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Scalar field perturbations with arbitrary potentials in quantum backgrounds
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In this paper it is shown how to obtain, without ever using the background classical equations of motion,
a simple second order Hamiltonian involving the Mukhanov-Sasaki variable describing quantum linear
scalar perturbations for the case of scalar fields with arbitrary potentials and arbitrary spacelike hyper-
surfaces. It is a generalization of previous works, where the scalar field potential was absent and the
spacelike hypersurfaces were flat. This was possible due to the implementation of a new method, together
with the Faddeev-Jackiw procedure for the constraint reduction. The resulting Hamiltonian can then be
used to study the evolution of quantum cosmological perturbations in quantum backgrounds.
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I. INTRODUCTION

The usual theory of cosmological perturbations, with
their simple equations, relies essentially on the assumptions
that the background is described by pure classical general
relativity, while the perturbations thereof stem from quan-
tum fluctuations. It is a semiclassical approach, where the
background is classical and the perturbations are quantized,
and the fact that the background satisfies Einstein’s equa-
tions is heavily used in the simplification of the equations.

The next and more fundamental conceptual step is to
consider the more general situation where quantum effects
are present already on the background geometry. In this
regime, the usual semiclassical treatment of cosmological
perturbations is no longer valid.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 background
homogeneous model as an important improvement to the
usual semiclassical approach [1]. Note, however, that this
program prevents us from using the classical background
equations, as it is usually done, to turn the full second order
action into a simple treatable system.

Furthermore, it has already been shown that it is possible
to simplify the Einstein-Hilbert action through canonical
transformation techniques for a barotropic perfect fluid and
scalar fields without potential in a flat spatial section
Friedmann model [2-4]. In these frameworks, the
Hamiltonian constraint of general relativity up to second
order was put in the form H = H© + H @ where
H©O is the background Hamiltonian constraint while
FH @ is the Hamiltonian constraint for the perturbations.
The natural and more general way to Dirac quantize the
theory is to impose the annihilation of the wave functional

by the full Hamiltonian constraint H |¥) = 0, which
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imposes a quantization of the background and perturba-
tions. Because of the simplifications obtained, it was pos-
sible to solve the quantum equations for the background
and perturbations in many circumstances, and calculate
their observational consequences.

The scenarios obtained describe cosmological pertur-
bations of quantum mechanical origin evolving in a non-
singular homogeneous and isotropic background, in which
quantum effects replace the usual classical singularity by a
bounce. The physical properties of these cosmological
models were analyzed in many papers [5—12], and they
proved to be complementary or even competitive with
usual inflationary models as long as they are capable to
lead to almost scale invariant spectra of long-wavelength
cosmological perturbations.

The aim of this paper is to improve the previous
formalism and to extend the known results to a scalar field
with arbitrary potential in a Friedmann background with
arbitrary spacelike hypersurfaces. In order to carry out
this work, we use the same techniques of Ref. [13]: we
implement a set of variable transformations along with the
Faddeev-Jackiw [14,15] reduction method, rather than the
Dirac formalism. 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
procedure, our choice of variables used to write down
the second order Lagrangian simplifies significantly the
calculations involved. This simplification allows us to
obtain all expressions without choosing a gauge. This is
an important advantage since we have shown in Ref. [16]
that the choice of a gauge implies an additional assumption
that the perturbations should remain small in this gauge.

The paper is organized as follows. In the next section we
define some relevant geometrical objects and settle down the
notation and conventions. In Sec. III we review the methods
to obtain the second order gravitational Lagrangian for geo-
metrical perturbations around a homogeneous and isotropic
geometry with arbitrary spacelike hypersurfaces, while in
Sec. IV we obtain the second order matter Lagrangian for a
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canonical scalar field with arbitrary potential. All the results
are obtained without assuming the validity of the background
Einstein’s equations. In Sec. V we combine the results of
Secs. III and IV in order to obtain the full simplified general
relativistic action up to second order terms, and its resulting
full simplified Hamiltonian constraint in the desired form
H =HO + H® ready to be Dirac quantized. We end
with the conclusions.

II. GEOMETRY AND SPACETIME FOLIATION

The present paper follows closely the definitions and
terminologies used in [13] but, for sake of completeness,
we shall briefly define some relevant geometrical objects
and fix our notation.

The spacetime Lorentzian metric g,, has signature
(=1,1,1, 1) and the covariant derivative compatible with
this metric is represented by V,, i.e., V,g,, = 0.

