N

N
N

HAL

open science

Benchmarking the cosmological master equations

Thomas Colas, Julien Grain, Vincent Vennin

» To cite this version:

Thomas Colas, Julien Grain, Vincent Vennin.

Eur.Phys.J.C, 2022, 82 (12), pp.1085. 10.1140/epjc/s10052-022-11047-9 . hal-03782906

HAL Id: hal-03782906
https://hal.science/hal-03782906
Submitted on 22 Mar 2023

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.

Distributed under a Creative Commons Attribution 4.0 International License

Benchmarking the cosmological master equations.


https://hal.science/hal-03782906
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://hal.archives-ouvertes.fr

Eur. Phys. J. C (2022) 82:1085
https://doi.org/10.1140/epjc/s10052-022-11047-9

THE EUROPEAN ()]
PHYSICAL JOURNAL C e

updates

Regular Article - Theoretical Physics

Benchmarking the cosmological master equations

1,2,3,a

Thomas Colas , Julien Grain'2"*, Vincent Vennin

2.3,¢c

! Université Paris-Saclay, CNRS, Institut d’ Astrophysique Spatiale, 91405 Orsay, France
2 Laboratoire Astroparticule et Cosmologie, CNRS Université Paris Cité, 10 rue Alice Domon et Léonie Duquet,

75013 Paris, France

3 Laboratoire de Physique de ’Ecole Normale Supérieure, ENS, Université PSL, CNRS, Sorbonne Université, Université Paris Cité, 75005 Paris,

France

Received: 7 October 2022 / Accepted: 16 November 2022 / Published online: 1 December 2022

© The Author(s) 2022

Abstract Master equations are commonly employed in
cosmology to model the effect of additional degrees of free-
dom, treated as an “environment”, onto a given “system”.
However, they rely on assumptions that are not necessar-
ily satisfied in cosmology, where the environment may be
out of equilibrium and the background is dynamical. In this
work, we apply the master-equation program to a model that
is exactly solvable, and which consists of two linearly cou-
pled scalar fields evolving on a cosmological background.
The light field plays the role of the system and the heavy
field is the environment. By comparing the exact solution to
the output of the master equation, we can critically assess
its performance. We find that the master equation exhibits
a set of “spurious” terms that explicitly depend on the ini-
tial conditions, and which arise as a consequence of work-
ing on a dynamical background. Although they cancel out
in the perturbative limit of the theory (i.e. at leading orders
in the interaction strength), they spoil resummation. How-
ever, when those terms are removed, the master equation
performs impressively well to reproduce the power spectra
and the amount of the decoherence of the light field, even
in the strongly decohered regime. We conclude that master
equations are able to perform late-time resummation, even
though the system is far from the Markovian limit, provided
spurious contributions are suppressed.
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1 Introduction

According to the standard model of cosmology, all structures
in our universe emerge from the gravitational amplification
of vacuum quantum fluctuations at early times. This idea
is supported by the data, e.g. the measurements of the cos-
mic microwave background anisotropies [1], which reveal
that primordial fluctuations are almost scale invariant, quasi
Gaussian and adiabatic. Those observations are consistent
with a phase of primordial inflation, driven by a single scalar
field along a smooth potential.

However, most physical setups that have been proposed to
embed inflation contain a large number of additional degrees
of freedom [2]. Even if they provide negligible contribu-
tions to the dynamics of the universe expansion, they may
affect the emergence of cosmic structures in various ways.
For instance, they could lead to entropic fluctuations, or to
deviations from Gaussian statistics, that future cosmologi-
cal surveys might be able to detect [3,4]. They may also
contribute to processes occurring after inflation (such as the
production of curvature perturbations [5], dark matter [6], or
dark energy [7,8] ) but that crucially depend on the way those
extra fields are excited during inflation. At the more funda-
mental level, additional degrees of freedom may also alter
the quantum state in which primordial density fluctuations
are placed, in particular through the mechanism of decoher-
ence [9-18]. Decoherence [19-21] is usually associated with
the erasure of genuine quantum signatures so this may affect
our ability to prove or disprove that cosmic structures are of
quantum-mechanical origin [22,23].

For those reasons, it has become of increasing impor-
tance to design reliable tools to model the presence of addi-
tional degrees of freedom in the early universe [24—40] . One
such approach is the so-called master equation program (see
for instance Refs. [41,42]), where an effective equation of
motion is obtained for the reduced density matrix of a “sys-
tem” of interest, once the degrees of freedom contained in
the “environment” have been traced out. One of its appeal-
ing advantages is its ability to resum late-time secular effects
[43-49] , hence to go beyond standard perturbation theory

@ Springer

and implement non-perturbative resummations in cosmol-
ogy.

However, master equations were primarily developed in
the context of quantum optics, so they rely on assumptions
(e.g. that the environment comprises a large reservoir in ther-
mal equilibrium) that are not necessarily satisfied in cosmol-
ogy. There, since the background is dynamical, the Hamilto-
nian is time-dependent [50] and the environment is generally
out-of-equilibrium [51]. This is why, in this work, we want
to understand under which conditions the master-equation
program can be employed in cosmology, and what physical
insight one shall expect to get out of it.

We address this issue by considering a toy model that is
exactly solvable, such that the output of master equations
can be compared to the exact result and examined in a crit-
ical way. This allows us to benchmark master equations. In
practice, we consider two linearly coupled scalar field evolv-
ing on a homogeneous and isotropic universe. The model has
been solved exactly in Refs. [52,53], where it has been shown
that each Fourier sector is placed in a four-mode squeezed
state, which is a Gaussian state. By tracing over the heaviest
field, one obtains the reduced state of the lightest field, which
follows a non-unitary evolution, and which can be compared
with the predictions of different approaches, such as master
equations or standard perturbative techniques. In this model,
the environment does not reach thermal equilibrium, and as
we will show the Markovian limit [54] is not attained either.
This is why it is a priori challenging for conventional master-
equation approaches to properly describe its dynamics.

The rest of this article is organised as follows. In Sect. 2,
we introduce the master-equation formalism, and clarify the
levels at which the different approximations enter the cal-
culation. In Sect. 3, we introduce the cosmological model
mentioned above, and show how it can be solved exactly. We
then apply the master-equation program to this setting, and
find that it exhibits a set of terms that we dub “spurious”.
These terms do not exist in the perturbative limit of the the-
ory, and they prevent resummation due to their dependence
on the initial conditions. In Sect. 4 we then analyse the abil-
ity of the master equation to reproduce the power spectra
of the model, as well as to predict the amount of quantum
decoherence, when spurious terms are removed “by hand”.
We find that master equations are impressively efficient in
that case, even in the strongly decohered regime, and that
they perform much better than standard perturbative meth-
ods (such as e.g. the in-in formalism). This also leads us to
draw a few conclusions as to whether a heavy scalar field can
efficiently decohere cosmological fluctuations. In Sect. 5, we
summarise our main findings and further discuss the status of
the spurious terms. The paper ends by a few technical appen-
dices, to which we defer the derivation of some of the results
given in the main text.
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2 The master-equation bestiary

The master-equation program proposes to describe the quan-
tum state of a system when it weakly couples to an environ-
ment. In practice, one considers a Hamiltonian of the form
H = Hs + He + gHin. 1)
where Hs and Hg respectively denote the Hamiltonians for
the system and the environment in the absence of interactions,
and gﬁim is the interaction term, controlled by the coupling
constant g. The system alone is described by the reduced
density matrix, which is obtained from the full density matrix
by tracing over the environmental degrees of freedom,

Pred = Tre(p). 2.2

An evolution equation for preq can be derived with different
levels of approximation, corresponding to as many different
master equations. In this section, we review the most common
master equations, see Ref. [41] for further details (readers
already familiar with the master-equation basic tools may
want to skip this section and jump to Sect. 3).

2.1 An exact master equation: the Nakajima—Zwanzig
equation

Our first step is to derive an exact, formal master equa-
tion, before applying an approximation scheme. Hereafter
we work in the interaction picture, where quantum states
evolve with the interaction Hamiltonian gﬁim and operators
evolve with the free Hamiltonian, i.e. the Hamiltonian in the
absence of interactions ﬁo = ﬁs + ﬁE. Operators in the
interaction picture are denoted with an overall tilde, in order
to make the distinction with the Schrodinger and Heisenberg
pictures where they carry an overall hat. The link between
the Schrodinger and the interaction picture is given by

p(n) =Uy (B Uo(n) and
Hine () = Uy () Hine (U (1),

where 1 denotes time and where we have introduced the free
evolution operator

(2.3)

. n_
Uo(n) =T exp [—i/ Ho(n’)dn’}
ul

0

n_.
=T exp |:—i Hs (n/)dn’] (2.4)

10
e / /
® T exp|—i / He(nHdn' |,
10
with 7 indicating time ordering (time arguments increase
from right to left). In this work we employ natural units where
h = ¢ = 1. Asmentioned above, in the interaction picture the

total density matrix evolves with the interaction Hamiltonian,

= —ig [Hin(n), p())] = g LB (), 2.5)

o
dn
which defines the Liouville—Von-Neumann super-operator'
L.

Let us now introduce the projection super-operator P,
defined as
Pp = Tre (p) ® P, (2.6)
where p is a fixed reference state in the environment. In prac-
tice, it is taken as the state of the environment in the absence
of interactions with the system, which is indeed constant in
the interaction picture. One can check that P is a projector,
ie. P2 = P, and that ‘Pp contains the relevant information
to reconstruct the reduced state (2.2) of the system. Upon
applying the super-projector P and its complementary pro-
jector Q@ = Id — P to Eq. (2.5), one obtains

d - ~
%7’0(77) = gPLmp(), 2.7

0 - ~
%Qp(n) =gQLmp(). (2.8)

Here we have used that since the reference state pg is inde-
pendent of time, P and Q commute with d/97. Inserting the
identity Id = P + Q between the Liouville operator and the
density matrix, one obtains

;—npﬁ(n) = gPLMPH() + gPL(1Qp(n), 29
aa—nQﬁ(n) = gQLmMPp(n) +gQL(1 Qp(n). (2.10)
A formal solution of Eq. (2.10) is given by
Qp(n) = Go(n, 10)Qp(no)

+g /n: dn'Go(n, n) QLM YPp (), (2.11)

where 79 is some initial time and Go (1, 1) is the propagator
defined as

n
Go(m,n') =T exp [g / dn”QE(n")] ) (2.12)
n

Plugging Eq. (2.11) into Eq. (2.9), one then obtains a closed
equation for the time evolution of the projected density matrix
Pp, namely

! In this work, following Ref. [41], “super-operator” denotes an oper-
ation which maps positive operators to positive operators.

@ Springer
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. - -
%Pp(n) = gPLmMGom. 10)Lp(no) + gPLMPp(n)

n
+g2/ dn'PLmMGo(m, n)QLM PR ().
10
(2.13)

This is the Nakajima—Zwanzig equation. Although formal,
it provides an exact master equation for the reduced state of
the system. It can be further simplified by assuming that the
initial state does not contain correlations between the sys-
tem and the environment, i.e. p(ng) = Trg(p) ® Trs(p) =
Tre(p) ® pE, hence Qp(ny) = 0. Moreover, without loss
of generality one can assume that the expectation value of
the interaction Hamiltonian vanishes in the reference state,
ie. Trg (ﬁim oE) = 0 [if this is not satisfied, one simply rede-
fines ﬁs by adding gTrg (ﬁim 0E) ® Idg to it]. This leads to
PL(1)P = 0,” so the Nakajima—Zwanzig equation reduces
to

3 ~ g / / ~
%Pp(n) =g’ f dn'K(n, " YPB (), (2.15)
ul

0

where we have introduced the memory kernel K(n,n)
defined as

K@, n') =PLMGo(n, 1) QLM)P. (2.16)
In this form, the master equation is as difficult to solve as the
Liouville equation (2.5) of the full setup. However, it allows
efficient approximation schemes to be designed, as we shall
now see. The first approximation relies on the assumption
of weak coupling between the system and the environment
and is discussed in Sect. 2.2, the second approximation con-

cerns properties of the environment itself and is developed
in Sect. 2.3.

2.2 Born approximation: the time-convolutionless
cumulant expansion

An effective description of the system alone is in general
possible only when it weakly couples to its environment.
This naturally provides a small parameter, namely the inter-
action strength, in which to perform an expansion. This is
the so-called Born approximation, which also addresses one

2 This can be shown by computing

PLPP = —iP [Hin, PP]
= —iP [Hint. Tre(?) ® P ]

= —i[Trg (ﬁimﬁE) Tre (0)] ® P
=0.

(2.14)

@ Springer

of the difficulties inherent to the Nakajima—Zwanzig equa-
tion (2.15), namely the fact that it is non-local in time, i.e. the
time derivative of Pp(n) depends on its past history Pp(n’)
for n’ < n. The Time-ConvolutionLess projection operator
method (TCL in the following) consists in expanding the
dynamics of the system in powers of the coupling constant
g, rendering the equation local in time (while preserving its
non-Markovian nature?). One thus obtains an equation of the
form

. Sl -
3y 7P = > " Ka(mPB(m), 2.17)

n=2

where the /C,, operators are called the TCL,, operators and
can be computed iteratively. This can be done by expand-
ing Eq. (2.12) in g, and by using Eq. (2.17) to express
Pp(n') interms of P p(n) in the right-hand side of Eq. (2.15),
at the required order. For instance, at leading order in g,
Go(n,n') = 1d, see Eq. (2.12), so Eq. (2.16) leads to
Km,n') = PLQLM)P = PLmL("')P, where we
have used that @ = 1 — P and that PLP = 0, see foot-
note 2. At that order, Eq. (2.15) also indicates that Pp is
constant hence

n
Ka(m) :/ dn"PLLMP, (2.18)
U

0

and truncating Eq. (2.17) at order n = 2 leads to the TCL,
master equation

dﬁred
dn

n ~ ~
= —82/ dn'Trg [Hine(m), [Hine(n'). Prea(n) ® E]] -
no
(2.19)

This expansion can be carried on. At order n = 3, one
needs to expand the memory kernel K (5, ) at order g and
keep Pp(n') >~ Pp(n) in the right-hand side of Eq. (2.15),
given that Pp(n) — Pp(n) = O(g?) as shown above. One
obtains C3(17) = n’z} dn’/ fn", dn"PL)QLM"YQLM )P, so

n n
Ks(n) = / an’ / A PLOLGLHP  (220)
Ul n

0 /
where we have used again that Q@ = 1 — P and that
PLP = 0. Note that, if the odd moments of the inter-
action Hamiltonian vanish in the environment (as will be
the case for the model studied in the rest of this work),

3 In this work, following Ref. [41], the dynamical map 5 (1) — 5(7)) =
My p(n) is said to be Markovian if its generators form a semi-group,
ie. My = My M. Note thata Markovian master equation
is necessarily local in time, but the reverse is not necessarily true.
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i.e. Tre[Hinc(m) - - - Hine(m2p+1)pE] = 0, a similar calcu-
lation as the one performed in footnote 2 for p = 1 then
shows that PL(n1) - - - L(np+1)P = 0. This implies that K3
vanishes, as well as all odd TCL,, generators.

