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Abstract

This thesis aims to examine the behaviour of the Fierz-Pauli theory of massive gravity
in a curved spacetime. Massive gravity has a long history, dating back to the 1930s when
Wolfgang Pauli and Markus Fierz first developed a theory of a massive spin-2 field prop-
agating on a flat spacetime background. The latter theory can be obtained by linearizing
the Einstein-Hilbert action of general relativity, leading to the kinetic part of the Fierz-
Pauli action, which alone describes massless gravity. Then, a mass term can be introduced,
making the theory massive. The Fierz-Pauli theory is linear, i.e. without considering self-
interactions. It was later realized in the 1970s that theories of a massive graviton generally
suffer from dangerous pathologies, including a ghost mode and a discontinuity with general
relativity in the limit where the graviton mass goes to zero. These problems arise whenever
we try to formulate non-linear theories. The discontinuity problem in the massless limit
was solved with the so-called Vainshtein mechanism in 1972. Solutions to the ghost’s prob-
lem had existed for some time in three spacetime dimensions, but they were not found in
four dimensions and higher until the work of Claudia de Rham, Gregory Gabadadze, and
Andrew Tolley (ARGT model) in the 2010s.

In this thesis, we consider the Fierz-Pauli theory of linearized massive gravity in an
Einstein space. The aim is to study the one-loop effective action of this theory employing the
heat kernel method, which consists in a variety of perturbation methods applied to minimal
second order operators on manifolds, which allow us to study asymptotic expansions and
singularities of Green functions. It is a powerful technique in mathematical physics, with
applications ranging from black hole entropy to mathematical finance. In the Fierz-Pauli
model of massive gravity, the operator entering the heat kernel is non-minimal, so we need
ways to relate it to minimal operators in order to avoid a rather tedious treatment of the
heat kernel expansion in the presence of non-minimal operators, which can be analyzed
either by means of covariant projectors [1] or by employing the reduction method suggested
by Barvinsky and Vilkovisky [2]. Our approach is based on computing the path integral of
the Fierz-Pauli action with the Faddeev-Popov procedure, using appropriate gauge-fixing
functions. In fact, the addition of a mass term to the action for massless gravity breaks the
gauge symmetry of the theory, which is the general coordinate invariance. Because of this,
the Fierz-Pauli theory of massive gravity is not a gauge theory and, of course, a gauge-
fixing cannot be performed. Nevertheless, by first introducing new fields in the theory with
the so-called Stiickelberg trick, we can restore a gauge symmetry to the theory. These
manipulations allow us to perform the computation of the path integral and the evaluation
of the heat kernel coefficients by using the well-known Seeley-DeWitt method.
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Introduction

In this thesis, we use the heat kernel method to study the one-loop effective action of
linearized massive gravity, the theory of a spin-2 massive particle in a curved spacetime.
We specifically work in an Einstein space of dimension D with Euclidean signature.

In the first chapter we briefly introduce two quantum field theory concepts used later
on in the thesis: the Faddeev-Popov procedure and the background field method.

In the second chapter we explain in details what the heat kernel is and the technique
for calculation of heat kernel coefficients. We describe the Seeley-DeWitt method, valid
for minimal differential operators of second order, which allows us to write the one-loop
effective action of a quantum field theory as a power series of heat kernel coefficients, which
is possible if the theory is massive.

In the third chapter we describe the theory of massive gravity in flat spacetime.
Starting from the free Fierz-Pauli action, we can count the number of degrees of freedom in
the theory and then examine the discontinuity which arises when we consider the massless
limit of the theory. Finally, we describe the Stiickelberg trick, used to introduce new fields
in the theory in order to perform a correct massless limit without losing degrees of freedom.
This chapter is the building block to extend the theory in curved spacetime.

The fourth and last chapter is the core of this thesis. Putting all the pieces together
from the previous chapters, we start with the Fierz-Pauli action in a spacetime with a
curved fixed background. In our case, we work in an Einstein spacetime. This action,
written in its initial form, is not useful for the calculation of the heat kernel coefficients
with the Seeley-DeWitt method as the kinetic operator is not minimal. So, we can perform
the Stiickelberg trick described in chapter 3, introducing two new fields, in order to restore
a gauge symmetry to the theory. We can then choose appropriate gauge-fixing functions
and finally rewrite the action in a diagonal form, with all the operators of second order and
minimal. With the Faddeev-Popov procedure, described in chapter 1, we can compute the
path integral of the theory and then, with the Seeley-DeWitt method, described in chapter
2, we can calculate the heat kernel coefficients and write down the one-loop effective action
for linearized massive gravity in an Einstein spacetime up to the finite cubic terms in
curvatures in D = 4.






1 Elements of quantum field theory

This chapter serves as a brief introduction. We quickly review two quantum field theory
concepts we will use again in the next chapters of this thesis: the Faddeev-Popov procedure
and the background field method. The main reference is [3].

1.1 Faddeev-Popov procedure
In this section we briefly describe the Faddeev-Popov procedure, used in the quantization
of gauge theories, in order to construct a well-defined QFT.

In order to start with our treatment, let’s consider the case of Maxwell theory, a gauge
theory which enjoys a U(1) local symmetry, in D = 4

S[A] = /d4x< — leFM,,F””) (1.1.1)

7z - /DAexp (iS[A]) ~ o | (1.1.2)

with F,, = 0,A, — 0,A,. The path integral diverges because we are summing over an
infinite number of gauge equivalent configurations

Au(@) = AY(2) = Au(2) +ig(@)dug " (2) , 9(x) = explia(a) € U(L),  (1.13)

which have the same value of the action, S[AY9] = S[A] . The field space decomposes into
inequivalent gauge orbits.

We’d like to define the path integral in order to get a finite and gauge invariant result

DA , .
Z = / mexp (iS[A]) ~ finite , (1.1.4)

with Vol(Gauge) as the infinite volume of the gauge group. This definition can be imple-
mented by using a gauge-fixing function a la Faddeev-Popov, where unphysical ghost fields
are introduced to exponentiate a measure factor. The gauge-fixing function should pick
just one representative from each gauge orbits, as shown in Figure 1.

Let’s start the description of the Faddeev-Popov procedure. The idea is to use a gauge-
fixing condition like in Figure 1 and insert the identity, written as

1= [aratn = [T ats) (1.15)



gauge fixing conditions

gauge orbits

Figure 1: Gauge fizing

in the path integral to extract the volume of the gauge group. This can be generalized to
n-dimensions as

1:m/dnfawwf>:L/dnym%(ag;ff)awwf@»>, (1.1.6)
with f as a vector with n components. We can extend it also to functional integrals
d.f (A9 (w))>
1= [ Dgo(f(A9(x))) Det| —~—~— |, 1.1.7
[ Das(riasien) pee (M (117)
with Dg as a gauge invariant measure so that
/Dg = Vol(Gauge) (1.1.8)

and Det as a functional determinant, known as Faddeev-Popov (®II) determinant. The
"delta functional" §(f(x)) means that the whole function f(z) is set to vanish.

Let’s now compute (1.1.4), plugging in (1.1.7)

Z= / Vol(gfuge) exp (i5]4]) =

B DA 9o Det [ LA @Y o _
_/Vol(Gauge)/Dgé(f(A( D t( 69(y) > p(i5(A])

_ \W/DAQ/ng(f(Ag(m))) Det<5f(A

()
59(y)
7 Dy 51(A%(x))
—/Qw%%d/auumm»m( 59)

_ /DAé(f(A(w))) Det(W)

In these manipulations we have first inserted the identity (1.1.7) and then used the
fact that the action and the measure are both gauge invariant, namely S[A9] = S[A] and

>exp(iS[Ag]) = (1.1.9)

exp (15]A]) =
g=1

exp (iS[A]) .
g=1
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DAY = DA. This is certainly true for the classical action, but it is an assumption for the
measure (related to the regularization methods used to make sense of the diverging Feynman
diagrams of the perturbation expansion). Then we have changed variables from A9 to A,
so that nothing depends on g(z) anymore and the integration on Dg can be factorized out
to cancel the infinite gauge volume Vol(Gauge). The final expression is correct, but can be
written in a more useful form:

(1) we can introduce ghosts, i.e. anticommuting fields ¢(z) and ¢(z) to exponentiate the
®II determinant.

(2) we can modify the gauge-fixing function to get rid of the delta functional from the
integral. Instead of setting f(A(z)) = 0 we can set f(A(x)) = h(z), with h(z) as an
arbitrary function, and then functionally average over the function h(x) with the gaussian
weight exp —% J h?, with & as a parameter. The physical quantities should not depend on
&. If we perform this calculations, we find

Z = /DA/Dc/Dc/Dh(S(f(A(x)) - h(az))x

X exp [z <S[A] + /d433 dty E($)6f§?(9y()x)) 710(11) T2

which is simplified by path integrating over h(x) to eliminate the delta functional and find
the gauge-fixed total action Spor in the exponent

Z:/DA/DC/DceXp [z(S[A] +/d4$d4yc($)w g:1C(y)+

_215 d4$h2($)>] _ (1.1.11)

_/DA/Dc/DceXp (iSTOT[Avca 5]) .

Finally, the ghosts can be integrated out and eliminated, as, depending on the choice of the
gauge-fixing function, they contribute at most to an overall normalization factor.

(1.1.10)

d*x h%@)] ,

To exemplify the above construction, let’s choose as gauge-fixing function
f(A)=0"A,, (1.1.12)

which corresponds to the Lorenz gauge for the path integral in (1.1.9) and to a weighted
Lorenz gauge, called also R¢ for the path integral in (1.1.11). Under a gauge variation
0A, = Oy

df(A) =0"0A, = 0"0,«a (1.1.13)

and so

S| SHAE) gy i (1114

69(y) lg=1  Oaly)
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whose ®II determinant can be reproduced by path integrating over the ghost fields c(x)
and ¢é(x). Thus, the gauge fixed action reads

1
Siot[A, ¢, = S[A] + /d4x {— O O,c — E(aﬂAH)Q : (1.1.15)
The corresponding total lagrangian is
1 1
Liot = —ZFWFW — 0'ed,c — 2—5(8“14“)2 (1.1.16)

which, up to total derivatives, usually dropped, can be written as

1 1 1
Liot = —ia“A”(?#A,, —0"coyc+ B <1 — 5) (0" AL)? . (1.1.17)
In the Feynman gauge (£ = 1) we have
1
Liot = —56“14”8#141, —0"¢o,c . (1.1.18)

The path integral is now well-defined; we can add sources and compute propagators, which,
in the Feynman gauge, read as

4 — y
(Apla)A0)) = [ e (inle =) (1119
b —i
(c(z)e(z)) = / ((217:;4 exp (zp(:c — y))pg — (1.1.20)

The Faddeev-Popov procedure will be used in chapter 4 to compute the path integrals
in the theory of massive gravity in an Einstein space.

1.2 Background field method

The effective action is the generator of one-particle irreducible (1PI) graphs. It is considered
as a classical action that includes all quantum corrections. The background field method is
a useful technique for computing the effective action. In this section we will present it for
a scalar theory.

The various generating functionals for a field ¢ with action S[¢] are

Z[J] = exp (iW[J]) - /D¢exp (iS[d)] + iJiqbi) (1.2.1)

12



and
Tlp] = minJ{W[J] - Jid} : (1.2.2)

with Z[J] as generating functional of correlation functions, W[.J] as the generating func-
tional of connected correlation functions, J as an arbitrary function called "source" and
I'[] as the effective action, defined as the Legendre transform of W[J]. In the background
field method we first split the variable ¢ as

¢(x) = p(x) + d(z) (1.2.3)

with o(z) as an arbitrary fixed classical background and ¢(z) as the quantum field to
be quantized (path-integrated over in our case). ¢(z) is just an inert spectator in the
quantization process.

Then, we define

Zp[J;p] = exp (iWB[j; go]) = /D(ﬁexp (zS[é + ] + sz<]3’> (1.2.4)

and
I'p[p,¢] = man{WB[J; o] — Jis?f} : (1.2.5)

By changing path integration variables ¢ — ¢ = ¢+¢ in (1.2.4) and (1.2.5) and considering
that the measure is invariant under translations, we find

ZplJ; ) = Z[J] exp ( - ijﬂﬁ) (1.2.6)
WalJ; ] = W[J] - Jig' (1.2.7)
and
Lp[p, 0] =T[p+¢] . (1.2.8)
Hence
Ile] =T'p[0,¢] . (1.2.9)

Therefore, the standard effective action I'[¢] can be computed as the sum of 1PI vacuum
diagrams in presence of the background field ¢.

Let’s now review once more the generating functionals in QFT and check perturbatively
that the effective action contains only 1PI diagrams. We use the Euclidean version of QFT.

The standard functionals in Euclidean QFT are defined by

Z[J] = exp <711W[J]> = /D¢ exp < — %S[qﬁ] + ;Jiw) (1.2.10)

13



and

; . OW|[J
Llg] = Jig' =W[J],  with "= M[‘ ] (1.2.11)
with the effective action I'[¢] obtained by evaluating the right-hand side, using J; = J;(¢),
that inverts the defining relation ¢’ = mi,[l L Now we can invert the Legendre transforma-

tion, defining I'[¢] by

Or[J]
d¢p; '

W[J] = Jig' = Tlg], with J;= (1.2.12)

With these relations, we find an equation for the effective action I'[¢]

exp [— ;(FM _ 5(2[;] gpiﬂ _ /D¢ exp [— ;<S[¢] _ ‘551‘5] ¢i)] L (1213)

With a change of variables that implements the shift ¢ — ¢ 4+ ¢ in the path integral, we
can write

exp(—F ) /quexp{—( 6+ o] + ;555]@5")}. (1.2.14)

We use this equation to study the A expansion, i.e. the expansion in loops, which are
counted by the parameter i. We recognize the structure of the background field method.
Let’s now expand the classical action in a Taylor series

Sl¢+¢] = Z ;Snl (1.2.15)
with g
Snle] = &pﬁp]. (1.2.16)

With a similar notation, we can write

O g (1.2.17)

Rescaling ¢ — Vi, we find

o (= 11+ g5lel) = [ Doenn( ~ Jsalaet - 31 s

n=3 (1.2.18)

+%@mr&mw)
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which depends only on ['[p] = I'[¢] — S[p] . Expanding T'[p] in powers of A
Tlp] =Y ATy (1.2.19)
n=1

one obtains the following master equation

~ % pa-1
exp< CY e m) _ / Dé exp< —SSalele? — S sielont

n=3

+ Zhn_éan)[wM) :
n=1

n=1

(1.2.20)

which we analyze by matching powers of / in the perturbative expansion. In the exponential,

the first term 395[¢]¢? corresponds to the propagator, the second term Y o° h2 Spp]o™

n!
to the vertices and the third one, Y 7, hn_%fgn) [¢]¢, to the extra vertices that remove
diagrams which are not 1PI.

At one loop (n = 1), we get from (1.2.20)

eXp( - FU)[SD]) - /queXp( N %SZ[‘P]¢2 + O(h;)> - (DetSQ[go]) .

(1.2.21)
=exp| — 1log (DetSQ [«p])
2 )
so that | L
Pl = = S
'] 210g(DetSQ[g0]> 2Tr (logSQ[go]) . (1.2.22)
Hence, at one loop, the effective action is given by
h 2
mﬂ:sm+§ﬂ@%&wg+om). (1.2.23)

This approach will be generalized in chapter 2 for arbitrary fields in n dimensions and
used in chapter 4 to compute the one loop effective action of linearized massive gravity.

