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Zusammenfassung

Massive Gravitation ist ein theoretisches Modell, welches Gravitation auf kosmolo-
gischen Léangenskalen modifiziert, und das so eine dynamische Erklarung fir die
beobachtete Beschleunigung der Expansion des Universums liefern konnte. In
dieser Arbeit untersuchen wir verschiedene theoretische Probleme der massiven
Gravitation, die wichtig beziiglich der Konsistenz und phanomenologischen Via-
bilitat der Theorie sind.

Es ist bekannt, dass die Vorhersagen der massiven Gravitation auf linearer
Ordnung den Vorhersagen der allgemeinen Relativitatstheorie widersprechen. Dies
ist jedoch ein Artefakt, das vom Zusammenbruch der perturbativen Entwicklung
im masselosen Limes verursacht wird. In unserer Arbeit untersuchen wir dieses
Problem in der Diffeomorphismen-invarianten Formulierung der massiven Gravita-
tion, in der der Graviton-Massenterm mit vier skalare Feldern ausgedriickt wird.
Wir bestimmen die sogenannte Vainshtein-Skala, unterhalb derer sich die skalaren
Moden des massiven Gravitons nichtperturbativ verhalten, fiir eine grofie Klasse
moglicher Massenterme. Wir finden die asymptotischen Losungen des sphérisch
symmetrischen Gravitationsfeldes inner- und auflerhalb des Vainshtein-Radiuses
und zeigen, dass massive Gravitation sich unterhalb dieser Skala kontinuierlich
der Allgemeinen Relativitatstheorie annidhert. Aulerdem bestimmen wir die resul-
tierenden Korrekturen zum Newton-Potential.

Im Allgemeinen propagiert in jeder Theorie mit einer nichtlinearen Erweiterung
des quadratischen Graviton-Massenterms ein Boulware-Deser Geist. Die einzige
solche Theorie, in der der Geist im Hochenergie-Entkopplungslimes nicht propagiert,
ist das de Rham—Gabadadze—Tolley Modell. Hier zeigen wir, dass der Geist selbst
in dieser Theorie aulerhalb des Entkopplungslimes in vierter Ordnung Storungs-
theorie erscheint. Wir argumentieren dann jedoch, dass der Geist in der voll nicht-
linearen Theorie vermeiden werden kann, wenn nicht alle Skalarfelder unabhangige
Freiheitsgrade darstellen. In dieser Hinsicht untersuchen wir das einfache Beispiel
(1 + 1)-dimensionaler massiver Gravitation und finden, dass diese Theorie eine

Eichsymmetrie enthélt, die die Anzahl der Freiheitsgrade reduziert.
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Schliefflich verallgemeinern wir den Diffeomorphismen-invarianten Formalismus
massiver Gravitation auf allgemeine gekriimmte Hintergriinde. Wir finden, dass auf
bestimmten Hintergriinden die resultierende allgemein kovariante massive Gravi-
tation eine Symmetrie im Konfigurationsraum der skalaren Felder aufweist. Die
Symmetrietransformationen der skalaren Felder sind durch die Isometrien der Ref-
erenzmetrik gegeben. Insbesondere untersuchen wir massive Gravitation auf de
Sitter-Raum in diesem Formalismus. Wir bestéatigen das bekannte Ergebnis, dass,
im Falle einer Gravitonmasse im Verhaltnis zur kosmologischen Konstante von
m? = 2A /3, die Theorie teilweise masselos ist. Dadurch propagieren in diesem Fall

nur vier Freiheitsgrade.
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Massive gravity is a particular theoretical model that modifies gravity on cosmo-
logical scales and therefore could provide a dynamical explanation for the observed
accelerated expansion of our Universe. In this thesis we investigate various theoreti-
cal problems of massive gravity, important for its consistency and phenomenological
viability.

It is known that the predictions from the linearized massive gravity contra-
dict the predictions of General Relativity. It is, however, an artifact due to the
breakdown of the perturbative expansion in the massless limit. In our work we
investigate this problem in the diffeomorphism invariant formulation of massive
gravity in which the graviton mass term is written in terms of four scalar fields.
We determine the so-called Vainshtein scale below which the scalar modes of the
massive graviton enter the non-perturbative regime for a wide class of non-linear
mass terms. We find the asymptotic solutions of the spherically symmetric gravita-
tional field below and above the Vainshtein radius, and show that massive gravity
goes smoothly to the General Relativity below this scale. We also determine the
corresponding corrections to the Newton potential.

In general, any non-linear extension of the quadratic graviton mass term prop-
agates the Boulware-Deser ghost. The only theory in which the ghost is not prop-
agating in the high energy decoupling limit, is the de Rham-Gabadadze-Tolley
theory. Here we show that the ghost arises in the fourth order of perturbations
in this theory away from the decoupling limit. However, we further argue that
the ghost can be avoided in the full non-linear theory if not all four scalar fields
propagate independent degrees of freedom. In particular, we investigate the simple
example of (14 1)-dimensional massive gravity and find that the theory exhibits a
gauge symmetry, which reduces the number of degrees of freedom.

We also generalize the diffeomorphism invariant formalism of massive gravity
to arbitrary curved backgrounds. We find that, given a specific background metric,
the resulting generally covariant massive gravity exhibits an internal symmetry in
the configuration space of the scalar fields. The symmetry transformations of the

scalar fields are given by the isometries of the reference metric. In particular, we
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investigate massive gravity on de Sitter space in this formalism. We confirm the
known result that, in the case when the graviton mass is related to the cosmological
constant as m? = 2A /3, the theory is partially massless and propagates only four

degrees of freedom.
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1

Introduction

1.1 Dark energy and Cosmological Constant Prob-

lem

The advances in precision cosmology since the late 1990s provide us with very
precise measurements of the cosmological parameters governing the evolution and
the present state of our Universe. In particular, the energy content of the Universe
is firmly established by observations. It is known that the usual baryonic matter
contribute only a small fraction of the total energy density today, while roughly
95% of the overall energy density is in the form of ‘dark’ components. The dark
component is composed of dark matter, a very weakly interacting form of matter
with negligible pressure (= 25%), and dark energy, a non-clustering form of energy
density with negative pressure (= 70%). The best fit model for the observational
data based on the recent measurements by the Planck experiment gives the values
Q,, = 0.314 £ 0.020 and 2, = 0.686 + 0.020 for the respective contributions to
the current energy density of cold dark matter (CDM) together with baryons, and
dark energy [1].

The discovery of dark energy was made by measurements of the luminosity-
redshift dependence of type IA supernovae which allowed to see that the expansion
of the Universe is accelerating and thus has to be driven by an energy component
with negative pressure [2, [3]. Since then the existence of dark energy has been
further confirmed by the measurements of the anisotropies of the cosmic microwave

background (CMB) [Il, 4] and measurements of galaxy clustering [5]. The model
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that provides the so far best fit of all observational data is the ACDM model
which assumes that the dark energy component is a vacuum energy density or
cosmological constant A, which has the equation of state p = —e¢.

One of the most serious shortcomings of the ACDM model is the cosmological
constant problem. This problem was known in quantum field theory even before
the discovery of dark energy and relies in the fact that anything that contributes
to the vacuum energy density behaves as a cosmological constant. In particular,
by summing up the zero-point energies of all modes of a free scalar field up to
an ultraviolet wavenumber cutoff Ayy yields a vacuum energy density ~ Afy.
If we impose the ultraviolet cutoff to be of the order of Planck scale then we
obtain a vacuum energy density of order M3, ~ 10™ GeV*. Before the discovery
of the accelerated expansion of the Universe the cosmological constant problem
was formulated as: “Why does the observed cosmological constant equal to zero?”
After the discovery of dark energy, corresponding to a cosmological constant of
order 107120/, the cosmological constant problem is reformulated as: “Why is

the observed cosmological constant so small?”

1.2 Infrared modifications of gravity

There are two conceptually different ways to address the cosmological constant
problem: degravitation and self-acceleration. Both of them rely on the idea of
modifying gravity on cosmological scales. In the degravitation approach the vac-
uum energy keeps its huge natural value, but the gravity is modified in infrared so
that this large wavelength source gravitates very weakly [6l [7, §]. In the meantime,
the short wavelength sources such as matter and radiation gravitate normally. In
[6] the graviton propagator is modified non-locally so that the effective Newton’s
constant becomes wavelength dependent and for long-wavelength sources is tiny.
In such case the Newton’s constant acts as a high-pass filter by shutting off the
gravitational effects (such as curvature) of the vacuum energy.

For the self-acceleration approach, the vacuum energy is instead postulated
to be equal to zero, and the gravity is modified in infrared, leading to a dynamic
cosmic acceleration at late times [9]. An infrared modification of gravity, in general,
invokes new dynamical degrees of freedom which become strongly coupled in the

vicinity of a classical source. It is natural for the scenarios of such modifications to
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introduce additional degrees of freedom of the gravitational field itself. The first
successful realization of such a scenario is the Dvali-Gabadadze—Porrati (DGP)
brane-world model, which consists of a 4D brane embedded in a 5D Minkowski
space [10]. This theory admits a self-accelerating solution with a constant Hubble
parameter in the absence of an external matter source [11l [12]. From the point of
view of a four-dimensional observer the effective 4D Friedmann equation receives
an additional contribution in the form of a cosmological constant which dominates
at late times. Unfortunately, the self-accelerating branch of the DGP model is
plagued by negative energy ghost-like states [I3], [14]. A comprehensive review on

the DGP model and other infrared modifications of gravity can be found in [15].

1.3 Massive gravity

In this thesis we focus on massive gravity — a particular theoretical model of infrared
modification of gravity which attempts to provide a dynamical explanation for the
late time acceleration of our Universe. Studying massive gravity is also motivated
by such a fundamental question like whether it is at all possible to consistently
modify the Einstein’s General Relativity (GR) so that to give a tiny mass to the
graviton. Here we give a brief overview of massive gravity pointing out the main
consistency problems in historical order. The solutions and current state of these
issues will be presented in detail in the main body of the thesis.

The quadratic graviton mass term was proposed already in 1939 by Fierz and
Pauli (FP) who found the unique mass term which ensures a unitary propagation
at quadratic level [16]. For the metric perturbations around Minkowski background

hyw = G — My it takes the form
m’ 4 2 v
Lpp = ?/d x (h — h* huu)7 (1.1)

where h* = ntonPh,s. In 1970, it was observed by van Dam, Veltman, and
Zakharov (vDVZ) that in linearized Fierz—Pauli massive gravity there is no contin-
uous transition to the General Relativity in the limit of vanishing graviton mass.
This effect is known today as the vDVZ discontinuity. It was shown that the
helicity-0 component of massive graviton remains coupled to the trace of the energy-

momentum tensor of external matter sources even in the limit when graviton mass
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is sent to zero. Hence, the naive predictions of the linearized Fierz—Pauli theory
contradict with the Solar System observations related to the motion of massive
objects, like the precession of the Mercury perihelion. In the meantime, the pre-
dictions for the light bending by the Sun coincide with General Relativity since the
energy-momentum tensor of light is traceless.

It was, however, pointed out by Vainshtein in 1972 that the discontinuity should
not persist in the full non-linear theory [I7]. The reason for this is that around
heavy sources the perturbative expansion in terms of the Newton’s constant is
singular in the limit of vanishing mass. Therefore the next-to-leading order terms
become relevant in this limit, and the truncated theory cannot be trusted anymore.
Vainshtein also pointed out that around a static spherically symmetric source of
mass M the linear regime breaks down at the distance Ry = (M/(MZm™*))'/>. Tt
was suggested that the scalar mode of the massive graviton decouples by entering
the non-perturbative regime at distances r < Ry, and General Relativity is restored
in the vicinity of the source. This is known as the Vainshtein mechanism, and Ry
is the so-called Vainshtein radius. Although Vainshtein argued that there exist two
different expansion regimes above and below Vainshtein radius, his argument does
not give a real proof of the fact that General Relativity is indeed restored. It was
almost immediately pointed out by Boulware and Deser in 1973 that it is necessary
to show that a global solution of the non-linear theory exist which matches both
asymptotic regimes [I8]. That such a solution does exist for a certain non-linear
massive gravity theory was shown only in 2009 by Babichev et al. [19] 20, 21].

In the same paper Boulware and Deser also pointed out that a general non-linear
theory of massive gravity propagates six degrees of freedom [I8]. This contradicts
the well-known fact that a massive spin-2 particle propagates five degrees of freedom
according to the representations of the Poincaré group. Moreover, it was shown
that this sixth mode inevitably propagates negative norm states, and is therefore
called the Boulware-Deser (BD) ghost. For a long time this was thought to be a no-
go theorem for massive gravity since it forbids a successful implementation of the
Vainshtein mechanism for which the presence of the non-linear interaction terms
is crucial. An important step in understanding the ghost problem and the closely
related strong coupling problem of massive gravity was made by Arkani-Hamed et
al. in 2002 [22]. They implemented the effective field theory view point for the

theory of a massive spin-2 field. The general covariance of General Relativity is
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broken in massive gravity by the graviton mass term. By analogy to the effective
theory of massive spin-1 fields it was shown how the general covariance can be
restored by introducing four additional fields, the so-called Stiickelberg fields. E|
This method allows for a better understanding of the origin of the BD ghost, as
well as makes it easy to determine the strong coupling scale of the effective field
theory. Since the Stiickelberg fields can be viewed as the analogue of the Goldstone
bosons in gauge theories, it makes it possible to separate the relevant interactions
at different energy scales. In particular, an appropriate decoupling limit capturing
the leading interactions of the longitudinal modes of the massive graviton was
proposed in this language. As a result, both the BD ghost and the strong coupling
of the non-linear effective theory was traced to arise due to the higher derivative
interaction terms of the helicity-0 mode of the graviton. The strong coupling scale
of the particular massive gravity theory investigated in [22] was shown to be a
disappointingly low scale A5 = (m*Mp)"/®> ~ (10" km)~'. The authors pointed
out a procedure of how an order-by-order addition of higher interactions would
raise the strong coupling scale of massive gravity to the highest possible scale
Az = (m?>Mp))'/3 ~ (103 km) L.

The order-by-order construction of the non-linear theory of massive gravity with
a higher cutoff scale was performed in [27] up to the quintic order in h,,,. Moreover,
it was shown that the remaining scalar-tensor interaction terms in the decoupling
limit contain at most two time derivatives and are thus free of the Boulware—-
Deser ghost. This theory was resummed in terms of infinite series by de Rham,
Gabadadze, and Tolley (dRGT) in 2010 and up to now is the only potentially
healthy non-linear massive gravity theory [28].

In [18] it was also pointed out that any massive gravity theory contains a given
reference metric f,, as an absolute, non-dynamical object. The most natural choice
of the reference metric is the Minkowski metric, which is employed also in the dRGT
theory. However, around any other background the quadratic Fierz—Pauli theory
propagates the Boulware—Deser ghost [I8, 29]. This makes it impossible to use
a theory, constructed with a Minkowski reference metric to describe a massive
graviton, propagating five degrees of freedom with equal mass around an arbitrary

curved background. Instead, the reference metric f,, has to be chosen to coincide

n [22], however, the set of the four fields was mistakenly said to form a vector field. That
the four Stiickelberg fields are actually four space-time scalars was clarified in [23] [24] [25] [26].
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with the preferred background metric. In particular, for applications in cosmology
the homogeneous and isotropic Friedmann-Robertson-Walker (FRW) backgrounds
are of great importance. The quadratic massive gravity on the maximally symmet-
ric de Sitter background was first studied in 1986 by Higuchi [30]. It was found that
this theory has the interesting feature that the propagated number of degrees of
freedom can vary throughout the parameter space of the graviton mass m and the
cosmological constant A. More precisely, the scalar mode of the massive graviton
ceases to propagate at the special point m? = 2A /3 leaving only four propagating
degrees of freedom [30), B1]. The reason for this phenomenon is that at this point
in the parameter space the theory enjoys an additional gauge symmetry reducing
the number of degrees of freedom [32, 33]. This theory is referred to as partially
massless, and the existence of the gauge symmetry bounds the value of the cos-
mological constant to the value of the graviton mass. If the additional symmetry
could be extended to the full non-linear theory, the partially massless gravity could
reduce the problem of a small cosmological constant to a less severe problem of a
small graviton mass [34]. It is therefore a very interesting and open subject which

we will discuss in a later chapter.

1.4 Classicalization

Another interesting topic we would like to mention briefly in this thesis is the
ultraviolet (UV) completion of non-renormalizable derivatively coupled effective
field theories. In such theories the self-coupling of the degrees of freedom grow
with the inverse wave-length. Quantum mechanically the coupling of these quanta
becomes strong at the center of mass energies larger than the inverse of the cutoff
length L,. Thus the scattering of two highly energetic particles violate perturbative
unitarity. The standard Wilsonian approach to UV-completion is based on the
existence of weakly coupled degrees of freedom at all scales. The strong coupling
is then considered to be an artifact of missing weakly coupled degrees of freedom.
Recently an alternative concept of non-Wilsonian self completion was proposed by
Dvali et al. in [35], and further investigated in [36], 37, B8] [39]. According to this
point of view a given theory may self-complete without the need of new weakly
coupled degrees of freedom. Instead their role is played by a multi-particle state

composed of soft original quanta. This phenomenon is termed classicalization, and
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theories which are expected to exhibit this behavior we term classicalizing theories.
One of the simplest examples of a classicalizing theory is the scalar Dirac-Born-
Infeld (DBI) theory, as suggested in [37]. The idea of classicalization suggests that
the scattering process of two highly energetic particles is dominated by production
of a state with many soft quanta of wave-length r,. This length scale r, can be
understood classically as the shortest distance down to which a spherical wave can
propagate freely before being rescattered by self-interaction. The defining property
of classicalizing theories is that the r, grows with the energy.

In our work [40] we have attempted to check the conjecture that high energy
scatterings should be dominated by multi-particle production in classicalizing the-
ories. In particular, we apply a semiclassical technique in order to calculate the
total transition rate from an initial few particle state to a state with large number
of particles in the DBI theory. We find that for a fixed above-cutoff total energy
E > L;! in the final state, the scattering process with large number of particles
in the final state N is exponentially suppressed. Unexpectedly, the semiclassical
method gives exponentially large cross section for small particle numbers in the
final state N < Ney = (FL,)*3. Interestingly, we see that this transition happens
for the particles of wavelength A ~ N /E which coincides with the 7, radius
predicted by Dvali et al. [35, B7]. Since the topic of classicalization is not di-
rectly related to the main subject of this thesis, we will not discuss this part of

our research in greater detail here. The corresponding paper [40] can be found in

appendix [E]

1.5 Summary

In this thesis we investigate the various theoretical aspects of massive gravity. The
subsequent chapters give a more detailed account on the consistency problems in
massive gravity introduced above and their solutions. The chapter 2] is devoted
to the construction of the dRGT theory of massive gravity since it is the theo-
retical framework of the rest of the thesis. The further chapters contain a review
of the recent developments in the most important theoretical topics in massive
gravity. We shall also accordingly present the main results obtained in our papers
[41], [42], [43], 144]. In particular, in chapter [3|the different interpretations of the Vain-

shtein mechanism in massive gravity are discussed, and our results based on the
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publication [41] are presented. We determine the Vainshtein radius in non-linear
massive gravity theories with different strong coupling scales and argue in which
energy region the classical non-linear regime is reliable. We also calculate the corre-
sponding corrections to the Newton’s potential within the Vainshtein region around
static spherically symmetric sources. The appearance of the Boulware-Deser ghost
in the perturbative expansion of the dRGT massive gravity is investigated in chap-
ter[d In particular, we show how ghost-like terms appear in the fourth order of the
dRGT theory away from the decoupling limit. Although the mass of the ghost is
shown to be lighter than the corresponding quartic order strong coupling scale, we
argue how this problem can be avoided by adding higher order interaction terms.
We also present the arguments for the absence of the BD ghost in Stiickelberg
formalism available in the literature. To illustrate the absence of the ghost degree
of freedom we perform a full Hamiltonian analysis in the simple example of (14 1)-
dimensional dRGT massive gravity. Our results presented in this chapter are based
on our findings in [42] 43]. The chapter [5|is devoted to massive gravity on curved
backgrounds, and presents our results obtained in [44]. We first discuss how the
general covariance can be restored in massive gravity around arbitrary background
and how the dRGT theory should be adjusted in this case. We then demonstrate
that the resulting diffeomorphism invariant theory exhibits different internal sym-
metries in the scalar field space and thus corresponds to a theory fundamentally
different from the original dARGT theory. As an example, we show how to construct
the generally covariant massive gravity on de Sitter space. As a consistency check
we recover the previously known results concerning the partial masslessness of the
de Sitter massive gravity. Chapter [6] provides a short summary of our results and

the current state of the dRGT massive gravity. The full versions of our papers
140, 41, 42, 43| [44] are attached in the appendices [AB]IC]D|[E] respectively.
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Construction of the dRGT

massive gravity

2.1 Stiickelberg trick for massive gravity

The unique quadratic graviton mass term which ensures unitary propagation of
the graviton is the Fierz—Pauli (FP) mass term, and for metric fluctuations around

Minkowski background h,,, = g,,, — 7. it takes the form [16]

mQJWF%1
8

Lpp = (h* = h* hy,) - (2.1)

When added to the Einstein-Hilbert action this mass term breaks the diffeomor-
phism invariance of General Relativity due to the explicit dependence on the back-
ground reference metric 7, = diag(+, —, —, —). The general covariance can be
restored by the so-called Stiickelberg trick which relies on the idea of introducing
four scalar fields ¢, A = 0,1, 2, 3 corresponding to the four broken diffeomorphism
transformations [22, 23], 24, 25] 26]. The mass term for metric perturbations is then

built from various combinations of the variables [23] 20]
BAB — guuaﬂ¢AaV¢B . UAB7 (22)

where n4? is the Minkowski metric in the configuration space of the scalar fields.
This composite field is a scalar with respect to diffeomorphism transformations.

On Minkowski background the scalar fields ¢ acquire vacuum expectation values
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proportional to Cartesian spacetime coordinates ¢; = x”&f. The diffeomorphism
invariance is thus spontaneously broken and the scalar field perturbations y* =
¢4 — @7 induce four additional degrees of freedom. In combination with the two
degrees of freedom of the massless graviton the theory in general propagates six
degrees of freedom. Five of them constitute the five degrees of freedom of a massive
spin-2 particle in agreement with the Poincaré invariance. The sixth degree of
freedom is ghost-like and is the famous Boulware-Deser ghost [I§]. In quadratic
order the ghost is canceled by the special choice of the Fierz—Pauli mass term as
given below.

In unitary gauge, when x* = 0, the variables h4? are equal to metric per-
turbations since h*# = §22h*. Thus the diffeomorphism invariance of General
Relativity is restored by replacing h** — hAP in the FP mass term . This
leads to the following action of the scalar fields:

27 72
_771]\/[Pl

5= ") / dhey/ =g (2 — WARY), (2.3)

which around the symmetry breaking background gives the quadratic FP mass
term for metric perturbations. Since the field hs = h4npe transforms as a scalar
under general coordinate transformations, this Lagrangian is manifestly diffeomor-
phism invariant. Moreover, since the Latin indices in the action are contracted,
it is invariant also under the isometries of the metric n4p, namely the Lorentz
transformations A% in the scalar field space. Hence the scalar field indices A, B
are raised and lowered with np.

It is important to notice that due to the definition the above action con-
tains terms up to the sixth order in perturbations A** and x?. It is therefore
the simplest diffeomorphism invariant non-linear graviton mass term, which in
quadratic order gives the FP mass term for metric perturbations. Henceforth, we

will refer to (2.3)) as the non-linear Fierz—Pauli mass term.

2.2 Effective field theory for massive gravitons

From the field theoretic point of view massive gravity can be regarded as an effective
field theory for an interacting massive spin-2 particle. As any effective field theory,

also massive gravity is not valid up to arbitrary large energy scales, but has a UV

10



2.2 Effective field theory for massive gravitons

cutoff, which as we will see below depends on the exact form of the non-linear
completion of the quadratic Fierz—Pauli mass term. In this section we shall follow
closely the work of Arkani-Hamed et al. in which massive gravity was discussed in

the effective field theory framework for the first time [22].

2.2.1 Fierz—Pauli mass term

We shall start by discussing the effective theory of graviton in flat Minkowski space
with the quadratic Fierz—Pauli mass term given in . As discussed in the pre-
vious section the diffeomorphism invariance, broken by the mass term, is restored
by introducing the four Stiickelberg fields corresponding to the four coordinate

transformations. As in [22] we define a spacetime tensor

H;w = Guv — nABau¢A8V¢B (24)

which, similarly to h4Z, around the Minkowski background reduces to the metric
perturbations h,, in the unitary gauge where ¢ = 5;%“. In distinction from
(5.2), here the Stiickelberg trick is implemented by parametrizing the absolute

background metric 7, as

Nuv — au¢A8V¢BnAB (2-5)

Thus, H,, is a spacetime tensor and its indices are raised and lowered with the
spacetime metric g,,. In the meantime hAB is a spacetime scalar and its indices
are moved with the Minkowski metric n4p. The traces of the fields H,, and hAB

are defined as

[H] = ¢"H,,, [H?]= 9" g H o H,g, . .. (2.6)

[h] = h*Pnap,  [R]” = highi = BACRPPngonap. (2.7)
and coincide up to a sign [h"] = (—=1)"[H"] [45]. The diffeomorphism invariant
Fierz—Pauli theory of massive graviton is then given by the action

5= 30 [ e y=gr " [ate =g (7 - (1), @9

11



2. CONSTRUCTION OF THE DRGT MASSIVE GRAVITY

Since this mass term is equivalent to we shall also refer to this as the non-
linear Fierz—Pauli massive gravity. The Stiickelberg (or, alternatively, also called
Goldstone) formulation turns out to be very useful to illuminate the interactions of
the longitudinal helicity-1 and helicity-0 components of the massive graviton. To
see this we expand the scalar fields as ¢4 = x“éf + x4, where Y4 under spacetime
diffeomorphisms transform as perturbations of scalar fields. Hence, describes
a massless graviton h,, together with a set of fields y. If the spacetime metric
is expanded around the Minkowski background the theory given by enjoys
a global spacetime Lorentz symmetry. Under this symmetry the field x* = §f x4
transforms as a vector. By having this in mind one can decompose x* into the
transverse helicity-1 and helicity-0 modes. In turn, the scalar perturbations y“ are

decomposed as
YA = 53)(“ = 5;‘7;‘“’)(,, = 5;‘7)‘“’(14,, + 0,m). (2.9)

We note that the fields A, and 7 in this decomposition are not well-defined from
the point of view of the spacetime diffeomorphisms. Moreover, this decomposition
involves time derivative of the field 7 and might lead to the appearance of additional

time derivatives in the action. More precisely, the spacetime tensor H,, defined in

(2.4) now becomes

H,, = hu,+0,A, +0,A, +20,0,m —0,A%0,As—
—0,A%0,0,m — 0,0°m0, Ay — 0,0°10,0a, (2.10)

and it is apparent that the field 7 here involves second order derivatives. However,
there is an accidental U(1) symmetry of H,,, given as A, — A, +0,A, 7 = 7 —A.
Hence, the field 7 is pure gauge and can be set back to zero. Therefore, the total
number of degrees of freedom propagated by x4 and {A,, 7} should be the same.
In the rest of this chapter we will formally work with the decomposition ([2.9)),
(2.10) ignoring the fact that A, is not a spacetime vector. In our work [41], we
have, however, shown that all the results obtained in this chapter can also be found
working in terms of the well-defined fields x4 with no use of the splitting .
The field H,, in coincideﬂ with the helicity decomposition of a spin-2

1Up to a term needed for the diagonalization of the kinetic terms, for details see [46].
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2.2 Effective field theory for massive gravitons

field into a helicity-2, helicity-1 and helicity-0 modes. The fields A, and 7 are
analogous to the Goldstone fields in gauge theories carrying the degrees of freedom
of the broken diffeomorphism invariance. In analogy to the equivalence theorem in
gauge theories [47], the dynamics of the longitudinal vector and scalar polarizations
of the massive graviton are described by the dynamics of the fields A, and 7, at
energies much higher than the graviton mass.

In what follows we shall focus on the strongest interactions that cause the
breakdown of perturbative unitarity. At energies much higher than the graviton
mass these are the interactions of the longitudinal graviton modes or, equivalently,
the interactions of the Goldstone fields A, and 7 defined in (2.9). The field A4,
has a kinetic term (mMp)*(9,A, — 9,A,)* whereas the field m acquires a kinetic
term only through the mixing with the graviton m?Mg, (hOr — h**9,0,7). The
scalar and tensor sector can be un-mixed by a field redefinition of the graviton
Py — h,w—nw,mzw. After doing this, in order to focus on the strongest interactions

we set hy,, = 0 in the expansion of the action (2.8). The leading interactions are

schematically
3 (0°m)3 (0%m)* D*rHAIA

L, D —-ml] , 2.11
- 471- T m4Mp1 (m3Mp1)2 mQMpl ( )

where we have canonically normalized the fields by replacing

A s

A, — —= - ——. 2.12
K mMpl ’ i m2Mp1 ( )

The lowest strong coupling scale is that of the cubic self-interactions of the 7
field and is A5 = (m*Mp)?/°. This is a very low scale which for the graviton
mass of the order of the Hubble scale m ~ (10%® cm)™! corresponds to the scale
As ~ 10720 eV ~ (10" km)~!. Hence this effective theory of massive gravity
breaks down below the distances slightly larger than the size of the Solar System
(~ 4.5 -10° km). Around heavy sources the effective theory of massive gravity
breaks down at even larger distances. This means that the effective theory
cannot describe gravity within our Solar System. Moreover, the presence of the
higher order derivative terms in implies ghosts and violations of unitarity in
the non-linear Fierz—Pauli theory . Hence, this theory besides of having a very
low UV cutoff is plagued by the Boulware-Deser ghost and is not a satisfactory

13



2. CONSTRUCTION OF THE DRGT MASSIVE GRAVITY

non-linear massive gravity theory.

2.2.2 Non-linear graviton mass term and quantum correc-

tions

It was pointed out in [22], that by adding to the Fierz—Pauli mass term higher
order interactions in hj,, the self-interaction terms for 7 could be canceled. In-
deed, after Stiickelberg-alizing the theory via the substitution h,, — H, the
cubic self-interactions of m can be canceled by tuning the coefficients in front of the
H? terms in the graviton mass potential. After order-by-order elimination of the
self-interactions of the longitudinal helicity-0 graviton mode, the strongest interac-
tions are of the form (9A)?(9*m). After canonical normalization one sees that the

interactions become strongly coupled at the scale [22]
(mP 202 \fEHI2) s (2.13)

Due to the U(1) symmetry of H,, the field 0A can only appear in the graviton
mass term in the anti-symmetric combination F),,. Hence, there are no interaction
terms with a single A and (9°7)?, i.e. p > 2. The highest possible cutoff scale
can therefore be achieved in the full non-linear theory when all the infinitely many
expansion terms are known, i.e. when ¢ — oo. This corresponds to the scale
A3z = (m?*Mp)'/3. At this scale infinitely many operators are generated in the ef-
fective field theory at quantum level. One therefore has to include all the operators
consistent with the symmetries. In unitary gauge it means that one should include

operators of the form
Cp,g0ThP (2.14)

where the coefficients ¢, , give the strength of interactions. In order to establish
the size of the coefficients ¢, , we write down the allowed structure of the operators
for the longitudinal helicity-0 mode of the graviton 7. Due to the shift symmetry
of the Stiickelberg fields ¢, the helicity-0 field always appears with two derivatives
and hence the allowed operators are of the form [22 [4§]

09(0°)P
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2.3 Decoupling limit: raising the cutoff and avoiding the ghosts

where the superscript ¢ indicates that we mean the canoncially normalized field
7¢ = A3n. In Lagrangian the field 7 arises from different powers of H,, D 9,0,7.
In unitary gauge H,, = h,,,, and thus by substituting 9*7¢ — Ajh in the operators
one can determine the size of the coefficients ¢, , in to be

Cpg ~ N3~ 7 = (m2Mp)4=9/3, (2.16)

The quantum operators involve also a general quadratic mass terms for h
with ¢ = 0, p = 2, which would disturb the special form of the Fierz—Pauli mass
term. However, the coefficient in front of these quadratic quantum operators,
coo = (m?Mp))*?, is much smaller than the Fierz—Pauli coefficient m?M3,, and
the unitary violating effect hits in only above the strong coupling cutoff Az [22].
The same holds also for all the further specific choices of the coefficients in front of
the higher order interaction terms. Hence, the effect from the quantum operators
not of the special form is small, and the special choices made for the coefficients
in the non-linear potential are therefore said to be technically natural. We thus
have a reasonable effective theory for a massive graviton below the energy cutoft
As. Although it is a higher energy scale than the initial As, it is still quite low,
ie. A3 ~ 10719 eV ~ (10° km)~!. Hence a UV completion describing the short
distance physics as successfully as General Relativity is needed for the effective field
theory of massive gravity. The transition to General Relativity in the presence of
spherically symmetric static sources is maintained via the Vainshtein mechanism

[17] which will be the subject of the next chapter.

2.3 Decoupling limit: raising the cutoff and avoid-

ing the ghosts

The explicit construction of the above mentioned non-linear theory of massive grav-
ity with the strong coupling scale given by A3 was done by de Rham, Gabadadze,
and Tolley (dARGT). The non-linear potential of the massive graviton U(g, H) up
to quintic order in H,, was found by an explicit order-by-order construction in
the decoupling limit [27]. The full non-linear resummation of the theory was later

found in [28]. Here we shall briefly present the main steps and resulting formulae.
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2. CONSTRUCTION OF THE DRGT MASSIVE GRAVITY

The most general diffeomorphism invariant Lagrangian of a massive spin-2 field
can be written as infinite series in the tensor field H,, defined in (2.4) and takes
the form
MEm?

