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Abstract

The underlying physical concept of computing out-of-time-ordered correlation (OTOC) is a sig-
nificant new tool within the framework of quantum field theory, which now-a-days is treated as a
measure of random fluctuations. In this paper, by following the canonical quantization technique
we demonstrate a computational method to quantify the two different types of Cosmological
auto-correlated OTO functions during the epoch when the non-equilibrium features dominates
in Primordial Cosmology. In this formulation, two distinct dynamical time scales are involved to
define the quantum mechanical operators arising from cosmological perturbation scenario. We
have provided detailed explanation regarding the necessity of this new formalism to quantify any
random events generated from quantum fluctuations in Primordial Cosmology. We have per-
formed an elaborative computation for the two types of two-point and four-point auto-correlated
OTO functions in terms of the cosmological perturbation field variables and its canonically con-
jugate momenta to quantify random auto-correlations in the non-equilibrium regime. For both
the cases we found significantly distinguishable non-chaotic, but random behaviour in the OTO
auto-correlations, which was not pointed before in this type of studies. Finally, we have also
demonstrated the classical limiting behaviour of the mentioned two types of auto-correlated
OTOC functions from the thermally weighted phase space averaged Poisson Brackets, which we
found exactly matches with the large time limiting behaviour of the auto-correlations in the
super-horizon regime of the cosmological scalar mode fluctuation.
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1 Introduction

The underlying physical concept of out-of-time ordered correlation (OTOC) functions [1-9] within
the framework of quantum field theory is considered to be a very strong theoretical tool to describe
random phenomena in the quantum regime, particularly the phenomena of quantum chaos. This
concept was first introduced within the framework of superconductivity to explicitly compute the
vertex correction factor of current in ref. [10]. But for the last few years in the various contexts
of gravitational paradigm this computational tool have been frequently used to describe various
random-chaotic phenomena very successfully. One can physically interpret OTO functions as a
quantum analogue of the usual classical sensitivity against very small random fluctuations in the
initial conditions.

To describe this in a better way, let us consider two quantum operators in different time
scales, X1(t1), X1(t2), its canonically conjugate momenta IIx, (¢1) and Ilx, (t2), and using these
operators the auto-correlated OTOs are defined as:

Auto — Correlated OTOC,

Two — point function :

Yi(t, t2) = —([X1(t1), X1(t2)])p = _Z(ltl) Tr[exp (=BH (t1)) [X1(t1), X1(t2)]] » (1.1)
Four — point function :

Ci(ty, t2) = —([X1(t1), X1(t2)]*) 5 = Z(ltl) Tr |exp (—BH(t1)) [Xl(tl),Xl(tg)P] ; (1.2)
Auto — Correlated OTOC-
Two — point function :

Ya(t1,t2) := —([Ilx, (t1), ILx, (t2)])s = _Z(ltl) Trlexp (=BH(t1)) [Ix, (t1),Hx, (t2)]] . (1.3)
Four — point function :

Caftr,12) = = ([, (). Ty ()"} = =720 Tr [exp (BH(1) [ (). T (t2)] - (14

where the quantum partition function at finite temperature can be expressed as:

Quantum Partition function :

1 h
Z(t1) = Trlexp (—BH(t1))] where = T with kp =1, h= o = 1, (1.5)

T
where H(t1) is the Hamiltonian of the quantum system under consideration which is defined
at the time scale t;. Here in the quantum regime the effect of perturbation by the quantum
operators Iy, (t1) and IIx, (t2) on the measurement of the quantum operators X (t1) and X (t2)
on later time scales. In this theoretical construction we assume that the corresponding one-point
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functions are trivially vanish for both of the operators:

One — point function; :

(X3(02))5 = 775 lexp (BH (1)) X (12)] =0 (16)

(182005 = 755 T lexp (~H (12)) X1 (t2)] =0 (17)
One — point functions :

(T ()} = 75T lesp (<3 (1)) T, (1)) = 0, (1)

(T (1) = 5775 fexp (~H (12)) T (12)] =0 (19)

The huge applicability of OTOC as a strong theoretical probe of gravity dual theories in terms
of AdS/CFT [11, 12] has attracted a lot of attention recently in various works. Many such ex-
amples can be given that features the importance of the OTO functions in AdS/CFT [11, 12].
Particularly the study of shock waves [13-17] in black hole physics is one of the remarkable exam-
ples, which can be understood by various types of geometries within the framework of AdS/CFT.
Also it is important to note that, this particular study finally led to maximum saturation bound
on Lyapunov exponent in the quantum regime. In gravitational paradigm, this bound is explained
in terms of the well known red shift factor which is defined near the black hole event horizon
having a Hawking temperature. In this context, the Sachdev-Ye-Kitaev (SYK) model [18-52] is
the most famous example which explains the quantum mechanical features of 0 4+ 1 dimensional
Majorana fermions having inherent infinitely long disorder. From the past understanding from
various works it is a very well known fact that any gravitational paradigm having their own CFT
dual are described by the strongly coupled quantum field theories.

Now, we will point towards an unusual application of computing auto-correlations of OTO
function within the framework of Primordial Cosmology, which we have proposed in ref. [53] to
describe the cosmological cross-correlated OTO function. In Primordial Cosmology the most sig-
nificant quantity that we study are the N-point functions of the scalar-tensor metric fluctuations.
Here we consider the Friedmann-Lemaitre-Robertson-Walker (FLRW) spatially flat background
metric to describe our homogeneous, isotropic and expanding observed universe. Using this
metric cosmological perturbation theory can be studied to explain the origin of the mentioned
scalar-tensor fluctuations. These quantum fluctuations are very fundamental objects from which
one can compute all N-point functions in Primordial Cosmology [54-81]. Additionally, these
quantum fluctuations can be treated as a seed of cosmological perturbations to describe the for-
mation of galaxy and cluster formation at present day. Though these correlators are described in
a same time scale at the late time scale of our universe and describe the equilibrium configuration.

Then one can immediately ask about question regarding the possible options left to explore
the physics of primordial quantum fluctuations from the studies of these mentioned correlators:

e First possibility:

The first possibility is to include future observational aspects to verify various theoretical
proposals in cosmology. These theoretical proposals are appended below:
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Figure 1: Schematic diagram representing the different role of Cosmological OTOC within the
framework of Primordial Cosmology.

1. Primordial gravitational waves and tensor-to-scalar ratio [79, 82-98, 98—-112],
2. Primordial non-Gaussianity [54-81],

3. Spectral running and scale dependence in primordial power spectrum [86, 102, 113—
115],

4. New consistency relations [85, 87, 90, 116-118].

e Second possibility:

The second possibility is probing of new physics by including significant features in Pri-
mordial Cosmology. This can be done by incorporating the concept of out-of-equilibrium
in primordial Cosmological quantum correlation functions. Though before this work and
previous work done by us in ref. [53] it was not at all mentioned in the corresponding
literature to how to compute and finally quantify the cosmological correlators at out-of-
equilibrium. It is also not even clear that what exact quantity one need to compute to
give an estimations of these mentioned new correlators. After this work we are hopeful
that at least technically we have provided some correct estimation of these non-equilibrium
quantum correlators within the framework of primordial cosmology. Now to connect with
the real cosmological scenario let us mention about some aspects which are appearing in
the time line of our universe where one can implement the presented methodology:


https://doi.org/10.20944/preprints202102.0616.v2

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 30 March 2021

d0i:10.20944/preprints202102.0616.v2

. x T . : T
e (x1,72) % s e (x2,72) ¢(x1,72) C(x2,T2)
= T1 —T1
(e (x1, T2) e (X2, T2)) (C(x1, T2)C(x2,T2))
) 3 72 T2
TI¢ (%1, T2 “‘HC(XLTZ)I‘ T (x3, 72)" Hc(XmTE)’
. :
"‘ ‘I : 0’
. . ) "
’ ‘_ : ’0
“ -I : 0’
. . . R
* - L] -
“‘ K . o
% NI
x;.l;.‘

1
(e (x1, 72) ¢ (X2, T2) e (X3, 72) 1T (X4, T2))

71
(C(x1, 72)( (%2, 2)C (X3, T2)( (X4, T2))

Field and Momentum Auto-Correlated two and four point TO contributions in Cosmology

Figure 2: Diagrammatic representation of two-point & four-point time ordered auto-correlators
for the momentum and field within the framework of Primordial Cosmology.

1. Stochastic particle production during inflation [53, 119-123],
2. Warm Inflationary framework [124-126],
3. Reheating [127-131],

4. Stochastic inflationary framework [132-136],
5. Quantum quench [137-148] in Cosmology.

in fig. (1), we have shown a schematic diagram representing the different role of Cosmological
OTOC within the framework of Primordial Cosmology. Then further in fig. (2), we have shown

the diagrammatic representation of two-point & four-point time ordered auto-correlators for the
momentum and field. Next in fig. (3), we have shown the diagrammatic representation of two-

point OTO auto-correlators for the momentum and field within the framework of Primordial
Cosmology. Finally, in fig. (4) and fig. (5), we have shown the diagrammatic representation of

four-point OTO auto-correlators for the field and momentum within the framework of Primordial

Cosmology. Now, we mention the major highlights of our obtained results in this paper 2:

?Note: Except the small details presented for cosmological perturbation theory for scalar modes, the rest of
the computations presented in this paper is completely new. Though we have presented the detail in terms of
the massless, partially massless and massive scalar fields which is not commonly discussed in the cosmology text
book literature. Because of this reason the partial details of the computations are provided in the text portion of
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Figure 3: Diagrammatic representation of two-point OTO auto-correlators for the momentum

and field within the framework of Primordial Cosmology.

e Highlight I:
The computation method presented in this paper helps us to quantify the quantum auto-
correlations within the framework of Primordial Cosmology with random fluctuations.
In this article we have computed the expressions for the two-point and four-point auto-
correlated cosmological OTO functions in the quantum regime. These computed expres-
sions are completely new and the detailed discussions will be helpful to understand the

underlying physical problem that we have studied in this paper.

e Highlight II:
We have additionally studied the classical limits of the two-point and four-point auto-

correlated cosmological OTO functions in terms of the phase space thermal weighted average

of classical Poisson brackets. Most importantly this computation will provide the non-

standard random behaviour, which are perfectly consistent with the expectations from the
present scenario. Last but not the least this particular computation will be very helpful to
understand the super-horizon classical limiting behaviour of the computed auto-correlated

OTO functions.
the paper and the rest of the details are presented in the Appendices. We believe this will be helpful for general

readers.
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Figure 4: Diagrammatic representation of four-point OTO auto-correlators for the field within
the framework of Primordial Cosmology.

e Highlight III:
The late time behaviour of the four-point auto-correlated OTO functions helps us to study

the equilibrium feature of the quantum correlations which we have computed from the scalar
cosmological perturbations. Obviously the scalar cosmological perturbation and its related
stuffs upto quantizing the Hamiltonian is very well known, but rest of the computation
in this context are completely new. Though for better understanding purpose we have
provided a small portion of the cosmological perturbation with scalar modes before starting
the computation of two and four point auto-correlated OTO functions.

e Highlight IV:
We have provided the detailed computation of the normalized version of the four-point auto-

correlated cosmological OTO functions which we found that are completely independent
of the choice of the time dependent perturbation variable appearing in the cosmological
perturbation theory. To justify this statement we have used co-moving gauge for the sim-
plicity.

The plan of this paper are organized as follows:

e In the section (2), we discuss the formalism of computing the auto-correlated OTO func-
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Figure 5: Diagrammatic representation of four-point OTO auto-correlators for the momentum
within the framework of Primordial Cosmology.

tions in the context of Primordial Cosmology. This formalism is new which we have high-
lighted in this paper.

e In the section (3), we provide the detailed derivation of quantum two-point and four-point
auto-correlated OTO amplitudes and the related OTO function within the framework of
Primordial Cosmology. This is the new calculation that we have provided in this paper.

e In the section (4) and section (5), we present the numerical results from the quantum
two-point and four-point auto-correlated OTO functions and also discuss about its physical
interpretation. It is important to note that the numerical predictions obtained from the

mentioned computations are also new and provide a new direction in the framework of
Primordial Cosmology.

e In the section (6), we discuss the classical limit of the two-point and four-point OTO
amplitudes and the related implications in Cosmology. This is another new result we have
provided in this paper which gives us a better understanding of the super-horizon classical
limiting behaviour of the system under consideration.

e In the Appendix (A)-Appendix (J), we have provided the details of the computations
used in various sections of the paper. We believe this will help the general readers to
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understand the underlying physical problem that we have addressed in this paper.

2 Formulation of non-chaotic auto-correlated OTO functions in Primordial
Cosmology

2.1 Non-chaotic auto-correlated OTO functions

Let us consider two quantum mechanical operators X and Y which are defined at two different
time scalei.e. X(t), X(7) and Y (¢),Y (7). Then we will extract the information regarding the non-
chaotic but random quantum mechanical correlation functions using the prescription of OTOC.
In this context, the non-chaotic OTOC’s are defined in terms of these quantum operators as:

2 — point OTOC; : Yi(t, 1) :== —([X(¢), X (7)])3, (2.1)
2 — point OTOCy :  Ys(t,7) := —([Y(£),Y(7)])s, (2.2)
4 — point OTOC; :  Cy(t,7) := —([X(t), X (7)]*)5, (2.3)
4 — point OTOCz :  Cy(t,7) := —({[Y (1), Y (7)]*)4, (2.4)
where the thermal average of any operator is defined as:
1
Thermal average : (A(t))g := ETr [exp(—BH) A(t)], (2.5)
where the partition function of the system is defined as:
Partition function: Z = Tr[exp(—FH)]. (2.6)
Explicitly, in terms of thermal averaging one can further write:
1
2 — point OTOC; :  Yi(t,7) := fETr [exp(—BH) [X(t), X(7)]], (2.7)
1
2 — point OTOC; : Ya(t,7) := —ETr lexp(—BH) [Y(t),Y(7)]], (2.8)
1
4 — point OTOC; : Ci(t,7) := —ETr [exp(—ﬂH) [X(t),X(T)]2:| , (2.9)
1
4—point OTOC; :  Cyt,r) i= =Tt [exp(—ﬁH) [Y(t),Y(T)]Q] . (2.10)
One, can further write these contributions in terms of the thermal density matrix as:
2 — point OTOC; :  Yi(t,7) :=-Tr[p [X(¢),X(1)]], (2.11)
2 — point OTOCz :  Ya(t,7):=-Trlp [Y(¢),Y(7)]], (2.12)
4 — point OTOC; : Ci(t,7) := —Tr [p [X(t),X(T)]Q] , (2.13)
4 — point OTOC, :  Cy(t,7) := —Tr [p [Y(t),Y(T)ﬂ , (2.14)
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where in this context the thermal density matrix is defined as:

1
Thermal density matrix: p= ETr lexp(—GH)]|. (2.15)

Now, in the large time limit the thermal average of the following four point function can be
factorized as:

(X(MXOXHX(1))s = (X (1)X(7))s (X()X(t)g  + Olexp(—(t+7)/ta)) , (2.16)
—_—— —_——— -
2—point disconnected 2—point disconnected Sub-—leading contribution
(X(OX(T)X(1)X(1))s = (X(H)X(t))p (X(1)X(r))p  + Olexp(=(t+7)/ta)) , (2.17)
S——— N——— ~~
2—point disconnected 2-point disconnected Sub-leading contribution
YOYQY@)Y(r)s = Y)Y (1)s Y)Y (@) + Olexp(—(t+7)/ta)) , (2.18)
2—point disconnected 2-point disconnected Sub-—leading contribution
Y@OY@Y()Y)s =  YO)Y(@)s Y(n)Y())s + Olexp(=(t+7)/ta)) , (2.19)
—_——— —_————

Vv
2—point disconnected 2-—point disconnected Sub-—leading contribution

where the two-point disconnected thermal two-point correlators can be expressed as:

2 — point correlator; :  (X(£)X(t))s = —%Tr lexp(—BH) X(£)X (1)), (2.20)
2 — point correlatory :  (X(r)X(7))g = —%Tr lexp(—BH) X ()X ()], (2.21)
2 — point correlators : (Y (£)Y(t))g = —%Tr lexp(—BH) V()Y (1)], (2.22)
2 — point correlatory : (Y (7)Y (7)) = _%n« lexp(—BH) Y (7)Y (7)], (2.23)

where the time scale t; is identified as the dissipation or equilibrium time scale, which is given
by:

1
Dissipation/equilibrium time scale: t;~ = T with kg = 1. (2.24)

Here, T is the equilibrium temperature of the quantum mechanical system under consideration.
It is important to mention here that, the above mentioned four possible four point thermal
correlation function one can able to factorize into multiplication of two distinctive disconnected
two point contributions if one can wait for a large time scale. The factorization along with the
sub-leading decaying contribution is actually expected from our basic understanding of quantum
statistical field theory. When we give a response to a quantum system it goes to out-of-equilibrium
phase and the corresponding correlation function in quantum regime starts randomly fluctuating
with respect to the evolutionary time scale. During this initial time scale when the initial response
is provided in terms of the initial condition to the quantum system it is not possible to factorize
the present four possibilities of the four point out-of-time-ordered-correlation (OTOC) functions.
But if we wait for long enough time then it is expected that the quantum random fluctuations
achieve the thermodynamic equilibrium. During this time scale one can actually factorize these
four possible four point OTOCs in terms of the products of two disconnected two point functions
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and the sub-leading contribution actually decay with respect to the very late time scale with
a finite small saturation value. As a result, from this late time scale, t4, which is identified to
be dissipation time scale, will give the measure of the inverse temperature at thermodynamic
equilibrium.

On the other hand, ([X(t), X (7)]*)3 and ([Y (t), Y (7)]*)4, can be expressed in the long time

limit as:

Ci(t,7) = —{[X(8), X(7)])5 = ~(X (X ()X ()X (7)

)
Co(t,m) = —([Y (1), Y (N)]*)p = (Y ()Y (DY ()Y ()5 — (Y (Y ()Y (1)Y (£))5

HY (MY QY @)Y (7))s + (Y)Y ()Y (T)Y (t))s
=2{(Y (@)Y ()p(Y ()Y (7)) — RV ()Y (7)Y ()Y (7))s]}
—O(exp(—(t +7)/tq))- (2.26)

Now using these results considering the large time equilibrium behaviour one can further compute
the expressions for the normalized OTOCs in the present context, which are given by:

Calt,7) 2 {1 BEOXOXOX0)l)
(X)X (1))p(X(T)X(T))p (X ()X ()s(X(1)X(7))s
Leading contribution
O(exp(—(t +7)/ta))
(X ()X (2))p(X(r)X(7))s
Sub—leading decaying contribution
Colt,7) —2{i- ROV}
Y)Y ()Y (T)Y(7))s Y)Y (#))s(Y (T)Y(7))s
Leading contribution
O(exp(=(t +7)/ta))
Y)Y )Y (1)Y(7))5

Sub—leading decaying contribution

Ci(t,7) =

,(2.27)

Cl(t,T) =

.(2.28)

In this paper, our prime objective is to compute these leading order contributions in the con-
text of primordial cosmology, where we chose these two quantum operators as the perturbation
field operator and its canonically conjugate momentum operator as appearing in the context of
cosmological perturbation theory. To remind all of us again here it is important to note down
again that during the computation of OTOCs we will only consider the contributions from the
same quantum operators in cosmology but defined in two separated time scale. Here all of these
sub-leading contributions will give a correct understanding of the large time limiting behaviour
which helps to further comment on the equilibrium behaviour of the quantum correlation func-
tions and to estimate the temperature at thermodynamic equilibrium. In this paper we are
very very hopeful to get distinctive behaviour from the mentioned two OTOCs in the context of

10
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cosmology compared to the result obtained from the cosmological OTOC in our previous paper
[53]. Instead of getting a random chaotic behaviour we are very hopeful to describe a general
non-chaotic random behaviour out of the OTOCs that we are studying particularly in this pa-
per within the framework of primordial cosmology. Once we derive these mentioned OTOCs in
this paper then the study of all types of random fluctuations will be completed and we strongly
believe this complete study will be helpful to study various unexplored features of primordial
cosmology in the quantum out-of-equilibrium regime. In the next subsection we will talk about
the eigenstate representations of these new class of OTOCs which will be very relevant for the
computation of OTOCs in the context of quantum mechanical system which have the eigenstate
representation of the Hamiltonian explicitly.

2.2 Eigenstate representation of non-chaotic OTOC in quantum statistical mechan-
ics

In this subsection our prime objective is to give a simpler representation, which is known as the
eigenstate representation of the OTOC. This can only be possible if the quantum system under
consideration have eigenstates i.e. the system Hamiltonian have eigenstates. We will explicitly
show from a general calculation that how one can express the complicated definitions of OTOCs
mentioned in earlier section in a very simpler language. This representation of OTOCs are very
useful for the computational purpose as it allows us separately take care of the contributions
coming from the micro-canonical part of the OTOCs and the thermal Boltzmann factor, where
both of them are the building blocks of the total contribution appearing in the OTOCs in the
eigenstate representation. Once we compute both of these building blocks separately one can get
to know the full information regarding the the quantum randomness which are appearing in the
expressions for the total thermal OTOCs from a quantum mechanical system. Not only that,
but also in the eigenstate representations of the OTOCs the total expressions are computed after
taking over sum over all the individual contributions obtained from all possible eigenstates. In
this connection, it is important to note down here that the from the final answers of the OTOCs
one can actually categorize all classes of available quantum mechanical systems into two families
which we are discussing in detail in the following:

1. First family of quantum systems:

First family of quantum mechanical systems deal with only the micro-canonical part of
the OTOCs. Because, after taking the sum over all possible contributions from the eigen-
states one can find out that for these class of quantum systems the cumulative contribution
actually gives the expression for the thermal partition function for the class of quantum
systems which will further cancels with the expression for the thermal partition function
which is appearing in the denominator of these OTOCs to make the consistency with the
definition of thermal average of any quantum mechanical operator at finite temperature
over all possible eigenstates of the Hamiltonian of the system. This makes the final ex-
pression for OTOCs completely dependent on the micro-canonical part of the OTOCs after
taking sum over all eigenstate contribution. One of the well known examples of these class
of models are the Quantum Harmonic Oscillator (QHO) which can be solely represented by
the contributions from the micro-canonical part after summing over all possible eigenstates

11
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of the Hamiltonian of the QHO. In this connection here it is important to note that, at the
perturbation level, cosmology with a free massive scalar field theory in a FLRW space-time
can be represented as a Quantum Parametric Oscillator with a time dependent frequency
in the Fourier space, but instead of having a harmonic oscillator type of representation
within the framework of quantum mechanical framework of cosmology we don’t have any
eigenstate 2. Instead of having a eigenstate in the context of cosmology one can define
wave function of the universe and instead of having a discrete eigen energy spectrum in
the context of cosmology we can find a continuous time dependent momentum integrated
spectrum over all Fourier modes.

2. Second family of quantum systems:

Second family of the quantum systems are those in which these defined OTOCs are quanti-
fied by the Boltzmann part as well as the micro-canonical part. Also after summing over all
possible quantum states and implementing the definition of the thermal average of a quan-
tum operator one can find out the final result is dependent on the inverse of the temperature,
which can take care of the behaviour of the OTOCs when it reaches the thermodynamic
equilibrium after waiting for large enough time in the late time scale and particularly this
feature is completely absent in the context of the first family of the quantum mechanical
systems. One of the simplest example of this class of models are particle in one dimensional
potential. Like just the previous class here also at the perturbation level cosmology with
a self interacting scalar field or considering the interaction between different scalar fields
in a FLRW background one can represent the total theory by a perturbation in the single
Quantum Parametric Oscillator with a time dependent frequency in the Fourier space for
the self interacting case. But instead of having a very simple perturbation theory of har-
monic oscillator within the framework of quantum mechanical framework of cosmology we
have very complicated version because of the absence of eigenstate 4.

Now we will discuss in detail the construction of eigenstate representation of non-chaotic OTOCs
in which we are in this paper. To elaborate the computation in the eigenstate representation
we will talk about two canonically conjugate quantum mechanical operators in two two different
times scales t and 7 i.e. ¢(t),q(7) and p(t), p(7) respectively. As we have already pointed and
elaborately have discussed in the previous section that once we consider the OTOCs between
same quantum mechanical operators in different time scale it is expected to have these classes
of OTOCs which will quantify the quantum fluctuations in terms of general non-chaotic random

3We all know that our universe evolved with respect to the time scale once. So if we want to explain the back-
ground framework of primordial cosmology in the quantum regime then the Euclidean vacuum state or the Bunch
Davies vacuum state or the more generalized De Sitter isommetric a-vacua cannot be treated as the eigenstate
of the quantum Hamiltonian of parametric harmonic oscillator in the Fourier space representation as we cannot
repeat the evolution of our universe. So that time dependent Fourier mode integrated continuous function of
energy cannot be treated as the eigen energy spectrum as appearing in the present context, where eigenstate of
the Hamiltonian play significant role to determine the expression for OTOCs.

4By applying the general perturbation technique one can actually able to compute the correction in the energy
eigen spectrum if the Hamiltonian of the quantum system have the eigenstate representation. In this connection one
needs to cite the example of simple harmonic oscillator again where one can analytically compute these corrections
very easily and most of us have studied this from all quantum mechanics books exist in the literature. On the other
hand, in the self interacting picture or for the case of the interaction between many scalar field case in the spatially
flat FLRW cosmological background computation of the quantum correction factors are extremely complicated.

12
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correlation functions within the framework of quantum statistical mechanics. We will further
generalize this idea to compute the cosmological OTOCs in the later part of this paper, though
in the context of quantum field theory of cosmology we don’t have any eigenstate representation.

In this context we are interested to compute the expressions for the following quantities, which
are given by:

2 — point OTOC; : Yi(¢,7) == —([q(t), q(7)])s, (2.29)
2 — point OTOCy : Ys(t,7) := —([p(t),p(7)]) 8, (2.30)
4 — point OTOC; : Ci(t,7) := —{[q(t), ¢(7)]*)5, (2.31)
4 — point OTOCs :  Ca(t,7) := —([p(t), p(7)]*) s, (2.32)

_ boint norm e () Ci(t,7) _ {la®),a(m))s
* o pomt OTOC Al T = @ s - a@a®)stamamy C
oint norm. OTO 2 e Co(t, 7) _ (@), p(0))s
b opomt OTOC: Gl )= (p®)p(1)s{p(T)p(7))s (p(t)p(t)>5<p(7)p(r)>6’(2'34)

where, 8 = 1/T (in kg = 1) is the equilibrium temperature of the quantum mechanical system
under consideration for the present study and it is expected that the system will achieve ther-
modynamic equilibrium if we wait for a very longer time in the evolutionary time scales t and 7
under consideration for this problem.

Next, we consider energy eigenstate |n) of the system time independent Hamiltonian H, which
satisfy the following time independent Schrdinger equation:

H|n) = E,|n) V n=0,1,2,---- 00, (2.35)

where F,, represent the energy eigen values associated with the eigen energy state |n). Using this
eigenstate representation one can further write the expressions for these classes of OTOCs in the
following simpler language:

Yi(t, ) Z(lﬁ Zexp —BE,) EW(t, 1), (2.36)
Ya(t, 7) Z(lﬂ iexp (—BE,) £2)(t, 7), (2.37)
i ( Zgﬁiexp _BE,) DV (¢, 1), (2.38)
Cy(t,7) Z(lﬂ iexp —BE,) D?(t,7), (2.39)

where the time dependent diagonal matrix element representing the micro-canonical part of the

13
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OTOCs are given by the following expressions:

eV (t,7) = —(nl[a(t), a(r)] In), (2.40)
D (t,7) = —{nl [p(t), p(7)] In), (2.41)
DI(t,7) = —(nl [a(t), a(7)]* |n), (2.42)
DR (t,7) == —(n| [p(t), p())* |n) (2.43)

Also, in the normalised representation the above mentioned 4-point OTOCs further can be recast
as:

Ci(t,7) = M Zexp _BE,) DW(t,7), (2.44)

1 Z exp(—BE,) DY (t,7), (2.45)

G = 20 M) 2

where the time dependent normalization factors Nj(¢,7) and Na(¢,7) are defined as:

Ni(t,7): = q(t))pla(r
= Z2 Zexp —BE;) (jla(t)q(t)]7) (Z exp(—BEn) (mlq()q(r )|m>>, (2.46)
Jj=0 m=0
No(t,7) : = t)>ﬁ<p

= ZGXP ) (lp®)p(E)15) (Z exp(—SEmn) <mlp(7)p(7)|m>> - (247)

7=0 m=0

In the present context, in the eigenstate representation of the time independent Hamiltonian of
the system under consideration the partition function is defined by the following expression:

= Zexp(—ﬁEi). (2.48)

The above mentioned results actually represent the eigenstate representation of OTOCs which
can be decomposed into two important parts-(1) one part take care of the temperature depen-
dence through the thermal Boltzmann factor and (2) another part will capture the temperature
independent but time dependent contribution of the micro-canonical statistical ensemble average
computed for any arbitrary n-th eigenstate and after getting the contribution for the this any n-
th eigenstate we have to take sum over all possible eigenstates including thee thermal Boltzmann
factor. For this purpose we take all values of the number n, which actually runs from 0 to co and
at the end of the day one can explicitly compute the useful eigenstate simplified representation
of the previously mentioned non-chaotic class of OTOCs in the present context.

Now to further simplify the expressions for the two different types of micro-canonical OTOCs,
represented by, Dg)(t, 7) and DY (t,7), it would be very simpler if we can able to express them
in terms of the matrix elements of the two canonically conjugate quantum mechanical operators

14
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defined in the two separate time scales ¢ and 7 i.e. ¢(t),q(7) and p(t), p(7), respectively, where
these matrix elements are explicitly computed by sandwiching between the any n-th arbitrary
eigen states. To implement this simplest computational strategy we need to explicitly use the
following quantum completeness condition which can be written in terms of the energy eigenstates
as:

o0
Completeness condition : Z |n)(n| =L (2.49)

As a consequence, the micro-canonical part of the 4-point OTOCs can be expressed in terms of
the required matrix elements as:

oo

;
DOt 7) 1= —(nl la(t), (7)) = 3 Gt ) (90 T) (2.50)
m=0
e T
DR, 7) 1= —(nl p(),p(] In) = 3 Gt 7) (928 7)) (2.51)
m=0
where the individual time dependent matrix elements, g,%(t, 7) and Q,(g%(t, T), can be expressed
as:
GOt 7) == i(n| [q(t), q(7)] Im), (2.52)
G (t,7) == i(n| [p(t), p(7)] Im). (2.53)

Now we take the Hermitian conjugate of both of these matrix elements, which are given by the
following expressions:

(680" = ~itnl a(e). (7)) Im)" = —im|[a(0), a(r))! I = G0 7), (254)
(620.7)" = —ilal p(e). ()] pm) = —iCm| [p(t). ()] ) = G2t 7). (255)

where we have used the following facts:

Consequently, the micro-canonical part of the 4-point OTOCs can be further simplified as:

DV (t,7) := —(n]| [q(t), Z G\ (t, 1), (2.58)

DY (t,7) = —(nl [p(t),p = Gt TGt 7). (2.59)

m=0

Now, further in the quantum mechanical operator representation the time dependence of the
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operators ¢(t),q(7) and p(t), p(T) can be expressed in the Heisenberg picture as:

q(t) := exp(iHt)q(0) exp(—iHt), (2.60)
q(7) == exp(iHT7)q(0) exp(—iHT), (2.61)
p(t) := exp(iHt)p(0) exp(—iHt), (2.62)
p(7) = exp(iHT)p(0) exp(—iHT). (2.63)

Using this representation the coefficients and the matrix elements as appearing in the expressions
for the micro-canonical part of the two-point and four-point OTOCs can be further computed as:

EN(t.7) = i(n|la(t),q(7)] n) =2 2 SIN(AEpn(t = 7)) 4nk(0)gin (0), (2.64)
ED(t.7) = i(n|la(t),q(7)] n) = 2 ki) SIN(AEgn (t = 7)) Pak(0)pra(0), (2.65)
Gan(t,7) = i(n| [p(t), p(7)] [m) = Zg) [exp(IAEn(t — 7)) — exp(iAEm(t = 7))] nk(0)@rm (0),  (2.66)
Gam(t:7) = i(n] [p(t), p(7)] Im) = Zki) [exp(iAEw(t — 7)) — exp(iAErm(t = 7))] puk(0)prm(0).  (2.67)

where, we define AE,,,, ¢mn(0) and pp,,(0) by the following simplified notations:

AEpy = Ep — En, (2.68)
@mn(0) = (m|q(0)[n), (2.69)
Pmn(0) = (m|p(0)|n). (2.70)

Also for this simplification we have used the completeness condition explicitly. Additionally,
it is important to note that here we have considered a N particle (many body) non-interacting
Hamiltonian to describe a quantum mechanical system in the present context, which is represented
by the following expression:

N
H(pi,- - ,pN;q1,- -+ s qN) =

a=1

P2
2me,

+U(q1,- - ,qn)- (2.71)

Now for the simplicity of the further computation we assume that each IV particle have the same
mass, which is given by:

ma:% vV a=1,2,---,N. (2.72)

Consequently, for this simplest physical situation the N particle Hamiltonian can be further
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simplified as:

N
H(plv"' yPN3q1, 7qN) = sz—i_U(qlv 7qN) (273)
a=1

Using this many body N particle simplest but general form of the Hamiltonian one can further
simplify the required matrix elements as given by the following expressions:

EN(t,m) = —(nllg(t),q(7)] In) = 2iki)sin(AEkn(t = 7)) ¢nk(0)qin(0), (2.74)
ED(t,m) = —(n|lg(t),q(7)] In) = ;éSiH(AEnk(t — 7)) AEnkAEkn ¢uk(0)qin(0), (2.75)
G (t,T) = zki) [exp(iAE,(t — 7)) — exp(iAEgm (t — 7))] ¢uk(0)gem(0), (2.76)
Ga(t,7) = —2 go [exp(iAEp(t — 7)) — exp(iAEm(t — 7))] AEmsAEgm gni(0)qem(0),  (2.77)

where we have explicitly used the following information to convert the matrix elements for canon-
ically conjugate momentum defined at time ¢ = 0 to the matrix elements for the position operator
defined at the same time:

P (0) = {nlp(0) ) = & (n] [H(0), 4(0)]|m) = £ AFrmgim (0). (279)

Consequently, the micro-canonical part of the OTOCs can be further simplified as:

EVN(t, 1) =20 sin(AEpn(t — 7)) ¢n(0)qen (0), (2.79)
k=0

gr(LQ) (t7 7-) = % Z Sin(AEnk(t - T)) Enk‘Ekn an(O)an(O), (280)
k=0
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[o o e elNe o]

DT(ZI) (t, 7') = Z Z Z ank (O)ka(O)Qms (O)QSTL(O)

m=0 k=0 s=0
X [exp(iA By (t — 7)) — exp(i Epn (t — 7))] [exp(iA Egp (t = 7)) — exp(iA By (t — 7))]

[ N e ol o]

— Z Z Z nk (O)ka(O)Qms (O)QSn(O)

m=0 k=0 s=0
x [exp(iA/EZ;n(t — 7)) + exp(iA Epyms (t — 7))
— exp(iAA Bgnon(t = 7)) = exp(iA Epgons (t = 7)) (2.81)

[ o e el o]

1
D£L2) (t, T) = T6 Z Z Z dnk (O)ka(O)Qms (O)QSn(O) EnkEkmEmsEsn
m=0 k=0 s=0

X [exp(iAE,,(t — 7)) — exp(iAEgy(t — 7))] [exp(iAEsp(t — 7)) — exp(iAEns(t — 7))]
_ %6 333 0k (000 (0)ins (0)gn (0) A Bk A Epy ABo A,y
m=0 k=0 s=0

—_—~—

x [exp(éAEnksn(t — 7)) + exp(iAEmms (t — 7))
— exp(iA Egnon(t = 7)) = exp(iA Eppons (t = 7)), (2.82)
where we have introduced a few new quantities, which are given by the following expressions:

AEpon = ABui + AEy, = By — By + B, — By, = B — Ey = ABy, (2.83)
AEBpmms = AEjn + ABps = By — By + Eyy — By = B, — By = —AEg,  (2.84)
AEpmsn = AEpm + AEg, = Ey — Epy + Es — Ey, (2.85)
AEpims = AEp, + AEpg = Ey — By + By — B, (2.86)

which further give rise to the following properties:

AEpmms = ~AEen, (2.87)
AEpims = —AEjman. (2.88)

Consequently, using the Figenstate representation one can write the expressions for the non-
chaotic OTOCs as:

Vit,7) = 37 exp(=BEn) sin(AEn(t — 7)) quk(0)en(0) | (2.89)
Z eXp(—ﬁEi) n=0 k=0
1=0

Y2(t7 7-) = % ! Z Z eXp(_BEn) Sin(AEnk(t - 7-)) AEnkAEkn an(O)an(O) 7(290)

2 Z exp(—BE;) "=0k=0
=0
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[© S 2ENe olNNe S EENe o]

Cq (t,T) = Z Z Z ZCXP BE an( )ka(O)Qms(O)QSn(O)
Zexp ﬁEz)m 0 k=0 s=0 n=0

1=0

con ({5 BB () Sm<{Ek_W}<t_T>), s

oo 0 0 0

1
Ca(t,7) = — > exp(—BEn) quk(0)grm(0)gms (0)gsn (0)
4ZeXp(—5Ei) m=0 k=0 s=0 n=0
i=0
E, + En, : E, + En,
X AE ;A Em A FEms AEs, sin <{E — (+2)} (t — T)> sin ({Ek - (J;)} (t — T))
(2.92)
To compute the normalization factors the following matrix elements play significant role:
(jla(t) Z q;1(0)qi; (0 (2.93)
<m‘q Z er %’m (2.94)
(Jlp(t) Zp]k )i (0) = = ZAEjkAEkj 4;1(0)g;1(0), (2.95)
k=0

1 [e.e]
< |p mez sz = _1 Z;AEmZAEzm sz(o)%m(o) (296)

1=

and using these results the normalization factors N; and Ny are computed as:

Z exp(— E' + En)) qjl(o)qU (0)gmr(0)grm (0)
N = 0 1=0 m=0r=0 _ 7 (2.97)

(Z exp(—ﬁEﬁ)
i=0

exp(—B(Ej + En)) AEjRAER AEmiAEin ¢5(0)q%(0)¢mi(0)gim (0)
N, = 1=0h=0m=0i=0 . (2.98)

o 2
16 <Z exp(—ﬁEi))

1=0

k)

(o o JNe olNe S B¢ 9]

Consequently, using the Eigenstate representation one can write the expressions for the non-
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chaotic normalised four-point OTOCs as:

4

(Z > Z Zexp En)) qﬂ<0>qu<0)qmr<o>qrm<o>)

X Z ZZZZQ E +E )) an(O)ka(O)Qms(O)QSn(O)

X sin {E _ (Bn J;E )}(t—7)> sin <{Ek — (E"J;E’")}(t—f)) (2.99)
4

Ci(t,7) =

8
8

(. Z . exp(=B(E; + Ep)) EjpEyjEmiEim ij(O)ij(O)Qmi(O)Qim(0)>

X Z Z Z eXp(_/B(En + ET’)) an(o)qkm(O)Qms(O)QSn(O) EnkBymEmsEon
m=0 k=0 s=0 n=0 r=0

W AE, ; AEjm AE,AEs, sin <{E _ (B J; Em) } (t T)> sin ({Ek _ (Bn J; Em) } (t — T)>.