In that case, the leading correction comes from TCL4,
which receives two contributions. The first one comes from
the term of order g2 in the memory kernel X (1, n’) while
keeping Pp (") =~ Pp(n) in the right-hand side of Eq. (2.15).
The second contribution comes from keeping the memory
kernel at leading order but expand Pp(n’) at order g2.
The latter can be formally obtained from the TCL, equa-
tion, the solution of which reads Pp(n’) = Pp(ny) +
g° ’7 | Ka(n"YPp(n")dn". Together with Eq. (2.18), this
leads to

n m n
Ka(n) = / dm / dm2 / dns
no no no

x [Pﬁ(n)ﬁ(m)ﬁ(nz)ﬁ(ns)P

—PLMLMDPLmM)L(M3)P
—PLMLMPLMDLM)P

- Pﬁ(n)ﬁ(n3)7’ﬁ(m)£(n2)7’]- 2.21)

This expansion can be carried on to the required level of
accuracy, which allows one to work out Eq. (2.17) when
truncated at the corresponding order TCL,,. Note that, even
if the TCL; order may be sufficient for practical purposes, the
derivation of the fourth-order generator is useful to control
the validity of the cumulant expansion, by evaluating the error
estimate g2||/C4||/]|/C2|| and checking that it is indeed small.

2.3 Markovian approximation: the Lindblad equation

The TCL, master equation (2.19) is in general not Markovian
in the sense given in footnote 3, since it involves a convolu-
tion over the past history through the integral over n". How-
ever, a further approximation can be performed that renders
the dynamics Markovian. This leads to the so-called Gorini—
Kossakowski—Sudarshan-Lindblad equation, in short Lind-
blad equation in what follows. It can be obtained by first
decomposing the interaction Hamiltonian as

i) =Y 0 () ® 0" (),

i

(2.22)

where 555) and 51@) form a basis of operators acting on
the system and the environment respectively. Plugging this
decomposition into Eq. (2.19), the TCL, master equation
reads

dpred _ Zg / /{me [ICZ»(?’/, 77/)]
x [0§S)<n>, [0 ). Brean]]
+idm [0

< [0 . {05 o). Breatm ] } 2.23)

where {A, B} = AB + BA denotes the anticommutator and
the memory kernel Kfj (n, n') is defined as

(E) A EF

(mO; (2.24)

K550, 1) = Tre | O, (e

This expression is given in the Heisenberg picture. It involves

the two-point correlation functions of the 6EE) operators in
the environment, and thus depends on the environment prop-
erties.

Typical environments contain a large number of degrees of
freedom, hence they behave as reservoirs in which these cor-
relation functions quickly decay with [n—n’|. More precisely,
if the relaxation time of the environment is small compared
to the typical time scales over which the system evolves,
one may coarse-grain the evolution of the system on scales
larger than the environment relaxation time. The memory
kernel is then sharply peaked, such that the integral over n’
only receives contributions close to its upper bound 7. In this
limit, the past history (" < n)is notinvolved in the dynamics
anymore, which therefore becomes Markovian.

Formally, if IC> (m,n") o« 8(n — n’), in the Schrodinger
picture Eq. (2.23) takes the form

d7 e
% = —i [Hs(1), Brea(n)]

S) ~ ~F(S
+2Di,[0 Bream O

L (549 28) ~
—> {0107 Beatn] } (2.25)

2

where the dissipator matrix D;; is a positive semi-definite
matrix. This entails that it can be diagonalised by a unitary
transformation (due to the hermiticity implied by the positive
semi-definiteness), and in this basis Eq. (2.25) becomes®

4 Another approximation known as the rotating-wave approximation is
sometimes performed to obtain the Lindblad equation. Since the evolu-
tion of the system is coarse-grained over time scales larger than those
describing the dynamics of the environment, this approximation consists
in removing the quickly oscillating terms appearing in the master equa-
tion, for consistency. The implementation of this approach is however
challenging in cosmology, where the dynamical background prevents
the existence of a natural frequency basis [55].

@ Springer
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d)6\1'6d T4 ~ =~ < ~7
an = i (s Beatn] + > vi| Libreat) Ly

k

[Tl ﬁredw)” (2.26)

2

where ik are the so-called jump operators and yj are the posi-
tive eigenvalues of the dissipator matrix. Thisis called a Lind-
blad equation and is the most generic form of a Markovian
dynamical equation that preserves trace, Hermiticity and pos-
itivity of the density matrix [54]. This is why Lindblad equa-
tions play a key role when studying environmental effects.
However, they rely on strong hypotheses regarding the decay
rate of the memory kernel in the environment, which may or
may not be always satisfied. Indeed, in the cosmological con-
text, fields evolve on a dynamical background, which implies
that the environment does not necessarily reach a stationary
state in which fluctuations swiftly decay. One of the goals of
this article is to check the reliability of the master-equation
approach for cosmological systems.

2.4 Link with perturbative methods

Later on in this work, we will investigate the extent to which
TCL master equations go beyond perturbative effects and
enable some non-perturbative resummation. At this stage
however, it is important to stress that, when solved pertur-
batively, they reduce to standard perturbative results. This is
because, when deriving the TCL,, equation, no contribution
of order lower than g” has been dropped.
More explicitly, the Liouville—Von-Neumann equation (2.5)

can be formally solved as

n ~
5o = 10) ) — ig / an [ 300, @27)

—00

where |@) denotes the initial state of the combined system-
environment setup. By recursively evaluating o in the right-
hand side with Eq. (2.27) itself, one obtains

e n n Mn—1
p(n) = Z(—ig)"/ dm/ dnz~-~/
n=0 —0o0 —00 —0o0

x [Hine 1), [Hine(12). -+ [Hine ). 19)601] - 1]
(2.28)

dny

which displays all contributions to the quantum state order-
by-order in g. In turn, this allows one to compute corrections
to the observables at all orders, as in the in-in formalism.?

5 This can also be shown in the in-in formalism, where the expectation
value of an operator O at time 7 reads

(0 = (| T [ P ] Gy (2.29)

@ Springer

Let us see how this compares with a perturbative solution
of TCL,,. For TCL;, since the right-hand side of Eq. (2.19) is
proportional to g2, one has preq (1) ® PE = Pred (0) ® PE +
O(gz) = |0) (@] + O(gz), and Eq. (2.19) leads to

n
rat) = )01~ & [ anTre
10
x [ O, [Flin ). 100 01]] + O(5°)
(2.31)

Assuming that Trg (ﬁim o) = 0 as done above Eq. (2.15),
this reduces to Eq. (2.28) when traced over the environmental
degrees of freedom and truncated at order g2. This shows that
solving TCL; at order g2 is equivalent to Standard Pertur-
bation Theory (SPT hereafter) at that same order. Likewise,
one can show that solving TCL,, perturbatively at order g"
is equivalent to SPT,,. Therefore, TCL,, contains all terms of
order g", and some terms of order g”>"

This is why TCL is at least as good as SPT, and one of our
goals is to determine how much better it is when employed
in a cosmological context. In other words, when master
equations are used as bona fide dynamical maps (i.e. when
they are taken per se and solved without further perturba-
tive expansion), we want to investigate their ability to resum
late-time secular effects in situations of cosmological inter-
est [44,46,59].

3 Curved-space Caldeira-Leggett model

Letus now apply the master-equation program to two massive
test fields ¢ and x in a Friedmann-Lemaitre—Robertson—
Walker geometry, described by the metric

ds? = a*(n) (—dn2 + dxz) : 3.1)

where a is the scale factor and 7 is conformal time. For con-
venience we restrict the analysis to a de-Sitter background

T |e—ie s dn”ﬁim(n”)] ‘¢>

where 7 denotes anti time-ordering. By Taylor expanding the expo-
nential functions, one obtains

~ R n N
<0><n)=Z(ig)"/ dm/ d772~-/

n=0 -0

X [Hint (), [Hint (n=1). -+ [Fine (1), O] -+ ] )ﬁ)

Mn—1

dn, (#] (2.30)

Using _that (O)()) =  Tr[Om@E(M]. together with

Te[ O () [Hine 1), 18 @11 = — (@1 Hine(ni), O ()1IF), this is indeed
consistent with Eq. (2.28).

6 Let us stress that since the TCL expansion is organised differently
from the one of SPT, it does not admit a straightforward diagrammatic
representation. In this sense it is more comparable to the Dynamical
Renormalisation Group (DRG) resummation [56-58] where diagrams
are partially resummed.
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for whicha(n) = —1/(Hn), where H is the constant Hubble
parameter and n varies between —oo and 0. We consider the
case where the fields are minimally coupled to gravity and
where their self-interaction is quadratic, so the action is of
the form

1 1
S =— [ d*x/—detg [(ig“uaﬂ(pavw + §m2(p2>

+ (%g“”auxaux + %M2x2> +k2¢x]' (3.2)
In this expression, m and M are the masses of the two fields
and we assume that they satisfy m < 3H/2 < M. So ¢ and
x can be respectively considered as light and heavy, in the
cosmological sense. Having in mind possible applications
to cosmological perturbations, where the adiabatic degree of
freedom is light, in what follows they will respectively play
the role of the system and of the environment. The parameter
X, which also has dimension of a mass, controls their interac-
tion. If those fields were to describe cosmological perturba-
tions, higher-order interaction terms would be parametrically
suppressed, and this setting would correspond to the leading
order in cosmological perturbation theory. This model, refer-
eed to as the curved-space Caldeira—Leggett model [53,60—
62], is therefore of physical interest, and as we shall now see
it has the advantage to be exactly solvable.

The quantum state of the fields ¢ and x was studied in
details in Refs. [52,63], where it was shown that each Fourier
sector is placed in a four-mode squeezed state. On super-
Hubble scales, the dynamical background leads to the cre-
ation of pairs of particles with opposite wave-momenta in
each field, and the interaction then entangles these particles,
leading to correlations between the two fields. Four-mode
squeezed states are Gaussian states, and since the action (3.2)
is quadratic Gaussianity is indeed preserved throughout the
evolution. Such states are fully described by their covariance
matrix (i.e. their quantum two-point expectation values). This
is why our goal is now to compute the covariance matrix of
the system.

3.1 Exact description
The action (3.2) being quadratric, different Fourier modes

decouple on a homogeneous background, which makes it
useful to introduce

k — d3x —ik.x d
U(p(ﬁ, ) =a(n) /R3 Wfﬂ(x)e an

_ d3x —ik.x
vy (1, k) = a(n) /R3 Wx(x)e . (3.3)

An additional prefactor a is introduced in these expres-
sions for later convenience. The conjugate momenta can be
obtained from Eq. (3.2) and read

/ a/

p(pzug/o—;v‘p and py :v;( —;vx, (3.4)

where hereafter a prime denotes derivation with respect to the
conformal time 1. A Legendre transform gives the Hamilto-
nian

H:f &k H )z, (3.5)
R3+

where the phase-space variables have been arranged into the
Vector z = (Vy, Py, Uy, pX)T, and where H is a four-by-four
matrix given by

H® Vv
H(n)=< v H(X)>, (3.6)
with
2 224d
HO ) = (),
|
2 224
HO@ = ()
< 1
12a? 0
V(n)z( 0 0). (3.7)

Note that, since ¢ and x are real fields, one has z*(n, k) =
z(n, —k). This explains why, in order to avoid double count-
ing, the integral in Eq. (3.5) is performed over R3t =
R? x R*.

Following the canonical quantisation prescription, field
variables are promoted to quantum operators. In order to
work with hermitian operators, we split the fields into real
and imaginary components, that is

1 .
7= —(’5R+12'), (3.8)

V2

such that z° is Hermitian for s = R, I. These variables are
canonical since [V} (k), ]’o\j./(q)] =83k — q)3;, ;8 s where
i, j = ¢, x. In this basis, the Hamiltonian takes the same
form as in Eq. (3.5), i.e.

PO 3, T gy o
H= ESZZR:I /RHd k(@) HmZ . 3.9)

Being separable, there is no mode coupling nor interactions
between the R and I sectors and the state is factorisable in
this decomposition. Hence, from now on, we focus on a given
wavenumber k and a given s-sector, and to make notations
lighter we leave the k and s dependence implicit.

@ Springer
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A further factorisation can be performed under the field-
space rotation

cosf 0 —sin6 0
~ 0 cos b 0 —sinf | o
2= | sino 0 cos 0 Ze-h, where
0 sin 6 0 cos b (3.10)

P
1 212
f = —arctan| —— |,
2 m2 — M?

where ¢ and h stand for “light” and “heavy” respectively. In
this basis the two fields decouple, and their masses are given
by

B Y o e |
) 3.11)
2 1_ 2 2 2 2 2)\‘2 ?
my =5 |m*+m +<M —m)\/l—i-(m)
) (3.12)

These expressions imply that m% <m? < M? < mﬁ so after

the field-space rotation it remains true that m% <9H?/4 <
mﬁ, hence the notation.

