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In this paper, we find new scalarized black holes by coupling a scalar field with the Gauss-Bonnet invariant
in teleparallel gravity. The teleparallel formulation of this theory uses torsion instead of curvature to describe
the gravitational interaction, and it turns out that, in this language, the usual Gauss-Bonnet term in four
dimensions decays in two distinct boundary terms, the teleparallel Gauss-Bonnet invariants. Both can be
coupled individually or in any combination to a scalar field, to obtain a teleparallel Gauss-Bonnet extension
of the teleparallel equivalent of general relativity. The theory we study contains the familiar Riemannian
Einstein-Gauss-Bonnet gravity theory as a particular limit and offers a natural extension, in which
scalarization is triggered by torsion and with new interesting phenomenology. We demonstrate numerically
the existence of asymptotically flat scalarized black hole solutions and show that, depending on the choice of
coupling of the boundary terms, they can have a distinct behavior compared to the ones known from the usual
Einstein-Gauss-Bonnet case. More specifically, nonmonotonicity of the metric functions and the scalar field
can be present, a feature that was not observed until now for static scalarized black hole solutions.
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I. INTRODUCTION

General relativity (GR) predicts that in vacuum,
there is a unique spherically symmetric solution: the
Schwarzschild metric, which is characterized only
by the mass M of the gravitational object. Adding
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electromagnetic fields to the theory, i.e., considering
the Einstein-Maxwell case, then the unique spherically
symmetric and asymptotically flat black hole solutions
are characterized by two parameters, the mass and the
charge Q of the gravitational object. Further, by consid-
ering a rotating scenario, the angular momentum J
appears as an additional parameter in Einstein-Maxwell
black hole solutions and measures the amount of rotation
of the body. Thus, when one describes stationary and
asymptotically flat black holes in GR with minimally
coupled electromagnetism, the solutions are uniquely
characterized by three parameters (M, Q, J) only. This
fact is known as Israel’s no-hair theorem [1,2].

© 2023 American Physical Society
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One of the well-studied ways of violating the no-hair
theorem is by considering a theory consisting of a scalar field
nonminimally coupled to the Gauss-Bonnet invariant [3-5],
which, in the context of scalarized black holes, is labeled as
scalar Gauss-Bonnet (sGB) gravity. It has been shown that
for some coupling functions, there are scalarized black hole
solutions where the black hole scalar charge emerges from
a spontaneous scalarization process. In this process, the
predictions of the theory match the predictions of GR in
the weak field regime but differ in the strong field regime.
This mechanism was first demonstrated for black holes
[6-8], and it shares many similarities with the neutron star
scalarization observed in scalar-tensor theories [9,10]. The
process for black holes works as follows: The described
black hole coincides with Schwarzschild one for weak
gravitational fields when the spacetime curvature near the
horizon is too weak to source the scalar field. For strong
gravitational fields at the horizon, that realizes when the
black hole mass M falls below a certain threshold, the
Schwarzschild solution becomes unstable, and a nontrivial
scalar field emerges. Thus, the solution bifurcates to a
different black hole solution with scalar hair. This transition
is usually smooth in sGB and shares similarities with second
order phase transitions. This idea is analog for charged black
holes in, e.g., Einstein-Maxwell-scalar gravity [11] or black
holes in multiscalar Gauss-Bonnet theories [12,13]. After
these findings, several studies have suggested that those
scalarized black holes could be important to describe
astrophysical scenarios in the strong regime [14-19].

All the studies mentioned so far assumed from the
beginning that the geometrical description of gravity is
based on Riemannian geometry, i.e., that the gravitational
field is encoded in a spacetime metric and its canonical
torsion free and metric compatible Levi-Civita connection.
When one considers a more general geometry as it is done
in the metric-affine gravity formalism, one can obtain black
hole solutions beyond Schwarzschild (and Kerr in axial
symmetry) [20-23]. Another alternative and interesting
description of gravity can be formulated in terms of tetrads
and an independent flat (szﬁ = 0) metric compatible
(V,9,5 = 0) spin connection, which thus possesses only
torsion.' Those theories are labeled as torsional teleparallel
theories of gravity (or metric teleparallel theories) [24,25].
In that framework, one can formulate an equivalent theory
to GR, which is known as the teleparallel equivalent of GR
(TEGR), where the action is constructed solely by quad-
ratic contractions of the torsion summed with specific
coefficients forming the so-called torsion scalar 7" [24,26].
Since GR and TEGR are dynamically equivalent, their
predictions are equivalent, and then, one cannot distinguish
them by making any classical experiment.

"Note that, if the curvature R‘yb/; of the independent con-
o

nection is vanishing, the curvature R ,,; of the Levi-Civita
connection associated to the metric of the tetrads is not.

Motivated by the fact that GR might not be the final
theory of gravity due to its theoretical and observational
challenges (see [27-33] for some of them), one can
further follow a similar route as it is done in the
Riemannian case and consider modified gravity in the
teleparallel framework. A very interesting aspect of such
theories is that they can be interpreted as a gauge theory
of translations [34], which is a subcase of Poincaré
gauge theory [35,36]. The mathematical details of modi-
fied teleparallel theories are still under intense investiga-
tion since not all details have been understood from the
theoretical point of view yet. The theories retain local
Lorentz invariance as symmetry when one transforms
simultaneously all the fundamental fields involved, i.e.,
the tetrad and the spin connection [37-40]. However, there
are suggestions that they also predict strong couplings;
i.e., there are some gravitational modes that are strongly
coupled in different backgrounds [41-46].

One of the simplest and famous modified teleparallel
gravity theories is f(7T) gravity where one upgrades the
TEGR action T to an arbitrary function [47-49]. There
have been several applications to that theory in the context
of cosmology [50-55] and recently on describing black
holes [56—63]. Other alternative teleparallel theories have
been proposed such as f(T,B) gravity where B is the

boundary term relating the Ricci scalar R of the Levi-Civita
connection with the torsion scalar 7 [64—66], or new
general relativity (NGR) [67,68], where the specific
coupling coefficients in the torsion scalar are left arbi-

trary [69,70]. In f(T,B) gravity, f(R) is obtained as a
particular limit, but still, when one considers the purely
teleparallel framework, it might suffer from strongly
coupled modes in cosmology [71].

Another route to generalize TEGR is to couple one scalar
field ¥ minimally or nonminimally to torsion. Since tele-
parallel gravity comes with a canonical boundary term B, the
simplest way to do this is by taking a Lagrangian like L =
F(y)T + G(y)B + d,y0"y + V(y) from where f(T,B)
gravity can be obtained in a particular scalar-tensor repre-
sentation, and also other more general teleparallel theories
can be obtained [72-77]. Furthermore, that theory contains

the standard Riemannian scalar-tensor L = F(y)R +
0,y 0"y + V(y) theory by choosing G(y) = —F(w).
Recently, it has been found that teleparallel scalar-torsion
theories of gravity, for some coupling functions, have
scalarized black hole solutions such as the Bocharova—
Bronnikov—Melnikov—Bekenstein solution and other new
solutions that do not exist in the Riemannian case [78].
However, all those solutions have a scalar hair not being
independent of the mass of the black hole, which is similar to
the behavior of scalarized black holes in the Riemannian
theory with nonminimal coupling to the Ricci scalar [79,80].
Further, no spontaneous scalarization mechanism has been
found for that theory. Therefore, the question of whether
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teleparallel gravity could offer a realistic description of
scalarized black holes is still open.

In this paper, our main objective is to obtain the first
teleparallel scalarized black hole solutions with spontaneous
scalarization. To do this, we will formulate a teleparallel
sGB (TsGB) theory constructed from nonminimal couplings
between the torsional Gauss-Bonnet invariants and a
scalar field. Similarly to what happens in the Riemannian
case, those invariants are boundary terms in four dimen-
sions [81,82], and therefore, their dynamics would also be
nontrivial only when the scalar field is nonminimally
coupled to them [83]. As we will show later, our theory
can be recast as a combination of the sGB theory plus some
additional teleparallel terms. We will then show that those
new contributions can generate spontaneous scalarized
black hole solutions triggered by torsion. These could
open a new way to study astrophysical objects from non-
Riemannian geometries.

