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Abstract: A viable radiation-dominated era in the early universe is best described by the standard
(FLRW) model of cosmology. In this short review, we demonstrate reconstruction of the forms of
F(R) in the modified theory of gravity and the metric compatible F(T) together with the symmetric
F(Q) in alternative teleparallel theories of gravity, from different perspectives, primarily rendering
emphasis on a viable FLRW radiation era. Inflation has also been studied for a particular choice of
the scalar potential. The inflationary parameters are found to agree appreciably with the recently
released observational data.

Keywords: modified theories and alternative theories of gravity; reconstruction from radiation era;
inflation

1. Introduction

Luminosity versus red-shift data curve associated with SN1a standard candles requires
amodification of the FLRW universe at the late stage of cosmic evolution. On the other hand,
the early vacuum-dominated era requires to incorporate a stage of very rapid growth of the
universe (Inflation) in order to alleviate the flatness, the horizon and the structure formation
problems associated with the standard model of cosmology. However, the radiation-
dominated era and the early matter-dominated era are best described by the standard
model of cosmology. In this connection, let us mention that the FLRW universe, or the
FLRW model, stands for the standard model of cosmology and must not be confused
with the ‘FLRW metric’. In fact, based on the cosmological principle (homogeneity and
isotropy), Friedman in 1922 and Lemaitre in 1927 independently showed that a universe
filled with perfect barotropic fluid undergoes decelerated expansion (4 « v/t in the radiation
era and a « +2/3) in the matter-dominated era, where a(t) is the scale factor). Later,
Robertson (1935, 1936) and Walker (1936) independently demonstrated that the metric used
by Friedmann and Lemaitre provides the most general Riemannian geometry compatible
with homogeneity and isotropy. After Hubble’s discovery in 1930 along with Eddington’s
proof (1931) that the static universe with a positive cosmological constant (A) is unstable,
Einstein withdrew A and agreed that the universe is expanding. Since then, it is dubbed
as the standard model of cosmology or the FLRW model. However, for the reason stated
above, the metric which was commonly known as Robertson-Walker metric, currently
called as FLRW metric. Note that the metric and the model are different. In the background
of the FLRW metric, if the energy momentum tensor is modified by considering any other
type of fluid (dissipative, scalar field or even a cosmological constant), it is different from
the FLRW model.

Since on the one hand, the theoretical estimation of the cosmological constant (the
sum of zero point energy of all quantum fields existed in the early universe) is 10'2° orders
of magnitude larger than the value required to solve the cosmic puzzle (late-stage of accel-
erated expansion), and on the other, no trace of dark energy is observed after performing
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precession experiments [1], the bulk of recent research is therefore oriented in search of
alternatives. Consequently, a host of modified theories of gravity have been proposed in
recent years as alternatives to the dark energy. However, considering the fact that, apart
from the violation of superposition principle, the modified F(R) theories, being associated
with higher derivative terms, sometimes run from Ostrogradsky’s instability [2]; alternative
theories of gravity, commonly known as teleparallel theories, are currently in the limelight.

Curvature is the trait of (and attributed to) the ‘general theory of relativity’ (GTR),
where the torsion-less Levi-Civita connection is used. The minimal modified version of
GTR is the so called F(R) theory of gravity. Alternatively, it is possible to ascribe gravity to
torsion, by using the curvature-less (R*,, = 0) Weitzenbdck connection. Since V8,5 = 0,
where V is the covariant derivative with respect to the affine connection instead of the
Levi-Civita connection, it is often referred to as metric (compatible) teleparallel gravity.
Its extended version is the F(T) theory of gravity, where T is the quadratic torsion scalar
constructed from the torsion tensor. Yet another class of gravity theory exists, by the name
symmetric teleparallel gravity. It is constructed from the curvature-less (R%g,, = 0) and
torsion-less (T*;,, = 0) general affine connection, which is symmetric in lower indices. It
is a generalized version of the F(Q) gravity theory, where Q stands for the quadratic non-
metricity scalar constructed from the non-metricity tensor (Qr,y = Vaguw)- Clearly, in these
so-called teleparallel theories of gravity, the affine connection is independent of the metric
tensor, and so these are essentially the metric-affine theories, where both the metric and the
connection act as dynamical variables. In the first order, both the teleparallel theories end
up with GTR apart from a total derivative term and are dubbed as ‘Teleparallel Equivalent
of General Relativity’ (TEGR) and ‘Symmetric Teleparallel Equivalent of General Relativity’
(STEGR), respectively. However, their extended versions deviate considerably from GTR
and its modified versions F(R) or else, particularly giving second-order differential field
equations, thus avoiding Ostrogradsky’s instability. However, the F(T) gravity theory is
endured with a serious pathology of non-invariance under local Lorentz transformations
of the tetrad field. It may be stated that Lorentz symmetry is the only known fundamental
physical symmetry. A lack of Lorentz invariance requires preferred frames to parallelize
the spacetime, implying the existence of extra degrees of freedom (dof) compared to GTR.
The canonical formulation of the singular action of F(T) gravity theory requires constraint
analysis. The extra dof appear due to the six first-class constraints associated with the
theory [3,4]. Recent investigation suggests that the number of extra dofs is one [5-7]. Next,
is the problem endured with strong coupling issue. This appears due to the fact that some of
the genuine physical degrees of freedom lose their kinetic term at the quadratic order and,
consequently, the standard perturbation theory breaks down on these backgrounds [8,9].
Under these circumstances, the extended version of symmetric teleparallel F(Q) gravity
theory, apparently being free from such problems [10], attracted lot of attention in the recent
years. Nonetheless, it is to be mentioned that, as long as the cosmic puzzle is not being
resolved unambiguously, focus on different modified and alternative theories of gravity
will persist.

Whatever the theory might be, whenever an arbitrary functional form like F(R), F(T)
or F(Q) is retained in the action, it becomes mandatory to expatiate such functional forms
in view of some additional physically viable conditions. Two possibilities have largely
been explored so far. One is to invoke the presence of dynamical (Noether) symmetry,
while the other is to follow the reconstruction program. Both have come out with certain
specific functional forms in all the cases. Additionally, some forms are also chosen by hand
(on some physical ground). Most of these claim to associate early inflation in the vacuum
era together with late-time accelerated expansion in the current matter-dominated era.
The important point to be noted is that the cosmic evolution in the radiation-dominated
era is not studied in general, as if the universe jumped from the early inflationary stage to
the late stage of the matter-dominated era. On the contrary, a viable radiation-dominated
era which can explain the standard Big-Bang Nucleosynthesis (BBN), accounts for the
observed structure formation and the formation of CMBR, and is best described by the
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standard (FLRW) model of cosmology. This manuscript is devoted to reconstructing all
three different forms for the gravity theories with curvature [F(R)] and torsion [F(T)],
as well as non-metricity [F(Q)] of different extended theories of gravity in view of a viable
radiation-dominated era.

In Section 2, we briefly review the three above-mentioned pillars of gravity theory.
In Section 3, we follow the reconstruction program as mentioned, to explore the forms of
F(R), and F(T) gravity theories, primarily in view of a viable Friedmann-like radiation-
dominated era. The form of F(T) is also known from the Noether symmetry consideration,
which is different from the form obtained here. We, therefore, have studied the energy
conditions and inflation, taking into account different forms of F(T) so obtained. Since
F(Q) gravity in a coincident gauge is no different from F(T) in the present context, all the
results obtained for the F(T) theory hold as well in the F(Q) theory of gravity. Yet another
largely developed theory of gravity, the so called Palatini formalism, has been discussed
briefly at the end of Section 3. Finally, we conclude in Section 4.

2. The Three Pillars of Gravitation

The building block of gravitation is the general affine connection I'*,, which is
constructed from the Levi-Civita connection ({,*,}), the contorsion tensor (K*;;) and the
disformation tensor (L") as

IWP’V = {I/lal/} + Kapn/ + L(X;w/ (1)
where

1
v} = Egm (gw\,v + 8vau — g;w,)x)r
1
Kayv = Egtm (T)\],n/ — T — TvAy); ()
1
LIX}H/ = ng\(Q/\yv - Qy/\u - Qw\y)-

while the Levi-Civita connection is formed from the derivatives of the metric, and the con-
torsion tensor, being the difference between the connections with and without torsion, is
again equivalent to the difference between the Weitzenbock (F)‘W = e“)‘ayem,, where e,
are the components of the orthonormal basis vectors of the tetrad field, commonly called
the vielbein (or vierbein) field, to be more specific. Here, Latin indices stands for Lorentz
indices, while Greek indices stand for space time. Since both run from 0 to 3, we shall omit
using Latin indices in the following.)! and the Levi-Civita connections, which are formed
from the torsion tensor as

Tapn/ = ayeav - aveay =TI [wv] = Fa;w - va;u 3)

and, finally, the disformation tensor is constructed from the non-metricity tensor
th;ﬂ/ = vtxg‘uv #0as
szyv = vrxgyu = 8uv,a — FAmg/\v - FAvagy/\- (4)

