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Stochastic approach to inflation. II. Classicality, coarse graining, and noises
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In this work we generalize a previously developed semiclassical approach to inflation, devoted to the
analysis of the effective dynamics of coarse-grained fields, which are essential to the stochastic approach to
inflation. We consider general non-trivial momentum distributions when defining these fields. The use of
smooth cutoffs in momentum space avoids highly singular quantum noise correlations and allows us to
consider the whole quantum noise sector when analyzing the conditions for the validity of an effective classical
dynamical description of the coarse-grained field. We show that the weighting of modes has physical conse-
quences, and thus cannot be considered as a mere mathematical artifact. In particular we discuss the exponen-
tial inflationary scenario and show that colored noises appear with cutoff dependent amplitudes.
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I. INTRODUCTION

Inflation solves several difficulties that arise in the ve
early universe, such as the horizon, flatness and mono
problems, and in addition to this it provides a mechanism
the creation of primordial density fluctuations needed to
plain the structures which are now present in the Unive
@1,2#. The most widely accepted approach assumes tha
inflationary stage is driven by a quantum scalar fieldw with
a potentialV(w). Within this perspective, stochastic inflatio
seeks to describe the dynamics of this quantum field on
basis of a splitting ofw in a homogeneous and an inhom
geneous component. Usually the homogeneous one is i
preted as a classical field that arises from a coarse-gra
average over a volume larger than the observable unive
and plays the role of a global order parameter@3#. All infor-
mation on scales smaller than this volume, such as den
fluctuations, is contained in the inhomogeneous compon
Although this theory is widely used and accepted as a g
eral framework, it presents inconsistencies and has been
jected to several criticisms@4–6#. Its main problems are re
lated to the treatment of the global order parameter a
classical field, and the description of the quantum fluct
tions as classical ones.

In a previous work@7# we assumed that the coars
graining volume is defined so that it leads to a Heavis
function in momentum space. This is a choice that simplifi
the mathematical development because it leads to a n
with a very simple white spectrum, but at the same time w
singular correlations. A usual assertion is that the dynam
for the coarse-grained field is not very sensitive to t
choice, but its actual implications on the resulting dynam
are not well understood. The present paper is mainly devo
to the study of this last point, together with an analysis
classicality conditions~in our case commutativity condi
0556-2821/99/59~6!/063512~7!/$15.00 59 0635
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tions!. To do this we develop a general formalism for coars
graining volumes with arbitrary shape in momentum spa
and analyze the consequences of this shape on the emerg
and structure of the classical effective regime. In addition
this there is another improvement respect to our previ
work. There we stated a sufficient condition for a classi
description, neglecting the contribution of a sector of t
noise@9#. Here we analyze the whole quantum noise sec
and thus the characterization of our classicality criterion
complete. This analysis enhances our understanding of
role of the shape of the coarse-graining in the effective c
sical dynamics, and also provides us with a well defin
regularization scheme to treat the usual sharp cutoff in m
mentum space.

In the work just mentioned@7# we analyze the emergenc
of a classical behavior of the order parameter on the bas
a semiclassical approach. The inflaton field Lagrangian i

L~w,w ,m!52A2gF1

2
~gmnw ,mw ,n!1V~w!G

5a3S 1

2
ẇ22

1

2a2 ~¹w!22V~w! D , ~1!

for a Friedmann-Robertson-Walker~FRW! metric, ds2

52dt21a(t)2drW2. The equation of motion that results fo
the scalar field operator is

ẅ2
1

a2 ¹2w13Hẇ1V8~w!50, ~2!

where the overdot represents the time derivative andV8(w)
5dV/dw, and the metric, given by the Hubble parame
H5ȧ/a, evolves according to
©1999 The American Physical Society12-1
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H25
4p

3M p
2 K ẇ21

1

a2 ~¹W w!212V~w!L . ~3!

We decompose the scalar field in its mean value, which
assumption satisfies a classical equation of motion, plus
quantum fluctuations,w5fcl1f with ^f&50, up to linear
terms inf. In such a way the equations of motion reduce
a set of two classical equations which give the evolution
the fieldfcl and the Hubble parameter. To be consistent w
the FRW metrics, we assume thatfcl is a homogeneous
field, and thus we have the following classical equations

f̈cl13Hḟcl1V8~fcl!50, ~4!

