Chapter 14 )
Teleparallel Gravity: Foundations and e
Cosmology

Sebastian Bahamonde, Konstantinos F. Dialektopoulos, Manuel Hohmann,
and Jackson Levi Said

14.1 Foundations of Teleparallel Gravity

Teleparallel Gravity theories have received growing attention during the last decade.
Their most distinguishing feature is the use of a different geometric setting compared
to General Relativity, which features a flat (curvature-free) connection, and torsion
instead of curvature. This section gives a brief introduction to the mathematical back-
ground and foundations of Teleparallel Gravity. Section 14.1.1 gives an overview of
the geometric setting and dynamical field content. Its relation to a gauge theory of
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translations is explained in Sect. 14.1.2. Local Lorentz invariance is discussed in
Sect. 14.1.3. Section 14.1.4 briefly elucidates how matter couples to the teleparal-
lel geometry. Finally, Sect. 14.1.5 gives an account of the most simple Teleparallel
Gravity theory, which is equivalent to General Relativity at the level of its field equa-
tions. The notation used here and in the following sections on Teleparallel Gravity
is summarized in the Convention Table in the beginning of the book.

14.1.1 Teleparallel Geometry

The most important, distinguishing feature of Teleparallel Gravity [1] is its use of
an affine connection, whose connection coefficients will be denoted by f‘“Vp, and
which is different from the Levi-Civita connection of the metric g,,,,. This connection
is chosen to be flat, in the sense that has vanishing curvature

Ié#uaﬂ = aafwu{i - aﬂfwua' + f#paﬁp1/§9 - pr{il:‘pua =0 s (141)

where we denote quantities related to the teleparallel connection with a bullet. to
distinguish them from their Levi-Civita counterparts. For instance, v . denotes the
teleparallel covariant derivative, while V,, denotes the Levi-Civita covariant deriva-
tive. The flatness of the connection allows a path-independent parallel transport,
hence maintaining a notion of being parallel at a distance, which is the reason for
calling it “teleparallel” [2]. Further, the teleparallel connection is metric compatible,
so that its non-metricity tensor vanishes,

Qp/u/ = Vpg;u/ = OpGuw — Fa/tpgm/ - Faupg;w =0, (14.2)

while its torsion . . .

T°,=1",-1", (14.3)
is allowed to be non-vanishing. In Teleparallel Gravity, the torsion takes the role of
the gravitational field strength, in contrast to General Relativity, where this role is
attributed to the Levi-Civita curvature.

There are different, equivalent possibilities to implement the teleparallel con-
nection as a dynamical field. In the original formulation by Einstein [2], the only
fundamental dynamical field is a tetrad (or vielbein) field e# = e ndx*. Here and in
the remainder of this section, capital Latin letters A, B =0, ..., 3 denote Lorentz
indices. The tetrad defines both the metric

Guv = nABeA,ueBI/ (144)

and the coefficients .
I, = es"0yet, (14.5)
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of the teleparallel affine connection, where n4p = diag(—1, 1, 1, 1) is the Minkowski
metric and ey = e4"0), is the inverse tetrad satisfying et pea’ = 5}; and e4 pept =
1) g‘. This particular choice of the connection is known as the Weitzenbock connection,
and it belongs to a family of flat, metric compatible connections. The constituents of
this family can be expressed in terms of the connection one-forms & g = w45 pdxt
of a flat Lorentz spin connection via the relation

T, = ea"(0pe”, + 0" pre®)) . (14.6)
Here, flatness corresponds to vanishing curvature of the spin connection,
R*pos = anJABﬂ - 8/36:1A3a + (‘:}ACQ(‘:}CB,@ - L:}ACﬁdJCBa =0, (14.7)

while metric compatibility follows from the antisymmetry &*#), = 0. In the covari-
ant formulation of teleparallel gravity theories [3], the spin connection is promoted to
a dynamical field, and its flatness must be imposed either through Lagrange multipli-
ers in the gravitational action or by explicitly allowing only for flat connections and
accordingly restricting the variation with respect to the spin connection in the deriva-
tion of the Euler-Lagrange equations [4]. Yet another possibility to ensure the flatness
of the spin connection is to consider it as a dependent quantity & g, = A*c9, A€
derived from a local Lorentz transformation A% g, and to promote the latter to a
fundamental dynamical field next to the tetrad [5, 6].

Another implementation of teleparallel geometry is the Palatini approach, which
considers as fundamental fields the metric g,,,, and the affine connection coefficients

NG - and enforces metric compatibility and flatness of the connection via Lagrange
multipliers [7].

14.1.2 Translation Gauge Theory

One argument that is commonly mentioned in favour of Teleparallel Gravity is its
possible interpretation as a gauge theory of translations. Various approaches and
realisations of this gauge theory have been studied [8]. It was first found in the
non-covariant formulation of Teleparallel Gravity that the tetrad allows for a gauge
symmetry, which can be related to infinitesimal translations, and that imposing this
symmetry leads to an action equivalent to the Einstein-Hilbert action [9, 10]. Relaxing
the condition of local Lorentz invariance yields a more general class of theories [11].
A more sophisticated approach relates Teleparallel Gravity to higher gauge theory,
and generalisations of Cartan geometry [12]. Cartan geometry has also been sug-
gested as a possible interpretation of the non-standard nature of translational gauge
transformations, which act not only on an internal space, is usual in gauge theory,
but also on the underlying spacetime manifold [13]. This interpretation has been
contrasted with a formulation making use of a principal bundle of translations [14].
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Despite their differences, the aforementioned approaches have in common that the
tetrad field is related to a gauge potential of translations, while the spin connection
is related to an external Lorentz gauge symmetry. However, for a more fundamental
understanding of how the tetrad and spin connection in the covariant formulation of
Teleparallel Gravity arise, it is helpful to take a step backwards and view Telepar-
allel Gravity in the more general context of Poincaré gauge theory, and even more
generally in the context of metric-affine gravity [15, 16]. We therefore briefly review
their description in terms of gauge connections.

We denote by F'M the general linear frame bundle of the spacetime manifold M.
The fiber F, M at a point x € M is the set of all frames, i.e., ordered bases of the
tangent space T, M. Any frame can be expressed by a bijective linear map f : R* —
T, M. Given coordinates (x*) on M, we can introduce coordinates (x*, f4*)on FM,
where the frame f maps anelementv € R* with components v tovA fat0, € TeM.
Note that F M is a principal bundle: the group Hy = GL(4, R) acts from the right
on the fibres of F M. Writing the matrix components of an element A € Hy as A” 5,
the action reads

(xh, fa) > (F fat) - A= (2, P AR ) (14.8)

in the coordinates we used.

A frame allows expressing tensor fields in a basis that is different from the
coordinate basis. Changing the frame changes the basis, while keeping the point
fixed at which the tensor field is evaluated. In order to incorporate translations
as well, one considers a larger bundle, which may be constructed as follows. Let
Go = GA(4,R) = R* x GL(4, R) be the general affine group. The group Hy, being
a subgroup of Gy, acts on G by left multiplication: given A € Hy and (A, v) € Gy,
one has

A (A, v) = (AA, Av). (14.9)

This action gives rise to an associated bundle AM = FM Xy, Go, which we call the
affine frame bundle. To understand the geometry of AM, recall that for each x € M
the elements of the fiber A, M are given by equivalence classes

[, (AT =[f AT A (A, 0], (14.10)

where f € F,M is a frame at x and (A, v) € Gy, and equivalence is given by the
simultaneous actionof A € Hy on both of these objects, following the equation above.
One can see that every such equivalence class is defined by a frame f = f - A, as
well as a tangent vector y = f v, Or in components

fal = fs"AP L and Y =v? fyt, (14.11)

since these combinations are invariant under the application of A. Hence, the affine
frame bundle has the structure
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AM =TM x FM, (14.12)
M

or in other words, every element of AM consists of a base pointx € M, avector y €
T M and a frame f € F, M. Coordinates on AM thus take the form (x*, y*, fa").
One finds that AM is a principal Gy-bundle, where the right action is given by

(', Y, fal) e 8 fal) - (AL v) = 0yt 4 faut, fP AP L) (14.13)

for (A, v) € Gy.

The bundle A M is the arena for the gauge theory we model. The gauge connection
is given by a one-form AeQ! (AM, go) on AM, taking values in the Lie algebra g
of Gy. Since this Lie algebra splits as gg = ho @D 3 into the homogeneous part hy and
translations 3 = R*, the same holds for the gauge connection A=&+e. Using the
canonical matrix and vector representations of these Lie algebras, it turns out that
the most general one-form connection can be written in the form

Ol = f1A (Y, dx” +d fe") (14.14a)
et = A (B dx” + QF,,y7dx” 4 dyt) (14.14b)

in our chosen coordinates, where E*, and 2", are functions of x only. This form

is a consequence of the demand that Aisa principal connection.

Finally, to obtain the gauge fields on the spacetime manifold M, we need to choose
a gauge; this corresponds to choosing a section o : M — AM. In our coordinates
this section can be expressed as

o:x > (xF o, a4"). (14.15)
The section allows us to take the pullbacks

oty = 04 pdxt = 071 (057", 4 ,05M)dx" (14.16a)
otet = et dxt = oA (E", + Q07 + 8p0)dx . (14.16b)
Here we have already suggestively identified these pullbacks with the tetrad e”, and

teleparallel spin connection &* g,,. To justify this identification and to resort to more
familiar notation, we introduce new coordinates

@ fa) e LR fal) = T fa) (14.17)
and accordingly replace o = o4c 4*. Then the tetrad (14.16b) becomes

o*et = e dx" = (B, + & p,0" + 9,0%)dx” (14.18)
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where B4 p = o4 wE",. This is the form most commonly encountered in the lit-
erature [1]. Note that changing the section o, simply corresponds to a change of
the Lorentz frame, while a change of o# can be interpreted as a translation gauge
transformation. Finally, calculating the torsion yields

T4 ,dxk A dx” = de? + 64 p neB = 9,84, + 0, BB, + 0,00 0B + 0% 0,0 poB)dxt Adx”
(14.19)
In the teleparallel geometry the spin connection has vanishing curvature (14.7), and
so the two terms involving o2 vanish. The torsion then becomes the field strength of
the translation gauge potential B4 e

14.1.3 Local Lorentz Invariance

When the concept of teleparallelism was introduced, the only dynamical field was the
tetrad e u» which has 16 components. It was believed that gravity is described by the
10 components of the metric, while the additional six components could be attributed
to the electromagnetic field strength [2]. However, this turned out not to be the case,
and it was realised that these additional components are related to local Lorentz trans-
formations e#,, > A# ge” , instead. Further, it was found that in general Teleparallel
gravity theories are not invariant under such local Lorentz transformations, due to
the presence of the Weitzenbock connection e w=e AP0, et - in order to solve the
field equations of such theories, one cannot choose an arbitrary tetrad corresponding
to a particular metric, but only specific tetrads are allowed [17-21]. This means that
the extra components present in the tetrad cannot be regarded as pure gauge degrees
of freedom. This fact raised a debate regarding the nature of the additional degrees
of freedom, whether they might be acausal or even superluminal, or whether some
of them can be absorbed by a remnant gauge symmetry that is still present despite
the otherwise broken Lorentz symmetry [22-30].

