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Abstract We construct a theory in which the gravitational
interaction is described only by torsion, but that generalizes
the teleparallel theory still keeping the invariance of local
Lorentz transformations in one particular case. We show that
our theory falls, in a certain limit of a real parameter, under
f(R) gravity or, in another limit of the same real parame-
ter, under modified f(T) gravity; on interpolating between
these two theories it still can fall under several other theo-
ries. We explicitly show the equivalence with f(R) gravity
for the cases of a Friedmann-Lemaitre-Robertson—Walker
flat metric for diagonal tetrads, and a metric with spherical
symmetry for diagonal and non-diagonal tetrads. We study
four applications, one in the reconstruction of the de Sitter
universe cosmological model, for obtaining a static spheri-
cally symmetric solution of de Sitter type for a perfect fluid,
for evolution of the state parameter wpg, and for the thermo-
dynamics of the apparent horizon.

1 Introduction

One of the most important findings in modern physics is that
our universe has accelerated expansion [1-3]. However, a
plausible common explanation for this is using the model
of a very exotic fluid called dark energy, which has nega-
tive pressure. Another well-known possibility is to modify
Einstein’s general relativity (GR) [4], making the action of
the theory depend on a function of the curvature scalar R,
but at a certain limit of parameters the theory falls under
GR. This way to explain the accelerated expansion of our
universe is known as modified or generalized gravity. Con-
sidering that the gravitational interaction is described only by
the curvature of space-time, we can generalize the Einstein—
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Hilbert action through an analytic function of scalars of the
theory, as for example f(R) gravities [5-9], with R being
the Ricci scalar or curvature scalar, f (R, ®) [10-13], with
® being the trace of energy-momentum tensor, or yet f(G)
[14-18], f(R, G) [19-24] and f(R, ©, R,,,®"") [25], with
®"Y being the energy-momentum tensor.

An alternative to consistently describe the gravitational
interaction is one which only considers the torsion of space-
time, thus canceling out any effect of the curvature. This
approach is known as teleparallel theory (TT) [26-29], which
is demonstrably equivalent to GR. In order to describe not
only the gravitational interaction, but also the accelerated
expansion of our universe, Ferraro and Fiorini [30] proposed
a possible generalization of the TT, which became known as
f(T) gravity [31-62], which up to now has provided good
results in both cosmology and local phenomena of gravita-
tion. A key problem in f(7) gravity is that it breaks the
invariance under local Lorentz transformations complicat-
ing the interpretation of the relationship between all inertial
frames of the tangent space to the differentiable manifold
(space-time) [63,64]. This problem may lead to the emer-
gence of spurious new degrees of freedom, which are respon-
sible for the breakdown of the local Lorentz symmetry [65].
A consequence of the formulation of the theory using a scalar
which is not invariant under local Lorentz transformations,
the torsion scalar T in this case, is that instead of the theory
presenting differential equations of motion of fourth order,
as in the case of f(R) gravity, it has second-order differential
equations. That seems like a benefit but it is a consequence of
the fact of the local Lorentz symmetry. This generalization
of the TT still is not equivalent to a generalization f(R) for
RG.

This is the main reason why we will address the construc-
tion of a theory that generalizes the TT, but which still keeps
the local Lorentz symmetry in a particular case. Therefore,
it is clear that we must build the function of the action with
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dependence on a scalar that at some limit is invariant under
local Lorentz transformations. This will be shown soon.
The paper is organized as follows. In Sect. 2 we present a
review of f(T') gravity, introducing the functional variation
method used in this work, obtaining the equations of motion
of this theory, noting a poorly treated point at the limit to GR.
In Sect. 3 we propose the action of generalized teleparallel
theory, we obtain the equations of motion through functional
variation of the same and compare with f(7) gravity. We
show the equivalence of our theory with f(R) gravity, in the
case of cosmology for the line element of flat FLRW metric
in Sect. 4.1, and also in the case of a spherically symmetric
line element in Sect. 4.2. We also show the equivalence of our
theory with a particular case of f (7', B) gravity in Sect. 5.
In Sect. 6 we make four applications, one where we recon-
structed the action of our theory for the universe of the model
of de Sitter, and another where we obtain a static de Sitter
type solution; we analyze the evolution for the state parameter
to dark energy and the thermodynamics for a cosmological
model. We present our final considerations in Sect. 7.

2 The equations of motion for f(T') gravity

The geometry of a space-time can be characterized by the
curvature and torsion. In the particular case in which we
only consider the curvature and torsion being zero, we have
defined, together with the metricity condition V,ges = 0
where gyp are the components of the metric tensor, a Rie-
mannian geometry where the connection I:(’; is symmetric
in the last two indices. Already in the particular case that
we consider only torsion (Riemann tensor identically zero,
the case without curvature) in the space-time, we can then
work with objects that depend solely on the so-called tetrad
matrices and their derivatives as dynamic fields.

In the space-time having only torsion, the line element can
be represented through two standard forms

ds? = guvdxtdx” = Nap0°6°, (1

a eh
v
gty = n“beﬁfe}j, 64 = ede“, eZe‘a’ = 8,‘1 e e,‘ieéj = &% with
eﬁ being the tetrad matrices and el their inverse, and [174,] =
diag[l, —1, —1, —1] the Minkowski metric. We adopt Latin
indices for the tangent space and Greeks for space-time.

