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Abstract

The out-of-time-ordered correlation (OTOC) function is an important new probe in quan-
tum field theory which is treated as a significant measure of random quantum correlations.
In this paper, with the slogan “Cosmology meets Condensed Matter Physics” we demon-
strate a formalism using which for the first time we compute the Cosmological OTOC
during the stochastic particle production during inflation and reheating following canoni-
cal quantization technique. In this computation, two dynamical time scales are involved,
out of them at one time scale the cosmological perturbation variable and for the other the
canonically conjugate momentum is defined, which is the strict requirement to define time
scale separated quantum operators for OTOC and perfectly consistent with the general
definition of OTOC. Most importantly, using the present formalism not only one can study
the quantum correlation during stochastic inflation and reheating, but also study quantum
correlation for any random events in Cosmology. Next, using the late time exponential
decay of cosmological OTOC with respect to the dynamical time scale of our universe
which is associated with the canonically conjugate momentum operator in this formalism
we study the phenomena of quantum chaos by computing the expression for Lyapunov
spectrum. Further, using the well known Maldacena Shenker Stanford (MSS) bound, on
Lyapunov exponent, A < 27/, we propose a lower bound on the equilibrium temperature,
T = 1/3, at the very late time scale of the universe. On the other hand, with respect to
the other time scale with which the perturbation variable is associated, we find decreasing
but not exponentially decaying behaviour, which quantifies the random quantum correla-
tion function at out-of-equilibrium. We have also studied the classical limit of the OTOC
check the consistency with the large time limiting behaviour of the correlators. Finally,
we prove that the normalized version of OTOC is completely independent of the choice of
the preferred definition of the cosmological perturbation variable.

Keywords: Cosmology beyond the standard model, Quantum Dissipative Systems,
Stochastic Processes, Effective Field Theories.

L This project is the part of the non-profit virtual international research consortium “Quantum Structures
of the Space-Time & Matter (QASTM)”.

© 2020 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202007.0038.v1
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/sym12091527

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 3 July 2020

Contents

1 Introduction

2 Formulation of OTOC in Cosmology

2.1
2.2
2.3

General remarks on OTOC

Eigenstate representation of OTOC in quantum statistical mechanics
Constructing OTOC in Cosmology

2.3.1 For massless scalar field

2.3.2  For partially massless scalar field

2.3.3 For massive scalar field

3 Quantum micro-canonical OTO amplitudes and OTOC in Cosmology

3.1
3.2
3.3
3.4

3.5

3.6

3.7
3.8

3.9

3.10
3.11

3.12

Computational strategy

Classical mode functions in Cosmology

Quantum mode function in Cosmology

Canonical quantization of cosmological Hamiltonian: Classical to quantum

map

Cosmological two-point and four-point “in-in” OTO micro-canonical ampli-

tudes

3.5.1 OTOC meets Cosmology

3.5.2  Fourier space representation of the commutator bracket: Application
to two-point OTOC

3.5.3 Fourier space representation of square of the commutator bracket
Application to four-point OTOC

Cosmological thermal partition function: Quantum version

3.6.1 Quantum vacuum state in Cosmology

3.6.2  Quantum partition function in terms of rescaled field variable

3.6.3 Quantum partition function in terms of curvature perturbation field
variable

Trace of two-point “in-in” OTO amplitude for Cosmology

OTOC from regularised two-point “in-in” OTO micro-canonical amplitude:

rescaled field version

OTOC from regularised four-point “in-in” OTO micro-canonical amplitude:

curvature perturbation field version

Trace of four-point “in-in” OTO amplitude for Cosmology

OTOC from regularised four-point “in-in” OTO micro-canonical amplitude:

rescaled field version

3.11.1 Without normalization

3.11.2 With normalization

OTOC from regularised four-point “in-in” OTO micro-canonical amplitude:

curvature perturbation field version

3.12.1 Without normalization

d0i:10.20944/preprints202007.0038.v1

16
16
19
23
30
36
37

41
43
47

50

ol
ol

53

o6
61
61
61

62
64

65

67
69

70
70
74

75
75


https://doi.org/10.20944/preprints202007.0038.v1
https://doi.org/10.3390/sym12091527

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 3 July 2020 d0i:10.20944/preprints202007.0038.v1

3.12.2 With normalization 75

4 Numerical results I: Interpretation of two-point micro-canonical OTOC

in Cosmology 78
5 Numerical results II: Interpretation of four-point micro-canonical OTOC

in Cosmology 93
6 Lyapunov spectrum and quantum chaos in Cosmology 98

7 Numerical results III: Interpretation of cosmological Lyapunov spectrum103

8 Classical limit of micro-canonical OTO amplitudes and related OTOC in

Cosmology 108
8.1 Computational strategy 108

8.2 Classical limit of cosmological two-point “in-in” OTO micro-canonical am-
plitudes 109

8.3 Classical limit of cosmological four-point “in-in” OTO micro-canonical am-
plitudes 111
8.4 Cosmological micro-canonical partition function: Classical version 114

8.4.1 Classical micro-canonical partition function in terms of rescaled field
variable 114

8.4.2 C(lassical micro-canonical partition function in terms of curvature
perturbation field variable 115

8.5 Classical limit of cosmological two-point micro-canonical OTOC: rescaled
field version 116

8.6 Classical limit of cosmological two-point micro-canonical OTOC: curvature
perturbation field version 118

8.7 Classical limit of cosmological four-point micro-canonical OTOC: rescaled
field version 118
8.7.1 Without normalization 118
8.7.2  With normalization 121

8.8 Classical limit of cosmological four-point micro-canonical OTOC: curvature
perturbation field version 121
8.8.1 Without normalization 121
8.8.2  With normalization 122
9 Summary and Outlook 123
A Asymptotic behaviour of the cosmological mode functions 129

WKB solution of the cosmological mode functions for time dependent
protocols 139

il


https://doi.org/10.20944/preprints202007.0038.v1
https://doi.org/10.3390/sym12091527

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 3 July 2020

C Quantum two-point OTO micro-canonical amplitudes for Cosmology 140

C.1 Definition of micro-canonical OTO amplitude Al(kl, ko; 71, T2) 140
C.2 Definition of micro-canonical OTO amplitude Ag(kl, ko; 71, 7o) 140
Quantum four-point OTO micro-canonical amplitudes for Cosmology 142
D.1 Definition of micro-canonical OTO amplitude 7A](k1, ko, k3, ky; 71, 70) 142
D.2 Definition of micro-canonical OTO amplitude 7A§(k1, ko, k3, ky; 71, 70) 143
D.3 Definition of micro-canonical OTO amplitude 7A§(k1, ko, k3, ky; 71, 70) 144
D.4 Definition of micro-canonical OTO amplitude ’ﬁ(kl, ko, k3, ky; 71, 70) 145

Computation of classical limit of four-point “in-in” OTO micro-canonical
amplitudes for Cosmology 146

Computation of quantum micro-canonical partition function in Cosmol-
ogy 149
F.1 Quantum micro-canonical partition function in terms of rescaled field variable149
F.2 Quantum micro-canonical partition function in terms of curvature pertur-
bation field variable 150

Computation of classical micro-canonical partition function in Cosmol-
ogy 152
G.1 Classical micro-canonical partition function in terms of rescaled field variable152
G.2 Classical micro-canonical partition function in terms of curvature perturba-

tion field variable 153

Computation of the trace of the two-point amplitude in micro-canonical

OTOC 154
Computation of the trace of the four-point amplitude in micro-canonical

OTOC 156
Time dependent two-point amplitude in micro-canonical OTOC 162
Time dependent four-point amplitudes in micro-canonical OTOC 164
K.1 Computation of Z; (7, 72) 165
K.2 Computation of Zy(7y, 72) 180
K.3 Computation of Z3(7y, 72) 181
K.4 Computation of Z,(, 72) 181
K.5 Computation of Zs(7y, 72) 182
K.6 Computation of Zg(7y, 72) 182
K.7 Computation of Z7 (1, 72) 183
K.8 Computation of Zg(7y, 72) 183
K.9 Computation of Zy(7y,72) 184

v

d0i:10.20944/preprints202007.0038.v1


https://doi.org/10.20944/preprints202007.0038.v1
https://doi.org/10.3390/sym12091527

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 3 July 2020

L Computation of the normalization factor in four-point micro-canonical

OTOC 185

L.1 Normalization factor of four-point micro-canonical OTOC computed from
rescaled field variable 185

L.2 Normalization factor of four-point micro-canonical OTOC computed from
curvature perturbation field variable 189

M Computation of the normalization factor in classical limit of four-point

micro-canonical OTOC 190

M.1 Normalization factor of the classical version of four-point micro-canonical
OTOC computed from rescaled field variable 190

M.2 Normalization factor of the classical version of four-point micro-canonical
OTOC computed from curvature perturbation field variable 192

N Thermal trace operation in terms of wave function of the universe in
Cosmology 194

References 195

d0i:10.20944/preprints202007.0038.v1


https://doi.org/10.20944/preprints202007.0038.v1
https://doi.org/10.3390/sym12091527

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 3 July 2020 d0i:10.20944/preprints202007.0038.v1

i - - L Al X
Al ST

This work is written in the memory of the great physicist Professor Freeman J. Dyson
with whom I had the chance to meet personally and discuss my work and understandings
during my visit at Institute for Advanced Studies (IAS), Princeton for the purpose of
participating at the Workshop on Qubits and Spacetime which happened on the first
week of December, 2019. Here I have to acknowledge the strong support from Professor
Juan Martin Maldacena, who had invited me for the mentioned prestigious workshop and
also the Max Planck Institute for Gravitational Physics (Albert Einstein Institute),
Potsdam, Germany for providing me the financial support to attend this workshop, also
for academic visit to the various renowned universities of United States of America
(Simons Center for Geometry and Physics-Stony Brook, Princeton, Stanford, Penn State)
and to visit at Perimeter Institute for Theoretical Physics (PITP), Ontario, Canada.


https://doi.org/10.20944/preprints202007.0038.v1
https://doi.org/10.3390/sym12091527

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 3 July 2020

d0i:10.20944/preprints202007.0038.v1

1 Introduction

The out-of-time ordered correlation (OTOC) [1-7] functions in the context of quantum
field theory at finite temperature is considered as a very strong probe of any kind of
stochasticity, randomness and quantum mechanical chaos in the present day research of
theoretical physics. Earlier it was only studied in the various condensed matter systems
where out-of-equilibrium phenomena plays significant role. The concept of OTOC was
first introduced in the computation of superconductivity to describe the vertex correction
of current [9]. But for the past few years theoretical physicist are applying this idea to
explore various unknown out-of-equilibrium features of various quantum field theories at
finite temperature and in the context of bulk gravitational theories. From the very common
understanding one can physically interpret OTOC as a quantum mechanical analogue of
the classical version of the sensitiveness against tiny random fluctuations in the initial
conditions, and particularly if we get exponential growth in the time dynamics of the
OTOC then it is treated as a very strong probe of quantum mechanical chaos 2. In terms
of the traditional physics one can think of this concept as the theoretical indicator of the
energy gaps, and in that connection it is very interesting to investigate that whether or
not the OTOC can be treated as a better probe of stochastic randomness and quantum
mechanical chaos at out-of-equilibrium.

To describe this in a more technical way, let us consider two quantum operators X ()
and Y (0), which are separated in time scale and using them OTOC is defined by the
following expression [1]:

How to define OTOC? C(t) := —([X(t), Y (0)]?) = _% Tr [exp (—BH) [X(1),Y(0)]] ,
(1.1)

where the thermal partition function is defined as:

1
Partion function: Z =Trlexp(—0H)] where § = T with kg =1 . (1.2)

Specifically in this context commutator of the two time separated operator in quantum
mechanics describes the effect of perturbation by the operator Y on the measurement of
the operator X on later time scales and the converse statement is also true here. In this
construction, we also assume that these two operators have zero one point functions. Now
if we fix these operators as, two canonically conjugate operators i.e. in terms of position
operator X (t) = ¢(t) and momentum operator Y (0) = p(0) for a quantum system, then
in the semi-classical limit, one can replace the commutator bracket of these two operators,
[q(t),p(0)], will be replaced by the Poisson bracket, i {q(t),p(0)}pg = ©(9q(t)/Iq(0)) (in

?In terms of Schrédinger time evolution it is very difficult to describe such quantum phenomena in
quantum mechanical systems.
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the natural unit system, where we take, A = 1). For classical system to have chaotic
description, (9q(t)/0q(0)) ~ exp(At), where \ is the Lyapunov exponent, which is appearing
as an outcome of the sensitiveness of the initial conditions. Consequently, if we compute
the expression of OTOC out of these two canonically conjugate quantum operators then
it will scale with resopect to time scale as, C'(t) ~ exp(2At), to achieve a quantum chaotic
description from this set up and here A is treated as quantum Lyapunov exponent. It is
expected from this discussion that, if we can able to quantize the classical chaotic system
properly then it can provide a positive numerical value of the quantum Lyapunov exponent
within the framework of OTOC. Following this discussion one can further distinguish
between the classical and quantum chaotic system, which comes from the computation
of OTOC and the time evolution of this shows that in quantum mechanics OTOC is a
quantity which does not grow with the evolutionary time scale of the quantum theory but
at the late time scales saturates to a constant value and in this literature this time scale is
identified as the Ehrenfest time scale. one can also describe this characteristic time scale
a critical scale after which the quantum mechanical wave function of the theory spreads
over the whole system under consideration for this description 3

As we have already mentioned in the present day research the concept of OTOC getting
more attention due to the fact that, it can be served the purpose of a strong theoretical
probe of possible bulk gravitational dual theories, in terms of the framework of AdS/CFT
correspondence [10, 11]. One can quote here many many examples to feature the impor-
tance of the OTOC’s in the context of AAS/CFT. One of the famous examples are the
study of the existence of shock waves in the black hole physics [12-15, 17] which can be
described by various types of geometries and this specific study finally led to maximum
saturation bound of the quantum version of the Lyapunov exponent (M), given by the
following expression [1]:

2
M(aldacena) S(henker) S(tanford) bound : X < % with h=1,c=1, kg=1 .(1.3)

which is appearing in the expression for OTOCs at finite temperature. This well known
bound was established by Maldacena, Shenker, Stanford, which is commonly addressed as
MSS bound on quantum chaos these days [1]. In gravitational paradigm, this saturation
bound is physically interpreted as the red shift factor near the black hole event horizon
having a finite Hawking temperature. In this description, Sachdev-Ye-Kitaev (SYK) model
[16, 18-27] is the most famous example at present which can able to saturate the MSS bound
very successfully, which describes the quantum mechanical model of Majorana fermions in
presence of infinitely long disorder. In the context of SYK model the saturation of the MSS
bound corresponds to a quantum mechanical description of the black hole paradigm within

3In a very rough sense, very crudely also this characteristic time scale is identified as the transition
time scale which describes the phase transition from a particle description to a wave description of the
quantum mechanical wave function.
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the framework of AdS/CFT correspondence. Most significantly, it is important to note
that the appearance of quantum Lyapunov exponent in the computation of OTOC allows
to consider the connection with the bulk gravitational physics in the quantum mechanical
regime by applying the understanding from AdS/CFT correspondence. From the detailed
past study in this literature we already know that any bulk gravitational physics which have
their own dual description are described by the strongly quantum mechanical description.
So from the present discussion it is evident that, to connect this description with the
phenomena of quantum mechanical chaotic picture we explicitly need to have an analogous
description of quantum Lyapunov exponent, which will mimic the role of the well known
Lyapunove exponent as appearing in the description of chaotic dynamical classical systems
and to serve this purpose successfully, OTOC is the only strongest probe which can be
treated as the physical discriminator of the classical and quantum mechanical description
in the present context of discussion.

Now, we will talk about something very unusual from the perspective of applying the
framework of the computation of OTOC in a completely different framework in which
we are mostly interested in this paper. This is nothing but cosmological application of
OTOC from our own universe. Initially anyone can think that this is just a crazy idea and
the final result will not give any physically relevant information regarding cosmological
OTOC. We are completely ok with this initial thought. But gradually once we proceed in
this paper by detailed computation we will try to convince the general readers regarding
the strong applicability of OTOC within the framework of Cosmology. Before going to
discuss this feature in detail we will first start with some basic understanding from the
study of Cosmology, which will surely helps to understand the background physical mo-
tivation of this crazy computation of OTOC in cosmological paradigm. In the quantum
mechanical description of Cosmology, which is mostly used to describe the early universe
physics the most significant quantity that we study are the N-point correlation functions
of the cosmological scalar fluctuations or the tensor fluctuations or the mixture of them
[28-32]. These quantum fluctuations are originated from a geometrical and a very funda-
mental quantity of the study of Cosmology, which is the well known classical gravitational
background metric. To describe the observationally relevant universe in the cosmological
scales it is a very general practice to consider the Friedmann-Lemaitre-Robertson-Walker
(FLRW ) background metric of our space-time which is an exact solution of Einstein’s field
equations within the framework of General Theory of Relativity and describes, a homoge-
neous, isotropic and expanding universe. However, the most general solution of the metric
contains an additional curvature parameter, which one can fix to be zero by considering
the present to observational data obtained from various observational probes of Cosmol-
ogy. So this implies that, spatially flat FLRW metric is sufficient enough to describe most
of the observationally consistent aspects within the framework of Cosmology [33]. For
this reason we will stick to this background metric only for the rest of the discussions of
this paper. Using this metric one can study the cosmological perturbation theory from
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which one can explain the origin of previously mentioned scalar and tensor fluctuations,
which are treated to be quantum to describe the physics of early universe and for the
late time scale it is considered to be classical in nature. These quantum fluctuations are
very fundamental objects in the context of Cosmology from which all N-point correlation
functions can be computed in Fourier space and these results can be used to probe the
physics of early universe as well as to comment on its impact on the present day galaxy
and cluster formation in large scale structure non-linear cosmological perturbation theory.
Apart from having a great understanding the computation of these correlation functions
of the quantum fluctuations at thermodynamic equilibrium, we have till now have a lot of
constraints and limitations from the observational probes. From cosmological observations
till now we have information regarding the amplitude of the primordial power spectrum
from scalar mode fluctuations * [34] and about its nearly scale invariance feature with re-
spect to momentum scale °. Additionally, we have information regarding upper bound on
the tensor-to-scalar ratio © at the cosmological horizon scale from the observational probes.
No other information regarding the higher point (three and four-point etc.) cosmological
correlation functions are not available till now with significant statistical accuracy which
can also be treated as the probe of new physical phenomena through non-Gaussianity in
the primordial Cosmology. This implies that, just using the present observational probes
one cannot able to distinguish amongst various possible origin of primordial quantum me-
chanical fluctuations and rule out models which describes inflationary paradigm within
the framework of Cosmology. So one can immediately ask about a questions regarding the
possible options left to explore the physics of primordial quantum fluctuations:

e Possibility I:
The first possibility pointing towards the future observational aspects which can be

probed by different ongoing and upcoming experiments to verify various theoretical
features of primordial Cosmology. The most significant quantity using which it is
possible to understand the underlying quantum field theory origin of the primor-
dial physics is tensor-to-scalar ratio. Detection of this observable with high statisti-
cal accuracy will provide us the information regarding the generation of primordial

4This is actually represent the amplitude of the cosmological two-point correlation function of scalar
mode quantum fluctuations in Fourier space.

5This constraint will helps us to determine the feature of the primordial power spectrum for scalar
modes in all cosmological momentum scales. Till now from observational probes only the information
regarding the spectral index (which is represented by the logarithmic derivative of the logarithm of the
power spectrum at the cosmological horizon crossing scale) with high statistical accuracy is available. Any
further information, such as running and the running of the running of the scalar spectral index are not
available with any significant statistical accuracy.

6Tt represents the ratio of the amplitude of the power spectrum from tensor and scalar modes fluctuation
and in terms of quantum description it represents the ratio of the two-point cosmological correlations. This
is a very important observable in Cosmology the determination of which with high statistical accuracy will
directly confirm the existence of gravitational waves in primordial cosmology and can also further able to
fix the origin of primordial fluctuations by exactly determining the scale of inflation.
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gravitational waves, which will further confirms the exact origin of the primordial
quantum mechanical fluctuations by exactly estimating the scale of inflation. Not
only discriminating different frameworks of inflationary paradigm, but also the ex-
istence of alternatives to inflationary frameworks i.e. bouncing cosmology, cyclic
cosmology, ekpyrotic scenario etc. can also be verified by the confirmation of the
primordial gravity waves. The next important quantity within the framework of pri-
mordial Cosmology is study the existence of non-Gaussian features in the quantum
mechanical fluctuations and the probability distribution profile of its related correla-
tion functions. For this purpose the study of bispectrum and trispectrum, which are
basically representing the momentum dependent amplitude of the three-point and
four-point correlation function are very important. In near future through the up-
coming cosmological missions if it is possible to detect these non-Gaussian amplitudes
with high statistical accuracy then it is further put more stringent constraint on the
primordial physics. This is because of the fact that, the probability distribution of
such quantum fluctuations in the primordial universe is almost following Gaussian
profile and a small but significant deviation from such Gaussianity will be extremely
helpful to discriminate amongst various possible theoretical models of inflation which
can able to generate significant amount of non-Gaussian amplitude in the context
of three-point and four-point correlation functions. We are very hopeful for the de-
tection of these important observables in near future cosmological experiments. For
this purpose one needs to upgrade the present experimental tools and techniques or
have to wait for upcoming future advanced experiments, which can able to measure
these mentioned observables with high statistical accuracy.

Possibility II:
The second possibility is pointing towards the probing of new physical concepts

by incorporating additional but significant features within the framework of early
universe Cosmology. Till now all of the features are studied by considering the fact
that the quantum fluctuations appearing in the primordial universe is at thermal
equilibrium. But if the quantum mechanical system which we use to study to describe
the early universe Cosmology are not in thermal equilibrium then quantifying the
quantum correlation functions within the framework of finite temperature out-of-
equilibrium quantum field theory of Cosmology is extremely difficult to compute and
till now in the literature of Cosmology no such framework is available using which
one can pursue this specific computation. On the other hand, anybody can ask
us here why at all computation and quantification of all such quantum mechanical
correlation function for the primordial Cosmology describing a out-of-equilibrium
is important at all and if these ideas can be provided theoretically then in which
stages of the evolutionary scale of our universe this can be really implemented? The
answer is very simple and it is already hidden there in the study of the early universe
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Cosmology. In the following we now explicitly mention about these phenomena where

this methodology can be applicable:

1. Stochasticity and particle production during inflation:

During the epoch of inflation we describe the physics of inflationary paradigm
with scalar field which have a negligible mass compared to the Hubble scale,
which is treated as the reference characteristic scale of early universe Cosmology.
However, during inflation many particle produces in a stochastic manner which
have masses either of the order of Hubble scale or have mass very heavier than
the Hubble scale. These particles are commonly known as partially massless or
heavy scalar fields whose origin can be explained from the randomness appearing
in the quantum mechanical stochastic fluctuation appearing in the early uni-
verse where various unknown out-of-equilibrium features play significant role.
But it is extremely difficult to quantify or describing this phenomena correctly
at the out-of-equilibrium regime of quantum field theory which consistently de-
scribe a quantum mechanical theory of primordial Cosmology. Additionally it
is important to note that, during the stochastic particle production during in-
flation due to the presence of randomness noise plays significant role to describe
the quantum mechanical phenomena during this particular epoch in the cosmo-
logical evolutionary time scale. However, we have a very small understanding
regarding the time dependent random noise within the framework of out-of-
equilibrium quantum field theory till now. Only in some specific situations if
we provide some additional constraints on the two-point and the one-point cor-
relation of the time dependent noise, which have the Gaussian probability distri-
bution profile one can deal with noise. But such analysis within the framework
of quantum field theory is not exactly correct which in turn could not able to
gives us the correct predictions from the quantum theory of early universe. One
the other hand, we really don’t know about the nature of the time dependent
noise which we are studying in the present context. This means we don’t know
that whether the time dependent noise have Gaussian or non-Gaussian proba-
bility distribution profile, which information can be directly understandable if
we really know the exact computation of N-point correlation functions of time
dependent noise in cosmology. A lot of attempts have been made within the
framework of quantum-field theory to study the quantum mechanical features
and the related N-point correlation functions to study the exact nature, be-
haviour and magnitude of the noise. However, apart from having the rigorous
attempt it is not completely known about the detailed quantum filed theory
structure from which one can reliably compute such correlation functions in
quantum mechanics. Here lies one of the prime motivations to write this paper.
Our expectation from the presented computation of this paper is that the cos-
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mological version of OTOC defined in a specific quantum mechanical vacuum
state, which actually describes the initial condition in early universe Cosmol-
ogy, describes the randomness and stochastic features of quantum mechanical
fluctuations in the out-of-equilibrium regime in a perfectly correct fashion. This
is just not an arbitrary claim, but also one can appear at such conclusion by
considering the basic understandings of the background physical phenomena
which describes the particle production mechanism during the epoch of infla-
tion. Throughout our paper we have explicitly established the framework for
the first time in Cosmology literature using which one can explicitly perform
the computation of the cosmological correlation functions of the random quan-
tum mechanical fluctuations in the out-of-equilibrium regime of quantum field
theory. Instead of studying the quantum correlations with the time ordered
or the anti-time ordered physics, in the present context cosmological OTOC
functions are playing significant role to describe the underlying hidden features
of out-of-equilibrium physics to describe the stochastic randomness during the

particle production mechanism during inflation .

2. Reheating:
Reheating is an epoch in the evolutionary time scale of our universe which
appears just after inflation. During inflation the inflaton field started slowly
rolling through the valley of the inflationary potential under consideration and
it is expected that after a certain time the inflaton field will reach the stable
minimum of the potential and the inflationary mechanism just stops there. But
is the the end of the story? Obviously it is not the end. Once the inflation ends
the inflation field started oscillating around the stable minimum of the potential
and started interacting with the valley of the potential as well as some other
filed, which we identify as the reheaton, the field who is mostly responsible for
reheating ®. As a consequence of such interactions enormous amount of heat
is generated and the quantum mechanical system that we are studying imme-
diately goes to its out-of-equilibrium phase. From the previous understanding
of the subject it was extremely difficult to determine the quantum effects in
terms of studying the quantum correlations in this out-of-equilibrium phase.

"Here it is important to note that, the Random Matriz Theory is an another alternative framework
using which one can compute these quantum mechanical cosmological correlation functions within the
framework of out-of-equilibrium quantum field theory [35, 36].

81t is important to note that, in the Cosmology literature there exists a few models of inflation where
reheating is not required and without having any reheating phase in those models one can able to describe
the genesis of the dark matter candidate theoretically. However, these models are very small in number and
the construction of these models relies on various underlying assumptions, which may not be completely
correct as far as the technical rigour of the quantum field theory for Cosmology is concerned. So for our
discussion we stick to the general models of inflations which are developed from more reliable version of
UV complete theories at very high energy scale and these models has to have the reheating phenomena in
the evolutionary cosmological time scale of our universe.
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I have to thank my student Baibhab Bose from the QASTM group for drawing this
interesting diagram for this paper. This picture actually contains the motivation of
writing this paper and its connection with various other interesting aspects of quantum
field theories. Also this diagram establish the connection among condensed matter
physics and quantum statistical mechanics with cosmology. However, Baibhab presented
me as a crazy person with four hands, just like lord Ganesha as appearing in Hindu
mythology. Only I don’t have any elephant trunk.
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The background philosophy of the paper is presented in this diagram. our prime
motivation is to find out the quantum correlation functions in the context of Cosmology
within the framework of out-of-equilibrium quantum field theory. This diagram also
shows our achievements from this paper and how the obtained results can help us to
study various unexplored issues in the context of early universe cosmology.
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But it is expected from our basic understanding of quantum statistical mechan-
ics that if we wait for long cosmological time scale then the system reaches
the equilibrium where it is possible to associate an equilibrium reheating tem-
perature associated with the system. After reaching equilibrium the reheaton
field started decaying to some new particle contents which are responsible to
describe the genesis of dark matter in the early universe Cosmology. That
means without explaining the detailed quantum aspects throughout the total
cosmological time scale in detail it is impossible to study the genesis of the dark
matter contents of our universe and this actually motivates us to study this
hidden unexplored phenomena in this paper. Till now we have very less de-
scription available regarding the quantum mechanical aspects during the epoch
of reheating. Only the quadratic and quartic inflationary models are studied
from phenomenological in this context and it is till unknown how to quantify
and estimate the quantum mechanical correlations and study the detailed quan-
tum field theory aspects of reheating. On the other hand, as we have already
mentioned that it is extremely important to determine the quantum mechanical
correlations during this epoch to study the genesis of the dark matter contents
where the principles of out-of-equilibrium quantum field theory will play signif-
icant role. But till now there is no such significant inputs are available from the
theory side which can be able to provide us the relevant tools and techniques
to compute such quantum mechanical correlation function and study various
other quantum field theory aspects related to reheating at out-of-equilibrium.
In this paper, we have established a detailed quantum field theory framework
at out-of-equilibrium phase which helps us to quantify the extremely relevant
quantum mechanical correlation functions in terms of OTOCs. the methodol-
ogy presented in this paper not only helps us to quantify the correlation at the
out-of-equilibrium phase, but also provides us a detailed understanding about
the equilibrium behaviour of the correlation functions at the large time limit
in the cosmological time scale. Additionally, this detailed study through the
cosmological generalization of OTOCs helps us to determine a lower bound on
the reheating temperature in a completely model independent way. From the
previously available understanding of the subject it was possible to give an esti-
mate of the reheating temperature in a completely model dependent way after
knowing about the relativistic degrees of freedom which are participating during
the epoch of reheating. But apart from having a model dependent expression
that expression actually relies on the scale of inflation completely, which is not
known from the observation side till now. Only an upper bound on the scale
of inflation in terms of the tensor-to-scalar ratio is known from the observa-
tional probes till now. So the previously described method of determining the
reheating temperature is not very reliable and only helps us to know about the

11
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upper bound on the reheating temperature in a completely model dependent
way. On the other hand, the present study helps us to determine the exact time
dependent behaviour of the reheating temperature and additionally provides a
lower bound on reheating temperature which we have derived in a completely
model independent way. As we proceed through the subject material of the
paper one can have a clear understanding about each of our big claim which we
have explicitly established with detailed analysis.

. Stochastic inflation:

Stochastic inflationary paradigm is a very important aspect of the early universe
Cosmology whose technical construction is completely different from the usual
inflationary paradigm. To have inflation from a model which is derived from
some UV complete high energy quantum field theories we don’t need any addi-
tional source, time dependent scalar inflaton field slowly rolls down through a in-
flationary potential and participate in the quantum field theory using which one
can explicitly compute the N-point correlation functions within the framework
of early universe Cosmology. But in the framework of stochastic inflationary
paradigm a time dependent stochastic random source function play significant
role to study the background construction of the quantum field theory. More
precisely, here we have two fields, the inflaton and a stochastic random time
dependent noise field, where both of them are participating to carry forward a
correct quantum field theory construction of inflationary paradigm within the
framework of early universe Cosmology. To construct a correct and consistent
version of these type of quantum field theories one needs to start with a theory
where the time dependent inflaton and the stochastic random time dependent
field coupled to each other. In most of the previous literature, during the con-
struction of these type of quantum field theories the correlation between the time
dependent noise using which one can compute the N-point correlation function
using the time dependent inflation to study the role of quantum mechanical
fluctuations in the early universe Cosmology. In this theoretical construction,
the correlation between the noise acts as a source of the correlation between
the inflaton. But can’t say concretely about the exact behaviour of the noise at
the starting point of the computation. Most of the computation till now have
performed in this literature by assuming the underlying Gaussian behaviour
of the probability distribution of the time dependent stochastic noise function.
As a consequence of this assumption one can now expect that the one-point
function and any odd point correlation function of the time dependent stochas-
tic noise vanish trivially. On the other hand the two-point function has to de
proportional to a time translationally invariant Dirac Delta function and the
proportionality constant actually determine the amplitude of two-point correla-
tion function, which we identify as the power spectrum of the time dependent
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stochastic noise in the context of early universe Cosmology. One can also com-
pute any other higher point even correlation functions from this construction,
where one can explicitly show that the connected part of these correlations
are factorizable in terms of the two-point function or the Green’s function of
the theory which we are considering to describe the background quantum field
theory of early universe Cosmology. If we believe that the initial assumption
regarding having a Gaussian probability distribution of time dependent stochas-
tic noise is perfectly correct then everything we have mentioned above are the
automatic consequence of that and using these information one can determine
the N-point correlation function from the inflaton field consistently. Here the
type of the noise we have pointed which follow the Gaussian probability distri-
bution is commonly known as the white noise within the framework of quantum
field theory. But unfortunately we really don’t have any idea if the assumption
that we have taken at the starting point is correct at all or not when one can
think of any arbitrary stochastic randomness within the framework of quantum
field theory. This allows to think about considering non-Gaussian noise, which
commonly identified as the coloured noise in the present context. However, if
we have some time dependent stochastic coloured non-Gaussian noise then it
is extremely complicated to determine the quantum correlations between the
noise and hence the N-point quantum correlation for inflaton field which is
sourced by the coloured noise time dependent profile. Also it is expected that
the random quantum fluctuations in the stochastic noise is the prime source for
which the background equilibrium quantum filed theory set up goes to its out-of
equilibrium phase, where we have very less information regarding the cosmolog-
ical correlation functions within the framework of quantum field theory of early
universe Cosmology. This actually motivates us to think about some alterna-
tive construction of computing the N-point quantum correlation functions due
to the presence of coloured time dependent noise profile and in this paper by
constructing the cosmological version of OTOC we have tried to address this
crucial issue in a alternative way within the framework of out-of-equilibrium
quantum field theory.

4. Quantum quench in Cosmology:

The study of quantum mechanical quench in presence of time dependent random
coupling and its consequences in quantum correlation functions in Cosmology
is a very important topic of study in the context of theoretical physics. Till
now this is not very well understood and studied in the context of Cosmology.
In the earlier literature for various statistical mechanical and condensed matter
systems quantum quench have been studied rigorously, but its extension in the
framework of early universe Cosmology will provides us the understanding of
the thermalization phenomena and the details of the achieving thermal equilib-
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rium from an out-of-equilibrium phase in presence of a random time dependent
coupling parameter. One can start with various possibilities here where in each
cases theries are minimally coupled with classical FLRW conformally flat cos-
mological metric in a minimal fashion. The first and the simplest possibility is
appearing in free scalar field theory where we consider a time dependent mass,
which is a random coupling parameter within the framework of quench. The
second possibility appears within the framework of an interacting quantum field
theory where one can consider a situation where two scalar fields with constant
mass are interacting with each other in presence of a random time dependent
coupling parameter. If we treat the interaction term between the two scalar
fields are quadratic then constructing the effective theories of each scalar fields
becomes simpler after performing the path integration over the other unwanted
scalar field for the description. In the quantum description sometimes this is
identified to be the partial trace operation when we are describing everything in
terms of density matrix and similar approach have been followed in the context
of quantum field theories driven by an open quantum system, where the system
is non-adiabatically interacting with the environment. One can further gener-
alize this idea for N number of scalar fields which are placed at the thermal
bath and interacting with a system which is described by a singe scalar field. In
terms of the interaction here one can consider the quadratic or any other non
linear interactions. This description one can identified to be the quantum field
theory generalization of the well known Feynman-Vernon model of influence
functional theories or the Caldeira Leggett model which describes the quantum
dissipation phenomena in the Quantum Brownian motion picture within the
framework of early universe Cosmology. Considering these mentioned frame-
works one can explicitly compute the OTOCs using the methodology presented
in this paper to study the quantum mechanical N-point out-of-time ordered
correlation functions in presence of a quantum mechanical quench within the

framework of out-of-equilibrium version [37-40] of open quantum field theory
of Cosmology [41-44].

Now, we mention the prime highlights of our obtained results in this paper, which we
strongly believe will further help to know about many more unexplored features of cosmo-
logical quantum correlations within the framework of out-of-equilibrium version of quan-
tum statistical field theory:

e Highlight I:
The methodology presented in this paper helps us to quantify the quantum mechan-
ical correlation functions within the framework of Cosmology in presence of random
quantum fluctuations. In this connection, we have computed the expressions for the
two-point and four-point cosmological OTOC in the quantum regime which will pro-
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vide the behaviour of the correlation functions in the out-of-equilibrium regime of
the quantum field theory of early universe Cosmology.

Highlight II:
We have additionally have studied the classical limiting version of the two-point and
four-point cosmological OTOCs which will provide the decaying large time behaviour

of the correlation function, which are perfectly matching with the expectations from
the chaotic phenomena in the classical regime of the field theory.

Highlight III:
The large time limiting behaviour of the four-point OTOC helps us to comment on

the equilibrium behaviour of the quantum correlations and to determine the lower
bound of the equilibrium temperature. Using this concept one can further determine
the lower bound on the reheating temperature within the framework of early universe
Cosmology.

Highlight TV:
We have also studied the quantum Lyapunov spectrum for Cosmology and computed

the associated quantum Lyapunov exponent to have a consistent chaotic description
in the quantum regime from the four-point cosmological OTOC derived in this paper.

Highlight V:
We have explicitly proved from our detailed computation that the results obtained

from the normalized version of the four-point cosmological OTOC is completely in-
dependent of the choice of the time dependent perturbation variable as appearing in
the specific scheme of the cosmological perturbation theory.

By seeing the length of the paper one may feel very scared. Don’t worry at all. After
reading this paper we strongly believe that the readers can get to know about something

very interesting which was not presented earlier in any Cosmology paper. The study

material and the obtained results of this paper are organized as follows:

e In the section (2), we discuss how one can formulate the OTOC in the context of
Cosmology and what exact quantity we have to compute for this study.

e In the section (3), we discuss about the detailed computation of quantum micro-
canonical two-point and four-point OTO amplitudes and the related OTOC in Cos-
mology.

e In the section (4) and section (5), we present the numerical results obtained from

the two-point and four-point OTOC and also discuss about its physical significance
in Cosmology.

15
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e In the section (6) and section (7), we present the detailed computation for Lya-

punov spectrum, study the quantum chaotic phenomena, numerically study the ob-
tained results and its physical impact in the context of Cosmology.

e In the section (8), we discuss about classical limit of micro-canonical two-point and
four-point OTO amplitudes and the related OTOC in Cosmology.

2 Formulation of OTOC in Cosmology

2.1 General remarks on OTOC

In this section, my prime objective is to study the out-of-equilibrium physics in the infla-
tionary patch of De Sitter space time. In the context of quantum field theory the time
dynamics of the out-of-equilibrium physics is described by the out-of-time ordered corre-
lation (OTOC) function, which is typically defined by the following expression:

Thermal OTOC : Ct) := —([X(1),Y(0)])s, (2.1)

where (- - )z represents the thermal average which is taken using one parameter family «
vacua and Bunch Davies quantum vacuum state in De Sitter space. Here, X (¢) and Y (¢)
are quantum operators are defined at time scale ¢ in the Heisenberg representation. For
any quantum operator O(t) the thermal average is technically defined as:

1

Thermal average : (Ot))p = 7 Tr [e P7O(1)] | (2.2)

where Z is the thermal Partition Function, which is defined as:
Thermal partion function : Z =Tr [e*BH} . (2.3)

Here, H is the quantum system Hamiltonian under consideration.
Further using Eq (2.2) and Eq (2.3) in Eq (2.1), we get the following simplified expression
for the out-of-time ordered correlation (OTOC) function:

Tr [e =1 [X (), Y (0))] e~PH

c(t) = — Te [e- 7] =—Tr

where we have used the fact that the thermal density matrix is defined by the following
expression:

—BH

Z

e

Thermal density matrix : p =

(2.5)
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Here it is important to note that the OTOC is defined in terms of the square of the quantum
mechanical commutator bracket of two quantum operators separated by a time scale t
because its connection to the classical Poisson bracket and the exponentially divergent
trajectories expected in the context of classical description of chaos.

Thermal average of the quantum mechanical commutator bracket of two quantum op-
erators not allowed to describe chaos in the present context. To understand the actual
physical reason behind this fact let us assume that the commutator bracket is replaced
by the Poisson bracket by considering the semi-classical limit. In this situation the Pois-

ALt where Aj represents

son bracket shows an exponential growth with respect to time, e
the Lyapunov exponent which quantify chaos. Now if we take the thermal average of the
commutator bracket representing two point OTOC function then both the contributions
are cancelled in the semi-classical limit and will not finally contribute to quantum chaos.
On the other hand, from the quantum field theory point of view the two point thermal
averaged function, captures the effect of correlation between the two quantum Hermitian
operators, which decay in the large time limit and cannot characterise the chaotic be-
haviour at all. Instead of that if we consider the square of the commutator bracket, which
actually represents the four-point function, after transforming it to the Poisson bracket in
the semi-classical limit it takes positive signature, which implies no cancellation for both
the contributions. Thermal average of this non trivial contribution further quantify quan-
tum chaos. Similarly, in the quantum picture the four-point thermal averaged function, not
decays exponentially with respect to time at the large time leading order limiting result.

Similarly, to define the quantum chaos the thermal average of the three point as well
as any odd point correlation function of the quantum mechanical operators are also not
allowed to define OTOC. This can be easily verify using the well known Kubo Martin
Schwinger (KMS) condition, which can be demonstrated by applying Schwinger Keldysh
formalism of the closed time path formulation of real time finite temperature field theory.
After applying KMS condition on the any odd point thermal averaged function one can
explicitly show that each of the contributions from the odd point function vanish trivially
and consequently will not contribute to quantify quantum chaos in terms of odd point
OTOC.

A quantum mechanical system is treated as a chaotic system if the quantum mechanical
commutator squared exponentially grow with time, which is technically expressed as:

1
C(t) ~ =3 et (2.6)

where the exponential growth is characterised by the Lyapunov exponent A;. Also, N
represents the number of degrees of freedom of the system under consideration. In more
technical ground this phenomena of the exponential growth is related to the fast scrambling
in the present context. Here the time scale corresponding to fast scrambling is expected to

17
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lie within the interval, tq < t < t,, where

1
Dissipation time : ta~ = T (2.7)
is the dissipation time scale which is the inverse of the temperature in De Sitter space and

the upper bound of the scrambling time is defined as:
. . 1
Scrambling time : ty ~ " log N . (2.8)
L

On the physical ground, time scale associated to scrambling represents the associated time
scale for a perturbation involving a few degrees of freedom to spread over all the degrees
of freedom of the quantum mechanical system under consideration. In this connection it
is important to note that, any quantum mechanical operations performed after the time
interval for scrambling for a certain number of degrees of freedom can’t able to re-track
the quantum information associated with the perturbation.

Further, expanding the right hand side of the Eq (2.1) we get the following simplified
expression for the OTOC, as given by:

C(t) = (XY ()Y (0)X ()5 + (Y (0)X ()X ()Y (0))5 — 2 Re [(Y(0) X (£)Y(0) X (1))]. (2.9)

It is important to note that the first two terms representing two different thermaql averaged
four-point function appearing in the above expression for OTOC can be factorized in terms
of the two point thermal averaged function over the dissipation time scale t; ~ [ as given

~ (X ()X ()Y (0)Y(0))5 + O (e7/1a) (2.10)
~ (X ()X ()Y (0)Y(0))g + O (7). (2.11)

Consequently, over the dissipation time scale t; ~ S the full expression for the OTOC can
be factorized as:

C(t) =2 {(X(0)X ()Y (0)Y(0))s — Re [(Y (0)X ()Y (0)X ())s]} + O (7). (2.12)

Here (X (t)X(t))s represents the thermal two point function of the quantum operator X (¢)
which is actually perturbed by the insertion of the quantum operator Y (0) in terms of
the thermal two point function (Y (0)Y(0))s. It is important to note that if the insertion
energy of the quantum operator Y (0) is small enough, then the quantum state will relax
with respect to the time scale and the corresponding expectation value (two point function)
of the quantum operator Y (0) will approach to the thermal expectation value multiplied

18
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by the norm of the quantum mechanical state °. Consequently, beyond the dissipation time
scale t > t; ~ (8, the normalized OTOC can be expressed by the following expression:

C(t) QQ{L_RdﬁﬁmXﬁﬁﬂmX@»d
(X X)s(Y (0)Y(0))s (X)X (1))s(Y (0)Y(0))5

Additionally, it is important to note that, late time vanishing behaviour of the OTOC for

C(t) =

quantum mechanical systems are equivalent to the saturation of the square of the normal-
ized thermal expectation value of the square of the commutator and this can be expressed

At

by the exponential time dependent growth e*2*, where A\, is the Lyapunov exponent. Con-

sequently we get:

ol oL 1 (R Y OX(OY (0)X (1)
C“)”{l e *O(M)} = gl (N <X<t>X<t>>ﬁ<Y<o>Y<o>>g)’

where the number of degrees of freedom N scaled as:

1
N~——=v8min Mp=1, (2.15)
VGN
which is a very large number in terms of the energy scale and of the order of the cut-off of
the quantum gravity cut-off scale i.e. Planck scale.
Here, the Lyapunov exponent, A\, satisfy the following saturation bound for quantum
chaos:

d0i:10.20944/preprints202007.0038.v1

}~+(9(6_U”). (2.13)

(2.14)

2 1
Bound on Lyapunov exponent : A < % =27T  where [ = T with h=1=rc. (2.16)

This implies the exponential time dependent growth of the real part of the time dependent
thermal correlation function, which is given by the following upper bound:

Re [(Y(0O)X ()Y (0)X(1))s] _ 1
(X X))V (0)Y(0))s — N?

Bound on normalised four point function :

2.2 Eigenstate representation of OTOC in quantum statistical mechanics

Now, instead of discussing further about the general definition of OTOC, we now con-
centrate on the eigenstate representation OTOC, using which many quantum systems can
be analysed very easily. In this eigenstate representation we start with two canonically
conjugate operators, ¢(t) and p(0), which are separated in time scale. In this context, at

91t is a very well known fact that the time ordered correlation functions decay over the dissipation time
scale t4 ~ [ to the products of the expectation value of the quantum operator with respect to the thermal
quantum mechanical state.
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finite temperature the OTOC is defined as:

O(t) = —([a(t), p(0)]*)s - (2.18)

Here f = 1/T is the temperature of the quantum system under consideration. Next
considering the energy eigenstates as the required basis of the Hilbert space, we can further
rewrite the OTOC as:

O 7 ) D) wlt) (219

7 Thermal Boltzmann factor pficrocanonical OTOC

Thermal partition function
NS >

Thermal OTOC

where the time dependent coefficient g, (t) is defined by the following expressions:
Microcanonical OTOC : g, (t) = —(n|[q(t), p(0)]* |n) . (2.20)

Here |n) is the energy eigenstate of the quantum system under consideration, which satisfy
the following eigenvalue equation:

Time independent Schrédinger equation :  H|n) = E,|n) , (2.21)

where H is in general any time independent Hamiltonian of the quantum system under
consideration. This is basically the fixed energy eigenstate representation of OTOC for
which in this context the time dependent coefficients g, (t) for a given energy level is iden-
tified to be the OTOC computed in the microcanonical statistical ensemble. On the other
hand C(t) represents OTOC at finite temperature or thermal OTOC, as in the eigenstate
representation an additional Boltzmann factor is involved. This implies that once we com-
pute the expression for the OTOC for a microcanonical type of statistical ensemble then
one can easily obtain further the expression for the OTOC at finite temperature after
taking the thermal average of g, (t).