15






2 Heat kernel

In this chapter we review the mathematical foundations of the heat kernel method and show
its connection with the effective action defined in the background field method in chapter
1. We also show the technique for computing the Seeley-DeWitt coefficients. Our main
reference is [4].

2.1 Generating functional, Green functions and effective action

Let’s consider an arbitrary field ¢(x) on a n-dimensional spacetime given by its contravari-
ant components goA(x) that transform with respect to some representation of the diffeomor-
phism group. The field components @A(x) can be of both bosonic and fermionic nature.
The fermionic components are treated as anticommuting Grassmann variables [5]

P = (—1)ABpP 4 (2.1.1)

where the indices in the exponent of the (—1) are equal to 0 for bosonic indices and to 1 for
the fermionic ones. In order to build a local action functional S(¢) we also need a metric
of the configuration space E4p, i.e. a scalar product

(1, 02) = o1 EaBgs (2.1.2)
which enables us to define the covariant field components
poa=¢PEpa, P =pa(E"HP (2.1.3)
where (E71)48 is the inverse matrix
(B Epc=6"c, Bac(EH)P =64". (2.1.4)

The metric E4p must be non-degenerate both in bose-bose and fermi-fermi sectors and
satisfy the supersymmetry conditions

Eap = (_1)A+B+ABEBA ’ (Efl)AB — (_1)AB(E71)BA ) (215)

In the case of gauge-invariant field theories we assume that the corresponding ghosts are
included in the set of the fields ¢ and the action S(¢) is modified by the inclusion of the
gauge-fixing and the ghosts. In the future we’ll use the DeWitt notation i = (A, z) and
©' = ¢4(z) [6, 7]. The combined summation-integration looks like

orih = / & o1 (2)oh () (2.1.6)

17



Now let’s consider two causally connected in and out regions in the spacetime that lie in
the past and in the future respectively relative to the region. Let’s define the vacuum
states |in, vac) and |out, vac) in these regions and consider the vacuum-vacuum transition
amplitude

h

in presence of some classical background sources J; vanishing in the in and out regions.
The amplitude (2.1.7) can be expressed in form of a formal functional integral [8, 9, 10]

(out, vac | in, vac) = exp{iW(J)} (2.1.7)

i

exo{ W} = [domirexn] 11560+ 51} (2.18)

with M () as a measure functional, determined by the canonical quantization of the theory
[11, 12]. W(J) is the generating functional for the Schwinger averages

<¢1...¢ik>:exp{—;W(J)}(Dk(%fs%exp{;W(J)} L (219

J=0

with .
() = o0 &Ct Z;f’(;i))v 2:; vac) | (2.1.10)

with 07, as the left functional derivative and 1" as the operator of time ordering. The first
derivative of the functional W (J) gives the mean field

(') = @'(J) = (;ZLiW(J) : (2.1.11)

The second derivative determines the propagator

(p'p’) = 'o* + hgin (2.1.12)
1
with
k(T = 7 W(J 2.1.13
Q()—ka()- (2.1.13)

The higher derivatives give the many-point Green functions

o 5k
Gl () = ﬁW(J) . (2.1.14)

The generating functional for the vertex functions, called the effective action I'(®), is defined
by the functional Legendre transform

0(®) =W(J) - J;®", (2.1.15)

18



where the sources are expressed in terms of the backgrond fields J = J(®), by the inversion
of the functional equation ® = ®(J) (2.1.11).
The first derivative of the effective action gives the sources

OR
ox

D(3) =,(d) = —J; (D) . (2.1.16)

The second derivative determines the propagator

510n o
L T(®) =Dy (@ ith Dy, = (—1)"TFkDy,
spigprt (D) =Dul(®), wi i = (=1) mo (2.1.17)
DipG"" = —6;"
with 0 as a right functional derivative.
The higher derivatives determine the vertex functions
Ok

From (2.1.15) and (2.1.8) it’s easy to obtain the functional equation for the effective action

exp{}if(‘b)} - /dgo./\/l(tp) exp{}i[S(gp) T (@) (4 — qﬂ')” . (2.1.19)

By differentiating (2.1.16) w.r.t. the sources, we can express all the many-point Green
functions (2.1.14) in terms of the vertex functions (2.1.18) and the propagator (2.1.12). A
many-point Green function is represented by all kinds of tree diagrams with a given number
of external lines. Thus when using the effective action functional for the construction of the
S-matrix we need only the tree diagrams, since all quantum corrections determined by the
loops are already included in the full propagator and the full vertex functions. Therefore,
the effective equations (2.1.16) in absence of classical sources (J = 0)

r;(®) =0, (2.1.20)

)

describe the dynamics of the background fields with regard to all quantum corrections.

Working directly with the effective action is an advantage. It contains all the informa-
tions needed to build the standard S-matrix [13, 14, 12| and it gives the effective equations
(2.1.20) that enable us to take into account the influence of the quantum effects on the
classical configurations of the background fields [15, 16].

The formal scheme of quantum field theory we have described has a concrete meaning
in the framework of perturbation theory in the number of loops [8, 9, 10]:

T(®) = 5(®) + > W (@) . (2.1.21)
k>1

19



Plugging (2.1.21) into (2.1.19), shifting the integration variable in the functional integral
@' = ®" + Vi ¢', expanding the action S(¢p) and the measure M (¢p) in the quantum fields
¢' and equating the coefficients at equal powers of h, we obtain the recurrence relations
that uniquely define all the coefficients I';). All the functional integrals are gaussian and
can be calculated easily [17], as briefly described in the previous chapter. As the result,
the diagrammatic technique for the effective action is reproduced. The elements of this
technique are the bare one-point propagators, i.e., the Green functions of the differential
operator

_0rd,
CSpispk
and the local vertices, determined by the classical action S(¢) and the measure M (p). In
particular, the one-loop effective action has the form

Air(e) S(e) (2.1.22)

1, sDetA(®)
Liy(@) = —=log———~+= 2.1.2
1) () 28 A 2(0) (2.1.23)
with
sDetA = exp(sTrlogA) (2.1.24)
as the Berezin superdeterminant [5] and
STrF = (—1)'F%; = / d"z(—1)AFA 4 () (2.1.25)

as the functional supertrace.
The local functional measure M (p) can be taken in the form of the superdeterminant
of the metric of the configuration space

M = (sDetEy())? | (2.1.26)

with

Ein(¢) = Eap(p(2))d(z,2’) . (2.1.27)
In this case dpM(yp) is the volume element of the configuration space that is invariant
under the point transformations of the fields: ¢(x) — F(¢(x)). Using the multiplicativity
of the superdeterminant, the one-loop effective action with the measure (2.1.26) can be
rewritten as

Tpy(Q) = —%log sDetA (2.1.28)

with ‘ '
sDetAly, = (E"H™ A (2.1.29)

The local measure M (p) can be also chosen so that the leading ultraviolet divergences in
the theory, proportional to §(0), vanish 18, 19].

20



2.2 Green functions of minimal differential operators

The construction of Green functions of arbitrary differential operators (2.1.22), (2.1.29)
can be finally reduced to the construction of the Green functions of the minimal differential
operators of second order [2] with the form

Alp = |645(0 = m?) + Q4p(x) | g2 (v)6(z, 2) (2.2.1)

with g, as the metric of the background spacetime, g as the modulus of the determinant
of the metric tensor, V, as the covariant derivative and [0 = g, VAV".

The Green functions GA% (z, ') of the differential operator (2.2.1) are two-point objects,
which transform as the field ¢ (z) under the transformations of coordinates at the point
x and as the current Jp/(z') under the coordinate transformations at the point z’. The
indices belonging to the tangent space at the point 2’ are labeled with a prime.

Now we can construct the solutions of the equation for the Green functions

1

[5%(5 —m?) + QAC} GCpi(z,2') = —04pg™ 3 (2)8(z,2") , (2.2.2)

with appropriate boundary conditions, using the Fock-Schwinger-DeWitt proper time method
[20, 21, 19, 6, 22] in form of a contour integral over an auxiliary variable s

= idsexp( — ism? s) . 2.
G—/Cd p(— ism?)U(s) (2.2.3)

The evolution function, called also heat kernel, U(s) = U p/(s|z, z') satisfies the equation

0 5 . T sA
5:-U(s) = <1D+Q)U(s) . with 1=645, (2.2.4)
with the boundary condition

1

UAB/(s\x,x’)‘ac = 645972 (2)8(x, 2") , (2.2.5)

with 0C' as the boundary of the contour C. The evolution equation (2.2.4) is as difficult
to solve as (2.2.2). However, the representation of the Green functions in form of the
contour integrals over proper time, (2.2.3), is more convenient to use for the construction of
the asymptotic expansion of the Green functions in inverse powers of the mass and for the
study of the behaviour of the Green functions and their derivatives on the light cone x — 2/,
as well as for the regularization and renormalization of the divergent vacuum expectation
values of local variables. To obtain the causal Green function (Feynman propagator) one
has to integrate over s from 0 to co and add an infinitesimal negative imaginary part to
the m? [6, 22].
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Let’s now single out in the evolution function a rapidly oscillating factor that reproduces
the initial condition (2.2.5) at s — 0

U(s) = i(47rs)_% Az exp< — ;;)73(2(5) , (2.2.6)
with the world function o(x,2’) as half the square of the geodesic distance between the
points x and z’;

1

Az, 2) = —g_%(m) det( - VuV,o(z, :U'))g_5(x') (2.2.7)

is the Van Vleck-Morette determinant and P = P4 p(z,2') is the parallel displacement
operator of the field along the geodesic from the point z’ to the point z. The function
Q(s) = QY g (s|z,2') is called transfer function and transforms as a scalar at the point =
and as a matrix at the point /. This function is regular in s at the point s = 0, i.e.,

QA (02, 2') =4 (2.2.8)
r—x!

independently on the way how 2 — /. Using the equations [6, 22]
1

o= §O'MO"U‘ o =V,u0, (2.2.9)
o'V, P =0 Plp(xa)="p, (2.2.10)
1
o'V Jog A2 = 5(n—00), (2.2.11)
we obtain from (2.2.4) and (2.2.6) the transfer equation for the function (s)
0 1 f1 1
o 1w _p-1(ia-30A3
(81’5 +o vu>9(s) P (m 2DA2>PQ(3) (2.2.12)

If we solve this equation (2.2.12) in form of power series in the variable s

Qs) =Y (is)kbk : (2.2.13)

k>0

we can write the asymptotic expansion of the heat kernel as

U(s) ~i(dms) "2 Y ~by (2.2.14)
E>0

known as Minakshisundaram-Pleijel equation and then, from (2.2.8) and (2.2.12), we get
the recurrence relations for the by

o"Vubo =0, b g, a)=6"p (2.2.15)
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(1 + ;quu) by =P ! <1A_5DA§ + Q>Pbk_1 . (2.2.16)

The coefficients by (z, 2’) are known as Seeley-DeWitt coefficients [23, 24, 25, 26].

We can now move for further convenience to Euclidean time 8 = is and exploit the
operatorial identity

log A= — /000 dgexp(—ﬁA) . (2.2.17)

By recalling the expressions (1.2.22) an (2.1.24) and setting A = A, (2.1.28) becomes

1 A 1 [>d A
Loy = flogsDetA = —2/0 gsTrexp(—BA) =

(2.2.18)
—_/ —exp 2)/d":c gstrU(B) ,
where the new notation str for the supertrace indicates
sTrA = /d”x gstrA . (2.2.19)

By using the expansion (2.2.14) in Euclidean time £, the action (2.2.18) becomes

F(l):—;/OOOdBBeXp<—ﬁm )/ CZ:UB\[ trZ—bk n; ), (2.2.20)

which is the general form of the effective action in terms of heat kernel coefficients. The n
in by (n; x) refers to the dimension of the spacetime.

2.3 Calculation of Seeley-DeWitt coefficients

From the recurrence relation (2.2.16) we obtain the formal solution [27, 28, 29, 30]

1 -1 -1

with the operator D defined by
(D-2)0=0, D=od"V, (2.3.2)

and F' as
F=p! <1A—éDA§ + Q)P . (2.3.3)
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Let’s also define the concept of coincidence limit of a function f

[f(xz,2")] = lim f(x,2") . (2.3.4)
Tz’
In this section we’ll develop a convenient covariant and effective method that gives a practi-
cal meaning to (2.3.1). It will suffice to calculate the coincidence limits of the Seeley-DeWitt
coefficients by, and their derivatives.

First of all, we suppose that there exist finite coincidence limits of the Seeley-DeWitt
coeflicients
[br] = lim by (z,27) , (2.3.5)
z—az’
that don’t depend on the way how the points z and 2’ approach each other, i.e., the Seeley-
DeWitt coefficients bg(x, 2’) are analytical functions of the coordinates of the point x near
the point z’. It can be proven that the Seeley-DeWitt coefficients can be expressed in form
of covariant Taylor series
b= |n) (n|b) (2.3.6)

n>0

with |n) as a complete set of eigenfunctions, By defining the inverse operator (1 + %D)_l
in form of the eigenfunctions expansion

1 \7! k
1+-D = 3.
(1+30) =Xl 2.57)
n>0
from (2.3.1), we get

k k—1 1
(n|by) = Z . %
o soktn E—l4me 14w (2.3.8)

X (| F|ng-1) (ng—1 | F|ng—g) -~ (1 [ F']0)

where "
(m|F|n)= [v(m - Vum)F(_n!) ot (2.3.9)
with
ot =nt 0", 9, =V,o" . (2.3.10)

As the operator F is a differential operator of second order, the matrix elements (2.3.9)
don’t vanish only for n < m+2, so the summation (2.3.8) is always finite, and in particular
n1 > 0, nj < njpq1 + 2. The problem of computing Seeley-DeWitt coefficients is therefore
reduced to compute the matrix elements (2.3.9).
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The exact computation of the matrix elements is quite involved and will not be carried
out here; the results obtained by Avramidi [4], however, are in accordance with the earlier
ones by Gilkey [31] and De Witt [6, 32].

In order to show the outcome of these involved computations, it is useful to write the
operator (2.2.1) in the following simplified form

H=-0O0-V. (2.3.11)

Now, we’ll denote by n = D the dimension of our spacetime manifold. The trace of the
heat kernel coefficients (2.2.14) can be written as

> 1
Zskak] = yo Tr

k=0 (4s)2

1

D

(4ms)2

Tr

exp(iskak>] , (2.3.12)

k=0

where the functional trace Tr contains also a finite dimensional trace tr on the discrete
indices of the fields, with the new notation analogous to (2.2.19)

TrA = /d"a:\/gtrA (2.3.13)
and the heat kernel coefficients are related as
ap = %bk with ap = oy + Bk (2.3.14)
with )
Bo=p51=0
By = 1a? (2.3.15)

1
| B3 = ga‘? + ajon .