In order to resolve the aforementioned issues, a covariant formulation of Telepar-
allel Gravity theories was developed, which features the flat Lorentz spin connection
wA By as an additional dynamical field [3, 4, 31, 32]. In the covariant formulation,
local Lorentz transformations take the form

et > Apef, Otp A (AP R, + Ao (ATH s, (14.20)

and thus act on both the tetrad and the spin connection. The teleparallel connec-
tion (14.6), and hence also its torsion (14.3), are invariant under this combined trans-
formation. It thus follows that any action constructed from the (in any case invariant)
metric, the torsion and their derivatives are locally Lorentz invariant.

Note that the spin connection (14.16a) also naturally arises in the gauge theory
approach shown in Sect. 14.1.2. In this picture, local Lorentz transformations are
simply transformations of the Lorentz part o . of the section defining the gauge.
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14.1.4 Matter Coupling

An important issue in Teleparallel Gravity is the question about how to couple matter
to the teleparallel geometry. The most commonly considered procedure is given by
the minimal coupling prescription, according to which the metric g, in the matter
action is chosen to be the metric (14.4) obtained from the tetrad. This prescription is
sufficient for bosonic fields, which couple to the metric only, without direct coupling
to a spin connection. This differs from the case of fermions, where a spin connection
must be specified. The question about a consistent coupling of fermions and the
proper choice of the spin connection is a highly topic [16, 33-37]. We will not enter
this debate here, and assume that fermions couple to the metric geometry through
the spin connection associated with the Levi-Civita connection only. Following this
assumption, the matter action does not depend on the teleparallel spin connection,
but only on the tetrad. For the variation with respect to the tetrad we may write

O Smatter = — f dixeTy"de,,. (14.21)

The quantity 74" introduced here is the matter energy-momentum tensor, which
we also write in the form 7}, = e w9 TyP.! Demanding that the matter action is
invariant under local Lorentz transformations, which is equivalent to demanding
that it depends only on the metric obtained from the tetrad, then implies that the
energy-momentum tensor is symmetric, 77, = 0 [38].

14.1.5 Teleparallel Equivalent of General Relativity (TEGR)

An interesting feature of Teleparallel Gravity is that it allows for an alternative
formulation of General Relativity, in which gravity is mediated by torsion instead of
curvature [39]. One possibility to derive the action for the Teleparallel Equivalent of
General Relativity (TEGR) is by starting from the Einstein-Hilbert action

1
Ser = 57 d*x /=gR, (14.22)

where k> = 87G, and by rewriting the Ricci scalar in terms of the torsion of the
teleparallel connection. For this purpose, we introduce the contortion tensor

. . 1 /. . .
Kp/w = Fp/u/ - Fp/u/ = 5 (Tp,py + Tupu, - Tp/z,l/) (1423)

I While T, refers to the energy-momentum tensor, T’ v refers to the torsion tensor which is not
related.
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as the difference between the teleparallel and Levi-Civita connection coefficients.
By making use of this relation, one can write the Riemann curvature tensor of the
Levi-Civita connection in the form

Rﬂupg = Rﬂl/po' - VpKHVa + VO'KHVP - K“T/JKTVO' + KHTO'KTVp ) (1424)

keeping in mind that the curvature of the teleparallel connection vanishes, Ié#,,,,(, =0,
while the curvature of the Levi-Civita connection does not vanish in general. Taking
the appropriate contractions, and using the antisymmetry K “? = 0, the Ricci scalar
reads

R=-2V,K", + K" ,K," — K"K, =-T+2V,T,”" = -T+B.

(14.25)
Here we introduced the torsion scalar T, which can be written in the form
T Lo o Le s Lo T,
= 5 ;U/Sp = ZT T;wp + ET Tpl/u =T upTV P (1426)
where we used the superpotential
S =KW, — 6/@‘ T,7" + 5ZT(,"” . (14.27)

Finally, the last term in the expression (14.25) is a total divergence, and thus appears
as a boundary term in the action, which does not contribute to the field equations.
Omitting this term and using the fact that the determinants of the metric and the

tetrad are related by
e=.4—g, (14.28)

the TEGR action finally reads

1
STEGR = ~3.3 d*xeT. (14.29)

Variation of this action, together with a matter action, with respect to the tetrad,
and transforming the resulting Lorentz index into a spacetime index, yields the field
equations

VoS0’ — 280 Ty + ST = K2T, (14.30)
pR () D) (@ v)po 2 9uv 7 .

The right-hand side is given by the energy-momentum tensor (14.21). The left-hand
side of these field equations is most easily understood by realising the geometric
identity

) Lo s 1 1
V/,S(w,)p - §S(ﬂp Ty)pg + ETgw, = RHV - ERglw = Gl“/ s (1431)
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and so it turns out that the field equations indeed agree with those of General Rela-
tivity, as one would expect. An interesting property of the action (14.29) is the fact
that the teleparallel spin connection w”p, enters only in the form of a boundary
term [40]. This can be seen from the relation (14.25) between the Ricci scalar of the
Levi-Civita connection and the torsion scalar. The left-hand side is independent of
the teleparallel spin connection, and so its variation d,,R vanishes. This implies

6,T =26,V,T," =2v,5,T,"", (14.32)

so that variation of the TEGR action with respect to the teleparallel spin connection
yields a boundary term only. One consequence is that the teleparallel spin connection
drops out of the field equations, as can be seen from the identity (14.25). From this,
further follows that the theory is invariant not only under the local Lorentz transfor-
mations (14.20), but also under the pure tetrad transformations e u AApeB - This
invariance, which does not hold for general teleparallel theories, as discussed in the
following section, is one reason why Teleparallel Gravity was originally developed
without appealing to a non-trivial spin connection, and the viability of the covariant
formulation of TEGR has been challenged [41].

14.2 Teleparallel Gravity Extensions

Even if ACDM has passed most of the observational tests with flying colours, General
Relativity (GR), and thus the Teleparallel Equivalent of GR (TEGR) as well, contain
some shortcomings. Motivated mostly by the accelerated expansion of the Universe,
many people initiated the hunt for a modification of gravity. In the same way as in
the curvature case, the literature abounds different theories of Teleparallel Gravity,
that introduce new degrees of freedom to describe several phenomena.

Either by introducing scalar fields to the TEGR Lagrangian, or by generalising it
to an arbitrary function of the torsion scalar, i.e. f(T), by introducing non-localities,
non-linear boundary terms and other topological invariants, there has been a great
plethora of models studied. In this section we will give a brief review on the most
well-known modifications.

14.2.1 f(T) Gravity

In the curvature case, the most straightforward modification, and maybe the simplest
one, is the so-called f(R) gravity. As the name witnesses, it is a generalisation of the
Einstein-Hilbert action to an arbitrary function of the Ricci scalar that offers richer
phenomenology [42—45] by introducing a new scalar degree of freedom [46—48]. In
the same spirit, f(T) theory was proposed almost a decade ago [19, 49-51] and its
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action reads

1
Sf(T) = 2_K;2 d4x ef(T) + Shatter - (14.33)

It is worth mentioning that even though at the level of field equations GR and TEGR
are totally equivalent theories, the same does not happen for f(R) and f(T) the-
ories. As already discussed in the previous section, R = —T + B (14.25), where
B = -20, (ef‘”“ )/ e is a boundary term, that in TEGR does not contribute to the
field equations. However, the arbitrary function f (T) is non-linear and thus the two
theories are no longer equivalent.

Varying the action (14.33) with respect to the tetrad e”, we get its field equations
that read

froy (6‘§AW> +e (fTTgA‘“/auT — frT B, a8 + frdf A, S + %feA“ = k2eTy"
(14.34)
with fr and frr being respectively the first, and second-order derivatives of f with
respect to T and 7,,” = e4 uT4" is the energy-momentum tensor of the matter fields.
As one can immediately notice, the equations for the tetrad are of second order, in
contrast with those in f(R) gravity. For the unimodular formulation of f(T) gravity,
where the determinant of the tetrad is kept constant, one can check [52].
Variation of (14.33) with respect to the spin connection [4, 53, 54] gives the
antisymmetric part of the tetrad equations (14.34), meaning

frrSuas”T, =0 (14.35)

There was a period when it was believed that f(T) gravity violates local Lorentz
invariance [17, 18]. Indeed, if one considers the theory with the tetrad being the only
variable, the discussion is constrained on a very specific class of frames where the
spin connection vanishes. That is why the existence of good and bad tetrads was
proposed [20], referring to tetrads in the same equivalence class that solve and do not
solve respectively the field equations. An illuminating example is that the diagonal
tetrad in spherical symmetry

eAH = diag (A, B, r,rsinf) , (14.36)
corresponding to the metric g, = diag [Az(r).Bz(r), r2, r?sin? 9], is a bad tetrad,

not satisfying the field equations (14.34) with a vanishing spin connection for frr #
0, while the non-diagonal tetrad associated to the same metric

A 0 0 0
A _ | O Bcosgsing rcos¢gcost —rsingsinf
“r=10 —Bcosh rsinf 0 ’ (14.37)

0 Bsingsiné rsin¢cosf rcos¢sinb
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is a good tetrad. The problem was resolved when the covariant formulation of f(T)
gravity was proposed [3], where both the tetrad e#,, and the spin connection &g,
are determined by the field equations (14.34). For a more detailed study about tetrads
in spherical symmetry in Teleparallel theories, see [55].

14.2.2 New General Relativity and Extensions

This modification of TEGR is the first one, and it was proposed by Hayashi and
Shirafuji in [11]. The torsion tensor can be decomposed into its three irreducible
parts as

T/\,uu =

W

. . 1 . . .
(t/\,uu - t/\l/,u) + g (g)\,uvu - g)\l/vp) + E)\;wpap s (1438)

. . . | . . -y . ) . .
where Vy = T/\/\/u a, = af,u,wprVUp’ andt}\/u/ = §(T/\/w + T/Mu) + g(gu)\v/t + gup,v)\) -
1 .
39 Vv

Contracting these components, one can construct the following scalars up to
quadratic order

. )\ o o . o
Tien = t)\;u/t m , Tax = a/l,a# y Tyee = vp,v# . (1439)

The torsion scalar T is equal to

3 2 2
T= ETax + then - §Tvec P (1440)

and an immediate generalisation of this, with arbitrary coefficients, is the action of
the New General Relavitiy, i.e.