(2.100)

Finally, the normalised four-point non chaotic correlators can be further computed as:

< SONSTSTS o (BB + Er)) a0 (0)a1in(0)ms (0)gsn (0)

con ({m.- BB} (- Et Bl )

2

(2 YN exp(—B(E) + En)) EjkExjEmiEim qjk(0>qjk<o>qmi<o>qim<o>)

=0 k=0 m=0 i=0

3
3

X Z Z Z Z Z eXp E + ET)) dnk (O)ka(o)qms (O)QSH(O) EnkEkmEmsEsn

m=0 k=0 s=0 n=0 r=0
XAEp: AEpmAE,s AE, sin ({E _ (B J; Em) } (t - T)) sin ({Ek _ (B J; Em) } (t — r)>.

(2.102)
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There exists a lot of integrable and non integrable models in the context of quantum statistical
mechanics which can be written in terms of its eigenstate basis. For these class of models using
the above mentioned general results one can able to compute the expressions for the desired
non-chaotic OTOCs as well the normalised four-point functions in the simplest eigenstate repre-
sentation of the Hamiltonian of the system under consideration. We will not explicitly compute
any result for a specific quantum model in this section as our prime objective is compute the
expressions for the non-chaotic OTOCs and the associated normalised four-point functions in
the context of quantum field theory of curved space-time, particularly for spatially flat FLRW
cosmological background space-time where the eigenstate formalism of representing OTOC is
not applicable any more. Few more things here we have to point for our understanding purpose
of the derived correlators in the eigenstate representation. It is important to note that, the
magnitudes or the amplitudes of the desired micro-canonical part of the two-point functions in
the present context varying sinusoidally with both the time scale associated with any quantum
mechanical system under consideration in its eigenstate representation. Further once we include
the contribution from the thermal Boltzmann factor and take a sum over all eigenstates of the
Hamiltonian of the quantum mechanical system we get an overall exponential fall in the ampli-
tude of the two-point function. It is expected from these expression that at very low temperature
the fall in the amplitude is very large. On the contrary, at very high temperature the suppression
in the Boltzmann factor and consequently in the overall amplitude of the two-point function will
be small. We can see that all of these expressions for the canonical two point functions explicitly
dependent on the information of the particular quantum mechanical system under consideration
through the matrix elements of the canonically conjugate variable ¢ at time scale t =0 and 7 = 0
and the difference in the energy levels of the eigenstates. Both of these contributions are time
and equilibrium temperature independent. So this implies that the overall behaviour of these two
point OTOCs are controlled by the canonical thermal Boltzmann factor and the micro-canonical
time dependent correlation functions. So it is expected that the overall cumulative contribution
of the amplitude of the two-point function show decaying sinusoidal oscillating behaviour with
respect to the time scales under considerations for this study. Now we will comment on the overall
behaviour of the four-point functions. Like previously mentioned for the two-point function case,
in the present context also we can interpret the overall amplitude of the un-normalized OTOCs
are made up of two important contributions. These are the canonical thermal Boltzmann factor
and the micro-canonical part of these four-point of the correlators which are appearing from the
square of the commutator bracket. From the derived expressions for the desired four-point un-
normalized OTOCSs one can express the micro-canonical part of the quantum correlation function
in terms of the product of two sine functions with different frequencies along with the contribu-
tions from the matrix elements of the canonical quantum operator ¢ and its conjugate momentum
operator p at the time scales, t = 0 and 7 = 0. If we look into closely to the expressions then
one can find that the overall amplitude of the un-normalized four-point OTOCs will be decaying
due to the presence of the time independent exponential thermal Boltzmann factor and rest of
the contribution is oscillatory and time dependent. This particular generic time dependent part
pointing towards the fact that these pair of four-point OTOCs in which we are interested in this
paper will not contribute to describe the phenomena of quantum mechanical chaos as these corre-
lators give oscillatory decaying amplitude which will never be negative. However, once we include
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the contribution from normalization factor we get a non-chaotic random fluctuating dissipating
behaviour from the normalized four-point OTOCs.

2.3 Constructing non-chaotic OTOC in Cosmology

For (3 4+ 1) dimensional spatially flat FLRW space time the infinitesimal line element in the
conformally flat coordinate is described by:

Spatially flat FLRW cosmological metric: ds® = a*(7) (—d7? + dx?). (2.103)

Here, a(7) is the overall conformal factor which is actually playing the role of scale factor in
conformal coordinate system. Here we have introduced the concept of conformal time which can
be expressed for different patches of the FLRW universe as:

1
- De Sitter
. / A 3(?1(7) ) N . (2.104)
a(t) Wreh Ut+3wren) . '
— la(7 2 ,  where 0 < w,., < - Reheatin
(1 3w, A7) = treh =3 &
where the scale factor in the conformal coordinate can be expressed as:
1 .
- De Sitter
_ ] ar 2 2.105
o) =3 (1 Buyen) ] T 1 e
-7 where 0 < wpep, < = Reheating
3(1 + Wyen) 3

2.3.1 For massless scalar field

For massless case the scalar field action in spatially flat FLRW background can be written in the
conformal coordinate as:

S = / dz V=g (06)® = / dr d*x a*(7) [(0:0(x.7)° ~ Bo(x.7)?].  (2106)

from which one can further compute the Hamiltonian for the massless scalar field in spatially flat
FLRW background using conformal coordinate as:

a*(r)

H(T) —/d3x [2(121(7_)1_[2(&7')4— 5 (6i¢(x,7))2] where II(x,7) = 0-¢(x, 7). (2.107)

In this case the non-chaotic OTOC’s for the massless case are given by:

2 — point OTOC; :  Yi(t,7) = —([6(t), ()]s, (2.108)
2 — point OTOC2: Ya(t,7) = ([1:[ (t), TI( T)})fg, (2.109)
4 — point OTOC; : Ci(t,7) = — <[ (&), 6 > (2.110)
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([f1). 1]
(TLOT(0)5 (7)1 (7)) 5

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

4 — point OTOCy : Ca(t,7) = —

(2.111)

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

Field perturbation: ¢(x,7)= o(7) + do(x,T) (2.112)
~—~— ~——
Background field in FLRW  Perturbation in FLRW

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

H(7)

Perturbation variable : ((x,7) = — TaN S (x,t) . (2.113)
——
( dr > Perturbation in FLRW
~—_———

Background contribution

At the level of first order perturbation theory in a spatially flat FLRW background metricwe
fix the following gauge constraints:

Sd(x,7) =0, gij(x,7) = a*(7) [(1 4+ 2¢(x,7)) dij + hij(x,7)], Oihij(x,7) = 0 = hi(x,7). (2.114)

which fix the space-time re-parametrization in FLRW spatially flat background. In this gauge,
the spatial curvature of constant hyper-surface vanishes, which implies curvature perturbation
variable is conserved outside the horizon.

Applying the ADM formalism one can further compute the second order perturbed action for
scalar modes can be expressed by the following action after gauge fixing:

H2 dr

Overall time dependent factor

S = % / dr d*x @(7) (‘w’(”)Q [(aTg(x,T))Z —0i¢(x, 7)) . (2.115)

/

Perturbed kinetic term in first order

Now we introduce a new variable in cosmological perturbation theory, which is known as Mukhanov
Sasaki variable:
a(7) do(7)

Mukhanov Sasaki variable : f(x,7) = z(7){(x,7), with z(r) = U dr
-

(2.116)

where, H = dlna(7)/dr is the Hubble parameter in the conformal coordinate. Here this new
perturbation field variable serves the purpose of field redefinition in this context. 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)*] . (2.117)

S = ;/ dr d’x [<0Tf<x, 7))’ = (0 f(x,7))° +

Now we transform this problem in Fourier space by making use of the following Fourier transform
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on the rescaled field variable:

d’k
Fourier transformation in momentum space: f(x,7) = / Wfk(T) exp(ik.x) , (2.118)
T

using which the action expressed in coordinate space can be recast in the momentum space as:

1
Action for parametric oscillator : S = 5 /dT Bk | 0-fi(™))? —w2 () (D], (2.119)

Kinetic term Potential term

where we define the effective frequency wy(7) as:

Effective frequency : Wi (1) = k2 +m2g(r) with m2g(r) = ——— . (2.120)

Here, meg(7) represents the conformal time dependent effective mass parameter which is appear-
ing due to the cosmological perturbation of the cosmological spatially flat FLRW metric in the
first order and correspondingly the second order contribution in the action for scalar curvature
perturbation. Now one can further compute the expression for this time dependent effective mass
parameter for different cosmological epochs as:

2
-= De Sitter
2 2 1 T
m2p(r) = ——— 2D _ 2 —5) _ (2.121)
z(r) dr? 72 2(3wyep — 1) 1

1
—,0 < wyen, < - Reheati
(1F w2 72— e = 3 OIS

Consequently, the Hamiltonian can be expressed in Fourier transformed space as:

Fourier transformed Hamiltonian density = Hy (1)

1= [ SR+ SR @IADP] L where Th(r) = 8- fir)  (2122)

Kinetic term Potential term

where, the perturbed field satisfy the constraint, f_x(7) = ff;(T) = fu(7).
Now, in terms of scalar curvature perturbation variable the following interesting OTOCs can
be computed explicitly:

2 — point OTOC : Y (1, 72) = —([¢(11), ¢(12)]) s, (2.123)
2 — point OTOC :  Y§ (71, 7) = —([l¢(11), e (72)]) 5, (2.124)
([¢(r1), ¢(m2)]D)g
(C(11)¢(m1))5(C(m2)C(T2))
([T (1), (7)) 5
e (1) (7)) g (M (12) e (72)) 5

4 —point OTOC: Ci(m,m) = — (2.125)

4 —point OTOC: C5(m,7) = - (2.126)
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Similarly, in terms of rescaled perturbation variable the OTOCs can be recast in the following

forms:
2 — point OTOC :  Y{ (11, m) = —([f (1), f(72)]) s, (2.127)
2 — point OTOC : Yy (11,72) = —([II;(11), I (72)]) 5, (2.128)
_ voin Y N P GV (G WY
4 point OTOC: G (mm) = =150 Fr )l f () F ()5 (2128)
([T (1), T (72)]%) 5

4 — point OTOC : Cl(r,m) = - (2.130)

For both the cases we use a vacua and Bunch Davies vacuum as quantum vacuum state.

2.3.2 For partially massless scalar field

For partially massless case the scalar field action in spatially flat FLRW background can be
written in the conformal coordinate as:

5= [ e v=g [0 - (ctof

= % / dr d*x a*(7) [(M(x, )2 — (Bip(x,7))* - (cms(xm))ﬂ, (2.131)

and the corresponding Hamiltonian can be expressed in the conformal coordinate as:

a*(7)
2

H(T):/d?’x[ Lk, r) +

2a2(7) {(&d)(x, 7')2 + 02H2¢2(X, 7')}} where II(x,7) = 0, ¢(x, 7).

(2.132)
In this specific scenario, the conformal time dependent effect mass parameter for the partially
massless scalar field in spatially flat FLRW cosmological background can be expressed as:

1 .
1 d%(r) (1/2 _ ;) (62 — 2) = where ¢ > V2  De Sitter

2 i T
meg(T) = — = - = 7 (2.133)
z(r) dr? 7 %%, 0 < Wyep, < % Reheating
Wreh )" T

Since the expression for the conformal time dependent effective mass parameter explicitly ap-
pearing in the expression for the effective conformal time dependent frequency parameter the
rest of the computations will be automatically modified accordingly. Further using previously
defined four set of OTOCs in the previous case here also one can compute the expression for the
non-chaotic sets of quantum mechanical correlators.

2.3.3 For massive scalar field

For partially massless case the scalar field action in spatially flat FLRW background can be
written in the conformal coordinate as:

s=— [do v=g [0 mie?] = [ dr dx a(r) [(0r00x)) — (Buotx7))? - P xim)]
(2.134)
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and the corresponding Hamiltonian can be expressed in the conformal coordinate as:

a*(7)
2

H(T):/d3x [ ! T (x, 7) +

2a2(7) {(&qb(x, 7')2 + mégﬂﬂ(x, T)}:| where II(x,7) = 0;¢(x,7).

(2.135)

In this specific scenario, the conformal time dependent effect mass parameter for the partially
massless scalar field in spatially flat FLRW cosmological background can be expressed as:

" ! > H De Sitt
me(r) = — 1 dz(7) _ (v* - 1) _ H? -2 e € o1 eIE2 136)
eff z(t) dr? 72 2(Bwyen, — 1) 1 )

(1+ 3uop)? ok 0 < wpep, < % Reheating

This expression will contribute to the effective conformal time dependent frequency parameter
and consequently the rest of the computations will be automatically modified accordingly. Further
using previously defined four set of OTOCs here also one can compute the expression for the non-
chaotic sets of quantum mechanical correlators in the context of massive scalar field. There might
be another possibility to have a conformal time dependent profile for the massive scalar field in
the spatially flat FLRW geometrical background in the context of cosmology. Now it is important
to note that, it is not necessarily to include such time dependence explicitly in the mass profile of
the heavy scalar field. But if we consider this possibility then it is possible to explore many more
unexplored areas of theoretical physics and its underlying connection with primordial aspects of
cosmology. One can establish a connection with condensed matter physics, quantum aspects of
statistical mechanics and quantum entanglement, violation of Bell’s inequality and the generation
of long range quantum mechanical correlation appearing in the context of quantum information
aspects of cosmology. This possibility is out of our scope of study at present in this paper. For
this reason we will only look into the massive field mg > H, using which we will explore few
other features, which is also show some new direction in the context of quantum field theory of
curved space-time, particularly in the context of spatially flat FLRW cosmology, which is quite
consistent with the observational aspects as well. Using the present set up our objective is to
explore the behaviour of the quantum correlation functions in the out-of-equilibrium regime of the
quantum field theory of primordial cosmology appearing in the early time scale of the evolution
of our universe. Not only we will restrict ourself to describe the out-of equilibrium feature in the
early time scale of our universe, but also using the present computation and methodology we will
probe the late large time equilibrium features of the mentioned quantum correlation functions
in the context of primordial cosmology. By studying the conformal time dependent behaviour
of these two sets of OTOCs we can surely study the quantum mechanical random fluctuating
behaviour of cosmological correlators starting from a very early time to the late time scale of our
universe. Using this methodology one can further quantify the quantum correlation function in
the context of reheating epoch as well as for the stochastic particle production during the epoch
of inflationary paradigm, where in both the cases the phenomena of out-of-equilibrium physics
play significant role at the very early time scale. on the other hand, at very late time scale of the
evolution history of our universe the quantum random fluctuation in the cosmological correlation
shows equilibrium feature and from this one can further estimate the corresponding equilibrium
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temperature. For this reason, in the rest of our paper we will explicitly compute these results
and will show that how the present methodology can be applicable to the mentioned epochs of
our universe.

3 Quantum non-chaotic auto-correlated OTO amplitudes and OTOC in Pri-
mordial Cosmology

In this section, our prime objective is to explicitly derive and study the physical outcomes of two
different types of OTOCs which are constructed from field variable and its canonically conjugate
momenta appearing in the context of cosmological perturbation theory written in spatially flat
FLRW background. We will show from our computation that these set of OTOCs play significant
role to quantify the effect of random fluctuations in the quantum regime. Most importantly, our
main claim in this paper is that these set of new OTOCs in the context of primordial set up of
cosmology will describe the non-chaotic time dependent behaviour with respect the conformal
time scale, which is obviously a new information in this literature and have not explicitly studied
earlier. So in this paper we will completely devote our full energy to justify this big claim through
the present computation performed in this paper. Before performing the detailed computation
and going to the very technical details of the present topic let us first discuss the physical im-
plications of these set of non-chaotic OTOCs in which we are interested in this paper, which are
appended below point-wise:

e Motivation 1:

The first physical motivation of this work is to explicitly provide the result of quantum
mechanical correlation function in the context of primordial cosmology when the system
under consideration goes to out-of-equilibrium regime in the early time scale of the evolu-
tion history of our universe. We all know this particular regime in quantum statistical field
theory is extremely complicated to probe through usual understandings cosmological cor-
relators defined in the same late time slice. On the other hand, in the spatially flat FLRW
curved background explaining such phenomena even more harder. Our prime objective is to
probe this extremely complicated physics through some basic and very simple concepts of
quantum field theory prescription. This methodology is applicable to explain particularly
the quantum mechanical correlation functions in the epoch of reheating and during the the
stochastic particle production procedure during inflation which was not explored in this
literature earlier. We are very hopeful that our computation and the derived results can
perfectly able to capture the phenomena of quantum randomness and in this way one can
treat the OTOCs to be the significant theoretical probe through which one can explain the
out-of-equilibrium features very easily.

e Motivation 2:

The second physical motivation of this work is to explicitly provide and understand the
equilibrium behaviour of the quantum mechanical correlation functions in the context of
primordial cosmology which we have a plan to derive in terms of the previously mentioned
OTOCs. When we give an initial response to a quantum system in the context of cosmology
it goes to the out-of-equilibrium regime. Now if we wait for long and consider the late
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time regime in the evolutionary scale of cosmology then it is expected from the basic
understanding that the quantum mechanical system under consideration has to reach the
state of thermodynamic equilibrium which can be understood in terms of the saturation of
the desired set of OTOCs at the late time scale. Our expectation is that to understand this
phenomena within the framework of cosmological perturbation theory in the early universe
which will be also helpful to estimate the thermodynamic temperature of the equilibrium
state from the saturation value of the desired OTOCs in the present context. We are very
hopeful to provide the details of the equilibrium behaviour of the quantum OTOCs from
cosmology at the late time scale which will be be helpful to give a physically consistent
interpretation and estimation of the reheating temperature in terms of the equilibrium
temperature of the quantum mechanical system under consideration. Apart from this, one
can further give a physical interpretation and estimation of the equilibrium temperature
at the end of the stochastic particle production procedure during the epoch of inflation.
So using the late time behaviour of the cosmological desired OTOCs one cam give the
estimation of reheating temperature as well the temperature of the universe at the end
of inflation by following a proper physically consistent theoretical framework, which will
be further helpful to determine the energy scales of that specific epoch appearing in the
evolutionary time scale of our universe.

e Motivation 3:

The third and the last physical motivation of this work is to explicitly provide and under-
stand the intermediate behaviour of the quantum mechanical correlation functions in the
context of primordial cosmology which we have a plan to derive in terms of the previously
mentioned OTOCs. Our expectation is the present structure of OTOCs not only provide
the physical understanding of the early time out-of-equilibrium and late time equilibrium
phenomena in the context of primordial cosmological perturbation theory, but also pro-
vide the correct and physically justifiable explanation of the intermediate behaviour of the
quantum correlation functions which will able to explain the phase transition from the out-
of-equilibrium regime to the equilibrium regime. As far as the previous literatures in the
present context are concerned people have not addressed this issue clearly as in the earlier
computations implementation of this phase transition phenomena was extremely compli-
cated. But from the present computation our one of the great expectations is to address
the intermediate behaviour of the cosmological quantum correlation functions through the
desired expressions for OTOCs which can further give physical interpretation during the
phase transition from the out-of-equilibrium regime to the equilibrium regime and the quan-
tum randomness behaviour in the vicinity of the transition region within the framework of
primordial cosmological perturbation theory.

3.1 Computational strategy for non-chaotic auto-correlated OTO functions

The steps of the specifically computing the desired non-chaotic OTOCs defined in this paper are
appended below point-wise:

1. To compute these OTOCs at first we need find out the analytic classical solution of the
equation of motion of the massless, partially massless and heavy scalar fields which can de-
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scribe the super-horizon, sub-horizon limit and horizon crossing phenomena in the spatially
flat FLRW cosmological background.

2. After obtaining the classical solution which can describe the physical phenomena in the
asymptotic region- super-horizon and sub-horizon scale in a specific gauge of cosmological
perturbation theory of early universe we further have to find out the canonically conjugate
momentum of the perturbation field variable. Further using both of these classical solution
our job is to promote them in the quantum regime by writing them in terms of the creation
and annihilation operators. Once this job is done then using that quantum extended op-
erators our job is to compute the square of the quantum mechanical commutator brackets
appearing in the expressions for the two desired OTOCs on which we are interested in
this paper. It is important to note that, such square of the commutator brackets are of
course the fundamental components which will play significant role to quantify the desired

OTOCs.

3. Once we know the full solution in the quantum regime, which can able to describe super-
horizon and sub-horizon, the asymptotic limiting solutions in presence of a preferred choice
of quantum mechanical vacuum state, which fix the initial condition for the quantum ran-
dom fluctuations in the context of early universe cosmology then using that we have to
explicitly compute the expression for the thermal average value of the square of the com-
mutator bracket of the field and its canonically conjugate momenta, which can be obtained
as a by-product of cosmological perturbation theory in a preferred choice of gauge. Such
combinations physically signify the four-point quantum correlation function in the out-of-
time ordered sense.

4. Further we have to derive the expression for another fundamental quantity, which is the par-
tition function of the quantum mechanical system under consideration for the cosmological
perturbation theoretical set up. This can be done by determining the quantum mechanical
Hamiltonian which actually representing a quantum oscillator with conformal time depen-
dent frequency. Once this is done then we need to compute the expression for the thermal
trace of the thermodynamic Boltzmann factor. Here it is important to note that, in the
context of quantum field theory the equivalent representation of the thermal trace operation
can be presented in terms of path integral operation which can be performed in presence of
wave function of the universe defined for a preferred choice of quantum mechanical vacuum
state.

5. Before computing the mentioned OTOCs which are related to connected part of the four-
point correlation functions we need derive the expression for the thermal two point OTOCs

from the perturbation variable appearing in the preferred choice of gauge in cosmological

perturbation theory of early universe °. These two point functions further have used to

5Here it is important to note that, for the four-point OTOCSs we have observed that at very large dissipation time
scale one can factorize them into connected and disconnected parts. Obviously connected part carries the physical
information, but the disconnected part is actually written in terms of the product of two two point functions defined
at two different time scale which are separated in time scale. Now these two point functions helps us to normalize
these two OTOCs which further is very significant to analyze the amplitude of the connected part of the desired
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normalize the four point desired OTOCs in the present paper and for this reason can be
treated as the fundamental building block in the present computational purpose.

6. The quantum operator appearing as a by-product of cosmological perturbation theory which
are the fundamental objects used to define the desired expressions for the OTOCs in this
paper we first use the coordinate system basis. But to make the further simplification
we transform both of the quantum operators defined in two different time scales in to
Fourier space where we write both of them in the momentum basis. We particularly use
this simple trick because in the context of cosmology momentum space description is very
simpler and easily understandable compared to the expressions obtained in the context
of coordinate space basis. The prime physical reason behind this approach is that the
quantum correlation functions in the context of primordial cosmological perturbation theory
preserves the overall mathematical structure under the application of SO(1,4) conformal

6. But in the context of quasi De Sitter space this symmetry is slightly

transformations
broken in the momentum basis after doing Fourier transformation from the coordinate basis
and the amount of symmetry breaking is proportional to the slowly varying time dependent
slow-roll parameters, which we have explicitly taken into account to get the correct physical

interpretation of the final results of the desired OTOCs in our computations in this paper.

7. Another important ingredient of the present computation of the desired two OTOC is
deep rooted in the cosmological perturbation theory setup used for early universe quantum
mechanical set up that we are using for the present computation. In this context, the
preferred choice of gauge used for the perturbation set up play a very significant role
to finally quantify the mathematical structure of the OTOCs studied in this paper. For
this purpose, unitary gauge, Newtonian gauge, comoving é¢ = 0 gauge choices are very
relevant and most commonly used. Out of them in the present computational purpose
we use the comoving d¢ = 0 gauge, which make the final mathematical structure and the
detailed computation of the desired OTOCs very simpler compared to the performing the
derivation in terms of the field ¢ and its canonically conjugate momentum II; which are
appearing directly from the ungauged version of the cosmological action in spatially flat
FLRW background.

3.2 Classical mode functions to compute non-chaotic auto-correlated OTO func-
tions in Cosmology

After varying the gauged version of the second order action as appearing in the context of
cosmological perturbation theory in the preferred d¢ = 0 gauge and writing in terms of the
redefined perturbation field variable in the momentum space after doing Fourier transformation

four-point functions in the present context. Also, the thermal expectation value of the commutator bracket of two
cosmologically relevant operators in the context of cosmological perturbation theory can be considered to be the
relative difference between the thermal expectation value of two different two point functions which are appearing
in the normalization of the disconnected part of the four-point functions as mentioned earlier.

SHere SO(1,4) represents the De Sitter isommetry group which are preserved under conformal transformations.
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we get the following simplified version of the equation of motion of the classical field:

=m?;(7)
—
R : Chr) |, Vo
Mukhanov Sasaki equation (Classical EOM) e + | k- k(1) =10,(3.1)
T T
= wi(7)

which is commonly known as the Mukhanov Sasaki equation. It is actually a second order dif-
ferential equation in conformal time coordinate and in momentum space k plays just the role
of a constant parameter. If we closely look into the equation of motion then we see that it is
basically representing a parametric oscillator with conformal time dependent frequency where
the conformal time is playing the role of parameter in this context. Since here the equation
of motion of the Fourier mode of the rescaled scalar perturbation is second order homogeneous
differential equation in conformal time coordinate then the final solution of this equation can be
written in terms of the sum of two linearly independent solutions. For this reason, two arbitrary
constants are also appearing in the total solution which can only be fixed by the initial choice
of the quantum vacuum state. To serve this purpose it us very common practice in this litera-
ture to choose the well known Euclidean vacuum state, which is actually a false vacuum state
in nature. In common practice this Fuclidean false vacuum state is known as the Bunch Davies
vacuum. There is an additional possibility regarding the choice of the vacuum state, which is the
most general a-vacua states and o = 0 can reproduce the solution for the Bunch Davies vacuum
state. In this equation of motion we define the mass parameter variable v, which is defined for
the massless, partially massless and massive heavy scalar field cases in De Sitter space and for
reheating phase can be written as:

(3
3 DS-+massless
9— 2 where ¢> V2 DS+partially massless
Vps =V = 4 ) = p y (3.2)
mE 9
N 75 — 7 where my > H DS+heavy
(1 2(1 - 3w, .
\/Z_L + ﬁ Reheating-+massless
1 2(1 — 3w, . .
Vpeh =V = \/Z_l + ﬁ Reheating+partially massless (3.3)
1 2(1 — 3wreh) .
\ \/Z_L + m, Reheat1ng—|—heavy

where the equation of state parameter during reheating epoch is lying within the window,
0 < Wpep, < % Here it is important to note that for the reheating case the expression looks
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exactly same for the massless, partially massless and heavy scalar field case. The expression for
the equation of state parameters for these three different cases are different, which implies the
physical significance of each cases are different. But the overall magnitude of the equation of
state parameter will lie within the above mentioned window.

Now to proceed further with this equation of motion of the perturbed field variable for the
scalar fluctuations we transform it in a convenient mathematical form which can be easily un-
derstood. We use the following canonical field redefinition to serve this purpose:

1
Canonical field redefinition : Q(z) := fx(r) with = —k7 . (3.4)

Jor

In this new field redefinition the Mukhanov Sasaki equation can be recast as:

2 1 2
Canonical form of Bessel’s equation : Q) + 1dQ(x) +(1-Z Q(z)=0.
dxz? z dz z?

(3.5)
The most general solution of this canonical form of Bessel’s equation can be written as a linear
combination of the two linearly independent solutions as given by:

Solution for Bessel’s equation : Q(z) = [Dy J,(x) + D2 V. ()], (3.6)

where, J,(x) and ), (z) are the Bessel function of first and second kind of order v respectively.
Here D; and Dy are the two arbitrary integration constants which are fixed by the choice of
the initial quantum vacuum state. Sometimes in the quantum field theory literature these time
independent constants are identified to be the Bogoliubov coefficients which one can able to
compute explicitly in the present context.

Further one can write the the Bessel function of first and second kind of order v in terms of
the Hankel function of first and second kind of order v:

Tula) = 5 [HO (@) + BO ()] (37)
Vle) = o [HO@) - HO@)] (33)

Here Hl(,l)(—k’l') and Hl(,l)(—kT) are the Hankel functions of first and second kind with order v.
Finally, in terms of the Hankel functions the most general solution can be expressed as:

Solution for Bessel's equation : Q(z) = [Cl HW(z) 4+ Cy H? (z)], (3.9)
where we introduce two new arbitrary constants, C; and Co, which are defined in terms of the

previously mentioned two integration constants D; and Dy as:

1 1
G = B (D1 —iD3),  Co= B (D1 +1iDy). (3.10)

Consequently, the most general conformal time dependent solution of the scalar mode fluctuation
equation of motion for any constant mass profile (massless, partially massless and heavy scalar
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production during inflation and during reheating) is represented by the following expression:
Solution for scalar mode function : fx(7) =v—7 [Cl HWM (—kr) +Cy HP (=k7)|, (3.11)

where C; and Cy are the previously mentioned two arbitrary integration constants which are fixed
by the choice of the initial quantum vacuum state necessarily needed for this computation.

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

Ty (r) = 0, fi(7) krHY (~kr) = B (—kr) = kT HY, (~hr) )

1
=——|C
2/ —T [ ! (
+C (kTH,E2_)1(—kIT) —H®(—kr) — kTHIE?I(—k:T))} L (3.12)
Further considering, —k7 — 0 and —k7 — oo asymptotic limits one can write the following

simplified form of the most general solution for the perturbed field and momentum variable can
be expressed as:

e (1
x[Cr (L+ikT) exp (=i {kT + AJ}) —Co (1 —ikT) exp (i {k7 + A })],  (3.13)
v (—kr)2 Y | T(v) g Ak
Hk(T)— \/Qk% F(%) |:C1 {1 19,,7]{:27_2 } p( {k +AV })
—Co {1—1%(1];2?2”)} exp (i{]{?T—l—Al—f})], (3.14)

where we define the two phase factors AF and a new function 9, as:

Af:ngﬂr;)il], 191,:<y—;>. (3.15)

These results are extremely important for the computation of the desired OTOCs in which are
interested in this paper which we have derived in the the later subsections. To server this purpose
we need to first of all promote both of these classical solutions of the field and momentum to
the quantum level. Since we are following the canonical technique in the present context for the
quantization purpose, we need to express both of these classical solutions in terms of creation
and annihilation operators which we will discuss in the next subsection of this paper. See the
details of the computation in Appendix (A).

3.3 Quantum mode function to compute non-chaotic auto-correlated OTO func-
tions in Primordial Cosmology

Here in this context, the rescaled perturbation field operator and the corresponding canonically
conjugate momentum operator in the quantum regime can be expressed in terms of the classical
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solutions obtained in the previous section as:

~

Field Operator : fx(7) = fi(T) ax + (1) aik, (3.16)
Momentum Operator : Iy (7) = Iy (7) ay + IT* ;. (1) aik. (3.17)

Here ay and aT_k are the annihilation and creation operators of the quantum vacuum state, which
satisfy the following canonical commutation relations:

Canonical commutators : {ak,aik,} = 2m)30%(k + X), [ax,a ] =0= {a;[{,ajr_k,} (3.18)

Consequently the curvature perturbation and the corresponding momentum operator in the quan-
tum regime can be re-expressed as:

s h(m) AT ac+ fr(r) aly
=S T )

fies(r) = &, ( fk(<)>> () Gl d(o)

z(T) z(t) dr
= | (e k() ax + 17y (1) aly ) = (G(7) ax + C(7) aly ) | = - (3:20)
T T z(lT) dj;:)

Ge(T) ar + Cie(r) al (3.19)

Here the last term of the above mentioned expression can be further evaluated as:

1 dz(r) _ 1 da(r) 1dH 1 d2(7)
z(T) dr ~a(r) dr H dr + <d¢(7-)) dr2 (3.21)
dr

-
Sub—leading contribution

3.4 Quantum operators for non-chaotic auto-correlated OTO functions

In this subsection, our prime objective is to promote the classical Hamiltonian to the quantum
regime in terms of canonical quantum operators. This quantum mechanical Hamiltonian operator
can be expressed as:

Fourier transformed Hamiltonian—density operator

N 1.~ 1 2
Quantum Hamiltonian Operator : H(7) := /d3k ini(ﬂ + 5&)12{(7')]"13(7') ,
Kinetic term Potential term
(3.22)

Additionally, it is important to mention that in this quantum mechanical Hamiltonian operator
the following property of the perturbed field and momentum holds good perfectly in Fourier
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space:

fir) = (Fulr) anct Falr) aty) = (Falr) acie+ fir) af) = Foalr), (3.23)

MM (r) = (Ti(r) @+ T4 (7) cﬁ_k)T = (Mk(r) ax+ (7)ol ) =TL(r). (3:24)

Here we use the following useful facts to satisfy the above mentioned Hermiticity constraints:

af=ax = ()l =af, (3.25)
) =i =faln) = ()N =R (3.26)
I (r) =I5 (7) =T (1) = () =1 (3.27)

As a result, the fundamental parts of the kinetic and potential quantum operators as appearing
in the expression for the quantum mechanical Hamiltonian can be further simplified as:

Quantum Kinetic Operator :

1 1. . 1 . 1

§H12((T) = ink(T)H—k(T) = §|Hk(7) ax + Ty (7)ol |? = <aLak + 253(0)> e (r)[?,  (3.28)
Quantum Potential Operator :

SR RT) = SR fu(r) () = SR fulr) e+ () al o
= wi(7) <aLak + ;53(0)> | (T, (3.29)

As a result, we get the following simplified expression for the quantum mechanical Hamiltonian
operator which is written in terms of the quantum number operator (N) in Fourier space:

Quantum Hamiltonian Operator : H(r) = /d3k (/\Afk + ;53(0)> [k (7))? + wi(7)|fi(T)?]

(3.30)
where the quantum number operator (/\A/'k) is defined in terms of the creation and the annihilation
operators of the quantum initial vacuum state as:

Quantum Number Operator : N := aLak . (3.31)

After introducing the normal ordering one can remove the contribution from the zero point energy
which will give rise to the divergent contribution in the quantum mechanical Hamiltonian oper-
ator, which actually gives the divergent contribution. This further simplifies the the expression
for the Hamiltonian, which is given by:

Normal Ordered Hamiltonian Operator : : H(7) := /d3k N (M (7)]* + wi(T)] fi(T)?] -

(3.32)
This result is very useful for the computation of the two desired OTOCs in which we are interested
in this paper as it will contribute to the thermal Boltzmann factor and the corresponding thermal
partition function which is further computed out of taking the trace operation performed in terms
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of the path integral over the wave function of the universe. The details of this computation will
be found in the later sections of this paper.
3.5 Cosmological two-point and four-point “in-in” non-chaotic OTO amplitudes

In this section, our prime objective is to explicitly derive the expressions for the two new sets of
two point and four point desired OTOCs in this paper to study the non-chaotic time dependent
ransom behaviour of cosmologically relevant quantum correlation functions.

3.5.1 Non-chaotic auto-correlators in Primordial Cosmology

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

1. Information I:

First of all, one need to start with the quantum mechanical operators in which we are
interested in the context of cosmology, those are the perturbed time dependent field and
the associated canonically conjugate momenta written in Fourier transformed momentum
space. This can easily be done using the obtained asymptotically viable total conformal
time dependent solution of the perturbed field from the classical Mukhanov Sasaki equation
which we are going to write in quantum regime as an operator by including the creation and
annihilation operators of the quantum initial vacuum state. In the framework of cosmo-
logical perturbation theory one can construct the conformal time dependent Hamiltonian
density operator in Fourier space which can be made up of two important components,
the kinetic operator and the potential operator, where both of them can be expressed in
terms of the previously mentioned perturbed field operator and its canonically conjugate
momentum operator in the quantum regime of field space. After constructing the time de-
pendent Hamiltonian density operator in the Fourier space our next job is to integrate over
all possible momenta spanned over a physically acceptable range to derive the total time
dependent Hamiltonian operator frequently used for the present computation. Additionally
it is important to note that, in the paper we will consider the canonical technique for the
quantization purpose which we will follow throughout the paper.

