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1 Introduction

One of the most challenging problem is to find consistent formulation of massive gravity.
The first attempt for construction of this theory is dated to the year 1939 when Fierz and
Pauli formulated its version of linear massive gravity [1].! However it is very non-trivial
task to find a consistent non-linear generalization of given theory and it remains as an
intriguing theoretical problem. It is also important to stress that recent discovery of dark
energy and associated cosmological constant problem has prompted investigations in the
long distance modifications of General Relativity , for review, see [3].

Returning to the theories of massive gravity we should mention that these theories
suffer from the problem of the ghost instability, for very nice review, see [4]. Since the
General Relativity is completely constrained system there are four constraint equations
along the four general coordinate transformations that enable to eliminate four of the six
propagating modes of the metric, where the propagating mode corresponds to a pair of
conjugate variables. As a result the number of physical degrees of freedom is equal to two
which corresponds to the massless graviton degrees of freedom. On the other hand in case
of the massive gravity the diffeomorphism invariance is lost and hence the theory contains
six propagating degrees of freedom which only five correspond to the physical polarizations
of the massive graviton while the additional mode is ghost.

It is natural to ask the question whether it is possible to construct theory of massive
gravity where one of the constraint equation and associated secondary constraint elimi-
nates the propagating scalar mode. It is remarkable that linear Fierz-Pauli theory does
not suffer from the presence of such a ghost. On the other hand it was shown by Boulware
and Deser [5] that ghosts generically reappear at the non-linear level. On the other hand
it was shown recently by de Rham and Gobadadze in [6] that it is possible to find such a

'For review, see [2].



formulation of the massive gravity which is ghost free in the decoupling limit. Then it was
shown in [7] that this action that was written in the perturbative form can be resumed into
fully non-linear actions.? The general analysis of the constraints of given theory has been
performed in [8]. It was argued there that it is possible to perform such a redefinition of the
shift function so that the resulting theory still contains the Hamiltonian constraint. Then
it was argued that the presence of this constraint allows to eliminate the scalar mode and
hence the resulting theory is the ghost free massive gravity. However this analysis was ques-
tioned in [31] where it was argued that it is possible that this constraint is the second class
constraint so that the phase space of given theory would be odd dimensional. On the other
hand in the recent paper [32] very nice analysis of the Hamiltonian formulation of the most
general gauge fixed non-linear massive gravity actions was performed with an important
conclusion that the Hamiltonian constraints has zero Poisson brackets. Then the require-
ment of the preservation of this constraint during the time evolution of the system implies
an additional constraint. As a result given theory has the right number of constraints for
the construction of non-linear massive gravity without additional scalar mode.?

All these results suggest that the gauge fixed form of the non-linear massive gravity ac-
tions could be ghost free theory. On the other hand the manifest diffeomorphism invariance
is lacking and one would like to confirm the same result in the gauge invariant formulation
of the massive gravity action using the Stiickelberg fields. In fact, it was argued in [30] that
for some special cases such a theory possesses an additional primary constraint whose pres-
ence implies such a constraint structure of given theory that could eliminate one additional
scalar mode. However the limitation of this analysis is that it was not performed for the
general metric so that one can still ask the question whether the elimination of the ghost
mode occurs in general case as well. In fact, there is a well known example of the theory
which seems to be consistent around some background while it is pathological for general
background which is the Fierz-Paull theory [1] which is ghost free around the flat back-
ground while it contains ghosts in general background [5]. This paper is the first step in the
Hamiltonian analysis of Stiickelberg formulation of the non-linear massive gravity with gen-
eral metric. More precisely, we consider one particular class of the non-linear massive action
that was presented in [8, 9]. This action is sufficiently simple to be able to find the explicit
relation between time derivatives of scalar fields and conjugate momenta while it possesses
all interesting properties of the non-linear massive gravity as was shown in [32, 33].%

We find the Hamiltonian form of given action and determine primary and secondary
constraints of given theory. Then we show that due to the structure of the non-linear
massive gravity action this theory possesses one primary constraint that is a consequence
of the fact that det VAB = det(@iqﬁA@jqﬁB g”) = 0) as was firstly shown in [29].° This result

?For related works, see [10-28, 40, 41].

