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Abstract

In this article, we study the quantum field theoretic generalization of the Caldeira-Leggett model in
general curved space-time considering interactions between two scalar fields in a classical gravitational
background. The thermalization phenomena is then studied from the obtained de Sitter solution using quan-
tum quench from one scalar field model obtained from path integrated effective action. We consider an
instantaneous quench in the time-dependent mass protocol of the field of our interest. We find that the dy-
namics of the field post-quench can be described in terms of the state of the generalized Calabrese-Cardy
(gCC) form and computed the different types of two-point correlation functions in this context. We explic-
itly found the conserved charges of Wy, algebra that represents the gCC state after a quench in de Sitter
space and found it to be significantly different from the flat space-time results. We extend our study for
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the different two-point correlation functions not only considering the pre-quench state as the ground state,
but also a squeezed state. We found that irrespective of the pre-quench state, the post quench state can be
written in terms of the gCC state showing that the subsystem of our interest thermalizes in de Sitter space.
Furthermore, we provide a general expression for the two-point correlators and explicitly show the thermal-
ization process by considering a thermal Generalized Gibbs ensemble (GGE). Finally, from the equal time
momentum dependent counterpart of the obtained results for the two-point correlators, we have studied
the hidden features of the power spectra and studied its consequences for different choices of the quantum
initial conditions.

© 2023 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

1. Introduction and summary

The study of Brownian motion [1-6] of a particle coupled to a thermal bath has assumed
great significance owing to its relevance as a robust model for open quantum systems in the
context of macroscopic properties of a particle in a general environment. This has been used to
study quantum dissipation [1-5,7,8] and quantum decoherence due to the system’s interaction
with the environment [9]. This model of quantum brownian motion has proven to be useful not
only in studies of open quantum systems but also in the field of quantum cosmology [10-19],
quantum correlation problems [20-22], among others. It has also been extensively used in the
context of AdS/CFT [23-25]. The usual approach of tackling this problem involves use of the
influence functional technique developed by Feynman and Vernon [26]. The contribution of the
environment degrees of freedom is quantified by the influence functional and one obtains the
reduced subsystem of interest whose dynamics is of particular interest. A very well-known model
in this direction was given by Caldeira and Leggett [2]. For the cosmological application look at
ref. [27], where the authors have studied the origin of time dependent mass from the coupling to
an inflaton field which is assumed to be in a coherent state leading to a time dependent mass and
further the phenomena of particle production is studied in detail. For more details see also the
other refs. [28-30].

The process of thermalization has grown to be an important area of research in the recent past.
The advent of holography has provided a one-to-one correspondence of the subject of thermaliza-
tion to the issue of gravitational collapse of a black hole. Quantum quench is one such technique
where the process of thermalization can be realized in the system in the post-quench phase. In a
quantum quench, some parameter of the Hamiltonian change over a finite duration of time, and
the initial wave function in the pre-quench function evolves to a state after the quench that is not
stationary. The evolution of the state after the quench is then guided by the post-quench Hamil-
tonian which is in general time-independent. This kind of study is crucial to find out if and when
a closed system reaches equilibrium subject to any disturbances. Due to the growing interest in
studying thermalization for integrable systems, there has been huge progress in the understand-
ing of thermalization in scalar fields and extensive studies in the direction can be found in refs.
[31]. Besides the theoretical motivation, in many experimental studies, the process of quantum
quench has been realized using cold atoms and the post quench phase can be described in terms
of free scalars or fermions [32]. Hence, the study of quantum quench involving scalar fields is of
prime significance not only theoretically but also experimentally.

Quantum quench has been extensively studied in various contexts in recent times. Specifically,
several studies have focused on the background of flat space-time, with the system undergoing a
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sudden change in its parameter under a well-defined quench protocol. It has been seen that the
system undergoing a quench tends to retain some memory of the sudden change at late times
independent of its initial state condition. This quench protocol has also found its applications in
the cosmology of the early universe. It has been used to study the characteristics of fast phase
transitions, under the settings of early cosmology where temperature promptly decreases. An ap-
plication of the quenching mechanism in the context of inflation provided many new results that
were in contrast with the flat space-time results. During inflation, the post quench state in the
background of de Sitter space-time doesn’t retain the memory of the quench at late times which
was in contrast with the flat space-time [33]. Quantum quench has been an effective model to
study the undergoing transition to the broken phase, which is also used to study various physical
processes such as baryogenesis due to electroweak phase transition [34]. The process of quantum
quench has not only been studied for free fields but for the interacting fields as well. Late time
thermal characteristics of interacting quantum fields have also been studied using the quenching
mechanism in [35], especially for the ¢* model. Unlike free field theory which exhibits an ex-
ception in the 2d case due to a quantum quench of the energy gap or mass, interacting fields tend
to thermalize even for the massless 2d case.

The quench approximation has also been studied in the context of conformal field theory
[36,37]. It was applied to study the properties of universal fast scaling of conformal operators
undergoing fast quench, in the limit where the coupling suddenly changes its value from zero to
8A. The scale by which the holographic conformal operator changes has been found to be univer-
sal, i.e., the same scaling factor appears in the sudden quench limit of free scalar and fermionic
field theories. One of the most interesting applications of quantum quench comes in the context
of holographic thermalization, i.e., the thermalization of boundary operators, which has a direct
correspondence with the collapse of gravitational matter in the bulk. Hence memory retention of
quench protocol at late times by post quench state results in the retention of information of the
collapsing matter by the final black hole [38]. In other words, a quantum quench could probe the
inside geometry of a black hole. Besides all these applications, quantum quench could also be
used to study general systems which don’t involve phase transitions.

In this paper, we aim to study the thermalization phenomena at late times of two-point cor-
relation functions from the solution obtained in the background of de Sitter space-time using
quantum quench protocol. By making use of the well known Caldeira Leggett Model, we start
with two interacting scalar fields in the background of de Sitter spacetime. By doing the Eu-
clidean path integration over one scalar field, we construct the reduced subsystem of our interest
consisting of one scalar field described by an effective partition function. We then argue that our
Caldeira Leggett (CL) Model in the context of cosmology, in the background of curved space-
time which describes the particle production, could be translated in the language of Schrédinger
quantum mechanics in one dimension where one studies the motion of electron in a wire in the
presence of an impurity. We then identify the potential involved in the Schrodinger equation
with the quench protocol and study the thermalization properties of two-point correlators, their
spatial derivatives and canonically conjugate momentum field in the ground state and general-
ized Calabrese-Cardy (gCC) states. We find that the dynamics of the post-quench state of the
field of our interest can be described in terms of the state of the generalized Calabrese-Cardy
(gCC) form and compute different types of two-point correlation functions in this context. We
explicitly find that our post quench gCC state could be represented by the conserved W, algebra
after the mechanism of quench protocol in de Sitter space and found the conserved charges to be
significantly different from the flat space-time.
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The underlying strong physical motivations and implications of this work are as follows:

1. The main motivation of the present work to provide a detailed framework of computing the
cosmological correlation functions from a given open quantum mechanical system. Finding
such correlations within the framework of cosmology is itself a very interesting problem it-
self. Recently, using the same two field coupled model with a specific type of interaction (the
QFT generalized version of CL model that we have used as our starting point of our paper) in
some refs. [39,40], the authors have tried to analyse this problem to address the phenomena
of decohorence and recoherence from the evolution of the system reduced density matrix
using the cosmological master equation perspective. However, in the mentioned references
the authors have not addressed the structure, behavior and the cosmological consequences
of such correlations in the early time scale of the cosmological evolution. Though they have
very clearly and in detail have established their findings and can be treated as the benchmark
in a real sense in the context of cosmology with open quantum system. Two possibilities
one can utilize to study the underlying framework of cosmological correlations from time
dependent coupling parameter between the proposed two filed coupled CL model. Quantum
mechanical quench naturally serves the purpose to provide the explicit form of the time de-
pendent coupling parameter within the present framework. The mentioned two possibilities
are slow and sudden time dependent profile for quench which helps us to trigger the ther-
malization process studied in the later half of this paper. We adopt the possibility of having
fast or sudden quench which serves the purpose very smoothly in the present context.” Sud-
den quench actually helps us to construct the accurate quantum states before quench, after
quench and after sufficient enough time when the underlying physical system fully thermal-
izes. Once we fix the quantum initial condition, which is appearing in terms of the correct
choice of the initial vacuum state, the structure of the pre-quench state is automatically fixed.
Next, using such pre-quench state one can immediately construct the post-quench state using
Bogoliubov transformation and also using the Dirichlet or Neumann type of boundary con-
ditions. Finally, using this specific structure of the post-quench state one can able to fix the
corresponding structure of the quantum state which can directly contribute and trigger the
thermalization process in the present context of discussion. These constructed states helps us
to explicitly compute the cosmological correlations before quench, just after quench and af-
ter a sufficient enough time when the thermalization is achieved. Before this particular work,
these possibilities have not been explored in great detail for open quantum systems and we
have tried our best to provide answers to the corresponding question.

2. Now it might be established in great detail, but a natural question comes in our mind that
what the utility of the cosmological correlation computed from the present QFT generalized
version of CL model in the de Sitter background? The specific answer to this question is
as follows. We all know that the micro structure and the quantum mechanical origin of the
reheating process is not well known and corresponding theoretical framework is not estab-
lished yet. Till date this topic is completely untouched by the researcher due to having the
lack of knowledge regarding the micro structure of reheating process. We strongly believe

2 In a more realistic cosmological set up, where the present methodology can be directly applicable, the scale of sudden
quench can be fixed before reheating, more precisely before achieving thermalization. It might be fixed at end of inflation
or just after the end of inflation. In the case of warm inflation since there is no reheating involved the framework and
the thermalization is achieved completely in a different way, the choice of the quench scale should be chosen very
appropriately.
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that, since we have now a proper understanding of the structure of the quantum states which
helps us to thermalize an underlying quantum mechanical system and we also know how
exactly to quantify the two-point cosmological correlation and its corresponding spectrum
in the Fourier space, using the present methodology one need not to be forcibly assume ther-
malization of a theoretical set up written in the background of de Sitter space-time. We also
believe that the developed methodology in this work can able to address many unexplored
issues related to the phenomena of reheating in cosmology, which is treated completely from
the phenomenological point of view before this work.

3. The prime motivation of using the CL model within the framework of cosmology is as fol-
lows. Actually this model automatically provide the theoretical origin of incorporating the
phenomena of Quantum Brownian Motion in the present context. Now naturally another cru-
cial question comes in our mind that why at all Quantum Brownian Motion is needed within
the framework of cosmology? A correct answer to question when we try to incorporate the
effects of anisotropy and inhomogeneity without introducing any concept of cosmological
perturbations in the present framework. Quantum Brownian Motion within the framework
of cosmology naturally helps us to incorporate the effects of anisotropy and inhomogeneity
without introducing any perturbations. Such anisotropic and inhomogeneous effects helps
us to construct the pre-quench state, post-quench state and the state responsible to achieve
thermalization. In an effective framework where two fields are interacting via complicated
interactions, we really don’t have any proper understanding of the path integration technique
over an unwanted field in which at the end we are not interested in. This is because of the
fact that, having complicated two field interactions within the framework of effective field
theory we really don’t know how to quantize these fields in a proper technical sense. CL
model is the simplest framework where we really have understanding as well as control over
the technical computational part that how to do the path integration over the fields which
describes the thermal bath.

4. Also the present framework allows us to study the particle production process during and
after reheating with the help of the constructed post-quench state and the state responsible
to achieve thermalization in the present framework. Signatures of such particle productions
can be directly found in the enhancement of the power spectra in Fourier space, which we
have explicitly computed from the two-point cosmological correlations in this paper.

5. Last but not the least, additionally, the present framework can also be utilized to study the
natural origin and outcomes of warm inflation where in absence of reheating one can ther-
malize an underlying theory.

The main results of the paper are as follows:

e Our prime motivation in this work, is to study the thermalization phenomenon in de Sit-
ter space-time. It is important in the sense that if a system does not thermalize, we can’t
study its equilibrium properties for the system under consideration. This phenomenon was
studied using free quantum field theories with massive scalar and fermion fields earlier in
141 and 1 4 2 dimensional flat space-time [41,42], but not, to the best of our knowledge,
in the context of de Sitter space, which has its own cosmological importance. In this paper,
we have demonstrated how one can implement the same methodology to study the ther-
malization phenomena using free quantum field theory of a scalar field having an effective
time-dependent mass term in 1 4 3 dimensional de Sitter space written in planar coordinates.
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e To implement this methodology we use the phenomena of quantum mechanical quench in
our setup. This is a very successful technique providing a consistent theoretical way to equi-
librate and hence thermalize a quantum mechanical system, initially out of equilibrium due
to some response in the system. This technique provides a continuous description of the
system in the associated time scale as it helps to express the quantum mechanical state of
the system just before thermalization in terms of the state before applying quench. In this
case, explicit solution of the time evolution of the quantum state from the time-dependent
Hamiltonian of the system in 1 + 3 dimensional de Sitter space is not needed.

e We do not use this methodology in our work in an ad hoc fashion. We provide a consis-
tent theoretical framework from the beginning where one can naturally implement the above
mentioned mechanism. In this work, we start with a theory of quantum Brownian motion
in a general curved space-time background, described in terms of two scalar fields quadrati-
cally interacting with each other having minimal gravitational interaction, canonical kinetic
terms as well as mass terms for both the fields. The model can be treated as a quantum
field theoretic generalization of the well known Caldeira Leggett model, used to study the
phenomena of quantum Brownian motion in the context of quantum mechanics. The original
Caldeira Leggett model is approximated by a harmonic oscillator coupled to the environment
consisting of N oscillators, which are integrated out. However, in our case we have taken a
simplified version where instead of N scalar fields we have a single scalar field as our envi-
ronment, which is technically identified with a noise field. On the other hand, the other scalar
field in this context is identified to be the signal field, our main point of interest is to study
the thermalization phenomena by implementing the methodology of quantum mechanical
quench in 1 4 3 dimensional de Sitter space. This hitherto unexplored possibility was not
explored before in 1 4+ 3 dimensional de Sitter space and has cosmological consequences.

e Since the quantum Brownian motion is studied here in 1 43 dimensional de Sitter space, the
signal and noise fields are dependent on both space and time. From the beginning, both the
fields are considered to be inhomogeneous. See refs. [12,43-50] where a similar approach
has been followed earlier in various contexts. This approach is usually adapted to study out-
comes of cosmological perturbation theory in the presence of a scalar field. There the field
is taken be homogeneous in the 1 + 3 dimensional de Sitter background and on top of that
the inhomogeneous fluctuation of the field appears due to space-time-dependent perturbation
with respect to the background. But in our computation we don’t need to perform any pertur-
bation on the background 1 4- 3 dimensional de Sitter space-time. The inhomogeneous effect
in the signal and noise fields are considered from the beginning due to random movement in
space-time in the presence of quantum Brownian motion.

e Since we are interested in the signal field, we path integrate the noise field using the Feynman
path integral technique, treating the background 1 4 3 dimensional de Sitter space classically.
This is thus a semi-classical treatment allowing for the extraction of the information of the
signal field.

e The quantum effective action of the signal field, in the Euclidean signature, is constructed
using the saddle point technique, where the path integration is implemented at the local min-
imum of the noise field appearing in the model, described above. After carrying out the path
integration, it is observed that the mass of the signal field gets modified in presence of the
coupling parameter of the signal and noise field and the mass of the noise field. Here, during
the implementation of the saddle point technique it is assured that at the local minimum of
the noise field the gravitational back-reaction effect also gets minimized.
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e As we are interested in understanding the large time behavior of the system in 1 4 3 dimen-
sional de Sitter space, the contribution from the quantum correction terms in the effective
action goes to zero as in that limit the noise kernel appearing from two-point noise-noise
field correlation function decays exponentially. As a result, the Klein Gordon equation of
motion of the signal field appears to be similar to a damped parametric oscillator instead of
a forced one in presence of the Hubble term in the d’ Alembertian operator.

e Next, we Fourier transform the equation of motion in the momentum space. The sudden
quench protocol in the effective mass profile of the signal field is implemented and the equa-
tions of motion for both the pre-quench and the post-quench phases of the evolution of the
system under consideration are solved.

e Using the continuity condition for the solutions of the field and its conjugate momenta, we
compute the Bogoliubov coefficients. This helps obtaining the solutions before the quench
in terms of the solutions after quench and vice versa.

e After constructing the pre-quench, post-quench and the post thermalization state of the sys-
tem, we study the signal-signal two-point correlation functions in the momentum space.

e Last but not least, instead of doing the exact computation of the two-point functions in the co-
ordinate space, we study a much more observationally relevant quantity known as the power
spectrum and observe various non-trivial features in the spectrum. We have also found that
at a certain value of the co-moving wave number, the numerical amplitude of the spectrum
exactly matches with the result obtained from the power spectrum using cosmological per-
turbation theory. This is quite interesting in the sense that it helps us to conclude that at very
large time limit, when the effect of quantum corrections in the effective action for the signal
field vanishes, the power spectrum evaluated from this computation and from cosmological
perturbation theory exactly matches. On top of that our obtained results have the advantage
that they naturally thermalize the system using quantum quench. This is not yet properly
understood in the context of quantum fluctuations generated from cosmological perturbation
theory.

The organization of the paper is as follows:

e In Sec. 2, we review the Caldeira-Leggett model in quantum mechanics and a quantum field
theoretic generalized version of it in curved space-time consisting of scalar fields interacting
with each other. We derive the effective action for the scalar field of our interest by path
integrating out the contribution of the other field.

e In Sec. 3, we consider the solutions of the mode functions in spatially flat de Sitter space-
time and by computing the Bogoliubov coefficients, derive the conserved charges of the W,
algebra for the quench profile considered in this paper. We further provide a generalized
expression of the correlation functions for different initial starting states of the pre-quench
Hamiltonian. We choose the ground state as well as some squeezed state of the initial Hamil-
tonian as the starting wave functions and showed that the final state in the post-quench phase
can be expressed in the gCC form. We also compute the thermal correlators to check whether
the subsystem thermalizes or not.

e In Sec. 4, we provide the plots of the power spectrum obtained from the correlators for all
different choices of the initial vacuum state and do a comparative analysis.

e In Sec. 5, we conclude and discuss possible future prospects of the present work.
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2. Quantum field theoretic generalization of Caldeira-Leggett model in curved space

In the Caldeira-Leggett (CL) model the phenomenon of quantum dissipation was discussed
and closed equations for such a quantum system were obtained. For the purpose of studying
such phenomenon, a particular model describing such system-bath interaction was chosen and
the parameters of the model were fitted in such a way that the classical equations of Brownian
motion were reproduced.

2.1. The two field interacting model

In this section, our prime objective is to provide the quantum field theoretic generalized ver-
sion of Caldeira-Leggett model in a curved space-time. In general this framework is commonly
used to describe Quantum Brownian Motion [51-53]. To describe this set up let us first start with
the following two scalar field interacting theory, which is described by the following action:

ScLlé, x]

4 1 2 mé 2 1 2, My
=/d =g |30 +—=¢" | +| -5 @) +="x" |+ cox |. @D
2 2 2 2 ——

Interaction

Free theory of ¢ Free theory of x

In this description both the fields are minimally coupled to the classical background gravity. In
the above action, the first two underbrace terms represent two free massive scalar fields ¢ and
x and the last term represent the quadratic interaction term between them having interaction
strength ¢ which is a function of space-time in general to describe an open quantum system.
Physically it represents the coupling strength of the system (signal field x) and the environment
(noise field ¢) in the Markovian limiting situation when the parameter c¢ is dependent on both
space and time strongly. Such Markovian limiting situation is directly associated with the inher-
ent memory of the evolution of the each of the mentioned fields and their interactions. However,
as our goal is to develop a cosmological set up out of the present open quantum field theory
model in the weak coupling regime of the theory where the interaction between the system and
the bath degrees of freedom is considerably small, so that one can safely apply the path integral
formalism to integrate out the bath contribution to write down an effective field theory of the
system field and then apply the perturbation theory in such a fashion that the outcomes become
trustworthy. Such weak coupling limiting approximation within the framework of open quantum
field theory is commonly known as the non-Markovian limit which can be implemented when
the coupling between the system and the bath don’t remember any previous past memory in the
evolution and behaves according to the instantaneous information provided to the system-bath
combined open quantum set up. In the simpler language this can only be implemented when the
associated coupling parameter is slowly varying function of space-time. If we closely look into
our model action then it can be clearly visible that the coupling parameter ¢ don’t have any ki-
netic term. This is simply chosen from the perspective of non-Markovian quantum critical quench
(instantaneous information) is applicable within the framework of open quantum system which
is one of the key ingredients of the underlying physical concept studied in this paper. Since the
parameter ¢ don’t have any kinetic term because of the non-Markovianity we can safely consider
the fact that such parameter vary extremely slowly with respect to space and time. In the initial
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part of the computation of the path integral formalism before introducing the explicit mathemat-
ical structure of the space-time metric we will treat the coupling parameter ¢ between the system
and bath becomes extremely weak under the influence of non-Markovian perturbative approx-
imation and for this reason in general very slowly with space-time both. However, in the later
half of this paper once we describe the space-time structure in terms of the spatially flat quasi
de Sitter metric, one can consider that the coupling parameter between the system and bath ¢
become only time dependent due to having isotropy and homogeneity in this cosmological back-
ground. Though in this specific case also non-Markovian weak coupling approximation is strictly
maintained throughout the analysis to validate the physical outcomes of the perturbation theory
in the context of a cosmological set up which is described in terms of an open quantum system
as designed in this paper. A time dependent heaviside function which describes a sudden quench
protocol is one of the promising choice of the coupling parameter ¢ which can suffice the purpose
and in our discussions related to cosmology we haver explicitly used this functional form. We are
identifying this action as the very simplest quantum field theory version of the Caldeira-Leggett
model in curved space-time. In this description, the quantum harmonic oscillators are replaced
by the scalar fields, which is quite justifiable. By following the same logical arguments applied in
the Caldeira-Leggett model, in the present quantum field theoretic construction we path integrate
over the field ¢ and construct an effective action for the field x. This is because of the fact that
within the description of Quantum Brownian Motion we have identified ¢ as the noise field and
x is the field, of the system of interest.

To proceed further, let us write down the total contribution in the potential for the ¢ and y (x)
fields as appearing in the above action:

m2 2
Vg, x) = (7%% m—zxx2+0¢>x>- (22)

From this one can ask a question that for a given value of x (x) what is the minimum of the above
potential, which can be answered as:

IV (o, -

(#) ~migotexo=0 = o~ -2, (23)
L my

a%v

<#> ~m} >0 —> minimum, (2.4)
99 —

Now at this point one can really think of the correctness of considering the minimization of
the potential with respect to one field, where both the fields as well as the coupling parameter
is space-time dependent. The confusion arise because of the fact due to having space-time de-
pendence in the coupling our general notion guided us to simplify the problem by solving the
classical equations of motion of both fields, and due to having the coupling among both the fields
we will have coupled equations in both the cases. Though this is the perfect approach to treat the
underlying problem under consideration, but using this approach solving the coupled system of
two fields is almost impossible in general. Particularly in the case where the system and the bath
degrees of freedom are strongly coupled to each other and Markovian approximations are valid.
It may be done for very special type of restricted cases, which we obviously don’t want to do in
this paper. The justification of performing minimization are as follows point-wise:

1. First of all, to solve this problem using the simplistic approach we have assumed that the
coupling between the two fields vary with background space-time very slowly, so that one
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can approximately neglect the space and time derivatives of the coupling parameter from this
present computation. For this reason we take, d,,¢(x) ~ 0. This approximation is completely
justifiable with the weakly coupled regime of open quantum field theory where the system
and bath degrees of freedom follow non-Markovian approximations to maintain the pertur-
bativity throughout the analysis performed in this paper. Particularly when we implement
the designed technology within the framework of cosmology driven by a open quantum sys-
tem we consider that in the background of quasi-de Sitter space-time the coupling parameter
is independent of space but vary very slowly with respect to the time coordinate for which
one can safely neglect the time derivatives of the coupling parameter where this methodol-
ogy and the prescribed framework is further applied explicitly in the later half of this paper.
To implement such described framework and minute details one needs to parametrize the
behavior of the coupling parameter very precisely. In the later half of this paper once we
start discussing about the cosmological implications of open quantum set up designed in this
paper we have used sudden quench time dependent profile which actually helps us to pre-
pare quantum states to achieve effective thermalization in the present context. Such sudden
quench (memoryless profile) protocol supports all the initial prerequisites that we have used
to maintain the weak coupling approximation in terms of non-Markovianity as well as the
perturbaitivity throughout the computation performed in the rest part of the paper.

