2110.04087v2 [gr-gc] 20 Jan 2022

arxXiv

Black Holes in f(T, B) Gravity: Exact and Perturbed Solutions

Sebastian Bahamonde*
Laboratory of Theoretical Physics, Institute of Physics,
Unwversity of Tartu, W. Ostwaldi 1, 50411 Tartu, Estonia and
Department of Physics, Tokyo Institute of Technology 1-12-1 Ookayama, Meguro-ku, Tokyo 152-8551, Japan.

Alexey Golovnev'
Centre for Theoretical Physics, British University in Egypt, 11837 El Sherouk, Cairo, Egypt

Marfa-José Guzmént
Laboratory of Theoretical Physics, Institute of Physics,
University of Tartu, W. Ostwaldi 1, 50411 Tartu, Estonia and
Departamento de Fisica y Astronomia, Facultad de Ciencias,
Universidad de La Serena, Av. Juan Cisternas 1200, 1720236 La Serena, Chile

Jackson Levi Said®
Institute of Space Sciences and Astronomy, University of Malta, Msida, Malta and
Department of Physics, University of Malta, Msida, Malta

Christian Pfeifer¥
ZARM, University of Bremen, 28359 Bremen, Germany.

Spherically symmetric solutions of theories of gravity built one fundamental class of solutions
to describe compact objects like black holes and stars. Moreover, they serve as starting point
for the search of more realistic axially symmetric solutions which are capable to describe rotating
compact objects. Theories of gravity that do not possess spherically symmetric solutions which
meet all observational constraints are easily falsified. In this article, we discuss classes of exact and
perturbative spherically symmetric solutions in f (7, B)-gravity. The perturbative solutions add to
the ones which have already been found in the literature, while the exact solutions are presented
here for the first time. Moreover, we present general methods and strategies, like generalized Bianchi
identities, to find spherically solutions in modified teleparallel theories of gravity.

I. INTRODUCTION

The success of general relativity (GR) as a fundamental theory of gravity has been shown through the decades at
all scales where observations are possible [1, 2]. In cosmology, its amalgamation with cold dark matter (CDM) and
a cosmological constant A has produced the ACDM concordance model which meets many of the most important
observational measurements from cosmology [3, 4] as well as observations from galactic dynamics [5]. On the other
hand, the challenge from new observations has led to a growing disparity in a number of crucial measurements such as
the value of the Hubble constant [6-8] as well as the increasing tension in the growth of large scale structure [9, 10] in
the Universe. This has also brought to a fore internal problems in the ACDM model such as the cosmological constant
value problem [11, 12] as well as the lack of observational evidence for a particle physics explanation of CDM [13, 14].

To confront these developing problems in ACDM one possible recourse which is receiving an increasing attention
in the literature is that of modified theories of gravity [15-17]. While these theories may confront the observational
tensions in ACDM, it is imperative that their astrophysical front also be probed for signs of phenomenology beyond
GR. It is crucial to explore which of these models can offer a viable phenomenology in the context of exact and
perturbative solutions, and what they may predict for the increasingly important field of black hole (BH) physics
[18]. The precision in this field is increasingly becoming a possible discriminator between the plethora of models in
modified gravity. In addition to precise observations of the final phases of the coalescence of binary BHs [19], neutron
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stars [20], and other scenarios [21, 22], we also have confirmed observations from multimessenger astronomy [20, 23]
and direct observations of the shadow of a supermassive BH [24]. This process is set to drastically increase with the
next generation of gravitational wave observatories such as LIGO India [25], the Einstein Telescope [26] and LISA [27],
among others, which will drastically increase the number of event observations enlarging the possibility of observing
more exotic phenomena. These observations have already had a big impact on limiting the number of viable models
in certain modified theories of gravity [28].

The combination of tensions in recent cosmological observations, the possibility of vast amounts of new gravitational
wave measurements, and the theoretical challenges in the vacuum energy of the cosmological constant, give robust
motivation for the consideration of novel approaches to constructing gravitational theories distinct to GR. One of these
transformational theories of gravity is teleparallel gravity (TG) which represents those theories in which the curvature
associated with the Levi-Civita connection is exchanged with the torsion linked with the teleparallel connection [29—
32]. In GR the Riemann tensor ]%“6 L (over-circles represent quantities calculated with the Levi-Civita connection)
acts as a measure of curvature in a particular geometry and is wholly dependent on the Levi-Civita connection [33].
By exchanging this with the teleparallel connection renders a Riemann tensor that is identically zero [30], R*g,., = 0.
Thus, we require an analogous geometric object encoding the gravitational interaction, which corresponds to the
so-called torsion tensor [29] computed in terms of the teleparallel connection. A mathematical identity relates the

Ricci scalar R with the torsion scalar T (made up of contractions of the torsion tensor) up to a boundary term B,
guaranteeing that a teleparallel equivalent of general relativity (TEGR) exists, which is dynamically equivalent to GR
at the level of the equations of motion.

Although given this dynamical equivalence between TEGR and GR, integrating out the boundary term B from
the action means that the teleparallel generalization of Lovelock’s theorem [34] immediately becomes much softer in
that a much larger class of purely gravitational theories can produce second order field equations [35, 36]. TEGR
is amenable to many of the possible avenues of generalization that have become well known as popular forms of

generalizations of GR. As in f (]o%) (16, 37, 38], we can directly generalize TEGR to f(T') gravity [39-44] which forms
a large portion of the literature on modified TG. Due to the division of the regular Ricci scalar into the torsion scalar

and boundary term, a more representative generalization of f (]%) gravity may be f(T, B) gravity [45-54] which limits

to f(]%) when f(T,B) = f(-T + B) = f(é) In general, f(T,B) gravity has shown promise in the literature and
also offers the possibility of proposing novel models of gravity that cannot appear in curvature-based forms of gravity.
Another intriguing possible direction to TG is that of nonminimal coupling with scalar fields. This has been applied
in various forms [55-58] with the most general form a teleparallel scalar field theories being formed in Refs. [59-62].
Another interesting recent development is the formation of a teleparallel analogue of Horndeski gravity [36] which
is the most general theory formed by the addition of a single scalar field which turns out to produce a much larger
plethora of models as compared to its curvature-based origins. This richer landscape means that a more nuanced
phenomenology will emerge from this form of TG [63-67].

This work continues the study of finding spherically symmetric and black hole solutions and exploring their physical
properties within the various scenarios available in TG [68-76]. We open in Sec. II by briefly introducing the basis
on which TG is founded upon, as well as some of the many possible directions in which TEGR has been modified
and the properties of the Bianchi identity in TG. In Sec. III we consider a spherically symmetric setting in which we
present the field equations for f(T, B) gravity together with the possible solutions for the tetrad fields. The specific
dynamical equations for this background are then presented in Sec. IV where we also present a strategy to solving
them by taking a perturbation about a Schwarzschild background. Here, we indeed arrive at specific perturbation
solutions for the metric components. Interestingly, Sec. V is one of the first works that explores the possibility of
complex solutions in the tetrad field which continue to provide real solutions for the metric. These turn out to be
somewhat simpler to solve in certain circumstances. Sec. VI then explores the phenomenological predictions from
these solutions which is crucial to understanding how viable the Lagrangian models are. In Sec. VII we briefly discuss
the prospect of find a time dependent solution in TG, while in Sec. VIII, we conclude with a short discussion about
our core results. In this work, we use the (+, —, —, —) signature convention so that the Minkowski metric is written
as nap = diag(+, —, —, —). Also, we use units in which G =c¢= 1.

II. f(7,B) TELEPARALLEL THEORIES OF GRAVITY

GR can be modified in a plethora of different ways [15], some of which are motivated by the Lovelock theorem but
others being entirely novel in nature. TG is built on the exchange of curvature-based geometries with torsional ones
[77] which takes place through replacement of the Levi-Civita and teleparallel connections. This can then develop
into a myriad of modified teleparallel theories of gravity.
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Curvature is expressed through the Levi-Civita connection r (over-circles are used throughout to denote quantities



determined using the Levi-Civita connection) in GR, while in TG this is replaced by the teleparallel connection |
which is curvature-less [30, 78]. An immediate by-produce of this exchange is that using the teleparallel connection
will render all curvature-based quantities identically zero such as the teleparallel Riemann tensor (the regular Levi-
Civita connection Riemann tensor naturally does not vanish). In this context, we require a different formulation of
gravitational tensors to further build gravitational theories (see reviews in Refs. [30-32]).

Another aspect of TG is that the metric g, is replaced with the tetrad hA L (and its inverses h 4) as the fundamental

dynamical variable of the theory. This is achieved through the relations

G = BB nac nac =h"he’ g (1)

where Latin indices refer to tangent space coordinates while Greek ones refer to coordinates on the general manifold
[78]. Tetrads can also be used in GR but they are generally suppressed, for example consider the description of spinors
[79]. Tetrads also must observe orthogonality conditions for internal consistency

A A A
h Hhcﬂ - 60 5 h ;LhAV - 6Z . (2)
The teleparallel connection is defined by [32, 80]
L9, = h,"0,h", + hy"w’p,hP, (3)
where wADH represents a flat spin metric-compatible connection whose components can be written as [32]

wADy, = AAC a}t(A_l)CD ) (4)

where the dependence on Lorentz matrices AAC is made explicit. This connection is responsible for incorporating the
local Lorentz transformation degrees of freedom into TG, and which arises due to the explicit appearance of the Latin
indices in theory. In GR, the spin connection are not flat and indeed embody elements of the non-inertial frames [33].

In parallel as the Levi-Civita connection builds up to the Riemann tensor in curvature-based gravity ke guvr LG I8
formulated using the torsion tensor [78]
T4, = =2, = 0,h", — b, +wpuh”, —wh B, (5)

where square brackets denote an antisymmetric operator. The torsion tensor is sometimes interpreted as the gauge
field strength of gravity in TG [30]. The torsion tensor transforms covariantly under both diffeomorphisms and local
Lorentz transformations. Taking suitable contractions leads to the torsion scalar given by [30-32]

1 1 1
T — §SauvTaW’ - ZT;W/)T,wp + §TleTpVM ~T,T", (6)
where T}, := T, and where S " is the superpotential tensor described by
St = K", =0T, + 0,157 = =S,"", (7)
and where the contortion tensor K”,, is given by
o 1
K?,, = FPW—FPW:§(THPV+TDPM—T"W) , (8)

which plays an important role in relating TG with curvature-based theory analogues.

