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Quantum cosmological perturbations of generic fluids in quantum universes
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In previous works, it was shown that the Lagrangians and Hamiltonians of cosmological linear scalar,
vector and tensor perturbations of homogeneous and isotropic space-times with flat spatial sections
containing a perfect fluid can be put in a simple form through the implementation of canonical trans-
formations and redefinitions of the lapse function, without ever using the background classical equations
of motion. In this paper, we generalize this result to general fluids, which includes entropy perturbations,
and to arbitrary spacelike hypersurfaces through a new method together with the Faddeev-Jackiw
procedure for the constraint reduction. A simple second order Hamiltonian involving the Mukhanov-
Sasaki variable is obtained, again without ever using the background equations of motion.
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L. INTRODUCTION

In cosmology, when the curvature scale approaches the
Planck length, one cannot avoid to consider quantum cor-
rections already on the background geometry. In this re-
gime, the usual semiclassical treatment of cosmological
perturbations, where only the perturbations are quantized
and the background is held classical, is no longer valid.
Even though quantizing simultaneously the homogeneous
background and their linear perturbations is still far from
the full theory of quantum gravity, one can consider the
inclusion of quantum effects in the dynamics of the back-
ground homogeneous model as an important improvement
to the usual semiclassical approach [1]. Note, however, that
this program prevent us from using the classical back-
ground equations, as it is usually done, to turn the full
second order action into a simple treatable system.
Notwithstanding, it has already been shown that it is pos-
sible to simplify this action through canonical transforma-
tion techniques for a barotropic perfect fluid and scalar
fields without potential in a flat spatial section Friedmann
model [2-4].

The obtained Hamiltonian, with its zeroth and second
order terms, was used to perform a canonical quantiza-
tion yielding a Wheeler-DeWitt equation where cosmo-
logical perturbations of quantum mechanical origin
evolve in a nonsingular homogeneous and isotropic
background in which quantum effects replace the usual
classical singularity by a bounce near the Planck scale.
The physical properties of these cosmological models
were analyzed in many papers [5-7], and they proved to
be complementary or even competitive with usual infla-
tionary models as long as they are capable to lead to
almost scale invariant spectra of long-wavelength cos-
mological perturbations.
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The aim of this paper is to improve the previous formal-
ism and to extend the known results to a generic thermo-
dynamic fluid in a Friedmann background with arbitrary
spacelike hypersurfaces. In order to carry out this work,
still without ever using the background classical equation,
it proved to be simpler to work in the Lagrangian formal-
ism, using a set of variable transformations along with
Faddeev-Jackiw [8,9] reduction method rather than the
Dirac formalism. One of the steps of the procedure was
to isolate the perturbation terms in the action which are
multiplied by the background classical equations of motion
and eliminate them through some suitable field redefini-
tions, from where the Mukhanov-Sasaki variable naturally
appears. The resulting action and Hamiltonian up to second
order then become very simple and suitable for canonical
quantization.

Besides the motivation related to the quantization pro-
cedure, our choice of variables used to write down the
second order Lagrangian simplifies significantly the calcu-
lations involved. This simplification allows us to obtain all
expressions without choosing a gauge. This is an important
advantage since we have shown in Ref. [10] that the choice
of a gauge implies an additional assumption that the per-
turbations remain small in this gauge.

The initial works which obtained the second order ac-
tions and Hamiltonians for perturbations in a background
geometry [1,11-14] were extended afterwards to the case
of different matter contents [15-21]. However, the majority
of the papers cited above used the background equations of
motion in order to simplify their final actions and
Hamiltonians, and in the case they do not use them, their
actions were either too complicated and intractable, or they
were not general enough to include the cases of general
fluids and/or curved spacelike hypersurfaces. The present
paper fill this gap: we obtain a simple Hamiltonian for
linear cosmological perturbations involving general fluids
and curved spacelike hypersurfaces, without ever using the
background equations of motion. It is worth emphasizing
that our procedure differs significantly from the cited
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above. In our calculations we first expand the Lagrangian
up to second order without choosing any spacetime folia-
tion or background metric by writing the second order part
quadratic in the variable

_ &
j:algy = _T(g(rﬁ;a + 8oa:B — goz,B;(r)»

where the semicolon represents the covariant derivative
with respect to the background metric. Afterwards, we
express this tensor in terms of kinetic variables introducing
a specific spacetime foliation. Restricting to a homogene-
ous and isotropic background, we perform a Legendre
transformation in a subset of the perturbation variables
reducing systematically the constraints.

The paper is organized as follows: in the next section we
define some relevant geometrical objects and settle the
notation and conventions. In Sec. III we obtain the second
order gravitational Lagrangian for geometrical perturba-
tions around a homogeneous and isotropic geometry with
arbitrary spacelike hypersurfaces, while in Sec. IV we
obtain the second order matter Lagrangian for arbitrary
fluids. In Secs. V and VI the full simplified second order
action and Hamiltonian are obtained. We end up with the
conclusions. In Appendix A we obtain the relations be-
tween the tensor F M,,B and the perturbations on the kinetic
variables and spatial curvature tensor. Then, using these
relations, in Appendix B we obtain the second order
Lagrangian in terms of these for a general background
metric. Finally, in Appendix C we express a general matter
Lagrangian up to second order in the matter fields
perturbations.

II. GEOMETRY AND SPACETIME FOLIATION

In this section we shall briefly define some relevant
geometrical objects and fix our notation. The space-time
Lorentzian metric g, has signature (—=1,1,1,1) and the
covariant derivative compatible with this metric is repre-
sented by the symbol V,, i.e., V,g,, = 0.

The Riemann tensor and its contractions are defined
with the following convention:
2V Voue =R,,0Pus  R,a=R,..". R=R,"
where the symbols [] and () represent the antisymmetric
and symmetric part of the tensor, i.e.,

1
My =5 My = M),

1
> M, = E(M’“’ +M,,)

We define the foliation of the space-time through a
normalized timelike vector field v# normal to each spatial
section (v#v, = —1). The foliation induces a metric in
the hypersurfaces as y,, = g,, + v,v,, which projects
nonspatial vectors into the hypersurfaces. For an arbitrary
tensor M, ”.;>"* the projector is defined as
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YIMu 2 =yl oyl

We shall call a spatial object, any tensor that is invariant
under the projection, i.e., y[My "= My L
The covariant derivative compatible with the spatial
metric y,,, is

DMy, i = Y[VoMy, "ii" ] (D

The spatial covariant derivative compatible with vy,,, de-
fines the spatial Riemann curvature tensor

[D/J,DV - DVD,u,]Aoz = RMVQBA,BJ 2

where Ag is an arbitrary spatial field. The spatial Laplace
operator is represented by the symbol D?, ie., D> =
D, D*, and we denote the contraction with the normal
vector field v# with an index v, e.g., M, = M, gv".

The derivative of the velocity field defining the foliation
can be decomposed as

V,=X,, —v,a, 3)

with the acceleration and the extrinsic curvature defined,
respectively, as a, = v*V v, and K,, = y[V,v,]. In
addition, from the extrinsic curvature we define the expan-
sion factor and the shear,' i.e.,

)

O-,uv = K,u,v - 7’)/,11,1/' (4)

0 = K, .

For a geodesic foliation, the Lie derivative of the pro-
jector is null (¥, y ﬂ” = (). Therefore, in this case, the Lie
derivative commutes with the projector, i.e.,

QUY[Mﬂlv;LmVA] = ’}/[BUMﬂly}LmVA °

In what follows, we shall be interested in analyzing
linear cosmological perturbations. Thus, it is imperative
to properly define what it is meant by a metric perturbation.
The space-time is defined by the physical metric g,,,
which describes the actual physical dynamics. In addition,
we shall suppose that exist a background metric g, such
that the physical metric g,, can be seen as a “small
perturbation.” In other words, we suppose that the differ-
ence 8g,, = gu» — &u» Can be treated perturbatively in
the sense discussed in Ref. [10]. Note, however, that one
usually defines 6g#” as the difference between the inverse
metric and its background value, i.e., 6g*” = gt” — gh?,
which, in general, is different from &g, BgaMgBV.
Therefore, it is convenient to define the tensor £,, and
its covariant form as

'The Frobenius theorem guaranties that for a global spatial
sectioning the normal field satisfy v, V,v,; = 0, which can be
expressed as V[,v,] = ap,v,). Therefore, for a global spatial
sectioning the vorticity is null, i.e., XK,,; = 0.
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Er=gre g (5

The covariant derivative compatible with the back-
ground metric is represented by the symbol V or by a
semicolon “;”, i.e., §upy = vyg,w = (. Using a back-
ground foliation described by the normal vector field v#,
we define the projector ¥,,, spatial derivative Du and

é‘:/.w = g,uv - gp,w

spatial Riemann tensor R Wa'g , as we have done for the
objects derived from g,,. We use the symbol || to
represent the background spatial derivative, i.e., T}, =
DT for any tensor T.