1
SNGR = ﬁ d4xe (c1Tax + c2Tyee + c3Tien) - (14.41)

For completeness we should mention that there are two more quadratic scalars that
one can construct from the torsion tensor,

Py =0,4" and Py = €01 " i) . (14.42)

However, both of them are parity violating and we do not consider them here. For
more details one can check Ref. [56], where the authors argue that the parity violating
sector could play a crucial role for the well-posedness of the Cauchy problem. It is
not clear whether these parity violating scalars can play a fully consistent role in
gravitational theories.
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The theory (14.41) has been studied and constrained since its proposal in Refs. [23,
57, 58]. In greater detail, Solar System tests were studied [11], singularities of
Schwarzschild-like spacetimes in [59], axially symmetric solutions in [60] and its
weak-field limit in [61]. More recently, in [62] the propagation of gravitational waves
was studied, as well as its Hamiltonian analysis was considered in [5, 63, 64]. Finally,
the linearized theory was studied in [65], were the author shows that in order for
the theory to be viable, the 2-form field has to feature a gauge symmetry so that it
describes a massless Kalb-Ramond field. However, cubic order interactions show [66]
that the above gauge symmetry of the 2-form is not preserved at higher orders.

Beyond the NGR theory, extensions of different kinds were considered as well.
In [67] it was found that is it possible to construct a conformally invariant theory
considering a quadratic Lagrangian based on the tensorial and axial part of torsion,
which has the following form,

1 . (3 2.\
SConformal-TG = m d*xe zTax + then . (14.43)

Note that the vectorial part of the torsion tensor does not appear in this theory.
Specifically, in [68] a generalisation of NGR by nine functions of the d’ Alembertian
operator was considered and the authors show that it can accommodate the ghost-
and singularity-free structure that was realised in the metric theories [69-71]. In
addition, in the same spirit with f(T), a straightforward generalisation of NGR
is the f(Tyx, Tvec, Tten) theory proposed in [72]. Apart from richer phenomenology
compared to f(T) gravity, this theory provides us with the ability to study conformal
transformations of teleparallel theories in a simple way. In particular, the quadratic
scalars constructed by the irreducible parts of the torsion tensor (14.39) transform
under the conformal transformation of the tetrad ¢4 g = Qe . (or of the metric g, =
Q? 9u), with  being the conformal factor, as

Ix = QzTax v Ten = Qthen v Tyee = szvec + 697}#5}19 + 9.671”/5#98”9 .
(14.44)
Obviously, unlike the f(R) case [42], in modified teleparallel theories there cannot
be an Einstein frame because of the way Ty, transforms. More studies on conformal
transformations in the teleparallel framework can be found in Refs. [73, 74].

14.2.3 Higher-Order Derivatives, f (T, B, Tg, Bg)

Inthe f(T) theory only the torsion scalar takes part in the action, and since it contains
only first derivatives of the tetrads, the resulting equations are of second order. This
is not a necessity though (if you can ignore or screen out ghosts), and thus the field
equations can be of higher order as well; as is in f(R).
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One of the most Well—studied.theories include, in addition to the torsion scalar,
the boundary term B = —20,(eT**,)/e. The action of this theory [75-77] reads

1
Sram =55 d*xef (T, B) + Smater (14.45)

and varying this with respect to the tetrad we take the field equations

Deen"Oifp — 2ees" V'V, f5 + eBfges” +4e (95 + Oufr) Sa™+

+ 40, (eSAM) fr — defrT yaS\VH — efea™ = 2reTa” .
(14.46)

It is interesting to notice that such theories are much more general than the f(R) the-
ories, since the last ones are just a subclass when f (T, B) = f(—T + B) = f(R).
In addition to these, theories with higher derivative terms of the torsion scalar, e.g.
V2T, T, etc., where also proposed [78].

Last but not least, theories with higher-order invariants were also considered in
the literature. An interesting example is the inclusion of the Gauss-Bonnet invariant,

G =R*>—4R,,R" 4+ R*’™ R, . (14.47)
Its teleparallel version reads, as with the Ricci scalar,
G=-Tg+ Bg, (14.48)

where Tg is the teleparallel Gauss-Bonnet term and Bg its boundary term. Such
theories have an action of the form

SrT1e) = ﬁ f d*x ef (T, Tg) (14.49)
or even more complicated functions like f (T, B, Tg.Bg). Such theories present some
interesting features in cosmology [79—82]. Other theories considering non-minimal
couplings between matter and gravity have also been considered in Teleparallel
Gravity. One example for this is the so-called f (T, T') gravity, where T is the trace
of the energy-momentum tensor [83]. This theory is analogous to the famous f (R, T)
gravity considered in the GR framework [84]. Other theories based on Lagrangian
like f1(T) + f2(T)(1 + ALy,), where L, is the matter Lagrangian density and \ is a
constant, have been studied in [85]. Furthermore, a more general theory concerning
f(T, B, L) gravity has also been studied in order to connect and generalise these
kind of theories [86].
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14.2.4 Teleparallel Non-local Theories

Apart from adding new degrees of freedom, modifications can be done in the foun-
dations of a theory, like violating general covariance, locality, abandoning the equiv-
alence principle, etc. In the Riemaniann geometry, the first non-local proposal came
a bit more than a decade ago, with the introduction of a distortion function f(d~'R)
of the inverse d’ Alembertian operator acting on the Ricci scalar. The action of that
theory reads

2K2

1
Sron—tocal = 53 / dxy/=gR(1+ f(@7'R)). (14.50)
The argument of f can be expressed using the retarded Green’s function G (x, x') as
O 'Fix) = /d4x’e(x’)F(x/)G(x,x’). (14.51)

The motivation came clearly from high energies, since such terms arise in quantum
loop corrections and they are also considered as possible solution to the black hole
information paradox [87, 88]. It was seen however, that even at larger scales, such
non-local terms can unify the inflation with the late-time acceleration era and they
have been proven ghost-free and stable.

Based on that, it was natural to study what the effect of such terms would be in
the teleparallel framework. That is why the teleparallel non-local (TNL) theory

1 4 1 4 -1
STNL = —Z—KZ/d xeT + 2—14‘2/(1 xeTf (D T) . (1452)

was proposed in [89]. The authors show that the theory is consistent with cosmolog-
ical data from SNe Ia + BAO + CC + Hj observations. A generalisation of (14.52)
was proposed in [90], where they also introduced the effect of the d’ Alembertian
operator on the boundary term B. The action of that theory is

1 1
St = —— | d*xeT + — / d*xe (€T +xB) £ (O7'T,O0°'B) . (14.53)
2K2 2K2

A localised version of this has been studied, introducing scalar fields. In addition,
using symmetries, a classification of the distortion function has been done.

14.2.5 Horndeski Analog and Subclasses

Horndeski theory is the most general scalar tensor theory (with a single scalar field)
that leads to second-order field equations in four dimensions [91, 92]. Most of the
modified theories of gravity can be mapped onto its action; from Brans-Dicke [93],
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extended quintessence [94, 95], kinetic gravity braiding [96] to f (R) [42]. However,
there is no physical requirement that forces us to use the Levi-Civita connection as
the fundamental connection to formulate the theory, and thus we have the freedom
to build the theory in any affine geometry. For this reason, in [97] S. Bahamonde,
K. F. Dialektopoulos and J. Levi Said formulated the BDLS theory, that is the telepar-
allel analog of the Horndeski gravity.

In greater detail, they wanted to build a theory which has the properties: i. leads
to second order field equations; ii. the scalar invariants are not parity violating; and
iii. only quadratic contractions of the torsion tensor are included. In that way, BDLS
action reads

5
1 4 1 4

SBDLS = ﬁ d*x eETe]e + m ; / d*x eEi s (1454)

where
Lrege = Grete (0, X, T, Tiax, Tyee, 12, J1, J3, Js, Js, I3, J10) (14.55)

and

Ly = Ga(p, X), (14.56)
L3 = G3(¢, X)Oo, (14.57)
L4:= Ga(d. X) (=T + B) + Gax (& X) [0 = 606" ] | (14.58)

. l 14 « 7 W
L5 = G5(6. X) G0 0™ = <G5 x(6. 1) © +26,0,°0, " = 36,6 ©9) |.
(14.59)

where comma denotes the partial derivative, semi-colon the covariant derivative with
respect to the Levi-Civita connection, and [ the associated d’ Alembertian operator.
The scalars that appear in the (14.55) are

L= '3#8/1(157 Ji = &#&Vau(b&/@v J3= ﬁu;ﬂ)\yakft)al/(ﬁv Js = ;U‘W;Qﬂwaodjaﬂéav¢8a¢6f'i¢a"/¢q
(14.60)

Jo = ;U‘LV;UKAOM¢81/¢8K¢8A¢ , Js= ;aw/;cr,u(kaz/(baacb , Jio= eul/pcf&V;UCGP&,L(z)aaq5 > (1461)

all the rest they are either parity violating or can be obtained combining these [97-99].

Obviously, because of the existence of G in the action, this theory contains
much more phenomenology compared to its curvature analog. Specifically, it contains
the curvature analog as a subclass when Gtee = 0. Its relation with various known
theories is depicted in Fig. 14.1.

The curvature case of Horndeski was severely constrained [100, 101] after the
observation of GW 170817 and its companion GW170817A [102], since the speed
of the gravitational waves is constrained to the value of the speed of light
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}C—g - 1’ > 10715, (14.62)
C

That is another reason the BDLS theory is worth studying. In [98] the authors study
the tensor mode perturbations on a flat FLRW background and they show that the
models that survive the above constraint (14.62) are given by

L= Gele(d, X, T, Tvee, Tax, I, J1, J3, Jo, Jg — 4J5, J10) + G2(¢, X) + G3(6, X)0ob
+ G4(¢? X) + G4,X I:(D¢)2 - ¢;uu¢;}“} + 4J5] + GS(d))g/u/Qb:w/ - 4J5G5,(;‘J s (1463)

meaning that many models that were eliminated in the curvature case, like quartic and
quintic Galileons, the Fab-Four and more, will survive in the teleparallel framework
because of the appearance of the Js5 scalar.

14.2.6 Teleparallel Dark Energy Models

All the scalar torsion theories in four dimensions with a single scalar field are sub-
classes of the BDLS theory [103—111]. The first one with a non-minimal coupling
between the scalar field and the torsion scalar was proposed in [103] under the name
teleparallel dark energy, and its action reads

St = /d4x e [% + %f’]l‘d)z + %VMQSV‘% — V(¢):| : (14.64)
Such models present interesting cosmological behaviour, not necessarily the same
compared to f(T) models [112, 113]. There are similar to the §Rq§2 models in
the Riemannian geometry and such models will be discussed in detail in Sect. 14.3.
Moreover, in [114], a generalisation of the above theory with an extra term XB¢2 was
considered. This theory contains the theory with the coupling &£ R¢? as a special case
for the case y = —&. Apart from these ones, in a recent series of papers [31, 115—
117] the most general scalar-torsion theories have been presented in their covariant
formulation, as well as theories involving kinetic and derivative couplings of the
scalar field with torsion.