Using the contortion tensor and simplifying, the curvature-based Ricci scalar R can be shown to be expressed
through [47, 81]

o 2
R:R+T7E8#(hT"W):O, (9)
where R identically vanishes since it is torsion-less, and where the last term is a boundary term. Thus, we can write

o 2 o 2
R=R+T~30,("6) =0 = R=-T+30,(h",,):=-T+B, (10)

where it becomes clear that by replacing the Ricci scalar in the Einstein-Hilbert action with the linear torsion will
produce a dynamically identical theory. This is the teleparallel equivalent of general relativity (TEGR).



A. Action and field equations

Nonlinear extensions to the TEGR Lagrangian £ = hT are motivated by following the recipe for other extended
theories of gravity, such as f (]O%) gravity [16, 82]. Although the simplest extension is the so-called f(T') gravity, which
has been widely studied in the literature, in this work we extend a bit further and define f(T, B) gravity, given by
the following action

1
Sf(T,B) = /d4$h |:2,‘<;2f(T7B)+£m:| s (11)

where k%2 = 87G, Ly, is the matter Lagrangian, and h = det (h“#) = /—g is the tetrad determinant. The TEGR
limit is surely included in this class of theories and corresponds to f(T, B) = —T.
The ensuing field equations for this theory turn out to be [47]

o o o 1
W, = 63005 = VAV, fo + S BIso + [(@ufs) + (0ufr)| S,
+ B R0, (RS AMY) fr — frT7 4 So™ — %fag = KT, (12)

where subscripts denote derivatives, and where 7, * represents the energy-momentum tensor. The separate tetrad
and spin connection variations produce the field equations

W) = £°Op, and Wi, =0, (13)

which are respectively associated with the tetrad and spin connection degrees of freedom.

Given any metric tensor, a unique tetrad-spin connection pair exists in which the local frame is compatible with
a spin connection whose components all vanish, which is called the Weitzenbock gauge [32]. In this setting, Wi,
vanishes identically due to the choice of the tetrad components (while still satisfying the metric relation (1)). For the
action in Eq. (11), the antisymmetric equations can be succinctly written as

Wi = [(apr) + (Op f1) | S1u” 1) < TP 0p) (fr + fB) , (14)

which will be used to determine tetrad solutions of this kind in the work that follows.

B. Bianchi identities

Since our aim throughout this work is to study Egs. (12) in the context of spherical symmetry, it will be helpful to
first discuss Bianchi identities in the context of modified teleparallel theories. An important point about spherically
symmetric solutions is that the three equations of motion obtained are not fully independent of each other. In the
case of GR the relation among them corresponds to the Bianchi identity 1%0‘5[,\“;,,] = 0, which leads to covariant
conservation of the Einstein tensor. It has been shown [83] that this statement can be generalised to f(T) theories.
Namely, if the antisymmetric part of equations is satisfied, then the covariant divergence of equations of motion
vanishes identically.

Since the derivation of these generalised Bianchi identities was based simply on the diffeomorphism invariance of
the action, it can be further generalised to other models. The formulation would be equivalent in one extend the
theory to also depend on a scalar field and a kinetic term.

Let us look, for simplicity, at the equations in the Weitzenbock gauge w4 uv = 0. The diffeomorphism invariance of
the action is then invariance under

W — b, = hA 0,0 = oA, (15)
which for the equations of motion " = 0 with
S
2 — vy B
—— = h%T"h 1
K 6hAM T l/nAB ) ( 6)

implies the following simple relation:

VT 4+ KPS = 0. (17)



Due to the antisymmetry of the contortion, it means that once the antisymmetric part of equations is satisfied then
the Bianchi identities are satisfied too.

Let us now see how it works directly at the level of equations of motion for f(7T,B) gravity. For the sake of
simplicity, we don’t go for more elaborate models since all the main features will be clearly seen in this example. It
is convenient to bring the equations to a more (diffeo-)covariant form which in the case of f(7, B) in vacuum reads

o 1 o o o
fTG/,LV + § (f - fTT - fBB)gMV - (g;u/[l - V;J,VU) fB + Sp,l/aaa(fT + fB) =0. (18)
As also in the case of f(T'), only the last term is the one which contains the antisymmetric part.

Taking the divergence of the left hand side goes similar to the computation that has been done for f(T) gravity in
the paper [83], though with more terms:

frr ((O}’“”&,T + (0.T)V, 5" — ;g””T&,T> + fra <CO¥W&,B + (0a(B+T))V, 5" — %g””(Ta,,B + BBVT)>
+gon (@uBI9,57 ~ 150,B) = (9,9, 9.9,) ¥ fa. (19

The first bracket is what also appears in f(T). It can be seen to vanish if the antisymmetric part of f(T) equations
is satisfied. Indeed, recall that

o (] 1
G = K, 'S =V 5" + §Tg“” ,
and then this first bracket above goes away if the antisymmetric part of S*"9,T is zero (antisymmetry of the

contortion tensor K, ," again).
Now we have more terms, and also the new antisymmetric part of equations is

S, (fr + fg) = S (fr70,T + frpd,(B+T) + fpp0,B) = 0.
This is what is equal to zero under the assumption of satisfaction of antisymmetric equations. Therefore the story is

similar to f(T") but requires a bit more accuracy.
The new step we need to do is to transform the commutator of derivatives acting on the gradient of fp. It gives

o (e} O o [e] o o 1 o
_ (V,NV _ vyvu) V" fz = R (frpd,T + f550,B) = (G“” n 29‘“’R> (fr50,T + 550, B).

Together with the identity R=-T+ B, see (10), it brings the full divergence (19) of the equations of motion to the
form

o o ]_
(G“CY +V, 81 — 2g"“T) (frr0aT + fre0a(B+T)+ feplaB).

Substituting again the expression for the Einstein tensor from above, we see that its first term (with the contortion
tensor) vanishes if the antisymmetric part of equations is satisfied, while the next two terms cancel everything else,
therefore confirming the generalised Bianchi identity for f(7T', B) gravity.

III. ANTI-SYMMETRIC FIELD EQUATIONS OF f(7,B) GRAVITY ASSUMING SPHERICAL
SYMMETRY

Our aim is to solve the field equations (12) for spherically symmetric systems. Therefore we first recall the imple-
mentation for spherical symmetry in f(7, B) gravity. Afterwards we solve the anti-symmetric equations.

A. Spherical symmetry

In teleparallel gravity spacetime symmetries, or more technically, the invariance of the geometry on under a certain
class of diffeomorphisms, can be characterized infinitesimally by symmetry generating vector fields Z; and the demand



that the geometry defining fields, the tetrad and the spin connection, satisfy the following teleparallel Killing equations,
see [77] for all details,

Lz ™y =—=NphP ., Lzw pu=0Mp+w* 2 B —w BuNc. (20)
The )\‘2 p are elements of the Lie algebra so(1,3) (the Lorentz algebra), which are obtained by mapping the symmetry

algebra defined by the vector fields Z; into the Lorentz algebra.
Spherical spacetime symmetry is defined by the generating vector fields

. cos @
A= 21
1 = sin pdy + tanq?a“a (21)
sin ¢
T = — 22
5 cos @y + tanﬂaw (22)
Z3 =0y, (23)

which are a representation of the Lie algebra so(3) of spatial rotations in three dimensions. To map the [(3)
homemorphic into the Lorentz algebra so(1,3) we use

0

\(Z) = '

o OO

A(Zs) = (24)

—1 ?

000 O
000 O
001 0

OO OO

0
0
0
0

OO OO
o~ OO
OO OO

0
1 _
0’ 0
-100 0
Solving the teleparallel Killing equations (20) for vanishing spin connection, then yields the most general spherically
symmetric tetrad in Weitzenbock gauge, which can be expressed as, see again [77],

Ch Cy 0 0
Cssindcosp Cysindcosp Cscostdcosg — Cgsing — sind(Cs sin g + Cg cos ¥ cos @)
Cssindsing Cysindsing Cscosdsing + Cgeosp  sind(Cs cos g — Cg cos I sin p) ’
C3cos Cycost —Cxsind Cg sin® 9

hAV = (25)

where the six free functions C; = Cy(t,r) (I = 1,..6) can depend on time and the radial coordinate. The metric
becomes

ds? = (Cf — C3)dt? —2(C5Cy — C1Co) dtdr — (CF — C3) dr? — (C2 + Cg) dQ2. (26)

We can still use the freedom of redefining the ¢ and 7 coordinate in such a way that C2+C2 = r2? and C3Cy—C1C = 0.

So far, the tetrad (25) was identified on a purely geometric basis by symmetry considerations. In the next section
we will find the time-independent spherically symmetric Weitzenbock tetrads which solve the anti-symmetric field
equations of f(T, B) gravity.

B. Solving the anti-symmetric field equations

For the tetrad (25) (static case) there are two non-vanishing antisymmetric field equations (14) given by

By o< C305(fr + fp) =0, (27)
E[ﬁw] 0.8 Cle(f{p + f/B) =0. (28)

Here, primes denote differentiation with respect to r. We will further assume that f7. + f5 # 0, otherwise the theory

~ ~ ©

would become f(T, B) = f(—T + B) = f(R), which is just the standard f(]%) gravity.
There are two different branches of solutions: a) C5 = 0; b) C3 # 0. For the first branch one can solve both
antisymmetric field equations by taking

Cg(’l“) = C@(T‘) =0. (29)

Since the metric still has some extra degrees of freedom, without loosing generality, one can choose Cy = 0 to eliminate
the cross term and also set

C5(T) = 67’, 5 = :tla (30)



to obtain a 72dQ? in the line-element. Then, the first branch that solves the antisymmetric field equations has the
following tetrad (in the Weitzenbock gauge) and metric

A(r) 0 0 0

BA 0 B(r)sindcosy Ercosdcosp —résindsing €= 11 (31)
OLE 0 B(r)sindsing &rcosdsing &rsindcosy ’ T
0 B(r) cos 9 —résind 0
ds? = A(r)?dt? — B(r)*dr? — r2dQ?, (32)

where we have re-defined the functions C; = A(r) and Cq = B(r). If one chooses £ = 1, we recover the tetrad used
in [44, 72, 84, 85] whereas if £ = —1 we recover the tetrad assumed in [69, 86-88] For this branch, the torsion scalar
and the boundary term become

