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“Matter tells space how to curve.
Space tells matter how to move.”

J. A. Wheeler
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Abstract

Einstein’s General Relativity has been confirmed in numerous experiments and observations

through the years, the latest being the detection of gravitational waves. However there still

remain cosmological phenomena, such as the accelerating expansion of the Universe and the

presence of Dark Matter, whose satisfactory explanation has not been found yet in the

framework of the Standard Model of Elementary Particles and Cosmology. This motivated
theorists to look for modifications of gravity aiming at gaining an alternative insight into the
nature of Dark Energy and Dark Matter. This Master’s Thesis studies internal consistency of
the theories of Modified Gravity with a massive graviton, Massive Gravity and Bigravity, and
discusses their strong points as well as their weaknesses in trying to interpret the Cosmological

issues of fundamental importance.
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Introduction

Over one century has passed since the classical theory of gravitation, Einstein’s General Relativ-
ity, was presented in 1915 in the Prussian Academy of Science. From that year to nowadays this
theory has been confirmed with several evidences, such as the discovery of Mercury’s perihelion
precession, the deflection of starlight checked for the first time during an eclipse in 1919 or the
recent detection of gravitational waves coming from the merging of two black holes.

Though the consistency of General Relativity has been shown in a lots of experiments with great
precision, it is always challenging to make suppositions about modifications of this classical the-
ory, which may shed an alternative light on the nature of still puzzling features of our Universe,
such as the inflationary epoch, the actual accelerated expansion of the Universe, thought to be
driven by a source of energy known as cosmological constant, and the presence of a type of
matter invisible to all other forces than the gravitational one and thus called Dark Matter. It
is not so unbelievable that at cosmological distances gravity itself could be different from what
we experience at much smaller scales, in our Solar System.

In order to explain Dark Matter any suitable candidate competes with a plenty of various extra
Standard Model particles, while so far there is no convincing explanation for the smallness of
the observed cosmological constant. Unless both these issues eventually turn out to be resolved
on the particle physics side, the severeness of the phenomenological problems challenges General
Relativity as the ultimate and complete theory of gravity.

From a more general theoretical point of view looking for consistent deformations or generaliza-
tions of Einstein gravity can also tell us to which extent this theory is unique (or flexible).

In this Master Thesis, as a particular modification of gravity we will focus on the effects which
arise when a mass is given to the graviton, the boson which mediates the gravitational funda-
mental force. Firstly, quadratic interactions responsible for furnish a mass will be put in the
theory in the simplest and most obvious way, but at the end the correct models will proved to
be Massive Gravity and Bigravity. From the particle physics perspective, the extension of the
classical theory for gravitation performed adding a mass to the graviton seems rather natural
and might be in a sense similar to the case of electroweak forces whose carriers acquire masses
via the Brout-Englert-Higgs mechanism. However, an analogous mechanism which would give
mass to the graviton is still unknown.

The graviton mass will take values in a very wide range according to the models of Modified

Gravity analysed. All of them will be perfectly allowed in order to be consistent with observa-
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viii INTRODUCTION

tions (which, up to the sensitivity of the experiments, confirm General Relativity). For example,
the graviton mass, in Massive Gravity, is bounded by General Relativity consistency to a very
little value of 10*326—\2/; the Bigravity massive mode, instead, is expected to lie in the window
between 1 Tf—zv and 66 TE—QV

Before addressing the challenging cosmological issues, a consistent modification of General Rel-
ativity with the addition of a mass for the graviton should be furnished. However this is sur-
prisingly difficult to obtain and consistency analyses are complicated by the non-linearities of
the original Einstein theory.

The first part of this Thesis is dedicated to solving these problems in building a massive theory
of gravity. They will be faced following the historical developing process of the theory. The
second part, instead, focuses on the predictive power of those modifications to Gravity for the
Dark Energy and Dark Matter issues.

Firstly, we will proceed by extending the theory invariant under the linearised transformations
of the diffeomorphism group with a quadratic mass term for the graviton. This was the approach
presented for the first time by Fierz and Pauli in 1939 [19]. The linearised case, although at
first sight seems to be convincing because it propagates the right number of degrees of freedom,
will show a particular unphysical feature, that is the presence of a discontinuity between the
massless limit of the massive theory and the free limit of GR, called the vDVZ discontinuity,
due to the coupling to matter of the scalar degree of freedom of the massive graviton, discovered
in 1970 independently by van Dam and Veltman [29]|, and by Zakharov [31]. The previously
mentioned scalar mode arises naturally in the theory because in four dimensional spacetime a
massive graviton propagates five degrees of freedom, three more than in the usual massless case.
The solution to this puzzle lies in the Vainshtein mechanism (found by the Russian physicist
Vainshtein [28] in 1972), which works in an interacting theory when considering non-linearities
and consists in the screening of the scalar degree of freedom by its own interactions, dominating
over the linear terms in the massless limit. Moreover, this effect may also present particular
features such as strong coupling and superluminalities.

When one tries to construct a non-linear theory and the formulation of the massive theory in this
context, extending the Fierz-Pauli term in a non-linear way, the vDVZ effect does not manifest
itself, but another problem seems to appear when adopting a naive way to proceed as Boulware
and Deser showed in [8]. It is referred as Boulware-Deser ghost and it consists in the presence
of a pathological degree of freedom. In field theory ghosts are fields whose kinetic term in the
lagrangian has a wrong sign, leading to unstable configurations in classical physics as well as to
states with negative norm whose existence thus violates unitarity in quantum physics. Crem-
inelli, Nicolis, Papucci and Trincherini in [9] were able to prove, instead, that the additional
degree of freedom in a Fierz-Pauli non-linear generalization is not removed although it is possi-
ble to add a wide range of non-linear interactions.

Then, we will explain how expressing the self-interactions for g, in a reference frame given
by the generic metric f,, as a precise combination of traces of \/9_71f and other higher powers

returns a consistent theory. The solution was proposed first by the three physicists de Rham,
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Gabadadze and Tolley in [14] and it is called Massive Gravity. The theory propagates exactly
five degrees of freedom, as expected from a massive graviton, and the massless limit is smooth.
However, as we will discuss, there are some detectable effects which distinguish the massive case
from General Relativity, outside a typical radius known as Vainshtein radius depending on the
source mass and in an inverse way on the Planck mass and the graviton mass. The difference
between massless and massive theory is, in particular, due to the presence of the unavoidable
fifth force generated by the coupling of the scalar mode to matter sources which has been found
to arise in the massive linearised version of General Relativity, but the screening mechanism
reduces its effects, compared to canonical Einstein’s Relativity, inside this typical distance.

In the vielbein formalism, a basis of one forms ej; dz* which, in a way, "diagonalizes" any metric,
yielding to Minkowski metric in tangent space, the whole discussion simplifies and it will become
easier to express the interaction terms (they will be an appropriate product between vielbeins of
one type and of the other type) and even the equations of motion will be extracted in a simpler
way. Hence Massive Gravity with vielbeins, besides being free from pathologies, is quite elegant
and natural.

Then, we will pay attention to Bigravity, a theory similar to Massive Gravity but with both
metrics being dynamical, discussing its self-consistency and, in a second moment, its peculiar
properties, such as the capability in giving a self-contained explanation to Dark Matter without
introducing particles outside the Standard Model, and the related possibility for the massive
graviton to have a very huge mass, as already mentioned, without contradicting GR. An anal-
ysis of its decoupling limit will be carried out and the result will be that Bigravity reduces to
Massive Gravity, justifying in this way the choice to start the exposition with the latter, as a
first, simpler step of a theory of modified gravity, and also the possibility of deriving results
which apply to Bigravity following the behaviour of Massive Gravity.

Having provided the evidences in order to prove that these modifications of General Relativity
are ghost free, propagate the correct number of degrees of freedom and the massless limit is
smooth, we will then focus on the Massive Gravity and Bigravity solutions.

The cosmological solutions will be obtained restricting ourselves to the case of proportional
metrics, and both analogies and differences between them and that of the standard General
Relativity case will be presented.

A Massive Gravity solution will be shown to perfectly admit an external arbitrarily large cos-
mological constant but at the same time to describe a nearly flat Universe, when the parameters
of Massive Gravity are appropriately tuned compensating for that cosmological constant.

An other difference with respect to General Relativity are the self-accelerated solutions, which
provide an accelerated expansion to the Universe only through the presence of the massive gravi-
ton.

In the Dark Matter issue, instead, the massive combination of the perturbations around a same
zero order solution for g,, and f,, can be potentially depicted as that constituent of the Uni-
verse.

That eigenstate of mass will be presented as a suitable candidate due to its feeble coupling to
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Standard Model matter which, at tree level in perturbation theory, furnishes however the basis
of an efficient production mechanism in primordial ages.

When relaxing the proportionality condition on the two metrics, Bigravity and its decoupling
limit will be proved to admit black holes solutions as those solutions corresponding to a static
and spherically symmetric sources of matter. One of the main features which makes these black
holes different from those in General Relativity is that not all the metrics which couple to the
solution are equivalently allowed: for example the second metric can be either de Sitter or
Schwarzschild, but not Minkowski.

Furthermore, stability of all the above solutions will be investigated.

The material is arranged in the following way: after a brief review of the main features of
General Relativity and its linearised realisation in chapter 1, chapter 2 deals with the Fierz-Pauli
mass term, the Stiickelberg trick in distributing the additional degrees of freedom of the massive
graviton to a vectorial and a scalar field, and the vDVZ discontinuity. Then some attention is
paid to an attempt in building a full diffeomorphism invariant theory with a mass in section
3 of chapter 2, but it will be plagued by a ghost field which will make it inconsistent. After
having presented an equivalent reformulation of General Relativity in the vielbein language in
section 1 of chapter 3, thus justifying the use of these one forms, in section 2 of the same
chapter, consistent Massive Gravity is discussed mostly with the aid of vielbeins. Moreover the
recovering of the metric formulation of Massive Gravity from the vielbein formulation is presented
therein. The successive chapter 4 examines Bigravity, while the consistent decoupling limits of
the massive theory are extracted in chapter 5, and immediately used to explain the Vainshtein
screening mechanism in section 2 of that chapter. In the final chapter 6, cosmological predictions
involving some solutions of Massive Gravity and Bigravity and their suitable properties, as well
as their flaws, are investigated: section 1 deals with Dark Energy, section 2 with Dark Matter,

and Black Holes are analysed in section 3.



Chapter 1

General Relativity and its free field

limit

Gravity can be regarded as a gauge theory with associated gauge group being the group of
diffeomorphisms. Its formulation relies on the observation that inertial and gravitational mass
can not be distinguished, and on the equivalence principle, which follows from the previous
remark and states that all accelerated reference frames are equivalent to one another, and hence
the gravitational field is in complete correspondence with the acceleration in an accelerated
reference frame. The equivalence principle has lead Einstein to notice that a consistent theory
for gravitation should be invariant under diffeomorphisms, while only locally it should respect
the Lorentz group of symmetry. The property of the masses, instead, is fundamental when trying
to generalize the Newtonian law of gravity with the request that covariance is manifest: it is the
spacetime itself and the metric g, on it that rule the trajectories of the massive bodies, not the
gravitational potential. Thus the fundamental gravitational field is given by the curvature of
spacetime. Its coupling to the stress-energy tensor T, of matter, instead, furnishes its behaviour
when a particular configuration of matter objects is chosen. As J.A. Wheeler said, “Matter tells
space how to curve. Space tells matter how to move”.

The covariant equations which generalise Newton’s theory are, then, uniquely defined by the

following expression, known as Einstein equation:

R — %gWR = @TW, (1.1)
c
in which G is the gravitational coupling constant and it is related to the Planck mass as G = ﬁmv
cis the speed of light, R,,,, is known as the Ricci tensor, while R is the Ricci scalar (R := Ry,g"),
and both of them are covariant objects built from the connection.

A connection is a way to parallel transport vectors along geodesics in a way which does not
depend on the particular coordinate system, in the sense that on Riemann manifolds, rather
than the case of topological flat spaces, the idea of derivative along tangent vectors is extended
to a covariant differentiation, which does not change under the induced basis transformation

of the tangent space when applying a coordinate chart transformation to the manifold. The
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covariant derivative and hence a connection could be obtained through the generalization of 0,
applied to vectors of the curved space, to D, defined through its action on a generic v# which
belongs to the space, Dyv” = 90" + T’ vP, where the I' ", are called Christoffel symbols
and are uniquely expressed in terms of the metric and its derivative due to Levi-Civita theorem,
which is satisfied if the Riemann manifold has the metric g,,, covariantly conserved (this is called

the metric compatibility condition):
Dugvp = 0, (1.2)

and the torsion tensor is null.

The torsion tensor T}, if f is any smooth function, is defined by

DuDyf — D,Duf = ~T,5D,f.

In components, the torsion is 7,5 = T/, — I',. When it is zero, ')/, is symmetric in its
lower indices.
Then due to Levi-Civita theorem the connection coeflicients are:

1 log
F,upz/ = igp (8ugup + augpu - 3pg,w) . (1.3)

The Christoffel symbols define the connection but above all they are involved in the con-
struction of the Riemann tensor Ry, which, under appropriate contractions, gives back the
Ricci tensor (R, := R,/) and the scalar curvature (R := R, ¢""):

R, =00 -1,/ +T,50, —T,%00. (1.4)
Due to its geometrical meaning, encoded in the measure of the extent to which the metric tensor

is not locally isometric to that of Euclidean space, Riemann tensor satisfies an important identity

known as Bianchi identity:
D, R*P? 4+ D,R¥" 4+ Dy R = 0. (1.5)

It implies exactly that extracting a covariant derivative from the left-hand side of equation (1.1)
gives zero. A proof of the validity of this statement is derived in chapter 3.
Focusing on equations (1.1), they can be obtained by variational principle from the Hilbert-

Einstein action Syg plus an action for matter Sy with Lagrangian £y (g denotes the determi-

nant, g := %ew,paeaﬁwsg%g’bgeyg%):
C4

167G

Sup + S = [ davg ( Rlg) + cM) , (16)

where the stress-energy tensor T, is defined in General Relativity as

N N1
M Ve dgm




and the variation with respect to the metric g of \/—g follows from the important identity

which relates the logarithm of the determinant to the trace of the logarithm:

log (g) = tr(logg] . (1.7)

Taking 59% in /=g and using (1.7), one gets to:

ivV—g 1 otr [log g”7]

g T T2 78" ogn
Ve
*_7guu7

which is in perfect agreement with the second term in the LHS of (1.1).

