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Abstract Four-dimensional homogeneous static and rotating black strings in dynamical Chern–Simons modified gravity, with and without torsion, are presented. Each solution
is supported by a scalar field that depends linearly on the
coordinate that span the string. The solutions are locally
AdS3 ×R and they represent the continuation of the Bañados–
Teitelboim–Zanelli black hole. Moreover, they belong to the
so-called Chern–Simons sector of the space of solutions of
the theory, since the Cotton tensor contributes nontrivially
to the field equations. The case with nonvanishing torsion is
studied within the first-order formalism of gravity, and it considers nonminimal couplings of the scalar fields to three topological invariants: Nieh–Yan, Pontryagin and Gauss–Bonnet
terms, which are studied separately. These nonminimal couplings generate torsion in vacuum, in contrast to Einstein–
Cartan theory. In all cases, torsion contributes to an effective
cosmological constant that, in particular cases, can be set to
zero by a proper choice of the parameters.

1 Introduction
Chern–Simons modified gravity (CSMG) is a well-known
effective extension of general relativity (GR) that considers
nonminimal coupling between a gravitational scalar degree
of freedom and the topological Pontryagin density in four
dimensions [1]. This theory is motivated by anomaly cancelation in curved spacetimes, string theory and particle physics
[2]. Its nonminimal coupling might explain flat galaxy rotation curves without introducing dark matter [3] and future
gravitational wave detections might be sensitive to such a
a e-mail:

modification through frame dragging, gyroscopic precession,
and amplitude birefringence in propagation of gravitational
waves [4–6]. Although it has been stablished that GW170817
falsifies some classes of modified gravity theories which dispense with the need of dark matter [7], recently, it has been
shown that CSMG is compatible with such experimental data
[8]. When the scalar field is nondynamical, all spherically
symmetric solutions of GR are solutions of CSMG, since the
Pontryagin density and its associated Cotton tensor vanish
identically,1 in contrast to axially-symmetric configurations
[10–12]. In the dynamical case, on the other hand, CSMG
should be considered as an effective theory, since there seems
to be evidence that its Cauchy initial-value problem is illposed [13]. This, of course, is not an issue when stationary
configurations are considered and it may be overcome within
the first-order formulation of CSMG with nontrivial torsion.
In the realm of the first-order formalism of gravity, where
the vierbein and Lorentz connection are regarded as independent fields, Chern–Simons modified gravity has been studied in different scenarios. In this framework, the nonminimal couplings of gravitational scalar degrees of freedom to
topological densities generate torsion in vacuum, in contrast
to Einstein–Cartan theory. Torsional invariants such as the
Nieh–Yan, Pontryagin, and Euler densities, have been discussed in [14]. The scalar-Pontryagin coupling exhibits modifications to the standard four-fermion interaction appearing in Einstein–Cartan theory, whose physical consequences
have been discussed in [15]. On the other hand, the Nieh–
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In this context, the name Cotton tensor has been used to denote the
contribution of the scalar-Pontryagin coupling to the Einstein’s field
equations, in analogy to Chern–Simons theory in three dimensions [1]
(see also [9]).
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Yan2 density [19] contributes to the fermionic axial anomaly
in Riemann–Cartan spacetimes and it diverges once the regulator is removed [20]. This divergence has been debated
in Refs. [21,22] and, later, a regularization procedure based
on the scalar-Nieh–Yan coupling was formulated [23,24].
When torsion is integrated out, this model resembles the scenarios of Refs. [25,26], and it might offer a solution to the
strong CP problem [27–29]. Finally, cosmological scenarios
have been studied in the first-order formulation of scalarGauss–Bonnet gravity [30–33], motivated by dimensional
reductions of Lovelock gravity, which appears as low-energy
corrections of string theory [34].
In this work it is shown that the spectrum of solutions of
CSMG can be enlarged by the existence of black string configurations, with and without torsion. Black strings are, in
principle, higher-dimensional asymptotically flat black hole
solutions with an extended horizon of topology S 2 × R n , or
(S 1 )n when compactifying the extra dimensions [35]. They
are easily constructed by considering flat extra directions
on the spacetime metric and they represent the most simple counterexample to the uniqueness theorems for higher
dimensional GR [36–38]. Even more, they pave the way
to construct asymptotically flat solutions with nonspherical topology, demonstrating that topological restrictions [39]
lose their strength in higher dimensions. In spite of the evident simplicity involved in the addition of extra flat directions for constructing the black string, there are setups in
which such a process is not evident. The most illustrative
case is when the cosmological constant is included. It is
direct to see that, if a D = d + p dimensional spacetime
is considered with p flat directions, the field equations force
the cosmological constant to vanish. This implies that there
is no simple black string extension of the Schwarzschild–
(A)dS black hole.3 Similar obstructions are encountered for
the black string extension of the Reissner–Nordstrom black
hole.
Here, the approach of [44] is generalized to show that
exact four-dimensional black string vacuum solutions, with
and without torsion, can be obtained in CSMG. In order to
do so, the scalar fields are assumed to depend only on the
extended coordinate that span the string, in contrast to Refs.
[45,46]. This assumption allows us to find solutions to the
field equations that belong to the so-called Chern–Simons
sector of the space of solutions of the theory [10], since the
2

Although the name Nieh–Yan density is used throughout this work,
it is worth mentioning that the pseudoscalar curvature in presence of
torsion has been already discussed in Refs. [16,17] (see also [18]).

3

Nonhomogeneous AdS black strings have been constructed in Ref.
[40] by considering warped spacetimes. This result was generalized for
Lovelock theories possessing a unique constant curvature vacua [41]
and for more general Lovelock theories by generalizing the concept
of Einstein spaces [42]. AdS black strings and black rings have been
constructed only numerically for nonhomogeneous geometries [35,43].
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nonminimal coupling between the scalar field and the Pontryagin density contributes nontrivially to the field equations.
Then, the first-order formulation of CSMG is studied by considering the nonminimal couplings of the scalar fields to the
Nieh–Yan, Pontryagin and Gauss–Bonnet terms, and black
strings with nonvanishing torsion are found in each case.
The article is organized as follows: in Sect. 2, the method
for constructing black strings in GR in arbitrary dimensions
is reviewed, the Riemannian (torsion-free) dynamical CSMG
theory is presented, and the Bañados–Teitelboim–Zanelli
(BTZ) black string solution is obtained. In Sect. 3, we obtain
the black string solutions with nontrivial torsion by taking
separately the nonminimal couplings of scalar fields to Nieh–
Yan, Pontryagin and Gauss–Bonnet terms. Conclusions and
comments are presented in Sect. 4 and two Appendices have
been included for details. Henceforth, greek and latin characters represent spacetime and Lorentz indices, respectively,
and the metric signature is (−, +, +, +).

