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Over the past decades, the role of torsion in gravity has been extensively investigated along
the main direction of bringing gravity closer to its gauge formulation and incorporating spin in
a geometric description. Here we review various torsional constructions, from teleparallel, to
Einstein-Cartan, and metric-affine gauge theories, resulting in extending torsional gravity in the
paradigm of f(7T') gravity, where f(T') is an arbitrary function of the torsion scalar. Based on
this theory, we further review the corresponding cosmological and astrophysical applications. In
particular, we study cosmological solutions arising from f(7') gravity, both at the background and
perturbation levels, in different eras along the cosmic expansion. The f(7T) gravity construction
can provide a theoretical interpretation of the late-time universe acceleration, alternative to a
cosmological constant, and it can easily accommodate with the regular thermal expanding history
including the radiation and cold dark matter dominated phases. Furthermore, if one traces back
to very early times, for a certain class of f(7') models, a sufficiently long period of inflation can
be achieved and hence can be investigated by cosmic microwave background observations, or alter-
natively, the Big Bang singularity can be avoided at even earlier moments due to the appearance
of non-singular bounces. Various observational constraints, especially the bounds coming from the
large-scale structure data in the case of f(T') cosmology, as well as the behavior of gravitational
waves, are described in detail. Moreover, the spherically symmetric and black hole solutions
of the theory are reviewed. Additionally, we discuss various extensions of the f(7') paradigm.
Finally, we consider the relation with other modified gravitational theories, such as those based
on curvature, like f(R) gravity, trying to enlighten the subject of which formulation, or combina-~
tion of formulations, might be more suitable for quantization ventures and cosmological applications.
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I. INTRODUCTION

Einstein’s General Relativity (GR) is based on the as-
sumption that space and time constitute a single struc-
ture assigned on Riemann’s manifolds. Such manifolds
are dynamical structures that reproduce the Minkowski
space-time in absence of gravity. In this sense, gravity is
conceived as the curvature of space-time.

Any relativistic theory of gravity, included GR, has
to match some requirements to be self-consistent. First
of all, it has to reproduce the Newtonian theory in the
weak-field limit, hence it has to explain the dynamics
related of planets and the galactic self-gravitating struc-
tures. Moreover, it has to pass observational tests in
the Solar System [I]. At cosmological scales, any theory
of gravity should reproduce the cosmological parameters



as the expansion rate, the density parameter, etc., in a
self-consistent way. Observations and experiments probe
baryonic matter, radiation, neutrinos and an attractive
overall interaction, acting at all scales: This is the grav-
ity. In particular, GR is based on some main assumptions
that are:

The “Relativity Principle” - there is no pre-
ferred inertial frames.

The “Fquivalence Principle” - inertial ef-
fects are locally indistinguishable from grav-
itational effects which means that any gravi-
tational field can be locally canceled.

The “General Covariance Principle” - field
equations must be “covariant” in form, and
invariant in form under space-time diffeomor-
phisms.

The “Causality Principle” - each point of
space-time must admit a universally valid no-
tion of past, present and future.

The “Lorentz Covariance” - experimental re-
sults are independent of the orientation or
the boost velocity of the laboratory through
space.

According to these assumptions, Einstein postulated that
the gravitational field is described in terms of the metric
tensor field ds? = guvdztdx”, with the same signature
of Minkowski metric in four dimensions. The line ele-
ment ds? is the covariant scalar related to the space-time
measurements. The metric coefficients are the gravita-
tional potentials, and the space-time, according to the
former Riemann’s intuition, is curved by the distribution
of matter-energy sources, in other words, the distribution
of astronomical bodies gives “shape” to space-time.

The above considerations suggest that the space-time
structure has to be determined by either one or both of
the two following fields: a Lorentzian metric g and a lin-
ear connection I'; assumed by Einstein to be torsionless.
The metric g fixes the causal structure of space-time, that
is the light cones and the way to make measurements
(clocks and rods); the connection I fixes the free-fall and
the locally inertial observers (that is the geodesic struc-
ture of space-time). They must satisfy some compatibil-
ity relations, such as the fact that photons have to follow
null geodesics of I', and hence I and g are a priori in-
dependent but can be constrained a posteriori by some
physical properties. This fact means that I" has not to be
necessarily the Levi-Civita connection of g, derived from
a non-linear combination of g and its derivatives [2] [3].

Furthermore, a physical quantity is Lorentz covariant
if it transforms under the Lorentz group. In particular,
the Local Lorentz Covariance follows from GR and refers
to Lorentz covariance defined locally in any infinitesimal
region of spacetime. This property allows that GR results
are fully coherent with Special Relativity as soon as the

effects of gravitational field can be neglected. In this
sense, GR is a fully Lorentz invariant theory since any
physical quantity and equation has to be preserved under
Lorentz transformations.

However, GR presents some shortcomings at ultravi-
olet and infrared scales. From the theoretical point of
view, we have the non-renormalizability, the presence of
singularities, and the lack of a self-consistent theory of
quantum gravity. From the observational and experi-
mental points of view GR is no longer capable of ad-
dressing Galactic, extra-galactic and cosmic dynamics,
unless exotic forms of matter-energy (interacting only at
gravitational level) are considered. These elusive compo-
nents are addressed as dark matter and dark energy and
constitute up to the 95% of the total cosmological bulk
of matter-energy [4].

Alternatively, instead of changing the source side of
the Einstein field equations, one can ask for a geometri-
cal view to fit the missing matter-energy of the observed
Universe. In this case, the dark side could be addressed
by including further geometric invariants into the stan-
dard Hilbert-Einstein Action of GR. These effective La-
grangians can be derived by any quantization scheme on
curved space-times [5]. However, no final probe discrim-
inating between dark matter and extended gravity has
been found up to now.

Another conceptual issue that has to be discussed in
view of the present review paper is the following. In
GR it is assumed that the metric g of space-time is the
fundamental object to describe gravity. The connection

Ff;u = { ,u/\u } is derived from g, which is thus the only
9

object with dynamics. This implies that g determines the
causal structure (light cones), the measurements (rods
and clocks) and the free fall of test particles (geodesic
structure). Geometrically speaking, the space-time is
given by a couple {M, g} constituted by a Riemannian
manifold and a metric. From a physical point of view,
the metric formulation of gravitational theories assumes
the strict validity of the Equivalence Principle.

The above scheme can be enlarged assuming a metric-
affine formulation of gravity. In the Palatini formalism
a connection I' and a metric g are independent objects.
Space-time is a triple {M, g,T'}, where the metric de-
termines the causal structure while I' determines the

geodesic structure. In such a formalism, I‘f;l, = { }
By Jg

are differential equations. The T is the Levi-Civita con-
nection of g as the outcome of the field equations, how-
ever this fact is strictly valid only in GR and not in any
theory of gravity. In this approach, the connection (i.e.
the “force”) is the fundamental field representing “grav-
ity”. The metric g assumes an “ancillary” role needed
to define lengths, distances, areas, volumes and clocks.
Hence, there is no fundamental reason to assume g as
the potential for I'. Furthermore, there is no fundamental
reason, apart from simplicity, to assume that space-time
is torsionless.



Torsion appears in literature in quite different forms.
Generally, spin is considered to be the source of tor-
sion, but there are several other possibilities in which
torsion emerges in different contexts. In some cases a
phenomenological counterpart is absent, in some other
cases torsion arises from sources without spin as a gra-
dient of a scalar field. Nevertheless, some classification
schemes for torsion are possible. For example, one can be
based on the possibility to construct torsion tensors from
the product of covariant bivectors and vectors, and their
respective space-time properties. Another approach can
be obtained by starting from the decomposition of torsion
into three irreducible pieces. Their space-time properties,
again, lead to a complete classification. The classifica-
tions can be made in Uy, a four dimensional space-time
where the torsion tensors have some peculiar properties.
However, other classification schemes are possible.

The issue to enlarge the GR with torsion is felt strongly
today, since several questions strictly depend on whether
the space-time connection is symmetric or not. GR is
essentially a classical theory which does not take into
account quantum effects. However, these effects must
be considered in any theory which deals with gravity
at a fundamental level. Passing from V4 (Riemannian
4-dimensional manifolds) to U, manifolds is the first
straightforward generalization which tries to include the
spin fields of matter into the same geometrical scheme of
GR. The paradigm is that the mass-energy is the source
of curvature while the spin is the source of torsion. The
Einstein-Cartan-Sciama-Kibble (ECSK) theory is one of
the most serious attempts in this direction [6]. However,
this mere inclusion of spin-matter fields does not exhaust
the role of torsion which seems to have important roles
in any fundamental theory.

For instance, a torsion field appears in (super)string
theory, if we consider the fundamental string modes; we
need, at least, a scalar mode and two tensor modes: a
symmetric and an antisymmetric one. The latter one, in
the low-energy limit for the effective string action, gives
the effects of a torsion field [8HI2]. Furthermore, sev-
eral attempts of unification between gravity and electro-
magnetism have to take into account torsion in four and
in higher dimensional theories such as the Kaluza-Klein
ones [I3HI5]. Additionally, any theory of gravity con-
sidering twistors needs the inclusion of torsion [I6HIS]
while supergravity is the natural arena where torsion,
curvature and matter fields are treated under the same
standard [19] 20].

Besides, several people agree with the line of thinking
that torsion could have played some specific role in the
dynamics of the early universe and, by the way, it could
have yielded macroscopically observable effects today. In
fact, the presence of torsion naturally gives repulsive con-
tributions to the energy-momentum tensor so that cos-
mological models become singularity-free [2IH30]. This
feature, essentially, depends on spin alignments of pri-
mordial particles which can be considered as the source
of torsion [31].

If the universe undergoes one or several phase transi-
tions, torsion could give rise to topological defects (e.g.
torsion walls [32H43]) which today can act as intrin-
sic angular momenta for cosmic structures as galaxies.
Moreover, the presence of torsion in an effective energy-
momentum tensor alters the spectrum of cosmological
perturbations giving characteristic lengths for large-scale
structures [44].

All these arguments, and several more, do not allow
to neglect torsion in any comprehensive theory of gravity
which takes into account the non-gravitational counter-
part of the fundamental interactions.

However, in most articles, a clear distinction is not
made amongst the different kinds of torsion. Usually
torsion is related to the spin density of matter, but very
often there are examples where it cannot be derived from
spin matter and acquires interpretations quite different
from the models with spinning fluids and particles. It
can be shown that there are many independent torsion
tensors with different properties.

In order to clarify these points, classification schemes
of torsion tensors can be based, as said above, on the
geometrical properties of vectors and bivectors that can
be used to decompose them. Torsion tensors can be con-
structed as the tensor product of a simple covariant bivec-
tor and a contravariant vector. Such objects are well un-
derstood in GR and they can be easily classified [45]. We
call these tensors elementary torsions.

Another classification follows from the decomposition,
at one point of a U, space-time, of the torsion ten-
sors into three irreducible tensors with respect to the
Lorentz group. Again one can use vectors and bivectors
to identify their geometrical properties. It follows that
the elements of the second classification are generally ex-
pressed as a “combination of elementary torsion tensors”,
while the “elementary torsion tensors” are generally non-
irreducible.

One of the main results of these classifications is that
in many theories, such as the ECSK theory, torsion is
related to its sources by an algebraic equation; it follows
that the nature of the sources is clarified too. This fea-
ture leads to recognize which tensors can be generated
by the spin and which not, and which do not even have
a physical origin.

Other classifications have been proposed, too. The first
one was given in [46] [47] and it is based on the properties
of the Riemann and Ricci tensors, as defined in a Uy
space-time, compared with the Weyl and Ricci tensors
as defined in a V4 space-time. The second one, given
n [48], deals with the algebraic classification of space-
times with torsion following from the application of the
Becchi-Rouet-Stora-Tyutin (BRST) operator.

The classifications of the torsion tensors show how the
different sources of torsion can influence the physical phe-
nomena. It is well known [6] that, the ECSK theory can
be recast in a nonminimal coupling version of ordinary
GR, where the energy-momentum tensor is modified ac-
cording to the torsion sources.



As we will discuss in detail along this review article,
torsion theories may be relevant in cosmology. The rea-
son behind that is that the kinematical quantities such
as shear, vorticity, acceleration, expansion and their evo-
lution equations, are modified by the presence of torsion.

The plan of this Review is the following: Starting from
the definitions and classifications of torsion quantities, we
will introduce the Einstein-Cartan theory and the various
realizations of torsion tensors. In particular, we will dis-
cuss the torsion contributions to shear, expansion, vor-
ticity and acceleration in Sec. [0 Sec. [II] is devoted
to another important gauge theory of gravity with tor-
sion, namely Poincaré Gauge Gravity, where the Poincaré
invariance plays a fundamental role. The formalism of
teleparallel gravity is introduced in Sec. [[V] giving the
field equations and discussing the equivalence with GR.
The f(T)) extension is discussed in Sec. [V]where the main
features of this approach are considered. In particular,
we present the equations of motion, we discuss the issues
of Lorentz violation, and we analyze the perturbations in
such a theory and the implications for thermodynamics.
f(T) cosmology is considered in Sec. Specifically,
we deal with early and late time cosmology, cosmogra-
phy and observational constraints from the f(T') point of
view. Sec. [VII] is devoted to some astrophysical appli-
cations like gravitational waves in f(7') gravity. In Sec.
[VITTl we examine the black holes and wormhole solutions.
Extensions of f(T') gravity are considered in Sec.
where we discuss the role of further scalar fields, addi-
tional couplings, or higher-order torsion invariants. Tor-
sion and curvature gravity are compared and discussed
in Sec. [X] Finally, Sec. [XT]is devoted to the conclusions
and discussion of the presented material. Lastly, in Ap-
pendix [A] we give the adopted conventions throughout
the Review, while in App. [B] we provide the coefficients
of the stability equation of f(T,T) gravity.

II. TORSION TENSORS

In this section, we will give general definitions of tor-
sion and associated quantities which, below, will be spec-
ified in the particular Uy space-times. We shall use, es-
sentially, the notation of [].

A. Tetrads and bivectors

Let us introduce the tetrad fields, using the conven-
tions summarized in Appendix [A] They are defined at
each point of the manifold as a base of orthonormal vec-
tors ey, where A,B,C'--- = 0,1,2,3 label the tangent
space-time coordinates, and p,v,p--- = 0,1,2,3 are the
space-time coordinates [49].

Correspondingly, a cotetrad e/’:‘ is defined such that

6%65 =9y, (1)
el = 0% . (2)

The tetrad metric is
NAB ZUAB :diag(la_17_1a_1)7 (3)

and then the space-time metric can be reconstructed in
the following way
A B
Guv = TABE, €, - (4)

In the construction of the torsion tensors it will be useful
to consider expressions of the simple bivectors. These
are given by the skew-symmetric tensor product of two
vectors. Generally a bivector B*¥ is simple, if and only
if it satisfies the equation

Bl grle — g, (5)
By the tetrad vectors in a N-dimensional manifold, one
can construct the N(N — 1)/2 simple bivectors
Pl = iey, (6)
and any bivector B*¥ is expressed as
B" = BYPelel, (7)

with BAB = —BBA,

B. Definitions of torsion

The torsion tensor 7),,” it the antisymmetric part of
the affine connection coefficients I}, that is

1
pP__(TP _TP \=T"
T,"”= 5 (F;w Fvu) = F[w]' (8)

In GR, it is postulated that 7},,” = 0. It is a general
convention to call Uy a 4-dimensional space-time man-
ifold endowed with metric and torsion. The manifolds
with metric and without torsion are labeled as V4 (see
Ba).

Often in the calculations, torsion occurs in linear com-
binations as in the contortion tensor, defined as

K,’=-1,,-1,+1"=-K,/,, (9)

and in the modified torsion tensor
7,7 =T,," +26,'T, (10)

where T), =T,,”. According to these definitions, it fol-
lows that the affine connection can be written as

Ffbl/ = p,V} - K,U,Vp7 (11)

where {fw} are the usual Christoffel symbols of the sym-
metric connection. The presence of torsion in the affine
connection implies that the covariant derivatives of a
scalar field ¢ do not commute, that is

@[Hﬁy](b = —Tuyp@p(b , (12)



and for a vector v* and a covector w,, one has the fol-
lowing relations

(VuVy =V, V0? =R, P07 = 2T, 7V’ (13)
(VuV =V Vws = R, w0, — 2T, Vow, , (14)

wrp

where the Riemann tensor is defined as

R,,,” = 8,09, — 8,09, + I}, ~To,T%, . (15)

wp
The contribution of torsion to the Riemann tensor can
be explicitly given by
R,ul/p ,ul/p ({})
A
+ K;M KVP

o + VVKp.pU
- KVA"KWA , (16)

where 1,7 ({}) is the tensor generated by the Christof-

fel symbols. The symbols V and V have been introduced
to indicate the covariant derivative with and without tor-
sion respectively. From the expressions for the Ricci
tensor and the curvature scalar are respectively found to
be

Ry = Ry ({}) -2V, T,+V, K, ,"+K " K, * -2\ K, >
(17)
and

R = R({}) -4V, T" + K, K"

We close this subsection by pointing out the gen-
uine geometrical meaning of torsion, namely that in
a space with torsion the parallelograms break [7]. In
particular, while in curved spaces considering two bits
of geodesics and displacing one along the other it will
form an infinitesimal parallelogram (and hence parallel-
transporting a field from initial to final points across both
paths one obtains a difference, determined by curvature),
in twisted spaces the above procedure of displacing one
geodesic bit along the other leads to a gap between the ex-
tremities, namely the infinitesimal parallelogram breaks.
This implies that performing the parallel transportation
of a vector field in a space with torsion, an intrinsic
length, related to torsion, appears as it can be seen in

FigT]

—4T,T* . (18)

C. Decomposition of torsion in Uy

An important property of torsion is that it can be de-
composed with respect to the Lorentz group into three
irreducible tensors, i.e. it can be written as

T A 1%
,‘Tul/p - T'/Lyp + T:uup+ ,‘T/Lup . (19)
Torsion hab 24 components, of which TTW has 16 com-
ponents, T;w has 4 and VT,W has the remaining 4 com-
ponents [51H55].

One has

1%
T,"”=

1
S (T8, ~T0) (20)

Y

FIG. 1: A pictorial view of the breaking of parallelograms in-
duced by torsion.

where T), =T,
A o
Tm,p = gp T[;u/o'] 5 (21)

which is called the axial (or totally anti-symmetric) tor-
sion, and
T A 1%

Tp,up = T/u/p - Tuup - Tp,up ) (22)
which is the traceless non totally anti-symmetric part of
torsion. For the sake of brevity, in the following, we will
refer respectively to the tensor as a V-torsion, to
the tensor as an A-torsion and to the tensor
as a T-torsion. Finally, the dual operation (see [51], [55])
defined as

L oa
*T P = 560 WTUAP , (23)
has the relevant property that it associates an A-torsion
tensor to a V-torsion tensor and vice versa. Then it as-
sociates a V-torsion to a T-torsion.

D. The classification of torsion tensors
1. Elementary torsion tensors

It can be observed that a tensor with all properties
of torsion can be constructed as the tensor product of a
bivector F),, with a vector ¥°.

It is well known that any generic bivector in a four di-
mensional manifold can be always reduced into the sum
of two simple bivectors with a particular choice of the
coordinates (see e.g. [45]). In analogy with the electro-
magnetic case, we can call the bivector with the timelike
vector, the electric term and the one with two spacelike
vectors, the magnetic term, and label them respectively
with F,, and B,,. Then we can introduce the concept
of elementary torsion tensor given as the tensor product
of a simple bivector with a vector.

We say that a bivector A,, and a vector V* are or-
thogonal if V#A,, = 0. And we consider only the cases



where any four-vector X* is either orthogonal to a simple
bivector or is one of its components. All the other possi-
ble cases are combinations of these two cases. Then the
24 elementary torsion tensors can be classified according
to the space-time properties of their bivectors and the
corresponding vectors.

At this point an important remark is necessary. Any
generic torsion tensor can be decomposed in terms of
these elementary parts. Let us practically construct the
elementary torsion tensors by the vectors of a tetrad. In
general, we have

el)AB
7! é‘,wp = eﬁtef]eg , (24)

and then any torsion tensor can be expressed as

T,," =Typ Ceﬁlef]e’é , (25)

where the coefficients have to be

Tap® = T,,° diege] . (26)

The classification of elementary torsion tensors in
which ¥# does not lie on the plane defined by the bivector
is then the following;:

a) If £, is a bivector obtained from the antisymmet-
ric tensor product of a timelike covector and a spacelike
covector, X* must be any spacelike vector orthogonal to
E,.,. The pure electric case is represented just by one
family of tensors. It will be labeled with the symbol Es.

b) In the pure magnetic case, one has that ¥* can
be either a spacelike vector, a timelike vector or a null
vector, leading to three family of tensors. These three
families will be labeled respectively as Bs, Bt and Bn.

¢) In the null case, it turns out that there are two
possibilities for ¥#, i.e. it can be either a null vector
or a spacelike vector. The labels will be Nn and Ns
respectively.

Regarding the case in which the vector ¥* lies on the
plane described by the bivector, it can be noted that if
B=Cin then we have V-torsions.

Finally, let us mention that the previous discussion
changes if a null tetrad, defined by I* = eff — e, n* =
el +elf, mt = ey —iel and m*" = el +iek, is considered.
In this case, it follows that the elementary torsion, for
instance 7,7 = my,l,)l”, bears all properties of a T-
torsion.

2. Irreducible tensors in four dimensions

To classify the torsion tensors, according to their irre-
ducible properties, let us first consider the V-torsion. It
follows, from Eq. , that the V-torsion is character-
ized by a covector

T,=T," (27)

T, can be either time-like, space-like or light-like. So we
have three different possible types of V-torsion, which

can be labeled respectively by the symbols Vi, Vs and
VL. Tt can be noted that the V-torsion is expressed as a
combination of elementary torsion tensors.

From Egs. and it follows that

2
1% A
T#Up = gT[Mey]e'Z . (28)
The A-torsion can be expressed by the equation
ATwp = €pr0” (29)

Its properties can be characterized by the space-time
properties of the vector 0. As for the V-torsion, we label
the A-torsion with At, As or A¢ depending on whether
the vector o is time-like, space-like or light-like.

The statement given in subsection [[IC| can be proved
here by direct calculation. In fact, we have that
EOA#VT[U(Si] = e”"WT[,, which is an A-torsion, and that
eATWeU/\TpT" = T[Mc?f], which is a V-torsion.

Finally, the T-torsion tensors can be constructed

through a combination of elementary torsion tensors of
the forms

'T,," = VienCaPel, (30)
and
'T,,» =, VinedCyPely (31)

where C 4P is an arbitrary matrix. By the null-trace
conditions

ViuenCaPep =0, (32)
and
L VinedCaPelp =0, (33)

on and , we obtain 7 constraints on the matrix
C 4B, by fixing V.. As a consequence, C AB has 9 inde-
pendent components. In order to get the 16 components
of the T-torsion from the expressions and , we
have to impose a further condition. If V= = V#V,, # 0,
we can impose that

C,Pellen ViV, =0, (34)

which reduces one of the constraints following from
to

c,A=0. (35)

If V is a null vector, the constraint follows from
and the expression has to be imposed as a supple-
mentary constraint on the matrix C, 5.

From the previous discussion, it follows that the T-
torsion tensors can be classified according to the nature of
the vector V), which can be time-like, space-like, or null.
We label the T-torsion with Tt, T's or T¥ depending on
whether the 4-vector V*# is time-like, space-like or light-
like, respectively.



E. The Einstein-Cartan-Sciama-Kibble equations

The introduction of torsion as an extension of the grav-
itational field theories has some relevant consequences.
The closest theory to GR is the Einstein-Cartan-Sciama-
Kibble (ECSK) theory. It is described by

L=v—-g|——=+Ln|, 36
(16 a" ) (36)
which is the Lagrangian density of GR depending on the
metric tensor g, and on the connection I'/ ,, where R is
the curvature scalar and £,, the Lagrangian function
of matter fields, which yields

0L,
th = ; (37)
0Gpv
which is the symmetric stress—energy tensor, while
5 0L,
T, = 75KWP (38)

is the source of torsion. In many instances, it can be
identified with a spin density. However, as will become
clear from the following sections, there are many consid-
erations in which the source of the torsion field is
not spin but gravity itself.
From the variation of and introducing the canon-
ical energy-momentum tensor
U =t

4 *@p(T;wp — rvpu + Tc;u/) , (39)

where we have used the abridged notation *@ @p +

2T,,°, the following field equations are derlved [ ]:

GH = 8rGXH (40)
and
T,," =38rGr,,"”, (41)

where We have set the light speed as ¢ = 1.

40) generahzes the Einstein equations in a Uj.
Unhke 1 , 41)) is algebraic and thus it is always
possible to cast { 0) in a pure Einstein one, by substi-
tuting the torsion terms with their sources. It results
in defining an effective energy-momentum tensor as the
source of the Riemannian part of the Einstein tensor [6].
Doing so one obtains

G* ({}) = 8nGt

~ v

(42)

where G*¥({}) is the Riemannian part of the Einstein
tensor. The effective energy-momentum tensor is

— 2THPT 7' o+ TR

7 =t" 4+ 871G | — 47'“"[07'” 0] o

A
%0+ T Tapo)

(43)

o

1 v A
+ 59“ (47'/\p[ T

The tensor t* can be of the form
- pg", (44)

if standard perfect-fluid matter is considered. But when
spin fluids are considered, one has to define a different
stress-energy tensor in which the spin contributions are
taken into account as in [56H6T].

B = (p+ putu’

F. Realizations of torsion tensors

Let us now show how some torsion tensors, frequently
found in literature, can be classified according to the ir-
reducible tensors classification given above.

1. Scalar fields ¢ produce torsion only in non-
minimally coupled theories with a £¢?R term in
the Lagrangian density, or in a R? theory in a Uy
(where the Ricci scalar is coupled to itself). As a
result, the torsion is related to the gradient of the
field. For example, in homogeneous cosmologies,
one obtains a V't tensor. In a Schwarzschild solu-
tion one deals with a Vs tensor. See for example
[21], 62-65).

2. According to [62] and [66], it turns out that the
only torsion tensors compatible with a Friedmann-
Robertson-Walker (FRW) universe are of class Vit
and At. A cosmological solution with a torsion ten-
sor of class At is discussed also in [30].

3. Examples of torsion of class V¢ and A¢ are found
in [46] [47] to describe null electromagnetic plane
waves.

4. As and Vs tensors introduce anisotropies in a
space-time, since the spacelike vector yields a priv-
ileged direction.

5. The spin of classical Dirac particles is the source of
an As torsion for massive particles and of an An
torsion for a massless neutrino [6]. The At torsion
is generated by tachyon Dirac particles.

6. An example of T-torsion tensors can be found in
simple supergravity where torsion is given in terms
of the Rarita-Schwinger spinors (see, for example,
[67, [68]). They contribute also to torsion in the
Weyssenhoff spin fluids (see below and discussion
in [69]).

7. The Lanczos tensor was considered in [46] [47] as a
candidate of torsion in a non-ECSK theory. It is
a sort of Weyl tensor potential and it bears all the
characteristics of a traceless torsion tensor. Then
its properties depend on the symmetries of space-
time.

8. The influence of an At torsion on cosmological per-
turbations is discussed in [44].



9. The helicity flip of fermions can be induced by an
Al torsion [70] [71].

10. The same kind of torsion can induce a geometrical
contribution to the Berry phase of Dirac particles
[72).

Finally, the next group of examples is related to
elementary torsion tensors found in the literature:

11. The torsion tensors related to spin, usually found
in the literature, are generated by the Weyssenhoff
spinning particle and the classical Dirac particle. In
the first case the torsion tensor is a Bs tensor, while
in the second case one has an As tensor. Spin fluids
& la Weyssenhoff can be found in [0, [7, 56| (7] G-
61, 73], and have been discussed by many other
authors.

12. Cosmological models with a Bs torsion have been
studied in [73].

G. Torsion contributions to the energy-momentum
tensor

After straightforward calculation, one obtains that the
contribution of the antisymmetric and vector parts of
torsion to the energy-momentum tensor are respectively
proportional to the following expressions:

Atz =20"0, + 9,00, (45)

and
8

v v 4 v
Yt = ST, — SO T, (46)

The contribution of the T-torsion, when expressed

from reads
Tt = — CP7Cloy VIVY = VPC,pe VIHCY)7
1 1
+ 5 VIV, (C1OT = O1.C7T) = SVPVIC,C,
1 v g T 1 T o
+ 59" (CP Clon) VT Vr = 5V CooVTCL7)
(47)

otherwise when the T-torsion is expressed by it
writes as

Teguv =CP?C,,VFVY + VoV, (C HC™ + CH.C"T)
—VPVICC,Y = VT Cp (VECYT + VVCHY)
1
+ §(VPV"CPTC’TU -VV.C"C,,) . (48)
In and we have used the expression C,” =

Cy eA“eB”. The presence of contributions of distinct
irreducible tensors does not lead to interaction terms,

apart from the cases where the two classes of T-torsion
are present.

In summary, an elementary torsion tensor 7,7 =
F,,,%*, contributes to the energy-momentum tensor with
a symmetric tensor proportional to

1
*F2225V

ey v 2w
tﬂ:f222F PE,, + F*%Y Euf2 o

(49)
where Y2 = ¥,XH and F? = FrYEy,,. Expression ,
through and , is the final result involving also
ordinary perfect-fluid matter.

H. Torsion contributions to shear, expansion,
vorticity and acceleration

It has often been pointed out in the literature how
torsion can modify the behavior of fluids. In [58] it
was shown that the presence of torsion generated by
a Weyssenhoff fluid generalizes the Bernoulli theorem,
through an extension of the definition of the vorticity.
In the same way such a modification of the vorticity has
led some authors to argue about the possibility of hav-
ing cosmological models with torsion which could avert
the initial singularity [7]. An extended analysis of this
problem has been made by re-writing the Raychaudhuri
equation in the presence of torsion for a Weyssenhoff fluid
[r4, [75].

In [76] an inflationary Bianchi I universe in the ECSK
theory was considered. In this paper it was shown how
torsion could contribute to an isotropic expansion uni-
verse even in anisotropic geometry, if the energy den-
sity of spin was sufficiently large to counterbalance the
anisotropic terms. As a result, it followed that this model
supplies a rapid isotropization mechanism of the universe
during the inflationary stage.

In [77H79] a gauge invariant and covariant formalism
for cosmological perturbations was formulated. In this
derivation an important role is attributed to the Ray-
chaudhuri equation. Such formulation has been extended
recently in [80] for the ECSK theory. It follows that
one could construct tests for torsion in the primordial
universe through its effects on the spectrum of pertur-
bations. A complete study of perturbations for all the
irreducible torsion tensors can be useful to extend this
program.

The previous considerations suggest to consider how
the kinematical quantities are modified by each of the
irreducible components of torsion.

1. The kinematical quantities

One of the consequences of introducing torsion in a
space-time is that the definition of some quantities can be
modified. This is the case of the kinematical quantities,
defined from the following decomposition of the covariant
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VT,.," AT, "
0= 0 —21°U, 0
v = |ay — T, — T,U*U, ay
Wpv = Wpv Wy — €uupac’U”
Opv = Opv Opv

TABLE I: Contributions of V-torsion and A-torsion to the kinematical quantities.

nr,,P TT,,°
6= 0 0
ay = ay + 2V}, C,, U U* ay — 26x700 V> O\, UTUH
Oy = wav + MRV, C,  Un War + WA Exrpo VICTEUE
Gpv =|0uw = 2hh7 (VaClpo) — CA(pVU))U/\ Opv — 2hﬁhg€AT£(uVACTcr)U§

TABLE II: Contributions of the two T-torsions to the kinematical quantities.

derivative of the four velocity U,, [81]:

V.U, =6 + %h,wé + Oy — Uplin, (50)

where h,, = g, +U,U,, and
0=V, U"=0-2T"U,, (51)
G = hhIV (Ugy = o + 200K MUy, (52)

~ o o A

Gy = DRV [ Ug) = wyw + 20 WG K" U tambdas
(53)

a, =U"V,U, =a,+U"K,," Us, (54)

are respectively the expansion, shear, vorticity and ac-
celeration. The quantities without the tilde are those
usually defined in GR. In Tables [[] and [[]] we summarize
the contributions to these objects given by the irreducible
torsion tensors.

2.  The Raychaudhuri equation

Given the four-velocity U, (U,U" = —1), having in
mind the identity
U'v,v,U, =V, (U"V,U,) - V,U"V,U,,
and using Eq. to obtain

(55)

UV, VU, =U"V,V,U,+R,,, U U —2U"T,, "V ,U,,

(56)

prp

we result to the equation

15, - .
ghpue + Opp + Wpp — Uply =
- 1 2~ 2~
Voa, — (ghmﬁ + g@(fpu + gﬁww nonumber
(57)

v

1 ~
~ U~ ~
po—u/_t + wpwyy, - gUpaa# nonumber

(58)

+267@,,6

~UV ~ ~UV ~ g v
— Uy = Uy Gy ) = Ry UsU

1 .
—2UVT,,° (ghpge + tildepyo + @y — U,,ag) .
(59)

Contracting the indices in one obtains immediately
the most general expression for the Raychaudhuri equa-
tion, namely

L 1
0=V,a" — 592 — "G + O Dy — R, UMUY

—2U*T,,° (%hgé - Ugd“). (60)
This is the most general form of the Raychaudhuri equa-
tion in presence of torsion. Simpler forms of this equation
have been discussed in [74], [75] [82].

As final remark, we have to say that a geometrical
classification of torsion tensors is possible. A decompo-
sition of torsion into irreducible tensors is given also in
[51, 52]. For a systematic account, see [55]. Essentially,



one has three classes of tensors: traceless, vector and to-
tally antisymmetric ones. However, it is possible to add
a classification scheme to this decomposition. The pro-
posal is based on the space-time properties of 4-vectors
and bivectors, which can be used to construct these tor-
sion tensors. According to this classification, it is possi-
ble to construct two tensors of the same irreducible class,
with distinct properties, due to the fact that one can use
space-like, time-like, or null 4-vectors.

As a byproduct, one finds also a second decomposition
and classification scheme based on elementary torsions.
These elementary tensors are given by the tensor product
of simple bivectors and vectors. As a consequence, the
classification of these tensors is based on the space-time
properties of the simple bivectors (which we distinguished
in electric and magnetic bivectors), and on those of the
vectors.

All the above classifications can help to distinguish the
physical situations associated to different torsion tensors.

III. THE CASE OF POINCARE GAUGE
GRAVITY WITH TORSION

A theory where torsion plays an important role is the so
called Poincaré Gauge Gravity. Following the prescrip-
tions of GR, the physical space-time is assumed to be
a four-dimensional differential manifold (see [83, [84] for
a general discussion on gravity theories and their pre-
scriptions). In Special Relativity this manifold is the
Minkwoski flat-space-time My, while in General Relativ-
ity the underlying space-time is assumed to be curved in
order to describe the effects of gravitation.

Utiyama [85] was the first to propose that General Rel-
ativity can be seen as a gauge theory based on the local
Lorentz group SO(3, 1), in much the same way that the
Yang-Mills gauge theory [86] was developed on the ba-
sis of the internal iso-spin gauge group SU(2). In this
formulation the Riemannian connection is the gravita-
tional counterpart of the Yang-Mills gauge fields. While
SU(2), in the Yang-Mills theory, is an internal symmetry
group, the Lorentz symmetry represents the local nature
of space-time rather than internal degrees of freedom.
The Einstein Equivalence Principle, asserted for GR, re-
quires that the local space-time structure can be iden-
tified with the Minkowski space-time possessing Lorentz
symmetry. In order to relate local Lorentz symmetry to
the external space-time, we need to solder the local space
to the external space. The soldering tools are the tetrad
fields. Utiyama regarded the tetrads as objects given a
PTioTi.

Soon after, Sciama [87] recognized that space-time
should necessarily be endowed with torsion in order to
accommodate spinor fields. In other words, the gravita-
tional interaction of spinning particles requires the mod-
ification of the Riemann space-time of GR, towards a
(non-Riemannian) curved space-time with torsion. Al-
though Sciama used the tetrad formalism for his gauge-
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like handling of gravitation, his theory fell shortcomings
in treating tetrad fields as gauge fields.

Kibble [88] made a comprehensive extension of the
Utiyama gauge theory of gravitation by showing that the
local Poincaré symmetry SO(3,1) T (3,1) (X represents
the semi-direct product) can generate a space-time with
torsion as well as curvature. The gauge fields introduced
by Kibble include the tetrads as well as the local affine
connection. There have been a variety of gauge theories
of gravitation based on different local symmetries, which
gave rise to several interesting applications in theoretical
physics [55] [BIHIS| (for a review see [99]). Following the
Kibble approach, it can be demonstrated how gravitation
can be formulated starting from a pure gauge viewpoint.
In particular, the aim of this Section is to show, in details,
how a theory of gravitation is a gauge theory which can
be obtained starting from the local Poincaré symmetry.

In [I00], a gauge theory of gravity based on a nonlinear
realization of the local conformal-affine group of sym-
metry transformations was formulated. Moreover, the
coframe fields and gauge connections of the theory were
obtained, and the tetrads and Lorentz group metric were
used to induce a space-time metric. In particular, the
inhomogenously transforming (under the Lorentz group)
connection coefficients gave rise to gravitational gauge
potentials used to define covariant derivatives accommo-
dating minimal coupling of matter and gauge fields. On
the other hand, the tensor valued connection forms were
used as auxiliary dynamical fields associated with the di-
lation, special conformal and deformation (shear) degrees
of freedom inherent to the bundle manifold. This al-
lowed to define the bundle curvature of the theory. Then
boundary topological invariants were also constructed,
serving as a prototype (source free) gravitational La-
grangian. Finally the Bianchi identities, covariant field
equations and gauge currents were extracted.

Starting from the Invariance Principle, we consider
first the Global Poincaré Invariance and then the Local
Poincaré Invariance. This approach leads to formulate a
given theory of gravity as a gauge theory. This viewpoint,
if considered in detail, can avoid many shortcomings and
could be useful to formulate self-consistent schemes for
quantum gravity.

Before entering into the main discussion of this part, let
us introduce the notations. The metric in Minkowskian
space My is denoted by nap (A, B =0, 1, 2, 3) with
Moo = —N11 = —N22 = —N33 = 1L and nap = 0 for A # B,
whereas the metric of curved space is given by g.. (k,
v =0,1, 2, 3). The tetrads ef} are defined by g,, =
e,’:‘eanB. In particular, for holonomic coordinates z*

the tetrads are given by e,‘:‘ = 0z /OxH.

A. Invariance Principle

As it is well-known, the field equations and conserva-
tion laws can be obtained from a least action principle.
Since this principle is the basis of any gauge theory, we



start from it to develop our considerations. In particu-
lar, we start from a least action principle and the Noether
theorem.

Let x(z) be a multiplet field defined at a space-time
point x and L{x(x), dpx(x); z} be the Lagrangian den-
sity of the system. The action integral of the system over
a given space-time volume € is defined by

Q) = / Lix(@), dpx(@); o} d'z.  (61)

Now let us consider the infinitesimal variations of the
coordinates

= ' =2 4 o, (62)
and the field variables
x(x) = X' (2') = x(2) + ox (). (63)

Correspondingly, the variation of the action is given by

6[2/ E’(x’)d‘%’—/ﬁ(m) d*z
o o

_ / L2105’ B|| - L(z)] d*z.  (64)

Q

Since the Jacobian for the infinitesimal variation of coor-
dinates becomes ||0p2’B|| = 1 + 05 (dx?), the variation
of the action takes the form

61 = / [6L(z) + L(z) 0p(627)] d'z (65)

where §L(z) = L/ (2') — L(x).
For any function ®(z) of z, it is convenient to define
the fixed point variation &g by

' (x) — ®(z) =

Expanding the function to first order in §z? as ®(z') =
®(x) + 028 Op®(x), we obtain

So®(x) := ' (2') — d(2). (66)

0b(z) = @'(2) — ®(z) = &' (2') — ®(2') + (') — (x)
= 5o®(z) + 027 dp®(z), (67)
50®(z) = 0@ (x) — 6P pd(x). (68)

The advantage to have the fixed point variation is that
dp commutes with dp, namely 600p®P(x) = Ipdo®@(z).
Hence, for ®(x) = x(z), we have

5x = dox + 0z dax, (69)
and

604X = 0a(00x) — 0(62B)dax. (70)
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Using the fixed point variation in the integrand of
gives

oI :/ [60L(z) + 0p(62” L())] d*z. (71)

If we require the action integral defined over any arbi-
trary region {2 to be invariant, i.e. §I = 0, then we must
have

6L+ LOp(6x8) = 6oL + 0 (LsxP) = 0. (72)

If Og(62B) = 0, then 6£ = 0, that is the Lagrangian
density £ is invariant. In general, however, 0 (52?) # 0,
and L transforms like a scalar density. In other words, £
is a Lagrangian density unless dp(d2%) = 0.

For convenience, let us introduce a function h(x) that
behaves like a scalar density, namely

Sh+ hog(6zP) =0. (73)

We further introduce the function L through
L(x,08x;x) = h(x)L(x,px;x). Then we see that

SL + LOp(6x7) = héL, (74)

and hence the action integral remains invariant if 6 L = 0.
The newly introduced function L(x, dgx;x) is the scalar
Lagrangian of the system.

Let us calculate the integrand of explicitly. The
fixed point variation of L(x) is a consequence of a fixed
point variation of the field y(z), which can be cast into
the form

5oL = [L]xSox + Op { (gj )504 (75)
where
o oL
Lh=5y 0 {awaJ (70)

Consequently, we can write the action integral in the form

_ oL _ mBs..C 4
5[—/9{[5]X5ox+33 [a(an)5X T5 oz ]}d T,
(77)
where

oL
3(313)()

is the canonical energy-momentum tensor density. If the
variations are chosen such that ézZ = 0 over Q and dpy
vanishes on the boundary of €2, then 61 = 0 gives us the
Euler-Lagrange equation

TB C = acx — (5g L (78)

oL oL
L] == —0p |———| =0. 79
=5 =0 |35 "
On the other hand, if the field variables obey the Euler-
Lagrange equation [£], = 0, then we have
oL
Sx—TP 62| =
0 | o Ox - T e <0, (s0)

which gives rise, considering also the Noether theorem,
to conservation laws. These very straightforward consid-
erations are at the basis of the following discussion.



B. Global Poincaré Invariance

As usual, we assert that our space-time in the absence
of gravitation is a Minkowski space M,. The isometry
group of My is the group of Poincaré transformations
(PT) which consists of the Lorentz group SO(3, 1) and
the translation group 7'(3, 1). The Poincaré transforma-
tions of coordinates are

PT
2t S ' =ty 2B+ A, (81)
where a“; and b are real constants, and a“y satisfy

the orthogonality conditions aACaBC = (5@. Thus, for
infinitesimal variations we have

A

S = X() ~x(r) =t B e, (82)

where e4p +epa = 0 (the quantities e g and 4 are the
tensor and vector infinitesimal variations respectively).
While the Lorentz transformation forms a six parameter
group, the Poincaré group has ten parameters. The Lie
algebra for the ten generators of the Poincaré group is

[EaB; Ecp] =nacEBp +1BD Eac
—NBC ZAD — NAD ZBC)
[Eas, Tc] = nBcTa — nacTs
[Ta, Tg] =0, (83)

where = 4 g are the generators of Lorentz transformations,
and T4 are the generators of four-dimensional transla-
tions. Obviously, d4(d24) = 0 for the Poincaré trans-
formations . Therefore, our Lagrangian density L,
which is the same as L with h(z) = 1, is invariant, namely
0L =06L =0 for 61 =0.

Suppose that the field x(z) transforms under the in-
finitesimal Poincaré transformations as

1
6X = §5ABSABX7 (84)
where the tensors Sap are the generators of the Lorentz
group, satisfying

Sap = —SBa
[Sas, Scp] =nac Sep + 18D Sac
—nBc Sap —nap Spc. (85)

Correspondingly, the derivative of x transforms as

1
0(0cx) = iéABSABé)cX — e coay. (86)

Since the choice of infinitesimal parameters e and 45
is arbitrary, the vanishing variation of the Lagrangian
density 0L = 0 leads to the identities

oL oL

—SaBXx+

(SaBOcXx +nca0BX —ncBdax) = 0.
ox )

9(dcx
(87)
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Moreover, we obtain the conservation laws

IpTE =0, dc (SC aB — AT g+ 2pT¢ 4) =0,
(88)
where

oL

c .
SY ap = a(acx)SABX-

(89)

These conservation laws imply that the energy-
momentum and angular momentum, respectively given
by

B:/Wf%
Tas = [ [ a5~ (eaT?p — 2570 )] P, 50

are conserved (the first term of the angular momen-
tum integral corresponds to the spin angular momentum,
while the second term gives the orbital angular momen-
tum). This means that the system invariant under the
ten parameter symmetry group has ten conserved quan-
tities. This is an example of Noether symmetry.

The global Poincaré invariance of a system implies
that, for the system, the space-time is homogeneous
(all space-time points are equivalent) as dictated by the
translational invariance, and is isotropic (all directions
about a space-time point are equivalent) as indicated by
the Lorentz invariance. It is interesting to observe that
the fixed point variation of the field variables takes the
form

1

Sox = 563 cE9x+eP Tpy, (91)

where

[1]

¢ =55+ (2P0c — 2°05), Tp=-0p. (92)
We mention that =5 ¢ are the generators of the Lorentz
transformation and Ty are those of the translations.

As a next step, let us consider a modification of the
infinitesimal Poincaré transformations by assuming
that the parameters €2, and £ are functions of the co-

ordinates and by writing them altogether as
Szt = e, (z) 2" +et(z) = &€, (93)

which we call the local Poincaré transformations (or the
general coordinate transformations). In order to make
a distinction between the global transformation and the
local transformation, we use the Latin indices (A, B = 0,
1, 2, 3) for the former and the Greek indices (p, v = 0,
1, 2, 3) for the latter. The variation of the field variables
Xx(x) defined at a point z is still the same as that of the
global Poincaré transformations, namely

1
ox = §5ABSAB X- (94)



The corresponding fixed point variation of x takes the
form,

1
dox = §5ABSABX —&£"0ux. (95)

Differentiating both sides of with respect to z*, we
have

1 1
508;0( = §5ABSAB‘3MX =+ *(ausAB) SABX - au(§U6VX)~

2
(96)
By using these variations, we obtain the variation of the
Lagrangian L, namely

6L + 0, (0z*)L = hdL = 8L + 9, (L5z")
1
- _§<aM5AB) St ap — 0" T, (97)

which is no longer zero unless the parameters ¢4? and

&Y become constants. Accordingly, the action integral
for the given Lagrangian density £ is not invariant under
the local Poincaré transformations. We notice that while
9p(628) = 0 for the local Poincaré transformations, 9,,&#
does not vanish under local Poincaré transformations.
Hence, as expected L is not a Lagrangian scalar but a
Lagrangian density. Therefore, as mentioned earlier, in
order to define the Lagrangian L we have to choose an
appropriate non-trivial scalar function h(x) satisfying

Sh + hd,E" = 0. (98)

Proceeding forward we consider a minimal modifica-
tion of the Lagrangian in order to make the action inte-
gral invariant under the local Poincaré transformations.
It is rather obvious that if there is a covariant derivative
Ve x which transforms as

1
(Vex) = §5ABSABVCX — et eVax, (99)

then a modified Lagrangian L'(x, 0cx, ) = L(x, Vox,
x), obtained by replacing dcx of L(x, dcx, ) by Vox,
remains invariant under the local Poincaré transforma-
tions, that is

oL’ oL’
6L = =20 + ———
X aVex)

6)( 5(ch) =0.

(100)

To find such a C-covariant derivative we introduce the
gauge fields VAB u = —VBA | and we define the pu-
covariant derivative

"

1
VX = Oux + 5VAB WSABX (101)

in such a way that the covariant derivative transforms as

1
00V X = 5548V ux = 0u(€"VoX)- (102)
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The transformation properties of VAf are determined by
Vux and 6V, x. Making use of

1 1
OV,ux = §€ABW Sapx + §€ABSAB(9HX — (0u8") 0y
1 1
+§5VAESABX + ZVAESAB&‘CDSCDX, (103)

and comparing with (101)), we obtain
1
2
4B, Sapx + (0,8") VABS s px = 0. (104)

SVAPSapx + 5 (VAPCP — APVOD) SupScpx

Using the antisymmetry in AB and CD to rewrite the
term in parentheses in (104) as [Sas, Scp] VAI?&:CDx,
we see the explicit appearance of the commutator
[Sap,Scp]. Additionally, using the expression for the
commutator of Lie algebra generators

EF)

[AB][CD]SEF7 (105)

1
[Sap, Scp] = 50[
here 7] th brackets denote anti
where ¢4 piop (the square brackets denote anti-
symmetrization) is the structure constants of the Lorentz
group (deduced below), we have
AB_CD AF _B FB_A
[SAB,SCD]V ’u&‘ = (VM €F_VM e’:‘F)SAB.
(106)
The substitution of this relation and the consideration of
the antisymmetry of ¢ £ = —B, enables us to write

DN | =

JVAB | = A VCB 4 B yAC

—(8,6")\VAB |, — 9,618, (107)
We require the C-derivative and p-derivative of x to
be linearly related as
Vex =ec?(@)Vux, (108)
where the coefficients ec #(z) are position-dependent and
behave like a new set of field variables. From (108)) it is
evident that Vg varies as

OVeox = 0et:Vux + €0V ux. (109)

Comparing with §Vex = 37 SppVex — e Vpx we
obtain e§'def;V,x — €%, Vux + €5t Vpx = 0. Exploit-
ing ¢ (ege’é) = 0 we find that the quantity ec# trans-

forms according to

560“ :ecl’ayg“feA“eAc. (110)
It is also important to recognize that the inverse of
det(ec *) transforms like a scalar density as h(z) does.
For our minimal modification of the Lagrangian density,
we utilize this available quantity for the scalar density h.
In particular we let

h(z) = [det(ec ™)) . (111)



In the limiting case, when we consider Poincaré transfor-
mations that are not space-time dependent, ec: * — 47, so
that h(x) — 1. This is a desirable property. Then we re-
place the Lagrangian density £(x, Ocx, x), invariant un-
der the global Poincaré transformations, by a Lagrangian
density

L(X, Oux; ) = h(z)L(x, Vex).

The action integral with the above modified Lagrangian
density remains invariant under the local Poincaré trans-
formations. Since the local Poincaré transformations
dxt = M (x) are nothing else but generalized coordinate
transformations, the newly introduced gauge fields e
and VAP » can be interpreted, respectively, as the tetrad
(vierbein) fields which set the local coordinate frame and
as a local affine connection with respect to the tetrad
frame (see also [101]).

Let us consider first the case where the multiplet field
X is the Dirac field ¥ (x), which behaves like a four-
component spinor under the Lorentz transformations,
and transforms as

() = ¥ (@) = S(A)i(x),

where S(A) is an irreducible unitary representation of the
Lorentz group. Since the bilinear form v¢ = i)y is a
vector, it transforms according to

B B, C
v =AY,

(112)

(113)

(114)

where AP, is a Lorentz transformation matrix satisfying
Aap+Aga = 0. The invariance of v (or the covariance
of the Dirac equation) under the transformation ¢ (x) —
Y (x') leads to

STHANWS(A) = ALy, (115)

where the v's are the Dirac y-matrices satisfying the an-
ticommutator yavp + vyya = napl. Furthermore, we
notice that the v-matrices have the following properties:

2
()" = =70, (1°)" = (30)* = =1, 70 = = and 707° =1

2

() =7, (7)) = (w)* =1; (k=1,2,3) and 7 =~*

F'=—95, (15)" = -land 7’ = .

(75)

(116)

We assume that the transformation S(A) can be put
into the form S(A) = e, Expanding S(A) about
the identity, retaining only terms up to first order in the

infinitesimals, and expanding A, to first order in €, as

A;w = 5uu + Euvs (117)

we acquire

1
S(A) =1+ 55"‘3%3. (118)

In order to determine the form of v4p, we substitute

(117) and (118)) into (L15]) obtaining
1

5eas [v47, 1] =n*epar”. (119)
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Rewriting the r.h.s. of (119) using the antisymmetry of
eap as N“epar? = geap (1°49F —nPq) yields

CAB _ CB,A

(€, 48] = n9A98 — By (120)

Assuming the solution to have the form of an antisym-
metric product of two matrices, we obtain the solution

1
7= v ]

(121)
If x = 4 then the group generator Ssp appearing in
is identified with

1
SaB =vaB = - (vavB —YBYA)- (122)

2

To be explicit, the Dirac field transforms under Lorentz
transformations (LT) as

o(x) = %€AB’7AB’¢(CE). (123)

The Pauli conjugate of the Dirac field is denoted 1 and
it is defined by

B(a) = 1w (2) 70, i € C. (124)
The conjugate field 1) transforms under LTs as,
— 1 _
6% = ~ U5 . (125)

Under local LTs, e4p(z) becomes a function of space-
time. Now, unlike 9,9 (x), the derivative of ¢'(z’) is no
longer homogenous due to the occurrence of the term
A8 [0,eap ()] () in 0, ('), which is non-vanishing
unless € 4p is constant. When going from locally flat to
curved space-time, we must generalize J,, to the covariant
derivative V,, to compensate for this extra term, allowing
to gauge the group of LTs. Thus, by using V,, we can
preserve the invariance of the Lagrangian for arbitrary
local LTs at each space-time point

V' (@) = S(A(2)) Vi ().

To determine the explicit form of the connection belong-
ing to V,,, we study the derivative of S(A(x)). The trans-
formation S(A(x)) is given by

(126)

S(A@) =1+ %EAB(JC)WAB. (127)
Since e4p(x) is only a function of space-time for local
Lorentz coordinates, we can express this infinitesimal LT
in terms of general coordinates only by shifting all space-
time dependence of the local coordinates into the tetrad
fields as

eap(x) = eA/\(x)e”B(x)s)\l,. (128)

Substituting this expression for esp(x), we obtain
duean(x) = 0y [es)(@)e” g(x)en,], however since ey,
has no space-time dependence this reduces to

Ouean(z) = eA’\(:U)aueB)\(m) —eg’ (x)0uean(x). (129)



Let us now introduce the quantity

wuBa = eg’ ()0 ean (). (130)

Hence, the first and second terms in (129) become

eh(2)0uepr(z) = swuap and e (z)duen, () = swupa
respectively. Using the identification
aquB(l') = WyAB, (131)
we can write
1
OuS(A(z)) = 2’VAB%AB- (132)

According to (101)), the covariant derivative of the Dirac
spinor is

1
V=00 + §VAB uYABY. (133)

Correspondingly, the covariant derivative of 1) is given by

_ — 1.5 -
V,Lﬂ;b = 3;ﬂ/) - §V B uw’YAB- (134>
Using the covariant derivatives of ) and 1), we can show
that

Vg = 0,vg — VA Lva. (135)
The same covariant derivative should be used for any
covariant vector vc under the Lorentz transformation.
Since V,(vav?) = 0,(vav?), the covariant derivative
for a contravariant vector v must be

Vvt = 9,0 + VA p0Pb. (136)
Since the tetrad e * is a covariant vector under Lorentz
transformations, its covariant derivative must transform
according to the same rule. Using V4 = ¢/i(2)V,,, the
covariant derivatives of a tetrad in local Lorentz coordi-
nates read

VVGA _3 6A VCA ec

Ve, =0,e? " + VAo e " (137)
Furthermore, the inverse of e4 * is denoted by e” n and
satisfies
eAueAl’:(Sul’, eAMeB“:(SAB (138)
In order to allow the transition to curved space-time,
we take into account the general coordinates of objects
that are covariant under local Poincaré transformations.
Here we define the covariant derivative of a quantity v*
which behaves like a contravariant vector under the local
Poincaré transformation, namely

Dot = es AV, 0l =90 + T 0t

Dyv, = e 1 Vyva = 0yv, — m wx,  (139)
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where
R pv = €A AV, et — —ef wVyea A (140)
The definition of T* uv implies
Dl,eA)‘ = V,,eA’\ + 1 W,eA“
=0,e4 A_y¢C AveC A —|—F>\ HVBA” =0, (141)
Dl,eA p= Vl,eA W rm WeA A
=0et , + VA, el T ety =0. (142)
From (|141)),(142) we find that
VACV—e )\(96() +F Ve ,\ec
= —ec ’\6 6 A+ F Ve )\60 (143)
or equivalently, in terms of w defined in (130)):
VA cy = wﬁc + I HVBA Aec s
= —we, +T? et e ® (144)
Inserting into (133)) we may write
v;ﬂ/) = (au - Fu)wv (145)
where
1 A v
I‘N:i(w BH—I"\WeA)\eB )’yAB, (146)

is known as the Fock-Ivanenko connection.

We now study the transformation properties of V,4p.
Recall that w,ap = e (2)9,ep(z) and since d,nap =
0, we write

A napd AP = M9, 5. (147)
Note that barred indices are equivalent to the primed in-
dices used above. Hence, the spin connection transforms
as

Vage = A AP AL Vape + A7 AL e 4 (2)0, A5
(148)
In order to determine the transformation properties of

a(@)0ue” p(@)] eve (),

A(@)0ue” p(2)] eve (),

FABC = VABC — [6” (149)

we consider the local LT of [e
which is

[ @)0ue" 5 e,5(2) = A AgP AL Viapevo(@)]
FAAL e (2)0 A g (150)

From this result, we obtain the following transformation
law:

I'ape = A AP AT abc. (151)



We now explore the consequence of the antisymme-
try of wape in BC. Recalling the equation for I' 45¢,
exchanging B and C' and adding the two equations, we
obtain

Papo+Tacs = —€" 4 (2) [(Oue” p(7)) evc(2)
+ (Ope” o(x)) evp ()] . (152)
We know however, that 0,[e"g(z)ec(z)] =
—eg(w)e” ()09, and thus we finally obtain
FABC +FACB = eA“(x)eBA(x)ecl’(a:)augy,\, (153)
which is equivalent to
IF'jge+Tlze5= eﬁz(x)e)‘g(x)ega(x)anggx, (154)
and therefore
Fu)\u + F;uz/\ = augu)\v (155)

which we recognize as the general coordinate connection.

