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Good and bad tetrads in f(T) gravity
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We investigate the importance of choosing good tetrads for the study of the field equations of f(T)
gravity. It is well known that this theory is not invariant under local Lorentz transformations, and therefore
the choice of tetrad plays a crucial role in such models. Different tetrads will lead to different field
equations which in turn have different solutions. We suggest to speak of a good tetrad if it imposes no
restrictions on the form of f(7). Employing local rotations, we construct good tetrads in the context of
homogeneity and isotropy, and spherical symmetry, where we show how to find Schwarzschild—de Sitter
solutions in vacuum. Our principal approach should be applicable to other symmetries as well.
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L. INTRODUCTION

When formulating theories of gravity, the metric tensor
is of paramount importance. It contains the information
needed to locally measure distances and thus to make
theoretical predictions about experimental findings.
However, as an alternative dynamical variable, one can
use the tetrad e, which is a set of four vectors defining
a local frame at every point. The metric and the tetrad are
related by

“ (1.1)
where 17, = diag(+1, —1, —1, —1) is the Minkowski
metric of the tangent space. The order of the indices in
the tetrad is not irrelevant whenever one considers non-
diagonal tetrads. In general we have e, # e,“ one being
the transposed (matrix) of the other. One immediately
notices that g, is a scalar under local Lorentz transfor-
mations in the tangent space, while e“,, transforms as

— b
g,uv =e€ ,u,e v Nabs

a a ,b
et, > Ae

(1.2)

w
where A“, is alocal Lorentz transformation which satisfies

nacAahAcd = Nba- (13)

Taking the geodesic equation as our starting point, we
can realize that gravitational potentials should be encoded
in the metric or the tetrad and forces should be contained in
their respective derivatives. In the metric approach to
gravity one relates the forces to the Christoffel symbols
which do not transform as tensors under coordinate trans-
formations. Being guided by the Poisson equation, one
arrives rather naturally at the Riemann and Ricci tensors
as the basic quantities in the field equations. Following this
route one can also construct the Einstein-Hilbert action.
When working on a manifold where the connection is not
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necessarily symmetric, one can easily construct a tensor
quantity by considering the skew-symmetric part of the
connection. The resulting tensor is the so-called torsion
tensor 77 ,,, which can be used to construct a theory
known as the teleparallel equivalent of general relativity
(TEGR) (see Refs. [1,2]). The Lagrangian of this formu-
lation differs from general relativity only by a surface term.

Gravitational theories built from the metric and quanti-
ties derived from it will always be Lorentz scalars and such
theories will, by definition, be invariant under local
Lorentz transformations. On the other hand, when building
theories with torsion, those would not in general be invari-
ant under local Lorentz transformations since

T, =17, —T7,,=¢7(d,¢, —d,e,), (1.4

and therefore

T, =T, + NLe,7(e€,0, A% — e€,0,A%), (1.5)
under local Lorentz transformations in the tangent space.
When considering an action based on quadratic combina-
tions of 7%, ,, local Lorentz invariance may be achieved by
fine tuning the model. In general, theories like f(7') gravity
are not invariant under local Lorentz transformations [3,4],
unless of course f(T) = c; + c,T, where ¢, and c, are
constants. Conversely, this means that a noninvariant the-
ory will be sensitive to the choice of the tetrad and different
tetrads might give rise to different solutions. As such, the
choice of the tetrad is a crucial and rather subtle point when
studying such theories.

In other words, although local Lorentz transformations
do not change the metric, they do change the f(T) field
equations. This happens precisely because the f(7T)
Lagrangian is not invariant under such kind of transforma-
tions. Every different choice of a tetrad giving back the
same metric will then represent a different physical theory,
describing different modifications of TEGR. However, if
we require that for physically viable models TEGR is
recovered in some limit, all these possible theories must
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coincide in such a limit since the TEGR action is invariant
under local Lorentz transformations.

In the present paper we study the issue of choosing
suitable tetrads within the framework of f(T) gravity. We
state that good tetrads do not imply restrictions on the
functional form of f(7). The corresponding modified
gravitational theories will share solutions with general
relativity (GR) and will in turn be considered as better,
more viable modifications of GR.

In Sec. II we analyze spherically symmetric spacetimes.
We prove Birkhoff’s theorem and show how, employing
local rotations, we can find a good tetrad leading to
Schwarzschild—de Sitter (SdS) solutions. In Sec. III we
use the same method to build good tetrads for
Friedmann-Lemaitre-Robertson-Walker (FLRW) cosmol-
ogy in spherical coordinates, first in the flat case and then
in the curved ones. Finally, we recap the major results and
draw conclusions in Sec. I'V.

II. ROTATED TETRADS IN SPHERICAL
SYMMETRY

Spherically symmetric spacetimes within f(T) gravity
have recently received substantial attention [5—17]. Several
vacuum and nonvacuum solutions have been built but the
Schwarzschild solution has only been found in isotropic
coordinates with the aid of a boosted tetrad [16]. Birkhoff’s
theorem has been proved using a diagonal tetrad [12]
which constrains the torsion scalar to be constant and
does not admit the Schwarzschild solution [15]. In what
follows we show how employing nondiagonal (rotated)
tetrads permits us to recover SdS solutions in vacuum
and to prove Birkhoff’s theorem in analogy with [13].