Now to simplify the expression for microcanonical OTOC, g, () it is better to express
this in terms of the matrix elements of the previously mentioned canonically conjugate
operators, ¢(t) and p(0), respectively. To implement this strategy we need to use the
following completeness relations of the energy eigenstates:

> fn)n| =1. (2.22)

Consequently, the microcannical OTOC can be expressed in terms of the required matrix
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elements as:
9a(t) = Y Lam(t) T3 (1), (2.23)
where the matrix element Z,,,,(t) is defined as:
Lnm(t) = —t(n| [q(2), p(0)] |m). (2.24)
Here one can note a basic property of this matrix Z(¢) is that it is Hermitian, which implies:
Zr (t) = Ln(t). (2.25)
Consequently, the expression for the microcannical OTOC can be further simplified as:

= 3 L) T 1), (2.26)

Further, considering the operator representation in Heisenberg picture one can write the
time dependent operator ¢(t) as

q(t) = e'q(0)e " (2.27)
Consequently, the matrix element Z,,,(t) can be computed as:

Tum(t) = —i Y [€25% g1 (0)prm (0) — €25 (0) ginn (0)] (2.28)
k

where we define AE,,,, ¢m(0) and p,,,(0) by the following expressions:

AE,, = E, — Ep, (2.29)
G (0) = (nq(0)|m), (2.30)
Prm(0) = (n[p(0)|m). (2.31)

As we know any kind of general any N particle Hamiltonian of a quantum system can be
represented by the following expression:

N
H=>Y p}+Ulg, - qn)- (2.32)

i=1

Here we have assumed that each of the N particle have the same mass, m; = 1/2 V i =
1,---,N. Using the above mentioned general form of the Hamiltonian one can further
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simplify the expression for the matrix element Z,,,,(t), which is given by:
1 ) )
Inm(t) = 5 Z an(O)ka(O) [EkaZAEnkt - EnkelAEkmt] ) (233)
k

where I have used the following fact:

P (0) = {lp(O)ln) = £ (m| [H(0), a(0)] 1) = & Byt 0) (2:34)

Consequently, the microcanonical OTOC is computed as:

00 = 3 33 4k 010 (0)g0n 0)
. SX [EkmeiAEnkt . EnkeiAEkmt} [EsneiAEmst . EmseiAEsnt]
= S )0 (0 (0)
m k s
x [EkmEsnem%st + BBy ™Brment — B, B, ei8Bemmst _ EkmEmsei@Tmt} . (2.35)

—_ N /— /—

where we define new energy shifts, A/E:,;ns, AFErmsn, AEmms and AE, g, as:
A/E'\kn_;ls = AEwkm + Al?ms == Ek - Es ( )
AE o = ABE, .+ AE,, = E, — E,. (2.39)

Finally the thermal OTOC can be computed as:

c) = ; D o)

. Thermal Boltzmann factor Microcanonical OTOC

Thermal partition function
NS >

= (4 Z e_ﬁE”> _
X Z Z Z Z 67”8En an(O)ka(())%ns(O)QSn(o)

N N N N
x[EkmEsne st | g SBement BB ci8Bimmst _ i ] (2.40)

Once we determine the shifts in the energy eigen values and the matrix elements of the
canonically conjugate variable ¢(0) in the energy eigen basis, we can explicitly compute

22


https://doi.org/10.20944/preprints202007.0038.v1
https://doi.org/10.3390/sym12091527

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 3 July 2020 d0i:10.20944/preprints202007.0038.v1

the expression for the thermal OTOC in the energy eigen basis itself.

2.3 Constructing OTOC in Cosmology

One can further map this idea to Quantum Field Theory of Curved Space Time as well.
To show this mapping let us start with a theory of N scalar fields in an arbitrary curved
gravitational background which is described the following (d + 1) dimensional action:

N N
1 v al
S = /dd“a: V=g [—5 > g G0u0a0uy — Ulda, i) Vab=1,--- N, (241)

a=1 b=1

~
Lagrangian density in curved space =L(¢a,0b,0uba,00 $p,9"",9)

where in the above action d represents the number of spatial dimension and the gravity
is minimally coupled with N scalar fields in an arbitrary background. In general one can
consider any arbitrary class of gravitational metric for this calculation. However to avoid
mathematical complication for any unwanted reason we restrict ourselves in the class of
gravitational metrics which can be expressed in diagonal form. Here G takes care of all
possible interaction between N scalar fields in the kinetic term. On the other hand, one
can consider between all possible interactions in the interaction potential U(¢,, ¢p). In a
more generalised physical situation, In a simplest situation where a = b always then in that
case, G% = §% which means that all the off-diagonal components of the matrix is zero. In
that specific situation, the above action can be simplified to the following simplified form:

N
S = /dd+1$ \/__g [_% ZgwjauQSaauQSa - U(¢a) Va=1,--- ,N. (242)
a=1

J/

~
Lagrangian density in curved space =L(¢q,0u0q,9"",9)

Here first term in the above action represents a very simplest kinetic term for N scalar
fields and the second term U(¢,) corresponds to the simplest form of the self interacting
potential for the N scalar fields.

Now from this most generalised action one can compute the canonically conjugate mo-
menta of the each IV scalar fields, which is given by the following expression:

N

N N
\/_900 [ZZG“" (52<5b+5§¢3a>] = —V=99"> G“¢, Ve=1,--- N.(243)
a=1

a=1 b=1

oL
96

be =

Also in the simplest situation where G* = §¢ we can further simplify the expression for
the canonically conjugate field momenta as:

N
: : . I
= —/=g¢™ 6%, =/~ b = o=-———-_ Ve=1,---,N. (2.44
; V=99 (2.44)
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Consequently, for the simplest case non-interacting N scalar fields the Hamiltonian density
can be written as:

H ZH¢C¢0_ ¢a7 ,uqbaagw/ )

1 N
) rgOOZ bV |75 20 0u0u0u0n = Ul

1 2
- W—QOOZ .t VI 9“2;(8@0) +vV=9U(¢a)- (2.45)

Now we consider a specific situation where space-time is such that the scalar field is inde-
pendent on space, but only function of time. This type of situation one usually consider in
the context of Cosmology. iln this situation the general structure of the (d+1) dimensional
metric can be expressed using the following ansatz:

d
dsi., = g™dt* + Z g"dx;dx;. (2.46)

i=1

Particularly for (d + 1) dimensional De Sitter space the infinitesimal line element in the
planar inflationary coordinate is described by:

dsi., = —dt* + a*(t) i dvidr; = —dt* + a®(t)dx3, (2.47)
where we have fixed the diagonal component of the metric as:
=1, g =d). (2.48)
Also the scale factora(t) is defined as:
a(t) = e, (2.49)
where H is the Hubble parameter in the present context.

In this coordinate system, the above mentioned Hamiltonian density of N non-interacting
scalar fields can be further simplified as:

N
=) 13+ U(¢a), (2.50)
c=1

which is exactly similar like the previously discussed Hamiltonian for N non-interacting
system in Quantum Mechanics.
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It is important to note that, here we have used the following redefinition:

— 1 9
b = el (1) Lo (2.51)
U(a) = ()T (64). (2.52)

In the flat Minkowski space limit one can fix a(t) = 1.
Now in the present context the Hamiltonian of the N non-interacting scalar fields can

H:/ddx”;'-[:/ddx

However in Quantum Field Theory we don’t have any sort of eigenstate representation
of the Hamiltonian similar like Quantum Mechanics. So for Quantum Field Theoretic
systems representing the thermal OTOC in terms of the microcanonical OTOC is not very
straight forward just like Quantum Mechanics. In Quantum Field Theory best possible

be expressed as:

(2.53)

N —— —_ —
> T3+ U(¢a),
c=1

way is to express the Hamiltonian is in the Fourier space in normal ordered form, as given
by:

dk
- H ::/WEkaLak, (254)

where the energy Fj can be computed from the dispersion relation. Here alT( and ay

are the creation and annihilation operators in the present context. In the flat space the
corresponding vacuum is known as Minkowski vacuum which is unique,. On the other
hand, the corresponding curved space vacuum is not unique in nature. In the context of
De Sitter space we use Bunch Davies and « vacua for the computation which are SO(1,4)
invariant in nature.

Also in the further computation instead of using the usual time coordinate we use the
conformal coordinate in the above mentioned (d 4 1) dimensional De Sitter metric, which
can be expressed using the following ansatz:

=1

d
dsi,, = a*(7) <—d72 + Z dx,-da:i> = a*(7) (—d7* + dx3). (2.55)

Here we have introduced the concept of conformal time which can be expressed in planar
De Sitter space as:

o /T ac(ii) _ _Hal<7_) — a(,]_) — _HLT . (256)

7
Scale factor during inflation

TV
Conformal time during inflation —oco<7<Tinf

25

d0i:10.20944/preprints202007.0038.v1


https://doi.org/10.20944/preprints202007.0038.v1
https://doi.org/10.3390/sym12091527

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 3 July 2020 d0i:10.20944/preprints202007.0038.v1

Here H is the Hubble parameter defined in the planar inflationary patch of De Sitter space.
This result can be used during stochastic particle production during inflation.

For the reheating case there is no closed form expression exists in literature. When
the inflaton oscillates around the potential minimum, the equation of state is that of
pressureless matter i.e. p = 0, so the scale factor would behave accordingly. It is nothing
but the non-relativitic matter with equation of state parameter w = p/p = 0. Then, as
new light particles are produced, the equation of state will switch to p = p/3, and the scale
factor will expand according to a radiation dominated phase. In this case the equation of
state parameter takes the form, w = p/p = 1/3. The first approximation is then to just
match the scale factor (and the conformal time) at these transitions. So it implies that
during reheating the scale factor is lying within the window, 0 < w,.., < 1/3. Consequently
the conformal time on this epoch can be explicitly computed as:

2
Todt 3(1 4+ wyen) (t3w,p) [(1 + 3Wren) } (TF3wren)
IR e ) = 0= 30w (257)
Conformal time duri:lrg reheating 0<7<Tyen Scale factor dtlrring reheating

In the present context, during the computation of OTOC’s both of the scale factors com-
puted during inflationary epoch (for stochastic particle production) and reheating epoch
are useful. Here it is important to note that, in general the equation of state parameter
during the reheating epoch can be expressed as a function of conformal time in general. If
we assume that the energy momentum tensor can be expressed using a perfect fluid with
pressure p,., and energy density p,.n, then for a time dependent scalar field in De Sitter
FLRW background can be written as:

re 1
Equation of state parameter for reheating : 0 < w,ep(7) = b hET; < 3 (2.58)
Pren\T
For N interacting scalar field the equation of state parameter can be computed as:
N N

_2a21(.r)900 Z Z Gab87¢a67¢b - U(¢a)

Wreh (7—> - a;l b;1 s (259)
_2(12;(7)900 az::l bz_:l GabaT(baar(bb + U((ba)

where the pressure p,..;, and energy density p,., for N interacting scalar field can be written
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as:
Pressure:  pep(7) = [ 2&2 g” Z Z Gab@% Orpp — U(da) | (2.60)
=1 b=1
. 1 a
Density :  pren(7) = [ T goo Z ZG 20, b0y by + U(pa) (2.61)
a=1 b=1

Similarly for N non-interacting scalar field the equation of state parameter can be com-
puted as:

N
_2(12;(7)900 Z <8T¢a)2 - U((ba)

Wren(T) = (2.62)

2

— 5279 * 3 (9r60)? + U(é0)

where the pressure p,., and energy density p,., for N non-interacting scalar field can be
written as:

Pressure:  pop(7) = 2a2 OOZ 0ra)? (o) (2.63)

1
2a2

Density :  pen(T) = — OOZ Dr6a)> + U(da) - (2.64)

For a single scalar field (N = 1) the equation of state parameter can be further simplified

as:
wrn(7) — 52579 (0:0)? = U(9) (2.65)
reh\T) = .
329" (0:0)? + U(9)
where the pressure p,., and energy density p,.n, for N non-interacting scalar field can be
written as:
1
Pressure :  pen(7) = _2a2(7-) 00.0)> —U(¢) , (2.66)
I L oo 2
Density :  pren(7) = —2a2<7_)g (0-0)"+U(9) . (2.67)
For FLRW case the time component of the metric g = —1 = g% 1.

0Statutory warning: From the above mentioned results it is important to note that, when we are
dealing with massless scalar field then we have U(¢) = 0 and consequently the equation of state parameter
reduces to w = 1 # Wyep. But since 0 < wyep, < % any values wpep > % is not physically allowed for the
reheating phenomena. So massless scalar field is not at allowed to describe the reheating phenomena as
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Now we will comment on some of the important future predictions from our analysis
for massless, partially massless and massive scalar field theory in the context of computing
OTOC which we will explicitly define in the following subsections. These predictions are
appended below:

1. We are dealing with commutative version of the quantum field theory i.e. all the
field momenta and the fields are commutative amongst themselves. Things will
change when one deals with the non commutative version of the quantum field
theory which means in that in that case all the field momenta and the fields are
non-commutative amongst themselves. Usually in both of the versions of quantum
field theories we mostly consider the equal time commutation relations at different
space points (ETCR) and the unequal time commutation relations (UETCR). In the
Fourier transformed versions which can be translated as computing commutation
relations at different momenta with same time for ETCR and with different time for
UETCR. However, if we look into the specific mathematical structure of OTOC, then
we see that the commutators are either ETCR or UETCR with fixed momentum or
position.

2. If we get divergence to compute OTOC, then like the previous cases we deform the
contour of integration in Schwinger Keldysh path integral formalism by introducing
one or more regulator in the theory. In the technical ground introducing the regulator
cut-off means one needs to deform the Schwinger Keldysh path integral contour at
finite temperature by introducing a single or more than one parameter. Consequently,

it predicts wyep, = 1 which is strictly not allowed. So in the context of reheating, partially massless and
massive scalar fields are allowed to describe the physical phenomena. This is because of the fact that, in
both the cases due to presence of mass term in the effective potential contribution the equation of state
parameter computed from this setup expected to be lie within the allowed window, 0 < w,.qp, < % Because
of this reason during the computation of OTOC’s during reheating we only restrict on partially massless and
massive scalar fields. The details of these issues can be found in the next subsections. But one we introduce
the gauge invariant perturbation instead of field variable and translate the whole problem in terms of that

2 2
new language, then it is explicitly possible to show that, an effective mass m? = ﬁ%@ R ﬁ d ;T(ZT)

and spatial gradient of the gauge invariant perturbation term will be induced. Here z = v/2¢ a is Mukhanov
Sasaki time dependent variable which controls the mathematical structure of the effective mass term
depending on the background physical phenomena in which we are interested in. These phenomena are
stochastic particle production during inflation and reheating respectively. There are many more, however
we restrict to these two fact only. At the leading order one can show that the effective mass term in the
gauge invariant description can be expressed in terms of scale factor of our Universe and its double time
derivative as a function of conformal time. Here a(7) is the conformal time dependent scale factor and
€ = *ﬁ%{ captures the rate of Hubble expansion in Cosmology, which also shows that a little bit
deviation from constant Hubble parameter as appearing in De Sitter space. This deviation is very small at
the particle production during inflation and becomes unity at the end of inflation. On the other hand, at
the epoch of reheating this factor becomes large. Due to these all facts, it is expected that the equation of
state parameter during the epoch of reheating for massless scalar field in the gauge invariant description
will lie within the window, 0 < wy.ep, < % Details of the computation we will show in the next subsections
written for massless, partially massless and heavy scalar field in the gauge invariant perturbed description.
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in that context we will get a finite regulated result. On the other hand, in the context
of non-commutative version of the quantum field theory it is expected that the form
OTOC ' we get non vanishing physically relevant answers. During the computation
of the OTOC if we get some divergences then like previous case here we also deform
the contour of integration by introducing a cut-off to get finite results.

. The explicit time dependence of the OTOC is very important in the present context,
particularly the study the physics of out-of-equilibrium. If the second term of the
OTOC grows exponentially with time then one can quantify quantum chaos from the
present computation and check whether the final result saturated the chaos bound on
the Lyapunov exponent or not. On the other hand, if instead of getting an exponen-
tially growing time dependent behaviour if we get some other non-trivial characteris-
tic behaviour as a function of time that is also very important to study in the present
context to study the out-of-equilibrium behaviour of quantum mechanical systems
considered in the framework of Cosmology. Particularly in Cosmology, studying the
non trivial time dependent behaviour of the OTOC for stochastic particle production
during inflation, reheating are very useful to extract physical information from the
quantum mechanical systems studied. Since we are trying to compute the OTOC for
quantum field theory, it is expected to get some interesting physical outcomes from
the correlation functions. However, it is also expected from the studies of the OTOC
that at very large time limit the correlation functions reach thermal equilibrium and
saturates to a finite value. This may not indicate the saturation of the quantum
chaos, but this will also play significant role to study the time dependent behaviour
of OTOC. In this context, one can use this information as a limiting boundary con-
dition of OTOC. Apart from that, the early time behaviour of OTOC is also good
to know. The early time behaviour is physically important as it gives the idea about
the initial condition on the time dependent behaviour of the OTOC. Initial condition
OTOC actually fixes from which point in time scale the quantum system goes to out-
of-equilibrium. This information in the context of Cosmology is very useful because
it will give a physical picture about a particular out-of-equilibrium phenomena in
which we are interested in.

. In this computation we are considering massless (m << H), partially massless
(m = v/2H =~ H) and massive (m >> H) scalar field for the computation of OTOC
in the context of Cosmology. In the context of Cosmology, the fundamental charac-
teristic scale is described by Hubble scale i.e. H. Now compared to this characteristic
scale we define massless, partially massless and massive scalar field in the De Sitter
gravitational background. In the context of massive scalar field theory one usually
consider various time dependent protocols to describe the stochastic particle produc-

" The mathematical definition of OTOC is provided in the next subsections explicitly for massless,
partially massless and massive scalar field theories.

29

d0i:10.20944/preprints202007.0038.v1


https://doi.org/10.20944/preprints202007.0038.v1
https://doi.org/10.3390/sym12091527

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 3 July 2020 d0i:10.20944/preprints202007.0038.v1

tion phenomena during inflation and reheating process in the context of primordial
Cosmology. For a few types of time dependent protocols one can exactly analytically
solve the field equations for the scalar field, which are commonly used in the study
of quantum quench. In general exact solution of the field equation is very difficult
so solve and for this purpose one use the WKB approximation method to find out
the analytical solution of the scalar field. These solutions are extremely important
to study in De Sitter cosmological background as it provide the key ingredient to
compute the previously mentioned OTOC in the present context. In the context of
stochastic particle production one consider Dirac Delta type of scatterer as a time
dependent protocol, which is nothing but the white noise in the present context.
In some cases, one also considers coloured noise time dependent protocol. In the
quantum description, the white noise is identified to be non-Markovian and coloured

noise is considered as Markovian at the level of correlation function 2 3.

In the next subsections, we will explicitly define the expressions for the thermal OTOC
in the context of the massless, partially massless, heavy scalar field and additionally for
the stochastic scalar field which is used to study the particle production procedure in Early
Universe Cosmology.

2.3.1 For massless scalar field

In this context we will give the definition of OTOC computed from a massless scalar field.
Here the terminology massless is used to consider scalar fields which have mass less than

2Quantum analogue: At the level of quantum correlation function for the white and coloured noise
are described by the following correlation functions:

White noise : (m(r)m(r)) = A(r)6(r —7 ), Coloured noise : (m(r)m(r)) = B(r)K(r — 1) , (2.68)

Non—Markovian Markovian

where A(7) and B(7) are the amplitude for the white and coloured noise respectively as a function of
conformal time. Here §(7 — 7 ) represents a localised white noise function at 7 = 7 time scale. On the
other hand, the coloured noise is represented by the general time dependent Kernel K (7 — 7'/) which is
not at all localised at 7 = 7 time scale.

13Classical analogue: At the classical level Delta type of scatterer mimics the role of white noise
appearing in the quantum regime. On the other hand, other non trivial time dependent functions mimics
the role of coloured noise at the quantum level. For N number of scatterers at the classical level one can

then write:
N N
White noise : m?(r) =Y _ A(r;)d(r — 7;), Coloured noise: m*(r)=» B(r;)K(r —1;), (2.69)
j=1 j=1
Classical Non—Markovian Classical Markovian

where A(7;) and B(7;) are the amplitudes respectively as a function of conformal time. Here §(7 — 7;)
represents a localised function at the point of j-th scatterer 7 = 7;¥ j = 1,--- , N time scale. On the other
hand, the coloured noise is represented by the general time dependent Kernel K (7 — T/) which is not at
all localised at 7 = 7 time scale. However, any reliable physically significant time dependent protocols
are allowed in this context to extract the unknown physical information from the OTOC computation.
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the characteristic Cosmological scale i.e. the Hubble scale (m << H). So here we are not
considering exactly massless scalar fields. But due to the approximation m << H one can
easily neglect such contribution in the effective action. A massless N number of scalar
fields can be generalized by the following simplified action:

N N
1 v a
S=—3 /dd“a: V=9) ) "G 0,040, 0. (2.70)

a=1 b=1

In the simplest non-interacting situation one can write, G% = §% and in that case the
action for the N massless scalar field can be simplified as:

N
1
S = —§/dd+1x \/—ng‘“’ 000y P (2.71)
a=1

From this action one can further compute the Hamiltonian density, which is given by the
following expression:

N
H= ZTP where 12 = (2.72)

2 7 24d(t)

In this case the following normalised OTOC for the non-interacting case are the interesting
one, which are given by:

2 — point OTOC : Y (t,7) = —<[¢C<t),ﬁc(7)]>5, (2.73)

| (o8] s
4 — point OTOC : C.(t,7)=— . (2.74)

~ o~

5= (6u(0)0u(0) ﬁ (T ()T (r))s

For the interacting case this OTOC is further generalised to the following expressions:
2 — point OTOC :  Y(t,7) = —<[¢C(t), ﬁfnm} Vs, (2.75)

_ ([ocl0). ()] )5
4 — point OTOC : C.p(t,7) = — (2.76)

~ o~

5 5 (@u(t)on0)s 3 S M(DL();

For a single field (N = 1) case this action can be further simplified as:

=3 / A G 0,006 = / " /=g (99)% (2.77)
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where we have expressed the Hamiltonian in (d + 1) dimensional De Sitter background,
which is given by the following expression:

—~ ~ 1
H =112 where IIZ2 = 2

e (2.78)

In this case the following normalised OTOC for the non-interacting case are the interesting
one, which are given by:

2 — point OTOC : Y (t,7) = —<[¢(t),1:[(7‘)}>/3, (2.79)
(o). 1)) s
(@(H)(t)) s (TL(O)TI(T)) s

During inflation (when we fix d = 3) we actually consider massless scalar field i.e. m << H.

4 — point OTOC: C(C(t,7)=—

(2.80)

In this context one needs to consider the following perturbation in the scalar field in the
De Sitter background:

Field after perturbation: ¢(x,t) = ¢(t) + d¢(x,1) (2.81)
~~ S——

Background Perturbation

to express the whole dynamics in terms of a gauge invariant description through a variable:

Curvature perturbation : ((x,t) = - @ So(x,t) + . (2.82)
“—~—  perturbation Higher order contribution
Background

First order contribution

For the further analysis we restrict ourself only upto the first order contribution and will
going to neglect all other higher order contributions as they are sufficiently small enough
compared to the first order contribution as appearing in the above equation. In this
context, geometrically the curvature perturbation {(x,t) measures the spatial curvature of
constant hypersurface, which is represented by the following equation:

4
a?(t)

D¢ (x, 1) = %@)%826¢(X, Bt (2.83)

One can explicitly show that at the level of perturbations of De Sitter metric if we fix the

Spatial curvature : RG) = —

following gauge condition:

56(x,1) = 0, (2.84)
gij(x, 1) = a®(t) [eX096;; + hij(x, 1)] = a?(t) [(1 4 2¢(x, 1)) 655 + haj(x,1)], (2.85)
Dihij(x,t) = 0 = hi(x,1). (2.86)
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which actually fix the time and spatial reparameterizations for the dynamical fields. In
this gauge the spatial curvature of constant hypersurface becomes zero i.e. R® = 0, which
implies comoving curvature perturbation ((x,t) is conserved on superhorizon scales.

It can be explicitly shown that by doing ADM analysis that the second order perturbed
action for scalar modes can be expressed by the following action after gauge fixing '

S = / dt d*z 22}(]2) CH(x,t) —

1 2

0iC(x,t))"|. 2.88

i (90e.0) (285)

Now we further define a gauge invariant variable, which is in the cosmology literature
sometimes known as Mukhanov variable, as given by:

o _ N O

Mukhanov variable : f(x,t) = 2(t)((x,t), where z(t) = a(t)? = V/2€ a(t), (2.89)

which serves the purpose of field redefinition in terms of gauge invariant perturbation

variable. Here € is known as the slow-roll parameter, which is defined as, e = —H/H?. In

this context, H < 0 and € < 1 during inflation and € = 1 at the end of inflation.

Translating in terms of the conformal time and applying integration by parts the above

mentioned action can be recast in the following form:

(f(x,7)*] . (2.90)

1
_ 3 2 2
5= [ardu [(an(x,T» - @S 4 5
However, dealing this problem in the coordinate space is very difficult as we are further
interested in OTOC’s in the present context. On the other hand, dealing this problem in
Fourier space gives many good underlying physical features for which we do the following
Fourier transform:

Fourier transform :  f(x,7) :/<d31; fi(T) e, (2.91)

141t is important to note that here if we start with a scalar field theory with non-canonical kinetic term
(such as general P(X, ¢) theory, where X = —1/2 g""0,,¢0, ¢ is the kinetic term) then we get an additional
factor of square of the sound speed appearing in the action:

S = /dtd3 a’( (ig)zs {ég(xt)—

CQS C(x 2
5 G0, (287

If we further fix P(X,¢) = X for the massless scalar field case then we can get back the sound speed
cs = 1 as a special case.
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using which the previously mentioned action can be further simplified as:

5= [ ar 5 [0-Fur))? + () () 29

N J/

Vv
Lagrangian density of time dependent oscillator=L(fx(7),0-fk (7))
where we define the effective time dependent frequency wy (1) as:

1 2
Time dependent frequency : wi (1) = (k2 — ﬂddz_(;)) : (2.93)
z(T) dr

This means that after gauge fixing in terms of gauge invariant scalar curvature perturbation
the problem is transformed to a time dependent parametric oscillator problem.

From the above mentioned action one can compute the canonically conjugate momen-
tum, which is given by the following expression:

Momentum density : Il (7) = aﬁ((];k(g)];f(;];l;(ﬂ)

Consequently the Hamiltonian of the system can be expressed in terms of the gauge in-

variant variables as:

1
H— / Pl mE + e |, (2.95)
2 N——" ———
Kinetic term Potential term,

Additionally, it is important to mention here that the following constraint have to be
satisfied:

fx(r) = fil(r) = filr). (2.96)

Consequently we have used a simplified notations in the above mentioned Hamiltonian in
Fourier space, which are given by the following expression:

M () = ()T k() = (0 fic(P)) (O fx(7)) = filT) fac(7) = [AlT)[* = [T(T) 2, (2.97)
() = flm) fa(m) = [l (2.98)

In the present context one can interpret the time dependent effective frequency of the
gauge fixed field as the effective time dependent mass of that field:

Time dependent mass : m%(7) = wi(7) . (2.99)
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where we explicitly compute the expression for the second term as:

1 d2(7) 1 da(r)  1d% 1 (%)2 a(;e (%) <df;(:)>. (2.100)

2(1) dr?  a(r) dr? 2edr?  2€2

TV
Sub—leading contributions

for the massless scalar field. Now for inflation in the De Sitter background and at the
epoch of reheating one can further simplify this above mentioned expression by neglecting
the contributions from the sub-leading correction terms as:

2 .
1 dQZ(T) B (1/2 o le) B ﬁ De Sitter (2 101)
2(t) dr2 12 2(1 — 3wyen) 1 1 '

(1 + 3wyen)? 72’ where 0 < wyep < 3 Reheating

where the parameter v is defined as:

3
3 De Sitter

v 1 2(1 — 3wyen)
- h O< re <
1T U By T DS e S

(2.102)

Reheating

Wl —

Now, using this setup in terms of the gauge invariant perturbation variables the following
interesting OTOC can be computed explicitly:

2 — point OTOC :  Y(1y,7) = —([¢(71), e(72)]) 5, (2.103)

_ boin ety — ) ()]s
7 point OTOC: Cln.m) =~ rees s M)y Y

On the other hand, if we want to express all the OTOC in terms of the gauge invariant

perturbation variables and the corresponding rescaled field content and momenta, then
one can use the following equivalent definition of OTOC in the present context, which are
given by the following expressions:

2 — point OTOC : Y (r,7) = —([f(1),;()])s, (2.105)

_ poin ol () — ([f(r) ()]s
47 point OTOC: CHn, ™) = =15y s W )y )y %)

For the computation of all of these OTOC we use the SO(1,4) isommetric a vacua and the
well known Bunch Davies vacuum state as the quantum vacuum state.
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2.3.2 For partially massless scalar field

Partially massless fields share some intermediate features of massive and massless fields in
flat space. On the one hand, it is important to note that, they carry more than two degrees
of freedom in the context of quantum field theory. In this context we are interested in the
partially massless scalar fields because it is expected that may survive until the end of
inflation and therefore it is expected that during the stochastic particle production mech-
anism it plays significant role. Here the terminology partially massless is used to consider
scalar fields which have mass approximately same with the characteristic Cosmological
scale i.e. the Hubble scale (m =~ H). To serve this purpose we consider scalar field which
is conformally coupled with the gravity and mass of such scalar fields can be written as,
m = v2H. A massless N number of scalar fields can be generalized by the following
simplified action:

1

5=3

N N
/ Az =g Y (9" G 0u0a0,0, — (M) dathy). (2.107)

a=1 b=1

In the simplest non-interacting situation one can write, G* = §%  (m?)® = c2H?§* and
preferably we consider, ¢ = v/2. In general ¢ should not be a very large number. In this
case the action for the N partially massless scalar field can be simplified as:

1

5=3

N
/ A =g (9" 0ubu0sda — CH$L]. (2.108)
a=1

From this action one can further compute the Hamiltonian density, which is given by the
following expression:

N
— —~— — 1 e~
H=> T2+U(¢) with I2=_———T U(.)

2D a(t)EH 2. (2.109)

a=1

It is important to note that here all the previously mentioned definition of OTOC’s for
interacting and non-interacting N number of scalar fields in case of partially massless case
look like similar except the thermal Botzmann factor appearing in the thermal average
over ensembles . The prime reason is the expression for the Hamiltonian is different for
the partially massless case compared to the massless case discussed in the just previous
subsection.

For a single field (N = 1) case this action can be further simplified as:

1

S = % / A" /=g [0 0u00,0 — CH?¢"] = 5 / ™'z /=g [(00)° — (cH9)?], (2.110)

where we have expressed the Hamiltonian in (d + 1) dimensional De Sitter background,
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which is given by the following expression:

1
2a4(t)

MW= [ﬁ5 + (7(75)] with T2 = 12, U(g) = al(t)2H%¢.  (2.111)

To write down everything in terms of gauge invariant perturbations all expressions are
similar as appearing in the previous subsection, except the following one:

z(1) dr®  a(r) dr? +2_ed72 2¢2

~
Sub—leading contributions

for the partially massless scalar field. Now for inflation in the De Sitter background and
at the epoch of reheating one can further simplify this above mentioned expression by
neglecting the contributions from the sub-leading correction terms as:

1 .
1 d?2(r) (V-1 (2 - 02) T2 where ¢ > /2 De Sitter

z(r) dr? R 2(1 — 3w7’€h) l
(1 + 3wreh)2 T2’

1
where 0 < wy, < 3 Reheating

where the parameter v is defined as:

\/% — 2, where ¢> V2 De Sitter

V=1 2.114
i 2(1 — 3wreh) ( )

(1 + 37vU7“eh)2 ,

Reheating

W]

1
1 where 0 < wyep <

\

For the conformally coupled partially massless scalar field (¢ = 2) it is clearly observed
2

from the above mentioned expressions that, for the De Sitter case we get, Z(lT) d dZT(QT ) —

and v = 1/2. This will be very useful for the further computation of the OTOC’s. Apart

from the the mathematical definitions of the OTOC’s in coordinate space or in momentum

space are exactly same apart from the exponential thermal Boltzmann factor where the
expression for the Hamiltonian will change in the partially massless scalar field case.

2.3.3 For massive scalar field

In this section we are interested in to discuss the outcomes from massive scalar field
theory. Here the terminology missive is used to consider scalar fields which have mass
much heavier the characteristic Cosmological scale i.e. the Hubble scale (m >> H). To
serve this purpose we consider scalar field which have constant and time dependent profile
both. A massless N number of scalar fields can be generalized by the following simplified
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action:

N N
S = %/dd+1x \/__gz Z [guyGabau(ﬁaau(bb - (mQ(t))aquaqﬁb} : (2115)

a=1 b=1

In the simplest non-interacting situation one can write, G% = §%, (m?)® = m?(t)6* and
in general m?(t) is a function of time coordinate. But for some special cases one can
consider constant time independent profiles as well for the mass function. We will choose
this simplest possibility for the further computation. In this case the action for the N
massive scalar field can be simplified as:

1

5=3

N
/dd+1a: \/—gz (9" 0,000, 00 — m*¢2]. (2.116)
a=1

From this action one can further compute the Hamiltonian density, which is given by the
following expression:

N
—_— —— —_— 1 —_—~—
= 2 i 2 = - 2
H E 112+ U(p,) with 112 Qad(t)H‘“ Ul(ga)

at(tym?*¢?. (2.117)

a=1
It is important to note that here all the previously mentioned definition of OTOC for
interacting and non-interacting N number of scalar fields in case of massive case look
like similar except the thermal Boltzmann factor appearing in the thermal average over
ensembles.
For a single field (N = 1) case this action can be further simplified as:

s=: / 47 =g [ 0,00, — (1)) = 5 / e =g [(06) — (me)"], (2118)

where we have expressed the Hamiltonian in (d + 1) dimensional De Sitter background,
which is given by the following expression:

—_~—

I, U(p) = a’(t)m?¢>. (2.119)

H = [ﬁv?+(7(\¢7)] with T2 = 0

To write down everything in terms of gauge invariant perturbations all expressions are
similar as appearing in the previous subsection, except the following one:

1 d(r) 1 d2a(7)+iﬁ_i<de)2+ 1 (de) (d&m). (2.120)

z(1) dr? a(t) dr? 2edr? 2¢ \dr a(r)e \dr dr

~
Sub—leading contributions

for the massive scalar field. Now for inflation in the De Sitter background and at the epoch
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of reheating one can further simplify this above mentioned expression by neglecting the
contributions from the sub-leading correction terms as:

m2(7) 1 ,
L) (- | T\ TEE T 2) = where m >> H De Sitter o)
2(1) dr? 72 ) 2(1 — Bwyep) 1 '

1
—, where 0 < w,, < 3 Reheating

where the parameter v is defined as:

= 2.122
- W ere wr]ﬂe -~
47 (14 3wpep)?’ = ek

Reheating

W

This will be very useful for the further computation of the OTOC’s. Apart from the the
mathematical definitions of the OTOC’s in coordinate space or in momentum space are
exactly same apart from the exponential thermal Boltzmann factor where the expression
for the Hamiltonian will change in the massive scalar field case.

If the massive scalar field is conformal time dependent then one can use the following
conformal time dependent protocols for the computation of OTOC’s with the massive
scalar fields:

m*(1) =

{ S(r—1) Non-Markovian White noise
(2.123)

K(r—1) Markovian Coloured noise

For the simplicity here we have fixed the amplitudes A(7) = 1 = B(7) for both the white
and coloured noise conformal time dependent effective mass profile protocols. Now for
the Markovian coloured noise case if we fix 7 = 0 then then for the phenomenological
purpose one can consider the following sets of protocols, which have huge applications in
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the context of quantum quench, information theory and condensed matter field theory:

(a £+ btanh(qr)) Protocol 1
O(T £ 79) Protocol 11
sech?(qr) Protocol III
m?(r) _ K(7) 2
H2 ~ H? a (Tl — 1> +0b Protocol IV (2124)
0
tanh®(g7) Protocol V
| (axb sech?(qr)) Protocol VI

These Markovian coloured noise profiles are frequently used in the context of quantum
mechanical quench in the context of condensed matter field theory and quantum informa-
tion theory. Since for the above mentioned time dependent protocols the mode function
for the scalar perturbations are not exactly solvable the WKB approximated mentioned is
very useful to compute the expression for for cosmological OTOC in such cases.Though in
this paper we have not computed explicitly OTOC using WKB approximated method, but
have explicitly derived the general solution of the WKB approximated solution of general
conformal time dependent mass profile in the Appendix, which one can use further to
compute the expression for the cosmological OTOC from the present set up. In the next
section, we explicitly compute the expressions for the OTOC’s that we have defined in this
section for massless, partially massless and massive scalar (with time independent mass)
field theory.

3 Quantum micro-canonical OTO amplitudes and OTOC in Cos-
mology

In this section we will derive and interpret the results for OTOC introduced and defined in
the previous section for massless, partially massless and massive scalar fields in the context
of Cosmology, which are useful to study the physical implications of the stochastic process
of particle production during the epoch of inflation and also during the reheating epoch as
well. We will show that how are derived result will be very useful to provide new informa-
tion regarding the above mentioned two processes appearing in the context of Cosmology
of Early Universe or Primordial Cosmology. Instead of computing the expressions for the
usual time ordered or the anti-time ordered correlation functions, which is commonly stud-
ied in the context of Cosmology, here we are actually interested to study the expressions
for the OTOC because in the present context we want to study the physical outcome of the
out-of-equilibrium phenomena driven Quantum Field Theory aspects of Cosmology. The
stochastic particle production and reheating phenomena are two most important significant
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facts during which the quantum system studied in this context goes to out-of-equilibrium,
and after waiting for a sufficient time scale all such quantum system reaches equilibrium
and it is expected in all those cases that the time dependent behaviour of the quantum
correlation function saturates for large late time scale in Cosmology. It is expected that
when the system goes to the out-of-equilibrium quantum state the behaviour of the quan-
tum correlation function will be solely controlled by the OTOC that we have defined in
the earlier sections. Since these type of correlations are not studied in the context of Cos-
mology, it is expected that many unexplored features of Cosmology at out-of-equilibrium
phase can be studied from the outcomes of the OTOC, which we will compute for massless,
partially massless and massive heavy scalar field theories. Apart from the application in
the context of stochastic particle production during inflation and reheating the present
computation can be applicable to the Dark Matter bound-state formation at higher order
and many more other places in the evolution of our Universe. Though we have not studied
this possibility in this paper, but one can think for doing such calculation in the context of
Dark Matter. Additionally it is important to note that, during the computation of OTOC
the quantum system studied in the context of the time evolution of our Universe is closed
or isolated or adiabatic quantum system. Here the terminology closed is used to describe
a quantum system of our Universe is not thermally or any other way interacting with any
kind of environment. So it is obvious here that when the system is interacting with the
environment thermally or any other way the corresponding quantum system is identified
to be a open or non-adiabatic system. So it might be a nice option to carry forward the
computation for OTOC for Cosmology with open quantum systems.

3.1 Computational strategy
The steps of computing the OTOC are appended below point-wise:

1. At first, we need find out the analytic solution of the equation of motion of the scalar
field in the corresponding FLRW flat spatial background.

2. From the above mentioned solution we need to find out the canonically conjugate
field momentum and using that we need to compute the square of the quantum
mechanical commutator bracket, proved during performing this operation we need
to quantize the field content in terms of the creation and annihilation operators.

3. From the above mentioned result we need to further compute the thermal aver-
age value of the square of the commutator bracket of the field and its canonically
conjugate momenta, which physically represents the four-point out-of-time ordered
correlation function.

4. Next, we need to compute the partition function the quantum system under consider-
ation by computing the thermal Boltzmann factor and the trace of the corresponding
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thermal Boltzmann factor. To serve this purpose we need to also compute the expres-
sion for the Hamiltonian from the quantum mechanical system under consideration.

. Further, we need to compute the thermal two point out-of-time ordered correlation
functions from the field content and the corresponding canonically conjugate momen-
tum. This will help us to find out the expression for the normalised OTOC which is
defined in the earlier sections explicitly.

. Side wise instead of computing these description in the coordinate space one can do a
similar computation of OTOC in Fourier space as well. For this purpose one needs to
compute all of the required operators in the Fourier transformed space. Sometimes
doing the computation in Fourier transformed space is simpler than the computation
in coordinate space. Most importantly, doing the computation in Fourier space is
really very helpful in the context of Cosmology. The prime reason is of doing the
computation in momentum space (which is the Fourier transformed version of the
coordinate space) in the context of Cosmology is more technically interesting. Actu-
ally in momentum space most of the quantum correlation functions in the context of
Cosmology preserves the conformal symmetry under conformal transformations. In
quasi De Sitter space this conformal symmetry is slightly broken in Fourier space by
the amount of slow-roll parameter, which we have taken into account in our compu-
tations.

. In the present context it is better to perform the whole computation in a preferred
choice of gauge, which is commonly performed in the context of Cosmological Per-
turbation Theory. Following the same strategy here we work on d¢ = 0 gauge, which
makes the computation of OTOC simpler than doing the computation doing without
the choice of a preferred gauge.

. It is important to mention here that, doing the computation of OTOC for N inter-
acting scalar field analytically are extremely complicated. On the other hand, doing
the computation with N non-interacting multi scalar field is also not very simple.
For this reason we in this paper try to restrict ourself to the non-interacting single
field and N field case. For the single field case we also provide the computation of
OTOC in the previously mentioned preferred gauge choice.

. Last but not the least, doing the computation of OTOC in any arbitrary dimensions
is not at all possible analytically. So we have restrict our computation in this article in
d = 3 spatial dimension which is compatible with our spatially flat 3+ 1 dimensional
space time in FLRW cosmological background.
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3.2 Classical mode functions in Cosmology

After varying the gauged action written in d¢ = 0 gauge with respect to the redefined field
we get the following equation of motion in the Fourier transformed space:

dd—; + (/c? - <”T—;4)>] fi(r) =0, (3.1)

where the parameter v is defined for the massless, partially massless and massive heavy

scalar field case as:

(3
5 DS+massless
1/ % —¢2, where ¢>V2 (m~ H) DS+partially massless
V= 2 32
i % - %, where m >> H DS+heavy ( )
1 2(1 — 3wy, 1 .
\/4 + w, where 0 < wWyep < 3 Reheating

Here for the third case the explicit form of the conformal time dependent mass functions
are mentioned in the earlier section.

One can further generalise the expression for the mass parameter v if we introduce a
non-minimal coupling parameter £ to the Ricci scalar curvature term in the action, by
replacing the mass term m?2¢? with the new rescaled term (m? + £R)¢? i.e.

m?¢* — my,¢" = (m* +ER)¢” . (3.3)

When we consider the De Sitter space, there the Ricci scalar R is constant and given by
R = 12H?. In this case the the new mass parameter can be expressed as,

9 m2., 9 m?4126H? 9 m?
”_W”e“’:\/Z_W:\/Z_T:\/Z_(H“ﬁ)‘ (34

Consequently, we will get same expressions everywhere with a newly rescaled mass param-

eter ¥ where non-minimal coupling have been introduced explicitly. So even in the most
generalised case where the effective mass term is conformal time dependent, there also if
we replace the term m?/H? with the 126 + m?/H? i.e.

m2 m2 m

2
ﬁ — ﬁ - (125 + m) . (35)

In the expression for v then in the approximated WKB solutions that fact will be prop-
agated. It is important to note that, the same prescription is followed in the context of
Higgs inflation where the quadric term in the Higgs field is non-minimally coupled to the
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gravitational sector through the scalar Ricci scalar curvature term. This is a necessary
requirement to have inflation from the Higgs sector within the framework of Einstein grav-
ity. Now one can consider a bit more complicated phenomenological situation where the
non minimal coupling in the FLRW spatially flat background itself dependent on confor-
mal time and in principal any arbitrary form of the conformal time dependent functions
are allowed for that computation. This will further modify the analytical WKB approxi-
mated expression for the mode functions for the scalar perturbation in that case for a given
conformal time dependent specific form of the effective mass m?(7) and the non-minimal
coupling parameter £(7) and in that case we have to consider the following rescaling:

mA(1) | M, (7)

o e —(125(T)+m;27)>. (3.6)

In this case the the new conformal time dependent mass parameter can be expressed as,

V(7)) —> Ve (7) = Z - % - \/Z _mir) 1}35(7)[{2 _ \/Z - <12§(T) + m;p) B

Now the most general solution of the mode equation for any constant mass profile (mass-
less, partially massless and heavy scalar production during inflation and during reheating)
is given by the following expression:

fi(r) = v=7[C0 HV(—k7) + Co HP(—k7)], (3.8)

where C; and Cy are two arbitrary integration constants which are fixed by the choice of
the initial quantum vacuum state necessarily needed for this computation. Here H, W (—kT)
and H,Sl)(—]ﬂ') are the Hankel functions of first and second kind with order v.

In the general context the mass parameter v may be a complex parameter. In this case,
the solution for the rescaled scalar perturbation mode can be recast as:

fx(T) = V=7 Dy J,(—k7) + Dy YV, (—kT)], (3.9)

where the redefined two new arbitrary integration constants, D; and D, are defined in
terms of the previously defined two new arbitrary integration constants, C; and C, as,
D; = C; +Cq,and Dy =i (C; — Cy). For the non-integer value of the mass parameter v, the
solution for the rescaled scalar perturbation mode can be recast as:

fi(T) =V-T&W) T (—kT) + EW) T_o(—kT)], (3.10)

where the redefined two new arbitrary integration constants, & and & are defined in terms
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of the previously defined two new arbitrary integration constants, C; and Cy as:

E(v) = (C1 +Cy) +1i(Cy — Cq) cot vm =Dy + Dy cot v, (3.11)
E(v) = —i(Cy — Cq) cosec vm = —Dy cosec vT . (3.12)

In particular, when v is an integer or not. In this case, the solution for the rescaled
scalar perturbation mode can be recast as:

fu(r) = V=7 G1(v) To(=k7) + Go(v) T, (=k7)], (3.13)

where the redefined two new arbitrary integration constants, G; and G, are defined in terms
of the previously defined two new arbitrary integration constants, C; and Cy as:

Gi(v) =(Cy +Cy) +1i(Cy — Cy) cot vm =Dy + Dy cot vm # E(v) (3.14)
Ga(v) =i cosec v (Cy — Cy) = —Dsy cosec v # Ea(v) . (3.15)

The corresponding most general canonically conjugate momentum can be further com-
puted from this derived solution as:

Mi(7) = 0, fie(7) 1 (kr D, (<kr) = HO (—kr) = krH) (k) )

1
N
+C, (k:THIEQ,)l(—k:T) — H?(—kr) — k?THIEi)l(—,I{ZT)>] . (3.16)
Also one can express the Bessel function of the first kind in terms of the Confluent Hy-

pergeometric limit functions in the present context, using which the most general solution
of the above mentioned equation of motion is given by the following expression:

fie(r) = 51(y)£) (_ﬁ) R (H 1;_(/W)?)