One should keep in mind that the background tensors
and the perturbation tensors have their indices lowered and
raised always by the background metric. Finally, we define
the dot operator of a arbitrary tensor as

My iy = VoM i (©)

ITII. GRAVITATIONAL ACTION

In what follows, we shall be concerned with the dynam-
ics of linear cosmological perturbations. Accordingly, to
obtain a system of first order dynamical equations, we must
expand the Lagrangian up to second order. As it is well
known, the gravitational part of the action is

s, =jd4x£g, r=Y% )
K

4

with k = 87G/c*, G the gravitation constant, ¢ the
speed of light and R the curvature scalar. The expansion
of the metric tensor in terms of the perturbation defined in
Eq. (5) induces an expansion in the curvature tensor. A
simple way to describe this expansion is through the dif-
ference between the covariant derivative of the perturbed
and of the background metric. Accordingly, we define the
true tensor F,,“ by the equation

(v,u. - v,u,)AV = :}:/.LVBAB;

g7’
Y = —2
Fop 5

(8)
(ga'ﬁ;a + goa;ﬁ - gaﬁ;a—)r

and we remark that the covariant derivative ‘“;” is with
respect to the background metric. Hence, in first order we

have

1
.,Faﬁy = _E(é‘:’y,@;a + é‘:'ya;ﬁ - é‘:aﬁ;'y)' )]
We can also define two covectors as
; ¢
:Faan:Va =_?r (10)
i} ¢
.Tb;t = gaﬁfaﬁ,u, = _fﬂg;a' + ?M! (11)

and it is worth mentioning that the covectors above and the
tensor F, 5, are at least of first order in £ ,,.. The perturbed
Riemann tensor is related to the background Riemann
tensor by
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R,uuaﬁ = R,uvaﬁ + Z.Ta[,,ﬁ;“] +2F yf,,]yﬁ» (12)

alp
where R ,U,aﬁ is the Riemann tensor constructed with the
background metric g,,. Thus, the expansion of the curva-
ture scalar up to second order is

R = R + R,uaag'ua + (:Fa'u - f}y“);,u + jjbﬂfa,u
- \T/,Lyaj?'uav + (j:av;,u, - :]?,u,vy;y)ag'uy; (13)

where again R and R ua are, respectively, the scalar curva-
ture and the Ricci tensor of the background. To complete
the expansion of the Lagrangian we also need the metric
determinant up to second order, namely

£ Eut 5_2]
8

Fz\/—_g[wz T (14)

A. Second order gravitational Lagrangian

Using the above expansions [Eqs. (13) and (14)], we can
decompose the gravitational Lagrangian given in Eq. (7) in
powers of the perturbations £ ,,. Besides grouping the pure
background part and the first order terms, we can distin-
guish in the second order Lagrangian a kinetic and a
potential term. Thence, we decompose the second order
expansion of the gravitational Lagrangian as

L,=L,+ 8Ly +6L8) +6LY + 6L (15

where the background and the first order terms are,
respectively,

. _ R
.Eg :V—gﬂ’

with le being the Einstein tensor evaluated with the
background metric g,,. These two terms are self-evident
in view of the variational principle and need no further
analysis. The last term 6 L, includes all surface terms

sL = ——V2;g G,Em,  (16)

S‘Egsur,l ZZEKg(fa'u - j.‘b,u + j:ag'ufa'g);,u,
Wi ¢
2k

(Fo = F5= Fut] . a7

s

and hence is irrelevant for dynamics. Finally, as we men-
tioned above, the second order Lagrangian can be splitin a
@
gk

kinetic term 8 L, that includes derivatives of the pertur-

bation and a potential term o ﬁézp) without derivatives of the
perturbation. These terms read

8Ly = ngm) - FuF (8

§*re

or2 =y_8 (GW + @R)m(fw -

2k 4 ) (19)
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Note that the kinetic term 6£2,2k) is quadratic in F,,”.
Therefore, to express the Lagrangian in terms of the metric
perturbation, we must first relate F,,,” with the perturbed
kinematic parameters associated with the spatial slicing.
We should stress that this is a key step in our procedure.
The conciseness of describing the metric perturbation in
terms of the kinematic parameters is crucial to perform the
very involved expansion of the gravitational Lagrangian
without ever using the background equations. This calcu-
lation can be found in detail in Appendices A and B. In
Appendix A, we obtain the perturbations of the kinematic
parameters for an arbitrary spatial slicing defined by the
normal vector field v#, and in Appendix B we relate them
with the terms appearing in SL‘(ng) for a generic metric.

In the case of a Friedmann background, the second order
Lagrangian given in Eq. (B28) can be further simplified.
For these metrics, there is a preferred slicing with normal
vector ¥* in which the spatial sections are homogeneous
and isotropic. Straightforward calculation shows that, for
this foliation, the extrinsic curvature and the spatial Ricci
tensor are diagonal

7,uw R,uv = 2127/“;,

x =

2%

w| @

with the expansion factor and the function K being homo-
geneous, i.e., @)”M =0= kll,u‘ Thus, the Einstein tensor is
given by

= . = ®2 _ = @ @2 ’?,LLV
G/'U’_ 3K+? U/LUV_(3K+2 + )T (20)

The symmetries in the Friedmann metric simplify signifi-
cantly the kinetic second order term in the gravitational
Lagrangian. Given the background foliation ¥#, the metric
perturbation can be decomposed as

&y =2¢0,0, + 2B, 0, +2C,,, 21
where (see Appendix A for details)
_ lE]
,

Using the scalar, vector and tensor decomposition (see
Ref. [22]) we rewrite the metric perturbations as

1
d) = Efﬁfu Bt = _’7[513'“]’ C,LLV

B, =By, +B,,
Crv=9Yur = Elpw + Foll) + W
=W, "

where B””M = F“”M w = Wt = 0. It is straight-

forward to show, using the results of Appendix A, that in
terms of this decomposition the shear perturbation reads

S 2

[~ =~ Y urD

80'#,, = I:D(/LDV) - 3

]5os + 80" 1)

+ WY aw (22)
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where we have defined

Sot = <B —&+ %@5), Sov*=B*+F*  (23)

The perturbation on the expansion factor gives
80 = D*50° + O + 34). (24)

Finally, the perturbations on the spatial Ricci tensor and
curvature scalar are

y[6R,"1=0, F[6R;"]=—2K[B! +B"],
SR, 1=~ W = 7, [D* + 4]y —[D* — 2KIW,,
SR = —4D%y,

where we have defined the operator D% = D* + 3K.
Using this decomposition, the second order gravitational
Lagrangian is

2K

N

SLY = 8K, 8K, — 60>~ C,"6R, *

+ (g - ¢)5R +Gy5(B,B* — ¢* —24C)
+ G 7*rQ2CHeC,, — CP), (25)

with C = &,,,9#7/2. In the above expression, the last two
terms are proportional to the background Einstein tensor.
Combining them with the part coming from the matter
Lagrangian, these terms will be proportional to the back-
ground Einstein equations. Thus, if the background equa-
tions are valid they vanish. However, we shall show that
they can be eliminated by a simple redefinition of the
perturbed fields, which is valid independently of the back-
ground equations. The main advantage is that the resulting
Hamiltonian obtained without using the background equa-
tions can be used to not only quantize the perturbations, as
it is commonly done in the literature, but also the back-
ground degrees of freedom.

IV. PERFECT FLUIDS ACTION

In Ref. [23], it has been shown that is possible to obtain
the equations of motion for a perfect fluid from a varia-
tional principle. This formalism decomposes the four-
velocity of the fluid 9, in terms of potentials as

19,11, = VMQDI + §D2vu¢3 + 904v,u,s’ (26)

where ¢, for a =1, 2, 3, 4 are arbitrary scalar fields
and s = @5 represents the specific entropy of the fluid.
In addition, the specific enthalpy is simply given by the

module of the four-vector, i.e., ﬂE‘/—ﬁﬂﬁyg’“”.

For future use, it is convenient to define a normalized
vector field

103503-4



QUANTUM COSMOLOGICAL PERTURBATIONS OF GENERIC ...

u, =L 27)

In principle, this vector-field can have nonzero
vorticity, hence, it does not define a global foliation.
Notwithstanding, this does not pose any problem since
our procedure to study second order perturbations is still
valid regardless of the existence of a global foliation. If
eventually desired, one can always impose conditions on
the scalar fields ¢,’s to annihilate the vorticity and con-
struct a cosmological model. Thus, we shall carry on the
simplification scheme for the general case and only after-
wards, when needed, we shall impose the conditions for a
homogeneous and isotropic model.

The action for the fluid is

s, = f dxL,, with L, = =gp®.s), (28)
where the pressure p is a function of the enthalpy and of
the entropy. In terms of the enthalpy, the first law of
thermodynamics can be cast as

Ip
= —7n, — | =n

ad

ap

d9 = 7ds + — dp,
as

Thus, first order variation of the Lagrangian with respect
only to the fluid’s degrees of freedom is

6L, = —J/—glnu*89, + ndsl. (29)

The perturbation in the vector field 9, should be expressed
in terms of the potentials ¢,’s. Hence, by varying the
action with respect to the ¢,’s and s, respectively, one has

V, [nu*] =0, V,p3 =0, Ve, =

(30)
V,s =0, V.04 =170

Combining the above equations we obtain

8= [-0"9, = —V,0,. 31)

Finally, the energy momentum tensor for the fluid is
simply

T,, =nduyu, + pg,, = puyu, + py,,, (32)

where the energy density p is defined by p = nd — p.

A. Second order matter Lagrangian

In this subsection we shall perform the same expansion
up to second order in the fluid Lagrangian as we have done
for the gravitational part of the action. In the process of
expanding the Lagrangian we shall need the following
relations:

an
09

T
0

an
as

Recalling that ¢ = (p + p)/n, we obtain
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on n oT T L
- = s - —_ + —_—
99 2 99 Y ndc?
(33)
on (1l +c2) +
as 29

with the speed of sound ¢? and ¢ defined as

_9Jp
=P

2 _9p
* as

Cy
K ap

p
The first order term in the expansion of Eq. (28) is

88 J=7 .
sLh — 690‘“ S, + 5 Squrg,, (34)

where the overline means that the quantity should be
evaluated using the background fields. To simplify the
expressions, we define the notation representing, respec-
tively, the perturbation of F by varying only the matter
fields or the metric as
or= [atn 2T
,u

sor= far

noting that one should sum over all scalar fields ¢,,’s. Thus,
the second order part is

08u  (35)

2 g

— [MzTW e
o gung, — £
bl grag,r - 55

s S 8p.8¢,(y)

+ [ d%y =),
Se.805(y) 22

where we wrote explicitly only the space-time coordi-

nates that differs from x. The first two terms above are,
respectively,

(36)

&

-
8¢TH = [ﬁ(zya(ﬂw — yurga — L2 f;“)]az‘}a

L
- (T" Lonpr + i W”)&v, (37)

1 j‘ dy 82 8¢0,6¢,(y)
NaT 80,6¢,(y) 2
- wff)aa 89, — —5219

5589, (39)

with the second derivative of the pressure defined as
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a%p
952