This paper is organised as follows. In Sec. II, we briefly
introduce torsional teleparallel gravity and the TEGR
description of GR whose equations are equivalent to GR.
Then, we also discuss the teleparallel Gauss-Bonnet invar-
iants and how they are related to the Riemannian frame-
work. In Sec. III, we present the TsGB theory studied in
this paper and present its field equations and also its
relationship with respect to the sGB theory. Section IV
is devoted to explaining how to work in spherical sym-
metries for teleparallel gravity and the corresponding field
equations for spherical symmetry for our theory. Section V
contains the most important part of our manuscript where
we showed the existence of scalarized black hole solutions.
First, in Sec. VA, we found analytical perturbed solutions
around Schwarzschild where one notices a scalar charge
appearing as an extra parameter. Secondly, in Sec. V B, we
studied the behavior of the field equations at infinity and
near the horizons where we found some conditions that we
will use for the numerical study. The spontaneous scala-
rization process for this theory is presented in Sec. V C,
and then in Sec. VD we numerically solve the equations
and find new and novel scalarized black hole solutions.
We conclude our main results in Sec. VL.

In this paper, we work with the metric signature
(+——-), and we use Latin indices for tangent spacetime
and Greek indices for spacetime indices. Further, an upper o
symbol will be used to denote quantities computed with the
Levi-Civita connection (Riemannian case).

II. INTRODUCTION TO
TELEPARALLEL GRAVITY

The fundamental variables of metric teleparallel gravity
are a flat and metric-compatible connection with torsion,
with connection coefficients @“j,, and tetrad fields
e’ = e, dx* (i.e., orthonormal frames); see [24,25].
Gravity is encoded in the torsion tensor defined as the
antisymmetric part of the connection,

Talw == 2(0[ﬂe“,,] + a)“b[ﬂebb]). (1)

Because the connection is both flat and metric compatible, the
spin connection coefficients w;, are purely gauge degrees of
freedom, and one can always choose a gauge such that this
quantity vanishes (Weitzenbock gauge) [37—40]. This means
that it is sufficient to only consider the tetrads as the
dynamical variables of the theory (keeping in mind this
gauge choice). The metric and its inverse can be reproduced
from the tetrads as

9 = nabeaﬂeby and g = nabeaﬂebb7 (2)

while they satisfy e e,/ =357, and e’ e,” =6, and
nay = diag(1,—1,—1,—1) is the Minkowski metric.
It is convenient to define the contortion tensor as

°p 1
Ky =17, = l—/ﬂlz ) (T, + TS =T), (3)

y17%
which measures the difference between the Levi-Civita

connection I’ w and the teleparallel connection I'”?,,,. Up to
quadratic contraction of the torsion tensor, one can build
three possible nonparity violating invariants:

Top, TP, Taﬂ},T/ja”, T u Tﬁ/’”, (4)

from where one can construct the simplest teleparallel
theories of gravity by considering a Lagrangian formed
by a linear combination with arbitrary coefficients
L = a\T 5, T + a,T 45, T’ + a3 %, T4 * Tt turns out
that if (ay,a,,a;) = (3.1,—1), one can have a special
scalar known as the torsion scalar,

1
T=-T

1
i i TP+ 3 T o, TP — T4, T 5, (5)

which differs by a boundary term B with respect to the
Levi-Civita Ricci scalar, namely,

o 2
R=-T+B=-T+=0,(eTs"), (6)
e

where e = /=g is the determinant of the tetrad. Due to the
above equation, one can formulate a theory having the same
equations as GR by just considering 7 linearly in an action:

1
STEGR == _W/ Ted4x. (7)

One can then further consider higher order contractions of
the torsion tensor. Some interesting scalars that one can
consider are the teleparalle] Gauss-Bonnet invariants that,
similarly as (6), can be related to the Riemannian Gauss-

o

Bonnet invariant G as
G =Tg + Bg, (8)

*Which is the Lagrangian defining NGR [67].
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where the Riemannian part is defined as

o aﬂlll/ o o aﬂ o)

G - Ra/};wR - 4R(1/)7R + R N (9)

and the teleparallel Gauss-Bonnet invariants are [81,82]

Tg= ‘Sg/yf%KamKlﬂvafangﬂ + 25ZZ;iKaﬂﬂKyﬂKX€§K5M

+ 28y K K7, D, K¥, (10)

1 ) 1 oye
Bg = gau {eéﬁzyel(“ﬂy <K756K§€,1 3 a,1>] - (1)

Here, D, K¢, =0, K%, +(U+ K 5, K¢ , 4+ (T+ K ) 5, K*P —

(T+K)? ,,K*5 is the covariant derivative of the general

connection. Furthermore, 5;3.’};;‘1 = 4!5‘&5?5,‘;5%, and then

6’:/;‘;’; = el et e e Bl tel el et el Ttis worth mention-
ing that the first equation derived for T; (see Eq. (48)
in [81]) had four pieces, but the authors did not notice that,
due to the symmetries of contortion tensor, one of them is
always vanishing. Therefore, the scalar 75 only contains
three pieces as it is written above. It should be noted that in
Riemannian geometry (curvature-based theories), the tor-
sion tensor is identically zero, but the total curvature
tensor R is not. Therefore, the above equation, as it is
displayed here, is no longer valid. The above relationship
between the Gauss-Bonnet scalars only exists by assuming
that the manifold contains torsion and that the general
curvature is vanishing. _

It is well-known that G is a topological invariant in four
dimensions, and it is easy to see that the scalar 7T; also
has the same property. The extra scalar B is always a
boundary term (independently of the number of dimen-
sions). This means that one can add to the TEGR action
both T'; and B, and the dynamics will be just the same as
GR. However, if one introduces a scalar field, by allowing
some nonminimal couplings between these two terms,
they will become dynamical. This property is analog to
the Riemannian Gauss-Bonnet invariant. However, we have
shown that in the teleparallel formulation, the usual Gauss-
Bonnet term actually decays into two distinct boundary
terms, which can be coupled separately.

III. TELEPARALLEL SCALAR
GAUSS-BONNET THEORY

There are many studies concerning black holes in the
sGB theory, which is constructed by introducing non-
minimal couplings between a scalar field and the Gauss-
Bonnet invariant G, namely

1

SSGB = 2_K2

[ [R=3po0w 0G| =gt (12

Depending on G(y), several papers have found that the
above theory has scalarized black hole solutions, and
spontaneous scalarization exists [6—8].

Following a similar approach for teleparallel gravity, one
can replace R for —T, see (6), and introduce nonminimal
couplings between the teleparallel Gauss-Bonnet invariants
and the scalar field. By doing this, we have the following
TsGB theory [82,83]:

1 1
St = ﬁ/ [—T - Eﬁa,ﬂ//a"// + oG (w)Tg

+ azgz(l//)BG} ed*x, (13)

where the coupling functions G, (y) and G,(y) depend on
the scalar field only. The terms 7T; and B are boundary
terms if they appear linearly in the action. The classical
teleparallel boundary term B could also be nonminimally
coupled via a term aGy(w)B; however, analyzing the
spontaneous scalarization properties of this term turns out
to be more involved (more details on this will be reported in
future work), which is why we do not include it in our study
here and focus on the Gauss-Bonnet terms. If G, and G, are
constants, the theory would be equivalent to the standard
Einstein one minimally coupled to a scalar field. From
Eq. (8), one can notice that the above action contains (12)
since if G; = G, = G and a; = @, = a, we recover the last
term in (12), which is the coupling between the Riemannian

Gauss-Bonnet and the scalar field aG(y)G. In several
studies [6-8,84], spontaneous scalarization of black holes
and compact stars have been found for such theories.
Since the above action (13), constructed from teleparallel
gravity, is more general than previous theories, as we will
show later, the theory we consider has a similar and new
scalarization process for black holes.