Tv+1) \ 2 1
—gz(y)m—\/?y) (-k—;> R (1 - y;—(’??) . (3.17)

Also, the asymptotic solution for the rescaled scalar perturbation can be expressed
within the window 0 < (—k7) < v/v + 1, as:

(D1 + D5 cot vmr) ET\"  DoI'(v) kr\ " . .
—_ ) - = —— f t
To 1) 5 - 5 if v > 0 integer

D=1 (_k_> L Do) (=) ( kT

=) 5 - ——) , if v < 0 integer

2
For large real arguments lying within the window, (—k7) >> ‘1/2 — i‘, one cannot write

Sil(T) = (3.18)
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an actual asymptotic form for the Bessel functions of the first and second kind (unless in
the situation where v is a half-integer) because they have zeros all the way out to infinity,
which would have to be matched exactly by any asymptotic expansion. However, for a
given value of arg(—k7) < m, one can write an equation containing a term of order of
| — k7|7, given by the following expressions:

filr) = \/% {cl exp(—ikT) exp <—% (u - %)) — Coexp(ikT) exp (% (v + %))}
+\/% exp (Im(—k7)) O (ﬁ) (D1 = D) .

However, from the general structure of the obtained solution for the rescaled field and for
the canonically conjugate momentum it is very difficult to extract the physical informa-
tion out of that. For this reason the asymptotic solutions are really helpful for physical
interpretation in different cosmological scales. These asymptotic limits are k&7 — 0 and
kT — —o00, where we need to determine the behaviour of the Hankel functions of the first
and second kind of order v. Here k7 — 0 and k7 — —oo asymptotic limiting results are
used to describe the superhorizon (k7 << —1) and subhorizon (k7 >> —1) limiting results
in the context of primordial cosmological perturbation scenario. The transition point from
the subhorizon to superhorizon regime is identify by k7 = —1 , which in Cosmology known
as the horizon exit and play a pivotal role to measure various observables of primordial
Universe from different theoretical models.

Combining the behaviour in both the superhorizon and subhorizon limiting region we get
following asymptotic most general solution for the rescaled field and momentum variable
computed for the arbitrary quantum initial vacuum can be expressed as:

311

2
T\/ﬁk%

X [Cl (14 ikT) exp (—z’ {lm’ +

I(
I (

X
N~—

(—k7)2 7"

fk(T) =2v

[\eJ o]

)

ro| 3

T (7) = QV—§i<_\f§T]j§V PF(é)) {cl {(% - u) % + 1} exp (—@' {k:T + g (1/ +

e (5 S (e (o)D),

These general asymptotic expressions are extremely important to compute the expressions

for the OTOC’s in the later subsections. To server this purpose we need to promote both
of these classical solutions to the quantum level.
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3.3 Quantum mode function in Cosmology

Now, as we have mentioned earlier to explicitly compute OTOC we need to map the
classical solution of the equation of motion of the dynamical conformal time dependent
rescaled field and the corresponding canonically conjugate momentum to the quantum
operator description. Consequently, the classical poisson bracket will be replaced by the
quantum mechanical commutator bracket in the present context. The representative map
is given by the following expressions:

Classical to quantum ma o
fi() R fi(), (3:22)
Hk (T) Classical to quantum map> ﬂk<7_)’ (323)
Classical quantities Quantum operators
Classical to quantum ma o ~
[f(r) T(0)} o auantom 290, [ (7). 1 (0)], (3:24)
Classical to quantum ma; o o
{h(0), f(0)} : % (). fi0)], (3.25)
Classical to quantum ma o ~
{TTi(7), T1k(0)} o 220, | fl(r), T(0)|, (3.26)
—~—
Poisson bracket Commutator bracket

Here in this context, the rescaled field operator and the corresponding canonically conju-
gate momentum in the quantum regime can be expressed as:

film) = fillr) aic+ f1i(r) aly, (3.27)
(1) = (1) age + 1% (7) al . (3.28)

Here ayx and aT_k are the annihilation and creation operators of the conformal time de-
pendent parametric oscillators after performing canonical quantization, which satisfy the
following commutation relation relations:

[ak,aik,} = 27?8 (k +K), [ax,a_]=0= [aL,aik,] : (3.29)
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Consequently the curvature perturbation and the corresponding momentum operator in
the quantum regime can be re-expressed as:

A

. fi(7) _ fi(T) ax + f2y (1)

Ce(T) = . . X — () ae+ (1) al (3.30)
e a3

Now neglecting the sub-leading contribution we get the following simplified expression for
the canonically conjugate momentum of the quantum curvature perturbation operator:

flew(r) = {(Hgk(ﬂ ai+ Ty () 0y ) = (Gelr) i+ (7)) (% dc;(:))} . (332)

where the scale factor a(7) is different for De Sitter inflationary patch and during the epoch

of reheating, which is given by the following expression:

( 1
— De Sitter
T
a(r) = < i (3.33)
1 3 e (1+3w,..p,) ) 1 .
H_—wh)T " with 0 < w,p, < = Reheating
( L3(1 + wyen) 3

Using the above mentioned expressions for the scale factors the corresponding parameter

e for both of the cases can be calculated as:

27 (1) (t¢' (1) — g(1) — 1) De Sitter
(3.34)

Do

(1 + Wyep) Reheating
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Also the expression for Mukhanov-Sasaki varibale is can be computed for both of the cases

as:
(
_%\/@ (r¢'(7) — g(7) — 1) De Sitter
2(7) = V2e afr) = (3:35)
3(1 4+ wyen) [%T] tren) Reheating
\ re

Here it is important to note the following crucial facts which are helpful for the further
computations of OTOC’s:

1. In the De Sitter case with FLRW background ¢(7) is a slowly varying conformal time
dependent function in general, which physically represents a very slight deviation
from the De Sitter solution, where the Hubble parameter H = \/A_/3 is dominated
by Cosmological Constant A > 0 in Planckian unit. It is observed that from the
computation that, €(7) and g(7) both of the parameters captures the effect of such
deviation and for this reason sometimes one refer this to be the quasi De Sitter
space-time.

2. Another important fact is that since we strictly don’t know the explicit conformal
tie dependence of the reheating equation of state w,.,(7) as it is an open issue till
date, we have assumed that the time dependence is very slow and for this purpose
this crucial parameter exactly behaving like a constant with the restriction that,
0 < wyep, < 1/3 in the present context. This fact is extremely important to mention
as it fixes the form of the scale factor a(7), parameter e(7) ' and the Mukhanov
Sasaki variable z(7) in terms of conformal time 7 as well as the equation of state
parameter w,e, in the present context.

We will strictly follow the above mentioned two facts for the rest of the computations
that we have performed to mathematically quantify the expressions for the OTOC’s in the

15The slow-roll parameter e = —H /H? = —H' /(aH?), is commonly used in the context of quasi De Sitter
inflationary phase where the scale factor can be expressed as, a(7) = —g=(1+€) ~ —g=(1+g(7)). During
inflation € << 1 and at the end of inflationary phase e = 1, which is very useful to determine corresponding
field value at the end of inflation. So during stochastic particle production during the inflationary phase
will respect these constraints on the slow-roll parameter e. On the other hand, since reheating happened

after inflation then it is expected that the magnitude of the parameter ¢ > 1 during reheating, where the

2
w I — .
scale factor can be expressed as, a(1) = [%T} (i dwren) [(1—1)7]©D. This statement can be

justified very easily in the context during the epoch of reheating. From the previously derived expression
for the parameter € in the context of reheating we have found that, € ~ %(1 + Wren), where the equation of
state parameter 0 < wy..p < 1/3. This directly implies that during the epoch of reheating the parameter e
will lie within the window, 3/2 < e < 2 (alternatively one can say that the Hubble velocity is lying within
the window 2 H? < vy = |H| < 2H? in the Planckian units), which is obviously a very strong and specific
information we get from the from the present computation.
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context of stocahsic particle production during inflation, which is dominated by quasi De
Sitter space-time and during the epoch of reheating. This further implies that the physical
outcomes of the out-of-equilibrium studied in terms of OTOC’s respect both of the above
mentioned assumptions.

3.4 Canonical quantization of cosmological Hamiltonian: Classical to quan-
tum map

Now we have to promote the classical Hamiltonian that we have derived earlier to the
quantized Hamiltonian. This can be expressed as:

assical to quantum ma ~ 1 ~ o
[ Shesieal to quantum map H:/d3k— M(r) + w2(n)fir) |, (3.36)
2 ——" ———
Kinetic term Potential term,

Additionally, it is important to mention here that the following constraint have to be
satisfied:

A = (1) act frum) oty )|
= (F(m) at fir) al) = Fulo), (3.37)
11, (r) = (Thu(r) @ + T4 (r) o)
= (M) e+ (7 af) = T(7). (3.38)

Consequently we have used a simplified notations in the above mentioned Hamiltonian in
Fourier space, which are given by the following expression:

I (7) = M (T ie(7) = (7)) age + 1174 (7) al |
— (Hk(T) ax + 11" (1) aTk>T <Hk(7') ax + 11" (1) atk>
(M) s+ () al) (Ihe(r) o+ 1174 (7) L)
=2 (aLak + 1(53(0)> T (7)|* = 2 (aLak + %53(0)) I3 (7) (3.39)
Fe) fa(m) = fil7) axe+ fry(7) al
() axct 20 b)) ot f2ade) o)
(74
2

A

fel7)

Fadr) at filr) al) (fulr) anct £1a(r) aly)
(kak+ 350 ) 1A =2 (o + 35°0)) 520 (3.0
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Consequently, we get the following simplified form of the quantized Hamiltonian:

= / &k (aLak+ %53(0)) [ﬂi(f) + W22, (3.41)

After introducing the normal ordering one can neglect the contribution from the zero
point energy, which actually gives the divergent contribution. This further simplifies the
the expression for the Hamiltonian, which is given by:

CH = /d3k a) ax [ﬂi(T) + W) f2(r)] - (3.42)

Here the expression for the time dependent frequency have already mentioned earlier, which
can be further expressed in terms of the particle production during inflation in quasi De
Sitter phase and during the epoch of reheating. The above mentioned expressions for
the Hamiltonians are extremely useful as it will appear in the expression for the thermal
Botzmann factor of all OTOC’s.

3.5 Cosmological two-point and four-point “in-in” OTO micro-canonical am-
plitudes

In this section our prime objective is to compute the explicit expression for the OTOC.

3.5.1 OTOC meets Cosmology

To compute this explicitly we need the following information in our hand:

1. Information I:

First of all, one need the quantum operators corresponding to the rescaled field and
its canonically conjugate momenta, which is actually written in terms of the classical
solution obtained from the mode equation and the creation and annihilation oper-
ators. Actually, in the context of Cosmology one can write down the Hamiltonian
of the system in terms of an Harmonic oscillator with conformal time dependent
frequency in a Fourier space and after constructing this Hamiltonian one needs to
integrate over all possible momenta. Using this prescription and using the canon-
ical quantization procedure one can easily quantize the system Hamiltonian in the
framework of Cosmology.

2. Information II:

Next, one needs to compute the expression for the expression for the square of the
commutator bracket in the background of FLRW space-time in curved space quantum
field theory in coordinate space. This is the prime component which will fix the final
expression for OTOC in the framework of Cosmology. We will explicitly show that
this contribution can be written in terms of four parts where each of the parts in
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Fourier transformed space mimics the role of some kind of scattering amplitudes after
taking its trace, which are functions of four momenta and two time scale as appearing
in the definition of OTOC. Precisely these four momenta are coming due to the fact
that in each contributions we are dealing with four quantum operators. Now if
we careful about the technicality then we have to say these four-point scattering
amplitudes are basically the four-point time dependent correlation functions in the
framework of Cosmology as during performing the trace operation we have to use
the same quantum vacuum state, which means that the initial and final state both
are same, and identified to be “in” state. So it is basically an in-in amplitude rather
than an usual “in-out” amplitude. The usual “in-out” amplitude can be usually
computed using the idea of S matrix, which is a Schwinger Dyson series in the
context of quantum field theory and this is an unitary matrix in the context of a closed
system in our Universe when the system under consideration is not exchanging any
information with the surroundings. On the other hand, in Cosmological set-up we
deal with “in-in” amplitudes which can be computed using the well known Schwinger
Keldysh formalism. Instead of calling this quantity which we want to evaluate as “in-
in” amplitude we call these contributions as “in-in” quantum correlation functions
in the framework of Cosmology.

. Information III:

Further, we have to fix the definition of trace in the context of quantum field theory in
a classical gravitational background, specifically in the context of FLRW Cosmology.
To serve this purpose, we need to first use a standard definition of the quantum
wave function of our Universe. For these purpose, the most common choice is to use
the definition of standard Bunch Davies vacuum state, which is basically a thermal
ground state in the framework of Cosmology. Sometimes this vacuum is identified to
be the Hartle-Hawking or Cherenkov vacuum state in quantum field theory theory of
curved space-time with Cosmological background. Apart from that the another useful
vacua is, a vacua , which is mostly used in the context of interacting quantum field
theory in curved space-time with cosmological background. Here in the construction
of a vacua it appears as a one real parameter family which can take any continuous
value starting from the zero value. The zero value is a special case of a vacua which
is basically the well known Bunch Davies quantum vacuum ground state. One the
other hand, for the other values of a one can construct infinite number of states
which can be considered as some excited states which can be expressed in terms of
the known Bunch Davies vacuum state using Bogoliubov transformation.

. Information I'V:

Using the above mentioned « vacua or the Bunch Davies quantum vacuum one can
further compute the numerator of OTOC, which is the trace of the square of the
commutator bracket of the rescaled field variable and its canonically conjugate mo-
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menta along with the thermal Botzmann factor in which the system Hamiltonian is
appearing explicitly. Also one can compute the denominator of the OTOC represents
the expression for the trace of the only thermal Boltzmann factor, which is physically
identified to be the thermal partition function in the Cosmological framework. Then
putting a negative sign in front of the computed object one can derive the expression
for the OTOC in un normalized form. This overall negative sign is very important
as it makes the un normalized OTOC positive and growing with the combined time
scale in which both of the above mentioned quantum extended operators are defined.
In this computation, the thermal partition function and the trace of the commutator
bracket square at finite temperature are evaluated using semi classical approximation,
which means that we treat the fluctuation of scalar modes appearing from cosmo-
logical perturbation theory in the primordial universe. Precisely the perturbation in
the metric in the FLRW background can be written in terms of scalar, vector and
tensor modes in Fourier transformed space. This is commonly known as the SVT
decomposition in Cosmology. In this computation, we have restricted our attention
to scalar modes which can promoted to be a quantum operator during the compu-
tation of OTOC. It is obvious that, the canonically conjugate momenta computed
from the scalar modes can also be promoted to be a quantum mechanical operator.
But if we look into this problem very carefully, then we observe that the origin of the
quantum fluctuations from the scalar modes are coming from metric perturbation in
the FLRW background, which we actually treat purely classically. For this reason
we will do a semi-classical (not purely quantum or classical) computation for the
computation of OTOC in the framework of primordial cosmology.

. Information V:
Last but not the least, we have to fix the normalization of OTOC. This can be
perfectly done using the previously mentioned thermal trace operation in presence

of @ vacua or Bunch Davies quantum vacuum state in the context of Cosmology.
After normalization we can able to construct a dimensionless cosmological four-point
“in-in” amplitude or quantum OTOC. We have computed the normalization factor
in the Appendix in detail. Please look into the technical details in the Appendix.

3.5.2 Fourier space representation of the commutator bracket: Application

to two-point OTOC

Here our job is to compute the following commutator bracket, given by:

f(X, 7-1)’ ﬂ(X, 7_2)] = f(X, Tl)ﬂ(xv 7-2)1 - f[(xa T2)f(x> Tl)/a (343)
Er‘l(:(;'lﬂ'z) EFz(:(;'l,Tz)
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Now we use the following convention for the Fourier transformation, which is given by:

flx,m) = / % exp(ik.x) fi(m), (3.44)

A ~ 3 A 3 A
(x,7) =0, f(x,71) = / 'k exp(tk.x) O, fi(m1) = / 'k exp(ik.x) Ik (m), (3.45)

(27)? (27)?

which will be very useful for rest of the computation of this paper.

Here we can see that the commutator bracket splits the commutator into two parts
which we have written in terms of the perturbation field variable and its canonically con-
jugate momentum, which are appearing in the context of cosmological perturbation theory
performed in a specific scheme. In this computation instead of considering the perturbed
variable space independent, we start with space-time dependent perturbed cosmological
operators as after performing cosmological perturbation all the quantum operators are
inhomogeneous and anisotropic in general. Though at the end after performing all the
computation we will show that even one start with space-time dependent perturbed cos-
mological operators, the ultimate result will be independent of space coordinates and in the
OTOC only the information regarding the time coordinates will appear explicitly as from
the starting point we have started with time scale separated quantities. The obtained two
individual contribution actually represent the two point OTO amplitudes in coordinate
space which will finally contribute in the computation of the two-point micro-canonical
OTO amplitudes in Fourier space after performing the Fourier transformation following
the above mentioned convention. Finally, using this formalism one can explicitly compute
the expression for the two point micro-canonical OTOC in the context of Cosmology, which
will be only functions of the two conformal time scales in which the quantum operators
are associated in the cosmological perturbation theory.

Next, we explicitly compute the expressions for these individual quantum mechanical
operators, I';(x,71,72) Vi = 1,2, which can be expressed in Fourier space as:

N ~

y(x,7m,m) = f(x,m1)(x,72)
3 3
_ / ks / TEL ik + ka).x) fio ()T (72)

(27T)3 (271')3
— / é:)li%/é:)l?) exp(i(k; + ko).x) Al(kl,k2;71,7'2), (3.46)

where we have introduced a momentum and conformal time dependent quantum mechan-
ical operator Aq(ky, ko; 71, 72), which is defined as:

A1(k17k2;7'177'2) = fk1(7'1)ﬂk2(7'2) = D1(k1,k2;7'1,7'2) Ak, Aky +DQ(k17k2;7'1>7'2) aiklakQ

+Ds(ky, k; 71, 72) aklaT_IQ + Dy(k1, ko; 71, 7o) GT_klaT_k27
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where we have introduced momentum and time dependent two-point OTO amplitudes,
D;(ki, ko; 11, 70) V i=1,2,3,4, which are explicitly defined in the Appendix.

A ~

Lo(x, 11, 72) = 1I(x, 72) f(x,71)

- / g:)lg / g:;?) exp(i(k; + ka).x) Ty, (72) fieo (1)

d’k 3k , X
_ / (%)13 / (%)13 exp(i(ks + ko).x) Aok, kos i, m),  (3.48)

where we have introduced a momentum and conformal time dependent quantum mechan-
ical operator Ay(ky, ko; 71, 72), which is defined as:

A2(k1>k2;7'1>7'2) = ﬂk1(7'2)fk2(7'1) = 51(k17k2;7'1,72) Ak, Ak, +£2(k1>k2;7'1,7'2) aT_klakQ

+L3(k1, ko; 71, 7o) aklaikQ + Ly(ki, ko; 71, 72) aiklaiky (3.49)
where we have introduced momentum and time dependent two-point OTO amplitudes,
Li(ki, ko;m,7) V i=1,2,3,4, which are explicitly defined in the Appendix.

This implies that one can write down the previously mentioned the commutator bracket
along with the thermal Boltzmann factor as:

= fHm) [ F(x,m), T(x, 72)]

= e P D, (x, 71, 73) — Da(x, 71, 72)]

_ —BH(m) A’k ks . . . ) ‘
—e a5 | (s Pl G k) X [Al(kl, Ko; 71, 72) — Ao(ky, Kos 71, 72)]

3 3 . R
= / é:)lg / (;:{:)23 exp [i (ki + ko) .X] [V1(k1,k2;7'1772;5) - V2<k1ak237'1v72;5>] , (3:50)

A

where we define the new sets of quantum operators, : V;(ky, ko; 71, 70;3) 1 Vi=1,2 as:

A

Vz'(k1,k2;7177'2;5) = efﬁg(n) Ai<k17k2;7—177-2) Vo i=1,2 (3'51)

Here the thermal Boltzmann factor can be expressed in terms of creation and annihilation
operator as:

1
e PH(T) = exp <—ﬁ/d3k (aLak + 553(0)> Ek(ﬁ)), (3.52)
where we define Ey(71) by the following expressions:

Ex(m) = [[e(m)[” + wie(m) ()] (3.53)
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3.5.3 Fourier space representation of square of the commutator bracket Ap-
plication to four-point OTOC

Now we explicitly compute the following square of the commutator bracket, given by:

~

[f(x,Tl),ﬂ(x,Tz) = foe )T, ) f (e, )T, )

= Ki(x,71,72)

—11(x, 7)o, 7) f o )T (%, 72)

= ]CZ(X T1,72)

—f(x,ﬁ) (X,Tg) (x,70) f (X 7'1)1

= IC;(X T1,72)

A

+1(x, ) f F(x, m)II(x, 72) f(x, m) (3.54)

= K4(x T1,72)

It is important to note that, in the expression for the square of the commutator bracket
defined in terms of the rescaled cosmological perturbation variable for scalar mode fluctu-
ation and its canonically conjugate momenta we actually have introduced few space-time
dependent new functions which basically divides the whole expression into four parts.
These four quantum operators after taking the thermal average represent the four-point
correlation function. However doing the computation in coordinate space is very compli-
cated. For this reason by making use of the mentioned convention of the Fourier transform
of each quantum operators we express all of them in momentum space. Now we mention
the explicit structure of these operators, KC;(x, 71, 7) Vi = 1,2, 3,4 which are expressed in
Fourier space as:

ICl (X7 71, 7—2)
= f(x, Tl)ﬂ(X,TQ)f<X, Tl)ﬂ(x, o)

&k A’k d*ks d3ky
- / (2m)? / (2r)? / (27)7 / om Ol ta ke + ks + k) x]
fkl (Tl)ﬂkz (TQ)fkg(Tl)ﬂk4(T2)
&k A’k d*ks d3ky
- / (2m)? / (2m)? / (2m)3 / (2m)3 exp [i (ki + ko + ks + ki) ]
Ti(ki ko, ks, ka; 71, 72), (3.55)
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where the function 7A](k1, ko, k3, ky; 71, 72) is defined as:

ﬁ(k17k2>k3>k4;7_177—2)
= [Mi(ki, ko, k3, ka; 71, 72) aklabakgam
+ Moy (ki ko, k3, ky; 71, 72) al klak2ak3ak4 + Ms(ky, ko, k3, ky; 71, 72) aklaT_k2ak3ak4
+ Mk, ko, k3, ky; 71, 72) a! —k a! —ko aksak4 + M (ki ko, k3, ky; 71, 72) 0l1<16Lk20LT 1 Vs
+Mq(ky, ko, kg, ky; 71, 70) af " ax,a’ ks Oy + Mr(k, ko kg, Ky; 71, 72) aklaTk al s Oy
+Msg(ki, ko, k3, ky; 71, 72) CLT_kICLT_k2aT_k3ak4 + Mo(ky, ko, ks, ky; 71, 72) ak1ak2ak3cﬁ_k4
+Mio(ky, ko, ks, ky; 71, 72) atklakgakﬂim
+ M1 (ki ko, ks, ky; 71, 72) ak1aT_kQCLk?,aT_k4 + Mia(ky, ko, ks, ky; 71, 72) aT_klCLT_I(QoLkBaT_k4
FMig(ki, ko ks, ka; 71, 7o) argarpal g aly, + Mia(ke, ko, ks kas 71, m) @l aigalyal
+Mis(ky, ko, ks, ky; 71, 72) cuchT_kzaJr_kchT_k4 + Mig(ky, ko, k3, ky; 71, 72) aT_klaT_kQaT_kg)aT_m] ,  (3.56)
where we define, M(ky, ko, ks, ky; 7, 7) V j=1,---,16, in the appendix.

Ka(x, 71, 7) = (%, 72) f(x, 71) f(x, 7)I(x, 75)

~ [ o | o | el et i =

Ik, (72) fies (71) fics (71) iy (72)

~ [ s [ty [ o | G ottt b=

7A§(k1, ko, k3, ky; 7'1,7'2)7 (3-57)
where the function 7A§(k1, ko, k3, ky; 11, 72) is defined as:

75(k1,k2,k37k4;71772>
t71(k17 k27 k37 k47 T1, 7—2) aklak2ak3Gk4 + u72<kla k2a k37 k47 T1, 7—2> a‘tkla'kQCl’kga’kzl

+T3(ki1, ko, k3, ky; 71, T2) CLlelT_kQCLkgak4 + Ja(k, ko, ks, ky; 71, 72) aT_kla/T_kza/k3ak4
+J5(k1, ko, k3, ky; 71, 7) leakgﬁikgam + Js(k1, ko, k3, ky; 71, 72) aT_klakQGT_k3ak4
+J7(k1, ko, ks, ky; 71, 72) aklaik2aik3ak4 + Js(ki, ko, k3, ky; 71, 72) aiklaikﬂikﬂm
+Jo(ki, ko, k3, ky; 71, 72) aklakgak3aT_k4 + Jo(k1, ko, ks, ky; 71, 72) aiklakgakgaim
+J11(ki, ko, ks, ky; 71, 72) ClklClJr_kzakgaT_k4 + Jia(ki, ko, ks, kg; 71, 7o) &Jr_klCLT_kQCLkgaJr_k4

+J13(k1, ko, k3, ka; 71, 72) aklak2aik3aik4 + Jia(ky, ko, k3, ky; 71, 70) atklakQCLikSaim

+J15(k1, ko, ks, ky; 71, 72) aklaT_kzaT_kgaT_M + Jie(k1, ko, k3, ka; 71, 72) aT—kla’T—kgaT—kgaT—kJ , (3.58)
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where we define, Jj(ky, ko, ks, ky; 71, 72) V j =1,---,16, in the appendix.
,CS(Xv 7_177_2) = f(xv Tl)ﬂ(xv TQ)ﬁ(X7 T2)f(xa 7—1)
d3ky d3ks d3ks A3k,
= ki + ks +ks+k
/ (27T)3 / (27T>3 / (27T)3 / (27_[_) eXp[ ( 1 + 2 + 3 + 4) ]
fkl (Tl)ﬁkz (TQ)ﬂks (TQ)fk4 (7—1)
A3k A3k, d3ks dky
= ki +ky +ks+k
/ (27T)3 / (27T>3 / (27T>3 / (27’(’) eXp[ ( 1 + 2 + 3 + 4) ]
E(kla k27k3)k4; T177-2)7 (359)

where the function ﬁ(kl, ko, k3, ky; 71, 72) is defined as:

ﬁ(kl,kmk&kzx;ﬁﬂb) = [N1(k1,k2,k3,k4;71,7'2) Ak Aky Ak Aky
+No(ky, ko, k3, ky; 71, 72) al T akzak3ak4 + N3(ky, ko, k3, ky; 71, 7) aklaJr 1 ks ke
+Ni(ky, ko, k3, ky; 71, 72) a_kla_k2ak3ak4 + Ns(ki, ko, k3, ky; 71, 72) ax, ax,a T_kgak4
+ g (K, ko, ks, ky; 71, 72) a*k iy @l g e, + No(ki ko, ks kas 71, 7) agalyaly ai,
+Ns(ky, ko, K3, kg 71, 72) af D al kQaT 1 Ok
+No(ki, ko, ks, ky; 71, 72) ax, ax,ax,a k4 + Nio(ky, ko, ks, ka; 71, 72) a-il_klakzakgaik4
+ N (ki ko, ks, ky; 71,7
+Nio(ky, ko, kg, ky; 71, 72
+Nis(ky, ko, kg, ky; 71, 7

(

(

(

T T
ax, (l_k2 Ak, a_k4

Tt 1
aly aly axsaly,

T T
Ak, Ak, @y, Ay,

T oot
G_kl a/k2 CL_k3 CL_k4

T T T
akl a*kg a*kg a7k4

aT_klaT_baT_kgaT_kJ ) (3.60)

+Nia(ky, ko, ks, ky; 71, 70
+Ni5(ki, ko, k3, ky; 71, 70

+N16 kla k27 k37 k4a T1, T2

e N N N

where we define, N (ky, ko, k3, ky;71,72) V j =1,--- 16, in the appendix.

A3k A3k A3k 3k
IC4(X,7'1,7'2) :/ ! / 2 / 3 / 1 exp[ (k1+k2—|—k3—|—k4) ]

@2m)? ) (2m)* ) (2m)* ) (27)° ) ) )
Hk1(TQ)sz(Tl)Hk3(7_2)fk4(7-1)

A3k ks d3/€3 dky
- K + ko + ks + k
/(2@3/(2@3/(2@3/(2@ exp [i (ki + ko + kg + k) x]
7Z(k1,k2,k3,k4;71,72), (3.61)
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where the function ﬁ(kl, ko, k3, ky; 71, 72) is defined as:

~

7Zla(kl7k2>k37k4;7_177—2>
= | Qi(ky, ko, ks, ky; 71, 72) ax, G, Qi ax, + Qo(Ky, ko, ks, ky; 71, 72) aiklakzakgam

+09;5(ky, ko, ks, ky; 71, 72) aklaikzakgam + Qu(ky, ko, ks, ky; 71, 72) atklatkﬂkﬂm
+Q5(k1,k2,k3,k4;7'1,72) aklakgaikgam + Qﬁ(k1,k2,k3,k4;7'1,7'2) CLT_klakQCLT_ksalq
+Q7(ky, ko, k3, ky; 71, 7o) aklaJr_kQG/T_k3ak4 + Qs(ky, ko, k3, ky; 71, 72) GT_klaT_kQCLT_k3ak4
+Q9(k1,k2,k3,k4571,72) a’klakgak3aik4 + QlO(k1>k2ak37k4§7—1,7—2) aiklakzak?,aik‘l
+Qu1(ky, ko, k3, ky; 71, 72) ClklCLT_kQCLk?,CLT_k4 + Qua(ky, ka, ks, ka; 71, 72) CLT_kl(IT_kQCllq,CLT_k4
+Qi3(ki, ko, k3, ky; 71, 7) aklakgaT_k3CLT_k4 + Qua(ki, ko, k3, ky; 71, 7) CLT_klalan_kgaT_m

+le(k1,k27k3,k4;ﬁ77’2) aklCLT_kQCLT_kaaT_k4 + Q16(k1,k2,k3,k4;7'177'2) aJr_klaT_kQaT_kBaT_kJ ) (3-62)

where we define, Q;(ky, ko, ks, ky;71,7) V j =1,---,16, in the appendix.
This implies that one can write down the previously mentioned square of the commu-
tator bracket along with the thermal Boltzmann factor as:

o~ BHm) [f(x, ), T(x, Tz)} 2

— e—ﬁﬁ(ﬁ) []Cl(x7 T1, 7‘2) — ICQ(X, 1, ’7'2) — ICS(X, T1, 7—2) + IC4(X7 T1, 7_2)]

il 3k Pk Pk &k .
— o BH(m) { / (27T)13 / (%)23 / (277)33 / (%)43 exp [i (ki + ko + ks + ky) .X]

[ﬁ(klu k27 k37 k47 71, 7—2) - ﬁ(kla k27 k37 k47 71, 7-2)

+7\5(k17 k27 k37 k4a T1, 7-2) - ﬁ(kh k27 k37 k47 T1, 72)i| }

_ / (C;?;glg / (21’323 / (f;r"“)?’g / (‘;’“)43 exp [i (ky + ko + ks + ky) .X]

[91(k1,k27k3,k4;7'1,7'2;5) - ]72(k1,k2,k3,k4;7'1,72;5)

+173(k1,k2,k3,k4;7'1,7'2;5) - §4(k17k27k3,k4;ﬁ77’2;5)} , (3.63)

A~

where we define the new sets of quantum operators, : V;(ki, ko, ks, ky; 71, m0;6) : Vi =
1,2,3,4 as:

ﬁi(k1,k27k3,k4;7'1,72;5) = @_Bmﬁ) T(k1,k27k3,k4;7'1772) Vo i=1,2,3,4, (3-64)

where the thermal Boltzmann factor can be expressed as:

e PH(T) — exp <_ﬁ/d3k (aLak + %(53(0)> Ek(ﬁ)), (3-65)
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where we define Ex(7;) by the following expressions:

Ex(n) = [[M(0)]* + wic(r) ()] - (3.66)

Now to find the trace of the square of the commutator bracket along with the thermal
Boltzmann factor we need to first define the quantum vacuum state. In the present context,
the quantum vacuum is fixed by the initial condition that we choose to define the mode
functions obtained from the quantum fluctuations during the particle production during
inflation and reheating epoch of the primordial cosmology. To find out the expression
for the OTOC here we will concentrate on SO(1,4) isommetric De Sitter vacua. in this
category the most famous example is the « -vacua, which is actually described by a one
real parameter family @ and CPT symmetric. If we fix, & = 0, then we get the well
known Bunch Davies vacuum state. In the context of quantum field theory of curved
space time Bunch Davies vacuum actually represents the quantum ground state. On the
other hand, the o vacua represent the quantum excited states in the context of quantum
field theory of curved space. For o vacua the parameter a mimics the role of a super-
selection quantum number associated with a different bipartite Hilbert space. But it is
still a unresolved issue that whether the interaction picture of the quantum field theory
with any arbitrary value of the parameter o with any arbitrary super-selection rule are
consistent with the underlying physical requirements or not. It might be quite likely that
the Hilbert space of o vacua excited states and the Bunch Davies vacuum coincides with
each other in the underlying quantum field theory set up. In such a physical situation it is
perfectly consistent to describe quantum field theory of excited states in terms of Bunch
Davies vacuum in the ultraviolet regime. On the other hand, in the infrared regime of
the quantum field theory of curved space, due to the non-removal of physical infinities
appearing from various types of interaction, explaining the physics of excited states with
the Bunch Davies type of adiabatic vacuum state is not at all a viable good approximation.
As a consequence one can write an effective field theory description from the present set
up in the ultraviolet regime of quantum field theory. This further implies that identifying
the more appropriate candidate of quantum a vacua states which are highly fine tuned.
However, this only allows us to consider excited quantum states compared to ground state
described by the Bunch Davies vacuum in the context of quantum field theory. Using this
prescription apart from describing the inflationary paradigm in (quasi) De Sitter space,
one can use it to describe a lot of unexplored late time physical phenomena, i.e. stochastic
particle production phenomena, the process of reheating etc in presence of non-standard
quantum vacuum state.
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3.6 Cosmological thermal partition function: Quantum version
3.6.1 Quantum vacuum state in Cosmology

In the context of quantum field theory, one can define the class of all excited « vacua states
in terms of the well known adiabatic Bunch Davies vacuum state as:

|U,) = ! e —itanha/ @’k alay ) [Usp) (3.67)
" Vleoshal T\ 2 (2myp “) BT |

which satisfy the following constraint condition:
ax|Vs) =0 V k, « (3.68)

Here one can easily observed that, if we fix & = 0 then one can easily get back the usual
quantum adiabatic Bunch Davies vacuum state. Another important thing we have to
mention here that, at the level of solution of the mode function of the quantum fluctuations
that we have obtained earlier, one can introduce the concept of these excited a vacua states
in the integration constants C; and C, as:

Cy =cosha, Cy=sinha, (3.69)
which satisfy the following normalization condition:
G —C*=1 = cosh’a—sinh®’a=1 V a. (3.70)

If we fix here @ = 0 then we get the following values of the normalization constants for the
well known adiabatic quantum Bunch Davies vacuum state:

Ci=1, Cy=0. (3.71)

Now, using the definition of the above mentioned excited « vacua states, which is explicitly
written in terms of the well known adiabatic Bunch Davies vacuum state we compute the
expression for previously mentioned OTOC in the present context. For this purpose, we
need to first of fix the quantum partition function.

3.6.2 Quantum partition function in terms of rescaled field variable

In presence of these excited « vacua states the quantum partition function can be expressed
as:

, 1 i Bk
Z(B:1) = [ AV, (U, le PH|p, :—/d\p U ~ tanh / !
(8;m) / (Wale Vo) | cosh 5D (¥BD| | exp 2 anh o (2m)3

exp (—5 / Pk (aLak + %53(0)) Ek(ﬁ)> exp <—%tanha / ng; aLQakQ) } Ugo).  (3.72)
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Then the quantum partition function for o vacua can be expressed as:

Za(ﬁ;Tl) = !

=7 : .

where Zgp is the quantum partition function computed from adiabatic Bunch Davies
vacuum as:

Zgp(B8;71) = / dVgp (¥pp|exp (_5 / 4Pk <aLak + %53(0)) Ek(ﬁ)) |Ugp)

= exp (— <1 + %5%0)) /d3k In (2 sinh M“T(Tl)» : (3.74)

. This further implies that the expression for the quantum partition function for o vacua
can be simplified as:

Zo(B; 1) = Lexp (— (1 + %53(0)) /d3k In (2 sinh 5E“T(Tl)>) . (3.75)

~ |coshal

Till now we have not derived the expressions for the quantum partition function for the «
vacua and the adiabatic Bunch Davies vacuum state by introducing normal ordering which
is used to remove unwanted infinities, like here it is coming from the zero point like energy
contribution §2(0)/2, which is a divergent quantity. Another possibility is that, one can
also use the Dirac Delta regularization to remove the divergent contribution.

The normal ordered quantum partition function for Bunch Davies vacuum is given by:

: Zpp(B; 1) := exp (—/ (3;1;3 In <2sinh 5E“T(Tl))> . (3.76)

. Then the normal ordered quantum partition function fora: vacua can be simplified as:

1 . BEk(n)
FZo(By1) = ——— — [ &k In | 2sinh ——~—== . 3.77
(B;11) coshal exp ( / n ( sin 5 (3.77)
3.6.3 Quantum partition function in terms of curvature perturbation field
variable

In this subsection our prime objective is to find out the expression for the partition function
in terms of the curvature perturbation field variable. To serve this purpose the time
dependent dispersion relation can be expressed in terms of the curvature perturbation
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variable as:

Ex(m1) = ()] + wig(11)] fie(m)

1 dz(n)

Z(Tl) dT1

+W12<(71)|Ck(71)|2}

Z(Tl) d7'1

(. J/

z%n{mﬁm+(mgm@m>umﬁxunﬁ(l =)

TV
Contribution from this term is negligibly small

~ 22(7'1)Ek’c(7'1), (3.78)

where we define the time dependent energy dispersion relation in terms of the curvature
perturbation variable as:

Fyo(m) : = |I§(m)

2+Qﬂ@+<1‘ﬁm))mmw. (3.79)

z2(m) dm

Now, the thermal partition function for cosmology in terms of curvature perturbation
computed for « vacua can be expressed as:

Z]%D(ﬂ;ﬁ) ‘

fo(ﬁ;Tl) = | COShOél (380)

where Z]%D(/B ;71 )is thermal partition function for cosmology in terms of curvature pertur-
bation for Bunch Davies vacuum which can be expressed as:

Zgn(B;T1) = exp (— (1 + %53(0)> / &’k In <2 sinh 2 Z2(Tl)f “’C(Tl)» . (3.81)

and can be further simplified in the normal ordered form as:

 Z55(B:m) == exp (— / &k In (2 sl 522(71)2531(,4(71))) . (3.82)
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3.7 Trace of two-point “in-in” OTO amplitude for Cosmology

Now, we will explicitly compute the numerator of the two-point OTOC for quantum «
vacua, which is given by:

Tr [e—ﬁfl(n) [f(x, ), I(x, Tg)”

dv
|cosha|/ BD H/

Further, our aim is to compute the individual contributions which in the normal ordered

()
2

Z k17k2;7_177_2;6) ‘\I]BD> (383)

d*k; ,
(27T)j3 exp [ik;.x] (Upp|

form is given by the following expression and computed in Appendix:

/d‘IfBD <‘IJBD| (k17k2,7'1,7'27 ) : ’\I]BD> = /d‘I’BD <\IJBD’ : efﬁg(n) Ai(k17k2;7-177-2) : \‘I’BD>
Vi=1,2. (3.84)

Further, the trace of sum of these individual two-point “in-in” OTO micro-canonical am-
plitudes in normal ordered form can be expressed as:

2
/d‘IfBD (Upp| Z : @i(k17k2§7_177—2;5) | ¥gp)

=1

= (2#)3\exp (- / &’k In (2 sinh BE“T(T”» 0° (k1 + ko)

———
“” Momentum conservation in OTO amplitude
Micro—canonical thermal partition function

?2(k1,k2;7'1,72)4 + D3(k17k2;7'1,7'2)/

Vv Vv
Individual two point OTO amplitude Individual two point OTO amplitude

- 52(k1,k2;71,7'2) - 53(k17k2;7'1,7'2)
A g >
Individual two po;?lt OTO amplitude Individual two po;rrlt OTO amplitude
353 . .
— (27)*8%(k; + k) P(ky, ka; 72, 723 ). (3.85)

Here we introduce, P(ky,ko; 79, 7; 3) is the temperature dependent two-point function,
which is defined as:

P(ki, ko; 7o, 725 B) : = exp <—/d3k In <2 sinh —6E1;<7—1))>

[Do(ky, ko; 71, 72) + Ds(ky, ko; 71, 72)
—Lo(ky, ko; 71, m2) — La(ky, koy 1, 2)] . (3.86)
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3.8 OTOC from regularised two-point “in-in” OTO micro-canonical ampli-
tude: rescaled field version

The cosmological OTOC without normalization for a vacua can be expressed as:

1 = . .
v/ ___ - T [ —pH(r) [ f H
(71, 72) Zo(Bi 1) re f(x,71),1(x, 72) ()
d*k, A3k,
= —(2n)® ki +k Bk, +k
o [ o [ el +la) (s + ko)
Momentum conservation in OTO amplitude
?2(k1,k2;7'1,7'22 + P3(k1,k2;71;7'22

Vv Vv
Individual two point OTO amplitude Individual two point OTO amplitude

- 52(k1,k2;7'1772) - /33(1{171{2;7'1,7'2)
N ~~ > N ~~ g
Individual two point OTO amplitude Individual two point OTO amplitude
d*k;
- — P(kl, k1;7'1,7'2), (387)
(2m)3

where the two-point OTO micro-canonical amplitude function is explicitly given by the
following expression:

P(ky, —kyi;71,7) 1 = [Da(ky, —ky; 71, 72) + Ds(ky, —ki; 71, 72)
_£2(k1, —k1;71,72) - 53(1{17 —ky; 7, 72)]
= [f2, ()i (72) + fieg (1)TT, (72)
I (72) foa (1) = Ty (72) fie, (1) - (3.88)

Here we define:

>

( ) = i, (1) ey (72)
3(k ko; 71, 2) fk1 ) 2(72),
( ) (1)
( ) (1)

2 k17k277—177—2

T2),

>

Lo(ky, ko; 11, 72 H*k( 2) fio (T1),
L3(ki, ko; 71, 70) = Iy, (12) f7,

7).

Now we need to evaluate explicitly by doing the momentum integration over three volume.
Now to compute this integral one can express the volume element as:

&k,
(27)?

—4r k> dk, 0<k < L. (3.93)

Here we have taken care of the fact that the individual contribution appearing in the two-
point OTOC momentum integral is isotropic. Also, we have introduced a momentum finite

65


https://doi.org/10.20944/preprints202007.0038.v1
https://doi.org/10.3390/sym12091527

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 3 July 2020

large cut-off to regulate the contribution of this integral.
Consequently, one can write the following simplified expressions for the two-point un-
normalized OTOC as:

1
Y (1y,7) = —ﬁB(ﬁ,ﬁ) ; (3.94)

where the conformal time scale dependent regularized integral, B(7, 72) in the above ex-
pression, is defined as:

L
B(r.m): = / K2 dhy [ (r)T e (72) + fie (0TI, (72)
k

: Iy (72) e (71) — Th (72) 5 (70)]
= (—)2 ()T [Zay(r1, 72) + Zio (11, 72) — Zgsy (T, 72) — Zay (11, 72)] (3.95)

[un

where we have introduced the time dependent four individual amplitudes, Z) (71, 72) Vi =
1,2,3,4:

L

Zy(my7a) = / K2 iy fi ()T (72), (3.96)
k1=0
L

Z(z)(71,72) 3:/ k% dky fik1 (7—1>H—k1(7—2>7 (3-97)
k1=0
L

Zisy (1, 72) = / K diy Th, (7). (71). (3.98)
k1=0
5

Ziy(1u72) = / K2 iy 1T (72) fs (1), (3.99)
k1=0

which satisfy the following symmetry properties:

Z(2) (T17 7-2) = (_1>_(2V+1)Z(1) (7—17 7-2)7 (3100)
Zay(11,m2) = (=1)"®FV Z5) (11, m0), (3.101)

using which the simplified form of the momentum integrated time dependent two-point
OTOC can be written as:

1 —7)2 ¥ (—7
(1, m) = —2—7T26(7'1;7'2) _ &n) 2752 2)

[S][OY)

bt 2

We need to explicitly evaluate this above mentioned integral which will going to fix the final
expression for the two-point micro-canonical OTOC for Cosmology. We have presented
the detailed computation of this integral in the Appendix.
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3.9

Here we need to perform the computation for the two-point OTOC in terms of the scalar

OTOC from regularised four-point “in-in” OTO micro-canonical ampli-
tude: curvature perturbation field version

curvature perturbation and the canonically conjugate momentum associated with it, which
we have found that is given by the following simplified expression:

Y<<T1’T2> =

A

1 - .
Tr [e"BH(”) [C(x, 1), II(x, T2)

_Zgl(ﬂaTl)

1
H(a) ~ 2(n)2(m)

Now substituting the explicit for of the two-point function that we have derived in the
previous section we get the following expression:

YC(Tl,Tg) =

1 B(m,m) _ (m)it(—m)E
272 2(m1)2(12) 212 2(m1)2(12)

Now additionally, few points we have to mention that from the finally obtained answer for
the two-point OTOC’s obtained from the two different set-ups:

1.

First of we have explicitly shown that the definition of the two-point OTOC is com-
pletely coordinate independent and just only depend on the time scale on which the
operators in cosmological perturbation theory are time scale separated. Even we
start defining the operators in a specific space point at different times, in the final re-

sult all such information are integrated out and we get completely a time dependent
two-point OTOC.

. Next, it is important to note that, for v = 0, which implies, m/H = 3/2 the two-

point OTOC trivially vanishes. But for partially massless and heavy scalar fields,
two-point OTOC become non-trivial and carry significant information of the theory.

. We also have found that, the final obtained result of the two-point OTOC is

independent even though we start with a thermal micro-canonical statistical ensemble
during definition the two-point OTOC in the trace formula.

. Also we observe that, if we fix, m = 7 = 7, that means if both the quantum

operators representing the cosmological fluctuations are defined at the same time
then two-point OTOC explicitly gives diverging contribution in the quantum regime.
This is perfectly consistent with the definition of any general OTOC and also support
all the physical requirements to construct the foundational set-up to compute OTOC.

. If we perform an explicit computation, then it is possible to show that, in our set-

up the one-point functions in the context of Cosmology are given by the following
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Y¥(r,m). (3.103)

[1+ (=1)"®*V] (Z3) (11, 72) — Z2) (11, 72))

(3.104)
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expressions:

=—"Tr [e_ﬁﬁm f(x, ’7')} =0,

(@)

)

:—Tr[e AH() T1(x, )]():0.

(3.

d0i:10.20944/preprints202007.0038.v1

105)

The similar statement is also valid if we define the one-point functions for Cosmology
in terms of the curvature perturbation field variable and its canonically conjugate

momentum. This result implies that, there is no point of performing normalization
of the obtained two-point OTOC for Cosmology with respect to the above mentioned
one-point functions. So technically, it is sufficient enough to compute the two-point
OTOC without normalization in the context of Cosmology.