2. Information II:

In the next step, one needs to explicitly compute the expression for the commutator and
square of the commutator bracket between the two perturbed field variable quantum op-
erators and the two canonically conjugate momentum variable quantum operators defined
at two different conformal time scales in the classical geometrical background of spatially
flat FLRW space-time specifically in coordinate space representation. These are the crucial
part which forms the building block of the desired OTOCsSs in the context of cosmological
perturbation theory of early universe. In this section of the paper we explicitly derive the
commutator and square of the commutator or these two operators in terms of two and four
parts respectively where each of the components mimics the role of scattering amplitudes
in Fourier space. In the present context commutator and the square of the commutator
bracket in the Fourier space involved two momenta and four momenta respectively and in
both the cases two different conformal time scale appears which will finally fix the structure
of the desired OTOCs which we want to study in the context of cosmological perturbation
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theory. If we look into the structure of these commutator and square of the commutator
quantum mechanical operator very closely then one can observe that these two different
momenta and four different momenta are appearing in OTOCs as we are dealing with
the product of two and quantum mechanical operators respectively in this computation.
Though the OTOC computed from the square of the commutator bracket looks like 2 — 2
scattering amplitude in the Fourier space, but technically these are actually representing
the unequal time, out-of-time-ordered four point quantum correlation function in the con-
text of cosmology. In the quantum field theory version of the trace operation one need to
consider the same quantum initial vacuum state, which implies the initial and final state
both are exactly same, and identified to be “in” quantum state in the context cosmology.
This further implies that within the framework of primordial cosmology we deal with in-in
amplitude rather than using the usual “in-out” amplitude in the S-matrix formalism, which
is actually a Schwinger Dyson series. Instead of calling this quantity which we want to ex-
plicitly determine in this section as “in-in” amplitude we call these quantities as “in-in”
quantum mechanical correlation functions within the framework of primordial cosmological
perturbation theory.

3. Information III:

Another important issue is to fix the proper definition of the trace operation within the
framework of quantum field theory written in classical spatially flat FLRW curved cosmolog-
ical background. In the context of quantum field theory of curved space-time, particularly
in the context of cosmology we have to define the quantum wave function of our Universe
which will help us to set up the equivalent representation of the thermal trace operation in
terms of the quantum mechanical path integral formulation. To construct the wave func-
tion of the Universe as a initial condition one choose the standard definition of Euclidean
false vacuum state, which is commonly known as the Bunch Davies vacuum state and it
basically represents a thermal ground state in the context of primordial cosmological per-
turbation theory. In the quantum field theory of curved space-time literature sometimes
this is identified to be the Hartle-Hawking or Cherenkov vacuum state. In this computa-
tion, the most most generalized choice is the «, 8 vacua, which is commonly known as the
Motta-Allen (MA) vacua in the context of quantum field theory of De Sitter space time
which are invariant under all the conformal group SO(1,4) isometries and commonly known
as the «, B-vacua which is CPT violating. Here «, 8 is a real parameter which forms a real
parameter family of continuous numbers and particularly 3 is appearing in the phases. This
phase factor is actually the culprit for which in the quantum state CPT symmetry getting
violated. Once we switch off the contribution from this phase factor by fixing 5 = 0, the
one can get back the CPT symmetry preserving quantum « vacua states. Sometimes the
« vacua is characterized as the squeezed quantum vacuum state. Bunch Davies vacuum
state is a very special case of the generalized « vacua state which can be obtained by fixing
« = 0 in the definition of the quantum vacuum state, which perfectly satisfy the Hadamard
condition in the Green’s functions. Using Bogoliubov transformation one can express the
« vacua in terms of the Bunch Davies state.

4. Information IV:
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Once we fix the definition of the quantum field theory version of the trace operation in
terms of path integral formalism in the Euclidean formalism we can then further compute
the expression for the desired two sets of OTOCs on which we are interested in this paper.
Another important component which will fix the definition of the OTOC is the thermal
partition function for the scalar mode fluctuations obtained from the primordial cosmolog-
ical perturbation where the same trick we have to apply to define the trace operation as
mentioned earlier. In this context instead of performing a complete quantum calculation we
use the semi classical approximations for the computations. The primordial perturbations
in the spatially flat classical FLRW background can be written in terms of scalar, vector
and tensor modes in Fourier space using the SVT decomposition from which the quantum
fluctuations are generated. 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.

5. Information V:

Last but not at all the least, we have to fix the normalization factor of all the desired
new OTOCs that we have introduced in this paper. In this connection it is important
to remind ourself again that normalixzation factors of these desired OTOCs are actually
made up of product of two disconnected thermal two point functions in the dissipation
time scale t = tg; ~ 8 ~ 1/T, where T is the equilibrium temperature of the quantum
cosmological system under study in the present context. Whatever result we have obtained
for the un-normalized OTOCs we use them and divide them the mentioned disconnected
part of the correlator. This helps to treat the overall amplitude of four point OTOCs in
a dimensionless fashion. Not only that such trick in normalization in OTOC also helps
us to know about the exact time dependence in the quantum correlator on which we are
interested in. More precisely this can be done by making use of the previously mentioned
equivalent operation of thermal trace operation in presence of a vacua or Bunch Davies
quantum vacuum state in the context of primordial cosmological perturbation theory. We
have explicitly demonstrated the detailed computation of these normalization factors in the
Appendix of this paper. Please look into the technical details in the Appendix for more
details on this issue.

3.5.2 Fourier space representation of the commutator bracket: Application to two-
point non-chaotic auto-correlated OTO functions

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

Commutatory : [f(x, ), f(x, TQ):| = f(x, 1) f(x,m) — f(x, Tg)f(x,ﬁ)/, (3.33)
=I'1(x,71,72) =I'2(x,71,72)

Commutators : [f[(x, ), T(x, 7'2)] = TI(x, 7)II(x, 72) — I(x, ) TI(x, 71) . (3.34)
=01 (x,71,72) =@2(x,71,72)
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Now we use the following preferred convention for the Fourier transformation of the perturbation
field and associated momentum operator, which are given by:

~ 3 ~
Flx,m1) = / dﬂl; exp(ik.x) fi(m), (3.35)

(2

d®k , P d®k , .
e exp(ik.x) O, fk(11) :/(277)3 exp(ik.x) Ik (1), (3.36)
which we will frequently follow for rest of the computation to fix the definition of the desired
OTOCs defined in this paper.

Next, we explicitly compute the expressions for these individual quantum mechanical oper-

I(x,7) = 0y, f(x,71) :/

ators in the context of primordial cosmological perturbation theory, I';(x,7,72) V i = 1,2 and
©;(x,71,72) ¥V i = 1,2, which can be expressed in Fourier transformed space by the following
simplified expressions:

A A 3 3 A~ A~
Ti(x, 71, 72) = £, 71) f(, 72) = / é:)?, / (dzf)g expli(ky +k2):%) fur (71) fin (72)
d3k1

3
B /é:;g/ (2m)3 exp(i(ki + ko). x) AP (ki ko; 71, 72), (3.37)

where we have introduced a momentum and conformal time dependent quantum mechanical
operator in the context of primordial cosmological perturbation theory, Al(kl, ko; 71, 72), which
is defined as:

AP (ki ka3 71,72) = fie, (71) ey (72) = DIV (et i 71, 7) g ey + DY (ey ko 7y, ) al g g
+D5 (ky, ks 71, 72) aryaly, + DY (ki ki 71, 7) aly,aly,. (338)

where we have introduced momentum and time dependent two-point OTO amplitudes, Dgl) (ki,ko;71,m0) V i =
1,2, 3,4, which are explicitly defined in the Appendix (B) of this paper.

~ ~ 3 3 ~ A
Ta(x, 71, 7) = T(x, ) f (3, 71) = / ("27‘:)3 / éff)g exp(i(ky + k2).x) Tl (72) ey (1)

A3k,

3
N /é:)l?’/ (2m)3 exp(i(ki + k2).x) Agl)(kl,k%ﬁﬂ'?)’ (3.39)

where we have introduced a momentum and conformal time dependent quantum mechanical
operator in the context of primordial cosmological perturbation theory, Agl) (k1,ko; 71, 72), which
are explicitly defined in the Appendix of this paper.

A (k1 ki 71, 72) = fiey (72) fieo (1) = L8 (k1. Ko 71, 72) g aaey + £57 (Ko Ko 71, 72) aly ax,
+L8 (ki ka1, m0) @ity + L8 (ki kes ) ol ol (3.40)

where we have introduced momentum and time dependent two-point OTO amplitudes, EEI) (ki,ko;11,72) V i =
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1,2, 3,4, which are explicitly defined in the Appendix of this paper.

N . d®ky d3ky . - -
O1(x, 71, 72) = H(x, 71)(x, 72) :/(277)3/ (27) exp(i(ki + ko).x) Ik, (71)1k, (72)
d3k;

3
- / <27r>3/ é;?’ exp(i(ky +ka).x) AP (ki kos 71, m), (3.41)

where we have introduced a momentum and conformal time dependent quantum mechanical
operator in the context of primordial cosmological perturbation theory, AgQ) (k1, ko; 71, 72), which
are explicitly defined in the Appendix of this paper as:
A2 - - 2 2
AP (1, ko3 71, 72) = iy (1)1, (72) = D (o, ko 71, 72) iy sy + D (K, koi 71, 7) al\ ak,
2 2
+DY) (ki ko 71, 7) a,a’y + D (ki ki 71, 72) alaly,, (342

where we have introduced momentum and time dependent two-point OTO amplitudes, Dl@) (ki,ko;11,m0) V i=
1,2, 3,4, which are explicitly defined in the Appendix of this paper.

A~ A 3 3 A ~
Oy (x,71,72) = H(x, 72)I(x, 71) = / éf)lg / é:)g exp(i(ky + kg).x) Ty, (7)1, (11)

Pk [ Pk , )
_ / ﬁ / ﬁ expi(ks + ka).x) A (k1 kos 71, 7), (3.43)

where we have introduced a momentum and conformal time dependent quantum mechanical
operator Ay (kyi,ko;71,72), which is defined as:
A (ky, ko 71, 72) = T, (72) Ty (1)
2 2
=L )(kl,kQ;Tl,TQ) ak, Gk, + Eg )(kl,kQ;Tl,TQ) aiklab
+£§2)(k1,k2;7'1772) aklaT_k2 + ﬁf)(kl,kmﬁ,ﬁ) GT_klaT_kQ, (3.44)
where we have introduced momentum and time dependent two-point OTO amplitudes, L’Z@) (k1,ko;71,m0) Vi=
1,2,3,4, which are explicitly defined in the Appendix (B) of this paper.

This further implies that one can explicitly write down the previously mentioned two com-
mutator brackets along with the thermal Boltzmann factor in terms of the following simplified
expression, which is given by:

e_/BH(Tl) |:.f(xa 7_1)7 f(xa 7_2):|

— e*/BH(Tl) [FI(X7 1, TQ) - FQ(Xv 1, TQ)]

5 By [ dk . A A
= ¢ PH(T) {/ ! / 23 exp [i (k1 + ka) .x] [Agl)(kl,kg;Tl,Tg) - Agl)(kl, ko; 71, 7'2)] }

(2m)3 ) (2m)
3 3
= /((;::)13/ (62:3)23 exp [Z (k1 + kg) .X] [@gl)(kl,kg; 71, 7'2;,3) — @gl)(kl,kQ;Tl,TQ; B)] s (345)
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e M, ), M1(x, )|
— e—ﬁﬁ(Tl) [@1()(7 T1, 7'2) — @2(X7 71, TQ)]

a Pl [ Pk , A A
= eiﬁH(Tl) {/ (27‘(')13 / (271')23 exp [7, (k1 + kQ) .X] |:A§2)(k1, kg; 71, TQ) — Agz) (kl, kQ; 71, 7'2)] }

= /d?)kl / & exXp [Z (kl + kg) .X] [@(2)(1{1 kg' T1 7'2',8) — @(2)(1(1 k2"7’1 T2, ﬁ)] (346)
(27T)3 (27_(_)3 1 9 9 9 ) 2 9 9 9 9 9

where we define the new sets of quantum mechanical operators in the context of primordial
cosmological perturbation theory, : @Z(m) (k1,ko;71,7m0;6) : Vi=1,2, Vm =12 as given by
the following expression:

@Z(.m)(kl,kg;ﬁ,m;ﬁ) — ¢ BH(m) Agm)(kl,kg;ﬁ,ﬁ) vV i=1,2 V m=1,2 (3.47)

Here the thermal Boltzmann factor can be expressed in terms of creation and annihilation oper-
ator by the following simplified expression, as given by:

e BH(M) _ oxp (-5 / Pk (A?k + ;53(0)) Ek(n)), (3.48)

where we define the conformal time dependent energy spectrum as a function of Fourier modes
relevant for cosmology, Ex(71) by the following expression:

Ex(11) = [ (1) * + wie(m) | fic(m) 7] (3.49)

where the explicit expression for the conformal time dependent expression for the frequency factor
at the time scale 7 = 71, i.e. wi(71) for the cosmologically relevant Fourier modes participating
in the primordial cosmological perturbation theory is mentioned in the earlier half of this paper.
For general readers it is further important to note that these mode frequencies for all momentum
scales play significant role for the quantification of the randomness in terms of the quantum
OTOCs studying in this paper.

3.5.3 Fourier space representation of square of the commutator bracket: Applica-
tion to four-point non-chaotic auto-correlated OTO functions

Now we explicitly compute the following combinations of the square of the commutator bracket
out of only the cosmologically perturbed field operators and only with the help of the canonically
conjugate momentum operators related to these cosmologically perturbed field, which are actually
given by the following simplified expression:

Foxom)s Fix )| = Fom) flox, ) % m) Fxm2) — Fxma) o, 71) fox, 1) (%, 72)

/ /
-~ -~

= KEU(X,T] 7‘1'2) = K(Ql)(x,ﬂ 77'2)

- f(X, Tl)f(xv T2)f(xa 7—2)f(x7 1) + f(X, TQ)f(Xv Tl)f(xa TQ)f(X7 1), (3.50)

/

= ’Cél)(X,TLTQ) = ’Cil)(x,’rlﬂ'z)
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N

[ﬂ(x, T1), f[(x, Tg)]2 = ﬂ(x, Tl)fl(x, Tg)ﬂ(x, Tl)ﬂ(x, Ty) — fI(x, Tg)ﬂ(x, )II(x, Tl)ﬂ(x, T9)

-~

= /C(12>(X,T| 77'2) = K;Q)(X,Tl ,TQ)

—TI(x, 71T (x, 72)II(x, 79)TI(x, 71 ) 4 TI(x, 72)1I(x, 7)TI(x, 72)I(x, 71) (3.51)

-~

= ’Cf)(xﬂ'lﬂ?) = K.EQ)(X,Tl ,T2)

Now we mention the explicit mathematical structure of these individual operators, ICZ(M) (x,11,72)Vi=
1,2,3,4, VM =1,2,3,4, which are expressed in Fourier transformed space as:

A~ ~ ~ ~

KO e m1,m) = Fe ) (¢, 72) fx,70) f (3, 72)

B / (ng;gl3 / (6;3;11323 / (6;3;7]333 / (f;f)43 exp [i (k1 + ko + ks + ka) .x] T (ki ko, ks, kas 71, 7), (3.52)
KP (x, 1, m) = T(x, 71)(x, 72)(x, 7)1I(x, 72)

= / (f;f;g / (f;f)QS / (‘if)?’s / (‘Z‘;“g exp[i (k1 + ko + ks + kg) x] 7.7 (K1, ko, ks, ka; 71, 72),  (3.53)

A~ A~ ~ ~

KV (x, 71, 72) = F(x,70) 3, 70) £, 1) f (3, 72)

Bl [ Bk Bhs [ 3k _ R
:/(27r)13/(277)23/(277)33/(%)43 exp [i (k1 + ko + k3 + ka) .x]7‘2(1)(k1,k2,k3,k4;71,72), (3.54)
K (x, 71, 7) = T(x, 72)T(x, 71)(x, 7)TI(x, 72)

3k 3k 3k A3k ) ~
= / (277)13 / (27T)23 / (277)33 / (277)43 exp [i (k1 + ko + ks + k4) .x] 75(2) (ki1, ko, ks, ky; 71, 72), (3.55)

K (¢, 71, 70) = Flx, ) F (3, 70) F (3, 70) (3, 71)

Pk [ Phe [ Py [ Pk , -
= / (2753 / (%)23 / (2ﬂ)33 / (%)43 exp [i (ki + ko + k3 + ka) x] TV (ki ko ks, kas 71, 72), (3.56)

K (x, 71, 72) = T(x, 7)TI(x, 72)T1(x, 72)TI(x, 1)
d3k d3k d3k a3k ) ~
- / (27r)13 / (277)23 / (277)33 / (27r)43 exp [i (ki + ko + kg + ka) x] 7o) (ki, ko, kg, kas 71, 72), (3.57)

A~ A~ ~ ~

K (x, 71, m2) = F(x,70) F(x,71) f (%, 72) f (%, 71)

3k d*k 3k A3k , ~
= / (27T)13 / (271')23 / (271')33 / (271_)43 exp [ (k1 + ko + k3 + ky) .X] ﬂ(l)(kl, ko, ks, kyq; 711, 72), (3.58)

/Cf) (x,71,72) = ﬂ()g Tg)ﬂ(X, Tl)fl(x, Tg)ﬂ(x, 1)

Py [ Bhy [ ks [ dk , -
= / (27)13 / (%)23 / (%)33 / (%)43 exp [i (ki + ko + ks + ka) .x] T2 (ky, ko, ks, kas 71, 72), (3.59)

where the functions ﬁ(l)(kl,kg,kg,k4;7’1,7'2)Vp = 1,2,3,4 and ’7;(2)(k1,kg,kg,k4;7’1,7'2)Vp =
1,2, 3,4 are explicitly defined in Appendix (C).
This implies that one can write down the previously mentioned square of the commutator
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bracket along with the thermal Boltzmann factor as:

e~BH () [f(& 1), 1 (x, 72)}2

d3k d3k; d3k; d3]€ -
_/ <2w>13/ <27r>23/ (%)33/ s Pl (k+ ke + ks k)

[%1)(1(1, ko, k3, ky; 71,725 8) — )72(1)(1(171(2, ks, kq; 71, 723 B)

+9§1)(k1,k2,k3,k4;71772;5) — 17il)(kl,k27k3,k4;ﬁ,72;5) . (3.60)

~ R R 2
e~ PH(m) [H(X,Tl),H(X, 7'2)}

3k A3k d3k B .

[]7{2)(1{1, ko, k3, ky; 71,725 5) — %2)(1{1,1{2, ks, ky; 71, 72; 3)

+9§2)(k17k2,k37k4;717T2;5) - 9i2)(k17kz,k37k4;71772;5) . (3.61)

where we define the new sets of quantum operators in the context of primordial cosmological
perturbation theory set up, Vi(M)(kl,kg, ks, ky;7m,70;8) Vi=1,2,3,4, VM =1,2 as given by

the following simplified expression:

VM (ke ko ks, ks 71,723 8) = ¢ P ik ko kg ks ) Vo i=1,2,3,4, M =12 (3.62)

)

where the thermal Boltzmann factor with energy dispersion is computed earlier.

3.6 Thermal partition function in Primordial Cosmology: Quantum version
3.6.1 Initial quantum state in Primordial Cosmology

In general, one can consider an arbitrary initial quantum mechanical vacuum state which is char-
acterised by the two arbitrary constants C; and Co, which are appearing in the solution of the
Mukhanov Sasaki equation, which represents the classical solution of the background perturba-
tion in the spatially flat FLRW cosmological background. Also, these arbitrary constants play
very significant role to fix the definition of the quantum wave function of the universe which is
dependent on a specified information of the initial quantum vacuum state for cosmology. Once
this definition is fixed, using this quantum vacuum states one can further study the correlation
function from the quantum fluctuation in the scalar modes which is contributing in terms of the
co-moving scalar curvature perturbation or in terms of the redefined perturbed field variable.
Now, if we say that Cy 12 is the annihilation operator corresponding to the quantum state as
mentioned earlier, then it satisfies the following criteria in the context of quantum field theory
written for the primordial cosmological perturbation:

Ck712|617C2> =0 Vk, with ’\P>QVac = |Cl,C2> (3.63)

In a most generalized prescription this arbitrary quantum vacuum state can be written in terms
of the ground state, which in cosmology commonly known as the Bunch Davies Euclidean vacuum
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state by the following expression:

1 iC* 1 iCs
V) Qvac := |C1,C2) = ———— exp <— —a, a > [¥)YBD exp ( 2* a,a ) [¥)Bp (3.64)
e 20 - el 207 2

Now we will use the following replacement rule:

43k
Zk:—>/(27r)3. (3.65)

Using this further one can express further the arbitrary quantum vacuum state in terms of the

Bunch Davies Euclidean vacuum state as:

1 iC d3k
) Qvac := |C1,Ca) = exp | — 2/ >\If 3.66
Wavae = 101.6) = e (g [ Salal ) [9mo (3.66)

where we have actually identified the ground state as Bunch Davies Euclidean vacuum state,

which is given by:
|0>gr0und = ’\I’>BD- (367)

Additionally, it is important to note that the arbitrary quantum vacuum state, |C1,Cs), satisfy
the following constraint condition:

~ d3p t
Pei|Cr,C2) = (23 P Cp12Cp12[C1,C2)
d’p 1 ( iC5 4 T)
= p C) 12Cp, exp | =55, 4,0y | |V)BD
1;[/(2%)3 N 207 e v)
d3p + 1
= U)p
/(QW):s P Cp120p12——= |C1 < 2C; E :akak) |¥)

d3p + 1 ZC2 d k t
= /(27?)3 p Cp,lch,lz\/ﬁ exp <— 2 / on)? akak> |¥)gp = 0. (3.68)

Here it is important to note that, the relationship between the annihilation and creation op-

erator in the a-vacua and the Bunch-Davies vacuum is established by the following Bogoliubov
transformation:

Ciz=Ciax—Csaly — CL,=Clal—Cay, (3.69)

ak—61€k12+C2Ck12 — ak—Cl Ck12+C2C k12 (3.70)
Here (Ck712,C1T< 12) and (ak,aL), are the creation and annihilation operators of the arbitrary
generalized vacua and the Bunch Davies vacuum respectively.

In the context of quantum field theory of spatially flat FLRW cosmology, one can define the
initial quantum mechanical state corresponding to the class of all excited SO(1,4) isommetric
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Mota-Allen or (o, y)-vacua states, which are characterized by two real parameter family a and ~.
Now one can find that this type of vacua is not CPT symmetry preserving. Following the previ-
ously mentioned general construction one can write down the Mota-Allen or (a,~y)-vacua states
in terms of the well known adiabatic Bunch Davies vacuum state by the following expression:

1 i d*k
Uy~) = ——— exp | —= exp(—ivy) tanh / aTaT> v , 3.71
92) = iy 0 (300 (2 ) [ep) e

where the integration constants C; and Cy for Mota Allen or («,7y) vacua can be parametrizes as:
C1 =cosha, Cy=exp(iy) sinha, (3.72)

which satisfy the following normalization condition:
1> = |Ca* =1 = cosh’a—sinh®’a=1 V «. (3.73)

Here one can easily observed that, if we fix « = 0 and v = 0, then one can easily get back the
usual quantum adiabatic Bunch Davies vacuum state which are given by, C; = 1 and Co = 0. On
the other hand if we are interested in CPT invariant quantum vacuum state then we choose only
v =0 and get CPT invariant SO(1,4) isommetric « vacua states, which is given by:

1 i Pk o
|Uy) = |Tpo) = W exp | —5 tanh o CE aay | [¥BD) , (3.74)

Now, using the definition of the Mota Allen vacua or the o vacua or the Euclidean Bunch Davies
states one can explicitly compute the expression for the desired OTOCs defined in this paper. In
the following section we will derive these results explicitly.

3.6.2 Quantum partition function in terms of rescaled perturbation field variable
in Primordial Cosmology

In presence of these SO(1,4) isommetric excited CPT violating Mota Allen or CPT preserving
a-vacua states the quantum mechanical thermal partition function can be expressed as:

Zan(B;11) = /al\Ifoé,7 <\I/a77|e*f8H(n)|\Ilaﬂ> exp (—2sinytan«) Zpp(B;71), (3.75)

- | cosh

sitr 1
Za(Bim) = [ @t (Wole OB, = s Zan (i), (3.76)

which further implies the following connecting realtionship between the thermal quantum parti-
tion functions obtained from Mota Allen vacua, o vacua and Bunch Davies vacuum state, which
is given by:

Za~(B;71) = exp (—2sinytana) Z,(8;71) = |cosha| ™ exp(—2sinytana) Zpp(B;71). (3.77)
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where Zgp is the quantum partition function computed from adiabatic Bunch Davies vacuum
as:

:Zpp(Bim) : = /d\PBD (YBD| exp <—5/d3k al ax Ek(Tl)) |UBD)

= exp (— / d®k In <2 sinh BE‘;(H)» . (3.78)

where the contribution from the divergent Delta function can be removed after performing
the normal order operation. This implies further we get the following simplified result for the
quantum thermal partition function obtained from the Mota Allen vacua, o vacua and Euclidean
Bunch Davies vacuum state after normal ordering;:

: Za~(Bim) = Lt exp <— {2 siny tan o + /dSk In (2 sinh M};(ﬁ))]) (3.79)

"~ |cosha]

The detailed technical computation of these results can be found in the Appendix.

3.6.3 Quantum partition function in terms of cosmological scalar curvature pertur-
bation field variable in Primordial Cosmology

In this subsection our prime objective is to find out the explicit expression for the quantum me-
chanical partition function in terms of the scalar co-moving curvature perturbation field variable
for different choices for the initial vacuum states available in the context of primordial cosmology.
To serve this purpose the time dependent dispersion relation can be expressed in terms of the
curvature perturbation variable as:

Ex(11) = (1) + wi (1) fie(m) P = 2°(11) (B (1) + Ak (1)) (3.80)

where the additional contribution is characterized by a new momentum and time dependent
function, Ay ¢(71), which is defined as:

1 dz(m)
A = (1 I (1) k() ) . 3.81
kc(T1) > 1 (T1) Gk (71) + I (71) (ke (1) ) dn (3.81)
where we define the conformal time dependent energy dispersion relation in terms of the co-
moving curvature perturbation variable in the context of primordial cosmological perturbation
variable as:

2
Fig(n) = || + <wi<n> + (o) ) Gl (382)

Z(Tl) dT1

Now, the normal ordered thermal partition function function obtained from the Mota Allen vacua
state can be expressed in terms of the time dependent dispersion relation for co-moving curvature
perturbation as:

1

75 (Bym) = ———exp | — QSin’ytana+/d3k In [ 2sinh
i | cosh a

B22(m1) (Ek,c(;l) + Akvi(“))ﬂ > (3.83)
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3.7 Trace of two-point “in-in” non-chaotic extension of OTO amplitudes for Pri-
mordial Cosmology

Here we compute the numerator of the one of the 2-point OTOCs for different quantum vacuum
states, which are described by the following expressions:

Tr [e"gﬁ(ﬁ) [f(x, Tl),f(x,Tg)”

(a ﬂ)

exp (—2siny tan a) / /
= dv ik )\
| cosh « BD H exp ik;j x| (Vpp|

Zv( ) klak2a7_177—27 ) |\IJBD> (384)

=1

which further implies the following fact:

Tr [e—ﬁﬁ(ﬁ) [f(le)’f(X’ 7-2)” = exp (—2sinytana) Tr [e_ﬁﬁ(ﬁ) [f(x,ﬁ), f(X,Tz)H

(a7)
exp (—2sin~y tan a)

— Tr [e’ﬁﬁ(n) [f(x, ), f(x, 72)”

| cosh

(a)

(BD)
(3.85)

Here we compute the numerator of the other 2-point OTOC for different quantum vacuum states,
which are described by the following expressions:

Tr [eiﬁﬁ(ﬁ) [f[(x, Tl),ﬂ(x, 72)”( .

exp (—2siny tan ) / /
= dw
| cosh BD H

which further implies the following fact:

2
Z@Z@)(kl,kmﬁﬁz;ﬁ)
i1

exp Zk X] <\IJBD| |\I’BD>' (386)

Tr [efﬁﬁ(ﬂ) [f(& ), f(x, TQ)H = exp (—2sinytana) Tr [e’ﬁﬁ(ﬁ) [f(X,T1), f(x,m)”

(a)

(e0,7)
_ exp (—2sin~y tan a)Tr [e—ﬁﬁ(n) [f(x, Tl),f(X, 7—2)”

| cosh a

(BD)
(3.87)

Further, our aim is to compute the individual contributions which in the normal ordered form is
given by the following expression and computed in Appendix:

/d‘I’BD (Unp|: VI (ki ka; 71,725 8) : [¥pD) = /d‘l’BD (Upp|: e P10 AN (K ko 71, 7m) : [WaD)
Vi=1,2. (3.88)
/d‘I’BD (Ipp|:V (k17k2,T1,T2, B): |¥BD) = /d‘I’BD (UsD| : e~BH(M) 31(-2)(1(1,1{2;71,@) : |[¥BD)
Vi=1,2. (3.89)
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Further, the trace of sum of these individual two sets of two-point “in-in” OTO amplitudes in

normal ordered form can be expressed as:
2
/d‘I’BD (Tgp| > Vi (k1 kas 71,703 B) : [WBD) = (27)°6% (ki + ko) Pi(ki, ko; 72, 7: 8). (3.90)
i=1

2
/d‘I’BD (Uep|) - V& (K1, ka; 71, 72: B) : [UBD) = (21)6% (k1 + k2) Pa(ki, ke; 7, 723 8). (3.91)
i=1

Here we introduce, Pj(ki,ko; 72, 72; 8) and Pa(ky, ko; 70, 79; ) are the temperature dependent
two-point function, which is defined as:

Py (ki ko; 72, 72; 8) = exp (—/d3k In <2 sinh ﬂE‘;(Tl)>>

Dél)(kbkz;ﬁ,ﬁ)+D§1)(k1,k2;71772) —ﬁg)(khk%ﬁ,ﬁ) _ﬁg(),l)(klak2§7—1a7—2) . (3.92)

E
Py(ky, ko; 72, 705 3) = exp —/d3k In (QSinhﬁkz(ﬁ)))

D§2)(k1,k2;71772)+D§2)(k1,k2;ﬁﬁ2) —ﬁgg)(kl,k%ﬁ,ﬁ) —ﬁ;(),Q)(k1,k2;T1,T2) . (3.93)

3.8 New OTOCs from regularised two-point “in-in” non-chaotic auto-correlated
OTO amplitudes: rescaled field version

The cosmological OTOC without normalization for different quantum initial vacua can be ex-

pressed as:
_ X X 3
v (r1,m) = _Z(ﬁl;n)Tr [e_ﬁH(ﬁ) [f(&ﬁ)af(X,TQ)H = —/é;,ﬂ(kh—kuﬁ,ﬁ), (3.94)
_ R R 3
Vi (r1m) = =g T [0 [ m). Tl m)] | = = [ kol Kismom), (3.95)

where the two-point OTO amplitude functions are explicitly given by the following expressions:
Pi(ky, —ki;71,72) 1 = [Dél)(kl, k71, 7m2) + Dy (ki —ka; 71, 72)

—ﬁél)(kl, —ki;71,m2) — ﬁ:(gl)(kh —k1;71772)] ., (3.96)
Pa(ky, —ki;71,72) 1 = {Dg)(kl?—kl;ﬁ,ﬁ) + DY ki, —ki; 7, 72)

—ﬁg) (k1, —ky;71,72) — £§2)(k1, —kq;71, 7'2)} . (3.97)

Here we define:

DV (k1 kai 71, 72) = [Z1, (71) fieo (72), (3.98)
DY (ki ko 71, 70) = fiey (11) F 25, (72), (3.99)
LM (K1, ki 71,70) = Frie, (72) fieo (71), (3.100)
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LM (k1 ka; 71, 72) = fiey (72) gy (1), (3.101)
DY (ki koi 71, 72) = Iy (1), (72), (3.102)
D (ki ko 71, 7) = Thiey (7)1 (72), (3.103)
L8 (ki ko 71, 7) = II* ", (72)y (7)), (3.104)

(2)(k1,k2771,T2) e, (o)1, (7). (3.105)

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:

d’k;
(2m)?

Here we have taken care of the fact that the individual contribution appearing in the two-point

—dr k?dk; 0<k <L. (3.106)

OTOC momentum integral is isotropic. Also, we have introduced a momentum finite 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:
f 1
Yi (11, 72) = —277#31(7'1,7'2) ) (3.107)
1
Vi (r1,7m2) = —53B2(11,m2) (3.108)

where the conformal time scale dependent regularized integrals, Bi(71,72) and Ba(11,72) as ap-
pearing in the above expression, are defined as:

Bi(ri,m): = (—m)2 Y (-1)2 " |Z [ (

(1 (11, 72) — Z((i))(ﬁ,Tz)} , (3.109)
e[

))(TlaTZ) + Z
)) (11,72) — Z((i))(ThTQ)} , (3.110)

(
(
(7‘ 1, T 2) + 7 ((
where we have introduced the time dependent four individual amplitudes, ng)) (r1,72) Vi,j =

1,2,3,4, which are explicitly defined in the Appendix. These amplitudes satisfy the following
symmetry properties:

l))(TbTQ) = (—1)’(2”+1)Z (11,72) vV 1=1,2, (3.111)

®
(1)
(7_1’ 7_2) _ (_1)—(21/+1)Z((l)) (7_1’ 7_2) YV | = 1,2, (3112)

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

1

1
1 —7m)2 Y (—1)27Y
Y (r1,m) = —5 B ) = (—1) 2752 72) [1 n (—1)—(2y+1>} (Zg))(ﬁ,fg) - Z((Ql))(Tl,Tg)). (3.113)
3 3
1 —711)2 Y (=19)27Y
YQf(Tl,Tz) = —7271_282(7_1,7—2) — ( 7'1) 27r(2 7_2) |:1 + (—1)_(2y+1):| (Z((g))(Tl,Tg) — Z((Qz))(Tl,Tg)). (3.114)
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These expression can be simplified in terms of the slowly varying time dependent phase factors

as:
IRV EPPRN

Y1f(7'177'2) = (=7) 2752 72) [1 4 exp(—i(2v + 1)7)] (Z((é)) (11,72) — Z((gl)) (7177'2)>- (3.115)
U SP W

Y2f(7-1,7'2) = (=n) 2752 72) [1+ exp(—i(2v + 1)7)] (Z((;)) (11,72) — Z((22)) (7-177—2))‘ (3.116)

Now, in the large mass limit we need to replace v — —i|v|, for which we get the following
expressions for the two-point functions:

— )3l 3 v
7 _ ()M (=) B (1) _ =z
Y (11, 72) = 52 1+ exp(—2|v|r) (2(3) (71,72) Z0) (7'1772)>~ (3.117)
Boltzmann suppression |
f (=) 2 T (=) @ @)
Yy (11, 72) = 52 1+ exp(—2|v|r) (2(3) (11,72) — Z(Q) (7'1,7'2)), (3.118)
™ —_——
Boltzmann suppression |

where we define:

lim 20 (r,m) = 2%

v——ily| (@) (@)

(11, 72) vV 1=1,2, 1=2,3. (3.119)

We need to explicitly evaluate the expression for these above mentioned momentum integrals
which will going to fix the final expression for the two desired two-point OTOCs in the context
of primordial cosmological perturbation theory. We have presented the detailed computation of
these all integrals in the Appendix for better understanding purpose of the two conformal time
dependence of each of the contributions.

3.9 New OTOCs from regularised four-point “in-in” non-chaotic auto-correlated
OTO amplitudes: curvature perturbation field version

Here we need to compute the desired two-point new OTOCs in terms of the scalar curvature
perturbation and the canonically conjugate momentum, which are given by:

1 1

Yf(ﬂ,ﬁ) = —m’ﬁ" [e_ﬁﬁ(n) [é(x, ), 1(x, TQ)H = mﬂf(ﬁ,m). (3.120)
Y2<(7-1,7'2) = —ZC(;’H)Tr [e*/’)ﬁ(ﬁ) [f(x, ), I(x, 7'2)” = MYJ(n,m), (3.121)

where as a choice of the initial quantum vacuum state we have considered Mota-Allen, o, Bunch-
Davies states, which are the three popular choices of the initial vacuum states in the present
computation.

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

1 Bi(r,m)  (~1)i"(—m)i " (o 0
K1) = g ieyet — e s OV (A~ 2 )
(3.122)

1 Bo(ri,m)  (—m)E Y (—m)E "y @
Yy (m,72) = S om2 2(271)12(7‘22) B 271r2 2(71)2(272) [1 + (=17 +1)] (Z(g) (r1,72) = 71’72 )
(3.123)

These above mentioned expression can be expressed in terms of the slowly varying conformal
time dependent mass parameter which is appearing in the phase factor as:

Yi(r,m) = —27;;22—(:(1;;27):) ~[1+ exp(—i(2v + 1)) (23 (rm) = 23 (m1,72))  (3.124)
Yy (r1,7m2) = (_2:;2(7(1;(27)2) 1+ exp(—i(2v + D)) (25 (nm) = 20 (m,m)) - (3.125)

Now, in the large mass limit we need to replace v — —i|v|, for which we get the following
expressions for the two-point functions:

)2+z|zx|( )2+z|y\
272 z(1)2(72)

Yi(r,m) = O7 1+ ep=2n) | (257 - 25)(nm)). (3.126)

Boltzmann suppression |
)2 5 +ilv]

— )2t
YQC(TI,7—2) = (- 2)7r = () o) 1+ exp(—2[v|m) (Z(%)(Tl,m) — Z((22))(7'1,T2)>. (3.127)

Boltzmann suppression

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. The results obtained for two point OTOC’s for different types of initial choice of the quan-
tum vacuum states are same. No specific information of the initial condition in terms of
the chosen quantum vacuum will be propagated in the overall factor of the final result of
the two point OTOC’s. But the information of the initial quantum vacuum will be there
in the momentum integrated function Z((;)) Vi=1,2 and Z((.;)) V i = 1,2 within a finite
length cut-off L as it captures the effect of the full asymptotic solution of the scalar modes
and its associated momentum, and both of them are dependent on the factors C; and Cs
which carrying the required information. In this computation both the quantum and the
classical contributions have been taken care of. But now if we just only concentrate on
the quantum fluctuation part then the most interesting information is coming from the
sub-Hubble or sub-horizon limiting region. By a very careful observation one can explicitly
see that in the sub-Hubble region the final result of the two point OTOCs obtained from
different types of the initial quantum states will give approximately the same answer and
can solely described by the well known Euclidean Bunch Davies initial condition. This is
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quite interesting fact appearing in the context of two-point OTOC computation, because
if we recap the similar computation of time ordered or anti time ordered correlators or any
equal time two point correlators within the framework of cosmological perturbation theory,
then we find that the final result, which we call in cosmologist’s language power spectrum
in the Fourier transformed space always captures the explicit information regarding the
initial quantum vacuum state even in the super-Hubble region where the quantum effects
dominates over the classical super-Hubble contribution.