We will first establish the equations of motion for the the-
ory f(T), thus showing that the functional variation method
adopted here is consistent.

We restrict the geometry to Weitzenbock geometry where

we have the following connection:

where we have the following relationships: g, = nupe

o o a a o
Fuv =e, 31;6“ = —euavea. 2)
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All Riemann tensor components are identically zero for the
connection (2). We can then define the components of the
tensor of torsion and contortion as

77, =17, —T7, =¢J (3.8 — dyetl) 3)

v Vi

1
KW = ) (T} — T =T 4)

We can also define a new tensor, so we write the equations
of motion in a more elegant way, through the components of
the tensor torsion and contortion, as
1 i

v_ v v v Bu
sut =5 (Ku +suty —sy1f"). 5)
We define the torsion scalar as
T =7 s = Sge oo Lpa g o pbu 6

_//,ua_ziwot_i_i/wa_;wzﬁ' (6)
Some observations are important here. The first is that there
is a direct analogy to a space only with torsion and another
considering only curvature in that the connections are related
by

Lo, =T% — gk, 7

where f‘fjv is the Levi-Civita connection, which is symmet-
ric in the last two indices. The second observation is that the
torsion scalar T is not a Lorentz scalar (in the tangent space),
being only a scalar in the tensorial indices (space-time) [66].
This is precisely the cause for that theory, being built start-
ing from this scalar, to break down the invariance by local
Lorentz transformations. We can in reality build the curva-
ture scalar analog, through the torsion scalar, by the relation
[66]

R=_T_ 26#7":‘0( =T — 267]BM (eg“)”Tfa) , 3

where e = det[e] = /=g, with g = det[g;,»]. The curva-
ture scalar R in (8) is a Lorentz scalar as well as a scalar on
tensorial indices. That is why f(R) gravity is a theory that
is invariant under local Lorentz transformations and general
coordinates transformations (tensorial).

It is then possible to construct a generalization of the
teleparallel theory (TT) using the following action of the
f(T) gravity:

e
Spary = /d4x»’3f<T> = /d4x [ﬁf(T) —Emaner] 9)

where k2 = 87 G Newtons f(T) is a function of the torsion
scalar and L ey is the Lagrangian density of the matter con-
tent. We call attention to the true sign (—) in front of the mat-
ter term. This so far has not been explicitly addressed in the
literature of this theory, because we still have few models that
couple the matter contents that need to be obtained through
functional variation in principle. This feature is essential if
the theory is to be equivalent to GR at some limit. It will soon
be made clear.
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Addressing the functional variation of the action (9) we
have

1
§Spary = 5> d*x |:f5€ +edf — 2’(zgﬁmatter] )

2k?
1 de df
=— [ d* | f—8¢% + e—=6T
22 x[faeg T eqr }
- f d4xacmatterv
= SST - SSmatter’ (10)

with §Smatter = f d*x 8 Lmatier- Now let us study first the
functional variation of the matter term,

9Lm; 0L
_ 4 matter matter .
8 Smatter = /d X [ 863 5ef’, + 8(30[63 5(3a€§)} 5

performing the integration by parts of the latter term, consid-
ering 8ed [surface = 0, we have

1 oL
Smatier = 5 d*x 212 [ T Sel
(e
oL
_aa ( mat;er) 8egi|
9(0ue)
! 4.5,.2
=53 d*x2x°e®7 el (11)
where ©f = el 0%, and we define OF as the energy-

momentum tensor.
We now have the functional variation of geometric part,

Set

5 L [P PR
= — X

T 22 ded
df [ 9T aT

— 5e 8(0ye? .
+e [8eg ey + D (et ( aeg)]}

dar
for Performing integration by parts the last term, considering
8€% |sur face = 0, we obtain

[ P aT
0Str=— | d'xyf +efr

22 ded ded
oT
—0 — |} 8el, 12
o |:efT 3 (et :“ € (12)

where fr = df/dT. Taking (11) and (12) and replacing in
(10), and imposing the principle of least action 6S¢(7y) = 0
and multiplying by e ~!e? /2, we have the following equation
of motion:

1 _ de 1 oT
Ef (6 led )—i—EfTeﬁ

ded ded
1 —1 _a 2O
—5€ e}, 0y efTa(a o —k°@) =0. (13)
ato
Substituting the derivatives [66]
0 oT oT
aea =eey, bed = —462T&S;0, - =4e2‘S§“’,
e(T eo. a(a()leg)
(14)

in (13) we finally have the equations of motion of f(T) grav-
ity

1
518 —2frTg, S8 —2¢™ ", [efreng"] —*07 =0.
(15)

Now we make use of the identity [66]

1 1
[e_lef,'aa (eeng”) + Tg‘qu"] =-3 |:G§ - ESST] ,
(16)

with G¢ being the mixed components of the Einstein tensor,
for rewriting (15) as

1
= 2870 fr + frGY + 387 [f = frT] = K207, (17)

This theory falls under Einstein’s general relativity with
a cosmological constant, when we make f(7T) = T — 2A.
Here it becomes clear that if we do not consider the sign (—)
in front of the matter term in the action (9) in the theory,
we do not return to GR for a linear f(7T) function, reach-
ing the case opposite to Einstein’s equation. This fact will
be crucial in showing later that an invariant theory by local
Lorentz transformations, as f(R) gravity, cannot fall under
f(T) gravity, since these have opposite coupling signs to the
matter term.