__d(tn)

9 as

w

(40)

b}

In the above variational method, we have considered
the enthalpy ¢ and the potentials ¢,’s as the fundamental
dynamical variables. However, it is convenient to rewrite
the perturbative expansion in terms of the usual fluid
variables, namely, the energy density, the enthalpy and
the four-velocity of the fluid. To relate these quantities,
we note that the first order perturbation of the
enthalpy gives

_6(9,9,8"")
29
= -89, + V. 41)

89 = — 89,0 + 9

In addition, the normalized velocity field u, Eq. (27) is
related to the background velocity field v, through
¥ 09,

u, =——=v, +

I _
M 9 M 9 ,&

59 (42)

_ _ . 67,
=v, —¢v,+U, with U, = Y[T] 43)
These expressions, together with the thermodynamic rela-
tions, allow us to rewrite the first order pressure and energy
perturbations as

Sy = 280 + iy, (44)
] L
50 =259 ———t5s,
CS CS

189 + (Fa+1)ds — i J ¢
_2 .
CS

(45)

Combining all the above results we can write the second
order Lagrangian for a general perfect fluid as

0Ly _ (89, ADUUY 78D, w(bs)

J=g 280 2 2 2
Fa(l+ 3+t . -
N [77(1 cjz 4 085805 7 8BV, + Cop
csv
+ ¢d0 — 19 Ch — —— ¢?
2¢5

+ g(—ByBV + ¢? +2Ce)
+ %(—ZC/CVV +C?), (46)
where 62%; = 2(80,8¢3 + 8¢40s).

B. Homogeneous and isotropic perfect fluid

In the last section, we have performed the expansion of the
matter Lagrangian up to second order considering a general
perfect fluid. Nevertheless, considering cosmological models
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with a Friedmann-Lemaitre-Robertson-Walker (FLRW)
metric, Einstein’s equations require that the background
energy and pressure of the fluid shall be homogeneous and
isotropic. Even though this condition does not impose that
all the potentials ¢,’s are homogeneous and isotropic,
we shall do so to avoid any entanglement in the perturba-
tions such as mixing the vector and scalar sectors (see
Appendix C for details). Assuming that all the potentials
are indeed homogeneous and isotropic, Eqs. (26) and (42)
give us

59
U, = *7[7“] = Vi

V= opy + @25_% + @453'

(47)

Additionally, one has that the perturbation of dd; =
09, v* is given by
89 = Ly — E20)V — 765 + Q, (48)
where the function Q has been defined as
Q= —0p3E; — 6sEg, + 69rE,,
+ (8¢4 + V% )EJ + Végﬁ

n

E; (49)

n
with the E’s representing the background equations of
motion, i.e.,

E¢3:¢3’ ESZE
E,=ii+0Oq.

E@z = S.DZ’ (50)

Ee, =@y — 7,
The function Q groups all the terms that are formed by
perturbation variables multiplied by background equations
(30). Note that the Lagrangian Equation (46) depends
on 8¢, only through V, i.e., we can make the change
of variable ¢, — V by inverting Equation (47). With
this new variable we can rewrite the perturbed energy
density as

nQ
e=or =7 51)
AN, —EO)V +ids — D¢

op =

&

where we have defined the perturbed energy density 6 p by
excluding all the terms that depend on the background
equations. In the same way, we have for the pressure and
particles density

ng

5N = 5” - S
cid

op = op — nQ, (52)

where 6 p and én do not depend on the background equa-
tions and are given by
Sp=3c2p +ids=—aHNL —ZO)V +ide,
(33)
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S = op —_i'ﬁ os
U
_ Ad, —B20)V+ids—idd  7ads
B 29 N
(54)

It is convenient to make some simplifications. Note that
we can invert Eq. (54) so that we have 9(¢; — ¢20)V in
terms of 6n and &s, which then can be substituted in the
Lagrangian. In addition, we shall rewrite the terms involv-
ing C and V”y, respectively, as

L (/—gacdV) N EE

Cép—ndCh = — = r‘zCVg s
+ COV( + &3) L, + O)i
+ad VG,
and
9B V), =@dB" V), —idB" "V,
ad vy, Vir <fz 5VV"7) Ad VDZV.
2 2 lly 2

We can use the thermodynamic relations [Egs. (33) and
(40)] to write

T 1([7a(1 + &)+ _

a5 la 5{ 2i 9 - w}’ (53)
T Facc+1
Pyl P o

As aresult, the Lagrangian Equation (46) for a homoge-
neous and isotropic perfect fluid is given by
5L _ 89, 07| s ad VDV
J-z 2 05 | 2 2
— i(8@4bs + 8,805 — DOV

+ 90 ¢V — ¢78s)

bg
L

(8,87 - ¢ = 2¢)
- g(zcyvcy7 — ), (57)

where the term ltl’g contains the quantities proportional to
the background equations of motion, i.e.,

SN+ 6
bg——Q( 5 n+ﬁC)
a0

+ VC[5(1 + 3)E, + ﬁF
S

E] (58)

The kinetic term in the Lagrangian above is quadratic in
on, which is not gauge invariant. The advantage of using a
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gauge invariant kinetic term is that the associated momen-
tum will also be automatically gauge invariant. Hence,
we will now eliminate én from the above expressions.
Note that

[y =-{=g6p—0adV), (59)
II5,, = —/~3d¢,, (60)
s, = —/—3i(8¢, + 7V), (61)

are gauge invariant combinations of the fluid variables.
Given the definitions above and Eqgs. (47)—(54), we have

295 A 1 ﬁ1§5§®2
25 T 2 b \/_2 2
EPn+ 207
29
—AW(FOV —785)V —

VZ

852 + pii(H OV — 785)
(i 7+1)0Vés.

In order to simplify the expression above, we rewrite the
following two terms involving V? as

C e
S0 Y596 VY
_ & (J—g‘&@Wﬂ)
- 2 _ = -
[0(1 + )E; + it i Ef]—(mf LAY
aS i 2 2
and the two terms involving V &s as
i78sV —[2a7+i]0 Vs
pU .
=2 [J-gn7ésV]—ni7ésV
=z 8
_ _ T o7 7]
- {[T(l +¢2) + t]Eﬁ + o5 EE}(SSV.
n il

Using the two simplifications above and discarding the
surface terms we obtain

LY @2 M3, 882

+S +H558S H5¢35§D3
Ve TN £ N= RN
nﬁ

3 VDZV——(m?V)ZJrnﬁ(S@V

+ 10 4 158 — g(ByBV — $2—2Ce)

~Lecyer - (62)
where the term multiplying &s? is defined by
S = ﬁw — ,-1877:- .
J a5 |z

103503-7



S.D.P. VITENTI, E. T. FALCIANO, AND N. PINTO-NETO

Hence, 6n has been eliminated from the kinetic term of
matter Lagrangian. With these modifications the extra term
including quantities proportional to the background equa-
tions is

e = — —3219 VAE, + Es)
- {I:i'(l +22) + éilE,, + a[n_T] Eg}ésV
7l a5 |j
. _
LoV [5(1 + EE; + ﬁ%—? ET:I (63)

where E; and E are the background Einstein’s equations
[see Eq. (20)], i.e.,

] G o7
Ey=Goy—xp, Ey=—"T——xp (64
and
2(= 3k _
EU+E7=——< + —31().
3 2

Similarly to Eq. (25) that describes the second order
gravitational Lagrangian, the fluid Lagrangian has several
terms proportional to the background equations given by
I + 5%, In addition, the last two terms of Eq. (62) multi-
plying the background energy and pressure are identical to
the terms appearing in (25). As we shall see in the next
section, when these terms are combined with the ones
coming from the gravitational sector, it is possible to
discard them without ever using the background equations
of motion.

V. FULL SECOND ORDER LAGRANGIAN

In the last two sections, we have expanded the gravita-
tional and the matter Lagrangians separately. We shall now
show that combining these results we can considerably
simplify the total second order Lagrangian. For simplicity,
in this section we will neglect the spatial surface terms
which appear during the simplification. The full second

order Lagrangian § L@ = § L7 + 6 L% is
LD =5L29 4 5LV + 5 LD 1 [ZF[1%+ 15 + 58],

with the new background equations included in 1o,

E;[B,BY — ¢* — 2C¢] + E;[2C,"C,” — C?]
2k '

13 =
(65)

The extra indices indicate each one of the independent
sectors of the linear perturbations, namely, the scalar,
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K ) s S = 2
L2 _ D*8c°D% 60 ¢z 115, N 85s2

210 /32 2

- (%— ¢>%—3LK(5® _@f

VD_%(V i H&YSS + H5¢p36¢3

-8 3k

+ 7 _ =—,  (66)
2 V=8 Ve
and the vector and tensorial sectors
sLCv  oa¥ sl
N , (67)
-2 2K
@y W, YW,” + W, "(D*> - 2K)W,*
sLEN y " Wk 68)

-8 2K

The Lagrangian above is already in a simplified form.
However, as discussed in Sec. IV B it is more convenient to
have a gauge invariant kinetic term. To accomplish this, we
note that the term

=— 56 - 3Kn1?V+ 36_R’
2 40
is gauge invariant, while
C)

is the usual gauge invariant variable defined in the litera-
ture. Rewriting the scalar Lagrangian using both variables
one obtains

5L29 3p2wprw @2 T3, 52 B
_ = Sl e e AL P
- k0O 200 J—8° 2 3k
i) M85 s, 8¢
+ 20 qupgy + M08 | o0 g
202

where we have defined the gauge invariant variable ‘U =

 + ®V/3. In this manner, it appears in the total second
order Lagrangian an additional term

9

lng_—— E5+E- BR,
4 8K®2( 2
which comes from the following substitution
38R _ Y <3«/_—g¢m) _WSR  OysR
2«0 V8 4x0 4k 40%

The lgg + lljg terms contain the time-time and the
space-space FEinstein’s equations, while the other two
terms l‘fg + lgg represent a combination of the fluid’s back-
ground dynamics and Einstein’s equations. Instead of as-
suming that these terms cancel out due to the background
equations, we will follow another route.

