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Abstract

In inflationary paradigm, quantum fluctuations of curvature perturbations generated
during inflation give rise to the cosmological density perturbations which are currently
measured. Therefore we will evaluate the quantum correlation functions of curvature
perturbations during inflation and compare them with the observational results. However,
it is known that if we naively evaluate the correlation functions of curvature perturbations
in QFT, the result contains large infrared(IR) loop corrections/divergences, leading to the
breakdown of perturbative treatment. This is known as the so-called “infrared divergence
problems”. Specifically, these IR effects can be induced from the loops of curvature
perturbations, graviton, or light scalar fields other than inflaton. Recently a consistent
quantum field theoretic prescription has been proposed which regularizes the large IR
corrections from curvature perturbations and gravitons. However such method does not
apply to the case where multiple light scalar fields which are called isocurvature modes
exist during inflation. On the other hand, it has been argued that isocurvature’s IR
effects may not be observable once the stochastic approach to inflation is adopted. In
the stochastic approach, IR fields whose wavelength is larger than the Hubble scale obey
the Langevin equation: more precisely Markovian process. It is known that the leading
order IR divergent pieces can be captured by the Langevin equation. Therefore stochatic
treatment might allow us to understand the IR issues. An important assumption adopted
in the stochastic approach is that IR fields are “classicalized” in the sense that they take
some definite value at each Hubble patch. Once this classical treatment is accepted,
the appearance of IR effects is simply interpreted as an artifact of taking an ensemble
average of various realizations of IR fields over the whole universe, and such effects will
be irrelevant for our local universe that we actually observe.

However, such classical treatment cannot be justified when the quantum coherence
is non-vanishing. It has been also unclear how precisely the stochastic treatment can
capture the IR divergent pieces. Therefore, we investigate the theoretical consistency of
stochastic approach. We studied a test scalar field theory on de Sitter background with
a sufficiently flat potential which will resemble isocurvature modes during inflation. We
firstly establish the systematic way of deriving an effective equation of motion (EOM)
for IR fields. We then show that an effective EOM for IR fields always takes the form
of Langevin equation, and this EOM can correctly reproduce all the IR divergent pieces
beyond leading order.

Next, we construct the method which allows us to calculate the degree of quantum
decoherence of the time-evolution histories of IR field. We then show that the quan-
tum decoherence occurs very efficiently but not exactly during inflation. We find that
the stochastic approach to inflation is theoretically consistent only when considering the
coarse-grained histories. This opens the possibility for IR fields to fluctuate in our local
universe. We then estimate the amplitude of fluctuations of IR fields in the local uni-
verse with taking into account the effects of quantum decoherence, in A¢* theory as a toy
model. We find that the amplitude of IR fluctuations in our local universe is suppressed



by A. This indicates that when the field trajectory of a scalar does not shrink after cur-
rently observable scales exit the Hubble scale, the amplitude of IR fluctuations in our
local universe will be suppressed.
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Chapter 1

Introduction

Inflationary paradigm is one of the leading paradigm in modern cosmology [1, 2, 3, 4].
Although various specific inflationary models have been proposed, the most important
outcome of inflation is universal: quantum fluctuations of fields generate the primordial
cosmological perturbations. More concretely, long-wavelength modes of quantum fields
well beyond the Hubble scale at the end of inflation, generate the observed primordial fluc-
tuations, e.g., in cosmic microwave background (CMB). We refer to the long-wavelength
modes well beyond the Hubble scale during inflation as infrared (IR) modes here. In
order to extract the information of high-energy physics beyond the standard model from
observations of primordial fluctuations, it is very important to check the validity of the
theoretical framework to calculate inflationary correlation functions of primordial pertur-
bations. However, this theoretical framework is not fully justified yet because of the issues
about “IR divergences” (e.g., see [5, 6, 7, 8,9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20,
21, 22, 23, 24, 25]). It is known that in the theory of a minimally coupled massless scalar
field on de Sitter background, which mimics isocurvature perturbations during inflation,
correlation functions are IR divergent once IR loop corrections are taken into account.
Even if the field has a small positive mass squared, IR loop corrections to correlation
functions can be large, leading to the breakdown of perturbation theory. As a result,
correlation functions will not be well approximated by tree level amplitudes. Neverthe-
less, correlation functions without IR loop corrections are usually adopted as observables,
which can explain very well the observational results, e.g., slightly red-tilted spectrum at
CMB scales. The standard explanation for neglecting IR loop corrections would be that
loop contributions from deep IR modes beyond the current observable scale should not
affect the correlation functions of currently observed primordial fluctuations because local
observer cannot distinguish the deep-IR modes from the homogeneous background. This
is true in classical theory, but in quantum theory, one cannot easily justify neglecting the
fluctuations of such degrees of freedom, in evaluating observables. In order to clarify if IR
loop corrections can largely modify observables, one needs to reconsider which quantities

LCorrelation functions in position space are IR divergent even at tree level. It should be also noted that
loop effects are convergent at each order in perturbation theory for some models, while loop expansion
is divergent, precisely speaking.



we actually observe. In the case of single field inflation, it is relatively easy to construct
such observables (for example, in [8, 9, 10, 12, 13]): it is indicative that the squeezed
bispectrum predicted by the consistency relation vanishes if one construct quantities that
can be naturally observed by a local observer [26, 27]. However, the discussions based
on the large gauge transformations used in the single field case do not apply to IR loop
corrections in the presence of isocurvature perturbations during inflation, as is already
pointed out in [7, 27]. Since the existence of such light degrees of freedom other than infla-
ton is expected in the context of string cosmology [28], it will be necessary to investigate
the issues of IR divergences originating from such light fields as well.

It is known that the most dominant part of IR loop corrections can be described by
the Brownian motion [29, 30, 31, 32]. At this level of approximation, it is theoretically
consistent to treat the inflationary dynamics as if it were a classical stochastic process
[33, 34, 35, 36, 37]. This treatment is called stochastic inflation formalism, which ex-
plains the appearance of the eternal inflation phase in the very early universe [38]. In
this classical stochastic picture, the classicalization of IR fluctuations during inflation is
assumed, and the secular growth of IR loop corrections can be regarded as an increase
of classical statistical variance. Once this classical stochastic interpretation is accepted,
the appearance of IR effects is simply interpreted as an artifact of taking an ensemble
average of various realizations of IR fields over the whole universe, and such effects will be
irrelevant for our local universe which we actually observe [17, 18, 19, 20]. This classical
interpretation also applies to calculating correlation functions of adiabatic perturbations,
and this formalism is called “stochastic-0N formalism” firstly proposed by [39, 40] and
developed more in detail in [41, 42]. The important point is that the observables defined
based on this formalism are no longer simple QFT expectation values which suffer from
large IR loop corrections. Deep-IR modes beyond the observable scales do not contribute
to the observables defined based on the classical stochastic picture [17, 18, 19, 20].

However, it has not been clarified yet whether or not all the IR secular growth can
really be understood as an increase of classical statistical variance. If statistical inter-
pretation were incorrect, the above stochastic approach to inflation will break down once
the sub-leading order IR secular growth terms are taken into account, invalidating the
argument of the absence of large IR effects on observables based on the stochastic picture.
We will study this aspect in chapter 4.

It is also unclear whether or not such classical treatment is really theoretically con-
sistent even if correlation functions are recovered by classical stochastic process. Regard-
ing the classical aspects of the cosmological perturbations, quantum decoherence of the
reduced density matrix for long-wavelength perturbations has also been extensively dis-
cussed in the literature [43, 44, 45, 46, 47, 48, 49]. Because the off-diagonal elements of
the reduced density matrix for IR fields do not completely vanish during inflation, the
classical stochastic picture will not be exactly correct. It is worthwhile investigating this
aspect, too. We will study this aspect in chapter 5.

Because the behavior of isocurvature modes will be well captured by a test scalar field
on de Sitter background, we investigate a canonically normalized light scalar field with a
general sufficiently flat potential including derivative couplings on de Sitter background
as a first step. We adopt the units with ¢ = h = 1. This thesis is organized as follows:



Chapter 2

We briefly review some basics of inflationary cosmology which will be relevant for the
main issues discussed in this thesis.

Chapter 3

We review the IR issues during inflation mainly based on [11, 14]. We firstly introduce
how we encounter IR divergences in perturbative evaluation of curvature perturbations in
single field inflation. We then explain how the IR effects may be regularized by taking into
account the “residual gauge d.o.f.” which may be respected by local observer. Finally we
explain briefly why their method does not apply to multi-field inflationary models where
there are light scalars other than inflaton. We also introduce the idea called “stochastic
approach to inflation” which may be the key to regularize IR effects in such models.

Chapter 4

Light scalars other than inflaton will be treated as test scalar fields on de Sitter back-
ground in a good approximation. We thus construct the method which can capture the
non-perturbative aspects of IR effects from a light scalar field on de Sitter background.
In sec. 4.1, we develop a systematic derivation of IR dynamics by using the Schwinger-
Keldysh formalism. In sec. 4.2, we check how our extend stochastic formalism can recover
IR correlation functions beyond leading order. In sec. 4.3, we investigate the general
properties of effective EOMs. This chapter is based on the author’s previous works:

J. Tokuda and T. Tanaka, “Statistical nature of infrared dynamics on de Sitter back-
ground” JCAP 1802 (2018) 014 [50].

J. Tokuda and T. Tanaka, “Can all the infrared secular growth really be understood as
increase of classical statistical variance?” JCAP 1811 (2018) 022 [51].

Chapter 5

In this chapter, we explore the role of quantum decoherence for the theoretical consistency
of stochastic approach. We firstly analyze the structure of quantum states, by considering
the A\¢* theory in de Sitter space in a flat chart. We then prove that stochastic picture can
be theoretically consistent only approximately, and must be violated. We evaluate the
degree of this violation by estimating the quantum coherence of IR fields during inflation.
We then evaluate the amplitude of the fluctuations of IR fields when adopting the approx-
imate stochastic picture, which will allow us to estimate the possible contributions of IR
fluctuations to correlation functions of shorter-wavelength modes. Several implications
and future works are listed up at the end of this chapter. This chapter is based on our
unpublished work. We also discuss the future directions.

Chapter 6

This chapter is dedicated to conclusion.



Chapter 2

Basics of inflationary cosmology

It is known that our observable universe are well described by the homogeneous and
isotropic universe at the background level. On the other hand, we also know that our
universe is not exactly homogeneous nor isotropic. In reality, our universe contains rich
cosmological structures such as galaxies, stars, and so on. These cosmological structures
are formed by nonlinear evolutions at a late time, and are originated in the tiny density
perturbations. In the inflationary paradigm, the cosmological density perturbations are
generated by the quantum fluctuations of matter fields, whose energy-momentum realizes
the inflationary universe. We will firstly review the background dynamics. We will then
briefly explain how we can treat the cosmological perturbations and how they are gen-
erated quantum mechanically by considering the single-field inflation model which is the
simplest model of inflation.

2.1 Background Dynamics

In this section we briefly review some basic equations governing the time evolution of our
universe at the background level.

2.1.1 FLRW metric

It is widely known that the our observable universe are homogeneous and isotropic at
background level. Such spacetime are described by the Friedmann-Lemaitre-Robertson-
Walker (FLRW) metric of the form®

ds® = —dt* + a*(t)6;;dx'da’ . (2.1)

a(t) is called a scale factor, and it is a function of cosmic time ¢. For an expanding
universe, we have a positive expansion rate H := a/a which is called a Hubble parameter.
Here, dot denotes the derivative with respect to t: for instance, @ := 0,a. Because of the

!Precisely speaking one can add the spatial curvature, while current cosmological observation suggests
that spatial curvature is almost zero. Therefore we neglect the spatial curvature from the beginning here.



symmetry of the spacetime, the energy momentum tensor which is compatible with the
Einstein equations takes the following form:

", = pufu, + p (0", + utu,) , (2.2)

where u# denotes a time-like unit vector u* = (1/a,0,0,0) which is normalized as u*u, =
—1. This is the energy momentum tensor of perfect fluid with an energy density p and a
pressure p. p and p are function of time, but they are independent of spatial coordinate
Z, as a consequence of the homogeneity of the background FLRW spacetime. Einstein
equations are given by

1
H2 = w%p, (23&)
1%
pl

Eq. (2.3a) is called Friedman equation. The above equations are equivalent to

: 1
=H*+H=———+(p+3p). (2.4a)
6M2

i
a
p+3H(p+p) =0. (2.4b)
Note that eq. (2.4b) can be derived from the conservation law of energy-momentum tensor:

0= u'V,T*, = —u"V,up — (p+ )V, = —p— 3H(p+p), (2.5)

where V,, denotes a covariant derivative and we used V, u* = @L(\/ —gu“) /\/—9-

2.1.2 Inflationary universe

In modern cosmology, it is believed that our universe experienced an accelerating expan-
sion era where the scale factor a(t) grows in time almost exponentially as a(t) o< exp|[Ht].
This era is called inflation. Nearly exponential growth of a(¢) implies the approximate
constancy of the Hubble parameter H. Approximately constant H can be realized if the
equation of state becomes p &~ —p, according to eqgs. (2.3). From now on we will briefly
review how this equation of state can be realized by introducing a single matter content,
base on [52].

Single-field slow-roll inflation

As a matter content which realizes the inflationary universe, we consider the simplest
model whose action is given by

S = [ ' v75 |~ 500 - V(0)] (26)



EOM for ¢ is given by
¢+3Hd=-V"(¢). (2.7)

Energy density and pressure of ¢ are given by
1. 1.
p=5FHV(©0), p=58 V(o). (238)

In order to realize the inflationary universe, the following conditions must be satisfied:

S L A V5 N
"TUEET 2 p  2MEH?

<1, (2.9)

where we used egs. (2.3b) and (2.8). For this condition being satisfied for sufficiently long
period of time, we also require the following condition:

€
This condition is realized when the following condition is also satisfied:
Ny = —i < 1. (2.11)
H¢

Egs. (2.9) and (2.11) are called slow-roll conditions. ey and ny are called Hubble slow-roll
parameters. Using eq. (2.11), EOM for ¢ which is given by eq. (2.7) reduces to

1

¢~ —3—HV’(¢). (2.12)

This velocity can be understood as the terminal velocity of the system whose EOM is given
by eq. (2.7). Therefore, unless V'(¢) = H = 0, the approximation (2.12), or equivalently
eq. (2.11) will become valid even if they are not valid at an initial time. We thus assume
eq. (2.11) here, although 7y can be of the order of unity for ensuring eq. (2.10), rigorously
speaking.? When the slow-roll conditions are satisfied, the temporal variation of slow-roll
parameters is also slow-roll suppressed:

d"eg d"
Here, we defined N := Ina(t). Because the condition eq. (2.9) is equivalent to the con-
dition ¢? < V(¢) which means that the kinetic energy of inflaton is negligibly small
compared to the potential energy, slow-roll conditions will be satisfied when the potential
V(¢) is sufficiently flat. Indeed, we have

_MEV@ON? (6w én
v= g (v) = (el Fra< e

2For example in ultra slow-roll inflation, ny ~ 3/2. This situation can be realized by considering the
potential whose slop changes suddenly enough so that the velocity of scalar field exceeds the end velocity

-V'(¢)/3H.




The validity of eq. (2.14) is ensured for a sufficiently long time when

V'(¢)
V(o)

is satisfied, because |éy|H ' = 2,/egev(2ey — nyv). This equation can be derived from
eq. (2.14) by using the approxiamte constancy of ey which is expressed by eq. (2.13):

ny = My, <1 (2.15)

1 d2€H dEH

=Nu + €x — + —beg)— | 2mpt+ep < 1. 2.16

v =T T €H 2e1(3 — en) (dNQ (7 €H)dN H T €H (2.16)

Smallness of ey and 7y implies that it is necessary to make the sufficiently flat potential

V(¢) for realizing the slow-roll inflation. In this thesis we will not discuss how we can

obtain such flat potential which is stable under quantum corrections. We will simply
assume that such flat potential is realized.

2.2 Perturbations

In this section we describe the very basics of cosmological perturbation theory, especially
focusing on how we can define the perturbation and how we can describe their quantum
mechanical generation during inflation in the single-field inflation scenario. The content
of this section is mainly based on [52, 53].

2.2.1 Gauge invariant variables

Let us consider the perturbations. Perturbed metric is given by
ds® = —(1 + 2A)dt® + hy; (—B'dt + da') (—Bdt + da’) . (2.17)

In this expression A, h;; — a*é;;, and B; are perturbed quantities, and let us parameterize
hij as

hij = (1+2D)a’;; + Ey; + 75" (2.18)

where vLT satisfies traceless and transverse conditions 11 = 9,75 = 0. Here, Ej;; =
1) 2 1) ’ |7«]

V.V, E with V; which denotes a spatial covariant derivative with respect to an induced
metric h;; on the constant time slicing. Then A, x, D and E};; express scalar pertur-
bations, and ng denotes tensor perturbations. Throughout this thesis we will neglect
vector perturbations from the beginning for simplicity, because it decays at large scales
in standard inflationary scenario which we will study here. Next we parameterize the
perturbations of energy-momentum tensor T*, as

", = pu*u, + p (", + vuu,) + o*, , (2.19)
with imposing
1 )
ut = a(l —A0v), vwu,=-1, o'u=0",=0, o"=0". (2.20)



Then u, = a(—1— A,8;(v — B)). Then the components of energy-momentum tensor are
given by

T%=—p(1+0), T%=(p+pdi(v—B), Ty=—(p+pdv, (2.21a)
T'; = po + 6pds + o', (2.21b)

where 0 denotes the density contrast 6 == dp/p. dp = p — p and dp = p — p are the
perturbations of energy density and pressure, respectively. Quantities with a bar are
background quantities which depends only on time.

Using perturbation variables we have introduced above, we can construct the following
important gauge invariant quantities R and (:

(=D+aH(v—B), R::D—Hf& (2.22)
p

In the comoving gauge which is defined by v — B = 0 and £ = 0, ( becomes D, which
is related to the perturbations of the three dimensional Ricci scalar R®): for example in
this slicing they are related as®

4V?

R® — _TC , (2.23)
up to linear order. Therefore ( is called comoving curvature perturbation. In the uniform
density gauge which is defined by dp = 0 and £ = 0, R coincides with D and hence
it is the curvature perturbation. Therefore R is called the uniform density curvature

perturbation.
Gauge fixing
Below we will adopt the unit M} = 1. Let us rewrite the metric perturbation as
ds* = =N?dt* + hy; (N'dt + da*) (N7 dt + da?) | (2.24)

and consider the simplest single-field inflationary scenario theory described by the follow-
ing action
1

5 [ dav=a (R (007 -2V (6)

—; [ Vi {Nw = 2NV(9) + N (K75 = (K'5)%)

S

#87 (- M) - 0000, (2.25)

where K;; and R®) denote an extrinsic curvature and a scalar curvature of constant-t
slice, respectively. Explicit form of Kj;; is given by
1
2N
3Note that R(®) = 0 at zeroth order because we consider the flat FLRW spacetime as a background
spacetime here.

K = (hij — Ny, — NN) . (2.26)

10



Because the action does not contain the time derivative of the lapse function N or the
shift function N, they play the role of Lagrange multipliers rather than dynamical vari-
ables. Therefore one obtains the set of constraint equations by taking the variation of
the action with respect to N or N;. This is the generic feature of general relativity, and
the corresponding constraints are first class, which reflects the coordinate transformation
invariance. Therefore after choosing specific gauge, N and N* can be determined in terms
of dynamical variables.
Here let us work in the comoving gauge. Writing the inflaton fluctuation ¢ as

P(z) = d(t) + (), (2.27)

the (0,4) components of energy momentum tensor is given by
T9 = —agdip. (2.28)

Therefore the comoving gauge in this setup is specified by ¢ = 0 and F = 0. The former
condition determined the time-slicing and the latter fixes the spatial coordinate. In this
gauge we can parametrize the metric perturbations as

hij = a*e* (€ (2.:29)

where ( is comoving curvature perturbation. Now let us derive the expression for the
lapse and shift in terms of these dynamical perturbation variables by solving constraint
equations. The set of constraint equations are given by

R® —2V(¢) — ¢* — K';K7, 4+ (K';)* =0, (2.30a)

Vi(K';—06'K%) =0. (2.30b)

Egs. (2.30a) and (2.30b) are called Hamiltonian constraint and momentum constraints,
respectively. Let us expand the lapse and shift perturbatively as

N=1+N+Ng+---, (2.31a)

Ni=0x, X=xitxz+-, (2.31D)

and solve egs. (2.30) in terms of lapse and shift iteratively. At zeroth order eq. (2.30a)
gives rise to the Friedman equation,

3H? = %52 + V(). (2.32)

Note that at zeroth order we do not have the momentum constraints. At linear order,
egs. (2.30) give rise to

0iC
H )
HV?y, = 3H( —

(OiNy) = (2.33a)

V3¢ NV (9)
a? H

(2.33b)

11



One may notice that the solutions of egs. (2.33) have ambiguities because these equations
are of elliptic type. For example,
M=) (2.34)
H
is indeed the solution of eq. (2.33a) with an arbitrary function f(¢). This ambiguity is
eliminated by imposing the boundary conditions at spatial infinity so that N; and y;

vanish as other dynamical perturbation variables do: with this boundary condition one
has f(t) = 0. Substituting the solution of N; into eq. (2.33b) one has

¢

_ —2
X1 = T 2H +eaVo ¢, (2.35)

with the same boundary condition at spatial infinity. Here we used

V(g)  §

ST T T

We thus have the solutions for the lapse and shift at linear order as

< S
N=1+5, Ni=—

+ endi V. (2.36)

Substituting egs. (2.36) into the action (2.25) and expand 3-dimensional geometrical quan-
tities in terms of ¢ and +;;, one can obtain the action for perturbations up to third order.
Below we will discuss the quantization of these perturbation variables concentrating on
the quadratic action, and we will not discuss the non-linearities any more until chapter 3.

2.2.2 Canonical quantization

From now on we will quantize perturbation variables. Here we concentrate on quantizing
the curvature perturbation ¢ and forget about the tensor perturbation ~;; for a while.
Quadratic action for ( is given by

Sy = /d4x a’en [C2 - (@'C)Ql . (2.37)

a?

Introducing the gauge invariant variable v := z( called Sasaki-Mukhanov variable, where
z = +/2a%ey, the above quadratic action becomes the canonically normalized form:

Sy = %/dn d*z {(v’f — (0w)* + %ﬁvz] : (2.38)

Here, we introduced a conformal time 7 which is defined by

Mh%z/lﬁ%, (2.39)

12



and prime denotes the derivative with respect to n: for instance, v’ = 9,v. In de Sitter
approximation, we have n = —1/(a(t)H). One can canonically quantize v by expanding
an interaction picture field oy in terms of creation and annihilation operators which are
referred to as a} and ag, respectively:

N - 4’k A kT ®( N\t —ik-T
UI(n,x):/W [vk(n)a,;ek —{—vk(n)a%e Bz (2.40)

Here, vx(n) denotes a positive-frequency solution of the EOM of the form

Z”
vy + (kZ - —) v =0, (2.41)
z
and we impose the normalization condition:
(v — vvp) =i (2.42)

Then the creation and annihilation operators a; and dTE satisfy the commutation relations

—

[ap, ab] = @r* 6@k —K),  [ag.ap] =0, [af, ab] =o0. (2.43)

At leading order in slow-roll parameters, 2”/z ~ a”/a = 2/n?. Using this de-Sitter
approximation, one has the exact solution for eq. (2.41):

1 1 ‘ —
ve(n) = k0 Vor (1 + ikn) e (2.44)

Vacuum state |0) which is define by
az[0) =0 (2.45)

for Vk is called the adiabatic vacuum state, the WKB vacuum state, or the non-interacting
Bunch-Davies vacuum state. This vacuum state is natural because the time-dependence
of the final term on the right-hand side of eq. (2.41), which makes the definition of vacuum
ambiguous, is negligibly small in the past infinity limit 7 — —oco. In that limit we have
the well-defined notion of positive or negative-frequency modes. The mode function (2.44)
asymptotes to the mode function in Minkowski spacetime:
b —ikn _ _
ve(n) — me as kn — —o0. (2.46)

Usually this vacuum state is adopted as the initial quantum state for cosmological quan-
tum fluctuations. Below let us simply write this adiabatic vacuum state as |0).