2 Black strings in dynamical Chern–Simons modified
gravity
In this section, static and rotating BTZ black strings in CSMG
with a dynamical scalar field are presented. Configurations
of this class have been studied in the nondynamical case in
[46], by assuming that the scalar field depends on the radial
coordinate of the 3-dimensional section of the spacetime. In
such a case, the scalar field remains arbitrary and it acts as
a Lagrange multiplier that imposes the Pontryagin density
to vanish. Even though this constraint is trivially fulfilled by
virtue of the isometry group, the radial dependence of the
scalar field implies that the Cotton tensor does not contribute
to the Einstein’s field Eq. [46]. In the present work, unlike
[46], the scalar field is dynamical and it can be solved exactly
from the field equations. These configurations belong to the
so-called Chern–Simons sector of the space of solutions [10]
and they present the main goal of this section.
2.1 Homogeneous AdS black strings in GR
Before presenting the BTZ black strings in CSMG, we briefly
review the procedure of [44] to obtain homogenous anti-de
Sitter black strings in GR.
Let us consider a spacetime metric of dimension D =
d + p, where p flat extended coordinates have been added
to a d-dimensional metric according to
ds 2 = ds̄ 2 + δi j dz i dz j ,

(1)

where ds̄ 2 stands for the d-dimensional metric, δi j is pdimensional Euclidean metric, and i = 1, . . . , p. In order to
obtain homogenous configurations, it is demanded that ds̄ 2
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does not depend on the extra coordinates z i . No further conditions are required, nonetheless, for simplicity we consider
ds̄ 2 = − f (r )dt 2 +

dr 2
2
,
+ r 2 dΩd−2,γ
f (r )

(2)

2
where dΩd−2,γ
represents a (d − 2)-dimensional base manifold of constant curvature γ = 0, ±1, representing flat,
spherical, and hyperbolic geometries respectively.
In order to circumvent the unavoidable vanishing of the
cosmological constant imposed by the field equations, the
authors of [44] have dressed each of the p extended coordinates z i with a minimally coupled scalar field ϕi , with i =
1... p, depending only on those coordinates, i.e., ϕi = ϕi (z i ).
The field equations are then written as

1
(ϕ)
,
Rμν − gμν R + Λgμν = κτμν
2
ϕi = 0.

(3)

(5)

where λ is an integration constant which is usually called
the axionic charge. This kind of scalar fields have been used
to construct planar hairy black holes that exhibit momentum
relaxation in their dual representations. Due to the explicit
breaking of translational symmetry, it is possible to obtain
well behaved holographic conductivities in the dual field theory [47].
The Einstein field equations projected along the ddimensional manifold and the flat coordinates take the form


1
κ pλ2
ḡμ̄ν̄ ,
(6)
R̄μ̄ν̄ − ḡμ̄ν̄ R̄ = − Λ +
2
2

p 2
λ ,
(7)
R̄ = 2Λ − 2κ 1 −
2
respectively, where bar objects represent quantities defined
on the d-dimensional section. Compatibility of the field
Eqs. (6) and (7) requires the following relation to hold
2Λ
.
λ =−
κ(d + p − 2)
2

(8)

From here it is direct to see that, in absence of the scalar
fields, the cosmological constant would have vanish.
Replacing (8) in (6), the metric function is found to be
f (r ) = γ −

M
r d−3

−

2Λr 2
,
(d − 1)(d + p − 2)

where M is an integration constant related to the mass.
Observe that Λ must be negative and that the AdS radius gets
a modification given by the number of extra flat directions
p. This result imply that black strings, which are originally
thought to be higher dimensional objects, also exist in four
dimensions. In fact, the BTZ black string metric reads


Λr 2
dr 2

dt 2 + 
ds 2 = − −M −
2
2
−M − Λr2
+ r 2 dφ 2 + dz 2 ,

(10)

which is supported by a single scalar field ϕ = λz, with
λ2 = −Λ/κ. In what follows, these ingredients are used
to construct homogenous BTZ black strings in dynamical
CSMG by considering d = 3 and p = 1.
2.2 Chern–Simons modified gravity

(4)

The Klein–Gordon equation associated to each ϕi is easily
integrated providing scalar fields with a linear dependence on
the z i coordinates. By using the remaining rotational symmetry, they can be cast into the form
ϕ i = λz i ,

400

Chern–Simons modified gravity considers two independent
gravitational fields: the metric gμν and the scalar field ϕ. The
action principle for the dynamical CSMG is given by [2]4





√
1
α
S gμν , ϕ =
d4 x −g R − 2Λ + ϕ ∗ R R
2κ
4

√
1
−
d4 x −g g μν ∇μ ϕ∇ν ϕ,
2

(11)

where κ = 8π G N is the gravitational constant, α is a dimensionful coupling constant, and the Pontryagin term is
∗

RR ≡

1 γ δτ σ μ

R νγ δ R ν μτ σ ,
2

(12)

with  μνλρ being the Levi-Civita tensor. The field equations
for this theory are obtained by performing stationary variations of the action (11) with respect to the metric and the
scalar field, respectively giving
1
(ϕ)
,
Rμν − gμν R + Λgμν + α Cμν = κτμν
2
α ∗
ϕ +
R R = 0,
8κ

(13)
(14)

where
1
(ϕ)
= ∇μ ϕ∇ν ϕ − gμν ∇λ ϕ∇ λ ϕ,
τμν
2
C μν = ∇ρ ϕ  ρσ λ(μ ∇λ R ν) σ + ∇ρ ∇σ ϕ ∗ R σ (μν)ρ ,

(15)
(16)

and ∗ R μνλρ = 21  λρσ τ R μν σ τ . Notice that the contribution
of the Cotton tensor Cμν in the Einstein’s field equations
4

(9)

In Appendix B the theory is presented in the language of differential
forms to connect with the Sect. 3 of the manuscript.
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involves covariant derivatives of the Riemann tensor, giving, in general, third order field equations for the metric.
Importantly, since the field equations of CSMG involve only
derivatives of the scalar field, they are invariant under the shift
δφ = φ0 , where φ0 is a constant, while the metric remains
invariant. This is a key feature of CSGM that will be useful
to construct black string configurations supported by scalar
fields with a non-trivial linear dependence along the string
extended coordinate.

