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Introduction

In the modern physics, special relativity, quantum mechanics and general relativity play
crucial roles to explain many phenomena in the universe. Special relativity shows up at
the high energy scales and quantum mechanics is necessary for understanding of the mi-
croscopic world. General relativity (GR) successfully describes the macroscopic world from
motion of stars to the large scale structure of the universe. Relativistic quantum field theory
(QFT), which is regarded as the unification of special relativity and quantum mechanics, is
indispensable to probe the fundamental physics where both effects become important simul-
taneously. (The celebrated standard model of particle physics is actually constructed in this
frame work.) Furthermore, while it is often said that GR is not compatible with quantum
mechanics due to its nonrenormalizability, it can be regard as an effective field theory and
can be constructed as the theory of massless spin-two fields within the framework of QFT.
Therefore, we might say that the fundamental law of nature including gravity is based on

QFT.

Although QFT is very powerful and universal, there are still unknown aspects. The
famous example is the theory of massless higher spin fields. According to the Weinberg’s no-
go theorem, interactions of higher spin particles are prohibited in Minkowski spacetime due
to the requirement of the Lorentz invariance under several assumptions. In spite of this fact,
there are many attempts to find interactions for massless higher spin particles in nontrivial
spacetime backgrounds inspired by string theory. For massive higher spin particles, there
does not exist such a kind of theorem but other problems arise. Despite the absence of the
no-go theorem coming from the Lorentz invariance, it is well known that it is nontrivial
to construct free theories of massive higher spin particles which interact consistently with
gravity. The minimal coupling of the free theories to gravity generates a ghost particle which
could make the interpretation of quantum mechanics difficult. Furthermore, self-interactions
also generally induce ghost particles in nontrivial background fields even if the interactions
do not contain any derivatives. It is unclear that the latter property is generally crucial
for massive higher spin theories but, as for gravitational massive spin-two particles (massive
gravitons), it is asserted that the property is devastating because gravitational theories
should be consistent even in nontrivial backgrounds.

Among these issues, through the establishment of massive gravity, there is progress in
the ghost problem originating from nonlinearity. Although the free field theory called the
Fierz-Pauli model was formulated over 70 years ago, theories of interacting massive gravitons
had not been formulated due to the presence of the ghost until recently. The discovery of
the late time acceleration of the universe, however, has given motivations to study seriously
massive gravity for the explanation of the tiny value of the cosmological constant, which, as
a result, leads to some excellent works. Especially, the Dvali-Gabadadze-Porrati brane world
model (DGP model) and a field theoretical approach of massive gravity by Arkani-Hamed
et al. contain great insights for the resolution of the ghost problem and, finally, de Rham,
Gabadadze and Tolley have formulated the first ghost-free massive gravity called the dRGT
massive gravity obeying the guiding principle which says that the interacting theory should
have the same degree of freedom as the particles contained in the action.

Motivated by the guiding principle which leads to the construction of the dRGT model,
we study properties of interacting non-gravitational massive spin-two particles. For non-
gravitational theories, we do not need to assume universal couplings to all fields, which
means that the kinetic term for massive spin-two particles is not necessary to be the fully
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nonlinear Einstein-Hilbert term /—gR. Actually, there are some previous works which
do not regard massive spin-two particles as massive gravitons. While some discussed the
consistency of the massive spin-two field as an alternative gravity theory from the late 1950s
to the mid 1970s, Federbush worked on construction of a field theoretical model describing
the dynamics of the charged massive spin-two particles. Federbush constructed the model
of charged massive spin two particles coupled to photons by replacing partial derivatives of
the complexified Fierz-Pauli Lagrangian with U(1) covariant derivatives. His study revealed
that the noncommutativity of the covariant derivatives gives an ambiguity to the definition
of the kinetic term but the requirement on the degree of freedom of the system uniquely
determines the theory.

In this paper, we build interacting theories of non-gravitational massive spin-two particles
based on the lesson from the dRGT model and the Federbush model. Since there is no reason
why we assume the fully nonlinear Einstein-Hilbert action for nongravitational particles, we
choose the Fierz-Pauli Lagrangian as a starting point. Due to the requirement on the degree
of freedom, the form of interaction terms is highly restricted and the interacting theory
is uniquely determined. Thanks to the special properties of the interactions, the models
could have stable nontrivial vacua, which motivates us also to investigate the behavior of the
theories around nontrivial vacua. As a result, we reveal proerties of the vacua and obtain the
parameter region for the theory to have at least one locally stable vacuum. Furthermore, it
turns out that the theory can be defined only around the trivial vacuum if the U(1) charge
is assigned to the massive spin-two field.

In addition to the analysis in the Minkowski background, we also consider the self-
interacting massive spin-two model in curved spacetime. As mentioned above, the coupling
of free higher spin particles to gravity is subtle and the nonminimal coupling is required
to eliminate a ghost from the free field theory. Thus, we study whether or not our self-
interacting model of non-gravitational massive spin two particles reintroduce the ghost by
using the Lagrangian analysis. Furthermore, we investigate another possibility of new inter-
action terms which keeps the degree of freedom on the curved background through the same
analysis.

The organization of this paper is as follows. In Chap. 1, we review the representation
theory of spin-one and spin-two particles and find the Lagrangian which describes their
dynamics. In Chap. 2, we review massive gauge theories and show that field theoritical
approaches leads to the establishment of the dRGT massive gravity. In Chap. 3, we propose a
new model of self-interacting massive spin-two particles imposing Zs symmetry. Moreover, we
also investigate properties of nontrivial vacua and the stability against quantum corrections.
In Chap. 4, we propose the U(1) invariant model by extending the Z, invariant theory. Then,
the same analysis is carried out. We find that the properties of the two model are essentially
different in nontrivial vacua. In Chap. 5, putting the new model on nontrivial spacetime,
we see if the special interactions can keep their properties and find new interactions which
only exist on nontrivial backgrounds.



Conventions and definitions: Throughout this paper, we assume four dimensional
spacetime and take the mostly plus metric signature convention g,, = (—,+,+,+). The
Greek indicies are used for space and time components and the Latin indicies are used
for spatial components only. The definitions of christoffel symbols, curvature, and related
quantities are given by

1 K
FZV = §gp (gnu,u + kv — g,uu,n)

Rf e =Th,  —T8 + rgArgV - rgAr;V

vp,o
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Chapter 1

Free theory of massless and massive
spin two particles

Quantum field theory is a useful tool to impose the Lorentz invarinace and the locality. On
the other hand, due to the difference between the number of degrees of freedom (DOF) of a
particle and components of the corresponding field, some trick is needed for the construction
of a theory describing the dynamics of the particle in the language of the field. In this
chapter, we review the representation theory of Poincaré group which is used to define a
“one particle state” and show that the gauge redundancy is necessary for the theory of
massless, finite spin particles. Furthermore, we mention that another technique is required
to construct a theory of massive particles with spin greater than two. The discussion here
is based on [1] and [2].

1.1 Poincaré algebra

In quantum field theory, one particle states are defined to be irreducible representations of
Poincaré group. Therefore, in this section, we briefly review Poincaré algebla.

The Poincaré transformation consists of four spacetime translations and the Lorentz
transformation. The commutation relation for the Lorentz generator is given as follows:

i[MP, MP?] = P MPT — P MY — M M (1.1)

We can read off the generators of the Lorentz boost K; and the spatial rotation J; from

(1.1) by identifying K* = M* and J* = 1¢7*M7*. Including the generator of the spacetime

translation, we obtain the commuation relations for the Poincaré generator:

i[MP | MP) = P MPT — P MY — gt MPY Y M
i[P*, M?°] = n* P? — " PP
[P, PP) = 0. (1.4)

Here P* corresponds to the spacetime translation.
For later convenience, let us consider the linear combination of K* and J* as

1 1
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The commutation relations for generators N; and NT; are given as follows:

[NZ‘, Nj] = iEijka (16)

INT, NJ] = ieij N (1.7)
T —

[Ni, N =0 (18)

From (1.6), (1.7) and (1.8), N; and NT; are identified with SU(2) generators and they are
comutative with each other. In other words, the Lorentz group can be decomposed into
SU(2) x SU(2).

1.2 One particle state

In this section, we classify one particle states by considering the irreducible representation
of the Poincaré group. Before the discussion, we have to clarify the definition of a “one
particle state.” In quantum mechanics, the free particle is characterized as the simultaneous
eigenstate of the Hamiltonian and its three-momentum. Thus, it is quite natural to define the
eigenstate of the four-momentum as a one particle state |p, o) where o labels other physical
states.

Since the unitary operator for the spacetime translation is given by exp (—iP*a,), we
easily find the transformation rule as follows:

exp (—iP"a,) |p, o) = (—ip"a,) |p, o). (1.9)

On the other hand, for the Lorentz transformation, we have to take into account the fact that
the Lorentz generator is not commutative with the momentum operators. As the Lorentz
transformation maps p* into A*,p”, the state with the eigenvalue p* is also transformed
into the state with the eigenvalue A*,p”. Therefore, the transformation rule for one particle
states is given by

UA)Ip, o) = 3 G(A,p)ors | Ap, o). (1.10)

"

Hence, what we have to do for the classification of the particle is to find the irreducible
representation for G(A)yq.

For this purpose, let us introduce the momentum % which can be mapped into some
arbitrary momentum p by the Lorentz transformation L*,(p). (The inverse transformation
of L*,(p) sends back the momentum p to k.) Then, the eigenstate with the eigenvalue p is
obtained from the eigenstate of the standard momentum:

Ip,o) = N(p)U(L(p))|k, o). (1.11)

Here N(p) is a normalization factor. Taking (1.11) into account, we find that implementation
of the unitary operator U(A) on |p, o) gives

U(A)|p, o) = N(p)U(AL(p))|k, o) (1.12)
The right hand side (1.12) can be rewritten as

N(p)U(AL(p))|k, o) = N(p)U(L(Ap))U(L™ (Ap)AL(p)) k. o). (1.13)
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The remarkable point in (1.13) is the unitary operator U(L~(Ap)AL(p)) in the right hand
side. Tt is easy to check that the operation of L™'(Ap)AL(p) on the standard momentum
leaves k invariant. Therefore, U(L™'(Ap)AL(p))|k, o) is expressed as the linear combination
of the ket |k, o):

UL (Ap)AL(p) [k, o) =Y K(A,porolk, o). (1.14)
Combining the results from (1.12) to (1.14), we find another expression for (1.10).

UA)lp,o) = N(p)U(L(Ap)) Y K(A.p)oro|k, o)

_ N) )
N(Ap)

> K(A,p)oo|Ap, o) (1.15)

The transformation which keeps some standard momentum invariant forms a subgroup called
the little group and the above expression (1.15) clearly shows that we obtain the irreducuble
representation of the Lorentz group by finding the irreducible representation of the little
group. Since the standard momentum is different for massless particles and massive particles,
we consider the representation of the little group seperately.

1.2.1 Little group for massless particles

For massless particles, there does not exist any frame where the particles are at rest. Thus,
we take k* = (1,0,0,1) as the standard momentum. In this case, the group keeping k*
invariant is called 150(2) and massless particles are labeled by eigenvalues of the IS0(2)
generator.

Since ISO(2) consists of the translation with two parameters and the rotation in two
dimensions, the operator on the Fock space is given by the following form with three param-
eters a,f3, and 0:

Ula, B,0) :==1+iaA+iBB +i6.Js. (1.16)

A and B represent the generator of the translation while J3 corresponds to the two-dimensional
rotation and their eigenvalue could characterize one particle states. The eigenvalues for the
translation generators, however, should be strictly zero for physical states because their
values are continuous. As we do not observe continuous DOF for massless particles, it is
plausible to interpret zero eigenvalues for A and B as the necessary condition for all physical
states of massless particles. Therefore, physical states for massless particles are classified by
the eigenvalue o of Js.

The helicity o seems to take arbitrary values other than integers or half-integers. Actually,
we cannnot argue that the eigenvalue is restricted to be an integer or half-integer from the
above discussion only. The point is that the Lorentz group is not simply connected but
doubly connected. This fact imposes further restriction on the value o and , as a result, the
helicity o is restricted to be an integer or half-integer.

1
K,y = exp(i00)dyr,, oc=0, :I:é, +1,... (1.17)

Therefore, massless particles with spin have two DOF.
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1.2.2 Little group for massive particles

For massive particles, there exists a frame where the particles are at rest and we can choose
the standard momentum as k* = (m,0,0,0). This fact suggests that the little group which
keeps k* is identified with SO(3) (the three dimensional (spatial) rotation ). Therefore, the
irreducible representation of the Poincaré group for massive particles is labeled by an integer
or half-integer j with the dimensionality 2j + 1.

1.3 Irreducible representation of fields

Now, we have classified one particle states by the spin j and mass m. We, however, need
to find also irreducible representations for the corresponding fields to construct equations
of motion. For this purpose, it is convenient to use the fact that the Lorentz group can be
expressed as SU(2) x SU(2). Since the irreducuble representation of SU(2) is characterized
by an integer or half-integer k, the irreducible representaion of the Lorentz algebra is labeled
by two indicies & and &’ and the dimensionality of the representation is given by (2k +
1)(2k" + 1). Furthermore, from the quations (1.5), N; + N gives the generators of the
three dimensional rotation J;, which means that irreducible representations can also be
expressed in terms of lablels j for irreducible representations angular momenta J; with the
usual procedure of spin addition.
In the following, some examples of irreducible representaion of fields are shown:

e Scalar ¢ (k=K =0, j=0)
e Left-handed spinor ¥* (k = %, =0, j= %)
e Right-handed spinor % (k=0, k' =1, j=1)

e Four-vector 4, (k= %, kK = %, j=0,1)

e Traceless symmetric tensor hffjceless (k=1,K=1, j=0,1,2).

Since each field contains irreducible representations of .J;, fields could correspond to massive
particles defined as irreducible representations of SO(3) while subtleties arise for massless
particles defined as irreducible representations of 150(2).

1.4 Lagrangian

We construct theories to describe the dynamics of massless and massive particles. For this
purpose, we have to introduce first class constraints for massless theories and second class
constraints for massive theories to fill the gap between the number of components of the
field and DOF of the particle. In this section, we consider exclusively theories of spin-one
and spin-two particles.

1.4.1 Free massless spin one particles

In the previous sections, we find that all massless particles with finite spin have two DOF
while the number of conponents of fields is more than two in general. Furthermore, there
does not exist any field containing representation of 150(2). To resolve this problem, we
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need to introduce some redandancy for the theory called the gauge redandancy (symmetry),
that is, we identify the field A, with the one shifted by some arbitrary function A, + 9,0.
Remarkably, this requrement fixes the free field theory up to an overall normalization.

The free theory should consist of quadratic terms in the field and contain two derivatives
to yield the Klein-Gordon equation. In this case, candidates for a kinetic term are following
(Here we neglect the term which is equivalent to the second term up to a total derivative.):

0,A,0rAY,  0,A,0" A", 1.18
H (2

Thus, the general form of a kinetic term is given by the linear combination of these two
terms

Liin ~ 10, A,0"A” + 20, A,0" A", (1.19)
Let us impose the “gauge redundancy” on the kinetic term. Since the A, and the A, + 9,0
should describe the same physics, the variation of (1.19) under the gauge transformation
should vanish:
0Lyin ~ ¢10,0A,0"A” + ¢20,0A,0" A*
~ ¢10,(0,0)0" A" 4 ¢20,(0,0)0" A" = 0.
This requires that the coefficients should be ¢; = —cy. As nonderivative terms inevitably

violate the gauge symmetry, the free Lagrangian is uniquely determined with the appropriate
normalization factor as

L=_tpwr

1F" B = 0,4, = 0,4, (1.20)

1.4.2 Free massless spin two particles

The same logic holds for massless spin-two particles. However, we use a symmetric, but not
traceless tensor instead of a symmetric traceless tensor in Sec.1.3 for technical convenience.
(In order to construct a Lagrangian with the traceless symmetric tensor, we have to introduce
an auxiliary field.) For the second rank tensor, the possible kinetic terms are

Ophy 0PI Dby, 0 NP, O,h 0N, 9,hdh. (1.21)

Here we neglect the term which is equivalent to the second term up to a total derivative.
The general form of the kinetic term is given by

Lin ~ 10yl 0P + c30,h,,0" B + ¢30,h" 9" + 40, hd"h. (1.22)

We require that the field h,,, is identified with A, +0,£,+0,€,, in the same way as in the case
of spin-one particles. Thus, the Lagrangian should be invariant under this transformation:

5£kin ~ (401 + 202)8p(9u§,,8”h“” + (202 + 203)(%&,@,8%“” + (404 + 203)8M8p§p6“h = 0. (123)

From (1.23), the relative coefficients are completely fixed and we obtain the linearized
Einsten-Hilbert term:

1 1
Lppg = —§6Ahu,,8*h“” + 0 hu 0" R — 0, WM O, h + 5aAhaAh. (1.24)



6CHAPTER 1. FREE THEORY OF MASSLESS AND MASSIVE SPIN TWO PARTICLES

1.4.3 Free massive spin one particles

Massive spin j particles have 25 + 1 DOF belonging to irreducible representations of SO(3).
On the other hand, each irreducible representation of fields also contains spin j representaion
of SO(3). Thus, the relation between one particle states and fields is more obvious than in
the case of the theory of massless particles.

For j = 1 particles, the simplest field that can describe the dynamics of massive spin-one
particles is a four-vector A,. For our purpose, it is necessary to make the time component
nondynamical because Ay corresponds to spin j = 0 representation. Fortunately, we have
already known the kinetic term satisfying this requrement: F),,F"*”. The time component
of the vector field is nondynamical thanks to the antisymmetric property. Therefore, the
kinetic term is completely same as before.

1
Ekin = _ZF;WFHV (125)

For massive particles, we should add a mass term in addition to the kinetic term. As there
is no “symmetry” prohibiting nonderivative term, we can add a quadratic term without
derivatives and, in the case of the vector field, such a term is uniquely determined:

Lonass ~ AFA,,. (1.26)
As a result, we obtain the free theory of massive spin-one particles.
1 1
L= -1 L — émQAMA“ (1.27)

1.4.4 Free massive spin two particles

The field containing spin j = 2 representation is a tarceless, symmetric tensor. However,
as in the case of massless spin-two particles, we use a symmetric, but not traceless tensor
h,. instead. Thus, we must make five componets of h,, nondynamical because the massive
spin-two particle should have five DOF.

If we assume that the kinetic term for massive spin-two particles is given by the kinetic
term for massless theory as in the previous subsection, four components h, are guranteed to
be nondynamical due to the absence of time derivatives. This means that one more dynamical
DOF has to be removed from the system but we temporarily neglect this difficulty and let
us consider mass terms.

For the second rank symmetric tensor field, there are two candidates for a mass term and
the general form is given as follows:

'Cmass ~ hm/hlﬂ’ - (1 - a)h2- (128)

Since there exists an arbitrary coefficient a, it seems that the mass term is not uniquely
determined for massive spin-two particles. This arbitrariness, however, disappears when the
sixth DOF mentined above is eliminated from the system. In fact, the existence of the sixth
DOF is tightly related to the form of the mass term of massive spin-two particles. Here, we
confirm this statement with the Stiickelberg trick which gives us the transparent way to deal
with the vector mode and the scalar mode of the tensor field h,,,.

First, we introduce auxiliary fields inspired by the gauge transformation:

hyw = hy + 0, B, + 0,B, (1.29)
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where B, is called the Stiickelberg field. Actually, this replacement does not change the form
of the kinetic term because the Einstein-Hilbert term is gauge invariant. The deformation
of the theory arises from the mass term which is not gauge-invariant.

R h™ — (1 —a)h® —
huh' — (1 —a)h® + 20,B,0" B”
+2(2a — 1)9,B,0"B" + 4(h,,, 0" B” — (1 — a)hd, B") (1.30)

Thanks to the Stiickelberg fields, “gauge symmetry” is restored and the mass term (1.30) is
invariant under the following gauge transformation

Ohy = 048, + 0,8, 0B, = —¢,. (1.31)
Furthermore, we can introduce one more Stiickelberg field by
B, — B, + 0,9. (1.32)
for the system to have additional U(1) gauge symmetry
0B, = 0,0, 69 =—0. (1.33)

Then, we obtain

L= Lgn— %m2(hwh"” — (1 —a)h*) — m?*9,B,0"B" —m*(2a — 1)0,B,0" B*
— 2m?(h,,0"B” — (1 — a)hd,B") — 4m*ad, B,0" " ¢ — 2m*ad,0,$d"d" ¢
— 2m?(hy,, 0"9" ¢ — (1 — a)hd,0" ) (1.34)

and this Lagrangian is invariant under the transformations (1.31) and (1.33). The reason for
introducing these auxiliary fields to restore the gauge symmetry is that these fields mimic
the behavior of the vector mode and the scalar mode of h,, in the high energy limit based
on the equivalence theorem. Therefore, we can see more easily the effect of the mass term
on each mode of h,, and discuss the link between the form of mass term and the dynamics
of the system.

Let us count the number of DOF of the system in the high energy limit where the mass
parameter m is negligible. Since, in this limit, h,,, B, and ¢ correspond to massless spin-
two, massless spin-one and massless scalar particles respectively, the system should have five
dynamical DOF in total according to Sec.1.2. There exists, however, the fourth derivative
with respect to ¢ in (1.34). The existence of the higher derivative term strongly suggests that
an extra DOF appears in general and, to make matter worse, the extra mode is identified
with a ghost which breaks the consistency as a quantum theory. Therefore, the sixth DOF is
not only annoying because massive spin-two particles should have five DOF, but also really
dengerous for quantum field theory.

In order to remove this mode, we have to eliminate the higher derivative term and this
is very easy to achieve by choosing the parameter a to be zero. As a result, the mass term
is determined uniquely by the requirement that the sixth DOF should be absence. This
Lagrangian is called the Fierz-Pauli Lagrangian [3] and the explicit form is given as follows:

1 1 1
Lpp= —§8Ah,wa*h“” + Ouhu 0" R — 9,h" O, h + EaAha*h - émQ(hWh“” —h?). (1.35)
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1.5 Hamiltonian analysis

In previous section, we have constructed field theories of massless and massive spin-two
particles by introducing the “gauge symmetry.” However, it is not obvious how extra modes
are eliminated from the therory. Therefore, in this section, we confirm that the Einstein-
Hilbert term and the Fierz-Pauli Lagrangian both realize the correct number of DOF of the
particles through the Hamiltonian analysis and see how constraints eliminate extra modes.