2(§ - B)

27 oW (20¢-B) B\ 4B _4¢-B)
b= st s ( e B) TR (34)

One notices that A and B can be positive of real without changing the form of the metric. This means that for
Minkowski, one can either set A =B =1 or A =B = —1. Then, for the Minkowski metric, the torsion scalar and
boundary term become

2 4
T = 517 B=g5-1, A=B=1, (35)
_ 2 2 _4 _B__
T = 5+ B=g(e+1), A=B=-1, (36)

so that, for the case & = 1 the torsion scalar and the boundary term vanishes for the Minkowski metric only by
choosing A = B =1 and for £ = —1, we require the limit A =B = —1.
For the second branch C5 # 0, one can solve all the antisymmetric field equations (27)-(28) by taking

Ci(r) =Cs5(r) =0. (37)

One needs to be careful with this choice since the signature of the metric changes its sign, unless the tetrad functions
are complex. Then, we can redefine

Cy(r)=1iB(r), Cs(r)=1iA(r), (38)

in order to ensure that the metric does not change its signature. As we did in the previous branch, we can still have
the metric freedom to choose

Cy=0, Ceg=xr, x==1. (39)

Thus, the second branch which solves the antisymmetric field equations have the following tetrad and metric:

0 Br) 0 0
4 | tA(r)sindcospy 0 —xrsing —rysindcosdcosp B
higyu = iA(r)sindsing 0 xrcose —rysindcosdsing |’ x =+, (40)
iA(r) cos ¥ 0 0 xrsin? 9
ds? = A(r)?dt? — B(r)?dr? — r2dQ2. (41)

The above tetrad is complex and to the best of our knowledge, it has not been derived or used before in the literature.
Even though the tetrad is complex, both the torsion scalar and the boundary term are real:

2 /
T = 2B2A ((BQ+1)A+2T'A) ) (42)
_ 8B—2rB)A  4(B-rB)  2A”
B="—F1 T Tma (43)

Moreover, these scalars do not depend on the sign of x as it occurs in the first branch. Then, the field equations will
be identical for x = +1. Without loosing generality one can then choose x = 1. For the Minkowski case, these scalars
are always non-vanishing (T = B = 4/r?).
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The tetrads (31) and (40) were found in the Weitzenbick gauge (w” g, = 0). Since our theory is covariant under
local Lorentz transformations (by taking simultaneous transformations on the tetrad and spin connection), one can
also perform a local Lorentz transformation and rewrite them as diagonal tetrads with non-vanishing spin connections.
For instance, by performing the followings local Lorentz transformation A{‘l) B and Aé) B to the tetrads hé)u and hf‘z) u

1 0 0 0
AA _ 0 sindcosyp sindsing cosv (44)
O 0 cosYcosp cos¥sing —sind |’
0 —sing cos 0
0 —isintdcosy —isindsingp —icosd
A —i 0 0 0
Ay = 0 —singp cos 0 ’ (45)
0 —costcosp —cosdsing sind
we end up with diagonal tetrads
h/(?)u = diag(A(r), B(r),£&r, érsind) , @w = diag(A(r), B(r), r,rsind) (46)
and with non-zero spin connection wﬁ‘) B and wgg‘) By having the following non-zero components
wiiy2o = —wihie = =1, wilyse = —wije = —sind, wi s, = —w()2, = —cos?, (47)
wigy2e = W0, = i8N, Wo3e = W = —i, WHyse = —W(3)2, = —cosV. (48)

It is then equivalent to take the tetrad spin connection pairs (hé)m 0) given by (31) or (h’(‘f)u, wzf) By) given by (46)-
(47). Conversely, the dynamics of the field equations will be equivalent if one takes the pair (hé) 1, 0) (see Eq. (40))

or (h’é‘)#, wE’QL‘)B#) (see Egs. (46) and (48)). One can notice that for the complex tetrad (40), it is possible to eliminate
its imaginary part by performing a local Lorentz transformation, but then the imaginary terms will be induced in the
spin connection (48).

One can then conclude that there are three different tetrads in the Weitzenbock gauge for f (T, B) gravity, Egs. (31)
(with £ =1 or £ = —1) and (40), which satisfy the antisymmetric field equations in the time-independent spherically
symmetric case. These three tetrads respect spherical symmetry as (20). Let us remark here that if one generalizes the
theory to depend on a scalar field a kinetic term like f(T, B, ¢, X), the same tetrads obtained above would solve the
antisymmetric field equations. Thus, adding a scalar field does not change the conclusions made here.Hereafter, we
will study the symmetric field equations for each tetrad and find different spherically symmetric solutions for f(T, B)
gravity.

IV. SYMMETRIC FIELD EQUATIONS AND PERTURBED SOLUTIONS FOR THE REAL TETRAD

In this section we will concentrate on the real tetrad (31) and analyse the remaining field equations (symmetric
ones) for f(T, B) gravity. If we consider an anisotropic perfect fluid, for the tetrad (31), the field equations (12)
become

1, 2fr (PBA(EB=1)+ A(rB +¢B° - B)) L 2-2%B)f}

2 e
wp = 5t r2 AB3 B2
fB (T‘(—T‘A/B/—2§B2A/+B(TA//+4A/))—2A(T‘BI+€BQ—B)) IB(B/_@) g
+ 2 ABP + B3 5 W9
o _ 1, (A +2A) fp | fr (2rA(B-28) —2A( - B))
W= gl e (2 AB?
I (r (ErA'B +2B> A’ — B (rA” +4A")) + 26A (rB' + B — B))
T 2 ABP ) (50)

s lf N fr (r (rA'B 4 26B* A’ — B(rA” + 3A")) — A(—rB' — 282 + B® + B)) fr(r A - EAB + A)
SR r2 AB3 rAB?




[ (r (rA'B' + 26B2A" — B(rA” +4A4")) + 2A (rB' + £B2 - B)) & B 4
* 2 A5 +fB+(rBBS)+BZ’ (51

where primes denote differentiation with respect to the radial coordinate, and p,p, and p; are the energy density,
radial pressure and lateral pressure of the fluid. In general, the field equations are difficult to solve in an exact
form. Some exact solutions for the above system were found in Ref. [74, 85], but the majority of them have a form
B = const., which gives a metric that cannot describe black hole solutions. Moreover, due to the Bianchi identities
discussed in section II B, in vacuum, these field equations are not all independent, which simplifies the procedure to
find a solution later.

Let us briefly discuss the equations for f(7') gravity in vacuum. For this case, one can manipulate the above system
of differential equations by solving (49) and (50) for fr, f; and replace these expressions in (51), via Bianchi identities.
By doing this, we arrive at the following equation (f # 0)

4AB (3rA’ + 2A) — 4EA (r(B* + 2) A" + A(B* + 1))
A@2(AB = BA") + A(B — B%)) + € (rPAA” + r2A2 + A2 (B2 — 1))

that does not dependent on the form of f. This means that the above equation is always true for any form of f. In
general, the above equation cannot be easily solvable for A or B. The above equation is the same as the one reported
in Ref. [74] for £ = 1. An interesting general feature of f(7T) gravity and this branch is the following. By taking a
Schwarzschild-like form relating the metric functions as B = 1/.A, one can easily solve the above equation giving us
that A2 =1 —2M/r — (A/3)r2. Then, if we replace these expressions into (50), we find that the unique solution for
the system is f(T) = foT — 2foAA, which is a trivial case since it is GR plus a cosmological constant. This means that
all solutions beyond GR (with the real tetrad) must have a form such that B # 1/A.

On the other hand, for f(T, B) gravity with f(T, B) = k1T + F(B) and after manipulating the field equations (49)-
(51), we find that when k1 = 0 (no GR limit) we must impose the condition fj; = Fj. Further, for the case k1 # 0,
the situation is more complicated that in f(T") gravity since it is not possible to find a similar equation as (52) that
depends on f.

Since it is complicated to find exact solutions beyond B = const. for the real tetrad, in the following, we will find
perturbed solutions. To do this, we consider that the metric is described by Schwarzschild and a small correction
related to the modification of GR, namely,

0:

(52)

A%(r) = 1— g +ea(r), (53)
Br) = (1- g)% +eb(r), (54)

where € < 1. Then, one can choose a model, i.e., a form of f such that one has TEGR (or GR) in the background
and the form of the correction is also of the order of e. This means that the function f can be written as

f(T,B) = T+¢f(T,B). (55)

In the following we will consider the following form of f

A(T,B) = %(aTq +BB™ + wBSTw) : (56)

where a, 8,7, ¢, m, s and w are constants. The case £ = 1 was fully studied in Ref. [84] for different power-law forms
of f(T, B) gravity, finding different perturbed solutions around Schwarzschild in vacuum. Furthermore, the power-law
f(T) gravity case with £ = 41 was already reported in [44] (with 8 = v = 0) and later in [73], it was found that the
squared power-law case (with ¢ = 2) contains a perturbed black hole solution. On the other hand, for £ = —1, in
Ref. [69], the power-law f(T) case was found only when M = 0.

Then, we will mainly concentrate in these cases when we analyse the equations around Schwarzschild. As a first
step, in the following section, we will analyse the case when we have perturbations around Minkowski. It is important
to mention that the limit from the Schwarzschild case to the Minkowski limit is not smooth (M = 0) since for £ = +1
there are not Minkowski solutions for there are Schwarzschild ones.

A. Perturbed solutions around Minkowski

By plugging (56) into the field equations (49)-(51) and by assuming the metric functions (53) for the Minkowski
case M = 0, we only find first order perturbed solutions for the case £ = —1 which are explicitly given by
2m? — 3m — 4) 23m 4 2312 25% + 5(2w — 3) — 4) 2353w 4
a(r) = ag — L 5( ) L ( ( )4 p2(stw=1)
r 2m — 3 3—2q 25+ 2w —3




(57)
a1 (q—1)(2¢—1)2%2 , (2m3 —m? —3m+ 2) gmt 2-2
b = = q m
(r) ta 23 s om —3 "
+v (25° + 5°(4w — 1) + 5 (20® + 3w — 3) + dw? — 6w +2) 25T~V 25— 2w+2 (58)
25+ 2w — 3 '

Here, ag and a; are integration constants. The above result generalises the metric found in [69] by including the
boundary term. The above solution is only valid when ¢, m # 3/2 and s # %(3—211)). There are 6 other solutions which
are the possible solutions found from requiring that the denominator in the above cases are zero. For completeness
they are explicitly expressed in the appendix A. The torsion scalar and boundary term expanded up to first order for
the above solution are

T % +e((=1)m8™B (m? — 1) r7" —8%a(g — r?1 =8y (s + 1)(s +w — 1)r~272) (59)

B

% +€ [8m’_16 (Gm3 —15m? — Tm + 16) 2 4 89 (q2 —3q+ 2) r—24
.
85501y (657 + 352 (4w — 5) + 5 (6w® — Tw — 7) +8 (w? = 3w+ 2)) 2] (60)

which are clearly non-zero even for the case a = f = = 0. Let us emphasise again here that these solutions appear
only when £ = —1, since for the £ = 1, there are not perturbed solutions around Minkowski.