Full diffeomorphism invariance usually means that applying a differentiable and invertible
map, with inverse map differentiable as well, keeps the transformed lagrangian equivalent to the
initial one (modulo total derivatives), and obviously it also preserves the equations of motion as
well.

If z# is the chart used to cover the spacetime manifold, the diffeomorphism taken into account
is denoted by x# — x| then the Einstein-Hilbert action (Syp in natural units, see (1.6))
invariance under the symmetry group of diffeomorphisms is easily derived from:

4

o2/ 4o

T oz

ozP dx°'
g;“,(xl) = gpa(x)w Oz - Vg =

d*a’

When focusing on a linearised version of the theory, correspondingly g,,, could be thought as
associated with a massless spin-2 particle in a Minkowski reference metric, in accordance with
Wigner’s classification of relativistic particles as representations of Poincaré group. In this sense,
an analysis of the linearised diffeomorphism invariant theory of gravity corresponds exactly to
discuss the properties of the massless spin-2 particle. Even giving a mass to the graviton is a
quite natural theoretical successive step, in this context, and to this we will be dealt with in a
while.

The linearised version of the symmetry group can be obtained by looking at the infinitesimal
coordinate transformation, z"* = z# + &* (x). The metric tensor gy, (') in this chart is related
to guw (x) by:
A A
@) = Guo) S (@) + oo guae) + of€)

0guv(x) o o

2
amp + a:pu g)\V(‘,r) + axl, g,ll)\(x) + 0(5 )7

= g:w(x) + 5,0

and this implies that for h,,, being the symmetric Lorentz tensor field associated to first order

correction to flat spacetime, g,, = h,, + 1., the variation under a coordinate transformation,
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evaluated at the same point, is:

(hw/ (z) + 77;1!/)

0
Py () + Ny :h;w(fU) + N + &°

8mp
B3] 0&,
n aﬁ (o (@) + 1) + aﬁ (@) + mol@)) + 0(€3) (L)
13) o€,
:h:“,<l') + nl—“’ + 8il; + 85” + 0(§2>7

where we stopped to first order in the expansion (neglecting terms involving derivatives h or 9§
multiplying h).

The transformation law for h,,, stopped at first order in &,
huw = hyw + Ouéy + 0uéu (1.9)

will be written, from now on, with the aid of the round parenthesis (,), meaning that the
condensed expression is actually including all possible symmetric contributions, divided per the
factorial of the number of indices involved: hy, — hu, + 29(,§,). This synthetic writing will
be used everywhere, also in the case of square parenthesis [,] which refer to the antisymmetric
contributions, thus abandoning the extended expression.

Under the assumption that hy, should follow the transformation rule (1.9), then the most general
kinetic term for this tensor respecting the local symmetry (1.8), Lorentz invariance and locality

can only be:

. 1

kin
A sketch of the proof of E?Z;an invariance under (1.8) follows here:

. . Hv
9/ -2 h
£Spin [Spin

kin kin

(00u6) — 0.0y — 0%0(u0,)Ea + 01, 0,)0%Ea)

+ %5” (00" by — D0HS, = 0,001, + D0,k — (D0,h — 0.050,h°7))
h

~3 (0%, — 00%,) + 0" (...) + other null contributions .

Then from integration by parts, since the total derivative contributions are nothing else than

e . . . . in—2/ . . .
some additional pieces which return an equivalent lagrangian, Ei?;n really does coincide with
spin—2
[’kin

The lagrangian (1.10) can be obtained directly from the Einstein Lagrangian restricting R[g] v/—g
to the terms quadratic in hy,. In fact:

1
while the only first order term in the Christoffel symbols are:

L0, = = (0sh) + 0uh", — 0%hygs) (1.11)

N | =



The Ricci tensor Ry, is, thus:
Rp,upu = (8prupl/ - aurppu)
1
=3 (apauhﬂy + 0p0uh ) — Ohyy — 00,0, — 0,0,k + auaphpy) .
This leads to the following expression for /—gR, noticing that ¢ is g*¥ = n** — h*” and
stopping to first order in the perturbation:

1 1
V=gRlg] = <1 + 2h> (1" = 1) 5 (Duphf — Oy = D+ 00,1

(1 1 1 1 1 ,
— _hH <2apa,,h; — 5Ol = 50,9,k + Qauaﬂhp,,> + 3h (20,0,h" — 20)

which is exactly (1.10) apart from a factor of .
Therefore, the lagrangian discussed in the above lines gives a consistent theory for a symmetric
tensor of rank 2, which propagates 2 = 10 — (4 - 2) degrees of freedom (4 are related to dif-

feomorphism invariance which together with the gauge constraints remove 8 degrees of freedom).
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Chapter 2

Linear theory with Fierz-Pauli mass

term

We are interested now in endowing the graviton with a mass. Adding a mass term breaks
local gauge invariance (1.8), but we would keep our theory Lorentz-invariant and try to avoid
pathologies such as ghosts. These requirements restrict the possible forms of the graviton mass
term to a single one, and this will be presented later in this paragraph.

First, let us state a criterion very useful in order to establish if the theory analysed is free from
ghosts. Ghosts are fields with negative kinetic energy whose presence would lead to instabilities
at the classical level and non-unitarity of the theory at the quantum level.

Such undesired behaviour may come up when one considers a theory with more than one time

derivative of the examined field in the lagrangian, e.g.:

1 /.02

Lo =5 (3) (2.1)

We can rewrite this lagrangian in a form with two derivatives introducing the auxiliary field p.
-1 1

Lop = pd — 5p" = —pd — 5p* (2:2)

The equation of motion of p is p = ¢, so substituting it back into (2.2) gives (2.1).
On the other hand, diagonalising now the lagrangian (2.2) with the choices ¥y = p + ¢ and
U_ = p— ¢, so that

1/ N2 1o N2 1[0+ W_\?
a0 3 ()
o = 73 \MH) T3 2 2
then clearly in Lg;, one of the fields, ¥, has the kinetic term with the wrong sign.
Thus from a kinetic lagrangian with a second order time derivative for the scalar field ¢ as (2.1)
the superior degree of the derivative has made possible to split ¢ in two dynamical degrees of

freedom, but one of them is a ghost, so that the corresponding theory is unphysical. This result

is known as Ostrogradsky instability.
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Another important requirement which should always be checked in order to make a field
theory consistent is the conformity between the observable quantities in the case in which some
interactions are initially switched on and then turned off and the observables for the other case,
in which there is no interaction from the beginning. The physical system described should be
exactly the same.

The problem to which we are interested, anticipated previously, is whether the graviton, in
the linearised realization of the symmetry group, may have a mass. The form of the mass term
in the lagrangian is restricted by the previously justified requirement of Lorentz invariance and

absence of the ghost degrees of freedom; these are satisfied by a unique choice, that is:

Lonass = —%mZ (R by — B?) (2.3)

and it is known as the Fierz-Pauli mass term. Any other combination of h,, and h would lead

to the appearance of the ghost field as we will see in the next section.

1 Counting of degrees of freedom

The mass term (2.3) in the Lagrangian breaks diffeomorphism invariance. Thus the theory with
lagrangian

L2 4 Lonass (2.4)
for a symmetric tensor field f,, will have more physical degrees of freedom than its massless
counterpart. From Wigner’s classification we know that in four-dimensional spacetime the spin-2
massive particle has 5 degrees of freedom hence we should show that on the mass shell h,, has

5 genuine degrees of freedom. The lagrangian (2.4) yields the following equations of motion:
T = 2060 + Oudh = myy (Ol = a0k ) = m? (b = b)) . (25)
Acting on the equations of motion with 0* we have
00 hyy — 00.h% — 8,050"h% — 8, (Dh - aaaﬂhaﬁ) = m2(9"hy, — O,

the left-hand side (Einstein) part vanishes due to Bianchi identity (1.5), and hence the RHS
should be zero as well, i.e.

Dby = Oyh. (2.6)

Taking now the trace of (2.5) we get:
Oh — 20%0,h°% + Oh — 4 (Dh - aaaﬂhaﬁ) = —3m2h. (2.7)

The left hand side of (2.7) is zero due to equation (2.6). Thus we get

and hence, in view of (2.6), also
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The condition of null trace (2.8) removes from h,,, one degree of freedom and the transversality
condition (2.9) removes 4 of them. Hence, the number of degrees of freedom of the massive

graviton in 4 dimensions is reduced from 10 to 5, in accordance to Wigner classification.

Having set all the important features of the free theory, now it is time to focus on its coupling
to matter sources, described through the stress-energy tensor T, considering the action built

from the Lagrangian (2.4) plus a coupling of h,,, to an external source, 5=z h,,, TH":

’ 2M3,
in— 1
[: = ﬁ?:;n 2 + Emass + Wh“yTMV 5 (210)
Pl
where Mp; is the Planck mass, related to the gravitational constant via Mp; = %

Then the equations of motion obtained by varying £ with respect to h,, are:

1 1 1
5 (DhW — 2000(,h% + BuBuh — T (Dh — aaaﬁhaﬁ) ) = 3m? (s = b)) = =T
Pl
(2.11)
We would now like to see if in the massless limit m — 0 the theory under consideration reduces
to linearised General Relativity coupled to matter.
One simple way to answer the question is by checking the behaviour of the Ricci scalar. In

classical General Relativity, the trace of (1.1) in natural units is:

1
~R=—-T.
7,

The Ricci scalar, according to Einstein’s equations, is proportional to the trace of the stress-
energy tensor. This also holds in the linearised massless theory described by (1.10).
In the linearised case with the Fierz-Pauli mass term, instead, (2.11) can be written also as:

1 m?2 1

Ry — 577WR + 5 (huu — hnw) = @TMV'

2

While directly tracing (2.11) gives:

3 3 1
R - Sm?h = Oh — 8,05 — “m?h = —T 2.12
R Sm 900 Sm iz (2.12)

which combines with the result coming from the calculation of 0" on the equations of motion:

2

P hyy — Ogh = ———
" sz}%l

0T,y .

Now, assuming that as in the massless case, the source is conserved, i.e. 9T, = 0, we have
0"hyy — Oyh = 0 and then from (2.12) we get:

3 1
Oh — 8,0°h — =“m?*h = —-T
0,0 2m M]%l

2

h=__ 2
3m2M32,

(2.13)
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Equation (2.13) allows to rewrite the equation for the trace (2.12)

e Mlz%,T - Ml,%lT’ (2.14)
which implies that R = 0 even in the presence of T' # 0 in contrast to Einstein gravity. Some suit-
able examples for T, with null trace exist in Nature. One of them can be found in the Maxwell
theory for the free electromagnetic field with the field strength F},, which respects General Rel-
ativity by means of the equivalence principle, with lagrangian Ly = —%\/ng w0 It can
be proved that T, = F/F,, — ig,wFZ.
However R = 0 must hold choosing any possible stress-energy tensor, so the linearised massive
theory of gravitation does not lead to the same result which comes from the linearised classical
gravitational theory.

Another way to check if the massless limit of the massive theory fits the classical mass-
less theory consists in checking the amplitude between two sources, mediated by the graviton

propagator arising from each theory. From equations (2.11) one gets:

2 v 1
(=)= m2) By :M71%1 <—Tuv + % (T + mQé?ocaﬁTag)>
2

2 N 1 2 N
o <—mQE)a6(MTV) + — [8M8VT + —5040,0005T ﬂ]) :

3m2

Defining 7, = N — #c%&,, this can be reduced to:

2 1
(D - m2) h;u/ = —7 5 |:77 ﬁ,@ - ﬁuuﬁaﬁ:| Taﬁv
MI%Z p(a'lB)v 3
which, in momentum space, is:
2 1 2
(p* = m?) hy, = — W [Wcﬂ?ﬁ)u = gllag + Wpupupapﬁ} T
Pl
2 1 1 1 1 of
- MTQDI 2 lu(aPB)Py + 2 M@PB)Pu = 55 PuPvllaf = 35 PPl T

(2.15)
As above, when taking the limit m — 0, one should assume that the matter source is con-
served, which entails that every term that combines a p, or a pg with a T is null: only
—Mil%l[nu(anﬁ),, — %nw,nag — 3n%ﬂvmvyn&g] T8 still brings a contribution. Let us consider now

the exchange amplitude
/ d*p hy, T (2.16)

(=352 PuPuvNas)
2 — m2
source conservation. Then (2.16) leads to the following graviton propagator:

T/# vanishes due to matter

in which hy, is defined in (2.15) and the term T*#

2 [Mulw — 3MaNag]

— . 2.17
M3, p? —m? ( )
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Note that the propagator does not depend on the graviton mass.

In the massless case, instead, the same procedure can be applied choosing now a specific gauge,
the so called De Donder gauge 9, (/—gg¢"”) = 0, to fix the diffeomorphism invariance. In our
linearised case of a generic metric expanded around Minkowski space, g, = M + huw, the De
Donder condition (given that —g = 1 + h%, and then \/—g = 1 4+ 1h%,) becomes

1
Ol — 0N, = 0. (2.18)

Applying this relation to the equations of motion for A, obtained from (2.10), in which obviously

Limass 18 set to zero, leads to the following equation for Ay, :

2 1
Dhp = ==~ (TW - Tnzw) )
My, 2
and the inverse of the propagator can be further expressed as:

2

1
Dh/ﬂ, = —M7%l <’I7M(a7']/3),/ - Qnuynaﬁ> Taﬁ

Correspondingly, the massless graviton propagator in the momentum space is:

1
2 (MW — 3MwTas]
M3, P’

(2.19)

As one can see, the propagators (2.17) and (2.19), do not coincide even when m is set to 0: this
is known as Van Dam-Veltman-Zakharov discontinuity (vDVZ discontinuity) [4].
Physical implications of this effect can easily be found even in the non-relativistic regime. Fo-
cusing our attention on the exchange amplitude between two stress-energy tensors, (2.16), the
choices T}, = diag (M’, 0, 0, 0) and T, = diag (M, 0, 0, 0), representing two static stars, in
the massless limit of the massive case lead to:

y [§TaT 4 gTyT - T 4 MM

Mg, p? o 3MR, p?

while, obviously, the result for the massless gravity theory is found by substitution of the %

factor with % :

1 M'M
Mg, p?
Performing an inverse Fourier transform, and switching to spherical coordinates (|p|, 6, ¢):
1 / 3 1 ; ]. 3 1 i 0 ;==
——— | dpod’p —e"* = —/dpod D —s5——se POT T
(2m)? p? (2m)2 —py + p*

1 / 9 1 . ;
= - d|p|depdcosb |p () ilpllz| cos
o ) 4P P 3T
1 /+oo ) or ) »
== dp| [p| <> ellvllpl — e=ilellpl
(2m)> Jo 2] [pl’

1 /+oo ) 27 '
= - dlp| |p)* [ ——— | €'lllPl
(2m)? J oo il| |pf*

1 e 1
o @m)2ilz v
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1 .
- 1S
MPL

it is clear that the result found in the inverse space involves directly the potentials (G :=

Newton gravitational constant)

4G M'M M'M
Vmassive = _? r 5 Vmassless =-G r )

and translates into a discrepancy in the value of the Massive Gravity potential, which differs
from the Newtonian potential by a factor of %. This quite big difference would be undoubtedly
noticed at the experiments.