8

where the most general potential terms U,, at the n-th order in the field H,, read[|

Us(g, H) = [H?] — [H]",
u;g(g,H) = C [HB} + c3 [H] [HQ] +c3 [H] s
Us(g, H) = dy [H] + dy [H] [H?] + dy [H?] [H?] + dy [H]? [H?] + d5 [H]*,

The square brackets here represent the traces as in , and ¢;, d; are arbitrary
coefficients, which need to be determined. In what follows we shall focus only on
the interactions of the helicity-0 and helicity-2 modes by setting the vector modes
of the field to zero. The expansion of the tensor field H,, in terms of the

canonically normalized modes h,, — h,,/Mp and 7 — 7/A3 then becomes

2

0,090, 0
A2 '

hlb
H Y 6
3

w =
Mp,

+ —0,0,m — (2.18)
The self-interactions of the helicity-0 mode 7 at the n-th order in non-linearities

are schematically of the form

o (0°m)"

The corresponding energy scale below which the different interaction terms are
suppressed grows with the order of interactions as Ay = (Mpm*)'/° A, =
(Mpm®)Y4, Ay = (Mm®)Y/1, etc. As discussed in the previous section the
highest possible strong coupling scale in non-linear massive gravity is achieved in
the absence of all the self-interactions of 7 and is the Az = (Mpm?)Y/3. In [27]

it was shown that it is possible to fix, order-by-order, the coefficients ¢;, d; in the

"'When written in terms of the field hAB the odd coefficients ¢; need to be taken of the opposite
sign since [h"] = (—1)" [H"].

16



2.3 Decoupling limit: raising the cutoff and avoiding the ghosts

potentials Us, U, so that the interactions form a total derivative at the corre-
sponding order. By doing so the energy cutoff scale at which the leading helicity-0
self-interactions arise is raised. At each order n there is a unique combination, ngt) ,
giving a total derivative. Written in terms of 11, = 9,0, m, the total derivative

combinations are

L =1,  Lig =), (2.20)
L0 = (I — (1%, (2.21)
L8 = (my* — 3(11) (112 + 2 (I1%) (2.22)
L8 = ()t — 6 (112 (T)? + 8 (I1) (I1) + 3 (11%)* — 6 (IT*), (2.23)

where (IT) = p*11,,, (I1?) = n**n*P11,,11,5, etc. Equivalently these terms can be

written as the contractions with the totally antisymmetric tensors as [49] [50]

1
ng = 55H1u2a55uw2aﬁnmu1H#zuz7 (2.24)
ngz = 5#1#2#3agu1uzu3anuwlHH2V2HM3V3, (2‘25)

(4) _ _pipopspa -v1vavsvs
Liot = € € 11 D7 1 e N PPV | (2'26)

where €, 545, 18 the Levi-Cvita tensor in Minkowski space. In four spacetime
dimensions, all the higher order terms vanish identically due to the antisymmetry
properties of the Levi-Civita tensor, giving LEZ,? M = By tuning the potential so
that at each order the interactions of m form a total derivative, all the dangerous
self-interactions of 7 at energy scale below A3z disappear. Hence, in the final theory

the high energy behavior of the helicity-0 mode of the graviton is captured in the

following decoupling limit
m— 0, Mp — oo, Az = fixed. (2.27)

It was found in [27] that up to the quartic order the strong interactions arising at
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2. CONSTRUCTION OF THE DRGT MASSIVE GRAVITY

the scales A < Az can be removed by the following choice of coefficients

ey ey 1 (2.28)
C1 = 203 5 C2 = —9C3 9 ‘
1 1
d1 = —6d5 + E(2403 + 5), d2 = 8d5 — Z<6C3 + 1), (229)
1 3
dg = 3d5 - E(lQCg + 1), d4 = —6d5 + ZCg. (230)

One then arrives at the following exact decoupling limit Lagrangian

Lop =L + Ly, (2.31)

where L,(f) is the quadratic Einstein-Hilbert term

2 1 1 14 1 v 4 14
L& = T [Oh O by, — SOOI — O\ 0 By, + O hﬁ@“hw} o (2.32)

and Ly, describes the interactions between the helicity-2 and helicity-0 modes of

the graviton. As a result of the above choice of coefficients £y, is given by

1 1 1
L = =h™ (X(}) + X2 4 —X(?;) : (2.33)
2 # A3H A H
where
185(2) 1 aL(3) 1 85(4)
(1) — ZZ%tot  xr(2) _ 2 (e, — 1) tot () — 2 8d tot
w = g S = 06~ Vg, Xw = glea T8 a0,
We notice that (n1)
oL.”
(n) tot
X;w o< —8HMV , (234)

and in combination with the earlier remark that in four dimensions Lgf e

=0, we
conclude that the fifth and higher order interactions vanish in the decoupling limit,
ie. X,(ﬁ>3) = 0. Hence the decoupling limit interaction term is ezact.

One can check that the interaction terms X ,(];) are conserved, i.e. that O"X ,Ylf) =
0. Moreover, each of the components of X ,Sﬁ) bears no more than two time deriva-
tives. This ensures that there are no ghost instabilities arising in the decoupling
limit of the non-linear massive gravity. Hence, by the above construction one has

achieved the following. First, by tuning the non-linear interactions of H,, up to
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quartic order so that all the scalar self-interactions enter the Lagrangian only in the
combinations of total derivatives the UV cutoff is raised to Ayi/3 = (m®Mg)Y1L
Moreover, the resulting decoupling limit action describing the interactions of the
helicity-2 and helicity-0 modes of the massive graviton is ghost-free due to the

cancelation of the dangerous higher order derivative interaction terms.

2.4 Resummation

In [28] the non-linear massive gravity potential U(g, H) was resummed in terms of
the field

K=o —ob —HY ==Y d, [H"E =06 — /g f, (2.35)
n=1

where f,, = 0,¢0"0,0%nap, and the polynomial coefficients are given by the coef-

ficients of the Taylor expansion of the square root v/1 — z in the powers of x by

(2n)!
(1 —2n)(n!)222»

d, = (2.36)

A
The square root matrix is defined so that ( gt f)u ( g1 f> = ¢"fy,. The
A v

resulting full non-linear action for massive gravity takes the form

1
Larcer = _§Mlgl\/ —g (R—m*U(g,X)) (2.37)

where the potential U(g, K) = Uy + azUs + ayUy is expressed in terms of the field

o
K- as

Us(g, K) = [K]* = [%7], (2.38)

Us(g, X) = (K] — 3[K] [K?] +2 [%K7], (2.39)

Us(g,K) = [K]* — 6 [K2] [K]* + 8 [%?] [K] + 3 [%K*]" — 6 [X1], (2.40)
with the coefficients a3 = —2¢3, ay = —4ds.

The potentials Uz 34(g, K) are given by the characteristic polynomials of the
matrix X* and can therefore be rewritten in terms of the eigenvalues of K#. Al-

ternatively the dRGT potential of massive graviton can be expressed through the
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2. CONSTRUCTION OF THE DRGT MASSIVE GRAVITY

characteristic polynomials of the square root matrix \/ﬁ which is sometimes
simpler for calculations [50]. In any case, the Lagrangian with the poten-
tial given in — defines the so-called dRGT massive gravity. It is the
only known non-linear completion of massive gravity which is ghost-free in the de-
coupling limit and which has the strong coupling scale Ay = (m?Mp)*/?. In the
following chapters we shall discuss how the agreement with General Relativity is
restored in the vicinity of massive sources, whether the Boulware—Deser ghost is
absent also away from the decoupling limit, and how this theory can be generalized
for arbitrary curved backgrounds. Since most of our discussion will be perturbative

then instead of the full non-linear theory we shall often use the expansion in terms

of powers of H,, given in (2.17) with the choice of coefficients ([2.28)-(2.30]).
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Vainshtein mechanism

In 1970 van Dam, Veltman, and Zakharov (vDVZ) made an observation which ini-
tially appeared to be a no-go theorem for massive gravity due to its incompatibility
with well-established Solar System tests of gravity [51, 52]. They noticed that in
the linearized massive gravity the helicity-0 mode of the massive graviton does not
decouple from the matter in the zero mass limit, but instead remains coupled to
the trace of the stress-energy tensor. Due to this effect the predictions of massive
gravity for such well-tested gravitational effects as the bending of light by the Sun
or the precession of the Mercury perihelion differ from the predictions of General
Relativity. This occurence is known as the vDVZ discontinuity. It was, however,
shown by Vainshtein that this discontinuity is an artifact of the perturbative ex-
pansion, since around heavy sources the expansion becomes singular in the limit
of vanishing graviton mass [I7]. Vainshtein showed that below a certain distance
from the massive body, the so-called Vainshtein radius Ry, the classical non-linear
terms become important. In turn, the scalar mode of graviton, propagating the
apparent “fifth force”, enters the non-perturbative regime and decouples. It was
therefore conjectured that due to this behavior in the vicinity of heavy sources, i.e.
below the Vainshtein radius, the General Relativity is restored. This is known as

the Vainshtein mechanism and is the subject of this chapter.

3.1 vDVZ discontinuity

It easy to see the manifestation of the vDVZ discontinuity at the linear level by

comparing the tree-level propagators of the massive and massless graviton. The
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3. VAINSHTEIN MECHANISM

propagator of the massless graviton in momentum space takes the form

D 1 NuXNvo + NueMvx — NuvThe
179X AN

2 k2 + ie

(3.1)
while the propagator for Fierz—Pauli massive graviton of mass m is given by

(m) 1 77/1)\771/(7 + ﬁyoﬁz/)\ - %ﬁuvﬁ)\g
v — A . . (3.2)
praT 2 k? —m? +ic

Here k* is the four-momentum, and 7, = n,, — k.k,/ m?. Since the graviton is
coupled to conserved matter sources with k,7"” = 0 then we can replace 7, —
Nw- We are interested in the interaction potential between two static massive
sources, described by their energy-momentum tensors T(OB = M0®(z — x1) and
T = My0® (x — 25) in the cases of massive and massless graviton. In quantum
scattering theory the interaction potential between two sources is given by the
Fourier transform of the scattering amplitude for the graviton exchange between

these two probes:
V(r) ~ / &z dx' APk T () Do (k) T35 (2)e™ 70, (3.3)

where r = |#] — T/, and we have set M2 = (87Gy)~' = 1. From the two different
numerical coefficients in (3.1), (3.2]) it is easy to see that there is an additional
coupling of the massive graviton to the trace of the energy-momentum tensor.

This results in different expressions for the interaction potentials in the two cases

M M.

V(r)m=0 ~ - 17, 27 (3.4)
4 MM

V(r)mso ~ —g——e " (3.5)

This leads to different predictions for the motion of massive bodies in gravitational
potential in massless and massive gravity.

In our work [4I] we have shown how the same results for the gravitational
potential can be derived in a purely classical way. For this we use the method
usually applied in the theory of cosmological perturbations and classify the metric
perturbations according to the irreducible representations of the three-dimensional

rotation group [53]. The gravitational interaction between two massive bodies is
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3.1 vDVZ discontinuity

then entirely due to the static gravitational potentials ¢ and v defined as the scalar
metric perturbations in the Newtonian (longitudinal) gauge, where the line element
is
ds® = (14 2¢)dt* — (1 — 24p)Syda’da”. (3.6)
The ocurrence of the vDVZ discontinuity can then be seen in the Fierz—Pauli mas-
sive gravity written through the diffeomorphism invariant variables hs = 9" 0,60, p—

% introduced in the previous chapter. We consider the Fierz-Pauli action

1 2 _ =
s=—3 [dav=gr+ T [ do =g - R (37)

and expand it up to the second order in perturbations in the presence of a static

spherically symmetric matter source
1
(2)5Smatter = _§h/ﬂ/TW/ = _¢T00' (38)

It is clear that the discontinuity is entirely due to the scalar interactions. At
quadratic level in the action the scalar, vector and tensor perturbations decouple
and can be analyzed separately. We therefore extract the part of the perturbations
of the scalar fields y* = ¢4 — x“éﬁ‘, which transforms as a scalar under the three-

dimensional spatial rotations, by

X=X, X'=m (3.9)

and focus only on the scalar part of the action. For the detailed calculations please
see [41], attached in the appendix . After eliminating the redundant fields x° and

7, the relevant equations of motion for the scalar components of the graviton are
A+ ) = 3m?*p + T, 21 — ¢ = 0. (3.10)

The latter equation gives a relation between the gravitational potentials ¢ and v
which is by order one different from what is known in the Einstein theory where for
an adiabatic matter distribution both potentials are equal in the longitudinal gauge.

The combination of both equations ((3.10)) for a spherically symmetric matter source
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3. VAINSHTEIN MECHANISM

of mass M gives the potential

4GNyM
= —= -mr 3.11
6= -3 e, (311)

where we have restored the Newton’s constant Gy. The exponential Yukawa-type
suppression factor in the potential accounts for the finite range of the gravity due
to the graviton mass. The prefactor 4/3 coincides with the result obtained
in quantum theory. It shows that at distances much shorter than the inverse of
the graviton mass the gravitational potential ¢ has increased by a factor of 4/3 in
comparison to the Newton potential ¢y = —Gy M /r. This additional contribution
survives even in the limit of vanishing graviton mass and would modify, for example,
the motion of planets in comparison to what we know from General Relativity.
In the meantime the bending of light is determined by the combination ¢ + ¢
of the gravitational potentials which in General Relativity equals to 2¢y. It is
straightforward to check that this combination of static potentials is not changed
in massive gravity. Hence the bending of light is described equally in massive and
massless gravity. If the effect of the graviton mass would appear for both motion
of light and motion of massive objects then one could solve it by simply redefining
the Newton’s constant. This is not possible in the case of massive gravity since it
would then disturb the predictions for the bending of light. This is a purely classical

manifest indication of the van Dam, Veltman, Zakharov discontinuity [51, 52].

3.2 Vainshtein mechanism in decoupling limit

One way to understand how the Vainshtein mechanism works is to focus on the
helicity-0 mode of the graviton since this is the mode which remains coupled to
matter in the limit of vanishing graviton mass. We start by considering the non-
linear Fierz—Pauli action . The dRGT non-linear completion of massive gravity
will be considered in the next section. In analogy to the Goldstone equivalence
theorem for massive gauge bosons, at high energies the physics of the longitudinal
graviton modes is governed by the physics of the Goldstone modes [47]. As we
clarified in chapter [2] the scale at which the strongest scalar self-interactions arise in
is Ay = (m*Mp))*/°. We therefore focus on the interactions of the longitudinal
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3.2 Vainshtein mechanism in decoupling limit

helicity-0 mode by taking the decoupling limit

Th
m— 0, Mp — o0, TH — oo, U A5 = fixed. (3.12)
Pl

The decoupling limit Lagrangian in terms of the canonically normalized field 7. =

m?Mpym takes the form

J—— {zwcmwc - 21Tg [(Or)° — (On)(0,8,7)?] — %MLPIWCT} (3.13)
where T' = 1, T" is the trace of the energy momentum tensor. Henceforth we
drop the superscript of the field 7¢ and keep in mind that we are working with the
canonically normalized field. In the presence of a massive spherically symmetric
static source with energy momentum tensor 7% = AM§®)(z), the field 7 develops
a background profile mg ~ —M/r.

By comparing the quadratic and cubic kinetic terms of 7 in the Lagrangian
(3.13) we see that on the background configuration 7 the non-linear terms become

comparable with the quadratic terms at the scale

VERRE
Ry = (—) . (3.14)
mAM3,

This coincides with the Vainshtein radius found in [I7]. In order to understand
whether in the non-linear Vainshtein regime below r < Ry the theory can
give reliable predictions, we shall study the stability of the background profile .
To do the stability analysis of the perturbations around this solution we expand
the action in terms of dm = m — my. Schematically it takes the form

(827'('0)
A3

L5z = (06m)? — (0*0m)?, (3.15)
and one sees that the fluctuation d7 acquires a four derivative kinetic term. Such
a term indicates that there are two scalar degrees of freedom propagating, and one
of them is necessarily a ghost. The inverse mass of the ghost is estimated as the

factor in front of the four derivative term, i.e.

5
2 A5

Mghost ™ m7

(3.16)
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3. VAINSHTEIN MECHANISM

and it is coordinate dependent. In the absence of source when my = 0, the ghost
becomes infinitely heavy and decouples. On a non-trivial background the ghost
is however propagating. Since we are considering an effective field theory with a
strong coupling cutoff A5 then the ghost is not harmful until the moment when its

mass drops below As. This happens at the radius

1 M 1/3
ost ™~ 7\ ) 1
Tgh t A5 (Mpl) (3 7)

which is much larger than the Vainshtein radius , 1.e Tghost > Ry. We will
comment on the implications of this later.

The presence of the additional ghost degree of freedom provides an interesting
interpretation of the Vainshtein mechanism proposed in [54]. It was notices that the
Lagrangian for the strongly coupled scalar mode 7 can be rewritten as a system of
two fields that classically can be treated perturbatively, but one of them is a ghost.
This is done by appropriately modifying the Lagrangian and by substituting

m = @ — 1. The result is an action schematically of the form

1 1 1 1
L, = ——olp 4+~ — O(1)32N? — T T 3.18
5% 90+2@/) Y — O(1)Y~7A; YA +MPI¢ : (3.18)

where ¢ is the healthy scalar mode and v is the ghost mode. As before, one can
trust this Lagrangian perturbatively within the Vainshtein region as long as the
mass of the ghost does not drop below the strong coupling scale A5. By studying
the equations of motion of the two fields below and above the Vainshtein radius Ry

one finds the different asymptotic solutions for the helicity-0 mode of the graviton
W/Mp]i

GyM M? 1 GyM R
7/ Mpy ~ —— + =X (l—l—(‘)(—v

O(1) = — —
( )Ml‘élm‘lrﬁ r r

M Gy M 5/2
7/Mpy ~ O(1)m? —27“3/2 =0(1) N (L> ., r< Ry. (3.20)
MP] r RV

We see that within the Vainshtein radius the helicity-0 mode is suppressed by a

)5), r > Ry; (3.19)

factor of (r/Ry)*? in comparison to the Newton potential. This is due to the fact

that at the leading order the ghost field i) cancels the contribution of the scalar ¢
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3.3 Smooth limit to General Relativity in A3 theories

and thus screens the “fifth force” within the Vainshtein region.

Since we are working in the effective field theory one should take care how the
scale at which the quantum corrections hit in changes in the presence of heavy
sources. In flat space the effective field theory is valid up to the energy scale
A5 while afterwards the quantum corrections have to be taken into account. In
decoupling limit the corrections take the form

91(0?m)P

— (3.21)
Angrq 4

and around heavy sources they become comparable to the kinetic term (Om)? at

the scale [48]: .
M \seta-1 ]
~ | — — 3.22
Tpq (Mm) As (3.22)

The highest value of this distance equals 7quantum ~ (M/Mp)*/3 - 1/A5 which co-
incides with the scale below which the ghost mass is lighter than the cutoff
scale. Hence the ghost screening mechanism for interpreting the Vainshtein mech-
anism is not reliable and is spoiled by the quantum corrections. Therefore, in
principle, the calculations of [54] for the corrections to the longitudinal graviton
mode due to the classical non-linearities within the Vainshtein regime cannot
be trusted.

3.3 Smooth limit to GGeneral Relativity in A3 the-

ories

The energy cutoff scale at which the effective field theory becomes strongly cou-
pled can be raised by adding higher order interaction terms in h,, such that after
performing the Stiickelberg trick the highest order self-interactions of the helicity-0
mode 7 vanish. The strong coupling scale is then set by the remaining highest
interaction terms and is the Az = (m2Mp;)'/? scale. The construction of the non-
linear dRGT theory [28], in which this cutoff scale is achieved, was discussed in
detail in the previous chapter. The purpose of this section is to see how General
Relativity is restored in Az theories, as well as to find the corrections to the grav-

itational potential within the Vainshtein radius and to see what are the relevant
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3. VAINSHTEIN MECHANISM

scales for which these calculations are reliable.

In order to see how the General Relativity is restored within the Vainshtein
radius we decompose the metric and scalar field perturbations in the irreducible
representations of the three-dimensional rotation group. The four scalar fields
describing the scalar metric perturbations of the metric and scalar fields are defined
in equations and respectivley. We start by expending the Fierz—Pauli
action up to cubic order in scalar perturbations. We then look for the static
solutions of the equations of motion. By doing so we use 0?7 < 1 as our expansion
parameter and neglect the cubic terms such as ¢(Am)? ¥ (Am)? in comparison to
¢Am,ypAr. That this is a good expansion parameter both within and outside
Vainshtein radius is an assumption and was checked to hold in both cases in our
work [41]. We also neglect the cubic in gravitational potentials ¢3, g2, ... over
the quadratic terms like ¢? etc., as well as the subdominant terms like ¢?Am over
¢oAm etc. We do so because the gravitational potentials we are considering are
always much smaller than unity. In other words, the only higher order corrections
we consider come purely from the scalar field perturbations x° and 7. Moreover,
we also set x* = 0 due to its linear equation of motion. For all the details see our

paper [41] in appendix . The resulting leading cubic order action is

®55 — / d'o {—ww + ¢ (280 — Am) + 20 A — MLQZ’TOO
P1

1
m4Mp1

+ 3m* () — @) + % (ATT T e — T i T35 k) (3.23)
where we have rewritten everything in terms of the canonically normalized fields
¢ — ¢/Mp1, 0 — /Mpy and T — 7/(m*Mp;). We see that the strong coupling
scale in the Lagrangian is the A5 = (m?Mp))'/® scale and arises from the cubic
self-interaction of the 7 field. It is important to stress that the approximation we
are working in is not equivalent to the decoupling limit in which the first term in
the second line of the above equation would be absent due to the limit m — 0.
This term is however crucial in finding the exact form of the Yukawa-type potential
¢ in equation and to demonstrate how the General Relativity is restored in
the limit m — 0 via the Vainshtein mechanism.

By analyzing the equation of motion for 7 we find that around a spherically

symmetric static source the solution for 7 can be found in two different regimes.
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3.3 Smooth limit to General Relativity in A3 theories

The crossover scale is found to be Ry = (M/ m4M§1)1/ ® and coincides with Vain-

shtein radius [I7]. The resulting first-order solutions for the gravitational potential

oo ()], rem ow

r

5/2
W—¢ =0 <R_v> . r<Ry. (3.25)

are

We see that outside the Vainshtein radius we obtain ¢ = /2 in agreement with
the linearized result . Inside the Vainshtein radius we recover the General
Relativity relation 1) = ¢ up to corrections of order v (r/Ry)%?2. Moreover, the
equation of motion for the gravitational potential ¢ can be solved for r < Ry and

one can show that the Newton potential is recovered up to the corrections

5 5/2
E(b ~ (RLV> . (3.26)

The strong coupling scale of massive gravity can be raised by adding higher
order terms in h,, in the potential. So for example the cubic self-interaction term
in the Fierz—Pauli action can be removed by adding the cubic Lagrangian Lf) x
hARBRS — hishBh. This in turn modifies not only the cutoff scale of the effective
field theory but it also diminishes the Vainshtein scale. For the Lagrangian in which
the highest order self-interaction terms are of the order (9?m)™ the Vainshtein scale

is determined as

Ry = (M™2m> = M2y ss (3.27)

The corresponding corrections to the Newton potential are given by

s ()
e () 329

The limit when n — oo corresponds to the A3 energy cutoff when all the higher

order self-interactions are cancelled. The correposnding Vainshtein scale is

L\
Ry = (M /m* Mg)'V* = A <M_Pl) (3.29)
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3. VAINSHTEIN MECHANISM

and the corrections to the gravitational potential are given by

0P, r\?
o (1) 50
It is interesting to note that these corrections are different from the corrections in
the DGP theory [55, 56] and in the decoupling limit of the dRGT theory [4]].

In the light of the discussion on the quantum corrections and ghosts in the
previous section, one should check whether our classical results for the non-linear
corrections around heavy sources are reliable. Again, we perform these estimates
in the decoupling limit. By construction, in dRGT theory there are no higher order
derivative terms in this limit so the only potentially dangerous scale of the theory
is the scale at at which the quantum corrections around heavy sources become
important. In order to find this scale we will use the decoupling limit Lagrangian
given in chapter 2| in equations —. This Lagrangian does not contain a
normal kinetic term for the scalar mode 7. The kinetic term is acquired through
the kinetic mixing of the helicity-0 and helicity-2 modes of the graviton h** X E,)
and can be disentagled by performing the transformation h,, — hy, — 1,m?*r.
Due to the shift symmetry of the Stiickelberg scalar fields ¢*, we expect that
only quantum operators with at least two derivatives of the field 7, suppressed by
the cutoff scale Az, are present. The form of these operators is given in ([2.15)).
By comparing these operators with the kinetic term (97)? we find that in the

presence of a heavy source, both terms become comparable at the radius r ~

1/3
( M ) Ais This length scale coincides with the Vainshtein radius (3.29) at which

M,
thepélassical non-linearities hit in. If this indeed would be the right scale, at which
the quantum effects become important, then our classical demonstration of how GR
is restored in the limit of vanishing graviton mass would again be unreliable due
to quantum effects. However, it was found in [27], that a further transformation of

the canonically normalized field h,, can be made in order to eliminate the cubic

2(6c3—1)
A3

these transformations are given solely by the Galileon terms of the form [57]

hrm couplings as hy, — by, + 0,m0,m. The scalar self-interactions of 7 after

N %. (3.31)

These are the terms responsible for the classical non-linear effects in the A3 theory
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3.3 Smooth limit to General Relativity in A3 theories

since all other self-interaction terms are removed by construction. Comparison to
the quantum operators show that the quantum operators are suppressed
in comparison to the Galileon terms by the powers of 9/A3. Hence the quantum
effects become important at the scales rquantum ~ Aig [48]. This length scale is
way below the Vainshtein radius which means that one can trust the classical
Vainshtein mechanism in the region 1/A3 < r < Ry . Hence we have shown that
in this region a reliable smooth limit from massive gravity to General Relativity
exists, and General Relativity is restored up to corrections given in .

Another important question to address is whether a continuous global spher-
ically symmetric solution of the non-linear theory matching the two asymptotic
regions below and above Vainshtein radius exists. The first modified gravity model
where such a transition was demonstrated is the DGP model [55]. In the non-linear
Fierz—Pauli A5 theory, an everywhere non-singular asymptotically flat solution was
found numerically in both decoupling limit in [19] and in the full-theory in [20, 21].
In the dRGT theory the Vainshtein mechanism was investigated numerically in
[58, 59, [60]. The numerical findings for the corrections to the Newton potential
within the Vainshtein regime confirms our analytic result .
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4

Boulware—Deser ghost

The Boulware-Deser ghost is usually associated with the helicity-0 mode of the
massive graviton. More precisely, in a general non-linear polynomial graviton mass
term the helicity-0 mode receives higher derivative self-interactions. According to
the Ostrogradsky’s argument the appearance of higher derivatives requires addi-
tional initial data for the complete formulation of the Cauchy problem. Moreover it
can be shown that the additional initial data corresponds to a ghost degree of free-
dom. In order to see the self-interactions of the scalar mode of the massive graviton,
the Stiickelberg decomposition of the metric perturbations introduced in chapter
proves to be particularly useful. This decomposition allows to determine the scale at
which the self-interactions become important and the effective field theory becomes
strongly coupled. Due to the presence of higher derivatives in the self-interactions
of the helicity-0 mode, it was believed that by tuning the graviton mass term so
that these interactions vanish would not only raise the cutoff scale of the effective
theory, but also eliminate the BD ghost. In [27], a non-linear massive gravity ac-
tion was found which evades the non-linear self-interactions of the helicity-0 mode
of graviton up to the fifth order in the composite field hp = g“”8M¢A8V¢B —0f
(or, equivalently, in the tensor field H,, defined in (2.4))). In the decoupling limit
(DL) which is used to focus on the longitudinal modes of the massive graviton it
was shown that the remaining action contains at most two derivatives and is thus
free of the BD ghost. However, the decoupling limit is only the high-energy limit
of the effective field theory of massive graviton and only captures the dynamics of
the helicity-0 and helicity-1 graviton modes. The decoupling limit therefore

reflects only the gravitational interactions high above the graviton mass scale. In
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4. BOULWARE-DESER GHOST

our work [42] we have investigated the appearance of the higher derivative terms
in this non-linear action for massive gravity away from the decoupling limit. Con-
trary to the claims of [27] we have found that the higher derivatives reappear in the
fourth order of perturbations away from the DL, when the vector modes, neglected

in [27], are also taken into account.

4.1 Appearance of ghost-like terms

We consider perturbations around the Minkowski background
g ="+, ot =zt + )7, (4.1)
so that the field h4 can be expanded as

hy = hiy + 0%\ + 0px™ + 0cx*0 x5
+ h29 x5 + hS0cx™ + S0P xsdex ™. (4.2)

This is an exact expression, and the field 2% is diffeomorphism invariant. In order
to see how the higher order derivatives of the scalar components of the metric and
scalar fields appear it is instructive to start with the simplest action giving the

quadratic Fierz-Pauli mass term for the metric perturbations:

1 2 T2 TAT
S = —§/d4$ vV—gR + %/d4$ V=g [* = hhf] . (4.3)

This action has been investigated in great detail in numerous works and is known
to have higher derivative self-interactions of the helicity-0 mode of the graviton
even in the decoupling limit. We choose to work in the Newtonian gauge where
the metric takes the form [61]

ds? = (14 2¢) dt? 4+ 2S;dtdz’ — |(1 — 24b) O + hap,| da*da®, (4.4)
where 5;; = iLW = izu = 0. As in previous chapter, we only consider the pertur-
bations of the scalar fields that transform as scalars under the three-dimensional
rotation group, i.e. x° and x* = 7;. The ghost can then be easily traced as the

dynamical degree of freedom of the field x°. In [41] we have shown that among the
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4.1 Appearance of ghost-like terms

four linear equations of motion, obtained by variation of the quadratic action with

respect to the four scalar perturbations ¢,, x°, 7, there are two linear constraint

equations:
2A — 3m?
= 4.
2A + 3m? .
0
=—— . 4.
X m2A v (4.6)

Moreover the field ¢ enters the action as a Lagrange multiplier. As a result, at
quadratic level the action (4.3)) for the scalar perturbations can be expressed entirely

in terms of the metric perturbation ¢ as
58 = 3 / dhe [B(82 — A+ )] . (@)

It is interesting to note that on the Minkowski background the field x° is not
propagating. This occurs due to the accidental U(1) symmetry for the set of the
scalar fields y* which behave as components of a vector field around Minkowski
background [26]. This makes the scalar field x° to be non-dynamical. However, this
symmetry is not preserved on a background which slightly deviates from Minkowski.
Therefore, x° starts to propagate in the cubic order, and the ghost reappears. To
see this we consider only the terms involving x° in the cubic order action. We
neglect the third order terms linear in x° since they only change the constraint
equations , to second order in perturbations. Nevertheless, the cubic

action also contains a term proportional to (x?)*:

5,5 = m{ / ate [ () + ] (48)

which induces the propagation of x° on the background for which hi = 61 +3A7 +
O(h?) # 0. To see that, due to the appearance of the term (x°)?, at non-linear
level there appears an extra ghost degree of freedom, we express this cubic term

entirely in terms of the gravitational potential :

2 2
535'—/d4x A (QAm*TZmd) +] (4.9)
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4. BOULWARE-DESER GHOST

Let us further expand the field v around some background configuration 1, as
¥ = 1o + d1 and combine the above action with the quadratic action (4.7). By

retaining the terms up to second order in 6y we find

1 )
55 = —3 / it {w (0 =m0ty (@P50)° + zAw—;;O (AdY) (af(sw)]

where

m2 3m*
ghost 4A¢0 :

Let us take for the background field the scalar mode of gravitational wave with

(4.10)

the wave-number k ~ m, for which 1y ~ Aty ~ m2th, and M ost ~ M2 /0. By

considering, in turn, perturbations 6 with wave-numbers m2,,,, > k* > m? and
skipping subdominant terms, we can rewrite the action above as

5S A — 23 / 'z 60 (92 + ...) (0 + mPpogy + --.) 6. (4.11)

m

ghost

The perturbation propagator is given then by

m?)host Ni_ 1
P2 +me,,) 08 P+m,,

ghost ghost

(4.12)

and it describes the scalar mode of the graviton together with the Boulware-Deser

ghost of mass mypest ~ m/+/1h. Under the assumptions made this estimate coin-

cides with the ghost mass (3.16]) established in [62]. Indeed, the expression

9 1 ig m4
m N — A~
ghost ™ Q2my  92my’

(4.13)

where we have set M3, = 1, coincides with (4.10) under the assumption that the
background configurations my ~ 9. For strong enough background the ghost
becomes light with the mass m < mgpost < A5, and, hence, the non-linear ghost

appears even below the strong coupling scale of the theory.
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4.1 Appearance of ghost-like terms

Let us now consider the quartic action proposed by de Rham et al. [27]

m> . 1 - o 5
Sy = gg /d% V=g [h2 — R4 + 3 (R — hhlp) — Ehf‘w +

1

__ 1 -
4hh13 + 15 (125)°

1
_ __ . 3, . _ _ o
+es <2hi”43 — 3hlp + 4 (thBh — 2B+ (P25)° - hiBif))

+ds (671?43 — 8R4 h — 3 (R4y)" + 6R2 5% — 34)] , (4.14)

where c3 and d5 are arbitrary coefficients introduced in chapter This action
corresponds to the strong coupling scale A = m31! and is ghost free in the de-
coupling limit. Moreover, due to the total derivative structure of the decoupling
limit, higher order terms in h% do not contribute to the decoupling limit action
[27]. As before we shall trace all fourth order terms in perturbations which contain
time derivatives of Y. By expanding the action and inserting the linear
constraint equations , one obtains the relevant action

2

m . 1 %3 i Y
0384 + 0454 = ?g/d%; {F((S%X)Xo—i_ 2 (X +Si+4° _'_X?i)z (XO)Q_'_"'

One sees immediately that the special form of the action leads to the can-
cellations of all the third and fourth order terms (x°)°, (x°)'. This is in agreement
with the decoupling limit construction as a result of which all the cubic and quartic
self-interaction terms of the helicity-0 mode of the graviton are cancelled in (4.14)).
The function F'(dg, x) depends on terms of second and third order in perturbations,
but does not depend on x°. This term does not induce dynamics of x° and can be
neglected. We also note that the third order terms containing (x°)? vanish. Hence,
the ghost does not appear in the third order, but only reappears in the fourth or-
der in perturbations. It is also easy to check that after skipping the vector modes
the ghost disappears in the decoupling limit (m? — 0) [42]. After decomposing
X" = m;+ X' and performing the same manipulations as above for the action (4.8)),

we find that the action (4.14]), along with the scalar mode of the graviton, also

describes a ghost of mass

6. \°
Mihost = —12m° (Xo + 5 — Zwo,z) ) (4.15)
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4. BOULWARE-DESER GHOST

provided that the ghost mass satisfies the condition 97mZ,,, < 1. Here X' is
the vector mode of the perturbations of the scalar fields with )”(’l =0, and X}, ¥
describe the background configuration around which the ghost propagates. In the

background of a scalar gravitational wave 1y with k& ~ m, the ghost mass simplifies

to 2 11/4
m A
m?]host NS T e (416)
¥ 0

where we have substituted the strong coupling scale A = m®!. If the time de-
pendent background fields are strong enough the mass of this ghost is smaller than
the strong coupling scale of the action . Thus we have shown that in the full
theory away from the decoupling limit the non-linear ghost survives in the fourth
order of perturbation theory. The same observation was also made in the vierbein

formulation of massive gravity in [63].