14.3 Phenomenology of Teleparallel Gravity

After formulating a possible well-motivated gravitational theory, it is then important
to see its viability in terms of its confrontations with observations. It is well-known
that GR works very well at Solar System scales, therefore, any meaningful theory
must not deviate too much from these predictions at this scale of phenomenology. The
easiest way to verify if a modified theory passes these constraints is by computing the
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Fig. 14.1 Relationship between BDLS and various theories
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so-called post-Newtonian parameters (PPN). Basically, these parameters measure the
weak-field approximation of a theory with the corresponding post-Newtonian terms.
For a detailed review about this method, see Ref. [118]. Usually, this method is con-
structed for theories concerning the metric but since Teleparallel Gravity uses tetrads,
a different approach is needed as discussed in [119]. These parameters already put
some constraints on different modified gravity models. In the context of Teleparallel
Gravity, it was found that the PPN parameters of both f(T) gravity and teleparallel
dark energy (see Sect. 14.2) are exactly the same as GR, therefore, these theories
automatically pass all the Solar System observations [120-122], as confirmed in
[123-125]. If one further generalises f(T) to f(Tax, Tvec, Tten) OF teleparallel dark
energy with an extra coupling between the boundary term and the scalar field as y B¢?,
the PPN parameters y and (3 deviate from GR, constraining these models [122, 126,
127]. These studies were further generalised to more general teleparallel scalar ten-
sor theories such as f(T, X, Y, ¢) and Teleparallel Horndeski in [128, 129], finding
again that only « and (3 can differ from GR. For the general f(T, B) gravity sce-
nario, the precise form of this deviation is investigated in [130, 131], where the solar
system tests and gravitomagnetic effects are probed against current observations.
Moreover, in [132] the stability of theory and its thermodynamics are probed. One
of the strongest bounds coming from these PPN parameters are the observations
from Cassini, which is |y — 1| <2107 and also, using the lunar laser ranging
experiments, |3 — 1| <2- 1074 [118].

There are other new observational bounds that one needs to take into account for
constructing a coherent theory. For example, in Ref. [133], it was found that the speed
of the propagation of gravitational waves c, is very close to the speed of light |c/c, —
1] <3.10715. The theories f(T), f(T, Tg) and f(T, B) predict that cg =c[134,
135], so that they are not observationally constrained through this test. Furthermore,
there are only two propagating modes in both f(T) and f (T, Tg) gravity [135, 136],
exactly like GR. On the other hand, as in f(R) gravity, f(T, B) exhibits an extra
polarisation mode (longitudinal or breathing mode) [135]. Further generalisations
such as Teleparallel Horndeski predicts a different speed of the gravitational waves,
and hence, the theory needs to be constrained for a certain type of them. However,
one notices that the number of theories respecting ¢, = c is larger than in standard
Horndeski gravity. Furthermore, the coupling functions G4(¢, X) and Gs(¢) that
were highly constrained in the standard version of Horndeski, can now be restored
in its teleparallel analogue [98].

The majority of the work produced in modified Teleparallel Gravity has been done
in the context of cosmology. There are several works regarding this for different kinds
of theories. Some important results in these theories are:

e The possibility of explaining the acceleration of the Universe without evoking a
cosmological constant (see, for example, Sects. 14.3.6 and 14.3.7).

e The possibility of roughly describing the evolution of the observed Universe eras
(see, for example, Sect. 14.3.6) and crossing of the phantom divide line [114].

e The possibility of reducing the tension for the value of the Hy parameter and the
growing fog tension (see Sect. 14.3.4).
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e The existence of cosmological bouncing solutions (see Sect. 14.3.8).
e The possibility of avoiding dark matter for describing the galactic rotation
curves [137].

In the following sections, we will briefly describe some of these results, and also
some techniques used for studying cosmology in these theories.

14.3.1 f(T) Cosmology and the Power-Law Model

The framework that Teleparallel Gravity offers in the form of its f(T) gravity
formulation can be investigated against cosmological observations, where tensions
appear to be growing with A CDM [138-140]. The analysis takes the good tetrad
e, = (L, a(),a(),a(r)) for a homogeneous and isotropic universe (this repro-
duces the standard FLRW metric in its Cartesian coordinates form). By choosing the
Lagrangian density to take the form —T + F(T), the resulting field equations turn
out to be [3, 49, 141]

2 K
H” = 3 (p+ ppE) > (14.65)

2H = —k*(p+ p + ppE + PoE) (14.66)

where 12 := 87G, and the effect of the extension to the TEGR Lagrangian is to act
as an exotic fluid with components

1
poE = 5— QTFr — F) , (14.67)
2K2
1l [F—TFp+2T*Frr
PDE = 5— . (14.68)
2K 1 + F’H‘ + ZTFT']I‘
Together, these fluid properties satisfy the continuity equation
poE + 3H (ppE + poe) =0, (14.69)
as well as make up the effective EoS
F/T — Fr+2TF
WpE = — /L= Frt 20 , (14.70)
(14 Fr + 2T Fpr) (F/T —2Fr)
which returns a constant wpg = —1 for the appearance of a cosmological constant

through the condition Fr = 0. Here, we assume that F(T) # 0, so that gravity is
indeed modified by f(T) gravity.

Finally, using the EoS in Eq. (14.70), it follows that F/T — Fr + 2T frpr =0
has solutions F(T) = cn/T + ¢, where the first part plays no role in the cosmic
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dynamics in four dimensions, while the second part plays the role of the cosmological
constant [142-144]. Thus, this case is neglected since it reduces to ACDM.

14.3.2 Cosmography in f (T) Gravity

Cosmography offers a model independent way in which to determine viable models of
gravity through standard candle data (such as SNela) [145]. That is, by using the Hub-
ble diagram, gravitational Lagrangians can be constrained in their parameter space by
using expansion data. In Refs. [146—148], this is considered for the following param-
eters: Hubble (H = ¢/a), deceleration (g = —521127?1‘1_2), jerk (j = %%H*), and
snap (s = al 347? H~*). These cosmographic parameters can then be correlated with
the Hubble diagram by considering the Taylor expansion of the scale factor about

present time, ap = 1, together with the luminosity distance relation

[d (d@\]"
H(Z)_|:d_z<l+z>] : (14.71)

and redshift relation @ = (1 4 z) ', which result in the Hubble cosmographic rela-

tions
| H® , HO® |
H(z):Ho[1+H“z+Tz +—z ] ,

c (14.72)

where

HY =1+4q0. H®=jo—q5. HY =345 +3¢ — jo(3+4q0) 5.
(14.73)
with (H, q, j, s) = (Ho, qo, Jjo, So) are all determined at current times. This expan-
sion is considered up to fourth-order derivatives, due to the lack of accuracy of
the cosmological data beyond that point [149, 150]. Fitting each of these parame-
ters, using the Hubble diagram, it is then straightforward to infer an F(T) model
by using the modified Friedmann equations in Eqgs. (14.65)—(14.66). To do this,
consider f(T) = —T + F(T), so that we can impose the following constraints: (i)
the effective gravitational constant must be equal to Newton’s constant at present
times [148]
df

iz, =1, (14.74)
which emerges by considering again the Friedmann equation in Eq. (14.65) as
H? = k*(p — 2F/(3x%)) /(6 Fr) and recognising the effective coupling parameter,
Geif = G/fr (fr = df/dT). The requirement can then be written as Gegf|,—0 = G =
frl;=0 = 1. This means that at current time we recover TEGR. (ii) The second con-
straint is an evaluation of the Friedmann equation in Eq. (14.65) at current times,
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such that the present value of the Lagrange density must be
F(T@)|,_y = 6H (o —2) , (14.75)

where €2, is the present value of the matter density parameter.
In Refs. [146-148], various f(T) models were considered, but we focus on the
power-law model here. This can be represented by [151]

f(T) = aT + T, (14.76)

where «, 3, n are arbitrary constants, and the constraints on the Lagrangian density
result in the relations

2—-Qpyo)n—1
=
n—1

_ Quo—DT, "
1—n '

, B (14.77)

While the parameter 3 is used, it can be made dimensionless by taking the trans-
formation 3 — (/T To preserve TEGR for Solar System scale physics and the
astrophysics regime, the o parameter can be set to — 1 so that this is recovered as a first
approximation. The best-fit cosmographic parameters then give n = —0.011 [147].
The result is an expansion rate very close to ACDM but not exactly equal. Along
a similar vein, in [152] cosmography was used to reconstruct various f(T) gravity
Lagrangians by imposing conditions in the jerk parameter.

This analysis relies heavily on the assumption that higher-order contributions,
which have much less accurate observational data, are sub-dominant, which may not
always hold. Also, this analysis has only been applied to the popular F (T) extension
to TEGR. It would be interesting to explore other avenues of Teleparallel Gravity
such as, for example, the ones presented in Sect. 14.2.

Along a similar rationale, in [153, 154] the f(T) Lagrangian is reconstructed
against phenomenological data, achieving very interesting constraints on viable mod-
els.

14.3.3 The Growth Factor

The inflationary epoch rendered an early Universe that was nearly uniform. It was
small quantum fluctuations that then resulted in the seeds of structure formation.
Over the cosmic timescale, these seeds then grew into the structure we can observe
today. This effect was amplified during the early matter-dominated phase of the
Universe, where density perturbations were intensified by gravity. The growth factor
can propagate how this growth changes between different theories of gravity.

To explore this aspect of cosmology, the evolution of linear scalar perturbations
must be considered, which at the level of the metric appear as
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ds* = a*(1) [— (1 +2®) d7* + (1 — 20) v;;dx'dx’ ], (14.78)

where the spatial metric is chosen to be the Cartesian coordinate system. The problem
then becomes, what perturbed tetrad to consider? One approach is given in Ref. [155],
but the resulting field equations turn out to restrict the f(T) Lagrangian to its TEGR
value which is not allowable with a good tetrad. It was later in Refs. [142, 156-159]
that the correct good tetrad was studied. In perturbation theory, a good tetrad must
adhere to the already discussed conditions for being a good tetrad up to perturbative
order (see Sect. 14.2.1 for further details). This is ultimately represented by

e, = (05 +x%) 2, (14.79)

where &”) = 64 and &”, = ad?, and the scalar perturbations are given by

_ ¢ 5,-w
Xeb = (8112) 5ij'l,/)+a,‘6jh+eijk8k]/~l’ (14.80)

where w and w are 2 scalar degrees of freedom (DoFs) of mass dimension and &
and /i are parity-violating terms. To obtain the correct scalar perturbations in the
Newtonian gauge, the setting w = —w and & = 0 [142] needs to be taken, while
h vanishes naturally at the level of the metric. Using this tetrad setting, the correct
scalar perturbations at the level of the metric are obtained, as in Eq. (14.78) (in
cosmic time rather than conformal time). We consider only the scalar perturbations
in this work, but interesting results have also been obtained for tensor perturbations in
Refs. [134, 156, 158—163]. The end result indeed appears in the linear perturbations
of the torsion scalar as

T =6H>— 12H (¢ + Ho), (14.81)

which means that the scalar perturbations have an effect in the F (T) gravity section,
while, the matter perturbations are taken by considering only dust (p = 0 = dp). The
density perturbations, dp, can then be encapsulated in the so-called gauge invariant
fractional matter perturbation given by

_ 0pm
Pm

Om

—3Hv, (14.82)

where v is the magnitude of the velocity of the fluid, v = u’/u® [164]. This regime
is best studied by going into the Fourier domain and considering subhorizon modes
where ¢ ~ 1. By combining the f(T) field equations, the following linear matter
evolution equation is obtained in Ref. [142]

Om + 2H8, — AT Gt = 0, (14.83)
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Fig. 14.2 Matter perturbation evolution for ACDM (solid red line), power-law F(T) (dashed blue
line), and constant dark energy EoS in GR (dotted black line) [142]

where Geif = G/(—1 + Fr) is the effective gravitational constant. This is generalised
in Ref. [157] to include the Lagrangians formed with arbitrary combinations of the
contraction of the stress-energy tensor, I’ = T,

To probe the growth of matter density perturbations, Ref. [142] defines the variable

D(a)
g(a) = pl (14.84)

which is defined this way to avoid scale factor dependence during matter-dominated
eras, and where the reasonable initial conditions g(a;) = 1, (dg/d1Ina) |4z=q, =0
are chosen. Here, D(a) := 6,,(a)/d,u(a;) (for some reference scale factor g;) is the
growth factor.

