

799  Page 12 of 12 Eur. Phys. J. Plus (2024) 139:799

39. A.De, T.H. Loo, E.N. Saridakis, J. Cosmol. Astropart. Phys. 03, 050 (2024)

40. L. Heisenberg, Phys. Rep. 1066, 1-78 (2024)

41. R.M. Wald (University of Chicago Press, Chicago, 1984)

42. A.Raychaudhuri, Phys. Rev. D 98, 1123 (1955)

43. S. Nojiri, S.D. Odintsov, Int. J. Geom. Methods Mod. Phys. 04, 115 (2007)

44. J. Ehlers, Int. J. Mod. Phys. D 15, 1573 (2006)

45. S. Arora et al., Phys. Dark Univ. 31, 100790 (2021)

46. S. Capozziello, S. Nojiri, S.D. Odintsov, Phys. Lett. B 781, 99 (2018)

47. S. Nojiri et al., Phys. Rev. D 100, 084056 (2019)

48. N. Ahmed et al. arXiv preprintarXiv:2204.11854 (2022)

49. M. Koussour et al., Nucl. Phys. B. 990, 116158 (2023)

50. M. Koussour et al., J. High Energy Phys. 37, 15-24 (2023)

51. G. Farrugia, J.L. Said, Phys. Rev. D 94, 124054 (2016)

52. A. dela Dombriz, D. Comez, Class. Quantum Grav. 29, 245014 (2012)

53. F.K. Anagnostopoulos, S. Basilakos, E.N. Saridakis, Phys. Lett. B 822, 136634 (2021)
54. 1. Agullo, J. Olmedo, V. Sreenath, Phys. Rev. Lett. 124, 251301 (2020)

55. S.Lietal., Mon. Not. Roy. Astron. Soc. 521, 2357-2367 (2023)

56. H. Bergeron, J.P. Gazeau, P. Malkiewicz, J. Cosmol. Astropart. Phys. 05, 057 (2018)
57. 1. Agullo, D. Kranas, V. Sreenath, Class. Quantum Grav. 38, 065010 (2021)

Springer Nature or its licensor (e.g. a society or other partner) holds exclusive rights to this article under a publishing agreement with the author(s) or other
rightsholder(s); author self-archiving of the accepted manuscript version of this article is solely governed by the terms of such publishing agreement and
applicable law.

@ Springer


http://arxiv.org/abs/2204.11854

	Bouncing cosmologies and stability analysis in symmetric teleparallel f(Q) gravity
	Abstract
	1 Introduction
	2 f(Q) gravity theory
	3 Energy conditions
	4 Bouncing cosmological solutions
	5 Cosmological f( Q)  model
	6 Linear scalar perturbations
	7 Conclusions
	Acknowledgment
	References