It is, however, important to make a couple of remarks on the conclusion that
the action propagates a ghost in the fourth order in perturbation theory.
In particular, we wish to understand whether it implies that the Boulware-Deser
ghost is also present in the full non-linear dRGT theory . It is therefore
necessary to see at which scales the ghost propagates. For weak background
fields, i.e. for 1)y < 1, the ghost propagates above the cutoff A. This implies that in
order to draw conclusions about the full dRGT theory with cutoff A3 > A, all the
higher order terms in h4 have to be taken into account. The contribution of these
terms can become important at the same scale as where the ghost propagates and
can, thus, change the conclusion. On other hand, for strong enough background
fields, i.e. for 1o > m/A = (m/Mp;)>/** the mass of the ghost becomes lighter than
the cutoff A = m®/'. Notice that the background can still satisfy )y < 1, and,
hence, the perturbative expansion is still valid. In this case, however, one can still
argue that there might exist a non-linear field redefinition such that the ghost is
moved from the quartic order to some higher order [46]. In this case we cannot
make any conclusive statement about the violation of unitarity in the full theory
until we have computed the Lagrangian to sufficiently high order. As we will see,

there are indications that this is what actually happens in the dRGT theory.
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4.2 Absence of the ghost in unitary gauge

4.2 Absence of the ghost in unitary gauge

The question of the propagation of the sixth degree of freedom can also be ad-
dressed in the unitary gauge, in which the perturbations of the scalar fields are
set to zero, i.e. x* = 0, and all degrees of freedom are propagated by the metric
perturbations. The counting of degrees of freedom in unitary gauge is done in the
Hamilton formalism following Dirac [64]. For this it is convenient to introduce the
ADM variables as [65]

_ 1 N
NE NZ
g = . R (4.17)
Ni  ij _ NiNJ
Nz N2

It is known that in General Relativity the lapse N and the shift N¢ are non-
dynamical. The reason for this is that N and N’ enter the Einstein-Hilbert action
with no time derivatives, and thus their conjugated momenta are identically zero.
This leaves ~;; and its conjugated momenta 7/ as the only dynamical fields prop-
agating at most 12 phase space degrees of freedom. Moreover, the lapse and shift
appear in the Hamiltonian linearly as Lagrange multipliers and thus generate 4
constraints, Hy and 3;, on the components of 7;; and 7. These constraints are
first-class constraints and are well-understood in GR: the constraints H; generate
the spatial diffeomorphisms, while the Hamiltonian constraint H, generates the
dynamics [66]. Hence, there are in total 12 — 4 x 2(first-class) = 4 phase space
degrees of freedom, corresponding to the two polarizations of the massless gravi-
ton. Alternatively, a similar observation can be made by considering the quadratic
Einstein-Hilbert Lagrangian for the metric perturbations h,, = g, — 7. This
Lagrangian does not contain time derivatives of the components hgy and hg;. How-
ever, only hgg enters the quadratic action as a Lagrange multiplier, whereas the
equations of motion for the hg; components allow to express hg; in terms of h;,. Af-
ter integrating out hg;, the only propagating degrees of freedom are the transverse
traceless modes of the spatial metric perturbations h;, carrying two independent
degrees of freedom.

In massive gravity, with some general non-linear graviton mass term of the form
of potential U(g, k), the lapse and shift enter the Lagrangian in polynomial form

with no time derivatives. It was, however, pointed out in [I8] (and later in [62])
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4. BOULWARE-DESER GHOST

that, in general, N and N; appear non-linearly in the Lagrangian. In this case
their equations of motion are not constraint equations, but instead are used in
order to express themselves in terms of the dynamical fields v;;, 7. Hence, the
total number of phase space degrees of freedom is 12, leading to the propagation
of six physical degrees of freedom in massive gravity. How this problem is avoided
in the quadratic Fierz-Pauli mass term is easy to understand by writing out the

mass term explicitly:
h2 - hwjhw/ - hlzl - hzkhzk + 2h0¢h0¢ - 2]100}7,” (418)

One sees that the hgy component enters linearly meaning that the Hamiltonian
constraint, present in the quadratic Einstein-Hilbert action, is preserved in this
case. This removes one of the six degrees of freedom, leaving five degrees of freedom
describing a massive spin-2 particle. For a non-linear mass term this is not anymore
the case.

It was suggested in [28] that the terms appearing in the dRGT mass term,
which are non-linear in lapse N, can be absorbed by an appropriate redefinition of
the shift variable N;. In other words, the terms non-linear in lapse, were suggested
to disappear after integration over the shift, leaving the Lagrangian linear in lapse
N and hence preserving the Hamiltonian constraint. This procedure of keeping
the lapse as a Lagrange multiplier up to quartic order in non-linearities was done
in [28]. The full-nonlinear ADM analysis in the unitary gauge was performed in
[67]. The existence of the Hamiltonian constraint can also be understood as due to
the fact that the four N, = {IV,~;; N7} equations of motion depend only on three
independent functions n’. The functions n; can be found by demanding that (i)
after the change of the shift variables N* — n’ the action is linear in the lapse
N; and (ii) the equations of motion for n’ are independent of N thus allowing to

integrate out n’ [67]. The new shift-like variables were found to satisfy
N' = (8, + ND})n/, (4.19)

where the matrix D is to be determined from the matrix equation

(\/ 1— nT]In> D= +/(y' = DnnTDT)1L. (4.20)
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4.3 Absence of ghost in Stiickelberg formulation

Here n denotes the column vector n, n? stands for its transpose, and I is the
identity matrix. After this change of the shift variables the Lagrangian becomes
linear in NV and, hence, the Hamiltonian constraint € arises (for the precise form of
the constraint please see [67]). Since this is a second-class constraint, then in order
to eliminate one physical degree of freedom, existence of a secondary constraint
arising from the preservation of the Hamiltonian constraint in time, € = dC/dt,
is a necessary condition. The existence of the secondary constraint was initially
doubted in [68], but was later confirmed in [69]. This pair of the two second-class
constraints eliminate the Boulware-Deser ghost from the dRGT massive gravity.
Several other proofs for the absence of ghost are available in the literature, but will
not be discussed here [70, [T, [72].

4.3 Absence of ghost in Stickelberg formulation

Although the proof of the absence of Boulware-Deser ghost in unitary gauge pro-
vides a clear way to count the number of degrees of freedom in dRGT massive
gravity, it has several disadvantages. First, in this approach the energy scale of
the interactions of the different helicity modes is not transparent. This was one
of the main reasons why the Stiickelberg trick was applied to the effective field
theory of massive gravity [22]. It not only restores the diffeomorphism invariance
in the graviton mass term but also allows to determine the strong coupling scale
of the effective theory. Another reason to search for alternative proofs for the ab-
sence of ghosts in dRGT massive gravity is that the redefinition of the shifts is
non-linear, and cannot be written explicitly. In this case the coupling to matter
becomes obscure, and the physical interpretation of this degeneracy in the lapse
and shift variables is not clear. This suggests, in fact, that one should look for an
alternative reformulation of the theory in terms of the new non-linearly redefined
shift variables. This is still an open problem. Moreover, the Hamiltonian analysis
in the unitary gauge does not provide an explanation for the appearance of the
ghost-like terms in the fourth order in perturbations found in our work [42].

In our work [44], we therefore discuss how the absence of the sixth degree of
freedom in the dRGT massive gravity would manifest itself in the Stiickelberg
formulation. We take the point of view that dRGT massive gravity is a theory of
Stiickelberg scalar fields ¢ coupled to the Einstein-Hilbert gravity. It is clear that
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4. BOULWARE-DESER GHOST

the dRGT action written in Stiickelberg formulation is reparametrization invariant
and that the scalar fields are coupled to gravity minimally, i.e. only through the
terms ¢"*0,¢10,¢. It is therefore legitimate to count the number of degrees
of freedom propagated by the scalar field action and the Einstein-Hilbert action
separately. In such a diffeomorphism invariant theory of gravity and minimally
coupled scalar fields, the Hamiltonian vanishes on the constraint surface, and both
the lapse and the shift enter the Hamiltonian linearly [44]. In (d + 1)-dimensional
spacetime, this implies the appearance of in total 2(d + 1) first-class constraintsﬂ7
which can be used to reduce the number of gravitational degrees of freedom to
(d —2)(d+ 1)/2. The dynamics of the scalar fields is then generated by the usual
Hamiltonian of the scalar field action alone, contained in the Hamiltonian constraint
of the full theory. Therefore, the scalar field dynamics in such a theory can be
considered separately from gravity. Then naively one would expect that the number
of degrees of freedom propagated by any dRGT-type massive gravity in (d + 1)-

dimensional space-time (with d > 2) equals to
1
# d.of. = 5(d -2)(d+1)+N (4.21)

where the first term accounts for the degrees of freedom propagated by the mass-
less graviton, and the second term is just the number of scalar fields N. This
naive counting demonstrates why, in (3+1)-dimensional space-time, a general non-
linear massive gravity theory with four Stiickelberg fields propagates six degrees of
freedom.

As we discussed above, it has been demonstrated that in the dRGT subclass of
massive gravity theories, in unitary gauge at most five degrees of freedom propagate
due to the special structure of the graviton mass term [28, 67]. In Stiickelberg
language it is clear that, in order for the assertion to be true, the scalar field
Lagrangian £, = 1/2 - m2M32 U(g, h) with U given in (2-38)-(2.40), has to have
a very special structure such that it propagates less degrees of freedom than the
number of fields. It was therefore suggested in [73] that in the non-linear dRGT
massive gravity the four Stiickelberg fields do not correspond to four independent

degrees of freedom. This can be seen from the vanishing of the determinant of the

Including the constraints due to the absence of the time derivatives of the lapse and the
shift, i.e. that the conjugated momenta 7* = 0.
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4.4 (141)-dimensional dRGT gravity

kinetic (Hessian) matrix of the scalar field Lagrangian

_ PLy
AB

= 9% (4.22)
9408

Hence the equations of motion of the scalar fields are not independent from each
other, and there exists (at least) one combination of the equations of motion which
gives a constraint equation relating the canonical momenta of the scalar fields. As
a result, in dRGT massive gravity the four scalar fields propagate at most three
degrees of freedom. That this conjecture is true has so far been checked explicitly
only for the so-called minimal dRGT action introduced in [50] with a special choice
of coefficients as, ay. The full Hamiltonian analysis in this case was performed
with the help of introducing additional auxiliary fields in [74]. Later the analysis
was done also in the presence of the Stiickelberg fields only [75]. In both works, an
additional primary second-class constraint, relating the conjugated momenta of the
four scalar fields was found, thus confirming the assertion of only three independent
degrees of freedom. An interesting and still open problem is the elimination of the
redundant scalar field from the dRGT action. However, the conjugated momenta
are non-linear functions of the temporal and spatial derivatives of the scalar fields.
This obstacle makes the implementation of the primary constraint in the action
of the scalar fields non-trivial. Moreover, it has been recently claimed that this
diagonalization of the action of the scalar fields would lead to second order time
derivatives on the space-time metric [76]. If true, it would imply that the Boulware—
Deser ghost remains present in the dRGT action. However, this hypothesis needs

further investigation.

4.4 (141)-dimensional dRGT gravity

An illustrative example of the absence of ghost in the Stiickelberg language is
the (1 + 1)-dimensional dRGT gravity. This case is somewhat degenerate since
in (1 4 1) dimensions the massive graviton propagates no degrees of freedom. It
therefore needs to be shown that the two Stiickelberg scalar fields propagate no
degrees of freedom. We have studied this case in great detail in our work [44].

For simplicity we present here the analysis on the Minkowski background. The
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4. BOULWARE-DESER GHOST

Lagrangian density in this case takes the form

Co=20/vs + v — (4.23)

where 104 = ¢ £ ¢1. It is easy to see that the two conjugated momenta 7 are not

independent and satisfy the primary constraint

1
Co=my —— =0. (4.24)

T
For the consistency of the Hamiltonian equations of motion with the Lagrangian
equations of motion one has to impose the secondary constraint, namely that the

primary constraint Cq is preserved in time:

1d 1\’
Cr=-—0Cy=— (-) = 0. (4.25)

T

The extended Hamiltonian for the system of the two scalar fields then reads
/ 1 /
:H:E = 7T_¢_ — 7T_¢+ + UQGO + Ulel (426)

where ug,u; are arbitrary functions of space-time coordinates, i.e. they are the
Lagrange multipliers. One can check that both constraints are first-class constraints
and generate transformations of the canonical fields
1 /
(Ser = &9, 5¢, = —2(80 — 51), (427)

™

leaving the conjugated momenta unchanged. In order to find the symmetry of
the original scalar field action , one rewrites the above transformations by
expressing the conjugated momentum 7_ according to its definition. By demanding
that the action remains invariant under the above transformation we find
a relation between the gauge parameters €y, ;. The resulting gauge symmetry of

the Lagrangian is

1, . @b_ —
O, Y- — v 4.28
L A (4.28)

by by + %(5/ —£). (4.29)
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4.4 (141)-dimensional dRGT gravity

Since the above transformation involves both, the gauge parameter ¢ and its time
derivative, then the number of degrees of freedom in the theory are reduced by two
which coincides with the total number of first-class constraints [77]. Another way
to see that there are no propagating degrees of freedom is by performing the gauge
fixing in the extended action Sp = [ d*x [7?+¢+ + T — fHE]. The equations
of motion which can be derived from this action are different from those derived
from . This is so due to the fact that we have introduced an additional
Lagrange multiplier u; for the secondary constraint. However, the evolution of
gauge invariant variables can be equally well described by both actions. Since there
are two constraints on the momenta and two gauge symmetries on the canonical
fields it is evident that the action Sg is pure gauge and propagates no degrees of
freedom.

The same analysis can be done in an arbitrary curved space-time. As before
there exist two first-class constraints which generate a gauge symmetry. In dis-
tinction from the Minkowski background, the symmetry transformations of the
Lagrangian (analogous to ,) cannot be written in a local form. It does
not, however, change the counting of degrees of freedom since the gauge fixing can
be done in the first order action as described above. For details please see our pa-
per [44], attached in appendix . The Hamiltonian analysis in (1 + 1)-dimensional
case was previously also done in [73] [78]. However, in both references the dRGT
action was rewritten with the help of additional Lagrange multipliers. As a result

the gauge symmetry revealed in our work remained hidden.
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5

Massive gravity on curved

background

It is known for a long time that the quadratic Fierz—Pauli mass term for the metric
perturbations around Minkowski background propagates a ghost around any other
background [18] 29]. In general a graviton mass term always involves an arbitrary
reference metric g,, as an absolute, non-dynamical object. This reference metric
is most naturally chosen to coincide with the background metric so that the FP
mass term for the metric perturbations on this background h** = ¢g" — g"” can be

written as

LFP = hw’haﬂ (gm/gaﬁ - guaﬁVﬂ) . (51)

As in the case for Minkowski background this mass term breaks the diffeomorphism
invariance of general relativity due to the explicit dependence on the absolute
background metric g,,,. We show in [43] that the above mass term can be regarded
as the gauge fixed version of the full diffeomorphism invariant graviton mass term.
In this chapter we restore the general covariance by introducing the four scalar
fields corresponding to the four broken coordinate transformations. We show that
these scalar fields preserve a given symmetry in the configuration space of the
scalar fields. This symmetry needs to be postulated by hand in dependence on the
chosen spacetime metric. We therefore conclude that for each chosen background
metric such a construction of the four scalar fields corresponds to different generally

covariant massive gravity theory with different internal symmetries.
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5. MASSIVE GRAVITY ON CURVED BACKGROUND

5.1 Arbitrary reference metric

5.1.1 Minkowski background

As already presented in earlier chapters, in order to give mass to graviton in a
diffeomorphism invariant way on Minkowski space we employ four scalar fields
¢, A = 0,1,2,3. In addition we introduce a Lorentz transformation A% in the
scalar field space. Hence the scalar field indices A, B are raised and lowered with
the Minkowski metric 77, and the transformation ¢ — A4¢? is the isometry of
nag. We then build the mass term for metric perturbations from the combinations

of the variables
hAB = g”“@u(bA@,,(bB — 4B, (5.2)

This field transforms as a scalar under the spacetime diffeomorphisms and as a
tensor under the Lorentz transformations in the internal space of the scalar fields.
In the unitary gauge where ¢* = :c"é;‘ the field 4P = h“”éﬁ‘éfg equals the metric
perturbations. It is therefore almost trivial to write the generally covariant form of
the Fierz—Pauli mass term by replacing the metric perturbations through their dif-
feomorphism invariant version as h** — h4Z. The most simple generally covariant

Fierz—Pauli mass term is
S, = / dhe /g (A — RARE) | (5.3)

Higher order terms in A% can be added to the action in order to solve the problems
of very low strong coupling scale and Boulware—Deser ghost as discussed in previ-
ous chapters. The full non-linear dRGT theory of massive gravity is obtained by

resummation of all the infinite number of terms in terms of the tensor field

Kl = 0 — 90,01 0,0Fnap. (5.4)

The dRGT theory (2.37) constructed in terms of the field K* admits the back-
ground solution
g#l/ = 77/1«1/7 ¢A = x“é/‘?, (55)

around which the metric perturbations have a Fierz—Pauli mass term and propagate

five degrees of freedom.
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5.1 Arbitrary reference metric

5.1.2 Arbitrary background

Besides the solution the dRGT theory admits various other exact cosmological
solutions (for recent reviews see [79, [80, R1]). However, the metric perturbations
around the various solutions of massive gravity, in general, do not have a mass
term of the Fierz—Pauli form. This can be understood if one considers an arbitrary

background solution for the metric g,,, = §,, and scalar fields ¢ = ngSA. The tensor
field K% can then be splitted as K = UACQL + 0K* where

K — o —\/ #0340, 41 (5.6)

and 0K* denotes a perturbation. For the Minkowski solution the background
value of X* vanishes, and to linear order §K% = —1h%. After substituting this in
the action (2.37)), from the quadratic potential Uy (g, K) = [K]* — [K?] one obtains
a FP mass term for the metric perturbations. However for solutions of dRGT
theory with ff(‘y‘ # 0 also the cubic and quartic potentials Us, Uy in K* contribute
to the quadratic terms in metric perturbations. For the simplest example when
Ki = f(£)6~ this gives

Sy = / d*z /=g [a(t) + b(t)U2(6K) + O ((0K)*)] , (5.7)

where a(t) and b(t) depend on f(t), ag and ay. One sees that for this specific
solution the Fierz—Pauli structure for the quadratic perturbations is preserved.
However, such a simple spatially flat isotropic and homogeneous solution does not
exist in the dRGT theory [82]. For background solutions K* not proportional to
0¥ the Fierz—Pauli structure of the mass term for metric perturbations is lost. This
statement has been confirmed for some specific background solutions by detailed
analysis of metric perturbations in [83] [84] [85] 86l 87, 88, 89, 90]. We therefore
conjecture that the form of the FP mass term is most likely preserved only for the
solutions with i]Aij = 0. It is easy to see that this is equivalent to the condition
that the background value of h4P vanishes. This translates into an equation for
the background of the scalar fields P

001 0P
g" (ﬁ)waﬂ =7,

(5.8)
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5. MASSIVE GRAVITY ON CURVED BACKGROUND

which states that given a curved background ¢**, the scalar fields <ng have to be a
coordinate transformation from the flat Minkowski metric nZ to the curved metric
g"”. Such a coordinate transformation, valid at each point of the spacetime, does
not exist. We therefore conclude that in dRGT theory the only background, around
which the metric fluctuations have a Fierz—Pauli mass term is the Minkowski back-
ground.

In order to generalize the dRGT around some arbitrary fixed background g*”

in a diffeomorphism invariant way we generalize the diffeomorphism invariant vari-

ables h48 as

hitved = 9" (2)0,6"0,0° — [17(9), (5.9)

where f4B(¢) is a set of scalar functions, depending on the four scalar fields ¢4. If

the functional dependence of 4P is set by the desired background metric as

FA%(9) = g ()5,6, (5.10)

then the background value of hAB . vanishes for ¢ = z#62. The fAB(¢) can be
interpreted as the metric in the configuration space of the scalar fields, so that the

Latin indices are raised and lowered as

o5 = fapd™. (5.11)

We then obtain the Fierz—Pauli mass term for metric perturbations around the

AB

fiveq 1 the FP mass term. More-

curved background g,, by substituting A" — h
over, the resulting action is invariant under the isometry transformations of f42(¢).
This is analogous to massive gravity with the Minkowski scalar field metric 7%,
where the mass term is invariant under the Lorentz transformations of the scalar
fields ¢ — A2¢B. It is now straightforward to generalize the nonlinear dRGT
theory written in terms of the flat space fields K% defined in by simply

redefining

Kt = 0 — [ 9P 0h 1D, 0" . (5.12)

Depending of the choice of f45(¢), the dRGT potential U(g, K) describes a graviton
with Fierz-Pauli mass term around flat or curved background. Instead of f4z(¢)

in the literature one often uses the so-called reference metric f,,(x) [01]. This can
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5.2 Massive graviton in de Sitter space

be defined in terms of the metric in the internal space of the scalar fields as

R

T = G e S5 (0). (5.13)

The reference metric f,, is said to be flat if fap = nap. In unitary gauge when
ot = x“él’f both metrics coincide. However, the advantage of using fap(¢) is that
the definition of a flat reference metric is unambiguously given by fap = na5. The
reference metric f,, can also be made dynamical by adding to the dRGT theory an
Einstein-Hilbert kinetic term for f,,. These bimetric theories first proposed in [92]
possess various interesting cosmological solutions and form an independent active

field of research.

5.2 Massive graviton in de Sitter space

As an example we consider the Einstein action with cosmological constant and the
generally covariant FP mass term

1 ? 2y TAT
S = —§/d4z\/—_g(R+ 2A) + %/d”‘x\/—g (h* — hhk) (5.14)

where the scalar field tensor h*P is defined as (5-9). In absence of the graviton
mass term the background solution obtained from the Einstein-Hilbert action is
de Sitter universe. We write the spatially flat de Sitter universe in terms of the
conformal time 1 as ¢ = a~%(n)n*” with a(n) = —1/(Hn), where the Hubble
scale H? = A/3 is set by the cosmological constant. Hence the scalar field metric is
given by fA% = (H¢")?nA8, and the diffeomorphism invariant FP mass term can

be written explicitly as

m2
So =3 / d“av/=g {9 9" 0,60, 6" 0.6 056 Masncn — npenan] —

— 6(H¢")* 9" 0,0" 0,0 nap + 12(H¢)* } . (5.15)

By construction this action gives rise to the quadratic Fierz—Pauli mass term for

metric perturbations around de Sitter background. To see this we consider metric
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5. MASSIVE GRAVITY ON CURVED BACKGROUND

and scalar field perturbations
¢ = a7 ) (4 W), 6t =t (5.16)
In this case h4P takes the exact form

~ a=2 ("
hAB :CL72(T]) {nAB i <¢ >77AB + hAB + aHXBn,u,A + 8#)(147]“3—'—

a=2(n)

+ hB“ﬁuxA + hA“ﬁuxB + 8“XA81,XB77“” + 8#XA&,XBh“”}. (5.17)

As in our previous work [4I] we decompose the metric and scalar field perturba-
tions according to the irreducible representations of the spatial rotation group and
expand the action up to second order in perturbations. We find that there
are five dynamical degrees of freedom - two tensor modes, two vector modes and
one scalar mode. They all satisfy the same equation of motion and thus have the

same dispersion relation. Written in conformal time the equation of motion reads
(02 +2H0, — A) ¢+ m*a*q = 0, (5.18)

where we collectively denote the degrees of freedom of massive graviton as ¢ =
{¢s: @, 1}, and H = d'/a, ' = 0,. When written in terms of the physical time the

equation of motion turns into

A

where § = a*?¢, and the effective mass is defined as m2;, = m*—$H? in agreement
with the earlier work [31]. For the precise expressions of the propagating degrees

of freedom see our paper [43].

5.3 Partially massless graviton

The properties of massive graviton in de Sitter universe have been first studied
in unitary gauge in [30, BI]. It has been shown that for a specific choice of the
graviton mass parameter m and cosmological constant A the helicity-0 mode of

the massive graviton ceases to be dynamical at quadratic level. For the graviton
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5.3 Partially massless graviton

masses below this value, i.e. m? < 2A/3, the theory allows the propagation of
the states with negative norm. The unitarily allowed region for massive graviton
in de Sitter space is therefore restricted to m? > 2A/3. This is known as the
Higuchi bound [30]. The theory at the special point when m? = 2A/3 is dubbed
as “partially massless” and has been studied in both earlier and recent literature
[32, 33], B4], 43|, 93], 04, [©95], 06, O7]. At this point the quadratic massive gravity on
de Sitter space acquires an additional symmetry which removes the scalar degree
of freedom leaving the graviton with only four propagating modes. Around the
de Sitter background g, = a*(n)n,, written in conformal time, the symmetry

transformation on the metric perturbations defined as g,,, = a®(n) (1 + hy.) takes
the forml]

2

Shyy = a2 |V, Voo + %o@w : (5.20)

where V , 1s the covariant derivative with respect to the background metric g, and

« is the transformations parameter. For the scalar metric perturbations defined as
hoo = 20, ho; = B, hij = 2¢00;; + 2B 45
the transformation laws read

5S¢ =S (o — Ho' + Ha),

T 242
1
5B:¥(o/—f}€a),
1 2
6w:—2—a2 (j‘CCY/‘i‘j{ Oé)7
«
E=—
g 2a?’

where we have used the relation H? = (ma)?/2 valid at the special point when
m? = 2A/3. The full set of linear equations for the scalar metric components
can be found in our work [43]. At the partially massless point all the equations
are invariant under the above transformations and can be shown to propagate no
dynamical degrees of freedom in the scalar sector. A similar analysis was later

performed also in [95].

IThe form of the transformation remains the same also for the metric perturbations around
the de Sitter background written in physical time. Additional care should be taken when defining
the metric perturbations.
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5. MASSIVE GRAVITY ON CURVED BACKGROUND

The possibility of generalizing the symmetry transformation (5.20) to a non-
linear gauge symmetry of the full dRGT theory with de Sitter reference metric
is appealing for various reasons [34]. First, the existence of a non-linear gauge
symmetry in the partially massless gravity would allow one to fix the form of the
low-energy form of the theory. Second, in partially massless gravity the value of
the cosmological constant is related to the graviton mass by the gauge symmetry
as A = 3m?/2. This would imply that the quantum corrections to the value
of the cosmological constant would arise due to the quantum corrections to the
graviton mass. As was discussed in chapter [2] a small graviton mass of order
m? < M§, receives relatively small quantum corrections and is therefore considered
to be technically natural. This would provide a technically natural solution to the
cosmological constant problem. Third, in the so called “candidate theory”, which
is the dRGT theory with the special choice of coefficients [93]:

1
Q3 = —7, Qyq =

5 (5.21)

1
3
the helicity-0 component of the massive graviton vanishes completely from the
scalar-tensor sector. If the scalar mode would vanish from the full non-linear theory,
then it would mean that the theory would have a higher cutoff scale Ay ~ (mMpl)l/ 2
than the dRGT theory where the cutoff is set by Ag ~ (m?Mp;)/?. Unfortunately,
although the generalization of leaving the cubic order action invariant was
found in [34], it was also shown that the symmetry cannot be generalized to the
quartic order action. Therefore it seems that no fully non-linear partially mass-
less gravity exists. However, further investigations in this direction, for example,
by allowing for a more general form of the non-linear gauge transformation, are

possible.
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Summary and Outlook

Since massive gravity modifies the Einstein’s General Relativity it is extremely
constrained by the requirements of observational viability. The main reason for
this is that till today General Relativity remains the standard theory of gravity
satisfying all the observational tests performed on Earth, in Solar System and other
astrophysical systems. It is the recent discovery of dark matter and the late-time
accelerated expansion of our Universe that has led to the speculations that General
Relativity might not be the correct description of our Universe on cosmological
scales. Massive gravity is known to weaken the gravitational force between massive
bodies on the distances larger than the inverse scale of the graviton mass. In order
to be compatible with observations the graviton mass therefore cannot be much
less than the inverse size of the Universe, i.e. m ~ 1072 cm. Since this estimate
also coincides with the characteristic scale of the present day value of cosmological
constant, massive gravity is thought to be able to provide a dynamical explanation
for the dark energy.

In this thesis, however, we focus on the theoretical consistency of massive grav-
ity. The reason for this is that although the quadratic Fierz—Pauli mass term was
found already in 1939, the theory of massive gravity has been constantly plagued
by different theoretical problems. Most of these problems have been properly un-
derstood only recently. The only candidate for a consistent model of non-linear
massive gravity today is the dRGT theory [28]. In our research we have investi-
gated the most fundamental aspects of massive gravity — the van Dam-Veltman-
Zakharov discontinuity, the Vainshtein mechanism, the Boulware-Deser ghost, and

the generalization to arbitrary curved backgrounds.
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In particular, we restore the diffeomorphism invariance of massive gravity by in-
troducing four scalar fields corresponding to the four broken diffeomorphism trans-
formations. In this framework we demonstrate how the vDVZ discontinuity mani-
fests itself in a purely classical form without any reference to the scattering theory.
We also show how the General Relativity is restored in the limit of vanishing gravi-
ton mass even from the Fierz—Pauli massive gravity, once the general covariance is
reintroduced. This happens via the Vainshtein mechanism due to the non-linear
interactions of the scalar perturbations of the metric and scalar fields. We find that
below the Vainshtein scale Ry the scalar perturbations enter the non-perturbative
regime and decouple. Thus in the vicinity of massive spherically symmetric sources
the General Relativity is restored. In our framework we have determined the cor-
responding Vainshtein scale for a wide range of non-linear massive gravity theories.
We have also found the asymptotic solutions for the spherically symmetric grav-
itational field below and above the Vainshtein radius. Moreover, we have found
the corrections to the Newton potential below the Vainshtein radius for different
models of massive gravity, including the dRGT massive gravity. To conclude, we
believe that the Vainshtein mechanism works in massive gravity and that the Gen-
eral Relativity is restored in the vicinity of massive sources. The numerical studies
of global static spherically symmetric solutions in dRGT massive gravity show the
existence of asymptotically flat solutions that match to the solutions which exhibit
the Vainhstein mechanism in the vicinity of the source [60]. However, other recent
works claim that only the static spherically symmetric solutions with cosmological
asymptotics are stable [98] [99]. Moreover, some of the existent analytic black hole
solutions exhibit curvature singularities on the horizon [98, 100, T0I]. A further
analysis and search for exact static spherically symmetric solutions is therefore of
great importance in order to test the Vainshtein mechanism. Recent reviews on
the Vainshtein mechanism and spherically symmetric solutions in massive gravity
can be found in [80, 81, 102].

Another important problem we have studied in this thesis is the Boulware—Deser
ghost in massive gravity. We have investigated the propagating scalar degrees of
freedom in the dRGT theory, which is known to be ghost-free in the decoupling limit
in the absence of the vector modes. We have shown that an additional propagating
ghost-like scalar mode arises in the fourth order perturbation theory away from

the decoupling limit. Moreover, we find that for strong enough bakcground fields
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the mass of this mode can become smaller than the cutoff scale A = m®/1! of
the fourth order dRGT theory. However, since there have appeared several non-
perturbative proofs for the absence of the ghost in the full non-linear theory [67, [75],
we have reconsidered this question. In particular, we have explored the claim of
[73] that not all four Stiickelberg scalar fields correspond to independent degrees
of freedom in the dRGT theory. For this we have pointed out the obvious facts
that the theory is diffeomorphism invariant and that the scalar fields are coupled
to gravity only minimally, i.e. only through the combinations gWamAa,,(pB . This
allows us to analyze the dynamics of the scalar sector separately from gravity which
considerably simplifies the task. We have performed the full Hamiltonian analysis
in the case of the (1 + 1)-dimensional massive gravity where there are only two
scalar fields. In this special case we have found that the theory exhibits a gauge
symmetry which reduces the number of degrees of freedom propagated by scalar
fields to zero. This coincides with the previous works on this topic and, in addition,
reveals the gauge symmetry of the theory not found previously. The analysis of
the (3+1)-dimensional case, however, was left for future work. An interesting and
important open problem is to see what are the actual dynamical degrees of freedom
of the dRGT theory. In the case of the absence of the Boulware-Deser ghost in
the full non-linear theory it should, in principle, be possible to rewrite the theory
in terms of these dynamical variables only.

We have also addressed the question of how massive gravity can be general-
ized to arbitrary curved backgrounds in a diffeomorphism invariant way. We have
shown how this can be done for an arbitrary given background metric by the use
of the four scalar fields. Similarly as in the case of the Minkowski background
we introduce a reference metric in the internal space of the scalar fields, fap(¢).
This internal metric coincides with the chosen background metric of the space-
time. As a result there is an additional symmetry in the configuration space of
the scalar fields given by the isometry transformations of the scalar field reference
metric. Hence, the resulting diffeomorphism invariant massive gravity theory is
invariant under different symmetry transformations of the scalar fields depending
on the chosen background metric. As a specific example, we analyze the quadratic
perturbations in the Fierz—Pauli massive gravity with de Sitter reference metric in
this formalism. We show how the previously known properties of de Sitter massive

gravity are recovered from the diffeomorphism invariant approach. In particular,
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6. SUMMARY AND OUTLOOK

we show that at the special point when the mass of the graviton is related to the
cosmological constant as m? = 2A/3, the linearized theory propagates only four
degrees of freedom. This occurs due to an additional gauge symmetry, present at
the linearized level. If this symmetry would persist in the full non-linear theory, it
would provide a natural bound between the value of the cosmological constant and
the graviton mass. Since this relation would be imposed by the gauge symmetry,
such a possibility is very interesting. Further investigations in this direction are
therefore needed.