B. Perturbed solutions around Schwarzschild

Following a similar expansion as the previous section, we will now consider the case M # 0, which corresponds
to the case of taking perturbations around Schwarzschild. For this case, one can find solutions for either ¢ = 1 or
& = —1. To integrate out the perturbed equations, we must set the power-law parameters to specific values. Similarly
as it was done in [72], if one expands the function f in a series form of power-laws, the first terms appearing in the
expansion would be the ones with ¢ = m = 2 and s = w = 1. Therefore, we will concentrate on that case, which gives
us the following solutions

a
“ T el
+3¢6u3 (31a + 518 + 41y — 12(a + B + ) log(p)) + 3¢u(—17a — 218 — 19y + 4(a + B + 7) log(p))
+2u4 (64 + 708 + 677) — 9(28 + 7)p* +12(28 + )’ — 12028 + 7)p?] | (61)
2

St e
—12¢13 (o + 38 + 27) + 36u(—21a — 258 — 23y + 4(a + B + ) log(p)) — 1205 (2 + 48 + 37)

20 (320 + 268 + 297) + 242(a + B+ 7)) | (62)

(28 +7) + 3¢p" (o 4+ 138 + Tv) — 3¢p° (150 + 4353 + 297)

Q
—~
<
~
Il

b(r) = ag 26 + ) + 3¢pu° (25 + 3753 + 317)

where = /1 — 2M/r and ag, a; are integration constants. These solutions were found in [84] for £ = 1 and the case
& = —1 has not been reported yet.

To ensure that the perturbed spacetime geometry has a putative horizon and can be interpreted as black hole
spacetime which perturbs Schwarzschild geometry, we follow the procedure which was applied in [73] to a subclass of
the solutions presented here.

We fix one of the constants of integration at the putative horizon r = rj, where A(rp,) = 0, by demanding that the
product of A and B stays finite. In the perturbative approach this amounts to

Tim (A()B(r)? = 1+ ¢ (63)

where b is a constant. To fix the other constant we apply an asymptotic expansion for r — oo to A(r) and B(r) and
demand that B(r) behaves like the Schwarzschild solution to order 1/r.
It turns out that the equation (63) only depends on ag, which is determined to be

ao (3(2,@ + ) 4 3uf (8a + 228 4 157y) + 108 (4o — 28 + ) — 216} (o + B + ) + 6} (4a + 63 + 57)

1
O 24M2pge



11

+&(6u3 (—Ta — 198 — 13y + 45 M? + 4log(un) (o + B + 7)) + 6u) (—13a — 258 — 197)

+ 1245, (1l + 238 + 177) — 12,uh(a+ﬁ+7)))7 (64)

2M

rp

By studying the asymptotic expansion of (61) we find,

where pp = /1 —

2M ar 16BY —D(a+B+7) 1
2 _ =/ - T .
A(r) = 1-— +e<ao+ . 3% +0(7~2>’ (65)
IM ¢ 16(c+ 8 + ) 1
200 e il
Be(r) = 1+ . +T( 2a0M + a1 + 30IE +O(r2). (66)
The desired fall off behaviour for B(r) yields
16(c + 8 +
a1:2a0M—W, (67)
which makes
2 = (1= M _16 1
A(r)—(l : )(1+e e+ A+ +ao )+o(r2) (68)

for r — oo.

Having fixed the integration constant by the horizon condition and by a desired fall of behaviour for large r, we
cannot impose more constraints to obtain a desired behaviour of the solutions in the M — 0 limit. We observe that
in the M — 0 limit we find
4(¢€—-1)(6 8 7 2 4 —-1)(6 8 7

€Dt I4m b ), HE UG8 T )

Thus, these functions always vanish for £ = 1, and so these solutions have a smooth consistent Minkowski spacetime
limit. For ¢ = —1, for generic «, 3,7, A%(r) and B?(r) the solutions do not converge to Minkowski spacetime for
M — 0, but have first order corrections which go with »—2. Observationally, this manifests itself in the Shapiro delay,
which is nontrivial for M — 0 for £ = —1 (see Sec. VI). The only choice one has, if one wants that the £ = —1
tetrad has a “good” M — 0 Minkowski limit, is to choose 6 + 83 + 7y = 0 and h = 0, otherwise the torsion sources
curvature.

a(r) —

V. SYMMETRIC FIELD EQUATIONS AND SOLUTIONS FOR THE COMPLEX TETRAD

This section will be devoted to studying the complex tetrad (40) and obtain solutions. By using this tetrad in the
f(T, B) gravity equations (12), we find that the remaining field equations (symmetric field equations) for the complex
tetrad become

SR P 2fr (rBA' + A(B—rB) | fp(r(B(rA" +44) —rAB) + 2A(8 —rB))
P= Ty r2 AB3 r2 AB3
Bfy fp | 2fr
T T s (70)
o L GAR2A [ 2Ur e A+ A) | fp (A — BrA +AA)) — 24(B - 1B)
pr = 2f+ r AB2 r2 AB2 * r2 AB3 ’ (71)
2 _ lf A+ A fr n f(r(rtA'B' = B(rA” +4A")) —2A(B —rB'))
Phe=y r AB? 2 AB3
fr(r(rAB —B(rA” +34)) — A(—rB + B3+ B))  B'f fI
+ AR D +§' (72)

In the following we will use the same techniques as in the previous tetrad to obtain solutions around Minkowski and
Schwarzschild, and then, we will solve these equations in an exact form (for some specific cases).



12

A. Perturbed solutions around Minkowski

Around Minkowski (M = 0) and assuming that the function has the form (56) we find the following solution up to
first order in e:

411 2m? — 3m — 2) 22m~3 25 4 s(2w — 3) — 2) 22sH2w=3
a(r) = aqp — “ + 272 + 5( ) p2—2m +W( ( ) ) r—25—2w+2’
r 3—2¢q 2m — 3 2542w —3
(73)

ar | (¢—1)(Q2g—1)477" 5 o A" I m—1)22m+1) 5,

b = — q m

(r) r—f—a 2% 3 r + 5 o — 3 r
. (2% + s (4w — 3) + sw(2w — 1) + 2w? — 3w + 1) 22(sFw=D) 22w (74)
25+ 2w — 3 ’

where ag and a; are constants. As it happened in the previous section, there are other possible solutions for particular
cases containing logarithmic terms and for completeness they are written in appendix B.

B. Perturbed solutions around Schwarzschild

In general, for M # 0, we cannot find an analytic expression for perturbative solutions of the model (56) for an
arbitrary parameter g. This is not the case when one decouples the boundary term by choosing 8 = v = 0, for which
it is possible to analytically integrate the equations for any power-law parameter ¢ which is related to the torsion
scalar part. This property suggests that the dynamics of the field equations arising from the complex tetrad would
be different to the ones arising from the real tetrad. Recall that for the real tetrad, one must impose the value of the
torsion scalar power-law parameter to obtain perturbed solutions (see for example the solution with ¢ = 2 presented
in (61)).

If one wants to include the boundary term contributions, we can now choose m =2 and s = w = 1 in (56) in order
to have the first order terms that would appear in a Taylor series for the boundary contribution in f. For this case,
after expanding the equations (70)-(72) up to first order in €, we find the following class of solutions

_ ax 4971, o, 6M(2847) 2y
a(r) = ap " +a3_2qr 3 2 (75)
1 —1)(2g — 1)49!
b(r) = (CEEIE [an" —2aoMr — 227 Mgar® =2 + o (g )Q(Qq_ 3 ) rt—2a
2M (148 + 11

where ag, a; are integration constants.

In the same way as we fixed the constants of integration for the real tetrad case in Section IV B in equations (64)
and (67), we now also fix them here.

First we demand the horizon condition lim, ., (A(r)B(r))? = 1 + eh, which only depends on ag, and find that

~ 2 1)* (108 4+ 7
ap = ag (—M2729) (1 — u2)* Y - (v )2]\(42[” el +b, (77)

where pp = (/1 — 270—]:[ and it depends on the value of ¢ if the g-dependent term must be taken into account in this

order of the expansion, or not. Second we study the asymptotic expansion of (75) for » — co and find,

2 497 1 1
2 - 1= _a - —
A = <a0 T 3—2q> =+ 0(3) (78)
oM
BZ(’I’) = 1—|—T—|—§(a1—2Ma0)
4910 1 1 1 1
s <4M2(q(2q3)+3)r2q+2M(q(2q3)+2)T2q_1+(q1)(2q1)T2q_2) +0(r—2). (79)

Again the precise behaviour of the components depends on the choice of the parameter q. The desired fall off behaviour
for B(r) = 1+ 24 1 O(%;) can only be achieved for ¢ > 1. For ¢ € N > 1 we obtain two cases (the different possibilities

T r?
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for ¢ € RT > 1 have to be investigated separately)
a1|q:1 = 2M(a0 + Oé), a1|q>1 = 2Ma0 . (80)

In these cases we find

A1)y = (1 - 21‘4) (1 +ean+0) +0(5), A2()lg1 = <1 - 21”) (1 +ean) +0(5).  (81)

Similar, as we discussed in Sec. IV B for the real tetrad with £ = —1, the M — 0 limit does always yield Minkowski
spacetime geometry but the corrections of order T% yield non trivial curvature terms, which manifest themselves for
example in a non-trivial Shapiro delay, see Sec. VI.