Since the comoving curvature perturbation ( is related to Sasaki-Mukhanov variable
vas ( =v/z,  can be also expanded as

o d3k o o
0. = [ s [Cemage™ + Gilnpake ] (2.47)



with
1 (n) 1 1 1
= — ~
Mpl\/ 2a2€H KA Mpl 2eq —an \/2k3

where we make the M, factor explicit for definiteness. Because (j(n) becomes almost
constant for —kn < 1, one has

Ce(n) (1 + ikn) e~ (2.48)

1
ne(k) M1V 2k3

Qe(m) =~ for —kn<1, (2.49)

H
V2€H

where 7, (k) denotes the horizon-crossing time for mode k which is defined by —kn, (k) = 1.
Using this expression, one can calculate the power spectrum of ¢ at tree level:

(01 GG (n) 10} e = (27)78 (K + F) Pe() (2.50)
H? 1
_ 2 L _ 0 - _
Pe(k) = 1G(n)]” =~ 2edZ| for —kn< 1. (2.51)
P n*(k)
Here we defined (A,;(n) by
Gl = [ @olln.me . (2.52)

This explains how the simplest single-field inflationary model predicts the nearly scale-
invariant spectrum which is confirmed by CMB observation. Deviation from the scale
invariant spectrum comes from the k-dependence of the pre-factor H?/2ey evaluated at
n«(k). Combined with the approximate constancy of slow-roll parameters (2.13), the
deviation from the scale invariant spectrum are given by the slow-roll parameters which
are much smaller than unity.
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Chapter 3

Infrared secular effects in
single /multi-field inflation

Here we will review the issues of large IR corrections to the correlation functions of
curvature perturbations. Basically we will concentrate on the scalar perturbations. In
single inflation model, consistent prescription for resolving IR issues has been already
proposed in [5, 6, 7, 10, 11, 13, 14]. We will review this prescription. On the other
hand, the consistent QFT prescription for regularizing large IR corrections has not yet
been given in case of multi-field inflation where multiple light scalar fields exist. However
usually the stochastic approach to inflation are assumed implicitly in the literature as
a possible resolution to IR issues in multi-field inflation. We will also briefly explain
this. While the IR issue is not yet completely resolved, there seems the universal spirit
for resolving IR issues. The point is that the quantities which suffer from large IR loop
effects may not be observable quantities: such IR effects may not appear after properly
defining observable quantities.

3.1 Infrared issues in inflation

Let us consider the single-field inflationary model. In comoving gauge, the action for the
comoving curvature perturbation ¢ can be given in the form

S:/dt/d?’weHN\/E [—(0¢)" +---] . (3.1)

The non-linear interaction of ¢ can be determined by solving the constrain equations
iteratively in ( as is explained in the previous chapter 2. Let us work on the interaction
picture and evaluate the loop corrections to the power spectrum. Theory contains the
interaction vertex of the form

Hi > (0G) . (3.2)

This vertex stems from v = a%e* ~ a®(1+3¢+9¢%/2+---). At leading order, this leads
to the IR divergences when evaluating the correlation function of ( perturbatively. For
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example, this vertex induces infrared-divergent loop corrections to the (0] (z(t)(z (¢) |0) of
the form

/d3p@ (a(t')H —p) © (p — ko) (G(t') G (¢))" ~ 2w H® In (CL(t/)H

>—>oo as ko — 0.
0

(3.3)

Here, (---)" denotes the correlation functions with neglecting the delta function which
expresses the momentum conservation.! As we have explained in the previous chapter, if
there exist additional light scalar fields other than inflaton, their loop corrections to the
correlation function of ¢ also provide large infrared contributions. This infrared issue is
sometimes called “infrared divergence problem” in the literature because their loop cor-
rections are divergent in general after eliminating an artificial IR cutoff ky. This issue can
be a serious problem for inflationary paradigm because this issue arises when evaluating
correlation functions of curvature perturbations which are observable quantities.

As a one possible resolution to this problem, it has been suggested in the literature that
simple correlation functions of { may not correspond to observed primordial fluctuations.
In the next section, we will explain the possible resolution of IR issues.

3.2 Single field inflation case

We will firstly explain that correlation functions of ¢ in fact depend on the information
outside the past light cone (more precisely, the boundary conditions at spatial infinity
which are necessary to completely fix the gauge condition), based on [6, 11]. Then we
will explain how to construct the operators whose correlation functions are independent
of the boundary conditions at spatial infinity which is outside the past light cone.

3.2.1 Causality and residual gauge degrees of freedom
Complete gauge fixing v.s. non-locality

As we have explained in the previous chapter, it is generically possible to express the lapse
and shift in terms of the dynamical variable ¢ only, by fixing the gauge completely. How-
ever after completely fixing the gauge, the lapse and shift are generally become non-local
functionals: we have already encountered this non-locality in the shift N? in eq. (2.36).
Note that beyond linear order this non-locality also appears in the lapse function. This
appearance of non-locality will lead to the pathological contributions to the correlation
functions of {. In order to see this explicitly, let us consider again the loop corrections to
the power spectrum of CA,; from the interaction vertex of the form

Hi > H2G0'GV 2 (G0iGr) (3.5)

IFor example,

(0] GG ()10) = (2m)76 (E+F') (Ge(8)G ()" (34)
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For example two-loop contribution to (0| (z(T")¢; (T') |0) contains the following piece:

H/d%d /<:1+k:2+k;3 k;> (k- ka)?

‘k : <<k1 )Ge, (1)) (G, ()G, () 910 (G, (8)G, ()

(3.6)

This factor is divergent at k= El, unless some non-trivial cancellation mechanism works.

From the causality perspective, it will be unnecessary to impose the regularity of the
lapse and shift at spatial infinity which are outside the causal past of us. Observables
should be determined only by the information of the causal past. Therefore correlation
functions of observable operators should be independent of the boundary conditions at
spatial infinity which are outside the causal past. The singular behavior in the infrared
can be cured once one considers such correlation functions.

Residual gauge degrees of freedom

Because the lapse and shift are the Lagrange multipliers of the generators of coordi-
nate transformations, this ambiguity associated with the boundary conditions lead to
the residual gauge degrees of freedom. Note that we use an italic font as gauge for defi-
niteness, because this coordinate transformation is different from the conventional gauge
transformation in discussing cosmological perturbations in the literature: rather residual
gauge transformations are large gauge transformations which are non-vanishing at spatial
boundaries. Since the time slicing has been already fixed in the uniform-field gauge ¢ = 0,
residual gauge transformations are spatial coordinate transformations.

Once focusing on the quantities which are invariant under the residual gauge trans-
formations, we should consider what happens after fixing this residual gauge. Firstly we
would like to note that how important the residual gauge d.o.f. is for making the causality
manifest. Here, causality means that observable correlation functions are independent of
the insertion of unitary operators outside the causal past. It will be instructive to note
that solutions of the set of first order constraint equations without imposing boundary
conditions are given by

: V(3
Mim g+ 50, =g+ (- L) e e

where G(x) satisfies the Laplace equation:
V2G(z) =0. (3.8)

Let us refer to the intersection between the causal past of us and the constant-t slice as
Yo(t). Then we may define the window function W;(; O) which is unity when & € Yo
otherwise vanishes. Then by choosing G(z) as

o) = [y IO (e - 1O 3.9)
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and substituting this into eq. (3.7), one obtains

C(z) 1 /dgy Wi (v ?|) (eHC(t,ﬁ) _M) , (3.10)

al) =0 "1 17— 7 g

Note that G(z) given in eq. (3.9) indeed satisfies eq. (3.8). This implies that residual-gauge
invariance will ensure the causality in evaluating observables, in the above-mentioned
sense. Next we fix f(¢). In order to do so, it is convenient to compare the expressions
of Ny in two different coordinates (¢,z%) and (¢, %), where f(t) = 0 only in the former
coordinate choice:

C(t,a)
H

¢(t,a")
H Y

Ny(t, ") = Ny(t,z%) = + £(1). (3.11)
The point is that at leading order the lapse function is invariant under the spatial coordi-
nate transformation (¢, x%) — (¢, '), implying that Ny(¢,z%) = N(t,z") + O((6x)?) where

oz’ = 7' — 2°. On the other hand, ¢ changes under this coordinate transformation as

~ Y
C(t, o) = C(t,a) — 3’““. (3.12)
Therefore we have
§(t,xi):g(t,xi)—/ dt' Hf(t'). (3.13)

Defining the local average of an arbitrary quantities A(¢,z?) as

_ [ Ay Wi 0)A7)
f d3y Wt(!?; O) 7

A(t) : (3.14)

and taking the local average of eq. (3.13), we find that the remaining gauge d.o.f. asso-
ciated with f(¢) can be fixed by imposing the vanishing local averaged value of ¢ in the
coordinate system (¢, %) by choosing f(t) as

t
/ dt Hf(t') = ((t). (3.15)

In other words, the condition
¢(t)=0 (3.16)

can be understood as the local gauge condition which fixes the residual gauge d.o.f asso-
ciated with f(¢) in eq. (3.7).? This fixing can be done only in terms of the perturbation
variables which live in the causal past of us. So far we have investigated some important

2Tt is also possible to derive the form of the coordinate transformation associated with f(t) roughly
in the following way. Eq. (3.12) and N; = N; give rise to

3Hf(t) = 0,0;02" . (3.17)
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relations between residual gauge d.o.f., causality, and its potential role for regularizing IR
effects, by considering the lapse and shift at lowest order. However it has been shown that
almost the same discussion applies even when considering the higher-order terms. This is
because the essential point of the discussion here is the fact that the constraint equations
are given by elliptic-type equations which are valid to all orders in perturbation theory.
More detailed discussions can be found in [6, 7, 8, 9, 11].

As an explicit example of genuinely gauge invariant quantities, [8, 9] proposed to
consider the n-point function of the scalar curvature R for the induced metric on the
uniform field slice ¢ = 0 with specifying n arguments of them in terms of geometrical quan-
tities which are independent of the coordinate choice. They used the three-dimensional
geodesic distances between each arguments and some reference point.

3.2.2 Locality condition

So far we discussed importance of the residual gauge d.o.f. and it is likely that such d.o.f.
are intimately related to the IR effects. This is because, it seems that local average of ¢
can be set to zero by using the residual gauge transformation. This may indeed indicate
some intimate relations between such d.o.f. and IR effects, it is too early to argue that
the invariance of observables under this gauge transformations ensure the absence of large
IR effects. This is because, such transformations are not the symmetry of the theory and
hence modify the time evolution. One has to deny the possibility that the modification of
the time evolution leads to additional large IR effects, while it seems non-trivial in general.
Below we will derive the condition for quantum state which ensures the absence of large
IR effects in evaluating correlation functions resembling observables which are invariant
under the gauge transformations. In this subsection, we will work on Schrodinger picture.
The content in this section is based on [14].

Dilatation invariance

Let us consider the dilatation transformation 2° — #* = e*z’. Under this transformation,
¢ transforms as

Co(t, @) = C(t,e°T) — s ~ ((t, &) — sT - 0xC(t, T) — 5 + O(s?). (3.20)

Eq. (3.17) implies that

t
dat = a:/ dt Hf(t). (3.18)
This is nothing but the time-dependent dilatation transformation of the form
t
1+ / dt'H f(t)

ot =3 =Wt st) =In . (3.19)

Strictly speaking, there are some room for adding other terms on the right-hand side of eq. (3.18)
when solving eq. (3.17). However, our purpose here is to derive the form of coordinate transformation
corresponding to the ambiguity associated with f(¢) only, and hence it will be unnecessary to add such
terms. More detailed discussion on the correspondence between the residual gauge transformations and
the spatial coordinate transformations can be found in [8, 9].
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Therefore, under the infinitesimal dilatation transformation, ¢ transforms as

0

AC(ta ‘f) = g [

G(t,T) — (4, 7)) = —1—7F-0:((t, 7). (3.21)

Using this, one can construct the charge QC which generates dilatation transformation as

Q= [ [a@r@ + 7@AL@)] (3.22)

Because the dilatation is just a coordinate transformation, the general covariance says
that ()¢ commutes with the Hamiltonian:

[Qc,ﬁ] —0. (3.23)

Therefore QC is a conserved Noether charge. By performing the Fourier transformation
of eq. (3.22), one obtains the momentum-space representation as

Q€ = QCE:Q ) QCE#) 5 (324&)
A . A Bk (2 - L
Qg = ~Tizor @iy =~ (2n)3 {Cﬁa k- 812712} - (3.24b)
Here {A, B} = (AB + BA) /2. Now we impose the dilatation invariant quantum state
W (1)):
Qc|¥(t)) =0. (3.25)

It has been argued that this dilatation invariance is essentially important for proving the
so-called consistency relation. Because we are interested in the correlation functions of
non-zero modes, we investigate how the quantum states for non-zero modes respond to

the dilatation transformation from now on. Firstly let us introduce an operator ¢ which

is defined by
. fdgxg(taf> o é[}’:()

(= = 2
¢ [ 3= [ &3z’ (3.26)
and consider an eigenstate |¢) € Hz_, of this operator:
¢ ) =<l x) for Vx) € Hiy, (3.27)

where we decompose a total Hilbert space as Hior = Hi_, @ Hj; £0- Using this eigenstate
of zero mode, we decompose the quantum state as

W) = [ aC[w(O] 10)|¥(e:C) (3.28)
with imposing the normalization condition

[[w@); O =1. (3.29)
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Because QCE:O is a generator of the dilatation for zero mode which satisfies

[iQCEZO, E] — 1, (3.30)
one has
exp [isQc,_, | 10) 1) = T+ 5) 1) (3.31)

for an arbitrary state |y). Taking the derivative of above expression with respect to s,
one obtains

i0c. (101) = (a% <>) . (3.3

Therefore using egs. (3.24a) and (3.32), eq. (3.25) gives rise to
0= Qeteioy = [ a0y | (5 w1 ) [903:0)

w (w00 (0, - 52) @) (3)

Here, we write QCE;éo as an operator which acts only on Hj 20 because the action onto

the zero-mode Hilbert space Hj_, is trivial. Strictly speaking, Q%&O was defined by

an operator which acts on total Hilbert space in eqs._(3.24). Below, we will adopt this
notation unless it causes any confusions. Operating (C| (¥(¢); (| on eq. (3.33) and using
the normalization condition (3.29), one has

0= % ()] + W) | ()| i@c,;;ﬁo | (1); () — (W(t); ] ((% \Ij(t%@ﬂ . (3.34)

First term of the right-hand side is a real number, while both of the second term and third
term are pure imaginary. This can be verified by Q%éo = QZ%&O and the normalization

condition (3.29) which leads to

0 =N

ac IIT®: Ol =o. (3.35)
Therefore, eq. (3.34) gives rise to the following two conditions:
— |[¥(Q)] =0, (3.36a)

iQcy [W(1);C) = == |[W(1);: () - (3.36b)

Eq. (3.36a) says that the wave function is flat with respect to ¢. This is an expected
result when considering the dilatation invariant quantum state. Eq. (3.36b) says that the
effects of dilatation transformation onto the non-zero mode Hilbert space Hj 4o can be

expressed by simply changing the value of ¢. This is again an expected result.
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Inhomogenous dilatation and locality condition

From now on let us construct an operator QZV which generates an “inhomogeneous”
dilatation:

O (#) = % / Q' Wy (& — ) [AL@(E) + #HALE) (3.37)

Here W (Z) is approximately positive constant when |#] < L while it almost vanishes
outside this region, and we impose the normalization condition

/ d*z Wi (7) = 1. (3.38)

For later convenience we impose the Fourier component of Wy (Z) as

—

W(EL) = /d3x WL(f)eikL'f =0 for kp>L71'. (3.39)

This operator Q‘C’V indeed induces the dilatation transformation because it only changes
the averaged value of ( which lives around Z:

QF @),4)] = —Al@WL(E— ). (3.40)

By choosing the size L as the causal past, it turns out that ng(f) generates the residual
gauge transformations. This is not the symmetry of the theory. Under this transformation
the classical action does not remain invariant. Therefore Q?/ does not commute with the
Hamiltonian:

[QZV,H] £0. (3.41)

This means that the time evolution is modified under the inhomogeneous dilatation, and
hence quantum state is not invariant:

QY [W(t)) # [W(t) . (3.42)
In momentum space,
QAZV(IZL) ~ Q?]L(EL) D QZVS(EL) ; (3.43a)
o . Bk . - L
Qep(kr) = —W(kr) {wk + / @ {G B0, gfo (L =m0 (L7 = [F - R )] ,

Q) = —w(E) [ S5 G oo, cfo (-1 e (=R -27)
(3.43D)

Let us decompose the Hilbert space into long-wavelength part and short-wavelength part
as

Hiot = HL @ Hs, Hp = ® Hi, , Hs = ® Hy. - (3.44)

kp<L-1 ko>L-1
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Next we decompose |U(t)) as

0 = [ Gl e . pa= T dg, (3.45)

kp<L— 1

where |(1) is an eigenstate of CAEL for Vk, < L™

C:;;L Ce) = G, 1) - (3.46)

Note that éEL acts on Hyot strictly speaking, while it trivially acts on Hg and so we simply

write éEL as an operator which acts only on H; for notational simplicity. Then, as an
analogue of (3.36b), we consider the condition

QW (Fe) |0 (1); C1) = W(/m% ()¢ (3.47)

Performing the Fourier transformation, eq. (3.47) becomes

A3k iR, F 0
(277)36 W (kL )59@ [ (t);Cr) = 96, (@)

Here we defined (1,(7) = (2r)~3 [ d®k W (k)(g exp|—ik - &]. Condition eq. (3.47) or (3.48)
is called the “locality condition”. Since the inhomogeneous dilatation is not a symme-
try of the theory on the contrary to the homogeneous dilatation which is generated by
the Noether charge QC, this locality condition are not necessarily respected. Locality
condition implies that the effects of time-independent inhomogenous dilatation onto the
short-wavelength quantum state can be expressed as the change of the local averaged
value of (,(Z) at a certain time ¢. Therefore this condition can be satisfied when the
constant solution is dominant in the EOM of (. Therefore an adiabatic vacuum state
satisfies the locality condition, for example.

Below we will see how this locality condition plays an important role for ensuring
the IR regularity of correlation functions which are invariant under the residual gauge
transformations.

QN () [W(1): ) = / WG . (3.48)

Absence of IR divergences

We will show that large IR secular effects are gauge artifact and hence are absent when
evaluating correlation functions of genuinely gauge invariant variables, assuming that
locality condition is satisfied. Following [8, 9], we refer to a genuinely gauge invariant
operator as 9R and evaluate their n-point function (V(¢)|9R;---9R, |V(t)). Here, the
subscript of 9R labels the spatial point. Gauge invariance of correlation functions implies

0= % (Uo(t)| %Ry - - TRy, |04 (1)) | (3.49)
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where |U4(t)) = Q¢ |U(t)).> Then, using the locality condition, eq. (3.49) gives rise
to

0
/DCL M@k 55 (T); G+ sl (Co + [ Ry~ "R |G + ) [P (E); G+ 5)) = 0, (3.51)
for an arbitrary s. Here, we used that

(CLl R -+ R [C) o< 0 (CL — C1) (3.52)

which obeys from the commutativity of 9R and soft modes CA 1..* Because of the validity of
eq. (3.51) for an arbitrary choice of s, we have

0

e LGl (Gl R G2 [ (0): o) } = 0. (3.53)

This equation says that the terms inside the bracket {---} is independent of (;, which
means that the correlation function of gauge invariant operators are insensitive to the
presence of (;. Therefore, the integration over (; will be canceled out by normalization
of |U(t)) when evaluating such correlation functions resembling cosmological observables:

(W) Ry - Rn [W(1)) = /DCL (U (C) (U (8); Col (Cul Ra - - - R [C2) [0 (£); 1))
= (W(t); Col (CLl Ry - -+ R [CL) [W(2); CL) (3.54)

where we used the normalization condition in the final line
/ D () = 1. (3.55)

Eq. (3.54) states that the influence of fluctuations of IR fields on observables are gauge
artifact in the sense that it vanishes when evaluating gauge invariant correlation functions
resembling cosmological observables.

3.3 Multi-field inflation case

Based on [27], we briefly explain why the above explained method will not apply to IR
loop effects from isocurvature modes during inflation. We then introduce the stochastic
approach to inflation which may potentially give us the one way of regularizing IR effects
from isocurvature modes.

3Eq. (3.49) can be expressed as

(W] [QF 5By -+ R [W(8)) = 0. (3.50)

4Because IR is constructed by using purely geometrical quantities where the conjugate momentum of
(1, is absent, 9R commutes with (r..
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3.3.1 Residual gauge-independent IR effects

In sec. 3.2, we discussed a prescription which resolves IR issues. There the residual gauge
d.o.f.s have played an important role. While it is also quite important to restrict quantum
states so as to satisfy the locality condition, the allowed setting the local averaged value
of ¢ to be zero using the residual gauge transformation gives us a good indication for
the absence of large IR effects on the gauge invariant correlation functions. Therefore,
it is worthwhile investigating whether or not the local averaged value of inflaton can be
eliminated by using residual gauge d.o.f. to get some insight on the physical significance
of IR effects on multi-field inflation scenario. Here we consider the multi-field inflation
model with the canonical kinetic term whose action is given by

5= [ dtev=g [R - @0)(00r) =2V (6)] (3.56)

Here I = 1,--- labels inflatons.

For current purpose it is convenient to work on flat gauge in which D = 0 is imposed
in stead of imposing ¢ = 0. In the single field inflation case, the residual gauge can be
fixed by imposing

@@%:fizggggg;wzﬂ, (3.57)

and eliminating the non-local contribution to the lapse and shift by using the remaining
residual gauge transformations [6]. Note that eq. (3.57) is an analogue of eq. (3.16). In
multi-field inflation model which is described by the action (3.56), the residual gauge d.o.f.
can be fixed by imposing

_ [ Py W@ O)ere! (t,5) _
J By Wi(y: 0)

er@’ (t) 0, (3.58)

where e; = ¢;/(¢;67)/? [7]. This means that the local averaged value of adiabatic
perturbations can be set to zero by using the residual gauge. However, the entropy
perturbations 87 := ¢! — efe;p’ (or so-called isocurevatur peturbations) which express
fluctuations perpendicular to the background trajectory cannot be eliminated. This sug-
gests that the fluctuations of isocurvature modes are not gauge artifact, but rather can
induce some physical effects on the local dynamics.

3.3.2 Stochastic approach to inflation and IR effects
IR secular growth

Then, how can we resolve IR issues associated with isocurvature modes? Because the field
value of the adiabatic direction can be used as a clock field, the dynamics of isocurvature
direction can be well captured by considering the test scalar field in the inflationary
background. Since the inflationary space time is well approximated by de Sitter space in
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a flat chart, let us consider a weakly self-interacting test scalar field theory on de Sitter
background whose action takes the form of

1 A
S:/d4xa3 (—5(3@2—5 4), D<Ak 1, (3.59a)
ds* = —dt* + a*(t)6;;dz'dz’ = a*(n) (—dn* + 6;;dx'da’) | (3.59b)
1 a
— Ht e = - =
a(t) =e"" = Ho H: - constant . (3.59¢)

In order to make the IR issue associated with this theory clearer, we introduce IR field

¢< defined by

&’k ik-Z
¢ (x) = / (27?)3@ (eaH — k) pp(t)e™™, k= |k , (3.60)
where ©(z) is the Heaviside function and € < 1 is a non-dimensional small but positive
parameter. Roughly speaking, ¢<(Z,t) is a coarse-grained field averaged over the comov-
ing length scale 1/eaH on a constant time slice. We introduce an IR comoving momentum

cutoff
]{50 = ECLOH, (361)

where ag is the value of a at the initial time #; and neglect all modes with a momentum
below this cutoff, to avoid the IR divergences due to the momentum integral.”> Under this
setup correlation functions of ¢<(Z,t) have secularly growing terms, e.g.

oo 2l+n—1 2l+n—m
O 6@ 0 =3 3 N (mi) 4 (IR regular part)

a
=0 m=0 0

N n a n+2 a n+1
~H>(In—) + 2 H?*((In— +(In— +- | +0O0(N)
Qo Qg Qo 7

(3.62)

where |0) is the state vector corresponding to the non-interacting Bunch-Davies vacuum
at the initial time. For a later convenience, we refer to m = 0 terms in eq. (3.62), which
represent the LO IR secular growth, as LO IR terms. Similarly, we refer to m = 1 terms
as NLO IR terms. In general, m = m; terms are denoted by N™ LO IR terms. Since the
terms higher order in A get larger after passing the critical time ¢,, determined by the
condition A(Ina(t,,)/ag)? = 1, which implies

1
tnp_tozma

perturbative expansion with respect to A breaks down after ¢,,,.

5Qur expectation is that the initial time can be smoothly sent to the past infinity, once an appropriate
effective EoM for IR modes is derived.
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Stochastic approach

While the perturbative evaluation of correlation functions of IR field ¢< suffers from large
IR secular effects, it has been argued that an IR field ¢< will obey an approximate effective
EOM for IR field in models with a canonical scalar field with a general potential V' (¢),
which takes the form of the stochastic equation [29, 34, 37]:

| < _ 1 1<
¢ (x)——?;—HV (¢=(x)) + &s(x) .