By using (2.3.11) for the differential operator and by denoting the gauge field strength
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tensor as Ry, = [V, V, |, the first four coefficients are given by

ap(z) =1 (2.3.16)
1

ay(z) = éRl +V (2.3.17)
1 /1 1, ) 1,

042(117) = 6\:‘ gRl —+ V + @(RMVpO' — Rp,l/)l —+ ERMV (2318)

1

as(r) =

[18D2R +17(V,R)? = 2(V,Rys)? — 4V, Ry VY R* +
+9(VaRuwpo)? — 8RR, ORMW + 24R,, V"V s RF +

2 4
+ 12R,, ,cLIRIP7 — %R#VR,,"RG“ + %R#VRMRW’”—%

16 44
- ERMVRMPUTRVPUT + gRuupaRpoaﬁRaﬁuy"i'

80
+ QRWPUR”O"’BRVQUB] 1+

2
+ 4 [S(VMRVJ)Q + 2(VFRuw)? + 12R,, ORM — 12R VR, R+
+ 6 R po R RP7 — 4R, RMRY » + 602V + 30(V,V)*+
+ 4R, VIVIV 4 12V, RVIV | (2.3.19)

The expressions above [33] will be used in chapter 4 to compute the heat kernel coeffi-
cients for massive gravity in curved spacetime.
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3 Massive gravity in flat spacetime

In this chapter we review the main aspects of massive gravity in a flat space. We will
first introduce the massless gravity theory and then see what happens when the graviton
becomes massive, leading to the Fierz-Pauli action for massive gravity. In chapter 4 we will
then formulate the massive gravity theory, but in a curved spacetime. Our main reference
is [34].

3.1 Gauge symmetries

Considering a field theory, we know the degrees of freedom (d.o.f.) are the particles, clas-
sified by their spin. In case of long range macroscopic forces, these degrees of freedom
are carried by bosonic fields, with integer spin s = 0, 1,2, etc, due to the spin statistics
theorem. A field ¢, which carries a particle of mass m, satisfies the Klein-Gordon equation
(O — m?) = 0, whose solution a distance r from a localized source goes like ~ M.
Long range forces have no exponential suppression, so they are described by massless fields
m = 0. Massless particles are described by how they transform under rotations trans-
verse to their direction of motion. The transformation rule is characterized by an integer
h > 0 called helicity. When h = 2, the required gauge symmetry to have a manifestly
Lorentz covariant description is linearized general coordinate invariance. Asking for consis-
tent self-interactions leads uniquely to General Relativity (GR) and full general coordinate
invariance [35, 36, 37, 38, 39, 40, 41, 42].

Let’s now focus briefly on the nature of gauge symmetries. They are not fundamental
properties, but, to be more precise, redundancies in the description of a theory. In fact, we
can always fix the gauge and eliminate the gauge symmetry without breaking the global
symmetries, which are the true physical ones. Fixing a gauge doesn’t change the physics
of the system, but, in this case, the global symmetries and locality are not manifest. On
the other hand, if we start from a system with no gauge invariance, it’s always possible
to introduce gauge symmetry by putting in redundant variables. We will perform this
procedure by introducing Stiickelberg fields in order to make any lagrangian invariant un-
der general coordinate diffeomorphisms. This possibility suggests that general coordinate
invariance is not a defining feature of GR. In fact, we can define GR as the theory of a
non-trivially interacting massless helicity 2 particle. The other properties are consequences
of this statement.

3.2 An historical overview

The theory of massive gravity propagates a massive spin 2 particle. A straightforward way
to formulate this theory is adding a mass term to the Einstein-Hilbert action, by giving a
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mass m to the graviton, in order to recover GR when m — 0. As GR is the unique theory of
a massless spin 2 particle, we should consider that changing it means changing the degrees
of freedom. The possibility of a graviton mass has been studied since 1939, when Fierz and
Pauli [43] first wrote the action describing a free massive graviton.

However, introducing a mass produces new patologies in the theory, like non-linearities,
which increase as the mass shrinks, ghost-like instabilities and a very low cutoff. Also,
a new mechanism arises. The extra degrees of freedom carried by the massive graviton
must decouple themselves as m — 0 to restore GR. Unfortunately, this process is not as
clean as we should expect. In fact, in 1970, when there was a flurry of renewed interest
in quantum field theory, the linear theory coupled to a source was studied by van Dam,
Veltman, and Zakharov [44, 45], who discovered the curious fact that the theory makes
predictions different from those of linear GR even in the limit as the graviton mass goes to
zero. In fact, massive gravity in the m — 0 limit gives a prediction for light bending which
is off by 25% from GR. This is known as vDVZ discontinuity.

This discontinuity is due to the fact that not all the d.o.f. decouple as the mass goes
to zero. The massive graviton has 5 spin states, which in the massless limit become the 2
helicity states of a massless graviton, 2 helicity states of a massless vector and a massless
scalar, which is a longitudinal graviton. So, the massless limit a massive graviton is not
simply a massless graviton, but a massless graviton plus a coupled scalar, which is the
reason of the vDVZ discontinuity.

If the linear theory is accurate, the vDVZ discontinuity represents a true physical dis-
continuity in predictions, violating our intuition that physics should be continuous in the
parameters. Measuring the light bending in this theory would be a way to show that the
graviton mass is mathematically zero rather than just very small.

The possible non-linearities of a real theory were studied by Vainshtein in 1972 [46], who
found that the extra degree of freedom responsible for the vDVZ discontinuity gets screened
by its own interactions, which dominate over the linear terms in the massless limit. Non-
linearities of the theory become stronger and stronger as the mass of the graviton shrinks.
What he found was that around any massive source of mass M, such as the Sun, there’s a

new length scale known as the Vainshtein radius, ry = (#M%> /5. At distances r < ry,
non-linearities begin to dominate and the predictions of the linear theory cannot be trusted.
The Vainshtein radius goes to infinity as m — 0, so there’s no radius at which the linear
approximation tells us something trustworthy about the massless limit. This opens the
possibility that the non-linear effects cure the discontinuity. To have some values in mind,
if we take M as the mass of the Sun and m with a very small value, say the Hubble
constant m ~ 10733eV/, the scale at which we might want to modify gravity to explain the

cosmological constant, we have 7, ~ 10'®km, about the size of the Milky Way.

Later on, in the same year, Boulware and Deser [47] studied some specific fully non-linear
massive gravity theories and showed that they possess a ghost-like instability. Whereas the
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linear theory has 5 d.o.f., the non-linear theories they studied turned out to have 6 and
the extra degree of freedom manifests itself around non-trivial backgrounds as a scalar field
with a wrong sign kinetic term, known as the Boulware-Deser ghost.

Meanwhile, the ideas of effective field theory were being developed and it was realized
that a non-renormalizable theory, even one with apparent instabilities such as massive
gravity, can be made sense of as an effective field theory, valid only at energies below some
UV cutoff scale. In 2003, Arkani-Hamed, Georgi and Schwartz [48] brought to attention
a method of restoring gauge invariance to massive gravity in a way which makes it very
simple to see what the effective field theory properties are. They showed that massive
gravity generically has a maximum UV cutoff of A5_1 ~ 10" km. This is a very small
cutoff, parametrically smaller than the Planck mass and goes to zero as m — 0. Around
a massive source, the quantum effects become important at the radius rg = (MMP)U 3/%5,
which is parametrically larger than the Vainshtein radius at which non-linearities enter. For
the Sun, rg ~ 10%* km. Without finding a UV completion or some other re-summation,
there’s no sense in which we can trust the solution inside this radius and the usefulness of
massive gravity is limited. In particular, since the whole non-linear regime is below this
radius, there’s no hope to examine the continuity of physical quantities in m and explore
the Vainshtein mechanism in a controlled way. On the other hand, it can be seen that the
mass of the Boulware-Deser ghost drops below the cutoff only when < rg, so the ghost is
not really in the effective theory at all and can be consistently excluded.

Putting aside the issue of quantum corrections, there has been continued study of the
Vainshtein mechanism in a purely classical context. It has been shown that classical non-
linearities do indeed restore continuity with GR in certain circumstances. In fact, the ghost
degree of freedom can play an essential role in this, by providing a repulsive force in the
non-linear region to counteract the attractive force of the longitudinal scalar mode.

By adding higher order graviton self-interactions with appropriately tuned coefficients,
it is in fact possible to raise the UV cutoff of the theory to As = (M sz)l/ 3 corresponding
to roughly Ay 1~ 10 km. In 2010, the complete action of this theory in a certain decoupling
limit was worked out by de Rham and Gabadadze (dARGT theories) [49], and they show
that, remarkably, it is free of the Boulware-Deser ghost. Recently, it was shown that the
complete theory is free of the Boulware-Deser ghost. This A3 theory is the best hope of
realizing a useful and interesting massive gravity theory.

3.3 The free Fierz-Pauli theory on flat spacetime
We want to study the action for a single massive spin 2 particle of mass m in a flat D-

dimensional spacetime (with d = D—1 space dimensions) with metric g,,,, with the graviton
as a symmetric tensor field h,,,. We will treat only the case with no external sources, i.e. no
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couplings to other fields (7}, = 0). This action is known as the Fierz-Pauli action [43, 50|
and it can be expressed as a sum of two terms, a massless one and a massive one.

The massless term can be obtained by linearizing the Einstein-Hilbert action of general
relativity

Sonlgl = —— / dP2/5 R(g) | (3.3.1)

2k2

D—-2

with k = M; 2 | Mp as the Planck mass and ¢ as the modulus of the determinant of the
metric. By expanding the metric as

guu(w) = N + h,u,u@f) ) (3.3.2)

with 7, as the Minkowski metric for flat spacetime and h,, (z) as a small quantum per-
turbation, i.e. the graviton, we can linearize the FEinstein-Hilbert action. We will show
explicitely how to perform the linearization in Appendix A. Hence, the massless term, at
second order, has the following expression

1 1
S[hlm=o = / dPx [ — §8AhW8Ah’“’ + 0phyn 0 RPN — 8RO, h + 58,\h8Ah (3.3.3)

and is invariant under the gauge-symmetry
5hw/ = auéz/ + 81’5# = 28@&,) 5 (334)

for a spacetime dependent parameter &, (x), which is broken by the following most general
mass term for the h,, field

1
SThlmy ms = -5 / dPz [mf R by +m3 2| (3.3.5)
However, it can be shown [51] that the total action S[hlpm=0 + S[h]m,,m, describes the
propagation of 5 d.o.f. only if
mi+m3=0, (3.3.6)

so we can use the notation m = m; and the mass term reduces to

S[hlm = —% /dDa: [mQ (h’“’hW — hQ)} , (3.3.7)

which corresponds to the Fierz-Pauli mass term. The coefficient —1 between the h? and
hywh*" terms is called Fierz-Pauli tuning and it’s not enforced by any known symmetry. If
the condition (3.3.6) is not satisfied, a sixth ghost mode with negative energy appears [52],
and the theory does not describe a massive graviton. This is a consequence of Ostrograd-
sky’s theorem [53].
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Hence, the total action can be written as

:/ﬁ@%-;amWMMW+@mMWMM—@mW@h+;@M%M%

L <h””hm, - h2>] :
2

This action contains all the possible contractions of two powers of h, with up to two deriva-

(3.3.8)

tives.

Now, by putting the action in the hamiltonian form, we can count the number degrees
of freedom, which are % — 1 . We start by Legendre-transforming (3.3.8) only with
respect to the spatial components h;;. The canonical momenta are

o . .
Tij = —— = hij — hixdij — 20 hjy0 + 20khordij (3.3.9)
8hij
SO 1
hij = mij — 5 mRkGij + 200 - (3.3.10)

In terms of the hamiltonian variables, (3.3.8) becomes
S[h] = /de [Trijhij‘ —’H—i—2h0i(8j7'rij)+m2h%i+hoo <V2hii—aiajhij —mzhii>:| , (3.3.11)

with V2 = ¢;;0'07, with 4,7 = 1,2, ...,d and

oM T g p gl
1 1
+ §8khij8khij — O;hj1,0jhik, + Oihi;Ojhgy — §8¢hjj6¢hkk+ (3.3.12)

H =

_l’_

+ %’ITL2 (hzjh” — h?z)

Let’s first consider the m = 0 case. The time-like components hy; and hgg appear
linearly multiplied by terms with no time derivatives. By interpreting them as Lagrange
multipliers, two constraints are enforced:

Gjmj =0 and Vthi - 8i8jhz-j =0. (3.3.13)

For D = 4, these constraints generate 4 gauge invariances, so the gauge orbits are 4 dimen-
sional and the gauge invariant quotient by the orbits is 4 dimensional [54]. These are the
two polarizations of the massless graviton, along with their conjugate momenta.
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Now let’s analyze the m # 0 case. The hg; components appear quadratically and they
are auxiliary variables instead of Lagrange multipliers. Their equation of motion yield

1
hoi = ——0;mi; | 3.14
0 majﬂ'] (3.3.14)

which can be plugged into (3.3.11) to obtain

S[h] = / dPx [mjhij —H + hoo (v%ii — 0;0jhij — m2h,~z~>] : (3.3.15)
with
1 5 1 1 5 1
H=_m— - T+ *8khij8khij - aihjkajhik + 8ihijajhkk+
2% 2D-2 2 (3.3.16)
1 1 1 e
— §azh”81hkk + §m2 (hijhl'j — hZQZ) + W(ijj)Q .
The component hgg remains a Lagrange multiplier enforcing a single constraint
C= —V2hu’ + 8i8jhij + mthi =0. (3.3.17)

The Fierz-Pauli tuning is crucial to the appearence of hgg as a Lagrange multiplier. If it’s
violated, then hgg appears quadratically and it’s an auxiliary variable.

A second constraint arises from the Poisson bracket

1
{H,C}pB = memi + E?i@jm-j (3.3.18)

with the Hamiltonian H = [ dzH. For D = 4 we have 10 total degrees of freedom,
corresponding to the 5 polarizations of the massive graviton and their conjugate momenta.
If the Fierz-Pauli tuning is violated, then we have no constraints and 12 d.o.f. The 2 extra
d.o.f. are the scalar ghost and its conjugate momentum.

From (3.3.8) we can also derive the equations of motion, which read

08

S = Oy — MNOuhr, — 0O A N ONOeh + 0,0,k — 1, Oht

(3.3.19)
— mQ(hW —Nwh) =0,
with O = 7,,,0"0". If we act on (3.3.19) with 0*, with m # 0, we find the constraint
Mhyy — 0yh =0, (3.3.20)
which, plugged back in (3.3.19), gives

Ohyw — 0,0k — m*(hyy — nuh) =0 . (3.3.21)
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By taking the trace of this we get h = 0, which implies 0*h,,, = 0. By applying this two
conditions to (3.3.19), we have
(O —m?)hu = 0. (3.3.22)

Hence, the equations (3.3.19) are equivalent to the equations

(O-m?h,, =0
"Ry =0 (3.3.23)
h=0.

This form allows us to count the number of d.o.f. more easily. In fact, in D = 4, the first
expression is an evolution equation for the 10 components of the symmetric tensor h,, and
the other two expressions are constraints. The first of the two gives 4 constraints, killing
4 real space d.o.f., while the second one determines the trace, killing 1 degree of freedom.
In total, we have 5 real space degrees of freedom, in agreement with the analysis we have
done.

Note that the tracelessness constraint h = 0 is not satisfied if the Fierz-Pauli tuning is
not present, i.e. the condition (3.3.6) is not satisfied. In this case, one degree of freedom is
not removed, leading to a theory with 6 d.o.f. in D = 4: a ghost-like scalar mode inside h,,
becomes propagating. At the classical level a ghost is a field with negative kinetic energy
which gives rise to an unbounded Hamiltonian and thus causes fatal instabilities; at the
quantum level ghosts must be avoided in order to ensure unitarity. It is therefore crucial
to work with the above Lagrangian with correct relative coefficient in the mass term. In
D =4, it describes the on-shell propagation of a traceless, transverse and symmetric tensor
field h,, with 5 massive degrees of freedom. This allows us to identify h,, with a massive
spin-2 field with helicities £2, £1, 0.