1.5.1 The Einstein Hilbert action

First of all, we define canonical momenta for h,,,. Because of absence of the time derivatives
w.r.t hgo and hg;, the canonical momenta for hgy and hg; are identically zero.

oL

R (1.37)
Oho;
ij oL ] ij 1 cij (i1,9) k sij
szﬁzhj—hkk53—28 hjo—i—28kh 0(5‘7 (138)
(]

Therefore, hgy and hy; cannot be solved in terms of m and 7%, which means that 7 = 0 and
7t = 0 are regarded as primary constraints. By introducing Lagrange multipliers A and \;,
we formally obtain the Hamiltonian density for the system of the massless spin-two field.

H = Wijhij + 7Tiloo + Wihoi —L + AT + )\ﬂri (139)
Here hm is given by
] 1
hij = M — §7Tkk5ij + 28(ihj)0. (140)

As we include the four constraints 7 = 7* = 0 into the Hamiltonian using the Lagrange
maultipliers, we can neglect the second and third terms which vanish on the hypersurface
specified by the four constraints. Then, substituting (1.40) into (1.39), we find the Hamilto-
nian density expressed by the canonical variables and Lagrange multipliers:

H =Ho+ Ar + A7’ (1.41)
where we define H, as
1 .. 1
7‘[0 = 577'2]7717‘ - Z?Tkkﬂ'll

1 o o o 1 ) .
+ 50 mO N = il W+ OGP N — SO O
— 2ho; 0,1 — hoo(V2H; — 0,07 R;).

Hence, the Hamiltonian of the sytem is given by

H= /’Hd?’;c = Hy + / (A + \') . (1.42)
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Since two primary constraints 7 = 0 and 7* = 0 should be consistent with time evolution of
the system, we require

{nr,H}~0, {7 H}=~0 (1.43)
where { , } means Poisson bracket defined by
{F.a = /dSZ [éh:f(z, z) 5#15155, Z) 5%12](1, z) 5hli€5, z) (1.44)
Thus, Poisson brackets among canonical variables are given by
{h(t,2),7(t,y)} = 6@ (x —y) (1.45)
{hoi(t, ), 7' (t,y)} = 6767 (x — y) (1.46)
{hij(t, @), 7 (t,y)} = 6:"0)'6@ (@ — y) (1.47)
From (1.63), we obtain four secondary constraints:
¢ :={m H} = {m, Hy} = V*hj; — 9;0;h;; = 0 (1.48)
oW = {r', H} = {n', Hy} = 20,79 ~ 0 (1.49)

Then, we redefine new Hamiltonian (density) H including the four secondary constraints
with corresponding Lagrange multipliers A and A; as

H =Ho+ AT+ 7' + Ap + Mo’ = H + Ad + M@ (1.50)

We repeat the process from (1.63) to (1.50) until any new constraint does not emerge.
Therefore, the quantities we have to consider in the next step are following:

{o,H}, {¢' H} (1.51)
where H = [Hd?xz. Calculating explicitly (1.68) gives
{0, H} = {9, Ho}
= {V2hy; — 0:0;hij, Ho} = {V?hy;, Ho} — {0:0;hi;, Ho}
= [ @y (V25 (@), Holw) — 03030 (@), Halw)]
= —0,0;,m = —0;¢' = 0 (1.52)

{¢', H} = {¢', Ho}
v / Py (), Ho(y)} = 0. (1.53)

In (1.52), the quantity {¢, H } does not vanish algebraically, but is expressed as a spatial
derivative of the secondary constraint ¢’. Therefore, (1.52) vanishes on the hypersuface,
which means that ¢ and ¢’ are consistent with the time evolution and no more constraint
appears.

Since the eight constraints belong to the first class, we introduce gauge fixing conditions
to determine the eight Lagramge multipliers. As a result, the system has 16 second class con-
straints in total and the massless spin-two field has two DOF. Needless to say, the quantum
theory is obtained by replacement of the Poisson brakets with the commutation relations.
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1.5.2 The Fierz Pauli Lagrangian

As in the case of the massless field, the canonical momenta for hgy and hg; are identically
ZEro.

™= % =0 (1.54)
ah[)()
S (1.55)
Oho;
ij oL 1 ij 1 cij (i1,9) k sij
wjzﬁzhﬂ—hkkéﬂ—w ho + 20,hF 67 (1.56)
ij

By introducing Lagrange multipliers A and \;, we obtain the Hamiltonian density for the
system of the massive spin-two field.

H = Wijhij - L + AT + /\iﬂ'i (157)

Here hl] is given by (1.40) and the term Whoo and Wihoi are dropped due to the constraints.
The substitution (1.40) into (1.57) gives

H = Ho+ At + A\’ (1.58)
where H, is defined as
1 .. 1
Ho = §7r”7rij — Zﬂkkwll (1.59)
1 o o o 1 . . 1
+ 50O W™ = Ol B+ O R gy — OB OTR §m2(hijhij —hZ) (1.60)
— 2}1()@'8]‘71'” — m2h31 - ho()(thjj - 828]% - mQh”) (161)

Hence, the Hamiltonian of the sytem is given by
H= /Hd% = Hy + / (A + \i7') . (1.62)

For the consistency, two primary constraints 7 = 0 and 7* = 0 should satisfy
{r,H}~0, {r' H}=~0. (1.63)
Then, we obtain one secondary constraint from the first equation in (1.63):
¢ :={m, H} = V?hj; — 0;0;h;; — m*h;; = 0 (1.64)
while the consistency condition for 7’ gives
{m', H} = 2m*6" ho; + 20,77 =~ 0 (1.65)
which tells that hg; are solved in terms of 7%:

1

— kj
h()i B —W@k@ﬂr T, (166)
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Substituting (1.66) into the Hamiltonian and including the secondary constraint, we find
new Hamiltonian (density) H as

H=Ho+ M+ 7' + Ap = H + Ao. (1.67)
Here,
1 .. 1
Ho = §7r”7rij — Zﬂ'kkﬂ'll
1 o o o 1 4 . 1
+ iaihjmﬁzhjm — &hjma]h“" + &-hzjajhmm — éamhziamhjj + §m2(hl-jhij — hi)

1 . . o
+ W@kﬁikal’ﬂ'd - hoo(vzh]j - @th’j - m2h“)
As the new hamiltonian is obtained, let us investigate the consistency condition for ¢:

{¢.H} (1.68)

where H = [Hd?z. Calculating explicitly (1.68) gives

{¢7 PI} = {¢7 HO}
= {V?hy; — 8,0;hij, Ho} = {V?hjj, Ho} — {8;0;hij, Ho} — {m*hi;, Ho}

= /dgy (V207 {hij(®), Ho(y)} — 9501 hij (@), Ho(y)} — {m*hii(z), Ho(y)}]
. 1
= —@f)ﬂ” — §m27rii ~ 0 (169>
Thus, we obtain one more constraint
N id 1 9
Y = {¢, H} = —Gi('?jﬁj — §m T =~ 0. (170)
The new hamiltonian takes the following form:
H=Ho+ I+ A7+ Ao+ Np=H+Ap+ Ne. (1.71)
Then, let us repeat the procedure by imposing the consistency conditions for all constraints

with the new hamiltonian obtained above. As the conditions {r, H} ~ 0 and {x‘, H} ~ 0
do not determine any Lagrange multipliers, we consider the condition {¢, H} =~ 0.

(6.1} = {6, Ho} + / Pyl () {6(@), o(y)}
= {¢, Ho} + ;m4A’ ~ 0

Therefore, the Lagrange multiplier A’ is given as

2

A= g

(1.72)
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The similar calculation holds for ¢:

{%ﬁﬁﬁ%ﬂﬁ+/fwwmmwm}

= (. Ho} — A

1 3 3 3

= —§m2¢ - §m4hii + §h00 — §m4A
3 3 3

~ —§m4hn’ + §h00 — 57’714/\ =~ 0.

In the fourth line, we use the fact that ¢ vanishes on the hypersurface. As the above equation
can be solved in terms of A, we see that no more constraint appears for the system of the
massive spin-two field.

Thus, the Hamiltonian is given by (1.71) with

2
A:h _hiia A/:——.
00 3m490
We note that hgg is absent in the Hamiltonian (1.71) due to A = hgy — hy;, which means the
dynamics of this system is determined completely in terms of h;; and 7%. Since the system
has two constraints on the pair h;; and 7, the Fierz-Pauli Lagrangian correctly realizes the
degree of freedom which massive spin two particles should have.



Chapter 2

Gravitational massive spin two
particles

Introduction of interactions between particles makes the theory more interesting. In quantum
field theory, however, it is not true in general that any kind of interaction is allowed to
be added to the theory because of the Lorentz invariance and the quantum mechanical
consistency. In free theories of massless particles, the gauge symmetry (redundancy) should
be respected in order for the theory to be Lorentz-invariant and, furthermore, coupling
constants are also constrained by the Weinberg’s theorem. As a result, interacting theories
of massless particles are highly restricted, which leads to some kind of “uniqueness” of
the theory. On the other hand, once particles are massive, it seems that many kinds of
interactions can be added to the action even if we require that the full theory has the same
degree of freedom as the quadratic part of the action. This is true for particles with spin
lower than two but not true for higher spin particles. Needless to say, we do not know the
importance of the requirement but, from a theoretical point of view, it is interesting that the
interacting theory of massive higher spin particles is also restricted under this assumption.
Furthermore, it turns out that the requirement is quite essential when we regard massive
spin-two particles as massive “gravitons” and apply it to cosmology or other gravitational
phenomena. In this chapter, we focus on this “gravitational massive spin-two particles” and
obtain the full theory which has the same DOF as free massive spin-two particles do. Note
that the discussion is based on [4].

2.1 Massive gravity

As mentioned in the previous chapter, the situation is very different from the case of massless
spin-two particles: Interactions do not need to be gauge-invariant and massive spin-two
particles do not need to couple with other particles with the same strength. Therefore,
we have to assume some property which is appropriate to characterize “gravity.” To obtain
insight, let us remind the assumption which Einstein puts in the construction of general
relativity; The equivalence principle and the general coordinate invariance. Since massive
theories do not have any gauge symmetry, the latter should be abandoned in massive gravity.
On the other hand, the equivalence principle does not conflict with the mass of gravitons.
Thus, it is plausible to construct a theory of massive gravity keeping the equivalence principle,
which enforces the kinetic term to be the Ricci scalar for the consistency of the system.

13
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2.1.1 The simplest model I

As the simplest example, let us consider the following action of massive gravity:

S:i/ {\/_R m2n Ok OvB(h hes — huahyg) (2.1)

2k2

where n(© is called a fiducial metric and chosen to be the Minkowski metric here. Py 18
defined as deviation from the flat metric h,, = g, — ng,),). By expanding (2.1) around the
Minkowski metric g, = 1, + hy, we easily confirm that this action consists of the Fierz-
Pauli Lagrangian and derivative interactions in h,,. Generally, the fiducial metric is not
necessary to be a flat type and to belongs to a solution of the Einstein equation. Thus, we

also have

1 1
S=_—— / d*z [\/—_gR — \/—g(o)ZmQQ(O)“O‘g(O)”B(hWhag — huahus)| - (2.2)

2k2

Here hy, = g,w We find the Fierz-Pauli Lagrangian in a curved spacetime described
by ¢© v When the dynamical metric is expanded as g, = gl(,ﬂ + Ny

2.1.2 The simplest model 11

There is another way to formulate a theory of massive gravity. In the mass term of (2.2),
indices of h,, are contracted with 9" and the determinant is also constructed from g(®
We can obtain another model which has a very similar form to (2.2) by taking the contraction
with the full metric " and replacing the determinant y/—g¢©) with /=g¢:

= —/d4x\/ [ m 26" 6”8 (Ryhas — Puahus) | - (2.3)

By expanding the dynamical metric around the fiducial metric g, = g,(f,),) + hy, we find the
action (2.3) reproduces the Fierz-Pauli Lagrangian at the quadratic level. The difference
from the previous one is that the action (2.3) also contains nonlinear potential terms in
addition to derivative interactions. This is because the inverse metric is expressed as the
infinite series in terms of A,

g o g — v + hﬂ)\h}\ hﬂ/\h)\ahg'/ + ...
1
\/__: 1/—9(0) |:1+§h— Zl (hltllhuy_ §h2> :|

2.1.3 General model

In the previous subsections, we introduced two simplest models of massive gravity. Here, we
add nonlinear terms in A, whose indices are contracted with g or g* in order to build
general models. If we use ¢Y* to contract the indices, the general action is

5= oz [ e [VEaR - V=g L) (2.4
%
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where the potential is given by

v(R) = ha[h] + ha[h*)[B] + hs[h®)[B)? + halB®][1?] + hs[h?][R)? + he[h?)2[h] + hz|B)°

Here the bracket means a trace with the fiducial metric g(®#.
If we use the dynamical metric g"” to contract the indices, another action is obtained as
in the case of the simplest models:

S = % /d4$\/—_g [R - }lmz‘/(h)] : (2.6)

The potential V' (h) has the same form to the previous action except that the tarce and the
contraction is taken with the dynamical metric.

V(h) =) vih) (27)

=2

va(h) = [h?]y — [h]]
= Jl[hg]g + J2[h2]g[h]g + J3[h]2
= K [h4]g + Ko [hg]g[h}g + K3[h2]g[h]3 + K4[h2]g[h2]g + K [hE

= Ll[h5]g + L2[h4]g[h]g + L3[h3]g[h]3 + L4[h3]g[h2]g + LS[h2]g[h]2 + Le [hQ]g[h]g + L7[h]557

We have to note that (2.4) and (2.6) are completely equivalent. In fact, we can compare
these two actions using the relation

1" = 1en-1Cih"] o) (2.8)

according to the famous review written by Hinterbichler [4].

2.2 The Boulware-Deser ghost

It seems that the simplest model works well because there is no higher derivative term
which usually leads to a ghost mode. However, this is not true. There are several ways
to see the existence of the ghost mode and, here, we use the Hamiltonian analysis through
Arnowitt-Deser-Misner (ADM) decomposition. For the sake of completeness, we begin with
the Hamiltonian analysis of the Einstein-Hilbert action.
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2.2.1 Hamiltonian analysis for general relativity

General relativity is constructed based on the general coordinate invariance. This is a very
important factor for the theory but it is a little confusing when we consider the time evo-
lution of the metric because we should specify “time.” For this, we have to consider some
diffeomorphisim ¢ which maps space-time into S X R where S represents a three dimen-
sional space and R corresponds to time. Using the mapping ¢, we can identify time and
dynamical variables. Through this procedure, we can consider GR as the system where a
space-like, three-dimensional hypersurface evolves in time. This method is called Arnowitt-
Deser-Misner(ADM) formalism or 3+1 formalism [5, 6, 7, 8] and we can take arbitary space-
like hypersurface by choosing an appropriate mapping.
In ADM formalism, we parametrize the four dimensional metric g, as follows.

goo = —N?*+v;N'N?,  gij =, goi=N; (2.9)

where N and N; are called the lapse and the shift respectively, and +;; is the spatial metric.
In the ADM variables, Ricci tensor is expressed as

R=OR+ Kinij - K* - 2V, (n"'V " — n"V,n") (2.10)

where ® R means Ricci tensor on the space-like hypersuface and K;; is defined as

.
and D; is a covariant derivative with respect to the spatial metric v;;. K; is called extrinsic
curvature and tells how the hypersurface is embedded in the four dimensional spacetime.
The last term in (2.10) is a surface term and we ignore it here for simplicity. As a result,
the Einstein-Hilbert action becomes

1 1 y
SEH = /d4xﬁEH = 2—’{2/d4aj\/—gR = ﬁ/d‘lm]\fﬁ ((3)R + K K" — K2) . (212)

Thanks to this decomposition, we can specify ten dynamical variables of the system N, N;,
and 7;;. In order to obtain the Hamiltonian for general relativity, we define the canonical
momenta for these variables.

L (2.13)
ON
= 2L (2.14)
ON;
= = — /7 (K7 — K~ 2.1
T o 2/<;2ﬁ( Y ) (2.15)

As in the case of the linearized gravity, six components are only dynamical and remaining
variables generate primary constraints. Introducing Lagrange multipliers A and \;, we obtain
the action with four primary constraints.

Spn = / d*z (Lgn — AT — \IT) (2.16)
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By implementing the Legendre transformation, we find the formal expression of the Hamil-
tonian of the system.

Here we ignore the term IIN + II'N; because it vanishes on the hypersurface in the phase
space specified by four primary constraints.
Using the expression for 4;; in terms of the canonical momenta 7;;

4k*N 1
Vij = N (Wij - 57%‘3‘) + DiN; + D;N;, (2.18)

we find the hamiltonian which is written in terms of canonical variables explicitly:

Hpy = /d% {NH + NH + NI+ \IT'} (2.19)
where ‘H and H; are defined as

We have to note that a surface term is dropped here again.
As usual, we impose the consistency conditions for four primary constraints:

{Il, Hgu} = 0, {IL;, Hen} =~ 0. (2.21)

Since Poinsson brakets for canonical variables are given as

{N(t,z),11(t,y)} = 0¥ (z — y) (2.22)
{Ni(tv CB), Hj(ta y)} = 5Z](5(3)(33 - y) (223)
{hij(t, ), 7 (t,y)} = 5(ik6j)l5(3)(a: —y), (2.24)

the calculation (2.21) is straightforward.
H~0, H ~0. (2.25)

As we obtain new constraints, let us redefine the hamiltonian by introducing new Lagrange
multipliers A and A;

Hyy = /d% [NH + NH + NI+ NIT + AR+ AH (2.26)

Obviously, the first two terms vanishes due to the secondary constarints and the new Hamil-
tonian takes the following form:

Hpn = /d% {AIL+ NI+ AH + AH (2.27)

Since eight constraints IT, IT*, H and H' commute with each other, they are classified into the
first class constraints. This means that we must add eight gauge fixing terms to make these
constraints belong to the second class in order to determine the dynamics of this system.
Consequently, we find that the spatial metric v;; has two dynamical DOF.
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2.2.2 Hamiltonian analysis for the simplest model of massive grav-
ity

One of the simplest models of massive gravity is given in (2.2) and we choose the Minkowski

metric as the fiducial metric here:

B 1
©2K2

1
S / dix [\/_—gR — Zm%“’)wn(o)”ﬁ (huhap — huahug)| -

There is no diffeomorphism in massive gravity but we formally apply the ADM decomposition
to carry out Hamiltonian analysis. What we have to do is to rewrite the mass term in terms
of the ADM variables because the Hamiltonian form of the Einstein-Hilbert term has already
been given in the previous section. The mass term in terms of the ADM variables takes the
following form:

nOrenO¥B (b hag — huahyg) =6%6" (hijhyy — highg) 4 267 Ry
— 2N?§% hy; — 2N;0Y Ny + 26" b7y N'N™ (2.28)

where h;; = 7;; — 1;;. Hence the hamiltonian is expressed as
Hgpn = / Pz {NH + N;H' + M+ NI

2
+m—2 (6567 (hijhig — highg) 4+ 26 Ry — 2N?67 hy; — 2N;6Y N; + 26 hyjrym N'N™] } .

8K
(2.29)
Because of the nonlinearity of the lapse and the shift, the consistency conditions
{IL, Hgn} ~ 0, {IL;, Hen} ~ 0, (2.30)
lead to the following equations containing N and N;:
m2 . . m2 il & ..
H— 550N =0, H — o (6" = 6" himy7) N; = 0. (2.31)

This means that the lapse and the shift are completely solved in terms of 7;; and 7% and no
constraint appears anymore. Therefore, this system inevitably has the extra DOF. The result
does not change if we consider the other simplest model (2.3). The ADM parametrization
for this mass term yields

NiNk> < o NN

2 2 ) (s = by

guaguﬁ (huyhaﬂ _ huahuﬂ> — (,yik _

- 327 (N;N; + (N? = '™ NNy, — Dhyg) +---,  (2.32)
which clearly shows that the action is highly nonlinear with respedt to the lapse and the
shift. This fact also holds for the general model (2.4).

Certainly, this analysis is not enough to identify the extra mode with a ghost but, as
shown later, this extra mode actually leads to instability of the system and is called the
Boulware-Deser ghost for this reason [9].
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1 01,2 2

1 P11

Figure 2.1: A moose diagram 2

D &)

1 U(x) 2

Figure 2.2: A moose diagram 3

2.3 Massive gravity as an effective field theory

Hamiltonian analysis tells us how many DOF the system has but nothing about their char-
acters. If we find that a full theory has an extra degree of freedom compared to a free theory
through the analysis, we cannot assert that the extra mode is a ghost. Furthermore, even
if the extra mode is a ghost, the theory is still valid at energies far beneath the scale of the
ghost mass. Thus, we should not only prove the existence of the ghost but also clarify the
situation where the ghosty mode becomes active. One of useful tools for this purpose is the
Stickelberg trick which was used in the construction of the Fierz-Pauli Lagrangan.

2.3.1 Theory space

We employ the Stiickelberg trick in order to analyze the property of the simplest model of
massive gravity. While it is possible to follow the step in Sec.1.4 where we constructed the
Lagrangian of massive particles, we use the concept of “theory space” [10, 11, 12] here to
introduce the Stiickelberg fields because this idea gives us more transparent formulation of
massive gravity.

We begin with the theory of massless spin-one particles with matter fields in the Minkowski
spacetime to depict what theory space is. Theory space is represented by the diagram shown
in Figure 2.1. The circles and the lines in the figure correspond to gauge groups and Weyl
fermions respectively and indices 1 and 2 label circles where gauge groups live in. The di-
rection of the line is very important: It expresses how the fields transform under the gauge
transformation specified by each circle. If a line is directed away from a circle, the corre-
sponding Weyl fermion transform as the fundamental representation of the gauge group in
the circle. If a line is directed toward a circle, the fermion belongs to the complex conjugate
of the fundamental representation.