Considering again the power-law model with F(T) = ST", the growth factor as
a function of redshift can be solved numerically and turns out to give the evolution
depicted in Fig. 14.2. Given that Fp > 0 for the power-law, it follows that the growth
factor will be dampened due to the effective gravitational constant relation. The main
result of this is that over-dense perturbations grow slower when compared with GR.
In Ref. [159], it was also found that the vector perturbations are well-behaved for
sub-horizon modes. These results are confirmed in Refs. [156, 158], where it is also
noted that the cause of the lack of extra propagating DoFs could be the symmetric
nature of the background cosmology.
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14.3.4 The H, Tension Problem

The discrepancy between model-independent measurements of the current value of
the Hubble parameter [ 139, 140] and those inferred from the CMB using flat ACDM
[138, 165] is now corroborated by an overwhelming wealth of evidence. The H
tension problem then points to the necessity of new physics beyond flat ACDM,
such as modified gravity within the Teleparallel Gravity regime [166].

To explore this possibility in Teleparallel Gravity, we need to consider again the
perturbations in Eq. (14.79). However, in this scenario the contributions of matter
and radiative pressures are not neglected even at perturbative level [167, 168]. Also,
the gravitational potentials ¢ and 1) are no longer equal. As already discussed in
Refs. [158, 162], the following modified Poisson equation is derived

k*v) = 4w Gega®dp (14.85)

where we have transformed to Fourier space. By keeping to the power-law model,
Ref. [162] explores this possibility in terms of the Hj problem as well as the growing
fog tension. In this work, the authors show that the Hj tension can be reduced in
conjunction with reducing the fog tension. As they show in Fig. 14.3, a consistent
cosmological setup can be constructed for a small value of index n.

One of the principal motivations for exploring modified gravity in cosmology is
to better explain the appearance of dark energy without modifying the matter content
of the Universe. This entails reinterpreting the Friedmann equation as an effective
equation in which the modified gravity component acts as a separate contribution to
cosmic evolution beyond GR. This can easily be done by writing [167]

H*(z,1)

= Qo (1+ 2’ + Q0 (142" + Qroy(z. 1), (14.86)
0

where Qpo = 1 — Q2,0 — 2,0 is the F(T) density parameter at current times, and

y(z, 1) = (F —2TFy), (14.87)

ToS2ro
represent the background evolution of the F'(T) model. In the right panel of Fig. 14.3,
the n — Qpo plane is shown, where Ref. [162] reports promising results for small
values of n.

Along a similar vein, the authors of Ref. [170] confront the growth of structure in
the Universe by using several cosmological probes. The study involves three F(T)
models, but we highlight the results for the power-law model here. In their analysis,
they use growth rate data for f og that has been verified for internal robustness [171],
which differs from some other approaches where inconsistencies can arise due to
overlaps between separate studies. The second data set used in this study is the
updated Hubble expansion through the cosmic chronometric method [172], while
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Fig. 14.3 The comparison of ACDM with the f(T) gravity power-law model as reported in
Ref. [162]. Left panel: Plot of the 0§ — Hp parameter space comparing the ACDM model in red
(blue) for CMB+BAO (CMB+BAO+H)) data respectively. Additionally, we present the results
for the power-law f(T) model in black (green) for the same data, where the vertical gray band
corresponds to Hy = 73.24 + 1.74km s~1 [169]. The extended model has best fit index parameter
n = 0.00437 5553 (0.00540:9920) [161] (more details here about the data used). Right panel: 68%
and 95% confidence levels for CMB+BAO (CMB+BAO+H))) data in black (green) [161]

the third is the latest standard candle data in Ref. [173]. These three data sets are
used in a joint analysis for the power-law F(T) model resulting in the likelihood
plots shown in Fig. 14.4.

In this work, the authors use the Akaike Information Criterion (AIC) [174],
Bayesian Information Criterion (BIC) [175] and Deviance Information Criterion
(DIC) [176] to compare the different models. The power-law is favoured using the
AIC and BIC comparisons when compared to ACDM. While not performing best
using the DIC to compare the models, it still fares relatively well compared to other
prominent models in the literature.

Another important contribution to the reduction of the Hj tension are Refs. [177—
179], where Hubble data is interpreted as a stochastic process such that the various
model ansatz choices must reproduce. By taking this approach, the authors deter-
mine a region for acceptable Lagrangian forms for the F(T) model. While this
region is model-independent and goes up to z = 2.4, various models can be con-
strained against cosmic data. In Ref.[179], Gaussian processes are used on Hubble
data which is interpreted as being sourced by stochastic processes. Here, the authors
reconstruct values of the arbitrary Lagrangian through the Friedmann equation and
then use Gaussian processes to determine the best fit for this function. The result is
a model independent reconstruction of the Lagrangian [F(T') (except for the assump-
tion that ACDM dominates at current times, which resonates with the results from
cosmography in Sect. 14.3.2). These values, together with their 1 and 2 o errors are
shown in Fig. 14.5, which depicts the allowable regions in which all cosmological
models must predict values for the arbitrary Lagrangian.
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Fig. 14.4 The 10, 20 and 30 likelihood contours for the F(T) power-law model (with F(T) =
a(M)P) [170]

There has also been a growing body of work of confronting observations within
other extensions of Teleparallel Gravity, such as [180], where Pantheon data is used
in f(T, B) gravity. In this work, the Hj tension problem is also confronted with new
constraints on literature models within this framework of gravity.

14.3.5 Inflation in Teleparallel Theories of Gravity

The first modification of Teleparallel Gravity was introduced in [51], with the aim
of studying inflation. In this paper, the authors found that for a Born-Infield f(T)
gravity model, it is possible to cure the horizon problem without an inflation field,
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Fig. 14.5 The regions are produced by a model-independent reconstruction from Hubble data with
1 and 2 o error regions coming from the Gaussian process method (the present matter density
parameter is imposed to be £2,,0 = 0.302). The blues regions represent cosmic chronometer data,
green includes also supernova data, while orange represents the inclusion of baryonic acoustic data
[179]

and describe a de-Sitter expansion. This paper was the crucial starting point for
investigating cosmology in the context of Teleparallel Gravity. So far, the majority
of the inflationary models in modified teleparallel theories have been carried out in
f(T) gravity. By performing a 3+1 decomposition for the tetrad, the cosmic infla-
tionary perturbations for f(T) were computed in [112]. Similar to the Starobinsky
inflationary model R 4+ oR?, in [181] it was found that the case —T + a'T? behaves
differently since in this case, a de-Sitter solution occurs (not a quasi de-Sitter). This
means that in the teleparallel version of the Starobinsky model, only eternal de Sitter
inflation is possible. In [182] it was further found that these models can have good
agreements with a hot big bang nucleosynthesis, and also that the system evolves
towards a flat FLRW universe naturally, even if we start with a non-flat one. Later
in [183], it was found that power-law and intermediate inflationary models in f(T)
gravity are compatible with Planck measurements, and that a self-interacting quartic
potential V (¢) o< ¢*, which has an interesting reheating process is viable in f(T)
inflation. Further, the standard inflationary model is not observationally compatible
with this kind of potential. After introducing a suitable scale factor, it was found
that depending on a parameter, f(T) gravity can have a graceful exit inflation or
can have a bounce [184]. In that study it was obtained that the problem of a large
tensor-to-scalar ratio is not present in the bouncing models. The standard logamedi-
ate inflation is not compatible with observations but in [185] it was concluded that
in f(T) gravity, this model can be compatible with Planck observations. Finally,
in [186] it was found that a super inflation scenario can be achieved in f(T) gravity.
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Concerning extensions to f(T) gravity, in [187], the authors introduced a coupling
between a Maxwell field and the torsion scalar, I (T) F,,, F**, finding the possibility
of generating large-scale magnetic fields from inflation. In f (T, Tg) gravity, there
was obtained a model that unifies inflation with dark energy with a super inflation
mechanism [188]. A unimodular f(T) gravity model was also analysed in the context
of inflation, finding another alternative inflationary models with, graceful inflationary
exit [189].

The first study related to inflation in the context of teleparallel scalar tensor theories
was done in [190], where an extended f(T) plus an inflation field with a kinetic, a
potential term and an interaction term was introduced. In this work, it was found that
a possible warm-inflation model is compatible with the Planck data. Later in [191],
a similar model was studied, finding a reheating process, with the scalar field being
responsible to reheat the Universe after the inflationary era. In [192], another scalar
tensor model concerning two non-minimally couplings with the scalar field, one
with the torsion scalar F(¢)T and the other with a vector field G(¢) F,,, F'*, was
considered in the context of anisotropic inflation, obtaining that in the strong coupling
regime, the anisotropy shear to expansion ratio has a different value than its standard
form. The constant-roll inflation in f(T), minimally coupled with a scalar field,
was analysed in [193], allowing the theory to have a wide range of viability in
terms of observations. In [194] the authors studied slow-roll inflation in a more
general teleparallel scalar-tensor theory, with a canonical scalar field non-minimally
coupled to torsion with a Galileon-type field G (¢, X)[¢ and a monomial scalar
field potential V o< ¢"/n. This theory is a particular case of the BDLS theory (see
Sect. 14.2.5). Based on Planck 2018 data for both the spectral index n, and the
tensor-to-scalar ratio r, standard inflation with monomial scalar field potential with
n > 2 is ruled out. However, in this teleparallel version, n = 2 (chaotic quadratic
inflation) is in agreement with data and n = 1 and n = 2/3 are even more favoured
than previous models. In a model with non-minimally couplings between a scalar
field and both the boundary term and the torsion scalar, it was shown that the scalar
field does not source linear scalar perturbations, unless the coupling functions satisfy
certain conditions [195]. Only in these situations, can one have successful Higgs
inflationary models. Finally, considering more exotic models, a tachyonic teleparallel
one explaining inflation and agreeing with the current observational Planck limits was
studied in [196]. Further, it was also found in [197] that by extending the study with
a boundary term non-minimally coupled with the scalar field, accelerated expansion
and scaling solutions are attained.