(Eolm)Eol2)) = gblts — 1) o (calta) H |72 — T

where jo(z) = sinz/z, and (---) means the statistical ensemble average. This equation
is obviously equivalent to an EoM of Brownian motion under an external force V'(¢),
and means that each horizon patch evolves independently. Therefore, this equation can
be solved non-perturbatively with respect to A, which makes the obtained solution valid
even at a late epoch where perturbative QFT calculations fail to converge. It has been
checked explicitly that the stochastic EoM (3.63) correctly recovers LO IR terms (See e.g.
[29]). Since eq. (3.63) is identical to an equation that describes a stochastic process in
classical mechanics, it might be allowed to interpret that the stochastic EoM is the one
that attributes probabilities to various possible realizations of the classical time evolution.
In this stochastic interpretation, the LO IR secular growth is simply interpreted as an
increase of the statistical variance. This stochastic picture of inflation has been utilized
in the literatures as a possible resolution to IR problems in multi-field inflationary models
[17, 18, 19, 20]. In stochastic approach to inflation, IR field ¢=<(z) which lives in our causal
past obeys a stochastic equation eq. (3.63) in a good approximation, and it takes some
definite value at around 50 e-folds where the causal past of us shrinks into one-Hubble
patch in a good approximation. Referring to this time as t,, a fixed value of ¢<(t, ) is
assumed in the stochastic approach to inflation. Therefore, once the stochastic picture of
inflation is accepted, one will not have the fluctuations of deep-IR modes and hence they
cannot contribute to observed fluctuations from the beginning. On the other hand, one
can also calculate the probability distribution of ¢<(t,, Z) using eq. (3.63) for a given initial
value ¢<(to, ) at an initial time ¢y. This is because eq. (3.63) will capture the unitary
evolution of IR fields in a good approximation: the recovery of LO IR terms which appears
in the evaluation of IR correlation functions as we saw in eq. (3.62) may support this.
In the stochastic approach to inflation, however, the probability distribution P(¢<(Z)|t.)
is unnecessary for predicting what we measure through the cosmological observations.
P(¢<(Z)|t.) will give us just a probability for measuring one particular local universe
where ¢(t,,Z) = ¢y is realized, and this is theoretically interesting but P(¢<(Z)|t,) is
totally irrelevant for predicting observables [20].

The absence of IR effects on observables in the stochastic approach to inflation is how-
ever simply because the quantum coherence of deep-IR modes k < ea(t,)H are neglected
by hand from the beginning, as has been pointed out in the several previous works [7, 27].
Therefore, from next chapter, we will study the theoretical consistency of the stochastic
approach to inflation with taking into account the quantum coherence. We then discuss
whether or not large IR effects can be relevant for cosmological observations.
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Chapter 4

Extended stochastic formalism

As we explained at the end of the previous chapter, stochastic approach to inflation
has been proposed as a possible resolution to IR issues associated with the isocurvature
modes. In the stochastic interpretation, the LO IR secular growth is simply interpreted
as an increase of the statistical variance, while it will not be observed by a local observer.
However, one should recall that the stochastic EOM (3.63) neglects sub-leading order
(sub-LO) IR terms, which also increase indefinitely in time. Furthermore, what we are
interested in would be the finite part of the correlation functions that after the secular
growth effects are removed. Therefore, there seems to be no reason why one can be
satisfied with the treatment neglecting the sub-LO IR terms. It seems non-trivial whether
or not an effective EOM which can describe all IR correlation functions with sufficient
precision can be obtained in the form similar to eq. (3.63).

In this chapter, we will show that in a quite generic setup all the IR secular effects
can be recovered by the stochastic equations, based on our previous works [50, 51]. More
detailed discussion on the theoretical consistency of stochastic approach will be given in
the next chapter 5.

4.1 Systematic derivation of stochastic formalism

In this section, we develop how to derive an effective IR EOM by using the Schwinger-
Keldysh formalism. In sec. 4.1.2, we provide a refined way to divide the path integral into
the UV part and the IR part. This division becomes non-trivial compared to the case of
the usual Wilsonian EFT in flat spacetime, because the current problem is on the EFT
for an open system in which the dynamical degrees of freedom are continuously transfered
from the environment to the system.

4.1.1 Setup

In this study, we consider a canonically normalized scalar field theory with a general
potential V' (¢, v) on de Sitter background, whose Hamiltonian density H is given by
L, (Vo)

H(¢7U)ZHO(¢7U)+V<¢7U)7 H0:§U2+ 242

(4.1)
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where v denotes the conjugate momentum of ¢ divided by a®. Here, we write a(t) as
a for brevity unless it causes any confusion. The mass term m?¢? is also included in
the interaction potential V(¢,v), and we will identify the Hy and V(¢,v) as a free part
and an interacting part, respectively, when we perform the perturbation theory.! We do
not specify the concrete form of the interaction potential, while we always consider \¢*
interaction when performing concrete calculations. We refer to the coupling constant as
A below, assuming that V' is proportional to A\. We refer to modes k satisfying k = ‘E | >
eaH and k < eaH as UV modes and IR modes, respectively, with a small parameter e,
where H = a/a denotes the Hubble parameter.

We make two assumptions on the initial state. Firstly, we assume that the potential
V(¢,v) is turned on at ¢ = ¢, and the initial state is set to the non-interacting Bunch-
Davies vacuum state |0). Secondly, we neglect modes that are already belonging to IR
modes at the time ¢ = ty. This is equivalent to introducing an IR cutoff ky = eagH to
the comoving momentum k.2 Under these assumptions, the interaction picture fields &I
and v; are expanded as

i(x) = / 577; [@k(t)e“?*a,ﬁ(h.c.) L () = / (;‘1371; [¢k<t)e“3~”a,;+<h.c.) ,
(4.2)

where (h.c.) stands for the hermitian conjugate and the mode function ®y(t) is given by

Oy (t) = \/%14:3 (1 + ikn) e 1, (4.3)

which satisfies the normalization condition

: i . —i
i () Pr(t) — Pu(t)21(t) = — . (4.4)
Here, n is the conformal time defined by dn = dt¢/a. Then, the WKB vacuum state |0)
is specified by a;|0) = 0. The creation and annihilation operators a; and &TE satisfy the

commutation relations
[ap, ab) = @n)6@ (k- K),  [az,ap] =0, [af.al]=0.  (45)

Since all modes are belonging to UV modes at the initial time, each IR mode has the
crossing time ¢, transferred from a UV mode, which is given by

1 k
ly = —=1In—

H €eH'

Next, we decompose the Heisenberg picture fields ¢y into the UV part and the IR
part, which are denoted by ¢;5; and ¢5, respectively, as ¢y = ¢5 + o5, with

o5(z) = / (;}; O (cal — k) ¢z (t)e* 7, (4.6)

"When we consider nonlinear interactions without derivative couplings, the momentum-dependence
of V in eq. (4.1) only comes from the field renormalization factor.

2After deriving an effective EOM for IR modes, we expect that the initial time ¢y can be smoothly
sent to the past infinity.
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where ©(z) is the Heaviside step function. We also decompose vy as vy = vjj + vfj in the
same manner. It is known that the correlation functions of the IR fields ¢5 and v;j contain
the IR secular growth terms which are divergent after sending the comoving IR cutoff kg
to 0. In the next subsection 4.1.2, we demonstrate how to derive the effective EOM for the
IR fields which can correctly recover the IR secular growth in all IR correlation functions
consisting of ¢5 and vg.

4.1.2 Formulation

In this subsection, we derive the IR dynamics just by integrating out UV modes, by using
the path integral. Generating functional for the system defined by eqgs. (4.1) is given by

210) = [ D6.Do-Du. Do wilo. w5

: ; 1 1(Vey)? v
X exp [Z/d4$ a’ (U+¢+ - 5”—% - 5( a2+) — V(s vp) + TV 0y + T )U+)

—(+— —)] , (4.7)

with boundary conditions,

b1(x) = b_(z), for t=1tf, (4.8)

where t; is an appropriately chosen maximum time. Here, Wo[¢4|¥§[¢p-] denotes an
initial wave functional, and we will write this initial wave functional dependence simply
as WU below, unless it causes any confusions. For brevity, we set J = 0 for the moment.
Equivalently, the path integral can be written in the Keldysh basis (¢., v, ¢a,va) as

Z[O] _ /D¢CD¢ADUCDUA eiSH,O[¢c,¢A,’Uc,’UA]eiSH,int[fbc,(bA,’Uc,’UA}\IJO\IJS, (49)
: : Vo) (V
Su,0[Per P, Ve, va] = /d4$ a’ <UC¢A + vade — VoA — (QS)G#) : (4.10)

SH,int [¢ca ¢A,Uc, UA]
L s 1 1 1 1
= —/dxa % (gbc + §¢A,Uc + §UA) -V (qbc — §¢A,Uc — §UA) , (4.11)

with boundary conditions

da(z) =0 for t=t;. (4.12)
Here, the Keldysh basis is defined by
b= SrTO- vt (4.13)
2 2
OA =y — b, VA I=Uvg—U_. (4.14)
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Note that cc propagator and c¢A propagator correspond to the symmetric propagator and
the retarded Green’s function, respectively.

We split the above path integral (4.9) into the UV part and the IR part. We focus on
the non-interacting part of the path integral Z,[0], neglecting the interacting part St int
for a while. If one simply splits the functional measure into the UV part and the IR part
as

2000] = Niks T / [T [a¢c (. F) don (t.F) du. (£.F) dos (£.F)]

k>ko t>1

X t];[k [dgbc (t7 k) doa (t; k)] n [dvc (t, k’) doa <t7 ]{;)} eiSH,0[¢c,¢A,vc,vA}\IJO\I/3’

<t

(4.15)

one cannot integrate out UV modes as independent degrees of freedom, because UV modes
are to be identified with IR modes at the crossing time, t = t,. Here, we choose the time
argument of momentum variables, v, and va, not to contain ¢ = t; in deriving the original
path integral Z,[0] for later convenience. N and Ny are numerical constants. We show
that UV modes can be integrated out as independent degrees of freedom, if the transition
from UV modes to IR modes at ¢t = t is expressed by interaction vertexes. In order to
identifying the required interaction vertexes, firstly, we rewrite the above path integral
(4.15) into the following form:

1 1
200 = [ Do:D65PuDs [ DorDez DDz W 07 + o | Wi 07 - o3
(

 iSH.0[0e=0F +67, ba=0F T3, ve=vE +0Z , va=vE +03]
)

Do DDz Do =M [ I] [d¢c> (t, /%’) de3 (t, l%’)] I1 [dfuj <t, i%’) dv <t, i

k>ko t<tj 1<ty

DosDo3DvsDus = N; [T I [dgzﬁf <t, /Z) dos (t, JZ)] I1 [dvf <t, /Z) dvg <t, i

k>ko t>ty, t>tg

with boundary conditions

$a (t = tr, 15) =0, (4.17a)

o (t = 1, 15) =0, (4.17b)

for all modes k with k > ko. The boundary condition at final time eq. (4.12) is expressed by
Ox (t £ E) = 0 for ¢, < t;. Note that the initial wave functionals are now the functional

of UV fields, because all the modes are UV modes at the initial time ¢y in our setup.
Again we will below write this initial wave-functional dependence as ¥y Wg™* for notational
simplicity. In order to see the equivalence between the path integral expressions (4.15)
and (4.16) with the boundary conditions (4.17), let us remind the derivation of the path
integral (4.15). We concentrate on a single mode k: for a while, because without nonlinear
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interaction V' (¢, v), each mode k evolves independently. The time evolution of a mode k
from t =ty to t = t; is described by the following unitary operator

U, (tl,tQ;l%’) — Texp {—i/tl dt a*Ho <t, E)} , (4.18)

t2

o (1F) = 2o (6 F) o (1-F) + i (6F) an (=F) . (a9

Here, T denotes the time-ordered product. We decompose Uy (tl, to; /2) into a product of
the unitary operators with a small time step At as

Us (tl,tQ; 12) = lim U, <t1,t1 — At; E) Us <t1 — At t — 2A¢; E) Uy (t2 + At by 12) .

At—0
(4.20)
Inserting identity operators, UO (t,t — At; E) can be expressed as
Uy <t,t — At; l%’) = /dgzs (t — At, E) dv (t’, E) ‘v <t’, E>><v <t’, E)‘
x U (t,t — At; /Z) ‘qb (t — At 12:'>> <¢ (t — At, E) , (4.21)

where we choose t' as t — At < t' < t. ‘gb <t, IZ>> and

v (t, E)> denote the eigenstates
of (ZBI <t, E) and 0p (t, /Z) with eigenvalues ¢ (t, E) and v (t, /Z), respectively. The path
integral (4.15) can be derived from U <tf,t0;E> = U, <tf,tk;/2) U, <tk,t0;E). In the
expression with a finite At, one can easily understand that the path integral (4.16) with

boundary conditions (4.17) is obtained by just applying the following replacement of
integration variables in eq. (4.15):

. >(t, k) for t<t B 0% (t,k) for t<t,
& (t, k;) o ; on (t, k;) o ;
o< (t, k) for t>ty, ox (t, k) for t>t,
(4.22)
. o> (t k) for t<ty . v (k) for t<t
Ve (t, k) = ) va (t, k) = )
v (t, k) for t>t, X (t k) for t>t.
(4.23)

In our choice, ¢ <tk, E) and ¢, <tk, E) belong to IR modes and UV modes, respectively.
Physical meaning of this choice can be understood as follows:

1. The condition ¢x <tk, l;) = 0 ensures that the time path of UV modes k is closed

at t = t;, which allows one to integrate out UV modes without specifying the
trajectories of the path integral of IR modes. Intuitively, it is natural to impose

the condition ¢3 (tk, E) = 0 because the mode k is transfered from UV mode to IR

mode at t = t;, which implies that the maximum time for UV mode k is given by
t=t.
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2. One cannot impose any constraint on ¢_ (tk, k) in integrating out UV modes. With
this requirement, to make (4.16) equivalent to (4.15), we need to fix the value of
oS (tk, E) Although any choice of the value of ¢ <tk, E) can be absorbed by the

— —

redefinition of ¢ (tk,k>, the simplest choice is to set @5 (tk,k:> = 0 in (4.16),

which can be also understood as the initial condition for IR modes.

Next, let us derive the terms which express the transition from UV modes to IR modes,
from (4.16). Hamiltonian action Sy o with integration range t, — At <t < t; + At before

taking the At — 0 limit, which is denoted by St <tk, /2), is expressed as

Suo(1,F) = [ -+ &) (10 50 F) (60 (14 5 F) — 61 (1))

+ (ty =t — At) | + (c < A) + O(AY), (4.24)

with 0 < At" < At. This choice of At’ corresponds to the choice of ¢’ in eq. (4.21). By
applying egs. (5.29) and (4.23), one obtains

Sto (tk, 1%’)

— { {a?’ (tr, + At') v (tk + A, E) (¢§ (tk + At, —/%') — ¢ (tk, —/%’))

0 o 8725 (1 7.8 (57 (1 8) 07 (1050, F))| + 0 A>}

—d® (t, + At 3 (tk + At /2) o> <tk, E) +a® (t, — A7) o3 (tk, IZ) e (tk — AV, E)

+ O(AY), (4.25)
where At .= At — At’ > 0. The cross terms between UV fields and IR fields which do
not vanish after taking the At — 0 limit only exist at the transition time ¢t = ¢;, and

express the transition from UV modes to IR modes. Therefore, from eqs. (4.16), (4.17),
and (4.25), one obtains

SH,O [¢c - ¢6< + ¢0>7 ¢A - QSZ + ¢Z7 Ve = Uc< + Uc>7 VA = Ui + UX] = Sli(] + Sli(] + 5/1bilinear)
(4.26)
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with
S [ ok [ [ (18 (1) +22 (1.-R) &3 (1.F)
—o (=) vz (6F) + o (1-R) 63 (o g)]  em
Sioi= [ o [ v [ (1,8) b (1,—F) +2 (1.-F) b5 (1.F)
o () o5 () + S (1) 5 (1 g)]
- [ o | v [ (1.7) b (1) - o5 (1.F
oS (t,—E) Vs (t,E>+k—2¢f t, k) o5 (tE)] (4.27b)

S = — [t [ 5500 [o5 (F) 7 (1.-F) — 05 (1) o7 (1-F)]

(4.27¢)

Here, we performed the integration by parts in the second line of eq. (4.27b). The cross
terms in the final line in eq. (4.25) lead to the terms Shitinear defined by (4.27¢), after
collecting the contributions from all modes with & > ko. Substituting eqs. (4.26) and
(4.27) into eq. (4.16), one gets the following path integral:

Z 0] = / DDy Dv=Dvs o / D> D3 Dv> Du3 e SiogiShitimear P> y>* - (4.28)

with boundary conditions (4.17). We emphasize that the boundary condition (4.17a)
allows one to regard UV modes and IR modes as independent degrees of freedom from
each other and hence S’bihnear terms can be treated as interaction vertexes. S§70 and Sﬁ,m
which are defined by eqs. (4.27a) and (4.27b), denote the non-interacting Hamiltonian
action for IR modes and UV modes, respectively. Indeed, we will show that all the
propagators can be correctly recovered from the path integral defined by eq. (4.28) in
sec. 4.1.3.

The non-triviality of integrating out UV modes even without nonlinear interaction
potential stems from the essential difference between the usual Wilsonian EFT in flat
spacetime and the current problem. The current problem is on the EFT for an open
system in which the dynamical degrees of freedom are continuously transfered from the
environment to the system [47, 54, 55, 56]. As a result, in order to integrate out UV
modes, one needs to treat the effect of this transition as interaction vertexes.

Since the cross terms in the nonlinear interaction potential V (¢, v) can contribute to
only O(At) terms in the exponent of the integrand in the path integral, the path integral
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for IR fields including nonlinear interactions, which is denoted by Z<[0], can be obtained
from eq. (4.28) as

z< / Do D5 Du=Du5 e SioeiSitim[05 0505 03] i T[65 6305 03] (4.29)

= / D¢> Dy Dv> Do e o> U™

> ei(SH,int [¢c:¢c< +¢c>7¢A:¢Z+¢Z,Uc:%<+%>aUA:”Uf\-HJX]—SfLim) eis'bilincar [U§,¢Z7Uc>,¢c>] 7 (430)
with boundary conditions (4.17). explil'] is the Feynman and Vernon’s influence functional
[57]. Here, Sg i [05, 63, v, VAl = Swint[@5, #X, v, vx] is the part of the interaction po-
tential purely composed of the IR modes. Sy in; — Sy 5, denotes the non-linear interactions
between UV modes and IR modes, and self interactions of UV modes. In these expressions
(4.29) and (4.30), the non-interacting parts are Sg, and S, and the interacting parts

to be treated perturbatively are Shiinear, Stine> and Spine — Sii - We will explain how
we can perform the perturbation theory in this prescription more in detail in sec. 4.1.3.

One remark is in order in writing the time derivatives of IR fields in real space. In
order to make writing

‘ - (Vos) (Vo3)

i = [ dbea’ (wg o5 —vof - eV OA
' Vo) (Vos
- /d% a (—¢z (65 + 3HE) + v5ds —vgus — VO VOR) Zg %)) o (431
to be consistent, we need to adopt the convention that the time derivatives which are
acting on IR fields in real space ¢<(z) or v<(z) do not act on the step function O(ea H — k)
included in the above expressions written in terms of variables in momentum space, i.e.,

p<(z) = / é:;g@ (eaH — k) ¢ (t, E) ek (4.32a)
05 (z) = / ((21;];3@ (eaH — k) 0= <t, E) ek (4.32b)

where the label ¢ or A is abbreviated in eqs. (4.32). This rule is always adopted in our
formalism. Regarding the time derivatives of UV fields in real space, the same discussion
applies.

Now, we move on to deriving the effective EOM for IR modes for a given iI". We
decompose S and I' as S = S5 e (@) T Sitine () a0d I' = ['(q) + I's), where the terms
with the subscript (d) denote the terms hnear in v X or ¢, while the terms with subscript
(s) denote the other higher order pieces. The exponent of exp[iS ) + '] can be
rewritten in the form linear in ¢X or v} by using the functional Fourler transformation:

T [$5 0305 WE|HIST e (9 [65 0305 03]

/Dfdu,va [Sdh 5117 v ] i [da3é,(z)¢X (z) ’Lfd4a:a3§¢(;t)1}A(x) (4.33)
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where auxiliary fields , and &, are introduced, and D¢y = ][, dés(x), and D¢, =
[1,dé(x). By performing the path integral over ¢3 and vx, the path integral for IR
modes is rewritten as

/D¢<Dv /D&ﬂ)&; (€65 &v; O, 07]

X8 (0F —vf = = &) 0S4 BHVE - &), (430)
where
14 -1 9
M= E s (51? int +F<d>> e <5§,mt<d) +F<d>> : (4.35)

Here, we neglect the a>V?¢< term because it is suppressed by some power of e.

So far, we derived eq. (4.34) starting from the original expression (4.9). Repeating the
same procedures, one can also derive the expression for the generating functional for IR
fields Z<[J<]:

(P)< < g(v)< <
2% = [ Dogpuz IV [ pepg Pty g0 o
x 8 (05 = v — = &+ J°) 6 (05 + BHVT + pia — & — JO) | (4.36)
where the superscript < assigned for external fields J means that they only contains IR

modes: for example, J'<(z) = (27)73 [ A3k O(eaH — k)< (t, E) exp [21_5 7). Therefore,

correlation functions consisting of IR-c fields can be calculated by using P[4, &,; 5

n 5 " -5 ]
Z< J<
Ll:[l (iai”(%)MfK(%)) H (ia3(yz)5J§’)<(yl)>_ .

/Dgtﬁpgv éqﬁafva ¢ U H¢< X HU yl . (437)

¢S —vS —p1—€p =05 —vE —p1—E€4=0

c C]

Therefore, an effective EOM for IR modes which correctly recovers all IR correlation
functions consisting of IR c-fields is

O = v +m+Es, (4.382)
= —3HvS — pia + &, (4.38b)
or equivalently,
G5+ 3HOS = —pig + 3Hpuy + fu + 3HEs + €5 + &, (4.39a)
= —3HvS —p2 + & (4.39D)

If we regard £, and &, as stochastic noises, the above set of equations can be identified as
a set of Langevin equations. The noise correlations are given by

<§v(x1) ©e 'gv(xn)&ﬁ(yl) o §¢>(ym>>
/D@ng (€60 &o3 05 V2] &o(@1) - Eol@n)€o (Y1) - - Lo ym) (4.40)

36



and P [&, &y; ¢, vs] corresponds to the weight function of the stochastic noises. Using

c)) ¢

q. (4.33), we found that the noise correlation which is defined by eq. (4.40) can be
Calculated once we obtain the influence functional I'(s) as

(€ol1) - Eulmn)Es(y1) -+ E(Ym))

:J§<Mm£ﬁm0ﬁ(@aﬁawﬂI%MMW@@O. (4.41)

=1

Reality of the noise probability distributions

Here, we will briefly show that the probability distribution P of the noise defined above is
real. Because flipping the sign of ¢3 and v} is equivalent to take the complex conjugate
of the path integral Z[0], and the functional measure Dy Dvy is invariant under these
transformations, il (05, X, vx] and iSg int(s) [ <, ¢x] must obey

o) (65, 05, V5] + 1S5 e (05, 93] = (1T [65, 0%, —vE) + iS5 e 65, —05])
(4.42)

On the other hand, from eq. (4.33), P and its complex conjugate P* can be written as

Plés,6n, 65 / ds / 5T OZVEIHST 05 03] 1 Atea (05 (2166 0) 05 (06 (2))

(4.43)
P&, &, 051)
\/dQﬁA / dv zI‘(q)[¢c ’ ¢A’7UA]+I mt(g)[¢c<’7¢z])*ezfd4$a3(’[}§(m)f¢($)—¢z(l’)ffu(l‘)) . (443b)

Combining eqgs. (4.42) and (4.43), P turns out to be real,

P[€¢7§v7¢c<] = (P [€¢>€v7¢c<])* €eR. (444)

4.1.3 Role of bilinear vertexes: recovery of propagators

From now on, let us show the recovery of correlation functions by considering the recovery
of propagators by bilinear interaction vertexes. As is noted in sec. 4.1.2, both UV part
and IR part are treated as independent variables and the transition from UV to IR is
expressed as the bilinear interaction vertexes. We thus define the free part of the path
integral in our formalism excluding the bilinear interaction by

ZolJ = 0] = / Do aDusy €Siio / D7 DSy 510U W™ | (4.45)

with boundary conditions (4.17). In this expression without interaction terms, it is obvious
that UV modes and IR modes are treated independently.
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Free parts

The UV free propagators are given by a completely standard form as

i (ST oS b >i >0 (!
G2 (e, o) / Do; Doz 07 ()07 (¢)e howg 05" = = (0| {0 (x), 677 (/) }] 0) .