Sotiriou et al. [63,64] have shown that f(T") gravity does
not preserve its equations of motion invariant by local Lorentz
transformations. It is in relation to this problem that we then
construct a generalization of the teleparallel theory that pre-
serves the invariance of the equations of motion for a local
Lorentz transformation. This will be addressed in the next
section.

3 Equations of motion on generalized teleparallel theory

Animportant identity is givenby R = —T —2V* Tf B where
R is the curvature scalar associated with a Riemann tensor
defined solely by the Levi-Civita connection I_*fjv, where the
indices (uv) are symmetric, and the covariant derivative V
is defined by this connection. The curvature scalar is by def-
inition invariant under a local Lorentz transformation, but it
is also invariant under a general coordinate transformation.
So it would be interesting to develop a theory that general-
izes the TT but for which the functional action depends on
an invariant under local Lorentz transformations. This is not
the case of f(T) gravity.
We propose the following action:

Serr = /d4x [%f(']—) + Ematter] s (18)

@ Springer
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where we define

T = —T —2a;V*T*

wp =T —2a e 19, (eg“)‘Tf‘a) .

19)

This action generalizes TT and falls under a modified f(T)
gravity as well as f(R) gravity. We can show this by mak-
ing the limit a; — 0, where we have 7 — —T, therefore
f(T) — f(=T), fr — — fr and the theory must be equiv-
alent to a modified f(7T') (we shall see this later). Moreover,
we can regain f(R) gravity, making the limita; — 1, where
wehave 7 — R; then the theory must be equivalent to £ (R).
We show this explicitly through the equations of motion later
on.

By performing the functional variation of the action (18)
we obtain

8Sgrr = 4x [f5€ +edf + 2K25£matter] . (20)

22

As Sorr = SorT [€8, dued, 4], in which ®* are the mat-

ter fields, we have
SSGTT - (SST +6Smattera (21)

with 8 Smatter = f d*x 8 L matter in the same manner as in f(T)
gravity. The functional variation of the matter term (21) is
exactly the same as given in (11).

The geometric part is

8S7 = — [ d*x [f 8e + e df]
2k2
B L (22)
T %2 ded 7 s

where we use f7 = d f/d7 . The first term in (22) is already
known, and we will pay attention to the second term.
Performing the functional variation to 7 in (19) we obtain

8T = —6T — 2a;6 [e_laﬂ (e g"ﬂT/g‘a)]
e 2, (eg‘“3 Tg‘a) e

+e'89, (eg" T8, )| (23)

— 8T — 2a [—

in (22) taking into account the functional variation of 7" and
e we have

55 dty | £ 0¢ 5e
7= %2 ded 7
aT aT
- Sed 4+ 28 5(d,
eff[aeg €+ 3 (O (Oue )]
+2a1 | e fr0 “ﬁT"‘ 0¢ 58
a e fT ,LL(eg /Ba)aea eg'
(e
— Fr89,(eg"P Tﬂ”v)]} : (24)

@ Springer

Now we do the integration by parts in the terms containing
8(dy€d) and 80, (eg"P Tf}’v). The first integration by parts is

given by
4
—53 d ”fTa(aaeg 8(da€s)
1 oT
= d*xd a
32 X Oy [esz%(aa ) g}
1
2 = d* X0y [efq—a(a a }&g, (25)
a*o

where the first term is zero because it is a surface term, which
we consider 8§ |surrace = 0. The second integration by parts
is given by

2a;
~3a d*x fro0,(eg"PT},)

2611
o [ffa(eg“ﬁTﬂv)]
2a4

+22

[ x@urn seezy,). (26)

with the first term is null for being a surface term. Then we
have

2ay

~3a d*x fr80,(eg"’T},)
2a1 4 /3 ae
+eTy,58" + egh’ (ST[;’V] ) (27)

Making use of the following relationship:
up _ ab ,u B
8¢ =9§ (17 el eb>
= —(gP7eltsel + g7 el 5el) (28)

and replacing (25) and (27) in (24), developing the terms of
8 Té’u we have

1 de
887 = — [ da*
7 2K / o { ded

+0y |:e fr

a
O‘

F 8T
¢ e fr
Seg

oT
Sel
9(0qe?)

_ de
+2a; [e ' frop(e gt Ty, S

o

a
o

de
+u f1) [gMﬁT,;v 5o Sel
o
v
—eTh, (g7 elisel, + g7 eliset) + e g? ~Llset
o
p 8T"
+egh 2 (due 8( €y ) . (29)
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At this point we see that we still have to do an integration by
parts in the last term, i.e.,

v

3(3.1 fi)

2a1/ 4 8TV

d*xdy | (0, fr)eg"? e
2«2 [ . 9(0get) °
v

2a1 4 8T}3
d*xd, | (8 b
2 2[ X [( }LfT)eg a(aa g)

d*x (8, fr) e g"?

s 5(3ue?)