In conclusion, we would like to point out that not all of the results of our works
[40), [47), 142, [43], [44] were presented in detail in this thesis. A more detailed summary
of the obtained results can be find in the conclusions of the corresponding publica-
tions attached in the appendices [A]BJICI[DIE} We would also like to make a remark
concerning the fact whether the dRGT massive gravity can, indeed, provide an ex-
planation for the dark energy. It has been shown that the theory admits isotropic
self-accelerating solutions in the vacuum, in which the size of the cosmological con-
stant is bound to the value of the graviton mass [58, 82, 89} 103}, 104, [105]. However,
the cosmological perturbations around these solutions exhibit instabilities [79, 80].
Instead it has been suggested that anisotropic cosmological solutions need to be
considered. Hence, the question about cosmological solutions in massive gravity is
still open and demands further investigations. Another still unsolved problem of
the dRGT theory is the recent claim that the theory allows for superluminal prop-
agation with respect to the spacetime metric [106]. Whether the acausal behavior
persists in all the parameter space of the theory, and whether the model has better
causal properties with respect to the reference metric f,,, are questions that still

need to be clarified.
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1 Introduction

In the recent paper [1] we (A.Ch.,V.M) have proposed a Higgs mechanism for gravity. In
our model the graviton becomes massive as a result of spontaneous symmetry breaking,
where four scalar fields acquire non-vanishing expectation values. As a result, three out
of four degrees of freedom of scalar fields are absorbed producing a massive graviton with
five degrees of freedom, while one degree of freedom remains strongly coupled. Our model
is explicitly diffeomorphism invariant and, in distinction from bigravity theories, it is sim-
ply given by General Relativity supplemented with the action of four extra scalar fields.
Therefore it is completely analogous to the standard Higgs mechanism used to give masses
to the gauge fields, where masses are acquired as a result of the interaction with external
classical scalar fields. For instance, in the standard electroweak theory one also uses four
(real) scalar fields to give masses to three vector bosons, and one remaining degree of free-
dom becomes a Higgs boson. However, in distinction from electroweak theory, in our case
the analogue of the Higgs boson remains strongly coupled and hence completely decouples
from gravity and other matter.

The theory with four scalar fields was exploited before by several authors (see [15—
17] and references therein). In our case we have found the Lagrangian which resolved
the problems that faced finding a consistent theory for massive gravitons. On one hand
the model produces a graviton mass term with explicitly invariant form even for finite
diffeomorphisms, and on the other hand, keeps the dangerous mode which could produce
a ghost, in the strong coupling regime where it is completely harmless. In the linear order
the mass term is of the Fierz-Pauli form [2], which is uniquely fixed by the requirements
of the absence of extra scalar degree of freedom. The analysis by Deser and Boulware [3]
however lead to the conclusion that in the massive theory the extra scalar degree of freedom
reappears at nonlinear level and does not decouple, thus making massive gravity to be an
ill-behaved theory. In distinction from [3], where diffeomorphism invariance is explicitly



spoiled, our theory is diffeomorphism invariant and therefore the g, components of the
metric remain always the Lagrange multipliers, while as we will show later, the scalar
fields are always in the strong coupling regime above so called Vainshtein energy scale.
This corresponds to extremely small energy and therefore the possible ghost is irrelevant.

There were many interesting attempts to extend massive gravity beyond the linear
approximation in a way where one can avoid the extra mode and ghost, also at the nonlinear
level (see, for instance, [13, 18, 19, 21, 23, 24] and references there). In particular, in the
recent interesting papers [23, 24] an extension of the Fierz-Pauli action was found for which
the ghosts are absent even at nonlinear level in the decoupling limit.

The main purpose of this paper is to investigate the existence of a smooth limit of our
model to Einstein gravity, when the mass of the graviton vanishes. It was noticed long
ago by van Dam, Veltman and Zakharov [4, 5] that in linearized massive gravity the extra
scalar mode of the graviton did not disappear and remained coupled to matter even in the
limit of a vanishing graviton mass. In turn, this spoils predictions of General Relativity
either for the perihelion precession or deflection of starlight. This effect is known as the
van Dam-Veltman-Zakharov (vDVZ) discontinuity and was first thought to be a no-go the-
orem for massive theories of gravity [4, 5]. However, it was pointed out by Vainshtein that
the discontinuity could be an artifact due to the breakdown of the perturbation theory of
massive gravity in the massless limit [6]. He has shown that in the case of gravitational
field produced by a source of mass M, the nonlinear corrections become important at scales
r < Ry = Mé / 5m;4/ > (in Planck units) and conjectured that in the strong coupling regime
General Relativity is restored. When the mass of the graviton m, vanishes the Vainshtein
radius Ry grows and becomes infinite, thus providing a continuous limit to General Rel-
ativity in case the Vainshtein conjecture is correct. At distances r < Ry, around a static
spherically symmetric massive source of mass My the full non-linear strongly coupled mas-
sive gravity has to be considered in order to recover the Einstein theory, which makes the
proof of the Vainshtein conjecture non trivial. The question of continuous matching of the
solutions below and above the Vainshtein radius have been extensively addressed in recent
literature. The first model where such a transition was demonstrated is Dvali-Gabadadze-
Porrati (DGP) model which imitates many features of massive gravity [13, 20]. There was
a claim that in the bigravity version of massive graviton the corresponding solutions do
not match [7], but it was recently shown that this claim is not justified [8-10].

In this paper we will find the Vainshtein scale and will prove Vainshtein conjecture
in the Higgs model of massive gravity in the case when the gravitational field is produce
by a source of mass M. Moreover, we will find how the concrete value of the Vainshtein
scale depends on the nonlinear extension of the Pauli Fierz term, or in other words on the
interactions of scalar fields used to produce massive gravity. As a result we will determine
possible Vainshtein scales for a wide class of Higgs gravity models. We will also derive in
our model the leading corrections to the gravitational potential within Vainshtein scale,
which are similar, but not identical to this type of correction obtained in the framework of
the DGP model in [20-22].

Finally, we will discuss the implications of our results obtained in classical theory when
extended to quantum theory. In particular we argue that in quantum theory there must be



4/

a cutoff scale at energies my 5, above which the scalar fields enter strong coupling regime
and completely decouple from gravity and other matter. Because this scale is extremely
small for the realistic mass of the graviton it makes the problem of ghost which could
appear only below this scale completely irrelevant. For the scalar and vector modes of the
massive graviton the cutoff scale is an analog of the Planckian scale for the tensor graviton
modes, which also become strongly coupled above Planck scale. The obtained cutoff scale

is in agreement with results of [11, 12, 20].

2 Higgs for graviton: basics

We employ four scalar fields ¢, A = 0,1,2,3 to play the role of Higgs fields. These will
acquire a vacuum expectation value proportional to the space-time coordinates, thus giving
mass to the graviton. Let us introduce the “composite metric”

HAB = ¢ 9,6"0,¢, (2.1)

which is scalar with respect to diffeomorphism transformations. The field indices A, B, - - -,
are raised and lowered with the Minkowski metric nap. The diffeomorphism invariant
action which will be used as our model, is given by

1 M2 1 \2 2
Sz—z/d4$\/—gR+ < /d4$\/—9 3 (4H) —o* | —OHgHE |,  (22)

where 1
Hf = Hp — 45;31{, (2.3)

is the traceless part of the “composite metric” and where we have set 87G = 1. The
parameter v controls the symmetry breaking scale. As will be seen later, the induced mass
of the graviton is equal to my = M v? and hence when v — 0 gravity becomes massless.
It is clear that in this limit the only surviving term in action (2.2) is Einstein gravity
and M2H?* for the four scalar fields, which are in the regime of strong coupling and do
not possess linear propagators. In the phase with restored symmetry the total number of
degrees of freedom is six: two of them describe massless graviton and four correspond to
scalar fields which are decoupled from gravity at linear level.

We show next that when the symmetry is broken, three out of four scalar fields are
“eaten” and produce the massive graviton with five degrees of freedom, while the “sur-
viving” degree of freedom will remain strongly coupled. In case when v # 0, the unique
Minkowski vacuum solution of the equations of motion, g,, = 7., corresponds to the
fields, which linearly grow with coordinates, that is, ¢4 = \/vé‘gazﬁ . Let us consider
perturbations around Minkowski background,

g =+, 6t = Vo (2 + x?) (2.4)

and define

1

hy vHﬁ — 08 = hA + 0%y + Opx? (2.5)

+ 8(;)(‘480)(3 + hé@CXB + hg@ch + hgaDXBach,



where indices are moved with the Minkowski metric, in particular, xg = npcx® and
ha = 7]3052?(51? h*v. We point out that we have included a factor /v as coefficient of x4
to obtain simpler expressions. In reality in all our results that will subsequently follow we
have to make the replacement

1
1 M\ 4
XPoxt = < > x4
VU Mg
This, however, will not effect most of our conclusions, and we will thus comment on it only
when necessary. With the help of the expressions

_ - o 1_
H=v(h+4), E@H£=ﬁ<m%§—4m>,
we can rewrite the action for the scalar fields in the following form

WEDS

Sy = g

_ o 3 _ 3 _
/¢MA4M—%ﬁ+@m+Mﬂ. (2.6)

We would like to stress that we did not use any approximations to derive (2.6), and Bg
are diffeomorphism invariant combinations of the scalar fields and metric up to an arbi-
trary order.

3 Physical degrees of freedom of the massive graviton

We consider now small perturbations of the metric and scalar fields and neglect higher
order terms. In this case

hi = hi + 045 + 0px* + O(h2,X?), (3.1)

and in the leading order, action (2.6) describes Fierz-Pauli massive gravity, where the mass
of the graviton is equal to mg, = M v2. However, we have to stress that in distinction from
the Fierz-Pauli theory our model does not break diffeomorphism invariance and coincides
with this theory only in the unitary gauge where all x* = 0. In turn, imposing these gauge
conditions completely fixes the coordinate system making the interpretation of the results
rather obscure. If one would try to treat x4 as Stiickelberg “vector” field and consider
the diffeomorphism transformations for the vectors rather than some obscure “fictitious”

¢

symmetries, then one unavoidably would conclude that the “vector components” must be
treated as the perturbations of four scalar fields with nonzero background values, thus
arriving at our model. As we will see in the next section the difference between the
noncovariant Fierz-Pauli approach and our model becomes even more dramatic at higher
orders. However, we first study the linearized theory using Lorentz-violating approach to
explicitly reveal the true physical degrees of freedom of the massive graviton. Namely, we
use the method usually applied in cosmological perturbation theory and classify the metric
perturbations according to the irreducible representations of the spatial rotation group [25].

The hgy component of the metric behaves as a scalar under these rotations and hence

hoo = 2¢, (3.2)



where ¢ is a 3-scalar. The space-time components hg; can be decomposed into a sum of
the spatial gradient of some 3-scalar B and a vector S; with zero divergence:

hoi = B; + S, (3.3)

where B; = 0B/dz' = 9; B and 9'S; = 0.
In a similar way h;; can be written as

hij = 265 + 2E 35 + Fy j + Fji + haj, (3.4)

where 0'F; = 0 and 8’7@- =0= fzi The irreducible tensor perturbations fzij have two
independent components and describe the graviton with two degrees of freedom in a dif-
feomorphism invariant way. The scalar perturbations are characterized by the four scalar
functions ¢, v, B, and E. In empty space they vanish and are induced entirely by matter,
which in our case are the scalar fields. The vector perturbations of the metric S; and F; are
also due to the matter inhomogeneities The matter perturbations can also be decomposed
into scalar and vector parts:

X=X X =X+ (3.5)
where 9;X° = 0. In the linear approximation, scalar, vector and tensor perturbations are
decoupled and can be analyzed separately.

Scalar perturbations. Up to first order in perturbations we have h®? = —na”nﬁf‘hw
and using the definition of h% in (2.5) we find that in the leading order approximation

h) =20 +2x°, DR = —B; —7; +x%, Ohj, =200y + 2B + 21 . (3.6)

Substituting these expressions in (2.6), keeping only second order terms, and expanding
the Einstein action up to second order in metric perturbations we obtain the following
action for the scalar perturbations:

(%) 5,8 = / diz {—3¢2 + Y+ ¢ 280 — m2 (3¢ + A(E +7))]
+ 2A (B —E) +m; [3¢ (v +x") + (20 +X°) A(E +7)
—i—i(xO—B—ir)’i (XO—B—ﬁ)’i]}, (3.7)

where mg = M?v* and the dot denotes derivative with respect to time. We see that ¢ is a

Lagrangian multiplier which implies the constraint
2
My
Ay = 9 (3 + A(E +)). (3.8)
Another constraint is obtained by variation with respect to B:

m2
b=-"T (0B %), 3.9



To simplify further the calculations we select the longitudinal gauge B = E = 0, which
when used in conjunction with (3.8), simplifies the action (3.7) to

6,5 = / d'x [—3&2 + it
+m? <3¢ (v +xX°) + (20 + X°) Am + i (X’ =7), (X" —7) )] :

Using constraints (3.8) and (3.9) with B = E = 0, imply

mIAT = (2A = 3m?) ¢ (3.10)
maAX" = — (2A + 3m?) ¥ (3.11)

which can be inverted to express 7 and x" in terms of 1

2 3
= <m§ - A) b, (3.12)
2 3\
X' =— <m3 + A) P (3.13)

Substituting these relations in the action above we obtain

5,5 = / d' [—31&2 i+ mg (722 v - 7;12 Ytk - 3¢2>}
g

g

_ 3 / dhe [ (02 — A+ m2) ). (3.14)

Note that the potential 1) is gauge invariant with respect to infinitesimal diffeomorphism
transformations: % — ¢ = 2% + £%. Therefore the derived result does not depend on
the particular gauge we used to simplify the calculations of the action. First of all we see
that the scalar mode which was non-propagating in the absence of the scalar fields has
become dynamical. The variable u = /61 is the canonical quantization variable for the
scalar degree of freedom of metric perturbations. It is entirely induced by perturbation of
the scalar fields 7 and x°. In the linear approximation we have to be careful in taking the
limit mgy — 0 because of the inverse mass dependence in the relations (3.12) and (3.13). In
reality we have to consider instead equations (3.10) and (3.11) which implies that ¥ = 0
as in the vacuum case. Thus the famous vDVZ discontinuity [4, 5] is not present. In
addition, as mentioned before, when taking the limit m, — 0 we have to replace the fields

1 1
7 and x? with <7Jr\fg>4 m and (%)4 x? but this leads to the same result that 1) = 0.
We note, however, that in the m, — 0 the Higgs action reduces to the M 2H* term, and
there are higher order non-linear contributions to . In the next section we will show that
above a certain energy scale the scalar mode ceases to propagate and becomes confined due
to nonlinear corrections to the equations. As a result the vDVZ discontinuity is avoided
completely and we obtain a smooth limit to General Relativity when symmetry is restored

and the graviton becomes massless.



Vector perturbations. For the vector perturbations
WhY = =S = X', Vi = Fop+ Fri+ X5 + X (3.15)

Up to second order in perturbations the action for the vector modes is

(V)52S:jl/d4x [(E—Si)k (E‘—Si)k

)

+n@<(?—+&)Q?-+&)—(F;+xﬁk(Fb+xﬁk)}. (3.16)

)

Variation of this action with respect to S; gives the constraint equation

A (Fi= ) = =i (F+5).
which allows us to express S; as

S, = (Aﬁy+ngiﬁ. (3.17)
Substituting this expression into (3.16) we obtain

1 m2A . ‘
(V) _ 4 g ) ~1 2 2 ) ~1
5=, /d Ty (ary LR @ =2 m) (R )] @19

In the limit m, — 0 the action for the vector modes vanishes even after replacing X =

1
( 717\149 ) : X'. The canonical gauge invariant quantization variable in this case is the 3-vector

. m2A .
WZ¢XAL@ﬂE+%% (3.19)

which describes two physical degrees of freedom as this vector satisfies an extra condition
Vi =0.

Tensor perturbations. For the tensor perturbations the result is straightforward
1 - -
U%ﬁ:_g/fo“f—A+m@%] (3.20)

This action describes the pure gravitational degrees of freedom which have become massive.
Because ﬁij satisfies four extra conditions E)iﬁij =0= l}z the tensor perturbations have
two physical degrees of freedom.

Thus, we have decomposed the massive graviton with five degrees of freedom into
physical gauge invariant components: a scalar part ¢ (with one degree of freedom), a
vector part V? (2 degrees of freedom) and a tensor part h;; (2 degrees of freedom). After
quantization they acquire their independent gauge invariant propagators.

The metric components are the subject of minimal vacuum quantum fluctuations. In
particular, the amplitude of the vacuum fluctuations of ¥ and fzij at scales A < 1/my are
about



in Planck units. They become of the order of one at the Planck scale lp; ~ 10733 cm
where non perturbative quantum gravity becomes important. The amplitude of the vector
vacuum metric fluctuations is much smaller. In fact, for A < 1/myg, their amplitude in the
gauge S; = 0 is scale independent and is equal to

Vhij ~ F,j ~m.

These results are valid only in linearized theory. While the result for the tensor fluctuations
remains the same, we will show in what follows that the scalar and vector modes reach the
strong coupling regime at the energy scale which is much below the Planck scale.

4 Vainshtein scale and continuous limit

Let us first consider how the static interaction between two massive bodies is modified
in the Higgs model with massive graviton. In quantum field theory this interaction is
interpreted as due to the exchange by gravitons with corresponding quantum propagators.
This interpretation is very obscure from the physical point of view because the Newtonian
force is not directly related to the propagation of gravitons. It is, however, the price to be
paid in order to preserve explicit Lorentz invariance of the theory. In our approach one
does not need to go to quantum theory to answer this question. The interaction is entirely
due to the static potentials ¢ and ¢ which are present due to the massive body. Let us
take the Newtonian gauge [25], where B = E = 0 so that the metric takes the form

ds® = (14 2¢) dt? — (1 — 20) 6;pda‘da (4.1)

First we have to derive the equations that this metric should satisfy in massive gravity. We
consider only static solutions so all time derivatives vanish and action (3.7) simplifies to

(98,8 = / d*z {w,ﬂp,i + ¢ [28¢ — m2 (3¢ + Am) — T
+mg [sw + 2¢Am + i xf]z-x?i] } : (4.2)

We have added a term which describes the interaction with an external source of matter for

which only the 7% component of the energy momentum tensor does not vanish. Varying
this action with respect to ¢, v, x* and 7 we arrive to the following equations:

m2 00

Aty = 29 (3¢ + Am) + 9

AxY =0, A (2 — ¢) = 0. (4.4)

A —¢—mir) =0, (4.3)

It immediately follows from (4.4) that x° = 0 and v = ¢/2, while equations (4.3) simplify
to

A (¢ +1p) =3mip + T, (4.5)
or taking into account that 1) = ¢/2 we obtain
4 TOO
2 —
(A—mg)¢_3(2>. (4.6)



For the central source of mass M the solution of this equation is

4 My —mgr 4 —mgr
= — prm— 4.7
R Y (A7)
where ¢ = —My/r is the Newtonian gravitational potential. At scales r <« 1/mg the
metric takes the form
2 4 2 4 ik
ds* =1+ 3 (2¢n) | dt®— (1 — 3¢N Oipdxdx”. (4.8)

The bending of light is determined by the ¢ 41 combination of the metric components. In
General Relativity, where ¢) = ¢, this combination is equal to 2¢ . In the case of massive
gravity

o+ = §¢N+§¢N:2¢Na (4.9)

i.e. we obtain the same prediction for the bending of light. However, the gravitational
potential ¢ which, for instance, determines the motion of planets has increased by factor
4/3 compared to the Newtonian potential, independently of the mass of the graviton.
This extra contribution survives even in the limit of zero mass. If one would redefine the
gravitational constant to get the correct Newtonian potential then obviously the bending
of light would be wrong. This is a manifestation of vDVZ discontinuity, which in quantum
field theory is interpreted as due to the propagation of the extra scalar mode in addition to
the two tensor degrees of freedom. Because this scalar mode is coupled to the trace of the
matter the result remains unchanged for photons, but changes by the corresponding factor
for non-relativistic matter. Note that we have re-derived this result in a purely classical
theory without any reference to the tensor degrees of freedom or the “true” graviton.

The paradox with vDVZ discontinuity, which implies that the graviton must be strictly
massless was resolved when Vainshtein found a new scale Ry in massive gravity and sug-
gested that for » < Ry the scalar mode decouples and General Relativity is restored.

We will now show how this happens in our theory, and prove that General Relativity is
smoothly restored below the Vainshtein scale. For that we will need to consider the higher
order corrections to the action (4.2). First of all we notice that because the gravitational
potentials with which we are dealing are always much smaller than unity, we can safely
ignore the terms of order ¢3, p1)? etc. compared to ¢?, ... because they cannot change the
solutions of the equations drastically. We will also ignore the terms ¢? (A7) compared to
¢ (Am) etc. because they are subdominant. Therefore, the only contribution to the higher
order corrections which we will take into account will come purely from the matter scalar
fields. In addition we will skip all terms with x” since they vanish in the leading order.
Hence, the only relevant terms of the third order, which should be added to the action (4.2)
are:

1 3 1
(5)535 = mg/dll,x |:2 (A7T7T,ik7r,ik — 7T7ki7T’ij7T7jk) + 16 (Aﬂ)3 Ty (¢ + 2v) T ikT ik

+2¢ (Ar)* + 196 (3¢ — ¢) (AT)?> + O (3,42, > Am, ¢pAm .. )| . (4.10)



These third order corrections modify the equations obtained by variation with respect to
1 and 7 in the following way:

1
A —¢—mir) +m ;(¢—2¢)+ 7Tik77,ik_59

o7 ") (Am)*| =0, (4.11)

and

1 3
A 29 =) + (Arma) iy, + o A (Tain) = o (T k)
9
+ 16A (AT)? + O (T ig, AYAT,...) =0. (4.12)

Equation (4.12) is the main equation where non-linearities begin to play an important role
allowing us to avoid the condition A (2¢) — ¢) = 0, and thus resolve the problem of vDVZ
discontinuity. In fact, this condition means that the scalar perturbations of the curvature
must vanish, 0 R = 0, and this was the main obstacle leading to the troubles with restoring
General Relativity in the limit of vanishing graviton mass in the paper [3]. Assuming that
T ik, Am < 1 (this assumption will be checked a posteriori), and keeping only the leading
terms in equations (4.11) and (4.12) we obtain

A(p—¢p—mim)=0, A(2¢p—¢)+dn° =0, (4.13)

where by 972 we denoted all quadratic 7 terms in (4.12). Using the first equation in (4.13)
to solve for A¢, the second one simplifies to

A (¢ +mim) + 07 = 0. (4.14)

Taking into account that A ~ 9% and estimating 9°72 in spherically symmetric field as
O (1) w2 /75, this equation becomes

¢ +mim+01)r'r® ~0, (4.15)

The behavior of 7 as a function of r crucially depends on whether the second or third term
in this equation is dominating. To estimate the scale when both terms are comparable,
which is called the Vainshtein scale Ry, we set

mfﬂr ~ O 1) rn? ~

and from here find that

— l,_p, = mgRy. (4.16)
In the case of a gravitational field produced by the mass M in the vacuum ¢ ~ — My/r,
the Vainshtein scale is equal to
M\ /5
Ry ~ < 2) . (4.17)
Mg
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For r > Ry the last term in (4.15) is small compared to the second one and we obtain

4+o<fﬁf”. (4.18)

In this limit the quadratic terms in the second equation in (4.13) are negligible and from

the first equation in (4.13) we find that
5
1—0<<1an> )] (4.19)

This implies that in the leading order ¢ = ¢/2 in complete agreement with the result which
we have obtained above in linearized massive gravity. It is easy to check that the condition
0?1 < 1 which we have used to simplify equations (4.11) and (4.12) is also satisfied. In

fact,
¥ My o5 o Rv\°/ r \?
T szf] r5m3T g r 1/mg) ~ ( )

(G

2
my

m =

b=y

and hence 9?7 < 1 for all 7 > Ry if Ry < 1/my.
At scales smaller than Vainshtein radius, that is for 7 < Ry the third term in (4.15)
is larger than the second one and hence

Lrom™" 4
s

1+0(1) <va>5/2+”'

T~ O(l)r2\/—¢

5/2
=00) T:ff; (Rrv>

Using this expression in the first equation of (4.13) we then find that in the leading order

(4.21)

5/2
r
w—¢:0(1)w<R > +... (4.22)
1%
For r < Ry we find that ¢ = ¢ up to corrections of order v (r/Rv)5/2 . Because of 0?1 ~
v/— the condition 9?1 < 1 is always satisfied. The dominating quadratic corrections to
equation (4.5) is of order mf]w ~ mf] (627r)2 so they change only the mass term which is
irrelevant within the Vainshtein scale. Taking into account that ¢ = ¢ for r < Ry and
neglecting the mass term, equation (4.5) in the leading order is reduced to
TOO

Ap=" (4.23)

and thus General Relativity is restored within Vainshtein scales up to the corrections

s 5/2
()"

which are much smaller than the corresponding corrections in DGP model [22]. One could
ask whether any higher order corrections would be able to spoil the obtained results? The

— 11 —



most dangerous of these corrections in every next order will come as the corrections to the
previous order multiplied by 9?1 < 1. Therefore they are completely negligible.

We now consider the implementation of our results derived classically in quantum field
theory. In the explicitly Lorentz invariant approach the change of the interaction strength
at scales exceeding the Vainshtein scale is interpreted as due to exchange by the scalar mode
1 of the massive graviton in addition to the two tensor modes of the massless graviton. As
we will argue, this scalar mode becomes strongly coupled below Vainshtein scale and as a
result completely decouples from the gravity and matter entering the confinement regime.
This is similar to QCD, where the “soft” modes do not participate in the interactions of
highly energetic quarks below the confinement scale. Although for quantum fluctuations
one cannot neglect the time derivatives as in the static case, we can, however, estimate
the time derivatives to be of the same order of magnitude as spatial derivatives and use
the formulae derived for the static case. Keeping in mind that the amplitude of the scalar
quantum fluctuations at the length scale A is about ¢ ~ 1/X from (4.16) we obtain that at
scales smaller than

Ag m;4/ 5

these scalar modes should be in the strong coupling regime, where nonlinear corrections
cannot be neglected. Note that the metric fluctuations which are of order ¢ ~ m;}/ ® still
remain small at this scale. In distinction from the case when gravitational field is produced
by an external source the estimate 9?m ~ \/—1 is not justified for quantum fluctuations
for A < A;. However, assuming that at the scales which are just a bit smaller than A,
one can still use this estimate to find that the last term in action (3.7), which is of order
%12 ~ 1), becomes dominant compared to the terms of order 1*/2 and ¥?2. As a result
the scalar mode 1 loses its linear propagator and decouples, entering the strong coupling
regime where nonlinear corrections will prevent its unbounded growth for every A < Ay
as mg — 0. As a result the terms proportional to mf] in the action (3.7) will vanish and
General Relativity is smoothly restored in this limit. A similar thing happens with the
vector modes. Therefore in the limit my — 0 only the tensor modes hi with two degrees
of freedom survive. They enter the strong coupling regime at the Planckian scale. The
energy scale A;! should be taken as a cutoff scale for the scalar mode ¢ of graviton in
all diagrams where this scalar mode participates. Above this scale our scalar fields m and
x" which were producing the extra degrees of freedom for the massive graviton are also
in the confined regime and the symmetry is restored. These strongly coupled fields are
completely decoupled from gravity and the rest of the matter. In the case when the mass
of the graviton is of the order of present Hubble scale the cutoff scale is extremely small of
order 10718 eV. At higher energies the ghost, even if it would exist, completely decouples.
Therefore the question about ghosts at the nonlinear level becomes irrelevant.

5 How universal is the Vainshtein scale?

The expression (4.17) for the Vainshtein scale was derived first in the case of Fierz-Pauli
mass term which is unique in four dimensions, because only in this case there are no ghosts
propagating at the linear level. We have obtained the same result in our Higgs model with
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the action (2.2). It is natural to ask whether it is the unique universal scale for all models
with Fierz-Pauli mass term or it depends on a particular nonlinear extension of this term.
Let us show that in our theory the Vainshtein scale, in fact, depends on the nonlinear
completion of the theory and determine all possible extensions of the model which lead to
different Vainshtein scales. With this purpose we first consider instead of (2.2) the following
action for the scalar fields

Sy = ]‘f /d4x V=g [12 <ZI - 1)2 + 433 Cf — 1)3 — H{HE +0 ((H - 4)4)] (5.1)

where without loss of generality we have set the parameter of the symmetry breaking to
unity. The terms O ((H - 4)4) must be taken in such a way as to avoid the appearance of
other vacua, besides H = 4. One can easily verify that there are infinitely many extensions
of the required type. This action, when rewritten in terms of Bg variables defined in (2.5),
with v = 1, takes the form

2
5= / dix/—g [ — BARE + BR* + O ()] | (5.2)

where m2 = M?. For 3 >> 1, the main contribution to the cubic action (4.10) is of order

B (An)? and the second equation in (4.13) is modified to
A (20 — ¢) + 3BA (An)* = 0. (5.3)

Then using the first equation in (4.13) and considering the spherically symmetric case we
find

¢ +mim+ O (1) Brin® ~ 0, (5.4)
and correspondingly the Vainshtein scale in this case is
VAN
Ry ~ <ﬁ 4°> . (5.5)
My

Thus, we see that taking large enough /3 in action (5.1) we can obtain an arbitrarily large
Vainshtein scale for given masses of the source My and the graviton my.

Next we would like to address the question whether one can obtain a smaller Vainshtein
scale compared to (4.17). For that let us first consider the action

M? H Z/H 1=
Ss="4 /d4x\/—g [—6<4 —1) <4 —3)—2H§H£+
| I
+2H§HCBH§ — 8HH§H£§ +0 ((H — 4)4) } (5.6)

where the terms O ((H - 4)4) are taken in such a way as to avoid the vacuum at H = 12.

Rewritten in terms of h4, action (5.6) becomes

m2 _ - 1 -asB7 TATBT 7
Sy = 89/6143:\/—9 [h2—héh§+2(héhghi—héhﬁh)+0(h4)]’ (5.7)
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2 _
2=
in higher orders it is quite different from (2.6). The action (5.7) concides with the action

where m M?. 1t is clear that in the lowest order it reproduces the Fierz-Pauli term, but

first derived in [23, 24] from the requirement of the absense of ghost in decoupling regime
up to the third order. If we consider the case of the static gravitational field we find that
in the third order the action does not contain terms of the form 9%7>. Hence, by keeping
only the leading terms we find that the second equation in (4.13) will be modified to

A (20 — ¢) + ¥ = 0. (5.8)

Considering the spherically symmetric case and using the first equation in (4.13), which is
still valid up to the leading order, we find that equation (4.15) has to be replaced by

P+ m?]ﬂ' +0(1)r %73 ~0. (5.9)

The Vainshtein scale will be determined by the condition that all three terms in this
equation become comparable, that is,

P~ mgﬂ ~ 703 (5.10)
and hence the expression determining this scale is

— Y|, = myRy. (5.11)

In particular, in the case of static field produced by mass M, we have

Mo V4
RV:< g) | (5.12)
’I?’Lg

To obtain the correction to the Newtonian potential at r < Ry we note that at these scales
7 ~ r2p1/3 and use of the first equation in (4.13) leads to

s 8/3
gf ~ <]§V> . (5.13)

If we set the mass of the source in (5.12) to be equal to the Planck mass, the corre-
sponding cutoff scale in quantum theory for the decoupling of the scalar mode is obtained:
Ay =myg 4

In principle, there are enough different combinations of Bg which can be added to the
action (5.7) to remove all the terms of the form (627r)]C for all k < n, so that the first
survived terms of this structure are (827r)n' . Notice that such action is unique up to the
order h™. In this case, the Vainshtein scale is determined by the condition

2(n—1)

= Yl_g, = (MgRy) 2 . (5.14)

In the case of static gravitational field due to a massive source My this yields

1
Ry = (Mg—me,(l—m) e (5.15)
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and the correction to the gravitational potential for r < Ry is of order

0p T iy
()

in agreement with [26]. In the limit when n — oo the Vainshtein scale is Ry = é / 3m; 23,

It coincides with the corresponding scale in the DGP model. However, the corrections to
the gravitational potential which decay as (r/Ry)* seem different. In this limit the theory
is unambiguous, but one could write it only as an infinite series. In turn this indicates that
such theory is most probably nonlocal. Moreover, because 9°r — 1 we completely lose
control of higher order corrections and hence the results become completely unreliable.

6 Conclusions

We have addressed the most fundamental question of all theories of massive gravity -
can massive gravity be a consistent theory not contradicting to current experimental and
theoretical knowledge? In this paper we have treated gravity mostly as a classical field
theory and have explicitly investigated the issue of a smooth limit of massive gravity to
General Relativity. With this purpose we first determined the physical degrees of freedom
of the massive graviton generated via Higgs mechanism. This was done in the framework of
irreducible representations of the three dimensional rotation group, where the five degrees
of freedom of the graviton are described in terms of a tensor mode with two degrees of
freedom and vector and scalar perturbations due to the scalar fields. The propagator for
each of these five constituents of massive gravity was derived separately. In the linear
approximation the origin of the well-known vDVZ discontinuity at the zero mass limit was
traced to the constraint equations and it was shown how the scalar and vector modes of
metric perturbations become non-dynamical in this limit.

It has been suggested long ago that the linear perturbation theory of massive gravity
fails at length scales below the Vainshtein scale and one has to consider the full nonlinear
theory to recover General Relativity below this scale. We have determined the Vainshtein
scale in Higgs gravity, with Fierz-Pauli mass term, and found the explicit solution for
the spherically symmetric gravitational field. We have shown that the massive gravity
solution outside the Vainshtein scale smoothly goes to the General Relativity solution in
the region deep inside the Vainshtein scale. Thus the classical results and predictions of
General Relativity are recovered inside the Vainshtein scale and at distances exceeding the
Vainshtein radius, massive gravity strongly differs from Einstein theory. This means that
the scalar mode of massive graviton decouples at Vainshtein scale and enters the strong
coupling regime. In the limit of vanishing mass, when Vainshtein radius becomes infinite,
the symmetry is restored and our theory is reduced to General Relativity with four scalar
fields which are confined and thus decoupled from gravity and other matter. Based on
these results we have argued that in quantum theory there is a cutoff energy scale above
which the scalar fields responsible for the scalar and vector modes of the massive graviton
are strongly coupled and confined and hence harmless. For the realistic graviton mass
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this scale is extremely low. Therefore, the question about extra scalar mode and ghost
instability seems to be irrelevant in our model.

We have found how the Vainshtein scale depends on the particular Higgs model or,
in other words, on the nonlinear extension of the Fierz-Pauli mass term. In particular,
we have shown that for given masses of the graviton and source, the Vainshtein length
scale depends on the Lagrangian of the scalar fields and can be made arbitrary large.
On the other hand, we have also constructed Lagrangians, which produce smaller scales
compared to the standard one. However, the smallest possible scale seems to be larger
than M()l/3m;2/3.