The first equation in (3.3.23) is the standard Klein-Gordon equation, with the general
solution

d
Y (z) = / \/(zch)Ldep <h“”(p) exp (ip - x) + h*"*(p) exp (—ip - m)) , (3.3.24)

with p as the spatial momenta, wp = \/p? + m? and the D—momenta p* on shell, so that
p" = (wp,p). Next we expand the Fourier coefficients h*”(p) over some basis of symmetric
tensors, indexed by A,

W (p) = apr & (p, ). (3.3.25)
We will fix the momentum dependence of the basis elements é*”(p, \) by choosing some
basis e (k, \) at the standard momentum k* = (m,0,0,0,...) and then acting with some
standard boost L(p), which takes k into p, p* = L(p)*,k". This standard boost will choose
for us the basis at p, relative to that at k. Thus we have

& (p,\) = L(p)"o L(p)” 5 € (K, \) . (3.3.26)
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Imposing the conditions d,h*” = 0 and h = 0 on (3.3.24) then reduces to imposing
ke (k,\) =0, nue”(k,A)=0. (3.3.27)

The first says that é*(k, )\) is purely spatial, i.e. €#(k, \) = 0. The second says that it is

traceless, so that €;(k, \) = 0 also. Thus, the basis need to be only of symmetric traceless

spatial tensors, A =1,..., @ — 1. We also demand the basis to be orthonormal

Euy(kv )‘) Erw(k7 >\/) = 0N - (3328)

This basis forms the symmetric traceless representation of the rotation group SO(d), which
is the little group for a massive particle in D dimensions. If R¥, is a spatial rotation, we
have

RMRY, @ (k,X) = RN e (k,\) , (3.3.29)

where Ry is the symmetric traceless tensor representation of R¥ w- We are free to use any
other basis e"”(k, \), related to the e (k, \) by

& (k,\) = BN & (k,N) , (3.3.30)

where B is a unitary matrix.

Given a particular spatial direction, with the unit vector l%i, there’s an SO(d — 1)
subgroup of the little group SO(d) which leaves k¥ invariant and the symmetric traceless rep
of SO(d) breaks up into three reps of SO(d—1), a scalar, a vector and a symmetric traceless
tensor. The scalar mode is called the longitudinal graviton and has spatial components

g d [~in. 1.
ij _ Bkl — 264 . 3.3.31

€L d—1 < d ) ( )
After a large boost in the k! direction, it goes like €7, ~ p> /m?. As we will see later, in the
massless limit, or large boost limit, this mode is carried by a scalar field, which generally
becomes strongly coupled once interactions are taken into account. The vector modes have
spatial components

el = Vakls) (3.3.32)

and after a large boost in the ki direction, they go like €7, ~ p/m. In the massless limit,
these modes are carried by a vector field, which decouples from conserved sources. The
remaining linearly independent modes are symmetric traceless tensors with no components
in the k' directions and form the symmetric traceless mode of S O(d—1). They are invariant
under a boost in the k' direction and in the massless limit they are carried by a massless
graviton. In the massless limit, we should therefore expect that the extra degrees of freedom
of the massive graviton should organize themselves into a massless vector and a massless
scalar.
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Upon boosting to p, the polarization tensors satisfy the following properties: they are
transverse to p* and traceless,

Pu GMV(p’ )‘> =0, Umy GW(pa )\) =0 (3333)
and they satisfy orthogonality and completeness relations

(P, A) €, (P, N) = O (3.3.34)

1 1
Z 6“”(p7 )\) e*aﬁ(p’ /\) — 5(Puozpuﬁ + Puﬁpua) - ﬁp;wpaﬁ 7 (3'3.35)
A

where P8 = nof 4+ 1’%;5. The right hand side of the completeness relation (3.3.35) is the
projector onto the symmetric and transverse traceless subspace of tensors, i.e. the identity
on this space. We also have the following symmetric properties in p, which can be deduced
from the form of the standard boost,

ei(—p,\)=€(p,\), i,j=1,2,....d (3.3.36)
' (—p,N) = —(p, ), i=1,2,...,d (3.3.37)
”(=p, ) = "(p, ) . (3.3.38)

The general solution to (3.3.19) thus reads

W (@ > [ap,)\ e"”(p,\) exp (ip - @) + ay, € (p, A) exp (—ip - w)] :

_ d’p
)_/ V2m) 2w, 5
(3.3.39)

The solution is a general linear combination of the following mode functions and their

conjugates
1
', = ——"(p,\exp(ip-x), A=1,2,...,d. 3.3.40
PA 2r)om, (p,A) exp (ip - x) ( )

These are the solutions representing gravitons and they have the following Poincaré trans-
formation properties

up (@ — a) = w)\(z) exp (—ip - a) , (3.3.41)
/V/ _ w v
AﬂM/AVV/ UZJ\ (A 1;3) — ¥ W(A,p)/\//\u’/(p’k(x) (3.3.42)

Wp
where W(A,p) = L~Y(Ap)AL(p) is the Wigner rotation and W (A, p)yy is its spin 2 repre-
sentation R*, — (B"'RB)y. Thus, the gravitons are spin 2 solutions.

In terms of the modes, the general solution reads

h* (z) = /ddpz [ap)\ugf’)\(a:) + a;‘mugj};(:c) . (3.3.43)
A
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The inner (symplectic) product on the space of solutions to the equations of motion is,

(b, 1) = i / dia b () o by (2)]| (3.3.44)
t=0

The v functions are orthonormal with respect to this product,

(upatp x) = 8%(p — p')orn (3.3.45)
(up rugy ) = =0%(p = p)oan (3.3.46)
(tp \tgr 1) =0 (3.3.47)

and we can use the product to extract the a and a* coefficients from any solution A, (x),
ap A = (up,)w h’) ) (3348)

a;’)\ = —(u;)\, h) . (3349)

In the quantum theory, the a and a* become creation and annihilation operators which sat-
isfy the usual commutation relations and produce massive spin 2 states. The fields h;; and
their canonical momenta 7;;, constructed from the @ and a* will then automatically satisfy
the Dirac algebra and constraints of the Hamiltonian analysis, providing a quantization of
the system. Once interactions are taken into account, external lines of Feynman diagrams
will get a factor of the mode functions (3.3.40).

3.4 Propagator
We can rewrite (3.3.8) in the following form by integrating by parts
S[h] = / 4P IO s 0 (3.4.1)
with
O ap = (n(“an”)ﬁ - 17“”%6) (O —m?) = 20%0n") 5) + 0" g + 0udpn™ , (3.4.2)

which satisfies

O,ul/ocﬁ — Ovltaﬁ — ONVBQ — Oaﬂ/“’ , (343)
with 1
n,u,(anﬁ)l/ _ 5(,,7,“0577,3’/ + 77# nal’) . (344)
1
9lagh) — i(aaaﬁ +9°0%) (3.4.5)
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Proof. The calculations are trivial and straightforward. We start with the total action
(3.4.1) and rearrange the terms in order to write the action in diagonal form

1 1
S[h] = / d"z [ - iaAhWaAW + D\ R — 8, 9, h + §8Ah8’\h+

L <h’“’hw - hQ)] =
2

1 1
= / dPx [2hWDh’“’ — hyr0, 0" W* + WM 9,0, h — ShOh+

1 v
- g (= 17)| -

1

= / de[QhWD nH o) gh% — B, 000 W+ (3.4.6)
1
+ hy 010 10 gh®P — ithn‘”’naﬁ hoP 4
1 v o v «
_ §m2 (huun(“oﬂ? )6h B8 _ By T P B)} _
p, 1 (1 p¥) v 2
= [ d7z 5 (?7 an”g =1 naﬁ)(D—m )+
— 23(“8(a?7y)5) + 010" N0p + aaﬁ/gn‘“’} hag -

It is then straightforward to verify the property (3.4.3).

|
The equations of motion (3.3.19) can be written as
5S
— OmaBp (. 4.
= 0" Phas =0 (3.4.7)

Going to the momentum space, we can then derive the propagator Dyg,), which has to
satisfy

OFOBD o = %(5&,5“ Nt 5”05%) : (3.4.8)
By solving it, we get
—1 1 1
Dopor = m 5 (Paapﬁ)\ + Pa/\Pﬁa) — ﬁpaﬁpw\ ) (3.4.9)
with Pap
Pog = Tag + ;f : (3.4.10)
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Let’s now see what happens when m = 0. The massless action (3.3.3) can be written as
S[h]m=0 = / dPzx % Ry EM o B (3.4.11)

with
EM 0p = O™ aplm=0 = (n‘“an”)g—nﬂ”naﬁ)D—zawa(an”)ﬁ)+aﬂa”na5+aaaﬁnw (3.4.12)

and the symmetries (3.4.3).
If we act on a symmetric tensor Y,g we have

EMeBY, s = OYH — pOY — 2010, YV + 9HOVY + ' 0,05V P . (3.4.13)

The massless action (3.3.3) is invariant under the gauge symmetry (3.3.4). This leads to
the following conditions

9, ( Euvaﬂyaﬁ) =0, E"9(9,85 4 950) = 0. (3.4.14)

Now, in order to find the propagator, we must fix the gauge freedom. Choosing the de
Donder gauge corresponds to

1
0" hy — iﬁyh =0. (3.4.15)
In this gauge the equations of motion simplify to

1
Ohy = a5k = 0 (3.4.16)

and the solutions also satisty (3.4.15). We can now add the gauge fixing term

2
Cop — — (thW - ;auh> (3.4.17)

to the lagrangian of (3.4.11). Quantum mechanically, this comes form the Faddeev-Popov
gauge fixing procedure described in chapter 1. Hence, we have

1 1 1 ~
L+ Lar = 5hu O — 2h0h = thO“"’aﬁhQﬁ : (3.4.18)
with 1
Orved — 5 <?7“O‘17”/3 +nHPn* — n’”no‘ﬁ)D (3.4.19)

and (3.4.16) as the equations of motion.
Going to the momentum space we obtain the propagator

—1 |1 1
Daﬁo—/\ = pﬁ [2 (naanm + 77a>\77[30) - Mﬁaﬁnax} ) (3-4-20)

which satisfies (3.4.8) with O instead of O.

Comparing (3.4.20) with m — 0 and (3.4.9), there’s a difference in the coefficient of the

last term, which is ﬁ w.r.t. ﬁ. This a sign of a discontinuity in the m — 0 limit.
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3.5 Linear response to sources and vDVZ discontinuity
We now add a fixed external source 7" (z) to the action (3.3.8)

1 1
S[h] = / dPx [ - 5&%6%/” + Duh "R — 8,9, h + §akhakh+
(3.5.1)

1
- 5m?(hWhW — h?) + Kkh, T |

D—-2

with k = M ; 2 as the coupling strength to the source. The equations of motion are now
sourced by T},,,
oS

v = Ohy — 028uh™y — Or0uh™ 4 0w Ox0sh™ + 9,0, h — 1, Oh+

(3.5.2)
- m2(hW —Nuwh) = =KL .

In the case m = 0, acting on the left with 9" gives identically zero, so we must have the
conservation condition 9#T),, = 0 if there is to be a solution. For m # 0, there’s no such
condition.

We now want to find the retarded solution of (3.5.2), to which the homogeneous solutions
of (3.3.8) can be added to obtain the general solution. Acting on the equations of motion

(3.5.2) with 0" leads to
K

Oy — Oy = —5 0Ty (3.5.3)

By plugging this back into (3.5.2), we find
Dy — 0,00k — 1% (B — Muh) = =K T + — | 90, Ty + 00, Tyr — 1, 00T | , (3.5.4)
m
with 00T = 9,0,T". By taking the trace of this, we find
K Kk D—2
m?(D —1) m*D —1
By applying this to (3.5.3), we find
K
m2(D —1)
which, when applied along with (3.5.5) to the equations of motion, gives

1 0,0y
(O —m®)hyu = _H[T#V " D_1 (mw - :12 >T} -

h=-— 00T . (3.5.5)

K k D—2

K
8Mh#y - - 8VT + W@“Tw — W@“Tﬂy — @m&,&?T 5 (356)

n % [6A8MTM + 020, Tyn+ (3.5.7)

1 00y
_D_1<7]u,,—|—(D—2) >88T:| .

m2
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Hence, the equations of motion imply the three equations (3.5.7), (3.5.6) and (3.5.5). Vicev-
ersa, these three equations imply the equations of motion (3.5.2).

Taking (3.5.7) and tracing, we find

9 K k D—2
Under the assumption that, for (O — m?)f = 0, we have f = 0 for any function f, the
equation (3.5.5) is implied. This will be the case with good boundary conditions, such as
the retarded boundary conditions we impose when we are interested in the classical response
to sources. The equation (3.5.6) can also be shown to follow under this assumption, so
that we may obtain the solution by Fourier transforming only the equation (3.5.7). This
solution can also be obtained by applying the propagator (3.4.9) to the Fourier transform
of the source.

When the source is conserved, we are left with just the equation

1 00y
(D — mQ)h,u,l/ = —K I:TMV — ﬁ (77/.1,1/ — 7‘;12 )T:| . (359)
The general solution for a conserved source is then
d"p exp (ipx) 1 Dby
with T*(p) as the Fourier transform of the source
T (p) = /dDa: exp (—ipz)TH (x) . (3.5.11)

To get the retarded field, we should integrate above the poles in the p® plane.

Now, we can study with more details two particular solutions: the first for a point source,
the second for the massless graviton. They will be useful to study the vDVZ discontinuity.

We now specialize to 4 dimensions, so that k = 1/Mp and we consider as a source the
stress tensor of a mass M point particle at rest at the origin

T (z) = M&hoy63(x), T () = 2r M 346553 (p°) . (3.5.12)
Note that this source is conserved. The general solution (3.5.10) gives
2M d3p 1
h = — — 3 . —
00 (.Z') SMP (271')3 €xp (Zp w)pQ + m2 )
hol(.r) =0 s (3.5.13)

M d3p

. 1 DiP;
exp (ip ) s (0 + 8 )
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Using the formulae

d®p 1 1 exp (—mr)
-r)—— = = 7 3.5.14
[ e ip-w) ey = (35.14)
d’p . pp 1
/(277)3 exp (zp-ac) e —0; ]/ 5 exp (ip - m)m =
1e 1
:47TXPT)[2(1+W)5U+ (3.5.15)

- 771(3 + 3mr + m2r?)zx; |
with r = /z;z;, we have

2M 1 exp(—mr)

h
00(w) = 3Mp 4 r ’
hol(x) =0 N
M 1 1 2y2 3.5.16
his () — exp (—mr) [1 4+ mr +m®r (1 + mr)os+ ( )

3Mp 4 r m2r2
1
T,A(?’ + 3mr + m?r?)xx;

Note the Yukawa suppression factors exp (—mr), characteristic of massive field.

We can also write these expressions in spherical coordinates for the spatial variables.
Using

[F(r)di; + G(r)wzj|de'de? = (F(r) + r2G(r))dr? + F(r)r?dQ?* (3.5.17)
we find
hydrtds” = —B(r)dt* + C(r)dr® + A(r)r?dQ? (3.5.18)
where
2M 1 exp (—mr)
B —
(r)  3Mp 4w r ’
__2M 1 exp(—mr)l+4+mr
C(r) 3MP gy " pRCRE (3.5.19)
2,.2
Alr) = M 1 exp(—mr)1+mr+mr
3Mp 47 r m2r?
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In the limit » < 1/m, these reduce to

2M 1
Br) = =330 Tr
2M 1
= 5.2
clr) 3Mp d7m?2r3 (3.5.20)
M 1
A(r)

"= 3Mp 4mm?2r3

Corrections are suppressed by powers of mr.

