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Abstract

Modified gravity theories have emerged as an alternative for solving the dark energy and
dark matter problems by introducing additional degrees of freedom inside the standard grav-
itational theory. These extra degrees of freedom might be problematic at the moment of
analyzing some scenarios where they can reproduce some pathologies, generally absent in-
side the standard formulation of gravity (General Relativity). In this document, we analyze
two modifications of gravity. The first one corresponds to the de-Rham-Gabadadze-Tolley
(dRGT) theory of non-linear massive gravity which is a candidate for solving the dark energy
problem. In this theory we study the perturbative behavior of the Schwarzschild de-Sitter (S-
dS) solution with one free parameter satisfying 3 = o>. We find that the linear perturbation
equations become identical to those for the vacuum Einstein theory when they are expressed
in terms of the gauge-invariant variables. This implies that this black hole is stable in the
dRGT theory as far as the spacetime structure is concerned in contrast to the case of the
bi-Schwarzschild solution in the bi-metric theory. However, we have also found a pathologi-
cal feature that the general solution to the perturbation equations contain a single arbitrary
function of spacetime coordinates. This implies a degeneracy of dynamics in the Stiickelberg
field sector at the linear perturbation level in this background. Physical significance of this
degeneracy depends on how the Stiickelberg fields couple to the observable ones. As dRGT
is not able to reproduce dark matter effects, we analyzed a second model. It corresponds
to one of the proposed non-local models of gravity. The model was used before in order
to recreate screening effects for the cosmological constant (A) value. Here we analyze the
possibility of reproducing dark matter effects in that formulation. Although the model in the
weak-field approximation (in static coordinates) can reproduce the field equations in agree-
ment with the AQUAL Lagrangian, the solutions are scale dependent and cannot reproduce
the observed dark matter dynamics in agreement with the Modified Newtonian Dynamics
(MOND) proposed by Milgrom.
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Chapter 1

Introduction

The alternative theories of gravity have emerged as possible explanations for the observed
accelerated expansion of the universe [1]. In other cases, they also attempt to explain the
dark matter effects by introducing new degrees of freedom like scalar or vector components
in addition to the tensorial one [2, 3]. These models of course do not solve the problem
completely since they introduce new parameters which anyway we have to tune in order to
agree with the observations. For now it seems that every single observation agrees with the
fact that the Einstein theory of gravity with the addition of a cosmological constant (A)
and dark matter is the appropriate one and no evidence for new degrees of freedom have
been observed at all in the current experiments [1, 4, 5]. However, it has been difficult to
find a natural explanation for the observed small value of A in comparison with what is
expected from the zero point quantum fluctuations if we have an ultraviolet (UV) cut-off
at the Planck scale [1]. It is at this point that the alternative theories of gravity might be
important in order to provide possible scenarios for solving naturally the observed value of
A. Among the most popular suggestions as alternatives to gravity, we have Massive Gravity
theories, Modified Gravity (MOG) and Non-local gravity theories [2, 3, 6, 7, 8, 9]. All of
them have something in common, namely, the introduction of new degrees of freedom. It is
however possible to introduce non-localities without new degrees of freedom as suggested by
Deser and colleagues if the non-localities come from quantum fluctuations or from another
effect [6]. In this document we focus principally in two models. The first one is the dRGT
non-linear massive gravity theory which is a candidate for solving the dark energy problem
[10, 11]. The second model, perhaps not so attractive as dRGT, corresponds to one of the
many proposals for introducing non-localities inside the Einstein-Hilbert action [8, 9]. In
this particular model, the non-localities are equivalent to the introduction of new degrees of
freedom. If dRGT is supposed to be a real theory of nature, it must be consistent with all
the observed features. In particular, it must be consistent with the 'observed’ existence of
astrophysical black holes. In many cases, this requirement leads to non-trivial constraints.
For example, it was recently claimed that the bi-Schwarzschild solution is unstable against
a spherically symmetric perturbation in the bi-metric theory of gravity [12]. Motivated by
this, the stability of the Schwarzschild-de Sitter black hole was analyzed in the framework
of the linear massive gravity theory by Brito, Cardoso and Pani[14, 13]. They found that
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the black hole is unstable generically, but becomes stable when the mass of the graviton
takes the particular value m? = 2A/3. In this case, the theory is inside the regime of
partially massless gravity, where the Vainshtein mechanism seems to be unnecessary since
the vDVZ discontinuity does not appear anymore[15]. However, it has been demonstrated
that the partially massless theories of gravity have several problems of consistency [16]. In
the present paper, we analyze the stability of the Schwarzschild-de Sitter solution in the
framework of the non-linear dRGT massive theory of gravity. We do not introduce the
cosmological constant as an extra parameter of the theory, but instead, we utilize the fact
that the Schwarzschild-de Sitter black hole is an exact solution to the non-linear dRGT
theory if the parameters a = 1 + 3a3 and [ = 3(ag + 4ay) of the theory satisfy the relation
3 = a?. For this parameter choice, the mass term of the theory behaves exactly as the
cosmological constant term in the Einstein theory for a spherically symmetric geometry as
pointed out by Berezhiani et al[17]. We exhaust all Schwarzschild-de Sitter-type solutions to
the non-linear dRGT theory in the unitary gauge for the Stiickelberg fields assuming 8 = a?.
We find a family of solutions that are gauge equivalent to the standard Schwarzschild-de
Sitter solution if we neglect the non-trivial transformation of the Stiickelberg fields. In the
massive gravity theory, they should be regarded as different solutions because if the metric are
put into the standard Schwarzschild-de Sitter form, the Stiickelberg fields behave differently.
The solution obtained in [17] is one solution in this family that is regular at the future
horizon. There exists no solution that is regular both at the future and the past horizons. We
consider linear perturbations of this background solution in the framework of the nonlinear
dRGT theory only assuming the parameter relation 8 = a?. Hence, we generally expect
to obtain perturbation equations that are different from those in the Einstein theory with
the cosmological constant. In fact, we do if we do not impose the constraint coming from
the Bianchi identity on the mass term. However, when we impose that constraint, the extra
terms are required to vanish. Hence, we obtain the perturbation equations that are identical
to those in the Einstein theory with a cosmological constant and some additional constraints
on the metric perturbation variables that correspond to the gauge-dependent parts in the
Einstein theory. From this result and the Birkhoff theorem for the Einstein theory, we can
easily find the general solution to the perturbation equations and deduce the stability of the
black hole against linear perturbations concerning the spacetime structure. However, we also
find that this general solution contains an arbitrary function of the spacetime coordinates
that reduces to a part of the gauge transformation freedom in the absence of the Stiickelberg
fields. In the gauge in which the background metric takes the standard Schwarzschild-de
Sitter form, this freedom goes to the Stiickelberg fields. Hence, we cannot determine the
behavior of the fields only by initial data. Along with this general argument, we point
out that the general solution to the vector-type perturbation equations contains a family
of stationary modes that correspond the rotation of a black hole in the Einstein theory.
Regarding the non-local model of gravity, the extra degrees of freedom inside this model
might modify the observed galactic dynamics. Then it is natural to ask whether or not
some of these models are able to reproduce dark matter effects. The model which recreates
the observed galactic dynamics with one fit parameter is MOND), originally proposed by
Milgrom [18, 19, 20]. In this paper I take an already suggested non-local gravity model
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which introduce two scalar fields (one non-dynamical) in order to create an screening effect
of the A value and I then compare it with the MOND results in agreement with the AQUAL-
like equation V- (,u <@> VCID) = 47Gp [21] in order to reproduce the dark matter effects at

least for the observed galaxy rotation curves. The AQUAL equation provides the appropriate
predictions for the extragalactic phenomenology even if the AQUAL model itself cannot be
realistic since it provides unphysical results [22, 23, 24]. It is however already known that an
appropriate Relativistic version of MOND must reproduce the AQUAL equation in the weak
field approximation [21].

In this document we find that a non-local model of gravity can reproduce the same AQUAL
equations in agreement with MOND, but not the same dynamics since the interpolating
function parameter g in this model is a scale-dependent quantity. This is the case because
i depends on the potential ¢ rather than on the acceleration V¢. I am not concerned
about the origin of the non-localities in this paper [7]. The thesis is organized as follows:
In chapter (2), I review the weak field approximation of the Einstein-Hilbert action and
then analyze the propagation of gravitational waves inside this formalism [25, 26]. T use
this chapter as an introduction for the formalism of massive gravity. Basically the Einstein-
Hilbert action expanded up to second order corresponds (in massive gravity language) to the
most basic potential without interaction between the fiducial metric and the dynamical one.
The obtained potential has however undesirable properties as they are explained in [27]. In
chapter (3), I make a review of the linear formulation of massive gravity known as the Fierz-
Pauli theory. I then explain the first pathology found inside these formulations, namely, the
vDVZ discontinuity. In chapter (4), I make a brief review of the non-linear formulation of
massive gravity and then I analyze the Schwarzschild de-Sitter solution. After then the black
hole stability is studied. Finally I make a brief comparison with the bi-gravity formulation.
In chapter (5), I introduce another alternative for modifying gravity and then I analyze the
possibility for finding dark matter effects inside the formulation. In chapter (6), I conclude.



Chapter 2

Weak field approximation with A

There is usually the question of whether the cosmological constant in the weak field approx-
imation corresponds to a graviton mass. This is not the case as it is explained in [27]. It is
very well known that the most general covariant action including A is [28]

S = / A2/ =G(R — 20). (2.1)
The field equations obtained from this action become

R, = —Agp.. (2.2)

These equations are just equivalent to the standard Einstein equations in vacuum and given
by

1
Ruu - é.gul/R = Agum (23>

as can be easily demonstrated. In weak field approximation, eq. (2.2) becomes [29]

Ohy — 020,y — 020 by, + 0,0,h = —2Ag,,. (2.4)

These equations are equivalent to

1
O+ 0,0 h = 0y 0,17, = 0y 0,17, =1 (Oh — 0,00 h7) =2 (nw — hy + inm,h) = 0. (2.5)

The previous results can be derived directly from the Einstein-Hilbert action expanded up
to second order [30]

1 1 1 1 1 1
E — —2A (1 + §h - Zhaﬁhaﬂ + ghh) - Z&,ha/gayhaﬁ + Za“hﬁ“h - §8ﬁh3“h6“ (26)

1
+§aahyﬁa“haﬁ.
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We can rewrite the action defined in eq. (2.1) as

S = /d4x\/—_g(R +Ui), (2.7)

where I introduce the effective potential term U; inside this action. In fact, the simplest
potential is given by the cosmological constant itself. In the action (2.7), the kinetic term of
the graviton field is contained inside y/—¢R and represents contributions of the form

V—gR — Ohoh. (2.8)
The second term is the simplest possible potential and it can be expanded as
hooh?oh,
\/—_g:1+§+§— Z+..., (2.9)

up to some multiplicative factor related to A. This previous analysis, is related to a spin 2
field propagating over some background. In the simplest case, the background is selected to
be the Minkowskian one. As the action (2.7) provides the dynamics of a spin 2 particle, then
the term y/—gU; cannot be considered as a massive term. The only possibility for introducing
a massive term is by providing a second metric inside the formalism. This is true for the
non-linear case. For the linear case, the second metric cannot be noticed since it is simply
given by the Minkowskian background. In fact, the Fierz-Pauli action is a special case of the
non-linear version of massive gravity as I will explain in forthcoming sections. The result
(2.9) is obtained in detail in appendix (A).

2.1 Propagation of gravitational waves in an asymptot-
ically de-Sitter space

The results of the previous section can be used if we want to analyze the propagation of

gravitational waves in an asymptotically de-Sitter space [25, 26]. If we use the weak field

approximation, the metric can be written as g, = 7., + hu 29], where 7,,, is the Minkowski

metric. The field equations in the weak field approximation and with a positive A, after
1

imposing the de-Donder gauge d"h,, = 50,h become [25, 26, 31]

Ol = 167G S, — 207, (2.10)

where we ignore terms of order Ah and the source term S, =T, — %TIMVT is inckuded. It is
just the trace reversed version of the energy-momentum tensor. The full set of solutions for
h,. can be expressed as

. , 2
hoo = eoo(T, w)e™™ + c.c — At?, ho; = egi(T, w)e™ + c.c + gAtxl-, (2.11)

. 1
hij = eij(F, w)e’kw + c.c + At25ij + gAEij,
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where €;; = z;x; for ¢ # j and 0 otherwise. The full solution of course respects the de-Donder
condition 0*h,, = %&,h. From the full solution, it can be observed that the particular one
corresponds to the de-Sitter background. This is the solution obtained for the graviton in
the massless limit (m — 0) as can be shown from the results obtained in [32]. Additionally,
in agreement with [25, 26|, the energy-momentum (tensor) carried by the gravitational waves

with a positive A, is given by

. 1
t;w = t;w - Sﬂ_GAh;wa (212>
where ¢, is [29]
1 1 1 1 1
t,uu = % (Rmx - égﬂuR - wa) + EU#VR( )) ) <213>

and it is obtained from the second-order contributions to the Einstein’s equations given by

1 .
R/(Lll/) - énMVR(l) - Anul/ - _SWG(TIJ,V + t,uu)- (214)

If we expand up to second order in h, then ¢,, as it is defined in eq. (2.13) is explicitly

1 1 1 1 o 1 2 1 op p(2 3
b = 53 (_éhuuR( )+ éﬁuuh “Ry) + R — ol PR )+ O, (2.15)

If we take into account that the first order Ricci scalar is given by RV = —nuw\, then the
Poynting vector corresponding to the background solution becomes [25, 26]

.1 (10
= —— [ =A%, 2.1
i =5 ( 9 m) ’ (2.16)

where the definition for the second-order Ricci tensor has been used and it is given by

1 1
R(2) = _éhAV (afia,u,hz\u_afca)\h,ul/_6Vauh)\n+aya)\hufi)+Z (28Vhl/o_affh> (aﬂhau—i_auhan_aahﬂﬁ)

K
1 g g lea
- Z—l(aAhM + Oihon — Oshine) (0T, + 0,k — 97h2,). (2.17)
If we now assume a wave moving along the z-direction, then the relevant quantity for us is
(remember that after averaging the contributions from hA — 0 in agreement with [25, 26])

<tB >=<tB > e + <t >y (2.18)

In appendix (B), I explain the justification for the linearity of the superposition when we
take the average. The averages are performed over regions of the size of a wavelength and
times of the length of a period of the wave [33]. Note, the subscript "wave” refers to the
standard contribution without A. The critical distance [25, 26], is obtained as < t% >= 0.
After some calculation, it is given by
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6\/§7rfiz 9
—TA7
V5

which depends on the frequency and the amplitude of the wave. L.;; could in principle be of
any order of magnitude. But it becomes the background scale r, after taking into account
the condition r, ~ % [34]. The wave cannot propagate to a distance larger than L., it
means that the inhomogeneities (in this case GW) eventually disappear and the space goes
asymptotically to the de-Sitter one. This is in agreement with deeper studies performed
in [35, 36, 37] where the Cosmic No-hair Conjecture (CNC) in the presence of GWs was
confirmed.

Levis = (2.19)

2.2 Polarization analysis

In general, any plane wave solution can be expressed in the form

hu = epexp(ikez?) + e;,/e:vp(—ikgx"), (2.20)

where e, is the polarization tensor [29]. The homogeneous solution (in vacuum) of eq.
(2.10), has to satisfy

kok® = 0. (2.21)

This means that the massless graviton propagates at the light velocity. The de-Donder
condition 0*h,, = %8,,71 in momentum space becomes
1

k,e", = §k”€’ (2.22)
where e is the trace for the polarization tensor. The polarization tensor e,,, must be symmetric
because h,,, is already symmetric. Then in principle we have 10 degrees of freedom. However
eq. (2.22) represents four relations between the components of the polarization tensor, so we
only would have 6 independent components. From these six components, only two of them
represent physical degrees of freedom [29]. If in a local transformation of coordinates, we
select

e'(x) = it exp(ik,a”) — ie" exp(—ik,x7). (2.23)

Then, under local gauge transformations, the plane wave solution (2.20) becomes

h;w = ewerp(ik,x7) + e erp(—ikyx? )+
epkyexp(ikor”) + e;kyexp(—ikgl‘g) + e,k exp(ik,x”) + €k exp(—ik,z7). (2.24)

Equivalently
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W, = e exp(iker”) 4 e exp(—iksx7), (2.25)

17
with e;w = € + ku€, + ky€,. Then we can conclude that e;w and ey, represent the same
physical situation for arbitrary values of the four parameters €, [29]. At the end only two
degrees of freedom are relevant for the polarization tensor. Consider for example a wave
traveling in the +z-direction, with wave vector given by

ke — (k,0,0, k), (2.26)

with k% = k® = k > 0 as in the case of a wave moving at the light velocity and as a
consequence satisfying the condition (2.21). If we use the de-Donder condition in momentum
space given in (2.22), then

1
k’es, + k'eq, = 5kl,(eoo + et + e, +e), (2.27)

where we have taken into account that the only non-vanishing components of the wave vector
are k3 = k® = k. For v = 1, we have

kes1 + klegr = 0 = eq1 + eqr. (2.28)
Since k3 = k; for v = 2, then
E3es0 4+ ey = 0 = €39 + €po. (2.29)
When v = 0, we have
k*eso + kegp = %ko(e% + et 4 e, 4+ €b). (2.30)
This is equivalent to
k3eso + kleqy = —%ko(—eoo + e11 + €22 + €33). (2.31)
And from from eq. (2.26), we get
1
—€30 — €00 = 5(—600 + e11 + ex + e33). (2.32)
Finally, if v = 3, we have
kPess + kegs = %kﬁ(—eoo + €11 + e + e33). (2.33)
And by the same arguments as before we get
es3 + eo3 = %(—600 + €11 + e + e33). (2.34)

We can find the physical degrees of freedom by performing a rotation of the system. From
the previous equations, we have the partial results
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€01 = —€31, €2 = —€32, €03 = —5(633 +epo), e = —eq. (2.35)

Under local gauge transformation, the six components of e, transform in agreement with

/ /
€11 = €11, €12 = €12, (236)
/ /
€13 = €13 + kEl, €93 = €23 + kEQ,

/ !/
€35 = €33 + 2kes,  eyy = ego — 2kep.

Thus only e;; and ejs have absolute physical meaning, since the other components can be
sent to zero with an appropriate choice of k. If we select the following values for € as a
function of k

@ = %, €3 — —;ils, € — 62—013 (237)
Then the unphysical components vanish. The spin-2 behavior is obtained if we select the
appropriate linear combination of the tensor components e;; and e;5. The rotation around
the z-axis is just a special case of a Lorentz transformation given in the following form

R,' = cosO, R,*= sind, (2.38)
R, = —sinf, R,” = cos0,

Ry> =R, =1, other R} =0.

As Rk, = ky, then the only effect of a Lorentz transformation is to convert the polarization
tensors e, into

¢y =RSR, €. (2.39)

The non-vanishing components of the polarization tensor, are in agreement with eqns. (2.35)
and (2.36); €11, €12 and egg = —eqq, then from eq. (2.39), we get

Summing repeated indices, we get

Eq. (2.38) inside this previous result gives

e}, = (cos*0 — sin*0)eq; + 2coshsinfes. (2.42)

Doing the same process for ejs, we have
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Again if we sum over repeated indices, we get

Eq. (2.38) inside this expression and we get

€|y = (cos*0 — sin*0)ey — 2cosfsinbe . (2.45)

If we define the following linear combination

e+ = €11 F i€e1o, (246)

then under the transformations (2.42) and (2.45), ex transforms as

ey = €|, Fie)y = (cos*d — sin’0)ey; + 2coshsinfers F i((cos’0 — sin0)eis — 2cosfsinbery).