2. Now in between two fields x is identified to be signal field and x is identified to be the
noise field in this framework, out of which we want to construct the effective theory of the
signal field x at the end by integrating out the contributions from the noise (bath) degrees
of freedom. For this purpose we treat the set up as an open quantum field theoretic system
along with the tools and techniques of quantum quench to sufficiently trigger the process
of achieving thermalization within the framework of primordial cosmology. To technically
perform this step we have considered a flat direction along the ¢ field and the position in the
field space is implemented at the point of minimum, which is at:

X0

¢ =y~ ——5. (25)
m
¢
3. Our next job is to rewrite the action around the point ¢ = ¢, which gives us:

2

1 m
Scrl¢, x1~ f d*xv=g [—5 0 (¢ — do))* + 7"’ (@ — d0)°

1 2 m?( 2
—5(3)() +7X +c(@—90)x |- (2.6)

After substituting ¢g ~ — ;LZO we get the following simplified form of the action:
¢

1 m2 1
ScLlé, x1~ / d*xy/—g [—5 (3)* + 7%2 —5 @&+ x0))?

2

my »
+7x + ¢ (x + xo0)

2 5, 2
+ —2)(0 + _ZXXO . (27)
2m¢ my

Now we use the field redefinition, x + xo = x, which further gives:

10
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. 4 1 2 mé I U -
SCL[¢,X]%/d X\/—8 —5(8¢) +7¢ —5(3)() +7x +cox

L 2,2 ¢ 2z
+§ W—mx X0+ W—mx XX0 |- (2.8)
¢ ¢

4. Further, we use the following constraint condition on the system-bath coupling parameter:
C=mymy, 2.9)

which helps us to remove the contributions from the last two terms ads appearing in the
above mentioned equation (2.8). Consequently, we get the following simplified expression
for the open quantum field theory set up which further can be used to remove the contribution
of the bath by implementing path integral technique.:

1 m2 1 2
SCL[qs,)z]%/d‘w—g [—5<a¢>2+7¢¢2— 5(82)2+m722+c¢2] (2.10)

Here the following effective potential for the field :

2
- m= _
Veff(X):7X2 where  m~my =c/my #my, 2.11)

where m is the effective mass term of the newly introduced redefined y field which strictly
satisfy the constraint condition as stated in equation (2.9). Here it is important to note that,
the constraint condition as stated in equation (2.9) also pointing towards the fact that though
we have used the field redefinition, x + xo = X, but in this construction the old bath field x
is not extremely far from the newly defined bath field k. The direct consequence of this fact
is that the mass of both the fields are of the same orderi.e. m ~m, 3

5. In terms of the above mentioned effective potential for the field x (which is actually ) one
can further recast the previously mentioned model action as:

1 m> 1
ScLl¢, x1= / d*x—g [—5 (3)* + 7%2 -5 (0))% + Vete(x) +C¢x]

(2.12)

using which we now perform the path integration over the field ¢ in the next subsection.
In this description we use a semi-classical treatment where we consider the background
gravity classically and the fields quantum mechanically, which enables the determination of
the partition function and path integration over the field ¢.

6. Now before going to further technical derivations and the corresponding discussions let us
further clarify few important issues which one needs to understand very clearly. Let us now
mention these issues in detail which we believe makes the theoretical ground of the proposed
framework more stronger and will be also helpful to understand the rest of the computations
performed in the later half of this paper.

3 For the further computational purpose henceforth we will not use the notation ¥ and instead of this for simplicity we
will write it as x. However, one needs to always remember that this new system field y is different from the old system
field x.

11
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Apart from the techniques used to reduce the problem in the language of quantum mechan-
ical path integral one can use different prescriptions for the field redefinition to reduce the
two field coupled model to a single field set up where the coupling term is absorbed. Let us
consider the following two field redefinitions which may be useful:

o L1

Field redefinition I : Y= =
V2 V2

Field redefinition II: & =v2@+x), &7 =v20-x), @14

(@+ix), v (@—ix), (2.13)

using which the model action can be further recast as:

Using Field redefinition I :
Scilg, x1— ScrlW, ¥']

- /d‘*x./—g [—% OW) @) + (mf +m? —2ic) 2

+ (mé +m? + 2ic) (\Lﬁ)z
+2 (m(,% —mi) \Iﬁqf], (2.15)
Using Field redefinition II :
Scrl¢, x1— Scul®™), &)

= /d4xx/—_g [—% (ac1><+>)2 - % (aq><—>)2
+% (L ;mi +c> (q><+>)2
S ) )

Lo 2\ g g
+§(m¢—mx)d> o). (2.16)

From the above mentioned obtained structures after field redefinitions it clearly suggests
that the interaction term only absent when we have a very special case, my = m, . Under this
condition the two coupled scalar field theory is decoupled to a single complex scalar field or
two copies of real scalar fields having no interaction term. In this case there is no need of
performing path integral to construct an Effective Field Theory as various fields degrees of
freedom are completely decoupled in the absence of interaction term. However, it is impor-
tant to note such type of field redefinitions are only allowed if we are strictly considering a
closed quantum mechanical system where the quantum system under consideration is adia-
batically shielded from the environment and not interacting with the any type of thermal bath.
However, our objective is to study open quantum system and its cosmological applications
in this paper. For this reason this particular possibility is discarded in this context.

Using the previously mentioned Field redefinition II one can also consider another situation
where mgy # m,, particularly my > m,, which give rise to the positive interaction strength

12
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in the newly field redefined description.* In this limit two newly defined fields ®*) and
&) interacting with each other which one cannot able to ignore the interaction even after
performing field redefinition. In this case one needs to apply path integral formalism to
integrate out the heavy degrees of freedom from the description and to construct an Effective
Field Theory description of the light degrees of freedom. This is another possibility using
which one can also construct the theory of system-bath interaction within the framework
of open quantum field theory set up. However, apart from having another possibility we
will stick to the previous methodology and the corresponding field redefinition used in the
previous part of the computation to construct an Effective Field Theory of a system from the
interacting system-bath model of open quantum field theory set up as proposed earlier.

2.2. Quantum partition function and effective action

In this section our prime objective is to construct the quantum partition function and the
effective action [54] for the field x (x) by path integrating over the field ¢ (x). To perform this
one needs to compute the following quantity:

Zetlx] 1=/©¢ exp[iScrLl¢, x11 = exp [iSefr[x 1] 2.17)

However, instead of performing the above mention path integral in the Lorentzian signature

we will do it in the Euclidean signature which can be obtained by replacing S 1 [®, x1 with

the Euclidean action zS%ffCL[d) x 1. In this new notation the above mentioned quantum partition

function takes the followmg simplified form:

Zaalx)i= [ 9 exp[-SEul0.x1] =exp [ ~sEiix1]. 2.18)

Here, Segf[ x] and Sfﬁ[ x ] are the effective action for the field x in the Lorentzian and Euclidean
signatures, respectively.

In the Euclidean signature the quantum partition function can be further simplified to the
following form”:

Zetilx]

=201« exp[ / d*x /—g(x) f d*y V=g c)x(x) Gg(x,y) C(y)x(y)} (2.19)

4 Here it is important to note that, using the Field redefinition I along with the limiting situation mg # my and my >
my one cannot able to construct the Effective Field Theory description of open quantum system as it described in terms
of single complex degrees of freedom. Since in this paper we are interested only in pen quantum set up where system-bath
two field interaction is necessarily required, this possibility is also discarded in this context of discussion.

5 Inthe expression for the quantum partition function we have used the general space-time metric where the coupling
parameter between the system and bath degrees of freedom is taken to be space-time dependent but the dependency is
very slow so that the derivatives approach to zero. This is because of the fact that we can only perform the computation of
the partition function in the Euclidean signature only when the perturbative approximations holds good perfectly, which
can be implemented only in the weak coupling regime of system-bath interaction. In this weak coupling regime of the
open quantum field theory this is technically applicable only when we can treat the coupling parameter as a memoryless
parameter. This directly implies that we are working in the regime where non-Markovianity is maintained strictly and
this can only possible only when system-bath coupling varies very slowly with the background space-time coordinates.

13
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where G (x, y) is the Feynman Green’s function (or the propagator) in this construction, which
appears as a result of the two-point correlation of the ¢ field in a specific classical gravitational
background. In the context of Quantum Brownian Motion this is commonly identified as the noise
kernel. The explicit form of this Feynman Green’s function is given by the following expression:

Goy(x y):( ! )(54(x_y)) (2.20)
P o m )\ V= )

where the D’ Alembertian operator in general gravitational background can be defined as:
1
V=8
For a given gravitational classical background one can explicitly compute the mathematical
structure of this Green’s function. Additionally, the quantum partition function in the Euclidean

signature without interaction (¢ = 0) for the free massive theory of the y field is given by the
following expression:

0y = B [V=8() £ )3, | = 8" (VYo (21)

1
2 x1= 2810 exp[— /d4x«/—g {(—5 @)% + Veff(x)>”. (2.22)

Here we define the contribution from the Euclidean quantum partition for the free massive scalar
field ¢, after doing the path integration, as:

[26 e - [atr=z {(—% (59 + ’%%2)“

1
- (2.23)

Det (Dx + mé)

©
2 10]

From this derived result the effective action for the field x can be computed as:
S&ilx1=—1In[Zesrl x11
1 1
=3 In [Det (Dx + m(zl,)] +/d4x«/—g { (—5 @x)*+ Veff(X))}

—/d4x \/—g(X)/d4y —g() cX)x(x) Gp(x,y) c(Mx (). (2.24)

Up to this point the results are valid for any arbitrary general gravitational space-time. Now we
derive the results with quasi de Sitter solution described by the following line element written in
conformal time coordinate:

ds® = a2(1) (—dtz n dxz) : (2.25)
where the scale factor and the determinant of the metric is defined as:
1
a(t) == and \/—g(r) = a*(). (2.26)
T

For quasi de Sitter space-time considering the Gaussian part of the kinetic operator of the
noise field ¢ having mass my we get the following simplified expression:

14
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Det( —. i V2 4 20(r) = 2
[ (e (3 v+ 20 +’"¢)]T=W
[exp (Tr(ln 2(1_) (— — V2 +2H(7) —) mé]))lzw

(0)
Zer (01 =

Il
3
RSN Y
~
e[
—
+
N
[\)
-EIE
=~1
v
\_/

n=
7l { g }
= 2
mgT - (n2+ (M) >
2
1 mgyT
= —cosech| — ), (2.27)
2 2
where we have:
L xp(HT) —  T=211 ! (2.28)
7 = —— exp(— =— In( — ) )
T="FP H Her

Here T represents the IR cut-off scale on the co-moving time. The physical origin comes from
the fact that here during the integration over the co-moving conformal time instead of using
—00 <7 <0 (whichis 0 <t < o0) we need to use —o00 <7 < 77 (Whichis 0 <t < T) to
avoid the IR divergence at the late time scale 7 where CMB observations take place. This makes
Zé(f)f) [0] finite. However, the final outcomes, which is the correlation functions as well as the
equation of motion for the field x will be completely independent of such choice in this paper.

Then the corresponding quantum partition function in the quasi de Sitter space can be ex-
pressed as:

1 T 1
Zettlx1= ECOSGCh (%) exp [ - /d4xv -8 { <—§ @x)*+ Veff(X)> } }

—exp(—TH)/H —exp(-TH)/H

X exp|:/d3x /d3y / dt /—g(1) / dt'\/—g(t))
—1/H —1/H
x c(Dx(x, 1) Gp(x—y, 7, 7) x(y, r’)C(T/)] (2.29)
where the noise kernel or the propagator G4 (x —y, 7, t’) can be expressed as:
(p(x, D)y, 7)) =Gp(x—y, 7, 7). (2.30)
Additionally, we have:
(p(x, 7)) =0=(p(y, 7). (2.31)

Here we assume that the coupling parameter is only time-dependent in the de Sitter background
for simplicity and there are no explicit or implicit dependencies on the space coordinates.
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In this computation the temporal part of the propagator or the noise kernel can be computed

as:
, T
2 cosh | my |r—7:|——
2
T
sinh <mL>
2

1 1

1
Gox—y,1,7)=—
s(xX—y, T, 7) o

32w X
|X yl Ve [|X _ y|2 _ (}T _ _L_/| _ 16)2]
2
1T (vg)
=13 8 exp(—m¢|r—1/|)
2

<1 + exp <m¢ |t — f’|> exp(—m¢T))
x

1 —exp(—=myT)
1 1
X X , 2.32
X —yP 2 ) > 232
x—yl*— (|t — /| —ie)
where the mass parameter vy for the field ¢ is given by the following expression:
2 mé (2.33)
Vp =1/ — —5. .
Va4 m?

Here, we have used the fact, in two different conformal times t and t’ the Hubble parameters
are exactly identical. Here we consider quasi de Sitter phase which is used throughout the paper.
Only the tricky part is, instead of using the explicit structure of the interaction potential we are
going to use a sudden quench profile in the effective mass of the required yx field which serves
the same purpose in the present work effectively. Such choice actually helps us both theoretically
as well from the observational perspective. We all know using just a quadratic potential of the
x field having constant mass one cannot satisfy strictly the observational constraints on inflation
(from the amplitude, tilt of the spectrum and tensor-to-scalar ratio becomes large) using Planck
2018 data. Now if we insert a theoretically justifiable time dependent profile for the coupling
parameter ¢ between the x and ¢ field in the CL model action this will automatically fix the time
dependent effective mass of the y field. In this work, such time dependent profile is supplied
by the quantum mechanical quench, which allows us take a sudden quench profile for the same
purpose. Inserting a time dependent profile will going to directly effect the dynamic features
before quench, just after quench and after long of the quench. This further implies that it is
indirectly modifying the previously mentioned quadratic potential of the x field having constant
mass in the present of a time dependent dynamical mass profile. It is important to note that, in
the late time limit t7 — 0 or T — oo, then we get the following simplified late time limiting
result for the Green’s function:

Gp(x—y,7,7')= lim Gy(x—y,7,7")
7 —0

16



S. Banerjee, S. Choudhury, S. Chowdhury et al. Nuclear Physics B 996 (2023) 116368

exp(—m¢|t—r’|>

X — 3721),» .
Xyl |:|x—y|2—(|r—t’|—ie)2:|

Further, varying this semi-classical effective action with respect to the field y we get the
following equation of motion in de Sitter space:

2
[ 1 (a_ — V2 4+ 2H(1) i) +m2(r)}x(x, 7)
T 0T

(2.34)

a%(r) \ 972
—exp(~TH)/H —exp(—~TH)/H
T SN
_i/H —1/H

x Gp(x =y, 7,7) x c(7) c(7) (X(y, )+ x(x, )8 (x —y)8(t — r’))),

(2.35)

which describes the Brownian motion of the x field in presence of the noise kernel Gg(x —
Yy, T, T’). Here one can consider the following two conditions to analyse the system:

1. One can consider that, |t — /| — oo which means that t < t’ i.e. large separation in time
scale, then in this case we have:

lim Gy(x—y,7,7)~0. (2.36)

|T—1'|—>00

2. If we consider that the spatial separation between two points where the field yx is placed are
separated by a large distance scale but in the time scale they are closely separated then we
have:

lim lim Gy(x—y,7,7)~0. (2.37)

|T—1/|—0|x—y|—>00

In both the limiting cases we have the following simplified form of the equation of motion:

a%(r) \ 972

1 [ 9 ) 3 2
53~ VA 2H@) o | +mi(@) | x(x, 1) =0} (2.38)

For the rest of the analysis we will only concentrate on the free part of the effective action for
the x field as in both the limits no other terms contribute effectively. Hence we have:

1
Setlx 1~ f d*xy/—g {(—5 @)+ veffu))} : (2.39)
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Using the conformal coordinates the effective action for the x field in the large time limit can be
re-expressed as’:

1

Siix1 = [ dr dx @ [@exx 0 - @xx. 0 =m0 x 1)

(2.40)

where the conformal time-dependent mass parameter for the field x can be written in terms of
the interaction strength c(7) as m?(t) = c2(t). Here the masses for the field x are not initially
conformal time-dependent. But since the coupling strength is time-dependent it turns out that the
effective mass for the field x eventually becomes time-dependent.

3. Mass quench in sudden limit in de Sitter space

Quantum quench has been proved to be very effective for probing the dynamics of a system
undergoing a change in parameters over a short period of time [41,42,55,56]. The initial wave
function or in other words the state corresponding to the Hamiltonian before undergoing a change
is called a pre-quench state while the state corresponding to the Hamiltonian after quench is
called a post-quench state. The quench protocol that has been followed in recent times is to
consider a mass function m?(t) such that in the sudden limit its value changes from m% in past
to O in future, interpolating the behavior of correlators at late times. This method is known as
sudden quenching of mass parameter from some constant value m(z) to 0 in the limit —t — oo.
Now an important question to ask is do these late time correlators equilibrate and whether or
not the post quench state remembers the quench protocol m?(z). In the context of the AdS/CFT
correspondence these questions have direct relevance to the memory retention of the black hole
of the collapsing matter and been studied in [11,12,41,43,56—-63] by checking whether the post-
quench state could be described by a thermal ensemble or not.

Let us start with the previously derived effective action for the dynamical scalar field x to
implement the phenomena of quantum mechanical quench in the present context (Fig. 3.1):

Shreelx1= % / dt dx @ (@) | @ x(x 0 = @x (%, 7)? = m @O x*x, 1) |

6 In the expression for the finally derived effective action describing an Effective Field Theory of the signal field out
of the weakly coupled system-bath open quantum field theoretic set up we have used the spatially flat FLRW metric with
quasi de Sitter solution of the scale factor. In such a case the coupling parameter between the system and bath degrees
of freedom is taken to be only time dependent but the dependency is very slow so that the derivatives approach to zero.
Here the space derivatives are absent in the coupling parameter due to having isotropy and homogeneity in the back
ground space-time metric describing the primordial cosmological set up. In this description slowly time dependence
is compatible with the perturbative approximations implemented during the performing the computations throughout
the paper. In the cosmological context this can be implemented only when we consider the weak slowly varying time
dependent coupling of system-bath interaction. In this weak coupling regime of the open quantum field theory this is
technically applicable only when we can treat the coupling parameter as a memoryless slowly varying time dependent
parameter. This directly implies that we are working in the regime where the cosmological evolution is described by the
non-Markovianity and this can only possible only when system-bath coupling varies very slowly with the background
time coordinate. In the next section we will mention that we need a proper parametrization to describe this interesting
phenomena and sudden profile appearing in the context of quantum quench is sufficient enough to describe this mentioned
additional features. As an immediate outcome of such specific choice quantum states are prepared which helps us to
establish the phenomena of effective thermalization within the framework of open quantum field theory of quasi de Sitter
space.
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Sudden quench profile

After quench phase
Before quench phase -

m-(7)

Point of quench (t=n)

/

7 (conformal time)

Fig. 3.1. Mass profile in sudden quench limit.

3.1)

where we have used the de Sitter solution described by the following line element:
1
ds*=a’(t) (~dv®+dx?)  where a(r)=———. (3.2)
T

Here conformal time-dependent quench protocol mass profile for the sudden quench phenomena
is given by the following expression:

m% Before quench: 7 < n;

m?(t) = cX(r) =mi@(—7) = (3.3)
0 After quench: t >,

where 7 is considered as the point of quench in the conformal time scale. Further for computa-
tional simplicity we use the following redefinition:

v(x,7) :=a(t)x(x, 7). 34

Now using this newly defined field v (X, t) one can further re-express the classical effective action
is defined as:

siix1 = [ dr dx [@evx 0 - @02
_ <m2(r)a2(r) _ “—(f)> V2 (x, r)} . (3.5)
a(t)

Next, we choose the following ansatz for the Fourier transform to convert both the effective
action and the Hamiltonian in the momentum space:

. d°k ,
v(X,T) = W exp(ik.x) v(k, 7). 3.6)
Using this convention the effective action in Fourier space can be expressed as:
Shielx1= / dr dk [w(k, O — ok )|v(k, r)|2] : 3.7)
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Here we have used the notation / to represent the d; operation and will use this notation through
out the paper.

After varying the action we found the following field equation for the redefined scalar field
v(k, 7) in Fourier space:

2
[d— + o (K, r)] v(k, 7) =0. (3.8)
dt?
The explicit solutions of the above equations before quench (incoming) and after quench (outgo-
ing) solutions are explicitly derived and studied in the next subsection. This equation in general
physically represents the particle production phenomena in de Sitter background [64]. In this
work, our prime objective is to solve this classical field equation using the tools and techniques
of quantum quench. On top of that, quench also provides us a theoretical framework of ther-
malization, which we implement in de Sitter space for the first time to study the thermalization
process and its impact on quantum correlations in de Sitter space [46,48]. Since the methodol-
ogy is developed for conformally flat space-time, classical solutions other than de Sitter can also
be used to study the thermalization phenomena in other cosmologically relevant epochs of our
universe.

Here in this construction the effective conformal time-dependent frequency in the Fourier
space can be expressed as:

w0k, 7) = (k2 + mgff(r)) , (3.9)

and the conformal time-dependent effective mass can be expressed in terms of the sudden quench
protocol as:

a’(t) 1 1
mig(t) = (mz(r)a%) ~ ) =-= (vz(r) - Z) : (3.10)
Here we have used the fact that in the de Sitter space:
a’(t) ’ , 2 1
m-(?—l (r)+7—l(r))—ﬁ for a(t)=——. 3.11)
Here v(7) is the conformal time mass parameter for the given quench protocol:
@ 9  m2(1)
v(t)=,/-—
4 H?
9 m(z)
Vin = 172 Before quench: 7 < 7;
= (3.12)
3
Vour = 7 After quench: 7 > 7.

As mentioned above a mass quenching in the sudden limit is considered, i.e., we take a mass
function m?(t) and change its value from m(z) to 0 in the future using which we compute the
quantum correlators. Specifically in this paper we have computed the two-point correlators.

The present problem describing the particle production in de Sitter space can be translated
in the language of Schrodinger quantum mechanics as a problem in 1 dimension, where one
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needs to study the movement of an electron inside an electrical wire in the presence of an impu-
rity. This impurity is the quantum mechanical potential which is appearing in the corresponding
Schrodinger equation:

dx?
In this interpretation the following one-to-one map is set up between the particle production
problem and the Schrédinger quantum mechanical problem:

d2
[ + (E - V(X))} Y (x)=0. (3.13)

Distance x <>  Conformal time T, (3.14)
Quantum impurity potential V(x) <> Effective quench protocol — mgff(t), (3.15)

Quantum wave function ¥ (x) <> Rescaled mode function wv(k, 7). (3.16)

In studying the behavior of wave functions in the quench protocol one of the main approx-
imations we usually employ is solving the Klein-Gordon equation for constant masses instead
for time-dependent parameter m? () which in turn is very difficult to interpolate. By doing the
approximation m?(t) =m(2) =constant and repeating the procedure for each recursion we get more
and more precise results for the effective mass. However, in the context of sudden quenching we
choose transition in masses close to zero and this diminishes our need for repeated iteration. In
this we will also study quenches for masses close to zero because they correspond to half integer
orders of the Hankel function which makes the wave-functions easy to interpolate. As mentioned
above quantum quench, which corresponds to the change in the parameters of Hamiltonian for a
short period of time has been employed in various areas. Starting from the study of various phe-
nomenon under various regimes from studying the behavior of thermalization of correlators at
late times in the de Sitter space-time, where the value of post-quench parameters doesn’t depend
on the quench protocol [10,65-69]. In this paper, we are going to study the behavior of fields in
terms of the correlators in intermediate time scales, we will encode the effects of the fields on
the correlators through the quench profile followed by the mass parameter in the Hamiltonian of
the field.