Finally, we have calculated the corrections to General Relativity within the Vainshtein

scale which could, in principle, be interesting from experimental point of view.
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1 Introduction

In [1, 2] we have devised a Higgs mechanism for massive gravity and demonstrated how this
theory goes smoothly to General Relativity below the Vainshtein radius [3], thus resolving
the problem of van Dam, Veltman and Zakharov discontinuity [4, 5]. This result, obtained
in Higgs massive gravity, is in agreement with the results derived in bigravity theories
in [6-8]. Moreover, we have found that the corresponding Vainshtein scale depends on
the nonlinear extension of the Fierz-Pauli term [9]. In particular, it was shown that the
;2/3 < Ry < M5/5mg_4/5, where
My and my are, respectively, the mass of the external source and the mass of the graviton in

Vainshtein scale can be changed within the range Mg Pm

Planck units. The class of actions which lead to different Vainshtein scales Ry coincide with
the actions derived in [10, 11]. These were obtained from the requirement of absence of the
nonlinear ghost [12] in the corresponding order of perturbation theory, in the decoupling
limit when both the graviton mass and the gravitational constant simultaneously vanish in
such a way that the appropriate Vainshtein scale is kept fixed. Moreover, there is a unique
action (up to total derivatives), corresponding to R{® = MO1 / gmf/ 3, in the decoupling limit,
for which the Boulware-Deser ghost does not appear at all below Vainshtein energy scale
up to an arbitrary order in perturbation theory [10, 11]. Therefore, a natural interesting
question arises as to whether this result could be sustained if we consider instead of the
decoupling limit (which is not physical), the full nonlinear theory of massive gravity. The
answer to this question will also help us understand whether there is any deep connection
between the absence of nonlinear ghost at a certain order in perturbation theory and the
corresponding value of the Vainshtein scale.

The main purpose of this note is to show that in the theories considered in [10, 11]
away from the decoupling limit the nonlinear ghost inevitably arises in the fourth order of



the perturbative expansion. The Vainshtein scale value becomes therefore unrelated to the
absence of ghost if one does not consider the unrealistic decoupling limit of massive gravity.

The inevitable appearance of nonlinear ghost in “Lorentz invariant” massive gravity
theories agrees with an independent argument of [13, 14] based on helicity decomposition.

Furthermore we argue that the nonlinear ghost can easily be avoided in General Rel-
ativity with only three scalar fields, which imitate “Lorentz violating” massive gravity
around Minkowski background. This agrees with the results of the papers [15, 16] where
Lorentz-violating graviton mass terms have been introduced by hand from the very begin-
ning. Therefore in the theories considered in [15, 16] it was not so simple to keep under
control such quite exotic phenomena like different maximal velocities for different particle
species, superluminal propagation of particles, and violation of the no-hair theorems for the
black hole solutions (see [17, 18] and references therein). On the other hand our approach
allows us to preselect theories as General Relativity with three scalar fields which imitate
Lorentz violating gravity but do not lead to dangerous consequences.

2 Higgs massive gravity

We employ four scalar fields ¢, A = 0,1,2,3, to play the role of Higgs fields. They will
acquire a vacuum expectation value proportional to the space-time coordinates ¢4 = 55‘:08
giving mass to the graviton. Let us consider perturbations around Minkowski background,

e e (2.1)
and define

B’é EnBng/au(bAauﬁbc - 5§ = hfé + 8AXB + 8BXA
+ dcx 0%\ + hA9 x5 + hG0cx™ + hG0P x dcx?, (2.2)

where indices are moved with the Minkowski metric nap = (1,—1,—1,—1), in particular,
xB = npcx© and hg = 77305£5§h’“‘”. After introducing the diffeomorphism invariant
variable B’é it becomes almost trivial to write the terms that produce massive gravity. In
the unitary gauge where x4 = 0, we have Bé = hg = 77305;‘59 h#*¥, and hence the Fierz-
Pauli term for the graviton mass around broken symmetry background can immediately
be obtained from the quadratic term of the following action for the scalar fields

m2 — — 4= —
So="¢ /d4:v V—g[h? = hghB +0 (B*,...)]. (2.3)

where by O (53, .. ) we denote the terms which are of the third and higher orders in Bg.
In distinction from the Fierz-Pauli action which was introduced by explicit spoiling of
the diffeomorphism invariance, our action is manifestly diffeomorphism invariant and only
coincides, to leading order, with the Fierz-Pauli action, in the unitary gauge where all
perturbations of the scalar fields are set to zero.



3 Boulware-Deser nonlinear ghost

One could, in principle, skip all higher order terms and consider the action

1 m?2 U
§=-, /d%« V—gR+ 89 /d4x\/—g IERIAR (3.1)

where we set 8mG = 1, as an exact action for massive gravity. The problem then is either
the presence of a ghost around the trivial background ¢ = 0 or the appearance of nonlinear
ghost in the broken symmetry phase. To trace the latter one it is convenient to work in
some gauge where the scalar field perturbations are not equal to zero. A good choice is the
Newtonian gauge in which the metric g, takes the form [19]

ds® = (14 2¢) dt® + 2S;dtdz’ — | (1 — 24p) 63, + hap, | da’da®, (3.2)

where S;; = 0 and szz = fzm = 0. Then the ghost can easily be traced as a dynamical
degree of freedom of the scalar field x°. The field x° enters only the h) and h components,
which can be written explicitly as

T . .0\ 2 ; P . i
ho = g% =14+ 29"%° + g% (X°)” + 20%x5 + 20" X0 + 9" ke (3.3)
and
B = g%+ g%+ g™+ (90 +g"X 07X ) X0 O+ g e NG (3.4)

Let us consider only the scalar mode of the massive graviton for which y’ = T4 It was
shown in [2] that by using constraints one can express the linear perturbations of the scalar
fields in terms of the metric potential 1) as

2A — 3m2
= g 3.5
2A +3m? .
g
Then the action (3.1) up to second order in perturbations simplifies to
(55,8 = —3/d4x (¥ (07 — A +m2) ). (3.7)

The nonlinear ghost appears in the third order in metric and scalar field perturbations.
This is due to the fact that the accidental U(1) symmetry, which makes the scalar field
X" to be the Lagrange multiplier around Minkowski background, is not preserved on a
background slightly deviating from Minkowski space [1]. To prove this it is enough to
consider only the third order terms in the action (3.1) which involve the powers of x". By
substituting (3.3) and (3.4) into (3.1) we obtain

2
Bps =" /d4w { (6 = 14 v=g) Bl (g4 x0) (50 +1)] 0 o ()74 } v
(3.8)



where by dots we have denoted all other terms not containing time derivatives of x". The
term, linear in x°, does not induce dynamics for the mode x° and simply modifies the
constraint equations to second order in perturbations. However, the term proportional to
()'(0)2 induces the propagation of x° on the background deviating from Minkowski space
for which Bﬁ # 0. Thus at nonlinear level there appears an extra scalar degree of freedom
which is a ghost. To see this let us express the relevant term in (3.8) entirely in terms of
the gravitational potential . Taking into account that, to linear order, l_ﬁ: = 6y +2A7 and
using constraint equations (3.5) and (3.6) we find

m? _. 9 2A + 3m?2 .. 2
_ 9 4 i (0 — 4 g
035 = 4/dx[hz(x) +} /d:v A?ﬁ( m2A vl 4. (3.9)

By considering inhomogeneities with Ay > mgw and combining this contribution to the
action (3.7) we obtain

68 = —3/d4x [¢ (07 —A+m2) v — 3:14A¢ (w)ﬁ..} . (3.10)
g

Let us assume that there is a background field 1, and consider small perturbations around
this background, that is, ¢ = ¢, + d1. Expanding (3.10) to second order in 41 we find that
the behavior of linear perturbations is determined by the action

_ 4 2 2 1 2 2 &b 2
55 = 3/d r {&/) (GF D4 mi)ovs [(@w) 2,0 (o) (3F5v) +}
(3.11)
where
mé, = — 3y (3.12)
Gh — 4A¢b’ .

Let us take for the background field the scalar mode of gravitational wave with the wave-
number k ~ my, for which 1, ~ Ay ~ mf]wb and méh ~ mg /Y. By considering pertur-
bations d¢ with wave-numbers méh > k2 > mf] and skipping subdominant terms we can
rewrite the action above as

58 ~ — ?; /d4x5¢ (07 +...) (OF + mgy, +...) 6. (3.13)
man

The perturbation propagator is given then by

1 N 1 1 1 (3 14)
2 (0% +m,)  mg, \O*  O*+mgy, )’ .

and it obviously describes the scalar mode of the graviton together with non-perturbative
Boulware-Deser ghost of mass mayp, ~ mg/+/tp. It is clear that when v, vanishes the mass
men becomes infinite and ghost disappears. We have argued in [2] that at energies above
Vainshtein scale A5 = mg/ ® the linearized consideration above breaks down and the scalar
fields enter the strong coupling regime. Therefore, if mj, would be larger than As then this



ghost would not be essential. However, in strong enough background m, < mgp, < As and
therefore the nonlinear ghost appears below the Vainshtein scale, where the perturbative
expansion is trustable.

Thus, the action (3.1) considered as describing massive gravity has two problems with
ghosts: first, there is a linear ghost around the trivial background ¢ = 0, and second,
there is nonlinear ghost around broken symmetry background.

The first ghost is dangerous, because it leads to a strong instability. However, as we
have shown in [1], it can be easily avoided by adding to the action (3.1) third and higher
order terms in h. This modification is ambiguous and there is a whole class of theories
which reproduce the Fierz-Pauli theory in the lowest order, avoiding linear ghosts around
trivial background.

The nonlinear ghost exists only at scales below the Vainshtein energy scale which for
the realistic graviton mass is extremely low, about 1072%e¢V. The existence of ghost would
allow, for example, a process where ghost-photon pairs are spontaneously produced from
the vacuum due to the gravitational interactions [20]. The energies of such photons would
be of the order of cutoff scale A. The measurements of the differential photon flux in
the diffuse gamma ray emission lead to the bound A < 3MeV [21]. Therefore, taking into
account that the Vainshtein scale serves as the cutoff scale in Lorentz violating background,
where the nonlinear ghost propagates, we conclude that this ghost is completely harmless.
Nevertheless, some interesting questions remain. One could inquire whether there is any
nonlinear extension of the action (3.1) which is free of the Boulware-Deser ghost and how
the absence of the ghost in the corresponding order of a perturbative expansion is related
with the concrete value of the Vainshtein scale?

4 Ghost in nonlinear extensions of massive gravity

Contrary to [13, 22, 23], it was claimed recently in [10, 11], that there is a unique ghost free
nonlinear extension of massive gravity and that this extension is related with Ag = mg/ s
Vainshtein scale. This claim was proved in [10, 11] in the decoupling limit neglecting the
vector modes of the graviton. The decoupling limit, while simplifying the calculations, is
not physically justified. Therefore, we will determine whether the nonlinear ghost really
disappears away from the decoupling limit. The Lagrangian in [10, 11] is expressed in

terms of the invariants built out of
H;w = 9w — 77A33M¢A3V¢B- (4'1)

It is easy to see (as was also noted in [24]) that the invariants built out of H,,,, up to sign,
coincide with the invariants made of A%, in particular,

9" H,, =—h, H,H"™ =hah%, ... (4.2)



Let us consider the action [10, 11]:

5

m? - 1 - - _ 1. 1,y 12
So="g! [ dtev=g |12 Rt (s~ Ris) — (gl + Rl + ¢ (70)

tes <2B§”43 SRR+ B (2B - 2+ (Bp) - @g?))
+ds <6Ef143 — 8h4h — 3 (RAp)” + 6hAgh% — 54)} , (4.3)
where c3 and ds are arbitrary coefficients and we have introduced the shortcut notations
Wap = hihi, hhp=hghohS, hhp = hphthphy.

It was proved [10, 11] that this theory is ghost free to fourth order in perturbations in the
decoupling limit. The action above corresponds to the Vainshtein scale A = mg/ " [2]. Let
us investigate whether the ghost really disappears in non-decoupling limit. For this purpose
we have to trace all fourth order terms in perturbations which contain time derivatives of x°.
As we have noticed above, the time derivatives of x° come only from 718 and 716 components.
Therefore the only terms in (4.3), which survive and could be relevant for a possible ghost
are the following

m2 I 1 - o1y 1 _
$0="0 [[atavg | (28—, (B + | (8)") i, (288 - 5 GB)° ) 7%
zizi Lrozize 1 goN27i7i L 3 7 L2 7i 7
S, — LSRG + | ()" B+ Sea (208 = o (B ) ()" = 75) + .|
(4.4)

We have skipped here the terms which are linear in x° because they only modify the
constraints without inducing the dynamics for x°. We would like to stress that the particular
choice of action (4.3) has lead to nontrivial cancellations of many terms which could have
caused the appearance of a ghost. In particular, all contributions which induce the terms
proportional to ()’(0)2 , ()’(0)3 , ()’(0)4 are canceled in the ds, term in (4.3). Further nontrivial
cancellations happen when we substitute (3.3) and (3.4) in (4.4), and the final result is

m?2 1, . ‘
035 + 0454 = 89 /d4:c [F (69,%) X° + 5 (F+8+ " +x%)° (O +...|,  (45)

where we denote by dots the terms which do not depend on x°. Note that the third
and fourth powers of X are cancelled. The function F (8g,Y) is some rather long and
complicated expression which depends on terms of second and third order in perturbations
but does not depend on x°. Because this term does not induce the dynamics of x°, but
simply modifies the constraints, we do not need the explicit form of F. Note that the third
order terms with second and third powers of X" are canceled and hence the ghost does not
appear in the third order even if we do not consider the decoupling limit. However, in the
fourth order in perturbations the nonlinear ghost survives. It is easy to see that this ghost
disappears in the decoupling limit in agreement with [10, 11]. In fact, after skipping the



vector modes, we have y! = 7 , S = 0 and considering the decoupling limit (mg — 0)
we obtain from (3.5) and (3.6) that x” — —# and hence the second term in (4.5) vanishes.
However, without taking this limit, action (4.5) becomes

2 . 2
0354 + 04S¢ = Tﬁg /d4$ [()21 +5; + (7:F+ XO)’i) (XO)Z + .. :|

2 2 2\ 2
my " o 6 - 2A + 3my .
= d + Sl — i + ... 4.6
16 v <X Aw’ > ( m?]A v (4.6)

where we have taken into account that y* = i+ X' and X' is a vector mode of graviton.
Considering small perturbations 61 with wave-numbers k? > m?] around some background
Yp and X; we find as in the previous considerations (see (3.10)-(3.12)) that this action
describes along with the scalar mode of graviton also a ghost of mass

. 6 . \ 2
M = —127”;2; <Xb +5i — A%,i) (4.7)

provided that méh satisfies the condition 8?m5% < 1. In the background of the scalar grav-
itational wave 1y, with k2 ~ mf] we have mqp, ~ mg/1p. If the time dependent background
fields are strong enough the mass of this ghost is smaller than the Vainshtein scale and can
be even as small as the graviton mass. Thus, if one does not consider the decoupling limit
of the theory the action (4.3) has a nonlinear ghost in the fourth order of perturbation
theory. This ghost cannot be removed by adding fifth and higher order terms and it is
inevitable in the theories considered in [10, 11].

5 Can we avoid the nonlinear ghost?

The theory described by action (4.3) could be a unique candidate for a ghost free massive
gravity (to fourth order in perturbations) because it is the only theory which does not have
a ghost in the decoupling limit [10, 11]. It’s higher order extension which removes ghost
to an arbitrary order is also uniquely determined by the requirement of the absence of
ghost in decoupling limit. Thus the theory satisfies the necessary condition to be a ghost
free theory. However, this condition is not sufficient to avoid ghost in the full fourth order
nonlinear theory. Unfortunately, as we have shown, the theory considered above inevitably
has an unremovable nonlinear ghost beginning with the fourth order in perturbations. One
can wonder whether there is any way of avoiding this no-go theorem? It is clear that using
the variables H,,, defined in (4.1) one is forced to use only the invariants present in (4.3)
because otherwise the fundamental diffeomorphism invariance of the theory will be spoiled.
On the other hand in our approach the variables HAB are scalars under diffeomorphism
transformations. The “internal Lorentz invariance” under scalar fields transformations
4 — qEA = gbBAé was simply used to imitate massive gravity with Fierz-Pauli term.
However, we are not obliged to preserve this fake Lorentz invariance. In fact, there is
nothing wrong from the point of view of symmetries to consider for instance the Lagrangian
2

2
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which is diffeomorphism and Lorentz invariant and simply describes the scalar field ¢°
with an unusual kinetic term similar to k-inflation [25, 26]. Therefore, without spoiling
any fundamental invariances we could modify the action above by adding to it terms of
the form (59)2 i_L8, (}_L?)2 , etc. It is easy to verify that the only terms in (4.4) responsible
for the ghost are
2
m S 1o 1. .

5SGhost = 89 / dix [2%% - 2h6h6h8 + 4 oho (R9)?] . (5.2)
Therefore subtracting these terms from action (4.3) removes the ghost in the fourth order.
In turn this also inevitably modifies the quadratic part of the action and instead of Fierz-
Pauli term we obtain

2
Sy =" [ ey [~ WS~ 28+ 0 (5.

2
=" / Ay —g [(R)? — bl + 28R+ 0 (32,.)] . (5.3)

As a result both scalar and vector modes of the graviton disappear and the action above
describes the massive transverse graviton with two degrees of freedom. Note that this
result does not contradict Wigner’s theorem about the number of degrees of freedom of
massive particle with spin-two because in this case the scalar fields background in the bro-
ken symmetry phase is not Lorentz invariant. Nevertheless, we would like to stress that
in Higgs gravity which produces the massive graviton with two degrees of freedom there is
no violation of the fundamental space time Lorentz invariance in distinction from [15, 16]

where the spacetime Lorentz invariance is violated explicitly by adding distinct mass terms
2

i
However, effectively the graviton mass term (5.3) could be identified with the theory con-

sidered in [15] with m§ = m? = 0 and m3 = m3 = mj = m]. Although this configuration of

for time and spatial components of the metric perturbations hy,, like mih3;, m3h

mass parameters was not conisdered there, the authors would arrive at the same conclusion
regarding the number of degrees of freedom of the massive graviton. The effective violation
of the spacetime Lorentz invariance in our approach is simply due to the existence of a back-
ground scalar field in Minkowski space in a way similar to the violation of this invariance by
the cosmic microwave background radiation in our universe. In the case when we had im-
posed the extra “Lorentz invariance” in the configuration space of the scalar fields we were
able to imitate the space-time Lorentz invariance for the graviton mass term simply via re-
definition of the scalar fields in the unitary gauge. However, in general when this invariance
is absent any scalar fields background violates space-time Lorentz invariance explicitly.

The “Lorentz violating” procedure of removing the nonlinear ghost in Higgs gravity
can be extended to any higher orders in the theory considered in [10, 11]. However, if we
allow the “Lorentz violating” terms then there is no need anymore for such extension. We
can simply consider

S="0 [ ata gy [(B) - TR, (5.9

as an exact action of massive gravity on a Lorentz violating background. It is obvious that
this action depends only on three scalar fields and does not have any linear and nonlinear



ghosts around any background. The transverse gravitational degrees of freedom hix become
massive and one could wonder how it will modify the usual Newtonian interaction between
massive objects. To answer this question let us consider a static gravitational field produced
by a matter for which only 7°° component of the energy-momentum tensor does not vanish.
The metric in this case can be written as

ds® = (1+2¢)dt> — (1 — 2¢) by dx’da®, (5.5)

and the action for static perturbations derived in [2] (see formulae (28) and (36) there) in
the case of (5.4) simplifies to

m2
%)§8 = / d*z {w,iw,i + ¢ [280 — TY] + 29 (6% + dpAm +
+ (AT )T iy — T i 35T k) — 200 <7T’ik7T’ik -2 (AW)QH
+0 (Y°, ¢, v* Am, gpAm...) } (5.6)

Varying this action with respect to ¢, 1 and 7, and assuming that Aw < 1 we obtain the
following equations

TOO
A = - A () —¢—m2m) —3mip =0, (5.7)
1 1 3
AI/) + 9 (Aﬂ'ﬂ',ik)ﬂ‘k + 4A (W,ikﬂ',ik) — 4 (ﬂ-vijﬂ-»jk),ik = 0. (58)

For consistency, we have to include the higher order terms in A7m because otherwise the
first equation in (5.7) would contradict to the equation (5.8). The reason is that the scalar
fields in this case are always in strong coupling regime. In particular, given 1 which is
induced by the matter source according to Poisson equation and remains unmodified at
all, we obtain from (5.8) the following estimate for induced scalar fields

00T ~ A ~ /1. (5.9)

Then considering the spherically symmetric source of mass My from the second equation
in (5.7) one derives

r o\ /2

w—¢20(1)w<R ) . (5.10)

1%
At distances much smaller than Vainshtein radius Ry = (Mo / m;l)l/ ® we have P = ¢ with
high accuracy and thus we recover General Relativity with corrections which are the same
as in the case of Fierz-Pauli mass term (see [2]). However, for r > Ry the gravitational

3/2 while 1) decays exactly as in Newtonian theory. This is due to

potential ¢ grows as r
the fact that the contribution of the energy of the field 7, induced by the external source
of the matter, becomes comparable with the energy of this source at the scales larger
than the Vainshtein radius. To find a solution in this range we have to solve exactly the
complete nonlinear system of equations. However it is obvious that at distances larger than

Vainshtein radius we do not reproduce the results of massive gravity with the Fierz-Pauli



mass term (see [2]). For the realistic graviton mass, Vainshtein radius for the Sun is huge
and before we cross it the contribution of the other mass sources in the universe become
important. Smearing the matter distribution and considering the homogeneous universe
we find that for my ~ Hy, where Hy is the present value of the Hubble constant, the
Vainshtein radius in this case is of order of horizon scale H ! Therefore massive gravity
with action (5.4) is in agreement with experiment. An interesting question that needs
investigation is to determine how General Relativity will be modified on the horizon scale
(a question which could be relevant for the dark energy problem).

6 How dangerous are ghosts?

It is clear that the linear ghost around trivial background with ¢ = 0 is extremely dan-
gerous because it leads to a catastrophic instability of the vacuum and drastically reduces
the lifetimes of the particles. We have shown in [1] how this ghost can be easily avoided.
In distinction from it the nonlinear ghost seems to be unavoidable in all Lorentz invariant
versions of massive gravity. This nonlinear ghost inevitably arises at latest in the fourth
order of perturbation theory on a background which slightly deviates from the Minkowski
space. How dangerous is this ghost? There exist different opinions on this subject. The
main reason why those who think that it is catastrophic is the integration over the Lorentz
boosts in order to insure Lorentz invariant cutoff. Leaving the question of the need to
integrate over boosts aside we note however that anyway the nonlinear ghost appears only
on the background which deviates from the Minkowski space. In turn this background
selects the preferable coordinate system where we have a Lorentz violating cutoff on the
energy scale below which the ghost exists. This cutoff is the corresponding Vainshtein
energy scale, which is extremely low, of order of 10720 eV for the realistic graviton mass.
It is clear that the ghost with such energies is completely harmless from the point of view
of agreement with experiments [20]. Therefore we believe that the nonlinear ghost in any
theory of massive gravity is irrelevant. In such case one could wonder if we can avoid the
requirement that the only possible Lorentz invariant graviton mass term is the Fierz-Pauli
one? To answer this question let us consider the theory with the action

2
S, = ng/d4:c\/—g [BQ_B§B§+QB2+O(BS,...)] . (6.1)

It is easy to see that if « is different from zero then already at quadratic order in the
action there appears the term « ()'(0)2 which inevitably leads to a dangerous linear ghost.
Moreover, for o« ~ O (1) the Vainshtein scale disappears in this theory. This can be easily
seen if we rewrite equations (31), (39) and (41) from our previous paper [2] taking into

account the relevant contributions from ah? term in action (6.1)

A@+u)+, " A=) =T +mix (), (62)
(20 — ¢) + ai (W +An) + 84 = 0, (6.3)
(1+2a)v¢ + (3ar+ 2;(0‘ * 1)m§ﬂ' + aArn 4 9% = 0. (6.4)
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The nonlinear Vainshtein scale was determined before by the requirement that in equa-
tion (6.4) the linear term in 7 is equal to the last non-linear term. However, we now
have also an extra linear term in this equation which is always larger than the non-linear
term if Am < 1. Hence the non-linear term in this equation is negligible and we always
remain in the week coupling regime. By considering the scales for which k2 > mg it follows
from (6.4) that

(1+2a)

[0}

Am=— . (6.5)

Substituting this expression in (6.3) we find that up to the leading order ¢) = ¢ and hence
as it follows from (6.2) curiously enough General Relativity is restored (at least in the lead-
ing approximation) without having problem with vDVZ discontinuity [4, 5]. Nevertheless
the above theory is unacceptable because of the linear ghost which exists at all scales up
to the Planckian one.

7 Conclusions

We have investigated the problem of the non-linear Boulware-Deser ghost in massive grav-
ity. In particular, we have used the gravity Higgs mechanism to study whether the unique
theory proposed in [10, 11] remains ghost free away from the decoupling regime. Although
we have confirmed the result of [10, 11] in decoupling limit, we unfortunately find by
explicit calculations that a non-linear unremovable ghost reappears in this theory below
Vainshtein energy scale in fourth order of perturbation theory away from the decoupling
limit. At the same time, as was shown in [1, 2|, the theories considered in [10, 11], can
discretely change the Vainshtein scale within the range MO1 / 3mg_2/ P < Ry < Mé/ 5m; 45,
Thus, the claim that massive gravity with Vainshtein scale MO1 / 3mg_ is ghost free is not
confirmed in the full theory and moreover the nonlinear ghost problem does not seem to
be directly related to the concrete value of the Vainshtein scale.

Higgs massive gravity [1, 2] is equivalent to the formulation in [10, 11] provided one
preserves the “internal Lorentz invariance” in the space of the scalar field configurations.
We have argued that in Higgs gravity, in distinction from [10, 11], the ghost can be can-
celled because the diffeomorphism invariance of the variables Bé allows to add appropriate
counterterms to cancel the undesired negative energy mode in the action (5.3). This how-
ever can only be done if we abandon the Lorentz invariance in the scalar field configuration
space without violating the fundamental space-time Lorentz invariance and diffeomorphism
invariance of the action in distinction from the Lorentz-violating actions of massive gravity
considered in [15, 16]. As a result the propagators for the scalar and vector modes of the
massive graviton vanish and the action (5.3) describes a massive graviton with two physical
degrees of freedom.

To summarize, we have shown that even for the simplest action, which at leading
order reproduces the Fierz-Pauli mass term and ignoring the higher order terms in B’é, the
Boulware-Deser ghost will arise in third order of perturbation theory. Moving away from
the decoupling limit, while keeping the contributions of the vector modes in the action, we
have established the existence of the ghost state. We calculated the mass of the ghost mode
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mgqy, in the short wavelength approximation for perturbations around some locally Lorentz
violating background. Moreover, with strong enough background fields it is possible to
make the negative energy mode as light as needed within the interval my, < mgn < As.
However, as was argued in [2], above the Vainshtein energy scale As the scalar metric
perturbations v as well as the scalar field perturbations y* are in the strong coupling
regime and possess no propagator. Therefore, the ghost is propagating on the locally
nontrivial background only below the Vainshtein energy scale which for a graviton mass of
the order of the present Hubble scale is extremely low and hence the ghost is harmless.
Further, we have shown that by adding terms of higher order in B‘g to the action with
the choice of coefficients corresponding to the Vainshtein scale A = mg/ " the nonlinear
ghost disappears from the third order of perturbations. However, away from the decoupling
limit the Boulware-Deser ghost, although harmless, appears at the fourth order of pertur-
bation theory and cannot be removed by adding higher order terms to the Lagrangian.
This allows us to conclude that the value of the Vainshtein scale which tells us up to which
energy scale a perturbation theory of a given order is trustable and the presence of the
nonlinear ghost in the theory are two separate issues which do not have to be correlated.
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1 Introduction

The observation of the accelerated expansion of our universe is the driving motivation for
various infrared modifications of general relativity. One of the theoretically most natural
infrared modification would be to give a small mass to the graviton. Since the early discov-
ery of the quadratic Fierz-Pauli mass term for metric perturbations in [1], there has been
an ongoing search for a healthy non-linear completion of massive gravity. The construction
of the non-linear graviton mass term is based on the use of an auxiliary non-dynamical
reference metric, which as an absolute object would break the diffeomorphism invariance
of general relativity. The diffeomorphism invariance can be restored by introducing four
Stiickelberg scalars, corresponding to the four coordinate transformations [2-4]. However,
a generic theory of four Stiickelberg scalars together with the two degrees of freedom of
massless graviton propagates six degrees of freedom in total. It is one degree of freedom
too much in comparison to the five degrees of freedom expected from the massive spin-2
representations of the Poincaré group. Moreover, the additional degree of freedom is sick
and represents the (in)famous Boulware-Deser (BD) ghost [5].

After an order-by-order construction of a non-linear theory which is ghost-free in the
decoupling limit in [6], a full resummed theory of non-linear massive gravity was proposed



by de Rham, Gabadadze, and Tolley (dRGT) [7]. In unitary gauge this theory has been
shown to propagate five degrees of freedom [8, 9]. The Hamiltonian analysis of the full
diffeomorphism invariant theory including the four Stiickelberg fields also seems to confirm
the expectation that the dRGT theory propagates at most five degrees of freedom [10-12]
(for recent counterarguments see [13]). However, the canonical analysis of dRGT theory
in the presence of the four scalar fields is intricate, and in the existent literature it is often
obscured either by mixing the gravitational and scalar degrees of freedom or by introduction
of new auxiliary fields.

In the present paper we take a different point of view and treat dRGT massive gravity
as a theory of Stiickelberg scalar fields ¢ coupled to the Einstein-Hilbert gravity. Since
the theory is reparametrization invariant, and the scalars are coupled to gravity minimally,
we shall count the degrees of freedom propagated by the metric and by the scalar fields
separately. Hence the absence of the sixth mode in dRGT theory should manifest itself as
the feature of the scalar fields Lagrangian alone.

Motivated by these considerations we study the dynamics of the Stiickelberg scalar
fields given by the dRGT mass term [7]. We observe that, if seen as a particular scalar field
theory, the dRGT scalar field Lagrangian allows for an arbitrary number of scalar fields in
it. In particular, the number of scalar fields N can be chosen to be less than the space-time
dimension d+ 1 without affecting the diffeomorphism nor the space-time Lorentz invariance
of the theory. We dub the dRGT theories of gravity with reduced number N < d + 1 of
Stiickelberg scalar fields as “reduced massive gravity”.

The simplest particular cases of such dRGT inspired scalar theories include, for d = 0,
the action of a massive relativistic particle in N dimensions and, for N = 1, the single
“k-essence” field with DBI-like action [14]. Another “simple” choice is arbitrary N fields
in 1 + 1 dimensions, and gives the action of a relativistic string in N-dimensional target
space-time. In the case N = 3, with three scalar fields living in a configuration space
diffeomorphic to R?, the reduced dRGT action can be regarded as a particular effective
field theory of homogeneous solid [15]. The degree of symmetry of the solid depends on
the isometries of the metric fap(¢) in the internal space of scalar fields. If the metric is
symmetric under the SO(3) group, and the action contains only the term, invariant under
the volume preserving diffeomorphisms, then it describes a perfect fluid. The case with
the number of scalar fields N > d + 1 has been recently discussed in [16, 17] as a theory of
multiple Galileon fields covariantly coupled to the dRGT massive gravity.

In general, the solutions of the reduced massive gravity theories are expected to break
Lorentz and rotational symmetries and lead to anisotropic cosmologies. The pattern of such
breaking is determined by the number of scalar fields and the signature and isometries of
the reference metric. The connection of reduced massive gravity theories to the Lorentz
violating massive gravity theories will be discussed in more detail in the main body of the
paper. Another possible application of reduced massive gravity theories could be found in
modeling the translational symmetry breaking and momentum dissipation in holography.
In particular, in [18] the conductivity in the boundary theory was calculated in the presence
of a Lorentz violating graviton mass term in the bulk, that originated from the dRGT-like
action with two Stiickelberg fields and Euclidean reference metric. The models discussed



in our paper could be further used in holographic constructions.

In this paper we consider the case of reduced massive gravity with two Stiickelberg
fields. It is the simplest case with several scalar fields involved, in which we can write the
Hamiltonian and constraint structure explicitly. We perform the full Hamiltonian analysis
of the scalar field sector and find that, in distinction from the dRGT massive gravity the
determinant of the kinetic matrix does not vanish. Hence the scalar field Lagrangian in
general propagates two degrees of freedom. We formulate the condition for the scalar field
configurations on which the determinant vanishes and investigate the different regions in the
phase space of scalar fields. We show that on the singular surface, where the determinant
of the kinetic matrix vanishes, the theory is equivalent to 1+ 1-dimensional massive gravity
and thus has no dynamical degrees of freedom. We also show that the regular solutions
away but in close vicinity of the singular surface approach the singular surface but can
never reach it in finite time. At the same time any perturbation of the singular solution
drives the system away from this singular surface. In quantum theory the vanishing of the
determinant signals the strong coupling regime for the scalar fields, and the dynamics in
the vicinity of the singular surface are highly affected by quantum corrections. Whether
or not the two dynamical degrees of freedom away from the singular surface contain ghost
modes might depend on the particular choice of the reference metric in the configuration
space of the scalar fields. We do not address this question in the present paper, but leave
it for future studies.

The paper is organized as follows. In section 2 we recall the formulation of dRGT mas-
sive gravity. In section 3 we formulate the theory of reduced massive gravity and perform
the Hamiltonian analysis away from the singularity surface. In section 4 we consider the
behaviour of the system on the singular surface, and show that it is equivalent to 1 + 1
dimensional massive gravity. We perform the canonical analysis in this case and find the
gauge symmetry of the scalar fields, eliminating both scalar degrees of freedom. Section 5
is devoted to conclusions.

2 Non-linear massive gravity in Stiickelberg formulation

The non-linear massive gravity action can be written in terms of the variables
o
ks == (V') (2.1)

v

where g is the inverse space-time metric, and f,, is an auxiliary reference metric. The
full dRGT action is given by

M2 4
Leg+ m2£¢ = TP\/—gR +m?y/—yg E anen(K) (2.2)
n=0

where the characteristic polynomials e, (X) of a 4 x 4 matrix X are
1

o a® =X, eX) =g (X - [X7)

(X = 3[X][X?] +2[X?]) ,  ea(X)=detX.