It is known that the covariant derivative for general
coordinates is

A A A A

V.V, * =0V, +1°,V,7-T17,V, " (156)

In a Riemannian manifold, the connection is symmetric

under the exchange of uv, i.e. FAW = F’\w. Using

the fact that the metric is a symmetric tensor we can

now determine the form of the Christoffel connection by

cyclically permuting the indices of the general coordinate
connection equation ([155)), yielding

1
5 (augu)\ + aug)\u - aAg;w) . (157)

Fuu/\ = D)

Since I',,n = T’y is valid for general coordinate sys-
tems, it follows that a similar constraint must hold for
local Lorentz transforming coordinates too, thus we ex-
pect I'apc = I'pac. Recalling the equation for I' sp¢
and exchanging A and B, we obtain

WABC —WBAC = €yc () [6“,4(1’)8”6”3(55)

e (@)D 4 ()]

We now define the objects of anholonomicity as

(158)

Qeap = euo (@) [ 4 (@)0e” (@) - ¢ 5(2)e” 4(@)].
(159)
Using Qcap = —Q¢pa, we permute indices in a similar
manner as was done for the derivation of the Christoffel
connection above, yielding

1
WABL = 5 Qcap + Qpca — Qapc] €C,L = Aapu-

(160)
For completeness, we determine the transformation law
of the Christoffel connection. Making use of ngye,\ =
Oue, where

Oper = X" X" 00, + X" (0,X";)en,  (161)
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we can show that

5 = XX XA, + XX XY o (162)
where XV = 0,0pz".

In the light of the above considerations, we may re-
gard infinitesimal local gauge transformations as local
rotations of basis vectors belonging to the tangent space
of the manifold [98] 102]. For this reason, given a lo-
cal frame on a tangent plane to the point x of the base
manifold, we can obtain all other frames on the same
tangent plane by means of local rotations of the origi-
nal basis vectors. Reversing this argument, we observe
that by knowing all frames residing in the horizontal tan-
gent space to a point x of the base manifold enables us
to deduce the corresponding gauge group of symmetry
transformations.

C. Curvature, Torsion and Metric

From the definition of the Fock-Ivanenko covariant
derivative we can find the second order covariant deriva-
tive as

1
Dy Dy = 0,0, + 5 Sep (v0,V, “P +V, “Po,)
1
+Fpl“,Dp1/J + §SEFV,, EFaﬂw

1
+ZSEFSCDVV EFVH CD’L/J. (163)

Recalling that D,e“* = 0 we can solve for the spin con-
nection in terms of the Christoffel connection

V, P = —eP0,e* -1 ,°P, (164)

and thus the derivative of the spin connection is then

VP = —€P,0,0,e°* — (9,€°*) 9y, P — 9,170
(165)
Noting that the Christoffel connection is symmetric and
partial derivatives commute, we find

1
[Dus Do) = 580p [0,V — 0,VE7) v)]
1
+1SmrSop [(VEIVER = VEIVED) ] ,(166)

where (“),,VCE -9,VeDh =9,10 — (“),,I‘Cﬁ. Relabeling
running indices, we can write

SprSop (VELVER = VEIVED ) = [Sop, Serl VI VDY,
(167)
and therefore, using {ya,v8} = 2nap to deduce

{74, v} 7D = 2naBycYD, we find that the commu-
tator of bi-spinors is given by

1
[Scp, Spr| = 3 [NcEdpop — npEdidp

+ncrépdn —nprdgdd] Sap.  (168)



Clearly the terms in brackets on the r.h.s. of are
antisymmetric in CD and EF and also antisymmetric un-
der the exchange of pairs of indices C'D and EF. Since
the alternating spinor is antisymmetric in AB, this must
hold for the terms in brackets too: this implies that the
commutator does not vanish. Hence, the term in brack-
ets is totally antisymmetric under interchange of indices
AB, CD and EF and exchange of these pairs of indices.
We identify this as the structure constant of the Lorentz
group [103]

[1cp86% — npstsr

+770F5g5§ - 77DF5§55] = C[CD][EF] [AB]

_ B

cpjer), (169)

with the aid of which we can write

1 1

1[S00, Ser) VEEVODY = SSan [V, VED ViV AL v,
(170)

where V4, VEB — VB vAE — 1A TES _ B TEL

Combining these results, the commutator of two u-

covariant differentiations gives

1
[vuv VU]X = _iRAB Nz SABX7 (171)

where

RA Buv — 81/VA Bp — 6HVA Bv
VA VE g = VAV B, (172)

Using the Jacobi identities for the commutator of covari-
ant derivatives, it follows that the field strength R4 Buw
satisfies the Bianchi identity

VAR B + VR pur + VR pr = 0. (173)

Permuting indices, this can be put into the cyclic form

PPy, RAP =0, (174)
where 2577 is the Levi-Civita alternating symbol. Fur-
thermore, RAB ww = nBC¢RA Cuv is antisymmetric with
respect to both pairs of indices, namely RAB o =
—RBA = RBA vu = —RAB vu- The above condition
is known as the first curvature tensor identity.

In order to determine the analogue of [V,,V,]x in
local coordinates, we start from Vet = eV, 1.
From Vet we obtain VpVey = e’ (Voe'o) Vo +
e’ pe! oV, V1, and permuting indices and recogniz-
ing that eﬂAVye“c = feC“VyeA#, (which follows from
Vy, (eftely) = 0), we arrive at

e’ p (Ve o)V —e' o (Ve p) Vo
= (e"pe’ o —€e'ce’p) (Voe, ) Vav.  (175)
Defining

A A
Cop = (" pe’p — e pe’c) Ve, ",

(176)
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the commutator of the C-covariant differentiations takes
the final form [8§]

1
Ve, Vplx = *53‘43 epSapx+C*epVayx, (177)
where RAE op = ectep?RAB uv- As was done for
RA Buv, using the Jacobi identities for the commutator
of covariant derivatives, we find the Bianchi identity in
Einstein-Cartan space-time [0, [104]:

e*PPrV s RAE = eProcy ARAD, (178)
The second curvature identity
c c B c
R lpoA] — QV[PCUX] - 4C[pa C)\]B (179)
leads to
EaﬂpUVﬁOpo. €= 60‘5""RCBW€E;3. (180)

Notice that if I"\W = eA)‘V,,eAH = —eHAVl,eAA then
F)\/LV - F)\uu = 6,/\4 (vueA *V,LQAV). Contracting by

efe,, we obtain [88]:

A _ nw_ov, A A A
Ccp =edepey (Fw_ FVH).

m

(181)

We therefore conclude that C4,, is related to the anti-
symmetric part of the affine connection

XN C, D, A~A  _pA
F[uv]_eu e, e Coep =T

e (182)

which is usually interpreted as space-time torsion tensor
T

Qv

Considering A4p,, defined in (160]), we see that the

most general connection in the Poincaré gauge approach
to gravitation is
Vapy = Aapy — Kapu + T2 L eanen”, (183)
where
Koo = — (T, — Tw)‘ +T, %) eares Ve

is the contorsion tensor.

(184)

Now, the quantity R, =
esPRA ouv May be expressed as
R? g = 0,17 5, — 0,17, + TP 3, T2 5 = T7 3\, T
(185)
Therefore, we can regard R ,,, as the curvature tensor
with respect to the affine connection I'* uv- Additionally,

by using the inverse of the tetrad we can find the metric
of the space-time manifold by

v = eA# eP ,nas. (186)

From (141]),(142)) and the fact that the Minkowski metric
is constant, it is obvious that the above metric is covari-
antly constant, namely

(187)

Hence, the space-time thus specified by the local Poincaré
transformation is said to be metric space-time. It is not
difficult to show that

V=g =[dete? ] = [detes "] ", (188)

where g = det g,,,,. Therefore, we may consider /—g for
the density function h(xz) introduced in ([73).

D/\glﬂ’ =0.



D. Field Equations for Poincaré Gravity

Finally, we are able to deduce the field equations for
the gravitational field. From the curvature tensor R 4.,
given in (185]), we can calculate the Ricci tensor as

Ry, = R 50, (189)
and the scalar curvature as
L
R=R",=R+0.Kp"? —T,PC K4, (190)

L
where R denotes the usual Ricci scalar of GR. Using this
scalar curvature R we construct the Lagrangian density
for free Einstein-Cartan gravity:

1 L
Lo = TP Teh4 —g (R + aAKBAB - CZ—LL‘BCK'BC’«4 - 2A> ,
(191)

where G is a gravitational coupling constant, and A is
the cosmological constant. These considerations can be

L
easily extended to any function of R as in [105]. Observe
that the second term is a divergence and may be ignored.
The field equation can be obtained from the total ac-
tion

S = / {Eﬁcld(x,aux,eA“,VAB u) + LG} d*z, (192)
where the matter Lagrangian density is taken to be

1 _
Leield = 3 [0y Dav — (Da?) v*
Modifying the connection to include Christoffel, spin con-
nection and contorsion contributions, in order to be able
to incorporate for generality spinoral arguments too, we

have

L
r :lgA <A" -r° —K° )'y>"’.
p= g9 wp ph PH

vl (193)

(194)

It is important to keep in mind that A”, , act only on

L
multi-component spinor fields, while I' 7 act on vectors
and arbitrary tensors. The gauge covariant derivative for

a spinor and adjoint spinor is then given by

Dy = (8, —T) ¥, Db =0,0 — Ly, (195)
The variation of the field Lagrangian is
0LGeld = @ (5’7“Du + 'y”él“u) . (196)

We know that the Dirac gamma matrices are covariantly

vanishing, thus Dy, = 0xy, — I, 7, + {’y“ fm} = 0. The

4 x 4 matrices IA“,.C are real matrices used to induce sim-
ilarity transformations on quantities with spinor trans-
formation properties [I06] according to +/, = T1yaT.
Solving for f,.; leads to,

1

T, = 5 [@em) ' = (197)

FuLnfyﬂ’yL] )
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and hence its variation reads 6fK =
£ [(0k67.) 7" — (6T ) 7,7].  Since we require the
anticommutator condition on the gamma matrices
{v*,v"} = 2g*¥ to hold, the variation of the metric
gives

209" = {ov" "} + ("} (198)
One solution to this equation is,
1
07" = 57077 (199)

With the aid of this result, we can write (9:7,)v" =
20k (770gu.) 7 Hence, exploiting also the anti-
symmetry in v,,, we obtain

.1
T = =

5 9007,

){g - gud(sry/{a] PYIJ‘V (200)

In summary, the field Lagrangian defined in the
Einstein-Cartan space-time can be written explicitly in
terms of its Lorentzian and contorsion components as

6, 104], [T07-109):

17/L _ L
Lﬁeld = 5 |:<Du’(/)> 7#1/) - 7/17#1)“1/’

hC’ o
= Kuas¥ {7", 1} . (201)
Using the useful relations
- ua,@@ {'yﬂa ’}/OLB} ¢ = Kua,@@’yﬁa’y#w
- paﬂ%lyu’yaﬂ'lpa
'V'u'yy’y)\g/u/)\a = {'YM ’71/)\} Epvio = 3575,
{4, ¥} = Ay,
we can obtain
_ 1 _
K,uaﬁw {7“7 ’Vaﬁ} P = Z uaﬁgaﬁwj (1/}’75711'@[]) . (202)

At this stage it is convenient to define the contorsion
axial vector as

1
K, = e K

N b (203)

Multiplying through by the axial current j2 = ¥y5v,,
we acquire (L/J'yg,%,w) g*Brv ¢ paf = —6ij5 K. Thus, the
field Lagrangian density becomes

zhC

K, jt.

(204)
Assembling everything, the total action variation reads

Cona = 5 |(D,0) v = BBy | +

ol = /(5,6(; -+ 5£ﬁcld) iV 7gd4(E.

Writing the metric in terms of the tetrads g’“’ =e Ae”A

we observe that §/—¢g = ((56 A€ —i—el,A(Se”A)



By using de’4 = ¢ (nABe”B) = nBge’y, we are able to

deduce that
0/—g = —\/TQBMA&EX

For the variation of the Ricci tensor Ra, = e)'R,, we

(205)

L L L
have dR 4, = de ' R, +e)'0R,,, In an inertial frame, the

L L L
Ricci tensor reduces to R, = 0,I" g w 9T &, and thus

IJM)
L L L 8 L
ORa, = 0e Ry +e) (&51“ g — 0p0T §M> . (206)

The second term can be converted into a surface term
and therefore it may be ignored. Assembling our results,
we have

09" = —9""9"%0gp0,
1 v
ov/—g = 5V —99,, 69" = —\/—geHA(SeX,
OBy = Gpu (VATTY,, = V0TV, ) T, fT .,
L L
(SRA,, = 5€£R/W,
L 2 nz L A L A

OR =R "dgu, +g" [ VAT * |, — V00 2 5

T, BOSK & (207)
From the above expressions, neglecting surface terms and

using the four-current v* introduced earlier, the action
for the matter fields read [106]:

Stiaa = [ [367V,0+5v0T,0] v=gd'a
1 % “w po L Apo A
= 59 Pya (Vl,d}) + T PUTA - 5AT)\pgT de ©

1 v v L o L [eg

+§ (gP" " — gPHu") (gw(ﬂ" vp — GroOT up) } \/fgd4m.
Removing the derivatives of variations of the metric ap-
pearing in 6I'? , ) via partial integration, and equating to
zero the coefficients of dg"” and 67, , in the variation of
the action integral, we obtain

1 1
0= ﬁ <R;w - ig/u/R - g,uuA)

1— 1
=+ <21/}'71/v/ﬂ/) - 4V/LUV)

+VoT,,” + ThpeT,” gwa/\pUTApo
and
Tpor = 8TTpox- (208)
Egs. have the form of Einstein equations
G — g = 818,, (209)
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where the Einstein tensor and non-symmetric energy-
momentum tensors are

1
G = R — 59HVR7 (210)
E/,u/ = @/_w + ‘Z,uyv (211)

respectively. Here we identify ©,, as the canonical
energy-momentum

or _ OLfiela Yoy

_51" eld,
v = BV L Leeld

(212)

while T, is the stress-tensor form of the non-Riemannian
manifold. For the case of spinor fields being considered
here the explicit form of the energy-momentum compo-
nents are (after symmetrization of corresponding canon-
ical source terms in the Einstein equation) [110]

W%Vulﬁ - (Vua) V;W
'HMVVM/J - (V;ﬂﬁ) ’YVQ/J:I )
and by using the second field equation (208]), we deter-

mine

O = —
(213)

T = VoT,,” + (214)

Apo
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where 7,,7 is the so-called spin-energy potential [6l [T0g]
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Explicitly, the spin energy potential reads 7+"7 =
Pyl yol. Finally, the equation of motion obtained
from the variation of the action with respect to v reads
[6], 108]

VIV i + g o ¥~ M = 0. (216)
It is interesting to observe that this generalized curved
space-time Dirac equation can be recast into the nonlin-
ear equation of the Heisenberg-Pauli type
" 3_— " —
VIV + g (69" 50) s = 0. (217)
Although the gravitational field equation is similar in
form to the Einstein field equation, it differs from the
original Einstein equation because the curvature tensor,
containing space-time torsion, is non-Riemannian. As-
suming that the Euler-Lagrange equations for the matter
fields are satisfied, we obtain the following conservation
laws for the angular momentum and energy momentum
respectively:

GHAGVBE[W] = VuTup, (218)
eMCV,,E”H
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In summary, we have shown that all the necessary in-
gredients for a theory of gravitation can be obtained from
a gauge theory of local Poincaré symmetry. Gauge fields
have been obtained by requiring the invariance of the La-
grangian density under local Poincaré transformations.

The resulting Einstein-Cartan theory describes a space
endowed with non-vanishing curvature and torsion. The
lowest order gravitational action is one that is linear in
the curvature scalar while being quadratic in torsion.
However, the scheme can be immediately extended to
more general gravitational theories as in [105].

The Dirac spinors can be introduced as matter sources
and it has been found that they couple to gravity via the
torsion stress form ¥, component of the total energy-
momentum Y ,,. The field equations obtained from the
action by means of a standard variational principle de-
scribe a nonlinear equation of the Heisenberg-Pauli type
in the matter sector, gravitational field equations simi-
lar to the Einstein equations, and a constraint equation
relating torsion to spin energy potential. The general-
ized energy-momentum tensor is comprised of the usual
canonical energy-momentum tensor of matter in addition
to a torsion stress form. The stress form contains a tor-
sion divergence term as well as a term similar to an ex-
ternal non-spinor source to gravity. In view of the struc-
ture of the generalized energy-momentum tensor, we re-
mark that the gravitational field equations here obtained
are similar to the equations of motion found in Einstein-
Yang-Mills theory, with the torsion tensor playing the
role of the Yang-Mills field strength.

The Bianchi identities of Einstein-Cartan gravity differ
from those of GR, since the Riemann curvature tensor
characterizing the non-Riemannian geometry does not
exhibit the usual symmetry properties. In the limit of
vanishing torsion, the Bianchi identities reduce to their
usual form.

Additionally, having extracted the conservation laws
for the angular momentum and the energy-momentum,
we deduced that the generalized energy-momentum ten-
sor contains a non-vanishing anti-symmetric component
proportional to the divergence of the spin-energy poten-
tial, while it is divergenceless only in the limit of vanish-
ing torsion.

Clearly, in the Poincaré approach, curvature and tor-
sion both contribute to the overall dynamics where exter-
nal degrees of freedom (space-time) and internal degrees
of freedom (spins) are dealt under the same standard.

IV. TELEPARALLEL GRAVITY

With the above considerations in mind, let us now dis-
cuss an alternative approach to the gravitation al inter-
action named Teleparallel Gravity. It corresponds to a
gauge theory for the translation group [55}, [TT1] 112} 114,
1T5]. Tt was first introduced by Einstein himself as an
equivalent alternative to GR [I16]. Due to the features
of translations, gauge theories including these transfor-

21

mations differ from the standard internal gauge models in
several ways. The most significant differences is the pres-
ence of tetrad fields. Besides, tetrad fields can be adopted
in order to define a linear Weitzenbdck connection, which
is a connection related to torsion without curvature. A
tetrad field can also be used to define a Riemannian met-
ric, in terms of which the Levi-Civita connection can be
derived. In such a case, the connection gives rise to cur-
vature and not to torsion.

As we saw in detail in the previous Section, it is cru-
cial to mention that torsion and curvature are proper-
ties of the connection [I17], and several different connec-
tions can be defined on the same space-time [II§]. In
other words, the presence of nontrivial tetrad field in a
gauge theory induces both teleparallel and Riemannian
structures on a given space-time. The first is related to
the Weitzenbock connection [I19], and the second to the
Levi-Civita connection. Due to the universality of the
gravitational interaction, it is possible to link both these
geometrical structures to the gravitational interaction.

In the context of teleparallel gravity, both curvature
and torsion provide equivalent descriptions of gravity.
However, conceptual differences have to be taken into
account. According to GR, curvature is used to give a
geometric picture space-time. It successfully describes
the gravitational interaction. On the contrary, telepar-
allelism relates gravity to torsion, and then torsion ac-
counts for gravitation interaction not by a geometric pic-
ture of the interaction, but by acting as a force. This im-
plies that, in the teleparallel equivalent of GR, geodesic
equation is analogous to the Lorentz force equation of
electrodynamics [114]. However, the geodesic structure is
preserved in the teleparallel version of GR. Thus, we can
say that the gravitational interaction can be described
alternatively in terms of curvature, as it is usually done
in GR, or in terms of torsion, in the so called teleparallel
gravity. Therefore, at this level, requiring for gravita-
tional interaction a “curved” or a “twisted” space-time
turns out to be a matter of convention.

A. Teleparallel equivalent of General Relativity

Let us now describe the teleparallel equivalent of GR
starting from the tetrad fields and the Weitzenbock con-
nection. The Greek alphabet (u,v, p,--- =0,1,2,3) will
be used to denote indices related to space-time (base
space), and the capital Latin alphabet (A, B,C,--- =
0,1,2,3) to denote indices related to the tangent space
(fiber), assumed to be a Minkowski space with metric
nap = diag(+1,—1,—1,—1). A gauge transformation
can be defined as a local translation on the tangent-space
as

ozt = 6aB Pt | (219)
where Py = 0/0x? are the translation generators, and
dat the corresponding infinitesimal parameters. Defin-
ing the gauge potentials as AP u» the gauge covariant



derivative of a given matter field ¥ is [114]

D,V =eP, 07, (220)

where
eB, =025+ A", (221)

This is a nontrivial tetrad field. We assume the speed of
light as ¢ = 1. From the covariance of D, ¥, one get the
gauge potential transformation

APl = AP —9,0a" . (222)

As it is standard in the Abelian gauge theories, the field
strength is given by

FB;/,I/ = 6HAB1/ - 8VAB;1, ) (223)
which satisfies the relation
D, D,V = F5,, Pp¥. (224)

It is worth stressing that, whereas the tangent space in-
dices are raised and lowered by the metric n4p, the space-
time indices are raised and lowered by the Riemann met-
ric
G = nABeA# eB, . (225)
A nontrivial tetrad field induces on space-time a telepar-
allel structure directly related to the gravitational field.
In other words, given a nontrivial tetrad, it is possible to
define the so called Weitzenbock connection
0%, =eafd e, (226)
which is a connection without curvature and presenting
only torsion [I17]. As a direct consequence of this defini-
tion, the Weitzenbock covariant derivative of the tetrad
field vanishes identically:
VVeAp. = al/eAy, - f‘pl“/ eAp =0. (227)
This is the so called absolute parallelism condition. Be-
sides, the torsion related to the Weitzenb ”ock connection
is
Tpu,z/ = IA—‘pllu, - IAﬂpp,l/ ; (228)
from which the gravitational ”force” results from the tor-
sion written in the tetrad basis, that is
FA,, =T, . (229)
A nontrivial tetrad field can be adopted also to define

a torsionless linear connection which is the Levi-Civita
connection of the metric (225, that is

o

1
% = §gap [0uGpr + Ovgpp — OpGuw] - (230)
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The Weitzenbock and the Levi—Civita connections are
then related by the formula

fpp,l/ = Fp/,w + Kpp,y 5 (231)

where
K, = % (T +T,° =T ) (232)
is the so contorsion tensor defined above. As already

remarked, the curvature of the Weitzenbock connection
vanishes identically being

Rp)\uu = 8;,Lf‘p>\y + fpo’u fg)\y - (/J/ d l/) =0. (233)
Substituting r» uv as given in 1| we get
Rp)\w/ - Rp)\uy + QPAMU =0 s (234)

o
where R’ ), is the curvature of the Levi-Civita connec-
tion, and

Qp)\m/ = Dqu)\V_DVKp/\/,L"'_KU)\V Kpo'p,_Kg)\M Kpal/

(235)
is a tensor written in terms of the Weitzenbock con-
nection only. D, is the teleparallel covariant deriva-
tive, which is the Levi-Civita covariant derivative of GR
rephrased in terms of the Weitzenbéck connection [120].
Operating on a space-time vector V# its explicit form is

D, VH = 9,Vh + (D, = K, ) VA (236)

Eq. (234) can be straightforwardly interpreted: the con-

tribution fogp apv coming from the Levi-Civita connection
compensates the contribution @”,,, coming from the
Weitzenbock connection: this fact yields an curvature
tensor R”),, identically zero. This is a constraint sat-
isfied by the Levi-Civita and Weitzenbdck connections,
and it is the key of the equivalence between the Rieman-
nian and the teleparallel descriptions of gravitational in-
teraction.

Adopting the above results, the gauge gravitational
field Lagrangian can be written as

€

Lo =15

v
SPEY T s

(237)

where e = det(e,), and

SPHY — _ QPVH — % [K/wp — g™ TA/L)\ + g T)‘”)\]
(238)
is a tensor written in terms of the Weitzenbock connec-
tion. As standard in the gauge theories, it is quadratic in
the field strength. This approach has been first presented
in [T13] and later on in [I14]. In that case, a tensor 39%¢,
equivalent to SP#” has been introduced allowing for a
substantial simplification of the field equations.



1. The field equations

Starting from relation (231)), the Lagrangian (237) can
be reformulated in terms of the Levi-Civita connection

only. A part a divergence, the result is exactly the
Hilbert—Einstein Lagrangian of GR

1 o
‘C: \/_ng

167G (239)

with the identification e = y/—g. By varying the gauge
Lagrangian Lg with respect to the gauge field Ag”, one
obtains the teleparallel version of the gravitational field
equations, that is

9y (eSp*) — 4G (ejp") =0, (240)

where Sp?” = ep*S9,?”. As for the Yang-Mills theories,
the quantity
0Lq 1

A v
:—meeg S#« PTH \+e’La (241)

PP =
B = deb
is the gauge current that now is the energy and momen-
tum of the gravitational field [I21]. The quantity (eSp?”)
is the superpotential in the sense that its derivative yields
the gauge current (ejg”). Due to the anti-symmetry of
Sp7? in the last two indices, ejp” is conserved as a con-
sequence of the field equations, i.e.

9,(ejp”) =0. (242)

By the identity

Ope=el",,=¢ (f”p,, — K"p,,) , (243)
the above conservation law can be also written in the
form

Dy s’ = 0js” + (ay = K5,) j5* =0, (244)

with D, the teleparallel covariant derivative defined in

(235)) following [120].

2. Gravitational energy-momentum current

An important issue has to be discussed at this point.
As can be easily proved, the current j4° transforms under
a general coordinate covariant transformation; it is in-
variant under local gauge translation of the tangent-space
coordinates, and transforms under a covariant global
Lorentz transformation in tangent—space. This property
implies that j4”, despite not being covariant under a local
Lorentz transformation, is a space-time and gauge ten-
sor [121]. The relation between the above gauge approach
and GR can be easily found out. By using Eq. to
express d,e4”, field Egs. can be rewritten in a
space-time form as

9y (€527°) — 477G (ets?) = 0, (245)
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where

ety = i #0877 + 03P Lo (246)
stands for the canonical energy-momentum pseudotensor
of the gravitational field [I22HI25]. Eq. is symmet-
ric in (Ap). Besides, by Eq. , it can be rewritten in
terms of the Levi-Civita connection. As expected, due to
the equivalence between the corresponding Lagrangians,
the Einstein field equations are reproduced:

g [RIW - ;guyR} =0. (247)
Hence, since the field equations coincide completely with
those of GR: due to this property, we can deal with the
“Teleparallel Equivalent of General Relativity” (TEGR)
[116].

It is worth noticing that the canonical energy-
momentum pseudotensor ¢, is not simply the gauge cur-
rent j4” with the algebraic index “A” changed to the
space-time index “\”. It incorporates also an extra term
coming from the derivative term of Eq. , that is

1
t)\pzeA)\jAp_i_il'w)\usﬂup’

G (248)

As a consequence, one can see the origin of the
connection-term which transforms the gauge current j4”
into the energy-momentum pseudotensor ¢5”. By the
same mechanism, it is possible to exchange terms be-
tween the derivative and the current terms into the field
Egs. (245)). This fact gives rise to different definitions of
the energy-momentum pseudotensor, each one connected
to a different superpotential (eSx*7).

Like in the case of the gauge current (ej4”), the pseu-
dotensor (ety”) is conserved as a consequence of the field
equations. That is

0p(etr?)=0. (249)
However, despite what occurs with j4”, due to the pseu-
dotensor properties of ¢)”, this conservation law cannot
be rewritten as a covariant derivative.

Thanks to these features, the TEGR approach to grav-
itation seems to be more appropriate than GR to deal
with the energy problem of gravity. In fact, as pointed
out by Mgller, a satisfactory solution to the problem of
gravitational energy could be obtained in the framework
of tetrad gravity. In our notation, the Mgller expression
of the gravitational energy-momentum density is [111]

oL

Ty, Bt B L.

et)\p = (250)

which is nothing else but the standard canonical energy-
momentum density given by the Noether theorem. Us-
ing the gauge Lagrangian (237), it is easy to verify that
Mgller’s expression coincides exactly with the telepar-
allel energy-momentum density appearing in the field



equation —. Since ja” is a space-time tensor,
whereas t,” is not, the gauge current j,” is a version of
the Mgller energy- momentum density ¢,”. Mathemati-
cally, they can be obtained from each other by using the
relation . It should be remarked, however, that both
of them transform covariantly under global tangent-space
Lorentz transformations. The lack of a local Lorentz co-
variance in the tetrad teleparallel gravity can be consid-
ered as the teleparallel manifestation of the pseudotensor
character of the gravitational energy-momentum density
of GR [121}, 126-128].

For the sake of completeness, some remarks are in order
at this point. The problem of the localization of the grav-
itational energy-momentum tensor has been discussed in
detail in [129]. The first investigation of the gravitational
energy localization in the context of TEGR was devel-
oped in [I30] and the gravitational energy-momentum
four-vector P® was first introduced in [131], and fur-
ther developed in [I32]. The integral of the gauge cur-
rent ejgP, given in 7 over a finite volume of the
3-dimensional space, is related to P®. Furthermore,
a real energy-momentum tensor (not a gauge current)
was firstly presented in [I33] where consistent conserva-
tion laws and expressions for the gravitational energy-
momentum flux were derived and discussed. In all these
studies, the physical interpretation of the tetrad fields,
where a frame is adapted to moving observers, is consid-
ered. Specifically, for a given metric, a tetrad field set,
adapted to the observer, is chosen. A detailed discus-
sion of this mathematical structure is reported in Ref.
[129]. Finally, as reported above, by rewriting the field
equations in a purely space-time form, the gauge current
ja? reduces to the canonical energy-momentum pseudo-
tensor of the gravitational field. Alternatively, as re-
ported in Ref. [I33], the true energy-momentum tensor
exactly yields the gravitational energy-momentum four-
vector P%. As a final remark, we have to say that the
correct definitions of the gravitational energy-momentum
tensor and current are crucial issues of the teleparallel
picture of GR. These topics deserve further investiga-
tions.

3. Bianchi Identities in teleparallel gravity
Let us consider the second Bianchi identity of GR

VUR)\pMV + VIJR}\pO'M + V;J,R)\pz/a =0, (251)

o
where V, is the Levi-Civita covariant derivative. Its con-
tracted form is

Vu [ﬁ“{“y - %5%13] =0. (252)

From Eq. (234), it is possible to rewrite it in terms of
the Weitzenbock connection. The result is

D, [05(eSx7%) — 47G (etx?)] = 0 | (253)
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where D, is the teleparallel covariant derivative, defined
in Eq. This is the TERG second Bianchi iden-
tity. It expresses the fact that the teleparallel covariant
derivative of the sourceless field Eqgs. identically
vanishes.

In the presence of a generic matter field, the TEGR

field Eqgs. (245)) becomes

0,(eS\77) — 4mG (et\?) = 4wG [e T™ P, (254)
with T("™) \# the matter energy-momentum tensor. From
the Bianchi identity ( refbi3), and Eq. (243)), we obtain

D, T™,r =0. (255)
This is the conservation law of matter energy-momentum
tensor. It is worth noticing that, in teleparallel gravity,
it is not the Weitzenbock covariant derivative V,, but
the teleparallel covariant derivative (244)) that yields the
conservation law of energy-momentum tensor of matter
fields. It should be remarked that (255]) is the only con-
servation law compatible with the corresponding conser-
vation law of GR, that is

v, T = 9, 7" Lpuy, 7w A kg
(256)
as can be verified by the relation .

In GR, the gravitational field is expressed by the tor-
sionless Levi—Civita metric—connection, whose curvature
determines the strength of the gravitational field. On
the other hand, in TEGR, the presence of a gravita-
tional field is expressed by the flat Weitzenb6ck connec-
tion, whose torsion is responsible for determining the in-
tensity of gravitational field. Therefore, gravity can be
described either in terms of curvature or in terms of tor-
sion. In other words, whether gravity requires a curved
or a twisted space-time is a matter of convention.

An important feature of the teleparallel equivalent of
GR is that it allows to define an energy-momentum gauge
current j4” for the gravitational field, which is covariant
under a space-time general coordinate transformation,
and transforms covariantly under a global tangent-space
Lorentz transformation. This means essentially that j4”
is a space-time tensor, but not a tangent—space tensor.
Then, by rewriting the gauge field equation in a space-
time form, it becomes the Einstein field equations: in
this sense, the gauge current j4” reduces to the canoni-
cal energy-momentum pseudotensor of the gravitational
field. In other words, TEGR seems to provide a more
appropriate framework to deal with the energy prob-
lem, since in the standard context of GR, the energy-
momentum density for the gravitational field is always
represented by a pseudotensor.

In GR, the conservation law of the energy-momentum
tensor of matter fields can be obtained from the Bianchi
identities. In the case of TEGR, the energy-momentum
tensor turns out to be conserved by the teleparallel co-
variant derivative, which is the Levi-Civita covariant



derivative of GR rephrased in terms of the Weitzenbock
connection [120].

As final remark, we obtained the gravitational analog
of the Lorentz force equation. This is an equation writ-
ten in the Weitzenbock space-time. According to this
approach, the trajectory of a particle is described as the
Lorentz force describes the trajectory of a charged par-
ticle in the presence of electromagnetic fields. Here, the
torsion plays the role of the force. When rewritten in
terms of metric structure, such an equation becomes the
geodesic equation of GR, which is an equation written in
the Riemann space-time. Since both equations are de-
duced from the same equation, they are just equivalent
ways of describing the same physical trajectory induced
by the presence of the gravitational field.

V. MODIFIED GRAVITY IN TERMS OF
TORSION: THE f(T) EXTENSION

In the previous Section we saw that one can alterna-
tively formulate a gravitational theory in terms of tor-
sion. On the other hand, the last two decades there is a
huge effort in the literature to modify gravity [5] in order
to be able to describe the observed universe evolution, as
well as alleviate the non-renormalizability issues of GR
[134, 135]. Hence, even if one decides to take the serious
step of modifying gravity, there is still the question of
what formulation of gravity to modify. Most of the works
in the literature start from the usual, curvature-based
formulation, and modify/extend the Einstein-Hilbert ac-
tion. However, having in mind the discussion of the pre-
vious Section, one could reasonably think to start from
the teleparallel equivalent of general relativity (TEGR),
and use it as a basis to build a gravitational modification.
The simplest such modification, namely f(T") gravity, will
be presented in detail in this Section.

The need of constructing a modified gravitational the-
ory, that possesses GR as a particular limit, arose from
the detailed observational data. In fact, along with the
rapid development of observational cosmology since the
late 1990s, cosmologists believe that the universe may
have undergone two phases of cosmic acceleration. The
first phase is called inflation, which was proposed in 1980s
to solve several conceptual puzzles of standard hot Big
Bang cosmology [I36HI38] (see also [I39HI41]). This cos-
mic acceleration is suggested to occur about 1073 second
after the Big Bang. Based on this paradigm, the cor-
responding perturbation theory predicted a nearly scale
invariant power spectrum of primordial density fluctua-
tions [142], 143] (see [I44] for a comprehensive review)
and this significant prediction was later verified to high
precision by a series of cosmological observations [145-
T48]. The second stage of the cosmic acceleration is
happening right now, of which the underlying mystery
is addressed as an existence of an unknown dark energy
component [I49H161]. The speeding up of our universe
at present was discovered by two independent observa-
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tional signals on distant Type Ia supernovae (SNIa) in
1998 [162], 163], and later it was confirmed by a number
of observations, such as those concerning the large scale
structure (LSS) [164, [I65], baryon acoustic oscillations
(BAO) [166, 167], cosmic microwave background (CMB)
radiation [145] T68HI70], and their cross-correlations.

Although phenomenological studies of the above two
cosmic accelerations have been successful, the fundamen-
tal theory of nature that could explain the microscopic
physics of these phenomena remains unknown at present.
One possible approach is to introduce novel, exotic, forms
of matter, the simplest example of which are scalar fields
such as the inflaton and quintessence ones. It is phe-
nomenologically viable to construct a particular profile
of the potential for the scalar field such that the dynam-
ical evolution can fit to the observations.

There exists, however, a second approach to explain
these accelerating phases, that is to modify the grav-
ity sector itself [I53, I7IHI83]. As we mentioned above,
most of the works in the literature start from the
usual, curvature-based formulation, and modify/extend
the Einstein-Hilbert action, with the simplest example
being the f(R) paradigm in which the Lagrangian is con-
sidered to be a non-linear function of the curvature scalar
(see [Bl [83] [I84HIRT] for reviews).

Nevertheless, it is also reasonable to think to start
from the Teleparallel Equivalent of General Relativity
(TEGR), namely from the torsional formulation of grav-
ity, and try to construct various extensions. As one
could straightforwardly be inspired by the f(R) exten-
sions of curvature-based gravity, the simplest class of
these torsion-based modifications is the paradigm of f(T)
gravity [I88HIO0], in which the Lagrangian is taken to be
a non-linear function of the TEGR Lagrangian 7. The
crucial issue is that although TEGR coincides completely
with general relativity at the level of equations, f(T) is
different from f(R) gravity, with novel features (amongst
others note the significant advantage that the field equa-
tions of f(T) gravity are of second order while those of
f(R) are of fourth order). The f(T) gravity has inter-
esting cosmological solutions, which provide alternative
interpretations for the accelerating phases of the universe
[188-249].

In the present section we give a review of the basic
setup of f(T') gravity and the corresponding background
dynamics, as well a brief survey of linear perturbations.

A. Equations of motion

As we described in detail in the previous sections, the
dynamical variable of the teleparallel gravity, as well as
of its f(T') extension, is the vierbein field e (z*). As
usual we use Greek indices to run over all space-time
coordinates and capital Latin indices to denote the co-
ordinates of the tangent space-time. The vierbein field
forms an orthonormal basis for the tangent space at each
point z# of the manifold, i.e., e4 - eg = nap where



nap = diag(+1, —1,—1,—1) is the Minkowski metric for
the tangent space. As we mentioned above, we analyze
the vierbein vector with the use of its component form
ey = €40, and thus the metric tensor can be expressed
as in , namely

v (@) = nape (v)ey) (z) - (257)

Moreover, the vierbein components follow the usual re-
H_ A

lations efje)! = 0% and efje} = 5% .

In f(T) gravity, similarly to TEGR, one uses the
Weitzenbock connection [I19], defined in (226) as
I, =ehdver = —efo,e) . (258)
This definition obviously leads to zero curvature, but
nonzero torsion, and accordingly one can write down the

torsion tensor as in (228]), namely

A — A A A A A

T, =T, -1y, =¢s (Oue, —Ove,) . (259)
As we mentioned in detail in the previous Section the
difference between the Levi-Civita and Weitzenbock con-
nections is the contortion tensor K" = f% ey =T —

T, ‘“’), while it proves useful to define the superpotential

v 1 v v 14 [e%
8,1 = 5 (K0 + 0T, — 55T ) (260)
Using these quantities one can writing down the telepar-
allel Lagrangian density, which is nothing other than the
torsion scalar [T13] 2501 251], as

r=5,"1"°,,. (261)
Then in the present formalism all the information con-
cerning the gravitational field is included in the torsion
tensor Tf‘w, and the torsion scalar T arises from it in a
similar way as the curvature scalar arises from the Rie-
mann curvature tensor. Finally, the torsion scalar gives
rise to the dynamical equations for the vierbein, which
imply the Einstein equations for the metric.

While in teleparallel gravity the action is constructed
by the teleparallel Lagrangian density T', the idea of f(T')
gravity is to generalize T to an arbitrary function f(T),
which is similar in spirit to the generalization of the Ricci
scalar R in the Einstein-Hilbert action to a function f(R).
In particular, the action in a universe governed by f(7T)

gravity reads:
LW} 7

4 f(T)

S—/dm|e| [ 67TG+
where |e|] = det(e,‘:‘) = /=g and L™ stands for the
matter Lagrangian. For convenience, we would like to
rewrite f(T) = T + F(T) and mention that since the
Ricci scalar R and the torsion scalar T differ only by a
total derivative [252], the action is equivalent to
GR in the case of a vanishing F'(T') term, i.e. in the case
where f(T') gravity becomes TEGR.

(262)
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Variation of the action (262]) with respect to the tetrad
e leads to the field equations as

6_18H(eei5p/w)[1 + FT] - eﬁTpuASp”#[l + FT}
1
+e4.5," (0, T)Frr + Zez,[T + F(T)] = 4xGe", 1™ ¥ |
(263)

where Fpr and Fppr denote the first and second order
derivatives of F(T') with respect to the torsion scalar T,
and T(m)p” is the energy-momentum tensor constructed
by the matter field Lagrangian.

If we assume the background manifold to be a spatially
flat Friedmann-Robertson-Walker (FRW) universe then
the vierbein takes the form

el’? = diag(1,a,a,a) , (264)
with a the scale factor of the universe (hence the dual
vierbein is e/} = diag(1,a!,a=t,a7!) and the determi-
nant e = a®). One can immediately see that this choice
gives rise to the well-known FRW metric

ds® = dt* — a*(t)d;;dz"'dx’ . (265)
Moreover, assuming a perfect fluid for matter, its energy
momentum tensor takes the form
(266)

T(m),uu = —PmIuv — (Pm +pm)upuv y

where p,,, pmn and ut are the pressure, energy density
and four velocity of the matter fluid. For the spatially flat
FRW background, equations lead to the following
effective Friedmann equations:

381G F(T
=20 D pe )

1+ Fr — 12H2Fpp

In the above expressions we have introduced the Hubble
parameter H = a/a to describe the expansion rate of the
universe, where a dot denotes a derivative with respect
to the cosmic time. Additionally, we have a very useful
relation for the torsion scalar, namely
T =-6H?, (269)
which can be derived straightforwardly from the defini-
tion (261]) in the case of the FRW vierbein (264]).
Usually, one can introduce an equation-of-state param-
eter wy, = Pm/pm to characterize the dynamics of the
matter fluid, where the fluid satisfies the continuity equa-
tion
With the above background equations at hand, one can
investigate cosmological dynamics governed by any f(7T)
gravity model.



B. Lorentz violation

In general, the theory of f(T) gravity is different from
f(R) gravity in several perspectives. Firstly, the f(7T)
gravity cannot be reformulated as a teleparallel action
plus a scalar field through the conformal transformation
due to the appearance of additional scalar-torsion cou-
pling terms [253] (see also [254]). Secondly, as we have al-
ready mentioned, the equations of motion of f(7') gravity
remain second-order rather than the fourth-order equa-
tions derived in f(R). Thirdly, in f(T') gravity one can
obtain more degrees of freedoms compared with f(R)
theories, which correspond to one massive vector field
[255], 256].

One crucial difference, that has triggered a big discus-
sion in the literature concerns Lorentz invariance. In par-
ticular, in the standard formulation of f(7") gravity local
Lorentz invariance is either completely absent or strongly
restricted [257H259], due to the strong imposition made
in [I88HIOIL [257] that the spin connection vanishes. This
assumption has the good motivation to make the the-
ory simpler in order to derive solutions: in fact, the spin
connection has in general 24 degrees of freedom, however
under the teleparallel condition and the fact that the 20
independent components of the Riemann tensor are zero,
the spin connection components reduce and hence they
can be set to zero through a local Lorentz transforma-
tion. However, in the case of f(T) gravity, in general
this assumption makes the theory frame-dependent since
a solution of the field equations depends on the choice of
the frame [257].

A simple way of examining the local Lorentz violation
in the usual formulation of f(7T') gravity is to study the
corresponding conformal rescaling. It is well know that,
for the action of f(R) gravity, there exists an equivalent
theory that is described by Einstein gravity minimally
coupled with a scalar field. Similarly, one can perform
the following conformal transformation:

éd = crviel (271)
by introducing a dimensionless scalar field ¢Z Then the
action can be rewritten as

S= [ @i |+ gouiori - v

2 - ~
- T = )%V8V¢:| 9

V3
with U(¢) = % In the expression of the action

we have applied the relations |e| = /—g and T = —R —
2VVTA.

From one can immediately observe the follow-
ing interesting properties: Firstly, the sign in front of
the kinetic term of the scalar field is negative and thus
it indicates a potential instability for perturbations, un-
less there is some symmetry or dynamical mechanism to
stabilize it. Secondly, the last term appearing in

(272)
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explicitly shows a mixing between the kinetic term of the
scalar field and the torsion fields. This term is not a local
Lorentz scalar, and this feature clearly reflects the viola-
tion of local Lorentz invariance in the usual formulation
of f(T) gravity [257].

The Lorentz violation problem is potentially a severe
one. One can neglect this issue and investigate solutions
in particular frames (this is in analogy with the inves-
tigation of electromagnetism in the particular class of
inertial frames), however strictly speaking the problem
is there and will become obvious when questions about
frame transformations and Lorentz invariance are raised,
which is usual for instance in the case of spherically sym-
metric solutions.

Hence, the only way to solve this severe problem is
to construct a consistent, covariant, formulation of f(7T')
gravity. This is achieved if instead of the pure-tetrad
teleparallel gravity we start from the covariant teleparal-
lel gravity [126] [127] 523, [655H657], using both the vier-
bein and the spin connection in a way that for every
vierbein choice a suitably constructed connection makes
the whole theory covariant, as it was recently done in
[128]. This is performed in subsection below.

C. Degrees of freedom in f(T) gravity

In order to examine the number of degrees of freedom
in f(T) gravity, one can straightforwardly perform the
Hamiltonian analysis and study the corresponding con-
straint structure [255]. This approach was also devel-
oped in [260] [261] to investigate the constraint structure
of teleparallel gravity. To begin with, we would like to
slightly reformulate the Lagrangian density of f(7T') (re-
call that f(T) = T + F(T) as introduced in subsection
in the form of the Brans-Dick theory as follows:

Lop= L tor —wiey .

167G (273)

with

being introduced respectively as one auxiliary field and
the corresponding potential, which arise from the regular
approach of Lagrange multipliers. Note that, one can
write T as a function of ¢ by solving the first equation
of inversely.

Ignoring the term 167G for simplicity, one can de-
fine the conjugate momenta for the vierbein e4,, and the
scalar field ¢ as

OLpp
4 = = 4gle] S 275
DBoenn) Ple| (275)
OLBp
- ~0, 276
" (0v9) (276)

respectively. It is obvious that (276) itself automatically
yields a constraint in the dynamical system, since there is



no time derivative of ¢. Moreover, one can easily observe
that

m°=o, (277)

due to the vanishing time derivatives of e4g. In addition,
there exist another class of primary constraint equations
which are expressed as:

DAB _ [[AB _ [[BA

+2¢)€ [eAleBk)CZ'lek _ (eAleBO _

ePleAN T ] ~ 0.(278)

Then, one can write down the total Hamiltonian density
as

H = Hy + MpT?8 4 21 .
The first term of (279) is given by
Ho = T*"é4, + ¢ — Lpp

(279)

e i 1
= eW(¢) — eaody I — I = (gikgjlp ipH— §P2)

1 % a
+¢6 (4 ! kJTA lkTA'Lg + glJT lek aj

—g"T* 0T’ bl) , (280)
where
P = %H(”) —AY | P=Pig; (281)
AT = g% (g Ty + g T 1 — 29T 1)
— (979" +g" ") T* i, (282)

in which the bracket in the subscript appearing in the
expression of P¥ represents anti-symmetrization. More-
over, Aap and A introduced in are Lagrange mul-
tipliers that yield the primary constraints derived above.
Finally, the Poisson brackets of the canonical variables
are expressed as

{ean(t, @), 1P (1, 7)} = 650,01 (& - 7) ,
{o(t,7),0(t,7)} = 0¥ (7 - @) .

One can derive secondary constraints in the above
Hamiltonian system. In particular, by applying the re-
lation {IT4° H} ~ 0 one obtains four secondary con-
straints, given by

(283)

CA —ge A0 [igijgleB T + %giij T s
GIT i TP vy — 49% <gij9klPikle — [;2> }
— ge e (QOjgleB aTpik + g T ;T iy
+ YT T i = 29T T 1 — 297770 5T lk)

¢e
- W(gijgkl'y

— O;IT + W (9) |

. . 1 .
Aszjl _ 5gij,)/AZjP)

(284)
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with

,YAij = _ Ak | 400 (glei v+ G 1+ 249! lk)

+ 9% T e+ 9" T ) — 29" 9% T 1

+(g]l901+gzl 07 292]9 )T

1 . . . .
(eAzeBOeCj + eA]eBOeCz) T

2ke

BO - (285)

One may notice that there is no further secondary con-
straint in teleparallel gravity and the above constraints
48 Hy, H;, and 40 are all first class [260]. Par-
ticularly, I'4® components are the generators of six lo-
cal Lorentz transformations, while Hy and H; are those
of four general coordinates transformations. The con-
straints 149 can be applied to determine the tetrad fields
e A0, and therefore this is in agreement with the fact that
e a0 are not dynamical. Hence, one can extract the follow-
ing formula for the number of degrees of freedom (D.o.F):

1
B f 9, _ (2
D.o.F. 5 <2n 2n n ) ) (286)

in which nf denotes the number of fields, n(!) represents
the number of first class constraints, and n(® the num-
ber of second class constraints. Note that one can iden-
tify that the number of degrees of freedom for TEGR
equals 2, which is exactly the same as in the GR case, as
expected.

However, the constraint structure of f(7') gravity is
very different from that of teleparallel gravity. For in-
stance, Poisson brackets between I'“Z Hy, and 7 are
non-vanishing since the auxiliary field ¢ is a function of
space-time coordinates. In the following we review the
analysis of the degrees of freedom for f(T") gravity in even
dimension and odd dimension, respectively.

1. Degrees of freedom in even dimensions

We first consider the case of even dimension. For sim-
plicity, we investigate the degrees of freedom for f(7T)
gravity in a 4D space-time. Recall that IT4° and H; are
independent of ¢ and 7. Therefore, Poisson brackets be-
tween IT4°, as well as H;, and the associated constraints
are vanishing. Then one can list the non-vanishing Pois-
son brackets as below:

{PAB( ) FCD( )} ~ {HBCQAD +77ADQBC _nACgBD

—nPPGAC + |6 (F — ), (287)
{FAB(:E),’]T(:J)} . 26{(€Bi€AO . eAieBO)Tj i
teigBiTO, }5@)( — ), (288)



{Ho(Z), FAB( y)} ~ 8{ P (.gikgjl - %gijgkl)
) [(6AjeBm -~ eAmij)gOi
+(6AmeBO _ eBmeAO)gij
(eA0BI eAjeBO)gim}

+2 [(eAkeBm —e
—eAkeBiTm | ] }(am¢)5<3> (7 —

BkeAm)Tj kj

¥),(289)
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o _, P
{ﬂ-(x)aHO(y)} ~ [4 00 (gzkg]lPUPkl 7) - GW@

1 1 o
—W(Qikgjl - igijgkl)Ple”

1 . ) 1 ,. .
—e(zgzkglJTA T aij — §ngTZ wT i

—g T T ) 0@ ) . (290)

where GAB = 2¢(e?7eB0 — ¢BieA0)(9;¢) has been intro-
duced. Note that, the symbol “~” appeared in the above
equations denotes the Dirac’s weak equality. The nonzero
relations governed by — indicate that the local

Lorentz invariance is broken as well.

One can further derive the rest secondary constraints.
The consistency of constraints Hy, I'4Z and 7 yields the
following relations:

{Ho, H} ={Ho, Ho} + {Ho,T“"}\cp + {Ho, m}A ~ 0,
{048 1Y ={T*P Ho} + {02 TP \ep + {T8, 7}A ~ 0,
{m, HY ={m, Ho} + {7, TP} \cp ~ (291)

with A and Acp being introduced in the total Hamil-

tonian density . There are 8 equations but only 7
unknown quantities for A and Acp. Accordingly, it is ob-
vious to see an existence of one secondary constraint from
the above relations. For simplicity, one further introduces
I'=e eBPAB and TV = ¢ je JI‘AB Correspondingly,
one derives {I'"", TV} ~ 0 and {HO,FZ} ~ TR, In ¢. In
the following, we can define

Yi = {HOaFZ} ) Ys = {H05F12} )

Ys = {HOarlg} 3 = {H07F23} ) (292)
ZTo = {Ho,ﬂ'} ) T = {Fi7ﬂ-} y Ty = {FlQaﬂ-} )
s = {8 7}, 2 ={I5 71}, (293)
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and
Ail — {Fi,F12} ~ %2¢ [ <g0192k g()lek)
+g (goktgo2 92k900)
—g" (""" — 9" ¢")] O
Ai2 _ {Fi,rl.?)} ~ 2¢ [ (g01g3k go3glk)
+g (gokg()3 g3k900)
—g" (""" — 9" ")) o
i3 = {1’%7:[\23} ~ 2¢ [ (90293k 90392k)
+9% (9% g% — g% ¢™)
—g" ("% 9" — g7 ¢")] B9, (294)

Bio = {I'"? T'%} ~ 2¢ [¢"%(g"F g™ — ¢**

_gll(Qng()?) 3k 02
+9g" (g% g" 9")] 96
_ {F12 F23} ~ 26 [922(glkg03 01

3:{1—‘13,1—‘23}%26 [923(91k903 g 01
33/, 1k 02 2k 01

-9 (9" g
+9g" (g% "% — )] - (295)

Then the constraint equations in can be com-
bined as a compact matrix equation
M 6 =0,

where we define the vector
(1,01,02,03,04,05,06,0-)T with 0; = esoep P,
04 = earep2l4B, 05 = earepsl B, 05 = eanepsl AP
and 07 = X. Moreover, the matrix M is expressed as

(296)
1) -

0 Y1 Y2 Y3 Ya Ys Y6 To
—Y1 0 0 0 A Az Az o
—y2 0 0 0 Aoi Az Asz 2
-ys 0 0 0 Asi Aszz Ass x3
—ys —Ain —Az1 —As2 0 Bi2 Bis x4
—ys —Aiz —Az22 —Az2 —Biz 0 B2z x5
—ys —Aiz — Az —Azz —Biz —B2s 0 6
—To —I1 —XT2 —XI3 —XT4 —I5 —Te 0

(297)

Since the matrix equation allows for a nontrivial
solution of ©, the determinant of M ought to vanish. As
a result, one arrives an additional constraint |M| =
Substituting the expressions 292— into the deter-
minant of M, one can further find that xy does not con-
tribute to |[M]. Thus, one can simplify the above con-
straint by requiring

mg = /| M|

After performing a very lengthy calculation, one eventu-
ally obtains the following constraint equation

i3k 0190m00n0 (1 g g goT? ),

_HOmgln jhgkng ) 0.

M =

=0. (298)

:Eo:O

(299)



We recall that M is an 8 x 8 antisymmetric matrix
with a vanishing determinant and hence, the rank of M
is 6. Thus, after imposing m, = 0, there are only 6 in-
dependent equations in for 7 Lagrange multipliers.
However, the consistency condition of the constraint m,,
which yields

{mg, H} = {mg, Ho} + {mg, T \eq + {mg, m}A = 0,
(300)
leads to another equation for Lagrange multipliers.

J
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Hence, the combination of and (296|) presents 7
independent equations for Lagrange multipliers. As a
result, all Lagrange multipliers can be determined and
there are no further secondary constraints.

In the last step we turn to analyze the structure
of constraints. Recall that the Poisson brackets be-
tween (II4°, H; H) and ('A% 7) are all zero. Con-
sequently, the Poisson brackets among the constraints
(mg,m, TAB TIA° H, H) take the form

0 {mqvﬂ—} {mtIﬂFAB} {mq7HAO} {mqui} 0
{m,mg} 0 {r, TAB} 0 o 0|8
N {red m,} {r°P x} {r°P r45} 0 0 0
{1 m,} 0 0 0 0 0
{H;,mg} 0 0 0 0 0 ]
0 0 0 0 0 0
8 8
[
which is a 16 x 16 antisymmetric matrix. This matrix define the following quantities:
can be separated to four parts as indicated above. The '
left top part is an 8 x 8 non-singular matrix based on  y; = {Ho, T}, y3 = {Ho,T*?}, (301)
the argument that all the Lagrange multipliers are solv- —(H (i — (2 302
able. The left bottom part is another 8 x 8 matrix with 0 =1 io, 72}2 T O{i E)Zr}; xz2 1{ s (302)
nonzero components, of which the rank is at most unity. A ={I",I""} ~ 2¢ [9 (9797 —97g9"7)

Since the whole matrix is antisymmetric, it is easy to
make the same conclusion for the right top part. The
rest part, shown in the right bottom regime, is merely a
zero matrix. Consequently, one can easily find that the
nonzero part of the above matrix can only become a 9 x 9
antisymmetric matrix of which the rank is 8.

Eventually, the analysis performed above implies that
there exist 8 second class constraints as well as 8 first class
constraints. Applying the relation with nf = 17
(the extra one is the scalar field ¢), nl) = n(® = 8,
one can conclude that there exist 5 dynamical degrees of
freedom in the theory of f(T) gravity [255].

2. Degrees of freedom in odd dimensions

We start the investigation of the number of degrees of
freedom of f(T') gravity in 3D, and then we shall extend
the discussion in a background space-time with arbitrary
dimensions, deriving a generic formula for counting the
number of degrees of freedom.