A. Discussion on action and field equations

The field equations can be obtained by taking variations
with respect to the tetrad and the scalar field. Let us remind
here that, in teleparallel gravity, the variation of the action
with respect to the flat connection coincides with the
antisymmetric part of the tetrad field equations so that
one can omit them [85]. The tetrad variations, however, are
very involved for Bg. To simplify this task, one can rewrite
the action (13) using (8) as

1 1 °
St = W/ [—T - Eﬁaﬂll/a"ll/ + G, W) (G —-Tg)

+ a1, (V/)TG:| ed*x (14)

o

1 o ]
— 52 | [R= 500009 + a:6:0)G

+a393(V/)TG} ed*x, (15)
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with
a3G3(v) = 0,G1 (v) — G, (w), (16)

such that one can use the well-known variations of the G
with respect to the metric. Hereafter, we will use the above
reparametrization. There are three important limiting cases
appearing from the above action:

(1) a3 =0 [or equivalently a;G,(y) = @,G,(w)]: This
theory corresponds to the standard sGB theory.

(2) a, = 0: This theory can be understood as a purely
teleparallel theory, where the dynamics are governed
by the four-dimensional topologically invariant
T alone.

3) 13G3(w) = —2G,(w) (or equivalently a; = 0): As
above, this theory can also be understood as a purely
teleparallel theory, and the dynamics is determined
by the coupling between the scalar field and the
boundary term B alone.

The second and third cases (which fall under oz # 0) are
new in the literature, and they can only exist when one
considers teleparallel gravity. This means that the scalari-
zation process of those theories does not fall into any of
the subcategories studied in previous papers (see the
review [86] where those couplings were not studied nor
described). Surely, by the use of (8), one can exchange the
teleparallel terms 7' and B with each other by the trade-
off of introducing the usual Levi-Civita curvature Gauss-
Bonnet term. However, this is not necessary, and these
theories can be described by torsion alone. The other way
around, it is not possible to study these theories in terms of
curvature alone. Therefore, we refer to these theories as
“purely teleparallel” theories. This means that the case
a3 # 0 could describe novel scalarized black hole solu-
tions. This is the sector we will focus on in this manuscript.
Furthermore, one can also consider theories containing
contributions from both G;(y) and G,(y), which would
have contributions from the Riemannian sector and tele-
parallel gravity.

Let us now derive the field equations for the above

model. It is easy to notice that the variation with respect to
the metric for the first three terms in the above action are

o 1 o
P {e <R — POy + azgz(w)éc;ﬂ
% 1 1
=-e|G + Zﬁg"”a,,l//&”w - Eﬁa“v/a”w

| o o
+ Z <5Z6ﬁ + 59?5/”7)nKAaﬂngUTRGTaﬂvyazaKQZ(l//):| 59#1/’
(17)

where n7°t = %e’”‘”, as usually derived in sGB. Since our

theory has the tetrads as dynamical variables, we must

convert the above equation in terms of variations with
respect to the tetrad. This can be easily done by using

BeGus = Nap (€’ 0%, + €%, 5e)). (18)

yielding

o 1 o
o [e <R - Eﬁaﬂl//a”l// + @0 (W)5G>]
— e [2(0;" g % Ba 0,y — poryry

1 ° °
+ E ar (5g51//1 + 5//{57})nkﬂaﬁepymRmu/}vyang (l//):|
X qabe””ée“y. (19)
The variations coming from the extra term in Eq. (15) that
is related to teleparallel gravity have been found in the
context of f (T, B) gravity. By taking Eq (59) from [82],

one has that the variation of the 7; contribution with
respect to the tetrad is’

5(€g3TG) = €g35TG + Q3TG(3€ (20)

1
—e [_;aﬂ(nal(yb[lh] _yHB] 4yl g, v
_lTiabehv(Yb[ih] _ Yh[ib] + Yi[bh])
e

+ 2g35§'}]}:fd€dVKijkaeb aa Ke]c + g3 TGeaD:| 56“1/’
(21)

where we introduced the following tensors:

Ybij = €g3Xhij - Zég?kbjday(eg36dﬂchKkia)’ (22)

and

X = K K p KM 8305 + K K p KT 48046
+ KEo KK S+ K caK ', K e8]
+ 2K KU KT 006+ 2KR K K g0
+ 2K KK K gL 2K K o K€ 50000
+ 2Kk, 50850, Ke, + 2K*e, 5o K (23)

By summing up (19) and (21), we find that the field
equations for our theory read

*In this paper, the authors used another convention for the
contortion tensor. To transform the notation from [82] to our
paper, one needs to replace K;;; — Kj; and T — —Tg.

104013-5



SEBASTIAN BAHAMONDE et al.

PHYS. REV. D 107, 104013 (2023)

oy 1 1 o o
0=2Gy + 5 5530,y w = Bopy o'y + — (g + GpOp I e R 5V, 0,Ga ()

1 1 . . .
4 a3< aﬂ [nal(Yh[lh] _ Yh[lh] + Yl[hh])ehﬂehzz] + 7TiabehD(Yb[lh] _ Yh[lb] + Yl[bh])
e

e

- 20; (l//)5?}]€1Cd€deijkaebaaKelc -G (V/)TGeaD> e‘s, (24)

where Y?;; is defined by Eq. (22).

The modified Klein-Gordon equation for this theory can
be obtained by varying the action (15) with respect to the
scalar field, yielding

Oy + 6o (9)G + a303(W)Tg =0, (25)

where dots denote differentiation with respect to the scalar
field; i.e., Gi(l//) = dG;/dy. This equation tells us that the
Gauss-Bonnet invariants might source the scalar field to
induce a scalar hair for the black hole.

|

G G

C5cosd C,cos6

where C; = C;(t,r), but hereafter, we will consider the
stationary case C; = C;(r). This tetrad reproduces the
metric

ds? = (C? — C3)dr? — 2(C3C4 — C,Cy)drdr
—(C5 = C3)dr? — (C2 + C2)d?, (27)
which has an off diagonal term drdt. Without losing
generality (since spherical symmetry plus stationarity
imply staticity), we can choose a coordinate system such

that the cross term vanishes. To do this, let us introduce the
following reparametrization for the functions

C,(r)=vA(r)coshf(r), Cs;(r)=vA(r)sinhp(r), (28)
C4(r)=¢EB(r)coshpp(r), C,(r)=EB(r)sinhf(r), (29)
Cs(r)=xC(r)cosa(r), Cg(r)=xC(r)sina(r), (30)

with {v, &, ¥} being £1. This tetrad gives the metric in the
standard form in spherical coordinates:

ds*=A(r)*dt* — B(r)*dr* — C(r)*(d0* +sin* 0dg?). (31)

Cssinfcos¢p Cysinfcos¢p Cscosfcosg — Cgsin g
Cssinfsing Cysinfsingg Cscos@sing + Cgcos ¢
—Cssinf

|
IV. SPHERICAL SYMMETRY

In this section, we will find the field equations in
spherical symmetry. First, we will solve the antisymmetric
part of the field equations, and then, the resulting sym-
metric field equations will be shown.

A. Basic ingredients and antisymmetric field equations

Let us now start by assuming spherical symmetry. The
most general tetrad satisfying spherical symmetry in the
Weitzenbock gauge is [87]

0
—sinO(Cs sin ¢ + Cg cos 0 cos )
sin@(Cs cos ¢p — Cg cos Osin ¢h)
Cg sin® 0

. (26)

[
The first remark to mention is that the first term in 7; [see
Eqg. (10)] is vanishing in spherical symmetry, meaning that
T will only contain two nonvanishing parts in spherical
symmetry.

Hereafter, we will also assume that the scalar field is
static and respects spherical symmetry, meaning that
@ = @(r). The field equations for the theory (13) can be
split into symmetric and antisymmetric parts [see Eq. (24)].
Spherical symmetry given by the tetrad (26) gives that there
are only two nontrivial antisymmetric field equations [see
Eq. (24)], which read as

Ejg & a;G3¢0'(sina(r))(cosh (r)) =0,  (32)

Ejy & 3Gz (cos a(r)) (sinh (r)) =0, (33)

where primes are differentiation with respect to the radial

coordinate r. If we assume that a3G3(p’ # 0 to avoid the
trivial cases (Riemannian case or constant scalar field),
there are two branches that solve both equations. The first
one is when

n 1,2 (S Z, (34)

p =inny, a = 7n,,

while the second branch is obtained for
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but they can be obtained already by the different signs
introduced in the quantities {v, &, y} = £1.

