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Abstract A non-diagonal vielbein ansatz is applied to the
N-dimension field equations of f(7") gravity. An analyti-
cal vacuum solution is derived for the quadratic polynomial
f(T) = T + €T? and an inverse relation between the cou-
pling constant € and the cosmological constant A. Since the
induced metric has off-diagonal components, it cannot be
removed by a mere coordinate transformation, the solution
has a rotating parameter. The curvature and torsion scalars
invariants are calculated to study the singularities and hori-
zons of the solution. In contrast to general relativity, the
Cauchy horizon differs from the horizon which shows the
effect of the higher order torsion. The general expression of
the energy-momentum vector of f(7) gravity is used to cal-
culate the energy of the system. Finally, we have shown that
this kind of solution satisfies the first law of thermodynamics
in the framework of f(T') gravitational theories.

1 Introduction

General relativity is constructed in Riemann geometry, which
reduces to Minkowski spacetime in the absence of a gravita-
tional field. In the Riemannian geometry, the differentiable
manifold is described by a metric tensor which measures the
distances between different space points. However, gravita-
tion in this theory is a manifestation of the curvature of the
spacetime, where the Riemann Christoffel tensor is respon-
sible for this curvature. All quantities in this manifold can
be defined in terms of the metric tensor [1]. At present time,
to extend GR to include torsion is considered as an urgent
issue because many questions depend on whether the space-
time connection is symmetric or not. General relativity is an
orthodox theory that does not allow quantum effects. How-
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ever, these effects should be taken into account in any theory
that accompanies gravity. Changing geometry from V4 (4-
dimensional Riemannian manifolds) to Uy (4-dimensional
Weitzenbdck manifolds) is considered as a first direct exten-
sion that attempts to incorporate the spin fields of matter
into the same geometrical scheme of GR. As an example
of this, we have the mass-energy in which curvature is the
source of gravity, while the spin of torsion. Einstein—Cartan—
Sciama—Kibble theory is considered as one of the most sig-
nificant trails in this direction. Nevertheless, the task of spin-
matter fields does not explain the function of the torsion ten-
sor that seems to play important tasks in any fundamental
theory.

The accelerated expansion of our Universe is confirmed
by many separated cosmological experiments [3-21]. This
expansion can be explained in GR by taking into account the
dark energy component in the total energy of our Universe.
It is widely accepted, without real justifications, to interpret
these components by inserting a cosmological constant A
into Einstein’s field equation which is called ACDM model
[2]. Also, this model can be extended by adding a speculated
dynamical fluid with a negative pressure, e.g. quintessence
fluid. Therefore, we can consider the accelerated expansion
of our Universe as an indicator of the failure of our informa-
tion to the principles of gravitational field, and thus a modifi-
cation of GR is necessary. This modification can be done by
making the action a function of the curvature scalar R, i.e.,
f(R) [22-24].

Using a different processor we can set up another method
and use the Weitzenbdck connection, which includes torsion
as an alternative to curvature. This process was suggested by
Einstein who called it a “teleparallel equivalent of general
relativity” (TEGR) [1,25-30]. This theory, TEGR, is closely
related to GR and differs only by a total derivative term in
the action. The dynamical objects in such geometry are the
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four linearly independent vierbeins' h¢ w- The advantage of
this framework is that the torsion tensor is formed solely
from the products of first derivatives of the vielbein. In the
TEGR formalism, the features of a gravitational field are
described in the torsion scalar [25,26]. Therefore, guided by
the construction of f (R) gravitational theory we are allowed
to postulate the Lagrangian of the amended Einstein—Hilbert
action as a function of the torsion scalar to extend TEGR in
a natural way. This extension is called f(T), where T is the
teleparallelism scalar torsion, gravitational theory [31-48].
It is necessary to note thatin f(7") theory the field equations
are of second order while the field equations of f(R) are of
fourth order. Different aspects of cosmology in f(7T') theory
have been discussed in the literature [49-67].