(4.46a)
G w,') = [ DuzDazs 67 (0)63) @) U5 = Bt — 1) [o7(0), 077 ()]
(4.46D)
GRloa!) = [ DzaDzs 63 ()67 ) Siows v
= -0 —t)[ T (x), I>]( )] G>”( x), (4.46¢)
GRi(w.a') = [ DzyDozs 03 (0007 (@) o 05" = 0, (4.464)

with boundary conditions (4.17a). Here, ¢' == ¢, ¢? := v. From eq. (4.46), one can
see that the cc propagator is the symmetric propagator, the ¢A propagator is the re-
tarded Green’s function, and the Ac propagator is the advanced Green’s function. These
propagators can be written more explicitly in terms of the mode functions as

=

G2z, 2') = / (‘;:')3@(1{ _ caH)© (k — ca(t')H) Re [®(1)0] (¢')] 5

d’k i x5 (41 ik-(Z—7'
(2ﬂ)3®(k:—eaH) Im [®} (1)@} ()] e (7|

GfAij(as, ') =2i0(t — t')/

where

DL(t) == Dy (t), DI(t) = Dy(2). (4.48)

Next, we consider IR free propagators. Since the propagators including v< can be
obtained by taking the derivative of G<!! with respect to time, we concentrate on G<!13
As in the ordinary case, the retarded propagator obeys the equation

&k
(27)?

0. Gl (o) = 5ot 1) [ G550 (calt ) — ) -2,

and the boundary conditions are specified by Gii'(x,2’) = 0 for ¢t < t'. Therefore,

G (x,2') can be written by means of the mode functions as

d*k calt . m [ *j ez’E.(f—f')
Gy © (cal) H = k) I [B() 07 (¢)] -

G (x,2") =210t —t) /
On the other hand, the cc propagator obeys

0, G (x,2') =0,

3We should not take the time derivative of a step function © (ea(t')H — k) in a momentum integral:
see eqs. (4.49).
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with the boundary conditions that G5 (z,2") = 0 at t = ¢y, because we do not have the
initial wave functional for IR modes. This reflects our assumtion that there is no IR mode
at t = to. Therefore, GSM (z, 2) vanishes identically. Since the AA propagator GXkx (z, 2')
also obeys [, G<11( 2') =0, G (x,2') is identically zero for the same reason.

To summarize, the free propagators of IR modes are

Goi(x,2') =0, (4.49a)

Gz, 2') = 2i0(t — t') / %@(ea(t’)[i—k) Im [@} (1) ()] FEF) | (4.49b)
G2 (x,2') =0. (4.49¢)

The IR parts of G (x,z'), which exist in the ordinary QFT, are recovered by taking into
account the bilinear interaction, as we shall prove soon.

We explain how we describe these free propagators diagrammatically. We write the IR
and UV free propagators as solid and dashed, respectively. Lines associated with an arrow
correspond to cA propagators, while lines without an arrow correspond to cc propagators,
as shown in fig. 4.1. The arrow indicates the time direction. We explicitly associate ¢ or
v to the end of propagators when the distinction is necessary.

Interaction vertexes

Next we discuss the vertexes. In our formalism, there are two types of interaction terms.
One is the usual self-interaction, and the other is the bilinear interaction, which is peculiar
to the present formulation. Self-interaction is described by Sy iy. This vertex is treated
just in the same way as in the usual perturbation theory. Note that we have not only
nonlinear self interactions of IR fields or UV fields, but also have nonlinear interactions
between UV fields and IR fields.

We describe the bilinear interaction as a two-point vertex, which we call bilinear
vertex, in the Feynman diagrams, as shown in fig. 4.2. Owing to the factor §(t — tx)
n (4.27¢), the integrand is non-vanishing only for k& with ¥ = eaH. As a Feynman rule,

we assign —id(t — tx) to the vertex vy (E, t) o7 (—%, t), and i0(t — t;) to the vertex
IN (E, t) (e (—IZ, t), and the vertex integral is taken over [ dta®.

Now, we prove that the bilinear interaction vertexes correctly reproduce the transition
from UV to IR. For this purpose, it is sufficient to show that the ordinary two point func-
tions for a free field, Gr;(z,2"), with I, J being ¢ or A, can be reproduced by taking into
account the bilinear interaction. It is more convenient to focus on the Fourier component

, Gy (E, t, ]5’7 t’). We show the equivalence between G <E,t, E’,t’) and

/ Dpia Dl €5t / Do Dy 5o etSmens i (E,) o) (B 1) W5 w5
(4.50)
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(a): Two types of IR propagators

c c c A
*
i iy ty )

Figure 4.1: Solid and dashed lines denote IR and UV free propagators, respectively.
Therefore, figures (a) express two types of IR propagators, and figures (b) express two
types of UV propagators. Lines associated with an arrow correspond to cA propagators,
while lines without an arrow correspond to cc propagators: the left-hand side of this figure

shows cc propagators, and propagators on the right hand side are cA propagators with
t1 > to.

Bilinear vertexes

—i8(t — t;,) i5(t — ty,)

Figure 4.2: This diagram is the bilinear vertex. The corresponding vertex factor is also
noted in this figure. Vertex factors assigned to vx¢, bilinear vertex and ¢Rv. bilinear
vertex are —id(t — ;) and id(t — t;,), respectively. Vertex integral is [ d¢a®.
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(1) IR-UV cc propagator (t; > tj, > t5) (2) IR-UV cA propagator (t; > t, > t;)

Figure 4.3: These figures show the contributions of bilinear vertexes to the two point
functions with mode k which satisfies ea(t;)H < k < ea(ty)H. The left figure shows the
generation of IR-UV cc two-point function and the right figure shows the generation of
IR-UV cA two-point function.

(3) IR-IR cc propagator (t1, t, > ti)

Figure 4.4: This figure shows the contributions of bilinear vertexes to the two point
functions with mode k which satisfies k = ea(t1)H = ea(t2)H.

Here, we stress that the bilinear interaction that we have introduced connects #x" and
¢>7. As the IR propagator vanishes for GR%, the insertion of bilinear vertexes is relevant

only when we consider the two-point functions that include ¢ (E, t> with ¢ > . In fact,
the free propagators that we derived in the preceding subsection agree with the ordinary
L - n (0) /o L (0)
ones, except for <¢f: (k;,t) o) <k’,t’>> and <¢)ZC (k;,t) o (k’,t’>> with ¢ > ¢, and
- - (0)
t' < t, and <¢2 (k‘,t) o) (k",t’>> with ¢t > t;, and ¢ > t;, which we call 0-th order
IR-UV cc and cA, and IR-IR cc two-point functions, respectively. Here, 0-th order means
the order with respect to A, and 0-th order two-point functions are distinguished from the
free propagators. The Feynman diagrams that contribute to these 0-th order two-point

functions from the bilinear interaction are presented in figs. 4.3 and 4.4. We discuss these
diagrams in turn.

1. IR-UV cc two-point function
Assuming that ¢; > t; and ¢y < t, the contribution of the diagram (1) in fig. 4.3

Ry Ry (0) S
corresponding to <¢2 (k, t1> o) <k:’, t2>> , excluding the trivial factor 63 (k: — k’),
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is evaluated as
/ Ata?s (1) L[ (@107 — 0} 0) (90" + e
. (cpgcb* . ¢g*¢>> <<1>q>§* + @*@;‘)]
= [atats(e—n) 5 (0" 0)+ ajaf’) (607 - 0d7) = J (9]0} + aie]')
(4.51)

where @ = & |, &2 = & as defined in eq. (4.48). The subscripts 1, 2 associated
with ®' label the time coordinate in its argument, and the subscript on the mode
function ® to specify the momentum k is abbreviated, for notational simplicity. In
the last equality, we used the normalization condition of mode functions (4.4). The
above result reproduces the ordinary expression for IR-UV cc two-point function.

. IR-UV cA two-point function
In a completely analogous manner, the contribution of the diagram (2) in fig. 4.3

- - (0)
correponding to <gz52 (k:, t1> N <k’, t2>> with t; > t, and t, <ty is evaluated as

/dt a5 (L — 1) [(cbgtb* — 1" D) (cbcpg* - <i>*q>;>
~ (010"~ 01"d) (00 + 0" af)|
_ /dta35(t — ) (cbgcbg* - cbj*cbg) (cbcb* - cbcb*) - (cbgcbg* - @3*@;’) ,
(4.52)
which reproduces the ordinary expression for IR-UV ¢A two-point function.

. IR-IR cc two-point function

We evaluate the contribution of the diagram (3) in fig. 4.4. This contributions
Y - (0)

corresponds to <¢ZC <k, tl) o2l (k’, t2>> with ¢; > t;, and t5 > t. We first perform

the integration over ', using the result of eq. (4.51). Then, the remaining integration
over t is evaluated as

—' 3 . - % . . . -k
/dté(t—tk) ;“ [(cpg@* + 01" 0) (@*@; — @) )

—d (q>§<i>* + <I>§*<i>> <<I>*<I>; - ¢q>g*)]
3

i L o, ) ) 1 .
_ /dtd(t—tk) ;“ [(qﬂl o)+ LD ) <<I><I>* _q@*H = S(@10] + 2i0}),
(4.53)

which reproduces the ordinary expression for IR-IR cc two-point function.
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The above discussions show that all 0-th order two point functions are properly re-
covered by introducing the bilinear interaction Sbihnear, and hence eq. (4.50) is proved.

This recovery of propagator implies that our method including bilinear vertexes can
correctly reproduce the Wigner function of IR fields. This implies that the reduced density
matrix for IR fields can be also derived using our method. In the next chapter 5, we
will derive the explicit relation between the quantum states and the influence functional.
Before investigating these relations, in the next sec. 4.2, we will see the recovery of infrared
correlation functions using our extended stochastic method more concretely in A¢?* theory.

4.2 Recovery of infrared correlation functions

In this section we consider the A\¢* theory as a concrete example. In order to see how
our formalism developed in sec 4.1 works well, we firstly derive the leading order correc-
tions to the noise correlations. Next we calculate correlation functions of IR fields ¢5
perturbatively in A by using two methods independently: one is our stochastic equations,
and another is conventional perturbative QFT method. Then, we obtained the same
answer up to NLO. This means that our stochastic equations correctly reproduce NLO
secularly-growing terms, perturbatively in .

4.2.1 Derivation of NLO stochastic equations

In order to derive an effective EOM for IR modes, one needs to calculate the influence
functional exp [iI']. Here, we propose a systematic way of estimating the order of the
IR secular growth for each diagram which constitutes the influence functional and Sﬁ’im.
Then, using this proposed method, we explicitly derive the effective EOM for IR modes
accurate enough to recover IR secular growth up to NLO in A\¢* theory.

Systematic way of estimating the order of IR secular growth for each diagram

All the diagrams which constitute the influence functional are classified into two: dia-
grams which contribute to po and diagrams which contribute to the noise correlation. We
especially call the latter diagrams as noise diagrams, for a later convenience.

All the connected diagrams are represented as a whole by the left diagram in fig. 4.5.
A-fields of IR modes are written on the left and c-fields of IR modes on the right. The gray
blob consists of diagrams connected only by UV propagators. A concrete example is given
by the right diagram in fig. 4.5. Since all the vertexes are connected by UV propagators, it
is expected that the influence functional ¢I" is approximately local. That is, if one consider
a certain diagram with n external vertexes x; - - - x,, the support of the diagram will be
approximately given by #; ~ Z; and t; ~ t; for arbitrary pairs of (¢,j), i,j =1,---, n,
and outside this region the value of diagram will decay exponentially. Here, #; ~ Z; and
ti ~ t; mean that |2, —2;| < 1/ea(t;)H ~ 1/ea(t;)H and |t,—t;| < In(1/€)/H, respectively.
In this section, we assume this approximate locality is satisfied by all diagrams.*Under

4Validity of this assumption is discussed in the appendix D of [50].
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Connected diagrams An example in A¢* theory

- - ¢<(t,E) ¢<(t,l_{))
CDZ (tl' kl) (Dg (tn_m+1, kn_m+1) A\t 1 C 1,13

.~"‘ ty '.’x‘
- _-: -'-_ - — —
Ol D)0+ Ry + K
Sty

dr(ta, Ez) P (ty, E4)

Figure 4.5: The diagram on the left-hand side represents the whole set of connected
diagrams which constitute i[. Here, we adopt a rule that IR A-fields are written on the
left and IR c-fields on the right. In this figure, IR A-fields and IR c-fields are represented
by @3 and ®F, respectively. The gray blob consists of diagrams connected only by UV

propagators. A concrete example of the connected diagram in A¢* theory is shown on the
right-hand side.

/ \

P (tnom Kn-m) P (tn, k)

this assumption, we develop a systematic way to estimate the order of IR secular growth
for each diagram, or equivalently counting the number of the factor of In(a/ag).

Since the time evolution of correlation functions is determined by eq. (4.39), one can
evaluate them in terms of the time integration of the noise correlations for given initial
conditions. Then, the factor of In(a/ag) o< t — ¢y comes only from the integration over
time [ dt’ from ¢, to ¢, assuming the approximate temporal-locality of noise correlations.
Therefore, in order to estimate the order of IR secular growth for each diagram, we need to
count the number of the time integrals included in the diagram whose effective integration
range is comparable to the whole range of time that we are concerned with. Firstly, we
express ¢5 in terms of noise fields. Both £, and &, can be treated simultaneously by the
unified noise &, which is defined by

§=3HE+8+& . (4.54)
By using the unified noise €, eq. (4.39) is rewritten as
O +3HGS = —pia + iy + 3Hpus + €. (4.55)

From this equation, ¢=(T') can be expressed by using £(t) formally as

6=(T) = i /t dt a®G(T, 1) [—m 4o+ 3Hpu, + é(t)] , (4.56)
GT, 1) = BLH (ﬁ - %) OT —t), — (9% +3H0r) G(T,t) = ﬁa(zﬂ —1).
(4.57)

Here, we have abbreviated the spatial argument for notational simplicity. Eq. (4.56)
allows us to express ¢5 (7') in terms of £ iteratively expanding with respect to the coupling
constant. We will take into account the self-interaction terms later and concentrate on
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R

< (tz, —E) _t.z ______

Figure 4.6: This figure shows the noise diagrams with (¢,7) = (1,1),(1,2),(2,1),(2,2)
which contribute to the LO noise correlation which is described by eq. (3.63). More
precisely, the diagram with (i, j) = (2,2) which does not contain ¢x fields contribute to
the LO noise correlation, and the remaining diagrams are O(¢e) suppressed.

0-th order with respect to the coupling constant now. Then, the number of time integrals
to be assigned to ¢5 is counted as 1 — (1/2) = 1/2 because the noise correlation <é€>

is given by eq. (3.63) at 0-th order. Next, we establish how to assign the number of
time integrals to each diagram with A-fields of IR modes. When a A-field of IR modes
is contracted with ¢, one gets retarded Greens functions Gir’. Although the number
of time integrals attributed to @< is counted as 1/2, retarded Green’s functions G:A*
themselves do not grow at a late time, which implies that the number of time integrals
attributed to ¢ is canceled by ¢x, and hence the number of time integral to be assigned
to a A-field of IR modes is counted as —1/2 at 0-th order. Finally, from vertex integrals
included in the gray blob in fig. 4.5, only one time integral remains unconstrained because
of the approximate locality of :I'. From now on, we refer to this time integral as the time
integral of the vertex.

For example, let us consider A¢* theory. From the above discussion, the number of
time integrals attributed to the diagram with n —m A-fields and m c-fields of IR modes,
which is shown in fig. 4.5, is 14 (m/2) — ((n — m)/2). Suppose that this diagram is O (X').
Then, this diagram contributes to IR secular growth terms in correlation functions to

N2 [m/2)=((n=m) 2,0 = N(W/2+2=(mt D] (4.58)
because the I-th order vertex in A which consists only of LO vertex A¢=°¢3s has (31/2) —
(1/2) 4+ 1 = 2l time integrals, and the difference between 21 and 1+ (m/2) — ((n —m)/2)
is (n/2) + 20 — (m + 1). We can gather the diagrams necessary to derive the stochastic
formalism described by eq. (3.63), which is valid up to LO, by using eq. (4.58): see
appendix A.2. Here, we just mention that the diagram which is relevant to LO IR effects
is shown in fig. 4.6: this diagram exists even without nonlinear interaction vertexes.

We have established the counting rule, but the vertexes with one UV leg suffer from
further suppression. We assign momenta as shown in fig. 4.7. Although three IR prop-
agators are attached to this vertex, the range of the time integral is suppressed unless
two of the momenta of IR propagators are around eaH due to the momentum conser-
vation. If we assume that an inequality k1 ~ ko < deaH < k3 ~ _gaH with 0 < 1 and

~Y

In(1/0) < In(a/ag) holds, the integration range of the integral over ks is restricted to very
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Vertex with restricted IR fields

Figure 4.7: Three IR propagators and one UV propagator are combined via this vertex.
Because of the momentum conservation law, one cannot take the zero-momentum limit
about two or three IR momenta, with escaping from the phase-space volume suppression.
This implies at least two IR momenta assigned to this vertex are restricted to the range
k ~ eaH.

narrow region:

eaH(l—M>§k3§eaH,

€a

where higher order terms with respect to |E1 + lg2| /ks3 are neglected. When one evaluates
the contribution from this vertex to correlation functions, this restriction of the integration
range implies that the remaining integrand after performing the integration over ];3 is sup-
pressed by factor |E1 + /Zg‘ /eaH , compared to the case without this restriction. Therefore,
contribution from this vertex is suppressed by factor O(§) when two of three momenta are
deep IR modes, which means that one has to put two momenta around eaH in evaluating
the contribution from this vertex to correlation functions. For this reason, one needs
to change the counting rule mentioned above in evaluating the diagram containing the
vertexes with one UV leg. From now on, we refer to a field whose assigned momentum is
restricted to deaH < k < eaH as a restricted field. In estimating the order of IR secular
growth, IR propagators including restricted fields can be replaced by UV propagators
with mode k satisfying k ~ eaH. This is because the contribution from IR propagators
including restricted ¢35 are simply obtained by changing the lower bound of momentum
integration of UV propagators from eaH to deaH with 6 < 1 and In(1/0) < In(a/ap),
and this replacement does not change the order of magnitude. Therefore, in evaluating
the order of IR secular growth, one can perform the following replacements in effect:

NGROT 07 = ASOROT or MROTT, AOT0R = ATOROT
There are also vertexes which can only contribute to O(e) terms in correlation functions
and hence are irrelevant in our analysis. The Fourier components of IR propagators
G (t, 5 k) and G5V (8,1 k) satisfy the following relations:
Gt 1 k) N O i=1,
GSil(t, ts k) Oe) i1=2.
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n >
Figure 4.8: Examples of vertexes which have several IR A-fields.

Therefore, in evaluating correlation functions which consist of ¢S and v, we can neglect
diagrams which include vertexes with more than one ¢x. For example, we can neglect

S5 int(s) and the vertexes shown in fig. 4.8. Note that we give an alternative proof of this
in sec. 4.3.

NLO stochastic dynamics

Now, let’s move on to derive an effective EOM which can describe IR secular growth
up to NLO. From now on, we refer to this effective EOM as NLO stochastic EOM. In
order to derive NLO stochastic EOM, let us consider the number of time integrals to be
assigned to the vertexes with UV legs which constitutes the diagrams shown in fig. 4.5.
From the discussion in sec. 4.2.1, the number of time integrals attributed to a vertex with
p UV legs and ¢ ¢x fields is counted as —(p/2) — ¢ for p > 2 compared to the leading
order vertex AqﬁZ(bfg. We need to take care when p = 1, as we discussed above: p =1
vertex is equivalent to p = 3 vertex regarding this counting because of the presence of
restricted fields. Therefore, maximum value attributed to a vertex with UV legs is —1,
which is realized for (p,q) = (2,0), and hence the order of IR secular growth decreases
as the number of these vertexes increases. Then, one may think that the most dominant
[-th order diagram at a late time would be given by the diagram which only consists of
/\q§c<2q§c> ¢x vertex, which would contribute to N'"1LO IR secular growth where —1 coming
from the time integral of the vertex. However, all the diagrams must have at least one
A-field of IR modes from the requirement of causality, and this cancel the time integral
of the vertex. Thus, -th order diagrams can contribute to N'LO at most, and we need to
consider only first order diagrams with respect to A to derive NLO stochastic EOM. By
writing down all the O()) diagrams and using the method developed above, we can show
that the diagrams shown in fig. 4.9 can contribute to NLO IR secular growth.® However,
since the value of UV loop integral in diagram (e) is time independent, the contribution
from diagram (e) can be exactly canceled by an appropriate choice of the finite term in
the mass renormalization dm?, and we choose so in our study. Thus, what we need to
calculate are only diagrams (a), (b), (c), and (d).

®Diagrams which are not shown in fig. 4.9 do not contribute to NLO IR secular growth, except for
the LO diagrams shown in fig. 4.6.
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Figure 4.9: These diagrams can contribute to NLO IR secular growth according to the
estimation by using eq. (4.58).

The contribution from diagram (a) to I', which we denote as il'(,), is evaluated as

il :/d4$1 GS(tl)UZ(fﬁl)/d4$2 a®(t2)vx (22) Niay (71, 22) ,

b d3k d3k
N ~ [ &% [ dtaPes?(@t / : / <
(a)(flfl,l‘g) / x/to a ch (ZE, ) (271')3 (271')3

) G2 (1, 1 k) GZI (11, 1 Ky eFr OB ot @D 54—t (51))5(ty — to(ks))
(4.59)

G>z‘j($ x’) _ /d?)_kém‘j(t Y- k)e—z‘E.(f—f').
’ (2m)3 T
Here, t,, == min(¢,t) and we omit a proportionality coefficient in the 2nd line. Up to
NLO, we only need to extract the most dominant IR secular growth from ¢35 (Z, ) in the
integrand because these noise diagrams contribute to NLO at most. In this case, when
the range of the vertex integral [ d% is restricted to the coarse-graining scale around
a certain space-time point X = ()?,T), we can replace ¢5(Z,t) by ¢ ()Z',T). This is
because the most dominant part of ¢=(Z,t) at a late time is identical to that of ¢=(X, T
if # ~ X and t ~ T.5 Now, we prove that the range of vertex integral [ d% in eq. (4.59)

6This statement can be shown as follows. First, let us consider the time dependence of ¢<. From
eqs. (4.56) and (4.57), the relationship between ¢ (Z,t) and ¢=(Z,T) is given by

T
¢c< (f, t) = ¢c< (57 T) - Z/ dtl ag(t/)G(Tv tl) — K2 + ,[1/1 + 3H,U/1 + g(t/)i| .
t
If T —t < T —t is satisfied, it is obvious that only ¢S (#,T) is the most dominant term on the right-hand
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is restricted to the coarse-graining scale around a space-time point x; ~ zo ~ X. First,
we consider the spatial integral. From the angular integrals of k1 and k» in eq. (4.59),
Jo(k1|Z1—2]) and jo(ke|Z2—2|) appear in the integrand, which lead to exponential decay for
|7y — @, |To—Z| > 1/(eaH) after time coarse-graining. Next, we show that the integrand
in eq. (4.59) is exponentially suppressed for t,, —t > 1/H. For t,, —t > 1/H, the
momenta ks and k; which are assigned to ¢<>(%,t) are much less than k; and ky because
the upper bound for k3 and k4 is given by ea H. In this case, we can set Fi+ ko = 0, which
results in

tm ~ — ~ —
N(a) (5131,.’13'2) ~ / dt ¢C<(k'3, t)¢0<(—k3,t) : H25<t1 — tg)jo(ﬁa(tl)H‘fl — fg’)

to

3 3
x (a(‘;)) 5 (ffmtl) + %mml)) fr(Ata),
where fr and f; are defined in eq. (A.7), At; = t; — ¢, and jo(z) = sinz/z. From
the above equation and eq. (A.7), one can see that the integrand in eq. (4.59) decays
exponentially for ¢,, —t > 1/H. It is straightforward to apply the above discussion to
other diagrams in fig. 4.9.

Now it is justified to replace ¢35 (%, t) by ¢5(Z1,t1) in eq. (4.59), and we get

H\ 1
Neay (71, 72) —247r2¢c<2($1) (‘111; +In2+vy-2+0 (62)>
X 5(t1 — tg)jg(ECl(tl)H|fl — fQD . (460)

Note that the approximation adopted in the first line holds up to NLO.
Similarly, diagram (b) is calculated as follows:

T = / dley 0 (0) 65 (1) / Ay (12)05 (202) N (1, 22)

—NH2¢5% (1)

247‘(‘2 (1 + O (62)) 5<t1 - tg)jo(Ea(tl)H|fl - f2|> . (461)

Ny (21, 22) ~
Similarly we can evaluate diagrams (c¢) and (d), and it turns out that they are O(e)
suppressed.