H25
8p2

3M p
2 r, ~5!

where r is the energy density,r5 1
2 ḟcl

2 1V(fcl), and one
operatorial equation for the quantum fluctuations:

f̈2
1

a2 ¹2f13Hḟ1V9~fcl!f50. ~6!

In this last equationH and Vcl9 are functions oft given by
Eqs.~4!, ~5!. In this context we developed the analysis of t
emergence of a classical regime for the inflationary dynam
@7#.

The characteristic time scale for the inflaton field can
defined by td5fcl /ḟcl , and hence its relation with th
Hubble time scaletH5H21 is given by

q[
td

tH

5A2

3

2p

M p

fcl

ḟcl

r1/2, ~7!

and the number of e-folds in a given period of time is

Nc5E
t0

t01dt

dtH5E
f0

fcl
dfcl8

q

fcl8
. ~8!

If we are interested in an exponential inflationary perio
i.e. when the slow roll of the field holds, then the conditio
Q5(M p

2/4p)(H8/H)2!1 and (M p
2/4p)(H9/H)!1 must be

satisfied@8#. The end of inflation, when the scale factor sto
accelerating, is given precisely byQ(fcl)51, which deter-
minesfcl

end. At this point we haveḟcl
end.2V8(fcl)/3H and

H25(8p2/3M p
2)V(fcl), so that

q;2
8p2fcl

M p
2

V~fcl!

V8~fcl!
, ~9!

and

Nc52
8p2

M p
2 E

f0

fcl
dfcl8

V~fcl8 !

V8~fcl8 !
. ~10!

A solution to the horizon problem requiresNc*60, and this
in general implies thattd.tH .
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The study of the quantum component becomes much s
pler if we redefine thef field such that the equation of mo
tion ~6! does not have a first order term,f5e2(3/2)*dtHx.
The equation of motion for the field operatorx is

ẍ2
1

a2 ¹2x2
k0

2

a2 x50, ~11!

wherek0
25a2( 9

4 H21 3
2 Ḣ2Vc9). Thusx can be interpreted a

a free scalar field with a time dependent mass paramete

can be expanded in a set of modesjk(t)e
ikW•rW:

x~rW,t !5
1

~2p!3/2E d3k@akjk~ t !eikW•rW1H.c.#, ~12!

where the annihilation and creation operators satisfy
usual commutation relations for bosons:

@ak ,ak8
†

#5d~kW2kW8!, @ak ,ak8#5@ak
† ,ak8

†
#50, ~13!

while the modes are defined for the equation of motion

j̈k1vk
2jk50, ~14!

with vk
25a22(k22k0

2). The functionk0
2(t) gives the thresh-

old between an unstable infrared sector (k2,k0
2), which in-

cludes only long wavelengths relative to the coarse-grain
scale, and a stable short wavelength sector (k2.k0

2). We

adopt the normalization conditionjkj̇k* 2 j̇kjk* 5 i for the
modes, such that the field operatorsx andẋ satisfy canonical
commutation relations.

In the section below we introduce a weight function
define the coarse-grained field and develop the general
malism, showing the importance of an adequate definition
the quantum noises and the conditions to properly deriv
classical regime. After that, in Sec. III, we apply this a
proach to the inflationary inflation scenario and show
need for considering the proposed noise definition to pr
the emergence of a classical regime. The last section is
voted to some concluding remarks.

II. THE GENERAL APPROACH

In order to define the coarse-grained field, an effect
field which is an average of the long wavelength modes,
use a weight function. We assume that this is an isotro
function which contains only one parameterb with length
dimensions, so that it is of the formb23g(r /b), which is
always larger than the causal horizon. The coarse-gra
field xb is defined by

xb[
1

~2p!3/2

1

b3 E d3rg~r /b!x~rW,t !

5
1

~2p!3/2E d3kG~kW !@akjk~ t !1H.c.#, ~15!

with
2-2
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G~kW !5
1

~2p!3/2E d3r

b3 eikW•rWg~r /b!

5A2

p

1

kb3 E drrg~r /b!sinkr, ~16!

or, reciprocally,

g~r /b!5A2

p

b3

r E dkksinkrG~k!. ~17!

These equations can be written in terms of the dimension
variablesb5kb andr5r /b as follows:

G~b!5A2

p

1

b E drr sinkrg~r!, ~18!

g~r!5A2

p

1

r E dbb sinbrG~b!, ~19!

from Eq. ~15!, we obtain for the derivatives ofxb :

ẋb5
1

~2p!3/2E d3k@Ġ~b!akjk~ t !1G~b!akj̇k~ t !1H.c.#,

~20!