Einstein’s GTR is built from the non-vanishing Riemann tensor formed from the
Levi-Civita connection,

R = 0 {v g} — 0u{pp} + {10 8} — {238} (5)

the simple reason being that the Levi-Civita connections are the unique affine torsion-free
connections on the tangent bundle of a manifold that preserves the Riemannian metric
g"., = 0. So, once a metric is specified, the unique non-vanishing components of the
Riemann tensor are found from the Levi-Civita connections or Christoffel symbols, to be
speciﬁc2 (79). The above relation (79) is contracted to find the Ricci tensor (R;y) and, under
further contraction, results in the Ricci scalar (R),

while the Einstein—Hilbert action for GTR is constructed from the Ricci scalar, the so
called modified theory of gravity is constructed from F(R) as
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A= / [F(R) /=g d'x] + S0, ©)

with S;, being the matter action. The field equations corresponding to the action (6) may
be expressed as

1
F'(R)Ryy — EF(R)gW — VuVyF (R) + wOF (R) = kTyy. 7)

In the above, OF'(R) = F#,, = ﬁay(ﬁ ¢M"9, F'), where the semicolon stands
for the covariant derivative, and x = 87tG. It is noteworthy that the F(R) theory of gravity,
under weak field approximation, leads to the ‘GTR’ [11,12]. However, once flatness is
assumed, the curvature vanishes and the orientation of vectors remain unaltered under
parallel transport along a curve, and the geometry is teleparallel. The condition for torsion-
based teleparallelism is ng =0= ng, where over-bar and over-tilde stand for the
Riemann curvature formed from the Weitzenbock connections and connections associated
with the non-metricity tensor, respectively. The role of R is played by the torsion scalar T

and the action for generalized gravity theory with torsion [13] may be expressed as
A= / le|F(T)d*x + S, (8)

where |e| = det e;l = V-9 e;, are the components of the vierbien field e;(x#) = ef‘ ou.

The metric tensor is obtained from the dual vierbein as g, (x) = ﬂije; (x)e{,(x). The role of
the Ricci scalar (R) in the Einstein-Hilbert action is played in the metric teleparallel theory
by the torsion scalar (T), which is found from the torsion tensor

T = ePi[aHer — ayeiy], )
as 1
T = S," TP, where, Sy = = (Ko™ 4+ Ta™ — 95Tu "), (10)

which is called the super-potential, and the affine connection takes the Weitzenbock form,
T, = e )0ve’ . (11)

The above action (8) leads to the following field equations for F(T) gravity:

1 1
e 'ou(es;")Fr — el T, Sg"Fr + S} 9p(F(T)) Exr + 7 ¢f F(T) = fng, (12)

where S*; = ef;S";, and Fr denotes differentiation with respect to T.
In symmetric teleparallel gravity, on the contrary, the role of Ricci scalar is played by
the non-metricity scalar (Q), and again the generalized action is given by

A= / F(Q)y/—gd*x + S, (13)

where

d
Qo = aiyav ~TPuugpy — TP agup;

Qu = gﬂVQtwv = szvv} Qa = g}watxv = Qvocv) (14)

1 1 1 1 A
Q = *EQWWQWV + Eth;wa“ + iQyQV - EQ;{QV‘

Varying the above action (13) with respect to the metric tensor g#" and the connection,
the following field equations are obtained:

2

1
\/ngW /—gFoPM ) + 5 E8u + Fo(PopoQuf” = 2P0y Q%) = —xTy, (1)
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ViV (V/=8EP"2) =0, (16)
where
o 1 o« 1 o 1 13 A 1 o«
Phyy = EQ(’“’)_ZLQ W—'_Z(Q -Q )g;m—ﬁ Q) (17)

is called the non-metricity conjugate tensor. In the above, we have used the first bracket in
the suffix to denote symmetrization of indices. The covariant formulation [14] of the field
Equation (15) is

1
FQGu + 58uw(QFQ — F(Q)) +2F0qVaQP i = —Ty (18)

where Gy = Ry — % &uvR, which corresponds to the Levi-Civita connection, and F g stands
for the derivative of F(Q) with respect to Q.

Having briefly discussed the three different ways attributed to the gravity, sometimes
dubbed as the ‘geometrical trinity of gravity’, we now proceed in the following section to
find the specific forms of F(R), F(T) and F(Q).

3. Reconstruction from the Radiation Era

As mentioned, the standard FLRW model of cosmology fits best in the radiation-
and early matter-dominated eras. In particular, a Friedmann-like radiation-dominated
era expedites the standard Big-Bang-Nucleosynthesis (BBN), accounts for the observed
structure formation (once the seeds of structure are given) and the Cosmic Microwave
Background Radiation (CMBR). Therefore, exploring suitable forms of different theories of
gravity in view of early Friedmann-like radiation era is supposed to be the best option. It
may be mentioned that the modified or generalized alternative theories of gravity might
admit Friedmann-like solutions, depending on their forms. For example, the first-order
Palatini theory of gravity and also the two telleparallel theories, viz. TEGR and STEGR,
are equivalent to GTR. As a result, Friedmann solutions automatically follows. We also
remind the reader that if modified gravity includes terms like F(R) = aR + BR? + yR"
or others, so that R dominates in the middle, then Friedmann-like solutions result in
the radiation- as well as in the early matter-dominated eras. Nonetheless, modified and
alternative theories should be treated as viable only if these theories admit Friedmann-like
solutions in the radiation- and early matter-dominated eras. Therefore, in this article, we
restrict ourselves to the cosmological principle, considering the isotropic and homogeneous
Robertson-Walker (RW) space-time,

dr?
1 — kr?

and explore the relevant forms of modified gravity theories comprised with the curvature
[F(R)], torsion [F(T)], as well as non-metricity [F(Q)].

ds2 = —dt® + a?(t) + r2(d6* + r’sin®0dg?) |, (19)

3.1. F(R) Gravity
The Ricci scalar corresponding to the RW metric (19) is
i ok
R=6l-+—5+—=). 20
(a tat a2> (20)
The point Lagrangian corresponding to the action (6) is given by [15]
Lg = —6ad*F' — 6a*aRF" + a3(F — RF') + 6kaF’ 4 Ly, (21)
with L,, being the matter Lagrangian, comprised a barotropic fluid associated with the

thermodynamic pressure (p) and energy density (o) along with the cold dark matter (CDM).
The field equations are
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.. .2 .
<2Z + % + :2>F’ + <R + ZZR) F' + R2F" + %(P _RF) = —p,
22
gL FySRE 4 L(F—rE) = £ “
a2 a2 a 6 3’
Adding the above pair of equations, one obtains,
2 §+ﬁ + EVE 4 (3%R 4 RV P 4 R 4 g(F—RF’) - (23)
a a2 a2 a 3 3

Clearly, the radiation era (p = %p) does not evolve like standard (FLRW) model
(a « /1) for the spatially flat (k = 0) universe and, as such, a viable form of F(R) remains
obscure. For k # 0, on the other hand, the differential equation cannot be solved, either
in the radiation or in the vacuum-dominated (p = 0 = p) era, other than the fact that,
for k = 0, the vacuum era admits a de-Sitter solution. On the contrary, it may be mentioned
that different forms of F(R) emerge in different eras, in view of the Noether symmetry [16].

Nonetheless, interesting results emerge from a generalized four-dimensional string
effective action associated with higher-order curvature invariant terms, being expressed in
the following form [17]:

A= [|ror+Brw) - gt - vig) —xtu| sty e

where B is the coupling constant, f(¢) is the coupling parameter, w(¢) is the variable
Brans—-Dicke parameter, and £, is the matter Lagrangian density. It had been revealed [17]

that the above action admits a conserved current J# = (3% + 2f %)% under the condition

B[RER +3(ER)k —2f] = 5T}, provided V =Af?, (25)

where A is a constant. To perceive the very important role of such a conserved current,
a particular case was also studied [17]. For example, considering F(R) = R?, the condition
for the existence of conserved current (25) reads as

R¥, =OR = <R + SZR> - éTﬁ. (26)
Now, if the scalar field (¢) is completely used up in the process of driving inflation and
reheating under particle creation then, since in the radiation-dominated era T#, = T =
p —3p =0, in view of (26), R = (R + 32R) = 0. Further, since in the very early vacuum-
dominated era, sufficient inflation makes the universe spatially flat, i.e., k = 0, the above
Equation (26) admits a Friedmann-like solution, a = ag+/# in the radiation-dominated era
as demonstrated in [17]. This is a unique result, since even in the presence of a higher-order
curvature, invariant-term Friedmann-like radiation era is admissible.
Finally, we consider pure curvature-induced gravity theory, a yet another generalized
form of F(R) action, considered in [18] being expressed as

A= /[ocR +BRE +9R? - £, ] |/ =gd*x. 27)

The above action was found more suitable to explain cosmic evolution right from the
very early stage to date, since it satisfies all the strong conditions necessary for a viable
F(R) theory of gravity. It may be mentioned that the R? term appeared as a consequence
of the Noether symmetry in the R-W metric, both in vacuum- as well as in the matter-
dominated eras [19-23]. At the initial stage, the R? term dominates and a de-Sitter solution
is realizable. This leads to the inflationary epoch and reheating following the mechanism
of particle production via scalaron decay, exploiting gravity only without invoking phase
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transition [24,25]. After the reheating is over, the universe evolves as Friedmann-like

radiation (a « \/t) and early matter (a o t5 )-dominated eras, and finally accelerated
expansion is realized due to the presence of the combination of linear term R and non-linear

term R? [21]. Further, following numerical analysis [18] taking deceleration parameter g
as a function of the red-shift parameter z, three distinct cases were analyzed to establish
the fact that, within a particular range of values for § and v, the g versus z plot depicts
that the universe was in the pure radiation era at z > 3200. Thereafter, the deceleration
parameter falls off from the matter-radiation equality epoch to the decoupling epoch. It
falls even more sharply thereafter, and a Friedmann-type (7 ~ 0.5) matter-dominated era
is reached at around z ~ 200. The deceleration parameter then starts increasing slowly,
and it is peaked to (g = 1), explaining re-ionization of the inter-galactic medium (IGM).
Subsequently, late time accelerated expansion is initiated and the phantom divide line is
crossed, to make a second transition out of it at z ~ 0.5.