Thus, the first branch [see Eq. (34)] that solves
the antisymmetric field equations has the following
real tetrad:

a="4 Ny, ns4, €Z. (35)

in
= —+inns,
r=3 ’ 2
Note that the choice of n; does not affect the tetrad since
their choice would only introduce some signs of difference,
|

VA 0 0 0
0 B sin 0 cos C cos 0 cos —yCsin @ sin
e, = | O EBsimOcosd yCoosOcosg mxCambsing | oy Ly g (36)
0 ¢éBsinf@sing  yCcosfOsing yCsinfcos ¢
0 EBcosf —yCsin@ 0

This tetrad is the same one already found in spherical symmetry in other teleparallel theories [62,88—-90]. Using this tetrad,
the teleparallel Gauss-Bonnet invariants become

- 8(B3A" —3A'B'C? — EB*(2yA"C' + A'(EB' + 2y C")) + BC'(A"C' + 2A'(2&yB' + C"))) (37)
G = 9,
AB3(C?

16(B2A" + 2EyA'B'C’ — B(&yA"C + A'(B' + & C")))
By = — , (38)
G AB*C?

and they correctly reproduce the standard Gauss-Bonnet invariant,

8(—B3A" —3A'B'C” + BA'B' + BC'(A"C' + 2A4'C"))

(O; =T B = 39
¢t bg ABC2 (39)

Notice that the sign of v is not important for this first branch, and hence, it can be set to one for simplicity.

The second branch [see Eq. (35)] has the following complex tetrad:
0 iEB 0 0
e<2)aﬂ _ ivAsinfcos¢p 0 —yCsingg —yCsinfcosécosg ’ (b.Eg) = 41, (40)
ivAsin@singg 0  yCcos¢p —yCsin€cosfsing
ivA cos 6 0 0 xCsin*0

while the teleparallel Gauss-Bonnet scalars for the second
tetrad (40) become

. _8(BA"—3A'B'C?—B’A'B' + BC'(A"C’ +24'C"))
G— 5

ABC?
(@1)
16(A’B' — BA")
Bo=""ame 42)

which also correctly reproduces the Gauss-Bonnet invariant
(39). Notice that the above scalars for the second branch do
not depend on either {v, &, ¥} so that the tetrad (40) would
have the same dynamics for any sign chosen. This means
that, for simplicity, we can just set them to one.

This complex tetrad also has the same form as the
one obtained in [56] for f(T,B) gravity and [78] for a

|

teleparallel scalar-tensor theory constructed from 7" and B
and the scalar field. This means that exactly as in the case
of f(T,B,y,X) gravity, the TsGB theory contains two
branches satisfying the antisymmetric field equations,
and both tetrads coincide with the corresponding ones in
f(T,B,y, X) gravity. Thus, we have two sets of symmetric
field equations that need to be studied separately. In the
majority of the previous studies, it has been found that the
complex tetrad has simpler equations and exact black hole
solutions [56,78] so that, in this paper, we will concentrate
only on this sector. In principle, one could also study the
first branch and follow the same analysis that we will carry
during this paper, but we will omit this here since the main
objective of our work is to show the existence of scalarized
solutions for our theory, and then, it is sufficient to analyze
the complex tetrad. We leave the study of the field
equations for the real tetrad and search for solutions for
future work.
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B. Field equations in spherical symmetry
for the complex tetrad

As mentioned in the previous section, the field equa-
tions (24) and (25) have two different branches having the
same metric. In the current section, we will only show the
spherically symmetric field equations for the complex
tetrad since we will only focus on this branch. In this
case, there are four equations, but only three of them are
independent. The (symmetric) tetrad field equations (24)
are given by

E',=0
48 2 2 1,
=8B R

(0‘363 + azgz)(g(Bz - 3)3/’//, - 83(32 - l)ll/”)

rZBS
16a3G3(B'y' = By") | 8(B> — )y (2305 + ;0>
+ B3 2B
16y a30;
T 2pr (43a)
E,=0
4A 2 2 B,
BTV AT
8(B?—3)A"y' (asC Gy)  16A"y asC
X
r“AB r“AB
Eag - 0
2A" 2A'B" 24" 2B’
S TAR T AR AR B
AB- AB° rAB° rB
B, 8AYP (4G5 +aGs)
2B? rAB*
8(a3Gs + @G, ) (BA"y' +A'(By" —3B'y"))
- ABS . (430)
p

while the modified Klein-Gordon equation (25) becomes

E,=0
_p w'(rBA' + A(2B — rB')) n y'
N rAB3 B?
(3G5 + 0G5 ) (8(B* — 3)A'B' — 8B(B> — 1)A”")
r2AB’
16a;G5(A’B' — BA”
6a3g3 (2 3 ) . (44)
r*AB’

It is interesting to mention that for the case where only
B appears in the action, which is obtained by setting
a,G, +a3Gy =0, the E? component does not depend
on the coupling function, and then the form of the
scalar field can be directly obtained from (43b) giving

PrAB¢”? = 4(rA’ + A)B' — 4B(rA” + A’). Then, that case
has different dynamics than the others.

V. SCALARIZED BLACK HOLES

This section will be devoted to studying the spherically
symmetric field equations derived in the previous section
with the aim to construct asymptotically flat scalarized
black hole configurations. To do this, in the first two
following sections, we will obtain perturbed solutions
around Schwarzschild, and then, we will find the asymp-
totic and near horizon boundary conditions to have black
holes. The last two sections will study spontaneous
scalarization and find solutions numerically.

A. Perturbed solutions

Following the same idea as [91], it is possible to obtain
perturbed solutions to the system that would correspond to
a generalization of the standard sGB gravity perturbed
solutions. This can be achieved by considering that the
contribution for Schwarzschild is small, which effectively
is the same as taking a; < 1. For doing this, we then take

2M
A(r)?>=1- — +ea,(r) + €ay(r),

B(r)7? =1 —ZTM—f—ebl(r) +€2by(r), (45)

aGi(w) = eaGi(ve) + 3 GiWe) (¥ = )
G (W) W — Yo, (46)

+ 2M*

w(r) =we + ey (r) + ey (r), (47)

where € < 1 is a small tracking parameter. By taking (43a)
and (44) and using the above expansions, we find that the
metric functions and scalar field expanded up to second
order in € are given by

gtt:A(r)2
2M e[C
—1-= {1— Cy + 3Gy2a, (r) + 3Gy (r)
r plr
+ a2a3g’zg’3&3(r)} s (48)
—g = B(r)™
M eEC, -2C,M .
—1- 20 [T e
rp
+a%g32152<r>+a2a3g;ggéa<r>]’ (49)
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_2 [ Goyry (1) + a3 Gy ()]

[ 3G,Gr3(r) + o3G5 G4 (r) + a3, G Grs (1)

w(r)=we

ﬁZ
+ 432939576 (r)], (50)
where C; are integration constants, and the functions a;, b,
and y; are expressed in the Appendix. Here, all functions
are evaluated at /. Note that we have set some integration
constants such that the metric does not diverge at the
horizon and reabsorbed others in appropriate redefinitions
of the time coordinate and the value y,. This solution
represents a scalar-hair-endowed Schwarzschild black hole,
which is a generalization of the solutions presented in [92]
for the sGB case. This can be seen by taking the case
a3 =0=y,, f=1=M, C; = (49/40)a3pG,*, C; =0
and o, G,(y) = —af(y) where the above equations
coincide with Egs. (2.8)—(2.10) presented in [92]. Note
also that the integration constants C; and C, could also
be reabsorbed, respectively, in a redefinition of the mass M
and time coordinate in order to make them coincide
|

(up to second order in €) with the ones measured by an
asymptotic observer.