(2.47)
Regrouping terms, this quantity becomes
e/, = (cos*0 — sin6 + 2isinfcosh)ey; F i(cos’0 — sin0 + 2isinfcosh)ers. (2.48)
By factorizing common terms, we get
ey = (cos*0 — sin*6 + 2isinfcosh)(e11 F ie1a). (2.49)
From definition (2.46), we get
ey = (cos?0 — sin*0 + 2isinfcosh)ey = (cost) + isind)’ey. (2.50)
Or equivalently
e, = exp(£2if)eL. (2.51)

In general, we know that any plane wave that transforms by a rotation of any angle 6 about
the direction of propagation into

b=, (2.52)

is said to have helicity n [29]. The helicity for the gravitational wave field is in agreement
with the result (2.51) is n = +2. Then the gravitational field is a spin-2 field.

2.3 The A gauge

The A gauge was already explained in [31]. In such a case, A is not a source anymore, but
its effects will appear as gauge ones. Independent of the selected gauge, we expect to have 2
physical polarization tensors and we expect to obtain the same L.,; already found previously.
By proving this, we show that the background effects are gauge-independent as it must be.
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2.3.1 The equations of motion in the A gauge

The field equations in the A gauge can be obtained if we introduce the gauge condition
Ouht, — 30,h = Az, inside the full weak field version of the Einstein’s equations [25, 26, 31].
In this gauge, the equations simplify to

Ohy, =0, (2.53)

where the solutions for this equation must be obtained after taking into account the gauge
condition. They were already found in [31] and repeated here for clarity

) A
R = ewe”“” +c.c+ 1 (4xﬂxl, — nwx2) ) (2.54)

The first part of this solution is the plane wave contribution. The field equations (eqn. 2.53)
in momentum space show the fact the the graviton propagates at the light velocity k*k,.
The gauge condition, on the other hand, can be written partially in momentum space and is
given by

1
ke, = 51{:,,6 + Az, (2.55)

If b, does not satisfy the A gauge condition, then it is always possible to find some h;w that
does by performing the appropriate coordinate transformations with [1]

1
e, = 0", — 50,h. (2.56)

If the A gauge condition is satisfied, then the previous equations can only be reduced to
(25, 31]

Oe, = Az,,. (2.57)
The homogeneous solutions for these equations are the standard ones already given in [1]

e (x) = et — jerre M, (2.58)

The particular solutions are
e = at® + brt,

ey = ct?z' + d(z")? + ex((27)? + (2F)?).
The constants must satisfy the conditions —a + b = % and —c + 6d + 4e = A in agreement

with equation (2.57). We will write the particular solutions as € (x). Then, the infinitesimal
parameters for the coordinate transformations can be written as

e (x) = iete®® — jer* e 4 el (z). (2.59)
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2.3.2 Polarizations in the A gauge

If we assume that the wave is propagating along the z direction, namely, k! = k? = 0 and
k3 = k% = k > 0 [1]; then the relations among the polarizations components can be obtained
from eq. (2.55) as

A A 1 A
o1 = —€31 + (;) T, €p2 = —€3+ ( ) Y, €o3 = —5(633 + €go) + <;) 2 (2.60)

w
The previous equations correspond to the A gauge condition written in the form (2.55) for
v =1, 2,3 respectively. For the case v = 0, we get

1 A
€03 = —5(633 + eoo) — <;) L. (2.61)

If we sum this result with the one obtained in eq. (2.60), we obtain

cos — —%(egg + eo0) — (%) (= 1), (2.62)

for a wave traveling along the z-direction. The relevant coordinates are z and t. As the
graviton must travel along a light cone, then the assumption z =t is valid and the previous

equations just become to be the same as the standard ones obtained in [1]
1
€01 = —€31, €02 = —€32, €03 = —5(633 + €0o)- (2.63)

If additionally we analyze the transformations for the polarization tensors [1], then the inde-
pendent components transform as

€ = e — 2 (ct® + 3da® + e(y* + 27)) , (2.64)

€y, = €19 — dexy, (2.65)

€1y = €13 + key — dexz, (2.66)

€y = 93 + key — deyz, (2.67)

€33 = €33 + 2kes — 2 (ct® + 3d2? + e(y® + 27)) (2.68)
ego = eoo — 2keg — 2 (3at® + br?) . (2.69)

Observing these expressions for the 6 independent polarization tensors, we might believe that
there is a problem here because we are expecting only 2 of them to have physical relevance.
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However, if z = t and if additionally we ignore the coordinates x and y since the wave is
propagating along z, the previous transformations just become

ey, = e — 222 (c+e), (2.70)

€1y = €12, (2.71)

€15 = e13 + ke, (2.72)

€y = €3 + keg, (2.73)

€y = €33 + 2kes — 222 (¢ + 3d) (2.74)
€go = oo — 2keq — 222 (3a +b) . (2.75)

The conditions —a+b = % and —c+6d +4e = A must be satisfied. Here we want to keep e1;
as a physically relevant component for the polarization tensor in agreement with [1]. Then
the following additional conditions must be imposed

c=—e, —bc+6d=A, (2.76)
A
Cc = —3d, d= ﬁ’
A
b= —-3a, a= —o1

Then the physical relevant components are

’ ’
€11 = €11, €19 = €12. (277)

The behavior under rotations is still [1]

e, = exp(£+2if)ey, (2.78)
with ex = eq; Fiejp. This is what we were expecting. This result is in agreement with that
obtained in [38] where it was found that A does not affect the polarization of the GW during
its propagation. In [38] A only provides an isotropic contribution to the geodesic deviation
equation given by

. . . A

Zl == Z2 = Z3 == ng (279)
Here Z is the geodesic deviation coordinate in agreement with [38]. Then if we have a group
of particles creating a circle. They will move isotropically keeping the initial shape of the
circle. In other words, the polarization is not affected by the presence of A. This is valid for
Minkowski, de-Sitter and Anti de-Sitter spaces [38].
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2.3.3 Power and critical distance in the A gauge

In [25, 26], the radiation flux of a gravitational wave when it propagates in an asymptotically
de-Sitter space was calculated by taking A as an additional source of radiation (de-Donder
gauge). Here we want to explore if the same critical distance L..; can be obtained when we
take A as a gauge effect. We can perform the same calculations as in [26], but this time the
first order scalar curvature is RY) = 0 in agreement with the eqn. (2.53) [25]. The effective
gravitational Poynting vector in the A gauge is then given by

1
8t
This result differs from the one obtained in [26] only in the first order contribution of the

fo; = (Ré? - Ahoz-) +O(h®). (2.80)

Ricci tensor (RE}V)) which is zero in the present case. However, this difference is compensated
by the gauge effect. If we replace the solutions given in eqn. (2.54), after some standard
calculations and after taking an average over a large region of spacetime, we obtain the same
result Les &~ (fh)r2 as the one obtained in [26], repeated in eqn. (2.19) for clarity. If we
introduce the condition ry & 2 [34], when combined with the critical distance just found
previously, implies

Lcm’t X TA, (281)

and then the so called critical distance found in [26] becomes the background curvature scale
[34] and it helps us to evaluate the validity of the GW approach. Here however we interpret
this result as a consequence of the power decay rate as the GW propagates inside the back-
ground. In other words, the background absorbs the energy of the wave as it propagates. This
is in agreement with the CNC since it demonstrates the tendency for the inhomogeneities to
be dissipated at large times (distances). It shows the tendency for the space to go asymp-
totically to the de-Sitter one. In reference [35] the equations for the evolution of GWs in an
asymptotically de-Sitter space were written as in the asymptotically flat case but including
a viscosity term and a decaying term which is in complete agreement with the present for-
malism and interpretation. The formalism developed here is however very simple and can
be easily extended to massive gravity theories. These previous results are in agreement with
the predictions for the stochastic background of gravitational waves as has been explained
in [25, 39]. In this thesis I will not focus in such problems but it is important to remark
that the future discovery of stochastic background of gravitational waves, would open a new
window in physics since it would provide information of the universe when it was at the age
1073¢ seconds. This can give some ideas about the physics at very high energies [33].



Chapter 3

Linear massive gravity: The Fierz
Pauli theory

The idea of introducing mass to the graviton is not new. It was proposed since the beginning
of General Relativity [40, 41]. The simplest theory for a non-self interacting graviton is the
Fierz-Pauli theory [42]. Fierz and Pauli discovered that it is possible to reproduce a ghost-free
theory of massive gravitons by introducing a mass term in the action of the form

'Cmass = blhiy + b2h2 = mz(hiy - h2)7 (31)

where b; = —by. Only this combination of coefficients provides a ghost free version of the
theory, any other combination corresponds to a ghost [41, 42]. It is well known that the
action (2.7) is invariant under the following gauge transformation

Oghuw = 0uCy + 9y Cy. (3.2)

However, the mass term in the Fierz-Pauli action given in (3.1) violates this symmetry [41].
Then the Fierz-Pauli action describes a massive graviton. Later we will see how this action
can be extended to the non-linear case. For now, we can analyze that only the combination
of coefficients given in (3.1) provides the appropriate ghost-free action. The full action for
the Fierz-Pauli theory is

1 1 1
L= —§ayhaﬂa”haﬁ + 50uh0"h — OhO, b + Oyh, 50" h* — §m2(h“”hw, —h%.  (3.3)

If we set the massive term like —%m2(hwh’“’ — (1 — a)h?). By applying the Euler-Lagrange
formalism, we obtain the following field equations

e
Shiv

Oy — 050,07, — 060, 1, + 0,0, h A1, (0200 — Oh) —m® (B, — 0 (1 — a)h) = 0.
(3.4)

For a = 0, we recover the Fierz-Pauli tuning. For a # 0, it is possible to observe that we

have a ghost. If we take the divergence of the previous equation, we get the constraint

18
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*hy — (1 —a)d,h = 0. (3.5)

For a = 0, this condition after taking its divergence, is equivalent to the vanishing Ricci
scalar R = 0. If we introduce this condition inside eq. (3.4), then we get

Ok, — (1 = 2a)0,0,h — a0k — m? (B, — 1, (1 — a)h) = 0. (3.6)

If we take the trace of this equation, we get

—2a00h — m*(—3 + 4a)h = 0. (3.7)

For a = 0, this result is the traceless condition h = 0 and eq. (3.5) would imply in such a
case that 0"h,, = 0. If we replace eq. (3.7) inside eq. (3.6), then

m2

(O —m*)hu — (1 —2a)0,0,h + 7%(—3 + 4a)h +m* (1, (1 — a)h) = 0. (3.8)

If a # 0, the condition h = 0 is not obtained. Then we can only use the four constraints
obtained from 3.5. In such a case, we have 6 degrees of freedom propagating and then we
have a ghost. If a = 0, the previous set of equations simplify to

(O-m*h, =0, 0"h, =0, h=0. (3.9)

The second and third equations provide a total of five constraints. As the tensor h,, has a
total of ten components, then there are only five degrees of freedom propagating and there
is no ghost for this particular case.

3.1 Another way for counting the degrees of freedom

We can rewrite the Lagrangian (3.3) in terms of canonical variables. The canonical momenta
are given by

oL . .
ij

If we invert for the velocities, we have

71'1']'

: 1
hij = mij — §7Tkk5ij + 2010 (3.11)
Then the Fierz-Pauli action written in terms of these Hamiltonian variables, becomes

L= ﬂ-ijhij —H + 2h0i(8j7rij) + mghm + h00(62hzj — &Gjhw — mthi), (312)

where
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1 1
H = —71'.2. — —7'('.2.

1 1 1
5T “+§8kh,j(9kh”—@hjkajhzm—@zhwa]hkk—§8Zhj382hkk+§m2(hfj—hfl) (313)

If we consider the case m = 0, the components hg; and hgy are Lagrange multipliers, enforcing
some constraints [41]. It is direct to demonstrate that in fact there are only two degrees of
freedom propagating for this case. For m # 0, hg; is not a Lagrange multiplier anymore. Its
equation of motion is

1
h(]i = —ﬁﬁjmj. (314)

After plugging back this result to the action (3.12), we obtain the Lagrangian

L= Wijhij —H + hoo <62h“ - &ajhm — m2h11> . (315)
This time, with H defined as

1 1 1
H = 57‘('12] — Zlﬂ-i + éﬁkhwﬁkhw — 8Zh]ka]hzk + 8th]ajhkk (316)

1 1 1
_§aihjjaihkk + §m2<h?j — h) + ﬁ(aﬂ%‘)?

Although the component hyy remains a Lagrange multiplier, the Hamiltonian is not a first
class as in the case with m = 0 [41]. In fact, we have a secondary constraint from the Poisson
bracket with the Hamiltonian H = [ d*zH. The resulting set of two constraints is second
class and then we do not have gauge freedom anymore [41].

3.2 The vDVZ discontinuity

It is well known that the Fierz-Pauli theory has a pathology. Namely, if we set the mass of the
graviton to zero (m = 0), then we do not recover a massless theory as it is supposed to happen.
Instead, we recover a massless graviton plus an interaction term representing the coupling
between the scalar component and the trace of the energy-momentum tensor [41, 43] if we
have a source term 7},,. This result cannot be observed in vacuum. It can only be obtained
if there is a source. In other words, we have to include the energy-momentum tensor. In the
previous section, all the field equations were analyzed in vacuum, then apparently the theory
is not sick at this level. The source term included in the Lagrangian is given by

‘Cmatter o szilzTuuhwj- (317)

By adding this previous matter Lagrangian to the vacuum action given in eq. (3.3), the
equations of motions become of the form

—e = —m® (hyw — hny) +2M 2T, (3.18)
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with ¢, defined in agreement with the kinetic contribution given in eq. (3.4) [32, 43]. If
the Bianchi identity is assumed and if we also have conservation of the energy-momentum
0T, = 0, then the following constraint is obtained

8 h,p = Ouh. (3.19)

If we take the divergence of this expression, again this is just the vanishing Ricci scalar. In
fact, the condition is explicitly

8" 9"y, — Oh = 0. (3.20)

If we take the trace of eq. (3.18) and taking into account the previous condition (3.20), then
we get

2 T

h=—-—-—. 3.21
3m2M? (3:21)
P

Then even in the presence of a source term, the trace can be determined algebraically and it
cannot propagate. It is non-dynamical. If we introduce the results (3.19) and (3.21) inside
the field equations (3.18), then we get [43]

2 1 20,0,T

—(O-m*hy = — (T,,——Tn ,,) + ——£ ) (3.22)
a Mgl S T 3 sz;?l

We can compute the graviton propagator by expanding the graviton field h,, in a Fourier

expansion as

1 47, ikox® T,
by (2t) = ) /d ke h(k"). (3.23)
If we make an analogous decomposition for the energy-momentum tensor, then we can find
the propagator from the definition

. Tre
B, = D20
" e M2,

(3.24)

If we replace the Fourier expansions inside eq. (3.22). The explicit expression for the propa-
gator is

" 1 2 2 kuk,
D.l(iyzéaO) = m (npunau + nPVnUM - gnpanuv - 57790 :’LQ ) . (325)

If we want to find the propagator for the massless case, we have to start from the equation

—&u = 2M° T, (3.26)

In such a case, we have a gauge freedom and we can impose the De-Donder gauge condition

duht, = 18,h. Then the field equations become
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2 1

Ohy = —— (T y— =N ,,T) . (3.27)
1 M;gl w5l

Note that the field equations are just the same obtained in eq. (2.10) if we set A = 0. If we

replace the same Fourier expansion, then we get the massless propagator

Dy = % (Mouow + Npw oy = Moo ) - (3.28)
Note that there is a difference between the coefficients of the third term of the propagator of
the massive graviton given in eq. (3.25) and the analogous term for the massless propagator
given in eq. (3.28) even if the involved terms are independent of the mass of the graviton.
The difference marks the origin of the vDVZ discontinuity which was originally found in [44].
The term proportional to k,k, in eq. (3.25) does not appear in the final expression for the
amplitude because it vanishes after contraction with the energy-momentum tensor. This is
a consequence of the energy-momentum conservation in momentum space. We can compute
the formal tree level amplitude of two conserved currents. The amplitude can be defined as
[43, 45]

A=M / d* 8" (2)h,, (T) (), (3.29)

where h,, (T') is the tree level graviton field generated by a conserved source T),,. It is well
known that the graviton field is given by

hu(T) () = M2 / d*2' D, pe (. — 2") TP (2), (3.30)

where D,,,-(x — ') can be taken as the propagator for both, the massive or massless gravi-
ton as they have been defined before. If we introduce eq. (3.30) inside (3.29) and using
respectively (3.25) and (3.28), then we get

2 [~ - 1~
m=0 __ 4 v
AM=0 = /d b (S“ T, — 5ST) , (3.31)
1

2 /. . -
m#0 4 v
A™70 — /d ks (S“ T, — 3ST) : (3.32)

where I have used the large momentum approximation &% >> m? and I use the result k,S" =
0, which is a consequence of the energy-momentum conservation expressed in momentum
space. Now we can consider two non-relativistic currents with T#, o (M;,0,0,0) and S*, o
(Mg, 0,0,0). If we assume that the two sources are separated at a distance smaller than the
Compton wavelength, then the amplitude for the exchange of a massive graviton is given by
_ gm0 _ 2 [ gup MiMy
3 3 k2
Then even if the graviton mass takes very small values, the amplitude of the massive graviton
remains different with respect to the massless one.

Am#0)

(3.33)
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3.3 The Stiickelberg trick in vectorial theories

There is another way to obtain the vDVZ discontinuity. If we use the Stiickelberg trick [46].
First, let’s show how the trick works in a vector example. In such a case, the Lagrangian is
given by

1 , 1
L= 1 M — §m2AMA“ + A, J". (3.34)
The field equations are
O, F7 =m*A7 — J°. (3.35)
If we take the divergence of this expression, then we get the constraint
oyJ?Y
0,A7 = e (3.36)
If we replace this constraint inside eq. (3.35), then we get
1
2 o __ o o
(O —m")A% = —-J7 — W@ 0,J7. (3.37)

If we expand the field and the source terms in a Fourier series, then we can compute the
propagator. In such a case, the eq. (3.37) becomes

~ 1 1 ~
A“ = m <nﬂ’7 - ﬁk‘“k’y) J7. (338)

Then it is clear that the propagator is D;w x m (n,w — #kukw) as expected. We can
now take the limit m — 0 in the Lagrangian (3.34) and we realize immediately that the limit
only exist for a conserved source. There is however a discontinuity when the massless limit is
taken because we only have two degrees of freedom instead of three in such a case [43]. We
can introduce redundant variables in order to restore the gauge invariance and the continuity
in the number of degrees of freedom if we introduce a scalar ¢ by doing the replacement

A, — Ay + 8,0, (3.39)

Note that the tensor F), remains unchanged under this transformation. Then only the
mass term changes. We must emphasize that this is not a change of variables nor a gauge
transformation (although it looks like one). The new Lagrangian then becomes
L w12 A, + 0,02+ A" a,J"
[':_Z 2 _§m( pt u¢)+ nt —ngJ, (3-40)
where the coupling to the source has been integrated by parts. The new action, has the
gauge symmetry

gA, = A 6,0 = —A. (3.41)
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In the unitary gauge, we have ¢ = 0. In such a case, we just recover the original action and
the field equation for the scalar field ¢ just becomes equivalent to the divergence condition of
the field equations corresponding to the vector fields A*. This can be observed if we compute
explicitly the field equations given by

1
(0 — mQ)A” = (—o0"0+ m26”)¢ —J"+ ﬁa”avﬁ, (3.42)
for the field A” and

1
O¢ = ~0,A7 + —30,J°, (3.43)
m

for the scalar field ¢. In the unitary gauge, eq. (3.43) is obtained from the divergence of
eq. (3.42). The new Lagrangian (3.40) now has a gauge symmetry. It is however physically
equivalent to the action represented by eq. (3.34). We can normalize the action (3.40) by
defining ¢ — m~'¢ in order to normalize the kinetic term and then the Lagrangian becomes
[43]

1 1 1 1
r— _ZF/WF;W . §m2AMAu —mA,d"p — §au¢a#¢ + A, JH — E(b@w]/‘, (3.44)

and now the gauge symmetry becomes

SoAy = 0,0, 6,0 = —mA. (3.45)

If we consider the limit m — 0, which is valid if the current is conserved; then the Lagrangian
becomes

1 1
L= _ZFHVF/W — éﬁugb(’?"gb +A,J", (3.46)
and the gauge symmetry is
0gA, = O, A 40 = 0. (3.47)

In this case, we can see that the massless limit preserves the number of degrees of freedom.
Two of the 3 degrees of freedom go to the vector and the remaining one goes to the scalar. As
the vector is now decoupled from the scalar, then we have basically two free massless fields,
one vectorial and another scalar. The scalar degree of freedom does not disappear because

we have re-scaled it as m™'.