In a nutshell, higher-order gravity theory is a viable option to explain cosmological
evolution, from the early vacuum-dominated era to date, via a Friedmann-like radiation-
and early matter-dominated eras. Additionally, re-ionization of the IGM may also be
explained in the process. Inflation in the Starobinski model [24,25], with the R? term, is
widely explored in the literature and, therefore, we leave it here.

3.2. Torsion-Based Metric F(T) Teleparallel Gravity

Although the modified F(R) theory of gravity seems to produce a viable theory
of gravity, the fact that the field equations are fourth-order means it is vulnerable to
Ostrogradsky’s instability and also suffers from the violation of the superposition principle.
This led us to consider alternative telleparallel theories of gravity, as already discussed.
The main virtue of telleparallel theory of gravity is that the field equations are second-order
as in the case of Lanczos-Lovelock gravity. Yet another possible fundamental motivation
for teleparallelism is that it was thought to account for the otherwise anomalous dimension
and, hence, non-renormalisability of the GTR action, providing a totally different approach
towards a ultra-violet completion of gravity. Here, we shall consider generalized metric
telleparallel gravity theory. In recent years, a generalized version of the ‘teleparallel gravity”
with torsion, namely the F(T) theory of gravity (where T stands for the torsion scalar),
also dubbed as generalized ‘gravity with torsion’, has been proposed as an alternative to
both the dark energy theories and the modified theories of gravity. Primarily, the F(T)
theory of gravity was proposed to drive inflation. Later, it was applied to drive the current
accelerated expansion of the present universe without considering dark energy [26,27]. It is
worth mentioning that ‘teleparallel equivalent of general relativity’ (TEGR) is established
for F(T) o T, since dynamically it leads to GTR. Further, as demonstrated in [18], when
the trace of the electro-magnetic radiation field tensor (T = p — 3p) is zero, the contracted
GTR equation R « T enforces the Ricci scalar to vanish (R = 0) and the Friedmann-like
decelerated expansion [a(t) & v/t] results automatically in the radiation-dominated era.
This is true also in the case of modified theory of gravity, as demonstrated above. However,
in the case of torsion, although F(T) o T leads to GTR, the trace of the energy—momentum
tensor T' = 0 does not lead to the static solution T = 0. Therefore, even though all the results
of GTR hold, the pathology of discontinuous evolution of the Ricci scalar (large initially,
vanishing in the middle and small at present) is averted. However, unlike GTR and F(R)
theories, gravity with torsion is not generally covariant by default. Nonetheless, it has been
argued that it may be made so by introducing a new variable, viz. a spin-connection [13,28].
The reason being that the spin-connection enters the teleparallel action only as a surface
term, and does not contribute to the field equations.

Now, the components of the vierbein field for the RW metric (19) are expressed in
terms of the cosmological scale factor a(t) as

e;, = diag(1,a(t),a(t),a(t)), (28)

and the torsion scalar reads as [29]
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6k

T=—6H>+—,
a

(29)

where H = £ is the Hubble parameter. Thus, the field Equations (12) for RW metric are
12H?F1 + F(T) = p, (30)

koo :
4 <a2 + H) [12H2Exr + Fr| — F(T) — 4Fr[2H + 3H?] = p, (31)

where p and p are the energy density and thermodynamic pressure of a barotropic fluid
(inclusive of dark matter component), respectively, and F stands for derivative of F(T)
with respect to T. Bianchi identity does not hold naturally in teleparallel gravity theories.
However, in the RW metric under consideration, it holds even for extended models such
as F(T) [29]. For example, taking the time derivative of the first Equation (30), and also
adding the the two (30) and (31), one obtains

p = 12H*TF 11 + 24HHF 1 + TF7

144kH3F 1t
a2

12kHF
2 (32)

4k
HZF,TT + 72F,T'
a

= —144H°HF 17 — +12HHFT —

48k

and (o +p) = 48HH?*Frr — 4HFt + —

Combining the above two, one finds
p+3H(p+p) =0, (33)

which is the energy-momentum conservation law, an outcome Bianchi identity. Thus, one
may also write

p = poa>1F), (34)

for the barotropic equation of state p = wp, as usual, where w is the state parameter.

Let us now proceed to find the form of F(T) for flat space (k = 0), already obtained
earlier in view of cosmological evolution [30]. First, combining Equations (30) and (31) for
flat space k = 0, one finds for the vacuum era (p = 0 = p),

H[12HFxy — Fr| = 0. (35)

Clearly, two possibilities emerge from Equation (35): (i) F = Fy VT, where Fj is a
constant of integration. In view of this form of F(T), either of the field Equations (30) or (31)
yields simply the definition and, hence, no dynamic results. Indeed, it is expected, since
the above form of F(T) only results in a divergent term in the action. (ii) H = A (where A is
a constant), leading to the de-Sitter solution a = a9 exp(At), while F(T) = Fyexp(
emerges as an exponentially decaying function, which is not very promising.

Since the vacuum-dominated era does not yield a reasonably viable form of F(T), let
us now advance further to study the radiation-dominated era. Starting from the action (8),
if a solution in the form a = apt" is sought in the radiation-dominated era (p = %p),
for which the energy—momentum conservation law yields pa* = p,o, where ag, n and p,9
are constants, then the following form of F(T) is found [16]:

t
T 12A2 )

Pro 2n
F(T), =2f1vV—6T + T, 36
(D =2 6al (4n — 1)nn (—6)21—1 (36)
where f is a constant and the suffix r stands for the radiation-dominated era. Note that
the first term of the above equation is essentially a divergent term in the RW metric under
consideration. Thus, only the second term is left and, hence,

Pr0 2n
F(T), = ", 37
(D) 6a3(4n — 1)n4n (—6)2n-1 (37
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It is quite apparent that under the choice n = %, the radiation era evolves exactly
like the standard (FLRW) model; however, the action too reduces to that of GTR, since
[F(T) « T] (apart from a total derivative term), which is TEGR, as already mentioned. Of
course, n = % also leads to decelerated expansion, but such a slow deceleration suggests the
formation of CMBR at latter times than observed. Let us next focus on the matter-dominated
era (p = 0), for which the energy-momentum conservation law yields pa® = p,,0, where
Pmo is a constant, and suffix m stands for the matter-dominated era. Proceeding in the
similar manner as before, one finds

Pm0 n
F(T) = T%, (38)
" 3a3(3n—1)mn(—6)¥

where the suffix m stands for the matter-dominated era. Thus, for n = %, the matter-

dominated era evolves (g « t%) in the same manner as the standard (FLRW) model of
cosmology, and GTR is recovered through TEGR. However, it was also discussed in [16]
that when torsion is attributed to gravity, usually a form such as F(T) = foT+ T2 + - -

is chosen to combat early deceleration in the Friedmann form [a(f) o t%], followed by a
late-time cosmic acceleration in the matter (pressure-less dust)-dominated era. In view
of (36) and (38), it is clear that F(T) o T gives an exactly Friedmann-like radiation-

dominated era [a(t) o t%], and early pressure-less dust-dominated era [a(t) o t%], re-
spectively. Thus, following generalized form of F(T),

F(T) = foT+ fi(~T)? + fo(T2) + - -- (39)

might be useful to study cosmic evolution. On the contrary, Noether symmetry analysis [16]
demands that instead of T2, one should associate T> and higher odd integral powers in the
action. That is, a viable form that might explain the cosmic evolutionary history may be
in the form F(T) = foT + f;T® + - - . It may be mentioned that the current analysis also
reveals the fact that pure F(T) gravity in vacuum (p = p = 0) does not give rise to any
dynamics. Therefore, to drive inflation, and also to avert the pathological behavior of pure
F(T) gravity in the very early vacuum-dominated era, either unimodular F(T) gravity has
to be considered [31], or a scalar field should be associated with F(T) gravity theory [30]
and the action may be proposed as

A= [foT FAT = 20" = V9)| /g, (40)

where the scalar field drives inflation at the very early stage and decays to an insignificant
value in the process of particle creation. Therefore, once the inflation is over, the universe
enters the radiation- and, thereafter, the matter-dominated eras, whence T dominates to
envisage the standard model. Now, since T = —6H%2 < 0 by definition, therefore, as the
Hubble parameter decreases further, the odd-integral higher degree terms start dominating
and become responsible for late-time cosmic acceleration. The great conceptual advantage
over modified theories of gravity is that, unlike the Ricci scalar, T # 0, at any stage of
cosmic evolution in the middle.