3 Alternative arguments for the existence of an additional constraints were given in [33] even if the Hamil-
tonian analysis was not complete and the minimal non-linear massive gravity action was considered only.

“We should stress that the bimetric non-linear massive gravity is also manifestly covariant form of the
non-linear massive gravity action [20, 21, 32]. In fact, it was argued in these papers that these manifestly
diffeomorphism invariant massive gravities are ghost free as well.

5We should stress that in the previous versions of given paper the constraint det VAB = () was not taken
into account and hence wrong conclusions were reached.



has a crucial consequence for the structure of the theory. On the one hand this constraint
could provide a mechanism for the elimination of an additional scalar mode however on the
other hand the condition det VAB = 0 makes the calculation of the algebra of the Hamil-
tonian constraints very difficult. In fact, we were not able to calculate this algebra in the
full generality with exception of the two dimensional case where however two dimensional
gravity is trivial. More precisely, the Hamiltonian treatment of two dimensional non-linear
massive gravity shows that there are no physical degrees of freedom left and this result
coincides with the analysis performed recently in [16, 30].

The structure of this paper is as follows. In the next section 2 we review the main
properties of non-linear massive gravity and rewrite it into more tractable form that is
suitable for the Hamiltonian analysis which will be performed in section 3. In section 4 we
perform the Hamiltonian analysis of two dimensional non-linear massive gravity action. In
conclusion 5 we outline our results and suggest possible extension of this work. Finally in
the appendix A we perform the calculation of the Poisson brackets of the constraints when
we do not impose the condition det VAB = 0. Of course this is not the case of the non-
linear massive gravity action but we include this appendix in order to show the complexity
of given calculation even if we should again stress that this should be considered as a toy
model calculation.

2 Non-linear massive gravity

Our goal is to study non-linear massive gravity action [7] in the version that appears in [8, 9]

S = Mg/d“x\/fg(‘*)R(g) — ngmQ/d4x\/jgu(g_1f). (2.1)

Note that by definition g*” and f,,, transform under general diffeomorphism transforma-
tions o' = 2'M(x) as

Ay ey 0T O oz’ 0x°
q* (575/) =0 )55 f;&u(ﬂﬁ,) = fpo(x)ww .

(2.2)
Now the requirement that the combination §~'f has to be diffeomorphism invariant im-
plies that the potential &/ has to contain the trace over space-time indices. Further, it
is convenient to parameterize the tensor f,, using four scalar fields »* and some fixed
auxiliary metric f,, (¢) so that

f;w = 6,LL¢A611¢BJFAB(¢) ) (2'3)

where the metric f4p is invariant under diffeomorphism transformation 2’# = x#(z") which
however transforms as a tensor under reparametrizations of ¢*. In what follows we consider
fAB = naB, where nap = diag(—1,1,1,1).

The fundamental ingredient of the non-linear massive gravity is the potential term.
The most general forms of this potential were derived in [7, 9]. Let us consider the minimal



form of the potential introduced in [7]

Ulg, H) = =4 ((K)* = (k%)) =
2

= 4> du(H") | =8> dn(H"), (2.4)

n>1 n>2

where we now have
Hyy = G — 8M¢A8V¢B77AB ) HY = g'"“H,,,

> n (2n)!
Kb =0l = /o — HY = = dn(H™)Y, dp = T 2n) (a2 (2.5)
n=1

and where (H™)) = HL, HS} ... H,"~". Using this explicit form of the potential we present
an important observation related to the fact that the potential has to be defined using the
trace over curved space-time indices which is a consequence of the requirement of the dif-
feomorphism invariance of the non-linear massive gravity action written in the Stiickelberg
field. Then we observe

HY = 01— g 0,07 0,04 = 6% — AY =HAY, HYp = 0% — §"0.0"0u5,
HIHY = 61— 0" 0,0"0,04 — 1" 0,6" 0ppa + (1" 0,6" 0,0 8) (17" 05" 0ypa) =
= (0" — AR) (6% — AB)) = HBHE,
(H™W = HIEHY . HEv = Hg HEL 1 (2.6)