Let us explain how we read off the theory defined by the diagram taking g,, = SU(m)
and g, = SU(n) in Figure 2.1. According to the rule explained above, two Weyl fermions p;
and oy 5 transform as (m,n,1) and (1,n,m) respectively under the gauge group SU;(m) x
SUy(n) x SUs(m). In addition to these matter fields, we also have gauge fields corresponding
to three gauge groups. Therefore, the theory represented by the diagram consists of two
Weyl fermions belonging to the bi-fundamental representation and three gauge fields. Here
we suppose that the values of m and n are chosen for the theory to be anomaly-free and
asymptotically free.

At this stage, it is not obvious why theory space is useful for our purpose. However, the
link between theory space and Stiickelberg fields becomes clear when the strongly coupled
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scale A,, of the gauge group SU(n) is much larger than the scales Al and A2, for SU;(m) and
SUy(m). Under this assumption, the coupling of SU(n) becomes strong around the scale
of A, while the two SU(m) couplings remains weak. Therefore, below this enegy scales,
the force between the two fermions gets to increase and, finally, the fermion condensation
occurs. This means that the vaccum expectation values (VEV) of the fermion pair p; 1072
take non-zero values which are characterized by a m x m unitary matrix Uy »(x)

<p1’10172> ~ UULQ(iL') (233)

where v ~ A,,. The m X m unitary matrix is parametrized by Nambu-Goldstone (NG) boson
fields or Siickelberg fields with the broken generators T¢ with a decay constant f,:

Uy o(z) = 2 @7/ fn, (2.34)

The theory space after the condensation is drawn in Figure 2.2. The line represents the
unitary matrix which transforms under SU;(m) x SUs(m) as

U(x) = g1 'U(x)gs- (2.35)

Therefore, this system is now described by two gauge bosons coupled to these Nambu-
Goldstone bosons. The Lagrangian which is consistent with SU;(m) x SUs(m) is given
by

1
2g7

L= trFE — 2—;2trF§ — 2t (DU (DU - - (2.36)
2
where D,U = 0U + iA;,U — iU Ay,.

Now, it becomes clear that the fields 7%(z) is actually identified with the Stiickelberg
fields. Let us set U(z) = 1 by using the gauge transformation. Then the theory in Figure 2.2
is not invariant under the SU;(m) x SUy(m) transformation anymore and, instead, invariant
under the vector subgroup SUy (m) := SU;(m) = SUs(m). This is because one of the gauge
field acquired a mass due to the fermion condensation and could not keep the SU;(m) x
SUy(m) gauge symmetry without 7(z) fields. Conversely, this fact clearly illustrates that
the 7%(z) fields play a role of restoring the SU;(m) x SUy(m) symmetry as in the case of
Sec.1.4. Furthermore, by taking the limit g; — 0 after an appropriate normalization in
(2.36) , the massless mode completely decouples. Therefore, we obtain the theory of massive
spin-one particles with Stiickelberg fields.

L= —2—;2 trF? — f2tr(D,U)(DFU) + - - - (2.37)
Here g := go and A, := Ajy,. Taking the unitary gauge U(x) = 1, the Lagrangian takes the
following form:
L=t ar =T (A, 2.38
——2—921" —?f(u )+ (2.38)
where the mass paramter is defined as m := gf.

In the next subsection, we introduce Stiickelberg fields for massive gravity by using
the idea of theory space. However, before moving on to massive gravity, we would like to
stress the usefulness of the Stiickelberg field in effective field theories. For an illustration,
let us consider the theory given in (2.38). Since the Lagrangian is not renormalizable,
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AL AL

AL AL
Figure 2.3: Four-point interaction

there exist some cutoff scale where perturbative unitarity breaks down. Naively, we can
easily estimate this scale by considering 2 — 2 scattering process among the longitudinal
modes Aﬁ because the polarization vector behaves as p*/m which potentially forces the
scattering amplitude to exceed 1. The quartic term in (2.38) gives the diagram shown in
Figure 2.3 and the straightforward calculation tells that the amplitude grows as ¢?(E/m)?
where FE means the energy scale of this process. From this consideration, we may conclude
that the perturbative unitarity breaks down around energies £/ ~ m/,/g. Unfortunately,
this is incorrect. Actually, another diagram constructed from the cubic interaction (Figure
2.4) cancels out the contribution from the four-point interaction. Then, the amplitude of
this 2 — 2 scattering process grows as g*>(E/m)? and the true scale where the unitarity
breaks down is given as m/g. Therefore, in order to correctly estimate a cutoff scale, we
need to investigae all possible processes and see if some cancelations happen among them.
The introduction of Stiickelberg fields (2.37), however, makes the analysis much easier. As
we have seen, the relevant contribution to the perturbative unitarity is the longitudinal
mode of the vector field A,. On the other hand, according to the equivalence theorem
[13, 14], Stiickelberg fields mimic the behavior of the longitudinal mode of A, up to O(m/E).
Therefore, we can estimate the cutoff scale by considering an amplitude of among Stiickelber
fields 7*(z) in stead of the direct calculation. In this case, what we have to evaluate is the
diagram 2.5 only. After the calculation, we find the amplitude grows as ¢g*(FE/m)? which

coincides the result obtained above.
AL AL

Al AL
Figure 2.4: Exchange process

The point is that we can explicitly encode the longitudinal mode, which shows dangerous
behavior at high energy scales in effective field theory, into Lagrangian through Stickelberg
fields. Therefore, the Stiickelberg trick is a very powerful tool not only for analysing effective
field theories but also for constructing healthy field theories as we will see below.

The bottom line is that the Stiickelberg trick gives us a transparent way to deal with
effective field theories.

2.3.2 Siuckelberg fields for massive gravity

We construct Siickelberg fields for massive gravity [12] using “theory space” introduced in
the previous subsection. As with the example of spin-one particles, two metrics g; ,, and ga .,
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Figure 2.5: mm — 7m process

live in each circle and a function Y] 5 links the two diffeomorphisms in theory space (Figure
2.6). For internal symmetries SU;(m) x SUs(m), the unitary matrix U(z), which links two
gauge group, transforms as the bi-fundamental representation of SU;(m) and SUs(m). Thus,
the function Y; 5 should also transform under two diffeomorphisms. The task, however, is
not straightforward because this statement seems to require a function depending on two
sets of coordinates.

To clarify what kind of properties Y; o should have, we would like to find an expres-
sion which enables us to compare a general coordinate transformation on Y; » with a gauge
transformation on U(x). For the purpose, let us consider the general covariant tensor field

. . . / o 71
Ty 01w, Which transforms under a general coordinate transformation © — 2’ = f~'(z) as

T ’ N afL‘pl 8x‘71 3x'g" 8x0"

H1V1 - HinVn (:L‘) - Tulul---ynun($) = 9L g 9" 9" p101---pn0n(x)- (2'39>

Rewriting (2.39) in terms of 2 and dropping the prime of ', we also obtain another expres-
sion:

. , O @) Of @) | 01 (2) 047 ()

H1V1HnVn (._'E) — T,u,llllmunun (l’) - 8.17/“ 81}”1 8{E“” al"/"

Tpio1-puoa (f ()
(2.40)

Unfortunately, it is still difficult to associate general coordinate transformations with gauge

transformations. To get a clue, we apply the transformation rule (2.40) to a scalar field ¢(x):

o(x) = ¢'(x) = o(f(x)). (2.41)
Since this is a form of function composition denoted by ¢ o f, we reexpress (2.41) as
b= bof. (2.42)

We extend this expression to the general n—form T :=1T), ..., (2)dz" @ - - - @ da™"
T—Tof (2.43)
with the understanding that

dr" @ dz" ® - - - da'" @ dax'"™ — dff"* R df"' ® -+ ® df*"
= (0p, [" 05y [+ -+ Op,, [1 05, [7) da™ @ d2™ @ - - - daP™ @ dx.

Figure 2.6: Theory space of massive gravity
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In this notation, coordinate transformations are very similar to gauge transformations:
T—>Tof<=U-—Ug. (2.44)

Taking advantage of this similarity, we construct Y; . As the transformation rule for the
unitary matrix Uy, is given by g; 'Ugs, we assume that the link field Y] 5 transforms under
diffeo; x diffeoy in the completely same way :

Yig = filoYigo fo (2.45)

We see that the link field is a mapping from the circle 2 to the circle 1. More specifically,
(2.45) can be expressed as

Y = () (Via(fal2)))- (2.46)

Now, it is possible to construct a second rank covariant tensor G, transforming under
diffeoy from a second rank tensor living in the circle 1 by using the link field Y} .

oY, oYL
Gy=go Y1,2, or G2,/u/(x2) = 871‘;2871’;2%’&6(%’2(:62)) (247)
2 2

Therefore, we can write down a term which is invariant with under diffeo; x diffeo, with
coefficients ¢; and co

iV =9295" (92 — Go) 95 (92,00 — G2,p0) + o/ —9295" (92,00 — G295 (92,00 — G2,p0)
(2.48)

which is a candidate for a mass term of massive gravity with Stiickeberg fields.

Before going to the topic of the gauge invariant mass term, let us see explicitly how
G2 (72) transforms under diffeo; x diffeos. Since G, is clearly second rank covariant
tensor in the circle 2, we concentrate on a coodinate transformation in the circle 1 Y] o(x) —
frt(Yia(as)).

First of all, we consider g1 ,,(Y12(22)). g1, (Y1,2(22)) lives in the circle 1, which means
that it behaves as a tensor under the transformation. Thus, we have

0 () 0A )
Yl  OY,

gruw(Y12(22)) = 91,00 (f1(Y12(22))) (2.49)

Furthermore, the link field Y; 5 also transforms due to the rule f; Lo Yio.

Yis(@2) = (fi D' (Yia(z2)) (2.50)

Combining (2.49) and (2.50), we find that G, transforms as follows:
f (V) of '(Y)P oYY oYY
GQ,W(:CQ) _ fla (u ) fla (V ) _1172 - _1172
T2 zy  Ofy (Y)*ofr (Y

8}/1”2 DG
= —=_—""q (Y]
ot Oy 91,00(Y12(22))

= Go,u(12). (2.51)

)Bglpa(yl,z(@))
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Hence, the transform rule for G, ,,, under diffeo; x diffeo, is given by

o1 Off

8[)35 axg G2,P0(f2<x2))' (252)

GQHW,(Z‘Q) —

Since the diffeo; x diffeoy invariant mass term in (2.48) has been obtained, we construct
the diffeo; x diffeo, invariant Lagrangian. The remaining task is to find kinetic terms for
this system. This work, however, is straightforward because it is clear that

1

1
Liin = 5.2V —1 R[] + sV —92R[g2] (2.53)
K1 2K5

is invariant under this transformation. Therefore, the gravitational action corresponding to
the SU;(m) x SUy(m) gauge theory takes the following form:

1 v g
S= 2—/ d'xs/=g2 [Rlgs) = 1295 957 (c1 Hu Hyo + c2Hyip Hoo )]
1
32 | dov=aiklal (2:54)
1

where H,, is defined as

H/W(:BQ) = 92,/“/(1’2) - GQ,/W(IQ)
Y{, 0YY,
= g2, (T2) — a—ﬂga—zggl,pa(ﬁ,g(@)). (2.55)

The action obtained here is called bi-gravity which consists of one massless graviton and one
massive graviton. By increasing the number of circles and lines in theory space, we can build
more general action describing a dynamics of one massless graviton and multiple massive
gravitons [15, 16, 17, 18].

As with the case of (2.36), the massless graviton decouples from the theory in the limit
k? — 0 and, as a result, the metric g; becomes completely nondynamical, which means the
action (2.54) is reduced to

1
S = 2—/12/6541’\/ —g [Rlg] — f*9" ¢* (1 HpH o + c2H,pHyo )| (2.56)
where R
HW(-T) = gw,(x) e ng,pa(y(x)) (2.57)

Here we drop the labels of the dynamical metric g, and the link field Y{,. By taking the
unitary gauge Y = id and choosing the coefficients c;, co appropriately, we find that the
action (2.58) reproduces (2.3). Therefore, we finally obtained the simplest model of massive
gravity with Stiickelberg fields.

1 1
S = 22 d*zv/—g [R - Zng“”gp”(HupHW - H,H,) (2.58)

where m? = 4f2.
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2.3.3 Field theoretical analysis for massive gravity

We carry out a field theoretical analysis for massive gravity (2.58) as we done for the theory
of massive spin-one particles with the assumption that g .., = 7.
In the beginning, we expand the field Y (x) around the unitary gauge, i.e.

YH(z) = a* — B*(z). (2.59)

In order to make the anlysis easy, we introduce a U(1) gauge symmetry in addition to the
general coordinate invariance by replacing 7, with 7, + d,¢(x) to obtain

Y#(z) = 2 — B*(z) — 8¢(x). (2.60)

Then, substituting (2.60) into (2.57) and dividing the metric g, into 7, and h,,, we find

that

H,, =h,+0,B,+0,B, +20,0,¢ —0,B°0,B, — 0,B°0,0,¢ — 0,090, B, — 0,0”90,0,¢.

(2.61)
The fields B, (z) and ¢(z) are Nambu-Goldstone modes corresponding to the vector mode
and the scalar mode of the massive spin-two particle respectively. The substitution of (2.61)
gives the following terms:

2

™ o),

K K2

m2

2
™ (32p)4, - 06(0B)”. (2.62)
In the effective field theoretical view point, these higher derivative terms are regarded as
vertices which give a cutoff scale where the perturbative unitarity breaks down. In order
to evaluate the scale, ¢(x) and 7,(z) should be canonically normalized. The kinetic term
for ¢(z) comes from the mixing between h,,(z) and ¢(z) in the mass term and we can
express this part schematically as (m?/k?)hdd¢. Since ¢(z) field has mass dimension —2, it
is plausible to redefine h as h + m?¢, which results in

2 4
=100 — 0006, (2.63)
K K
Thus, we normalize the scalar field as
K
Blx) > 50(). (264

Similarly, the kinetic term of B, (x) also comes from the mass term: (m?/k?)(9B)?, which
leads to the following normalization for B, (z)

B,(z) — %Bﬂ(x). (2.65)
Then, we find correct scales of the interactions (2.62):
K K? K

ﬁ(a%)ga ﬁ(32¢)47 ﬁa%(aB)z- (2.66)

As the most dangerous contribution comes from the cubic self-interaction for ¢ in 2 — 2
scattering process, the cutoff scale (strongly coupled scale) Aj is read off from the diagram

Figure 2.7.
6 2 4N 1/5
P°K 1 K\ 2 m
() =G~ = = () (2.67)
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Figure 2.7: ¢¢ — ¢¢ process

Thus, the simplest model of massive gravity is valid up to A5 as an effective field theory
in Minkowski spacetime. Around the strongly coupled scale, quantum-induced operators
suppressed by the scale A5 get to dominate the theory. Thanks to the Stiickelberg trick, we
can roughly evaluate the structure of these induced operators by focusing on the scale Aj
with the limit A5 = const, kK — 0, m — 0.

In this limit, the cubic self-interaction for ¢ only survives.

L o3
A—g(a o) (2.68)
Evidently, the scalar sector is invariant under an extended shift symmetry called the galilean
symmetry d,¢(x) — 0,¢(x) + c,. This indicates that induced operators must respect this
global symmetry. With dimensional analysis, it is straghtforward to find the form of the
operators:

0" (@)

Agn+m—4 : (269)

Since the relation between the canonically normalized operator ¢(z) and hy, (z) is given, we
can write down the leading contributions of quantum corrections as follows:

2n

min m
Zcm,na h s Cmmn ™ W (270)

The quantum correction to the mass parameter corresponds to m =0, n = 2

om?  m?m?

N~ TS R o
K2 K2 A2

(2.71)

which shows that the mass parameter is technically natural.

2.3.4 Field theoretical analysis with sources

Although there exists the extra degree of freedom, it does not break the consistency of the
theory as far as we regard the simplest model (2.58) as an effective field theory in a flat
spacetime. The discussion, however, is not enough if we would like to apply to this model
to gravitational phenomena because gravitational theories should also be consistent around
nontrivial background spacetimes. Therefore, in this subsection, we include a source T}, and
consider the behavior of the scalar field ¢(x) which is most relevent to the consistency of the
theory.
The action for ¢(x) in the limit A5 = const, k — 0, m — 0 is written schematically as

Ly = Liin + L (2.72)
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where )

2 1\3
A coupling between the source and the scalar field is easy to obtain if the minimal coupling
is assumed. For the field h,, with mass dimension 0, the minimal coupling to the source is
defined as h,, T"”. On the other hand, in the process of canonically normalizing the scalar
field, h,, is redefined as h,, + m?®, from which the coupling between ¢(z) and the source

1), emerges.

P T = (R + mPgmp) TH. (2.74)
Therefore, we obtain

Ly = Lyin + Lgs + Loyr (2.75)
Liin ~ (09)%, (2.76)

1
Ly ~ e [(ng)?’ — (D¢)(8M8,,¢)2} (2.77)

5
£¢T ~ H¢T (278)

after the canonical normalization. We have to note that T is formally assumed to be infinity
while a ratio of T to k is kept in order for the coupling to survive in the limit A5 = const, Kk —
0, m — 0.

We would like to consider the scale where nonlinear effects become dominant for the
later discussion. For a point source T'(x) ~ Md3(x), the scalar field can have spherically
symmetric solutions and, in the linear regime, ¢(r) takes a familiar configurations:

o(r) ~ el (2.79)

r

Since the interaction terms L3 are suppressed by

[o0)
hallh 2.80
Ag Y ( )
compared to the kinetic term, we easily find that the linear approximated solution (2.79)
breaks down when (2.80) becomes O(1):

d'¢ 15 1

— ~1—=ry:=(kM)" —. 2.81

Ag rv (K’ ) A5 ( )
ry is called the Vainshtein radius [19] and characterizes the scale where nonlinear effects
start to be dominant.

Next, we study the propagation of the scalar field on a nontrivial background. Expanding

the scalar field around some spherically symmetric background as ¢(x) = ®(r) + ¢(z) and
focusing quadratic terms of (2.75) to see structure of the propagator for ¢, we obtain

(0%®)

(2) 2
Ly~ —(0p)” + A

(*9)*. (2.82)

Remarkably, the theory on the nontrivial background contains a ghost which breaks the
consistency as a quantum theory even if we consider (2.82) as an effective field theory because
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higher derivatives appear at the quadratic level. Actually, from the Lagrangian (2.82), we
find the inverse propagator for ¢:

0*P O*® [ A3
pz—l-FpA‘: ( 5 2—|—p4)
5

Az \ 220"
AS
~p? PP+ =2 ). 2.83
p (p + 82@> (2.83)
Thus, the propagator for is given by
1 1
_- - (2.84)

2 A2
Pt

The second term proves the existence of the ghost and its r-dependent mass of the ghost

particle is

LA
020

This unhealthy degree of freedom is identified with the Boulware-Deser ghost mentioned in

Section 2.2 because it originates from the nonlinearity of the theory. (The sixth DOF never

appears in the vacuum as far as the effective field theoretical description holds.)

The expression (2.85) shows that the ghost mass becomes infinite when the background
field is described by the trivial solution, which explains the reason why the ghost is absent
when there is no source.

For the Lagrangian with ®(r) # 0 to be still valid as an effective field theory, the mass
Mghost (1) must be above the cutoff scale A5. Hence, conservative estimation gives the follow-
ing relation

(2.85)

mghost (T)

Mghost (T) ~ Ag (286)

On the other hand, the nontrivial background configuration is given by ®(r) ~ w(M/r)
outside the Vainshtein radius r > ry,. Therefore, the scale where the ghost becomes active
is evaluated as

Tghost ~ (K;M)l/?’ Ai (2.87)
5
If the parameter M takes the value of the solar mass, the factor (kM )1/ ? becomes very huge.
This means that the simplest model loses its predictability at the scales which are much
largar than the cutoff scale A;'. Furthermore, more importantly, we have to emphasize that
ry is also larger than the Vainshtein radius. Therefore, the simplest model does not have
any reliable region where nonlinear effects dominate the theory although the nonlinear terms
are included in the classical action.
To conclude this subsection, we would like to roughly evaluate scales where quantum
effects become important. Since the quantum-induced operators is given in (2.69) as

am(aZgb)n 8m+2<82¢)n72
Agn+m—4 - A§n+m_4 (aqb)z?

(2.88)

what we have to do is to compare (2.88) with the kinetic term (9¢)* and reveal scales where

am+2 (82¢)n72

A§n+m—4 ~ L (289)
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Substituting the linear solution of ¢ into the quantum-induced operators in (2.69), we obtain

w1
rq ~ (KM)FmT — (2.90)
As

The scales where quantum effects start to dominate the theory turns out to be

1
7ﬁquan‘cum ~ (HM>1/3 A_5 (291)

It is worthwhile to note that two scales rghost and rquantum coincide with each other. Thus,
around the scales of the ghost mass, quantum corrections begin to be relevant and the
effective field theory (2.58) is replaced by some UV completion.

From the above field theoretical observations, we conclude that the ghost originating from
the nonlinearity is devastating for gravitational theories because it could break predictability
in the nonlinear regime. The important lesson from this fact is that an extra DOF in the
Hamiltonian analysis is not dangerous for effective field theories in a flat spacetime, but
potentially dangerous for field theories in nontrivial backgrounds.

We should note that the above statement does not change even if we consider the general
action (2.4) because quantities such as the cutoff scales are generally determined by the
leading terms in the potential of h,,,.

2.4 Ghost-free massive gravity

In the previous section, we revealed that massive gravity has some intrinsic properties such
as the cutoff scale. Among them, the fatal one is that the theory does not have any reliable
region where nonlinearities are dominant because of the existence of the ghost, which seems
to mean that massive gravity can not work as an alternative gravity. However, an important
and interesting fact is also there: The value of the ghost mass is completely same as the
scales where quantum corrections kick in. Therefore, we could expect that this situation
might drastically change if we improve the cutoff scale by adjusting the parameters of the
general model (2.6). Motivated by this observation, we try to construct the model which has
cutoff scale larger than As here. As a result, this attempt leads to the ghost-free massive
gravity known as the dRGT massive gravity.