3.4 Graviton Stiickelberg and origin of the vDV7Z dis-
continuity

The massive Lagrangian of a graviton at the linear level becomes
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1
L="Ly— §m2(h,wh”” — h?) + Kkh,, T, (3.48)

which is in agreement with the expression (3.3). If we want to preserve the gauge symmetry
dghyw = 0,y + 0,(,, then we introduce the Stiickelberg field pattern

Py — hy + 0, A, + 0,A,. (3.49)

This redefinition can only change the mass term of the action (3.48). The new action becomes

1 1
£ = Lomg—gm? (hyu " —1?) = Fyy, F* —2m? (hy, 0 A"~ h AY) -y T — 26,0, T4,

2
(3.50)
where the definition F},, = 0,4, — 0,A, has been introduced. The new action (3.50) is
invariant under the following transformation

5ghuu = a,ugu + ayc;u 59Au = _CM' (351)
We can find the field equations from the action (3.50). They are

N
Shi

Ohy — 0300, — 030, 1Y, + 0,0,k + 1, (0200 — TIR)
—mZ(hW — Nuh) — 2m2(8uA,, — Nuw0,AY) + KT, =0, (3.52)

for the variations with respect to h,,. And

0, F"™ +m?(0,h" — 0"h) = k0, T", (3.53)

for the variations with respect to A,. The gauge A, = 0 recovers the original action. In such
a case, it is easy to verify that eq. (3.53) becomes equivalent to the Bianchi identity obtained
from the divergence of eq. (3.52). Following the same procedure as in the vectorial case, we
can rescale the field A, — m™'A,. In such a case, the action (3.50) becomes

1 1 2
£ = Lonmg = 5mP (W = B?) = S Fu F* = 2m(hy, 0 A” = h, A") + il T — %AuayT’“’.

(3.54)
In this case, if we take the limit m — 0, then we have a tensor field and a vector field. Both of
them are decoupled each other and they represent a massless graviton and a massless photon
for a total of 4 degrees of freedom. Then at this point, the massless limit loses one degree

of freedom. However, we can introduce a scalar gauge symmetry by introducing another
Stiickelberg field ¢

A, — A, + 0,0. (3.55)
With this new field, the action (3.50) becomes
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1 1
L= Ly — émQ(hWh“” —n?) — émQFWF’“’ —2m®(h,,, 0" A" — hd,A")
—2m?(hy 0" 0" ¢ — h*@) + khu T — 26A,0,T" + 2K¢0,0,TH . (3.56)

Now we have two gauge symmetries, given by

Oghyw = 0uCy + 0uCuy 044, = —Cpu. (3.57)

oA, =0\, 5,0 =—A. (3.58)

If we fix the gauge ¢ = 0, then we recover the Lagrangian (3.50). The equations of motion
in this case become

Ok — O60uhY, — 050, B, + 8,0, h + 0, (030,17 — TIR)

_mQ(h;w - nuvh) - 2m2(8MAV - mwavAw)

_m2(8H8V¢ - nuu82¢) + //M'T‘u,z/ - 07 (359)

for the variation with respect to h,,. The equations corresponding to the variation with

respect to A, are just the same as those obtained in eq. (3.53). On the other hand, the

equation related to the variation of the scalar field ¢ is given by
k0,0, T

m2

8,0,h* — Oh = (3.60)

If the source term 7}, is conserved, then the previous expression is equivalent to the vanishing
of the Ricci scalar R. If we rescale 4, — (1/m)A, and ¢ — (1/m?)¢, then the Lagrangian
(3.56) becomes
1 2 nuv 2 1 % w AV o
L=Lp-o— gm (hwh" — h*) — éF;wF —2m(hy, 0" A” — ho, A")
2 2
—2(hy 00" — hD*¢) + khy T — —KAL0,T" + — k¢80, TH, (3.61)
m m
and the gauge transformations become
dghpuw = 0uCy + 0,C,, 044, = —m(,.
dgA, = O, 0g¢ = —mA. (3.62)

One factor of m is absorbed inside the gauge parameter A. If we assume the source to be
conserved and then we take the limit m — 0, then the Lagrangian takes the form

1
L= Lo = GFuF" = 2(h,, 0" ¢ — hD*¢) + kh,, TH . (3.63)
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In this limit, we observe that we have 5 degrees of freedom but the scalar is kinematically
mixed with the tensor. The vector field is completely decoupled. If we perform a linear
conformal transformation by defining

P = N + Oy (3.64)

Then the massless graviton Lagrangian in eq. (3.63) becomes

Lo = Lomalt!) +2 (@,0)0H) ~ @0)@,0) + 50,0000)) . (309

Then the Lagrangian (3.63) is

L= Lol — %FWF“” — 3(0,60)(0"0) + Kh, T + kT, (3.66)

and the gauge transformations become

Sohly = 0G0+ 0,Cuy  G4A, = 0.
SgA, = DA, 5y = 0. (3.67)

This massless limit is soft in the sense that now we have 5 degrees of freedom, 2 in the
massless graviton field, other two in the massless photon field and the remaining one in the
massless scalar. Note however that there is a coupling between the scalar component and
the tensorial one in the Lagrangian (3.66) even in the massless limit. Although this coupling
disappears for the case of photons, it will appear for ordinary matter. This coupling marks
the origin of the vDVZ discontinuity. This discontinuity is in fact a pathology due to the
linear approach. It is necessary to go to the non-linear level in order to recover the continuity
of the theory at the massless limit.

3.4.1 Graviton Stiickelberg and the propagating ghost

Starting this chapter I explained that for a massive term given by —im?(h,, h*” — (1 —a)h?),
there is a ghost for a # 0. Here I will show that by using the Stiickelberg trick, it is possible
to derive the reason for the absence of a ghost when a = 0. If we follow the same procedure as
in the first part of the chapter, then for the transformation given by eq. (3.49), the massive
term defined previously for a # 0 becomes

1 1
—émQ(hWh’“W —(1—a)h?) - §m2FWFW —2m?(hy,, 0" AY — hd,A*) —2m*a((0,A")* + ho,AM).
(3.68)
If again, we make the transformation suggested in eq. (3.55), then the massive term will
contain the following additional terms with respect to the result (3.56)

—2m’a ((0,A")* 4 20,A"0¢ + (0¢)* + hd, A" + hO¢) . (3.69)
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Note the presence of the term ((J¢)?. It represents a higher derivative contribution and it
implies the existence of a ghost. Only if a = 0, this term disappears. This result is in

agreement with the analysis performed in [48].



Chapter 4

The non-linear formulation of massive
gravity

Based in the arguments of the previous section, it seems that we should reject any theory
of massive gravity since it would be in disagreement with solar system observations due to
the vDVZ discontinuity [43, 44, 45]. However, Vainshtein realized that non-linearities can
restore the continuity of the theory [49]. It was however demonstrated that non-linearities
can activate the so-called Boulware-Deser ghost [43, 50]. It took time for this pathology to
be solved with the Az version of massive gravity developed by de-Rham, Gabadadze and
Tolley [10, 11] (dRGT). The dRGT theory is ghost-free. The fact that the theory is ghost
free, was first analyzed at the decoupling limit [10] and after outside the decoupling limit
[11]. The first work demonstrating that the theory is fully ghost-free for any background was
performed by Hassan et. al [51]. The generalization of the Fierz-Pauli action to the non-linear
case considers the dynamical metric g,, and the same kinetic terms of General Relativity.
Then the same kinetic part of the action (2.1) remains and we need a mass term [41, 43].
The mass term is not necessarily linear. Of course, we expect that the mass term goes to the
Fierz-Pauli one after quadratic expansions around a flat background and working in weak field
approximation. In order to get a massive term in a non-linear theory, we have to introduce
an auxiliary metric (f,,) [43], otherwise, we would have simply two propagating degrees of
freedom. The extra metric is normally taken to be flat (unitary gauge) and nondynamical.
With a second metric coming to the scenario, we will have a new term in the action Sy, (f, g9),
which represents the interaction of the two metrics. This action is taken such that i). the
theory remains covariant under diffeomorphisms (common to the two metrics). ii). The
theory has a flat solution of the field equations for g,, . iii). When one expands g, to second
order around the canonical Minkowski metric 7,, as g, = 1. + hy and additionally, we
let the fiducial metric f,, to take the Minkowskian form (Unitary gauge), then the potential
at quadratic order for h,, takes the Fierz-Pauli form given by eq. (3.3). In principle, there
are many possible interaction terms satisfying these conditions. Among the possibilities, we
have [27, 52]

29
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1
Sint = _gsz;l / d4l’ V _fH;wHUT (.f'lwfyT - fwjfg‘r) ) (41)
or equivalently
1
Sint = —gmgMgz / d'zy —fHuwHor (679" — 9" g°7), (4.2)

where H), is the covariantization of the field h,, defined previously. This field is defined as
H,, = g — fuw [43]. Independent of the explicit form of the interaction term Sj,, it has the
form [53]

1 @)/ -

Sus = —gmt M3 [ ey =gV(g ), (4.3
where \/—gV (@ (g~1f) is a suitable "potential” density associated with the scalar function
V(@) We can observe that the metrics interact in a non-derivative way and that the theory
has to be invariant under diffeomorphism [53]. The diffeomorphism invariance as usual is
expressed as transformations acting on the metrics as follows

Guw = Oz’ (2)0,2" () g (' (), (4.4)

fuw = 0’ (2)0,2" () for (2 (). (4.5)

Under these transformations, V(®) transforms as a scalar. When matter is introduced, it is
usually assumed to be minimally coupled to the dynamical metric g,, and the total action
is normally taken as

S— / O (M7§ZR + L(g)> b Sim(frg). (4.6)

The possible non-vanishing cosmological constant is included inside the interaction term
Sint(f,9). In fact, if there are no interaction terms, the eq. (4.6) just reduces to the Einstein-
Hilbert action already shown in eq. (2.1). The decoupling limit for an action of the form
(4.6) is in general defined as [10, 11]

Mpim \/__g(U2<gaH) + U3(97H) + U4(gv H) + US(gv H) + )7 (47>

L=M?/—gR -
where the U; terms denote the interaction at ith order in H,,

Uz(g, H) = Hy, — H?, (4.8)

Us(g,H) = e1H}), + c;HH,, + csH?, (4.9)
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Uilg. H) = d\H,, + dyHH;,, + dsH,., HZ g + dy HH?, + ds H*, (4.10)

o

U5(g, H) = leEV+f2HHﬁy+f3H2H2V+f4H2ﬁH3V+f5H(H3V)2+f6H3H3V—|—f7H5, (411)

where the index contractions are performed using the inverse metric g*”. For example H =
g"H,, and Hil, = g™ g*°H,,H,3 denote traces with respect to the dynamical metric. The
coefficients ¢;, d; and f; are arbitrary but in the ghost-free version of massive gravity, they
are selected such that any ghost is absent. In [10], the authors obtained a ghost-free version
up to quintic order. In [11], the authors proved that the theory is ghost-free at all orders in
the decoupling limit. Finally in [51], the authors proved that the theory is ghost-free even
outside the decoupling limit. The tensor H,, is defined as

B "
G = N + ML = Hoy + 1a60,6"0,¢", (4.12)
pl

where a,b = 0,1,2,3 and 7, = diag(—1,1,1,1). H,, behaves as a tensor if the fields ¢*
transform as scalars under a change of coordinates. The definition (4.12) gives the form for
the covariantization of the perturbation h,,. The purpose is to restore the gauge invariance

by introducing redundant variables. If we define
¢t = (% — 7)o (4.13)

(e 2]

then we get

hy
H,, = ML + 0,7y + Oy — NapOumO,m”. (4.14)

pl
The index for 7# is raised or lowered by using the Minkowskian metric 7,,. If we use the
substitution m, = d,7/A3 with the effective field scale Az, then we get

Py 2 1

H,, = h,, — ——II* , 4.15
! My " Mym? ™" M,?zm“ w ( )

where 11, = 9,0,7 and II”, = n*’II,,oI15,. The traces are defined as [II?] = II**II,,, and
[IT]* = I1#,11”,,. Tt is possible to define [11]

Q" (g, H) =d", — /", — H,. (4.16)

With this definition, we can demonstrate that

11
g H)po—g = — 417
QM (g )h,,u/ 0 Mplm2 ( )
This is obtained if we take into account that H,,,—o = ﬁl’[w — M+m4H/2W from eq.
p pl

(4.12) and then replacing it inside eq. (4.16). In what follows, we will use square brackets
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(] = n*I1I,, for the traces with respect to the Minkowskian metric. And we will use
II,, = Tr(I1"™) or II" = (T'r(I1))™ for the traces with respect to the dynamical metric g,,. The
consistency of the Fierz-Pauli action term h% — hfw is related to the fact that the Lagrangian
term

£P) = m? - [m?, (4.18)

is a total derivative. Inside the non-linear formulation of massive gravity, it has been demon-
strated that additionally the terms

£ = [M]* — 3[M][I?] + 3[11%], (4.19)

der

£(4)

der = [T1]* — 6[IT%] [IT]* + 8[TT°][IT] + 3[IT*]* — 6[TT"], (4.20)
are also total derivatives. The key point of dRGT theory is that the coefficients for the
potential terms given from eq. (4.8) until (4.11) are tuned such that the total derivative
term interactions defined in eqns. (4.18), (4.19) and (4.20) are obtained [10]. The expansions
(4.18) until (4.20) correspond to the interaction terms up to quartic order. It has been
demonstrated by de-Rham and Gabadadze [10], that the higher-order combinations satisfy
L™ = 0 for any n > 5. After tuning the coefficients of the potential such that the total
derivative conditions are satisfied, all the interactions that arise at an energy scale lower
than A3 disappear. As a consequence of this, the decoupling limit in this theory is considered
as

m—0, My —oo, with As=(m>My,)"® fired. (4.21)

In [10], the coefficients for the potential were selected such that the previous conditions
are satisfied up to quintic order. If we want to ensure that no ghost appears outside the
decoupling limit, then it is possible to extend the second and higher order terms (4.18),
(4.19) and (4.20) away from the condition h,, — 0 [11]. This is equivalent to replace the
terms II by the corresponding @) terms defined previously in eq. (4.16). Then the action
becomes

2

L= %\/—_g (R+m?U(g, H)), (4.22)

where the potential terms for U(g, H) will be defined in the next section inside the Ag version
of massive gravity.

4.1 Formulation of the dRGT

In the standard formalism of the dRGT theory, the action is given by [10, 11]

S = %/dﬂ‘x\/—_g(RijQU(g,qb)), (4.23)
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with the effective potential depending on two free parameters as

Ul(g, ¢) = Uz + asUs + Uy, (4.24)
where
Uy = Q* — Q, (4.25)
Us = Q° — 3QQ2 + 2Qs, (4.26)
Uy = Q" — 6Q°Qs +8QQs + 3Q3 — 6Qu, (4.27)
Q=01 Q.=Tr@")", (4.28)
Q", =", — M, (4.29)
(M?)", = g" faw, (4.30)
Fuv = 1ab0pu 08" (4.31)

We can the compute the field equations as follows

G,uzz = _m2X,u1/7 (432)
where
ou 1
XMV = 597 - EUg/“,. (433)

Here f,,, is the fiducial metric and @) is the trace of the matrix Q*, with respect to the dynam-
ical metric. The potential (U) defined above is unique. It is impossible to add polynomial
terms without introducing a ghost [10, 11]. If we want to prove that eq. (4.32) is consistent
with the definition of the tensor X, as given in eq. (4.33); we have to demonstrate that X,
is symmetric and divergence-free. The first requirement is automatically satisfied because
Qv 1s a symmetric tensor. In contrast, the second requirement leads to constraints on g,
and /or ¢*. To see this, we use the diffeomorphism invariance of the mass terms of the action

I\ —gU(d, &) = / o/ ~gU(9, 0). (4.34)

For an infinitesimal coordinate transformation

or = C'ua 6guu = _QV(,ugu)y 5¢ - —Cuamé, (435)

this equation leads to



CHAPTER 4. THE NON-LINEAR FORMULATION OF MASSIVE GRAVITY 34

0= /d4x\/—g (—m2VVX‘“’§M — —(;Z V#gbC“) : (4.36)
Hence we obtain
oU oU
2 v o_ a — a
mV, X", = —0,¢ _5gz5“ 0,0V, (—8(&,925“)) . (4.37)

If the field equations (4.32) holds, then the left-hand side of this equation should vanish due
to the Bianchi identity. Because 0,¢® is regular matrix, this constraint is equivalent to the
Euler equation for the Stiickelberg field

% (5 ) =° (1.35)

4.2 The Schwarzschild-de Sitter solution in Einstein
gravity
The Schwarzschild-de Sitter solution in Einstein gravity corresponds to the vacuum solutions

for the field equations given in (2.3). The solution in static coordinates is given by a metric
of the form [54]

ds* = =V (r)dt* + V(r)"tdr* + r?dQ3, (4.39)

where

V(?‘)—l—E—lr—2 r. =2GNM r —i (4.40)
= i el s = 2GNM, A—\/K. .