Note that since we are interested in linear dynamical
equations, our perturbative expansion has been truncated in
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second order. Furthermore, the expansion has been
done using first order variables and keeping only terms
quadratic in them.

Nonetheless, it is completely legitimate to define per-
turbed variables that already contain second order terms. In
other words, suppose that we have a given second order
combination of the perturbations, §,f. We can define, for
instance, a new variable ¢, such that ¢,.,, = ¢ + o,f.
In doing so, we guarantee that both variables agree at first
order and become different only at second order. Hence,
this kind of modification leaves the first order variables
intact, but can modify the Lagrangian in second order
without, however, modifying the equations of motion up
to first order because we can assume that the zeroth order
equations of motion are valid after variation of the
Lagrangian. Briefly, such change of variables when in-
serted in the Lagrangian does not modify the equations
of motion up to first order in perturbation theory.

Let us explore this change of variables to simplify the
second order Lagrangian. The first order total Lagrangian
can be written as

2K3£g)
V"8

Thus, if we make the change of variable

=—(G*" — kT*")&,, = —2¢E; —2CE;.  (70)

B,BY — ¢* —2C¢p 9y6R
—¢p -2 + 71
6= ¢ 2 807 a
. , 2C,7Cr—CC," 3ySsR _
CM — CM - L ) £ + 8(:)2 7/,L » (72)

all the term 58 + 1% will be canceled out. Additionally, we
remove the remaining terms proportional to the Einstein’s

equations present in lgg with a second transformation

ki d V2 _

— "
(73)

3k 9 V2

Pt GO

It is worth noting that the above transformations do not
change the first order Lagrangian as long as the perturbed
fields are modified only in second order. We can also
perform the same procedure to eliminate the background
equations for the fluid. Once more, we consider the total
first order Lagrangian,

(1) V(=5 9 _
5£m_ _ _(/ gn_z? V) L SVE,
-8 v—8
+ i(8¢@3E;, — 8¢y E5, + 8SE;, — 4Ey),
(74)

where we have used the expression for 6; coming from
Eq. (48). Therefore, one can check that the transformations

that eliminate the term llfg are
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VoV egv(@) + Ve

n

OX + on )

6§02 i 5§02 + 6¢2< o + C

OR + dn
5@3 — 6§D3 + 5@3(7 + C),

90 SR+ 8
a5 | x 2n
N+
55— 85+ 5-_“‘(% + c). (75)
n

Finally, the remaining terms in ltz)g are canceled by the
following transformation

A + =2 2 = + =2 -
VoV 01 2CS)V _ [T(l = c?) N %]’
A " (76)
o7 0V?2 a9
S, — 8oy +—| 65V — —
0s i 2 a§ il

Therefore, we have proved that one does not need to use
the background equations to arrive at the standard second
order Lagrangian. Indeed, by a well defined change of
variables, the terms proportional to the background equa-
tions are eliminated. From a mathematical point of view,
our result is definitely robust, but it remains the question of
the physical meaning of these changes of variables. This
issue can be settle by analyzing the definition of our
fundamental perturbed fields.

Our basic perturbed variable £,, has been defined
using the difference between the physical metric and the
fiducial metric with its co-indices, i.e., £, = gup — &ur-
However, there is no reason to not choose the covariant
difference between these metrics 6gH” = gt — gH?.
Assuming 6g“” as the fundamental perturbed variable,
its time-time component is written in terms of £,,, up to
second order terms, as

v ,0,08"" = —2¢ — 4¢* — B, B?,

which resembles the transformation Eq. (71). Note that a
simple change of basic first order perturbed variables in-
duces a second order change in the original variables in the
same way as displayed by our transformations. Indeed, half
of the terms in the transformation Eq. (71) can be perfectly
interpreted is this very same way.

Therefore, our result that the second order Lagrangian
can be simplified by the kind of change of variables de-
scribed above is an indication that neither 6g,, nor §g#”
should be viewed as the most convenient variables for
cosmological perturbations. Indeed, there must exist a
certain combination of them that implements the above
transformations which simplifies significantly its physical
description. Consequently, this combination should be
viewed as the most convenient one.
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VI. SECOND ORDER HAMILTONIAN

In the last section we have obtained the full second order
Lagrangian for the perturbations. However, in order to
quantize such system one needs to perform the Legendre
transformations to go to the Hamiltonian, and conse-
quently we need the Poisson algebra of the dynamical
variables.

A close inspection of Eq. (66) shows that the scalar
Lagrangian does not depend on any of the time derivatives
of the variables (¢, B, §¢,, ¢,). On the other hand, it
does depends linearly on time derivatives of (§¢s, 8s)
and quadratically on the time derivatives of (¢, &, V).
Therefore, the Hessian matrix is singular and, as expected,
we have a constrained Hamiltonian system.

Here we shall develop the Hamiltonian formalism only
for the scalar sector of the simplified second order
Lagrangian since it is the most involved one, and is more
connected to cosmological observations. The appropriate
generalizations to the vector and tensorial sectors are
straightforward.

Instead of using Dirac’s formalism [24,25], we can deal
with the constraints by using the procedure developed in
Refs. [8,9]. These two formalisms are equivalent but the
latter is operationally simpler than Dirac’s, inasmuch
some of the constrains are solved during the transitions
to the Hamiltonian description. In this way, we keep only
the necessary degrees of freedom.

The quadratic term in the Lagrangian depends on time
derivative of ¢ and £ only through do* and 60, Egs. (23)
and (24). However, 60 depends on both J and £
Therefore, is simpler to use the variable

=5 = - D%

instead of ¢, since by using this variable the perturbation
on the expansion tensor is

80 =3y' + D>B + ¢0.

The first step is to reduce Eq. (69) to a Lagrangian linear
in time derivatives by performing a Legendre transforma-
tion on the variables (¢!, D&, V). Thus, we shall perform
the Legendre transformations only in those variables that
we can invert their relations with the momenta.
Accordingly, we define their momenta as

_ o 96L>Y 2./_
[, = Dy? P, 77
£ UK 5Q,[D*€] k6 n
98 L@y _E
STt -2 8 (78)

and IT, = "M " has already been defined in Eq. (59). The

next step is to invert these relations to obtain the time
derivatives in terms of the momenta,
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3k 3 21//

Q,[D%6] = D*B + —=_ P11 (9
-t_Kﬁé _Q _szB D%(t,b_KHl/,t
V== V3¢5 "+ sz
: 22 :
V=%+¢—$5s. (81)

With these variables, the Lagrangian reads
5L = DAL, D2E + 1 yupt + 11,V + 5,85
+ Mgy, 8¢5 — 8H Y, (82)

where the constrained Hamiltonian 6 H E;,s) 18

ally, | 3kDMIDiINs K1,
2./—gnd 4./—8 12./-2
L t(Kﬁf?’V_{_D_%El//)_ZHV_&S

Y\ 2 0 ad

3DA11 D2y (9m9 5 )
et Sl Y UD? U+ 8
0

@H ) < Hw
+¢(HV_ 3 >+D B(DKHg_ 3 )
(33)

SH Y =

In this intermediary stage we have a Lagrangian that is
linear on any time derivative and is a function of seven
variables (', D>E, 'V, 8s, 8¢5, ¢, B) but only of five mo-
menta (II e I, 11, 5, H5¢3). The extra two varia-
bles, namely (¢, B) have no time derivative and the
Lagrangian is only linear in these terms. Thus, they can
be safely treated just as Lagrange multipliers. By varying
the Lagrangian with respect to (¢, B) one obtains

0 _ 11
My <My =0 and DiIle——"

The above constraint equations show that from the three
momenta (I, IT¢, IT,), there is actually only one line-
arly independent variable. Therefore, we can rewrite all of
them in terms of just one. The choice is irrelevant, and
leads to the same result. Nevertheless, there is a shorter
route, which is to privilege IT¢. Thence, let us write IT
and II, in terms of Il as

le/jt = 3D_%(Hg,

=0. (84)

We can now use this result to simplify the Lagrangian. In
terms of only one momentum the Lagrangian reads

L2 =3D3 MU + s, 8s + s, 803 — SH Y,

T2

where we have dropped the subindex ‘“c¢” in the
Hamiltonian since we have solved all the constraints.
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A direct calculation shows that the unconstrained

Hamiltonian is given by 8 H @9 = § H>¥ + @)HV'V,
with all momenta written in terms of I1.. Hence,

SOD°MI DM ©® DY

SH 2s) = ! -
2./—zid il 19
~ 3 "2
P22 Ez@z)3 KD
2./—gid
97 9
— J—_( 5 {Di( + S )
3 _

— E(E,j + E;) VD311,

where we have defined a new variable
KOTII 2K

(=U-—E=U-"" (85)

J—gnd ki Y

The variable { was introduced just to complete the
square and hence to avoid any cross term between ‘U and
I1.. However, the kinetic part of the Lagrangian is still
written in terms of ‘U variable. By rewriting this term,
we obtain

31€®H5D§<H5>

2 /—gnd

@))3K®H8D2Hg
2/—eid

Therefore, discarding a surface term, the Hamiltonian in
terms of ¢ simplifies to

3D§(H5u=35§(ngg+zzﬁ<

S —
i 0

_<Eﬁ +E§ﬁ+aq§‘

n n s

SH s — E%@)zD_ZHSD_%(Hg B Z@D_%(}_[gﬁs
2\/—gnd nd
J Ss
-y (9” (DY + S ) (86)

As a result of this substitution, the Lagrangian gains an

additional term lts’g that has only terms proportional to the
background equations, i.e.,

OE; 09| - KM D311
l?g=—[(1+6§)®_”+a—? 5]73 AL
7 a5 |a 2\ /—gnd
KII:D211 _
~2(E,+ 157)(73 ECRE VD%J[E).
2 2\/—gnd

As the final step, we can perform another change of vari-

ables in order to cancel the term l'gg. One can check that the
adequate transformation is
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3K(1 + &)OMDA1,

Vov- ,
2(/~ga 9)?
ad 3K®H5DKH5
0@y — Sy + ?n)zﬂ’
(87)
3KKH5DKH5 V_z )
D+ 11
oo 2( 2./~g*ind K=e)

3KKH5DKH5

C—C+
2( NS R

Therefore, we have that the second order Lagrangian to
be used in the variational principle is

8L =3D% M1l + My ds + s, 63 — SH Y,
(88)

VD"%(Hg)

with the second order Hamiltonian 8§ >* given by
Eq. (86).