}5 ¢ 30)

where once again the first term vanishes due to being a surface
term. Substituting this result in (29) we obtain

d“x{fa

1
88T =—

Y% fT

a a
de
ded

+0y | e f or +2a e—lfa(e HBTY
o Ta(a 1 TOu 8 Bv

de
+(3MfT)|: KB Tﬁv

ded eTﬁUv (gﬂge(lf +glwe§)

v

aT, oT}
wB__Pv | _ P P B Bv Se
teg Gea } o [( wfT)eg 5 (et €y

€1y

Now we must replace the results derived from 7', e and Tﬁ”v
in the relation as regards the tetrads and the derivatives. Tak-
ing into account the results of f(7), we have the following
derivative:

de 8T

9ed =eel, Bec“, 4e§T:;LSW
aT 40 ATy,
(3 e“) aSi7 ded =T ¢y
oTy,
Bv b
S(Teg_) = C‘Z(Sa (8%‘85 - 83‘8%) . (33)

Substituting the above derivatives in (31), making 6 Sgrr =
0in (21) and multiplying by e -1 e we have the following
equation of motion for the generahzed teleparallel theory:

l‘Saf + 2fTTﬁwSEU +2¢7 e 3, I:EfTEﬁS ]
+ar fe™! fr850,(eg" Th) + 0, f7) 8387 T5,
— (88" 15, + 7T, ) — 8717, |
el et [e( fr)(g"e] — 8" €] | + k207 = 0.
(34

Taking the limit in which a; — 0 (7 — -T,f =
f(T), fr - —fr), making T — —T the equation of
motion (34) does not fall exactly under the equation of motion
of the f(T) gravity in (15). This happens due to the fact that
the relationship between the curvature scalar and the torsion

scalar has a minus sign, which prevents a theory to be f(R)
gravity, in which the coupling with matter is positive, which
would fall under a theory like f(7') gravity, in which the cou-
pling signal with the matter should be negative so that it falls
under GR. In the next section we shall show the equivalence
between GTT and f(R) gravity.

4 Equivalence between GTT and f (R) gravity

Let us start this section showing the equivalence of GTT with
f(R) gravity in the limit a; — 1, to general tetrads.
Let us first establish some necessary identities, as arising
from the condition of the metricity,
r é w 8rv
FP« AV

6otg;w = _ag’” =0, aag;w =
— D™
(35)

+1:‘2,)gm, aag

With it the identity dye = eg""” 9y g.» becomes
dge = 2el) . (36)

Now we can divide the equation of motion (34) in terms
such as

TO 47?4 70 4 207 — 0, (37)
TO = %55]‘ +2frTE Sy
+2¢7 el 3, [efTeaﬂSgU]+a1e71f783)8,¢(eg’"3 Tg,)s
(38)
T® = a0, fr) 558" 1), — 8487 T},
—ghoT) — guﬁTéfw] ; (39)
T = —are”lefdy [e(du fr) (8" e] —g"e)].  (40)

Developing the last term we have

—a15g|i|f7 + alg’w@wﬁuff]* — algwl;”wvaﬂf']’
—alefle“w (BMfT) [(g‘w‘ea‘7 g"%e,*)dye
te(e,” 08" + 8" 00e,”

—e, Bag"” — 8" Bue,)]. (41)
Using (2), (3), (4), (7), (35), and (36) in (39) and (41) we

have the sum of terms 7® and T® resulting in

—a1850 fr + a18"° VoV fr. (42)

73 —

7O L 73 —

Now we use the identity (16) in (38), then we can rewrite the
equation of motion (37), using (42), as follows:

—frGY —ap [840 — "V, V| fr

1
+3 (=T fr + f18% + 28913, f1 + 201 =0.  (43)

@ Springer
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Considering 7 = T (=T — a1 B), with B = 23, (eg"’ T} ),
we see that GTT will only be equivalent to f(R) gravity in
the limit a; — 1, s0 7 — R and the term 25,9, f7 must
be identically zero, as shown in Sect. III, subsection C, of
[68]. When this term vanishes, we have exactly one theory
invariant by local Lorentz transformations, which occurs only
when a; — 1, and thus Eq. (43) becomes identical to f (R)
gravity, which is covariant and independent of the chosen of
set of tetrads.

In the next section we will specify a set of tetrads that
explicitly show the equivalence between the two theories in
the limit referred to above.

4.1 Friedmann-Lemaitre—Robertson—Walker case

In this section we explicitly show that the GTT equations of
motion in (34) are exactly the same as f(R) gravity for the
particular limit in which a; — 1. We can then begin com-
paring the equations of motion for an easier symmetry of
the metric, as the maximum symmetry for the cosmological
Friedmann-Lemaitre—Robertson—Walker (FLRW) flat met-
ric,

A8} g = dr? = a*(0) (dx? + dy? +d2?) (44)
Considering the case of cosmology, with line element FLRW
flat (44), for a diagonal tetrad [eZ] = diag[l, a(t), a(t),
a(t)], we see that Eq. (34) become

1
K20Y = ) {6a1aa ( fT)

+ [12 (1 —ay) (@)% — 6a1a2i] fr— fa2} . (45)

K2®% = K2®% = K2®g

1

d d
=53 {211 (alad—+2a> d—th—i— [(4—6a1)aii

+ 8= 12a1) @] fr - faz} : (46)

where @ = (d/dt)a and i = (d?/dt?)a.