C. Exact solutions for f(7T') gravity

This section will be devoted to find exact spherically symmetric solutions for f(T') gravity associated with the
complex tetrad. One first notices that the system (70)-(72) is less involved than the one described by the real
tetrad (49)-(51). When considering the form of the torsion scalar given by, Eq. (42), it is found an equation for f and
T, which can be solved if finding T as a function of r, and provided a functional form for f

(2—T>f’(T)—|—f(T):O. (82)

r2 2

Similarly as we did before, and using Bianchi identities, one notices that for the f(7') gravity case, we can use (70)-(71)
to eliminate all the f dependence by solving for fr, f and replacing these expressions in (72). It turns out that after
this manipulation one obtains the following equation

2 " 2 A2 2 32*1
_f(r AA" + 12 A2 + A2 ( ) o, (83)
AA(2r A + A)

that it is much simpler than (52) since it can be easily solved for B, giving us

\/—’I“2.A.AN —_r2 A2 + A2
1 .

The above equation tells us that the form of the metric function g, will always have the same form independently of
the form of f.
The torsion scalar T' given by Eq. (42) for this case yields

B=+

(84)

T 2(—2A2 + 12 A2 + rA(—2A4" + 1 A"))
T (LA AT 1 AN

(85)

Now, the equation (82) cannot be solved unless we assume either A or the form of f(7") since we would need to replace
either T'=T(r) or r = r(T). In the following, we will explore both possible ways of obtaining exact solutions for the
complex tetrad.

1. Choosing the metric function A(r)

In this section we will assume a form for A(r) and then find the theory f(T') that reproduces that specific form of
the metric. This procedure is similar to the reconstruction method employed in cosmology when the scale factor is
assumed and then the form of the Lagrangian is found.

The first conclusion that we can obtain is that after assuming a Schwarzschild-like form B = 1/.A4, the unique
solution for (84) is A% = 1 — 2M/r + cr?, which is a Schwarzschild de-Sitter solution. By plugging this solution
in (82) we find that f(T) = T + const.. This means that, as we pointed out in the previous section for the other
tetrad, the unique solution behaving as B = 1/A is the Schwarzschild-De Sitter with the trivial GR4+A Lagrangian.
This means that for the two possible branches of tetrads that satisfy the antisymmetric field equations in spherical
symmetry (which satisfy that the metric and teleparallel connection respect spherical symmetries), we must have
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that gy # —gr to have spherically symmetric solutions beyond GR. This important remark will be used later in the
conclusions (see VIII) to elaborate a theorem for f(T') gravity.

The simplest choice to obtain exact solutions is by imposing that the metric function B(r) = const := b. By
replacing this ansatz in (84), the following equation is obtained for A
A// ./4/2
2 2
r'—+r"— +b—-1=0. 86
1 e (86)

This equation can be analytically solved yielding
A(r) = agri—aV9-80 [q) 4 pvO-80 (87)

where a1, as are integration constants. When a; = 0 we can easily solve (82) to obtain f(r) in terms of r and then
we can solve r = r(T') and get that the form f(T) which reproduces the above metric function with a; = 0 becomes

f(T)=FO(M+3)b“(2b+M+3)7uT“, u=§(7—m). (88)

Even though this is an exact spherically symmetric solution, it cannot describe a black hole geometry since by
construction we imposed ¢, = —const.

In order to find physically meaningful solutions, we can assume a more general ansatz for the metric function A(r)
expressed by

A?=1-2M/r +Q/r, (89)

which contains a Schwarzschild like term plus an arbitrary power-law form depending on a parameter g. Recall that the
form of B(r) will be given by (84), so that, by imposing the above form of A(r), the metric is already determined. To
find out solutions, we first replace (89) in (85), and one can rewrite in (82) the derivative as f/(T) = f'(r)(dT/dr)~t,
yielding the following

3-3¢+2)Q* — (¢* + 3¢ —4) Qri + 21
Py U@ =30+2) Q= (¢® + 3¢ —4) Qrt + 2r™) L0 (90)
(g—1)2(g®>+6q+8)Q? + (¢3 — Tq%2 — 10g + 16) Qrd + 8r24 2
The above equation can be solved analytically for f(r) for ¢ # —4
2V/2r 872 (11 + Q — qQ 7/
7r) = fo ( ) (o)
(2r1—(¢>+q-2)Q)
while for ¢ = 4 we obtain
1+5Qr*
) = fot e )

r2\/1—5Qrt
Next, we need to invert f(r) = f(T'). This can be done by replacing our ansatz in the torsion scalar (see Eq. (85)),
giving

8r‘1—2(q2—|—3q—4)Q
r2(2r1 = (¢* +q¢-2)Q)’

T="T(r) = (93)

and proceeding to invert in order to find r = r(T).
One interesting solution is the one by choosing ¢ = 2. In this case, the torsion scalar is 7' = (4r2 —6Q)/(r* — 2Qr?),
and then one can solve this relationship for r = (7T,

ri:\/Q+;i\/4—2QT+Q2T2

94
T (o)
giving us that the form of f(r) given in (91) can be expressed as f(T') as follows
(2 + Q27 —2QT + 4)
F(T) =4fo (95)

(QT +2+ /QTTT—2QT + 1) V8- 20T £4./Q7T7 —2QT + 4 ’
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where for the plus(minus) sign we must have 72 > 2Q(r? < 2Q). By assuming @ < 1 and expanding up to first order
expansions we get f(T) = fo(T — §QT?), which is a squared power-law f(T') gravity.
It is important to mention that in this particular case ¢ = 2, the metric is

oM | Q 2Mr — Q —r2\~1
at = (1= ==+ )t = (o) At e, (96)

which behaves similarly to the Reissner-Nordstrém one but with g, # —1/gy;. Even though g, # —1/gy, it is easy
to see that this metric is an exact black hole solution with two horizons r, + = M £/ M? + Q, since at the horizons
we have that gst|r—r, . = —1/grr|r=r, . = 0, while det(g,,)|r=r, . is regular. To the best of our knowledge, this is
the first non-trivial exact black hole solution in modified teleparallel gravity. Recall that since @) is a constant that
it is not related to the electromagnetic charge, our black hole solution can have @ < 0 as well. If we assume that
T < 0 and Q = 0, the above form of f(T) T as expected since one recovers the Schwarzschild metric. It is also
worth noticing that in the context of metric-affine gravity with curvature, nonmetricity and torsion (propagating),
a Reissner—Nordstrom black hole solution was also found where if one ignores the nonmetricity contribution, @ is
related to the spin charge [89, 90].

2. Choosing the form of f(T)

Another way to solve the system of equations is by assuming a form of f(7'). This method seems more physically
interesting, since one can propose a specific theory in the functional form of f(7T') and the output will be a differential
equation for A(r).

In order to illustrate this, let us take a power-law form f(7') = k1T + (1/2)aTP. By replacing this form in Eq. (82),
we find the following differential equation for p = 2

(Oé + k1r2) (ru’(r) — 2)2
u(r)?

2a (ru/(r) — 2)
u(r)
where we introduced u(r) = A/(rA’). This equation is not easily solvable for k; # 0 but its form is simpler without

introducing the variable u. When k; = 0 (that is, no GR background), one can solve the equations for an even
power-law p = 2,4, 6, ... Explicitly, for this case we find two different solutions, the first one given by

0= kir®u/(r) — 3 (5a + k1r?) + —u(r) (16 + kir?) — —dau(r)®,  (97)

2 _ C1 2
./4(7") - T.4(p—1) 7 ’ (98)
while the second is
c
A(r)? = cor* + 71 . (99)

These two exact solutions are not asymptotically flat nor can represent a black hole solution. Moreover, they give a
torsion scalar T = 0, and at the level of the equations of motion they impose f(0) = fr(0) = 0, which represents a
trivial solution of the equations of motion with switched off gravity. When k; # 0 (GR background), the equations
become much more involved and it is hard to obtain analytic solutions.

A more interesting option is to take a Born-Infeld f(7") gravity whose form is

f(T):)\(\/l—k?—l), (100)

with A being the so-called Born-Infeld parameter. It is easy to notice that when T/A < 1, one obtains f(T) =
T —T?/(2)\) + O(1/)2). If we replace this functional form in (82) and use both (84) and the form of the torsion
scalar (42), we arrive at the following exact solution

2 2\ )\5/2 5
ds® = % VA(agh +7) — 2tan™? (Gﬂ) ]dt2 SN - VA(agh +7) — 2tan™? (

AT
(44 1r2X)2 2

—1
)} dr? — 1202, (101)

where ag,a; are integration constants. This is a nontrivial solution of the f(7T') equations of motion for our complex
tetrad, since this time the torsion scalar T = (8 + 4r2)\)/(r*)) is not constant and in particular not zero. Most
interestingly, it is independent of the integration constants ag and a;.
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In order to obtain an asymptotically flat spacetime we require that a? = 1/ VA. If one wants to show that the
above metric can describe a black hole, one would need to solve g = 0 and check that the determinant of the metric
is non-singular. Assuming that A > 0, one can easily see that the determinant is always non-singular. It is given
by /=g = det(h,) = h = (Ar*sind)/(Ar? 4+ 4). Solving g;; = 0 cannot be done analytically easily. In Fig. 1, we
show the behaviour of gy (r) for different values of A\. We can notice that there is one horizon showing that the above
metric can describe a black hole. Further, the smaller X is, the larger is its influence and the horizon of the black hole
is shifted to a greater value compared to Schwarzschild geometry.

1Oj| T T T T T T T T T T T T T T T T T It

0.5

0.0t

Ot -0.5}

r

FIG. 1: Metric component gs; versus r for the solution (101) with different values of A. We have set ap = —2M/), a = 1/v/X
to ensure asymptotically flatness and a smooth transition from Schwarzschild. We have also set M = 1.

Having fixed one of the integration constants such that the metric is asymptotically flat and expanding to powers
of 1/X, we find that, in order to have a smooth transition from the Schwarzschild solution of TEGR (A — o0) one
needs to set ag = —2M/\. Doing so, the expansion of the metric up to O(1/A?) becomes

2M 4 m }dt2 [ 2M  16M 12 7r

ds = [1- 222 4 2 1- 22 -
5 r + Ar2 r Ar3 + Ar2

In this approximation we can calculate an explicit expression for the horizon radius to leading order in 1/, and
then solve order by order. The ansatz rj, = 2M + 71 /v + 72/ yields

}_1dr2 —r2d0% + O(1/72). (102)

B T 2M 9

Thus, we demonstrated how the solution (101) is a generalisation of a Schwarzschild solution.