The event horizons for this metric can be calculated by using the standard condition [1]
9" (re) = 0. (4.41)

After solving this equation, the two event horizons are given by [54]

1 3

rog = —2r,c08 (5 (cos1 (2:/1) + 27T)> : (4.42)
1

rey = —2rscos | = [ cos™ 37 +4r ),
3 27“/1

where roy corresponds to the cosmological horizon and rgg corresponds to the black hole
event horizon. The equations (4.42) show that the maximum mass for a black hole in an
universe with a positive cosmological constant A is given by

2
1m
_ pl
Mmaa: - 5

4.43
s 2, (4.43)
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where m,, corresponds to the Planck mass and m, = V/A. Tf the mass of a black hole is
larger than the value (4.43), then there is no radiation process at all and we only have a
naked singularity. M, is however of the order of magnitude of the mass of the universe if
we take the observed value for A [55]. As M = M,,4., the two event horizons take the same

value <7‘BH =rog =Tp = %), they are degenerate and there is no net radiation due to

the thermodynamic equilibrium established. For degenerate horizons, the Schwarzschild-like
coordinates given by the expression (4.39) and (4.40) are not valid anymore [56, 57]. As
Bousso and Hawking have explained before [56, 57|, as M — M4, then V(1) — 0 between
the two horizons (BH and Cosmological). In such a case we need a new coordinate system.
In agreement with Ginsparg and Perry [58], we can write

IGPM?A =1-3¢%, 0<e< 1, (4.44)

where the degenerate case (where the two horizons become the same) corresponds to € — 0.
We must then define the new radial and the new time coordinates to be

t= ﬁ@/}, r= % (1 — €cosY — éeQ) : (4.45)

In these coordinates, the black hole horizon corresponds to y = 0 and the cosmological
horizon to x = 7 [56, 57]. The metric then becomes

2 2
ds* = —r3 (1 + gecosx) sin®xdi® + 13 <1 — gecosx) dx? + 13 (1 — 2ecosy)d5.  (4.46)

This metric has been expanded up to first order in €. Eq. (4.46) is of course the appropriate
metric to be used as the mass of the black hole is near to its maximum value given by (4.43).
The result (4.46) is obtained after doing the transformations for the metric in the form

_ 0z" Ox?

Guv 890“ @gab- (447)

It is easy to verify that the previous result is reproduced after introducing the coordinates
(4.45) and taking the positive root in eq. (4.44). The negative root of eq. (4.44) is unphysical
and then ignored.

4.3 The Schwarzschild de-Sitter (SdS) solution in dRGT
theory

If we want the SdS solution to be a solution for the field equations in massive gravity, the
tensor X, should be a constant multiple of g,,, and given by [17]

m* X, = NGy, (4.48)
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with X*# given by

9" Xow = —Q — %(Q2 — Q)+ (1+Q)Q", — (Q*)", + %{3(622 - Q)
—Q° +3QQ2 — 2Q3 +3(2Q + Q% — Q2)Q", — 6(1 + Q)(QM)", +6(Q*)",}
+ay{—2Q° + 6QQ2 — 4Q3 + 6(Q* — Q2)Q", — 12Q(Q*)*, + 12(Q*)*,}. (4.49)

If the field equations satisfy the condition (4.48), then we have a set of solutions for the
Einstein equations with A. The different solutions are not however necessarily equivalent
even if they are connected by diffeomorphism transformation. This is due to the fact that
the Stiickelberg fields are not necessarily related by the same transformation. Later in this
document we will see that this apparently harmless issue, becomes highly pathological for
the black hole physics in this formulation. In agreement with the definition (4.33). If the
parameters satisfy

1204 = 1+ 3as + 903, (4.50)

then any metric of the form

ds? = gudt® + 2g,,dtdr + g,.dr® + TQSgdﬂg, (4.51)
will satisfy the condition (4.48) with
. 30(3 +1
N 3@3 + 2 ’

Note that Sy # 1 for any value of the parameter ag, this means that the cosmological constant
defined in unitary gauge and given by

0 (4.52)

1— S(_) m2
A = 2 _ 4.53
m SO 30&3 + 1’ ( )

is different from zero. Although in principle the metric is arbitrary, it can be translated to
the standard S-dS form after some coordinate (gauge) transformations. If we work in unitary
gauge, all the degrees of freedom will be inside the dynamical metric. The Stiickelberg fields
@* are given by

X =t, ¢=x=rcosb, ¢*=y=rsinfcosp, ¢°>=2z=rsinbsinge. (4.54)
In this gauge, the fiducial metric f,, is

fudatds” = —dt* + dr® + r*(df® + sin® 0 d¢?). (4.55)
Hence, for the metric (4.51), the matrix M? defined in (4.30), is given by
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_gtt gtr 0 0
. o qtr T 0 0
M) ="t =0 % 1 (4.56)
S2
0 0 0 =

We define the root square of this matrix by using the expression (4.29) and defining [59]

a c 0 0
u | —c b 0 0
0O 0 O 1— %
Here 1
l—ag= —(—gtt o (— —1/2 4.58
a Ml( 9"+ (=9@) ") (4.58)
tr
g
S 4.59
L=b= (" + (~g) ™) (4.60)
M, ’
_ 1/2
Ml - <_g(2)) 1/2 (_gtt + Grr + 2(_9(2))1/2) / 5 (461)
9(2) = Git — G- (4.62)
In terms of M, , we get
1
My = ﬁ(—l +9u(=9)""?), (4.63)
1
(—g)?
M, = . 4.64
t M, Gt ( )
1 ~1/2
M., = ﬁ(l + grr<_g(2)) )7 (4-65>
1
1
Mij = <9i- (4.66)
We can also express g, in terms of the components of Q*, as follows
(1-0)2—c2
= _ 4.67
1— 2 2
(1—a)f —c (4.68)

I = 1= a)1—b) + 22
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c(2—a-0)
= — , 4.69
Ir =TT —a)1—b) + 2P (4.69)
goo = 1252, (4.70)
Gop = 1255100, (4.71)
(—g@) =+ (1 —a)(1-b). (4.72)
If we introduce the definition of Q*, given by eq. (4.57) inside eq. (4.49), we obtain
S—1
X', = —bFy — (F) + 1)< S ), (4.73)
X! = cF, (4.74)
X', — X" = (a—b)F, (4.75)
1 S—1
Xt — X% = F, (a—1+§)+FQ(ab—|—02—b< S )), (4.76)
where we define
1+3
Fy=3a5+2 - % (4.77)
4
Fy =1+ 603+ 12a4 — M (4.78)
S—1
B=r+2 Vg (4.79)
If the following conditions are satisfied
30[3 + 1
FL=F=0 S= B0+ 2 1204 = 1+ 3a3 + 9a3. (4.80)

Then the conditions (4.50) and (4.52) are satisfied. As a consequence, X*, becomes multiple
of the unit matrix

5. (4.81)

This is true independent of the form of a(t,r), b(t,r) or ¢(t,r) and as a consequence of the
background metric. If we require the metric (4.51) to be a solution of the field equations
(4.32) with (4.50), owing to the Birkhoff theorem for the Einstein vacuum system, it must be
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isomorphic to the Schwarzschild-de Sitter solution in the standard form for which g;; = —f(r),
g = 0 and g, = 1/f(r) with f(r) = 1 —2M/r — Ar?/3. The above result means that
Git, g and g, obtained from this standard form by arbitrary change of time coordinate
t — T(t,r) also satisfies the field equations (4.32). Because we have already fixed the
spacetime coordinates by the unitary gauge condition (4.54), these solutions obtained from
the standard form by fixing the Stiickelberg fields and applying the coordinate transformation
only to the metric should be regarded to be inequivalent mutually [59]. In appendix (C),
we exhaust all the other possible solutions as follows. The solution with a flat metric. The
metric form should be that of (C.3) with S given by one of the values in (C.4). No constraint
on the parameters a and 3 is required. Solution SdS-I: The Schwarzschild-de Sitter type
solution discussed in this section. The cosmological constant is given by A = m?/a, and the
metric is given by (C.9) with S = a/(1+ «). The parameters are constrained as 3 = a?, but
the function Ty(t,7) can be arbitrary. Solution SdS-II: The Schwarzschild-de Sitter type
solution whose metric is given by (C.9) with constant S given by (C.13) and the cosmological
constant (C.14). The parameters a and (3 are weakly constrained as 3 < o?, but the function
Ty is constrained to those satisfying (C.12). In the unitary gauge, if we introduce all the
degrees of freedom inside the dynamical metric, the Schwarzschild de-Sitter (SdS-I) metric
becomes

§2 — (W(r))*f(Sr)
f(Sr)

This metric corresponds to the rescaling » — Sr with a constant S and introducing the
coordinate transformation

dr? + S*r?dQ3.  (4.82)

ds* = —p2 f(Sr)dt® — 2uh (r) f(Sr)dtdr +

t — ut + h(r), (4.83)
inside a metric of the form
ds* = —f(r)dt* + ar + r2d<; (4.84)
f(r) g '

From the metric (4.82) and the metric components defined previously in (4.67), (4.68) and
(4.69), together with the determinant condition (4.72), we get

A+ (1—a)(l—b)= /%S (4.85)

(1—b)?— = —% (Sr), (4.86)

(1—a)?—c*= 5= g;,;ﬂsr), (4.87)
W(r)f(Sr)

. (4.88)
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From these equations, we can observe that only the condition (4.85) is invariant under coor-
dinate transformations. It corresponds to the determinant of the matrix M*, = (1 — Q)" in
agreement with the result (4.57).

4.4 Gauge invariant formulation for Black Hole pertur-
bations
In this section we introduce some notions for working with the gauge invariant perturbation

approach as has been formulated previously in [60, 61]. We start from a background metric
given by

ds? = g, da"ds” = gu(y)dy dy® + % (y)do? (4.89)

n’

where ¢, is the metric of a two-dimensional spacetime D? and

do? = ~;dx'dx? | (4.90)

is the metric with a constant sectional curvature K on a unit two-sphere S?. The internal
metric 7;; in S? is proportional to the i — j components of the Ricci tensor

for some constant K. If S? is maximally symmetric, then the constant K corresponds to the
sectional curvature of S? and we can normalize K = 0, £1. In general, we assume that S? is
complete since it describes the cross section of the event horizon. Here I will take K = 1 and
n = 2. We denote the covariant derivative, the connection coefficients, and the curvature
tensors for the different spaces as follows

v;u F/J}\) R;Ll/)\ﬁy (492>

for the four-dimensional spacetime (whole),

Dm " Zc? mRabcd, (493>
for the subspace with metric g,. And finally

~ ~

Dy, e R = K(vaevie — vavie)s (4.94)
for the bi-dimensional subspace with internal metric v;;. The geometric structure of the
background, requires a background energy-momentum tensor given by

T =Tu(y), Tu=0, T',=P5, (4.95)

Here P is a scalar field on D?. In this manuscript, we will be working with a static background
metric.
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4.4.1 Tensorial decomposition of perturbations

We classify the perturbation variables into three different types according to their tensorial
behavior on the subspace S? in such a way that the different type of perturbations get
decoupled. After we can introduce the harmonic tensors on S? such that each type of Einstein
equations reduce to a set of equations for the subspace D?. The perturbation variables can
be classified in agreement with the decomposition theorems as follows:

i). If (5%,7;;) is a compact Riemannian manifold. Then any dual vector field on S? can be
uniquely decomposed as

where DV, = 0. Here V; and S are respectively, the vector and scalar-type components of
the dual vector v;.

ii). For a compact Riemannian Einstein space (S2,,;) with curvature tensor R;; = ¢, for
some constant c. Any second rank symmetric tensor ¢;; can be uniquely decomposed as

tij = 2D(it§;) + i + Lijtr, (4.97)
R P
Lij == DiDj — §’Y¢JA, (4.98)

where Eitl(-l) — 0 and t;, = t" /n and A is the Laplace-Beltrami operator. We refer to tgl)
and (t7,tr) as the vector and scalar-type components for t;; respectively. If we consider
perturbations h,, over the full-spacetime with metric g,, dz*dx", then we can decompose the
perturbation as

hydatdx” = hapdy®dy® + 2hg;dy®dz’ + hijdzidzj. (4.99)

Here the components hy, are purely scalar with respect to transformations over S2. If we
apply the decomposition theorems (i) and (ii) explained above over the vectorial h,; and
tensorial components h;;, then we get

hai = Dihg + hL), (4.100)
hij = 2DhY + hiyyg + Lihy, (4.101)

where,
DrY =0, DR, =o. (4.102)

i ,hg)i), and the scalar part consists of (hap, R, i, hgg))). Note
that it is possible to add an arbitrary function of y to h, in eq. (4.100). This corresponds
to the exceptional mode [ = 0 (S-mode) in the harmonic expansion to be explained later.

The vector part of hy, is (h(l)

In eq. (4.101), hg,(,) ) is uniquely determined up to functions belonging to the Kernel of the
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operator I:Z-j, which consists of the S-mode (I = 0) and the [ = 1 modes in the harmonic

expansion. Similarly, h(Tli) is unique up to a combination of the Killing vector of S? with
arbitrary functions of y as coefficients. This corresponds to the exceptional mode with [ = 1
in the harmonic expansion. These exceptional modes are spurious as the S-mode for h, and
should be discarded in physical arguments. With this understanding, the scalar components
(hab, ha, hr, hr) of the metric perturbation h,, describe the scalar perturbation, and the vector

components (h(l) hgpll)) describe the vector perturbation. In a similar way, we can decompose

ar

the energy-momentum perturbations as follows

5T = DT + 6TV, (4.103)

0T, = 0TV + 6P6,; + LyoTy, (4.104)

with ﬁicST(S J—0= ZA)ZET}Ui. Hence, the scalar and vector components of the perturbation
of the energy-momentum tensor consist of (67,677, 0P, 5T}0)) and (6Ti(1)“, 5Tj(1)z), respec-

tively. There exist spurious exceptional modes in 67 and 6T’ }O) as in the metric perturbation
decomposition.

4.4.2 Gauge invariant variables

The Einstein equations are invariant under the gauge transformation generated by an (in-
finitesimal) vector field (M. After performing a gauge transformation, the perturbation
variable h,, and its transform h,, — £¢g,., both represent the same physical situation. Then
we have an ambigiiity since there are infinite perturbation variables representing the same.
If we want to remove the redundancy, we can construct a gauge-invariant set of variables
and then use them as a basis for the perturbation equations. This automatically extract the
physical degrees of freedom related to the perturbations.

First, let’s write the gauge transformations for the components of h,, as follows

hab = haty — Doy — DiCa, (4.105)

G -
Rai — hai — 12Dy (5 — Dy, (4.106)
hij — hij — 2D () — 2r(D*r)Cai- (4.107)

In a similar way, the gauge transformations for the perturbation of the energy-momentum
tensor components become

5Tab — (STab — CCDCTab — TacDbCC — TbcDaCC, (4108)

0T — 0T — Ty DiC® — 2P Do (¢ /1?), (4.109)



CHAPTER 4. THE NON-LINEAR FORMULATION OF MASSIVE GRAVITY 43

0T — 0135 — CaDa(TQP)%'j - P(DiCj + DjCi)- (4.110)

From the decomposition theorem, the generators ¢ are separated into vector and scalar
components as

C=Tas C=Vi+ DS, (4.111)

where 7% DZV] = 0. For vector perturbations, the gauge transformation of the metric pertur-
bation is given as

Vi

p ) —2p, <—2) : (4.112)
r

Wyl — by = Vi (4.113)

Then we can define the gauge invariant basis

at at r2

hiy,
FY = pW _p2p, ( Li > . (4.114)

In a similar way, we can define gauge invariant variables for the gauge transformations of the
components of the energy-momentum tensor

e = srhe (4.115)

7= er)", (4.116)
Then any vector invariant variable can be expressed as a linear combination of (Fa(z1 ), 7';11 ), Ti(;))
5T%)) in terms of the
above defined invariants and h',(rli)- Under gauge transformations, ht(rli) just transforms like ¢,
then if we define this variable in terms of the invariant basis, we are automatically specifying
the gauge. For scalar perturbations, the gauge transformation law is given by

and their derivatives. Then we can define the perturbations (h(l) 5T

ai ) ai )

hab — hap — 2D Ty, (4.117)

he — ha — Ty — 12D, (%) : (4.118)
hy — hy — 2r(D%")T, — AS, (4.119)
hy — hyp — 28S. (4.120)

~

We can define Xy, = (X,, X; = D; X) as
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7“2 hT hT
Xo==hs+ =D, | —= |, Xp:==-——, 4121
T3 <r2> L 2 (4.121)

and X, just transforms like X, — Xy + (37, and then

(Xoy X1) — (Xo + T, X1+ S). (4.122)

We can now define the following set of gauge invariant variables
F® = hay + 2D Xy, (4.123)

FO = h; 4+ 2r(D) X, + AX],. (4.124)

For the exceptional modes, these are not gauge invariants. For the case of matter perturba-
tions, we have

S = 5T+ X DTy + Toe Dy X¢ + The D X, (4.125)
2@ .— D57 + T D, X" — PD, X", 4.126
1 b
O ._sp + X°D,P, 4.127
L
o = 7. (4.128)

For the exceptional modes, all or some of these variables are not gauge invariants. Further, for
the S-modes, ng and Hg.)s do not exist, and for the exceptional modes with [ = 1, HE?) does
not exist. As in the case of metric perturbations, any scalar gauge invariant can be expressed
as a combination of the variables (F é?,F ©) Eg;)), E((I(Z)-),Z(O),HE?)) and their derivatives. In
general, we can express the metric and matter perturbations in terms of the above set of
gauge invariants and in terms of X,,;. Writing X, in terms of the gauge invariant variables
is equivalent to fixing gauge. In the next sections we will use the gauge invariant approach
explained here by expanding the corresponding variables in terms of Harmonic tensors as it

is explained in [60, 61].

4.4.3 Harmonic expansions

In practical arguments, it is often more convenient to use the harmonic expansions for per-
turbation variables and their gauge-invariant combinations. We also use it in the subsequent
sections. Here we give some expressions for scalar and vector harmonic expansions relevant
to the analysis in our paper, but more details can be found in [60, 61]. First, in order to ex-
pand vector perturbations, we use the irreducible harmonic vectors defined by the eigenvalue
problem

AV, = —k2V;, DV =0. (4.129)
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For S?, the eigenvalue k? is given by
BE=I1l4+1)—-1, 1=1,2,.. (4.130)

Note that V; is proportional to el-jf?j S where S is some scalar harmonics with the same [.
The lowest mode with [ = 1 is exceptional because it can be shown to be a Killing vector

field on S? and satisfies .
Vij = —k—D(iVj) =0. (4.131)

The basic variables for vector perturbations can be expanded in terms of the vector-type
harmonic basis as

2
W) =rfVi, by = _Z_HTVia (4.132)

and correspondingly, the gauge-invariant variables are expanded as
Fa(zl) =rF,V, Ti(l)a — 79V, Tjgl)z‘ _ TTij" (4.133)

for the case of generic modes satisfying my := k* — 1 = (I +2)(I — 1) > 0, where the indices
of the harmonic tensors are lowered and raised by +;;. Here and in the following, we omit
the index for the harmonic basis and the corresponding summation symbols for simplicity.
For the exceptional modes with my = 0, i.e. [ = 1, there is only one gauge-invariant

F F,
FG) =rEQV,, Y =rD, (—b) —~rD, (—) . (4.134)
r r

abi a a

For scalar perturbations, we use a basis for the scalar harmonic functions satisfying the
eigenvalue problem

AS = —k2S, kK2=1(1+1),1=0,1,2,.., (4.135)
and the associated vector and tensors defined by
1 1.

In terms of these harmonic tensors, the perturbation variables for scalar perturbations can
be expanded as

hay = farS,  ha = —kifas,

T2

hL == 2T2HLS, hT == 2]{32 HTS,
5Ty = 7,55, 0T = —kifas,
0 r? 8
§P =718, 0TV = —78, (4.137)

2
kS
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and the corresponding gauge-invariant variables are

FY = F,s, F9=2?FS,

50 = aS, =0 =30,

T2

0
20 =x,5 100 = TS, (4.138)
For exceptional modes; 7 does not exist for the [ = 0 and [ = 1 modes, and X, does not
exist for the [ = 0 modes.