‘We can now compare these equations with those obtained
from f(R) gravity, whose equations of motion are [5-9]

_ 1
@Ol = frRY — S8 f + (LD~ VW) fr. @)

Considering the flat FLRW metric (44), Eq. (47) provide us
with

1 d
K20 = o [6515& — 6 fr — af} , (48)

@ Springer

K2®} = K2®% =

DT g2 8 4 aag) 4,
a — aa
242 dr ar’ R

253
Ll

- (Zaii n 4(&)2) fr— faz] . (49)
Subtracting (45) from (48) we have
3 dfs
. a . -
‘aa(fz —aifr) + 3 [f(R) — f(T)]} . (50)

Subtracting (46) from (49) we obtain

L, difr df (dfr dfi
O—a—z{“ (“1 a2 an )”‘”‘(7‘?)
+ad[(2 = 3a1) fr + fzl + a*[(4 — 6a1) f1 + 2 £z

a2 -
+= [f(R) — f(T)]} :

(S

Now we clearly see that in the limit a; — 1 we have
{T - R, f(T) - f(R), fr — f&} then (50) and (51)
are identically null, showing the equivalence of equations of
motion between GTT and f (R) for this limit. The conclusion
is that GTT is only invariant under local Lorentz transforma-
tions and at the same time invariant by general coordinates
transformations in the limit at which a; — 1.

4.2 Spherically symmetric case

We have demonstrated in general that GTT is equivalent to
f(R) gravity, but in addition to explain this through a metric
with specific symmetry, we want to leave the equations of
motion open for further analysis of this theory.

Let us now consider the case of a spherically symmetric
and static line element,
482 = 402 — b gr2 2 <d92 + sin? 9d¢2> . (52)
we can choose the following diagonal tetrad: [el] =
diag[e® /2 P™/2 r rsin @], which, taking into account
(34), provides us with the following equations of motion:

2 & —2a) Sy
— r—2a1r°b’)—
ar2?7 : ar’T
+ [(alrza/ +4(a; — l)r) 4

+4(a; — De? — ayr? (2a” + (a’)z)

— 4Qay — Vrd - 8(a; — 1)] fra2f rzeb} ,
(53)
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—b d
KZG){ ¢ ai (2r2a + Sr) — fr
42 dr
+ [alr(m/ + Db+ 4(a; — e’
—ai <2r2a” + r2(a/)2> +8(1 —aprd

+8(1 —al)] f7+2fr2eb}, (54)

(a1 — l)COSQC?—rf']'
r2sin6

«*0) = =0, (55)

b d2
K203 = K203 = {4aU‘ — fr

—2r (alrb’ —ra — 2) afy

+ [((al —Dr?d + (4a; — 2)r> b + 4a,e’
+2(1 —apria” + (1—a)r?@)?* + (6—8ay)rd’

—4Qar =D fr+2f rzeb} : (56)

where ’ denotes a derivation in relation to radial coordinate
r. Taking the metric (52) to the equations of f(R) gravity in
(47), we obtain

—b d2
2 e
®O= —F {4rd 2fR+(8—2rb)—fR

n [r(a’b’ 24" — (@)} — 4a’] fa+2 freb} ,
(57)

—b
201 _ ¢
K°@] = — . {(Zra +8)—fR

+ [0 + 4w —2ra" — r@)?] £z +2 freb} :

(58)
2

2o aes €0 5d r d
K°O; =« ®3:ﬁ 2r mfﬁ—r(rb—ra—Z)d—rfR

+(rb'+2¢" —rd’ —2) f + frzeb} . (59)

Here first we notice that if a; # 1, there exists an equa-
tion, Eq. (55), outside the diagonal for GTT, resulting in the
restriction of the functional form f(7) = ¢;7 + cg, where
co, c1 € N. Then we have the same constraintto f(7") gravity
in this case [67].

We also see that in the limit a; — 1, {7 — R, f(7) —
f(R), fr — f&}),all equations (53)—(56) for GTT are iden-
tical to f(R) given in (57)-(59).

Now choose a set of non-diagonal tetrads,

e?/? 0 0 0
0 e?/%sinf cos¢ rcosb cos¢ —r sinb sin ¢
0 ¢"2sinfsing rcosOsing rsindcosg
0 e?2 cos o —rsin6 0

(e} =

’

(60)

and the equations to GTT in (34) provide us with
—b

2@0 €
0 =73

{4a1r —fq— (2a1r2b’—8(a1 —Dreb/?
- Sr) if +[(a1r?a’ + 4@y — Dr) ¥/
a7 1 1
+ (4(a1 —Dra' +8(a;— 1)) eb/z—alr2 (Za”—i—(a’)z)
— Bay —drd —8(a — D] fr+2 frzeh} ,
(61)

e—%b/z

d
KZG)} = {Zalr(ra +4)eh/2d fr
;
+ [alr(a’r + )P + [4(ar — Dyra’ +8(ay — )] e?
— (a1r2 (2a" + (a/)z) —8(1 —aprd

—8(1 —ay)) eb/2] fr+2 fr2e3b/2} , (62)

d2
K2®% = /<2®§ ) {4a1 ar — IT

d
— (2a1b’ —4(ay — DreP? — 2724 — 4r> EfT
+ [((al —1)r2d + (4a) — 2)r> b+ 4
+ (4(a1 — Dra' +8(ar — 1)) €/
—2(a1—=Dr?a" — (a1 —Dr?(@)? + (6—8ay)rd

— (8a; — 4)] fr+2f rzeb} . (63)

We can then see that in this case the equations of motion
are diagonal. But equivalence of GTT with f(R) gravity is
only given in the limit @; — 1, when Egs. (57)—(59) and
(61)—(63) are identical.