3.2.1. Energy Conditions

Before we proceed further, it is necessary to fix the signature of the coefficients
(fo, f1 and fp) associated with the two different forms of F(T) obtained above, viz.
() F(T) = foT+ fi(=T)% + fo(T2) + - -, and (ii) F(T) = foT + AT + foT5 + -+ -, in view
of the energy conditions. For perfect fluid T,, = (o + p)uyuy + pguv, the energy condi-
tions are:

1. Null energy condition: p + p > 0.

2. Weak energy condition: p+p > 0and p > 0.

3. Dominant energy condition: p > |p|.

4.  Strong energy condition: p +p > 0and p + 3p > 0.
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Note that there is no restriction on the thermodynamic pressure, i.e., p < 0 is allowed;
nonetheless, if both p > 0 and p > 0, all energy conditions are satisfied simultaneously.

Form 1. Fixing coefficients of F(T) = foT —|—f1(—T)% + fo(T2) 4 - - -.

To expatiate the signature associated with the coefficients of F(T), let us analyze the
form of for each individual term separately.

1. For, F(T) = foT, the field Equations (30) and (31) read as
6foH> =p, and —6foH> —4fgH = p, (41)

respectively. Therefore, fy has to be positive so that p > 0. Consequently, p + p =
—4foH > 0 is also satisfied, because H < 0, in the expanding model.

2. Again for, F(T) = f;(—T)3, the field Equation (30) is
24f1V6H? =p, and — g fiV6HH —24fV6H® = p, (42)

so, to keep p positive, f; has to be positive and p + p = —% fiIV6HH > 0 is also
satisfied, since H < 0.
3. Finally, for F(T) = £,T?, the field Equations (30) and (31) may be cast as

~108f,H* = o, and 144f,HH* +108f,H* = p, (43)

respectively. Therefore, p > 0 is ensured, provided that f, < 0 and, finally, to satisfy
the weak energy condition, p + p = 144, HH? > 0 also ensures f, < 0, since H < 0
in the expanding model.

Thus, all the energy conditions are satisfied, provided that F(T) has the form
3
F(T) = foT + fi(=T)2 — fo(T?), (44)
in which all the coefficients are positive, i.e., fo > 0, f1 > 0, and f, > 0, and we terminate
after the third term.
Form 2. Fixing the coefficients of F(T) = foT + f1(T3) + fo(T?) +---
Likewise, let us fix the signature of the coefficients (fy, f1 and f,) appearing in the
second form of F(T), considering each term separately.
1. For F(T) = fyT, the field Equations (30) and (31) are expressed as
6foH> =p, and —6fyH? —4foH = p, (45)

respectively. Therefore, to ensure p > 0, fp must be positive and, thus, p +p =
—4foH > 0is also satisfied as H < 0 in an expanding model.
2. Again, for F(T) = f1(T)3, the field Equations (30) and (31) are

1512f{H® = p, and —2160fiHH* —1512f{H® = p. (46)

Therefore, p > 0 is ensured provided f; > 0,and p + p = —2160f; HH* > 0 is also
ensured if f; > 0 as H < 0, and as a result, the weak energy condition is also satisfied.
3. Finally, for F(T) = f,T°, the field Equation (30) takes the form

699841, H'® = p, and 181440, HH® — 69984f, H'" = p. (47)

Hence, p > 0 together with p + p = 181440/, HH® > 0, provided f, > 0 as H < 0,
and so the weak energy condition is also satisfied.

Thus, all the energy condition are satisfied, provided the form of F(T) is
E(T) = foT + f1(T)° + f2(T°), (48)

where all the coefficients fy, f1, f» are positive, considering no additional terms.
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3.2.2. Slow Roll Inflation

We have seen that both the forms F(T) of generalized metric teleparallel gravity theory
presented in (44) and (48) admit FLRW-type radiation- and early matter-dominated eras,
and can trigger accelerated expansion in the late stage of cosmological evolution. Further,
both the forms are validated by energy conditions. To explore their behavior in the very
early universe, let us consider slow roll inflation for both the models to find the inflationary
parameters and to compare with the currently observed constraints.

Cosmological inflation, that occurred sometimes between 107%2 s and 1032%6 g not
only can solve the horizon, flatness and monopole problems, but also generates the seeds
of perturbation required to trigger the structure formation at a latter epoch. Although itis a
quantum theory of perturbation, where gravity is treated as classical, while all other fields
remain quantized, classical field equations are well suited to study inflation. The recently
released data-sets [32,33] imposed tighter constraints on the inflationary parameters 7,
(0.9631 < ngy < 0.9705), as well as on the tensor-to-scalar ratio (r < 0.055). More recently,
combination of Planck PR4 data with ground-based experiments, such as BICEP /Keck
2018 (BK18), BAO and CMB lensing data, tightens the tensor to scalar ratio even further to
r < 0.032 [34]. Nonetheless, in recent years, r has been constrained starting from r < 0.14
to the above-mentioned value and, therefore, we presume that » might be restricted to
even less value in more precise future experiments, such as polarized CMB space missions
(including LiteBIRD) [35]. To study inflation, we incorporate a scalar field ¢ along with a
potential V(¢) in the action, which drives the inflation, as already mentioned in (40). As an
example, let us choose a special form of potential V = Vj — %, such that when ¢ becomes
large enough, then V =~ V), representing a flat potential.

Form-1:
F(T) = foT+ fi(~T)3 — fo(T2) + -,

As the energy condition ensures all the coefficients are positive, so in the vacuum era,
the field Equation (30), and the ¢ variation equation are expressed as

6foH? +24V6f1H> +108f,H* = V(¢) + %452, ¢+3H|p| +V' =0. (49

Let us now consider the standard slow-roll conditions ¢? < V(¢) and |$| < 3H|¢|,
on the pair of Equation (49), which therefore finally reduce to

108 f, H* +24V6f1H® + 6 fyH> — V() =0,  3Hp+ V' =0. (50)

Clearly, the first quartic Equation (50) has four roots, each of which are exorbitantly
large and complicated, including cubic roots. Hence, these three terms together in F(T)
cannot be handled. Therefore, in the following, we consider the combination of (i) the first

term (T) and the third term (T?), and (ii) the first two terms, i.e., T and (—T) 3
Case 1. F(T) = foT — foT%

Earlier, slow roll inflation considering the form F(T) = foT + szz, where both fy > 0
and f, > 0, has been studied extensively and wonderful agreement with the observed data
was found [30]. Nonetheless, the energy condition suggests that the T? term must appear
with a negative sign. Hence, it is required to look over if the inflationary parameters are
still on par with the observational data. The field equations are now

6foH> +108f, H* = %4;2 +V(¢), ¢+ 3H|p| + V'(¢) =0, (51)

upon which we apply the standard slow-roll conditions ¢? < V(¢) and |¢| < 3H|¢| to
finally obtain

YH*+6foH?> —V(¢) =0, 3H+V'(¢) =0, (52)
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where v = 108f,. Now for the above choice of the potential V = V — %, the slow roll
parameters are expressed as

_ W ‘ . 2MB
. 2 1 2 w ’7__¢2($4’—1)’
12¢4(¢9f0 +7V1(Vf;4,)) [3f0+\/9f0 +7V1(ij¢)] i
(53)
v
5, 307 {_3f0 + \/9f§ +9 (- (}))]
N = de,
o 'YVI
where N is the number of e-folds. In yet another paper (under preparation), we have found
excellent agreement of the inflationary parameters with the observational data. While
N = 50 is sufficient to solve the horizon and flatness problems, the oscillatory behavior of
the scalar field has also been explored. As an example, we present a set of data in Table 1.
Table 1. Data-set for the inflationary parameters for F(T) = foT — f,T2.
piMp  PM;' ViMp  foM} ¢¢ Mp ng r N

3.0 6.5 0.1 0.5 0.69599 0.96425 0.03128 50

It is also important to mention that one may fix the value of -y, which is arbitrary, to set
the energy scale of inflation H, at the sub-Planckian scale.