14.3.6 Dynamical System in Cosmology for Teleparallel
Theories Of Gravity

When one starts modifying or extending the Einstein field equations, the cosmolog-
ical equations become more involved to solve. The FLRW equations can be written
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as an autonomous system of differential equations, and for this, they can be recast
as a dynamical system. Mathematicians have studied these systems for a long time,
giving an easy way to understand the dynamics of a model and how the stability of
their critical points behave. Hence, this is a powerful mathematical technique, which
is very useful for studying cosmology in modified theories of gravity. For a detailed
review about dynamical systems, both mathematically and in terms of cosmology,
see [198-201].

There are several works in modified Teleparallel Gravity that use dynamical sys-
tems in the context of cosmology. The first work for f(T) cosmology was presented
in [202], where the authors studied a power-law f(T) finding one critical point
behaving as a late-time attractor and another two describing matter and radiation
eras as saddle points. Later, in [203], a logarithmic f(T) cosmology was studied,
finding a de-Sitter late-time attractor. In [204-206], it was also found that by intro-
ducing an interaction between the dark fluids and considering a power law f(T),
it is possible to get tracker cosmological solutions. Other dynamical system stud-
ies concerning more general approaches for f(T) cosmology have been done. For
example, in [207] the authors used the nullcline method to study the bifurcation
phenomenon to study the global dynamical properties of the dynamical system. In
[208], it was found that there are three conditions which ensure that f (T) cosmology
could roughly describe the cosmological history of the evolution of the Universe.
Using non-standard dimensionless variables, Hohmann et al. [209] found de-Sitter
fixed points, accelerated expansion, crossing the phantom divide, and finite time sin-
gularities in f(T) cosmology. They also found some bounce solutions in this model.
Finally, in [210], the authors were able to rewrite the f(T) dynamical system as a
one dimensional one by using the fact that T depends only on the Hubble parameter
as T = 6 H? in flat FLRW. Doing this, they found that it is possible to reconstruct the
whole history of the Universe starting from a big bang singularity and finalising in an
accelerating expansion. In addition, they also found some other exotic solutions, such
as cosmological bounce and turnaround, the phantom-divide crossing, the Big Brake
and the Big Crunch, and also they found that it may exhibit various singularities.

Letus now briefly review the dynamical system of —T + F(T) (TEGR plus F(T))
cosmology described by the modified flat FLRW equations (14.65) and (14.66).
For a universe composed of two fluids with effective energy density described by
P = Prad + pPm, Where the first fluid represents a radiation fluid and the second one a
pressureless fluid, one can introduce the following dimensionless variables

F(T TF K pr K pm
(T) T Qui=z= 32;{ Qm=3_1_’;2, (14.88)

T Tem? YT 3p

to then rewrite the first FLRW equation (14.65) as follows
Qn=1—-x—-y—1z, (14.89)

which gives a constraint and reduces the dynamical system to be a 3 dimensional
one. By introducing N = log(a), the dynamical system for this model becomes
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d +3—-3x—3

e PRk o (14.90)
dN 2my —2+y

d 3—-3x—-3

o = Zmyw, (14.91)
dN 2my —2+y

dz 3-3x—-3

R T sk A (14.92)
dN 2my —2+y

where we have introduced the quantity

TF
m=—22T (14.93)
Fr

In order to close the dynamical system, one needs to assume a form for F(T). The
easiest case is to assume that m = constant, which closes the dynamical system and
includes two kind of F(T), one behaving as a power-law F(T) = C,T"*!/(m +
1) + C, when m # —1 and also including a logarithmic case F(T) = C; log(T) +
C, for m = —1. We will assume this case for simplicity. For other kinds of F(T),
see the papers mentioned before. The dark energy state parameter (14.70) in the
dimensionless variables reads

B x+y/2 —my
(I=y/2=my)(x +y)

WDE = (14.94)

For m = constant, one finds that the dynamical system (14.90)—(14.92) has three
critical points. The first critical pointis P; = (x, y, z) = (0, 0, 0) which is the origin
of the phase space and represents a matter-dominated era, since 2;,, = 1. This critical
point has three eigenvalues with different signs, {3, —1, —3m}, so that, this point
is always a saddle point. This behaviour is expected for describing the standard
matter-dominated era, since it is known that this point needs to be represented by a
point which attracts trajectories in some directions but repels them along others. The
second critical pointis P, = (x, y, z) = (0, 0, 1), representing a universe dominated
by radiation, 2,9 = 1. This point has also three eigenvalues {4, 1, —4m} but now
depending if m > 0, the point is saddle, and if m < 0 the point is unstable. This again
has the correct cosmological behaviour, since it is known that there was a radiated-
dominated era at some point of the history of the Universe but after this era, this
era changed to be a matter-dominated era. This is then achieved by having either an
unstable or a saddle point for P, (neglecting inflation). The final point is represented
by the critical line P; = (x, 1 — x, 0) whose cosmological behaviour is representing
an accelerating universe with an effective state parameter of —1, which denotes a
de-Sitter accelerating expansion. This critical line has three eigenvalues {0, —4, —3}.
Since one of them is zero, one cannot study its stability property with the standard
linear stability theory since it is a non-hyperbolic point, and this method fails for
analysing such points. Other stability methods can then be used, such as Lyapunov
functions or centre manifold theory. See [198] for a detailed description about these
methods. If one uses the second mentioned method, one needs to first shift the critical
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Fig. 14.6 Evolution of energy density matter Qy,, radiation Qg and dark energy Qpg for a
f(T) = =T + ;S5 T"+! model with m = 0.1

point to the origin, then introduce new variables in such a way that one can diagonalise
the Jacobian matrix associated with the dynamical system. After doing this, the centre
manifold can then be constructed according to the theorem described in Sect. 2.4
in [198]. By doing this for our dynamical system, we find that the leading term in
the dynamical system is reduced to the centre manifold 7 = —4z 4+ O(z?), which
tells us that the point P; is always stable. Thus, the critical line Ps represents a late-
time accelerating attractor behaving as a de-Sitter. Then, — T + F(T) cosmology can
describe a transition from radiation- to matter-dominated eras, finalising in a dark
energy era with a de-Sitter accelerating expansion of the Universe. This analysis
would be valid for both logarithmic and power-law kinds of F(T). As an example,
Fig. 14.6 shows the evolution of the relative energy density of matter 2, radiation
Qg and dark energy Qpg related to the modifications coming from F (T) for the case
where m = 0.1, which represents a power-law type of F'(T). One can notice that the
evolution of the Universe is roughly described as one expected from our Universe,
starting from a radiation-dominated era, then passing to a matter dominated era and
finalising in a dark energy dominated era.

Other different modified Teleparallel Gravity cosmological models extending
f(T) gravity have also been analysed using dynamical systems techniques. In the
papers [211-213], a f(T, B) gravity model including the boundary term B, which
connects the Ricci scalar computed with the Levi-Civita connection and the torsion
scalar, was analysed, finding scaling solutions, a matter epoch of the Universe, and
that two accelerated phases can be recovered describing de-Sitter universes. Later,
using non-minimally torsion-matter theories like f1(T) + f>(T)Ly,, with £, being
the matter density Lagrangian, some scaling decelerated solutions, dark-matter dom-
inated, or dark-energy dominated accelerated solutions were found. Further gener-
alisations such as f(T, B, L) also found similar results [86]. Other models with
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higher-order torsion invariants such as f (T, 7g) found scaling solutions and found
past, present and future singularities, depending on the parameters of the theory [82].
In two recent papers [214, 215], the authors studied the dynamical system of a
teleparallel Lovelock gravity theory and string-inspired theories finding a rich phe-
nomenology that can also describe a late-time acceleration of the Universe. Further
higher-order derivative torsion theories such as f (T, (VT)?, OT) or non-local theo-
ries T f (O~'T) found vacuum de-Sitter solutions and phantom divide line crossing
in agreement with observations [78, 216]. Regarding higher dimensional models,
in [217] the authors used dynamical systems to find that f(T) gravity in eleven
dimensions can give rise to an early inflationary epoch driven by the presence of
extra dimensions without other matter sources.

In [113], the authors analysed the first teleparallel scalar-tensor theory using
dynamical system techniques. He analysed a model called teleparallel dark energy
(see Sect. 14.2), which is constructed by a non-minimally coupling between the tor-
sion scalar T and a scalar field ¢ as (1 + £¢?)T, with £ being a constant, finding
that these models contain certain similarities to Elko spinor dark energy models.
In a non-minimally coupled model between the Ricci scalar and a scalar field, it
is possible to find scaling solutions but in teleparallel dark energy, this cannot be
achieved [113]. However, if the coupling is changed to F'(¢)T scaling solutions can
be obtained [218]. Further, in [219] the authors analysed the phase space of this
model, finding similar results as standard quintessence models but having an addi-
tional late-time solution behaving as de-Sitter without any fine-tuning. They also
found that the crossing of the phantom divide line is possible for this model. In a
series of two papers, Skugoreva et al. [220, 221] also studied this model, giving a
detailed comparison between it with the standard non-minimally coupled case con-
structed from the Ricci scalar, finding that in teleparallel dark energy the presence
of oscillatory behaviors is more frequent [220, 221]. If one uses the teleparallel dark
energy model and adds an additional coupling between dark matter and dark energy,
is a deceleration to acceleration phase transition via a Z, symmetry breaking results
[222]. Another proposed teleparallel model was introduced in [114] by adding a
new coupling xB¢?, where  is a constant and B is the boundary term. Clearly,
the standard Ricci case non-minimally coupled with the scalar field is recovered by
setting x = —&. The authors studied the case where only a boundary term coupling
exists, and they found that the evolution of the model evolves towards a late-time
accelerating attractor without any fine-tuning. They also found the possibility of the
crossing of the phantom divide line in this model. Later, in [223], it was found that
using this coupling, one can also get scaling solutions. Other more exotic models
have been also proposed, such as tachyonic teleparallel models [197, 218, 224-227]
finding scaling solutions, alleviating the coincidence problem without fine-tuning,
obtaining a late-time accelerating attractor and also finding a field-matter-dominated
era. Moreover, quintom models concerning two scalar fields (one phantom and the
other canonical), non-minimally coupled two both the torsion scalar and the bound-
ary term, have also been studied using the dynamical system, finding similar results
to the other models obtaining the correct picture of the history of the Universe [107].
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As discussed in this section, the correct use of recasting the FLRW equations into
a dynamical system form helps in understanding the main behaviour of the system
without the need for analytically solving the equations directly. In the next section,
a different approach that is related to obtain analytical cosmological solutions will
be presented.