We define the foliation of the spacetime through a
normalized timelike vector field v# normal to each spatial
section (v#v, = —1). The foliation induces a metric in
the hypersurfaces as vy,, = g,, + v,v, which projects
nonspatial vectors into the hypersurfaces.

For an arbitrary tensor M"}"%, ~the projector is
defined as

’y[MVlll:lll'l;LIH] =

and we shall call a spatial object any tensor that is invariant
under this projection, i.e., y[M"5"%, 1= M"}"%, .
The covariant derivative compatible with the spatial

metric y,,, is

MB]-".Bk

..y

yﬂlal - 'ylumamfyylﬁl - ')/Vkﬁk

DM nete =y [VeMy, ] (D

MM

from which we can define the spatial Riemann curvature
tensor as

R ,vePAg=[D,D, - D,D,A,, (2)

with Ag an arbitrary vector field. The spatial Laplacian is
represented by the symbol D?, i.e., D* = D, D*, and we
denote the contraction with the normal vector field v#* with
an index v, e.g., M, = M,gvP.
The derivative of the velocity field defining the foliation
can be decomposed as
Vo, =X

P 3)

with the acceleration and the extrinsic curvature defined,
respectively, as a, =v’V,v, and XK,, =y[V,v,]
In addition, from the extrinsic curvature we define the
expansion factor and the shear' as

"The Frobenius theorem guarantees that for a global spatial
sectioning the normal field satisfies 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., Kj,,; = 0.
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In what follows we are going to study perturbations of
the metric tensor, hence, we are impelled to distinguish
between the actual physical metric g, and a given fiducial
background metric g, that can be used as reference. We
shall also assume that the physical metric g, can be seen
as close to the fiducial metric in the sense that their
difference 0g,, = ., — &u» can be treated perturba-
tively (see [16] for details).

The background and the perturbed tensors shall have
their indices always raised and lowered by the background
metric. Therefore, we must distinguish between the object
formed by raising the indices of g, and the difference
between the inverse metric and its background value i.e.,
oghtv = gt” — g To avoid any possible confusion, we
define the tensor £, and its covariant form as

g =gheglene (9

which will always describe the perturbations of the metric
tensor.

The covariant derivative compatible with the back-
ground metric is represented by the symbol V or by a
semicolon ;7 i.e., §,,.y = vyg#,, = 0.

Using a background foliation described by the normal
vector field v#, we can again define the background pro-
jector ¥,,, spatial derivative D,, and the background

g,uv = g,LLV - g,uw

o
spatial Riemann tensor R Waﬂ in the same way we have
done for objects derived from the foliation of the physical
manifold.

We use the symbol || to represent the background
spatial derivative, ie., T, = D nT for any tensor T.
Finally, we define the dot operator of an arbitrary tensor as

M ViV = '7[-£17M,u|...,umv1myk]' (6)

AR

III. GRAVITATIONAL ACTION

In order to have a linear dynamical system, we must
expand its associated action functional at least to second
order in the perturbations. In [13], we have performed the
simplification of the second order action considering a
system composed of gravity and a generic perfect fluid as
its matter content.

The full simplification can be completed only once we
consider simultaneously the gravitational and the matter
sector. Notwithstanding, the coupling between matter and
gravity occurs only in the matter Lagrangian. As a result, a
great amount of work in the perturbative expansion of the
gravitational sector can be done independently from the
perturbative expansion of the matter fields.

Accordingly, much of the work in the expansion of the
gravitational sector has already been done in [13]. Here we
shall reproduce only its essential steps without lack of
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clarity for the reader inasmuch as the same technique will
be used in detail for the scalar field matter Lagrangian in
Sec. IV.