ẍb5
1

~2p!3/2E d3k$ak@„G̈~b!2vk
2gb…jk12Ġ~b!j̇k#

1H.c.%. ~21!

The parameterb is chosen so that thek2 term, that is, the
noise independent of the weight function, can be neglecte
the equation of motion forxb . The appropriate value can b
obtained from the equation of motion for the modes, E
~14!. We can choose the characteristic length of the distri
tion larger than the horizon scale, i.e.b215«k0 with «!1.
From the definition ofxb and the expression forẍb , assum-
ing that we are only considering infrared modes withk2

!k0
2, we obtain the equation of motion for the coars

grained field@9#:

ẍb2
k0

2

a2 xb5hb1kb , ~22!

where

hb5
1

~2p!3/2E d3k@akG̈~b!jk1H.c.#, ~23!

kb5
2

~2p!3/2E d3k@akĠ~b!j̇k1H.c.#.

~24!

The dependence of the functionG(b) on t is given only
through the parameterb, and thus, using the relation]bG
5(k/b)]kG, we can write
06351
ss

in

.
-

-

Ġ~b!5
ḃb

b
]bG~b!, ~25!

G̈~b!5S b̈b

b
D ]bG~b!1S ḃb

b
D 2

]b
2G~b!. ~26!

Taking into account the algebra for the creation and an
hilation operators, the operatorsxb , hb and kb satisfy the
commutation relations

@xb~ t !,hb~ t8!#50, ~27!

@xb~ t !,kb~ t8!#5
2

~2p!3 E d3kG~b!Ġ~b8!„jk~ t !j̇k* ~ t8!

2jk* ~ t !j̇k~ t8!…, ~28!

@hb~ t !,kb~ t8!#5
2

~2p!3 E d3kG̈~b!Ġ~b8!

3„jk~ t !j̇k* ~ t8!2jk* ~ t !j̇k~ t8!…, ~29!

and the quantum noises have the correlation functions

^kb~ t !kb~ t8!&5
4

~2p!3 E d3kĠ~b!Ġ~b8!„j̇k~ t !j̇k* ~ t8!…,

~30!

^hb~ t !hb~ t8!&5
1

~2p!3 E d3kG̈~b!G̈~b8!„jk~ t !jk* ~ t8!…,

~31!

^kb~ t !hb~ t8!&5
2

~2p!3 E d3kĠ~b!G̈~b8!„j̇k~ t !jk* ~ t8!…,

~32!

with b5kb(t) and b85kb(t8). The quantum character o
the fields becomes apparent through the non-null comm
tion relations and the complex correlation functions of t
noises. To have an effective classical theory it is necess
that the non-null commutators be irrelevant, and con
quently that the correlations be real.

To simplify the discussion we will assume thatG(b) is
non null only in the range 0,b&b̄, and that its derivatives
are practically null for all values ofb, except in a domain
(b̄2Db/2,b̄1Db/2), with Db!b̄, where the modesjk
vary slowly. This last interval corresponds to the ‘‘wall’’ o
the coarse-graining domain, which we consider to be re
tively well defined. Under these assumptions Eqs.~27!–~29!
at t5t8 can be approximately written:

@xb~ t !,kb~ t !#.2
3

p2

ḃb̄3

b4 G~ b̄ !Im~jkj̇k* !uk5b̄/b , ~33!

@hb~ t !,kb~ t !#.
4

p2

ḃb̈b̄4

b5 E db~]bG!2 Im~jkj̇k* !uk5b̄/b ,

~34!
2-3
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where theb, jk andG functions are evaluated att. Here it
becomes evident that the main difficulty in considering
equations of motion as classical is thek operator. It does no
commute withx andh, whereas the latter ones do betwe
them. This drawback can be overcome only if the contrib
tion of k is negligible compared with that ofh. The contri-
butions of the different terms can be weighted by their r
values. Assuming that the assumptions discussed be
hold, we have

^kb~ t !kb~ t !&5u j̇ku2uk5b̄/bI 1 , ~35!

^hb~ t !hb~ t !&5ujku2uk5b̄/bI 2 . ~36!

Thus a necessary condition for classicality is

U ^kb~ t !kb~ t !&

^hb~ t !hb~ t !&
U; u j̇k~ t !u2

ujk~ t !u2U
k5b̄/b

UI 1

I 2
U!1, ~37!

whereI 1 and I 2 are given by

I 1.
2

p2

ḃ2b̄4

b5 E db~]bG!2, ~38!