Case 2. F(T) = foT+ fi(~T)2:

This case has never been studied earlier. For the above form of F(T), we apply the
standard slow-roll conditions ¢? < V(¢) and |$| < 3H|¢| and, as such, the field equations
reduce to

6foH* +24V6f1H> —V(p) =0, 3Hp+ V' =0. (54)

Now, the first cubic equation of (54) can be solved for H as

5
Y I (V@72 = 1653 + [V (9204 — 32V (9)22f3 ) o)
= —|—<4Jo 1 7
v 1.26(V2 — 16f3 +/V(9)21* — 32V(9)72f3) °
where y = 24/6f;. Combining the pair of Equation (54), one can identify the ‘potential
slow roll parameter’ € with the ‘Hubble slow roll parameter’ (€1), and can also express 7
and the number of e-folds, respectively, as
H \vd 2 \v
S ) N ()
H 3H*[12fy + 37H] V()
2 2
1 (viore-1e5+ Vo227 g1 ) (56)
—2fo + T
Y o H " 126 (V12163 +1/V(9) 24 —32V(p)12f3 ) °
N(@) ~ [ Hat :/ Bap=["3 dp.
ti ¢ P oy [v2V']

Now, for this potential V = V) — % under consideration, the expression for € takes a
extortionate form, such as



Universe 2024, 10, 44 13 of 21

5
3

\% \% 2 \%
3'18v1274[v1v2<7‘; —5) - 16f3+ \/Vf(v—‘j =gt sy - R

€=

4
v v 2 v 1 v v 2 Iz 2
99t [*2-52f0[V172(%11 — B =163+ [R(R - PP - - PR v+ r(R - h-te+ V(R - D)2 -an(f - 2R) z] (57)

1

X
% Iz 2 v 1 Vi Iz 2 I 21’
{2.52f0[V1'72(v—[1) —5) - 16f3 + \/Vf(vilJ -t —32V1(V—? - %)721‘3] 3 4+635f2 + [Vl'yz(v—[l) —5)—16f3+ \/vlz(\,ilJ =) =i - %)721'8] 3}

1
while 7 and N may be expressed, respectively, as
4 i ¢r H
¢ (Vlﬁb -1 ti ¢ P
Pi 2

2/3
2
1.588V;12 <\/V1274(“§g - %) - 32v172fg(% - %) + Vnz(% - %) - 16f3>
w 1\ Vo 1 Vo 1 :
V2A 2 -2 ) 321 23<0—)+V 2 22— ) —16f
Ty <V1 ¢> 17/ 9 v e fo

2 2/3 2
(o) () (i 3) ) i) o

Despite such huge structures of the parameters, it is still possible to handle these
expressions, and we present a table of the data-set for the expressions (57) and (58) in
Table 2. In this table, we have varied ¢; within the range 2.80 Mp < ¢; < 3.40 Mp, so that r
and 7, lie more-or-less within the experimental limit. However, restrictions on ns and r,
restricts the number of e-folds within the range 24 < N < 44, which still might solve the
horizon and flatness problems.

(58)

{ — 2,52,

Table 2. Data-set for the inflationary parameters in the case F(T) = foT + fl(—T)%, taking into
account %’ =6 M;l, V192 =34 MI73, fo=05 Ml% and varying ¢ within the range 2.8 Mp < ¢; <
3.4 Mp, so that ¢ ~ 0.460794 Mp at the end of inflation.

¢i in Mp g r N
2.80 0.9656 0.00566 24
2.85 0.9674 0.00520 26
2.90 0.9692 0.00490 27
2.95 0.9707 0.00456 28
3.00 0.9723 0.00426 30
3.10 0.9750 0.00372 33
3.20 0.9773 0.00327 37
3.30 0.9794 0.00288 40
3.40 0.9812 0.00255 44

Let us now compute the energy scale of inflation in view of the relation (55), consider-
ing the data: (N = 40, for which ¢; = 33 Mp, fo = 0.5 M, %g =6.0 Mp', Viy? =34 M7),
as depicted in Table 2. Correspondingly we find,

8.114

H, = —. 59
5 (59)

Now, the energy scale of inflation in a single scalar field model in GTR [36] is given by
the following expression:
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H. =8 x 1013,/ OLZGeV =0.96 x 1013GeV ~ 3.918 x 10 °Mp, (60)

whose numerical value is computed, taking into account the value of the tensor-to-scalar
ratio r = 0.00288 from the data-set of Table 2. Thus, in order to match the scale of
inflation (59) with the single field scale of inflation (60), we are required to constrain
7, such as v ~ 2.074 x 10 Mp. The requirement of the sub-Planckian scale for inflation is
the physical ground upon which the parameter 7 has been constrained and, consequently,
the values of V; and V) are fixed as well:

Vy =790 x 1071 M3, Vo = 6V) ~ 4.74 x 10710 M. (61)

Finally, to handle the issue of graceful exit from inflation, we recall the first equation
of (54) which, in view, of the above form of the potential, V(¢) = V) — %, is expressed as

YH?  6fyH? ¢? Vo 1\] _
- (m-g)) e 2

During inflation, H? and V1 are of the same order of magnitude, while the Hubble
parameter varies slowly. But, at the end of inflation, the Hubble rate usually decreases

sharply, and oy H? falls much below V. Hence, one can neglect both the terms A%s and £ Ovlf
without any loss of generality. In the process, one finds

. Vi

§* = -2 {Vg - H (63)

Taking into account ¢ = 0.460794 Mp, Vo = 474 x 1010 M and V; = 7.90 x 10711 M}
from computation, the above equation clearly exhibits the oscillatory behavior of the scalar
field ¢

¢ = exp(iwt), (64)

provided that w = 5.335 x 10~°Mp.

In a nutshell, although we have not been able to handle all the three terms together,
both the pairs nonetheless exhibit excellent agreement with the observational data.
Form-2
F(T) = foT + fl(T)> + fo(T°) + - -+,

Case 3. F(T) = foT + f1(T):
Here, too it is impossible to handle all three terms together; we therefore only consider

the first two terms F(T) = foT + f1(T)3 and focus to study the slow roll inflation. The field
Equation (30) and the ¢ variation equation are now expressed as

6foH> +1080f H® = V() + %q’bz, $+3H|p|+ V' =0. (65)

Applying the standard slow-roll conditions $? < V(¢) and || < 3H|¢|, the pair of
Equation (65) finally reduce to

YH® +6foH? —V =0, 3H¢+V' =0, (66)

where 1080f; = <. Solving for H? in view of (66), we readily obtain
2
2 2,4 3£3)°
(V’y 4/ V294 + 32y f0> - 3.1757f0]
T .
1.26 (V’yz + 1/ V294 + 3293 fg)

H? = (67)
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Further, combining Equation (66), one can show that the ‘potential slow roll parameter’
€ is equal to the ‘Hubble slow roll parameter”’ (e7) under the condition

4
0 25294 V2 (V2 + V2t +3290f3)
_H : ;
8 (nyz 4/ V24 4 3273f8') S 3.1757f0]
1 , (68)

2
(Vo2 + V2t +3293f3)" 31759 fo | +3.17592fo (V2 + V2t + 329313

@I
wIN

v

Further, one can compute the number of e-folds as

2
(V’yz + 4/ V24 + 3273]:3) °_ 3.175’ny]
3
1.267V" (V72 + 1/ V294 + 3243 fg)

Now, under the same choice of the potential as above, viz. V(¢) = V — =+, the ex-

N(g) =~ [ Hdt = / PH Gy / "3 dg. (69)

ti i ¢ Pr

pressions of €, # (68) and N (69) are found as

4
3
2520 V2 (A (f = 3) + VR (3 - $)2+320°f3)
€ =

2 2
3
(M2 = )+ VA - 524327 3175%}

1

18¢2

2

2 2 (70
3
[7 (M2 = 5+ VAR - 52 +3202) " —31751f | +317592h{Vin2(1 - §) + /P (- §2+3293 3} )
%
y , (vﬂ ) +\/v2 (R -1y +3273fg) — 31757 f,
0 1
Uy U S o
n ’ 1267V [ir2( = 3) + /B (P = $)2 + 3293 |

Again, despite such huge structures of equations, we are able to present a table of the
data-set for the expressions (70). In Table 3, we have varied V; between 4.5 M% <V <
5.0 M153, so that r and n; lie within the experimental limit. Further, the number of e-folds
for Table 3 is found to vary within the range 40 < N < 45, which is more-or-less sufficient
to solve the horizon and flatness problems. Clearly, the agreement with the observational
data is outstanding, since the tensor-to-scalar ratio is able to sustain further constraints,
which might appear from future analysis.

The energy scale of inflation (H,) is shown in the last column of Table 3, which is of
the order 1073 Mp, i.e., in the sub-Planckian scale, while the energy scale of inflation in a
single scalar field model corresponding to GTR [36] is given by the following expression:

H, =8 x 103, /écev = 1.28 x 1013GeV ~ 5.25 x 10" Mp, (71)

whose numerical value is computed taking into account the value of the tensor-to-scalar
ratio r = 0.005149 from the data-set of Table 3.
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Table 3. Data-set for the inflationary parameters in the case of F(T) = foT + f1(T)3, taking into
account ¢; = 4.0 Mp, Vo = 2.0 M}, v =5 x 107 Mp?, fo = 0.5 M3 varying V; between 4.5 x 107° to
5.0 %1076 M3 .