Repeating the same analysis performed in the previous
paragraph, one can arrive at 10 constraints in 3D, which
are (Ho, H;, IA°, T', T2, T'2) 1), where “A =" runs
from 0 to 2 and ¢ = 1, 2. The structure of the constraints
is very similar to the case of 4D. Particularly, one can

+9" (979" = g79%) = g% (9" 9" — 9" 9")] 00 ,
(303)

and rewrite the self-consistent equations (291f) as a ma-
trix equation: MO = 0. Note that, in 3D © =
(1,64, 605,03,0,)T and the matrix M is given by,

0 w1 y2 Y3 =o
-y 0 0 A
M = —Y2 0 0 AQ To (304)
—y3 —A1 —Az 0 x3
—Xyg —X1 —T2 —I3 0

Again, since the matrix equation has a nontrivial solu-
tion for ©, the determinant of M is vanishing. However,
this requirement is automatically satisfied in 3D due to
the fact that M is a 5 x 5 antisymmetric matrix. There-
fore, differently from f(T') gravity in 4D, there is no fur-
ther constraint in the case of 3D. Hence, one can easily
read that the rank of M in 3D is 4, which also implies
that there are 4 independent equations for those 4 La-
grange multipliers. To be specific, one can calculate all
Lagrangian multipliers as follows:

o, — Ao + T3y2 — T2Y3
! Arzg — Asxy
Y1T2 — Y221
O3 = "——"—,
A1x2 — AQiCl

0, — —A1xo — T3y1 + T1Y3
2 Almg — AQ.Tl
Ajys — A
y= 2T 2 (305)
Al.’EQ — Agxl




To keep a generic discussion, one may assume Ajzy —
Aoxy # 0. Accordingly, one can easily figure out that
there are 6 first class constraints, which are governed by
H, H,;, 1", Moreover, there are 4 second class con-
straints, which correspond to I'', I'?, I''? and 7. Then
one can again apply the formula and conclude that
there are only 2 dynamical degrees of freedom for f(7T)
gravity in 3D space-time.

We close this paragraph by generalizing the conclusion
to a space-time of arbitrary dimensionality, based on the
analyses in the above two examples. For a general space-
time of d dimensions, one can have 1d(d —3) +d — 1
degrees of freedom in f(T) gravity [255]. This result
can be understood as follows. Firstly, we notice that
the rank of a 1d(d — 1) x 1d(d — 1) matrix in s
2(d — 2). Thus, applying the second equation of (291)),
one can determine the Lagrangian multiplier A\ and also
obtain 1d(d — 1) — 2(d — 2) — 1 secondary constraints.
Secondly, one can substitute A into and make use
of those secondary constraints, and thus he obtains 2(d —
2) 4 1 independent equations for 3d(d — 1) Lagrangian
multipliers Agp. Thirdly, the consistency check of the
secondary constraints can yield another 2d(d—1) —2(d—
2) — 1 equations for A4p. As a consequence, one can fix
all the Lagrangian multipliers with none of secondary
constraints being left. Therefore, one can find that there
are 2d first class constraints and d(d—1)—2(d—2) second
class constraints, and accordingly the number of degrees
of freedom in f(T) gravity is 3d(d —3) +d — 1. As a
side remark, following the above analysis it is interesting
to observe that f(7T) gravity is non-dynamical in a 2D
space-time, a special property first observed in [262].

D. Restoring local Lorentz invariance in f(7)
gravity

As we described in detail in subsection [VB] in the
usual formulation of f(T) gravity local Lorentz invari-
ance is either completely absent or strongly restricted
[257H259]. The reason behind this is the strong imposi-
tion made in [I88HI9I] that the spin connection vanishes,
which makes the theory in general frame-dependent.
Such a consideration helps to make the theory simpler,
and it can lead to the extraction of many solutions, as
long as one does not ask questions about frame transfor-
mations and Lorentz invariance. Obviously, the Lorentz
violation problem is potentially a severe one, and it be-
comes obvious when questions about frame transforma-
tions and Lorentz invariance are raised, which is usual for
instance in the case of spherically symmetric solutions.

The only way to solve this severe problem is to con-
struct a consistent, covariant, formulation of f(7T') grav-
ity. This is achieved if instead of the pure-tetrad telepar-
allel gravity we start from the covariant teleparallel grav-
ity, using both the vierbein and the spin connection in a
way that for every vierbein choice a suitably constructed
connection makes the whole theory covariant, as it was
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recently done in [I28]. In this case the theory is frame-
independent and Lorentz invariant, since every frame
transformation will be accompanied by a suitable con-
nection transformation.

Unfortunately, the above covariant re-formulation of
f(T) gravity was absent till recently [128], and thus many
works on the subject were instead devoted in choos-
ing/constructing suitable non-diagonal tetrads in order
to incorporate the Lorentz invariance issues. In particu-
lar, a large number of papers appeared, discussing the
relation between diagonal and non-diagonal vierbeins,
the relation between “good” and “bad” tetrads, and the
whole discussion was mainly focused on spherically sym-
metric solutions where frame transformation is apparent.
Such an approach is not wrong and it can indeed lead to
interesting solutions (see Sec. 7 but clearly it faces
the problem only in a skin-deep way, without trying to
restore Lorentz invariance fully and correctly. The latter
is possible only if one re-formulates f(7T') gravity keeping
an arbitrary spin connection, and this is the goal of this
subsection following [128].

In a general geometrical formulation, the fundamental
variable is the tetrad eA#, while the spin connection w?; M
determines the rule of parallel transportation. In the case
where we keep a non-vanishing wAB ,» the torsion tensor

([259) is extended to

Tﬁu(eA,u?wABu) = aﬂeAu - al/eAu + wABueBu - wABl/ei'

(306)
We stress that in principle the above relation is the cor-
rect one, while is the simplification made in [I88-
T9T] under the imposition of a zero wAB - The expres-
sion for the torsion scalar , namely T = Tf?w S
as well as the expressions for the contortion tensor
K" = (T +T" —T",) and the superpotential®
S =efS M =K") —ef T+ e, T", are the same as
in the usual formulation, however since the torsion tensor
now includes the non-trivial teleparallel spin connection,
the final results are different.

The action of this covariant f(T") gravity still writes as

the one in (262)), namely

S= /d4x le] [{6(7321 +L(m)} ,

with |e] = det(eﬁ) = /=g and L™ the matter
Lagrangian, however in the present case T in-
cludes w’%u which is determined from the refer-
ence tetrad by the method proposed in [128],
and which is briefly discussed later on. Then,
the equations of motion are obtained by variation

(307)

! In this paragraph we follow the conventions of [128|, used in
TEGR literature, that slightly differ from those in f(T") gravity
works by a factor of 2. Therefore, the superpotential here is two

times the one defined in (260).



with respect to the tetrad only, and they read as
[128]:

e fro, (eSLY) + frrSiY0,T — frTh A Sg"
1
+frwB, Spt + Mef = AnGen T ¥ (308)

where 7™ p” is the matter energy-momentum tensor.
These equations obviously coincide with if we set
w’% u =0

One can easily see that the action is invariant
with respect to local Lorentz transformations, while the
field equations are covariant, which was actually
the main goal of this subsection. In order to verify this,
let us consider a local Lorentz transformation represented
by the matrix Ay = A4;(x) that obeys

nap = nepAGAT, (309)

under which the tetrad and spin connection respectively
transform as

e, = NgeP, (310)
W g = NMewDAp + Moo A, (311)

with primes denoting the transformed quantities. As one
can very easily see, under the above transformation the
field equations are covariant, since the transforma-
tion of the connection can compensate the transforma-
tion of the vierbeins. On the other hand, if one had set
the spin connection to zero, as it is done in the usual
formulation of f(T") gravity, the above capability is lost,
and that is why the theory does not have local Lorentz
invariance.

In summary, in this subsection we have indeed man-
aged to consistently formulate f(7T) gravity with local
Lorentz invariance. In particular, we can always con-
struct a non-vanishing spin connection that restores lo-
cal Lorentz invariance in f(T') gravity for every vierbein.
This is a crucial result that one must have in mind when
discussing Lorentz invariance issues in f(T") gravity.

We would like to mention here that indeed in such
a consistent f(T) gravity formulation, i.e. with a non-
vanishing spin connection, it is harder to obtain solutions.
The reason is the following: In the usual f(7T') gravity the
spin connection is absent, and thus the field equations are
equations for the vierbeins only. On the other hand, in
the general case the field equations do depend on both
the vierbeins and the spin connection, which now appears
explicitly as a dynamical variable, and thus additional
methods are needed in order to match each to other.
Note the interesting feature that in simple TEGR this is
not the case, even if one keeps a non-zero spin connection.
In order to see this, one starts by explicitly writing the
torsion scalar as [I26HI128)]

4 v
T(eAH,wABM) = T(eAH, 0) + gau (ewAfeA eé‘) , (312)

where T(eAﬂ, 0) is the usual torsion scalar corresponding
to zero spin connection. Therefore, although in the case
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of TEGR Lagrangian the spin connection terms form a
total derivative and hence one can find solutions easily,
first solving for the tetrad and then proceeding to finding
the spin connection, in the case of f(T') gravity this is not
possible since the solution of the field equation depends
on the choice of the spin connection. Clearly, one needs a
method of finding the spin connection to the given tetrad,
which does not rely on the solution of the field equations.
It turns out that this is possible, if we make some reason-
able assumption about the reference tetrad, given by the
symmetry of the problem being investigated [126] [128§].
We close this subsection referring very briefly on how
the above procedure would work in an FRW geometry,
i.e formulating a consistent and Lorentz invariant f(T)
cosmology, as well as in spherically symmetric cases.

e FRW geometry
We start with the Cartesian coordinate system and
the diagonal tetrad that represents the FRW met-
ric, namely

eAM = diag(1, a(t), a(t), a(t)), (313)

which leads to the Friedmann equations

(267),(268). In the spherical coordinate sys-

tem the above vierbein writes as

eA# = diag (1, a,ra,rasinf), (314)
however note that in this case the field equations
for this tetrad and vanishing spin connection
lead to the condition frr = 0, which is satisfied
only in the TEGR case. Nevertheless, we can easily
find the non-vanishing, purely inertial, spin connec-

tion corresponding to (314)), which writes as [12§]

W129 =-1,
wlw = —sind,
w23¢ = —cos#, (315)

with all its other components being zero. Using this
spin connection, it is easy to check that the vierbein

(314) leads to the same field equations (267]),(268])

as the ones obtained from the tetrad (313).

e Spherically symmetric geometry

The spherically symmetric space-time is character-
ized by the metric

ds* = A(r)2dt* — B(r)?*dr?* — r?d6* — r? sin® 0d¢p?,
(316)

where A(r) and B(r) are arbitrary functions of r.
The most natural choice of the tetrad that corre-
sponds to this metric has the simple diagonal form
eﬁ = diag (A(r), B(r),r,rsin0). (317)
It is straightforward to check that if we assume the
trivial spin connection wABN = 0, then the 2 — 0



field equation from , namely —8’;% cotd =0,
gives us necessarily the condition frr = 0, which
restricts the theory to TEGR. In the literature
this feature is wrongly interpreted as “the diagonal
tetrad is not a good tetrad for sperically-symmetric
solutions in f(T) gravity” [210, 262H277].
Following [128] we will show that the above issue is
an artifact of the non-covariant formulation of f(T")
gravity. In particular, using the covariant formula-
tion presented above we can calculate the appro-
priate spin connection which will allow to use any
tetrad giving the metric , without restricting
the functional dependence of the Lagrangian. This
reads as [128]

1 _
Wiop =

—1, wly, =—sinf, w’, =—cosf.
(318)
Hence, the field equations for every f(7')-form
can be satisfied by all tetrads related through
Lorentz transformation and corresponding to the
spherically-symmetric metric , and not only

by specifically constructed ones.

We stress that the field equations of covariant f(7")
gravity [128], generated from the diagonal tetrad
and the non-zero spin connection 7 co-
incide with those obtained in the usual, non-
covariant, formulation of f(T") gravity, for zero spin
connection but for the specific and peculiar non-
diagonal tetrad [210] 262], 263]

A 0 0 0
A _ | 0 Bcos¢sinf rcos¢cosf —rsingsind
®#=1 0 —Bcost rsin 6 0

0 Bsingsinf rsingcosf rcospsinb
(319)
This coincidence of the field equations can be easily
explained. The off-diagonal tetrad is related
to the diagonal tetrad through a local Lorentz
transformation of the form &4, = A%;e” , where the

Lorentz matrix is given explicitly by

1 0 0 0
A 0 cos¢sinf cos¢pcosf —sing
| 0 —cos#d sin 0 0

0 singsinf singcosf cosg

(320)
We should now recall that a local Lorentz transfor-
mation simultaneously transforms both the tetrad
and spin connection through ,, and thus
the spin connection gets transformed as well.
Interestingly enough, the transformed spin con-
nection through is identically zero, namely
(I}AB# = 0. Hence, we can see that the off-diagonal
tetrad is a proper tetrad, i.e. a tetrad in
which the inertial spin connection vanishes, and
that is why the obtained field equations coincide

with the ones of the covariant formulation.

In other words, in the usual, non-covariant, formu-
lation of f(T') gravity, one considers specific pe-
culiar non-diagonal tetrads, and thus making the
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theory frame-dependent, as a naive way to be con-
sistent with a vanishing spin connection. However,
as we showed, the correct and general way to ac-
quire consistency is to use the covariant formulation
of f(T) gravity, in which case frame-dependence is
absent. In particular, one is allowed to use any form
of the tetrad provided that he calculates the corre-
sponding spin connection. The off-diagonal tetrad
has no privileged position anymore, and it
is just a specific tetrad in which the corresponding
spin connection happens to be zero. Hence, there
are not “good” and “bad” tetrads in f(T") gravity,
there is no-frame dependence, as long as one aban-
dons the strong imposition of zero spin connection

In summary, covariant f(T') gravity is the correct and
consistent way to modify TEGR. There is an additional
difficulty to find the spin connection, however one can
follow the above method in order to achieve it and extract
solutions. In particular, one is allowed to use an arbitrary
tetrad in an arbitrary coordinate system along with the
corresponding spin connection, resulting always to the
same physically relevant field equations [128].

E. Perturbations in f(T) gravity

In this subsection, we review in detail the linear-order
dynamics of perturbations of f(7T') gravity within the cos-
mological frame, following [196] (see also [278]). For sim-
plicity, we investigate scalar perturbations in the Newto-
nian gauge and provide the full set of gravitational and
energy-momentum tensor up to linear order. Then we
examine the stability of the theory from the aspect of
scalar perturbations.

1. Scalar perturbations in Newtonian gauge

Let us focus on the spatially flat cosmological scenar-
ios governed by f(T) gravity. Using the symbol el’:‘ for

the perturbed vierbein and él‘f for the unperturbed one,
scalar perturbations can be included by writing

A _ A A
e, =€, +E, ,

i (321)

where

)

e : =" (322)

_ <0 a __ ga U
€,=70,, €,=0d,a, & =70,

and

)
E), = 60y, Ej = —dlag, Bf = iy, B = ~24.(323)

In the above expansion we have introduced the scalar
modes of perturbations ¢ and v, which are functions of
space x and time t. Note that these symbols, as well
as their associated coefficients, were conveniently cho-
sen such that the vierbein perturbation can match with



a metric perturbation of the known form in Newtonian
gauge, namely

ds® = (14 2¢)dt* — a*(1 — 2¢)6;;dx’dx? . (324)

Accordingly, the determinant is given by e = det(eﬁ) =

a®(1+ vy — 39¢).
To proceed, one can calculate the expressions of T v

from (259) and of Sy** from (260]), at linear order under
the perturbations (322) and (323). To be explicit, the

torsion expression can be written as
T = (@i +EN)[0u(8) + EJ) — (e +Ep)] (325)

After some algebra one can derive the component expres-
sions to be:

TOMV = ;L¢610/ - 3u¢52 ’
;0
a? ’

. . 1
T'j=0;¢, Si" = ﬁ@j(@b —) .

TiOi:H_qlsa

0% = 5% =—H+¢+2Hy

(326)

Additionally, the perturbed torsion scalar from (261]) can
be expressed as

T=S8,"T¢,, =T+, (327)
with Ty = —6H? being the background part and
Ty, = 12H(HY + ) , (328)

the first-order part. Further, one can expand the form of
F(T) (recall that F(T) = f(T) — T) and its derivatives
up to first order to be:

dF(T)
F(T) = F(Ty) + T ) =F +F
(T) (To) + T dT |rem, o+ 1
_ dF(T) 42 F(T) o
Fr(T) = drT ’T:TO YT )T:To =Fo+h
2 F(T) BE(T)
Frp(T) = ‘ ‘ =F'+F" .
r(T) dT? |r=r, Yars T=T, o T4
(329)

Then, we calculate the perturbed energy momentum
tensor. Note that, the perturbed components of the en-
ergy moment tensor are expressed as follows:

ST = —6p,, (330)
ST 0" = 0™ (ppm + pm)(—0ibu) (331)
OT)0 = (pr + pm ) (0;6u) (332)
ST™ 7 = §,;0p + 0i0;7° (333)

where 7% is the scalar part of the anisotropic stress.
Combining all the above expressions we eventually ob-
tain the perturbed gravitational equations of motion up
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to first order [196]:

Eg = —47Géppm,
— (14 F})(V?¢) 4+ 6(1 + F})He + 6(1 + F) H*
—3F/H? — Tl%Fl , (334)

EY = 4G (py + pm)0idu

=1+ F)oip+ (1 + F)HOp —12HHFY 9;¢
(335)

E? = 475G (pym + pm )06 Su
= 12H20;8, (¢ + HY)Fy — (1 + F;)i8, (6 + HY) ,

(336)
, 4G
Bo6i = — = (pm¢ + 0pm)
_ 2 7 FY 27 T+ F
-5 (o) ()
(14 Fp) 5o si (1o + Fo)
~ o Za 6;0;04(¢ — &) — P
b#a
1+ F) .
+ (J?f‘”[csﬂqs +6H?) — 3H?¢

+ ¢+ H(2) — ¢) + HY)
i
+ F—O(—24HH<5 — A8 H?H
a
—12H%¢ — 12H3) +12H*H¢) , (337)
Ej6¢ = 4nGa20;6] 060 w°
1+ K¢ i i sa
= @ajaga 68(¢— ), (when b # a)

2
(338)

where the indices are not summed up unless the 3 symbol
is shown explicitly.

So far the equations of motion derived above are
general to most cosmological models governed by f(T)
gravity. In many situations, one can further simplify
the above equations by assuming a vanishing scalar
anisotropic stress 7°. This assumption is often in agree-
ment with the observational fact that the contribution of
anisotropic expansion of the Universe is sub-dominant.
Under the zero-anisotropic-stress assumption, Eq. (338|)
implies ¢ = v, and along with dp,, = 0 may lead the
system of perturbation equations to be overdetermined.
Once the vanishing of the anisotropic stress is imple-
mented, one has four equations determining the three re-
maining perturbation variables dp,,, ¢ and du. However,
in the limit Frp(T) ~ 0, equations and be-
come identical and then remove the over-determination.
Therefore, one can conclude that the requirement of no
anisotropic stress imposes another constraint on f(7T)
models, namely that Frp(T) ~ 0. Moreover, one may
notice that this requirement can be relaxed for more gen-
eral vierbien choices than .



2. Stability analysis

After having derived the perturbed gravitational equa-
tions at linear order, one can examine the stability of
f(T) gravity. In the following we focus on the stability
issue of the gravity sector by ignoring the matter field
contributions in the set of equations —. One
notices that, if the pure gravitational sector is unstable,
the theory would be ill-defined even after introducing the
matter components. Working in Fourier space, we intro-
duce the mode- expansion of ¢ to be

3 ~ .
b(t,x) = / (jﬂ’;g Grt)ee . (339)

Then, inserting this expansion into Eq. (328]), one ob-
tains the Fourier mode of T3 as follows:
Tip = 12H? ¢y, + 12H ¢y, . (340)

Moreover, Eq. (329) yields the following Fourier modes:

- dF(T) _
Fp=T ‘ — T\ F! A1
Tk Ll 1 Fy (341)
_ @F(T) )
BT 7‘ = Ty F 42
1k 1k dT2 T=T, 1o > (3 )
. BET) )
F// :T 7’ :T F/// 4
1k s =T, kL0 > (343)

which are the Fourier modes of the functions of Fy, Fy,
and FY', with Fy, F) and F} being independent of ¢.
Substituting equations (339)-(343)) into (337)), one ob-

tains
Ok +Top +w? =0, (344)
where w? and T are given by
1 [3H? . F .
w? = (14 Fy—12H?F)) ™" {2+H— ZOJFHF(;

—(36H* —48H?H)F!' + 144H*HF}"| , (345
0 0
T = (14 Fy— 12H2F) " 4H |1+ F}
— (12H? + 9H)F!! + 36H2HF(;”} . (346)

respectively. Eq. allows one to study the stabil-
ity of any given model. For instance, a model for which
w? is negative is obviously unstable against gravitational
perturbations. Additionally, as mentioned previously, it
is sufficient to consider a scenario without any matter
content. In such a pure gravitational system, the back-
ground equation (that is with p,, = 0, p,, = 0)
leads to a constant value of H. Therefore, Eq. can

be simplified as

38H® _ Fo _ 3GpAFY
wr=-2 4 o (347)
1+ F, — 12H?F}
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Accordingly, one can make use of the relation (347)) to
justify if a specific model of f(T') gravity is free of in-
stabilities. For example, we insert the power-law ansatz
F(T) = a(-T)", with a = (6H2)'™"/(2n — 1) in the
absence of matter (Hy is the present Hubble parameter),
and the exponential ansatz F(T) = —aT (1 — e?To/T),
with @ = 1/[1 — (1 — 2p)eP] in the absence of matter,
considered in [I91], and then we can straightforwardly
determine the allowed values for the ansatz-parameters
numerically. It is easy to check that in both these cases
the stability condition is satisfied for the phenomenologi-
cally relevant ranges of parameters, that is 0 < n < 1 for
the power-law model and 0 < p < 1 for the exponential
model.

3. Growth of matter perturbations

Having examined the stability of f(7T') gravity, we can
now switch on the matter sector, and examine the fluc-
tuations about the FRW background in the presence of
matter. This is a crucial subject in any cosmological sce-
nario. In order to study the growth of perturbations,
we assume for simplicity a matter-only universe, i.e. we
impose p,, = 0 = dp,,. As usual, we define the matter
overdensity ¢ as § = %.

Now we can rewrite Eq. (334) as

SH(L+ F, — 12H2F!) oy
+[(BH? + k2 /a®)(1 4 F}) — 36 H*F}] ¢,

+41Gpm o =0 . (348)
Note that this is the relativistic version of the Poisson
equation in f(T') gravity. As a result, equations (344))
and can be applied to evolve § for a given f(T)
model, which will allow for a comparison with observa-
tional data.

Before proceeding to the investigation of equation
7 let us make a comment concerning the relation to
GR. We notice an interesting feature that emerges from
the above analysis, both of the pure gravitational sector
of the previous paragraph as well as of the matter in-
clusive sector of the present paragraph, namely that the
linear perturbations in f(7T) gravity can locally reduce
to those of General Relativity in the limit where F(T) is
constant. For example, if F(T)) = const. = —2A, where
A is the cosmological constant, then one can immedi-
ately see that equations — reduce to the well-
known first-order equations of GR [144] 252]. Further-
more, equations and reduce to the well-known
equations for the growth of perturbations in ACDM cos-
mology (see e.g. [279]). However, one should keep in
mind that new degrees of freedom might arise at non-
perturbative level [255].

We now proceed to the investigation of the physical
implications of a non-trivial f(7T')-ansatz, studying the
growth of the overdensity for a specific model. We choose



the power-law model suggested in [I91]:

F(T) = a(~T)", (349)
where o = (6HZ)1 =™ (1—Q,0)/(2n—1) and Hy and Q0
refer to the Hubble parameter and the matter density
parameter at present.

k=0.1 h Mpc™"
0.8
—n=0
---n=0.2
--n=0.4
0.6+
w 0.4
0.2+
% 1 2 3

log,,(1+2)

FIG. 2: The evolution of the matter overdensity § as a func-
tion of the redshift z, on a scale of k = 0.1h Mpc™", for three
choices of n, for the power-law model given by . From
[196).

Our results for the growth of perturbations, arising
from a numerical elaboration, are presented in Figures
In these figures we follow the growth of the mat-
ter overdensity d, from the time of last scattering to the
present one, for different choices of n, for three differ-
ent k-scales. In Fig. [5| we depict the evolution of § for
fixed n = 0.2, but for three different scales. As usual, we

k=0.01 h Mpc™"
—n=0
---n=0.2
--n=0.4
% 1 2 3

log,,(1+2)

FIG. 3: The evolution of the matter overdensity 6 as a func-
tion of the redshift z, on a scale of k = 0.01h Mpc™*, for three
choices of n, for the power-law model given by . From
[196].
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FIG. 4: The evolution of the matter overdensity § as a func-
tion of the redshift z, on a scale of k = 0.001h Mpc™!, for
three choices of n, for the power-law model given by .

From [196].
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FIG. 5:  The evolution of the matter overdensity § as a func-
tion of the redshift z, for a fized n for the power-law model

given by , for three different scales. From [190].

use the redshift z as the independent variable, defined as
1+ z = ap/a with ag the present scale-factor value.

As expected, the n = 0 case is identical to ACDM
scenario [280]. However, as n increases we find that there
is a suppression of growth at smaller redshifts, which can
act as a clear distinguishing feature of these models. We
also notice that larger scales are more strongly affected
than smaller ones. Therefore, observations which target
sub-horizon scales close to the horizon could, in principle,
constrain these models.

In addition, as we mentioned earlier, in order for a the-
ory of f(T) gravity to be free of over-determination (since
we have imposed the zero-anisotropic-stress assumption
which reduces the degrees of freedom) we need to require
F"(T) ~ 0. This condition in the case of the power-law



ansatz requires n < 1, which is what we have used for
the numerical analysis. Interestingly enough, it is exactly
the same condition that is needed in order to acquire an
observationally compatible dark-energy and Newton con-
stant phenomenology at the background level [T91].

Finally, we mention that, as has been studied in [256],
the extra degrees of freedom of f(T') gravity that are
designed to explain the observed late time acceleration,
generally decay at small scales. Therefore, their effects
on scales such as galaxies and clusters are difficult to
be probed. However, on large scales the new perturba-
tion modes could produce large deviations from the stan-
dard ACDM cosmology, leading to stringent constraints
on theories of f(T') gravity.

4. Vector and Tensor Perturbations

In the previous paragraphs we focused on the scalar
perturbations of f(T') gravity, since they are sufficient
to reveal the basic features of the theory, allowing for
a discussion of the growth of matter overdensities. For
completeness, following [196] we now extend our analysis
in order to include the vector and tensor sectors of the
theory, in the absence of matter.

The general perturbed vierbein at linear order reads
as

e) = 60(1+v)+a(G; + 0;F)6,
et = adt(1—¢)+a(h* +0,0*B +9,C* +0C;) 5,
el = o0y(1—1)
1 ) ) ) )
eh = —[04(1+ @)+ (h'a+0'0aB +0'Ca+04C") Y]

— (G + 0;F) 6,65 (350)

In these expressions, apart from the scalar modes ¢ and
1) used in —, we have introduced the transverse
vector modes GG; and C;, the transverse traceless tensor
mode h{‘, and the scalar modes F' and B, the divergence
of which will also contribute to the vector sector. Sim-
ilarly to the simple scalar case, the coefficients on the
above expressions have been chosen in order for this vier-
bein perturbation to give rise to a perturbed metric of the
familiar form:

goo =1+ 29

gio = a[0;F + G,

gij = —a? [(1 — 2¢>6ij + hij + &BJB + (r“)jCZ‘ + (%Cj] .
(351)

Let us make a comment here concerning the number of
degrees of freedom of the perturbed theory. As may be
deduced straightaway, T;i\w K, and S are spacetime
tensors under an infinitesimal coordinate transformation
of the form

at — at + et (352)
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This implies that the torsion scalar T' is generally a co-
variant scalar, and thus actions of the form of (262)) are
generally covariant as well as invariant under (352)). As
a result, for our choice of vierbien , the number of
degrees of freedom (DOF) is identical to General Rela-
tivity. In particular, in 3 4+ 1 spacetime dimensions, the
metric, being symmetric, has 10 independent DOF. This
is reflected in , which comprises

e 4 scalar DOF v, ¢, F and B

e 4 vector DOF, 2 associated with each of the diver-
genceless vectors G; and Cj

e 2 tensor DOF associated with the transverse, trace-
less and symmetric tensor h;;.

However, not all of these DOF are independent as there
exist 3+ 1 DOF associated with the coordinate transfor-
mation (the temporal part of e/ is the scalar eg, and
its spatial part can be decomposed into the gradient of a
scalar plus a divergenceless vector: d;e” + ¢!, leading to
a total of 2 scalar and 2 vector DOF). Subtracting these,
we are left with a total of 6 DOF: 2 scalar, 2 vector, and
2 tensor, just as in the case of GR.

We can therefore work in the Newtonian gauge, setting
F and B to zero. This is easily understood since under
7 the gauge transformation of B is —(2¢%)/a?, while
that of F is (1/a)(—ey — ¢° + 2He”). Therefore, ¢ can
be chosen in order to give rise to B = 0, and similarly
an accompanying choice of ¢y will lead to F' = 0. Ad-
ditionally, we choose a gauge where the vector mode C;
vanishes (through an appropriate choice of €!). As usual,
the vector modes are transverse, while the tensor mode
is transverse and traceless, namely

(9101 = 61GZ = O; &h” = (;ijhij =0. (353)
Finally, we easily deduce the following relation between
the tensor perturbations in the vierbein and inverse vier-
bein: hpzlAzl = —hAzlp:I.

Using the above relations, the perturbed torsion tensor

(325) becomes

T, = 8,96y — 8,06, + a(0,G, — 0,G,)
T'oi = H— ¢+ h°s.
T'; = ;¢ + 0ih; 5L — 9;h;°6L, (354)

with small Latin letters spanning the tangent-space spa-
tial coordinates, and where for notational compactness
we have introduced a G part of G;, which is zero. This



torsion tensor inserted into (260) leads to

So% = aizaiqb + 2%2 zj:ajhfég + gGi

S = 4%3 (9,G; — 9,Gy)

S% = —H+¢+2Hy + %hﬂég

570 — ﬁ (0,6, — 0,G.)

S = S 0(6 ) + 5 Ok — 0ihi)

H 1 .

—G;+ —Gj. 355
+ a J + 2a J ( )
However, the torsion scalar is unaffected by the vector
and tensor modes, and thus it is still given by (328),
namely

T=Ty+T, =—6H>+12H*) +12Hd,  (356)

and likewise the determinant e is still given by e = a®(1+
Y — 30).

We now have all the necessary machinery in order to
extract the equations of motion for the vector and tensor
sectors. Following the steps of the previous paragraph,
we can similarly decompose the energy-momentum ten-
sor into its vector and tensor components and ignore the
vector and tensor anisotropic stresses. We finally obtain

1+ F/(T)V?G; =0 (357)
for the vector mode. Since the quantity in square brack-
ets is zero only for the unphysical model f(T) = T +
F(T) = 0 (for which the action (262)) does not describe
the gravitational sector anymore), we can eliminate it,
resulting in

V3G = 0. (358)
Therefore, the vector modes in f(T) gravity decay as

1/a?, which is similar to the GR case.
For the tensor mode, we obtain

a

hi  V2h" 3Hfzia>_6HHf”(T)izi“ }6j o

{[HF/(T)](% 20 T 2a
(359)

Similarly to the scalar case, one can Taylor-expand the
derivatives of F(T)) using (329), and Fourier-expand the
vector and tensor modes, in order to obtain the corre-
sponding dispersion relations. Moreover, one can split
the tensor sector into left-handed and right-handed po-
larizations. This detailed analysis is performed in Section
[VIT below.

Concerning the tensor equation , although there
is a new friction term, there are no new mass terms,
which is a behavior similar to the scalar case of the pre-
vious paragraph. Therefore, we can safely conclude that,
in general, f(T') theories do not introduce massive gravi-
tons. Thus, when f(T') tends to a constant we do not
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obtain the typical problems of massive gravity, which is a
significant advantage of f(7T') gravity. Additionally, note
that similar to the scalar case, in the limit where f(7T)
tends to a constant we do recover the behavior of GR
at linear order, which is a self-consistency test of the
construction. Lastly, from the equations of motion for
scalar, vector and tensor perturbations presented above,
it is clear that these three classes of perturbations decou-
ple from one another in f(T) gravity, just as they do in
GR.

F. Implications for thermodynamics

In this subsection we turn to discuss thermodynamics
in the frame of f(7T') gravity in order to further exam-
ine the viability of a given f(7') model. In particular,
we follow the procedure developed in [281H287] and ex-
amine whether the first and second laws of thermody-
namics can be verified during the late-time acceleration
realized by f(T) gravity. We recall that the fundamen-
tal connection between gravitation and thermodynamics
was found in black hole physics [288H291] (and see [292]
for a comprehensive review). Especially, the standard
Einstein equation in GR was derived from the Clausius
relation in thermodynamics [293]. This formalism was
extensively applied to generalized gravity theories in the
literature [294H297].

1. First law

In a flat FRW geometry, the apparent horizon radius
is 74 = 1/H. Moreover, the dynamical apparent horizon
is determined by the expression h*?9,70s7 = 0. Tak-
ing the time derivative of 74 one obtains —dr4 /f?4 =
HHdt, and thus inserting it into the effective Fried-
mann equation ([268)), one can find that [1/ (47G)] d7F4 =
73 H (py + P;) dt, with p; and P, denoting respectively
the total energy density and pressure of the whole uni-
verse, namely corresponding to both matter and torsion-
induced dark energy. In GR, the Bekenstein-Hawking
horizon entropy is given by S = A/ (4G), where A =
4774 is the apparent horizon area. Hence, using this
relation along with the horizon entropy, one can derive

1
27T A

dS = Ari H (py + Py) dt . (360)

It is well known that the temperature of the appar-
ent horizon is associated with the Hawking temperature,
which is expressed as Ta = |ksg|/ (2m). Moreover, the



surface gravity ke is given by [298]

Ksg

%aa (V=hne?o,7)

1 Fa Fa Y
S (I :——(ZH H)
Fa ( 2Hm) 2 +

227G 217G
=———7a(pt —3F) = —B—FTA (1 —3wy) pt

3F
(361)

with A the determinant of the metric hog and where wy =
P, /p; is the total equation-of-state parameter. As one

can see from (361)), for wy < 1/3 we obtain kg < 0. As a

result, inserting (361)) into Ty = |ksg|/ (27) gives rise to

1 Fa
Th=—(1- :
U7 onry ( QHFA)
Finally, combining (360)) with (362]) one derives
TudS = 4xi H (py + P.) dt—277% (py + Py) di4 . (363)

(362)

We remind that the Misner-Sharp energy [299] is de-
fined through E = 74/ (2G) = Vp;, where V = 4773 /3
is the volume enclosed inside the apparent horizon [300].
Note that from the above definition we deduce that E is
equivalent to the total intrinsic energy. Assembling we
obtain:

dE = —47i3 H (py + P) dt + 4nidpedig . (364)
Now, the work density is defined as [30IH303] W =
— (1/2) (TtePh, 4+ TOBSR, ) = (1/2) (py — P,
with 7meB  and T(PE)S  regpectively the energy-
momentum tensors of matter and of effective dark energy
(induced by the f(T) terms) sectors.

In summary, using and the work density W, we
can express the first law of (equilibrium) thermodynamics
as

TudS = —dE + WdV . (365)

Hence, we have implemented an equilibrium descrip-
tion of thermodynamics. Additionally, one can eas-
ily find the useful relation: S = 872H74 (py + P) =
(67/G) (T/TQ) = —(27/G) [H/ (3H3)}. This relation
implies that in an expanding universe the horizon en-
tropy S is always increasing in the case where the null
energy condition py + P; > 0 is satisfied (in which case
the universe is not super-accelerating, i.e H < 0).

2. Second law

Let us now study the second law of thermodynam-
ics through the usual equilibrium description (see also
[282] 284], [304H306] and references therein for related in-
vestigations). In terms of all fluids that are enclosed
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by the horizon, the Gibbs equation reads as TydS; =
d(ptV) + P.dV = Vdpy + (py + P;)dV. Hence, the
second law of thermodynamics writes as dSgum/dt =
dS/dt + dSi/dt > 0, where Sgum = S + Si, with S; the
entropy corresponding to the total energy inside the hori-
zon and S the entropy of the horizon itself. Thus, using
V = 4773 /3, the second Friedmann equation (268)), ex-
pression , and the relation § = 8m2HT (py + P;) =

(67/G) (T/T2>7 one can obtain

. 2
dSom __6m (TN" 1
dt G \T) 4HT+T

In summary, in order for the second law of thermody-
namics to be valid, from (366]) we extract the require-

ment [282] ¥ = — (4HT+T' — 120 (2H2 + H) > 0.
We remind that in an expanding accelerating universe in
f(T) cosmology the relation 2H? + H > 0 is always sat-

isfied [284], and therefore the generalized second law of
thermodynamics is valid.

(366)

VI. f(T) COSMOLOGY

As we mentioned in the beginning of the previous Sec-
tion, one important goal is to construct viable models of
f(T) or modified teleparallel gravity that can accommo-
date the expanding history of our background universe.
In particular, cosmological observations such the SNIa,
the CMB, the LSS, and the BAO data, have revealed
that the universe is currently accelerating. This pro-
found mystery leads us to the prospect that, either about
70% of the universe is made up of a substance known as
dark energy, about which we have almost no knowledge
at all, or that GR is modified at cosmological scales. It
is manifest that f(T) gravity can provide a mechanism
of phenomenologically realizing the present cosmic ac-
celeration, alternative to dark energy or curvature-based
modified gravity. Based on the considerations of the pre-
vious Section, in this Section we investigate in detail the
cosmological applications of f(T) gravity.

A. Late time acceleration

Let us consider the flat FRW background space-time,
of which the metric is given by

ds® = dt? — a*(t)dz? , (367)

and hence the form of the vierbein is expressed as in
(264), namely e;‘ = diag(1l,a,a,a). In this case the
background Friedmann equations were given in and
. It is interesting to note that one can reformulate
the Friedmann equations to be the same as the ordinary



ones in GR, namely

8rG
H2:T(p’r’+pb+pdm+pDE) ) (368)
H= —47G(pr + py + pam + ppE + Pr + PpE) ,
(369)

by defining the energy density and pressure of an “effec-
tive” dark energy component as

2TFr - F
PDE = T (370)
F—TFr +2T°F
Ppi T+ TT (371)

T 167G(1 + Fr + 2TFrr)

(note that F' = f—T as was introduced below Eq. (262)).
The above cosmic system involves the radiation p,., the
baryon matter py, the cold dark matter pg,, and the “ef-
fective” dark energy ppg arisen from F(T')’s contribu-
tion. Furthermore, the continuity equations for the vari-
ous matter components are written as

pi—i—SH(l—i-wi)pi =0, (372)

where the equation-of-state parameters w; = % are de-
fined as the ratio of pressure to energy density. In partic-
ular, they read as w, = % for radiation, wp = 0 for baryon
matter, wg,, = 0 for cold dark matter, respectively. For
the contribution of f(T') gravity, one can effectively de-
fine:

w _ Ppg N (F—?TFT—T)(FT+2TFTT)
PE = e (F —2TFr)(1+ Fr + 2T Frp)
(373)
In particular, when Fr = 0, one gets wpp = —1 and

hence this case corresponds to the concordant model, i.e.,
the ACDM. One can further generalize the equation-of-
state parameter of the i-th component as a function of
the redshift w;(z), with the redshift given as 1 4+ z =
%0 (where we can set the present scale factor ag to 1).
Therefore, the evolutions of various energy densities are

described by

pi = pio exp {3/()Z[1+wi(2)]d1n(1+2)} . (374)

According to today’s observations one learns that ppg
is of the order of 10747 GeV* and the corresponding equa-
tion of state parameter is approximately w = —1. To our
knowledge, the energy scale of mysterious dark compo-
nent is far below any cut-off or symmetry-breaking scales
in quantum field theory. Therefore, if dark energy orig-
inates from the nature of particle physics, namely, the
energy density of quantum vacuum states, one has to
search for a delicate mechanism of canceling over large
vacuum energy density, but leaving unaffected the rest
contributions that slightly deviate from zero. This the-
oretical challenge is known as the famous cosmological
constant problem in the concordant cosmological model.
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The idea of constructing dark energy models from the
space-time torsion has already appeared in the context
of the TEGR [190, 307, [308]. Later, the f(T") realiza-
tion of dark energy models were extensively studied in
the literature, for example see [192] 193] [309]. In these
models, people have noticed that the background field
equations are always second order differential equations.
This profound advantage makes the cosmologies in f(7T)
theory much simpler than those in f(R) gravity, at the
background level.

1. Background evolutions

In subsection [V'A] we presented the background equa-
tions of f(T') cosmology. Hence, in this subsection we
proceed to the investigation of a specific example, which
will allow as to perform a quantitative analysis. We start
with the study of exponential f(7T') theory suggested in
[191], of which the form reads

f(r)y=T+¢T {1 — exp (CYTTO>} , (375)
where £ satisfies
1- Q)
= T =20)e (376)

In the above expression, 952) = 87er£2)/3Hg is the di-
mensionless density parameter of dust matter and Ty =
—6HZ denotes the value of the torsion scalar in the cur-
rent universe, which can be fixed by observations. Thus,
this model only involves one single dimensionless param-
eter a.

Utilizing the background Friedmann equation (368)),
the continuity equation and the expression (373),
one can numerically extract the evolution of the equation-
of-state parameter wpg of the effective dark energy aris-
ing from the contributions of the f(T') terms. In par-
ticular, we consider the cases of @ = 4+0.1, +0.01, and

40.001, respectively, and adopt ng) = 0.26 in the de-
tailed numerical analyses. The results are listed in Fig.
[6l One can read from the figure that wpg can be either
phantom-like (w < —1) or quintessence-like (w > —1),
depending on the positivity of the model parameter a.
In particular, the values of wpg in today’s universe at
the redshift z = 0 are numerically determined as —1.03,
—1.003, and —1.0003 for p = 0.1, 0.01, and 0.001, re-
spectively; while, they are found to be —0.954, —0.996,
and 0.999 for p = —0.1, —0.01, and —0.001, respectively.
However, in all cases the solutions approach to a quasi-
de Sitter phase with wpg = —1 in the far future, which
indicates that a final de Sitter stage might be a stable so-
lution. This will be verified in the following subsection,
where we perform a detailed dynamical analysis.

Fig. depicts the evolutions of dimensionless den-
sity parameter Q; = 87Gp; /3H? for radiation (the dash-
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FIG. 6: Numerical evolutions of the equation of state pa-
rameter wpg of the effective dark energy component arisen
from the exponential f(T') gravity as a function of the redshift
z. In the numerical calculation one sets the present value
Qg,? = 0.26. In the upper panel the solid line depicts the
evolution of wpr with a = 0.1, dashed line is for a = 0.01,
and the dash-dotted curve is for a = 0.001, respectively. The
lower panel shows the same cases except that o takes negative

values. From [202]

dotted curve), dust matter (the solid curve), and the ef-
fective dark energy (the dashed line), respectively. In the
numerical calculation, one can apply the initial condition
at today by taking the realistic values for €., €,, and
QpE, and also set a = £0.1. From this figure one can
read that the universe is dominated by radiation at the
high redshift regime, then it becomes matter dominated
in the intermediate regime, and eventually it enters the
accelerating phase in the low-redshift area. Therefore,
these numerical results nicely demonstrate that the f(T)
gravity can explain the present cosmic acceleration and in
the meanwhile accommodate with the thermal expanding
history as observed in our universe.
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FIG. 7: Numerical evolutions of the dimensionless density
parameter Qpg of the effective dark energy component arisen
from the exponential f(T) gravity as a function of In(1 + z).
The model parameter p takes the value of p = 0.1 in the up-
per panel and p = —0.1 in the lower panel, while the other
parameters are the same with Fig. [0 From [202].

2. Dynamical analysis

The interesting cosmological behavior of f(T') gravity
makes it necessary to perform a phase-space and stabil-
ity analysis, examining in a systematic way the possible
cosmological behaviors, focusing on the late-time stable
solutions. This procedure allows to bypass the high non-
linearities of the cosmological equations, which prevent
any complete analytical treatment, obtaining a (qualita-
tive) description of the global dynamics of these models,
that is independent of the initial conditions and the spe-
cific evolution of the universe.

In order to perform the phase-space and stability anal-
ysis of the scenario at hand, one has to transform the
aforementioned dynamical system into its autonomous
form X' = f(X) [3T0H3T3], where X is the column vector
constituted by suitable auxiliary variables, f(X) the cor-
responding column vector of the autonomous equations,
and prime denotes derivative with respect to M = Ina.
Then one can extract its critical points X, satisfying
X’ = 0, and in order to determine the stability proper-



ties of these critical points, one can expand around X,
setting X = X + U, with U the perturbations of the
variables considered as a column vector. Thus, for each
critical point one can expand the equations for the per-
turbations up to first order as: U’ = Q - U, where the
matrix Q contains the coefficients of the perturbation
equations. Finally, for each critical point, the eigenval-
ues of Q determine its type and stability.

Let us now investigate the dynamical properties of a
cosmic system governed by f(T') gravity. Concrete anal-
yses on this topic in various f(7") models were performed
in Refs. [194, BT4H3T6]. The main goal of this analysis is
to demonstrate that there indeed exists a stable acceler-
ating solution at late times, such that the present cosmic
speeding up can be explained naturally.

For convenience, we consider that the energy compo-
nents in the universe are only dust matter (which in-
cludes both dark matter and baryons) p,, and radiation
pr. Then one can rewrite the equations of motion as a
dynamical system by introducing the following dimen-
sionless variables:

R f _Tfr 8wGp,

6H? ' 3H?2’ 3H?
where €, is the dimensionless energy density parameter
of radiation. Applying the background Friedmann equa-
tions and the continuity equations for all matter compo-
nents, one can deduce

z2=Q,

, (377)

+3—-3z -3y
= (2 EroTor Ty 378
+3—-3z -3y

=9 FromIorToY 379

e T (379)
3—3z—-3

PP V. ikl (380)
2my —2+y

where the prime denotes the derivative with respect to
Ina, and where we have defined
_ TFpy

= . 1
m o (381)

Note that, for a large family of f(7") models, one can
express T as a function of y/x, based on their definitions
given in . Then m can be expressed in terms of
y/x, too. To be specific, consider f(T) =T + o[(-T)? —
B]49. In this type of models, one can easily calculate that
m=p—1+ z;qq(y/x) As a result, for a given form of
f(T), the dynamical system governed by equations ,
, becomes autonomous. Accordingly, the main

Friedmann equation (368) yields

_ 8nGpm
Qo =31
where (2, is the dimensionless density parameter of mat-

ter. Also the effective equation of state parameter for
“dark energy” can be expressed as

=l-z—-y—=z2, (382)

x+y/2 —my
(I-y/2—my)(z+y)

Wpg = — (383)
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In order to extract the dynamical properties of the
above autonomous system, one solves the combined equa-
tions: '’ =0, 3’ =0, and 2’ = 0. As a consequence, one
can obtain two isolated critical points and a continuous
critical line, which list as

Point A: 2.=0, y.=0, z. =1,
Point B: 2.=0, y.=0, 2. =0,
LineC: z.=1-—y., 2.=0.

In the following, we discuss these solutions and we exam-
ine their stability.

e Point A corresponds to a radiation dominated solu-
tion, since at this point one can easily derive that €, = 1.
Then one can study the stability of this solution by cal-
culating the eigenvalues of the above linearized system.
They are found to be

(1, 2(1—mj:\/1+2m+m2—2d(65/r;))>.

(384)
Hence, this critical point is unstable due to the presence
of a positive eigenvalue, which means that the universe
evolves away if there exists any small classical perturba-
tion on the background trajectory.
e Point B corresponds to a matter dominated solution,
since it exhibits €2, = 1. One can further calculate the
eigenvalues at this point as

(-1, 2(1—m:|:\/1+2m+m2—2d(2l/%)>(.385)

Since the cosmological features of this point are not fa-
vored by observations, we deduce that for a realistic cos-
mology one expects that the universe should deviate from
it along the background expansion. This can be satisfied
if the real part of one of the above eigenvalues is positive
definite.

e Line C corresponds to the solution dominated by the
f(T) contribution. In this solution, z.+ y. = 1 indicates
that both 2, and €, are vanishing. Moreover, it is easy
to read that wpg = —1 and that H becomes constant
on this critical line. Therefore, the background evolution
on this critical line corresponds to a de Sitter expanding
phase. Accordingly, the eigenvalues of the linearized sys-
tem in this solution are given by (—4,0,—3), which are
either negative or vanishing. This implies that the back-
ground evolution described by the last solution is always
(marginally) stable. Therefore, the solution of Line C is
of cosmological interest in explaining the present accel-
eration of our universe.

Having the above general analysis in mind, one can
proceed and study the detailed dynamics of the cosmo-
logical evolution governed by a specific f(7') model. To
be explicit, one may consider a power-law model of the
following form [190 [191]:

i) =1+ oM (1) (356)



where fy and p are two dimensionless parameters. De-
pending on the choice of the model parameters, this type
of f(T) gravity can be connected with several represen-
tative cosmological models that are already familiar in
the literature. For instance, the above model can re-
duce to the ACDM if p = 0. Additionally, it can mimic
the Dvali-Gabadadze-Porrati (DGP) model for p = 1/2,
while for p = 1 the background equation can be expressed
as H? = 3(%550)(/),” + pr), which then recovers a cold
dark matter (CDM) cosmology after rescaling the grav-
itational constant via G — G/(1 — fy). Furthermore, if
one desires this specific f(T") gravity to be phenomeno-
logically reasonable, then the value of p has to be between
0 and unity.

Specifically, one can substitute the form of f(T) (386)
into the background Friedmann equation , and then
it is easy to observe that the Hubble parameter can be a
non-zero constant, by setting the energy densities of mat-
ter and radiation to be vanishing and considering that
p # 1. This corresponds to the solution of a de Sitter
expansion represented by Line C. Additionally, one can
also examine the case of Point B in the specific model un-
der consideration. Then the eigenvalues of the linearized
system at Point B are given by —1, 2, —2p, respectively.
The appearance of a positive value manifestly implies
that this critical point is unstable along the cosmic ex-
pansion.

Moreover, combining all the above critical points, it is
interesting to observe that the universe can evolve from
a radiation dominated phase (described by Point A) to a
matter dominated era (described by Point B) and even-
tually enter a quasi de Sitter expanding phase (described
by Line C). Thus, the present model can provide a cos-
mological solution that exactly describes the expanding
history as observed in our universe.

In order to demonstrate such a possibility, one can nu-
merical solve the background evolutions governed by the
specific power-law f(T) gravity (386). Fig. [§ depicts
numerical evolutions under different initial conditions.
In the numerical computation one specifically considers
p = 0.2. It is manifest to see that the initial values of
x and y have to be suitably small, in order to obtain
a sufficiently long era of radiation domination, in agree-
ment with observations. From the upper panel of the
figure we indeed observe that the universe was initially
in the radiation dominated phase, then it became matter
dominated in the intermediate regime, and finally it en-
tered the cosmic acceleration at late times. As a result,
for f(T) gravity of the power-law form, the conditions
for the universe to evolve from an initial phase of radi-
ation domination to a cosmic acceleration at late times
are simply x; < 1, y; < 1 and p # 1. Moreover, in order
to satisfy the current observational constraints, |p| < 1
is also required [190] [191], [193].

Uo to now we have only considered a simple exam-
ple of f(T) gravity with a power-law function, that is
minimally coupled to regular matter. This example is
already sufficient to demonstrate the occurrence of the
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FIG. 8: Numerical results of the background evolutions for the
power-law f(T) gravity . The model parameter p is cho-
sen to be 0.2. a; is the initial value of the scalar factor. The
dot-dashed, solid, and dashed curves correspond to the cosmic
evolutions of dimensionless density parameters Qr, Qm, and
QpE, respectively. In the upper panel the initial conditions
are taken as: T; = y; = 1072 and z; = 0.98, while in lower
panel they are given by x; = y; = 107° and z; = 0.98. From
[194).

late-time acceleration. Moreover, it is important to note
that in the above model the famous coincidence problem
is not completely overcome since one needs to fine tune
the values of initial conditions such that the universe can
start the cosmic acceleration in the recent cosmological
past. To address the issue of cosmological coincidence,
one can phenomenologically introduce interaction terms
between the torsion scalar and the matter sector. Based
on this scenario, one can perform a phase space analysis
and search for attractor solutions where the matter and
dark energy density parameters are of the same order
[315], since this could alleviate the coincidence problem.

3. Phantom crossing/Quintom scenario

One interesting property from the f(7T) gravity is the
realization of the so-called quintom scenario, which is
also dubbed as the phantom-divide crossing in the liter-
ature. This phenomenological scenario is motivated by
the mildly favored observational signal that the equation-
of-state parameter of dark energy might have crossed
the cosmological constant boundary from above to be-
low in the recent cosmological past [317H322]. However,
it was noticed that a consistent scalar field model that



realizes the quintom scenario is extremely difficult to be
achieved [323H325). For instance, for a regular dark en-
ergy model constructed by a quintessence field, the cor-
responding equation of state parameter is limited in the
regime —1 < w < 1; while for a phantom field it is al-
ways w < —1. The difficulty for the model buildings of
realizing the phantom crossing is based on the proof of
a “No-Go” theorem for dynamical dark energy models
[320]. The study upon this topic was reviewed compre-
hensively in [160], which states that for dark energy mod-
els described by a single perfect fluid or a single scalar
field with a Lagrangian of K-essence form [326H32§], their
cosmological perturbations could encounter a severe di-
vergence when the background equation-of-state parame-
ter is forced to cross —1. Additionally, it was pointed out
in [329],330] that such a process might violate the null en-
ergy condition and hence would bring potential quantum
instabilities unless one considers non-conventional dark
energy models such as Galileon/Horndeski scalar field
constructions [331H333], bi-scalar constructions [334], or
spinor field scenarios [335], B36].

In the literature many dark energy models were put
forward to realize the phantom crossing behavior, but it
is interesting to note that such a possible phenomenon
can be effectively realized in theories of modified grav-
ity. The realization of the scenario of crossing the cos-
mological constant boundary within f(R) gravity were
extensively studied in [337H342]. As an analogue, it is
expected that the same phenomenon can be realized in
the context of f(7T) gravity. In the following, we consider
a specific model, which was proposed in [202] (see also
[217]) to demonstrate that the phantom crossing behav-
ior is achievable in this theory.

The explicit form of f(T) gravity is constructed as

[202]:
OéTo TO OéT()
l—exp| — ) —4/—=In|—
T ol T

(387)
where the first two terms of the r.h.s. are the same as
the exponential f(T") model in (375)), except that

f(T) =T +£T

b

1-0Y
11— (1—2a)e +2/\a

However, the last term appearing in takes a log-
arithmic form. From the above expression one can im-
mediately find that « has to be positive in order for the
model to be well defined. Recall that in paragraph[VIAT]
above we have pointed out that wpp < —1 when a > 0.
But, the last term of can yield a quintessence-like
component with an effective wpg > —1. As a result, the
combined effect of these two parts naturally provides a
possible dynamical realization of the behavior of crossing
over wpgp = —1.

Similarly to the case considered in paragraph [VIAT]
the present model also involves only one single parameter
«. Thus, it is not difficult to make use of the background

€= (388)
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Friedmann equation and the continuity equation
to numerically extract the cosmological solutions.
In the upper panel of Fig. [0] we straightforwardly depict
the evolutions of the effective dark energy equation-of-
state parameter wpp along with the redshift z, for dif-
ferent choices of the model parameter a. From the solid
(where a = 1) and dashed (where a = 0.8) curves, one
can manifestly observe that wpg is able to cross over the
cosmological constant boundary. In both cases, the uni-
verse evolves from a quintessence-like phase (wpg > —1)
into a phantom-like phase (wpr < —1) with a smooth
crossing behavior, and eventually approaches to the ex-
ponential expanding phase. Moreover, the values of the
redshift for the occurrence of quintom scenario are de-
termined as z = 0.70 and z = 0.36 for the solid and
dashed curves, respectively. It is interesting to notice
that if @ < 0.5 then the universe would asymptotically
approach to the wpgp = —1 expanding phase, without
crossing behavior, since in this case the exponential term
in the expression would have become secondary in
f(T) gravity.

Moreover, the evolutions of dimensionless density pa-
rameter €; for radiation (the dash-dotted curve), dust
matter (the solid curve), and the effective dark energy
(the dashed line) are presented in the lower panel of Fig.
[0} respectively. In the numerical calculation one sets the
model parameter o = 1, and chooses the initial condi-
tions by fixing the present values of ng), Q,(S) and Qgg.
The numerical result explicitly shows that the model can
easily accommodate with the regular thermal expanding
history, and hence it can very efficiently be consistent
with cosmological observations.

In the above we have analyzed the background dy-
namics of the f(T') gravity described by and we
have showed explicitly that this type of model can real-
ize an effective dark energy equation-of-state parameter
crossing wpg = —1. By numerically evolving the dimen-
sionless density parameters we could roughly deduce that
the model could be consistent with cosmological observa-
tions. However, it is important to quantitatively justify
how well this f(T") model can fit the data. Thus, we
would like to investigate the observational constraints on
the model parameter « and the present fractional dust
matter density Qﬁ,? based on the x? method utilizing the
experimental data. In particular, the SNIa data from the
Supernova Cosmology Project (SCP) Union2 compilation
[343], BAO data from the Two-Degree Field Galaxy Red-
shift Survey (2dFGRS), Sloan Digital Sky Survey (SDSS)
data release 7 [344], as well as CMB data from WMAP7
[169], are adopted.

The contours of observational bounds from the SNIa,
BAO and CMB data at 1o, 20 and 30 confidence level
(C.L.) in the (« - Qﬁ,‘?) plane upon the f(7T') model de-
scribed by are shown in Fig. According to
the numerics, one concludes that at 20 C.L., the model
parameters are limited to be: 0.6 < a < 1.13 and
0.255 < 952) < 0.312. This result is obviously in a
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FIG. 9: Numerical evolutions of the effective dark energy
equation-of-state parameter wpg and the dimensionless den-
sity parameters in the model of quintom-like f(T') gravity
(1387) as functions of the redshift z or its log scale In(1 + 2).
In the numerical calculation one considers Qg,?) = 0.26. In
the upper panel we use the solid line to depict the evolution of
wpg with a = 1, dashed line for « = 0.8, and the dash-dotted
curve for a = 0.5, respectively. The lower panel shows the
evolution curves of Qpg (dashed line), Qm (solid line) and
Q, (dash-dotted line) with a fized model parameter o = 1.
From [202)].

good agreement with that derived in the ACDM. More-
over, the best-fit values of the cosmological parameters
in the f(T") model, which corresponds to the minimum
of x?, are given by a = 0.829, Qﬁﬁ) = 0.282, and h =
H/100/[km sec™! Mpc™'] = 0.691, with x2,,, = 544.56.