I 2.S b̈

2ḃ
D 2

I 11
ḃ4b̄6

b7 E db~]b
2G!2, ~39!

and hence

I 2

I 1

.
1

4
S ḃ

b
D 2XS b̈b

ḃ2
D 2

12p2b̄2
*db~]b

2G!2

*db~]bG!2
C*

1

4
S ḃ

b
D 2

.

~40!

From here we can state a necessary condition

u j̇k~ t !u
ujk~ t !u U

k.b̄/b

!
ḃ

b
, ~41!

for relation ~37! to hold. Given the coarse-grained field d
fined byG(b) and the character of inflation given byH, this
relation states a condition to be satisfied by the modes in
threshold sector between the unstable infrared sector an
stable short wavelength sector (k2.k0

2), given by k0

51/«b, so that the coarse-grained field admits a class
description.

To have a classical regime there is another condition to
satisfied, namely the correlation function ofh(t) must be
real. In general the correlation functions decrease rap
with (t2t8), and hence we can approximatet8.t1dt, and
take the leading order term usingjk(t8).jk(t)1 j̇k(t)dt. To
this time increment corresponds ab variation db

;(bḃ/b)dt. Up to linear contributions indt the h correla-
tion function is
06351
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^hb~ t !hb~ t8!&5
1

~2p!3 E d3kG̈~b!G̈~b1db!ujku2

3S 11
j̇k*

jk*
dt D . ~42!

Hence the condition to have a realh correlation function
becomes

Im
j̇k

jk
U

k5b̄/b

!dt21.
b

db

ḃ

b
!

ḃ

b
, ~43!

but if Eq. ~41! is satisfied this last relation is also satisfie
Therefore, in general, whenh dominates its time correlation
are practically real.

In fact, these conditions are not sufficient to ensure t
we have an effective classical dynamics because, altho
they warrant that the correlation̂kb(t)kb(t8)& is negligible
with respect tô hb(t)hb(t8)& and also that this last correla
tion function can be considered as a real one, they are
enough to warrant that^kbhb1hbkb& is simultaneously neg-
ligible.

As was already pointed out in our previous article, t
noises appear only in the form of the right hand side term
Eq. ~22!, so that its decomposition in terms ofk, andh is not
uniquely defined. We can use this freedom to minimize
weight of the non-commuting operator, and thus to optim
the effective classical description@7#. Following the preced-
ing paper, we introduce a new partition for the noise term
the equation of motion, according to

h̃b5~11s!hb , ~44!

k̃b5kb2shb . ~45!

For these new operators we have

@xb~ t !,h̃b~ t !#5~11s!@xb~ t !,hb~ t !#50, ~46!

@xb~ t !,k̃b~ t !#5@xb~ t !,kb~ t !#, ~47!

@h̃b~ t !,k̃b~ t !#5~11s!@hb~ t !,kb~ t !#. ~48!

In order to optimize the classical description we minimi
the correlationŝ k̃bk̃b& and^h̃bk̃b&. Assuming that the cor-
relations are real we have

^k̃b~ t2dt !k̃b~ t1dt !&

^h̃b~ t2dt !h̃b~ t1dt !&
U

k5kob̄

!1. ~49!

The function that minimizes the relation between the e
pectation values is

s~ t !5
^kbkb&11/2̂ kbhb1hbkb&

^hbhb&11/2̂ kbhb1hbkb&
. ~50!

This s(t) also minimizes the relation~49! at first order indt.
From here we have
2-4



em
n

ip

o
m

tu
t

e

th

er
re
h
o

e,

on
a
w

ge
as

de-

he

e

the
l
rk
he
in

STOCHASTIC APPROACH TO INFLATION. II. . . . PHYSICAL REVIEW D59 063512
^k̃bk̃b&

^h̃bh̃b&
5

^kbkb&^hbhb&21/4̂ kbhb1hbkb&
2

~^kbkb&1^hbhb&1^kbhb1hbkb&!^hbhb&
.

~51!

Furthermore, if we compute the correlation betweenk̃b and
h̃b with this value fors we have

^k̃bh̃b&

^h̃bh̃b&
524

^k̃bk̃b&

^h̃bh̃b&
, ~52!

which implies that the same condition makes both of th
negligible. Therefore, the condition for disregarding the co
tribution of k̃b , and hence having a valid classical descr
tion, is characterized by

Q[U ^kbkb&^hbhb&21/4̂ kbhb1hbkb&
2

~^kbkb&1^hbhb&1^kbhb1hbkb&!^hbhb&
U!1.