2. In the presence of very heavy mass particle, which is within the framework of cosmology is
identified by the limiting situation, m > H, where H is the characteristic Hubble scale one
need to take the analytical continuation of the mass parameter v to the imaginary axis such
that, v — —|v|. As a consequence of this we get a exponential Boltzmann suppression by a
factor of exp(—2|v|m), which can be be treated as a correction term in the final expressions
for the two-point OTOCs. Now if the magnitude of the mass parameter |v| is extremely
large then one can simply drop this exponential Boltzmann factor in the final expression
for the two-point OTOCs and can be written as:

Large |v| (|v| — o) approximation :

Hi(T, 1o, |V
}/lf(7—177—2) ~ 1(12’7T22||)v:())12) (7_1’7_2)‘ (3128)
/H b b
Hi(Tm, 1o, |V
Y1<(7'1772) ~ Mvgg(ﬁ,ﬁ)- (3.130)
¢ Ha(r, 72, V) o2
Yy (m,72) = Vs (11, 72), (3.131)

272 2(11)2(72)
where we define a new function H (11, 72, |v|) and Ha (71, 72, |V|), which are given by:
— ilv| ilvl 1 1
Hi(Ti, 712, |v|) = (—711)"(—72) 1+ 3 In(—7) ) ( 1+ 3 In(—7) |, (3.132)
_ ilvl v 3 3
Ho (1,72, |v|) = (—71)""(—72) 1+ 3 In(—71) | [ 1+ B In(—79) |, (3.133)

Here it is important to note that, to define this function we have used the following expan-

sion:
(=) M (=) L 6 In(=m) +--], ¥V k=1,2&5=1,2 (k #J)
1 3
‘ ith 6] =, 0yg= - 134
W1 1 2, 2 2, (3 3 )

where we have considered the fact that, [v| > 0; V j =1,2 and |v| — oo to get the leading
and the sub-leading or the next to leading order contribution, which is used for the further
simplification of the obtained result for the two point OTOC in the large || limit. We also
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have introduced the following symbolic representation for the sake of simplicity and clarity:

(11, 72) — =)

vgiQ)(Tl,TQ) = lim (Z(i) @)

[v|—o00 (3)

(71,72)) vV oi=1,2. (3.135)

On the other hand, if the magnitude of the mass parameter is small then one can expand
the exponential Boltzmann factor in the Taylor series and keep upto the linear order term
in v in the expansion. This will give rise to an overall contribution, which is given by,
2 (1 — |v|m) and the corresponding two-point OTOCs can be approximately written as:

Small |v| (Jv| — 0) approximation :

Ti(71, 72, |V
Y{ (r,m) = WA%)(“T?)' (3.136)
To(71, 72,
YQf(TlaTQ) = Wﬁg(ﬁ,m), (3.137)
Ti(m1, 72, |V 1
ch(71a7'2) — 27T2(Z(7'1)Z|(7!2))Ag2)(7_177_2)' (3.138)
¢ _ 7-2(7—177—27|V|) (2)
Y2 (7—1’ 7—2) = A32 (71772), (3.139)

272 2(11)2(72)

where we define a new function 71 (71, 72, |v|) and Ta(71, T2, |v]), which are given by:

Ti(m1, 72, |v|) :
Ta(11, 72, V) :

(=71)
(=71)

(—72)
(—72)

(1+ijv|In(—m)) (1 +ilv|In(—72)) (1 — |v|7r),  (3.140)
(1+idlv|In(—m)) (1 +ilv|In(—72)) (1 — |v|r).  (3.141)

jw N
N[ I

Here it is important to note that, to define this function we have used the following expan-
sion:

1

(=)t~ 2 (— )% L +ify|In(—7) 4+ -], V j=1,2&k=1,2 (j#k)
3

‘with ;= =, 0y = =

WI 1 27 2 27

(3.142)

where we have considered the fact that, 0; > |v| V j =1,2 and |v| — 0 to get the leading
and the sub-leading or the next to leading order contribution, which is used for the further
simplification of the obtained result for the two point OTOC in the small |v| limit.

We also have introduced the following symbolic representation for the sake of simplicity
and clarity:

AL (r1,7) := lim (Z((?)(Tl,m)—Z((é))(ﬁ,fz)) Voi=1,2 (3.143)

|v|—0

3. One can also consider various important cases, described by the mass parameter value
v=0,v=3/2and v = 1/2. Here v = 3/2 represents the massless field limiting situation
and v = 1/2 representing the conformally coupled case, where we have mg = V2 H. On
the other hand, v = 0 represents the situation, where we have my = 3H/2. Here one can
treat both ¥ = 0 and v = 1/2 in the partially massless field category.
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4. We have explicitly shown that the two-point OTOCs defined in this work is completely
independent of the choice of the coordinate system and at the end only depend on the time
scale on which the cosmologically relevant operators in perturbation theory are separated
in time scale. To define properly we define these operators in terms of a specific space
coordinate point but at different time scales and found that the final answer of the two-
point OTOCs are only dependent on time scale.

5. From the present computation we found that the final expression for the two-point OTOCs
are completely independent on temperature even though we start with a thermal canonical
statistical ensemble in the trace formula of the two-point OTOCs. It implies that, we
will get ultimately the description in terms of statistical ensembles following the present
description within the framework of cosmological perturbation theory, which is obviously a
quite interesting observation to point out in the present context of computation.

6. Now if we fix the conformal time coordinate of the two operators, m = 7 and 7™ = T,
that means if both the cosmologically relevant operators are defined at the same time co-
ordinate (time separation vanishes) then two-point OTOCs show divergence. On the other
hand, if we compare the obtained result with the expression for any two point equal time
cosmological correlators of the perturbation field variables then the amplitude of the such
correlators which we commonly identified to be the Power spectrum within the framework
of cosmology will found to be finite. So this observation implies that just by converting
OTOC to ETOC one cannot get correct and finite answer. This is because of the fact
that, OTOC deals with completely out-of-equilibrium phenomena and ETOC deals with
completely equal phenomena. It is expected that after taking very large late time limit it
is possible to achieve equilibrium in any one of the time coordinates involved in the cos-
mological operators, but to get a complete equilibrium description in ETOC one needs to
follow a completely different approach starting from the definition.

7. After doing simple computation one can explicitly show that in the present context the
one-point and three point function is explicitly zero and can be written as:

(Flox, 7)) = Z(ﬁlﬂTr [0 fxm)] =0, (3.144)
(fix,7)s = (;. S [ PR fix, )] =0 (3.145)
(Foen) e ms = T [0 fenfm)fm)] =0, (@140
(T(x, 7)TI(x, 72)TI(x, 73)) 5 = 7 ﬁl; ST [e*ﬁffﬁ) Tl(x, 1) T(x, 72)M(x, 73)] 0. (3.147)

Here we have used the well known Kubo Martin Schwinger condition, which basically deals
with the time translational symmetry at finite temperature and using this fact one can
explicitly show that the above two combinations of the three point function for the cosmo-
logical perturbation theory are explicitly vanishes in the present context. Not only these
combinations, but also the other possible cross correlated three point function will become
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similarly zero. If we do the computation for the primordial cosmological scalar perturbations
at explicitly in zero temperature then one can explicitly find non-zero but small answers
for all the possible three point correlators using the concept of OTOC. Using the Kubo
Martin Schwinger condition one can further show that any odd N-point function at finite
temperature the corresponding contribution vanish due to the time translational symmetry.
For these mentioned reason OTOCs are not defined in terms of any odd N point function
within the framework of out-of-equilibrium quantum field theory. All even N point OTOC
are normalised with appropriate factors which are actually appear from the expansion in
the large time dissipation time scale t ~ 8 = T—!, which is basically proportional to the
equilibrium temperature of the quantum system under consideration at very late time limit.
On the other hand, since one cannot decompose the any odd N point thermal correlators in
symmetric combinations and each correlators are trivially zero there is no normalization is
possible to express these correlators. So the only physical informations are appearing from
all even N point correlators. For N = 2 we get the two point OTOCs which are don’t need
to normalize because in this computation these are treated as the smallest building block
for the computation. Any other even N > 2 point correlators can be normalized in terms
of the combinations of the N = 2 point disconnected part of the OTOCs which are basi-
cally appearing in the large time dissipation time scale as previously we have mentioned.
In our previous paper [53], we have provided the detailed computation of a specific type
of two-point and four-point OTOC out of which one can able to extract various unknown
physical information within the framework of cosmological perturbation theory described in
the out of equilibrium regime of quantum field theory. In this paper we actually go beyond
this understanding of the OTOC and can able to provide two new sets of two point and
four point OTOCs which we believe can able to give few other informations regarding the
quantum system under study within the framework of cosmological perturbation theory in
the out of equilibrium regime of the quantum field theory. In the next subsections, we are
going to provide the detailed computations of the “in-in” OTO amplitudes and the related
four-point OTOCs from the primordial scalar perturbations.

3.10 Trace of four-point “in-in” non-chaotic auto-correlated OTO amplitude for
Primordial Cosmology

Now, we will explicitly compute the numerator of the first type of four-point OTOC constructed
out of cosmological perturbation field variable for different quantum vacuum states, which is
given by:

(@)
. 4

exp(—QSln*ytanoz)/ /d?’k;j '

= aw k.
| cosh a BD ]1_[1 (2m)3 exp [ik; x|
4 o~
(UBD| val)(kl,ka,ks,k4;71,rz;6) |Upp). (3.148)
i=1
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On the other hand, we will explicitly compute the numerator of the second type of four-point

OTOC constructed out of cosmological perturbation field momenta variable for different quantum
vacuum states, which is given by:

Tr {e—ﬁﬁ ) (11, 7). T, 7) 2}

(a)
4

exp(—2sin’ytano¢)/ /d3kj ,

= d¥ k.
| cosh « BD 31;[1 (2m)3 exp [ik; x|
4 A~
(UBD| ZVZ@)(kl,kz,k3,k4;71,72;5) [¥BD). (3.149)
i=1

Further, our aim is to compute the individual contributions which in the normal ordered form
are given by the following expression and explicitly computed in the Appendix of this paper:

/d\IIBD <\IIBD‘ (k17k27k37k477_177—2a ) : ’\PBD>
= /d\IfBD (Ugp| : e A TW (k) Ky kg, ki 71, 72) : |UBD), (3.150)
/d‘I’BD (Ypp|: V (k17k27k3,k4771,7'2, B) : |¥BD)

:/d\pBD (Upp| : e PHT) T (k) ko ks, ky;m,m) : [Upp) Vi=1234 (3.151)

Here it is important to note that the dispersion relation in general has to be different for different
choices of the initial quantum vacuum state.

3.11 New OTOCs from regularised four-point
OTO amplitudes: rescaled field version

in-in” non-chaotic auto-correlated

3.11.1 Without normalization

The desired cosmological OTOCs without normalization can be expressed as:

Ol m) =~ T [0 [, )] |

A3k A3k
:_/(%)13/(%)2 {0 (01, ko, ks, —er; 71, m0) + &4 (1, o, —ket, —kas 71, 72)

+€é1)(k1, ko, —ko, —ki;71,72) + 5§1)(k17 ko, —ki, —kg; 71, 7)
+51( )(kl,kg, —kq,—ko; 71, 72) + SS)(kl,kg, ko, —k1;71,72)
-|-51(3) (k1, ko, —ki, —ko;71,72) + 51(? (k1, ko, —ko, —ki; 71, 72)
& (ky, ki ke, ka3 71, 72) + E() (ki ki ke, ki1, m2) + €Y (i, ki Ko, —Kai 71, 72) | (3.152)
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05(71,7'2) = _Z(Bl'Tl)Tr [e—ﬁﬁ(ﬂ) [ﬁ(x,ﬁ),ﬁ(x,rg)} 2]

A3k A3k
= —/(%)13/ (277)23 {54&2)(1{1,1(2,—kz,—kl;ﬁﬂb) +5i2)(k17k2,—k17—k2;717T2)
+5é2)(k1,k2,—k2,—k1;71772) +g§2)(k17k2,_k17_k2§7'177'2)
+& 3)(k1,k2, —ki, —ko; 71, 72) +gff)(kl,kz,—k2,—k1;7‘1772)
+& ?(kl,kz, —ki, —ko; 71, 72) +Ef?(kl,kz,—kz,—k1;71,7'2)
+57(2)(k17 —ki, ko, —ko; 71, 72) + 51(3)(1{17 —k1, ko, —ko; 71, T2) + 51(?(1{1, —ki, ko, —ko; 71, Tz)} ,(3.153)

(
1
(
1

where we have introduced new four-point OTO amplitude functions, &S% ) , 8,(7% ) Vm = 4,6,7,10,11,13,
which are defined as:

ED (k1. ko, ks, ky; 11, m2) = MY — T0 + N0 — Q) v 1=1,2, (3.154)

All these functions signify the amplitude of the desired two types of OTOCs which are ex-
pressed in terms of the contributions from the four-point functions. For the further simplification
we have to consider symmetry properties 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
—ki — —ko, which are given by the following expressions:

&El)(khk% —ko, —ky; 71, M) = &El)(kl,kz, —ki, —ko; 11, )Vl =1, 2, (3.155)
ED (K1, ko, —ko, k571, 1) = EY (k1, ko, —ky, —Ko; 71, 72)V] = 1,2. (3.156)

Using these exchange symmetry properties the desired OTOCs one can further simplify the results
as:

A3k A3k
le(Tl,TQ) = /(%)13 / ﬁ {2 <5il)(k1,k2, —ko, —ki;71,72) +El(é)(khk%*kl,*k2;71,72))
+E (k1 ko, —ka, —ka; 71, 72) + EX (ki ko, — ki, —ko; 71, 2)
+51(é)(k17k27_k1,_k2§7'177'2) +51(l1)(k1,k2,—k2,—k1;7177'2)
+€§Z)(k1,—k1,k27—k2;71772) +5ﬂ))(k17_k17k27_k237177'2> +51(l1)(k1,—k17k2,—k2;71772)}
Vi=1,2. (3.157)

In this computation the volume elements of the momentum integrals as given by the following
expression:

Pk 1
(2m)S — (2m)°

2

(2

2
117 dki sin6; do; dgs
1 =1

where 0 < k;<oo, 0<b@;<m 0<¢;<2r Vi=1,2. (3.158)

Here we need to put cut-off 0 < k; < L V ¢ = 1,2 to regulate the only magnitude of the
momentum dependent radial integral and consequently we can write the following regulated
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expressions for the desired OTOCs, as given by:

f 1 L 2 L 2
™ Jo 0
{2 (&il)(khkm—kz,—k1;7177'2) +51(;lg)(k1,k27—kl,—kz;ﬁ,ﬁ))
+gél)(klak27_k2,_k1§7'177'2) +5§l)(k1,k2,—k17—kQ;Tl,Tz)
+51(f))(k1,k2,—k1,—k2;71772) +5{l1)(k1,k2,—k2,—k1;71,T2)
—|—g§l)(k1, —kl, k2, —k2; 7'1,7'2) =+ 51(6)(1{1, —kl,kg, —k2;7’1,7’2) + gfll)(kl, —kl, k2, —k2; T1, 7'2)} s
Vi=1,2. (3.159)

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

7
1
cfriim) = =15 > w1V () W=1.2. (3.160)
=1

See Appendix for details where we have computed these functions I](-l)(ﬁ, T2) VI =1,2. Once we
determine all of them then the structure of the desired OTOCs 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:
! =wl =2, Ww=1v =349 w=12 (3.161)

Further using these above mentioned results of the integrals the un-normalised OTOCs can be

expressed as:

1-2v 1-20 4
Of (r1,7) = |14+ (—1)™ 4 L(—1y2v| &7 (_Z{) X7, m).  (3.162)
i) = | : ]%4(_1)41; 172
—2v (. \3-2v 4
Cf(r1,m) = [1+(—1)4”+;(—1)2”] (_7;3;(2_5)@2_)5 - STXP M), (3.163)
=1

—

Here the functions X»l)’l(n, To)Vi=1,2,3,4, VIl = 1,2 are defined in the Appendix.

1

3.11.2 With normalization

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

N (1, 7)) = — _ 1 ] _ _ r | |
i (11,72) (Fr)fr))s(f(r) f(r))s  Film)Fi(r2) (3.164)
1 !

N (r1,7m2) = (3.165)

(AA(r) T (1)) s (T (ra) T (r2))s Fo(1)Fa(r2)
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where the time dependent functions F(7;) and Fa(7;) for all ¢ = 1,2 are defined in the Appendix
explicitly. For further details please look into the Appendix for the detailed computation of the
normalisation factor of both of the OTOCs.

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

!
Cf T1,T2) = — _ Cl (TlaATQ) _
i(71,72) (f(r) F(m))a(f () f(72))s
- [1 HEDY S 7(_1)%} ke iXQ)’l(T ™), (3.166)
2 2(—1)411—1;1(7_1)‘/—_'1(7_2) g i 1,72), .
f
Cy (11, 72) s (11, 72)

XN, m),  (3.167)

)

[

NE

- [1 e T )ﬂ (cr)* 2 (—7a)*
2= Fa(mi) Far2) =
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.

Now we will discuss about two limiting results, which is commonly known as the large mass
and small mass limit of the field perturbation. Here we will explicitly study the analytical
behaviour of the two types of the derived OTOCs in the present context of discussion. This
is only because of the fact that by seeing the derived expression for the complicated structure
of the OTOCs one cannot comment on the features of them without numerically plotting the
behaviour. The derived limiting results in this subsection will going to help us to understand
the underlying physical features of these two types of OTOCs without explicitly performing in
numerical computations using the derived full results in this section.

First of all we discuss about the large mass limiting situation, which can be easily obtained
by performing an explicit analytical continuation in the mass parameter v to —i|v|. One can
argue here that for this computation v to i|v| is not at all allowed as this will give rise to the
over /excessive particle production in the four point OTOC spectra computed in the two explicit
cases that we are studying in this paper. Now after doing the mentioned allowed analytical
continuation in the mass parameter we get the following results for the OTOCs that we can
obtain in the large mass limiting case:

i 7 L )12Vl (Y1421 4 N
eftmm = [ (o Sy CIEEEE R 3 X ), 0168
2(—1)—(42|V|+1)]:1(7'1)]:1(7'2) i=1
— ' 7 ' o \342ilv] (o \342i|y| 4 —
(i) = 1 () Jeye| IR 5 ), 3109)
2(—1)~ WD Fy (1) Fa(72) =1

where F1(71), Fi(12), Fa(71) and Fa(m2) are the normalization factors for the two OTOCs for
the large mass limiting situation which is obtained by taking analytical continuation in the

mass parameter v to —i|v|. Also, the functions Xi(l)’l(ﬁ, T2) and XZ.(2)’1(7'1,7'2) can be similarly
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obtained by doing the same analytic continuation in the large mass limiting situation. The
explicit expressions are very cumbersome to write, so that we have only given the expressions for
these functions for any general mass parameter v. Using these expressions by taking the above
results one can explicitly compute the behaviour of these functions in the large mass limiting
situation.

Now further one can simplify the above mentioned two results of the OTOCs by using the
following expansion:

()T e ()M L+ 8y () + -], Y k=1,2&5=1,2 (k#))

1 3
‘ ith 6=, 0p=>
W1 1 9’ 2 9’

(3.170)
where we have considered the fact that, |[v| > §; V j = 1,2 and |v| = oo to get the leading
and the sub-leading or the next to leading order contribution, which is used for the further
simplification of the obtained results for the four point OTOCs in the large |v| limit. Using this
result we get the following simplified results for the two types of the desired OTOCs studied in
this paper:

c(r1,m) ~ [1 + (=1)~Hk 4 ;(_1)—2i|u|] (1 n ;1H(—T1)>2 (1 . ;ln(_T2)>2

o \2ilv] o \2iy 4 ——
En)(n) W (11, 79), (3.171)

X — X
2(=1)~WMED Fy (1) Fi (72) =1
—_ — . 7 . 3 2 3 2
CQf(Tl,’TQ) ~ [1 + (=1)~ 4 2(—1)_27’|l’|] (1 + 5 111(—7'1)> (1 + 5 111(—7'2)>
2i|v 2iv 4 T
NS G ) G XDy, 1), (3.172)
2(—1) =W+ Fy (11) Fo(ma) =1

Next we discuss about the small mass limiting result for the two derived desired OTOCs in
this paper. Here we have use the following expansion for the case when the mass parameter is
sufficiently small:

(—)5 M x 2 (—r)% L4 iy|In(=7)) +--+], ¥V j=12&k=1,2 (j #k)
1 3
‘wi h = — = — 1
with  d; 5 02 5 (3.173)

where we have considered the fact that, 6; > |v| V j = 1,2 and |v| — 0 to get the leading and the
sub-leading or the next to leading order contribution, which is used for the further simplification
of the obtained result for the two point OTOC in the small |v| limit. In this limiting case these
two desired OTOCs can be further simplified as:

P , 7 ' ) )
cl(r,m) ~ |1+ (-1)~4 4 5(—1)_2””' (1 + |y In(—71))* (1 + i|v| In(—72))?
4 —
x 8(_Tl)<;72\) N x (7, 7)), (3.174)

(=1)~WlvHD Fy (1) Fr(12) =
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Cl(r,m) ~ 1+(—1)—4i|"|+g(—1)—2ilvl (1 +iv|In(=m))* (1 +i|v|In(—7))?

8(‘ T1) (/72 _ Xi(2)’1(7-1,72), (3.175)
(=1)~@ilvl+D) Fy (1) Fo(12) =

—

Here Fi(71), Fi(m2), Fa(m1) and Fa(72) are the normalization factors for the two OTOCs for
the small mass limiting situation which is obtained by taking analytical continuation in the mass

parameter v to —i|v|. Also, the functions XZ-(I)’1 (11, 72) and Xi(Q)’l(ﬁ, T2) can be similarly obtained
by doing the same expansion in the small mass limiting situation. The explicit expressions are
very cumbersome to write, so that we have only given the expressions for these functions for
any general mass parameter v. Using these expressions by taking the above expansions one can

explicitly compute the behaviour of these functions in the small mass limiting situation.

3.12 New OTOCs from regularised four-point “in-in” non-chaotic auto-correlated
OTO amplitudes: 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:

¢ b oy |esam) [ : 2] _ 1 /

Gl m) = =5 o P (G, Gl )] = FEE I, 3170

Cs (71, 72) = —Zc(lﬁﬁ)Tr [e—ﬂﬁ(n) [f[(x, 1), 1(x, mﬂ( | _ MC{(H,TQ). (3.177)
ay\M» oy

3.12.2 With normalization

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

(11, 72) = Cr(m,72) = NC(m1, 1) CS(m1, 7

) = s i, T Gl BT
(11, 19) = 05(71,7'2) = N$(11,7m2) CS(m, T
C3(71,72) Tt ) (T (T (71005 N3 (11, 7m9) C3(11,72) (3.179)

where the normalisation factor to normalise OTOC is given by:

) = ! _ 2 (m)Z(m) _ oy e varfo
M) = s Gl — Al A 0 N ), G150
1

_ w422 (7’1)22 (12)
(¢ (r)He (1)) g (T) e (1)) s Fa(m1)Fa(T2)

NE(r1,m5) = = 22(1) 2 ()Y (71, 72). (3.181)
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Consequently, the normalised OTOC computed from the curvature perturbation variable is given
by the following expression:

_oN1—2w(_ _\1-2v 4
(cm) ~7 (=) XM, 7). (3.182)

Clc(Tl,Tg) = C{(Tl,TQ) = |:1 + (—1)4V + z(—1)2l/:| B

2 (=) =1F (1) Fi(72) P !
3232w A
C5(71,72) = CL (11, 7m2) = [1 +(=D)" + ;(—1)%} 2((—1)14)11—1]-“(2(712))]:2(72) X (r1, 7). (3.183)

=1

Here all the unknown time dependent functions Xi(l)’l(ﬁ, m)Vi=1,2,3,4and XZ-(Q)’1 (11, m2)Vi=
1,2,3,4 originated from the two types of OTOC correlations are explicitly computed in the
Appendix. Here one can explicitly show that by taking the large mass and small mass limiting
approximation as performed in the previous subsection we get the same results in the present
context for the normalized OTOCSs presented in terms of the curvature perturbation field variable
and its canonically conjugate momentum variable.

4 Numerical analysis I: Interpretation of two-point non-chaotic auto-correlated
OTO functions

For L= 1000, v+ = —100 and « = 1/2, v = 1/2 (M A vacua)

T T T T T T
S T i 5
- ]
= 1
= ]
= ]
= o1r =
—— .
= ]
= ]
= X ]
I 107" |- —
= ¥ .
B~ ]
107 | ‘ ‘ =

—-1000 —800 —600 —400 —-200 [

Time scale (A7)

Figure 6: Behaviour of the two-point auto-correlated field OTO function with respect to the
time scale T" for Mota Allen vacua for different mass parameters.

In this section, our prime objective is to numerically study to give interpretation of the ob-
tained results for the two-point auto-correlated field and momentum OTO functions within the
context of primordial cosmological perturbation theory studied analytically in the previous sec-
tion of this paper.

The detailed interpretation of the two-point auto-correlated field and momentum OTO func-
tions are appended below point-wise:
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For L = .
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Figure 7: Behaviour of the two-point auto-correlated field OTO function with respect to the
vacuum parameter v for Mota Allen vacua for different mass parameters.

For I — 1000, 7" = —200 and — = —500
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Figure 8: Behaviour of the two-point auto-correlated field OTO function with respect to the mass
parameter |v| for Mota Allen, a vacua and Bunch Davies vacuum for different mass parameters.

e In fig. (6) and fig. (38), conformal time dependent behaviour of the two-point auto-correlated
field and momentum OTO functions with respect to the two time scales are explicitly shown.
From these plots it is clearly observed that with respect both the time scales the two-point
auto-correlated field and momentum OTO functions show random fluctuating behaviour.

e For both the cases it is observed that, we get the significant distinguishable features in the
time dependent two-point auto-correlated field and momentum OTO functions for partially
massless or heavy scalar fields. This behaviour of the two-point auto-correlated field and
momentum OTO functions is explicitly depicted in fig. (8) and fig. (37). From these plots
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one can clearly see that for the results obtained using Bunch Davies vacuum, « vacua and
Mota Allen vacua state initial conditions the two-point auto-correlated field and momentum
OTO functions significantly decay very fast in a non-standard fashion with respect to
the magnitude of the mass parameter |v| for partially massless and heavy scalar fields
in primordial cosmology. On the other hand, in fig. (7) if we change the quantum initial
conditions by changing the vacuum state by introducing the non-standard Mota Allen vacua
then a clear distinctive features can be observed by changing the vacuum parameter a and ~y
respectively. We have explicitly have shown the behaviour of the two-point auto-correlated
field and momentum OTO functions for &« = 1/2,y = 1/2, where it is clearly observed
that the correlation decays very rapidly with the increase in the magnitude of the mass

parameter |v|.

e Also we have observed from the plots that the random fluctuations with respect to the
conformal time scale show decaying time dependent behaviour at very late time scale. First
of all all of them showing a saturating behaviour and then it increases at a particular value
in the time scale and then these plots are showing decaying features. This large peak value
of the two-point auto correlated spectra is obtained at the scale when the two time scales
of the theory becomes comparable. Physically this is a very crucial fact as it show at this
particular time scale we are actually getting zero information. from the two-point auto-
correlations. Only the preferred information can be extracted from very early time scale as
well as at very late time scale after the peak.

5 Numerical analysis 1I: Interpretation of four-point non-chaotic auto-correlated
OTO functions

For |v| = 1/2 , L = 1000, and + = —100

2500} r r r "]
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Figure 9: Behaviour of the four-point auto-correlated field OTO function with respect to the
time scale T for Mota Allen and « vacua and for Bunch Davies vacuum for the mass parameter
lv| =1/2.
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Figure 10: Behaviour of the four-point auto-correlated field OTO function with respect to the
time scale T for Mota Allen and « vacua and for Bunch Davies vacuum for the mass parameter

| = 3/2.
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Figure 11: Behaviour of the four-point auto-correlated field OTO function with respect to the
time scale T for Mota Allen and « vacua and for Bunch Davies vacuum for the mass parameter
lv| =17/2.

Now comparing the results of the four-point auto-correlated field and momentum OTO func-
tions we get the following outcomes which we have mentioned point-wise:

1. Before normalising the four-point auto-correlated field and momentum OTO functions, the
results computed from rescaled field & momentum and the curvature perturbation field
variable and its conjugate momenta the sides are not at all same and connected via a time
dependent Mukhanov Sasaki variable dependent conformal factor (z(71)z(72))~2 in the final
results.
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Figure 12: Behaviour of the four-point auto-correlated field OTO function with respect to the
time scale 7 for Mota Allen and « vacua and for Bunch Davies vacuum for the mass parameter
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Figure 13: Behaviour of the four-point auto-correlated field OTO function with respect to the
time scale 7 for Mota Allen and « vacua and for Bunch Davies vacuum for the mass parameter
lv| =5/2.

2. After normalising the four-point auto-correlated field and momentum OTO functions, the
results computed from rescaled field & momentum and the curvature perturbation field
variable and its conjugate momenta the sides are not at all same. In this case particularly
for the computational purpose is the best one as we really don’t need care about the origin
of the quantum operators in the cosmological perturbation theory.

Next, we give the interpretation of the obtained results for the normalised four-point auto-
correlated field and momentum OTO functions computed in the present set up point-wise:
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Figure 14: Behaviour of the four-point auto-correlated field OTO function with respect to the
time scale 7 for Mota Allen and « vacua and for Bunch Davies vacuum for the mass parameter

| = 7/2.
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Figure 15: Behaviour of the four-point auto-correlated field OTO function with respect to the
time scale 7 for Mota Allen and « vacua and for Bunch Davies vacuum for the mass parameter
lv| =9/2.

e In our computed four-point auto-correlated field and momentum OTO functions two time
scales are involved. During the study of the behaviour of the four-point auto-correlated
field and momentum OTO functions we have actually have fixed one time scale and have
studied the time dependent dynamical behaviour with respect to the other time scale. We
have found that the behaviour with respect to both 71 =T and ™ = 7, using both Bunch
Davies, o and the generalised Mota Allen vacua as initial choice of quantum vacuum state.
See fig. (9), fig. (10), and fig. (11), fig. (12), fig. (13), fig. (14), fig. (15), fig. (30), fig. (31),
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Figure 16: Behaviour of the relative change in four-point auto-correlated field OTO function
with respect to the time scale T for « vacua for the mass parameter |v| = 1/2.
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Figure 17: Behaviour of the relative change in four-point auto-correlated field OTO function
with respect to the time scale T for a vacua for the mass parameter |v| = 3/2.

fig. (32), fig. (33) and fig. (34) to know about the detailed conformal time dependent feature
of the normalised four-point auto-correlated field and momentum OTO functions. In the
conformal time scale all of these plots varies from, —oo (Big Bang) to 0 (present day
universe), and show significant distinctive features in the time scale.

o If we fix the time scale, 70 = 7 and study the behaviour of four-point auto-correlated field
and momentum OTO functions with respect to the scale 7 =T then we found that as we
approach from very early universe to the late time scale the normalised correlators show
random non-standard non-chaotic behaviour.
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Figure 18: Behaviour of the relative change in four-point auto-correlated field OTO function
with respect to the time scale T' for a vacua for the mass parameter |v| = 5/2.
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Figure 19: Behaviour of the relative change in four-point auto-correlated field OTO function
with respect to the time scale 7 for o vacua for the mass parameter |v| = 1/2.

e Additionally we have found that we can get the desired features from the obtained results
can be visible only when the mass parameter, v can be analytically continued to —iv. So

massless De Sitter possibility (v = 3/2) is not allowed. Consequently, we have the following
options:

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

following parameter from the present understanding:

—iv = \/Z — ¢ where ¢>V2, (5.1)
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Figure 20: Behaviour of the relative change in four-point auto-correlated field OTO function
with respect to the time scale 7 for o vacua for the mass parameter |v| = 3/2.
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Figure 21: Behaviour of the relative change in four-point auto-correlated field OTO function
with respect to the time scale 7 for o vacua for the mass parameter |v| = 7/2.

which implies the following bound on the mass parameter:

v> - (5.2)

N | .

This is consistent with the plots obtained for the following values of the mass param-
eter:

(5.3)

S
| &
po| I
| L

N | .
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Figure 22: Behaviour of the four-point auto-correlated field OTO function with respect to the
mass parameter |v| for Mota Allen and « vacua and Bunch Davies vacuum.
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Figure 23: Behaviour of the four-point auto-correlated field OTO function with respect to the
vacuum parameter « for o vacua with mass parameter |v| = 1/2.

2. Massive De Sitter case is one of the possibilities, where we can estimate the follow-

/m?2 9

Since we have studied the case for v > i/2, we get the following bound on the mass of

ing parameter:
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Figure 24: Behaviour of the four-point auto-correlated field OTO function with respect to the
vacuum parameter 7 for Mota Allen vacua with mass parameter |v| = 1/2.
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Figure 25: Behaviour of the relative change in four-point auto-correlated field OTO function
with respect to the time scale T' for Mota Allen vacua with mass parameter |v| = 1/2.

the heavy field:

mz\/gH. (5.5)

3. Reheating case is the last possibility, where we can estimate:

31
SVSE for 0 < wpep <
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Figure 26: Behaviour of the relative change in four-point auto-correlated field OTO function
with respect to the time scale T for Mota Allen vacua with mass parameter |v| = 3/2.

For |lv| =7/2 . L = 1000, e« = 1/2 and v = — 100
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Figure 27: Behaviour of the relative change in four-point auto-correlated field OTO function
with respect to the time scale 7" for Mota Allen vacua with mass parameter |v| = 7/2.

e After fixing both the time scales at far past, the behaviour of four-point auto-correlated
field and momentum OTO functions with respect to the mass parameter is depicted in the
fig. (22) and fig. (34) for Bunch Davies, v and Mota Allen vacua as quantum mechanical
vacuum state.

e After fixing both the time scales at far past and fix v = i/2, the behaviour of four-point
auto-correlated field and momentum OTO functions with respect to the vacuum parameter
a and v depicted in the fig. (23), fig. (24), fig. (35) and fig. (36).

e All the momentum dependent integrals are divergent at oo, for which we have introduced
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Figure 28: Behaviour of the relative change in four-point auto-correlated filed OTO function
with respect to the time scale 7 for Mota Allen vacua with mass parameter |v| = 1/2.
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Figure 29: Behaviour of the relative change in four-point auto-correlated filed OTO function
with respect to the time scale 7 for Mota Allen vacua with mass parameter |v| = 3/2.

an UV regulator at L = 1000 (large value). This makes the final results of four-point
auto-correlated field and momentum OTO functions numerically convergent.

e Further we define a relative change in normalized four-point auto-correlated field and mo-
mentum OTO functions where the relativeness is defined with respect to the definition of
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Figure 30: Behaviour of the four-point auto-correlated momentum OTO function with respect
to the time scale T' for Mota Allen, « vacua and Bunch Davies vacuum with mass parameter
lv| =1/2.
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Figure 31: Behaviour of the four-point auto-correlated momentum OTO function with respect
to the time scale T' for Mota Allen, a vacua and Bunch Davies vacuum with mass parameter
lv| = 3/2.

quantum mechanical vacuum state, given by:

— Cp(1i,a=0,7=0)

Motta Allen vacua Bunch Davies vacuum

Cp(Tia a=0,v= 0)

[\ /

CP(Ti7 «, 7)

J/

v i=1(T),2(r)

R ) =

Vv
Bunch Davies vacuum

& ¥V p = 1(Field auto correlator), 2(Momentum auto correlator). (5.7)
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In fig. (16), fig. (17), fig. (18), fig. (19), fig. (20), fig. (21), fig. (25), fig. (26), fig. (27), fig. (28),
fig. (29), we have explicitly shown the behaviour of the relative change in normalized four-
point auto-correlated field and momentum OTO functions with respect to the two time
scales. Here the relative change we have studies for o = 1/2,7 = 1’2, a = 1/2,y = 1,
and a = 1/2,v = 3/2 with respect to a = 0 for all previously allowed values of the mass
parameters for partially massless and heavy scalar fields. From this relative change one can
also study the large or small deviation from the Bunch Davies result compared to the other
results obtained from all non standard quantum vacuum states.

e Also, we have to mention here that the computed four-point auto-correlated field and
momentum OTO functions are independent of any specific choice of the coordinate system.
If we go through the computation then we see that even we have started defining the four-
point auto-correlated field and momentum OTO functions in real space, after taking Fourier
transformation and applying the momentum conservation appearing in terms of Dirac Delta
functions, the exponential factor which capture all the momenta and real space coordinate
will be unity. Finally, we get a momentum integrated cut-off regulated results for the four-
point auto-correlated field and momentum OTO functions which only depend on the two
dynamical conformal time scales on which we have defined the rescaled perturbation variable
and its canonically conjugate momenta. This is quite good outcome. In the generalised
prescriptions, when one introduces the quantum operators in a specific time and coordinate
system it always appears that in the final result it captures the effect of inhomogeneity in the
space-time coordinate. In the context of spatially flat FLRW cosmology we have found that
the final result of four-point auto-correlated field and momentum OTO functions captures
the effect of inhomogeneity. This is because in cosmology we are actually interested in the
time evolution of the quantum operators which are separated in time scale, which is one of
the crucial constraint in the definition of any general four-point auto-correlated field and
momentum OTO functions. But such four-point auto-correlated field and momentum OTO
functions don’t capture the inhomogeneity.

e The final result of four-point auto-correlated field and momentum OTO functions are not
explicitly dependent of the factor 5 = 1/T which is appearing in the expression for thermal
partition function. This further implies that the final results are also independent of the
thermal partition function computed for Primordial Cosmology.