the radial coordinate only, i.e. ϕ = ϕ(r ), the Cotton tensor
vanishes identically, and the scalar field cannot be determined
from the field Eq. [46].
2.4 Rotating BTZ black string
It is observed that the machinery described in the previous
section can be also used to construct rotating BTZ black
strings in dynamical CSMG. To accomplish this, the following metric ansatz is considered

2.3 Static BTZ black string
In order to look for static BTZ black string solutions to the
field Eqs. (13) and (14), the following metric ansatz is considered
ds 2 = − f (r )dt 2 +

dr 2
+ r 2 dφ 2 + dz 2 .
f (r )

(17)

Importantly, the Pontryagin density vanishes identically for
this metric ansatz, i.e., ∗ R R = 0. The latter implies a free
Klein–Gordon equation for ϕ, that can be easily integrated
as ϕ = λz.
Due to the staticity of the metric and the form of the scalar
field, the Cotton tensor (16) has only one nonvanishing component, that is
Ctφ =

λr f 
f ,
4

(18)

where prime denote derivative with respect to the coordinate
r and all diagonal components of the Cotton tensor vanish.
This implies that the rest of the field equations are given by (6)
and (7) for d = 3 and p = 1, which will be compatible only
if

dr 2
+ r 2 (N (r )dt + dφ)2 + dz 2 , (21)
f (r )

where the addition of an extended flat coordinate has been
applied to a rotating 3-dimensional metric ansatz. Since the
Pontryagin density vanishes identically for this ansatz, i.e.
∗ R R = 0, and under the assumption that the scalar field
depends only on the extended coordinate, the Klein–Gordon
equation reduces to a free scalar field that can be solved as
ϕ = λz. Nevertheless, rotation has a highly nontrivial effect
in the rest of the field equations of dynamical CSMG, since
the Cotton tensor contributes to all diagonal field equations
for the metric along the 3-dimensional black hole spacetime.
In order to obtain rotating BTZ black strings for (13), it is
noticed that the nontrivial components of the Cotton are

λf
f  N r 2 − f  N r 2 − 4 f  N r
Ctt =
4r

Crr

(19)

Then, by solving the non-diagonal components of the field
equations, namely Ctφ = 0, and using (19), the static BTZ
black string solution that solves the full system of field equations is found to be
ds 2 = −

ds 2 = − f (r )dt 2 +

− 2N  f r 2 − 10N  f r

− 2(N  )3r 4 − 6N  f  ,

λ
− f  N r 2 + f  N r 2
=
4r f

(22)

+ 4 f  N r − 2N  f r

λ2 = −Λ/κ.
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r2
dr 2
 + r 2 dφ 2 + dz 2 , (20)
− M dt 2 +  2
2
r
l
−M

Ctφ
Cφφ


+ 2(N  )3r 4 − 6N  f ,


λr f
f  − 6N  N r 2 − 12(N  )2 r ,
=
4

λr 2
f  N r − f  N r − 4 f  N 
=
2

− N  f r − 4N  f − 2(N  )3r 3 ,

(23)
(24)

(25)

l2

where l −2 = −Λ/2. This is the first example of a BTZ black
string for dynamical CSMG with a nontrivial contribution of
the Cotton tensor and it exists due to the linear dependence
of the scalar field on the extended coordinate as it can be
seen from (18). This solution is locally AdS3 × R, and it
represents the cylindrical extension of the BTZ black hole
[48]. It must be noticed that for a scalar field depending on

123

where, as before, prime denotes derivative with respect to the
coordinate r . In order to integrate the field equations, first,
the condition Cμν = 0 is solved and one finds
N (r ) = j1 +

J
j2
+ 2,
r
r

f (r ) = f 1r 2 + f 2 ( j2 r + J ) +

(26)
( j2 r + J )2
,
r2

(27)
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where j1 , j2 , J , f 1 and f 2 are integration constants. Then,
the field equations are given again by (6) and (7) with d =
3 and p = 1. Replacing ϕ = λz with the compatibility
condition (19) along with (26) and (27) in Eq. (13), we obtain
that j2 = 0 and f 1 = −Λ/2; moreover, the integration
constant j1 can be set to zero without loss of generality [49].
Thus, the rotating BTZ black string is given by Eq. (21) with

f (r ) = −M +

J2
r2
+
l2
r2

and N (r ) =

J
,
r2

(28)

where we have defined M ≡ −J f 2 and J such that they
represent the integration constants related to mass and the
angular momentum, respectively, and l −2 = −Λ/2. This
solution represents a full rotating exact black string solution
to dynamical CSMG. Notice that there is no continuous limit
to the static case by taking J → 0, since the mass vanishes
and it yields to a naked singularity. As well as in the static
case, rotating BTZ black strings were previously found only
for the non-dynamical case, where ϕ = ϕ(r ) acts merely as
a Lagrangian multiplier and it remains undetermined from
the field equations [46].
The horizon structure of the rotating BTZ black string is
governed by f (r± ) = 0, with

r± = 

M±

M 2 − 4J 2 /2
2

1
2

.

(29)

3 Black strings in torsional Chern–Simons modified
gravity
In order to deal with spacetimes with torsion, we will work
within the first-order formalism of gravity that considers
two independent gravitational fields: the vierbein 1-form
ea = ea μ dx μ , that encodes the spacetime metric through
gμν = ηab ea μ eb ν , where ηab = diag(−, +, +, +); and the
Lorentz connection 1-form ωab = ωab μ dx μ , encoding its
affine structure. These fields transform as 1-forms under diffeomorphisms and as a vector and gauge connection under
local Lorentz transformations, respectively. The Lorentz curvature and torsion 2-forms are defined by the Cartan’s structure equations
R ab = dωab + ωa c ∧ ωcb ,
T = de + ω
a

G = R 2 − 4Rμν R μν + Rμνλρ R μνλρ ,

(30)

vanishes identically for the metric ansatz (21), the field equation for the scalar field reduces to the free Klein–Gordon
equation, which can be solved as ϕ = λz. With this solution, the contribution of the scalar-Gauss–Bonnet coupling
to the Einstein equations vanishes and the system reduces
to (6) and (7) with d = 3 and p = 1, whose solution is given
in (28). The addition of the scalar-Gauss–Bonnet coupling,
however, is nontrivial in the case with nonvanishing torsion
as it is shown in the next section.

a

a

b

(31)

∧ e ≡ De ,
b

a

(32)

where d is the exterior derivative, ∧ is the wedge product
of differential forms, and D is the exterior Lorentz-covariant
derivative. Curvature and torsion satisfy the Bianchi identities DR ab = 0 and DT a = R a b ∧ eb .
3.1 First-order Chern–Simons modified gravity
The first-order formulation of CSMG is considered by including extra scalar fields nonminimally coupled to the Nieh–
Yan, Pontryagin, and Gauss–Bonnet terms. It is described by
the action principle
1
S[e , ω , ϕi ] =
4κ
a