~53!

III. EXPONENTIAL INFLATIONARY SCENARIO

We will now apply the preceding approach to the exp
nential inflationary scenario. If the system is at a minimu
V0 of the instanton potentialV(f), the classical solutionwcl
is a constant field and the fluctuations become a quan
field with a massm25d2V/dw2uwcl

and the Hubble constan

is H5A4pV0/3M p
2. Therefore, the scale factor isa(t)

5eHt and the threshold parameter is given byk05nHeHt,

wheren5A 9
4 2m2/H2. Thus the equation of motion for th

modes is

j̈k1~k2e22Ht2n2H2!jk50, ~54!

and its general solution can be written

jk~ t !5A1Hn
~1!S k

H
e2HtD1A2Hn

~2!S k

H
e2HtD . ~55!

We will use the boundary conditions which correspond to
Bunch-Davies@10# vacuum, leading to

jk~ t !5
1

2
Ap

H
Hn

~2!S k

H
e2HtD . ~56!

This is a complex wave function. To satisfy a classical int
pretation the correlation of the noise must be real. The
part of the wave function~56! decreases exponentially wit
t, and in this case it is responsible for the imaginary part
the noise correlation. In our case 0,k&«k0 , and thus we
can state the condition to have a real noise correlation
e2Ht!H/(«k0). This implies that after a long enough tim
t@H21 ln(H/(«k0)), the wave functionjk(t) can be consid-
ered imaginary and the noise correlations real. The inflati
ary stage lastsNc*60 number of e-folds, and thus we have
wide margin to reach real noise correlations. In this case
can use the approximate expression for the modes:

jk~ t !.2
i

2
A 1

pH
G~n!S k

2H D 2n

enHt. ~57!
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To be specific, we will define the coarse graining avera
by using a smooth approximant of the Heaviside function
our weight function:

Ga~k!5
1

2 F12erfS bk21

a D G , ~58!

wherea parametrizes the family of functions. Whena→0
we haveGa(k)→u(12bk). In this case, from Eqs.~25!,
~26! and using the relationsḃ/b5H and b̈/b5H2, we have

Ġ52
bHk

aAp
e2@~bk21!/a#2

, ~59!

G̈52
bH2k

aAp
F12

2bk

a2 ~bk21!Ge2@~bk21!/a#2
, ~60!

where b}eHt. Here b̄'1, and thus the variation oft is
bounded byDt;db/H.

By replacing these expressions and the corresponding
rivatives of the modejk(t), defined by Eq.~57!, in Eqs.
~30!–~32!, we can compute the correlation functions for t
noises. They depend on integrals of the formI s

5*0
`dkkse2(b21b82)/a2@k2(b1b8)/(b21b82)#2

, where b5b(t)
andb85b(t8). Whena is small they are given by the simpl
expression I s'aAp/(b21b82)@(b1b8)/(b21b82)#s,
where we have neglecteda21 exponentially decreasing
terms, and the correlation functions acquire the form

^kb~ t !kb~ t8!&54n2W~ t,t8! ~61!

^hb~ t !hb~ t8!&5S 12
4~bb8!2~b22b82!2

a4~b21b82!4 DW~ t,t8!

~62!

^kb~ t !hb~ t8!&52nS 11
2bb8

a2

b22b82

~b21b82!2DW~ t,t8!

~63!

where

W~ t,t8!5
22n25H2n23G~n!

2 bb8

ap7/2Ab21b82
S b1b8

b21b82D
422n

3e2~b2b8!2/a2~b21b82!1nH~ t1t8!.

Therefore, fort5t8 we have

^kb~ t !kb~ t !&

^hb~ t !hb~ t !&
54n25S 92

4m2

H2 D , ~64!

and thus it seems that only an inflaton with a mass of
order of the Planck mass,m. 3

2 H, could develop a classica
regime for the coarse grained field. However, if we wo
with the redefined noise partition introduced in Sec. II, t
parameters(t) which optimizes the classical description is
this approximation:
2-5
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s~ t !52n5A92
4m2

H2 . ~65!

Hence the condition~53! for neglecting the contribution o
k̃b is automatically satisfied for every value of the inflat
mass becauseQ.0. Therefore our necessary conditions
have an effective classical regime are satisfied with a n
given by h̃b5(112n)hb .