In this basis, the problem reduces to the dynamics of two
uncoupled free fields evolving in a de-Sitter background. In
the Heisenberg picture, this can be cast in terms of the mode-
function decomposition

Bi() = vi(na; + v a; (3.13)

fori = £, hand wherea; and Zij are the creation and annihila-
tion operators of the uncoupled fields. Heisenberg’s equation
yield the classical equation of motion for the mode functions,
ie.

21
v, + kz——en24 ve =0

v -1
o + (K2 - h7724 vp = 0.

In these expressions, vy =

and

(3.14)

/ 2
% 1—(23%) and vy, =

2
% 11— (%%) = iup. By normalising the mode functions
to the Bunch-Davies vacuum [64] in the asymptotic, sub-
Hubble past, one obtains’

@ Springer

1 T 1
ve(n) = 5,/%52(”‘”)&3)(1) and

1 |z _= i 1
vh(n) = WEe 2 H,-(/Lﬂ(z).

In these expressions, z = —kn and Hu(l) is the Hankel func-
tion of the first kind and of order v. The mode functions of
the momenta operators can be obtained by using Eq. (3.4),
which still applies in the £ — h basis, and one finds

pe(n) = —%\/ ]ﬂei%(w%)
z

3
X [(w + 5) H(2) -z, (z)] :

pa(n) = —l\/lﬂe_%“h“%
2V z

, 3\ Lo 1
. [(Wh * 5) H;, (@) —zH;, (@ G17)

(3.15)

(3.16)

As mentioned above, the state being Gaussian, it is fully

characterised by the covariance matrix
1 ~ \ AT ~

z) = 3T [ 2.2 a0} ] (3.18)

where g is the Schrodinger state at initial time, pg = P(10).

In the uncoupled basis, this leads to a block-diagonal covari-
ance matrix of the form

Xe(m) 0 >
Y = where
e—n (1) ( 0 =n(n)
() = ( vi () [* Ne [v; (n)zﬁ‘(n)])
’ Re [vi(m)pf ()] |pi ()|
fori = ¢, h. In the ¢ — x basis, the covariance matrix can be
readily obtained by performing the rotation

(3.19)

S =P nn)- PT = @Ziﬁg ?ji 8;) ,
(3.20)

with

Z g (1) = cos*(0)Z¢ () + sin*(0) Zn (), (3:21)

Yy () = cos(0) sin(@) [Xe(n) — Zn(n)], (3.22)

T, (1) = cos®(0) () + sin®(0) ¢ (). (3.23)

Finally, the reduced state of the system ¢ is obtained by
tracing out the x field, see Eq. (2.2). It is still a Gaussian

7 Note that, since all mass parameters (including ) are negligible com-
pared to k/a in the asymptotic past, the Bunch-Davies vacuum can be
set both in the ¢ — x and in the ¢ — h basis [65]. The vacuum state
being invariant under rotations (see Ref. [52]), those two prescriptions
are identical.
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state, with covariance matrix given by X, [52]. We have
thus found an exact solution to the problem at hand (namely
compute the reduced state of the system), to which we will
now compare effective methods in order to test their robust-
ness.

As explained in Sect. 1, one of the main physical effects
driven by the interaction with an environment is decoherence,
namely the transition from a pure quantum state into a statisti-
cal mixture. The loss of quantum coherence can be measured
with the so-called purity parameter y () = Tr (ﬁrzed) which
measures the amount of quantum entanglement between the
system and the environment. Pure states correspondtoy = 1,
and mixed states have y < 1 (with y = 0 corresponding to a
maximally mixed state). The amount by which x decoheres
@ is given by

1 -1
y(n) = det[Zy(n] (3.24)

the expression being valid for any Gaussian state [52]. In the
absence of interactions between the system and the environ-
ment, det Xy, = 1/4 so y = 1. Otherwise, the system is
said to have decohered when y « 1.

3.2 Effective description: the TCL, master equation

We now turn our attention to the TCL; master equa-
tion (2.23). We remind that it is formulated in the interaction
picture, where the interaction Hamiltonian reads ’F{im(n) =
az(n)ﬁp(n)vx (7). The TCL, master equation (2.19) thus
takes the form

dz. n /
gred — —)»4ﬂ2(77) / dn/az(n/){me [/C>(777 n )]
n 710

X [T)‘(p(n)a [ﬁp(ﬂ/), ﬁred(’?)]]

x +ixm [KC~ (1, 1)] [V (), {Tp (), Prea(m)}] }

(3.25)
where the memory kernel is given by
K= (n, ") = Trg [0y (00, (1) pE] (3.26)

and we recall that pg corresponds to the state of the environ-
ment in the absence of interactions with the system [a deriva-
tion of Eq. (3.25) following microphysical considerations is
also presented in Appendix A]. Since v, (7)v, (1) is not her-
mitian for n # 7', the kernel K~ (n, ) is complex and can
be evaluated as follows. In the interaction picture, operators
evolve with the free Hamiltonian, so one can use the results
obtained in Sect. 3.1 in the uncoupled basis. More precisely,
a similar mode-function decomposition as in Eq. (3.13) can
be introduced,

() = v ()@ + vf (na; (3.27)

where i = ¢, x, and an analogous expression for p; (7). The
mode functions are still given by Egs. (3.15)—(3.17), where
my and my, are simply replaced with m and M. This leads to

K=, n') = vy vy (). (3.28)

Interpretating the master equation

While the above form (3.25) of the cosmological master
equation is compact, it makes the connection with quantum
Brownian motion [62,66—69] less apparent. A form that is
easier to interpret can be obtained by expressing all operators
at the same time. This can be achieved by inverting the mode-
function expansion to yield a, and Zl\jp in terms of U, (1) and
Po(n). Inserting those expressions in Eq. (3.27) evaluated at

time 7’ leads to
V() = —23m [pw(n)U;(fi/)]Ew(”) (3.29)
+23m vy (v ()] Py ().

Here we have used that Im [v(/,(n)p;(n)] = —1/2,
which comes from the canonical commutation relation
[V, (1), Pp(m)] = 1. Plugging Eq. (3.29) into Eq. (3.25), one
finds

H™ @)

dﬁred _
dn

TN
—i 3E A OZ; ). Freatn)|

1 - ~ ~
-5 Z D) [Zi (). [Zj (). rea(]] (3.30)
LJ

= 580 Y i [E 0. {Z0). Fea)]].

iJ

which defines the “Lamb-shift” Hamiltonian HTS (see

01
below), where @ = <_ 10

the canonical commutation relation again. In this expression,

), and where we have used

Z(n) = (’Jw(n), ﬁw(n))T and the two-by-two matrices D and
A are given by

n
D) = -4 | dn'a*(y)
no

x3m [pymupa)]de [v,mv; )], 33D
D12(n) = D21 (n)

n
=242 | dn'a®())
no

x 3m [vp (vE(n)] e [vx(n)v; (n’)], (3.32)
Dy (n) =0, (3.33)

@ Springer
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and

n
AnGn) = —42a>(p) / ' a()
no

x3m [pp ()] sm (v, g a)]. (3.34)
Ax(n) = Az (n)

n
=2)%a*(n) / dn'a*(n)
no

x 3m v, (Nv(n)] Sm [vx(n)v;; (n’)], (3.35)
Ax () = 0. (330

The corresponding equation in the Schrédinger picture can
be obtained using the fact that operators are mapped between
the two pictures with the free Hamiltonian of the system, see
Eq. (2.3), and one finds®

d1/0\1'6d _

i [V + A @), prea )]
dn

PUPUNIUUES IR
+ Y Dij(n) [zipred(n)z,- -5 5%, predm)}] :
iJ

(3.38)
In this expression, the dissipator matrix is defined as
D) =D —iAn(e
_ ( Dii(n) D2(n) — iAn(’l))
D) +iAa(n) 0 '
(3.39)

One can see that Eq. (3.38) has the same form as the Lindblad
equation (2.25), with the crucial difference that the dissipator
matrix D(n) is not positive semi-definite in the present case.”
It is also worth stressing that Eq. (3.30) has the same form as
the master equation obtained by Hu, Paz and Zhang in their
seminal paper [67] and that describes quantum Brownian

8 Here we use that since D is symmetric,  is anti-symmetric given
the canonical commutation relations between phase-space variables
[Zi,Z;] = w;j, one has

Djj [Zi. [Z). Prea]] = Dij (—2ZiPreaZj + {ZZi- Prea}) - (3.37)

wij [Zi{Z), Prea}] = @ij (2ZiPreaZj — {2%1 Prea)) -

9 If the dynamical map generated by Eq. (3.38) were Markovian in the
sense introduced in footnote 3, i.e. if it described a semi-group evolution,
then according to Lindblad theorem [54] the fact that its dissipator is
not semi-definite positive would imply that it is not Completely Positive
and Trace Preserving (CPTP). However, Eq. (3.38) belongs to the class
of so-called “Gaussian master equations”, which were shown to be
CPTP in Refs. [70,71] (and thus map a quantum state to another proper
quantum state). The contrapositive of Lindblad’s theorem thus imposes
that our master equation is non-Markovian [32,41,72-78].

@ Springer

motion. The first term in the right-hand side of Eq. (3.30) pro-
vides a unitary contribution, which renormalises the energy
levels of the system due to the interaction with the environ-
ment [41,79,80]. This is why it is often referred to as the
Lamb—shift Hamiltonian. In our case, it reads

A€ + A9 @)

=5 PyPy + +m~a” 4+ A11 ) Uyt

a’ PN

+ (; + A12> {Utp’ Ptp}i| . (3.40)
One can thus see that A; renormalises the mass of the field
¢, while A1 renormalises the comoving Hubble parameter.
Note that, in the context of effective-field theoretic calcula-
tions, these contributions are usually re-absorbed in an effec-
tive speed of sound cg [27,81,82]. The second and the third
terms in Eq. (3.30) are of a different nature, since they capture
the non-unitary evolution of the system and thus cannot be
described by an effectively local Lagrangian. This is due to
dissipation and decoherence, which respectively correspond
to the imaginary and the real part of the dissipator matrix in
Eq. (3.38).10

Finally, in phase space, the TCL, master equation takes
the form of a Fokker—Planck equation for the reduced Wigner
function Wieq. The latter is defined by the Wigner—Weyl
transform of the reduced density matrix [96], and provides
a quantum analogue of a phase-space quasi probability dis-
tribution. In Appendix B, we derive general results on the
phase-space representation of the TCL, master equation. In
particular, we find that performing the Wigner-Weyl trans-
form of Eq. (3.30) leads to

d Wred

- ~ 9
=AY+ A Weal + A2 Y @ W
d7] { + red( T A2 : BZi (1 red)
92 Weed

1
— - Do);; — =4, 3.41
2;[(0 @lij 020z 41

where brackets correspond to Poisson brackets (not to be
confused with the anti-commutator). Only the term involv-
ing HY) + H®S is unitary, as mentioned above. The second
term, proportional to A1y, is dissipative: it is a drift (or fric-
tion) term that accounts for the energy transfer from the sys-
tem into the environment [22]. Finally, the term proportional

10 The fact that the real and the imaginary part of the memory kernel
lead to distinct physical effects is also encountered in the influence-
functional approach [45,66,83-92] , of which the master equation is
the dynamical generator [93,94]. Indeed, in the influence functional
description, Im [IC> (n, n’)] is related to the retarded and advanced
Green'’s function of the environment and can be interpreted as a dissi-
pation kernel, while Ne [IC> m,n )] is related to the Keldysh—Green’s
function [42,95] and can be interpreted as a noise kernel [51].
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to @ Dw corresponds to diffusion and leads to decoherence.
One can show that this equation admits Gaussian solutions,
hence the reduced state of the system is still Gaussian in TCL.

3.3 Transport equations

As mentioned above, the state being Gaussian, it is fully char-
acterised by its covariance matrix. Since the initial covariance
matrix is the same in all approaches (TCL,, exact, SPT) a first
strategy to benchmark the cosmological master equation con-
sists in comparing the equation of motion for the covariance
of the system, usually refereed to as the transport equations.

TCL; transport equation

In the TCL approach, the transport equations can be obtained
by differentiating Eq. (3.18) with respect to time in the

Schrédinger picture, and using Eq. (3.38) to evaluate d peq /dn.

This gives

dX¥TcL
dn

=w (H((p) + A) Y1cL — XTCL (H((p) + A) ®

—wDw — 2A12ETCL» (3.42)
where D and A were introduced in Egs. (3.31)—(3.36). The
first two terms correspond to the unitary evolution, which
as stressed above receives an additional contribution from
the Lamb-shift Hamiltonian. The last two terms respectively
correspond to the diffusion (a source term proportional to D)
and the dissipation (a damping term proportional to Aj7).

Exact transport equation

In the exact approach presented in Sect. 3.1, the transport
equations for the full system-plus-environment setup can be
obtained by differentiating Eq. (3.18) with respect to time in
the Heisenberg picture, and using the Heisenberg equations
to evaluate dz/dn. The Hamiltonian (3.9) being quadratic,
one finds

dx

— =QHY - YHQ,
dn
where H was defined in Eq. (3.6) and 2 is a four-by-four
block-diagonal matrix where each 2 x 2 block on the diagonal
is .