For a horizon to exist, the condition M 2 − 4J 2 /2 ≥ 0 must
be met, with J = 0. The curvature invariants constructed
out of (17) remain constants, however, a singularity at r = 0
arises from the identification of points of anti-de Sitter space
by a discrete subgroup of S O(2, 2) [49].
This solution is also supported if the scalar-Gauss–Bonnet
coupling is added to the CSMG action (11). Since the Gauss–
Bonnet term

400



ab


abcd R ab


Λ a
b
− e ∧ e ∧ ec ∧ ed +
6

1
−
2



3

αi ϕi Ii
i=1

3

dϕi ∧ dϕi ,

(33)

i=1

where κ = 8π G N , Λ is the cosmological constant,  is the
Hodge dual, and


I1 = Ta ∧ T a − Rab ∧ ea ∧ eb = d ea ∧ T a ,
I2 = R a b ∧ R b a



1
= d ωa b ∧ R b a − ωb c ∧ ωc a ,
3
I3 = abcd R ab ∧ R cd



1
= d abcd ωab ∧ R cd − ωc f ∧ ω f d ,
3

(34a)

(34b)

(34c)

denote the Nieh–Yan, Pontryagin, and Gauss–Bonnet densities, respectively. Here, the index i denote different nonmin-
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imal couplings to topological invariants rather than extended
coordinates as in Sect. 2.1, and αi are dimensionful coupling constants. These models have been considered in cosmological scenarios presenting interesting phenomenology
[30,31,33].
The field equations are obtained by performing stationary variations of (33) with respect to the vierbein, Lorentz
connection, and scalar fields giving

Ea ≡ abcd

R bc −


Λ b
e ∧ ec ∧ ed
3
3

+ α1 dϕ1 ∧ Ta − 2κ

τa(φi ) = 0,

(35a)

i=1

Eab ≡ abcd T c ∧ ed
α1
− dϕ1 ∧ ea ∧ eb − α2 dϕ2 ∧ Rab
2
+ α3 abcd dϕ3 ∧ R cd = 0,
αi
Ii = 0,
E (ϕi ) ≡ d  dϕi +
4κ

(35b)
(35c)

respectively, where no sum over i is assumed unless stated
otherwise. From Eq. (35b) it can be seen that torsion is
sourced by the exterior derivative of the scalar fields. The
energy-momentum 3-form of each scalar field is defined as
τa(ϕi ) = −



1
dϕi ∧  (dϕi ∧ ea ) + (i a dϕi )  dϕi ,
2

(36)

where i a is the inner contraction along the vector basis E a =
μ
E μ a ∂μ , such that ea μ E μ b = δba and ea μ E ν a = δν .
Diffeomorphism invariance imply the on-shell conservation law for each scalar field as


αi
(ϕ )
i a dϕi Ii ,
(37)
Dτa(ϕi ) = i a T b ∧ τb i +
4κ
where i = 1, 2, 3. Invariance under local Lorentz transformations, on the other hand, imply a condition that is trivially satisfied for the energy-momentum 3-form of the scalar
fields. Moreover, the action (33) is quasi-invariant under
(i)
(i)
the global shift symmetry δϕi = ϕ0 , where ϕ0 are constants. The Noether current associated to this symmetry,
αi
Ci , is conserved on shell by virtue of the
Ji = dϕi + 4κ
field equation (35c), where the Ci ’s have been defined as
Ii = dCi according to Eq. (34).
3.2 BTZ black strings with nonvanishing torsion
The vierbein compatible with the metric structure (1) can be
written as

eā = ēā (x̄),
a
e = 3
(38)
e = dz,

123
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where barred quantities denote projection on the 3dimensional spacetime.5 The Lorentz connection, on the
other hand, contains torsional degrees of freedom beyond
the metric ones, and it accepts a decomposition compatible
with (38) given by
ωab


ωā b̄ = ω̄ā b̄ + α ā b̄ e3 ,
=
ωā3 = β ā + γ ā e3 ,

(39)

where the fields ωā b̄ , α ā b̄ , β ā and γ ā depend only on {x̄}.
The piece ω̄ā b̄ is recognized as the Lorentz connection of the
3-dimensional spacetime, α ā b̄ = −α b̄ā and γ ā are Lorentzvalued 0-forms, while β ā = β ā b̄ eb̄ is a Lorentz-valued 1form. It is worth noticing that, even though the topological
invariants constructed out of the Levi-Civita connection vanish by virtue of the isometries of (17), this is not the case
when a torsionful connection compatible with such isometries is considered.
The curvature and torsion, as well as the equations of
motion, are decomposed in terms of the transverse section
and the extended direction. The details of such a decomposition is given in Appendix A and, from hereon, we adopt such
a notation. The distinctive parts of the field equations (35),
namely, Aā , Bā , C, D, Wā b̄ , Xā b̄ , Yā , and Zā , must vanish
independently on shell.
In this work, the following metric ansatz for the 3dimensional manifold is considered
ē0 = f (r )dt,

ē1 = h(r )dr,

ē2 = r (N (r )dt + dφ) .
(40)

When the isometry group of (40) is demanded to the torsional
degrees of freedom, it is found that 24 nonvanishing independent components of ωab appear through the fields ω̄ā b̄ , α ā b̄ ,
β ā , and γ ā .
We are interested in solutions possessing scalar fields that
depend only on the extended flat direction, namely, ϕi =
ϕi (z). According to the notation of Appendix A, this condi(i)
(i)
tion implies that τ̄ā = 0, ν (i) = 0, and χā ∧ eā = 3μ(i) .
From Wā b̄ = 0 and Yā = 0 one has
βā ∧ eā = 0,

(41)

ā b̄c̄ T̄ ∧ e = 0,

(42)

b̄

c̄

where ā b̄c̄ ≡ abc3 . This, in turn, gives ā b̄c̄ L b̄ ∧ ec̄ = 0 and
ā b̄c̄ N ā b̄ ∧ ec̄ = 0, as a consequence of Aā = 0 and D = 0.
These equations can be used to integrate β ā as
β ā = β0 ēā ,

(43)

For instance, ā = 0, 1, 2 denote 3-dimensional Lorentz indices, x̄
their local coordinates, and ēā is recognized as the dreibein.
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Table 1 The BTZ black
strings (50) solve the field
equations (35), provided the
torsional configurations (43)
and (48) with the integration
constants β0 , t0 and λi fixed as
shown in this table. The
(non-)Riemannian AdS
curvature radii (i ) ˜i are
presented for each case
separately