Therefore, combining eqs. (4.38), (4.41), (4.60), and (4.61), we obtain a set of effective

side. Next, let us consider the spatial dependence of ¢35 (Z,¢). The most dominant part of @5 (Z,¢) at a
late time appears only when the momentum & which is assigned to ¢S is much less than eaH. And if
both k < eaH and |#, — Z|, |#2 — Z| < 1/(eaH) are satisfied, we can replace e’ by e or ¢*'%2 in
a good approximation. Therefore if |#; — Z|, |Z2 — & < 1/(eaH) are satisfied, we can use the equality
O (T, t) ~ ¢S (F1,t) ~ ¢ (#a,t) regarding the most dominant part of ¢ (Z,t) at a late time.
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EOM for IR modes which can describe IR secular growth up to NLO:

b =vi+&, UF =—3HvT — %53 +&, (4.62a)
(€ulen)6a(2)) = £y [+ N6 (00)| 8t — t2)jn(ealt) HI — Tal), (462D)
(60(0)6 (22)) = — P A6 0)8(t1 — ta)i(ealtn) HIF, — ) (4.62¢)
(Eu(an)Eu(w2)) = O () =0, I(e) = —é lm% Cm2—n+ 2} | (4.62d)

Since the time derivative of £, cannot contribute to NLO, we can further simplify the
above stochastic EOM by redefining the v, up to NLO, as
. AH<3
b5 =virgy, 05 = —3HvE - 2%

[

(4.63a)

(€ (oa)) = g | 2+ 205°(n) (1600 = ) | ot = toin(eatt) s — 72

472

= N5<t1 — tz)jo(ﬁa(tl)H‘fl — .’fg’) . (463]3)
Here, & is related to {y and &, as

1

5;:£¢+3_H£v

Stochastic calculation of IR correlation functions up to NLO

Next, we calculate (0| ¢<*(z)|0) perturbatively with respect to A up to NLO, by using
our NLO stochastic eq. (4.63). It is convenient to rewrite eq. (4.63) in the form of Fokker-
Planck equation in evaluating correlation functions. When we derive the corresponding
Fokker-Planck equation, we need to define the integral of the stochastic noise because the
amplitude of the stochastic noise depends on field ¢5. Since the physical origin of this
field dependence of the stochastic noise is that UV modes feel the background value of IR
modes ¢5, we should adopt the It6 integral from causality. Therefore, we treat eq. (4.63)
as the Ito type Langevin equation, and the corresponding Fokker-Planck equation can be
obtained as [58]

1 02 0

Pl v t>:§W(Np)_8¢<

c?’c?

0 A
(vsp) + o< (3ch< + gqbfgp) : (4.64)

By multiplying both sides of eq. (4.64) by ¢="vs™ and performing partial integral with
respect to ¢ and v, one can get the following recurrence relation:

2 sy = [0 (1 1) ] gz

n(n—l)H3 <n—2 <m <n—1 <m+l mA /  n+3 cm—1
g (O e (0T = T ()
(4.65)
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Here, initial conditions are given by
(¢ "vs™) =0, for t=ty, (n,m)#(0,0), (4.66)

and n and m are non-negative integers. Next, we calculate <gz5c<2(m)> up to first order with
respect to A by using egs. (4.65) and (4.66). Substituting (n,m) = (2,0), (1, 1), (0, 2) into
eq. (4.65), one obtains

Gy = 35 (o -5) (e vz e
9 ovs) = —3H (505) + (1) - 2 (") w6
% <vc<2> = —6H <vc<2> - % <¢c<3vc<> : (4.69)

From eq. (4.69), the 0-th order term of <vc<2> with respect to A satisfies

0

5 <vc<2> =—6H <vc<2> :
Since the solution of this differential equation with an intial condition (4.66) is only a
trivial solution <vc<2> = 0, <vc<2> is, at least, first order in A\. By using this fact and
eq. (4.68), it is also obvious that (¢svs) is, at least, first order in A. Using the fact

c “c

(psvs) ~ O(A) and eq. (4.69), it turns out that <UC<2> is, at least, second order in A.

c “cC

Using these facts and <gz5c<4> =3 <¢§2>2 + O()), egs. (4.67) and (4.68) reduce to

0 H? )H 1

5 (o) =1 + s (10— 5 ) (97) + 200508 (4.70
9 A oa\?
S 65uS) = =3H (6705) = 5 (65%) +0 (). (4.71)

Let us put the ansatz as follows:

2 3 2
<¢§2>:£1n£+AH2 o) te(ms) +o(ms))+o0(N),
A2 ag ag Qo o

(4.72)
2
<< 3 a a aop 9
(psvS) = \H (d1 (ln—) +dyln —+d3 + O (—)) +0(N), (4.73)
Qo Qo a
where ¢y, -+, d3 are constants. Substituting eqs. (4.72) and (4.73) into egs. (4.70) and

(4.71), and focusing on the coefficients of the first order terms with respect to A, one
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2 0
lle) -1
— 94, (1113) + [M +2d2] m o ((hlﬁ) ) ,
ag 1674 ag ag
a 1 a\? a a\’
2d11n—+d2——(3d1+ ><ln—) —3d21n—+(’)<(ln—) > )
ao 3274 ag ao ao

From the above two identities, the following equations follow:

l(e) —1/9 1
3c1 = 2d 209 = 2dy + ———, di = — 3dy = —2d; .
1 1, 4Co 2 + T 9674’ 2 1
Therefore, one gets
g 1 1 1
= - = — Ch = ———-
L A VYV B VP

1 1 1 1 5
- )+~ ) = - 424y
“ 327r4<(€)+9) 967r4< me Mty 3)’

which results in
H? a 1 a\?®
N = In— 4+ AH?| - In —
<¢c > T [ 14473 (nao

1 1 5) a)? a
—— | —In—+1In2 — = In — Ofln— . 4.74
+967T4( nemETy 3)(11&0) i <na0)] e

As we will see in the next subsection, this result coincides with the result eq. (4.83) which
is calculated by perturbative QFT technique.

4.2.2 Perturbative QFT calculations

From now on we perform a standard perturbative QFT calculation up to NLO. The
first order corrections to (0] ¢<*(z) |0) with respect to A are shown in fig. 4.10 when the
renormalization scheme is chosen so that the contribution from dm? term and that from
UV loop integral are canceled out. Then, (0] ¢<*(z)|0) is evaluated up to first order with
respect to A as

016w 0 = [ S Ref@(0@;(0)
— A /t dt’a%@%lm ac(;“:) / EaH (27:;)22'Im[cbk(t)CDZ(t’)]Re[@k(t)@};(t’)],
(4.75)
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om

Figure 4.10: These diagrams are first order corrections with respect to A to (0] ¢<*(z) |0).
An effective EOM for IR modes in our formalism can recover IR correlation functions.

where we neglect O(e€) terms. Next, by using the following equations

w0 2 g ) ) (7))

(4.76a)

Im[® (1) Py (1) k<cars

o [(au’%ﬂ ()~ (e ) )
+%(%) <a(t]f€)HSin(a(t]j)H)Hos(#)) (HO((%)Q» o T

and neglecting higher order terms with respect to (k/aH), the first order terms of (0| ¢=<*(z) |0)
with respect to A are given by
€a
o
(an).

3 t /
ANH / 4 I a(t’) 7 [ £
1674 | J;, agp a(t')

1 t ny\ 3 / = K
+§/ dt’ <@> In ““)/ ( )%(Ksmf(wosf()?}. (4.77)
to

a Qo €aq

a(t’)

Here, we define new dimensionless variable K by K = k/a(t')H and function F' by
_ CdAK .
F(zx) = F(K sin K + cos K)(K cos K —sin K) . (4.78)

From the definition of K, K > 1 corresponds to UV modes at time ', and K < 1 corre-
sponds to IR modes at time . Let us calculate the first term in eq. (4.77). F(ea/a(t"))
decays with oscillating for ¢y + In(1/e)/H < ' < t, which is the dominant part of the
time integral region, and hence does not contribute to A(Ina/ag)? terms in (0| ¢<*(z) |0).
On the other hand, F(eag/a(t')) can contribute to A(Ina/ag)? terms in (0] ¢<>(x)|0).
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F(eag/a(t’")) can be expanded analytically as

F (;(‘1?)) :% [ln (:&%) +1n2+”y—§+0 ((;é%f)] . (4.79)

O (eap/a(t")) terms can be neglected because an inequality 2y < € < Lis always satisfied

in the integral region to < t' < t. Here, v is an Euler’s constant. Therefore,

fannsd | () - ()
_ _QLH (lnaio)3+6iH <—ln%—|—ln2+fy— g) (1na30)2+(9 <1na30) . (4.80)

Next, let us calculate the second term in eq. (4.77). This term is calculated as

f O\’ at) [ dK
/ dt'(a( )) lna( )/ ()?(KSiDK+COSK)2
to -

a a ag
0 a(th)

L) {2 ) -0 ()
2 () - G+ 5| Gn) - Ge) |

-3 () =GR}

Here, Ci(x) is defined by

Ci(z) = / ")

00 xz

Because the powers of a(t') in the first factor of the integrand in eq. (4.81) are positive,
(Ina/ag)? terms appear from this integral only when this positive powers of a(t') are
canceled or the powers of In(a/ag) in the integrand becomes equal to or more than two.
For this reason, the terms in the bracket {---} in eq. (4.81) which contribute to (Ina/ag)?
terms are In(a/ag) term and Cl(i?%) term. Indeed, Ci(z) can be expanded for small
argument z as

Ci(z) =In(z) + v+ O (27) ,

which shows logarithmic divergence for small  and this divergence becomes the origin of
(Ina/ag)? terms in eq. (4.81).” Using this equation, eq. (4.81) is calculated as

‘ AN 3 , _ea_ 2
a(t’ K 1
/dt' a(t’) 1na(t)/<>_d (Ksin K +cos K)? = — me) +0(ml).
n a ao €ag K 3H ao ap
0 a(t’)
(4.82)
)

" Although Ci(x) is logarithmically divergent as In z, it decays rapidly for x > 1. This is why Ci(f&‘,‘

)

does’t contribute to (Ina/ag)? terms in eq. (4.81).
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Therefore, by substituting eqgs.(4.80) and (4.82) into eq. (4.77), and using eq. (4.75), one
obtains

3
016@) |0 = L oz -1 (2
472 ag 14474 ao

1 5 a\’ a
061 (—lnz+ln2—|—7—§> <1na—0) —I—O(lna—o)

4.2.3 Operator ordering

+0 () .

(4.83)

So far we have derived the effective EOM of ¢S and vS fields and checked its validity.
However, the operator orderings of correlation functions which can be calculated by using
our extended stochastic formalism are uniquely fixed: we can calculate only correlation
functions consisting of ¢S and vs fields in our formalism, as we mentioned in sec. 4.1.2.
In order to obtain correlation functions with arbitrary operator orderings, we also need
to know correlation functions which include A-fields. However, such correlation functions
are O(e) suppressed compared to that consisting only of c-fields, owing to the squeezing,.
This can be seen explicitly as

Gtk [0 )=
Gtk 0@ (d)=(1,2),(2,1),(2,2).

Therefore, our formalism can evaluate IR secular growth which appears in all the IR
correlation functions in a good approximation even though the operator orderings of
calculable correlation functions are uniquely fixed.

4.3 General properties of effective IR dynamics

In sec. 4.2, we showed that the IR dynamics of ¢S can be written in the form of a set
of Langevin equations. Here, we describe the generic properties of them by analyzing
an influence functional. Under several assumptions, we will show the absence of secular
enhancement of the correlations in the real-space stochastic noise.

In this section, we only consider the region where

ot om
05" Qus™

VIGE,f)/H | < 1

is satisfied for n,m > 0, (n,m) # (0,0). This is because UV modes and IR modes
are strongly interacting to each other outside this region, and we cannot handle the
theory perturbatively there. While we considered A\¢?* interaction as a concrete example
in sec. 4.2.1, here we do not specify the concrete form of the interaction potential. We
simply refer to the coupling constant as A below, assuming that V is proportional to A.
In this section, we set H = 1.
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From the definition (4.33), the weight function P [{4,&,;¢5, vs] is obtained by the

c?c
int(s)| With respect to vx and ¢3. When we
perform this functional Fourier transformation, we can treat IR c-fields as given functions,
and hence we neglect the dependence of I + Z'Sﬁ’int(s) on IR c-fields below in order to
make the expression clearer.

We refer to diagrams constituting il'(s) as noise diagrams. iI') can be expanded in

< <
terms of v} and ¢} as

- ea(t;) dskz .
il = ZH [/ di; /ko (273 O; (ti,ki)]

% (27)%6®) (El ot lZV) iy <t1, ety R ,EV) , (4.84)

Fourier transformation of exp [iF(S) +iSg

where V' denotes the number of external vertexes, and O; (ti, lgl> is the Fourier component
of the product of IR-A fields ®3 contained in the i-th external vertex. We assume
that I is approximately local, i.e., Vi (tl, <oty 121, cee EV) decays exponentially for

it —t;] 2 In(1/e) for 4,5 = 1,--- , V. This approximate locality is expected because all
the external IR-A legs are connected only by UV propagators, and these UV propagators
are rapidly oscillating before the horizon crossing. Nontrivial phase cancellation of this
rapid oscillation is not expected well before the horizon crossing. Under this assumption,
we estimate the order of magnitude of Vi, below.

Since Vi, can be expressed as

‘N/V (tl, s ,tv,];b cee ,E\/> (271')36(3) <E1 + -+ ];\/)
v 65
— A / D¢ Dy Du;Dv” | | —F—~
i=1 | 00; (ti, /fz)
UZ=¢Z:0
S = (Stnt [Pe = 85 + 07, da = 85 + 62, Ve = V5 + 07, va = VX + VZ] — Siint)

+ lS bilinear »

>

¢'SiioeiS VU (4.85)

where A denotes the normalization constant, one can evaluate an arbitrarily given noise
diagram by solving the Yang-Feldman equation iteratively. This means that one can con-
struct an arbitrarily given noise diagram by connecting tree-shaped components composed
of UV retarded Green’s functions, using the UV Wightman functions é’f_ﬂ defined by

G (¢t k) (2m)26) (/5’ _ /5’) - / D> D> Dv>Dv” ¢ (t, /2) ¢ (t’, /2) S0P

with ¢3! == ¢7 and ¢3? := v7. The i-th component is shown in fig. 4.11. By construction,
the i-th component is connected to ;. The number of UV-£ legs can be zero, i.e.,
Y; = 0 is allowed. Assuming the approximate locality, the order of magnitude of the
t-th component shown in fig. 4.11 with Y; UV-=£ legs including g; nonlinear interaction
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‘,ﬁbi('ﬁ: p1)
0;(t; ki) — Y; UV-1 legs
....'1.7_> (TYL" ﬁYi)

Figure 4.11: We can construct all the noise diagrams from the components shown in this
figure, by connecting the UV-+ legs included in those components to other UV-+ legs
which stems from themselves or from other components. The gray blob is the tree diagram
connected only by the UV retarded Green’s functions. Y; > 0 denotes the number of UV
legs.

vertexes can be estimated as

O; (ti, /51> (27)36®) (EZ Ty AN —|—ﬁyi)

XW}(/-;]Z) (ti’le"' 77’)/1.,];?;‘7]5’17-.. ’ﬁﬂ) , (486&)
1! t; Y;

W e T { . ATy a*(T;)G A (Ty, Ty; Kb)] [T .5 (4.86h)
b=1 € j=1

Here, W(gl expresses the amplitude of the gray blob with UV legs, and ~ here represents
the estimation of the leading order amplitude neglecting the factor independent of €, A,
and the scale factor a. We just refer to the UV-= field as ®~. 1 is the number of the
UV retarded Green’s functions which is identical to the number of the internal vertexes
contained in the gray blob, and then 19 = = ¢; when the external vertex to which O; is
attached is the bilinear vertex, and otherwise I’ @ — = g; — 1. T, and T} are, respectively,
the times assigned to the vertexes connected by each UV retarded Green’s function.
Ky = ‘[?b‘ and K, is given by some linear combination of py,--- ,py,. We refer to the
UV retarded Green’s function as G?A(t, t'; k) symbolically. Since the typical behavior of
(1 k) for k < a(t') can be written as

Y

kSaw)  ad(t')

éc>A<t7 t/; k)

ot —t), (4.87)

ng) can be estimated as

i 4
o (T
b=1

t;—In(1/€)

::]:<

> (15,05)] - (4.88)

J=1

Thus, the amputated diagram V; defined by eq. (4.84) composed of these effective
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vertexes Wi(/fi) can be estimated as

ea(t;) d3k
H[a3 tl)/ @n)?

1=1

Vi (tl, ety ki, ,IZV) (27)36® <E1 ot Ev>

a2

Iy

SR o ]

{g:,Y;} i=1 bi=1 —In(1/¢) d=1 ea(Tq1)

where we refer to the UV Wightman function just symbolically as G=>. I, = % >, Y is the
number of the UV Wightman functions. 74 and 742 denote the times at endpoints of the
UV Wightman function with 745, > 749. Here, we assumed that the dominant contribution
comes from ea(7s) < ps S a(741) after subtracting UV divergences by renormalization.
Since the decaying mode is always smaller than the growing mode after the horizon
crossing, |G>11(t t'; )‘ ‘G>” (t,t’;p)‘ always holds for ea < p < a(t'). This allows one
to estimate the maximum of the order of magnitude of (4.89) by replacing G= by G2,
where the symmetric propagator G;’J is defined by

é;}](t,t/’ k)(27‘()35(3) (E_ E/) — /D¢C>D¢ZD/UC>DUZ ¢c>l (t, ];:) ¢c>] <t/,]2/> eisﬁ,07

with ¢>' == ¢> and ¢>? = v7. Then, from the behavior of GZ (¢, ¢'; p) after the horizon
crossing, which is given by

G (t,t';p)

~— (4.90)

caspSa(t)y PP
eq. (4.89) can be estimated as

\4 1 ea(t;) dgkl
1 [m/k @y

i=1 0

~ ) M (In(1/e)) (4.91)

{9:, Y3}

Vi (tl, e ’t%]gl, e ’EV> (2%)35(3) (];1 R EV>

neglecting the higher order terms in eq. (4.89). Here, I, =), I is the total number of
the UV retarded Green’s functions included in V4. Strictly speaking, in eq. (4.91), the
power of In(1/€) can be even smaller. When the largest number of legs attached to a
vertex is N, I, + I, < % > gi because I, + I, equals to the total number of propagators

included in Vi, and at most N propagators can be attached to each nonlinear vertex.

Therefore, in such a model, we choose an € parameter so as to satisfy )\(ln(l / e))N/ ‘<18
1
e i < €. (4.92)

8Thanks to the condition (4.92), one can estimate the order of magnitude of il'(s) by counting the
powers of € and .
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Then, the terms with minimum power of A become the leading order terms in eq. (4.91~).
When the number of external IR-A fields v} and ¢X are n and m, respectively, Vi,
with the largest V', i.e., V = n+m becomes the leading term in eq. (4.84) because of the

factor
1 1 /eam) S .
—_ ~ e,
tad(t) Jy, o (2m)?

=1
Noise diagrams satisfying V' = n + m can be constructed from the components shown in
fig. 4.11 with O; (ti, lgl) = d3 <ti, EZ> . The same argument gives an alternative proof of the

fact that the contributions of Sy, . (s) tO the influence functional are suppressed compared

to the leading order contributions. Furthermore, since G>2(t,t'; k) is suppressed by €2
compared to G21(t,t'; k) for t = t;, as

>2i /.

Goo e ih) 2y g 1212, (4.93)

Gc>c1Z (tkv t/; k)
the contributions of the bilinear vertex with ¢x to il are suppressed by e2\~! when
the associated v_ field is contracted with other UV-+ legs, compared to the contributions
of the other components with ¢X shown in fig. 4.11. Here, the suppression factor is
associated with A~ because the bilinear vertex with ¢ has no A factor in itself while the
other components with ¢ are associated with A. Thus, when € satisfies

e << A\, (4.94)

which is compatible with eq. (4.92), the contributions of the bilinear vertex with ¢x to
il are always suppressed compared to another component with ¢3. This means that
all the components contributing to iI'() at leading order are given by fig. 4.12. In the
following discussions, we assume that eqs. (4.92) and (4.94) are satisfied.

Then, referring to the contribution from n and m effective vertexes associated with
v and ¢} fields to Vi a8 Vi, €q. (4.91) reads

Tﬁ"b 1 /Ea(ti) dski
tLlad(t) Sy, o (2m)?

=1

~ NI (In(1 /€))H (4.95)

Vnm (tla Tt 7tn+ma Ela Ty En—&-m) (27T)35(3) <E1 + -+ En—&-m)

where g(n,m) is the power of A included in the leading order terms of Vium, which can be
estimated as

g(n,m) = f(n,m)+m, (4.96a)
=0 for n=2, m=0,
f(n,m)<>1 for n>3, m=0, (4.96b)

>0 for m>1,

because ¢ is always associated with A in fig. 4.12.
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vy—e g+ Z vy—o YUVlegs + ¢p5—e Y UV legs

Vi 2

nonlinear vertexes nonlinear vertexes

Figure 4.12: We can construct all the leading-order noise diagrams from the components
shown in this figure, by connecting the UV legs included in those components to other
UV legs which stems from themselves or from other components. The gray blob consists
of the tree diagram connected only by the UV retarded Green’s functions. The gray blob
contains at least one nonlinear vertex. Here, diagrams with Y = 0 are not included,
because they do not contribute to I') but to I'(g).

Now, we move on to translating the above results into the expression of I'( in real
space assuming the approximate locality of iI'(). Applying

O (call — k)5 (1.F,) = / B, BF (£, 7)o (4.97)

to eq. (4.84) and neglecting the terms with V' < n 4 m, one obtains

n+m

tox X 1| [anewnse)] T1 [ [ doew)sie)] v ),

(n,m),n+m>2 i=1 j=n+1
(4.98a)
1 n+m—1 1 a(ty) d k L
Vnm($1a P 7'1'” m) e — —/ —7,k;j~($j—l‘n+m)
i a*(tnim) E [ag(tj) ko (27r)
X f/nm <t17 Tt 7tn+m7 Ela e aEn—i-m—la En—&—m = _El - lzn-i—m—l) .
(4.98b)

Strictly speakmg, the integrand and the integration reglon of py-integrals in eq. (4.89)
depend on k;. However, they become almost mdependent of k when k; < ea( ;) with j =
1,--- ,n 4+ m. Therefore, Vnm(tl, . n+m,k1,- . k:n+m 1,kn+m = —k — —k:n+m 1)
becomes almost independent of k for k; < ea(t;), which implies that in eq. (4.98b), the
dominant contribution of the kj -integrals comes from k; ~ ea(t;). Thus, it is expected

that Vi (21, -+, 2y1m) decays exponentially for |7; — 7| > (ea) ' fori,j =1,--- ,;n+m
when t; ~ .-+ ~ t,,, ~ t, and hence we assume this spatial approximate locality. For
Z;—Z;| S (ea) tford,j=1,--- ;n+mwhenty ~ -~ t, 4, ~ t, the order of magnitude
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of V,m can be estimated from eqgs. (4.95) and (4.96) as
n+m
Vnm(xla T 75Cn+m) ~ H

1 d3k;
L) / <27r>3]

X Vnm t17 e tn-l—my El) e aEn—l—m) (27T>35(3) (El +---+ En-i—m)
~ N m) (4.99)

neglecting the In(1/¢) dependence. Vi, (21, -+, Zp1m) corresponds to the vertex function
with n vX legs and m ¢x legs in real space which contributes to the connected noise
correlation as

(€o(@1)  Ea ()€ (Tnsr) - Eo(@nim))e ~ Vi (@1, Tnpom) (4.100)
and especially for ¢ ~ -+ ~ by ~ 6, |7 — 5] S (ea) ™ for i, j =1, ,n+m,
<€¢(.’L’1) o g(b(xn)gv(anrl) s £v<xn+m>>c ~ 60 . CLO : )\m+f(n,m) R (4101)

neglecting the In(1/¢) dependence. Eq. (4.101) implies that neither IR diveregence nor late
time suppression exists in the noise amplitudes in real space to all order in the coupling
constant \.