5 Equivalence between GTT and a particular case
of the f (T, B) gravity

In this section we make an important observation. When we
were finishing the calculation of the non-diagonal tetrads case
of the previous subsection, we noted that a collaboration have

submitted exactly the same idea as our work here. The so-call

f(T, B) gravity [68], with B = —2VH Tiv’ is amore general

theory than presented here, where the algebraic function is

@ Springer
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contained in the action; it may be any analytic function of the
variables 7' and B. We noted then that the equivalence of this
theory with the f(R) gravity is given only for the specific
functional form f(7, B) = f(-T+B) = f(Ié). Compared
to our theory, we see that GTT is a particular case of (T, B)
gravity, when f(T, B) = f(—T + a1B) = f(7). We can
show this again explicitly using the equations of motion.
The equation of motion for f (7, B) gravity is given by

2800 fp — 2V*V, fp + Bfpsk
+40y, (fi + fr) SI* + 4 ety (eel S57) fr
—AfrT3,Sp" — 8 = 2°O). (64)
The first observation here is that this theory does not fall
under f(T) gravity in general, as well as our GTT, as men-
tioned at the end of Sect. 3. Taking f (7T, B) = f(T), thus

fB = 0, the equation of motion (64), using the identity (16),
becomes

4@y fr)SM = 2frGh + 8X(Tfr — f) = 27@L.  (65)

This equation is notequal to (17) for f(7') gravity, and cannot
fall under GR when f(T) = T — 2A, due to the sign. This
shows that the f (T, B) gravity also does not return to f(7")
gravity in general.

Now we can show that in the particular case f(—7 +a; B)
this theory falls under our GTT. We take the FLRW metric
(44) with diagonal tetrads [eZ] = diag[l, a, a, a], and the
equations of motion (64) provide us with

20 1
K“®p = 3 {12(61) Sr —6aa—f3
+2 [3ad + 6(&)2] fz + fa2} , (66)
— {4a<a) (ifr>
dr
d2
+ [4aa + 8(&)2] fr — 24* (@ﬁ;)

+ [6a21' + 12(&)2] fa + faz} . 67)

I(2®1 = /c2®2 = K2®% =

Now identifying f(—T 4+ a;B) =
given in (19),

of _aTdf _ df
aT ~ 9T dT dT’

of AT df df

fo=35 = 3par ~“ar (68)

We see that Egs. (66) and (67) are identical with GTT (45)
and (46), thus showing the equivalence between the theories.
We can also confirm this by choosing the spherical sym-

metry for the metric (52), first for diagonal tetrads [e),] =
al2

f(7T), recalling that 7 is

fr=—=

diagle®’~, e?/2_ r, r sin 6], thus, Eq. (64) provide us with

@ Springer

20 = d 8ri fr —2 [Zrb/ +2¢% —2rd’ — 4:| fr
0 42 dr-
d d
—2 22— —b' | —
g [ dr ] dr IB
n [—r(m’ LA —4eb 4y (2ra” +rd)? + Sa/)
+8 } fz—2 frzeb} : (69)
2ol = < [ [Zeb —4rd — 4] fFrtorfrd +4] < g
1 452 dr
+ [r (ra’ + 4) b +4deb —r (Zra" — r(a’)2 — 8(1’)
- 8] f5 + 22 feb} , (70)
KZG)% =——— |:cos9—fT + cos — fB:| (71)
r4sinf

—b
KZG)% = KZ@)% Z {Zr(ra + 2)—fT

[ ra +2)0 472 (20" 4 @) +6ra 4] £

—2r? [21 — v

d / /
CRY AN

— 4ol 42 (2a”+(a’)2) +8rd + 8] fp— 2fr2eb} .

(72)

Again we have the equivalence of the equations of motion

(69)—(72) with (53)—(56), for the identifications f (T, B) =
f(7T) and (68).

By taking the choice of non-diagonal tetrads (60), the
equations of motion from f (7T, B) gravity (64) provide us
with

—5b/2 d
200 € 26 _ 3b/2
K°Oy = — 2 {SV[e — b/ ]d—rfT
+ [4re3b/2b’+2(2m/+4)e2"—4(m/+2)e3b/2] fr
+ [4 2 3b/2 <8re2b _ 2r263b/2)] ifB
dr

—i—[r ra’ +4 3h/2b’+4(ra’+2) e

( 24" + r(@)? + 8rd’ +8) 31’/2] 7B
2 fr2e5”/2} , (73)

—5b/2

4r2
d

+2r(ra’ + 4)e3b/25 7

e
K2®} =

[[4(m’ +2)e® —8(rd + 1)e3b/2] fr

+ [r(ra/+4)83b/2b/ +4(ra’ + 2)€2b (2r2 "

+r2d)? + 8rd + 8)e3h/2] fs+ ZfrZeSh/Z} ’
(74)
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o—5b/2

472

d
"2(”)% = KZ(“)g = {[4rezb —2r(ra’ + 2)€3b/2] —

dr
4¢3 4 A(rd’ + 2)e?’