A black-hole solution [45] has been investigated in the
quadratic polynomial f(7) gravity using a diagonal viel-
bein as a first approach to the study of the features of the
theory. As is well known, the diagonal relation between viel-
bein and the metric is always allowed in the linear teleparallel
gravity. However, the non-diagonal relation in the general-
ized theories, e.g. f(T) gravity is essential. The aim of the
present study to derive a rotating N -dimensional black-hole
solution for a quadratic polynomial f(7") gravitational the-
ory using a non-diagonal vielbein and discuss its relevant
physics. This study is arranged as follows: in Sect. 2, the
installation of teleparallel space and the f(7") gravitational
theory is provided. In Sect. 3, a vielbein field” is applied to
the N-dimension field equations of f(T) = T +¢T? and an
exact rotating solution is obtained. This solution is asymp-
totically de Sitter or anti de Sitter (dS/AdS). The main merit
of this solution is that its scalar torsion is constant. In Sect.
4, some relevant physics, singularities, energy, and the first
law of thermodynamics, are discussed. The final section is
reserved for the discussion.

2 Installing f(T') gravitational theories

We are going, in this section, to briefly review f(7') gravita-
tional theory. Then we apply the field equations of a quadratic
polynomial f(T) = T 4€T? to anon-diagonal vielbein field
with a spherical symmetry aiming to find a new black-hole
solution.

2.1 Teleparallel space

In this subsection, we give a brief survey of the teleparal-
lel space. In the literature, this space has many names, e.g.

! In this study Greek indices and Latin ones refer to the coordinate and
tangent spaces, respectively.

2 In the 4-dimensional spacetime case, we call the vielbein a vierbein
or tetrad.
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distant parallelism, Weitzenbock, absolute parallelism (AP),
vielbein, parallelizable etc. For more details, we refer the
reader to [68-71]. A teleparallel space is a pair (M, b,),
where M is an N-dimensional manifold and b, (¢ =
1,...,N)are N independent vector fields defined globally
on M. The vector fields b, are known as the parallelization
vector fields or vielbein fields.

Letb,* (w =1, ..., N) be the coordinate components of
the ath vector field b,. The Einstein summation convention
is applied on both Greek (world) and Latin (mesh) indices.
The covariant components b“,, of the vector b, and its con-
travariant ones satisfy the following orthogonal condition:

ba"b*, = 8" and b,'b?, =5, ()

with § being the Kronecker tensor. Due to the linear indepen-
dence of the vector b,, the determinant b := det(b,*) must
be nonzero.

On ateleparallel spacetime, (M, b,), there uniquely exists
a non-symmetric linear (Weitzenbock) connection, which is
constructed from the vielbein fields as

0%, = b%,0,b,% = —b,%9,b%,. )
This connection identifies the important property
Vbt = 8,bg" + TH5,ba" = 0, 3)

which is known as the AP condition. So the connection (2)
sometimes can be called the canonical connection. Associ-
ated to it, the covariant differential operator Vér) is given as
3).

The curvature tensor R*¢,,, and the torsion tensor 7€,
of the canonical connection can be calculated using the non-
commutation relation of an arbitrary vector fields V, given
by

vOyDy,e _ gOydy,a
=R Vo +T€,, VOV,

Combining the above non-commutation relation and the AP
condition (3), the curvature tensor R* ,, of the canonical
connection F"; ., must be null identically [68]. Moreover, we
caninduce the metric tensor corresponding to a given vielbein

field as

uv = Napbub’y, )
and the contravariant one

g"" = n"b, by". 5)
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Also, we can construct the symmetric linear (Levi-Civita)
connection from the metric tensor g, as

5 1
Fap.v = _gag(avgua + 8#81}0 - aoguv)- (6)

2
Using Egs. (3) and (6), it is easy to check that both the canon-
ical connection I'* ;,, (2) and the Leivi-Civita connection are
metric ones, i.e.

Vg, =0, Vg, =0,

where the operator V((,r) is the covariant derivative associated
with the Levi-Civita connection I'. For the non-symmetric
connection (2), we define the torsion tensor

Ta;w = Favu - Fauv = baa(aubav - avbau)- @)
Also, we define the contortion tensor K, as the difference
between the Weitzenbock and Levi-Civita connections as
K%y =T, = T%, =b," V0. ®)
Due to the symmetrization of the connection [ wv» the tor-
sion and contortion tensors are related by

Ta;w = Ka,uv - Kavp,- (9)

Alternatively, one can write the torsion in terms of contortion
as

1
Koz,uv = E(Tvau + Tot/w - T;ww)a (10)

where Ty 0 = 8eo Tiw and Ko = geu K€, The torsion
T v (contortion K, ) tensor is skew-symmetric in the last
(first) pair of indices. Moreover, Eqs. (9) and (10) show that
the torsion tensor vanishes if and only if the contortion tensor
vanishes.