If one tries, instead, to redefine the Newton constant, the discrepancy will then reappear in other
observable quantities, such as the light bending. It will then be 25% smaller in the massive case
than in the massless one, a too large value to make it compatible with current measurement of
the light bending by the Sun [29], [31].

2 Stiickelberg trick

A smart expedient to restore the underlying symmetry under diffeomorphisms is to introduce
into the lagrangian the Stiickelberg field x, transforming in a way that keeps the linearised

diffeomorphism symmetry valid,

Xu = Xp _gu-

Putting x, into Lqss in this way:

1
Lrnass = — ng ((h;u/ + 28(HXV))2 - (h + 28&XQ)2)

’

1
= Longss = = 5% (b + 2060) + 20,0 = 200,60)° — (b + 20¢ + 20x — 206)°) |

then automatically diffeomorphism invariance is respected.

One of the extents of the Stiickelberg trick is also to move 3 of the 5 degrees of freedom of
the massive graviton, which appear when the system loses its invariance under diffeomorphism,
to a vector A¥ and a scalar w, while spin-2 boson h,, carries 2 degrees of freedom, as the
corresponding massless tensor-2 field.

With the Stiickelberg trick one can directly check whether the massive graviton scalar mode
contains the ghost or not. In fact, let us further split the Stiickelberg field into an effective

gauge field A, and a scalar mode 7, appropriately renormalized with some mass coefficients

1 1
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This decomposition is invariant under the gauge transformation AL = A, + %augp, 7 =7 — .
Equations (1.10) and (2.3) become:

kin

Spin— 1 y 1 o 4
_ [opin=2 m’ <(h,wh“ —h?) + — ((8MAV +0,4,)% — 4 (9.4 )2) +— (auayw)2>

1 s 1 4 (2 4 4 4
(O = om?  Dhy, (0PAY + 8 AP — SR (BaAY) & — Dy, (9RO T) — —h (O
+ 2m2( ) 3 (mh” (0M"A” 4 0" AM) mh(a )+ m4h” (O"0") m4h( 7r)>
i 1 1 1
=t = Lk (i — 1) = LR~ L — b (027 + )
1 y y 1
- Tq’rﬂhﬂy (8“8 m™ — D']Tn'u ) - 2717’1/2 ((6/1,81/77-)2 - (l:lﬂ')z) .

We can further diagonalise the m term using the field redefinition h,, = I~7,W + N

m? 1

o [~ S . 1
_ spln—Q o w12 2 _ 2\ _ 2 _ _
i (h) = (b~ B2 + 167% + 8hr — 167°) SF2, = 55w (Or — 40m)
m 5 5 . - 1 - , , -
— Z (8“A + 8 AM) (huy + ’I’]ﬂyﬂ' — hnuu — 47T77“y) — Tﬁﬂhuy (8“6 ™ — DT('T]M ) — 8hm
2
spin—2 (7 m T puv 7 1 m (s 7 v v
= (B) = 2 (k= B2) = F2, = 2 (b = i — 3mm) (9747 + 97 A%)
1 - 3
- Y 4 _
502 hyw (0H0"m — Omn!”) + 2m27T|:|7T.

So, the Stiickelberg field x,, allows to distribute the degrees of freedom of one massive Lorentz
rank-2 tensor between three fields. Still present as in General Relativity and propagating 2
degrees of freedom there is the helicity-2 mode, fLW, then there is a Lorentz vector A,, which
represents the helicity-1 mode and propagates 2 degrees of freedom because all its mixing terms
can not give a A, A" massive contribution even after a field redefinition, and last there is a
scalar field for the helicity-0 mode, 7, which propagates 1 degree of freedom. The total number
of degrees of freedom is exactly 5.

From the above Lagrangian, we see, moreover, that the scalar 7= has the standard second-order

kinetic term and hence does not develop any ghost degree of freedom.

To summarize, the linear theory fits perfectly the requirement of the absence of ghosts but
it exhibits the vDVZ discontinuity. In 1972 [28] Vainshtein showed that the vDVZ problem was
peculiar to the linear theory and could be solved in a non-linear formulation, in which the effect
is screened by scalar mode interactions (see section 5). So the final conclusion is to extend the
linear theory to a non-linear theory of massive gravity in order to avoid the discontinuity and

its effects which we should be able to detect with our experimental sensitivity.

3 Towards the full non-linear diffeomorphism invariant theory

A straightforward implication deriving from the issues of the previous chapter is not that it is
unavoidable to build our theory for gravitation in a non-Minkowskian reference metric f,w, in

fact a flat metric can be used, but that the interaction terms (as well as the kinetic terms) may
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arise from the fluctuations around non-flat spacetime.

If f,w is the generic reference metric, the Stiickelberg trick can act even in the non-linear con-
text as, again, the expedient which allows to overcome full diffeomorphism symmetry breaking
and hence allows to formally restore covariance. It works in the following sense: f;w has to be
promoted to a covariant tensor, by putting in it the four Stiickelberg fields ¢* transforming as
scalars, f,,, = (9M<;S“8V¢b fap-

Then, splitting the degrees of freedom of the ¢% as ¢* = z% — —X and choosing exactly
the flat metric 7, as reference metric fy;, leads to a 7, piece plus first order corrections to flat

spacetime. x® can be further split into a vectorial part and a scalar contribution as in (2.20)

(here II,,, is used as a short-hand notation for II,, := 9,,0,7):
f,., = 2 0 + ! A, x*0
wv = Tuw Mpy (uXv) MIQDZ uX VX Nab
211, 1 1,
= - — 50, A0, Ag 6 ATl II
= Mg B T Mgz T Mp,m? i Mmd e i MEm*
(2.21)

in this way the h,,, of the linear theory has been promoted to a tensor, which is denoted by H,,

for the full diffeomorphism invariant perturbed theory:

H}U/ = Mp; (guu - fw/)

2 2 1 1,
= hyw + —0uA,) + - — - —_—

«
Vg A e — 2T

sz3
Then the linearised diffeomorphism invariant massive lagrangian L;,.ss is promoted to a la-
grangian for massive gravity which respects full diffeomorphism invariance by multiplying, in
accordance with the minimal principle of covariance, the square root of minus the determinant
of g, \/—g, per a Fierz-Pauli term, in which now the indices are raised and lowered with the
full metric g"”. But following the works published on this subject, for example [3], it has been
conventionally chosen to define a useful tensor X, = g¢#°f,, and to express the theory in
term of this tensor, considering also the following non-linear extension of the Fierz-Pauli mass
term (2.3), as one of the simplest possible one (squared parenthesis meaning the trace of their

argument):
Lonass = —m2M2/—8 ([(]1 - X)Q] - X]Q) . (2.22)

In fact, it is (6, — X4) = Mplg PH,y, so (2.22) corresponds exactly to (2.3) in the non-linear

case. Putting X/, = R/}, in (2.22) leads, in fact, to:

Linass = —m*Mp; (16 = 8h + WohS, — 16 + 8h — h%) = —m*Mpy (h7hf = 1?) |

a quadratic lagrangian for the difference between hfw and the square of its trace, exactly as
(2.3).
The linear Fierz-Pauli action for a massive theory of Gravity can be extended non-linearly

in many other arbitrary ways. A very similar expression, which is not equivalent to (2.22) plus
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total derivative contributions, has been found by Boulware and Deser in [8] and it is presented

here as an example of another mass term:

Lhass = —m*Mpyv=gVaetX ([ (@, — (x4)™)7] = [0 - x%)7']%) - (2.23)

Unfortunately, most of the generalizations of the mass term built in this way reveal the
presence of the Boulware-Deser ghost.
Referring to (2.22) to be more specific, we will prove that the ghost appearance really takes
place by analysing the behaviour of the helicity-0 mode 7. In fact, neglecting all the other
contributions, in the sense that the Stiickelberg £% is not given by £¢ = % + ?}Z—g but it is only
&4 = ?;—;r, then X*, takes the form

2
b sH oo
X v o v Mplm2 v T M]%lm4H aH v
so that (2.22) is now:
4./—
Emass = - ng ([H2] - [H]2>
(2.24)

4v/—g V=8 2

+ St (] = M) = 55 ([ - (1))

in which integration by parts makes the quadratic term a total derivative, but it does not help
much with the quartic and cubic interactions. These bring up additional degrees of freedom
which, due to Ostrogradsky theorem, always enter as ghosts, therefore one should look for dif-

ferent consistent non-linear extensions of massive gravity.

Before passing to the description of a consistent theory of massive gravity, let us point out
that a theory for gravity in 5 dimensions, with the extra dimension compactified into a circle,
in 4 dimensions may reproduce a theory of massive gravity. In fact, in 5 dimensions the rank-2
tensor of the massless theory has exactly the right number of degrees of freedom to describe
a massive graviton in 4 dimensions. The way to get to this result is a kind of Kaluza-Klein
dimensional reduction procedure.

The most important thing to notice is that the theory of Massive Gravity obtained in this way

is a ghost free Massive Gravity, as it can be proved [15].

In the following chapter we will give instead the simplest and to our knowledge the most
natural way of constructing the non-linear ghost-free generalization of the mass term, which
instead of the metric will use the vielbein formalism. Now let us only note that a solution to
the fundamental problem of ghosts was found only quite recently [21], in a somewhat brut force
way constructing the interaction terms order by order in powers of the gravitation field, in such
a way that all the higher derivative operators involving the helicity-0 mode (9%7)" are total

derivatives.



16 CHAPTER 2. LINEAR THEORY WITH FIERZ-PAULI MASS TERM

It has been shown that:
2 2
Emass = _m2M%l vV —g (|:<]I - g_1f> :| - []I - g_lf:| ) (225)

is exactly the correct non-linear generalization of the mass term free of the ghosts. However, as
anticipated, there is a more natural way to see that this is the desired non-linear generalization
of the mass term, and it relies on the vielbein formulation of Gravity.

In the following section, after a quick translation of Einstein General Relativity from metric-
based theory into a vielbein-based one, the self-interactions leading to a mass for the graviton
will be built with those objects rather than g,, as in (2.25) and the result of the absence of the

ghost degree of freedom is derived without too much difficulty.



Chapter 3

Consistent massive gravity

1 Vielbein formulation of General Relativity

The most straightforward way to get the consistent theory of Massive Gravity is to use the
vielbein formulation of gravity. Vielbeins are a basis of one forms, €9, dz#, which can make any

generic metric flat:
Juv = eauebunab- (31)

These one forms may be seen as a linear map from the tangent space of a Riemann manifold to
Minkowski space, preserving the inner product.

An important identity which relates the determinants of g,, and €9, and comes directly from
(3.1) is extracted here because it will be used quite often in what follows.

Choosing the sign of the Levi-Civita symbol €123 as the negative one, so that €?1? = 1, then
one important relation arises easily from the previous definition: if e stands for the determinant,
i.e. € = —e€gpegetrr? eauebl,ecpedg,

related by g = €% - (—1).

Notice that, moreover, the components of the one forms e

then in the tetrad basis g, the determinant of g,,, and e are

a
m

allows the passage from “curved” to “flat” indices, and viceversa for e*;.

are the elements of a matrix which

For example:
Vo = Va=el'V,
Vo = Vu= e; Vo,

where V), is a vector field.

This formalism is also known as Einstein-Cartan formalism.

In order to construct a minimal theory of ghost-free Massive Gravity formulated with the
vielbeins, the first step is to convert the basic quantities of General Relativity, such as the
connection, the torsion and the curvature from the usual metric formulation to the vielbein
language. Moreover all the classical theory of Gravity, i.e. the Hilbert-Einstein action and its

associated equations of motion should be revisited before taking into account any suggestion for

17
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the interacting terms which give mass to the graviton.
With the vielbein one-forms, the equivalent notion of covariant derivative depends, now, on
a particular one-form w‘ﬁ’ dz*, the so-called spin connection, which is the counterpart of the
Christoffel symbols for the covariant derivative obtained from g,,,. Then in the Cartan formalism,
neglecting from now on the wedge product A between forms, the covariant derivative acting on
the vielbein itself is

De® = de + wiel.

The torsion tensor, now, is defined as

T := De". (3.2)
Also the Riemann tensor Ru,,pg, the Ricci tensor R,, := RWPU 9pag™ and the Ricci scalar
R := Rug"” are expressed according to this spin-connection and the vielbeins.
This can be done by noticing that the curvature two-form R, where R* := %R“i’w dztdx,
and defined by
D (De”) := RYe’, (3.3)

returns exactly Sy of the classical Einstein theory for gravitation, as we will show after having
developed expression (3.3) a bit. In fact, if one uses that applying two exterior derivatives on

smooth functions gives zero, d (de*) = 0, then:

D (De®) =d%e® + dwle’ — wide® wide® + wiwse’
= dwie® 4+ wiwe’.