14.3.7 Noether Symmetry Approach in Teleparallel Theories
of Gravity

The Einstein field equations are a system of ten partial differential equations and
certain symmetries need to be assumed (such as spherical or cylindrical symmetries)
in order to find analytical solutions. When they are modified, usually, the equations
become even more involved, and for this reason, it is not so easy to find analytical
solutions in those models (even for the maximally symmetric cases). One useful
tool to obtain analytical solutions for a certain Lagrangian is Noether’s symmetry
approach, which allows us to reduce dynamics for a certain model by using their
symmetries and conserved quantities from the Noether theorem. This allows us to
get an exact integration of a system because their symmetries are first integrals.

The procedure to get analytical solutions using Noether’s theorem is quite simple,
but in practice it sometimes becomes a hard task. First, the point-like canonical
Lagrangian associated with the studied action in the examined geometry needs to
be written down. After this, Noether’s theorem is used which can be stated in two
parts [228-230]:

Theorem 1 (Noether’s theorem part one) Let g' be some generalised coordinates
in the configured space Q = {q'} of a non-higher derivative order Lagrangian
L =L(t,q', ") whose tangent space is TQ = {q', ¢'} with dots representing dif-
ferentiation with respect to the time coordinate. The existence of a Noether symmetry
that leaves the Euler Lagrange equations E; (L) = 0 associated with the Lagrangian
invariant under the transformations t =t + €£(t, q') and §' = q' + en' (t, g*), with
€ being a parameter, implies the existence of a function g(t, g*) which satisfies the
condition
¢ _ dg

dt — dr’

XML +L (14.95)

where XU is the first prolongation of the generator vector field given by
.0 . .0 . .0 . 0
XM =€t )= +7(t,¢) == +7(t, ¢V =X+7(t,¢) =, (14.96
. q) 5+ ( ‘”aqu“”( q)aq., +7'( q)aq., (14.96)

and X is the Noether symmetry vector.

Theorem 2 (Noether’s theorem part two) For any Noether symmetry vector X asso-
ciated with the Lagrangian L = L(t, q', '), there corresponds a function called the
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Noether integral of the Euler Lagrange equations, which is given by

oL oL
I:(qa—qi—L>—na—qi+g (14.97)

and is the first integral of the equations of motion dI /dt = 0.

Using this theorem, one can get the conserved quantities related to the symmetries
of a certain theory. This method has been used in TG in the context of cosmology
and also in the case of spherically symmetric spacetimes. It is important to mention
that different authors have used an incomplete version of Noether’s theorem just by
considering the uncompleted Noether’s condition XL = 0 instead of the complete
Noether’s condition (14.95). This method is also correct but it does not give all the
possible symmetries of a model. The first work related to this method in teleparallel
theories was done in [231] for vacuum f (T) cosmology, finding power-law f(T) =
¢ T" solutions using the incomplete Noether’s condition and then finding power-law
analytical cosmological solutions a(r) o< *"~3. Some days later, independently, other
authors found the same results in [232]. Using the complete Noether’s condition,
a more detailed analysis was carried out in [233] and [234] in f(T) cosmology,
obtaining similar cosmological solutions to the first work. In [235] the authors added
aminimally coupled scalar field, obtaining f(T) oc T3/# with a potential V (¢) o ¢°.
One of the first non-trivial spherically symmetric solutions in f(T) theories was
found using Noether’s symmetry approach in [236]. Among these solutions, one of
them behaves similarly to the Schwarzschild solution. For f (T, B) gravity, in [77],
several types of power-law cosmological solutions were obtained, along with a new
logarithmic boundary term solution f (T, B) = —T + (1/3) B log B, which admits a
new cosmological solution a(t) = (c2e€"" + 3C3(t + ¢4))'/3. The authors also made
a comparison between the symmetries found in f(T), f(R) and —T + f(B) gravity.
Further, in [237], new spherically symmetric exact solutions were found in f(T, B)
gravity. The modified teleparallel Gauss-Bonnet theory f (T, Tg) [79] and then the
extended case with the boundary terms f (T, B, Tg, Bg) [238] also found different
kinds of analytical power-law types of gravity solutions for f, with some non-trivial
scale factors behaving as a combination of exponential with power-laws or hyperbolic
functions.

Later, using Noether’s symmetry approach for a generalised non-local telepar-
allel theory (€T + xB) f(O~'T,d7'B) and without assuming any condition, the
authors found that the non-local coupling functions are constrained from the sym-
metries to be either linear combination or exponential [90]. It is interesting to remark
that some non-local theories were using exponential non-local coupling functions
by hand to get renormalisable theories, but in [90], this result appears directly from
the symmetries of the theory. Regarding teleparallel scalar tensor theories, there
have been a large amount of papers on different theories, such as teleparallel dark
energy or its extended version to non-minimally coupling F (¢)T [239, 240], adding
non-minimal couplings with the boundary term and the scalar field [241, 242], or
adding vector fields [243, 244], or with a fermionic field [245], or even adding an
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unusual coupling F (¢, 0,¢0"¢)T [246]. In these works, new wormhole spherically
symmetric solutions and also non-trivial cosmological solutions were found in flat
FLRW and in Bianchi models concerning different non-trivial scale factors, along
with different types of coupling functions F (¢) between both the torsion scalar and
the boundary term B. Therefore, the teleparallel community has used Noether’s sym-
metry approach in many different works in order to get cosmological and spherically
symmetric solutions.

As an example, following [234], let us here briefly review the simplest non-
trivial modified TG case, which is vacuum f(T) gravity in flat FLRW cosmology.
The canonical point-like Lagrangian for f(T) gravity in the minisuperspace of flat
FLRW can be found by considering the canonical variables a, T in the action (14.33)
and then using T = 6H? in flat FLRW cosmology. This lets us rewrite the action
using Lagrange multipliers to then finally obtain the following point-like Lagrangian

L =d*(f(T) —Tf(T)) + 6ad’ fr . (14.98)
Now, we replace the above point-like Lagrangian into Noether’s condition (14.95),

finding a set of partial differential equations for Noether’s vector, and also depending
on the function f(T). For this model, there are seven differential equations

a(friT—Hér=gr, 3a®m (frT— f)+a’ frrTm +a (frT— f)€s =g

(14.99)
€a=0, &r=0, m1=0, 12fram,+a’(frT— f)€a=0ga.
(14.100)
Jfrm + frrTam + 2 frani.qa — fra&; =0,
(14.101)

where 7' 0q; = 11 (t, a, T)O, + m(t, a, T)Or. We now need to solve the above sys-
tem of partial differential equations to get the symmetries of the model. Itis easy to see
from (14.100) that Noether’s vector is constrained to £ = £(t), n; = n1(a) and g =
g(2). If one uses these conditions into (14.101), one gets 1, = frS(a, T)/frr with
S(a, T) being an arbitrary function that must be of the form S(a, T) = M (a) + N(T)
due to (14.99). Considering all of these equations, one finds that g = constant, and
then the above system for f(T) # e“'T is reduced to be

frT _n
fiT—f n—-1"
(14.102)
N=c+¢&,, Zma—i—ﬂ—l—M:c, 37]—1—1— " M=m, LN—f[:m,
’ ’ a a n—1 1—n ’
(14.103)

where m, n and c are constants. This yields the power-law solution f (T) = foT"
with Noether’s vector and Noether’s integral for n # 3/2 and n # 1/2 being equal
to
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3C 1—-2
X = <2n— ]t> O + <C(l+C3Cl —">5'a

1 _ 3C
i ((c —m)n + 3c3a*%) + +c|Tor, (14.104)
n 2n —1
3C 2 2— 2\ -1+
I= 1) H = 12 fon (Ca tcsa z»x)ﬂr a, (14.105)
2n — 1

with H being the Hamiltonian and ¢; some integration constants. The other cases
n = 3/2 and n = 1/2 have different Noether’s symmetries. Finally, if one assumes
the power-law f(T) = foT" obtained by the symmetries, it is easy to find from the
modified FLRW equations (14.65)—(14.66) with p = p = 0, that a(¢) o< t**73 is an
analytical solution of the system. Thus, even in vacuum, f(T) power-law admits
power-law a(t) solutions. In this way, one is not putting the function f(T) by hand,
instead, the symmetries of the model based on Noether’s theorem are choosing the
form of the function. One can follow the other branch of Noether’s equation and find
that exponential f(T) = fye“'" are also part of the symmetries of the model. For
this case, one can obtain de-Sitter cosmological solutions from the modified FLRW
equations.

14.3.8 Bounce Solutions in Modified Teleparallel Cosmology

One key problem in General Relativity is the existence of both cosmological and black
hole singularities. The ACDM model, which is based on GR, states that the Universe
started from an unnatural initial big bang cosmological singularity and this cannot be
alleviated without evoking new physics. This means that the cosmological equations
break down at ¢ = 0 and some divergences in the curvature appears. In other words,
there exists a singularity due to the incompleteness of the geodesic deviation equation
. Possible solutions for this in cosmology are the so-called bouncing cosmological
solutions, which essentially are solutions describing a contraction of the Universe
until a minimum non-zero radius to then describing an expanded Universe passing
through a bounce. This means that generically, there needs to be a model starting
with a contracting universe whose Hubble parameter is H < 0, then passing to a
continuous bounce with H = 0, to then finalising in an expansion with H > 0. There
are several types of bounce solutions. Some of them have a different evolution, for
example, exhibiting a discontinuity in the Hubble parameter. These solutions do not
appear in GR, but it is possible to achieve them if either exotic matter or modified
gravity are introduced. The simplest way to achieve this in GR is by introducing
a quintom scalar field model with two scalar fields. The first scalar field behaves
as a standard canonical scalar field and the other one has an incorrect sign in the
kinetic term, and then behaves as a ghost scalar field. It is unclear how physical it
is to introduce these kind of exotic scalar fields, due to the possible existence of
instabilities. If one modifies GR, on the other hand, it is possible to obtain bouncing
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solutions without introducing such exotic elements. Basically, the method is very
simple, a form of the scale factor (or the Hubble parameter) is assumed, which can
describe bounces. Then, a reconstruction technique can be used to get a model (or
a theory) that has these kind of solutions. For a more detailed description about
bouncing cosmological solutions, see [247].