In addition, one can compare this specific f(7') model
with the standard ACDM one, by listing the best-fit val-
ues of all relevant model parameters as shown in Table
IIT. From this table, one can see that the minimum value
of x% in f(T) gravity is slightly smaller than that of the
ACDM, and hence in this regard the specific f(7') gravity
model can explain cosmological observations better
than the ACDM paradigm. However, one ought to keep
in mind that this is mostly due to the presence of one
extra model parameter a.
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FIG. 10: Observational constraints on the model parameters
in the (a - ngp) plane at 1o, 20, and 30 C.L.(from inside
to outside), respectively, based on the combined SNIa, BAO
and CMB data, for the f(T) gravity model described by (387).
The best-fit point is denoted by the plus symbol in the center
region of the plot. From [202].

Model « QO &
f(T)
ACDM

2
Xmin
0.829 0.282 0.691 544.56

0.275 0.707 545.23

TABLE III: The best-fit values of u, Qg,?), h and x2,;, for the
f(T) model (387) and ACDM paradigm.

We close this subsection by summarizing the analy-
ses and the obtained results. We started with a general
discussion of cosmological applications of f(T') gravity,
and then we devoted to a study of a specific model that
nicely demonstrates the possibility of realizing the cosmic
acceleration, alternatively to a cosmological constant or
scalar-field models. After that, we performed a dynam-
ical analysis on the phase space and we proved that a
quasi de Sitter expansion is an attractor solution at late
times, which explains why f(7T') can provide a good dy-
namical mechanism for obtaining the present accelerat-
ing phase. Motivated by observational signals, we con-
tinued by investigating an interesting realization of the
phantom-divide crossing behavior in a specific model of
f(T) gravity. Finally, we presented the recent observa-
tional constraints on the model parameters.

B. Inflation

After having reviewed the cosmological implications of
f(T) gravity at late times, in this subsection we devote
ourselves to the study of early universe physics. It was
first obtained in [I88] that a so-called Born-Infeld mod-



ified teleparallel gravity can solve the particle horizon
problem in a spatially flat FRW universe, by realizing
an early time acceleration, without introducing any in-
flaton field. Thus, in the present subsection we review
such a remarkable inflationary solution derived in mod-
ified teleparallel gravity, and then we comment on its
generalization into f(7T) version.

1. Inflation from modified teleparallel gravity

The idea of Born-Infeld Lagrangian appeared initially
from a modified field theory that aimed to smooth pos-
sible singularities [345]. Nowadays this type of La-
grangian has been widely applied under the great de-
velopments of low-energy effective descriptions of string
theory [346], [347]. In recent years, models of gravita-
tional Born-Infeld analogue were extensively studied in
the literature (for instance see [I88| [348H353]). Briefly
speaking, for a regular Lagrangian density £ = /—gL,
the Born-Infeld modification suggests:

2L
1+ — -1
Rk

where A is associated with some unspecified UV physics.
For example, for a D-brane moving towards a warped
throat in string theory, the parameter A is related to the
warp factor of the AdS throat.

Inspired by the above scenario, an interesting modi-
fication of teleparallel gravity was proposed in [I88], in
which the model is of the Born-Infeld type

VP
,/1+L/\TWJ_1

Note that, if one performs a local Lorentz transforma-
tion, a boundary term arises from S,*”T” , and is
trapped inside the square root. Therefore, it renders
the above model sensitive to local Lorentz transforma-
tions. Moreover, similar to the regular Born-Infeld field
Lagrangian, the dynamics governed by this model would
approach to those of standard Einstein equations when
S, TP, <A

In order to study the cosmological dynamics induced
by this model, one can take the ansatz for the vierbein
as

L — £BI = \/79)\

LBy (389)

T 167G

A = diag(N (1), a(t), alt),a(t) ,  (390)
where N (t) is the lapse function. Under this ansatz the
metric of the background space-time takes the form of
Guv = dia,g(Nz(t), _a(t)27 _a(t)za _a<t)2) ’ (391)
which coincides with the metric of a spatially flat FRW
universe. Note that one can absorb the lapse function
by rescaling the time scale. At the moment we keep this
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function undetermined and study the background equa-
tions of motion.

We consider the background matter component to be a
homogeneous and isotropic fluid, and hence one acquires
T? . = diag(p, —p, —p, —p) in the comoving frame. Then
the highly symmetric background ansatz eventually leads
to only two independent background equations of motion,
which are a first order equation:

(17 12H2)—% - 167G

it N2
N2\ X P

(392)
which results from varying with respect to e§ (H(t) =

a(t)/a(t) is the Hubble parameter), and a second order
one:

(o + o)

12H2)—% | _ 16nG

which results from varying with respect to e? (¢ =

—da/a® is the deceleration parameter). The above
two equations can also be derived by varying the La-
grangian with respect to the lapse function N(t)
and the scale factor a(t). Note that S, "’T%, =
—6 H(t)2/N(t)%, and thus X in will prevent the
Hubble parameter from becoming infinite. Note also that
Eq. is not a dynamical equation for N(t), but a
constraint for a(t), and therefore one has the freedom to
fix N(t), namely to set N(t) = 1.

The continuity equation for the matter component can
be guaranteed by differentiating Eq. with respect
to t and combining it with Eq. 7 which then yields

4
dt

d
(pa®) = —p—a’.

o (394)

For example, for a perfect fluid with the background
equation of state being w = p/p, one obtains

a3(1+w)

p = constant = ag(Hw) 00 (395)

where ag and pg indicate the present-day values.
Combining Egs. (392)) and (393]), one can derive
3 (1+w)
l+g=73 167G 8xG N\
2 (1+45%p) (1+%5%p)

(396)

In the limit of GR (i.e., A = 00) an accelerated expansion
(¢ < 0) is only possible if w < —1/3 (negative pressure).
However, it is interesting to observe that in Born-Infeld
modified teleparallelism an accelerated expansion can be
realized without resorting to negative pressure, since a
large energy density p is sufficient:

327G

p > 3V 2w,

(397)

which can be achieved in early universe. Note that for
p — oo in (396) one gets ¢ — —1, and the expansion
becomes exponential.



If one takes into account the spatial curvature term,
Eq. (392) would define an effective critical density p.
making the universe spatially flat. Thus, it is important
to measure the fractional energy density contributed from
each component by introducing Q; = p;/p.. To combine

Eqgs. (392) and Eq. (395, one obtains
_1
[ lea?\ 7 167G 5 a0t
/\CL2 B A 3 Poi ap '

(398)

This equation can be also reformulated as

P4+ V(x)=0, x:i,

(399)
ag

with V(x) being an effective potential given by

V(x) = %x“" [(1 + Bo Z Qpx3Hw)) 72 1} , (400)
where By = (1 — 12H3/\)~'/? — 1 is a constant. The po-
tential is always negative and vanishes with null deriva-
tive when a — 0, for any value of w. For example, if
w > —1/3, the potential asymptotically approaches zero
when x goes to infinity. Instead, if w < —1/3, then V be-
comes a decreasing function. Moreover, if w > —1 then
the initial behavior is in general a(t) oc exp[(\/12)'/2].
Therefore, the Hubble parameter is equal to the maxi-
mum value H,,., = (1\/12)/? at the early stage, and Eq.
gives rise to the following solution:

H(’Z)2 = H?naz[]' - (1 + BO ZQOZ(l + Z)3(1+Wi))_2] )

(401)
where z = ap/a(t) — 1 is the redshift.
As an example we consider a single component with
Q = 1. Then, it is easy to find that Eq. leads to
the following compact relation:

In [2(1 Fo)+ 2002+ v)} Vo2t 0) =T, (402)

where we have defined v = By (a/ag) 20+%) and T =
—3(1 4 w) Hpax t

In Fig. 10 we depict the dimensionless scale fac-
tor a(t)/ag as a function of Hpt for several values of
o = Hpnar/Hp, as indicated by Eq. with w = 1/3.
The standard (a/ag = (2Hot)'/?) behavior is plotted as a
reference (dashed) curve. It is obvious to see that mod-
ified teleparallelism naturally gives rise to an exponen-
tial expansion at early times, and then the universe can
smoothly exit into a radiation dominated one. Such a
cosmological solution can easily satisfy the observational
constraints, such as the BBN bound. The main feature
of the scale factor evolution is its asymptotic exponential
behavior for any value of w. This means that H(z) be-
comes a constant when z goes to infinity. This feature im-
plies that the particle horizon radius o = ag [, (ad) *da
diverges. Hence, the whole space-time ends up being
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FIG. 11: Scale factor as a function of the cosmological

time, for w = 1/3 and different values of o = Hmaaz/Ho.
The dashed line represents the solution of General Relativity.
From [188].

causally connected, in agreement with the isotropy of the
CMB background. This fact appears as an essential prop-
erty of modified teleparallelism, which does not require
any special assumption for the sources of the gravita-
tional field, as for example an inflaton field.

Now, the Standard Big Bang cosmology success-
fully explains the relative abundances of light elements.
Therefore, a modified gravity theory cannot noticeably
change the standard evolution of the universe from the
epoch of nucleosynthesis. This means that H(z) at
Znue ~ 107 — 1010 should not appreciably differ from
its standard value. Fig. 11 shows how the Hubble pa-
rameter move away from the case of General Relativity,
represented by the dashed line, to approach the value
H,,.. as the redshift increases. The redshift z; char-
acterizing the transition between both behaviors can be
defined as the value of z at which the asymptotic lines
intersect. Since in GR with only one component there is
log(H/Hy) = (3/2)(1 + w) log(1 + z), one obtains

Hmaw

1 3(1+w)/2 —
(14 2) H,

The condition z; >> 2z, implies a lower bound for
H,ao. For a radiation dominated universe (w = 1/3)
one obtains that H,,q./Ho >> 108,

We mention that the realization of inflationary cos-
mology without any inflaton field does not only exist in
modified teleparallel gravity, but it also appears in other
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FIG. 12: Hubble parameter as a function of the redshift for
w = 1/3 and different values of &« = Hmaz/Ho. The dashed
line represents the solution of General Relativity. From [188)].

gravity theories such as the Einstein-Cartan framework
[76, B54]. However, one should be aware that the gen-
eration of primordial perturbations in these theories are
unclear. This is an important topic that deserves a close
study.

2. Inflation from f(T) gravity and primordial perturbations

In the previous paragraph we investigated the real-
ization of inflationary cosmology by virtue of modified
teleparallel gravity. In the present paragraph we desire
to study inflation realization in the context of f(T") cos-
mology. We point out that, for the case of f(T') gravity,
since the torsion scalar can be explicitly expressed by the
Hubble parameter via T = —6H?2, it is completely pos-
sible to reconstruct a viable model of f(T) gravity that
can nicely coincide with the cosmological evolution as ob-
served. Therefore, a period of inflation at early times can
also be allowed in this method. The reconstruction of a
suitable f(T') theory, that can describe the early universe
inflation as well as late-time acceleration, was studied in
detail in [284] (see also [355H362]). However, the authors
of that paper did not address the cosmic perturbations
and hence it remains unclear how these type of gravity
models can explain the CMB and LSS observations in a
consistent way.

Let us briefly review inflationary perturbations ob-
tained in f(7T) gravity, as they were studied in [363].
We recall that our starting point is the action S =
[ d*z|e| f(T)/(167G). For convenience in studying the
quadratic perturbed action of this theory, in this para-
graph we temporarily impose the convention 87G = 1.
One usually takes the conformal transformation through
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the following formulation

df FT - f

f()y=FT -2V, ]:ECTT’ V= 5 (403)
Accordingly, one can define
=VF eA = Qe , (404)
and the torsion scalar then is transformed as
T = Q[T — 49"wT*,, + 6(Vw)?] (405)

with 9"w = 9"Q/Q being introduced. Note that we use
the hat”in order to denote the Jordan frame. As a result,
the original f(7T') action can be rewritten as

S = /d4 6|

where we have introduced a canonical scalar field dp =
V6dw = V6dF/2F and its potential U = V/F?2.

From the above reformulated action, and as we dis-
cussed after (272) too, it is obvious to observe that
there exists an “additional” scalar-torsion coupling term,
B“LpT s which manifestly breaks the local Lorentz in-
variance and leads to extra degrees of freedom. The cor-
responding field equation can be obtained by varying the
action with respect to the vierbein eu, where one can
formulate the covariant representation as

+(9¢)? — 2U ()
(406)

5“ <pT

G =T + Hpy (407)

where

A A Guv & A
TS = 0updup — "5 (V) + Gl (408)
is the energy-momentum tensor of the scalar field ¢,
while

o o L
X LT 2ay<pTﬂW)

H,. :7(
2
6

- Téflgwéﬁﬁa [é(ﬁ)\pej - 8‘1(,06:}1)] (409)
is derived from the variation of the scalar-torsion cou-
pling. Additionally, the variation with respect to the

scalar field ¢ yields the equation of motion as

ou 2
g — —V“T” =0. 410
o T G (410)
Moreover it is interesting to notice that G, and Tffﬁ

are symmetric tensors, but H v in general is not neces-
sarily a symmetric tensor. Thus, the field equation (407))
can be further split into

G T +H(,uu) R H[IW] =0, (411)



where H,, = H(,,) + Hu,). The second equation of
determines that the field equation contains
16 component equations rather than 10, and hence, it
indicates that the f(T") theory may involve more degrees
of freedom than the linear version of teleparallel gravity.
The analysis of degrees of freedom in this theory was
presented in detail in subsection [V C|

The computation of the quadratic action is commonly
used in ADM formalism for the perturbation theory of
inflationary cosmology. The ADM decomposition for tor-
sion gravity theories can be found in Refs. [112], 113, [364].
It was found in [363] that the extra degrees of freedom
do not affect the main part of the quadratic action for
scalar perturbations during inflation. Here we skip the
lengthy calculation but straightforwardly write down the
quadratic actions for scalar perturbations as follows:

2
Se = % / dtd3za® [PC& - Zg(@(ﬁ] , (412)
where
U

Pr=3— —r—, 413
I VYN E (43)

p_1d(f  a
t=-= (H<P/\/6> 1. (414)

It is easy to see that the coefficient P¢ characterizes the
positivity of the kinetic energy of scalar modes, while
cg is the square of the speed of sound parameter which
describes the gradient propagations of scalar perturba-
tions. In order to ensure that the model is stable against
ghost and gradient instability, one needs to impose the
conditions: P > 0 and cg > 0.

C. Cosmic bounce

While inflation is often considered as a crucial part
of the cosmic evolution, this “standard model” of the
universe is known to suffer from several conceptual chal-
lenges. For instance, inflationary cosmology does not re-
solve the problem of the initial singularity inherited from
the hot Big Bang [365]. Moreover, it is known that the
Planck-mass suppressed corrections to the inflaton poten-
tial generally lead to masses of the order of the Hubble
scale, and then spoil the slow roll conditions rendering a
sustained inflationary stage impossible [366]. This issue
could be even worse if the field variation of the infla-
ton is super-Planckian [367]. From the perspective of
perturbation theory, if we trace backwards the cosmo-
logical perturbations observed today, their length scales
could go beyond the Planck length at the onset of infla-
tion [368, [369]. Additionally, in order to study quantum
field theory during inflation, it is inevitably necessary
to systematically study the nonlinear corrections of field
fluctuations that are on one side not ultraviolet (UV)
complete, and on the other side yield observably large in-
frared (IR) effects that were not detected in experiments
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[370, B7T]. Therefore, it is worth searching for possibly
extended or alternative paradigms that might not only
be as successful as inflation in phenomenologically ex-
plaining the CMB and LSS of our universe, but that can
also resolve or at least circumvent some conceptual issues
mentioned above.

Non-singular bouncing cosmologies can resolve the ini-
tial singularity problem of the inflationary ACDM model
and hence have attracted a lot of attention in the liter-
ature [372 B73]. Such scenarios have been constructed
through various approaches to modified gravity, such as
the Pre-Big Bang [374] [375] and Ekpyrotic [376], B77]
models, gravitational actions with higher order correc-
tions [378], the gravitational Lagrangian modified as in
Hofava gravity [379H381], non-relativistic gravitational
action [382], Lagrange-multiplier gravity [383] [384], non-
linear massive gravity [385], non-local gravity [386], [387]
and the loop quantum cosmology [388H39T]. A non-
singular bounce solution can also be achieved by mak-
ing use of matter fields with the NEC violation, such as
in the quintom bounce [392H394], the Lee-Wick bounce
[395] [396], the ghost condensate bounce [397H399], the
braneworld bounce [400H402], the Galileon bounce [403],
404], and the bounce models with Horndeski operators
[405H409]. A non-singular bounce may also be achieved
in a universe with non-flat spatial geometry [410], 4TT].
It was found that a cosmology of non-singular bounce
could explain the combined constraints of CMB obser-
vations better than that done by pure inflation models
[412H414). We refer to [4I5H418] for recent reviews of
various bouncing cosmologies.

One interesting feature of f(T') gravity is that the null
energy condition could be effectively violated. Accom-
panied with this feature, it is not surprising to look for
a series of nontrivial cosmological solutions that may re-
solve the initial singularity problem [419]. The avoidance
of the Big Bang singularity by using torsion arisen from
a cosmic spinor field can be found in [420H423]. More-
over, it has been known for many years that the coupling
between the torsion tensor and the cosmic spinor field
can lead to interesting gravitational repulsion and thus
avoid curvature singularities by violating the energy con-
dition [424H430]. In this subsection, we are interested
in searching for a non-singular bouncing solution in the
early universe within the frame of f(T') gravity.

1. Background solutions

We are interested in examining how cosmological sce-
narios governed by f(T') gravity can give rise to a
non-singular bounce following [419] (see also [431H430]).
There are two distinct points in such an investigation.
The first is to examine whether the background evolu-
tion allows for bouncing solutions. If this is indeed possi-
ble, then the second point is to examine the evolution of
perturbations through the bounce. The first task is the
subject of this paragraph, while the second one will be



investigated in the next paragraph. Finally, we mention
that in order to be closer to the convention of the litera-
ture on this field, we use G as the gravitational constant,
and the connection to other works of the literature is

obtained through the known relations 87G = ﬁ = k2.
P

Whether a universe is expanding or contracting merely
depends on the positivity of the Hubble parameter. In
the contracting phase that exists prior to the bounce,
the Hubble parameter H is negative, while in the ex-
panding one that exists after it we have H > 0. By
making use of the continuity equations it follows that at
the bounce point H = 0. Finally, it is easy to see that
throughout this transition > 0. On the other hand,
for the transition from expansion to contraction, that is
for the cosmological turnaround, we have H > 0 before
and H < 0 after, while exactly at the turnaround point
we have H = 0. Throughout this transition H < 0.

Having in mind the above general requirements for a
cosmic bounce, and observing the background Friedmann
equations ([267)), (268), we can find that such a behavior
can be easily obtained in principle in the context of f(T)
cosmology. In particular, one can start with a specific,
desirable form of the bouncing scale factor a(t), and thus
can derive explicitly H(¢). Concerning the matter fluid
content of the universe, with an equation-of-state param-
eter w,,, its evolution equation straightforwardly
gives the solution p,,(t) since a(t) is already known.
Then, we can insert these relations into , and deter-
mine the form of f(7'), which generates a non-singular
bouncing solution. In principle the above procedure can
always be done numerically and exactly. However, in or-
der to better understand the cosmological implications,
we would like to present a specific example of a non-
singular bounce that allows the analytical calculation.

To be explicit, we consider a bouncing solution with
the scale factor of the universe evolving as

3 1/3
a(t) =ap (1 + 2at2> ,

where ap is the scale factor at the bouncing point, and
o is a positive parameter which describes how fast the
bounce takes place. Such an ansatz presents the non-
singular bouncing behavior, corresponding to matter-
dominated contraction and expansion. In addition, it has
the advantage of allowing for semi-analytic solutions. In
this ansatz the cosmic time ¢ varies between —oo and
400, with ¢ = 0 the bounce point. In the present subsec-
tion we normalize the bounce scale factor ap to unity.

(415)

Using the definition of the Hubble parameter, one can
directly derive

ot 602>

MO e T T ey

Therefore, provided —1/2/30c < t < 4/2/30, the inver-

a0

sion of the above expression yields the following relation

1/2

4V/To3 + ot /

VT
3To?

4 2
T = S —
HT) i( 3T 30+

where we have kept the solution pair that gives the cor-
rect (t = 0 at T = 0) behavior. Notice that when
t > +/2/30 and t < —4/2/30, we have assumed that
the usual Einstein gravity, i.e. the TEGR, is the prevail-
ing framework, thus negating the need to pursue an f (7'
action in that region. Furthermore, we assume the mat-
ter content of the universe to be dust, with an equation-
of-state parameter w,, = 0. Inserting this matter fluid
into the continuity equation, one can easily arrive at the
usual dust evolution, namely p,, = pppa%/a®, with p,.p
its value at the bouncing point.

Inserting the above expressions into we obtain
a differential equation for the reduced form F(t), which
can be easily solved analytically as

4t % PmB 6tM1230'2
(24 30t2) M3 t 2+ 3t20

+v60pmp ArcTan (ﬁt) ] . (418)

We mention that in the calculation we have set the in-
tegration constant to be zero, in order for the solution
to be consistent with the Friedmann equation. Thus, the
corresponding f(7T) expression that generates a bouncing
scale factor of the form arises from expression
with the insertion of the ¢(T') relation from (417). Note
that the solution (418) is an even function of ¢, and thus
the + solutions of (417) correspond to the contraction
and expansion phase respectively. Obviously, they give
the same form of f(T).

In order to present the above process more clearly,
in Fig. we numerically depict the reduced form of
F(T) that generates the dust-dominated bouncing so-
lution as desired. We particularly choose the parame-
ters as follows: ag =1, 0 = 7 X IO_GM%7 and p,,p =
1.41 x 1075M%. We note that the value of o mainly re-
lies on the amplitude of the CMB spectrum, and that of
pmp depends on how fast the standard Einstein gravity
is recovered in f(T') gravity.

Furthermore, we numerically evolve the F(T') and the
Hubble parameter H as functions of the cosmic time in
Figs. [[4and [I5] respectively. In particular, Fig. [I4]shows
that the evolution of F(T) is symmetric with respect to
the bouncing point t5 = 0. At the bouncing point F'(T')
arrives at a minimal value p,,p /M%,, which happens to
cancel the contribution of normal matter fields, and thus
leads to the non-singular bounce. From Fig. one can
deduce that the background evolution of the universe fol-
lows the usual Einstein gravity away from the bouncing
phase, but it is dominated by F(T') in the middle pe-
riod. These feature are completely consistent with the
analytical designs of the scenario as discussed previously.

F(t) =
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FIG. 13: Numerical result on the reduced form of F as a
function of the torsion scalar T in the dust-dominated non-
singular bounce cosmology. The model parameters are chosen
as: 0 =T7x1075M3 and pmp = 1.41 x 1075 M3, respectively.
The graph is plotted in units of Mp. From [{19].
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FIG. 14: Numerical result on the evolution of the reduced
form F in terms of the cosmic time t, in the dust-dominated
non-singular bounce cosmology. The model parameters are the
same as those provided in Fig. [I3 The graph is plotted in
units of Mp. From [{19].
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FIG. 15: Numerical result on the evolution of the Hubble
parameter H in terms of the cosmic time t, in the dust-
dominated non-singular bounce cosmology. The model param-
eters are the same as those provided in Fig. . The graph is
plotted in units of Mp. From [{19].

o1
2. Perturbation analysis

In order to examine the stability issue and to explore
an interpretation of the CMB observations alternative to
inflation, in the following we perform a perturbation anal-
ysis within the non-singular bouncing background. In
our scenario, cosmological perturbations arise from quan-
tum fluctuations of space-time in the contracting phase.
Along with the dust-dominated contraction, these quan-
tum fluctuations can exit the Hubble radius, since the
Hubble radius decrease faster than the physical wave-
lengths of perturbation modes. When passing through
the bouncing point, the background evolution could af-
fect the scale dependence of the perturbations at ultra-
violet scales. However, the observable primordial pertur-
bations, responsible for the large scale structure of our
universe, are mainly originated in the infrared regime,
where the modified gravity effect becomes very limited
(see for example [395, [437H440]). In the following, we
study the perturbation theory in f(7') cosmology in de-
tail, and we verify these statements in a specific model
of matter bounce cosmology.

To begin with, and following the analysis of subsection
[VE] we shall work in the longitudinal gauge which only
involves scalar-type metric perturbations as

ds* = (1 +2®)dt* — a®(t)(1 — 20)dz® . (419)

As usual, the scalar metric perturbations are character-

ized by two functions ® and W. Correspondingly, the per-

turbation of the torsion scalar at leading order is given
by

6T = 12H(® + HY) . (420)

By expanding the gravitational equations of motion to

linear order, we obtain the (00), (0%), (ij) and (i7) com-

ponent perturbation equations, which take the forms of

v? -
(1+ Fr) e 3(14 Fp)HV — 3(1 4 Fp)H?*®

+ 36 Frr H* (U + H®) = 47G Sp , (421)
(1+ Fr — 12H?FPrr) (0 4+ H®) = 4nG dq,  (422)
(14 Fr)(¥ — @) = 87G s , (423)

and

(L+ Fr — 12H?Frr)¥ + H(1 + Fr — 12H*Frr)®
+3H(1+ Fp —12H*Frp — 12HFpp + 48H?H Frpp) W
+ [BH?*(1 + Fr — 12H?Frr)

+2H(1 + Fr — 30H?Fpp + 72H* Frop)|®

1+ Fr
2a?

+ V(U — @) = 47G 6pp, (424)



respectively. The functions dp,,, dpm, dq, and Js are
the fluctuations of energy density, pressure, fluid veloc-
ity, and anisotropic stress, respectively. If we consider
the matter sector as a canonical scalar field ¢ with a La-
grangian of the form of £ = £8,0"¢ — V(¢), then we
can write down

5pm = 360 — ¢®) + V460 , (425)
8q = ¢3¢ (426)
ds=0, (427)

5pm = (6¢ — ¢B) — V460 , (428)

respectively. The above equations can be simplified as
follows. We first insert the relation into Eq.
and obtain ¥ = & due to a vanishing anisotropic stress.
Moreover, we combine and and then find that
® is completely determined by the scalar field fluctuation
d¢ in our case. We notice this nice property applies only
to the present case but is not true in general situation
[255]. Accordingly, for our choice of the tetrad given in
, there exists only a single scalar degree of freedom.
Note that there is another equation of motion to describe
the dynamics of cosmological perturbations, namely the
perturbed equation for d¢. However it can be shown
that this equatlon is consistent with and ( . by
applying .

Combining , and , one can derive the
key equation of motion for one Fourier mode of the grav-
itational potential ®; as

. . k2
Oy, + ady, + p2dy + cia—zék =0, (429)
with
2V  36HH(Frr — AH?Frrr)
—7H 4+ 212% _ 4
a=TH+ 11 B R, (480
2H
)2 = 6H2 4 28 + 2HVo
 36H*H(Frr — 4H*Frrr) (431)
1+ Fp — 12H2Fpp

“ T 11 P —12H?Fpp

The functions a, p? and ¢2 stand for the frictional term,
the effective mass, and the sound speed parameter for
the gravitational potential @, respectively. Moreover, we
recall that the background equation of motion for the
matter field takes the form of: ¢ +3H¢ 4+ V4 = 0; and
the second Friedmann equation in our case reads: (1 +
Fr — 12H%Fpp)H = —4nG¢?. Consequently, making
use of these two background equations, Eq. can be
further simplified to be

" H HH k2
b+ | H— — (bk"" QH—i k
H H

(433)
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As a result, we find that the perturbation equation for
the gravitational potential in the present scenario is the
same as in the case of standard Einstein gravity [144],
apart from the newly introduced sound speed square pa-
rameter ¢2. This important feature is a key for us to
explore potential implications of f(T') gravity in cosmo-
logical surveys.

One often uses a gauge-invariant variable (, the curva-
ture fluctuation in comoving coordinates, to characterize
the cosmological inhomogeneities. In the scenario under
consideration, we take the form of ( the same as that
defined in standard perturbation theory, namely

H .
(=®— = (P+H?P), (434)
H
however note that strictly speaking, even using the same
variables and equations, one should now talk about “tor-

sion fluctuation”. A useful relation for the time derivative
of ¢ can be obtained by applying Eq. (433)), that is

H A2k?
765 (I)

CkZH 2

(435)

In a generic expanding universe Ck approaches zero at
large length scales, namely k£ — 0, since the dominant
mode of @, is then nearly constant. However, in bounce
cosmology the metric perturbation @ in the contracting
phase is dominated by a growing mode, and therefore ¢
keeps increasing until the bounce point [43§].

We mention that the variable ¢ could become ill-
defined when H changes the sign. This issue was exten-
sively studied in many aspects of cosmological pertur-
bation theory. At present, our understanding on a well-
defined cosmological perturbation theory is to require the
metric perturbation and the corresponding extrinsic cur-
vature to behave smoothly throughout the background
evolution. The discussion on this topic appeared in [437],
and we refer to [320, [395] [438H44T] for detailed analyses
from various perspectives. In the following calculations
we still use ¢ merely since it is convenient to perform the
analytic calculation away from the bouncing phase.

In order to further simplify the calculation, we intro-
duce a canonical variable of the cosmological perturba-
tion through

v=2z2(, (436)
with z = av2e and ¢ = —%. Afterwards, one can
rewrite the key perturbation equation as

Z//
v+ (2k? — —)ok =0, (437)

where the prime denotes derivative with respect to the
comoving time 7 = [dt/a. In order to perform a
specific analysis we recall that in the matter-like con-
tracting phase (as obtained in the previous paragraph
of the background solution) the scalar factor evolves as



a ~ t?/3 ~ 72, and that z o a. By solving the back-
ground equatlons one obtains the following approximate

relations

H:7F(T):<—1+ pmB >T,

4
3t 2M1230 (438)

that hold far before the beginning of the bouncing era

ty = — % As we mentioned above, p,,p is the energy
density of the matter field at the bouncing point and o
describes how fast the bounce takes place. Therefore,
the sound speed of the curvature perturbation reverts to
c? ~ 1 in the matter-like contracting phase.

Inserting the F(T) form of into the action (262),
we find that the standard Einstein gravity will auto-
matically be recovered when p,,p ~ 2M1230. Particu-
larly, when p,, 5 exactly equals to 2M%0, we get F(T) ~
O(T?), which will dilute faster than the Ricci scalar dur-
ing late-time evolution. Even when p,,p is not equal to
2M3%0, it is clear that the system satisfies GR with a
rescaled gravitational constant. Thus, the combination
of p,,p and o could, in principle, be constrained by mea-
surements of the gravitational constant. In our computa-
tion we choose pn,p to be slightly different from 2M3%0,
thus our model is able to approach the standard Einstein
theory far away from the bounce. As a consequence, the
perturbation equation in the contracting phase becomes

2
//+(k2—2>1}k20.
T

Initially the k?-term dominates in and thus we can
neglect the gravitational term. This implies that the fluc-
tuation corresponds to a free scalar propagating in a flat
space-time, and thus the initial condition naturally takes
the form of the Bunch-Davies vacuum: vy ~ 6\_/;’; . Mak-
ing use of the vacuum initial condition we can solve the
perturbation equation exactly and yield

(439)

_ e—ikr (1_1)
V = \/ﬂ !

From this result we can find that the quantum fluctua-
tions could become classical perturbations, after exiting
the Hubble radius, due to the gravitational term in Eq.
. Moreover, the amplitude of the metric perturba-
tions keeps increasing until the universe arrives at the
bouncing phase at the moment t,,

From the definition of the power spectrum we see that
¢ ~ k3/2Jyy| is scale-invariant in our model, which can
also be achieved in inflationary cosmology. However, the
coefficient € takes the value % in the matter-like contrac-
tion and thus it is unable to amplify the power spectrum
of metric perturbation as in inflation. A detailed calcu-
lation provides the expression of the primordial power
spectrum for the f(7') matter bounce as

(440)

k‘3
22

H2
- 48m2M3E

Uk2

z
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where H,, = 1/0/6 is the absolute value of the Hub-
ble parameter at the beginning moment of the bouncing
phase.

It is important to notice that the bouncing cosmol-
ogy analyzed above yields the amplitude of primordial
scalar perturbation to be of the same order of the tensor
spectrum. This implies that the scenario of f(T') mat-
ter bounce suffers from the issue of explaining the small
value of tensor-to-scalar ratio, defined as r = Pr /P, as
observed in the CMB experiments. Consequently, the
specific model discussed above is enough to demonstrate
the theoretical fact that the initial Big Bang singularity
can be avoided in the f(T) gravity, as well as to ex-
plain part of the CMB observations. However, in order
to make this model consistent with cosmological observa-
tions on the value of r, one needs to design certain mech-
anisms to magnify the amplitude of scalar-type metric
perturbations. This issue can be resolved by introduc-
ing additional light scalar fields, as in the bounce cur-
vaton scenario [442H444]. These scalars are able to seed
isocurvature fluctuations, and then transfer to a scale-
invariant spectrum of the adiabatic fluctuations during
the non-singular bouncing phase, through the so-called
kinetic amplification. Thus, we obtain a mechanism for
enhancing the primordial adiabatic fluctuations and sup-
pressing the tensor-to-scalar ratio. The study on more
general mechanisms is an important direction for future
projects in the field of f(T") early universe.

D. Cosmological solutions by Noether Symmetry
Approach

In this subsection we will present a different but
very helpful way to extract cosmological solutions in
f(T) gravity, based on Noether symmetries, following
[445], 446]. We start by constructing the point-like La-
grangian of f(T') gravity. Starting from the usual ac-
tion S = [dlz|e| f(T) + S, and following [447H451],
one can define a canonical Lagrangian £ = L(a,a,T, T ),
with @ = {a,T} the configuration space and TQ =
{a,a,T, T} the related tangent bundle on which £ is de-
fined. The scale factor a(t) and the torsion scalar T'(t) are
taken as independent dynamical variables, and hence one
can use the Lagrange mutipliers method in order to set T'
as a constraint of the dynamics (recall that T = —6H?),
namely [445] 446]

d2 Pmo

where A is a Lagrange multiplier, and p;,o is the value
of the matter energy density at the present scale factor
ao = 1. Since variation with respect to T gives A = fr,
the action gives the point-like Lagrangian

L(a,a,T,T) = a®(f — frT) — 6 fraa® — pmo -

The above point-like Lagrangian can give rise to the
Friedmann equations of f(7T') gravity, namely (267)),(268]).

(443)



Firstly, substituting (443)) into the Euler-Lagrange equa-

: d (oL oL _ ;
tion — (Tm) — b = 0, where in the present case the

generalized coordinates g; of the configuration space Q
are just a and T', we obtain

22
@ frr (T + 62) ~0, (444)

f=frT+2frH* +4 (fTZ + HfTTT') =0.(445)

Note that if frp # 0 then (444) recovers the relation
T = —6H? as the Euler constraint of the dynamics.

Substituting it into (445 one additionally recovers the
Raychaudhuri equation (268]) (with p,, = 0), namely

ASH frpH — Afr (3H2 n H) —f=0. (446)

Secondly, the Hamiltonian H = g—ﬁqg — L correspond-
’i 7

ing to Lagrangian £ becomes

. % 2
H(a7d7T’T) = Cl3 <_6fTa/2 - f + fTT+ p";’o) )
a a
(447)
and hence the Hamiltonian constraint H = 0 eventu-

ally gives rise to the first Friedmann equation (267))(with
Pm = anO/a3)7 namely

Pm0

12H fr + f = %
a

(448)

As we know, Noether symmetry can be a useful tool to
obtain specific solutions motivated at a fundamental level
[447, 448, [452] [453]. In the case of f(T') cosmology, the

generator of Noether symmetry is the vector [445] 446]

0 0 .0 o,
X—Q*"ﬁ‘ﬁﬁ‘F&f‘F,@ﬁ,

44
Oa oa (449)

where o = a(a,T) and S = f(a,T) are functions of the
generalized coordinates a and T'. Hence, a Noether sym-
metry exists if the equation
oL oL oL .0L
LxL=XL=a— — +a— — =0, (450
X “oa T ar T T =0 (450)
where Lx L is the Lie derivative of the Lagrangian £
with respect to the vector X, has a solution, and the
corresponding Noether charge will be [445] [446]

=% (451)

Qo = zz:aig? = % —1—6% = const.

Substituting inpo ., and using that Q'z =
(Oa/Ba) a+ (Oa/OT)T, 8 = (08/0a)a+ (83/0T) T, we
find

3aa® (f — frT) — Ba® froT — 12aaTg—;

—6a> (afT + Bafrr + QangZ> =0. (452)

o4

Thus, requiring the coefficients of a2, 72 and a1 to be
zero separately [445] [446], we acquire

oo
afr + Bafrr + QGfT%Z =0, (454)
30&(12 (f - fTT) - ﬁanTTT =0. (455)

The constraint (455|) is the Noether condition and the
corresponding Noether charge (451)) reads

Qo = —12afraa = const. (456)

If one finds explicit forms a and 3, with at least one
of them different from zero, that can satisfy ,
and , then Noether symmetry exists. After some
simple algebra, one can find [445] [446)

f(T) = pT™, (457)
ala) = ag a3/ (458)
Bla,T) = =22 gm0 (450)

where p and o are integration constants. Finally, one
can easily find the solution for the scale factor that cor-
responds to the above f(T) form, namely [445] [446]

3
a(t) = (—1)"2/3 = (cot — c3)*"/3,

o (460)

where
Qo 1/(2n—1)

2= —12apun(—6)"—1 ’

(461)

and c3 is an integration constant. Hence, at late times
(leat] > |es]) the universe expands in a power-law form
(for n > 0).

Lastly, one can calculate the physical quantities cor-
responding to the above exact solution. In particular,
the effective dark energy density and pressure straight-
forwardly become

pope = 6H? — f —12H?fr, (462)
poE = —ppe — 4 (12H? frr — fr + 1) H. (463)

Hence, the dark energy equation-of-state parameter be-
comes

_ 8n(n—1)3"
WDE = 8712 .3n _ 3u(8n —n- 21+3n)(_n2)n t2(17n) ’(464)
while the total one reads
Ptot 1 1
Wiot = =—-(2q—1)=—-—-1. 465
ot Ptot 3 ( ) n ( )

Therefore, for n > 3/2 we have wy,y < —1/3, that is we
acquire acceleration.

We close this subsection by mentioning that with the
above Noether symmetry approach we can find which
f(T) forms can have a theoretical justification, instead of
considering them arbitrarily by hand. For more details
the reader could see [445] [446), [454H457).



E. Anisotropic cosmology

So far we have investigated the cosmological solutions
provided by f(T') gravity in the frame of FRW universe.
In a more generic case, the background manifold could
be anisotropic. In the standard cosmological paradigm
described by GR, the evolution from an anisotropic uni-
verse into an FRW one can be achieved by a period of
inflationary expansion. However, it is interesting to ex-
amine whether f(7T) gravity can accommodate with an
anisotropic universe. Especially, f(7T) gravity itself is
constructed upon the vierbein, that naturally gives rise
to a non-vanishing anisotropic stress at the perturbative
level, as it was shown in Sec. [VE] The solutions of an
anisotropic universe governed by f(7T') gravity have been
studied in detail in the literature (for instance see [458-
1606]).

In the present subsection we study the realization of
anisotropic evolution in f(T") cosmology. In particular,
we assume more general cosmological metrics than the
FRW one, namely the Bianchi type-I, the Kantowski-
Sachs (KS) and the Bianchi type-III ones, in order to
provide a more general description of the cosmological
evolution. Note that anisotropic cosmological metrics
have been already studied in the context of GR with
the presence of isotropic and anisotropic fluids [467H469].
Moreover, we desire to obtain several representative re-
sults in this scenario, such as power-law and de Sitter
(dS) expansions. Since power-law and dS solutions can
provide a good description for some specific phases of the
universe evolution, their reconstruction in f(7') gravity
becomes a crucial point in order to consider this class of
theories as a serious candidate for explaining the cosmo-
logical history.

Let us consider the energy momentum tensor of the
matter sector to be: TF = diag(l, —wg, —wy, —W2)Pm,
where the w; are the effective equation-of-state parame-
ters corresponding to the pressures p; along spatial direc-
tions with ¢ = x,y, 2. The general Bianchi type-III case
metric reads

dS? = dt*— A%(t)dz?—e 2" B2 (t)dy*—C*(t)dz* , (466)

with a constant a. Hence, Bianchi type-I can be obtained
for « = 0, while Kantowski-Sachs is acquired for a = 0
and B(t) = C(t). Accordingly, we take the following set
of diagonal tetrads producing the metric :

eA# = diag (1, A(t),e"**B(t),C(t)) , (467)

with determinant e = e"**ABC. Correspondingly, in-
serting the above vierbein into the torsion tensor (228])
and into the contorsion tensor (232]) we obtain their com-

%)

ponents as
A B C
TlOl = T202 B’ T221 =a, T303 = C’
(468)
A B « C
01 _ 02 _ 12 _ 03 _
K 1 — Z ) K 2 — E 9 K 2 — E ) K 3 5 )
(469)

respectively. Additionally, the components of the super-
potential tensor S * defined in (238)) become

01 _ ¢g31_ @& 10_ 1 B C
Sy =8 BEYTE S, _2<B+C>’

1(A C 1(A B
20 30
=z|l-+5 = + .(4

Inserting these into the torsion scalar (261) we acquire

AB AC BC
T_—2<AB+AC+BO>. (471)

Finally, the equations of motion (263]) then become [460]

iB A¢ BO a2
167rpm:f+4fT[—+ a

G5t act 5o a0 U

B ¢ AB  AC _BC
S+ttt 55 +2

—16mp. = f+2/r | 5+ 5+ a5 T a0 T¥B0

B C).
+2 <B + C) Tfrr , (473)
A C AB _AC BC
—Aomy =S 2 G Y et 4t e T Be
A C
+2 (A - C) Tfrr , (474)
A B _AB A BC  a?
Ao =2 | Gt gt gt ac T eo T &2
A BY.
+f+2<A+B>TfTT, (475)
o [(i B .
~ o (A_B>fT_TfTT W)
A B



Note that, the constraint equation appears in f(R)
gravity too [470]. However, one can acquire a second
constraint equation, namely , which appears as a
generalization of due to a second derivative of the
function f(T) with respect to 7. As mentioned above,
by setting o = 0 one can recover the Bianchi type-I case,
while the equations of motion corresponding to KS model
are obtained by setting a =0 and B = C.

Let us now try to reconstruct the f(7) action for some
particular metric ansatzen analyzed previously. In par-
ticular, in separate paragraphs we consider solutions of
de Sitter and power-law expansions. We mention that
these kind of evolutions have been studied in detail in
f(R) and Gauss-Bonnet modified gravity [471H474].

1. De Sitter solutions

The de Sitter solution is well known since it is a perfect
approximation of early universe inflation, corresponding
to exponential expansion. We start by considering for
simplicity Bianchi type-I and Kantowski-Sachs metrics,
thus taking o = 0 in . We consider exponential
expansion in each spatial direction, namely

A= Ape® , B= By, C=Cpe,  (478)

and thus the corresponding expansion rates are given by

Hz:%: mOaH:g: yOaHz:g: 20 »
(479)
where Hyo = a, Hyo = b, H,o = c are constants. Then,
the conservation equation for the energy-momentum ten-
sor can be easily obtained, namely

pm + (Hy + Hy + H.) py + Hypy + Hypy + H.p. = 0.
(480)
Additionally, the torsion scalar from (471]) becomes

To = —2 (HpoHyo + HuyoHoo + HyoH.o) . (481)

Imposing p, = py = p. = pm and an equation-of-state

parameter w = P,/ pm, Eq. (480) for the choice (478))

can be solved as

P = pmoe—(Hzo-l‘Hyo-i'Hzo)(l-‘rw)t ) (482)
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Thus, the equations of motion (472)-(477)) become
167Tpmoe—(Hm0+Hy0+Hz0)(1+w)t _ f(TO)
+ 4 [HIOHyO + HZO(Hx0 + HyO)] fT(TO) )
(483)

_ 16ﬂ-wpmoe_(Hw0+Hy0+Hz0)(1+w)t = £(Tp)

+ 2(I—IyO + HzO)(Ha:O + HyO + HZO)fT(TO) )
(484)

_ 167Twpm067(Hzo+Hyo+Hzo)(1+w)t = f(Tp)

+ 2(Hyo + Hoo)(Hyo + Hyo + Hoo) fr(To)
(485)

. 167rwpm067(Hwo+Hyo+Hzo)(1+w)t _ f(TO)

+ 2(Hyo + Hyo)(Hyo + Hyo + Hao) fr(To) -
(486)

We mention that in the presence of a perfect fluid the
only possible solution is the one arising from w = —1
(unless Hyo + Hyo + H.o = 0, but such a case would
correspond to decelerating expansion at least in one di-
rection). Therefore, the only possible solution reads

A(t) = B(t) = C(t), (487)

ie. Hyog = Hy = H,o = Hp. Hence, in this case the
metric becomes the usual FRW one with expo-
nential expansion, namely A(t) = Agefo*. Summariz-
ing, the only solution when the pressures are equal, i.e.
Dz = Py = P2, for a pure de Sitter expansion in Bianchi-I
and Kantowski-Sachs metrics leads to an FRW geome-

try. Finally, in this case the equation system (481])-(486]
reduces to the sole independent equation

167 pmo = f(To) + 12HG fr(To).
Considering [460]
(1) =(=1)" ,
where n is a constant, equation (488]) leads to the solution

L (167rpm0>1/n
0 — .5 )
6\1—2n

(488)

(489)

(490)

and thus n < 1/2. In this case the de Sitter solution is
triggered by p;,0, which is a cosmological-constant term
due to the fact that w = —1.

Considering [460]

f(T) =CiT + Cy (—T)n R (491)

with C1,Ca,n constants, equation (488)) in vacuum can
be explicitly solved for specific n. For example, for n = 2
it leads to the solution

Ch
H =
° =\ 18C,

and thus the de Sitter phase is triggered by the f(7T)
sector itself.

(492)



2. Power-law solutions

We now study the cosmological evolution correspond-
ing to power-law expansions along spatial coordinates. In
this situation, the scale functions for the Bianchi-I and

Kantowski-Sachs metric (466|) (i.e. for (« = 0)) become
A(t) = Agt® , B(t) = Bot’, C(t)=Cot®, (493)

where a, b, c and Ag, By, Cy are parameters. The various
expansion rates become

b
H,=2, H=-, H =2, (494)
t t t
and moreover the torsion scalar (471]) reads
ab ac bc
T__2<t2+t?+t2>' (495)

Substituting the above expressions into the field equa-

tions (472)-(475) we obtain [460]:

167pi (1) = f(T) — 2T fr(T) , (496)
_ b+c)l—a—b—c)
— 167wp,(T) = f(T) + betalb T o) Tfr(T)
(b+¢)
WTQf,TT(T) ) (497)
~ o (1) = 11 + CEE R gy
(a+c) 9
mip Jrr(T) , (498)
~ W6 (1) = F(1) + == ()
(a+b) 2
+2WT fTT(T) ) (499)

where we have made the simplified assumption p, = p, =
D> = Pm as well as w = p,,/pm. The continuity equation
(480]) leads to the solution

Pm = Pmo t_(a+b+c)(1+w)
(atbte) Atw)
T 2
Y . (500
P O< 2(ab+ ac+ be) (500)
while equations (496)-(499) give
F(T) = i /=T + ¢y T (501)

with ¢; an integration constant and cy a constant given
by

24—(1+w)(a+b+0)/27rpm0

Co = .
[—1 4+ (14 w)(a+b+c)] [be — a(b+ )] 25

(502)

Note that in order to have real solutions, (1 + w)(a +

b+ c¢) = has to be an even number. Finally, in order

to obtain consistency, the following relations have to be

imposed:

57

1l.c= w, with w # 0. This case corresponds
to an anisotropic solution, with A(t), B(¢) and C(t)
being different than (493)).

2. a = b = c. In this case the cosmological evolution
expressed by (493) reduces to the FRW case.

Lastly, we mention that in vacuum, only an FRW solution
is possible.

3. Bianchi type-III solutions

Let us now examine the more complicated Bianchi-
IIT case. The complication arises from the constraint
equations (476) and (477). In particular, (477), gives
AJA = B/B, which combining with (476) yields

Tfrp=0. (503)
This implies that either ' = 0 or frr = 0. Since the sec-

ond case corresponds to TEGR, we restrict our analysis
to the first one.

Relation T = 0 implies a constant torsion scalar,
namely (471)) gives
A2 _AC
—4+2—=K 504
VeI : (504)

with K a positive constant. Considering A = C", with

n>0orn< -2, (504) yields

O(t) = exe(FVrem 1) (505)
A(t) = B(t) = e VmEm) por < 2 (506)
cge(n\/ R t) , for n >0,

where c3 is a positive constant. Hence, the expansion
rate for all three spatial directions is constant, i.e. we
obtain a de Sitter universe.

The remaining equations, namely (472)-(475)), can now
be straightforwardly solved, leading to [460]

f(T) =cqexp[R(n)T] , (507)

with ¢4 is an integration constant and

nn+2)(w, +1)

R(n) = 57 2n(n — Dwy — (w, + 1)(202 + 30+ 1)]

We mention that for n = 1 and w, = w, we re-obtain

([487) as expected.

F. Observational constraints

As we have analyzed in detail, the paradigm of f(T')
gravity can give rise to a late-time accelerated expansion



in a universe filled with regular matter. In this mecha-
nism, the cosmic speed up is driven by the space-time tor-
sion, that can be effectively treated as a dark fluid whose
equation-of-state parameter can be determined by the
form of f(T). Hence, given a specific f(T) scenario, one
can compare the dynamical evolution predicted by this
model with the observational data and then examine how
it is constrained or whether it is ruled out [193] 309] 475
481).

In this subsection we follow the work of [476] and con-
sider two particular examples for f(7'), which possess
the nice property to emulate the phantom-divide cross-
ing. Using these f(T) forms, one can examine their vi-
ability confronting the predicted background evolution
with the observed one through the SNIa and Gamma
Ray Bursts (GRBs), the measurement of the rate expan-
sion H(z), the BAOs at different redshifts, and the CMB
distance priors. One may further distinguish them re-
lying on the different growth factors. We would like to
mention that all data sets are not up-to-date, since the
study in the present subsection is merely to demonstrate
the data analysis method of constraining f(7') models
rather than to report on the latest observational data.

We are interested in models that are able to describe
the phantom-divide crossing. Two such models are [197]

F(T) = f(T) = T = a(~T)" tanh (%) (508)
F(T) = f(T) =T = o(~T)" {1 —exp ( - p%)}, (509)

where the subscript 0 marks the present value. In the first
model (called “the tanh model”) one must set n > 3/2
in order to obtain an effective dark-energy fluid with a
positive-defined energy density, whereas for the second
model (called “the exp model”) the same requirement
leads to n > 1/2. The parameter a can be expressed in
terms of the present-day quantities as

(6H3)1_n (1 - QmO - QTO)
72sech2(1) + (1 —2n)tanh (1)’
(GHg)l_n (1 - QmO - Q’I‘O)

1—2n—(1—2n+ 2p)er

Atanh =

(510)

Qegp = — , (511)
for the tanh and exp model respectively.

We recall that the effective equation-of-state parame-
ter of the dark fluid arising from f(7') sector has been
defined in (373)). One can insert , into the def-
inition (373)) and derive the explicit expressions for the
two models. In Figs.[16land[L7]we can see the dependence
of its present day value wr(z = 0) on the f(T') param-
eters, respectively for the tanh and exp model. Since
ACDM paradigm fits the data very efficiently, we expect
that in order to be able to fit the data the parameters
of both models would be constrained in a region corre-
sponding to wr(0) ~ —1. Fig. reveals that this fa-
vors values of n ~ 1.6 for the tanh model, and that the
larger the n is the smaller €2,,9 must be in order to ob-
tain an effective equation-of-state parameter close to the

98

FIG. 16: Today’s value of the torsion-induced, effective dark-
energy equation-of-state parameter, for the tanh model in
, for Qmo = 0.20 ( dashed-dotted blue), Qmo = 0.25
(solid-black), and Qmo = 0.30 (dashed-red). From []76].

FIG. 17: Likelihood contours in the (n,p) plane for the exp
model in , having set wr(z = 0) = —1, and Qmo = 0.20
(dashed-dotted blue), Qmo = 0.25 (solid black), and Qmo =
0.30 (dashed red). From [{76].

ACDM one at present. For the exp model Fig. [17] shows
that for given (,,0,n) values there can be models with
different p but with the same wr(0) = —1. The (n,p)
parameters are thus degenerate and hence the condition
wp(0) = —1 cannot distinguish amongst different param-
eter sets. Hence, taking into account the evolution of wr,
and not only its present value, will break the degeneracy
among (n, Qo) for the tanh model and among (n, p) for
the exp one.



1. f(T) gravity versus cosmological data

In order to examine whether f(T') gravity can be con-
sistent with the observed Universe, we study the param-
eter space of a fixed model by analyzing the likelihood
function as follows

L(p) = L,(p) x Lu(p) x LBao(P) X Loms(P) , (512)

where model parameters are

_ (Qma h, n)
P= (Qma h, nap)

respectively for the tanh and exp models. Note that h
is the Hubble constant Hy in units of 100 kms~'Mpc—1!,
and today’s radiation density parameter is set to be

Qp = w,h 3(1 4 0.2271N,5¢) ,

with (wy, Nesr) = (2.469 x 107°,3.04) in agreement with
WMAP7 data [169] (note that the data are not up-to-
date since here we are interested in demonstrating the
procedure of data analysis rather than to investigate the
latest observational constraints).

All terms in (512)) are expressed as:

Lip) = P [-x?(p)/2]

’ (2m)Ne/2Ty 2
where (NG, T';, x?) are determined by the detailed dataset.
The first refers to the Hubble diagram. This gives the
distance modulus p as a function of the redshift z via
the following relation:

w(z) =25+ 5logdr(z) =25+ 5log[(1 + z)r(2)], (513)

where dp,(z) = (14 2)r(2) is the luminosity distance and

() c / 2 d
r(z) = — —_—
HO 0 E(Zlvp)
is the comoving distance. For instance, one can apply
both the Union2 SNTa dataset [343], comprising Ngnela =
557 objects with 0.015 < z < 1.40, and Ngrg = 64
GRBs to probe the redshift range 1.48 < z < 5.60 with

the distance modulus estimated in [482]. For both data
sets we have

(514)

(0-]2' + O—lznt) )

_ . 2
X2 = [ :uth(zjap):| 7 (515)
= \[0F + 0

where o0; is the observational error for the j-th object,
and o, depicts the intrinsic scatter of the tracer around
the relations incorporated to estimate the value of u. For
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SNIa, one can set o;,; = 0, and for GRBs this is a nui-
sance parameter that can be marginalized over. As the
Hubble diagram probes the integrated expansion rate,
the second data set refers to the Hubble parameter H(z)
which can be determined through the differential age
method [483]. Applying red envelope galaxies as cos-
mic chronometers [484], H(z) for the redshift interval
0.10 < z < 1.75 was estimated in [485]. In this sample
one adds the Hy determination from local distance lad-
ders acquired from SHOES [486] and extract a total x?
similarly to SNIa.

Except for SNIa and GRBs, the BAOs can also work
as standardizable candles to probe the distance-redshift
relation. Thus, one can add Lp40 to the full likelihood
following the method of [487]. Firstly, one can apply
the 6dFGRS [488] and the SDSS [344] to find the scaled
volume distance parameter through

Wl

rs(2q) czr?(z) ]~
d, = =7, 7 516
av () elFa) X [HOE(z) (516)
where the sound horizon to distance z reads
e e} E—l /
o= [ (z)de L (517)
V3Ho Jo /T4 (3wy) /(4w ) (1 + 2/) T

with zg4 the drag redshift. The value of d, at z = 0.106
and the corresponding error is from [488], and [344] pro-
vides d, for z = 0.20 and z = 0.35 along with the corre-
sponding covariance matrix. Secondly, BAO constraints
from the WiggleZ survey [487] quantify the acoustic pa-

rameter [167]:
A(z) = \/QmHZdy (2)/(c2).

Then one can apply the observed values and their covari-
ance matrix for A(z) estimations at z = (0.44, 0.60,0.70)
given in [487], and define the BAO likelihood as follows:

(518)

Lpao(p) = Learars(P) X Lspss(P) X Lwigglez(P),

where:

1 1 dobs L dth (p) 2
LoarGRs = X eXp {_[ 0.106 0.106 } } 7
° V2702 106 2 00.106

1
QW)NSDSS|CSDSS|1/2

D{)ss(P)CspssPsnss(p) }
2 b

Lspss = (

X exp |:_
1
o) Nwiggtez |ICwiggiez|'/?

‘CWiggleZ = (

-1
DTV;/iggleZ (p)CWiggleZDWi.‘lgl€Z (p) :|

X —
exp [ 2

with D a N; dimensional vector accounting for the differ-
ence between predicted and observed values and C; the
accompanying covariance matrix.