3.1. Solution of mode equation in de Sitter space
In this section, we study the solution of the equation of motion of the Fourier modes of the

rescaled field in de Sitter background with scale factor a(t) = —1/H t, participating in the quan-
tum quench driven Brownian motion [51,70-72], which are given by:

d2
Before quench : [ﬁ + wgff’in(k, ‘L')] vin(k,7) =0, (3.17)
d2
After quench : |:dr—’2 + a)gff’out(k, r’):| vour (K, ) =0, (3.18)

where v, (K, ) and vy, (K, /) signify the incoming and the outgoing solutions of the rescaled
field, and particularly in the present context these play the role of the classical solution of the
equation of motion before and after the quench mechanism. Due to having quantum quench in
the time-dependent effective mass profile at a particular conformal time scale one can differen-
tiate the solutions with respect to the mass parameters involved in the time-dependent effective
frequencies, which are given by the following expressions:
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E f fective mass profile

T T T T

After quench
Before quench

(1)

M rf

Point of quench

(t=n) \-\

7 (con formal time)

Fig. 3.2. Effective mass profile.

2 1 2
Vin = 3 . 9 m
wgff,in(k’ T)i= (k2 - m‘c—24) with vi, = \/ 1= H—Oz, (3.19)

2 1
Ve — . 3
O3t o ks T) i = (k2 - T“) with vur = 3. (3.20)

Here it is important to note that, 7 is the associated conformal time scale before the mass quench
operation. Also t’ = 7 47 is the associated conformal time scale after the mass quench operation,
where the quench is performed at the point ; in the forward direction in the conformal time scale.

Now, the solution of the mode equations in the Fourier space before and after quenched mass
profile can be written in spatially flat background de Sitter space as:

Before quench: v, (k, 1) = /=7 [d\ H\)) (—kT) + dy H?) (—kT)], (3.21)
After quench:  vou (K, 7) =v—7' [d3H" (=kt') + dy H® (—k7)], (3.22)

where the solutions appear as linear combinations of the Hankel function of the first and
second kind of order v;,, for the incoming and v,,,; outgoing solutions.

It is important to note that here we have the following total effective mass for the sudden mass
quench profile:

2
mgff(f) _ % (m (7) _2>

H?2
1 m%
2\ Before quench: 7t < n;
T
_ (3.23)
2
_W After quench: 7 > .
T

This is plotted in Fig. 3.2. If we closely look into the obtained analytical solutions for the ingoing
and the outgoing modes then we see that both the solutions are fixed with respect to choice of
constants dp, d» and d3, d4. Due to having mass quench at a preferred conformal time scale 7,
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in this particular set up the constants appearing in the outgoing after quench solution, d3 and da
can be determined in terms of the constants appearing in the incoming before quench solution,
dy and d>. The specific choices for these constants can be fixed by choosing the following set of
quantum initial conditions [73]:

Bunch — Davies vacuum : di=1, dr» =0, (3.24)
o vacua : d; =cosha, dr = sinha, (3.25)
Motta — Allen vacua : dy = cosha, d» =exp(iy)sinha. (3.26)

For the Bunch-Davies case [74—76] we will get very simple expressions, though the expressions
for the o or Motta-Allen case will become complicated. To avoid confusion during the compu-
tation we do not substitute these values of the constants for the three different choices of the
quantum initial conditions. However, during the numerical computations from the obtained re-
sults we will use them explicitly to determine the differences in behavior. In the appendices we
present some results pertaining to these initial conditions for completeness. Our result, presented
here, are valid for the any arbitrary choice of the quantum initial conditions, out of which for
numerical purpose we will only focus on the three above mentioned possibilities.

The Egs. (3.21) represents the most general solution valid for all time scales. However, work-
ing with these general solutions is often cumbersome and the asymptotic limits of the above
solutions are found convenient for analysis. The Hankel functions in these asymptotic limits can
be expressed as:

Sub — horizon asymptotic expansion :

2 1
_klrlIl)looH(l) \/;mexp(—i{kt+Av}), (3.27)

2 1
lim HY=— /= ikt + ALY, 3.28
—k‘L!r—>nOO v T \/—_k‘l,'exp(l{ T + V}) ( )

Super — horizon asymptotic expansion :

—k (=v)
lim HO =L (v )( T) , (3.29)
lim H@)———r( )< kt)(_w (3.30)
—kt—0 - ’ ’

where we define the factor A, as:

b4 1
AU:E U+§

(v ++) with g2 " e h
—(vin+ =) with v, =,/= — =2 Before quench: 7 < 7;
{2\ "2 " N4 H2 q " (3.31)
1 3
% Vour + 5) with vy, = 3 After quench: t >

Let us now discuss the solution of the above equation in the sub horizon limit where modes of
quantum fluctuations are inside the cosmological horizon, it behaves like a quantum mechanical
plane wave. In the limit —k7 — oo (—kt > 1), using the above limiting solutions of the Hankel
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functions, the fluctuation solution reduces to:
Sub-horizon asymptotic incoming solution:

T 2
. T 1
—dy exp{—z (kr + —(vi,, + —)) ”, (3.32)
2 2
1 [2k . T 1
i (K, T)|—kr>00 =7 _|:dl CXP{—I (kT + _(Vin + =
Y 2 2

. T 1
+dy exp{—z <kr + 5(\1,,, + 5) ”, (3.33)
e

where I1;, (k, 7) is the canonically conjugate momentum of the field v;, (K, ), which is defined
as, I, (k, 1) = v}, (k, 7).

On the other hand, in the super-horizon limit when the fluctuating modes are goes outside the
cosmological horizon it behaves classically. In the limit —kt — 0 (—kt < 1), using the above
limiting solutions of the Hankel functions, the fluctuation solution reduces to:

Super-horizon asymptotic incoming solution:

2i ez \ 2

Vin(K, T)|—kr—0 = z;F(vin) - (di — da), (3.34)
2 i 1 —r\ it D)

(K, )| —kr—0 = zﬁ (Vin - E>F(Vin)<7) (di — db). (3.35)

Sub-horizon asymptotic outgoing solution:

[ 2 . T 1
Vour (K, T) |kt 500 = ok |:d3 eXp{—l <k(1’ +n)+ 5 (Vout + 5))}
1
—dy exp{—i(k(t +n)+ %(vgm + E)) }:|, (3.36)
1 /2k . T 1
Mour (K, T) |z 00 = l_ ;|:d3 CXP{—I (k": + E(Vout + 5))}
d (ke + 2 : 3.37
e (i 5 (w3 ] o

Super-horizon asymptotic outgoing solution:

1
2 —k(T 4 )\ 2V
Vour (K, T)|—kr—0 = \/;; ' (Wour) <Tn> (d3 — da), (3.33)
1
2 1 —k(l’ + 77) —Wour+7)
Mour (kv T)|—k(r+7))—>0 = \/;m (Vout - 5) I (Wour) (f) (d3 - d4),
(3.39)

where I1,,; (k, 7) is the canonically conjugate momentum of the field v, (k, 7), which is defined
as, Mour (k, 7) = vy, (k, 7).

out
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Combining the above two limiting solutions, the asymptotic solution of the mode equation
can be written as:
Asymptotic solution for the mode before quench:

2Vin=3 i (—kr)2Vn

V232t
X [d1(1 +ikt) exp<—i{kr + z(\;m + %)})

C(vin)

Uin(k, T) = F(3/2)

2
. . T 1
—dy(1 — zkr)exp(z {kr + E(Um + 5)}>:| (3.40)

The above equation basically represents the incoming solution before the point of quench. Simi-
larly, the general expression for the canonically conjugate momentum variable for the incoming
solutions (solution before the point of quench) in this asymptotic limit simplifies to the following
expression:
Asymptotic momentum before quench:

2Vin=3 | (—k7)3Vin

'(vin) 1 (1+ikt)
NS rG/2) [d‘ { <5 - ””’) T 1}
. T 1 1 (1 +ik7)
exp( —l{k‘f + E(Ui” + 5)}>—d2{(5 - vm>w + 1}

eolifie s (o ] aan

By following the same logical argument, the outgoing solutions can be calculated as:
Asymptotic solution for the mode after quench:

Hin(k, 1) =

2U0ut_% i (_k(-[ + rl))%_vnur
V2132 (T + 1)

X |:d3(1 +ik(t + n))exp(—i{k(r + 1)

#5(1wr+3)])

—ds(1 —ik(t +1n)) exp(i{k(t +n)+ %(v,m + %) })} (3.42)

The canonically conjugate momentum variable for the outgoing solution can also be described
as:

Asymptotic momentum after quench:

F(vl)lt[)

Vour (K, T) = r'G/2)

203 (—k(z 4 7))2 7" | T ()
J2k5/2 I'3/2)

1 (1 +ik(z + 1))
X I:d?,{(E - Uout) kz(‘L' T r;)_2 + 1}

. T 1
exp<—z {k(f +n)+ E(V(mt + E) })
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| (1 +ik(zt 4+ 1))
_d“{<5_”"”’) K2t + 11)2 “}

exp(i{k(T )+ %<uom + %) })]

If we closely look into the expressions for the field variables and their associated canonically
conjugate momentum variables for the incoming and outgoing situations then we see that the
solutions differ, (A). in terms of the mass parameters v;;, and v,,; and (B). in terms of the con-
stants d;Vi =1, --- , 4. As we have already mentioned, one can compute the expressions for the
outgoing constants, d3 and dy in terms of the incoming constants, d; and d;, thereby express-
ing the incoming solution in terms of the outgoing solution or vice versa using the Bogoliubov
transformation technique. This technique is particularly useful in the present context, not just
for expressing one solution in terms of the other, but also for constructing the ground state as
well as the excited generalized Calabresse Cardy (gCC) states, which are the key ingredients for
computing the two-point functions for both the cases. The two-point functions also play another
role here. They tell us that how the quantum correlations can be explicitly quantified when the
system tending to thermalize. For the flat space-time, particularly in 1 4+ 1 dimensional system
this formalism is easily understandable and was explicitly studied in [41]. Later this work was
generalized to 1 + 2 dimensions in [42]. But there has been no such development in the presence
of background classical gravitational solution. The presented technique in this paper will going
to be an attempt for a very simplest case, where the space-time is described by de Sitter solu-
tion. The results that we have obtained in this paper is an attempt to understand the underlying
physical phenomena and its related physical explanation of the thermalization phenomena in de
Sitter space-time in presence of sudden mass quench. We now develop the tools which would be
needed for the mentioned purpose.

To determine the outgoing coefficients d3 and dy in terms of the ingoing coefficients d; and
d> one needs to use the following two cruicial conditions:

1. Continuity in the field variable:
First of all, the solution obtained before quench and after quench has to be continuous at the
point of quench n, i.e.,

vin (K, T)|r=17 = Vour (K, T)|r=77- (3.43)

2. Continuity in the momentum variable:
Secondly, the canonically conjugate momenta obtained from both the solutions before
quench and after quench has to be continuous at the point of quench 7, i.e.,

I1;, (k, T)'r:r; = [pur (K, T)|r=n~ (3.44)

Again using the continuity condition of the solutions and its derivatives at the point of quench
we can fix the constants d3 and dy in terms of d; and d». It can be easily found that the constants
dz and dy4 expressed in terms of d; and d> can be written as:

9
Qvin=3 ink
dy = 2;—"13(”7) |:d1 (6nk — 3i) + id> (2nk + 3i) exp(i 20k + min))}, (3.45)
n
2Vin=3 exp{—i(Bkn + mvip)}
dy =

kn
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x [—d1(3 +2ikn) + 3da expli 2kn + mvin)} (i + 2k17)]. (3.46)

Here it is important to note that, incoming and the outgoing mode functions before and after
quench can be expressed in terms of each other via the following relations:

vin(K, T) = a(k, 0) Vour (K, T) + Bk, n) v5,, (=K, T), (3.47)
Vour (K, T) = ™ (k, ) vin (K, T) — Bk, n) v}, (=k, 7). (3.48)
Consequently, the general solution for the field equation can be written as:

v(k, 7) = ain(K)vin (k, 7) + a,Tn(—k)U;‘,,(—k, 7)

= our (K)Vour (K, T) + a3 (—K) 0}, (K, T), (3.49)
which satisfy the following reality constraint:
v*(k, ) =v(-Kk, 7). (3.50)
Using these above mentioned equations one can explicitly show that:
ain(K) = o (k. )aour (K) — B* (k. ma,, (—K), (3.51)
aour (K) = o* (k. main (K) + B* (k, )a], (k). (3.52)

Here the Bogolyubov coefficients at the point of quench 7, are calculated using the following
equations:

v, (K, DU (K, T) — vour (K, T)V] (K, T)
2i
v, (K, Dvin (K, T) 2— Vour (k, D)V, (K, T) ' (3.54)
1
n

Using the above equation the Bogoliubov coefficients for our quench profile can be calculated as

alk,n) =

) (3.53)
n

Bk, m) =

22Vi11_5 )
alk,n) = exp{—i(2kn + wvip)}(—kn) ="
X |:d1d§'<(1 +ikn)(1 +kn@ + 2kn — 2iv;y) — 2v;,)
+ djdy exp{2i 2kn 4 mvin)} (i + kn) (i + k(1 + 2ikn — 2v;,) — 2ivi)
— dadf expli (2kn + mvin)} (0 + k>n*(3i + 6kn — 2iviy) — 2ivip)
+ did} expli (2kn + wvin)} (k20> (=3i + 6kn + 2ivi,)
+i(—=1+ 2Vin)):| IT (vin) |2, (3.55)
21),',,—5
Blk,n) = expl{i (2kn + 7 vin) }(—kn) ~2in

X |:d1 (@ + kn) —idrexp{—i (2kn + wvip) }(—i +kn)]
[a’z exp{—i (2kn + wvin) YA + kn(@ + 2kn — 2ivin) — 2vin)

+di(—i +2ivip +kn(=1—2ikn + 2Vin))j| Tl (3.56)
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Once the Bogoliubov coefficients is found for a given quench profile, one defines a quantity y (k)
which is defined as

B*(k,m)
Yy =—"7,
o*(k,n)
where in principle the coefficient y is functions of both k and n, but for a given fixed value of

the quench time scale, the coefficient y turns out to be a function of k only.
Another quantity that will be of significance in the formulation of the in states is defined as

(3.57)

1
For Dirichlet boundary state : k(k)=— 2 log(—y (k)), (3.58)

1
For Neumann boundary state : kk)=— 3 log(y (k)). (3.59)

A power series expansion of x and y around k = 0 gives us the conserved charges. In [41], the
authors have explicitly found out the relationship between various coefficients of y (k) and « (k).
For the quench profile considered above, it can be found that the series expansion of y (k) can be
written as.

y (k) = yo + valkl + y3lk|* + valkl® + yslk|* + yo kI + ... (3.60)

and the corresponding « (k) parameter for the Dirichlet and Neumann boundary states can be
expressed in terms of the following series expansions around k = 0, as given by:

For Dirichlet boundary state :

(0.¢]
Kk (k) = <Ko,DB + anﬂ,nnlkl"), (3.61)
n=1
For Neumann boundary state :
(0,¢]
K(k) = <K0,NB + ZK11+1,NB|k|n>- (3.62)
n=1

where it is important to note that:

i
K0,DB = (KO,NB + 7) , and K41 DB=Kpt1NB Y n=1,2,3,--- 00 (3.63)

In this expansion the various non-vanishing coefficients of y (k) can be easily verified to be:

id) + dyexp(imviy)

= , 3.64
Yo id} 4 df exp(imviy) (3.64)
_ 2ddf — dady) exp(ivin)n° (5 + 2viy) (3.65)
T T3((dg + d explmvin) 2 (=1 4 20)) '
2(d1d* — dodt 7T Vi) (=29 + 4vin (4 + v;
v = (drd] 2 2)€Xp(l7Tvm)n ( +4vin (4 +vin)) (3.66)

5((id; + d} exp(imvin))>(1 — 2vi,)2)

Similarly, the non-vanishing coefficients of the « (k) expansion can be calculated for Dirichlet
and Neumann boundary state in the present context, which we have quoted explicitly in the
Appendix A.

Thus for our quench profile, the relationship between the various coefficients of « (k) and
y (k) can be found out. However, before doing that it can be seen that for the expansion contains
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an first constant term which is independent of |k| and thus only acts as a phase for the states
expressed in terms of them.

i (idy+dfexp(imviy) 1 /dy+idyexp(imvin)\ v4

K4,DB = K4 NB = = - - == . . — (3.67)
2\ dy —idyexp(imviy) 2\dy —idrexp(imvin) /) Yo
1 (id5 +df exp(imvip) 1 [ —idy + daexp(imvin) \ V6

K6,DB =K6,NB = = | = - ==\ - —  (3.68)
2\ idy + drexp(imviy) 2\ idi +dyexp(imvin) /o

The explicit expressions of the above coefficients for the three different choices of quantum
initial conditions has been given in the Appendix A.

Additionally it is important to point that, the classical solution of the field x can be promoted
further as a quantum operator by the following expression:

. . T (—k)v* (—
2k, 7) = ain(K)vin (K, 7) ‘;(a‘;;( k)vln( k,7) (3.69)
_ Gout K)vour (k, 7) + agut (—K)vg, (=K, 7) i (3.70)
a(t)

where additionally the following reality condition in Fourier space has to be satisfied:

Xk )= x(—k, 7). (3.71)

By following this identification at the quantum level the canonically conjugate momentum oper-
ator corresponding to the field operator x (k, 7) can be expressed as:

ain (K}, (K, 7) + a), (k)i (—k, 7)
a(r)
ain(K)vin (K, T) +a} (—K)vE, (—k, 7)
- a’(v) ¢
oV, (K, T) +a), (—K)vk, (k. 7)
N a(t)
_ our ) Vour (K. 7) + a5, (K05, (k. T)
a*(t)

Further using Eq (3.69) and Eq (3.70) in Eq (3.74) and Eq (3.75) we finally get the following
simplified form of the momentum operator:

I, (k, 1) =

(r) (3.72)

(1) (3.73)

ain (0 i (k, ) +af (R (k1) 2k.7)

I, (k1) = e ERA (3.74)
— Aout (k)nout (ka T) —ZZL.())ut(_k) Hou[ (_k7 t) _ X;l({;;) a/(f), (375)

where we define the canonically conjugate momenta for the incoming and outgoing modes as:

Hin (kv T) = Ul{l‘l (kv T)a (376)
Mour (K, T) = v, (k, 7). (3.77)

out
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o 1 . .
Also it is important to note that the term a(t) = ——— represents the scale factor in de Sitter
T

space. All these expressions for the field and the momentum operators are very useful for com-
puting the two-point correlation functions [77-79], explicitly computed in the next part of this

paper.
3.2. Construction of in and out vacuum states

As discussed in the previous section, the solutions of the equation of motion before and after
the point of quench is not exactly identical mainly because the mass profile changes. Physically it
can be thought as two different oscillators with different masses. They define two distinct vacua
|0,in) and |0, out), where the vacuum |0, in) represents the initial vacua of the oscillator before
the point of quench and |0, out) represents the initial vacua of the oscillator after the point of
quench. We begin with the assumption that we begin from the ground state of the initial massive
theory, i.e., |0, in). Now since we are doing the computation in de Sitter background solution, the
above mentioned in-vacuum state is not the usual Minkowski vacuum state used in the context
of flat space-time. In this construction for any arbitrary choice of quantum initial vacuum state
the in-vacuum and the out-vacuum state in general can be written in the following form:

. 1 )
|O9 ln) = |d15 d2> = \/ﬁ |09 ln)vac ) (378)
where we define
, idy [ &k g .
0. im)ae =exp( ~72% | 555 ix00a}, (=K )10, inhgy . (3.79)

Here |0, in)gp is the Bunch Davies Euclidean vacuum state. In this construction the in-vacua
state |0, in)y,e can be expressed in terms of the out-vacua state using the above mentioned defi-
nition as:

. 1 [ dk + +
|0, in)yae = €Xp 3 RISE y(k)a,,; Ka,, (—K) |0, out) . (3.80)
In this context the in-vacuum can be recast in the following form:
, d*k "
|0, in)yae = €Xp —/ ) k(k)a),; Kaou: (K) | |D), (3.81)
, d’k "
|0, in)yae =eXp| — 2n)? k(k)a),; Kaou: (K) | IN), (3.82)

where, |D) is the Dirichlet Boundary state and |N), represents the Neumann boundary state
which are defined in terms of the out-vacuum |0, out) state as follows:

|D) = exp|:——1 —3 aT (k)aT (—k)i| |0, out) (3.83)
2 (2 )3 out out ’ ’ *
|IN) = exp|:—1 / —3 aT (k)aT (—k)i| |0, out) . (3.84)
2 (2 )3 out out ’

Now using the power series expansion of k in Eqs (3.81) and (3.82), we find that our in vacuum-
state can be expressed in the following simplified form [35,68,80,81]:
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1 o0
|0,in) = exp[_KO,DBWO — > k21,pBW2 ,DB] |D), (3.85)
Vidi] 2 " "
o0
0,im) = — exp[—KONBWo—sz NB W2 NB}|N> (3.86)
k) - N n, n, . .
Vldil =

Thus, for the instantaneous quench from non-zero to zero mass in de Sitter space the post
quench wave function, starting from the ground state of the original Hamiltonian can be repre-
sented by the generalized Calabrese Cardy (gCC) form with the coefficients ;s given in (A.16),
ie.,

10,in) = [¥) gcc (3.87)

Thus for the instantaneous quenched mass profile in de Sitter space-time, the in-state before
quench takes the gCC form after the quench. Hence, one can represent the out-state in terms of
the state |{),c¢ after the point of quench via the following relation:

gCC in terms of Dirichlet boundary state :

o0
exp ( — k0,08 Wo — ZKZn,DB Wzn,DB) |D)

n=2

1
hﬁgCC)DB = ﬁ

o
eXp(—Ko,DB Wo — Z’Qn,DB W2n>
n=2

1 4’k
exp<—5 / Wazm(k)azm(—k)> |0, out) .
(3.88)

1
A/ ldi]

gCC in terms of Neumann boundary state :

o
exp ( — ko,NBWo — ZKZn,NB W2n> IN)
n=2

oe(-2 )
=——exp| — ) «on,NBW2u NB

(3 Gpebutortui—w)
exp (k)a,,;(—Kk) | |0, out) .