These observation implies that the potential can be written in the form

2
U= 4[> du(H") | =8 du(H") =
n>1 n>2
= —4((K)? — (K%)) = —4(K)? + 4K K5, (2.7)

where we defined

KA = 6% — /6% — A4, (2.8)

We mean that the trace over Lorentz indices is more convenient for the Hamiltonian treat-
ment since we can easily implement the ADM decomposition of the space time metric.
Explicitly, we use 3+ 1 notation [34]® and write the four dimensional metric components as

goo = —N? + Nig" Ny, goi = Ni Gij = Yij »
1 . Nt g . NINJ
~00 _ ~0i _ ~ij
97 =" i =7 #=9"="§ 29
Note also that 4—dimensional scalar curvature has following decomposition
WR— Kijgijlekl + (3)R, (2.10)

®For review, see [35].



where ®) R is three-dimensional spatial curvature, K;; is extrinsic curvature defined as

1

K=oy

(0rgij — ViN; — V;N;) , (2.11)

where V; is covariant derivative built from the metric components g;;. Note also that Gkl
is de Witt metric defined as
y 1 . . 3 1 1
Gkl — i(g’kgﬂ +g"g*) — g g™ Gijn = i(gikgjl + gugjk) — i 9kt - (2.12)

Finally note that in (2.10) we omitted terms proportional to the covariant derivatives which
induce the boundary terms that vanish for suitable chosen boundary conditions. Using this
notation we have

- 1 )
A ==V Vaip + g7 0:0" 0505, Vnd" = (06" — N'0;6"). (2.13)

We would like to stress that there is an another issue with the construction of the Hamil-
tonian formalism. To see this note that the general potential term contains the matrix v/A
that can be defined as power series /A4, = 3 ¢, (A™)4; with appropriate coefficients
¢n. Then the variation of this expression is equal to

Sy/ AL, = 1A + 1 (FALAY + ALIAS) + ... (2.14)
C
that clearly cannot be written as o AAB = %5AAC ((\/K)_1> 5 However the situation

improves when we consider the potential term that depends on \/AAA since then we have”

1 B
5\ A%y = c16AL +206A B AY +3es5ABATLAT 4 = DoAY, ((\/K)—l) (220

For that reason we restrict ourselves to the Hamiltonian analysis of the non-linear massive
gravity action with the potential term

U=A4TrVA . (2.21)
"Note that this result is consistent with the definition of the square root of the matrix given in [7, 9]
(VA 5(VA)T = A (2.15)
since
S(VAY 5 + (VA BI(VA) (VA D = 5(A) B(VA) ™). (2.16)

Taking the trace of given equation we immediately obtain (2.20). Note also that due to the matrix nature
of objects A and B the following relation is not valid

VAB = VAVB (2.17)

unless A and B commute. On the other hand since obviously A and A™' commute the equation (2.17)
gives

VAVA-T =1 (2.18)

which implies following important relation

(x/K)*l — VAT, (2.19)



In fact, the Hamiltonian analysis of the gauge fixed form of this non-linear massive gravity
was firstly performed in [31] and then in [32, 33]. It was shown in these two papers that this
theory possesses interesting properties that allow to eliminate one additional scalar mode.
Then our goal is to analyze given theory written in the manifest diffeomorphism invariant
form and try to identify possible additional constraints that could eliminate one scalar
mode. Explicitly, we would like to perform the Hamiltonian analysis of the following action

S = M2 / d*xdtN /g [Kijgijlekl +®GR— mQTr\/K} . (2.22)

3 Hamiltonian analysis

In this section we perform the Hamiltonian analysis of the action (2.22). For the General
Relativity part of the action the procedure is standard. Explicitly, the momenta conjugate
to N, N; are the primary constraints of the theory

an(x)~0, 7'(x)~0 (3.1)
while the Hamiltonian takes the form

HOR = / Px(NHEH + NHFH),

1 iy .
Hr = NGTE TGt — M2\ /g R,
P
Hi = —QQikvlﬂ'kl, (32)

where 7%/ are momenta conjugate to g;; with following non-zero Poisson brackets

1
{30, 7 (v)} = 5 (080} + alof) alx — ). (3.3)
Finally note that 7y, 7’ have following Poisson brackets with N, N;
{Nx),mn(y)} =0(x—y), {Nix),m(y)} =do(x—-y). (3.4)