It is worth emphasizing the steps made up to this point.
When the constraints [Eq. (84)] are solved, the variable

U=y + ? (89)
appears naturally as the combination of the perturbations
involving a time derivative. However, in terms of this
variable, the Hamiltonian contains cross terms of U and
1ts momentum 313%(1'[ ¢- To avoid these terms, we defined a
new variable { in which the Hamiltonian is diagonal with
respect to ¢ and its momentum:

M, = 30300, = Y8 p2 . 90)
x®

To express the results above in a more familiar manner,
we first change the time derivative to a time defined by the
congruence [* = Nv#. We denote the time derivatives
with respect to [# as T' = &, T = NT, where the last equal-
ity is valid only when T is a scalar. In terms of this time

variable the Lagrangian reads

LY =11, + 15, 85" + 15, 8¢5 — 8HZY,  (91)

where the Hamiltonian is given by

M,D°DM,  «u’Tl,Ss
529 — N[K it St S ‘
4NZ? 2NZ?
NSz _ o2
-(ME i vEs)] o

and we defined the background quantities

, = 3 [JFgkid _ N [a’k(p + p) ©3)
0V 2N e H 2N
—— 3+
_ 3«_/ _gL _ Na_L. 94)
02 H &2
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Note that Nz> does not depend on N and, therefore,
Eq. (92) is linear on the lapse function. In the last equality
above, we defined the Hubble function H = 6] /3 and the
scale factor a, with H = ¢/a. With these definitions, one
can write \/—g = a>. For a general time variable, we
express the Hubble function as H = a'/a = NH. 1t is
worth noting that, for a conformal time (N = a), one
obtains the same expression for z as in the literature [see
Eq. (10.43b) in Ref. [26]]. From the Lagrangian in Eq. (91),
we read the following Poisson structure:

{Z(x0), ()} = 83 (x — ),
{65(x), I5,(y)} = 83 (x — ), 95)
{6¢3(x), 5, ()} = 83 (x — ),

where x and y are coordinates at the same spatial hyper-
surface and all other Poisson brackets are equal to zero.
Thus, the time derivative of any perturbation field A is
given by

Al = {A, f dBxSH <2~“)}.

We can also solve the momentum II; as a function of {’.
Varying the Lagrangian with respect to IT, we obtain

o
m, = D;(Dﬂ(% O+ u25s). (96)

Substituting back in the Lagrangian of Eq. (91), one
obtains

5L — + YD + N2
z

VD(D™WV v _ (z” )v
2

kv
+ H&YBS/ + H5¢35§D3/ - ‘/;E

4 2
+ (N\/'—'Es + ku )BS

2z°) 2’
where we have discarded the surface terms. In the
Lagrangian above, we introduced the Mukhanov-Sasaki
variable v = [ Z\/Z/_k, which coincide with the one defined
in Eq. (10.61) of Ref. [26]. Note, however, that the
Lagrangian stated in this reference [Eq. (10.62)] is not
valid for a non spatially flat background metric.
Finally, the total Hamiltonian up to second order is

DD 2(u2ss)

H = HO + f BrdH O, 97)
where the zero order Hamiltonian reads
N 3VakK I12
HO = N(Va3p SEA L ) (98)
K 12Va

SH (2;5) is given in Eq. (92), and V is the comoving volume
and K = a’K the comoving spatial curvature. In this
construction, the energy density is p = p(7i, §), where
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i = —1I, /(Va®) and the Poisson structure is given by
the expressions

{all =1 {e g} =1 {@s g }=1 {5Il}=1

Accordingly, we have explicitly obtained the second
order Hamiltonian and written the complete Hamiltonian
including its zero order part. However, in general, besides
these terms, the full action still contains the first order
Lagrangian, i.e., the 8 L. To deal with these linear terms,
one can use different approaches. For example, in Ref. [1]
the authors define a first order Hamiltonian and argue that
in a perturbative regime they are not relevant to the quan-
tization inasmuch as they can be modified by changing the
ordering of the operatores and eventually only add a global
phase to the quantum state. Alternatively, in a classical
Friedmann model, by redefining the background variables
one can always make each perturbed field to have zero
spatial mean, which discard the first order Lagrangian all
together (see for instance Ref. [3]).

Note that our calculations have been done as general as
possible, namely, for an arbitrary spatial curvature K and
for an arbitrary fluid, which can include entropy perturba-
tions. Particularly important is the fact that we have no-
where used the background equations of motion. Thus, this
Hamiltonian system for the second order fields can be
simultaneously quantized with the background degrees
of freedom.

VII. COMPARISON OF THE METHODS

We have repeatedly stressed that our simplification pro-
cedure using field redefinitions eliminates terms propor-
tional to the background equations, but it is important
to remark that this is not equivalent to use these equations
explicitly.

As a matter of fact, the first order Lagrangian is com-
posed of terms that are always in the form of a zero order
equation of motion multiplying a single perturbed field.
This is essentially a consequence of the fact that the
equations leave the action stationary.

As a result, any redefinition of the perturbed variables
including second order terms will inevitably introduce
terms proportional to the background field equations in
the second order Lagrangian. These are exactly the extra
terms that we have used to simplify the second order
Lagrangian. Notwithstanding, one should note that we
are only allowed to implement contact transformations,
as you are working in the Lagrangian formalism, which
limits the types of terms we can eliminate in the second
order Lagrangian. Thus, it is not a priori evident that one
can fully simplify the second order action through these
transformations, but one has indeed to show case by case
that all unwanted terms can indeed be discarded. As an
example, we mention that any second order term involving
time derivatives of the perturbations cannot be eliminated.
Therefore, terms in the second order Lagrangian that are
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proportional, for instance, to EpVV (defined below)
cannot be discarded through our transformations.

Another very important point is that the use of the
background field equations produces an ambiguity in
the form of the second order Lagrangian and, for this
reason, an ambiguity in the perturbed momenta obtained
from it. To be more specific, let us consider the momen-
tum [T+, that is defined in Eq. (§9) as Il =
—/=2(8p — @79 V). We can easily identify that the
term multiplying V is half of the background energy
density conservation equation [see Eq. (50)], i.e.,
E; = 0, where

E,=0E, +TiE;=p+0Oiad=p+0p+ p).

Suppose now that during our procedure, instead of the
above expression defined in Eq. (59), we had bumped into
a similar term such as 1, = —/=g(8p + p V). At the
classical level, or when quantizing only the perturbations,
where the background equations are valid, these two ex-
pressions are equivalent. Nevertheless, this equivalence is
not fulfilled at full quantum level, where quantum expec-
tation values of physical quantities like 6p may differ, as
its relation to II+, is not the same. Therefore it seems
imperative to discern between these two definitions of
the ITy, momentum.

To change the definitions of II+, as above one has to
use the E; term, as we can write Ily,/ J-Z2=
—(8p +pV)+E; V. As long as the momentum II,
appears squared in the second order Lagrangian, the
change of definitions of this momentum is equivalent to
have two extra terms in the Lagrangian one being propor-
tional to E;0 pV xE P V'V, which is exactly the type of
term that our procedure cannot eliminate. Therefore, this
ambiguity in the definition of II, is not present in our
procedure, contrary to the situation where one assumes the
background field equations. As a matter of fact, following
our procedure all the way through, gives us a unique and
unambiguous definition of the momenta.

The discussion above revolves about the Lagrangian
action principle, therefore, one could wonder whether there
are transformations in the Hamiltonian formalism capable
of dealing with the terms discussed above. It is easy to
check that the type 2 canonical transformation applied to
the constrained Hamiltonian in Eq. (83) with the generator

J= E-
transforms the momentum as
My — Y =Ty = J=3E, V = —/=&(8p + 5 V).

However, this transformation is time dependent and, for
this reason, the Hamiltonian should transform as

s s ) = — 7 V2
SHEY — s H + (O J=FE, + V=EE;)

GZ(V Hnew) + VHnew
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introducing a time derivative of the equations of motion
E;, which cannot be removed from the Hamiltonian using
transformations involving the perturbative first order vari-
ables. This is similar to what happens in the Lagrangian
formalism, using contact transformations: one could try to

eliminate the term \/—gE, V'V rewriting it as

Vo V2
¢o(VTBE ) ~ (OVTEE, +VTEE)

and then remove the additional terms using a contact trans-
formation. However, in this case, these terms are not
proportional to the zeroth order equations of motion and,
hence, they cannot be removed with the methods we have
been using so far.

Summarizing, there are at least two strong reasons to
implement our procedure instead of using the background
equations of motion. The first reason stems from the fact
that the change of variables technique implemented in this
article may not yield, in general, the same second order
Lagrangian. One has to show that all the terms to be
simplified are indeed of the allowed form. Secondly, and
most important, our procedure solves the ambiguity in the
definition of the perturbed momenta if one assumes the
validity of the background field equations. Hence, in order
to obtain the correct kinetic terms, and consequently the
correct Poisson bracket structure, it is necessary to obtain
the second order Lagrangian without referring to the
background equations of motion.

VIII. CONCLUSIONS

The main result of this paper was the construction of the
Hamiltonian [Eq. (97)] describing the dynamics of linear
cosmological perturbations on a homogeneous and iso-
tropic background with arbitrary curved spatial sections
filled with a general fluid with entropy, with the zeroth
and second order Hamiltonian terms given by Egs. (92)
and (98), respectively. It is a rather simple Hamiltonian
obtained without ever using the background equations of
motion, which can be immediately used for the canonical
quantization of the perturbations and background, as it was
done in Refs. [2—4] for the case of hydrodynamical perfect
fluids and scalar fields without a potential.