It would be of interest to explore if a match of our exact exterior black hole solutions with interior solutions for
the real tetrad already found in the literature [75, 76] is possible. Such matching could be studied in the lines of the
formalism for matching tetrad solutions proposed in [91].

D. Exact solutions for f(7T,B) = k1T + F(B) gravity

A similar analysis can be done for f(7T, B) = k1T + F(B) gravity. For this case, one can again manipulate Eqs (70)-
(72) to obtain an independent F'(B) equation which reads

ki (r (B(rA” + A) —rAB) + A(rB + B ~ B))

0= r2AB3

(104)
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The situation becomes more complicated for f(7T, B) gravity since even for this complex tetrad, one cannot easily
solved the above equation (as it happens in f(T)). To solve this equation, let us assume that B = Byr* /A, which
gives us

4k2 — k42
roAk—1)

2-7k 5(3k—2)
r3E-D \/2 (k2 = 1) Korat=n — (k — 3)
VIS = 3k2 —k+3

(B2rk+l — 2K, + K))

Ar) = . k#41,3. (105)

The form of A(r) for k = +1,3 by logarithmic terms and for some of them, it is possible to solve the remaining field
equation to get F'(B), but all of those solutions are not asymptotically flat and due to the logarithmic terms, they
might not behave as black holes.

One notices that the unique asymptotically flat metric is when Ky = k = 0. Using this solution in the remaining
field equation (71), we find that for k =0 (B = 1/.A), the solution behaves as Schwarzschild-de Sitter: (By = 1)

2M 2M -1
ds? = (1 -2 A+ COM)TQ)dtQ - (1 -+ COM)TQ) — 2402, (106)

with f(7T, B) being given by

T 800
T,B) = — — —3A, 107
fT.5) 2 3y/B+18(Mco+A) (107)

where for simplicity we have set k; = 1/2. This solution has an effective cosmological constant that depends on the
boundary term contribution Aeg = A + ¢gM. Thus, the unique solution for f(7T, B) = k; + F(B) with A =1/B is a
Schwarzschild de-Sitter metric with an effective cosmological constant whose contribution is related to the boundary
term.

For other values of k # 0, it is also possible to solve (71) for F = F(r) but only for some of them, it is possible to
invert » = r(B) to find out an explicit form of F(B) in terms of the boundary term. All of those solutions are not
asymptotically flat. For example for k = 2 one finds that the form of f behaves as (with By = k1 = 1)

4(VA-3BKy—-2) 1 2 (VA —=3BK, +2)
fr,B)=T - 5K, + 2—53 10log | — 5 -1, (108)
while the metric becomes
4 4\ -1
ds?® = (Klr — 2Kor? — %)dt2 —r? (Klr —2Kyr? — %) dr? — r2dQ?, (109)

which can represent a non-asymptotically flat black hole solution in f(T, B) gravity with one horizon.

VI. PARTICLE MOTION PHENOMENOLOGY OF THE PERTURBED SOLUTIONS

The geodesic motion of point particles in spherical symmetric spacetimes is most easily derived from the Lagrangian,

2L = g, iti" = A2 — B2 — r2(92 + sin? 9?) . (110)
There exist two constants of motion, the energy E = % and the angular momentum L = %, and, thanks to spherical
symmetry, without loss of generality we can restrict the analysis to the equatorial plane ¢} = 7. This results in the

fact that the sole remaining equation of motion to solve is
1.5 1.5 1 [L? E?

where the effective potential for the perturbative metric coefficients A? = (1—2M)+ea(r) and B = (1—22) =1 4-eb(r)
is, to first order in €, given by

1 1 oM L?
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E? (1‘1(7;)M +b(r) <1 - 254”)) —b(r) <0 + fj) (1 - 21”)21 : (112)

We now display some classical observables for our spherically symmetric black whole spacetime, which can be
compared to observations in the solar systems, or near black holes, to falsify or find evidence for teleparallel corrections
to the geometry of spacetimes. In particular, the combination of the four observables we study allows one to find
bounds on the parameters, which label the different theories we study, from observations near black holes.

+6
2

Most importantly we will see explicitly that the real and the complex tetrad, as well as the two different real
tetrads (§ = 1 or £ = —1) lead to very different phenomenology, i.e. are constraint as teleparallel corrections to
general relativity on a different level.

This feature of the different tetrads becomes most visible in the perihelion shift, in light deflection/lensing observa-
tions and the Shapiro delay. For other observables, like the circular photon orbits, which are the core in the derivation
of the shadows of black holes, the different tetrads predict different outcomes but the difference is not as visible as
for the aforementioned ones.

To demonstrate these findings we display the explicit expressions for the perihelion shift, the light deflection and
the Shapiro delay. Details on their derivation can be found in Appendix C.

a. Perihelion Shift: For the perihelion Ay shift of a massive particle (¢ = 1) orbit r = 7. + ri1(p) which is a
small perturbation 71 (¢) of a circular orbit at radius r., we find:

e For the real tetrad (61)
Ae _, (6_62(5— 1)(4a+26+37)> : (27_6120(5— 1)(a+ﬂ+'y))

™ M? M?
e (135 n E(893 — 887&)y — 8960}\(4{2— 1) + (890 — 878£)B) . (113)
e For the complex tetrad (75) (¢ € N > 1)
%|q=1,q>3 =/ <6 + i};) + ¢ (27 + eW) + 03 (135 + 6(39651;23997)> : (114)
For the real tetrad, the sign choice £ = 1 or £ = —1 makes a qualitative difference in the prediction. For the £ = 1

tetrad, the changes induced by the teleparallel modifications of GR only become visible at order ¢3, while for the
& = —1 tetrad they already appear at order ¢. Similarly, for the complex tetrad, corrections to GR appear already
at order £. Thus, precision measurements of the perihelion shift lead to strong constraints on the teleparallel gravity
modification of GR for the £ = —1 and the complex tetrads, while the bounds for the £ = 1 tetrad are rather weak.

b. Light Deflection: For the light deflection Ag, which describes the bending of a null geodesic measured with
closest encounter to the central gravitating mass o, we find up to order r; 3 assuming ro > 2M :
e For the real tetrad (61)
aM e ((E — 1)(M(4(44 — 9m)a + 8(29 — 6m)3 + 6(34 — Tm)y) + wro(6a + 83 +77))  h2M
2rd ro )

Ap =
To

(115)

e For the complex tetrad (75)
aM <2bM _ mBa+58+4y)  2M((128 — 27m)ar + (212 — 45m) 3 + 2(85 — 187)y)

Aplys = —— — ¢
lq o

) . (116)

ro r} 3rd

As for the perihelion shift, the predictions for the light deflection angle are very sensitive to the choice of the tetrad.
The complex tetrad and the real £ = —1 tetrad lead to way more significant deviations from GR, in comparison to
the real £ = 1 tetrad. In particular we see that for the former tetrads, in the M — 0 limit, i.e. for perturbations
of Minkowski spacetime, non-trivial, gravitational effects remain, while for the later tetrad all modifications are
proportional to M.
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c. Time delays The traveling time of a light ray emitted at a r = rg to r = rx with ro > rx, from which one
can determine the Shapiro Delay,

Ats(ro,rx) = t(ro,7x) — t(ro,7x)|2Mm=0 5 (117)
is given by the following, rather lengthy expressions:

e For the real tetrad (61)

4
trors) = =15 (1= L) - = 1)t6a-+85+ ) cos™ (22)
2 To rx

L oM Vrx =7t +In VX =t rx +%b€ 3(T0—7‘X)+21n To

2(T0+Tx) 70 2 Tg(—rg erT’X

—1)2M |2

+ (¢ 2) (6o + 85+ 7) (rx + 1) {m—2tan™? S AU I Q! r3 —ré

i rx + 1o 7%( — rg

3 2 _ .2

- 7W)(20a + 268 +237) | . (118)

X

e For the complex tetrad (75)
4 4
t(ro,rx)|g=2 = \/7% — 13 <1 — €2h> + ew cos™? (TO) —eMbln +
0 rXx \/ﬂ‘ﬂ“x
2 .2 [m2 .2 2 4

+2M VIX 7T +In VIX“To X —€ —(3o¢+525—|— ) m—2tant [ ——0

2(ro + rx) ro o % — T3

2 2

"~ 7o 2

— —————— (4ro(28 46 37 4rx (40 66 537) — 3 . 119
47'87"X (’f'X +7"0) ( TO( “r 6 - 7) - TX( “r B+ ’y) bTOTX) }] ( )

As the perihelion shift and the light deflection angle, the Shapiro time delay has a high sensitivity to the choice of
the tetrads.

The findings of this section foster the conclusion that the real £ = 1 tetrad is the least constrained by observations for
any f (T, B)-gravity model, while the £ = —1 and complex tetrad lead to strong constraints on the model parameters.

VII. A BRIEF DISCUSSION ON TIME-DEPENDANT SPHERICAL SYMMETRY

The antisymmetric field equation (13) is explicitly given by

1

0=08(fr +f5)T"\n) = 3 (Tkau(fT + fB) = Too\(fr + fB) + T"\.0u(fr + fB)) : (120)

If we assume that 7= T'(¢,7) and B = B(t,r), all derivatives of the function f would be different to zero. This would
mean that for the most general tetrad satisfying spherical symmetry (31), the only two non-vanishing antisymmetric
equation become

0
0

(frr + fB,r)(C3Cs5 — C5 ,Cs — C6Cs¢) + (fr,e + [B,t)(C6Co,r — C4Cs + Cs.Cs) (121)
Cs [Cz (fBe + fre) = Ci1(fBor + frr) | (122)

where commas represent derivatives. There are two possible ways to solve these equations. The first one is to assume
a form of f and replace it in the above equation. Then, one would have two constraint equations. This procedure, of
course, depends on the form of f chosen. Another strategy would be to not assume any form of f and assume that
all the parenthesis in the above equation are identically zero. Let us concentrate in this way of solving the equations,
which gives us the following equations

0 = 2C5C5 — 2C5,Cs — 2C6C6.4 (123)
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0 = 2C4C5 —2C5,.C5 — 2CsCs 1 (124)
0 = C2Cs, 0=C1Cs, (125)

This system is solved only if
Ce=0, C3=Chss, Cy=0Cs,. (126)

One can easily verify that this solution gives us T'= 0 and then B = B(t,r) = R. One can then notice that if we impose

that the scalars depend on both variables, the antisymmetric field equations are only solved when f = f(0,B) = f (]%),
which is a theory where the antisymmetric equations are always satisfied. Thus, one can conclude that the second
way of solving the antisymmetric field equations leads to a trivial situation where T' = 0 and the theory just become

a one which is fully described by the scalar curvature R.