Using blockwise multiplication we can split the above into

a set of coupled differential equations for the covariance of
the system (X ), of the environment (%, ), and for their
cross-covariance (X, ). Using Eq. (3.7), it reads

(3.43)

dx
5 Y —0HYY,, — 2, H o
n

+0VE, -3, Vo (3.44)

di% =wHWY , - %, HXw

+oVTiZ, -2 Vo (3.45)
% =0HY%,, — X, H o

+0VEyy, —ZyVo. (3.46)

Note that these transport equations can also be obtained in the
phase-space representation (i.e. using Wigner functions), as
explained in Appendix B. In the present case, a first integral
of the above system can be easily constructed, since we know
that, in spite of having three covariance matrices (X g, Xy
and X, ), only two combinations are independent (namely
¥, and Xy). More precisely, from Eq. (3.21) one can show
that X, = Z;X = tan(20)(Xyp — Xy )/2. Focusing on
the dynamics of the reduced system, Eq. (3.44) can thus be
written as

dx
=0 (H + Ae) Zgy
S <H(“’) + Aex) ® — @D oo, (3.47)

where

22
ACX = —mv and

}"2
DeXE—m (wEXXV_VEXXw)' (348)

The reason why we write the exact transport equation in this
form is to allow for an easy comparison with its TCL, coun-
terpart (3.42). This suggests to interpret A¢x as a Lamb-shift
contribution in the exact approach, and D as a diffusion
matrix. From Eq. (3.48), the only non-vanishing entries of
those matrices are given by

1a?
A1 = TV (3.49)
A4a?
Dex,ll = _Zmzxx,IZ,
24a?
Dex 12 = U2 mszX!“' (3.50)

Note that, in the asymptotic past, when a — 0, the
above coefficients vanish, which confirms that the two fields
become effectively uncoupled and that Bunch—Davies initial
conditions can be safely set, see footnote 7.

SPT transport equation

In the perturbative approach introduced in Sect. 2.4, at lead-
ing order, the transport equation is simply given by the exact
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transport equation, Eq. (3.47), where the right-hand side is
truncated at order A*:

dx
% — G)H(W)ZSPT _ ZSPTH((/))(D

+ wAeng;e — Eg;eAexw

— wDsprw. (3.51)
Here, Zg;e corresponds to X, evaluated in the free theory

and is given by the second part of Eq. (3.19) with the mode
functions v, and p,. Similarly, Dspr is given by Eq. (3.50)
where X, , is replaced with Zg(rg’(e, which is given by the
second part of Eq. (3.19) with the mode functions v, and
Dy - Note that Aex does not need to be expanded since it is
already of order A%, see Eq. (3.49).

Even though the covariance matrix in SPT can be obtained
by integrating the above transport equation, in the present
situation an exact solution to the full theory is known, so it
can also be obtained by expanding Eq. (3.21) in A. Here, not
only #2 = A*/(m?> — M?)* + O(AS) needs to be expanded,
see Eq. (3.10), but also m% =m?—2*/(M? —m?) + O(Ag)
and my = M* +2*/(M* —m?) + O(A3) in Xy and Xy, see
Egs. (3.11) and (3.12). On the numerical results presented
below, we have checked that these two approaches coincide.

3.4 Spurious terms

The TCL; coefficients are expressed as integrals between 19
and 7, see Egs. (3.31)—(3.36), where n9 — —oo if Bunch—
Davies initial conditions are chosen. Formally, they can be
written as

Dl] =FD1] (7], 77)_FD“ (777 770)7 (352)

where Fp,, (1, -) is the primitive of the integrand appearing
in Eq. (3.31), which itself depends on 1, and with similar
notations for the other TCL, coefficients. The F functions
are derived explicitly in Appendix C, where it is shown that
the integrals (3.31)—(3.36) can be performed analytically and
involve products of four Hankel functions. The second term
in Eq. (3.52), the one of the form F'(n, ng), features several
properties that we now describe and that will lead us to dub
it “spurious”.

First, the spurious terms involve the initial time 1, which
implies that they carry explicit dependence on the initial con-
ditions. If the environment memory kernel (3.26) is suffi-
ciently peaked around ' = 7, that is if the integrands in
Egs. (3.31)-(3.36) are much smaller around ' = ng than
around 1’ = 7, then this contribution should be suppressed
compared to the non-spurious one. This is similar to the Lind-
bladian limit discussed in Sect. 2.3. Whether or not this is the
case can be verified explicitly in the super-Hubble regime
(i.e. at late time, —kn < 1) where the F functions take

@ Springer

simple forms. The expansion in the limit —kn < 1 is per-
formed in Appendix C.3, where it is shown that the spu-
rious terms dominate for all coefficients. More precisely,
Fp, (n.n) o (—kn)~2 while Fp,, (1. n0) o< (—kn)~"/2,
Fp,(n.m) o (—kn)~" while Fp,, (1. m0) o< (—kn)~2,
Fay, (7, 1) o (—kn) =2 while Fa,, (n, no) o (—kn)~"/?, and
FA,,(n, n) vanishes while Fa,(n, no) « (—kn)=3/%. Let us
stress that the late-time domination of the spurious terms is
strongly related to having a dynamical background. This is
the first indication we encounter that applying the master-
equation program to cosmology may not be as straightfor-
ward as in other situations.

Second, in Appendix C.1, we notice that, using various
identities satisfied by the Hankel functions, the expressions
for the non-spurious contributions can be vastly simplified.
More precisely, after a lengthy though straightforward cal-
culation we find that

Fp,,(n,n) =Dspr,11(n),
Fpy,(n,n) =Dspr,12(n),
Fa, (n,m) =Aex 11(n),
Fa,(n,n) =0.

Let us now recall the result obtained in Sect. 2.4, namely the
fact that the perturbative version of TCL is strictly equivalent
to SPT. This implies that Xtcp, = Xspr + O(AS), where
Yspr only contains terms of order 20 (namely Eg;e) and
A%, As a consequence, the right-hand sides of Egs. (3.42)
and (3.51) coincide at order A%, The terms of order A° are
trivially identical, and for the terms of order A4 one obtains

(recalling that both D and A are of order A%

(3.53)

WA — B0 Aw — 0Dw — 2A 12T spr

free free (3.54)
=wAcx ZW’ — Z(p(p Acx® — @ Dsprw.

Each term in the left-hand side can be decomposed into a non-
spurious part and a spurious part, see Eq. (3.52). An impor-
tant remark is that, thanks to Eq. (3.53), the non-spurious part
exactly coincides with the right-hand side, hence the spuri-
ous contributions cancel out. We have therefore proven that
the spurious terms are absent from the perturbative limit of
TCL and only arise at higher order. This is obviously con-
sistent with the fact that, at leading order, TCL coincides
with the exact theory, which is not plagued by any spurious
contribution.

Third, we have checked that if one includes the spuri-
ous terms when solving the TCL transport equation (3.42),
then the result quickly blows up. This is due to the late-time
divergences of the spurious contributions mentioned above.
On the contrary, as we will see below, if one removes them,
then the result is remarkably well-behaved.

To summarise, spurious terms cancel out at leading order
in the interaction strength, and at higher order, the fact that
they carry an explicit dependence on the initial time, com-
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bined with their late-time divergent behaviour, indicates that
they cannot be resummed. This leads us to conclude that,
for the simple model we have considered here, resummation
cannot be efficiently performed with the standard master-
equation program.

However, this may be due to the over-simplicity of that
particular model, which contains a single degree of free-
dom in the environment. As we further argue in Sect. 5, if
“larger” environment are considered, initial-time dependent
terms may be parametrically suppressed. In order to gain
insight on such situations, in what follows we analyse the
consequences of removing the spurious terms “by hand”.

If spurious contributions are removed, Eq. (3.53) indi-
cates that D = Dgpr and that A = Ag. The A matrix is
perfectly captured by TCL since A¢x only contains contribu-
tions proportional to A%, see Eq. (3.48). In particular, there is
no damping term, i.e. Ay = 0 (note however that this is due
to the specifics of the interaction we consider, which is such
that V> = 0). The diffusive part, i.e. the one driven by D,
is however only partly contained in TCL, where D = Dspr,
whereas D.x contains terms of higher-order in A. We there-
fore expect spurious-free TCL to lie somewhere between SPT
and the exact theory, which we now further investigate.

4 Non-perturbative resummation

In Sect. 2.4, we have shown that the TCL master equation
reduces to standard perturbation theory when solved at lead-
ing order in the interaction strength. In Appendix D this
equivalence is shown explicitly for the toy model introduced
in Sect. 3. However, the TCL master equation can also be
treated as a bona fide dynamical map for the quantum state
of the system, and solved as it is. In that case, its ability to
resum secular effects has been investigated in various con-
texts [22,43,44,46,59], and we now want to study how late-
time resummation proceeds in the (spurious-free) cosmolog-
ical Caldeira—Leggett model.

4.1 Power spectra

As mentioned above, both in the exact and TCL descrip-
tions, the state of the system remains Gaussian, hence it is
fully characterised by its covariance matrix, i.e. by its power
spectra. This is why we first compare these setups at the
level of their power spectra. If the cosmological Caldeira—
Leggett model were to describe cosmological perturbations,
note that the configuration—configuration power spectrum
would be directly related to cosmological observables, such
as the CMB temperature anisotropies.

The power spectra in the exact theory are given by
Eq. (3.21), and as explained above, by expanding these for-
mulas at first order in A* one obtains their SPT counterpart. In

the TCL setup, the power spectra can be obtained by solving
the transport equation (3.42). In the model under consider-
ation, there is no damping term, A1 = 0, but in general it
can be absorbed by introducing

O TCL Eer("’HO)ZTCL with

n
I'(n, no) = 2/ dn'A2(n), 4.1

1o

which is solution of a damping-free transport equation,
namely

doTtcL

= (H(‘/’) + A) oTCL
dn

—or (HY +A) o 0Do.  (42)
This equation can be seen as a homogeneous part, describ-
ing unitary evolution, and a source term, describing diffu-
sion. The homogeneous part is generated by the Hamiltonian
HY + HS and by denoting g; (1, no) the associated
Green’s matrix, the solution of Eq. (4.2) reads

orcL(n) = grs(, no)atcL () grs (1, 1)

7] !
—/ dn'e" ) gy <, )
yl

0
x [0D()w] gLs(n. 1) (4.3)
Note that g;g is obtained from the Lamb-shift corrected
mode functions

gLS(nv TI/)
5 (Tsm [vLs(pfs()] —Im [vLs(n)vﬁs(n’)]>
Sm [ps(m pis(m)] —Im [pLs(mvis(mH])’
4.4)

where v g is the solution of vI’jS + a)ﬁs vLs = 0 where wﬁs =
K4m2a®+ A —A’12+A%2—2A12a//a, see Eq. (3.40), with
Bunch-Davies initial conditions, and pLs = v{ ¢ —(a’/a)vLs
as in Eq. (3.4).!! This leads to

Trcr(n) = e ") g (0, 10) Zrer (0) g1 s (1, 10)

T] ’
—/ dn/e " g o, 1)
10

x [@D()w] gls(. 1) (4.5)

1 n the present case, since Ajp = 0and Aj; = Aex 11, Where Aey 11
is given in Eq. (3.49), one has w?g = k?+[m? —A*/(M? —m?)]a>. This
implies that vps and pp g can be expressed in terms of Hankel functions
2
as in Eqgs. (3.15) and (3.16), with v replaced by v g = % 1— (25”#)

where mis = m? — A*/(M? — m?). This is consistent with effective-
field theoretic approaches where the masses of light scalar fields are
renormalised by heavy fields with contributions O(A4/M2) [97].
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In practice, this integral is computed numerically from a large
negative value of g (sufficiently large that we check the result
does not depend on 7).

Growth rate

First we compare in Fig. 1 the growth rate of the configuration—
configuration power spectrum, d In ¥11/d In a. The result is
given in the free theory (i.e. setting A = 0, grey line), in
the exact theory (black line), in TCL (blue line) and in SPT
(orange line). The difference between these different setups
becomes more pronounced at late time, on which the inset
zooms in. One can see that TCL provides an excellent approx-
imation, better than SPT, which itself is closer to the exact
result than the free theory.

The behaviour of the TCL covariance matrix can be fur-
ther understood by investigating the super-Hubble (i.e. late
time, —kn < 1) limit of the transport equation (3.42). In
this regime, an expansion of the coefficients can be found in
Appendix C.3. By inserting power-law ansatz for the entries
of the covariance matrix, one finds that the diffusion term
becomes negligible at large scales, and that

2ups—1 2vLs
b 9

XTCL, 11 X a XTCL,12 X a

4.6
TrcLo o st 0

where v g was introduced in footnote 11. The corresponding
growth rate, 2vpg — 1, is displayed in Fig. 1 with the dotted
blue line, and one can check that it asymptotes the TCL result
at late time indeed.

In the exact theory, the term involving X, dominates over
the one involving Xy in Eq. (3.21), so the growth rate is

2.0 1 l/“ ...... Sesesteene T ‘} . T

1.5 4

dln Xy
dlna
£

— = TCL
—e=— TCL SH app

0.0 A —== SPT
—4 -2 0 2 4 6 8 10

In(a/a,)

Fig. 1 Growth rate of the configuration—configuration power spectrum
as a function of time, labeled with the scale factor (a, = k/H cor-
responds to the time of Hubble exit, i.e. when n, = —1/k). The
result is displayed in the free (grey), exact (black), TCL, (blue) and
SPT (orange) theories. The blue dotted line corresponds to the super-
Hubble expansion for TCL, see Eq. (4.6), which leads to the growth
rate dIn X7cr,11/dIna = 2v g — 1. The parameters are setto A = H,
m=H/10and M = v/10H

@ Springer
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In(a/a.)
Fig. 2 Relative error in the configuration—configuration power spec-
trum in TCLy (|Z1cL,11 — Zgp,11l/Zpp,11, blue lines) and SPT
(I1ZspT, 11 — Zpgp,111/Zggp, 11, orange lines). The result is displayed as

a function of time, labeled with the scale factor, and for M 2 = 10H?
(solid lines) and M2 = 100H? (dashed lines). The dotted lines corre-
spond to the super-Hubble formula (4.6), which indeed provide a good
fitat late time. The parameters are takenas m? = 10~*H?and A2 = H2.
The grey-shaded area is where the error is larger than 100%

given by 2v; — 1, where vy is given below Eq. (3.14). It
is worth stressing that by expanding v, at leading order in
A%, one recovers vis [namely m? = miq + O(A%)]. As a
consequence, TCL correctly reproduces the growth rate at
first order in A*.