In the context of TG, the first study that found bouncing cosmological solutions
was conducted in f(T) gravity [248]. To achieve this scenario, it is necessary to
first check the existence of bounce solutions at the background level and then study
the evolution of perturbations through the bounce. Let us here briefly review what
happens at the background level. For the perturbation study, see more details in [248].
One type of bouncing cosmological solution can be described by having the following
scale factor

3 1/3
a(t) = a0(1 + 50t2> , (14.106)

where o > 0and a are constants. The first parameter determines how fast the bounce
is, whereas ay is the scale factor evaluated at the bouncing point. The Hubble param-

eter then behaves as .
g

Hlt) = ———,
® 1+%at2

(14.107)

with the time varying from —oo to 4+-00. Figure 14.7 shows the behaviour of the above
Hubble parameter achieving the expected bounce scenario, starting from a matter
contraction, then following with a bounce (static) and finalising in an expansion. If
we assume a pressureless matter, from the conservation equation the energy density
becomes p = C; /(301> +2). Since T = 6H?, we can then find that ¢ = ¢(T), and
we can then use this expression for the first flat FLRW equation (14.65), to then solve
this differential equation for f(T), yielding

1 , T . T CK? T
f(T) =T+ =C;x~,/ — arcsin — |+ 1+,/1——1]. (14.108)
2 o o 2 o

The scale factor (14.106) that gives the Hubble parameter (14.107) describing a
bouncing cosmological solution is a solution of the above form of f(T) gravity,
which is a GR term plus some correction terms, depending on the scalar torsion.
There are other works finding other kinds of bounce solutions in the context of mod-
ified TG. In [249], different types of non-singular bounce solutions were found in
f(T), such as ACDM with a bounce in the past, with the scale factor behaving as
a(t) o sinh[+/#2 + 72/ ty] or future bounces with Quasi-rip and Little-rip behaviours.
In [250] some superbounce solutions in f(T) gravity that have a ekpyrotic contract-
ing phase preventing large anisotropies are found. The authors also made some
comparisons between other modified models starting from GR, such as f(R) and
f(G) gravity. Later, it was found that in f(T) gravity it is possible to have a bounce
inflation model with a graceful decelerated exit [ 184]. Using dynamical systems tech-
niques, in [209], the authors also found the possibility of bounces and turnaround
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Fig.14.7 Hubble parameter versus time for the model (14.107) with o = 70, in units where K2 =1,
describing a bounce behaviour

solutions in f(T) gravity but the impossibility of cyclic and oscillating universes.
In [251], the authors studied a model with f(T) and a scalar field to then perform
perturbations for the bounce inflationary models, finding that it is difficult to obtain
a stable bounce inflation solution, since there are many conditions that the models
need to satisfy in order to have this property, though, they were able to show that
a combination of power-law types of f(T) can achieve these stable bounce infla-
tion solutions. If one understands the cosmological singularities as a break down of
GR at very high energies, then some studies have argued that Loop quantum cos-
mology could alleviate them. Some works like [252-254] have also found bounces
in a toy model in f(T) gravity, assuming Loop quantum cosmological considera-
tions. Further generalisations to f(T) gravity, such as considering the teleparallel
Gauss-Bonnet invariant 7 in the so-called f (T, Tg) gravity, have also been used to
analyse possible bounce solutions, finding five types of them [255, 256]. In [257]
the case of Born-Infeld gravity was studied. These kind of theories are achieved
from f(T) gravity with f(T) = ﬁ((l + %)1/2 — 1), with A being a parameter of
the theory that becomes important at high energies. In this paper, the author found
that at high energy regimes, the big bang singularity is absent, and either a de-Sitter
inflationary stage of geometrical character or a bounce is present. Later, in [258],
they showed that this behaviour is only valid for a certain region of the parameter
space, and other singularities such as Big Rip, Big Bang, Big Freeze, and Sudden
singularities can emerge. It is interesting to mention that recently, in [259], a regu-
lar Schwarzschild black hole solution was found in this theory. In this context, the
central Schwarzschild curvature singularity is replaced by an infinitely long cosmic
string related to the parameter .

As was seen in the previous example and also in the papers mentioned here,
it is not so complicated to get bouncing cosmological solutions in modified TG.
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It is important to emphasise that in standard GR, this cannot be achieved without
introducing matter that violates the energy conditions.

14.4 What Can Teleparallel Theories Have to Offer? What
Are the Open Problems in Teleparallel Theories?

Teleparallel theories give an alternative starting point for understanding gravity com-
pared with the standard curvature-based approach to gravity used in GR. Some inter-
esting features about them compared to GR are:

e Modified teleparallel theories are broader than standard modified theories start-
ing from GR:

We have seen that theories equivalent to GR, scalar-tensor gravity, Horndeski
theory, f(R) and Gauss-Bonnet gravity based on the teleparallel geometry exist
are subclasses of more general families of Teleparallel Gravity theories. In this
spirit, Teleparallel Gravity may be used to formulate broader classes of theories
than could be constructed by using only the metric and its Levi-Civita connection.
This should not be too surprising, since any theory of the latter type can be rewritten
into teleparallel language by using the relations (14.4), (14.23) and (14.24) to
replace the metric, its Levi-Civita connection and the corresponding curvature by
the tetrad and the contortion, and hence the torsion. This teleparallel formulation
then gives rise to further extensions and generalisations by splitting off boundary
terms or including additional terms that have no equivalent expression in terms of
the metric geometry only. An easy example would be to take the case of f(R) and
f(T) gravity. If we start by formulating a theory from GR, then torsion is zero and it
is not possible to derive a similar theory to f (T). On the other hand, if we start from
TG, we can generalise f(T) to f(T, B) and then we can formulate a teleparallel
equivalent version of f(R) by considering f (T, B) = f(—T + B) = f(R).

e [tiseasy to get second-order field equations, since torsion contains only first-order
derivatives:
Since most physical phenomena are described by up to second-order field equa-
tions, it is expected that gravity will not have a behaviour different to this. More-
over, higher-order field equations often lead to ghost instabilities. In Teleparallel
Gravity it is easy to get second order field equations because the torsion tensor con-
tains only first-order derivatives of the tetrad, in contrast with the Riemann tensor
that contains second-order derivatives in the metric. This means that in modifi-
cations like f(T) or even more complicated ones like f(Tux, Tvec, Tten), BDLS,
etc., the field equations will be of second order, unlike in, e.g., f (R) theory where
they are fourth-order in all cases beyond GR. In principle, one could construct a
theory with infinite contractions of the torsion tensor and still get second-order
field equations.
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e Similarity to Yang-Mills theory—possible connections to gauge theory and particle

physics:
The TEGR action in Eq. (14.29) has an obvious similarity with a Yang-Mills type
action, since it is quadratic in the first-order derivatives of the tetrad, the latter
being the fundamental dynamical field of the theory. This means that has more
in common with actions encountered in particle physics than it is the case for the
Einstein-Hilbert action. Furthermore, the potential interpretation as a gauge theory
of translations makes it more similar to theories describing the other fundamental
interactions in Nature, hence paving a potential road map towards a unification
of gravity and other forces. While still being non-renormalisable, it may provide
an alternative and possibly more promising starting point for constructing a UV
complete theory.

e The possibility of formulating the theory without the equivalence principle: In
GR, gravitation is characterised by curvature through the Ricci scalar, which then
acts on particles through the geodesic equation. TG is wholly different in that the
geometric torsion that is produced to expressed gravity, acts through a Lorentz
force-type equation. In this way, we recover the original concept of gravitation as
a force similar to the other fundamental forces of Nature. While the equations turn
out to be equivalent for TEGR, they differ for modifications to this model. Coupled
with the potential of being described as a gauge theory of translations, TG does
not rely on the weak equivalence principle in that it would survive a violation [1,
260]. However, in these settings, the Newtonian limits remain intact resulting in a
more natural weak-field limit compared with GR.

e Defining a gravitational energy-momentum tensor:

TG offers the possibility of describing gravitation as a gauge current [1, 5, 6].
Then, by separating inertial and gravitation, it may become possible to define an
energy-momentum tensor for gravitation. However, this feature of the theory may
require selection of a Lorentz frame, which would limit the applicability of this
result [261, 262].

e The regularity of the TEGR action. One does not need to introduce a Gibbons-

Hawking-York boundary term:
One may argue that the TEGR action in Eq. (14.29) is a more natural formulation
of the dynamics of GR than the Einstein-Hilbert action, since the latter also con-
tains second order derivatives of the metric. The latter mandates the inclusion of
a Gibbons-Hawking-York boundary term in order to possess a well-defined vari-
ational problem and Hamiltonian formulation, which is not the case for TEGR.
While this does not affect the classical equations of motion, it may affect the quan-
tum behavior and thermodynamics of black holes. Further, it was found in [263]
that the black hole entropy is more naturally expressed as a volume integral in
TEGR than in GR.

e Torsional or Curvature-based Gravity:

TEGR is dynamically equivalent to GR in that the identical field equations emerge
due to the respective Lagrangian densities being equal up to a boundary term.
However, the action may contain further information, such as the renormalisability
of the theory, as well as the symmetries of the theory. Moreover, modifications to
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TEGR offer a much richer avenue to construct new theories, due to the second-
order nature of the torsion scalar [264].

Although teleparallel theories have attained a lot of attention in the past ten years,
the community effort is still not comparable to that in GR. For this reason, there
are several open problems/questions that have not been addressed properly in the
literature. Some of these open problems are:

e Confrontation with cosmological data: Teleparallel theories have shown great
promise for consistently describing observations at cosmic scales while also satis-
fying Solar System and astrophysical-scale physics [105, 134, 160-163, 167, 170,
265-268]. Further work needs to be done in this direction to better understand the
explaining power of the theory in its various manifestations.

e Gravitational Waves: A strong effort has been made in regards to understanding
the cosmological consequences of gravitational waves in f(T) gravity [134, 162,
163, 269]. However, there remains many other contexts in which TG has shown
promise, and more than this, further work is needed in the astrophysical context.
In Refs. [62, 135, 136, 270], it is shown that f(T) gravity contains only two
propagating modes, while other variants of TG can provide more. It would be
interesting to investigate further the waveform for astrophysical events, which
would entail obtaining further information about the 3 + 1 formalism of the theory
and performing simulations of astrophysical events. Ultimately, it is crucial to
understand how current and future observatories can be exploited to test TG.

e The Galactic Rotation Curve Problem: f(T) gravity has shown positive results
for describing the rotation curves without the requirement of adding dark mat-
ter [137]. Weak lensing tests have also contributed to constraints on one of the
potential models of the theory [271]. However, further analysis needs to be done
on considering more cosmologically inspired models, as well as increasing the
breadth of the analysis. One possibility is to use the SPARC (Spitzer Photometry
and Accurate Rotation Curves) obtained in Ref. [272].

e Teleparallel quantum gravity: The majority of quantum gravity approaches have
been attempted with GR as the starting point, but not so many have been initiated
from TG. For example, the loop quantum corrections of the TEGR action (14.29)
are not so well-known. One of the first attempts was done in [273]. In GR, this
has been studied with a lot of effort, even obtaining corrections of an action with
Zgl R’ [274]. This has been studied within the asymptotic safety approach to
quantum gravity [275] that has not also been applied to Teleparallel Gravity.
Another interesting route would be to formulate a teleparallel version of loop
quantum gravity, since both formulations use a similar mathematical language.

e What are singularities in Teleparallel Gravity?: Hawking and Penrose proposed
a way to define singularities in GR, which is based on the incompleteness of the
geodesic equation. Then, a simple way to quantify these singularities is by defining
some invariants such as the Kretschmann scalar K = R** R ;.. In TG, it is not
clear whether the Hawking-Penrose theorem would be the same, or if one would
need to define different invariants to check if there are singularities. Then, it is still
open as to how a singularity in the context of TG can be defined.
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