This small example shows that when one has a spacetime depending on two variables, as it is in the time-dependant
spherically symmetric case, one cannot solve the equation generically without imposing the form of f. This means
that in order to solve them, one would need to do the same as one does for the symmetric field equations, which is,
to set the form of f and then solve the remaining system of equations for all the tetrad functions appearing in both
symmetric and antisymmetric field equations. One can then conclude that it is not possible to show for a generic
form of f whether the stationary condition of the Birkhoff’s theorem is satisfied in f(T, B) gravity.

VIII. CONCLUSION AND OUTLOOK

In this work we explore part of the landscape of possible exact and perturbative solutions in teleparallel gravity in
the context of spherically symmetric settings. Primarily the search for these solutions [68—-76] has been limited to f(T)
gravity with the nuances of tetrad-spin connection pair ansatz considerations not being fully exposed. Further, exact
solutions have been found but those solutions were only limited to have a dynamics equal to GR plus a cosmological
constant (either f = —T 4+ A or T" = const.). In Sec. IT A, we open this discussion by introducing the need for
symmetric and antisymmetric (13) field equations which respectively represent the degrees of freedom associated with
the tetrad and spin connection. Thus, both sets of equations must be satisfied for a tetrad-spin connection ansatz to
produce acceptable solutions.

Another key component to spherically symmetric solutions is that of the role of Bianchi identities since they encode
how the equations of motion are related together. General Bianchi identities have been shown for f(7T') gravity [83],
while in our Sec. II B we examine the realization of these identities for f(T, B) gravity where the generalized Bianchi
identity does lead to the conservation of the energy-momentum tensor when both the symmetric and antisymmetric
field equations are satisfied, even if not a usual conserved energy-momentum tensor is used for matter. Of note, the
possible addition of a scalar field in this setting would add little to nothing to the identities.

With the concept of tetrad-spin connection pairs satisfying the antisymmetric field equations now established in
definitive terms, we then lay out the background of spherical symmetry first in the context of Killing vectors in
Sec. IITA. This leads to the general spherically symmetric metric in Eq. (26) but also the tetrad in Eq. (25) which
is the most general spherically symmetric tetrad in the Weitzenbock gauge. Here, the six free C;(t,r) functions need
to be resolved through the equations of motion. A curious feature of this is the property that, provided the metric
remains real, these components can take on imaginary components (firstly presented in the literature in (40)) which
opens a wide plethora of possible solutions in addition to the intuitive ones. In Sec. III B another important property
emerges which comes from the antisymmetric set of field equations, namely the branching of solutions due to the
vanishing or nonvanishing nature of C'5. For the first case where C5 = 0, we find two solutions of the tetrad dependent
on the value of £ which can have values £1. This also affects the way that the Minkowski limit is approached (35,36)
and how the scalars tend to vanish in this limit.

The other branch of the spherically symmetric tetrad, namely C'5 # 0, produces a complex tetrad which at face
value may be counter-intuitive. The easiness of the search for exact solutions in the f(T") and f(T, B) gravity case
with the complex tetrad is a remarkable property of the model which indeed allowed us to explicitly find some exact
solutions, and it is also an interesting mathematical fact in itself.

Note that other complex tetrads have been considered in the literature [92] in the cosmological context, however
all these solutions have been found either in vacuum, or for modified gravity coupled to standard baryonic matter.
The equations of motion of f(T,B) gravity also admit a physical coupling to the tetrad alone when matter with
antisymmetric stress-energy tensor (fermionic matter) is coupled to the antisymmetric part of the equations of motion
[93, 94]. As our choice of spherically symmetric tetrads exactly vanishes that contribution, it could not be expected
that both real and complex tetrad have such coupling. Nonetheless, this issue should be taken with extreme care,
since the antisymmetric part of the equations of motion depends purely on the tetrad field, and the coefficients there
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could vanish and consequently be associated to disappearance of degrees of freedom and therefore related with strong
coupling problem [95-97].

Altogether, there does not seem to be any serious physical problem with using the complex tetrad for representing
the spherically symmetric geometry as a background, since the metric (and actually also 7" and therefore B) is purely
real. Having said this, we should however make a cautionary remark, especially for those who would like to study
perturbations around. For sure, the complex tetrad choice assumes some generalisation of the formulation of the
theory. A complex tetrad has 16 complex components, what can be viewed as 32 real variables, with 10 conditions
of reality of the metric which still leaves more variables than in the purely real theory. And putting it another way,
the complex f(T) equations of motion must be supplemented by equating imaginary parts of the metric components
to zero. It is not a priori clear how it would influence the degrees of freedom, nor how well the new equations would
interact with the basic ones. It is an open question which should definitely be addressed in future work if we are to
take these solutions seriously.

The general setting of an anisotropic perfect fluid is then considered in Sec. IV where the equations of motion are
in Egs. (49-51). While exact solutions exist in this expression of the theory [74, 85], they are very cumbersome to
determine more generally. This becomes all the more difficult when physically motivated solutions are sought. For
the case of vacuum solutions in f(7T) gravity, an intriguing relation that does not contain the arbitrary Lagrangian is
found in Eq. (52), leading to the theorem

Theorem 1. In f(T) gravity, only for the case where the model is at most TEGR + Constant, do the A(r) and B(r)
take on the reciprocal of each other. Moreover, the solution in this case is the Schwarzschild de Sitter solution.

It is at this point that we return to the general scenario of f(T, B) gravity where we take perturbations of these
ansatz functions about a Schwarzschild background in Egs. (53)—(54). Before attempting the general solution, we
first take a simpler setting of a perturbation about a Minkowski background in Sec. IV A which readily provides first
order solutions, where we present new perturbed solutions that have not been found before in the literature for the
two tetrads. In Sec. IVB we move onto the general Schwarzschild perturbative solution where the tetrad solution
readily leads to the metric component solutions in Egs. (65)—(66). The solution continues to be dependent on & for
the real tetrad due to the ansatz taken earlier. Together with the conditions of a well behaved Schwarzschild-like
horizon (63) and a vanishing of the perturbative components of B in the asymptotic limit, the two possible value of £
can be reconsidered. It turns out that while £ = 1 produces a well behaved Minkowski limit, the other setting where
& = —1 turns out to be problematic in this area. This seems to be another generic feature of spherically symmetric
solutions. It should be noted that we did not prove that the perturbative solutions are indeed convergent to anything
physical. This is something to be analysed in the future. And the cases of £ = —1 can raise even more doubts about
that since, unlike for £ = 1 expansions, there is no guarantee that there really exists a solution anywhere close to
what we perturb around.

The second branch of the tetrad ansatz in Eq. (40) is then explored in Sec. V which is the complex solution for the
tetrad field in the Weitzenbock gauge. As in the first case, we first take perturbations about a Minkowski background
in Sec. V A, and solve for the first order terms. We then perform a similar calculation for a Schwarzschild background
in Sec. V B, where the well behaved horizon and asymptotic behaviour of B produce viable solutions. Interestingly, for
the instance of f(T') gravity, an exact relationship can be obtained between the metric function (84) in Sec. V C. To
this end, we show that exact solutions can be obtained for both .4 and the arbitrary f(T') Lagrangian for the 5 = const.
scenario. For more realistic spherically symmetric scenarios, we then take a solution similar to Reissner—Nordstrom
solution in Eq. (89) which gives analytic solutions for B as well as for f(T) (see (90) and (92)). Analogously, one can
also assume a form of f(7T) such as the power-law model which results in the metric in Eq. (101), which has clearly
determinable horizons and appropriate asymptotic behaviours. Up to our knowledge, the solutions (96) and (101) are
the first non-trivial exact black hole solutions found in teleparallel gravity beyond TEGR. By non-trivial we refer to
solutions that do not have T = const. or f = T + A which essentially are just solutions in GR plus a cosmological
constant. For (101), it will be interesting to analyse what happens in the interior of the black hole and see if it is
possible to have a regular black hole as it was analysed in [75] by doing numerical and dynamical system techniques.
Finally, we close this section with a look into an exact solution for the f(T,B) = k1T + F(B) model which is a
nontrivial f(B) gravity model. By taking a reasonable power-law model for the B component, we determine an exact
form for A (105) which also produces a metric solution with a Schwarzschild-like reciprocal relationship between the
A and B components (106).

With the real (61) and complex (75) tetrad solutions in hand, we can now explore some of the astrophysical
phenomenology of these solutions. These observables can provide a crucial step in the realization of the viability of
these solutions in terms of the real Universe. To this end, we investigate the perihelion shift which also occurs in
strong field binary systems (113)—(114), light deflection (115)-(116) as well as time delay for echo signals (118)-(119).
We found that the complex tetrad and the real tetrad with £ = —1 and the complex tetrad lead to corrections to
general relativity at lower order than the the real tetrad with £ = 1. For completeness we added the phenomena
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of circular photon orbits (C2), (C3) and (C4) which are connected with black hole shadows in the appendix. For
this observable no such qualitative difference between the tetrads appears. These tests will be critical for assess how
realistic these novel solutions will be in confronting observational data. Finally, we close this study with a brief, but
new, exploration of the fate of time-dependent solutions in TG with Sec. VII. There is a long history of attempts at
time dependent solutions within TG which have turned out to be very challenging even numerically.