6 Classical limit of non-chaotic auto-correlated OTO amplitudes and OTOC
in Primordial Cosmology

6.1 Computational strategy for non-chaotic auto-correlated OTO functions in the
Classical limit

In this section, our prime objective is to study the classical limit of the four-point auto-correlation
functions that we have explicitly derived from the quantum descriptions. In the following subsec-
tions we will derive the classical limiting results which will be consistent with the super-horizon
late time limiting behaviour of the cosmological auto-correlated functions.
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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. For this purpose we consider the
classical mode function and its canonically conjugate momentum which we have derived in
the earlier section of this paper.

2. Next, in the classical limit we use the Poisson Brackets of the classical mode function and
its canonically conjugate momentum variables in cosmological perturbation theory.

3. In the classical limit the definition of quantum trace will be replaced by phase space volume
d, dll D DII

measure, M which mimics the role of path integral measure, fk(T;k(T) in

T

T
the classical limit.

4. Also during this computation we have to include an additional thermal Boltzmann factor
which is serving the purpose of thermal weight factor during taking the phase space average
over the classical micro-canonical statistical ensemble.

5. Next, we compute the expression for the classical thermal partition function for cosmolog-
ical perturbations which is consistent with the quantum result computed from completely
different formalism. To compute the classical partition function one need to compute the ex-
pression by following the principles of classical statistical mechanics. very carefully. Though
we will show that the final expressions for the classical limit of auto-correlated OTOs are in-
dependent of the partition function for the cosmological scenario in which we are interested
in.

6. Last but not the least, we compute the expression for the normalisation factor for the
classical limiting version of the auto-correlated OTO functions. by following the above
mentioned general formalism.

6.2 Classical limit of cosmological two-point “in-in” non-chaotic OTO amplitudes

To compute the classical limit we start with the Poisson bracket of these cosmologically relevant
canonically conjugate operators, which are given by the following expressions:

3 3
{f(X771)7f(X77-2)}PB = /é:;g/ é:)é exp(i(ky + ko).x)

{fier (71), frea (72) Yp + {fia (T1), iy (72) }p] 5 (6.1)

3 3
{II(x, 1), II(x, 72) }pg = /m/é:)é exp(i(ki + ka).x)

[{Tlye, (1), My (72) Y pg + {Tliey (11), T, (72) Y p] - (6.2)
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In the Fourier transformed space, the individual Poisson brackets are given by the following

expressions:
{fi (1), fiex (12) }p = (27)6° (k1 + k2) Ru(71,72), (6.3)
{fis(T1), fic (72) }p = (27)°6° (ko + k1) Ri(71,72), (6.4)
{I, (1), ey (72) }p = (27m)°6% (k1 + ko) Ra(71, 72), (6.5)
{Tie, (71), I, (72) }p = (27)°6° (ko + k1) Ra(71,72), (6.6)
which further implies that following symmetric result:
{fi, (11), fir (12)}p = {fia(71), fiy (72) }pg = (27)%0° (k1 + k2) Ri (71, 72), (6.7)

{T, (71), iy (m2)}pp. = {Thiey (71), I, (72) }pg = (27)°6° (k1 + ko) Ra(m1,m2), (6.8

which is appearing due to the fact that the three dimensional Dirac Delta function is symmetric
under the exchange of two different momenta. Now for the further purpose we define the two-point

For |v| =1/2, L = 1000, and 1T = —100

10% -

10—6*
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_____ v 0, = 0 (BD vacuwm.)
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Figure 32: Behaviour of the four-point auto-correlated momentum OTO function with respect
to the time scale 7 for Mota Allen, « vacua and Bunch Davies vacuum with mass parameter
lv| =1/2.

random classical correlation function Rq(71,72) and R (71, 72) by the following expressions:

Ri(m1,72) : = Wi(11 — 72) (6.9)
Ra(71,m2) : = Wa(n — 12), (6.10)

where Wy (11 — 72) and Wa (11 — 72) are the two window functions which are defined as:

Wl(Tl - 7-2) = \/<77N0ise(7-1)77N0ise(7—2)>7 (611)
Wa(r1 = 72) = 1/ (Woggae () i (72))- (6.12)
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where the two-point noise and its associate canonically conjugate momentum correlation func-

For |v| =3/2, L = 1000, and 7T = —100
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Figure 33: Behaviour of the four-point auto-correlated momentum OTO function with respect
to the time scale 7 for Mota Allen, a vacua and Bunch Davies vacuum with mass parameter
lv] = 3/2.

tions at the classical level are given by the following expressions:

1
(1Noise(T1)Noise(T2)) = \/Gl(@)mel (11— m2) \/ermel (o —71) = \/Gl(<e)rnel(|T1 —nl), (6.13)

<H77Noise (Tl)HﬂNoise (T2)> : \/Gl(ce)rnel(Tl - TQ) = \,/G'kernel(T2 - Tl) = \/Gl(<e)rnel(|7—1 - T2|)' (6‘14)

where Gl((e)mel(ﬁ — 72) and Gl((e)mel( 71 — T2) are known as the noise kernel which are both time
translational symmetric Green’s functions. As a consequence, we get the following symmetry
properties in the classical correlation functions:

Ri(m1,72) = Ra(m2,71) \/ermel (I —72), (6.15)

6.3 Classical limit of cosmological four-point “in-in” non-chaotic OTO amplitudes

Further, in the classical limit we compute the following two types of the square of the Pois-
son brackets instead of computing the commutator brackets which is the key ingredient in the
quantum calculation, given by:

{f(X, Tl)7 f(X, 7-2)}%’B = {f(xv 7—1)’ f(X, 7—2)}PB {f(X, 7—1)7 f(X7 7—2)}PB ) (617)
{H(X7 7—1)7 H(X7 TQ)}%’B = {H(X’ Tl): H(X7 7'2)}PB {H(X’ 7—1)7 H(Xa 7-2)}PB : (6'18)

To compute the above mentioned expression we need to use the following Fourier transforma-
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Figure 34: Behaviour of the four-point auto-correlated momentum OTO function with respect
to the mass parameter |v| for Mota Allen, o vacua and Bunch Davies vacuum.
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Figure 35: Behaviour of the four-point auto-correlated momentum OTO function with respect
to the vacuum parameter « for o vacua.

tions:

~ 3 ~
foer) = [ g espliies) fdm) (6.19)
II(x,71) = 0r, f(x,71) = /% exp(ik.x) O, fx(T1) = /% exp(ik.x) Ik (1), (6.20)

which will be extremely useful for the computation of the classical limiting results of the previously
mentioned two specific type of four-point OTOCsS in terms of the square of the Poisson brackets.
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Figure 36: Behaviour of the four-point auto-correlated momentum OTO function with respect
to the vacuum parameter v for Mota Allen vacua.
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Figure 37: Behaviour of the two-point auto-correlated momentum OTO function with respect
to the mass parameter |v| for Mota Allen, o vacua and Bunch Davies vacuum.

Using these inputs we get the following simplified results in the classical limit:

3 3 3 3
{F(x, 1), f(x,72) Y55 = (27)° / éf)lg / é:)é / é;@ / é:)‘; exp (i(k; + ko + ks + ky).x)

(03 (k1 + ko)0% (k3 + ka) + 6% (kq + k3)8° (ko + ka)

463 (k1 + k)0 (k3 + ko) + 6% (kg + k3)6% (kg + ky)
463 (ko 4+ k)02 (ky + k3) + 63 (ko + kq)63 (k1 + k3)
+03(ks + k)03 (kg + ko) + 63 (k3 + ko)d° (k; + ky)
+6%(ks + kq)0% (k1 + ko) + 6° (ks + k1)6%(ka + k)
6% (ky + ko) 3% (ks + ki) + 67 (ka + k3)0% (ko + k1)) GLL o (j71 — 7). (6.21)
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Figure 38: Behaviour of the two-point auto-correlated momentum OTO function with respect
to the time scale T for Mota Allen vacua.

3 3 3 3
(M6 7). M)V = (20)° [ [0 [0 [ S e (ks + Ko+ i+ e x)

[53(1(1 + k)63 (k3 + ka) + 0% (k1 + k3)0% (ko + ka)

5 (k1 +ka)0% (ks + ko) + 53<k2 +ks3)0% (ks + ki)
+53(k2 +Xk1)0% (kg + k3) 4 6% (ko + ka)5°( )
+6° (ks + k1)5° (kg + ko) k3 + ko)0% (k1 + k4)
463 (ks + kyq)0° (k1 + ko) kg + kp)63( )
(ks + k2)8° (k3 + ki) ki + k3)5° (kg + k1)

AAA,_\

+ 53
+ 43
+0°(k + 6% G2 allmi = 7)), (6.22)

where we have used the following crucial facts:

{fk Tl fk 72 }PB 27T 363(k +k \/GKernel(’Tl_TQD

[T (70), Ty, (72) oy = (20)0%(i + k) G2 (171 — ).
where 1 #jVi,5,=1,2,3,4. (6.23)

It is important to point that, the individual contributions appearing in the previously men-

tioned 12 contributions can be evaluated as:

{fi;(11), fie; (72) } o { i) (T1); frcn (72) Y pig = (27)°6% (ks + k) 0% (K + Ko )Ggrener(IT1 — T2),

{Ti, (1), T (72) } pg {Te, (72), e, (72) Y pg = (27)%6° (ks + k) 6% (kg + Koy )G (T = 72)).
where i#j#Il#mVi,jl,m=1,234. (6.24)

(1)

In this computation we introduce two conformal time dependent coloured noise kernels Gycg ..o (|71—
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To|) and G%Lmel(m — 73|), which are defined as:

G%(lrnel(hl - T2|) = W%(Tl - 7_2)’ (625)
G%(Lrnel(h_l - T2D = Wg('rl - 7_2)' (626)

On the other hand, if we consider the Gaussian white noise we have the following properties:

1. For white noise two-point classical auto correlation functions are time translation invariant,
which are kind of expected from this analysis.

2. Random white noise also have the following properties:

(mwn(m1)) =0, (6.27)
(rwn ()W (12)) = Gebna(1 — 72l) = Wi(m — 2)) = By 8(jm — 7). (6.28)
<77WN(7—1) """ nWN(TN» =0 VN= 3a 57 7? Ty (6'29)
(mwn(T1) e mwn(tn)) = CU () Sl try) VN =468, .(6.30)
and
(Mpne (11)) = 0, (6.31)
(W (T My (72)) = Gobnat (171 = 720) = W3 (71 — 7)) = Bs 671 — 7). (6.32)
<H7IWN (1) eee e (tn)) =0 VN =357, (6.33)
<H77WN(71) """ Han(TN)> = Cl(<2c)rnel(7—1"" ,TN) (5(7’1 B +TN) VN =4,6,8,--- (6.34)

where nwn (7) and I1 are the conformal time dependent white noise field variable and its

TWN
canonically conjugate momentum variable. Also, B, By (# B;1) and Cl(ce)rnel(Tl’ S TN,
Cl((?mel(n, .-+ ,7n) are the amplitudes of the spectra of any N = 2 and N = 4,6,8,---
even point classical auto correlation functions. Here all even point amplitudes are non-zero
and all odd point amplitudes become zero for Gaussian white noise contributions, which

are again sourced from random fluctuations.
From the mentioned results further we get the following features:

1. Here time dependent noise kernels describe the randomness of quantum mechanical fluctu-
ations at the classical limit.

2. If we compare the obtained result in the classical limit with the quantum version of the
four-point auto-correlated results then it is clearly observed that for both the cases we get
same twelve contributions in the classical limit. But in the quantum case we have different
individual contributions for these mentioned twelve terms in the auto-correlations.

3. Also in both classical and quantum results momentum conservation is established via mo-
mentum dependent three dimensional Dirac Delta function contributions.
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6.4 Cosmological partition function: Classical version
6.4.1 Classical partition function in terms of rescaled field variable

In this section our objective is to compute the partition function in the classical regime. In terms
of the rescaled perturbation field variable and its canonically conjugate momentum we define the
following classical partition function:

ZClassical (B;T1) : = / D];)H exp (—BH)
~[ew (- |2 4 S - expl-pmidm)| )

_ I;Iexp (— In (2 sinh BE;(H)»

= exp <—/d3k In (2 sinh BE“Q(H))) . (6.35)

Now if we compare the above result with the quantum result obtained in the previous section,
then we get the following interpretation:

ZClassical(B;T1) = : ZBD(B;71) := |cosha| : Zo(B;71) := |cosha| exp(2sinytana) : Zo(8;71) : .

/

Classical result Quantum result

(6.36)

The good part is that, from the above expression we found that the expression for the classical
partition function and normal ordered partition function for Cosmology computed using quantum
techniques are exactly same. This is somewhat expected from the basic understanding of the
present set-up which we are considering in the present context of discussion and also helps us
a lot to correctly take the classical limit of the result computed using quantum field theory
techniques. In short, the above interpretation shows that the classical result of the partition
function that we have separately computed is perfectly consistent with the quantum result.

6.4.2 Classical partition function in terms of curvature perturbation field variable

In this section our objective is to compute the partition function in the classical regime. In terms
of the curvature perturbation field variable and its canonically conjugate momentum we define
the following classical partition function:

D(DIT
Classical(ﬁ;’rl) = //4-27_(_C €xp (_5H)

7¢
22 T ¢ T
- ow ([ "WB L1 stz

¢
= exp (—/d3k In <2 sinh ﬂ22(7—1)2Ek(7—1)>> . (6.37)
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Now if we compare the above result with the quantum result obtained in the previous section,
then we get the following interpretation:

Zélassical(ﬁ;ﬁ) =: Z]%D(ﬁ;ﬁ) .= |coshal| : Z5(8;71) := |cosha| exp(2sinvytana) : Zgw(ﬁ;ﬁ) :

/

Vv Vv
Classical result Quantum result

7£ ZClassical(B; Tl) . (638)

6.5 Classical limit of cosmological two-point non-chaotic OTOC: rescaled field ver-
sion

Next, we will explicitly compute the previously mentioned two types of two-point OTOC using
the above mentioned results. In the classical limit, the prescribed two-point functions are given
by the following expressions:

1
Z(Classical (67 T1

Yl{Classical (7-1 ’ 7_2) =

i/ PIPR exp (=6 H) /(). 10, 7)}ps

3
=2 Wl(Tl — 7'2) /éﬂl_{)lg, (639)
1 DfDII
Y2{Classical(7_177_2) = ZClassical(B;Tl) // J;Tr exXp <_B H) {H(X’ Tl)vn(xa 7—2)}PB
3
=2 Wy(r — 1) / é:)g (6.40)

This result is divergent because of the presence of term volume in general. To get the finite
contribution 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 the following regulated results:

d3ky 1 E, L?
03— 92 L adkr =g - :
@ = o klzok diy = (6.41)

After substituting the above regulated volume factor finally we get:

! L’ L [
Yl,Classical(ThTQ) = ywl(Tl - 7—2) = @ GKernel(’Tl - 7_2|) ) (6'42)
L3 L3 2
Y Otassica (11:72) = 5 3 Wa(mi = 72) = 273\ Giarnar(Im1 — 721) (6.43)

Here the regularised volume factor, L3/372, is the two-point time independent amplitude of
the cosmological two-point OTOCs in the classical limiting approximation. From the above
mentioned result one can consider a situation when we have 7 = 79 = 7 in the classical limiting
situation. In that case, we get further simplified results for two-point functions which are given
by the following expressions:

L3 L3 1
Ylj,cCIassical(T7T) = 3? W, (0) - @ G;{Lrnel(o) ’ (644)
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f L? L} 72
YZ,Classical(T’T) = ﬁ WQ(O) = ﬁ GKernel(O) : (6'45)

This result only exists when the window functions, W1(0) and W3(0), and the corresponding
Green’s functions G2/ (0) and G

Kernel Kernel
describe the coloured non-Gaussian noise and white Gaussian noise respectively.

(0) are finite in the classical limiting approximation to

Now to demonstrate the explicit role of a non-Gaussian coloured noise and Gaussian white
noise in the present context of discussion one can further consider the following mathematical
structures of the corresponding Green’s functions/window functions:

(

A
L exp <—%’7’1 — Tg\) , Coloured Noise
Wi(r —m) = n (6.46)
|71 — To|?
lim L White Noise
C1—0 C%
A
=2 exp (‘%h’l - 7'2|> , Coloured Noise
Wo(r—m) =4 | 7 - | . (6.47)
. 2 L — T2 . .
\ (%1110 W exXp (_C—%> White Noise

where A1, Ay and B1, By and Cq, Co, represent the conformal time independent amplitudes of
the coloured and white random classical noise respectively in the present context. Also, v; and
~2, represent the interaction strength of the dissipation in the context of coloured noise in classical
regime.

Now from the general mathematical structure of the white noise it is evident that, G%Lmel(O) —
oo and Gg)emel(O) — oo is giving diverging contribution for 71 = 79 = 7 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 functions in the present context. On the other

hand, in the equal time limit we have:

Ggo)arnel(o) - W = W%(O) 3 (648)
A
Gighrner (0) = ,722 = W3(0) (6.49)

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:

L3 A,

1/1j,cClassical(7—’ T) = ﬁ W > (650)
L A,

YQ{CIassical(Tﬂ—) = 3? E : (651)
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Similarly for the equal time limit case with white noise profile we have:

Wq(0) = li 6.52
1( ) C?E}O‘Cl‘f ( )
B
= lim .
Wa(0) = Jim o (6.53)

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:

3
f _ L. B
YI,Classical(T’ T) - 372 Clirgo ‘Cllﬁ 3 (654)
3
f L . B,
Y2,Classical(7—77—) - 372 ngo ’C2|ﬁ . (6.55)
But for unequal time case both the results exist and we get:
3 p—
LQ ﬂ exp (—M) R Coloured Noise
! _ e ? 6.56
YiCamical ) =) 13 lim I —nf? White Noise (650
372 G120 \cl\f P c?
a3 Az exp (—M> , Coloured Noise
f 37r Y2 2
Y2 Classical(Tl7 7-2) = 3 2 (657)
7 L lim B2 ex —7|T1 72| White Noise
371'2 C2—0 ‘Cz‘f P C%

Since in general, both of the two-point correlations are generated from different source, i.e.
rescaled field variable and its canonically conjugate momenta it is expected to have.,
Y{Classical(ﬁ, Ty) # YZ{Classical(Tl’ T9). This is simply because of the fact that, A; # Aq,

By # Bs, C1 # C2, 11 # 7.

6.6 Classical limit of cosmological two-point non-chaotic OTOC: curvature pertur-
bation field version

Here we need to perform the similar type of the computation for the classical version of the two-
point OTOCs that we have derived in the previous subsection, but here we have to derive the
results in terms of the scalar curvature perturbation and the canonically conjugate momentum
associated with it, instead of using the rescaled field variable and its conjugate momenta. Here
we have found the following simplified expressions:

¢ _ 1 s
le,Classical(ThTQ) - z(Tl)Z(TQ)Yl,Classical(Tl’T2) :
I3 % exp (—M) , Coloured Noise
1
- (6.58)
2 . B T — T2 . .
37 Z(Tl)Z(TQ) cl;rgo |Cl|1\/% exp <7%) White Noise
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¢ __ 1 f
YvQ,Classical(T17 TQ) - Z(Tl)Z(TQ) }/Q,Classical (Tl7 T2) :

A, Yi|T1 — 72| .
— - Col d N
13 1/ - exp ( 3 , oloure oise

= — X 2
37722(7—1)2(7_2) <— el (_327-2‘ ) White Noise
1

(6.59)

B,
o [NV

Since in general, both of the two-point correlations are generated from different source, i.e.
rescaled field variable and its canonically conjugate momenta it is expected to have:

¢ ¢ f
Y2 Clalssu:al(T17 TQ) 7& YvQ,Classical(T17 7-2) = Y2 Class1cal(T1’ 7-2) 7& }/2,Classical(7—17 TQ)' (660)

6.7 Classical limit of cosmological four-point non-chaotic OTOC: rescaled field ver-
sion
6.7.1 Without normalization

In this subsection, our prime objective is to explicitly compute the classical limiting result of two
un-normalized cosmological four-point OTOC in terms of the Poisson Brackets, which is given
by the following simplified expressions:

C{,Classical(Tl’ 7—2) - = ! // DJ;?H exp (_6 H) {f(X, 7—1)7 f(Xa 7—2)}%B

ZCIassical(ﬁ? 71)
_ 1 / D fDII o
N 2w

ZClassical (/87 71 )

xp (—6 H)

~~
= Zciassical (B;Tl )

3 3 3 3
x (2)0 / éj)g / é:)i, / é:)?; / é;g exp (i(ky + ko + k3 + ky).x)

[6% (k1 + k2)0° (ks + ka) + 6% (k1 + k3)5° (k2 + k4)
+6% (k1 + ka)8° (ks + ko) + 63(k2 +ks)0% (ks + ki
+0° (ko + k1)6% (ka + k3) + 6° (ko + kq)6°
+0% (ks + k1)6% (ka + ko) + 6% (ks + ko)&®
+63 (k3 + k)0 (ky + ko ky + ky)6°
+6° (ka + k2)6® (ks + ki) + 6° (kq + ks)
Gﬁ}amel(m — ), (6.61)

+53

~—_— — — —
/\/\/\/-\

and

1

f - 2
CQ,Classical(Tl7 TQ) o ZClassical(/B; 7_1 / P (_/B H) {H(X7 T1)7 H(X7 TQ)}PB

_ 1 //DfDHeXp( 5 H)

ZClassical 57 7_1

D fDH

= ZcClassical (3§Tl)

3 3 3 3
x (27)0 / é:;,, / é;@ / é;@ / é;‘; exp (i(ky + ko + ks + ky).x)
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(6% (k1 + k2)6% (ks + ky) + 6° (k1 + k3)6° (ko + ka)

+6% (k1 + ka)8° (k3 + ko) + 0% (ko + k3)6® (ks + ki)
+6%(ka + k1)0° (kg + k3) + 6° (ko + kq)6% (k1 + ks)
+6% (k3 + k1)0° (kg + ko) + 0° (k3 + ka2)d° (ky + ky)
+6% (ks + ka)0% (k1 + ko) + 6% (ks + k1)63 (ko + k)
+6%(ka + ko)8% (ks + k1) + 0° (ka + k3)8° (ko + k1)
G2 (m -7, (6.62)

where in the classical limiting version the thermal partition function is given by the following
expression:

ZClassical(/B; Tl) = €xXp <_ /dgk In (2 sinh BE‘I;(T1)>> R (663)

where the individual details and derivation of this equation is given in the previous sub-section.

Now, after doing a simple computation in the present context we get the following simplified
results for the un-normalized version of the regulated classical limit of OTOC, which are given
by the following expressions:

d®ky [ dkg
C{CIasswal(Tl’TQ) =12 G&(Lrnel(h—l o T2|) / W / W ) (6'64)

3k, d3ky
C;Classical(Tl’Tz) =12 Gﬁ(zernel(h—l - TQD/ (27‘(‘)3 / (27‘(’)3 ' (665)

These results are actually divergent which are appearing from the all space volume integral on
the momenta. Though the rest of the part of the classical result which is completely momentum
independent is not divergent at all. Now to get the finite sensible contribution out of the above
mentioned volume integrals 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 < ko < L for both the cases.
Further applying this trick we get the following volume regulated results, which are given by:

Pky [ d’ky I L, LS
=— k2 dk k3 dks = : 6.66
/(27‘1’)3/(27}')3 4t k1=0 ! l/kQZO 2 ? 364 ( )

Further substituting the above mentioned regulated factors finally we get the following simplified

results for both the classical limiting version of the correlators:

LS 1

Cf{,(Jlassical(Tl’TQ) = 37T4 G‘é{)ernel(llr1 - T2|) ’ (667)
LS o

CgClasswal(T17 7—2) = 3? G%(t)arnel(h-l - T2)| ’ (668)

From the above mentioned result one can next consider a pathological situation when we have
T] = T = T in the classical limit. In that case, we get further simplified answers, which are given
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by:
/ L
Cl,Classical(T7T) = 3? GKernel(O) ’ (669)
LS 9
Cg,Classical(T’ T) = @ Gi(zernel((n ) (670)

It is important to note that here in the above context these results only exist when (el (0)

@) Kernel
and GKernel

noise as well for the white Gaussian noise respectively.

(0) both are finite in the classical limit separately for the coloured non-Gaussian

Now to precisely demonstrate the explicit role of a non-Gaussian coloured noise and Gaussian
white noise one can further consider the following conformal time dependent two point classical
correlation functions:

A,
— - — , Col d Noi

Gglrnel(h—l —n) =3 » exp(—m1|T1 — 72|) oloured Noise 6.71)
B: d(11 — m2) White Noise
A,
— — — , Col d Noi

Gglrnel(‘ﬁ ) =1 exp(—2|T1 — 72|) oloured Noise (6.72)
B 6(11 — 2) White Noise

where A1, Ay and By, Bs, represent the overall conformal time independent contributions that
appearing in the context of the coloured non-Gaussian and white Gaussian random classical noise
respectively. Also it is important to mention that, v; and 7» are the strength of the dissipation
in the context of coloured non-Gaussian noise for the two consecutive cases respectively.

Now from the general structure of the white Gaussian noise one casn write Gglmel(O) =

B; 6(0) — oo and G2 (0) = B2 §(0) — oo giving diverging contribution for 7 = 72 case. So

Kernel
appearance of the possibility 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, GY) _(0) = A;/y and G\ _(0) = Ag/ys for the
non-Gaussian 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 four-point

cosmological OTOC as:

6
f . A1 L
Cl,Classical(T7 T) = 3yt (6.73)
6
f A L
CQ,Classical(T’T) - 3’)’27T4 : (674)
But for unequal time case both the results exist and we get:
AL LS .
f 3717 exp (—v1|m1 — 12|) , Coloured Noise
Cl,Classical(T17 7_2) = B, LS (6.75)
0(11 — 72) White Noise
3
6
¥ ?21;4 exp (—y2|m1 — 72|) , Coloured Noise
C2,Classica1(7—17 7—2) = B’Y;LG (676)
3 0(11 — 72) White Noise
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6.7.2 With normalization

The normalisation factors of classical limit of the two types of the desired OTOCs for the rescaled
field variable and its canonically conjugate momenta can be computed as:

367'('4 367‘(’4
Nf assica (7—177-2) = = 5 (677)
i, Classical LEWE(0) — 1sGY) (0)
367T4 367‘(’4
M = _ (6.78)
3.Cl 1 LSW3(0) LGG%mel(O)

Now, considering the examples of non-Gaussian coloured noise and Gaussian white noise we get
the following answer for the normalization factor:

f 3677’ Coloured Noise
Nl,Classical(Tl’ 7'2) = LAy . . (679)
0 ‘White Noise
367o7? .
f . , Coloured Noise
N3 Classical(T1:72) = { L°As ed el (6.80)
0 ‘White Noise

Then the classical limiting version the normalized four-point OTOCs can be expressed in terms
of the contribution of phase space averaged Poisson Bracket squared as:

Gicorner(|71 = 7))
C{,Classical(Tl’ T2) = le,Classical(Tl’ 7-2)61{‘,Classical(7-1’ 7-2) =12 < Ke“(lle)l ’ (681)
GKernel(O)
Giorner(|71 = 720)
C{Classical(T17 T2) = N;Classical(Tl’ 7-Q)Cg,Classical(T17 T2) =12 ( Ker?Qe)l : (682)
GKernel(O)

This is a very useful result as it translates everything in terms of the time translation invariant

noise field and its canonically conjugate momenta Green’s functions, le1S)

@) Kernel
GKernel

Now, further considering the examples of non-Gaussian coloured noise and Gaussian white

(| — 72|) and
(|71 — 72|) respectively.

noise we get the following simplified results for the classical limit of the normalized four-point
OTOCs, which are given by:

f ) 12 exp(—m1|m1 — m2|) , Coloured Noise
I,Classical(Tl’ 7_2) - { 0 White Noise ° (6'83)
f ] 12 exp(—72|m1 — 2|) , Coloured Noise

C2,Classical(T1’ T2) = {0 White Noise (6.84)

6.8 Classical limit of cosmological four-point non-chaotic OTOC: curvature pertur-
bation field version

6.8.1 Without normalization

Here we need to perform the computation for the classical version of the un-normalised two types
of the OTOCs in terms of the scalar curvature perturbation field variable and the canonically
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conjugate momentum associated with it, which we have found that for the two separate cases
given by the following simplified expression:

1 D(DII
CiClassical(ThTQ) =2 //gce_ﬂH(ﬁ) {C(x, 1), (%, )} b
ZClassical(B7 Tl) ™

1 f
= mcl,CIassical(TbTQ) ) (6-85)

1 ) //,ZDCZ,ZDﬂ-]:[Ce—ﬁH(Tl) {HC<X7T1)7HC(X7T2)}2PB

C2< Classical (Tl7 7_2) =

’ Zélassical(57 1
1

= WC’Q,CIaSSicaI (T17 7-2) : (686)

6.8.2 With normalization

The classical version of the normalised four-point two types of the desired OTOCs in terms of
the scalar curvature perturbation field variable and its canonically conjugate momentum, which
are basically the computation of the following normalised OTOCs, can be written as:

CC . (Tl T2)
CC . _ 1,Classical ’ _ ¢ . CC ‘ 6.87
I,Classu:al(TI’ T2) <C(TI)C(TI)>B<C(TI)C(T1)>5 Nl,Classwal(Th 7_2) l,Classwal(Th 7_2) ’ ( )
¢
C’2,Classical (7-17 7_2) i ¢

(11,72) CS

2,Classical

CS s To) = = N, . . 7), (6.88
2 Classical (T 72) = T T ()Y 5 (g ()T} 2 Classical (m,72) . (6.88)

where the normalisation factors to normalise the classical OTOCs are given by:

¢ — 1 ) 2 f
Nl,Classica1(7—17T2) - <C(TI)C(7-1)>5<C(TI)C(TI)>ﬂ =z (7’1)2 (TQ)NI,Classical(ThTQ)? (689)

¢ T, T2) = !
A st (7 72) = 0 (1L 7)) (00 () 0 ()

(7’1, 7'2). (690)

2 2
5 =z (7—1)2 (TQ)NZJjClassical
Consequently, the classical limit of the normalised four-point desired OTOCs computed from the
curvature perturbation field variable and its canonically conjugate momentum field variable are
given by the following expressions:

¢ f Gg)ernel(h—l — T2’)
Cl,Classical(Tl’ 7—2) = Cl,Classical(T17 TQ) =12 (1) ’ (691)
GKernel(O)
¢ f Ggirnel(h—l B 7—2’)
CQ,Classical(Tl’ TQ) = CQ,Classical(T17 T2) =12 1) : (692)
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 two types of desired OTOCs
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are given by:

¢ _af ) 12 exp(—m1|m1 — m2|) , Coloured Noise
Cl,Classical(Tl’ TQ) - Cl,Classical(Tl’ 7-2) - { 0 White Noise ° (693)

¢ _af __J 12 exp(—72|m1 — 12|) , Coloured Noise
CQ,Classical(T17 TQ) - CQ,Classical(Tl’ 7—2) - { 0 White Noise (694)

7 Summary and Outlook

To summarize, in this work, we have addressed the following issues to study the random non-
chaotic features of Cosmological OTOCs:

e First of all in this paper we have provided a computation using which it now possible to
derive the expressions for the two specific types of OTOCs made up of cosmological scalar
perturbation field variable and its associated canonically conjugate momentum variable
auto-correlations to study the feature of randomness without having chaotic behaviour in
Primordial Cosmology set up. It is expected that our presented computation and finding for
the two new types of cosmological OTOCs in this paper will surely be helpful to understand
the quantum field theoretic features of random non-chaotic cosmological events in detail.
Apart from using the presented methodology in the present context of discussion, we believe
that these results will also be used in other contexts of cosmological phenomena to study
similar type of random non-chaotic events appearing in the time line of the universe.

e The computation is presented by making use of the well known Euclidean vacuum i. e.
Bunch Davies vacuum, CPT invariant o vacua and CPT violating Motta Allen vacua as a
choice of initial quantum mechanical vacuum state. In each cases we get very distinctive
features in the auto-correlated two types of OTO functions studied in this paper. We have
studied this issue analytically as well as numerically in detail in this paper, which completely
physically justify our prescription proposed in this paper.

e In general the construction of OTOC’s demands to have two quantum mechanical opera-
tors defined at two different time scales, which are same operators for auto-correlations and
different operators for cross-correlations. In this paper, we exactly follow the same strat-
egy to define auto-correlated two different types of OTO functions within the framework
of primordial cosmological perturbation theory for scalar mode fluctuations in quantum
regime. To construct these crucial auto-correlated OTO functions we use the scalar mode
field variable and its associated canonically conjugate momenta which according to the
mathematical construction are defined in two different conformal time scales. To study
the behaviour of the two types of the auto-correlated OTO functions we freeze one of the
conformal time scales between the two and study the dynamical feature with respect to the
other conformal time. By doing this analysis we have found that the dynamical features
with respect to both the time scales for the two different types of auto-correlated OTO
functions are significantly different and all of them describes distinctive randomness at out-
of-equilibrium without having any specific chaoticity. For both the cases we have explicitly
studied the long time behaviour of these two types of auto-correlated OTO functions. We

93


https://doi.org/10.20944/preprints202102.0616.v2

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 30 March 2021 d0i:10.20944/preprints202102.0616.v2

found that the obtained behaviour from the numerical plots are perfectly consistent with
the expectation from the present set up within the framework of Primordial Cosmology.
The most interesting part of this finding is that using the present methodology it is now
possible to probe various cosmological aspects at out-of-equilibrium using quantum field
theory calculations in terms of quantum mechanical correlation functions. Also we are very
hopeful regarding the fact that these results can be verifiable in near future cosmological
observational probes.

e By doing the analysis we have found that at very early epoch of our universe during random
cosmological events quantum fluctuations generated from the scalar perturbations goes to
the out-of-equilibrium phase. Then the auto-correlators decay in a non-standard fashion
with respect to the conformal time scale up to very late time scale of the universe. After
that the system reaches equilibrium and one can perform all the possible computations in
quantum regime. This computation can be applicable to describe the particle production
phenomena during reheating epoch.

e Also, we have found that the derived cosmological OTOCs at finite temperature is depen-
dent on two time scale and independent of any preferred choice of the coordinate system.
The derived expressions for the cosmological OTOCs are homogeneous in nature with re-
spect to the space coordinate, or its Fourier transformed momentum coordinate. We also
have found that the final results obtained for the two different types of cosmological OTOCs
are independent of the partition function which we have computed for Primordial Cosmolog-
ical perturbations for scalar fluctuation. It is important to note that, the obtained features
in these auto-correlations are exactly mimics the feature obtained for OTOCs computed
from inverted harmonic oscillator having a conformal time independent frequency. Here
one can exactly map the stochastic particle production problem in cosmology in terms of
finding from inverted harmonic oscillator with time dependent frequency because both the
set-up describes the same underlying physics.

e Also we have found that the presented analysis is valid for partially massless (m ~ H) or
massive (m > H) spin-0 scalar particle production in the primordial universe.

e Further we have studied the classical limiting behaviours of the two-point and four-point two
types of auto-correlated OTO functions in terms of the phase space averaged of Poisson
brackets and the square of the Poisson brackets to check the consistency with the late
time behaviour in the super-horizon region of cosmological perturbations, which supports
classical behaviour.

e Finally, in this paper we have shown that the normalised auto-correlated OTO functions
is completely independent of the choice of cosmological perturbation field variable and the
associated canonically conjugate momentum in a specific gauge.

The future prospects of this work is as follows:

e We are very hopeful that our obtained results in this paper for the two different types of
auto-correlators can be probed by future observations with significant statistical accuracy
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and can be treated as benchmark using which one can study the out-of-equilibrium features
in primordial cosmological perturbation theory. To know about the implications of our
derived results one can further extend the present methodology for various cosmological
events as well where random quantum fluctuations play significant role in the time line
of our universe. Till date this is not very well studied fact and for this reason it will be
interesting to study these mentioned aspects in detail.

e The presented methodology can also extended to derive the auto-corrected OTO functions
in the context of bouncing cosmology. It is expected to get different random feature in the
context of bouncing paradigm. But it is not even clear till date how exactly and which
respect it will be different due to having lack of understanding the present formalism in
broader perspective. For this reason it will be very interesting to study out-of-equilibrium
features in quantum regime from bouncing cosmology framework and compare the results
obtained from the presented analysis in this paper.

e The explicit role of quantum entanglement in the present framework is not also studied yet.
Till date the explicit role of quantum entanglement phenomena [149-176] have been studied
within the framework of cosmological perturbation theory finding the quantum correlation
function in the equilibrium regime. But it is not studied in the out-of-equilibrium regime in
presence of quantum entanglement. So it will be interesting to investigate such possibilities
in detail. Most importantly, the role of cosmological Bell’s inequality violation [177-182] can
also be tested to know about the long range effect in the cosmological correlation functions.

e [t is also very important to verify the connecting relationship between the quantum circuit
complexity [183-195] and OTO correlators [53, 196] within the framework of Primordial
Cosmology setup. Till date the work have been done on both the sides separately in the
cosmological framework. But no effort have been made to connect this two theoretical
ideas.
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A Asymptotic features of the scalar mode functions in cosmological pertur-
bation theory

The Mukhanov Sasaki equation for the scalar modes can be expressed as:

2 vi— =
Y (A1)

The most general solution of the above mentioned equation of motion is given by the following
expression:

fir) = V=7 |e1 H(=kr) + €y HP (~k7)] (A2)

where C; and Co are two arbitrary integration constants which are fixed by the choice of the
initial quantum vacuum state. Here H, l(,l)(—k‘T) and H,El)(—lm') are the Hankel functions of first
and second kind with order v. Now we take the asymptotic limits k&7 — 0 and k7 — —oo for
which we get the following simplified results for the Hankel functions:

2 1 i 1
i W (—kr) = 4/2 — = -
krli>r£loo HYY (—kT) \/;\/—714:7 exp(—ikT) exp < 5 (1/ + 2>>7 (A.3)
2 1 i 1
i @ (—pr) = —/ 2 ; = -
leinloo H (—kT) \/; — exp(ikT) exp ( 5 (I/—i— 2)), (A4)

i @) (_jor) — L _kr -
lelmO H (—kT) I'(v) < 5 > . (A.6)

Here k7 — 0 and k7 — —oo asymptotic limiting results are used to describe the super-horizon
(kT < —1) and sub-horizon (k7 > —1) limiting results.