€0 (X) =

€3 (X) =

S = =



The squared brackets denote the traces, and the coefficients &, are arbitrary. It is also
possible to rewrite the mass term in terms of the characteristic polynomials of the square

root matrix (\/ﬁ)l: = ( g*lf)!: as

4
Lo=v=33 Ber(vQ), (2.3)
k=0

with the coefficients 35 given by

4
fe=yen (474 2
n=k

The characteristic polynomials of an n x n matrix X can be rewritten as the characteristic
polynomials of its eigenvalues \; as e, (X) = e, (\;) [19, 20], where

eM)=1, e(h)=) N=[X],

ex(Nj) = Z AiNj

i<j

en()\l) =MMA... )\, =detX.

Since here the matrix X = v/ is a square root matrix, we note that its eigenvalues are,
by definition, equal to the square root v/)\; of the eigenvalues of the matrix 2. Hence the
mass term (2.3) can be rewritten in terms of the eigenvalues of the matrix Qf, without the
need of finding the explicit expression of the square root matrix itself, as

4
Lo=V=9Y Brec(v/Ni). (2.5)
k=0

Since the mass term (2.3) explicitly depends on the auxiliary metric f,, it breaks the dif-
feomorphism invariance of general relativity. It can be fully restored by introducing four
Stiickelberg scalar fields ¢, A = 0,1, 2,3, corresponding to the four coordinate transfor-
mations as f, = 0,040,6%nap [3]. In addition, in this parametrization the auxiliary
metric is invariant under the Lorentz transformations A% in the scalar field space [4].
Hence the scalar field indices A, B are raised and lowered with the Minkowski metric
nap = diag (— + + + ). In this case the reference metric f,, is said to be ‘flat’ since it
is simply a coordinate transformation from the flat Minkowski metric n4p. An arbitrary
‘curved’ reference metric f,,, can be obtained by replacing the flat metric n4p with some
arbitrary scalar field metric fap(¢) [21]. Then the Lorentz transformations in the scalar
field configuration space are replaced by the isometries of the metric fap(¢).

The Stiickelberg formulation of the massive gravity allows for an equivalent form of
the mass term (2.3) by introducing a diffeomorphism invariant matrix

I = g" 0,6 0,¢° fae - (2.6)



Since the traces and eigenvalues of the matrices Iﬁ and Q) = g”p8p¢‘4&,¢3 fap are equal
then the mass term (2.5) can be equivalently written in terms of the eigenvalues of Iﬁ.
This rewriting makes manifest that any non-linear massive gravity theory can be viewed
as a theory of a number of scalar fields minimally coupled to gravity.

3 Reduced massive gravity

In the present paper we adopt the point of view that the mass term Lagrangian L4 used
in the non-linear dARGT massive gravity is a Lagrangian describing four Stiickelberg scalar
fields coupled to gravity. The motivation of restricting the number of scalar fields to the
number of space-time dimension in the context of non-linear massive gravity is that around
the background solution g, = 7., i x“él‘:‘ the metric perturbations have a Lorentz
invariant mass term of the Fierz-Pauli form at the quadratic level. However, if seen as
describing a theory of scalar fields, the action

4
Lo=vV=9Y anen(l-VI),  If=g"0,0"0,6 f5c(0) (3.1)
n=0

describes just some particular theory of derivatively coupled scalar fields, and depends only
on their first derivatives. This theory is diffeomorphism invariant even when the number
of scalar fields is not equal to the space-time dimension. Therefore from the scalar field
theory point of view the number of scalar fields N can be chosen arbitrary, both less or
greater than d+1. In the case N # d+1 the matrices I§ and 2 have different dimensions,
N x N and (d+1) x (d+1) respectively. Nevertheless, the non-vanishing eigenvalues of these
matrices are equal, and both formulations (2.2) and (3.1) of the action are still equivalent,
even though the formulation in terms of the smaller matrix is evidently simpler.

In this work we focus on the case of two scalar fields ¢4 = {¢%, #'} in 3+1 dimensions
as the simplest non-trivial case inspired by the dRGT massive gravity. Using the diffeo-
morphism invariant variables Iﬁ proves to be particularly useful for this setup since the
matrix Iﬁ is a 2 X 2 matrix in this case whereas Q) in a (3 + 1)-dimensional space-time is
a 4 x 4 matrix. The action of the scalar fields in any d > 1 then takes the simple form

£s=v=g (a0 + a1 Te(I = VI) + az det(1— V7)), (3.2)

where we have used the fact that for any 2 x 2 matrix X the polynomials ez 4(X) vanish.
In the case g = vy = 0 and for the scalar field metric taken to be the Minkowski metric
naB, the full theory £ = Lpy + m2£¢ has the solution

gﬂu — n;u/’ d)O — ij ¢)1 — 2l (3‘3)
The quadratic action for the perturbations

B = g g A = (0 = 2%) 8 + (8 — o) o (3.4)

!The coefficients &, o, in (2.2) and (3.1) respectively coincide only when the number of fields equals
the space-time dimension, i.e. when N =d + 1.



then reads
£ = 2[(h*)? = B0M] + 4847 [napdox® — daxp] +2 [(9ax*)? — 0*x"Opxa] , (3.5)

and the indices A, B = 0,1. In 1 4 1 space-time dimensions this action coincides with
the action for metric and scalar field perturbations around the Minkowski background in
massive gravity. However, in 3 + 1 space-time dimensions, this corresponds to a Lorentz-
violating Fierz-Pauli-type mass term for metric perturbations. A thorough analysis of
Lorentz-violating graviton mass terms, preserving the Euclidean symmetry of the three-
dimensional space was carried out in [22] (see also an earlier work [23]). In our case, the
symmetry of the three-dimensional rotations is in general not preserved by the ground state
of the theory. Therefore, the possible mass terms of our theory go beyond the considerations
of [22]. Out of their investigated mass terms, only the mass term with ma = mg #
0, mo,1,4 = 0 can be obtained in reduced massive gravity (if the number of scalars N = 3).
However, the stability analysis of [22] does not directly apply to our case since the number
of Goldstone fields is different.

A particular instance when the (3+1)-dimensional dRGT theory of massive gravity
reduces to the special case of two Stiickelberg fields is the case of a degenerate refer-
ence metric. To see this one can consider the spherically symmetric ansatz ¢° = f(t,7),
@' =g(t,r),i=1,2,3.2 For the flat auxiliary metric f,, = E)uqSA@ngBnAB in spherical co-
ordinates, this gives a matrix with the only non-zero entries in the upper-left 2 x 2 matrix,
and it can be easily reparametrized by using only two Stiickelberg fields. This illustrates
our point that the reduced massive gravity with the number of scalar fields N less than
the space-time dimension is equivalent to dRGT theory with a degenerate reference metric
fuv (or fap equivalently). However, the spherically symmetric ansatz given above reduces
to the degenerate reference metric only in the absence of perturbations.

3.1 Number of degrees of freedom

We would now like to estimate the total number of degrees of freedom propagated by the
full non-linear theory of gravity and two scalar fields. For this we will use the Dirac’s
approach to the Hamiltonian analysis of constrained systems [24, 25].

As was already mentioned, due to the fact that the action (3.2) is reparametrization
invariant and that the scalar fields are coupled to gravity minimally, i.e. only through the
terms g 8“¢A8V¢B , it is legitimate to count the number of degrees of freedom propagated
by the scalar field action and the Einstein-Hilbert action separately. In such a diffeomor-
phism invariant theory of gravity and minimally coupled scalar fields, the Hamiltonian
vanishes on the constraint surface, and both the lapse and the shift enter the Hamiltonian
linearly. This implies the appearance of in total 2(d + 1) first-class constraints, which can
be used to reduce the number of gravitational degrees of freedom to d(d+1)/2 —2(d+1).
The dynamics of the scalar fields then shall be generated by the usual Hamiltonian of the
scalar field action alone, contained in the Hamiltonian constraint of the full theory. There-
fore, the scalar field dynamics in such a theory can be considered separately from gravity.

2We note that this is not the ansatz usually studied in the context of the spherically symmetric solutions
of dRGT theory. Instead the common ansatz is ¢° = g(t,7), ¢' = f(r,t)z’/r.



Then naively one would expect that the number of degrees of freedom propagated by any
dRGT-type massive gravity in (d + 1)-dimensional space-time (with d > 2) equals to

#dof — %(d N+ 1)+ N (3.6)

where the first term accounts for the degrees of freedom propagated by the massless gravi-
ton, and the second term is just the number of scalar fields. This naive counting demon-
strates why, in (3+1)-dimensional space-time, a general non-linear massive gravity theory
with four Stiickelberg fields propagates six degrees of freedom. It has been demonstrated
that in the dRGT subclass of massive gravity theories at most five degrees of freedom prop-
agate due to the special structure of the graviton mass term (2.2) [7, 8]. In Stiickelberg
language it is clear that, in order for the assertion to be true, the scalar field Lagrangian
(2.3) has to have a very special structure such that it propagates less degrees of freedom
than the number of fields. In other words, in the non-linear dRGT massive gravity the four
Stiickelberg fields do not correspond to four independent degrees of freedom [10] (see also
[11, 12]). This can be seen from the vanishing of the determinant of the kinetic (Hessian)
matrix of the scalar field Lagrangian

9°Ly

= 9398 (3.7)

Aap
Hence the equations of motion of the scalar fields are not independent from each other, and
there exists (at least) one combination of the equations of motion which gives a constraint
equation relating the canonical momenta of the scalar fields. As a result, in dRGT massive
gravity the scalar fields propagate at most N — 1 = 3 degrees of freedom.

Our ultimate goal is to find the constraint structure of the scalar field part of the full
dRGT massive gravity while keeping the space-time metric arbitrary. In this paper we
start with the case of the reduced massive gravity (3.2) with two scalar fields. For this
we explicitly calculate the determinant of the kinetic matrix of the theory. Curiously, we
show that the naive expectation, that also in the case of two scalar fields the determinant
vanishes and the theory propagates N — 1 = 1 degree of freedom, is not met. Instead we
find that, in general, the determinant is not equal to zero, and thus there are two dynamical
degrees of freedom in the scalar field sector.

3.2 Determinant of the kinetic matrix

In the case of two scalar fields, the only non-vanishing characteristic polynomials of the
square root matrix can be explicitly expressed in terms of the TrZ and detZ as

(WD) =1, e(VI)=TVI= (TrI + 2\/detI>1/2 , (3.8)
er(VT) = det VZ = Vdet T . (3.9)

Then the scalar field action (3.2) reads

co=v=a o+ i (T4 2vae) "+ povaiz). (3.10)



Since the £y term does not affect the dynamics of the scalar fields, in what follows we set
Bo = 0. We also note that in dRGT massive gravity case, where the number of scalar fields
N coincides with the number of space-time dimensions, the highest order term with 8y is
usually dropped since it is a total derivative. In the reduced massive gravity, however, the
term with Sy—o does contribute to the dynamics of the scalars and, in general, cannot be
neglected.

In order to separate the time derivatives of the scalar fields while keeping the space-
time metric arbitrary, we employ the ADM formalism [26]. In ADM variables for the metric

components
SR
% »-}/ZJ - NN];[
the matrix Iﬁ can be expressed as
T = (~D¢" D¢ + 54C) fpe (3.12)

where D = % (80 — Niai), and the matrix S4¢ = »yija@f‘apc depends only on the spatial
derivatives of the scalar fields. The canonical momenta conjugated to the scalar fields are
given by

1 3£¢

:
"= Ngper ~ V) 1

(Trz + wm)

1
/2 [D¢A + \/ﬁ (S faB — SaB) D¢ | +

Ba

+
vdetZ

(S fap — Sap) Dé" | . (3.13)

Here S =Tr Sé, and the TrZ and det Z also depend on the time derivatives D¢ as

TrZ=TrZh =S5 — D¢ Doy ,
detZ = det Zf = det S — DO DT (S fap — Sag) ,

where det S = det Sg = det f det SAB. The determinant of the kinetic matrix is given by

det S 8
2
(det ) <Trl' + 2/det z)

— T4 (TrT +25) (S5 — S6%) — 25 det 5|+

det A4 = — det g . [\/detzzg(?,saf —25B) -

+ b1 = [\/detI(STYIJrZLdetS)—
(HI + 2+/det I)
— (2SZH + STrI) (S5 — S0%) — 25 det S] + B2 det S) . (3.14)



This expression is valid for any choice of the scalar field metric f4p(¢) as long as it does
not involve the time derivatives of the scalar fields. The determinant depends on temporal
(contained within the matrix Iﬁ) and spatial derivatives of the scalar fields. In general it
has a non-zero value which depends on the choice of initial conditions. The only special case
when the determinant vanishes identically is if we are considering a two-dimensional space-
time where the matrix S48 = 4119,¢29,¢® is a matrix of rank one, and det S = 0. This
case corresponds to the two-dimensional massive gravity and our findings are in agreement
with the previous work by de Rham et al. [10]. If the det S factor appears also in the
theory with four scalar fields, then the full dRGT massive gravity in 3 + 1 dimensions also
has the identically vanishing kinetic matrix, and thus at most five degrees of freedom in
total.

We thus conclude that in general the action (3.10) describes two independent dynamic
fields. However, on the surface det.S = 0 in the configuration space, the Lagrangian
equations of motion are degenerate and determine the second time derivative only for one
independent combination of fields. In the theory of partial differential equations the solu-
tions that entirely belong to the det S = 0 subspace are called singular solutions (cf. [27]).
In other words, singular solutions of a system of differential equations are the solutions
which belong to the surface where the number of independent highest time derivatives is
less than the number of the fields. Such solutions in general are the envelopes of families
of regular solutions of the system, and at each fixed moment of time coincide with some
regular solution (or the whole family of regular solutions). It means that the initial condi-
tions on this surface do not specify a unique solution since there are other solutions of the
theory which are touching the det S = 0 surface at the initial moment of time. We note
that this discussion holds only classically. In the full quantum theory the vanishing of the
determinant of the kinetic matrix signals that the scalar fields are infinitely strongly cou-
pled, and the quantum effects are crucial for the dynamics of the system near the singular
surface.

It is interesting to note that the trivial solution (3.3) with ¢4 = x4 is on the surface
det S = 0. However, any perturbations around this solution defined as x4 = ¢4 — 24
will no longer be on the singular surface and will propagate two degrees of freedom. In
order to understand the dynamics of such field perturbations it is instructive to study the
behaviour of the system in a close vicinity of the singular surface. Note that for 52 # 0 the
condition det S = 0 is also a necessary condition for det A = 0. Therefore in our discussion
of singular solution we will focus on the singular surface det S = 0. Although in general
the determinant of the kinetic matrix could vanish also in some other regions of the phase

space.

3.3 Hamiltonian analysis away from det.S =0

For any initial conditions away from the surface det S = 0 the expression (3.13) for momenta
is invertible, and the system contains two propagating degrees of freedom. In order to
qualitatively understand the dynamics of the system in the vicinity of the singular surface
we fix the scalar fields metric to be flat fap = nap and construct the Hamiltonian for the
limiting cases, when only one of the terms in Lagrangian (3.10) is present.



First, we consider the case when 85 = 0 and 81 = 1. The action with only 8 term
present, in the case of four scalar fields, was already studied as a special case of the dRGT
theory and is named as “minimal non-linear massive gravity”. Our Hamiltonian is in
agreement with the previous results (cf. [12]). The expression (3.13) for the momenta can
be inverted to give

1/2
) [T+ 2V/det 7| P T o5
Do” = — <7r + 7rB> . 3.15
S detS V
val (1 t Ve T deEI) detZ

It still does not allow to express the velocities in the terms of momenta completely, but it

turns out to be enough in order to obtain the Hamiltonian in terms of S4% and 7. After

322; = 1+~ '7474, the Hamiltonian takes

some algebra and with the help of the relation

the following form:

1/2 '
H=—-Nvy (S + A1 manpSAB + 2\/detS (14~ 7TA7TA)> + N* 8id)A7TA . (3.16)

This Hamiltonian has the form H = N Ho + N*H;, linear in the ADM lapse and shift,
as it should be in any minimally coupled theory where the scalar fields enter the action
only through different combinations of g“”@uqu&,gZ)B . When considered together with
gravity, Ho and H; simply contribute to the Hamiltonian constraint and to the generators
of spatial diffeomorphisms respectively. Doing so does not change the dynamics in the
scalar field sector, and merely reflects the reparametrization invariance of the action. We
therefore feel free to consider the scalar fields separately from gravity. At last, we note
also that the scalar fields Hamiltonian #Hy can be written as a trace of the square root

matrix Hg = —Tr \/Sé (5%; +1xC 71'3), very similar to the structure of the Lagrangian

Ly = \/—gTr\/f.

In the case when 51 = 0 and B2 = 1 the velocities can be expressed as

VdetZ
Dot = - YO gAB, (3.17)
V7 det S
Using the relation gg'ég =1+ % one can obtain the scalar fields Hamiltonian as
SECmD 1
Ho = —/7 Vdet S + 71 mympSAB = — /7 det \/Sé (5% + M) . (3.18)

The form of this Hamiltonian is also similar to the form of the original Lagrangian,
Ly = /—gdet VZ, and can be written as a determinant of some square root matrix.

In order to look at the dynamics we focus on the former case with So = 0. The
equations of motion for the scalar fields in Hamiltonian form read

1 det S
Do = — 74 4+ 54855 | 3.19
¢ Ho <\/detS 1+~ Lmamd) b (8.19)

. N .
A — O (N’ 7rA) =0, (Z_m [77,43 +~y Yo + \/detS (1 +~~LryamAd) SZ}B] 6’¢B> ,
(3.20)
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where the inverse of the spatial derivative matrix is 52113 = (Snap — Sap)/det S. These
equations of motion describe the evolution of the scalar fields ¢ and their conjugated
momenta 74 for any initial conditions with det.S # 0. In general one expects that all the
regular solutions, i.e. the solutions specified with the initial conditions with det S # 0, are
tangential to the surface det.S = 0 at some point of time. In other words, the singular
solutions, for which det S = 0 at any time, are the envelopes of the families of regular
solutions. Choosing the conditions in vicinity of the singular surface and following the
infinitesimal evolution in time, one can study the phase portrait of the system near the
singular surface and the way regular solutions are connected to the singular ones. We also
note that the Hamiltonian (3.16) cannot be used to study the singular solutions themselves
since it relies on the assumption det S # 0. The solutions with det S = 0 shall therefore be
studied separately.

3.4 Time evolution in the vicinity of the singular surface

In order to illustrate the behaviour of regular solutions in the vicinity of the detS = 0
surface let us choose some initial conditions that are infinitesimally close to the known
trivial solution ¢° = ¢, ' = ', but have non-vanishing det S and its time derivative.
Simplest way to write such initial conditions is to provide a small 22 (or %) dependence
to the ¢°:

(to) =to+eoa®, (o) =1+éa*, ¢'(to) =2", ¢'(to) =0, (3.21)

where €y, and €y are arbitrary constants, vanishing in the case of the critical solution
gbA = 2. Since det S = —e% and %detS = —2¢ép€g, these constants characterize the
displacement from the singular surface and its time derivative at the initial moment. Using
the Hamiltonian equation (3.20) for the momenta one can follow the infinitesimal evolution
of fields ¢# in time. Moreover it happens to be possible to find an exact solution in the
case of initial conditions (3.21). It can be obtained by promoting the 2> dependence of the
initial conditions to be valid at all times. By plugging the ansatz ¢°(t) = £(t) +€(t) 22 into
the equations of motion (3.20) one obtains two equations for the functions £(¢) and €(t)

. . - : 2
£ty =26(1) 28 L) =2 66((’52) . (3.22)
The general solution for the fields ¢4 (t) is given by
$O() = S0t —to) + <o v t&, ot)=2'. (3.23)

1 — St —t)

€0

It happens that this family of solutions never approaches the singular trivial solution ¢" = ¢
independently of how close are the initial conditions to it, i.e. how small is ¢y. Instead,
the solutions (3.23) are asymptotically approaching a different set of singular solutions
¢ = fo %g + & = const in the limit ¢ — 4+o0o. Therefore, for any given constant there is
a three parameter subfamily of regular solutions that approach it in the t — +oo limit.
Figure 1 illustrates this behaviour for the singular solution ¢° = 0. For simplicity we

- 11 -



singular solution / /ﬁ
Figure 1. Some members of the family of regular solutions (3.23) (solid), which approach given
singular solution ¢° = 0 (dashed) in the limit ¢ — +oo0.

have suppressed the 22 dependence of the regular solutions, and each line on the figure 1
corresponds to the one parameter family of solutions, which are different from each other
by the constant rescaling of €(¢). From the solution (3.23) one can see that det.S o t%,
and therefore the det S = 0 surface cannot be reached along the discussed trajectory at
any finite time. Note that apart from the solutions that start at the finite distance from
the det S = 0 surface and approach it in the future there exist solutions that start as a
small perturbations of the singular solution and leave the det .S = 0 surface. We would also
like to remark that all the solutions with a given 22 dependence have a singularity at the
finite time ¢ = to + E—g Hopefully there are other solutions in this theory that are free of
singularities.

4 The singular surface with det S =0

In this section we discuss the most general scalar field configurations which satisfy the
condition det S = 0 and show that the dynamics of the scalar fields in this subspace are
equivalent to the dynamics of scalar fields in the case of 1 4+ 1 space-time dimensions. To
see this we first discuss the 1 4+ 1 dimensional case separately.

4.1 141 dimensions: massive gravity
In 1 + 1 dimensions the scalar field Lagrangian (3.10) reduces to

1/2
b

Ly=PBiv—g (TrI +2v/det I) (4.1)

since the (B term is a total derivative term. The above Lagrangian coincides with the
dRGT mass term and was previously analyzed in [10, 28]. Here we shall follow a different
approach of Hamiltonian analysis which enables us to find the gauge symmetry of the scalar
field action. We show that the scalar field action of non-linear massive gravity propagates
no degrees of freedom in 1+ 1 dimensions, in agreement with [10, 28].

- 12 —



We first note that in this case the determinant of the matrix I§ is a full square

det f 1 _ _ A B 2

detZa =—= (= a6t , 4.2
etlp det g (25A35 ,u¢ N0 ( )
where the bared Levi-Civita tensors e, £€4p denote the flat space antisymmetric tensors
defined as 89" = —£'9 = 1, etc. in every coordinate frame. In this section for simplicity
we will consider the flat Minkowski scalar field metric fap = nap for which the factor

det f = —1. The scalar field action then becomes (up to a constant factor)

N 1/2 1/2

Ly = Qﬁ {Dlﬁ + v ’YH%} [D¢— Y ’YHW_} ; (4.3)

where 1y = ¢* £ ¢!, D = (0y — N'01)/N, and ¢/, = O19+. In the following we perform
the full Hamiltonian analysis of this system according to the constraint analysis proposed
by Dirac and extended by Henneaux et al. [24, 25].

4.2 Minkowski background

We start with the case of a flat Minkowski background metric g,,, = 7, since the gener-
alization to an arbitrary background is straightforward, as we shall see below.

4.2.1 Constraint algebra

In flat space the Lagrangian takes the simple form

Lo= 2/ + v\ Jio — o, (4.4)

and the conjugated momenta to the fields 1+ are

_— V-t o Vs ' (4.5)
NC No—

It is obvious that the momenta are not independent. Instead, they satisfy the primary
constraint .
Co=mp——=0. (4.6)

T

The total Hamiltonian density of the theory is obtained by adding the primary constraint
to the Hamiltonian as

Hr = 7T+”L/.J+ +7T_¢_ — £¢ + u0Co

1
=m P — 7?% + uoCo , (4.7)

where the Lagrange multiplier ug = ug(¢,x) is an arbitrary function of the space-time
coordinates. For the analysis of the dynamics of the system we define the equal-time
Poisson bracket as

(g = [ o

0f(x) 6g(z")  dg(x’) df(x) ) . (4.8)

6Ui(2) 6mi(z)  6i(2) omi(2)
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The time evolution of a functional f(t,z) = f(t,x, ¥'(t,z), m(t,x)) is then given by

of gt’ ) 4 / de' {f(t, ), Hr(t, )} . (4.9)

%f (t,x) =
For the consistency of the Hamiltonian equations of motion with the Lagrangian equations
of motion one has to impose an additional constraint to the system, namely that the
primary constraint is preserved in time. This in general leads either to secondary (and
tertiary, ...) constraints or determines the arbitrary function uo(¢,x) [24]. In our case we
obtain a secondary constraint

d

%Co(t’@ =2 (7r1> =2C(t,x) . (4.10)

It is straightforward to check that the time evolution of C; does not imply any new con-
straints since

%Cl(t,a:) = /daz/{Cl(t,x),HT(t,x/)} =— (1> =C] (4.11)

is a spatial derivative of the secondary constraint itself. Since both constraints mutually
commute, i.e. {Co(z),Co(z")} = {Co(x),C1(2")} = {C1(2),C1(2')} = 0, and since there are
no further constraints, we conclude that the constraint algebra is closed and our system
has two first class constraints. Cy is a primary first-class constraint and C; is a secondary
first-class constraint.

4.2.2 (Gauge symmetry

The existence of first-class constraints indicates that there is a gauge symmetry in our
theory. The purpose of this section is therefore to identify the gauge symmetries of the
original Lagrangian (4.4) and find the number of degrees of freedom described by it.

Since the total Hamiltonian (4.7) contains an arbitrary function of space-time coordi-
nates ug, a given set of initial conditions for the canonical variables v, 7; after some time
interval will evolve to different values of the canonical variables for different choices of ug.
Any two such set of values describe the same physical state related by a gauge transforma-
tion. In order to find the generators of the transformation one considers the evolution of
a given set of initial data over a finite time interval. This is reached by multiple Poisson
brackets of the canonical variables and total Hamiltonian, each of them transforming the
system infinitesimally. Hence after a finite time interval two different sets of canonical vari-
ables obtained from the same initial data will differ by a gauge transformation generated
by all first-class constraints. It is therefore why all the first-class constraints should be
put on the same footing and the Hamiltonian should be extended by adding to it also the
secondary (and tertiary, ...) first-class constraints [24]. This makes the full symmetry of
the theory manifest. In our case the extended Hamiltonian looks like

1
Hip =m_1 — 7r7¢; + uoCo + u1Cy (4.12)
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where we have introduced another arbitrary function ui(¢,2). Under the transformations
generated by the two constraints the canonical variables ¢ = {wi, m} transform according
to the law

R A {qm, [ e [ale!Coa) + 1)1 ()] } NREY

This for the transformations of the canonical fields gives
1
My =eo, - = W—2(50 -1, (4.14)

while the conjugated momenta stay unchanged. The corresponding extended first order
action

Sp = /dzx [W+¢+ + g — HE] (4.15)

is invariant under the above gauge transformations if also the Lagrange multipliers ug, uy
transform. Their transformation laws are not of any need in the present work, therefore we
shall not give their explicit form and instead refer the reader to [25]. Due to the fact that
in (4.15) we have introduced an additional arbitrary function u;, the equations of motion
which can be derived from (4.15) do not coincide with the equations of motion following
from the action Sy = [ d*x (mzp’ — ’HT> or equivalently from the original action (4.4).
Moreover, the original Lagrangian is not invariant under the gauge transformations (4.14).
The reason for this is that the extended Hamiltonian formalism introduces an additional
redundancy in the description. However, the time evolution of the gauge invariant fields can
be equally well described by both the total Hamiltonian 7 and the extended Hamiltonian
HE.

In order to obtain the symmetry of the original scalar field action, one can rewrite the
transformations (4.14) by expressing the conjugated momenta according to their definitions
(4.5) and demand that the action remains unchanged. This leads to the following relation

between the gauge parameters
1

Ep = 5 (6/1 — él) . (4.16)
Hence the gauge symmetry of the Lagrangian is
1 h_ — o
Yo — (€ + é)% , (4.17)
2 w—l- + ¢+
1
Vi o s+ (€ —€). (4.18)

2
Since the above symmetry transformation involves both, the gauge parameter ¢ and its time
derivative, then the number of degrees of freedom in the theory are reduced by two which
coincides with the total number of first class constraints [25]. It is so, because the gauge
parameter and its time derivatives are independent functions in the sense of independent
initial data which can be chosen arbitrarily at the initial moment of time. > Another way

3 A familiar example where exactly the same approach of counting the degrees of freedom can be applied
is electrodynamics. There the gauge transformation of the vector field A, — A, + 9, also involves both
the gauge parameter A and its time derivative. The constraint analysis of the theory also shows that there
is one primary and one secondary first-class constraint removing two out of four degrees of freedom.
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to see that there are no propagating degrees of freedom is by performing the gauge fixing
in the extended action (4.15). Since there are two constraints on the momenta and two
gauge symmetries (4.14) on the canonical fields it is evident that the action is pure gauge
and propagates no degrees of freedom. The same conclusion could have been drawn also
from the analysis of the Lagrangian equations of motion.

4.3 Arbitrary background

The scalar field action in an arbitrary curved 1+ 1 dimensional space-time can be written
as

S¢ = Q/Cizﬂlj Vo {1/4 + CLHM} v {I/J— - a_wl] v ; (4.19)

where we have introduced the notations ay+ = N+/v11 = N!. The conjugated momenta are

defined as
Vo —a_y) \/ hy + a+¢+ (4.20)

and the Hamiltonian analysis of the system can be carried out in complete analogy to the
case of Minkowski background. The extended Hamiltonian and the closed set of constraints
can be found to be

Y11

Hg = CL77T,1,Z)_ — CL+71/)+ + upCo + u1Cq (421)
. _ M1 - 1Y
with Co=mny——, Ci=—|—] . (4.22)
m_ m_

As before the constraints Cy and C; are first class constraints and generate the gauge
transformations of the canonical variables ¥+ +— 94 4 01+ with
1 /
5w+ = &0, 5¢_ = WT(’YHEQ — 61) . (4.23)

By inserting them in the Lagrangian (4.19) one obtains the following condition on the
gauge variables

eomilay +a-) —eg (0o —a—d —2a_)y11 + (9o —a-0; —2a_) e} =0, (4.24)

under which the Lagrangian remains invariant under the transformations (4.23). This
condition can be rewritten in metric components by using the relations v;; = ¢% det g,

Ti(a+ +a-) =2y/—g, and

1 1
at = gﬁ (801 + gOl) , Oyt ayrd = W (gO“ + 60“) Oy (4.25)
where the only non-zero components of the Levi-Civita tensor are e = —¢10 = —(,/=¢)~L.

Unfortunately, for generic background metric it is impossible to solve (4.24) for g in local
form. The gauge transformation is therefore in general non-local.
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4.4 341 dimensions

For the two scalar fields in 341 dimensions the determinant of the matrix of spatial deriva-
tives SAB =~ aiquajqu reads

det SAB — eiﬂfaquoakqﬁl} il [glm"amd)oanqbl : (4.26)

Hence the condition det S = 0 translates into requirement that the norm of the cross
product of the spatial gradients of the scalar fields ¢° and ¢' vanishes. In other words it
means that both gradients of the scalar fields have to lie along the same spatial direction
and thus can be used to parametrize only one spatial direction. Therefore the most general
scalar field configuration satisfying det S = 0 can be parametrized as

¢0 = ¢0(t’ f(t’xl)) ) (4‘27)
¢1 - ¢1 (t7 f(t,l‘z)) ) (4'28)

where f(t,z?) is an arbitrary function of space-time coordinates.

In order to see that this ansatz for the scalar fields makes the dynamics of the 3 + 1
dimensional theory equivalent to the dynamics of the 1+ 1 dimensional theory it is useful
to introduce the short hand notations N = N, Ni9;f — dof = N/, Difo;fy" = 517,
In terms of these variables the 3 + 1 dimensional field Z4% takes the form

1 = - ~
T4 = 9,0 0,0" = —— (0~ N1oy) 6 (0 — N1y ) o7 + 57 00" 00"
=I5 = 500" 050" (4.29)

where the tilded indices take the values i = 0, f. We recognize the tilded variables
N, N7, 47f as the ADM variables of an effective 1+ 1 dimensional metric . Indeed, for
the components of the effective metric

i =g" P =g"0f+g"0f,

g7 = g"oufOuf + 29" 0uf Oif + g7 0:f O f

they satisfy

. N

g% = — 1 . g = ]Y—f g'f =71 — Lf . (4.30)

N2 N2 N
As in the 1 + 1 dimensional case, the determinant det Z can be rewritten as a full square

det f [1 - 2

— A = = A B

detZ =detInp = det § B €AB€HU8,]¢ o520 ] (4.31)
with (det§)™* = —3/f /N2, and &7, £, denoting the flat space antisymmetric tensors.

Hence all the terms in the Lagrangian containing the scalar fields can be rewritten in terms
of an effective two-dimensional metric §#”. We would like to emphasize that this rewriting
is merely cosmetic and has the meaning only as the simplification of notations in the scalar
field action.
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In order to simplify the analysis of the equations of motion of the scalars, we rewrite
the integration measure of the Lagrangian density in another coordinate system {Z*},
where 20 = ¢, 2! = f(t,2"), and 2? = #2(2#), 2% = 23(2*) some arbitrary non-degenerate
coordinate transformations. In this case the metric components transform according to the
usual transformation laws, and the components §°°, §°, §'! coincide with the components
of the effective 1+ 1 dimensional metric g7, fi = {0, f} given above. Hence the Lagrangian
of the scalar fields can be rewritten in terms of the metric g*¥ as

Sy =2 / e / dt df JT;}[ (s +a0p0,] ks [ oy 2 s

where a4y = N \/ﬁW F N/. The variables N, N/, 5ff used for notational simplicity only,
can be expressed in terms of the metric g"” as in (4.30). By comparing this action with
(4.19) one sees that the only difference is the volume factor and the prefactor v/—g/N #
V711, which depends on all four space-time coordinates. Under the assumption that the
volume spanned by %2, #3 is finite, the Hamiltonian analysis of the scalar field dynamics
coincides with that in section 4.3.

We thus conclude that the ansatz for the scalar fields (4.27), (4.28) such that the
condition det .S = 0 is satisfied leads to a theory which is equivalent to the 1+ 1 dimensional
case and thus propagates no degrees of freedom. In Hamiltonian language, on this subspace
of the scalar field configurations the theory has two first class constraints.

5 Conclusions

Any diffeomorphism invariant formulation of massive gravity inevitably contains a number
of scalar fields minimally coupled to the dynamical metric field and can be viewed as just
some particular scalar field theory coupled to general relativity. Therefore we argue that
the Hamiltonian structure and the counting of degrees of freedom can be done for gravity
and scalar fields separately. In other words, the absence of the sixth degree of freedom in
the dRGT non-linear massive gravity [7] can be seen as a feature of the scalar field action,
and can be studied in the scalar field theory given by the dRGT mass term.