Now we proceed to the Hamiltonian analysis of the scalar field part of the action. Note
that in 3 + 1 formalism the matrix AAB takes the form

A =~V Vatp + ¢70,0%0;65 = K + Vg, (3.5)
where
K4 = -V, 6V ,a5, Kap =nacK% = Kpa,
Vi =9"0i6"0,08, VAR = viin@B = vBA. (3.6)

Then the conjugate momenta p4 are equal to

M?2m?* _§AS
_ _p D A-1/2\D _
pA 9 \/§56t¢A (A ) C
M?2m?
= 5 Va(Vnoc (A7) 4 ac(AT2)GVa0"), ATV = (VA)T (37)



Note that using the symmetry of A p = Ap4 we can write (3.7) in simpler form
pa = M2m*\/gAT?) 4pV,0" . (3.8)

Using this expression we derive following relation

1
G AmAPAPE = (A7) 40 (Vg  Ving?) (A1) pp =
p
= (A7) 40(VEP — AP (A pp (3.9)
which implies
Map = (A7) acVEP(A™V2) pg, (3.10)

where we introduced the matrix II4p defined as
1
g = —— . 3.11
AB gm4M§pApB +naB (3.11)

Note that when we multiply (3.10) by V from the right we obtain (we use matrix notation)

v = (A~Y2v)(A~Y2y) (3.12)
which implies
A7V2y = VIV . (3.13)

This relation will be important below. The important point of our analysis is that V45 has
the rank 3 as was firstly explicitly stressed in [29]. In fact, if we introduce the 4 x 3 matrix
W4 = 9;¢4 and its transpose matrix (W7)? 4= 0;¢* which is 3 x 4 matrix we can write

VAB —wilgi(wT)B (3.14)

Then since W4, g% have the rank 3 we obtain that VAP has the rank 3 as well. As a
result det V' = 0. In other words V is not invertible matrix. This fact has an fundamental
consequence for the Hamiltonian structure of given theory. On the other hand we can
multiply (3.10) by V from the left so that

VII= (VA2 (VA~/?) (3.15)
that now implies
VVII = VA2, (3.16)

With the help of these results it is easy to determine corresponding Hamiltonian
M = 01 pa — Loe = Mym® JGNVAP(AT2) gy + Nipadig™ =
= NM2m* /g TapVBA + Nips0;¢™ = NH5 + N'H* (3.17)

using (3.13) and using an obvious relation Trv/VII = Trv/IIV. With the help of these
results we find the final form of the Hamiltonian formulation of the action (2.22)

H= / Bx(NHr + N'H,;), (3.18)



where

Hr = HFF+ 1, Hi=HTT + 1, (3.19)

where the explicit forms of these terms is given in (3.2) and in (3.17). Then note that
the requirement of the preservation of the primary constraints 7 ~ 0,7’ ~ 0 implies an
existence of the secondary constraints

Hr(x) =0, Hix)=0. (3.20)

The crucial question is the existence of additional constraints in the theory. The existence
of these constrains would be important for the elimination of an additional scalar mode.
We should expect that this constraint is the primary constraint between momenta and
coordinates of the scalar fields and the question is whether we can find such a relation. For
example, we can try to calculate det II. Using

1 1
det R = detnacdet | 6% + ———p© -
e (UAB+gMgm4PAPB> etnac de ( BT gMgm“p p3>

1 1
=detnexpTrin <5AB + g]\44m4pApB) =detnexpln <1 + g]\44m4p‘4pA> =
P P

1 A
=—(14+— 21
< + 9M§m4PAP ) (3.21)

and hence from (3.10) we obtain

1 A det V

g M"Y T T et A

1+

(3.22)

We see that the upper equation implies the primary constraint on condition when det V' = 0.
Then (3.22) implies the primary constraint

papt +1=0. (3.23)

4,4
gMym

The fact that det VAB = 0 is however crucial for the calculation of the algebra of the
constraints. Unfortunately we are not able to perform this calculation in case of the four
dimensional case due to the absence of the inverse matrix V~!. We demonstrate the com-
plexity of such a calculation in the appendix when we abandon the condition det VAZ = 0.
However we are able to perform this calculation in case of two dimensional massive gravity
which we perform in the next section.