2.4.1 Raising up the cutoff scale

We consider if massive gravity having a cutoff scale larger than Aj can be constructed. As
shown in (2.6), the general action of massive gravity is given by

S = 2—22 /d4x\/—_g [R - }lmQV(h)] : (2.92)

where

V(h) = Z vi(h) (2.93)
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[1?] — [)?

J1 R3] + Jo[R?)[R] + Js[R)?

K\ [h*] + Ky[h?][h] + K3[R?][R])? + K4[h*][h?] + Ks[h]*

La[l®) + Lo[h*][h] + Ls[R®)[R]* + La[k®)[R*] + Ls[h?][h]* + Le[h*]*[h] + La[h]?

-t
w
e e T

)
h)
)
)

Note that indices of h,, are raised or lowered with the dynamical metric g,, and [- - - | means
a trace.

Since the scale A5 was obtained through the anlysis of the scalar sector of Stiickelberg
fields, it is reasonable to employ the Stiickelberg trick again and focusing on the scalar
component in order to obtain a clue to raise up the cutoff.

Dy — Hyy = 20,0, — 0,0°60,0,6. (2.94)

Substituting this expression into the potential (2.93), we obtain a polynomial of infinite order

in (9%¢) and each term is suppressed by the scale A5 or higher scales A,, = (m"~ /)", n >

4. Thus, to improve the cutoff scale, we need to eliminate all terms suppressed by As. The

most naive strategy is to choose parameters J;, K;, L;--- in order that coefficients of each

power of (0%¢) is equated to zero. This idea, however, does not work unfortunately.
Another idea comes from the following identity:

/d%/:if(l‘[) — /d4x 77#11/1#21/2---#71% (Hml/lHquz . 'H,unl/n)

B /d4'r aﬂl [nﬂlylﬂwzmun% (6V1¢H#2V2 e HNn”n)] =0. (295)

Here I1,,, := 0,0, ¢ and np1*1#2v2invn means products of Minkowski metric nf1¥1nH22 . . . phntn
antisymmetrized over v indices.

The identity (2.95) tells that the cutoff scale is improved if we can put the potential into
this form by specifying i — 1 parameters for each v;(H). Actually, by imposing the following
relations

1

1
J=2J3+ =, Jy=—-3J3——
1 3+27 2 37 5

1 1
K1 :—6K5+E(24J3+5), K2 :8K5_Z__L(6J3+1)’
3

1
Kg - 3K5 - 1—6<12J3 + 1), K4 - —6K5 + Z__LJB’ (296)

we can eliminate a polynomial of (9%¢) originating from v3(H) and v4(H). By putting
similar relations for higher order terms v;(H), ¢ = 5, we obtain the theory whose cutoff
scale is larger than A5. Before studying the cutoff scale for this new theory, we discuss the
number of parameters contaied the Lagrangian. Since we specify ¢ — 1 parameters only for
each v;(H), it seems that there are infinite parameters in the Lagrangian. However, as £,,(II)
is identically zero for n > 4, the unfixed parameters in v;(H)i = 5 are completely irrelevant.

As a result, the action of the new theory is given by
1 1
S=— [ dazy/—g {R - Zm2V(h, Js, K3) (2.97)

T oR2

with (2.96).
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2.4.2 The cutoff scale

From the above discussion, the action (2.97) has the cutoff scale higher than A5 thanks to
the nontrivial linear combination in V'(h, J3, K3) which eliminates all terms having the form
of (0%¢)™. Thus, in (2.97), operators in the potential terms should take the form of

~ R (DA)™(0*¢)™ (2.98)

in the Siickelberg language. Since there is no term satisfying the condition a; = 0,a, =
0,as # 0, the operators which give the lowest cutoff scale seems to be given by

iaB((’)‘?gb)?. (2.99)
Ay

However, this term also becomes a total derivative and the cutoff scale turns out to be larger
than A4. Generally, the scalar-vector interactions having the following form

1
A—aB(a2¢)", Ay S A, < As. (2.100)
are total derivatives in the action (2.97). This is because, as far as J; and K satisfy (2.96),
the explicit form of interactions (2.100) are

0 i
Oy, By, — L5 (1) (2.101)

v
M1 1 51—-[”1”1

and it is straightforward that
5 4]
Ho11,,

Therefore, all interactions suppressed by A, (4 = n < 3) drop and the cutoff scale of the the
action (2.97) is raised up to As.

LT = 0.

2.4.3 dRGT massive gravity

We have constructed the theory having the cutoff A3 by choosing parameters for each partial
sum v;(h). Formally, this operation is possible, but we are faced with difficulties when the
new theory is applied to cosmological or gravitational phenomena because the potential
terms consists of infinite series in h,,. Therefore, we need another representation of the
potential to calculate physical quantities. For this purpose, let us see the structure of the
Stiickelberg field introduced in (2.94).

H,, = 20,0, — 0,0°00,0,0 = 211, — 11,11,

Here h,, and B, are dropped, but this expression has a great implication. Rewriting the
right hand side, we have

H", = 211*, — 111, = §", — (0%, — 1I*,)*. (2.102)
Solving (2.102) in terms of II#,, we obtain

4, = 6", — \/or, — HH~,,. (2.103)
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By definition, (2.103) only holds when h,, and B, are set to be zero. Thus, we should
express correctly the relation (2.103) as

", = K", |h_p—o (2.104)

by using a new tensor defined as

KH, =0, — \/or, — HH,. (2.105)

The expression (2.105) is very useful in order to reformulate the potential term because
K*,|h=p=0 is linear in I1*, unlike H*, given in (2.94). Thanks to this property, we just put
the potential in the following form to obatin the completely equivalent action to (2.97):

mQ 4
Spotential - @ / d4$ V=g Z QMVIMQVQ 'ununK:ulullCugw o Kunun (2106)
n=2

where gH1vi#2vzbntn means products of the dynamical metric gttt gh?¥2 ... gt»¥» antisym-
metrized over v indices.

Remarkably, (2.106) is expressed as the finite series in K*,,, which enables us to actually
consider cosmology or other gravitational phenomena with the action:

4
_ 1 4 L o
S = 5.2 /d rv/—g | R+ ik ;anen(lC) : (2.107)

where
e HIVI2V2 Y,
en(KC) 1= grirrare=in I K pgr = Ky

and a3 and a4 are free parameters while as is fixed to be four.
Theories of massive gravity belonging to this class (2.107) is called the de Rham-Gabadadze-
Tolley (dRGT) massive gravity [20, 21].

2.4.4 Field theoretical analysis for dRGT model

We have already known the cutoff scale of the dRGT massive gravity. Thus, we just introduce
the explicit form of the Lagrangian in the limit A3 = const, kK — 0, m — 0 here. According
to [4], the action in this limit is given by

S = /d4x Ehwguu,aﬁhaﬁ _ %h“” (_4X;(L}/)(¢) — 36¥3—+4X(2)(¢) — MX(?))(@)]

A% 2% Ag %
(2.108)
where . 5
n R id
Xm(®) - L4, (1) (2.109)

41610, "

and £ denotes the kinetic operator for the massless spin-two field h,.. Note that each
field is rescaled in order to have correct mass dimension.
By replacing the field h,, with

3
Qg + 2
hpw + Oy — QA—gﬁu(b@ng,
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we find the Lagrangian which has the kinetic term for the scalar field:

S = / e Ehwgw’aﬁhaﬁ 4 M‘*A—go‘?’hwxlgi) _ 3(9¢)* — %O‘j’\; S 06)206
- Lea £ B 20 oo (- o)
_(Bag + 4)5\5;4 ) (0¢)? ([I1]* — 3[I12)[IT] + 2[11%)) | . (2.110)
The scalar self-interactions
L5 = —5(00)1]
£4= —5(06) (IMP - (1)
L5 = —5(00)* (IU° — B[P + 2[11)) (2.111)

are well known as the galileon terms which yield second order equations of motion although
the presence of higher derivatives [22, 23, 24, 25]. Therefore, the new theory does not contain
any ghost originating from nonlinearities, which gives us expectation that the dRGT massive
gravity has a reliable, classical nonlinear regime as an effective field theory.

Lastly, we mention quantum corrections. As in the case of the simplest model, the
galileon terms also have the Galilean symmetry 0,¢ + c,, which indicates that the induced
operaters have the following form:

om(0%)"

o= (2.112)

Furthermore, the galileon terms are famous for the stability against quantum corrections in
the sense that their tree level parameters never be renormalized [26, 27, 28|. Hence, the form
of the induced operators are further restricted.

2.4.5 Field theoretical analysis with sources

To confirm whether or not the dRGT model has the reliable non-linear regime, we introduce
a source T}, and carry out the same field theoretical analysis as we have done for the simplest
model of massive gravity.

As the action of ¢ with no source has been obtained in (2.110), what we have to do is
to introduce a coupling with a source field. Putting the same assumption as in the previous
case, the coupling between h,,, whose mass dimension is zero, and 7},, is given by h,,T"" as
usual. Thus, due to the completely same logic in (2.74), the scalar field aquires the coupling
to the source ¢T'. Canonical normalizations for h,, and ¢ give the following terms to (2.110):

£c0upling - £hT + £¢>T + £¢88T (2113)
S+ 2
ﬁhT ~ I{hijwj, £¢T ~ K¢T, ['qbaaT ~ /{2—8M¢8V¢THV. (2114)

A3
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Here we assume that 7" — oo while the combination x7 is fixed in order for these coupling
terms to survive.

Now that the coupling terms are turned out, let us calculate the Vainshtein radius for a
point source T' ~ M§(x). Comparing the leading self-interaction to the kinetic term, it is
suppressed by the factor

1
~ —[ 2.115
Since the configuration of the scalar field ¢(x) is given by a Newtonian potential
M
o(r) ~ k—. (2.116)
r

in the linear regime, the scale where the interaction is comparable to the kinetic part is
estimated as
%Dqﬁ ~l =y = (KM)l/?’i. (2.117)
A3 As

As mentioned above, the theory (2.110) does not have any ghost, which means that we
have to compare the Vainshtein radius ry to the scale where the quantum-induced operators
get to be dominant in order to discuss the validity of the dRGT model as an alternative
gravity. Ignoring the subtleties which might arise from the nonrenormalization theorem of
the galileon terms, the scales where the quantum corrections starting to be effective seem to
be same as (2.91) except the cutoff A;

T quantum ~ (/iM)l/gi (2.118)
Aj
because the allowed induced operators is same due to the same shift symmetry. Then, we
find that ry ~ Tquantum, Which shows that the dRGT model does not work as a theory of
gravity. This argument, however, is completely wrong. What the relation ry ~ rquantum
actually means that the linear approximation for ¢ no longer holds around these scales and
the estimation of 7quantum based on the assumption should not be trusted.

Thus, instead of the evaluation based on the linear approximation, we compare directly
the quantum-induced operators (2.112) to the nonlinear terms in the tree-level Lagrangian
(2.110)

(09)*(0%¢)"
~ A—g” (2.119)
to investigate the true scale where some UV completion replaces the effective field theory.
For the comparison, we formally rewrite (2.119) as follows:

N 8_2(82¢)n+2

2.12
Then, by relabeling n 4+ 2 as n
0-2(0%)"

we easily compare the (classical) nonlinear terms (2.119) to the quantum originating opera-
tors, which tells us that the quantum effects are suppressed by

(A%)M . (2.122)
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Since (2.112) becomes dominant when /A3 ~ 1, the scale where the effective theoretical
description breaks down is estimated to be

1
T'quantum ™~ A_3 (2123)

which is much smaller than the Vainshtein radius.
In conclusion, the dRGT model has the reliable nonlinear regime and satisfies the neces-
sary condition as an alternative theory of gravity.

2.4.6 Hamiltonian analysis for dRGT massive gravity

We have shown that the dRGT model (2.107) does not have any ghost in the limit A3 =
const, k = 0, m — 0. As a result, classical nonlinearities get to be important before
quantum-iduced operators become effective, which means that the dRGT massive gravity
actually works as an alternative theory of gravity. In this subsection, we show that the
theory does not suffer from the Boulware-Deser ghost problem in the full nonlinear level
based on [29, 30, 32].

For convenience, we give another representation of the dRGT model. Rewriting the
potential in terms of y/6#, — H*,, we have

3
S = %/d‘*mx/—_g [R + }lm2 ;@l en (\/5/@ — H#,,) } (2.124)

B is related to «,, as follows:

Bo = 48 + 243 + 24ay b1 = —24 — 18az — 24y,
ﬁg =4+ 6&3 + 120&4 y 53 = —03 — 40&4 (2125)

Note that ey (\/ o+, — H “l,) does not contribute to the dynamics because
vV—ges(\/or, — H*,) = \/—gdet (\/(5“1, - H“,,)
=V _gdet (\/6“1/ — ghr (gpzx - apYa(x)aVY6<x)77aﬁ))

= /—gdet (\/gﬂp (8pYa(CU)3uYB($)77a/3>>
N N

where f,, := 0,Y*(2)0,Y?(2)ag.

Let us carry out the Hamiltonian analysis on the action (2.124). As a first step, we
consider the minimal model which is obtained by choosing the parameters f, = 24 and
By = -8

— %/d“x\/—_g [R —2m?* (try/g=Lf — 3)} : (2.126)

After taking the unitary gauge f,., = 7,., we parametrize the potential terms (2.126) by the
ADM variables

S

goo = —N?+ 9 N'N?, g5 =5, goi = Ni
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to obtain )
Spotential = _% /d4INﬁ <tI‘ \% g_ln - 3) . (2127)

Since we have known the canonical momenta in (2.128)

e (2.128)
ON
i OLen _ 0 (2.129)
ON;
o OLpm 1 g )
ij - ij ij
™= T gV (K=K, (2.130)

the Hamiltonian of the minimal model is given by
2
H= /de [NH + NH A AT+ AT + = A N (tr\/gfln - 3)} (2.131)
K
Here \/g—'n is a square root of

1 1 N6,
(g 77) v N2 < —N¢ (NQ,YZI _ NZNZ)(;lj ) . (2132)

In order to discuss the structure of constraints, we have to find the explicit form of \/g—!n
but, unfortunately, it is technically difficult. Therefore, instead, we impose a condition for
N+/g~'n to be linear in the lapse, which is a necessary condition for the system to be
ghost-free, and see whether any inconsistency arises [29].

From the assumption, y/¢g~'n has the following form:

N\g ' = A", + NB", (2.133)

with matrices A and B. Squaring the both sides of (2.133), we compare

1 1
g 'n", = WA%A”V + N(A“pBPV + B*,A”,) + B ,B", (2.134)

to the expression (2.132). Introducing a new variable n' as
N' = (8';+ ND'))n’ (2.135)

with some matrix D;, we obtain

1 1 n'd;;
I — . . K
A% 1 —nro,sn? ( —n' —n'n*dy,; ) ’ (2.136)

0 0
b

and find the following consistency condition for the matrix D';:

(V1= wb,n®) DYy = [ (7% — Dl D) (2.138)
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Since (2.138) can be solved in terms of D';, the potential (2.127) is actually linear in the
lapse and the Hamiltonian has the following form:

H = / d*x [NH + (6} + ND', )/ H; + AL+ NI

2
+ %ﬁ {\/ 1 —n"é,sn* + N tr (\/(’yikékj - Dilnlemnmékj)> - 3NH :

(2.139)
where IT¢ denotes the canonical momentum for the new shift.
As usual, we impose the consistency conditions:
{II,H} ~0, {I, H}=~0. (2.140)

Due to the linearity of the lapse, the first Poisson bracket yields a constraint ¢). On the
other hand, the second one is expressed as

w2 A N\ o 0
Hi———F————=) |0, + N— (D'’)| =0 2.141
( k2 /1 —nT(Srsns) [ (s onk ( i )} ( )
and [-- -] never vanishes because it is the Jacobian of the transformation (2.135). Thus, n’
is solved in terms of v;; and 7.
. . [m4 —1/2
n' = —H,;6" [—4 dety + de’d?{l] (2.142)
K

The one more constraint ¢ arises from {¢(), H} where H := H + A¢M. As {¢M), @} is
not commutative, the Hamiltonian which determines the dynamics is given by

H= / PPz [NH + (5 + ND)ndH; + ALl + Ag) + A'pl?)

m? ) )
+ ?ﬁ {\/ 1 —n"d,sn°* + N tr (\/(ylkékj — Dllnlemnmékj)> — 3NH .

(2.143)

Note that the lapse N is canceled out by a Lagrange multiplier implicitly as in the case of
the Fierz-Pauli Lagrangian in Section 1.5. Now that the Hamiltonian (2.143) is completely
written in terms of 7;; and 7% with 2 constraints, the minimal model has exactly five degrees
of freedom and evades the Boulware-Deser ghost.

The extention of the discussion to the general model (2.124) is straightforward. Let us
consider es(4/g~'n) whose explicit form is

1

ea(n/g7n) = B [(tr g~n)? — trg’lfr;} : (2.144)

Parametrizing e;(1/g~1n) in terms of n’ and using the relation trA* = (trA)*, we have

2( trAtrB — trAB)+N ((trB)* — trB?)], (2.145)

N | —

Nex(v/g7'n) =
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which shows that the polynomial Ney(y/g~'n) is linear in the lapse. Similarly, we easily
see that Nes(1/g~'n) is also linear in N. Then, the consistency condition for the primary
constraints gives the following relation:

m? 711511‘ l k k
Hit gV (51 e + B[00 = 8D

+ 63( V 1— nrérsns) nl5lk [kaDnZ - DkZ‘DT:LTL

+ 3D D7 6F — %D”;Djmde = 0. (2.146)

From this expression, we see that n’ does not contain the lapse. Thus, the dRGT massive
gravity is free from the Boulware-Deser ghost problem.



Chapter 3

Non-gravitational massive spin two
particles I

Although the absence of the gauge symmetry and the nonrenormalizability, it has been
turned out that the theory of gravitational massive spin-two particels is also highly con-
strained under the following assumption: The interacting theory has to have the same degree
of freedom as the free particles. Otherwise, massive gravity is nonsense as an alternative
theory of gravity. Thus, in the construction of the dRGT model, this requirement plays a role
of a guiding principle. As mentioned in the previous chapter, it is incompletely understood
whether or not such a guiding principle is necessary for higher spin fields but, theoretically,
it is still interesting. There are three reasons for this: First, this requirement constrains al-
lowed interactions severely, which could determine theories uniquely, not to mention massive
gravity. In fact, over 70 years ago, Federbush constructed the theory of charged massive
spin-two particles interacting through U(1) gauge fields [33] following the “guiding princi-
ple.” In the work, he found that this assumption eliminates the ambiguity coming from the
noncomutativity of the U(1) covariant derivatives and the theory is determined uniquely.
Second, the interaction keeping degree of freedom basically does not generate a ghost mode
even if background fields take nontrivial configurations: The form of interactions ensure
the absence of the Boulware-Deser type ghost. Third, the allowed interactions could raise
cutoff scales of EFT. Actually, the Ferderbush model is obtained if we choose appropriate
interactions so that the theory has the largest values of the cutoff.

On the other hand, the new derivative interaction, which keeps the degrees of freedom of
the system, for the Fierz-Pauli theory have been proposed recently [34, 35]. In the work [35],
Hinterbichler also have shown that the leading terms of the potential in the dRGT theory
does not change the degrees of freedom of free massive spin-two particles.

These facts motivate us to consider a new interacting spin-two models which have five
DOF. Therefore, using these Boulware-Deser type ghost-free interactions for the Fierz-Pauli
theory, we propose theories of non-gravitational massive spin-two particles in accordance
with the “guiding principle” and study their proerties in the following chapters.

39
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3.1 Interactions for the Fierz-Pauli theory

In this section, we introduce the “ghost-free” interactions which does not induce a new degree
of freedom for the Fierz-Pauli Lagrangian, which is given by
1
2
Remember that the relative sign among the quadratic potential terms is essential for the
theory to be consistent.

Folkerts et al. and Hinterbichler pointed out that new interaction terms can be added to
this model without any additional DOF by taking the specific linear combination [34, 35].
In four dimensions, there exist only three kinds of ghost-free interactions:

1 1
Lpp = —§8Ahu,,6Ah“” + 0, 0" R — 9, WM D, h + §aAhaAh — =m? (hh™ — h?) . (3.1)

d H1V1fl2V2 U3V3 [1aVa
£3 ~n aﬂl aVl hM2V2 hM3V3 hM4V4 (32)
H1V1 22 i3 V3
£3 ~M h#ll/l huwz h#sl/:a ) (33)
H1VI[H2V2[3V3 4V 4
Ly ~n hmm huzuz huslfg hmm . (3'4)

Here nttv1#ntn s given by the product of n 7,, which is antisymmetrized over the indices
vy, Vg, -+ U, and, for examples,

HI1VI V2 — 1V p H2V2  p H1V2 p 2V
n =nn non )

M1V P2V U3V3 — U1V H2V2  M3V3 o V1 [h2V3 3L H1V2 ) J2V3 ) (I3 V1
7 =ptinhy prIpHR It 4 prnzpHatay)
_ mM1V2 2V 0 U3V3 HLV3 2V o 3V2 _ p H1V3 2V U3V
RIS gl ket A/ (3.5)

The reason for the absence of higher-order interactions is apparent: Antisymmetric tensors
constructed from more than four metrics are identically zero.

We note that, for illustration, the Fierz-Pauli Lagrangian is expressed with the tensors
prAvIHRVZ il g9

1 m’?
Lrp = 577#11/1#21/2#31/38“1}1”21/2 ayl husl’s T 777#11/1,&21/2 h/—LIVl h,uzl/z- (36)

3.1.1 Hamiltonian analysis

Let us confirm that the above interactions does not introduce an extra degree of freedom
through the Hamiltonian analysis. Here we assume the following Lagrangian:

1 m?
T M1V H2V2 3V V1 pave
L —277 amhuzwam Py + n Py iy

2
W1V1p2V2U3V3 U1V1H2V2 U3 V3[4V
Y hm V1 huwz husl/s — H2n am a1/1 huzuz husus hu41/4

. 1V 2V U334 V4
s hm 21 huz vo hung hu4V4

For simplicity, we set po = 0 here. From the discussion in Chap. 1, we have already known
the definition of canonical momenta for the variables h,,:

= (?E =0 (3.7)
Ohoo
i 9L (3.8)
Ohy;
ij oL 14j 1 i (i7,9) k <ij
T = 2 = WY — k69— 200RD o 4 20,hF 67 (3.9)

 Ohy;
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With Lagrange multipliers A and );, the Hamiltonian density is given by

H=7"h; — L+ Mt + N (3.10)
By solving 7/ in terms of h;;, we have the explicit form of the Hamiltonian density.