That is,
R = dw™ + ww®. (3.4)

Therefore Hilbert-Einstein action for Gravity, see equation (1.1), turns into a functional involving

a scalar function for the curvature. In natural units it is:

1
Sy = - / €abed R™ A e A €. (3.5)

4
This action forms the basis of the description of the Hilbert-Einstein theory in the Einstein-
Cartan formalism, and it is called Palatini action. The proof of the equivalence between Palatini
action and Hilbert-Einstein action is given at the end of this section, as well as the one for the
equations of motion arising from the metric or the vielbein formulation. Now we prefer to pay
attention to the expressions assumed by minimizing the action and to their meaning.
First of all, it is possible to show that the condition of absence of torsion comes as a natural

consequence of performing the variation with respect to w?® considered as an independent field.
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In fact, varying the curvature two form (3.4) with respect to w® gives:

0SHE = €abead ( Sw e et ) + €aped W™ d ( € et ) + 25w“bw[f € et €q)fed = 0O

S =2 <6abcd (d €c) ed + w[{: ece Ga]fcd)
OSHE 1 )
o abik _ abik (eabcd de€ e + w[f € od Ea]fcd)

= —4delel — 2.3 5[]050’(5;}“ wb e el
= —4 (de[i k! + wbm eb e‘“)
=0.
This is exactly the condition for the absence of torsion (see definition of 7% in (3.2)):
T = de’ + wief = 0. (3.6)

From (3.6) one can find the unique expression for w in terms of e:

wzb = % " (26apeb"8[ €ole — erce“"(?[peba} - er"egca[peaao . (3.7)

Taking the variation with respect to e? in (3.5) gives, instead, Einstein equations in the vielbein
form:

% - %eabcd (Ra” A ec> = 0. (3.8)

Now we would like to show that both the action and the equations of motion written for the
classical Hilbert-Einstein theory of gravity with the vielbeins are completely equivalent to those
of the theory written with the metric, as they are expected to be.

The fundamental thing which has to be noticed and used in the proofs that follow is that
the Riemann tensor (1.4) and its contractions in the metric language are directly related to
the expressions of these tensors in the Einstein-Cartan formalism. First of all, the Christoffel
symbols I',/,(g), as stated in section 1, arise also from the condition of compatibility with the

metric (1.2) which can be rewritten in the vielbein basis as:
Dy (e%epa) = (Dues) epa + €, (Duepa) = 0,
and in the vielbein language the compatibility condition turns into:
De, = e, + T Le) +w) »e, = 0. (3.9)
Thus, the Christoffel symbols depend on a derivative of the vielbein and on the spin connection:
rf, = —¢, ((%el,“ —l—wu‘lbeb,/) )
and this leads to the following equivalence between Riemann tensors, using expression (1.4) for

the tensor written with the metric:
R, = — 0 (eC; (&,ep“ +we )) + 0, (e”a <8ue +w,pe ))
—e% (@Leﬂ“ + wuabebﬁ) (8 ey +w,qe ) +pv

_ a a a c o b __ a o, b
= (8uwyb—aywub+w[u| Cw|l/] b) Caep = R‘u‘l/’b@aep.
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This means that the following relation holds:

R,,%,(9)efel = R, 0. (e).

uv, p o uv, a

Now starting from Syg in (3.5), let us give the proof of its equivalence with Syg in (1.6) in
natural units, Syp = [d*z/—gR[g].

1 1
1 / cabed R A e N et = 1 / R“Zyecpedg €abed AP A dx” A dx” A dx®
1

=1 / Ro‘ﬁue € 56 ped(7 €abea Azt N dz” A dax? A dx®

1 1
= —4/ <2Ragyea5pge“”pg e> d*z
:/Raﬂéwy v-gd'z
~ [ v=ERlgldts

The proof of the equivalence between the equations of motion (3.8), in the Einstein-Cartan for-

malism, and (1.1) without any coupling to a source follows here:

1 1
o Cabed R A e = *Rpg epebge €abed dr? N dx” A dx®
1 1
5 €abed R? A e“ne = 7 Cabed PRI e el e, ey dia

1
= —e- féh el €poap R, dx

- Rp" sty 5 el e dla

p® % n

= §(R5 + R"), e" el + R, e d) V—gdiz

1
= <2R5Z - Riﬁi) V—gdiz

2 Massive terms in the vielbein formalism

The aim of this paragraph is to show that adding a specific mass contribution and other in-
teracting terms to the Palatini action (3.5) respects all the requests for consistency. If f is the
reference metric, f,,, = f9, f% Nap, in which [ 1s a reference vielbein, taking into account also
the possible linear interaction for f and a cosmological constant, the additional term which we

are interested in is:
Lonass = M€abed (czf“ AFEAeENed+erfOne e Aed 4 cpe® A el A e A ed> . (3.10)

It has to be checked whether this guess really gives a consistent Lagrangian in which €, prop-
agates 5 degrees of freedom or not, and it is also important to verify if the massive lagranglan

(3.10) corresponds to the metric lagrangian (2.25).
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In order to give the proof for the absence of the sixth degree of freedom of the e, viel-

bein, it is enlightening to start from the extraction of the equations of motion from £ =
M]%l (EHE + ﬁmass)-
Taking the variation of £ with respect to e gives:

6£mass a C a Cc a c 5£
Sed  — Cabed <m2(202f AFENE 31 fPNE A e 4 dcpge Aeb Ae )> =— 5;E , (3.11)
which, passing from the differential forms to their components, turns into:
Loch mh\ 2 (€2 (parb _ papb) sh
§R’6d_Rd = —m (5(fbfa_fafb> 5d>
3.12
2 (€2 (rach a 3C1 ( ca ch h h (3.12)
—m? (2 (fafh— rafh) + 5 (bl — £afh) + 5 (Fadt = £l) +6eodly ) |

where f§ = fZe%
In fact, to get the RHS of (3.12) in the above form the following passages should be performed
(in the second line we have to multiply by e}fg as it has been done in order to obtain the LHS

from (3.5), moreover a division by a factor of 4 has to be done for the same reason):
m? €gped (202f“ AFENE+3er fEAEP Ae® + dege? /\eb/\ec>

= m? egped (202]“‘,2]"2”6’2 5 + Sleje] ele pe i +dcoel, e ee %) dzt A da? Ada? A da?

= m? (262 5 1% €abcdfkw0h + 31 f% €abcac’™" + 4cg EabcdﬁabCh> v—gd'z

= — 6m? (202 o ph, 0tk sus™) 4 2¢, pslis") + 4(:05’}1) V=gdiz

— = /=g (202 (oSt — Fosh) Oy 200 (S = Fofly) O+ 200 (F3fY — Fufh) o) d'a
— 6m?\/—¢g <01 sl — e fa6h + 400(5@) d*z
(- 1 ) (o a5 ) (s 210
—m?*y/—g2cs ( 1e <2f [hed] +2f, (hett ) + <2f,/ e+ 2fy(he7))> < fﬁj g+ 2f[b ’ )) dtz
—m?/ =g ( 2o fh <2fl, ¢y +2f, (e ) 4601 (f“éh —of e — 2, eg)) +24c05d) d'z

In order to match with the symmetry under the exchange of the h and d indices, which is
respected by the LHS of (3.12), one should require that

flaerth = 0. (3.13)

This constraint reduces to 10 the initial 16 degrees of freedom of the e, vielbein.

Other 4 constraints arise due to the identity

1
D (RW — 2Rg,ﬂ,> =0. (3.14)
In fact, this holds because the Riemann tensor satisfies, by construction,

DaR/,Lupcr + DpR;waa + DUR,uuap = 0. (315)
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Contracting the 4 and p indices with gt? leads to DoRus + D’Rpvoa — DsRua = 0; then,
multiplying by ¢”? one obtains DoR — DR, — D"R,q = 0, which is exactly (3.14).

Now, given that (3.15), which, written in the vielbein formulation, is simply DR = 0, with
D := da* D, should hold, then also the covariant derivative on the RHS of (3.12) is null.
Applying dz# D,, to the variation with respect to e? of an interaction term built from one vielbein
of the f type (i.e. when we put ¢ and ¢ in (3.12) equal to zero) f* A e? A €€, a simpler example

which does not lose any general validity and choosing for simplicity f§, = 09,, in this case:

da* D, <f“ Aeb A ec) €abed =
dx”’wu"k 5";, dz? A eb A €€ egpeq =
dz Pw, ebp € €abed =
—/—gd*z 5’fa 5’21} w,, =
V=gd'z (W% — w, %) =
V—gdiz (w,geh) =0
We thus find that Bianchi identity leads to the 4 conditions of the form

wuab el =0. (3.16)

These 4 equations further reduce the number of physical degrees of freedom of €, from 10 to 6.

Now using (3.16) in the scalar curvature coming from the trace of the LHS of equation (3.12),

one gets:
R =2 (5@ wyfb + wi, chy]b> eley

=2 (aywyab - 8ywuab> eley — 2w,”, wlfb elel,

=40, (wl,“b eb”> et — 2w, 9, el — 2w’ w,” eliely

=40, (wyab eb”) et — 20, (Dlel — wapes ) ely — 2w,°, wud’ elel,

=40, (w,j“b eb”> e+ 2w, P Wy €0 €eq — 2w, cw,” el el

=40, (wyabeb”> el =0.
In the second and third equality condition (3.16) is used, while in the fourth line the absence of
torsion allow to express the partial derivative via the connection w and the Christoffel symbols.
On the other hand the Christoffel symbol is symmetric in the pu, p indices while w is antisym-
metric, so the only term with both w and I' cancels due to this contraction between indices.
Eventually in the second to last line it is sufficient to relabel b <+ ¢ in the second term to match
the third. In the last line again condition (3.16) is used, so we get that if constraint (3.16) holds
then R is identically zero, and so should be the RHS of the trace of (3.12).

Thus the fact that from Bianchi identity in the special case of a deformation arising only from
feneb nef Aet eqpeq and choosing the vielbein J%. = 09, the Ricci scalar is null has the important
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consequence on the trace of the contribution to the equations of motion of L£,,4ss, which should

be zero as well, i.e. e® A (6‘§,dx” A ebpdxp A el dx? eabcd) = 0. Developing the calculations:

e #5‘26 e dat Ada” Adaf Ada? egpea = diz €7 e gpeq € Hé‘f, bp <
= d*zy/—¢ "l ed €appo€P7 €],
= —d*zy/—g3!316k 5 0 Y
= 07
hence we found the ultimate condition necessary to remove the ghost degree of freedom, as in
[16]:
et =0. (3.17)
After having proved that this vielbein formulation of Massive Gravity is not troubled with a
ghost, and propagates the genuine 5 degrees of freedom of the massive graviton, in this paragraph
we will show that the lagrangian (3.10) with co = ¢y = %, c1 = —% is equivalent to the metric
lagrangian (2.25).
Leaving apart the cosmological constant 4!cy\/—gm?, we can rewrite the other two terms of

(3.10) as follows:
m? €gped caf5ed A fl}leh AeSNed + 2¢iflet A el A el A ed)

(
= m? €aped (02 15 A e e eped oAt + o f“e e’ eped e‘“’”"d%)
= m?eegped (egth CQfC; fl;Z + ¢ibed clf%> d*x
— _m e(46 9,00 ¢ f4 f + 60% e f‘;) &z
= —m2e(202(f%f% - f%f%) + 601]“&) d'e
= —am? V=g (e (foeh fhet — Joeh fheh) + Bey (fheh))

oy ([ () - ()] 5 v

v

in which the last expression with the g, metric ((¢71),, = ¢g*) and the reference metric f can
be obtained taking into account the previously found condition (3.13). Moreover, in order to
better understand how the second to the last line is related to the expressions with the traces of
the square root of the metric g and f, it is useful to define Y/, := e‘flfc;). In fact, using (3.13),
the following relations hold:

(97'0), = el'e™ S fun
= e ) fun

— YY,, = (V)

SO f‘;epaf%e‘z = [v)? = [ gilfr, while f‘Le”bfze‘fl = [Y?] = [( glfﬂy)q, and the term

with the ¢; coefficient gives f4e/y = [Y] = { g_lf].
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Thus we have seen that Massive Gravity in the vielbeins formulation has a nicer expression
for the interaction term than that of the metric formulation. It has been shown to be free from
ghost degrees of freedom.

In the following chapter we will present another theory for gravitation, called Bigravity, involving
one massless graviton in interaction with a massive one, in which, moreover, both metrics are
dynamic. Bigravity and Massive Gravity are related by the fact that the latter is the consistent

decoupling limit of the former.



Chapter 4
Bigravity

Bigravity is, as it will be shown, a theory of gravity with a massive graviton interacting with a
massless one (5 + 2 degrees of freedom in total). A good reason to consider this modification
of gravity is that in this theory the mass of the graviton can be large enough to fit both as
a candidate to be a source for Dark Matter (see section 2 of chapter 6) and to agree with
experimental results, which confirm Einstein General Relativity up to detection sensitivity.

In terms of the vielbeins e and f (which are now both dynamic), with associated Planck masses

Mg, and M; respectively, the lagrangian for Bigravity is:

£bigr(w = €abed (MjR;b A e A ed + MfQR?b A fc A fd +M5m20 (fa - ea) A (fb - eb) ANeSN ed>

+ €abed <Mf2m20’ (e — YN (b = fOY A fEA fd) .

(4.1)
Compared to Ly,4ss of Massive Gravity, (3.10), here ¢g = ¢, ¢y = —2c and ¢y = (1\4923‘;72]\43&)
Written in this way, (4.1) is symmetric under the interchange of the e and the f vielbeinf if also
the corresponding masses M, and M are interchanged. Apart from this symmetry, other rele-
vant invariances owned by the Bigravity action are local Lorentz invariance and diffeomorphism
invariance (but only for diagonal diffeomorphisms which do not mix the vielbein types). The
former is responsible to reduce the number of degrees of freedom of each vielbein from 16 to 10
(symmetric vielbeins), while the latter removes a total of 2 -4 = 8 degrees of freedom, but it
leaves us also with two canonical standard Bianchi identities (3.16) for both the vielbein types
which has to satisfy a common relation, so that the final result is the removal of 8 —4 = 4 degrees
of freedom. Then 10 + 10 — 8 — 4 = 8, but it is possible to show that through a Hamiltonian
construction known as ADM decomposition the last constraint can be found (see [21]), and the
theory really describes a massive graviton with 5 degrees of freedom, and a massless one, which

propagates as usual 2 degrees of freedom.