2.2 f(T) gravitational theory

In f(T) gravity, and similar to all torsional formulations,
we use the vierbein fields b, which form an orthonormal
base. The Lagrangian of TEGR, i.e. the torsion scalar T, is
constructed by contractions of the torsion tensor as [72]

1 1
T = 1" Ty 4 ST Ty = T T (11)

Similar to the f(R) extensions of GR we can extend T to
a function f(T), constructing the action of f(T') gravity
[32,33]:

1 1
£= 50 [wir@—2m @+ 5o [ by .
K 2K
(12)

where « is the N-dimensional gravitational constant given
by x = 2(N — 3)Qy_1Gy, Gn being Newton’s constant
in N dimensions and Q2y_1 the volume of an (N — 1)-
dimensional unit sphere, which is given by the expression

Qy_1 = % (with the I'-function of the argument

that depends on the dimension of spacetime).’ |b| = \/—g =
det (b“ #) and Lyateer 18 the Lagrangian matter. The variation
of Eq. (12) with respect to the vielbein field b’ , and its first
derivative gives the following field equations [33]:

S B, T frr + (b7 b1 10, (bbi* Su””) — T% 1S 1 fr
f—2A 1

8 = 5k T (13)
. a2
with f = f(T), fr=2LL frr =500 and 77,

is the energy—momentum tensor.
Equation (13) can rewritten as

WbS™Y f(T)7] = kb, [t°F + TPH], (14)

where t"# is defined as
1

= —[4f (1) S T — g™ f (D], (15)
K

Due to the anti- symmetrization of the tensor S"* we get

3,0, [bS™ f(T)r] = 0, that gives 9, [b(t*"* +T*)] =0.
(16)

Equation (16) yields the continuity equation in the form

d
— [ d™ Vb b, (O + T
dt/;/ X M( + )

+§£ [bb*, /" +T/*)]dE; =0, (17)
z

where the integration is on the (N — 1) volume V bounded by
the surface X. This recommends one to represent the quantity
t*#, the energy-momentum tensor of the gravitational field, in
the frame of f(7') gravitational theories [73]. Therefore, the
total energy-momentum tensor of f(7') gravitational theory
is defined as

P¢ :=/d<N—1>x b b, (1% + T
Vv

1

_ ! / ANV 9, (65 £ (T)r]. (18)
K Jv

3 When N = 4, one can show that 2(N — 3)Qy_; = 8.
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Equation (18) is the generalization of the energy-momentum
tensor that can be used to calculate energy and spatial
momentum. It is clear that the TEGR case [74] is recovered
by setting f(T) =T.

3 Rotating solution in f(T') gravitational theories
For an N-dimensional spacetime having spherical symmetry

with a flat horizon, we write the following vielbein ansatz in
cylindrical coordinates (¢, r, ¢1, @2 ... pn—3, 2) [45]:

S1(r) 0 0 O S2(r)
0 S0r) 0 0 0
0 0 0 0

1 s

(blu)_ 0 0o 0 - o |-
cor 0 0 0 cir

19)

where A = ,/W, Si(r), i = 1---3, are three

unknown functions of the radial coordinate r, while ¢ and
¢ are some constants.? It is clear that, if the two constants

tt — comp.
_ 1
T 438331851 — 25))?

c1 = 1, ¢y = 0, and the function S, (r) = 0, then the vielbein
(19) reduces to the previous diagonal vielbein case studied
in [45]. The line element of (19) takes the form

i=N-3

> d¢i?
i=1

—(c12r? = $52)dz? — 2(cicar? — $1S)dzde.  (20)

2
ds? = (512 — czzrz)dt2 — S32dr2 — <%>

Equation (20) arises from the vielbein ansatz (19) using Eq.
(4). Substituting (19) into (11) we evaluate the torsion scalar
in the form’

1

r= 2r2832(c1S1 — 252)? (527517 =5,
x[2515285 +4(N = Derr{erSi — 251 + 51°S?
—4(N — 2)rcaSh(c1S1 — 252)
+2(N = 2)(N = 3)(c181 — c252)7). 2D
where Si/ = dSi(r) . Inserting the vielbein (19) into the field

r
equations (13), and assuming the vacuum case, we get the
following non-vanishing components:

[frrT S3r(caSa — c1S1) ((S2[81% = 2r2¢221 4 rPe1c2S1)Sh + Sa(cicar? — 5152) S

22N = 5)rc1c2818) — 2N = 3)rea® > — 2N — 2)rei®S1?) — fr{rS3(c1S1 — 282 ([S2(S17 — 2r2cr?)
12128118y + SalrPcicy — $28118)) + rS183¢1(S12 — r2cr?) 852 4 Sh[rS3(c1 St + ¢282)

x(r¥ciey — $281)S) — (c181 — c2S){r[$2(812 — 2r%c?) + rPe1e2 8118, — S3[BN — 8)r’cacy Sy

+(N — 4)$:517 — 202N — 5)r’c2’ K185 + re2$283(82% — r2e1?)S)? — S1{r$285(rPcica — 5152)
+S3[2(N = 2)r%ci 281 — 3(N = 2)rPcicaSa + (N — H)S182° 111 S1 — €282) 4+ 2(c1 51 — €25)*(IN —2]e1 Sy

/ f_2A
—IN =3]e25)[r 83 = (N = )} = —— .

t z —comp.

1
= 58 — s T

rrT'S3(c1S1 — c282) ([2r%c1eaS1 — $2817 — 1222 $218] — S1[Sh(c2’r* — $1%)

+2rea(er St — 281 + frSar(e1Si — c2S){[2r%ci1c2S1 — $2817 — r?e22$518] — Si(c2*r? — $17) S5}
+7583(2¢2818 — c1812 — r2c1ea?) S} + 81 [rS3(r2e2 So + ¢181% + r2e1cr®S) — 3¢25:51%) )

—(c181 — 2 {r2ricicaS — $2817 — r2*$1185 — [2(N = 3)rPc128183 — (N — D{r?e2’ Sy + $2817 )]
+81{r 85228381 — 1222 83) + Sy(c1S1 — c2S)[rS5(r2ea® — $12) — (N — 2)r2¢2®S3 4 (N — 4)83512]

+2rea(c1S1 — e282)*[rSy — (N — 3)S$31}1,

4 The vielbein (19) is not the most general non-diagonal one. However,
we use it to facilitate the calculations.

@ Springer
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r r —comp.

Jr 22 / / 272
= $2°8 287 [2(N —2 S1—c2%) — 5158 NEN
4252(c1 51 _C2SZ)2( 27817+ 285 [2( Jrei(e1S1 —282) — $1551+ 5175,
/ 2 f _2A
—4(N = 2)reaSy (181 — €282) + 2(N = 2)(N — 3)(c181 — 282)7) — YR

PrP1=rpp=¢P3¢3 =+ = pN-3 pN—3 — comp.

1
X281 81 — 25)) LfrrT'rS3(reiS) — reaSh + (n = 3le1S1 — c2$al) + frir’e1S38] — r’ca$s 8y

—rSi(re1Sy —reaSh + (N = 3)[c1S1 — c282]) + S3[2N — 5){re1S) —reaShy + (N — 3)%{c1S) — 211
f—2A
4

’

zZt — comp.
1
= 58 — s3I
—2re1le1S1 — 282D — frirSs(c1S1 — c2$2)([S1(r%c1? + $2%) — 2r2¢1c282185 + $28][e1r* — $2%0)
—rS8183(r%c12ca — 2¢18182 + €282 85 4 Sh{rS3(r2ei3 St + rPei’eaSy — 3¢18515% 4 ¢25%) S|

—[e1S1 — 28] (rsg[ﬂclzsl — 2210280 + §185)2] — 2N — 3)r2c1¢28283 + S183(N — d)[r2e® + 522])}

rT'rS3(c2S2 — c1S)ISH{S1[r%c1? 4 $2°1 — 2r%c1c282) + Sa(ler’r? — $%18]

—$2(re1 S3(r¥e1® — $22)81% + S84 (P e1? — $22) — S3[(N — 2)rci? — (N — 4)S%11(c1S1 — €250)
+2rci[rSy — (N — 3)831(c181 — 282D},