Similar forms of the Hamiltonian 6§ H ¥, obtained in
the case of matter described by one scalar field, have been
derived in the literature and considered in the cosmological
context of a one-bubble inflationary universe and in
K-inflation, see Refs. [27,28]. Besides the generality of
our approach, note that our procedure follows the logical
steps of going from a Lagrangian system to a Hamiltonian
formulation, and the commonly known variables present in
the literature, such as ¢ as defined in Eq. (85), appear
naturally during the process.

Our next steps are, of course, to perform the
canonical quantization of the model, and use the same
Faddeev-Jackiw reduction method in order to obtain a
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simplified Hamiltonian for the case of scalar fields with a
potential filling a Friedmann model with arbitrary curved
spatial sections without ever using the background equa-
tions of motions, hence completing the program initiated
with Refs. [2-4] for the case of linear cosmological per-
turbations in homogeneous and isotropic backgrounds.
Then we can begin the much more involved program of
obtaining the Hamiltonians describing the dynamics of
linear perturbations in Bianchi models and of second order
perturbations in Friedmann models.
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APPENDIX A: KINEMATIC PERTURBATIONS

In this Appendix we shall obtain the perturbations of the
kinematic parameters defining an arbitrary spatial slicing.
The space-time foliation can be defined through the normal
vector field v* which in turn can be characterized by its
kinematic parameters. We perform these calculations for
an arbitrary background with another choice of spatial
hypersurfaces (v#) with the assumption that both spatial
sectioning are global and that the background foliation is
geodesic, i.e., v*V 0" = 0. However, we are interested in
a description in which these sectioning are close in the
sense that 6v* = v* — v* has the same order of magni-
tude as &,,,. Thus, at first order we have

vaVg“” =~ —1—§&;5 +20v; = —1,

¢ (AD)

>

where we have defined the time-time projection of £,,,.
Defining the spatial projection of dv,, v, = y[év,]
we obtain

=>8U,D=¢E

ov, = —¢v, +Vv,, (A2)
and for 6v* = v* — D#,
ovH = ¢pu* + V¢ + BH, Bt = —y[&#] (A3)
Finally, the perturbation in the projector 7y, ” is
8y, =y, — ¥, =V, 0"+ 0,V + B (Ad)

1. Acceleration field

Using the expressions above we obtain the perturbation

on the acceleration (6a, =a, —a,) as

8a, =B K, +V, — ¢v, + F 5. (A5)

From Eq. (9) we note that F ~&uvia /2, hence,

alur) =
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:F,u,ﬁﬁ = _(ZS”,U« + d)l_},u - Baj<apx

In terms of the metric perturbation, the perturbation of the
acceleration field reads

(A6)

6(1#« = VM - d)”#«' (A7)
The covariant field is expressed by
oat = dnj'u + [Boz + \'/a],)—/au - Dl‘/M’
(A8)
Sat = v, g — ¢||M’
where the spatial projection of ¢,,, is defined as
_ YEu]
Cp,l/ = T) (A9)
and the projection ', can be written as
Foou= 0, + ¢, + B, (A10)

Note also that the global slicing condition Vj,v,; =
ar,v,), reduces at first order to

V[V”ﬂ] = 0. (All)
2. Extrinsic curvature
From its definition K ,, = y[V,v,], we obtain
SI 7 =0, 8K = —[v7 + B"].7_<U”,
53(,,}7 = —V,,KM", (A12)

6K, 1= ¢XK,” +[v' + B, — W[ Fs," 1

The projection y[ F;,”] can be calculated directly from
Eq. (9)

B lIlv_pv
NFou"1= —[“f”“ + 7#ayvﬂcﬁa]. (A13)
Substituting Eq. (A13) back in Eq. (A12) we have

_ . L BB,

WK, 1= dXK," + v, + 5
+ Vua 7P Cp" (A14)

Equation (A12), relates )‘/[Tﬂﬁﬁ] with the extrinsic
curvature perturbation 8K MB. To obtain an expression
for y[F "] we have

5.7(1713 = O, 5.7<Mlj = _(V(r + B(r)j<g-u,
?[5‘7<,LLV] = _¢j<,u,v + Vol + ’)_/[j:,uyﬁ]' (A1S)
3. Expansion factor

Recalling that © = XK, *, Eq. (A14) gives us
80 = ¢0O + [v* + B*], + C. (A16)
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4. Spatial curvature

We can rewrite Eq. (2) by substituting the spatial de-
rivative with its explicit form in terms of the covariant
derivative. In this manner, we obtain

R VaB = ZK[M'BKV]Q + 7[R,u,vaﬂ]' (A17)

)2
Therefore, the perturbation at first order becomes
— K K. B
SR e = 253<[M55<V]a +2K,70K
+ SY[RILLVIIB] + ?[ERILLV(XB]’

Using Eq. (12), the last term above can be expressed as
7[6R/.LVCYB] = 7[3:'&[1,3;#]]
= ’)_/[‘TQ[VB]”M] - ’)_/[-Tﬁ[vﬁ]:j(/‘«]a
a k[#ﬁy[fv]aﬁ]'

We can use Egs. (A12) and (A15) to express the tensor
F /wﬁ in terms of the extrinsic curvature. In this way, the
time projections of the perturbed spatial curvature are

N =

SR ;,aP = —(v7 + BY)R,,.°,
5'.Rm—,aﬁ = —(v7 + B”)lea'g,
, i (A18)
O0R ,,;F = —(v"+B)R,,,",
5R;Lvozﬁ = _VO'R/LVCY(T’

while its spatial projection can be rewritten as

7[6Rﬂvaﬁ] = 4[V[Vj<,u.][a'||a] + (V[a'j<a][y)||,u,]]7”'g
+ 2BP Ko Diwy + 29LF o, Plir - (A19)

In addition, by projecting Eq. (9) we have

HF 1= Yo = BE K, (A20)
where we have defined the tensor
Yar# = =¥"P[Casly T Covla = Carlic}  (A21)
and its contractions
Yoa = Yo" = —Cla, (A22)
Y, A=Y, Py = —2C, 1,7 T Clu (A23)

In terms of the tensor Y, ?, the projection of the spatial
Riemann tensor becomes

5/[5?_/.“}0/3] = 4[V[Vj<,u][(r||a] + (V[rrj<a][y)||,u.]]’7(rﬁ

+2Y . B

afv |lul (A24)

Alternatively, we can also express the perturbation
of the spatial Riemann tensor in terms of metric perturba-
tions, i.e.,

PHYSICAL REVIEW D 87, 103503 (2013)

')7[872;1.1/&3] = 4[V[Vj<,u,][¢r||a] + (V[a'j(a][y)ﬂ,u]]ilaﬁ
+2(Cofalioln = Culallo)¥"?
- (R )‘C(r/\ + j{,u.mr/\c)ta)’y”'g‘ (AZS)

mra

a. Spatial Ricci tensor

We can obtain the normal projection of the perturbation
on the spatial Ricci tensor by contracting the indexes v and
B in Egs. (A18) and (A24), which gives

8R;, = —(v7 + B)R,,. (A26)
Similarly, its spatial projection is

?[6RMQ] = 2(ij<1/(,u,||a) + V(Mj<a) ||VV B V(M®||a)

VI Koty + Vol K ) =V, Kpa

~Vu® + Y Y (A27)

_ v
aallp = Yap" |,

Using the spatial projection given in Eq. (A25), one has
YR ol = 200" Kty T ViuKay 1"~ Viu Ol

|Ivj<
= Cllaw =€

FV Kl T Vol (w K ) = V7, K pa

Il
aullv

(A28)

~Valw® + 2C7

b. Spatial curvature scalar
The spatial curvature scalar is given by R = R, ,g"“.
Therefore, its perturbation is givenby 6 R = 6R 8" —
R o &, Recalling Eq. (A27) we obtain
SR =4 XK,“ K —2vr 0+ Yo

v lla
=Y,y — 2R, CR. (A29)

T2V
Alternatively, from Eq. (A28) we have
SR = 4v' XK ,“ KE = 2w @ + 2CH”

lv [l e

v la
—2¢,, " 2R, Cr. (A30)

+ 2VV|I,u

APPENDIX B: GRAVITATIONAL
PERTURBATION LAGRANGIAN

In this section we shall rewrite the gravitational
Lagrangian in terms of the perturbations on the kinetic
tensors obtained in Appendix A. These perturbations
were obtained by considering two different spatial section-
ing. However, it is more appealing from a physical point of
view, to construct the perturbed quantities with respect to
the same spatial sections.

We can achieve this change in the description of the
perturbations by imposing that both sectioning have the

103503-15



S.D.P. VITENTI, E. T. FALCIANO, AND N. PINTO-NETO

same normal one-form field ©,. Note however that their
normalization shall not be equal, since each of them is
normalized with its appropriated metric. From Egs. (A1)
and (A2), we see that in this case the field v, vanishes.
Therefore, we can obtain all perturbations for the case
where both slicing have the same normal field by setting
Vv, equal to zero. This kind of kinetic variables are de-
scribed in details in Ref. [29].

First, we shall develop the kinetic part of the second
order gravitational Lagrangian Equation (18). This term
can be decomposed as

5
}'Wyjry(uv) = FauFot = Z I,

n=1

where

L= =WF 5" LT, 771+ 29 F 5, WLF ], (BD)

L =2 F 55" WIF "1+ YT W F7"] (B2)
Ly ==Y Fou IV F "] (B3)
Lbh=FaF, = Fss"Fos’ (B4)

Is = Y F Y IWLF,»71 (B3)

Using Eqgs. (A12) and (A15) we obtain
L =—(XK,” + B )(pIK,» + B )
+ 8K, 8K M —2Ap K, + BY )P I,
+2K,7C,H) + 2K, +2C,7 K, K .