Consider the general (nonstatic) spherically symmetric
metric

ds? = AN g — BN g2 — 12302, 2.1

where dQ? = d6* + sin’6d ¢>. The simplest possible tet-
rad giving this metric is the diagonal one

A2 00
0 eBt2 g
0 0 r
0 0 0

a

€. ldiag = (22)

7 siné

Using this tetrad it has been shown that every spacetime
described by metric (2.1) has to be static in f(T) gravity
[12]. However, the Schwarzschild solution is not a solution
of the f(T) field equations derived from tetrad (2.2) [15]
implying that even if Birkhoff’s theorem holds, vacuum
solutions of the theory do not reduce to GR vacuum
solutions as one would expect.

As mentioned in the previous section, we can always
change tetrad (2.2) without affecting metric (2.1) by a local
Lorentz transformation in the tangent space
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(2.3)

- b

€uldiag = €4 = Ape,” laing:
In the forthcoming analysis we reduce the local Lorentz
transformation matrix to a general three-dimensional rota-
tion R parametrized by its three Euler angles ¢, ¥, i such
that we can write

A4 = ! 0 2.4
P7\0 Rip, 9 9)) 9

where

R(p, 9, ) = R ()R, (IR (o), (2.5)

where the R, Ry, R, are the rotation matrices about the
Cartesian coordinate axis with angles ¢, 9, ¥, respec-
tively. These well-known matrices are given by

1 0 0
R.(p) = (0 cose —singp),

0 sing cosg
cos¥ 0 —sind
R,(9) = ( 0 1 0 ) (2.6)
sind 0 cosd
cosy —singg O
R.(Y) = (sinz,b cos s 0).
0 0 1

In general, even if ¢, 9, i, are taken to be arbitrary
functions of the spherical coordinates ¢, r, 8, ¢, the trans-
formed tetrad (2.3) returns metric (2.1). Of course, this
happens because the rotation matrix (2.4) is a local
Lorentz transformation satisfying condition (1.3). Note
that the spherical symmetry of the spacetime is not affected
by transformation (2.4) since it operates within the tangent
space. This process is similar to the one used in Ref. [16]
where the diagonal tetrad (in isotropic coordinates) is
boosted, instead of rotated, by a local Lorentz
transformation.

For our purposes, we will consider the following values
for the three Euler angles:
Y=0-7/2 = .
where v is taken to be a general function of r. With these
values the local rotation (2.4) becomes

@ = y(r), 2.7)

1 0
A% = (0 R(y(r), 0 — /2, $) ) 29

where we have

R(y(r), 0 = 7/2, ) = R(P)R(0 — m/2)R.(¥(r)),
(2.9)

and the rotated tetrad reads
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eA? 0
. 0 /2 sinf cos ¢
e =
K 0 —r(cosf cos¢ siny + sing cosy)

0  rsinf(sing siny — cosf cos¢ cosy)

We notice that setting y(r) = — /2 this tetrad reduces to
the rotated tetrad considered in Refs. [13,15]. This particu-
lar choice will turn out useful later when we will prove the
staticity of metric (2.1) without having any constraint on
the torsion scalar T (see Sec. II A 3).

The torsion scalar obtained from tetrad (2.10) is

2e¢ B

+ €8 + 2¢B/2siny + 2¢8/2ry’ cosy

+ rA'(1 + e8/%siny)], (2.11)

where a prime denotes derivative with respect to r. The
torsion scalar does not explicitly depend on time, however;
it does so implicitly via A and B. The f(T) field equations
result in six independent relations

darp = £ - fzez (2 —2eB + r2eBT — 2rB’)
TI
ST L s g, (2.12)
r
Amp = —f ff (2 — 2¢B + 2eBT + 2rA)),  (2.13)
frrT' cosy =0, (2.14)
frB=0, 2.15)

B[P fr+2frr(1 + eB/2siny)(2 — 2eB + r2eBT + 2rA')]
—4rfrrA'(1+ P2siny)* =0, (2.16)

fril — 4e*rT! — B>(2 — 2¢P + r287)
— 2rA/(e*rT' + B?) + 4rBA'(1 + €5/%siny)]
+ frldet — deteP — eAr?A”? + 2eArB!
+ e*rA'(2 + rB') — 2r7e? A" — eBr2A B

+ eBr2B? + 2e¢8r2B] = 0, 2.17)
where fr and f;; are the first and second derivatives of

f(T) and overdots denote differentiation with respect to ¢.

A. Birkhoff’s theorem

In this section we will use the field equations derived
above to prove Birkhoff’s theorem in f(7) gravity. We
stress the issue that different tetrads lead to different physi-
cal theories in f(7T) gravity. This means that all the results
we will derive in this and the following sections, and in
particular Birkhoff’s theorem, hold only when tetrad (2.10)
is considered. Note however that the family of tetrads
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0 0
B/2 sin@ sin B/2 cosh
‘ ¢ e (2.10)
r(cos¢ cosy — cosf sing sinvy) rsind siny
—rsinf(cosf sing cosy + cos¢ siny)  rsin’f cosy

(2.10) appears to be quite general since it contains both
the tetrads considered in Refs. [12,13].

A complete proof of Birkhoff’s theorem for f(7’) gravity
would require the following analysis for all the physically
equivalent tetrads admitted by the theory. It is self-evident
that a similar analysis cannot be performed in full general-
ity. However, it is possible to start with the most general
spherically symmetric tetrad found a long time ago in
Ref. [18]. Unfortunately, this tetrad is very difficult to
handle due to the large number of independent functions.
To the best of our knowledge, there are no works in f(T)
gravity considering this general case.