1
|1/fgCC)NB = \/W

E (27_[)3 Aoyt
(3.89)

One can also calculate the various conserved charges for the post quench phases from the expan-
sion of x. In [41], the authors found that for the same quench profile in flat space-time, the in
state after the point of quench can be expressed as

H W,

0, in):exp|:——+—43 +} D). (3.90)
mo  6mg

Thus, we find a significant difference in the nature of the gCC state after the point of quench for

de Sitter space-time from the flat space results. The most striking difference being the absence
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of the coefficient x; which implies the subsystem thermalization at a very large temperature.
This claim can be made by understanding the fact that the coefficient «» is related to the inverse
temperature Also, another thing to note is the dependence of the coefficients on the choice of
initial conditions. This is again a manifestation of the fact that the choice of initial vacuum is not
unique in curved space-time. In our case, the expectation value of the number operator is given
by:
4—5+2vm
(N)= 7 exp{—2i (2kn + 7 vin)} (—kvi) M

X ([dz(—i +kn) + idik exp{i 2kn + wvin)}(i + kn)]
[(di (=i + kn) + idy exp{i (Zkn + 7vip) D) (@ + kn)]
X [dy (1 4+ kn(i + 2kn — 2iviy) — 2vip)

+df exp{i (2kn + i)} (i (=1 4 2vi) + kn (=1 — 2ikn + 2v;,))]
[di(1 4+ kn( + 2kn — 2ivip) — 2viy)] + do expl{i (2kn + 7viy)}

(i (=14 2vin) + kn(=1 —2ink + 2Vin))> T (win)|*, (3.9
which will finally appear in the following conserved charges of the W, algebra for gCC states:
’k Lt , d’k
(Wo) := @)y (0, inlagy,, (K)aou: (K)|0,in) = @)y (N (k). (3.92)
d°k , : d’k
(Wai1) := / o) IKI"(0, in b, (K)o (K)[0, in) = / ) k" (N (K)), (3.93)

Vin=12.---,00 where (NK)=Ipk .
3.3. Quenched two-point correlation functions without squeezing

In this section, we will compute the two-point correlation function of the ground state, gCC
in-vacuum in the post quench state by doing the mode expansion of fields in 3+1 dimensions. By
changing the mass in the sudden limit from mg to 0, which implies the changing mass parameter

9 m(2) 3 .
from v;,, = 1 m to Vour = X the Hamiltonian of the system changes; the post-quench state
is given by a gCC state as described in the previous section.
3.3.1. Two-point functions from ground state

Once we have constructed the in-states in terms of the out-states, we can calculate the follow-
ing two-point correlation functions with respect to the ground state:

G (x1, %2, 71, 12) = (0, in| X (X1, T1) X (%2, 72) [0, in), (3.94)
G,y (X1, X2, 71, T2) = (0, in| 9; x (X1, T1) 9 X (%2, 72) [0, in) (3.95)
G%an (x1,%x2, 71, 2) = (0, in| I1(x1, T)) [1(X2, 72) |0, in), (3.96)

where, G())(X (x1,X3, 71, T2), Ggixaix (x1, X3, 71, T2) and G%XHX (X1, X2, 71, T2) represent the prop-
agators in this computation. Additionally, we will define the spatial separation between the two
points x| and x; as:
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r.=X; —Xp, (3'97)

which we willbe using in the subsequent computations.

It is important to note that, in this context, we are interested in the correlation function of the
field x, its spatial derivative and canonically conjugate momenta. This field y is redefined in
terms of the classical mode function y = v/a(t), which we use in the derivation of the two-point
functions.

The two-point correlators can be expressed as:

d’k
G?(X(r; Tlaf2)=/(27)3<0»in|)(in(k» )X, (K, 2)10,in) exp(ik.r)

d*k
(27)3

d’k
Ggfxaix(l’; fl’f2)=/—(2 ) (0,in|djx (k, t1)dj x " (k, 12) 0, in) exp(ik.r)

6o (k, 71, 72) exp(ik.r), (3.98)

d’*k
/(2 )3gdjxdjx(k 71, o) exp(ik.r), (3.99)

G%X m, (71, ) = / o)’ (0,in| Ty (k, T)IT} (k, 72) |0, in) exp(ik.r)

43k

) —tt ., K. 71, 72) exp(ik.r), (3.100)

0 0 : :
where gxx K, 71, 72), gajxajx (k, 71, 72) and gnx m, (k, 71, 72) representing the Fourier transform
of the real space Green’s functions. From the present computation we get the following expres-
sions for the Fourier transform of the real space Green’s functions:

1

G0 (k 71, 72) = ERTICSIT [ZAb(k 1, ‘L'2)j| (3.101)
P k)= —— I:_kZiAb(k, fl,rz)}, (3.102)

Jrex a(ty)a(r) |d| P

4
1 a'(t)ad' (n)

Kk, = _ Ap(K, 11, 3.103
gn n, K 11, 12) = @l [(a(rl))z(a(rz))2 <l; p(K, 71 rz)) ( )

8
a'(n)
VRN YN A ka )
(a(n))z(a(fz))<l; ollen ”))
d(@m) ([
VRN EYENY) A ka )
(@(m)(a(r))? (; vl m)

1 16
(Z Ap(K, 11, m)}. (3.104)

Tatmam \ &,

Here we have introduced new symbols A; (K, 1, 2) Vi =1, ---, 16 which are used in the above
mentioned expressions for propagators and are explicitly given in Appendix B.1.
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Once we take the equal time case, 1] = 170 = 7, it is easy to determine the expressions for the
amplitude of the Power Spectrum of the field y, its spatial derivative and canonically conjugate
momentum:

4
1 1
ggx(k’ T=T,12=1):= ng(kv )= az—(‘c)m [;Ab(k, ‘L’):|, (3.105)
ggjxi’/x(k’ U=T,R=7)= Pz(a)jxajx(k» 1) =—k* P (k 1), (3.106)
(@ (1))
Ghn,kn=1.0=1):=Ppn k)= [ - 2;) P, (&, 7)
a’(r) 1 <12 > 1 1 < 16 >:|
- 7 Ap(k, 7) ) + —— = Apk, 7)) |, 3.107
@@ 1| ; &)t o b:ZB 5k, 7) (3.107)

which are all cosmologically significant quantities. This will finally give rise to the following
cosmological two-point correlation function:

(0.in| x (k, 1)x (K, 7)10,in) = 27) 8> (k + K)PY, (k. 1), (3.108)

(0,in] (ikx (k, D) kX (K, 1) [0,in) = 21)°8 (k + K)Pg 5., (K, 7)
=—Qm)’8 k+K) K*PY, (k, 1), (3.109)
(0,in| TI(k, T)II(K, 7) |0, in) = 27) 83 (k + k/)PIQIXHX K, 7). (3.110)

3.3.2. Two-point functions from gCC states
In this section, we focus on calculating the two-point correlation function for the gCC state:

G859 (x1. %2, 71, 12) = (8CC| X (X1. T1) X (X2, 72) [gCC) | G.111)
GEC (x1.%0, 11, 12) = (§CC 87 x (x1. 71)d; x (%2, 2) [8CC). (3.112)
G T, (%1, %2, 71, 12) = (gCCI Tlxt, ) (%2, 72) [§CC), (3.113)

where we use two types of gCC states, which are the |gcc)pg Dirichlet and [Ygcc)yg the
Neumann boundary states, respectively.
The two-point correlators in terms of the Dirichlet boundary states can be expressed as:

cC .
G4y PR T, )

d3k . . )
- / s 0B 8CC a7 77, (K, 7) [§CClpp exp(ien)

1 d3k
= — —— X
i) @rp3 P
(D] fin(k. 1)} (k. 2) | D) exp(ik.r)

oo
( — (kg pB + ko,08) Wo — Z(Kikn,])g + Kzn,DB)Wzn)

n=2

[ dk
) @n)
gCCpp
G3j)(8j)(

4’k R A ,
- / s DB (£CC1, i (K, 70, 77,0, 72)[8C . explikn

GECPB (k, 71, 12) exp(ik.r), (3.114)

(r; 71, 72)
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1 d’k i} x
= m —(27[)3 exp\ — (KO,DB + KO,DB)WO — Z(KZn,DB + K2n,DB)W2n
n=2

(D19 Rin(k, 1) x7, (K, 72) | D) exp(ik.r)

/ oy gg}f(gng &, 71, 1) exp(ik.r), (3.115)

chc"% 11, 12)

_ / (33 PP {BCCITL )1 0 22)[CChpy explikr)

=— / ——exp| — (kg pg + «0.pB)Wo — Y (K3, pg + K21,DB) W2n>
3 , "
@) @ 2

(DI 1T, (k, T)IT} (K, 72) | D) exp(ik.r)

a’k
o G5 PRk, 71, 1) exp(ik.r), (3.116)
where G XCDB Kk, 71, 1), Qg X%D)]: (k, 71, 72) and QgiczB (k, 71, T2) represent the Fourier trans-

form of the real space Green s functions calculated between the Dirichlet boundary gCC states
formed after quench. The state | D) is the Dirichlet boundary state which is defined in terms of
the out-vacuum state by the following expression:

1 4’k
|D>=e><p<—— o) A ()@ (— k)) |0, out) . (3.117)

Now we can express the Fourier transform of the Green’s functions G gCDB Kk, 11,1),G £CCop (

i x0;x
71, T2) and Qg CCos (k, 71, 72) in terms of the out vacuum state. Hence, the outgoing solutions are
represented by the following expressions:
gCCpp
Gy PPk, 11, 2)
1 1
a(ty)a(ry) |di]

exp ( — (g pg + k0.0B) (N (K)) = (3, pp + k20.08) [k~ (N(k)>>

n=2
4
> 0.k, 11, 12), (3.118)
c=1
Gy (k. 71, 72) = —K2GES P (k. 71, 72), (3.119)

GE PR, 71, 12)

1 * - * 2n—1
= g P ( — (g pp + ¥0.0B)(N (K)) = Y (3, pp + K20, DB) K] <N(k)>>
n=2

a'(t1)d (1) 4 :| d' (1) [ 8 }
PR ®C k, s - - ®C k, ,
{(a(fl)a(fz))2 [; &, 71, 72) a2(t1)a(t) ; (k, 71, 12)
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12 16
el [+ zemecal J
—_ Ok, 11, ) [+—— O Kk, 11, 1) | ¢, (3.120)
a*(m)a(t) ; ‘ a(t)a(n) ;2 ‘
where the functions ©.(k, 71, 2)Vc=1,---, 16 are given in Appendix B.2.

Once we take the equal time case, which is t; = 7o = 7, then the expressions for the amplitude
of the Power Spectrum of the field y, its spatial derivative and canonically conjugate momentum
from the gCC Dirichlet boundary states can be easily obtained:

g);’;iCDB kK tni=t,m=1)= 'P)K(ECDB k, 1)
1
T ak(v) |dy|

exp ( — (kg pp + k0.pB) (N (k) — Z(Kfn,pg + k2n,08) k|7 (N(k)))

n=2

4
[Z@C(k, r)], (3.121)
c=1

ggjffa'j?ﬁ kK T=1,10=1)= 73,;;31%;_’; (k, 1) = —k* PS8 (k, 1), (3.122)

ggCCDB k _ _ . ngCCDB k _ (a/(f))ergCCDB k
i, Ktu=1,0=1):=Py g (Kk1)= 2 k, 1)

—exp ( — (kg pp + <0.0B) (N (K)) = Y (3, pp + K20 0B) K[>~ <N(k>>)

n=2
12 16
a(r) 1 1 1
— Ok, — — Ok, . 3.123
i(cﬁ(r) |d1|(§ ( f)) a2(0) 1d| <,,;3 ( ”)” (129

These are cosmologically significant quantities. This will finally give rise to the following cos-
mological two-point correlation function for gCC Dirichlet boundary states:

pB (CC| x (K, T)x (K, 7)|gCC)pg = 27)°8’ (k + K) P55 PP (k, 1), (3.124)
pB (8CC] (ikx (k. ) (ikx (K, 7)) [§CCIpp = (2m)*8 (k + K) P53 (k. 1)

=—2m)’ 8 (k+K) POk, 1), (3.125)
pB (2CCITI(k, DTI(K, 7) [§CC)pp = (27)°8 (k + K)PF P (K, 7). (3.126)

Similarly, the two-point correlators in terms of the Neumann boundary states can be expressed
as:

2CONB (- _ [k s o ;
G, N (T, ) = ) NB (CC| Xin(K, T1) X, (K, 72) [§CC)Np exp(ik.r)

1 &’k i ©
= m —(27_[)3 exp|\ — (KO,NB + KO,NB)W() — Z(KZn,NB + K2n,NB)W2n
n=2
(N| zin(k, T1) x5 (K, 72) IN) exp(ik.r)
&’k gCCng .
=] @np Gy N (k, 11, 1) exp(ik.r), 3.127)
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GgCCNB

300,50 715 T2)

4’k R R )
_ f S N 8CCI, i )8 77, ) [5CChay. exp(ikr)

1 43k

o
) e P ( — (kg + €O.NB)Wo — ) (3, np + K2n,NB)W2n>

n=2
(N a;xinax 713 x5, (k, 72) N) exp(ik.r)

/ (27)3 ggﬁﬁfﬁ (k, 71, T2) exp(ik.r),

gCCNB(r 11, T2) = f(Z 5 NB (gCC|H k, rl)l'I (k, ) |gCC)np exp(ik.r)

1 d’k i} .
- 1di1 ] @n)3 exp | — (ko,ng + Ko.NB) Wo — Z(K2n,NB + «2n,NB) Won
n=2

(NI (k, z])f{* (k, 72) N) exp(ik.r)

(W ggCCN‘*(k 71, 2) exp(ik.r),

where gxx Ong Kk, 11, 1), g§ XC3N§ (k, 71, ) and gg COng (k, 71, T2) represents the Fourier trans-

form of the real space Green S funct1ons calculated between the gCC Neumann boundary state
formed after quench. The state | N) is a Neumann boundary state which is defined as

1 [ &k i
|N>=exp<5 maom(k)aom(—k)> 10, out.) (3.128)

Now we can express the Fourier transform of the Green’s functions G chNB (K, 71, 72), GECENB (k

djx9jx
71, 1) and G& XCT(B (k, 71, 72) in terms of the out vacuum state and hence the outgoing solutions
represented by the following expressions:

GSCM (K, 71, 1)
1 1
~a(m)a(n) |di|

exp ( — (kgnp T KONB) (N (K)) = > (i3, Ng + K20 NB)) [k <N(k)>)

n=2
4

> 0k, 11, 1), (3.129)
c=1

g5 ek, 71, 12) = kG5 M (k, 71, ), (3.130)

1
ggCCNB(k T, T2) =
ldi|

exp ( — (g g + Ko.NB) (N (K)) — > (3, ng + 20 NB)) K| <N<k)>>
n=2
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d'(m)a (0) [w ] a'(t) [ i :|
AT IS G (k11 1) |~ | Y 0k, 11
{(d(fl)a(fz))2 [; (k. 71, 72) a2(t)a(t) ; k, 71, 72)

12 16
a'(t) [ 1
- 0.k, 11, 02) [+——— Ok, t1,72) | f» (3.131)
a(n)a(n) Z:; ‘ a(t)a(r) :Zu o
where the functions ©.(k, 71, )V ¢ =1, - - -, 16 are defined earlier. Here one can further show

that:

¢CCnp
gf{'chB (ka 71, 72) ga Xd X (k’ g T2)

gCCpp gCCps
G k11, m) ga_/Xan (k, 71, 12)

G k.71, 7) i
m = exp <2<K0,NB + 7) (N(k)))

= exp(2ko,pB (N (k))), (3.132)

where we have used the fact that, all the forms of W>, ¥V n =0, 2, 3, co algebra for Dirichlet and
Neumann boundary states are exactly same, but the coefficients for the n = 0 term is different and
others are exactly same. Here particularly n = 1 is not allowed as for our set up the coefficient of
|k| term is trivially zero in the expansion of the « (k) parameter.

Once we take the equal time case, t] = 1 = 7, it is straightforward to determine the expres-
sions for the amplitude of the Power Spectrum of the field y, its spatial derivative and canonically
conjugate momentum from the gCC Neumann boundary states:

gCCnB _ _ ._ p8CCNB
Gy Pk n=1,n=1) =P k1)

= % ] &P ( — (i, np + Ko.NB)) (N (K))
- Z(xzn w + <20 N KN () )[Z O (k, r)] (3.133)
n=2
Gk, 1 =7, 12 =7) := Py Mk, T) = —k> PECN (K, 7), (3.134)
GH T kT =1, 1 =1) = Pf "k, 7) =
[(Zz((r ))) Py k) —exp ( — (5 g+ koNB) (N (1)

- Z(xz‘n,NB +K2n,NB))|k|2n_l(N(k)))

n=2

12
a@ 1 1o
{(cﬂ(r) il (Z(M" T)) () ldi| <Z (k. ”)” (3.135)
c=5

b=13

which all are cosmologically significant quantities. This will finally give rise to the following
cosmological two-point correlation functions for gCC Neumann boundary states:

NB (§CC| x(k, 1) x (K, 7) |gCC)np = 27)°8> (k + K)PE N (k, 1), (3.136)
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NB (§CC (ikx (k. 1) (ikx (K, 7)) [§CC)np = 2m)°8 (ke + K) PG
=—Q2n)’8 k+K) PPN (K, 1),

(3.137)

B (8CCITI(k, DTI(K, 7) |gCC)np = (27)387 (k + k/)PﬁfﬁT‘ k7). (3.138)

k, 1)

3.3.3. Two-point functions from Generalised Gibbs Ensemble without squeezing
In this section, we calculate the above two-point correlation functions for the Generalized
Gibbs Ensemble (GGE) [82,83] after quench. They can be expressed as:

A A 1 A
GUIE (B x1, %2, 71, 12) = (X (%1, T) X (%2, T1)) p = ETr<exp ( — BH(11)

o
— > K2..DB/NB |k|2”—lﬁk>)2<xl TR (%, u)), (3.139)
n=2

~ R 1
Sffx (B, X1,X2, 71, T2) = (3; X (X1, T1)3; X (X2, T1)) g = ETT(GXP < —BH

o
— > K2..DB/NB |k|2”—lﬁk))ajx(xl, 1)) X (%2, r2)>, (3.140)
n=2

N N 1
GHof (B, X1, %2, 11, 12) = ([T, (x1, )T (%2, 7)) g = 5Tr(exp<—ﬁH

o
— > K2..DB/NB |k|2”-1Nk)>nx(x], T, (x2, rz)>, (3.141)
n=2

where, Z is the thermal partition function which in the present context is given by:

oo
Z= TF(GXP(—ﬁﬁ(Tl) — > K2n.0B/NB Iklzn_lﬁk>)>

n=2
which can be further represented in terms of the occupation number discrete representation of
the Hamiltonian basis [{N¢}) V k as:

i dik d> e

7= (-{ - }) Y (Nlexp(—B Hi(m)
_|d1|exp 7 dik a X 1 exp(—pB Hi(t

{Ne}=0V k

o
— Y K21.DB/NB |k|2"—lﬁk)> [{Ne))

n=2
1 ( i {d;ﬁ d> } )
=——exp|l -—=-12-—=
2|dy| 2 di“ d;
X exp ((ﬂEk(zfl))eff) Cosech<(,3Ek(2T1))eff>’ (3.142)
where (B Er(t1))efr is given by:
(BEk(t1))eft = BE(T1) + ZKZn,DB/NB k|21, (3.143)

n=2
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Thus, the expressions for the two-point for the GGE [84,85] for the field x, its spatial deriva-
tive and its canonically conjugate momentum as:

d’k
ngGE('B’ r, ‘L'],TZ):/ (2]‘[)3 [ Eii (B, Kk, 11, 0) exp(ik.r)

+G9CE (B.k, 71, 12) exp(—ik. r)] (3.144)

d’k ,
Glgfx(ﬁ k, 71, rz)—/ )} [Qfgf(aix (B.k, 11, 72) exp(ik.r)

+ GG, Bk T ) exp(—ikn)|,  (3.145)

d’*k
GGE LB T, 1) = )3 [gf’%iﬂx (B,Kk, 71, 0) exp(ik.r)

+G9GE L Bkt m) exp(—ikn)].  (3.146)
where we have defined the spatial separation between the two points x; and x; as:
Ir:=X| —Xp. (3.147)

For each of the cases the corresponding thermal propagators in Fourier space are divided into
two parts, one represents the advanced propagator appearing with 4+ symbol and the other one is
the retarded propagator appearing with the — symbol. To understand the mathematical structure
of each of them let us first write their contributions independently in the following expressions:

GOGE Vour (K, TV}, (=K, T2)
k _
G Pkt ) = = e )

X exp (7('3 Et ;Tl))eff) cosech<7('3 Ex ;Tl))eff) (3.148)
:u[ (_k’ Tl)vnut (ka 7-'2)
2a(t1)a(t2)

Xexp<_ W) Cmch(%) (3.149)

gf%f(a,x (B.k.71.12) = —k* GFGE (B.k. 11, 12) . (3.150)

GeGL o Bk 11, 12) =—k* GOSE (B k.11, 10), (3.151)
out(k 7:1)1')01,¢t( k’ 1'2)
2a(zy)a(r2)

((,BEk(Tl))eff) <(,3Ek(fl))eff>
X exp — cosech —

Ge5% (B 11, 1)
a(t)a(r2)
out( k, Tl)vout(k T2)
2a(zy)a(r2)

( (ﬂEk(Tl))eff) ((,BEk(Tl))eff>
xexp| = ———— cosech —

Goot (B.k,11.12) =

G n, Bk 11,12 =

d'(t))d (), (3.152)

GoSt o, (B K 11, 10) =
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QGGE B,k 11, 12)
a(r)a(rz)
All the technical details of the computations of the above mentioned expressions are explicitly
presented in the Appendix.
Now we consider a special case, which is the equal time configuration 7| = 7o = 7. In that
case we get the following expressions for the amplitude of the thermal power spectrum of the
field x, its spatial derivative and its canonically conjugate momentum:

a'(r)a (). (3.153)

GeSs Bk T, 0 =PYGT (B Kk, 1)
o Vour (K, T)U;;km(_kv T)
N 2a%(t)

« exp ((,BEk(ZTI))eff) cosech( (ﬁEk(zfl))eff>’ (3.154)

gGGE Bk, 1,7) = Pfif Bk, 1)
Out(_ks ) Vour (K, T)
2a2(7)

xexp(— w> cosech(%), (3.155)

95‘55(” B.k.1.7)= f‘g’i}ax (B.k.1)=—k* PYGT (B k1), (3.156)

G9G s, Bk T, T) = Ma’x (B.k, 1) =—k*PSSL (B.k 1), (3.157)
G n, Bk, 7, r):Pf “n, Bk )
Vour (K DV, (—k, T)
2a2(1)
((ﬂEk(Tl))eff> <(ﬂEk(T1))eff>
X exp — cosech —

GGE
FBED
—T (1), (3.158)

GO%n, Bk .0 =P (BkT)
Vo (K, Dy, (K, T)
2a2(7)

( (ﬂEk(Tl))eff> ((ﬂEk(Tl))eff)
X exp B S— cosech —

fPGGE ('3’ Kk, )

XX

peres a”?(r). (3.159)

3.4. Quenched two-point correlation functions with squeezing

In this section, we will calculate the correlation functions for states which are not the ground
state but excited states of the initial Hamiltonian. We will first show, that even if one starts from
the excited state of the Hamiltonian before quench, the state after the quench can be expressed
as gCC states. For this purpose, let’s assume we start from a squeezed state [86-90] instead of
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the ground state of the pre-quench Hamiltonian. The language of squeezed states in the con-
text of particle production in cosmology was also studied earlier in [91]. The two inter-related
issues namely particle production and its relation in the dynamics of the early universe was estab-
lished using the formalism of squeezed states. A squeezed state corresponding to the pre-quench
Hamiltonian can be written as:

1 [ &k
[, in) =|f) = exp (5/ (Zn)3f(k)ajn(k)afn(-k)) 10, in). (3.160)

The above state can be written as:

4’k
|f) =exp ( — / W’(eff(k)&zut(k)aout('k)) |Bd), (3.161)

where, |Bd) represents the boundary state and can be taken as two different possibilities
| D)(Dirichlet state) and |N)(Neumann state) as already discussed in the previous subsection.
The term «eff is defined as

1
For Dirichlet State : Keir(K) = > log(~ yerr(k)). (3.162)

1
For Neumann State : Keff(k) = — 3 log(Yetr(k)). (3.163)

In principle, the signature of yeg(k) captures the effect of the boundary state and takes the nega-
tive signature for Dirichlet state and positive signature for the Neumann state. The quantity yesr
depends on the a particular combination of the ratio of the Bogoliubov coefficients and is given
by:

Bk, n) + f)alk, n)) , < y (k) + f (k) exp(id (k)) >
eff (k) = = 8(k - , (3.164
vt = (G rae ) =200 (s fiy-) G169
where we define the momentum dependent phase factor §(k) as:
o ak)
exp(id(k)) = k) (3.165)

For a fixed quench time scale 7 it is expected to have only the momentum dependence in the yef;.