Page 7 of 11

400

(i) Pseudoscalar-Nieh–Yan

(ii) Pseudoscalar-Pontryagin

(iii) Scalar-Gauss–Bonnet

λi

λ21 = − 3α8Λ
2 +8κ

λ22 = − Λ
κ

λ23 = − Λ
κ

β0

0

0

t0

− α12λ1

− α2 λ22 Λ

− Λ2 1 +

α3 λ3 Λ
2

1

1
˜i2

− Λ2

1
i2

−



Λ α12 +4κ
2
3α1 +8κ

α22 Λ2
8κ

0




− Λ2 1 −

− Λ2

α32 Λ2
2κ



− Λ2

where β0 is an integration constant. Additionally, the fact that
Xā b̄ ∧ eb̄ = 0 yields to

class of spacetimes. Therefore, the Klein–Gordon equation
can be solved in each case as

ā b̄c̄ γd̄ ed̄ ∧ ec̄ ∧ eb̄ = α2 ∂z ϕ2 R̄ā b̄ ∧ eb̄ .

ϕi = λi z,

(44)

The Bianchi identity D̄T̄ ā = R̄ ā b̄ ∧ eb̄ implies that Eq. (44)
can be solved as
γā =

α2
∂z ϕ2 ¯ D̄T̄ā ,
2

(45)

where ¯ is the Hodge dual with respect to ēā . Following a
similar procedure, the equation Zā = 0 can be used to find
αā b̄ = −α3 ∂z ϕ3 ā b̄c̄ ¯ D̄T̄ c̄ .

(46)

In what follows, three cases are studied separately:
(i) scalar-Nieh–Yan coupling, obtained when α2 = 0, α3 =
0, ϕ2 = 0, and ϕ3 = 0, (ii) scalar-Pontryagin coupling,
obtained when α1 = 0, α3 = 0, ϕ1 = 0, and ϕ3 = 0, and
(iii) scalar-Gauss–Bonnet coupling, obtained when α1 = 0,
α2 = 0, ϕ1 = 0, and ϕ2 = 0. Since our interest is to find
locally AdS3 × R black string solutions, we restrict ourselves to locally AdS3 Riemann–Cartan spacetimes on the
3-dimensional section, i.e.,
ā b̄
=−
R̄(i)

1 ā
ē ∧ ēb̄ ,
i2

(47)

where i ’s denote the non-Riemannian AdS curvature radii
for each different nonminimal coupling denoted by the subscript i, with i = 1, 2, 3. For this class of spacetimes, the
Bianchi identity implies that D̄T̄ ā = 0. Thus, from Eqs. (45)
and (46) one concludes that γā and αā b̄ vanish. The condition
D̄T̄ ā = 0 can be integrated, giving [50]
T̄ ā =

1 ā b̄
t0  b̄c̄ ē ∧ ēc̄ ,
2

(48)

where t0 is an integration constant. Importantly, the Nieh–
Yan, Pontryagin, and Gauss–Bonnet densities vanish for this

(49)

where λi ’s are integration constants associated to each scalar
field.
The three cases are solved by (38), with a 3-dimensional
section given by (40) with
f 2 = h −2 = −M +

J2 r2
+ 2
r2
˜i

and

N=

J
,
r2

(50)

with M and J being integration constants related to the mass
and angular momentum, while the three different effective
Riemannian AdS curvature radii are denoted by ˜i , with i =
1, 2, 3. Moreover, in order to solve the field equations, we
find that the integration constants β0 , t0 , and λi ’s must be
fixed in terms of the theory’s parameters. These solutions
represent the cilindrical extension of the BTZ black hole and
they are summarized in Table 1.
The appearance of a modified Riemannian AdS curvature
radius stem from the fact that β ā , T̄ ā , and ϕi contribute to
an effective cosmological constant, as it can be seen from
equation of motion Bā = 0. The contribution of torsion to
the cosmological constant in 3-dimensions has been already
observed in [50,51] and in black hole solutions [52,53] of the
Mielke–Baekler model [54]. Notice that the Riemannian AdS
curvature radius do not coincide with the one associated to
the Riemannian–Cartan geometry denoted by i . This can be
seen from the decomposition ωab = ω̃ab + K ab , where ω̃ab
is the Levi-Civita connection satisfying dea + ω̃a b ∧ eb = 0
and K ab is the contorsion 1-form defined as T a = K a b ∧ eb .
This decomposition yields to
R ab = R̃ ab + D̃K ab + K a c ∧ K cb ,

(51)

where R̃ ab = dω̃ab + ω̃a c ∧ ω̃cb and D̃ is the Lorentzcovariant derivative with respect to ω̃ab . Thus, the Riemannian curvature 2-forms of the 3-dimensional section are
locally constant and given by
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1
ā b̄
= − 2 eā ∧ eb̄ .
R̄˜ (i)
˜
i

(52)

Interestingly, the case with scalar-Gauss–Bonnet coupling
admits a Riemannian flat geometry when the condition
2κ − α32 Λ2 = 0 is satisfied, even though the negative
bare cosmological constant is nonvanishing. The case when
2κ − α32 Λ2 < 0 and Λ < 0 admits a positive curvature
radius, however, it represents a naked singularity. The torsional invariants reported in Refs. [55–57] have been computed in all cases and it turns out that they are locally constant
everywhere. However, the nature of the singularity at r = 0
persists according to the BTZ geometry [49,58].
It is well-known that Dirac spinors are sensitive to the axial
piece of torsion [59,60], defined in terms of the irreducible
components6
K ab = V [a eb] +  ab cd Ac ed + Q ab ,

(53)

where V a and Aa are Lorentz-valued 0-forms denoting the
vectorial and axial pieces, respectively, while the mixed part
Q ab = Q ab c ec satisfies i a Q ab = 0 = Q ab ea ∧ eb . The
Dirac equation in Riemann–Cartan spacetimes is given by


1
γ ∧ Dψ − i a T a ψ
2


= 0,

(54)

where γ = γa ea is the gamma matrix 1-form satisfying the
Clifford algebra {γa , γb } = 2ηab , and Dψ = dψ + 41 ωab γab
with γa1 ...a p ≡ γ[a1 ...γa p ] . It is found that the solutions
with scalar-Nieh–Yan and scalar-Pontryagin couplings possess nonvanishing axial torsion, thus, Dirac fermions will be
sensitive to such black string backgrounds. For scalar-Gauss–
Bonnet coupling, however, only the vectorial irreducible
component of the torsion is present, therefore, fermions will
not be sensitive to the torsional part of this black string configuration.
Additionally, it is well-known that point particles without
spin move along geodesics, regardless the dynamical content
of the gravitational theory. In Ref. [61], an equation for the
trajectory of spinning test particles was derived, showing that
they are sensitive to all the components of the contorsion.
This kind of test particles can serve to probe all the black
string geometries with nonvanishing torsion presented in this
work.