As it is well known, the pure gravitational part of the
action reads

S, = fd“xﬁg, r,=Y_3% (7)

§ 2K

where k = 87G/ ¢*, G is the gravitational constant, ¢ the
speed of light, and R is the curvature scalar. The expansion
in the curvature tensor induced by Eq. (5) can be described
by a tensor F,, that is defined as the difference between
the covariant derivative of the perturbed and of the back-
ground metrics, i.e.,

(vy, - VM,)AV = TMV'BA[%; (8)
8"
faﬂy = - T(goﬁ;a + 8oa;8 — gaﬁ;o-)'

Let us reemphasize that a semicolon represents a covariant
derivative with respect to the background metric. Thus,
even though we have a Riemannian physical manifold, in
general g,g., # 0. Making use of this tensor we can con-
struct two covectors as

_ 7 v_ _ba
:Faa_j:ua 2’ (9)

_ £,
j:h,u, = gaﬂfaﬁ,u = _f,u,o—;o' + ?ﬂ (10)

The physical Riemann tensor associated with g, can be
written in terms of the background Riemann tensor R, ,,”
related to g,z as

R/-waﬁ = Rﬂvaﬁ + 2‘7:01[1//3#1«] +2F

Thus, the expansion of the curvature scalar up to second
order reads

R=R+R,,08" + (Ft = Fp")p + FotFap
- :}:‘luvaj_‘,uav + (:}:av;p, - fﬂvy;y)ggﬂyy (12)

with R and R, being, respectively, the scalar curvature
and the Ricci tensor of the background.

YF B (1)

alu v]y

A. Second order gravitational Lagrangian

The above expansion Eq. (12) shows that with respect to
the tensor F,,,“ the second order Lagrangian assumes a
simple and compact form. Indeed, ignoring a surface term,
the gravitational Lagrangian decomposes in three terms as

L,=L,+8L)+6LY. (13)

The background and the first order terms are given by

_g _ Y
sL) = ——VzKG,ng . (14
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with G uv being the background Einstein tensor. The sec-
ond order Lagrangian can be split in a kinetic term 6£;2k)
that includes derivatives of the perturbations and a poten-
tial term 6£;21)] without their derivatives. These terms read

32 =L B P F - FuFLL 05

§v¢
2

o) = £[G,, + S R]en [ e -

2k 4 ] (16)

Regardless of the compact and elegant form of the above
expression, the perturbed degrees of freedom are in fact
encoded in the perturbations of metric tensor. Thus, we
need to express the F,,,” tensor in terms of the perturbed
kinematic parameters associated with the spatial slicing.
For a given background foliation o#, the metric perturba-
tion can be decomposed as

€y = 2¢0,0, + 2B, 0, +2C,,, a7
where by construction
1
d’EEfﬁa» Bk = y[£;4]
S 7% R W
mr 2 2

Besides, we can continue the decomposition in terms
of their tensorial nature. By taking into account the
decomposition in terms of scalar, vector, and tensor objects
(see [17]), we are able to write them as

B,LL = B“M + BM’
Crv = UYur = Ellpw + Flly + W

which should be traceless W, * = 0 and divergence free

B””# = F/’“”M = W,”,, = 0. In terms of this decomposi-
tion, the perturbation in the expansion factor translates into
850 = D?50° + O + 34, (18)

and the perturbed shear tensor
S P2

(A S ’)/;LDD 7 a5

50—}“’ = (D(MDV) - 3 (V”,U«) + WM ’)/m,,

)30’s + 8oV
(19)
where we have defined

. 2 - .
oc® = (fB -&+ §®5), o0’ =B + F%, (20)
The perturbed spatial Ricci tensor for this foliation is
y[6R,71=0, ¥[6R;"]=—2K[Bl"+B"]
YIOR,"1=—y, "W = 9, [D* +4K]y — [D* —2KIW,,",
SR =—4D%,
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where we have defined the operator D% = D? + 3K. The
detailed calculation of these quantities for a general back-
ground and for a Friedmann background can be found in
Appendix A and Sec. IIIA of Ref. [13], respectively. There
the calculations were done for an arbitrary background and
without fixing the spatial hypersurfaces, hence, the slicing
of the physical manifold need not be the same as the
background spatial hypersurfaces. The only assumption
was that both spatial sectioning were global and the back-
ground foliation is geodesic, i.e., v*V 0" =0. However,
when applying for a Friedmann background we considered
the same foliation for the kinematic variables where the
fields v, and v, differ only by their normalization®

As we have shown in [13], one can expand the gravita-
tional action up to second order without the need to impose
any symmetry for the background foliation. The full pro-
cedure is, however, very involved. In contrast, if we assume
that the background is a Friedmann-Lemaitre-Robertson-
Walker (FLRW) universe, the gravitational second order
Lagrangian in terms of these quantities reads

SLY = 6L + 6LEY + 6LY",

where each represents one of the independent sectors,
namely, the scalar, vector, and tensorial. Explicitly, they
are, respectively,