4.5 Perturbation analysis in the dRGT formalism

4.5.1 Background

The perturbation analysis inside the bimetric formalism revealed that the black hole re-
produces the Gregory-Laflamme instability under spherical perturbations [13, 14, 62|, the
exception is the case where the mass of the graviton (in the massive metric) takes some spe-
cific value in relation to A (Partially massless gravity regime). However, it has been recently
confirmed that the black holes are stable when the fiducial metric takes the Minkowskian
form even inside the bi-metric formulation [63]. This result is clearly inspired in the original
derivation [59], where the authors followed the standard formulation for the non-linear mas-
sive gravity theory with only one dynamical metric. It is possible to keep the gravitational
degrees of freedom inside the dynamical metric instead of distributing them between the dy-
namical metric and the Stiickelberg fields as has been done in [17]. This means that basically
we will work in the unitary gauge. In the unitary gauge, the fiducial metric takes the form
(4.55). The dynamical spherically symmetric metric defined in eq. (4.82), is equivalent to

2
gudatdr” = —f(Sor)(Osh(r, t)dt + O,h(r, t)dr)* + f(g'or) dr® 4 S2r2dQ3, (4.139)
0

where in this case we have a gauge function h(r,t) depending on both, ¢ and r and p = 1
without loss of generality. The coordinate transformation (4.83) in this case is extended to

dt — Oih(t,r)dt + O.h(r,t)dr  dr — Sodr. (4.140)

If f(ry=1-— % — %Arz, then the previous metric is equivalent to the Schwarzschild de-Sitter
one (as has been explained previously) after some coordinate transformations. The fiducial
and the dynamical metric after rescaling in unitary gauge become

dr?  r?

fwdx“dxy = —dt2 + ? + ?dgg, (4141)
0 0
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2

gudatde” = —f(r)(Osh(r, t)dt + 0, h(r,t)dr)* + % + 72dQ3 (4.142)
r

= gapdy®dy® + r2dQ3. (4.143)

Rescaling the fiducial metric in the form given by eq. (4.141) is equivalent to rescale the
Stiickelberg fields like

rcosf _ rsinflcosd 5 = rsinfsiniy (4.144)

t __ T __ Y
¢ - t? ¢ - ) ¢ SO ) SO )
where 0 and 1) are the zenithal and azimuthal angles for the spherical symmetry. The above
r-coordinate rescaling also affects the ) matrix. Because the dRGT theory has general
covariance, (g* f.) = (9" fay) transforms as

1 0 00
. 1 0 1/S, 0 0
G T g T, T= 0 /00 L0 (4.145)
0 0 01

Because the mixed tensor () should behave exactly as g* f, under a coordinate transformation,
the r-rescaling transforms ) from the old value @’ to

a Sio 0 0
—Sgc b 0 0
woo_ -1y _ 0
0 0 0 -5

Note that due to the r-rescaling, the expression for g,, in terms of a, b, and ¢ is modified as
follows

L (1-0)%—¢c2
=T —b) +
s (1—a)?—c?
509 = T )T = b) £ O]
L c(2—a-0)
= = a1 -5+ P
So ' (~g) V2 =+ (1—a)(1 ). (4.147)

Similarly, a, b and ¢ are expressed in terms of the new metric g, as

1 _
l—a= M(—Sogtt + (—g2) ™),
1

1 -1 _rr -
1-b= M(So Lo+ (—g@) 2, (4.148)

Vi
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with

_ 1/2
Ml = <_g(2)) 1/2 (_gtt + Sgg'r"r + 250(_9(2))1/2) )

92) = GitGrr — G- (4.149)

4.5.2 Perturbation of X*,

We can calculate the perturbation of the tensor X*, by using the definitions

hay = far(t,7)Y,  hei = 1fu(t,7)Yi,  hi = 2r°[Hpvyi;Y + HrYy), (4.150)

where Y, Y; and Y;; represent the corresponding tensors for either the scalar or vector har-
monics. We can simplify the expression (4.49) as follows

XH = x00", + x1Q", + x2(QH)", + x3(Q%)", (4.151)
where

Xo = —§Q3 + 2 +2ﬁQQ2 -Q - %Qz - §Q3, (4.152)
x1=1+a@ + g(QZ — Q2), (4.153)
X2 = —a — pQ, (4.154)
xs =03, (4.155)

and we define
a=1+3as, f=3(az+4a) (4.156)

Then the perturbation of the matrix X* is determined by

0X*, = dxod", +0x1Q", +0x2(QM)!, +0xa3(Q%)", +x10Q", +x20(Q%)", +x30(Q°)",. (4.157)

Here the perturbations dy,, are linear combinations of 6Q),, (where @, is defined in eq. (4.28)),
namely, the perturbations of the traces of the powers of matrices (Q™)*,. 0Q,, can be calcu-
lated as

5Qu = STrI" (Q")5(1 = Q)] (4.158)

and the perturbations for the matrices Q*, can be determined from the equations

(0Q",)(Q7, = 87,) + (Q", — 6",)0Q7, = —6(M?)", = —(g" h5(M?)",), (4.159)
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where we have used M? = g*f, and then §(M?) = (6g*)f. if all the gravitational degrees of
freedom are inside the dynamical metric. Otherwise 6(M?) = (6g*)f. + ¢g*(6f.). However
there is no loss of generality by assuming that all the degrees of freedom are inside the
dynamical metric since it is always possible to make a coordinate transformation in order
to go back to the unitary gauge if we start from any gauge. In solving eq. (4.159), it is
important to note that the background metric g and the matrix M = ¢g* f, are direct sum of
two dimensional sub matrices

9=9wt,7)®geb, ), (4.160)

M = My @ M. (4.161)

Because the calculations 6Q%,, Q% and §Q" ; decouple from each other, except for the cal-
culation of §@,, namely, the perturbation of the traces, in appendix (D), we have calculated
explicitly the components for 6Q)1, 62 and dQ)3. We concentrate in the family of solutions
satisfying 3 = o?. That this condition is special, was first reported by Th. Nieuwenhuizen
[64]. Additionally, we impose the determinant condition (4.85), which is invariant under any
coordinate transformation including rescaling. First, the angular part 5Q° ; can be easily
calculated because I, — Q*; = (1/Sp)l. Then

0X', = dxo0, + xa(1 — Sy 1),
+0x2(1 — 55126 4 dxs(1 — Sg 1?6, +6Q" ;[xa + 2x2(1 — Sy ") + 3xs(1 — S5 1)),
(4.162)

where dy3 = 0 and the angular components for §Qij can be found from eq. (4.159). They
are

i 4.1
thus
5Xij = w('r’)(HL(Sij — HTYij), (4164)
where
w(r) = 120‘{5@2 +ab)+ala+b) +1}. (4.165)

Next, for the r —t components, again solving the set of equations generated by the expression
(4.159), we get

—_
22—a—"0)
From eq. (4.157), the a — b components for the perturbation of X* are

0Q% = R (M), 4+ (1= Q) f“han(1 — Q)" . (4.166)
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0X% = 0x00% + 0x1Q", + (5X2(Q2)ab +x10Q% + X25(Q2)ab + X35(Q3)ab' (4-167)
If we replace the previous background results together with eq. (4.166), then

5X° = 0. (4.168)

Finally, for the a — ¢ components, we know that (Q™)% = 0 as can be verified from the
background matrix (4.146). Then the a — i components of the perturbation of X*, are

0X% = x10Q% + x20(Q%)%; + x30(Q°)%;. (4.169)

Here
3@ = (1 - S—) 0Q%; + Q"0Q";, (4.170)
0(Q%); = (1 - i()) 0Q"; + ( - —) Q%0Q; + (Q*)*,6Q".. (4.171)

The components Q% can be found again by solving the general equation (4.159), this time
given by

[(1+1/80)0% — Q%]6Q"; = Sigf“Y. (4.172)

Then eq. (4.169) becomes

1
0X = ?({Xl + (1= 1/8p)x2 + (1 —1/S0)*x3}0% + {x2 + (1 — 1/Sp)x3}Q% (4.173)
0
+x3(Q%)%) x ([L+1/S) — Q™) fYi. (4.174)
If we insert all the background values for Q*,, then we obtain

5X% =0 (4.175)

1

4.5.3 Vector perturbations

For vector perturbations, we can use the following harmonic expansion

hab = 0, hm' = TfaY;', hij = 27”2HTY;J'. (4176)

Similarly, a vector perturbation of the energy-momentum tensor

KPTH = K2OTH, = —m25 X", (4.177)
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has the harmonic expansion [60, 61]

=0, 1%=rr";, 71 ;=mY", (4.178)

where 7 and 7 are gauge-invariant. From the calculations of the previous section, we get

T4 =0, (4.179)

kK rp = m*w(r)Hy. (4.180)

These source terms have to satisfy the Bianchi identities, which for a vector perturbation
reduce to [60, 61]

(I+2)(1—-1)
[(l+1)—1]1/2
Because w(r) # 0 for the family of solutions defined by 3 = o2, it follows that Hy = 0 for

[ > 2. Hence the perturbations are just identical to those for the vacuum Einstein gravity.
Then the general solution for the perturbations is

Da(r*t®) + 5 r*rp =0, — (I—1w(r)Hy =0. (4.181)

fo=Fo, Hr=0, (4.182)

where Fj, is the gauge invariant variable satisfying the perturbed vacuum Einstein equations.
It is obtained when we perform the Harmonic function expansions for the variable (4.114) as

F, ézl ) = rF,V; [60, 61]. We can also write the Einstein equations as

Do(r3FW) — myrep F* = —26%3¢m" = 0, (4.183)
kyDy(rF*) = —x%*mp = 0, (4.184)
with FD defined as
F
FO = ¢ p, (—”) . (4.185)
T

The solutions are then stable for vector perturbations. For the exceptional mode | = 1, Hp
does not exist and then F, is not gauge invariant and transforms for (¢ = 0, ¢! = LV as

§,F, = —rD,L. (4.186)

We know that the general solution for [ = 1 in the Einstein case is a linear combination of
this gauge mode and the rotational perturbation corresponding to the angular momentum
component in the Kerr metric [61]. Hence, the general solution in the present case is given
by
2aM
r

In particular, this shows that the dRGT theory admits a rotational black hole solution at
the linear perturbation level.

fo=—rD,L — 0aTo(t, 7). (4.187)
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4.5.4 Scalar perturbations

For scalar perturbations we take the full set of perturbations for the metric given in eq.
(4.150). We also take the full set of perturbations for the source terms given by

0Ty = 10Y, 01°% =r1Y;, 5Tij = 5P(5in + TTYij. (4.188)

Then

A
5Xab = 5gacch + gacéch = ﬁfaby (4189)

Hence, the perturbations of the effective energy-momentum tensor are given by

Tab = — N fab, (4.190)
KA =0, (4.191)
k2P = —m2w(r)Hp, (4.192)
kK rp = m*w(r)Hy. (4.193)

The corresponding standard gauge invariant variables are

K2 = KTy — 2AD Xy = —AFy, (4.194)
2CL = Ta = 07 (4195)
K*Yp = —mPwHp, (4.196)

and 7r. These should satisfy the conservation laws

1 soan K k2 —2
ﬁDa(r ¥4 — ;ZL t 5 T = 0, (4.197)
1 k D,
— D[P+ AFY)] 4+ -5, — 2245, — 0. (4.198)
r r r
These reduce to
=201+ 0)H,=(1+2)(I-1)Hr, (>1), (4.199)

H, =0. (4.200)
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Hence for all modes including the cases [ = 0,1 for which H7 does not exist, we obtain
the constraint H;, = Hp = 0, and the perturbation equations are identical to those for the
vacuum Einstein system with A, which has the structure

Eup = 26*%, = 0, (4.201)

E* = 2r*%% = 0, (4.202)

Ep =2x*%; =0, (4.203)
k2 o

_ﬁFa — 2/{27'7—' =0, (4204)

where E,, F, and Ej, are tensors written as differential linear combinations of the gauge-
invariants F;, and F. In particular, no instability occurs. The general solution for [ > 2 is
expressed in terms of gauge invariant quantities satisfying the perturbation equations for the
vacuum Einstein system with A as

f"=FkF, (4.205)
fun = Fu = 2 [Dalrfy) + D L)), (k> 0), (1.206)
Hy = Hy =0, (4.207)

where f'(t,r) is left as an arbitrary function. This corresponds to the freedom associated
with infinitesimal coordinate transformation ot = TS, 6r = 0 and dz' = 0

k
Sgfar = —DoTyy — DyT,,  yfa=-T,, 6,Hp =0,Hr =0. (4.208)
T

The exceptional modes with [ = 0,1 should be treated separately with care. First, for the
S-mode with [ = 0, the variables f, and Hy do not exists. Hence

Fop = fap,  Hp =0. (4.209)

In this case, Fj; is not gauge invariant and transforms as

Ogfar = =DaTy — DyTh, (4.210)
1
OgHy, = ——T" = 0. (4.211)

The residual gauge freedom is represented by 6t = T*(¢,r). This result is in consistence with
the existence of the degeneracy represented by the single function Ty(¢,7) in the background
solution. Because the solution satisfies the Einstein’s equations, from the Birkhoff theorem,
we know that the general solution is a linear combination of the above gauge transformation
from the background solution and the perturbation corresponding to the variation of the
mass parameter in the background metric
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20M
Jio = OMOyrgn = — (4.212)
20M (1
frr == 5M8Mgrr = 57 (F + (h/)2) - f(SM@M(h’Z), (4213)
ftr = 5M8Mgt’r == %TMh, - f(SMaMh, (4214)

Next, for the [ = 1 mode, there is no Hy function, but now we have a non-zero f®. However,
due to the absence of Hr, then the functions F' and F},, are not gauge invariant, and they
transform under the coordinate transformation dy® = TS and §z° = L(t,7)S" as

k

§yF = —~L——g"D,L, (4.215)

2 k

1
g Fap = —E[Da(TQDbL) + Dy(r*D,L)). (4.216)
The function L is restricted by the condition Hy = 0 as

k 1
dgHp = —§L —=T"=0. (4.217)

r

Because we know that the corresponding solutions with [ = 1 to the vacuum Einstein sys-
tem are exhausted by (F, F,,) obtained from the trivial solution (0,0) by the above gauge
transformation [60], the general solution to our perturbation with [ = 1 is given by the gauge
modes

fur = —D,Ty, — DyT,, (4.218)

k
Jo=—1rDoL + -1, (4.219)

T
H; =0, (4.220)

where
R (4.221)
 kr '

4.6 Gauge invariant formulation for the perturbation
formalism in the dRGT

The dRGT theory is completely covariant if the Stiickelberg field is treated as a dynamical
one. It is possible to write a gauge invariant formulation by introducing new gauge invariant
variables for the perturbation of the Stiickelberg field ¢*. If we define
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o = §¢°, (4.222)
its gauge transformation under the coordinate transformation d,2* = (* is given by

0,0% = —Lcp® = —("0,0%. (4.223)
In unitary gauge, in agreement with eq. (4.144), the Stiickelberg fields are defined as

t r 0 ®
== =g, == =2 4.224
L =g F=g ¥=g (4.224)
Then for §,y* =T, 0,2 = LY", 0* transforms as
T T
d,0f = ——, 0,07 = ——, 4.225
g U g SO ( )
L
00T =~ (4.226)
where
o' =opY". (4.227)

Vector perturbations:

For vector perturbations, we have

0" =0, o =opV" (4.228)
From
dgfa = —1D,L, d,Hp = kL, (4.229)
it is possible then to construct the gauge invariant variable
. 1
or = or + k—SOHT, (4.230)

for generic modes with [ > 2, in addition to the standard gauge-invariant variable for the

metric

Fy=fot %DQHT. (4.231)

Then the source term for the massive gravity equation (§X* ) can be expressed in terms of
the gauge invariant variable as

=0, K7 =m*w(r)kSyor. (4.232)

In terms of the gauge invariant &, our previous results are expressed as
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6r=0, (1>2). (4.233)

This implies that the dynamical degree of freedom of the Stiickelberg field is completely
suppressed and the perturbation of the metric behaves exactly in the same way as in the
Einstein gravity case. For the exceptional modes with [ = 1, we only have a single gauge
invariant quantity defined as

Fy = fo— Sorda(or). (4.234)
Our analysis showed that for [ = 1, the general solution for Fj, is given by
. 20 M
B, = —rD,L — 222 0.T0, (4.235)
r

where L(r,t) is an arbitrary function and « is an arbitrary constant corresponding to the
angular momentum parameter. Thus, a functional degeneracy appears.

Scalar perturbations:

In this case, we adopt the gauge invariant variables for ® defined by

Xt
ol =o'+ —, (4.236)
i
XT‘
6" =o0"+ —, (4.237)
So
g + L (4.238)
o = O — . .
T T /{750 T

In this case, then the source terms corresponding to 6.X*, are expressed as

K2 = —AFy, (4.239)

K*¥, =0, (4.240)

K*Yp = miw(r) (%S()&T + %(Dar)&a - F) : (4.241)
w2 7 = m2w(r)kSyor. (4.242)

From the calculations of the previous sections, we found that these source terms should
vanish. From eqns. (4.239), (4.240), (4.241) and (4.242), we find the following constraints

Gr=0, 6" =—F, (4.243)

but at(i, r) can be an arbitrary function. Hence, the functional degeneracy appears even for
generic modes.
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Exceptional modes

For the exceptional modes with [ = 1, the variables F', Fy;,, 0%, 67 are not gauge invariants
anymore since Hrp is not defined in this case. F' and F;, transform as has been shown in
eqns. (4.215) and (4.216). Additionally, 6 and &7 transform as

5,0" = —EDtL, (4.244)
2
0,0" = ——=—=D"L 4.245
90 S()k' ) ( )
. L
dg01 = 5 (4.246)
In this case however, we can construct the following set of gauge invariants
. k
F=F— %D’“(&T) - %&T, (4.247)
~ S . .
Ey = Fy— ?0 (Do(r2 Dy (67)) + Dy (r2Dy (67))) (4.248)
5t — 6t — SOT?Dt(& ) (4.249)
/JJ]{Z T)s .
-2
o =0" — ?D’"(&T). (4.250)

The perturbation equations for these variables are obtained by the replacements

F—F, Fyu—FE, 6°>5% 67— 0. (4.251)

The general solution is then expressed in terms of these variables as

- k r
F=——"L--DL 4.252
L 1D'L, (4.252)
. 1
F, = - (Do(r*DyL) + Dy(r*D,L)) , (4.253)
5" =0, (4.254)

where L(r,t) is an arbitrary function. For the exceptional modes with [ = 0, from the gauge
transformation formula

8y fu = —DoTy, — DyT,, (4.255)

1
S H, = —=T", (4.256)
T
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we can construct the gauge invariants from f,,, H; and o, as follows

Eoy = fap — Doty — Dy, (4.257)
o S
F=H, -2, (4.258)
T
where we have defined
o' =pot, "= Sy0". (4.259)

We have demonstrated that the general solution for [ = 0 can be expressed in terms of these
gauge invariants as

A 20 M .
By = 57 L ofTY (4.260)
E, = 20M <% + (h’)2> — fOM Oy (R) + 21 fO,T", (4.261)
r
. 20M .
B = 280 oMo+ JT 0T — T (4.262)

where T is an arbitrary function of ¢ and r, and §M is an arbitrary constant corresponding
to the mass variation.