4.4 Summary

Let us summarize what we have established in this chapter 4. Here, we have investigated
the dynamics which can describe all the IR secular effects beyond LO, in the theory of
a canonically normalized light scalar field on de Sitter background. In sec. 4.1, we have
constructed the systematic way of deriving an effective EOM for IR fields by integrating
out UV fields. The point of our method is the introduction of bilinear interaction vertexes,
which allows us to treat UV fields and IR fields independently. Without introduction of
the bilinear vertexes, UV fields and IR fields are no longer independent to each other,
because UV fields become IR fields at a late time because of an accelerating expansion of
de Sitter space in a flat chart. Our method developed in sec. 4.1 showed that an effective
EOM for IR fields which can correctly reproduce all the IR secular effects takes the form
of a set of Langevin equations.

In sec. 4.2, we played with A¢* theory and we derived an effective IR dynamics which
is valid up to NLO which are given by egs. (4.62). We then explicitly check the coin-
cidence between an IR two-point function evaluated using this effective EOM and the
one evaluated using perturbative QFT: see egs. (4.74) and (4.83). This shows how our
formalism works well. More detailed analysis of obtained Langevin equations are also
performed in sec. 4.3 for definiteness.

In this chapter, we established the method how we can handle IR secular effects. Our
discussion in this chapter however will be insufficient for ensuring the theoretical consis-
tency of stochastic approach to inflation. It is unclear how exactly the stochastic descrip-
tion of IR secular effects justify the classical treatment of the system. It seems that the
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possibility of stochastic description does not necessarily justify the classical treatment.’
In the discussion of the classical aspects of the quantum fluctuations during inflation, the
quantum decoherence of the reduced density matrix for IR fields has been extensively
investigated in the literature [43, 44, 45, 46, 47, 48, 49]. In the next chapter 5, we will
clarify how the quantum decoherence of IR fields and the stochastic description what we
found here is related to each other.

9We see that the operator ordering becomes irrelevant owing to the squeezing in sec. 4.2.3, but it does
not necessarily mean that the system is almost classical: for example see [59].
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Chapter 5

Quantum decoherence and infrared
fluctuations in local universe

As a possible resolution to IR problems in multi-field inflationary models, the stochastic
picture of inflation has been utilized in the literatures [17, 18, 19, 20]. We have investigated
the validity of the stochastic picture even after taking into account the UV-IR non-
linearities. Once the stochastic picture of inflation is accepted, one will not have the
deep-IR fluctuations and hence they cannot contribute to observed fluctuations from the
beginning. This absence of IR effects however is simply because the quantum coherence
of deep-IR fields are neglected by hand from the beginning, as has been pointed out in
the several previous works [7, 27]. Thus, we will below concentrate on the test scalar ¢
resembling the iso-curvature modes in de Sitter background from a certain initial time ¢,
to ty. The setup is essentially the same as the one in the previous chapter. In this setup
we will quantitatively discuss the theoretical validity of stochastic picture of inflation by
precisely analyzing the structure of quantum states, by considering the A\¢* theory in de
Sitter space in a flat chart.

We will prove that stochastic picture can be theoretically consistent only approxi-
mately, and must be violated. We will evaluate the degree of this violation by estimating
the quantum coherence of IR fields during inflation. We will then evaluate the amplitude
of the fluctuations of IR fields when adopting the approximate stochastic picture, which
will allow us to estimate the possible contributions of IR fluctuations to correlation func-
tions of shorter-wavelength modes. Several implications and future works are listed up at
the end of this chapter.

5.1 Structure of quantum states and the origin of
large infrared effects

5.1.1 Quantum coherence of the history

In this study we would like to focus on the quantity called decoherence functional, because
it is useful for clarifying the quantum nature of IR fields. In order to explain the definition
and physical meaning of decoherence functional, let us consider a quantum system whose
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initial state is given by a pure state p(tg) = |W(to)) (¥ ()| and its time evolution is
governed by the unitary evolution U (t,to). Note that we work on Shrodinger picture in
this chapter. Suppose that we are interested in the variable y and refer to its eigenstate
with eigenvalue x as |x): x|x) = x|x). Then, the decoherence functional of the variable
X is defined by

Dy (x,X) == Tr (é;p(to)é;ﬁ) , (5.1)

where the class operator CA’i is defined by the successive insertion of the projection operator
P, = |x) (x| at each time step t; (i =1,--- ,1):

~

Ch = PyUy-1Py_, - Py Uy, (5.2)
Here, ijj_l expresses the unitary time evolution from ¢;_; to t;. Note that we con-
sider the discretized time tg,%,--- ,t; to define the class operator C’i here, we will take

the continuous limit later. C’i |W(to)) corresponds to the quantum state labeled by a
specific trajectory x;---x1, and this label is so-called “history”. We will use this termi-
nology below.! “Off-diagonal” element of the decoherence functional, which is denoted
by Di(x, x") with x # X/, expresses the quantum coherence between two different histo-
ries x; xi—1 -+ - x1 and x; xj_; - - - X1- This can be understood by considering the double-slit
experiment. Classically any physical prediction with opening both slits 1 and 2 must coin-
cide with the statistical ensemble average of the prediction with opening either slit 1 or 2.
However the latter procedure cannot reproduce the contribution from the D(1,2), D(2,1)
factor. Therefore the off-diagonal components of the decoherence functional express the
quantum coherence.

On the other hand, the reduced density matrix is often used to discuss the quantum
decoherence. It is possible to relate the decoherence functional to the reduced density
matrix when one can perform the “system-environment” split and concentrates only on the
system variables.? For example, when considering the quantum system which is composed
of two subsystems S and E, and total Hilbert space H;o is given by the tensor product

Hiot = Hs @ Hp, (5.4)

and suppose that we are interested in the system variable x which can be written as
X = Xs® Ig. Here, I denotes an identity operator which acts on the environment sector

INote that one can consider more generic histories: one can insert projection operator of different
variables at different time step. For example when considering the system consists of two-fields y(!) and
x® (and their conjugate momenta), one can consider the following class operator

C'=PL U, P - PLUL, (5.3)

where PJ = |X(€J ) <X§€j)| with €; = 1or2. One can also choose €; in a history-dependent manner.
2Orlglnally the decoherence functional is introduced to discuss the emergence of classical world in the
closed quantum system in the context of decoherent histories approach (for example, see [60, 61, 62]). No
system-environment split is assumed there, generically speaking, and thus the variables which are used
to discuss the decoherence functional can be operators which act non-trivially on the total Hilbert space.
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Hpg. In this setup the quantum state corresponding to one particular history y;---x1 is
given by

CLIW(t0)) = ) [= (- xa)) (5.5)

where |x;) € Hg denotes the eigenstate of xg with an eigenvalue x;, and |z (x;---x1)) €
Hp is defined by?

20 x) = [ il CL ) g (5:5)

Then, from the definition (5.2), the decoherence functional of x can be written in terms
of [z(xi -+ x1)) as

Dy (x: x) = (= (uxion - x1) | 2 (axies - xa)) (5.7)

On the other hand, the reduced density matrix for the system which is defined by pg(t) =
Trep(t), can be also written in terms of [z(x; -+ x1)) as

(xilps(ty) Ixy) = ﬁ/dXidX; (0 XDzl xa))- (5.8)

Here, Trg means the partial trace over Hg. Therefore, when it is possible to perform
the system-environment split, the inner product of |z) can capture the degree of quantum
coherence.

Decoherence and classical statistical interpretation

Let us assume that the quantum coherence between any two different histories is exactly
lost, that is, the following orthogonality condition*

‘<Z (X;XE—1"'X’1)|Z(X1X171"'X1)>| OCﬁ(S(Xi—X,-) (5.9)
e G P Il G XM

is satisfied exactly. In this case, we will see that the contributions from various histories to
expectation values of an system operator O which formally takes the form of O = Og® I,
can be treated within the validity of classical statistics. Let us define the quantum state
corresponding to a history x;_1---x1 by

U (Xi-1-- - X1)) = /Xm X |z (- xa)) (5.10)

and an expectation value of O for this state by

O (i1 x1) = (W (-1 ;((13610 !il()qu X)) 7 (5.11)

p (Xt x1) = [ (e xa)|? > 0. (5.12)

3When the spectrum of xs is discrete, the integration over x} should be understood as a discrete sum.
4This condition is called “strong decoherence” conditions [63, 64].
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Here, p (x;- - - x1) denotes the probability assigned to a history x;_1---x1. Then, one can
understand the contribution of various histories as a classical statistical variances:

(T(t)| O ¥ (t))

-1
Z/dxfdxf <Xf|0s|X7>H/dxi (z (X7 xim1 - x1)| 2 (G i1 xa))
i=1

= ﬁ/dxiO(Xz1“'><1)p(><z1-~><1) : (5.13)

However, such decoherence condition (5.9) is not exactly satisfied in a generic physical
setup. In this case, it is necessary to perform the coarse-graining of the history. We will
analyze the quantum nature of IR modes during inflation by playing with A¢* theory in
de Sitter background and see explicitly that the decoherence does not occur exactly, while
it occurs quite efficiently. We will then explain how we should appropriately perform the
coarse-graining of the history to explain the theoretical consistency of stochastic approach.

5.1.2 Decoherent histories of IR fields during inflation

From now on, let us apply the above discussion to the inflationary case and calculate the
inner product of |z), after performing the system-environment split which is appropriate
for understanding the relation between the IR effects and quantum coherence. The setup
we consider in this chapter is completely the same as the one in the previous chapter.
That is, we will consider a scalar field theory on de Sitter background with an sufficiently
flat potential V' (¢), whose hamiltonian density H is

1, Zy (Ve
H = 2Z¢a67r +5 (7) + V(o). (5.14)

Note that V(¢) also contains the mass term, generically, while we will later treat the V' =
Ap?* case. Z, a denotes field-renormalization.” We introduce an initial time ¢, and assume
that interaction term V' is turned on at to. We also introduce an IR cutoff kg == ea(tg) H
with € < 1. We take an initial quantum state |¥y) as a non-interacting Bunch-Davies
vacuum state. For later convenience, we normalize |¥q) so that || |¥o) ||* = 1.

In inflationary paradigm, operators corresponding to observables are the field operators
whose momenta becomes super-horizon modes during inflation. This motivates us to split
the total Hilbert space into IR part and UV part as

Htot = H<(tf) Q@ H”(ty), (5.15)
= @ Hp, )= Q) H;, (5.16)
k<ea(t)H k>ea(t)H

®Note that we did not explicitly write the field renormalization factor and just include it in an interac-
tion potential term in the previous chapter. In this chapter, we explicitly write the field renormalization
factor to make it clear that we are presently treating the non-derivatively coupled theory.
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and regard the IR part of H<(¢;) and UV part H~(¢;) as system and environmental sector,
respectively. Here, ¢y denotes the final time put by hand, which resembles the time when

the inflation ends. Then we may consider the class operator é£ which is defined by the

successive insertion of the IR projection operators ]5;

Ch =Py, (ty)UpsaPy  (tpa)--- Py (1) U, (5.17a)
Pow) =[] /d¢z( ) &) (@] - (5.17b)
k>ea(t;)H

Here, we have used a bold letter ¢ to express the collective modes for notational simplicity.
|¢;) denotes the eigenstate of {QS( )}Vk with an eigenvalue {qbl( )}w’é which is properly
normalized as

(1l #7) H5<¢z & (K )) . (5.18)

From the definition of CA‘(’;, one can express the quantum state é;: |W(to)) corresponding
to a certain history of IR fields o< as

C'f W)

/H H dgi (k) Uro s, t) x (g, tldsr,tr1) (s tpal-- o, Lo} (o, o] Vo)

1=0 k>ea(t;)H
dﬂ']
/H [1 an) /HH
1= 0k>ea(t Jj=0 £
[f (2 )37Tn (¢n+1( k’) n (= k))] < Tn,, 7¢n+;+¢n>Atn <¢0,t0}\po> . (519)

Here, |¢;,t;) is defined by

(). t5) = Ujol ;) (5.20)

and we used

(Bjr1,t)41] ¢j>t'>
/H dﬂj if (‘;ifg 7 () (@541(=F) =6 (—F)) <1 —iH ( Pjt1 + (ﬁ]) At + O ((At)2>>
2 7

(5.21)

with At := t;;; —t; for an arbitrary j. Because we will take the limit At — 0 later
with fixing the value of t; and ¢y, we omit below the terms which vanish after taking this

limit. In this expression, the functional form of the c-number Hamiltonian H <7Tj, %“2—+¢3>

included in the expression (5.19) or (5.21) is the same as that of the Weyl-ordered Hamil-
tonian operator H. Note that eq. (5.21) is compatible with the normalization condition
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(5.18). In order to make the notation simpler, let us define an eigenstate of UV fields and
IR fields at time ¢; by

7)) = ‘{¢lk}k26a(tl)H> EH (L), |¢r) = ‘{¢lk}k<m(tlm> eH ().  (5.22)

Then, for given initial state |¥g), the quantum state corresponding to one particular
history C’f; |Wy) can be written as

Ch W) = |¢7) |2 (05 - ¢7)) (5.23)

where ‘z (¢Jf .- @7)) € H”(ty). This state ‘z (cb]f -+~ @7)) is nothing but the analogue
of |z(xs---x1)) defined in eq. (5.6). As is discussed in the previous subsection 5.1.1, the
inner product of the |z(xy---x1)) expresses for the quantum coherence of the variable
X- In our case, by evaluating the inner product of ‘Z (¢? e ¢f)>, one can identify the

quantum coherence of IR fields QAS<, and thus let us explain how to calculate this quantity
from now on. Using |¢;) = |¢p;°) ® |¢;), one can obtain the expression for ’z (qb]f - @7))
from eq. (5.19) as

f _) - +(1
67 o) = | Hl}o M[I;—W

A
§
—~

ol
~

N——
&

>V
\/
8;
m
Y
+
S
+
P
<
o
~
=
S
o
~
O‘l
Bo
=

S [ ) () ()] - (BB )

i (5.25)

Let us introduce a transition time step my, for each mode k by e (tm,) H <k <ea(tm+1)H.
Then, each mode ks belonging to a UV mode for ¢t < ¢, , while it becomes an IR

mode for t > t,,,y1. Then, the transition time ¢,,, = ¢; when the mode k satisfies
ca(ty)H < k < ea(t;y1)H.5 With definition of the transition time, eq. (5.24) can be
rewritten as

f *t(k
(65 - HH/dw 2Is

< 11 H 5 (o (F) = au(R)) | |97 el =T (o, 1] wo)

k<ea(tf)Hl my+1

(5.26)

SFor example, t,,, = t;_; when k = ea(ti — At/Q)H
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Using this expression (5.26), one can evaluate the quantum interference between the
history specified by {af}izlm f and the different one specified by {ﬂf}

(2 (&%) 2 (87 97))
f ! ol k T k - -
[HH/ oor @asr O] [ 5 | daﬁ“] N ERICICRTG)

Jj=0 k>ea(ty)H

i—1..p S

f
| TT T o (er () - au(R) 6 (or (R) - 6i(R)) | esis0)

k<ea(ty)H =mrtl

x (égto|¥o) (Yol . to) - (5.27)

By rewriting eq. (5.27) in terms of variables (qﬁf(l;),@& (l;),ﬁf(lg),ﬂf (/2)), which are

related to original integration variables as

si(F) = % ®) ;@_(k) (k) = o (B) —or (R) (5.284)
re(F) = R) o B) o (E) =t (F) = (R) (5.28b)

= ¢>C(E) for 1< mi N (b.>A (E) for 1< my — 1
c(k LA > (k A 2
(bl()%{ k) for i>my+1, ) o7 (k) for i>my, o

- 7T->C(E) for i<my —1 - 7T->A(E) for i<my—1
c(k % - A k ¢ K 5.30
R o
one obtains
(2 (¢f - d7)| 2 (87 -+~ @7))
-1 <c <A(T.
B ) (’f) dm 2 ()
IR o
k<ea(ts)H J=my
« oHeccatipn L [ d B 1 ()t (—R) (#5244 (- E)-d%@(—ﬁ))]ei(sﬁ—l—l“)’ (5.31)

with substituting

GrB)=0. {orB))_ = {¢;(;;’) A0 } n
{¢5A(E)}imk+l, :{¢<()—¢'<(’f)}. (5.32)

i=mpt1,,f
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for Vk < ea (ty) H. Let us note here that this procedure is equivalent to the procedure
performed in deriving the extended stochastic formalism in the previous chapter 4. We
will later see the consistency between the results obtained in this chapter and those in the

previous chapter. In eq. (5.31), S5 denotes an IR part of Hamiltonian action (SI(;) —SI(;)>

consisting purely of IR fields,” and e’ is an influence functional. Their explicit forms are
given by

3 f-1 - . .
= [ il X [0 (-0 - ere-0)

Jj=mi+1

7o) (72 E>¢;A<_;z)>]m}

f

&3k }
R Hy (k) [¢=, =%, 7=, 7<%] At 5.33
/k:<ea(tf)[—[ (2m)3 i%ﬂ S(k)[o=c, 0<%, m=c, 18] (5.33)
. f_l d7T> E d >A ]%’ B
GZF = / H Hd§b>C d¢>A H ) 27T< )5 (gb?A (k))
kzea(tf)H 1=0 §=0

% H Hd¢>c d¢>A()mk1d7rj>C(E)d7r]>A() <¢ ())

: 27 27
lc<ea<tf)HZ 0 =0
' SA >A
v ez(Sg—i-SH,int-i-Sbﬂinear) < 0>C + %jo \IJO> <\IJO — %,to> ) (534)

-

In this expression, H ]< (k) denotes an IR part of the total Hamiltonian density con-
sisting of purely IR fields.® S5 denotes a purely UV part of Hamiltonian action, Sy i
consists of UV-IR non-linear interaction terms, and Shijinear contains UV-IR bilinear in-

"Strictly speaking, we have factored out the contributions from IR-7 fields at the transition time t,,,
to the final line of the right-hand side of eq. (5.31), which corresponds to “j = my” part of the right-hand

side of eq. (5.33). This is because t,,, +1 = ty for such modes. Therefore, terms Z] mpt1l o] in the

integrand of eq. (5.33), which become 7¢ terms after taking the limit A¢ — 0, vanish for modes satisfying

ca(ty—1)H < k < ea(ty)H. Corresponding terms are instead written in the final line of the right-hand

bide of eq. (5.31). This is the reason why the upper bound of momentum integral of the first term of
q. (5.33) is given by ea(ty_1)H rather than ea(t;)H.

8For example in A¢* theory, H; < (k:) is given by

Hy (k) [9=¢, =%, n=c,n<8] = HF (k) [¢*,n "] — HF (F)[¢~, 7], (5.35)

HE(F)[6,7] = %;(j)wj (F)m; (—F) + % (a(’“t])> 65 (k)¢5 (—F)

3
+Ao5 (K H/dgk (t;) H — k)¢<()27r353)< ZE) (ct.). (5.36)

Here (c.t.) expresses counterterms which are necessary for renormalization.
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teraction terms which correctly reproduce the UV to IR transition due to an accelerating
expansion of the universe. Their explicit expressions are

min(f,mg)—1

B D SRR GICAC R AC))
+ 7o () (675 (=F) — 072 (=) | - AL}, (5.37a)

_ g (-
Sbilinear T /k<ea(tf) (27‘(‘)3 |: my (k) ( ) ¢ ( ) mk 1( )] +O(At> : (537b)

Eq. (5.34) shows that an influence functional e is independent of {m5¢ (/Z)} h<ca(ty) H'
This is a consequence of the absence of IR-c fields in the bilinear interaction vertexes.

Therefore, one can perform the integration over {7‘(‘;2 (k;) }k<ea(tf)H in eq. (5.31), yielding

the product of delta functions H,Km(tf)H J ( m (k) — o (E)) Thus, eq. (5.31) reads

(= (& - I( )

c A AL -
— H /dﬂ-< d7T< (k) ezS§ / dﬂ-;k (k) 6 fk<ea(tf)H (dS;C 7T<A(k)¢1’nk+l( k)
k1

9 )
k<6a(tf)H] =m T

(5.38)
with substituting

me(F) =0, anda (k) = 050 (k) (5.392)

{qbfc(’g)}i:m = { i (R Z¢/<( )} , (5.39D)
k1, et
{2} ={er®)-er @}, (5.390)

i=mpg+1,-- )f

for Vk < ea(ty)H. In order to rewrite eq. (5.38) into simpler form, we would like to
perform the integration over 7r<kA (k:) In order to do so, we firstly decompose I' into

{W,flf (k:)} dependent part T' and { (k) }—independent part I’: T =T 4+ I". Let us
further decompose T' as I' = T @ + F( ), Where the terms with subscript (d) are linear
in 7r<A (k‘), while the terms with subscript (s) denote other remaining pieces which are

higher order in 75 (k;) We may explicitly write F( d4) &

- d3k =
Pl = — / T )1 (tmk,—k) , (5.40)
k

<ea(ty)H (27T)3 mk

where i generically depends on IR fields except for mflf (/;)
From below, we consider the theory which does not contain derivative interactions
to make the following discussion simpler. In this case, ji, I'), and I" are indepen-

dent of IR 7 fields. In other words, they are functionals of {gbfc(IZ) }j:mk+1 pog OF
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{¢j<A (E) }j:mk,~~- -1+ By defining P as

RO} NINEE (3} S

<A (L . 3 - -
— H / dﬂ-n;k (k) 6iF(S> 67‘ fk<ea(tf)H % Wﬁlf(k)ﬁqb(—k)
k<ca(ty)H " ORRB=052,,(F)

. (5.41)

we obtain the formal expression for eT® in terms of P[¢s] by performing the inverse
Fourier transformation of eq. (5.41). Substituting that expression into eq. (5.38), one
obtains

P drse(k) drs® (k) ,g<
<z(¢}<-" 11<)‘Z(¢]§¢1<)> (F+SHmt) H H / () j ()@lSH,kin

k<ea(ty)H I=mrtl o
< [ g3 (650 (F) = i (1 ) — &(0))

% P& {650} o A5 B} o]
(5.42)

with substituting eqs. (5.39). Here, S§ = S{ 14, + Siine- Sixin and Sfj, denote kinetic
terms and non-linear interaction terms of IR modes, respectively. Because Sg;, and I”
are independent of IR 7 fields in the absence of derivative interactions, one can put these

terms outside of the integral over 75 (E) or 7rj<A (l;) Using

Ph <A (T <c 7 <c(_1 7Tj<c —k
St [ > |55 (45500 - 57 - T )

<E(l(tf_1)H (27T>3 J:mk+1

k

FrE ) (078D 72 ()~ Zoa(e) (1) re o (R

+ O(At),

(5.43)

and neglecting the O(At) terms which vanishes after taking the limit At — 0, one obtains

(= (87 o1)| 2 (07 - 07))

_ N, (SR S5 p [5 ;{¢,<c(;;’)}j,mk+h7 . {cbfA(’?)}j:mkH,..,f} , (5.44)
S}jn = /k<ea(tf )i (2ﬂ.3 ¢J mzk+1
1 (k) — 5 FA(R) - o7t (K E N ey e
[( J+()At¢ ())( A >At¢ ( )>‘(a<m)¢ (0)65 (—)| A
(5.45)
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with substituting egs. (5.39) and

Eo(K) = 052 11 (k) = ity K) - (5.46)

Here, Z, denotes a wave function renormalization and N is a proportionality constant.
From now on, let us discuss the quantum coherence of the “histories”. Because Sf .
Sign» and P[y] are real, the quantum coherence of different histories between ¢7 - @7
and @'~ - - 1" is given by

(= (- @1) | = (67 - 67)))
= NP & {65 () o 1972}y ]

(5.47)

eqs.(5.39) and (5.46)

Especially when {¢; = ¢~ };=1...r, ImI" which appears in eq. (5.47) vanishes, and hence
the norm of the history ¢7 --- @7 is given by

1= (67 - 60" =M P [0 {67 (B} s O] o (B9
From egs. (5.47) and (5.48), one can obtain the following expression:
|<Z (¢}<¢l1<)2| Z(¢J§¢1<)>| = — G_ImF/C[P ’ (549)
VIl @7 Il (o5 o] s
C[P] = P [£¢ ; {quc(k) }jzmwl,w,f’ {gbfA(k)}j:mwlmf} (5.50)

P67 @ O] P (05 0]

This shows that the quantum coherence between different histories is given by the ¢<4-
dependence of ImI"” and of the noise weight function P[{s]. It is well known that the
quantum decoherence of IR fields efficiently occur during inflation [47, 48]. In order to
see the efficient decoherence of histories in our language, let us evaluate only I and P[&y)
in A\¢* theory as a toy model, adopting the Gaussian approximation with respect to IR-A
fields for simplicity. Combined with the definition of P[¢,] which is given by eq. (5.41),
il" and P[€,] can be calculated by evaluating an influence functional iI" by writing down
Feynman diagrams after taking the At — 0 limit. Strictly speaking both I and P[&y]
can contribute to the decoherence of the history at the same order, here we will only
evaluate IV by writing diagrams which are lowest-order in IR-A fields for simplicity to
estimate how efficiently decoherence occurs. I can be calculated by evaluating Feynman
diagrams which does not contain bilinear vertex with an IR = field. Then, ImI"” can be
evaluated at leading order as

3 ty
i [
<27T) tr

S GIGE

p<A (tﬂ%’) ‘21/2 (tk;lZ)] ., (551)
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with

N ANHZa3(t -\ ANHad(t

" (t; k) ~ —f“ Vs (tk,k) ~ # (5.52)
€ €

This implies that the coherence between different histories ¢= and ¢'< which is expressed

by the left-hand side of eq. (5.49) is remained when ‘¢< — ¢ <| is sufficiently small such

that

o7 (17) == (1E)[ < B () = S (5.53)

after ¢t > t;. Here we have neglected unimportant numerical factors.? It is the point that
the suppression factor Im I becomes large at a late time even if the non-linear coupling
A is much smaller than unity. This shows the efficient decoherence of IR fields of light
scalar fields during inflation.