6. Another important point we have to mention that, not only the one point function

but also the three point functions in the present context is trivially zero which can

be explicitly proved by making use of the well known Kubo Martin Schwinger con-

dition in terms of time translational symmetry of the thermal correlation functions

computed for Cosmology. These possibilities are explicitly mentioned below:
<f(X, Tl)ﬂ(xv TQ)ﬂ(Xv 7-3)>5 =

<ﬂ(X, Tl)f(xv 7-2)12[()(7 7_3))5 =

(¢, )T, 72) f (%, 7)) =

<f(X, Tl)f(x7 TQ)ﬂ(X7 7_3)>5 =

<JE(X7 Tl)f‘[(xa T2)f(x 7'3)>

=

(I(x, Tl)f<X7 T2)JE(X 7'3)>

(1) f (%, 72) f (3, 73))8 =

(T (x, 7)I(x, 7)II(x, 73)) 5 =

1
Za(B;7)
1
Za(ﬁn_)

1
a(ﬂ;T)Tr
1

Zo(B; T)Tr

Za(B;7)
1
Zo(B;7)
1
Za(B;7)

Tr |e BH

Tr _e_

PO fi(x, m)T(x, ) f (o, 75)|
-6—5ﬁ(T) f(X, Tl)f()g Tz)ﬂ(x, 7'3)-

-6_Bﬁ(T) f(X, 7—1) (x Tg)f(x, 7’3)-

—Tr -e

_ T [6—&7(7) F(x, 1) f(x,7)f(x, 73)}

() f(x, T)ﬂ(x, T2)f.[(x, 7'3)]

BH( T1(x, 71) f (x, 7)1 (x, 7’3)}

—BH(r) ﬂ(X, Tl)f(x, TQ)f(X7 7—3)-

A

Tr [e—ﬁﬁ (™) (%, 7)1 (x, 7)I(x, 73)]

(a)

(a)

()

=0,

which in principle can be further generalized to any odd N point thermal correlation

function for micro-canonical ensemble within the framework of Cosmology.
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3.10 Trace of four-point “in-in” OTO amplitude for Cosmology

Now, we will explicitly compute the numerator of the four-point OTOC for quantum «
vacua, which is given by:

Tr {e‘ﬁﬁ(n) [f(x7 7'1), f[(X, Tg)} 2}
(@)

d3k
\cosha| UsD H eXp [ik;.x] (VD]

Further, our aim is to compute the individual contributions which in the normal ordered

4
Z k17k27k3ak4;7_177-2;6) |‘I’BD>. (3114)

form are given by the following expression and computed in Appendix:
/d‘I’BD (Upp| : (k17k2,k3>k477'1,7'2, B): |¥sp)
= /d\IIBD (Upp| : e 1) Ty, ky, k, ka; 71, 7) : [Ump) ¥ i=1,2,34.(3.115)

Further, the trace of sum of these individual four-point “in-in” OTO micro-canonical am-
plitudes in normal ordered form can be expressed as:

4
v E
[ v (Wan| 3" Wikt ke ki, ) £ (V) = (20 exp (‘ [ (2 sinh . ‘;(ﬁ)»
=1

4
Z 94(12)(k1ak2ak37k4;7—1a7—22

i=1

~
Individual four point OTO amplitude
(4) .
+ @6 (k17k27k3ak4a7—177-2)
NV
Individual four point OTO amplitude
(4) )
+ 97 (k17k27k3ak4a7—1a7-2)
Vv
Individual four point OTO amplitude
(1) )
+ 91(] (k17k27k3ak4a7—177-2)
Vv
Individual four point OTO amplitude
(1) )
+ @11 (k17k27k37k4a7—177-2)
N 7

~~
Individual four point OTO amplitude

+ @(l)(k17k27k37k477-177-2)

Individual four pomt OTO amplitude
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{53 (ki + ki) 6% (ko + k3) + 0° (kg + k3) 6% (ko + k4)}

~
Momentum conservation in OTO amplitude

{53 (k1 + ko) 0° (k3 + ka) + 6° (ki + ka) 6% (ko + k3)}

TV
Momentum conservation in OTO amplitude

{53 (ki + ko) 0° (k3 + ka) + 6° (ki + ks) 6% (ko + k4)}

~
Momentum conservation in OTO amplitude

{6% (ki + ko) 6 (k3 + k) + 6% (kg + k3) 6 (ko + ka) }

~~
Momentum conservation in OTO amplitude

{6% (k1 + ko) 0° (k3 + ka) + 6° (ki + ku) 6% (ko + k3) }

~
Momentum conservation in OTO amplitude

{6% (ky + k3) 0° (ko + ka) + 6 (ki + ky) 6% (ko + k3) } |,

~
Momentum conservation in OTO amplitude

=M),2(=-7),3(=N),4(=—-9). (3.116)
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3.11 OTOC from regularised four-point “in-in” OTO micro-canonical ampli-
tude: rescaled field version

3.11.1 Without normalization

The cosmological OTOC without normalization for a vacua can be expressed as:

of _ 1 —pA(n) [ § i 2
(11, 72) = —mTr [e [f(x, 1), I(x, 7'2)] L )

= [ [ oy [ o [ o ke

54(1{1, kg, k37k4, 71, 7—2 {53 k1 + k4) (53 (k2 + k3) —+ (53 (kl + k3> 53 (kg -+ k4)}

Four—point OTO amplitude Momentum conservatlon in OTO amplitude
+ gﬁ(k1,kg,k37k4,7'1,7'2 {(53 k1+k2) (53 (k3+k4)+(53 <k1+k4 53 k2+k3 }
_

Four—point OTO amplitude Momentum conservatlon in OTO amplitude
+ §7<k1,k1,k37k3;7'1,7'2) {53 k1+k2)(53 (k3+k4)+(53 <k1—|—k3 53 k2+k4 }
_

Four—point 0\:110 amplitude Momentum conservatlon in OTO amplitude
+ Eo(ky ko, kg ks 71, 70) {(53 (k1 + ko) 0° (k3 + ka) + 6% (k1 + k3) 6% (ko + ku) }
_

Four—point 0‘%0 amplitude Momentum conservatlon in OTO amplitude
+ Eni(ky ko kg ks 7, 1) {5 (k1 + ko) 6° (ks + kyg) + 0° (kg +ky) 6° (kg + ks) }

Four—point 6%0 amplitude Momentum conserva?lron in OTO amplitude

+ ?13(1{1, ko, ks, ky; 71, 72) {53 (ki +ks) 6% (ko + ka) + 6° (kg + ky) 6% (ko + k3)}

Four—point OTO amplitude Momentum conserva;iZ)n in OTO amplitude
d3k; d3ksy
= —/ (2%)3 ( ) {54(k1,k2, —ko, —k1;7177'2) + 54(k17k2, -k, —k2§7'177'2)

+E&(k1, ko, —ka, —ki; 71, 72) + Er(ky, ko, —ki, —ko; 71, T2)
+E10(ki, ko, —k1, —ko; 71, 72) + En1(ky, ko, —ko, —ki; 71, 72)
+E13(k, ko, =Ky, —Kko; 71, 7o) + Ers(ky, ko, —ko, —ki; 71, 72)

+E7(k1, —k1, ko, —ko; 71, 72) + Ero(k1, —ki, ko, —ko; 71, 7o) + Enn(ky, —ki, ko, —ko; 71, 72) }, (3.117)

where we have introduced new four-point OTO micro-canonical amplitude functions, &,,(ky, ke, ks, kq; 71,
4,6,7,10,11, 13, which are defined as:

4
Em(ki ko, ks, ka; 71, 72) = Z @Syi)(kl, ko, k3, ka5 71, 72)
i=1

= M (ki, ko, k3, ka; 71, 72) — Tn(ka, ko, ks, ka; 71, 72)
+ N (ky, ko, k3, ky; 71, 72) — Ok, ko, ks, ky; 71, 72). (3.118)
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To understand the structure of these functions more clearly one can further write them in
terms of the redefined field and its canonically conjugate momenta as:

Ea(ky, ko, —ko, =k 71, 2) = f1y (1) (72) [ (7)o (72) — Ty (72) f o4, (70) foiey (7)1, (72)
+ [, () (7)o, (72) foi (1) — Ty (72) f2, (7)) Hoiy (T2) foiy (1), (3:119)
Ea(ky, ko, =k, —ko; 71, 2) = f1y (1)1, (72) fo (7)1, (72) =TTy (72) f o4, (70) foaey (70) T, (72)
e (T g (7)o, (72) foiey (1) — T2y (72) 24, (7)o, (72) foiey (1), (3.120)
Es(ki, ko, —ko, —ki; 71, 70) = f1) (1), (72) fie, (7)o, (72) — T12 . (72) fiey (1) fr, (7)1, (72)
+ 2k, (7)) (72) i, (72) foie, (1) — T2 (72) fiy (T0) i, (72) foic, (71), (3.121)
57(k1,k2, —ki, —k2;7'1,72) = fkl (Tl)Hth(TQ)fltl(Tl)kaQ(T2> - Hk1 (Tz)fka(Tl)ffil (7'1)1_[71{2(72)
+ fio (7)), (72) i, (72) fois (T1) — i, (72) f L4, (70U, (72) foy (1), (3.122)
Ero(ky, ko, =k, —ko; 71, 72) =[5y (1) iy (72) foae, (7)1, (72) — Ty (72) fiey (T1) foiey (7)1, (72)
+fik1 (71) e, (72) 1Ty, (72)f§2 (11) — H*—k1 (72) fico (71) iy (TQ)fik4 (r1),  (3.123)
Eri(ky, ko, =Ko, —Kk15 71, 70) = fie, (1)1, (72) foseo (70T, (72) — g, (72) 74, (71) f oo (7)1 (72)
+ Sy (M), (72) i, (72) fig, (1) — T (72) f24, ()i, (72) fiy (1), (
Eiz(ki, ko, ki, —ko; 71, 72) = fie, (71) i, (72) fic, (1)1, (72) — i, (72) fico (71) fic, (7)1, (72)

3.124)

+ fie (70) e, (7o) g (72) fre, (71) — i, (72) fieo (70)Hy, (72) fre, (1), (3.125)
E1z(ky, ko, —ko, —ki; 71, T2) = fi, (70) 1, (72) fre, (7)1, (72) — T, (72) fie, (71) fre, (7)1, (72)
+ fiey (70) ey (72) i, (72) i, (1) — T, (72) fie, (70) Ui, (72) £, (7)), (3.126)

Er(ky, —ki, ko, —ko; 71, 70) = fi, (1)U (72) 24, (7)1, (T2) — T, (72) fie, (71) f o0, (7)1, (72)

+ fie (M), (T2) Iy, (72) foieo (1) — iy (72) fi, (7)1, (72) foaey (71), (3.127)
510(k1, —ki, kg, —kg; 71, Tz) = fikl (71)1_[71{1(72)fk2(71)H1*{2(72) - Hikl (7_2)](‘*1(1(Tl)fk2(7_1>Hii2(7_2)

+ [, (1) (72) i, (72) fre, (T1) — Iy (72) foi (7)), (72) fr, (1), (3.128)
Enlky, —ki, ky, —ko; 71, 72) = fie, (1) (72) fiey (7)1, (72) — T, (72) fic, (71) frey (70) 1T, (72)

+ S (M), (72) ey (72) fic, (1) — i, (72) fic, (1)1, (72) fie, (7)), (3.129)

All the above mentioned quantities physically signify the momentum and conformal time
dependent amplitude of the OTOC which is written explicitly in terms of the contributions
from the four-point correlation function. Here we have to note down few symmetry prop-
erties of the above mentioned amplitudes under the exchange of the momenta appearing
in the third and fourth position i.e. if we replace —ks — —k; and —k; — —ks, which are
given by:

Eu(ky, ko, —ko, —ky; 71, 1) = Es(ky, ko, —ky, —ko; 71, T2), (3.130)
E1s3(ky, ko, —ko, —ky; 71, 72) = E13(ky, ko, —k1, —ko; 71, 72). (3.131)
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Using these symmetry properties the OTOC can be further simplified as:

d*k, d®ks ) .
C(r,m) =— e | @y {2 (Ea(ky, ko, —ko, —ki; 71, 72) + E1z(ky, ko, ki, —ko; 71, 72))

+E&(k1, ko, ko, —ky; 71, 72) + Er(ky, ko, —ki, —ko; 71, 72)
+E&10(ky, ko, —ki, —ko; 7y, 1) + &1 (ki, ko, —ko, —ki; 71, T2)

d0i:10.20944/preprints202007.0038.v1

+&7(ky, —ki, ko, —ko; 71, 72) + Ero(ky, —ki, ko, —ko; 71, 72) + Enn(ky, —ki, ko, —ko; 7, 2)}, (3.132)

In the context of cosmology, we usually integrate over the time scale from —oo to 0 to get
the momentum dependent trispectrum, which represents the amplitude of the four-point
correlation function. Instead of doing the integration over the conformal time here we
integrate over the moneta since in the present context we are interested to determine the
time dependent behaviour of the OTOC. Now our aim is to compute the explicit form of
the momentum integrated four-point amplitudes which will fix the mathematical structure
of the time time dependent OTOC in the present context. One of the important point we
need to mention here that, the individual parts of the amplitudes before integrating out
the momenta is only function of the magnitude of the momenta, not its direction. As a
consequence, the volume integrations over these momenta becomes very simpler and one
can treat the volume elements of the integrals as given by the following expression:

2Pk 1 T
L— kz dkl sin 91 d@l d¢z 3
iy~ e 1

where 0 < k; <oo, 0<6;,<m, 0<¢;<2r Vi=12 (3.133)

Now, it is clearly evident from the the expression for the above mentioned volume element
that the angular part sin6; df; d¢; V i = 1,2 are the infinitesimal solid angle subtended
for S, which is df2g, and after performing the integration over the angular coordinates it

2

will give a factor of 4(27)* out of the integral over the volume elements of the momenta

appearing in the expression for OTOC. Another important point is to note that here it
might happen that the integral over the momenta within the range 0 < k; < oo V i =1,2
becomes infinite. For this reason we put cut-off 0 < k; < L V ¢ = 1,2 to regulate the
integral over the momenta and consequently we can write:

1 L L
C(Tl,TQ> = —mA k% dk‘l\/o k% dk‘g
{2 (Ea(k1, ko, —ko, —ki; 71, 72) + Ei3(ky, ko, —ky, —ko; 71, 72))
+E&(k1, ko, —ko, —k1; 71, 72) + E7(ky, ko, —ki, —ko; 71, T2)
+E&10(ky, ko, —ky, —ko; 71, 70) + &1 (K1, ko, —ka, —ki; 71, T2)

+g7(kla _k17 k27 _k27 71, 7_2) + 610(k17 _k17 k27 _k2a 71, 7—2) + gll<kla _k17 k?a _k27 71, TQ)} ) (3134)
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Further, we define the following momenta integrated time dependent amplitudes:

L L
11(7'1,7'2) I:/ k% dk’l/ k% dk‘g 254(1{1,1{2, —kg, —kl;Tl,TQ), (3135)
k1=0 k

2=0
L L
IQ(Tl, 7'2) = / kf% dkl/ ]{ig dk‘Q 2813(1{1,1{2, —kg, —kl, 71, 7'2), (3136)
k1=0 ko=0
L L
13(7'1,7'2) = / k% dk‘l/ k% dk’g 56(k1,k2,—k2,—k1;7'1,7'2), (3137)
k1=0 ko=0
L L
1_4(7'1, 7'2) = / ]{3% dkl / ]{Jg de 57(1{1, kg, —kl7 —kg, 71, 7'2), (3138)
k1=0 ko=0
L L
:2:5(7'1,7'2) = / k% dk’l/ k% dkg glo(kl,kQ, —kl, —k2;7'1,7'2>, (3139)
k1=0 ko=0
L L
I6(’7'1, 7'2) = / k% dk’l/ k% de 511(1(1, kg, —kQ, —kl, 7'1,7'2>, (3140)
k1=0 k2=0
L L
17(7'1, 7'2) = / k% dk’l / k% dkg 87(1{1, —kl, kg, —kg, 71, 7'2), (3141)
k1=0 ko=0
L L
Ig(Tl, 7'2) = / k% dk’l/ k% dk?g glO(kla —kl, kg, —kg, ’7'1,7'2), (3142)
k1=0 ko=0
L L
19(7'1,7'2) = / k% dkl/ k% dkg 510(1{1, —kl,kg, —kQ;T17T2>. (3143)
k1=0 ko=0

Consequently, the OTOC can be expressed in terms of the four-point time dependent
amplitudes as:

Cf(Tl,TQ) = - Zwil—j(Tl,Tz) s (3144)

where our prime motivation is to computed all of these non vanishing time dependent
amplitudes. Once we determine all of them then the mathematical structure of the OTOC
i.e. the time dependent behaviour in the OTOC will be fixed. Here it is important to
note that the weight factors for each individual contributions are given by the following
expression:

w1:w2:2, wjzl VJ:3,4,,9 (3145)

After computation we have found that:

4
To(r,m) = (—m) "2 (—n) > X\ (n,m) = (1) Ti(n1, ), (3.146)
=1
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Ts(r1,m) = (—m) 2 (—m)*" QVZX (11, 7) = (=1)* Iy (11, 7), (3.147)
Tu(r, m) = (=) "2 (—1)3" QVZX (11, 72) = (1)1 (11, ), (3.148)
Ts(ri,m5) = (—m) 2 (—m)*" 2”ZX (11, m) = (=1)* Ty (11, 7), (3.149)
To(ri,m5) = (—m) 2 (—m)*" 2VZX (11, m) = (=1)* Iy (11, 7), (3.150)
To(ri, 1) = (—m) 72 (—m)*" 2”ZX (11, 7) = (=1)* Ty (71, 7), (3.151)
Ta(ri,m) = (—m) 2 (—m)*" 2'/2)( (11, 7) = (=1)* Ty (71, 7), (3.152)
To(r1, 7)) = (=) "% (—1)3" 2VZX (11,72) = (1)1 (11, 7). (3.153)

Consequently, we can further write:

S wZ(nm) = 242D + (1" Li(n,7)

_9 {1 (D) ;(—1)2”] (=) (__Vl(;?) — > X (1, m). (3154)

where the explicit form of the time dependent functions X fi) (T,7) V i=1,2,3,4 are de-
fined in the appendix. Further using this result the un-normalised OTOC can be expressed
as:

C'f(ﬁ,TQ) = = Zwizj(ﬁ,ﬁ) = {1 + (—1)4V + z(—l)%} (_7—;;4_(_11(1;;2_)1_ - ZXl(i)(Tl,Tg) .

(3.155)

3.11.2 With normalization

Further, the normalisation factor of OTOC, which is given by the following expression:

N7 T1,T2) = —= - 1 _ _ _ i ' |
( ) <f( )f( )>5<H(7'2)H(T2)>5 Fl(Tl)FQ(Tg) (3 156)
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where the time dependent functions Fi(7) and F»(72) are defined in the Appendix. For
further details please look into the Appendix for the detailed computation of the normali-
sation factor of OTOC.

Finally, the normalised OTOC in the present context can be computed as:

Of(’i'l, 7'2)
(f(11) £ (1)) p{T1(72)TI(72)) 5

7

Cf(Tl,TQ) =

1
" TR &

J=1

1 4v z_ 2v T, To
~ TR [ U B

— [1+ Com | G s S P (T

i=1

which is obviously a new result in the context of primordial cosmology and we are very
hopeful that this result will explore various unknown physical phenomena happened in
early universe. The detailed explanation of this obtained result will be discussed in the
later half of this section.

3.12 OTOC from regularised four-point “in-in” OTO micro-canonical ampli-
tude: curvature perturbation field version

3.12.1 Without normalization

Here we need to perform the computation for the un-normalised OTOC in terms of the
scalar curvature perturbation and the canonically conjugate momentum associated with
it, which we have found that is given by the following simplified expression:

3.12.2 With normalization

The normalised OTOC in terms of the scalar curvature perturbation and the canonically
conjugate momentum associated with it, which is basically the computation of the following
normalised OTOC, in the present context:

C(11,72)
(€(11)¢ (1)) s{Ie (1)ILe (1)) 5

Co(m1,72) = = N¢(11, 1) CS(11,T2) (3.159)
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Figure 1: Behaviour of the two-point function with respect to the T' time scale of the
theory. Here we fix, mass parameter v = —i/2, —3i/2, cut-off scale L = 1000, vacuum
parameter v = 0 (Bunch Davies vacuum), 1/2 (« vacua).
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Figure 2: Behaviour of the two-point function with respect to the T' time scale of the
theory. Here we fix, mass parameter v = —5i/2, —7i/2, cut-off scale L = 1000, vacuum
parameter o« = 0 (Bunch Davies vacuum), 1/2 (« vacua).
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Figure 3: Behaviour of the two-point function with respect to the T' time scale of the
theory. Here we fix, mass parameter v = —9i/2, cut-off scale L = 1000, vacuum parameter
a = 0 (Bunch Davies vacuum), 1/2 (« vacua).

where the normalisation factor to normalise OTOC is given by:

(11, 79) = ! — e Y ) = 22(n) 22 ()N (1, 7
N (71,72) <C(7—1)C(7—1)>5<HC(71)HC(7—1)>B Fi(m)Fa(m) (11)2%(m2) N7 (11, 72) . (3.160)

Consequently, the normalised OTOC computed from the curvature perturbation variable
is given by the following expression:

(_,7_1)1 21/( 3 2v

( 1)4V 1]:1 ’7'1 .7:27'2

7
CC(Tl,TQ) :Cf(Tl,TQ) = 1+(—1)4y+—(—1)2y 2

- Z X, 7). (3.161)

4 Numerical results I: Interpretation of two-point micro-canonical
OTOC in Cosmology

In this section, our objective is to to numerically study and give physical interpretation
of the obtained result of the two-point micro-canonical OTOC obtained for Cosmology in
the previous section of this paper.
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Figure 5: Behaviour of the two-point function with respect to the 7 time scale of the
theory. Here we fix, mass parameter v = —i/2, —3i/2, cut-off scale L = 1000, vacuum
parameter o« = 0 (Bunch Davies vacuum), 1/2 (« vacua).
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Figure 7: Behaviour of the two-point function with respect to the 7 time scale of the

theory. Here we fix, mass parameter v = —9i/2, cut-off scale L = 1000, vacuum parameter
a = 0 (Bunch Davies vacuum), 1/2 (« vacua).

The detailed interpretation of the two-point micro-canonical OTOC for Cosmology is
appended below:

e In fig. (1), fig. (2), fig. (3) and fig. (), fig. (2) and fig. (7), conformal time dependent
behaviour of the two-point function with respect to the two time scale of the Cosmol-
ogy have explicitly shown. From these plots it is clearly observed that with respect
both the time scales the two-point function show random fluctuating behaviour. The
amplitude of the fluctuation is small for the result obtained from the Bunch Davies
vacuum state and very large for the general a vacua state.

e For both the cases it is observed that, we get the significant feature in the time
dependent two-point function for partially massless or heavy scalar field those who
have the imaginary value of the mass parameter v. This behaviour of the two-point
spectrum is explicitly depicted in fig. (4). From this plot one can clearly see that
for the result obtained using Bunch Davies initial condition the two-point spectra
significantly decay very fast with respect to the magnitude of the mass parameter
v. This implies that, for very heavy or partially massless scalar fields if we increase
the mass parameter value then the mentioned two-point correlation between the
cosmological perturbation variable and its canonically conjugate momenta decrease
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Figure 8: Behaviour of the four-point OTOC with respect to the 7' time scale of the
theory. Here we fix, mass parameter v = —i/2, —3i/2, cut-off scale L = 1000, vacuum
parameter o« = 0 (Bunch Davies vacuum), 1/2 (« vacua).
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Figure 9: Behaviour of the four-point OTOC with respect to the 7' time scale of the
theory. Here we fix, mass parameter v = —5i/2, —7i/2, cut-off scale L = 1000, vacuum
parameter o« = 0 (Bunch Davies vacuum), 1/2 (a vacua).
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Figure 10: Behaviour of the four-point OTOC with respect to the T" time scale of the
theory. Here we fix, mass parameter v = —9i/2, cut-off scale L = 1000, vacuum parameter
a = 0 (Bunch Davies vacuum), 1/2 (« vacua).
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Figure 11: Behaviour of the four-point OTOC with respect to the 7" time scale of the
theory. Here we fix, mass parameter v = —3i/2, cut-off scale L = 1000, vacuum parameter
a = 0 (Bunch Davies vacuum), 1/2 (« vacua), 1 (a vacua).
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Figure 12: Behaviour of the four-point OTOC with respect to the mass parameter v and
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Figure 13: Behaviour of the four-point OTOC with respect to the 7 time scale of the
theory. Here we fix, mass parameter v = —i/2, —3i/2, cut-off scale L = 1000, vacuum
parameter o« = 0 (Bunch Davies vacuum), 1/2 (« vacua).
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Figure 14: Behaviour of the four-point OTOC with respect to the 7 time scale of the
theory. Here we fix, mass parameter v = —5i/2, —7i/2, cut-off scale L = 1000, vacuum
parameter v = 0 (Bunch Davies vacuum), 1/2 (a vacua).
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Figure 15: Behaviour of the four-point OTOC with respect to the 7 time scale of the
theory. Here we fix, mass parameter v = —9i/2, cut-off scale L = 1000, vacuum parameter
a = 0 (Bunch Davies vacuum), 1/2 (« vacua).
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Figure 16: Behaviour of the four-point OTOC with respect to the 7 time scale of the
theory. Here we fix, mass parameter v = —3i/2, cut-off scale L = 1000, vacuum parameter
a = 0 (Bunch Davies vacuum), 1/2 (« vacua), 1 (a vacua).
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Figure 17: Behaviour of the relative change in four-point OTOC with respect to the two
time scale T'. Here we fix, cut-off scale L = 1000.
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very fast in a fixed time scale. On the other hand, if we change the quantum initial
condition by changing the initial vacuum state by introducing « vacua then it can
be clearly observed from the plot that, if increase the value of the vacuum parameter
a gradually then we get significant change compared to the feature observed for
the Bunch Davies vacuum state. We have explicitly have shown the behaviour of
the two-point spectrum for @ = 1/2 and a = 1, where it is clearly observed that
the correlation decays very slowly with the increase in the magnitude of the mass
parameter value and for very large value of |v it will saturate to a non-zero large
amplitude for a fixed time time scale. There is as such no significant change we have
observed from the plots that we have drawn for & = 1/2 and a = 1 cases, except form
a amplitude shift for the large values of the mass parameter. For very small value
of the mass parameter all the different profiles obtained for zero value and non-zero
values of the vacuum parameter « start approaching to meet together and at |v| = 0
the amplitude of the two-point correlation of the out-of-time ordered spectrum in
Cosmology shoots up with a very large amplitude.

Also we have observed from the plots that the random fluctuations with respect to
the conformal time scale show small but decaying time dependent behaviour upto
a very late time scale as far as the amplitude of the spectra are concerned. After
crossing that late time region the amplitude start increasing and reaches to a very
large value which we have not shown explicitly in these plots. After reaching this
maximum value it will again start decaying very fast upto to the present day epoch.
This large peak value of the spectrum is obtained at the scale when the two time
scales of the theory becomes same and the two operators of cosmological perturbation
theory taken to be exactly same. Physically this information is very important for
our study in this paper, as it pointing towards the fact that, at this particular time
scale we are actually getting zero information from the out-of-time ordered physics
in the present context. So at very early time scale of the universe and after crossing
the peak we will get the information regarding the out-of-time ordered physics from
the present cosmological set up.

Last but not the least, in the second plot of fig. (4), we have explicitly depicted the
behaviour of the two-point spectrum of the out-of-time ordered aspect of Cosmology
with respect the vacuum parameter o. Here we get a very interesting symmetric fea-
ture for the positive and negative values of the vacuum parameter v around o = 0.
As we increase the value of « along the positive axis, then the two-point function
increase very fast with large amplitude. Similar symmetric behaviour is also observed
for av < 0 side as well. As we approach towards a — 0, we see that the amplitude of
the two-point out-of-time ordered spectrum for the fixed values of the time parame-
ters of the theory asymptotically approaches to the zero value from both a > 0 and
a < 0 side.
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5 Numerical results II: Interpretation of four-point micro-canonical
OTOC in Cosmology

Now comparing the results of the OTOC computed from both rescaled variable and cur-
vature perturbation variable we get the following outcomes:

1. Before normalisation, OTOC computed from both the sides are not same and con-

nected via a time dependent Mukhanov Sasaki variable dependent factor (z(71)z(72)) 2.

2. After normalisation, OTOC computed from both the sides are exactly same and this

is really good that after normalisation we don’t need to think about the explicit origin
or any preferred cosmological perturbation variable.

Next, we give the physical interpretation of the obtained result for the normalised OTOC
computed in the context of primordial cosmology:

e In our computed OTOC in the context of Cosmology two time scales are involved
which are associated with the two operators, rescaled field variable and its canoni-
cally conjugate momenta. During the study of the behaviour of the OTOC we have
actually have fixed one time scale and have studied the time dependent dynamical
behaviour of OTOC with respect to the other time scale, which have not fixed. We
have found that the behaviour with respect to both 71 = T and 7 = 7, using both
Bunch Davies and « vacua as quantum vacuum state. See fig. (8), fig. (9), fig. (10),
fig. (11) and fig. (13), fig. (14), fig. (15), fig. (16) to know about the detailed conformal
time dependent feature of the cosmological normalised OTOC. One crucial thing we
have to mention here that, since we are dealing with conformal time, it varies from,
—oo (Big Bang) to 0 (present day universe), which will be very useful to understand
the physical outcomes of these plots. For this reason we get completely opposite
behaviour of the cosmological OTOC compared to the usual quantum mechanical
systems. In quantum mechanical random system we actually deal with the usual
time scale, which various from 0 to co. Here 0 corresponds to the initial condition
on the system when the quantum mechanical system goes to the out-of-equilibrium
state and it is expected from our basic understanding of statistical mechanics that
if we wait for a very longer time scale then the OTOC will saturates to a specific
value where the system actually achieve equilibrium, where one can associate an
equilibrium temperature with the quantum system under consideration. Just using
the concept of retarded quantum correlators explaining these features are extremely
difficult and at the end computation probing those results in experiments are also
very complicated job. OTOC plays here a significant role to probe such quantum
correlations experimentally in a very simpler fashion. In the cosmological set up
things are not same though we study the quantum correlations at out-of-equilibrium
case here also. The prime reason for the difference between the study of both types
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of OTOC is lying in the time scale. In usual quantum mechanical system we are
actually interested in the growth of correlation function and if it is an exponential
growth then we identify this feature as the signature of quantum chaos. On the
other hand, in the cosmological set up we expect the randomness or stochasticity
will decrease with respect to the conformal time scale and such decrease is follow-
ing an exponential decay with respect to the conformal time scale then this is the
signature of quantum chaos in the context of primordial universe. In the cosmolog-
ical set up at far past —oo the quantum fluctuations appearing during the epoch of
reheating or during the stochastic particle production during inflation goes to the
out-of-equilibrium state and like usual quantum system it is expected that if we wait
for a longer conformal time scale then at late time it will achieve equilibrium, with
which similarly one can associate an equilibrium temperature. For this equilibrium
case in the context of Cosmology the OTOC if saturates to a constant value then one
can identify this phenomena as quantum mechanical chaos. We will discuss about
this particular feature in detail in the next section of this paper. In the next point, we
will discuss about the features obtained from the numerical studies of the quantum
OTOC we have studied from the primordial cosmology set up. We are very positive
that this discuss will explore various underlying features of primordial universe when
a cosmological system goes to out-of-equilibrium.

o [f we fix the time scale, 7, = 7 and study the behaviour of OTOC with respect to
the scale 71 = T then we found that as we approach from very early universe to
the late time scale the normalised OTOC in the context of cosmology shows random
decreasing behaviour. This behaviour is quite consistent we the usual expectation.
It is observed that in very early universe 7y = T — —o00, near to Big Bang all
such random fluctuations are appearing with large amplitude and very significant to
describe the time dependent behaviour of the quantum correlation function during
stochastic particle production during inflation and during the epoch of reheating,
when the finite temperature out-of-equilibrium physics play significant role. If we
wait for longer time, specifically at the late time scale it is observed from the fig. (8),
fig. (9), fig. (10) and fig. (11), that the quantum correlation OTOC decrease very fast
and we get very small amplitude for the random or stochastic quantum mechanical
fluctuations. Now if we closely look all of these mentioned plots then we see that
we decreasing behaviour of OTOC in these cases would not follow any exponential
decaying behaviour. So we cannot identify the decreasing behaviour of this OTOC
computed from the primordial cosmological set-up with the concept of quantum
mechanical chaos. Though it is clear from the plots that the random fluctuations
originating from the out-of-equilibrium physics dominates in far past and becomes
very very small at the late time universe.

e If we fix the time scale, ;1 = T and study the behaviour of OTOC with respect to
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the scale 79 = 7 then we found that as we approach from very early universe to the
late time scale the normalised OTOC in the context of cosmology shows random
decreasing on top of it with a exponentially decaying behaviour. This behaviour is
quite consistent we the usual expectation of quantum mechanical chaos along with
stochastic randomness. It is observed that in very early universe 7, = 7 — —o0,
near to Big Bang all such random fluctuations are appearing with large amplitude
and very significant to describe the time dependent behaviour of the OTOC during
stochastic particle production during inflation and during the epoch of reheating like
the previous case. If we wait for longer time, specifically at the late time scale it
is observed from the fig. (13), fig. (14), fig. (15) and fig. (16), that OTOC decrease
very fast with an exponentially decaying amplitude for the random or stochastic
fluctuations. Now if we closely look all of these mentioned plots then we see that the
behaviour of OTOC in these cases would exactly follow the exponential decaying time
dependent behaviour. So we identify the such behaviour of this OTOC computed
from the primordial cosmological set-up with the concept of quantum chaos. It is
clear from the plots that the quantum chaos, which is a very specific kind of random
fluctuations originating in far past and becomes small at the late time scale.

Additionally we have observed that we can get the expected behaviour from the
OTOC with respect to both the time scales when the mass parameter, v can be
analytically continued to —iv. So massless De Sitter case, which is v = 3/2 is clearly
discarded here. Consequently, we left with the following possibilities:

1. Partially massless De Sitter case is one of the possibilities, where we can esti-

mate the following parameter from the present understanding:

/9 [9 3 [ (2w)?
—iv = 1—02 —> @ 1—1—1/2:5 1—1—(%) >V2, (5.1)

which immediately implies the following bound on the mass parameter:

v > = |y > (5.2)

N | .
N[ —

This is a very great fact because we have studied the plots for the following
values of the mass parameter:

Y= (5.3)
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2. Also we have to mention that since a lot of complex gamma function is appearing
and mass parameter is —iv, during the numerical analysis we have taken the
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absolute value of OTOC during numerical computation. Consequently, the final
expression for the cosmological OTOC can be re-expressed for a vacua as:

) 7 ) (_T)1+2i|1/|< 3+2z|u| =)
C(T,m,a) = | |1+ (=1)~* 4 S (~1)2M X (T,7)
(T = |[1+ (0 Sy Z
Here in the factors appearing with ~ we have replaced v with —i|v|.

3. Massive De Sitter case is one of the possibilities, where we can estimate the

following parameter from the present understanding:

% (1—%(%>2+m> . (5.5)

Since we have studied the case for v > /2, we get the following bound on the
mass of the heavy field, which is given by the following expression:

mz\/gH . (5.6)

4. Reheating case is the last possibility, where we can estimate the following pa-
rameter from the present understanding;:

1

< |y < for 0<wpp <= . (5.7)

N —
DN W

37
§V§§ —

N | .
w

e After fixing both the time scales at far past, the behaviour of OTOC with respect to
the mass parameter is depicted in the fig. (12) for Bunch Davies and « vacua as quan-
tum mechanical vacuum state. This plot explicitly shows that if we increase the value
of mass parameter then OTOC amplitude increases like an exponential growth. This
behaviour is consistent with constraints obtained for the partially massless scalar,

massive scalar and reheating phenomena mentioned in the previous point.

After fixing both the time scales at far past and fix v = 5i/2, the behaviour of
OTOC with respect to the vacuum parameter « is depicted in the fig. (12). This
plot explicitly shows that if we increase the value of mass parameter then OTOC
amplitude fluctuates like a random stochastic signal.

All the momentum dependent integrals appearing in cosmological OTOC is divergent
at oo, for which we have introduced an UV regulator at L = 1000 a finite but at
large value. This makes the final result of OTOC convergent and finite.
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e Further we define a relative change in normalized OTOC where the relativeness is
defined with respect to the definition of quantum mechanical vacuum state in the
definition of normalized OTOC, given by:

Ral(r) = (C(T"’gz; Z(;OO)‘ = O)> v i=1(T),2(r) . (5.8)

In fig. (17) and fig. (18), we have explicitly shown the behaviour of the relative
change in normalized OTOC with respect to the two time scales appearing in the
computation of OTOC.Here once we see the behaviour of OTOC with respect to one
time scale, we keep the other time scale fixed for the computation and numerical
estimation of the relative change in the normalized OTOC. Here the relative change
we have studies for a« = 1/2,1,3/2 with respect to a = 0 for all previously allowed
values of the mass parameter. this is a very important parameter where one can
explicitly see the role of mass parameter v and vacuum parameter « together. Also
from this relative change one can also study about the fact that in which time scale
the stochastic randomness appearing in the quantum fluctuation appearing in cos-
mological OTOC is large or small. The detailed features obtained from these plots
show that the relative change in cosmological OTOC will not change much starting
from Big Bang to the present epoch, apart from the irregular random fluctuations.
However, the explicit time dependence of OTOC obtained from Bunch Davies and «
vacua is consistent with the expectation from the cosmological set up studied here.

e Also, we have to mention here that the computed cosmological OTOC is any specific
coordinate independent. If we go through the computation then we see that even
we have started defining the cosmological OTOC in coordinate space, after taking
Fourier transformation and applying the momentum conservation appearing in terms
of Dirac Delta functions, the exponential factor which captures both momenta and
coordinate will be unity. Finally, we get a momentum integrated cut-off regulated
result which only depend on the two dynamical conformal time scale in which we have
defined the rescaled perturbation variable and its canonically conjugate momenta.
So this implies that the final expression of cosmological OTOC is only conformal
time dependent, not depend on any specific choice of coordinate. This is quite
impressive outcome and physically consistent with the mathematical framework of
cosmological perturbation theory in the early universe. In general, when one define
the quantum operators in a specific time and in a specific coordinate system then
it always appears in the final result and captures the effect of inhomogeneity in the
space-time coordinate. In the context of Cosmology we have found that the final
result of OTOC captures the effect of inhomogeneity as we have defined the two
quantum cosmological operators in different time scales at the starting point of the
definition of OTOC. This have been done in such a way because in cosmology we are
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actually interested in the time evolution of the quantum cosmological operators which
are separated in time scale, which is one of the crucial constraint in the definition
of any general OTOC. But such OTOC in cosmology don’t capture the effects of
inhomogeneity at all.

The final result of cosmological OTOC is not explicitly dependent of the factor
f = 1/T which is appearing in the expression for thermal partition function which we
have computed in the context of Cosmology. this implies that the final result is also
independent of the thermal partition function computed for Cosmology. This is quite
consistent with the basic understanding of out-of-equilibrium aspects of quantum
statistical mechanics. Because when a system goes to out-of-equilibrium one cannot
associate a temperature with that system as the concept of temperature is always
appearing from thermodynamic equilibrium. One can only associate a temperature
with the system if we wait for very longer time scale and wait for saturation of OTOC
at a finite value. If such feature appears in OTOC then in that specific context this
saturation is actually correspond to the thermodynamic equilibrium in which one can
define an equilibrium temperature. The similar phenomena we can actually observed
in the context of cosmological OTOC as well where we explicitly found that if we
wait for very late time scale during the evolution of our universe in conformal time
scale then the OTOC exponentially decays with time and saturates to a finite value
at late time scales. We can actually find the specific time scale in terms of conformal
time coordinate and associate the concept of quantum chaos, where we can give a
measure of quantum Lyapunov exponent from the present framework. In the next
section, we will show that even there is no explicit S dependence in the calculation
of cosmological OTOC, such dependencies will appear once we connect the present
concept with quantum chaos through quantum Lyapunov exponent \ and the well
known MSS bound on it , i.e. A < 27/p.

6 Lyapunov spectrum and quantum chaos in Cosmology

In the previous section, we have found that by keeping the time scale m = T fixed if

we study the time dependent behaviour of cosmological OTOC with respect to the time

scale 7 = 7, then one can describe the phenomena of quantum chaos using our present
prescription. In terms of conformal time, one can express the normalized quantum OTOC

in the following generic form:

C(T, @) == ea;ag €xp (—2Xf|7]) (6.1)

where we have written the conformal time as, 7 = —|7| to avoid all confusion to study

the detailed feature of Lyapunov exponent in the quantum regime as we know very clearly

that starting from Big bang to the present day the conformal time varies as, —oo <7 < 0
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which means 0 < |7| < oo. This is because of the fact that the negative signature we
have already extracted out in the redefinition of conformal time, 7 = —|7|. Here the
proportionality overall factor, €a; ay, contain the information of the rescaled field variable
f(x,71 = T = T;) and its canonically conjugate momenta II(x, 7, = 7). It is expected
that this overall proportionality factor exactly matches with the normalization factor of
cosmological OTOC that we have computed earlier in this paper. Consequently, we can
write the following expression for the proportionality overall factor, €a, A, in the context
of cosmological OTOC as:

€ :Nf £,T) = —= ~ 1A S = = ’/T4~ 5 .
aran = N T = e TR, BB 6

where the explicit mathematical structure of the functions F;(7¢) and F(7) are provided
in the Appendix of this paper. Now if we replace v with —i|v| then one can able to get
the expressions for ]?1(7¥) and Fy (7), which are basically analytically continued version of
the previously mentioned functions for stochastic particle produced in the form of partially
massless scalar field and massive scalar field, and also for the prime field component which
is participating during the reheating phenomena in the context of primordial cosmology.

Now, here it is important to point that, since the proportionality overall factor con-
tains the explicit information of the quantum operators using which we have defined and
computed the cosmological OTOC, in different cosmological perturbation schemes the def-
inition of the quantum operators are different. This fact actually one can explicitly see in
the computation of the normalization factor of cosmological OTOC computed in terms of
two different cosmological perturbation operators at the quantum, though they are related
via conformal time dependent Mukhanov Sasaki variable. For this specific reason one can
write the normalized OTOC as:

C(r,a) := €A,An, EXP (=2X¢|7]) - (6.3)

However, the left side of the above expression is exactly same for two different choices of
variables in cosmological perturbation scheme. This is a very crucial information which
we have proved explicitly in the previous part of this paper.

Here the proportionality overall factor, ea. Ay, , contain the information of the curvature
perturbation field variable ((x,77 = T = 7;) and its canonically conjugate momenta
II;(x, 72 = 7). Exactly just like the previous case here also one can similarly expect that this
overall proportionality factor exactly matches with the normalization factor of cosmological
OTOC. Consequently, we can write the following expression for the proportionality overall
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factor, €AcAm s in the context of cosmological OTOC as:

1 422 (T5) 22 (1)

:NC( f,T) = —= = = =
(CTNCTs(Ie(Te(r))s Fu(TOF(7)

and consequently the proportionality overall factors in the two formalism are related via
the following relation:

EAC ’AHQ (64)

€A, An, = 2(Te)22(7) €A;An - (6.5)
On the other hand, for fixed T' = 7T; one can write the cosmological OTOC as:
L 7 L ( Tf)1+21|1/|< 3+21|1/| =)
C(r,a) = |1+ (-1)74M 4 —(—1)~%M XT3, 7)| . (6.6
(r.e) = |1+ (D7 + £-1) R R )
here 75 = 7 is the only dynamical scale left once we fix the another time scale 3 =T = T,

which will be useful to study the feature of quantum chaos and the corresponding Lyapunov
exponent in terms of the cosmological OTOC computed in the previous section. The above
mentioned result is formalism independent completely.

This implies that, when we are describing the whole computation in terms of the rescaled
perturbation variable and its canonically conjugate momenta, the we get the following
estimation of the Lyapunov exponent from cosmological OTOC, given by:

d0i:10.20944/preprints202007.0038.v1

A L 1 L
f= |5z n ) .
o2t 7 (_T)1+2z|1/|(_ 3+2i|v| .
—4ilv —2ilv f 7) } : (1)
1+ (_1) i + 5(_1) I 27.(4(_1)7(4i|1/|+1) Xl (Tf7T)
i=1

(6.7)

On the other hand, when we are describing the whole computation in terms of the curvature
perturbation variable and its canonically conjugate momenta, the we get the following
estimation of the Lyapunov exponent from cosmological OTOC, given by:

¢ T il 7 2l ( Tf)1+2z|u| 3+2,|,,| l) 0.
1+ (=1) + 5(_1) 2 (—1 41|U|+1) ZX (Tr,7)

Here z(1) = a(7)
and ¢(7) is very slowly varying function of conformal time scale.

(1) is the Mukhanov Sasaki variable, where a(7) is the scale factor

Further, substituting
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the explicit form of the Mukhanov Sasaki variable in terms of the conformal time scale
dependent scale factor one can simplify the above mentioned expression for the Lyapunov
exponent computed from cosmological OTOC in terms of curvature perturbation is given
by the following expression:

L 7 L ( ﬂ)1+22|u| _7_ 3+21|u|
_ 4ilv| A 2i|v| (4)
|:1 + ( 1) | + 2( 1) | 27’(’4( —(4ilv|+1) ZX T T

[ J/

1
)\C% Z]n

TV
Dominant contribution

2T

Dominant contribution Very small contribution.