Now, in the super-horizon limit (k7 <« —1) and sub-horizon limit (k7 > —1) the asymp-
totic form of the rescaled field variable and the corresponding canonically conjugate momentum
computed for the arbitrary quantum initial vacuum can be expressed as:

Super — horizon limiting results (k7 < —1) := Classical behaviour

tim i) =210 (-5) e (A7)

lim Tl (r) = %2;7 <y - ;) () (-’j)wé) (C1—C), (AS)

kT—0

96


https://doi.org/10.20944/preprints202102.0616.v2

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 30 March 2021 d0i:10.20944/preprints202102.0616.v2

Sub — horizon limiting results (k7 > —1) := Quantum behaviour

limfil(r) = \/Z [cl exp <—i {kT n g (u + ;) })
—Cy exp <z {kﬂ' + g (1/ + ;) })] , (A.9)
Jm ) = 5y [Cl P (—Z’ {’”*g (”* i) }>

+Cy exp (z {kT—i—g <1/ + ;) })] . (A.10)

Combining the behaviour in both the super-horizon and sub-horizon limiting region we get fol-

lowing combined asymptotic most general solution for the rescaled field variable and momenta
computed for the arbitrary quantum initial vacuum can be expressed as:

fulr) = 2'/3@'17@1%;(—’“7)3” Ifg))
x [cl (1+ ikr) exp <_¢ {kT n g <V n ;) })
—Cy (1 —ikT) exp (z’{kr+g (1/+;> })] (A.11)
Ty (r) =22 \/;“m (—kr)3—v ll:(é))

T (=) B ) (i T ()
0y {(;u> OI;T+1} exp (i{k:TwL;T (u+;> })] (A.12)

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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B Quantum two-point OTO amplitudes for Cosmology

B.1 Definition of OTO amplitude A (ky,ko; 7, 72)
In this subsection we define a very important momentum and conformal time dependent two-point
OTO amplitude, which is given by the following expression:
Ar(ky, ko 71, 72) = fiey (71) fiey (T2) = D1 (K1, ko 71, T2) i, iy + Dok, ko; 71, 7) aiklakg
+D3(ky, ko; 71, 7o) aklaikQ + Dy(ky, ko; 71, 72) aiklaiky (B.1)

where we have introduced momentum and time dependent four individual two-point OTO am-
plitudes, D;(ki,ko;m1,72) V i =1,2,3,4, which are explicitly defined as:

Di(ki, ko 71, m2) = fi, (T1) fi, (T2), (B.2)
Da(ki, ko; 71, 72) = fXy, (T1) fia (T2), (B.3)
Dy(k1,ko; 71, 72) = fi, (11) [k, (T2), (B.4)
Dy(ki, ko; 71, 72) = L, (T1) fLx, (T2). (B.5)

These contributions are really helpful to compute the two-point OTO amplitudes and the corre-
sponding momentum integrated OTOC, which we have discussed earlier in this paper.

B.2 Definition of OTO amplitude As(ky, ko; 7, 72)
In this subsection we define a very important momentum and conformal time dependent two-point
OTO amplitude, which is given by the following expression:
Ao(ki, ko; 71, 72) = T, (71)Tiey (72) = L1(Ky, ko 71, 72) ai, ak, + Lo(ke, koi 71, 72) aly ax,
+L3(ky, ko; 71, 7o) akla’th + La(ky, ko3 71, 72) atklaikf (B.6)

where we have introduced momentum and time dependent four individual two-point OTO am-
plitudes, £;(ky,ko;m,72) V i=1,2,3,4, which are explicitly defined as:

Li(ki,ko; 71, m) = Hy, (12)k, (71), (B.7)
La(ki, ko; 71, 72) = 117y (72)i, (11), (B.8)
L3(ki, ko; 11, 72) = Iy, (m2)I17 (1), (B.9)
L4(ky,ko;11,70) =11 kl(TQ)Hikz(Tl). (B.10)

These contributions are really helpful to compute the two-point OTO amplitudes and the corre-
sponding momentum integrated OTOC, which we have discussed earlier in this paper.
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C Quantum four-point OTO amplitudes for Cosmology
C.1 Definition of OTO amplitude 7" (ky, ko, ks, ku; 71, 72) and 7.2 (ky, ko, ks, ku; 71, 72)

The function 7A'1(1)(k1, ko, ks, kyq; 71, 72) is defined as:

ﬁ(l)(kla ko, k3, kq; 71, 72)

1) .
= M (ki, ko, k3, ka; 71, 72) ak, ak,ak 0k,

+ MY (k1 ko, K, ka; 71, 72) al \, ai,ax, ax, + M (K1, ko, kg, ka; 71, 72) ax,a’ y ax,ax,

+M§l)(k17k2,k37k4;ﬁ, T2) aT_kl T_k2ak3ak4 +M( )(k1,k27k3,k4;7'1,72) ak, Ak, @ Jr_k3ak4

MO (K ke, kg ks 7, ) ol angal g i + MY (ki ke ks ks 7, m) agal el a,

+ M (k1 ko, ks ka1, ) af ol alai, + MY (ki ko, ks, ki 71, 7) agg i aigal ks

+M%)(k1,k2,k3,k4;71, ) aT_klakgakg,aTk +M51)(k1,k2,k3,k4,7'1,7'2) ax,a T_k2ak3 T_k4

-l—Mglz) (k1, ko, ks, ka; 71, 72) aT_kl _kQakSaJr_k4

+M§§)(k1,k2,k3,k4;71, To) ak akQa ks af "1 +M14 (k1, ko, k3, ky; 71, 72) al " ak2aJr kSaT ”

+M§15)(k1, ko, k3, ka; 71, 72) ax,al k2aT kanr T M16 (k1, ko, ks, ky; 71, 72) al T al L1,a ]L_kgaT Ky , (C.1)

where we define new sets of functions, M§1)(k1,k2, ks, ky;71,72)Vj=1,---,16, as:

MY (kKo K, ki 71, 72) = fie (1) fies (72) fes (71) fia (72), (C.2)
M) (k1 Ko, kg ks 71, 72) = f54 (71) Fies (72) ficy (71) fica (72), (C.3)
MY (k1 ko, ks, kas 71, 70) = fiey (71) 1, (72) fiey (71) fiea (72), (C.4)
M (k1 Ko, s, ki 71,72) = g (70) 4y (72) frs (71) fica (72), (C.5)
M (k1 ko ks, kas 71, 72) = fiey (1) fi (72) P16y (1) fea (), (C.6)
M (61, ks, s Keas 71, m2) = g (1) fia (72) P (71) fia (72) (c.7)
M (k1 ko, e, ks 71,7) = fie (1) foay (72) oy (1) fica (), (C.8)
M (1, ko, ks ks 71, 72) = P, (71) P (72) i, (1) fcs (72) (C.9)
M (1, o, K, a1, 72) = fie (1) fies (72) fey (71) i, (72), (C.10)
MG (k1 ko, ks, ki 71,7) = i, (1) fiey (72) frs (7)1, (72) (C.11)
M (ki ko ks, ka; 71, 7) = fig 1) f 10, (72) fie (T1) [, (72), (C.12)
MR (61, ks, s Kas 71, 72) = g (1) P (72) fiey (70) 11, (72) (C.13)
M (k1 ko, s, ks 71, 70) = fiey (71) fieo (72) F oy (71) 2, (72), (C.14)
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M (k1 ko, ks, ks 71, 70) = F24, (71) fieo (72) iy (71) o4, (72) (C.15)
MY (1, ko, ks, ki 71, 7) = fiey (1) F o (72) iy (1) e (72), (C.16)
M16 (k1, ko, ks, ka; 71, 72) = 24 (1) o, (T2) foky (1) fok, (T2) (C.17)

The function 7, (ky, ko, k3, ky; 71, 72) is defined as:

,?\-1(2) (kla k27 k3; k47 T1, 7_2)

= M(2) (k17 k27 k37 k4; T1, 7—2) Ak Oky Ok Qky

+M§ )(kl, ko, k3, ky; 71, 72) @ 1, Qo O3 Oy + M:(,) )(kl, ko, k3, ky; 71, 72) aklaJr 1, O3 Oy

+M512)(k ko, ks, ky; 11, 72) aJr T _k2ak3ak4 +M( )(kl,kg,kg,k4;7'177'2) Ak, Ak, @ T_k3ak4

+Mé2)(k ko, k3, ky; 71, 72) al ak2aT 1y s T Mg )(kl,kg,kg,k4,T1,7'2) aklaJr kzaT Ky Ok

+ M) (k1 ko, ks, kas 71, 72) af " al g alai, + MP (K1, ko, ks, kai 71, 7) Qe Gy Gy @ K

+M%)(k ko, kg, ky; 1, m) al ) Obkgakz,,aT K +M§1)(k1,k2,k3,k4771,7-2) ax,al k2ak3aT .

+/\/l§22)(k ko, k3, ky;71,72) al 1, Ol 1, Ok @ T—k4

—i—M%)(k ko, k3, ky; 71, 72) ax akza ks al "k +M§4)(k1,k2,k3,k4,7'1,7'2) al "1 akzaT kBaJr Ky
+M§25)(k17k27k37k4,7'1,72) ax, 0 k2aT k3@ T_k + MgG)(kl,kg,kg,k4,7'1,Tg) al T al kzaT k3aT Ky (C.18)

2)

where we define new sets of functions, /\/lg (k1,ko, k3, ky; 71, 72) Vji=1,---,16, as:

M(2) kl;k27k3ak477—177—2
M) (K1, ko, k3, ka; 71, 72
M(Z) k k27k3ak477—17 T2

( e, (71) e, (72) Hiey (71) e, (72),
(
(
M (K1, ko, ks, ka; 71,70
(
(

(C.19)

I, (70) e, (72) iy (71) e, (72), (C.20)
e, ()2, (72) i, (71)1, (72), (C.21)
Iy, ()T, (72) Hiy (71) i, (72), (C.22)
e, (70) e, (72) 1T, (70) e, (72), (C.23)
M) (k1 ko, kg, keas 71, 7) = Ty (71) ey (72) T g, (71) T (72) (C.24)
M7(k1,k2,k3,k4;7'1,7'2) = T, (70)IT%y (72)ITEy, (71) e, (72), (C.25)
1 (C.26)

(C.27)

(C.28)

(C.29)

(C.30)

(C.31)

(C.32)

)=
)
)
)
M(Q) k1, ko, ks, ku; 71, 70) =
)=

1

(kl,kg,kg,k4,7'1,7'2) T ()T, (7)1 (71) e, (72)
(k1 e, (71) iy (72) Miy (71)ITZy, (72),

Iy, (70) i, (72) iy (70)ITEy, (72)

e, (71)IIZ e, (72) iy (1) 112y, (72),
Iy, (), (72) iy (7)TTE, (72)
Iye, (71) ey (72) I, (70)ITEy, (72),
Iy () e, (72) T2 g, (70)ITEy (72)

M(z)
)(k ko, ks, ky; 71,70

k27 k3a k47 71,72

ki, ko, k3, ka; 71, 72
ki, ko, k3, ky; 71, 72
ki, ko, k3, ky; 71, 72
ki, ko, k3, ky; 71, 72

)=
)
<2>( )
M )
M )=
M )

100


https://doi.org/10.20944/preprints202102.0616.v2

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 30 March 2021 d0i:10.20944/preprints202102.0616.v2

M (k1 ko, kg, ks 71, 7) = T, (70)TT 4, (1) T, (7)TT (72), (C.33)
M (1, ko, ks, ki 71, 72) = Iy (1) (7)1 4, (71) I, (72) (C.34)

C.2 Definition of OTO amplitude 7," (ky, ko, ks, ku; 71, 72) and 7.2 (ky, ko, ks, ka3 71, 72)
The function 75" (ky, ko, ks, ky; 71, 72) is defined as:

,?\-2(1) (kla k27 k3; k47 T1, 7_2)

= |7 (1, ko ks, ks 71, T) an g iy i, + Ty (Ka ko, K, ki 71, 7) al ., ai,ax, ax,

+j?f (k1,ko, k3, ky; 71, 72) akla Ko ak3ak4 + j(l)(kl,kg,kg,k4;7'1,7'2) aiklaikzaksam
+ T (ki ko, kg, ks 71, 7) i angal g are, + T3 (ki ke ks, ks, m2) ol angal
+j7(1 (ki, ko, ks, ka; 71, 72) ax,a kzaTk ak, +j8 (k1,k2,k3,k4;7'1,7'2) aTk al Lk, 0 T_kgak4
+Jé1)(k ko, k3, k43 71, 72) ax akgakg,aTk +~710 (k1,k2,k3,k4,71,72) al kla/kga/kga‘T Ky
1(11 (k1, ko, k3, ky; 71, 72) ax a T ak3a Ky +J12 (kl,kg,kg,k4,7'1,7'2) aTk aTk ak3aT ”
1% (k1, ko, ks, ky; 71, m2) ax,ak,a’ k3aT Ky +~714 (kl,kg,kg,k4,71,7'2) aTk ak2aT k?’aJr ”
1(51 (k1, ko, k3, ky; 71, 72) ax,a’ kQaiksaiM + jlﬁ (kl,kg,kg,k4,7'1,7'2) af klaik2aik3aﬁ ” (C.35)
where we define new sets of functions, jj(l) (k1,ko, k3, ky; 7, 70) Vj=1,---,16, as:
TN (K1 ka, ks ks 71, 72) = fiey (72) e (710) Ficy (71) fica (72), (C.36)
(1)(1{ ko, k3, ka5 71, 72) = [Iy (72) fico (1) fis (T1) fica (72), (C.37)
)(k ko, k3, ka; 71, 2) = fie, (72) [, (1) fies (71) fieu (T2), (C.38)
T (k1 ko, kg, ka; 71, 72) = [y, (72) i, (1) fies (1) fiea (72), (C.39)
T (k1 ko ks, ks 71, 72) = fie (72) fieg (71) F oy (1) fia (72), (C.40)
T (k1 ko ks, kas 71, 72) = Fo, (72) fiea (1) oo (1) fica (72) (C.41)
T3V (1, K, K, Kai 71, 72) = iy (72) Py (71) Py (71) fia (72), (C.42)
T (ki ko, kg, kas 71, 72) = Fo 3 (72) i (70) F o4y (71) fica (72) (C.43)
)(k ko, k3, ka5 71, 72) = fie, (72) fieo (71) fies (71) [, (T2), (C.44)
(1)(k ko, ks, ka; 71, 72) = fIx, (72) fieo (T1) fies (1) f1k, (T2) (C.45)
T (1, Ko, K, Kai 71, 72) = iy (72) iy (71) fi (1) 4, (72), (C.46)
Ty (er, Ko, Ky ki 71, 72) = frie, (72) iy (70) fia (70) 2, (72) (C.47)
(”(k ko, kg, i 71, 72) = fi (72) fiea (1) f0, (1) f 0, (72), (C.48)
3 (ko ks ks 71, 70) = Fo e (72) fieo (7)o (70) ok, (72) (C.49)
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T (k1 ko, ks, kas 71, 72) = fier (72) 1 (71) F o (71) £, (72), (C.50)
T8 k1, ko, ks, kas 71,72) = Fr3e, (72) ey (70) i, (1) 1, (72) (C.51)

The function ’7'2(2)(k1, ko, ks, ky; 71, 72) is defined as:

72(2)(1{1, ko, k3, ky; 71, 72)

2
= 71(2)(k17k2,k37k4;71772) g, Ok, Ak, Ok, + jg( )(k17k2,k3,k4;71772) a‘i‘_klakgakgak4

—i—jg( (k1, ko, k3, ky; 71, 72) akla Ko aksak4 + \74(2)(k1,k2,k3,k4;7'1,7'2) atklaik2ak3ak4
+J5(2 (ki, ko, ks, ky; 71, 72) ak ak2a ks Tk +j(2)(k1,k2,k3,k4;T1,T2) atklakﬂiksam
+~77(2 (ki, ko, k3, kq; 71, 72) ak _k aT_k ag, +Jg (k1,k2,k3,k4;71,7'2) aTk aT_k2 T_k3ak4
+ 7 (ky, ko, ks, ka; 71, 72) ax akQak3aTk + 78 (ki ko, kg ks, m2) ol anarggal
T (K ko, ks ks 71, 1) gl agal + TS (ke ke ks kas 7, ) ol alakgal
1(§ (k1, ko, k3, ky; 71, 72) ax,ak,a’ k3a1k4 +j14 (kl,kQ,k3,k4,T1,7'2) al klakzaT k3a1k4
1(52 (k1, ko, ks, ky; 71, 72) ax, al Dal kSaT " +j16 (k1, ko, ks, ky; 71, 72) aTk al k2aT k3aTk (C.52)
where we define new sets of functions, jj(Q) (k1,ko, k3, ky; 71, m2) Vj=1,---,16, as:
(kl, Ko, ks, ky; 71, 72) = Iy, (72) M, (71) i, (71T, (72), (C.53)
J2 (k ko, k3, ky; 71, 72) = IT7 | (7o) Ty, (1), (71) i, (72), (C.54)
T (1, Ko, s, ka; 71, 72) = Ty, (79) T4 (71) ey (71) T, (72), (C.55)
T2 (k1 ko, ks, ka; 71, 72) = Iy (70) T g, (71) ey (71) T, (72), (C.56)
T (ki1 ko, ks, ka; 71, 72) = iy (72) ey (70) T, (71) i, (72), (C.57)
T (1, ko, ks, ka; 71, 72) = Ty (7o) Ty (7)1, (71) Ty, (72) (C.58)
T (k1 ko, ks, ka; 71, 72) = iy (7)1 (7)1 g, (7)) T, (72), (C.59)
T (ki1 ko, ks, ka; 71, 72) = Iy (7)1, (70)TT g, (71T (72) (C.60)
TN (1, ko, ks, ka; 71, 72) = i, (79) ey (71) T (71) 1%, (72), (C.61)
T (K1, K, ks, ka; 71, 72) = T | (72) ey (71) ey (7)TT 4, (72) (C.62)
T (1, ko, ks, ka; 71, 72) = T, (70) T4 (71) ey (7)1 4, (72), (C.63)
i3 (k1 ko, ks, ks 71, 72) = T4 (7)1 g, (71) T (71)T1 3, (72) (C.64)
J1(§ (k1, ko, k3, ky; 71, 72) = iy (72) T, (71) f2 3, (7)1, (72), (C.65)
T2 (k1, ko, kg, ka; 71, 72) = T (70)Tlhey (71)TT 4, (7111, (72) (C.66)
T3 (k1 ko, ks, i 71, 72) = T (72) 1, (1) T g, (7T, (72), (C.67)
T (k1 ko, kg, ka; 71, 72) = Iy (1) Ty, (7T, (71)TTy, (72) (C.68)
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C.3 Definition of OTO amplitude 7?”(1(1,1(2,1(3,1(4;7‘1,7’2) and ’75(2)(k1,k2,k3,k4;7'1,7'2)
The function 71" (ky, ko, k3, ky; 71, 72) is defined as:

ﬁ(l)(kl,k2,k3,k4;7'1,7'2)

— N(l)(kl,kg,kg,k4;T1,T2) ak, Ok, Ak, Ok, +N(1)(k1,k2,k3,k4;7'1,7'2) aJr_klakz,akSak4

+N(1)(k1,k2,k3,k4,71,72) ag,a —k ak3ak4 +N4 (kl,kg,kg,k4;7'1,72) aJr_klan_kgaksch4

—f—N(l)(k ko, ks, ky; 71, 72) ax akQa s s —l—/\/ (kl,kg,kg,k4;7'1,72) al " akQaTk ax,

N (ki ko, K, ks 71, 72) @il al k3ak4+N( (ki, ko, ks, ka1, 72) ol alyal

+N(1)(k ko, k3, ky; 71, 72) ax ct1<2ak3czT " —i—Nm (k1,ko, k3, ky; 11, 70) al klakQakSaT "
)
)
)

m(k ko, k3, ky; 711, T0) ax a "o ak3a k4+/\/ (kl,kg,kg,k4;7'1,7'2> atk aik akgaik4
(1)(k ko, ks, ky; 71, 70) ak akQa ks al Tk +N4 (k1, ko, ks, ky; 71, 72) aTk akgaJr ksaJr Ky
(kl,kg,kg,k4,7'1,7'2 akla 16,0 T_k?’CLTk +N16 (k1, ko, ks, ky; 71, 72) aTk al kQCLT ksaJr e (C.69)
where we define new sets of functions, /\/'j(l)(kl, ko, ks, ky;11,72) Vji=1,---,16, as:
(k1 ko, ks, ks 71, 72) = fiey (71) fiea (72) ficg (72) fica (1), C.70
Yk, ko, K, Kas 71, 72) = i (72) Fr1, (71) Fiey (72) fiea (71), c.n
D (k1 ko, ka, ka; 71, 72) = fiey (11) £ ks (72) ficr (72) fiea (T1)4 C.72
Yk koo, ks ks 71, 72) = S (1)1 (72) fio (72) s (1), 73
Yk, ks, ki 71, 72) = i (1) fiea (72) 1y (72) s (7). .74
2 (k1;k27k3;k4,7'1,7'2) I3 (71) fieo (72) 24, (72) frea (1) C.75

(

(

(

(

(

(71 (

(k17k2,k3,k4;71,72) = fi (T1) fL4, (72) fL4, (72) fiea (11), (
ki, ko kg, ka3 71, 72) = [T (7)o, (72) foa, (72) fiea (1) (C.77

(

(

(

(

(

(

(

(

=

Sier (71) fieo (72) fies (72) f2 4, (T1)

S (1) fiea (72) fres (72) 24, (1)
S (71) fLa, (72) fies (72) [, (1),
S0 (M) 2, (72) fies (72) f 24, (1)
Jier (1) fieo (72) [ 35 (72) f 1, (1),
Sl (T0) fieo (72) 14, (72) f 24, (1)
Sier (71) f o0, (72) 24y (72) fo o, (T1)
Sl () oy (72) foay (72) f L4, (1)

I

(ki ko ks, kas 71, 72) =
(i, ko, ks, ka; 71, 7) =
(k1 ko, kg, ka; 71, 7)
(K1, ko, kg, ka; 71, 7)
( )
( )
( )
( )

=~

ki, ko, ks, ka; 71, 72
ki, ko, ks, ka; 71, 72
ki, ko, k3, ky; 71, 72
ki, ko, ks, ka; 1, 72

=~
GU)—ICHH»B»—AOJHM»—A»—U—AOH
I

ssszszssggsssggs
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The function 7\5(2)(k1, ko, ks, ky; 71, 72) is defined as:

7A§,(2)(k1,k2,k3,k4;71,7'2)

= N(Q)(kl,kg,k3,k4;7'1,7'2) Qx, Ay Ok Ok +N2(2)(k1,k2,k3,k4;71,72) aiklak2ak3ak4

AN (K, Ko, ks, Ky 71, 72) axal k2ak3Gk4+N (ki ko, kg ks, ) ol al ) aiai,

+N(2 (k1,ko, k3, ky; 71, 72) ax akza 13 Uk —I—N (kl,kQ,kg,k4;T1,7'2) aiklakzaiksam

+N(2)(k ko, ks, ky; 71, 72) ax a "o aT_k ak4+/\/ (kl,kg,kg,k4;7'1,7'2) T_k aJr_k2 T_k3ak4
(2) ki, ko, k3, ky; 71, m0) ak a "k aksaTk +N1(2 (ki, ko, ks, ky; 71, 72) aTk aTk x4 @ T_k4
(2) t

)
)
)
N(Q)(k ko, ks, ky; 71, 72) ax ak2ak3aT Iy +/\f10 (k1,ko, ks, ky; 11, 72) al "k ak2ak3aT "
1 ( )
3 (ki, ko, k3, ka; 71, 72) ax akQa k3a7k4 +/\/ (kl,kg,k3,k4;7'1,7'2) al klakQGT 101,
( )

+N1(5 ki,ko ks, ky; 71,70 akla Ko al ' al "k —i—./\/16 (k1,ko, ks, ky; 11, 72) aTk aTk aTk aTk (C.86)
3 1 2 3 4

where we define new sets of functions, j\/'j@)(kl, ko, ks, ky; 1, 72) Vji=1,---,16, as:
NI (K1, ko, ks, ka; 71, 72) = i, (1) i, (72) i, (72) g, (71), (C.87)
N (ky, ko, ks, ka; 71, 72) = T, (72) 1%, (71) ey (72) e, (1), (C.88)
N (1, ko, g, kg 71, 72) = Ty, ()T, (72) T, (72) T, (71), (C.89)
NP (kKo kg, kg 71, m) = Ty (7)TT% ) (7) e, (7) e, (71), (C.90)
N (k1 ko, ks, ks 71, 72) = T, (71) iy (72) T 4, (72) T, (1), (C.91)
N (1, o, Keg, kg 71, 72) = T (1) ey (72) 17, (72) T, (71) (C.92)
NP (11, ko, kg, kg 71, 72) = Ty, ()T, (7)1, (72) T, (1), (C.93)
N (k1 ko, kg, ks 71, 72) = Ty ()T (70)TT g, (72) T, (1) (C.94)
NP (11, o, Keg, kg 71, 72) = Ty, (71) Ty (70) T (72) T4, (71), (C.95)
N (K, ko, ks, ka; 71, 72) = T g, (71) Ty (72) Ty (72) T 4, (71) (C.96)
NB (K1, ko, ks, ka; 71, 72) = T, (7)1, (72) iy (72) T4, (71), (C.97)
NG (k1 ko, kg, ka; 71, m2) = Ty (7)1, (70) T (72)TT% (1) (C.98)
NS (1, ko, kg, ki 71, 72) = Ty, (71) Ty (70) T 4, (72) T, (71), (C.99)
N (1, ko, ks, ka; 71, 72) = T g, (71) Ty (72) T, (72)TT% i, (71) (C.100)
(2)(1{ K, k3, ka; 71, 72) = i, (70) T (7)1, (7)1, (1), (C.101)
16 (kl,kg,kg,k4,7'1,7'2) =TT (70)IT (o) Iy (72)TT7y, (71) (C.102)
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C.4 Definition of OTO amplitude ﬁ(l)(kl,kg,kg,k4;ﬁ,7‘2) and ﬁ(2)(k1,k2,k3,k4;ﬁ,7‘2)
The function 7, " (ky, ko, k3, ka; 71, 72) is defined as:

T(l)(klak27k3ak4;7_1)7_2)
le)(k1,k2,k3,k4;71,7'2) e iy Gy i, + Q5 (K1, ko, K, ks 71, 72) al ., ai,ax, ax,

ki, ko, k3, ky; 11, 72) ax,a _k ak3ak4 + Q4 (k1,k2,k3,k4;7'1772) aT_klaT_kQGkgalq

ki, ko, k3, Ka; 71, 72) i, Gyl 1o ks T+ Q6 (k1,k27k3,k4;71,72) aTk akgaTk ax,
+Q7 k k27k37k47T17 T2) Gk a kQG/Tk ak4 + QS (k17k27k37k47T17T2) aT klaT kQaT kgak4

ki, ko, ks, ka; 71, 72) ay,al Dk agzal K, T Q12 (k1, ko, k3, ky; 71, 72) aTk al Dk agezal ”

T

il )
ol )
( )
)(k ko, k3, kq; 71, 72) ax ak2ak3aT T Qw (k1, ko, ks, ky; 71, 72) al klcthak?)cfr ”
1 )
(k ko, k3, ka; 71, 72) ax, ax,a’ kanr Kt Q14 (k1, ko, ks, ky; 71, 72) af Tk akzaJr ks Ok,
( )

+ O (ki ko, K, ks 71, 72) awalyaly ol + O (ki ko ks, kas 71, m) al g ol aly ol |, (C.103)

where we define new sets of functions, Qg»l) (ki1,ko, k3, ky; 7, 70) Vj=1,---,16, as:
QM (1, ko, ks, ku; 71, 72) = fier (72) fieo (71) fies (72) fiea (1), (C.104)
QS (ki, ko, k3, ka5 71, 72) = [y, (72) fo1o (1) fies (72) iy (1), (C.105)
QM (K1, ko, ks, ka; 71, 72) = fier (72) 1, (71) fier (72) fiea (71, (C.106)
O (ki ko, ks, ki 71, 7) = f7 4y (72) f 4y (70) fea (72) fia (1), (C.107)
O (K1, ko, k3, ka; 71, 72) = fier (72) fieo (71) 1y (72) fiea (71 (C.108)
Qél (k1. ko, k3, ka; 71, 72) = fZi (72) fieo (T1) f24, (72) fiea (1) (C.109)
O (ki ko, ks, ki 71, 7) = fiey (72) 1y (70) ¥y (72) fia (), (C.110)
04 (k1 ko, ks, kas 71, 72) = fF1e, (72) Fo ey (71) 1y (72) fica (1) (C.111)
O (1, ko, K, kas 71, 72) = fiey (72) fiea (71) ficy (72) 1, (71, (C.112)
Ol (ki ke, ks ka; 71, 72) = f74, (72) fieo (70) fics (72) 716, (71) (C.113)
O (k1 ko, ki ki 71, 72) = iy (72) 1y (71) fica (72) 2, (10), (C.114)
O} (ki ko, ks, kas 71, 72) = f7 50, (72) 1y (71) fics (72) 1, (71) (C.115)
O (ki k. ks, ka; 71, 72) = fiey (72) fica (T1) 4y (72) o1, (10), (C.116)
Q1Y) (k1. ko, ks, ks 71, m2) = f* e, (72) fieo (T1) f 0y (72) f 13, (71) (C.117)
O (ki ko, ks, ket 71, 72) = iy (72) f 4y (70) F 7k (72) o, (1), (C.118)
QY (k1. ko, kg, ku; 71, 72) = Fri, (72) 1, (1) i (72) Frae, (71) (C.119)
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The function ﬁ(Q)(kl, ko, ks, ky; 71, 72) is defined as:

7A:1(2) (ki, ko, ks, kq; 71, 72)

= | @) (k1 ko, K, ki 71, 72) i, i iy are, + O (ki ko, ks, ka; 71, 7o) GT_klakQGkgakLL

+Q§2)(k1,k2,k3,k4,71,72) akla kQGk3Gk4 + Q4 (kl,kg,kg,k4,7'1,7'2) al "k al ! 1, Ok iy

+Qé2 (k1, ko, ks, ky; 71, 72) ax akQa 1o ks T Q6 (kl,kQ,kg,k4,T1,T2) aTk akzaJr s Vs

+Q§2 (ki, ko, k3, ky; 71, 72) ak _k2 T_k ak4+Qg (ki, ko, k3, ky; 71, 72) T_klaT_kQGT_k?)alq

+0IP (ky, ko, ks, ky; 71, 72) axc akQakSaTk + O (ki ko, ks, ks 71, 7) af  aranpal

+Q11 (i, ko, ks, ka; 71, 72) @@l g argal o, + Q8 (ki ko ks, kas 71, m2) ol al angal

(k ko, k3, ka; 71, 72) ax, ak,a’ kgaim + Q14 (k1, ko, ks, ky; 71, 72) al klakzaJr k3aik4
+0P (k1 ko, ks, ky; 71, 72) ar,af Mo al + 09 (ky, ko, ks, ka; 71, 72) aly alaly aly |, (C.120)
where we define new sets of functions, Q§-2) (k1,ko, k3, ky; 7, 72) Vj=1,---,16, as:

0P (ky, ko, ks, ku; 71, 72) = Iy, (72) T, (71) T, (72) T, (1), (C.121)
Q) (K1, ko, ks, ky; 71, 72) = Ty, (72) Ty (71) Ty (72) i, (71), (C.122)
Q) (K1, ko, kg, ky; 71, 72) = Thie, (72) T (71) g, (72) T, (1), (C.123)
Q') (K1, ko, ks, ky; 71, 72) = TT* g, ()T g, (71) Ty (72) e, (71), (C.124)
O (1, ko, kg, ki 71, 72) = Ty (72) ey (7)1, (72) T, (71), (C.125)
0% (K1, ko, kg, ky; 11, 72) = T1* | (7o) Thhey (71)117% ., (72) Ty, (71) (C.126)
O (11, ko, kg, kg 71, 72) = Ty, ()T g, (7)TIIT g (72) T, (71), (C.127)
O (K1, ko, kg, ki 71, 72) = 1%y (1) T 4, ()T g, (72) T, (71) (C.128)
Qé2)(k1,k2,k3,k4;7'1, 72) = i, (7o), (71) ey (7o) 1T, (71), (C.129)
Q') (k1 ko, ks, ky; 71, 72) = TT* i, (72) Ty (71) iy (72)TT 4, (71) (C.130)
Q') (K1, ko, k3, ky; 71, 72) = Thie, (72) 1T, (71) iy (7)1 4, (71), (C.131)
Q') (K1, ko, kg, ku; 71, 72) = Ty, (1) TT 4, (71) i (72) T, (71) (C.132)
01 (K1, ko, ks, ky; 71, 72) = e, (7) e, (7)1 4, (7)1, (1), (C.133)
Q') (K1, ko, kg, ku; 71, 72) = Ty, (1) T, (7)TT* ., (72) T, (71) (C.134)
Q') (K1, ko, kg, ky; 71, 72) = Thig, (70) 1T (7)1, () TT% (1), (C.135)
Q1% (1, ko, kg, kg 71, m2) = 1% (1) T g (7)) T g, (7)1, (71) (C.136)
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D Computation of classical limit of four-point “in-in” OTO amplitudes for
Cosmology

In this section, our prime objective is to explicitly compute the classical limiting version of the
four-point ”in-in” OTO 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,7), f(x,m2)Ypp = {f(x, 1), f(x,72)bpp {f(x,71), f(x,72) }pg (D.1)
{f(XaTl)a ( X, 2)}PB = {H( X, 1)5H(X77—2)}PB {H(X771)7H(X77-2)}PB' (D'Q)

Now we use the following convention for the Fourier transformation, which is given by:

3
f(x, 1) :/(;iﬂl;,) exp(ik.x) fi(m1), (D.3)

5 d3k , d3k ,
I(x,71) = 0r, f(x,71) = /3 exp(ik.x) Or, fk(71) 2/3 exp(ik.x) lk(m1),  (D.4)
(27) (27)
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

results:

3 3 3 3
{(F(x,71), f(x,72) Voo :/é;g/égé/égﬁ/é;‘; exp (i(ky + ko + k3 + ky) )
[{fie (71), fiea (72) }pg {fis (71), fres (72) Yo + {1 (T1), fic

—~ =

5(72)}pp {fie (T1), fies (72) }p
+{fi1 (1), s (72) }pg { fis (T1), fieo (72) }pg + { fia (71), fies (72) }pg { fia (T1), fia (72) }p
{2 (1) fict (72) Yo {fica (1), fis (72) g + { i (71, fia (72) Yo { it (71, S (72) } o
+{/is (1) fici (72) Y {ia (1), fieo (72) g + { i (71), fieo (72) Y { i (1), S (72) } o
+{/is (1), f1ea (72) Yo {11 (T1) fieo (72) bpg + { ks (7)) fici (72) }pg { Sk (T1), fics (2) P
+ {fis (1), fica (72) g {fis (1) ficr (72) }pig + {fica (T1), fis (72) }pg {fieo (T1), fia (72) }pg] - (D-5)

3 3 3 3
{I(x,71),T(x,72) } o5 = / é;g / é:ﬁ% / é:)?;) / é:)‘* exp (i(ky + ko + ks + ky) x)

[{Th, (71), ey (72) pg {10y (71), iy (72) g + {1k, (1), iy (72) }pig {1y (71), iy (72) Y pg
+ {Ih, (71), e, (72) }pg {Ties (1), ey (72) bpg + {1y (71), ey (72) } pg {11k (1), i, (72) }pg
+ {Ihy (71), i, (72) }pg {Tky (71), iy (72) bpg + {Hky (71), iy (72) } pg {1k, (71), iy (72) }p
+ {y (1), I, (72) } pg { ks (71), iy (72) b pg + {Tlky (71), iy (72) b pg {10k, (71), 1Ty (72) g
+ {Iiey (1), e, (72) }pg {Hic, (1), i, (72) g + { Ty (72), i, (72) g {1y (71), Ihiey (72) b p
+ {Il, (1), Ty (72) b pig {TTies (71), Ty (72) Y pg + {1y (71), iy (72) Y pg {1k, (71), T, (72) }pg ] (D-6)
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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:

0 fx;(11) 8fkj(7—1) 0 fx,(11) afk (12)

{fki(71)7fkj(7—2)}PB - (3fkp(7'2) Oy, (72) 3Hk,,( )3fkp(7'2)>
O, fi; (1) akpfki(71)>

O i, (12) O, T, (T2)
O, fi; (1) 6‘kjfki(ﬁ))
O, i (12) O, Tl (72)
= (2m)%5° (k; + k;)U1(1,72) Vi(71, 72)
= (27m)38%(k; + kj) Ri(r1,m).  Vi#j with 4,5 =1,2,3,4. (D.7)

= (21)36% (k; + kp)53(kj +k,)Ui (71, 72) <

= (2m)%8° (k; + k;) U1 (71, 72) (

Here we define the overall time dependent amplitude as:
Ri1(11,72) = Ui(11, 72) Vi(71, T2), (D.8)

where we have used the following crucial facts:

Ofi, (1) _ , o
<8fk ( 2)> = (27m)%0° (k; + k) Uy (711, 72), (D.9)
(

<3k fi (1) O, fie (1)
O I (m2) O, T, (2)

) = Vi(r1,72). (D.10)

Similarly, one can compute:

_ 6sz (7—1) aij (7-1) _ 8Hkl (7’1) 8Hk]- (7’2)
{Th, (1), I, (72) } pg = <3fkp(72) Olly, (12) Ol (72) 3fkp(72)>

= (27)%6° (ki + k) 8% (k; + k) Ua (71, 72)

II
= (27)*6° (k; + k;)Us (71, 72) (lei f: ((77_—21

= (2m)%0°(k; + k) Us(11,72) Va (71, 72)
= (21)%8*(k; + k;) Ra(m1,m2). Vi#j with 4,5 =1,2,3,4. (D.11)

Here we define the overall time dependent amplitude as:
R2(7'1,7'2) :UQ(Tl,TQ)VQ(Tl,TQ), (D12)

where we have used the following crucial facts:

oM, (1) |
(8Hkp( 2)) = (27T)3(53(kz + kp)UQ(Tl, Tg), (D.13)
(

(ak 1_[k] Tl) _ akj]'_‘[ki(Tl)
O, fie;(12) Ok, fx;(T2)

) = Va(71,72). (D.14)
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Here from these computed Poisson brackets we can extract the following sets of crucial informa-
tion, which will further helps us to understand more about the classical limit of the four-point
OTO amplitudes in the present computation:

1. The time dependent part as such very complicated as it contain the information regarding
classical version of random stochastic quantum fluctuations in the primordial universe. In
the present context it is hypothesized by a random function R (71, 7) and Ra(71, 72) which
incorporate the two conformal time scales in the results.