5.1.3 Quantum decoherence and origin of IR secular effects
Coarse-grained histories

In the previous subsection 5.1.2, we have seen the decoherence of histories of IR fields
during inflation by investigating the inner product of {|z (q,’)]f e ¢1<)>} However, this

orthogonality is not exact: coherence exists allowed by (5.53). Therefore in order to make
an approximately orthogonal basis, it is necessary to consider coarse-grained histories.
Let us define the coarse-grained state by

-1
5 (65 07)) =[] / A= W; [ &< |2 (65 &1 - 07)) (5.54)
=1

where d¢; = [], <calti)H dos (l;), and Ws[@'<; ¢<] denotes a window function which
specifies the coarse-graining of the history centered at some reference history cb]f_l RN

with a coarse-graining scale 0Aqe.(t, k) for each TR mode k. For example, a Gaussian
window function may be given by

Ws[¢'<: =] = Cexp

Y

2 k<ea(tf,1)H (27T)3 z:mk—}—l dec ' ' '
(5.55)

where C' denotes a normalization factor which ensures the following normalization condi-
tion

f—1
[1 [ s wilei 67— 1. (5.56)
i=1

9Decoherence scale will depend on the field value ¢<¢ in general, although this does not change
discussion below.
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Below, we will choose this Gaussian window function. If we choose a coarse-graining scale
much larger than the decoherence scale Ay by taking (0 <)d < 1, we have

(7 (67 ¢ja - 91)| 2 (97 d70 - 7))

= h / g (2 (o7 ¢ o7 )| 2 (&7 071 67))
W [6°% 7] Wa [0 6]

. ﬁ / gy de; (2 (7 o7y 817 )| 2 (67" ¢ - 1))

<+ <—
< W [%; ¢<] | (5.57)
Here we used
<. < <— <] T+ o <t <.
W [ ¢ Wi [6°75 0] = Wigs | =1 6% | Wy [0 =675 0],
(5.58)

and neglect the factor Wy, 5 [¢<A; O}. This approximation will be valid as long as (0 <
)6 < 1. Note that eq. (5.58) is exact when we choose Gaussian window function of the
form (5.55), but it will be generically possible to neglect the window function with respect
to <t — ¢~ fields in the final expression of eq. (5.57) when taking the coarse-graining
scale to be much larger than the decoherence scale. Eq. (5.57) allows us to express

-1
11 / A5 (55 (65 b5 1+ 67)| 2 (65 b5+ 67))
=1

f—1
~C']] / dp; " der (2 (¢5 @5, o7 )|z (@5 @75 077)) . (5.59)
=1

Here, C’ # 1 is an unimportant field-independent numeric factor which is given by’

f-1 <+ <
= H / do;r W55 {% ¢»<} . (5.60)

Eq. (5.59) shows that the contributions from various histories qb]f_l .-+ ¢ including
quantum coherence can be consistently treated by considering the single-sum of vari-
ous coarse-grained histories. This reflects the fact that set of coarse-grained histories

{‘25 (QS? e ¢1<)>} constitutes an approximately orthogonal basis so that one no longer

need to take into account the quantum coherence between different coarse-grained histo-
ries. In other words, the nature of quantum coherence can be took into account by the
procedure of coarse-graining.

10Tf the integrand of the right-hand side of eq. (5.60) is Wjs m%;qbﬂ instead of

W 35 [¢<+§¢<7; ¢<|, C' =1 thanks to the normalization condition eq. (5.56).
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Origin of infrared secular effects

From now on, using the essential properties of coarse-grained histories (5.59), we will
show that large IR secular effects which appears in evaluating correlation functions can
be regarded as an increase of a classical statistical variance. In order to see this, let us
firstly consider the expectation value of IR fields. Below we formally write IR fields by
0] [¢=,7<] which can be written as O = O<(t;)®1>(t;), where I”(t;) denotes an identity
operator acting on UV Hilbert space 1~ (tf). With this notation, the expectation value
of TR operator O for |U(t;)) is given by

(|01 (1)) = [ g5 des (o7 |07 |a5")
f-1
<1 [ asstaes (2 (o5 o7 -07)| 2 (97 07 67))
i=1
= [agiasy (877 0%|o;)

F-1
<1 [ a0 (s 97 671 00) 657 67.1--00)) - G0
=1

Here we used the approximation (5.59) in the third line which is valid when (0 <)d < 1.
The expression (5.61) can be simplified by defining the quantum state corresponding to
the coarse-grained history ¢, --- ¢y by

T (851 #7)) = [ 407 [07) |2 (& - 01)) (562
and define the expectation value of IR fields O for this state by Oy ((ﬁjf_l e cﬁf):

(Us (@71~ 07)| O |5 (@7 -~ b7))
Os (5, - 7)== _ _
(910 6) % (@5, )

Next, we define the probability for each coarse-grained history qﬁffl - T by

(971 7) = O [ (671 97D = " [ ag 5 (a5 - 00
(5.64)

(5.63)

where p; (quil e qbf) satisfies the following approximate normalization condition

f-1
1 [ v (@50 5) = v el = 1. (5.65)
i=1
Then, from the definition of |\i/5>, eq. (5.63) can be rewritten as
Os (¢7—1 T ¢1<) Ps (¢]§—1 T ¢1<)
=0 [ agagy (97| 0167 (5 (67 @7 65)]| 5 (957 67 00))
(5.66)
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Using eq. (5.66), eq. (5.61) reduces to

(W ()| O] (t)) H/d¢<05 &5 1o d7) ps (65 b7) . (5.67)

Now let us consider the physical meaning of this result. As we have seen in previous
chapter, large IR secular effects appear when evaluating IR loop corrections to expectation
values of IR fields O for |¥(t;)) perturbatively in the coupling constant. On the other
hand, IR field is treated as an external field when evaluating Og (qﬁ?_l e qbf), and hence
it does not contain any large IR loop effects. Therefore, large IR secular effects appear
when performing the path integral of IR fields. Eq. (5.67) shows that, one can perform IR
path integral by assigning the probability to each coarse-grained path (q’)}il e qz’)f) and
taking the classical statistical ensemble average. This means that IR secular effects can
be understood as effects of taking classical ensemble average. Interestingly, such structure
of decoherent histories of IR fields are encoded in UV Hilbert space H<(t;) which only
contains the modes which are inside the Hubble scale during inflation.

Probability of coarse-grained histories

We defined probability for coarse-grained histories in eq. (5.64). From now on we will
show that this probability can be in fact calculable using stochastic formalism. From
the definition eq. (5.64), we can obtain pg ((bjf_l e ¢1<) once we obtain the expression for
|75 (@7 - - ¢1<)>H2 Substituting eq. (5.38) into eq. (5.57) and using S = Si 4, + S ;
where Sf;, is defined by eq. (5.43), one obtains

int’

175 (@7 - &)
/D¢<CD¢<A/DW<CD7T<A i(S5 it S tnt) H 5 <¢ ( )> 5 (ngch(E) _ gb?(lg))

k<ea(ty)H
dr (k s B o (F)
k<ea(ty)H
(5.68)
where
f
D5t = [[ [ dor(F)der> = Hd¢<cd¢<A (5.69)

k:<ea<tf>Hi:mk+1 i=1

f-1 <c < .
preprt = [ ]I d; )d %(k). (5.70)

k<ea(tf 1)HZ mg+1

Let us decompose I' into I'(q) + I'(), where I'(qy denotes terms linear in IR-A fields and
I's) contains remaining pieces Wthh are non- hnear in IR-A fields. We also decompose
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_S< +S<

int Hint(d Hint(a) 10 & parallel manner. Next, we formally

< .
St ine Into two parts as S
express v and Sy, as

Slilnt +F()

Eq.(5.39a)

-

43k B} )
- /k< (¢ H (27’(’)3 { . (k)lu’l (tmkv _k) + a3 (tmk) T<n§+1 (k),UQ (tmk, —/{3)
ea(tys

bY@ Bl wﬂm} (5718

F( )+SH ,int(s) )
(5.392)
- [ pé. H / () [ agu(®) Ples o=
k<ea(ty)H
w ¢ h<eatipm S (9n 1 B (R —mis (R (=) oHk<eatts_ym ot 2 67 n (5 -1,- )
(5.71b)
where

f—1
D& = ] [T (k). (5.72)

k<ea(tf,1)H i=mp+1

Here P[¢;¢<¢] is a functional of &, &, &, and ¢<°, although we simply write P[¢; ¢<]
for notational simplicity. Finally we rewrite eq. (5.43) into the following form:

ST in
- d3k = T<A 1. <c (T _ 4<c _" ﬂ
_/k<6a(tf1)H (27‘()3 {jmzk_H[ J (k) ( j—H( k?) ¢j ( ) Z¢a3( )At>
2 f-1
- Zoa(t) (s ) o7 @R = X [0 (e (-H) i ()
J i=mp+2
+ o2 (k) m5ey (—k) — ot (k) ms o (— k)+O(At)}, (5.73)

with the understanding that second terms in (5.73) which takes the form of ZZ ol ]
vanish for any mode k satisfying ea(tr_o)H < k < ea(ty_1)H. We will use this notation
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throughout this chapter. Substituting egs. (5.71) and (5.73) into eq. (5.68), one obtains

Iz (5 -0
~ N / Dg<-Dp<2 / Dr<Dr<t [T 6 (672(R)) o (o5°(F) - 67 (k) )
k<ea(ty)H
d,n.<A . .
DE, A&, (k) | déy(k)
<Joe T[T fasd fas
<c., 4< . a<c . 4’k I
X W\/ié [d) 7¢ ]P[§a¢ ]eXp [Z /k<ea(tf)H (27]_)3[/(]{3)] ’ (574)
where L(l;) is given by
f-1
L) = | 5wt DLl -B)dt— S 6 DLt F) B+ o7 (s, ()
j=mp+1 i=myp+2
+ i (F) L™ (<F) = i (B) L8 (<F) + 0 (A1) | (5.75)
with
i (k) —or (k) mo(k)
Ly(t;, k) = A7 ~ () (5.76a)
. <c(k) — 7= (k . E\2 .
ety = OB g Ry om0 B) + o) (1) 07 (R,
(5.76b)
L™ (B) = s 1 (R) = pa (tamys ) = &6 (F) . (5.76¢)
L) (% ety = 7150 1 () + @ (ty) p2 (b, K) — & (K) (5.76d)
L (k = % (tmy ) 12 (tmg, k) — & () . (5.76e)

ea(tf,l)H§k<ea(tf)H
Substituting eq. (5.74) into eq. (5.64) combined with egs. (5.75) and (5.76), one obtains

'p5 (¢f 1° ¢1<)

NN/D¢<C/D7T<C H WﬁS ¢~

></1>§7r I1 H <L¢ tj,k:))][ I1 H 5( t,,k:)

< T1 | [ast® [acmo (267 ®) [5 (20 (%))] Ple: o<1,

k<ea(ty_,)H j=mi+1 k<ea(ty_o)H i=mj+2
k<ea(ty_1)H

k<ea(ty)H
(5.77)
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Eliminating 6§ (Lg(¢;, lg)) and (S(LEbini (k)) by performing [ Dr<¢and [ d¢y’ (E) respec-
tively, eq. (5.77) reduces to

C'ps (51 &7)
Y / Do / DE, / ac. / A&, W g [0 %] Pl&; 6]

| TI H o (L B)) | TT  [o(289(@))] L (5T8)

k<ea(ty_o)H i=mp+2 k<ea(t;_1)H L¢:Lgni):0

where [d&, = Hk«a(tf)Hfdﬁ,r(E) and [d&, = Hk<6a(tf)Hfd§¢(E). Here we also
redefine the meaning of D¢<¢ as

f
Do~ = [ [ dere(k). (5.79)

k<6a(tf,1)H t=my+2

From this expression we can understand that the probability assigned to the coarse-grained
history can be evaluated by solving stochastic equations and deriving probability assigned
to the trajectory of ¢=¢ field which is specified by the window function W 55 [¢<¢ ¢<]: it
is broadened around the reference trajectory qz’)}ffl -+ ¢7. Below we explain the structure
of the stochastic equations:

1. Time evolution of of ¢=¢ field and 7w<¢ field.
Time evolution of gbfc (E) field and 7~¢ (E) field are given by stochastic effective
EOMs {Ly(t;, k) = O}j:mk—i-lmf—l and {L.(t;, k) = O}i:mk+2~~f—1’ respectively.
These two EOMs are coupled to each other and cLescribe stochastic evolution be-
cause of the existence of the stochastic noise {EW (ti, k) } whose probability

distribution is given by PI[&; ¢<].

i=mp 42 f—1

2. Initial conditions for ¢<¢ and 7w=<°.

Field values of ¢y,° (H) and 3¢ 4 (E) are related to the value of §¢(ﬁ) and SW(E)
through equations L( = 0 and L™ = 0, respectively. 1 (l;) and ¢ (/Z)

have fluctuations because §¢( ) and &, (k ) are stochastic variables whose probability
distributions are give by P[¢; ¢=¢].!!

Eq. (5.78) shows that the norm of the history which is disfavored by EOM is indeed
suppressed. This suppression comes from the rapid oscillation of the phase factor ap-
pearing in the first line of the r.h.s of eq. (5.44). This suppression is not manifest when
considering the norm of fine-grained state ‘z (qb? e ¢)1<)> given in eq. (5.48). By consid-
ering the coarse-grained history, one can relate it to the stochastic formalism and discuss
the probability.

1 This implies that the bilinear vertexes plays the role of recovering correctly the information of fluc-
tuations at the UV — IR transition time ¢,,, ;1 for each mode k.
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Continuous limit

Now let us discuss the continuous limit of the expression eq. (5.78). As we already
explained, effective EOMs are Ly = L, = Lgni) = LI = 0, where Lgni) = i =g
gives rise to the initial conditions for set of first-order differential equations. After taking
the limit A¢ — 0, and referring to the UV to IR transition time ¢,,, and ¢,, 41 as t; and
t}., respectively, these effective EOMs are set of Langevin equations of the form

e (t, %)

o< (t, g) = —Zom [m (tk, E) + g(/%’)} 5(t—t) (5.80a)
e <t, /Z) = —a®(t) o (tl%’) — Zyd3(t) (%)2 ¢<° (tl%’) +&; (t, E)
[ () o (8, F) + & (B)] 62— 1) (5.80b)

with boundary conditions ¢<¢ (tk, lg) = <° (tk, E) = 0. One can understand the correct-

ness of these boundary conditions in the continuous limit by integrating eq. (5.80) over ¢
in the vicinity of t = ¢ to get

¢=° (t;m E) = (tk; ) +&5(k) (5.81a)
e <t§€,l_5> — —a® (k) o (tk, ) + & (F). (5.81b)

Egs. (5.81) give initial condition which are indeed equivalent to Lgm) =0 and LI = 0.
In this way one can take the continuous limit of EOMs. Then, introducing new variables

v<e(t k) = w0t k) [a3(t), & (tE) = & (t,k)/ad(t), and & (k) = & (k)/a®(t), the

continuous limit of eq. (5.78) can be written as
C'ps (¢5-1- - ¢7)
= Mo [ Do [ DG, [ dg. [ aeuW g 167 7] Plé o7
T TTo (o (oF) (7))o (o= (1) . (1) — )

k<ea(t;)H t=tg L¢:L$ni)zo

(5.82)

Here, N5 denotes a proportionality constant and S (t, E) denotes the solution of EOMs

eq. (5.80) with above mentioned boundary conditions, neglecting the second term of the
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right-hand side of eq. (5.80b) which is suppressed by some positive power of e:

S<t,1§> = /t dt' G (t,t) [—Mz (t’,E) + &, <t’,l§ﬂ
— G (L, ty) (gv(l%’) — o (b, E)) + <tk, E) +&4(F), (5.83a)

1 at')\?
ZyG(t, 1) = 3H_<1 (a@)) ). (5.83b)

At leading order in the coupling constant A, o (t, E) is simply given by the slope of \¢*
potential:

MZ(tk:> 3'1"[/ ki o (cart - k)qb(tk) (27)? ( 23: >+(’)/\2

i (5.84)

where higher-order corrections come from the UV loop corrections, and we choose a
renormalization scheme so that the effective mass correction vanishes exactly as we have
done in the previous chapter. Similarly we have Z, = 1 + O(\?) so that below we will
take Zy = 1.

Real-space representation

Of course it is also possible to get the real-space representation of eq. (5.82) by considering
the Fourier transformation:

C'ps (&7 1 - 67)
~ N, / D= / Dés / ags / Q€5 W 155 [6°° &) PIES; 6
ty
s« T 6 (65 (4,7) — 8= (8,) 6 (=2 (F:1) + 5 (7:1) — 5 (751) . (5.85)
7 i=to Ly=L0"—0

where

5°(1) = [ oS (uE)e (et 1y e

:/tdt’G(t,t’)[—;f( B)+ & (8, 8)] — €5 (@ 1) + 5 (Tt) + p5 (T 1) + &5 (55 1),
’ (5.86)

with defining A<(t,7) = (27)~® [ &k A(t,k)O(eaH — k)exp[ik - 7] and AS(;t) =
=2 [k A(tk,lg)@(eaH — k)exp [ZE . f] for an arbitrary quantity A. We also in-
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troduced the following notation:

E5(7t) = / % G (t,t5) &, (K)© (eaH — k) €7 (5.87)
Wy () = / (;iT];g, G (t,tr) po (T, E)@ (eaH — k) e (5.88)

Consistency with previous chapter

Let us comment on the consistency of results in this chapter with those obtained in
previous chapter 4. Firstly we note that a set of Langevin equations (5.80) with bound-

ary conditions ¢<° (tk, E) = <°¢ (tk, E) = 0 are certainly equivalent to effective EOMs

egs. (4.38) obtained in previous chapter with the same boundary conditions, with the
understanding that

& (F) = /t t: dte, (t, /%') C&(R) = / t;‘_' dt &, (t, /5’) , (5.89)

tr—0

£n (t, E) — d3(t) €, (t/%’) for t>t. (5.90)

Here, the left-hand side quantities are introduced in this chapter and the right-hand side
quantities are defined in the previous chapter. In order to see the consistency of the
contents developed in this chapter with those of the previous chapter at the level of path
integral expression, it will be useful to firstly rewrite (5.77) into the following form:

Cus (¢71-07) =N [D6 T [as(i) [a(®

k<ea(ty)H

P&, Es; =] W 35 [@=¢; @] ‘L(P:Lﬂ:Lgni):Lgm):O , (5.91)

by performing the integration over ¢<¢ and 7<¢ fields to eliminate all the delta functionals
in the integrand of eq. (5.77). Then, the consistency of the contents developed in this
chapter with those of the previous chapter will become clear by noticing that the path
integral for IR modes Z<[0] is given by

2
Z=[0] = ([t
/D¢<CD¢<A/D7T<CD’/T<A Z(S§k1n+SH mt) 5( >
k<ea(ty)H
d’ﬂ'<A zf ( k), (—k) el
% H / k<ea(ts)H (zﬂ)d mkﬂ F‘Eq (5.39) ° (5.92)
k<ea( tf

This is the same expression as the right-hand side of eq. (5.68) with eliminating the
window function W /5;(¢<% ¢=] which plays the role of picking up one particular coarse-
grained history. Therefore, performing the same calculations for obtaining eq. (5.91) from

83



eq. (5.68), we get

Z=[0] :N/Dgn H /d@r(]g)/d@zn(lg) P[fmgqﬁ;¢<C]|L¢:L,,:L$"i):L7(Tini):0' (5.93)

k<ea(ty)H

As we explained above, effective EOMs Ly = L, = Lgni) = L") = 0 are equivalent to
those obtained in the previous chapter. Therefore, the expression (5.93) is equivalent to
eq. (4.34).

5.2 On the infrared effects on observed correlation
functions

We have investigated the structure of quantum states and identified the origin of large IR
effects when evaluating correlation functions. In sec. 5.2.1, we will discuss the quantum
state which is recognized by a local observer. Main spirit is the same as the conven-
tional stochastic approach to inflation in the literature: we will not observe a whole set of
decohered histories, rather we will observe one of them as long as each histories are dis-
tinguishable. Next, in sec. 5.2.2, we will evaluate the amplitudes of quantum fluctuations
of deep-IR fields in our observed local universe.

5.2.1 Stochastic picture and the quantum state for local ob-
server

In sec 5.1.3, we discussed the coarse-grained history of IR fields ¢?71 .-+ ¢ and proba-
bility assigned to it. This history is defined by inserting projection operators in all IR
modes, the corresponding quantum state ‘\I/(; ((ﬁjf_l e ¢f)> which is defined in eq. (5.62)
expresses the quantum state where IR fields takes some particular values

3 -
6<(1,7) = / gﬁl; 6 (t.F) © (call — k) (5.94)
for entire spacetime region ty < t < t; and VZ. On the other hand, what we are really
want to know is the expression of quantum state which local observers, such as us, may
recognize. Then from causality, any local observer cannot distinguish different histories
as long as the history inside the causal past of the observer is unchanged. This is because,
an expectation value of any local operator on each history is unchanged as long as the
causal-past history is fixed. For example, let us consider two different coarse-grained
histories @3 ;- @7 and @~ --- @~ which coincide with each other within the causal
past of us. That is, referring to an intersection between the causal past of us and a
constant-t hypersurface ¥; as Yo(t), the following condition is satisfied:

{0=(t,70) = ¢~ (. D) byzenyy for to<VE<ti;. (5.95)
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Then, an expectation value of IR fields O evaluated for each history is, if O is an arbitrary
product of local operators [ [, O;(%;) with @4, - - - &,, € Zo(ts), coincide with each other:'?

Os (-1~ ¢7) = Os (=1~ ¢7°) - (5.96)

Here, as is defined in eq. (5.63), Os ((ﬁ]f_l e (bf) denotes an expectation value evalu-
ated for a coarse-grained history ¢7 ;---¢7. Eq. (5.96) implies that no local observer
can perform measurement which approximately picks up only a coarse-grained history
qb]ffl -+ ¢T among many histories which give the same history of the causal past of him:
rather he will observe a superposed state of such histories.

Taking into account this point, it is more appropriate to consider the following quan-
tum state corresponding to a coarse-grained history within our causal past:

W5 (@7, o7 %0)) :2/1%;20 W5 (@7 - 97)) (5.97)
where

Dogs, = [ [ d¢~(t.9). (5.98)

to<t<ts #¢So 1)

This state |\P5 <¢?_1 -+ @T;20)) contains large number of histories of modes satisfy-
ing medium-IR field which is defined by

o™ (8, 7) = / (;1;’;3¢ <t, E) Oy (t, k)T | (5.99)
with
Oy (t, k) = O (ca(t)H — k) © (k — pso) , (5.100)

and hence medium-IR fields behave as random variables.'® Next let us focus on the coarse-
grained histories of deep-IR fields ¢<(¢, ) which is define by

< (t,7) = / <§;§3¢ (t, E) O (L — k) eF7 (5.101)

where L, is defined by

t)H =ps for t>t,
Ll = {“‘() Poo 1ObE = (5.102)

ca(t)H for t<t,.

This approximately coincides with the comoving size of causal past for ¢t > ¢, + H 'Ine!
and is e~ ! times larger than it for ¢t < ¢,, and hence deep-IR field is almost spatially

12Causality is manifest in eq. (5.86) which gives a solution of effective EOMs.

13Strictly speaking the behavior of modes satisfying L; ! < k < eaH is a little bit subtle: number of
histories of such modes are not enough for discussing the statistical quantities. Nevertheless we will also
refer to these modes as medium modes in this study for simplicity.
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constant inside the causal past. This means that deep-IR field has effectively one degrees
of freedom when considering the dynamics within our causal past. Therefore the state
‘\ng (qbffl T Eo)> contains one coarse-grained history of a deep-IR field. Note that .
Let us note that the modes in the vicinity of the boundary of medium modes and deep IR
modes have the intermediate properties between the medium modes and deep-IR modes,
strictly speaking. Properties of these modes are subtle and difficult to capture, but this
will not be problematic because we are interested in the dynamics of field in the IR limit
which causes the large IR effects. It will be sufficient to understand the dynamics of
modes k < L; ' for the discussion of IR secular effects.