In this context the function f (k) helps to create an arbitrary squeezed state from the initial
Hamiltonian of the pre-quench phase. The role of f(k) can be further understood by noting
that a particular combination of f (k) along with the operators a;, (k) and &fn (k) annihilates the
squeezed state:

(amao -~ f(k)a,i,(—k)) 1f)

= <[a*(k, m + fk)Bk, n)j|a0ut(k) - [/3*(1@ n + fkak, n)}alm—k)) [f)
—0. (3.166)

Particularly for a Gaussian squeeze state configuration the functional form of the squeezing func-
tion f (k) is chosen have a Gaussian profile with standard deviation o = ogmg, where oy is the
proportionality constant. In this case the squeezing function f(k) can be written as:

k2
f(k):exp(— ) (3.167)
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Doing a series expansion of «ef(k), for the specific choice of Gaussian profile of f(k), it can be
very easily verified that the non-vanishing expansion coefficients for the Dirichlet and Neumann
boundary states can be written in a very simplified form, mentioned in Appendix B.3.

From the analysis the following additional relations between the non-vanishing expansion
coefficients before and after squeezing operation are obtained:

5B = K0.DB (3.168)
K5/NB = KO.NB (3.169)
Kffgs = K4ffq3 = K4,DB = K4,NB, (3.170)
KéfEB —K6 NB—K6 DB = K6,NB, (3.171)
K7, DB—K7 NB 7 K7.DB = K7NB, (3.172)
K§Thp = KX = K8.DB = K3,NB. (3.173)
k§'DB = K§'NB 7 K0.DB = K9.NB. (3.174)

which implies that for some coefficients one can explicitly observe the deviation in the results
before and after squeezing operation for the Gaussian squeezing profile function f (k). One can
explicitly check that the coefficients in which the effect of squeezing is noticeable, has two con-
tributions, i.e.,

K7DB—K7DB+M7 DB = K7, NB+M7NB—K7NB, (3.175)

eff ff
K9,DB - KQ,DB + M9.DB - K9,NB + M9 NB — KS NB° (3.176)
where k7 pB, k7,NB and k9 pB, k9 NB are appearing from the non-squeezing part and rest of the

. . sq sq sq Sq . . . .
contrlbutl'ons M; g, M7 g and Mg b, Mg g are appearing from the squeezing contributions,
and are given by:

M

7DB_M

7.NB —

16(d1d} — dad3)*n° exp2imviy)
(1= 2vi)2 (idy + daei™vin)* (dFeimin + id}) (i (dy + did) + e™Vin (d} + da))
(3.177)

Sq a8
M9,DB - M9,NB -
1
Quip — 1302 (dFel™Vin +id3) (ie!™Vin(d) (df + 2dp) + dod}) — dy (dy + d}) + dpe? T Vin (df +dy)?

x [8n662i”””’ (@1} = dad5)? (—i (42 @vin — 021 +d5) + i 2vin — 1))

— ¢ivin (4;72(21)1-,1 —3)0(d} +d2) + dr 2viy — 1))) ] (3.178)

Similarly one can explicitly write down all the higher order odd contributions in the series which
capture the effects of squeezing.
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3.4.1. Two-point functions from squeezed state
Once we have constructed the in-states in terms of the out-states, we can calculate the follow-
ing two-point correlation functions with respect to the ground state:

Gy (x1, %2, 71, T2) = (f| X (X1, T1) X (X2, T2) | f) (3.179)
Gyl oy X1, X2, 1, 1) = (]9 x (X1, T1); X (X2, 72) | f) (3.180)
GHI r, X1, X2, 71, ©2) = (f[ TT(x1, ) (%2, 72) | f) (3.181)

where, G X(xl,xz, 71, 72), Ga 0, X(xl,xz, 71, T2) and Gi‘[anx (x1, X2, 71, T2) representing the
propagators in this computation. Additionally, we will define the spatial separation between the
two points x; and x; as:

r:=X| —Xp. (3.182)

We are also interested in the correlation functions of the field y, its spatial derivative and
canonically conjugate momenta. This field yx is redefined in terms of classical mode function by
x =v/a(t), used during the derivation of the two-point functions.

The two-point correlators can be expressed as:

d’k
G (T, ) 2/ 2n)3 (flxin(k, T x5 (K, 2) | f) exp(ik.r)

43k
(27)3

gj(‘g( (k, 71, ©0) exp(ik.r), (3.183)

s d*k :
Gaf’xa,.x(r; TI,TZ)Z/W<f|an(k’ )3 x* (K, ©2) | f) exp(ik.r)

d’k
@)y 3;x3,x(k 11, 72) exp(ik.r), (3.184)
sq d’k i .
GHXHX (r;71,12) = (2—)3 (fI Ty (k, 7)1} (K, 72) | f) exp(ik.r)
d’k
(277)39 n, (K, 71, 2) exp(ik.r), (3.185)

where G, (k, 71, 72), gaj o (k, 71, 72) and g;"x n, (k. 71, 2) representing the Fourier transform
of the real space Green’s functions, as mentioned before. From the present computation we get
the following expressions for the Fourier transform of the real space Green’s functions:

, 1

G (k. 11, 7) = SEDat [ZA K, 11, ‘L'z)] (3.186)
G (KT, )= v [—kziAsq(k 7| 12)] (3.187)
dxdix = a(t)a(rz) |di| RO & '

4
1 a'(ty)a’ (1) ;

KT, ) = —— | 2 AN (K, Ty, 3.188

I, (o) =150 [(d(fl))z(a(fz))z (; b (el m) G189

d' (1) 5w >
UGV £ - PNV
(a(t1))?(a(r2)) (})Z:; » (K, 71, 72)
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12

a'(n) . )
. am) A a1
(a(t1))(a(2))? (; » (K 71, 72)

1 16
(Z AV (K, T, m)]. (3.189)

Tatatm \ &

Here we have introduced new symbols Als.q Kk, 71, »)Vi=1,---,16 which are used in the above
mentioned expressions for propagators, and are explicitly defined in the Appendix B.3.

Once we take the equal time case, t] = 17, = 7, the amplitude of the Power Spectrum of the
field x, its spatial derivative and canonically conjugate momentum can be determined:

4
§ s 1 1 K
Glkn=t,n=1)=Pk )= e [ZAbq(k, r)], (3.190)
Gl n=r,0=1:=P (& 1)=—k Py k1), (3.191)
2
I, k71 =712 =7):=Pp (k1) = [(a 2(2))) Py (k, 0)
s (24 ) (X 4e0))
A (K, A (K, 3.192
(@) |d1|<z o) 2(r) \d, | b21:3 o (3.192)

all cosmologically significant quantities. This will finally give rise to the following cosmological
two-point correlation function:

(flx& )&, o) |f)=@2n) 53(k+k’)7’ k, 7), (3.193)
(fDGky(k, D) (kx K, )| f)=(2n) 53(k+k’)7>3‘fxa < (K T)

—@n)’ Bk +K) k2P (k, 1), (3.194)

(FITIR, DK, 7) | f) = 27)*8* (k+ K)PH 1 (K, 7)., (3.195)

3.4.2. Two-point functions from squeezed gCC states
In this section, we focus on calculating the two-point correlation function for the squeezed
gCC state:

G85Sq(x1, %2, 71, 12) = (gCCyyl R (X1, T1) R (X2, 12) |§CCiy) (3.196)
GGy sq (X1:X2. T1. T2) = (8C Cag | 9 x (X1, T1)3; X (X2, 72) |gC Cig) . (3.197)
Gigliﬂx,sq(xl , X2, 71, 1) = (gCCyq | TT(x1, ) I1(X0, 12) |§C Cy) (3.198)

where we use two types of gCC states, the [{gcc,, >DB Dirichlet boundary state and [¢cc,,)
Neumann boundary states, respectively.
The two-point correlators in terms of the Dirichlet boundary states can be expressed as:

NB

d3k . . )
GSS B (r; 11, 1) = / oy DB (8CCogl Rin(k, 7)1, (K, 72) |8CCg)pg exp(ik.r)

1 &k 00
=) @0 P ( — (DB + kDB Wo — Y _(kihp + ;f{)B)w,,>
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(DI Xin(k, T1) X7, (K, 72) | D) exp(ik.r)
d’k .
= / o G8SOB(k, 71, 12) explik.r), (3.199)

8CCpB .
3, X0, X.59 (r; 71, 2)

d’k ) A .
2/ (3 P (8CC10) Rin (k. 113 25, (. 12) [gCC)pg. exp(ikr)
1 d ’ k xeff eff - seff eff
) @) exp | — (o,pp + 0,08 Wo — Z(Kn,DB + , pB) W
n=2

(D3, %in(k, 71)0; x}, (K, 72) | D) exp(ik.r)

3
d’k gCCps

= W 3]}Xajx’sq(k, 71, 72) exp(ik.r), (3.200)

gCCpp
GH I

X

d*k . )
5q (T Tl,fz):/WDB (§CCI T (k, T)IT} (k, 12) [¢CC)pp exp(ik.r)
1 d*k 0
= a1 f Gy eon (= i+~ Lo+ i )
n=2

(D|T1, (k, T)IT (k, 72) | D) exp(ik.r)

3
— d°k  eccpp
(27.[)3 MMy Iy,sq

(k, 71, 12) exp(ik.r), (3.201)

gCCpp

2gCCpp 2CCpp (k, 71, 72) and gnxnx Sq(k, 71, T2) represent the Fourier

where Gy sq (K 71, 72), G500 g
transform of the real space Green’s functions calculated between the Dirichlet boundary squeezed
gCC states formed after quench. The state | D) is the Dirichlet boundary state which was defined
earlier.

Now we can express the Fourier transform of the Green’s functions g;ﬁ%‘;“ k, 71, ™),
gg}ica?; oo (& 71, 2) and gﬁf%‘i‘; ,(&. 71, 72) in terms of the out vacuum state and hence the
outgoing solutions represented by the following expressions:

oo

GSS OB (K, 71, 72) = exp ( = D O+ M)k <N(k)))
n=79,11,---
xGECPB (K, 71, 72), (3.202)
GECom (k.71 12) = —K2GES R . 7, ), (3.203)
Ghomm (0, 71, T2) = exp ( - ;1 (M, o + M pp) k" (N <k>>>
ngisg‘f &, 71,2, (3.204)

where the functions MZ?DBV n=717,9--- have been defined earlier.

Once we take the equal time case, 7] = 7o = 7, it is easy to determine the expressions for the
amplitude of the Power Spectrum of the field y, its spatial derivative and canonically conjugate
momentum from the squeezed gCC Dirichlet boundary states:
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CC CC
Goror (k11 =7, 10 =1) :=Pyys0" (K, T)

o0
=exp ( - Y M+ M) k! <N(k>>>P§§C°B (k. 7).

n=7,9,11,---
(3.205)
C(
ggﬁfa'?ﬁ K TI=T.T=1) _chxcam; ook T) = —K> PSSR (k. 7). (3.206)
G T =T, =1) =P P (K, T)
o0
=exp<— > (qu* M;?DB)|k|"‘(N(k)>>7>gcc"“(k 1), (3.207)

n=7,9,11,-

which are cosmologically significant quantities. This will finally give rise to the following cos-
mological two-point correlation function for the squeezed gCC Dirichlet boundary states:

B (§CCyyl x (K, 1) x (K, 7) [§CCyy) pg = 20 8 K+ KPS PPk, 1), (3.208)
DB (§CCyq | (ikex (&, D)) ik x (K, ) 18CCog ) = ) 83k + KYPS 58 (e, 7)
= )P k+K) PSR (K, 1), (3.209)

DB (§CCig | TI(K, DTI(K', 7) [§CCig b = 21)*8* (R +K)PE P2 (k7). (3.210)

Similarly, the two-point correlators in terms of the Neumann boundary states can be expressed
as:

G B 11, 1) = / Gyt N {8CCaqinh ) 2, (K, 72) [8C Cog b xp(ikr)

1 d’k
=) @ P ( — (e§Tp + K6 p) Wo — Z(K;f{;q; + K;f{m)w,,>

(N| Zin (K, "-'1))2;; (k, ) [N) exp(ik.r)
/(2 )3 gigng(ks 71, 72) exp(ik.r),

8CCnB .
3,29 x.5q T 71> 72)

4’k . R :
= | ——= NB(8CCyld;Xin(k, 11)d; X;;, (K, 72) |§CCsq)np eXP(ik.T)
(2m)3

1 d3k 1)
") @y P ( = (6N + 5xm) Wo = D (N +f<;ffNB>Wﬂ>

(N19; Rin(k, 71)3; %75, (K, 72) [N} exp(ik.r)

PR e |
27)3 gjxaljﬁ sq K 71, T2) exp(ik.r),
cc
T sg (T 71 T2)
d’k

Gy (§CCyq| T, (k, T)IT% (k, 12) [gC Cog ) g eXp(ik.r)
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1 d*k ‘ 0
=1 f Gy eon (= i il o~ Lo i )
n=2

(N1, (k, 7)IT% (k, 72) [N) exp(ik.r)

d’k
— / o gg%li'fs (k. 71, 2) exp(ik.p), (3.211)

gCCNB gCCNB gCCnB :
where Gy, ¢ (K, 71, 72), gajxajx,sq(k 1:?,12) and annx’sq(k, 71, 72) represent the Fourier
transform of the real space Green’s functions calculated between the squeezed gCC Neumann

boundary state formed after quench. The state | N) is a Neumann boundary state, defined earlier.

Now we can express the Fourier transform of the Green’s functions g;"}iﬁz“ k, 71, 1),

gCCnp 3CCnB ;
gajxa-{x’sq (k, r.l, 77) and QHXHX’Sq k, 11, ‘[2? in terms 9f the out vacuum state and hence the
outgoing solutions represented by the following expressions:
ce
gﬁX,SI;B (kv Tl ’ TZ)
o

=exp ( = Y MR+ My k! <N(k)>>g§§CNB (k. 71, 7). (3212)
n=7,9,11,--

G o o (& 71, T2) = —KPGE S (71, T2), (3213)
Qﬁ%ﬁ“ k, 71, 12)

o
_ CcC
= exp(— Y (MR + Mgk 1<N(k>>)gﬁxn§“<k, 71, 1), (3214)
n=7,9,11,--

where the functions M ;[,]DBV n=7,9--- have already been defined earlier.

Once again in the equal time case, 71 = 7o = 7, it is straightforward to determine the expres-
sions for the amplitude of the Power Spectrum of the field y, its spatial derivative and canonically
conjugate momentum from the gCC Neumann boundary states:

CC CGC
Gryog KT =7, 10=1) =Py sy (K, T)
o
=exp ( = Y Mg+ My k! <N(k>>>P§§CNB (k, 7). (3215)
n=7,9,11,---
(o8 CC CcC
gg,‘xafﬁ,xq Kn=1,10=1)= ngxafj;sq(k, 1) = —k* Py B (K, 7), (3.216)
CcC CcC
Oh mesgk =1, 2=1):=Pf g° (k1)
o
_ CcC
=exp ( - Z (MR + M, \p) k[ 1(N(k)>>73§[xn§‘* (K, 7). (3.217)
n=7,9,11,---

These are cosmologically significant quantities. This will finally give rise to the following cos-
mological two-point correlation function for gCC Neumann boundary states:

NB (€ Caql X (k, D)X (K. ) [§CCog )y = Q)8 k+ KPS 5P 1), (3:218)
NB (CCig | (ikx (k, ) ik x (K, 7)) [§C Crg) g = 218 (k + K)PF G (k. D)
= —20)’P K+ K) PPN K, 1), (3.219)
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gCCnp

NB (§CCyq | TI(k, T)TI(K, 7) [gC Cyg)ng = (27)78% (k + K)P iy, (ko). (3.220)

3.4.3. Two-point functions from Generalised Gibbs Ensemble with squeezing
In this section, we calculate the above two-point correlation functions for the Generalized
Gibbs Ensemble (GGE) [82,83] after quench. They can be expressed as:

o . 1 o
GYor (B.x1,%2, 71, 12) = (X (X1, T) X (X2, 1)) p = ETr(exp(— BH (t1)
o
— Y Ko bB/NB |k|2"—11vk)2(xl, TR (X2, rz)), (3.221)
n=2
GGE A N 1
G Y oix.sqBr X1, X2, 71, 12) = (9 X (X1, T1) X (X2, T1)) g = fTr exp| —BH

o
- ZK%,DB/NB |k|2n_11\7k>)aj)((xl, 71)0; X (X2, Tz)>,

n=2

(3.222)
GGE o & 1
G, .sq(B X1, %2, 71, 12) = (I, (x1, T (X2, T1)) g = QTT exp(—BH
o0
= k3 bB/NB |k|2"‘11%>)nx (x1, 71) Ty (%2, Tz)),

n=2

(3.223)

where, Z is the thermal partition function which in the present context is given by:

)
Z= Tr(exp(_ﬁH(Tl) - ZK;Z,DB/NB |k|2n1Nk>)>

n=2

which can be further represented in terms of the occupation number discrete representation of
the Hamiltonian basis [{N¢}) V k as:

1 i (dy  d st .
zz_exp<_i{d_i_d_j})x Y (N lexp(—B Hilm)

ld1| 2 14 (N=0 Y k

o0
- ZK;Z,DB/NB |k|2n1Nk)) I{Nk})
n=2

1 i d; dy (BEk(T1))eft,sq (BEk(T1))eft,sq
=—-oexp|l —z1=5—— exp| ————————— ) cosech| ——= |,
2/d1] 2 a4 2 2
(3.224)
where (B E(t1))efr is given by:

o0
(BEk(T1))eftsg = BEL(T1) + Y_ K51 g K17 (3.225)
n=2

Thus, the expressions for the two-point for the GGE [84,85] for the field x, its spatial deriva-
tive and its canonically conjugate momentum as:
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4’k ‘
G%{qu(ﬂ,r, T, T2) = o )3 [Qf();(l;,sq (B.k, 11, 2) exp(ik.r)
+GO5 5 g (B K T1 T2) eXP(—ik-r)], (3.226)
GGGE 8.k, T _ &’k GGE K "
0 X 0i x,sq \Fo ™ 1, TZ) = (27[)3 g+ i X 05 X.5q (,3, , T1, 'L'z) CXp(l .I’)
+G9GE rsq (B K T1,T2) eXP(—ik.r)], (3.227)
GGE _ d’k GGE K "
G,y .sq(B: 171, T2) = RISE 97N, 1,.5q (B K T1,72) exp(ik.r)
+an o My.sqg (B K 71, 12) eXp(—ik-r)], (3.228)

where we have defined the spatial separation between the two points x; and x; as:
r:=Xx| —Xp. (3.229)

For each of the cases the corresponding thermal propagators in Fourier space are divided into
two parts, one represents the advanced propagator appearing with 4+ symbol and the other one is
the retarded propagator appearing with the — symbol. To understand the mathematical structure
of each of them let us first write their contributions independently in the following expressions:

Vour (K, Tl)vj;m (—k, )

2a(zy)a(z2)

((ﬂ Ek(Tl))eff,sq> ((ﬂ Er(T1))eff,sq
xexp | ————— cosech —
vZuz (_kv Tl)vaut (kv 1'2)

2a(t1)a(t2)

( (BEk (Tl))eff,sq) <(,8Ek (Tl))eff,sq
xexp| — — s cosech — S )

(3.231)

g-(l,-;g,f(alx,sq (B.k, 11, 10) = —k* gf(j(ﬁ sq (B K, T1,12), (3.232)

gG bixtix.sq (PR T T2) = —k? gG?(l; sq (B K, 71, 12), (3.233)
voul (k, Tl)vout(_kv 7:2)

2a(t1)a(t2)

((ﬂEk(tl))eff,sq> ((ﬂEk(tl))eff,sq>
x exp | ———————— ] cosech| ———

GGE
g+’XX’sq (ﬂa k7 71, 1'2) =

), (3.230)

Goot Bk TI.T2) =

GGE
g+’anX’Sq (ﬁs kv ‘Clv TZ) =

2 2
GGE k
+ XX Bk 7, TZ)a (Tl)a/(TZ)» (3.234)
a(t)a(rz)
out( k, Tl)vout(k )
2a(ty)a(r2)
( (,BEk(Tl))eff,sq) ((,BEk(Tl))eff,sq>
xexp( ————— cosech —
QGGX sq (B K, 11, 2)

a(ty)a(r)

GOFin, g (B K T, 1) =

d'(t1)a'(12). (3.235)
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Now we consider a special case, which is the equal time configuration 71 = 7o = 7. In that
case we get the following expressions for the amplitude of the thermal power spectrum of the
field x, its spatial derivative and its canonically conjugate momentum:

GUOE (B k,Ti=t1,10=1)=PYC%E (B,k, 1)

+. X X859 +.XX,5q
ou s . 8 E S E
_ Vour (K T)sout( k, 7) exp BECTDettsa ) oo (PETDettsa’) (3.236)
2a2(7) 2 2
Ggoot GBktu=1.1=0)=PL (B.k1)
k ou k E E
_ Vo (= f2>v (K)o (= PEEettsg) oo (BELTettsa) 5 559,
2a2(7) 2 2
g-lc-;gf(aix,sq B.knu=1,00=1)= P—QG-,‘GdilfcaiX’Sq 8.k, 7)= —k? Pf?(f‘; 5q 8.k, 7),
(3.238)
gGG 3 x0i X859 Bk u=110=1) —PGB,xazx 5q B,k 1) = —k? PE;%; sq 8.k 1),
(3.239)
GCHn B hku=t0=0=P{y |, Bk
_ vou K, 1)1210“,( k, 1) exp (BEk(T1))ett,sq cosech(wEk(m)eff’sq
2a2(71) 2 2
PGGE
sq (B K, T)
% a?(1), (3.240)
gGGE]'[ 5q ﬂ k TI=T,T) = ‘L’) = Pf’%ir[X*Sq (,B’ k, T)
(—k, Dv,,, (k, 1) (BE(T1))eft,s (BEk(T1))eft,s
— (mt out _ M meA L ed,sq h S T7elsq
2a2(7;) exp( ) > cosec ( 2
PECE Bk, T
%’i)a/z(,), (3.241)

4. Numerical results

In this section, we study the behavior of the physically important power spectrum of the two-
point correlators of different quantum states calculated in the Fourier transformed space. We plot
the power spectrum with respect to the modes and it is expected that from our analysis these
power spectrum and their associated signatures can be probed via various cosmological observa-
tional datasets. In each plot, we have incorporated the information regarding the three different
choices of the initial conditions, which are appearing in terms of the Bunch Davies, o and Mota
Allen vacua. We also have covered a large range of momentum modes to study the behavior of
the obtained power spectra in small and large cosmological scales. Additionally it is important to
note that, during performing the numerical analysis we have used the full solution involving the
Hankel functions for each of the pre quench, post quench and GGE cases. Though we have used
the full mathematical structure of Hankel functions it is important to note that for cosmological
estimations and to confront with observational probes only the super horizon modes are physi-
cally relevant. Once the sub horizon modes generated due to having quantum fluctuations, in this
specific work due to having Quantum Brownian Motion leaves the horizon it freezes and give
rise to the correct observationally consistent amplitude of the power spectrum. For this reason it
is immediately expected that solutions obtained by considering the full mathematical structure
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of Hankel functions in the three consecutive phases (pre quench, post quench and GGE) will be
completely consistent with the analytically obtained asymptotic solutions within the probed wave
number window k ~ O(10~° — 10?)Mpc~!.” Beyond this mentioned probed window it might
happen that the full Hankel function solutions and asymptotic solutions® of the scalar modes in
the previously mentioned consecutive phases differ from each other. However, the region where
the deviations are growing with the wave number is identified to be a non-linear regime where the
all approximations of the cosmological perturbation theory completely breaks and the a-causal
physics try to dominate in the modes. This is the region where the large scale structure formation
in the late time scale completely described by the non-linearly evolved density contrast within the
framework of EFTofLSS. See refs. [95,96] on this issue. Apart from this if we account the non-
linearities along with non-Gaussianities within the framework of Primordial Black Hole (PBH)
formation then also we need to take care of the full solution in terms of the Hankel function rather
the asymptotic solution mentioned in this paper. See ref. [97-100] for more details on these as-
pects. To compute the cosmological two point correlation functions and estimate the associated
power spectrum out of this computation we need the information from the super horizon scale and
such spectrum should match with the sub horizon quantum fluctuations at the horizon crossing
point. For this purpose if we at least have the asymptotic solution of the scalar modes in the sub
horizon region (—kt — 0o — —kt > 1), super horizon region (—kt — 0 > —k7 K 1)’ and
at the horizon crossing matching point (—kt = 1) then one can able to give a complete correct
estimate of the amplitude of the spectrum in all cosmological scales. Most importantly the super
horizon and sub horizon results has to match at the horizon crossing boundary. As an immedi-
ate consequence, at the pivot scale when horizon crossing matching condition is implemented
the correct observationally consistent amplitude can be estimated from the present computation
performed in this paper.