4 Two dimensional massive gravity

Two dimensional massive gravity is exceptional also from the fact that the gravity is trivial
so that the dynamical content is hidden in the scalar degrees of freedom only. In order
to determine the physical number of degrees of freedom we have to find an appropriate



structure of constraints. To proceed we have to determine the form of the Hamiltonian
constraint (3.17). An explicit calculation gives

1
Hr = Mng\/Z]Tr\/ nv = \/w(pA8¢A)2 + MAm*dp 094, (4.1)
where we introduced following notation

11

gi=w, detg=w, g =—, 04 =0. (4.2)

1
w
As a result the extended Hamiltonian takes the form

H = /d:n(NHT+N1HS+uw7rw+uN7TN+u17rl—I—FC),

1
Hr = \/ ;(pA&z»A)? + MimA0ga09t = VA, Hs =pads? — 20wV,  (4.3)
where we included the primary constraint 7% = 0 into the definition of the spatial diffeo-
morphism constraint. Note the this theory possesses following four primary constraints

w

an~0, 7' ~0, =0, C= papt+1=0. (4.4)

4,4
wMym
First of all the requirement of the preservation of the primary constraints 7, 7! implies

following secondary ones
Hr~0, Hs=0. (4.5)

We see that Hr ~ 0,Hg ~ 0 are the secondary constraints. Then we have to check
the consistency of all primary and secondary constraints during the time evolution of the
system. The time evolution of the constraints 7wy, 7' does not generate new conditions
while the requirement of the preservation of the constraint 7% implies

N(padg™)?

o ={r“ H} = —————— —TA =
= A Y = A
N(Hg + 2wVT*)?
= —-I'A=-TA=0, 4.6
ENIY (4.6)
where we used following Poisson bracket

1

{C(x), m™(y)} = EPAPA(X)(;(X —y) = AX)(x—y) (4.7)

and we used the fact that we have to determine the evolution on the constraint surface.
On the other hand the time evolution of the constraint C is equal to

0,C = {C, H} ~ {C, Tr(N)} + /dww (C, (@)} = {C. To(N)} +u“A =0, (48)

where we used the fact that
{Ts(N"),Cc} = —N'oc (4.9)



which vanishes on the constraint surface and where {C, T7(N)} is equal to

{T7(N),C} =20 <W> YLB +20 (N%) %‘ . (4.10)

Note that this Poisson bracket vanishes on the constraint surface Hg ~ 0, 7% =~ 0 as well.
As a result we find that (4.6) and (4.8) determine that Lagrange multipliers u*, I are equal
to zero.

Finally we have to determine the algebra of constraints Hr, Hg. As usual we calculate
the Poisson brackets of their smeared forms and we find

1 N(z) N(y)
{Tr(M), Tp(N)} = - [ dedy Y A ){A(x),A(y)} AL (4.11)
To proceed we calculate following Poisson bracket
{A(z), A(y)} =
=~ (pa06)@) (06 (@)pa(1)2,3(z — )
- pa(£)00°(1)0.8(2 = )] 50409 0) +
Mim?
+4 w’g p (p40¢™)(x) [(96 ()06 (y)Dyd (2 — y)—
— (00" (1)00(@)0:8(x = )] = (206" (0). (4.12)

In the calculation of the Poisson bracket of the smeared Hamiltonian constraints we use
the fact the Poisson bracket {A(x), A(y)} contains derivative of the delta functions that
give non-zero contribution when they act on N and M respectively. As a result we obtain