Jr
+[rera + e —
( 2a”—i—rz(a )2 + 6rd’ +4) 3b/2] fr

d
+ [4 2 3"/2 —+dre?’ —2r e3”/2b] /B
dr-
—|—[r(ra +4)e3b/2b +4(rd’ +2)e2b
r2a" +r2@)? + 8ra’ +8) 2] £

+2 fr2e5b/2] . (75)

Just as before, making the identifications f (T, B) = f(7)
and (68), Eqgs. (73)—(75) are identical to GTT in (61)—(63),
confirming again the equivalence of these theories.

6 Applications to GTT
6.1 Reconstruction for de Sitter Universe

A method to obtain the functional form of the algebraic func-
tion f(7) is the so-called reconstruction. This method con-
sists of specifying a model that fixes the matter content of the
theory in terms of the scalar 7, allowing one to reconstruct
the functional form of f(7') through the equations of motion
of the theory.

We will choose the particular case of a flat FLRW met-
ric in which a(t) = agexp[Ho(t — t9)], ap, Hp, to € N4;
it provides us with the model of de Sitter universe, where
H(t) = a/a = Hp. In this case, using (19), we have

Ho(T) = JT/I6(—3an], H = 0 and (d/dt) fr =

frr(d/dHT = 0. Knowing that «>0) = «2p = 3HZ,
Eq. (45) provides us with
1

3[Ho(T)I* = 3[Ho(D) @ = 3an) fr(T) = 5 f(T),

(76)
and integrating with respect to that 7 results in
F(T) =T +[(2=3a)T173a0/C=3a) ¢ o) e .

(77)

6.2 Spherially symmetric type-de Sitter solution

We here take the limit a; — 0 in (34), which after using the
identity (16) and considering 7 — —T results in

fr(=T)G + 8"[f( T) — Tfr(~=T)] = —k*07.

(78)

As in f(R) gravity [69], we can consider the very specific
case where R = Ry = —To+ By, T =Ty = —To+ai1 By =
—To, with Ry, Ty, By € % and By is defined by (19). In the
case of a perfect fluid @f)‘ =diaglpo, —po, —Po, —Pol, and
Oy fr = frr9,.To = 0, which results in the equations

f(=Tp) }
Sfry(=To)

2
Rgz i OJ+18U|:R()+T0—
fT()( TO)

(79)
which taking the trace results in

Bo= oo —3p +2 LT )
J1o(=To) J1 (=To)

Considering now the line element (52), for b(r) = —a(r)

and pp = —po (type dark energy), we can integrate the equa-

tions of motion (79), where we get the following solution:

a(r) = —b(r) =log |:1 + S Toyr
F(=To) — fr,(=To)To + 2«*po 2]
. 81
" 6 fro(—To) ' 81

This is a static de Sitter type solution where we can identify
the effective cosmological constant (— Aegr/3) = [ f(—Tp) —
S, (=To)To+ 2/<2,00]/[6fTO (—To)]. A de Sitter type solution
was also previously obtained in f(R) gravity for a(r) =
—b(r) and R = Ry [69]. We emphasize here that this solution
boils down to a different theory from f(7') gravity, because
GTT does not fall under f(T) gravity for a; — 0, except
for the special case where f(7') is an odd analytic function,
thatis, f(=T) = — f(T).

6.3 Evolution for the state parameter of the dark energy

A good test for our theory is the evolution of a model of the
universe. This can discard or keep a theory depending on
whether it is in agreement with the observational data.

Let us follow the procedure found in [70] to determine the
state parameter wpg. For a universe permeated by a perfect
fluid, of which the equation of state is governed by p = wp,
we can rewrite the equations of motion (45) and (46) as

3H? = k*Gefi (pm + PDE) »

a
H=—,
a
G 1
ff= —————,
ST Ga -2 fr
1T . . 1
PDE = 5 301(HfT—HfT)—§f], (82)
. K2 ]
H=_?Geff (Pm + PDE + Pm + PDE) ,
17 . R 1
PDE =7 alfT+HfT—§fi|- (83)
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-145F
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2000

-1.60F

=165

Fig. 1 Representation of the temporal evolution of wpg(t)

Now we can defining the state parameter of dark energy by
PDE aifr+Hfr—%f

WDE = — = 0 . 1
PDE  3aj (HfT — ny') -5

We now assume an exponential model [70] defined by

(84)

T
f(T) =T — BT <1—exp |:—i|) (85)
T,
We will now test for a solution of power law type,
o
a(t) =t%, H(@) = 7 (86)

We can show that (86) is a solution of the equations of motion
(82) and (83) if the matter part is given by the expressions

1 6afa)+a(1-2ay)]
{e

Pt = 3 T2 [Tfr“ + 6aT,t%(a;
s

+aBa; —2)) + 72a1a2(a1(2a —-1) - Ol)] B

+ T2 [—6a2 + 60ar (2 +a) — m;ﬂ]} . @®7)

1 6ala)+a(1-2ay)]
{e

- T2 _ 3.6
Pmt = 272K2l6 st [ 7; t
s

+272ar* (=4 + 3a1 (2 — 3a) + 6c)
+288aj0%(a; 4+ (1 — 2ay))?