In order to obtain a Lagrangian that is quadratic in the
terms involving time derivative, we can use Eq. (A14) to
rewrite the quantity C,,” K" 6K ,* modifying /; to

L =—(¢XK,” + B )BIK," + B )
+ 5j<ﬂy5j<y,u + 4C”U.7<O.YB[#||Y]
+ 20K, T8I M + 47 7P K (o Cp C .

Additionally, we can rewrite the term 437X, ,C,*C 8”
as

477 K 30 Co C g
= 297F K)o 5[ C, A C ]
B Zgﬁ[JTE?UBj(AaCUACBC']
- V=2
+2C, Cp 2K K g — 7 BO Ky + Ky

(B6)

Therefore, ignoring the surface term, one has

PHYSICAL REVIEW D 87, 103503 (2013)
h=-[¢X,” + B, B3¢, + B ]
+ SKMYBKY# + 4C’“‘T.7<(TVB[M||7]

+2¢K, 8K # + 2C(,)‘CB“|:25<"ﬂj<Aa

— 370K, + 5<M]]. (B7)

The second term [, defined in Eq. (B2) can be simplified
by using Egs. (AS) and (A8). Thus,
l, = —8a,8a” + 2B, 8a — ZBYB,,IJ_("”
+B,B,K"XK,°.

Again we shall rewrite the terms involving only one time
derivative such that

28,8, K7 = gﬁw‘_gf__vng”]
~ BBF(O K op + Kap)
+4B,B, K" X,°, (B8)
and also

ZByBaV = —

Q. p—— [l .
v[zd—fgy¢ . 2B,

Nes
—20B78a, — 2B" ¢ + 4B, K" 5a,.
(B9)
Accordingly, discarding the surface term, we have
l, = —8a,8a” + BYBP[O Kop + Kop)
-3B,B, K" XK,” —20BY8a, — 287”7(1)
+ 4By[]_<7“6aa.
The next term is /53, which can be written as
Iy ==Y, Y,*+ da,(Y,* —Y,*) + da,ba"
+ (Y, = #[6a°))(OB, + B,). (B10)

where we have used Eqgs. (AS), (A8), and (A20). The last
term above can be rearranged as

(Y,* = 7[8a*D(OB, + B,)

L LIV=E(Y, — y[8a*])B,
=[(C = $)B]jo + /=& \/__;[ JB.]

- (C - d))BM”M + 2j<a'B(YaB - 5/[561/;])3,1
(B11)

Hence, ignoring the total derivative terms, we obtain
ly==Y,, Y,*+da,(Y,* —Y,*)+ da,da"
—(C— ¢)B*, +2KP(Y,5 — $[8ag)Ba. (BI2)
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The term /4, using Egs. (A12), (A15), and (A16), reads
Iy = B*,,2¢0 + B", + C+ ) + $?0° — 50°

+2¢d 0O +2K77C,. (¢ — O). (B13)
Once more, we rewrite
= Lo G[/TT4%0] -
2024200 ="V 2 09,
¢ X Ne: )
o 2GFEKPC B] . .
2K Cpyp= 7= —20K,8K,
—20K," + XKy

+202 K, P K o + 2¢j<aﬁBa”B.

5
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Then, ignoring the total derivatives, [, becomes
ly = B*, 2¢O + B" + C+ §) — 60> — O’
—2K7C,py € = 20K, P + K,P)Cp
— 20K POK g +2¢2 K, P K"
+ 2¢5<a33“”3. (B14)
The last term /5 is simply
Is =Y, VY * — ZYVWBVI]_(W + B“/B"j@aj(“(,,
(B15)

where we have used Eq. (9) to rewrite F,,,” in terms of
Y ,,”. Collecting all these five terms we obtain

D1, =8K, 8K "~ 507 —[¢K,” + B NpIK,* + B4 1+ 4CH K, By

n=1

+2C, Cp 2K P Ky = ¥ PO K o + K,o)]+ BBP[OXK 5 + i<aﬁ] —3B,B,X"X,” —20B"§a,
+2B,K"8a, — Yo, Y, * + 8a,[Y,* — Y A1+ 2K*BY 4B, + B“”M[2¢® +BY,,]- QP2 — 2K C,.,C

—AOK,E + K10, + Y, 7Y 2 = 2Y BV K, + BYBO K K9, (B16)
[

In order to simplify further the above equation, we first ~ The cross terms of ¢ and B, are
note that we have the following identities relating the Ricci
tensor and the kinetic variables, lyp = 2[@)(¢37)”7 — j{MY((bBIL)”y]’

&= —K,"K," — Ry, (B17) =2[0¢BY — X,"$pB ], + 2R ;B . (B23)
. o ) B B _ The next possibility is the cross terms between ¢ and
Kuy+0XK,=9R,]1-R,, +2K,7K,,., BI8) C,,ie,

- - lye = 8a,(Y,* —Y,*) —20K," + K, )C,*b,

MRual = K"y = Op (B19) T T g w )69

These are the exactly combinations of background var-
iables appearing in Eq. (B16). In particular, the term
quadratic in ¢ is

lyg = —(K,"K,* + 0)p> = Ry ;2 (B20)

Repeating this procedure for the terms quadratic in B, we
first have that

_ _ 2
B, B", = (BYB* — BXBY ), + (B*,)

—B'B°R,. (B21)

Hence, without the total derivatives, we obtain

Iss = B*BP(OK 5 + Kop) — 2B,B, K7 K"

_ 2
B B*, +[B*),]

= B'BR,,. (B22)

= _[¢(Ybﬂ - Ya“)]”,u - d)BR - Q’R/.LVCV'M¢’
(B24)

where we have used Eq. (A29). The last cross terms are
between B, and C,,, given by

Isc = 4CH Ky Blujy) + 2(Cpully = Cllu¥oy) K*BY.

The extrinsic curvature is given by 3K wr = 0,9,
37 ,,- However, due to the antisymmetry in the above C’s
terms, only the shear contributes. Thus, we can substitute
the extrinsic curvature by the shear in the above equation

Ipc = 4CH7 3 .Y Byyiy) + 2(Cpully = Clp¥oy)TH'BY.
There are also the terms quadratic in C,,,, i.e.,
lec = 2C,AC*QKTPK o — 77P[OK 1o + K o)
+YY A=Y, Y R — ZZK‘”CUYC.
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The last two terms above may be rewritten as
Y 7Y = = (Y, YOy + CWY#VVIIV’
_Ya,u,Yb'u = [Ya’uc/.ur - C[Yaa— - Yb(r]]ﬂa'
C v
S 0Ya = Yl = Yaunn €
Hence, ignoring the surface terms, we have
lec =4C Cp(G7P G pa = ¥7P 370 y0) — C, R
C _ -
+ EéfR —2C,"C,*R,” + CC,"R *
-2X7C,,C. (B25)

It is interesting to perform one last simplification by com-
bining the last two terms to change from the spatial Ricci
tensor R, to the full Ricci tensor R, ,.

J—8 C
5LY) = 7g{53<,/53<ﬁ — 80— C,"8R * + (5 —~ ¢>5R +4CH7G 7By + 2(C

2K

+4C, Cy*(37F 5y, — ¥7P5,75,,) + [(O¢ + B

+ R;5¢% + BYB°R,,, — 2C,7C,*R,” + CC,"R,* — 2R,"C, "¢ + 2R,ui'B'““¢}'

Ily

PHYSICAL REVIEW D 87, 103503 (2013)

Using Eq. (B18), we can rewrite the last two terms
above as

CC,'R,* —2XK""C,,C

_ [/mrCC, K¢

B V-8
+CC, K ,» = CC,7 KM

+ CC,"R,*

Finally, ignoring the total derivatives and rewriting it in
terms of the kinetic perturbations, we obtain

lec = CCL"R,* + (C6K,” — 80C,")a ,*
+[(®@¢ + B )C," — (K, + B,")Clo .

Putting all the above results together we have that the
kinetic term & £izk) [Eq. (18)] is given by

woly = Cllu¥uy)TH'BY

-80)C," — (X ,* + B,I" — 8K ,")Cla,*

(B26)

Using the decomposition of ¢,,, the potential term 6£§§3 [Eq. (19)] reads

5_5;23 = —VZ;g{G'H(BMBM —2¢? = 2¢C) + G;,[4B,C** — 2(¢ + C)B*]

- R
+ G, [4CHC," = BMB" +2C#(¢ = C)] + 1 (4C,,,C*" — 2B, BH +2¢* —2C* + 4¢>C)}. (B27)

Therefore, summing these two terms, we obtain the gravitational second order Lagrangian

c

v _g 14 14
5.[:;2) = 7{5,7(# 6:](:,,’“ - 5@2 - C/L 5RV’U’ + (E - d)
+4CACLY(07P Gy, — 7P 5,7 5,0) + [(O¢ + BY

+ Gy3(B,B* — ¢? = 2¢C) + G;,(4B,C* — 2CB*) + G ,,(2CH*C," — C’“’C)}.

APPENDIX C: MATTER PERTURBATION
LAGRANGIAN

In this section we first express the perturbed matter
Lagrangian up to second order in terms of the perturbations
on the metric and the energy momentum tensor. Then, the
spatial splitting is introduced by writing both perturbations
in terms of its projections.