7 Here look at ref. [92-94] where the discussions regarding the outcomes obtained from the full Hankel function
solutions and the asymptotic solutions and their comparison have been studied. Using the analysis performed in the work
[92-94] we have previously inferred at the strong conclusion that the wave number window upto which the full Hankel
function solutions and the asymptotic solutions match is known as the slow-roll region where the linear approximations
and associated truncations of the perturbation theory holds good perfectly in the corresponding cosmological scales. The
exactly similar situation is appearing in the present context of discussion as well.

8 Here it is important to note to write down the analytical results we have separately used the asymptotic solutions in
the super horizon scale and sub horizon scale. It immediately confuse the readers that probably our asymptotic expansion
is not at all valid at the horizon crossing point. This notion is not at all true. To write down the total solution we have
matched the scalar modes at the horizon crossing point as well, which we have not explicitly mentioned before clearly.
Once we have this information using the result at the sub horizon region, horizon crossing and super horizon region we
have constructed the final analytical expression for the mode function. Because of this specific reason if we compute the
cosmological correlation function utilizing these analytical expressions for the modes it will capture the information of
the three consecutive regions, sub-horizon, horizon crossing and super horizon together. Most importantly if we explicitly
evaluate the correlation function separately using sub horizon and super horizon region information then it is always
matching at the boundary which is the horizon crossing point. This clarification needs to be given to avoid any further
confusion regarding the correctness and utilization of the analytically computed modes and its cosmological impacts in
this paper. Though for the completeness it is important to further note that during performing the numerical computations
we have used the full Hankel function solution of the modes which again captures the information of these mentioned
three regions in the mathematical structure of the solution.

9 Here it is important to note that, to correctly implement the super horizon limit ¢ — 0 is not the accurate condition.
It has to be described by the limiting condition —kt — 0. Now here if we fix the conformal time scale T = —3Mpc
then to satisfy this condition one has to choose the wave number value small. This will helps us to correctly estimate the
amplitude of the power spectrum in the super horizon scale.
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e In Fig. 4.1, the behavior of the power spectrum corresponding to the correlator G?( , In

the Fourier transformed space has been studied with respect to the mode functions.'’ The
difference in the effect of the choice of initial vacuum state can be very easily realized by
seeing the behavior of the power spectrum for the lower modes. Three distinct lines are
observed for the lower modes which suggest that the choice of initial vacuum has a non-
trivial effect on the power spectrum. The amplitude of the correlator is the lowest for the
Bunch Davies vacuum. However, the amplitude for the alpha and the Mota Allen vacua cross
over, as can be clearly seen from the inset of Fig. 4.1. From higher modes, it is extremely
difficult to capture the role of the initial vacuum state in the power spectrum, due to the
overlapping of the curves in that region. However, it should be noted that the overlap behavior
of the power spectrum is independent of the choice of initial vacuum and more or less follows
an identical pattern for all the vacuum states. From this plot, it is also observed that upto a
certain range of the mode k the obtained spectra grows almost linearly. After crossing the
value k ~ 1.20 Mpc~! rapid oscillations with small amplitude can be observed, though the
slope of the growth of the spectra in this region is higher than the previous one. From the
present observational probes (Planck 2018 data [101]) the amplitude of the scalar modes
from the power spectrum has to lie within the range:

Py =(2.975+0.056) x 10~ at 68%CL
(Planck 2018 data[101] — observed). “.1)

From this plot, we have found that the amplitude of the spectrum exactly matches with the
observed value within the range of the comoving scale 10~ Mpc ™! < k < 0.2 Mpc~!, which
is a satisfactory finding of our analysis. We have found from our theory the amplitude of the

power spectrum at the pivot scale k, ~ 0.02Mpc~! is:

PSX (ky ~ 0.02Mpc_1) ~2.95x 1077 (estimated), “4.2)

where the CMB Planck observation takes place. Here all the modes crosses the horizon
and goes to the sub horizon region for which we can clearly observe that the condition,
—k.t < 1 is explicitly satisfied. Outcomes of the quantum fluctuations of modes becomes
observationally only relevant when actually we have —kt < 1. From our analysis we have
found that within a specific range of the wave number, k ~ O(1073 — 0.33)Mpc~! the con-
dition —kt <1 is explicitly satisfied and we have obtained a observationally consistent value
of the amplitude of the power spectrum lie within the following window:

P9 (k~0O107> —0.33)Mpc™") ~ 0291 —2.96) x 107 (estimated). ~ (4.3)

e In Fig. 4.2, the behavior of the power spectrum corresponding to the correlator ng X9ix in
the Fourier transformed space has been studied with respect to the comoving scale k. The
overall behavior of the power spectrum is almost identical to the behavior of the correlator

G())( ,- However, the amplitude in the entire mode range is very small as compared to the

power spectrum obtained for the G?(X correlator. In the higher mode region, a difference in

the behavior can also be observed. Though both the power spectrum exhibit a rising behavior

10 In this paper for the numerical estimation purpose and to obtain the plots we have fixed the unit of the conformal
time scales, T and 1 as Mpc. This further helps us to make the quantity | — k7| and | — k7| dimensionless throughout the
analysis performed in this paper. Because of such choice the wave number is measured in the units of Mpc*] .
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Fig. 4.1. Behavior of the power spectrum of the correlator Gy for the ground state with respect to the comoving wave
number/scale k.

in the higher mode region, the rate of increase for the G correlator is appreciably

djx0;jx
less than that of the ng correlator which is again a new finding from our analysis. In the
observational probes this type of two-point correlator and their associated power spectrum
is not actually analyzed. But since we know the connection between this particular type of
power spectrum with the previously derived one, it is expected to have smaller amplitude in
this context. From the observational perspective it is expected that in near future, with the
development of statistical accuracy in the CL, it may possible to directly probe this type of
power spectrum.

e The behavior of the power spectrum corresponding to the correlator G in the Fourier
transformed space has been plotted with respect to the mode functlons 1n Flg 4.3. We ob-
serve a behavior which is almost identical to the behavior shown by the power spectrum
corresponding to the G())(X correlator in the entire mode region. We have found that the cor-
responding amplitude of the power spectrum from the momentum two-point correlators are
larger compared to the two types of spectra studied above. In the observational probes this
type of two-point correlator and its associated power spectrum is not actually analyzed till
date. However, it is expected to get signatures from two-point momentum correlator in future
observational probes.

e From the Fig. 4.1, Fig. 4.2 and Fig. 4.3 it is clearly observed that with increasing wave num-
ber gives increasing amplitude of the power spectrum for the scalar modes. Consequently
one can immediately think that we have obtained a blue tilted power spectrum which is valid
in all the wave numbers. However this specific notion of interpretation regarding the blue
tiltedness of the power spectrum is not correct. Let us clarify in detail why this notion is
not correct. To understand this specific feature we need to start with the CMB pivot scale
ky ~ 0.02Mpc~!, where the Planck observation takes places and provides statistically sig-
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Fig. 4.2. Behavior of the power spectrum of the correlator ng x3j X for the ground state with respect to the comoving
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nificant estimates from observation. If we found the spectral tilt evaluated at this particular
momentum scale is greater than unity then we can conclude that at CMB observation we get
inconsistent result because that will correspond to the blue tilted value. From our model at
the pivot scale the spectral tilt from the obtained power spectrum is estimated as:

0 dIn 732 X .
Nyy = |:1 + Tk i| ~0.966 (estimated). 4.4
n ky~0.02Mpc !

From our analysis we have also found that within a specific range of the wave number,
k ~ ©(1073 — 0.33)Mpc~! the condition —kt < 1 is explicitly satisfied and within this
range the spectral tilt from the obtained power spectrum is estimated as:

0 dln P)?x )
ny, =1+ Tk ~0(0.961 —0.969) (estimated).
n k~O(10~3-0.33)Mpc !

4.5)
Form CMB Planck 2018 the measured value of the spectral tilt is given by:

ny =0.9649 +£0.0042 at 68%CL (Planck 2018 data [101] — observed). (4.6)

Which means the estimated value of the spectral tilt from our model is perfectly con-
sistent with CMB Planck 2018 observed data and shows that one can accommodate red
tilt at the CMB pivot scale k, ~ 0.02Mpc™! as well as in the preferred window k ~
01073 — 0.33)Mpc~! where the quantum fluctuations are entered in the super horizon
region after crossing the horizon from the sub horizon region. From this discussion its now
clear that though there is an increment visible in the primordial power spectrum but at the
pivot scale and within a very small window of wave number one can still accommodate red
tilted feature. It might happen that beyond the mentioned window of the wave number the
spectral tilt show blue tilted feature and largely vary with the wave numbers. This outcome
looks very surprising. However, there lies a deep physical meaning which we now prop-
erly interpret. Apart from the CMB pivot scale non-causal physics play significant role due
to having significant violation of slow-roll dynamics for which we can’t probe the physical
outcomes of the any other wave numbers directly though CMB observations. There are many
examples in cosmology where beyond the pivot scale wave number due to having dominance
of the non-causal phenomena it might happen that the spectral tilt deviates largely from the
red tilted behavior. These are:
— Production of Primordial Black Holes (PBHs) [102—108] in presence of ultra slow-roll
phase.
— Thermal interaction in warm inflationary model [109-113].
In all of these mentioned works the authors have explicitly shown with detailed analysis that
at the pivot scale red tilted features of the primordial power spectrum can be easily accom-
modated and once we go beyond this scale features largely deviates from red tiltedness.
Let us now give the explanation of the increasing behavior of the primordial power spectrum
with wave number as appearing in Fig. 4.1, Fig. 4.2 and Fig. 4.3. In the present frame-
work where we are studying the fate of the quantum fluctuations can accommodate both the
mentioned features of PBHs production through ultra slow-roll and thermal interaction as
appearing in the context of warm inflation. The framework that we have constructed with
the help of open quantum field theoretic set up is based on the fact that the system is non-
adiabatically interacting with the thermal environment, which is identified as a thermal bath.
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In all of these plots the power spectrum is computed with the help of a quantum vacuum
state (i.e. pre-quench state) where such thermal interactions with the environment play very
significant role. Before applying the quantum quench the open quantum system we are deal-
ing with in the present context goes immediately to the out-of-equilibrium regime once the
thermal interaction via Quantum Brownian Motion is activated in the weak coupling non-
Markovian regime. Due to having the mentioned out-of-equilibrium feature the amplitude
of the computed correlations evaluated using the pre-quench quantum states show growth
due to having violation of slow-roll dynamics beyond a certain window of the wave number.
This type of feature is very common in the context of a system driven by out-of-equilibrium
response which is frequently appearing in the related contexts [114—116].

e In Fig. 4.4, we have plotted the behavior of the power spectrum corresponding to the correla-
tor G‘;qx for the squeezed state. We observe three distinctive behavior in the three comoving
scale regions. For the lower mode region, we observe rapid fluctuations in the power spec-
trum with the amplitude being the largest for the Bunch-Davies vacuum case. A decreasing
behavior is also observed for the lower mode region. In the intermediate mode region, the
decreasing behavior is continued with the rate of decrease being significantly larger than
the lower mode region. However, the point worth mentioning is the fact that the amplitude
for the Bunch-Davies case becomes lowest in this region. The higher mode region how-
ever, shows a slowly rising behavior, with the contribution from the different vacuum being
almost identical, as evident from the overlapping curves. From the present observational
probes (Planck 2018 data [101]) the amplitude of the scalar modes from the power spectrum
has to lie within the range (2.975 £ 0.056) x 1070 at 68% CL. From this plot, we have
found that the amplitude of the spectrum exactly matches with the observed value within the
range of the comoving scale 0.01 Mpc~! <k < 0.3 Mpc™!, which is a satisfactory finding
of our analysis. We have found from our theory the amplitude of the power spectrum at the
pivot scale ky ~ 0.02Mpc~! is:

P (ks ~ 0.02Mpc~') ~2.96 x 107 (estimated), 4.7)

where the CMB Planck observation takes place. Here all the modes crosses the horizon and
goes to the sub horizon region for which we can clearly observe that the condition, —k,7 < 1
is explicitly satisfied. Outcomes of the quantum fluctuations of modes becomes observation-
ally only relevant when actually we have —k7 < 1. From our analysis we have found that
within a specific very small range of the wave number, k ~ ©(0.01 —0.33)Mpc ™ the condi-
tion —kt <1 is explicitly satisfied and we have obtained a observationally consistent value
of the amplitude of the power spectrum lie within the following window:

P34 (k ~ O(0.01 — 0.33)Mpe ™) ~ 0(2.92 - 2.97) x 10~ (estimated). 4.8)

e In Fig. 4.5, we have plotted the behavior of the power spectrum corresponding to the corre-
lator G;?X 3 for the squeezed state. The behavior of the power spectrum in the intermediate
and the higher modes are nearly similar to the previous case. However, a difference exists
in the lower mode region. Whereas in the previous case, we observed decreasing behavior
for the lower modes, the power spectrum exhibits an increasing behavior in this case. The
peculiar behavior for the Bunch-Davies case as was seen in the earlier case, also persists in
this power spectrum. In the observational probes this type of two-point correlator and their
associated spectrum has not been analyzed yet. It is expected to have smaller amplitude in
this context, which may be tested in near future with the development of statistical accuracy
in the CL.
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Fig. 4.4. Behavior of the power spectrum of the correlator G, for the squeezed state with respect to the comoving wave
number/scale k.

In Fig. 4.6, we have plotted the behavior of the power spectrum corresponding to the cor-
relator G, 1, for the squeezed state. We observe the behavior the power spectrum to be
identical to that shown for the correlator G .

From the Fig. 4.4, Fig. 4.5 and Fig. 4.6 it is clearly observed that with increasing wave
number gives initially decreasing and then very small increment in the amplitude of the
power spectrum for the scalar modes. To understand this specific feature we need to start
with the CMB pivot scale k, ~ 0.02Mpc_1, where the Planck observation takes places and
provides statistically significant estimates from observation. From our model at the pivot
scale the spectral tilt from the obtained power spectrum is estimated as:

2 = |14 dInPyl
*x dink /i o.0oMpe-!
From our analysis we have also found that within a specific range of the wave number,
k ~ ©(0.01 —0.33)Mpc~! the condition —kt < 1 is explicitly satisfied and within this range
the spectral tilt from the obtained power spectrum is estimated as:

] ~0.964 (estimated). 4.9)

dinpyd
n$d = [1 + <M> } ~ 0(0.963 — 0.967) (estimated).
dInk /1 00.01-0.33)Mpe-!

(4.10)

Form CMB Planck 2018 the measured value of the spectral tilt is ny = 0.9649 £ 0.0042 at
68% CL. Which means the estimated value of the spectral tilt from our model is perfectly
consistent with CMB Planck 2018 observed data and shows that one can accommodate red
tilt at the CMB pivot scale k,, ~ 0.02Mpc ™! as well as in the preferred window k ~ ©(0.01 —
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Fig. 4.5. Behavior of the power spectrum of the correlator G 3 x9)x for the squeezed state with respect to the comoving
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0.33)Mpc~! where the quantum fluctuations are entered in the super horizon region after
crossing the horizon from the sub horizon region. Here now we will describe in detail the
specific reason of decrement in the corresponding power spectra. Just like the previously
discussed plots where the increment is prominent here also apart from the pivot scale as well
as the mentioned very tiny window of the wave number non-causal physics play significant
role due to having significant violation of slow-roll dynamics for which we can’t probe the
physical outcomes of the any other wave numbers directly though CMB observations.

Let us now give the explanation of the decreasing behavior of the primordial power spectrum
with wave number as appearing in Fig. 4.4, Fig. 4.5 and Fig. 4.6. All of these spectrum are
plotted when the contribution from the sudden quantum mechanical quench is switched on.
For this reason the vacuum state is shifted to a new squeezed state which describes the post
quench dynamics. Such new quantum states triggers the phenomena of achieving effective
thermalization, which further helps us to implement thermal equilibrium for this open quan-
tum field theory set up under consideration. Due to the activation of sudden quench protocol
the bath degrees of freedom starts dissipating and effects of noise is getting sub-dominant. In
this description, such dissipation time scale gives the appropriate measure of the thermaliza-
tion time scale for this effective equilibration process. Without having any quench protocol
such time scale is effectively infinite and activation of sudden quench actually triggers the
equilibration process, which makes the underlying time scale finite. The similar type of phe-
nomena one can observe for the PBHs production mechanism where after the ultra slow-roll
when the modes tried enter in a new slow-roll like phase a prominent decrement can be found
in the corresponding power spectrum. Similarly for all the models of warm inflation due to
having thermal dissipation one can observe such decrement in the power spectrum.

e In Fig. 4.7(a) and Fig. 4.7(b) the behavior of the power spectrum corresponding to the corre-
lator G, for the gCC and the squeezed gCC states with respect to the comoving scale has
been shown, respectively. We observe that the gCC state both with and without squeezing
show a similar decreasing behavior in the lower and the intermediate regions, though the rate
of decrease may not be identical in both the cases. However, strikingly different behavior can
be observed for the higher modes. Whereas for the gCC state without squeezing, the power
spectrum diverges to positive infinity for all the vacua, the same divergence to positive infin-
ity is also observed for the case without squeezing but only for the @ vacua case. The power
spectrum for the Bunch-Davies and the Mota Allen vacua diverges to the negative infinity at a
higher mode. In this case since the underlying structure of the vacuum state changes for gCC
the behavior of power spectrum is very non-standard. From the behavior one can observe a
fall and then a sharp increment with respect to wave number. From the non-standard behavior
it is again obvious that due to having the shifted vacuum states which is prepared due to the
sudden trigger from quantum quench the system initially show strong dissipative feature for
which the system-bath interaction is decreasing. As a consequence upto certain wave num-
ber the information of the noise degrees of freedom is extremely sub-dominant compared the
systems response. After crossing a certain wave number the spectrum increases very sharply
as the out-of-equilibrium effects start dominating again due to having this non-standard gCC
vacuum state. This similar type of behavior one can observe within the framework of random
matrix theory where the correlations show increment. See refs. [114,116] for more details
on this issue. In the present content dominance of the noise degrees of freedom is directly
related to the underlying physical phenomena of Quantum Brownian Motion which has a
indirect connection with random interaction between the system-bath for the open quantum
system under consideration. Till date in CMB observations such features are not detected
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Fig. 4.7. Behavior of the power spectrum of the correlator Gy x for the gCC and the squeezed gCC state respectively
obtained after quench with respect to the comoving wave number/scale k.
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yet. However, it is expected in near future observation can able to detect such impacts with
high statistical accuracy.

e In Fig. 4.8(a) and Fig. 4.8(b), the behavior of the power spectrum corresponding to the cor-
relator Gy, 9, for the gCC and the squeezed gCC states with respect to the modes has been
shown, respectively. In contrast to the previous case, we observe that the gCC state both with
and without squeezing shows a similar increasing behavior in the lower and the intermediate
region, though the rate of increase may not be identical in both the cases. The divergence
behavior at the higher modes however remains identical to the previous case. In the obser-
vational probes this type of two-point correlators and their associated spectra have not been
actually analyzed yet. Though it is expected to have smaller amplitudes, it may be tested in
the near future with the development of statistical accuracy in the CL.

e In Fig. 4.9(a) and Fig. 4.9(b), the behavior of the power spectrum corresponding to the cor-
relator Gy, 11, for the gCC and the squeezed gCC states with respect to the modes has been
shown, respectively. The behavior of the power spectrum in the entire mode region is iden-
tical to that for the correlator G , . The divergence pattern at the higher mode region is also
similar in behavior.

e In Fig. 4.10(a), we have plotted the advanced part of the power spectrum corresponding to
the Generalised Gibbs ensemble correlator G )(c;xG E calculated for states without squeezing at
a low value of B. We observe that for lower modes the amplitude of the power spectrum
shows a gradual increasing behavior. In the intermediate mode range however the amplitude
of the power spectrum saturates followed by a sharp decreasing nature at the higher mode
range.

e In Fig. 4.10(b), we have plotted the advanced part of the power spectrum corresponding to
the Generalised Gibbs ensemble correlator G?XG E calculated for states without squeezing
at a high value of 8. The behavior of the power spectrum is almost identical to the one we
observe for the low beta case. However, the most crucial difference is that the amplitude in
this case is negligible as compared to the low beta case.

e In Fig. 4.11(a), we have plotted the retarded part of the power spectrum corresponding to
the Generalised Gibbs ensemble correlator GQXG E calculated for post-quench state without
squeezing at a low value of 8. We observe that for lower modes, the amplitude of the power
spectrum is constant. In the intermediate range the amplitude shows a gradual decreasing
behavior followed by an overall increasing feature in the higher mode range. Also, the de-
pendence of the amplitude on the choice of the initial vacuum condition is visible only in the
intermediate mode range.

e In Fig. 4.11(b), we have plotted the retarded part of the power spectrum corresponding to
the Generalised Gibbs ensemble correlator GZCF calculated for post-quench state without
squeezing at a high value of . We observe that for lower and intermediate modes, the am-
plitude of the power spectrum shows a decreasing behavior which is widely different from
what we observe in the low f case. The behavior in the higher mode region is identical to
what we observed in the low 8 case. Also, the dependence of the amplitude on the choice of
the initial vacuum condition is visible throughout the lower and intermediate mode region,
which is also an interesting difference from the low 8 case. It is also worth mentioning that
the amplitude of the retarded part takes almost similar values for high and low 8, whereas
for the advanced part the amplitude is almost negligible for the high 8 as compared to low
B.