B. Asymptotic and near horizon expansions

In this section, we are going to solve the equations at
the asymptotical regions, i.e., near the horizon ry and at
r — oo. We will follow the same strategy as in [8]. For the
asymptotic expansion, we can take

(A(r)?. B(r

=d,

— 51
SEE e
and the first coefficients p; = —2M and d; = D can be
associated with the mass and a scalar charge.” By expand-
ing the field equations (43) and (44) at infinity as (51)

up to fourth order, we find that the metric and scalar field
behave as

2M BD>M +32D D?BM? —8MD(asC 3a,C 12D%a;6
gz[(r) :A( ) —1-== :B + 3a3g3(l//oo) + ﬂ (a3g3(1//oo) + ZZQZ(WOO)) + a3g3(1//oo) , (52)
r 12r 6r
M 16M* — BD?>  32M3 — 5D*M — 32Da; G5 ()
— 2 14 == 0
grr( ) <r) + 4,.2 + 4,,3
2 D4 . 13 . .
+ F |:T — 8D2(Z3g3 (Woo) — ?,BDZM2 — 24DM(Z3g3 + 8(12DMQ2(W°0> + 16M4:| . (53)
D DM —ZD316pDM? — 64Ma;Gs (o)
Wi =ve t ot 1267
1M1 D> M*\ . 8DMa;Gs(y 4a,M?Gy (o,
-5 {gﬂD3M+4<?+7>a3Q3(ww) +$—2DM3 —%2(‘”)] (54)

Clearly, the above equations generalize the sGB case
presented in [8] [see Eq. (20)], which is obtained by taking
the case a3 =0 and 0,0, (W) = —f'(ys) With = 1.
One notices that the teleparallel contributions appear at a
lower order than in the sGB case.

“It is worth noting that the term “charge” is used a bit loosely
when referring to the parameter D. Indeed, just as the mass M of
the Schwarzschild black hole or the charge Q of the Reissner-
Nordstrom black hole, the parameter D can be used to classify the
static spherically symmetric and asymptotically flat solutions of
our system. However, unlike the mass or the electric charge, D is
not a conserved charge in the usual sense of the term since there is
no conservation law (Gauss-law or Noether current) associated to
it. In this respect, a more careful denomination might be “scalar
parameter,” but the term “scalar charge” is widespread in the
literature so we should keep using this terminology.

Let us now take expansions near the horizon ry as

A(r)? =a\(r—ry)+ay(r—ryg)*+ ..., (55)
B(r)2=b(r—ry) +by(r—ry)*+ ..., (56)
w(r) =wy +yy(r—rg) +yh(r—ry)*+.... (57)

By assuming these types of expansions, we ensure the
fact that det(g,,) is finite at the horizon as long as b, is
nonvanishing.

One can easily solve the system (43) and (44) in this
region, which, for the scalar field evaluated at the horizon,
gives us two possible branches. The first branch is when

a3Q3 + azgz(wH), where the scalar field at the horizon is
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32(0‘393 -

/ Ty 2
v 4G, — 23G3) ( p [ i

In the above equations, the functions are evaluated at ry. In
this expression, we have to choose the minus sign since
only in this case, we can recover the Schwarzschild solution
in the limit of vanishing scalar field wy — 0. Note that
when the argument of the square root in the equation above
becomes negative, regular black hole solutions with scalar
hair cannot exist. We will call this, the regularity condition.
Note that for the sGB case a3 = 0, Eq. (58) becomes

96(1 g2

Wy = ry = B

1 2
—_— 59
4ayry Gy er 1 )

which matches the result presented in [8] [Eq. (14)] after
taking the limit oy = —1,G,(w) = f(y) and = 1.

The second branch appears when a3G3 (W) =G, (yy ),
where this quantity becomes
80‘2%(%{)
yhy = ———=. (60)
e Bry

The boundary condition above, contrary to (58), can be
always satisfied because of the disappearance of the square
root. This means that for the second branch, there is not a
minimum horizon radius needed to obtain scalarised black
hole solutions. This feature does not exist in both the sGB
case and the first branch due to the appearance of the square
root in (58).

Clearly, when solving the field equations numerically,
the regularity conditions above will serve as an initial
condition for the first derivative of the scalar field at the
horizon. Thus, depending on the relative strength of both
coupling, one should use either Eq. (58) or (60).

This analysis suggests that there are two different
branches in TsGB having asymptotically flat scalarized
black hole configurations. This will be studied further in
the next sections by analyzing the numerics of the field
equations.

C. Spontaneous scalarization

Spontaneous scalarization provides a mechanism such
that, in the weak field regime, the black hole solution is
described by Schwarzschild, and, in the strong regime,
the scalar field triggers a hair that would be manifested in
the fact that the Schwarzschild solution would become
unstable. The simplest way to study the spontaneous
scalarization process is by considering deviations from

e . ) . ) ) 1/2
2202) {320395(0393 - 0G,) + pri;3aG, + 0393)}] ) -

8a393
by
(58)

the Schwarzschild metric by choosing the metric to
have the form ds* = e’"A(r)dt* — zi dr* — r*dQ* with
6(r) < 1 and A(r) = 1-2M/r. Further, the perturbation
of the scalar field can be written as Sy(t,r,0,y) =
@e‘"‘” Y, (0,y), which allows us to decouple the tetrad
field equations from the scalar field equations. By plugging
those expressions into the scalar field equation (25) and
after expanding them up to first order, we obtain the
following Schrodinger-like form equation,

d2

TZ+ > —U(r)Ju=0, with G(y,)=0, (61)
ry

where we have introduced tortoise coordinates dr, =

(1=2M/r)~'dr. The potential U(r) for the complex

tetrad (40) behaves as

v - (1-2) [¥+ e am

r r r

+ 4§A; (a3G5(wo) + QZQZ(WO))} (62)

Here, y is assumed to be the constant Schwarzschild
geometry background value of the scalar field. A sufficient
condition for having an unstable mode is [6,93]

/_m U(r.)dr, = /; ue) L dr<0.  (63)

[ 1__

Therefore, the theory gives us the possibility to have such
an unstable mode if

—4a3G3 (o) + 642G, (o) + SpM?
208M°

<0. (64)

If we choose the sGB case (a3 = 0) and take G, () =
flwo), p =4, = —1 with f(y,) = A%, we recover the
condition M? < 32?/10 as in the standard sGB case
considered in [6]. Thus, spontaneous scalarization can
occur in our theory for a much larger choice of parameters
for different masses.

Another important point is that, contrary to the sGB case,
where scalarization of nonrotating black holes was possible
only for @, < 0, we can have scalarization for different
signs of the coupling parameters. This is evident from
Eq. (64) according to which, scalarization is determined not
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only by the signs of a, and a3 but also by the relative
strength between them. This has interesting implications
for the behavior of the numerical solutions as we will
see below.

D. Numerical results

Without loss of generality, we can assume f = 4 that
coincides with the convention adopted in [6] and set the
background value of the scalar field to zero (y, = 0). Apart
from that, the free parameters we are left with are a, and a3,
and the choice of the coupling functions G, and G3. In order
to avoid having to deal with too many parameters simulta-
neously, while still being able to demonstrate the existence
and behavior of solutions, we have decided to fix the two
coupling functions in the following form:

G) =5 (1= ™) =), (69
This exponential function has one of the desired properties
for scalarization, namely, it allows the GR solutions with a
zero scalar field to be also solutions of the more general
system of equations in teleparallel gravity (43) and (44).
The additive constant is chosen for convenience such that
G(0) =0, but it does not affect the field equations since
there only the derivatives of G, and G5 enter. In addition,
its second derivative at w = 0 is equal to one that is a
convenient normalization. More importantly, for this cou-
pling, it was proven in [6,94] that stable scalarized black
hole solutions exist in the sGB case. This is an important
property not present for some other coupling functions
employed in the literature [7,94]. Having fixed G, and Gs,
the only theory parameters left to vary are a, and a5 and,
more precisely, their relative weight. As already com-
mented, when a;z =0, the problem coincides with the
sGB case considered in [6]. The following two cases are
especially interesting since they are purely teleparallel; i.e.,
the scalarization is triggered by torsion:
(1) a, = 0 while a3 # 0, the modification of GR comes
only from the teleparallel topological invariant
Tg; and
2) x,G, + a3G; = 0, the modification of GR comes
only from the additional teleparallel boundary Bj;.
In either of these two limiting cases, no contribution of the
Riemannian Gauss-Bonnet term is present. As commented,
these cases go beyond the classification of theories
allowing for scalarization that is discussed in [86].