The last term in the likelihood refers to the CMB
distance priors, which are viewed as a very efficient ap-
proach to include the CMB constraints without calculat-
ing the complete anisotropic spectrum. Based on [169)],
the CMB likelihood can be determined similarly to the
SDSS and WiggleZ ones. However, the observable quan-
tities become the redshift z, at the last scattering surface,
calculated by the expressions of [489], the shift parameter
R [490]

R =/ Qmr(z)Ho/c (519)
and the acoustic scale £4 = 71 (24)/7s(zx). Additionally,
to use the distance priors one needs to assume that the
early universe is dominated by matter and that the dark
energy is negligible. Despite the fact that the f(7") con-
tribution does not vanish at high z, one can easily check
that the effective energy density of the torsion-induced
fluid is smaller than the matter-fluid energy density by
many orders of magnitude at z,, so that the CMB deter-
mination of the distance priors is applicable.

Combining the above, one can use a Markov Chain
Monte Carlo (MCMC) code, apply multiple chains and
use the Gelman-Rubin criterium in order to check the
convergence, and then efficiently examine the parameter
spaces of models under consideration [491]. The best-fit
parameters are the ones that maximize the total like-
lihood, however the most reliable constraints on a pa-
rameter p; are acquired through marginalization over all
parameters apart from the i-th one. Applying this, one
can determine the mean and median as a reference value,
and apply the 68% and 95% confidence ranges as the 1o
and the 20 errors.

TBF <1‘> T 68% CL 95% CL

Q,, 0.286 0.286 0.287 (0.274, 0.299) (0.264, 0.311)
h 0.719 0.722 0.722 (0.712, 0.734) (0.702, 0.745)

n 1.616 1.610 1.615 (1.581, 1.636) (1.547, 1.667)

TABLE IV: Constraints on the tanh-model parameters of
(508). The columns correspond to: 1.) Parameter name,
2.) Best-fit value, 3.) Mean value, 4.) Median value, 5.), 6.)
68% and 95% confidence levels respectively. From [476].

Based on the analysis of [476], the best-fit values and
marginalized constraints of parameters for the tanh and
exp models are listed in Tables [[V] and [V] respectively.
From Fig. we can see the agreement of the best-fit
model predictions, with the SNIa + GRB Hubble diagram
and H(z) data. The total efficiency of the fitting proce-
dure could be also become obvious through comparison
of the model predictions for the BAO and CMB quanti-
ties with the ones arise from observations. In particular,
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zpr  (x) @ 68% CL 95% CL

Qn, 0.284 0.286 0.287 (0.276, 0.297) (0.265, 0.308)
h 0.724 0.731 0.731 (0.723, 0.740) (0.713, 0.749)
n 1.152 0.757 0.736 (0.577,0.939) (0.514, 1.103)

p 0.814 -0.110 -0.100 (-0.263, 0.046) (-0.395, 0.131)

TABLE V: The same as Table [[V] but for the exp model of
(509). From [476].

FIG. 18: Best-fit curves on top of the SNla+ GRB Hubble
diagram (upper) and H(z) data (lower), for the tanh model

of (solid red) and for the exp model of (dashed

blue). We mention that in the Figure resolution scale the
u(z) curves are almost superimposed and hence no significant
difference is visible. From [{76].

for the tanh model, one obtains [476]

d¥F 06 = 0.3418 vs dsbs,s = 0.336 + 0.015
A0 = 0.1864 vs d3bs,, = 0.1905 £ 0.0061

d o = 0.1173 vs d3bss, = 0.1097 £ 0.0036

A7 (0.44) = 0.467 vs A°"*(0.44) = 0.474 £ 0.034
AbT(0.60) = 0.442 vs A°*(0.60) = 0.442 +0.020
ALF(0.73) = 0.422 vs A°*(0.73) = 0.424 + 0.021



& = 302.66
R =1.733

vs (9% = 302.09 £ 0.76
vs RO =1.725 +0.018

)

22 =1092.04 vs 2% = 1091.30 + 0.91

and thus the best-fit tanh-model predictions lie far inside
the 1o region comparing to the observed values. More-
over, for the exp model, one obtains [476]

i 06 = 0.3428 vs dsbsys = 0.336 + 0.015
Ao ,00 = 0.1865 vs d§¥s,, = 0.1905 + 0.0061
dilesy = 0.1121 vs dgbss) = 0.1097 + 0.0036

AL (0.44) = 0.465
A7 (0.60) = 0.439
Ab7(0.73) = 0.418

VS
VS
VS

A°Y%(0.44) = 0.474 + 0.034
A°%(0.60) = 0.442 4+ 0.020
A°P3(0.73) = 0.424 + 0.021

OF = 302,54 vs 905 = 302.09 £ 0.76
RP =1.735  vs R°® =1.725+0.018
22 =1092.12 vs 290 = 1091.30 + 0.91

)

which are also in agreement with the BAO and CMB
observations.

The upper graph of Fig. shows that two best-fit
models cannot be discriminated by the Hubble diagram
data. This can be read from the lower graph too, where
H(z) is similar within these two models, with the largest
deviations appearing in the redshift interval (0.5, 1.5).
Since it is only a few percent, it is relatively obvious that
the required integration in order to calculate the distance
modulus, dilutes out the differences between the above
two models. Therefore, as shown in Fig. this yields
the very efficient fitting.

An alternative way to understand why two models lead
to similar predictions is to analyze the reconstructed ef-
fective equation-of-state parameter induced by torsional
gravity. In Fig. [19| we present wr(z), constrained by the
likelihood analysis. In this Figure the red solid curve cor-
responds to the best-fit model, and the blue dot-dashed
(dashed) one provides the median value (the 68% confi-
dence range) for each z, as they are extracted by calcu-
lating wr(z,p) for the parameters of the model in the
MCMC chain. For two best-fit models (the red curves),
wr is in the vicinity of the cosmological constant w = —1
up to z ~ 1, and thus the dynamics is roughly the same
with the ACDM scenario. On the contrary, wr exhibits a
significantly different behavior at high redshifts in these
two models. Particularly, for the tanh model we obtain
an increasing wr; whereas for the exp model it yields
an approximately constant wr to a value slightly smaller
than the present one and hence it can mimic the ACDM
paradigm better than the tanh model. However, both
models lead to similar predictions for the CMB distance
priors due to the very limited contribution of the torsion
induced dark energy up to the last scattering surface.
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FIG. 19: The constrained torsion-induced effective equation-

of-state parameter wr(z), for the tanh model of (upper)
and for the exp model of (lower). From [}70].

2. Discriminations from the growth factor

The aforementioned analysis showed that both tanh
and exp f(T) models are in agreement with observations,
however it revealed that looking only at the background
evolution cannot fully distinguish between them and the
ACDM paradigm. Hence, in order to extract better con-
straints one should study the evolution of the perturba-
tions. To be explicit, one can consider the growth factor
g = dlnd,,/dIna, with the matter overdensity reading
as Om = 0pm/pm. The dynamics of ¢, arise from the
equation [479] [492]

Om + 2H b, — 470G o f prm0m = 0 (520)
which coincides to the ACDM one as long as one replaces
the gravitational constant G' by an effective one, namely
Gers = G/(1 + fr). We would like to mention that
is valid only in the sub-horizon limit, that is for
k >> H,H')H,H?, where H is the comoving Hubble
parameter. In the general case, one obtains a more com-
plicated equation [256], which is the one that should be
used in order to calculate large-scale probes, for example
the matter power spectrum or weak-lensing observables.



For a preliminary investigation however, it is adequate to
use Eq. (520]), which is safely applicable at galactic and
galaxy-cluster scales.

20F T Ty

1.5} ]

g(z)

FIG. 20: The evolution of the growth factor g(z) for the

tanh model of (solid red) and of the exp model of
(dashed blue). From [}76].

In Fig. we depict the growth factor evolution for
the best-fit tanh and the median exp models, along with
a g(z)-measurement compilation given in [493, [494]. Ap-
parently, these two models become easily distinguishable
from the different g(z) behavior, although their induced
background evolution is almost identical, as it becomes
obvious from the very good agreement of the correspond-
ing u(z) and H(z) curves depicted in Fig. These g(z)
values imply that the structure growth is slower in the
exp model than in the tanh tone, and hence observation-
ally determining g(z) allows to distinguish between these
two f(T) models.

Using the data depicted in the Figures, for the tanh
model one can calculate ¥? = 15.3, which implies a signif-
icant disagreement. Nevertheless, for the exp model one
acquires better results, namely ¥? = 2.1. We stress that
these values have to be used with caution, and should not
be taken as an evidence that the exp model is more effi-
cient than the tanh one, for the following reasons: Firstly,
most measurements for g(z) used in [493] refer in prac-
tice to g(z)/b(z), where b(z) stands for the galaxy popu-
lation bias that traces the growth factor. However, this
bias is related to the specific underlying gravitational the-
ory, and therefore a modified Lagrangian is expected to
induce deviations from the usual collapse scenario, and
hence to lead to a different bias, that might also be scale
dependent. Secondly, g(z) can be also acquired by mod-
eling the matter power spectrum preliminarily [494], but
this procedure is partially based on the consideration
of a ACDM-like model in order to convert the redshift
to real space clustering. Hence, in summary, although
the background evolution is almost the same as the one
in ACDM cosmology up to intermediate redshifts, the
power-spectrum modeling and the description of its dis-
tortions may be different.
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G. Cosmography in f(T')-gravity

In the previous subsection we reviewed the regu-
lar method of data analysis that can constrain differ-
ent specific models of f(T') gravity responsible for the
present cosmic acceleration. However, it is interest-
ing to note that, if the universe is always homogeneous
and isotropic on large scales, there exists an almost
model-independent method to investigate f(7') cosmol-
ogy, namely the method of cosmography. In this subsec-
tion we follow [495], 496] and [497] and we present how
one could use cosmography in order to extract the con-
fidence ranges for f(T') derivatives up to the fifth order,
and then we investigate the viability of given models.

1. Cosmographic parameters and f(T) derivatives

Standard candles (such as SNIa and, to a limited ex-
tent, gamma ray bursts) are ideal tools in modern cos-
mology, since they make it possible to reconstruct the
Hubble diagram, i.e. the redshift - distance relation, up
to high redshift values. It is then customary to assume
a parameterized model (such as the concordance ACDM
one or any other dark energy scenario) and confront it
against the data in order to check its viability and con-
strain its characterizing parameters. As it is clear, such
an approach is model dependent and thus some doubts al-
ways remain on the validity of the constraints on derived
quantities,such as the present day values of the decelera-
tion parameter and the age of the universe.

In order to overcome this problem, one may resort to
cosmography, i.e. expand the scale factor in Taylor series
with respect to the cosmic time. Such expansions lead
to a distance-redshift relation which only relies on the
assumption of the FRW metric, and thus it is fully model-
independent since it does not depend on the particular
form of the solution of cosmic equations. To this aim, it
is convenient to introduce the following functions:

1da 1 d%a
H=—-—— = _H?2
adt ! a dt? ’
. 1d3%a _3 1d% 4
TEY Y ’
1d%a

which are usually referred to as the Hubble, decelera-
tion, jerk, snap and lerk parameters, respectively. Their
present day values (denoted with the subscript “0”) may
be used to characterize the evolutionary status of the
universe. For instance, go < 0 denotes an accelerated ex-
pansion, while jy allows to distinguish amongst different
accelerating models. It is then a matter of algebra to



demonstrate the following useful relations:

H=—-H*1+q),
H=H(j+3¢+2),
H=H*s—4j —3q(q+4) — 6],

H™) = H5 — 55 + 10(q + 2)j + 30(q + 2)q + 24] ,
(522)

time t and H(?) = d*H/dt*. Egs. (522)) make it possible
to relate the derivative of the Hubble parameter to the
other cosmographic parameters.

Rather than choosing a parameterized expression for
f(T) and then numerically solving the modified Fried-
mann equations for given values of the boundary con-
ditions (as we did in the previous subsection), one can
relate the present values of its derivatives to the cosmo-
graphic parameters (qo, jo, So,l0), and hence constrain-
ing them in a model-independent way will provide a hint
for what kind of f(T') model could be able to fit the ob-
served Hubble diagram. Differentiating the torsion scalar
T with respect to t, one can easily get the following re-
lations:

where a dot denotes derivative with res; ect to the cosmic

T=-12HH , (523)
T =—12[H*+ HH] , (524)
T =—12[3HH + HH] , (525)
T = 12[3H% + 4HH + HH™)] . (526)

The modified Friedmann Eqs. (267)) and (268) can then
be rewritten as

-1
H2 W[Tgm‘i’f( )]

1 .
= —[1TQ,, —4HT fr7r(T)] ,
where (), represents the dimensionless matter density
parameter. However, in order to calculate all cosmo-
graphic parameters one needs to differentiate (528)) three
more times. As a result, one derives [495]:

(527)

(528)

O 2
- T [HT — T(3H? + 2H)]
- %[(QHT + HT) frr(T) + HT? frrr(T))] ,
(529)
H= Mgf’;m {T(QH“ +6H?H + 4H?)
— HT(3H + 6H?) + H(HT — 2HT)}
1

W (T + SHHT + AHHT + H*T) fro(T)

H fr(T
+ HH fr(T) + +H*T3 f)(T)

+ HTUHT + 3HT) fTTT(T)] . (530)
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and

Qn

_ H—27HS
4H3 fr(T) !

HY) = T(IOHHH +12H3H

—12H%H? — 8H® — 2H*[)
+ H3T + H*T(9HH + 27TH® — 5H)
—~3H*T(3H* + H) + THH*T

- ——  |(3HH H?H + HH? T
Ty | BH T + 2 HE) fr(T)

+ H*T?(THT + 6 HT) f™)(T)

+ (4H2 HT + 23T + TH2HT
+10HH?*T + TH?HT
+11HHHT + H?’T(w))fTT(T)

+ H<10H2T2 Y THHT? + 21HHTT
+ 32 4+ AHPTT) frpr (T)

+ H3T f(“)(T)] : (531)

with H) = q*H(t)/dt*, fO)N(T) = d*f(T)/dT* and
foNT) = d5 f(T)/dT®. Since Egs. (527)-(531) have to

hold along the full evolutionary history of the universe,
one can evaluate them at present day ¢y obtaining:

HE = ﬁzﬂ))[%ﬂmo + f(To)] , (532)
H() = m[TOQmO - 4H0T0fTT(TO)] ) (533)

and similarly for the next three derivatives.

In summary, one obtams five equations, namely (532 -,
and (529 - 531) evaluated at present time. We call
these “final equatlons which will turn out to be useful
in the following. But, one another relation is expected in
order to close the system and determine the six unknown
quantities: f(To), fr(To), frr(To), frrr(To), f)(Ty)
and f(")(Ty). This can be easily obtained by noticing
that, inserting back the physical units, Eq. reads:

f(T)] ’

H? = —
167G

e [ . 530

6fr(T)

which clearly shows that, in f(T') gravity, the Newtonian
gravitational constant G has to be replaced by an effec-
tive (time varying) coupling G.rs. However, the present
value of Newtonian gravitational constant has to be re-
covered, and then:
Gepplz=0)=G= fr(Ty) =1,  (535)
which implies the recovery of TEGR.
Let us now assume that f(7') may be well approxi-
mated by its fifth order Taylor expansion in 7' — Ty, i.e.



we set:
FT) = F(To) + fr(To)(T = To) + 5 Frr(To)(T — Ty

b S Frrr(To) (T = To)? 4 5 79 (To)(T — Ty)?

¥ 3 [T~ To)? (536)

Evaluating Eqs. (523)-(526|) at present time and using
Eqs. (522)), one obtains:

Ty = —6H? | (537)
To = 12H3(1 + qo) , (538)
To = —12H[qo(qo0 + 5) + jo + 3] , (539)

To = —12H3[s0 — jo(3q0 + 7) — 3q0(dqo +9) — 12] ,
(540)

T§™ = —12H§ [lo — s0(4a0 +9) + jo (340 + 440 + 48)

+ 3q0(4g2 + 39q0 + 56) + 60} : (541)
After inserting all these expressions into the “final equa-
tions”, one can solve them under the constraint (35|
with respect to the present day values of f(T') and its
derivatives up to the fifth order. After some algebra, one
ends up with the desired result, namely [495]:

[(To)
GHg m0 ) (5 )
fr(Tp) =1, (543)
frr(To) 3o 1
= + =, 544
GH3) 1~ (1+q) |2 (544)
T —30,,0(3¢2 +6 ] 2 3
fTTTQ(_O): 0(345 + 690 + jo + )+77 (545)
(6HE)2 8(1+qo)3 4
(N(Th) =300
= "2 19+ jo(6g2 + 17 3jo+5
GHE) > = To(1+ g 0+ 00008 #1700+ 80 49
+ 3q0(5q5 + 203 + 29qo + 16)
15
+ 80(1 + q0):| + g s (546)
fOT) =30, ,
lo(1 10 1
(6H2)* ~ 32(1+ g ) [0( + q0)* + 10jos0(1 + qo)

+ s0(10g5 + 4345 + 4640 + 13)
+ 552 (6q2 + 22q0 + 350 + 7)
+ jo(45q7 + 225q5 + 412¢2 + 219q0 + 32)
+ 3q0(35q) + 210g3 + 51845 + 66647
105

+ 448q0 + 150) + 60} + 1o

Egs. (542)-(547) make it possible to estimate the present
day values of f(T) and its first five derivatives as func-
tions of the Hubble constant Hy and the cosmographic

(547)
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parameters (qo, jo, S0, lo), provided a value for the matter
density parameter €2, is fixed.

In order to acquire a first hint on the possible values of
f(T) and its derivatives, one can reproduce the cosmo-
graphic parameters for the ACDM model as a standard
case. This is a minimal approach but it is useful to probe
the self-consistency of the model. The cosmographic pa-
rameters for the ACDM model read [495]

g=— (%’)2 (1 Qo — Z’?) , (548)
j= (5{;)3 (1 — Qo + Q’”°>3/2 , (549)
o= () (120 G
+02 ) + 5;2&’230 - 735;‘)) , (550)
I = (%’)5 1= Q4 om0 (1 — 2Q0 + 5Qm°
e )

which, evaluated at the prebent time, yield: gg = —1 +
3Qm0, jo=1,8 =1~ 2Qno, lo = 1 + 30 + 2792

Insertlng the previous equatlons into Egs. - 547)) We
obtain
frr(Ty) = frrr(To) = f)(To) = f)(Ty) =0, (552)

and in the absence of these terms f(T) reduces to f(T) ~
T —2A. This is consistent with what we expected for the
ACDM model and can be used as a consistency check.

2. Results of observational constraints

In order to outline the form of f(T') through its own
value and those of its derivatives at present, one needs
to constrain observationally the cosmographic parame-
ters by using appropriate distance indicators. Moreover,
one has to take care that the expansion of the distance
related quantities in terms of (qo, jo, So, lo) closely follows
the exact expressions over the range probed by the data
used. Taking SNIa and a fiducial ACDM model as a
test case, one needs to check that the approximated lu-
minosity distance (see [498] for the analytical expression)
deviates from the ACDM case less than the measurement
uncertainties up to z ~ 1.5, to avoid introducing any sys-
tematic bias. Since the goal is to constrain (qo, jo, S0, lo),
one needs to expand the luminosity distance Dy up to
the fifth order in z, which can track the ACDM expres-
sion with an error less than 1% over the full redshift
range. This also applies for the angular diameter dis-
tance Dy = Dr(2)/(1 + 2)? and the Hubble parameter
H(z) which, however, is only expanded up to the fourth



order to avoid introducing any further cosmographic pa-
rameter.

To constrain the parameters (h, qo, jo, So, lo), one may
make use of the Union2 SNIa dataset [343] and the BAO
data from the analysis of the SDSS seventh release [344]
(or even more recent data) adding a prior on h from
the recent determination of the Hubble constant by the
SHOES team [486]. To update, one can also add the mea-
surement of H(z) obtained in [484] from the age of pas-
sively evolving galaxies and in [499] from the radial BAO.
By exploring such a five dimensional parameter space
with a Markov Chain Monte Carlo method, one then ob-
tains the constraints [495] summarized in Table Tt is
easy to check that these results are consistent with other
analyses in the literature [500H503].

T TBF (T) Tmed 68% CL 95% CL

h 0.718 0.706 0.706 (0.693, 0.719) (0.679, 0.731)

g -0.64 -0.44 -0.43 (-0.60, -0.30) (-0.71, -0.26)

jo 1.02 -0.04 -0.15 (-0.88,-0.90) (-1.07, 1.40)
so -0.39 0.18 0.02 (-0.57,1.07) (-1.04, 1.78)
lo 4.05 4.64 454 (2.99,6.48) (1.78, 8.69)

TABLE VI: Constraints on the cosmographic parameters.
Columns are: 1. Parameter name, 2. Best-fit, 3. Mean from
the marginalized likelihood, 4. Median from the marginalized
likelihood; 5. 68% confidence range, 6. 95% confidence range.
From [495].

Note that due to the degeneracies, among the five cos-
mographic parameters the best-fit values can also be dif-
ferent from the median ones, which is indeed the case.
This is, however, not a shortcoming of the fitting anal-
ysis, but a consequence of the Bayesian approach giving
more importance to sampling the marginalized param-
eters distributions rather than to looking for the best-
fit accordance within a given model and the available
dataset. Qualitatively, one can say that the best-fit value
of, e.g. qo, is less important than the median one since
the best-fit ¢o is the correct one only if the other pa-
rameters also take their best-fit values, while the median
one is more reliable since it describes the full distribution
whatever are the values of the other parameters. In par-
ticular, here, the best-fit values are quite close to those
predicted for the ACDM model (for instance, jo = 1 for
a A dominated universe), while the median ones allow
for significant deviations (with the ACDM values being,
however, within the 95% confidence ranges).

In order to translate the constraints on the cosmo-
graphic parameters on similar constraints on the present
day values of f(T') and its derivatives, one can use Egs.

(542)-(547) evaluating them along with cosmographic
parameters and then looking at the corresponding his-
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tograms. To this end, one additionally needs to set
the value of €1,,9, which is not constrained by the fit-
ting analysis described above. In order to overcome
this difficulty, it is useful to take into account the CMB
determination of the physical matter density (namely
Wm = Qmoh? = 0.1329 in WMAP7) and, for each value
of h, one fixes Q,,0 = wy,,/h? having neglected the error
on w,, since it is subdominant with respect to the one
on h. Note that the adopted estimate of w,,, comes from
the fit to the CMB anisotropy spectrum and it mainly
depends on the early universe physics. Since it is reason-
able to expect that GR is recovered in this limit, one can
safely assume the validity of this result whichever f(T)
model is considered. Defining for shortness

fo =N (T0)/(6HF) "D

one then obtains the constraints summarized in Table[VII]
and presented in Fig. 2I] where the degeneracy between
some couples of parameters is shown as an example.

z xBrF  (T)  Tmed 68% CL 95% CL

fo -1.742 -1.733 -1.733 (-1.743, -1.723) (-1.751, -1.712)

f2 -0.033 0.113 0.147 (0.007, 0.208)  (-0.153, 0.226)

f3 -0.092 0.530 0.815 (0.172,0.921) (-1.483, 1.033)

fa 0.294 -0.955 1.061 (0.193,2.306) (-18.307, 3.603)

f5 8.690 -68.893 6.371 (2.956, 11.014) (-370.966, 31.004)

TABLE VII: Constraints on the f; values from the Markov
Chain for the cosmographic parameters. Columns order is the
same as in Table From [495].

We mention that as best-fit value here we refer to the
one obtained by fixing the cosmographic parameters to
the best-fit values. However, because of the degenera-
cies among (qo, jo, So,lo) and the nonlinear behavior of
the relations with f,, it is possible that the best-fit f,
are quite different from their median values which is in-
deed the case (in particular, for f5). Note also that the
confidence ranges become larger as the order n of the
derivative increases. This is indeed an expected result,
since the higher is n the larger is the number of cosmo-
graphic parameters involved, and hence the weakness of
the constraints on the higher order cosmographic param-
eters and the degeneracies among them makes the con-
straints on f, weaker and weaker as n gets larger. From a
different point of view, such a behavior simply reflects the
naive expectation that one has to go to deeper redshifts
to probe the exact functional shape of f(7) and hence put
severe constraints on the value of its high order deriva-
tives. As a further remark, we note that the constraints
on (fs, fa, f5) are strongly asymmetric, with a long tail
extending towards negative values causing a large offset
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FIG. 21: Iso-likelihood (68%, 95% and 99% CL) contours for the f; quantities. The fuzziness is due to numerical artifacts.

From [{95].

between the mean and the median. This is actually a con-
sequence of the terms (1 + go)~ %, with a = (3,5,7) for
(f3, fa, f5) respectively, which appear as common factors
in Eqgs. (545)-(547). As go comes close to -1, these terms
become increasingly large and thus make f,, explode.

Although we have checked that the fifth order expan-
sion closely matches the exact luminosity and angular di-
ameter distances and the Hubble parameter within less
than 1%, it is worth noting that a decent approximation
is also obtained if one stops the expansion to the third or
fourth order. Cutting the expansion to order three (four)
means that one can only constrain cosmographic param-
eters up to the jerk jo (the snap sg) and hence estimate
confidence ranges for the f(7T') derivatives up to the third
(fourth) order. It is nevertheless worth exploring how the
constraints depend on the order of the expansion. In or-
der to perform this, one can fit the same dataset as above
with both the third and fourth order expansion of the in-
volved quantities and then use the corresponding Markov
Chains to estimate confidence limits on (fo, f2, f3). For
instance, from the third order fit one obtains (median
and 68% and 95% CL) [495]:

fo = —LTALHI 007
J2 = 0.005%5565 T6753
fs = 009775305 19555 (553)
while the fourth-order fit yields:
fo = =1.7335560 L0075 »
f2=0.043%5076 “0105
fs = 0.4397030) TU55G (554)

Comparing the value of f; for different fits (including
the fifth-order one in Table allows us to draw some
interesting lessons. Firstly, although the median values
are different, the confidence ranges are well overlapped,
thus indicating that the expansion order should not have
any statistically meaningful impact on the constraints.

However, more accurate studies have to be performed in
order to confirm this statement. Secondly, increasing the
expansion order shifts away from the ACDM one (i.e.
fi = 0 for ¢ > 1). This is actually a subtle effect of
the degeneracy among the cosmographic parameters. In-
deed, increasing the order n of the expansion adds further
parameters to the fit, therefore allowing for much more
combinations of the cosmographic parameters able to fit
well the same data. As a consequence, the constraints
on go will become weaker, allowing for models with gq
closer to —1 and hence (f2, f3) values far away from the
fiducial ACDM ones. Nevertheless, we recommend the
reader to refer to the results in Table [VI] since the fifth
order expansion provides a better approximation to the
underlying expansion history and hence the fit is less af-
fected by any bias due to any error in the approximation.

The constraints discussed above have been obtained
under two basic underlying assumptions. Firstly, we
have set fr(Tp) = 1 in order to recover an effective
gravitational constant which matches the Newton one
today. Nevertheless, although it is a reasonable assump-
tion, there are no compelling arguments why the Newton
constant which is measured in laboratory experiments is
the same as the cosmological one. As such, it is worth
wondering how the above results would change should
we allow for deviations from the G = G .osmo assumption.
Secondly, we have used the CMB constraints on the phys-
ical matter density w,, in order to infer the present day
matter density parameter and then use Egs. —
to constrain (fo, f2, f3, f4, f5) from the cosmographic pa-
rameters. It is worth noting that, if one takes into ac-
count the perturbation analysis such as reviewed in pre-
vious subsections, it is more likely to find out remarkable
differences of f(7T) models with respect to the standard
GR. As a consequence, one cannot exclude the possibil-
ity to recover a correct growth of structure even if (7))
does not reduce to GR in the early universe. Should this
be the case, the use of the WMAP7 w,, value is inconsis-
tent. Taking care of these possible effects is actually quite

easy. Indeed, some algebra shows that Eqs. (542))-(547))



can all be recast as

Pr(qo0, jo, Lo, 50)

o= (1 ¥ qo)“"

Q + kn (14 ¢€),

with Py, (qo, jo, lo, So) & polynomial function of its argu-
ments, a, = (0,1,3,5,7) for n = (0,2,3,4,5), K, a con-
stant depending on n, and where we have set fr(7Tp) =
1 + e. Using this simple formula allows to immediately
scale our constraints to different values of w,, and ¢, pro-
vided one has a theoretical or observational estimate of
these quantities.

3. Cosmography versus f(T) models

Up to now we have not yet assumed any fixed form
of f(T), and the constraints in Table [VI| indeed hold for
the full class of such theories, provided one can approxi-
mate f(7T) by its fifth order Taylor series over the redshift
range probed by the data. Such a result can also be read
in a different way. Given a specific f(T') model, its char-
acterizing parameters must be chosen in such a way that
the constraints in Table [V]] are satisfied. This considera-
tion offers an interesting route to check the viability of a
given f(T') model without the need of explicitly solving
the field equations and fitting the data.

In order to demonstrate the use of cosmography in con-
straining f(7T') gravity, let us consider the following model
[192] as an example:

f(T)=aT 4+ BT°InT . (555)
Imposing Eq. (542) and fr(Tp) = 1 yields:
2— Qo — [14+ (2o — 2)0] In T

1+(5—1)IHTO ’

_ (QmO - 1)TO1_(S
B= m ) (557)

and thus one can express explicitly f; for i = (2,3,4,5)
as functions of § only. For each f value of the sample
obtained above from the cosmographic parameters anal-
ysis, one gets f2(5) = fa. Since this equation has two
roots, one can store them and then compute (f3, f4, f5)
for both values thus obtaining a histogram for the model
prediction of these quantities. The median and 68% and
95% confidence ranges read:

o= 02067072 08
fa = 089175705 19757
f5=—3.568"1 371 TT6%s (558)
for the smaller § solution and
fs = 877975085 L0131 »
fa=—312075055 75055
fs = —31.0335051 19310 (559)
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for the larger one. Since the 95% CL in Table are
quite large due to the impact of qq, it is simpler to use
only the 68% confidence ranges in order to compare them
with the above constraints. For the lower § solution,
both fsand f5 are smaller than the 68% CL from cosmo-
graphic parameters, while the range for f4 has a marginal
overlap. On the other hand, choosing the larger § solu-
tion leads to (fs, fa, f5) values that fully disagree with
the model-independent constraints. In this regard, one
could conclude that the model is disfavored by the
observational data.

H. A brief summary of f(T) cosmology

We close this section with a brief summary of the
presented results. In particular, we have reviewed var-
ious cosmological solutions obtained in f(T) gravity.
These solutions present various phenomenological behav-
iors that are of significant cosmological interest. In par-
ticular, we first showed that a large class of f(T") models
are able to give rise to a late-time acceleration in an FRW
universe, and hence the observation of the present cos-
mic speed up can be explained without introducing any
dark energy component. Upon the late-time accelera-
tion, we performed the procedure of dynamical analysis
to study the classical stability of those solutions. More-
over, within the frame of f(T') gravity, the interesting sce-
nario of phantom-divide crossing (or quintom scenario)
becomes very easy to be realized and thus the theory
may explain the cosmological observations in a better
way. Let us mention here that one can extend the whole
discussion in braneworld scenarios and higher dimensions
as in [5047? -510].

After having studied the late-time accelerating solu-
tions, we proceeded to the implications of f(T') grav-
ity at early universe, namely we investigated inflationary
and bouncing cosmologies. Nevertheless, the realization
of inflationary paradigm implies that the horizon prob-
lem existing in the Big Bang cosmology described by GR
can be successfully resolved in f(T') gravity even with-
out any inflaton field. Moreover, the appearance of the
bouncing solution shows that the universe governed by
f(T) gravity could be smooth and non-singular through-
out the whole cosmic evolution. This result demonstrates
that the problem of initial singularity that puzzles cos-
mologists for decades might be solved in the frame of
modified gravity theories. Furthermore, we commented
on more general situations in f(7T") cosmology, by consid-
ering the background universe to be an anisotropic one.

Afterwards, we devoted ourselves to the observational
constraints on f(T') gravity, by making use of various
cosmological data. Choosing a specific f(T') model, we
combined observational data from SNIa, GRB, BAO as
well as CMB, to constrain the relevant model parame-
ters. At the background level, we have shown that the
present datasets are difficult to differentiate f(7") models
from the ACDM cosmology. After taking into account



the perturbation analysis, however, it becomes possible
to discriminate them by examining the growth factor of
the matter density fluctuation. Finally, we introduced
the nearly model-independent method of cosmography
(note however that it still relies on certain assumptions),
which is a method that allows us to investigate the confi-
dence ranges for f(T') derivatives up to the fifth order and
then examine backwards the viability of a given model.

VII. GRAVITATIONAL WAVES IN f(T)
GRAVITY

Gravitational waves offer a remarkable opportunity to
see the universe from a new perspective, providing an ac-
cess to astrophysical insights that are not available in any
other way. Theoretical and experimental studies have
been developed to understand the mechanisms for the
production of gravitational waves, both in astrophysics
and in cosmology [51T), 5T12]. But even today, many con-
ceptual problems and technical issues related to the pro-
duction of gravitational waves from self-gravitating sys-
tems, have not fully been resolved. In particular, ex-
tended theories of gravity seem to be a viable scheme to
overcome shortcomings related to gravitational waves. In
this Section we investigate gravitational waves in F(T)
gravity.

A. Gravitational waves in teleparallelism

We start our discussion by recalling that, as we showed
in detail in subsectionabove, for F(T) gravity in four
dimensional space-time there exist three extra degrees
of freedom, namely a massive vector field or a massless
vector field with a scalar [255]. This implies that grav-
itational wave modes in F(T) gravity are equivalent to
those in GR since such further modes do not contribute
to the gravitational radiation in the post-Minkowskian
limit. We will verify this consequence by using the preser-
vative analysis in the weak-field limit around the flat
background in the scalar-tensor representation of F'(T)
gravity. Thus, our main result is consistent with that
of Ref. [255] and the analysis of perturbations in F(T)
gravity performed in Ref. [513]. As usual we apply units
where kg = ¢ = h = 1 and we use the gravitational
constant G172 = 1.2 x 10! GeV.

Following the discussions of Refs. [5I4H517], in or-
der to obtain gravitational waves the most natural start-
ing point is to use linearized gravity. This implies that
we adopt the weak-field limit approximation [512] 5I§].
The weak-field limit is achieved by assuming that the
space-time metric g, is represented by the sum of the
Minkowski space-time plus a small perturbation, namely

Guv = Nuv + hp,y 5 (560)

with h,, being small and of first order (O(h?) < 1).
This implies that the gravitational field is required to
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be weak, and furthermore that the coordinate system is
constrained to be approximately the Cartesian one. It is
straightforward to demonstrate that the relation is
equivalent to the usual one connecting the metric with
the vierbeins, namely g,, = nABeﬁef7 if we impose the
identifications

guw = napejel = nap (6, +Ep) (67 +EZ)
=146, 60 + a6 EY + napE)6L + napE,EL

= Nuv + nyB]Ef + nAuEﬁ +O(]E2) ) (561)
—_————
~hu,
where E“} is the small vierbein perturbation. In expres-

sion we only keep terms linear in A, , while higher
order terms are discarded since we need to maintain the
smallness of the perturbation. Hence, the perturbation
on the vierbeins (tangent space) is connected to the met-
ric perturbation on the manifold. The metric pertur-
bation, as it is well known, encapsulates gravitational
waves, but it contains additional non-radiative degrees
of freedom as well. We mention that the metric per-
turbation h,, transforms as a tensor under the Lorentz
transformations, but not under general coordinate trans-
formations.

Let us now compute all quantities which are needed
in order to describe linearized gravity. In particular, the
Ricci tensor at first order of approximation in term of the
perturbation is given by

R) = % (0,0,1° y + 0°Duhyyp — Oy — 0,0,h)
(562)

where h = h*, is the trace of the metric perturbation,

and 0 = 9,0” = 07 — V? is the wave operator. Here Rfﬁ)
denotes the term in R,, that is of n-th order in h,,.
Contracting one more time we obtain the scalar curvature
as

RW = Rr, =9,0"h*, — Oh, (563)

and finally we are able to construct the Einstein tensor
as

1
Gl“’ = Ruy — inl“’R

1
=3 (0,0,h", + 00, hy,, — Ohyy — 0,00
—Nu0,0°hP 5 + n,,,0h) . (564)
Now, we have all the necessary ingredients in order to

write the field equations (263)) in terms of the perturba-
tion as

1
2

1

L [f(T) — frT] = 87G T\

py s
(565)
where we have discarded the terms higher than first order
in metric quantities (we recall that we use the action

fT (Rl(}l’) - gul/R(l)) +



S = [dizle| [% +L<m>], with f(T) = T + F(T)).
Concerning f(T') we assume that it has an analytic form,
which implies that

ray = S gy

1
~ fo+ foT + §f3’T2 +
(566)

with fo = f(Tv), fi = fr(To) and f = frr(To). Hence,
the gravitational field equations (565)) can be expressed
as

(fo+T1) ( - QWR(l))

v30m | (T + 38 = T+ T7) 7]

=8rG T . (567)

Here, Tls?,)(m) is fixed at the zeroth-order in Eq. ,
since in this perturbation scheme the first order on the
Minkowski space has to be connected with the zeroth or-
der of the standard energy-momentum tensor of matter.
Finally, after some simplifications, we obtain

f0|: //.11/)7 9
1
g

1
L] 25512~ )

= 8rG T . (568)

At this point, we can make a further assumption on T,
namely that in our case the usual relation R = —T —
2vH (T”W) becomes R ~ —T since the second term is of
higher order.

The reason why we have truncated the expansion of
f(T) at the second order in terms of T is that we here
study the weak-field region. Since the absolute value of
the torsion scalar T is actually related to that of curva-
ture shown above, when we examine the weak-field region
it is considered that the higher order terms in 7T can be
neglected. In other words, even if we include the higher
order terms in 7', for instance those in proportional to
T3, the qualitative consequences would not be changed.
In this way, the gravitational field equation is assumed
to be

fo [Rffu) - igwﬁ“] + RO fY [REBJ - ;gwRﬂ)}
1 m
— (RO [ = 8 GT ™ (569)
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that in terms of perturbation becomes

1
500 (0pD? s+ 0 Ouhp — Oy — 8,0, h—

N ,0° WP 5 + 1, Oh) + f (9,0"Rh*,, — Oh)

X (0,0,h° ;, + 00y hyy — Dby — 9,0,

00,07 h* 5 + 1, Oh)
1

— 10 @00, — Oy’

— 0)(m
1 = 8rGT )™ .

(570)

This expression can be simplified significantly using the

trace-reversed perturbation EW = hy, — im“/h’ where

_ - 1

hj, = —h. Replacing hy,,, with by, + inuyh in Eq. 1]
and expanding the equation, we find that all the terms
with the trace h are canceled. As a result, what remains
is

1 7 T - —
§f6 (3051/11”” + 00, hy, — Ohyy — nuyapaahpg)

= 8rGT)™ . (571)
Applying the Lorentz gauge condition 9”h,, = 0 to the
above expression, we see that all but one term vanishes,
namely:
oy~ segrim (572)
2 uy 172
Thus, in the Lorentz gauge, the gravitational field equa-

tion for f(T) gravity is simply reduced to the wave op-

erator acting on the trace-reversed metric perturbation
!/

(up to a factor _?O) as in GR. Therefore, the linearized

field equation reads

- 167 o,
Ohyy = ——- TV (573)
o
In vacuum, this equation reduces to
Ohy = 0. (574)

Similarly to GR, Eq. (573]) admits a class of homoge-
neous solutions which are superpositions of plane waves,
that is

B (%, 1) :Re/d% Ay (k)etllex—wt)

with w = |k|. The complex coefficients A,,, (k) depend on
the wavevector k, but are independent of x and ¢. They
are subject to the constraint k*A,, = 0 (which follows
from the Lorentz gauge condition) with k* = (w, k), but
are otherwise arbitrary. These solutions are the gravita-
tional waves.

From this result it becomes clear that f(7') cannot be
a “signature” to discriminate further gravitational wave
modes or polarizations at the first order in linearized the-
ory. It is important to note that this result is completely



different from that in f(R) gravity, where it is evident
that there exist further degrees of freedom of the grav-
itational field [519] 620]. In particular, it can be found
that besides a massless spin-2 field (the standard gravi-
ton), f(R) gravity theories contain also spin-0 and spin-2
massive modes, with the latter being, in general, ghost
modes. As shown in Ref. [255] and discussed in detail in
subsection [V .C] above, there are 3 extra degrees of free-
dom for f(T') gravity in 4 space-time dimensions. These
modes do not contribute to the gravitational radiation
if it considered, as standard, at first-order perturbation
theory.

B. Scalar-tensor representation and gravitational
waves

Let us now consider, by analogy to f(R) gravity, the
scalar-tensor representation of f(7') gravity, where it is
straightforward to check that the scalar mode does not
propagate, unlike the case of f(R) gravity.

We start by re-writing the action for f(T) gravity
as

s= [d'anler - V() . (575)

By varying the action with respect to ¢, the correspon-
dence between the action (575) and (262)) is obtained if

Vi) =T=¢=0o(T). (576)

Hence, in principle, we can solve the first equation in
(576]) in terms of ¢ as the second equation. This yields

f(T) = o(T)T = V(&(T)) - (577)

Moreover, the scalar field and its potential can be written
in terms of the function f(7) as

¢=fr(T), V(o)=[fr(T)T - f(T).

On the other hand, the gravitational field equations can
be easily obtained by variation of the action (575|) with

respect to the vierbein eAM as:

[0, (€4S, Ap) - eeZSWAT;WP] ¢+ e S, 9y

(578)

+%ee;\ (6T — V(¢)] = 87GT™", . (579)

In a covariant form, the gravitational field equation (579))
reads
1

2 2

1
(R,w - g/wR) d— =g V(0)+Suvup VP = SWGT(m)IW .

(580)
Thus, as showed above, we may explore the weak-field
limit by providing that g,, = 7., + hy, and that the
scalar field can be described by a constant background
value ¢ plus a small perturbation d¢ around it as

¢ =do+0¢ . (581)
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Furthermore, the scalar potential can be expanded in
powers of the perturbations as

V(¢) = Vo + Voo + O(6¢%) . (582)

Accordingly, the gravitational field equation (580)) at first
order of the perturbations becomes

1 1
(R/(}V) o T’/LVR(I)) QSO*i (h/wv() + U/LuVo'M’) = 87TGT(m)m/.

2

(583)
We mention that the tensor S,”” consists of only first
derivatives of the tetrads and therefore it becomes null
at the zeroth order. Additionally, note that the last term
in the left-hand side of Eq. is null at the first
order in perturbations. Moreover, the scalar torsion T
also becomes null at the zeroth order, and by the scalar
field equation the derivative of the scalar potential
evaluated at ¢ = ¢ is given by

Vi=Ty=0, (584)

where Tj is the value of T' at ¢ = ¢¢. Summarizing, Eq.
(583]) is approximated as
871G

1
R(l) n#yR(l) + h’ulIA = TT(m)l‘V .

ny 5 0 (585)

This coincides with the Einstein equation at the first or-
der of perturbations in the presence of a cosmological
constant A = —3Vyp = 3 f(T = 0), and hence the well
known result of GR for gravitational waves is recovered.
Consequently, in f(7') gravity, unlike in f(R) gravity,
there are no propagating scalar modes in the gravita-
tional waves, at least when a flat background is assumed.
In summary, in this section we have investigated grav-
itational waves in f(T) gravity. In particular, in the
Minkowskian limit and for a class of analytic f(T) func-
tions in the Lagrangian, we have explicitly shown that the
gravitational wave modes in f(7') gravity are the same
as those in GR [621]. By using this representation, it has
been shown that the scalar field does not propagate at the
first order of perturbations, because the only remaining
terms of the scalar field in the perturbed equations are
the zeroth order, and hence the Einstein equation of GR
with a cosmological constant proportional to f(T = 0)
can be recovered. It should be emphasized that the cos-
mological constant can exist only if f(7° = 0) # 0.

VIII. BLACK HOLES AND OTHER SOLUTIONS

In this section we will investigate solutions of f(7')
gravity for non-cosmological geometries, such as the
spherically symmetric and black hole solutions, cylindri-
cal solutions and wormhole solutions. Let us make a
crucial comment on this issue. As we discussed earlier in
subsection the current formulation of f(T") gravity
is based on the strong imposition that the spin connec-
tion vanishes, which makes the theory in general frame-
dependent. This consideration is allowed, it helps to



make the theory simpler, and it can lead to the extraction
of many solutions, as long as one does not ask questions
about frame transformations and Lorentz invariance (this
is in analogy with the investigation of electromagnetism
in the particular class of the inertial frames). If one de-
sires to examine frame transformation and Lorentz in-
variance then he must go back, start from the covariant
teleparallel gravity, instead of the pure-tetrad one, and
re-formulate the theory with a general spin connection in
a covariant way [128], as we did in subsection [V D] In this
case the theory is frame-independent and Lorentz invari-
ant, since every frame transformation will be accompa-
nied by a suitable connection transformation. However,
covariant f(7T) gravity is a bit more complicated, and as
we discussed one must follow specific methods in order
to extract solutions [128].

Hence, in this section we will keep the standard for-
mulation of f(7T') gravity, namely imposing a zero spin
connection, having in mind however that this would lead
us to be very careful with the frame choice. In particu-
lar, and following the existing literature, we will seek for
solutions in the simplest case of diagonal vierbeins, as
well as in the case of non-diagonal vierbeins, separately.
In this case, different choices of frames lead to different
classes of solutions, and vice versa a given metric solution
is realized by a specific choice of vierbeins. Nevertheless,
once again we stress that these differences disappear in
the consistent, covariant f(T') gravity.

A. Black hole solutions
1. Neutral spherically symmetric solutions

a. Diagonal and non-diagonal vierbein choice Let
us extract spherically symmetric solutions in f(T") grav-
ity. In order to clarify the discussion on the diagonal and
non-diagonal vierbein choice in the standard formulation
of f(T) gravity, i.e with zero spin connection imposition,
we first give a simple example following [263]. In partic-
ular, we consider a general f(T) ansatz and we want to
examine which vierbein choice would lead to the extrac-
tion of exactly the Schwarzschild solution (note that this
is a different question from the one to start with a given
veirbein and try to find how a given f(7T) gravity adds
corrections to the Schwarzschild solution).

For completeness and convenience for the reader we
remind that we consider the action , namely

_ 1 4 4
—167rG/dxef(T)+/dxeLm,

where L, refers to the standard matter Lagrangian,
which leads to the general equations of motion (263]),
namely:

e ulee,”S, ™) fr —|—6A>‘Sp O AN [

(586)

1
+S," T fro+ 7 es” f=dnGe! 7™ Y. (587)
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with

so Yo _posyr oy lsep o 5PT o

;,w_4 urv ;uj+y;,a 9 “nTov o
(588)

and where T(m)#”
momentum tensor.
Let us now consider the Schwarzschild metric

stands for the matter energy-

2M 9 dr? 9 32
ds> <1r>dt1_2Mr dQ” . (589)
According to the usual relation g"” e,’j‘ eB = nAB it is

clear that the above diagonal metric can be generated
either by the diagonal vierbein

1/2
el (1 — W) dt,

r
oaf\ ~L/2
el = (1—) dr,
r
e = rdo,
3

e’ = rsinddp, (590)

or by any other Lorentz transformed, non-diagonal,
choice. However, substituting the diagonal vierbein

choice (590) into the -6 equation of (587, we obtain
the equation

frr (16M3 — 8M?r — 2Mr? +13) =0, (591)

which clearly cannot be satisfied unless we are in the sim-
ple TEGR, i.e when f(T) = T — 2A and thus frr = 0.
Hence, we deduce that in order to obtain a realization of
the Schwarzschild metric in f(T) gravity (in its standard
formulation with zero spin connection), we need to con-
sider a suitably designed non-diagonal vierbein. In the
following we will briefly describe the construction of such
a vierbein, following [263].

Firstly, it proves more convenient to transform the
spherically symmetric Schwarzschild metric in isotropic
coordinates as

ds* = A(p)? dt* — B(p)? (da® + dy® +dz*) ,  (592)

where A and B are functions of the radial coordinate

p =22+ y?%+ 22, reading as

_2%-M _ (14 My
A) =535 B(p)—(1+2p)

Note that the isotropic interval covers the exterior region
of the Schwarzschild space-time only, as it becomes clear
from the relation between the radial coordinate r and the
coordinate p, namely vr2 — 2Mr +r — M = 2p. Now,
let us introduce the “asymptotic” vierbein, by taking the
“squared root” of the metric as

(593)

e = A(p) dt

¢’ = B(p)dx

¢’ = B(p) dy,

e = Blp)dz (594)



This non-diagonal vierbein, unlike , partially has
the features we are looking for, since it captures the
asymptotic geometrical meaning of the parallelization
process, reflected in the fact that at spatial infinity one
obtains the Minkowskian frame ef, (c0) = d5;, which yields
a vanishing torsion tensor. Nevertheless, the asymptotic
frame is also not adequate to globally describe the
Schwarzschild geometry, as can be checked by replacing
it in the equations of motion . Hence, one needs
to seek for a Lorentz transformation in such a way that
acting on to obtain a non-diagonal vierbein able
to achieve a null torsion scalar 7'. This can be achieved
by using a radial boost depending solely on the radial
coordinate p. The most general boosted (radial) frame
coming from (594)) writes as [263]

e’ = Alp)y(p)dt
f)p Y2 (p) —lzde +ydy+ zdz],
el = Aip) v2(p) — ladt
+B(p) [( 7(0;;1%2) dx + fy(p[))z—l xydy
L) = mdz}
p? ’
e = Aﬁp) VA2 (p) — 1ydt
+B( )[v(p) vyds+ ( +v(p)2—1y2>dy

+B( )[7([))2 xzdx+7(p)2_ yzdy
p p
Y(p) —1
1+ 225 z2)dz],
(595)
where
Wo)=[1-8%p)| *, Blo)=vp)fc.  (596)

One can verify that the torsion scalar T' vanishes if and
only if the Lorentz factor v(p) is chosen as

4p2 + M2

V(p) - 4p2 _ M2 .
Hence, in summary, one can see that the Schwarzschild
metric can be realized in f(T) gravity (as long as
f(T) includes the usual TEGR case, i.e if it can be writ-
ten as T+ O(T?) [263]) only for the class of non-diagonal
vierbeins .

From the above discussion we deduce that in usual,
“pure tetrad” f(T') gravity, different subclasses of solu-
tions would be revealed using different vierbein choices,

(597)
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although the metric is the same. Definitely, as we dis-
cussed above, and in detail in subsection [VD] this will
not be the case anymore if one re-formulates f(T) grav-
ity in a covariant way, using a non-zero spin connection.
In this case any metric solution is able to be realized by
any vierbein choice (along with a suitable spin connec-
tion), there are not “good” and “bad” tetrads, and hence
all classes of solutions will be extracted at once. How-
ever, in covariant f(T) gravity specific methods have to
be followed in order to be able to by-pass the complexity
of the equations and extract spherically symmetric solu-
tions [128], as we did for simple examples in subsection

Hence, in the following paragraphs we remain in the
usual f(T) gravity and we discuss some simple spheri-
cally symmetric solutions for diagonal and non-diagonal
vierbein choices separately.

b. Spherically symmetric solutions with diagonal
vierbeins We look for spherically symmetric solutions
of the field equations of the form

ds? = e®Mdt? — M dr? — R(r)2dQ?, (598)
where dQ? = df? + sin®0 dp? and where a, b and R are
three unknown functions. Concerning the vierbein choice
that realizes the above metric we choose the diagonal one,
namely:

e, = diag(e®™/2 PM/2 R(r), R(r)sinf).  (599)
Thus, its determinant e is simply e = e(*+?)/2R2?in 6.
Using the above diagonal vierbein, the torsion scalar T’

from (261]) becomes

R R
T — 2 7b7 / -
(r) e 5 <a + R) , (600)
while the field equations (587)) become:
oL ey B BV
47rpm—{T e [(a+b)R 2R}}2 i
W R
+e ”ET frr, (601)
1 fr f
ATy = (ﬁ - T) T4 I (602)

a’ R
dpn == (S + T
==t (5 + &) 0
T /! a
—{5‘1'6 |:7+7+(Z
e b2 cot 6
2R?

\_/ Hk\\s

ol

T frr (604)

with primes denoting derivative with respect to r, and
where p,, and p,, are respectively the matter energy den-
sity and pressure assuming that the matter energy mo-
mentum tensor corresponds to an isotropic perfect fluid.
Note that the last equation is the (r, ) one, which is ab-
sent in the case of simple TEGR, but it is non-trivial in
the general f(T) gravity. Hence, in the case of general



f(T) gravity, i.e. where frr # 0, we deduce that the
r-derivative of the torsion scalar T must vanish.

The field equations — are four independent
equations for six unknown functions, namely a(r), b(r),
R(r), pm(r), pm(r) and f(T), i.e they form an under-
determined system. In order to solve it we have to
determine two of the above functions, and the usual
assumption is to impose the matter equation of state
Pm = Pm(Dm), as well as the function f(7') which implies
to choose a specific f(T) theory. However, since such a
procedure would in general lead to mathematical compli-
cations which forbid analytical treatment, we follow [522]
and we either make assumptions on the metric functions,
or we impose conditions on useful combinations of terms
which simplify the field equations.

e Solutions with "= 0

We start by extracting the simplest solution sub-

class, namely the one that corresponds to T' = 0.

Inserting this condition into (600) gives
C1

R(r)’

where c¢; is a constant of integration. Addition-

ally, note that due to T'= 0, f and its derivatives

are constants, equal to f(0) and fr(0) respectively.
Inserting the above into the field equations (601)-

gives [522]
b(r) R(r)R'(r)?
co —4R(r)’

with cp an integration constant, and moreover set-
ting fr(T = 0) = 0 we obtain

_fo

() —

(605)

(606)

Pm0o0 = —Pm0 = 167 (607)
In summary, the metric becomes
C1 RRIQ
ds? = =dt* — ————dr* — R*d0?
s 7 & iR r*—R , (608)

and it has a singularity when R — 0.

We mention that in the above solution the f(7')
form is arbitrary, as long as its value (or its deriva-
tive) at the origin remains finite. Finally, note that
the above solution yields a constant energy density
pPmo and pressure p,,o, with equation of state equal
to —1.

e Solutions with 77 =0
Let us now investigate the solution subclass with
T’ =0, that is
T(r) = Ty = const. (609)

Imposing additionally the gauge R(r) = r the field
equation (602)) becomes

f(To) | fr(To)
4 + 2r2

mpy = <2 fr(Th) - (610)
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with f(Tp) and fr(Tp) constants, which at r — oo
leads to

f(To) = cs (611)

with p,eo the pressure value at infinity and c3 a
constant of integration (pmeo plays the role of a
cosmological constant). Hence, unfortunately, note
that this solution subclass does not exist for the
simple TEGR, but it corresponds to a special f(T')
form.

To — 167Ppmoo

Concerning the functions a(r) and b(r) these are
hard to be extracted analytically, however one can
find approximate expressions in the case where
r?Ty < 1, namely [522]

et Ry
r kQ —4
with k1,ks integration constants, which coincides
with solution , for T = 0. Therefore, at
zeroth order in rTy the general solution matches
the T' = 0 solution, as expected. On the other hand
for 72Ty > 1 one finds [522]

(612)

1
8Ty —2ks\ B
eo(r) — (Tok43> (613)
n ks Tp
eb( ) = 7‘76 — ?T‘Q, (614)

with ks,ks integration constants. In summary, in
the regime 72Ty > 1 the metric reads

k e 2ks — Tor®
d82:<Tr842k) dt2—< 32r60r>dr2—r2d92,
0 - 3

(615)
which is singular at » — oo and presents a horizon
at r = (2k1/T0)1/8.

c. Spherically symmetric solutions with non-diagonal
vierbeins In this paragraph we will examine the realiza-
tion of the same spherically symmetric metric of
the previous paragraph but with a non-diagonal vierbein
choice. Without loss of generality, we can consider [523]

e?/? 0 0 0
A 0 e’?sinfcosé Rcoshcos¢ —Rsinfsing
0 e"2?sinfsing Rcosfsing Rsinf cos
0 b2 cos 6 —Rsinf 0
(616)

with determinant e = e(*+?)/2R(r)?sin 6. In such a case
the torsion scalar (261)) reads as

2e~b (eb/2 - R (eb/2 — R — Rd)

R? ’
Hence, substitution into the general field equations (587))
yields

T(r) = (617)

o—b/2

T 1
47Tpm = (R/e_b/z — l)T/fTT + ( ) fT

4 2R?

e_b i /1) 12 f
+5ps (2RR" — RR'V + R?) fr —

NP , (618)



1 T e f
Apy = | == — — — —R'(R' + Rd’ < (619
w {232 1o “>}fT+4’( )
_ et (d RPN
Amom =4 T <2+R g )T

T e*[_, R Rd , .~ Rad"
_fT{Z-i-ﬁ{R +(7+ 4>(a—b)—|— 5 }}.(620)

Note that there is no equation enforcing the constancy
of the torsion scalar, contrary to the case of diagonal
vierbeins of the previous paragraph.

e Solutions with b =0

Let us first look for solutions in the subclass b(r) =
0. Imposing additionally the gauge R(r) = r we
find that for all values of a and r the torsion scalar

(261) becomes
T(r)=0, (621)

and thus f and its derivative are constants, denoted
by fo and f; respectively. In this case, the field

equations (618])-(620) give [522]
e = cy(r? + ¢1)?, (622)

with ¢1,co integration constants, and moreover

Jo
mo = — T 2
Pmo 67 (623)
1 Jo
[ S N 624
b 2 (r? + Cl)fl + 167 (624)

where the pressure is regular everywhere provided
that ¢; > 0. Hence, in summary, in this case the

metric (598) becomes
ds® = co(r? + ¢1)2dt* — dr? — r2dQ?. (625)

e Solutions with f7(T'=0)=0

Let us now keep the gauge R(r) = r but impose
the function b(r) to be related with a(r) through

b(r)=2In[l+rd(r)]. (626)

Such a choice leads to T' = 0 for all a(r). Assuming
additionally that fr(T = 0) = 0 we finally obtain
[522]:

__ 1

T

Note that the imposition fr(T = 0) = 0 is sat-
isfied by a large class of f(T') forms, including
the standard TEGR. Hence, if f(T) = T then
leads to p;, = pm = 0, while if for instance
f(T) = cos(kT) then p,, = —pm = 1/(167). For
all these models we acquire an infinite class of solu-
tions, given by choosing an arbitrary form for a(r)

(627)
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and extracting b(r) through the condition ((626]).
For example, considering a Schwarzschild-like form
for a(r), namely

() — <1 — W) , (628)
T

we find

oM\
b = (1 - T) ; (629)

and the metric (598)) becomes

ds? = (1 —2M/r)dt> — (1 — 2M/r) "% dr? — r2dQ?