LYY 1
g = 3—(D2¢‘50'SD%(60'S - 80?)
K

oQl

(£ ¢)6R G““(B BY — ¢* —2C¢)

+ G/.ng

@2c,rc,r — ), (1)

Sﬁf’") _ 5Uv(auy)50v(allv)

vz 2k '
SLED W,W + W, (D - 2K)W,*
-2 2k '

(22)

(23)

IV. SCALAR FIELD ACTION

In close analogy with the perturbation procedure
developed for the gravitational sector, we shall now perturb
the matter Lagrangian up to second order. We will consider
the case where the matter content is described by a real
scalar field with an arbitrary algebraic potential U(¢). The
action for a scalar field with potential reads

s = Jatnra(75

2

It is straightforward to show that its energy-momentum
tensor can be written as

+ U((p)). 24)

*For more details see also the discussion in the beginning of
Appendix B of [13].
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s _ 2 85,
Mmv \/_—g 58;“}

=V, eV, -

VapV
g#v(f

As a matter of consistency, the energy-momentum
tensor must be compatible with the symmetries of the
spacetime metric. Thus, by considering the FLRW universe
as the background structure, it follows that the given
projection of the energy-momentum tensor must be zero,

WT,"1=¢D,o =0, (26)

where ¢ is the background scalar field, such that, §¢ =
¢ — ¢ defines the perturbation on ¢. This restriction im-
plies that D u® = 0. In this manner, we can rewrite the

+ U(¢)). 25)

derivative of the background field as \Y up = -0 Mg"o. The
background energy-momentum tensor is then
- P> - * -
Tﬂvzﬁﬁ#ﬂv—i_ﬁ’}/uw p_7 U, ]_757_[]’

(27

where U = U(p). An expansion of the components of
the energy-momentum tensor shows that its perturbed
quantities are given by

Sp=0¢0p+¢pp>+ Uzdop, (28)
8p =8¢0 b +¢pe* — Uzde, (29)
D, d¢
Vv, =—-—t—", SII,» =0, (30)
¢
a_

where Uz means U, | . Using a power expansion in

the perturbed Varlables We can separate the matter action
order by order in the perturbations,
Sm=Sm + & + 52,

with

Sn = fd“x,/—g(w + U), (31)

58S J=Z -
S = f d4y<%6§o +8 T”Vfw), (32)

s — j d*xs L?, (33)

where the overline in the variations means that these
expression are evaluated at the background fields, i.e.,
(@, §un)-
A direct calculation shows that the second order Lagrangian
Bﬁfﬁ) can be decomposed in four terms 6£(2) ) L(z D4
L,(ﬁ 2 4 5[% SUNEE Lg 4), which are, respectively,
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(34)

£(22) _[d4 J_(STaﬁ(y) ‘f,u,v )45(13())), (35)

88 uv(%)

5 L8 = BT (W E (o), (36)

5024 — f dy 825, Se)de(y) 37

Y se(0)oe(y) 2 '

with § = £,,8%".
Combining all these contributions, the second order
matter Lagrangian reads

—V-&B,B —
- Jac, e, - ¢l (38)

where we have combined in l,, terms that mix metric
perturbations with ¢ and in the /,, terms that are simply
quadratic in the latter, i.e.,

SLY =1, +1 ~204)%

2
= ¢Sp + CSp — (B VE + ¢— + C¢)4> NG

lgg
v
lso
Ve
Note that the specific combination of perturbed fields of the
last two parts of Eq. (38) also appears in Eq. (21). When we
combine them in the full second order Lagrangian, their
sum forges terms that are proportional to the background
dynamical equations, namely, the time-time and the space-
space Einstein equations.
These particular expressions and the background
equations of motion will repeatedly appear in our subse-

quent calculations. Therefore, it is convenient to define the
following quantities:

1 . _ _
= 5(5g02 —D,8¢D 8¢ — Uy 36¢%). (40)

E¢E¢+¢®+U" EﬂEG{;ﬁ_Kﬁ,
G, 7"
— Tur _
E'j’ =f_ Kp,
3kp?