Z z — comp.
= 4r3S33(c1;1 e [frrrT'S3(c28h — e1S)[r?e1Si{eaSa — 2¢181} + rPc1eaSiSh — 2(N — 2)rex $)?
122N = 5)rc1caS1 8y — 2(N = 3)rei 2812 + $152S) — 2812851 + frirSs(ci1S1 — c252)
x(S7[(2r%¢c1? — $2)81 — rleica$] — Sy Sileicar? — $2811) — r$HSzea(r’ei? — $°)S8;2
+81{rS3(c1S1 + c282)(r*ciea — $152)85 — [e181 — c2$21[r S5{[2r 1 — $2%1S1 — rPcica$a)
—r2¢183(22N = 5)c1S1 — BN — 8)c282) — (N — 4)815%1) — rS1S3¢1(r2c2” — $12) 852
+(c181 — 28)[rSi(rPcicr — 8152)85 — (r2e2S3(N — 2)[3¢1S1 — 22851 — (N — 4)$,51}155

2 / f —2A
=2r[(N = 3)c181 — (N = 2)c282](c181 — c282)7[rS3 — (N — 3)83] — T (22)

We constrain the system by the following:
2(c3 — carN-1
1 Sir) =cn =T,
FT)=T+er? and A= . (23) (N = Dr
€
_ 2(c3 — carN1
Here the second constraint is to simplify the results. How- $20r) = —c2 (N — 1)rN=3 "

ever, the vacuum solution can be found in general. For more
6(N — 1)(N — 2)ecqrN—3
S3(r) =

details as regards the second constraint, one may consult [45].
Substituting Eq. (23) into Eq. (22), the black-hole solution is N-1 ’
given as

(24)

C3 — C4r

@ Springer
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where c3 and c4 are constants of integration. Equation (24)
shows that when the constants ¢; = 1 and ¢, = 0, the solu-
tion reproduces the static black-hole solution of [45]. We
note that the null value of the constant ¢, implies the van-
ishing of the function Sz (r). So we need not to impose the
vanishing of S, () as an extra condition to reduce to the static
black-hole solution. To understand the characteristics of the
above derived solution and its relevant physics, we are going
to study the singularities, horizon, energy, and the first law
of thermodynamics in the following section.

4 Relevant physics

In this section, we are going to study some physical quantities
of the analytical solution at hand.

4.1 Singularities

We start with studying one of the fundamental concepts in
any gravitational theory, that is, the singularity. Substituting
solution (24) into the metric (20), the spacetime configuration
takes the form

. 26‘12[63 — C4rN’1] — 022(N — 1)rN*1

W2 dr?
s (N — Drv=3
_ i=N-3
_6IN = DV = DecyrN7F 5 (12N Y dg?
c3 — C47‘N71 kz i=1
2022[03 _ C4r1v—1] _ c%(N — l)rN—1 2
(N — DrV=3 )
s — carN=11 — (N — 1)1
_02f2[e3 —eqr™ ] — ( r }dlei- (25)
(N — 1),.N—3

Equation (25) shows that the spacetime metric has a cross
term that cannot be removed by a coordinate transformation.
This cross term is responsible for the rotation similar to the
cross term that appears in GR which creates a Kerr black
hole. Equation (25) shows that when ¢; = 1 and ¢, = 0, we
get

2lcs —ear¥71 5 6(N — 1)(N —2)ec3rVN 3

ds? = dr?
y (N — 1)rN-3 c3 — carN-1 "
P2\ 5 clP(N— DNt
= (72) > deit + i e D)
i=1

which represents the gravitational field of a static black hole
[45].

To study spacetime singularities of the solution at hand,
first we find the radial distance r at which the functions Sj,
S>, and S3 become null or infinitely large. Since these func-
tions are coordinate dependent quantities, we would like to
make sure that the singular points are real and not a reflection

@ Springer

of a bad choice of the coordinate system. In order to distin-
guish real singularities from coordinate ones, we study var-
ious invariants. These invariants do not change under coor-
dinate transformation. If they are not defined at a specific
spacetime point, they will be undefined at that point in any
other coordinate choice. Then the singular point will be a
physical singularity. In GR, we usually study some invari-
ants, e.g. the Ricci scalar, the Kretschmann scalar, efc, but all
invariants are constructed from the Riemann tensor and its
contractions. However, in TEGR, there are two ways to cal-
culate invariants. In the first, one uses the obtained solution
to calculate the torsion invariants, e.g. the torsion scalar 7.
In the second, one employs the solution to obtain the induced
metric, then to calculate the curvature invariants. The com-
parison between these two ways is an interesting topic of this
study which may shed light on the differences between the
curvature-based gravity and the torsion one. More specifi-
cally, one can use the vielbeins, Weitzenbock’s connection,
to construct all torsion-based invariants, or to use the metric,
the Levi-Civita connection, and construct all the curvature-
based invariants. Since particles follow geodesics defined by
the Levi-Civita connection, some prefer to study the curva-
ture invariants instead of the torsion ones. However, we can
say that the two ways (invariants constructed from metric and
those constructed from vielbeins) are equivalent only when
a suitable choice of vielbeins and metric is selected. There-
fore, classically, the above two ways might be alternatives;
however, on the quantization level, it would be important to
discover which is more fundamental field: the metric or the
vielbein? We calculate some curvature and torsion invariants
corresponding to the solution (24) as given below, using the
symmetric connection of Eq. (6) for curvature invariants and
the non-symmetric one given by Eq. (3) for torsion invariants,
and we get