In order to have a comparison, let’s compute the point source solution for the massless
case as well. We choose the Lorentz gauge (3.4.15). In this gauge the equations of motion
simplify to

1
Ohy — inijh =~k . (3.5.21)

By taking the trace, we find
2

D—2"
and upon substituting it back in (3.5.21), we get

Uh =

T (3.5.22)

1
Dhuy = —K |:Tuy - .D—277HVT:| . (3523)

This equation, along with the Lorenz gauge condition (3.4.15), is equivalent to the original
equation of motion in Lorenz gauge.

By taking 0" on (3.5.21) and on its trace, using the conservation of T}, and comparing,
we have

D(@“hw - %ayh) ~0, (3.5.24)

so that the Lorentz condition is automatically satisfied when boundary conditions are satis-
fied with the property that CIf = 0 implies f = 0 for any function f, as is the case when we
impose retarded boundary conditions. We can then solve (3.5.21) by Fourier transforming

D
tule) =5 [ gy exp i) % | Tu) = 550 T0)] (3.5.25)

with T (p) = [dPxzexp (—ip- x)T* (x) as the Fourier transform of the source. In order
to get the retarded field, we should integrate above the poles in the p° plane.
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Now we specialize to D = 4 and we consider as a source the point particle of mass M
at the origin (3.5.12). For this source, the general solution (3.5.25) gives

hoof@) = o [ LP e (ipz) b = AL
2Mp | (2m)3 p?> 2Mpdnr’

hoi(x) =0, (3.5.26)
M dp 1 M 1

“ovg exp (ip - m)p%

i) 2Mp | (27)3 2Mp 47‘(‘7“5 J

We can also write these expressions in spherical coordinates for the spatial variables. Using

[F(r)di; + G(r)wz;|ds'de? = (F(r) + r*G(r))dr? + F(r)r?dQ* (3.5.27)
we find
hydatds” = —B(r)dt* + C(r)dr® + A(r)r?dQ? (3.5.28)
where
M 1
B = = or i e
M 1
= — 0.2
C(r) oMy dnr (3.5.29)
M 1
AT = oM

Now, let’s study the vDVZ discontinuity. We want to extract some physical predictions
from the point source solution. We assume we have a test particle moving in this field and
responding to h,, like a test particle in general relativity responding to the metric deviation
O0Guy = Miphuv We know that if h,, takes the form 2hgo/Mp = —2¢, 2h;j/Mp = —2v6;;,
hoi = 0 for some functions ¢(r) and 1 (r), then the newtonian potential experienced by the
particle is given by ¢(r). Furthermore, if ¢(r) = vy¢(r) for some constant ~, called PPN
parameter and if ¢(r) = —% for some constant k, then the angle for the bending of light
at impact parameter b around the heavy source is given by o = 2(1 + 7)/b. By looking at
(3.5.26), the massless graviton gives us the values

¢ = —GM7 Y= _GM : (3.5.30)

T T

using # = 81(G. The PPN parameter is therefore v = 1 and the magnitude of the light
P

bending angle for light incident at impact parameter b is

_4GM
===,

(%

(3.5.31)
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For the massive case, the metric (3.5.16) is not in the right form to read off the newtonian
potential and light bending. In order to simplify things, we notice that while the massive
gravity action is not gauge invariant, we have assumed that the coupling to the test particle
is that of GR, so this coupling is gauge invariant. Thus, we can make a gauge transformation
on the solution A, and there will be no effect on the test particle. In order to simplify the
metric (3.5.16), we go back to (3.5.13) and notice that % term in h;j is pure gauge, so we
can ignore this term. Thus, our metric is gauge equivalent to the metric

2M 1 exp(—mr)

ho@) =g v
hoi(z) = 0 , (3.5.32)
M 1 exp(—mr)
M) = e e O
Then, in the small mass limit
4GM 2GM
b=-3T5, b=—2Th (3.5.33)

The newtonian potential is larger with respect to the massless case. The PPN parameter is
~v = 1/2 and the magnitude of the light bending angle for light incident at impact parameter
b is the same as in the massless case

_4GM

; (3.5.34)

o
If we want, we can make the newtonian potential agree with GR by scaling G — %G. Then,
the light bending would change to a = mTM, off by 25% from GR.

Hence, linearized massive gravity, even in the limit of zero mass, gives predictions which
are one order different from linearized GR. If nature we described by either one or the other
of these theories, we would, by making a finite measurement, be able to tell whether the
graviton mass is mathematically zero or not, in violation of our intuition that the physics
of nature should be continuous in parameter. This is the vDVZ discontinuity (van Dam,
Veltman, Zakharov) [55, 56, 57, 58|. It’s present in other physical predictions as well, such
as the emission of gravitational radiation [59].

3.6 The Stiickelberg trick

In this section we’ll study the origin of this discontinuity. We’ll see that the correct massless
limit of massive gravity is the massless gravity plus extra degrees of freedom, as expected
since the gauge symmetry which kills the extra degrees of freedom only appears when the
mass is exactly zero. The extra d.o.f. are a massless vector and a massless scalar which
couples to the trace of the energy momentum tensor.
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Taking the limit m — 0 straight away in (3.5.1) doesn’t yield to a smooth limit, because
some d.o.f. are lost. In order to find the correct limit we have to introduce new fields and
gauge symmetries in the massive theory without altering it. This is called Stickelberyg trick.

First, we can show an example, related to the theory of a massive photon and later
apply the same procedure to massless gravity.

Let’s consider the theory of a massive photon A, coupled to a source J,, not necessarily
conserved.

1 1
S[A] = /dD:c [ = P P = om? A, AN 4 AMJ“} , (3.6.1)
with F,, = 0,A, —0,A,. The mass term breaks the would-be gauge invariance, 04, = 9,

and for D = 4 this theory describes the 3 degrees of freedom of a massive spin 1 particle.

PuPv
m2

Recall that the propagator for massive vector is Zﬁ <77m/ + ), which goes like ~ #
for large momenta, invalidating the usual power counting arguments.

The limit m — 0 is not a smooth limit because we lose a degree of freedom. For
m = 0 we have Maxwell electromagnetism which in D = 4 propagates only 2 d.o.f., the
two polarizations of a massless helicity 1 particle. Also, the limit doesn’t exist unless the

source is conserved as this is a consistency requirement in the massless case.

The Stiickelberg trick consists of introducing a new scalar field ¢ so that the new action
has a gauge symmetry, but it’s still dynamically equivalent to the original action. It will
expose a different m — 0 limit which is smooth, so that no d.o.f are gained or lost. So, we
make the replacement

Ay — A+ 0up (3.6.2)

following the pattern of the gauge symmetry we want to introduce [60]. This is not a change
of field variables. It is not a decomposition of A, into transverse and longitudinal parts
and it’s not a gauge transformation as the lagrangian (3.6.1) is not gauge invariant. This
is creating a new lagrangian from the old one, by the addition of a new field ¢. Fj, is
invariant under this replacement, since the replacement looks like a gauge transformation
and F},, is gauge invariant. The only thing that changes is the mass term and the coupling
to the source

1 1
S[A, ¢] = /dD:v [ = Fw " - imQ(Au +0up)% + ATt — 00, M| (3.6.3)

where we have integrated by parts in the coupling to the source. The new action now has
the gauge symmetry
0A, = 0,¢ dp=—€. (3.6.4)

By fixing the gauge ¢ = 0, called unitary gauge, we recover the original massive lagrangian
(3.6.1), which means that (3.6.3) and (3.6.1) are equivalent theories. They both describe
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the 3 d.o.f of a massive spin 1 particle in D = 4. The Stiickelberg trick is a terrific illustra-
tion of the fact that the gauge symmetry represents nothing more than a redundancy of the
description. We can consider any theory and make it a gauge theory by introducing redun-
dant variables. Also, given any gauge theory, we can always eliminate the gauge symmetry
by eliminating the redundant degrees of freedom. However, removing redundancies is not
always a smart thing to do. In Maxwell electromagnetism it’s impossible to remove the
redundancies and at the same time preserve manifest Lorentz invariance and locality. The
theory is still Lorentz invariant and local, but not manifestly. With the Stiickelberg trick
presented here, on the other hand, we are adding and removing extra gauge symmetry in a
rather simple way, which doesn’t mess with the manifest Lorentz invariance and locality.

We see from (3.6.3) that ¢ has a kinetic term, in addition to cross terms. Rescaling
= %4,0 in order to normalize the kinetic term, we have

1 1 1
S[A, o] = /dD:U [ — < F, P — §m2AuAM —mA,0"p — iauSDaM<P+

4
1 (3.6.5)
+ AMJM + —Egoa,“]“
and the gauge symmetry reads as
0A, = 0,€ 0p =—mé . (3.6.6)

Considering now the m — 0 limit, assuming a conserved source, the action becomes
D 1 v 1
S[A) QD] = d”z| — ZFMVFH - 58,11%08“@ (367)

and the gauge symmetry is
0A, = 0,¢ dp = 0. (3.6.8)

It is now clear that the number of d.o.f. is preserved in the limit. For D = 4 two of the
three d.o.f. go into the massless vector and one goes into the scalar.

Now, let’s consider the Fierz-Pauli action (3.5.1) in the following form
1
ﬂm:/ﬁ%@M_QMwMW—MMmmJW, (3.6.9)
with £,,—¢ as the lagrangian of the massless graviton (3.3.3). We aim to preserve the

gauge symmetry (3.3.4) in the massless case, so we introduce a Stiickelberg vector field A,
patterned after the gauge symmetry so that h,, is transformed in the following way

hyw = by + 04 Ay + 0, A, . (3.6.10)
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The L,,—0 term remains invariant because it’s gauge invariant and (3.6.10) looks like a
gauge transformation, so all that changes is the mass term

1 1
S[h, A] = / dPx [Emzo(h) - §m2(h,wh‘“’ —h?) — 5 m? F,, F" +
(3.6.11)

— 2m? (N, 0" A — R, AM) + kb, T — 26A,0,TH

Proof. Let’s see how the term —%mQ (hw,h’“’ — hz) transforms under the introduction of
the Stiickelberg field A,. First, let’s look at the terms h,, h*" and h? separately

huht — By WY + 4hy, 0P AY 4 2(0, A, 01 AY + 0,A,0" AM) (3.6.12)
h? — h? + 4(9,A")? 4 4ho), AF . (3.6.13)
Now, as
]‘ v 14 14
5 P " = 0, A, 0" A” — 0, A, 0 A (3.6.14)

we can write

DA O AY + 0, A, 0" Al = 0, A, 0" A — 0,A,0" AP + 20, A, 0" Al =

_ %FWFW 20, Am? (3.6.15)
so (3.6.12) can be rewritten as
R B = B 4 Ah, M AY 4 F, FPY + 4(9,AM) (3.6.16)
leading to
huht — h? — Ry B — h% + Fl F* + 4(hy,, 0" A” — hd, AM) (3.6.17)
The term xh,,T"” changes as follows
khu T — khy TH — 25A,,0,TH (3.6.18)
by integrating by parts, leading to (3.6.11).
|
There’s now a gauge symmetry
Ohyuw = 20,8y, 0AL =& . (3.6.19)
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At this point we may consider rescaling A, — %Au to normalize the vector kinetic term
then take the massless limit, but we would end up with a massless graviton and a massless
photon, having only 4 d.o.f. out of 5 (in D = 4). The massless limit is still not smooth.
We have to introduce another field, which is the scalar Stiickelberg ¢

Ay — A+ 0.0 . (3.6.20)
(3.6.11) becomes
1 1
STh, A, ¢] = / dPz [ﬁmo(h) — §m2(hm,h"” —h?) - 5 m? F,, F*+

—2m?%(hy, 0" A — ), AM) — 2m? (R, 0"0" ¢ — hOp)+  (3.6.21)
+ khy TH — 26A,,0,T" + 2kp00T | |
with 00T = 0,0, T", integrating by parts in the last term. The term F),, F'*” is invariant

under U(1) transformations like (3.6.20), so it is not modified and the rest of the compu-
tation is trivial. There are now two gauge symmetries:

Shuw = 20,8y, 04, ==& . (3.6.22)
0A, =0,A, dp=—A. (3.6.23)
Now we can rescale A, — %A# Lo = %Lp , SO
1 1
St Al = [V [.cmow) — g (b — 2 B

— 2m(hy 0" A — hd AP) — 2(h, 00" o — hp)+  (3.6.24)

2 2
+ Kkhy, TH — a/{A“&,TW + me@@T ,

and the gauge symmetries become
Ohuw = 200,86, , 6A, = —mE, (3.6.25)
0A, =0, Jp=—-mA. (3.6.26)

Now, in the m — 0 limit, assuming a conserved source, otherwise ¢ and A, become strongly
coupled to the divergence of the source, the theory takes the form

1
S[h, A, @] = / dPx [ﬁng(h) = P P = 2y 00" — hO) + sl T | (3.6.27)
with all 5 d.o.f. in D = 4. To see this, let’s un-mix the scalar and the tensor with a field
redefinition

Py = Ny + Ty, (3.6.28)
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where 7 is any scalar. The massless spin 2 part changes as follows

1
Lin=0(h) = Lm=o (k') + (D — 2)|8,70"h' — 9, 7D, h'* + (D = 1)gmdx

Proof. Considering the massless lagrangian
1 A pv V7 A 1% 1 A
Lm—o(h) = —§8>\h,w(9 " + 0, hy, 0" RH™ — 0, A1 O, h + 58}]18 h,
let’s perform the field redefinition (3.6.28)

1
Lm=o(h) = —3 (R, + M) ON (W™ + )+

+ Oy (yy + moam)d” (W + ")+

9 (W™ 4+ 'm0, (W + D) + %&(h’ + DMK + Dr) =

1 1
= =5 OMh, O WY + O, N0 WY — O hM O, H 4 SONN O™+

+ (D = 2)8,70" W™ + (D — 2)9, 70" +

+ %(D - 2)(D —-1)9,mo! .

which leads to (3.6.29).

By taking
2
D—2%

m =

(3.6.29)

(3.6.30)

(3.6.31)

(3.6.32)

in (3.6.28) we can cancel all the off-diagonal terms in (3.6.27) by trading in for a ¢ kinetic

term. Hence, (3.6.27) takes the form

1 D—1
S A ] = [ Pl L) = S =2 D= Bp0p

2
/
+ khy, T +

5 kT

Proof. By (3.6.28) and (3.6.32), the following terms are modified as follows

—2(hy 09" o — hOp) = =2(h,,,0"0" o + 00" "¢ — W'Op — Drlp) =
D—

1
= *Q(D — ].)BMTF 8“90 =4 m@u@ (9“90 N
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D—-1
Lm—o(h) = Li=o(h') + 2|00 "K' — dp O WM + D3 Oup M| =

(3.6.35)

, D—-1 "

= Lin=o(') + 25— Fup ¢,
2

Khu TH = KR, T + ko, T = khy, TH + D= 2/<a<pT , (3.6.36)

leading to (3.6.33) when plugged into (3.6.27).
|

The gauge transformations now read

5h;w =208, 04,=0 (3.6.37)
0A, =0, dp=0. (3.6.38)
In D = 4 there are now manifestly 5 degrees of freedom, two in a canonical massless

graviton, two in a canonical massless vector and one in a canonical massless scalar.

In chapter 4 we’ll study the Fierz-Pauli action for massive gravity in a curved spacetime
and perform the same procedure.