4.7 Black Holes in bi-gravity theories

The bi-gravity formalism emerges as an extension of massive gravity for the case where the
fiducial metric becomes dynamical. In such a case, the action is [51, 65]

R K M?
S = M;l/d‘lx\/—g (79 + m2U) + Tpl/d“x\/—f}zf, (4.263)

where R, and 7 correspond to the Ricci scalars for both, the g and the f metrics respectively.
k is a dimensionless parameter used to distinguish the coupling constant for the f metric and
U again represents the interaction of both metrics, it is given by the same expression given
by eq. (4.24). As in the case of massive gravity, we can write the interaction term in terms
of a matrix of the form

K*¥, =", — /9" fy. (4.264)
If we vary the action (4.263) with respect to g, and f,,, then we obtain the corresponding
equations [12]

— 2
G =T, G = J__V_j’cm? T, (4.265)
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where G, and @’W are the Einstein tensors for g,, and f,, respectively. And Tgy with Tg/
come from the interaction term U coming from the action (4.263). This term is given explic-
itly from eq. (4.24), where the potentials U,, Us and Uy are given by analogous expressions
to (4.25), (4.26) and (4.27). We can rewrite these expressions here as

1 14
Uy = o ((K)*— K" K",), (4.266)
]' (0% ag v
Us = = 31€pupo€ oKk KK (4.267)
1 « g
Us = =i €upo€ POKH KM KR K, (4.268)

where €,,,5 is the Levi-Civita symbol. Then , T, and T[L{, are given explicitly by

T/Z/ = _guﬂ(éﬁa - Kﬁa)(Kau - K(SUV) + O<K3)’ (4269>
U _ U
Ty, = =T, + O(K?). (4.270)

Normally in bigravity formulations, the metrics are taken such that g,, = f,,. In such a
case, all the K matrices are identically zero K = 0 as can be easily verified from expression
(4.264). However, the perturbations for both metrics, are in general taken as different [12].
If K =0 at the background level, then the vacuum solutions for bimetric become the same
as in Einstein gravity. The simplest vacuum solution in bi-gravity is then the Schwarzschild
metric given by

-1
ds? = — (1 — QGM) dt? + <1 — QGM) + 72d€3. (4.271)

T T

The perturbations over this background, are defined as

G = 95} + s S = ) A+ My, (4.272)
where ggy = f,SB). If this is true, then g"®f,, ~ 6" + (h* — h* ) and then the K -matrix
becomes

K* =~

14

R 1+ O(h?), (4.273)

DO | —

where h7%, = (b — h",). Tf we perturb eqns. (4.265), then we get the following results for
the first equation

e hag = m*6T,,, (4.274)
with

v v

g ﬂ — ) — (0%
0T, = —%5& (h)* —ns) (4.275)
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which is simplified to

1
0T = =5 (h) —hDg,,) . (4.276)

nuv
Additionally, for the second equation, we get

m2

2%

Taking into account that (5Tg/ = —(5Tl£]y in agreement with (4.270). The operator 555 is given
by

e has = — (b)) — 1 Tg,.). (4.277)

1
cithas = =5 (ViuVuh = V.Vl = V.V, + Ol = 9,00 + ., VoV h + 27,2, s, )
(4.278)

and it is just the linearized Einstein tensor around any background. In vacuum R =0 = R,,,.
It is possible to combine equations (4.274) and (4.277) such that

cosp() 4 M2 ) -
eafntt) =, (4.280)
with m’ = my/1+ 21 and A" = h,, + kh,,. Then hEW is a massive field and hu,, is a

massless one. If we apply the divergence over eq. (4.279), then we get V”hw = Vuh -
Then substituting back these conditions in the trace of eq. (4.279), we get

V*hi,) =0=h"). (4.281)
Then the field equations (4.279) become

Oh) +2R7 A KS) = m”h; (4.282)

The field h,(fy) does not change under infinitesimal transformations, (* = dx*. However, for
h,(;), this change corresponds to the standard gauge transformation. Some authors claim that
as the equations (4.282) look similar to the equations obtained from a 5-dimensional black
string, then the Gregory-Laflamme instability should appear also in bi-gravity formulations
[12, 62]. It was however found later by Cardoso et. al [13] that the instability disappears
in the partially-massless limit. Here I will review briefly what is the meaning of this limit.
Recently it was verified by Babichev that the black hole solutions are stable when the fiducial
metric takes the Minkowskian form (flat) [63]. This work is inspired from the results obtained
from the previous section [59].
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The partially massless limit

The partially massless limit corresponds to some specific value taken by the graviton mass
(for the massive field), such that the theory only propagates gravitons and photons and the
scalar component disappears [66]. This limit only occurs if m? = %A, with m corresponding to
the graviton mass. This specific value is known as the Higuchi limit [67]. For understanding
the meaning of this, we can start from the massive action including cosmological constant A
considered in [13]. The field equations are

m2

h
Ezghoﬁ — A (hMV — 591“/) + T(huy — gl“/h) = 0. (4283)
The traces are taken with respect to the metric g,, which will be assumed to be the back-

ground metric. If we take the trace and divergence of the previous equation and then we use
the following identity

(VuVy = V.V )has = Rawuwhs + Rpwuwh,”, (4.284)

then we get the following set of equations

Ohp + 2Rau50h™? — m2h,, =0,
V*h, =0,

(m2 — gA) h = 0. (4.285)

Higuchi demonstrated that for masses satisfying m? < 2/3A, the scalar component becomes
a ghost. However, for masses larger than this value, all the dynamical components become
physically relevant. The discontinuity point given by m? = 2/3A is the very well known
Higuchi limit [67] and it represents the partially massless regime. Cardoso and colleagues
have demonstrated that in this limit, the black hole solutions in bi-gravity becomes stable [13].
Note that the partially massless regime requires the presence of the cosmological constant
A. Inside the dRGT, it was demonstrated by de Rham that the theory expanded around
de-Sitter becomes the best candidate for partially massless gravity theory [66].



Chapter 5

Modified theories and dark matter
effects

In the previous chapter, we studied in detail a theory which is a candidate for solving the
cosmological constant problem by introducing mass to the graviton. The extensions of this
theory are known as bi-gravity formulations, where the fiducial metric also becomes dynam-
ical. Within this extension, it has been recently proposed that dark matter effects can be
found if both metrics are allowed to be coupled; to matter in the case of the physical metric,
and to some kind of "twin” matter for the case of the fiducial metric [68]. Both metrics
cannot be coupled to the ordinary matter since this would violate the equivalence principle
[69]. Although the origin of dark matter is still a mystery, we understand perfectly its con-
sequences in the galactic dynamics, clusters, etc. As well as its effects in the CMB and the
weak gravitational lenses [70, 71, 72, 73, 74]. Some alternative theories have been proposed
in order to explain what is observed. In particular the dRGT theory of massive gravity
cannot reproduce dark matter effects. One of the reasons is that the modification of the
Einstein-Hilbert action enters as non-derivative terms. It has been demonstrated by Deffayet
et al., that in order to get the observed galactic dynamics we require to modify gravity such
that first-order derivative terms appear in the action [75, 76]. This condition is not achieved
by the dRGT or not even for some other attempts to modify gravity. In what follows I will
show one of the attempts to modify gravity for large scales. In this case, the model fails to
reproduce the very well known galactic dynamics which has been compactified in the expres-
sion proposed by Milgrom [18, 19, 20, 77] inside the so called Modified Newtonian Dynamics
(MOND) theory. The model analyzed in what follows, can reproduce a similar expression
in comparison with MOND but the dynamics is different due to the scale dependence of the
interpolating function u to be explained later. The appropriate galactic dynamics requires
a scale-independent interpolating function u. Before analyzing the dynamics of the model
around a static-spherically symmetric solution, I will make a brief review of the MONdian
formulation.

62
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5.1 Lagrangian formulation of MOND

The modified dynamics assumption in agreement with Milgrom [78], can be based in the
following set of minimal assumptions [21, 22]:

1). There exist a breakdown of Newtonian dynamics (second law and/or gravity) in the limit
of small accelerations.

2). In this limit, the acceleration a, of a test particle in the gravitating system is given

by a <a% ~ gy, where gy is the conventional gravitational field and ag is a constant with

dimensions of acceleration.

3). The transition from the Newtonian regime to the small acceleration asymptotic region
occurs within a range of order ay about ag. The value of ag is of the same order of magnitude
of cHy. The original results obtained by Milgrom [78] can be described either of the following
ways. A modification of the inertia

mi (i) i=F, (5.1)
Qo

where F is an arbitrary static force assumed to depend on its sources in the conventional
way, m is the gravitational mass of the accelerated particle and p is the interpolating function
which will be defined later. In the case of gravity, F = mgn, where gy = —Vopn and ¢y is the
gravitational potential deduced in the usual way from the Poisson equation. Alternatively,
MOND in agreement with [78] can be described as a modification of gravity leaving the law
of inertia (ma = F ) intact. Then, F = mg and ¢ is a modified gravitational field derived
from gy using the relation

1(g9/a0)g = gn- (5.2)

If only gravitational forces were present, both formulations of MOND given by eqns. (5.1)
and (5.2) would be equivalent. However, if we consider any force in general, then the previous
formulations are not the same at all. The interpolating function u(x) satisfies the following
conditions

ple) =1 if x>>1, plr) =z if r<<l, (5.3)

where the left side corresponds to the standard Newtonian limit. The function p(x), can be
defined in different ways. Here I will not be concerned with its definition but rather on its
asymptotic behavior.

In cases of high symmetry (spherical, plane, or cylindrical), the gravitational field g as given
by equation (5.2) is derivable from a scalar potential ¢. However, in the most general cases
this is not possible. As has been already explained by Milgrom in his paper [18, 19, 20],
MOND cannot be considered as a theory, but only a successful phenomenological scheme for
which an underlying theory can be constructed. One of the reasons is for example, that inside
MOND theory there is no momentum conservation. In fact, momentum is only conserved
approximately as far as the mass of the test body is much smaller than the source one [22].
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Milgrom and Bekenstein have already derived a Lagrangian formulation for MOND, where p
and ag are introduced by hand. One of the purposes for constructing a fundamental theory
which can contain MOND as a non-relativistic limit is to obtain the interpolating function
p(x) in terms of some fundamental quantities. This was one of the motivations for the work
done in [7]. A Lagrangian formulation for MOND solves the momentum conservation problem
associated typically to the original MOND version. A Lagrangian formulation also enables
to calculate the dynamics of an arbitrary non-relativistic system [22].

There are two important assumptions inside the MOND theory, they are:

1). A composite particle (star or a cluster of stars) moving in an external field, say a galaxy,
moves like a test particle according to MOND. Even if within the body, the relativistic
accelerations are large. This assumption is possible as far as the mass of the test particle is
much smaller than the mass of the galaxy.

2). When a system is accelerated as a whole in an external field, the internal dynamics of the
system is affected by the presence of an external field (even when this field is constant without
tidal forces). In particular, in the limit when the external (center of mass) acceleration of
the system becomes much larger than the MOND scale ag, the internal dynamics approaches
to the Newtonian behavior even when the accelerations within the system are much smaller
than ag.

This second observation due to the Milgrom proposal is quite interesting and one of the
motivations in [7] since it seems that the internal dynamics of the system can in principle
be affected by the presence of some external field. This could in principle be done due to a
non-local connection between the internal and external dynamics.

Normally Newtonian gravity is recovered at the non-relativistic regime of General Relativity
(GR), and of a number of other relativistic theories of gravity. It is however, necessary
to construct a new relativistic version of GR such that MOND could be recovered as a
natural non-relativistic limit [22]. This new version could be constructed by considering two
possibilities. 1). Additional degrees of freedom. However, dRGT is not able to do this. 2).
Non-localities. If we choose to explain the dark matter effects by introducing non-localities,
we must be able to explain the origin of such effects. In [7], the origin of non-localities is
not relevant. However, some extra-degrees of freedom are introduced in order to recreate
some "non-local” effect. This model was proposed by Nojiri and Odintsov some years ago
[9]. Later the model was used by Sasaki and colleagues for reproducing screening effects for
the cosmological constant for example. [8]

There are two very important reasons in order to construct a Relativistic version for MOND.
1). To help incorporate principles of MOND into the framework of modern theoretical physics.
2). To provide tools for investigating cosmology in light of MOND. [22]

5.2 The MOND field equations

In Newtonian gravity test bodies move with an acceleration equal to gy = —V oy, where ¢y
is the Newtonian gravitational potential. It is determined by the Poisson equation V2¢pyn =
4G p, where p is the mass density which produces ¢n. The Poisson equation may be derived
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from the Lagrangian

EN = — /dST(p(bN + (87TG)71(V¢N)2). (54)

Milgrom and Bekenstein suggested that in searching for a modification of this theory, we will
want to retain the notion of a single potential ¢ from which acceleration derives. We want
¢n to be arbitrary up to some additive constant. The most general modification of Ly which

yield these features is
\V4 2
L= —/dST <p¢+ (87G)tal <( af) )) , (5.5)

0

where f(2?) is an arbitrary function. The scale of acceleration is necessary unless we are in
the Newtonian case. If we perform the variation of £ with respect to ¢, with the variation
of ¢ vanishing on the boundaries, we get

V- (u (’Z—?) ﬁqﬁ) = 47w Gp, (5.6)

where u(z) = f'(z?). Eq. (5.6) is the equation determining the modified potential. A test

particle is assumed to have acceleration § = —ﬁgﬁ. We supplement equation (5.6) by the
boundary condition |V¢| — 0 as r — oo.
It is useful to write the field equation in terms of the modified Newtonian field gy = —Voy,

for the same mass distribution, which satisfies the Poisson equation. By eliminating p in

equation (5.6), we get
V- (M ('Zf') Vo — %N> = 0. (5.7)

The expression in parenthesis, must then be a curl, since its divergence is zero. Then we can
write

u<i)g:§N+ﬁxﬁ. (5.8)
Qo

It has already been demonstrated by Bekenstein and Milgrom that the present theory satisfies
the basic assumptions of MOND and that the curl term vanishes exactly for the spherically
symmetric case and it vanishes at least as fast as %3 at large distances from the source in

general cases. In the next section I will consider the review of this point.

5.3 The field equations at large distances from the source

In agreement with [22], let’s consider a bound density distribution of total mass M with the
origin at the center of mass. Following the Bekenstein and Milgrom notation, let’s define the
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vector field 4 as 4 = 6¢ N — [ (%) ﬁqb. For the reasons explained in the previous section,

the vector u, satisfies V - @ = 0 and it vanishes at infinity. It is possible then to write @ in
terms of the vector potential A

=V x 4, A(F) = (47) &Pr'. (5.9)

S

The only term with an 7~2 behavior at infinity which @ can have is @® = V x (r~'B) =
—r 737 x B. Where B = (4r)~' [ V' x @d?, which is the lowest order in the multipole
expansion (5.9).

If we can demonstrate that B = 0, then we guarantee that the lowest contributing multipole
term to @ vanishes at least as fast as r=2. In the limit of large r, we have

Qo

Vol &, = L
] <| ¢|> V¢ =Voy — i =1 *(GM7+7x B)+O(r ). (5.10)
Taking the absolute value, we get

(\w) Vol = (IFonl? + @) 2. (5.11)

This expression can be translated into

2sin? V2
<|V¢|>|V¢| ((CiM) +BT4 0) . (5.12)

As r — oo, the full MONDian regime operates and we can assume that u (ﬁ?) = ‘i‘f'. In
such a case, the expression (5.12) becomes
1/2 y
Vol = == (M’ + B’sin’0) Y (5.13)

Assuming again the MONDjian regime and replacing the previous expression inside of (5.10),
we get

= 1o (GMF+7xDB) -,
Vo=ayr (G2M2+stz’n29)1/4+o(r ). (5.14)

Here 0 is the angle between 7 and B which we can take along the z-axis without lost of
generality. Requiring the azimuthal component of V x (ﬁgf)) to vanish, gives B=0 [22].
This means that @ vanishes at large distances from a mass, at least as 6(r‘3). With this
result, the equation (5.8) as r — 0o, becomes

b ( g ) 7= x + 067, (5.15)

Qo
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consistent with the MOND predictions explained in eqns. (5.1) and (5.2). As r — oo, we get

M 1/2 .
7— —%ﬂ O(r~2). (5.16)
In this limit, the potential becomes
¢ — (GMag)%In <Tﬁ> +O0(r 1), (5.17)
0

where r( is an arbitrary radius. This potential leads to an asymptotically constant circular
velocity Voo = (GMag)'/* as it is observed in the outskirts of spiral galaxies.

The field equation (5.6) is nonlinear and difficult to solve in general. However, in cases of
high symmetry, the curl term in equation (5.8) vanishes identically and we have the exact

result p (%) g = gn which is identical to equation (5.2). For systems for high degree of

symmetry, then the solution for ¢ is straightforward and all the results obtained from the
standard Newtonian theory can then be extended to the present formalism.
For example, the acceleration field at a distance r from the center in a spherical system

depends only on the total mass M(r), interior to r (in agreement with the Gauss’ theorem),
M(r)G7
r

and in fact is given by pu (%) g=—
The field equation (5.6) is analogous to the equation for the electrostatic potential in a
nonlinear isotropic medium in which the dielectric coefficient is a function of the electric field
strength [22].

The field equation (5.6) is also equivalent to the stationary flow equations of an irrotational

[Vl (V)2

fluid which has a density p = pu (W)’ a negative pressure P= —%ag (a—2>, flow velocity
0

1A7A = ﬁqﬁ, and a source distribution S (¥) = 4wGp. The fluid satisfies an equation of state
P(p) = —5aif ([(u™"(p)]*)-

An equation of the same form as equation (5.6) has been studied to describe classical models
of quark confinement using a very different form of the function p at both, large and small
values of its argument [79]. The conservation laws and other results related to the Lagrangian
formulation of MOND can be found in [22]. In this manuscript I will omit such analysis.

5.4 A Non-local model for gravity

The non-local action suggested in [8] is given by

S == /d4x\/—_g <2_l1{2(R(1 + f(D_lR)) - 2A) + lmatter(Q7g)) ’ (518>

where f is some function, [J is just the D’Alembertian for the scalar field, A is the cosmological
constant which is supposed to be screened by the introduced non-localities and Q corresponds
to the matter fields. We can rewrite the action by introducing two scalar fields ¢ and ( as
follows [8]
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5= [ atoy=g (R + F9) = 606 = B) =28 + e
_ / d'zv/=g (;?(R(l 4 F(@) +0) + g 0,C0 — 2A) + zmatter> . (5.19)

If we vary the above action with respect to ¢, then (09 = R or ¢y = 0"'R. The variation
with respect to the metric is

1

0= 50 (R(L+ f(¥) + ) + 97°0aC0sv — 24) = Ry (14 f(¥) + )

500+ 0,000 — (90 = VTN @) + O+ KT (520)

and the variation with respect to v gives

0=0¢— f'()R. (5.21)

The explicit solutions for the previous equations, can be found if we introduce a metric. In
this manuscript, I will focus on spherically symmetric solutions.