H = Ho + Hine + A7+ N7’ (3.11)

Here the first term #H, corresponds to the free field theory and has been obtained in (1.59).
The second term H;,, denotes the interaction part of the Lagrangian (3.7):

Hing =™ 221 By Py P = pian™ 22 By g P s P, (3.12)
Then, we require the consistency condition for the constraints:
{m,H}~0, {r' H}=~0. (3.13)
It is clear that hg; is highly nonlinear due to the interactions, which leads to
{7, H} = 2m?§Y ho; + 20,77 + O(h3,, h;) = 0. (3.14)

We have to notice that O(h2,, h3;) which consists of quadratic and cubic terms in hg; never
contains hgy due to the antisymmetric property of n#t*1#n¥n_ Thus, hy; can be solved in
terms of h;; and 7. On the other hand, since hgo is linear despite the presence of the
interactions due to the anti-symmetric property, we have

{m, H} = V?hjj — 8:0;hi; — m*hy
— 3pan® M by — a0 By g By, & 0. (3.15)

Thus, the system has one primary constraint

(b :szhj]- — @Gjhm — mthi
o 3#17]00”klhijhkz o 4M3n00mklmnhijhklhmn ~ 0. (316)

The Hamiltonian including this constraint is defined with a Lagrange multiplier A as
H:= /d3x (H + Ag). (3.17)
Then, the consistency condition for ¢ also gives one more constraint:
o= {p,H} = —0;0,77 — %mzmi + f(hij, ) = 0. (3.18)
Here f(h;;, 7) is nonlinear h;; but linear in 7.

It is clear from the discussion in Chap. 1 that two constraints ¢ and ¢ are not commu-
tative with each other. Thus the complete Hamiltonian is given by

H = Ho + Hine + Mt + N7 + Ap + N, (3.19)

Now that we have two constraints on 12 dynamical variables h;; and 7/, the number DOF
of this system is five, which is completely same as the Fierz-Pauli Lagrangian.
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3.2 Self-interacting massive spin two particles

We construct the self-interacting massive spin-two model using the ghost-free interactions
in accordance with the guiding principle. Furthermore, to emphasize that our model is
essentially different from the theory of massive gravity, we impose Z; symmetry, which
prohibits the Einstein-Hilbert term.

Under these assumption, the Lagrangian of the interacting massive spin-two model [36]
is given by
2

£ PSS (0, By ) P, T R
+ %nmvwwwwwhw [ P
— % (hBh — W' DOh,, — ho" 0" hyy, — By, 0"0"h + 20,01 0" N,
+ m; (h* = hy )
+ % (h* = 61y W + 8hh BB — 6B TR + 3 (h h)?) - (3.20)

Here ) is a dimensionless parameter. We cannot decide the sign of A\, because it is non trivial
to learn which sign for A\ stabilizes this system.

Although the model (3.20) is power counting renormalizable, the model is not renormal-
izable because the propagator behaves as O (p?) for large momentum p instead of the naive
expectation O (p~2). In fact, the propagator has the following form:

Dy oo = — 2+ md) {Papp,gg + P Ps, — 3 a,BPpU} ; (3.21)
mo.__ ptpl/
Pw/ -—77;w + ;ng . (322)
Then when p? is large, the propagator behaves as D5 po ™~ O (p*) due to the projection
operator Pj), which makes the behavior for large p? worse and therefore the model should

not be renormalizable.

3.3 Classical stability condition

Since the spin-two field can have Lorentz invariant vacuum expectation values and the “ghost-
free” potential does not introduce an extra degree of freedom, this new theory could have
stable, nontrivial vacuum where the particle description holds. Thus, it is quite interesting
to find nontrivial solutions and ask whether or not the particle description holds in nontrivial
vacua.

Before carrying these analysis, let us clarify the criterion for the particle discreption to
hold in each vacuum. For the purpose, we consider the Fierz-Pauli Lagrangian:

1 1 1
Lyp = —§8Ahwakh“” + 0uhyn 0 W — 9,h" 0, h + éaAhﬁ*h - §m2 (hu b — 1) . (3.23)

Formally substituting the Lorentz invariant vacuum ansatz h,, = Cn,, into the Fierz-Pauli
Lagrangian, we find the potential for C'

Lyp = —V(C) = —(—6m*C?). (3.24)
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Here C' is constant. Solutions of (3.24) determines a vacuum where “particles” are defined.

Remarkably, the potential V' (C) is not bounded from below and the unique solution
C = 0 corresponds to the local maximum instead of the local minimum. As we know,
however, that the massive spin-two field is stable around the local maximum. Thus, for
theoreis of massive spin-two fields, the necessary condition for the particle description to
hold is that the solutions of V(C') corresponds to the local maximum.

The reason for such a contradiction to the intuition occurs is C' does not correspond to
the propagating mode unlike in the case of scalar fields. To show this fact, let us assume that
C' is not constant and see the structure of the equation of motion for C(x). The equations
of motion for the Fierz-Pauli Lagrangian is given by

05
dhwv

= Ohyy — 08,0, — 030,hY, + 60601 + 8,0, — g, Oh

—m*(hu — guh) = 0. (3.25)
The substitution of h,, = C(x)n,, gives

0 =n" (—20C + 3m>C) + 20"0"C'. (3.26)

Then when p # v in (3.26) gives
0,0,C =0, (3.27)

which tells that C'is given by a sum of the functions of each of coordinates C' =} | CW (z1).
Eq. (3.26) also gives
n"oLC = n"oC. (3.28)

In Eq. (3.28), the indicies p in the left hand side and v in the right hand side are not summed
up. From Eq. (3.28), we find that C takes the following form: C' = ZWJ gnuyzc“x”jLEH cu =+
Cy where ¢, ¢,’s and Cy are all constants. By substituting this expression into (3.26), we
find ¢ = 0 and ¢, = 0, which means C' must be a constant. This tells that even if C is on
the local maximum of the potential (3.30), C' does not roll down.

We emphasize that this property purely comes from the structure of the kinetic term:
The Fierz-Pauli tuning is completely irrelevant to the above statement. We also note that
C(z) is still constant even if nonderivative interactions in (3.3) and (3.4) are turned on.

3.4 Classical vacuum solutions in new theory of mas-
sive spin two field

Using the criterion obtained in the previous section, we find classical vacuum solutions of
the interacting massive spin-two model having Z, symmetry and study their stability [37].
The criterion tells that the “stable” vacuum where the particle description holds should
be the local maximum of the potential. Since the potential term for the model (3.20) is given
by
1 A

V(h) = _§m2nu1u1u2whu hquz - 577

Pyiyin Ppigs

HAVIH2V2[13V3 14 V4 )
“w

Havas (3'29)

e 11 bugva Mgy

the substitution of the ansatz h,, = Cn,, gives

V(C) = —6m*C* — \C*. (3.30)
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Potential extrema are obtained from the following equation:
V'(C) = —12m*C — 40C® = 0. (3.31)
The solutions for (3.31) are given by

2
C=0, =+ —3%. (3.32)

For the nontrivial solutions to take real values, the parameters are constrained to be

A>0 for m2<0

A<0 for m?2>0

Otherwise, there exists the trivial solution C' = 0 only. Thus, for the parameter region
A < 0,m? < 0, we can not define the theory because it is obvious that there is no local
maximum. This means that if the theory does not allow the existence of nontrivial vacua,
the allowed parameter is given by

A>0, m*>0. (3.33)

If V(C) does not vanish, the potential V(C) could be the vacuum energy. Then it is in-
teresting to investigate the (in)stability of the classical solution and their energy spectrum
corresponding to the extrema of the potential based on the above criterion. In the following,
we consider each allowed parameter region.

(a) A>0and m? <0

In this parameter region, the trivial vacuum C = 0 corresponds to the local minima
and is not stable becuase the particle description does not hold. On the other hand,
the nontrivial vacuum solutions is real

3|m2|

Cp =+ (3.34)
A
and it is obvious that the substitution of (3.34) into V" (C) yields
V'(C) = 12(|m?| — AC?) = —24|m?| < 0, (3.35)

which means the nontrivial solutions correspond to local maxima. Thus, due to our
criterion, the particle description holds in nontrivial vacua. Furthermore, these facts
indicate that each nontrivial vacuum has the positive energy whose value is given by

27|m?|?

V(C) =6lm’|C? + AC* = =5

> 0. (3.36)

(b) A <0 and m* >0

In this parameter region, the trivial vacuum C' = 0 corresponds to the local maxima
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and is stable in the sense that the particle description does hold. In contrast, the
nontrivial vacuum solutions yield

V(C) = 12(|m? — AC?) = 4+24m? > 0, (3.37)
which shows the nontrivial solutions correspond to local minima. Thus, the particle

description never holds in nontrivial vacua. Moreover, the energy of each nontrivial
vacuum is negative in this case and takes the following value:

9m*

<0. (3.38)

(3.33) and the analysis (a) and (b) tell that the locally stable vacua are not the lowest
energy state of the system. This is because, as mentioned in the previous section, the model
of massive spin-two particle is that the vacuum where the potential is convex upward is stable
but the vacuum where the potential is convex downward is unstable. We may think that
the system could be ultimately unstable by the quantum tunneling from the stable “false”
vacua to the unstable “true” vacuum. In case of the scalar field theory, this speculation
could be true. In case of the massive spin-two field, however, it is not clear if the system is
unstable or not because the potential does not correspond to the propagating modes, which
is not the scalar mode but the massive spin-two mode. If we consider the tunneling for the
massive spin-two mode by, say, the WKB approximation, we need to consider inhomogeneous
and anisotropic intermediate states, which makes the situation very complex. Therefore at
least at present, we do not know how we should discuss the global stability and we only
concentrate on the arguments about the local stability.

3.5 Decoupling limit and Stability against quantum
correction

In this section, we study the behavior of the theory around the perturbative cutoff scale and
the quantum stability. First, we introduce the Stuckelberg field.

hy — by + 0, A, + 0,A,, +20,0,6. (3.39)

After the diagonalizing the quadratic mixing terms between h,, and ¢ and canonically
normalizing ¢, we find the most dangerous interactions for the perturbative unitarity,

A
o AMIVIH2V2 U334V
~ 771677 h/“Vl HH2V2 HM3V3HM4V47

MV U334V
mb m hul V1 HM2 v2 HMB v3 HM4V4 )

A

H1V1 H2V2 [13V3
mo n 8u1 Cbaul ¢HM2V2 H,u3V3'

Here we define 11, as 0,0,¢. The tree level amplitude for ¢p¢ — ¢¢ scattering at energy
E goes as M ~ ’\m—Ef Thus, the theory becomes strongly coupled at the energy E ~ m/ A6

We focus on the strongly coupled scale A := m/ A6 by taking the decoupling limit m — 0,
A — 0, while A = m/As is fixed.
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1
L 2577#11/1#%2#31/3 8M1 hM2V2 ayl hugyg) + 2nM1V1M2V2 hmm HMVQ
11

+ anﬂlvlﬂzl’zusl@MM hullle 11 11

pov2tiusvztipavy (340)

We diagonalize the quadratic term to obtain the kinetic term for the scalar field by redefining
the field hy, — hy + O

1 1% 1% 33 1 1 1% 1% 33 |12
E 2577“1 1H2V2 143 Jamhuzlfzamhusws + gFﬁM 1H2V2U3V3 4 4hu1u1Hu2u2Hu3V3Hu4u4
]' ]' 14 1% 1%
- 6a,u¢au¢ - gFﬂ’” Lhavzhs 38#1¢8V1¢HH2V2H#31/37 (341)

Note that, in [28], de Rham et al. show that the tree level Lagrangian belonging to this type
of scalar tensor theories never be renormalized. This fact suggests that quantum corrections
to the Lagrangian (3.20) are proportional to m and A. Let us roughly estimate the corrections
to (3.20) using the information obtained from (3.41). Due to the Galilean symmetry, the
induced operators to the Lagrangian (3.41) is expected to take the following form:

01(*9)"

Therefore, the relevant operator for the mass correction can be expected to take the form of
ﬁ(@@gb)? Then, considering the relation between h and ¢, we find the correction is given

by dm? ~ <’]\"”—22> m? = A/3m? and the value of the mass is technically natural. On the other

hand, the quantum effect might induce a ghost having a mass lower than the cutoff scale.
As the general mass term of the massive spin-two field is given by the form of

1
—§m2(h”"hw — (1 —a)h?), (3.43)

the the scale of the ghost mass m, is roughly estimated as mf] ~ ’%2 Therefore, if the
quantum correction breaks the Fierz-Pauli tuning, the ghost mass is comparable to the
cutoff scale and this model is consistent as an effective field theory.

Fortunately, by explicitly calculating the one loop correction to the mass term in the
model (3.20), we find the Fierz-Pauli tuning does not break down at one loop level [38],
which indicates that the ghost mass is larger than A.



Chapter 4

Non-gravitational massive spin two
particles II

Since the dRGT massive gravity is considered as the general action containing all ghost-free
interaction terms between neutral spin-two particles, it is expected that the more general
charged spin-two action which keeps DOF of the system can be obtained from the dRGT
massive gravity. de Rham, Matas, Ondo and Tolley attempted this kind of extension in
[39], but they proved that the Einstein-Hilbert action is not compatible with U(1) symmetry
and the Einstein-Hilbert term should be modified. Unfortunately, according to [40], the
modification necessarily leads to the undesirable ghost mode. Therefore, we cannot write
down the U(1) invariant massive gravity action. On the other hand, our model proposed in
the previous chapter consists of the linearized Einstein-Hilbert term and interaction terms
only. This suggests that we could potentially construct the U(1) invariant classical action
which has exactly five DOF by extending the model in [36].

4.1 New model of massive spin two particle

In Chap. 3, we construct the new theory of the massive spin-two particle which is invariant
under Z5 transformation. The free part of the Lagrangian consists of the linearized Einstein-
Hilbert action and the Fierz-Pauli mass term,

2

Due to the Z5 symmetry, the only interaction which does not generate an extra DOF is given

by

1 1 1
Lpp = —§8Ahw,8Ah“” + 0uhypn0” W — 9,h* 0, h + §6Ah8*h — =m?(h W™ — h?).  (4.1)

HIVI2V2U3V3 4V
Ly ~1 hM1V1 huzl/z hM3V3 hM4V4 : (4'2)

Here ptt##n¥n ig the product of n 7, given by antisymmetrizing the indices vy, vy, - -,
and v, Thus, the Z, invariant theory having five DOF takes the follwing form:

1
— oy M1V1I 22 43V3
L —27] Oy gy Oy Py

2

m 1% 1% A 1% 1% 1% 12
+ 7”“1 e Qhﬂll’thQVQ + Enm HHRRHETR 4hu1l/1h,u21/2h#3l/3hu4l/4' (43)

We have seen that the particle description also holds in nontrivial vacua in some region of
the parameter space spanned by m? and A thanks to the property of the interactions.

47
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4.2 Global U(1) theory

We build the model of massive spin-two particles by replacing the real field with the complex
field for the Z, invariant model. For the theory to have U(1) symmetry, the cubic interaction
is not allowed. The explict expression of the Lagrangian is given by

L = prvinerusys g hi Oy, hu3l/3 + m2n#1V1#2V2 hi hM2V2

M1 povo Hiv1

vy YH2V2  ugrs

A
+§nu1V1M2V2M3V3M4V4hT h I hu4u4' (4.4)

m? > 0 ensures the stability around the trivial vacuum. From the knowledge in Chap. 3, the
theory does not have any nontrivial vacuum and is stable only around the trivial vacuum
when m? and \ are both positive.

The complex field h,, can be parametrized with two real fields a,,, b, as usual:

1 .
hy = 7 (@ +1ibyy) - (4.5)

Then, the action (4.4) becomes the interacting real massive spin-two field theory having
SO(2) symmetry.

2

_I_ m nM1V1M2V2

1
_ 1 MVipevepusvs
L=-n 8;11 a,UQVQaVI Qv 5 Ay Cpovs

M1V 2V2 U3V3 haVs

A
i L M1V fl2V2 3 V3
+ 4|77 gy Qprgvy Upgrs Ay + 277 ambuwzam b,u3V3

2

m A
V1 p2ve AN VI paVa pa Vs Al
+ B n bmmbuzuz + 4‘77 leVleQVQbM3V3bM4V4

ULV 2V 13V3 pava
+ Ay 1 Qs O Oy (4'6)

2. 31"
Let us briefly show that the theory does not have an extra DOF since the procedure of the
Hamiltonian analysis is almost same as the Z5 theory. The canonical momenta are given as
usual:

oL oL
M= o =0, W=t =0
aaOO aboo
, oL oL
7T; = = = O, 7T(Z) =—=0
8a0i 81)02
. oL - . . o -
T = = g — k6 — 200 a?)y + 205.a" 6"
Gaij
Y o y
T = —— = b7 —bF0Y — 20U 4 20,b% 6.
@bij
The primary constraints are given by the canonical momenta for agg, ag;, boo, and by;
oL 4 oL oL oL
Taim 5 =0, W= =0, mi= o =0, mi= =0
aaoo aaOi 8()00 abO’L

Thus, using eight Lagrange multipliers \,, A\.;, Ay and A\y;, the Hamiltonian takes the fol-

lowing form: 4 '
7‘[ :H0+Hint+)\a7ra+)\ai7rz+)\b7rb+)\biﬂ-z (47)
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where H represents the contribution of the Fierz-Pauli Lagrangian and H;, is given by

W1V p2V2 U3 V3 (4

_ U1V 2V PV LAV
Apyvy Apgvy Cpgvs Qpyvy Al n b

A
Hing = _577 1 buzlfzbuslfsbmw
A

2-3!

W1V U2V U334V
n Apuyvr Apgvy buslfs bﬂ4l’4' (48)

The remarkable property is that the Hamiltonian (4.7) is linear in agg and bgo.
The consistency conditions for 7% and 7} give two linear equations in ag; and by;:
{ml H} = f(aij, bij, 7, 7, ag;, bo;) ~ 0,
{ﬂ-ém H} = gi(aij7 bZ]a W(ijv 7TZ], Qg bO]) ~ 07
which means that ag; and by; can be expressed in terms of other variables and never contain
ago and bgg:
ap; = aOi(aij> bij, W,ija WZ])
boi = boi(aij, bij, Wéj,WZ])~
Therefore, the substitution of the explicit form of ag; and bg; into the Hamiltonian does not

spoil the linearity of agg and byy. Then, the consistency conditions for 7, and m, give the two
constraints:

1) . 2 hidedetsds . b B . ogtidiiefaisis o o 020080 119202 9. 9. 4. . —
¢a = 3|77 a/LlJleQJZbZS]S 3[77 Qi 51 Qi jo Qigjg men-agg +n alla]lal?]? - O’
(4.9)
(W) _ A ijijaiss i1j1i2421353 2,ij i1j1i2]2 —
b _577 biljl Qigjo Qigjs — 577 biljl bi2j2bi3j3 —mm bij +1n a2'1aj1 bi2j2 = 0.
(4.10)

Again, by imposing the consitency condition on ¢§}) and qzﬁél), we obtain the two more
constraints. As a result, effectively, the system has the 20 dimensional phase space spanned
by aij, bij, 79 and 7. Therefore, we can conclude that this system has the same DOF as
the free field theory.

4.3 Decoupling limit and quantum stability

In this section, we carry out the same analysis as in the previous section. Introducing the
Stuckelberg fields

By — Py + 0, Ay + 0, A, + 20,0,0 (4.11)

clarifies the most dangerous interactions for the perturbative unitarity:

Y o Hvipevapsvspava ot t
771677 hmul HM2V2 HM;3V3HM4V47

It

A
M1V H2V2 U3V3 Al 1
~ n hm ol H,u31/3 pava?

mo p2ve

)\ v 1% v,
N _77#1 1p2V2 143 36H1¢T8V1¢HL2V2H

Va -
m6 H3V3
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We have to note that all fields have been canonically normalized in addition to the diagonal-
ization of the kinetic term for the scalar field. Due to the completly same logic in Sec.3.5,
we find that the tree level unitarity breaks down at the energy E ~ m/ \6. Furthermore, by
taking the limit m — 0, A — 0, A = m/)\% = const, we focus on the high energy behavior of
the theory. After the diagonalization of the kinetic term, the Lagrangian takes the following
form:

1% 1% 1% 16 1 1% 1% 1% 12
L =nfriereis 38u1hLzu23V1hu3u3 + aﬁn‘“ 1Hav2lisvsHa 4hL1u1Hu2V2HL3y3Hu4V4
16 1 1% 14 1% V.
+ ?an 1H2V2 3 V3 4 4hu1V1HL2V2H“3V3HL4V4 — 68u¢TaM¢
32 1 Lo L
_ ?Fﬁﬂl 1142V2 143 38M1¢T8V1¢HL2V2HM3V3' <4‘12)

The nonrenormalization theorem also holds for this action [28], which suggests that quantum
corrections to the tree level Lagrangian (4.4) is proportional to m? and X as in the Z, model.

We also note that the Fierz-Pauli tuning also does not break down at one loop level in
the U(1) model.

4.4 'The behavior of the theory around vacua

In the previous chapter, we found that the Z; model has multiple stable vacua for A >
0,m?> <0or A < O0m? > 0. In this section, we show the essential difference from the Z,
model through the stability analysis on nontrivial vacua. Since nontrivial vacua are not
stable for A < 0, m? > 0 in the Z, model, we exlusively investigate here the U(1) model
with A > 0, m? < 0. Then, the field acquires vacuum expectation value (VEV) whose value
is given by

I o 4.13
\/577# V2 \ Ny ( )

Here 6 is a parameter of degenetated vacua.

RVEV _ Ce' 1 3lm?| 4
%

We consider the fluctuation around the VEV to obtain the Lagrangian in the broken
phase:

huw =l + Hy, (4.14)
The mass term takes the following form.