4 Conclusions
In this work, different static and rotating four-dimensional
black string solutions have been presented in vacuum within
6

In fact, Dirac fermions are source of the axial component of torsion
when backreaction is considered.
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dynamical CSMG, with and without torsion. These solutions
represent the first static and rotating black strings in dynamical CSMG with nontrivial contributions of the Cotton tensor.
They represent the black string extension of the rotating BTZ
black hole [48] with one additional extended direction. For a
horizon to exist, the same conditions of the BTZ black hole
must hold. The solutions differ from the one reported in [24],
since the scalar field is dynamical and it can be completely
determined from the field equations. Moreover, these configurations belong to the Chern–Simons sector of the space of
solutions according to [10].
Next, the first-order formulation of CSMG is studied by
considering nonminimal couplings of the scalar fields to the
Nieh–Yan, Pontryagin, and Gauss–Bonnet densities. Homogeneous and rotating BTZ black strings are found that, to
the best of the authors’ knowledge, represent the first black
strings with nonvanishing torsion reported in the literature.7
It is found that either axial or vectorial components of the torsion arise, while the other components are zero in all cases.
We found that torsion contributes to an effective cosmological constant, shifting the Riemannian AdS curvature radius.
This behaviour could have interesting consequences in cosmology by considering a torsion-driven acceleration without
the cosmological constant and its fine-tuning problem. On
the other hand, in the case of the scalar-Gauss–Bonnet coupling, there exist a particular choice of the coefficients that
allows for a flat Riemannian geometry in presence of a nonvanishing cosmological constant. This is possible due to the
presence of a vectorial component of the torsion that can
cancel the contribution of the bare cosmological constant.
Finally, it is shown that spinning test particles and Dirac
spinors will sensitive to some of the BTZ black string backgrounds reported here, providing a suitable scenario for the
latter to study spinorial quasinormal modes and their stability.
Charged black strings in dynamical CSMG were sought in
this work, nevertheless, the same impossibility arising in the
black string extension of the Reissner–Norstrom black hole
was found (see [63] and references therein). It is worth mentioning that this can be circumvented in higher dimensional
gravity by considering Einstein–Gauss–Bonnet theory, pforms instead of Maxwell fields [63], or in four-dimensional
Einstein-SU (2) Skyrme model where the charge like term
comes from the inclusion of the Skyrme fields rather than
from the Maxwell fields [64].
Interesting questions remain open. For instance, conserved Noether charges within the first-order formalism and
their connection with black hole thermodynamics have been
7

In the context of string theory, a black string configuration supported
by a completely antisymmetric 3-form was obtained in [62]. This notion
of “torsion” is not the Cartan’s torsion, which is described by a 2-form
in any spacetime dimension (see Ref. [60]).
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studied in [60,65–71]. In order to apply these techniques
for the black string solutions presented here, the gravitational degrees of freedom should be extended by considering the scalar fields present in CSMG. This is certainly
of great interest and it is left for a future contribution. On
the other hand, although the four-dimensional Schwarzschild
black hole is stable under linear perturbations [72–75], it has
been shown that its cylindrical extensions, alongside a variety of black strings and branes in D ≥ 5, suffer from the
so-called Gregory–Laflame instability [76,77]. It remains to
be seen if torsion modifies this instability somehow. If these
black string are unstable, it is very interesting to figure out
their final state from both Riemannian and non-Riemannian
viewpoints, which could lead to the formation of naked singularities in four dimensions.
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L ā = D̄β ā ,

(59)

Q ā = D̄γ ā − α ā b̄ β b̄ ,

(60)

P = β − α b̄ e ,

(61)

ā

ā

ā

b

where D̄ = d + ω̄. The energy-momentum 3-form (36) can
be written as

(i)
(i)
(i)
= τ̄ā + χā ∧ e3 ,
τ
(i)
(62)
τa = ā(i)
τ3 = μ(i) + ν (i) ∧ e3 ,
where
(i)
τ̄ā

(i)

χā

μ(i)
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ν (i)


1 1
¯
=
∂b̄ ϕi ∂ 3 ϕi āl¯m̄ eb̄ ∧ el ∧ em̄
2 2

1
3
c̄
ē
d̄
+ ∂ā ϕi ∂ ϕi c̄d̄ ē e ∧ e ∧ e ,
3!
1
∂ ϕi ∂ c̄ ϕi ā c̄m̄ eb̄ ∧ em̄
=
2 b̄
1
¯
+ (∂z ϕi )2 āl¯m̄ el ∧ em̄
2

1
− ∂ā ϕi ∂ b̄ ϕi b̄d̄ ē ed̄ ∧ eē ,
2

1 1
¯
=−
∂ ϕi ∂ c̄ ϕi c̄l¯m̄ eb̄ ∧ el ∧ em̄
2 2 b̄

1
− (∂z ϕi )2 c̄d̄ ē ec̄ ∧ ed̄ ∧ eē ,
3!
1
¯
= − ∂z ϕi ∂ c̄ ϕi c̄l¯m̄ el ∧ em̄ ,
4

(63)

(64)

(65)
(66)

and ā b̄c̄3 ≡ ā b̄c̄ .
Similarly, the field equations (35) admit the decomposition

Eā = Aā + Bā e3 ,
(67)
Ea =
E3 = C + De3

A Decompositions
where
The curvature and torsion constructed out of Eqs. (38)
and (39) can be decomposed as

R ab =


3

R ā b̄ = M ā b̄ + N ā b̄ e3 ,
R ā3 = L ā + Q ā e3 ,

(55)

T ā = T̄ ā + P ā e3 ,
Ta =
T 3 = −βb̄ eb̄ + γb̄ eb̄ e3 ,
where
with

R̄ ā b̄

=

dω̄ā b̄

+ ω̄ā

c̄

∧ ω̄c̄b̄

Aā = −2ā b̄c̄ L b̄ ∧ ec̄ + α1 ∂b̄ ϕ1 eb̄ ∧ T̄ā

and

(56)
T̄ ā

=

dēā

+ ω̄ā

b̄

∧ ēb̄ ,

− 2κ

(57)

N ā b̄ = D̄α ā b̄ − 2β [ā γ b̄] ,

(58)