The term €gpeq ( FENFONfEN ed) is the only one which has not been characterised yet, but

it is known that it has to correspond to one of the contributions appearing in the series written
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n (4.2), but which can also make sense in Massive Gravity. It is, in fact:
(f‘;dx“ A fl;dx” A fcpdch A e‘f,dx”) €abed
= €abed (f Fh 5% e e da) P dly
—ceMeyey (505 15) d'a
= VTR (PPN S TS — A — S — arhe)
= ([\/ﬁr 3 [(mf;ﬂ (Vo] + 2 [(\/ﬁﬁ‘,)?’]) diz

The generalization of Lagrangian (4.1) (plus the contribution of matter fields ¢) can be

written in term of the metric g, and f,, introducing five coefficients c,, polynomials related
to ¢ and ¢ in (4.1):

2 4
Cogron = 2y gR I+ VIR 4 i v (Z anLa (K g, f]]) )
n=0 .
+ /_gﬁématter) (gum wg) :

where a possible dynamics is given only to a strictly defined combination of the metrics (g)
depending on only two parameters, a and b. In fact this coupling to matter is bounded, as
usual, to not develop an Ostrogradsky instability and to not propagate a Boulware-Deser ghost,
as it is explained for example in [24]|. In that paper, the combination of g,, and f,, is proved
to be ¢ = agu, [(1+ bK)], where K is exactly the tensor appearing in (4.2) and it is defined
as Kh, [g, f] == &% — ( g_1f> . In the condensed expression in the sum, the £,,’s are used in
order to indicate polynomials bllllilt by contracting d — n indices of two Levi-Civita tensors, the

other n indices being contracted with K, which are:

Lo[K] = ¢ Pepas = —4!

L1 K] = P euap KK

L3 [K] = e Peing KM KY

L3[K] = P €105 KH K K
La[K] = ™ €050 K0 K KUK

The proposed metric lagrangian for Bigravity in (4.2), due to the coupling to matter fields,
thus renounces to the exchange symmetry between the metrics g,,, and f,,, privileging g,,, with
respect to the other. Moreover it has, hence, 5 parameters in addition to the masses M, and
M, while L4ss in (2.25) is obtained by a suitable choice of 3 coefficients plus a mass. This
is not an inconsistency because the non-dynamical reference metric f in Massive Gravity could
also produce an avoidable constant and a tadpole, which in fact are not taken into account.

Let us mention that the interaction terms in (4.2) written in the synthetic expression as a sum
of polynomials can be used also in Massive Gravity, if one assumes f,,, to be a non-dynamical

reference metric and allows the tadpole and the other interactions of higher order (n = 3, 4).
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Now, we would like to notice that (4.2) is truly describing two gravitons, one massive and
the other massless, but, as it is, it involves a superposition of mass eigenstates. In order to see

this, one has to work in the linear approximation, that is:

1
Juv = N + ﬁgaguu
tw = N + i<5f
uv uv M; ny

Let us consider only the quadratic order in the perturbation around flat spacetime, put the
cosmological constants and tadpole terms to zero (g = 0 = «y), and set ay = —%. Then it
turns out that the following linear combination of dg,, and 6f,,, called h,,, is a massive mode

of mass meg, and [, is massless:

1 1
h;w = Mg <M5f,ul/ - %5guu> s

1 1
l/,w = Meg (Mégm/ + ]wg(sf,uu> s

where
1 1\ !
Vi = (3 + 52) (1)
M? (M + M?2)
2 2"y 2 f g
mig == m = : (4.4)
¢ Mesz M

Then the linearised action for Bigravity is:

5@

bigrav

1
- / d'a [859W (D80 — 200,095 + Bu089 — 1 (D89 — aaaﬁagaﬁ)}
+ / diz [édf"” (D08t — 206,685 + 0,008 — 1,0, (0F aaaﬁafaﬁ)]
1
+ / d4fL' |:—8mgﬁ“ (h/%V — h2):| s
1
= / d4.'17 |:8th (Dhl“j - 28046(}/13) + 3#8,,h - nlﬂ/(ljh - 3Q8I3ha6)>]
1
+ / diz [8#“/ <DZW — 2000,12) + 8,0,1 — 1 (OL - aaaﬂzaﬁ))]

1
\/ M2+ M
(4.5)

Thus both h,, and [,, possess, as kinetic term, the linearised Hilbert-Einstein action already

1 v (83 (87 v
+ / d'z —gmgﬂh“ (6 ;/5’?/ -1 ’Bnul/)haﬁ - (Mghy — Mgly,) T

found in chapter 1, arising from the linear approximation in the Ricci scalar. There is only one
massive mode, h,,,, which shows a Fierz-Pauli mass term in the linearised limit, while 6f,,, that

corresponds exactly to the above combination of h,, and [,,, couples to matter sources, TH".
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However in this coupling the massive mode h,,, enters with a coefficient of Vi depending
on #ﬁ in which m can be taken as small as one wishes, even zero in the decoupling limit of
e

Bigravity. Thus the conclusion is that the massive mode has no interactions other than the

gravitational ones, and this property is typical of Dark Matter.

Massive Gravity, to which Bigravity reduces when taking one of the two equivalent metric
to be 7., has already been proved to be free from ghosts. In the next chapter this decoupling
limit and the relevant interactions at the suitable scale are analysed in order to establish if the

vDVZ discontinuity is effectively relevant at every energy scale.



Chapter 5
Vainshtein mechanism

The coupling of the scalar mode of the massive graviton to matter has been shown, in section 2,
to generate a pathology in the behaviour of the massless limit of the massive linear theory, which
does not reduce to the massless theory. What we are going to show now is that in the non-linear
theory there is a screening effect that, in the vicinity of the matter, removes the effect of the
scalar field. Before investigating it, we will describe the possible decoupling limits of the theory.
These would become quite important because the critical issue of the vDVZ discontinuity, as
already stated, is due to the couplings of the scalar mode 7w to matter, and it has to be proved

that at the relevant scale the scalar couplings are appropriately modified.

1 Decoupling limits

In Massive Gravity the interactions of the helicity-2 mode h,, and the scalar mode 7 do not
arise at the Planck scale, as one might expect, but at a lower scale given by a combination of
the Planck scale and the graviton mass. Considering the potential term for Massive Gravity
and focusing on the case in which the decoupled theory is built about Minkowski metric, i.e.
M2,m?/=g L, [K[g, n]], then generic interactions between the canonically normalised modes

can be characterized by the mass scales as in the following lagrangian:

h\ [ 0A \*( o2r
22 _
Ej’k’l il Mp; mMp; m2Mpl

_ A;:j—(j+4k+3[)hj (HA)* (827T)l ,

where j, k and [ € N and the scales Aj;; are defined as:

1
. — 2k+20—2 7 rj+2k+1—2 G+4k+31-4)
Aj,k,l - (m Mpl .

Then, the first interaction, involving a triple power of 9w, might appear at ANj—o, k=0,1=3 =
(Mplm4) 1/5 = As, with m < As < Mp;. But we already know that the appearance of the
second derivative of any field with respect to time means that the theory is afflicted by the
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Ostrogradsky instability.
At A5 scale and above, the dangerous contributions are approximated by:
. (%x)"
" Mgl—2m2(n—1) ’
with n varying from 2 to 4.
However, in the consistent theory of Massive Gravity it turns out that the terms at each order

are combined into total derivatives of the form:
£ = [ - 2]
£50 = [)* = 3] [112] + 2 [1°]
£ =t — 6 [11%] ()2 + 8 [I1%] [11] + 3 [112]* — 6 [11*] .

er
Therefore no interaction really appears at scale below As, which identifies the full set of in-
teractions (827r)l, with [ varying from 3 to +o0, and it is precisely Aj—_o r—0,is00 = A3 =
(Mpym?)'/3. Switching on the helicity-2 and the helicity-1 modes, instead, will imply higher
scales.

The decoupling limit of Massive Gravity (with standard Hilbert-Einstein lagrangian plus
other interactions of type im2Mg2 V-8 (Zi:o anly [Klg, f]])) is consistently extracted by
taking

m—0, Mp — oo, Ajfixed,

which implies that the Hilbert-Einstein term takes its linearised expression (1.10), while the

other interacting terms become

ag + 4ay

W’X/S?/)+MX/S?/)> 7 (5.1)
3

mass Ag

1
LdecAs gh“” (2a2 X0+

where the correct normalization should be s = 1 and the X (™ are polynomials of II:
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These expressions are transverse, i.e. O X (7}” = 0, in fact, checking for n =1,

oM (=511, + TH,) = —9*Tir + 9" O = 0,

therefore the As-decoupling limit of Massive Gravity is free of any ghost-like pathologies. More-
over, (5.1) can be further diagonalised with a suitable choice of fzm,: it is possible to prove,
thus, that in this way one gets the Galileon Lagrangians £Eg)al) [] [12], which typically involves
a (877)2 term multiplying, according to the n index, the usual contractions between two Levi-
Civita tensors and n — 2 II tensors. Those terms will be fundamental in the discussion of the

Vainshtein mechanism.
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2 Vainshtein radius for static and spherically symmetric source

From the decoupling limit analysis it has been shown that 7 is responsible for interactions of
the type (87)2 [I]" or (dm)*[I1"], called galileons |26] because they enjoy the special global
symmetry:

T — T+ c+ vt

where ¢ and v, are constant parameters.
Hence it is quite meaningful and without loss of generality to work with

- i(aw)QDw + Lo (5.3)

dec __ _1 2
£l = =5 0n7 - 5 i

The decoupling limit of Massive Gravity (5.1) resembles a galileon but presents also few pecu-
liarities. First, the coupling hA** X l(t?,), which can not be removed with a local field redefinition,
could be proved to allow no stable static spherically symmetric configuration unless as+4ay4 = 0,
a tuning which sets to zero this coupling term in (5.1). It is particularly deprecable that we
are obliged to drop it out, but we are interested exactly in the configuration generated by ap-
proximately spherically symmetric massive objects, like the one created by the Sun in the Solar
System.
Second, when the cubic galileon is present also the quartic galileon should necessarily be there
and one can not prevent the appearance of a new coupling to matter, 9,79, m TH", typically
absent in other Galileon theories. Its effect is to bound the values of a;, where o = — (1 + % ,
to be strictly positive, but also to give as Vainshtein solution close to the source a cosmological
solution which does not depend on the distance r in this regime.

Having discussed how the galileon lagrangian (5.3) arises in the decoupling limit of Massive
Gravity, let us now analyse the Vainshtein mechanism in the case of a point like spherically

symmetric and static source. Its stress-energy tensor is:

o(r)
Th = —MS§3 = M . 5.4
0 (T) 471_7,2 ( )
Let us study the equations of motion for the scalar mode 7y sourced by (5.4):
0 = Omg + Kga“(auﬁomﬁo) - ED(@T(Q) + m
2 2 Ty
= Omo + — (Omg)? — —(8,0,m)% + ——
0 A% ( 0) A% ( M 0) MPl
1y [ (me) 1 (me\\] M s
r2 " r A3 r AdrMp; 12

_a(m) L (meY) M
-7 r A3 r ArMp;

so if the Vainshtein (or strong coupling) radius r, is defined as:

1 M \'3
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the dominant terms in the equation of motion for my, taking into account the different regimes,

are respectively:

forr >> o(r) M1
orr Te, (1) ~ —
* 0 47TMPZ T2
M A3/2
forr << ., m(r)~ Y \j; .
P

so in the first case one recovers a Newton square law for the force mediated by mg, which means
that the theory with a mass can be detected only at distances larger than r,, and its linearised
version works.

Conversely, close to the source, the ratio between the force exerted in the massive theory for
gravitation, which is implemented by a sort of fifth force contribution from the scalar mode and
corresponds to distances r << 7, and the Newtonian force of the standard General Relativity
case (the newtonian approximation is valid because the scales are large enough to be sufficiently

away from the massive body):

e, < )3/2
— ~ | — << 1
Fnewt Tx

when considering a quartic galileon coming from (5.1) this is further suppressed and goes as

2
<L> . For a graviton mass of the order of the Hubble parameter today Hy (i.e. Az =

Tx
3

1\ 2
(1000 km) ™', m = <A3MPZ3 ~ 1.25-10732eV) then the gravitational force exerted by the

Sun at the position of the Earth in a massive theory is suppressed, compared to standard New-
tonian force, by 16 orders of magnitude in the quartic Galileon (12 orders in the case of the
cubic Galileon). Thus, the extra force mediated by = is negligible and deviations from General
Relativity are extremely small, but detectable, at least in the case of the cubic Galileon.

Now, let us consider fluctuations around the solution discussed above. Following the be-
haviour of the perturbation to the second order, 7 = mg+ ¢ and T = Ty + §T, the lagrangian

which we are interested in is

@ — _Lgm2z_ L a2 B v 1
£ = —5(00)" ~ 3(06 ) = 50,60 m(00) + 7708

2
A3

It can be checked that £ corresponds to the following expression:

1 1
L% = - >7,,0'00"¢ + ——7T
2 Mp; 56
) (56)
Z;w =Ny + F (Dﬁonm/ - 8;1,81/7'(0) .
3

Even if Z,,, does not behave like Z,,,, ~ Z7,,,, the idea of canonically normalizing the fluctuations
as qg = \/Z¢ means that the coupling of the fluctuations to matter can arise at a scale which
is very different from the Planck scale, M iV Z >> M p1, and this allows to conclude that the

coupling to matter, which depends on the inverse of this quantity, is thus very suppressed.
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Z for our case (5.6) has a peculiar property for small radii, r << r,, which becomes evident

when performing the following calculation:

2 / /
Z,, datdz” = — <1 + = (2”07@ n ﬂ{{(r))) dt? + (1 n 4”0(T)> dr2
T

+ (1 + j% <7T6£T) + Tr()’(r)>) r2dQ?

3/2 4 1
Zyy datda” =3 (%) (—dt2 + gdrz + 3r2d92> + ndatda” .

The modes propagating along the radial direction have a superluminal phase and group velocity

2
~

which are related to Massive Gravity decoupling limit but do not exactly correspond to it, unless

i o= % > 1. This fact has been a source of many questions in these kinds of gravity theories,
something further is required.

It is known that group velocity, which represents the speed at which the envelop of the signal
propagates, could be superluminal without violating causality, because it is the wavefront veloc-
ity (high frequency limit of the phase velocity) that carries the information of the signal. Hence
it is the behaviour of the latter which should be inquired in order to infer if superluminalities
are really present.