. 2.

¢y in Mp X 1‘0/1_an 3 s r N X f(l)’: 611]:/112,
0.75450 45 0.96656 0.005836 40 1.33
0.74478 4.6 0.96742 0.005593 41 1.37
0.73540 4.7 0.96823 0.005364 42 1.40
0.72637 4.8 0.96899 0.005149 43 1.43
0.71750 4.9 0.96974 0.004947 44 1.47
0.70900 5.0 0.97044 0.004756 45 1.50

Finally, to handle the issue of graceful exit from inflation, we recall Equation (65)
%, is expressed as

YH®  6foH> T ¢? Vo TY]_
e i (R e)] o 7

During inflation, H? and V; are of the same order of magnitude, while the Hubble
parameter varies slowly. But, at the end of inflation, the Hubble rate decreases sharply,

2
and -y H® falls much below V. Hence, one can neglect both the terms ”%6 and £ (}ZI without

any loss of generality. In the process, one obtains

$* = -2 {Vo - Vl} (73)
¢
Taking into account the values: ¢y = 0.70900Mp, Vo = 5.0 x 10-°Mp* and V; =
2.0 x 10~®Mp° from Table 3, it is possible to show that the above equation exhibits following
oscillatory behavior,

which, in view of the above form of the potential V(¢) = V) —

¢ = exp(iwt), (74)

provided that w ~ 1.476 x 10~3Mp. Hence, a graceful exit is also exhibited. In a nutshell,
both the forms F(T) of the generalized metric teleparallel gravity are found quite capable
of explaining the cosmological evolutionary history, right from the very early inflationary
era up to date.

3.3. Symmetric Teleparallel F(Q) Theory of Gravity

Although everything appears to be nice, non-trivial F(T) theories are not locally
Lorentz invariant, the most fundamental symmetry in physics, resulting in extra degrees
of freedom not present in GTR. In fact, the lack of local Lorentz invariance requires us
to deal with 16 equations, instead of the 10 associated with GTR. Einstein suggested to
identify these extra degrees of freedom with the electromagnetic fields. However, he failed
to find a consistent tensor-like description of the electromagnetic field equations in this
approach. Further, while studying perturbations on the top of RW background, models
based on F(T) gravity appear to suffer from strong coupling problems. In particular,
if the action is expressed in the Einstein frame, and perturbation is studied around the
flat Minkwoski space-time, the spectrum of the ‘general theory of relativity’ reappears,
being free from all additional degrees of freedom. That is, the genuine physical degrees of
freedom lose their kinetic term at the quadratic order, resulting in the breakdown of the
standard perturbation theory. Since no new scalar mode is present in linear and second-
order perturbations in F(T) gravity, a strong coupling problem appears. Additionally, F(T)
theory gravity cannot make any prediction for ‘cosmic microwave background radiation’
and ‘large scale structure’ within the standard RW model, due to strong coupling [9].
Therefore, F(Q) gravity is currently in the lime-light, since these problems do not arise
in F(Q) theory of gravity, as already mentioned. This led people to consider generalized
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symmetric teleparallel F(Q) gravity theory. Recently F(Q) theory has been studied largely
in different perspectives [37-45]. Further, the field equations in view of the variational
principle have also been derived [14]. In the F(Q) theory, one may use the special FLRW
metric in Cartesian coordinates and the coincident gauge in this setting, which make the
calculation easier by reducing the covariant derivative to merely a partial derivative. In the
coincidence gauge, all connections are made to vanish globally in a set of local Lorentz
frame. As a result, the affine connection vanishes everywhere in a manifold, and also, both
the Riemann-tensor Rg - and the torsion-tensor T,y vanish globally. In the coincidence

gauge, the non metricity scalar reads as Q = — ag‘ﬁz = —6H? under the gauge choice

N = 1. Consequently, the Friedmann equations become identical to those of the F(T)
gravity theory, and all the results found in connection with F(T) gravity theory holds,
averting the problems associated with F(T) gravity theory.

Unfortunately, as soon as one considers a nonlinear generalization of STEGR, i.e., F(Q)
theory of gravity, it is also found to run from some serious pathologies. Covariant formula-
tion of the theory requires to introduce Stiickelberg fields, in view of which the presence
of ghosts induces Ostrogradski’s instability. In the recent years, it was shown that there
is a strong coupling problem with the scalar perturbations around maximally symmetric
(De-Sitter and Minkowski) backgrounds, and there might also be a potentially strong
coupling problem in the vector sector for flat cosmology [10]. The strong coupling issue in
the maximally symmetric Minkowski background mostly occurs at very small scales, such
as when applying it to the black-holes in the asymptotically Minkowski region. Further, the
lack of diffeomorphic invariance in the self-interaction of graviton might possibly give rise
to the Boulware—Deser ghost [46]. Particularly, while studying cosmological perturbation
around the spatially flat F(Q) gravity theory, seven degrees of freedoms are found propa-
gating in the gravitational sector, out of which at least one is a ghost [47]. Nonetheless, the
isotropic and homogeneous Robertson-Walker metric (19) under present consideration also
admits three non-trivial connections [14,48], apart from the coincidence gauge. The study
of the three other connections have been initiated recently [49,50]. More recently, it has been
shown that all these three connections can also explain the cosmic evolutionary history,
for a linear form of F(Q) = fyQ, without further modification [51]. Since no generalization
to non-linearity is required, these might be free from pathologies.

3.4. Palatini Formalism

For the sake of completeness, let us add a few lines in the context of yet another
theory of gravity presented by Palatini long ago, which again admits late-stage of cosmic
acceleration upon suitable modification [52]. In fact, while the metric g;, measures the dis-
tances in manifold and angles in tangent space, the connection I'*,,, actually maps between
different tangent spaces that define parallel transport. Once the physical consideration that
the principle of equivalence and causality should be related to each other is demanded,
one enters into the realm of GTR, and I'*),, = { H"‘V}, the Levi-Civita. On the contrary,
Palatini formalism treats the metric and the connection as independent quantities. Hence,
mathematically Palatini formalism appears to be more rigorous, and enriches the geometric
structure of the spacetime. The generalized action being a function of both the metric and
the connection is given by

A(g,T) = 16% / VI XE(R) + Sy, (75)

where R stands for Ricci scalar in Palatini formalism and S;, is the matter action. Note
that 6Ty, — 01" 4y and, since there is no way to find the connections, the Ricci scalar )R
remains unknown. The field equations are

1
F/(%)%yv - §F<%)g]w = KT“LH// (76)

whose trace yields
F(R)R —2F(R) = «T. (77)
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One can immediately notice that for traceless fields T = 0, such as in the vacuum
(r = p = 0) and in the radiation (p = %p) eras; in the context of cosmology, Equation (77)
yields F(9R) o 932. As R is obscure, so one does not have any idea regarding the evolution.
Nonetheless, the evolution, whatever it might be, is identical in both eras, which is physi-
cally unrealistic. On the other hand, for F(R) = af + B9R?, Equation (77) for traceless fields
results in R~ 1 = %z) for n # 1,2. Thus, fR is a constant, and a de(anti)Sitter solution
emerges (we shall make it clear in the following) in both the vacuum and radiation eras,
which is unrealistic, as already mentioned. Clearly, one requires considering additional
fields, such as a scalar field, to obtain a physically reasonable outcome. But, prior to that, it
is somehow required to relate 9R with R, so that one can study cosmological evolution. This
is possible under the conformal transformation, g;,, = F/(9R) v, whence the action takes
the following form [53]:

_ 1 —= _ 35 oot
Ap = ﬂ/\/ FAH[OR — —-3,91D — U(P)] +5,, (78)
where 3 3
— - P — —_r/ — _
R=R Z(Dza?‘cba o CDDQD, P=F (9{), U(QD) CI))c(CI)) F(x) (79)

and the new field x = R. In the linear theory F(R) « 2R, ® becomes a constant, so is
U(D); as a result, R = R, in view of (79) and GTR, is retrieved. Phase-space structure of
the scalar-tensor equivalence of the Palatini action has been formulated and quantized,
and it was found that the semi-classical wavefunction is classically forbidden, which is
a serious pathology of the formalism. Next, it was observed that either the scale factor
evolves exponentially both in the early vacuum-dominated and radiation-dominated eras,
which is unrealistic, or it admits the Friedman-like solution a o +/f in the radiation era,
but unfortunately, a power law inflation is administered in the vacuum era without a
graceful exit. The fact that the Palatini formalism runs into contradiction with the standard
model of cosmology was also unleashed earlier [54]. Further, in an attempt to analyze the
stellar structure, it was revealed that the formalism exhibits a singular behavior, giving rise
to infinite tidal forces on the surface [55]. Thus, the Palatini formalism lacks novelty.