2. Also it is important to note that, Ri(71,72) and Ra(71, 72) are homogeneous and isotropic
functions, which captures the dynamical effect of the spatially flat FLRW background.
For this reason the random functions, Rq(71,72) and Ra(71,72) are completely i and j
momentum index independent. This is actually the outcome of the stochastic randomness
in the present context. Due to having this fact these random functions, R (71, 72) and
R (71, 72) are non-zero in the present computation. This is the non-trivial result as in the
usual classical field theory these two correlators gives vanishing contribution without having
any random fluctuations in the theory.

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 brackets.

4. Finally, the appearance of the three dimensional Dirac Delta function confirms the mo-
mentum conservation in the Fourier space in the classical two point OTO micro-canonical
amplitudes.

Further, we compute the square of the Poisson brackets, which after performing the Fourier
transformation can be expressed as:

{fi;(11), fie; (72) } o { i) (11, frc (72) Y pg = (27)%0° (ki + X)8° (ki + ki) UT (71, 72) VI (71, 72)
= (2m)06% (k; + k;)0% (kg + k) R2 (71, 70). (D.15)
{The, (1), i, (12) } pg {Thie, (71), Ty, (72) Y = (2)%6° (ki + k)8° (ki + kpn ) U3 (71, 72) V3 (11, 72)
= (2m)%6° (k; + k;)8° (k; + k) R3(71,72).

Vi j#1#m with 4,7,k 1=1,2,3,4.
(D.16)

Consequently, we get the following simplified results:

s Bk, [ Bky [ dBks [ dPky ,
{f(xa'rl),f(XaTQ)}PB_ (27]—)6/ (27()3/(27T)3/<27T)3/(27r)3 exp (Z(k1+k2+k3+k4).x)
4
> (ki + k)3 (k; + k) RI(m1, ). (D.17)
1,7,l,m=1i#£j#l#m

~
Contribution from 12 terms
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d*k d*k d*k d3ky ,
{H(XaTl)»H(XaTZ)}%B:(27")6/(27r)13/(27r)23/(27r;/(27r)3 exp (i(k1 + ko + ks + ky).x)
4
> 83 (k; + k)03 (k + k) R3(11,72). (D.18)
1,7,l,m=1i#£j#l#m

Vv
Contribution from 12 terms

Here, the explicit computation gives following product identity of the Dirac Delta function:

4
Z (53(1{@‘ + kj)53(kl + km) = [53(1{1 + k2)53(k3 -+ k4) + (53(1{1 + k3)53(k2 + k4)

1,7, l,m=1,i£j#l#m
+6° (k1 + ka)6° (ks + ko ko + ks)o°

(ks + )3 (ks + ko) + 6% (ks + s)3™ (ks + 1)
+6% (kg + k1)6% (kg + k3) + 6° (ko + kq)6° (k1 + k3)
+6% (ks + k1)6% (ka + ko) + 6% (ks + ko)* (k1 + ky)
463 (ks + k)0 (k1 + ko) + 6% (kg + k)63 (ko + k3)
+6%(ky + ko)0% (k3 + k1) + 6°( )5 ( )

Now, we give the following proposal to quantify the random function R?(7q,72), which is given
by the following expression:

Ri(r,72) = (MNoise (T1)Noise (T2)) : (D.20)
Contribution from rand:)rm noise field correlation
Rg (7-1’ 7—2) = <H77Noise (Tl)HnNoise (T2)> 9 (D21)

Contribution from random momentum correlation

where NNoise(7i) V @ = 1,2 and Il .. (i) V i@ = 1,2 represent the conformal time dependent
random noise field and momentum functions.

Also it is important to note that the two consecutive noise kernels is time translation invariant,
for which we have written as:

1 1
(MNoise (1) INoise(72)) = G (71, 72) :== GYL_ (|71 — 7)), (D.22)
Mggosee (T Miposee (72)) = Gignrner(T1,72) = Grgnnr(I71 = 72]). (D.23)

Additionally, the conformal time dependent noise satisfy the following constraint conditions:

(MNoise (7)) = 0, Noise = Gaussian, Non — Gaussian, (D.24)
<77Noise (7-1)77N0ise (7_2)77N0ise(7—3)> = Oa Noise = GaUSSiana (D'25)
<77N0ise(7'1)77Noise(7'2) ....... nNoise(TN» = fl(\Tlc))ise(ThT?’ cieey TN) 7é 0 VN > 2,

Noise = Non — Gaussian. (D.26)
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and
(ynoiee (T3)) = 0, Noise = Gaussian, Non — Gaussian, (D.27)
(I ynoice (T1) M noiee (T2) INoise (73)) = 0, Noise = Gaussian, (D.28)
<H77Noise (Tl)HnNoise (T2) """" HnNoise( )> - fl(\Iglse(T17 T2y -eees TN) # 0 v N Z 27
Noise = Non — Gaussian. (D.29)

After substituting this result in the previously computed expression for the amplitude we get the
following simplified expression:

{f(x,m), f(x, 72)}%13

4
(27) 61‘[/ exp (iky.x) 3 (ki + k)5 (k + k)G (I — 7)),  (D.30)
i,5,L,m=1iAjAl#m
{I(x, 1), I(x, Tz)}pB
4
(2r) GH/ exp (ikgy.X) 3 (ki + %)k + kn)GE (I — 7)) (D.31)

i, m=1,ijAl#m
E Computation of the trace of the two-point amplitude in OTOC

Now, we will explicitly compute the numerator of the OTOC for quantum Mota Allen vacua,
which is given by the following expression:

Ty [efﬁﬁ(ﬂ) [f(x, ), f(x, 72)” (ary

)
exp(—2sin7tana)/ /d3k1 / d®ks ,
= dv — | —= ki + ko).
[cosha BD 5 | (o Pl +ke) x]

<\IJBD|[ )(k1,k2771,7'2,5) Vgl)(k17k2;7'1772;5) |[¥BD). (E.1)
and

Tr[ 5H<T1>[ (x,71), H(x,rg)”

(e7)
exp(—2sin'ytana)/ /d3k1 / d3ks .
= av k ko).
| cosh ] BD [ en)3 | (2r)3 exp [i (ki + k) ]
(Up| [@52)(k1,k2;71772;5) - @22)(1{1,1(2;71,72;5) |VBD). (E.2)

Further, our aim is to compute the individual contributions which are given by:

/d‘PBD <‘1’BDW§1)(1<17k2;71,72;5)|‘1’BD> = /d‘I’BD (Ugple P () Agl)(k17k2§7'177'2)’\1’BD>a (E.3)

/d‘I’BD <‘I’BDW§1)(kl,k2;T1,TQﬁ)N’BD) = /d\IIBD (Upple ™) Agl)(k1,k2;ﬁﬁ2)!‘PBD>- (E.4)
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and
av )\ C (2) ki, ko7 792, )\ = av ) L (1) A(Q) ki, ko7 U 1 E.5
BD < BD‘ 1 ( 1, 82,71, 27/8)‘ BD> BD ( BD’e 1 ( 1, 82,71, 2)’ BD>7 ( : )
dv v C (2) ki, ko;7 T2, v = dv W 1 (1) A(2) ki,ko;7 T L E
BD < BD‘ 2 ( 1,82,71, 27/8)| BD> BD < BD|6 2 ( 1, 82,71, 2)’ BD>- ( 6)

Let us evaluate one by one each of the contributions, which are given introducing normal ordering

by:
/d\I/BD <\IJBD| : e_’BH(Tl) g, ax, : |\I/BD> =0, (E7)

/d\I’BD <‘11BD| : eiﬁH(Tl) ak,a —kz ’\I’BD>

= (2m) exp (— / &’k In (2 sinh © E“Q(Tl)» (ki +ko),  (ES8)

/d\IfBD (Ugp| : e PHT) a’\ ax, : |¥BD)
= (2m)3 exp <—/d3k In (2 sinh 5Ek2(7—1))> 6% (k1 +ka), (E.9)
/d‘I/BD (Ugp| : e PA of " aly,  1¥BD) =0. (E.10)

Consequently, the individual contributions can be computed in the normal ordered form as:

/d‘I’BD <‘I’BDW§1)(k1,k2;T1,7'2, )|‘I’BD

= (27m) exp <—/d3k In <2 sinh

)

d¥BD <\I’BDW§1)(k1,k2;Tl,Tz7 B)|¥BD)
= (27)% exp (—/d3k In <2sinh ))> 53 (k1 + ko) [ﬁg”(kl,kg;n,m) +£§1)(k1,k2;71,72)] . (E.12)

)

)

> —|—k2 [Dél)(kl,kQ;Tl,TQ)+D§1)(k17k2;7—1,7_2):| s (Ell)

= (2m)% exp <— / @’k In (2 sinh P27

d¥Bp <‘I’BDW§2)(k1,k2;ﬁ,TQ, B)|¥BD

/d‘I’BD <‘I’BDW§2)(1<1,1<2;71,727 B)|¥BD
> (53 k1 +k2 |: ( )(kl,kQ;Tl,Tg) +D§2)(k1,k2;7'1,7'2)] s (E13)

(1)

= (27m)% exp <—/d3k In (2 sinh

)6+ 1) [ R+ £ 00 )] (B14)
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F Computation of the trace of the four-point amplitude in OTOC

Now, we will explicitly compute the numerator of the OTOC for quantum « vacua,which is given
by the following expression:

ﬂ[mwlm&mf®ﬁ$hw

B exp(—2sin ytana) /d\If /d3k1 / d*ky / dks / d*ky
- | cosh | BD [ 2m? ) @2r)? ) (2r)? ) (2r)?
exp [ (k1 + ko + k3 + ky) .x]

(YD {91(1)(1{1,1(271{3,k4;71,T2;5) —Vg( )(k1, ko, ks, ka; 71, 725 )

+§g(,1)(k17 ko, k3, ky; 71,725 8) — %1)(1(171(2, k3, ka; 11, To; 5)] |UBD). (F.1)

~ R R 2
Tr [e_ﬁH(Tl) |:H(X,T1),H(X,T2):| ]
(@)

exp(—2sinytana) / /d3k1 / d3ko / d3ks / d3ky

= d¥Bp

| cosh a (2m)3 ) (2m)3
exp [i h+b+h+h)]

(YBD| [ﬂg)(kl,kmk&k4;T1,T2;/3) - Vg( )(k17k2,k37k4;71772;5)

+1A73(,2)(k17k2,k37k4;71,72;5) V( )(kl,k27k3,k4;71,72;5)} |UBD). (F.2)

Further, our aim is to compute the individual contributions for [ = 1,2 which are given by:
d¥BD (‘IJBD|171(Z)(k1,k2,k3,k4;71,7'2;5)|‘1’BD>

_ / dWpp (Upple T FO (k) Ky, ks, kas 71, 7)| VB, (F.3)
d¥gp (Vep|V{ (ki, ke, k3, ka; 71, 7; 8)|¥BD)

_ / dWpp (Ueple P 7O (ki ko, ks, ki 71, 72) [ UBD), (F.4)
d¥Bp (‘I’BDUA?;)EI)(kth,k3,k4;71772;/3)|‘1’BD>

:1/d@BD(WBDB_M%H)ﬁyxkhk%k&kgﬁjmﬂWBD% (F.5)

d¥BD (‘I’BDUA/S)(kl, ko, k3, k4; 71, 70; 8)|UBD)

—_— —

= /d‘I/BD (‘I/BD|€75H(T1) ﬁ(l)(klak2ak3;k4§7'177'2)‘\PBD>- (F.6)
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Let us evaluate one by one each of the contributions, by introducing normal ordering for [ = 1, 2,

which are given by:

/d‘IfBD (Up| 2171(1)(1{1,1(2,k3,k4;71772;ﬁ) 1 |UBD)

= (2m)8 exp <— / &k In <2sinh BE“;T”))

[M( )(ky, Ko, ks, ka; 71, 72) {0% (ki + Ka) 6% (ko + ks) + 6% (ki + ks) 6% (ko + ki) }
+ M (1, ko, g, ka; 71, 72) {0° (ki + ko) 8% (ks + ka) + 0% (ki + ka) 8% (ko + k) }
+ MW (K1, Ko, ks, ky; 71, 72) {0% (ki + ko) 6% (ks + ky) + 67 (Kp + k) 6% (ko + ka) }
+M§10)(k17 ko, ks, ku: 71,72) {53 (ki1 + ko) 53 (ks + ky) + §3 (k1 +k3) 53 (ko + k4)}
+M§ll)(k1, Ko, kg, ka; 71, 70) {53 (ki + ko) 53 (ks +kq) + 53 (k1 +ky) 53 (ke + ks)}
MOy o ks ks 71 ma) {80 (ke + Kes) 8 (ko + k) + 07 (ly 4+ k) 67 (ks + k3)}} , (F.7)

/d‘l’BD (YD :92(1)(k1,k2,k37k4;71,72;ﬁ) : |¥BD)

= (2m)% exp (—/d3k In <2 sinh BE“Q(H)))

[jf) (ki, ko, ks, ka; 71, 72) {07 (ki +ka) 67 (ko + k) + 6% (ki +ks) 6 (ko + ka) |

+ T (k1 Ko, ks, kay 71, 70) {6% (K 4 ko) 8% (ks + ka) + 62 (ky + ky) 6% (ko + k) }
0 K e, s 7, 72) {07 (ke + o) 87 (ks + o) + 6% (ki + k) 0% (ko + o)}
+ D (k1 ko, ks ay 71, 7)) {03 (Ky + ko) 67 (ks + ki) + 6% (ky + ks) 6% (ko + ki) }
+ T (ki ko ks, ka1, m) {07 (ki + ko) 6 (ks + ka) + 0% (ki + ka) 6% (ko + k3) }
+ 0 (ki ko ks, ka7, m) {07 (ki + k) 6 (ko + ka) + 6% (kg + k) 0% (ko + k3)}} . (F.8)

/d‘I’BD (VD] 217351)(1{1,1{2,k3,k4;71,7'2;5) . [¥BD)

= (2m)% exp <—/d3k In (2 sinh 5Ek2(ﬁ)>>

|:N(l) (kl, ko, k3, ky; 7, 7'2) {53 (kl + k4) 53 (k2 + kg) + 53 (kl + k3) 53 (kg + k4)}

(k1,k2, ks, ka;71,72) {0° (ki + ko) 6% (ks + ka) + 6° (k1 + ka) 0° (ko + k3)}
+N“ (K1, Ko, ks, ka; 71, 72) {6% (K1 + ko) 0% (ks + ka) + 6% (ky + kg) 6% (ko + ki) }
N (k1 ko ks, ks 71, m2) {6° (K + ko) 67 (K + k) + 6% (K + k) 6 (ko + k) }
”(k ko, ks, ka; 71, 72) 8% (ki + ko) 6% (ks + k) + 6% (kg + k) 6% (ke + ks) }
+N13 (K1, ko, ks, ku; 71, 72) {0% (ky + Ks) 0% (ko + k) + 67 (ky + ky) 6° (k2+k3)}], (F.9)
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/d‘IJBD (YBD| :]74El)(k17k2ak37k4;7—177-2;ﬁ) :|UBD)

= (2m)8 exp <— / &3k In <2sinh BE“;T”))

[Qi”(kl, ko, ks, ki 71, 72) {07 (i +Ka) 87 (ka + ks) + 6% (ko + k) 6% (ks + K )}
Uk, ko, kg, kas 71, 70) {67 (ki + ko) 67 (ks + ka) + 0% (kg + k) 6% (ko + ks) }
+Q(7 (ki, ko, ks, ky; 71, 72) {53 (k1 + ko) 0% (k3 + kq) + 6 (ki + k3) 63 (ko + ky)}
+ Q0 (et o, K e 71, 72) 6% (o + k) 8% (ke + k) + 8% (ko + k) 6% (hez + ea) )
“’(k ko, K, ki 71, 72) {07 (K + ko) 0% (ks + ka) + 0 (K + ki) 0% (ko + ks) }

(D) (ky, ko, K, ka; 71,72) {0% (ki + ks) 0% (ko + ka) + 0% (ki + ky) 6% (ko +k3)}} . (F.10)

After detailed computation it is possible to obtain the following OTO amplitudes which will finally
contribute in the expressions for the two desired auto-correlated OTOCs which are computing
in this paper. 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, for the two specific
types of OTOCs as:

£ (k1 ko, —ko, k1§7'1a7'2 = fi (1) flk, (T )f—kz(Tl)f—kl(Tz) Sk (72) [k, (T1) fo1a (1) f-1ey (T2)
1) f ok (T2) i (T2) iy (1) — 24y (72) foaey (T1) foten (T2) fo1ey (72), (F.11)

e (1, o, =k, —ka; 71, 70) = Fri, (1) F i (72) Fied (71 Foen (72) = F ey (72) e (71) Fter (71) e (72)
) — 2) f—ky (T1)

)
71)
) =
/706 (M) o (1) ot (72) i (11) = o () f o0 (M) oy (72) ko (1), (FL12)
) =
71)
) =

Kh
z
—~
[G‘

S
—~

5 (k1 a, —ka, ki3 71, 72) = Fr o, (70) fiew (72) fiy (T0) Fter (72) = 2, (72) fiea (71 fiy (71) oty (72)
+fik1( 1) fie (72) fie (72) f—1y (T1) — 2k, (72) fieo (1) iy (72) f ey (1)), (F.13)
fier (70) 2k, (72) i, (T1) foio (72) = iy (72) f2 e, (71) fie, (71) foieo (72)
+ fiey (T1) [k, (72) iy (72) foiea (T1) = iy (72) f24, (1) fic, (72) foieo (7)), (F.14)
8 (K1, ko, —ki, —ka; 71, 72) = Fru, (1) fieo (72) ot (71) fity (72) = o, (72) fieo (71) ftr (1) fiy (72)
+ 25, (T1) fies (72) foiy (72) fiey (T1) = fLa, (72) fieo (T1) S (72) f20, (1), (F.15)
EQ (K1, ko, —ko, k1571, 70) = fiey (T1) 1, (72) Foteo (1) iy (72) = fiey (72) £ 21y (1) Foten (71) £, (72)
+fie (T0) f2x, (72) f =k (72) fig, (T1) = fiey (72) f2k, (1) foiy (72) fiy (1), (F.16)
5f:13)(k1, ko, —ki, —ko; 71, 72) = fi, (T1) fieo (72) fic, (71) [, (72) — fiey (72) fieo (71) S, (1) fic, (72)

4 fier (71) fieo (72) frie, (72) fiey, (71) = fiey (72) fieo (1) i, (72) fit, (71) (F.17)
EQ) (K1, ko, —ka, —k1;71,72) = fie, (1) fiea (72) fit, (71) i (72) = fre (72) i (10) i, (71) i, (72)
+ fiey (71) fieo (72) frey (72) fie, (71) = fiey (72) fieo (T1) i, (72) fiz, (T1) (F.18)

ED (K1, —ki, ko, —ka; 71, 72) = fie, (1) fit, (72) F o1y (T1) oo (72) = fir (72) fit, (70) 21y (71) f ot (72)
+ i (71) fiey (72) [y (T2) fotea (T1) — faey (T2) fiy (T1) foaey (T2) foap (1), (F19)
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&L (K1, —Ki1, Ko, =Ko 71, 72) = [, (1) f ke (72) fiey (71) iy (72) = [, (72) f e (70) fio (71) £, (72)

+ 2 (T1) fo1 (72) fieo (2) ficy (T1) = fEk, (72) iy (T1) fio (2) Sy (1), (F.20)
41 (1, —k, ko, ko 71, 72) = fie, (11) i, (72) fiew (71 fiy (72) — s (72) fiy (70) ficy (1) iy (72)

+fie (T1) fie, (72) fieo (72) fi, (1) = fiey (72) fic, (1) fro (72) fi, (7)) (F.21)

and

522)(1{1,1(2, —ka, —ki;71,72)
=% (7m0, (7)) i, (1) H kg, (72) =TIy (7o) T2, (70) Tk, (70) Tk, (72)

HZ g, (), (o), (2) i, (71) — Ty (7o) Iy (1) iy (72) i (1), (F.22)
&?)(kl,km —ki, —ko; 71, 72)
=2 ()T, (72) kg, (1) Hiey (72) =TIy (7o) 2, (70) Tk, (70) 1Tk, (72)

FHZ e, ()T, (o), (72) iy (71) — TSy (7o) 1y (7)o, (72) iy (1), (F.23)
5é2)(k1,k2, —ko, —k1; 71, 72)
= Iy (1), (72) My, (1), (72) — T2y (72) e, (70) My, (71) i, (72)

+IT°y (71) e, (7o) g, (7o) _y, (71) — 1%y (72) e, (70) i, (7o) i, (71), (F.24)
EP) (K, ko, — k1, —ko; 71, 72) = e, (71T 4, (7)1, (71)TT ey (72) — T, (72)TT% . (7)TT, (70)TT iy (72)
1, (7)., (72) Iy, (T2)Il ok, (71) — T, (72) 112, (70)T0y (72) 1Tk, (7)), (F.25)
EQ) (1, ko, — k1, —ko; 71, 72) = I (71) ey (72) g, (70)TIE, (72) — T3, (70) ey (7)1, (71)TIL, (72)
HHZ e, (70) e, (T2) Ik, (72) Iy, (71) — T2 (72) I, (70) e (T2) 11y, (7)), (F.26)
€7 (ki ka, —ka, ki3 71, 72) = Tie, (71)TT o, (72) My (7)1, (72) — Ty (72) I e, (1), (7T, (72)
A1, (70) 2y, (T2) i, (T2) I (71) — Ty (72) T2, () Ik, (72) Iy, (7)), (F.27)
€13 (k1 ko, —ki, —ka; 71, 72) = Iy, (71T, (o)L, (1)L, (72) — T, (7) T, ()10, (7)1, (72)
e, (71) My, (72) My, (72) My, (1) — T, (72) T, (70)I0, (72) 10, (71), (F.28)
£3) (1, ko, —ka, —ki; 71, 72) = e, (1) ey (72) I, (70) T, (72) — T, (72) ey (7)1, (71)TIE, (72)
+1i, (71) i, (72) I, (72)I0g, (71) — Mg, (72) i, (71) i, (72) L, (71), (F.29)
€ (ky, —k1, ko, —ka; 71, 72) = Tie, (71)TT, (7o) T oy (71) ey (72) — T, (72) i, (7). (7)1, (72)
1, (1), (72) 12, (T2)I1 ok, (71) — i, (72) g, (71)11 kg(T) ke (T1); (F.30)
EL (et —ka, ko, —ko; 71, 72) = Iy (7)1, (72) Uiy (1) (72) = T g (72) gy (1) Tl (71T (72)
+HZy, (7)o, (72) i, (72) e, (1) — H’ikl(Tz)kal(Tl)sz( 2) I, (71), (F.31)
€7 (1, —k1, ko, —ka; 71, 72) = i, (71)TL, (7o), (71) T, (72) — T, (72)TI, (7)), (70)T0, (72)
1, (1), (72) e, (72) My, (71) — M, (72) 1, (71) i, (72) e, (71), (F.32)
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G Time dependent two-point amplitude in OTOC

We define the following momentum integrated time dependent amplitudes, which are given by:

L
By(T,7): = / k2 dky Py(ky, —ky; T, 7)
k1=0

= (-T)F(=1)3 7 |20 (1 m) + 20 (1, m2) = 20 (rum) = Z0) (o) | (G)
By(T, ) : = /kL ) k3 dki Pa(ki, —ki;T,7)
1=
= (DI (=) 25 m) + 23 () - 23) (o) — 25 ()| (G2)
where we have introduced the time dependent four individual amplitudes, Z ((21)) (T,7)Vi=1,2,3,4
and Z ((12)) (T,7) ¥V i=1,2,3,4, which are given by the following expressions:

L

Z@r) = [k dby fig () fi (), (@3)
—
L

Zy(T,7) = /k Kk [ (1) (7). (G.4)
-
L

2Ty = [k by fia ()i, (T) (@.5)
L

Z(T,7) = /k By k2 dky o (1) g (T), (G.6)
L

Z§)r) = [k dby T (11T, 0 @)
L

Z3(1,7) = /k K dby 10 (D)L (7). (G.8)
_
L

231, 7) = /k K dby T, (7)1, (1), (G.9)
_
L

20 (T,7) = /k ; kY dky Ty, (1), (T), (G.10)
—

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:

24y (T, 7) = (-1~ 20T, 7), (G.11)
24y (T,7) = (=)D 20T, 7), (G.12)
2T, ) = (1)~ Nz (1, 7), (G.13)
23 (T, 7) = (-1~ 23T, 7), (G.14)
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using which the simplified form of the momentum integrated time dependent amplitudes can be

written as:

1

BIT,7) s = (T3 (=7)3~ 14 (<17 (Z)(T,7) = Zsy(T, 7)), (Gu15)

3

2_p §—1j 14
BoT,7) = (~T)3 ()3 [L (-7 (20 (T7) — Z(T7)) . (G.16)
Consequently, the desired two-point OTOCs can be computed in the present context as:

Y/ (T,7) =~ g Ba(T, ) = (D)3 ()i [ (1)@ )] (201, 7) — 28T, 7)., (@17)

Y/ (T,7) = — 5 g Ba(T, ) = (D)~ (=) 3 [14 (1)@ (281, 7) — 28)(T,7)) - (C.18)

N|w

The expression for (Z(%) (T, 1) — Z((ll)) (T, 7')) is given by the following expression:

(3) (1) (T — 1)
—T%*(—iL(T — 7))*T(4 — 2v, —iL(T — 7)) — T?GL(T — 7))*T(3 — 2v,iL(T — 7))
~T2(GL(T — 7))*T(4 — 2v,iL(T — 7)) — 7*(—iL(T — 7))*'T'(3 — 2v, =i L(T — 7))
—72(—iL(T — 7)) T'(4 — 2v, —iL(T — 7)) — 72(iL(T — 7)) T'(3 — 2v,iL(T — 7))
—72(L(T — 7)) T4 — 2v,iL(T — 7)) + 7(=T)T(5 — 2v) (=i L(T — 7))*
+T(3 = 20)(T = 7)? (—iL(T = 7)* + GL(T —7))*)
+0(4 = 2v)(T — 7)? ((—iL(T — 7))* + (iL(T — 7))*) = 7TT(5 — 2v) i L(T — 7))*"
+27T(—iL(T — 7))*T(3 — 2v, —i L(T — 7)) + 27T (—iL(T — 7))*T'(4 — 2v, —iL(T — 7))
+7T(—iL(T — 7))*T(5 — 2v, —iL(T — 7)) + 27T (i L(T — 7))*T'(3 — 2v,iL(T — 7))

(28)@.7) - 23)(.7)) = UA = B) |, <—T2(—iL(T )T — 2w, —iL(T — 7))

+27T(GL(T — 7)) T(4 — 2v,i L(T — 7)) + 7T (G L(T — 7))*T'(5 — 2v,i L(T — T))> . (G.19)

Similarly, the expression for (Z((??)) (T, 1) — Z((12)) (T,T)) can be found. Due to its length we are
not proving the details of the result. Though during the numerical plots the explicit detail have
been taken care of. Also for massive fields one can obtain the above mentioned results for the

two types of the integrals by taking the analytic continuation from v to —i|v|.
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H Time dependent four-point amplitudes in OTOC

We define the following momenta integrated time dependent amplitudes for [ = 1,2, which are

given by:
0 g g 0
7, (r1,m2) ::/ k2 dkl/ k3 dko 28, (k1, ko, —ko, —ki1; 71, T2), (H.1)
k1=0 ko=0
0 g r 0
7, (r1,m2) ::/ k2 dkl/ k3 dko 2813 (k1, ko, —ka, —ki1; 71, T2), (H.2)
k1=0 ko=0
L L 0
T3(71,70) :—/ k3 dkl/ k3 dko &’ (k1, ko, —ka2, —ki1; 71, T2), (H.3)
k1=0 ko=0
0 r r G
T, (11, 72) :_/ k2 dkl/ k3 dks £ (k1, ko, —k1, —ko; 71, T2), (H.4)
k1=0 ko=0
G v g 0
7 (11, m2) ::/ k2 dkl/ k3 dks £ (k1, ko, —k1, —ko; 71, T2), (H.5)
k1=0 ko=0
(0 r k 0
Zs' (11, m2) ::/ k2 dk:l/ k3 dko £17 (k1, k2, —ka, —ki; 71, T2), (H.6)
k1=0 ko=0
0 g g G
7, (11, m2) ::/ k2 dkl/ k3 dks £ (k1, —k1, ks, —ko; 71, T2), (H.7)
k1=0 ko=0
0 g g 0
I3 (11, 72) ::/ k2 dkl/ k3 dko £ (k1, —ki, k2, —k2; 71, T2), (H.8)
k1=0 ko=0
0 k r 0
Ty (11, 72) ::/ k2 dkl/ k3 dko E14 (k1, —ki, ka2, —ka; 71, T2). (H.9)
k1=0 ko=0

From the symmetry properties of the momentum dependent amplitudes we have derived the
following results for [ = 1,2, which are given by:

IV (r,m) = (~D)"ZV (1, 75)  with weight wy = 2, (H.10)
Iél)(Tl,Tg) = (—I)QVIY) (11,72)  with weight w3 =1, (H.11)
2 (r,m) = (~1)*ZV (11, m)  with weight wy =1, (H.12)
Iél)(Tl,TQ) = (—1)21’19(7'1,7'2) with weight ws =1, (H.13)
Iél)(Tl,Tg) = (—1)2”Ifl) (11,72)  with weight wg = 1, (H.14)
Zél)(Tl,TQ) = (—1)2”I£l) (11,72)  with weight wy =1, (H.15)
Iél)(ﬁ,m) = (—1)2”19 (11,72)  with weight wg =1, (H.16)
IV (1, 1) = (=1)*Z"(r,75)  with weight wg = 1. (H.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.
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H.1 Computation of Ifl)(ﬁ, 72) and I{Q) (11, 72)

First of all we evaluate the amplitude integral for [ = 1, which is given by:

1)1, - |

k=

4
S xNT ),
=1

L (_T)1—2u(_7_)1—2u

D™

L
12dk; / k3dkoE (ky ko, —kg, —kp; T, 7) =
0 ko=0
(H.18)

where we define four time dependent functions, Xi(l)’l(T,T) V i=1,2,3,4, which are given by
the following expressions:

W1 _ g o, (424821320 | (421 p2)r25-2
Xl =gz L7 3—2v + 5—2v

2v—3 . mm2r—1 .
+AB22 ST (—iT)2=5(T(5~2w)~T (5~ 2v,~2iLT))+ ALZ 0TI T (H0-20) “T(4-2v,2iLT))

+AB22Y =372 (4T)2V=5(I'(5—2v)—T'(5— 21,2 LT))— AB22¥ ~3(—iT) 2 —3(T'(3—2v)-T'(3—2v,—2i LT))

N R )
— AB22v=3(4T)2=3(T(3—2v) ~T(3— 20, 2i LT) ) SAB2 2 (=iT) V(N;EQ")*F(ZH"’*MT»)

> 32(A2+BQ)L5T2+32(A2+B2)L3_iAB4V+1(—iLT)2VF(3—2u,—2iLT)
5—2v 3—2v T3

_iAB4Y (L T)?Y T (4—20,—2iLT)  §AB4Y (—iLT)?YI(5—2v,—2iLT)
T3 T3

iAB4Y T GLT)2YD(3—20,2iLT) | iAB4YT1(GLT)2Y P (4—20,2iLT)
iABAY GLT)2VT (5—20,2iLT) | 1AB4Y (2v—"1T(5—2v) ((—iLT)? —(LT)?¥
+ GLT)r )4 (QWg)TS ) (H.19)
(1,1 _ o\—2v [ BA(I(3—2v)—T(3—2v,—i L(T—7)))(—iL(T—7))?" | B2(T+7)(I'(4—2v)—T(4—2v,—iL(T—7)))(—iL(T—7))%¥
X =—(-1?) (T—7)3 + (T—7)%
n B2Tr(D(5-2v)—D(5—2v,—iL(T—7)))(—iL(T—7))% n ABGL(T+7))2Y (D(3—20)—T(3—2v,i L(T+7)))
(T=7)° (T+7)3
n A2(GL(T—7))2Y r(D(4—20)—T(4—2v,i L(T—1))) I AB(T—7)(GL(T+7))2Y (D(4—20)—T'(4—2v,i L(T+71)))
(T-7)4 (T+7)%
n A2TGL(T—7)%Y 7(D(5—2v) —T(5—2v,iL(T—1))) _ A2(L(T—7))%" (I (3—2v)—T(3—2v,iL(T—1)))
(T—7)5 (T—7)3
 A2TGL(T—7))2Y (D(4—20) —T(4—20,iL(T—7))) _ AB(—iL(T+7))%" (I'(3—2v)—T'(3—2v,—iL(T+T)))
(T—7)% (T+7)3
_ AB(=iL(T+7) % (D(4—2v)—T(4—2v,—iL(T+7))) ABTT(—iL(T+7))%Y (I'(5—2v)—T(5—2v,—iL(T+7)))
(T+7)3 (T+7)®
_ ABT7T(L(T+7)%Y (L (5—2v)—T(5—2v,iL(T+71))) A2(D(3—20)—T(3—2v,—iL(T—7)))(—iL(T—7))?"
(T+7)5 (T—7)
n A% (D(4—2v) =T (4—20,—iL(T—7)))(=iL(T—=7))%Y  A?T7(D(5—2v)—[(5—2v,—i L(T—7))) (=i L(T—7))?"
(T—7)3 (T—7)5
n B2GL(T—71))2Y (D(3—20)—T(3—2v,i L(T—7))) I AB(iL(T+7))2Y (I'(3—2v)—T(3—2v,i L(T+7)))
(r—T)3 (T+7)3
n B2GL(T—1)2Y r(D(4—20)—T(4—2v,i L(T—1))) n ABT(GL(T+7))2Y (D(4—20)—T(4—2v,i L(T+7)))
(T—7)4 (T+7)4
n ABTGL(T+7))2Y (T(4—20)—T(4—2v,iL(T+7))) n B2T(GL(T—7)2Y r(D(5—2v)—T(5—2v,iL(T—1)))
(T+1)% (T—7)
n ABTT(iL(T+7))%Y (L(5—2v)—T(5—2v,i L(T+7))) _ B2T(iL(T—7))%¥ (D(4—2v)—T(4—2v,iL(T—7)))
(T+7)5 (T—7)
_ AB(—iL(T+71))%Y (0(3—2v)—T(3—2v,—iL(T+7))) ABT(—iL(T+7))?" (D (4—2v) =T (4—2v,—i L(T+T)))
(T+7)3 (T+7)4
_ ABT(—iL(T+7))?" (D(4=2v)—T(4—=2v,—iL(T+7))) ABT7(—iL(T+7))?"(D(5—2v)—T(5—2v,—iL(T+T))) (H 20)
(T+m)4 (T+7)5 ' ’
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W,1 o, (A205:2(—)"2 | (A24B2)L3(—1)~2 | B2:2(—1)P~2V | iB2,(—L)i~
X3 =oxpl ;—2:/ + 3—2v + 7—5—21/ +505

n AB22Y =3 (ir) 2Vt L (P(4—20)—T(4—2v,—2iLT)) n AB22V—5(ir)2v+ 1 (P(5—20) T (5—2v,—2iLT))
7'4 T

+AB22Y=372(—i1)2v =5 (T(5—2v)—T'(5—21,2i LT))+ AB22V 3 (i1) 2V —3(T(3—2v) —T'(3—2v,—2i L 7))

2 2752 2, 5273 AB4Y (2u—7)D(5—20) ((—iLT)2Y —(iLT)2"
+A322"3(—iT)2”3(F(3—2V)—F(3—21/,2iL7’)))<32(A LB L0T? | sa(atep?rd | MR Gr T (QV_)EETB, - GLT))

_iABaY (L T)?Yr(3—20,—2iLT)  iAB4Y T (—iLT)?YT(4—20,—2iLT)
T3 T3

iAB4Y (—iLT)2Y(5—2v,—2iLT) | iAB4* 1 (GLT)2Y D (3—20,2iLT) | iABAYTLGLT)2Y T (4—20,2iLT) | iABAY (iLT)?" T (5—21,2iLT) (H 21)
B T3 + T3 + T3 + T3 : ’

(1,1 _ _ou | B2(r(3—20)—T(3=2v,—iL(T—7)))(—iL(T—7))2¥ | B2T(I'(4—2v)—T(4—2v,—iL(T—7)))(—i L(T—7))2V
X4 —(—LQ) 2 (T( )—T( (T7r§3 D( ( ) + (T( )—T( (T—-r)sl I( ( )

_ B27(D(4—2v)—T(4—2v,—iL(T—7)))(=iL(T—7))?¥ B2Tr(T(5—2v)—T(5—2v,—iL(T—71)))(—iL(T—7))?"
I

(T—71) (T—‘r)5
n A2GL(T—1)2Y (D(3—20)—T(3—21,iL(T—1))) i ABGL(T+7)2Y (D(3—20)—I(3—2v,iL(T+71)))
(r=T)3 (T+7)3
n A2(GiL(T—7))2Y 7 (D(4—20)—T(4—2v,i L(T—1))) I ABT(GL(T+7))2Y (D(4—20)—T'(4—2v,i L(T+7)))
(T—7)4 (T+7)4
n ABT(GL(T+7))2Y (T(4—20)—T(4—2v,iL(T+7))) 4 A2TGL(T—1))%Y 7(D(5—2v)—T(5—2v,iL(T—1)))
(T+7)4 (T—7)5
i ABTT(iL(T+7))% (L(5=2v)—T(5—2v,iL(T+71))) _A2T(GL(T—7))?" (D(4—2v) T (4—2v,iL(T—7)))
(T+‘r)5 (T—T)4
_ AB(—iL(T+7) % (1(3—2v)—T(3—2v,—iL(T+7))) ABT(—iL(T+7))?" (D (4—2v)—T(4—2v,—i L(T+T)))
(T+7)3 (T+m)%

_ ABT(—iL(T+7))%Y (T (4—2v)—T(4—2v,—iL(T+71))) o ABTr(—iL(T+7))2Y (D (5—2v)—T (5—2v,—i L(T+7)))
(T+7)4 (T+7)5

A2(D(3—20)—D(3—2v,—iL(T—7)))(—iL(T—7))2¥ | A2T(I(4—2v)—T(4—2v,—iL(T—7)))(—iL(T—7))%¥
(T—7)3 + (T—7)%

A7 (D(A—20) T (4—20,—i L(T—7))) (=i L(T=7))?¥ _ A2T7(D(5—2v) =D (5—2v,—i L(T—7))) (=i L(T—7))%¥
(T—7)4 (T—7)%

n AB(iL(T+7))2" (I'(3—2v)—T(3—20,i L(T+7))) I B2(iL(T—7))2Y 7(D(4—20)—T(4—2v,iL(T—7)))
(T+7)3 (T—7)
" ABT(GL(T+7))%Y (D(4—20)—T'(4—2v,i L(T+7))) n AB7(iL(T+7))%Y (I (4—2v)—D(4—20,iL(T+7)))
(T+T)4 (T+‘r)4
n B2TGL(T=7)2Y 1 (I (5=2v) =T (5—2v,iL(T—1))) n ABTT(GL(T+7))2Y (D(5—20) =T (5—2v,i L(T+7)))
(T=7)? (T+7)?
_ B2(GL(T—7)?Y(I'(3=2v) —T'(3—2v,iL(T—7))) _ B2T(GL(T—7))%Y(D(4—2v)—T'(4—2v,iL(T—7)))
(T—7)3 (T—7)
_AB(=iL(T+7)?Y (I'(3=2v) —I(3—2v,—i L(T+7))) _ABT(—iL(T+7))*Y(N'(4—2v)—T(4—2v,—iL(T+7)))
(T+7)3 (T+7)4
_ ABT(—iL(T+7))?" (D(4—2v)—T(4—2v,—iL(T+7))) ABT7(—iL(T+7))?" (D(5—2v)—T(5—2v,—iL(T+T))) (H 22)
(T+m)4 (T+7)5 ’

Here we have introduced two factors A and B which are defined as:

e R G B O s s

N

exp <z {;T <u + ;) }) Cy.  (H.23)

>
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Here for general Mota Allen vacua we choose, C; = cosha, Cy = exp(i7y)sinha. Now setting
v =0and a =0 =~ we get the constants for a vacua and Bunch Davies vacuum.
Next, we evaluate the amplitude integral for [ = 2, which is given by:

4

I I T 3—2v(_ \3—2v
(T, 1) = / k2dky / Bkt (1, ko, ko, —ki; T,m) = ) 1(4VT) i
k1 =0 ka=0 (=1) =1

(H.24)

where we define four time dependent functions, Xi(Q)’l(T, T)V ¢ =1,2,3,4, which can be ana-
lytically computable but due to the length of the expressions we are not providing the explicit
details of the expressions here. Though the details have been used for the numerical plots. For
massive fields one can obtain the above mentioned results for the two types of the integrals by
taking the analytic continuation from v to —i|v|.