@ Springer
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+ T [2a(—4 —3aj(a — 1) +3a) + ﬂ?}tz]} .
(88)

Figure 1 is the temporal evolution of the state parameter
wpg of the dark energy. The red curve is obtained with a
constant given by {o« = 2,8 = 1,75 = Hoszﬁ,?)/ﬁ, Hy =
0.75, Qf,(,)) = 0.23, aq 1000}, where we can see that
the fluid is always phantom wpg < —1. The blue curve is
obtained with a constant given by {« = 20,8 = 1,75 =
HoQY /B, Hy = 0.75, QY = 0.23,a; = 1}, where we
see that the fluid is always phantom wpg < —1, but it fluc-
tuates approximately between the values —1.05 and —1.08.
The most interesting case is the green curve obtained for
the constants {&¢ = 2,8 = 1,7, = HOQS,?)/ﬂ, Hy =
0.75, Q,(,(,)) = 0.23,a; = 0.1}. In this case we see that the
fluid begins in a rather phantom phase, going through another
quintessence type phase, heading toward behavior of bary-
onic matter (w > 0), and finally returning to the phantom
phase. The result is that the current accelerated expansion of
the universe and the crossing of the phantom divide from the
phantom phase to the non-phantom (quintessence) one can
be realized as well as in [70].
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6.4 Thermodynamics for an apparent horizon

A further application is for thermodynamics of the apparent
horizon in cosmology with the FLRW metric. We can follow
the formulation given in [71].

We can establish a similar equation of continuity, deriving
over time (82) and using (83)

Pm + PoE + 3H (om + PDE + Pm + PDE)

_sp2d (L) . (89)
dr \ Gefr

Whereas the baryonic matter is conserved (0, + 3H (o +
pm) = 0), we see that dark energy is not conserved, yielding
the interpretation that it is a system out of equilibrium with
entropy production (non-equilibrium thermodynamics). Fol-
lowing exactly the same steps as in [71], we can establish the
first law of thermodynamics,

TadSa + TadS, = —dEys + WdV,

TyxdS, = —lfA(l-FZJTfATA)d( ! ), 90)
2 Getf

where T4 the temperature of the apparent horizon, dS4 is
the entropy of the apparent horizon, dS, is the produced
entropy, dE s s is the Misner—Sharp energy, W the work, and
dV the volume element of the apparent horizon. Here it is
clearly seen that the first law of thermodynamics is consistent
for entropy production associated with an effective Newton
constant Geff, given in (82), for which for the linear case of
f(7T) the entropy production vanishes and the system goes
back to equilibrium.

If we take the same model as the previous section, i.e. (85)
and (86), we can explicitly show the time dependence of the
effective Newton constant in (82),

6alaj+a(1—2ap)] ) —1
} 91

Gefr = (Bay — 2)_1 {1 + Be Tyi2

Here two important observations are in order. The first is that
it gets an explicit dependence of the first law of thermody-
namics corresponding to the specific choice of the value on
aj in (91). The second is that by taking the particular value
B = 0in (91), clearly we have Gef = (3a; — 2)_1, which
again shows the dependence of the theory in relation to the
specific value of ay, and from (91), (85) and (90) we return
to the linear theory, where there is no entropy production.

7 Conclusion

We construct a theory that describes the gravitational inter-
action through effects of torsion of space-time. This theory
generalizes the teleparallel theory, keeping the invariance by

both local Lorentz transformations as general coordinates
transformations for a particular case.

The action of our theory is described by a general alge-
braic function that depends on a tensorial scalar 7, which
is classified by a real parameter a;. Our theory falls exactly
under f(R) gravity when we take the limit a; — 1. This is
shown from the equations of motion of the two theories.

We show explicitly through the equations of motion of our
theory that it is also equivalent to the recently found f (7, B)
gravity, when f (T, B) = f(—T + a1 B).

‘We make two small applications of our theory, reconstruct-
ing the action for the particular case of a de Sitter universe
for the flat FLRW metric, with a set of diagonal tetrads, and
for obtaining a static de Sitter type solution. We also analyze
the evolution of the state parameter of the dark energy and
the first law of thermodynamics for the apparent horizon.

Our theory is a good scenario for an attempt to explain
the accelerated expansion of our universe, by modifying the
usual teleparallel gravitation, or by analogy to Einstein grav-
ity. The real parameter a; which classifies which theory GTT
describes is crucial to any consideration of cosmological phe-
nomena. We also expect new solutions of black holes to arise
through our theory, in which one may also suggest to shed
some light on the so-called dark matter explanation of local
effects of gravitation.

Another perspective is to show the stability of the three
solutions discussed here. This should be a topic for future
work.
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