Eg=E;+Ey=0+=——-3K

The suitable calculation needed to simplify the
perturbed action contains a lot of terms and can become
unmanageable. Thus, every change of variable that
simplifies the expressions are in fact crucial. In this spirit,
we shall make two changes of variable that seem devoid of
physical significance. They should be viewed only as an
intermediary step that simplifies the equations. Thus, we
define
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)
VE—qu’
¢

W'=5= -3 D%

Using the variables defined above and the others defined
in Egs. (18)—(20) and (28)—(30), the expression for /,,
changes to

l*
v—8

where we discarded the surface term d.,(3¢'\/—gpd¢).
Applying the same reasoning to [, we obtain

=60V + 3yt VHE,, 41

l, _(8p— 0 V)
/_g 2
)
" %(ww -

+—( 2E, — U,E,)

=272

3k V' ) 42)
2

where we discarded the term 0.,(v/=88¢*(U,/ & + 9)/2).

The symbol * in the expressions above means that we have

removed from /, and [, the terms that cancel out in the

sum, i.e., I, + Lo, = I, + gy

The terms proportional to E; and E; in the above
equations can be eliminated without assuming the validity
of the background equations of motion. As discussed in
[13], it is legitimate to redefine our basic perturbed varia-
bles by adding second order terms to them.

In this way, we redefine, for instance, the variable ¢
into a new variable ¢,., in such a way that ¢,., =
¢ + 6f with &f being a certain combination of second
order perturbations. Note that, by construction, both
variables agree at first order and are different only at
second order.

Thus, this kind of transformation changes only the
second order part of the Lagrangian by adding a new
term coming from the first order part in the old variables.
The fact that it comes from the first order Lagrangian
makes them proportional to the background equation of
motion

268 LN(P) _ 2k8 LV (o)
-8 V™8
We shall profit from this freedom in defining the per-

turbed variables and cancel the terms proportional to £z by
redefining the "V variable as

+ 2E,8f.

V—>V+%U¢,V2—3¢‘V{‘o. (43)

The terms proportional to E; can also be discarded in a
very similar way, but for that we have to use the full
second order Lagrangian as we shall show in the next
section. For the moment, the second order matter
Lagrangian becomes
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L(Z) = ‘Er(ﬁ)eft + \/_I:_(P + P)E
— (B, B* — 2~ 2C¢>)E —(2C,7CH, — Cz)g],
(44)

where the effective matter Lagrangian is expressed by

5‘£rr21eff (6p — ®§52V)2

¢ + 6062V
-2 2
¢2 ~ 3K¢2y2
+ 7(W/D%ﬂ/ - f> (45)

V. FULL SECOND ORDER ACTION

In the last two sections we have developed the perturba-
tive expansion of the action up to second order indepen-
dently for the gravitational and the matter parts. This was
advantageous due to the extensive number of variables.
However, we shall now combine them to deal with
the full second order Lagrangian for the scalar sector in
order to conclude the simplification procedure. Grouping
6L =5 £fg.2’s) +6L% coming, respectively, from equa-
tions Egs. (21) and (44), we have

L Bp =02V (ﬂ ¢>) SR
2

%) )
+ %VD%V + 2—“(3737 — ¢? —2C)
K

2
%(ZC ”CV—CZ)—FVTgoE (46)
The last three terms can be discarded with the same kind
of transformation we have used to eliminate the E; in
Egs. (41) and (42). This simplification can be implemented
by the following change of variables:
)
¢—»¢+%V2, C,’—C,” +—V2- L (47
Notice that we can remove the terms proportional to the
background field equations even if these equations are not
valid, i.e., Eg # 0, E; # 0 and E7 # 0. In general, any
term linearly proportional to the background equations
appearing in the second order action can be removed
with this kind of transformation. The first order total
Lagrangian can be written as

268 Ly _
v—8
Thus, the prescription to remove these terms is as follows.

Any term in the second order Lagrangian that is linear in
the E’s can be written as

—[GH" — KT*]E,, = —2¢E; —2CE;.  (48)
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OWE, + Q(Z);w JE5 + Q(3)E + Q(4)E_

where Q, Q@»» 0B and QW are arbitrary second
order tensor fields. These terms can be removed by imple-
menting the transformations

(M
p—¢ - - 0o, (49)
CV Ccv 1 2 v 1 By v
V-V -—0W. (51)

Henceforth, any term linear in the background equa-
tions appearing in the second order Lagrangian will be
discarded by using the appropriate transformation as
described above.