1. Numerical setup

The black hole solutions are obtained after solving the
system of equations (43) and (44) together with the
boundary conditions at the horizon and infinity given in
Sec. V B. The numerical approach follows the methodol-
ogy in [6] where the Eqgs. (43) and (44) are transformed to a
system of two second order equations, one for the tetrad

function A(r) and one for the scalar field w(r). The
function B(r), on the other hand, can be algebraically
related to A(r), w(r), and their derivatives. It should be
noted that the tetrad functions {A(r), B(r)} appear squared
in the metric; i.e., {g,(r),—g,.(r)} = {A(r)>, B(r)*}. In
the following, we will analyze and plot the tetrad functions
{A(r), B(r)} instead of their metric counterpart since their
behavior is effectively the same.

The horizon radius is the black hole input parameter that
determines the solution (for fixed theory parameters). We use
a shooting method to solve the so-constructed boundary value
problem with a shooting parameter being the value of y at the
horizon. This parameter is determined by the requirement for
asymptotic flatness at infinity, namely yw(r — o) = 0. For
the numerical integration of the differential equations, we
used a fourth-order Runge-Kutta method.

An important property of the system of equations is the
fact that the requirement for regularity of the metric (or tetrad)
functions and the scalar field at the horizon results in an
additional boundary condition for the first derivative of the
scalar field at the horizon. Depending on the relative strength
of both coupling functions, two options exist. Namely, for

a3G; # a,G,, the condition is given by (58), which we call

boundary condition one (BC1), while for a3G3 = a2Q2 we
have (60), called later boundary condition two (BC2).

2. Branches of scalarized black holes

In order to gain some intuition about the existence and
behavior of black hole solutions, let us start with discussing
the bifurcation point, which corresponds to the point where
Schwarzschild becomes unstable and new scalarized sol-
utions originate, as well as the behavior of the scalarized
black hole branches. We consider first the more conventional
case of having a, = —1 and varying a3. The black hole
horizon radius and scalar charge as functions of mass are
depicted in Fig. 1. The sGB case corresponds to a3 = 0, and
a, = —1 is depicted with a solid dark green line. The rest of

the cases with various a3 for which a3Q3 (yy) # szgz(l//H)
are plotted with solid lines of different colors, while a dashed

line is used when a;G; (wy) = G, (wy). As discussed, in
the former case, the first boundary condition (58) is used,
while in the latter case, the second one (60) is employed.
Note that because of the choice of G, and G5 in (65), the
mentioned (in)equality of a3 G3 and a, Qz is controlled solely
by the values of @, and 3. Thus, when @, # a3, BClisused,
while for a, = a3, we have to employ BC2.

In Fig. 1 (and other figures below), we plot the Komar
mass of the black hole defined as

/
— Dim <r2 g“). (66)

As one can see, with the increase of az, the point
of bifurcation from the GR branch moves to large masses.
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FIG. 1. The radius of the horizon (left panel) and the scalar charge (right panel) as functions of mass for a fixed @, = —1 and

varying a;. The bald Schwarzschild black hole is depicted with a solid black line, the scalarized branches with a3 G (wy) # a:Ga (wy)

and using BC1 with solid lines of different colors, while the solutions with a3 Q_; (yy) = aQQZ(wH) and BC2 are marked by a dashed
line. The pure sGB case (when a; = 0) is depicted with a solid dark green line.

We have checked that these points are in agreement with
the analytical perturbative results in Eq. (64) for each
combination of a, and a3. Note that this inequality is a
sufficient but not necessary condition for instability. Thus,
scalarized black holes actually exist also for a little bit
larger masses than the mass given by the threshold (64).

For larger a3 (e.g., a3 = 1.0 in Fig. 1 that actually
corresponds to the pure teleparallel case), the branch of
scalarized solutions disappears at smaller masses. The end
of this sequence resembles a spiraling sequence of
branches. Due to numerical difficulties, though, we could
build only a small part of them. Such a feature is not unique
for the pure teleparallel case with @, = —1.0 and a3 = 1.0
and is present also for other large values of ;. Similar
spiraling sequences of black hole solutions can be present
also for other static nonlinearly scalarized black holes in
sGB gravity [95].

For somewhat smaller a5 (see, for example, @3 = 0.5 on
the figure), the branch already starts behaving a bit differ-
ently, and it is terminated at a point where the regularity
condition related to Eq. (58) starts being violated. As we
decrease a3 further and it gets negative, we observe that the
mass of the sequences hits zero at a finite horizon radius.
This happens for both BC1 (a3 = —0.5 in the figure) and
BC2 (a3 = —1 in the figure). This is a very peculiar and
problematic case. It is well known, though, that Gauss-
Bonnet gravity, as well as other quadratic theories of
gravity, often poses challenges at small masses, such as
loss of hyperbolicity [94,96,97], so they should be treated
with caution there.

There are even some solutions we found for which a
horizon exists for vanishing mass (see the a3 = —1 and
az = —0.5 cases). Let us comment further on this peculiar
behavior. In the figures, we plot the Komar mass of the
black hole defined by Eq. (66) that is related to the

asymptotic of the metric function g, at infinity. Thus,
having zero mass simply means that the sign in front of
the 1/r asymptotic of g, at infinity switches. This is a
nonstandard behavior related to the fact that the energy
conditions of effective energy-momentum tensor can be
violated locally. This eventually leads to a negative mass.
As a matter of fact, solutions with decreasing scalar charges
exist also beyond the M = 0 point and from a numerical
point of view they behave perfectly well. However, such
solutions are rather exotic and most probably they are
unstable—that is why we shall not consider them.
Interestingly, such a behavior, i.e., reaching zero mass at
a nonzero horizon radius, has been observed in scalar-
curvature theories. The reason for that was the dependence
of the ADM mass on the coupling constants of the theory.
Such a horizon has been called “theory horizon” [98—101].

Interestingly, despite the fact that the dashed line
solutions with a3 = —1 employ a rather different boundary
condition (60), they behave qualitatively similar to the
boundary condition (58) solutions, and there is a smooth
transition between both. In the former case, for a fixed
mass, the black holes tend to have a radius of the horizon
generally larger compared to Schwarzschild, contrary to the
latter cases where the radius of the horizon decreases with
respect to GR.

The case of fixed a3 = 1 and varying a, is presented in
Fig. 2. Here, contrary to the previous figure, larger a, move
the bifurcation point to smaller masses, something that can
be concluded also from Eq. (64). When a, = 0, we have
the so-called pure TsGB when the Riemannian Gauss-
Bonnet term contribution to the field equations is com-
pletely turned off. Interestingly, even though this case
offers a completely new type of scalarization, the behavior
of the solutions branches is qualitatively very similar to the
sGB theory.
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FIG. 2. The radius of the horizon (left panel) and the scalar charge (right panel) as functions of mass for a fixed a; = 1 and varying a;.

The conventions for solution branches are the same as in Fig. 1.

For the considered combinations of parameters, the
branches are relatively short, especially for larger positive
a,. This is true also for the dashed line branch where the
regularity condition at the horizon can always be satisfied
(BC2 is employed there). As we comment in the next
subsection, the disappearance of solutions at small masses
has a different origin for these branches, and the tetrad
functions start developing a nonsmooth first derivative. We
could not give a definite answer, though, whether this is a
purely numerical issue or rather an actual peculiarity of the
system of equations that prevents the existence of scalar-
ized black holes for smaller masses.