1. The case T' =0

Let us start looking at (2.14). If cosy = O this is identi-
cally satisfied and we gain no constraints on the r depen-
dence of T This case is of particular interest and is analyzed
in Sec. ITA3. For the moment we require cosy # O.
Moreover since we already know that Birkhoff’s theorem
holds in GR, or equivalently in TEGR [19], we can exclude
the case frr = 0 which would lead back to TEGR. With

these premises, condition (2.14) implies
T = (2.18)

meaning that the torsion scalar (2.11) can only be a function
of time, we write T, = T(¢). We then assume f7, # 0 and
(2.15) directly yields

B=0. (2.19)

Taking into account conditions (2.18) and (2.19), the field
equations reduce to

477,,_% fj; (2= 265 + RePTy — 2rB)),  (2.20)
dorp— — J}JTOFZ (2268 + PebTy +2rA"),  (221)
A'(1 + eP/?siny)? = (2.22)

4 — 4B — 12A” + 2rB' + rA/(2 + rB') — 2r2A" = 0.
(2.23)

Consider Eq. (2.22); this is satisfied either if A =0 or
1 + eB/2siny = 0. The second case will be analyzed
later in Sec. IIA2; for the moment let us assume
1+ eB/2siny # 0. The constraint A’ =0 implies that
A(t, r) can only be of the type
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AL, r) = (r) + &),

where ¢ and ¢ are general functions of » and ¢ respec-
tively. Now note that in the field equations (2.20), (2.21),
and (2.23) the metric function A appears only through its
derivatives with respect to r, namely A’ and A”. This
means that this system of equations is invariant under
the transformation A(z, r) — A(t, r) + x(¢), with y an ar-
bitrary function of #. We can then always choose x(t) =
—&(¢) without affecting the field equations and thus the
physical properties of the system. This in turn leads to

At r) = ¢ (r) = A(r). (2.25)

Thus both the metric functions are independent of time
and the spacetime becomes static:

ds* = AVd? — BV dr? — r2dQ2.

(2.24)

(2.26)

Alternatively we could get rid of the time dependence of
A through a rescaling of the time coordinate. In fact taking
dt — ¢f0/2dr would have given again the static metric
(2.26). With this last approach the physical meaning of
this operation is probably more evident. The result we just
derived is exactly the one found in Ref. [12] with a diago-
nal tetrad. We will see in Sec. II B that with a nondiagonal
(rotated) tetrad this analysis can be pushed further to prove
that the most general spherically symmetric solution has to
be of the SdS kind. Finally we note that in this case
Birkhoff’s theorem holds even in the presence of matter
since we did not assume the vacuum condition anywhere.
As we are going to see this is not true in the other cases.

2. The case e®/2siny +1=10

As said above Eq. (2.22) is satisfied either if A'=0or
1 + ¢#/2siny = 0. We now consider the second case
where siny(r) takes the particular form

siny(r) = —e 8/2, (2.27)

In the field equations (2.20), (2.21), and (2.23) we still have
the time dependency of A(, r), while B is a function of only
r because of (2.19). The torsion scalar (2.11) reduces to

2e 8 B ;
Ty=——(—1+¢" +rB), (2.28)
r
which can be easily integrated to give
2M T,
B =1 - -0y (2.29)
r 6

with M being an integration constant. Note that this is
consistent with the above discussion as T now is a constant
and in this sense can be seen as a function of time only, as

required.
The field equations then reduce to
4mp = J%, (2.30)
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drp = _Jo_ fT03 [rA’(12M + r*Ty — 6r) + 12M — 21°T,],
4  12r
(2.31)
2[PA"(12M + T, — 6r) — 36M]
+ r2(A)*(12M + 3T, — 6r)
+ 12rA'(r — 3M) = 0. (2.32)

We can immediately notice that in this case the energy
density has to be constant. This automatically excludes all
the solutions describing physical models where p #
const.. However, though this solution seems to be strongly
limited, we can still proceed with our analysis.

Equation (2.32) is satisfied if A(z, r) = —B(r) + &(2),
where £ is again a general function of z. Note that this is
just one solution to Eq. (2.32) and in general there could be
other possible solutions. This means that in this particular
case Birkhoff’s theorem cannot be proved in full generality
[unless one shows that this is the unique solution of
Eq. (2.32)].

However, if we restrict our analysis to the case p = —p
(which reduces to vacuum when p = 0), adding Eqs. (2.20)
and (2.21) leads directly to A’ + B’ = 0, and thus to the
relation A(t, r) = —B(r) + &(¢). Note also that in vacuum
we must have f; = 0 because of (2.30). Then, noting again
that A(z, r) enters the field equations (2.30), (2.31), and
(2.32) only through its derivatives with respect to r, the
field equations are invariant under the transformation
A(t, r) — A(t, r) + x(¢), for any arbitrary function y of r.
Choosing y(1) = —&(r) we have

A7) = A(r) = —B(r) = log(l - ZTM - %ﬂ), 2.33)

and the spacetime is again static with the metric

ds? = AR — e AN G2 — 202, (2.34)
where
2M T
A =1 -2 02 (2.35)
r 6

This is a SdS spacetime, where the cosmological constant
coincides with the value of T;)/2. Again an alternative way
to get rid of the time dependency of A is through a rescaling
of time exactly as it happens in the general case.