(Tr(M), Tr(N)} = / de(MON — NaM)Ai y

W

x[(pa0¢™)® + Mym* (pads™) (06" 0¢a)] =
~ T (i(N@M—M&N)) +2 / de(NOM — MON)wVr . (4.13)

The algebra of constraints Tg takes the standard form
{Ts(M"), Ts(NY)} = Ts(M'ON' — N'oM"). (4.14)
Finally we determine the Poisson bracket
(L), Tr(N)} = [ da {T5(1), Hr(@)} N =
= —/dg;(Mla”HT +HroX") = Tp(M'ON) (4.15)

using

{Ts(Ml),HT(.%‘)} = —M16'HT - HTGMl . (4.16)

,10,



Finally we have to analyze the stability of the constraints Hp and Hg. In fact, the
constraint Tg(M?") is preserved due to the fact that the Poisson brackets between all
constraints vanish on the constraint surface. On the other hand the time evolution of the
constraint is given by the equation

O Tr(M) = {Tr(M), H} ~ / da(u® {Tr(M), 7} + T {Tr(M),CH =0 (4.17)

using the fact that u* and I' vanish.
At this stage we have finished the analysis of the time development of the constraints
with following result. We have four first class constraints

ay~0, w0, Hr=0, H;i~0 (4.18)

™0, C=0. (4.19)

Using the second class constraints we can eliminate 7 and w as functions of p4. Then the
gauge fixing of the four first class constrains completely eliminate the physical degrees of
freedom N, 7, N1, 7 and py, ¢?.

5 Conclusion

In this section we outline our results and suggest the possible extension of this work. We
performed the Hamiltonian analysis of some particular model of non-linear massive gravity
action written in the Stiickelberg picture [30]. We found corresponding Hamiltonian. Then
following [29] where it was explicitly shown an existence of the primary and correspond-
ing secondary constraint in the version of the non-linear massive gravity action presented
in [33] we find corresponding primary constraint of the theory. Unfortunately due to the

VAB we were not

fact that this constraint is a consequence of the singularity of the matrix
able to determine algebra of all constraints and identify secondary constraints for the case
of four dimensional non-linear massive gravity action. On the other hand we were able
to complete the Hamiltonian analysis of two dimensional non-linear massive gravity where
we showed that the algebra of the Hamiltonian and spatial diffeomorphism constraints is
in agreement with the basic principles of geometrodynamics [36-38]. We also identified
an additional constraints and we show that there are no physical degrees of freedom with
agreement with the analysis presented in [16, 30].

It is very unhappy that we were not able to finish the Hamiltonian analysis of four
dimensional non-linear massive gravity theory due to the singular nature of the matrix
VAB especially in the light of the very nice proof of the existence of the primary and the
secondary constraints that was performed in [29] in the case of the version of the non-linear
massive gravity action presented in [33]. To finish such an analysis is very desirable and it
is the main goal of our future work. It would be also very nice to perform the Hamiltonian
analysis of the general form of the non-linear massive gravity action with the Stiickelberg
fields and we hope to return to this problem in future.

— 11 —



A Toy model: algebra of constraints in case of det VAEB #£ 0

In this appendix we perform the calculation of the algebra of constraints in case when we
do not impose the condition det VAB = 0 even if these calculations are not directly related
to the case of the non-linear massive gravity action studied in the main body of this paper.
The goal of this appendix is to demonstrate the complexity of given analysis. To begin
with note that the fact that det VA £ 0 implies the existence inverse matrix V!, In this
case we find an important relation

VWV = ATV2 = VIV ! (A1)

which will be useful when we calculate the algebra of constraints.
Let us consider the smeared form of the constraints (3.20)

Tr(N) = / PxNHp, Ts(N') = / PN, | (A.2)

The goal of this section is to determine Poisson brackets among these constraints. Note that
in case of the General Relativity part of the constraints we have following Poisson brackets

(00 HE ()} = — [Man(x) 500 - 3) — M) 5 z00x - )
(M0, HER ()} = HE () 0(x =)
{H700) 1 )} = [H?RU 3(x —y) ~ Hily >(.fj5<x—y>] (A3)