Note that in the results presented above, we were very
restrictive in the choice of G, and G;. The observed
peculiarities, and especially the disappearance of solutions
for small black hole masses, can be controlled by choosing
different coupling functions. As it is well known in the sGB
gravity, even though the point of bifurcation is a universal
property of a system depending only on the leading order
expansion of the coupling, the properties and the existence
region of the actual nonlinear scalarized black hole sol-
utions can differ drastically for different coupling func-
tions [102-105]. We have restrained ourselves from
studying such a dependence because the main goal of
the present paper is to show the existence of scalarized
black hole triggered by a teleparallel term. A detailed study
of the possible couplings will be performed elsewhere.

Before going further, let us emphasize again that we
focused the discussion on cases where @, = 1 for various a3
and cases where a3 = 1 for various a, since the most
important parameter in the discussion of the system is the
relative strength between a, and a3. The above discussion
should thus be representative of the all spectrum of solutions.

3. Radial dependence of the metric
and the scalar field

After discussing the domain of existence of scalarized
solutions, let us turn now to exploring the radial profiles of

the tetrad functions and the scalar field. In order to avoid
overcrowding with figures, we have chosen only some
representative combinations of a, and a3.

Letus first start with the more conventional set of solutions
when a, = —1 and a3 = +0.5 and the first boundary
condition (58) is employed. The radial profiles of the tetrad
functions A(r) and B~!(r), as well as the scalar field y, for a
number of black holes with varying ry are depicted in Fig. 3.
As already commented, the tetrad functions are directly
related to the metric via { g, (r), —g,,(r)} = {A(r)%, B(r)*}.
The selected solutions are a subset of the ones presented in
Fig. 1, and they are chosen in such a way that ry roughly
spans the range from the bifurcation point up to the leftmost
point of the corresponding branch of solutions. These two
cases can be considered as a deformation of the sGB
scalarized black holes with varying contributions from the
teleparallel gravity.

For large black holes, both the scalar field and the tetrad
functions behave monotonically with the increase of r. With
the decrease of the horizon radius, though, interesting
behavior is observed. Namely, the profile of the tetrad
function A(r) starts being deformed developing a rapid
change of its derivative close to the horizon and forming a
plateau region afterward. For even smaller ry (see, e.g.,
ry = 0.012 in the right panel of Fig. 3), a local maximum of
A(r) can form. The B~! function, on the other hand, can
develop either a sharp change close to the black hole horizon
for small ry (see, e.g., ry = 0.11 in the left panel of Fig. 3),
or it starts behaving nonmonotonically similar to A (the right
panel of Fig. 3). As a matter of fact, this almost discontinu-
ous behavior of B for @, = —1 and a3 = —0.5 is the reason
why we could not calculate solutions with even smaller ry.
We could not determine whether such solutions indeed do
not exist or if this is a purely numerical problem. We should
note that peculiarities in the metric function behavior can be
observed also for small black holes in pure sGB theory [106],
even though they are somewhat milder there; e.g., extrema of
A do not form for static solutions in the sGB case.
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The tetrad functions A(r) and B~'(r), and the scalar field y as functions of the normalized to the horizon radius radial

coordinate r/ry. The lines corresponding to different functions are marked with different colors—black, red, and blue for A(r), B! (r),
and y(r), respectively. The left y axis corresponds to the y function, while the right y axis sets the scale for A(r) and B~!(r). Different
patterns of the lines correspond to solutions with varying ry. The theory parameters are fixed to @, = —1, a3 = —0.5 (left panel) and
ay = —1, a3 = 0.5 (right panel). Since a, # as in both cases, BC1 is used. These solutions are a subset of the ones presented in Fig. 1.

Another important feature one can notice in Fig. 3 is that
despite the nontrivial behavior for small r, both A(r) and
B~!(r) tend to be nearly equal as r increases. This is a
manifestation of the fact that for large distances, we expect
from theoretical consideration that the multiplication
A(r)B(r)|,-e — 1. That has been explicitly checked to
be true also for the numerically calculated solutions. Thus,
the determinant of the metric is nonzero and nondivergent
in this limit.

On the other hand, even though both A(r) and B~!(r)
tend to O at the event horizon, this horizon can only be a
regular one if A(r)B(r)|,_,, — ¢ # 0 (ensuring again that
the metric determinant is neither singular nor vanishing in
this limit). We also checked that this was indeed the case
for the solutions we obtained numerically, proving that we

riry

really have constructed regular and asymptotically flat
scalarized black holes.

Let us now proceed to solutions with the second boundary
condition (60) having @, = a3. Up to a normalization
constant, the only two possible cases are a, = a3 = —1
and @, = a3 = 1, presented in Fig. 4. The black hole
solutions are a subset of the ones presented in Figs. 1
and 2, respectively, with ry spanning the whole range of
existence of the corresponding branches.

Let us first focus on the right panel of Fig. 4 that
resembles more the conventional sGB scalarization where
static black holes scalarize only for negative a,. Again, for
large ry, the functions w(r), A(r), and B~!(r) behave
monotonically with r. For small black holes, though, it
can happen that A(r) and B~'(r) develop maxima for

vy

FIG. 4. The tetrad functions A(r) and B~'(r), and the scalar field y as functions of the normalized to the horizon radius radial
coordinate r/ry. Notations are the same as for Fig. 3, while the theory parameters are set to @, = a3 = 1 (left panel) and @, = a3 = —1
(right panel). Since a, = a3 in both cases, BC2 is used. These solutions are a subset of the ones presented in Figs. 1 and 2.
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[see Eq. (8)] as functions of radial coordinate r. The coupling parameters are chosen to be @, = —1 and @3 = —0.5. These solutions are a

subset of the ones presented in Fig. 1.

intermediate r reaching values larger than one. Afterward,
they tend monotonically to A, = B,, = 1. Such behavior
leads to a negative mass calculated on the basis of the
asymptotic expansions at infinity of A(r) or B~!(r).
Remember also that in Fig. 1, the branches were hitting
zero mass at a nonzero ry. This is a manifestation of the
same problem. In Fig. 1 we have disregarded such negative
mass solutions as nonphysical and they are not plotted.
Now let us proceed with the black hole solutions
having a, = a3 = 1 and BC2, which are plotted in the
left panel of Fig. 4. Since positive a, do not allow for
scalarization of Schwarzschild black holes in sGB gravity,
this is another very distinct case.’ Here, the tetrad functions
A(r) and B~!(r) behave monotonically for all solutions.
Interestingly, the scalar field is almost vanishing at the
black hole horizon, and after reaching a maximum, it starts

*Note that scalarization with positive a, in sGB gravity is
possible but only for rotating black holes, the so-called spin-
induced scalarization [107-110].

to decrease monotonically. This is contrary to all other
presented cases where the scalar field reaches its maximum
value at the horizon. As a matter of fact, such scalar field
maxima away from the horizon can be present in sGB
gravity but only for rotating solutions up to our
knowledge [111].

The last cases we present are the pure teleparallel
scalarization with either @, =0 and a3 =1, or @, = —1
and a3 = 1, as discussed in the previous section. Selected
representative solutions are plotted in Fig. 5. Despite the
fact that here the Riemannian Gauss-Bonnet term is
missing and only the teleparallel one contributes, the
qualitative behavior is similar to the rest of the solutions.
For sufficiently large r;,, both the scalar field and the tetrad
functions A(r) and B~!(r) are monotonic. A(r) starts being
more deformed for small r; where the branch of scalarized
solutions is terminated, while B~!(r) can even develop
maxima close to the horizon for small mass black holes.

It would be interesting to examine as well the behavior of
the different teleparallel terms 7' and B. In Fig. 6, we plot
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these quantities together with the teleparallel Gauss-Bonnet

invariant G = T + B for a representative combination
of parameters a, = —1 and a3 = —0.5 (the sequence
of solutions can be found in Fig. 1). As seen, for larger
ry, the teleparallel quantities behave monotonically with
the increase of r. For small ry black holes, though, local
extrema can form that is an indirect consequence of the
nonmonotonous behavior of the metric functions pre-
sented above.