‘CmaSS = ‘mQ‘nﬂlyuumhLll/l hN2V2
3
= —6|/m?*|C? — —=C|m?|H —

V2

3
V2

C|m2’HT - |m2’nu1V1u2V2HT H,uzl/z’

M1Vl

where H and H' represent n**H,, and n“”wa respectively. The interaction term in the
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broken phase are given as
3 3
»Cin =3 m2 C 2 + — ——
¢ =3[m”| 7 7
[m?| |m?|

m m
H1v1ip2v2
+ n Hmw HM2V2 +

Clm?| H + —=Clm?[H' + 2m? 22 1},

pivi

T]H1V1#2V2 H  Ht

2 2 M1V~ 22
Alm?| Alm?|
U1V U2V 133 'I' M1V 22 43V3 1 T
+ 6 77 H,U«l v H,LLQVQ HN3V3 + 6 77 H;,Ll V1 HH«2V2 HM3V3

>\ 1% 1% 1% V.
+§77#1 1H2V2 L3 V3 [44 4H/11V1H/L2V2Hl3y3Hu4l/4' (4‘15)

Thus, the total Lagrangian is given by

Lap =50, HY Oy Hygy + [P 02 H, H

151} pivy T H2V2

2 2
LR L
+ 5 nm 1H2 2HM1V1HM2V2 + nul 142 QH,ttllq lew
/\|m2| [y Ve sV F H H | 2| pvipzvepsvs irt pr Hi
+ 6 n H1V1 55 oo~ H3V3 + 6 n pavy T H2V27 7 p3vs
A 1% 1% %
_l__nul 102 2M3V3M4V4Hl];1yl HNQVQHI-E3V3H/'I’4V4 (4.16)

3!

Needless to say, the Lagrangian in the broken phase does not have the Boulware Deser type
ghost and is not U(1) invariant.

Apparently, this looks that the system could contain one Nambu-Goldstone (NG) bo-
son corresponding to the broken generator of U(1) group. To study whether or not this
expectation is right, we concentrate on the quadratic part of the Lagrangian,

aVlHMSVS
2 2
m m?|
2| m1vipve It | ‘ M1V p2v2 ’
+ |m |77 HylulHMQVQ + 2 77 HHlVlHM2V2 +

51(32% _ nuwmzuzusmam}[l

2V
U1V 22 HT HT
77 1V~ vt

(4.17)

Let us parametrize the field H,, in terms of two real fields A,, and B, as in (4.5).

1 |
Hy = 75 (A + 1B (4.18)

Then, we find

2
[:](311 :77#11/1#21/2#31138#1]_]; 8V1 Hu3l’3

212
2| m1v1p2v2 L7t |m2| U1V 22 ‘m2’ pivipove Iyt T
+ |m ‘7] H HMQVQ + 777 HM1V1HM2V2 + 777 H H

Hivi Hiv1 H2V2

1 1
T M1V H2V2 43 V3 T2 M1V 2V
— 9 n a/u Auz V2 8V1 AM3V3 + 2 man Alﬂ 41 A/@ V2

1
+ in#wluzl/zusl/s&m B,LL2V28V1 B#3V3' (4.19>

Here m? = 2|m?|.
From Goldstone’s theorem, the massless mode should correspond to the oscillation along

the flat direction of the potential. Therefore, if the field B, has a oscillating mode along the
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direction, the massless spin-two field is regarded as the NG field. To see whether this is the
case, we need to investigate the flat direction of the potential. Since nontrivial, degenerated
vacua in this U(1) model are given by

Cei@
h:{fv = W?’]uy, (420)

the infinitesimal difference between two vacua, which corresponds to the “flat direction”, is
given by

ShYEV = ﬁon,w. (4.21)

This clearly means that B, should contain a scalar mode if it is the NG field. The field B,,,
however, is traceless and does not have such a mode as long as the perturbative description
(particle description) is assumed. Therefore, we find that the Nambu-Goldstone mode is
absent. In addition to this fact, this model has nonderivative self-interaction terms for B,
although the field is interpreted as the massless spin-two field from the form of the quadratic
Lagrangian. Thus, in the broken phase, the degree of freedom of the quadratic Lagrangian
never coincides with the degree of freedom of the full Lagrangian.

A

[ A
. ) _ M1V p2V2 43V3 H1V1H2V2 U3 V3
Linteractions = 24mAn Ay Aoy Ay + 24mA77 A Busvs Busus

A v V2 43 V3 b4 . A v 1% V3[4 V.
+ _nﬂl 1H2V2k3V314Ve B B B B,u4y4 + M1V H2V2[43V3 14 4A A A A

4! piv1 = peve = usrs In pivi4tpove L pusvs L inavy

+ 3!%77#1111#21/2#3”3#@414”1”1AMQVZ BngBMV4

This fact strongly suggests that this U(1) model is not valid as an effective field theory as
in the discussion of [35] and the perturbative picture assumed in the above analysis should
break down. This is the reason why the system seems not to have the Nambu-Goldstone
mode: In the broken phase, the Nambu-Goldstone mode would exist, but the model does not
have enough power to describe the dynamics of the massless scalar particle as an effective
field theory. This explanation is completely consistent with the statement that the NG boson
is absent as long as the perturbative description is assumed.

In conclusion, the U(1) model cannot be defined around the nontrivial vacua but is
defined only around the trivial vacuum instead. This situation is quite different from the
case of the neutral massive spin-two model (4.3) where the perturbative discription still holds
in nontrivial vacua.



Chapter 5

Non-gravitational massive spin two
particles III

To clarify the difference between the dRGT massive gravity and the new model we proposed,
we also considered our model in a curved spacetime with the assumption that the spin-two
field is not a deviation from some background metric and prove that the model with the new
interactions is consistent only if the background spacetime has the maximal symmetry as in
the case of the Fierz-Pauli theory in a curved spacetime [41, 42]. Furthermore, we introduce
the general interactions allowed in the maximally symmetric spacetime.

5.1 Interactions for non-gravitational massive spin two
particles

We start with the Lagrangian of the Fierz-Pauli theory on a flat spacetime:
1 1 1
Lyp = —§8AhW8Ah“” + 0uhyn 0" W — 0,h* O, h + §8Ahc‘)Ah — §m2(h,wh“” —h%). (5.1)

In four dimensions, we have seen that only three kinds of interactions, which do not change
DOF of the system, exist:

d 1V 2V [13V3 4V
£3 ~1 8#1 aVl h#21/2 hu:ws h#4l/4
Ls Nnul"lml’?ml’?’h

Ly ann Vip2V23V3 VA |

Hivi huwz husl/?, )

Pyigin Ppgs

piv1 O p2v2 U3 V3 g

The detailed property of nt1¥1#n»¥» is summarized in Appendix D.

5.2 Lagrangian analysis

In this chapter, we consider the model where the massive spin-two field couples with gravity
and count DOF by employing the lagrangian formalism as in [41].

First of all, we explain the procedure of the Lagrangian analysis. Let us consider the
Lagrangian consisting of set of N fields ¢, a = 1, 2, ---. If the equations of motion are only
defined for r < N fields, the remaining equations N — r are regarded as primary constraints
for the system. Then, as in the case of the Hamiltonian analysis, we impose the consistency

93
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condition for the time evolution on the primary constraints, which could define the second
order time derivatives for the remaining fields whose dynamics is not determined from the
equations of motion. We continue this manipulation until the dynamics of all fields are
completely determined. As a result, all constrains are time-independent by definition and
the dymamics of the system is completely fixed by N dynamical fields and costraints obtained
through this procedure.

Since this process is a little bit complicated, as a warm up, we begin with counting of
DOF on the flat space-time. First, just for simplicity, we only include the cubic interactions
only. Thus, the Lagrangian we consider is given by

1 H1V1 o2 u3y3 m® 1V p2v2 H
L= 577 a,lu hquzamhM:sV:a + 777 hMlVl huzl’z - 577

Ry

H1VIp2V2[i3Vs I
°w

11 o2 usrs .

(5.5)

We find the equations of motion E,, by taking the variation with respect to hy,:
1% 1% 1% //L 1% 1%
0= EW = —77(;“,)#1,,1#2,,20’”0 PhHRE 4 anwmylhm ' 577@'/)#1'/1#2'/2]1“1 thiEE (5‘6)

There are equations which contain the first order derivative with respect to time in (5.6),
but do not have the second order derivative,

1% 1% 1% u 1% 1%
0= EOV = _n(UV)#ll/l#szama NS m27701/u1111 hH — 577(0V)#1V1#2V2hu1 Lhieve (57)

Thanks to the antisymmetric property of the tensor 7,,., usvspuss, these equations do not
include any term including the second order derivatives nor the first order derivatives of hgq
with respect to time, which indicates hg, are regarded as auxiliary fields. The remaining
equations in (5.6) have the second order derivative with respect to time,

0=E; = T}(Z‘j)klhkl + (terms without h) , (5.8)
where we used the following identity,

N povapsvs = Mpan Mpovapsvs T Muyve Mpavspsvy T Muyvs Mugw psvs - (5-9)

For later convenience, we now solve Eq. (5.8) in terms of h” As the inverse of the coefficient
matrix Ak = 1w in (5.8) is given by

1
A_lkl,mn = —Nm&M)yn + Mk Mmn (5.10)

2
ﬁij can be written by using the terms which do not contain the second order derivative with
respect to time.

1 . .
0= (—nm(mj)n + —ﬁijnmn) Eij = hyn + (terms without h) (5.11)

2
In order to count DOF of this system, we require the equations in (5.7), which are regarded
as primary constraints, are consistent with the time evolution. Then, the original equations
Ep, get to become time-independent and are regarded as the “constraints” on the initial
values.
0~ Eg, = oV (5.12)

v
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Here ~ means equivalence up to constraints. From the requirement q.ﬁu = 0, we obtain
- _¢ ~ m 77 (wv) /lllflaluhmy1 - “U(MV)MVlMVQaMhMVl hF22 = aMEMV = ¢1(12) . (513)

Here the constraints (5.7) and the equations (5.8) are used. The derivation of the above
equation is a little bit cumbersome but if we use the equation

aME‘/W = mQU(HV)MVlaMhMVl - ﬂn(u”)ﬂwlmwauhmyl - R (514)
from the beginning, we find

—FEi + m2n(uy)ulyla#hﬂlyl _ umuu)muwwﬁ“h“m . pH2ve — —E0u _ _éz(}) ) (5'15)

The terms E;,; can be ignored up to (5.7) and (5.8). Thus, we obtain the functions o2,
which is identical with (5.13) without tedious calculations. Now, the primary constraints
(5.7) are time-independent and hold all the time. However, since ¢l(,2) = 0 is the equation
including only the first order differential equation with respect to time, we also impose the
consistency condition on gb,, . Needless to say, we can directly calculate gb( , and require
gb(g),/ = 0. However, we can easily obtain the expression by using

m2
0= 0"0" By + 0" By — ph*” 5,

3Mm2 v 1% MZ v 1% 1%
= _Tnﬁ“jﬂlwh” hFHT 4 777,“1'#11/1%1/2}# hF1¥r piev2
3m?* S
+ Th /Lnﬂl’mllluzvzauh’m o h#2l/2 : (516>

Actually, we easily find

0~ — o) = —8y0" B,
m2
~0"0" B + —n"E,, — ph'"E,

2
3Mm2 v 1% ILL2 v 1% 1%
- Tnlﬂlﬂllll h* RFHY 777#1/#11/1#21/2]1# I
+ _h /Vbrr]lﬂ/#lvlﬂzwa“hmylay pove = ¢( ) : (517>

Notice that Eq. (5.17) does not contain any time-derivative of hgy and the second order
time-derivative of ho; and h;;, which means that gb(3) also works as a constraint.

On the other hand, from requirement of the conservation of the constraints gzﬁl@, we find
the second order derivative equations for hg; up to the equation (5.8),
éZ@) = (m*ni; — pnigreha)hoj + (terms without h) = 0. (5.18)

Therefore, the dynamics of hg; is determined by (5.18), which also guarantees that the

constraints qﬁZ@) hold all the time. Actually, except the special configurations of fields where
the matrix M;; = mgmi — pnijrihig has any vanishing eigenvalue, we can solve the equations
(5.18) with respect to hg; as follows,

0=

nij + Z(H”)”] gbg?) = ho; + (terms without h) : (5.19)
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Here, (H");; is defined by

(H");; = Hi, Hyyg, - - Hy H;j = #mmhm- (5.20)

n—lj Y

Now, let us consider the condition for the conservation of the constraint ¢(®). Because ¢®
does not contain any derivative of hyy nor the second order derivative of hy;, h;; with respect
to time, ¢ is going to have the first order derivative of hgy and the second order derivative
of ho; and h,; with respect to time. As we have seen, hz] and ﬁm’ can be eliminated by using
Egs. (5.11) and (5.19). Hence, we find one more constraint which does not contain the terms
including the second order derivative with respect ot time,

(%3) = (terms without h) = ¢(4) ~0. (5.21)

Though we do not give explicit form of this constraint, we can see that the consistency
condition for the constraint (5.21) does not yield constraints any more , which can be found
as follows. Focusing only on the linear terms, we found the consistency condition ¢® is
given by

3m*.

0=¢W = —h + O(h?). (5.22)

We should stress that the first term cannot be eliminated by O(h?) terms, which indicates
that this equation defines the dynamics of hgg. Therefore, constraints obtained until now
are all time-independent, which is ensured by the equations (5.18) and (5.22).

Finally, we have ten dynamical variables h,, and ten time-independent constraints qbfP, LQ),
#®, ™. As a result, the theory (5.5) has (20 — 10)/2 = 5 degrees of freedom on the flat

space.

5.3 Pseudo-linear theory on curved space

Before the discussion of the new interactions on curved space-time, let us briefly review the
Fierz-Pauli theory on curved space-time. In [41], Buchbinder et al. showed that the Fierz-
Pauli theory on the non-trivial background require the non-minimal coupling terms and the
maximally symmetric spacetime in order to keep the consistency if the action consists of
finite terms. The action is given by

/ d'zy/—g { ~V, VI h — —vuhypvuhw — VFhy VYR + YV ,uh,, VPR

? —2
+m7g“1”1“2”2hwl Py + %Rhaﬁhaﬁ thQ} (5.23)

This suggests that these non-minimal coupling terms should be added when we consider the
model consisting of the Fierz-Pauli Lagrangian and the new interctions £, £3, £, on curved
space-time. Now, let us concentrate on nonderivative interactions L3, £4 and consider the
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following model:
1 1
S = / d*z/—g {gvuhV“h — §Vuh,,pV“h”p - V*h,,NV'h +V ,h,, VR

2 1—-2
4 m_gull/luzwhmyl h”2y2 T §Rhaﬂh0¢ﬁ + —gR}f
2 4 8
A

M
_ggmuwzuzusw hu:ll/l h#zl/z h,ugug _ Eguwmmauswmm hmw hlLZVQ husﬂs h,u4u4 } . (524)

Here the metric is chosen to be the Einstein manifold, where the curvatures satisfy the
following condition:

R
R#V = Zg“” . (525)

As a first step, we count DOF of the system ignoring the quartic potential A = 0.

0= E;w = gaﬁvav,@huu - g,uugaﬁgwsvocvﬁhwé + guugowgﬁ(svavﬁhvd - QQJPVJV(uhu)p

a a 6 1 - 25 a K V1 pov:
+ 97V, Vi hap + M2 g hap + o Tt + —— Ry ®Guhap — 590" g P
= — gV 4, Vo, Ry, + (terms without VVh)
= —Gi(u90);97"""*"*V ¢V ohys, + (terms without VoVoh). (5.26)

The equations which do not include VoVh (or dydph) is considered as constraints as in
the previous section. Unlike the case in a flat spacetime, however, Ey, contain the second
order derivative terms with respect to time. Thus, we consider the linear combinations of
E,, as follows,

EOV = QODEOV + QOiEiV
= —guog 022y N7, R, + (terms without VVA)
= (terms without V,Voh) = ¢ = 0, (5.27)

which enables us to regard ¢(V1) = FY, as primary constraints. Then spatial components of
Eq. (5.26) have the following forms:

0=FE;= —gm(igj)ngmnoomvovohkl + (terms without VoVh). (5.28)

In order to solve Eq. (5.28) in terms of VyVh;;, we use the ADM variables defiend as

| N . . NN
gooz_m’ 9ok = N, gij = €ij, 900 = N*Np — N?, 90=N27 QJZGJ—W

Here e;; is a three dimensional metric field and has the following properties,
- Vg0

ij,  _ si i ij ij g
ele;;j =406, N'=e’N;, e’=g 00

(5.29)

By using the ADM varibles, the coefficient matrix in equations (5.28) can be expressed as
(see (D.7) in AppendixD),

1
Aij’kl = _gm(igj)ngmnOOkl = me(ij)kl- (5.30)
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Here
Ciyjringa-ingn = Cirj1Cinga """ Cingn — CirjaCings * " Cinjn T - (5.31)

Note that the indices in e;,j,..;,;, are raised or lowered by e’ and eij. The inverse of the
matrix (5.30) is expressed as

_1 ,mn 1 mn m.n 1 m o 1 . QOmgOn
A7 = N? (§€kl€ —ew ey ) :ﬁ{g(k an _égkl(g T )¢

Aij,klA—lkl,mn _ 585;) . (532)

Then, Eq. (5.28) can be solved in terms of V,Vh;; as follows:

1 ;o1 o gYigY .
0= ﬁ {g(kz gy’ — égkl (g ) — W E;j = VoVoh; + (terms without V(Voh). (5.33)
Because Eq. (5.28) gives 6 independent equations containing the second order time-derivative
and are also independent of the primary constraints qﬁ(yl), (5.28) describe the dynamics of
hi;j. In order to obtain the consitency conditions for the primary constraints easily, we use
the following relations:

R (07 R (o2 1% 1%
V*E,, =79 OV hag — 59 PN ohp + M2 G G 22N 4 By,

+ gRg””Vahpu L R s — i g (T, B B
- <1;—€R + m2) Gon 8" 22N s By — 1y V2 (N7 ) Py -
(5.34)
Then the secondary constraints are obtained as
ol = HE®, ~ V'E,, = ¢ =~ 0. (5.35)
For convenience, we choose independent constraints as follows,
¢(2)0 _ 90%62) + 902'@(2) ~ 0, ¢Z(2) ~0. (5.36)

Furthermore, by using the following relation:

2
1 —
VMVVENV + %QMVEMV _ MhMVE;w + TéRgMVEMV
3m* 5—6 1-¢&)(2-3
L (Bmt 5 6E L (18236
2 4 8
3um2 H1v1p2v2 M1V pH2V2 4313
- Tg hMlVl hu21/2 — Mg ' (vmhuzm) vV1hM3V3
2 7T—9
+ %9N1V1M2V2M31/3 hu1l/1 hquz hM3V3 _ nguRgmylmw h’MlVl h/uzllg _ ,Ucuayﬁh;whaﬁ ’ (537)

we find one more constraint:

2
1 —
008 ~ VI By + =g By — i By + TgRg’“‘”EW = 6®) ~ 0. (5.38)
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We have to notice that the non-minimal coupling terms in (5.37) are crucial for the
existence of the constraint ¢®. Since the term %gaﬂvyhag — % 9°°V,h,, in (5.37) contains
the derivatives of hgy with respect to time, if there was no such a term, the system would
not have the appropriate number of constraints. The contribution from the non-minimal
couplings, however, eliminates these dangerous terms and makes the system have five DOF.

On the other hand, contrary to the situation of the kinetic part, the term accompanied
by the curvature tensor never appears from the potential in V#F,,,, which leads to the fact
that V#E,, does not contain any derivative of hgy with respect to time. Needless to say, the
time-derivative of hgy appears when another covariant derivative is acted on V#E,,,, but this
term is eliminated by the term A" E,, in (5.37). This indicates that additional non-minimal
coupling terms is not required for the full action to have five DOF.

We have to note that a new non-minimal coupling term Rgt"1#2¥2H3¥3h ) By, Iy, can
be added to the system without additional DOF. This fact, however, does not change the
following analysis because the Ricci scalar takes constant values in the Einstein manifold
and we can eliminate the effect by redefining the coupling constant p.

By using the ADM decomposition, the conditions for the conservation of (;552) have the
following forms:

ao¢§2> ~ VoV*'E,; = BV Voho; + Ci*VoVohy + (terms without VoVeh) = 0
_ 1 1— 6 2 j i mn

= (e o]

1

Kl —
Ci N2

[N’“(Sl iy {ekl 7 hos — NFe ™y, — Nmei"’“lhmn}] , (5.39)

where (D.6) and (D.7) have been used. Then V(Vohy can be eliminated from the first
equation in (5.39) by using Eq. (5.33).