(630)

which is similar, but not exactly the Schwarzschild
solution.

Solutions with 77 = 0

In the previous case we finally found that 7" = 0
for all r. However, one can extract solutions with
constant T for some specific f(T') models. We fix
the gauge R(r) = r and we consider [522]

a(r) =In(qr) — Tyr?, b(r) =1In4, (631)

with ¢ and Ty constants, corresponding to the met-
ric

ds? = qrefTo’“2 dt? — 4dr® — r2d0? . (632)

Note that solution (631)) immediately implies T' =
To. Thus, in this case the field equations (618])-

(620]) lead to

f(To)
4 b

along with the requirement fr(7p) = 0. Note that

this last constraint implies that not all f(7") forms

allow for the solution (632)). One f(7) example that
accepts the above solution is the f(T) = T — %, in
which case one obtains standard TEGR for T' < Tj.

Note that the energy density and pressure become
constant and equal to p,, = —p,, = To/8 (hence
behaving like a cosmological constant), and thus
energy positivity requires Ty < 0.

Power-law solutions

Let us consider the ansatzen [522]
a(r) =mln(pr), and b(r)=2Inn, (634)

which correspond to the metric

1
ds* = (pr)™dt* — EdTQ —r2d0?, (635)



with n and m constants and p a parameter with
dimension 1/length. In this case the torsion scalar

(261) is calculated as

2(n—=1)(—m+n-—-1)
n2r2

T= , (636)

(with m # 0, n # 1 and n # m + 1 in order to
obtain a non-zero and regular T'). In this case, and

for m # 2n+ 2, the field equations (618))-(620) lead

to
T =+ STV, (637)
with
~ m?+4(n—1)?

and v, £ constants. Hence, for all these power-law
f(T) models one obtains the spherically symmetric
solution . We mention that TEGR is recov-
ered when N = 1, which can happen for a wide
choice of the parameters n and m. Finally, the
field equations yield also

167 p = & hy(n,m) [Q(n —1)(~m+n— 1):|N

n2r2
—, (639)
N
167y = € ha(n, m) [2<” —hmtn s ﬂ
+ 7, (640)

where hi and hg are two constants that depend on
n and m in a complicated way. Notice that if N > 0
when r — oo we acquire p,, = —p,, = 7y, while if
N < 0 this happens at 7 = 0. The explicit forms of
pm and p,, depend upon the choice of n and m. In
summary, we were able to extract a solutions with
a non-constant 7', for the wide class of power-law
f(T) forms.

We close this paragraph by mentioning that one can
find many other subclasses of neutral spherically sym-
metric solutions, imposing various considerations. The
reader is refereed to [263H277 [522] [524H533] for more de-
tails.

2. Spherically Symmetric solutions by Noether symmetry
approach

In this paragraph we will present a different but very
helpful way to extract spherically symmetric solutions
in f(T) gravity, based on Noether symmetries, follow-
ing [634]. We start by generalizing the f(T) gravity
Lagrangian (neglecting matter for the moment)

(6]

through the use of a Lagrange multiplier. In particular,
we can write it as

L (%, 2™, T) = 2fr7;; (%) 2”2”7 + M (%) (f — Tfr),

(641)
where ' = Z—f, M (%) is the Lagrange multiplier and ¥;;
is a second rank tensor which is related to the frame [one
can use eT'(z*, 2'%)] of the background space-time. In the

same lines, the Hamiltonian of the system is written as

H (2%, 2™, T) = 2f77;; (2*) 2”27 — M (2%) (f = Tfr) .

(642)
Hence, the system is autonomous and because of that
Or is a Noether symmetry with corresponding Noether
integral the Hamiltonian H. Additionally, since the cou-
pling function M is a function of x*, it is implied that
the Hamiltonian vanishes [535]. In this framework,
considering {2¥, T} as the canonical variables of the con-
figuration space, we can derive, after some algebra, the
general field equations of f(T) gravity. Indeed, starting
from the Lagrangian (641]), the Euler-Lagrange equations

oL d oL oL
_ = — _— —_— = 4
or 7 dr <8x’k> ok 0, (643)
give rise to
frr (2yi;2" 2" — MT) =0, (644)
o ) (f=T
x”/"_l—‘;kwjlxk/"_ mx“T/ _M,l (f fT) — 0 . (645)
Ir 4fr

We mention here that, for convenience, the functions f; &
are considered: they are exactly the Christoffel symbols
for the metric 7;;. Therefore, the system is determined
by the two independent differential equations (644)),(645)),
and the Hamiltonian constrain H = 0 where H is given
by .

The point-like Lagrangian determines completely
the related dynamical system in the minisuperspace
{z® T}, implying that one can easily recover some well
known cases. In brief, these are the flat FRW space-time
analyzed in subsection [VID] the Bianchi type I, and the
static spherically symmetric space-time that we are in-
terested in the current paragraph, written more conve-
niently as:

1
N2 (a(r),b(7))
—b* (1) (d6? + sin® 0d?)

ds® = a® (1) dt* — dr?

(646)

arising from the diagonal vierbein (for the shake of sim-
plicity we do not examine here the non-diagonal case)

1

ed=la(r), ————,b(r T)sin
8= (00 iy ) b (sino) (o)

where a(7) and b(7) are functions which need to be de-
termined. Therefore, the line element of 7;; and M (xk)



are respectively given by

ds,gy = N(2b da db+ a de),
o

M(a,b) = == (648)

Let us now apply the Noether Symmetry Approach
[536] (see also [B37]) to a general class of f(T) grav-
ity models where the corresponding Lagrangian of the
field equations is given by . We start by performing
the analysis for arbitrary space-times, and then we focus
on static spherically-symmetric geometries. The Noether
symmetry condition for the Lagrangian is given by
[534]

XWL+ e =4, (649)

where the generator X! is written as
X = 13 (T, :z:k,T) Oy + " (T,Ik,T) 0;
+u (1,25, T) or + (0" — €2'") 9pi. (650)

For each term of the Noether condition (649) for the La-
grangian (641) we respectively obtain

XWL = 2frgijen*aa"? + Myn® (f — Tfr)
+2frrpgia’ie’? — M frrp
+4frgija" (77,]} + ™ T

*f,fx/j - g,kaj/jz/k - f,Txlel) )

L¢ = [2frgija"a” + M () (f = T fr)]
(s +EpaF + €T,

d =g,+gx2" +9rT .

Inserting these expressions into (649) we find the Noether
symmetry conditions

f,kzoag,T:07g,T:07n,T:O7 (651)

4fT’_Yij77,kT =g ks (652)

Myn" (f = Tfr) — MT frop+&-M (f —Tfr) — g- =0,
(653)

_ fTT _
Ly = (5; - fTM Yijs

where L,7%;; is the Lie derivative with respect to the vec-
tor field n'(z*). Furthermore, from we deduce that
n' is a Conformal Killing Vector of the metric 7;;, and
the corresponding conformal factor is

(654)

2 (ack) =¢, — fT—T,u—gT —S’(T,xk) .

A (655)
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Finally, utilizing simultaneously Eqs. (653]), (654]), (655))
and the condition g » = 0, we rewrite (653)) as

_ _Tir
f=Tfr

Considering that S = S(z*) and using the condition
g.» = 0, we acquire & , = 2¢y, 1y € R with S = 2(¢)g—1)).
At this point, we have to deal with the following two sit-
uations:

Case 1. In the case of S = 0, the symmetry conditions
are

M pn* + [2& + (1 > S] M=0. (656)

Ly¥ij = 2%0%ij,
M jn* + 2o M = 0, (657)
implying that the vector n’(2*) is a Homothetic Vector
of the metric 4;;. The latter implies that for arbitrary
f(T) # T functional forms, our dynamical system could
possibly admit extra (time independent) Noether symme-
tries.

Case 2. If S # 0 then Eq. (656 immediately leads to
the following differential equation

T fr
— =, 658
f=Tfr (658)
which has the solution
mn — n
fr)y=1", C_l—n (659)

Let us now apply the above in the specific case of static
spherically symmetric geometry . Using the general
expressions provided above, we can deduce the Noether
algebra of the metric (648). In particular, the Lagrangian
and the Hamiltonian now become [534]

L =2frN (2ba't' + ab’?) + M(a,b) (f — frT), (660)

H =2frN (2ba’V’ + ab’®) — M(a,b) (f — frT) =0,
(661)
where M (a,b) is given by (one can immediately
deduce that TEGR and thus GR is restored as soon as
f(I) =T, whileif N =1, 7 = r and ab = 1 we fully
recover the standard Schwarzschild solution).

Using this method we can now determine all the func-
tional forms of f(7') for which the above dynamical sys-
tem admits Noether point symmetries beyond the trivial
one O, related to the energy, and we summarize the re-
sults in Tables and [IX] taken from [534]. Thus, we
can use the obtained Noether integrals in order to classify
the analytical solutions.

Using the Noether symmetries and the corresponding
integral of motions obtained in the previous section, we
can extract all the static spherically-symmetric solutions
of f(T) gravity. We stress that, in this way, we obtain
new solutions, that could not be obtained by the standard
methods applied in [264], 265], 459] 522] 538].



N(a,b) Symmetry Integral
(l2
N (@) —gsdat kO G (2 +ab) fr
No(by/a@) — —2a0,+b0, N (by/a) (ba’ — abb') fr
aNs (b) L9, Ns (D) V fr

TABLE VIII: Noether symmetries and integrals for arbitrary
f(T) forms. From [534].

Without loss of generality, we choose the conformal
factor N(a,b) such as N(a,b) = ab?® (or equivalently
M (a,b) = 1). In order to simplify the current dynamical
problem we consider the coordinate transformation

2x

(3y)*

Substituting the above variables into the field equations

(644]), (645), (661)) we immediately obtain

b=y, a= (662)

o T g, (663)
fr
Y’ + fﬂy’T' =0, (664)
fr
H=dfrz"y' = (f = Tfr), (665)
while the torsion scalar is given by
T =4z'y . (666)

Finally, the generalized Lagrangian acquires the
simple form L = 4fra’'y' + (f — Tfr).

Since the previous analysis revealed two classes of
Noether symmetries, namely for arbitrary f(7), and
f(T) = T™, in the following we investigate them sepa-
rately. We would like to mention that the solutions pro-
vided below have been extracted under the assumption
frr # 0, that is when f(T') is not a linear function of
T and therefore these solutions cannot be extrapolated
back to the GR solutions where f(T) = T (additionally
note that these two cases exhibit different phase space
and different Noether symmetries, and thus the obtained
solutions do not always have a frp — 0 limit [534]).

e Arbitrary f(T)

In the case where f(T) is arbitrary, a “special solu-

tion” of the system 1) can be found, lead-
ing to the metric [534]

ds®> = A (r)dt® — clg Atr) dr?® —r? (d9? + sin® 0d¢?) ,

(667)
with

AWy =222 2y (1T Re), (668)

 3cs car 8 r ’
and
T 2 T
= — 41
R(r) <T> oot (669)

7

In these expressions, we have defined ¢, = cicq —

1/3
8cic? 3c,\1/3
CaC3, >\A - ( 36%“) ) a’nd Ty = (Cl/ )/

(%)1/ 2 is a characteristic radius with the re-
striction c,c; > 0. As we can observe, if we desire
to obtain a Schwarzschild-de Sitter-like metric we
need to select the constant c3 such as ¢3 = 1. On
the other hand, the function R(r) can be viewed
as a distortion factor which quantifies the devia-
tion from the pure Schwarzschild solution. Thus,
the f(T) gravity on small spherical scales (r — )
tends to create a Schwarzschild solution.

e The case f(T) =T"

In the f(T) = T™ case, the field Eqs. (644)), (645]),
(661) and the torsion scalar give rise to the

following dynamical system:

T =42y, (670)
dnT™ Yo'y’ — (1 —n)T" =0, (671)
"+ (n—1)2'T7'T =0, (672)
' +(n—1)yT'T' =0. (673)

It is easy to show that combining Eq. with
the Hamiltonian , we can impose constraints
on the value of n, namely n = 1/2. Under this con-
dition, we can solve the system of equations (672])
and (673)), and then we can find the solution for the
metric as [534]

ds* = A(r)dt* — B(r)dr® — r? (df + sin® 0d¢?) ,

(674)
where
A = 2024 22 _ 30— ™V Re) (675)
3 r A r ’
1/3
with Ag = (%) and B(r) = %’)};- The

functional form of the distortion parameter R(r)
is given by relation , in which the character-

1/2
istic distance becomes 7, = (=3¢, )Y/3 = (?”\TA) / ,
implying ¢, < 0.

Note that the above novel class of spherically sym-
metric solutions can be useful in order to deal with
anisotropic deformations of neutron star instead of
searching for exotic form of matter [539], since the
solutions are written in terms of the well known
Schwarzschild space-time, modified by a distortion func-
tion that depends on a characteristic radius. Once again
we stress that the obtained solution classes are more gen-
eral and cannot be obtained by the usual solutions meth-
ods.

3. Charged spherically symmetric solutions

In this paragraph we investigate the charged spher-
ically symmetric solutions in f(T') gravity following
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TABLE IX: Extra Noether symmetries and integrals for f(7) = T™ with C = -Z-. The last four lines correspond to the special

case where n = 1/2. Notice, that7,_, are the conformal factors defined as7) =
also admits the Noether symmetries of Table [VIIIl From [534].

[538] [540]. For this shake, alongside the f(T') gravity La-
grangian (586[), we add the electromagnetic Lagrangian

1
Z:F - —§F/\* F,

(676)
where F' = dA, with A = A, dz" the electromagnetic po-
tential 1-form, and where x stands for the Hodge dual
operator and A for the usual wedge product. In or-
der to be as general as possible, we will work in arbi-
trary space-time dimensions D, having in mind that the
most interesting case is D = 4. Proceeding to extract
the charged spherically symmetric solutions in the D-
dimensional Maxwell- f(T) theory, we consider the metric
form

1 i=D—2
ds? = F (r)? dt® — sdr? —r? da? | (677)
(7”') =1
which arises from the diagonal vierbein ansatz
e =F(r)dt, 61:71 dr
G(r)
2 =rdr,, € =rdry, (678)

For the shake of simplicity we will study the diago-
nal vierbein case only, since the incorporation of non-
diagonal ansatzen makes the extraction of analytical so-
lutions very difficult, which is also the case if one ap-
plies the covariant f(T) gravity presented in subsection
[VD] with both vierbein and spin connection as dynam-
ical variables. Note however that the diagonal choice is
adequate to reveal the novel features of the theory and
the solution structure. Finally, concerning the electric
sector of the electromagnetic 2-form we assume

i=D—2
F=dA=E,(r)e* ne® + Z Ei(r)e® AetTt | (679)
i=1

where E, is the radial electric field, neglecting for the
moment the magnetic part.

1-n"
1
dinmiy;

nkk We notify that the power-law case

The field equations of Maxwell-f(T) theory, for the
above ansatzen, write as [540]
i=D—2

frT—[f(T) - TfT]+2A+%E3—% ; E%2 =0, (680)

G(r)G (r)  F'(r)G(r)
Jr|= r rF(r)
2 i=D—2
—frrT' (r) G(:) - % E2=0, (681)
i=1
_F'(nG(r)* F' ()G (n)G(r)  F(r)G(r)°
AR o R
*fT |:(D73)G(T)G(T) (D73)G7(£) :|
1., 1.,
+5 B~ 5B =0, (682)
E.E;=0 j=1,....,D-2, (683)
EE;=0 i,j=1,...,D—-2 (i #3j), (684)
where the torsion scalar becomes
F' (r) G (r)? G (r)*
T (r) 2(D2)W+(D2)(D3) r(;") .

(685)

The remaining field equations are equivalent to equation

7 that is the a = j equation is similar to , but
with —3 Ef replaced by —$E? | .

A first observation is that from we deduce that

T has, in general, an r-dependence, which disappears for

a zero electric charge. Such a behavior reveals the new



features that are brought in by the richer structure of the
addition of the electromagnetic sector. Moreover, from
and , we deduce that we cannot have simul-
taneously two non-zero electric field components. This
result is similar to the known no-go theorem of 3D GR-
like gravity [541, [542], which states that configurations
with two non-vanishing components of the Maxwell field
are dynamically not allowed. However, it is not valid any-
more if we add the magnetic sector, as we will see later
on (it holds only for D=3). Therefore, in the following
we investigate the cases of radial electric field, of non-
radial electric field, and of magnetic and radial electric
field, separately.

e Radial electric field

We first consider the case where there exists only
radial electric field. Thus, the Maxwell equations
give

E, = , (686)

where @ is an integration constant which, as usual,
coincides with the electric charge of the black hole.
Now, integrating equation we find the very
simple and helpful result

F(r)y=G(r) fr . (687)
Then, using equations (687) and (685)) we obtain

/szQ

G(r) = r)dr + Cnst

(688)

fQTD 3|:

J

1
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F(?")2 { ~3) /f% rP=2T r)dr 4+ Cnst
(689)

where Cnst is an integration constant related to
the mass of the spherical object.

In order to proceed, and similar to [538], we will
consider Ultraviolet (UV) corrections to f(T') grav-
ity. In particular, we examine the modifications
on the solutions caused by UV modifications of D-
dimensional gravity and we consider a representa-
tive ansatz of the form f(T) = T+aT?. This is the
first order correction in every realistic f(7T) grav-
ity, in which we expect aT? < T [193] 477], since
T (like R) is small in 87G-units. Thus, for a # 0,
equation leads to

~14 /1 24aA — 6aQ?r1-2D

T () = - ,

(690)

with the upper and lower signs corresponding to
the positive and negative branch solutions respec-
tively (note that if & = 0 then becomes lin-
ear having only one solution, which is given by the
a — 0 limit of the positive branch of ., namely
T(r) = —Q**72P /2 — 2A, in which case teleparal-
lel gravity is restored). In this case, the obtained
solution reads [540]

1

G(r)? =

(3 4v/T—240h = 6aQZri—2P
(1+72aA)rP-1

)QTDB{(D -2)

2,.3—D
{54%{_180:;%; B D—1

n \/7“4D (1 — 24aA — 6aQ?r+—2D) [6aQ2r3_3D
2D -5

54

_ (=1+2404) r‘l_D}
D—-1

:F

—i—C’onst}

2 2.34+D / 60Q2r4—2D D—-3 1 3D-7 .6aQ?*r*"2P
(D —2)" (=1 +24ah) Q*r** L+ g1+24a/\ 2 (2(D—2)’ 27 2(D-2)" 01—24aA ) }

3(D —3) (2D —5) (D — 1) \/r*P (1 — 24aA — 6aQ%r*—2D)

(691)



and

) 1 1
F(r) :ﬁ{m

{ 1 [_ 18a@?r3-P ~ (1+72ah) rD-1

54a 3-D D—1
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L \/7‘4D (1 — 240 — 6aQ?r+—2D) [6aQ2r3_3D
2D -5

54

(—1+ 24aA) r‘l_D}
D-1

:F

—|—C’onst},

where oFi(a,b,c;x) is the hypergeometric func-
tion. We mention that the last argument of this
function, namely (6aQ?*r*=2P) /(1 — 24aA), must
be negative, while from it is required that
1 — 24aA — 6aQ?*r*~2P must be positive, therefore
we deduce that « should be negative. Finally, one
can straightforwardly check that in the limit o — 0
(of the positive branch since in this case the neg-
ative branch disappears) one re-obtains the usual
charged GR solutions. Lastly, for completeness we
mention that the special point in the parameter
space A = 1/(24a), as well as the case D = 3, have
to be analyzed separately [538] [540].

Zero radial field

Let us for the moment assume that we have zero
radial field. In this case equation implies that
we can have at most one non-zero component of the
electric field along the non-radial (transversal) di-
rections. However, as we mentioned below equation
(685)), for D > 3 the remaining field equations are
similar to equation but with f%E% replaced
by —%EJZ_U therefore subtracting these equations
we acquire the conditions E? = EJZ, with ¢ and j
running from 1 to D — 2. These conditions, along
with equation , yield E; =0 (i=1,...,D —2)
for D > 3, that is the electric field is completely
zero. The only cases where zero radial electric field
does not lead to a disappearance of the total electric
field is for D = 3 (where a non-zero azimuthal elec-
tric field is possible) which was analyzed in detail
in [538], or if we consider simultaneously non-zero
non-radial electric field with magnetic field, case
which lies beyond the scope of the present investi-
gation.

Magnetic field and radial electric field

For completeness we also examine the case where
magnetic field is present. While in D = 3 we de-
duce that electric field must be absent [538], for
D > 3 one can simultaneously have non-zero mag-
netic and electric fields. As an explicit example we

2 6aQ2r4—2D D—3 1 3D-7 .6aQ%r* 2P
(D — 2) (_1 + 24OZA) Q2T3+Dm 2F1 (2(D72)’ 2 2(D—=2)’ ~ 1—24aA ) }

3(D —3)(2D —5) (D — 1) /7P (1 — 24aA — 6aQ?r*—2D)

(692)

consider an electromagnetic strength 2-form in four
dimensions given by

F=E,(r)e' N’ + Baz (r)e* ne? | (693)

that is we consider a radial electric field F, and
a magnetic field Bsg both depending on the ra-
dial coordinate r only. From the Maxwell equa-
tions in four dimensions for the electric field we
immediately obtain E, (r) = Q/r?, while incorpo-
rating the equations of motion analogous to (680))-
we can see that a solution is obtained by
B3 (r) = P/r?, leading to the metric coefficients
with Q2 + P? in place of Q2 (and for D = 4).

Schwarzschild and Reissner-Nordstrom solutions

Let us make some comments on the black-hole solu-
tion structure of f(T') gravity. By definition, every
solution of TEGR is also a solution of f(T) gravity,
for the special case f(T) = T. In principle, a non-
trivial f(7T') ansatz, that is a non-trivial correction
to TEGR, will give rise to non-trivial corrections
to the solutions of TEGR, that is to the solutions
of GR. This was analyzed in detail in the above
paragraphs. However, one could follow a different
approach and ask what should be the specific f(T')
ansatz in order to obtain exactly the same solu-
tions with TEGR. Thus, in the following we extract
the f(T') form in order for the theory to accept
as exact solutions the usual Reissner-Nordstrom or
Schwarzschild black holes. In this case we impose
the diagonal vierbeins corresponding to the metric
(for completeness we allow also for a general trans-
verse curvature and for a cosmological constant)

1

ds® = G (r)? dt* —
v G (r)’

dr? —r2dSYy, | (694)

with



where k = 1,—1,0 represents the curvature of the
transverse section, corresponding to a spherical, hy-
perbolic or plane section respectively. Concerning
the electric sector of the electromagnetic 2-form we
assume F' = dA = E,. (r)e! Ae® | where E, is the
radial electric field. Inserting the above ansatzen in
the field equations amongst others we obtain [540]
the equation

frrT' (r)=0, (696)

which is the familiar equation . In this case,
as usual, we deduce that either frr = 0, in
which case we re-obtain TEGR, or TV (r) = 0,
in which case we acquire ¥ = 0, @ = 0 and
f(T) = T + aV/T, with o an integration constant.
Therefore, we conclude that in usual formulation of
f(T) gravity there is no f(T) ansatz that can lead
to the usual charged black-hole solution (Reissner-
Nordstrom-de Sitter black hole) of TEGR, in the
case of diagonal vierbeins, as was proved in para-
graph and this is the reason that one
should use non-diagonal vierbeins. Note however,
that there is indeed a specific f(7') ansatz, namely
f(T) = T + a/T, that leads to the Schwarzschild-
de Sitter-like solution with flat transverse section,
even for the case of diagonal vierbeins. This is
similar to the corresponding analysis of f(R) grav-
ity, where one finds that although a general f(R)
form leads to corrections in the black-hole solutions
of General Relativity [543], 544], there is a spe-
cific form, namely f(R) = ay/R+ 3, which leads
exactly to the Schwarzschild solution [545, 546]
(however note that in f(R) case the solution is
exactly Schwarzschild, and not Schwarzschild-like
with flat transverse section). However, we should
have in mind that, as we have already discussed
in subsection [V D] if we use the covariant formula-
tion of f(T) gravity [I128] then there is no frame-
dependence anymore, and obviously an arbitrary
vierbein in an arbitrary coordinate system along
with the corresponding spin connection results al-
ways to the same physically relevant field equa-
tions.

Singularities and horizons

We close the discussion on the charged spherically
symmetric solutions by examining the singularities
and the horizons of the obtained solutions. The
first step is to find at which r do the functions
G (r)* and F (r)® become zero or infinity. How-
ever, since these singularities may correspond to
coordinate singularities, the usual procedure is to
investigate various invariants, since if these invari-
ants diverge at one point they will do that indepen-
dently of the specific coordinate basis, and thus the
corresponding point is a physical singularity (note
that the opposite is not true, that is the finiteness of
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an invariant is not a proof that there is not a phys-
ical singularity there). In standard black-hole lit-
erature of curvature-formulated gravity (either GR
or its modifications), one usually studies the Ricci
scalar, the Kretschmann scalar, or other invariants
constructed by the Riemann tensor and its contrac-
tions.

In teleparallel description of gravity, one has, in
principle, two approaches of finding invariants. The
first is to use the solution for the vierbein and the
Weitzenbock connection in order to calculate tor-
sion invariants such as the torsion scalar T', or the
teleparallel equivalent of the Gauss Bonnet term T
(see subsection . The second is to use the so-
lution for the corresponding metric in order to con-
struct the Levi-Civita connection, and then use it
to calculate curvature invariants such are the Ricci
and Kretschmann scalars (a calculation of curva-
ture scalars using straightaway the Weitzenbdck
connection leads to zero by construction). Obvi-
ously, the physical information must be indepen-
dent on the formalism and the intermediate quan-
tities.

We mention however that in order to see the coin-
cidence of the torsion and curvature analysis, one
needs to go beyond the simple invariants, such as T'
and R, and examine higher-order invariants such as
T¢ and Kretschmann scalar. The reason is that T
and R are not capable in revealing all the singulari-
ties and horizon structure, similarly to the standard
curvature gravity where R is not adequate and one
should study the Kretschmann scalar too. In other
words, similarly to the case where R is finite at a
point where the Kretschmann scalar is not, T can
be finite at a point where R is not, however T will
not be finite and hence equivalence between torsion
and curvature formulation is obtained.

Concerning the physical results, one can show that
the black-hole solutions of charged f(7T) gravity
may possess a horizon at rg that shields the phys-
ical singularities [538], [540] . However, firstly it is
not guaranteed that rg exists, since there could be
parameter choices for which G(r) has no roots, that
is the physical singularity at » = 0 becomes naked.
Secondly, even if rp exists it is not guaranteed that
it will shield the second physical singularity of the
charged negative branch at r,, since this will de-
pend on the specific parameter choice. This is not
the case for f(T) — 0 or @ — 0, in which, as we
mentioned, ry disappears. Therefore, we conclude
that the cosmic censorship theorem, namely that
there are always horizons that shield the physical
singularities, does not always hold for charged f(7')
gravity, independently of the space-time dimension-
ality [538], [540].



4. Cuylindrical solutions

In this paragraph we will investigate cylindrical solu-
tions in f(7T) gravity, following [647]. We start by impos-
ing the cylindrically symmetric metric in the Weyl static
gauge, namely [54§]

d82 — e2u(r) dt2 _ eQ[k:('r)—u('r)] Cl’l’2 _ w(T)Qe—Zu(T) d(PQ

— Pk —u(m] g2 (697)
For simplicity we will focus on the diagonal tetrad
6;1 — diag |:eu(,r)’ FM=u(r) o), ek(r)fu(r)} )
(698)

J
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Hence, the torsion scalar (261]) becomes

(20u(r)—k(r)]
T=—"'—— [Zw(r)u’(r)2 — 2K (r)w'(r)] .

o0 (699)

Finally, as usual, we assume a perfect fluid with energy-
momentum tensor of the form

T/u/ = diag(p7 —Pry, —Dy, _pz) . (700)

Under the above considerations, the field equations read
[b47]

f e2(u—k) e4(u—k)
dtp = T 5 (Qwu” + 2w —w” —kKw — wk”) fr— s frr % (701)
w w
4w3u/2u// _ 2w2w’u’u” _ 2w3k‘/u’u” + 4w3u/4 _ 2w1w2u/3 _ 6w3k/u/3 4 2w3k_/2u/2 _ Qk’w'wzu’Q
_2k/w//w2u/ 4 4wk’u’wl2 4 6w’u’k'2w2 _ 2w/w2k//ul 4 wk'w' w" =+ kalzw//
_k/wl?, + ww/Qk” _ 3wk:’2w’2 + wa/klk” _ 2w2w/k/3} ,
2(u—k)
— 47p, = g + & (wu'? — k') fr | (702)
eZ(u—k) ;. Y e4(u—k)
—dmpy, = = + 2w (K'w" +wk") fr + 2 Jrr X (703)
|:2k_/w2u/u// + Qk/wzulg _ 2k/2w2ul2 _ 2k:’2ww’ _ k’wa” 4 w/zk/Q T 2k5’3ww' _ wk"w’kz”] ,
f w' 2(uk) e4(u—k)
—d7p, = 1 90 u=k) fr 4 = frr X (704)
[szw’u’u" + 2w w'u? — 2K wiw'u? — 2wk Wy — wk'w'w” + Kw' + 2k ww'? — ww’Zk”} :
[
As we observe, and as expected, the system (701))-(704]) as [547]
in the case of the TEGR, i.e. for f(T) = T, reduces to
the standard field equations [548]. u(r) =ci,
In the following, for simplicity we will examine vacuum _ 1 58 2,
solutions, namely we will impose p = p, = p, = p, = 0. k(r) =c2 + 2 log —Cy — ¥€7201 + 2
In particular, we will consider specific forms of f(7T) and B
for each case we will do the analysis separately. w(r) = cor (705)
while the torsion scalar becomes
e Solutions for f(T) =T + BT? 3e—2c2—c1?r?
r=-* (706)

Let us start by considering an f(7') correspond-
ing to a quadratic correction in the TEGR, namely
f(T) = T + BT?, which as discussed above is al-
ways a good approximation in cases where T < 1.

In this case, one can find the solution of (701f)-(704)
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Note that in the limit r — oo we obtain 7" = 0.
Hence, this solution is asymptotically torsionless,
similarly to the asymptotically flat solutions of GR.
For a more transparent presentation of the above



solution, we rewrite the cylindrical metric (697) as
Guvdztdz” = di* — ~;jdz'dz?, with the following
coordinate redefinitions:

=12z, (707)
t=e", (708)
¢ =coe” o, (709)
7= %y (710)
where

cq ~2

o 5 ( - )7"
yijda'da? = — per=n (di* + dz*)+72d@*. (711)

co + %6_2621:2

e Solution for f(T) =T + T? + A

Let us try to extend the previous results, by
additionally considering an explicit cosmological
constant in the action, namely choosing f(T) =
T + BT? + A. The source of such solution may
be a rod, therefore it proves convenient to in-
troduce the logarithmic Newtonian potential as
u(r) = 2loglcos(Ar)]. Moreover, we impose the
gauge [549] w(r) = A"'sin(\r)cos!/3(A\r), with
A= %\/ﬁ In this case, one can extract the re-
maining component of the metric as

1
k(r) = 5 log (712)

1+ f cos4/z()\7‘) dr|’

which is a valid approximation in the limit g <
20% < 1. As expected, in the limit A — 0 the above
expressions give . Furthermore, the torsion
scalar acquires a complicated r-dependence

of the form

2X D)

LT RO

(713)
with

2 =rcos(Ar))* — ir—i— 2% A y/cos (Ar) sin (A7)
—2%)\ [cos (/\r)]7/3 sin (Ar) .

—|—§ A sin (Ar) { v/cos (A1) — [cos ()\r)]7/3}

. / [cos (A r)]4/3 ar

Hence, the above metric can be seen as the torsion-
based correction to the standard Linet and Tian
solution of GR [549, [550]. Finally, we mention
here that the above solutions present a dual family
which can be obtained imposing the transforma-
tions t — iz, z —it, 2u — u, where the first two
transformations are just the Wick rotation of the
coordinate t or z, while the last one can be seen

(714)
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as a scaling invariance transformation of the func-
tion u. Therefore, applying these transformations
one can obtain new solution sub-classes. Lastly, ap-
plying the Ehler’s transformation one can acquire
the dual stationary solution sub-class, similarly to
[651].

e General solution with finite values of u(r) on the
axisr =0

In Weyl coordinates one introduces the following
ansatz for metric function u(r):

u(r) = l/ h(ircos ©)dO,
0

- (715)

adopting also the gauge w(r) = r, compatible with
the standard GR vacuum solutions. Concerning the
arbitrary function A, one could start by examining
the case h(¢) = e?, while for the f(T) form we con-
sider as before the quadratic correction to TEGR,
namely f(T) =T + BT?. Inserting the above into
the field equations - in the vacuum case,

we acquire the following solution:

1
k(r) =2 — 5 log [cl + / T62J°(T)dr} . (716)

which is regular on the axis r = 0. Additionally,
note that this solution leads to a constant torsion
scalar, since in this case gives T = e~2°1,
Hence, in this case we obtain an effective cosmo-

logical constant Aesp = 7501

€

B. Wormbhole solutions

In this subsection we will investigate the worm-
hole solutions in f(T") gravity, following [552] (see also
[653]). Wormholes are hypothetical tunnels in space-
time, through which observers may freely traverse [554-
556]. In usual GR, wormhole space-times are supported
by “exotic” forms of matter, which involves an energy-
momentum tensor violating the null energy condition
(NEC), namely T),, k*k” < 0, where k* is any null vector.
Although in principle a NEC violating matter is problem-
atic, we stress that in the context of modified theories of
gravity one can have an effective energy-momentum ten-
sor violating NEC while normal matter still satisfies all
energy conditions [557].

We start by considering the static spherically symmet-
ric metric

ds? = ¥ at? — b2 — 2 (d6* + sin® 0 dy?) , (717)

where a(r) and b(r) are functions of the coordinate r. A
static and spherically symmetric wormhole is produced
when

) 1 @ 7 (718)



where a(r) denotes the “redshift function”, since it is
related to the gravitational redshift, while 5(r) denotes
the “shape function”, since it determines the shape of the
wormhole [554H556]. The coordinate r is non-monotonic
and it decreases from +oo to a minimum value rq, denot-
ing the location of the wormhole throat where b(rg) = ro,
and then it increases from g to +00. Hence, in oder to
have a wormhole solution one must impose the flaring
out of the throat, which is provided by the condition
(B — B'r)/2B% > 0, while at the throat we have that
B'(ro) < 1 [554-556].

As usual in the teleparallel and f(T') formulation of
gravity, one should specify the vierbein choice that cor-
respond to the above metric. As discussed in subsection
if we re-formulate f(T') gravity keeping a general
spin connection, that is if we use covariant f(T') grav-
ity [128], then all vierbein choices corresponding to the
same metric are “equally good” and they lead to the same
physical solution. However, in the usual simplified f(7T)
formulation, where zero spin connection is imposed, dif-
ferent choices of frames lead to different classes of solu-
tions, and vice versa a given metric solution is in general
realized by a specific choice of vierbeins. Thus, simi-
larly to the case of the Schwarzschild solution discussed
in[VIITAT4] it proves that in order to obtain a static and
spherically symmetric wormhole solution in the standard
simple formulation of f(T') gravity one must use a non-
diaginal vierbein choice [522], since the diagonal vierbein
does not allow for the extraction of a solution with the
necessary form (718)), as shown in [552]. Hence, in the
following we consider that the metric is realized by
the vierbein

e?/? 0 0 0
A 0 e"?sinfcos¢ rcosfcos¢p —rsinfsing
B 0 e"2?sinfsing rcosfsing rsinfcosd
0 eb/2 cos @ —rsinf 0

where for simplicity from now on we omit the 7-
dependence in the metric functions.
Under the above considerations,

becomes
2P (eb/2 — 1) (eb/2 —1- ra’)

T(r) = - ,

the torsion scalar

(719)

while the general field equations (587) read [552)

A pm(r) = 67:/2 (1—e )T fro — (g - %) fr

+€_b (vt 1) ot (720)
4o (r) = { s T k) - b
4T Pme (1) <% - - 7) T' frr
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where p,,,(r) is the matter energy density, p,(r) is the

matter radial pressure, and p,,:(r) stands for the matter
pressure of the tangential directions, orthogonal to the
radial direction. Note that with the above non-diagonal
vierbein choice, and contrary to the diagonal vierbein
choice which led to equation , there is no equation
enforcing the constancy of the torsion scalar [522] [552].
The above equations of motion provide three indepen-
dent equations for six unknown functions, namely p,, (1),
p'rnr(r)a pmt(r)7 CL(’/‘), b(’l") and f(T)7 Le they form an
under-determined system. In order to solve it we have
to make some assumptions for some of them, and this is
performed separately in the following paragraphs. Lastly,
note the self-consistency test that for f(T) = T, that is
for the TEGR case, all the above equations coincide with
those of standard GR [558] as expected.

e Solutions with T'(r) =

Let us start with the simple solution sub-class cor-
responding to T(r) = 0. In this case the energy-
momentum tensor components become [552]

ampn(r) = Ly + 10 (723)
AT pmr(r) = —% [1 — <1 — g) (1 + ra/)] fr(0)
f(0)
AT pme(r) = 4—7{2 (1 — g) ra" + (1 + %) X
’ 5,7" — ﬁ f(O)
(v =) jr0 = £ o
The weak energy condition (WEC), namely

pm(r) > 0 and pm(r) + Pmr(r) > 0, imposes the
positivity of the r.h.s of (723), as well as of the

expression
1
w((-5)
2r T
6

_E-F ]fT( ). (726)

4 [pm (1) + pmr(1)] =

Similarly, the null energy condition (NEC), in ad-
dition to imposing the positivity of the lLh.s. of
(726]), imposes the positivity along the tangential
direction of the following expression:

0] = it - 0550 (1)

1 , 2 n
- <1 f) [1—5(1+E) ra _’"; ]fT. (727)

Thus, using the above expressions it is straightfor-
ward to deduce specific constraints at the throat. In

particular, evaluating (723)) and (726 at the throat




respectively gives

ATpmlr, = f%fT(O) + @ , (728)
47 (pm + Pmr) |7‘0 = _W r(,fT(O) (729)

Hence, from the flaring out condition at the throat,
namely (8 —75')/(28%)|r, > 0, in order to acquire
A7 (P + Pmr) lry > 0 the condition fr(0) < 0
has to be imposed. Nevertheless, in order to ob-
tain an asymptotically flat space-time, with vanish-
ing energy-momentum components at infinity, one
can verify from the field equations — that
f(0) = 0. This constraint implies the positivity of
the r.h.s. of , and therefore taking into ac-
count fr(0) < 0 leads the form function to obey
B4 < 0. Furthermore, one can extract more con-
straints evaluating at the throat, namely

1
A7 (P + Pmt) |ro = QTQfT(O)
0

L) (-

42 2

) £2(0).(730)

and thus for a zero redshift function at the throat,
namely af, = 0, and considering 47 (pm + Dmt) |ro >
0, we acquire the constraint ) < —1. For the
general case aj # 0, we obtain the restriction
roap < [1—2/(1=Fy)l-

Let us now try to solve (719)) under T'(r) = 0. In
this case, and imposing the condition 2 — 1 # 0
(see [522] for the detailed discussion of the e?/?—1 =
0 case), we obtain the differential equation

B(r)

r

1-— —1—rd =0, (731)
which can be solved considering specific choices for
the shape function 3(r). For example, if one con-
siders the Ellis wormhole [559)

2

Blr) =72, (732)

in which case g = —1, then (731) leads to the
redshift function

1 2
eolr) = (1 /11— :2) : (733)

and therefore e*(") — 1 as r — oco. Hence,
the energy-momentum components for this specific
case write as

2

Ampn(r) = 30| fr(0)], (734)

1
47Tpm'r(71)_ﬁ |:< 17"21>+T2

Api(r) = 17 K -7 1) - 2} £r(0)1(736)

|fr(0)], (735)
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Note that the energy density is positive through-
out the space-time due to the condition fr(0) < 0.
Additionally, it is easy to show that the NEC is
always satisfied too.

e Solutions for f(T) = T+T,T? with a(r) = 0, b(r) =
r3/r
Let us consider the solution subclass obtained for
the case of a quadratic correction to TEGR, i.e for
f(T) = T + TyT?, imposing additionally that the
redshift and shape functions respectively write as

2

a(r) =0,  b(r) = %0 (737)

Substituting the above into the energy-momentum

tensor components ([720)-(722)), leads to [552]:

Anpm(r) = _% 1+16% —%(3—5:—‘3)

- % (24—52:—‘3 + 17:§>] , (738)
ATpor (1) = 7% 1+16::—§ fé(lf:—é)

- %) (8— 12:—(3 +3:§)] : (739)
dpme(r) = ’“734 1+8%’ —@(2—5%>

- % (8+24:—§ - 9:§)] . (740)

One can show that the energy density is positive
at the throat, although it changes sign for a specific
value of the radial coordinate. Finally, we mention
the interesting feature that the NEC and WEC are
satisfied both at the throat and at its neighbor-
hood, which is not the case for their GR counter-
parts.

IX. EXTENSIONS OF f(T) GRAVITY

In this section we present some extensions of f(7')
gravity, inspired as usual by the corresponding curvature
extensions of f(R) gravity. The important and interest-
ing feature, is that these extensions are different from
their corresponding curvature constructions, and hence
they deserve investigation, both at the theoretical as well
as at the cosmological level.

A. Non-minimally coupled scalar-torsion gravity

In GR, apart from the f(R) extension, one can be
based on the quintessence scenario, and introduce a non-
minimal coupling between the scalar field and gravity



[560H564], or more generally extend it to the scalar-tensor
paradigm [565]. One can also use a phantom instead of
a canonical field [566H568], or the combination of both
these fields in the unified quintom scenario [569]. In par-
ticular, in this GR extension one starts from the action

5= [dtavg Ou0¥ G+ RS )V (0)+ Lo

(741)
with G the gravitational constant, ¢ = 1, ¢ the scalar field
with V' (¢) its potential, and £ the non-minimal coupling
parameter 2. Additionally, concerning the cosmological
application one includes the matter Lagrangian £,, too.
We mention that one can extend the above non-minimal
coupling £R¢? to the general form £B(¢)R, that is al-
lowing for an arbitrary scalar-field coupling function.

In the case of a flat Friedmann-Robertson-Walker
(FRW) background metric the Friedmann equations
write as

16G 2(

8rG
H? = T(W JF/J'm>,

(742)
(743)

where the energy density and pressure of the non-
minimally coupled scalar field write as
—6H o) — 3EH?,

o= %¢32 +V(9) (744)

po = 5 (1 +46)F — V(9) +26(1 + 66 H?

—26H oo + 36(1 + 86)H?¢* — 269V (¢), (745)

where a prime denotes derivative with respect to ¢. We
mention that we have simplified the above relations by
using the expression R = 6(H +2H?) that holds in FRW
geometry. In this scenario, the dark energy sector is
attributed to the non-minimal scalar field, and thus its
equation-of-state parameter reads wpg = wy = py/pPe-
Finally, the equations close by considering the evolution
equation for the scalar field, namely [560H564]

b+ 3H¢—6(H +2H) o+ V'(¢) = (746)

which can alternatively be written in the standard form
P+ 3H(1+wy)py =0.

Let us now follow the same recipe in torsional gravity
following [203]. In particular, we start from the Telepar-
allel Equivalent of GR, and we add a non-minimally cou-
pled scalar field. Since in TEGR the scalar that incor-
porates the gravitational field, at the lowest order, is the

2 Note the difference in the metric signature that exists amongst
the various works in the literature and the corresponding sign
changes in the action, since a change in the metric signature
leads g,v, U and Ry, to change sign, while R and the energy-
momentum tensor remain unaffected [560H564]. Thus, under the
convention of (741)), the conformal value of £ is —1/6.
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torsion scalar T', this will be the gravitational scalar that
will be coupled to ¢. Thus, the action will read:
V() +Lm

S = / d*ze
(747)

Variation with respect to the vierbein fields yields the
equations of motion, namely [203]

il

T
16G

3 (000" 4 6?) -

(i + 2£¢

v 1 v
e D (eeh Sy ) — enT? un S, — ZeAT]

e | 50000 = V(0)] + cho 0,0

+4€e5.9," ¢ (D) = 4T, (748)
with the superpotential S,*” defined in and T(m)py
the matter energy-momentum tensor. Therefore, apply-
ing these equations in the FRW geometry (i.e on the vier-
bein choice (264)) we obtain the Friedmann equations
,, however now the scalar field energy density
and pressure become:

- %& +V(¢) — 3¢H?¢?, (749)
Do = %(;52 —V(p) +AEHpp + € (3H2 + 2H) ¢*, (750)

where as usual we have used the useful relation T' =
—6H?. Furthermore, variation of the action with respect
to the scalar field provides its evolution equation

b+ 3Hd+6£H? ¢+ V'(¢) = 0. (751)

In this scenario, similar to standard quintessence, dark
energy is attributed to the scalar field, and thus its
equation-of-state parameter is defined as wpr = wg =

50)), respectively. Moreover, the scalar field evolution

51) can be again re-written as the standard relation
ps + 3H(1 4+ wy)py = 0. Thus, this scenario is named
“teleparallel dark energy” [203].

Interestingly enough, although GR coincides with
TEGR, and although minimal quintessence coincides
with minimal teleparallel quintessence (as can be seen
by comparing , with 7 for £ =0, and
one can verify that at the level of perturbations too),
when the non-minimal coupling is switched on the result-
ing theories exhibit different behavior. This is expected
since, concerning the gravitational sector, TEGR is iden-
tical with GR, and in the minimal case one just adds a
distinct scalar sector, thus making no difference whether
it is added in either of the two theories. However, things
are different if we switch on the non-minimal coupling,
since while in GR one couples the scalar field with the
only suitable gravitational scalar of lowest order, namely
the Ricci scalar R, in the latter one couples the scalar
field with the only suitable gravitational scalar of lowest
order, namely the torsion scalar T'. Clearly, teleparallel
dark energy, under the non-minimal coupling, is a differ-
ent theory.

Ps/ps, but py and p, are now given by (749) and
(751]



The richness of the resulting theory comparing to GR
quintessence is additionally manifested in the fact that,
although in the latter one can perform a conformal trans-
formation and transit to an “equivalent”, minimally-
coupled, theory with transformed field and potential
[560H564], in the former such a transformation does not
exist since one obtains extra terms depending on the tor-
sion tensor itself, as can be easily verified transforming
the vierbeins as e’y — Qé’; (one applies in our case the
similar analysis of [253] of the case of f(T') scenarios).
Thus, teleparallel dark energy cannot be transformed to
an “equivalent” minimally coupled form, and this indi-
cates its richer structure. Such an absence of confor-
mal transformation exists in other cosmological scenarios
too, for example in scalar-field models with non-minimal
derivative couplings, where it is also known that the re-
sulting theories possess a richer structure [570H572].

Similarly, to the case of simple f(T') gravity, in the
present extension of scalar-torsion theory a Lorentz-
violating term appears (the last term in the left hand
side of ), despite the fact that the theory is linear in
T. However, no new degree of freedom will appear at the
background level on which we focus on this work. Clearly,
going beyond background evolution and examine whether
the Lorenz violations do indeed appear under cosmolog-
ical geometries and scales (we have checked that at the
low-energy limit, the theory’s basic Parametrized Post
Newtonian parameters are consistent with Solar System
observations), and if they can be detected, is an interest-
ing and open subject, as it is in usual f(7T) gravity too
[256] 257]. However, we stress that the above Lorentz
violation problem will be solved if one formulates the co-
variant version of the theory, as we did in subsection [V D]
for simple f(T') theory.

Finally, note that one can extend the above non-
minimal scalar-torsion coupling £T'¢? to the general
form £B(¢)T [673H576], that is allowing for an arbitrary
scalar-field coupling function®, similarly to the general
curvature non—minimal quintessence In this case, equa-

tions , , ) and (751) respectively become

73} 576
1
[4 e + 2§B(qb)] [e_lﬁu(eeﬁlSp“”) — TP S, " + ZeﬁT
e 0" 0,9,

m)l/

~et | 30u00%0 - V(o) +

+28e4 S, B (¢) (0p0) = 4T

3 Along these lines one can construct further extensions through
the non-minimal coupling of the four-derivative of the scalar field
with the “vector torsion” [577], or of the scalar field with both
the torsion scalar and the divergence of the torsion vector [578],
or even couple the torsion scalar to a fermionic instead of a scalar
field [579).

(752)
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po= 38+ V(6) - BIB), (1))
po = 58 — V(6) + 2 HB'(9)}
+€ (32 + 201) B(9), (754)
and
b+ 3Hd+ 3¢H?B'(¢) + V'(¢) = 0. (755)

1. Late-time cosmological behavior

Let us first investigate the late-time cosmological be-
havior of the above scenario of teleparallel dark energy.
First of all one deduces the straightforward result that
using (749 - he can obtain a dark-energy sector pos-
sessing dynamlcal nature, as well as that it can drive
the universe acceleration. However, the most interest-
ing and direct consequence of the teleparallel dark en-
ergy density and pressure, is that the corresponding
dark energy equation-of-state parameter can lie in the
quintessence regime (wpg > —1), in the phantom regime
(wpg < —1), or exhibit the phantom-divide crossing dur-
ing cosmological evolution. This is a radical difference
with the non-minimal quintessence scenario, in which
dark energy lies always above the phantom divide, and
thus this feature reveals the capabilities of the construc-
tion.

In order to present the above features in a more trans-
parent way, one evolves numerically the cosmological
system for dust matter (w,, =~ 0), using the redshift
z = ap/a — 1 as the independent variable, imposing the
present scale factor ag to be equal to 1, the dark energy
density Qpp = 87Gpy/(3H?) at present to be ~ 0.72
and its initial value to be =~ 0 [203]. Finally, concerning
the scalar field potential we use the exponential ansatz
of the form V = Vje*?.

In Fig. 22 we depict the wppg-evolution for three re-
alizations of the scenario at hand. In the case of the
black-solid curve the teleparallel dark energy behaves like
quintessence, in the red-dashed curve it behaves like a
phantom, while in blue-dotted curve the dark energy ex-
hibits the phantom-divide crossing during the evolution.
Note that the crossing behavior in Fig. is the one
favored by the observational data, in contrast with vi-
able f(R)-gravity models where it is the opposite one
[580]. We remark that in the above figure one focuses on
the qualitative features, and in particular we maintain
the same potential just to stress that in principle one
can obtain the various behaviors with the same poten-
tial. Clearly, one could be quantitatively more accurate
and impose the observational wpg(z) as an input, recon-
structing the corresponding potential.

We stress that we can obtain the above quintessence-
like, phantom-like, or quintom-like behaviors, although
the scalar field is canonical. Clearly this behavior is much
richer comparing to GR with a scalar field. Moreover,
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FIG. 22: Evolution of the dark energy equation-of-state pa-
rameter wpg as a function of the redshift z, for three cases of
the teleparallel dark energy scenario, in the exponential scalar-
field potential ansatz of the form V = Voe?. The black-solid
curve presents quintessence-like behavior and corresponds to
£€=—04, \=1.5 and Vo = 2 x 10713, the red-dashed curve

presents phantom-like behavior and corresponds to € = —0.8,
A =0.05 and Vo ~ 10713, and the blue-dotted curve presents
the phantom-divide crossing and corresponds to & = —0.25,

A = 40 and Vo ~ 107'2. X and V, are measured in 87G-
units and the -1-line is depicted for convenience. The Figure
is from [203].

the fact that the phantom regime can be described with-
out the need of phantom fields, which have ambiguous
quantum behavior [330], is a significant advantage. In
summary, the rich behavior of teleparallel dark energy
makes it a promising cosmological scenario.

2. Dynamical analysis

The interesting cosmological behavior of teleparallel
dark energy makes it necessary to perform a phase-space
and stability analysis, examining in a systematic way the
possible cosmological behaviors, focusing on the late-time
stable solutions. In order to transform the system to its
autonomous form we introduce the auxiliary variables
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5814
v 87rG¢3

G
_ V8rGH/V(9)
Y= V3H

z =/ |€|V8rGo.
Using these variables the first Friedmann equation, with
the teleparallel dark energy density (749)), becomes
87TGpm
3H?

This constraint allows for expressing p,, as a function of

the auxiliary variables (756)). Therefore, using (757) and
(749) we can write the density parameters as:

(756)

% 4 9% — 2%sgn(€) + =1. (757)

_ 81Gpm _ 2 2 2
Q=g =1-2" —y +z"sen(d)

_ 81Gpy 2 2 2
Qpg = s2 = +y° — z"sgn(§), (758)

while for the dark-energy equation-of-state parameter

WDE = W¢ = Pg/ Py, using , we obtain:
wpe = [1+2” sgn(©)] " [¢* +4” — Psgn(©)]
-{x2 ¥+ 4\/§zx\/€|sgn(§)
— 22w, sgn(€) [1- z? —y? + ZQSgn(g)} }.(759)

Without loss of generality, in the following we restrict the
analysis in the dust matter case, that is we assume that
Wy, = 0.

It is convenient to introduce two additional quanti-
ties with great physical significance, namely the “total”
equation-of-state parameter:

2 — % + 4\/§zx\/m%n(£)

Po

Weot = m = woplloE = 1+ 22 sgn(&) ’
(760)
and the deceleration parameter g:
B H 1 3
q:_l_ﬁ:§+§wt0t
1+3(z% —y?) + {z + 4+/6z |§\] z sgn(€)
= . (761)

2[1+ 22 sgn(§)]

Finally, concerning the scalar potential V' (¢) the usual
assumption in the literature is to assume an exponential
potential of the form

V = Vyexp(—V8rGAg), (762)

4 For the dynamical analysis of more general scalar-torsion mod-
els see [573] 574l 582], while for the investigation of the pure
gravitational sector, i.e. in the absence of matter, see [575].



since exponential potentials are known to be significant
in various cosmological models [310-312]. Moreover, note
that the exponential potential was used as an example in
the initial work on teleparallel dark energy [203].

In summary, using the auxiliary variables and
considering the exponential potential , the equa-
tions of motion in the case of dust matter can be trans-
formed into the following autonomous system [581]:

;L 323 Qﬁz\/mgzzzsgn(g)
v 222sgn (&) + 2 z2sgn(€) + 2

CR T NC——.

2 2 sgn(€)z2+1
—V62/[€lsgn(¢)
,__ 3ya? 3 Y
Y7 2sgn(€)22 + 2 oY [ - 22sgn(€) + 1]

- \/gyx { [)\z - 4@} zsgn(§) + )\}

1+ 2%sgn(¢)

2 = V6\/[¢]x, (763)

where we have used that for every quantity I we acquire
F = HF'. Since p,, is nonnegative, from l) we obtain
that 22 +y% —2%sgn(¢) < 1. Thus, we deduce that for £ <
0 the system defines a flow on the compact phase
space ¥ = {:U +y? — 2%sgn(€) < 1,y > O}, for € =0
the phase space is compact and it is reduced to the circle
U = {12+y2 < 1,y20}, while for ¢ > 0 the phase
space ¥ is unbounded.

Before proceeding we make two comments on the de-
grees of freedom and the choice of auxiliary variables.
Firstly, as we have already mentioned, in the minimal
coupling case, that is when & = 0, the model at hand co-
incides with standard quintessence, whose phase-space
analysis is well known using two degrees of freedom,
namely the variables x and y defined above [310]. On
the other hand, when £ # 0 we have three degrees of
freedom and all x, y, z are necessary. Therefore, in order
to perform the analysis in a unified way, we use the three
variables defined above, having in mind that for £ = 0 the
variable z becomes zero and thus irrelevant. Secondly,
apart from the standard choices of the variables z and y,
one must be careful in suitably choosing the variable z in
order not to lose dynamical information. For example, al-

V8TGpm
3H

though the choice for the variable z = is another

reasonable choice, however it still loses the critical points
that lie at “infinity”. Therefore, in order to completely
cover the phase-space behavior one should additionally
use the Poincaré central projection method to investi-
gate the dynamics at “infinity” [681]. The negligence of
this point was the reason of the incomplete phase-space
analysis of teleparallel dark energy performed in [583].
Let us now proceed to the phase-space analysis. The
real and physically meaningful (that is corresponding to
an expanding universe, i.e possessing H > 0) critical
points (., Ye, 2) of the autonomous system , ob-
tained by setting the left hand sides of the equations to
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zero, are presented in Table[X] In the same table we pro-
vide their existence conditions. For each critical point
of Table [X] we examine the sign of the real part of the
eigenvalues of the 3 x 3 matrix Q of the linearized per-
turbation equations, in order to determine the type and
stability of the point. The various eigenvalues are pre-
sented in Table [XI} Hence, in Table [XII| we summarize
the results, and additionally for each critical point we
calculate the values of Qpg, wpg, W and g given by
(758)), (759), and respectively.

Apart from the above finite critical points, the scenario
at hand possesses critical points at infinity too, due to
the fact that the dynamical system is non-compact
for the choice ¢ > 0. In order to extract and analyze
them, one needs to apply the Poincaré central projection
method [584] (585]. However, since the obtained four crit-
ical points at infinity are non-stable, we do not describe
the whole procedure in detail, and we refer the reader to
the original work [581].