We like to end this section by highlighting our finding that
already a nonminimal coupling to one of the purely tele-
parallel terms T or B, which compose the Riemannian

Gauss-Bonnet term G, suffices to obtain spontaneous
scalarization. The individual terms 7; and B; can only
be expressed in terms of torsion and not in terms of a metric
or curvature. Thus, we demonstrated that spontaneous
scalarization can be sourced by torsion, which in the
Riemannian case, is usually set to zero, and not necessarily
by the curvature of spacetime. An immediate, very interest-
ing question that arises is if the origin of spontaneous
scalarization lies in the properties of non-Riemannian
aspects (here torsion) of the spacetime geometry. The
investigation of this question paves the way to a better
understanding of the physical consequences of deviations
from a purely Riemannian spacetime geometry.

VI. SUMMARY AND CONCLUSION

The sGB theory has attracted a lot of attention due to the
fact that it can naturally evade the no-scalar-hair theorems,
and it is motivated by the attempts to quantize gravity.
A boost in the field in the last years came from the
discovery that in the weak field regime, it can describe
the Schwarzschild solution, while in the strong field
regime, one can obtain deviations from it in a mechanism
labeled spontaneous scalarization. Usually, this process has
been studied in sGB gravity and in other Riemannian
scalar-tensor theories, but up to our knowledge, there are
no such studies concerning non-Riemannian theories of
gravity, involving torsion or nonmetricity. Let us quickly
summarize our findings and conclude.

A. Summary

In this paper, we have considered a teleparallel theory
where the general curvature is vanishing, the metric
compatibility condition holds, and the torsion tensor is
nonvanishing and encodes the gravitational dynamics.
Since one can formulate an equivalent theory to GR in
the teleparallel framework, which is TEGR, one can then
introduce a scalar field and follow a similar approach as in
the Riemannian case, which is to construct theories with
nonminimal couplings between a scalar field and the
gravitational sector. It turns out that there exists an analog
teleparallel Gauss-Bonnet invariant that contains two parts:
The first one is a topological invariant in four dimensions

[T; defined in (10)], and the second one is a boundary term
in any dimension [B defined in (11)]. Those teleparallel
invariants can be directly linked to the Riemannian Gauss-
Bonnet invariant through the relationship (8). We then
construct a TsGB theory constructed by couplings between
the scalar field and T; and B that [due to (8)] can be
rewritten as (15) containing a contribution from the sGB
action plus an additional teleparallel term, which would
give a richer phenomenology.

In the teleparallel framework, one can construct fully
invariant theories, i.e., invariant under both diffeomorphism
and local Lorentz transformations [25,37]. This is done by
considering the flat spin connection and the tetrad fields as
dynamical variables. However, one can always choose a
gauge such that the spin connection is vanishing, which is the
gauge that we used during this paper for studying spherical
symmetry. By imposing the condition that the torsion
respects the same symmetries as the metric, the correspond-
ing form of the tetrad could have a general form expressed
in (26). By substituting this tetrad in the antisymmetric
equations of our theory, we found two possible generic tetrad
solutions giving the same form of the metric. This means that
our theory would have two sets of spherically symmetric field
equations, depending on the branch chosen. We concentrated
on the second one where the tetrad is a complex one (40).

The most important part of our paper was presented in
Sec. V where we studied the spherically symmetric com-
plex tetrad equations for TsGB gravity and find scalarized
black hole solutions. We first concentrated on the analytical
part of the equations and find perturbed solutions around
Schwarzschild in Sec. V A, which contains as a special case
the sGB perturbed solution found previously in [92]. We
then studied the behavior of the equations near the horizon
and at infinity in Sec. V B, finding that there are two
different branches of boundary conditions ensuring the
regularity of the scalar field’s first derivative at the event
horizon depending on the theory chosen. The first one
given by (58) is a generalization of the sGB boundary
condition for the scalar field at the horizon, while the
second one (60) is a new branch that only exists in the
teleparallel framework and does not contain any square
root. We finalized the analytical study by studying the
spontaneous scalarization mechanism in Sec. V C where
we found the bifurcation bound (64), which provides a
sufficient condition to have unstable modes for the
Schwarzschild background. That bound again generalizes
the well-known sGB result obtained in [6].

In Sec. V D, we explicitly constructed asymptotically flat
scalarized black hole solutions using numerical techniques
for solving the full nonlinear set of equations. Due to the
richness of the theory, we have focused mainly on proving
the existence of such solutions and exploring their basic
properties in the case of a coupling of the form (65) rather
than a detailed exploration of the parameters space. We
examined all possible interesting limiting cases, which
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include the pure teleparallel cases without contribution
from the pure Riemannian Gauss-Bonnet term, as well as
the solutions with both boundary conditions discussed in
the previous paragraph. We found that in a certain param-
eter range when the contribution of the pure teleparallel
term is subdominant, the behavior of the solutions is
qualitatively the same as in the sGB case. This might
change, though, when the pure teleparallel term starts
having a significant contribution.

Interestingly, the transition between different regimes
and sectors of the theory happens smoothly, even in cases
when one has to switch between the two different boundary
conditions. We could observe very interesting nonmono-
tonic behavior of the metric functions close to the horizon
for small mass black holes that form local minima and
maxima. This is something completely not typical for static
black hole solutions and can have very interesting impli-
cations, especially for orbits around such objects. The small
mass region is often problematic, though, in Gauss-Bonnet
type of theories, and loss of hyperbolicity is often observed
there [94,96,97], at least in the sGB case. That is why, in
order to answer the question of whether such effects can
have astrophysical relevance, one should study the black
hole dynamics. This is a study underway.

Another interesting fact is that, in the considered theory,
it is possible to have static black hole scalarization for
coupling functions for which static black holes in sGB
gravity cannot scalarize but instead spin-induced scalari-
zation is present. This is a very interesting observation
because it turns out that, in this case, it is possible to have
nonmonotonic behavior of the scalar field close to the
horizon even for the fundamental nodeless scalar field
branch of the black hole. Until now, similar nonmonoto-
nicity in sGB gravity was observed only for rotating
black holes.

B. Conclusion

To conclude, we have derived novel scalarized black
hole solutions, sourced by torsion, that have not been found
nor reported in the past elsewhere (see the review [86] for a
compilation of the scalarization process in Riemannian
theories of gravity). Even though we restricted ourselves to
static spherically symmetric solutions, the black holes share
a lot of similarities not only with the static sGB case but
also with the rotating sGB black holes. On the other hand,
all sectors of the teleparallel gravity we considered are well
behaved numerically. Most interestingly, we found that
already coupling one of the two teleparallel contributions
Ts and Bg, which form the Riemannian Riemannian

Gauss-Bonnet term G, suffices to trigger scalarization.
This observation leads to the question if torsion (or other
properties of non-Riemannian geometry) might fundamen-
tally be the origin of the scalarization properties. Important
additional studies, in order to understand the properties of

the teleparallel scalarized BHs further in the future, are their
stability, their thermodynamic properties (for this in par-
ticular, the study of BH thermodynamics in teleparallel
gravity has to be further developed [112]), their dynamics
in the perturbative and the nonlinear regime, and if they
suffer from loss of hyperbolicity similar to the sGB case
or not.

Our study can open a new unexplored window in the
study of scalarized black hole solutions in non-Riemannian
theories of gravity. We have just shown the existence of
solutions using the complex tetrad, but one could also
perform a similar analysis with the real tetrad (36) and
study its differences. Further, we considered an exponential
type of coupling, but one could consider other coupling
functions (such as polynomial or lineal couplings), as well
as other theory parameters, where solutions exist already in
the sGB theory.

These studies should be extended also to spontaneous
scalarization of neutron stars to realize whether our theory
could describe other astrophysical scenarios. Furthermore,
since our formulated theory contains the sGB theory as a
special case, one might expect that axially symmetric
solutions would also exist but with a larger range of
parameters.
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APPENDIX: PERTURBED SOLUTIONS

The functions appearing in the perturbed solutions of
Sec. VA [Eqgs. (48)—(50)] are given by

3 1 1 52 2
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