In conclusion, even in the case eB5/2 siny + 1 =0,
Birkhoff’s theorem can be enforced in vacuum and leads
directly to a SdS solution. Unfortunately, though the static
case is a solution also of the general field equations with
matter, Birkhoff’s theorem cannot be fully proved in the
presence of matter since other nonstatic solutions could be
found. However, the fact that the energy density is con-
strained to be constant raises many doubts on the physical
viability of this particular case.
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3. The case cosy =0

We now go back to (2.14) and analyze the case cosy = 0. In order to satisfy cosy = 0 we must have y = *7/2 + 2nw
with n any integer number. However we will consider n = 0 in the following since no physical differences arise when
n # 0. In this case (2.14) is satisfied and tetrad (2.10) reduces to

/DA 0
Y 0 /2B ing cos
u T 0 Frcosf cosg
0 *rsinf sing

where here, and in the following equations, the upper sign
has to be taken for v = 77/2 and the lower sign for y =
—/2. We stress that when y = — /2 tetrad (2.36) be-
comes the off-diagonal tetrad considered in Refs. [13,15].
The torsion scalar reduces to

2 -b
T(tr) = s (b2 = 1)(e?2 = ra, = 1), (237)
r
and field equation (2.15) directly yields
B =0, (2.38)

since we exclude the unphysical f7 = 0 model. Looking
then at (2.16) we find

FrrA'(1 = €8/2)2 =0, (2.39)

which gives rise to three possibilities.

First, Eq. (2.39) is satisfied if fr7 = 0 so that f(T) =
¢;T + ¢, for ¢; and ¢, constants. This condition leads to
TEGR where Birkhoft’s theorem is already valid. Hence to
avoid such limitations we will assume f7r # 0 and look at
the remaining two cases, namely A’ = 0 and, only in the
v = —/2 eventuality, B = 0.

If A’ =0 the function A must assume the following
form: A(z, r) = ¢(r) + £(1), where ¢ and ¢ are general
functions only of r and 7 respectively. Again if we now try
to substitute A into the field equations (2.12), (2.13), and
(2.17), we notice that the function £(¢f) completely
disappears since A enters these equations only through its
derivative with respect to r. This suggests that the field
equations are invariant under a (gauge) transformation
of the kind A(z, r) — A(t, r) + (¢), with ¢ a general
function of z. In particular we can always make such a
transformation with ¢ (r) = —£&(r), all without modifying
the field equations. In this manner we remain with
A(t, r) = ¢(r) = A(r) meaning that Birkhoff’s theorem
holds in this particular case with a general metric of the
kind

ds? = A0d? — BVdrr — 2402 (2.40)

We have just proved that tetrad (2.36) permits us to validate
Birkhoff’s theorem without imposing any constraint on the
torsion scalar 7. This result generalizes both the ones
found in Sec. IT A 1 and Ref. [12] where T was constrained

0 0
eU/DBEN singsing /DB cosh
. . (2.36)
Frcosf sing *rsinf
¥ rsinf cos¢ rsin6 cos(y(r))

[
to be constant. Moreover, it matches the result found in
Ref. [13] where Birkhoff’s theorem was proven in the
v = —1/2 case.

Finally, in the eventuality where y = —7r/2 and B = 0,
we can look back at the torsion scalar (2.37) and notice that
this gives T = 0. The remaining field equations reduce to

4mp = 1O @.41)
4
d7p = — @ - fT—(O)A/, (2.42)
4 2r
0=24" — rA? — 2rA". (2.43)

Equation (2.41) constrains the energy density to be con-
stant. This is analogous to what we saw in Sec. I1 A2,
meaning that this case can be of interest only for particular
physical systems where p = const.. The field equations
(2.41) and (2.43) have been solved in Ref. [15] for a static
spacetime (A = A(r)). We have now also time dependency
and the solution found in Ref. [15] can be generalized as

At r) = 2log[r? — £()] + 24(1), (2.44)

where ¢ and ¢ are arbitrary functions of 7. We are not
stating that this is the general solution of (2.43), but only
one solution which we use to explain what follows. Note
that even if we can get rid of ¢ with a time rescaling as
t— e?t, we cannot avoid the time dependency of A
through £ in (2.44). Thus in this case Birkhoff’s theorem
is not satisfied in general. However in the case p = —p we
can add (2.41) and (2.42) which immediately gives A’ = 0,
meaning that A(z, r) = A(z). Equation (2.43) is thus iden-
tically satisfied and we must have f(0) = 0. We can now
rescale the time coordinate as ¢ — et in the metric (which
corresponds to choosing the gauge such that A = 0). This
leads to Minkowski spacetime g,, = 7,, and thus, it
being static, to the validity of Birkhoff’s theorem.

In conclusion, analyzing all the cases arising from field
equations (2.12), (2.13), (2.14), (2.15), (2.16), and (2.17),
we found that Birkhoff’s theorem is generally valid in f(7)
gravity when tetrad (2.10) is considered. In the case where
cosy = 0 this has been proved without imposing any con-
straint either on the Lagrangian function f(7) or on the
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torsion scalar 7. This is in agreement with Ref. [13] and
generalized the result found in Ref. [12] where Birkhoff’s
theorem was proved employing a diagonal tetrad which
leads to the 7' = 0 constraint. Furthermore, using the
rotated tetrad (2.10), if 77 = 0 not only is it possible to
prove Birkhoff’s theorem in the presence of matter, but it is
also possible to show that the most general vacuum solu-
tion has to be of the SdS kind. This is what we present in
the following section.

B. Schwarzschild—de sitter solutions

In this section we consider again the T’ = 0 case for
which we proved that metric (2.1) has to be static and
reduce to (2.26). We will show that in vacuum the most
general solution to the field equations has to be a SdS
solution. We have already seen that in the case exposed
in Sec. I A2 the vacuum solution is of this type. In what
follows we prove that even when the (unphysical) condi-
tion (2.27) is not satisfied this statement is true.