Nevertheless, even after removing the background
equations, the § L@ given by Eq. (46) is still not in its
most compact form. One should note, for instance, that two
of the perturbed variables, namely, ¢ and B, do not appear
with time derivatives. Indeed, they play the role of
Lagrange multipliers. This fact becomes evident when
we perform the Legendre transformation to go to the
Hamiltonian formalism. In addition, this transition
naturally leads us to define new variables that will simplify
the physical description of the system.

Thus, instead of introducing a nonevident change of
variables in the Lagrangian scenario, we shall now follow
the procedure to go from a Lagrangian to a Hamiltonian
formalism that will result in the simplest and final form of
the second order action.

At the present stage, it seems that there are five variables
to describe the scalar perturbations (¢, B, V, ', &).
However, as just mentioned, the canonical momentum
associated with ¢ and B will result in constraint equations.

To deal with these constraints we shall follow the pro-
cedure developed in [14,15]. This formalism is completely
equivalent to Dirac’s [18,19] but has the advantage of being
less laborious. Their crucial difference is that we shall
implement the Legendre transformation only to those var-
iables for which we can complete the method without
generating constraint equations.

Accordingly, the canonical momenta associated with /!,
E and V are

Ner: 3Kk
I, = _JK_g(a@— < V), (52)

2/"Fb0

H = - )
€ 3k

(53)

—J=2(8p — 02V (54)
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These relations can be inverted to give

=2
Pt = %(3";” V- 2"\1/1_‘% ~ 00 - 023) (55)
0,(D%8) = —5_ P11, + D*B, (56)
Yoy gy Loy (57)

J=8¢° ¢
By performing the Legendre transformation only to these
variables we obtain

8L =Tl + DY 0, (D2E) + 11y, V — 8 H?,
with

3,  «I  3kD?M1.D2I1,
2/~8¢? 12F 4/-38

N8y
+ t
_E825R H¢V

J_‘P VY -

SH®? =

mw

A1
3

_6R
R

T I,
+BD2[D§(H5— 3‘” ]

+¢[Hy_

Once again, the term in the above second order
Hamiltonian that is proportional to E; can be eliminated
by a redefinition of "V similarly to Eq. (43). In addition, we
can now fully recognize that ¢ and B are indeed pure
Lagrange multipliers since there is no time derivative of
these variables and they appear only linearly in the
Lagrangian. Requiring the action to be stationary with
respect to these variables imposes constraint relations
among the remaining canonical variables®

OII
N

2K

I = I, = 3D311,.
(58)

These relations show us that there is only one independent
canonical momentum that could, for instance, be taken as
I1:. However, combining the above constraints we see that

T 2\/_ (¢+2\/___ )

which suggests that we define the following momentum:

The Laplace-Beltrami operator D? has a unique inverse in the
case of a definite signature metric and if the manifold is compact
or if its domain is composed of only rapidly decaying functions
that go to zero at infinity (see [17,20]).
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Ok
N

Note that this quantity is exactly one of the gauge invariant
variables originally introduced by Bardeen [21] and com-
monly used in the gauge invariant approach. In terms of
this new momentum and using the above constraints we
have

V=g + H5—¢+980 (59)

I, gt + D310, (D%E) + 11,V
_6/7¢ 02 vU — —g[

kO 4k

30

AN Emyhy,
x0O

plus a surface term that we have neglected, where
U= + ®V/3. We can identify in the above expres-
sion that the generalized velocity associated with the ca-

nonical momentum W is not just ¢y nor 'V but the variable
‘U. In terms of these new variables the second order
Lagrangian reads

500 = V8 5 ys — 5310
kO
where now
2) 2 2
Kaj-[_ 2D \Ifg T 6K(® +1)\I’D2\If
V™8 K® K®

e (fu—ZK )D%(u-z—.iqf)
2602 K$ K

) i
L E (3¢D ¢+2VD L4 6K.
6? ® 0%’

\I,,;;{q,)

Once again, the last term being proportional to the
background equations E; can be discarded with a change
of variables. We also note that the variable ‘U appears only
in a specific combination. Thus, we can define a new
perturbed variable

2K
{=U-yV, Y1 == (60)
Ko

As a final simplification, we rewrite the term propor-

tional to WD% W as

6K

(® +1)‘PD2\I'—
kp> \O?