6Ncy?r?N=D L 3(N — 2)2(N — 3)c3?

RMV)WOR = ’
N N
R" Ry, = N 22 ~ 6N —2)e’
36(N —2)% 6N —2)e
4¢42r2N=D _ deseqrN =1 4 (N = 1)e3?
TMV}LT/w)L =

12c46 (N — 2)rN=1(cqrN=1 — ¢3)
N-1 2
T, = (N —1)(2cyr —c3) ,
24(N — 2)rN=leca(carN=1 — ¢3)
1 N —1
Ty = yyre=N"D
be 6(N —2)e
= R=-T—2V,T".

27)

From the above calculations, we have the following compar-
ison:

(i) The invariants RHV** Rvips THv Tyva,and THT), have
a singularity at » = 0.
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(ii) The invariants T*"*T),,; and T*T,, have one more sin-
gularity at c3 = cqrV 71

(iii) The scalars R*VR,,,, R, and T have no singularities
and the black-hole solution is regular even at r = 0. We
see that the limit € = 0 is not valid to keep a regular
black-hole solution.

(iv) All the above invariants are not defined when ¢ — 0.
This means that solution (24) has no analogy in GR
and cannot reduce to GR (or TEGR). Indeed, this result
depends on the constraint A = ﬁ. This constraint
facilitates the calculations and makes the above differ-
ential equations solvable.

(v) Equation (27) shows that the Cauchy horizon of g;; =
0 and the horizons constructed from g’ = 0 are the
same, which is familiar in GR (TEGR). However, this
condition is not satisfied for Eq. (27). We may say that
this is due to the contribution of the higher order torsion.
This contribution appears in a non-trivial black hole, like
a rotating one. This point still needs more study which
will be performed elsewhere.

4.2 Energy

We next study the energy of the system according to the
solution® (24). Using Eq. (18) we calculate the necessary
components needed to study the evaluation of the energy:

cr2cy — 2N ¢y 0p 2 (N=1) _ g(N=2)/2, 2, (N=1)

G001 _
(12)N=2DrNecy(c1? — e2%)?

3

(28)

E— 2V=D(N = 2)Qu 1 V2V =D/2(c12 — 3 (e3 — car™ D)
kQT)N=3 Jeca

_ 2NN —2)V2WN=-D/2(¢)2 — %) (c3 — car™ D)

N (N —3)GnyQT)N-3 Jfecs ’

PO =

(29)

where the value of « has been used in the second equation
of Eq. (29). The value of the energy of the above equation
is not a finite value; therefore, we must use the regularized
method to get a finite value of the energy. This regularized
expression takes the form

P4 = 1/ dV"2x[bSY £ (T) 7]
K Jv

1
N-2 00
- / d x[bsa f(T)T]physical quantities equal zero-
Vv

K
(30)

6 In this study we take the Newtonian constant to be an effective con-
stant in which Gegr. = %V [59].

Using (30) in solution (24) we get

2N"2(N = 2)Qn_ V20 =2/2(¢12 — ¢32)c3
k(2QTYN=2/2 fecy
2N—3(N _ 2) /2(N72)/2(012 _ 022)03

T N=3)GNQ)V D2 Jea D

which is a finite value.