Using metric (2.26) the field equations are given by
equations (2.20), (2.21), and (2.23), where now both A
and B are functions of r only. Note that in these equations
the function y(r) completely drops out exactly as it hap-
pens in the field equations given by the boosted tetrad
considered in Ref. [16]. This function plays the role of an
auxiliary function whose value does not affect the physical
properties of the system. Once the metric functions A and B
are known, y(r) is always determined by equation (2.11)
with T(r) = T, parametrizing all the possible solutions.
Thus we only have to find the expressions for A(r) and B(r)
since the function y(r) will follow from (2.11).

Now consider the sum of (2.20) and (2.21) which
yields (note that this can also be done with A and B time
dependent)

2fTU e —B
r

4ar(p + p) = (A" + B). (2.45)
At this point we reduce our analysis to vacuum in order to
find the most general vacuum solution of the f(7) field
equations (note that the following analysis can be equally
performed considering the equation of state p = —p). We

thus consider

p=p=0, (2.46)

from now on. Equation (2.45) immediately implies A’ +
B’ = 0, which we can solve for B

B(r) = —A(r) + logk, (2.47)

where k is an integration constant. Substituting B back into
the field equations (2.20) [or equivalently (2.21)] and (2.23)
gives

krfo — fTO(—Zk + 2e4 + kr’Ty + 2e4rA’) = 0, (2.48)

2k — 2e4 + eAr2A? + eAr2A" = 0. (2.49)
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The unique solution of these two differential equations is
given by

oM A
A = k(l -= - ?f rz), (2.50)

r

where M and A ; are two constants of clear physical mean-
ing. The value of A, depends in general from the f(T)
model as

1
A/\/E5 &—TO)’

Ty

(2.51)

which means that the cosmological constant is tuned by the
f(T) model under inspection. Note that this coincides with
the usual cosmological constant in the TEGR limit. In
other words if f(T) — T +2Agg we have Aggp = A;.
Similarly it can be shown that taking the TEGR limit
with p = —p = 87 A, the field equations lead to solu-
tion (2.50) with A, replaced by Agg. Note that we always
have to take the limit f(T) — T + 2A 5z when we want to
reduce our results to TEGR since the proper case f(T) =
T + 2A g has been excluded from our analysis.

Whatever number the experiments will determine for
Ay, it will not impose any constraint on the f(7) model
since any value of A, can be achieved fine tuning T,
through a specific choice of y(r). This is clear looking at
(2.11): since y(r) is an auxiliary function we can always
choose it such that the value of T is the desired one. This
means that, when considering a constant torsion tensor, any
f(T) model can in principle admit all the solutions (2.50)
parametrized by M and A .

Finally we can write down the most general vacuum
solution of a spherically symmetric spacetime,

ds? = AR — e A2 — 2d02, (2.52)
with
2M A
AN =1 -2 ?f 2. (2.53)
r

Note that the constant k has been adsorbed with a rescaling
of time, which can always be applied to static spacetimes.
Solution (2.53) is nothing but the well-known SdS solution
where M is the Schwarzschild mass and A, the cosmo-
logical constant. We can state that the general solutions to
the spherically symmetric f(7) vacuum field equations
[given by tetrad (2.10) when T = T, = const, is repre-
sented by a SdS spacetime. At this point one may question
whether the rotated tetrad is in fact a good choice given that
it does constrain the torsion scalar. By looking at GR itself,
where the Ricci scalar identically vanishes for vacuum
solutions, we note that the field equations do not impose
additional constraints other than those expected. In this
sense we can still speak of a good tetrad.

We also notice that Eq. (2.23) is identical to the isotropy
condition of general relativity. This tells us that all the
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spherically symmetric solutions of GR will automatically
be solutions of the f(7T) field equations (2.20), (2.21), and
(2.23). However, since in Eqgs. (2.20) and (2.21) an explicit
dependence appears on the f(7') model through f;, and f7,,
the expressions for the energy density and the pressure will
differ from their general relativity counterparts.

Finally we can compare the results we found and draw a
parallel with the ones obtained within the more common
f(R) theories of gravity. In analogy with what we exposed
above, solutions to the Einstein field equations have been
extended to f(R) theories when the Ricci scalar is con-
strained to be constant [20]. Restricting to spherical sym-
metry, it has been shown that the SdS solution is a solution
of the f(R) field equations whenever R is constant [21-23].
Interestingly enough, in these solutions the cosmological
constant is related to the Ricci scalar in analogy to how A,
is connected to the torsion scalar through (2.51). This
shows that 7 and R play similar roles in the respective
theories underlining the fundamental difference between
GR and TEGR, namely the description of spacetime by
curvature or torsion.

Furthermore it is well known that within metric f(R)
gravity Birkhoff’s theorem holds only if some constraints
are imposed on the Ricci scalar R, such as requiring it to be
constant [24-26]. On the other hand, Palatini f(R) gravity
in vacuum reduces to GR plus a cosmological constant and
R becomes automatically constant. Birkhoff’s theorem is
thus valid and all the GR solutions are also solutions of the
modified field equations [27-30]. We can compare this
with our analysis on nondiagonal (rotated) tetrads in f(7)
gravity. When the torsion scalar is constrained to be con-
stant we managed to prove Birkhoff’s theorem and to
construct SdS solutions in strict analogy with both metric
and Palatini f(R) theories. In the particular case of
Sec. I A3 we even prove the theorem without imposing
constraints on 7, which seem to go beyond the results of
f(R) gravity. However in this case the Schwarzschild
solution is not a solution of the f(T) field equations
(see Ref. [15]) and the chances to find physical applica-
tions are small.

In conclusion, all the results we found within f(T)
gravity have similar counterparts in f(R) gravity. This
suggests that all the achievements for spherically symmet-
ric spacetime already obtained in f(R) theories can be
similarly transposed to f(T) theories with much work left
for future studies.