Although this may seem as a perturbative result, let us
stress that the resummed non-perturbative feature lies in
Eq. (4.6). Indeed, in SPT, expanding X, at leading order
in A* leads to
2vy—1 )“4

1+ ————1
+ H?v, (M? — m?) na

. 2 .
at late time, where v, = %,/ 1— (%) . This matches

Eq. (4.6) at leading order in A4, but Eq. (4.6) contains all
higher-order terms in A* that allow the logs to be resumed. In
particular, Eq. (4.7) implies that at late time, the growth rate
in SPT approaches the one of the free theory, 2v, — 1, while
as stated above the growth rate of TCL incorporates the first
correction in A%,

XSPT,11 X a 4.7

Relative deviation to the exact result

The performance reached by TCL or SPT is given by the
relative deviation of their covariance matrices to the exact
result. This is displayed in Fig. 2 form? = 10™*H? and > =
H?, which purposely corresponds to a large coupling. One
can check that TCL is always more accurate than SPT, and
that the difference in accuracy becomes more pronounced at
larger M. This can be understood as follows. In the super-
Hubble regime, TCL behaves according to Eq. (4.6), which
is super-imposed in Fig. 2 and indeed provides a good fit. It
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T T
10-! 10° 10!
/\2/H2

Fig. 3 Relative error in all entries of the covariance matrix of the
system. The blue lines correspond to the TCL, result |XtcL,;j —
X p.ijl/|Epg.ijl, while the orange lines correspond to standard per-
turbation theory (SPT) |Ef¢3,f = Zyg.ijl/|Zgy.ij - Different line styles
correspond to different entries of the covariance matrix, and the param-
eters of the model are chosen as m? = 1074 H?2, M? = 102H? and
aja, = €. The grey-shaded area is where the error is larger than
100%. The peaky features correspond to where the exact power spec-
trum X4, 12 vanishes and X 22 goes through a local minimum

leads to

ZreL 11 — Zggp,11 ~ 20s—v0) _ |

Z;(;up,ll
A8 1n(a) (4.8)

- v, H? (M2—m2)3 O( 12)'

The last result is expanded at leading order in A (hence in
In a), which provides a good approximation as long as the
relative error is much smaller than one, as in Fig. 2. In SPT,
Eq. (4.7) gives rise to

|Zspr11 — Zgp 11| A8 1n2(a)

2 (M2 — m2)2 H4v£

+O(x‘2)

(4.9)

g1

at late time. There are two main differences between
Egs. (4.8) and (4.9). First, when the environment is heavy,
M > H, the relative error in TCL decays as 28 /M 6 while
it is suppressed by A%/M* in SPT. This explains why, when
going from M? = 10H? to M? = 100H? in Fig. 2, the rel-
ative error decreases by a factor 10° in TCL and by a factor
102 in SPT. This indicates that, although both results become
more accurate as the environment is heavier, the gain in accu-
racy is much stronger for TCL. Second, the relative error in
SPT increases as In? (a) at late time, while it only increases
as In(a) in TCL. This is why in Fig. 2, the difference in accu-
racy between these two approaches becomes even larger as
time proceeds.

Finally, in Fig. 3 we display the relative error for all power
spectra (i.e. all entries of the covariance matrix), as a func-
tion of the interaction strength A. When A is small, the relative

T
104 — et e [T
0.8 4
0.6 K 7
/
- |\ Se———
049 «oeun free . T
exact \
024 — - TCL '\
—e— TCL SH app N

004 === SPT e

10-1 ///

Jrs
10~ -7
ale R

S 4 _ -

10 -

-—-=
10710 T
2 4 6 8 10

Fig. 4 Purity parameter (3.24) in the free (grey), exact (black), TCL;
(blue), and SPT (orange) approaches as a function of time. The dotted
line corresponds to the super-Hubble expansion of the TCL result, see
Eq. (4.11). The lower panel shows the error of TCL, and SPT relative
to the exact result. The parameters are set to m?> = 10~*H? and M? =
102H? with A2 = 10~! H2. The perturbative result rapidly diverges,
while TCL; accurately predicts the amount of decoherence even in the
fully decohered regime

error scales as A8 for both SPT and TCL, in agreement with
the fact that both methods match the exact result at order
2% [see Sect. 2.4, see also Egs. (4.8) and (4.9)]. One can
also see that both in TCL and in SPT, the reconstruction
of the configuration—configuration power spectrum is bet-
ter than for the configuration—-momentum power spectrum,
which is itself better than the momentum-momentum power
spectrum. In TCL, all power spectra are accurately computed
up to large values of A. For instance, even when A/H = 1,
the relative error is smaller than 10~ for all power spectra. In
SPT however, the momentum—momentum power spectrum is
already out of control for such values of A. Indeed, the corre-
lators involving the momentum are given with less precision
in SPT, and the perturbative expansion breaks down for the
momentum—momentum power spectrum much sooner than
for the configuration—configuration power spectrum. This
will be of prime importance below, since those correlators
play an essential role in the process of decoherence.

4.2 Decoherence

We turn our attention to decoherence that we measure using
the purity whose expression for Gaussian states is given by
Eq. (3.24). The result is displayed in Fig. 4. As time pro-
ceeds, the system entangles with its environment, decoher-
ence occurs (i.e. y decreases away from 1), and the system
becomes maximally mixed soon after Hubble-crossing for
the parameters used in the figure.

The lower panel displays the error relative to the exact
result. One can see that, when time proceeds, the SPT result

@ Springer
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quickly diverges. So perturbation theory is only able to
describe quasi pure states, for which 1 — y < 1, and breaks
down when decoherence proceeds. The reason for the weak
performance of SPT is that the purity parameter is driven by
the so-called cosmological decaying mode, which is encoded
in the power spectra involving the momentum. Around Fig. 3
we saw that those are precisely the correlators that SPT pre-
dicts with the least accuracy. On the contrary, TCL, remark-
ably describes the full decoherence process, and is able to
approximate the full quantum state even in the strongly deco-
hered regime. The relative error freezes to a tiny value at large
scales (here of the order 10~9), which is a manifestation of
the resummation occurring in TCL.

The simplest way to access the late-time behaviour of the
purity is to derive an equation of motion for det(XTcr,) from
the transport equation (3.42), namely

ddet(ZTCL)
———— =D X1cL 11 +2D12X1CL 12
dn (4.10)

—4Apdet(ErcL).

All unitary contributions (i.e. those involving H® and A1)
have cancelled out (indeed, only non-unitary contributions
can change the purity). This implies that diffusion, controlled
by D, is crucial in the process of decoherence (since Aj» = 0
in the present case). It contrasts with Sect. 4.1 where we had
found that D gives negligible corrections to the power spectra
on large scales — those negligible corrections are precisely
the ones driving decoherence. The results of Appendix C.3
together with Eq. (4.6) indicate that the two first terms of
Eq. (4.10) are of the same order ”:5~! at late time. In this
limit Eq. (4.10) can be integrated, and one obtains

1 22\)1‘573 , A 4 H 3 a 2uLs
det(X ~ — r — — — s
et(ZcL) 4+ - (VLS)(H> (M) <a*)

.11

where the prefactors in Eq. (4.6) have been set by neglect-
ing diffusion (alternatively, they can be set by asymptotic
matching at Hubble crossing and this gives a very similar
result) and we have neglected contributions exponentially
suppressed by M /H to reach a concise expression (they be
easily kept but do not bring any particular insight). The purity
yrcL = 1/(4det XtcL) obtained from this expression is dis-
played in Fig. 4 with the dotted line. One can check that it
provides an excellent approximation to the full TCL result,
hence to the exact result too.

The above formula (4.11) also allows us to study under
which conditions decoherence occurs for the model at hand.
It is non perturbative in A since one should recall that v g
depends on A, see footnote 11, although the rate of decoher-
ence is mostly proportional to (A/H)*. Similarly, although
vLs depends on M, decoherence occurs at a rate mostly pro-
portional to (H/M)?3, so it is slower for heavier environ-

@ Springer

ments. Finally, it is very efficient on super-Hubble scales,
since it scales as a5 ~ 4>, so roughly as the spatial vol-
ume, as often encountered [14,17]. For instance, for scales
of astrophysical interest today that are such that a/a, ~ ¢°
at the end of inflation, for M/H = 100 and m/H = 1072,
one finds that decoherence proceeds during inflation as soon
asA/H > 10715, a very small value indeed.

5 Conclusion

Let us now summarise our main results and open up a few
prospects. In this work, we have investigated how the master-
equation program can be implemented in cosmology. To this
end, we have used a toy model where two scalar fields are
linearly coupled and evolve on a de-Sitter background. It
has the advantage of being exactly solvable, an “integrable
system”, in which the performance of effective methods can
be assessed and compared with more traditional, perturbative
techniques.

We have derived the second-order Time-ConvolutionLess
(TCL) equation in this setup, which is a master equation for
the reduced density matrix of the system (here the lighter
field), and which features the memory kernel of the envi-
ronment (here the heavier field). It possesses three contri-
butions: a unitary “Lamb-shift” term (renormalisation of the
bare Hamiltonian), a dissipation term (energy exchange with
the environment) and a diffusive term (driving the quantum
decoherence process). They can all be expressed in terms of
integrals ranging from the initial time to the time at which
the master equation is written.

Usually, the memory kernel is sufficiently peaked around
the coincident configuration that these integrals are dom-
inated by their upper bound, hence they carry negligible
dependence on the initial time. This is the case if the relax-
ation time of the environment around its stationary configu-
ration is small compared to the time scale over which the evo-
lution of the system is tracked. This is the so-called Marko-
vian, or Lindbladian limit. In the present case however, due
to the presence of a dynamical background, there is no such
thing as a stationary configuration for the environment, which
strongly departs from being a thermal bath. In practice we
find that these integrals carry a non-negligible dependence on
the initial time, through a set of terms that we have dubbed
“spurious”.

We have then shown that these spurious terms cancel out
when the TCL equation is solved perturbatively in the cou-
pling constant, i.e. they are absent from the perturbative ver-
sion of the theory. This is consistent with the fact that the
perturbative solution to the TCL equation is strictly equiv-
alent to standard perturbation theory (such as the in-in for-
malism for instance). When solving the TCL equation non-
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perturbatively however, they lead to unphysical diverging
behaviours, which clearly signals their problematic nature.

However, if one removes them “by hand” (which does not
necessarily makes the dynamics Markovian, see footnote 9),
one finds that the TCL equation provides an excellent approx-
imation to the full theory: it successfully reproduces all power
spectra up to large values of the interaction strength, and it
tracks the amount of decoherence very accurately, including
at late time when the system is in a strongly mixed state.
This is due to an explicit resummation of logarithmic terms
(i.e. of powers of In a, where a is the scale factor of the uni-
verse), and in Appendix E we show that this resummation
is more efficient than the late-time resummation technique
proposed in Ref. [44]. The incorporation of these late-time
secular effects makes TCL vastly superior to perturbative
methods. Although we have found that it does not require
particularly heavy environment, the advantage of TCL com-
pared to perturbative methods is even more pronounced when
the mass M of the environmental field is larger than the Hub-
ble scale H, since the relative error of the former scales as
(H/M )6 while it scales as (H/M )* for the latter.

To summarise, we have found that the master-equation
program can be successfully applied in cosmological back-
grounds, provided spurious terms are suppressed.

The presence of the spurious terms may be related to the
simplicity of our toy model, where only one field is con-
tained in the environment, which can therefore not be con-
sidered as a proper reservoir. If multiple fields were present
indeed, all with different masses, thus oscillating at different
frequencies, the memory kernel would be suppressed away
from the coincident limit through the accumulation of ran-
dom phases [41,73] (technically, the memory kernel would
involve some Fourier transform of the mass distribution of the
environmental fields, which may be peaked if that distribu-
tion is sufficiently broad). This mechanism was studied e.g.
in the context of black-hole physics in Ref. [98]. Another pos-
sibility would be to consider non-linear interactions between
the two fields, which would imply that one Fourier mode
in the system couples to all Fourier modes in the environ-
ment, hence making the number of environmental degrees
of freedom to which the system couples infinite. One could
also consider situations in which non-linearities only arise
within the environmental sector,'” as in quasi-single field
models [28,99]. The same mechanism of random phase addi-
tion would presumably occur in those cases, which would
also lead to a suppression of the spurious terms. Whether or
not that suppression is enough should be the subject of further
investigations. Another, maybe more adventurous question,
is whether or not one can design an improved master equa-

12 [ et us note that the presence of non-linearities, even if confined to
the environmental sector, would leave an imprint on the non-Gaussian
statistics of the system [28,30].

tion, where the removal of spurious contributions is auto-
matically taken care of. Indeed, our results show that master
equations free from spurious terms are extremely powerful
at deriving reliable predictions for cosmology, and perform
much better than perturbative methods. We plan to address
these issues in future works.
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Appendix A: Microphysical derivation of the TCL, mas-
ter equation

In this appendix, we present an alternative derivation of the
TCL, master equation (3.25) in the curved-space Caldeira—
Leggett model, which does not rely on the cumulant expan-
sion of the Nakajima—Zwanzig equation. We start from
the Liouville—Von-Neumann equation in the interaction pic-
ture (2.5), namely

b o ~
@y = it [, pn)]. (A1)
As noted in Eq. (2.27), it can be solved formally as
~ ~ £ 2 ! ALY AT
p(m) = pno) —ix / dn’ [Hin(m'), 5] - (A2)

10

Inserting this expression into Eq. (A.1), one obtains

dp ~ ~
ﬁ = —ia? [Him (1), 5010)]

n ~ ~
Y / an’ [Fine(0). [Fone 1), )] + OG5).
no

(A3)
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This procedure could be iterated to obtain higher-order nested
commutators, controlled by higher powers of the interaction
strength. If the coupling constant A is small (Born approxima-
tion), one may stop at order O (1*) where the first non-unitary
effects appear.