In a Galileon theory of type

4

Cn+1

L=n)" Ag(n_l)cn(n), (5.7)
n=1 '3

where L£,, are the appropriate contractions built from (5.2), taking 7 to be a plain wave in the

z! direction plus small perturbation d7:
mo(zh) = F(zt — t) + on(zH), (5.8)

it is possible to show that the perturbation travels with a velocity v

1203 1
1 T%F//(x t)
VT T 120,
1+ 7A§ F'"(z! —t)

?

This leads to a superluminal velocity in the case in which 12c3F” < —A3 for the “toy” model
with lagrangian (5.7); however this is the group velocity and in order to infer something about
the (a)causality one needs to calculate the front velocity, so one-loop corrections must be taken
into account. So far this is yet to be determined [10].

In Massive Gravity, instead, a perturbative analysis on the static and spherically symmetric
sourced solution would eventually prove that the modes along all the directions are subluminal
and it is yet unclear if this result is due to the accidental specific case or a consistent property
of Massive Gravity. Some massive gravity solutions, not related to the Vainshtein mechanism

here presented, have been thought to admit superluminal propagation, but then they have been
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discarded because they were proved to describe only a confined region of space and time or to
lie beyond the validity domain of the theory.

Another aspect of the Vainshtein mechanism which has to be discussed deeper concerns the
graviton mass. In fact the Vainshtein screening effect relies on interactions which are important
at a low energy scale A << Mp;, quite lower than the typical scale of GR.

Moreover, the Galileon operators have mass dimension larger than 4, so in a traditional Effective
Field Theory viewpoint these are irrelevant and hence the theory is non-renormalizable. But
in order for the Vanishtein mechanism to be successful the irrelevant operator should dominate
over the others, the so-called marginal operators in EFT, because only the couplings of type
(5.1) are taken into account, so one may wonder whether or not it is possible to use the effective
field description within the strong coupling region without going outside the regime of validity
of the theory.

A non-renormalization theorem which assures that in a Galileon theory the Galileon operators
do not get renormalized comes to our aid.

Hence it is possible to find a regime for the theory in which the operators generated by quantum
corrections (which are not the ones obtained from a one-loop and higher loops analysis of the
Galileons due to the non-renormalization theorem) are irrelevant and the leading interactions
are then brought by the Galileons. This also implies that the scale Az, which could not be
renormalized, can be set to an arbitrary small value without running issues.

When beyond the decoupling limit As, instead, operators of the form h? (827r)n are expected
to spoil the non-renormalization theorem; however these operators are Mp; suppressed, leading

also to the suppression of the quantum corrections to the graviton mass:
2
3
om? < m? <m> .
Mpy

In order for the massive theory to be viable, then, the graviton mass in Massive Gravity ought

to be tuned to extremely small values.



Chapter 6
Cosmology

One of the main motivations for developing modified theories of gravity is to make a somewhat
alternative insight into the nature of the main cosmological issues.

For instance, the modification of gravity by the introduction of a mass term is a correction to the
behaviour of the metric tensor field in the infrared, which means that the late time acceleration
of the Universe could be theoretically explained without assuming the existence of an alternative
form of energy named Dark Energy.

There are two principal ways in which massive theories of gravity could be useful for addressing
the cosmological constant problem. On the one hand, by weakening gravity in the infrared, they
may weaken the sensitivity of the solutions which depends on already existing large cosmological
constant. This is the idea behind screening or degravitating solutions.

On the other hand, a condensate of massive gravitons could act like a source for the present
unnatural little cosmological constant, due to the small but technically natural value of the
graviton mass. This is the idea of self-accelerating solution.

Bimetric theories, instead, possess desired features to give a self-contained explanation to Dark
Matter, as we will discuss in section 2.

In section 3 the possibility for Massive (Bi-)Gravity to admit Schwarzschild solutions to spheri-
cally symmetric and static sources of matter is investigated and a discussion on the stability of

those solutions follows.

1 Dark Energy from Massive Gravity

As previously stated at the beginning of this section, there are two technical ways which allow
to relate massive gravitational theories to a cosmological constant: the idea of degravitating or
screening solutions, in the decoupling limit, and the idea of self-acceleration due to a bunch of

massive gravitons.

In the As-decoupling limit we know from the previous chapter (subsection 1) that the la-
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grangian for Massive Gravity coupled to an external source,

1

ﬁHE + Emass + MPZ

hy/ TH

with L4ss given in (2.25), reduces to (5.1), which we rewrite in the following way:

3

spin— v an n

n=1 113

where the X (™ were defined in (5.2).

What we are going to show first is that some values of the scalar mode, chosen if we assume that
the metric ought to be of a de Sitter type, prevent the geometry from being not flat. A de Sitter
metric ggls, can be defined, in a Friedmann-Lemaitre-Robinson-Walker (FLRW) context, by the
condition that the Hubble constant, cosmological relevant parameter function of the scale factor
a(t) and its first time derivative, H := %, is really constant in time. By FLRW context we mean
a solution to Einstein equations representing an expanding Universe, with expansion regulated
by the scale factor a(t). If for ¢ is meant the speed of light and for k£ we denote a parameter,
taking values in the set {—1, 0, 41}, which represents the curvature of the space (closed, flat or

opened space), in spherical coordinates the FLRW metric corresponds to:

ds?ppw = —c2dt* + a(t)? < dr? + T2dQ2> .

1 — kr?
Then we will also show that a self-accelerated solution in the decoupling limit exists even when
the cosmological constant is absent, and depends on the value of the graviton mass.

We refer to [13] for the whole discussion.

The variations with respect to m and h*¥ of (6.1) are, respectively:

(0 =ay (Oh — 8,0,k + 2% (Oh O + 8,050 TI% + 00, W Ty, — 0,0,k Or — OhIL,,)

az o as v_oapo S
- 25 (670" hTas) + 35 (0a0h €277e, T, 15

1
0==
4

3
(Dt = 20600, + 0,0k — s (O = 0a0h° ) ) + Zl Agf‘:_l) X (1] + MlplT”“”'
S (6.2)
Now, guessing a self-accelerated solution for this system of equations, the metric which we are
interested in should only follow from an expansion around |z| = /5, 2Fz7 of a de Sitter type
of metric with Hubble parameter H:

2 12
|z

2 —Hl=l” v Lo 12 v
dsjs = e 2 nydatde”’ ~ |1 - §H ||| ny dat da” .
So, under this assumption, the ansatz for h,, is:

1
h,uzz = _iMPl H2|33|27IW )
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while the ansatz for the scalar mode m, bounded to respect the same symmetries as those
respected by hy,, i.e. isotropy and homogeneity, if go is the current deceleration parameter

qo = %, leads to:
1
™ = quA§‘$|2 + CA3 .

In order to be a source of dark energy, the stress-energy tensor 7}, should be
TMV = _)\nuy, )\ > 0

Using the ansatz for h,,, its free kinetic linear term is simply:

1 . . 1
T (Tt = 206005 + 0,01 = s (Oh = 0a050°7 ) ) = <—1 +5-1+4- 1) H?

3
= §H277/Jl/'

The equations of motion for the helicity-0 and helicity-2 fields (6.2) can be recast now in the
following form:

<f% + 2a2q0 + 3a3q(2))H2 =0
I\ (6.3)
3Mp;

Hence the geometry can remain flat (i.e. H = 0) or approximately flat despite the presence of a

2qoA3 (a1 + azqo + aszqy) =MpH?® —

cosmological constant. In fact when H = 0, then the first equation in (6.3) is trivially satisfied,

while the second leads to \

T 6A3Mp;

which has always at least one real root when a3 is present. These are the degravitating solutions,

a1qo + asqg + azqy =

or the screening solutions.
In order to infer something about their stability, one has to consider small perturbations around

the corresponding de Sitter background, denoted with a b superscript:

o
h = hby + , W= m° + ,
m v T Xpw 2 (a1 + 2a2qo + 3a3q(2))

Ty = =M + Ty -
The lagrangian for the perturbations is then:

n— 3 1
Epert—degr = EZS;H Q(XMV - QZ)nMV) + 5 ¢D¢ + EXHVTMV . (64)

The first two terms are the kinetic terms for y and ¢, while the third describes an interaction
between x and the first order perturbed stress-energy tensor.

The most interesting property of (6.4) is that the helicity-0 fluctuations ¢ decouples from matter
sources.

When the kinetic term for ¢ is positive, then the solution is stable. This happens when

a1 + 2a2q0 + 3a3qg
qo—1

2 >0.
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A second branch of solutions of de Sitter type (i.e. H = const # 0) is obtained from (6.3)
and only exists if

a3 > 3ayas,

and its stability can be analysed as in the case of degravitating solutions by looking at fluctua-

tions around the background configuration:
hul/ = h’/l.)tl/_’_X}u/a ™= 7Tb+¢’ T/u/ = _)‘nuu+7uu~

The resulting action is of the form:

in_ 6H3qMp 1
Epert—self—acc = 'Cskll);n 2(X,u1/) + i\% (a2 + 3G3QO) oUo + FHXHVTMV, (6'5)
3

so stability is assured when one of these conditions is achieved (setting a; = —1/2 and \ :=
A .
GMPZA§>'
203 1 —3agh — (1 — 2a9)3/2
as < 0 an —ﬂg 342 (~ a2)) ,
3 3A2
1 — 3agA + (1 — 2a9))%/?

i

1
as < — and ag >
2A 3\

1 2
as < — and a3 > ——a3 .
(72T 2) R

This means that there are self-accelerating solutions in which the Hubble constant has magnitude
proportional to 1\14\71%1 = m?, the graviton mass, even if A\ = 0, i.e. no dark energy taken into
account. In this sense a bunch of massive gravitons can give rise to accelerating solutions.

However it seems that, beside the fact that the range of the solutions is so wide that can
accommodate a plenty of values for the cosmological constant, this range remains too small
to significantly change the Old Cosmological Constant problem, i.e. the disagreement between
measured values of the vacuum energy density (the small value of the cosmological constant)

and its theoretical value suggested by quantum field theory [10].

2 DMassive graviton mode as a Dark Matter candidate

In section 4 it has been shown that the bimetric theory propagates 5+ 2 = 7 degrees of freedom,
belonging respectively to a massive graviton h,, and a massless one [,,,. This is explicit when
considering the quadratic order lagrangian in equation (4.5).

What we are going to study now, following [? |, is whether the hypothesis that the massive
graviton could be a suitable candidate for Dark Matter is consistent.

The relevant features for a good candidate able to take the role of Dark Matter are its very
feeble interactions with Standard Model matter and its actual value, often given in terms of the
product between the critical density for the Universe, €dpnm, o, and hg, which is defined as one
percent of the actual value of the Hubble constant: QDM70h2 ~ (.26. This abundance should

follow from a specific model of production of Dark Matter during inflation.
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Before starting the discussion, let us consider for the sake of simplicity only Bigravity back-
grounds for which ggy = fgl, = G- Then the perturbations around this background are given
as in section 4, with Mg defined in (4.4):

~ Mg < 1 1 )
G =Gy + —— [ —1 — —h
me My \ Mg ™ My

- Mg [ 1 1
fNV :gu’/ + Wef <]\4gl/u/ + Mhuy) .

(6.6)

From now on, we will use a := % instead of the ratio between the two masses. Moreover, M,
g

is related to the reduced Planck mass via
Mp; = M, (14 %) .

The zero-order bimetric vacuum equations, i.e. the equations obtained when g, = g = fu,

are: .
R,uz/(g) - iguvR(g) + Agg,uu =0

I _ _
Rul/(g) - §g,uuR(g) + Afg,uu = 0.

The system is solved only if A, = A¢, where the A’s are defined by the following relations:

Mg, — [ 2Mg o0v=eLlVgE
R Y T

Juv=9guv

Nea = [ 2Mg oy=eLlVg
19 a2/ af v

Expanding now the Bimetric Lagrangian (4.2) in the massive (h,,) and massless mode ({,,,)

f;,tu:g;u/

as in (6.6), skipping mass-dependent coefficient therein because the final result will not be

affected by them, ie. g, — Guv + Ly + by = Gy + hyy, the potential becomes:

Ov/=gL[\/g~ 1| D9
N N ST V) | ISV e e (;LPU] we
f=g=G g f=g=G
ov=ELI/5TH) o1
2 o
+ M S he
:g:
(6.7)

This expression can be reduced to a simpler form as follows. Bianchi identity for the Hilbert-

Einstein contribution in (4.2), if V,,, is used in place of

2MF o(y=gLVg U] _ v
V=g g o

and f/,w denotes the same quantity for the f,, metric, implies that the following equality for the

potential term should hold:

V=gVl + VP = /=g Vi’ , (6.8)
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where V := V1 .
It follows that the first piece of (6.7) is

MIV=GV = M (Ag+a’As) V-G.

Using now
OVREWVGTT| o (VG 0 a
dgrv T\ T2MZ ) Bhee T Mp @00
f=9g=G
O/—gL[\/ g~ 't V-G ofmv 1
g [ g ] — Aquy _70(2 ’ — _ 25# 51/)7
ofrv 2M92 Ohre aMp; (b7
f=9=G
the second and the third piece in (6.7) can be written as:
M3« (/=G y
- Mgpl < i )(Ag — Ag) Guh"” =0, (6.9)

because Ay = A¢.

If (6.9) was non-zero, it would imply that in perturbation theory for Bimetric Gravity the decay
of the massive mode into the massless one can really take place. Conversely, at first order in
perturbation the massive and the massless sector of the theory are independent from one another,
and even a higher order expansion of the Bigravity potential leads to a very close result: a single
massive mode can not decay to any arbitrary number of massless modes.

In fact a generic interacting term of type 6g* 6f", according to (6.6), can be parametrized as:

k n s—r
5gk SE™ ~ Z Z ];]]g;rn <lk+n—s—'r’hs+'r)

s=0 r=0
k n s—r k+n
Q E _ _
NE E = EM (a"—i—a ”H—i—...—i—ak),
Myt My
s=0 r»r=0 Pl Pl

in which FE is the field energy value chosen, each one of the metrics carrying, in dimensional
analysis, the dimension of mass. In order for the perturbative approach to be consistent, £ should
be smaller than o Mpy, so if one parametrises the energy as E := o'T9Mp;, a << 1, ¢ € Rxq,
the Bigravity potential, taking into account that for & << 1 the most enhanced vertices come
from pure 6f,, terms, is approximated by:

m)

Vimy ~ Y 0gP6t™ F ~ 0™ (14 a+ 0 + ...+ a”™) ~ 1/(5?) + V((nll)) + V(Si)) + oV
k=0

G O 0 L O (2m)
v =V v v+ v

(6.10)

Care must be taken in order to arrange the perturbative expansion with parameter «, in fact if

we consider ¢ given by the inverse of an integer p, ¢ = ;1), then V(Ei)) A

(m-ip) because a appears

q-m + j times.
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The ultimate result of the analysis, due to the correct rearrangement of the expansion of the
Bigravity potential in power of «, is that the & = m — 1 terms in (6.10), which include in
particular the h1? and the hl? vertices, do not appear. Any interaction of the type of a decay
of the massive graviton into massless gravitons is not allowed.