III. COSMOLOGY IN SPHERICAL COORDINATES

Cosmological applications of f(T) gravity have a short
but productive history beginning with Refs. [31,32].
Models have been built to explain both early and late
time accelerated expansion [33-41] and several issues
have been recently analyzed [42-68].

In f(T) cosmology, considering the FLRW metric in
Cartesian coordinates the diagonal tetrad seems to be a

PHYSICAL REVIEW D 86, 044009 (2012)

good gauge choice since it leads to field equations not
containing constraints on the f(7) function or on the
torsion scalar 7. However when choosing the diagonal
tetrad in spherical coordinates, we get the unwanted con-
dition f7r = 0, which is satisfied by TEGR only. We will
demonstrate using rotated tetrads that it becomes possible
to build a well-defined tetrad for FLRW cosmology in
spherical coordinates. This allows us to generalize f(T)
gravity to the non-spatially-flat FLRW cosmologies, which
cannot be done easily with Cartesian coordinates and has
only been considered using hyperspherical coordinates
[69,70].

Let us start with the spatially flat FLRW line element in

Cartesian coordinates
ds?> = df* — a(t)*(dx* + dy* + dz?), 3.1

where a(?) is the usual scale factor. It is well known and
easy to verify that the diagonal tetrad

ef, = diag(l, a(1), a(1), a(t)),

results in (3.1) and leads to the following field equations:

(3.2)

T = —6H2, (3.3)
Amrp = 3H2fp + % 7, (3.4)
dm(p + p) = HO2H*f17 — f71), (3.5)

where H(t) = a/a is the Hubble parameter. The diagonal
tetrad (3.2) seems to represent a good choice among all the
possible tetrads giving metric (3.1) since it yields to a
modification of the analogous GR field equations which
do not involve any constraint on either the function f(T) or
the torsion scalar 7. As we are going to see, this is not the
case when using spherical coordinates.

Consider now the FLRW line element in spherical
coordinates

dr?
1 —kr?

ds> =dt* — a(t)2< +r?do* + rzsin20d¢2), (3.6)
where k = 0, +1, —1 correspond to the flat, closed or open
FLRW spacetime. We therefore expect that our tetrad
rotations may allow us to identify “good” tetrads in the
context of cosmology. Again, the simplest tetrad returning
metric (3.6) is the diagonal one

o — dia (1 a(t)
e, = )~z
K’ g N

However the (off-diagonal) f(T) field equations leads in
this case to the condition

Sfrr =0,

which is satisfied if and only if f(T)=¢;T + c,,
i.e., TEGR with a cosmological constant. This happens

,a(tr, a(tr sinﬁ). (3.7)

(3.8)
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independently of the value of the spatial curvature parame-
ter k. It is then clear that tetrad (3.7) does not represent a
useful tetrad in f(T) cosmology since, although it correctly
gives the FLRW metric (3.6), it leads to an unwanted
constraint over all the possible f(7) models which set the
theory to be TEGR.

We now see how we can define a useful tetrad making a
local rotation. Let us focus on the spatially flat (k = 0)
cosmology for the moment and look at tetrad (3.7). We
know that any local Lorentz transformation A“, can be
applied to tetrad (3.7) without altering metric (3.1). That is,
the relation

nabeuaeub = g,uV (39)

is unchanged by the transformation
b
“— Ae,”.

e (3.10)

7

PHYSICAL REVIEW D 86, 044009 (2012)

As before, consider a general three-dimensional rotation
R in the tangent space parametrized by the three Euler

angles «, B, v
Aa. — 1 0
" \0 R(@B))

We reduce this transformation considering the following
values for the three Euler angles

(3.11)

v = vy(tr), (3.12)

™

= 6 - = )
a=0-2. p=4¢
where v is taken to be a general function of both ¢ and r. In
this manner, applying the rotation matrix (3.11) to the
diagonal tetrad (3.6) with k = 0 gives the following rotated

tetrad explicitly

1 0 0 0
o 0 a sinf cos¢ a siné sin¢ acosf (3.13)
a 0  —ar(cosf cos¢ siny + sing cosvy) ar(cose cosy — cosf sing siny) arsinf siny
0 arsinf(sing siny — cosf cos¢ cosy) —arsinf(cosf sine cosy + cos¢ siny) arsin26 cosy
|
With this tetrad the torsion scalar reads o,
-1+ +rixy@® =1, (3.17)

4ry' cosy + 4siny — 6r2a® + 4
Tt r)= ¥ O8Ny 4 .

oy (3.14)
From the off-diagonal f(T) field equations we obtain the
constraints Tfrr = T'frr =0, which force the f(T)
model to be TEGR again unless we have a constant 7.
The mathematical reason for this to happen is that the
torsion scalar depends on both ¢t and r. We may try to
eliminate this dependency on one of the two coordinates
and see if a nonconstant 7 is allowed. However if T
depended only through r we would have a Lagrangian
not containing H and thus providing no dynamics for a.
We have then to choose y(#, r) such that T will depend only
on 1.

A. T dependent on ¢ only

Let us now see what happens if we eliminate the radial
dependence. Choosing

t
siny(t, r) = —1 + £ + 2 x(1), (3.15)
r
with £ and y general functions of . We find
T(, 1) = T(t) = 12X — 6H?, (3.16)
a

which is indeed independent of r. The function y(¢) rep-
resents a modification with respect to the torsion scalar
found in Cartesian coordinates (3.3). Note that definition
(3.15) implies

,
which is identically satisfied if and only if £ = y = 0.
However, given & and y positive and sufficiently small,
we can satisfy (3.17) everywhere but in the neighborhoods
of r=0and r — .