Note that the coupling of the scalar to the trace of the stress tensor survives the m =0
limit. This is the origin of the vDVZ discontinuity. The extra scalar degree of freedom does
not affect the bending of light by coupling to the trace of the stress tensor (for which 7' = 0),
but it does that by affecting the newtonian potential. This extra scalar potential exactly
accounts for the discrepancy between the massless limit of massive gravity and massless
gravity.

As a side note, one can see from this Stiickelberg trick that violating the Fierz-Pauli
tuning for the mass term leads to a ghost. Any deviation from this form and the Stiickelberg
scalar will acquire a kinetic term with four derivatives ~ (Op)?, indicating that it carries 2
d.o.f., one of which is a ghost [61, 62]. The tuning is required to exactly cancel these terms,
up to a total derivative.

Returning to the action (3.6.24) for m # 0 and a source not necessarily conserved, we
now know how to apply the transformation h,, = h;w + %gpnwj, which yields

1 17 1 174
S[H', A, ¢] = / dD:x[Emzo(h’) = (WM = W) = D Fu P

D—1 D
270+ =——m?
+ D_2<,0< +D_2m>+

— om(h,, A — WO, AM)+ (3.6.39)

+ 2 m(m h/QD + 2mQDa#AM) + HhLVTM +

_l’_

2 2
Do 2mpT - E“AuaVTW + ango(‘)o”’T} .
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Proof. Let’s see how the terms in (3.6.24) are modified when the transformation h,, =
h;w + %gpnﬁw is applied

Ln=o(h) = Lin=o(h') —2 % ey | (3.6.40)

Kh T" = KR, TH + 55T (3.6.41)

huh™ = bl W + (D4_DQ)2¢2 + %g&h’ , (3.6.42)

h% = n? + ( D4j_722)2¢2 + DA‘Z_) 2g0h' : (3.6.43)

—2(hyw 09" o — hOyp) = =2(h,,, 00" — h'Oy) + 4%@[]@ , (3.6.44)

v v D -1
—2m(hy, 0" A” — hd, A*) = —2m(hy,, 0" A” — h'0, A*) + 4mmg0 o, A" . (3.6.45)

These expressions lead to (3.6.39).

The gauge symmetries read

2
5h;u, = 0,8 + 0,6, + mmAnlW, 0A, = 0N —m&,, dp=—mA. (3.6.46)

We can go to a Lorentz-like gauge, by imposing the gauge conditions |63, 64]

1
"h, — 5aHh’ +mA, =0, (3.6.47)
1 D-1
AH “h+2——p)=0. 6.4
Oy +m<2h+ D_2<p> 0 (3.6.48)

The first condition fixes the £, symmetry up to a residual transformation satisfying the
equations (00 — m?)¢, = 0. It is invariant under A transformations, so it fixes none of this
symmetry. The second condition fixes the A symmetry up to a residual transformation
satisfying (O — m?)A = 0. It is invariant under &, transformations, so it fixes none of this
symmetry. We add two corresponding gauge fixing terms to the action, resulting from
either Faddeev-Popov gauge-fixing procedure or classical gauge-fixing,

1 2
SGFI [h/, A] = — / dD{l? [8uh;“, - iauh/ + mA# s (3.6.49)
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4 D " 1, D-1 2
Saralh A 0]l = — [ dPx|0,A" +m §h +2mgp ‘

These have the effect of diagonalizing the action

STOT[hlv A7 90] = S[hlv Aa 30] + SGFI [h/, A] + SGF2[h,a A’ (10] =

1 1
= /de [Qh’w(m — m2)h'H — 1h/(D —m?)h +

D—-1
+ A (0 - m?)Ar 42 A m?)p+
2

2
+ /ﬁ}h/lluyT'uV + mk@T — EﬁAuayT'wj‘i‘

2
+ 2%@38T] .
m

o3

(3.6.50)

(3.6.51)






4 Heat kernel for linearized massive gravity

This chapter is the core of the thesis. We start with the Fierz-Pauli action in a spacetime
with a curved fixed background. We perform the Stiickelberg trick to restore a gauge sym-
metry to the theory. We can then choose proper gauge-fixing functions and rewrite the
action in a diagonal form with all the operators of second order and minimal. With the
Faddeev-Popov procedure, we can compute the path integral of the theory. These calcula-
tions allow us to use the Seeley-DeWitt method to compute the heat kernel coefficients and
finally write down the one-loop effective action for linearized massive gravity in an Einstein
spacetime up to the finite cubic terms in curvatures in D = 4.

4.1 Introduction

We want to study the Fierz-Pauli action describing the propagation of a massive graviton
(represented by the symmetric tensor field k), with mass m, on a fixed curved background
with metric g, and no external sources (7, = 0). We are working in an Einstein space of
dimension D, defined by the conditions:

R
Rp,z/ == ng,z/ 5 (411)
D -2
A=|—— )R 4.1.2
(%57 )7 (4.12)
with
RMV = R/\,LL/\I/ = gﬁARn,u)\u ) (413)
R=R',=¢g"R,, , with R>0 on spheres, (4.1.4)

with Ru,n, R and R as the Riemann tensor, Ricci tensor and Ricci scalar respectively
and A as the cosmological constant.

Einstein manifolds are indeed a special class of Riemaniann manifolds whose metric
satisfies Einstein field equations

Ry — %QWR + Mg =0. (4.1.5)
By contracting (4.1.5) with g"” we get
R—%DRJrDA:O, (4.1.6)
which leads to (4.1.2). By plugging (4.1.2) back into (4.1.5), we also find (4.1.1), as
1 D -2

RMV — §QW/R + 42D guuR =0. (417)
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There’s a reason why we are working in an Einstein space and not in a generic curved
spacetime. A massless graviton can consistently propagate only in an Einstein background
[65, 66]. On the other hand, in the case of massive gravity, we know from the literature
that we can formulate consistent theories in an arbitrary background [67, 68, 69], but
this seems to be possible only by linearizing the non-linear dRGT theory on the curved
background. It’s also possible to formulate alternative consistent theories of a massive
graviton in maximally symmetric spaces [70], which are, however, a subcase of Einstein
spaces, as the Riemann tensor is proportional to the Ricci tensor with the condition

R
Ryvpo = m(gupgw = YuoJup) - (4.1.8)

Moreover, we can formulate different consistent theories in Petrov-type D spaces [71], which
are a class of Ricci symmetric spacetimes, i.e. spaces with a covariantly constant Ricci
tensor, identified by the condition

VR =0, (4.1.9)

but it’s possible only for the partially massless case (which will be analyzed in Appendix
B). However, in the case of the massive Fierz-Pauli theory, the one studied in this thesis,
the only acceptable background which keeps the consistency is the Einstein one, as we shall
explain below.

The spacetime we work on has a Euclidean signature. This is particularly important
because the one-loop effective action (2.2.20) is written with the Euclidean time and we
want to keep consistency.

4.2 Fierz-Pauli action on curved spacetime

The action for the Fierz-Pauli theory in a generic curved background with Euclidean sig-
nature is obtained by substituting in the action on flat spacetime (3.3.8) all the partial
derivatives with the covariant ones and also adding all the possible non-minimal couplings
to the background curvature with dimensionless coefficients ¢;. As a result, we can write
the most general action for a massive spin 2 field in curved spacetime, with second order
terms, quadratic in derivatives and consistent with the flat limit.

1 1
Srp[hlm=o = / de\/g[QVph’“’VphW = VIV uh = VRN byt
+ VARV Ry + €1 RW 4 coRR* 4 (4.2.1)
+ e3R* PR hag + caRhoghs® + cs R hyh| |

with V, as the covariant derivative and g as the modulus of the determinant of the back-
ground g,,,,. As already mentioned, the extension of the Fierz-Pauli theory to curved back-
grounds leads to the appearence of ghosts. In order to get rid of them, we can consider
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all the couplings with the curvature of the spacetime and the resulting constraints, coming
from the equations of motion. The values of the dimensionless coefficients can then be fixed
in order to ensure the propagation of only 5 physical d.o.f., avoiding the presence of ghosts.
We don’t perform the calculations in this thesis as they are pretty cumbersome, but they
can be found in [65]. After the computations, we see that the only consistent background
is Einstein, defined by (4.1.1) and (4.1.2). The coefficients are set to

ey = L (4.2.2)

leading to

1
Seplhln-o = 5 / dPz\/g [Vﬂhﬂ”vph,w — VIRV b — 2VP RN Byt
4.2.3
o v 2R pv 1 2 ( )
+ 2V Y by — o (W — 507 |

By using the well known commutation relation between two covariant derivatives [72]

(Vi VR = R yuh?a + R0y (4.2.4)

which, taking into account Einstein manifolds simplifications, leads to the following relation
v v 17 Nel 2R v

—2VPhHN Ry, = =2V, WY PRy, — 2R sV hOP 4 W by (4.2.5)

we can rewrite the action (4.2.3) in the following form

1
Srplhlm=0 = 3 / de\/g[vpthphW — VMRV ,h — 2V, BN P hy,
" (4.2.6)
— 2Ry, sh" P th‘ + 2VHRV" Ry,

The action above describes the propagation of a massless spin 2 particle (2 degrees of
freedom) and it is invariant under the gauge symmetry

Ohu = V& + Vi€ =2V (.6, (4.2.7)

In order to describe massive gravity, this symmetry must be broken by the introduction of
the mass term

S[h)m = ;/dDz\/g[mQ (hﬂ”hw — h2>} : (4.2.8)
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Hence, the total action for massive gravity in an Einstein space with Euclidean signature
is [34]

Srplh] = Srp[h)m=0 + S[hlm =

1
=5 / dD:U\/g[V”hWVphW — V*hV b — 2V, WY NP hy, 4

R 4.2.9
— 2R0uph h*P + 5h2 + 2VHRVY yp+ 429)
+m? (h’“’h,w - h2>] :
As we will see in Appendix B, for R = D(DD__Ql)m2, m # 0, the action has a scalar gauge

symmetry and propagates 4 d.o.f. in D = 4. For all other values of m? and R, it has no
gauge symmetry and propagates 5 d.o.f in D = 4. The Fierz-Pauli action (4.2.9) can be
put in the diagonal form:

1
Spp[h] = 2/de\/§hWX“m5haﬁ : (4.2.10)

with the operator y**# as

el — ( O+ m2) [gu(agﬁ)v _ gaﬂgw/] — opalvlB) %gwgaﬁ_i_

(4.2.11)
_ 29aﬁv(llvﬂ) + QQ(N(QVV)VIB) ,
with the notation 1
Rilalv|B) i(R;wa +Ruﬁua) , (4.2.12)
1
g,u,(agﬁ)l/ — §(g,uagﬁ'/ + g#ﬁgal’) , (4213)
1
vieyh) — i(vavﬂ + VBV“) . (4.2.14)

Proof. The calculations are trivial and straightforward, similar to the ones performed in
chapter 3 to derive (3.4.1). We start with the total action (4.2.9) and rearrange the terms
in order to write the action in diagonal form
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1
Srelh] = 5 / de\/g[vpthphW — VMV h — 2V, BN P Ry, o+

R
— 2R0uph! hP + 5112 + 2VHhVY B+

+m? <h’“’hw, — hz)] =

1
=3 / dD:c\/g[ — By O™ 4 by g Dg™ hog + 20, VY VP 54

R (4.2.15)
+ QhVMVVhMV + huuﬁguygaﬁhoﬁ _ 2h,u,uR'u(a|V|B)haﬁ+
+ h,ul,mzh'uy - huum2gyygaﬁhaﬁ:| =
_ % /dD:c\/é h,w{ ( ~O+ m2) [g“(o‘gﬁ)” - gaﬁg“”] — 2RO
R
+ 59" = 29IV ¢ 29("(“V”)Vﬁ)} hag
leading to (4.2.10).
|

The terms —2¢*?V# VM 4 2¢((@yY)VP) make the operator non-minimal in the heat
kernel sense. In fact, we can rewrite x***? in the following form

N L YA VACS O, LG vk vl (4.2.16)
with

R
el _ ( —O+ m2> [g“(‘"gﬁ)“ —g*lg| = 2R gy (4.2.17)

being a minimal operator.

4.3 Comparison with linearized Einstein gravity

We now want to unveil the connection between the massless part of the action and the action
of linearized Einstein gravity in the de Donder gauge. Let’s rewrite the action (4.2.3) in
the following form:

1
Sep[hlmeo = / de\/g[ - 5hWDhW + hNPN Ry + VPRV Byt
. R . (4.3.1)
— VIRV, h — = W™ h,, — =h% || .
QV Vi D ( ) )]
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We impose the de Donder gauge,
1
VY — ivuh =0,

by means of the gauge-fixing action

1 2
Sap[h] = /d%\@{vth — QVMh} =

1
= / dPz\/g [V”hvah“’) + VuhVIh - v"hwv“h] :

The action becomes

Siin[h] = Spplhlm=0 + Sap[h] =

1 1
= / de\/g{ = " Oy + BNV by + S hOR

D

1
— PN N hyy — A (hﬂ”hw - 2;#)] :

With the identity
RPN L hyy = BN, NPy, + %h“”hm, — R ph™ P |
we finally obtain the action written in the following diagonal form
Siin[h] = / dP2\/q(hyuw € P hag)
with

1 1 R
o _ g Z gt goB _ Z gila By 2L g B _ pialv|B)
¢ <4g g 599 )+2D9 g R

which is precisely the linearized Einstein gravity action considered in |73].

(4.3.2)

(4.3.3)

(4.3.4)

(4.3.5)

(4.3.6)

(4.3.7)

Proof. By plugging (4.3.5) into (4.3.4) we can reach the final form of the action and then

diagonalize it like in the previous section.

1 1 R
Slm[h] = /dD:U\/§|: - §hul/|:|huy - Ruayﬂh“yhaﬁ + Zhl:lh + 2Dh2:| =

1
- /de\/g[ _ éhwgu(agﬁﬁ/mhoﬁ _ hWR“(aMfB)haﬁ—k
1 v (0% R vV
+ Zhuugu Dg /Bhoz,b’ + 24Dh,ul/gu g ﬁha,8:| =
1 1
= / deE\/ﬁ{huu [D <4g‘“’g°‘ﬂ - 50"%” )”>+

R
w gaB - pualv|B) | g,
+2Dg g R } aﬁ}.
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This leads to (4.3.6).
|

By fixing the gauge, we can immediately obtain an action with a minimal operator like
(4.3.7), which is not possible in (4.2.10) because of the mass term which breaks the gauge
symmetry (4.2.7).

4.4 Stiickelberg vector field

The partition function is given by the path integration of the Fierz-Pauli action over all the
possible field configurations:

Z[gw] = /DheXp ( - Spp[h;gw]) : (4.4.1)

Note that the issue of summing over gauge-equivalent configurations is absent since the
gauge symmetry is broken by the mass term, which plays the double and unnatural role
of both mass term and gauge fixing [74]. In the following, we aim to restore said gauge
symmetry. To do so, we can introduce the Stiickelberg vector field A, patterned after the
m = 0 gauge symmetry:

1
hu = by + — <VMAV + VVAM> . (4.4.2)

In fact, the massless Spp[h|m=0 term remains invariant. The mass term (4.2.8) changes as
follows

S[hlm — S[hlm + Ssrulh, A] (4.4.3)

with
D 1 w 2R, e "
Ssrulh, A] = [ d°x/g |5 FuF" — A Ay +2m(hy,, VFAY — RV, AR) |, (4.4.4)

having defined
F.,=V,A, -V,A, . (4.4.5)

Proof. As the spacetime is curved and the derivatives are covariant, we have to consider
the relation

VA VY AR = (V,AR)? — R, AFAY = (V,AM)? — gA“AM : (4.4.6)
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which holds up to total derivatives and can be further simplified considering that we work
in an Einstein space (4.1.1). This leads to the presence of the term —%A“A# in (4.4.6).
Taking into account this point, the rest of the computation is trivial and analogous to the
one performed in the previous chapter to derive the expression (3.6.11). Let’s see how the
term %m2 (h,wh”” — h2) transforms under the introduction of the Stiickelberg field A,,.