e In Fig. 4.12(a), we have plotted the advanced part of the power spectrum corresponding to
the Generalised Gibbs ensemble correlator Gg% 5 calculated for states without squeezing
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Fig. 4.8. Behavior of the power spectrum of the correlator ng X3jx for the gCC and the squeezed gCC state respectively
obtained after quench with respect to the comoving wave number/scale k.
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Fig. 4.10. Behavior of the power spectrum corresponding to the advanced part of the correlator G)((;)? E with respect to

the comoving wave number/scale k at higher and lower temperatures.
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Fig. 4.11. Behavior of the power spectrum corresponding to the retarded part of the correlator G)((;)? E with respect to the
comoving wave number/scale k at higher and lower temperatures.
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Fig. 4.12. Behavior of the power spectrum corresponding to the advanced part of the correlator
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at a low value of 8. We observe that for lower and intermediate modes, the power spectrum
shows a strictly increasing behavior. However, it shows a sharp and abrupt decrease in the
power spectrum for higher modes.

e In Fig. 4.12(b), we have plotted the advanced part of the power spectrum corresponding to
the Generalised Gibbs ensemble correlator GdGGf calculated for states without squeezing
at a high value of 8. We observe that for lower modes the behavior of the power spectrum
shows a gradual increase. The rate of increase in the intermediate mode region is very less
making the increasing nature very slow. However, the sharp fall in the higher mode region is
observed in this case as well. Also, a key difference is observed in the lower modes region for
the lower and higher 8 case. The dependence of the power spectrum on the initial conditions
is clearly visible in the higher B case whereas the curves overlap in the lower § case. Similar
to the advanced part of the GZCF correlator, the amplitude of the power spectrum for the
low B case is almost negligible compared to the high 8 case.

e In Fig. 4.13(a), we have plotted the retarded part of the power spectrum corresponding to
the Generalised Gibbs ensemble correlator calculated for states without squeezing
at a low value of 8. We observe an overall i 1ncreasmg behavior for the entire lower mode
region followed by a peculiar decreasing and then increasing nature of the spectrum in the
intermediate mode region followed by an overall increasing behavior again at the higher
mode region.

e In Fig. 4.13(b), we have plotted the retarded part of the power spectrum corresponding to the
Generalised Gibbs ensemble correlator Gg%E 5 calculated for states without squeezing at a
high value of 8. The overall behavior and the amplitude is almost identical to the low S case.
However, the inlets of the plots clearly show that the initial increase in the power spectrum
occurs upto a large value of k for high 8.

e In Fig. 4.14(a), we have plotted the advanced part of the power spectrum corresponding to
the Generalised Gibbs ensemble correlator Gﬁfﬁx calculated for states without squeezing
at a low value of 8. We observe that for lower modes the power spectrum shows a strictly in-
creasing behavior. The amplitude of the power spectrum in the intermediate modes is almost
constant and the curves corresponding to the different initial conditions overlap. However, a
sharp and abrupt fall in the power spectrum is observed for higher modes.

e In Fig. 4.14(b), we have plotted the advanced part of the power spectrum corresponding to
the Generalised Gibbs ensemble correlator Ggfgx calculated for states without squeezing at
a high value of §. The overall behavior of the power spectrum is almost identical is identical
to the low B case apart from the fact that the amplitude of the power spectrum in this case is
negligible compared to the low § case.

e In Fig. 4.15(a), we have plotted the retarded part of the power spectrum corresponding to
the Generalised Gibbs ensemble correlator GGGE calculated for states without squeezing
at a low value of 8. It is observed that the power spectrum shows a saturation in its value for
the lower mode region. This is followed by a decreasing behavior in the intermediate mode
region. Clear distinction between the curves corresponding to different initial conditions is
also visible in the intermediate mode region. In the higher mode region an overall increasing
behavior of the power spectrum is observed.

e In Fig. 4.15(b), we have plotted the retarded part of the power spectrum corresponding to the
Generalised Gibbs ensemble correlator Gﬁfﬁx calculated for states without squeezing at a
high value of 8. The power spectrum in the lower mode region shows a smooth decreasing
behavior. This is followed by a saturation for a small range of k and then a sudden fall in the
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Fig. 4.13. Behavior of the power spectrum corresponding to the retarded part of the correlator Gg(x}g X with respect to
1 1

the comoving wave number/scale k at higher and lower temperatures.
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Fig. 4.14. Behavior of the power spectrum corresponding to the advanced part of the correlator Gﬁfﬁx with respect to

the comoving wave number/scale k at higher and lower temperatures.

70



S. Banerjee, S. Choudhury, S. Chowdhury et al. Nuclear Physics B 996 (2023) 116368

'Pf(,r\l'ir‘ at 3 =10"* v, = 1/4,7 = =3,1 = =5 without squeezing
T T T T T T
——
10%1 .
[ 10° i
10%H T .
> %T' 1000 ]
3 100
Sy
3 1 1000} 10 - i
(A g 0.01 0.05 0.10 050 1 3
r k(Mpc™) 1
100 — Pf"_(,;“l";‘(B.D vacuuwm) 4
— Pf(,f"‘;,‘(a vacua, o = 1/2)
10 = ?f"_(,;‘ﬁ‘(x\l./l vacua, @ = 1/2,v =1/2) i
1 1 1 1 1 1
10°° 1077 10 0.001 0.100 10
-1
k(Mpc™)
(a)
Pfﬁf;,‘ at B =10"Y v, = 1/4,7 = =3, = —5 without squeezing
FT T T T T T 4
10%1 E
b 0.05 0.10 1
% ::: k(Mpc™)
(G |" 1000 .
100_" — Pf’gﬁ,‘(B.D vacuuwm) 3
— Pfﬁﬁ.\(n vacua, o = 1/2)
101 — PE"_(,;.ﬁ\(x\l.A vacua,x = 1/2,v = 1/2) 4
L1 1 1 1 1 1 ]
107° 107 1075 0.001 0.100 10

k(Mpc™)
(b)

Fig. 4.15. Behavior of the power spectrum corresponding to the retarded part of the correlator Ggfﬁx with respect to

the comoving wave number/scale k at higher and lower temperatures.
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intermediate mode region. The behavior of the higher mode region is identical to the low 8
case.

e In Fig. 4.16(a), we have plotted the advanced part of the power spectrum corresponding to
the Generalised Gibbs ensemble correlator GZCF calculated for states with squeezing at a
low value of 8. We observe that for lower modes the power spectrum slowly increases for
a short range of k after which it attains a saturation in its value. However, after a certain &,
the power spectrum shows an abrupt fall in its value. The amplitude of the power spectrum
is very high for the entire range of the k.

e In Fig. 4.16(b), we have plotted the advanced part of the power spectrum corresponding to
the Generalised Gibbs ensemble correlator G?f E calculated for states with squeezing at a
high value of 8. The behavior of the power spectrum in this case is widely different from
the one observed for the low § case. At lower values of k the power spectrum increases at a
very fast rate. The saturation value in the intermediate mode region is observed in this case
as well. However, the sharp fall in the higher k values that was observed in the previous case
does not happen in this scenario.

e In Fig. 4.17(a), we have plotted the retarded part of the power spectrum corresponding to
the Generalised Gibbs ensemble correlator G?XG E calculated for states with squeezing at a
low value of . The behavior of the power spectrum in this case is widely different from the
advanced part. For very lower values of k the spectrum shows a slightly decreasing behavior.
It remains saturated for a very large range of k. However after a certain value of k at a
relatively large value, the power spectrum falls abruptly.

e In Fig. 4.17(b), we have plotted the retarded part of the power spectrum corresponding to
the Generalised Gibbs ensemble correlator GgXG E calculated for states with squeezing at a
high value of $. In this case the initial decreasing behavior occurs for a very large range of k.
The intermediate saturation region is observed in this case as well. However, the saturation
range of k is much smaller in this case. At large values of k some random fluctuations after
a decreasing nature is observed.

e In Fig. 4.18(a), we have plotted the advanced part of the power spectrum corresponding to
the Generalised Gibbs ensemble correlator G ()Glgf ,, calculated for states with squeezing at a

low value of 8. The behavior of the correlator at low B is widely different from the behav-

ior of the corresponding part of the GgXG E correlator. We observe that the power spectrum
monotonically increases for a very large range of k. The curves corresponding to different
initial conditions also overlap in this region. However, after a certain characteristic value of
k, the power spectrum falls a little and then exhibits an oscillatory feature with decreasing
amplitude.

e In Fig. 4.18(b), we have plotted the advanced part of the power spectrum corresponding to
the Generalised Gibbs ensemble correlator Gg%f 5 calculated for states with squeezing at a
high value of 8. The behavior of the power spectrum in the low beta case is however identical

to the corresponding part of the G?f E correlator. Even the amplitude of the power spectrum

in different ranges of k is similar to the analogous part of the G?XG E correlator at low 8.

e In Fig. 4.19(a), we have plotted the retarded part of the power spectrum corresponding to the
Generalised Gibbs ensemble correlator GS% 5 calculated for states with squeezing at a low
value of B. It is observed that the behavior of the power spectrum is pretty similar to what
we observe for the advanced part. The only difference that we observe is in the amplitude of
the power spectrum. The amplitude in this case is one order less than the advanced part.

e In Fig. 4.19(b), we have plotted the retarded part of the power spectrum corresponding to
the Generalised Gibbs ensemble correlator Ggg{f 5 calculated for states with squeezing at a
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Fig. 4.16. Behavior of the power spectrum corresponding to the advanced part of the correlator Gg? E with respect to
the comoving wave number/scale k at higher and lower temperatures in presence of squeezing.
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Fig. 4.17. Behavior of the power spectrum corresponding to the retarded part of the correlator Ggfﬁ p with respect to

the comoving wave number/scale k at higher and lower temperatures in presence of squeezing.
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Fig. 4.18. Behavior of the power spectrum corresponding to the advanced part of the correlator Gg‘;f 5 with respect to
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the comoving wave number/scale k at higher and lower temperatures in the presence of squeezing.
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Fig. 4.19. Behavior of the power spectrum corresponding to the retarded part of the correlator Gg(x}g X with respect to
1 1
the comoving wave number/scale k at higher and lower temperatures in presence of squeezing.
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high value of B. It is observed that the behavior of the power spectrum in this case is pretty
similar to what we observe for the low S case.

e In Fig. 4.20(a), we have plotted the advanced part of the power spectrum corresponding to
the Generalised Gibbs ensemble correlator GgGﬁ calculated for states with squeezing at a
low value of 8. The behavior of the power spectrum of this correlator is exactly identical to
the G)?XG E correlator. This identical nature is observed in the entire range of k.

e In Fig. 4.20(b), we have plotted the advanced part of the power spectrum corresponding to
the Generalised Gibbs ensemble correlator G gfgx calculated for states with squeezing at
a high value of 8. The behavior at high § is also identical to the corresponding part of the
G?XG E correlator. The fast increase for lower values of k followed by saturation in the power
spectrum at intermediate and large values of k occur in this case as well.

e In Fig. 4.21(a), we have plotted the retarded part of the power spectrum corresponding to the
Generalised Gibbs ensemble correlator Ggfﬁx calculated for states with squeezing at a low
value of 8. Again the behavior of the correlator is identical to the corresponding part of the
GYYE correlator. In this case too the initial decrease of the power spectrum for a small range
of k followed by the saturation for a large range of k is observed. Moreover, the sudden fall
that was observed after a certain value of k for fo E correlator is also observed in this case.
Though the behavior of the spectrum remains same the overall amplitude is one order small
than the GfXG E correlator.

e In Fig. 4.21(b), we have retarded the advanced part of the power spectrum corresponding to
the Generalised Gibbs ensemble correlator GlngGnEX calculated for states with squeezing at
a high value of 8. The feature shown by the correlator exactly matches the one showed by
the corresponding part of the Ggf E correlator. The smooth decrease for a large range of k
followed by the fluctuations at large k’s is observed in this case too. Here also, the amplitude
seems to be one order less in magnitude than its corresponding G?XG E correlator.

5. Conclusions

The concluding remarks of our analysis are as follows:

e We have developed the curved space generalization of quantum field theoretic version of the
well known Caldeira-Leggett model consisting of two interacting scalar fields to describe
the phenomena of Quantum Brownian Motion. In this construction, we have path integrated
one scalar field from the two interacting scalar field theory and have constructed the Eu-
clidean partition function and the corresponding effective action for one scalar field. In this
derivation, all the contributions from the interaction and the free part of the other field will
be absorbed in the effective coupling parameter and consequently in the effective mass term
of the scalar field in this effective description.

o In this construction, we have treated the gravitational sector classically and the interacting
scalar fields quantum mechanically. For this reason during computing the effective action
and partition function for one scalar field we have treated gravity as the background. Conse-
quently, the result obtained in this construction is a semi-classical result. However, the path
integral over the metric can also be done if we treat this quantum mechanically by following
perturbative quantum gravity description. In this paper, we have restricted our analysis in the
semi-classical regime and have not studied any quantum gravity description of the presented
framework.
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Fig. 4.20. Behavior of the power spectrum corresponding to the advanced part of the correlator GgGg with respect to
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the comoving wave number/scale k at higher and lower temperatures in the presence of squeezing.
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e Next we derive the results for conformally flat de Sitter space-time solution and used the
phenomena of quantum quench as a special trick to study the two-point quantum correlation
functions from the effective scalar field, its spatial derivative and its associated canonically
conjugate effective field momentum. Particularly in this context, the phenomena of quantum
quench is used to deal with the conformal time-dependent effective mass which we have
obtained as an outcome of the previously mentioned semi-classical construction of partition
function and the effective action for one scalar field in the de Sitter background geometry.

e We have chosen the sudden quench mass protocol using which we compute the classical
solutions of the effective field in the Fourier transformed space, which is identified as the
mode functions before and after the quench operation. In the technical description, the solu-
tions obtained before and after quench are known as the incoming and outgoing modes. This
further enabled us to compute the expressions for the two Bogoliubov coefficients which
actually connect the solutions before and after the point of quench operation. However, it is
important to note that the present computational methodology can be implemented for other
time-dependent effective mass protocols and depending on the specific profile one can ex-
pect to get different types of solutions for the incoming modes, outgoing modes and for the
two Bogoliubov coefficients which allow expressing one solution in terms of the other.

e From our study we found that irrespective of the initial starting state before the point of
quench, the state of the system could be written in terms of some conserved charges of Wy,
algebra, i.e., in the gCC form. This obtained result further implies that in the late time scale
the subsystem that we are considering thermalizes. The above fact was true even if one does-
n’t take the ground state of the initial Hamiltonian as the starting state. Most significantly,
the results that we have established for the thermalization within the framework of de Sitter
background geometry was not explicitly studied before. Also these obtained results can be
further extended to study various early universe cosmological phenomena, particle produc-
tion, reheating, etc., where it is needed to thermalize a system from out-of-equilibrium.

e We found that the conserved charges of W, algebra describing the gCC state post quench
was dependent on the choice of the quantum initial conditions for de Sitter background.

e Additionally, we have studied the consequences within the context of a thermal GGE en-
semble where we found that the results for the two-point quantum correlations are explicitly
dependent on the factor 8, which is the inverse equilibrium temperature of the GGE ensem-
ble after thermalization. This is another evidence of the system attaining thermalization at
the late time scale.

e We also extend the computation for finding the two-point quantum correlation functions
from a Gaussian squeezed state and for a squeezed gCC state in this paper and found that the
results are different from the results obtained without squeezing.

e We verify that an assumption of a non-Gaussian squeezed state as the starting wave function
does not give any significant difference in the conserved charges of Wy, algebra and hence
the structure of the gCC state describing the post-quench phase is almost identical with the
gCC state obtained by assuming Gaussian squeezed state. This is nicely consistent with ref.
[117], in which the author found that the non-Gaussian perturbations of the most dangerous
type are practically absent.

The future prospects of the present work are as follows:

80



S. Banerjee, S. Choudhury, S. Chowdhury et al. Nuclear Physics B 996 (2023) 116368

e The present work has been done by considering a specific instantaneous quench protocol.
One can extend the present analysis by considering various other quench protocols in curved
space-time.

e Another extension of the present work would be to try and consider non-quadratic interac-
tions between the two scalar fields. Though an exact approach may not be possible in that
case, but one can always resort to perturbative approaches while dealing with such non-
quadratic interaction terms.

e A similar kind of study can be done by taking fermionic fields in the background of De-Sitter
space instead of the scalar ones and we intend to do it in upcoming days.

e As already clear from the present analysis, the introduction of the curved background plays a
tremendous role in constructing the gCC states for the post quench phase. One can extend the
current work not only for different quench profiles but for different background space-times,
probably in AdS space also.

e The system considered in this paper is a highly realistic one and can be a very useful model
of many physical systems. One can thus think of studying chaos by computing OTOC’s [79,
118-120], circuit complexity [121-133] and krylov complexity [134,135] for such systems.
These have attracted significant interest in recent times.
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Appendix A. Charges of W, algebra for different quantum initial conditions
A.l1. Expression for the coefficients of y (k)

The specific choices for quantum initial conditions are fixed by choosing the following set of
constants appearing in the incoming solution:

Bunch — Davies vacuum : di=1, dr =0, (A1)
o vacua : d; =cosha, dr = sinha, (A.2)
Motta — Allen vacua : dy = cosha, d, =exp(iy)sinha. (A.3)

The various non-vanishing coefficients of y (k) can be computed as:

id) + dyexp(imviy)

= ) A4
Y0 id} 4 df exp(imviy) (A4

_ 2did} — dad3) exp(imvin)n* (5 + 2vin) (AS5)
Y E TR (dg + d explimvin)2(— 1+ 2vim)) '
g — 2hdf — dod3) expUrvin)i (—29 + 4vin (4 + vin) A6)

5((idy + d exp(imvip))?(1 — 2viy)?)

In the next three subsections we mention the results for the above mentioned three different
choices of the quantum initial conditions.

A.1.1. Expressions for the Bunch Davies vacuum
For Bunch Davies vacuum we have the following results:

Yo = exp ( in (v,-n + %)) (A7)

2 . 3 5 + 2Vin
2 i , A8
V4 3eXP( ITTVin)n <_1+2vin> ( )
2 . 5 =29 +4v; (4 + vin)
Y6 = 5 eXp(—iTvin)n ( 202 ) (A9)
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A.1.2. Expressions for the a vacua
For o vacua we have the following results:

exp(imv;,) sinha — i cosha

0= exp(imvi,)cosha +isinha’
2 eXP(iiTvin)fl3(5 +2vin)

V4= 73 (Coshar exp(imvin) + i sinh@)2 (=1 + 2vin)’
_ 2 exp(imvin)n (=29 + 4vin (4 + vin))
Y6 = 5 (cosha exp(intvin) + i sinh@)2(1 — 2v3)2

A.1.3. Expressions for the Mota-Allen vacua
For Mota-Allen vacua we have the following results:

exp(i(y 4+ mvj,))sinha — i cosha

- exp(imv;,) cosha + i exp(—iy) sinha’
2 exp(imvi)n3 (5 + 2vi,)
va= 3 (exp(imvi,) cosha + i exp(—iy) sinha)2(—1 4 2v;,)°
o= 2 exp(ivin)n° (—29 + 4viu (4 4 vj))

= 5 (exp(imvin) cosha + i exp(—iy) sinha)2(1 — 2v;,)2"

A.2. Expression for the coefficients of k (k) for ground state

(A.10)

(A.11)

(A.12)

(A.13)

(A.14)

(A.15)

The non-vanishing coefficients of the k (k) expansion for arbitrary quantum initial conditions,
which are representing the non-vanishing charges of the W, algebra can be calculated for Dirich-

let and Neumann boundary state as:

1 |:d1 —idzexp(invm)]

=——1
¥o.DB 2 08 dy — id{ exp(imvi,)

1 o dy —idyexp(imviy) tin
K =—= i,
ONB =70 8L a5 — id? explimvin)

B (did} — dod3) exp(imvin))1* (5 + 2vin)
3(dy — id{ exp(imvin))(di — idy exp(imvin)) (=1 + 2viz))’
(dd} — drd}) exp(imvin)n’ (—29 + 4viy (4 + vin))
5(idy + dj exp(imvin) (idy + da exp(imviy)) (1 — 2v;,)?)
1
. 2 ; H 2 * . 1% . . 2
91 —2v;j,)* (dy — idrexp(imvip)) (d2 —id] exp(mv,n))

K4 DB = K4,NB =

K6,DB = K6,NB =

K7,DB = K7 NB =
[né exp(imvi,)(dydf — dzd;)< — 72exp(imvip)(dd}f — dod)

+i(d1dy + di dy expimvip) (4vin (vin +5) — 47)>:|

(didf — dad3)n” exp(imvin) (2vin (4v3, + 22v;, — 81) + 125)

K8,DB = K§ NB = — , ; ; ;
TQ2vin — 1)3 (id) + daexp(imvin)) (df exp(imvin) + id})
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1
15Qvin — 1)3 (id) + do exp(imvin)? (d7 exp(imvin) + id3)’

K9,.DB = K9 NB =

[Z(dl df — dzdik)n8 exp(imvin) (120 exp(invin) Quiy — 3)(d1d] — dad3) — id) d;(Sv?n
+ 5202 — 218u;, +215)
— id}dyexp(2imviy)(8v7, + 522, — 218, + 215))] (A22)

In the next three subsections we mention the results for the previously mentioned three different
choices of the quantum initial conditions. Here we are computing the expressions for the Dirichlet
boundary states from which one can also derive the expressions for the Neumann boundary states
using the above mentioned connecting relationships. For computational simplicity we will further
drop the superscript DB in the further computations.

A.2.1. Expressions for the Bunch Davies vacuum
For Bunch Davies vacuum we have the following results:

i (1
w=-2 (5 3 Um) (A23)
i 3 5 + zvin
_ b3 3+ 2in A24
=30 <—1+2Vin) "
i 5(—29+4vi,(4+vin)
_ i A.25
K6 =—3n ( (1= 2v;,)2 o
87}6
_ & A26
T 2,2 20
. 2
o L (2vin (4v7, +22vi, — 81) +125) (A.27)
7 vy — 1)3
16783 — 2v;p)
_ 16083 —2vin) A28
O T Qo — 1) "

A.2.2. Expressions for the a vacua
For o vacua we have the following results:

1 exp(imvjy,) sinh(«) 4 i cosh(o)
ko=—xlo . — ; (A.29)
2 exp(imvj,) cosh(e) + i sinh(o)
a— b eXpUT ) 5+ 2in) ’ (A30)
3 (sinho — i cosha exp(imvj,))(cosha — i sinhaexp(imvj,))(—1 + 2v;;,)
. 1 exp(imvin) > (=29 + 4vin (4 + vin)) (A31)
6=3 (i sinha + cosha exp(imv;,)) (i cosha + sinha exp(imvi,)) (1 — 2v;,)2’ '
_ exp(invin)n6 (i (1 +expRimviy)) (4vi, (viy +5) — 47) sinh(Qa) — 144 exp(imv;,)) (A 32)
T 18(1 — 2v;,)2 (exp(i i) cosh(a) -+ i sinh(er))? (exp(imv;y) sinh(a) + i cosh(a))? '
e 07 exp(invin) (8ul3” 4402 — 1620, + 125) (A33)

TQRviy — 1)3 (exp(imvj; ) cosh(a) + i sinh(«)) (exp(imv;, ) sinh(a) + i cosh(x)) ’
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1
- 15Q2v;, — 1)3(sinh(2x) sin(;w v;y, ) + cosh(2x))?