5.4.1 The ghost free condition

In [8], it was found that after a conformal transformation to the Einstein frame, we get

1

Gw =g, R= oz (B = 6(0MQ + ¢V, InQV, InQ)), (5.22)
2o 1 (5.23)
L+ f()+¢

which gives an action given by [8]

1 A / / / /
S = /d4flf\/ —g (2_/<J2<R - 6guvvu¢/vy¢/ + €2¢ g”yvufvu@/) - 2€4¢ A) + 64¢ lmatter(Q; 62¢ g)) )
(5.24]

where

o = InQ = —%ln(l + W) +0), (5.25)

and R is the resulting Ricci scalar after performing the transformation (5.22). The condition
for gravity to have a normal sign is

1+ f(y)+¢>0. (5.26)
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If ¢’ and 9 are considered to be the independent fields, then

(=e —(1+ f(¥)). (5.27)

In terms of the new set of independent variables, the action is

1 / /
S = / \/—gﬁ(R — 6V 'V ¢ — 2V b — 2 f () VFPV ah — 27 A)
+e2 Lnauer (Q: €299). (5.28)
The ghost free condition is simply

L+ /() +¢

> 0. 5.29
- (529)

f'W) >

5.5 The Newtonian limit in the standard case in S-dS
metric

In [8], the metric is assumed to be FLRW. In this case, as we are concerned with the dark
matter effects and we want to compare with the MONDian case, it is reasonable to assume
that the space corresponds to the Newton-Hooke one, which is just the Newtonian limit for
the Schwarzschild-de Sitter metric. Explicitly in eqs. (5.20) and (5.21), I will assume the
metric to be

2GM 1712 2GM 172\
d32z—<1— ¢ ——%) dt2+(l— ¢ ——%) dr? + r?d?, (5.30)
r 31y r 3ry

with dQ? = df? + sin?0d¢?®. 1 will work under the condition 7, << r << r,, where the weak
field approximation is then justified. Then we have to satisfy the standard results
Gl ~ Ogoo ~ RY = 2Ry, (5.31)

where the weak field approximation for the Ricci tensor is given by

1
R(}) = g(DhW — 0*0phyy — 00, ha, + 0,0,h), (5.32)
and then, the first order Einstein’s equations become

1
Ry = S B + A = —87GN T, (5.33)

with the metric given by (5.30), then we get

Vigoo = —87Gp + 2A. (5.34)
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If g, = Ny + Iy, then Vgoo = Vhy. Thus

V3¢ = 4nGyp — A, (5.35)

with hgy = —2¢ = h;; and Typ ~ p. The spherical symmetry assumption taken from the
metric (5.30) is important since it implies that the curl term in equation (5.8) can be ignored
in agreement with the analysis performed in the previous section. The results of this section
will be used in the field equations 5.20 and 5.21.

5.5.1 The weak field approximation in non-local gravity and its
relation with MOND

In agreement with Bekenstein [21], at the Newtonian limit we have to satisfy an equation
similar to the AQUAL one given already in eq. (5.6). We rewrite it as follows

V26~ p (k2p— A) — i (V).¥ (u ('W'» . (5.36)

Qo

For the Newtonian limit of the field equations (5.20), I will make the expansions up to second
order in the potential ¢. Even if the second order terms are most likely negligible, I will keep
them in order to get a more accurate result. Take into account that the non-localities,
represented by f(¢)+( in eq. (5.20) reproduce an amplification of the non-linearities related
to the space time curvature and it includes the second order contributions. This amplification
will however depend on a parameter v which will be defined later. The 0-0 component of eq.
(5.20) is then given by

1

0~ =5 (RV(L+ f(¥) + ) + ViCVit = 28) = 6RV(L+ f() + ()
—Rig (L+ () + O + (L4 20)0(£ () + Q) + VoVolF () + Q) = w%p. (537)
where we have used Tpg = —p. In this approach, we neglect the time-dependence of the

scalar fields. However we take into account the curvature effects through the Christoffel
connections. We can write ¢ in terms of f(¢) if we solve the equation (5.21). For that
purpose, we assume an exponential solution like f(1)) = fye?¥ as has been suggested in [8].
Then the following relations are true

Viuf @) =9f @)V, Of(¥) = v f()0¢ + 7 f () V)V 9. (5.38)

We can then find the the solution for eq. (5.21) if we expand both sides of the equation and
then compare the same order of magnitude terms as follows

g 0*¢C D¢ 40¢ 0%
2V - V§+ ~o T2 oz~ —vf(—29) (4 (5) + o +2W> : (5.39)

The solution for ¢ is (ignoring second order contributions)
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C() = f(¥), (5.40)

where we have used the Lagrange multiplier condition R = [i. If we replace the solution
for ((¢), and taking into account eq. (5.21) and the Lagrange multiplier condition, then eq.
(5.37) becomes

(RO + 2f (1)) + 7 f(¥)(VE)? = 2A) — dRD(1 + 2f (1)) — RS (1 + 2 (1))

+27(1 4 2¢) f (V)Y + 2V Vo f(¥) — Kk2p(5.41)

The Christoffel connection component is given by I'j, = 0,¢ = V,¢. 1 will take the spatial
components of the Einstein’s equations as given by the standard Newtonian approach as it
is explained in the standard textbooks. In such a case, I will take the Ricci tensor and the
curvature scalars as

N | —

0~ —

RW = 2R ~ Ogoy = Ohgy = —20¢ ~ —4(Ve) - (Vo) — 2V2,6 — 46V2,6.  (5.42)

Note that we are just rewriting the result (5.32) for the case of a static potential. Note also
that in the standard Newtonian approach [hgy = VZ,ho, where the subindex M makes
reference to the Minkowskian case. However, in this case I consider the expansion up to
second order and it includes the curvature effects obtained from the Christoffel connections.
In principle, the scalar curvature and the Ricci tensor when expanded up to second order are
given by

R~BY 4RO, Ry~ R+ R, (5.43)
Up to first order, then the approximation ) = —2¢ is valid in agreement with eq. (5.42) and

the Lagrange multiplier condition. On the other hand, eq. (5.41) expanded up to second
order is equivalent to

Vi~ pH(k2p = A) — 7'V - Vo(dw), (5.44)
where 1(¢) and w are defined by

6) =20+ 20+ 30— 2y~ 80) +30), w=1+2f) (1-51). ()

We can observe that eq. (5.44) has the same form of eq. (5.36) which describes the MONDian
dynamics. There is however a fundamental difference since in the non-local model, i defined
in eq. (5.45) is just a function of the potential rather than a function of the acceleration
(IVé|) as in the case of the MONDian dynamics. For the weak field approximation, eqs.
(5.45) are

1) = 2(1+2fo(1+30— 27y —867) +30 —47fod(1-27)),  w~1+2f; (1 - %v) . (5.46)
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5.6 Explicit solutions for ¢ and p

I will compute the explicit solutions for p and ¢ in agreement with the equation (5.44). Then
different regimes will be explored (different values for v) and I will identify some special values
for . It is simpler to start by solving . For that purpose we have to find the solutions for
the following equations in agreement with the result (5.46) for the weak field approximation

Vi =—4Ve ((—3 +87)fo — g + 2 fory(1 — 27)) , (5.47)
Vi = —4V3g ((—3 +87)fo — ; +2foy(1 - 27)) : (5.48)

Then we can write eq. (5.44) in terms of x. In vacuum the result is

N3~ OV - Vi, (5.49)
where we have defined C' as

N (T R T T ¥ (550

The general solution for y is given by

1
u(r) = A (_1: ¢, B> - (5.51)
Note that this solution is valid for C'# 1. As C' =1, eq. (5.49) becomes
IATESAVTRAVITE (5.52)
The solution for this equation is
u(r) = De BT, (5.53)

5.6.1 Solutions for i and ¢ for special values of ~

There are different possible solutions for ¢ and p in agreement with the results obtained in
the previous section. In vacuum and ignoring the cosmological constant A, we can write the
equation (5.44) as follows

V36 = C(V9) - (Vh), (5.54)

where we have used the results obtained in eq. (5.47) and the definition (5.50). I will analyze
some relevant results summarized in the following table
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Table 5.1: Relevant values for C' as a function of the parameter v and w

C vy w
0 00 —
0 —00 o0
1 23f0—\/%£;0160+209f0 1—2fy — 2 (23fo — V/for/—160 + 2091,
1 23f0+\/%1\é;0160+209fo 1—2fy — 33_2 (23f0 + v/ for/—160 + 209f0)
1 17fo+\/701\6/f—032+225fo 1—2f — 3_32 (17f0 +Vfo/—32 + 225f0)
1 17fof\/T01\6/J;32+225fo 1—2fy — 3_32 (17f0 —Vfo/—32 + 225f0)
— 2
0 5f0+V4J‘jof°“3f° 1—2f—3 (5fo +/—6fo + 13]’3)
5fo—+/—6fo+13f2
oo fo \/4f0f0+ fo 1_2f0_§<5f0_w/—6f0+13f§>
2 4
0 =3 0
_ _ 2
Min | £/ ﬁ\é‘}j*%f“ Sl R YA 1 <8 +16fy — v2/32+ 35, — 58 fg)
Max | SHOREVRVBR0 I |y _op 3 (84 16/o+ v21/32+ 35, — 557
13fo—+/—56fo+57f2
s DRV 1-2fy - & (13f0 = /=56, + 5773
13fo++/—56 fo+57f2
P TV 12y~ & (13fo + /7560 + 5773 )

Here Min and Max correspond to a local minimum and a local maximum respectively for

the parameter C as can be easily verified. If we replace the result (5.51) inside the definition
of u given in eq. (5.45), we then obtain the solution for ¢ consistent with eq. (5.52). Up to
first order, the result is

B —1+C o 1+ 2fo(1 — 27)
Cb_A”)( r +B) _2(2(3+2f0(3—107+472))>’ (5:55)

where A(7y) is defined as
A\ C
A(y) = — (-) - (5.56)

The same result for the case C =1 is

B o 1+ 2f,(1—29)
0= A -2 <2<3 +2f(3— 107 + 472») | (5:57)

where D is just another integration constant and w has to be evaluated for the case C' = 1.
The case C' = 1 corresponds to two different values for the parameter v as can be seen from
Table 5.1. The equations (5.55) and (5.57) can be rewritten in a compact form as
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b= (%) (g) (_1: °+ B) e (g) A+26(1-29), (559

b =— <§) G) e P4 % (i) (1+2f5(1 —27)). (5.59)

In both cases, the condition w # 0 is satisfied. If w = 0, then C can take three different
values in agreement with the Table 5.1. The standard Newtonian behavior is recovered for
the case C' = 0 = w. There will be values of v for which the potential ¢ will be attractive
and other values for which it will be repulsive.

5.6.2 Special cases for different values of the parameter v and the
ghost-free condition
If we calculate the gradient of the potential ¢. Without loss of generality, we can set B =0

for the cases C' # —1 since this constant does not affect the dynamics at large distances. If
we calculate the gradient from eq. (5.55) as B = 0, we get

()OS e

for C' # —1. This potential can be attractive or repulsive depending of the value of the ratio
g and the relative sign of C' with respect to —1 for the terms inside the parenthesis. On the
other hand, the gradient for the case C' =1 is taken from eq. (5.59) and it is given by

e ()(2) ()

which is attractive or repulsive depending on the sign of w.

5.6.3 The relevant cases for the potential

If we take into account that dynamically the potential satisfies the condition ﬁqb = ”7,—2, where
v is the magnitude of the velocity, then a flat rotation curve for a galaxy can be reproduced
only if V¢ % But it seems that in this case the behavior is not reproduced for any value
of the parameter C'. From eq. (5.60), it is clear that the Newtonian behavior is reproduced
as C' = 0. For a well behaved solution, from the table 5.1, we can see that in such a case,
w = 0. From eq. (5.50), the relation %, then becomes

¢ = ! = 0 (5.62)

o 29 35 16 )
w 5 Jo— i3 o; U

where we have introduced the appropriate value for v taken from the table 5.1. If we replace
this condition inside eq. (5.60), we then obtain
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A 1 1 GM
vo=—(3) (z—gfo— 7= 7> (=) -5 o0

where we have imposed the Newtonian limit condition. We have to satisfy

A 1
- (4) |
) (rs) o

Then equation (5.59), for the full potential becomes

GM n 15 fo
r 32 — 29f0’
where we have replaced the appropriate values for the constant term in eq. (5.59). From

the previous equations, it is clear that if we want to reproduce the appropriate Newtonian
behavior, then the constant A has to satisfy

b= — (5.65)

29 35 16
A=4GM (- Zfo+ =+ — ). .
G ( 9f0+18+9f0) (5.66)

The remaining constant term is not important in order to obtain the Newtonian behavior.
It is just a constant quantity which can be ignored for the computations.

5.6.4 The case C =1

The case C' = 1 is extremely relevant since it looks like a Yukawa potential. If we replace the
appropriate value for 7 and w from the Table 5.1, then we can write the equation (5.61) like

vo-- (%) o -
N 4) (1=2fo — 5(23fo — VJo/=160 +209fp) 7% ’

where we have used the first value for w corresponding to C' = 1. For the second value of w
corresponding to C' = 1, we can obtain the following result

(5.67)

Vo — (A) D e P/r
4 ) (1=2fo — (23 fo + v/ Jo/—160 + 209 fy) 12
The form of this solution suggests that the behavior of this potential is approximately New-

tonian as the exponential factor tends to 1. The attractive or repulsive character of this
solution depends on the values taken by fj.

(5.68)

5.6.5 The case C = —1

The case C' = —1 is perhaps the most interesting for our present purpose. This case is
interesting since the field equation (5.54) becomes
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uVie = —-Vo - V. (5.69)

This equation has can be written as

V- (V) = 0. (5.70)

In vacuum, this has the same structure as the equation (5.7). With the difference that in the
non-local model the interpolating function p is a function of the potential itself, rather than
a function of its gradient as MOND suggests. The case C' = —1 requires B # 0 and B > %
in eq. (5.55), otherwise the potential in such a case becomes complex.

5.7 A comparison with other models

The non-local model analyzed in this manuscript is able to reproduce the equation (5.44)
with the definitions (5.45). This equation (after some arrangements) is similar to eq. (5.6)
or (5.36) which is obtained from the AQUAL Lagrangian (5.5). However, the present model
cannot reproduce the same dynamics due to MOND since the predicted interpolating function
 is a function of the potential (¢), rather than a function of the acceleration (|V¢|) as can
be observed from eq. (5.45) and the fact that f(1)) = foe?¥ with ¢ = —2¢. This previous
relation is precisely the source of the problem for reproducing MOND appropriately. In [75],
it has been demonstrated that in order to reproduce the MONDian dynamics, it is necessary
to add to the Einstein-Hilbert action, a Lagrangian such that it cancels the quadratic parts
of the action and also provides some additional terms whose variations are

2
¢ ey STGp
)y = T2 (571)
02 / 2
ﬁ(krb (r) —a(r))” =0, (5.72)
where a(r) and b(r) are given by
a(r)=A(r)—1, b(r)=B(r)—1, (5.73)
with a static, spherically symmetric geometry defined by
ds® = —B(r)dt* + A(r)dr? + r*dQ*. (5.74)

The key point in the work performed in [75] is to change how the potentials depend upon
the source without changing how they depend each other. In fact, the relation between the
linearized potentials is given by

a(r) ~ rb'(r). (5.75)
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This relation is necessary in order to reproduce the appropriate amount of weak lensing
consistent with the data. In the standard formalism of General Relativity, the linearized
potentials take the form
2GM(r)
rb' (r) & ——=, 5.76
()~ g (5.76)
but in the MONDian regime, the following relation has to be satisfied

() — 24/ apGM(r)

c? '

(5.77)

The MOND Lagrangian which cancels the quadratic terms of the Einstein-Hilbert action and
also reproduces the results (5.71) and (5.72) is [75]

: ()

& / - 3
LyoND — e (rab (r) 5 + O(h ))

< (@ + Ba* ()b (r) + yra(r)b?(r) + 672" (r) + O(h4)]) . (5.78)

Qo

The first line of this Lagrangian, just cancels the Einstein-Hilbert action terms given by

4 4

C
"V=9= T6a

where the right-hand side (after the arrow) is obtained after integration by parts and here
we ignore total derivative terms. Note that for the total Lagrangian £ = Lgg + LyonDp,
the Einstein-Hilbert terms vanishes. It has been demonstrated in [75] that no local invariant
Lagrangian can reproduce the cubic terms of the MONDian action (5.78). The reason is that
the curvature tensor and its possible contractions, can only reproduce terms involving two
derivatives acting on one or more weak fields in the following way [75]

Ly =

(—ra(r)b'(r) + 2 ;T) + O(h3)> , (5.79)

(Curvature)™ ~ (WY + O((R)*(W")V ). (5.80)

On the other hand, the MOND corrections in eq. (5.78), involve powers of just one derivative
acting on a single weak field like

167G Qg

is in this part where the model proposed in [9] fails. In [7], it was explained that the non-
localities enter through the function f(¢)) with the Lagrange multiplier condition R = [
(with —2¢ = ®). In such a case, then the non-localities will enter as an algebraic expansion
of the potentials. This can be seen in eq. (5.45) and the action (5.19) if we take into account
that f() = foe?. If we want to reproduce the MONDian dynamics, one possibility is for
example to expand the function f(1) around the scale defined as the geometric average of

Lyonp ~ cr ((h')2 + C—Q(h’)?’ + O(h4)> : (5.81)
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the gravitational radius and the inverse of the acceleration scale ay characteristic of MOND),
the scale is ry = ,/Ga—](‘f. In such a case, we would get f(v) ~ fo + foy(VY),—,. But doing

this expansion just breaks the nature of the model since in such a case, we are imposing by
hand the scale at which the MONDian regime applies rather than obtaining it. The model
proposed here cannot reproduce the form for the Lagrangian (5.78) or (5.81) in a natural
way. In [75], the non-localities are used in order to reduce the number of derivatives for the
weak fields and particular components for the curvature are selected by using a time-like
4-vector obtained from the gradient of the invariant volume of the past light cone (see [75]
for details). The reduction of the number of derivatives is the appropriate such that the
MONDian Lagrangians (5.78) or (5.81) with only a single derivative of the weak fields can be
reproduced. Remember that the standard Einstein-Hilbert Lagrangian can only reproduce
powers of two derivatives acting on weak fields. In the model analyzed in [7], the extra terms
of the action do not have derivative terms (only algebraic relations are found).

Another attempt for reproducing MOND by using non-localities is done in [76]. In such
a case, the model can reproduce galaxy rotation curves but not the observed gravitational
lenses. The model in [76] proposes a Lagrangian given by

c4

e (R+c*agF(ctag?g" €, €, )V —9, (5.82)
where € is the small potential as it is defined in [76]. The main point here is that an
interpolating function F'(x) is introduced since the beginning and MOND is embedded inside
this Lagrangian under the assumption that at small x the MONDian dynamics appear. The
factor inside the interpolating function is a kinetic term for the small potential and it makes
easier to recover the MONDian dynamics. This is the main difference with respect to the
model proposed in this manuscript where, as has been said before, the non-localities are
introduced as algebraic expansion of the potential. If we want to mimic in some sense the
model suggested in [76], we would have to expand the function f(¢)) around the neighborhood
of some imposed scale as has been explained before in this section. The model in [76] also
proposes the same relation (5.77) but it cannot reproduce the appropriate lenses without the
dark matter assumption.

L=




Chapter 6

Conclusions

In this thesis I started from the most basic formulation of gravity, namely, the Einstein-
Hilbert action with cosmological constant expanded up to second order. From the massive
gravity point of view, this corresponds to the most basic potential without any interaction
between the fiducial and the dynamical metric. I then analyzed the propagation of gravi-
tational waves inside this formalism. The purpose is to show the type of physics that can
be analyzed in these formulations. The gravitational waves will be the most important dis-
covery in the forthcoming decades, providing a new window to physics. The discovery of
stochastic background of gravitational waves for example, will provide evidence for physics
at the highest energies ever reached by any accelerator.