Having performed the complete phase-space analysis
of teleparallel dark energy, we can now discuss the cor-
responding cosmological behavior. A first remark is that
in the minimal case (that is £ = 0) we do verify that
the scenario at hand coincides completely with standard
quintessence. Therefore, we will make a brief review on
the subject and then focus on the non-minimal case.

The points B to E exist only for the minimal case,
that is only for £ = 0. Points B and C' are not stable,
corresponding to a non-accelerating, dark-energy domi-
nated universe, with a stiff dark-energy equation-of-state
parameter equal to 1. Both of them exist in standard
quintessence [310].

Point D is a stable for 0 < A?> < 3, and thus it can
attract the universe at late times. It corresponds to
a dark-energy dominated universe, with a dark-energy
equation-of-state parameter lying in the quintessence
regime, which can be accelerating or not according to
the A-value. This point exists in standard quintessence
[310]. Tt is the most important one in that scenario, since
it is both stable and possesses a wpg compatible with
observations.

Point E is a stable one for 3 < A2. It has the ad-
vantage that the dark-energy density parameter lies in
the interval 0 < Qpg < 1, that is it can alleviate the
coincidence problem, since dark matter and dark energy
density parameters can be of the same order (in order
to treat the coincidence problem one must explain why
the present dark energy and matter density parameters
are of the same order of magnitude although they fol-
low different evolution behaviors). However, it has the
disadvantage that wpg is 0 and the expansion is not ac-
celerating, which are not favored by observations. This
point exists in standard quintessence too [310].

Let us now analyze the case £ # 0. In this case we
obtain the critical points A, F, G and J. Point A is
saddle point, and thus it cannot be late-time solution of
the universe. It corresponds to a non-accelerating, dark-
matter dominated universe, with arbitrary dark-energy



Cr. P.| =z, Ye Zc Exists for
A ] 0 0 0 all €\
B I 0 0 £=0, all A
c | -1 0 0 £€=0, all A
p | 2| Ji-% 0 £=0,)2<6
\/g 6 - ) —
E /3% 3% 0 £=0,\>3
_ 2 &— -2 1€l
F | o \/2S 2Ve(e) | (Ag NG 0<A<e
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J 0 1 0 E#0and A =0
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TABLE X: The real and physically meaningful critical points of the autonomous system (763)), along with their existence

conditions. From [581].

[Cr. Point] Exists for [ w1 | Vo [ s |
A all §,A I (=3 =9 —966) |1 (=3 + /9 — 96¢)
B £€=0,all A 3 3_ \/gx 0
C £E=0,all A 3 34+ %)\ 0
D £=0,2<6 [N =3[ (3" -6 0
E £=0,2>3 [a7(}) a”(\) 0
F < -3 BT(N6) BN E)
G M <EorE<0| -3 7T\ €) TN E)
J £#0and A=0| -3 =3+ 29—245 —3%9—%5

TABLE XI: The eigenvalues of the matrix Q of the perturbation equations of the autonomous system (763)). Points B-E exist
only for £ = 0, and for these points the variable z is zero and thus irrelevant. Although for these points the eigenvalue associated
to the z-direction is zero, the stability conditions are obtained by analyzing the eigenvalues of the non-trivial 2x 2 submatrix of Q.

1/9—244/62-22¢

—341/9+244/62-22¢

We introduce the notations a®(\) = 3 (71 + 7W) , BE(N 6 = —= 5 and v£(), €) = 5
From [581].
Cr. P. Stability Qpe| wpE Weot q
A saddle point 0 |arbitrary 0 %
B unstable for A < V6
saddle point otherwise 1 1 1 2
C unstable for A > —/6
saddle point otherwise 1 1 1 2
D stable node for \? < 3 1 —1+§ —1—|—§ —1—1—)‘72
saddle point for 3 < A% < 6
E [stable node for 3 < \? < % A% 0 0 %
stable spiral for A% > 2—74
F stable node for \? < ¢ 1 -1 -1 -1
G saddle point 1 -1 -1 -1
J stable spiral for g <& 1 -1 -1 -1
stable node for 0 < £ < g
saddle point for £ < 0

TABLE XII: The real and physically meaningful critical points of the autonomous system (763)) along with their stability
conditions, and the corresponding values of the dark-energy density parameter {pg, of the dark-energy equation-of-state
parameter wpg, of the total equation-of-state parameter w:,: and of the deceleration parameter gq. From [581].



equation-of-state parameter. Note that this trivial point
exists in the standard quintessence model too [310], since
it is independent of £.

The present scenario of teleparallel dark energy, pos-
sesses two additional, non-trivial critical points that do
not exist in standard quintessence. Thus, they account
for the new information of this richer scenario, and as
expected they depend on the non-minimal coupling &. In
particular, point F is stable if A2 < £, and thus it can
attract the universe at late times. It corresponds to an
accelerating universe with complete dark energy domina-
tion, with wpg = —1, that is dark energy behaves like
a cosmological constant. We stress that this wpp value
is independent of A and &, which is an important and
novel result. Thus, while point D (the important point
of standard quintessence) needs to have a very flat, that
is quite tuned, potential in order to possess a wpg near
the observed value —1, point F' exhibits this behavior for
every A-value, provided that A\? < £. This feature is a sig-
nificant advantage of the scenario at hand, amplifying its
generality, and offers a mechanism for the stabilization of
wpg close to the cosmological-constant value. Similarly,
we have the point GG, which has the same cosmological
properties with F', however it is a saddle point and thus
it cannot be a late-time solution of the universe, but the
universe can spend a large period of time near this solu-
tion.

Finally, when £ # 0 and for the limiting case A = 0,
that is for a constant potential, the present scenario ex-
hibits the critical point J, which is stable for £ > 0. It
corresponds to a dark-energy dominated, de Sitter uni-
verse, in which dark energy behaves like a cosmological
constant.

Before closing this section, let us make a comment
on another crucial difference of teleparallel dark energy,
comparing with standard quintessence, that is of the
& # 0 case comparing to the £ = 0 one. In particular,
when ¢ = 0, in which teleparallel dark energy coincides
with standard quintessence, wpg is always larger that
—1, not only at the critical points, but also through-
out the cosmological evolution as well. However, for
& # 0, during the cosmological evolution wpg can be
either above or below —1, and only at the stable criti-
cal point it becomes equal to —1. Such a cosmological
behavior is much richer, and very interesting, both from
the theoretical as well as from the observational point of
view, since it can explain the dynamical behavior of wpg
either above or below the phantom divide, and moreover
its stabilization to the cosmological-constant value, with-
out the need for parameter-tuning.

In order to present the aforementioned behavior more
transparently, one evolves the autonomous system
numerically, and in Fig. we observe the correspond-
ing phase-space behavior. In this case the universe at
late times is attracted by the cosmological-constant-like
stable point F'. However, during the evolution towards
this point the dark-energy equation-of-state parameter
wpg presents a very interesting behavior, and in par-
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FIG. 23: The phase-space evolution for the teleparallel dark
energy scenario with A\ = 0.7 and £ = 1. The trajecto-
ries are attracted by the cosmological-constant-like stable point
F, however the evolution towards it possesses a wpg being
quintessence-like, phantom-like, or experiencing the phantom-
divide crossing, depending on the specific initial conditions.
The orbits with a thick gray curve on the top left are those
with wpe > —1 initially, while the thin black curve corre-
sponds to wpe < —1 initially.

ticular, depending on the specific initial conditions, it
can be quintessence-like, phantom-like, or experience the
phantom-divide crossing. Such a behavior is much richer
than standard quintessence, and reveals the capabilities
of teleparallel dark energy scenario. Finally, one should
also investigate in detail whether the scenario at hand is
stable at the perturbation level, especially in the region
wpgp < —1. Such an analysis can be heavily based on
[196] and one can find that f(T") cosmology and telepar-
allel dark energy are stable even in the region wpg < —1.

3. Observational constraints

Let us now use observations in order to constrain the
parameters of teleparallel dark energy, following [586].
In particular, one uses data from SNIa from the Su-
pernova Cosmology Project (SCP) Union2 compilation
[343], BAO data from the Two-Degree Field Galaxy Red-
shift Survey (2dFGRS) and the Sloan Digital Sky Survey
Data Release 7 (SDSS DR7) [344], and the Cosmic Mi-
crowave Background (CMB) radiation data from Seven-
Year Wilkinson Microwave Anisotropy Probe (WMAP)
observations [I69], in order to plot likelihood-contours
for the present values of the dark-energy equation of state
WpE,, for the matter density parameter €,,,0 and for the
non-minimal coupling parameter £. Since the model in-



cludes the scalar-field potential, one performs the analy-
sis separately for power-law (quartic) V(¢) = Vp¢? and
exponential V(@) = Ve~ V87Gr potentials (see [586] for
the incorporation of the inverse hyperbolic cosine poten-
tial).

In Fig. we present the likelihood contours for wpg,
and 2,0 with the teleparallel dark energy scenario under
the quartic potential. As we observe, the scenario at hand
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FIG. 24: Contour plots of the present dark-energy equation-
of-state parameter wpg, versus the present matter density
parameter Qmo under SNIa, BAO and CMB observational
data in the teleparallel dark energy scenario with the quartic
potential V(¢) = Vog*. The curves correspond to 1o and 20
confidence levels, respectively, and the cross marks the best-fit
point. From [586].

is in agreement with observations, and as expected, it
can describe both the quintessence and phantom regimes.
Since the scalar field is canonical, it is a great advantage
of the present model.

In Fig. we present the likelihood contours for wpg,
and the non-minimal coupling parameter £, for the quar-
tic potential. Interestingly enough we observe that the
non-minimal coupling is favored by the data, and in
particular a small £ is responsible for the quintessence
regime, while a larger one leads to the phantom regime.
Note that the best-fit value of wpg,|p.r = —0.98 is very
close to the cosmological constant.

In Fig. we present the likelihood contours for wpg,
and 0, for the teleparallel dark energy scenario under
the exponential potential. As we observe, this scenario
is consistent with observations, and it can describe both
the quintessence and phantom regimes, with the phantom
regime favored by the data. Furthermore, in Fig. [27]
we present the likelihood contours for wpg, and &, for
the exponential potential. From this graph we deduce
that a non-minimal coupling is favored by the data, and
we observe that wpg,-values close to the cosmological
constant bound, either above or below it, can be induced
by a relative large {-interval, which is an advantage of
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FIG. 25:  Contour plots of the present dark-energy equation-
of-state parameter wpg, versus the non-minimal coupling pa-
rameter £ under SNIa, BAO and CMB observational data,
in the teleparallel dark energy scenario with the quartic po-
tential V(¢) = Vop*. The curves correspond to 1o and 2o
confidence levels, respectively, and the cross marks the best-fit
point. From [586].
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FIG. 26: Legend is the same as Fig. but with the exponen-
tial potential V(¢) = Voe V5™ From [586].

this scenario.

We close this section with a comment on the positive
values of the non-minimal coupling £. In particular, £
must always be bounded according to a physical con-
straint, namely it must lead to positive ppg in and
to positive H? in the Friedmann equation. In practice, &
is found to be mainly negative (in our convention), and
only a small window of positive values is theoretically al-
lowed. In the case of quartic and exponential potentials
one finds the interesting result that for the theoretically
allowed positive £ (0 < € < 0.2) wpg is always very close
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FIG. 27:  Legend is the same as Fig. [25 but with the expo-
nential potential V(¢) = Voe V3™ From [586).

to a constant wp g, with |wpg,—wpr| < 1073 [586]. The
reason is that the scenario of teleparallel dark energy for
positive & (sufficiently small in order for the positivity
of ppr and H? not to be spoiled) always results in the
stabilization of wpg, close to the cosmological constant
value, as was proven by the detailed phase-space analy-
sis presented above and in more details in [58I]. Such
a behavior is an advantage from both observational and
theoretical point of view.

In summary, the scenario of teleparallel dark energy is
compatible with observations, for all the examined scalar-
field potentials. Furthermore, although the scalar field is
canonical, the model can describe both the quintessence
and phantom regimes. These features are an advantage
from both observational and theoretical point of view,
and they make the scenario at hand a good candidate for
the description of nature. Finally, the data favor a non-
minimal coupling, and thus the model is distinguishable
from standard quintessence, since the two scenarios are
equivalent only for the minimal coupling.

B. [f(T,Tc) gravity

In this subsection we describe another extension of
teleparallel and f(T) gravity, based on the Teleparallel
Equivalent of the Gauss-Bonnet combination, following
[E87HER9] (see also [590] for the extension to the telepar-
allel equivalent of Lovelock gravity). The inspiration
for this extension comes from the fact that in curva-
ture gravity, apart from the simple modifications such
as the f(R) models, one can construct more complicated
actions introducing higher-curvature corrections such as
the Gauss-Bonnet combination G [591], 592] or arbitrary
functions f(G) [693H595]. Hence, one can follow the
same direction starting from the teleparallel formulation
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of gravity, and construct actions involving higher-torsion
corrections (see [34] [596], [597] for different constructions
of torsional actions).

As we mentioned in Section [[V] the basic strategy for
the construction of Teleparallel Equivalent of GR is to
express the curvature scalar R corresponding to a gen-
eral connection, as the curvature scalar R corresponding
to Levi-Civita connection plus terms arising from the tor-
sion tensor. Then, by imposing the teleparallelism con-
dition R%,_, = 0, we acquire that R is equal to a torsion
scalar plus a total derivative, namely the relation:

eR = —eT +2(eT,"") . (764)

Thus, this torsion scalar provides the Teleparallel Equiv-
alent of GR, in a sense that if one uses it as a Lagrangian,
then exactly the same equations with GR are obtained.

Hence, inspired by this strategy, in [587] the authors
followed the same steps for the Gauss-Bonnet combina-
tion, which as it is well known reads as:

G = R? — 4R, R" + Ry, R, (765)

In particular, the idea is to extract a relation of the form

eG =eTg+total diverg., (766)

where G is the Gauss-Bonnet combination calculated us-
ing the Levi-Civita connection. Thus, from this expres-
sion one can read the T, i.e. the Teleparallel Equivalent
of the Gauss-Bonnet combination.

Indeed, after formulating the problem in the form lan-
guage instead of the coordinate one, one can extract re-
lation (766), with T written as

T = (KUK B oI — 2 A p Ko K,
AA A: EA
F2CH A KA s KPR

oKz KA L KPAL D)6 RS A, (767)

where comma denotes differentiation. In this expression
the generalized § is the determinant of the Kronecker
deltas, whereas K og¢ is the contorsion tensor

1
Kapc = §(TCAB —Tpca —Tapc) = —Kpac, (768)

with T4pc the torsion tensor (the conventions are the
standard ones of this Review, namely Greek indices span
the space-time while capital Latin indices span the tan-
gent space, assumed to be a Minkowski space with met-
ric nap = diag(+1,—1,—1,—1)). We refer the reader
to [687] for the lengthy calculations of this construction.
Thus, T is the teleparallel equivalent of G, in the sense
that the action

1
Sty = =5 [ dreTq,

23 o, (769)

varied in terms of the vielbein gives exactly the same
equations with the action

1 D A



varied in terms of the metric, and this equivalence holds
for arbitrary dimensions (k% is the D-dimensional grav-
itational constant).

Having constructed the teleparallel equivalent of the
Gauss-Bonnet combination T, and having also the usual
teleparallel equivalent of the Ricci scalar T', one can be
based on them in order to build modified gravitational
theories. In particular, one can combine both possible
extensions and construct the f(7T,Tg) modified gravity
[E87]

/ dPre f(T,Tg). (771)

2/<5D

Note that since T is quartic in torsion tensor then f(7¢)
cannot arise from any f(7T). Hence, clearly, f(T,T¢)
gravity is different from both f(7") theory as well as from
f(R, G) gravity [593H595], and therefore it is a novel grav-
itational modification.

Let us now extract the equations of motion, focusing in
the most interesting case of D = 4. Varying the action
in terms of the vierbein, after various steps, one
finally obtains [587]

Z(H[AC]B_i_H[BA]C_H[CB]A)yC
+2(H[AC]B+H[BA]C_H[CB]A)JDDC
+QHWAP L gPCA) 7, L+ 4HIPPIC g A
+TepHOPP — WP 4 (f =T fr—Ta fro )n*?

where JC, 5 are the structure coefficients functions given
by

=0,(772)

JCAB = eAﬂeBV(eC,u,v - 6Cy,u) ) (773)
and where we have defined
HAPC = fr(n* kP — KPY) + frg [
(CPRT (QEA KMICBI%ICDQR + eoprmKAKKED,
+et B KK P/CDQR)/CQM
4 ¢CPRT AB KMD(,CMRT IC QJ )

4-¢CPRT AK ICDM (IC A IC TR)}
+eCPRT A b |:(fTG KBI}EKD%)VT

+fTGJQPT/ch[<Q/CD“g]] (774)
and

= fr €AKCD€BPQD’CKMPICMCQ : (775)
We have used the notation fr = 9f/0T, fr, = 0f/01q,
the (anti)symmetrization symbol contains the factor 1/2,
while the antisymmetric symbol eapcp has €1234 = 1,
(1234 _

Before proceeding to the cosmological application of
f(I,Tg) gravity, let us make some comments. The
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first has to do with the Lorentz violation. In partic-
ular, as it was discussed also in [687], under the use
of the Weitzenbock connection the torsion scalar T' re-
mains diffeomorphism invariant, however the Lorentz in-
variance has been lost since we have chosen a specific class
of frames, namely the autoparallel orthonormal frames.
Nevertheless, the equations of motion of the Lagrangian
eT, being the Einstein equations, are still Lorentz co-
variant. On the contrary, when we replace T' by a gen-
eral function f(T) in the action, the new equations of
motion will not be covariant under Lorentz rotations of
the vielbein, although they will indeed be form-invariant,
and the same features appear in the f(7T,7T¢) extension.
However, this is not a deficit (it is a sort of analogue of
gauge fixing in gauge theories), and the theory, although
not Lorentz covariant, is meaningful. Definitely, not all
vielbeins will be solutions of the equations of motion, but
those which solve the equations will determine the metric
uniquely. Obviously, the above problem will be solved if
one formulates f (T, T¢) gravity in a covariant way, i.e us-
ing both the vierbein and the spin connection, as we did
in subsection for f(T) gravity. Such a construction
is still missing.

The second comment is related to possible acausali-
ties and problems with the Cauchy development of a
constant-time hypersurface. Indeed, there are works
claiming that a departure from TEGR, as for instance
in f(T) gravity, with the subsequent local Lorentz viola-
tion, will lead to the above problems [598], [599]. In order
to examine whether one also has these problems in the
present scenario of f(T,T¢) gravity, he would need to
perform a very complicated analysis, extending the char-
acteristics method of [598| [599] for this case, although
at first sight one does expect to indeed find them. Nev-
ertheless, even if this proves to be the case, it does not
mean that the theory has to be ruled out, since one could
still handle f(T) gravity (and similarly f(T,T¢) one) as
an effective theory, in the regime of validity of which the
extra degrees of freedom can be removed or be excited
in a healthy way (alternatively one could re-formulate
the theory using Lagrange multipliers) [598] [599]. How-
ever, there is a possibility that these problems might be
related to the restricting use of the Weitzenbock connec-
tion, since the formulation of TEGR and its modifications
using other connections (still in the “teleparallel class”)
does not seem to be problematic, and thus, the general
formulation of f(T,T¢) gravity that was presented in
[587 might be free of the above disadvantages. These
issues definitely need further investigation, and the dis-
cussion is still open in the literature.

Let us now apply f(T,Tg) gravity in a cosmological
framework. Firstly, we add the matter sector along the
gravitational one, that is we start by the total action

_ ]' 4
Sioe = 2o / dze f(T,Te) + Sm,  (776)

with 87G = k4 the four-dimensional Newton’s constant,
and where S, corresponds to a matter fluid of energy



density p,, and pressure p,,. Secondly, in order to inves-
tigate the cosmological implications of the above action,
we consider as usual the spatially flat FRW geometry

[£67), namely

eﬁ = diag(1l,a,a,a) ,

(777)
where a(t) is the scale factor. Inserting this vierbein

choice into (767 one can easily find that

.9 .
Ty = 24%2 g — 24H*(H + H?), (778)
while as usual 7= —6H? (note that in the present Re-
view we use the usual conventions, which are slightly dif-
ferent than those of [587]). Additionally, inserting
into the general equations of motion , after some
algebra one obtains the Friedmann equations [587]

f+12H?fp — T fr, + 24H? fr, = 167Gp,,  (779)

f+A(H+3H?) fr + 4H fr

—Tcfr, + %TngG + 8H2fTG = —167Gpy, ,(780)
where the right hand sides arise from the independent
variation of the matter action. In the above expressions
it is fr = frrT + frogTa, fro = froeT + froreTa,
fro = fTTTGT +2f1101 TTG + frotore Td + froe T+
fTGTGTg, with frr, frr.,... denoting multiple partial
differentiations of f with respect to T', Tg. Finally, T
T and Tg, T are obtained by differentiating T = —6H?
and respectively with respect to time.

We would like to mention that for the derivation of
the above Friedmann equations we presented the robust
way following [587], that is one first performs the general
variation of the action resulting to the general equations
of motion , and then he inserts the cosmological
ansatz , obtaining and . However, as the
same authors showed in [589], one can obtain exactly the
same result in a faster way, that is following the shortcut
procedure where one first inserts the cosmological ansatz
in the action and then performs variation. This short-
cut method is a sort of minisuperspace procedure since
the (potential) additional degrees of freedom other than
those contained in the scale factor are frozen. The equiva-
lence of the two methods is not always guaranteed, since
variation and ansatz-insertion do not commute in gen-
eral, especially in theories with higher-order derivatives
[252] 600]. However, the equivalence of the two methods
is indeed the case for the scenario at hand [589], and an
additional cross-check for the calculation correctness.

The Friedmann equations , can be rewritten
in the usual form

8rG
o? = —3 (Pm+ppE) (781)
H = —4nG(pm + Pm + ppE +pDE),  (782)
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where the energy density and pressure of the effective
dark energy sector are defined as

ppp=-—=(6H?— f—12H? fr+ T fr, —24H? fr,) (783)

1
167G

1 ) ) ) )
m[72(2H+3H )+ f+4(H+3H?) fr

+4H fr—Te fro+

PDE=

2
si L o +8H? fr | (784)
Since the standard matter is conserved independently,
namely p,, + 3H(pm + pm) = 0, we obtain from
(783]),(784) that the dark energy density and pressure
also satisfy the usual evolution equation

ppE +3H(ppr +ppr) =0. (785)

Additionally, we can define the dark energy equation-of-
state parameter as

WpE = @ . (786)
PDE
Finally, we mention that for f(T,T¢) = T the Fried-

mann equations (779 - ) become the usual equations
of Teleparallel Eqmvalent of General Relativity (and thus
of GR), while for f(T,Tg) = f(T) one re-obtains the
equations of standard f(7T) gravity.

1. Cosmological behavior

Let us now investigate in detail the cosmological appli-
cations of f(T,T¢) gravity, both at early and late times
following [687HER9] (see also [60THG03]). In particular,
we proceed to the investigation of some specific f(7T,Tq)
cases, focusing on the evolution of observables such as
the various density parameters ; = 87Gp;/(3H?) and
the dark energy equation-of-state parameter wpg.

Since T contains quartic torsion terms, it will in gen-
eral and approximately be of the same order with T2.
Therefore, T and /T2 + 3T are of the same order,
and thus, if one of them contributes during the evolu-
tion the other will contribute too. Therefore, it would
be very interesting to consider modifications of the form
f(T,Tg) = =T + B1\/T? + BT, which are expected
to play an important role at late times. Note that the
couplings 1, B2 are dimensionless, and therefore no new
mass scale enters at late times. Nevertheless, in order
to describe the early-times cosmology, one should addi-
tionally include higher order corrections like T2. Since
the scalar T is of the same order with 72, it should be
also included. However, since T is topological in four
dimensions it cannot be included as it is, and therefore
we use the term T'y/|T| which is also of the same order
with T2 and non-trivial. Thus, the total function f is
taken to be

f(T,Tg) = =T + B/ T? + BoT + anT? + auT/| T .

(787)



In summary, when the above function is used as an ac-
tion, it gives rise to a gravitational theory that can de-
scribe both inflation and late-times acceleration in a uni-
fied way.
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FIG. 28: Four inflationary solutions for the ansatz

(T, Te) = a1T? + aoT/|Tc| — T + f1\/T? + BT, cor-
responding to a) an = —2.8, ap = 8, 1 = 0.001, B2 =1
(black-solid), b) an = =2, az = 8, p1 = 0.001, B2 = 1 (red-
dashed), ¢) a1 =8, ap =8, 1 = 0.001, B2 = 1 (blue-dotted),
d) a1 =20, az =5, 1 = 0.001, B2 = 1 (green-dashed-dotted).
All parameters are in Planck units. From [589)].

In order to examine the cosmological evolution of a uni-
verse governed by the above unified action, we perform a
numerical elaboration of the Friedmann equations ([781]),
, with ppg, ppe given by relations 7 (784)),
under the ansatz (787). In Fig. we present the early-
times, inflationary solutions for four parameter choices.
As we observe, inflationary, de-Sitter exponential expan-
sions can be easily obtained (with the exponent of the ex-
pansion determined by the model parameters), although
there is not an explicit cosmological constant term in the
action, which is an advantage of the scenario. This was
expected, since one can easily extract analytical solutions
of the Friedmann equations , with H = const
(in which case T and T as also constants).

Let us now focus on the late-times evolution. In Fig.
[29 we depict the evolution of the matter and effective
dark energy density parameters, as well as the behav-
ior of the dark energy equation-of-state parameter, for
a specific choice of the model parameters. As we see,
we can obtain the observed behavior, where €2,, de-
creases, resulting to its current value of €2,,,0 ~ 0.3, while
Qprg = 1—Q,, increases. Concerning wpg, we can see
that in this example it lies in the quintessence regime.
Finally, note that, as it is usual in modified gravity [342],
the model at hand can describe the phantom regime too,
for a region of the parameter space, which is an additional
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advantage [589] 604].
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FIG. 29:  Upper graph: The evolution of the dark energy
density parameter Qpg (black-solid) and the matter density
parameter Q. (red-dashed), as a function of the redshift z, for
the ansatz f(T,Tc) = a1T2—|—a2T\/|Tg|—T—|—/Bh/T2 + BoTa
with a1 = 0.001, a2 = 0.001, B = 25, B = 1.5
Lower graph: The evolution of the corresponding dark energy
equation-of-state parameter wpg. All parameters are in units
where the present Hubble parameter is Hyo = 1, and we have
imposed Qmo = 0.3, Qpro ~ 0.7 at present. From [589].

One could proceed to the investigation of other
f(T,T¢) ansatzen, going beyond the simple model .
For instance since Ty contains quartic torsion terms, it
will in general and approximately be of the same order
with T2. Therefore, it would be interesting to consider
modifications of the form f(T,Tg) = —T+ F(T?+B21¢)
[589]. The involved building block is an extension of the
simple T, and thus, it can significantly improve the de-
tailed cosmological behavior of a suitable reconstructed
f(T). Indeed, choices like f(T,Tg) = —T + B1(T? +
BoTa) + B3(T? + B4T)?, can lead to a description of in-
flation and late-time acceleration in a unified way [589)].

We close this paragraph with an important point. In
the above analysis we showed that f(T,7Tg) cosmology
can be very efficient in describing the evolution of the uni-
verse at the background level. However, before consider-
ing any cosmological model as a candidate for the descrip-
tion of nature it is necessary to perform a detailed inves-
tigation of its perturbations, namely to examine whether
the obtained solutions are stable. Furthermore, espe-
cially in theories with local Lorentz invariance violation,
new degrees of freedom are introduced, the behavior of
which is not guaranteed that is stable (for instance this
is the case in the initial version of Horava-Lifshitz grav-
ity [605], in the initial version of de Rham-Gabadadze-
Tolley massive gravity [606], etc), and this makes the
perturbation analysis of such theories even more impera-



tive. Thus, such a detailed and complete analysis of the
cosmological perturbations of f(T,Tg) gravity is neces-
sary. However, for the moment we would like to mention
that in the case of simple f(T') gravity, the perturba-
tions of which have been examined in detail [196] 256],
one does obtain instabilities, but there are many classes
of f(T) ansatzen and/or parameter-space regions, where
the perturbations are well-behaved. This is a good indi-
cation that we could expect to find a similar behavior in
f(T,Tg) gravity too, although one needs to indeed verify
this under the detailed perturbation analysis.

2. Dynamical analysis

The interesting cosmological behavior of f(T,T¢)
gravity makes it necessary to perform a detailed dynami-
cal and stability analysis, examining in a systematic way
the possible cosmological behaviors, focusing on the late-
time stable solutions. In particular, as an example, fol-
lowing [688] we will study the case where

f(T7TG) = —T+041 V T2 +042TG7

where the couplings aq,as are dimensionless and the
model is expected to play an important role at late times.
Indeed, this model, although simple, can lead to interest-
ing cosmological behavior, revealing the advantages, the
capabilities, and the new features of f(T,T¢) cosmology.
We mention here that when oy = 0 this scenario reduces
to TEGR, that is to GR, with just a rescaled Newton’s
constant, whose dynamical analysis has been performed
in detail in the literature [310H312]. Thus, in the follow-
ing we restrict our analysis to the case ag # 0.

For the ansatz ((788)), the effective energy density (783))

(788)

and pressure (784)), respectively become [58§]

V3a H? {a%H + 9a2HH}

8rGppr = e
\/§O{1H5 [(3 — 2042)0[2 + 9}
+ Dz , (789)
and
a1 (20 + 3) [aa(10as — 51) — 18| H°H
87TGpDE =
\/§D5/2
L [daz (50 — 21) — 90| H3H? — 540103 HH?
\/§D5/2
2maﬂfPmQ—QHﬁ?+&mH2+waT+%Hﬂ
- \/§D5/2
\/gozl(ozg — 3)(20&2 + 3)2H7
+ D572
aa2HE  3ajadHH? 200
N \/§D3/2 D5/2 ) ( )

where D = 3H? + 205 (H + H?).
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In order to transform the two Friedmann equation

(781), (782) into an autonomous dynamical system, we
introduce the auxiliary variables [588]:

_ 8nGpp
™ 3H?2

(791)

(792)

Thus, the cosmological system is transformed to the au-
tonomous form

o [Barz? — 6(1 — Qp)z + o1 (3 — day)]

= Saras (793)
o - D (327 + a2a+ 3aawy, — 3) ’ (794)
2

where primes denote differentiation with respect to Ina,
thus f' = H~'f. The above dynamical system is defined
in the phase space {(x, )|z € [0,00), Q2 € [0, 00]}.

One can now express the various observables in terms
of the above auxiliary variables Q,, and z (note that
Q,, is an observable itself, that is the matter density
parameter). In particular, the deceleration parameter
q¢=—1— H/H? is given by

3(1—952)'

50 (795)

q =
Similarly, the dark energy density parameter straight-
away reads

_ 8nGppEk
The dark energy equation-of-state parameter wpp is
given by the relation 2¢ = 1 + 3(w;,Qm + wpeQpE),

and therefore

322 4+ ag + 3w, Qm — 3
3(12(Qm — 1) ’

WpE = (797)

where w,,, = ﬁ—’" is the matter equation-of-state parame-

ter. In the foll(;nwing, without loss of generality we assume
dust matter (w,, = 0), but the extension to general w,,
is straightforward.

We now proceed to the detailed phase-space analysis
following [588]. The real and physically interesting (that
is corresponding to an expanding universe) critical points
of the autonomous system —, obtained by set-
ting the left hand sides of these equations to zero, are pre-
sented in Table [XIII| In the same table we provide their
existence conditions. For each critical point of Table [XTII|
we examine the sign of the real part of the eigenvalues of
the 2 x 2 matrix Q of the corresponding linearized per-
turbation equations, in order to determine the type and
stability of the point. The various eigenvalues are pre-
sented in Table [XIV] Hence, in Table [XV] we summarize
the results, and additionally for each critical point we
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ICr. P.[ T [ Qm [ Existence [ Stability ‘
P 1— 2 Q| <ar <301 > —2\/7(323’;5232 or Stable spiral for a2 < 3 and
_ 6 _ / (3—ap)3
az =3 or 324/3 (71a§_336a2+288)2 < a; <0or
az < §, o <2,/ 22, a1 < 0,02 < 2 (168 — 36v/6) ~ 1.124.
Saddle otherwise (hyperbolic cases).
P o 0 a2<%,0<a1§\/ﬁ or Stablenodefora2<0,0<a1<2\/(35(3;7:?))2
al;éO,o&:%or org<a2§3,a1<—2,/%
a2>§,a1<0 or az > 3, a1 < 0.
Unstable node for 0 < as < %, 0<ar <4/ 372042.
Saddle otherwise (hyperbolic cases).
P T3 0 <3, 0<m S\/ﬁ or Stable node for oy > 0,0 > 2.
Qg > %, ar >0 Unstable node for as < 0, 0 < a1 < \/3{%&2.
Saddle otherwise (hyperbolic cases).
Py 0 0 Always Unstable node for % < ag < 3.
Saddle otherwise (hyperbolic cases).

TABLE XIII: The real and physically interesting critical points of the autonomous system (793)-(794), along with their

3—4/3a?(4az—3)+9

a1v/9—3a2(6—5a2)+6(az—3)

existence and stability conditions. We use the notations Q,,1 = P , Ty = oy and
34++/3a2(4as—3)+9
g = VIO pyom [5RE].
al
lCr. P.[ 11 [ Vo
p V1[(336—T1az)as —288]+32v3(3—a2)3/2 3|/ a1[(336=Tlaz)as—288]+32v3(3—a2)3/2 3
1 - 4,/aqag T 1 4 /a1 oag T
P 2/303(402-3)+9 ¢ 6 _5 V/3a3(4a2-3)+9 3 3 _y
2 aZa 2 + a 2 2 [eY
12 aja 2 ajaz ajo 2
P _2v3\/4a}as—3a3+3 L6 5 _ V3y/4alaz—3a3+3 3 .
3 a%ag a%cq ag &%012 a%az ag
3 3

TABLE XIV: The real and physically interesting critical points at the finite region of the autonomous system (793)-(794]), and

the corresponding eigenvalues v1, 2 of the matrix of the perturbation equations. We denote ,,,1 =

From [588] .

calculate the values of the deceleration parameter ¢, of
the dark energy density parameter 2pg, and of the dark
energy equation-of-state parameter wpg, given by (795))-
, and we present the results in Table Moreover,
in the same Table we summarize the physical description
of the solutions, which we analyze below.

Finally, apart from the above finite critical points, the
scenario at hand possesses critical points at infinity too,
due to the fact that the dynamical system — is
non-compact. In order to extract and analyze them, one
needs to apply the Poincaré central projection method
584, B585]. However, since the obtained three critical
points at infinity are usually non-stable, and since their
stability regimes are determined only through numerical
elaboration, we do not describe the whole procedure in
detail, and we refer the reader to the original work [588].

Let us now discuss the corresponding cosmological be-
havior. As usual, the features of the solutions can be

a1v/9—3az(6—5a2)+6(az—3)
6(ap—3) .

easily deduced by the values of the observables. In par-
ticular, ¢ < 0 (¢ > 0) corresponds to acceleration (de-
celeration), ¢ = —1 to de Sitter solution, wpgp > —1
(wpg < —1) corresponds to quintessence-like (phantom-
like) behavior, and Qpg = 1 implies a dark-energy dom-
inated universe.

Point P; is conditionally stable, and thus it can at-
tract the universe at late times. Since the dark energy
and matter density parameters are of the same order,
this point represents a dark energy - dark matter scaling
solution, alleviating the coincidence problem (note that
in order to handle the coincidence problem one should
provide an explanation of why the present €2, and Qpg
are of the same order, although they follow different evo-
lution behaviors). However, it has the disadvantage that
wpg is 0 and the universe is not accelerating. Although
this picture is not favored by observations, it may simply
imply that the universe at present has not yet reached
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[Cr. P] Qo5 [ q | wor |

Properties of solutions

NH |

P11 —Qm

Dark Energy - Dark Matter scaling solution

Py

WDE?2

Al

< Qa2

*%<OL2<0,

3 /3(2as+3)
*§<O[2<0, — ﬁ

052>37—

: 3(2a2+3 3(2a2+3
—%<a2<0,0<041< %orag>3,a1<— %

Decelerating solution for

3 3
a2 <0, 3955 <o = /574,

0<a2<%,0<a1 37112

a1 #0, az =2 or
3 3
§§7 061<00r062>§, m
Quintessence solution for

ag < — 0<a1<ﬁor

3
<o < 3-2a5 OF
3

3—2a, T

<

or

< ap <0.

29

g<042§3, o) <

3(2a2+3)
Tag—3)? <1<

De Sitter solution for

alz,/%orag>3, a1

Phantom solution for

_3
3—2ag’

_ [3(2az+3)
(a2—3)2 "

Ps g3 | wpE3

0<as <

0<as <

3 /3(2a243) 3
0<062<§, ﬁ<a1<7mor

De Sitter solution for 0 < a2 < 3, a1 =

Decelerating solution for

a2<0,0<a1§,/ﬁor
3 3 <a1§7/ﬁ0r

47 3—2ag

3<an<d > 5
4 = 2 20 ¢1 3" 2ag "
Quintessence solution for

% <a <3, ar > 73(8;1332) .

3(2a243)
(a2—3)% *
Phantom solution for

3, 0< g < /3202%3)

(ca—3)2 OF @2 >3, a; > 0.

Q
< |H
wlH

2an

Quintessence DE dominated solution for as < —%.

Phantom solution for —% < az <0.

Decelerating solution for as > 0.

De Sitter solution for as = f%.

TABLE XV: The real and physically interesting critical points of the autonomous system (793))-(794)), and the corresponding
values of the dark energy density parameter Qp g, the deceleration parameter g, and the dark energy equation-of-state parameter

2 2
. _ a1/9=3a3(6—5a3)+6(az—3) _ V/3aj(4a2-3)+9 3 3 __ \/3af(4a2—-3)+9
wpg. We use the notation 2,1 = 6oz =5 , g2 = Fas r + = 2, g3 = Tes
2 2
3 3 2 3af(4a2—3)+9 o 2 2 5 _ _2w/3a1(4o¢273)+9 o 2 2 5
oZaz | az 2, wppe = T 3afaz | ol ta T3 and wprs = T 3a%a; alaz Tas 3 In the last column

we summarize their physical description. From [588].

its asymptotic regime.

Point P, is conditionally stable, and therefore, it can
be the late-times state of the universe. It corresponds
to a dark-energy dominated universe that can be accel-
erating. Interestingly enough, depending on the model
parameters, the dark energy equation-of-state parame-
ter can lie in the quintessence regime, it can be equal to
the cosmological constant value —1, or it can even lie in
the phantom regime. These features are a great advan-
tage of the scenario at hand, since they are compatible
with observations, and moreover they are obtained only
due to the novel features of f(T,T¢) gravity, without the
explicit inclusion of a cosmological constant or a scalar

field, either canonical or phantom one.

Point Pj3 is conditionally stable, and therefore it can
attract the universe at late times. It has similar features
with P, but for different parameter regions. Namely,
it corresponds to a dark-energy dominated universe that
can be accelerating, where the dark-energy equation-of-
state parameter can lie in the quintessence or phantom
regime, or it can be exactly —1. These features make this
point also a good candidate for the description of Nature.

Point P4 corresponds to a dark-energy dominated uni-
verse that can be accelerating, where the dark-energy
equation-of-state parameter can lie in the quintessence
or phantom regime, or it can be exactly —1. However,



Py is not stable and thus it cannot attract the universe
at late times.

In order to present the aforementioned behavior more
transparently, one evolves the autonomous system -
numerically for the parameter choices a; = —v/33
and ay = 4, assuming the matter to be dust (w,, = 0).
The corresponding phase-space behavior is depicted in
Fig. In this case the universe at late times is at-
tracted by the dark-energy dominated de Sitter attrac-
tor P, where the effective dark energy behaves like a
cosmological constant. Additionally, in Fig. we can
see some phase-space orbits for the choice oy = 3 and
g = %, with w,, = 0. In this case, the universe is at-
tracted by the quintessence solution Ps.

FIG. 30: Trajectories in the phase space for the cosmological
scenario ([7193)-(794), for the parameter choices a1 = —+v/33

and az = 4, and assuming the matter to be dust (wm, = 0).
In this specific example the universe is led to the de Sitter
attractor Pa, while Py is saddle. From [588].

In summary, the scenario of f(T,T¢) cosmology ex-
hibits interesting cosmological behaviors. In particular,
depending on the model parameters, the universe can
result in a dark energy dominated accelerating solution
and the dark-energy equation-of-state parameter can lie
in the quintessence regime, it can be equal to the cosmo-
logical constant value —1, or it can even lie in the phan-
tom regime. Additionally, it can result in a dark energy
- dark matter scaling solution, and thus it can alleviate
the coincidence problem. Definitely, before the scenario
at hand can be considered as a good candidate for the de-
scription of Nature, a detailed confrontation with obser-
vations should be performed. In particular, one should
use data from local gravity experiments (Solar System
observations), as well as SNIa, BAO, and CMB data, in
order to impose constraints on the model. These nec-
essary investigations would be nice be performed in the
near future.
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FIG. 31: Trajectories in the phase space for the cosmological

scenario (7193)-(794), for the parameter choices an = 3 and

g = %, and assuming the matter to be dust (w, = 0). In
this specific example the universe is led to the quintessence
solution P3. From [588].

C. Non-minimal torsion-matter coupling extension
of f(T) gravity

In this subsection we describe another extension of
f(T) gravity, in which one allows for a non-minimal cou-
pling between the torsion scalar 7' and the matter La-
grangian, first introduced in [607]. The inspiration for
this extension comes once again from the corresponding
models of curvature gravity.

In curvature gravity, indeed most of the modifications
of the Einstein-Hilbert Lagrangian involve a change in
the geometric part of the action only, and assume that the
matter Lagrangian plays a subordinate and passive role,
which is implemented by the minimal coupling of mat-
ter to geometry. However, a general theoretical principle
forbidding an arbitrary coupling between matter and ge-
ometry does not exist a priori, and indeed if theoretical
models in which matter is considered on an equal foot-
ing with geometry, are allowed, then gravitational the-
ories with many interesting and novel features can be
constructed.

A theory with an explicit coupling between an arbi-
trary function of the scalar curvature and the Lagrangian
density of matter was proposed in [609-H611]. The grav-
itational action of the latter model is of the form S =
J{A(R)+ 14+ Af2(R)] Ly} v/—gd*z. In these models
an extra force acting on massive test particles arises,
and the motion is no longer geodesic. Moreover, in this
framework, one can also explain dark matter [612]. The
early “linear” geometry-matter coupling [611] was ex-
tended in [613] and a maximal extension of the Einstein-
Hilbert action with geometry-matter coupling, of the
form S = [d*z/=gf (R, Ly,), was considered in [614].



Hence, inspired by the above non-minimal curvature-
matter coupling scenarios, in [607] the authors con-
structed similar models in the framework of teleparal-
lel and f(T') gravity, that is allowing for a non-minimal
torsion-matter coupling. In particular, one considers the
action

—torq [ e AT+ AT+ L4 ARD) L),

(798)
where f;(T) (with ¢ = 1,2) are arbitrary functions of the
torsion scalar 7" and A is a coupling constant with units
of mass—2. Varying the action with respect to the tetrad
ef yields the field equations

(1+ f1 +Mf5L

A L) OuTes S+

m) [T 0u(eet Sa") — 4T 0 Su""]
fi+ T>

4

1
1)\ f5 0, Te% S Pl 4\ fh €% S0P 0y Lo,

= 47G (14 Afy) eqT™)P, (799)
where we have defined
e S0 o — g0m) o — (800)

0ex’

and the prime denotes differentiation with respect to the

torsion scalar. As usual S,*" = %(K“”p + 65 T,

oy T““a), with the contorsion tensor given by K**, =
-1 (T’“’p —TvH, — T,,‘“’). Note that, as expected, when
A =0 Eq. (799) reduces to Eq. (263)) of simple f(T)

gravity. Since the Lagrangian density of a perfect fluid is
the energy scalar representing the energy in a local rest
frame for the fluid, a possible “natural choice” for the
matter Lagrangian density is L,,/(167G) = —p,, [615)
616]. In this case, we have S(mlf’“ = 0, and also the usual
form of the energy momentum tensor for the perfect fluid
T(mlll/ = (pm +pm)uuuu — PmGuv-

In summary, inserting the flat FRW vierbein choice
, namely eﬁ‘ = diag(1,a(t),a(t), a(t)), and the above
matter Lagrangian density, into the field equations ,
we obtain the modified Friedmann equations

G

H2
3

1+ X (f2+12H?f])] pim % (f1 +12H?f]),

(801)

ATG (pm + pm) [L+ A (f2 + 12H£5)]
1+ f{ —12H2f] — 167G Npy, (f5 — 12H2fY)
(802)
In the limit A = 0, f1(T) = f(T), and f>(T) = 0, Egs.
and respectively reduce to Egs. and
(268

68)), of usual f(T) gravity in FRW geometry. The gen-
eralized Friedmann equations can be rewritten as

3H? = 87G (ppE + pm)
2H +3H? = —87G (ppe + pm) ,

(803)
(804)
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where the effective energy density and effective pressure
of the dark energy sector are defined as

1
pop = —qo—z (fL 120 1) + Aom (f2 + 12H2f3)

(805)
PDE ‘= (pm +pm) X
1+ X (f2 +12H?f5) -
L+ f] —12H2f] — 167G Apy, (f} — 12H2[Y)
1 !
tea (f1 +12H%]) — A\pm (f2 + 12H?fL) . (806)

Furthermore, we can define the dark-energy equation-of-
state parameter as usual

PDE
WpE = —

807
PDE ( )

One can easily verify that the above affective dark energy
density and pressure satisfy the usual evolution equation

ppE + pm +3H (ppE + pm +0pE + Pm) = 0. (808)
Finally, we can introduce as usual the deceleration pa-
rameter ¢ = —1 — H/H?.

As we observe, the above equations of non-minimal
coupled torsion-matter gravity are different than those
of non-minimal coupled curvature-matter gravity [611],
and obviously they are different from simple f(T") gravity
too. Hence, the theory of non-minimal torsion-matter
coupling is a novel class of gravitational modification.

1. Cosmological behavior

Since we have extracted the basic background equa-
tions of motion for the f(T') gravity model with a non-
minimal matter-torsion coupling, we are now able to
investigate its phenomenological implications, following

[607, 608]. Due to the usual relation (269)), namely
T = —6H?, for convenience in the following we will

change the T-dependence to H-dependence in the in-
volved expressions, so that f1(T) = f1(H), and fo(T) =
f2(H). For the derivatives of the functions f;(7T) and
J2(T) we obtain f/(H) = f/(T)|r_,_gge2, and f'(H) =
(D) p—y _gp2s © = 1,2, respectively. In order to sim-
plify the notation, in this paragraph we set 87G = 1.

The basic cosmological equations describing the time
evolution of the non-minimally matter-coupled f(7T)
gravity are given by Eqs. and . From Eq.
we can express the matter density as

3H? + [f1(H) + 12H? f{(T)|p_ _sp] /2_

T+ A [fo(H) + 12 (D)l gpr2]
(809)
(1802))

Pm (t) =

By substituting the matter density p,, into Eq.
we obtain the basic as



2H = —

{1 + A [f2(H) + 12H? fé(T)|T~>76H2:|} { [
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F1(H)+12H2 f! (T)|Tﬁ76H2] /2+3H2

1+A[f2(H)+12H2 71|

o)

TH—GHQ]

2>\{ [fl(H)+12H2 f{(T)|TH76H2]/2+3H2} [fé(T)‘TH*GI_ﬂleH? fé/(T)|T‘>76H2] .

L+ fI(D)lpy —gpe — 12H? f{(D)| ., g2 —

Hence, once the functions f1(T') and fo(7T) are fixed, Egs.
and become a system of two ordinary differen-
tial equations for three unknowns, (H, pp, pm). In order
to close the system of equations, the matter equation of
state P, = P (Pm) must also be given. Finally, the dark
energy equation-of-state parameter can be expressed as

_ 2H  pmtPm B
wWpp =—"—" — ————————— — 1=
PDE PDE

2H + 3H? + p,,
3H? — Pm ’
(811)
In the following, we investigate the system of equations
and (810), for different functional forms of f1(T)
and fo(T).

e Model I

Let us first consider the case where [607]

[(T) = A+ o T?
f2(T) = T2,

with a1 and By constants, since these are the first
non-trivial corrections to TEGR, that is to GR. As
we mentioned above, it proves convenient to ex-
press the involved functions in terms of H. In par-
ticular, in terms of H the functional dependencies
of fi and f, are given by fi(H) = —A + aH* and
fo(H) = BH*, respectively, with a = 36a;, 8 =
3631. For the derivatives of the functions f; and
f2 we obtain f](H) = —aH?/3, f5(H) = —3H?/3,
f(H) = «/18, fY(H) = §/18. Moreover, we re-
strict our analysis to the case of dust matter, that
is we take p,, = 0. In this case the gravitational

field equations (809) and (810) become
_ 3aH'—6H?*+ A

(812)

pm(t) = BANET =3 (813)
and
. 3aH* —6H? + A) (3BAH* — 1
H(t):(a £4) (35 )7 (814)
4H? (o + BAA — 38AH?) — 4
respectively.

In order to investigate the behavior of the scenario
at hand, we numerically elaborate the above equa-
tions for various parameter values, and in Fig.
we depict the evolution of the deceleration param-
eter as a function of time, while in Fig. [33] we
present the corresponding evolution of the dark-
energy equation-of-state parameter. As we ob-

1+ {f2(H)+12H2 fé(T)|T~>76H2j|

(810)

q(t)

FIG. 32: Time variation of the deceleration parameter q(t)
for the non-minimally matter coupled f(T) gravity model with
f(T) = —A + a1 T? and f2(T) = BiT?, or equivalently
fi(H) = —A + aH* and fo(H) = BH* with a = 36a1,
B = 3601, for five different choices of the parameters A, o, 3,
and \: A =0.01, « =0.16, 8 =0.1, and A = 1 (solid curve),
A =0.02, =018, 8 = 0.3, and A = 1.2 (dotted curve),
A =0.03, « = 0.20, 8 = 0.35, and A = 1.4 (short-dashed
curve), A = 0.04, a = 0.30, B = 0.45, and A = 1.6 (dashed
curve), and A = 0.05, « = 0.40, 8 = 0.55, and X\ = 1.8 (long-
dashed curve), respectively. The initial value for H used to
numerically integrate Eq. (814) is H(0) = 0.1. From [607].

serve, for the considered range of values of the free
parameters, in the f(7') model with torsion-matter
coupling, the Universe ends its evolution in an ac-
celerating, de Sitter-type phase. The deceleration
parameter q indicates a large variety of dynamical
behaviors of the f(7) model with matter-torsion
coupling. In particular, for some values of the free
parameters the Universe starts its evolution in the
matter-dominated phase from a decelerating phase,
while some other values of the parameters produce
Universe models starting from a marginally acceler-
ating phase (¢ = 0), and ending in a de Sitter state.
Finally, for other parameter choices at the begin-
ning of the matter-dominated phase the Universe
is already in an accelerating phase, that is with
q < 0. Concerning the behavior of the dark-energy
equation-of-state parameter presented in Fig.
one can see that for these specific choices of the
parameters wpg is close to the value —1, to which
it rigorously tends in the large-time limits. This
is an advantage, since in this model the effective
torsion-matter coupling can successfully mimic the
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FIG. 33: Time variation of the dark-energy equation-of-state
parameter wpg for the non-minimally matter coupled f(T)
gravity model with f1(T) = —A4a1T? and f2(T) = B1T?, or
equivalently fi(H) = —A 4+ aH* and f2(H) = BH* with a =
36a1, B = 3601, for five different choices of the parameters A,
a, B, and A\: A =0.01, a =0.16, § =0.1, and A = 1 (solid
curve), A = 0.02, « = 0.18, 8 = 0.3, and \ = 1.2 (dotted
curve), A = 0.03, a« = 0.20, 8 = 0.35, and A = 1.4 (short
dashed curve), A = 0.04, « = 0.30, 8 = 0.45, and X\ = 1.6
(dashed curve), and A = 0.05, « = 0.40, 8 = 0.55, and X\ =
1.8 (long dashed curve), respectively. The initial value for H
used to numerically integrate Eq. is H(0) = 0.1. From
[607).

cosmological constant, in agreement with observa-
tions.

After the above numerical elaboration, we analyze
the properties of the equations in the limit of small
and large H(t), extracting analytical expressions.

In the limit of small H(t), that is at the late phases
of the cosmological evolution, Eq. (814)) becomes

-1 A
Hr~ o (oh+ BAN® —6) H? + 1 (815)
yielding the following solution

H(t) = +/H; tan {tarfl (\f%) + 4%
with H; = A/[A(a+ BAA) — 6], and where we
have used the initial condition H (ty) = Hy. Note
that in the large-time limit the Hubble function
becomes almost constant, implying that a de Sitter-
type evolution is possible in the framework of the
present model. Additionally, the matter energy-
density can be approximated as

pm(t) ~ 3H; tan® [tanl <\/I%) + Aii/ITiO)] _A

2 K
while the dark-energy equation-of-state parameter

17)
from (811]), becomes
wDE(t) ~—1-— (OZ + B)\A)Hl

x tan? [tan_l (\/f%) + Aii/%o)] .(818)

(t—to)|, (816)
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Interestingly enough, we observe that according to
the parameter values, wpg can be either above or
below —1, that is the effective dark-energy sector
can be quintessence-like or phantom-like. This fea-
ture, which is expected to happen in modified grav-
ity [342], is an additional advantage of the scenario
at hand.

In the limit of large H, corresponding to the early
phases of the cosmological evolution, in the first-
order approximation the differential equation ,
describing the cosmological dynamics of the Hubble
function, becomes H = —3aH* /4, with the general
solution given by

22/3 F,
H(t) ~ °

~ . (819)
[4+9H3a (t —to)]"*

The behavior of the matter energy density (813

becomes

(820)

showing that during the time interval for which
this approximation is valid the energy density of
the matter is approximately constant. Finally,
the dark-energy equation-of-state parameter from

(811]), becomes

4/3 172
Ht)?=-2 27" Hy
2[4+ 9H3a (t — to)]

wDE(t)z— 273"

(821)
Again, we mention that according to the param-
eter choice, wpg can be either above or below
—1, that is the effective dark-energy sector can be
quintessence-like or phantom-like.

e Model II
Let us now consider the case where [607]
H(T) =—-A
fg(T) = OélT + 61T27 (822)

where A > 0, a; and [y are constants, since
this scenario is also the first non-trivial correc-
tion to TEGR, that is to GR. Equivalently, we
impose fi(H) = —A and fo(H) = aH? + BH?,
with @ = —6a; and § = 363;. For the deriva-
tives of the functions f1(T") and f2(T") we obtain
AT = FUT) = 0, [i(H) = —af6 — BH?/3,
and f4(H) = B/18. The basic evolution equations
and in this case respectively become

A —6H?
pm(t) = 2 1 )
2a\H? + 68 AH* — 2

(823)

and

. (A= 6H?) (aXH? + 3B H* — 1)
t) = 2 (aAA + 68 H2 (A — 3H?) — 6)

(824)



One numerically evolves these equations [607], and
in Fig. [34] we depict the corresponding dark-energy
equation-of-state parameter calculated from ,
As we observe, for all parameter choices the Uni-
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FIG. 34: Time variation of the dark-energy equation-of-state
parameter wpg for the non-minimally matter coupled f(T)
gravity model with f1(T) = —A and fo(T) = a1 T + p1T?, or
equivalently fi(H) = —A and f2(H) = aH? + H* with o =
—6a1, B = 3601, for five different choices of the parameters
A, a, B, and A\: A =0.01, « = 0.16, 8 = 0.1, and A = 1
(solid curve), A = 0.02, a« = 0.18, 8 = 0.3, and X\ = 1.2
(dotted curve), A = 0.03, o = 0.20, 8 = 0.35, and A = 1.4
(short dashed curve), A = 0.04, « = 0.30, 8 = 0.45, and \ =
1.6 (dashed curve), and A = 0.05, a« = 0.40, 8 = 0.55, and
A = 1.8 (long dashed curve), respectively. The initial value
for H used to numerically integrate Eq. is H(0) = 0.2.
From [607)].

verse ends in a de Sitter phase. The deceleration
parameter indicates a dependence of the dynamical
behavior of the Universe on the model parameters.
For the considered values, in all cases at the begin-
ning of the matter-dominated phase, the Universe
is in a decelerating phase, with ¢ > 0, and after
a finite time it enters in the accelerated regime.
Moreover, at large times the dark energy equation-
of-state parameter wpg tends to the value —1, thus
showing that this choice of the functions f1(7") and
f2(T) can also successfully mimic an effective cos-
mological constant. Note however, that for these
specific parameter choices wpg lies in the phan-
tom regime, which is an advantage of the scenario
at hand, revealing its capabilities.

After the above numerical elaboration, we analyze
the properties of the equations in the limit of small
and large H(t), extracting analytical expressions.

In the limit of small H(t), that is at the late phases

of the cosmological evolution, Eq. (824)) can be
approximated as
: 3A 3 (a®A2A% 4+ 6BAA2 —36)
H =~ 5 H=,
2(6 —alA) 2(6 — alA)

(825)

104

with the general solution given by

3A (t — to)

H(t) = \/Hytan {tan_l (\7}%) + 26— o) \/%26,)

with Hy = A(6 — adA)/ (a?A2A% + 68AA? — 36),
and where we have used the initial condition
H (ty) = Hp. Furthermore, the matter density

(1823) becomes

A A
plt) ~ 2 4 (3 - a) H,

2 2

a2 a1 (o 3A(t —to)
. {t (\/FQ)JFQ(G—Q)\A)\/ETQ

Finally, the dark-energy equation-of-state parame-
ter (811), becomes

] .(827)

aAA 18 (a?A?A 4 2BAA — 6a))

wpe(t) = -1+ 2

aA —6 (6 — aAA)?