Instead, vertices which couple h and [ for m = 3, 4 always exist; the coupling constants are

collected in |? |.

Referring to chapter 4 for its more specific analysis on Bigravity massive and massless mode
coupling to Standard Modern matter, there it has been pointed out that h,, in the expression
(4.5) couples very weakly to SM matter. The coupling coefficient can be rewritten as mﬁeﬂ, and
this ratio can be very small because it involves the bare coefficient appearing in the lagrangian,
a parameter of the theory, and the effective mass, the actually measured quantity.

In spite of this weak probability that massive gravitons and SM particles interact at first pertur-
bative order, when passing to higher orders this process will happen more likely. To be precise, a
claim is that, at tree level, perturbation theory makes possible for the Standard Model particles
to decay into massive gravitons (Dark Matter).

In particular, this can be seen as an efficient production mechanism for Dark Matter, and it is a
very good tip since any other proposed mechanism has not given the correct abundance so far.
In a canonical early Universe cosmology viewpoint, Universe is considered to be made of a
primordial thermal bath in which different species of particles are in equilibrium and interact
through annihilation and inverse annihilation processes. Abundances depend on the relativistic
or non-relativistic state of the species when they stop to interact, at I' < H, where I' is the inter-
action rate, while H is the Hubble parameter. In fact the equilibrium distribution is suppressed
by a Boltzmann factor e~ T when m > T, i.e. when the particle ceases to be relativistic, so that
if the distribution freezes-out later or earlier, abundance can respectively be damped or not.

In the DM production context, freeze-out can not even start: thermal equilibrium, I' := npy <
ov >~ QDMmH—; >> H, where meg is defined in (4.4), is never achieved if meg >> H.
However the Universe can be filled with Dark Matter supposing that a freeze-in mechanism takes
place. For freeze-in mechanism it is meant that the produced particles interact so feebly that
they do not ever reach thermal equilibrium with the bath. In fact, in this scenario, it happens
that a pair of Standard Model particles SM, still in equilibrium with the thermal bath, can
annihilate in two massive gravitons, exchanging either a massless graviton or a massive one,
but the opposite reaction does not counterbalance the process because the heavy spin-2 boson
remains below its thermal abundance.

Both the combinations of vertices, SM SM — [l — hh and SM SM — h — hh, has the same
total strength equal to MLPZ MLPZ because in the latter expression the « factors cancel (the first
factor, from the SM SM — h vertex, is MLPZ’ while the coefficient for the h — hh vertex is

1
OcMPz)' )
Then the thermalized cross section < ov > can be proved to go as ]\5—4.
Pl
total DM abundance in radiation domination can be obtained by matching the observed DM

An estimate of the
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abundance Qpys via freeze-in:
3

Mef  ————
¢ T3y

mMpnp

where m,, is the proton mass, 2, the abundance of baryons, and 7, ~ 10~ the baryon asymmetry.
Since the scale of inflation can not be too high in order to avoid overproduction of tensor modes
(not observed in the CMB), this implies that the heavy spin-2 mass will be constrained to the
range,

TeV

GeV
167257716&‘5101172.

c
A more stringent bound is obtained when analysing the possible decays for the massive graviton.
In fact the opened decay channels of the massive gravitons, carrying no Standard Model quantum
numbers, are those with myx < % but with the channel mx = 0 forbidden. This limit
intersects the bound on its lifetime: Dark Matter has to be stable on cosmological timescales of
7 = 13.8 Gyr, which leads to the upper bound o2/? meg < 0.13 Gcez .

Till meg ~ 6.6 - 106 GeV, both the requirements are satisfied.

Now using the (non)observation of SM particle fluxes due to DM decay in different channels

and the decay width dependence on o and meg, as well as the consistency of the perturbative
approach only in the case meg < aMp;, the combined use of the criteria for a and meg implies

that the graviton mass, if measured, should lie in the interval

TeV < < TeV

1 S meg S 66

c? c2
This is enough to respect the actual values of DM in the Universe, produced in a freeze-in
scenario, and also to avoid any violation of the requirements listed.

A quite narrow mass range for heavy spin-2 DM is one of the strongest predictions we could infer
from the discussion: a measured DM mass within this narrow range would be a good indication

in support of the model.

3 Black Holes solutions

Until now we have paid attention to Massive Gravity solutions in which f,, and g,, are propor-
tional to one another, seeking for an accelerating Universe or a Dark Matter description.
Other types of solutions, in particular the ones for a static and spherically symmetric configu-
rations can be found in Bigravity and thus in its decoupling limit of Massive Gravity.

In the case of Einstein’s General Relativity these solutions are called Schwarzschild metrics and
correspond to the cosmological objects known as black holes of Schwarzschild radius rgy, which

is commonly twice the mass M of the spherical body divided per the square of the Planck mass,

T'BH 1

This solution exhibits a horizon, which is a boundary within which the black hole’s escape

velocity is greater than the speed of light, as well as a singularity (a specific point in the chosen
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set of coordinates at which the curvature is infinite) at » = rgy. Any other coordinate system
would lead to this description at points labelled with those different coordinates.

When working with two metrics instead of one, these typical features of black holes do not
show themselves as easily as in General Relativity. To get Schwarzschild solutions one should
overcome some critical issues, such as the fact that it is not possible to make the starting ansatz
that both g,, and f,, are diagonal.

There are propositions which rule the properties of the second metric when the first one satisfies

some specific requirements, as stated in [18]:

1)  When the killing vector € = 0y for g, defined by the condition D(g)(,€,) = 0 and in this
case infinitesimal generator of the time-translations, is null at v = rg, then, if both g..
and ., are diagonal and describe smooth geometries at ry, Op is also a killing vector for

f, which shares the same translation invariance in the time dimension as g, .

2) Let € be a killing vector for g, and f,, and let g, have a killing horizon (which is the
variety defined by the condition that the norm of the killing vector is null) with non-
vanishing surface gravity k (e#D,e” = ke”). Suppose further that both geometries are
reqular and possess the reflection isometry in the (t, ¢) plane (i.e. they are stationary,

which means that g4 and also f,; components are null ). Then the horizon is also a horizon

for f,,.

As will be obtained and justified in the following lines, these propositions imply the explanation
of the particular form, for the solutions g, and f,, in the spherically symmetric and static case.
Their meaning will be clarified once having showed that starting from non-bidiagonal metrics

will necessarily lead to bidiagonal metrics and to a particular specific pair of them.

In a Bigravity theory the action, following the work of Volkov [30], can be given by:

1

1
Shigr =
YT T 16w G,

167Gy

/ d*z v—gR(g) + / d*z V=IR(f) + 8™ + ™

) (6.12)

4
_W/d4x\/jg <nz:;]bn£n [IC [gaf]]> ’
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where the £, are the usual interaction terms for Bigravity as in section 4 but the b,,’s coeflicients

now, unlike the «,,, leads to the following normalizations:

EO [IC [gv fH

1
LiKlg. 1) = [V

—

L2 (Ko f]] = 21,( o] - [( 9‘1f)2]>
£y 1K g, 1] = ;( ] [(\/g—lfﬂ (Vo] +2[( g—lf)]3>
LilK[g, f]] = 1'( s [(\/glfﬂ [\/g 11—} +38 [\/gflf} [(\/glf) D

+i<3[( g__lfyr_G[( g—1f>4]>.

The equations of motion which come from the Bimetric theory with action (6.12), if
F 69,“, (\/ g3 bl K, f]]) := T, (g) and the similar term variated with respect to
f is called 7, (f), are:

\

G+ G 2§

1
B aHp _ — (m) DOl
R(9)" = 59" 900 R(g) —m c ™(9) NPT (Sg )g

G2+ G}
R(f)h, — %f“pfpl, R(f) — mQ\/iT/;(f) 2 4 <S(m)> fou

Gy /1 6frv

(6.13)

Then it is possible to look for the static solutions with spherical symmetry beginning with a
diagonal g,,, whose spatial part is written in spherical coordinates, while for f one is forced to

keep fOr = 1r0 7é 0:

{ f detde” = — (aQdt + cN dr)® + (cQdt — bNdr)? + u* R*dQ? (6.14)

g datda” = —Q*dt* + N*dr? + R*d0?,

where Q, N, R, a, b, cand u are a priori functions of r and ¢.
With these initial metrics, /¢~ f becomes the matrix with elements:

cN
( g*lf)# _ | b 0 0 ’
v 0 0 uw O
0 0 0 wu

whose eigenvalues are Ao,1 = 3 [a +b+/(a—b)2— 462] , A2 = A3 = u. This implies that, after
having calculated the second, third and fourth power of y/g—1f, the interaction term I can be
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explicitly found, by summing the eigenvalues, to be:

Lo[Klg, f]] =1

L1 [Klg, f]] =2u+a+b

Ly [K g, f]] =u®+ ab + 2ub+ 2au + ¢*
L3 [K g, f]] =u(au + bu + 2ab + 2¢?)
L4[K[g, f]] =u(ab+ ?).

In the expression of the equations of motion for Sy, in (6.12) it is useful to notice that the

variation with respect to g, of the interaction, 7% (g), can be written in the following form:

3
7h(9) = (b1Lo + b2L1 + b3 Lo + bsL3) g“afay+(b3£o+b4£1)(\/ —1f "y

(6.15)
— (baLo + b3 L1+ bals) (V) — balo(\/g ' Zc o

and an analogous expression can be obtained also in the case of the variation with respect to
£
The (t, ) component of 7(g), which is computed using the above expression (6.15), is found to
be:

' (g9) = CCJQV [b1 + 2bgu + bguﬂ .

Correspondingly the (r, t) component differs only by a constant factor and a sign:

0 (9) = —@ [bl + 2bsu + bsu ]

But we do want to seek some specific static solutions, so the radial flux of energy should be null,

and even these components of 7(g)", tensor should manifest themselves, i.e.:

T (9) =0="7}(g). (6.16)

Leaving apart the ¢ = 0 branch which we are not interested in, this condition is fulfilled by
requiring that:
by + 2bou + bzu® = 0 (6.17)

which implies that u is actually a constant depending on the parameters of the theory rather
than a function of r and ¢.

Another meaningful implication which is obtained directly from definition (6.15) imposing con-
dition (6.17) is that the (¢, t) component of the 7(g) tensor in (6.15) is

Ti(9) = 77 (g) = —(bo + 2b1u + byu®) + by((a + b)*(1 — 7)),

in which one should set ¢ = +1 in order to obtain, at the end, a tensor proportional to the

identity tensor.

(m)

Moreover the Bianchi identity in the case in which S5 is null,

0pm0(9) + T, %75.(9) — T %75 (g) = 0, (6.18)
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reduces in this case to the requirement that 7% (g) — 79%(g) should vanish.
In fact, the only non-zero Christoffel symbols for the g metric, if the dot stands for a derivative

with respect to time, while ’ stands for a derivative with respect to r, are:

Frtr: ]Z;QV, Fttt:g’ F'r’tt:gu thazgfa
r; =99 A R A S
Ty's RRZIQI 2 Ly'y = RR/Zf(g) . L= g, Ty’ g :
I‘J;:g, FJ:":Z, F¢¢;:cot(9), F¢9¢:—Sin5126),

The 7 conservation, being 7¢.(g) = 7%(g) = 0, brings us to:
0 =07 + Ty 57 + T, 7% + 1,970 — T, — 1,47, =T, %7,

6
LD T, %

toT ¢>
0=8,7" + T, 7, +T,9 Tg—i-l—‘rd)T -T,!

0 =0p7% + Ty%7% — Tp%75

trTr

0:8¢T¢,

where it is implicit that we refer to 7/,(g) every time, so (g) is omitted.
Then, noticing also that 7'9 has to be equal to T¢ because the (6, 0) and the (¢, ¢) components
of v/g—1f are equal, and using 74 = 7., the above set of equations is:

R
O atTt+2RTe—2Rt
R R
0 87—t+2R 9 2ETtt

0 :897'% = a¢7'09 .

From the last line it is possible to deduce that T% is a function of ¢t and r only, while for the first

two equations to be satisfied simultaneously only 7/ = T% is allowed.

On the other hand, by direct computation from (6.15), 79 is:

7% = —by — b1 (a 4 u + b) — ba(ab 4 ub + au + ¢*) — bz(aub + uc?),

and the difference 7"; — 7’09, imposing condition (6.17):
t 0 _ 2 2
T — 7 = (b2 + bsu)[(u® — ua — ub+ ab + ] .

It can be proved that the constraint bs + bgu = 0 is too much limiting for the Bigravity theory,

which ceases to be general enough in this case. Thus it is the choice

(u—a)(u—>b)+c®=0, (6.19)
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which has to be taken.

The final result is that 7(g) is a tensor proportional to the identity tensor, 74, (g) = — (b +2bu+
b2u2) (5‘2

These consequences, arising from condition (6.16), lead to the same conclusions for the 74 (f)
tensor: its (¢, t) component is equal to its (r, ) component and it amounts to —WL—ZMM.
Bianchi identity for the Riemann tensor of the f,, metric gives the same result as in the g case,
that is 74 = 79.

The important outcome behind this is that, although one is forced to start with a non-diagonal
ansatz metric f,,,, then the equations of motion (6.13) for f,, fully decouple from the g, ones

and, apart from a scaling, are completely analogous:

© L pp 2m 2\ sp 2 g (m)Y pp
R(g)y_ig ngR(g)+m T(b0+2blu+b2u )5V: ﬁégpl’ (Sg )g

G2 + G? 2
R(F)* — lfﬂpf R(f) + m2 \/ﬁ ba + 2bsu + bsu s — 2 L (S(m)> o
v 2 144 Gf U2 v \/jféfpy f

Thus the initial requirement on g,,, i.e. that the radial flux of energy is set to zero, leads nec-

essarily not only to a diagonal form of 7(g)’,, but furthermore to a proportionality with respect
to the identity tensor. These results apply also to 7(f)/,, and then the equations of motion fully
resemble standard General Relativity ones for a static and spherically symmetric distribution of
matter.