First, let’s look at the terms h,, h*" and h? separately
4 2
hywh? — by, R*Y + EhWV“A” + W(VuA,,V“A” +V,A,V"AY)

4 4
2 2 2
W= b+ — (VA" + mhv#A“ :
Now, as
1 v 14 14
§FWF“ =V,AVFAY -V A,V AF
we can write

V,AVHAY 4V, AV AP =V, A, VP AY — Y, A,V AP 42V, A, VY Al =

1 2R
= S FwF" + 2(V,AM)? — oA AL

so (4.4.7) can be rewritten as

” , 4 » 1 y 4 4R
hp b = g W1 — Dy VHAY 4 —5 Fy P o W(VHA”V - A"
leading to
v 2 pv 2 1 v 4 KAV AR AR AP A
by —h* — hy, W'Y —h +WF/WF +E(hwv —hV, Al — D "

and finally to (4.4.4).

Now the total action has a gauge symmetry:

Ohuw =2V (&) 0A, = —m&, .
Now, let’s consider the following gauge-fixing condition:

1
VY by = 5Vl +mA, =0,

62

(4.4.7)

(4.4.8)

(4.4.9)

(4.4.10)

(4.4.11)
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which is implemented inside the path integral with the following gauge-fixing term
1 2
Sgrlh, A] = /dDw\/g [Vyh;w - §Vuh + mA#] =
::/dev@[vymwv;mmVth#mwkmnA“vymw+ (4.4.15)
+ivMWWh—mAwmh+m%MA4.
So, we can compute Stor|h, Al = Spp[h] + Sstu(h, A] + Sgs[h, A]
&mﬂmm:;/ﬁ%vﬂv%wvmw—;v%vm—zmwmwmﬁ-
+—;§h2—+7n2<hﬁ”huy——h2>]4— (4.4.16)
+l/dDmV@[;EWFW5+uAPAM—nnhVuAﬂ :

with R
_ 2
= S — 4.4.1

as an "effective mass". Following the Faddeev-Popov (®II) procedure, evaluating the ®II
determinant to be inserted in the path integral [75] as Det[Y#,], with:

w;:<_m+nﬂ—g>ww (4.4.18)
the resulting partition function reduces to
Zlguw] = /Dh/DA exp ( — Srorlh, A;gwjo Det[T#,] . (4.4.19)

We have implicitely introduced the ghosts and then integrated them out to leave the
Faddeev-Popov determinant.

Proof. Considering the gauge-fixing function

1
fH(h, A) = Vb — §V“h + mA+ (4.4.20)
and the gauge symmetry (4.4.13), we can immediately compute
H 1
T, — ‘;Jg = VLV 406, L 2VEY, i, =

" (4.4.21)
= (—O0+m?)é", +V, VI - VIV, = (—D+m2—D>5“V
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as
R
[V VilVa = R V" = 5 Vu (4.4.22)

considering the Einstein space condition (4.1.1).

4.5 Redefinition of the Stiickelberg vector field

In order to eliminate the mixed term —mhV ,A* let’s make the following change of variables
for the vector field A,
A, — A, +aV,h, (4.5.1)

with « as a real parameter to be determined.

The only part of Spor (4.4.16) which changes is:
/ de\/g{uA“A,, - mthAﬂ} —

4
— / de\/g[uA“A# — mhV , AF — gaAMV“h + 2m2aA, V*h+

2R
- 3a2V“hV“h +m?a®V ,hVFh — mahDh] = (4.5.2)
= [ d7x\/g|pA" A, + m—i——Da 2ma | AV, Al

2
+ < — 6Ra2 + ma + m2a2> VMhV“h] :

Now, we can choose a value for « such that the term (f m+ %a — 2m2a> hV , A" vanishes.

We immediately see that, by choosing

mD
= 4.5.
T AR —2Dm? " (4.5:3)
the action (4.4.16) becomes
1 D N4 H wpaf Roo
Srorlh, Al = 5 d”x\/g| VW'V yhy — XVERN b — 2R)0,,80" RO 4 Bh +
+ m? (hﬂ”hw - h2>] + (4.5.4)

1
+ / dD:c\/ﬁ{QFWF“”JruAMA“] :
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with )
Dm* — R
= 4.5.5
* Dm?2 — 2R ( )

By looking at (4.5.3), we can see that « is not properly defined for m? = %. We will
study this case in Appendix C, where we will show that the shift (4.5.1) is a convenient but
not crucial step to get to the final result.

4.6 Stiickelberg scalar field
Now, by introducing the Stiickelberg scalar field ¢
A, — A, + %VW , (4.6.1)
the pA, A" term changes as follows
pALAY — A AP 4 M(iA“Vﬂcp + n}ﬂv#wmp> . (4.6.2)

The total action has an additional gauge symmetry
0A, =V e dp = —me . (4.6.3)
Now, let’s consider the following gauge-fixing condition:
VIA, + %g@ =0, (4.6.4)

which is implemented inside the path integral with the following gauge-fixing term

2
ng’[Aa<P] = /dDa:\/ﬁ [VMAM + :@‘P} =

) ) (4.6.5)
p p
= / dz\/g [(V”Au)z + VAl + <m> %02] :
We get:
1
Sror(h A ¢ = 5 / de\/g[vpthphw — XV*hV b — 2R0ush hP+
+ ghQ + m? <h“”hw, — h2>] +
(4.6.6)

+ / de\/g[VVAMV”A“ + <m2 - g) AFA,+
2
+ %VMQOVMQO-F <,u> @2} :
m m

65



The associated ®II determinant corresponds to Det[Y], with
Y=-0O+p. (4.6.7)

The resulting partition function reduces to

Zguw] = /Dh/DA/D(peXp ( — Srorlh, A, gp;g,w]> Det[Y#,] Det[Y] . (4.6.8)
Again, we have implicitely introduced the ghosts and integrated them out.
Proof. Considering the gauge-fixing function
f(40) = -vra, - Ly (4.6.9)
and the gauge symmetry (4.6.3), we can immediately compute
_of _

Y===-0O+4pu. (4.6.10)
de

Let’s now rewrite Stor (4.6.6) in order to highlight the three different contributions of
hmu AM? SO

STOT[h7 Aa SD] = Sgr[h] + Svec[A] + %Ssca[sp] 9 (4611)
with
1 D v viaf R 2
Syr[h] = 3 dPx\/q | VPN yhy — XVPRY o — 2R 0,5 hY P + Bh +

(4.6.12)

+m? <h’“’h,w - h2>] ,
SpeclA] = / dPz\/g(A,TH,AY) (4.6.13)
Sscalp] = / dPz\/g(pYe) | (4.6.14)

with T#, given by (4.4.18) and Y by (4.6.7).
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4.7 Decomposition of the gravitational field

The gravitational term is not in a diagonal form, so let’s rearrange it by decomposing the
field into its traceless part ®,, and scalar part ¢

1
h,uu = (I)/w + ngu/?b > (4'7'1)
with
g'w/q);u/ =0, d) = guth/ . (4.7.2)
By doing this, we finally have
Sgr[h] = Sgr.[®] + k Sgry[¢] , (4.7.3)
with X
Sng [q)] = Q/de\/g(q),uVyuyoz,B(I)aﬁ) (474)
and
Simaldl = [ a2 5(6Y) (4.75)
with
yyyaﬁ = ( -0+ m2)5(audﬂ)y — QRM(QVB) (476)

and Y defined in (4.6.7), with

m?D(D — 1) + R(2 — D)

N D (Dm? — 2R)

(4.7.7)

We immediately see that Ss.,[p] (4.6.14) and Sg, [¢] (4.7.5) have the same form.

Finally, this decomposition leads to

Z[g;w] = /D@/DA/D¢/D¢GXP<_STOT[(I)aA7 2 gf);gm,})Det[T”,,]Det[Y] )
(4.7.8)
with Stor[®, A, ¢, ; g.u] given by

STOT[q>a A, ©, ¢; g,uu] = Sgn [‘1>] + SveC[A] + %Ssca[@} +k Sgrz [¢] . (4~7~9)
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4.8 Seeley-DeWitt coefficients

It is now possible to path integrate over all the field species, producing the following func-
tional determinants

Zlgu] = (Det [y,“f*ﬂ})é (Det[T“,j])é . (4.8.1)

As the operator F' appears in both Sgcq[¢] (4.6.14) and Sy, [¢] (4.7.5) up to some prefac-
tors, which may be absorbed in the overall path integral normalization, its determinant is
cancelled out with the one stemming from the ®II procedure [76, 77].

Recalling that the determinant of y,waﬁ refers to the traceless modes only, for our

calculation it’s useful to make the operator y,u,aﬂ
V= (= 0+ m?)s@,67, — 2R, @7 (4.8.2)

appear, with the same form as ywaﬁ (4.7.6), for a full rank-2 tensor ¥,,, as discussed in
[76, 77]. This is immediate with the following decomposition:

1
\I/,uz/ = (I),uy + Bg,ul/w ) (483)

with
g¢re, =0,  Y=g"V, , (4.8.4)

which leads to the action

1 .
sl = / 4P G (U Dy O 05) =

1 1 (4.8.5)
=5 [ @@y 00s) + 5 [ aPryaere)
and then
Zulguw] = /D‘If exp (— S[¥]) =
i 1 -1 1 (4.8.6)
_ (Det[y,waﬂ]) _ (Det[yw,aﬁ]) <Det[Y]> .
Therefore, the path integral of linearized massive gravity is given by
1 1 1
Zlg] = (Det [y,waﬁ]) : (Det[T“VD : (Det[Y]) : (4.8.7)
and finally, the one loop effective action is given by
F[g,uu] = _IOg[Z] =
(4.8.8)

— tog(Det[33,°7]) ~ L1og(Det[r#,]) - L1og(Detly])

68



The latter equation highlights that it’s possible to show that the Seeley-DeWitt coeflicients
are given by the contributions of the three different operators. Recall that the mass term is
singled out in the Schwinger—De Witt parametrization, and transformed into an exponential
term in front of the effective action. Indeed, the mass term acts as a cut-off for infrared
divergences, making the integral over the proper time convergent at the upper limit |78, 79].
Therefore, it is possible to exploit the already known coefficients previously computed in
the literature. In fact, we can write the one-loop effective action in terms of the Seeley-
DeWitt coefficients ax(D; ), as in (2.2.20), with D as the spacetime dimensions and the
coefficients defined in (2.3.14)

_ L [*ds VIR o WS
T=-3/ Fexp(—ﬁmz) / o] btrkzoﬁ ay(D; ) (4.8.9)

with 8 as the Euclidean time and str as the supertrace defined in (2.2.19). The heat kernel
expansion can then be obtained from (4.8.8) using the notions from chapter 2, giving:

strlag(D; z)] = tr[a] (D; z)] — tr[ap*(D; x)] — tr[a;™(D; z)] , (4.8.10)

with o (D; ), a}*“(D; ) and ai**(D; x) as the heat kernel coefficients for the operators

VP (4.8.2), T, (4.4.18) and Y (4.6.7) respectively and tr as the trace defined in (2.3.13).
These coefficients can be computed with the well-known method described in [4] and plugged
in (4.8.9). The following results for the first four coefficients have been previously computed
in |79].

Thanks to the second Bianchi identity
VuRagup + ViRagpy + VoRaguw =0, (4.8.11)
which can be contracted to
VPRyvap = ViRua — VuRua (4.8.12)
and to )
V'R, = ivuR ) (4.8.13)

known as the contracted Bianchi identities, we can find V,R = VYR, = 0, by plugging
(4.1.1) into (4.8.13), as Ry, o< R. Moreover, by taking the covariant derivative of (4.1.1),
we get V4R, = 0, so that the equation (4.8.12) together with the last result implies that
VPRvap = 0 as well. Therefore, on Einstein manifolds all covariant derivatives of the form
VuR, VoR,, and V7R, - vanish identically. Because of this, many terms in (2.3.19)
vanish.

In order to express the heat kernel coeflicients, let’s first introduce the following notation

& =R3, (4.8.14)
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&y = RRyuypo R = RRiupav

83 = RuupoRpaaBRaB'uya

&} = RojuwpR"7 R, .
For the operator Y we have
trlag™(D; z)] =1,
2R
trfai”(D; x)] = 3
40D—-1_, 1 _,
180D R+ @RWW ’
140D? — 1890D — 1 1+ 28D 17
t sca D: — 83 53
rlaz™(D; )] 92835 D2 1T 560D 2 T 45360

For the operator T#, we have

tr[a3(D; x)] =

I 3

1620

tr[ag™(D; z)] = D ,

trlat*e(D; z)] = (lg + 1)3 ,

5D?+58D+180 , D-—15 ,
35D3 + 588D? + 3512D + 7560 7D? — 62D — 714
trlaz™(D; o)) = 15360 D2 £+ 7560D ]
17D —252 ., D—18
&3
15360 3 1 T1go0

For the operator 5/“1,0‘5 we have

D(D +1)
2 )
(D 4 4)(D — 3)
12
_ 5D2+3D—122R2+ D? — 29D + 480
720 360 pvpe
35D3 —7D? — 1318D + 488 _4

tr[agr(D; x)] = 907200 El+

7D? — 202D? 4 3109D + 9744 _
+ E3+
15120D
17D% — 487D — 16128 _;  D* — 35D — 1152 ,

£ &3
90720 5t 3240 4

tr[ad"(D; x)] =

trfa]" (D; x)] = R,

tr[ag’ (D; x)]
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Ey+

(4.8.15)

(4.8.16)
(4.8.17)

(4.8.18)
(4.8.19)
(4.8.20)

(4.8.21)

(4.8.22)

(4.8.23)

(4.8.24)

(4.8.25)

(4.8.26)

(4.8.27)

(4.8.28)

(4.8.29)



Now, using (4.8.10), we can finally write down the total coeflicients

D+ 1)(D -2
str[ag(D; x)] = (D + )2( ) , (4.8.30)
D? - D —32
strfai(D; x)] = TR , (4.8.31)
5D3 —7D? — 398D — 356 _, D?—31D +508 _,
strlaz(D; x)] = —0R R* + 260 R, (4.8.32)
35D% — 77D — 6974D? + 53944 D — 15088 _,
strlas(D; x)] = 9072002 Er+
7D% — 216D? + 3177D + 11170 4
4.8.33
* 15120D &t ( )
17D* — 521D — 15658 .5  D* — 37D — 1118
&+ & .
90720 3240

The one-loop effective action can then be written as an expansion in powers of the
Euclidean time (3

0o D
Loy = —% i C?exp( - BmZ) / Zl:;\)/g str [ag(D; z) 4 a1 (D; )B + as(D; ) 5%+

+a3(D; 2)8° + O(8Y) ] .
(4.8.34)

In four spacetime dimensions, the different powers of 3 give rise to the quartic, quadratic,
and logarithmic divergences parametrized by ag, a1, az, respectively. Our results for them
coincides precisely with those calculated in [80] in D = 4, with the path integral approach.
More generally, the as coefficient in D spacetime dimensions has been recently evaluated
in [1] and is correctly reproduced by our results. The main result of this thesis is the
newly computed coefficient a3(D; x), previously not fully known in the literature, which
parametrizes a class of divergences that start to appear in D > 6 dimensions. More im-
portantly, this coefficient identifies a finite contribution to the derivative expansion of the
effective action in D = 4, as we shall describe shortly. It has been calculated in [81] with
worldline techniques with the restriction to Ricci-flat spacetimes: our result are in agree-
ment upon setting R, = 0. Therefore, our results for the Seeley-DeWitt coefficients could
serve as a benchmark for verifying alternative approaches to massive gravity, and their
precise expression should be known explicitly.