H.2 Computation of Iél)(ﬁ, T2) and 152) (11, 72)
In this context, we have to evaluate the following integral for [ = 1, which is given by:

4

L L
(T, 7) = /k ik /k Ok%dkzsiékkl,kz, ki, kT, 7) = (1) (=) N XA ),
1= 9= i=1

(H.25)

where we define four time dependent functions, Xi(l)’2(T,T) VY i =1,2,3,4, which are given by

the following expressions:
x02 _ x M1 xm2_ x 01 X§1),2 _ X:,(,l)’l, xM2 _ x(O1, (H.26)

Consequently, one can write:

4
(T, 7) = (-T2 ()2 S x AT, r) = ()T 7). (H.27)
=1

Next, we have to evaluate the following integral for | = 2, which is given by:

L L 4
(T, 7) = / K3dk, / K2dko€(3) (ki ko, —ki, —ko; T,7) = (=T)* 2 (=) S X1, 7),
k1=0 k2=0 i=1
(H.28)
(T,7) ¥V i=1,2,3,4, which are given by

where we define four time dependent functions, XZ-(Q)’2

the following expressions:

X2 xO1 @2 x@1 02 x@1 x@2_ x)1 (H.29)
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Consequently, one can write:

4
2 oy —ou 2),2 V(2
I(T.7) = (<1 (=) 3 XTI, 7) = ()Y (Tor). (H.30)
i=1
H.3 Computation of Iél)(ﬁ, T9) and I§2) (11, 72)
In this context, we have to evaluate the following integral for [ = 1, which is given by:

4

L L -2 (_\1-2v
I?()l)(TvT) = /k Ok%dkl/k 0 k%dkagﬁ(l)(klak% _k27 _kl;TaT) = ( ) (_1()21/ ) 2 :Xi(l)’g(TaT)a
1= 2= i=1

(H.31)

where we define four time dependent functions, Xi(l)’g(T,T) V i=1,2,3,4, which are given by

the following expressions:
X§1)’3 _ X}l),l7 X2(1),3 _ Xél),l, Xél)’g _ X?El)’l, Xf)’3 _ Xil),l. (H.32)
Consequently, one can write:

(—T)1_2V(—T)1_2”
(1)

(T, 7) = S xT, ) = ()T, 7). (H.33)

Next, we have to evaluate the following integral for [ = 2, which is given by:

(T, 7) = /

k1=0

4
> XA,

7
i=1

L (7T)3—2u(77_)3—2l/

g

L

k2 dky / kidkgfém (ki,ko, —ko, —ki;T,7) =
k=0

(H.34)

where we define four time dependent functions, Xi(Z)’g(T,T) V i=1,2,3,4, which are given by
the following expressions:

X§2)’3 _ X{Q),l’ X2(2),3 _ Xf)’l, X§2)’3 _ X§2)’1, Xf)’?’ _ Xf)’l. (H.35)

Consequently, one can write:

(_T)3—2V(_T)3—2l/

I?(,Q)(Tv T) = (_1)2,/

S xPAT, 1) = (~1)PTP(T, 7). (H.36)
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H.4 Computation of Iil)(ﬁ, 72) and If) (11, 72)

In this context, we have to evaluate the following integral for [ = 1, which is given by:

(1, - |

k1=0

4
S xNT ),
=1

L (_T)1—2u(_7_)1—2u

D>

L
12dk; / k3dkoE8) (K ko, —kq, —ko; T, 7) =
ko=0
(H.37)

where we define four time dependent functions, Xi(l)’4(T,T) V i=1,2,3,4, which are given by
the following expressions:

X§1)’4 _ X{I)’l, X2(1),4 _ Xél),l7 Xél)A _ Xél)’l, Xzil)A _ Xzil)’l- (H.38)
Consequently, one can write:

(_T)l—Qu(_T)l—Qu
(1>

4
(T, 7) = S X1, r) =~ 7). (H.39)
=1

Next, we have to evaluate the following integral for [ = 2, which is given by:

r.r) - [
k

4
Z Xi(2)74(T7 7),
=1

L (_T>3—2u(_7_)3—211

g

L
l2dk; / k3dko&8 (ky ko, — Ky, —ko; T, 7) =
1=0 k)2=0

(H.40)

(2)4

where we define four time dependent functions, X;

(T,7)V i=1,2,3,4, which are given by
the following expressions:

X§2)’4 _ sz);’ X2(2)’4 _ Xf)’l, X§2)’4 _ X:)EQ)J’ Xiz),z; _ Xf)’l. (H.41)

Consequently, one can write:

COP2 T S @ 7y = (c1» 21,7, (H.42)

ILEQ)(T, T) = = ;

H.5 Computation of Iél)(ﬁ, T2) and IéQ) (11,72)

In this context, we have to evaluate the following integral for [ = 1, which is given by:

(T, 7) = /

k1=0

L 4

(_T)1—21/(_T)1—2V
CIEN A

L
k2 dky / k3dkoE(Y) (K1, ko, —kq, —ko; T, 7) =
ko=0
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where we define four time dependent functions, Xi(l)’5(T,T) V i=1,2,3,4, which are given by

the following expressions:
X§1)’5 _ Xfl)’l, X2(1),5 _ X2(1)’1, X?(’l),E) _ XgEl)’l, Xil),B _ Xil),l. (H.44)

Consequently, one can write:

4
S x(1r) = ()T, 7). (H.45)
=1

(_T)1—2u(_7_)1—2u
(1)

(T, 7) =

Next, we have to evaluate the following integral for [ = 2, which is given by:

TNT,7) = /

k1=0

4
S x4,
=1

L (_T)3—21/(_7_)3—21/

g

L
12dk; / k2dksED (K1, ko, —ki, —ko; T, 7) =
ko=0
(H.46)

where we define four time dependent functions, Xi(2)’5(T,7') vV ¢=1,2,3,4, which are given by
the following expressions:

XP’E’ _ X}Q)’l, X2(2),5 _ X§2)’1, Xég)’s _ X?Ez)’lv Xiz),5 _ Xf)’l. (H.47)
Consequently, one can write:

(_T)3—2u(_7_)3—2u

IEEQ) (Tv T) = (71)21,

S X1, 7) = (~1)PTPN(T, 7). (H.48)

H.6 Computation of Iél)(ﬁ, 72) and Ié2) (11, 72)
In this context, we have to evaluate the following integral for [ = 1, which is given by:
4

L L -T 1—-2v —r 1-2v
Iél) (T7 T) = /k 0 k%dkl /k 0 k%dkggl(i) (kl, kQ, —kg, —kl; 117 T) = ( ) (_1()21/ ) Z )(Z.(l)’(i(fr7 7-)7
1= o= =1

where we define four time dependent functions, Xi(l)’ﬁ(T,T) vV i=1,2,3,4, which are given by

the following expressions:
X§1),6 _ Xfl)’l, X2(1),6 _ Xél)’l, Xél),ﬁ _ X?El)’l, Xil),G _ Xil)’l. (H.5())
Consequently, one can write:

(_T)1—2u(_7_)1—2u
(1)

(T, 7) = S x0T, 1) = (~1)T(T, 7). (H.51)
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In this context, we have to evaluate the following integral for [ = 2, which is given by:

L L 3—2v 3—2v 4
T _
7T, ) = / kidk, / Bdhkoe? (1, ko, ko, ki Tm) = ) O X1, 7),
(H.52)
where we define four time dependent functions, Xi(z)’G(T,T) vV ¢=1,2,3,4, which are given by
the following expressions:
X6 _ x@1 x@6 _ x1 ()6 _ x@1 x@6_ x)1 (H.53)
Consequently, one can write:
4
9 (_T)3—2u(_7_)3—2u 2.6 (2
T = e LX) = (0T, (.54)
i=1
H.7 Computation of Iél)(ﬁ, 72) and Ig) (11, 72)
In this context, we have to evaluate the following integral for [ = 1, which is given by:
L L 1-2v 1-20 4
T _
(T, 7) = / K3dk, / Kkt (ly, Ky ke, koo Tor) = ) X7, 7,
k1=0 k2 =0 (=1) i=1
(H.55)
where we define four time dependent functions, Xi(l)’7(T,T) V i=1,2,3,4, which are given by
the following expressions:
X§1)’7 _ X{l)’l, X2(1),7 _ Xél),17 Xél),? _ X?El)’l, Xil),? _ Xil)’l. (H.56)
Consequently, one can write:
4
1 (=)' (=) 1),7 (1
ZNT ) = e X @) = (DT, (IL57)
=1
Next, we have to evaluate the following integral for [ = 2, which is given by:
L L 3—2v 3—2v 4
-T _
(T, 7) = / Kidky / K (ky, —kr ko, —keyi 7, 7) = ) UT) X7,
e =0 ko =0 (1) P
(H.58)

where we define four time dependent functions, XZ.(Q)’7(T7 7)YV i =1,2,3,4, which are given by
the following expressions:

X§2)’7 _ XfQ)’l, X§2)’7 _ X§2)’1, X§2)’7 _ X?Ez)’lv X£2),7 _ Xf)’l. (H.59)
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Consequently, one can write:

(_T)szu(_T)szu

I’§2)(Ta T) = (_1)21,

S xPNT, 1) = (~1)PTPN(T, 7). (H.60)

H.8 Computation of Iél)(ﬁ, T9) and Ig) (11, 72)
In this context, we have to evaluate the following integral for [ = 1, which is given by:

4

L L T 1-2v —r 1-2v
10 = [ ke [ Bawe e et = ST S X0
1= 2= i=1

where we define four time dependent functions, Xi(l)’S(T,T) V i=1,2,3,4, which are given by

the following expressions:
X§1),8 _ X}l),l7 X2(1),8 _ Xél),l, Xél)’g _ X?El)’l, Xil),s _ Xil),l. (H.62)
Consequently, one can write:

(—T)1_2V(—T)1_2”
(1)

(T, 7) = S xV¥T, ) = ()T, 7). (H.63)

Next, we have to evaluate the following integral for [ = 2, which is given by:

(T, 7) = /

k1=0

L (7T)3—2u(77_)3—2l/ 4

COEN S

L
12dk; / k3dko£ D (i, —ki, ko, —ko; T, 7) =
ko=0
(H.64)

where we define four time dependent functions, Xi(Z)’S(T,T) V i=1,2,3,4, which are given by
the following expressions:

X§2),g _ Xfl)’l, X2(2),8 _ Xél)’l, X:§2),8 _ X?El)J’ Xf)’S _ Xim‘ (H.65)

Consequently, one can write:

(_T)3—2V(_T)3—2l/

IéQ)(T, T) = (_1)2,/

S xPHT, 1) = (~1)PTP(T, 7). (H.66)
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H.9 Computation of Iél)(ﬁ, 72) and IéQ) (11, 72)

In this context, we have to evaluate the following integral for [ = 1, which is given by:

1)1, - |

k1=0

4
S x0T
=1

L (_T)1—2u(_7_)1—2u

D>

L
12dk; / k3dkoEY (i, —ki, ko, —ko; T, 7) =
ko=0
(H.67)

where we define four time dependent functions, Xi(l)’g(T,T) V i=1,2,3,4, which are given by
the following expressions:

X§1),9 _ X{I)’l, X2(1),9 _ Xél),l7 Xél)’g _ Xél)’l, Xil),g _ Xil),1. (1L.68)
Consequently, one can write:

(_T)l—QV(_T)l—ZV
(1)

(T, 7) = S x0T, 1) = ()T, 7). (H.69)

In this context, we have to evaluate the following integral for [ = 1, which is given by:

4
S x0T, )
=1

(_T>1—2u(_7_)1—211
1>

L L
Iél)(T7T) Z/ k%dkl/ kgdkﬁﬁ)(kl,—k17k2,—k2;T7 T) =
f1=0 kia=0

(H.70)

where we define four time dependent functions, Xi(l)’g(T,T) V ¢ =1,2,3,4, which are given by

the following expressions:
x(09 — x (M1 x M9 _ x (1)1 X?El)’g _ X?El)’l, X9 _ x (1 (H.71)

Consequently, one can write:

(=T) 2 (=7)' =% S xr ) = (o). (H.72)

Iél)(T, T) = = ;

I Computation of the normalization factor in four-point OTOC

I.1 Normalization factor of four-point OTOC computed from rescaled field variable

Further, our objective is to compute the normalisation factors of two OTOCs computed from
the rescaled field variable f and its conjugate momentum II, which are given by the following
expression:

1
(f(r) f(r))p(f (r2) f(2))5
1

N (r1,7) == , (L1)

NY (r1,7m3) 1= : (1.2)

(T(71)TI(1)) s (T1(72)T1(72)) 5
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for this we need to explicitly evaluate the denominator of the above mentioned expressions.
Now, the product of the two thermal two point function for general Mota Allen vacua are

evaluated as:

(f(r)f(r))s = Wﬂ [6*51{1(7’1) flx,m) f(x, n)} . (1.3)
(7)1 (7 :71 re*ﬁH(TQ)AXTAXT
MU(m)M(r))s = 7T [ MM i m)] (14)

where the thermal partition function for cosmology computed for Mota Allen vacua can be

expressed as:

Zory(Bi7i) = exp(=2sinytana) (— <1 n ;53(0)> /d3k In <2 sinh 5E‘;(T)>> v i=1,2. (L5)

| cosh «

Next, we compute the expressions for the numerators with respect to the general Mota Allen

vacua, which are given by:

Tr [efﬁﬂ(”)f(x, Tl)f(x, 7'1)] o)
3

exp(—2 sin ytan«) i ' &k,
- | cosh o /d‘I’BD (UBD| {eXp <2 exp(iy) tanh o /(%)3 ax, 0k,
1
oxp <_f8/d3k (alak + 253(0)> Ek(71)>

3 3
/ é:)?;’ / é:ﬁ% exp ((ks + kq) x) [fk:s (1) fies (1) @iy aiey + 73, (1) fiea (1) @l g,y

fies (710 (1) @@l + Foa () i (1) al ol

i , 4’k
exp <—2 exp(—ivy) tanh a / (277)23 aLQaIQ) } |Upp). (L6)

Now we will explicitly compute the individual contributions, which are given by:

i . d’k;
exp <—2 exp(—iv) tanh a /(2ﬂ)3 CLLQCLL2) YD)

— ni:% (=" (Z exp(—ivy) tanh « )n (/ (6123):)2:3 aLQCLLQ)n |¥Bp) = exp <—; exp(—ivy) tanh « ) [¥BD)., (I1.7)

n! 2
' d*k
(Upp|exp <; exp(ivy) tanh a /(27r)23 ak2ak2>
i . Pky f i
= |exp —§exp(—w)tanha /(27T)3 ay, o, | ['VBD)| = (YBD|exp §exp(w)tanha , (L.8)

and also we have used the following sets of useful results:

/d\I/BD <‘I/BD| exp (—ﬁ/dsk (a;r{ak + ;53(0)> Ek(ﬁ)> ak3ak4|\IfBD> =0, (1.9)
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/ d¥sp (¥BD| exp (—5 / d3k <aLak + ;53(0)> Ek(7'1)> aiksam!\lfan)

—enfen (- (14300 [@xom (25 ) ) B k), 110
/d‘I’BD (UBD| exp <—5/d3k (aLak + ;53(0)> Ek(Tl)> aksaT—k4|‘I’BD>

= (27)3 exp <_ (1 + ;53(0)> /d3k In (2 sinh ﬁE‘;(Tl)» (k3 +ky),  (L11)

/ d¥pp (Upp]|exp (-5 / d*k <a;r<ak—|— ;53(0)> Ek(ﬁ)> alyaly |¥gp) =0. (L12)

Consequently, we can simplify the final result of the previously mentioned trace as given by the
following expressions:

T [P0 e, 71) f (¢, 71)|
(a7)

3 3
= Zo (i) | éff) / é:; (215 (ks 4+ Ka) [fiea () £ 10, (1) + 2, (70 fia (70)]

_7’Y7(Tf8’7—1)]:1(017)( 1), (I.13)

Tr [ ~BH(r2) f(X,TQ)f(X,TQ):| o)

3 3
— Zo(Bima) / é;ﬁ / éﬁ,(%)%%kwk@ [fieo (72) F i, (72) + ooy (72) fica(72)]
Z ,"/(577_2)

Sor 22 A (), (1.14)

7T

O‘:’Y)(

where we define a regularised time dependent functions .7:1(&’7) (m1) and .7-"1( T2) as

L
F(m) 32/ dk3 k3 | fies (1)1,
0
__iAB 2 132(A2 + B?) 573 L7 N 1 N (2v — T)T(5 — 2v) ((—iLm)* — (iLm)*)
~ 327 L iAB Y \5—2w "3-2 (2v — 3)
+(iLm)? {4T(3 — 2v,2iL7) + T'(5 — 20, 2iLy) + 4T(4 — 2v,2iL7)}
—(—iL7m)* {4T'(3 — 2v,2iL7) + T'(5 — 2v, —2iL7)) + 4T'(4 — 2v, —2iL7)}], (I.15)

Here the constants A and B are in general dependent on the mass parameter v and the vacuum
parameters « and v for the Mota Allen vacua. Replacing 71 with 79 one can write down the
expression for ]_—l(ow) (12).
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Similarly, following the same logical arguments one can show that:

Tr [e—ﬁff (DT (x, 7 )[(x, 71)]
(cyy)

3 3
T (B 71) / éﬁ, / é f)‘;, (2m)6% (ks + k) [Ty ()T 4, (1) + T, (70) Ty (70)]

Za, BT a,
_ 7752 1) FLED (1), (L.16)

Tr [efﬁmm)f{(x, o)I(x, 7'2)] :
a,y

3 3
Zo(B;72) / é:;' / %(2w)353(k3+k4) [T, (12)TI% ., (72) + Ty, (72) i, (72)]

- Za(fé %) F ), (117)

(ory

where we define a regularised time dependent function .7-"2(0"7) (m1) and F5 " )(72) as

L
Fe )= [ dka 1 il ()P,
0
4—L—2V [—i4" T ABTT (—2v, —2iL7y)(—iL7)* + 2* PP ABivr{T (—2v, —2iLm)(—iLm)*
T
22 ABi T (=2(v + 1), =2 L7y ) (—iLm)® + 22 B ABimy T (=2(v + 1), =2i L1 ) (—iL7)*
—i22 P ABUrIT(—2(v 4+ 1), —2iLm)(—iLm)* + 223 ABi(1 — 2v)*r3T(—2v — 3, =2i Ly ) (—iLm)*
422 ABiV* 3T (=20 — 1, —2i Ly ) (—iLm)® — 322 T ABTT(—2v — 1, —2i L7 )(—iL1)*
+22 3 ABivT{T(—2v — 1, —2iLm ) (—iL7)* + 22" ABirT (1 — 2v, —2i Ly ) (—iL7)*

4(A? + B L7} 2B%ir}
(A*+ B*)Lmy _ 4B+ Ty
1—2v
+7L oy [TE[4V2(24% + B?) + B%(4v — 3) — 54%  Blinldv(v —1) +1]
47 L(2v+1) L2(v+1)
+A" T ABiT] (T(—iLm)® — 13(iL7y)* + 4v° ((—iL7)® + 7(iL7)*)

+v (9(iLm)* — 25(—iLm)*) + v* (68(iL71)* — 28(—iL7)*)) I'(—2v — 3)
—i22 T ABVA T (i L) T (—2v — 3,2iL1y) — i2* T ABT3 (iLme)* T'(—2v — 3,2iL)
422 ABivT (i L1 ) T(—2v — 3,2iL7) + 223 ABiv* 3 (i L) T'(—2v — 1, 2iL7y)
+5 22 ABir} (iLm)* T (—2v — 1,2iLy) — 3i2* "3 ABv7y (i L1 ) T'(—2v — 1,2iL7)
4(A2+ BYHv(l —v) — 1]]
L3(2v + 3)

—i22TYABT3 (iLm)* T (1 — 2v, 2i L) + : (1.18)

Replacing 7 with 7 one can write down the expression for .7:2(&’7) (12).
Then we have found the following expression:

1

(f(r)f(m))p = Zon(Bim)

N R R 1 o
Tr [e P70 f(x, ) f(x,Tl)La) = A @) (119)
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Ffrs = 5T [ o) = 5F @), a)
N N 1 A . . 1 a

(IL(m)U(71))p = mTf [e_BH(Tl)H(X,Tl)H(& Tl)} o) = p}—z( r),  (121)
. 1 S . N

(IL(m2)IL(72)) s = WTY [efﬁH(TQ)H(X,W)H(Xy 72)} o = %}—2( Nr).  (122)

Consequently, the normalisation factors of the previously defined two types of auto correlated
OTO functions for the rescaled field variable and its canonically conjugate momenta operators
can be computed as:

N (11, 7) = — ~ 1 ~ - = il , 1.23
LT = e i F o) F ot FO () F ) (7y) (123

4
N (r1,m) = = ! - T (1.24)

(L)) s (o) IL(m2))s FO () FLN ()

For further computation we frequently drop the exponent («,y) as appearing in the normalization
factors. So in this simple notation one can write:

4

f _ U
Ni (11, 72) = m7 (1.25)
i =
Ns (r1,7m2) = m (1.26)

1.2 Normalization factor of four-point OTOC computed from curvature perturba-
tion field variable

Now, we are going to perform the similar computations when we express the normalisation factors
of the two types of the desired OTOCs written in terms of the scalar curvature perturbation field
variable and its canonical conjugate momenta:

1

()l s(C(r)C ()6

1
N§(11,79) = — _ _ _ . (1.28)

(e ()¢ (1)) 5 (He (m2) e (2)) 5

for this we need to explicitly evaluate the denominator of the above mentioned expression.

Nf(Tl,Tg) =

(1.27)

Now, the product of the two thermal two point function written in terms of curvature per-
turbation and its canonically conjugate momenta are evaluated for the generalized Mota Allen
quantum vacua as:

Em)E(r))s = Zm(lﬁm)n« e mixm)] (1.29)
()5 = 55 T [ PP mflce )] (1.30)

where the thermal partition function for primordial cosmology in terms of curvature perturbation
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field variable is computed for generalised Mota Allen vacua can be expressed as:

exp(—2 sinytana) Z]%D (85 7i)
| cosh

Zgz,'y(ﬂ; Ti) =

Voi=1,2. (L31)

Here the thermal partition function for primordial cosmology in terms of curvature perturbation
field variable computed for the Bunch Davies quantum vacuum as:

Zap (B;7i) & exp (— <1 + ;53(0)> /d3k In <2 sinh W)) Voi=1,2. (1.32)

Here we define the conformal time dependent energy dispersion relation in terms of the curvature
perturbation field variable and its canonically conjugate momenta as:

2z Ti z(7; 2 )
<k2_ z(lmddT(z = (z(ln)dd(n)> )'Ck“i)’” i=12  (133)

Consequently, we can simplify the final result of the previously mentioned trace in terms of

2
Eyc(mi): = ‘Hﬁ(ﬂ‘) +

the curvature perturbation and its canonically conjugate momenta as given by the following

expression:
R R 7 (B;71)
—BH(T1) _ Zay\P5T1) ()
Tr fe Coomitom)] =55 AT ), (1.34)
R R 7¢ (B;72)
—BH(12) _ Zay\P5T72) (ayy)
Tr [ C(x,m2)C(x 7'2)_ o 7T2Z2(T2) F1 (), (1.35)
_BH(m) - 1 Z5(B;72) Fo)
Tr [e BH( 1)HC(X, )1 (%, 7'1)_ o) 71’2,22( =) (1), (1.36)
—BH ()} | Z6(B572) o)
Tr [e e (x, 72) e (x, 72)] w = ety B (L.37)

Then we have found the following expressions for the thermal two point functions:

S C(r —71 re_Bﬁ(ﬁ)AXT (%, T —71 (a)T
(Crtn)s = e [P mlem)] | = e A ) (1.38)
ANYe U e (e BB Ex. 10 (x __ 1 @

Crtrls = Ze—Tr [ mlten)] | = oy A7 ), (1.39)
(Tl ()T ()5 = mﬁ e <ﬁ>ﬁ<(x,ﬁ)ﬁ<(x,m]( = 2Z21(1)f§°“"” (1), (L40)
a,y ’7' «, T T

N 1 ) . 1
<H<(T2)HC(TQ)>B = mTI’ |:6_5H(T2)HC(X,7—2)HC(X,7'2)]( Ay) = %‘Fé 7'7) (7’2) . (141)
a,y ’7- «, Vs T

This further implies that the connecting relation between the two point thermal correlation
functions computed from the rescaled field variable and curvature perturbation variable and
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their conjugate momenta are given by:

(f(r) f(r))s = 22 () ()l (1)), (1.42)
(f(12) f(m2)) 5 = 22 (12)(C(12)C (72)) 5 (1.43)
(M(r)TI(m1) g = 22 (1) (T (7)1 (1)) 5, (1.44)
(T(72)T1(72)) g = 2°(72) (T (72)TIc (72)) - (1.45)

Consequently, the normalisation factors of the two desired auto-correlated OTOs for the curvature
perturbation variable and in terms of the canonically conjugate momenta can be finally computed

N(r, 7)) = —— 1A - i (T ) () = 2%(r )N (11, 72), 1.46

1 (11, 72) e s e s }_1( e ) " (g (1) 2% (T2) N (71, 72) (1.46)
2

N (1, 72) = ——— LR 2(11)2(72) = 22(1) 22 ()N (11, 72).  (147)

(e (1) (1)) 5 (He (m2) e (72)) 5 fga”%n)f;“ 7 (1)

J Computation of the normalization factor in classical limit of four-point
0oTOC

J.1 Normalization factor of the classical version of four-point 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(r)f (1)) p(I(72ll(72)) 5
1

(f (1) £ (1)) p(T(72ll(72)) 5

for this we need to explicitly evaluate the denominators of the above mentioned expressions. In

NfClasswal(Tlﬁ TQ) = (Jl)

le,Classical(Th 7—2) = (J2)

the classical limiting case there is no physical notion of vacuum state exist using which we can
take the thermal average over a statistical ensemble. To avoid such confusion in the classical
case the commutator brackets are replaced by the usual Poisson brackets and the thermal tracing

DfDII

™

over which we

operation to find the OTOC will be replaced by the phase space measure
have to perform the average at the end.

Now, the two thermal two point functions in the classical limiting case are evaluated in terms
of the phase space averaged Poisson Brackets as:

() = s [ [PEZRe ) (fxm). fx ). (03
i) = o [ [ 2R (). S mbom, (04)
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M)} = 5o [ [ 2200 (e ) M )b, (35)
<H(T2)H(T2)>B B ZCIassijal(B? 7'2) / DéfHE_BH(TQ) {H(X7 7—2)? H(X7 7—2)}PB‘ (JG)

where the thermal partition function for cosmology in the classical limit is computed as:

ZClassical (B Ti) = exp (—/d3k In <2 sinh BE‘;(”)» Voi=1,2 (J.7)

Now we compute the Poission brackets as:

3 3
(fm), f( )} pg = / é:); / TEs  ep(i(kr + k) %) {fier (1), fia(71) g

(2n)?
W (0 L L3
— 2;(2 ) /k L k2dky = 52 Wi(0), (J.8)
3 3
U6 e mhen = [ é;}, / (‘;:)3 exp(i(k1 +k2).%) { fia (72), fiea(72)
W, (0 L LS
— 2;(2 ) /kl:o k2dk, = le(O), (J.9)
3 3
{66 ), T )b = [ 55 [ 5% explilha +Ka) x) Tl (), T (72) g
(2m) (2)
W 0 L L3
— W0 /kl:okfdkl—WWQ(O), (7.10)
3 3
{II(x, 72), TI(x, 72) } pp = Lk13 Lk% exp(i(ky +ka).x) {IIy, (72), Ik, (72) } pg
(2n)% ) (2n)
L 3

Here it is important to note that, W1(0) # W3(0). Then we have found the following expression:

3

NS = g Wi0) = (F(m) T ()5 (112)
3

M) TI(r1))5 = o5 Wa(0) = (T()R); (1.13)

Consequently, the normalisation factors of classical limit of the two types of the desired OTOCs
for the rescaled field variable and its associated canonical conjugate momenta can be computed

as:
3671 3671
M Grassicar (T1:72) = = : (3.14)
1,Classical L6W% (0) LGGELI‘DGI(O)
3674 3674
Nf assica (T177_2) - = s <J15)
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which further implies, le Classical (71, T2) 7 ./\/'Qf Classical (71, 72). Now, considering the examples of
non-Gaussian coloured noise and Gaussian white noise we get the following simplified result for
the normalization factors in the classical limit:

367y, 7 .

N{Classical(’rl?’m) = L6A1 ’ Coloured Noise (Jlﬁ)
0 White Noise
36’)/27'('4 .

NQf,Classical(ThT?) — ! Toa, Coloured Noise (7.17)
0 White Noise

where for the non-Gaussian coloured noise we have, vy, # 2, A1 # As.
J.2 Normalization factor of the classical version of four-point OTOC computed
from curvature perturbation field variable

Now, we are going to perform the similar type of computation when we express the normalisation
factors of the two types of the desired OTOCs in the classical limit written in terms of the scalar
curvature perturbation field variable and its canonically conjugate momentum variable as:

1

¢ T, T2) i= )

Mo imsent(7172) = 1SS s )
¢ — 1

N2,C1assica1(7'17 7'2) = <H< (Tl)HC (7'1)>5<H§(7'2)H§(7'2)>6 ) (Jlg)

for this we need to explicitly evaluate the denominators of the above mentioned expressions.
Now, the product of the two thermal two point function written in terms of curvature pertur-
bation and its canonically conjugate momenta are evaluated as:

(e = oz [ [P (Cem) . (320)
(€6} = g [ [ PR (). (k)b (320
A} = g [ [ PE2Re ) 1 ). G p, (0:22
ATl = 5o [ [ 2200 (N ) M ). (329

where the thermal partition function for cosmology in the classical limit in terms of curvature
perturbation field variable can be computed as:

*(13) Bxe ¢ (Ti
Zélassical(ﬁ;n) = exp (/d3k In <2 sinh W)) Voi=1,2, (J.24)

Here we define the time dependent energy dispersion relation in terms of the curvature pertur-
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bation field variable and the its canonically conjugate momentum as:

22(mi 2(1)\°

Now we compute the classical Poission brackets as:

Exc(mi): = ‘Hﬁ(ﬂ‘)

3 3
me£mnmm—/é§/éﬁwmwm+mmn@v¢%mnm, (7.26)
3 3
{Cx ) m) bom = [ é:)?, / é:)g exp(ilks + k2) %) (G (), Geo(M)}pgs 2 (3:27)
3 3
{HC(X,Tl),HC(X,Tl)}PB = /é:;a/ é:;?’ exp(i(k; + kz2).x) {Hc;kl(Tg),Hc;kQ(Tg)}PB, (J.28)

3 3
(I, 7). T (7)o = | (d;) / (dzf) exp(i(k1 +k2)%) {Tege (), ey () pg - (1.29)

Then we have found the following expressions for the thermal two point auto correlation functions:

()5 = g WAl0), (130
(€I m)s = o W) 131
()5 = G WalO) 132
()5 = G Wal0) (133

This further implies the following connecting relations between the two point thermal auto cor-
relation functions computed from the rescaled field variable and curvature perturbation field
variable and their conjugate momenta in the classical limit are given by:

(F(m)f(m))p = 22 ()(C(T1)¢ (1)) s (J.34)
(F(2) f(72)) = 22 (12){C(12)¢(72)) 8 (J.35)
(IL(r)T(71)) g = 2% (1) (T (71) e (71)) (J.36)
((2)T(72)) 5 = 2*(72) (Tl¢ (12)TI¢ (72)) 5 (J.37)

Consequently, the normalisation factors of auto-correlated OTO functions in the classical limit
for the curvature perturbation variable and its canonically conjugate momenta can be computed

¢ T1,T2) = ! = 22(n) 22 ()N o (71,7 .
Nl,Classical( 15 2) (C(TI)C(Tl»ﬁ<C(7'2)C(7'2)>ﬁ ( 1) ( 2)-/\/—Classu:al( 1y 2)7 (J 38)
¢ == 1 = 2’2 T 2'2 T f . T1, T
N2 Ctassieat (T 72) = (e ()¢ (1)) g (T (1) (12)) 5 ()22 N Grassieat(7,72)- - (1:89)
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