808” ~ VoVFE,i — CMA™ ™ B = Bi%VoVohoa + (terms withoutVeVeh) = 0 (5.40)

Now, it is obvious that equation the (5.40) describes the dynamics of hg; so that the con-
straints qbl@) are conserved. Except the special case, the equations in (5.40) are solved in
terms of VyVghg; as follows:

B~ [VOV“E,”- — A, ”””Emn} = VoVohor + (terms without VoVoh) = 0

1§R+ 5”2 (H"); ]
U

n\ J — k1l kol knj _ mn
(H"){! = Hig,e™" Hyypp™? - Hy, g, Hij = LR 2 fir.- (5.41)
2

-17J
B Y = ———

As in the case of the the flat spacetime, the constraint obtained from the consistency condi-
tion of ¢® has the following form:

Dop®) ~ (terms without VoVoh) = oM ~ 0 (5.42)

and the linear terms of the consistency condition ¢® defines the dynamics of hg. As a
result, the pseudo-linear theory described by action (5.24) with A = 0 has five DOF on the
Einstein manifold.
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5.4 )\ #0 case

We now investigate more general case where )\ is not zero and reveal whether the discussion
for A = 0 can be applied.
Because of the quartic coupling, the equations are changed as follows,

0= Eu =0°’VaVshu — 9w9°?9° VoV shs + 99”9 VoV shos — 2977V oV (uho,

+ 9V Vo hag + mPgu) “Chas + thw + 1_T2§Rga5 Guulas
B gg(w)mmmwhum Psvs — %g(W)MVIMVWSVghmwhuzwhusw - (5.43)
The primary condition takes the following form:
E’ =¢M ~0. (5.44)

By using the conservation of the constraint gzﬁl(,l), the secondary constraints are also found:

5 1% 1% 1% 1% R4
VNEW - <TR +m? Go, G2 2VM1hM2V2 _ [nglg(’“ 1) p2v2i3rs (Vm h,u2V2) hM3V3

A
B EgVVlg(ulyl)M2V2N3V3M4V4 (Vﬂl hﬂzl/z) hM3V3hM4V4 = ¢1(/2) ~ 0' (545)

The consistency condition for the constraints QSZ(-Q) yields three equations determining the
dynamics of hg;. The explicit form is given as

BiijVOhjo + (terms without VOVO}L) = 0,

1 1— ; ; A
B = N2 {<T§R i mQ) 0 — pue?" M — 56“'1e(m)mmﬁhmzhzgm : (5.46)

The matirix B;?, can be eliminated thanks to the existence of the inverse matrix:
J ny\ J

— 5R g |07+ Z (H") ] ,

(Hn)lj = Hik1€ ! 1Hllk26k2l2 SR Hln_lknek"j ,

= T T | Mei e e
SER +m? 2

-17J _
B =

Moreover, the conservation of ¢®? yields a constraint:

m? 1— A oo .
VIV By + 0" By + — = 5RgWEW = ! By, + gAY *Euphiahunn

= /Lg(,ullq),uzl/z,uslls (vﬂlhﬂle) vVl hH3V3 - )\g(u11/1)u21/2u31/3u41/4 (vﬂlhﬂ2l/2> (vVl hﬂsl/?)) hM4V4
A ijklmn 4—1,ab c)uv
_900 M Aijl (_2gab(0 e vovchw/) hklhmn

2
+ (terms without any time derivatives of h) = ¢!® ~ 0. (5.48)

_ )\g(Oi)#Quzugusmw (Vovihww) huslfs h#41/4 +

Here Ai_jl’kl is defined by (5.32). By using the expression (5.48), it turns out that the deriva-
tive of ¢ with respect to time does not have the second order time-derivatives of hgy while
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the second order time-derivatives of ho; and h;; are present. As the second order derivatives
of hy; and h;; with respect to time are eliminated, there emerges one more constraint:

oW ~0. (5.49)

Therefore, the model with A # 0 actually has five DOF on the Einstein manifold.

5.5 A new non-minimal coupling term

In [41], in order to eliminate a ghost mode appearing at the quatratic level in h,,, non-
minimal coupling terms had to be added. In this section, we show the exsitence of another
non-minimal coupling which does not induce an extra degree of freedom. We should empha-
size that the constraint ¢® plays a crucial role in the elimination of the extra DOF.
Let us begin with the quadratic action to be more general form than that in [41] on the
Einstein manifold:
2

1 3Vs m V1 2V
S == /d4l'\/—_g |:§gM1V1M2V2M3VdVMIhuzwvylh}%ws + 79“1 1h2 2hu1l/1h,u21/2
B

+ SRR + SRB W+ O g | (5.50)

and find the parameters which keeps five DOF. Note that the kinetic term in (5.50) is not
identical with that in (5.23) due to the non-commutativity of the covariant derivatives. That
is, the first term in (5.50) is expanded as follows:

1 1 1
3 g2 tssg B N o B, = §VuhV“h — §vuhypwh'fp — V*h VY h + Y, hy,, VPR
R R 1 R
+ Zhaﬁhaﬂ — §h2 — écwﬂhwhaﬁ + EgWIMthm (5.51)

Here the following relation which holds on the Einstein manifold (5.25),

R
Ruovs = Crovs + ng}ag (5.52)

has been used. Here C),.3 denotes the Weyl tensor. Thus, we have to subtract the terms
accompanied by the curature tensor when we use gH**#2*2"* notation to express the kinetic
term.

The contribution to the equation from the kinetic terms in the action (5.50) is given by

1
wy — _(pv)pivipzve — VIV V2 = luvlpiv pavs o
EK - g V,Ulvl/lh,UQVQ - g V,UIVVIhMQVQ + 29 qu M1M2h0V2 .

Here the identity
R)\aﬂfy + R)\B'ya + R)\'yaﬁ =0. (553)

has been used. By applying (5.53) and the following identities to E%’,

MYV H2V2 g — H1V1 AUV 2V2 MV 2V 1V2 H2V1 A1V V2 o
g Czll nipe (g g + g g + g g )Clq 12
_ novay MV 1V 42V o
=20 9 9vipr p2

— 29/“/#11/1/121/291/1#190“2 — 49#1/01/2 , (554)
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we find that there is a symmetry with respect of the exchange of the indices ¢ and v. Hence,
the last term in E% vanishes. Then we find the following expression,

1
VB = 50" R Vol = Vi)

v pp

R
= T gy + R (5.59

where in the first line, we have applied g2 R @ = (), which is obtained from (5.53),
and in the second line, we have used (5.54). Let us remind here that there exists the
constraint ¢ if V, E* does not contain the time-derivative of hyy in the previous sections
although this is not the sufficient condition for DOF to be kept.

From (5.55), we find that condition for the existence of ¢ is satisfied in V,E} and
also satisfied in the mass terms. Thus, the model does not have ghost even if we set all
parameters zero.

On the other hand, we may add extra terms with non-minimal coupling which do not
induce ghost. This extra term really exists if we choose = —a,

2

1 m
S = /d4l‘\/—_g |:§gml/1u2l/2#31/3vm h#2y2vylhmy3 + 79H1V1M2V2h“11j1 h#2l/2

%—%Rg‘“”“””hmu1 Py + %C“O‘”Bhwhw] : (5.56)
On the Einstein manifold, since R is constant, the terms which are proportional to o can
be absorbed into the mass terms by redefinition, which means that this term is irrelevant to
the extra DOF. Furthermore, the term proportional to v change only the coefficient of the
first term of the second line in (5.55) and therefore this term does not induce the ghost.

Finally we mention the relation between (5.56) and the non-minimal coupling in [41],
which is given by

¢
4

1-2 —1
Rhagh®® + TthZ = ?hwh&ﬁ + ghQ - gTRg“”’l“Q”th,,lhm,,Q . (5.57)

The first two terms contributes as the shift of the mass. By comparing (5.57) with the
non-minimal coupling terms (5.50) and (5.51), we find that (5.57) corresponds to the case
that v = 1 in (5.50). Thus, in general, we can add the following non-minimal coupling,

%C“O‘”ﬁhwha[g . (5.58)

This term vanish on the (anti-)de Sitter space-time, which is conformally flat, but this term
gives non-trivial contribution on the Schwarzchild (anti-)de Sitter spce-time, etc.

5.6 Derivative interaction

Until now, we have not consider the derivative interaction £3. Thus, in this section, we
study if the derivative interaction in a flat spacetime

lnH1V1M2U2#3V3u4V4au1aulh,U«ZZQ . hu31/3hu41/4 . (559)

still keeps DOF.
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Including the derivative terms always generate the terms proportional to the curvature
in the constraint ¢ because the covariant derivatives are not commutative. Among these
terms, there usually appear the terms containing the time-derivative of hgy which we need
to cancel by including additional terms with non-minimal coupling to the action.

Unfortunately, since types of the non-minimal couplings are constrained, it is not trivial
if the terms including the time-derivative of hgy are eliminated. Acutally, we fail to cancel
the terms.

To focus on the effect of the derivative interaction term,

19“11/1“2”2#3”3#4”4v#1vl/1 hH2V2 ’ h#3V3hu4V4 ) (560>
we pick up the contribution of (5.60) to the equations of motion, which is shown as
Ef)y = 2lg(#y)mleu2y2,u3y3vm Vul huwz ’ h#sus + lg(uV)u1V1#2V2#3V3vmhMVQ ’ VVI h#SVS : (561>

In the expression of (5.61), the terms containing the time-derivative of hgg are as follows:

u1 vy

1
V,EY D [ghvrvikeratsys (—ﬁvwhm + Vol — Vﬂz,th) R, %, Py, - (5.62)

In the first term in the parentheses (---), we have used (5.53). We now have following
identities,

HVHLVL oV p3V3 (Y 0 @ o (e o H3)Vs v3o(ups p2)ve
g C.lm, = —6C g 6C' g ,
RV PV 2V2 [13V3 g _ _ HO U2V 43V3
g g,ulu vy 29 ) (563)

In the first equation of (5.63), the parentheses (---) for upper indecies does not denote the
symmetrization but summing up by changing the indices in cyclic way, for example,

1

5 (Taﬂv + Tﬁva + Tvaﬁ) : (5'64)
Substituting (5.63) into (5.62) and, then, using (5.52), it turns out that the terms propor-
tional to gHor2v2#s¥3 appear and do not include any time-derivative of hgg. On the other
hand, the terms with the Weyl tensor C***# have the time-derivative of hgg:

VVE%V S l{_cuaOﬁgoo + CaOBOQ;LO + CuOOag,BO}haﬁvohoo ’ (565)

Tiapy) =

which means that we need to eliminate (5.65) by adding the terms with the non-minimal
couplings. The general candidate which could cancel out the above contribution (5.65) is

c1C* PR, hash + caCPPhy,h Mg . (5.66)
Then the contribution to V, E#*” from the term (5.66) are given by
V.E" D {(20, + ) CHB g% (261 + ) Cowﬁgw} hasVohoo
+ (terms not including Vohoo) , (5.67)

which tells that there cannot be cancellation unfortunately. Therefore at least in the present
formulation, the derivative interaction (5.60) inevitably introduces the extra DOF.

We should notice, however, that on the conformally flat space-time, where C**# = (
holds, Eq. (5.62) contributes to V,E* as follows:

R
VZ,E}L,” > _Eguuﬂwzuwsvthw h#3l,3 7 (568)

which clearly shows that the term (5.60) does keep DOF because Eq. (5.68) does not include
Vohoo.
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5.7 Various non-minimal couplings

Lastly, we introduce many kinds of non-minimal couplings which actually does keep DOF
of the dynamical system. The most trivial ones are constructed from the Ricci scalar and
nonderivative terms in h,:

R gty e hy (5.69)

This is because the Ricci scalar is constant on the Einstein manifold and potential terms in
h,., do not violate the constraints.

More nontrivial terms are obtained from the Weyl tensor. Let us remind the term pre-
sented in (5.66)). As it is clear from (5.67), if we choose cg = —2¢y, the non-minimal coupling
(5.66) does not change DOF of the system:

CHP Ry hagh — 20" PRy horhs. (5.70)
Rewriting this expression as

CHP Ry hagh — 20" Py harh ™y

— wip2v1ve H3V3 H1ip2v2v3  3V1 Mn1p2v3vy 1302
=(C g 4+ C g+ C G"3") Ny s P

1
le/zhusus : (5-71)

_ H1 o p2 M3 SV1 V2 U3 pP1P20102 ,P303
_2,3|6 p1 P2 p35 o1 o2 030 9 h

h

H1v1

gives us a clue to constructing general non-minimal interaction. In fact, the tensor 6™, **, * . CHrir2Xidz g

has a similar structure to gtt**#2¥2#3¥3 - Thus, extending this expression, we obtain

2

H1 o p2-fnd2 SV V2 Und2 pP1p20102 ,P303 . Pn+20n+2
0 pl p2~--pn+25 o1 0'2“‘0'n+20 9 g

M1 p2 - fnd2 SV V2 Un42 P1P20102 P303 " Pn+20n+2
~ 0T 207 e O g : (5.72)
If we include the higher power of the curvature tensors, we obtain more kinds of the tensors.
In four dimensions, for example, we have the following non-minimal coupling terms:

H1p2V1V2
C h#ll’l hml/z )

H1 p2 p3 SY1 V2 V3 P1pP20102 P303
6 PL P2 p36 o1 02 030 g h

M1 B2 M3 M4 SV1 V2 V3 V4 P1P20102 ,P303P404
0 pP1L P2 P3 p45 o1 02 03 040 9 hli

v hm v2 hu:a v

Ry b

1V17 22 /.Lgllghu4l/4‘ (573)



Chapter 6

Summary

We reviewed the representation theory in Chap. 1. We have confirmed that massless particles
and massive particles are irreducible representations of the Poincaré group. Then, through
the construction of the free field theory of massless particles, we have seen that the concept
of the gauge symmetry (redundancy) is quite essential for massless theories. Furthermore,
for massive higher spin particles, we need a similar trick to describe the dynamics of particles
by fields. Then, carrying out the Hamiltonian analysis on each case, we prove that the free
field theory like the linearized Einstein-Hilbert term and the Fierz-Pauli Lagrangian actually
realizes the correct number of DOF.

In Chap. 2, we considered gravitational massive spin-two particles. After we studied
that the Boulware-Deser ghost inevitably emerges from the general action of massive grav-
ity, we reviewed the field theoretical properties of massive gravity based on the work by
Arkani-Hamed et al. We found that higher derivatives appear although the original ac-
tion does not have explicitly such a higher derivative term. Then we have identified the
origin of the Boulware-Deser ghost as the higher derivative terms and confirmed that the
Boulware-Deser ghost is eliminated by taking the special linear combination of nonderivative
interactions in h,,. The interesting point is that massive gravity with the Boulware-Deser
ghost does not have any predictability in nontrivial background while the theory is valid as
an effective field theory in a flat spacetime. This is because nontrivial backgrounds activate
the Boulware-Deser ghost. Motivated by the construction of the Boulware-Deser ghost-free
massive gravity, we considered theories of non-gravitational massive spin two particles in the
following chapters.

In Chap. 3, we proposed the Z, invariant model of interacting massive spin-two particles
under the assumption that we only add interactions which does not induce any Boulware-
Deser type ghost. After the confirmination of the ghost-free property through the Hamilto-
nian analysis, we considered the parameter region for the theory to have at least one stable
vaccum. Then, nontrivial vacua were investigated. The peculiar property is that the vac-
cum where the particle description holds does not correspond to the lowest energy states.
Furthermore, we also study the stability against quantum corrections. Due to the analysis,
the tuning of the mass term is not broken at the one loop level.

We extend the Z5 spin-two model to the charged U(1) model. Basically, these two models
share some characters but, the properties of vacua are very different. The charged massive
spin-two model does not admit any nontrivial vacua where field theories can be defiend
because DOF in the asymptotic region does not coincide with DOF of the full theory in the
nontrivial vacua for any value of m? and \.

65
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In Chap. 5, we considered whether or not the interactions which do not change DOF of the
system actually can keep their special properties on curved spacetime. By implementing the
Lagrangian analysis, we found that nonderivative interactions do not introduce an extra DOF
on the maximally symmetric spacetime while the derivative interaction generally induce the
Boulware Deser type ghost. Furthermore, through the analysis, we discovered the completely
new, notrivial nonminimal coupling terms on the Einstein manifold.



Appendix A

Christoffel symbols and Curvature in

ADM variables

We consider 4D space-time and a space-like hypersurface evolving in time. In this case, 4D

metric g, is parametrized as follows :

goo = —N? + 4 N'N?
9ij = Tij

goi = N;

1
00
=
. . NN
9" ="~ 3
N

07 __
"=

where N and N; are the lapse and shifts. The index on the shifts are raised with the metric
on the hypersurface 4 defined by vy = 7.

A.1 Christoffel symbol

N
1
o, = N(@‘N + N*Ky))

0 _
9 =

1 , o
Fgo - N(@N + NZaZN + NZN]KU)

. N* ) )
Iy, = —W(@N + N*Ky;) + NK'; + D;N*

) N? )
Dy = =7 K + G,

Loy = NO'N + 2NN'K' = (0N + NO;N + NI NFIG)

+ O,N'+ N'D,N!

where D; represents a covariant derivative with v;; and K;; is defined by

1

Kij = 55 (3ij — DiNj — D;Ni)

67
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A.2 Riemann tensor

, . . . NY
Riy =Ry + KiK', — KyK7 ), + W(DkKil — D Ky) (A8)
1
Ry = N(DlKik — Dy Ky) (A.9)
1
R = N[atKij — D;O;N — Ly Kyij + N¥(DyKij — DjKy)] — Ky K (A.10)

1 ) )
Ro’o; = v {N’/[-0,K;; + D;O;N + LnKj;) + N'N*[D; K1, — Dj Ky }

. NIN™ . .
Ry’ = N (Dp Ky — DiKpn) + N(Di K7, — D K7))
+ N"™ (O Ry + K K7y — Ky K7 ) (A.12)

Ro'o; = N(=0,K'; + D;0'N + LNK'; —2N™D,,K'; + N"D'K,, + N D;K',,)

+ NN (OR} .+ KKy — K Kyj) — N'N'Kj K — N (DiO;N + N"D;Kip,
~N"D,, K} + LnK); — 0,K);) — N*K', K", (A.13)
i NZ m m

— N"™ (O Ry + KiK' = K Koi) + N(D K j — D) = NK ™ Ko, (A.14)
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A.3 Ricci tensor

1
Rij - N[@K” - DZDJN — ﬁNKw] + (3)Rij

+ KK — 2K K*; (A.15)
1 .
+2ND; K7y + N* (KK}, — 2K,/ Kj;) (A.16)

ROO = N [NlN]Kij,O — NlN].DzDJN - NZNJLNKZJ}

+ N(—=Kgo+ D;D'N +2N'D;K*)) + N'D;D; N7

— @17 N7 + K(N'9;N)

+ N'NI(ORy; + KKy — 2K, K*;) — N*°K'; K7,

_ % [N'NI[O,K;; — DidsN — LK)

+ N'N[ORy; + KK — 2Ky K"

~ N[Y90,K;; — D;D'N — 4 LNK;j — 2N"D; Ky + 2N*0, K]

+ N2K;; K (A.17)
— % [N'N7 (0,K;; — D;O;N — LnKjj)]

+ N'N[OR;; + KK; — 2K, K"

— N[¥99,K;; — D;D'N + N*O, K — 2D;N; K" — 2N"D,; K]

+ N?K;; K" (A.18)

A.4 Ricci scalar

R=g"R,, = 9" Roo + 29" Ro; + ginij
= OR+ K? - 3K K™ + ~ [2770,K;; — 2D;0'N — 2N'0; K — AD;N; K" (A.19)

This result coincides with the one derived from Gauss equation. Ricci scalar derived from
Gauss equation is

R=CR+ KKV — K* =2V, (n*V,,n" — n"V,n") (A.20)

The total derivative can be written in terms of ADM variables. First, we write V,n" in
ADM variables.

Von' = d'N + NV K (A.21)
Vot =K (A.23)

(otherwise) = 0
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Thus, the surface term takes the form :

-2V, (n*V, n" —n"V n") = %(2&[( —2D;0'N — 2N'9;K) + 2K*
To see that (A.20) is equivalent to (A.19), some manupulation is required.
K = Koy ++470,K;;
From the definition of K;;, K is

KY = —(0y” + D'N’ + D’ N*
2N<8t7 + + )
Using (A.26), the first term of (A.25) is
Thus, the surface term is
1 ‘ .
—2V,(n*V, n” —n"V,nt) = N(28tK —2D;0'N — 2N'9,K) + 2K*
1 i i npd
+ 2999, K;; — 2D;0°'N — 2N'O,K) + 2K
As a result, (A.20) is
R=©R+ K?-3K;K9 + ~ [2490,K;; — 2D;0'N — 2N'9,K — 4D' N’ K]

(A.19) is the same as (A.20).

(A.24)

(A.25)

(A.26)

(A.27)

(A.28)

(A.29)



Appendix B

Equivalence theorem

Accordin to the equivalence theorem, the scattering amplitude of the longitudinal polaliza-
tions of the massive spin two field and the amplitude of the corresponding Nambu-Goldstone
bosons is same up to O(Mgaviton/£). Based on the work [14] which proves the theorem
through Glashow -Weinberg-Salam (GWS) model using BRST symmetry, we see this theo-
rem actually hold. Note that we adapt the following convention here: n,, = (+, —, —, —).

B.1 Glashow-Weinberg-Salam model

GWS model is known as the framework which unifies electromagnetic dynamics and the
weak force. The Lagrangian has SU(2) x U(1) gauge symmetry and is given as follows:

2

1 1 1 ?
Lows = ~1 tr M F,, — ZB“”B#V+(D“¢)TD#¢— 5)\ ((;5% — ,uy) + (matter sector). (B.1)
For our purpose here, we concentrate the following part:
1 1 ' IO
'Cgauge,Higgs - _Zl tr " Fp,u - ZBM B[Ll/ + (D'U‘QZS) Dugb - 5/\ ¢ ¢ - 7 : (BQ)

Here the explicit forms of F*, B* (D,¢); are defined as

F,u,u = a,uAl/ - aVA;L +9g [Al“ Al/] (B?))
B,, = 9,B, — 0,B, (B.4)

. I
(Dud)i = 0u0; — i [QAM +g §BM] ' oy (B.5)

Note that ¢ is the SU(2) doublet and A,,is the SU(2) gauge field while B, is the U(1) gauge
field and Y is the U(1) charge.

In this model, three Nambu-Goldstone (NG) bosons emerge when ¢ takes the vacuum
expectation value (VEV) and breaks SU(2) x U(1) symmetry into U (1) symmetry. By taking
the unitary gauge, we confirm that these NG bosons are eaten by the gauge fields.

=5 (1) (B
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Subtstituting (B.6) into (B.5) yields

102
Loss = 57 [9(AL) + GP(A2)° + (g A° + ¢ B)?] (8.7

The diagonalization of the mass matrix gives physical fields and corresponding masses.

1
W boson W = E (A}L F zAi) mass My = %
1 /2 2
Z boson ZN = (gAI?; — g/BM) mass MZ = M

2

1
photon A = — (g'Ai + gB#) mass My =0

Unfortunately, the unitary gauge is not appropriate for the calculation of loop diagrams
because the propagators of the massive gauge fields do behave as 1/m at the high energy
scales. Thus, R¢ gauge is often adapted for the discussion in stead of the unitay gauge. Now,
let us parametrize the SU(2) doublets as

¢ = ( ;’Z; ) = ( %;(iﬁ;fj;) ) (B8)

Here 1/ V/2v means the VEV of the Higgs field and H denotes the physical Higgs particle.
ol %, x correspond to NG bosons. This parametrization gives a coupling term between the
NG bosons and the gauge bosons. This term is a little bit annoying but R, gauge eliminates
the coupling from the theory.