While the full dRGT scalar action contains the number of fields equal to the space-time
dimension, in this paper we have focused on the reduced case with two scalar fields, which
coincides with the full theory only in 1+1 dimensions. We have calculated the determinant
of the kinetic matrix 82[,¢ / dd20¢PB of the non-linear theory and have found that in d > 1
dimensions it does not vanish for generic initial conditions. Thus in more than 1 + 1
dimensions both of the fields are, in general, propagating. However there exists a subspace
of the configuration space where the Hessian is vanishing. It corresponds to the case where
the coordinate transformation represented by the scalar fields ¢ (z?) is singular on any
two-dimensional space-like surface, or, equivalently, when both of the fields depend only
on one independent space-like direction. In this case the scalars effectively live on the 1+ 1
dimensional space-time, and the theory is equivalent to the 1+1 dimensional dRGT massive
gravity, where there is only single spatial direction available. For the latter constrained
theory the full Hamiltonian analysis reveals two first-class constraints which generate one
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gauge transformation that leaves the action invariant. Since the transformation involves
two independent parameters, then after fixing the gauge the theory does not contain any
degrees of freedom. This is in agreement with the previous findings in the 1+ 1 dimensional
dRGT massive gravity [10, 28]. For the theory in more than 1+ 1 dimensions the effectively
1 + 1 dimensional solutions with vanishing Hessian correspond to the so-called singular
solutions. On such a singular solution at each moment in time there exist infinitely many
other regular solutions of the theory which are tangential to the singular solution, i.e.
with coinciding ¢ (%) and ¢4 (z?). Therefore, there is no choice of initial conditions that
uniquely specifies such a solution, and any perturbation in the initial conditions leads to
the regular solution with two degrees of freedom and non-vanishing Hessian. We note that
our findings do not allow us to draw conclusions about the behaviour of the dRGT-like
theories with more than two scalar fields, but the proposed method can be extended to
include arbitrary number of scalar fields.
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We investigate generally covariant theories which admit a Fierz—Pauli mass term for
metric perturbations around an arbitrary curved background. For this we restore the
general covariance of the Fierz—Pauli mass term by introducing four scalar fields which
preserve a certain internal symmetry in their configuration space. It is then apparent
that for each given spacetime metric this construction corresponds to a completely differ-
ent generally covariant massive gravity theory with different symmetries. The proposed
approach is verified by explicit analysis of the physical degrees of freedom of massive
graviton on de Sitter space.

Keyword: Massive gravity.

1. Introduction

The first successful attempt to modify the quadratic Einstein—Hilbert action in
order to describe a massive spin-2 particle in Minkowski space was made by Fierz
and Pauli.! They found that there exists a unique quadratic graviton mass term
which gives unitary evolution of massive spin-2 field with five degrees of freedom,
consistent with Poincaré invariance. Much later this quadratic model of massive
gravity was found to be inconsistent with observations and the need of its nonlin-
ear extension was established.?™* It was only recently that a nonlinear completion of
massive gravity which is ghost-free at least in the decoupling limit was proposed by
de Rham, Gabadadze and Tolley (dRGT).5 It is also known that the Fierz-Pauli
(FP) mass term explicitly breaks diffeomorphism invariance of general relativity
which however can be restored by introducing four scalar fields.” ® Then the gravi-
ton acquires mass around a symmetry breaking background of the scalar fields via
the gravitational Higgs mechanism.”

The objective of this paper is a detailed discussion of the possibility of having
a consistent diffeomorphism invariant theory of a massive graviton on arbitrary
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curved background. We first note that there is no unambiguous definition of a
mass of a particle in a curved spacetime which is not Poincaré invariant. Since
any spacetime can locally be approximated by Minkowski spacetime, one would
however expect that a massive graviton in curved space has the same number of
degrees of freedom as a massive graviton in flat space. We will therefore assume
that a massive spin-2 particle on arbitrary background propagates five degrees of
freedom with equal dispersion relations.

One way of addressing the question about a massive gravity theory on arbitrary
backgrounds is to investigate the nonflat metric solutions in dRGT gravity. Since
the metric perturbations around Minkowski space in this theory have a FP mass
term, then one could expect that also a spin-2 particle on a non-Minkowski solution
of dRGT gravity has five degrees of freedom, all of which have the same mass. There
have been numerous attempts to this problem and several spherically symmetric
cosmological solutions have been found in the nonlinear theory.''” However, met-
ric perturbations around these nontrivial background solutions do not, in general,
have a mass term of the FP form. In Refs. 14 and 18, metric perturbations around
the self-accelerating solutions of dRGT gravity were investigated. It was shown that
only the transverse traceless tensor metric perturbations satisfy the equation of a
minimally coupled massive scalar field. The scalar and vector part of the quadratic
action was shown to coincide with the corresponding action in general relativity
giving no additional dynamical degrees of freedom. This behavior is quite different
from the massive graviton on Minkowski space which has in total five and not two
massive degrees of freedom.

Another approach to generalizing massive gravity on curved backgrounds is the
bimetric theories where an additional spin-2 field is introduced.'® 2! The spheri-
cally symmetric solutions and Friedmann—Robertson-Walker (FRW) solutions in
bigravity formulation were studied in Refs. 22-25. However, bimetric theories have
a different scope from the single spin-2 field massive gravity theory discussed in the
present work.

In this paper, we shall adopt the convention that a massive gravity on some
curved background is a theory such that the metric perturbations around this back-
ground have a mass term of FP form. Since the FP mass term explicitly depends on
the background metric, it breaks the diffeomorphism invariance of general relativ-
ity and can only be regarded as the gauge fixed version of the underlying generally
covariant theory. It is nevertheless important to know how the general covariance is
maintained even if it is often enough to work in one particular gauge with no gauge
redundancy in description. We will first reason that in dRGT theory the only space-
time in which the graviton has a FP mass term is the Minkowski space. Therefore
one has to look for another generally covariant theory describing FP massive gravi-
tons on curved backgrounds. For this we will generalize the Higgs mechanism for
gravity, as introduced in Ref. 7, to arbitrary curved spacetime. In the usual Higgs
gravity on flat space the graviton mass term is built out of the diffeomorphism
invariant combinations of the scalar fields A48 = g“”@uqﬁA@,,(bB — nAB.7 Here we
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modify the variables A4 to be suitable for cosmological backgrounds by replacing
the Minkowski metric 7”42 in the definition of h*® by some scalar functions f42 ().
In the internal space of the scalar fields the set of the functions fAZ(¢) acts as a
metric.

We then demonstrate how our approach works for the special case of de Sitter
spacetime. The properties of massive graviton in de Sitter universe have been stud-
ied previously in a theory where the diffeomorphism invariance is explicitly broken
by the FP mass term.2%27 It has been shown that this quadratic theory possesses a
couple of properties distinctive from the massive gravity on Minkowski background.
In particular, the helicity-0 component of the graviton seems to become nondynam-
ical for a specific choice of the mass parameter m and cosmological constant A.26:27
For graviton masses below this value, i.e. m? < 2A/3, the theory admits negative
norm states. The unitarily allowed region for massive graviton in de Sitter space is
therefore restricted to m?2 > 2A /3, and is known as the Higuchi bound. Generaliza-
tion of this bound to arbitrary FRW universe has been found in Refs. 28-31 (for
extension to Lorentz violating graviton mass terms see Ref. 32). This motivates us
to verify that the same results can be obtained from the diffeomorphism invariant
Higgs massive gravity on de Sitter space proposed in this paper.

A consistent description of massive graviton on FRW spacetime is of particular
interest also from the phenomenological point of view. Conventionally a spatially
flat FRW spacetime is used to approximate various stages of the history of the
universe. A nonvanishing graviton mass inevitably modifies the evolution of cos-
mological perturbations and could thus leave observable imprints in the cosmic
microwave background (CMB) spectrum. The analysis of the effects of massive ten-
sor perturbations under the assumption that the scalar and vector perturbations of
the metric coincide with general relativity was done in Ref. 33. It was shown that
in the graviton mass range between 1073% and 10727 eV the characteristic feature
of massive tensor perturbations for the CMB is a plateau in the B-mode spectrum
for multipoles | < 100. For even larger graviton masses m > 10727 eV the tensor
perturbations are strongly suppressed. Thus nondetection of the B-mode signal in
the near future could serve as a hint towards a nonvanishing graviton mass. In this
paper, we introduce a diffeomorphism invariant model of massive gravity on arbi-
trary curved background with five massive gravitational degrees of freedom which
could also affect the evolution of scalar density perturbations. This theory thus pro-
vides a theoretical framework for studying the effects of a nonvanishing graviton
mass to the CMB spectra, and therefore deserves a further investigation which is,
however, beyond the scope of the present work.

The paper is organized as follows: in Sec. 2, we discuss how the diffeomorphism
invariance of massive gravity can be maintained on arbitrary background. We review
the gravitational Higgs mechanism in Minkowski space and discuss the nonlinear
dRGT completion of the quadratic FP mass term. We briefly comment on the
nonlinear cosmological solutions in this theory and argue that the dRGT gravity

1250058-3



L. Alberte

cannot simultaneously admit a curved background solution for the metric and a FP
mass term for metric perturbations. We point out the crucial points of failure and
with this knowledge we generalize the gravitational Higgs mechanism to arbitrary
curved spacetimes. In Sec. 3, we work out in detail the proposed model for de Sitter
universe and recover the results obtained in previous literature.?%:2” We conclude
in Sec. 4.

2. Diffeomorphism Invariant Massive Gravity

Let us consider the Einstein—Hilbert action with some matter Lagrangian £,, and
FP mass term

S = —%/d4:c\/—_gR+/d4x\/—_g[rm(gum¢) + Skp, (1)

where 1 denotes a set of matter fields and we have set 87G = 1. The FP mass term
for metric perturbations h*” = g"¥ — (O) g" can be written as

m2 a v
SFP = ? /d4$\/ —gh ’Bh‘u ((O)gw/(o)gaﬁ - (O)gﬁ%gvﬁ)v (2)

where the background metric (V) g#¥ (z) satisfies the Einstein equations and is deter-
mined by the matter Lagrangian £,,. In this section, we will generalize the FP
mass term in a diffeomorphism invariant way for arbitrary background. We will
show that the resulting generally covariant theory is different for each background
metric (0 ghv.

2.1. On Minkowsk: background

In order to give mass to graviton in a diffeomorphism invariant way we employ four
scalar fields ¢, A = 0,1,2,3 and introduce a Lorentz transformation Aé in the
scalar field space. Hence the scalar field indices A, B are raised and lowered with
the Minkowski metric 4% = diag(+1, —1, —1, —1). We then build the mass term
for metric perturbations from the combinations of the variables

hAB = HAP AP where HAP = ¢"9,6% 0, ¢” (3)

is a composite field space tensor.” On Minkowski background the scalar fields ¢4
acquire vacuum expectation values proportional to Cartesian spacetime coordinates
0)pA = x“&ﬁ‘. The diffeomorphism invariance is thus spontaneously broken and
the scalar field perturbations y* = ¢* — (¢4 induce four additional degrees of
freedom. In combination with the two degrees of freedom of the massless graviton
the scalar field perturbations constitute the five degrees of freedom of a massive
spin-2 particle and a ghost. The ghost in quadratic order is canceled by the choice
of the FP mass term.

RAB

In unitary gauge, when y? = 0, the variables are equal to metric per-

turbations since A48 = 5;:‘55 h*¥. Thus the diffeomorphism invariance of general
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relativity is restored by replacing h*¥ — h4P in the FP mass term. This leads
to the following action of the scalar fields which around the symmetry breaking
background gives the FP mass term for metric perturbations:

m? - — A
So = = /d4:1:\/—g(h2 — hahk). (4)

Since the field A4 transforms as a scalar under general coordinate transformations,
this Lagrangian is manifestly diffeomorphism invariant. Moreover, as the Latin
indices in the action are contracted, it is invariant also under the isometries of the
metric 14, namely the Lorentz transformations A4 introduced above.

It is known that the action (4) propagates the Boulware—Deser ghost in cubic
order in perturbations and have to be supplemented with higher-order terms in
hAB . It was shown by dRGT in Refs. 5 and 6 that the massive gravity potential,
which in Minkowski space is ghost-free in decoupling limit, can be resummed in
terms of a new field

KE = 88 — /gt or¢AD, 6B nap. (5)

The nonlinear dRGT massive gravity can thus be written in a closed nonperturba-
tive form as®

1 m?
Sarcr = Ser + 5 = —5 /d4fﬁv R+ - /d4xv —g(K)? = [K%]).  (6)
By construction this theory admits the solution
Guv = Ny and o a:“(sl_‘? (7)

around which the metric perturbations have a quadratic FP mass term. Other
so called empty space solutions of the model (6) have been studied in numerous
papers.'%715 More solutions have been found in the presence of external matter
sources described by some Lagrangian density £,, in Refs. 15-17.

The metric perturbations around the various solutions of dRGT theory, in gen-
eral, do not have a mass term of the FP form. This can be understood by considering

some arbitrary background solution for the metric (¥ guv and scalar fields ©0)pA.
The tensor field ¥ can then be splitted as KF = (DIC# + §KCH with

Ok = g1 — V(0 g2 9, (0649, 0) By 4 (8)

and JICF denoting a perturbation. For the solution (7) the background value of ¥
vanishes and 0K# = —2ht + O(6¢, h?,...). After substituting this in the action (6)
one obtains a FP mass term for the metric perturbations. However for solutions of
dRGT theory with (OKF £ 0 the quadratic potential of (6) gives not only terms

a Also special combinations of cubic and quartic terms in X! can be added to this action. We shall
keep this in mind, but here we skip them in order not to clutter the notations. For the additional
terms see Ref. 5.
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quadratic in 6K/ but also zeroth- and first-order terms like (V)2 and (VK1 oKCE.
This implies that also the additional cubic and quartic terms in ¥ contribute to
the quadratic terms in metric perturbations. Therefore, the FP structure of the
mass term for metric perturbations is most probably lost. A fully general proof of
this statement is still lacking, but for some specific background solutions it has been
confirmed by detailed analysis of metric perturbations in Refs. 14 and 18. In other
words the form of the FP mass term is most likely preserved only for the solutions
with (O KH = 0.

Another general feature of the dRGT theory is the appearance of an effec-
tive energy-momentum tensor of the scalar fields, Tfffj), arising from the mass
term:

2 0S m2 m? N KA
10 = 25— g (K~ K7) + Ky L 1, - ). (9)

The contributions from the mass term thus inevitably modify the background solu-

tions of general relativity (GR) which in the absence of graviton mass term is
determined by the matter stress energy tensor. Even such important GR solutions
as Schwarzschild metric and spatially flat FRW metric are not solutions of dRGT
theory if (/% # 0. Therefore, in order to recover GR from the action (6), the
effect of the energy-momentum tensor due to (X# # 0 should be negligible at
least in Vainshtein regime. Basing on these observations we claim that the dRGT
theory can be interpreted as a phenomenologically viable modification of gravity,
such that the metric perturbations around a given background have a Fierz—Pauli
mass term, only around the solutions with (VC# = 0.

It is easy to see that this is equivalent to the condition (VA48 = 0. In this
case the quadratic mass term for metric perturbations is determined by the action
quadratic in h4" with no need to specify the nonlinear completion of the theory.
We will therefore consider only the generally covariant quadratic action (4) and
require that (VA4F = 0 for some non-Minkowski background metric (9 g =£ niv .

This translates into an equation for the background values of the scalar fields
(0)¢A;

00 pA 9O pB _ A

(0) ,uv
9" () ox*  Oxv

(10)
By identifying z# = (O)QZ)A&Z‘ this can be interpreted as a metric transformation
law under general coordinate transformations z# — z* such that the transformed
metric is g = 040%n*B. Such a coordinate transformation which transforms
a curved spacetime into a flat spacetime does not exist. Therefore, for arbitrary
curved metric (%) g"” there is no solution for the scalar fields (V¢4 such that (10) is
satisfied at every point of the spacetime. Hence, in order to describe a FP massive
graviton on a curved background one has to modify the diffeomorphism invariant
variables h48 so that the requirement (VhAB = 0 is fulfilled.
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2.2. On curved spacetimes

In this section, we will generalize the diffeomorphism invariant field space variables
hAB so that in the unitary gauge when ¢? = :U”élf the field h4® would coincide
with the metric perturbations h* = g — (©) g# around an arbitrary background
metric (Vg#”. In analogy to the definition (3) we generalize h4P as

WA = HAP — AP (9) (11)

with some arbitrary scalar function f4Z(¢). Independently of the function f45
this variable is invariant under spacetime diffeomorphisms for 4% depends only
on the four scalar fields ¢*. We then notice that if the functional dependence of
fAB(.) is set by the solution of Einstein equations as f45(.) = (O)g“”(-)5ﬁ5f then
the background value of h8 vanishes. For example, if (©)gh"(2) = a=2(n)n*" is
the Friedmann metric, written by using the conformal time 2° = 7, then f48(¢) =
a_Q(qu)nAB . We have simply replaced the spacetime coordinate z° with the scalar
field ¢°.

Hence, given the background solution of the Einstein equations (¥ gh”(z) it is
straightforward to write down the quadratic FP mass term for metric perturbations
around this background in a diffeomorphism invariant way. For this one simply has
to perform the substitution h* — h45 in the FP mass term (2), where the latter

is defined as

hishea = 9" (2)0,07 0,07 — fAP(9),  fAP(8) = Vg ()5, 57 (12)

The scalar fields then admit the solution (V¢4 = 1;“5;‘ and on the scalar field
background the diffeomorphism invariance is spontaneously broken giving mass to
the graviton. However the condition f48 = (0) g“”él’:‘(Sf has to be imposed by hand
depending on the matter content of the initial theory without the graviton mass
term.

We note that the only distinction between the definition of
time (3) and the generalized definition (11) in curved spacetime is that we have
replaced the Minkowski metric n4? — fAB (¢). Hence the “distances” in the scalar
field space are now measured by the metric f4?, and the scalar field space indices
have to be raised and lowered as

¢p = fapd™. (13)

In particular, hs = fech?. There is however a crucial difference between the

hAB in flat space-

Higgs mechanism for gravity on curved background presented in this paper and
massive gravity with a general reference metric investigated in Refs. 21 and 34.
In these works the dRGT graviton mass term has been rewritten in terms of the
square root of a matrix ¢g"* fy,, where g"” is the physical metric of the spacetime
and f,, is an auxiliary reference metric. The metric f,,, explicitly depends on the
spacetime coordinates, and setting f,, = 1, is equivalent to going to the unitary
gauge in dRGT picture. We can relate the auxiliary reference metric f,, to the
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metric fap(¢) in the scalar field space by the parametrization

= O™ 0P
fMV:fAB(¢) aﬁu aﬁu

In Ref. 21 dynamics of the reference metric f,, is invoked by adding to the
Lagrangian a standard Einstein-Hilbert kinetic term for the metric f,,. This gives

(14)

rise to a bimetric theory of two spin-2 fields, one massive and one massless. In
our work the spacetime tensor field f,, becomes a dynamical object since it is a
function of the scalar fields ¢”. The scalar field metric fap = faB (¢) is however
simply a set of functions of the scalar fields ¢* and should not be interpreted as an
independent spin-2 field.

In the case when the background spacetime is flat the definition (12) reduces
to (3). The diffeomorphism invariant FP mass term on a curved background can be
written as before in Eq. (4) with h4 defined in (12). The resulting FP mass term
(2) is invariant under the isometries of the metric fap on the configuration space
of the scalar fields.

To summarize, given a certain matter Lagrangian £,,, and a corresponding solu-
tion of Einstein equations (°) g#¥(z) in a specific coordinate frame {x#}, it is always
possible to construct a diffeomorphism invariant FP mass term (4) with (12). When
setting the scalar field perturbations y* = ¢4
mass term around the solution (V¢4 = :U“élf. Moreover, it is straightforward to

— ¢4 to zero one recovers the FP

make use of the nonlinear dRGT completion written in terms of the flat space
fields K# by simply substituting K¢ = 0% — /gt dx$A0,¢B fap. The resulting
nonlinear theory for metric perturbations h* = g — (9 g ghould possess the

same properties. However, for every given background the diffeomorphism invari-
ant FP Lagrangian corresponds to a different theory for the four scalar fields. It
is therefore not possible to have a unique massive gravity theory such that met-
ric perturbations around any arbitrary background would have a FP mass term.
Instead one can choose and fix one particular theory such that around one particular
background the metric perturbations have mass term of the FP form.

3. Massive Gravity in de Sitter Universe

In the second part of this paper, we work out in detail the Higgs massive gravity
model for curved backgrounds presented in previous section in the special case of
de Sitter universe. We write the diffeomorphism invariant Lagrangian explicitly in
terms of the scalar fields. In unitary gauge we reproduce the results obtained in
previous studies of theories where the general covariance is broken explicitly by the
FP mass term.26:27

We consider the Einstein action with cosmological constant and generally covari-

ant FP mass term

1 2 _ — -
§=-3 /d‘*:m/—g (R+2A) + % /d4l’\/—9(h2 — high3). (15)
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where the scalar field tensor h48 is defined as

0¢” 0¢”

BAB — MV - rAB A ) 16

R (16)
In spatially flat de Sitter universe the background metric can be written as (V) g =
a=?(n)n* with a(n) = —1/(Hn), where the Hubble scale H?> = A/3 is set by

the cosmological constant. Hence the scalar field metric entering in (16) is given
by fAP = (H¢°)?n"8 and the diffeomorphism invariant FP mass term can be
written as

2
Srp = — /d4x\/—g{g“”gaﬁﬁu¢Aay¢38a¢caﬁ¢[) [maBncop — neenap]

—6(H¢%)?g" 0,0" 0,0 nap + 12(H¢")"}. (17)
We see that this mass term has a very specific dependence on the scalar field ¢°
which we introduced by hand after setting f42 = a=2(¢%)nAZ. This breaks the
translational invariance of ¢°, whereas the flat space massive gravity, discussed in
Sec. 2.1, is invariant under the shifts of the scalar fields. It is therefore clear that
massive gravity on de Sitter spacetime and massive gravity on Minkowski spacetime
are two fundamentally different theories.
In order to show that the Lagrangian (15) describes a spin-2 particle with five
degrees of freedom on de Sitter background let us consider perturbations around
the backgrounds

g = a2 )" + W), ot =at (18)
Then A8 takes the exact form

_ _ a—2 ¢O
hAB —a 2(77){77AB i a_2((77)) nAB + hAB + aHXBT]uA + aNXAT]'uB

+ BB, XA + B0, B 4 0,0 Bt + aMXAaVXBhMV}. (19)

Here additional care must be taken since the Latin and Greek indices are raised
with f48 and g, respectively, in particular hiy = fpch?® = a?(¢°)npch”c.
Meanwhile the Greek indices of the metric perturbations h*” are raised and lowered
with the Minkowski metric n*¥. In order to find the explicit perturbative expansion
of h4 we have to evaluate the ratio a?(¢°)a=2(n). On the scalar field background
#° = n and a?(¢°)a"2(n) = 1, but due to perturbations of the scalar fields this
ratio deviates from one. For small scalar field perturbations x° = ¢° — n the scale
factor a?(¢°) can be expanded up to second-order in " as

a*(¢") = a®(n) + 2aa’x" + 3(a')*(x")?, (20)

where the scale factor and its derivatives are evaluated at ¢ = 7. Hence for B’é one
obtains

—_ a/
hg = hp + X" + 0, X ™ npc + 2?(053‘ + O(h?,x?). (21)
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The linearized transformation laws under infinitesimal diffeomorphisms z# — z* +
EH are

/
a
hip = W60 nBe — | WY+ 0" 0a” + 0" 0,8 +2—E" | 550 ns0,

x* =yt -t (22)

and hence h4 in (21) is indeed gauge invariant. It is therefore always possible to go
to unitary gauge where x4 = 0, hj = h“”(Sl‘j‘éanC, and the action (15) reduces
to the FP action (2). In what follows we will consider only small metric and scalar
field fluctuations and neglect higher-order terms in (21).

As in our previous work, we will classify the metric perturbations according to

the irreducible representations of the spatial rotation group3®:36:
hoo = 2¢, (23)
hoi = B + Si, (24)
hik = 20k + 2E i + Fip + Fri + ha (25)

with B; = dB/dz" and S;" = Fi" = h), = hi = 0. The fields ¢, %, E, B and
the fields S;, F; describe scalar and vector metric perturbations, respectively. In
empty space scalar and vector perturbations are nondynamical, and the dynamics
of hy,, is fully characterized by the transverse traceless tensor field ﬁlk It has two
independent degrees of freedom corresponding to the massless graviton. However, in
the presence of matter inhomogeneities the propagation of scalar and vector metric
perturbations can be induced. We also decompose the scalar field perturbations
into scalar and vector parts as

X' =" X =Xt (26)
with x% ; = 0.

The equations of motion for metric perturbations in de Sitter universe in the
presence of any matter perturbations 7% follow from the linearized Einstein equa-
tions.?® In the absence of any additional external matter sources the effective
energy-momentum tensor arises only due to the mass term and can be obtained by
varying the scalar field part of the action (15):

m2f — — — — m2 _ .
i) = = 0P 0,6°0,6" [fanfep — fapfoc] — g [h® — hEhE].  (27)

In general T, can be split into a background and perturbations as T), =
(O)TW +067),,. For arbitrary FRW spacetime the expression for 67},, would depend
on the coordinate frame. However the linearized stress tensor due to the FP mass
term on de Sitter universe is gauge invariant. The reason for this is that by con-
struction there are no zeroth-order contributions to this energy-momentum tensor
and it is nonvanishing only at perturbative level, hence T,Sf) = 5T,§f). The only con-
tribution to the background energy tensor comes from the cosmological constant
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(O)TW = An,., implying the equation of state p = —p. At quadratic level in the
action the scalar, vector and tensor perturbations decouple from each other and
can be analyzed separately.

3.1. Scalar perturbations

Up to linear order in perturbations the scalar part of the variables Bg can be
determined from the expression (21) as

/

(IR = —2¢ + 2(x°)' + 22",
a
Y = =B+ x5 — ().

/
Ri = 28 + 2 i1, + 27 + 2%X05ik,

where ' = 0/0n. The explicit expressions for the scalar components of the energy—
momentum tensor are
/
Ty = m2a® l?)a—xo + 3+ AE + Aﬂ'] ) (28)
a
m2
STy = —7612[—3,7; +x% = ()4, (29)
m? a
)T = —7(12 K—ZQS +2(x%) + 6—x" + 49 + 2AE + 2A7r) ik
a
—2(E—|—7T),Z‘k]. (30)

Although (% )Tuu is itself gauge invariant, each of the perturbations ¢, v, F, B, x°, ©
on the right-hand side of the above equations separately is not gauge invariant.
Under infinitesimal coordinate transformations z# — x# = x# + &#, with the scalar
components of the diffeomorphism ()¢« = (€9,0;¢), the perturbations transform
as:

6 =0— (e, bod =v+ e
E—E=E+C¢, B— B=B+( —¢, (31)
X0 = x?=x"-¢, T T =71

Since we are free to choose the two functions £° and ¢, we can impose two gauge con-
ditions on scalar perturbations. This corresponds to choosing a specific coordinate
system. We can always switch from one coordinate system to another by performing
a further coordinate transformation. Here we will study the linearized equations of
motion in unitary gauge where Y° = 7 = 0. This gauge can be obtained from (31)
by a diffeomorphism (9¢* = (x?, 9;7). We denote the perturbations in this gauge
by tilded variables. The linearized Einstein equations for scalar perturbations then
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become
1 ~ ~ ~
AV — 3H(U' + HP) = §m2a2(3l11 —3H(B - E') + AE), (32)
/ 1 2 21
U ~|—’H<I>:ZmaB, (33)
U — & = m2a2FE, (34)

U+ H(2V + @) + 3H?D + %A((I) —0)

= (20~ &~ 3U(B ~ ')~ (B~ ') + AB), (35)

where H = a’/a and on both sides of the equations we have expressed the met-

ric perturbations (%,1& with the gauge invariant scalar perturbations ® and W

defined as
1 /
¢=¢-—-la(B-E), ¥=v+—(B-E). (36)

Equations (33) and (34) are nondynamical and can be used as constraints. After
eliminating the gauge-dependent metric perturbations B and E Eqs. (32) and (35)
can be brought in the form

Oy(a™2[¥ + @) + m?a?(a 2[¥ + ®]) = 0, (37)
%(\IJ L)+ g%(\lﬂ L 3) =30 <m2“2 - %2>, (38)

where Oy = 02 4 219, — A denotes the covariant d’Alambertian in de Sitter space.

In order to determine the number of degrees of freedom propagated by this
system of equations together with their dispersion relations, we calculate the deter-
minant of this system in Fourier representation. As a result we obtain

m2a?

Det = 3( — H2> (—w? + 2H? — 2Hiw + k* + m?a?) (39)
with conformal time frequency w and 3-momentum k. The second bracket cor-
responds to the equation of motion (37). It is therefore clear that the four
Eqs. (32)—(35) describe only one massive scalar degree of freedom corresponding
to the helicity-0 component of a massive spin-2 particle. In the special case when

H? = mz‘IQ, or equivalently 2A/3 = m?, the determinant vanishes identically. In

other words, in this case Eq. (38) establishes a relation between the scalar mode
a=2(®+ W) and its time derivative. This reduces the order of the equation of motion
(37). Hence the scalar mode ceases to be dynamical and the massive graviton has
only vector and tensor degrees of freedom in agreement with Refs. 26 and 27. This
is due to the fact that, when H2 = 229° the fields ¥ and ® enter Eqs. (37) and (38)

2
in the combination ® + ¥ only while ¥ — ® remains arbitrary. However this result is

most likely valid only at the linear level as we have suppressed higher-order terms
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which would otherwise contribute to the Eq. (38). The special value of the graviton
mass m? = 2A/3 corresponds to the so called Higuchi bound.?®:27 If the graviton
mass is smaller, i.e. m? < 2A/3, then the sign in the helicity-0 mode propagator
flips with respect to the helicity-1 and helicity-2 modes. Hence below the Higuchi
bound the graviton on de Sitter background is unstable and propagates a ghost.
In order to find the effective mass of the canonical variables we rewrite the
Eq. (37) with respect to the physical time ¢. By defining the helicity zero component
of the metric perturbation as ¢, = a~/2[¥ + ®] the equation of motion becomes

. A .
Gy~ —ds + m24Gs = 0. (40)

This allows to describe the dynamics of the scalar perturbations as if they would
propagate in Minkowski space with a Laplacian taken with respect to the physical
space coordinates az’. The effective mass is mZ; = m? — 2H?, in agreement with
Ref. 27.

3.2. Vector perturbations

The vector components of Eg in linear order are equal to
Y = =8, = (X0, Vhi = Fip+ Fra+ X0+ XL (41)

with S;' = F;' = XL = 0. Under infinitesimal coordinate transformation x* —
i =zt + " with the vector components of the diffeomorphism (V)¢# = (0,¢7),

512 = 0, the perturbations transform as

As for scalar perturbations we will work in the unitary gauge where y, = 0. This
gauge can be obtained from (42) by a diffeomorphism (V)¢# = (0, ). In order to
find the variables of vector perturbations which satisfy equation of motion of the
form (40) it is convenient to consider the action and find the canonically normalized
variables. In unitary gauge the quadratic action becomes

628 = —% / d*ra® <1F;AF,L.’ — S;AF! + %SZ-ASi)

2
m2
Variation with respect to the field S; gives a constraint equation which allows to
express
AF!
S, = ——. 44
A — m2a? (44)
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After substitution of this constraint and transformation to physical time dt,nys =
adn, and a field redefinition F; — ¢ = v/—Aa?/?F; the action becomesP
1 m? A 9
5 =—/d4— i — 3Hqq — —m?+ -H? : 4
5= x(2 A>q 3Hag+q| 5 —m"+ q (45)
m —_— —

a?

We further add a total time derivative +2 f d*zHqg to the action and define the

conjugated momenta as p = %—g. By using the definition of p the action can be put
in the form
A A
1 —= +m? —8— + bm?
5= Jated i o | = o | — o g
—4= +m?
2 2 a?
+—-q | m~+4H 5 q (46)
m
in agreement with Ref. 27. By another field redefinition
4 _3H@+2,  p _ 4Hp, — (m? ~ 6H?)q, (47)
V2 2m V2 2m
we arrive at the diagonal form of the action
_on 1. 1. A 9 R

This action describes two dynamical degrees of freedom of vector perturbations. The
equation of motion for the canonically normalized vector modes ¢, then coincides
with the equation for the scalar modes and is

- A _
qv — ;% + mgffqu =0 (49)

with the effective mass mZ; = m? — %H 2,

3.3. Tensor perturbations

The linearized Einstein equation for tensor perturbations is
hi; + 2Hh;; — Ahi; = —167GoT; (50)
which with (Thi = hir and (DT, = @ﬁlk immediately yields
hi; + 2Hhi; — Ahij +m®a®hi; = 0. (51)
PThe spatial index i is suppressed in the definition of the new variable ¢ as the indices of vector

perturbations F; can only be contracted in an obvious way, i.e. F;F;. We keep in mind, however,
that the variable ¢ has two independent components.
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After field redefinition iNLij — G = a®/ szij and transformation to physical time
the above equation takes the form

- A _
qt — ?qt + mgﬁQt =0 (52)

2 _ %H 2 which coincides with the effective mass of

with effective mass m2; = m
scalar and vector modes of the graviton. Hence we conclude that all canonically
normalized helicity-0, £1, +2 modes of massive graviton on de Sitter universe satisfy
wave equation for a massive scalar field of the form (52) with the same effective

mass. In other words, all five degrees of freedom have the same dispersion relations.

4. Conclusions

In this paper, we have investigated the diffeomorphism invariant theories of massive
gravity on curved backgrounds. With this we understand theories for which the
metric perturbations in some curved spacetime have a quadratic FP-like mass term
and thus propagate in total five degrees of freedom with equal dispersion relations.