Here we have discussed the case of an inflaton field w
a non-null mass. The zero mass case deserves a specia
cussion. As it is well known, in this case the modes~57! lead
to infrared divergences for the correlation functions of t
scalar field, but this does not affect the correlation functio
of the quantum noises, because, according to Eqs.~30!–~32!,
they have kernels that contain derivatives of the weight fu
tion G(k), which annihilate the contributions of the long
wave modes. In other words, the noises only live in the w
of the coarse-grained domains. Of course, the massless
is not a realistic case and does not correspond to a t
inflationary process. A massless field driving inflation mu
have a nonlinear dynamics, and the nonlinear couplings
produce a feedback between the quantum fluctuations
the background. In this case the fluctuations can not be c
sidered small perturbations to the classical field, which co
plicates the analysis in a highly non-trivial way. In gener
our approach can be applied to a wide range of cases,
vided that infrared divergencies do not appear@12#.

IV. FINAL REMARKS

This work revises and generalizes our previous semic
sical approach to inflation, by considering a coarse-grai
field with a smooth ‘‘wall’’ in momentum space. One of th
most interesting advantages of this approach is that it all
us to study classicality conditions considering the wh
quantum noise sector for the coarse-grained field, whe
this is not possible for a sharp cutoff because of the hig
singular structure it produces for the quantum noise corr
tions. We divide this sector in two: a noise that commutes
equal times with the coarse-grained field and the remain
non-commuting noises. The classicality conditions discus
here arise from two considerations. One involves the rela
between the different quantum noises, and the requirem
for the noncommuting sector to be negligible. The other
related to the imaginary part of the correlation function
the quantum noise commuting with the coarse-grained fi
which is proportional to the commutator of this quantu
noise at different times. When the different-time commuta
can be considered null the noise and its velocity comm
and thus the noise and its associated momentum can be
sidered as c-numbers, which may be viewed as a signa
classicality.

The redefinition of the noises allows us to obtain a m
reliable condition for the non-commuting fluctuations to
06351
e

th
dis-

s

-

s
it

ly
t
ill
nd
n-
-

,
ro-

s-
d

s
e
as
y
a-
t
g
d
n
ts

s
f
d,

r
e,
on-
of

e

negligible. Furthermore, this can be essential in order to
termine the existence of an effective classical regime, as
clear in the massless exponential inflation model conside
above. Without this redefinition we showed that the possi
ity of a classical regime is not evident, but once this rede
nition is implemented and we turn to the relevant noises
situation changes completely. It become clear that at e
times we do not have classicality because we cannot neg
either the non-commuting sector or the imaginary parts
the fluctuations. However, at later times, not only can
neglect the noncommuting sector at equal times, but we
also neglect the time correlations, and thus we can cons
that a classical regime is achieved.

Furthermore, this analysis sheds light on the role of
shape of the wall of the coarse-grained domain. In the
ample discussed above, once we assume that the we
function satisfies~43!, its shape does not affect the cond
tions to have an effective classical regime, although the a
plitude and the spectral characteristics of the resulting c
sical noise is sensible to this shape. The amplitude depe
on thea parameter in such a way that it increases whena
decreases, diverging when the wall of the domain is given
a step function, i.e. whena becomes null. The correlation
function ~62! states that in general the noise is colored, a
not white as generally assumed. Usually the definition of
coarse-grained field is considered as a mere mathema
artifact, but here we see that relevant physical features of
model depend on it. This opens a very interesting ques
regarding the possible physical origin of the structure of
domain characterizing the effective field.

Defining a classical behavior for an effective degree
freedom as we do in this work is significant, but this discu
sion does not exhaust the problem. The relevance of an
fective degree of freedom is not only dictated by its classi
or quantum behavior, but also by the correlations with
observables that we are able to measure. In such a sense
analysis complements other approaches, such as theorie
cosmological perturbations where not only the matter fie
but also the metric are quantized@13#, and theories where the
classical world appears through the decoherence of rele
degrees of freedom under the influence of noise from a n
observed sector@14,11,15#. These last approaches are main
based on the path integral techniques and Feynman-Ve
influence functionals, in which irrelevant degrees of freed
are integrated out. In the case we consider, the relevant
gree of freedom involves an infinite number of modes, w
time dependent weights. Work is under way dealing with
treatment of these effective degrees of freedom from the p
integral point of view@16#.
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