1 ( Ho 3A (t — to)
tan® |tan™* ,(828
xtan {an (\/E>+2(6—a)\A)\/E (828)

which can lie both in the quintessence as well as

in the phantom regime, depending on the specific
choices of the free parameters of the model, namely
on «, B, XA and A, respectively.

In the limit of large H, that is at early times, at
first-order approximation Eq. becomes H —
3H?/2 =0, with H (ty) = Hp, and thus the general
solution is given by

2H,

A = 3 m =t

(829)

Note that in this case the deceleration parameter
is obtained as ¢ = —5/2, that is the universe at
early times always starts with acceleration, which
corresponds to an inflationary stage. Finally, for
the time variation of the matter energy density in
the large-H regime we find p,, (t) = 0, which is con-
sistent with the interpretation of this stage as in-
flationary. We mention that the above expressions
for H, a, q and p,, at first-order approximation, are
independent on the free parameters of the model «,
B, A and A, respectively, and are determined only
by the initial value of H at t = t.

In summary, as we saw, the theory of non-minimal
torsion-matter coupling is a novel class of gravitational
modification, different from both non-minimal coupled
curvature-matter gravity, as well as from simple f(7T)
gravity. From the physical point of view, in this theory
matter is not just a passive component in the space-time
continuum, but it plays an active role in the overall grav-
itational dynamics, which is strongly modified due to the
supplementary interaction between matter and geometry.
Moreover, the major advantage of the f(7')-type models,



namely that the field equations are second order, is not
modified by the torsion-matter coupling.

We restricted our analysis in expanding evolutions, al-
though contracting or bouncing solutions can be easily
obtained as well. In this case, one finds a universe evo-
lution in agreement with observations, that is a matter-
dominated era followed by an accelerating phase. Ad-
ditionally, the effective dark-energy equation-of-state pa-
rameter can lie in the quintessence or phantom regime,
which reveals the capabilities of the scenario. Finally,
these models also accept solutions with almost con-
stant Hubble function, which can describe the inflation-
ary regime. Thus, the scenario of non-minimal torsion-
matter coupling can offer a unified description of the uni-
verse evolution, from its inflationary to the late-time ac-
celerated phases. Lastly, we mention that it is necessary
to investigate the theory at hand in more details, focus-
ing on a thorough comparison with cosmological obser-
vations, and performing the complete perturbation anal-
ysis.

D. f(T,T) gravity

In this subsection we describe another extension of
f(T) gravity, in which one allows for a general coupling of
the torsion scalar 7" with the trace of the matter energy-
momentum tensor 7T, following [617]. The inspiration for
this extension comes once again from the corresponding
models of curvature gravity.

As we mentioned in the previous subsection, in cur-
vature gravity one can proceed to modifications in
which the geometric part of the action is coupled to
the non-geometric sector. The simplest models are
those with non-minimally coupled and non-minimal-
derivatively coupled scalar fields, or more generally the
Horndeski [331] and generalized Galileon theories [618].
However, since there is no theoretical reason against cou-
plings between the gravitational sector and the standard
matter one, one can consider modified theories where the
matter Lagrangian is coupled to functions of the Ricci
scalar [611], and extend the theory to arbitrary func-
tions (R, L) [613] 614]. Alternatively, one can consider
models where the Ricci scalar is coupled with the trace
of the energy momentum tensor 7 and extend to arbi-
trary functions, such as in f(R, T) theory [619H623]. We
stress that the above modifications, in which one handles
the gravitational and matter sectors on equal footing, do
not present any problem at the theoretical level, and one
would only obtain observational constraints due to non-
geodesic motion.

Hence, inspired by the f(R,T) theory, in [617, [624]
the authors constructed similar models in the framework
of teleparallel and f(T) gravity, that is allowing for a
general coupling of the torsion scalar T with the trace of
the matter energy-momentum tensor 7. In particular,
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one considers the action

4 4
167rG /d xe [T+ f(T,T)] /d xel,,, (830)

where f(T,7) is an arbitrary function of the torsion
scalar T' and of the trace 7 of the matter energy-
momentum tensor T(mg”, and L, is as usual the matter
Lagrangian density. Hereinafter, and following the stan-
dard approach, we assume that £, depends only on the
vierbein and not on its derivatives.

Varying the action, given by Eq. , with respect
to the vierbeins yields the field equations

(1+ fr) [e
+ (fTTauT + fTTauT) G%Sap” + ei (

19, (eSS, M) — ST S, ]

varp
f+T
4

aT(m) P P
—fr (eA . +peA>=4wGegT<mgﬂ, (831)

where fr = 0f/0T and fr7 = 0*f/0TOT.
In order to apply the above theory in a cosmologi-
cal framework, we insert as usual the flat FRW vierbein

ansatz ([264]) into the field equations (831)), obtaining the

modified Friedmann equations:

8rG
H2 =2,

3

% (f +12H2f1) + fr (W) ,

(832)
H = —47G (pm + pm) — H (fr — 12H? fr7)

(o= 30) frr — i (P2 ) (533)

We mention that in the above expressions we have used
that 7 = pm — 3 pm, which holds in the case of a perfect
matter fluid.

Proceeding, we assume that the matter component of
the Universe satisfies a barotropic equation of state of
the form py, = pm (Pm), With w., = pm/pm its equation-
of-state parameter, and ¢ = dp,,/dp,, the sound speed.
Note that due to homogeneity and isotropy, both p,, and
Pm are function of ¢ only, and thus of the Hubble param-
eter H. Thus, Eq. can be re-written as

ArG (1 + f7/87G) (pm + Pm)
L+ fr — 12H2 frp + H (dpy /dH) (1 = 3¢2) fr7
(834)
By defining the energy density and pressure of the ef-
fective dark energy sector as

H=—

1
pE = — 1o [/ 1200 H? = 2f7 (pm + )] . (835)

1+ fr/87G
L+ fr—12H2 fro+H%2 (1 - 3¢2) frr

f+12H fr — 2f7 (pm + pm)] , (836)

PDE= (Pm + Pm) [

1]+16 Gl



respectively, the cosmological field equations of the
f(T,T) theory are rewritten in the usual form

8rG

H? = T(PDE+Pm)7

H = —4nG (pDE +PDE + Pm +pm) .

(837)
(838)

Furthermore, we define the dark energy equation-of-state
parameter as
PDE

WpE = —

839
PDE ( )

and it proves convenient to introduce also the total
equation-of-state parameter w, given by

7PDE+Pm
W= === I

. (840)
PDE + Pm

Note that in the case of the dust universe, with p,, = 0,
we have w = wpg/ (1 + pm/ppE). Finally, as an indica-
tor of the accelerating dynamics of the Universe we use
the deceleration parameter ¢ = —1 — H/H?>.

As we can see from Eqgs. , the matter energy den-
sity and pressure, and the effective dark energy density
and pressure, satisfy the conservation equation

Thus, one obtains an effective interaction between the
dark energy and matter sectors, which is usual in mod-
ified matter coupling theories [613] 614, 619 625H627].
Therefore, in the present model the effective dark energy
is not conserved alone, and there is an effective coupling
between dark energy and normal matter, with the possi-
bility of energy transfer from one component to the other.
The dark energy alone satisfies the “conservation” equa-
tion

ppE +3H (ppE +ppE) = —Q (P, Pm) ; (842)
where the effective dark energy “source” function
Q (pmapm) is

Q (pm>Pm) = pm + 3H (pm + Pm) - (843)

Hence, in the present model it is allowed to have an
energy transfer from ordinary matter to dark energy
(which, even geometric in its origin, contains a matter
contribution), and this process may be interpreted in
triggering the accelerating expansion of the universe.

As we observe, the above equations of f(T,T) gravity
are different than those of f(R,7T) gravity [619], and ob-
viously they are different from simple f(T") gravity too.
Hence, the theory of f(T,T) gravity is a novel class of
gravitational modification.

1. Cosmological behavior

Let us now study the cosmological applications of
f(T,T) gravity, both at early and late times, following
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[6T7] (see also [624] [628H631]). In particular, we proceed
to the investigation of some specific f (T, T) ansatzen, fo-
cusing on the evolution of observables such as the various
density parameters ; = 87Gp;/(3H?) and the dark en-
ergy equation-of-state parameter wpg. For convenience,
in this paragraph we use the natural system of units with
8mG =c=1.

From the analysis above we saw that the basic equa-
tions describing the cosmological dynamics are the two
Friedmann equations and (833). These can be re-

written respectively as

_ 3H? + (f + 12H? fr|r—_em2) /2 — fTDm

m , (844
p e (844)
and

= A+ I7) (om +pm) /2+ H (pm = 3Pm) fT7lrs 62

L+ friro—eu2 — 12H? fro|r, _eu2

(845)
Equations and compose a system of two dif-
ferential equations for three unknown functions, namely
(H, pm,pm). In order to close the system of equations
one needs to impose the matter equation of state p,, =
m (Pm)- In the following, we restrict to the case of dust

matter, that is p,, = 0, and thus T = py,.

We will investigate two specific f(T,T) models, corre-
sponding to simple non-trivial extensions of TEGR, that
is of GR. However, although simple, these models reveal
the new features and the capabilities of the theory.

In order to relate the model with cosmological obser-
vations we will present the results of the numerical com-
putations for the Hubble function, matter energy den-
sity, deceleration parameter and the parameter of the
dark energy equation of state as functions of the cos-
mological redshift z, defined as z = ag/a — 1, where
ag is the present day value of the scale factor, which
we take as one, namely ap = 1. In terms of the red-
shift the derivatives with respect to time are expressed
as d/dt = —(1 + 2)H(z)d/dz. Finally, in order to nu-
merically integrate the gravitational field equations one
needs to fix the value of the Hubble function at z = 0,
H(0) = Hy.

In the following, we investigate the scenario at hand,
for two different functional forms of f (T, T).

e Model 1

Let us first consider the case where [617]

f(,T)=aT™T 4+ A, (846)
which describes a simple departure from GR, where
a, n # 0 and A are arbitrary constants. In
the case of a dust perfect fluid, this ansatz be-
comes f(T,7) = aT"py, + A. One thus obtains
straightforwardly f = a(fﬁHz)npm + A, fr =

noPm (—6H2)n_1, frr = an(n — 1) (—6H2)n_2,
frr = an (76H2)n71, and fr = a(fGHz)n.
Hence, inserting these into (844) one can acquire



the matter energy density as a function of the Hub-
ble function as

_ 3H? + A/2

1+ am+1/2) (-6H2)"

Pm (847)

Therefore, substituting the above expression into

J

3H?(6H?+A)[a6™ (—H?)"+1][a6™ (2n+1)(—H?)" +2]
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(845) and (839), we extract the time-variation
of the Hubble function, and of the dark-energy

equation-of-state parameter, as functions of H,
namely

H:

and

T a?36™ (2n+1)(—H2)?"[6(n+1) H2+An]—a27 137 (— H2)"[6(n—2) (2n+1) H2+An(2n—1)]+24H2 "’

3H? [aG" (2n+1)(7H2)"+2} {alozg(sz)nH2+a4fo¢2(7H2)2n [G(nfl)H2+A(n72)]+4A}

(848)

WpE = —

where for convenience we have defined the pa-
rameters a; = a2"t13" ay = a?36™ (2n+ 1),
a3 = 6[n(2n — 1) + 1], oy = A(2n* +n+3),
a5 =6(n—2)(2n+ 1), and ag = An(2n — 1). Note
that relations and hold for every «, in-
cluding @ = 0 (in which case we obtain the GR
expressions), while holds for a # 0, since for
a = 0 the effective dark energy sector does not exist
at all (both ppg and ppg are zero).

In the simplest case n = 1, that is for f (T,7) =
oTT = oTpm + A, from we can immedi-
ately see the interesting feature that wpg can be
quintessence-like or phantom-like, or even experi-
ence the phantom-divide crossing during the evo-
lution, depending on the choice of the parameter
range. This feature is an additional advantage of
the scenario, since such behaviors are difficult to
be obtained in simple dark-energy constructions.
In order to present the above features in a more
transparent way, one proceeds to a detailed numer-
ical elaboration for various parameter choices. In
Fig. one depicts the corresponding evolution of
the dark-energy equation-of-state parameter. As
we can see, depending on the values of the param-
eters a and A, the Universe can exhibit a very in-
teresting dynamics. In particular, the dust-filled
Universe starts its evolution from a decelerating
state, entering in an accelerating phase at around
z ~ 0.5, a behavior which is in agreement with
the observed behavior of the recent Universe. Note
that at asymptotically large times wpg tends to-
wards negative values, and the Universe ends in a
de Sitter, dark-energy-dominated, expansion, with
its dynamics dominated by the effective dark en-
ergy component, mimicking a cosmological con-
stant. Indeed, one can verify that at large times,
and for A < 0, relation leads to ¢ = —1,
H = Hy = +/A/6 and a « exp (Hyt) (however, for

[o1(2n+1)(—H2)" P 4 A {az(— H2)?" [6(n+1) H2+An]—ay (—H?)" [os H2+ag)+24H2}

(849)

(

wpg (2)

FIG. 35: Variation of the dark-energy equation-of-state pa-
rameter wpe(z) as a function of the redshift z for the model
f(I,T) = oTT + A, for five different choices of the pa-
rameters values: oHs = —0.01, A/HE = —3 (solid curve),
aHZ = —0.02, A/HS = —3.5 (dotted curve), aHg = —0.03,
A/HE = —4 (short-dashed curve), aHg = —0.04, A/HZ =
—4.5 (dashed curve), and oH§ = —0.05, A/H3 = —5 (long-
dashed curve), respectively, with Ho ~ 2.3 x 107 57! the
present value of the Hubble parameter [632]. From [617).

a > 0 the positivity of the matter energy density
constrains the a-values in the region that leads to
9aH? < 1 [617]).

In the general case n # 1, and in order to inves-
tigate the effects of different n, one evolves numer-
ically the cosmological equations —, for
fixed A/HZ and aHZ, and varying n. In Figs.
and [B7 one can see the evolution of the deceleration
parameter and of the dark-energy equation-of-state
parameter, respectively, for n = 1,2,3,4,5. In-
terestingly enough, we observe that the dynamics
of the Universe is very different for different val-
ues of n, as can be revealed by the behavior of
the deceleration parameter. In particular, while



q(z)

FIG. 36: Variation of the deceleration parameter q(z) as a
function of the redshift z in the f(T,T) gravity theory with
f(T,T) = apnT™ + A, for aHZ = —0.0011, A/H3 = —5.5,
and for five different values of n: n =1 (solid curve), n = 2
(dotted curve), n = 3 (short-dashed curve), n = 4 (dashed
curve), and n = 5, respectively. From [617].

wpg (2)

FIG. 37: Variation of the dark-energy equation-of-state pa-
rameter wpg(z) as a function of the redshift z in the f(T,T)
gravity theory with f(T,T) = apnT™ + A, for aHi =
—0.0011, A/H = —5.5, and for five different values of n:
n = 1 (solid curve), n = 2 (dotted curve), n = 3 (short-
dashed curve), n =4 (dashed curve), and n =5, respectively.
From [617)].

for n = 1 the Universe starts its evolution from
a decelerating phase, followed by an accelerating
one, and ends in an eternally accelerating de Sit-
ter phase, for n > 1 all cosmological models begin
their evolution in an accelerating phase, with ¢ < 0
at z = 2, before entering in a de Sitter exponential
expansion (¢ = —1) at z = 0. However, the models
with n > 1 exhibit a radical difference in the be-
havior of the dark energy sector, which is visible in
the evolution of wpg. Specifically, wpg can lie in
the quintessence or phantom regime, depending on
the value of n. Thus, models that present a simi-
lar behavior in the global dynamics, can be distin-
guished by the behavior of the dark energy sector.
Nevertheless, note that at late times wpr — —1
independently of the value of n, and thus in order
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to distinguish the various models one should use
wpg at large redshifts.

We mention that, as can be deduced from Egs.
and 7 independently of n, once the con-
dition a(n + 1/2) (-6H?)" < 1 is satisfied, for
A # 0 the Universe results in the de Sitter accel-
erating stage, while for A = 0 its evolution ends
in the Einstein—de Sitter, matter-dominated decel-
erating phase. Furthermore, from Fig. notice
the interesting behavior that wpp can be either
quintessence-like or phantom-like. This is easily ex-
plained by recalling that w = wpg/ (1 + pm/ppE),
and thus according to the signs of ppg and ppg all
combinations are possible. Finally, note the inter-
esting evolution for n = 3, where an initial acceler-
ating phase is followed by a decelerating one, with a
subsequent transition to a final acceleration at late
times, a behavior in agreement with the observed
thermal history of the Universe, namely a first in-
flationary stage, a transition to non-accelerating,
matter-dominated expansion, and then the tran-
sition to late-time accelerating phase. Thus, the
scenario at hand offers a unified description of the
universe evolution.

Model 11

Let us now consider the case where [617]
f(T,T) = aT +~T7, (850)

which describes another simple departure from GR,
where o and « are constants. In the case of dust
perfect fluid, this ansatz becomes f(T,T) = apm +
~T? = ap,, + BH?, with 8 = 36v. In this case
we obtain fr = BT/18 = —BH?/3, frr = /18,
fr = «a, and fr7 = 0, respectively. Thus, inserting
these into one can acquire the matter energy
density in terms of the Hubble function as

~ 3(1-pH?/2) H?
me 1+a/2 ’

(851)

while the time variation of the Hubble function

(845) yields

3(1+a)(1—pBH?/2) H2.

e
a+2 1—-BH?

(852)

Additionally, the effective dark energy density

(835) and pressure (836)), become

3H2 (a + SH?)

at2 (853)

PDE =

_ 3H?(a+ BH?)
POE = T ) (BHE — 1) (854)




and therefore the dark-energy equation-of-state pa-

rameter (839)) writes as

1

WpE

Finally, let us make a comment on the limit-
ing behavior of the model at hand. First of all,
the positivity of the matter energy-density implies
that for positive values of o and S we must have
BH?/2 < 1. Moreover, for & < —2 no nega-
tive values of S are allowed, and the Hubble func-
tion must satisfy the constraint ﬁH2/2 > 1. For
small H, that is at late times, and in particular for
the time interval of the cosmological evolution for
which BH?/2 < 1, the Hubble function satisfies
the equation H ~ —3(1+ a)H?/(a+2), giving
H = [(a+2)/3(1+a)](1/t), a o« tlat2)/30+e)
and g = (1 4+ 2a) / (e +2). Thus, the deceleration
parameter is negative for a € (—2, —1/2), however
the accelerating phase is not of a de Sitter type, but
it is described by a simple power-law expansion.

2. Scalar perturbations and stability analysis

One of the most important tests in every gravitational
theory is the investigation of the perturbations [144].
Firstly, such a study reveals the stability behavior of the
theory. Secondly, it allows the correlation of the gravita-
tional perturbations with the growth of matter overden-
sities, and thus one can use growth-index data in order
to constrain the parameters of the scenario. In this para-
graph we examine the scalar perturbations of f(T,7T)
gravity at the linear level following [617]. Specifically, one
extracts the set of gravitational and energy-momentum-
tensor perturbations and using them he examines the sta-
bility. Additionally, one constructs the equation for the
growth of matter overdensities.

As usual in theories where the fundamental field is the
vierbein, one imposes a vierbein perturbation, which will
then lead to the perturbed metric. Without loss of gener-
ality we present the calculations in the Newtonian gauge.
Denoting the perturbed vierbein with ef and the unper-

turbed one with éﬁ, the scalar perturbations, keeping up

to first-order terms, write as

A _ A A
e —e#—i—tw

K (856)

with

-0 _ 50 Sa __ sa
€, =0, €,=0,a,

S sH
u € =0y, €=

I
b (857)
a
1
=00, th=—0tag, th=—0h, th= %¢. (858)

Note the simplifying assumption that the scalar pertur-
bations ¢2 are diagonal, which is sufficient in order to
study the stability. Furthermore, subscripts zero and one
denote zeroth and linear order values respectively. In the
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above expressions the scalar modes i) and ¢ were intro-
duced, which depend on x and ¢. The various coefficients
have been considered in a way that the induced metric
perturbation to have the usual form in the Newtonian
gauge, that is

ds® = (1+2¢)dt* — a*(1 — 2¢)6;;dz’dz?.  (859)

Let us now calculate the various perturbed quantities

under the perturbations (857) and (858]). Firstly, the
vierbein determinant reads

e= det(eﬁ) =a*(1+¢ — 3¢). (860)

Similarly, the torsion tensor T’\W from (259)) and the
auxiliary tensor S)*" from (260) read (indices are not
summed over):

T%u = 0,0y — 0,080,  Tloi=H—¢
i

)
a2

5% = 8% = —H + ¢+ 2Hy

. » 1
T'; = 0;0, S = Tﬂgaj(qs — ). (861)

Thus, the torsion scalar can be straightforwardly calcu-
lated using the (261)), leading to

T =Ty + 0T, (862)
where

Ty = —6H? (863)

6T = 12H (¢ + Hy) (864)

are respectively the zeroth and first order results.

Having performed the perturbations of the gravita-
tional sector we proceed to the perturbations of the
energy-momentum tensor. As usual they are expressed
as

sT™O = 5p,, (865)
ST = (p + pm) 060 (866)
ST = —a%(py + pm)Dibv (867)
5T ™I = —515p,, — 0;0975, (868)

where dp,,, 0pm, Ov are respectively the fluctuations of
energy density, pressure and fluid velocity, while 7° is the
scalar component of the anisotropic stress. Additionally,

since 7= T = 70™0 4 7™ one concludes that

T ="To+ 6T, (869)

with
To = pm — 3Pm (870)
0T = 6pm — 30pm — V217, (871)

where we have defined V2 = 3", 9;0".



Finally, one can express the variations of the various
f-derivatives that appear in the background equations of
motion as:

5f = froT + 70T

dfr = frrdT + frrdéT
ofrr = frrrdT + frr70T
ofr = frroT + frroT
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where the various f-derivatives are calculated at the
background values T; and 7y, for instance fr =
af

AT p—my,7=70"

Inserting everything in the equations of motion (831]),

Ofrr = frr7dT + frr7dT, (872)  we acquire the scalar perturbation equations [617]:
J
2
(1+hﬁ[¢—6H(¢+Hwﬂ—FFH?ﬁT+1+fT—(MVH%)ﬁT}Pﬂﬂ¢+H¢ﬂ
a? 4 2
[3H2f +fT (Pm‘i'Z;m)fTT] (6pm—36pm—V27TS)
f L (8pm + 0pm) = 47G 5, (873)
(Ut )0 (b HO) + [2HE frr — (o — 392) Frr| 90
- asz (pm + pm) 0'0v = 471G a? (pm + Pm) 0" 00, (874)
— (Ut 1) 0:(+ HY) + HO [12H frr (6 4+ HY) + frr (9pm — 30pm — V27|
*aQQfT (Pm + Pm) 060 = 47Ga® (pm + pm) D60, (875)
O+ﬁﬂ[fH(¢+&ﬂ—2w@Hﬂ+H) b+ (¢ wq
+HHfm[H($+H¢)+H($+H¢+EMJ]+Hhv(Mm—3®m—V%ﬁ)
+ 120 (¢ + HY)| {fTT (32 + 1) = H [12HH frrr = frrr (pm = 35m)| }
+ (0pm — 3pm — V215) { fry (382 + H) — H [12HH frr7 — frrr (jm - 3pm>} + 1
. . fT VQ S
+ (94 2H0) (2B frr — frr (o~ 350)] + L0920 =~ (5pm + T ) 7 (576)

and
(14 fr) (4 — ¢) = —8nGa? (1 n 8%) xS, (877)

respectively.

Since we have presented the linear perturbation equa-
tions, one can examine the basic stability requirement
by extracting the dispersion relation for the gravitational
perturbations. As usual, for simplicity one considers zero
anisotropic stress (7° = 0), and in this case equation
allows us to replace ¥ by ¢, and thus remaining

(

with only one gravitational perturbative degree of free-
dom. One transforms it in the Fourier space as

3 ~ .
ot = [ 05 B

(878)

and therefore V2¢ = —k2¢y.

Inserting this decomposition into , and using the
other perturbative equations in order to eliminate vari-
ables, after some algebra one obtains the following equa-
tion of motion for the modes of the gravitational potential



¢ [617]:

. . 2
O+ Tdp + o + C§%¢k =D. (879)
The functions I', 42 and ¢? are respectively the frictional
term, the effective mass, and the sound speed parameter
for the gravitational potential ¢, and along with the term
D are given in Appendix B} Clearly, in order for f(T,7)
gravity to be stable at the linear scalar perturbation level,
one requires p? > 0 and ¢2 > 0.

Due to the complexity of the coefficients u? and ¢2,
one cannot extract analytical relations for the stability
conditions. This is usual in complicated modified gravity
models, for instance in generalized Galileon theory [633],
in Hofava-Lifshitz gravity [605] [634], in cosmology with
non-minimal derivative coupling [635], etc. Furthermore,
although in almost all modified gravity models one can,
at first stage, perform the perturbations neglecting the
matter sector, in the scenario at hand this cannot be
done, and this is an additional complexity, since in that
case one would kill the extra information of the model
(which comes from the matter sector itself) remaining
with the usual f(T') gravity. A significant simplification
arises if we consider as usual the matter to be dust, that
i pym = 0p,, = 0, but still one needs to resort to numer-
ical elaboration of equation in order to ensure if a
given f(T,T) cosmological model is free of instabilities.
However, we mention that since the simple f(T') gravity
is free of instabilities for a large class of f(7T) ansatzen
[196], 636], as we described in detail in subsection |V El we
deduce that at least for f(7,7) models that are small de-
viations from the corresponding f(7T') ones, the stability
requirements ;2 > 0 and ¢2 > 0 are expected to be sat-
isfied.

In summary, as we discussed, f(7,7) theory is a novel
class of gravitational modification, different from both
f(R,T) gravity, as well as from simple f(7T) gravity. Due
to the extra freedom in the imposed Lagrangian, f(T,7)
cosmology allows for a very wide class of scenarios and be-
haviors. In particular, one finds evolutions experiencing
a transition from a decelerating to an accelerating state,
capable of describing the late-time cosmic acceleration
and the dark energy epoch. Additionally, one finds evo-
lutions where an initial accelerating phase is followed by
a decelerating one, with a subsequent transition to a final
acceleration at late times, a behavior in agreement with
the observed thermal history of the Universe, namely a
first inflationary stage, a transition to non-accelerating,
matter-dominated expansion, and then the transition to
late-time accelerating phase. Thus, f(T,7) cosmology
offers a unified description of the universe evolution. An
additional advantage of the scenario at hand, revealing
its capabilities, is that the dark energy equation-of-state
parameter can lie in the quintessence or phantom regime,
or experience the phantom-divide crossing. Finally, a de-
tailed study of the scalar perturbations at the linear level
reveals that f(T,T) cosmology can be free of ghosts and
instabilities for a wide class of ansatzen and model pa-
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rameters.

Lastly, note that apart from the above basic investi-
gation of f(T,7T) gravity and cosmology, many relevant
studies are necessary in order to consider this theory a
candidate for the description of Nature. In particular
one should perform a detailed comparison with cosmo-
logical and Solar System observations, which could con-
strain the allowed ansatzen and parameter ranges. Addi-
tionally, one could use the scalar perturbation equations
extracted above in order to perform a detailed confronta-
tion with the growth-index data. Moreover, one could ex-
tend the perturbation analysis to the vector and tensor
modes, and use them in order to predict the inflationary
induced tensor-to-scalar ratio, especially under the recent
BICEP2 [637] and Planck 2015 measurements [638] that
can exclude a large class of models.

E. f(R,T) teleparallel gravity

Recently much interest has also been given to the
f(R,T) modified theories of gravity, where the gravita-
tional Lagrangian is constituted by an arbitrary function
of the Ricci scalar R and the torsion scalar T' [639H641]
(see also [642] for a similar modification based on an ar-
bitrary function of the torsion scalar as well as of the
divergence of the torsion vector). This issue is not re-
dundant since the information contained in f(R) gravity
is not the same with the one contained in f(T") gravity.
In particular, differences emerge, amongst others, when
one studies the symmetries of the theories. In this subsec-
tion, using Noether symmetry analysis, we desire to show
that we can obtain interesting cosmological solutions in
f(R,T) gravity, that cannot be obtain in simple f(R) or
f(T) modifications. Additionally, we will point out how
R and T degrees of freedom can be discussed under the
same standard, comparing holonomic and anholonomic
coordinate systems [643].

1. f(R,T) field equations
The action of f(R,T) gravity reads [644]

1
T 167G

s / o /=g [f(R,T)+ L], (880)

where we define |e| = det(e!,) = /=g in order to connect
the two formalisms. Varying the action and expressing
everything in terms of the vierbeins gives the field equa-



tions [644]:
. ) Of(R,T)
1 m 1 o puvN “J N )
JEAF(RT) + et (e S5¥) =0,
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It is easy to see that from f(R,T) gravity both f(T) and
f(R) gravities can be immediately recovered.

2. f(R,T) cosmology

Let us now investigate the cosmological applications
of f(R,T) gravity. As usual, the cosmological equations
can be derived from the field Egs. 7 or equiva-
lently they can be deduced from a point-like canonical
Lagrangian L(a, a, R, R, T,T) related to the action .
Here Q = {a, R, T} is the configuration space from which
it is possible to derive TQ = {a,a, R, R, T, T}, the cor-
responding tangent space on which L is defined. The
variables a(t), R(t) and T'(t) are, respectively, the scale
factor, the Ricci scalar and the torsion scalar defined in
the FRW metric. The Euler-Lagrange equations are

doc_oc  doc_oc  doc_oc
dt 9o Oa’ dtoR  OR’ dtor  OT’
(882)
with the energy condition
Eﬂza—ﬁa+a—ﬁ.R+a—ﬁ.ch:0. (883)

da OR or

Here the dot indicates the derivatives with respect to
the cosmic time ¢. One can use the method of Lagrange
multipliers to set R and T as constraints for the dynamics
[645]. In fact, choosing suitable Lagrange multipliers and
integrating by parts to eliminate higher order derivatives,
the Lagrangian £ becomes canonical. In physical units,
the action is

S = 27r2/dta3{f(R,T)—>\1 [R+6(Z+ZZ)]

()]}

Here the usual relations of the Ricci scalar and the tor-
sion scalar in flat FRW metric can be used, namely
R = —6(H + 2H?) and T = —6H?. It is worthy to
stress that the two Lagrange multipliers are comparable
but the order of derivative is higher for R. By varying
the action with respect to R and 7', one obtains
Of(R,T) Of(R,T)

)\:7 )\:7.
! OR ' 2 oT

(884)

(885)
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Hence, finally the point-like Lagrangian acquires the fol-
lowing form

L = a3 |:f(R,T) 7Raf(R’T) Taf(RaT)]

OR oT
+6aa [ oR  oT ] +
2 - - a2f(R7 T) ; a2f(R7 T)
6a2a {R om T e } . (886)

which is a canonical function of 3 coupled fields, namely
a, R and T, depending on time ¢. Note that the first term
in square brackets has the role of an effective potential.
It is worth stressing again that the Lagrange multipli-
ers have been chosen by considering the definition of the
Ricci curvature scalar R and the torsion scalar 7. This
fact allows us to consider the constrained dynamics as
canonical.

It is interesting to consider some important subcases
of the Lagrangian (886). For f(R,T) = R, the GR
Lagrangian is recovered. In this case, we have £ =
6aa® + a®R, which after developing R easily reduces to
L = —3aa?, namely the standard point-like Lagrangian
of FRW cosmology. In the case f(R,T) = f(R), we re-
cover the usual relation [5]

L = 6aa’f'(R) + 6a%aRf"(R) + a® [f(R) — Rf' (R)] .
(887)
Finally, f(T') cosmology is recovered for f(R,T) = f(T),
and then [457]

L=d’[f(T) = Tf(T)] - 6aa®f'(T). (888)

Clearly, these cases deserve a specific investigation.
Let us now derive the Euler-Lagrange equations from

Eqs. (852)- (883). They write as

(126° — 6a? + 12a) r’f (RT) _oHE, T)}
oy
T {Tafa(ﬁ IR T>}
~12aa {Razg ]g;;fT) = Tazg;f)}

oo [1ELRT) | pPIRT)

—3a? [f(R, T)

+ T2 an(Rv T)

OROT OR? ORIOT?

ot PIRT) | 0N RT)]

OR20T e |~V

(889)

3 azf(Rv T) 82f(R7 T)
¢ [R orz . 1 omar ]

+6ai? {32f (R,T)  0*f(R, T)}

OR? dRIT
0’f(R.T)

2.
+6a”a 9R?

=0, (890)
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H6ad { aT> OROT ]
> f(R,T)
2 —_—
60737 = 0. (891)

Additionally, the energy condition (883)), corresponding
to the 00-Einstein equation, gives

Of(R,T) Of(R,T)
OR  OT }

Of(R,T) LOf(RT)
™o "R ]

0*f(R,T) +332f(R’T)} =0. (892)

OROT OR?

E; = 6ad® [

’ [f(RvT) -

—6a3a [T

As we have already mentioned, the above system of cos-

mological equations, namely Eqs. (889)-(892)), can be al-
ternatively derived, as usual, from the general field equa-

tions (881) inserting the cosmological vierbein (264)).

8. The Noether symmetry approach

The existence of Noether symmetries leads to the ex-
traction of constants of motion, which allow for a sim-
plification of the dynamics. Often such a dynamics is
exactly solvable by a straightforward transformation to
cyclic variables [646]. A Noether symmetry for the La-
grangian exists if the condition

LxL =0 = XL =0 (893)
is valid. Here Lx is the Lie derivative with respect to
the Noether vector X. Eq. is nothing else but
the contraction of the Noether vector X, defined on the
tangent space TQ = {a,a, R, R, T, T} of the Lagrangian
L= L(a,a,R,R,T,T), with the Cartan one-form, gener-
ically defined as 0, = g—édqi. Condition 1] gives
ix0, = Yo, where iy is the inner derivative and X is
the conserved quantity [647H651]. In other words, the
existence of the symmetry is connected to the existence
of a vector field

- 4
5o (804)

where at least one of the components a‘(q) have to be
different from zero to generate a symmetry.
In our case, the generator of symmetry is

0 0 0 0 0 0
X=ag. PR ar * Yaa tor tigr
(895)
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The functions «, 8, depend on the variables a, R, T and
then
da . Oa da

ﬁ o . 0B
3T R 7T

. oy. Oy . 07

P = et Rt ot
As stated above, a Noether symmetry exists if at least
one of them is different from zero. Their analytic forms
can be found by making Eq. explicit, which cor-
responds to a set of partial differential equations given
by equating to zero the terms in a2,aT, aR, T2, R%,RT
and so on. In our specific case, we acquire a system of 7
partial differential equations, due to the fact that being
the minisuperpace 3-dim (i.e n = 3), the equations are
1+ n(n+1)/2 as shown in [8HI2]. In particular, these
equations read:

& =
B = T,

(896)

J[OHRT) _0f(R.T)
OR oT
O2f(R,T) *f(R.T)
+ha [ oR? OROT }
o [PHRT) pRT)
OROT T2
L0, Q0 OF(RT) ) 00 0f(RT)
da OR “9a oT
OB O*f(R,T) oy 0?f(R,T)
277 277 —
9 orz T 94 omar 0 )
62f(Ra T) 2 83f(R7 T)
2
e par T aRzaT
PFR,T) 08 f(R.T)
2 9 27 )
Y rarz T " 94 oROT
10,00 OF(RT) ) 00 OF(R.T)
oT  OR oT T
0B O*f(R,T) oy O*f(R,T)
2V Y S\ L) 2V 7Y S\ _
T OR2 “or omor 0 (89
Of(R,T) . ,0%f(R,T)
2aa 9R2 + Ba BYE
BFR,T) 08 f(R,T)
2 ) 27 9
T rtor TV 90 oR2
10,00 OF(RT) 00 Of(R.T)
OR  OR OR  OT
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00 f(RT) _
“OT  OROT =0, (900)
2
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oT R
O2f(R,T) 9°f(R,T)
_ 3 I I
pa [T oror T ome ]
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o 3 9 9
¢ [T are R oRaT

3aa’ {f(RJﬂ) _pIfRT) R@f(R,T)}

] =0. (903)

The above system is overdetermined and, if solvable, en-
ables one to assign «, 3,y and f(R,T). The analytic form
of f(R,T) can be fixed by imposing, in the last equation
of system , the conditions

f(R,T) - T2RET)  RURT) _
2
T2 f}gR,TT) 4 R? ](;(RRz,T) —0

9% (R,T) *f(RT) _
T oT? + R OROT 0

. (904)

where the second and third equations are symmetric.
However, it is clear that this is an arbitrary choice, since
more general conditions are possible. In particular, we
can choose the functional forms:

f(R,T)=f(R)+ f(T),  f(RT)=f(R)f(T),
(905)

from which it is easy to prove that the functional forms
compatible with the system (904) are:

f(R,T) = FyR"T*™™.
(906)

f(R,T)=FyR+ FT,

The first case is nothing else but GR, while the second
gives interesting cases of possible extended theories as
soon as n # 1.

For n = 2, the canonical Lagrangian obtains the

form

2R  2RT R? 2R
o 2. asv e N “r
£6aa< 2>+6aa < 5 + ).(907)

R
We can introduce the variable T = ¢ in order to reduce

the dynamics of the system, and hence the above La-
grangian is transformed into

L = 2a%a( + 2aa’C + aa’C2. (908)
The Euler-Lagrange equations are
. a\? ¢ 6
Cr(5) (1e5)+ (5)ster
+2 <Z> C(C+1)=0, (909)
a @\ 1 =0 910
P <a> (1-¢) =0, (910)
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and the energy condition reads

<Z)2¢(<+2)+2<Z)g’_o.

Clearly, we have lost one equation since the relation be-
tween the two variables R and T is fixed by ¢. Immedi-
ately, an exact solution is found to be

¢=0,

which corresponds to a radiation solution. Another so-
lution is achieved for ( = 1, but it is a trivial one since
a(t) = ap. These imply that these two solutions, in the
case n = 2, are quite natural due to the fact that the
asymptotic behavior of R is ~ 1/t2, similar to that of T
which is always ~ 1/t2. Thus, ¢ can be either equal to
zero or equal to a constant.

(911)

a(t) = agt/?, (912)

X. COMPARING TORSION AND CURVATURE
GRAVITY

As discussed in detailed in the above sections, in the
construction of any theory of gravity, one has to i) make
some assumptions; ii) insert observational and/or exper-
imental information; iii) follow the flow in order to ob-
tain mathematical self-consistency. For instance, in con-
structing GR, Einstein imposed the following considera-
tions that arise from observational information: metricity
(during a parallel transportation nature seems to main-
tain a vecor’s length, i.e the hydrogen redshift is the
same in different directions of the universe); Lorentz in-
variance (including the fact that he used quadratic met-
ric); Equivalence Principle; causality. We stress that all
these considerations do not arise from some fundamental
principle, but rather they are indicated by observations
and/or experiments. Additionally, Einstein made an ex-
tra, pure, assumption, without any theoretical or ob-
servational /experimental justification: he used the sym-
metric, Levi-Civita connection, that is he assumed that
torsion is set to zero and that geometry, and therefore
gravity, is described only by curvature. Finally, Einstein
desired to have an action up to second-order in the met-
ric and its derivatives, that is why he resulted in the
Einstein-Hilbert action, that is linear in the Ricci scalar
R.

Even if one agrees with Einstein’s conjecture that grav-
ity is described through geometry, since this is an ac-
cepted principle by the community (note however that
this is not what happens with the other three interac-
tions), still he faces the crucial question what kind of
geometry to consider, since there still exists a huge free-
dom in the corresponding choice. Riemannian geome-
try was considered the simplest option at the beginning
of the twentieth century. It is just one possible choice
but definitely not the only one. For instance, one could
abandon the assumptions of metricity, Lorentz invari-
ance and Equivalence Principle, but obviously remaining



inside the observational/experimental bounds (although
they are constrained in narrow bounds, they are still as-
sumptions in the sense that no fundamental principle
lies behind them). However, even without these radical
changes, one can safely and without any problem aban-
don the arbitrary assumption of a symmetric connection,
and describe gravity through both curvature and torsion,
or only through torsion as Einstein himself did in his ap-
proach to Teleparallel Equivalent of GR (TEGR). In this
case, one obtains a gravitational theory based on tor-
sion, which is completely equivalent to GR at the level
of equations.

Since GR and TEGR are equivalent, one can choose
one of them and use it safely. Actually this was indeed
the case, and, since GR was already used for 13 years be-
fore the formulation of TEGR, physicists chose this the-
ory as the paradigm for gravitational interactions. Hence,
in the following decades the investigation on TEGR had
only academic interest, faced as a different mathemati-
cal “tool” that could lead to the extraction of solutions.
In particular, one of its advantages, in comparison with
the standard GR, was the successful calculation of the en-
ergy of a solution, which in GR is known to face problems
like the use of pseudo-tensors [652H654] [657]. Neverthe-
less, all other solutions and obtained information were
the same in both theories. A similar situation occurred
for the Palatini formulation of GR: metric and metric
affine approaches revealed exactly the same information
for the Hilbert-Einstein formulation of gravity.

However, the last fifteen years physicists started to se-
riously consider the approach of modifying gravity, as
a way to successfully describe the accelerating phases of
the universe, both at early (inflation) and late times, and
moreover to improve the renormalizability of the gravi-
tational theories. If one agrees with this severe decision,
then immediately the question what formulation of grav-
ity to modify arises. In fact, it can be proved that even if
one has two equivalent at the level of equations gravita-
tional theories, their modifications in general will not be
equivalent any more. Clearly, a priori, and at the theo-
retical level, one cannot exclude some modifications and
accept the others and vice versa, since only observations
and experiments could do this. Hence, it is at least in-
teresting and worthy to try to investigate every possible
gravitational modification.

Up to now, almost all the works in modified gravity
were starting from the usual curvature formulation of
gravity and were extending the Einstein-Hilbert action,
namely the Ricci scalar, with functions and combinations
of various curvature invariants. Such procedure is obvi-
ously not wrong, but as we described in detailed above, it
is not the only one. In particular, one has “equal justifica-
tion” to start from a torsion-based formulation of grav-
ity, with TEGR being the simplest choice, and replace
the torsional Lagrangian, namely the torsion scalar, with
functions and combinations of various torsion quantities.

The simplest curvature-based modified gravity is the
f(R) paradigm, while the simplest torsion-based modi-
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fied gravity is the f(T) paradigm. With the above con-
siderations in mind, the issue to compare f(R) and f(T)
gravity immediately emerges. A first and crucial com-
ment is that these two gravitational modifications are
different, despite the fact that GR is completely equiva-
lent with TEGR at the level of equations. Definitely, one
cannot argue that one of them is wrong and the other
ones is correct, however since they correspond to different
gravitational modifications it is interesting and worthy to
analyze their properties and cosmological modifications
in detail.

An advantage of f(T') gravity, comparing to f(R), is
that the background field equations are always second
order differential equations. This profound advantage
makes the cosmologies in f(7T') theory much simpler than
those in f(R) gravity at background level. However, note
that the Palatini formulation of f(R) gravity points out
that ¢ and I' can be dealt as two fundamental objects
so that most of the cosmological dynamics could be ad-
dressed by this approach. In general, in this Review we
showed in detail the cosmological implications of f(7T')
gravity, which can then be compared one by one with
those of f(R) gravity. Obviously, the discussion is com-
pletely open at the moment, and no final probe exists
in pointing out what is the direction towards which it is
better to extend gravity.

XI. SUMMARY AND CONCLUSIONS
A. Summary

In this Review, we started from the historical point of
view that GR gives a geometrical interpretation of grav-
ity and that the presence of torsion can provide a gaug-
ing description of gravity in restoring its force picture.
The role of torsion becomes significant in the transla-
tional gauge theories of gravity, namely the TEGR and
the Eistein-Cartan-Sciama-Kibble theory. Additionally,
other gauge theories of gravity can be investigated intro-
ducing torsion, which proves a key element as in Poincaré
Gauge Theory.

The simplest modification of gravitational theories
based on torsion is the f(T") paradigm, where the central
quantity is the torsion scalar. Several basic issues con-
cerning the field equations, Lorentz invariance, degrees
of freedom, perturbation analysis, thermodynamics, etc.,
were discussed extensively.

With the basic picture of f(T) gravity in mind, we
then provided a comprehensive review of its cosmolog-
ical implications. As other modified gravity theories,
f(T) gravity, when applied to late times, can provide
an interpretation of the present observed acceleration of
the universe, driven by the torsion effects. Various “ef-
fective dark energy” scenarios, based on specific choices
of f(T) forms, have been discussed in order to demon-
strate that the observed universe can undergo a period
of late-time acceleration without affecting the observed



thermal expanding history. Moreover, we performed a
detailed dynamical analysis of these scenarios in order to
extract the stable late-time solutions. As we showed, in
the framework of this theory the effective dark energy
component, related to f(7'), can realize the quintessence
and phantom regimes, and also the phantom-divide cross-
ing, which is an advantage and reveals the capabilities
of the scenario. As a separate study, we addressed the
possibility to find Noether’s symmetries and conserved
quantities in the context of f(T') gravity, which lead to
the extraction of exact solutions that cannot be obtained
using the usual methods.

Another important advantage of f(T') cosmology is
that a sufficiently long accelerating phase of the universe
at early times can be naturally achieved, without the
need of introducing an inflaton field. We reviewed this
inflationary realization and we commented on its pertur-
bation analysis. Furthermore, we investigated bouncing
solutions, showing that they can easily arise for suitably
designed f(7T') forms, and we performed the associated
perturbation analysis.

Using the obtain solutions, at the background and per-
turbations levels, we used detailed data from SNIa, BAO,
and CMB observations and we constrained several rep-
resentative models. Moreover, we applied f(T) cosmog-
raphy, which is a very useful tool to discriminate among
competing models with respect to observations.

A crucial topic in every gravitational theory, especially
concerning the forthcoming observations, is the investi-
gation of gravitational waves. We performed a detailed
analysis of gravitational waves in f(7T) gravity in the
post-Minkowskian limit, and we pointed out that their
dynamics has significant differences with respect to f(R)
gravity.

Going beyond the cosmological applications, we inves-
tigated in detail spherically symmetric and black hole
solutions, charged black hole solutions, cylindrical solu-
tions, wormhole solutions, and other topics of astrophysi-
cal interest. This is an important subject, since it reveals
the deeper features of the theory and allows for a com-
parison with other gravitational modifications.

Inspired by the study of f(T) gravity, one may further
modify the theory into various extended versions, ad-
dressing other dynamical issues. In particular, we studied
non-minimal couplings of the torsion scalar with scalar
fields, as well as the incorporation of higher-order tor-
sional invariants such as the teleparallel equivalent of the
Gauss-Bonnet combination. Additionally, we reviewed
scenarios in which the torsion scalar couples to the mat-
ter Lagrangian or with the trace of the matter energy-
momentum tensor. The additional degrees of freedom al-
low to improve the dynamics towards more self-consistent
cosmologies.

Finally, we compared the curvature and the torsion
gravitational modifications, pointing out that the discus-
sion on what could be the geometrical description of grav-
ity is still completely open.
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B. Concluding remarks

The goal of the present manuscript was to provide a
comprehensive review of torsional, teleparallel and f(7T)
gravity, and its various cosmological and astronomical
implications, in order to act as a starting point for readers
with less experience in the field, as well as a reference
guide for experts on the subject.

Modified torsional gravity, the simplest representative
of which is f(T) gravity, has made a fast progress in the
last five years and the whole discussion has helped signifi-
cantly towards the understanding of (classical) gravity, as
well as its gauging description, which may be connected
to more fundamental aspects and indeed enlighten the
discussion towards its quantization. Definitely, there are
still many unexplored aspects in the framework of f(7T')
teleparallel gravity, the investigation of which may turn
out to be fruitful. In the following, we list some of them:

e Can a universe driven by this type of gravity ac-
commodate with all cosmological and astronomical
observations, and furthermore solve or avoid the
theoretical problems existing in standard inflation-
ary ACDM paradigm?

e Although simple curvature modified gravities, such
as f(R) gravity, are different from simple torsional
modified gravities, such as f(T") gravity, will the
most general curvature modified gravity, including
every possible curvature term up to infinite order,
coincide with the most general torsional modified
gravity, including every possible torsion term up to
infinite order?

e How can the effective approach of f(7T') or in gen-
eral of torsional modified gravity, be combined to
or arisen from fundamental theories, such as string
theory or loop quantum gravity?

e If the gravitational interaction is gauged through
torsion, is it possible to develop a grand unified
theory that combines the standard model of parti-
cle physics and the gravitational sector in one single
framework?

e Since gauging a theory is the first step towards its
quantization, will this framework be enlightening
towards gravitational quantization?

e Since in torsional gravity one uses the vierbein in-
stead of the metric as a fundamental variable, is
the above discussion enlightening on which classical
variable (i.e. the metric, the vierbein or the con-
nection) would be the one to be quantized, namely
which one would correspond to the graviton? Or
are all of them equivalent to capture the degrees of
freedom and dynamics of quantum gravity?

The above open questions and issues require thorough
and systematic theoretical investigation in the field. Ad-



ditionally, the confrontation with high-accuracy obser-
vational data, that are expected to appear in the rela-
tively near future, would assist in constraining the pos-
sible classes of theories, having in mind however that a
consistent cosmology is not a proof for the consistency of
the underlying theory of gravity, namely it is a necessary
but not sufficient condition. We believe that this Review
will trigger the readers to work towards these issues, and
consider torsional modified gravity as a candidate for the
description of Nature.
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Appendix A: Conventions

It is worth stressing that the conventions of physical
parameters and quantities, such as the metric, coordi-
nates indices, etc., appearing in the literature, vary sig-
nificantly. In order to avoid possible confusions for the
readers, we provide a unified convention throughout the
Review, which is summarized is the following:

e Throughout the review we take the natural units by
requiring ¢ = A = 1.

e We adopt the signature of the metric g,, to be
(4= = —).
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e Concerning the gravitational constant we use the
symbol G, related to the reduced Planck mass M, and
the Planck mass Mpy, through

M, = 1/V8rG = 2.4357 x 10"¥GeV ,

Mpy, = 1/VG =1.2211 x 10*°GeV . (A1)
In the literature one can also find the symbol x? = 87G.

e The 4-dimensional space-time coordinates are de-
picted by Greek letters, namely we use u, v,... to run
over the values 0, 1, 2, 3.

e The 3-dimensional spatial coordinates are depicted
by lower case Latin letters, namely we use ¢, j,... to run
over the values 1, 2, 3.

e The 4-dimensional tangent space-time coordinates
are depicted by capital Latin letters, namely we use
A, B,... torun over the values 0, 1, 2, 3.

e The 3-dimensional tangent spatial coordinates are
depicted by the lower case Latin letters, namely we use
a, b,... to run over the values 1, 2, 3.

e If not specified differently, the indices that are re-
peated in the same formula ought to be summed.

e In General Relativity we take the Christopher sym-
bol to be:

1
A = 59(”/(9!“4)\ + G = D) -
The Riemann tensor is given by

+T° 1> —1° 1

KV OK MUK oV

R —T* _1*

HVK UV K HK,v
The Ricci tensor takes the form
_ pA
RHH - R/L)\K, .
The Ricci scalar is expressed as,
_ v
R=g"R,, .

Einstein equations are,

1
G,u.ll = Ruy - ig'uDR = 87TGT#V .

The Einstein-Hilbert action is expressed as

R
SEH = /d4fE\/ —g@ .

The energy momentum tensor can be derived via
1 4 v
0Sm = 3 d*z/—gT" 69,0 -

e For the cases of torsional, teleparallel, f(T") gravity,
the fundamental variables that describe the manifold ge-
ometry are the vierbein fields e 4 (z*). They form an or-
thonormal basis for the tangent space-time at each point
at ie.,es-ep = nap where nap = diag(+1,—1,—-1,—1)



is the Minkowski metric for the tangent space-time. The
component form of the vierbein vector is given by

es=¢h0, .
The metric of physical space-time can be expressed as
A B
9uv () = nape,, (x)e, () .
Moreover, the vierbein components follow the relations

HoA s m B _ B
eae, =0, ., eye, =04 .

The Weitzenbock connection is defined as
Ffw = eﬁ@,,e;‘ = —e;‘@yej .
The torsion tensor is given by
A P A A A A
Ty, =1y, =1, =ex (Oue;, —Ovey,) .

pnv
The difference between the Levi-Civita and Weitzenbock
connections is known as the contortion tensor, which
takes the form of

1
2
We define the “superpotential”

K, =~ (T T - T, )

S, = %(K’“’p T — T

The torsion scalar is defined as

T=8,"1T°,, .

Appendix B: Coefficients of the stability equation of
f(T,T) gravity

In this appendix, we give the coefficients T, u?, ¢ and
D of the perturbation equation (879) of f(T,T) gravity
of subsection [[X D!

= z ~ k2 .
Ok +Tox + pop + S5 = D. (B1)
Concerning the effective mass we have
p = N%U + M%z) + M(23) + N%4) + M%s) + M%G)a (B2)

with
. B ) ) B?
M%l) = 2H (fr+1) 5 + 2H (pm — 3pm)fT7’7

. 3B
+H? {4H (BAfrr —5Bfrr) ya
+Af7+ Bfr+ B, (B3)
. 12H3 . B 4
Fo) = —f {8pmeT( frr —Afrr)

+ (pm — 3pm) 20w fr7 (BfrTT — AfrrT)
+ABfrrr = 2Apm frrrfrT — 3AfTT [T

—B? fro7 + 2Bpw fr7 frrT + 3Bf1r] }, (B4)

H(3)
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, _ 12H!

{4 2 [9AH + B(pm + pm)]
+frr{2B(fr + 1)+ AB
+24H[(pm + pm)(AfrrT — Bfrrr) — 3BfTT} }

—3B[4H(Afrrr — Bfrrr) + frr(fr + B)| 1(B5)

144H® (.
[y = - {8pmeTfTTTfTT
+ (pm - 3p¢n) {fTT {AfTTT - BfTTT

+fr7 [2(0m + pm) frrT + 3f77]}

*BfTTTfTT}}, (B6)
432H° .
ne) = ——f {fTT {4H(AfTTT = Bfrrr)
+frr [8H(Pm + pm) frTT + B} }
—4BH frr frrr + 12HfTTf:%T}a (B7)
and
1728 .
M%e) = TH7fTTfTT [12HHfTTT
+ (Spm - pm) fTTT] ; (BS)
respectively.
Concerning the sound speed, we have
;= 05(1) + c§(2) + Crﬁ(g) + 03(4)7 (B9)
with the following relations
fr+1 .
Sy = (TEi) (4HfTT + fT) ; (B10)

Bay = T Bl — 390) (r + D frrr
+fr7A{B (b — 3Pm) frT
+(fr + 1) [(Pm — 3pm) frT
+2(pm + ) (3m — pm) Frr7]} } (B11)

2
iz = %{ — 12BH |frrfrr + (fr + 1) frr7]

+frr(fr + D{12H 2(pm + pm) fr77

+3fr7] + B} }, (B12)

48H3

iy = ——— (3m

= (B13)

= pm) (fr + D frr frrr,

respectively.



Concerning the frictional coefficient we have

with
r® — fTTT [20736 H'H frrfror
— (3pm — pm) (B* — 1728H° frr7 frr) ], (B15)
H .
@ — = {4 {H (6Afrr —9Bfrr) + Bfr + B}
4k
+BAST + —5 (fr+1) frr ¢ (B16)
2
M 2)
re _ @ B17
H’ (B17)
12H3 .
P = = {36AH F2r + 4ABfrr

—B[12H (AfrrT — Bfrrr)
+frr 3fr +4B) ] — 12H frr 5B frr
+2(pm + pm) (BfTTT - AfTTT)} }’ (B18)

ré — @ (B19)
7
and
r® — &FHS{?)BH]”TTJ“TTT — 9H frrfir
—frr [3H(AfTTT — Bfrrr)
+6H (p + pm) frr frr7 + Bifrr] }, (B20)
respectively.

The coefficient D of the right-hand side of (B1)) is given
by

D = —D16py, — Dadpy,, (B21)
where
D=2 ;’;T T (1 + 36H2 frr), (B22)
and

Dy =D + DP + DY + DIV + D) + DY, (B23)

119

with

1 .
DV =~ [(4H frr+ fr)I - 167rGB} :

g
Df = —f{/)m {fr7 [fr7(3I —8B)

+21(pm + pm) frr7] — Bl fr77}
—Pm A fr7 [fr7(I — 24B)

+61(pm + p) frr7) = 8BLfrrr} | (B25)

(B24)

3H? .
D£3) _ T{4H [f%T(3I —5B) — IB frr7]

+fr7{8f7 [5H (pm + pm) frrT + B]
+3[B = 2(pm + pm) f77]

[SH(pm + pm)fTTT + B] }}, (B26)

12H3
= %{(pm - 3pm)fT7_7—(I + SB)

+3fr7 [(Pm — 36m) fr7
+2<pm + pm)(Spm - pm)fTTT] }, (B27)

36H4 .
%{%TTB —4H frrr (I +3B)

+3fr7{4H [2(pm + pm) frr7 + 3fr7] }}’(328)

DY) =

and

12HH fro7

DéG) _ _432H5f72~7—[

+ (3Pm — Pm) frrr|, (B29)

respectively.

Finally, in all the above expressions we have introduced
the coefficients

A=2Pm + pm) fr1r + fr+1,

B=2[87G + (pm + pm) fr7 — 6H* fr7| + f7,
E=12H? [Afrr — frr (12H? fr7 + B)| + B(fr + 1),
I = —6(pm + pm)frT +5fT + 3B,
F = BE.
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