Our next task is to turn Eq. (A.3) into an ordinary differ-
ential equation that is local in time for the reduced density
matrix pred(n). By tracing Eq. (A.3) over the environmental
degrees of freedom, one finds

dﬁred
dn

~ —iA*Trg [Hin(n), P(10)]
n ~ ~
—/\4/ dn'Tre [Hine (), [Hinc (1), P(1)]] -
10
(A4)

In the interaction picture, the deviation of p from its ini-
tial configuration is necessarily controlled by some positive
power p of the interaction strength,

P (1) = Pred(n0) ® PE(M0) + A Peorrel () (A.5)
where Trg (Pcorrel) = Trs(Peorrel) = 0. Consequently,
dg:d = — 22T [Hinc 1), Brea(no) ® B 10)]
— iAP 2T [Hin (1), Beorrel (00) ]
- /n dn'Trg [ﬁim(n),
o (A.6)

[ﬁint(n/)v ﬁred(n/) ® 5E(77/)]]

n ~
— APt / dn'Trg [Hin (1),
n

0
[ﬁim (’7/) , ﬁcorrel (77/)]] .

Which term dominates depends on the value of p, which can
be determined as follows. Let us first recall that Hin (1) was
given above Eq. (3.25) and reads

Hine (1) = a*() T 1)y (), (A7)
which leads to

Trg [ﬁim(ﬂ), Pred (10) ® PE(00) ]

= a*(1) [T (1), Prea (10)] Tre [T (1) PE(10)] - (A.8)
Note that
Tre [ 0D 7E010)] = (B (1 = 10)) (A.9)

which is the mean value of the environment field operator.
Such a mean value can always be absorbed in a redefinition
of the field, such that the first term in the right-hand side
of Eq. (A.6) vanishes. From Eq. (A.5), dfreq/dn necessarily
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contains a term of order O (A?), so the only possibility is that
p = 4. As a consequence, the terms of order O (A**?) and
@ (AP+4) can be neglected, and one finds

dPred n ~
ed _ 4 / T [Flim (),
dn 0

X [Hine(n), Brea(m) ® B)]]. (A.10)
At leading order in A, one can safely replace freq(n') by
ored(1) and pg (1) by pE in Eq. (A.10). This leads to a man-
ifestly time-local equation, namely

dﬁred _ 4 K / v 17, Ay -~
O =A% [ dn'Trg [Hinc ), [Hint (1), Prea(n) @ PE]]
1o

(A.11)

which is consistent with Eq. (2.19). Replacing Hiy by
Eq. (A.7) and expanding the commutators yields the result

dﬁred

n
=24 | dy'd®(n)
dn

1m0

x { [T (T (1) Prea (1) — V(1) Prea (M T (M ] K~ (1, 0')

- [Ep (n)ﬁred(n)ﬁtﬂ(n/) - 5red(77)ﬁ<p(77/)g<p (77)] K= (, 77/)}’
(A.12)

where the memory kernels are defined as in Eq. (3.26),
namely

K= (n,n') = Tre [0 ()0 (1) PE] . (A.13)
K=, n") = Tre [0, 1) 0, (mPE] - (A.14)

As in Eq. (3.28), they can be expressed in terms of the mode
functions

(A.15)
(A.16)

K=, n") = vy (mvy ()
K=, n') = vy vy () = K7, ),

and the master equation reads

dﬁred
dn

n
=) | dn'd® ()
no

X { [V MV (1) Brea () — Ty (0") Prea (M Ty () | K~ (1, 1)

— [Fp D Brea Ty 1) = Frea DT (0T ()] 1.1}
(A.17)

Expanding /C~ into its real and imaginary part, one recovers
Eq. (3.25).
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Appendix B: Phase-space representation of the TCL,
master equation

An alternative representation of the quantum state is given in
the phase-space by the Wigner function (see Ref. [96] for a
brief introduction). For Gaussian states, the Wigner function
takes the simple form of a multivariate Gaussian [100], which
makes it particularly convenient to work with.

The Wigner function is defined as the inverse Weyl trans-
form of the density matrix. For a generic quantum operator
O, the inverse Wigner—Weyl transform reads

o0

W5y, py) = 2/ dyefz"p‘/’y(vw + ylalvw —y) (B.1)

—0o0

and is a function of the phase-space variables v, and p,. The
above formula is written in the configuration representation,
it can also be written in the momentum representation,

o0 . ~
W5y, py) = 2/ dke? e (p, +k|O|p, — k). (B.2)

o]

In this way, commutators of quantum operators are mapped
to the Poisson brackets of their phase-space representations.
Indeed, using the above formulas, one finds

ad
W[’v},,a] =i—Wp and

0py
Wi~ 51 =—1i 9 W B.3
(70, 0] __IE 0> (B.3)
W{%’a} = 21)(/) WO and
W{ﬁp,a\} =2p,Wo. (B.4)
This leads to
oW,
i Wi 5= —2, (B.5)
J [zj,O] azi
1
(B.6)

EW{Z’,(/)\} =ziWo,

where we have introduced the phase-space vector z =
T
(vg. Py) -
These relations can be used to compute the inverse Weyl
transform of the TCL, master equation (3.30). Using that @
is antisymmetric, one finds

dw, ~ ~

0
+ A Z Py (2i Wred)
. 1
1

1 92 Wred
i Dol ,
2 ;[“’ @lij 020z

(B.7)

where Wieq = W5, is the reduced Wigner function, i.e. the
inverse Wigner-Weyl transform of the reduced density matrix
Pred- The curly brackets now represent Poisson’s brackets,
not to be confused with the anticommutators for quantum
operators. This coincides with Eq. (3.41).

The first term in Eq. (B.7) corresponds to the free evo-
lution dressed by the Lamb-shift Hamiltonian. This part of
the equation only captures unitary/time-reversible evolution.
The second term is a damping term reading as a total deriva-
tive and the last term is a diffusion term. These last two terms
can be combined into a single second-order differential oper-
ator involving the dissipator matrix defined in Eq. (3.39), and
they induce a non-unitary evolution.

Let us finally mention that the TCL, transport equation
can be simply obtained from Eq. (B.7) using the Gaussianity
of the state. Indeed, the state being Gaussian, the reduced
Wigner function is given by

/ 1
Wied =, | ——————
red 472 det YTCL

1 _
X exp _5 Zzi (ZTCL)U‘I Zj |-
i,j

(B.8)

where Xcr is the covariance of the reduced system. Upon
inserting Eq. (B.8) into Eq. (B.7), one obtains

dX¥rcL

=® (H((p) + A) YTCL
dn
— XTCL (H(W) + A) 0w — wDw

—2ApXrCL, (B.9)

which indeed coincides with Eq. (3.42).

Appendix C: Coefficients of the transport equation for
TCL,

In this appendix, we work out the coefficients of the transport
equation for TCL,, defined in Eqgs. (3.31), (3.32), (3.34) and
(3.35). They involve the scale factor, which in a de-Sitter uni-
verse is given by a = k/(H z), as well as the mode functions

vp(n) = %Eﬂ(”ﬁi)[ﬁy(z), C.1)
Pe(n) = —%@eig(w;)

x [(W, + %) HD(2) - zHV(;LI(z)] , (C.2)
o = 3 [t o, €3

@ Springer
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1 k]T bid 4
— __ [ akxtig
Py (M) A e
' 3 7Y (2) -
X ({ipy + 5 ) Hiy z

Here, we recall that z = —kn, H,fl) is the Hankel function of
the first kind and of order v and

(2 2 ‘ 3 [/2M\? |
— =] an == /l=—=)] -1
3H M=V \3H

(C.5)

HY) (z)i| . (C

C.1 Exact results

In order to perform the integrals involved in Egs. (3.31)—
(3.35), we will make use of the formula

Cv (A2)Dy, (A2)

V1 + v

Az
t+t———> [Cu1 (Az2)Dy,4+1(Az)
Ve — v2

—Coy11(A2)Dy, (AD)],

/ Coy (A2)D, (Az )g _

(C.6)

see Eq. (10.22.6) of Ref. [101], where C,, and D,, are any
of the Bessel functions, and A is a fixed arbitrary parameter.
Anticipating the computation, let us finally define

_HPQH)@
Fon(@) = v4ip V2 + u?
< [HP @H @ - HE @ H @],
(C.7)
2P @H), (2) 2
GV,H(Z) = U—l,bL V2+M2
x [HP @HE) @ - B2 @HS, )],
(C.8)

in terms of which it will be convenient to express our results.

Dy coefficient

We start with D1 defined in Eq. (3.31), namely

n
—4xa () | dn'a* (')
no

D1(n) =

x 3m [ py(mvy ()] Re [vx(n)vj‘( (n’)]~

(C.9)

@ Springer

Expanding the real and the imaginary parts, and replacing
a =k/(Hz),itis given by

k3 At orod
Dy1(2) = =z H4/ = /Z)z [Pp (D)5 (2) = P (2)vy(2)]

X [UX (z)vX )+ v;‘( (D)vy (2 )] .
(C.10)

We thus have four terms,

k3 A4
2 H4p<p(z)vx(z)/ ,)sz(z)v @)
3 )\‘4

k
i@ (z)/ e VEE g @)

Dy(z) =

3

k> A
—iz—sz;(Z)Ux(Z)/ W%(Z/)U;(Z/)

. 3 )\'4 * * 0 dZ/ / /
_zz—zmpq,(z)vx(z)/Z Wv(p(z)vx(z),
(C.11)
which can be re-organised as
3 )\'4 z /
D11(2) =27 7z 3m I:Pw(Z)vx(Z) @ v (2Hvy ()
+py(2)vy (z)/ )2 (ﬂ(z)vx(z )]

(C.12)

Therefore, we have two integrals to compute. Making use of
Eq. (C.6), they are given by

< dZ/ P NN b bid s
— T TMxTITVy
/zo @y Ve ) = i
X [va,,u.x (2) — G,y (ZO)] )
¢ dZ/ * o/ / T z j T
= e THxTITV
/zo (Z’)sz(z vy (2) 4ke

X [F”wl‘x (2) =

Fv(p,p.x (ZO)] .

(C.13)
We conclude that D can be written as
Dy1(z) = Fpy, (z,2) — Fpy, (2, 20) (C.14)
where
T k> A4
Fp,, (z1,22) = E_Zme Thy

X Im |: - ipw(zl)vx (ZI)GU(ﬂ,}Lx (Zz)e_i%u‘p
+P«p(Zl)U;(Zl)pr,MX(m)e"qu’}. (C.15)

It is worth noting that in the case where z; = z2, this func-
tion can be further simplified by making repeated use of the
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Wronskian identity (see Eq. (10.5.5) of Ref. [101]), namely

H HP () - BV @OHZ, () = —— (C.16)
Recalling that [H{"(2)]* = H?(z) and [HP ()] =

Hﬁ)(z), after a tedious but straightforward calculation it

leads to
2 k
FDn (z,2) = —m E
. (C.17)
A ,
X (ﬁ) Re [vx ()P} (z)].
Given that Eq. (C.5) leads to v, +u5 = (M?> —m?)/H?, and

E free

since 12(z) = Ne vy (2) px (2)], this can be rewritten as

)»4612 free
Fp,, (z,2) = —mezu 12(2), (C.18)
where we have also used that a = —k/(Hz) in a de-Sitter
universe. This corresponds to Dy in the exact theory when
evaluated at leading order in the interaction strength, see
Eq. (3.50). In other words, we have shown that

Fp,, (z,z2) = Dspr,11(2). (C.19)

D coefficient

The other coefficients can be computed similarly. For D,
defined in Eqs. (3.32), one has

Dia(n) = 22*a*(n)
no

x e (v, vy (') ]

i k3 At z . * ’
=S | o @) — o)

dn 'a®(n)Im [v, (n)vls (1)]

x [0, @V (&) + v (v, (D).

(C.20)
This leads to
Di»(z) = Fpy, (z,2) — Fpy, (2, 20) (€21
where
Fo, Gz =25 2 g,
T4 2 HA

. — T
x JIm |: —ivy(21) vy (21) Gy, 1y (22)e™' 2%

+ v (210 (21) Fuy (ZQ)e_"g”¢1| . (C22)

As for Fp,,, this expression can be simplified in the coinci-
dent configuration z; = zo by repeatedly using the Wron-
skian identity (C.16), and one finds

N\ (! |vx(z)|2
Fpo o= (5) (2) X0
D (2.2) (z) <H> W22

m?)/H?, this can be

(C.23)

Using again that v; + % = (M? —
written as

4.2

Xl (C.24)

Fp, (z,2) = S0 (2) = Dspr12(2).

where we recognise the leading-order contribution in D¢y 12,
see Eq. (3.50).

A1 coefficient

For A1; defined in Egs. (3.34), one has

n
A =4t [ an'aar)
no
x 3m [y Gy (n)] 3m [v, (o () |
k3 )\4 < dZ/ %,/ * /

x [vx (v} () = v} (2)vy (z’)] .

(C.25)
This leads to
A11(z) = Fay, (2,2) — Fay, (2, 20) (C.26)
where
Fay, (z1,22) = zk—jk—te_%"x
2z H

x Ne |: - ipgo(zl)vx (Zl)va,MX (22)371.%%

— Pz vy (21 Fy, p, (Zz)e"yzr“‘ﬂ]. (C.27)

This expression can be simplified when z; = z» using the
Wronskian identity (C.16), if one further uses two additional
properties of the Hankel functions. The first one is the recur-
rence relation (see Eq. (10.6.1) of Ref. [101])

H? )+ H? () = —H?, (C.28)
and the second one is the inversion formula
H(])(Z) — eian‘El)(Z),

@ B ) (C.29)
HY) () = e "™ HP (2).