H2 | 2m@ar) + W@y || (6.9)
N e’ N———’

After neglecting the very small slow-roll contribution we get following simplified expres-
sion for the Lyapunov exponent computed from cosmological OTOC in terms of curvature

perturbation:
1 2 2
A= g L (1?2 |(—7)3+2il (6.10)
T ) 7 ) ( T ) 1|V _,7_ 4
1)\ 4|y L1\ =2y f (’L
L+ ( 1) + 2( 1) 27T4( —(4ilv|+1) ZX Tf’

Now using the explicit form of the scale factor a(7) for De Sitter inflationary patch dur-
ing partially massless and massive scalar field production and also during the epoch of
reheating, we get:

( - —
! 1/H?
o D / R
T 2 7 (_T) V| — ( ) +2i|v
14l 2i|v| £ (Z
I =1 d
Ac s 4
C 1 | [%] T+ 8w,en) (_,E)(H:fw (—7-)(14-32%
— 1n
2T 7 . (— T)1+2’|V| 3+21|V|
—4ilv —2ilv f (Z
{1—# (-1 4 T ()2 '} A L ZX (T7)
- 1
with 0 S Wegpy, = =
“ 3

Next, the relationship between the two Lyapunov exponents computed from two differ-
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ent, but connecting cosmological perturbation variable is given by the following simplified
expression:

AN = A — A = %m 2(T)=(7)| = % In 2+ Infa(T)a(r)| + %m e | . 6.12)

Very small contribution

7| ~
Dominant contribution

So after neglecting the contribution from small slow-roll contribution we get the following
simplified expression for the connecting relationship between the two Lyapunov exponents
computed from two different, but connecting cosmological perturbation variable is given
by:
1
AN =X —Ap~ —[ln 2+ 1Inla(Tr)a(r)|] - (6.13)

7l

Now using the scale factor a(7) for De Sitter inflationary patch during partially massless

and massive scalar field production and also during the epoch of reheating, we get:

\

(1
& In 2 —2In|H| —In|T¢7|] De Sitter
-
1 2 (1 + 3w h)
Al L 1n2+—{2m|—re T }] 6.14
|7_‘ (1 + 3wreh) 3(11 + wreh) | fT| ( )
with 0 < w,e < 3 Reheating

Now, it is important to mention that, if we wait for longer time scale during the evolution
of our universe then the conformal time dependent behaviour of Lyapunov spectrum will
reach a saturation value, which is perfectly consistent with our finding in this paper and
discussed in detail in the previous section. To interpret our finding in this paper as a
signature of quantum mechanical chaos one essentially needs to satisfy the well known
MSS bound on the Lyapunov exponent. Consequently, one can write:

21

2
F7 Ae(Trate) < ill where =

A (TLate) < =5 (6.15)

1
T

where T represents the equilibrium temperature of our universe when the above condition
satisfies at late time scale to achieve quantum mechanical chaos.
Further, one can write down the following simplified bound on the equilibrium temper-
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ature of our universe, given by:

From f: T > In [O(T;, TLates |1/|)]‘ : (6.16)
T TLate
1 1 .
yr— In ﬁ(’)('ﬁ, TLate, |V|) De Sitter
From ¢ : T > (6.17)
1 1
In [U(Tz, Wren) O(Ts, TLates |¥|)]| with 0 < w,.p < =  Reheating
AT T ate 3

where we define a new function, O(7¢, TrLate, |V|), which is given by the following expression:

1

O(Te, Trate, [V]) = = 7 ( 7-)1+2¢|y|( )3+2¢|u| 4  (618)
—4i|v —2i|v —/f —TLate v (4)
{H(_l) gty l} 274 (—1)- Wi+ > X0 (T Thase)
i=1
4
1 3 re (1+3wyep) 2 2
UToeren) + = [ﬁ] " (T T (T age) T (6.19)

7 Numerical results III: Interpretation of cosmological Lyapunov
spectrum

In this section, we give the physical interpretation of the obtained result for the Lyapunov
spectrum ¢ factors computed in the context of primordial cosmology:

e First of all, in the cosmological OTOC when we have considered 7 as the dynamical
variable and have fixed the other time scale then for very late time of the cosmo-
logical evolution of our universe we have found a exponentially decaying behaviour
with respect to the dynamical time scale under consideration. One can identify this
phenomena with the quantum chaos, which is actually estimated by the decay coeffi-
cient appearing in the exponential factor. This coefficient is known as the Lyapunov
exponent at late time scale. When the cosmological OTOC have started saturating
to a fixed non vanishing value at that point we fix the dynamical time scale and from
the OTOC using the exponential decaying behaviour one can explicitly compute the
expression for the Lyapunov exponent at fixed late time scale. But if anyone is inter-
ested to find out the whole conformal time dependent Lyapunov spectrum that can
also be found using the cosmological OTOC computed in the previous section of this
paper. We have explicitly computed this expression in this section for completeness.

161n this context, by the phrase Lyapunov spectrum, we actually define two exponential factors, exp(Af7)
and exp(A¢7)), for the present computation.
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Figure 19: Behaviour of the Lyapunov spectrum with respect to the time scale 7. Here

we fix, mass parameter v

—1/2,-3i/2, cut-off scale L = 1000, vacuum parameter

a = 0 (Bunch Davies vacuum), 1/2 (« vacua).
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Figure 21: Behaviour of the Lyapunov spectrum with respect to the time scale 7.
Here we fix, mass parameter v = —9i/2, cut-off scale L = 1000, vacuum parameter
a = 0 (Bunch Davies vacuum), 1/2 (« vacua).

e Additionally, it is important to note that, since we have used two different cosmo-

logical perturbation variable for our present computation, we get two equivalent but
not exactly same expression for the Lyapunov spectrum. If we compute the Lya-
punov spectrum for the rescaled perturbation variable f then we see that in the mass
parameter v all the information regarding the background cosmological frameworks,
like, partially massless or heavy particle production during the epoch of inflation or
the phenomena of reheating are encoded. We don’t need to think about all of these
phenomena separately. On the other hand, if we do the computation in terms of
curvature perturbation variable ¢ then we found that the the information regard-
ing the background cosmological frameworks, as mentioned above we have to think
separately. This is because in this framework, we have some additional contribution
which is actually appearing from the definition of Mukhanov Sasaki variable which
contain the scale factor of the cosmological expansion of De Sitter phase or reheating
phase and the very small contribution comping from slow-roll factor, which is basi-
cally taking care of the small deviation from exact evolution in De Sitter space or
during reheating and interpreted as SO(1,4) conformal symmetry breaking parame-
ter. Now if we neglect such small contribution then one can separately compute the
expression for the Lyapunov spectrum from the variable (.
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e Further, we have also have estimated the relative difference between the Lyapunov
spectra computed from two different prescriptions. This difference is different for the
stochastic particle production during inflation and reheating epoch respectively.

e In our computed Lyapunov spectrum in the context of Cosmology two time scales
are involved which are associated with the two operators, rescaled field variable and
its canonically conjugate momenta. We have found that the behaviour with respect
to 7o = 7, using both Bunch Davies and o vacua as quantum vacuum state. See
fig. (19), fig. (20) and fig. (21) to know about the detailed conformal time dependent
feature of the cosmological Lyapunov spectrum. In the cosmological set up we expect
the Lyapunov spectrum will decrease with respect to the conformal time scale and
such decrease is following an exponential decay with respect to the conformal time
scale then this carries the signature of quantum chaos in the context of primordial
universe.

e Here we fix the time scale, 71 = T and study the behaviour of Lyapunov spectrum
with respect to the scale 7, = 7 and we found that as we approach from very early
universe to the late time scale the Lyapunov spectrum in the context of cosmol-
ogy shows random decreasing on top of it with a exponentially decaying behaviour.
This behaviour is quite consistent we the usual expectation of quantum mechanical
chaos along with stochastic randomness. It is observed that in very early universe
Ty = T — —o0, near to Big Bang all such random fluctuations are appearing with
large amplitude and very significant to describe the time dependent behaviour of the
Lyapunov spectrum during stochastic particle production during inflation and during
the epoch of reheating like the previous case. If we wait for longer time, specifically
at the late time scale it is observed from the fig. (19), fig. (20) and fig. (21), that
Lyapunov spectrum decrease very fast with an exponentially decaying amplitude for
the random or stochastic fluctuations.

e We have also observed that we can get the expected behaviour from the Lyapunov
spectrum with respect to both the time scales when the mass parameter, v can be
analytically continued to —iv.

e Another important point we have to mention that, since the Lyapunov spectrum is
computed from the cosmological OTOC in which the information of the initial quan-
tum mechanical vacuum states are encoded, the final expressions for the Lyapunov
spectrum computed for the a vacua and Bunch Davies vacua are different. This non-
unique result appears due to the fact that in curved space-time definition of quantum
mechanical vacuum state is unique.

e Last but not the list, using the saturation bound on Lyapunov exponent obtained from
MSS bound we have finally estimated the bound on the equilibrium temperature of
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our universe at late time scale. Basically this equilibrium temperature correspond
to the starting point of saturation of the Lyapunov spectrum at the late time scale

T = TLate-

8 Classical limit of micro-canonical OTO amplitudes and related
OTOC in Cosmology

In this section, our prime objective is to study the classical limit of the four-point cos-
mological OTOC that we have explicitly derived in this paper. This is a very important
computation to understand the behaviour of the four-point cosmological OTOC in the
classical limit and will gives us information regarding the fact that the result obtained
in this section is perfectly consistent with the classical limit of quantum chaos, which is
obviously a significant feature which we have clearly observed from the conformal time
dependent behaviour of our derived result for cosmological four-point OTOC. In the fol-
lowing subsections we will explicitly compute this result and give a physical interpretation
of the derived result in the framework of Cosmology.

8.1 Computational strategy

In this subsection we will illustrate our computational strategy to study the classical limit
of the cosmological four-point OTOC derived in this paper:

1. First of all, we have to take the quantum to classical map of all the operators that
we have used to compute the expression for cosmological four-point OTOC in this
paper. We have already demonstrated clearly in the previous sections that during
the computation of cosmological OTOC all the operators that we have considered
considered by making use of canonical quantization of these operators. This means
that we have written the quantum version of the modes in Fourier space in terms
of creation and annihilation operators just like quantum harmonic oscillators and
these creation and annihilation operators actually creates or destroy the quantum
mechanical vacuum state, which we have taken as the usual well known Bunch Davies
vacuum or the more general o vacua. Now during taking the classical limit of this
formulation we all know that there is no concept of vacuum as such exists. As
a result there is nothing called creation and annihilation of vacuum state in the
context of classical limit of quantum fluctuation of cosmological perturbation theory.
This further implies that writing down the quantum to classical map becomes very
simple. For this purpose we just have to consider the classical mode function and its
canonically conjugate momentum that we have derived already in the earlier section
of this paper.
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2. Next, instead of using commutator bracket square in the classical limit we have to
use the Poisson Bracket of the classical variables which are appearing as an outcome
of cosmological perturbation theory.

3. Further, we have to fix the definition and the representation of the trace in the clas-
sical limit. Since we don’t have any complete set of basis and any vacuum state in
the classical limit we have to be very careful to define the trace operation. Again
this can be easily done by making use the basic concepts of classical statistical me-
chanics. In the classical limit the usual definition of quantum mechanical trace will
be replaced by phase space volume, dfy(7)dlI(7)/27 which is basically playing the
role of path integral measure, D fi(7)DIIx(7)/27 in the classical field theory of scalar
field in FLRW cosmological background. We set, A = 1 = h/27 in natural units,
which implies h = 27 and this is the origin of the 27 factor which appearing in
the denominator of the phase space volume or in the path integral measure. Also
it is important to note that, only one power of h = 27 is appearing since we are
dealing with a one dimensional parametric oscillator problem with conformal time
time dependent frequency where the phase space is constructed out of two canoni-
cally conjugate variables, the cosmological perturbation variable and iyts conjugate
momentum, which are derived from the classical field theory of the scalar fields in
conformally and spatially flat FLRW background. As a consequence the phase space
trajectory is lying in a two dimensional plane. If we deal with N number of classical
scalar fields in that case in the denominator A" factor will appear and in the large
N thermodynamic limit we will get physically consistent result in the purely classi-
cal limit of quantum version of Cosmology. Additionally, it important to note that,
during this computation we have to take care of an additional thermal Boltzmann
factor as we are doing the computation for the finite temperature extended version
of the classical scalar field theory.

4. Next, by following the same procedure mentioned above we compute the expression
for the classical thermal partition function for Cosmology, which perfectly matches
with the the quantum mechanical thermal partition function for Cosmology.

5. Finally, we compute the expression for the normalisation factor of the classical ver-
sion of the cosmological four-point OTOC using the above mentioned phase space
formalism. This will help us to write down the normalised version of cosmological
four-point OTOC in the classical limit.

8.2 Classical limit of cosmological two-point “in-in” OTO micro-canonical am-
plitudes

In this subsection, our prime objective is to find out the classical limiting version of the two-
point micro-canonical amplitude computed from the quantum field theory side using the
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cosmological rescaled field variable and its canonically conjugate momentum as appearing
in the context of cosmological perturbation theory.

To compute the classical limit the starting point is the Poisson bracket of these operators,
which is given by the following expression:

{f<X7 Tl),H(X, 7-2}1)]3 = / éj'{)l?’ / éj_{;)) exp(z’(kl + kg).X)

K fic (71) Il (72) b o + {fio (1), T, (72) Y] - (8.1)

In the Fourier transformed space, the Poisson bracket is given by the following expression:

{fic(11), Iy (12) }pg = (2m)%0° (k1 + ka) R(11,72), (8.2)
{ fi, (1), Ik, (72) Y p = (27)°6° (ko + k1) R(71, 72),

which also implies that:

{fi(11), ey (72) Y pg = {fiex (71), iy (72) }pg (2)°0° (k1 + ko) R(71,72),  (8.4)

since the three dimensional Dirac Delta function is symmetric.
Now for the further purpose we define the two-point random classical correlation func-
tion R(71, 72) by the following expression:

5 (8.5)

Ae(|mi] + |72
R(71,7): = W(r, — 72) exp (——f(’ |+ [72l) ,
where A; is the Lyapunov exponent in the classical version of the theory, which justifies
the decay of the noise correlation function in the classical limit. Here, W (1, — 73) is the

window function which is defined as:

W(Tl - 7—2) = \/<77Noise(7—1)77Noise<7—2)>> (86)

where the two-point noise correlation at the classical level is given by the following expres-
sion:

<77Noise(7—1)77Noise(7—2) = errne1<7—1 - 7-2)7 (87)

where Ggernel(T1 — T2) is known as the noise kernel which is time translational symmetric
in nature. The detailed properties of this noise kernel in terms of the Gaussian and non-
Gaussian distributions are discussed in the previous subsection and in the Appendix. As
a consequence, we get following symmetry property:

R(71,72) = R(72, 7). (8.8)
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8.3 Classical limit of cosmological four-point “in-in” OTO micro-canonical
amplitudes

In this section, our prime objective is to explicitly compute the classical limiting version
of the four-point “in-in” OTO micro-canonical amplitudes appearing in the expression or
OTOC. To serve this purpose in the classical limit we explicitly compute the following
square of the Poisson brackets instead of computing the commutator brackets which is the
key starting point in the quantum regime, given by:

{f(x, ), II(x, 72)}12913 = {f(x,7n), I(x, TQ)}PB {f(x, ), H(x, 72)}PB : (8.9)

Here the subscript PB stands for the Poisson bracket of two classical object of interests
which are the rescaled cosmological perturbation variable f(x,7;) and its canonically con-
jugate momentum II(x,75) , which are separated in time scale in a specific cosmological
perturbation scheme written in, d¢ = 0 gauge. So we are dealing with two space time
dependent objects of interest in the framework of classical field theory written in the clas-
sically perturbed spatially flat FLRW cosmological background. One important thing we
have to mention that, before perturbation the fundamental object (in this context a clas-
sical scalar field) is placed in a homogeneous isotropic spatially flat FLRW cosmological
background, where as an outcome the field is only time dependent, no space dependence
appears. But in the context of cosmological perturbation theory, once we perturb the
space-time metric the perturb quantities always become space-time dependent. This is
the main reason for which we are considering the two perturbed variables are space-time
dependent which is appearing in the Poisson bracket and consequently in the classical limit
of the four-point OTO micro-canonical ampltudes in Cosmology. Now, since we are not
studying the theory not in coordinate space, we next perform Fourier transformation on
these object of interests to convert them into momentum space.

To perform this Fourier transformation we use the following convention, which is given

by:

flm) = [ s espliies) fudm), (5.10)
(x,7) = 0r, f(x,71) = / @n)? exp(ik.x) Oy, fi(1) = / % exp(ik.x) i (ry),  (8.11)

which will be very useful for the computation of the classical limiting result of four-point

3

OTOC in terms of the square of the Poisson bracket.
Consequently, we get the following simplified result:

{f(X, Tl)ﬂ H<X7 7-2)}2PB

b
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[{ i (71), T, (72) }p { fies (1

) k4<7_2 }PB +{fk1(7—1 ) ks(TQ }PB {fk2<7_1 ) k4<7_2

+ {1 (71), Wi, (72) }pg { fis (71), i, (72) Yo + { fia (71) iy (72) b {fica (71) ILiy (72) b o
+ { fio( ka (
+{fis (11 ke (T2

( (

+{fis (11), I, (72) Y pg { fis (T 72) tpp + {fka(71), i (72) }p { fie (T1),
+ {fia (1), I, (72) }pig {fis (71) Il (72) bpg + {fia (T1) iy (72) g { fio (71), i, (72) o]

= (2m)S / g;ls / ggzg / g’;z / g;t exp (i(ky + ko + ks + ky) )

[6% (k1 + ko)0% (ks + ka) + 0° (ki + k3)8° (ko + ky)
+6% (k1 + ka)83 (ks + ko) + 6% (ko + k3)6° (ks + ki)
+6% (ko + k1 )&% (kg + k3) + 0° (ko + kq)0° (kg + k3)
+8% (ks + k1)6% (kg + ko) + 6% (ks + ko) 0 (k; + ky)
+0°(ks + ka)8° (k1 + ko) + 6° (ks + k1)6° (ks + k3)
+6% (kg + ko)6% (ks + ky) + 6% (kg + k3)0° (ko + kl)} GKernel(T1 — T2) exp (= Af[|71] + |72]]) - (8.12)

) ) ) ) ) )

), i, (72) (71), i, (72) (71), iy (72) (
71), i, (72) b { fia (T1), s (72) Yo + { i (71), iy (72) b o {11 (72), 11

), ti (72) pp {fies (71), Uiy (72) Y + { fies (1), 11 )}pB {fkl(Tl

), i, (72) (71), i, (72) (71), ) (

) e, ( (72) ( ) (

where we have used the following fact:

{ fie. (1), I, (72 }PB (2m)?6° (k; + k;)W (11 — 72) exp <——/\f(|ﬁ|2+ |TQ|)) .

where i+ 7V, j,=1,23 4. (8.13)

Here Ay is the classical version of the Lyapunov exponent which measure the strength of
the chaos in the classical limit of the quantum chaos which we have discussed in the earlier
section.

It is important to point that, the individual contributions appearing in the previously
mentioned 12 contributions can be evaluated as:

{fi.(11), T, (72) } o L i (1), T, (72) Yo = (27)°0° (ki + K5)0° (b + ke
W2(71 — 7o) exp (=Ag[|T1] + |72f]) -
— (21)58 (ks + k)5 (k, + ko)
Gkernel(T1 — T2) exp (= A¢[|71] + |72[]) -
where i#j#Il#mVi,j,l,m=1,234. (8.14)

In this computation we introduce a conformal time dependent coloured noise kernel Gkernel (71—
T2), which is defined as:

GKerne1<7—1 - T2> = W2(Tl - 7_2)- (815)
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Here the coloured noise have the following properties:

1. For coloured noise two point classical correlation function is time translation invari-

ant.

. For this random coloured noise, at the classical level we have:

(nen(m)) =0, (8.16)
(non(11)nen(72)) = Giernel(T1 — 72) = W2(11 — 72)) # 0, (8.17)
(new(71) - Nen(7n)) = Akernel (71, -+, 7v) (T 40+ - +75) VN >2.(8.18)

where nen(7) is the conformal time dependent coloured noise. Here we have assumed
that the time dependent kernel is in general have some non-Gaussian probability
distribution profile. In the computation, Gkernel(T1 — 72) is the Green’s function
which is appearing from the two point classical correlation from the coloured noise
defined at two different time scales. In Cosmology, this conformal time dependent
function sometimes identified to be the power spectrum as well and for coloured
noise it is expected to be non-Gaussian from the above mentioned properties. Also,
Axernel(71, -+, 7n) is the amplitude of the spectrum of any N > 2 point classical
correlations. Here all point amplitudes are non-zero for non-Gaussian coloured noise
contributions, which are sourced from random, chaotic and stochastic fluctuations in
the classical limit in cosmological paradigm.

On the other hand, if we consider the Gaussian white noise instead of having non-Gaussian
coloured noise, in that case we have the following properties:

1. For white noise two point classical correlation function is time translation invariant,

which is exactly same as the coloured noise case.

. For this random white noise, at the classical level we have:

where nwn(7) is the conformal time dependent white noise. Here we have assumed
that the time dependent kernel is in general have some Gaussian probability distri-
bution profile. Also, B and Byepner(71, -, 7iv) are the amplitude of the spectrum of
any N =2and N =4,6,8,--- even point classical correlations. Due to the Gaussian
probability distribution profile all the odd point classical correlation of white noise
exactly vanish trivially. Consequently, all even point amplitudes are non-zero and all
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odd point amplitudes become zero for Gaussian white noise contributions, which are
again sourced from random, chaotic and stochastic fluctuations in the classical limit
in cosmological paradigm.

Here we have actually presented the classical limit of the Fourier transformed version of
the four-point cosmological “in-in” OTO micro-canonical amplitude. From the mentioned
result we get the following characteristics:

1. In the obtained result, we have introduced a conformal time dependent noise kernel
phenomenologically to describe the randomness and chaoticity of the fluctuations at
the classical limit.

2. Also, we have included an exponentially conformal time dependent decay term as
we are interested in to explain the classical limit of the quantum chaotic behaviour
that we have obtained in the context of cosmological four-point OTOC at late time
scale of our universe. To get a similar behaviour we have included this decaying
feature in the classical version of the four-point OTO micro-canonical amplitude. In
usual literature this is appearing as an exponential time dependent growth factor.
But since we are dealing with conformal time scale in the context of Cosmology,
—oo0 < 7 < 0, we write it as, 7 = —|7| for the simplicity. So this negative sign in the
conformal time scale is responsible for the decaying feature of the classical limit of
the four-point cosmological OTOC, instead of having an exponential growth.

3. If we compare the obtained result in the classical limit with the quantum version of
the four-point “in-in” OTO micro-canonical amplitude then we can see that for both
the cases we get twelve contributions, but amplitudes in classical limit for all of these
contributions are same. On the other hand, in the quantum version of the amplitude
we have different individual contributions for these mentioned twelve terms. Addi-
tionally, we can observe another similarity in these two results are that, for both the
cases momentum conservation is applied through the momentum dependent three
dimensional Dirac Delta functions.

8.4 Cosmological micro-canonical partition function: Classical version

8.4.1 Classical micro-canonical partition function in terms of rescaled field
variable

In this section our aim is to derive the expression for the partition function for the cos-
mology in the classical regime. In terms of the rescaled cosmological perturbation field
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variable we define the following classical partition function for Cosmology:

ZClassical(ﬁ;Tl) P= //Défn exp (_BH)

_ E[exp (—5 [Ekéﬁ) 4 % In (1 — exp(—@Ek(ﬁ))D

_ I;Iexp <—ln (2 sinh BEkT(ﬁ)D

— exp <— / &’k In <2 sinh 2 E‘;m))) . (8.23)

Zclassical(8; 1) =: Zp(B; 1) :=|coshal| : Z,(B;11): V «a . (8.24)

This implies that:

Now from the above expression we found that the expression for the classical partition
function and normal ordered partition function for Cosmology is exactly same.

8.4.2 Classical micro-canonical partition function in terms of curvature per-
turbation field variable

To construct the classical partition function in terms of the curvature perturbation field
variable and its conjugate momenta we are going to follow similar procedure and its given
by the following expression:

D(DII
Z(leassical(Bn—l) - = //% exp (_BH)

An)Ey(n) |1 2
= |k| exp (—ﬁ [—2 + E In (1 —exp(—pz (TﬂEﬁ(ﬁ))])
. B2(m1)Eyp(n)
= |k| exp (—ln (2 sinh f))

= exp <—/d3k In (2 sinh %Eﬁ(ﬁ))> . (8.25)

This further implies that:

Z(leassical(ﬁ;Tl) = Z]%D(B’Tl) = |COShOK’ : Za(ﬁ;Tl) : v «Q
7é ZClassical(B;Tl) . (826)

So the classical partition functions for Cosmology computed in terms of two perturbation
variables are not same because of the presence of Mukhanov Sasaki varibale. On the
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other hand we have found out the individual results of the classical partition function
for Cosmology exactly match with the quantum mechanical thermal partition function
derived for Cosmology in the previous section. This observation actually consistent with
our expectations as in case of simple harmonic oscillator also we get similar result. In
the present context since we are dealing with a scalar field theory in cosmological FLRW
background where the effective frequency is conformal time dependent. However, after
doing Fourier transformation one can interpret this theory as a parameteric oscillator.
For this reason, we get similar type of results except for the Fourier integration over all
momentum modes, which are very relevant for Cosmology.

8.5 Classical limit of cosmological two-point micro-canonical OTOC: rescaled
field version

In this subsection, our prime objective is to find out the classical limiting version of the
two-point micro-canonical OTOC computed from the quantum field theory side using the
cosmological rescaled field variable and its canonically conjugate momentum as appearing
in the context of cosmological perturbation theory.

Next, we will compute the two-point OTOC using the above mentioned results. In the
classical limit, the two-point function is given by the following expression:

DfDII
Ven(r1:7) = 5o [ [ 222 e (=8 1) {70, T, 72

ZClassical (B 7—1

iy B

ZClassmal ﬁv 7_1

~~
= Zciassical (drTl)

. [ Pk [ Pk , \
x2(2m) /(2%)3/(2703 exp (i(ky + ko).x) 0° (ks + ko)

Win g o (8L D)
— 2 W(n —7) exp (— ’\f(|71|2+ |TQ|)) / 57513. (8.27)

This result is divergent because of the presence of last terms which represent volume in
general. to get the finite contribution out of the above mentioned result derived in the
classical limit we regulate the momentum integrals by putting the cut-off scale L, for which
the momentum range are given by, 0 < k; < L. By applying this regulator we get:

d’k, o, L?
/(27‘(‘)3 - 2—7_‘-2 - kl dkl = w . (828)
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After substituting the above factor finally we get:

L? A7) + |7
YCJJclassical(Tl? 7-2) = ﬁW(Tl - TZ) exXp (_M> . (829)

Here L?/37?, is the overall regulated two-point time independent amplitude of the cosmo-
logical two-point OTOC in the classical limit. From the above mentioned result one can
consider a situation when we have 71 = 75 = 7 in the classical limit. In that case we get
further simplified answer, which is given by:

L3
Yélassical<7—7 T) = ﬁ W(O) exXp (_)‘f|7—|) : (830)

This result only exists when W(0) is finite in the classical limiting case for the coloured
non-Gaussian noise and white Gaussian noise respectively.

Now to demonstrate the explicit role of a non-Gaussian coloured noise and Gaussian
white noise here we can consider the following mathematical forms of the window functions:

(

A _
— exp (—M) , Coloured Noise
vy 2
W(Tl _ 7_2) — (831)
) B (T1 — 7'2)2 . .
\ (ljlg%) W exp (—T White Noise

where A, B and C, represent the conformal time independent amplitudes of the coloured
and white random classical noise respectively. Also, v represents the strength of the
dissipation in the context of coloured noise.

Now from the general structure of the white noise it is evident that, W(0) — oo is
giving diverging contribution for 7, = 75 case. So appearance of the possibility of the
equal time limit is completely discarded as it gives overall diverging contribution in the
classical limit of the two-point function. On the other hand, in the equal time limit we
have, W(0) = /A /v, for the coloured noise case. This implies for coloured noise equal
time limit exists and one can write down the following simplified expression for the classical
limit of the two-point function as:

L A
- = /= —2) : 8.32
Classmal(T’ 7-) 372 v exp ( f |7—|) ( )
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But for unequal time case both the results exist and we get:

372

%

Yélasswal(Tl? TQ) = <

| 372 C=0 || |C|y/7 C? 2
8.6 Classical limit of cosmological two-point micro-canonical OTOC: curva-
ture perturbation field version

Here we need to perform the computation for the classical version of the two-point OTOC
in terms of the scalar curvature perturbation and the canonically conjugate momentum
associated with it, which we have found that is given by the following simplified expression:

| DCDIL; i
Yélassical(TbTQ) //TCG BH( ){C(X7Tl)ﬂH(Xa 7-2)}PB

Classwal (ﬁ ) Tl

1
- v . .34
Z(Tl)Z(TQ) Class1cal(T17T2) (83 )

In this result, cosmological two-point OTOC depend on the specific choice of the field
variable and its conjugate momentum in a given cosmological perturbation scheme due
to the presence of an overall factor (z(7)z(72))~!, which is originated from Mukhanov
Sasaki variable defined in two time scales, 7 = 7 and 7 = 7, respectively. In terms of the
curvature perturbation field variable then one can also justifies the physical consistency of
the classical limiting result with the result obtained in the quantum regime in the previous
section.

8.7 Classical limit of cosmological four-point micro-canonical OTOC: rescaled
field version
8.7.1 Without normalization

In this subsection, our aim is to compute the classical limiting version of un-normalized
cosmological four-point OTOC, which is given by the following expression:

1 DfDII
CClassmal(Tl? 7—2) = ZClassical(ﬁ' 7_1 / / f exp (_ﬁ H) {f(X, 7—1)’ H(X’ TQ)}%B

_ 1 //DfDHeXp( 5H>

ZClasswal B 7—1

-~
= ZClasslcal (ﬁsTl )
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x (2m)" / g:)lg / g:; / g;; / g:)t exp (i(k; + ko + k3 + ky).x)

[53(1{1 + k)% (ks + ka) + 0% (ki + k3)8° (ko + ku)

+53(k1 + k)03 (ks + ko) + 6% (ks + k3)6° (ks + ki)
53 (ko + kp)6% (kg + k3) + 8° (ko + ky)8° (kg + ks)
—|—53(k3 + ki1)6% (ky + ko) + 6% (ks + k)6 (ky + k)
+0° (k3 + k4)8° (ky + ko) + 6°(kq + ki1)0° (ko + ks)
+0%(ka + ko)8° (ks + ki) + 6° (ks + k3)6° (k + ki) |
GKernel(T1 — T2) exp (= Af[|T1] + [72]]) (8.35)

where the classical version of the thermal partition function in Cosmology is given by the
following expression:

ZCtassical (35 T1) = exp (-/d3k In (2 sinh ﬁEkT(Tl)>) . (8.36)

Now, after doing a bit of algebraic manipulation we get the following simplified result for
the un-normalized version of the classical limit of four-point cosmological OTOC:

) Pky [ A’k
C1Class1n:al(7—17 7—2) =12 GKernel(Tl - 7—2) exp (_)‘fHTll + |7—2H) (271')3 (27‘(’)3 : (837)

This result is divergent because of the presence of last terms which represent volume in

general. to get the finite contribution out of the above mentioned result derived in the
classical limit we regulate the momentum integrals by putting the cut-off scale L, for which
the momentum range are given by, 0 < k; < L and 0 < ky < L. By applying this regulator

we get:
d*k, d*ks 1 [F L LS
= k? dk k2 dk . .
/ (27)3 / (2m)3 ~ 4xt /,ﬁzo 1M /k . 27 3670t (8.38)

After substituting the above factor finally we get:

L6
Célassica1(7'1:7'2) =30 GKernel(T1 — T2) exp (=Af[|71| + |72]]) - (8.39)
Here L°/37* the overall regulated four-point time independent amplitude of the cosmo-
logical un-normalized version of OTOC in the classical limit. From the above mentioned

result one can consider a situation when we have 71 = 79 = 7 in the classical limit. In that
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case we get further simplified answer, which is given by:

L8
T, 7-) = ﬁ GKernel(O) €xp (_2)\f7—) . (840)

Célassical(
This result only exists when Gkerner(0) is finite in the classical limiting case for the coloured
non-Gaussian noise and white Gaussian noise respectively.

Now to demonstrate the explicit role of a non-Gaussian coloured noise and Gaussian
white noise here we can consider the following mathematical forms of the two point classical
correlation functions:

A

— exp(—7v|m — 1|) , Coloured Non-Gaussian Noise

GKernel(Tl - TZ) -

Bd(m —m) White Gaussian Noise

where A and B, represent the conformal time independent amplitudes of the coloured
non-Gaussian and white Gaussian random classical noise respectively. Here both of them
satisfy the previously mentioned crucial properties separately for coloured and white noise.
Also, 7 represents the strength of the dissipation in the context of coloured non-Gaussian
noise.

Now from the general structure of the white Gaussian noise it is evident that, Gkernel(0) =

B §(0) — oo is giving diverging contribution for 7 = 7, case. So appearance of the possibil-
ity of the equal time limit is completely discarded as it gives overall diverging contribution
in the classical limit of the four-point cosmological OTOC. On the other hand, in the
equal time limit we have, Gkerne1(0) = A/v for the non-Gaussian coloured noise case.
This implies for coloured noise equal time limit exists and one can write down the fol-
lowing simplified expression for the classical limit of the four-point cosmological OTOC
as:

6

C’écllassical(T? T) = 4 exp <_2)‘f7—) . (842)

3y

But for unequal time case both the results exist and we get:

(ALS
3 exp (—v|m1 — 12| — Af[|m1| + |r2|]) , Coloured Noise
Célassical(TbT?) =9
BLS . .
— d(11 — ) exp (= Af[|m| + |72]]) White Noise

120

d0i:10.20944/preprints202007.0038.v1

(8.41)

(8.43)


https://doi.org/10.20944/preprints202007.0038.v1
https://doi.org/10.3390/sym12091527

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 3 July 2020 d0i:10.20944/preprints202007.0038.v1

8.7.2 With normalization
The normalisation factor of classical limit of OTOC for the rescaled field variable can be

computed as:

_ 367" B 3674
LSW2(0) exp (=Ag[|Ti| + [72]])  L8Gkerner(0) exp (—=As[|m| + 7))

N(fllassical (Tl? 7—2) . (844)

Now, considering the examples of non-Gaussian coloured noise and Gaussian white noise
we get the following answer for the normalization factor:

36ym4

, Coloured Noise
LOA exp (=Af[|m1] + |72[])

'/V-(fJI::xssical(T1 ) 7-2) = (845)

0 White Noise
Then the classical limit of normalized four-point OTOC can be expressed as:

GKernel(Tl - 7-2)

Célassical(Tb 7—2) = Nélassical(Tb 7-2)C’écllassical(7-1’ 7-2) =12 ( ) . (846)
GKernel(O)

Now, considering the examples of non-Gaussian coloured noise and Gaussian white noise
we get the following answer for the classical limit of normalized four-point OTOC:

12 exp (—y|m — 72|) , Coloured Noise
Célassical(Tb 7-2) = . (847)
0 White Noise

Here for the non-Gaussian coloured noise then the dissipation strength v plays the role of
Lyapunov exponent and in the classical limit the conformal time independent amplitude is
12. On the other hand, it is clearly seen that Gaussian white noise is not suitable for the
study of OTOC as it becomes trivially zero after normalization of OTOC in the classical
limit.

8.8 Classical limit of cosmological four-point micro-canonical OTOC: curva-

ture perturbation field version
8.8.1 Without normalization

Here we need to perform the computation for the classical version of the un-normalised
OTOC in terms of the scalar curvature perturbation and the canonically conjugate mo-
mentum associated with it, which we have found that is given by the following simplified
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expression:

1 DCDII: ,
S sseat (711 72) = | [ 2 gt m) i, )}
< : Zélassical(67 Tl) 2m PB

;Cf .
Z2 (7_1 ) 22 (7_2) Classical

(11,72) . (8.48)

Now, if we just compare with the obtained result from the quantum version, we clearly
see that that obeys also the similar kind of relation. This connection actually in first
hand verifies that the classical limit of the cosmological four-point OTOC obtained from
quantum fluctuation in the early universe is physically consistent. It is also important
to note that, in the un-normalized version of the classical limiting result the definition of
the cosmological four-point OTOC depend on the specific choice of the field variable and
its conjugate momentum in a given cosmological perturbation scheme due to the presence
of an overall factor (z(71)z(72))"%, which is originated from Mukhanov Sasaki variable
defined in two time scales, 7 = 71 and 7 = 7, respectively. This factor actually make a
bridge between the two definitions of four-point cosmological OTOC obtained from two
different field variables in cosmological perturbation theory both in quantum and classical
formalism.

8.8.2 With normalization

The classical version of the normalised four-point cosmological OTOC in terms of the
scalar curvature perturbation and the canonically conjugate momentum associated with
it, which is basically the computation of the following normalised OTOC, in the present

context:

CC . (Tl ’7'2)
Crnssical (T1, T2) = Classical) - = Nétassical(T1 72) Cotassicaa (T1> T2) (849
Classmal(1 2) <C(7'1)((7—1)>,8<H<(7_1)H§(7—1)>,8 Classwal(1 2) Classwal(1 2) ( )

where the normalisation factor to normalise classical OTOC is given by:

NE L

T, To) = =22 s 22 Ty (fn ical (71, T2) - .
Classical( ) <<(7_1)<(7-1)>B<H§(TI)HC(Tl)>ﬁ ( ) ( )N assca( ) (850)

Consequently, the classical limit of the normalised four-point cosmological OTOC com-
puted from the curvature perturbation variable is given by the following expression:

GKernel(Tl — TQ)) . (851)

CC q T, T: :Cf i T1, T: :12(
Classlcal( 1 2) Classu:al( 1 2) G’Kernel(o)

122


https://doi.org/10.20944/preprints202007.0038.v1
https://doi.org/10.3390/sym12091527

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 3 July 2020 d0i:10.20944/preprints202007.0038.v1

Now, considering the examples of non-Gaussian coloured noise and Gaussian white noise
we get the following answer for the classical limit of normalized four-point OTOC:

12 exp (—y|m — m2|) , Coloured Noise

Célassical (7_17 7-2) = C(fjlassical (7_17 7-2) = . (852)

0 White Noise

9 Summary and Outlook

To summarize, in this work, we have addressed the following issues to study the OTOC
from cosmology set up:

e First of all in this paper we have provided a detailed formalism using which it is pos-
sible now to compute the expression for OTOC in the context of Cosmology. OTOC
is a very strong probe to study the quantum correlation in presence of randomness
and chaoticity. It was used in different context except for Cosmology. As we all
know finding quantum correlation function in the early universe in presence of such
randomness or chaoticity was a long standing problem which no body have addressed
yet properly. We believe our computation and finding from the cosmological OTOC
in this paper will surely be helpful to understand the quantum field theory of various
unexplored random cosmological events, i.e. stochastic particle production during
inflation, reheating etc. Since we did the computation for the first time from a very
simple understandable cosmological perturbation theory, we believe that these re-
sults will also be used to study some other random cosmological events appear in the
evolutionary time scale of our universe.

e We have presented the computation of cosmological OTOC by making use of the well
know Bunch Davies and a vacua as a choice of initial quantum vacuum state. So it
is expected that the final results of cosmological OTOC may show similar feature,
but with different amplitude and in different scale. This statement we have verified
explicitly by numerically studying the obtained solutions of the cosmological OTOC
using both the definition of quantum mechanical vacuum state.

e [t is a very well known fact that in general prescription OTOC’s are usually defined
with two quantum operators which are separated in time scale. Following the same
prescription in Cosmology we have also defined two quantum operators, which are the
cosmological perturbation variable describing the quantum fluctuation from scalar
modes and its associated canonically conjugate momentum, which are defined in two
different time scales in the evolution of our universe. During the computation of
cosmological OTOC, the final result for this reason depend on these two time scales.
Now, to study the cosmological consequences of the OTOC we fix one of the time
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scales between the two and study the dynamical feature with respect to the other
time variable which we have not fixed. We have found that both of the features
of cosmological OTOC with respect to the two different time scales describes the
randomness in the quantum correlation function at out-of-equilibrium. On top of that
we have additionally found that particularly once we fix the first time scale and study
the time evolution behaviour of the cosmological OTOC show exponentially decaying
behaviour, which supports the phenomena of quantum chaos in the cosmological
paradigm as well. In usual scenario one gets exponential growth with respect to the
time scale in OTOC. But, to remind everyone, it is important to note that instead of
dealing actual time scale which is varying from 0 (Big bang) < ¢t < ¢y (Present day)
in the present context we are dealing with the conformal time scale which is varying
from —oo (Big bang) < 7 < 0 (Present day), which is the most commonly used time
scale in the context of Cosmology. Because of this reason instead of exponentially
increasing behaviour we have observed exponentially decreasing behaviour. This
behaviour is perfectly consistent with the expectation from the time evolution of
the quantum mechanical correlations for the system when it goes to the out-of-
equilibrium state.

Additionally from the present formalism we have derived the expression for the quan-
tum Lyapunov spectrum as well the lower bound on the equilibrium temperature
for Cosmology. At very early epoch of the evolution of our universe the quantum
fluctuations goes to the out-of-equilibrium state for which one cannot associate the
concept of temperature, as it is only interpreted when a system under study reaches
to equilibrium state. We have derived the expression for cosmological OTOC which
is very helpful to understand the quantum mechanical correlation function at out-of-
equilibrium state. Now from the exponential decay of this cosmological OTOC one
can easily estimate the lower bound on the equilibrium temperature associated with
our universe. This can be done in a very simple way. For this purpose we need to
identify the exact time scale at which the cosmological OTOC after decaying with
respect to the conformal time scale start saturate to a non vanishing small value.
From this time scale one can explicitly derive and give an estimate of the tempera-
ture of the system when cosmological OTOC saturates to an equilibrium value. After
getting an estimate of this lower bound of equilibrium temperature one can give a
physical interpretation of this temperature in the cosmological paradigm. One can
associate the obtained lower bound on the equilibrium temperature with the temper-
ature of De Sitter space for the stochastic particle production during inflation and
with the reheating temperature. Usually in the cosmology literature one actually
compute the expression for the reheating temperature by making use of information
from quantum statistical mechanics. Using the approximate energy scale for inflation
and by making use the information regarding the number of relativistic degrees of
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freedom one computes a bound on the reheating temperature in the framework of
primordial cosmology. Since earlier we don’t have any information regarding time de-
pendent behaviour of the cosmological OTOC one don’t have any option to compute
reheating temperature from the quantum field theory side. So the derived bound
on the reheating temperature can be treated as a model independent bound, which
is anyway better than the previously known model dependent bound on reheating
temperature.

Also, we have found that the cosmological OTOC at finite temperature is dependent
on two time scale and independent of any preferred choice of the coordinate system
and the parameter § = 1/T. In short, the derived expression for the cosmologi-
cal OTOC is homogeneous in nature with respect to the space coordinate, or its
Fourier transformed momentum coordinate. Also the final result obtained for the
cosmological OTOC is independent of the partition function which we have com-
puted for Cosmology. This feature is exactly similar to the OTOC computed from
simple harmonic oscillator with time independent frequency. Basically, one can map
the stochastic particle production problem during inflation or solving the reheating
problem to a parametric oscillator problem whose frequency is function of the mag-
nitude of the momentum in the Fourier transformed space and conformal time scale,
where the time is actually associated with the evolution scale of our universe.

By doing the numerical estimations and during the study of detailed time dependent
behaviour of the cosmological OTOC we have found that our analysis can give physi-
cally consistent result only for partially massless or massive scalar particle production
during inflation and during reheating epoch.

We have also studied the classical limit of the two-point and four-point OTOC to
check the consistency with the late time behaviour which supports the exponential
decay of the quantum correlators in the classical regime.

Finally, we have explicitly proved that the definition of cosmological OTOC is com-
pletely independent of the choice of preferred perturbation variable in a specific
scheme of cosmological perturbation theory. On the other hand, we have also found
that, this statement not holds good for the un-normalized cosmological OTOC. We
have demonstrated that both the results are related through some factor which is
basically function of conformal time dependent Mukhanov Sasaki variable.

The future prospects of this work is as follows.

e In this we have restricted our analysis only for cosmological spatially flat FLRW
space-time, which is more observationally relevant. We are very hopeful that our
obtained result in this paper can be probed by various cosmological future missions
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and if the amplitudes of the cosmological OTOC can able to be measured with sig-
nificant statistical accuracy then the obtained result for cosmological OTOC can
be treated as a standard benchmark using which one can study various unexplored
features of early universe cosmology in presence random quantum fluctuations in out-
of-equilibrium state. To know about the cosmological consequences of our derived
result one can further extend the present methodology for computing OTOC for open
and flat FLRW space time as well. This study will give a better understanding to
know about the explicit role of spatial curvature in cosmological FLRW space-time
to explore the out-of-equilibrium features. Not only this, the present methodology of
computing cosmological OTOC one can further extend any arbitrary spatial dimen-
sions, which will give a clear picture that if one vary the spatial dimensions then at
very lower or higher dimensions how the cosmological OTOC behave with the time
scale. No one have explored such possibilities yet, so it will be good to study these
mentioned aspects in detail.

The present methodology of computing the cosmological OTOC is not only restricted
to describe stochastic particle production during inflation and during the reheating
epoch, but also one can extend this tool to compute the quantum mechanical OTOC
in presence of non singular bounce. It may happen that during the non singular
bouncing phenomena somehow stochasticity or some random quantum mechanical
fluctuations appears and since now it is known how to quantify and compute the
quantum correlation functions at out-of-equilibrium state, one can carry forward the
similar calculation in this context as well.

Another important aspect one can study, which is the role of quantum entanglement
[45-52] in cosmological OTOC at out-of-equilibrium. Quantum correlation functions
in presence of entanglement was studied at equilibrium in various earlier works.
It is good to apply the present methodology to know about cosmological OTOC in
presence of quantum entanglement in the early universe. Specifically if one can study
the cosmological OTOC in Bell’s inequality violating set-up then one can actually
study the effect of long range sustainable small amplitude cosmological correlation
at out-of-equilibrium.
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A Asymptotic behaviour of the cosmological mode functions

The most general solution of the above mentioned equation of motion is given by the
following expression:

filr) = V=7 [Ci HD(=k7) +Cy HP(—k7)], (A1)

where C; and Cy are two arbitrary integration constants which are fixed by the choice of the
initial quantum vacuum state necessarily needed for this computation. Here H, M (—k7) and
a (—FkT) are the Hankel functions of first and second kind with order v. In general, both
of them can be expressed in terms of the complex linear combination of the Bessel function
and the Neumann function of order v, which are given by the following expressions:
HY (k7)) = T, (=k7) + iV, (—kT) , (A.2)
HP(=k7) = J,(=k7) — i), (—kT) . (A.3)

In the general context the mass parameter ¥ may be a complex parameter. In this case,
the solution for the rescaled scalar perturbation mode can be recast as:

fi(T) = V=7 D1 T,(—k7) + Dy Y, (—kT)], (A.4)

where the redefined two new arbitrary integration constants, D; and Dy are defined in
terms of the previously defined two new arbitrary integration constants, C; and C, as:

Dy =Ci+Cs (A.5)
Dy =i(Cr—Cs) . (A.6)

For the non-integer value of the mass parameter v, the Neumann function or the Bessel
function of the second kind can be written in terms of the usual Bessel function or the
Bessel function of the first kind as given by the following expression:

1

sin vw

yu(_kT) =

(T, (—=kT) cosvm — T_,(—kT)] . (A.7)

In this specific situation, the Hankel functions of first and second kind with order v can
be expressed in terms of usual Bessel function or the Bessel function of the first kind as:

?