The independent f(T) field equations we obtain in this
case are

167p = —(T — 6HY)fy + f, (3.13)
4m(p + p) = —THfrr — Hfr, (3.19)
0=Tfrr(Px+ &) (3.20)

The first two of these equations coincide with (3.4) and
(3.5) when the torsion scalar reduces to T = —6H?, which
happens for y(r) = 0. The last equation generalizes the off-
diagonal constraint and it is satisfied if f;+ = 0,7 = 0 or
& = y = 0. The first case leads us again back to TEGR and
is thus not of interest. The second case gives T =T, =
const. and reduces the remaining equations to

167p = —(Ty — 6H)f7, + fo, (3.21)

47(p + p) = —HfTO, (3.22)

where f, = f(T,) and f7, = f'(T}) are constants. We can
find conditions when the Universe is accelerating in this
case analyzing the acceleration condition & > 0. This is
satisfied whenever
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+3 3 3
AN A ]
fTO dar fTO 2

A, (323)

or, in terms of the equation of state parameter w,

< — J

— _ 3.24
P T2ap 3fn G249

Notice that when we reduce to TEGR, for which fr =1
and Ay = 0, we correctly get w < —1/3.

PHYSICAL REVIEW D 86, 044009 (2012)

number. Tetrad (3.13) becomes equivalent to the well-
known rotated tetrad used in Ref. [15]. More interestingly
in this case we do not gain any constraint on the f(7) model
or on the torsion scalar 7 which takes the form (3.3).
Equations (3.18) and (3.19) reduce to Egs. (3.4) and (3.5),
respectively, meaning that the theory becomes completely
equivalent to its Cartesian counterpart. We thus managed to
find a tetrad which allows a general [no constraints on f(7)
or T] description of the Universe which is physically
equivalent to the Cartesian coordinates analysis. This tet-

The last case requires £ = y = 0 and thus siny = —1 rad is given performing the same rotation considered in
which implies y = —#/2 + 2n7 with n an integer  Ref. [15] and reads
J
1 0 0 0
. 0 a(r)sinfcos¢p a(r)rcosfcosdp —a(f)rsinfsing (3.25)
et, = .
" 0 a(?)sinfsing a(t)rcosfsing  a(f)rsinf cose
0 a(t) cosd —a(t)rsinf 0
[
B. Spatially curved FLRW f(T) cosmology The independent field equations are
Finally, we analyze the non-spatially-flat (k # 0) FLRW 4 ( k 4 6H? — )
universe described by metric (3.6). We can apply the tomp =f+ fr 6a2 OoH"=T) (3:29)
rotation matrix (3.11) to the diagonal tetrad (3.7) with the
Euler angles values (3.12). The torsion scalar now becomes k . .
: G12 dnip+p) = 122y~ H) = THfrs,  (330)
4
T = —5—(V1 —kr*y cosy + 4v1 — kr? siny i
rea T 3/2
4 + -2
— 61202 — 2k + 4), (3.26) o LHeEE 3k = 2x)
X (VkrV1 — k2 — aresin(vVkr)] =0, (3.31)

generalizing (3.14) which is recovered setting k = 0.
Again we want to reduce 7' to become a function of only
t. In order to reduce (3.26) to be r independent we choose a
particular expression for y(z, r), namely

.13 arcsin(vkr)(k — 2x(1))
sy = E( k3/2

N N1 — kr*(k + 6x(1))
k

— 4§(t)), (3.27)

which in the limit £k — 0 becomes (3.15). Here y and ¢ are
two general functions of ¢. Of course in order for (3.27) to
be consistent we must require that the right-hand side of
(3.26) is between —1 and 1. This in general poses con-
straints on the functions y and ¢£. We will see in what
follows that this issue will play a main role if the Universe
is open (k = —1). The torsion scalar (3.26) is given by

T=12% —6m?, (3.28)
a

which depends only on ¢ and coincides with (3.16).

which reduce to (3.18), (3.19), and (3.20) in the limit
k — 0. There are three ways to satisfy (3.31): frr =0,
T = 0 or both

E=0 and yx=k/2 (3.32)

The first possibility takes us back to TEGR and thus is of
no interest. In the second case we have T = const and the
remaining field equations become

k
167Tp = f() + fT()<6_2 + 6H2 - T()), (333)
a

k .
4m(p + p) = fT()(? - H), (3.34)
which are the k& # 0 counterparts of (3.21) and (3.22),
respectively.
Finally, in the last and more interesting case, the torsion
scalar becomes
T=06

— 6H?, (3.35)

a

and the field equations reduce to
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d7p = JZC + 3H*f7, (3.36)

4m(p+p)= —fT(H —%) + 12H2fTT(H +§), (3.37)
which clearly generalizes Egs. (3.4) and (3.5). Note that
Egs. (3.36) and (3.37) correctly reduce to the usual
Friedmann equations when f(7T) = T. It seems thus that
the choice (3.32) allows us to generalize FLRW cosmology
to its spatially curved cases without giving rise to
any constraint regarding 7 or the f(T) function.
Unfortunately this does not work for the open FLRW
universe as we are going to explain.

For the values (3.32) the function y(z, r) as given by
(3.27) reduces to

y = —arcsinV1 — kr?.

In order for this to be mathematically consistent we must
require

(3.38)

W1 —kr?| < 1.