@ Springer
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After a tedious but straightforward calculation, this leads to

() ()
z H) vZ+us

= Aex,lla

Fan @2 = (C.30)

where we have recognised A 11, see Eq. (3.49), using again
that vé + /xi = (M? — m?)/H?. Note that, here, the agree-
ment between Fa (2, z) and Ae 11 is valid at all orders,
given that A 11 only contains terms of order A%

A 1> coefficient
Finally, for A1, defined in Egs. (3.35), one has

n
dn'a®*(n)Sm
no

x 3m [vx(n)v*(n’)]
RS
T 2722H4

X [”x (2)v} (2) — v} (2)vy (Z/):I ,

Az (n) =2)%a*(n) [ve (v ()]

/ @7 v¢(z)v (z)—v (2)ve(2)]

(C.31)
and this leads to
A2(z) = FAy, (2, 2) — Fay, (2, 20) (C.32)
where
Tkt a
Fap (2122) = 375 pae e 7

x e [ — 10y (21)Vy (21) Gy, (22)e 2%

—U¢(11)U;(Z1)Fv¢,ux(zz)eig”‘/’}. (C.33)
This expression can be simplified when z; = z, using the
Wronskian identity (C.16), and we find that it vanishes,

Fap, (z,2) =0. (C.34)

In particular, it implies that Fa ,(z, z) = Aex, 12(z) and that,
as for Fa,,(z, 2), this is valid at all orders in 24 given that
both quantities identically vanish.

C.2 Sub-Hubble limit
In order to gain analytic insight, let us expand the coefficients
derived above in the sub-Hubble (z > 1) and super-Hubble

(z < 1) limits. In the sub-Hubble limit, one can use the
asymptotic expansion

M~ . . . ik
H‘El)(Z) — n_zeftzfzjvfzz Zak(v) (E) i
k=0

@ Springer

(C.35)

[2 o ir i i\
H]EZ)(Z) — elZ+17v+1z § Clk(V) < > , (C36)
I Z
k=0
see Eq. (10.17.5) of Ref. [101], with
1 1
5—V), (5 +V

(—2)k!

where the parenthesis with lower index indicate the Pochham-
mer’s symbol, i.e. (x)r = I'(x + k)/'(x). Inserting these
formulas into Eqgs. (C.7) and (C.8), one obtains

Z(u+iv) : 2 2

e? 4q 2 v 4+

F, = — J—1

e n <V2+M2+Z s )
+0E ), (C.38)
ez(lHrzv) —2iz

Gui@) =———— + 0. (C.39)

Note that F), ;, (z) is non vanishing in the sub-Hubble regime.
Let us now expand Egs. (C.15), (C.22), (C.27) and (C.33) in
the limit z1, z» > 1. At leading order, one obtains

k2t 2 21
F 21,22) =~ -1+—, C.40
Dll( 1 2) 2H4Z? (U%‘I‘M% Z2 ( )
kat
Fp,, (z1, 22) 2 N (C.41)
2H (l)w + 'U’X) b4
k24
Fay (z1,22) >~ Tl a2 (C.42)
H (% + Mx) 2
kit (z1 — 22)
Fap (21,22) @ ————. (C.43)
2 4H*z3 2

C.3 Super-Hubble limit

To organise the super-Hubble expansion, we introduce the
quantities

3

_l+4icotmv rz\v—3
ay(z) = m <§> >
PR P —— (C.44)
V&= Gnwv ra—-v \2 ’ '
_ 1+cothmu sz\in
@)= T i (E) :
—1 1 Z\ K
8 = = , C.45
w(@ sinhmpu I'(1 —ip) (2) ( )
together with the function
oo k (z\2k
=D (5)
= —_— C.46
f:@) ]; PICEEIy (C.46)
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6y
=1- x+1
(3)° 6
PO —— Cc47
t T ha gy T O (€47
such that
3
HD (@) = a,(2) fo(2) (g)
3
+ Bu(@) f-v(2) (%) ° (C.48)
H (@) = Y@ fin(@) + 8, foipn (). (C.49)
and
) oy (2) 3
H, (z )_ fv+l(Z)( )
_35
FBy(2) form1 (@) (5) ’, (C.50)
Hl(;i:-l( )— VIL(Z) fzu+1(Z)
-1
i, (D) foip—1 (2) (g) , C51)

see Egs. (10.2.2), (10.4.7) and (10.4.8) of Ref. [101]. This
allows one to expand Eqgs. (C.7) and (C.8), and one finds

Fv,u(Z)
_ _zﬁ 73/2/3* v+ i/\")yll- + - l“’)aﬂ-]
Z v V2 + 42
L[y (i,
f (1+w?) v =1
3/2 :
[ o
(C.52)

and
Gv,u(z)

w—in)y; + W +in)d,
— -3/2 1% 1%
232773 ,3:|: e i|

1/2 (A+ip)ys+ A —iw)s*
Z
’3:|: i 1

V2 1+ 12w -1
z3/2 (v + lu)yu + (- tu)é*} s
O3,
2f [ 24+ p? o
(C.53)

Hereafter, to lighten the notation, we have dropped the
explicit z-dependence of «y, By, v, and §,.. This is because,

since vy, is close to 3 /2 in practice, see Eq. (C.5), this does not
affect the power counting in z, see Egs. (C.44) and (C.45).

It is worth noting that the terms of orders z~>/? and z!/2
cancel out in F‘j‘#(z) + Gy, (z) since B, is pure imaginary,
see Eq. (C.45). One indeed has

Fr @)+ Gy
1 3/2

REEENENG)
x [(v+ iny; + - zu)Sl’j] + O?).

—Ne (ay)

(C.54)

Let us now expand the coefficients of the transport equation
in the super-Hubble limit, i.e. when z < 1 (but keeping zg
arbitrary).

D coefficient

For D1, one finds

—TT Ly )»4

Dy =~ 7/25(=7/2) €
1=z Dy (ZZ)+2 2+M2H4

3 2 k>

X |:_ ‘yl‘x +8Mx| + 21, 3m (y:x(sl‘x):| Z_2

x +77328% 3/2)(z, 20),

Dy,
(C.55)
where
21,2 4
(- 7/2) T k 3 A
S , =—-——F -
Dy (Z ZO) 2\/5 (v(ﬂ 2) H4
x Im {,BVW [ Doty (20) + Gy, ., (Zo)]
X (Viy +81,) }e_”“)( (C.56)
and

3/2
Sﬁ)”/ (2. 20)
. ? 1 A,
1632 (1 +12) (v, — 1) H*

x Jm |:,BU¢ [ vty (20) + Gy, (ZO)]

X (Vﬂ«x (y +1) {Mx(_7 + 2vy)

+i [10 + v, (=7 + 2v) ]}
+ Su,( (y — 1) {MX (=7 +2vy)

—i [104 vy (=7 + 2vy) ]} >]e—”“x
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n % (3 n AMk?
—_— v —
16v2\2 7)) H*Z1/?
x m { [—ofv“w Flj;;,//.x (z0) + v, Gy, 1y (ZO)]

(Vi + 811y }6’”‘” +0E'?) (C.57)

are spurious contributions, i.e. they arise from the term
FD|1 (Za ZO) in Eq (C14)

D coefficient

One finds
_ -5/2
Dy =z S/ZSE)IZ/ (2. 20)

z |yﬂx + 8/1')( |2

4 w4l
Mok L a1
X me ”ng +z / SD12 (z, 20),
(C.58)
where
2 )\'4

(=5/2)
SDIZ (z,20) = 4\/_ H4k“sm {'B"w[ Vo, ly (zo)

+Guyr, )] (v, +8,) ) €71
(C.59)

and
w2k e T A4
16/2 (1 + p3) (v, — 1) H*

S;)II/Z)(Z 20) =
x Im {ﬁvw [ vpuity (20) F Gy, (zo)]
X [ 12) (V, +80,) + (1= i)

(1- th)yux + (I +ip)d— V(p)aux] }

(C.60)
are again spurious contributions.
A1 coefficient
For Ay, we have
Aj =Z_7/ZS(77/2)(Z,ZO)
e 2 2\ K2
21 2 (|Vu|_|5u|)_
2 v +M H4 x X 72
T
Il ki 9
(C.61)

@ Springer

where

(=7/2)
Sa, T (z20) =

2k2 3 )\4

22 < 2) HY
x e By, [Fi 0, @)+ Gy, (0]
(Vi + 8y, ) e (C.62)

and

SCP 2, )
_ 72k? 1 24
T 16v2 (L+ 12) (v, — 1) HA

x e [,va[ 5y @)+ Gy 0) |

X <V/LX (y +10) {MX (=7 4+ 2vy)

+i [10 + vy (=7 + 2vy)]}
4 8y, (1 — 1) { ey (=7 4 2vy)

—i [104 vy (=7 4 2vp) ]} >:|e_”“X
2 (3 n Ak
—_— — —_— v —
162 \2 %) H4 12
x ?ﬁe{ [ ay Fy o, (20) 4+ o, Gy, (Zo)]

X (Vux + 8!‘«)() }E_MX

(C.63)

are spurious contributions. It is also worth noting that, in
Eq. (C.61), one can simplify

T L
Sl =2

|V | - (C.64)
A 1> coefficient
Finally, for Aj;, one obtains
Ax(z) =z_5/zS,(§lf/2) (2, 20)
(C.65)

+ _1/25211/2) (z, 20)

which only contains spurious terms as shown in Eq. (C.34),
given by

2k )»4
L (e [P, @
+G"w’l‘x (ZO)] (Vﬂx + 5#)()} e T (C~66)

5/2
Sen? (2. 20) =
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and

(=1/2)
Sa, (2 20)
_ 72k e T Hx 24

T 16v2 (L +u2) (v, — 1) HY
x e {Bu, [Fr 0, @0+ Guyp, 0]

x [(1 F12) (Y +8p0,) + (L= i) (1= vp)yy,

(C.67)

F i) = v, ] |

Appendix D: Comparison between TCL and perturba-
tion theory in the curved-space Caldeira—Leggett model

In this appendix, we compare Standard Perturbation Theory
(SPT) to the perturbative solutions of the TCL master equa-
tion, in the context of the curved-space Caldeira—Leggett
model introduced in Sect. 3. This will allow us to exhibit
a concrete manifestation of the generic statement proven in
Sect. 2.4, that TCL,, solved perturbatively at order n coin-
cides with SPT,,.

D.1 Perturbation theory

The two-field system detailed in Sect. 3.1 being linear, the
field operators admit a decomposition of the form

/U\(p(”l) = U(p(p(’?)ap + Uzw(n)a\;

+ vy, (M + v, (1)), (D.1)
Uy () = vy (M)ay + V5, (),
+ vy (M + V5, ()Y, (D.2)

where (dy; E;) and (a,; E;) are the creation and annihilation
operators of the ¢ and y quanta respectively. This generalises
the decomposition (3.13) to the case where fields interact and
exchange quanta. A similar decomposition can be introduced
for the momenta operators p, and p,, where the Hamilto-
nian (3.6) and (3.7) gives the mode functions

!

Pij () = vi; () = Z-vyj(n) (D3)

for i, j € {¢, x}. Using Heisenberg’s equations, one finds
that the mode functions evolve according to

v + of (Mvij = —A2a* ()v; (D.4)

ja
where we have introduced wé(n) = k> + m*a*(n) —a"/a
and a))z( () = k* + M?a*(n) — a”/a, and where | = x
when i = ¢ and i = ¢ when i = x. This constitutes a

set of coupled differential equations, where the coupling is
mediated by A2. It can thus be solved perturbatively in A.

e Zeroth order: The right-hand side of Eq. (D.4) vanishes,
hence the uncoupled dynamics is recovered, namely
vl-(?)(n) = v;(n) and vl.(?)(n) = 0, where vy and v,, are the
free-field mode functions [i.e. they are given by Eq. (3.15)
if one replaces vy by v, and pup by @y ]. One also has
pi () = pi(n) and p () = 0.

e Firstorder: Atfirstorder, the right-hand side of Eq. (D.4)
needs to be replaced with the zeroth-order solution.
This does not change the diagonal mode functions
v = v and pi’ () = p’ (). while the
cross mode functions now obey vl,(;l)” +a)i2 vl(l-1 ) = Azazv;.
Using the Green’s functions of the homogeneous (hence
uncoupled) system of differential equation, g;(n, ") =
23m [vi (n)v¥(n)], this gives rise to

OE —2,\2/ndma2(m)
10
x Jm [v; (] (m)] v; (). (D.5)

Using Eq. (D.3), this leads to

n
Py (m = =212 f dia’(n)
0 (D.6)

x Im [ pi (Mv; ()] vy ().

e Second order: At second order, Eq. (D.4) is sourced by

the first-order solution, so the diagonal mode functions
obey vi(iz) " —i—a)l.2 vl.(iz) = —A2a2v;_(il). Using again the homo-
geneous Green functions, together with Eq. (D.5), this
gives rise to

n
02 (1) =v; () + 42 / dma®()
no

n
x / dma® (12)3m [v; (v} (n1)]
n

0

xam [v; )z ) | i r2). (D.7)

Using Eq. (D.3), this leads to

n
pi(,-z)(n) =pi(n) +4x4/ dma®(n)
no

m
X/ dma®(n2)3m [pi(mvim)] O3
n

0
x 3m ;01 0r2) | i 0r2).
One may also compute the cross mode functions, and
carry on the expansion, but that would lead to subdomi-

nant corrections to the power spectra.