39 [B qufzj;(«p]
J=gL 6
6\1’1) act(')’l\lf)
L)
(B vy
@ ¢ ¢

This term modifies the generalized velocity associated
with ¥ by including precisely the term to transform ‘U
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into /. Therefore, after neglecting another surface term and
performing a final change of variables to remove the term
proportional to Ez; we have that the second order
Lagrangian reads

68 ~, - .
SLO = _ERyi_ sH, 61)
k®
with the unconstrained Hamiltonian 8 H ? given by
JoZ[2D2YDAIY  9kdp?
SH® = g[ YK (D} ] 62
K kp? 20?2 tDx (62)
_ _ 6KU
D3 =D?—y,, =—=*. 63
Y Y2 Y2 56 (63)

The above result completes our goal. We have succeeded
in obtaining the simplest form of the second order action
without ever using the background field equations. As
expected, the scalar sector of the second order action has
only a single degree of freedom that combines in a specific
manner the gravitational and the matter perturbations.

A careful reader might have noticed that while
constructing the second order Hamiltonian (62) we have
performed the Legendre transformations only in the per-
turbed variables.

In usual perturbative schemes, one normally uses
the background field equations, hence, the first order
Lagrangian vanishes automatically. However, because
we have nowhere assumed the validity of the back-
ground equations of motion, this part still remains.
Notwithstanding, we can also avoid this kind of compli-
cation by a simple redefinition of the background variables.

Once we have arrived at the Lagrangian given by
Eq. (61), we can proceed to construct the zero order
Hamiltonian by defining

oL (0)

9 L0©

“9a T

In general, in addition to the zero and second order
terms, the full action still contains first order terms.
There are different approaches to deal with such terms as
we have discussed in [13]. In this work we set this issue
aside, as our main objective is to build the second order
terms without enforcing the classical background motion
equations. Hence, ignoring the first order terms, the final
result is

0 & dexD%(‘I’Z
k0O

-~ [sate)

L=1,,a+1,0+

with

) -~
ﬂ—(o) _ H¢~ _ KH% _ 3VaK
243V 12Va Kk

(64)
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where V is the comoving volume and K = a?K the comov-
ing spatial curvature. The Poisson structure of this system
is given by the expressions

{a! Ha} = 17 {¢! H(o} = 1,
{2(0), My (y)} = &3 (x — y),

The Lagrangian given by Egs. (61) and (62) is first order
in time derivatives. If desired, one can obtain a second
order time derivative Lagrangian by recovering the relation
between ¢ and W, hence, by varying the action with respect
to the latter, i.e.,

any other is zero.

V= 3Kg?
20

D;%¢. (65)

Substituting the above result back in Eq. (61) we have

| [£D3D2  (Dig
6<2>=—[ L AL A K]
L 2K z2 22 [ (66)
where we have defined
202
22 = (67)

N2

Our results agree with that obtained in [22], with the
difference that in this reference they have included the
spatial differential operators D% and D? in the definition
of z2. The procedure of recasting the Lagrangian in the first
order form and then solving the constraints was developed
in Faddeev and Jackiw [14] (see also [15]). This was
already done in the context of perturbations around a
FLRW universe in [23] (see Appendix B.1).

As was mentioned above, in our calculation we have
nowhere used the background field equations to simplify
the Lagrangian. All simplifications have been done by
identifying terms proportional to the background equations
and redefining the perturbed variables. Note that this is not
equivalent to imposing the validity of the background
equations. The only type of terms that we can eliminate
following this reasoning are those linearly proportional to
the background field equations. Any term having, for
instance, a time derivative of perturbations cannot be dis-
carded with our procedure.

VI. CONCLUSIONS

Without using any background Einstein equations, we
were able to obtain the very simple second order
Hamiltonian Eq. (62) describing the dynamics of linear
cosmological perturbations on homogeneous and isotropic
geometries with generic spacelike hypersurfaces for the
case of a canonical scalar field with an arbitrary potential.
This is a generalization of previous works. The resulting
Hamiltonian essentially coincides with the one obtained in
the literature if one assumes the validity of the background
Einstein equations.
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This second order Hamiltonian, together with its zeroth
order companion presented in Eq. (64), can now be used to
investigate the evolution of scalar perturbations of general
canonical scalar fields in the situation where the back-
ground is also quantized, an improvement over the usual
semiclassical approach to the inflationary scenario. Then
we can move to more involved subjects, like obtaining the
Hamiltonian describing the dynamics of linear perturba-
tions in Bianchi models and of second order perturbations

PHYSICAL REVIEW D 87, 103514 (2013)

in Friedmann models. These will be the subjects of our
future investigations.
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