(68)

i=1



Bā = ā b̄c̄ M b̄c̄ − Λeb̄ ∧ ec̄ + 2Q b̄ ∧ ec̄


+ α1 ∂b̄ ϕ1 eb̄ ∧ Pā + ∂z ϕ1 T̄ā − 2κ

C = −ā b̄c̄ M

M ā b̄ = R̄ ā b̄ − β ā ∧ β b̄ ,

τ̄ā(i) ,

ā b̄


Λ ā
b̄
− e ∧ e ∧ ec̄
3
3

− α1 ∂ā ϕ1 eā ∧ βb̄ ∧ eb̄ − 2κ

3

χā(i) ,

(69)

i=1

μ(i) ,

(70)

i=1
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D = ā b̄c̄ N ā b̄ ∧ ec̄

by



+ α1 ∂ā ϕ1 eā γb̄ − ∂z ϕ1 βb̄ ∧ eb̄ − 2κ

3

ν (i) , (71)

i=1

and

Eab =

Eā b̄ = Wā b̄ + Xā b̄
Eā3 = Yā + Zā e3

e3 ,

(72)

1
Ea + Dζa = 0,
2
1
Eab + ζ[a ∧ eb] = 0,
2
E (ϕi ) = 0,

(78b)

T a = 0,

(78d)

(78a)

(78c)

where Ea , Eab , and E (ϕi ) have been defined in Eq. (35), by
taking ϕ1 = ϕ3 = 0 and redefining ϕ2 ≡ ϕ. The Lagrange
multiplier can be solved algebraically from Eq. (78b) as

where
α1
∂c̄ ϕ1 ec̄ ∧ eā ∧ eb̄
2
− α2 ∂c̄ ϕ2 ec̄ ∧ Mā b̄ + 2α3 ā b̄c̄ ∂d̄ ϕ3 ed̄ ∧ L c̄ ,

 α
1
= ā b̄c̄ T̄ c̄ + γd̄ ed̄ ∧ ec̄ − ∂z ϕ1 eā ∧ eb̄
2 




ζa = 4i b Eba − i b i c Ebc ea .

Wā b̄ = ā b̄c̄ βd̄ ∧ ed̄ ∧ ec̄ −

Xā b̄

(2019) 79:400

(73)

Using this expression, alongside the constraint T a = 0, the
field equations reduces to


− α2 ∂c̄ ϕ2 ec̄ ∧ Nā b̄ + ∂z ϕ2 Mā b̄


+ 2α3 ā b̄c̄ ∂d̄ ϕ3 ed̄ ∧ Q c̄ + ∂z ϕ3 L c̄ ,

(74)

Yā = ā b̄c̄ T̄ b̄ ∧ ec̄ − α2 ∂b̄ ϕ2 eb̄ ∧ L ā

abcd

R̃ bc −

d  dϕ +

+ α3 ā b̄c̄ ∂d̄ ϕ3 ed̄ ∧ M b̄c̄ ,
α1
Zā = −ā b̄c̄ P b̄ ∧ ec̄ − ∂b̄ ϕ1 eb̄ ∧ eā
2



(75)

(79)


Λ b
1
e ∧ ec ∧ ed + D̃ζa − 2κτa(ϕ) = 0,
3
2
(80a)

α a
R̃ b ∧ R̃ b a = 0,
4κ

(80b)

where, as before, tilde denote Riemannian (torsion-free)
quantities. It is straightforward to see that Eq. (20), as well
as Eq. (21) with (28), solve the field equations (80).

− α2 ∂b̄ ϕ2 eb̄ ∧ Q ā + ∂z ϕ2 L ā


+ α3 ā b̄c̄ ∂d̄ ϕ3 ed̄ ∧ N b̄c̄ + ∂z ϕ3 M b̄c̄ .

(76)
References

On shell, each Aā , Bā , C, D, Wā b̄ , Xā b̄ , Yā , and Zā vanish
independently.

B Riemannian Chern–Simons modified gravity in the language of diferential forms
In this Appendix, it is shown that the BTZ black strings solution of Sect. 2 can be obtained from the first-order formalism,
by imposing the torsion-free condition through a Lagrange
multiplier. The action under consideration is given by
1
S[e , ω , ϕi , ζa ] =
4κ
a

ab



 
abcd

R

ab

Λ
− ea ∧ eb
6




∧ec ∧ ed + αϕ R a b ∧ R b a + ζa ∧ T a

1
−
dϕ ∧ dϕ,
(77)
2

where ζa is a Lorentz-valued Lagrange multiplier 2-form.
The field equations for the vierbein, Lorentz connection,
scalar fields, and Lagrange multiplier are respectively given

123

1. R. Jackiw, S.Y. Pi, Phys. Rev. D 68, 104012 (2003)
2. S. Alexander, N. Yunes, Phys. Rep. 480, 1 (2009)
3. K. Konno, T. Matsuyama, Y. Asano, S. Tanda, Phys. Rev. D 78,
024037 (2008)
4. S. Alexander, N. Yunes, Phys. Rev. Lett. 99, 241101 (2007)
5. S. Alexander, L.S. Finn, N. Yunes, Phys. Rev. D 78, 066005 (2008)
6. S.H. Alexander, N. Yunes, Phys. Rev. D 97(6), 064033 (2018)
7. S. Boran, S. Desai, E.O. Kahya, R.P. Woodard, Phys. Rev. D 97(4),
041501 (2018)
8. A. Nishizawa, T. Kobayashi, Phys. Rev. D 98(12), 124018 (2018)
9. A.A. García-Díaz, Exact Solutions in Three-Dimensional Gravity. Cambridge Monographs on Mathematical Physics (Cambridge
University Press, 2017) (2017)
10. D. Grumiller, N. Yunes, Phys. Rev. D 77, 044015 (2008)
11. K. Konno, T. Matsuyama, S. Tanda, Phys. Rev. D 76, 024009 (2007)
12. N. Yunes, F. Pretorius, Phys. Rev. D 79, 084043 (2009)
13. T. Delsate, D. Hilditch, H. Witek, Phys. Rev. D 91(2), 024027
(2015)
14. F.W. Hehl, J.D. McCrea, E.W. Mielke, Y. Ne’eman, Phys. Rep.
258, 1 (1995)
15. S. Alexander, N. Yunes, Phys. Rev. D 77, 124040 (2008)
16. R. Hojman, C. Mukku, W.A. Sayed, Phys. Rev. D 22, 1915 (1980)
17. P.C. Nelson, Phys. Lett. A 79, 285 (1980)
18. E.W. Mielke, Phys. Rev. D 80, 067502 (2009)
19. H.T. Nieh, M.L. Yan, J. Math. Phys. 23, 373 (1982)
20. O. Chandia, J. Zanelli, Phys. Rev. D 55, 7580 (1997)
21. D. Kreimer, E.W. Mielke, Phys. Rev. D 63, 048501 (2001)

Eur. Phys. J. C
22.
23.
24.
25.
26.
27.
28.
29.
30.
31.
32.
33.
34.
35.
36.
37.
38.
39.
40.
41.
42.
43.
44.
45.
46.
47.
48.
49.
50.