As a future work, it will be interesting to use the complex tetrad as a starting point for constructing axially
symmetric solutions as it was done in [98]. Since this tetrad gives much simpler field equations in spherical symmetry,
a possible generalisation to axial symmetry might give the possibility to find perturbed or exact rotating black hole
solutions. Further, one can also use some of the ideas presented in [99] in the context of metric-affine gravity where
exact rotating black hole solutions were found (with propagating torsion and nonmetricity).
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Appendix A: Perturbations around Minkowski for hé‘l)A with £ = -1

The form of b(r) can be expressed in all the solutions as
b(T) _ ra'(r) + 23m—25 (mQ _ 1) r2—2m + 23q—2a(q . 1)T2_2q + 23s+3w—2,7(8 + 1)(8 +w— 1)r—2(s+w—1) ) (Al)

Solution for ¢ = 3/2 and m # 3/2, s # 1(3 — 2w)

B ay 4/2(logr + 1) (m(2m — 3) — 4)23m=4 , (5(25 4 2w — 3) — 4)235F3w=4 s
a(r) = aog - Ta " + 8 5m — 3 r + % 2w —3 T .
(A2)
Solution for ¢ = m = 3/2 and s # (3 — 2w)
4v/2 4v/2 1 2s + 2w — 3) — 4)23s+3w—d
a(r) = qg— ﬂ 4 f(Oé + B) + f<a + ﬂ) ogr + '7(5( 5+ 2w 3) ) r—23—2w+2 . (A?))
r T 25+ 2w —3
Solution for ¢ = m = 3/2 and s = (3 — 2w)
4/2 42 1
r r r
Solution for m = 3/2 and q # 3/2, s # (3 — 2w)
ai 23¢—2 2 2q 423 (logr + 1) (252 +s(2w —3) — 4) 23s+3w—4d a(stw_1)
= ap — =X z stw—), A5
a(r) wmg +a3_2q7“ * T +7 25+ 2w —3 " (45)
Solution for m = 3/2, s = £(3 — 2w) and ¢ # 3/2
2342 4/2 42 1
ar) = ao— D a2 oy 2B V2B ) logr (A6)
T 3—2q T T
Solution for s = 1(3 — 2w) and ¢, m # 3/2
9312 2m? — 3m — 4) 23m~4 4v/29(1 1
a(r) — ao_g_’_a T2_2q+ﬁ( m m ) 7,,2—2m+ \/>’Y(0g’l"+ ) (A7)

r 3—2¢q 2m — 3 r
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Appendix B: Perturbations around Minkowski for hé)A

The form of b(r) can be expressed in all the solutions as
b(r) =rd (r) +4™ '8 (2m2 -—m — 1) P27 407 (g — 1) 2 45Ty (25 + 1) (s +w — 1) 27202 (B)
Solution for ¢ = 3/2 and m # 3/2, s # 1(3 — 2w)
ay 22m—36 (2m2 —3m — 2) r2—2m 225+2w—3,y (282 + 3(211) _ 3) _ 2) T—25—2w+2 N QQ(IOg(T‘) + 1)

alr) = a0 = 2"+ 2m — 3 * 25+ 2w —3 r '
(B2)
Solution for ¢ = m = 3/2 and s # (3 — 2w)
225+2w—3 2 2 + s(2w —3) =2 —25—2w+2 ) 1 1
o) = ao— 2+ 7 (257 + 52w =3) ~2r | 2(a+B)(log(r) +1). (B3)
T 25 +2w —3 T
Solution for ¢ =m = 3/2 and s = (3 — 2w)
2(1 1
) = g 2B+ Dl 4 -
Solution for m = 3/2 and ¢ # 3/2, s # 3(3 — 2w)
4q—1 2—2q 22s+2w—3 2 2 +s5(2w—-3)—-2 —2s—2w+2 28(1 1
alr) = ag— & ar n 7 (25 +5(2w—3)—2)r L B(log(r) + ). (B5)
3—2q 25+ 2w —3 T
Solution for m = 3/2, s = (3 — 2w) and ¢ # 3/2
a; 497 rar?72¢  2(B +v)(log(r) + 1)
a(r) ap — — + P + " (B6)
Solution for s = (3 — 2w) and ¢, m # 3/2
ap 22733 (2m? — 3m —2) r27Pm 49 1ar2720 2y(log(r) + 1)
_ o a , B7
a(r) a0 7“+ 2m —3 * 3—2q * r (B7)

Appendix C: Derivation of Observables

Here we discuss the derivation of the expressions for the circular photon orbits, the perihelion shift, light deflection
and Shapiro delay, which we discussed in Section VI, following essentially the standard textbook methods, as they
can for example be found in [2].

a. Clircular Photon Orbits To find the circular photon orbits we impose 7 = 0 and solve V(r) =0 and V'(r) =0
with 0 =0 for r = rg + er; and E = Ey + e¢F;. For the general perturbation one easily finds

Feire.ph = 3M (1 + ei (6Ma’ (ro) — 4a(r0))) and E — 3\/L§M (1 n 630(2%)) . (C1)

Evaluating this expression yields:
e For the real tetrad (61)

16v3a +8V3B +12v/3y — 14d(a+ B+7)  27In(3)(a+ B +7) + 208 + 232 + 220
Tcirc,ph = SM | 1+e€ + )

54M?2¢ 108 M2
(C2)
e For the complex tetrad (75) (¢ € N > 1)
(108 + 97)
’rcirc,ph|q:1 =3M <1 + GQT ) (CS)
€ ad?=192-agpf4—24
rcirc,ph|q>1 =3M <1 + e <10ﬂ + 9y + 2 —3 )) . (04)
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b. Perihelion Shift: The perihelion Ay shift of a massive particle (o = 1) orbit r = r. 4+ r1 () which is a small
perturbation r1 () of a circular orbit at radius r., is given by, see for example [44],

L
Ap =27 <7“§V”(7"C) - 1) , (C5)

where L is the angular momentum of the circular orbit r.. Using the perturbative potential (112), splitting L =

. e r2(re(r—2M)a’(re)—2Ma(re) ro—
Lo + €Ly and E = Ey + By with Lo = Vi BV g, o T ) and By = Tr—remrs and
introducing the dimensionless parameter ¢ = 7 we find to first order in €
Ap =2 ( ! 1) (C6)
= 71— —_—
v N

me (20— 1) (2M (40(1 — 40)a’(3F) + (1 — 20)2Ma” (31)) — 863 (40(3¢ — 2) + 1)b(&)) — 32¢%a(4))
8v/1 —6003(40(3¢ —2) + 1) '
For weak gravity, for example in solar system tests, one assumes £ to be small and performs a power series expansion

in £. This cannot be done in general since the dependence on ¢ depends highly on the perturbation functions a and b.
The results, up to order ¢3, are:

(C7)

e For the real tetrad (61)

Ap ' (6_62(5— 1)(4a+25+37)) : (27_6120(5— 1)(oz+ﬂ+'y))

T M?2 M?2
_ _ 1 _
L (135 (893 — 887€)y — 896a( — 1) + (890 8785)5) . (©8)
M2
e For the complex tetrad (75) (¢ € N > 1)
A 2ve 56(3 + 3963 + 399
‘p|q R <6 + AZQ) + 0 (27 + eW) 4 (135 + e(]\427)> : (C9)
A 2(2 56 4020 + 3968 + 399
s —€<6+ 22at7) ;'\“;7)) + 02 <27+6(QL§+7)> 408 (135+e( ot Mf+ 7)) :
(C10)
A 56 320 + M?2(396 + 399
loms —€<6+6]V[2) e (27%%457)) e (135+e ot (Mf+ ”) . (c1

c. Light Deflection: Light deflection is described by the bending of a null geodesic measured in standard spherical

coordinates
i L
Ap = 2/ —_——dr | -7 (C12)
ro \1T24/—2V(r)

where 7 is the closest encounter of the light ray to the central mass object. At this point # = 0 and we can use r¢ to
express the energy and angular momentum as L? = (E?A~2 — o)rg. Considering the perturbation function a and b
as function of r and M, by setting a(r) = a(r,rs) and b(r) = b(r,rs), where ry = 2M, we can display the integrand
of the light deflection angle to first order in € and 2M, as
L B To n 2M (r2 +rrg + r%)
r2/=2V(r)  rr2—12  2r2(r+ro)\/12 — 12
2M (—2r2a(r,0) + 2rro(r + 179)0,.b(r, 0) + (12 — rrg — r2) b(r, 0 b(r,0
( (=2r%a(r,0) + 2rro(r +70)0,,b(r,0) + (r* = rro = 1) b(r,0)) 7“0(7“)>. (C14)

4r2(r + o) /12 — 13 2r\/r2 — 13

The integration of these terms can then be done for the different models. Assuming ry > 2M we find up to order r, 3

(C13)
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e For the real tetrad (61)

A= WM (€= D(M(4(44 — Im)a +8(29 — 6m)5 + 6(34 — Tm)y) + mwro(6a+ 85 +77))  h2M
= o ¢ 257’8’ i) '
(C15)
e For the complex tetrad (75)

4M 2b0M  7w(55 + 4 2M ((212 — 457)8 — 2(85 — 187

Aglyey = M _ E( bM  7(58 ! 7)) 2M(( ) . ( )7)) , (C16)

) T 3rg

4M 20M  7w(3a+ 58 +4 2M((128 — 27m)a + (212 — 457) 8 + 2(85 — 187

Ag%ZF_E(h_( 5.+ _ 20 Jo (212 — 45m)5 + W§4m>
0 ) 5 3rg
aM 20M  2M(457B — 2128 + 367y — 170
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d. Time delays The traveling time of a light ray emitted at a r = ry to 7 = rx with r9 > rx is determined by

the integral
e E
trx,ro) = ——— | dr, C19
rxm) = [ @P_WW>T (c19)

where, again to first order in €, 2M and e2M, the integrand is given by
E r (2r 4+ 3ro)M

= + C20
AV=2V(r)  /r2—r3  (r+ro)/r2—12 (G20)
Lo r(b(r,0) —a(r,0)) 2M2r(r +79) (Or,a(r,0) — 0, b(r,0)) + (4r + Tro)a(r,0) — rob(r, 0)
2¢/r? —r¢ 4(r+ro)\/r? =13
(C21)
The difference between the time of flight of the light ray for 2M # 0 and 2M = 0 is called the Shapiro Delay
Atg(ro,rx) = t(ro,7x) — t(r0,7x)|20m=0 - (C22)

The integration of these terms can again be done for the different models. Assuming ry > 2M we find:

e For the real tetrad (61)

4
trorx) = =15 (1= L) - - 1)t6a-+85 + ) cos™ (22)
2 To rx
Vi p— o — M (300 —
+ oM X "o +1n X o+ rx +7b€ M+211’1 T—O
2(ro +7x) 7o 2 r3 —r3 Vrk —ri+rx

L ede-12m [2(604—1—8/3—&-77) <(TX+TO){W_2M_1 ( r;“o 2)}_2 7%(_7%)

2
)

rX + 7o % =T
3 2 _ .2
- 7W)(20a + 2683 + 237) | . (C23)
X

e For the complex tetrad (75)
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2 2
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