Possible solutions which can be extracted from these equations are then exactly of the Schwarzschild
type of GR. In fact, it can be checked that:

2 2 2 0N 9
4 — —pac+ Y 1 2a02 Dzl_rg_mm(bo+2b1u+b2u)r
g D s

r 3Gy
) ) dU? 5o m? A/ Gg -+ G% (bg + 2bsu + b4u2) U?
dsf = —AU)AT* + —— + U“dQ*, A=1-—
g NG ’ 302 Gy
(6.20)
where, under condition (6.19),
D-A
= T = — .
U=ur, ut —u DA dr

These are a set of solutions perfectly consistent in Bigravity and describing a Schwarzschild-
(anti)-de-Sitter family of solutions of GR.
The particular pair of solutions is justified by the propositions in the beginning of the chapter,

once the bidiagonal form is shown to follow from the requirements on 7(g) and 7(f).

3.1 Stability of Black Hole solutions

In the previous paragraph a Schwarzschild metric coupled to a de Sitter spacetime (6.20) have

been found to be one of the spherically symmetric and static solutions to Bigravity in the generic



48 CHAPTER 6. COSMOLOGY

non-bidiagonal case.
Now one may ask whether Black Holes solutions in Bigravity are stable or not. Following
the behaviour of a tensor perturbation around the solution, whose degrees of freedom are not

separated in pure General Relativity tensor, vector and scalar mode, in the sense that:
v — G + h;w(g)a o — f + h,w(f)

can lead to some enlightening outcomes. Here the tensor perturbation has been called h,, with
an abuse of notation, having nothing to do with the helicity-2 mode of the full theory.

In order to check both metrics in a simpler way, let us work under the assumption that g, is
a Schwarzschild metric with different Schwarzschild radius ry := 2M G rather than a de Sitter
solution, so that again both metrics still belong to the non-bidiagonal branch of solutions. This is
an allowed solution to Bigravity complying with the proposition 1 and 2 of section 3 of chapter 6.
Moreover we claim that, since we are mainly interested in the f metric, it is physically meaningful
to extrapolate what is achieved with the calculations for one of the Schwarzschild metrics to the
Schwarzschild-(anti)-de-Sitter initial case explored previously.

Hence, although the first order perturbed equations are reduced to less complicated ones, the
analysis of the stability is not compromised.

Before starting the whole procedure, it is useful to introduce the ingoing Eddington-Finkelstein
coordinates (v, r, 0, ¢) in which v := ¢t 4+ r*, while r* is a specific radial coordinate for black

holes known as tortoise coordinate:

" =r+rsln

-
_1’.
Tg

dr and the Schwarzschild black hole solution is not

1
With these coordinates, dt = dv — T

_Tg
diagonal, but is described by the metric: '

dshy = g da¥da” = — (1= "2) dv? + 2dvdr +72d0.

In the Eddington-Finkelstein coordinates we shall check whether unstable (€2 > 0) spherically-

symmetric modes exist, to which we can assign the form:

[hev (r) hen(r) 0 0
W (r) RT(r) 0 0
(9) 9)
Nz — W ROO (1 , 6.21
(9) 0 0 %() 0 (6.21)
R0 (r
B R

and a similar expression can be written for h,(f).
The restrictions on the 7 tensor for the interactions, which is still in (6.15), put as in section 3

of this chapter, i.e. the only non-diagonal elements are null:

r

W(9) =T7(9) = —74,(f) =0,

T
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leads to the following expression for the first order perturbation of the interaction tensor 67, (g),

which appears upon having extracted the variation with respect to h*¥(g) in Bigravity action
(6.12), [5]:

0 0 O 0
Qu _ R0 0 0
eV Alrg —re) |5
H _ - YNg Y v — _SM
57—11(9) - 47,_ 0 O h(2_) O 57—ll(f)
h’U’U
0 0 0 —H

in which the minus subscript refers to the difference

ht”

)= W (g) — W),

while the ry and r¢ are the Schwarzschild radii which can be associated to each metric, and A
is a constant built from combinations of the Bigravity lagrangian parameters.

Even at first perturbative order the covariant derivative of 67(g), D,d7%(g) necessarily is zero
due to the Bianchi identity for the Hilbert-Einstein perturbed lagrangian. Previously it has been
used in finding further constraints on 7 which at the end lead us to the Black Holes solution
allowed in Bigravity.

When the covariant derivative is built from the zero-order g,,, metric in the Schwarzschild case

with Eddington-Finkelstein coordinates:
D(g) 07, = 0,078 +T,,07% — T 0077,

and taking into account that the only non-zero Christoffel symbols are

r. r,”
_ " _ _pr. ._ %9 . _ _ _ g\ _ teo .
U%_ﬁ_ Lo Lo = "7 sinZg’ Ly = T( T)_smze’
1
Fei:;zf‘(ﬁ; F¢9¢:—sinGcost—sin20F¢¢;; FUTU:<1—T79)2TT:(’2,
(6.22)

then the only non trivial equations are:

WO\ K
I +2TT = 0 = DM57%7

(7

(6.23)
S h?ﬁ)
———= =0=D,0H.
4r 7 penr
SO h?f) and hl(’f) are:
/] _ €0 v
h(f) = hS = 0, (6.24)

in which ¢g is an integration constant.
The conditions found for the perturbations on the metric tensor are essentially different from
those which descend from the Bianchi identity in the linear theory of General Relativity with a
mass, chapter 2,

ouht', =0=nh.
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The quite different expression (6.24) implied by the Bianchi identity will have interesting impli-
cations on the analysis of the stability of the solutions.

First of all, as it is stated in [5], it is not possible to write down a unique equation for h*”
starting from the couple of equations of motion in Bigravity for f and g: the trick to get the full
solution is to follow the behaviour of the gauge-dependent, GR-like, part and that of the other

particular solution A/,
(m)

The particular solution can be proved to have a single non-zero component for each metric
perturbation:
A(ry —rp) e 00

Zn)( ) = = 10 m’ hZy, (6.25)
and h(7, (f) is minus him) (g) multiplied with the ratio of their Planck masses.
Conversely, h’éR is pure gauge, hence it can be derived from the formal expression of the sym-
metrization of the Lie derivative 2D¢") := —hfy% in which &, in order to reproduce h,, in
(6.21), is of the type &* = ¥ (50(1") , EYr), 0, 0). In virtue of the conditions (6.24), £(f) and
&(g) are related by:

) =g +a, O =¢E(9)+ -
This implies that the (v, v), the (v, r), the (r, 7) and the (6,0) = sin?6(¢, ¢) components of

h#¥(f), given that the Christoffel symbols in the f metric are obtained switching r, to r¢ in the
I'(g) listed in (6.22), and that:

—(1=-%) 1 0 0 0 1 0 0
1 0 0 0 1 (1-%) 0 0
. e [P 0=F) 0 |
0 0 r? 0 0 0 5 0
0 0 0 r?sin?6 0 0 0 ==y

corresponds to:

hUU(F) = — 267 (9,€Y + T,5,6") = 2 (¢%(g))’
R (f) = — 2" (8@’” + F,f;g“) — 2f™ (81,5’” + erugl‘) =
Co

=2 (1-2) [(€ ) - 55 (@) + )| + 2 @) + D) - 15 9+ D)
-2 ((1-7) ge€) +e)
WTU(E) = — £ (9,67 + 1,7, 6M) — 7 (9,€¥ + T,56") — £ (96" +T,7, M) =

~e ((1-1) @@+ (2 53) (€0) +e) + (€@ - 55 (€60) + )

11

fﬁmz—%%@#+m¢0=—%ﬂ{é@+%ﬁm
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We have the freedom to choose entirely the h‘é%(f) entries, due to gauge fixing, putting it to
zero, W (f) = 0, then €0, €', ¢p and ¢; begin to be related to each other:

(0= (£09)
0=(1-3) €)'+ (2-55) (@ +3)
0=0¢%g) + Qe+ (1= 1) (€9)) + (€' (9)Y
0=(g9+3) -

r

so that
Co)=-c, Co)=-5. =55 (6.26)
In the end h{y(g) assumes the form:
0 Qe 0 0
i) = o [ @8 e 0 (627
0 0 0 Cosays

Finally, what emerges from the analysis is that (6.27) plus (6.25), both in the g and in the
f case, where only (6.25) is present, give rise to a tensorial perturbation to the Schwarzschild
black hole which does not develop pathologies at the Schwarzschild radius r = r4. Therefore the
non-bidiagonal black holes do not have unstable modes: the physical perturbations are regular
when 2 = iw and describe non-growing ingoing waves, so they confirm the stability of the
Schwarzschild solution in Bigravity.

Instead, the case 2 = 0, which seems to be excluded due to the presence of a % factor in (6.25),
can in reality be considered if one takes also ¢y ~ 2: then the only nonvanishing contribution
is A" ~ %, which describes, anyhow, the same Schwarzschild original solution with different
Schwarzschild radii. This means that, contrary to what was claimed at the beginning, the case
) = 0 does not describe a true perturbation but only a sort of rescailing of the original solution,
which does not add further informations about the stability. Therefore it is reasonable to exclude

the existence of other branches of solutions close to this family.
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Chapter 7
Concluding remarks

Massive Gravity and Bigravity have been proposed in the context of Theoretical Physics only
quite recently in order to give an alternative theory of gravitation. They consist in giving a mass
to the mediator of the gravitational force, the graviton.

These theories have been formulated with the aim of giving possible explanations of fundamental
cosmological issues such as the nature of Dark Energy and Dark Matter.

In the beginning of the thesis, which focused on the issues which appear when one tries to

generalise the theory of General Relativity by introducing a mass to the graviton, basic problems
concerning the propagation of ghost degrees of freedom and/or the presence of a discontinuity
between the massless limit of the massive theory and the massless theory have been considered.
These problematic aspects show themselves in the linear theory with a mass (Fierz-Pauli mass
term) and even in some of its non-linear extensions.
The physically consistent formulation of a massive gravity model was found in the framework
of Massive Gravity and Bigravity. In chapters 3 and 4, these theories are presented as perfectly
consistent in the more elegant vielbein formalism, propagating exactly the 5 degrees of freedom
of a spin-2 particle with a mass whose coupling via the Stiickelberg scalar degree of freedom
mo to the stress energy tensor is suppressed by Vainshtein mechanism. But the fundamental
question is: do they really represent a good alternative to GR, giving a better answer to its open
questions and at the same time reducing to it at observable cosmological scales?

The pros to these theories were presented using the equations of motion and their subsequent
solutions, which were analysed starting from section 1 of chapter 6. When the helicity-2 tensor
h, and the scalar mg are chosen in order to be of Friedmann-Lemaitre-Robertson-Walker type,
and in particular to describe an expanding de Sitter universe, then two significant solutions are
really allowed. On the one side, there is the self-accelerating solution: it describes an accelerat-
ing Universe even in the absence of the usual cosmological constant, with the acceleration given
by the parameters of the interacting terms in Massive Gravity lagrangian. In the ACDM model,
the most widely accepted cosmological model, the cosmological constant A refers instead to the
stress-energy tensor of a hypothetical fluid with negative pressure taken as responsible for the

actual accelerated expansion, while CDM denotes the assumption that the actual abundance of

93
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Dark Matter is due to a production mechanism which took place when it was already cold (Cold
Dark Matter).

On the other side, in Massive Gravity one can also find the so-called screening or degravitating
solution in which massive graviton interactions are able to screen the effects of a large cos-
mological constant, which can be an a priori external input to the theory, leading thus to an
approximately flat (at first order in a perturbation expansion) Universe, despite the presence of
that large A.

Stability of these degravitating and self-accelerating branches of solutions has also been checked
and they both have been found to be stable.

In section 2 of chapter 6, one combination of the first order perturbation to the proportional
metrics, which are a class of Bigravity solutions, corresponding to a mass eigenstate, is presented
as a suitable candidate for Dark Matter. In fact it is proved to interact very weakly with the
stress-energy tensor of Standard Model matter.

Limiting us only to the first orders in perturbation theory, the analysis performed on the massless
and massive eigenstates of the perturbation of the background g,, and f,, solution has also
allowed to prove that there is no vertex between a massive and a massless mode: these two
sectors do not communicate. Going to tree level, then, the massive or massless mode mediated
decay of a couple of Standard Model particles into a couple of massive graviton is really allowed.
This is an effective mechanism of production for Dark Matter.

The mass value of the Dark Matter candidate can be constrained using crossed bounds coming
from the right arrangement of the various perturbation orders and from considerations on the

freeze-in mechanism of production, which has to reproduce the current abundance of Dark

Matter. The values are obtained in a narrow window, 1 T;;V < megg S 66 TC%V . This implies

that if future measurements of the Dark Matter mass will fall into this range, the Bigravity
explanation for Dark Matter will begin to be considered more seriously considered as one of the
correct cosmological models.

Black Holes solutions were shown to be allowed in Bigravity and Massive Gravity, but under
some stringent hypothesis on the second coupled metric, such as the fact that it can not be of
any possible type, but for example of de Sitter type or of Schwarzschild type.

Thus in these simple cases the solutions to the strongly coupled system of equations of Mas-
sive (Bi-)Gravity have been shown to reproduce the metrics which solve Einstein’s equations in
General Relativity. This is only a little step in the quest of viability for the theories: the check
with General Relativity is performed with a plethora of simplifying assumptions and the aspects
which differentiates them from the predictions of Einstein’s theory match in a so perfect way
with the actual observations that one should think that there is too much freedom in choosing
the parameters, in the sense that they can be adapted to many different cases.

So other cross checks and further steps, such as the study of issues of coupling massive gravity
to Standard Model matter, have to be performed before one can conclude that these generalized
models of gravitation with a massive graviton are viable physical theories. Even their quanti-

zation has not been sufficiently discussed in the literature yet, and in general further work is
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required to reveal whether one of these fascinating models can be promoted to a fully fledged

theory of Nature.
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