The covariance matrix can be computed using Eq. (3.18), and
onefinds
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2 2 ,
. |0 D[ + |vgr )] e [0 ()5 (0] + 9t [ )7, 0] o)
pp\1l) = 2 2 ’ :
€[00y )P, D] + e [u0, p3, )] |Poe | + | Por )]
2 2 ,
S vy |+ [vyge ()] Ye [vxx(mp;';X(n)] + e [W(mp;tw(n)] D10
o =1 2 2 ; :
e [ue, 0P, 0 ] + e [ 03, 00)] e ] + | prp(m)|
- [vor V3, 0] + 9t [0, 05, )] e [vgp 0 pg, (0] + 9t [y g, )] o)
ox ) = :
e [pw(n)v;(p(n)] + e [vxx(n)pizx (n)] Ne [pw(n)pj‘((p(n)] + e [pxx(n)p;’ix (n)]
By inserting the mode functions obtained above into these
expressions, one obtains the first perturbative corrections to 5
the power spectra. For the configuration—configuration power Z( ) 0.12(1) = e [ve(m ()]
spectrum of the ¢ field, one finds 4 Lo, . ,
+ 41 / dn’a”(n")3m [v,(mvy ()] vy ()
10
2 2 1
=000 = o]+ oo < [ a2 m [y e
10
+ 2% [v(z 0)(77)1)(0)*(7])] (D.12) . m
+4rte {vw(n) dmaz(m)/ dmaa® ()
10 10
where we have introduced the short-hand notation vg[o)(n) = X3m [Pw(fl)v;(fll)] Sm [Ux (m)v} (’72)] U;(WZ)}
(2) (0) : 2
vW( ) — Vg (1), which selects the terms of order A~ in 4 n 5 m 5
vw (n). This gives rise to +aA7e § py(n) " dma(m) " dn2a”(n2)
£ xm [, (g (] Sm [v, (v )] v () |
RRRN (D.15)
= |”w(”)|
7 2
+ 44 / dmaz(m)%m [vw(n)v;(m)] vy (n1) Finally, for the momentum—momentum power spectrum, one
0 has
n (D.13)
+ 8% {v(p(n) dnia®(n)
10 2
5200 = [pQo[ + Qo)

n
x [ anaa®sm [ v )]
10

(D.16)
+ 2% [qup 0)(77)19(0)*(77)] ,
x 3m [ )y )] vs )}
For the configuration-momentum power spectrum, one which leads to
obtains
2(2)22(77)
2 ’
=00 ) =de [y o] T z
pe ] + 4 fdma 0)3m [py (0 ()] vy ()
+ 9te [v(”(n)p“)*(n)] " )
1
+8A49ie{ o | dmd*mn) dma® ()
+me[ ) py O () petin ], et et
(2 0)(7))17(0)*(77)] ’ x3Im [P(p(’])U:;(T]I)] JSm [Ux ('II)U; (712)] U;(TD)}-
(D.14) D.17)

namely
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D.2 Perturbative solution of TCL

Let us start with the TCL, master equation written in the
form

? = _a*a’(n) / " an'a(y)
n 0
| [3, 0 () rea(n)
_’Jw (n/)ﬁred(n)’ﬁp(ﬁ)] /C>(77, 77/)
- [%(n)ﬁred(n)%(n’)

~BrealTp ()75, ()] K7 (0, ') . (D.18)

This equation was obtained in Eq. (A.17) from microphysical
considerations and is just a convenient rewriting of Eq. (3.25).
We want to solve it at order A%, i.e. drop all contributions of
higher order. Since the right-hand side is already proportional
to A%, this implies that it can be evaluated in the free theory,
where fred (17) 2 Pred (10). One can thus integrate Eq. (D.18),
which leads to

70 =Frealio) — 4* / "anaan [ an'a oy
no 10
x| [5, 01, (1) Prea r0)
Ty (1" Brea 010) T (Y] 0 (7 ()
— [V (1) Prea (m0) Ve (")
e 10T 1"V, ()] 05 (' ()] (D.19)

where we have used that the memory kernels are related to
the free mode functions via Eq. (A.15).

Let us now compute the entries of the covariance matrix
using this expression for 5:3 3 . The configuration—configuration
power spectrum reads

2

teL11(m =Tr [Fw(ﬁ)%(ﬁ)ﬁgj (77)] , (D.20)

that is
2)
Xrer
=Tr [ﬁp (n)iga (n)ﬁred(UO)]

4 7 ) 27 / ! 1" o2 NSk I
— A dna”(m)vy () | dn-a”(n vy (n™)
7

0 no
X {TI' [’17(;; (n)'ﬁ(p (r])’ﬁ(p (U,)Ep (n//)ﬁred(UO)]
—Tr [V (1) T (0T (1) Brea (10) T ()]}
4 K ) 27 / m " 2.1 /7
et [Cay@anuan [ @,

no no
X {TI' [’17(;; (n)fﬁ(p (77)’17(;; (n/)ﬁred (7)0)?);/7 (77//)]
—Tr [V (1) Ty () Prea (10) Ty ()T ()]} -

(D.21)

Since the initial state is the Bunch-Davies vacuum, preq(19) =
@) (@], using the mode-function decomposition (3.27) one
obtains

2 2
Z”(FC)L,II (n) = |”<ﬂ () |

n
— 42*9te [vé(n)/ dy'a® (v (v (1)
710

n/
x / diy"a® "y (0" vy, (1)
n

0

n
— o, | di'a® o yv, (v, ()
no

n/
x f dn”az(n”)vZ(n”)v;(n”)}-
10

(D.22)

This expression matches Eq. (D.13), as can be shown by
expanding the real and imaginary parts and relabeling the
integration domain. Following the same method, one finds
2
ZyeL 120
= e [v, () ()]

" 2 /
dn’a” (" )vy, (" )vy (n)

— 43%%e {v(p(n) Po(n)
no

77/
x / dn//aQ(n//)v;(n//)v; (77”)
1o

1
— NRe [vw(n)p;(n)]/ dn'a® (v, (Yo, ()
o

n/
x / dn”a%n”)v;(n”w;(n”)},
1m0

(D.23)
which can be shown to match Eq. (D.15), and
2
Z(TC)L,zz(”)
2
= |pqa(77)|

_ 4 2 7 r o2 NSk ] 4
4 *e [ po(n) | dn'a® (vl (), (')

10

/

n
x f dip"a® "y (n")vy (")
o

n
— e’ | dn'@® (v (v  (n)
no

n/
X / dn”az(n”)v;‘,(n”)vj‘((n”)},
1o
(D.24)

which can be shown to match Eq. (D.17).
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Appendix E: Comparison with other late-time resumma-
tion techniques

In this section, we compare TCL with the late-time resum-
mation technique proposed in Ref. [44] and also studied in
Ref. [59]. The idea is to keep track of the growing mode
only, in order to simplify the analysis in the late-time limit.
As we will make clear, the method also implicitly performs an
additional layer of approximation compared to TCL, which
makes it less efficient.
The starting point is to rewrite the free mode function

vp(2) = %\/?eig(vw-i-%)[_]‘g;)(z)’ (E.1)
where we recall that z = —kn, as (see Eq. (10.4.3) of
Ref. [101])

b () = ' 3 (1) =@ jziwr(z) E®2)
where

vi(z) = /5 Y0, (2) and

v =50, (E3)

are real functions. Here, J, and Y, are the Bessel functions
of the first and second kind respectively, and of order v. The
reason why this decomposition is convenient is that v_ cor-
responds to the cosmological “decaying mode” [i.e. v_(n)
decreases on super-Hubble scales], while v, stands for the
growing mode. Let us recall that the heavy-field mode func-
tion cannot be divided into a growing mode and a decaying
mode, since both modes oscillate with similar amplitude on
super-Hubble scales.

In the interaction picture, where operators evolve as in the
free theory, the mode-function expansion (3.27) of the field
operators can then be written as

Ty () = vp(N)ay + Vs (), (E4)
= v_(N) Py + v: () Oy, (E.5)

where

ﬁ(p _ LZ [eig(v¢+§>a¢ I e—i’§<vw+i>a\;:| ’ (E.6)

o~ l ,‘l Vy+ ~ v, +l AT

0, = L [¢10 g i) e

One can check that they constitute a set of canonical variables
since [Qy, Py = i.

The idea proposed in Refs. [44,59] is to insert the decom-
position (E.5) into the TCL; master equation (3.25) in order

@ Springer

to identify the leading late-time contribution. One finds
~IR

g:d = —2*a2(n) { v (M) X (mvy (1)

[P Prea(n) — tppred(n)P ]
+ v— (M) X (v}, (n)
X I:ﬁred(n)ﬁ; - Epﬁred(n)ﬁw]
+ v (M XE ()vy ()
X [Qer(pﬁred(n) - prﬁred(n) Q(p]
+ v () X— (v ()
[5red(7))ﬁ Q(p - @wﬁred(’?)ﬁp]
+v— (XL (mvy (1)
X [P(p ngpred(n) - Q(pﬁred(n)Pw]
+ v () X+ (v ()
[ﬁred(’?)@wﬁ - ﬁwﬁred(’?) @(p]
+ v (M XL (m)vy ()
X I:Q(ppred(n) - Q(ppred(n) éw:l
+ v (M) X4 (v ()

X [5red(n)§i - Qwﬁred(”)@w] }7
(E.8)

where

n
Xo () = / '@y yvs (' Yoy (1), (E9)
no

n
X_(n) = / dn'a®> (" yv— (" )vy (). (E.10)
no

The authors of Refs. [44,59] argue that dropping the
decaying-mode contributions constitutes a valid approxima-
tion in the infrared (IR) limit, and for this reason hereafter
we label the quantities computed in this scheme with the
superscript “IR”.

In the interaction picture, the configuration—configuration
power spectrum reads

(i 07y () = v- (o) (P)
+v-ve () {Qy Py + Py O)
+ (s () (02)
~ vy (s () Qi>,
(E.11)

where in the second line we have neglected the decaying
mode contribution. The next step is to compute <Q2) n) =

Tr [Q J Pred(n)] with the IR master equation (E.8). Upon dif-
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ferentiating this expression with respect to time, one obtains

d(05) -

o= F(n)<Qw> (E.12)
where
L) = 4r%a* (- ()3m v, (N X)), (E.13)
which gives rise to
(02) an = e T2 (n). (E.14)

Since we are interested in the late-time behaviour of the
power spectra, we can assume —kn < 1 and let n, denote
the Hubble crossing time, n, = —1/k, if the above integral is
dominated by its upper bound (hence does not depend much
on the choice of the lower bound). If the effect of the inter-
action with the environment is small in sub-Hubble scales,
as argued in Ref. [44] one can evaluate (@é) (n4) in the free
theory, which simply yields

<§§,> () =~ 1. (E.15)

In the super-Hubble limit, using the results derived in
Appendix C.3, one can also approximate

T (_1)3/4
2.2 2
H Vg + My

7%

Xj_(z) ~

X
sin(mvy)'(1 — vy)

X [v(/, (ylfx + SZX) — iy (y,fx - 5#;})] e~ THy
(E.16)

where y,, and §,, were defined in Eq. (C.45). This leads to

r@ == 1 2tk
< 20, 02+ 2 H* M

(I, = 3 ) e E17

where |y, |* — [8,,1* = 2e™x /( u). One thus has

11 ¢

n
/ dn'T'(n') ~ — — In(—kn),
n

_— E.18
vy V2 + 2 HY (E.18)

%

which one can check does not depend on the detailed choice
of 1, as announced above. Combining the above results, one
obtains

1 1

4
o1

—-= L In(—k

Vo v%-%—//%( H4 (=kn)

Yr11(n) =e

20 30 10 50 60
In(a/a.)

=]
=
o

Fig. 5 Relative error in the three power spectra for TCL; (blue curves)
and the IR resummation method presented in Appendix E (green
curves). The parameters are taken as m? = 1074H?, M? = 10°H?
and .2 = 1073 H?

X [vy (). (E.19)
The configuration—-momentum and momentum—momentum
power spectra can be computed along similar lines. Starting
from
Po(n) = p+ () Qy + p-() P, (E.20)
and using the fact that p, = v/, — (a’/a)vy and p_ =
v/ — (a’/a)v_ are still growing and decaying respectively,
one has

(B 0 5, () = w00 ) (02), (E21)

(Bo Py = p+mp+() (03)- (E22)

This implies that the same correction is obtained for all power
spectra, i.e.

— L (k)
SR =e ot lvg ()12, (E.23)
— ik L (k) .
TR, 12(n) =e ¥ 0T x e [ve(mpi(m)],
(E.24)
— L (k)
TR0 =e ¥ ot |pe (). (E.25)

These expressions feature manifest resummations over
powers of In(a), which we now compare with the resum-
mation performed by the TCL, master equation. The rel-
ative difference between the three power spectra and their
exact counterpart is displayed in Fig. 5, both for TCL, (blue
curves)!3 and IR (green curves).

13 Let us note that at late time, the relative error in TCL asymptotes
a constant in Fig. 5, hence it is not described by Eq. (4.8). The reason
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Let us first note that the growth rate of the power spectra is
correctly captured in the IR approach, even at strong coupling
where the perturbative result usually breaks down. This can
be further understood by noting that Eqs. (E.23)—(E.25) take
the same form as Eq. (4.6) with

1 1 A\
VR=——5—5 || +V. (E.26)
2vy v(% + M%( <H > ¢
while according to footnote 11, in TCL; one has
5 2
1 - ( mLS) where
3H (E.27)
)\‘4
2 _ .2
mpg=m — M2 — m2
and we recall that in the exact theory
(E.28)

Since Eqgs. (E.26), (E.27) and (E.28) coincide when expanded
at first order in A%, one concludes that, at the level of the
growth rate, the Lamb-shift renormalisation of the mass is
correctly accounted for in the IR approach [44] as for TCL,
atleast at leading order in the coupling constant. This is simi-
lar to the dynamical renormalisation group (DRG) treatment
of late-time secular divergences in de Sitter performed in
Refs. [56-58], as pointed out in Refs. [44,46,59].

The IR approach however fails to reproduce the overall
amplitude of the power spectra beyond the perturbative level,
which explains why it does not perform as well as TCL. Let
us also note that another disadvantage of the IR method is
that it does not allow one to track decoherence, which as
explained in Sect. 4.2 is not driven by the growing modes.
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