The calculation of the Poisson brackets that contains scalar phase space degrees of free-
dom is more involved. However it is easy to find the Poisson bracket between generators

of spatial diffeomorphisms

{H). 1 ()} = [%i"(x) b= y) ~ (Y >38] Olx - >] (A.4)

that together with the Poisson bracket on the third line in (A.3) implies following form of
Poisson bracket between smeared form of the diffeomorphism constraints

{Ts(N"), Ts(M?)} = Tg(N'9;M" — MI9;N"). (A.5)

In case of Hamiltonian constraint the situation is not so easy. Explicitly, from the definition
of the Poisson bracket we find

{T7(N), TF (M)} = /d3xd3yN(X) (M7 (%), HT (y)} M(y) =

S(VIIV) {1 (%) S(VIIV) £ (y)
opx(2) 06X (z)

= —M§m4/d3xd3yd3zN(x)M(y) <\/§(X) Va(x)—

S(VIIV) & (y) 6(VIIV) 4 (x)
opx(2) 09X (z)

—V9(y) \/§(X)) : (A.6)

— 12 —



To proceed further we use the relations

6(\/1_17V)AA(X) lé(HV)AB(X) ((HV)—1/2)BA —
(x

px (2) 2 dpx(x)
A
- ngwt (63 pc +pasVOP (V) 7/?) (x)5(x ~ 7).
SWVIDG(y) — 16(VIDG(y) ) )
5¢X(z§ T2 5¢X(2) (VI)~3) % (y) =
- %[gijayié(z - Y)(;)C(zayjﬁbE(Y) + gijayigbc(y)@yj&f(é(z —-y)]
Mg ((VI)72) 7 (). (A7)

Then with the help of (A.7) we can determine the Poisson bracket (A.6). First of all these
Poisson brackets contain the derivative of the delta functions. We perform integration by
parts. Then the non-zero contribution arises from the derivative of the smeared functions
N and M. As a result we obtain

(T3E(N), 5 (M)} = i / B(NOM — MON)g"
% (Pa(VIVID V)P 4 pa(V/IV) AP )
x (I (VID =) ped;o® + (v (V) ~1) ped;¢”) =
- /d3X(N0iM—M@N)9”pA(V\/(HV)‘l)AB(\/(HV)‘IH)BcajébC) =

_ / BR(NOM — MON) g pa(V(ITV) 1) A,0;07 —
= TY((NO;M ~ MO;N)g"), (A.8)
where we used the symmetry of II and V' and the relations
VIVID-IV = v/[@V)-1, IL/(VID)~! = /(IIV)~ I (A.9)

that follow from (A.1). If we combine this result with the Poisson brackets between smeared
form of the General Relativity Hamiltonian constraints we find the final result

{Tr(N), Tr(M)} = Ts((NO;M — M;N)g") . (A.10)

Finally we calculate the Poisson bracket between Tg(N?) and T5¢(N). Using

{Ts(N"),pa(x)} = =N'Oipa(x) — N'pa(x),

{Ts(N), 0" (%)} = —N'9ig" (x),

{Ts(N), Vg(x)} = —N'i/g(x) — BiN'/g(x),

{Ts(N"),g" (x)} = —N*0pg" (x) + Ok N'g" (x) + g™ 0, N (x),
{Ts(N"),ap(x)} = —N'0llap(x),
{Ts(N), VAB(x)} = —N*9, V8 (x). (A.11)

,13,



With the help of these results it is easy to find
{Ts(N'), H (%)} = —0p N*H5 (x) — NFOLHS (%) - (A.12)

Collecting this result with the Poisson bracket between diffeomorphism constraint and
Hamiltonian constraint of General Relativity we obtain

{Ts(N"), Tr(N)} = Tr(0xNN*). (A.13)

To conclude, we found that the theory with det V' # 0 possesses four constraints Hrp(x) ~
0,Hi(x) ~ 0 which are the first class constraints as follows from the Poisson brack-
ets (A.5), (A.10) and (A.13). We also showed that the crucial presumption for these
calculations was the regularity of the matrix VA8 which of course is not the case of four
dimensional non-linear massive gravity.
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