Coming back to the application mentioned above, let us derive the contribution of ag
to the derivative expansion of the effective action in D = 4. We set D = 4 in (4.8.9) and
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extract from it the £k = 3 term. Then, the integral in § can be performed, giving rise to

k=3
Fgl) ) = /d4$\/§£ ’
with the Lagrangian £ given by

 1strlag(4; x)] [ dB (_ ﬁm2) _ _strlag(4; )]

2 n3? J, p°°F 3272m?2

o0 xp( — p=co
[ dgexp(_ﬁm2>:[_ep<W>] o

L=

as

m2
with str[as(4; z)] obtained from (4.8.33) with D =4

0821 2087 _ o 1747

. _ 3 o af v
strlas(4 )] = 550 T Goag hwee ~ gorg Tt oo™ Rag™ +
125 o
_ @RQHVBRNP R, ﬁo )

(4.8.35)

(4.8.36)

(4.8.37)

(4.8.38)

The result (4.8.35) is very interesting as it is a finite term in the one-loop effective action.
In fact, for massless fields, the derivative expansion of the effective action is not consistent,
but for massive fields, when the energy is lower than the particle’s mass, the expansion is

consistent and often very useful.
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Conclusions

The aim of this thesis was to compute the first four heat kernel coefficients ag , a1, as and
as for the theory of massive gravity in a curved spacetime, specifically an Einstein space of
dimension D with Euclidean signature. The first part of the thesis, consisting of the first
three chapters, is dedicated to an introduction of the topics: the Faddeev-Popov procedure,
the background field method, the heat kernel method and the theory of massive gravity in
flat spacetime, which is a preview of the same theory in curved spaces. The heat kernel
method developed by Seeley-DeWitt is not directly applicable to the Fierz-Pauli action of
massive gravity in curved spacetime as the operator entering the heat kernel is not minimal.
Therefore, we first have to manipulate the action with the Stiickelberg trick, by introducing
two new fields (a vector and a scalar), which lead to new gauge symmetries. By fixing the
gauge properly, we can then write a new action as a sum of four actions, all in diagonal form
with minimal operators. In this way, the Faddeev-Popov procedure can be used to compute
the path integral of the theory and the Seeley-DeWitt method can be applied to compute
the first four heat kernel coefficients and finally express the one-loop effective action as a
power series of heat kernel coefficients.

The results obtained are in agreement with the ones obtained by [80] and [1]. The main
result of this thesis is the newly computed coefficient az(D; ), previously not fully known
in the literature, which parametrizes a class of divergences that start to appear in D > 6
dimensions and identifies a finite contribution to the derivative expansion of the effective
action in D = 4. It has been calculated in [81], with worldline techniques, but with the
restriction of working in a Ricci-flat spacetime.
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A Appendix

The metric can be expanded as
G (%) = N + Ay () (A.0.1)
For the moment, we absorb the coupling constant & in hy,. At linear order
1
g (x) =n" — (), ¢g= }detg,w} =1+h, Vg=1+ §h . (A.0.2)

Indices are raised and lowered with the flat metric 7,,. Hence, the Christoffel symbols
linearize as

1
T = 517 (8th + Oy — aghw) , (A.0.3)
the Riemann tensor as
1 1
P = o _ P _ 24 _
Ryufs = 505 (0uh? — 01" 50 (Ot = Oy ) (A.0.4)
and the Ricci tensor as
1
Ry = Ryl = 5 (ayaﬂhw + 8y0" Ry — O, 0h — th) . (A.0.5)

Now, in order to get the quadratic approximation we need to keep at least a linear order
in the variation of the ,/gg"” part of the Einstein-Hilbert action, as at the quadratic level
the Ricci tensor will not contribute. This is seen recalling that in a first order formalism,
the action depends on the metric and Christoffel symbols independently

1 v
Spulg. Il =55 /dDaj V99" R (T) . (A.0.6)
The equations of motion of g,, give

1
R, (T) — §gu,,gaﬁRa5(F) =0 (A.0.7)
while the equations of motion from varying I'?,,,, give algebraic equations whose solutions
are precisely the ones defining the usual Christoffel symbols, that can be substituted back
in the action and in (A.0.7). The latter giving the Einstein equation in its second order
form

Runl9) = 50uR(9) = 0 (A.03)

which could as well be obtained from the action in the second order form, varying only the

V99" part, the remaining g,,, dependence does not need to be varied as that variation will

0Ru _ ORuu 6T ORuv . SRy
Sg — o og° but —#* vanish so does 5 ).

be automatically vanishing (schematically

76



Thus, at the linear order, the variation of the Einstein-Hilbert action in the second order
formulation may be written as

3Sealil = 5y [ 0 Vi08" [ Runle) - 50.R00)] (A.09)

For a second variation, needed to identify the quadratic approximation, one sees that only
a linear variation R and R, is needed. Therefore, at the quadratic order we consider only
the terms that will contribute, i.e.

Ss[h] = ﬁ / Pz <1+;h) (717 ) (000" 0y + 050" By 0,05 h—Dhys ), (A.0.10)

leading, after some integrations by parts to collect similar terms, to

1
So[h] = e / dPx [hWDhW — hOh + 2h0"0" hy + 2(aﬂhw)2} : (A.0.11)

By finally redefining h,, — kh,,, with the proper normalization, further integrations by
parts and grouping some terms, we finally obtain (3.3.3).
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B Appendix

Let’s consider the Fierz-Pauli action for massive gravity in a curved spacetime (4.2.9) and
introduce the Stiickelberg vector field A,

By = + VA, + V, A, (B.0.1)
leading to

1 1
Spplh, A] = / de{L’m:o(h) + \/§[2m2(hwh’“’ —h?) + 5mQFWFW+

B.0.2
_ 2m?R ( )

AP A, + 2m? (hy, VFAY — hVMA“)} } :

with F),, defined in (4.4.5). We can now introduce a Stiickelberg scalar field ¢
Ay — A+ Ve, (B.0.3)

leading to

1 1
Srplh, A, ¢] = / d%{cmo(m +/9 [2m2<huuhw’ = %) 4 gm? Fu F*+

2m2R
- ”}) AP A, 4 2m? (hy VHAY — WV, AM)+

2m2R 4m2R
_ Moy
D VeeVie - —5

+ 2m? (W VY — hDgo)] } .

(B.0.4)

A VFo+

Under the conformal transformation
huu = h:“/ + TGuv » <B05)

with 7 as any scalar, the change in the massless part is
1
Lm=o(h) = Lym=o(h) + \/g}[(D —2) <Vu7TV,,h’W -V, mVHL — i(D — 1)VM7TV“7r) +

D -2 D
+ R—— <h'7r + 27r2)] .

(B.0.6)
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Proof. Considering the massless lagrangian

1 1
Lin—o(h) = /g [2vphvahw = VW by + VPRV iy, — SV RV bt

R 1
o nv 32
D<h h'LW 2h >:| ’

by applying (B.0.5) we obtain

(B.0.7)

1
Lra(h) = Vi[5V 4+ 709 (0 + 7 )+

_ Vp(h/m/ + WQ”V)V,,(F/M, + Wgup)"i_
+ VAR + D)V (W, + TG )+

1
- §V“(h' + D7)V, (W + Dr)+

R 1
= 5 (0 7+ 700 - 500+ D) | =

1 1
=9 LVph’Wv,,h;W = VPR + VRN B, = SV

R 1
o h/'w/h/ —*h/Q
o1y

1
+ \/§[(D -2) <VM7TV,,h/W — VN — §(D - 1)VM7TV”71'> +

R D |
(D= Wr+=r2)| =
+D( )<h7r+27r>_

1
= Lm—o(h') + \/Z][(D —2) <Vu7rvl,h'”” -V, mVHL — i(D - 1)V#7TV“7T> +

D A\
+ g(D —2) (h/ﬂ' + 2772>_ ,

(B.0.8)
n

If we apply m = %m%@ we obtain

1 1
Srplh, A, ¢ = / de{cm:o(h’> +V9 {2m2(hiwh’“” = WP) 4 SmPF P

B 2m?R

y D-1 R
AF A, +2m? (R, VHA” — W'V, AF) + 2m® (D_2m2 - D) x

D
X (VMSOVHSO - m2m§02 — QQDVMAM — ]’L,gﬁ>:| } .

(B.0.9)
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Proof. Let’s see how the action (B.0.6) is modified under the transformation (B.0.5), with

= %mch. We consider the following terms

1
Lon—o(h) = Lon—o(R') + \/§[(D —2) <Vu7rvl,h”“’ ~V,umVHh — (D~ 1)v,ﬂrv“7r> +

! D 2 _
+R7D (h 271' =

R D
= Lm=o(h) — \f72m4V“¢V“g@ + \/§52m2 <h’<p + m2<p2) ,

D -2
(B.0.10)
1 1 D(D -1) D—-1
S(huwht™ = B?) = S (R, W™ — %) —2m0 =2 ? —omd——— B.0.11
2(H ) 2( v ) (D—Q) mD—2 ¥ ( 0 )
D —
2m® (hy V* A — BV, AF) = 2m? (k) VHAY — h'V, AF) — 4m* w A", (B.0.12)
2 v 4 D—1 4D —
2m*(hu, VIV — hp) = —4m* —— Oy = 4m 7V#¢V“g0 . (B.0.13)
D -2 D -2
By plugging in these terms into (B.0.6), we obtain the action (B.0.9).
[ |
The gauge symmetry of the action reads
2
6h;w = 0,8 +0€u + mAguy . 04, =—¢&, (B.0.14)
0A, =0, A, dp=—A. (B.0.15)
Note that for the special value
_D(D-1) ,

the dependence on ¢ completely cancels out of (B.0.9). By setting the unitary gauge A4, =0
and given the replacements (B.0.1), (B.0.3) and the conformal transformation (B.0.5), this
implies that the original lagrangian (4.2.9) with the mass (B.0.16) has the gauge symmetry

1
SRy =V VX + —_sz)\gw , (B.0.17)

D

with A(z) as a scalar gauge parameter. At the value (B.0.16), the theory is called partially
massless [82, 83, 84, 85, 86]. Due to the gauge symmetry (B.0.17), this theory propagates
one fewer d.o.f. than usual so for D = 4 it carries 4 d.o.f. instead of 5. In addition, it
marks a boundary in the R, m? plane between stable and unstable theories, see Figure 2.
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P)
R=6m

/ 4 DOF (stable)

2 DOF (stable) ™|

5 DOF (unstable)
AN > 1112

A N
\\ “/\ 5 DOF (stable)

4 DOF (unstable)

Figure 2: Degrees of freedom and their stability for values in the R, m? plane for massive
gravity on an Einstein space in D = 4. The line R = 6m? ,m? # 0 is where a scalar gauge
symmetry appears, reducing the number of d.o.f. by one. The line m? = 0 is where the
vector gauge symmetries appear, reducing the number of d.o.f. by three.
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C Appendix

In the redefinition of the vector field A, (4.5.1) we have introduced the parameter o, which
is not properly defined for m? = %. We now show a way to avoid the replacement, thus
proving that our method still holds even in the aforementioned seemingly singular case.
Indeed, it’s possible to write the Fierz-Pauli action in diagonal form with only minimal
operators, without having to change variables.

Let’s start from (4.4.16)
1
Stor[h, Al = Sgr[h] + /de\/§LFWFW + nArA, — thMA“] , (C.0.1)
with F),, and p defined in (4.4.5) and (4.4.17) respectively and

1 1
Sorlh] = 5 / dD:r\/g[Vph’””VphW = 5 VI hV,h = 2R hOP

" (C.0.2)
+ 5112 +m? <h“”hm, - hﬂ :
Now let’s introduce the Stiickelberg scalar field ¢
1
Ay — A+ EV’M . (C.0.3)
The only part of Spor which changes is
/ de\/g[#AﬂAu — mhvuAﬂ} —
5 (C.0.4)
- / dD:c\/g{uA“Au —mhV, A + 59,6900 + 224,90 — kO
So the total action will look like
1 1
Sror[h, A, ¢] = Q/deﬁ[Vph’“’VphW — §V“hvuh - 2Ruau5h‘“’ha5+
R 2( v 2
+ Bh +m ht h#l’ —h +
(C.0.5)

1
+ /dD:c\/ﬁ[QFuuF“” + pAP A, — mhV A"

2
+ LoV ,ovre+ LA, e — 10
m m
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Now, let’s introduce the gauge-fixing
I m
AF + — —h = 0.
Vi +m<p+2 0, (C.0.6)

implemented in the action as

2 2
Soslh, A, ] = /dDac\/Zz[(vﬂfw)2 A Ty
m 4
92 (C.0.7)
+ EMVMA”Y,O + pph + mhVv A"

Now the final action looks like

Sfinal [h7 A7 90] = STOT[h7 A7 Qp] + ng [h, A7 SD] =

1 174
=3 / d%\/g[vphﬂ Y phuw

)
R m’ 2 2( 3w 2

Jonsfpon]
e

1
SVIAV uh — 2R h?™ b0 +

G| Lo Yo+ VapVih Wh] ,

with T#, (4.4.18) and Y (4.6.7).

The gravitational term is not in a diagonal form, so let’s rearrange it by decomposing
again the field into its traceless part ®,, and scalar part ¢:

1
h,ul/ = (I);uz + Bg;w(ls > (009)
with
g/”/@u,y = 0 9 (ZS == guyhuy . (COlO)
By doing this, we finally have
sznal[q) A d)a ] grl[ ] + Svec[A] + Ssca[¢> 80] ) (COll)
with )
Sgn [2] = 5 / dPa\/g(O" Yy P Bag) (C.0.12)
SpeclA] = / dPx\/g(A, X", AY) (C.0.13)
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Sscal@s ] = /dDw\/E[<24_;)>¢Y¢+ T"L;@Ygo%—@Yqb] : (C.0.14)

with ), % (4.7.6). Let’s now rewrite the scalar sector as

Secalt)] = / de\/g[wAMABwB] , (C.0.15)
with o D
WA = m . Mag= [(%)Y n’iSY} . (C.0.16)

Considering the related partition function

Zsca[g,uu] = /D¢/D90€Xp < - Ssca[¢a @]) = Det[MAB]_% ~

~ ((Det[Y]>2) S = <Det[Y]>_1 :

we can notice that the determinant of Map is proportional to (det [Y])2 up to some con-
stants we can absorb in the partition function with a proper normalization. So, the total
partition function will be

Z(guw] = /D@/DA/Dqﬁ/DgoeXp(—Sfmal[@,A, o, go;g,w]>><
x Det[Y#,] Det[Y]

= / D® exp ( — Sgr [®3 guy]) / DAexp ( — Svecl4; guu]> Zscalgju]
x Det [T",]Det[Y]

(C.0.17)

(C.0.18)

- <Det [V, ) E (DetmyD E (Det [Y]> 71Det[T“l,]Det ] =

which is exactly (4.8.1).
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