E =

4.3 First law of thermodynamics

There is a great deal of work in analyzing the behavior of
the horizon thermodynamics in modified theories of GR. In
a wide category of these theories, one gets solutions with
horizons and can connect the temperature and entropy with
horizons. Since the temperature 7' can be determined from
the periodicity of the Euclidean time, determining the right
form of the entropy is a most non-trivial issue. Here we shall
briefly describe how these results arise in a class of theories
which are natural modifications of TEGR. A fundamental law
in need to be studied in a modification of TEGR gravity is
the fulfillment of the first law of thermodynamics. Miao et al.
[75] have discussed whether the first law of thermodynamics
is satisfied within f(T) gravitational theories or not. They
split the non-symmetric field equations (13) into symmetric
and skew symmetric parts to have the forms

1
L(MV) = SuvpaprTT + fT |:G/M) — EgﬂUT]
f—2A
2
Liyv) := Syuwpd” T frr = 0.

v = K/];;u

(32)

Assuming an exact Killing vector they have shown that for a
heat flux § Q passing through the black-hole horizon and by
using the symmetric part of Eq. (32) they show

§Q

_ K deA
Tox | 4

:| +_/ kY frr T u(EPSpn" — ViEM),
o KJH
(33)

where H stands for the black-hole horizon, which in this
study is equal to an (N — 2)-dimensional boundary of the
hypersurface at infinity. It is shown that the first term in Eq.
(33) canberewritten as 785 [75]. Therefore, when the second
termin Eq. (33) is not vanishing there will be a violation of the
first law of thermodynamics. Miao et al. [75] have shown that
the second term cannot be equal to zero. Therefore, if we need
to satisfy the first law we must either have f77 = 0, which
gives the TEGR (GR) theory, or have T = constant. Indeed,
solution (24) enforces the torsion scalar to be a constant.
Therefore, the black-hole solution (24) satisfies the first law
of thermodynamics.
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5 Concluding remarks

We show that finding an exact solution in modified theories
of gravity, e.g. f(R) or f(T), is not an easy task. In this
work we derived an exact rotating black-hole solution in the
f(T) gravity framework. Indeed, the authors of [45], have
found a static black-hole solution using a diagonal vielbein.
However, studying non-diagonal vielbein in f(7') theories
is necessary. In this work, we have employed a non-diagonal
vielbein field, with three unknown functions, to the quadratic
f(T) = T + €T? field equations to study the non-charged
case. We obtained an exact solution by taking the useful con-
straint A = 2}? into account. The derived analytical solu-
tion containing two constants of integration. This solution
coincides with what derived in [45] when the off-diagonal
components are set equal to zero, i.e., co = S = 0.

The solution of the non-diagonal vielbein is a new one and
has no analog in GR due to the appearance of the dimensional
parameter, €, which is the coefficient of the higher order tor-
sion tensor. This coefficient is not allowed to be zero; other-
wise, the torsion scalar and the metric will be singular. The
torsion scalar of this solution is constant, i.e. T = _—el

The issue of singularities is discussed by calculating the
scalars constructed from curvature and torsion. We have
shown that all the scalars will have a singularity at € = 0,
which ensures that this parameter must not be equal to zero
and ensure that our derived solution is a novel one. More-
over, we have shown that there are more singularities for the
scalars constructed from torsion than those constructed from
curvature. This addition singularity may be due to the diver-
gence term, which makes the torsion scalar different from the
Ricci one. One more interesting property of solution (24) is
that its Cauchy horizon is not identical to the horizon. This
property shows the accumulation of the higher order torsion.

To investigate the physics of Eq. (24) in a deeper way we
have calculated the energy and shown that it depends on the
parameter €. Equation (31) cannot give the known form of
energy due to the dimension parameter €, which demonstrates
the effect of the higher torsion scalar. Furthermore, Eq. (31)
shows that, in the case of four dimensions, \/c4 = % and
c12—c? = 1, whichgivesc; = /1 + 22 and E = 2.From
this analysis we can assume ¢ to be the rotation parameter.

Then we have discussed if solution (24) satisfies the first
law of thermodynamics. We have shown that solution (24),
which is an exact one to the non-trivial case f(7) = T+€T?2,
satisfied the first law of thermodynamics. This satisfaction
comes from the fact that solution (24) gave a constant torsion.
In general Miao et al. [75] have shown that for non-constant
scalar torsion and when frr # 0 we get a violation of the
first law of thermodynamics.

Finally, we want to make a comparison between our solu-
tion in which the Cauchy horizon of g;; = 0 and the hori-

@ Springer

zons constructed from g’ = 0 are not the same. However, in
orthodox GR the Cauchy horizon of g;; = 0 and the horizons
constructed from g’ = 0 are the same [76]. This difference
between the horizons of gog and g"" in higher order torsion at
the present time is not clear and its needs more study, which
will be done elsewhere.
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