Actually this state |\IJ5 (q’)]f_l c T Eo)> will approximately express a quantum state
corresponding to a stochastic picture of inflation where a deep-IR field ¢<(t, ¥) takes some
spatially-constant value at each time. There is however an important difference between
conventional stochastic picture of inflation and the state ‘\I/(; (¢?71 T EO)>: in the
latter state the effect of quantum decoherence is appropriately taken into account by
considering the coarse-grained histories. Such coarse-graining has not been considered in
the conventional stochastic approach to inflation in the literature, and hence the non-zero
coherence has been neglected by hand.

Then what is the appropriate quantum state for evaluating observables thorough the
cosmological observations? In this thesis, adopting the spirit of previous studies [7, 27|, we
will regard the following state ‘\IJ(; (¢<(T);%0)) as a quantum state resembling physical
state recognized by us:

U5 (¢<(T):%0)) = |] H/d¢<(t,f>H/d¢<m><t,f> U5 (o5, d7:%0))

TeEX o t<T

(5.103)

where T' denotes the time satisfying 7" ~ t; — H~'.'* That is, we assume that what
we observe thorough the cosmological observation will be n-point correlation functions of
curvature perturbations which are evaluated for this state. Plausibility of this assumption
is the following. In ordinary quantum theories, we have to consider the projected state
when we measure only one realization of some observable operator: for example, if the
measurement some observable A and its outcome is a;, we will then recognize the projected
state which is orthogonal to any states where the measurement outcome of A differs from
a1. As we mentioned above, deep-IR field in our causal past will correspond to such
degrees of freedom. This motivates us to consider the state where some particular value
of deep-IR field is realized in the vicinity of the final time ¢;. This epoch is denoted by
T <t <tsineq. (5.103). However except for this epoch t < T we perform the integration
over deep-IR field because we only perform the measurement once. On the other hand
when predicting the statistical quantities of other d.o.f. of which we can observe many
realizations, it is unnecessary to consider projected quantum state. In our case such d.o.f.
corresponds to medium-IR fields. This is the reason why do not perform the projection of
medium-IR fields, which is reflected by performing the integration over medium-IR fields
in eq. (5.103) for T' <t < ty.

14 As we will see below specific choice of T does not change the quantitative result below. We thus use
T which satisfies T~ ty — H ~! which represents a measurement time.

86



We are now interested in how the quantum coherence of deep-IR field can contribute
to observables, namely the correlation functions of curvature perturbations for the state
‘\TJ(; (¢<<(T ); ZO)>. After specifying the model, effects of deep-IR fields to curvature per-
turbations will be evaluated once we get the 2-point correlation functions of deep-IR fields.
Therefore we move on to evaluate the amplitude of quantum fluctuations of deep-IR field
¢<(t,Z) in our local universe.

5.2.2 Quantum fluctuation of deep-IR field in local universe

For later convenience let us refer to the expectation value of IR field F evaluated for
U5 (0(T); Zo)) by

(F) ey, = L2850 Eogl F|¥s (¢<(T): o)) (5.104)
¢<.Xo

Po< 5o = ||| ¥s (@<(T); o)) |- (5.105)

Here, we also assume that when F are products of non-commuting IR operators, they are
ordered which are calculable by using c-field in the Schwinger-Keldysh formalism.'® From
eq. (5.63) and the definition of |W; (¢<(T); o)), correlation function of ¢<(z) can be
expressed as

(@S (@1) - 0 (@n)) g 5,

~ ot s [1 H / dg; ( / dé; (x) / dé5 () / dés (x)

X o5 (x 1)"-¢§<(l‘n)Wm (65 (2); 6 (2)] PIE™(2); 5 (2))]
X 6 (65 (2) = 8% (2) 6 (07 (&) + i3 (&) = 5@, ooy . (5:106)

where x and z; - - - z,, express spacetime argument; e.g., x stands for (¢, Z). We also simply
write noise probability distribution functions after integrating over variables which live
outside the causal past as P[{<(x); ¢5(x)]. Note that we lower the index “c” of fields like
¢<¢ — ¢ for notational simplicity. We adopt this notation below. Window function in
the integrand is

W [65(2); 6<()] = C exp [—ny / el [ e s - @)
€ T ZeXo
(5.107)

We are now interested in the amplitude of deep-IR field fluctuations. We thus would
like to perform the integration over medium-IR fields in eq. (5.106). This procedure is
not necessary for the dynamics before ¢, because medium-IR field is absent for ¢t < t,:
¢<(t < t, %) = ¢<(t < t.,T) and o™ (¢t < t,,7) = 0 by definition of the medium-IR

15Ag was explained in the previous chapter, this is the ordering which is calculable using stochastic
formalism. However this is not a bad news because the operator ordering is not important thanks to the
squeezing.
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fields. We thus need to know how the medium-IR modes contribute to the dynamics of a
deep-IR field for ¢ > t,.. The formal solution of deep-IR field is

%@ = [ % S(.F)e (5" — 1) e

t
=/ At G (1,1) |5 (1, 3) + &5 (1, 3)] = €5 (@ 0) + W5 (@) + 1 (& 1) + €7@ 1)

to
(5.108)

Medium-IR fields can in principle affect deep-IR dynamics through the correlation between
deep-IR noise and medium-IR noise. However at leading order deep-IR noise and medium-
IR noise are not correlated, and hence the contribution from medium modes to the deep-IR
noises &S or §§< will be small. Another chance for medium-IR field to contribute to deep-
IR dynamics is through the non-linear potential term ps(t', Z) on the right-hand side of
eq. (5.108). This becomes manifest by writing po (t, E) by

o 0) = 3T 50 -0 (0.) oo (- 55
<31 ot =)o (uF) ors® (£- 30 )

v % [3771 (t, /%’) + (tQ, E)} , (5.109)

where
3

n (t’ E) = / (;:;3@ (Lt —q) o (t,d)
I oo (1) e (57 3°5)

2 (t, 12) - f[ / %@(m) (t,k;) (t%) (27)35® <E - Zz@) . (5.110b)

J=1

In eq. (5.109) we neglected the UV-loop corrections in the first line, and medium-medium-
deep contributions in the second line which is suppressed owing to the momentum con-
servation. After performing straightforward calculation, we get

(n2(t, 7; €))(m) — ((m(t, ; 5)>(m))2
CEES)

for © = 1,2. Here, < --- >, denotes a statistically averaged quantity regarding the
medium-IR modes, and we defined 7;(¢, Z; ¢) by

~ 0%, (5.111)

Bk N
ni(t, 7€) :Z/W@ (cL7' — k) m, (t, k:) T for i=1,2 (5.112)
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and hence n;(t,Z;¢ = 1) = n<(¢, 7). Eq. (5.111) means that the effects of fluctuations of
medium-IR fields to deep-IR dynamics can be took into account in a good approximation
by simply performing the following replacement:

o (8, 2) = ot @)y - (5.113)

This means that medium-IR can modify the deterministic part of deep-IR dynamics, but
cannot modify the stochastic properties. This is an expected result: effects of short-scale
fluctuations to large-scale dynamics will be treated by taking the expectation value with
regards to the short-scale fluctuations in a good approximation.'® We thus conclude that,
the integration over medium-IR modes in eq. (5.106) gives rise to

<¢<<(5E1) T ¢<<($n)>¢<<,zo

~pit o 1 [H [z [ déf(x)] [H [ags @ [ags@ t)]

FeEX o

X O (1) -+ OF (wn) W g5 [0 (); ()] PIE=(2); 65 ()]

X [H J (¢c<< (v) = S (96)\“2%(“2)@))]

t>14

x [H 0 (¢ (x) = S (2)) 6 (v (F:t) + p3 (T58) — E5(F; t))] (5.114)

t<ty

Ly=L{™=0

Here we used the fact that §f(x) and &S variables does not exist for ¢ > ¢, because
their Fourier components are time independent and the upper bound of the momentum
integral is given by L; ' which is constant for ¢ > ¢,.'” It should be noted here that the
above replacement (5.113) will lead to O(1) error regarding the dynamics of modes in
the vicinity of L; ', strictly speaking: left-hand side of eq. (5.111) is not suppressed in
case of € ~ O(1). However this will not be a drawback because it will be sufficient to
understand the dynamics of modes k ~ L; ! in order to understand the suppression of
large IR secular effects, as we have mentioned above. If the more precise treatment of
the dynamics of deep-IR fields including the modes with k& < L; ! is in order, one has to
numerically simulate a set of Langevin equations. Our attitude is that we should firstly
clarify how much deep-IR fluctuations can contribute to observables, by adopting several
approximations including the one employed here.

Before analyzing the expression (5.114) more in detail, let us introduce an useful
notation. Because deep-IR field is almost spatially constant inside the causal past, we
will below abbreviate the spatial argument of deep-IR variables inside the causal past:
for example we refer to ¢ (¢, 7) and £5°(%; ) with T € Xp(t) simply as ¢(t) and £5°(; 1),

16This approximation will be also expected to be broken down when the hierarchy of the scales are
absent. This situation is realized in our case when e ~ O(1).

17As we have seen in eqs. (5.81) they simply express the amplitude of fluctuations of d)(t, l;) or v(t, E) at
transition time ¢, respectively. Deep-IR fields does not have such contributions because L, s constant
for t > t,.
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respectively. Using this notation, from now on we analyze (5.114). Because the temporal
correlation length of noises will be of the order of Hubble time, we assume that the
following relation holds:

PRES (O eary: 0] = PRES () }ior; 65 TPHES (D hesr; 6] (5.115)

Employing this approximation, eq. (5.114) can be rewritten as

(@S(t1) - 0= (tn)) g= 5
ZP;L,ZO [H/d¢c<< ] [H/ dES(t) ¢<< (t) — S<<(t)|u2—><u2)<m)>]

X O (t) - O (tn)Wogs [0 (1) (D] PHES (D) st OTID {OF (D hisr]  (5.116)

where

Do hen] =] / aes( / AEZ () PUES () }rr,: 65

t<ts

X O (PS(8) =ST(8) S (v (G 8) + 13 G 1) = &GO,y -
(5.117)

D[{¢S(t) b<t.] describes a prior distribution of ¢<(t) for ¢t < t¢.. For this epoch ¢<(t)
coincides with IR field and obeys a set of Langevin equations (5.80) which are at leading
order given by

gbf(x) =05(x) +&(x), 05(x) = —3HuS(z) — %gbf(w)g, (5.118a)

(
£(t, 7) /%g(%)@ (L;' = k) o (t—ty) ™7, (5.118b)
)

where noise correlation of £(x) inside the causal past is given by

(€(t1, Z1)E(t2, Do) |z, e:0 (1), 22650 (1)

— [H/%@ (L' = k) 6 (ti — ty,) € ]<5¢(k‘1)€¢(’€2)>

T1€Xo(t1),T2€X0(t2)
H3
~ —§(t—1t). 5.119
L0t = 1) (5.119)
Here we used 7 € Xp(t1), @2 € Yo(ty) in the final line. Note that we recover a spatial
argument of deep-IR fields for a while to make the discussion clearer. Below we will
again abbreviate it. Therefore D[{¢S(t) }i<t.] can be evaluated in a good approximation
in principle by solving a Markovian dynamics (5.118) which corresponds to a standard
stochastic formalism. In order to estimate the amplitude of deep-IR field fluctuations in
our local universe, We also adopt the Markovian approximation as is done in eq. (5.52):
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this leads to the following noise amplitude:

<§<<(t1 )ES( t2 [H/ = ) — k;) 6 (t; — tkl)] <év(t1;l;1)€v(t27lz2)>

g ((olt) N
N H ( (tl)) Sty — ). (5.120)

Here we neglected an unimportant proportionality constant. Note that when we adopt
the following approximation

1
G(t,t") ~ — 5.121
(t.0)~ o (5121)
which is equivalent to neglect the time-derivative of vS at the level of effective EOMs,
S<<(t)\#2_><ﬂ2>( . reduces to
S Ol ~377 [ A [ 05 Oy + &0
- 3—H(€§<(;t) — 13 () + a5 () + €561 (5.122)

Using the fact that the terms in the second line are time-independent after t,, the above
expression can be rewritten as

SOy sty ~ 357 / At [~ (i Oy +E5 ()] + 65 (0) . (5.123)

for t > t,. Using eq. (5.123) and Markovian approximation, eq. (5.116) leads to

<ei I, J¢<<dt>
¢<< EO

~pgts, 1 / dg:=(t) / g (t)et e OENW o [0 () 6 (8)] PHES(8) bt 6]

(¢<< o |4 [ O+ &5 O] 05 00 Dl G20

where

D[¢E(t. [H / dg= (1) ] oS st - (5.125)

In eq. (5.124), the factor D [¢S(t.)] expresses the initial prior distribution at t = t,.
Therefore what we have to do is to derive the distribution of ¢<(¢) with the boundary
condition at around the final time ¢ = ¢y which is specified by the window function W sz;
whose explicit form is given by

W, 0 (0 65(0)] = Coxp |2 M [ / ¢ (5 (@) - 0%

)\2H252

€3

~ Cexp {— /T dt (aLt)3(¢c<<(t)—¢<<(t))2]. (5.126)
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The point is that this window function is almost equivalent to the delta function of the
form

W\/i(; [¢<<( ¢<< H 5 ¢<< ¢<<(t)), (5‘127)
T<t<t;
because
3 3 t 3
m (a(ty) L) * H = ;52 (EG(( ))> H? < H?. (5.128)

Therefore the d-dependence will be negligibly small. Then, in effect we can evaluate the
distribution of ¢< by imposing the boundary condition ¢S(t) = ¢<(tf). For example,
the distribution of ¢S(t) at ¢ = ¢, can be evaluated using the Bayes’s theorem as

PO (t))
P(¢<(ty))
where P (¢S (t,)|¢0<(tf)) and P (¢<(t;)|¢:S(t.)) denote conditional probabilities. P(¢S(ty))
and P(¢<(ts)) are prior distributions, and hence in our notation P(¢:=S(t.)) = D[S (t.)].
All the quantities on the right-hand side are calculable by solving stochastic equations.
Now we evaluate P (¢<(tf)|¢S(t,)). This is the probability distribution of ¢ at t = ¢
with the initial condition ¢ (). During the epoch ¢, < t < t; the formal solution is
given by

P (¢ (L))o= (L)) = P(¢=(tp)oF (1)) (5.129)

60 = gy [0 [ D) +E O] +oT ) as0)

with noise correlations (5.120). The total amount of the variance generated by EU from t,

to t; is estimated as
ty ¢ 3 A\2H2
/ arxems (A0 o . (5.131)
ta a(t.) 3

Therefore, suppose that the background trajectory predicts ¢<(t;) = B (¢ (t.)), one will
get

P (¢<(ts)|¢< (L)) = Coexp {2_712 (6<(t;) — B (¢§<<t*)))2} , (5.132)

where 02 ~ A2H? and C, denotes normalization constant. Therefore, combined with
eq. (5.129), one has

P(o=(t.))
P(@<(ty))

If we expand the above expression in terms of the perturbation of ¢== at ¢ = t,, which is
given by

P (GF (£ (ty) ~ o |5 %) - Bles )] . (513

005 (1) = 05 (1) — B (65(ty)) | (5.134)
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eq. (5.133) can be rewritten as

ot HE e [ res] -8

$=B-1(¢<(t1))
(5.135)

Here, we neglected the higher-order terms in d¢(t,). Therefore, unless B’ become much
smaller than o, the fluctuations of @< at ¢ = ¢, will be suppressed to O(AH ), typically.

5.3 Summary and Implications

Now let us summarize what we found in this chapter 5. Firstly in order to investigate
the theoretical consistency of stochastic approach, we studied the quantum coherence of
the history of IR fields. We considered \¢* theory as a concrete example. In sec. 5.1, we
firstly developed a method how to calculate the quantum coherence of the history of IR
fields, by fully utilizing the UV-IR splitting method developed in the previous chapter 4,
which allows us to integrating out UV fields. Then we estimated the non-zero quantum
coherence of IR fields and found that it is possible to interpret IR secular effects appear
as a consequence of taking a classical statistical ensemble average, with respect to a
set of coarse-grained histories: see the discussion around eq. (5.67). This means that the
stochastic approach is theoretically consistent only after performing the coarse-graining of
histories. We proved that the decoherent structures of histories of IR fields are encoded in
the Hilbert space of UV fields at the final time ¢ in which only the modes which are inside
the Hubble scale during inflation are contained. We also clarified that the probability
assigned to the coarse-grained history can be calculable using our extended stochastic
formalism developed in the previous chapter: see the discussion around eq. (5.78). This
reveals how the decoherence and the stochastic description of IR fields during inflation
are related to each other.

Taking into account this necessity of coarse-graining for maintaining the theoretical
consistency, in sec. 5.2, we firstly defined a plausible quantum state in eq. (5.103) which
resembles the state which should be used for predicting correlation functions of cosmo-
logical perturbations. We then evaluated the amplitude of quantum fluctuations of deep
IR fields in our local universe. We found that deep-IR fluctuations will be typically
suppressed by the coupling constant A: this is represented by eq. (5.135).

Now let us discuss briefly the implication of this result on the issues of IR effects
in models with multi-field inflation. While we do not treat the concrete inflationary
model, this result implies that as long as the isocurvature modes remain light fields
during inflation, the boundary conditions at around the final time ¢; will suppress the
deep-IR fluctuations of isocurvature modes. On the other hand, if the isocurvature modes
becomes massive during inflation and eventually decay within the epoch ¢, <t < t¢, the
boundary conditions at around final time will not suppress the deep-IR fluctuations before
they decay. This is encoded in the appearance of B’ factor in eq. (5.135). Because B is
the map between ¢<(t;) and ¢<(t.) which is given by the background trajectory, B’
becomes significantly small when the mechanism which make various histories shrink into
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one history at around ¢; works. In realistic inflationary model this can generally happen,
so there might be chance for deep-IR fluctuations contributing to cosmological correlators.
However, in this case the background field trajectory must be curved in field space. As
is reported in [27], IR fluctuations of isocurvature modes are also affected by the residual
gauge transformations when the background field trajectory is curved. Therefore, in
order to clarify whether or not IR effects from isocurvature modes can be observationally
relevant, we need to consider the specific model where the background field trajectory
is curved and extend our method developed here to the case where the fluctuations of
spacetime are also taken into account. We will study this aspect in our future work.
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Chapter 6

Conclusions

In this thesis, we have studied the dynamics of quantum fluctuations of IR fields of a
test scalar field on de Sitter background, in order to capture the essential properties of
IR fluctuations of isocurvature modes in multi-field inflation.

In chapter 4 we showed that all the IR secular terms which appear in correlation
functions can be recovered by the set of Langevin equations. Our extended stochastic
formalism allows us for the first time to derive systematically the Langevin equations
which describe IR effects beyond LO. We also performed the consistency check of our
method in A¢? theory: we explicitly evaluated two-point function using our method and
confirmed that it coincides with the one evaluated using perturbative QFT.

In chapter 5 we further developed our technique invented in chapter 4 to analyze
the structure of quantum states. We constructed the method to calculate the degree of
coherence of the histories of IR fields, which is analogue to the coherence discussed in the
context of double slit experiment. We then estimated the decoherence rate in A¢* theory
and confirmed the efficient decoherence at a late time. We proved that large IR effects
appear when taking the ensemble average over the whole set of coarse-grained histories
which are decohered to each other. We therefore succeeded in giving a good evidence of
the theoretical consistency of stochastic approach to inflation, regarding the fluctuations
of isocurvauture modes.

In the latter part of the chapter 5, we constructed the quantum state which will be
recognized by a local observer, and estimated the amplitude of the fluctuations of deep-IR
field. We showed that the amplitude of IR fluctuations are typically suppressed by the
coupling constant unless ¢ becomes massive before the final time ¢¢ and their fluctuations
decay. Here, the final time t; resembles the time when inflation ends. We expect that
this result indicates that the IR fluctuation of isocurvature modes in our local universe
will be also suppressed, unless they decay before the end of inflation.

This result motivates us for investigating what happens when considering the multi-
field inflation models where the background field trajectories shrink and become one-
dimensional at around the final time. In such scenario however it will become essentially
important for treating multiple inflatons simultaneously with taking into account the
space-time fluctuations in a consistent manner. We will study this aspect in our future
work.
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Appendix A

Detail calculations in the extended
stochastic formalism

In this appendix, we will show summarize several details associated with the chapter 4,
such as detailed computational techniques or useful materials etc.

A.1 The products of mode functions

In many cases, the momenta of propagators are restricted to k = eaH due to the bilinear
vertex. In this case, the products of mode functions are evaluated as follows.

. H? e e . a Ciealalt!
uk(t)uk(t/)’k:eaH = W (1+ 2 +?+O( )) (1+260,(t/)) e / (t)a

(A1)

OG- sz—;;e (1 + ieaé,)) eiealalt) (A.2)

Re [uy \k 1= mH fr(A) (140 () . (A.3)

Re [d)k | =Re ()] X (~HE) (14 0(e)) (A4)

Tm [uy, \k ] = (fI(At) + fR(At)) (A.5)

Im [d)k o H} 5z /(A1) + efr(AD)] (A.6)
Here, fr(At) and f;(At) are defined by
At =t—1t,

Fr(At) = e sin(eea) + cos(eel )
F1(A) = e cos(eetTA1) — sin(eeY) (A7)
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which show rapid oscillations for At > 4 In(1/€). On the other hand, they do not show
rapid oscillations for At < +1In(1/e) < ea/a(t’) < 1, and approximately behave as

FlA) = 140(&) . fi(AF) = _§ (%) | (A8)

Therefore, for At < % In(1/e), the products of mode functions can be evaluated approx-
imately as follows:

2

Re [ug(t)up ()], r] = ﬁ (1+0()),
H? ) )
k:eaH:| :_2(€CLH)3 X e (1+O(E )) )

o 000 = s (1 () ) (0 ()

k:mH} - _ﬁ (1+0()) - (A.9)

Re [cbk(t)cp;;(t')

Im [cbk(t)cp;;(t')

A.2 Derivation of LO stochastic dynamics

In this appendix, by using eq. (4.58), we derive LO stochastic EoM described by eq. (3.63)
as an exercise. First of all, we should mention that the form of eq. (4.55) is different from
eq. (3.63). From egs. (4.56) and (4.57), one can see that the following approximation is
valid up to LO: -
—i
G(T,t) ~ S_HEG(T_t) : (A.10)
Then, the expression (4.56) is the formal solution of the following equation:

BHOS = —pig + fin + 3Hu + €. (A.11)

One may notice that the approximation (A.10) corresponds to neglecting the second order
time derivative term of ¢F from the effective EoM of ¢7.
Furthermore, up to LO, £ reduces to

§~3HE + 6, (A.12)

because there is no oscillatory function in the integrand on the right-hand side of eq. (4.56)
up to LO, and as a result &, term in & cannot contribute to LO IR secular growth.!
Combining eq. (A.11) and (A.12), eq. (4.55) reduces to

1

. _ 1
or = —gpg e = )t &+ ol (A.13)

1 As one can see from eq. (3.63), the noise correlation has no oscillatory feature because §(t; — t2) is
replaced by an exponentially decaying function with respect to |t; — 2| after coarse-graining.
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Let us consider A¢* theory for example. As we discussed in sec. 4.2.1, only O-th order
diagrams can contribute to LO IR secular growth. There is no 0-th order diagram which
contribute to ps, so that we can approximate ps by a pure IR vertex ps ~ V/(¢5) =
A¢Z¢§3/6 at leading order. This pure IR vertex corresponds to [ = 1,n = 4,m = 3
diagram, which satisfies (n/2) + 20 — (m + 1) = 0 indeed. Therefore, ps reduces to
M2 /6 = V'(¢S) and = 0 in eq. (3.63) up to LO. O-th order noise diagrams are shown
in fig. 4.6. These diagrams correspond to [ = 0,n = 2, m = 0 diagrams, which also satisfy
(n/2) + 2l — (m + 1) = 0, and hence contribute to LO IR secular growth. However,
by performing straightforward calculation, it turns out that among these diagrams, only
the diagram without ¢3 fields has O (¢°) values and other diagrams are O(€) suppressed.
Therefore, £, terms on the right-hand side of egs. (A.12) and (A.13) are negligible. One
can show that the noise diagram in fig. 4.6 without ¢3 fields generates the noise correlation

(€4€4) which is described by eq. (3.63).
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