(2019) 79:400

O. Chandia, J. Zanelli, Phys. Rev. D 63, 048502 (2001)
S. Mercuri, Phys. Rev. Lett. 103, 081302 (2009)
U. Ertem, O. Acik, Gen. Relativ. Gravity 45, 477 (2013)
E.W. Mielke, E. Sánchez-Romero, Phys. Rev. D 73, 043521 (2006)
M.J. Duncan, N. Kaloper, K.A. Olive, Nucl. Phys. B 387, 215
(1992)
M. Lattanzi, S. Mercuri, Phys. Rev. D 81, 125015 (2010)
O. Castillo-Felisola, C. Corral, S. Kovalenko, I. Schmidt, V.E.
Lyubovitskij, Phys. Rev. D 91(8), 085017 (2015)
G.K. Karananas, Eur. Phys. J. C 78(6), 480 (2018)
A. Toloza, J. Zanelli, Class. Quantum Gravity 30, 135003 (2013)
J.L. Espiro, Y. Vásquez, Gen. Relativ Gravity 48(9), 117 (2016)
O. Castillo-Felisola, C. Corral, S. del Pino, F. Ramírez, Phys. Rev.
D 94(12), 124020 (2016)
A. Cid, F. Izaurieta, G. Leon, P. Medina, D. Narbona, JCAP
1804(04), 041 (2018)
B. Zwiebach, Phys. Lett. 156B, 315 (1985)
N.A. Obers, Lect. Notes Phys. 769, 211 (2009)
B. Carter, Phys. Rev. Lett. 26, 331 (1971)
W. Israel, Commun. Math. Phys. 8, 245 (1968)
R.M. Wald, Phys. Rev. Lett. 26, 1653 (1971)
J.L. Friedman, K. Schleich, D.M. Witt, Phys. Rev. Lett. 71, 1486
(1993). [Erratum: Phys. Rev. Lett.75,1872(1995)]
A. Chamblin, S.W. Hawking, H.S. Reall, Phys. Rev. D 61, 065007
(2000)
D. Kastor, R.B. Mann, JHEP 04, 048 (2006)
D. Kastor, S. Ray, J. Traschen, Class. Quantum Gravity 34(19),
195005 (2017)
G.T. Horowitz (ed.), Black holes in higher dimensions (CUP, Cambridge, UK, 2012)
A. Cisterna, J. Oliva, Class. Quantum Gravity 35(3), 035012 (2018)
H. Ahmedov, A.N. Aliev, Phys. Lett. B 690, 196 (2010)
H. Ahmedov, A.N. Aliev, Phys. Rev. D 82, 024043 (2010)
T. Andrade, B. Withers, JHEP 05, 101 (2014)
M. Banados, C. Teitelboim, J. Zanelli, Phys. Rev. Lett. 69, 1849
(1992)
M. Bañados, M. Henneaux, C. Teitelboim, J. Zanelli, Phys. Rev. D
48, 1506 (1993)
P.D. Alvarez, P. Pais, E. Rodríguez, P. Salgado-Rebolledo, J.
Zanelli, Phys. Lett. B 738, 134 (2014)

Page 11 of 11

400

51. S. del Pino, G. Giribet, A. Toloza, J. Zanelli, JHEP 06, 113 (2015)
52. A.A. Garcia, F.W. Hehl, C. Heinicke, A. Macias, Phys. Rev. D 67,
124016 (2003)
53. Y.N. Obukhov, Phys. Rev. D 68, 124015 (2003)
54. E.W. Mielke, P. Baekler, Phys. Lett. A 156, 399 (1991)
55. E. Sezgin, Phys. Rev. D 24, 1677 (1981)
56. D. Diakonov, A.G. Tumanov, A.A. Vladimirov, Phys. Rev. D 84,
124042 (2011)
57. P. Baekler, F.W. Hehl, Class. Quantum Gravity 28, 215017 (2011)
58. M. Bañados, M. Henneaux, C. Teitelboim, J. Zanelli, Phys. Rev. D
88, 069902 (2013). Erratum
59. F.W. Hehl, P. Von Der Heyde, G.D. Kerlick, J.M. Nester, Rev. Mod.
Phys. 48, 393 (1976)
60. M. Blagojevic, F.W. Hehl (eds.), Gauge Theories of Gravitation
(World Scientific, Singapore, 2013)
61. F. Hehl, Phys. Lett. A 36(3), 225 (1971)
62. P.H. Ginsparg, F. Quevedo, Nucl. Phys. B 385, 527 (1992)
63. A. Giacomini, M. Lagos, J. Oliva, A. Vera, Phys. Rev. D 98(4),
044019 (2018)
64. M. Astorino, F. Canfora, M. Lagos, A. Vera, Phys. Rev. D 97(12),
124032 (2018)
65. J.M. Nester, Mod. Phys. Lett. A 6, 2655 (1991)
66. C.M. Chen, J.M. Nester, R.S. Tung, Phys. Lett. A 203, 5 (1995)
67. C.M. Chen, J.M. Nester, Class. Quantum Gravity 16, 1279 (1999)
68. Hj Yo, J.M. Nester, Int. J. Mod. Phys. D8, 459 (1999)
69. H.J. Yo, J.M. Nester, Int. J. Mod. Phys. D 11, 747 (2002)
70. T. Jacobson, A. Mohd, Phys. Rev. D 92, 124010 (2015)
71. M. Blagojevic, Gravitation and gauge symmetries (Institute of
Physics, 2002) (2002)
72. T. Regge, J.A. Wheeler, Phys. Rev. 108, 1063 (1957)
73. L.A. Edelstein, C.V. Vishveshwara, Phys. Rev. D 1, 3514 (1970)
74. R.M. Wald, J. Math. Phys. 20(6), 1056 (1979)
75. R.M. Wald, J. Math. Phys. 21(1), 218 (1980). Erratum
76. R. Gregory, R. Laflamme, Phys. Rev. Lett. 70, 2837 (1993)
77. R. Gregory, R. Laflamme, Nucl. Phys. B 428, 399 (1994)

123