4. Concluding Remarks

In this article, we have reviewed some earlier works with suitable modification focus-
ing on the reconstruction program of the forms of modified and generalized teleparallel
gravity theories. The importance of the work is that all the forms presented here admit
a viable radiation- and early matter-dominated eras, which are on par with the standard
(FLRW) model of cosmology. Further, these models can also explain the late-time cosmic
accelerated expansion. Since inflation in the context of the modified F(R) theory of gravity
has been studied widely, we have not considered it here. However, for the two possible
forms of the teleparallel F(T) gravity, we have studied inflation and found that the infla-
tioanry parameters are quite in agreement with the recently released observational data.
Also, since symmetric telepallel F(Q) gravity theory in a coincidence gauge produces a
field equation identical to those for F(T) gravity theory, all the results obtained for F(T)
gravity also hold for coincidence general relativity.

While the results obtained here are quite encouraging, nonetheless, all these theories
suffer from some sort of unavoidable pathologies, as discussed in the literature. In the
mean time, linear and second-order scalar perturbations and the strong coupling issues of
F(T) gravity have been reinvestigated by applying the effective field theory [51]. Of course,
no new scalar mode is found, suggesting a strong coupling issue. Nonetheless, the authors
have also shown that this can be avoided at some scale comparable with the cutoff scale
of the applicability of the theory [51]. Clearly, nothing has been settled as yet. In this
context, it may be mentioned that in the RW metric (19) under consideration, symmetric
teleparallel gravity theory admits four different connections. Apart from the coincidence
gauge, the other three involve an additional non-vanishing function of time () and, as a
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result, some difficulty arises in studying these connections. Nonetheless, very recently, we
have prepared a detailed study with the three other connections (communicated), which
exhibit cosmic evolution at the linear level without any modification. It should also be
mentioned that Bianchi identity, which is an outcome of the invariance of curvature by
isometries of the metric tensor, holds automatically for GTR (G*";y = 0), and is also
true for F(R) gravity, resulting in the classical conservation of the energy momentum
tensor. Nonetheless, this does not hold in general for teleparallel gravity theories. Even
s0, in the background of the isotropic and homogeneous Robertson-Walker metric, the
Bianchi identity holds for F(T) gravity uniquely. In the case of the F(Q) theory of gravity,
the coincidence gauge (Q = —6H?) is usually taken into consideration, in which case
the Bianchi identity also holds automatically. Nevertheless, for other connections, it was
not known with certainty. It has been exhibited [56] that, apart from one single situation,
it holds in general for all the connections. We have also briefly discussed the Palatini
formalism, which appears to be a non-viable alternative to GTR.
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Notes

1

It may be mentioned that the curvature tensor constructed out of Weitzenbock connection vanishes identically, while a theory of
gravity constructed in view of tetrad fields admits both the Weitzenbdck and the Riemannian geometry and therefore is more
general.

Under the choice of local coordinates and coordinate basis x# and 9y, respectively, the affine Levi-Civita connection (V) is called
the Christoffel symbol {,,*,}, so that V0, = {,*/}.

References

1. Sabulsky, D.O.; Dutta, I; Hinds, E.A.; Elder, B.; Burrage, C.; Copel, E.J. Experiment to detect dark energy forces using atom
interferometry. Phys. Rev. Lett. 2019, 123, 061102. [CrossRef] [PubMed]

2. Motohashi, H.; Suyama, T. Third order equations of motion and the Ostrogradsky instability. Phys. Rev. D 2015, 91, 085009.
[CrossRef]

3. Maluf, JW,; Rocha-Neto, J].F.D. Hamiltonian formulation of general relativity in the teleparallel geometry. Phys. Rev. D 2001, 64,
084014. [CrossRef]

4. Li, M.; Miao, R.-X.; Miao, Y.-G. Degrees of freedom of f(T) gravity. |. High Energy Phys. 2011, 1107, 108. [CrossRef]

5. Ferraro, R.; Guzmén, M.]. Hamiltonian formalism for f(T) gravity. Phys. Rev. D 2018, 97, 104028. [CrossRef]

6. Ferraro, R.; Guzmdn, M.]. Quest for the extra degree of freedom in f(T) gravity. Phys. Rev. D 2018, 98, 124037. [CrossRef]

7.  Ferraro, R.; Guzmdn, M.J. Pseudoinvariance and the extra degree of freedom in f(T) gravity. Phys. Rev. D 2020, 101, 084017.
[CrossRef]

8.  Izumi, K.; Ong, Y.C. Cosmological perturbation in f(T) gravity revisited. J. Cosmol. Astropart. Phys. 2013, 6, 29. [CrossRef]

9.  Golovnev, A.; Koivisto, T. Cosmological perturbations in modified teleparallel gravity models. ]. Cosmol. Astropart. Phys. 2018,
2018, 012. [CrossRef]

10. Jiménez, J.B.; Heisenberg, L.; Koivisto, T.; Pekar, S. Cosmology in f(Q) geometry. Phys. Rev. D 2020, 101, 103507. [CrossRef]

11. Capozziello, S.; De Laurentis, M. Extended theories of gravity. Phys. Rep. 2011, 509, 167. [CrossRef]

12.  Nojiri, S.; Odintsov, S.D. Unified cosmic history in modified gravity:from F(R) theory to Lorentz non-invariant models. Phys. Rep.
2011, 505, 59. [CrossRef]

13. Cai, Y.-F,; Capozziello, S.; De Laurentis, M.; Saridakis, E.N. {(T) teleparallel gravity and cosmology. Rep. Prog. Phys. 2016, 76,
106901. [CrossRef] [PubMed]

14.  Zhao, D. Covariant formulation of f(Q) theory. Eur. Phys. J. C 2022, 82, 303. [CrossRef]

15. Sarkar, K.; Sk, N.; Ruz, S.; Debnath, S.; Sanyal, A K. Why Noether Symmetry of F(R) Theory Yields Three-Half Power Law? Int. ].
Theor. Phys. 2013, 52, 1515. [CrossRef]

16. Chakrabortty, M.S.K.N.; Sanyal, A.K. A viable form of teleparallel F(T) theory of gravity. Eur. Phys. ]. C 2023, 83, 557. [CrossRef]

17. Sanyal, A.K. Study of symmetry in F(R) theory of gravity. Mod. Phys. Lett. A 2010, 25, 2667-2668. [CrossRef]


http://doi.org/10.1103/PhysRevLett.123.061102
http://www.ncbi.nlm.nih.gov/pubmed/31491160
http://dx.doi.org/10.1103/PhysRevD.91.085009
http://dx.doi.org/10.1103/PhysRevD.64.084014
http://dx.doi.org/10.1007/JHEP07(2011)108
http://dx.doi.org/10.1103/PhysRevD.97.104028
http://dx.doi.org/10.1103/PhysRevD.98.124037
http://dx.doi.org/10.1103/PhysRevD.101.084017
http://dx.doi.org/10.1088/1475-7516/2013/06/029
http://dx.doi.org/10.1088/1475-7516/2018/11/012
http://dx.doi.org/10.1103/PhysRevD.101.103507
http://dx.doi.org/10.1016/j.physrep.2011.09.003
http://dx.doi.org/10.1016/j.physrep.2011.04.001
http://dx.doi.org/10.1088/0034-4885/79/10/106901
http://www.ncbi.nlm.nih.gov/pubmed/27599606
http://dx.doi.org/10.1140/epjc/s10052-022-10266-4
http://dx.doi.org/10.1007/s10773-012-1471-5
http://dx.doi.org/10.1140/epjc/s10052-023-11741-2
http://dx.doi.org/10.1142/S0217732310033657

Universe 2024, 10, 44 20 of 21

18.

19.

20.
21.

22.
23.
24.
25.
26.
27.
28.
29.
30.
31.
32.
33.
34.

35.

36.

37.
38.

39.

40.

41.
42.

43.
44.
45.
46.
47.

48.
49.

50.
51.

52.

53.

54.

Modak, B.; Sarkar, K.; Sanyal, A.K. Modified theory of gravity and the history of cosmic evolution. Astrophys. Space Sci. 2014, 353,
707. [CrossRef]

Capozziello, S.; Francaviglia, M. Extended theories of gravity and their cosmological and astrophysical applications. Gen. Relativ.
Gravit. 2008, 40, 357. [CrossRef]

Vakili, B. Noether symmetric f(R) quantum cosmology and its classical correlations. Phys. Lett. B 2008, 669, 206. [CrossRef]
Sarkar, K.; Sk, N.; Debnath, S.; Sanyal, A K. Viability of Noether Symmetry of F(R) theory of Gravity. Int. J. Theor. Phys. 2013, 52,
1194. [CrossRef]

Sk, N.; Sanyal, A K. Revisiting Noether gauge symmetry for F(R) theory of gravity. Astrophys. Space Sci. 2012, 342, 549. [CrossRef]
Sk, N.; Sanyal, A K. Field Independent Cosmic Evolution. J. Astrophys. 2013, 2013, 590171. [CrossRef]

Starobinsky, A.A. A new type of isotropic cosmological models without singularity. Phys. Lett. B 1980, 91, 99. [CrossRef]
Maeda, K. Inflation as a transient attractor in R? cosmology. Phys. Rev. D 1988, 37, 858. [CrossRef]

Bengochea, G.R,; Ferraro, R. Dark torsion as the cosmic speed-up. Phys. Rev. D 2009, 79, 124019. [CrossRef]

Linder, E.V. Einstein’s other gravity and the acceleration of the universe. Phys. Rev. D 2010, 81, 127301. [CrossRef]

Krssak, M.; Saridakis, E.N. The covariant formulation of f(T) gravity. Class. Quant. Grav. 2016, 33, 115009.