Since 72 = 0, when k = —1 this condition is never satis-
fied, meaning that the open FLRW universe cannot be
described by a tetrad containing (3.38). The mathematical
reason for this issue is that (3.26) has no (real) solutions
reducing to (3.38) when k£ = —1. It seems tempting to
replace the trigonometric function by a hyperbolic func-
tion; however, this is not allowed since the resulting trans-
formation would no longer be a local Lorentz
transformation. On the other hand, in the closed FLRW

(3.39)

PHYSICAL REVIEW D 86, 044009 (2012)

universe condition (3.39) is always satisfied because r = 1
when k = 1.

The entire issue can be easily understood switching to
hyperspherical coordinates which transforms the radial
coordinate r to ¢ as

singg  ifk=1
in(vk
rs &\/g"{’) 1y ifk—0 . (3.40)
sinhyy  ifk = —1
The FLRW line element now reads
. 2 k
ds? = di* — az(d¢2 + sm(kd/\/_)dﬂz) (3.41)
while condition (3.39) becomes
| cos(pVk)| = 1, (3.42)

which is always satisfied when k =1 since clearly
cosiyy = 1. In the k= —1 case instead we find coshiy =1
which is never satisfied unless ¢ = 0.

In conclusion, we firstly stress that the diagonal tetrad
(3.7) cannot be used in f(T) cosmology since it forces the
f(T) model to be TEGR. We can state that in the closed
FLRW universe the rotated tetrad containing (3.38), repre-
sents a good choice among all the possible tetrads giving
back metric (3.6). It does not imply any constraint on either
the functional form of f(T’) or on the torsion scalar T itself.
It does lead to a simple generalization of Egs. (3.4) and
(3.5) which reduce to the correct Friedmann equations in
the limit f(7) — T. The good tetrad for k=1 cosmology
thus reads

1 0 0 0

. 0 acosg sinﬁ/m asinf sin¢/m a cos0/m

s T 0 ra(x/T — r2 cosf cos¢p — rsing) ra(rcosg + /T — r2 cosd sing) —rJ1 — r2asind
0 rasinf(—rcosfcos — /1 — r2sing) rasind(x/1 — r2cos¢ — rcosf sing) r2asin26
(3.43)
or in hyperspherical coordinates
1 0 0 0

. 0 acosgsinf asinfsing acosf

u = 0 asini(cosyp cosfcose * siny sing) asiniy (*siny cosg + cosycosfsing) —acosy siny sinf

0 —asiny sinf(* cosfsiny cose + cosiysing) asinyssinf(cosy cosg = cosfsiny sing) +asiny sinysin®6

where the = signs come from the square root terms.

On the other hand, when the FLRW universe is open
it seems impossible, using the methods explored in this
paper, to find a tetrad having all the properties above.
The best we can do is to leave the functions &(7)
and x(¢) in (3.27) undetermined and deal with field

(3.44)

[

equations (3.33) and (3.34). However, in this case the
torsion scalar is constrained to be constant and we can
only achieve theoretically limited descriptions of the
Universe.

Condition (3.39) seems to suggest that a complex rota-
tion might work. This idea has been successfully used in
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Refs. [69,70] where the authors were able to construct a
good tetrad for the hyperbolic FLRW universe by introduc-
ing complex tetrads. Another possibility which might
avoid the use of complex tetrads could be the use of local
Lorentz boosts, instead of rotations (see Ref. [16] where
boosts have been used to construct very useful tetrads in
the context of spherical symmetry).

IV. CONCLUSIONS

This paper emphasized the importance of choosing ap-
propriate tetrads when analyzing the field equations of f(T’)
gravity. This issue arises since the theory is not invariant
under local Lorentz transformations and thus different tet-
rads will yield different field equations which in turn might
have different solutions. Some of these solutions do not
have a valid GR counterpart, while others tend to their GR
counterparts in the appropriate limit. Therefore, special
attention has to be given to the choice of tetrad.

We thus introduce the notion of a good tetrad. By a good
tetrad we mean a tetrad which gives rise to field equations
which do not constrain the functional form of (7). In such
cases one can always consider the limit f(7) — T where
the correct general relativistic limit is recovered. Otherwise
we will talk of a bad tetrad. It is well known that the
diagonal tetrad is bad when working in spherical symme-
try. Our rotated tetrads and also the boosted tetrad of
Ref. [16] are good tetrads according to our notion.

We were able to construct good tetrads in spherical
symmetry by simply rotating the diagonal tetrad. The power

PHYSICAL REVIEW D 86, 044009 (2012)

of this simple method to generate potentially good tetrads
was shown by proving Birkhoff’s theorem in f(T) gravity
and thereby showing that the SdS class of solutions is the
unique vacuum solution of the vacuum field equations. We
suggest revisiting static and spherically symmetric perfect
fluid solutions along the lines of Ref. [15] as it should be
straightforward to generate a large number of new exact
solutions of the field equations with perfect fluid source.

We extended our program of rotating tetrads to the study
of homogeneous and isotropic spacetimes, i.e., cosmology.
We were able to construct good tetrads not only for the
spatially flat metric but also for the close universe. In both
cases there are no constraints on the functional form of f(T)
and it is possible to study a very general class of f(7T)
cosmologies.

In principle, our approach of rotating tetrads in the
tangent space might be applicable to situations with other
symmetries. Recall that the Lorentz transformations form a
six-dimensional group, with three boosts and three rota-
tions. Therefore, one can introduce six auxiliary fields into
the field equations, simply by performing a general Lorentz
transformation on the tetrad. Then the aim is to eliminate
those field equations which yield constraints on f (7). We
achieved this by considering rotations in spherical symme-
try. However, we are confident to say that there are enough
degrees of freedom in these transformations to always find
a good tetrad according to our definition. Of course, there
may be situations where one wishes to enforce other prop-
erties by fixing the Lorentz transformations accordingly.
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