Later I analyzed the Fierz-Pauli theory for massive gravitons and after a brief explanation
of the number of degrees of freedom, I explained the origin of the vDVZ discontinuity, the
first pathology found inside massive gravity. This was in fact the first motivation for working
around the non-linear theory of massive gravity. It was Vainshtein who suggested that the
vDVZ discontinuity was a consequence of working at the linear level. He then found the Vain-
shtein mechanism as a non-linear effect able to screen the additional attractive force due to
the coupling of the scalar component of the graviton with the trace of the energy-momentum
tensor. Then the theory became satisfactory for the solar system test. Later Boulware and
Deser discovered by using the ADM formulation [80] that the non-linearities activate a sixth
mode inside the theory. This is the so-called Boulware-Deser ghost. One of the most difficult
pathologies found in this formulation. It took many years to solve it. It was de-Rham and
Gabadadze whose solved the problem initially at the decoupling limit up to quintic order,
and later with the collaboration of Tolley at all orders. They basically tuned the coefficients
of the potential in the action such that the terms able to reproduce a ghost when combined
with other terms of the action coming from higher order contributions, become total deriva-
tives. Then any evidence of a ghost will never appear in the equation of motions. This is the
so-called dRGT theory. Later Hassan and colleagues were able to demonstrate that this tune
is successful even outside decoupling limit. Many people then began to work around this
subject and Hassan was able to propose an extension of the theory by allowing the fiducial
metric to be dynamical. Remember that in its generic form, the non-linear formulation for
massive gravity requires a fiducial metric in order to get the 5 degrees of freedom consistent
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with a massive gravity formulation.

Later some black hole solutions were found inside this formulation and in bi-gravity. In
bi-gravity some authors analyzed the stability of black holes and they found the Gregory-
Laflamme instability. However, Cardoso and colleagues found that there is a point where
the instability disappears. This happens when the graviton mass takes some specific value
in agreement with the partially massless regime. The special point is known as the Higuchi
limit. It has been recently confirmed by Babichev, inspired in the work showed here that
the instability is completely absent (independent of the mass value) when the fiducial metric
becomes Minkowski.

In this thesis, we analyzed (in collaboration with Prof. Kodama) the stability of black holes
inside the dRGT formulation of massive gravity. This analysis is in fact more difficult than
the one performed by Babichev, Cardoso et- al. The reason is that in bi-gravity formulations,
the two metrics are normally taken to be the same (although their perturbations might be
different) and this means that at the background level, everything looks like Einstein gravity
and you can take the background solutions from General Relativity.

In our analysis, we first looked for the parameter relation for which the non-linear massive
gravity theory admits the Schwarzschild-de Sitter black hole as an exact solution systemati-
cally. We found that when the parameters satisfy the relation 3 = o2, there exists a family
of solutions parameterized by an arbitrary function Ty(t,r), which are isomorphic to the
Schwarzschild-de Sitter spacetime but are not equivalent if the configuration of the Stiick-
elberg fields are taken into account. We next investigated the perturbative stability of this
family of Schwarzschild-de Sitter-type black holes in the framework of the dRGT formulation
of the non-linear massive gravity with 3 = a?. We found that the perturbative equations
derived from the field equations of the dRGT theory become identical to the perturbations
equation for the vacuum Einstein theory with cosmological constant if we take into account
the consistency condition obtained from the field equations by the Bianchi identity. This con-
sistency condition is essentially equivalent to the field equation for the Stiickelberg field. This
implies that the Schwarzschild-de Sitter black hole solution is stable in the non-linear massive
gravity theory at least in the linear perturbation level, in contrast to the bi-Schwarzschild
solution in the bi-metric theory. In spite of this stability result, we found a pathological fea-
ture of the black hole solution in the dRGT theory with the parameter relation 3 = o?; the
general solution to the perturbation equations contains an arbitrary function of the space-
time coordinates. This implies that the predictability of dynamics is lost at least in the linear
perturbation level around this black hole solution. This degeneracy can be removed by co-
ordinate transformations if we neglect the Stiickelberg fields. Hence, the pathology appears
to come from the dynamics of the Stiickelberg fields. Because the Schwarzschild-de Sitter
black hole becomes an exact solution only when the higher-order mass terms exist, there is
a possibility that this pathology might be removed in the non-linear level of perturbations.
Finally, I analyzed another attempt to modify gravity in order to explain the necessary in-
gredients which a theory requires if we want to reproduce dark matter effects. I selected a
non-local model proposed by Nojiri, Odintsov and later used by Sasaki and colleagues. My
intention was to reproduce the galactic dynamics in agreement with the compact expression
provided by MOND (Modified Newtonian Dynamics). I found that the model cannot re-
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produce the dynamics because the interpolating function y is scale-dependent contrary with
what is expected from MOND. The non-local model in the present manuscript can reproduce
some additional attractive effects for some range of the parameter v. The model cannot
reproduce the MONDian dynamics without a strong tunning of the parameters. However, it
can reproduce the AQUAL field equations with a scale-dependent interpolating function pu
for some special case given by C' = —1. That case however, requires the additional condition
B > % everywhere. The reproduction of the AQUAL equations is in agreement with Milgrom
and Bekenstein, the first step for getting a Relativistic version of MOND. Every attempt in
modifying gravity in order to reproduce the MONDian dynamics, must reproduce equations
like the AQUAL Lagrangian explained before in this manuscript. Further research is needed
in order to see whether or not is viable to reproduce the dark matter effects in agreement with
non-localities. Another alternatives for the introduction of non-localities have been explored
in [75] and [76]. In [75], the non-localities were able to reproduce the MONDian dynamics
and the appropriate gravitational lenses. In the case of [76], the non-localities could repro-
duce the dynamics but not the lenses.
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Appendix A

Second order expansion for the A term

As I explained inside the text, the simplest possible potential keeping the same degrees of
freedom as in the case of General Relativity is that equivalent to a cosmological constant
term as has been derived in [30]

7 = /gdet (3,7 + 1), (A1)
We must solve first the determinant of the right hand side; using then the general formula
for the development of a determinant, we get

Det(T) = [ po] TH T T T"%, (A.2)
1+ A% h°, hY, hY,
N N hl 1+ hl hl hl
det(5,” + h,*) = hQE h2, ! 1+222 h2§ (A.3)
h3, h3, h3, 1+ h3,

If we develope in detail the determinant, we get
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det(6, + h,*) = [0123](1 +h°)(1 +h')(1 + h2)
+10132](1 4 R%) (1 4+ RY)(h3,) (R

L+ h%)(R°) (1 + h?y)(h'5) + 0312
2

(1+h?;) +
( 2

( ]
RO (1 + h2,) (1 4 h3,) + [1032]
)(R%5)( ?
)

)

5) + [0231](1

+ [0213)(1 + A°
( 0

(1
(n!

+h%) (h*)
+ RO )(h3 )

o) (" (
ho)(h*1)(h%5)(R"3) + [1203](h',) (R 1)(h0 )( )
hlo)(h?1) (A% (h23) + [1320]( (1+ Rh?)(h%)
h'y )

(

hlo) ()
+[2031] (

(A4)

Here [uvpf] represents the Levi-Civita symbol, it will be 1 or -1 depending on the order of
the indices; with that in mind and ignoring second order terms O(h?), we get

det(6,* +h,*) = 1+ h%h', +hh%, + A% h%; + b h%, + h' B3, + W2, R%,
+hOO + hll + h22 + h33 - h21h12 - h32h23 - h31h13 - hlohol
—h2,h% — h3,h, (A.5)

We must take now the root square of determinant; then

Vdet(8,2 +h,) = (1+ 0%ty + h0h%, + hOoh®s + h' k2, + hY B, + h2,h%, + W% + h'y
+h22 4 h33 . h21h12 o h32h23 - h31h13 - hlohol o h20h02 - h30h03)1/2
(A.6)

Executing now the expansion, we obtain

1 1 1 1 1 1. \?
det(6c+h ) = 1+ -h—-h*h? +=-hh—=(h—-=h"h° +-hh] . (A.

If we ignore higher order contributions, we get

11 1
Ydet(0, +1,7) = L+ gh— Jhh + chh. (A.8)
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Then we know already that the cosmological action is taken as [30]

Ly =AY gdet(5,> + h,*).
From the final two equations, we get

11 1
= A1+ h— hh?, + Zhh).
L4 < +5h = T + Shh)
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Appendix B

Poynting vector average over big
regions

Here I will show that the Poynting vectors, corresponding to a gravitational wave source,
and the one corresponding to the A contribution can be added after performing an average
over a big enough region of spacetime. I focus here in the case of massless theory (m = 0).
The full solutions of gravitational radiation are

h/ﬂ/ = h,uyM + h,uu A, (B1>

where the subindex M means matter and the subindex A is related to the cosmological
constant contribution. The solution can then be expressed as a superposition of plane waves
due to matter and the background contribution given by

hw = eperp(ikyx?) + e, exp(—iksx7) + hyya. (B.2)

For the sake of simplicity, I will omit the possible spatial dependence for the polarization
tensors, that dependence is shown explicitly in the power definition in [29]. On the other
hand, the dependence in frequency is not important at this moment since we can work with a
single Fourier component and after the full solution is just a superposition of different modes.
As far as the equations and solutions are linear, everything is safe. The different solutions
obtained in section (2.1) are repeated here as

hoo = eqoexp(ikyx?) + efoexp(—ik,x7) — At? (B.3)
. . . 2
hoi = egiexp(ikyx?) + e exp(—ikyx?) + g/lt:ri, (B.4)
1
hij = €ij€$p(iko-.’lfa) + €?j€$p(—2‘]€o-.’lfa) + At25i]’ + g/lﬁij, (B5)

where €;; = x;x; for ¢ # j and zero otherwise. The total Poynting vector is given by
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- hoi
to; = toi — —=A. B.6
ot = o — g (B
The second term of this expression can be expanded as
hoi g (ko) + cseap(—ikoa®) + 2 Atz; ) A (B.7)
0= 3 egiexp(ikyx epierp(—tksx 3 x; | A. .

If we average over a big enough space-time region, the terms proportional to exp(+ik,z7)
disappear, then

s7G /) T 127G

For < ty; >, we only have to worry for evaluating terms of the form

< fro /1> L NPt > . (B.8)

2 4
< 2Ahy; >= <2/1 (eol-exp(ikgx”) + epexp(—ikyx”) + §At$i>> = §A2 <tx;>. (B.9)

The terms proportional to exp(tik,x?) are killed by the spacetime average. We have to
prove that there are no interference terms between the cosmological constant solutions and
the matter contributions in the second-order Ricci tensor given in (2.17); the 0-i component
is given by

1 1
RY = —éhA”(aif)ohAu—&-&hoy—31,80h,\i—|—&,8,\h0i)+é—l(28l,h”g—8ah)(8ih"0+8oh"i—8"h0i)
- i(ath- + Bihox — Ohini) (M hTy + Ooh™ — 0°KY,).  (B.10)

After a moment of reflexion, the reader can convince him/herself that by replacing the full
solutions given by eqns. (B.3), (B.4) and (B.5), inside eq. (B.10), gives us interference terms
of the form

hywa (€apexp(ikyz?)), (B.11)

which average to zero for big enough regions of spacetime, as an example let’s find the first
term of the equation (B.10) as follows

1 1 . . .
R4 = —§h”’8i80hM =3 (hooaiaohoo + h¥0;00hi; + 2h% 0,00ho; + 2h§;j6i80hkj> :
(B.12)
Explicitly, this expression becomes
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W 0,00hn, = (€Vexp(ikyx”) + c.c — At?) (—eqokikoexp(ik,a?) — c.c)+ (e exp(ik,a”) + c.c + At?) x

. 2 2
(—ejjkikoexp(ik,x?) — c.c)+2 (eoﬂexp(ikga:”) +c.c — g/ltxj) (—eojkokie:cp(ikgx”) —c.c+ g/léij)

. 1
+2 <ekjexp(ikgxo) +cc+ g/lxkx]) (—exjkokiexp(ikyz”) — c.c). (B.13)

If we develop the products and take the average over a big enough space-time region, then
crossed terms between the polarization tensors proportional to exp(42ik,x7) are obtained.
These terms disappear after average. On the other hand, you can find crossed terms between
polarization tensors and cosmological constant contributions as follows

Aegokikot*exp(iky,a”). (B.14)

The average over space-time tells

Aegokiky < tPexpl(ikya®) > . (B.15)

The averaged term becomes

- 1 - 1 : o
< teap(ik,a7) >= VT /d4$t26$}?(2/€a$ ) = VT /d4xt26xp(zkga:0 + ik;a’), (B.16)

where V is the three-volume and T is the time of average. Thus

1
< tPexp(ik,a7) >= VT / dtdzdxodst®exp(ikot)exp(ikizt)exp(ikox?)exp(iksz®) = 0.

(B.17)
Since the integrals involving x1, £ and x3 go to zero. It is simple to realize that every average
term involving crossed terms will be of the form (B.17) or

1
VT d*zazitexp(ikya’) = VT /dtdwld:vgdxgtxle:cp(ikot)ea:‘p(iklxl)e:cp(ikng)exp(ikgxg) =0,
(B.18)

which vanishes since the integrals involving x5 and z3 go to zero. Then the total Poynting
vector is just linear after average.



Appendix C

The other parameter choices
admitting the Schwarzschild-de Sitter
solution

In this appendix, we exhaust all possible choices of the parameters in which X becomes a
constant multiple of the unit matrix as m?X* = Ad* assuming that the spacetime metric
takes the spherically symmetric form (4.51) and the Stiickelberg fields satisfy the unitary
gauge condition (4.54). We use the same notations as in Section (4.3).

i). ¢=0,a=>. In this case, the condition

1
Xtt—XGQI(Fl‘i‘CLFQ) (a—1+§> :O, (Cl)

implies a =1 —1/5 or a = —F}/F5, if we exclude the case F} = F» = 0 discussed in Section
(4.3). Then, from X*, = A/m? = const, if follows that S is constant. Hence, the metric must
represent a flat spacetime and A = 0. Because the metric (4.25) with constant coefficients
has vanishing curvature if

9o = S2gu = SH{(1 - b =} =1, (C.2)

in general, in the present case, we obtain the constraint a = b =1—1/S. The corresponding
flat metric should have the form

ds? = S?*(—dt* + dr* + r2dQ?). (C.3)
No constraint on « and ( is required, but the value of S is restricted from the condition
X} =0to
g1 30[—1—261\/9@2—12@ (C.A4)
’ 2(3+3a+ )
The case a = —F;/F; can be included in this solution as a special case.

ii). ¢=0,a # b. In this case, we obtain F3 = 0 from X*, = X", hence S must be constant.
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From this it follows that X*, = (1/S — 1)(F + 1) = const. Next, from
0=X]— X =(F, +bF)(a—1+1/S), (C.5)

we obtain @ = 1 —1/S or b = —F;/Fy, if we exclude the case F} = F, = 0 discussed
Section (4.3). Because ¢ = 0, T should be a function only of ¢ from (4.139). Hence, if
a=1-1/S = const, the metric should be flat because gy is constant from (4.67), (4.68),
(4.69), (4.70) and (4.71). Then, from (C.2), we obtain b=1-1/S=a, contradicting the assump-
tion. Next, when b = —F}/F» = const, we find that the metric is flat and a is constant again.
From X/ = —(F; + 1)(1 — 1/S) = 0, we obtain two constraints F} = —1, F, = S/(S — 1)
because S = 1 leads to F3 = 1. This means that b = 1 — 1/S. This leads to the contradic-
tion due to the regularity condition (C.2). Thus, this case has no other solution than those
discussed in Section (4.3).

iii ¢ # 0,a = b. In this case, F3 = 0 is required, and from X, = const, it follows that S
is constant. Then, from

0=X, - X% =FK{(a—1+1/9)°+}, (C.6)

we obtain F5, = 0. Hence, this case is a special case of the case with F} = F5 = 0 discussed
in Section (4.3).

ivc#0,a # b. Again, we obtain F3 = 0 and S = const. If Fy, = 0, this case reduces to
the class I} = F» = 0 discussed in Section (4.3). Next, when F; # 0, the constraint

0=X"'-X%=F((a-1+1/S)(b—1+1/S)+ %), (C.7)
leads to
9 9 2—a—-b 1
0=c+(1—-a—-1/S)(1-b—-1/5)=c¢ —i—(l—a)(l—b)—T—i—?. (C.8)
This should be satisfied by a, b, ¢ corresponding to the Schwarzschild-de Sitter metric
ds* = — f(Sr)dTy(t,r)* + Sdr + S?r?dQ? (C.9)
- T (s | |
From the general formula in Section (4.3), we obtain
1
A+ (1—a)(l-0)= : (C.10)
S| T
1 - 52 ) ) 1/2
2—a—b=DM =— 5 + — — f(T} +25T) , C.11
= g (718 + = pm e 2sy 1)

where Ty = 9,Tp, T, = 0,1y, and f = f(Sr) is understood. Inserting these into the above

constraint, we obtain ,
N2 1- f(ST> S 2
=76 (s~ 1) (G12)
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Hence, in this case, no relation is imposed on « and 3, but instead the gauge transformation
function T (t, r) is constrained. The value of S is determined by F3 = 0 as

goatfEVai -5 (C.13)

1420+

and the corresponding cosmological constant is given by

1 «Q
a2 _ _
A=-m (1 S) (2+a S). (C.14)
The condition A # 0 is given by
B+ 2042 =AN#0. (C.15)

Note that (C.12) has a solution for T locally with respect to r at most in general. One

exception is the solution
Sr 1

Interestingly, this corresponds to a Finkelstein-type time coordinate which is regular at the
future horizon or the past horizon.



Appendix D
Explicit forms for 0Q);, 0()o and 0()3

2(1 2
500 = 215D gy 1 B0 - 1) 220+ b )}
042 3 2
—(b—-1 2b —
30 +a)2{ O clor 2=
+(1‘jr“a)c{c2 — (a® 4+ b* + ab — 3a — 3b + 3) }hu,,
Ao+ 1
5Q, = — 2 ;L Vv + p{ct = A(3a® + b + 2ab — 6a — 3b + 3) + a(a — 1)} hy
(6%
2
a 4, 202 2 3
+(1+a)2{_c + c“(a” + 3b° +2ab — 3a — 6b+ 3) — b(b — 1)} A,y
2
+1 f_o‘ c{c*(2a+2b—3) — a® — b* — ab(a + b) + 3a® + 3b* + 3ab — 3a — 3b + 1}hy,, (D.2)
(6%
1 2
6Qs = 6(a —; )HLY - 3%{0‘*(3@ +2b—3) — *(4a® + b° + 2ab”® + 3a°b — 9a® — 3?
[0
+6a + 3b — 6ab — 1) + a*(a — 1)%} hy
2
_ﬁ{g(gb +2a — 3) — (46 + a® + 2ba® + 3b%a — 9B — 3a?

+6b — 6ab + 3a — 1) +b*(b — 1)*}h,,
SHO (A 4 P(30% + 30 + dab — 6a — 6b + 3)

+1+ac

—a* — b* — ab® — a®b — a®b® + 3a® + 3b® + 3ab® + 3a®b — 3a® — 3b® — 3ab+ a + b}hy,. (D.3)
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