Hy (=kr) = Jo(=k7) + ——— [Jo(—kT) cosvm — T (k7))
= [(1 44 cot vm) J,(—kT) — i cosec v J_,(—kT)] , (A.8)

129

d0i:10.20944/preprints202007.0038.v1


https://doi.org/10.20944/preprints202007.0038.v1
https://doi.org/10.3390/sym12091527

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 3 July 2020

1

HY(=k7) = J,(—k7) — - (T, (—=kT) cosvm — T_,(—kT)]
=[(1 —1i cot vm) T, (—kT) + i cosec v J_,(—kT)] . (A.9)

In this case, the solution for the rescaled scalar perturbation mode can be recast as:

fl7) = V=T [&1(v) To(=kT) + E2(v) T (—kT))], (A.10)

where the redefined two new arbitrary integration constants, £&; and &, are defined in terms
of the previously defined two new arbitrary integration constants, C; and Cs as:

E1(v) = (C1 4+ Co) +1i(Cy — Co) cot v =Dy + Dy cot v | (A.11)
E(v) = —i(Cy — Cq) cosec v = —Dy cosec vT . (A.12)

In particular, when, v ¢ Z, we have the following further simplified expressions for the
Hankel functions of first and second kind, can be written as:

1
1 sin v

LT (—kT) — explivn) T, (—kT)] . (A.14)

HWY(—k7) = [T (—kT) — exp(—ivm) T, (—kT)] (A.13)

HP(—kr) =

sin vw

This implies the following simplified relations which are very useful for the further compu-
tations:

SH=kT) | (A.15)
H®(=k7) = exp(—ivr) HV (=k7) . (A.16)

The above mentioned relationships are valid, whether v is an integer or not. In this case,
the solution for the rescaled scalar perturbation mode can be recast as:

(1) = V=7 [Gi(v) To(=kT) + Gao(v) T (—k7)], (A.17)

where the redefined two new arbitrary integration constants, G; and G, are defined in terms
of the previously defined two new arbitrary integration constants, C; and Cs as:

Gi(v) = (C1 +C3) +i(Cy — Cy) cot v =Dy + Dy cot v # E1(v) (A.18)
Ga(v) =1 cosec v (Co — Cy) = —Ds cosec v # Eo(V) . (A.19)

In a specific situation, where one can express the mass parameter as a half-integer value
like, v = (n + %) for all non-negative integer n, we can write down further the following
expressions, which are also very useful when we are dealing with these situations in the
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present context:

The corresponding most general canonically conjugate momentum can be further computed
from this derived solution as:

My (7) = - fi(7) = [ (k;TH( (=k7) — HY (—kT) — k;TH( (= kT))

1
=
+Cy (IWH \(—k7) — HO (—k7) — krHZ), (— kT))].(A.ZQ)

Here we have used the following facts for the derivative of the Hankel function of the first
kind and second kind, which are very useful for the computation:

d(_dkT) D (—hr) = B2\ (—k7) + B (—kr) = — )\ (—k7) + ,:T H{D (k) ,(A.23)
d(_dkT)H,SQ)(—kT):H L(—kT) + /:T HP (- kr)——H,Ei)l(—kT)Jr%Hf)(—kT) (A.24)

Also one can express the Bessel function of the first kind in terms of the Confluent Hyper-
geometric limit functions in the present context, which is given by:

T (—kr) = F(V;H) (—k—QT)V oF) <u +1; —<k2)2) . (A.25)

For the non-integer value of the mass parameter v, the Neumann function or the Bessel
function of the second kind can be written in terms of the Confluent Hypergeometric limit
functions in the present context, which are given by:

YV, (—kr) = % (_’%T) R (H 1;_</<:Z>2)

_% (_’;_T) R (1 _ —(kf) . (A.26)

In this specific situation, the Hankel functions of first and second kind with order v can
be expressed in terms of usual Bessel function or the Bessel function of the first kind as:

1 hr) = L (LI ()

_cosec v [ kT\ " (kT)?
_eoseerm (P R (1w — A2
aaey (03) (o) e
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HO (—pr) = Lot vr) <_E>V A <V+ 1;_(k7)2)

T(v+1) 2 4
_i% (—Z—T) R <1 —v; —<k?2> . (A28)

In this case, the most general solution of the above mentioned equation of motion is given
by the following expression:

fulr) = Sl(y)ﬂ) (_’f_T> o (H 1;_(k7)2>

Tw+1) \ 2 1
—52(1/)“1—‘/?/) (—%) R (1 — v —(kz)z) . (A29)

Now, it is important to note that the Bessel function of first and second kind can be
expressed in the following asymptotic mathematical form for the small argument lying

within the window 0 < (—k7) < /v + 1, given by:

( ! AN if v > 0 integer
| —— v
Tw+1) \ 2 &
T (—kT) = (A.30)

2
_lln(_k_f)+7] if v =0
T 2

['(v) kT cot vm kT
(—kr) =4 — T I if v > 0 int A31
Vo (—k7) - 5 +F(V—|—1)( 2), if v > 0 integer (A.31)
v+1 v
= (_]%T) ’ if v < 0 integer
-

where 7y is the Fuler-Mascheroni constant, which is defined as:

_ "1 , nn+%r(1)r(n+1) n2
V—Jz%o(Z;—ln”)—J%o( F@insl) n+l

p=1

= Z (— ~ 0.57721 . (A.32)

Consequently, the Hankel function of the first and second kind takes the following asymp-
totic mathematical form for the small argument lying within the window 0 < (—k7) <
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Vv + 1, as given by:

( . v v
(1 + 4 cot vm) (_k_7> B Z.F(V) (_k_7> if v > 0 integer

I'(v+1) 2
HWY (—kT) = (A.33)

| o ()" e (e

—) ,if v < 0 integer
2 s

2

(1 —icotvm) [ kT\" N TWw) [ kr\" if 1> 0 inteser

—— —— v
T(v+1) > b > &

HP (—k7) = 4 (A.34)

| Ei))' (_%> o i(_l)wf(_”) <_%> if y < 0 integer

Consequently, the asymptotic solution for the rescaled scalar perturbation can be expressed
within the window 0 < (—k7) < v/v + 1, as:

[ (D) 4 D; cot vr) kt " Dol'(v) kT\~
T(v+1) 2) U 2
Je(T) = 3 (A.35)

Di(=1)” <_k_) L Do(=)" (V) (_kf

— | , if v < 0 integer
L (=) 0

2
For large real arguments lying within the window, (—k7) >> [v* — |, one cannot write

\
(

if v > 0 integer

an actual asymptotic form for the Bessel functions of the first and second kind (unless in
the situation where v is a half-integer) because they have zeros all the way out to infinity,
which would have to be matched exactly by any asymptotic expansion. However, for a
given value of arg(—k7) < m, one can write an equation containing a term of order of
| — k7|71, given by the following expressions:

k7 \/>\/__]W [ (k‘T—l— (1/+ %)) + exp (Im(—kr)) O (ﬁ)} (A36)
Vil \[\/_ {sm (kT—|— <y+ ;)) + exp (Im(—kr)) O <| _1]{#’)} (A.37)

Consequently, the Hankel function of the first and second kind can be written in the

133


https://doi.org/10.20944/preprints202007.0038.v1
https://doi.org/10.3390/sym12091527

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 3 July 2020 d0i:10.20944/preprints202007.0038.v1

following asymptotic form:

9y = 2L Mexp( ( )

1
H® (- \/7 exp(ikT) exp
T —kT

\/2_\/__k7_exp< m(—kr) + ZDO(|—1<;T|)’ (A.39)

Using these asymptotic solution the general structure of the obtained solution for the

), (A.38)

rescaled field can be expressed as:

fu(r) = \/% [cl exp(—ikT) exp (—% (v + %)) — Cyexp(ikT) exp (% (V - %))1
+\/%€XP (Im(—k7)) O (| _lkﬂ) (D1 —=Ds) . (A40)

However, from the general structure of the obtained solution for the rescaled field and for

the canonically conjugate momentum it is very difficult to extract the physical informa-
tion out of that. For this reason the asymptotic solutions are really helpful for physical
interpretation in different cosmological scales. These asymptotic limits are k&7 — 0 and
kT — —o00, where we need to determine the behaviour of the Hankel functions of the first
and second kind of order v. After taking these asymptotic limits we get the following
simplified results:

2 1 i 1
(1 — /2 —3 _ = z
kTthlmH —k7) = \/7\/_ exp(—ikT) exp < 5 <I/ + 2)), (A.41)
2)(_ Tyt
kTh_anOH \/7\/_ exp(ikT) exp < ) < + 2)), (A.42)

' kT

(1) —— 2
lelr_I}OH (—kT) ﬂ_F(V) ( 5 ) : (A.43)
lim H®(—kr) = - T(v) (—k—T) , (A.44)

kT—0 e 2

and

) ( T, 1
legnooHy 1 \/>\/_exp zk:T)eXp( 5 (V 2)), (A.45)
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1
leimooH \/7 —— &P (ikT) exp (? <1/ — 5)), (A.46)

lim H, (~kr) = ;my—n<—%) , (A.47)
lim HZ, (k) = ;HU—U<—%OLi (A.48)

and

T 3
krlimoo HVJrl \/7\/_ exp(—ikT) exp <—§ (1/ + 5) ), (A.49)
lim H® \/7 (ikr)exp (7 (v 42 (A.50)
im A, \/jexp hr)exp (o v+ 5] ), .

l AN
khglo Hy+1( kt) = ;F(V +1) (—7) : (A.51)
. k (v+1)
lim H\ (—kr) = ;my+u<~§> , (A.52)

which implies that:

lim HY(—k7) = — Jim HP (—k1), (A.53)
kT—0
lim HM (- kT):— lim H®(—k7), (A.54)
kT——00 kT——00

and
hmH“(kﬂ_—hmH_ﬂkﬂ (A.55)
kT—0
lim HY (—kr) = — lim H, (—k7), (A.56)
kT——00 kT——00

and
llm H,EH( kT) = hmOHVJr)I( kT), (A.57)
lim Hu+1( kr)=— lim H ( kT). (A.58)
kT——00 kT——00

Here k7 — 0 and k7 — —oco asymptotic limiting results are used to describe the superhori-
zon (kT << —1) and subhorizon (k7 >> —1) limiting results in the context of primordial
cosmological perturbation scenario. The transition point from the subhorizon to super-
horizon regime is identify by k7 = —1 , which in Cosmology known as the horizon exit and
play a pivotal role to measure various observables of primordial Universe from different
theoretical models.

135


https://doi.org/10.20944/preprints202007.0038.v1
https://doi.org/10.3390/sym12091527

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 3 July 2020 d0i:10.20944/preprints202007.0038.v1

Now we consider the following Laurent expansion of the Gamma function as appearing
in the superhorizon limiting approximation of the Hankel functions:

2 L[, 1[5 ~r? ) 5
=2 y4c U t A.
I'(v) - ’y+2<’y —|—6)1/ 6(7 + 5 +2¢(3) ) v+ O@?), (A.59)
Small co;lri;ribution
2 1 2 1 2
My-1)=—"= —7+3 (72 + %) (v=1) -2 (f’ + -+ 24(3)) (v —1)? + O((v — 1)*)(A.60)

TV
Small contribution

'v+1) = VL -y + L (72 + %2) (v+1)— % (73 + %TQ + 2§(3)> (v+1)*+0((v+1)*)(A.61)

Vv
Small contribution

where v is known as the Euler Mascheroni constant and ((3) is the Riemann zeta function
of order 3. Further using this result the Hankel functions of the first and second kind of
order v can be simplified as given by the following expression:

m HO( k) =2 (M) 12 e e T

lelgoHV (—kT) - < 5 ) {1/ v+ 57 + 5 v+ , (A.62)
. —v 2

m HO (k) = (2R 2 e T

lelgoHV (—kT) - < 5 > [V v+ 57 + 5 v+ : (A.63)

and

lim Hﬁ”ﬂ—kﬂ:%(—lﬁ)l_y{ 2 —v+1<v2+%2) (y—1)+---}, (A.64)

kT—0 2 v—1 2
. 1-v 2
i H® (—pry = — L (_ET LA DI R A
i 12, k) ==L () 2 e S (e T o] )
and
. —(v+1) 2
i HO () = L (ZFT 2 e,
i 0k =2 (B) 2 (e D e+, (o
. —(v+1) 2
i HO (L) = L (kT 2 e
lelgloHy_H( kt) = 7T< 2) L“‘l ta-l Wi 5 (v+1)+ . (A.67)
Similarly at the horizon exit transition point k7 = —1 the Hankel functions of the first

and second kind of order v can be simplified as given by the following expression:

i 1\ 7 [2 1 2 1 2
Hﬁ”(—lw:l):;(é) [;—’y—i—i(72+€>V—6(73+77+2<(3)>V2+---],(A.68)

136


https://doi.org/10.20944/preprints202007.0038.v1
https://doi.org/10.3390/sym12091527

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 3 July 2020 d0i:10.20944/preprints202007.0038.v1

and
B crr— = (Y T i (e D s ], )
v\ THT — 72 v—1 T\ T ’ '
. 1—v 2
@ g1y b (1L 2 oY N
H(—kr = 1) W(2> L—l Ths (P - @A)
and

Er\ T 2 1,
3l EETE YT  TRTI e

HY (kT =1) = L (—ﬁ> o { 2 41 (72 + ”—2) (v+1)+-- ] (A.73)

v+1 2 6

Now, in the superhorizon limit (k7 << —1) and subhorizon limit (k7 >> —1) the ap-
proximated asymptotic form of the most general solution for the rescaled field variable and
the corresponding canonically conjugate momentum computed for the arbitrary quantum
initial vacuum can be expressed as:

tim ) = [ 2210) (-5) e-a, (A.74)

Jlimfil(r) = \/% [Cl exp (—i {kT + g (u + %) }) —Cy exp (z {kT + g (u + %) })] (A.75)
and

lim Iy (r) = \/%2;—]{: (y - %) r(v) (—%T)_(W%) (C1—Co), (A.76)

lim_ Tl (r) = % % {cl exp (—z’ {/w + g (u + %) }) +Cy exp (2 {kT + g (1/ + %) })] (A7)

Combining the behaviour in both the superhorizon and subhorizon limiting region we get
following combined asymptotic most general solution for the rescaled field variable and
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momenta computed for the arbitrary quantum initial vacuum can be expressed as:

31 1
—ov—h
fk(T) ’ 1T ﬂk%

% €y (1+ikT) exp <—i{k7+g (u+%)}) —Cy (1 —ikT) exp (z’{kTJrg <u+%>})} ,

1 %_V F(V)
v TR

x [cl {(%—V)%“} eXp(_i{ng(”%)})
=} oot o)

These general asymptotic expressions are extremely important to compute the expressions

Ty (r) = 272

(A.79)

for the OTOC’s in the later subsections. To server this purpose we need to promote both
of these classical solutions to the quantum level.
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B WKB solution of the cosmological mode functions for time
dependent protocols

For arbitrary conformal time dependence in the mass parameter m?(7) we use the standard
WKB approximation, using which the general solution can be expressed as:

Su(T) = [Cy we(7) + Co ug (7)), (B.1)

where C; and Cy are the Bogoliubov coefficients in the two arbitrary integration constants
which can be fixed by the choice of the initial quantum vacuum. Here the WKB solutions
ux(7) and its complex conjugate uj(7) can be written as:

w(r) = 2wi(7) exp <z / ;_OO ar wk(T’)>, w(r) = 2wi<7> exp (—@' / ;_m a7 wn(r)

Here the effective time dependent frequency wy(7) can be expressed as:

wi(T) = \/k2 - w (B.3)

T

Consequently, the canonically conjugate momentum from the above mentioned WKB
approximated solution can be expressed as:

(1) = - fi(7) = [Cr vi(7) + C2 vy (7)] (B.4)

where we have introduced two conformal time dependent new functions vy (7) and its
complex conjugate vy (7) can be expressed as:

u(T) = Oruge(T) = O; (ﬁm exp ( /TT_OO dr’ w(T ))

[ ([ wk<T’>)}uk<>, (B.5)

=—00

e(T) = Orup (1) = 0, ! exp (—2/ dr’ wi(T )

’

- {_wk(r) dw;r(T) _i% ( / _ wkm)] (). (B.6)
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C Quantum two-point OTO micro-canonical amplitudes for Cos-
mology

C.1 Definition of micro-canonical OTO amplitude Al(kl, ko; 7y, To)

In this subsection we define a very important momentum and conformal time dependent
two-point OTO amplitude, which are given by the following expression:

Ay (k1 ko 71, 72) = fiey (1)1, (72)
= fio (1)L, (72) Qe a1, + 74, (70) i, (72) aT_klak2
i (7)1, (72) @yl g, + [ ()T, (72) al g aly,
= Di(ki, ko; 71, 72) @iy, + Dok, ko 71, 7) aly ax,

+D3(k1,k2;7'1;7'2) ClklaT_k2 +D4(k17k2;7'1,7'2) GT_klaT_k27 (Ol)

where we have introduced momentum and time dependent four individual two-point OTO
amplitudes, D;(ky, ko; 7, 72) V i =1,2,3,4, which are explicitly defined as:

D1 (ky, ko; 71, 72) = fi, (1), (72), (C.2)
Dy(ky, ko; 71, 72) =[5, (7)1, (T2), (C.3)
Ds(ki, ko; 71, 72) = fi, (11)117, (72), (C4)
Dy(ki, ko; 71, 72) = foy (1)1, (T2) (C.5)

These contributions are really helpful to compute the two-point micro-canonical OTO
amplitudes and the corresponding momentum integrated OTOC, which we have discussed
in this paper.

C.2 Definition of micro-canonical OTO amplitude Ag(kl, ko; 7y, 7o)

In this subsection we define a very important momentum and conformal time dependent
two-point OTO amplitude, which are given by the following expression:

Ao (ki ki 71, 72) = fiey (71)Thhe, (72)
= T, (72) fier (T1) @iy 1y + I () fiy (1) @1y g
i, (1) 21, (11) @0l + T (1) 14, (1) @by 0l
= Li(ky, ko; 71, T2) G, axe, + Lo(ka, ko 71, 72) Gtklakz
+L3(kq, ko; 11, 72) aklaT_k2 + L4(ky, ko; 71, 72) aT_klaT_kQ, (C.6)

where we have introduced momentum and time dependent four individual two-point OTO
amplitudes, £;(ky, ko; 71, 72) V i =1,2,3,4, which are explicitly defined as:

‘Cl(klakQ;ThT?) = Hk1(7_2)fk2(7_1)7 (07)

140


https://doi.org/10.20944/preprints202007.0038.v1
https://doi.org/10.3390/sym12091527

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 3 July 2020 d0i:10.20944/preprints202007.0038.v1

Lo(ki, ko 71, 70) = 7y (72) fie, (1), (C.8)
LS(kl,k2§7—177—2) = Hkl(TQ)fikZ(Tl)7 .
Li(ki, ko; 7, 72) = H*—kl(TQ)fjkg(Tl)' (C.10)

These contributions are really helpful to compute the two-point micro-canonical OTO

amplitudes and the corresponding momentum integrated OTOC, which we have discussed
in this paper.
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D Quantum four-point OTO micro-canonical amplitudes for Cos-
mology

D.1 Definition of micro-canonical OTO amplitude 7A’1(k1, ko, k3, ky; 71, 72)
The function 71 (ky, ko, ks, ku; 71, 72) is defined as:

ﬁ(kl,k2,k37k4;7—177—2>
= [M1(k1,k2,k3,k4;7'1,7'2) Ak Aky A3 Aky
+ My (ky, ko, ks, kq; 71, 72) atklakﬂkgam + Ms(ky, ko, ks, ky; 71, 72) aklaik2ak3ak4
+M4(k1,k2,k3,k4;7'1,7'2> CLT_klaT_kQGkgalq + M5(k17k2,k3,k4;7'1;7'2) aklakgaik3ak4
+ M (ki, ko, k3, ky; 71, 72) GT_klakgaT_kSCblq + Mz (ki ko, k3, ky; 71, 72) ClklaT_kZGT_kgam
+Mg(ky, ko, ks, ky; 71, 72) a k al k2aT ks ak4 + My(ky, ko, kg, ky; 71, 72) aie, ey Gy @ Ky
+M10(k17k27k3,k4771,7'2) akza/kg,a K, + M1 (ki, ko, ks, ka; 71, 72) aklaTk Q30 T_k4
+Ma(ky, Ko, kg, kg3 71, 72) af L al k2ak3aT_k4

)

)

(
+ My (ky, ko, ks, ky; 71, 7o) @k, ax,al kga,k4 + Mua(ky, ko, kg, ka; 71, 72) aTk (rya) k3aik4
+Mas(ki, ko, k3, ky; 71, 7 akla Ky _k3 _k4+M16(k1,k27k37k4,7'177'2) al klaT_kQCLT_k3aT_k4]> (D.1)

where we define new sets of functions, M;(ky, ko, ks, ky; 7, 72) V j=1,---,16, as:
Mk, ko, ks, ks 71, 72) = iy (71) i, (72) fies (71) i, (72), (D.2
Mo (ki, ko, ks, ky; 71, 70) = 2 (70) i, (72) fics (71) I, (72), (D.3
M (ki ko, ks, kas 71, 72) = fie, (1)1, (72) fiey (71) i, (72), (D4
Mk, ko ks, kas 71, ) = 23, (7)1 (72) fies (71) e, (72), (D5
M (ki ko, ks, ka; 71, 2) = fie (7)1, (72) f2 4, (70) i, (72), (D.6
Me(ki, ko, ks, ka; 71, 72) = 24 (71) I, (72) f24, (1) i, (72) (D.7
M (ki ko, ks, kas 71, 72) = fie (7)1, (72) f2, (7)1, (72), (D.8
Ms(ki, ko, kg, ka; 71, 70) = f7 kl(Tl)H* k2(7'2>f_k3(7'1)Hk4(72) (D.9
Moy (ki, ko, k3, ky; 71, 72) = fie, (71) e, (72) fres (7)1, (72), 0

Mio(ki, ko, ks, ky; 71, 72
11(ki, ko, ks, ka; 71, 7
12(ki, ko, k3, ka3 71, 72

( ) = Jl (7)1, (72) fio (1), (72)

( )

( )
13(k ko, k3, ky; 71, 2)

( )

( )

( )

(

(

S (1), (72) fieg (1)1, (72), (
fh ()L, (72) fieg (1)1, (72) (D.13

(

(

(

(

Jie, (71) i, (TQ)f_k3 (m0)IT" k4 (12),

fz kl(Tl)Hk2(7'2)f_k3(7'1)H—k4(7'2>
Jia (T )H*kg(TQ)f—k3<7—1)Hik4(T2>7
Iz k1( )H—kg(TQ)fjkg(Tl)H*—k4<7_2)

14(ki, ko, ks, ky; 71, 7
15(ki, ko, ks, ka3 71, 72

16(k1, ko, ks, ky; 71, 72

T XXXXX
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D.2 Definition of micro-canonical OTO amplitude 7A’2(k1, ko, k3, ky; 71, 70)
The function 7A’2(k1, ko, k3, ky; 71, 72) is defined as:

7‘2(k17k27k37k4;7_177-2>
= |J1(ki, ko, ks, ka; 71, T2) ax, Qx, Gk, 0k, + J2(ki, ko, ks, ky; 71, 72) aiklakgakS&m

+J3(k17k2,k3,k4;71,72) &klaikzakgam + ﬂ(k1,k2,k3,k4;7'177'2) aiklatkzak;gakz;
+j5(k1;k2,k3,k4;7'1,7'2) aklak2a1k3ak4 + jﬁ(k1,k27k3,k4;7'1,7'2) aiklak2a1k3ak4
+J7(k1, ko, k3, ky; 71, 72) leaT_kQCLT_kBCLkAL + Js(ki, ko, k3, ky; 71, 72) aT_klaT_k2aT_k3ak4
+\79(k17k2,k3,k4;7'1,7'2) a’klakzakgaik4 + s710(k1,k2,k3,k4;7'1772) aiklakﬂkgaim
+J1 (k1 ko, k3, ka; 71, 72) (lklaT_kQClkg,aT_m + Ji2(k1, ko, ks, ky; 71, 72) CLT_klaT_kzakgaT_k4

+J13(k1, ko, ks, ky; 71, 72) leakgaik aT_k + Jra(ki, ko, ks, ky; 7, 72) @T_k akQGT—k aT—k
3 4 1 3 4

+J15(k1, ko, ks, ky; 71, 72) aklaT_kQaT_kSaT_M + Ji6(k1, ko, k3, ky; 71, 72) GT_klaT_kQGT_kSaT_M] , (D.18)
where we define new sets of functions, J;(ki, ko, ks, ky; 71, 7) Vj=1,---,16, as:

Ji(ki, ko, ks, ky; 71, 72
ki, ko, k3, ky; 71, 7
ki, ko, k3, ky; 71, 7
ki, ko, k3, ka5 71, 72

( ) = i, (72) fiea (T1) fiey (1) e, (72),
( )
( )
( )
(k ko, k3, ky; 71, 2)
( )
( )
( )
( ) =

Iy (72) fica (71) Sy (1) i, (72),
I, (72) f2 4, (71) fiey (71) i, (72),
I (72) [, (1) fieg (1), (72),
1 (72) fie (70) [, (70) i, (72),
I3 (72) fiea (71) f2o, (1) i, (72)
I, (72) f24, (1) f 2y (71) i, (72),
I k1(7'2)f_k2(Tl)f_k3(71)nk4(72)
72) fie (T1) fies (7)1, (72),
H*kl( 72) fica (1) fieg (T0) 1Ly, (72)
M, (72) 23, (1) fics (7)) T2, (72),
I, (72) foa, (1) fies (7)) T2 (72)
e, (72) fiey (1) f 24, (1), (72),
I, (72) fieo (1) f 2, (7))L, (72)
e, (72) f23, (71) foe, (1), (72),
H*kl( T2) f2 kQ(Tl)ffkg(Tl)H*szl(TQ)

| |
’:1

ki, ko, k3, ky; 71, 72
ki, ko, k3, ka5 71, 72
ki, ko, k3, ky; 71, 7
ki, ko, k3, ky; 71,70
jlo(k1,k2,k3,k4,7'1,7'2)
1(k1, ko, ks, ky; 71, 72)
2(k ko, k3, ky; 71, 2)
3(k Ko, k3, ky; 71, 2)
( )
( )
( ) =

RRIEKKISIER
[T Il

4 k k27k37k477_17 T2
s(ki, ko, k3, ky; 71, 72
6 k17k27k37k477—177—2

[NRIIAIR
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D.3 Definition of micro-canonical OTO amplitude 7A§(k1, ko, k3, ky; 71, 70)
The function 7A§(k1, ko, k3, ky; 71, 72) is defined as:

ﬁ(kb k27 k37 k47 1, T2)

_ . . T
= |Ni(ky, ko, ks, ky; 71, 2) G, ey ey ar, + Nao(Ky, ko, ks, kg 7, 72) aly ax,axax,

+N3(ki, ko, ks, ky; 71, 72) a’klaik2ak3ak4 + Na(ki, ko, ks, ka; 71, 72) aik1a1k2ak3ak4
+N5(k1,k2,k3,k4;7'1,7'2) aklakzatkgakél +-/\/’6(k1’k2,k37k4;7—177—2> GT_klakQGT_k3ak4

+N7(k1,k2,k3,k4;7'1,72) aklaT_kQCLT_kg,alq +Ns(k1,k2,k3,k4;7'1,72) CLT_

T T
Ky Ok @13 Oky

+Ny(ki, ko, ks, ky; 71, 72) a}klakgakg,ailq + Nio(ki, ko, k3, ky; 71, 72) atklakQngaim

M (i, Ko, ks ks 71, 7o) agg ol ax,
+N13(k17 k27 k37 k47 T1, 7—2) Ak, akQCLT—k3

+N15(k17k2;k3;k4;71,7'2) aklaT_kzaT_ks

where we define new sets of functions, N;(ky, ko, ks, ky; 71, 72) Vj=1,---

ki, ko, k3, ky; 71, 72
ky, ko, k3, ky; 71, 7o
ky, ko, k3, ky; 71, 72
k1, Ko, K3, Ky; 71, 72
ky, ko, k3, ky; 71, 7o
ky, ko, k3, ky; 71, 72
k1, Ko, K3, Ky; 71, 72
ky, ko, k3, ky; 71, 7o
ki, ko, k3, ky; 71, 7o
Nlo(k1,k2,k3,k4,7'1,7'2
1(k1, ko, ks, ky; 71, 7
2(k ko, k3, ky; 71, T2
3(k Ko, K3, K45 71, 72
(

(

(

FREEEEEREX

( )
( )
( )
( )
( )
( )
( )
( )
( )

a(ki, ko, kg, ks 11,72
5 k k27k37k4;7—17 T2

)
)
)
)
)
)
6 kl,k2,k3,k4,7'1,72)

Z2E2=2=22

aT—k4 +N’12<k17k27k37k4;7—177—2) a
aT—k4 +N14(k1,k2,k3,k4;7-177-2) aT_klakgaT

T T i
—k; V1, U3 gy

T
—k3 0k,

T i

a/T_k4 + NIG (k17 k27 k37 k47 T1, T2) a.i-_kla_kQCL_k3aT_k4

] . (D.35)
, 16, as:

Jiey (70) i, (72) i (72) fiey (71),

i, (72) f2a, (71) iy (72) fia (7))

S (), (72) i, (72) fiey (71,
Sl (T (72) iy (72) fiey (71),
Jie (70) My (72)IT7 (72) fiea (71),
S (1) (12) 112 (72) fiey (T1)
Jie (T, (72)I12y (72) fiey (T1),
Sh () (7)) (72) fiey (T1)
Jiey (T0) g, (72) e, (72) f 24, (71),
Fo (T0) ey (72) i (72) £, (1)
Sy (), (72) ey (72) f24, (7))
- k1(Tl)H*—kg(T2>Hk3<7-2)fik4(7-1)
Jiey (T, (7)1 (72) f24, (71),
fr kl(Tl)sz(7'2)H* k3(72)f_k4(7'1)
Sio (), (1) T2 (72) 24, (7)),
fr kl(Tl)H* k2(7'2)H* kg(TZ)fjk4(T1)
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D.4 Definition of micro-canonical OTO amplitude ﬁ(kl, ko, k3, ky; 71, 70)
The function ﬁ(kl, ko, k3, ky; 71, 72) is defined as:

ﬁ(k17k2,k3,k4;71,7'2)

Q1(ki, ko, ks, ky; 71, 72) ax, x, Qi ax, + Qa(Kky, ko, ks, ky; 71, 72) a’-l-_klafkgakgakzl
+Q3(ky, ko, k3, kq; 71, 70) aklaik2ak3ak4 + Qu(ky, ko, ks, ky; 71, 72) aftklaftk2a’k3ak4
+0Q5(kq, ko, k3, ku; 71, 72) aklakga.r_kgak4 + Qg(k1, ko, ks, ku; 71, 72) CLT_klakQCLT_k?)akél
+Q7(ky, ko, ks, ky; 71, 72) &klaT_kQCLT_kSClm + Qs(ky, ko, ks, ky; 71, 72) GT_klaT_RQCLT_kgak4
+Qo(ki, ko, k3, ky; 71, 70) aklakgakgaihl + Quo(ky, ko, k3, ky; 71, 72) aiklakzakﬁ,aim
+Q11(k1,k27k37k4;7177'2) ClklCLT_kQCLk?,CLT_k4 + Q12(k17k27k37k4;7—177—2) aT_klaT_k2ak3aT_k4
+Qis(ki, ko, k3, ky; 71, 72) aklakgaT_k3aT_k4 + Qua(ki, ko, k3, ky; 71, 7) Giklakzaikgaim

+Q15(k1,k27k3,k4;7177'2) aklatk2a1k3aik4 + Q16(k1,k2,k3,k4;7'177'2) aT_klaT_kQaT_haT_M] ) (D-52)

\9)

7 k k27k37k4;7—17 T2

M, (72) f 23 (70) ST 1y (72) frea (1),

where we define new sets of functions, Q;(ky, ko, ks, ka;71,72) Vj=1,---,16, as:
Qu(ky, ko, k3, ky; 71, 72) = i, (72) fiey (71) i (72) fica (71), D.53
Qo (ki ko, k3, ks 71, ) = 17y (72) foseo (71) iy (72) ficy (1), D.54
Qs(ky, ko, ks, ky; 71, 72) = I, (72) f73, (70) 1Lk, (72) fiey (1), D.55
Qu(ky, ko, ks, ky; 71, 70) = 117 e (10) f* kQ(Tl)Hk3<TQ)fk4<7'1) D.56
Os(k1, ko, ks, ky; 71, 72) = T, (72) fie, (T0)IT, (72) ficu (T1), D.57
Qo (ki ko, ks, ka; 71, ) = Iy (72) fieo (7)1, (72) fics (T1) D.58
( )
Qs(ki, ko, ks, ky; 71, 72) = 11"y (72) £, (7)1, (72) fies (1) D.60
QQ(k17k2,k37k477—1,7—2)
Qio(ki, ko, ks, ku; 71, m0) = 112y (72) fiey (71) iy (72) 24, (1) D.62
Qui(ki, ko, ks, ky; 71, 72) = I, (72) f24, (70) iy (72) f24, (1), D.63
Qia(ki, ko, ks, ky; 71, 72) = 11" —k; (7'2)f_k2(7'1>Hk3(7'2)f_k4<71) D.64

o

I, (72) fico (T0) Iy, (72) f 24, (7).

I —k (TQ)fkg(Tl)H* kg(Tz)f_k4(Tl)
Hk1(72)f_k2(7'1)n k3(7'2)f_k4<71)7
H*kl( 72) f2 kg(T1>H*k3(T2)fik4(Tl)

Qua(ky, ko, k3, ky; 71,72
Ql5 k k27k37k4a7—17 T2
Q16 k17k27k37k4a7-177-2

(D.53)
(D.54)
(D.55)
(D.56)
(D.57)
(D.58)
(D.59)
. (D.60)
I, (72) fiey (7)1 iy (72) f24, (71), (D.61)
(D.62)
(D.63)
(D.64)
(D.65)
(D.66)
(D.67)
(D.68)

( )
( )
( )
13(k ko, k3, ky; 71, 2)
( )
( )
( ) =
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E Computation of classical limit of four-point “in-in” OTO micro-
canonical amplitudes for Cosmology

In this section, our prime objective is to explicitly compute the classical limiting version
of the four-point ”in-in” OTO micro-canonical amplitudes appearing in the expression or
OTOC. To serve this purpose in the classical limit we explicitly compute the following
square of the Poisson bracket, given by:

{f(x,m),I(x, Tg)}QPB = {f(x,m),II(x, 7)) }pg {f(x,71),II(x,72) } pg - (E.1)

Now we use the following convention for the Fourier transformation, which is given by:

A d3k N

Flem) = [ s espliics) fidm), (E2)
d*k
(2m)?

which will be very useful for the computation of the classical limiting result of four-point

OTOC in terms of the square of the Poisson bracket.
Consequently, we get the following simplified result:

I(x,7) = 0r, f(x,71) = / % exp(ik.x) &, f(m) = / exp(ik.x) Iy (), (E.3)

{f(X, 7-1)7 H(X> 7—2)}%B
d’k, d*ksy d*ks d*ky ,
=[G ] ey ] s | s i R b
[{fkl (Tl) sz (7—2)}PB {fk?,(Tl) Hk4<7_2)}PB + {fkl (Tl Hks (TQ }PB {fk2 (Tl
+{fk1 T1), Mk, (T2 }PB {fka T1), 1k, (T2 }PB+{fk2 1 Hk3 T2 }PB {fk4 T1 1—Ik1 T2 }PB

) ) )

(71), Hig, (72) (71), iy (72) (71), Higy (72) ( (72)
+ {fie (71) i, (72) }pg { s (71), Wiy (72) Yo + {fia (71) Hiey (72) g { ficr (71) Ik (72) b o
+ {/fis (71), I, (72) } g { ke (71), iy (72) Yo + { fica (71) ko (72) b {1 (71), Ik, (72)

(71), Hie, (72) (71), iy (72) (71), Wi, (72) ( (72)

(71), I, (72) (71), i, (72) (71), iy (72) ( (72)

N, (72) } pg

ten
+{fk3 1)y Uk (T2 }PB {fkl T1); ko (T2 }PB+{fk4 71 k172 }PB {sz 1 7Hk

+{fk4 T1), ko T2 }PB {fkg T1), kq T2 }PB + {fk4 T1), ks T2 }PB {ka 1

T2 }PB

7Hk1 T2 }PB]‘ (E4)

3

~—_— — — ~— ~— —

Now, here our job is to explicitly compute each of the Poisson brackets, which are appearing
in the above mentioned twelve terms. The explicit computation gives the following result:

D fi,(11) Ol (11)  Dfi, (1) Ol (72)

O f, () O, (12) Tl () O, (72)
i,l_/ . ;?) -

= (27)*0*(k; + k;) R(m, ).  Vi#j with 4,5=1,2,3,4. (E.5)

{ fi, (1), T, <T2)}PB -

Here from these computed Poisson bracket we can extract the following sets of information,
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which will further helps us to understand more about the classical limit of the four-point
OTO micro-canonical amplitude in the present computation for Cosmology:

1. The time dependent part as such very complicated as it contain the information
regarding classical statistical version of random chaotic stochastic quantum fluctu-
ations in the primordial universe. In the present context it is hypothesized by a
random function R(7y, 73) which incorporates the two conformal time scales.

2. Also it is important to not that, R(7,72) is a homogeneous and isotropic function,
which captures the dynamical effect of the classical spatially flat FLRW geometrical
background. For this reason the random function, R(7y,73) is completely i and j
momentum index independent.

3. Moreover, the interesting to point here that, one can explicitly separately write
down the contribution of the inhomogeneity and time dynamics in Fourier space
after computing the classical Poisson bracket in this context.

4. Finally, the appearance of the three dimensional Dirac Delta function confirms the
momentum conservation in the Fourier space in the classical two point OTO micro-
canonical amplitude in Cosmology.

Further, we compute the square of the Poisson bracket, which after performing the Fourier
transformation can be expressed as:

0 fx, (1) 8ij(71) 0 fx, (1) 8ij(7-)

{fki<T1)7Hk]'(T2)}PB {sz(ﬁ)ankm(T?)}PB = afkj(TQ) aij<7_2) - aij<7_2 afkj(TQ)
- 5 ’

afkl<7—1) @sz(7—1> B afkl<7—1) asz(TQ)
O fxn (12) Ol (12) Ol (72) O frc,,, (T2)
T ~ ~

= (2m)%6% (k; + k;)6° (k; + k) R2(71, 7).
Vi#j#1#m with 4,5,k 1=1,23 4. (E.6)

Consequently, we get the following simplified result:

9 d*k, 3k, d*k d’ky ,
{f(X, 7_1)7 H(X77—2>}PB - (27T)6/ (271')3 / (271‘)3 / (27’(')33 / (27’(’)3 exp (Z(kl + k2 + k3 + k4).X)
> 5 (k; +k;)0%(k; + k) R2(7y, 7). (E.7)
z‘,j,l,mzl,i;éj#l#m

J/

TV
Contribution from 12 terms
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Here, the explicit computation gives:

4

> 03 (k; + k)03 (ki + ki) = [6° (ki + ko)6® (ks + ka) + 6° (ki + k3)6® (ko + ka)
ig.lm=1,i#jAl#m

+6%(ky + ky)6% (ks + ko) + 8% (ko + k3)0%( )

+6% (ks + k1)6° (ks + ks) + 6% (ko + ky)6° (ki + ks)

+63 (ks + ky1)6% (kg + ko) + 6% (ks + ko)0” (k; + ky)

+6% (ks + kq)6% (k1 + ko) + 6% (kg + k1)6% (ko + ks)

(ks + k2)0° (ks ) + 0% (kg + k3)8° (ky )

+63(k +k;

Now, we give the following proposal to quantify the random function R?(7y,7»), which is
given by the following expression:

R?(11,72) := {NNoise(T1)/INoise(T2)) xp (=Asllnl +nll) (E.9)

TV Vv
Contribution from randomness Chaos and decay of correlation

where Ay is the decay coefficient of the chaotic terms and will saturate after late time scale
of universe and 7Noise(7:) V @ = 1,2 represent the conformal time dependent random noise
function. Also, the first term represent two point noise kernel, which is non-Gaussian for
coloured noise and Gaussian in nature for the white noise. Also it is important to note
that the noise kernel is time translation invariant, for which we have written:

<nN0ise(Tl)nNoise<7—2)> - GKernel(Tla 7—2) = GKernel(Tl - 7—2)- (E]-O)

Additionally, the conformal time dependent noise satisfy the following constraint condi-
tions:

(MNoise(T3)) = 0, Noise = Gaussian, Non — Gaussian, (E.11)
(MNoise (T1)MNoise (T2) MNoise (73)) = 0, Noise = Gaussian, (E.12)

<nNoise(7-1)nNoise(7-2) ------- nNoise<TN)> = fNoise<7—17 T2y -eeny TN) 7£ 0 VN Z 27
Noise = Non — Gaussian. (E.13)

After substituting this result in the previously computed expression for the amplitude we
get the following simplified expression:

{f(X, 7-1)7 H(Xv TZ)}%’B

= (2@61]1 / é:)g exp (ik,.x) > 53 (k; + k)03 (k; + k)

i.4lm=1,i#j#l#m

Gxkernel(T1 — 72) exp (= A¢[|71] + |72]]) - (E.14)
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F Computation of quantum micro-canonical partition function
in Cosmology

F.1 Quantum micro-canonical partition function in terms of rescaled field
variable

In the context of quantum field theory, one can define the class of all excited « vacua states
in terms of the well known adiabatic Bunch Davies vacuum state as:

1 ? &P’k
|U,) = \/m exp { —3 tanh a 2 apax | [¥eD) (F.1)
which satisfy the following constraint condition:
ax|Ve) =0 V k, « (F.2)

Here one can easily observed that, if we fix @ = 0 then one can easily get back the usual
quantum adiabatic Bunch Davies vacuum state. In presence of these excited a vacua states
the quantum partition function can be expressed as:

Zo(Bim) = / AV, (T, P10 |, )

1 i d*ky
= m /d‘I/BD <\I[BD| {eXp (5 tanh o /W aklaL)
3 i 1, i d’ky 4
exp| -8 | &’k | apax + 5(5 (0) | Ex(m1) | exp —3 tanh o 2y ay, 0k, | ¢ |¥BD).  (F.3)

Now we will explicitly compute the individual contributions, which are given by:

i d*k —1)" (i d*k "
exp (—§tanhoz /ﬁ aL2ak2> |Upp) = ) (étanha /ﬁ aLQaIQ) |¥sD)

ni;() n!
— i (—nl!)” (% tanh o /g:; )" |VBD)
~ exp (—%tanha /ng; ) Wgp),  (F.4)

i 4Pk i 4Pk f
(Upp| exp <§ tanh « /ﬁ akQaLQ) = {exp (—5 tanh a /# aL2ak2> ]\DBD)]
i APk, f
= |:eXp (—5 tanh « /W ) ’\IJBD>:|

— (Upp|exp (%tanha / g;zg ) (F.5)
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Then the quantum partition function for o vacua can be expressed as:

Za(ﬁ;Tl) = !

| cosha] ZBp(f: 1), (£-6)

where Zgp is the quantum partition function computed from adiabatic Bunch Davies
vacuum as:

n!

d0i:10.20944/preprints202007.0038.v1

Zan(im) = 1+ [avan 3300, (300)) T EEE ([ o1 st (vl (oho) " s

n=1 p=0

= exp (— (1 + %53(0)> /d3k In (2 sinh ﬁE“T(Tl))) .

. This further implies that the expression for the quantum partition function for o vacua
can be simplified as:

Zo(B;1) = #exp (— (1 + %53(0)) /d3k In (2 sinh 5EkT(Tl)>> . (F.8)

| cosha]

After introducing the normal ordering the quantum partition function computed from
adiabatic Bunch Davies vacuum as:

: Zpp(B; 1) = exp <—/d3k In (2 sinh ﬁE“T(Tl)» . (F.9)

. Then the normal ordered quantum partition function for the a vacua can be simplified

1 E
1 Zo(B;m) = mexp <—/d3k In <2 sinh b ;(Tl))> ) (F.10)

F.2 Quantum micro-canonical partition function in terms of curvature per-

as:

turbation field variable

In this subsection our prime objective is to find out the expression for the partition function
in terms of the curvature perturbation field variable. To serve this purpose the time
dependent dispersion relation can be expressed in terms of the curvature perturbation
variable as:

Ex(m1) = (1) ? + wig(m)] fuc(0) P

= 2%(n) {‘Hi(ﬁ) + Ck(71)

+W12<(71)|Ck(71)|2}
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_ A(m) {‘Hﬁ(n) i

= 22(0) § Be(r) + (T4 )6l + T )6at) (i

N J/

TV
Contribution from this term is negligibly small

~ Zz(Tl)Ekjc(Tl), (F.ll)

where we define the time dependent energy dispersion relation in terms of the curvature
perturbation variable as:

Eyc(m): = ‘Hf{(ﬁ)r + (wﬁ(ﬁ) + (z(il)dz(;l))j |Ge(7)]?,

_ ‘Hi(n)r + <k2 - Z(l Fen) (Z(l dz(ﬁ)>2> [Ge()?. (F.12)

1) dri 1) dm

Now, the thermal partition function for cosmology in terms of curvature perturbation
computed for a vacua can be expressed as:

_ Zl%D(ﬁéTl) ‘

Z5(B;m) = fooshal (F.13)

where Z]%D(ﬁ ; 71)is thermal partition function for cosmology in terms of curvature pertur-
bation for Bunch Davies vacuum in terms which we have to compute now. To do this we
will now write the partition function for rescaled field variable in terms of the curvature
perturbation variable as:

Z55(B; 1) = exp <— (1 + %5%0)) / &’k In (2 sinh 2 22(71)2Ek’< (71))) . (F.14)

which can be further simplified in the normal ordered form as:

L 255 (B; 1) = exp (—/d3k In (2 falh 5Z2(71)2Ek,<(71)>) , (F.15)
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G Computation of classical micro-canonical partition function
in Cosmology

G.1 Classical micro-canonical partition function in terms of rescaled field vari-
able

In this section our aim is to derive the expression for the partition function for the cosmol-
ogy in the classical regime which is basically the classical limit of the quantum partition
function derived in the previous section. This result will be further helpful to determine
the classical limit of the cosmological OTOC that we have derived in this paper.