Expansion up to second order of the matter action given
in Eq. (28) can be written as

Sul8um ©a] = S + 8SW + 853, (C1)

where ¢,’s represent arbitrary matter fields. We are assum-
ing that the matter Lagrangian does not depend on deriva-
tives of the metric. The first order term is

Ily

willy = ClipVuy) T BY

>5R +4CHr7G 7By, + 2(C
-80)C," — (X ,* + B,V — 8K ,")Cl5,»

(B28)

oS V=2 -
sL = S 00, + IS TIE,

(C2)

a

where the overline means that the quantity should be
evaluated with the background fields. To simplify our
notation, we define

SF
O6¢F = fd“x o¢,,
0,

SF
O8F = [d4x8 08y

uv

(C3)

to represent, respectively, the perturbation of F' varying
only the matter fields or the metric.
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The second order part is

5£§§) _ I:(S%DTMV n 58T#Vi|§ﬂy —h[é‘-‘ﬂaé' . ff”“’]
J-2 2 4 2 “ 4

N j'd4y 8Sn  80.80,(y)

80, 80,(y) 24/=8

where we have written explicitly only the space-time co-

ordinates that differs from x. In terms of the full first order

perturbation we have 67,” = 6%T,” + 6¢T,”. Thus, the
second order matter action can be written as

(C4)

2) v v a v
5£_m_ _ [6Tﬂ 3 88T, :Ify“ B h[f““fa” _Egr ]
3 2 4 4 2

828w 80, 00,(y)
+ [ & m 4 - (C5)
f Y 50,005y 2%

Given an arbitrary foliation defined by the field v*, we
define the energy density, energy flux and stress tensor as

S =T (C6)

The perturbation of each projection is related with the
components of 67,” by the relations

ép = 6T,;" — q,B*,

p=T,, g, = —YI[T,,.]
(ChH
8q, = —Y[6T,"]1 — G, ¢ + ©,B7q,, (C8)

o 2/-% “

_8%p +pC

+ ¢(5p 5

The above derivation is valid for an arbitrary back-
ground metric. However, as it is well known, Einstein’s
equations relate the symmetries of the metric with symme-
tries of the energy-momentum tensor. In particular, while
considering a FLRW metric, the perfect fluid shall have
Pllp = Pl = 0. In addition, through the thermodynamic
relations we shall also have §), = i, = 0, as long as

- _ _2 - pp— - _ Q -

Pllu = E5Pyp ¥ )1 and py, = Fnyy + AT 5.
However, for a barotropic fluid where ¢ = 0, we no

longer have the constraint over the entropy (5, = 0).

Notwithstanding, there is still the constraint 1915” uw T

l’_l7_'§||’u = 0.

sL? . 828 8¢, 0¢0,) 8¢q, +g,C
m _ m a _ RR _ M M + s v _
[d Y 50,00,y b (&l 2 ) € (62”
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8q" = —y[8T;"1 + 3" — ,"B* — B’p,  (C9)

6%, =9[6T,"1+ 0,2,"B* — q,B", (C10)
where v# is the background foliation vector field.

Using the above expressions we rewrite the following
parts of the Lagrangian in terms of the projections of both
metric and energy momentum tensor perturbations. For the
energy momentum tensor perturbed with respect to all
perturbations one has

6T, &, y_P

MT = ¢pb6p — B*8q, + C,#6%," — 5B.B"
,B,B*

+ G, (pB* +2BCy*) — 3, 5

For the energy momentum tensor perturbed with respect to

only metric perturbation

ofT,"E  p8%p  BHO%q, . C,
4 2 2 2

M Y /_)
653" — 7 BB

du S," B,B*
+ ZE[pBI + 2BC ] — T T
k4 e

Concluding, the second order matter Lagrangian for a
general combination of scalar fields expressed in terms of
the projections of the metric and energy momentum per-
turbations is given by

882#1/ + S#V(ZS
)

1 _
) —5[P(B,B* — ¢* = 24.C) — §,(4B,C** — 2CB*) + 3,,2C+C," = C*C)]

(C11)

Thus, from Eq. (33), we shall have 7 = 5d§§), where
F(5) is an arbitrary function of the entropy. In this case, the
constraint amounts to [log (77) + F(3)];, = 0. Therefore,
we see that the entropy and the particle density can
have nonzero gradient as long as the above combination
remains constant.

The covector field 19# shall be proportional to the nor-
mal field. Consequently, we also have that )‘/[1%] =
ip + @203, T @45), = 0. Therefore, the choice of a
FLRW as the background metric does not directly imply
that all the background scalar fields ¢,’s shall be
gradientless.

103503-19



S.D.P. VITENTL F.T. FALCIANO, AND N. PINTO-NETO

(1]
(2]
(3]
(4]
(5]
(6]
(7]
(8]

[10]
(11]
[12]

[13]
[14]

J.J. Halliwell and S. W. Hawking, Phys. Rev. D 31, 1777
(1985).

P. Peter, E. Pinho, and N. Pinto-Neto, J. Cosmol.
Astropart. Phys. 7 (2005) 014.

E.J.C. Pinho and N. Pinto-Neto, Phys. Rev. D 76, 023506
(2007).

F. T. Falciano and N. Pinto-Neto, Phys. Rev. D 79, 023507
(2009).

P. Peter, E.J. C. Pinho, and N. Pinto-Neto, Phys. Rev. D
73, 104017 (2006).

P. Peter, E.J.C. Pinho, and N. Pinto-Neto, Phys. Rev. D
75, 023516 (2007).

P. Peter and N. Pinto-Neto, Phys. Rev. D 78, 063506
(2008).

L. Faddeev and R. Jackiw, Phys. Rev. Lett. 60, 1692
(1988).

R. Jackiw, Diverse Topics in
Mathematical Physics (1993), p. 367.
S.D.P. Vitenti and N. Pinto-Neto, Phys. Rev. D 85,
023524 (2012).

V.E. Mukhanov and G. V. Chibisov, JETP Lett. 33, 532
(1981).

A. A. Starobinsky, Phys. Lett. 117B, 175 (1982).

S. W. Hawking, Phys. Lett. 115B, 295 (1982).

A.H. Guth and S.-Y. Pi, Phys. Rev. Lett. 49, 1110 (1982).

Theoretical and

[15]
[16]

[17]
[18]

[19]
(20]
(21]
[22]
(23]
[24]
[25]
[26]
[27]
(28]

[29]

103503-20

PHYSICAL REVIEW D 87, 103503 (2013)

D. Langlois, Classical Quantum Gravity 11, 389 (1994).
S. Anderegg and V. Mukhanov, Phys. Lett. B 331, 30
(1994).

J. Maldacena, J. High Energy Phys. 5 (2003) 013.

D. Langlois and S. Renaux-Petel, J. Cosmol. Astropart.
Phys. 4 (2008) 017.

C. Deffayet, O. Pujolas, I. Sawicki, and A. Vikman, J.
Cosmol. Astropart. Phys. 10 (2010) 026.

T. Kobayashi, M. Yamaguchi, and J. Yokoyama, Phys.
Rev. Lett. 105, 231302 (2010).

A. De Felice, J.-M. Gérard, and T. Suyama, Phys. Rev. D
81, 063527 (2010).

J.M. Stewart, Classical Quantum Gravity 7,
(1990).

B. Schutz, Phys. Rev. D 2, 2762 (1970).

P. A.M. Dirac, Proc. R. Soc. A 133, 60 (1931).

P. Dirac, Rev. Mod. Phys. 21, 392 (1949).

V.F. Mukhanov, H. A. Feldman, and R. H. Brandenberger,
Phys. Rep. 215, 203 (1992).

J. Garriga, X. Montes, M. Sasaki, and T. Tanaka, Nucl.
Phys. B513, 343 (1998).

J. Garriga and V.F. Mukhanov, Phys. Lett. B 458, 219
(1999).

H. Kodama and M. Sasaki, Prog. Theor. Phys. Suppl. 78, 1
(1984).

1169


http://dx.doi.org/10.1103/PhysRevD.31.1777
http://dx.doi.org/10.1103/PhysRevD.31.1777
http://dx.doi.org/10.1088/1475-7516/2005/07/014
http://dx.doi.org/10.1088/1475-7516/2005/07/014
http://dx.doi.org/10.1103/PhysRevD.76.023506
http://dx.doi.org/10.1103/PhysRevD.76.023506
http://dx.doi.org/10.1103/PhysRevD.79.023507
http://dx.doi.org/10.1103/PhysRevD.79.023507
http://dx.doi.org/10.1103/PhysRevD.73.104017
http://dx.doi.org/10.1103/PhysRevD.73.104017
http://dx.doi.org/10.1103/PhysRevD.75.023516
http://dx.doi.org/10.1103/PhysRevD.75.023516
http://dx.doi.org/10.1103/PhysRevD.78.063506
http://dx.doi.org/10.1103/PhysRevD.78.063506
http://dx.doi.org/10.1103/PhysRevLett.60.1692
http://dx.doi.org/10.1103/PhysRevLett.60.1692
http://dx.doi.org/10.1103/PhysRevD.85.023524
http://dx.doi.org/10.1103/PhysRevD.85.023524
http://dx.doi.org/10.1016/0370-2693(82)90541-X
http://dx.doi.org/10.1016/0370-2693(82)90373-2
http://dx.doi.org/10.1103/PhysRevLett.49.1110
http://dx.doi.org/10.1088/0264-9381/11/2/011
http://dx.doi.org/10.1016/0370-2693(94)90939-3
http://dx.doi.org/10.1016/0370-2693(94)90939-3
http://dx.doi.org/10.1088/1126-6708/2003/05/013
http://dx.doi.org/10.1088/1475-7516/2008/04/017
http://dx.doi.org/10.1088/1475-7516/2008/04/017
http://dx.doi.org/10.1088/1475-7516/2010/10/026
http://dx.doi.org/10.1088/1475-7516/2010/10/026
http://dx.doi.org/10.1103/PhysRevLett.105.231302
http://dx.doi.org/10.1103/PhysRevLett.105.231302
http://dx.doi.org/10.1103/PhysRevD.81.063527
http://dx.doi.org/10.1103/PhysRevD.81.063527
http://dx.doi.org/10.1088/0264-9381/7/7/013
http://dx.doi.org/10.1088/0264-9381/7/7/013
http://dx.doi.org/10.1103/PhysRevD.2.2762
http://dx.doi.org/10.1098/rspa.1931.0130
http://dx.doi.org/10.1103/RevModPhys.21.392
http://dx.doi.org/10.1016/0370-1573(92)90044-Z
http://dx.doi.org/10.1016/S0550-3213(97)00780-3
http://dx.doi.org/10.1016/S0550-3213(97)00780-3
http://dx.doi.org/10.1016/S0370-2693(99)00602-4
http://dx.doi.org/10.1016/S0370-2693(99)00602-4
http://dx.doi.org/10.1143/PTPS.78.1
http://dx.doi.org/10.1143/PTPS.78.1