We have argued that Minkowski metric is the only solution of the nonlinear
dRGT massive gravity around which the metric perturbations have a mass term of
FP form. Therefore we have generalized the gravitational Higgs mechanism’ and
restored the diffeomorphism invariance of the quadratic FP mass term for metric
perturbations around arbitrary curved background. Our approach involves a set of
scalar functions fAB(qb) which act as a metric on the internal space of the scalar
fields ¢?. The functional dependence of fAP is determined by the background
solution of the Einstein equations as fA4F = (0) g“”é;?éf. This condition has to be
imposed by hand and therefore the generally covariant FP action takes a differ-
ent form depending on the external matter content of the theory. Moreover each
massive gravity action has distinct symmetries in the scalar field space, namely,
the isometries of the scalar field metric f Ap. In other words for each background
metric this mechanism corresponds to a different diffeomorphism invariant theory.
In our model the scalar fields ¢ enter the action not only through their derivatives,
but also through fap(¢) which involves explicit dependence on . Hence the shift
symmetry of scalar fields present in the dRGT theory is broken. This stresses clearly
that the theories are fundamentally different. We therefore conclude that there does
not exist one single theory of massive gravity such that the metric perturbations
around any arbitrary background have a FP mass term. Instead we have shown
that one can construct by hand an infinite number of massive gravity theories, each
of them corresponding to one particular background metric.

In the second part of this work we have demonstrated how our approach works
for de Sitter universe explicitly by investigating the equations of motion for metric
perturbations in the unitary gauge. As expected we find that one scalar, two vector
and two tensor modes are propagating constituting the five degrees of freedom of

massive graviton with the same effective mass m2; = m? — $H>.
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It has been suggested that certain derivatively coupled nonrenormalizable scalar field theories might
restore the perturbative unitarity of high-energy hard scatterings by classicalization, i.e., formation of
multiparticle states of soft quanta [2]. Here we apply the semiclassical method of calculating the multi-
particle production rates to the scalar Dirac-Born-Infeld theory, which is suggested to classicalize. We find
that the semiclassical method is applicable for the energies in the final state above the cutoff scale of the
theory, L, !. We encounter that the cross section of the process 2 — N ceases to be exponentially suppressed
for the particle number in the final state N smaller than a critical particle number N ~ (EL,)*>.
It coincides with the typical particle number produced in two-particle collisions at high energies predicted

by classicalization arguments.

DOI: 10.1103/PhysRevD.86.105008

I. INTRODUCTION

A traditional approach to field theory proposes that
the fundamental field theories at high energies (allowing
for predictive calculations) are the renormalizable ones.'
A nonrenormalizable effective theory at a lower energy
may have two different kinds of behavior at high energy.
It can either complete itself at UV by additional weakly
coupled perturbative degrees of freedom (Wilsonian com-
pletion) and become a renormalizable theory, or it can
match to a strongly coupled phase of an asymptotically
free theory. A well-known example for the Wilsonian UV
completion is the four-fermion theory of weak interactions
at low energy becoming a gauge theory with the Higgs
mechanism above the Fermi scale. Alternatively, the effec-
tive theory describing baryons and mesons at low energy
is completed at high energies by the asymptotically free
QCD with gluons and quarks. Recently, an alternative
mechanism, termed ‘“‘classicalization,” was suggested in
Ref. [2] for theories with nonrenormalizable derivative
self-couplings. This mechanism may work in such a fun-
damental theory as gravity [3,4].

The simplest example of a classicalizing theory is a
scalar theory with a leading nonlinear derivative interac-
tion of the form

L0, p0" ). (1)

A particularly convenient example of a scalar field theory
with such a leading interaction term is given by the
Dirac-Born-Infeld (DBI)-type action

*lasma.alberte @physik.Imu.de

"Fedor.Bezrukov@uconn.edu

! Another option may be asymptotic safety, corresponding to
theories with a nontrivial renormalization group fixed point in
the UV, proposed in Ref. [1]. However, there are no reliable
calculations for such theories in most cases at present.
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1
S=e¢ fd“xz—m\/l +26,L40, )%, 2)

with €, = =1. According to the standard picture, the
perturbative unitarity in such theories is violated at ener-
gies above the cutoff L I due to the derivative self-
interactions of the scalar field. Instead, it was suggested
in Refs. [2,5] that in such theories a transcutoff scattering
process of two particles is dominated by low momentum
transfer ~r; !, where the length scale r..(E) depends on the
energy and r.(E) > L.. As a result, the leading contribu-
tion to the scattering process of two hard particles with
high center-of-mass energy E > L;'! comes from the
production of a multiparticle quantum state of N ~ Er,
soft particles. This state is called ““classicalon,” and in the
semiclassical limit

L.,—0,

N — oo, r. = fixed,

it should correspond to a classical configuration of size .,
which is a solution of the theory [6]. The length scale 7. (E)
is called the ‘“‘classicalization radius.” In this way, the
theory self-unitarizes by prohibiting the probing of small
distances r < L, in high-energy scattering processes.
The focus of the present work is the semiclassical cal-
culability of multiparticle production in such theories. For
the convenience of calculations, we will focus on the scalar
DBI action [Eq. (2)]. In conventional weakly coupled
scalar field theories with a dimensionless coupling constant
g, it is known that the perturbative methods fail to describe
the scattering amplitudes for processes with a large particle
number N in the final state. This happens when the multi-
plicity of the final state N becomes of the order of the
inverse coupling constant 1/g%. Therefore, in the limit
when ¢ — 0 and N ~ 1/g2, nonperturbative methods are
used to calculate the cross sections of multiparticle pro-
ductions from a few (hard) initial particles. However, in

© 2012 American Physical Society
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the scalar DBI action [Eq. (2)], which is the main focus of
interest in the present paper, the coupling constant L, has
the dimension of length. The above estimate of the critical
multiplicity of the final state does not immediately general-
ize to theories with dimensionful couplings. One of the side
results of this paper is that we modify the semiclassical
technique for the calculation of the multiparticle cross sec-
tions developed in Refs. [7-11] so that it can be applied also
to theories with dimensionful coupling constants. We will
then use this semiclassical technique to calculate the multi-
particle production rates for the theory of Eq. (2), which
might exhibit the classicalization phenomena. This method
is very similar to the method used to calculate high-energy
instanton-like transitions in the electroweak theory (for
details, see Refs. [7,8,12,13]). Using the coherent state
formalism [14] allows one to reduce the problem of calcu-
lating the cross section to solving a classical boundary
value problem for the scalar field. A distinctive feature of
the multiparticle processes from instanton transitions is that
the field configuration saturating the scattering cross section
is singular at the origin [9]. This approach of singular
solutions has been previously applied to the A¢* theory in
Refs. [9-11]. It has successfully reproduced all the results
known from perturbative tree-level calculations, as well as
the exponentiated part of the leading loop contributions [9].
For a review of multiparticle processes and semiclassical
analysis in generic scalar field theories, see Ref. [15].

The purpose of this paper is to apply this semiclassical
technique to calculate the transition rate of the process
few — N in the scalar DBI theory, which was suggested
to classicalize in Ref. [2]. The paper is organized as follows:
In Sec. II, we review the semiclassical method used for the
calculation of the multiparticle cross sections, and we briefly
present the previous results for the A¢* theory in Sec. III.
We apply the technique to the DBI theory in Sec. I'V. We first
discuss the semiclassical limit for this theory and find that to
any given energy E, one can associate a length scale r.(E)
such that it remains constant in the semiclassical limit. We
show that this length scale is r, = L.(L,E)"/? and that it
coincides with the classicalization radius of Refs. [2,5]. We
then report the results for the scattering cross section. For
a fixed above-cutoff total energy E > L; ! in the final state,
we find that the scattering processes with a large number of
particles in the final state N > N, ~ (EL,)*? are expo-
nentially suppressed. For particle numbers N < N, the
exponent of the scattering cross section becomes positive.
We thus see an emergent critical length scale 7. = N/ E
which also coincides with the classicalization radius r,.
We conclude in Sec. V.

II. SEMICLASSICAL FORMALISM

Here we briefly reproduce the derivation of the semiclas-
sical approach to calculating the multiparticle production
rates of Refs. [9,10]. For further details on the formalism of
Sec. IT A, see Ref. [9]; for Sec. II B, see Ref. [10].

PHYSICAL REVIEW D 86, 105008 (2012)

A. Generic boundary value problem

The total scattering cross section from an initial few-
particle state to all possible final states with given total
energy E and particle number N can be calculated as

o(E,N) = Y KfIPcPySAI0)P, 3)
f

where the operator A creates an initial state from the
vacuum (see the discussion on the next page), S is the S
matrix, and Py and Py are the projection operators to states
with energy E and number of particles N, respectively. The
sum runs over all final states |f). By using the coherent
state formalism [14], Eq. (3) can be written as [7]

0(E,N)=]db;dbkd§an¢D¢’
><exp<—fdkb‘;;bkefwk§+i"+iE§+iNn
+Bi(0,¢,) + By(by, ds) + B (0,$)) + B}(by, )
+iS[@)=iS[8']+ J6(0) + 1 #'0) ), )

where J is some arbitrary number defining the initial few-
particle state as |i) = A|0) = ¢/?©|0), and the boundary
terms are

Bi0.4) = =5 [ dkoyd0d(—k)
B0 b)) = =5 [ dkbip? e enT
+ [dk\/Zwkbiqﬁf(k)ei“'kﬂ
-5 [axans w810

Here wy = Vm? + k2, T, denotes some final moment of
time, and ¢;(k) and ¢ (k) are the spatial Fourier trans-
formations of the field in the initial and final asymptotic
regions. The complex variables by characterize a set of
coherent states |[{b}), which are eigenstates of the annihi-
lation operators by: i.e., by [{b}) = by |{b}) for all k.

According to Ref. [8], the integral in Eq. (4) is of the
saddle-point type for any scalar field theory with some
dimensionless coupling constant g, provided that the
constant J ~ 1/g, and that under the change of variables
¢ = ®/g the action has the following property:

S(¢.g) = S(D/g. g) = és@). 5)

In this case, after the change of variables ¢ = ®/g and
(b, b*) = 1/g(B, B*), the transition rate of Eq. (4) takes the
form

o(E,N) ~ f db} dbdédnDd D' expW,  (6)

105008-2
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with W = (1/g*)F, where F depends on ®, ®', 8, 8*, gJ,
g°E, g”N, but does not explicitly depend on g. For the sake
of clarity, it is useful to define a new set of variables
j=gJ, e =g’E, n = g’N such that in the semiclassical
limit g — 0, they stay fixed. We will refer to these quan-
tities as ‘“‘semiclassical variables.” In the limit g — O, j, €,
n = fixed, the integral of Eq. (4) can be taken in the saddle-
point approximation. We note here that the semiclassical
parameter g emerges naturally in the conventional scalar
field theories with a dimensionless coupling constant g. We
will see in Sec. IV that this is not the case in theories with
dimensionful couplings. In such theories, the semiclassical
parameter has to be introduced by hand by demanding that
the requirement of Eq. (5) be satisfied.

Here we have to remark that the few-particle initial state
is chosen to be of the form i) = ¢/¢©@|0) in order to
formally avoid the fact that an initial hard particle state is
not semiclassical.” In Ref. [8], it was suggested that the
few-particle initial state can be recovered by first evaluat-
ing the integral in saddle-point approximation in the limit
Jj = gJ = fixed, and then taking the limit j — 0. The
assertion is that in this limit one recovers an initial state
with a small number of particles. It is, however, not
obvious that this limit indeed reproduces the amplitude
for the process with a few-particle initial state. For the
Ag¢* theory a direct semiclassical calculation of the tree-
level amplitudes and the exponentiated leading loop
corrections was done in Ref. [9]. Comparison with the
perturbative calculations confirmed the hypothesis about
the correct form of the initial state (for perturbative calcu-
lations, see e.g., Refs. [16,18]). We will assume that this is
also true for the theory at hand, keeping in mind that this
check should, in principle, be repeated.

Thus, the dominant contribution to the scattering cross
section [Eq. (4)] is given by the saddle-point field configu-
ration. The classical field equations and boundary condi-
tions for the field ¢ are obtained by varying the exponent
of Eq. (4) with respect to ¢, ¢,;(k), ¢ (k) and by. The
explicit form of the boundary conditions can be found in
Ref. [9]. Here we write the boundary value problem for the
scalar field ¢ in a simplified form:

g—; = iJ6W(x), (7)
¢i(k) = St elent, t— —oo, ®)

;

2a)k

1 . .
¢ (k) =2—(bke‘°k”"‘“k’ + b eloxl),  t— +oo,
Wi

N
C))

’In principle, a different initial state can be chosen. However,
perturbative calculations for the A¢* theory suggest that differ-
ent choices of the initial state do not change the exponent of the
scattering cross section [16]. The same is true also for generic
scalar field theories with canonical kinetic terms [17].

PHYSICAL REVIEW D 86, 105008 (2012)

where we have assumed that the integration variables & and
n in Eq. (4) are purely imaginary and have substituted
T=i¢ and 6= —in [9]. The complex variables
ay and by characterize the spatial Fourier components of
the initial and final field asymptotics, respectively. This
result is independent on the exact form of the nonlinear
scalar field interaction terms in the Lagrangian, as long as
the action satisfies the condition of Eq. (5) and one can
assume that nonlinearities can be neglected for asymptotic
solutions in 3 + 1 dimensions.

There are two more saddle-point equations obtained by
the variation of the exponent in Eq. (4) with respect to the
parameters 7" and 6:

E = '[dkwkbltbkewkria, (10)

N= fdkbibke“kT’e. (11)
This gives the physical interpretation of £ and N as the
energy and the number of particles in the final asymptotics.
Due to the presence of a d-functional source located at the
coordinate origin x* = 0, the energy of the system has a
discontinuity at the point ¢ = 0. This can be seen easily
from the boundary conditions [Egs. (8) and (9)], since at
times ¢ < 0, the field ¢ has only positive frequency modes
and the energy vanishes; while at times # > 0, the energy is
determined by Eq. (10). Another expression for the energy
in the final state can be obtained from the Lagrangian

E= f:oo dt% fdx(iid) - £)
— [t ’:00’ dtd(1,008(1) = —iJ$(0).  (12)

Let us discuss the limitations of the allowed field configu-
rations ¢ after taking the limit / — 0. One sees that for the
energy jump to stay finite in this limit, the derivative ¢ (0)
has to go to infinity. Hence, the field has a singularity at the
point ¢t = x = 0. Therefore, in order to evaluate the scatter-
ing cross section for the process few — N, one has to find
the solution for the boundary value problem [Egs. (7)-(9)]
which is singular at x* =0 but regular elsewhere in
Minkowski space-time. A more detailed discussion about
the limit J — O and the correct choice of the singular
solution can be found in Ref. [9]. Henceforth, we will not
mention the source J anymore. We will, nevertheless, keep
in mind that the condition that we are only looking for
singular field configurations arises from the limit to the
few-particle initial state, which is equivalent to the limit of
a vanishing source.

As a result, the scattering cross section is saturated by
the saddle point of the integral in Eq. (4) and has the
following form:

o(E, N) ~ VEN), (13)

105008-3
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where

W(E,N) = éF(n, e) = ET — N6 —2ImS[¢].  (14)

The saddle-point relations between € and T, and between E
and N can be obtained by variation of the exponent [Eq. (14)]
with respect to T and 6:

oImS
2 o E, 2 50 N. (15)
Hence, the problem of calculating the scattering cross section
for multiparticle production [Eq. (3)] is reduced to solving
the classical boundary value problem for the field ¢ stated in
Egs. (7)—(9). Due to the requirement of a few-particle initial
state, only the solution singular at the origin x* = 0 needs to
be considered. After substituting this solution in Eq. (14) and
using Eq. (15) in order to eliminate the unphysical parame-
ters T and €, one arrives at an expression for the scattering
cross section o(E, N).

dlmS

B. Euclidean version of the boundary value
problem for tree-level contributions

In general, solving Eqs. (7)—(9) for the singular field
configuration is a complicated problem which can have
more than one possible solution. However, the process
of solving the boundary value problem for the field ¢ is
greatly simplified if the condition n = g’N < 1 is
imposed [9]. Then one needs to find only the initial
Euclidean part of the solution. In this case, the resulting
“saddle-point value” of the Euclidean action is

ImS[¢] = Sg[o] = %e’” [dkaiaka“’kT = %e’ol(T),
(16)

where the last equality defines the function I(T), and ay are
the Fourier components of the initial field asymptotics
[Eq. (8)] rewritten as

a*
k) = e o7, 17
for 7 = —it — +oo. The saddle-point equations [Eq. (15)]
then allow us to express the parameters 7" and 6 in terms of
the average energy € = E/N (considering massless parti-
cles) and particle number N as

)
TN

0 = — InN + InI(T). (18)
Finally, for the scattering cross section we obtain [9,11]

o(E,N) = exp(N1Ing’N — N + Nf(e)), (19)

fle) = €T(e) — Ing?I(T), (20)

where by writing T = T(e€) we stress that T should be
expressed through € by solving Eq. (18). The energy

PHYSICAL REVIEW D 86, 105008 (2012)

dependence of the scattering cross section is contained in
the function f(€).

To summarize, this semiclassical approach allows one to
determine the exponent of the scattering cross section for
the multiparticle process few — N; see Ref. [11]. To do
this, one first has to find a set of solutions of the Euclidean
equations of motion 8S;/8¢ = 0, singular on the surface
7,(x) =0, 7,(0) = 0, with initial asymptotics [Eq. (17)].
Then one has to extremize the integral I(T) for some fixed
value of T over all values of ay (or, equivalently, extremize
over the singularity surfaces). Finally, from Eq. (18), one
obtains the value of e corresponding to the given T (equiva-
lent to extremization over 7 for a given €) and uses
Egs. (19) and (20) to calculate the cross section. This
method applies to any scalar field theory with a dimen-
sionless parameter g such that under the change of varia-
bles ¢ = ®/g, the action transforms as in Eq. (5). Then, in
the semiclassical limit

e = ng = fixed,
n=g’N = fixed < I, e2)

g —0,

the scattering cross section for the multiparticle process with
the total energy E and the particle number N in the final state
can be obtained as described above. We note that the condi-
tion n < 1 is not essential for the applicability of the saddle-
point approximation [Eqgs. (3)-(5)]. This condition allowed
us to simplify the original boundary value problem to a
solution of only the Euclidean part of Egs. (3)—(5), leading
to the simple prescription described in Egs. (16)—(20); see
Ref. [9]. The terms of order O(n*> = g*N?) in the exponent
of the scattering cross section arise only from loop correc-
tions. It means that this approximation is equivalent to con-
sidering only the tree-level contribution to the scattering
Ccross section.

Note also that, if we perform extremization over
only a subclass of the singularity surfaces (e.g., only
O(4)-symmetric ones), then the resulting cross section
provides a lower bound on the cross section, analogously
to a Rayleigh-Ritz extremization procedure; see Ref. [11]
for the detailed proof.

IM1. A¢* THEORY

The semiclassical approach to the calculation of the
cross section for the process few — N for large N was
previously applied in Refs. [9,11,19] to the A¢* theory
with the action

S = [ d4x<% (0,0)* — %df‘). (22)

In this Lagrangian, the coupling constant A is dimension-
less, and thus the dimensionless saddle-point parameter
is simply g> = A. Indeed, it is straightforward to check
that the action satisfies the condition of Eq. (5). Thus, the
multiparticle scattering cross section in the limit of

105008-4
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FIG. 1 (color online). The scattering cross section for multi-
particle production in A¢* theory, depending on the semiclassi-
cal particle number n = AN, evaluated for A = g2 = 10™*. For
the values n > 1, the loop contributions have to be taken into
account.

Eq. (21) can be evaluated semiclassically by using
Egs. (19) and (20), with g2 = A. The saddle-point value
of the Euclidean action [Eq. (16)] for the O(4)-symmetric
case can be found analytically [9,19]. In the more compli-
cated case of the massive A¢* theory, the saddle point has
been found numerically in Ref. [11]. As expected, in the
high-energy region it was shown to reproduce the results of
the massless case.

In the massless A¢* theory, the function f(€), and con-
sequently also the scattering cross section, is independent
of energy; i.e., it is simply a constant,® f(e) = In(1/872).
The scattering cross section as a function of particle num-
ber N in the final state for any value of energy E is then

o(E,N) = o(N) = expliNln(%)]. (23)

In terms of the semiclassical variable n = AN, this
becomes

o(n) = exp%l:n ln<#)]. (24)

Figure 1 shows the exponent of the scattering cross section.

We see that the multiparticle production is exponentially
suppressed till the particle number reaches the critical value
n = 8em? =~ 215, above which the exponent in Eq. (24)
becomes positive. This means that the result obtained in the
saddle-point approximation cannot be trusted beyond this
point. However, we know that the result for the scattering
cross section was obtained in the limit n» << 1, and hence the
loop contributions become important in the region where the
values of the semiclassical variable n > 1. The positivity of
the exponent for the semiclassical particle number values
n > 8em’ is thus well outside the validity region of our
tree-level approximation.

3This numerical value of the function f(e) coincides with that
given by Son [9], but might differ from other authors, e.g.,
Ref. [11], due to the alternative definition of f(e) in Eq. (20).

PHYSICAL REVIEW D 86, 105008 (2012)
IV. SCALAR DBI THEORY

Let us now consider the following Euclidean DBI-type
action:

1
Sg = ezfd“xm\/l — 26,140, ¢)%, (25)

where all the quantities are dimensionful; i.e., [¢] = L™!,
and the coupling constant has the dimension of length
[L.] = L. The parameter €, can take values of *1. In
order to make use of the semiclassical approach described
in previous sections, one has to introduce a dimensionless
parameter, which would play the role of the saddle-point
expansion parameter g. For this we perform the following
rescaling of the scalar fields: ¢ — ¢ /g, where the parame-
ter g is arbitrary. The action transforms as

1 1
Se(0/2) = €2 [yl - 2al 0,07

1
= ?S((ﬁr l4)v (26)

where
r==, 27

We see that the parameter 1/g? factors out in front of the
action s(¢, I*), and the action becomes dependent on the
new parameter [*. It is useful to separate the parameters of
the theory into two groups: the physical and semiclassical.
The physical parameters of the theory are the dimensionful
coupling constant L, and the energy and particle number in
the final state—F and N, respectively. The semiclassical
variables were introduced in Sec. II as quantities which
remain fixed in the semiclassical limit, when g — O.
Besides the semiclassical energy £ = g2FE and semiclassi-
cal particle number n = g2N, in DBI theory, there is an
additional quantity which has to stay constant in the limit
g — 0. We see this from the action of Eq. (26), since it
explicitly depends on the new parameter [*. It is clear that,
in order to evaluate the action in saddle-point approxima-
tion, the [* also has to remain fixed. The corresponding
limit [Eq. (21)], in which the tree-level multiparticle scat-
tering cross section in DBI theory can be evaluated in
saddle-point approximation, is then

4

e = ng = fixed, I —; = fixed,

g—0,

n = g?N = fixed < 1. (28)

The conditions &, n, [* = fixed define the region of appli-
cability of the saddle-point approximation to the scattering
problem, whereas the condition n < 1 is needed in order
to simplify calculations by neglecting the possible loop
contributions.

105008-5
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There are two interesting features of the semiclassical
limit of the scalar DBI theory. First, we observe that the
product EL, = €l/g3/% becomes large in the limit g — 0,
corresponding to the interesting case of energies exceeding
the cutoff scale, i.e., E > L;!. The second observation is
that it is possible to introduce a length scale associated with
a given energy such that this length remains constant in the
semiclassical limit. Indeed, by setting r.(E) = Ex1te
and replacing physical variables with the semiclassical
ones, we obtain the condition

1
r(E) = g¥['t2g=21730) = fixed = a = 3 (29)

This determines the parameter o uniquely, and we obtain
that r, = L,(EL,)'3. Hence, the semiclassical length
scale coincides with the classicalization radius introduced
in Ref. [2].

Let us present the results for the scattering cross section
of the process few — N. For simplicity we limit the
extremization procedure to the O(4)-symmetric singularity
surfaces of the classical solution. As we will see, in DBI
theory the derivative of the field is singular, in distinction
from the A¢* theory where the field itself was singular.
Nevertheless, the previous conditions for the finiteness of
the energy [Eq. (12)] are still satisfied for the singularity
in the first derivative.* The equation of motion obtained
by varying the action [Eq. (26)], in terms of the four-
dimensional radial coordinate p, is

0
d, o’ p® =0, (30)
,/1 — 26,140, ¢)*

and hence

do R} 1

— == . (€2Y)

dp  2i Vp® + &R
For €, = —1, the derivative becomes singular at the singu-

larity radius p = R;. In order to obtain the solution, which is
singular at the coordinate origin 7 = |[x| = 0, one has to
choose another coordinate system where the Euclidean time
coordinate is shifted as 7 — 7 + R, so that

p> = (1+ R, + x> (32)

For €, = +1, the derivative is regular everywhere. Hence,
due to the lack of a singular O(4)-symmetric Euclidean
solution, the semiclassical method for calculation of multi-
particle scattering cross sections cannot be restricted to this
subclass of solutions in this case. Instead, for the €, = +1
branch of the DBI theories, some more generic subclass of
singularity surfaces should be considered, which is, however,

“In the truncated DBI theory with only the L#(3,, ¢ 0* $)? self-
interaction term, the singularity appears in the second derivative
of ¢. In order to apply the semiclassical technique to this case,
the initial state should be chosen as |i) = exp(J$(0))|0).

PHYSICAL REVIEW D 86, 105008 (2012)

beyond the scope of the present work. Henceforth, we will
therefore investigate the €, = —1 case.

It is interesting to note that according to a recent paper
by Dvali et al. [6], the classicalization at all UV energy
scales should occur in the €, = +1 case. For the €, = —1
case, the classicalization, if present at all, is expected to
happen in some finite energy range E. < E < & [6,20].
The ““declassicalization” scale @ is model dependent and,
in general, depends on the scale at which some new weakly
coupled degrees of freedom should be integrated in, and
the theory is UV completed in the usual Wilsonian sense.

After setting €, = —1, the solution of the equation of
motion [Eq. (31)] for ¢(p) is

1 / p dp’

2 [\ _
V21 ( 57 )6 1
In the asymptotic region p — oo, the integral can be
approximately taken as

d(p) = (33)

R 1
212 2p%
and the Fourier components have the following asymp-
totics at 7 — oo:

d(p) = (34)

a*
,k — k kT
R? T R

i A BTN 35

T2 2w, ¢ (35)

where w, = |k| and

The saddle-point value of the Euclidean action I(T) in
Eq. (16) is then

RS 7 1

RV RTE

(36)
After extremizing the function I(T) over all R, we obtain
for the function f(e€) the following expression:

3

fle) =4+ 11122—6 + 41n(e), (37)
w3
where we have used g2 = L}/I*. In distinction from the
A¢* case, this function grows with the energy density
€ = E/N as shown in Fig. 2.

After substituting this expression of f(e) in Eq. (19), we
find the tree-level scattering cross section

Ncril 3N

o(E,N) = exp|:3Nln%i| =( I ) . (38)

where we have defined the “critical particle number” in
the final state N, as

3 _ (2e)?
c T
We see that for fixed total energy E, the scattering process
few — N is only suppressed for N > N;;.. The notion of

N3

crit

= *(L.E)*, (39)
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FIG. 2 (color online). Function f(e) for A¢*, and DBI theory
evaluated at g2 = A = 1074

the critical particle number allows one to define a ““critical
length scale” such that for given energy E, it satisfies

E
rol = , = Foit = cL*(L*E)1/3~

crit Ncri[

(40)

In other words, r_l corresponds to the maximal allowed
energy per particle and coincides with the classicalization
radius r, defined in Refs. [2,5]. Hence, we have shown that
the classicalization radius r, emerges as the critical length
scale at which the behavior of the scattering cross section
drastically changes.

We will discuss the behavior of the transition rate in
dependence of the particle number N in the final state for

fixed energy E in two separate energy regions.

A. Strong coupling region: E > L1

It is useful to rewrite the expression for the scattering
cross section [Eq. (38)] in terms of the semiclassical var-
iables defined above:

o(e,n) = expé[3nln<c(%)4/3>].

We see that the functional dependence of the cross section
is very different from the A¢* theory in Eq. (24). In A¢*
theory, the scattering is exponentially suppressed for small
values of the semiclassical particle number n. Meanwhile,
in DBI theory, the exponent of the scattering cross section
becomes positive for small values of n < c(el)*/3, and thus
the expression in Eq. (41) cannot be trusted for these values
of n. A comparison of the dependence of the scattering
cross section on the semiclassical particle number n in DBI
theory and in A¢* theory is shown in Fig. 3.

We recall here that a similar breakdown of the saddle-
point approximation is observed in A¢* theory for large
values of n. However, that is an artifact of the tree-level
approximation n < 1, since we have neglected all terms of
order O(n?). The behavior of the scattering cross section at
larger values of n is changed by the loop contributions [9].
The same logic also applies to the DBI theory, but as is
shown in Fig. 3, the higher-order corrections become rele-
vant only at values of n > 1. Hence the breakdown of the

(41
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In(o(el,n))

£2=107"

Loop contributions
= gt

3000

2000 — aeol

1000 — =02

(Y e oy — €e=0.5

- =1
—-1000

== o=1

—-2000

-3000

0.001 0.01 0.1 1

FIG. 3 (color online). The exponent of the scattering cross
section as a function of the semiclassical particle number in
the final state n for DBI theory with €, = —1 evaluated at
different values of the parameters e/ = EL, g>?. The numerical
value of the semiclassical parameter g> = 1074, and hence the
parameter region el > g3/2 = 1073 corresponds to the high-
energy region EL, > 1. For values of n > 1, the loop contribu-
tions have to be taken into account.

semiclassical approach cannot be cured by adding higher-
order corrections to the exponent of the scattering cross
section [Eq. (41)].

In terms of the physical particle number, this means that
the semiclassical method does not allow us to make con-
clusive statements about the scattering cross sections for
the processes where few initial particles scatter into N <
N = c(EL,)*? particles with the total energy E > L; .
Remarkably, the saddle-point method gives a reliable result
for the transition rates to final states with a particle number
larger than the critical. In this region, the scattering pro-
cesses are exponentially suppressed. The scattering cross
section as a function of the physical particle number in the
final state is shown in Fig. 4. We note that with perturbative
methods, this energy region is completely unaccessible.

In(o(E,N))
1000 F : Loop
E contributions
0 / =0
~1000 F N=Necrit : — EL.=300
- o=l
2000 -
1 1 1 N
1 10 100 1000 10*

FIG. 4 (color online). The exponent of the scattering cross
section as a function of the physical particle number in the final
state N for DBI theory with e, = —1 evaluated at energy EL, =
500 > 1. The numerical value of the semiclassical parameter
g?> = 107%. The saddle-point method breaks down for N <
N = c(EL.)*?, while the loop contributions become impor-
tant at g?N ~ 1. The region in which the semiclassical method
gives a reliable result is shaded green.
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It is therefore interesting to find that there exists a region
for large particle numbers in the final state N > N_,;; where
the nonrenormalizable theory behaves semiclassically. The
energy per particle in the final state of N particles equals
roh = [cL.(L.E)'*]™" < L;" and thus the final state is
composed of very soft particles, as suggested by the clas-
sicalization arguments in Refs. [2,5]. For even larger par-

ticle numbers, the energy per particle further decreases.

B. Perturbative region: E < L;!

The region of the physical particle numbers where the
exponent of the scattering cross section is positive has no
physical meaning as soon as the critical particle number
Neie = ¢(EL,)*? becomes less than 1. In this case, the
scattering process is exponentially suppressed for all
physically reasonable values of the particle number in
the final state N > 1. This happens for low energies
(EL,) < ¢~3* = 2.57. Strictly speaking, this requirement
translates into a condition on the semiclassical parameters
EL., = €l/g*/? < ¢73/* which is not satisfied in the semi-
classical limit when g — 0 (however, for some numerically
small values of the parameters g and €/, the condition can
still be fulfilled). Nevertheless, the obtained result is physi-
cally reasonable, since the exponent of the scattering pro-
cess is negative. Hence, formally the semiclassical method
can also be applied for the energy values which are below
the nonrenormalizability cutoff. However, the obtained
results should be compared with results from perturbative
calculations. The perturbative check for the exponentiation
of the scattering amplitude for 2 — N transitions in A¢*
theory was done in Refs. [16,18]. The same procedure
could be applied also to DBI theory.

V. CONCLUSIONS

We have applied the semiclassical approach to the calcu-
lation of the scattering cross sections for multiparticle pro-
duction from a few-particle initial state in a classicalizing
theory. A reliable result is obtained in two parameter regions
for the energy E and particle number N in the final state. First,
exponential suppression is observed below the energy cutoff
E < L;' for any number of particles N > 1. This corre-
sponds to the parameter region also accessible with pertur-
bative methods. The second range of parameters leading to
trustable results lies above the energy cutoff E > L; ! but is
restricted to large particle numbers N > N_;, only. This
result is obtained in the region where the theory is strongly
coupled and perturbation theory cannot be used. No infor-
mation about hard high-energy scattering processes, few —
N < N, is obtained from the semiclassical approach.

PHYSICAL REVIEW D 86, 105008 (2012)

Let us discuss how robust is the failure of the applied
semiclassical procedure at E > L; ', N < N, First, we
limited the analysis here to the O(4)-symmetric singularity
surfaces, while at least in the case of the A¢4 theory it
is known that the true extremum of the boundary value
problem is reached on a generic surface [11]. However, this
in general should lead to even larger cross sections,
and thus should not resolve the breakdown of the saddle-
point approximation. Another option can be that the
O(4)-symmetric family of the semiclassical solutions
passed through a bifurcation point at the typical energy
E ~ L', making it an irrelevant subclass of the classical
solutions at high energies. Another promising reason may
be related to the fact that the limit of the vanishing source
j — 0, leading to the singular solutions, no longer com-
mutes properly with the semiclassical limit and is not
imitating a few-particle initial state (the conjecture is
checked by explicit comparison with the perturbation
theory only in the normal renormalizable theories; see
Refs. [16,17]). In this regard, an alternative approach to
using the initial expression [Eq. (3)] may prove valuable.
However, previous attempts to get a real-time classical
solution corresponding to the high-energy spherical colli-
sions led to the development of singularities at high ener-
gies [21-24]. Hence it is not clear if nonsingular relevant
semiclassical solutions exist. Thus, further study of the
real-time solutions is needed to get a useful insight into
the classicalization phenomena.

We therefore do not have conclusive statements about
the presence or absence of the classicalization phenomena,
since this demands a better understanding of hard scatter-
ing processes with a small particle number in both the
initial and final states. The critical behavior of transcutoff
multiparticle production was observed at the number of
particles which corresponds to N, very soft particles with
the energy per particle given as ry! = [L.(EL,)'/3]7".
This coincides with the inverse of the classicalization
radius introduced in Refs. [2,5]. With this, we have shown
the emergence of this critical length scale in the semiclas-
sical approach, which is conceptually completely different
from the classical perturbative estimates of Ref. [5].
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