In terms of the rescaled cosmological perturbation field variable we define the following
classical partition function for Cosmology:

ZClassical (05 T1) + = //DfDH exp (—(H)
-11 [ AU ey (2 it + )

_ l;lexp <_5 [Ekéﬁ) + % In(1— exp(—BEk(Tl))D

= E[exp <ln (eXp (- 6Ek2(ﬁ)>) —In(1- exp(—ﬁEk(Tl)))

exp (225 )
:1;[‘”“’ " T (CAE)))

= I;Iexp (- In (2 sinh BEkT(Tl)))

= exp (—/d3k In (2 sinh 5EkT(ﬁ))> : (G.1)

where the conformal time dependent frequency is given by the following expression:

W2 (m) = (k;2 - %dQ;T(?) | (G.2)

7'1)

This implies that:

ZClassical(3; T1) = €xp (— /d3k In <2 sinh 6Ek2(7_1))> = Zpp(B;m): . (G.3)

Now from the above expression we found that the expression for the classical partition
function and normal ordered partition function for Cosmology is exactly same. But since
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we know there in no concept of vacuum exist in classical field theory, for that reason we
can write the following expression:

ZClassical(8;71) = |coshal| : Z,(B;1): VYV «. (G.4)

G.2 Classical micro-canonical partition function in terms of curvature per-
turbation field variable

To construct the classical partition function in terms of the curvature perturbation field
variable and its conjugate momenta we are going to follow similar procedure. In this
description, the classical partition function for Cosmology can be expressed as:

DCDII
Zélassical(B;Tl) = / 9 ¢ exXp (_BH)

:H//dgk(ﬁ;dnﬁ(ﬁ)
exp (—ﬁT” \Hi<n>12+<wi<m+( : dz(ﬁ)f) |<k<ﬁ>12]

Z(Tl) dT1
22 T1 ¢ 1
e (s [M (i exp<_ﬁzz<ﬁ>Elg<ﬁ>)]>

N——

k 2 2
22 T1 IC{ T1 2
Tl (o (o (2B ) (1ot

z T C T

= H exp | In

= Hexp —In <2 sinh —ﬂZQ(ﬁ)Ef‘(Tl) )

2

= exp (— /dgk In (2 sinh %Eﬁ(ﬁ)>> : (G.5)

This further implies that:

¢
Zélassical(ﬁ; 7—1) = exp <— /dgk In <2 sinh w>>

=: Z]@;’D(ﬁ;n) = |cosha| : Z,(B;m1): V &% Zclassical(B;71) - (G.6)

The derived classical partition functions for Cosmology computed in terms of two pertur-
bation variables are not same because of the presence of Mukhanov Sasaki varibale.
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H Computation of the trace of the two-point amplitude in micro-
canonical OTOC

Now, we will explicitly compute the numerator of the OTOC for quantum « vacua,which
is given by the following expression:

Tr [ —BH(m) [f(x ), ﬂ(x Tg)”(

)
Ak, d*ky
k k
|cosha|/ BD / / eXp[ (i + ko) ]

(Usp| [V1(k1,k2,71,72,6) — Va(ky, ko; 11, 72; 8) | |Wgp).  (H.1)

Further, our aim is to compute the individual contributions which are given by:

/d‘PBD <\I’BD’@1(k1>k2;7'1>7'235)|‘1’BD> = /d‘PBD <\IJBD’67BH(T1) A1(k1,k2;7'1>T2)"IfBD>7 (HQ)

—

d¥Usp (Vpp|Va(ki, ke; 71, 723 8)|UeD) = /d‘I’BD (Ugple P Ay (ki ko; 71, 7)| WD), (H.3)
Let us evaluate one by one each of the contributions, which are given by:

dVgp (Ugple PA™ ay ay,|¥sp) = 0, (H.4)
dVgp (Vgple M) a,a’ | Vsp)

= (2m)’ exp <— (1 + %63(0)) /d3k In <2 sinh 6EkT(T1)>> 0% (k1 + ko), (H.5)

dVgp (Ppple ™) @T_kl ax,|¥BD)

= (27)% exp (— (1 + %53(0)) /dSk In (2 sinh 5EkT(T1>>) 0 (ki + ko),  (H.6)

d\I/BD <\I/BD|6 Tl) CLT_klaT_k2|\I/BD> = 0. (H7)

— — =

Further, introducing the normal ordering we get:
d\I/BD <\I[BD| . B_BH(Tl) ak,dk, - |\IJBD> == 0, (HS)

d\IlBD <\IJBD| : 6_BH(T1) akla ko - |\IIBD>

= (27)% exp (—/d3k In (2 sinh ﬁEkT(Tl))> 0° (k1 + ko), (H.9)

——
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/d\I’BD (Ugp)| : e PHM) a'\ ai, : |Upp)
E
= (27)% exp (—/dgk In (2 sinh ﬁkT(Tl))) 6 (k; + k), (H.10)
/d‘IfBD <\IJBD| : 6751{[(7—1) CLT_klaJr_k2 : ’\I]BD> =0. (Hll)
Consequently, the individual contributions can be computed as:

/d‘I’BD (‘I’BD\@Kkl, ko; 71,725 8)|¥BD)

_ (@) exp (— (1 i %53(0)) [k (2 sinh E‘jﬁ))) 5 (I + k)
[Da(k1, ko; 71, 72) 4+ D3 (ki, ko 71, )] (H.12)

/quBD <\DBD‘@2(k17 ko; 71,725 3)|¥YBD)

= (27)% exp (— (1 + %53(0)) / d’k In (2 sinh 2 E“;ﬁ))) 5 (k1 + ko)
[Lo(ki, ko; 71, 72) + Ls(ka, ko; 71, 72)] (H.13)

Consequently, the individual contributions can be computed in the normal ordered form
as:

/CNJBD <\DBD|@1(k17 ko; 71, To; 5)|‘I’BD>

= (2m)° exp (—/dgk In <2 sinh BEI;(H))> 8 (k; + ko)
[Dy(ky, ko; 71, 72) + Ds(ki, ko; 71, 72)] (H.14)

/d\I’BD (‘PBD|@2(k1,k2;71772;/3)|‘I’BD>

= (27)% exp (—/dgk In (2 sinh ﬂEkT(Tl))> 5% (ky + ko)
[Eg(kl,kg;Tl,Tg) —{—Eg(kl,kg;Tl,Tg)], <H15)
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I Computation of the trace of the four-point amplitude in micro-
canonical OTOC

Now, we will explicitly compute the numerator of the OTOC for quantum « vacua,which
is given by the following expression:

~ . . 2
Tr {e‘BH(“) [f(x ), [I(x, 7'2)] }
(@)
/ /d3k1 / d3k2 / d3k3 / d3k4
|cosha| BD )3 ) (27)3
exp k1 + kQ + k3 + k4) ]
<\I’BD\ [Vl(kl,k2,k3,k4;7'1,7'2;5)
—92(k1,k2,k37k4;7'1,7'2§@)

+]73<k1; ko, ks, ky; 71, 725 )
_ﬁ4(k17k27k37k4;7-177—2;/6) |\I/BD> (I]‘)

Further, our aim is to compute the individual contributions which are given by:
/d‘PBD (Upp Vi (ki, ko, ks, ka; 71, 73 8) | UnD)
_ /d\IIBD (Upple P T (ky, ky, ks, ka; 71, 72) | VD), (1.2)
dWsp (Ugp|Va(ki, ko, ks, ke; 71,703 5)|Wnp)

= /d‘I’BD (‘I’BDfe_’Bﬁ(ﬁ) 7A5(k1,k2,k37k4;71,72)\\1’BD>, (L3)

= /d‘I/BD <\I/BD|6_BI:I(71) 7\3(1{1,k2,k3,k4;7'1,7'2)|‘1’BD>a (L4)

/d‘I’BD ‘DBD|V3(k1,k2>k3,k4a7'177'27 )|“I’BD>
/d\PBD \IJBD|V4(k1ak27k37k4a7_177-27 >|\I[BD>

= /d‘I’BD (Tgple ™) Ti(ky, ko, kg, ka; 71, 72) [ WD) (L5)
Let us evaluate one by one each of the contributions, which are given by:

/d\I’BD (Ugple ™) gy ay,arax, [ ¥sp) = 0, (L.6)

/d\I/BD <\I/BD|€76ﬁ(Tl) CLJr_kICLkQ(Zkgak4|\I/BD> = 07 (I?)
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/d\I’BD (Upp e ™) aklaikzak3ak4’\IjBD> =0,

/d\IfBD <\IJBD’6 ﬁH Tl) k a

T

! 1y Ok 0k | VBD)

= (2m)%exp (— (1 + %53(0)) /d3k In (2 sinh BE‘;(H)))

[6% (ki + ky) 0% (ko + k3) + 6° (k1 + ks) 6% (ko + k4)] |

/d\I/BD \I/BD’€ ﬁH(Tl) &klak2aik3ak4’\PBD> = 0

dVsp (Vsple 1™ ol ax,a’ x| VsD)

= (27)°exp <— (1 + %53(0)) /d3k In (2 sinh BE“T(H)»

/d‘IfBD <\I/BD|€7BH(T1) aklaT_

—K1

—— —

[6% (k1 + ko) 0° (ks + k) + 6° (ki + ku) 6% (ko + k3)] |

1,0 1,01, | VBD)

= (27)%exp (— (1 + %53(0)) / d’k In (2 sinh M“T(Tl)»

[6% (ki + ko) 0° (ks + k) + 6° (ki + ks) 6% (ko + k4)] |

dVgp (Veple "7 ol ol o\ an,|Wep) =0,
d\I/BD <\I’BD|6_BH(T1) aklak2ak3aik4|\I!BD) = 0,

d\I/BD <\IJBD|€ ’BH( 1) akzak3a ky |\IIBD>

= (27)% exp (— (1 + %5%0)) / d’k In <2 sinh BE“TW»

[53 (k1 + ko) 0° (k3 + ka) + 6° (ky + k3) 6% (ko + k4)] )

/d‘I’BD (Upple™” H(m) aklaik2ak3a1k4|\PBD>

= (27)% exp (— <1 + %53(0)> /d3k In (2 sinh BE‘;H)))

/d\I/BD <\I’BD|6_BH(T1) CLT_kl(]J

T
—ko

[53 (ki + ko) 6% (k3 + kq) + 6° (kg + ky) 6% (ko + k3)] )

akgaT_k4|\IlBD> =0,
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/ d¥pp (Upple "™ aa,a’y a’y [Tpp)

= (2m)% exp (— (1 + %53(0)) / d°k In (2 sinh BE“T(H)»

[6% (k1 +k3) 0% (ko + ky) + 6° (k1 + ku) 6% (ko + k3)|,  (1.18)

/d\I’BD (Upple #™) g M, s aTk aly,|¥sp) =0, (L.19)
/d\I’BD <\IJBD’€_BH(T1) aklaT_kQaT_kSaT_kJ\IlBD) =0, (1.20)
/d‘I’BD (Upple ?H) aT_klaT_kzaT_ki,)aT_kJ‘IfBﬁ =0. (I.21)

Further, introducing the normal ordering we get:

/d‘IJBD (Upp| : e 1) oy ay,an,ax, [ PBp) = 0, (1.22)
/d‘I’BD (Usp| : € AR of ! Ok, Gk, © WD) = 0, (1.23)
/d‘I’BD (Upp| - e a0l ax,ax, : [¥Bp) =0, (1.24)

<‘IJBD| . €7BH(71) CLT K CLT k2ak3ak4 |\IJBD

)
= eXp( /dk In QSinhﬁEkQ(Tl)))

[6% (k1 + ka) 6 (ko + k3) + 6% (ki + ks) 6° (ko + k4)],  (1.25)

/d\I’BD (Upp| : e P a ar,al ax, : [Pep) =0, (1.26)

/d‘PBD (Upp|:e —AH (Tl) k akQGTk ax, : |¥BD)

= (2m)%exp (—/d3k In ( 2sinh M‘;(Tl)))

[6% (ki + ko) 0% (ks + ky) + 6° (k1 + ky) 6% (ko + k3)] . (1.27)
)

/d\I’BD (Upp| : e PH (M) aklaT_kQaT_k3ak4 . | ¥sp

= (27m)%exp (—/dgk In ( 2sinh 55;@)))

[6% (k1 + ko) 6 (ks + k) + 6% (kg + k3) 6° (ko + ka)|,  (1.28)

/d\IfBD (Upp| : e —BH™) ¢ klatkzaT 1%, © | ¥BD) =0, (1.29)
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/ dWgp (Upp| : e 1M a a,a,aly,  [Tep) =0, (1.30)
/d‘PBD (Ipp|:e A of iy Ok (ks O _k4 ' [¥BD)
= (2m)%exp (— / d°k In ( 2sinh M“Q(Tl)))
[53 (Ky + Ka) 0% (ks + Ka) + 6 (kg +k3) 6 (ko + ky)],  (1.31)
/d\I/BD (Upp| : e~BH(T) aklaTk A, O _k4 | UsD)

= (27m)%exp (—/dgk In ( 2sinh 55;@)))

[6% (k1 + ko) 6° (ks + ka) + 6% (kg + ky) 6° (ko + k3)],  (1.32)
d\I/BD <\IJBD| _BH(Tl) CL —k; CLT ko akda k4 |\IJBD> = 0 (133)

——

d¥sp <\IJBD’ L e PH(T) aklakQGT—kg a_y, * |“I’BD>

= (2m)%exp (—/d3k In | 2sinh ﬂE‘;(Tl)»

[53 (ky + ks) 0% (ko + ky) + 0% (ky + ke) 8% (ko + ks)],  (1.34)

/d‘I’BD (Wpp|: e P71 ol aaly al ) [Wep) =0, (1.35)
/d‘IfBD <\IJBD| . 675[:[(7—1) Ak, CLT —ko CLT k3a ky |\IJBD> = 0 (I36>
/d‘I’BD (Upp|:e —AHm) ¢ klatkﬂtksa,m |¥pp) = 0. (1.37)

Consequently, the individual contributions can be computed as:

/d\I[BD <\IJBD|)/)\1(k1’k27k37k4;7—177—2;ﬁ>|\PBD>
= (2m)°exp <— (1 + %53(0)) /d3k In (2 sinh 5E‘;<71))>

[Ma(ki, ko, ks, ka; 71, 72) {6% (ki + ka) 6 (ko + k3) + 0% (ki + k3) 6° (ko + k) }

+Me(ki, ko, ks, ka; 71, 72) {6% (ki + ko) 6% (ks + ka) + 6° (ki + ka) 6% (ko + ks) }

+ M (ky, ko, ks, ky; 71, 7) {53 (ky; + ko) 5 (ks + ky) + 53 (k1 + ks3) 53 (ko + k4)}

+Mio(ki, ko, k3, ka; 71, 72) {0° (ki + ko) 0° (k3 + ka) + 6% (ki + ks) 6% (ko + ku) }

+ Mk, ko, ks, ka; 71, 72) {6% (ki + ko) 6% (ks + ka) + 6° (ki + ka) 6% (ko + k3) }
+Ms(ky, ko, ks, ky; 71, 72) {(53 (k; + k3) 5 (ko + ky) + 5 (k1 + ky) 53 (ko + kg)}] ,  (1.38)
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/d\I’BD <\IJBD|92(k1>k27k3ak4§7—1772§5)|\1]BD>

_ (2m)° exp (_ (1 + %53((») / &k In (2 sinh BEkT(Tl)»

[Ta(ki, ko, k3, ka3 71, 72) {6% (ki +ka) 6% (ko + k3) + 6° (ki + k3) 6° (ko + ka) }

+Ts(k1, ko, ks, ka; 71, 72) {6° (ki + ko) 6% (ks + ka) + 6% (k1 + ka) 6° (ko + ks) }

+J7(k1, ko, k3, ka; 71, 72) {07 (ki + ka) 6° (k3 + ka) + 6% (ki + k3) 6% (ko + ka) }

+Tr0(ki, ko, ks, ka; 71, 72) {6° (ki + ko) 6% (ks + ka) + 6% (k1 + k3) 0° (ko + ka) }

+J11 (ki ko, ks, ka; 71, 72) {0° (ki + ko) 6° (ks + ku) + 6% (kg + ka) 0° (ko + ks) }

+J13(k1, ko, ks, ka; 71, 72) {0° (ki + ks) 6% (ko + ky) + 6% (kg + ka) 0° (ko + k3) }],  (1.39)

/d‘I’BD <\IJBD’93(k1, ko, k3, ky; 71, 725 5)“I’BD>

= (2m)%exp (— (1 + %53(0)) /d3k In (2 sinh BEZ(Tl)))

[Na(ky, ko, ks, ka; 71, 72) {6° (ki + ka) 0° (ko + ks) + 6% (ki + k) 6° (ko + ku) }

+Ns(ki, ko, ks, ka; 71, 72) {6° (ki + ko) 6% (ks + ka) 4+ 0° (ki + ka) 6° (ko + k) }

+ N7 (ki ko, ks, ka; 71, 72) {6° (ki + ko) 6% (ks + ka) + 0% (k1 + k3) 6° (ko + ka) }

+No(ki, ko, ks, ka; 71, 72) {6% (ki + ko) 6° (k3 + ky) + 6% (ky + k3) 6° (ko + ka) }

+ M1 (ki ko, ks, ka; 71, 72) {6% (ki + ko) 6% (ks + ka) + 6° (ki + ka) 6° (ko + k3) }

+Nis(ki, ko, ks, ka; 71, 72) {6° (ki + ks) 6% (ko + ky) 4+ 0° (ki +ka) 6° (ko + ks) }] . (1.40)

/d‘IfBD <‘I/BD“74(k1, ko, ks, ka3 71, T2; ﬁ)|‘I’BD>

= (27m)° exp (— (1 + %5%0)) /d3k In (2 sinh BE“T(TI)))

[Qu(ki, ko, k3, ka; 71, 72) {07 (ki + k) 6° (ko + k) + 6% (ki + ks) 6% (ko + k4) }

+Qs(k1, ko, ks, ky; 71, 72) {(53 (k; + ko) 5 (ks +ky) + 5 (ky +ky) 53 (ko + kg)}

+Q7(ki, ko, ks, ka; 71, 72) {6° (ki + ko) 6% (ks + ka) + 6% (kg + k3) 6° (ko + ka) }

+Q10(ki, ko, ks, ka; 71, 72) {6° (k1 + ko) 6% (ks + ku) + 6% (kg + k3) 0° (ko + k) }

+911(ky, ko, k3, ky; 71, 72) {53 (k; + ko) 53 (ks + ky) + 5 (ky + ky) 5 (ko + k3)}

+Qi3(ki, ko, ks, ka; 71, 72) {6° (ki 4+ ks) 6% (ko + ka) +0° (ki +ka) 6° (ko + ks) }],  (1.41)

Consequently, the individual contributions can be computed in the normal ordered form

as:

/d‘PBD (Upp] : ﬁ1(k1,k27k3,k4;7177'2;5) . [ ¥gD)

= (27m)%exp (- / @’k In (2 sinh 5E“T<Tl))>
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[Ma(ki, ko, ks, ka; 71, 72) {6° (ki + ka) 6% (ko + ks) + 0° (k1 + k3) 6° (ko + ka) }

+M(ki, ko, k3, ka3 71, 72) {6% (ki + ko) 0% (ks + ka) + 6° (ki + ka) 6% (ko + ks) }

+Mz(ky, ko, ks, ka; 71, 72) {6% (ki + ko) 6% (ks + k) + 6° (ki + ks) 6% (ko + ka) }

+Mio(ki, ko, k3, ka; 71, 72) {0% (ki + ko) 0° (ks + ka) + 6% (ki + ks) 6% (ko + ku) }

+Mii(ki, ko, k3, ka; 71, 72) {07 (ki + ko) 0° (k3 + ka) + 6% (ki + ka) 6% (ko + k3) }

+Mis(ki, ko, kg, ka; 71, 72) {6% (ki +k3) 0° (ko + ky) +6° (ki + ky) 6% (ko + k3)}],  (1.42)

/d‘I’BD (Upp| : 92(k1,k2,k3,k4371,72;5) . [¥BD)

= (27)%exp (— /d3k In (2 sinh BEkT(Tl)))

[Ta(ki, ko, ks, ka3 71, 72) {6° (ki + ka) 6% (ko + ks) + 6° (ki + k3) 0° (ko + ka) }

+Ts(ki, ko, ks, ka; 71, 72) {6° (ki + ko) 6% (ks + ka) + 0% (k1 + ka) 6° (ko + ks) }

+J7(k1, ko, k3, ka; 71, 72) {07 (k1 + ka) 6 (k3 + ka) + 6% (ki + ks) 6% (ko + ku) }

+T10(k1, ko, ks, ka; 71, 72) {6° (ki + ko) 6° (ks + ka) + 6% (ki + ks) 6° (ko + k4) }

+J11 (k1 ko, ks, ky; 7, 72) {53 (k1 + ko) 6% (ks + ka) + 6% (ki + ky) 6° (ko + k3)}

+J13(k1, ko, ks, ka; 71, 72) {0° (ki + k) 6° (ko + ku) + 6% (kg + ka) 0° (ko + k) }],  (1.43)

/d‘IfBD (Upp| : ]73(k1,k2,k3,k4;7'1,72;5) . [¥BD)

= (2m)%exp (—/d3k In (QSmh ﬁE‘;(Tl)))

[Ni(ki, ko, k3, ka; 71, 72) {07 (ki + ka) 6 (ko + k) + 6% (ki + k3) 6% (ko + k4) }

+Ns(ky, ko, ks, ky; 71, 72) {53 (k; + ko) 5 (ks +ky) + 53 (k; + ky) 5 (ko + kg)}

+ N7 (ki ko, ks, ka; 71, 72) {6° (ki + ko) 6% (ks + ka) + 0% (k1 + k3) 6° (ko + ka) }

+Nio(ki, ko, ks, ka; 71, 72) {6° (ki + ko) 6% (ks + ka) + 0% (kg + k3) 6° (ko + ka) }

+ M1 (kg ko, ks, ky; 71, 72) {53 (k; + ko) 5 (ks + ky) + 5 (k1 + ky) 53 (ko + kg)}

+Nis(ki, ko, ks, ka; 71, 72) {6° (ki 4+ ks) 6% (ko + k) 4+ 0° (ki +ka) 6° (ko + ks) }] . (L44)

/d‘I’BD (Upp| : 174(k1,k2,k3,k4;7'1,7'2§5) . [¥BD)

= (27)% exp (— /d3k In (2 sinh BE“T(H)))

[Qu(ki, ko, k3, ka; 71, 72) {07 (ki + k) 6° (ko + k) + 6% (ki + ks) 6% (ko + ku) }

+ Qs (ki1, ko, k3, ky; 71, 72) {53 (k1 + ko) 6% (ks + ky) + 0° (ki + ky) 6° (ko + ks)}

+Qr(ki, ko, ks, ky; 71, 72) {53 (ki +ky) §° (ks + kq) + 5 (ki +ks) & (ko + k4)}

+Q10(ki, ko, ks, ka; 71, 72) {6° (ki + ko) 6% (ks + ka) + 6% (kg + k3) 0° (ko + k) }

+Q11(ki, ko, ks, ka; 71, 7)) {6% (ki + ko) 6° (k3 + ky) + 6% (ky + ky) 6° (ko + k3) }

+Qi3(ki, ko, ks, ka; 71, 72) {6° (ki +k3) 6% (ko + ka) 4+ 0° (ki +ka) 6° (ko + ks) }],  (L.45)
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J Time dependent two-point amplitude in micro-canonical OTOC

We define the following momentum integrated time dependent amplitude:

L
B(T,7): = / k2 dky P(ky, —ky; T, 7)
k

1=0

_ /k Rk [ (DT (1) + i ()T (7)

I 4 (7)o (T) = Thy (7) £, (T)]

= <_T)%7V(_T)%7V [Z(l)(Tla 7-2) + Z(2)(Tl7 TQ) - Z(3)(Tl7 TQ) - Z(4)(Tl7 TZ)] ) (J'l)
where we have introduced the time dependent four individual amplitudes, Z;(T,7) V i =
1,2,3,4:

L
2oy (T.7) = / K2 dky fio, (T)ILL, (), (1.2)
k1 =0
L
Zo(Tr) = [ R dhy fo (1)), (13)
k1 =0
L
Zo(T.) = [k diy T (1), (), (1.4)
1=0
L
Zi(T.7) = / K2 dy T (7) fose (7). (7.5)
k1 =0

which we are going to explicitly evaluate in this Appendix.
Now before going to evaluate the individual contributions from the symmetry properties
of the momentum dependent amplitudes we have derived the following results:

Zo)(T,7) = (1)~ 20y (T, 7), (1.6)
Zwy(T,7) = (=1)"® D Z5)(T, 7),

using which the simplified form of the momentum integrated time dependent amplitude
can be written as:

B(T,7): = (=T)2 " (=7)27" [1 4+ (1)~ @] (Z)(T,7) — Z(T,7)) . (J.8)
Consequently, the two-point OTOC can be computed as:

YT, ) = —Q%B(T, 7) = (=T)2 7" (=7)27" [1 4 (=1)"D] (Zg(T, 7) — Zay(T, 7)) . (J.9)
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The expressions for Zn)(T,7) + Z3)(T, ) is given by the following expressions:

(A2 _ BQ) L—QV

2r2(1 = T)3
420 T (—=20) (=i L(T — 7))* — 7°T(=2v)(—iL(T — 7))* + 3T 7°T(—2v)(—iL(T — 7))*
—6Tvr?T(=2v) (=i L(T — 7))* — 2T°vT(=2v)(—iL(T — 7))* — 3770 (—2v)(—iL(T — 7))*
2v)(—iL(T — 7)) — 2T7°T'(3 — 2v)(—iL(T — 7))*

Zoy(T, 1) + Zg (T, 1) = (T°T(=2v)(—iL(T — 7))*

+6T%v7l(—

—T3T(—2v, —iL(T — 7)) (=i L(T — 7))* — 2vr°T(—2v, —i L(T — 7)) (=i L(T — 7))*
+7°T(=2v, =i L(T — 7)) (—iL(T — 7))* — 3T 7T (—2v, —i L(T — 7)) (=i L(T — 7))*
+6Tvr* T (—2v, —i L(T — 7)) (=i L(T — 7))* + 27T (—2v, —i L(T — 7)) (—iL(T — 7))*
+3T%7T(=2v, —i L(T — 7)) (—iL(T — 7))* — 6T°vrT(—2v, —i L(T — 7))(—iL(T — 7))*
~T3T(1 — 2v, i L(T — 7)) (—iL(T — 7)) — 2vr*T (1 — 2v, —i L(T — 7)) (—iL(T — 7))*
+7°T(1 — 2v, =i L(T — 7)) (=i L(T — 7))* — 3T7*T'(1 — 2v, —i L(T — 7))(—iL(T — 7))*

+6Tvr*T (1 — 2v, —iL(T — 7)) (—iL(T — 7))* + 2T°vl (1 — 2v, —i L(T — 7)) (=i L(T — 7))*
+3T%rT(1 — 2v, —iL(T — 7)) (—iL(T — 7))* — 6T*v7T(1 — 2v, —i L(T — 7)) (—iL(

—27%1(2 — 2v, —iL(T — 7)) (=i L(T — 7))* + T7°T(2 — 2v, —i L(T — ))(—iL(T — 7))
+2Tvr*T(2 — 2v, —iL(T — 7)) (—iL(T — 7))* + T?71(2 — 2v, —i L(T — 7))(—=i L(T — 7))*
—2T%v7T(2 — 2v, —iL(T — 7)) (—iL(T — 7))* 4+ 2T7*1'(3 — 2v, —i L(T — 7))(—iL(T — 7))*
~T3GL(T — 7)) T(—2v) + 2T%v (i L(T — 7))*T'(—2v)

—20(iL(T — 7))*7°T(=2v) + (iL(T — 7))*7°T(=2v) — 3T (i L(T — 7))**7°T'(—2v)
+6Tv(iL(T — 7)) 7T (—2v) + 3T*(iL(T — 7))*70(—2v)

—6T°v(iL(T — 7))*7T(=2v) + 2v — 1) (((L(T — 7))* — (—iL(T — 7))*) (T — 7)°T'(1 — 2v)
+ ((—iL(T = 7))* = (iL(T — 7))*) (T — 7)7(2vT — T — 27)['(2 — 2v)

2T (iL(T — 7)) 7°1(3 — 2v) + T3*(i L(T — 7))*T(=2v,iL(T — 7))

—2T3(iL(T — 7)) T(=2v,i L(T — 7)) + 2v(iL(T — 7))* 7°T(=2v,i L(T — 7))

—(GL(T — 7))*7°T(=2v,i L(T — 7)) + 3T (G L(T — 7))*7°T(—2v,i L(T — 7))

—6Tv(iL(T — 7)) 7°T(=2v,iL(T — 7)) — 3T*(iL(T — 7))*70(—2v,iL(T — 7))
+6T°v(iL(T — 7))*70(=2v,i L(T — 7)) + T*(iL(T — 7))*T(1 — 2v,iL(T — 7))
—2T%v(iL(T — 7))*T(1 — 2v,i L(T — 7)) + 2v(i L(T — 7))*7°T(1 — 2v,iL(T — 7))

—(GL(T — 7))*7°T(1 — 2v,i L(T — 7)) + 3T (G L(T — 7))*7°T'(1 — 2v,i L(T — 7))
—6Tv(iL(T — 7))*7°T(1 — 2v,i L(T — 7)) — 3T*(iL(T — 7))*70(1 — 2v,i L(T — 7))
+6T?v(iL(T — 7))*7T(1 — 2v,i L(T — 7)) + 2( L(T — 7))*7°0(2 — 2v,i L(T — 7))
~TGL(T — 7)1 1(2 = 2v,iL(T — 7)) — 2Tv(i L(T — 7))*7*I'(2 — 2v,iL(T — 7))
~T?GL(T — 7))*7T(2 — 2v,i L(T — 7)) + 2T%v(iL(T — 7))*70(2 — 2v,i L(T — 7))
—2TGL(T — 7))*7°T(3 — 2v,i L(T — 71))). (J.10)
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K Time dependent four-point amplitudes in micro-canonical OTOC

We define the following momenta integrated time dependent amplitudes:

L L
11(7'1, 7'2) = / k% dk’l/ k% dk‘g 254(1{1, kg, —kg, —kl; 7'1,7'2), (Kl)
k1=0 ko=0
L L
IQ(Tl, 7'2) = / k’% dkl/ ]{ig dk‘Q 2813(1{1,1{2, —kg, —kl, 71, 7'2), (K2)
k1=0 ko=0
L L
13(7'1,7'2) = / k% dk‘l/ l{% dk’g 56(k1,k2,—k2,—k1;7'1,7'2), (K3)
k1=0 ko=0
L L
1_4(7'1, 7'2) = / ]{3% dkl / ]{Jg dk‘Q 57(1{1, kg, —kl7 —kg, 71, 7'2), <K4)
k1=0 ko=0
L L
:2:5(7'1,7'2) = / k% dk’l/ k% dkg glo(kl,kQ, —kl, —kQ;Tl,T2>, <K5)
k1=0 ko=0
L L
I6(’7'1, 7'2) = / k% dk’l/ k% de 511(1(1, kg, —kQ, —kl, 7'1,7'2>, <K6)
k1=0 ko=0
L L
17(7'1, 7'2) = / k% dk’l / k% dkg 87(1{1, —kl, kg, —kg, 71, 7'2), (K?)
k1=0 ko=0
L L
Ig(Tl, 7'2) = / k% dk’l/ k% dk?g glO(kla —kl, kg, —kg, ’7'1,7'2), (Kg)
k1=0 ko=0
L L
19(7'1,7'2) = / k% dkl/ k% dkg 510(1{1, —kl,kg, —kQ;Tl,Tg). <K9)
k1=0 ko=0

From the symmetry properties of the momentum dependent amplitudes we have derived
the following results:

To(m,7) = (—D)*Ti(r,7) with weight wy =2, (K.10)
Is(mi,7) = (=1)*Ti(m,7) with weight ws =1, (K.11)
Ty(r,7) = (=1)*Ti(m,7) with weight wy =1, (K.12)
Ts(m, ) = (—=1)*Ti(1y,7) with weight ws =1, (K.13)
Ts(m1,7) = (—=1)*Ti(11,7) with weight wg =1, (K.14)
T:(m,7) = (=1)*Ti(m, ) with weight w; =1, (K.15)
Ts(m,7) = (—=1)*Ti(1y,7) with weight wg =1, (K.16)
Ty(m1,7) = (=1)*Zi(11,72) with weight wg = 1. (K.17)

The details of the all of these regularised four-point integral computations we have given in
the following subsections. These computations are useful to construct the final expression
for the cosmological OTOC. Also the detailed structure of these integrals in general, as
well as super horizon and sub horizon limiting regions are useful to physically understand
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the role of these integrals to fix the out of equilibrium behaviour of quantum mechanical
correlations in the context of Cosmology.

K.1 Computation of Z;(7, 1)

L ) L ) (_T)1—2u(_7_)3—21/ 4 0
Il(T,T) :/];_Okldkl/l;_Odel{2(€4(k1,k2,—kg,—kl;T,T) = (_1)41/ ZXl (T,T), (K18)

where we define four time dependent functions, X 1@ (T,7)V i=1,2,3,4, which are given
by the following expressions:

L474V (B*(T(~2v) — T(=2v, —iL(T — 7)))(—iL(T — 7))*

—2B0(I(~2v) — T(=2v, =i L(T — 7)))(—iL(T — 7))*
+BQT(F(1 —2v) —T(1 = 2v, —iL(T — 7)) (=i L(T — 7))*

XM=

T—T
2B?Tvr(T(2 — 2v) = T(2 — 2v, =i L(T — 7)) (=i L(T — 7))*
+ (T —71)2
_2327'2(F(2 —20) = T(2 = 2v, —iL(T — 7)) (=i L(T — 7))*
(T —7)?
_B2TT(F(2 —20) = T'(2 = 2v, —iL(T — 7)) (—=iL(T — 7))*
(T —71)2
2B (T(3 = 2v) = (3 = 2, —iL(T — 7)) (—iL(T — 7))*
(T —1)3
_QB2I/T<F(1 —20) =T (1 = 2v, —iL(T — 7)) (=i L(T — 7))*
=T

+B? (=) LT(P(1 — 2v) — T(1 — 2v, =i L(T — 7)) (=i L(T — 7))~
+2B% LTv(I(1 — 2v) — (1 — 2v, =i L(T — 7)) (—iL(T — 7))**
+A2(GL(T — 7))*(T(=2v) — T(=2v,i L(T — 7)))

—2A%(iL(T — 7))* (T(—2v) — T(=2v,iL(T - 7)))

—AB(—iL(T + 7))*(T(=2v) — I(=2v, =i L(T + 7)))
+2ABy(—iL(T + 7)) (T(=2v) — T'(=2v, —i L(T + 7))
—AB(GL(T + 7))*(T'(—2v) — T(=2v,iL(T + 7)))

+2ABv(iL(T + 7))*((—2v) — ['(—2v,iL(T + 7)))

+ A% LTGL(T — 7)) Y T(1 - 2v) = T(1 = 2v,iL(T — 7))

20 A LTv(iL(T — 7))* Y(T(1 — 2v) = T'(1 = 2v,iL(T — 7))
+A2(iL(T —))Z7r(T(1 — ZV)T U1 —2v,iL(T —71)))
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+2ABTV(—2’L(T +7)*(T(1 —2v) —T(1 = 2v, —iL(T + 7)))
T+T71

2ABvr(—iL(T + 7))*(T'(1 — 2v) — T'(1 — 2v, =i L(T + 7)))
+ T+ T
+ABILT(—iL(T + 7))* 1 (T'(1 — 2v) = T(1 — 2v, =i L(T + 7)))
+ABiLT(—iL(T 4+ 7))* Y1 — 2v) — I'(1 — 2v, —i L(T + 7)))
+2ABTV(@'L(T +7)(T(1 = 2v) = T(1 — 2u,iL(T 4 7)))

T+
2ABvr (i L(T + 7)) (T(1 — 2v) = T(1 — 2v,iL(T + 7))
* T+
2A2Tv(i L(T — 7))*7(T(2 — 2v) — T'(2 — 2v,iL(T — 7)))
+ (T —71)?
2ABT*(—iL(T + 7))*(T(2 — 2v) = T'(2 — 2v, =i L(T + 7)))
_l’_
(T +7)2
2ABTvr(—iL(T + 7))*(T'(2 — 2v) — T'(2 — 2v, —iL(T + 7)))
_l’_
(T +7)2
2ABT?(iL(T + 7))*(T'(2 — 2v) — T'(2 — 2v,i L(T + 7)))
+
(T +7)?
2ABTvr(iL(T + 7))*(T'(2 — 2v) — T'(2 — 20,0 L(T + 7)))
* (T +7)2
2ABTT*(—iL(T + 7))*(T(3 — 2v) = T'(3 — 2v, —i L(T + 71)))
+ (T +71)3
2ABTT*(iL(T + 7))*(I'(3 — 2v) — T'(3 — 2v,i L(T + 7)))
_l’_
(T +71)3
_2A2(iL(T —))*73T(2 — 2v) —T(2 — 2v,iL(T — 7)))
(T — 7)2
_AQT(z'L(T —N*7(T(2 —2v) —T(2 = 2v,iL(T — 7)))
(T —71)?
_2A2T(iL(T —7)*72(T(3 —2v) = T(3 = 2v,iL(T — 7))
(T —1)3
_2A2y(iL(T —7)N)*7(T(1 —2v) —T(1 — 2v,iL(T — 7)))
T—T
_ABT(GL(T + (T —2v) — T(1 — 2v,iL(T + 7)))
T+
ABT(iL(T + 7))*(T(1 — 2v) = T(1 — 2v,iL(T + 7)))
B T+
ABTT(—iL(T + (T2 —2v) —T(2 — 2v, —iL(T + 7)))
(T +71)2
_ABTT(L(T + )2 (T(2 — 2v) — T'(2 — 2v,i L(T + T)))>
(T +7)2
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(A%(T(=2v) — [(=2v, —iL(T — 7)) (=i L(T — 7))*
—2A%(T(—2v) — T(=2v, —i L(T — 7)) (=i L(T — 7))*
+A2T(r(1 —20) —T'(1 — 2, =i L(T — 7)) (—iL(T — 7))%

T—=T
2A°Tvr(T(2 — 2v) — T2 — 2v, =i L(T — 7)) (=i L(T — 7))*
+ (T —7)?
C2A4%7(T(2 - 2v) —T(2 = 20, —iL(T — 7)) (=i L(T — 7))*
(T —7)?
CATT(D(2 = 2v) = T(2 = 20, —iL(T — 7)) (—iL(T — 7))*
(T —7)?
B 2A2TT2(T(3 — 2v) — (3 — 2w, —iL(T — 7)) (—iL(T — 7))*
(T —7)3
C2A%r(D(1 = 2v) = T(1 = 2v, —iL(T — 7)) (—iL(T — 7))*
T—T

+A? (=) LT(T(1 — 2v) — T(1 — 2v, =i L(T — 7)) (—iL(T — 7))**
+2A% LTv(T(1 — 2v) — T(1 — 2, —i L(T — 7)) (—iL(T — 7))*~!
+B2(iL(T — 7)) (T(=2v) — T(=2v,iL(T — 7)))

—2B%(iL(T — 7)) (T(=2v) = T(=2v,iL(T — 7))
—AB(—iL(T + 7))*(T(=2v) — T(=2v, =i L(T + 7))
+2ABv(—iL(T + 7))*(T'(—2v) — T'(=2v, —i L(T + 7))
—ABGL(T + 7)) (T'(—2v) — T(=2v,iL(T + 7)))

+2ABv(iL(T + 7))* (T (—=2v) — ['(=2v,iL(T + 7)))
+BAHLT(GL(T — 7))* 1 (T(1 — 2v) — (1 — 2v,i L(T — 7)))
—2iB*LTv(i (T — 7))* YT'(1 —2v) — (1 — 2uv,iL(T — 7))
+B2(2L( )xr(T(1 — 2y)T— (1 —2v,iL(T — 7)))

+2ABTV(—iL(T +7)*(T(1 —2v) —T(1 — 2v, —iL(T + 7)))
T+

2ABvT(—iL(T +7))*(T'(1 = 2v) = T'(1 = 2v, =i L(T + 7))
+ T+T7

+ABILT(—iL(T + 7))* Y1 — 2v) = T'(1 — 2v, =i L(T + 7))
+ABIiLT(—iL(T 4+ 7)) (T(1 — 2v) — T'(1 — 2v, —i L(T + 7)))
2ABTv(iL(T + 7))*(I'(1 — 2v) — T'(1 — 2v,iL(T + 7)))
* T+
2ABvT(iL(T + 7))*(C'(1 — 2v) = T(1 — 2v,iL(T + 7)))
* T+
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2B*Tv(iL(T — 7))*7(0(2 — 2v) — T(2 — 2v,iL(T — 71)))
+ (T —71)?
2ABT*(—iL(T + 7))*(I'(2 — 2v) — T'(2 — 2v, =i L(T + 7)))
+
(T +7)2
+2ABTVT(—@'L(T +7)*(T(2 —2v) = T(2 — 2v, = L(T + 71)))
(T +7)2
2ABT?(iL(T + 7))*(T'(2 — 2v) — ['(2 — 2v,iL(T + 7)))
+
(T +71)2
2ABTvr(iL(T + 7))*(T(2 — 2v) — T'(2 — 2v,iL(T + 71)))
+ (T + 7)?
2ABTT*(—iL(T + 7))*(T'(3 — 2v) = T'(3 — 2v, =i L(T + 7)))
+
(T +7)3
2ABTT2(i L(T + 7))*(T'(3 — 2v) — T'(3 = 2v,iL(T + 71)))
+
(T +7)3
| 2B2(L(T — 7)) TA(0(2 — ) — T(2 = 20,iL(T — 7))
(T —71)2
_BQT(iL(T —N*7r(T(2 —2v) —T'(2 = 2v,iL(T — 7))
(T —71)?
2BPT(L(T — 7))*7*(T(3 — 2v) = T'(3 = 2v,iL(T — 7)))
(T —71)3
_2BQV(’iL(T —7N)*7(T(1 —2v) —T(1 = 2v,iL(T — 7)))
T—T
_ABT(L(T + N1 —2v) — (1 = 2v,iL(T + 7)))
T+
CABT(L(T +7)*(T(1 = 2v) = T(1 = 2v,iL(T + 7))
T+
ABT7(—iL(T +71))*(T(2 = 2v) = (2 = 2v, —iL(T + 7))
(T +7)2
ABTT(iL(T + 7)) (T'(2 — 2v) = T'(2 — 2v,i L(T + 7))
~ —— ) (K.19)
) LT SARLAT? SAIE | ABAY(v—3)T(4 = 20) (—iLT)¥ + (LT)*)
2 “ gl -2 o1t (v —1)T?
| AB4HY(—iLT)*T(2 = 20, —2iLT)  AB4**'(—iLT)*T(3 — 2v, ~2iLT)
T2 T
 AB4Y(—iLT)*T(4 — 20, —2iLT)  AB4**'(LT)*T(2 — 2v,2iLT)
T2 T?
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ABA"\(iLT)*T(3 — 2v,2iLT)  AB4*(iLT)*T(4 — 2v,2iLT) 8B*L‘T? 8B2L?
12 T2 v—2 v—1
5A2 2Lf2u 5B2 2L72u
(1242 L% 4 1282 L% — 4A% L% — 4By > - 22 2 277
14 v
A2L—2(V+1) B2L—2(u+1) 4A2V2L_2(V+1) 4B21/2L—2(l/+1) 4A2I/L—2(V+1) 4BQVL—2(1/+1)
- — - - +

)

+
v+1 v+1 v+1 v+1 v+1 v+1
4A2TALE2 AR n 22 AB(11v — 5)72 ((—iT)* + (i7)*) ['(—2v)
v—1 v—1 v+1
221/+1AB 2 _i-\2v -\ 2v 1" 1-92
+ vt (( ZT) + (27—) ) ( y) + 3 22V+1AB7—2(—7:7_)2VF(—2V, —ZZLT)

v+1
_221/+3ABV2(_,l'T)QVTQF(_QV’ _22[/7') — 22V+BABV(—iT)2VT2F(—2V, —27/L7-)

+3 2 ABT? (ir)* T (=20, 2iL) — 2 ABY? (i7)* 7T (—2v, 2iL7)

—22"F ABu (i) 7T (=20, 2i L) 4 22" ABu7?(—i7)*T(—=2(v + 1), =2iL7)

—2 P ABV (—ir) 7L (=2(v + 1), = 2iL7) — 2P AB(—ir) 7T (=2(v + 1), ~2iL7)
+2% AByr? (i) T(=2(v + 1), 2iL7) — 2 ABv* (i) 7T (=2(v + 1), 2iL7)

=2 BABGiT)" T T(=2(v + 1), 2iL7) + 22 ABur* (—ir) " T(=2v — 1, —2iL7)

22 ABV (—ir) ¥ 7 (—2v — 1, —2iL7) — 223 AB(—ir) 7T (=2v — 1, —2iL7)
+22 P ABYT? (im)*T(=2v — 1,2iL7) — 22 ABv(im)* 7°I (=21 — 1,2i L)

—22 T AB (i) T (=2v — 1,2iL7) + 4" ABT?(—im)*T(1 — 2v, =2iL7)

—22 3 ABY(—iT) 720 (1 — 2u, —2iL7) + 4" Y AB7?(i7)* (1 — 2v, 2i L7)

—2"" ABy(ir)*'7°I (1 — 2v,2iL7) — 2" AB(—ir)*'7°T' (2 — 2v, =2iL7)
OWHLAB(ir) 2 r20(2 — 2, 2 L7)) (K.20)

W L™ ( SA2L*2v  SAT2LA~%  AB4"*Y(—iT)*T(2 — 2u, —2iLT)
5 12874 v—1 v—2 12
AB4 Y (—iT)#T(3 — 2v, —2iLT)  AB4*(—iT)*T'(4 — 2v, —2iLT)
B T2 a T2
AB4 T (iT)?T(2 — 2v,2iLT)  AB4AY*'(iT)*T'(3 — 2v, 2iLT)
B T2 B T2
AB4Y(iT)*T'(4 — 2v,2iLT) N AB4Y (v — 3)['(4 — 2v) ((—iT)* + (iT)%)
1?2 (v —1)T?
8B2L2—2u 8B2T2L4—2u
-1 v—2
+3 22 ABT T (—2v, —2i L7)(—iLT)* — 223 ABur*I(—2v, —2i L7)(—iL7)*
22 ABVAI (—2(v + 1), —2iL7)(—iL7)* — 2% ABT*T(-2(v + 1), —2iL7)(—iL7)*
+22 P ABYT T (=2(v + 1), =2i L7)(—iL7)* — 2* P ABV*7T (=20 — 1, —2i L7)(—iL7)*

)(=2# T3 ABY* T (—2v, —2iL7)(—iLT)*
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—2¥PABT (=20 — 1, —2iL7)(—iL7)* + 2" ABvr*I(—2v — 1, —2iL7)(—iL7T)*

+4" TP ABT T (1 — 2v, —2i L7)(—iL7)* — 23 ABvT°T(1 — 2v, —2iL7)(—iLT)*

—2¥ T ABTI(2 — 2v, —2iL7)(—iL7)* + 12A%7* + 12B*7* — 4A%v7° — 4B%v7?