Ferraro, R.; Fiorini, F. Non-trivial frames for f(T) theories of gravity and beyond. Phys. Lett. B 2011, 702, 75. [CrossRef]
Chakrabortty, M.; Sk, N.; Sanyal, S.; Sanyal, A.K. Inflation with F(T) teleparallel gravity. Eur. Phys. ]. Plus 2021, 136, 1213.
[CrossRef]

Bamba, K.; Odintsov, S.D.; Saridakis, E.N. Inflationary cosmology in unimodular F(T) gravity. Mod. Phys. Lett. A 2017, 32, 1750114.
[CrossRef]

Akrami, Y. et al. [Planck Collaboration]. Planck 2018 results. X. Constraints on inflation. Astron. Astrophys. 2020, 641, A10.
Aghanim, N. et al. [Planck Collaboration]. Planck 2018 Results. VI. Cosmological Parameters. Astron. Astrophys. 2020, 641, A6.
Tristram, M.; Banday, A.; Gorski, K.; Keskitalo, R.; Lawrence, C.; Andersen, K.; Barreiro, R.; Borrill, J.; Colombo, L.; Eriksen,
H.; et al. Improved limits on the tensor-to-scalar ratio using BICEP and Planck. Phys. Rev. D 2022, 105, 083524. [CrossRef]
Hazumi, M.; Ade, P.A.R.; Adler, A.; Allys, E.; Arnold, K.; Auguste, D.; Aumont, J.; Aurlien, R.; Austermann, J.; Baccigalupi,
C.; et al. LiteBIRD: JAXA'’s new strategic L-class mission for all-sky surveys of cosmic microwave background polarization. Proc.
SPIE 2020, 11443, 114432F.

Engvist, K.; Hardwick, R.J.; Tenkanen, T.; Venninb, V.; Wands, D. A novel way to determine the scale of inflation. JCAP 2018, 2, 6.
[CrossRef]

Ambrosio, ED.; Fell, S.D.B.; Heisenberg, L.; Kuhn, S. Black holes in f(Q) gravity. Phys. Rev. D 2022, 105, 024042. [CrossRef]
Chen, S.; Gibbons, G.W,; Li, Y.; Yang, Y. Friedmann’s equations and Chebyshev’s theorem. J. Cosmol. Astropart. Phys. 2014, 12, 35.
[CrossRef]

D’ Ambrosio, F.; Heisenberg, L.; Kuhn, S. Revisiting Cosmologies in Teleparallelism. Class. Quantum Grav. 2022, 39, 025013.
[CrossRef]

Capozziello, S.; D’ Agostino, R. Model-independent reconstruction of f(Q) non-metric gravity. Phys. Lett. 2022, 832, 137229.
[CrossRef]

Atayde, L.; Frusciante, N. Can f(Q) gravity challenge ACDM? Phys. Rev. D 2021, 104, 064052. [CrossRef]

Esposito, F,; Carloni, S.; Cianci, R.; Vignolo, S. Reconstructing isotropic and anisotropic f(Q) cosmologies. Phys. Rev. D 2022, 105,
084061. [CrossRef]

Nester, ].M.; Yo, H.-J. Symmetric teleparallel general relativity. Chin. J. Phys. 1999, 37, 113.

Jimenez, J.B.; Heisenberg, L.; Koivisto, T. Coincident general relativity. Phys. Rev. D 2018, 98, 044048. [CrossRef]

Bahamonde, S.; Jarv, L. Coincident gauge for static spherical field configurations in symmetric teleparallel gravity. Eur. Phys. ]. C
2022, 82, 963. [CrossRef]

Jiménez, J.B.; Koivisto, T.S. Accidental gauge symmetries of Minkowski spacetime in Teleparallel theories. Universe 2021, 7, 143.
[CrossRef]

Gomes, D.A.; Jiménez, ].B.; Cano, A.J.; Koivisto, T.S. On the pathological character of modifications to Coincident General
Relativity: Cosmological strong coupling and ghosts in f(Q) theories. arXiv 2023, arXiv:2311.04201.

Hohmann, M. General covariant symmetric teleparallel cosmology. Phys. Rev. D 2021, 104, 124077. [CrossRef]

Dimakis, N.; Paliathanasis, A.; Roumeliotis, M.; Christodoulakis, T. FLRW solutions in f(Q) theory: The effect of using different
connections. Phys. Rev. D 2022, 106, 043509. [CrossRef]

De, A.; Loo, T.-H. On the viability of {(Q) gravity models. Class. Quan. Grav. 2023, 40, 115007. [CrossRef]

Hu, Y.-M.; Zhao, Y.; Ren, X.; Wang, B.; Sadakis, E.N.; Cai, Y.-E. The effective field theory approach to the strong coupling issue in
f(T) gravity. J. Cosmol. Astropart. Phys. 2023, 7, 60. [CrossRef]

Allemandi, G.; Borowiec, A.; Francaviglia, M.; Odintsov, S.D. Dark energy dominance and cosmic acceleration in first order
formalism. Phys. Rev. D 2005, 72, 063505. [CrossRef]

Chakrabortty, M.; Sk, N.; Sanyal, A.K. Some aspects of modified theory of gravity in Palatini formalism unveiled. Mod. Phys. Lett.
A 2020, 35,2050162. [CrossRef]

Sotiriou, T.; Faraoni, V. f(R) theories of gravity. Rev. Mod. Phys. 2010, 82, 451. [CrossRef]


http://dx.doi.org/10.1007/s10509-014-2074-9
http://dx.doi.org/10.1007/s10714-007-0551-y
http://dx.doi.org/10.1016/j.physletb.2008.09.058
http://dx.doi.org/10.1007/s10773-012-1436-8
http://dx.doi.org/10.1007/s10509-012-1184-5
http://dx.doi.org/10.1155/2013/590171
http://dx.doi.org/10.1016/0370-2693(80)90670-X
http://dx.doi.org/10.1103/PhysRevD.37.858
http://dx.doi.org/10.1103/PhysRevD.79.124019
http://dx.doi.org/10.1103/PhysRevD.81.127301
http://dx.doi.org/10.1016/j.physletb.2011.06.049
http://dx.doi.org/10.1140/epjp/s13360-021-02232-y
http://dx.doi.org/10.1142/S0217732317501140
http://dx.doi.org/10.1103/PhysRevD.105.083524
http://dx.doi.org/10.1088/1475-7516/2018/02/006
http://dx.doi.org/10.1103/PhysRevD.105.024042
http://dx.doi.org/10.1088/1475-7516/2014/12/035
http://dx.doi.org/10.1088/1361-6382/ac3f99
http://dx.doi.org/10.1016/j.physletb.2022.137229
http://dx.doi.org/10.1103/PhysRevD.104.064052
http://dx.doi.org/10.1103/PhysRevD.105.084061
http://dx.doi.org/10.1103/PhysRevD.98.044048
http://dx.doi.org/10.1140/epjc/s10052-022-10922-9
http://dx.doi.org/10.3390/universe7050143
http://dx.doi.org/10.1103/PhysRevD.104.124077
http://dx.doi.org/10.1103/PhysRevD.106.043509
http://dx.doi.org/10.1088/1361-6382/accef7
http://dx.doi.org/10.1088/1475-7516/2023/07/060
http://dx.doi.org/10.1103/PhysRevD.72.063505
http://dx.doi.org/10.1142/S021773232050162X
http://dx.doi.org/10.1103/RevModPhys.82.451

Universe 2024, 10, 44 21 of 21

55. Barausse, E.; Sotiriou, T.; Miller, J. A no-go theorem for polytropic spheres in Palatini f(R) gravity. Class. Quantum Grav. 2008, 25,
062001. [CrossRef]

56. Saha, D. (1. Department of Physics, Jangipur College, Jangipur, India; 2. Department of Physics, University of Kalyani, Nadia,
India); Sanyal, A.K. (Department of Physics, Jangipur College, Jangipur, India). Cosmological evolution for all the connections in
symmetric teleparallel gravity theory. Personal communication, 2023.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://dx.doi.org/10.1088/0264-9381/25/6/062001

	Introduction
	The Three Pillars of Gravitation
	Reconstruction from the Radiation Era
	F(R) Gravity
	Torsion-Based Metric F(T) Teleparallel Gravity
	Energy Conditions
	Slow Roll Inflation

	Symmetric Teleparallel F(Q) Theory of Gravity
	Palatini Formalism

	Concluding Remarks
	References