The explicit form of the gauge fixing fuction corresponding to R gauge is

MW — EMyp*
Fo={ 2, —¢eMyy (B.9)
DA,

By adding Faddeev-Popov(FP) ghosts in addtion to the gauge fixing function, we get to
treat GWS model quantum-mechanically. Then, the full Lagrangian consists of three parts:

Liot = Laws,p + Lgt + Lrp. (B.10)

The first term denots GWS model in the broken phase and the second term represents the
gauge fixing function. The remaining term denots FP ghosts.

B.2 BRST symmetry

Before the proof of the theorem, let us briefly review BRST symmetry. According to the
addeev-Popov’s method, we can quantize gauge theories by adding the gauge fixing term
and the Faddeev-Popov term to the original Lagrangian. Naively, the full Lagrangian does
not have symmetries anymore due to the fixing function. Contrary to this naive speculation,
there actually exists the symmetry called BRST symmetry. The transformation rule can be
obtain by replacing the parameters for the gauge transformation with products of Grassmann
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numbers and ghost fields. We should notice that the transformation rules superficially change
depending on the unbroken phase or the broken phase.

matter fields ©; : §50; = —iAgc*[T7];;0; (B.11)
gauge fields G}, : oG, = A [@ca — z'gf“chZcC] , G"=A}, B,
1
FP ghosts ¢* : dgc® = 5)\gf“bccbcc
anti-FP ghosts ¢* : dgc® = iAB*
Nakanishi-Lautrap field B¢ : 6pB* =0 (B.12)

Here T denotes the SU(2) generator and Grassmann numbers are represented by A. The
transformation rules for the ghost fiedls and Nakanishi-Lautrap are obtained from the fol-
lowing requirement:d%(---) = 0.

Finally, we have to mention that the all physical states |phys) are invariant under BRST
transformation.

Q@ p|phys) =0 (B.13)
where @ is the BRST generator.

B.3 Derivation of identity

We derive the identity which plays an important role in the proof. Generally, BRST trans-
formation on some arbitrary operator O is represented by

g0 = [iAQp, O). (B.14)
Thus, from the property (B.13), the following relation holds:
(phys, out| IAQE, T {O:1(x1) - Opn(x,)}] |phys, in) =0, (B.15)

which is equivalent to

n

Z(phys, owt|T'{O1(z1) ... 050k(xk) - - - On(xy)} |phys, in) = 0. (B.16)

From the relation (B.16), we would like to derive
(phys, out| T'{Fy, (1) - - - Fy, (x,)} |phys, in)con = 0. (B.17)

Here con means that connexced diagrams are only considered.

In order to derive (B.17), some preparations are needed. Let us begin with the derivation
of the transformation rules for anti FP ghosts under BRST transformation in the broken
phase. Generally, by using BRST transformation, we can reexpress Lqf + Lpp as

Lapirp = —i0p(¢*F) = BF® + ic®dpF°. (B.18)

Here we have to note tha~t dp is defined as Adg. Thus, we learn how the anti FP ghosts
transform by determines F'* in order to reproduce (B.9). Then, we have

~ 1
B = 0" AL+ SE° B — €My, (B.19)
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Here the index a corresponds to the following fields and masses.
a __ +
AL =W5, or A,
¢ =t orx (B.20)
Ma = Mw, ]\427 or 0
Thanks to (B.19), the explicit form of (B.18) is given by
1 —a a
Loprp = B'O"AL + SEB"B" +ic"0" D" (B.21)

By taking a variation with respect to B¢, we have

1 1
B* = —— (0" A}, — EMop*) = — - F*, (B.22)
3 3
which shows \
0gc" = i\B* = —ZEF“. (B.23)
Next, we find the transformation rule for F*. This can be read off from (B.18).
oL oL oL
oplF* = —iAd—=—iA|— —0,————| = —i L B.24
b o~ [aaa ”a<aﬂaa)} AL (B.24)
where Lz is defined as follows:
oL oL
£50« == — a — - B25
ocr M9(0,c) (B-25)
Finally, we prove
: . 00 .
(A, out| T[LoO] |B, in) =i(A, out| T 5% |B, in) (B.26)
using the Schwinger-Dyson equation. Here we define L¢ as
oL oL

20 ‘9*‘3(3“@)‘

Furthermore, we assume that the states |A, out) and |B, in) do not contain any particle
created by the operator ®. The left hand side in (B.26) can be expressed in terms of a vacuum
expectation value of some operators thanks to the Lehmann-Symanzik-Zimmermann(LSZ)
reduction formula.

(A, out| T [LoO] |B, in) ~ (0| T'[Lo {O11bg--- }] |0) (B.28)
Applying the Schwinger-Dyson equation to (B.28), we obtain

(01 T 1€a (Ovnae-- ] 0) =i00] T | 5 (0w} | [0

cor|(Bo)ue|m ma
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Then, by using the LSZ reduction formula again, (B.26) is proven:

¢<0|TK5%0> Wz}?---} 10) ~ (A, out|T[5%O] B, in). (B.30)

In the following, we assume that the states A and B denote physical states.
Now that all relations to be needed have been obtained, we prove (B.17) by using math-
ematical induction.

e For n =1 in (B.16), we have

(A, out| T'[650] |B, in) = 0. (B.31)
Setting O=c¢* and using (B.23), we find
(A, out| F,, |B, in) = 0. (B.32)
Thus, (B.17)n = 1.
e Similarly, for n = 2, we have
(A, out| T'[(6501)0s] |B, in) + (A, out| T'[01(650)] |B, in) = 0. (B.33)
Setting Oy = Fy,,, Oy = ¢,, gives
(A, out| T[(6pFu,)Cay) |B, in) + (A, out| T'[F,, (05Cay)] |B, in) = 0. (B.34)
From the transformation rules (B.23) and (B.24),
—(A, out| T'[Lq,, Ca,) |B, in) — %(A, out| T [F,, F,,] |B, in) = 0. (B.35)

Since the ghosts never appear in physical states, we can apply (B.26) to the first term:
(A, out| T'[Le,, Cay| B, in) =id(21 — 22)0a,a, (A, out|B, in). (B.36)

From this relation, (B.34) is written as
1
E(A, out| T'[F,, F,,] |B, in) 4+ id(z1 — x2)da,q4, (A, out|B, in) = 0. (B.37)

We have to note that the first term can be divided into the connected part and the
disconnected part.

(A, out| T [Fy, Fy,] |B, in) = (A, out| T'[F,, Fu,] B, in)eon

+ (A, out| T'[F,, F,,] |B, in)gs (B.38)
As the disconnected part is expressed as
(A, out| T'[F,, Fo,] B, in)g;5 = (A, out|B, in)(0] T'[F,, Fa,] |0), (B.39)
we obatain the following two relations:
(0| T'[Fy, Fo,] 10) = —i&d(z1 — 22)dayay (B.40)
and
(A, out| T [F,, F,,] |B, in)con = 0. (B.41)

Therefore, (B.17) also holds for n = 2.
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e Then, we prove that (B.17) for n = N by assuming that the relation for n = N — 1 is
correct. For n = N, we find

> (A, out|T{Os (1) ... 650k(k) -+ O ()} B, in) =0 (B.42)

N
k=1

from (B.16). In this case, we set operators are given by

O,=F,, i=12..N-1
On = Cay . (B.43)

Remaining manipulation is completely same as in the case of n =1 and n = 2. Then,
we have

Z<A| T [Faz T Fawa |B>5a1aN5($1 - xN) + e

1
+ Z<A‘ T [Fal T FaN—J ’B>5GN—10«N5('T;N*1 - xN) + E<A|T [Fal U FaN] ‘B> =0.
(B.44)

As (B.17) holds for n < N — 1, the identity n = N
(A, out| T{F,,(x1)--- F,,(z,)} |B, in)con =0 (B.45)

is proven.

B.4 Proof of equivalence theorem

Now, we prove the equivalence theorem using (B.17). Let us start with the equations of
motion for the gauge fields.

{(D + M) g + (% - 1) @@} Wh=—1J,, (B.46)

For later convenience, we define L, as
9 1
L =04+ M;)gu + £ 1)0,0,. (B.47)

As an example, let us consider a scattering process including at least one gauge particle in
the initial state: B— A +I/V;r . According to the LSZ reduction formula, we have

Mu(B— A+ W) =FT {Lu (A, out| WS |B,in)}. (B.48)
Multiplying the both side of (B.48) with 0", we find
ip"Mu(B— A+ W) =FT {0"L,, (A, out| WH* |B, in)} (B.49)

=FT { (M%V + %D) (A, out| "W B, in)} : (B.50)
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Using the relation given in (B.16)
(A, out |Fy(x) |B, in) =0, (B.51)
we have the relation
(A, out|9,WH|B, in) = EMy (A, out|e™|B, in). (B.52)

Substituting the above result into (B.50) gives

o
z']\;;WM#(B S A+ W) = FT{(O+€&M2) (A, out|s*[B, in)}

= M(B— A+ p"). (B.53)

The left hand side in (B.53) is equivalent to the longitudinal gauge boson’s amplitude up to
O(Mgauge/ E) where E stands for the center-mass energy of the process. This is because the
longitudinal polarization vector €7 (p) in the high energy limit behaves as

er(p) = %ﬂ +0 (%) (B.54)

when p# is given by p* = (F, 0,0, p).
As a result, we have found the following powerful relation:

e (p)Mu(B— A+ W)= M(B—= A+¢)+0 (g) . (B.55)

We can generalize this argument for amplitudes including multiple massive gauge bosons.






Appendix C

The detail on Hamiltonian analysis
for the dRGT masive gravity

C.1 The derivation of (2.136),(2.137),(2.138)

We derive (2.136), (2.137) and (2.138) here. First of all, we arrange the expression (2.132)
in order of 1/N:

1 L 1 (6L + ND')nks);
(g )t = — : ‘ . ‘ :
VN2 (0, + ND P NP = (), + NDY)n (0, + ND', )n™ | 6y

. L 1 nkékj + i 0 lenkélj
N2\ —nt —ninFéy, N \ —Dink —(n'D',,n™b,; + D'yn*nldy)
0 0
+ ( 0 7*8,; — D'l D*, ™y, ) . (C.1)

Equating (C.1) to the following

L

1
g 'n= N2A2+N(AB+BA)+BZ, (C.2)

we find the expressions for A% and B? in terms of the (modified) ADM variables:

- _ni _ninkékj ) - 0 (”Ylk . Dilnlemnm)ékj .

Hence, A and B are given by

_ 1 1 nk oy (0 0
4= V1 —n"0,4n? ( —n' —n'nkey; > , B= ( 0 /(v = D\l DF,,n™)dy; ) - (C3)

From (C.3), the second term in (C.2) is calculated as

1 1 1
NABTBA) = o
0 RO i sy
‘ ‘ i 4
- < _\/(VZk - Dzlnlemnm)&Wnr alj (C )

79
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where

'y = —n'n’ o \/(71k — Dl DEn®) iy — /(v — Diynl DEn™)g,n” n® ;.

Then, comparing (C.4) and (C.1), we have

(V1= 08,a%) D'y = (7% — Dign! D). (C.5)

C.2 The derivation of (2.141)

C.2.1 Preparation I

To derive (2.141), we introduce a useful relation. For an arbitrary matrix M%, the relation

in the following holds.
VM5 = 5/ 5y ME (C.6)

We prove (C.6). Let us write the matrix M as follows:

MY = MU5,,6™ = \/ M6,/ M755,,6™ . (C.7)
On the other hand, M is also expressed as

MY = /M5, 0"™\/ s M55 (C.8)

From (C.7) and (C.8), we obtain

VMG, M58, 0™ = )/ ML6,,.0""\/ 6, M3

= MG, (\/ M7563,0™ — 5"/ Gps M) = 0. (C.9)

Therefore, we have shown that (C.6) holds for an arbitrary matrix.

C.2.2 Preparation II

Here we prove that the matrix D;0% is symmetric based on the important relation

(V1 —n"é,n®) D'; = \/(fy“f — DintD¥,,n™)dy;

given in (C.5). Using the relation v/ M©0,,0% = §%/5;;,,M*I, we rewrite the right hand side
of (C.5) after multiplying it with 6™

vV (v% — Dl Dk, nm)53,.6" = 67/ 8,1 (7% — DRl Di, nm)
= (5"\/(fyjk — Di,n™mDFinb) oy,

= /1 —n*dznv DI,.5" (C.10)
(\/1 —nr8.4n%) D".0"7 = \/1 — nségn* D?,.6", (C.11)

which shows D?,.6™ = D7, Furthermore, after some manupilations, we also find §;; D*; =
5., DF,.

Thus, we have
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C.2.3 The derivation of (2.141)

Let us derive (2.141) using the above relations. Before the calculation, let us remind that
the Pisson bracket for the lapse is defined as

F
(F.G) = /d3 [ oG 5l oG
omy(t,z) 611, (t,z)  OIL,'(t, ) Omy(t,z)
Thus, by choosing F' = 1I,,; and G = H, we have

(i 1) = = [ @a{(6}+ ND ) Hs(x), Has(y)}
Pary/7 { VU= 170,0(%), Thua(y)}
[ aanava ] (it~ D Dhna) ) 09,1} (€13

In the third line, we should notice that a variation of a square root of an arbitrary matrix

M is given by dtrv/ M = 1/2 tr(\/M_l(SM). Thus,

On tr (v*0r; — DYyntDF,,n™dy;)
j j

(C.12)

1 ‘ ; -1
=3 tr [<\/(7Z’“(5kr — Dlmlemnm(Skr)> On (779055 — DTSnSD“Un”(SUj)}
1 _1 :
=5 tr [(1 — n“5abnb) 2D s, (75055 — DrsnsDuvnvéuj)}
= — L tr [D’“ On (D"sn* D" n"0 )]
2v/1 — n®ynt T v
1 )
= — DY 8, (D" n* D% n’
2v/1 — nnt ( )
_ 1 —1% a j m Ik s —1% j m a k s l
BN {D j%(Djmn )on' D" n*6; + D™ DY n %(D n°)On Oy,
(C.14)
From the property d;D*; = §;,,D*;, the first term in {--- } is expressed as
i 0 o s 0
D! j%(pﬂmn )on' DX §gn® = DYDY 5 F(DJ n™)on'éon!
0
— 5% - (D7,,n™)on!. (C.15)
Similarly, the second term in {--- } becomes
S 8 m
n 58]8 -(D?,,n )on®. (C.16)

Therefore,

. . 1 0
(Sn tr <\/(’}/Zk(5kj - Dzlnlemnmékj)) = —Wn 5sjw(Djmn )(5711 (Cl?)

The calculation of the remaining terms in (C.13) is straightforward. As a result, we find

m2 NaET 9,
Hi— ——F——— ) |0, + N— D’ )| = 0. C.18
( /1T — nrdrsns) [ KT onk ( n ) ( )
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C.3 The solution of (2.141)

We obtain the explicit form of the shift n’ by solving

m?  \/Andy
Hi— — —F————
k% /1 —n"0,sn®
First of all, we put (C.19) into an equivalent form as follows:
2

~ 0. (C.19)

V1—nm,nH; ~ % ~ oy (C.20)
Multiplying the left hand side with 6% (v/1 — n"d,,n°) H; from the right, we find
(1 —n"8,sn°)Hi6H,; (C.21)

Similarly, we multiply the right hand side §%(m?/k?)/yn'6; = (6Y(v/1—n"6,5n°)C;) to
obtain

4

™ (dety)nlsun. (C.22)

oA
Equating these two expression, (C.20) is rewritten as

4
Hi0"H; — n" 0, n H 0 H, = m—4det7nl5lini. (C.23)
K

Solving this equation in terms of n"d,sn° yields

50 H,

n'opsn® = — T . (C.24)
Hi09H; + Trdety
Therefore, substituting (C.24) into (C.20), we find the explicit form of the shift:
n' = —H;6" [(m*/k*) det vy + Hpd"H,] oz
We can also mention the positivity of 1 — n"d,sn° thanks to the relation (C.24):
47,4
1—n"0,.n° = dg:y J/fﬁ(jsejt;zj >0, (C.25)

which shows that /1 — n"d,,n* is real.

C.4 The property of the matrix A

Generally,

( Lol )k(inTIn)k1< Lol > (C.26)



C.4. THE PROPERTY OF THE MATRIX A

Thus,
1 n’T g
k(1 _ Ty, \—k/2
A"=(1—-n"In) ( T )
1 n’1
(1 — T \k/2—1
= (l=n"In) ( —n —nn’l )

From this property, we can calculate
trAf = (1 — nTIn)*271(1 — nTIn) = (1 — nTIn)*/?
(trA)* = [(1 - nTIn)=1%(1 — nTIn)}k = (1 — nTIn)*2,

which means the following relation holds:

trA® = (trA)*
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(C.27)

(C.28)

(C.29)






Appendix D

Properties of ¢"1"1 " "Hn¥n and useful
relations

D.1 Properties of gttv1#n¥n

In this appendix, we list the properties of g#1*1#»*»  Note that the properties below are
held on arbitrary space-time.

D.1.1 Definition
First, we define the tensor gH¥1#Hn¥n ag

V1 fnVn — M1V oH2V2 A3V3 | | HnUn __ o H1V2 J2V1 oH3V3 | o HnV,
g "ht=g g g gt =g g g gt +

= —(D — n)!Eﬂluz K +1°9D [viv2 P (Dl)

Here D denotes the dimension of the space-time and the totally anti-symmetric tensor
Erbzbnig defined as

BrbED = bk, (D.2)

V=
with the totally anti-symmetric Levi-Civita tensor density

+1if(pypo - - - up) is an even permutation of(0123---)
ehhzmb = ¢ —1if(puyps - -+ up) is an even permutation of(0123---)
0 otherwise

In the following, we call the tensor gt #»*» the pseudo-linear tensor.
Finally, we summarize the symmetric property of the pseudo-linear tensor.

p; <— pj; anti-symmetric  v; «— v; anti-symmetric(up;, v;) <— (pg, v5) symmetric  {p;} <— {v;}

D.1.2 Useful relations
The contraction of a pair of indices p,, and v, leads to the following relation:
gﬂlVl“‘/ln—an—lﬂn

= (D —n+ 1)ghrkn-trn-t1 (D.3)

Mn
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The pseudo linear tensor can be expanded in terms of the lower rank tensor:

PV fnln . SV1 V2o Un  _UIAL | o fndn
g =9 A Ao-And g
— g¥L vzt 1 gm/\l~-~um/\mgum+11/m+1~'un1/n (D 4)
AL A2 Al (n — m)! ' '

For example,

MIVI V2 U3V3 . H1V1 o U2V2 4313 Hive  H2V3u3vi H1iv3 2V p3v2
g =9 g +9°g +9g

Y

HAVIloV2 U3V 4V _ J1V1 J2V2[3V3 AV __ 1V2 iV H3V3[4VA __ o fI1V3 M2V 3V [aVe M1V o H2Va i3 V3 4V
g =g g g g g g g g )

(D.5)
(D.3) and (D.4) can be easily proven from (D.1).
We obtain other useful relations using the ADM variables e;;, N, and V;:
0ji1j1%272  injn __ Jn i1kiioko - inkn
gOdidviageingn — 5531612132’{2.]“%@6 1kizks : (D.6)
goj1i10i2j2i3j3“'injn — Leiljlilj?”injn ] (D7)

N2
Here eit/1i2d2indn jg anti-symmetrization of the product e®/teid2 ... ¢inin with respect to j;.

€i1j1’i2j2---injn = eiljl €i2j2 . einjn _ eile einl e einjn + cee (D8)

Let us prove the identities (D.7). Just for convenience, we define the following tensors,

SH1V1cnVn — T MV UnVn NVl"'Vn ,UlAl ... Mn>\n
7 =9 =03 g
— 1 M1V L H2V2 33 HnVn H1V2 L2V U3V3 HnVn
= gyt gt gl — g g g gt ),
o 1 e ,
gLt ingn — _'611J1~~-wn _ 5]121--]-71; eltkr . pinkn (D.9)
n! "
Therefore, we can easily prove (D.6) as follows,
~0J21]1'L2]21n]n — Nj ]1]’n (DN il)\l ... 'Ln)\n — Nj Jl]n 0k ilkl .. inkn
k i1 NTk1 1 k
_ Sj J1dn N eilk’l . N N L eink’n _ N "N n
k ki-kn pr2 N2 N2
k Nk
__ ST Jidn i1k1 inkn __ $J J1Jn ~i1k1-ink
=0 k kl“'knme ceeentt = k kl“‘knme nen (D]_O)
Furthermore, we can prove (D.7) by using mathematical induction.
1. n=1 case
07i0 N Ni 1 i NiNJ et D.11
AN C3 R A S G R o (D11
2. n =m case
If we assume,
ng1i10i2j2i3j3~~’L'm_1jm_1 — ei1j1i2j2~~im—1jm—1 (D12)

N2 ’
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then we find
~071%410%252+imJm _ 571 0 j2-m ImAm =0A181 N2 A2l — 1 A —1
g =0 A A AgeAan Y g
:m:_ 1 [glm]m§0]121022]27/m—1.7m—1 _ gzm]1§0]m21022]27’m_1]m_1
_ gimogojliljminQ"'im—ljm—l _ gimj2§0j1i10i2jm~~~im—1jm—1 .
_gimjm—1 gojnil 02'2J'2'"im—1jm}
_ 1 [ gjl J2rdm imkm 50k1i10i2ke - im—1km—1 _ im0 ~051%1Jmi272 " tm—1Jm—1
——m+ 1 mo L " ko ke 9 g g9
_ L |G dim ik L gihiiskein it _ im0 g0visiniada-in1jn-1
m+1 I k1 ko-km N2
U {50 oo imbn L citkiakarim 1k
— m elm m 611 122K2 " tm—1Fm—1
m+ 1 k1 ko-km N2
_ 1 1 giririzgz imjm (D.13)
m+ 1 N2

We used the assumption (D.12) in the fourth line and also used equation (D.6) in the
fifth line.

So we have proved equations (D.6) and (D.7).
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