+22”+1AB(111/ —5) 72 ((—iLT)* + (iL7)*) T'(—2v) N 22 AByr? ((—iL7)® + (i1L7)*)T(1 — 2v)
v+1 v+1

— 2P ABVA (i L) T (—2v, 2iL7) + 3 22" ABT? (i L7)* T (—2v, 2i L7)

—2* B ABYT (iL7)* T (=20, 2iL7) — 22 ABV 7 (iL7)* T(=2(v + 1), 2iL7)
—2" P ABT?(iLT) T (=2(v + 1), 2iL7) + 22 ABur*(iLm)* T (=2(v + 1), 2iL7)
— 22 ABVA 2 (i L) T (=20 — 1,2iL7) — 223 ABT2(iL7)*T(—2v — 1, 2iL7)
+2* P AByr?(iL7)* T(—2v — 1,2iL7) + 4" ABr*(iL7)* T (1 — 2v, 2iL)

—2 P ABYr(iLT)*T(1 = 20, 2iL7) — 2T ABT?(iL7)* (2 — 20, 2iL7)

4A%2LArY AB?L*r* 5A%r% 5B2%r? A? B?
v—1 v—1 v v L2(v+1) L*(v+1)
4A%)? 4B2%1? 4A% 4B%*y

CL2(v+1) L2(v+1) + L2(v+1) * L2 (v + 1)) (K.21)

L4I/

X{ = —=—(B*(I(~2v) — D(=2v, —iL(T — 7)))(~iL(T — 7))*
(

_232 [(—2v) — T(=2v, —iL(T — 7)) (—iL(T — 7))*
32 (C(1—2v) = T(1 = 2v, =i L(T — 7)) (=i L(T — 7))*
T—T
2B*Tvr(I(2 — 2v) = (2 — 2v, —iL(T — 7)) (—iL(T — 7))*
+ (T — )2
_2B°7(D(2 — 20) = D(2 — 20, —iL(T — 7)))(—iL(T —7))*
(T —7)?
_BTr(D(2 = 2v) = T(2 = 20, —iL(T — 7)) (=i L(T — 7))*
(T —71)2
C2B°TT((3 = 2v) = T(3 = 2v, —iL(T — 7)) (=i L(T — 7))*
(T —1)3
2B%wr(D(1 = 2v) = T(1 — 2, —iL(T — 7)) (—iL(T = 7))*
=T

+B (=) LT(T(1 = 2v) = T(1 — 20, =i L(T — 7))) (=i L(T — 7))*""
+2B*LTv(I(1 = 2v) = T(1 — 2v, —iL(T — 7)))(—iL(T — 7))~
+A2(L(T — 7))*(T(=2v) — T(=2v,i (T — 7))
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QA (L(T — 7)(T(~20) — T(~20,iL(T — 7))
—AB(—iL(T + 7))*(T(=2v) — T'(=2v, =i L(T + 7)))
+2ABv(—iL(T + 7)) (T(=2v) — T(=2v, —i L(T + 7))
—AB(GL(T + 7)) (T'(—2v) — T(=2v,iL(T + 7)))
+2ABv(iL(T + 7))*((—2v) — ['(—2v,iL(T + 7)))

+ A% LT(GL(T — 7)* 1 (T(1 — 2v) = T(1 — 2v,iL(T — 7)))
—2iA*LTv(iL(T — 7))* " YT(1 — 2v) — T'(1 — 2v,i L(T — 7))
+A2(2L( N?7(T(1 —2v) = T(1 = 2v,iL(T — 7))

=T
+2ABTV(—2'L(T + 7)1 —2v) =T (1 = 2v, —iL(T + 7)))
T+
2ABvT(—iL(T + 7))*(T'(1 — 2v) — T'(1 — 2v, =i L(T + 7)))
+ T+

+ABILT(—iL(T + 7))* Y1 — 2v) = T'(1 — 2v, =i L(T + 7))
+ABILT(—iL(T + 7))* 1 (T(1 — 2v) — T'(1 — 2v, —i L(T + 7)))
+2ABTV(’iL(T + 7)1 —2v) —T(1 = 2v,iL(T + 7)))

T+T1
2ABvr (i L(T + 7)) (I'(1 — 2v) = T'(1 — 2v,i L(T + 7))
+ T+
2A2Tv(i (T — 7))*7(T(2 — 2v) — (2 — 2v,iL(T — 7)))
+ (T —71)?
2ABT*(—iL(T + 7))*(T'(2 — 2v) = T'(2 — 2v, =i L(T + 7)))
_l’_
(T +7)°
2ABTvr(—iL(T + 7))*(T'(2 — 2v) — T'(2 — 2v, =i L(T + 7)))
T (T +71)2
2ABT?(iL(T + 7))*(I'(2 — 2v) — T'(2 — 2v,i L(T + 7)))
_l’_
(T +7)2
2ABTvr(iL(T + 7))*(T(2 — 2v) — T'(2 — 2v,iL(T + 7)))
* (T +7)2
QABTTQ(—’iL(T + T))QV(F(3 —2v) —=T'(3 =2v,—iL(T +71)))
T (T +71)3
2ABTT*(iL(T + 7))*(T'(3 — 2v) — T'(3 — 2v,iL(T + 7)))
_l’_
(T+7)3
_2A2(z’L(T —))*73T(2 — 2v) —T(2 — 2v,iL(T — 7)))
(T —7)?
_A2T(iL(T —N*7(T(2 —2v) —T'(2 = 2v,iL(T — 7))
(T —71)2
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2A2TGL(T — 7)) 72(0(3 — 2v) —

2020 d0i:10.20944/preprints202007.0038.v1

(3 — 2v,iL(T — 7))

(T —71)3
_2A2V(iL<T — 7)1 (T(1 — 2v)

— (1 = 2v,iL(T —7)))

T—T
_ABT(z'L(T +7)2(T(1 - 2v)

—T(1 - 20,iL(T + 7))

T+

_ABT(Z'L(T + 7)1 —2v) = T(1 — 2v,iL(T + 7)))

T+ T

ABTT(—iL(T + 7)*(T(2 = 2v) —

(2 — 2v, —iL(T + 1))

(T +7)2

_ABTT(L(T +7))*(T(2 - 2v) —

02— 2v,iL(T +71)))

(T +71)2

)

(A%(I'(—2v) — I(—2v, —iL(T — 7)) (=i L(T — 7))*

—2A*v(I(—2v) — I'(—2v, —iL(T —

T))(—iL(T = 7))*

+A27'(F(1 —2v) —=T(1 = 2u, —iL(T — 7)) (=i L(T — 7))*

T—T
+2A2TI/’7'(F(2 —2v) —T'(2 -2,

—iL(T — 7)) (—iL(T — 7))*

(T —7)
C24%7°(D(2 = 2v) — D(2 = 2v, —iL(T = 7)) (—iL(T — 7))*

(T'=7)

2

_A2TT(F(2 —20) —T(2 = 2v, —iL(T — 7)) (=i L(T — 7))*

(T —7)?

2A°TT3(T(3 — 2v) — T'(3 — 2v,

—iL(T — 7)) (=i L(T — 7))*

(T —7

)3

2A%2v7(F(1 — 2v) — (1 — 2v, —i L(T — 7)) (=i L(T — 7))

T—=T
+A?(—=i) LT (T(1 — 2v) — (1 — 20,
+2A% LTv(T(1 — 2v) — (1 — 2v,
+B2(iL(T — 7))*(T'(—2
—2B%(iL(T — 7))*(D(=2v) - T'(-
—~AB(—iL(T + 7))*(T(—2v) — T'(—
+2ABv(—iL(T + 7))*(T'(—2v) —
—AB(GL(T + 7)) (I'(=2v) — T'(—

—iL(T — 7)) (—iL(T — 7))~
—iL(T — 7)))(—iL(T — 7))~

v) = I(=2v,il(T - 7)))

2v,iL(T —1)))

2u, —iL(T + 71)))

[(=2v, —iL(T + 71)))
2v,iL(T +7)))

+2ABr(iL(T + 7))* (T'(=2v) — ['(=2v,iL(T + 7)))
+BY%LTGL(T — 7))* Y T(1 —2v) — (1 — 2v,iL(T — 7)))
—2iB*LTv(i L(T — 7))* 1 (T(1 — 2v) — T(1 — 2v,iL(T — 7)))
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| BAGL(T = 7)) 7(D(1 = 20) = (1 = 20, iL(T ~ 7))

T—T
+2ABTV(—2'L(T + 7)1 —2v) —T(1 = 2v, —iL(T + 7)))
T+
2ABvT(—iL(T + 7))*(T'(1 — 2v) — T'(1 — 2v, =i L(T + 7)))
* T+

+ABILT(—iL(T + 7))* 1 (T'(1 — 2v) — T(1 — 2v, =i L(T + 7)))
+ABiLT(—iL(T + 7))* 1 (T(1 — 2v) — T'(1 — 2v, —i L(T + 7)))
+2ABTI/(iL(T + 7)1 —2v) —T(1 = 2v,iL(T + 7)))

T+ T

+2ABVT(iL(T + 7)) (T(1 —2v) = T(1 = 2v,iL(T + 7))
T+
2B?Tv(iL(T — 7))*7(0(2 — 2v) — T'(2 — 2v,i L(T — 71)))
+ (T —7)?
2ABT*(—iL(T + 7))*(T(2 — 2v) = T'(2 — 2v, —i L(T + 7)))
+
(T +7)2
2ABTvr(—iL(T + 7))*(T'(2 — 2v) — T'(2 — 2v, =i L(T + 7)))
+ (T +7)?
2ABT?(iL(T + 7))*(I'(2 — 2v) — T'(2 — 2v,i L(T + 7)))
+
(T +7)?
2ABTvr(iL(T + 7))*(T(2 — 2v) — T'(2 — 2v,iL(T + 7)))
* (T +7)2
2ABTT*(—iL(T 4+ 7))*(T(3 — 2v) — T'(3 — 2v, —iL(T + 7)))
+ (T +71)3
2ABTT*(iL(T + 7))*(T'(3 — 2v) — (3 — 2v,iL(T + 7)))
+
(T+71)3
C2B%(iL(T —7))*7*(T(2 — 2v) = T'(2 = 2v,iL(T — 7)))
(T —1)?
 BPTEL(T —7)*7(0(2 —2v) = T2 = 2v,iL(T — 7)))
(T —7)?
_2BQT(2'L(T —7m)*72(T(3 —2v) = T(3 = 2v,iL(T — 7))
(T —7)3
2B2(iL(T — 7))*7(C(1 = 2v) = T(1 = 2v,iL(T — 7)))
T—=T
CABTEL(T +7)*(D(1 = 2v) = (1 = 2v,iL(T + 7)))
T+
ABT(iL(T + 7))*(T(1 — 2v) = T(1 — 2v,i L(T + 71)))
B T+
ABTT(—iL(T + N2 —-2v) —T(2—2v,—iL(T +71)))
(T +7)?
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ABTT(iL(T + 7))2(D(2 — 2v) — ['(2 — 2v,i L(T + 7)))
- (T +7)2

) (K.22)

In the super-horizon limit we get the following simplified results:

xW =

% (B*(D(—2v) — T'(—2v, —iL(T — 7))
—2w(T(=2v) — I'(—2v, —iL(T — 7)) (—iL(T — 7))*
2B*7*(0(2 — 2v) = T(2 = 2u, —iL(T — 7)) (=i L(T — 7))*
(T —7)?
+A2(iL(T — 7))*(T(=2v) — I'(=2v,iL(T — 7)) — 2v(['(—2v) — T(=2v,iL(T — 7))))
—AB(—iL(T + 7))*(I(—2v) — I'(—2v, —iL(T + 7))
—2v(T(—2v) — T'(—2v, —iL(T + 7))))
—~ABGL(T + 7))*(T(—=2v) — T(=2v,iL(T + 7))
—2v(T(—2v) — T(=2v,iL(T + 1))))
+2ABT2(—iL(T + )2 —2v) —T(2 - 2v,—iL(T + 7)))

(T +7)2
2ABT2(iL(T +7))*(T(2 — 2v) = T'(2 = 2v,iL(T + 7)))
+
(T +7)?
_2A2(z'L(T — )72 —2v) — T(2 — 2v, i L(T — 7'))))
(T —7)?

(A*(D(=2v) — T'(=2v, —iL(T — 7))

—2u(T(=2v) — I'(=2v, =i L(T — 7)) (—iL(T — 7))*
2A272(1(2 — 2v) — (2 — 2u, —iL(T — 7)))(—i L(T — 7))

B (T —71)2

+B*(iL(T — 7))*(T(=2v) — T(=2v,iL(T — 7))

—2u(T(—=2v) — I'(=2v,i L(T — 7))))

—AB(—iL(T + 7))*(T(=2v) — I(=2v, =i L(T + 7)))

+2ABv(—iL(T + 7)) (T(=2v) — T'(=2v, =i L(T + 7))

—ABGL(T + 7))*(I'(=2v) — T(=2v,iL(T + 7)))

+2ABU(iL(T + 7))*((—2v) — ['(=2v,iL(T + 7)))

+2AB7'2(—2'L(T +7)*(T(2 —2v) — T(2 — 2v, =i L(T + 71)))

(T +7)2
2ABT2(iL(T + 7))*(I'(2 — 2v) — T'(2 — 2v,i L(T + 7)))
_l’_
(T +7)?
2B2(L(T — 7)*7A(T(2 — 2v) — T2 — 20, L(T — 7))
22 ) (K.23)
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1674 T2
| WABGLT)™(D(2 = 2) — (2 = 20, 2LT)) | 24°L" 2B2L2>

L (_4”AB(F(2 —2v) — (2 — 2v, —2iLT))(—iLT)*

T2 v—1 + v—1
(—4( A? + B2 4 2(A* + 1?/2)7% 2 N 2(A* + IB/ZKL 20+1)
2(A2 + Bz)nyQ(uH) (A2 + B2)L72(1/+1) 2(A2 + BZ)T4L2*2”
v+1 2v+1) v—1
+4" PP ABT? (—iT)* (T(—2v) — T'(—2v, —2iLT))
—2* T3 ABy(—it)*7*(T(=2v) — (=20, —2iLT))
+4" TP ABT?(iT)* (T (—2v) — ['(—2v, 2iL7))
—22”+3ABV(27')2”7'2( (—2v) — T'(—2v,2iLT))
+4" 2 ABut? (—iT)* (D(=2(v + 1)) — D(=2(v + 1), —2iL7))
+4" 2 ABY? (—im) 2D (=2(v + 1)) = T'(=2(v + 1), —2iL7))
4 AB(—ir)2 (D (=2(v + 1)) = T(=2(v + 1), =2iL7))
+4" P2 ABur?(iT)* (0(—2(v + 1)) — T'(=2(v + 1), 2iL7))
+4" 2 ABY? (i) 2T (D (=2(v 4+ 1)) — T(=2(v + 1), 2iL7))
4 AB (i) 2D (=2(v + 1)) = T(=2(v + 1), 2i L7))
—4"AB(—iT)*7*(T(2 — 2v) — T'(2 — 2v, —2iL7))
—4"AB(it)*7*(T'(2 — 2v) — T'(2 — 2v,2iLT))) (K.24)
N ( (A2 + B*)v®  4(A*+ B Lt (A’+ B AL+ B | A(A*+ BT
874 L2(v +1) v—1 L2(v +1) L2(v+1) v
—8(A* + B 7 + AB2* P02 (—iL7)*T(—2(v + 1), —2iL7)
+AB2% A (L) T (—2(v + 1), 20 L7)
AB2# T (203 + T2 + 9v + 1) 72T(2 — 2v) ((—iL7)* + (iL7)*)
viv+1)(2v+1)
+AB (—2%%3) 7*(—iL7)*T(—2v, —2iL7) + AB4" "y (—iL7)* (21, —2iLT)
+AB2? 372 (—i L) T(=2(v + 1), —2iL7) — AB2* v (—iL7)*T(=2(v + 1), —2iL7)
+AB2# (=i L) T(2 — 2u, —2iLT) — AB2* 372 (i L7)* T (—2v, 2i LT)
+AB4 P2y (iLT)* T (=20, 2iL7) + AB2* 372 (i L) T(=2(v + 1), 2iL7)
—AB22Pur?(iLT)? T (=2(v + 1), 2iL7) + AB2*"* ' 72(iL7)*T'(2 — 21, 2iL7))
((A2 + BQ)L2721/
2(v—1)
+ABA"H T (T (2 — 2v) — T(2 — 20, 2iLT))) (K.25)

+ AB4"H(—iT)*=)(1(2 — 2v) — T(2 — 2v, —2iLT))
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I:l iy (BQ(F(—QV) —TD(=2v, =i L(T — 7)) (—iL(T — 7))*

—2B%u(T(—2v) — T(=2v, —iL(T — 7)))(—iL(T — 7))*

XM =

d0i:10.20944/preprints202007.0038.v1

2B°7(0(2 — 2v) = D(2 — 20, —iL(T — 7)))(=iL(T — 7))*

(T —71)?

+A?(iL(T — 7))*(T'(—2v) — I(—2v,iL(T — 7)))
DA (LT — 7)) (T(~20) — (=20, iL(T — 7))
—AB(—iL(T + 7))*(T(—=2v) — I'(=2v, =i L(T + 7))
+2ABv(—iL(T + 7)) (T (—=2v) — T'(=2v, —i L(T + 7)))
—ABGL(T + 7))*(I'(=2v) — T(=2v,i L(T + 7)))
F2ABUGL(T + 7)) (D(=2v) — D(—2v,iL(T + 7))
+2ABT2(—2'L(T—|—T)) (T2 —2v) —T(2 —2v, —il(T +71)))

(T +7)?
2ABT?(iL(T + 7))*(T'(2 — 2v) — ['(2 — 2v,iL(T + 7)))
_'_
(T +7)2
_2A2(iL(T —7N)*7rAT(2 —2v) —T'(2 — 2v,i L(T — 7'))))
(T —7)2

(A*(D(=2v) = T(=2v, =iL(T = 7)))(=iL(T = 7))
—2A%(0(=2v) = D(=2v, —iL(T — 7)))(=iL(T — 7))*
C2A%7%(D(2 = 2v) — T(2 — 2w, —iL(T — 7)))(—iL(T — 7))*

(T — )2
FBYL(T - 7)™ (T(~20) — T(~20, iL(T — 7))
—2B*(iL(T — 7))*(D(=2v) — T(=2v,iL(T — 7))
—AB(—iL(T + 7))*(['(—2v) — T(=2v, —iL(T + 7))
+2ABv(—iL(T + 7)) (T'(—2v) — T'(=2v, =i L(T + 7))
—~AB(GL(T + 7))*(I'(—2v) — T'(—2v,iL(T + 7)))
+2ABU(iL(T + 7))*(I(—2v) — I'(=2v,iL(T + 7)))
+2ABT< iL(T 4 7))?

2v

Y(T(2—2v) —T(2—2v,—iL(T +7)))

(T +71)2
2ABT?(iL(T + 7))*(T(2 — 2v) — T'(2 — 2v,iL(T + 7)))
+
(T +71)2
2B2(L(T — 7)) TA(0(2 — 2) — T(2 = 20, i L(T — T)))>
(T —71)2

In the sub-horizon limit we get the following simplified results:
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0 _ L=T? (AQ(iL<T — N2 —2v) —T(2 = 2v,iL(T — 7))
! 472 (T —71)2
2A27(iL(T — 7))*(T'(3 — 2v) — T'(3 — 2v,iL(T — 71)))
* (T — 1)
_2A2V(iL(T —7m)*((2—2v) —T(2 = 2v,iL(T — 71)))
(T —71)2
AB(—iL(t +T))*(T(2 — 2v) = T'(2 = 2v, —iL(T + 71)))
+
(t+T)2
ABGL(t +T))*(T(2 — 2v) = T'(2 = 2v,iL(T + 7)))
_l’_
(t+T)2
_ 2ABu(—iL(r + T)>(T(2—2v) —T(2—2v, —iL(T +7)))
(t+1T)2
2ABv(iL(T + T))*(T'(2 — 2v) — T'(2 — 2v,i L(T + 71)))
B (r+T)2
_2AB7(—iL(r +T1))*(T'(3 — 2v) = T'(3 — 2v, —iL(T + 7))
(t+T)3
2ABT(iL(T + T))*(I'(3 — 2v) — T'(3 — 2v,i L(T + 7)))
B (t+1T)3
B?*(—iL(T — 7))*(T(2 - 2v) = T'(2 = 2v, =i L(T — 7)))
+ (T — 1)
2B*7r(—iL(T — 7))*(T'(3 — 2v) — T'(3 — 2v, —iL(T — 71)))
+ (T —1)3
_QBQV(—@'L(T — )2 —2v) —T'(2 — 2v, =i L(T — 7')))>
(T —71)2
A (—iL(T —7))>('(2 - 2v) = T'(2 — 2v, —iL(T — 7)))
( T 1)
2A27(—iL(T — 7))*(T(3 — 2v) — (3 — 2v, —iL(T — 7))
i (T =7y
_2A2V(—2'L(T — N2 —2v) —T(2 - 2v,—iL(T — 7)))
(T —7)?
AB(—iL(t +T))*(T(2 — 2v) = T'(2 — 2v, —iL(T + 71)))
+
(t+T)2
AB(GL(T+T))*(T'(2 — 2v) — T'(2 — 2v,iL(T + 7)))
+
(tr+T)2
 2ABv(—iL(r + T)>(T'(2 —2v) —T(2 — 2v, =i L(T + 7)))
(t1+T)2
_ 2ABv(iL(r + T)*(T(2 —2v) —T'(2 = 2v,iL(T +71)))
(r+T)2
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_2ABT(—iL(T +T)*(T(3 —2v) —T'(3 = 2v,—iL(T + 7)))

(t1+1T)3
C2ABT(L(T +T)*(U(3 — 2v) = T'(3 — 2v,iL(T + 7))
(t+T)3
B2(iL(T — 7))*(T(2 — 2v) — (2 — 2v,iL(T — 7)))
+ (T —71)?
2B (i L(T — 7))*(T'(3 — 2v) — ['(3 — 2v,iL(T — 7)))
* (T — )
2B (iL(T — 7))*(N'(2 — 2v) — T'(2 — 2v,iL(T — T)))) (K.27)
(T —7)2
o LT SA2LY  AB4"(—iLT)(D(4 — 2v) — D(4 — 2v, —2iLT))
! __128(V—1)1/72(_u—2+ ™
ABA*(iLTY(D(4 — 2v) — (4 — 20, 2iLT))  8B’L*
+ a0 —.

(4A%LPv7? + 4A%P — 8A*? + 5A%y — A® + AB2* 3y L (—it)* T(—2v, —2iLT)
+AB2» ALY (im) T (—2w, 2 LT) — AB4" 203 L* (—ir)* T (—2v, —2i L7)
—ABA" VAL (i) T (=2v, 2iL1) + AB2* VP L¥ (i)' T(1 — 20, 2i L)
+5AB2 T AL (i) T (—2v, —2i L7) + 5AB2* T2 L2 (i7)* T (-2, 2i L)

+ABA" 'y (20% — 3v + 1) L (—it)* (1 — 2v, —2iL7)

—3AB4" T L2 (iT) T (1 — 2, 2iL7) + AB2* T 'W2L¥ (—iT)*'T'(2 — 2v, —2iLT)
+AB2* WAL (i) T(2 — 2v,2iLT) + AB4Y (v — 1)L* ((—i7)* + (i1)*) (2 — 2v)
—AB2* Ty L (—ir)*T(—2v, —2iLT) — AB2* " 'wL* (it)*T(—2v, 2i LT)
+AB4 T WL (it)*T(1 — 2v,2iL7) — AB2* "' L2 (—iT)*' T'(2 — 2v, —2iL7)
—AB2* L2 (iT)*T(2 — 2v, 2iL7) + AB*L*v7? + 4B*/* — 8B*V* + 5B%v — B?) (K.28)

X(3) _ _T2L—2V A2L4—2V N AB4V—2(_Z'T)2V(P(4 o 2V> . F(4 . 2V, —QZLT))
8T 4 —2u T
AB4”*2(2'T)2"(F(4 —2v)—T(4—2v,2iLT)) B2[A-2
' T T

4A% L2712
v—1

2
—4A% — A +4A% + AB (—=2*3) v*(—iL7)*T(—2v, —2iLT)
14

AB4AT(2 — 2v) ((—iLT)® + (iL7)*)

(

—AB2* 32 (i LT)*T'(—2v, 2iLT) —
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—AB2* N (—iL7)*T(—2v, —2iL7) + AB2*3y(—i LT)*T'(—2v, —2iLT)
—AB4" " (2v — 1)(—iL7T)*T(1 — 2v, —2iL7) — AB2**Y(—iL7)*T(2 — 2v, —2iLT)
—AB2* (i LT)*T(—2v,2iL7) + AB2* v (i L7)*T'(—2v, 2i LT)
+AB4" T (i L) T (1 — 2v,2iL7) — AB2* 3y (iL7)*T(1 — 2v, 2i LT)

4B?L27? B?

— 4By — — +4B?) (K.29)

—AB2? M GLA*T(2 — 2, 20L7) —
(eLT)='T( v,20LT) 1 ”

x® = L (AQ(iL(T —7)*((2—2v) —T(2—2v,iL(T — 7))

472 (T —7)?
2A%7 (i L(T — 7))*(T(3 — 2v) — T'(3 — 2v,iL(T — 7)))
* (T — 1)
2A%(iL(T = 7))*(T(2 — 2v) — T(2 - 20,iL(T — 7))
(T —7)?
AB(—iL(t +T))*(T(2 — 2v) = T'(2 = 2v, =i L(T + 7)))
+
(t1+T)2
+AB(2'L(7‘ +T)*(T(2 —2v) —T(2 = 2v,i L(T + 71)))
(1+T)?
_ 2ABv(—iL(r + T)>(T(2—2v) —T(2—2v, —iL(T +7)))
(r+T)2
_ 2ABv(iL(r + T)>(T(2 —2v) —T'(2 = 2v,iL(T + 7)))
(t1+T)2
_ 2ABr(—iL(r + T)>(T(3—2v) —T(3 —2u, —iL(T +71)))
(r+T)3
_2ABT(iL(r +T))*(I'(3 — 2v) = T'(3 — 2v,iL(T + 7))
(r+T)3
B*(—iL(T — 7))*(T(2 — 2v) — (2 — 2v, —iL(T — 71)))
i (T =77
2B27(—iL(T — 7))*(T(3 — 2v) = T'(3 = 2v, —iL(T — 7)))
+ (T —1)3
_QBQV(—iL(T —7)*((2—2v) —T(2 —2v, —iL(T — 7'))))
(T —71)?
A% (—iL(T — 7))*(T'(2 — 2v) = T'(2 — 2v, —i L(T — 71)))
( T -1
+2A27'(—iL(T — N3 —2v) —T(3 - 2v,—iL(T —7)))
(T —71)3
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_2A21/(—iL(T — N2 —2v) —T(2 — 2, —iL(T — 7)))

(T —7)?

AB(—iL(t+T))*(I'(2—2v) —T'(2 — 2v, —iL(T + 7)))

+
(r+T)
_I_AB(iL(T +T)*(T(2 —2v) —T(2 = 2v,iL(T + 7))
(r+T)2

2ABv(—iL(t +T))*(['(2 — 2v) = T'(2 — 2v, —iL(T + 7))
- (1 +T)

2ABv(iL(t + T))*(T(2 — 2v) — T'(2 = 2v,iL(T + 7)))
- (14 T)?

2ABT(—iL(T +T))*(T(3 = 2v) = T'(3 = 2v, =i L(T + 7)))
B (r+1T)3

2ABT(iL(T + T))*(T'(3 — 2v) — T'(3 — 2v,iL(T + 7)))
a (T+T)3

B2(iL(T — 7))*(T(2 — 2v) — T'(2 — 2v,iL(T — 7)))
* (T —7)?

2B*r(iL(T — 7))*(T(3 — 2v) — ['(3 — 2v,iL(T — 71)))
* T 1)
C2B%w(iL(T — 1))*(T(2 — 2v) = (2 = 20, i L(T — T)))) (K.30)

(T =) '

Here we have introduced two factors A and B which are defined as:

A=2r3 % FF(é)) exp <—z‘ {g (1/ + %) }) C, (K.31)
B =23 % FF(é)) exp (z {g (u + %) }) Cs. (K.32)

Here for general o vacua we choose C; = cosha and C; = sinha and for a = 0 we get
C7 =1 and C5 = 0, which is the result for Bunch Davies vacuum state.

K.2 Computation of Zy(7, 1)
L L 4

(T, 7) = / k%dkl/ k%dk2513(k1,k2, ki, —ko; T, 7) = (=T 1 2” VZX $ (T,7), (K.33)
k k P

1=0 2=0

where we define four time dependent functions, XQ(i) (T,7)V i=1,2,3,4, which are given

180


https://doi.org/10.20944/preprints202007.0038.v1
https://doi.org/10.3390/sym12091527

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 3 July 2020 d0i:10.20944/preprints202007.0038.v1

by the following expressions:

XV = x{Y, (K.34)
x® = x® (K.35)
xX® = x® (K.36)
x9W = xW. (K.37)
Consequently, one can write:
4 .
(T, 7) = (=) (=7)* > 3_X{PUT7) = ()Y Tu(T, 7). (K.38)
i=1
K.3 Computation of Z3(m, 1)
L 7 1-2v 3—2v 4
T (—r .
(T, 1) = / k%dkl/ kydkyEs(k1, ko, —ka, —ki; T, 7) = =T) ( 1()2,/ ) ZX?E )(Ta 7). (K39
k1=0 ko=0 B =1

where we define four time dependent functions, X éi) (T,7)V i=1,2,3,4, which are given
by the following expressions:

X = x{Y, (K.40)
X = x{?, (K.41)
x¥ = x® (K.42)
xW=x®. (K.43)
Consequently, one can write:
4
(_T)1—21/(_7_)3—2y @) o
T3(T,7) = e ;Xl (T,7) = (—1)*Iy(T, 7) . (K.44)

K.4 Computation of Zy(m, )

L L (=712 (—1)3-2 < 0
I4(T7 7-) = / k%dkl / kgdk2g7(kl7 k27 _klu _k27 T7 T) = ( 1)2V Z )(4Z (Tv T) ’ (K45
k1=0 ko=0 B i=1

where we define four time dependent functions, X f) (T, 1)V 1=1,2,3,4, which are given

181


https://doi.org/10.20944/preprints202007.0038.v1
https://doi.org/10.3390/sym12091527

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 3 July 2020 d0i:10.20944/preprints202007.0038.v1

by the following expressions:

x=xW (K.46)
x® = x® (K.47)
xX® = x® (K.48)
X =x®. (K.49)
Consequently, one can write:
_T)i-2v(_\3-2v 4 ;
R ) DR R G e P
i=1
K.5 Computation of Z5(m, )
L L 1-2v 3—2v 4
—T) (7 : |
Is(T, ) :/ k%dkl/ kjdkyr0(ky, ko, —ki, —ko; T, 7) = ( )( 1()2V ) ZXé)(T, 7), (Kb
k1=0 ko=0 B i=1

where we define four time dependent functions, X éi) (T, )V i=1,2,3,4, which are given
by the following expressions:

X=X, (K.52)
X = x{?, (K.53)
X9 = x?, (K.54)
X = x®. (K.55)
Consequently, one can write:
4
(_T)1—21/(_7_)3—2u (7,) 0
Zs(T, 7) = e ;Xl (T,7) = (—1)*Iy(T,7) . (K.56)

K.6 Computation of Zg(7, 7)

L , L , (_T)1—2u(_7_)3—2u 4 0
Zs(T, ) :/ kldkl/ kydke&rr (ki ko, —ko, —ki; T, 7) = EE ZX6 (T,7), (K5
k1=0 ko=0 B i=1

where we define four time dependent functions, Xéi) (T,7)V i=1,2,3,4, which are given
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by the following expressions:

X = x{Y, (K.58)
x¥=x9, (K.59)
xP = x®, (K.60)
X =x®. (K.61)
Consequently, one can write:
_T)i-2v(_\3-2v 4 ;
Lt = S S A = (VM RT ). (K6
i=1
K.7 Computation of Z;(m, 1)
L L 1-2v 3—2v 4
Y (g .
Ir(T, 1) = / k%dkl/ kydkyEr(ky, —ki, ko, —ko; T, 7) = =D ( 1()2,, ) ZXp(Ta 7). (K63
k1=0 ko=0 B =1

where we define four time dependent functions, Xéi) (T,7)V i=1,2,3,4, which are given
by the following expressions:

X = X7, (K.64)
X7 = X, (K.65)
x® = x® (K.66)
X = x7Y. (K.67)

Consequently, one can write:

(T, 7) = 24: XNT,7) = (-1)*T(T, 7). (K.68)

K.8 Computation of Zg(7, 1)

L L (_T)1—2u(_7_)3—2u 4 @
Is(T,7) = / kidky / kydkaEo(ky, —ki, ka, —ko; T, 7) = EE > XU(T ), (K6
k1=0 ko=0 B i=1

where we define four time dependent functions, X éi) (T,7)V i=1,2,3,4, which are given
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by the following expressions:
1
X = X7, (K.70)
x¢ = x{?, (K.71)
3 2
X =x7?, (K.72)
4 4
X = x1Y. (K.73)

Consequently, one can write:

_T)i-2v(_\3-2v 4 ; )
LT, 7) = ¢ )(_1()2V ) ;Xf’m ™) = (~)* (T, 7). (K.74)
K.9 Computation of Zy(7, 1)
L L _T\1-2(_)3-2v 4 .
Io(T,7) = / k2dk, / k2dkoErr (ky, —ky, ko, —ko: T, 7) = (=7) ( 1()2f) S X1y, (KT
k1=0 ko=0 B i=1

where we define four time dependent functions, Xéi) (T, )V i=1,2,3,4, which are given
by the following expressions:

X5 = X7V, (K.76)
x5 = X7, (K.77)
x§ = x?, (K.78)
X5 = X7V, (K.79)

Consequently, one can write:

Io(T,7) = T ZXF’ (T,7) = (1), (T, 7) . (K.80)
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L Computation of the normalization factor in four-point micro-
canonical OTOC

L.1 Normalization factor of four-point micro-canonical OTOC computed from
rescaled field variable

Further, our aim is to compute the normalisation factor of OTOC computed from the
rescaled field variable f, which is given by the following expression:

Nf(’Tl,TQ) = —= = 1A —~
(f (1) f (1)) (T(72)11(72)) 5

, (L.1)

for this we need to explicitly evaluate the denominator of the above mentioned expression.
Now, the product of the two thermal two point function is evaluated as:

AU 1 N .
= —— _Trl|ePHM) L.2
(FEF s = T [P e m)f e )] (L2)
& a 1 - & a
TI(7p)II = ———Tr e P[] I L.3
(U7 M1(r))s = 5z Tr |e CRALEIE] (L3)
where the thermal partition function for cosmology computed for a vacua can be expressed
as:
Zp(B;7i) 1 15 / 3 . BEx(m) -
Zo(B;1;) = = — 1+ = d’k In ( 2sinh ———= =1,2.(L4
(8 7:) | cosh o | cosh « P u 26 (0) o 2 v (L.4)

Next, we compute the expression for the numerator with respect to the o vacua, which is
given by:

Tr [e*ﬁmﬁ)f(x, T1>f(X, 7'1)]

(a)

_ / AUy (UalePH F() F ()| 0a)

1 ) Ak,
= Upp (U — tanh f
\cosha|/d BD ( BD]{eXp (2tan a /(277)3 aklakl>
1
exp (—ﬁ/d3k (aLak + 553(O)> Ek(ﬁ))

d*k d’ky - A 7 3k,
[ [ tamshotriatn) e (< ranna [ % o) } an)
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1 7 Ak, f
— coshal d¥sp (VBp| 4 exp §tanha 2n)? Qx, Oy,

exp (—B/d?’k (aLak + %53(0)) Ek(71)>
3k 3k
/ éﬁ; / éﬂ; exp (ks + k) ) [ e (1) e, + F1(1) 0l | [ () e + Foa () |
, 3
exp (—%tanha /% aLQab)} ¥sp)
1 ' d’k
— coshal /d\I’BD (Upp| {exp (% tanh « /(2%)13 aklaL)

exp (—5 / Pk <a,1ak + %53(0)) Ek<ﬁ))

[ G [ e (a1 20 [l fr) v, + F(m)fr) g

+ fis (T1) f4, (1) ak3aik4 + [ (1) [, (71) atkgatm]

i d3k
exp (—5 tanh o / (2#)23 aLQab)} |UBD). (L.5)

Now we will explicitly compute the individual contributions, which are given by:

i d°ks (=1 [ d®ks "
exp (—§tanha /(2%)3 aLﬂkz) |Ugp) = Z ] itanha /(27r)3 aLzakQ |¥UBD)

' d*k
= exp (—3 tanh o /—2 > |¥sD)., (L.6)
2 T
i &k i &k f
(Upp| exp <§ tanh o /ﬁ akQaL) = {exp (—5 tanh a /ﬁ aL2ak2> |\PBD)}
i &’k f
= [exp (—5 tanh o /ﬁ ) |‘I’BD>]
i d*k
= (Upp|exp (5 tanh « / (2ﬂ)23 ) ; (L.7)

and we have the following sets of results:

/d‘IfBD <\IJBD| exp <—5/d3k (CLIT(CLk + %(53(0)> Ek(Tl)) akSak4|\IJBD> = O, (LS)
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/ dUpp (Ugn| exp ( 3 / Pk <akak + L3 o)> Bi(r ) 0l 1 a1, Upp)

= (27)° exp (— <1 + —53 > d*k In ( 2sin BE“ = )) 0°(ks +ka), (L.9)
/d\I/BD (‘I’BDIGXP( B/dS <akak+ 50° 0)) Ex (1 ) iy’ 4, |VBD)

= (2m)° exp (— <1+ ~5%(0 ) d3k In { 2sin BEk n )) 5 (ks + ky), (L.10)
/ AUpp (Upp| exp (-5 / Pk (akak + 553<0)> Ek(ﬁ)) o' [Uep) = 0. (L11)

Consequently, we can simplify the final result of the previously mentioned trace as given
by the following expression:

Tr [e_ﬁﬁ(“)f(x, Tl)f(x, 7’1>]( :

[0

Za(Bim) / éf) / éf) (215 (Is + 1K) [fieo () f s (72) + S (70 fis ()]
(fm) FOr), (L.12)

where we define a regularised time dependent function Fl(a) (11) as:

L
FO(r) = / dky 12 |fuo ()2,
0

iAB [ 2\* [32(A2 + B?) , , [ L*r2 1 (2v — T)D(5 — 2v) ((—iLm)* — (iL7y)*)
:32—75(5) { iAp  r <5_2V+3_21,)+ (2v — 3)
+(iL7)* {4T'(3 — 2v, 2i L)) + (5 — 2v,2i L) + 4T (4 — 2v,2i L))}

—(—=iLm)* {40 (3 — 2v,2iL7) + (5 — 20, —2iL7;) + 4I'(4 — 2v, —2iL7)}] . (L.13)

Similarly, following the same steps one can show that:

[0}

Tr [e‘ﬂmm)ﬂ(x, TQ)ﬂ(X, 72)} (

ACES / ks / é:) (2m)5° (ks + k) [Ty (7)1, (72) + Ty ()T (72)]

(2m)
— @ Fi (1), (L.14)
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where we define a regularised time dependent function ]_—2(a) (12) as:

L
) = [y 1 (),
0

1
= 4—L—2” [—id" T ABTT (—2v, —2iL75) (—iL1y)* + 2* P ABivryT(—2v, —2iL7y) (—iL7)*

75

122 ABATIT(—2(v + 1), —2iL7y) (—iL7)* 4+ 22 P ABiTT(—2(v + 1), —2iL7y) (—iL7y)*

—i22 PP ABurT(=2(v + 1), =2iL7y) (—iLm)* + 22 ABi(1 — 2v)* 151 (—2v — 3, —2i L) (—iL7y)*
+27 PP ABi T (=21 — 1, =2iLmy)(—iL7s)? — 3i2* " ABTT(—2v — 1, —=2iL7y)(—iL7y)*
2B ABivTT (=20 — 1, =20 L7y (—iL7)* + 22T ABimiT (1 — 2v, —2iL1y) (—iL7y)*

A(A*+ B*)L1y sipted 4 280 2B%iT3
1—-2v v
2[4v?(2A% + B?) + B?(4v — 3) — 5A*]  Blimldv(v —1) + 1]
L(2v+1) L2(v +1)

+4" M ABiTy (T(—iL7)® — 13(iL72)* + 4v° ((—iL7)* + 7(iL73)*)
41 (9(iL7)* — 25(—iL72)*) + v* (68(iL73)* — 28(—iLm)*)) I'(—2v — 3)
—i22 P ABVA T3 (i L) T(—2v — 3,2iL7y) — i2* PP ABT) (i L)* T'(—2v — 3, 2i L)
+2* P ABivty (iLmo)* T(—2v — 3,2iL7) + 2* P ABiv* (i L7)*T'(—2v — 1,2iL7y)
+5 22T ABiT) (iL7)* T(—2v — 1,2iL7y) — 32" ABur; (i L73)* T'(—2v — 1, 2iL7)
4(A%2+ BH)[v(1 —v) — 1]]
L3(2v + 3) ’

—i22 M ABT) (iLm)* T (1 — 2v, 2i L7y + (L.15)

Then we have found the following expression:

() fr)s = g T [T fem) i m)] | = SFOn). (110
()5 = 5T [T )i )| | = 57 m) - (L17

Consequently, the normalisation factor of OTOC for the rescaled field variable can be
computed as:

Nf T1,T2) = = = 1A = = 7T4 . L.18
2s2) (Fr) ) s{(m)I(r2))s  Fi () Fs (1) (19
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L.2 Normalization factor of four-point micro-canonical OTOC computed from
curvature perturbation field variable

Now, we are going to perform the similar computation when we express the normalisation
factor of OTOC written in terms of the scalar curvature perturbation field variable:

N(r, ) := = 1A , (L.19)

(C(m)¢(m))s (Mo ()T (72)) 5

for this we need to explicitly evaluate the denominator of the above mentioned expression.
Now, the product of the two thermal two point function written in terms of curvature
perturbation and its canonically conjugate momenta are evaluated as:

Em)em))s = mﬂ e miem)] (L20)
(L) Ti(m))5 = mﬁ" e I ) )] (L21)

where the thermal partition function for cosmology in terms of curvature perturbation
computed for o vacua can be expressed as:

Z]%D(ﬁ; Ti)

Z¢(5m) — —i,20 L.22

Here the thermal partition function for cosmology in terms of curvature perturbation
computed for Bunch Davies vacuum as:

Z85(B;7) ~ exp (— (1 + %5%0)) /d3k In (2 sinh ﬁ'zQ(Ti)E“’C(”))) V i=1,2 (L23)

2

where we define the time dependent energy dispersion relation in terms of the curvature
perturbation variable as:

N (wf‘m ( diz(;)f) (I

2 s 1 d*z(7;) 1 dz(m) 2 NV
+ (k o + ( ) ) |C()|° ¥ i=1,2 (L.24)

) dr? z(;) dm;

Fio(ms) - = |Ii(7)

= |

Consequently, we can simplify the final result of the previously mentioned trace in terms of
the curvature perturbation and its canonically conjugate momenta as given by the following
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expression:
_ Z5(Bim)

(a) w222 (11)

Zg(ﬂ;Tz)

} (a) T 222 (72)

T [ 0 7). )| Fm), (L.25)

A

T [ 0TI (x, 7)1 (x, 72) Fi(r), (L.26)

Then we have found the following expressions for the thermal two point functions:

1 1

(G = Ze—Tr [ ml )] | = s A7), (L.27)
(¢ (7)1 (72)) 5 = mﬁ [e_w(m)ﬂc(x, ) (x, 72)] - szzl( )f(a (r2) . (L.28)

This further implies that the connection between the two point thermal correlation func-
tions computed from the rescaled variable and curvature perturbation variable and their
conjugate momenta are given by:

(F(r)f(m))s = 22(m)(r)C(m))s (L.29)

A A

((72)LL(12)) 5 = 2 (72) (U (72) T (72))5 - (L.30)

Consequently, the normalisation factor of OTOC for the curvature perturbation variable
can be computed as:
1 w22 ()22 (1)

Ne(11,73) = —— = = = @ (@)
(C(m)C(m)) s () e (72)) s Fy™ (1) o™ (72)

M Computation of the normalization factor in classical limit of
four-point micro-canonical OTOC

M.1 Normalization factor of the classical version of four-point micro-canonical
OTOC computed from rescaled field variable

Further, our aim is to compute the normalisation factor of the classical version of OTOC
computed from the rescaled field variable f, which is given by the following expression:

1
(f(m0)f (1)) s(I(2I1(72))5 °

Nélassical (Tl? TQ) = (M 1)

for this we need to explicitly evaluate the denominator of the above mentioned expression.
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Now, the two thermal two point functions in the classical limit are evaluated as:

() Fr))s = e [ [ PE2Ee ) {fxm), ) (M2
AN = oz [ [ 2222 TG ) T )« (M)

where the thermal partition function for cosmology in the classical limit is computed as:

ZClassical (8 Ti) = €xp (—/d?’k In (2 sinh BE%W)) Vi=12. (M.4)

Now we compute the Poission brackets as:

(), f )} pp = / é:) / é:) exp(i(ks + k) %) {fie (1)s fio()

— W(0) exp (=X |m]) / ks / Tha (il + ko) x) (27)° 6%k, + ko)

G ) oy
= W) exp (<hln) [ Gk = WO exn (<) (M5)

{110, 72). 110 )}y = | é:) / {"2:) exp(i(ks + ko) %) (T, (72), Ty ()}

= W(0) exp (—)\f|7'2|)/ 'k, / dks exp(i(k; +ky).x) (27)* 8 (k; + ko)

@rp | @y
= WO)esp (Agfnl) [ G5 = WO exp (<) (\L6)
Then we have found the following expression:
(f(r)f(m))s = %W(O) exp (=As|ml) , (M.7)
3
(I(2)1(72)) 5 = %W(O) exp (=As|7a) - (M.8)

Consequently, the normalisation factor of classical limit of OTOC for the rescaled field
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variable can be computed as:

_ 367" B 3674
LSW2(0) exp (=Ag[|T1] + [72]])  L8Gkerner(0) exp (—=As[|7| + 7))

N(fjlassical (T17 TQ)

Now, considering the examples of non-Gaussian coloured noise and Gaussian white noise
we get the following answer for the normalization factor:

36ym4
LOA exp (=Af[|m1] + |72]) *

Coloured Noise

N(J;lassical(Tl’ 7-2) = (MlO)

0 White Noise

M.2 Normalization factor of the classical version of four-point micro-canonical
OTOC computed from curvature perturbation field variable

Now, we are going to perform the similar computation when we express the normalisation
factor of OTOC in the classical limit written in terms of the scalar curvature perturbation
field variable:

1

(C(1)¢(m1)) s T (12) e (7)) (M.11)

¢ .
NClassical (T17 7—2) o=

for this we need to explicitly evaluate the denominator of the above mentioned expression.
Now, the product of the two thermal two point function written in terms of curvature
perturbation and its canonically conjugate momenta are evaluated as:

DfDII
<C(T1)C(Tl)>/3 = ZClassi(il(,B. 7_1) / ];’71' e_ﬁH(Tl) {C(X7 T1)7 C(XJ Tl)}PB ) (M12)

- - 1 DfDII
(A = o [ [ ZE22e ) TG 7). T )} - (M13)

where the thermal partition function for cosmology in the classical limit in terms of cur-
vature perturbation computed as:

2( . !
Z8 et (B3 Ti) = exp (— / 4’k In (2 sinh 2 (mfk‘(”))) V=12, (M.14)

where we define the time dependent energy dispersion relation in terms of the curvature
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perturbation variable as:

N (wf‘(”) (i dﬁ)) Gl

z(ri) dr? 7)) dm;

Fig(ri) + = [T(7)

= ‘Hf{(ﬂ‘)

Now we compute the Poission brackets as:

{C(X, 7—1)7 C(Xv 7-1)}PB - / égi{)l?’ / d3k2 eXp(i(kl + k2)'x> {Ckl (7—1)7 CkQ (T1>}PB

2
- #WW(O) exp (—Af|71]) (M.16)
{11 2. e ) = | éf) / é; exp(i(Ks + o) %) Ty (), ey (7)o
LS
= 67TTZ(TQ)W(O) exp (—Af|m2|) (M.17)

Then we have found the following expressions for the thermal two point functions:

(€ = Gy WO exp (<l (.18)
(e = Gy WO exp (<Agfml) (M 19)

This further implies that the connection between the two point thermal correlation func-
tions computed from the rescaled variable and curvature perturbation variable and their
conjugate momenta in the classical limit are given by:

(f(m)f(m))p = 22(11){¢(m)¢(m))s (M.20)
(()IL(72)) 5 = 2°(72) (¢ (72) I (72)) 5 - (M.21)

Consequently, the normalisation factor of OTOC in the classical limit for the curvature
perturbation variable can be computed as:

1

3 T1,T2) = = Z2 T1 Z2 T2 flassical T1,T2) . .
NClassical( ) <C(7—1)C(Tl)>ﬁ<HC(T2)HC(T2)>,3 ( ) ( )NC ( ) (M 22)
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N Thermal trace operation in terms of wave function of the uni-
verse in Cosmology

In this appendix, we explicitly mention about the trace operation which is appearing almost
everywhere in the definition of two-point, four-point OTOC and during the computation of
quantum partition function. To illustrate this operation in detail let us first consider two
operators O1 (1) and O,(73), which are separated in time scale. Here the trace operation
is defined as:

A A

Tr [esxp(— 1) [01(71),02(@)“(&): / AW, (W] exp(—BH) [04(n), Oufr)] [ W) . (N.1)

Here W, is the wave function of our universe in Cosmology which is define with respect
a-quantum vacuum state. Since the Hamiltonian under consideration do not have any
eigenstate discrete representation, to define the trace operation we actually have to trans-
form this in the continuous representation by incorporating the integral over the wave
function of the universe. We have explicitly mention this definition to avoid any further
confusion regarding the computation of the thermal trace over the micro-canonical statis-
tical ensemble of the universe.
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