K9
¢ X |:n8 exp(—imvip) (i (1 +expRimviy)) (81},3,Z + 52\)1»2” —218v;, + 215) sinh(2a)
¢ —240exp(imv)(2v —3)) i| (A34)

A.2.3. Expressions for the Mota-Allen vacua
For Mota-Allen vacua we have the following results:

o= _1 o cosh.a — 1 exp(i(ylw,-n + y)) sinh« ’ (A35)
2 exp(—iy)sinha — i exp(imv;,) cosha
a— eXPUTYin ) 5 + i) (A36)
3 (exp(—iy)sinha — i cosha exp(inmv;,))(cosha — i sinha exp(i (wv;;,, + ) (=1 + 2v;y,)
e—t XDy )1 (=29 + Avin (4 -+ vin) (A7)
5 (iexp(—iy))sinha + cosha exp(imv;,))(i cosha + sinha exp(i (rv;, + ¥)))(1 — 2vi,)2
1
KT =180 -2v2 (cosh(a) exp(i (¥ + i) + i sinh(a))? (sinh(a) exp(i (¥ + 7vj,)) + i cosh(a))?’
X [exp(i(y + nvi,,))n6 (i 4v(vi, +5) —47)sinhQa)
X (1 +expRi(y + nv,-,,)))
— 144 exp(i(y —|—71v,-n))>:| (A.38)
_ i . 7 . 2 .
s = exp(i(y + i) (2vm (4vin + 220, 81) + 125) (A39)
7(2vip — 13 (cosh(a) exp(i(y + mv;y,)) + i sinh(ar)) (sinh(a) exp(i (y + mv;y,)) + i cosh(a)) ’
1
K9

T 15@vin — 1)3 (cosh(er) exp(i(y + V) + i sinh(@))? (sinh(@) exp(i (y + 7vin)) + i cosh(@))?

X [?78 exp(i(y + mvin))(240Q2v;, — 3) exp(i(y + mvin))
— (83, + 5202, — 218v;, 4 215) sinh(2a) (1 4 exp(2i (y + m),-n))))]. (A.40)

A.3. Expression for the coefficients of k (k) for squeezed states

Doing a series expansion of «.rr(k), for the specific choice of Gaussian f(k), it can be
very easily verified that the non-vanishing expansion coefficients for the Dirichlet and Neumann
boundary states can be written in the following form:

1 dy —idyexp(imviy)
eff 1 2 €Xp in
=—51 A4l
“0pB =75 Og[d; —idf‘exp(irrv,-n)] (A4D
1 dy —idyexp(imviy)
eff 1 2€Xp in .
=—-11 A42
“o.NB 2{ Og[dé‘ —idi‘exp(inum)] +m} ( )
off  _ off _ (dd} — drd3) exp(imvin))n (5 + 2vin)
K4ipB = K4NB = % ; - - (A.43)
’ ’ 3(d5 —id{ exp(imvip))(dy —id2 exp(imvin)) (=1 + 2v;,))
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of _ off (did} — dad3) exp(imvin)n® (=29 + 4vi (4 + vip))
Ke.DB =K6oNB = 575 % . . . 3
’ ’ 5(idy +dy exp(imvin)(idy + da exp(imvin)) (1 — 2vin)*)

(A.44)

eff __  eff
K7 DB = K7.NB

1
T 9(d; — idy exp(imviy))2(idy + da exp(imvin)2(dy +di — i(d] + do) exp(imvip) (1 — 2v7)2

[eXp(l’nwn)ﬂ6 (idldé‘ (d1 + d3)(—dd} + drd}) (=47 + 40, (5 4 vip)) +di do(d} + d)
(—d1df + dpd3)) expBimvjn) (—47 4 4vin (5 + vin))
+ <(dld;k — dad3)(12d3d} — dyd v, +5)°

(A.45)
df +dy) + 72d2d§2> + dfdy expBimviy) (Bvi (Vig +5) — 41V} + da)(dad] — d1d)

+ idld;(4v,-,,(v,-n +5) —47)(d; +d§)(d2d; —did]) + iez"””i”(dldik —dody)
(dldik(72dik —dy(2uiy + 5)2 +d2d§‘(72d2 — dik(2v,-n + 5)2))>j|

off off (did} — drd3) exp(imvin)n’ (125 + 2 (—81 + 22v;, + 4v7))
K3 DB = K3,.NB —
’ ’ 7(idj + df exp(imvin)) (idi + da exp(imvin))(—1 + 2v;y)3

eff __  eff
K9 pB = K9 NB

1

— 2 2
15, — 1)302(id1 +dzei””in> (dé‘ fidikei”"in> (dl —iel™vin (d} +d2)+d;)

2

in in

[2n65f”“in dydf —dyd) (d?nzoz (id;‘ (8u3 +5202 —218v;, + 215) — 120d} ™ Vin Quyy, — 3))
+d? (2d;‘e"””in (nz(rz <8ui3n (d} +dp) + 5202 (d} + dp) — 2v;,, (109d] + 49d3) + 215d} + 35d2)
+30d% 2vj, — 1) | — id¥ X Vin [ 60d* vy, — 1) — dyn* [ 803 2 o 2
Qi Yo ¥ Quig — 1) — dan* (89}, + 5202, +262v;, — 505 |0
2 . .
+2idf (8vi3’n + 5202, —218v;, + 215)02> +d (Zdze’””in (d;z + d;fze%ﬂwn)
(nz (8v§n +5202, —218v;, + 215>a2 — 60v;, + 30) + d3n? e Ving? (24,*&””:‘:1
X 2
X <8u§n +5207, — 98y, + 35) —id} <8vl3n + 5202, +262v;,, — 505)) +n?c? (d;* - idTe’”“in> (A.46)
<120d;‘e"”“in @iy —3) +id} (8ufn +5207, — 218v;, + 215)))
iTv; L ax2 Qv [ gk 2 3 2 ) 2 X
+dpe™Vin (;dz e (d, 1 (81;,." + 5202, +262v;, — 505)0 +60dy (2v;, — 1))
* 207 V; 2 2k * 3 2
+2d5 X in (n o2} + d2)<d1 (8vm +5202, —98v;, + 35) +60d (3 — 21),-,,))
+30d} dp (2v;y, — 1)) —id} 2™ Vin (sufn +5202, — 218v;;, + 215)a2(d;‘ +dy)?
+ 120d§3n2(3 - 2”in)”2>)]
In the next three subsections we mention the results for the previously mentioned three different
choices of the quantum initial conditions. Here we are computing the expressions for the Dirichlet
boundary states from which one can also derive the expressions for the Neumann boundary states

using the above mentioned connecting relationships. For computational simplicity we will further
drop the superscript DB in the further computations.
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A.3.1. Expressions for the Bunch Davies vacuum
For Bunch Davies vacuum we have the following results:

off ir (1
=kp=——|=— A.47
Ko =Ko 5 <2 V) (A4T)
off i 3 5+2v
=Ky =—— - - A48
fa ==y (—1 +2v (A.43)
off i s{—29+4v(4+v)
=K = —— - - A.49
ke = kg 5n< 02y (A49)
8 6 . i
7y = L RN 2] (A.50)
(exp(imv) +1i) (1 —2v)?2
j 2v (4v? +22v —81) + 125
Kgff: kg = l—Tl7 ( ( ) ) (A51)
7 Qv —1)3
off 8nSexp(imv) (4n>(2v — 3)o2 cos(mv) +i(2v — 1))
kg #kg= - — 1 (A.52)
(exp(irv) +i)- v — 1)°c
A.3.2. Expressions for the « vacua
For o vacua we have the following results:
ngf o= _1 o exp(z:n Vi) sinh(a) + i.cc.>sh(oz) ’ (A.53)
2 exp(imv;,) cosh(o) 4 i sinh()
KfoZK4 — _1 : : .exp(inv,',,)n3(544r24vm) : i (A54)
3 (sinha — i cosha exp(imvj,))(cosha — i sinha exp(imv;,))(—1 + 2v)
K g = XD i1 (29 -4 (4 -+ i) y (A55)
5 (i sinha + cosha exp(imv;,)) (i cosha + sinha exp(imv;,)) (1 — 2v;y,)
eff _ 1
K7 F K= 18(eiVin + i) (1 — 2v;,,)2 (el Vin cosh(a) + i sinh(c))2 (! Vin sinh(a) 4 i cosh(a))?
[n%"’”m (™Vin — i)(i(—4v2, + X TVin (4v2 + 20v;, — 47)
—20v;, + 2ie ™ Qv + 5)?
+47) sinh(2a) + 144¢™Vin cosh(Zoz)):|, (A.56)
. 7 . 3 2 _ )
Kgff — kg =— n’ exp(imvi,) (811[" +44v; — 162v;, + 125) (A.57)

7(2v;, — 13 (exp(imv;y,) cosh(a) + i sinh(a)) (exp(imv;,) sinh(a) + i cosh(a))’
1
(7 +i)% 2vj — 1302 (/™ Vin cosh(@) + i sinh(@)) (/7 Vin sinh(a) + i cosh(@))*

eff _
Kg # k9= s

|:4r]6€_2a+3i””"" (sinh(2a) (€2 r]zoz((Sv?n + 52vi2n —218v;, +215) sin(wv;,) + vy +5)
(4vip (vip +4) —29)) cos(mv,) — 30i 2v;, — 1) sin(r vy )
+ 30 cosh(2a) (—4e2* 02 (2v;, — 3)

0% cos(mviy) — 2iviy + i))].

(A.58)
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A.3.3. Expressions for the Mota-Allen vacua
For Mota-Allen vacua we have the following results:

off 1 ( cosha —iexp(i (vin +y)) sinha > (A.59)

exp(—iy)sinha — i exp(imvj,)cosho

1 ;
/cf;’ff =Ky = 3 exp(znvm)n3 (54 2viy)

-1
X [(exp(fiy) sinha — i cosho exp(im v ))(cosha — i sinhae! ™ Vint¥) (—1 4 2vi,l)] , (A.60)

Kgft =Ko = ¢ exp(i7vin)n> (=29 + 4viy (4 + vin))

-1
X [i(exp(—iy) sinha + cosha exp(imv;,)) (i cosha + sinhae! TVint¥) (1 — 2”in)2:| ’ (A.61)

1S £ 7 (A.62)

. . . —1
(—ie””in (e’y sinh(a) + cosh(a)) + e~V sinh(a) + cosh(a))

9(1 — 2v;,)2 (e~ sinh(@) — ie!™in cosh(a))? (sinh(@)el ¥ +7vin) + i cosh(a))

[nﬁeim’f" (€ ™Vin (—(2v;, + 5)%e ™'Y sinha coshe(e'” sinh(er) + cosh(a)) 4+ 72¢ " sinh’ &

+72cosh’ &) + ie2 ™ Vin (—(2v;, + 5)%€'Y sinho cosh? @ — (2v;,, + 5)% sinh? (&) cosha
+ 726" sinh® o 4 72 cosh? o) (A.63)
+ (=) (4vi, (i, +5) — 47)6_2”/ sinh() cosh(x(eiy cosha + sinh )

— (4v;, (Vi +5) — 47) sinha coshae'? T3 Vin (o1 sinha + cosha))],

K§t = kg = —(exp(i(y + Vi)’ (2Vin <4vi2n +22vin — 81) + 125) )

_1
X (7(2vm — 1?3 (cosh(a)ei(y+””i") +i sinh(oz)) (sinh(a)ei(y+””i'l) +i cosh(a))) , (A.64)

fr
Ky # K9

1
T 15Qui, — 1362 (e sinh(ar) — ie!™Vin cosh(a))2 (sinh(a)eiy+i””i'z +i cosh(a))2

1
X - - -
(—iei™vin (el? sinh(a) + cosh(a)) + ¢~ sinh(a) + cosh(a())2
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[2n6e"””in (n?a% cosh? (@) (i (8v3, + 5202, — 218v;, + 215)e ™17 sinh()

— 1206/ Vin (2v;,, — 3) cosh(a)) + cosh(e) (2 sinh(a)e'? 17 Vin (772(81’,3,1 + 52v12n —218v;;, +215)52
— 60v;, +30)(e ™27 sinh? (@) + €27 Vin cosh? (@) + no % sinh? () > F2TVin (2617 Vin (83

+ 5202, — 98v;, +35) cosh(@) — i 8V}, + 5202, +262v;, — 505)e 1 sinh(«))

—1%02e 3 (cosh(a)e? TMVin 4 sinh(a))? (i (8v3, + 52v3, — 218v;, + 215) sinh ()
+ 120(2v;, — 3) cosh(a)e!? HiTViny)

+ cosh? (@) (2in*(8v3, + 5202, — 218v;, + 215)0 22 sinh? ()

+ 2sinh(@)e ™ FVin (262 (803, + 5202, — 98, +35)el” sinh(a)

+ (8ui3n + 52“1‘2:1 — 218vj;, + 215) cosh(a)) + 30(2v;,, — 1) cosh(x))

— ie®™Vin cosh(er) (60(2v;, — 1) cosh(a)

— 12 (8v}, + 5202, +262v;, — 505)0%¢l” sinh(a)))

+ i sinh? (a)e Y T2 Vin (2 (8Ui3n + 52111»2” + 2620, — 505)a % cosh(c)

+60(2v;, — D)e'” sinh(a))

+ 2637 Vin sinh (@) (7?02 (el? sinh(a) 4 cosh(a)) ((8v3 + 52v2, — 98v;, + 35)
cosh(e) + 60(3 — 2v;,)el? sinh(a)) + 152v;, — De'? sinh(2a))

—in?(8v3, 45202 —218v;, +215)

o2 sinh(a) cosh(a)el? T4 Vin (o1 sinh(a) + cosh(a))?

(A.65)

+ 120123 — 2v;,)02 sinh“(a)e*m)’*"””m)}

A.4. Consistency relations

In this appendix, we re-derive the relations between the various coefficients of y and « for
the different choices of quantum initial conditions as discussed earlier in the text portion. For the
sudden mass quench profile, the relationship between the various coefficients of « (k) and y (k)
can be expressed as:

i (idy +dfexp(imviy) 1/d +idyexp(imvin)\ v4

K4,DB = K4 NB = = - - = - - — (A.66)
2\ dy —idyexp(imviy) 2\dy —idrexp(imvin) /) Yo
1 /idy + df exp(imv;y) 1/ —idi +drexp(imvin)\ Ve

o.0B = KeNp = 5 | 2P 0 (2 PREIN S (a7
2\ id) + drexp(imvip) 2\ idy+drexp(inviy) ) o

In the next three subsections we mention the results for the previously mentioned three different
choices of the quantum initial conditions. Here we are computing the expressions for the Dirichlet
boundary states from which one can also derive the expressions for the Neumann boundary states
using the above mentioned connecting relationships. For computational simplicity we will further
drop the superscript DB in the further computations.

A.4.1. Expressions for the Bunch Davies vacuum
For Bunch Davies vacuum we have the following results:

Ky = 1<ﬁ> (A.68)
2\
K = ! (ﬁ) (A.69)
2\
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A.4.2. Expressions for the a vacua

For o vacua we have the following results:

1 <cosha +isinho exp(inv,',,)><
K4 = —

~ 2 \icosha + sinha exp(imv;,)

Ko = = — ;
cosha — i sinha exp(imviy)

A.4.3. Expressions for the Mota-Allen vacua

1 <—i cosha + sinha exp(imv;,)

Nuclear Physics B 996 (2023) 116368

ﬁ) (A.70)
Y0

)(ﬁ) (A71)
Y0

For Mota-Allen vacua we have the following results:

s 1 cosha + sinha exp(im (vip + 1/2) +y) V4 (A72)
*~ 2\ cosha — sinha exp(ir(vin +1/2) +v) /) \ v '
1 fexp(—im/2)cosha + sinhaexp(i(wvi, +¥) \ [ Ve
Ke = — y . 8 — (A.73)
2\ exp(im/2)cosho + sinha exp(i (wvip +¥)) Y0

Appendix B. Definition of the Symbols appearing in the two-point correlators

B.1. Symbols appearing in the correlators of the ground state

Here we have defined the symbols A;(k, 71, 72) Vi =1, ---, 16 that appeared in the correla-

tors calculated for the ground state:

A1k, 11, 2) = e (K) [vour (K, 1)V}, (K, T2) (B.1)
Aa(k, 71, 1) = a(K) B (K)vour (K, T1) vous (K, 12) (B.2)
Asz(k, 11, ) = a* (K) B(K)vy,, (=k, 1)V}, (K, T2) (B.3)
A4k, 11, 2) = B0}, (K, T1) Vour (=K, 72) (B.4)
As(k, 11, 2) = [ (K) [*vour (k, TV, (K, T2) (B.5)
Ag(k, 71, 12) = a(K) B* (K) vour (K, T1),,, (K, 2) (B.6)
A7(k, 71, ) = a* (K)BK) v}, (K, T)vgy, (K, 2) B.7
Ag(k, 11, ) = |BK) [PV}, (K, T1) V), (—K, 72) (B.3)
Aok, 71, 72) = [ (K) 7V, (K, 7))V, (K, T2) (B.9)
Aok, 71, 12) = a(K) B*(K)v,,,, (K, T1) vous (=K, T2) (B.10)
Ak, 11, 1) = a*(K) B(K) vy, (=K, 1)}, (K, T2) (B.11)
Ak, 71, ) = B[V, (K, T1) Vour (=K, 72) (B.12)
A3k, 1, 12) = [ (K)[*v),, (K, 7)), (K, T2) (B.13)
Ak, 11, 1) = a(k)B*(K)v,,, (k, 7)), (—k, 72) (B.14)
A5k, 1, 1) = a* (k) B(K) v, (=K, 1) v, (K, 72) (B.15)
Aok, 71, 72) = [BK) [P0k, (K, 7)), (—K, 2) (B.16)

and v;, and v,,; are the fluctuation solutions before and after the quench point respectively
and o and B are Bogoliubov coefficients which encodes the quench protocol in the form of the
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asymptotic expansion of the Hankel functions. The Bogoliubov coefficients could be written
entirely in terms of y (k) as follows:

lak)|* = ————, (B.17)
1—|y&k)?
ly ®)|?
B> = ———. (B.18)
1—|yk)?
ly (K)|
a(k)p* (k) = ——~——, (B.19)
1—ly&)?
ly* (k)|
o KBK) = ——F" (B.20)
1—ly®)?
B.2. Symbols appearing in the correlators of the gCC state
The symbols ®;(k, t1,70) Vi =1,---, 16 appearing in the correlators of the gCC states are
given by:
O1(k, 71, 12) = Vour (K, T1) 0}, (K, T2) (B.21)
2 (K, 71, 12) = Vour (K, T1)Vour (=K, 72) (B.22)
O3(k, 71, ©2) = v}, (—k, 1)V}, (K, 72) (B.23)
®4(k7 71, 12) = v:ut (k7 tl)vout(_ka tz) (B24)
®5 (k7 tl! T2) = U()MT (k7 II)U(/}TA[ (k7 7—'2) (B'25)
Os (K, 71, 12) = Vour (K, T1)V,,,, (—K, 12) (B.26)
O7(k, 71, 2) = v}, (=K, t)v (K, 12) (B.27)
Og(k, 11, 12) = v}, (K, TV, (—K, 72) (B.28)
Ok, 71, 12) = vgm(k, tl)v:m(k, ) (B.29)
O10(k, 71, 2) = V), (K, T1)Vour (—K, 72) (B.30)
O11(k, 71, 1) = v, (=K, )V}, (K, T2) (B.31)
O1(k, 71, 12) = v, (K, T1)Vour (=K, 72) (B.32)
O13(k, 71, 12) = v,,,,, (k, 1))V, (K, T2) (B.33)
@14(k, 11, ‘Ez) = Ugm (k, ‘Cl)v(/mt(—k, ‘172) (B.34)
O15(k, 1, 12) = v, (=K, T, (K, T2) (B.35)
O16(k, 71, 12) = vk, (K, TV, (=K, T2) (B.36)

and v;,, and v,,; are the fluctuation solutions before and after the quench point respectively.
B.3. Symbols for squeezed state

Here we have introduced new symbols Af.q(k, 71, T2) Vi=1,---,16 which are used in the
above mentioned expressions for propagators and given by:
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s et (K)|?

A (K, 71, ) = %m(k, 7, ) (B.37)
sq _ Oeff (k)ﬂ:ff(k)

AY(K, 11, T0) = 70{(1()/3*(1() Ar(Kk, 11, T2) (B.38)
sq _ a:ff(k)ﬁeff(k)

Ay (K, T, 10) = 70[*(1()’8(1() As(k, T1, T2) (B.39)
K eff k 2

A (K, 11, 7)) = %M(k, 1. 72) (B.40)
s efr(K)|?

A (K, 71, 1) = %As(k, 71, 12) (B.41)
sq _ Oeff (k)ﬂ:ff(k)

Ag (K, 71, 2) = 705(1{)/3*(1() Ae(k, 11, 72) (B.42)
sq _ a:ff(k)ﬂeff(k)

AT (K, T, T2) = 70[*(1(),3(1() A7(k, T1, T2) (B.43)
s eff k 2

AV (k. 1. 1p) = %As(k, 1. 72) (B.44)
s et (K)|?

A (K, 71, T2) = %Ag(k, 7. 72) (B.45)
sq _ Oeeff (k)ﬁ:ff(k)

Aok, 11, 12) = 705([()/3*(1() Aok, 1, 72) (B.46)
sq _ a:ff(k)ﬂcff(k)

ALK, T, 1) = 70[*(k),3(k) Ak, 1, 1) B.47)
s eff k 2

Ak, 71, T0) = %Au(k, 1, ) (B.48)
s et (K)|?

A (k. Ty, 1) = %Am(k, 11, 72) (B.49)
sq _ aeff(k)ﬂ:ff(k)

Ao ) == S S Ak, 1) (B.50)
sq _ a:ff(k)ﬂcff(k)

A5k, T, 1) = 70[*(1()/3(1() Arsk, 1, 12) B.51)
s eff k 2

A (K, 71, 1) = %Am(k, 1, ) (B.52)

and v;, and v,,; are the fluctuation solutions before and after the quench point respectively
and o and B are Bogoliubov coefficients which encodes the quench protocol in the form of the
asymptotic expansion of the Hankel functions. These Bogoliubov coefficients could be written
entirely in terms of y.fr(k) as follows:

2_

|orefr(K) |~ = [ (B.53)
2 lrer®)I?

|Besi ()|~ = T R (B.54)
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Vet (k)|

oerr (K) B (K) = T (B.55)
(kK
() Berr () = % (B.56)

Appendix C. Quantization of Hamiltonian in occupation number representation

Now in the quantum description the corresponding quantized normal ordered Hamiltonian
operator can be written as:

oo

Hoy= Y  H, (C.1)

{Ne}=0V k
where in the occupation number representation of the Hamiltonian one can write:
Hi(t) = Ni Ex(t) where Ny =a.,,(—K)aou (K). (C.2)
Here Ej(7) is the dispersion relation which is defined in the present context as:
Ei(@) = [ IMous (6, T2 + 02, (k. ©lvons k. . (€3)
Hence in the occupation number representation we have:

(N} Hi(2) [{Ni}) = N Ex (2). (C4)
Appendix D. Derivation for thermal partition function for GGE ensemble

First of all we derive the expression for the thermal partition function Z for GGE ensemble.
For this purpose we start with the following definition:

Z(n) = Tr(exp(—ﬂb?m) - ZKZH,DB/NBW"INE/«)))

n=2

o
N PN
= / AVour our (Wexp(—BH (1)) = Y _ k20 pB/NBIK" T N(K) [ W)y, (D.1)
n=2
where we have translated the trace operation in terms of an outgoing quantum state after quench
in continuous representation of wave function. But technically computation of this result is very
cumbersome in terms of a thermal state. For this reason the above mentioned expression can be

further represented in terms of the occupation number discrete representation of the Hamiltonian
basis [{Ng}) V k as:

1 i (dy d»
2= gree(-5{E-7))

This factor is the outcome of arbitrary quantum vacuum

x> (N} exp(—B Hi(r1)) = Y kon.pB/NBlk[*" ' N (k) [{Ni}) .
{Ne}=0V k n=2

le i d; d>
= —— X —_ = _—
P\ T2 a4
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]

x> exp(—BEx(T))N

(N}=0V k

o
— k20BN Ik N (K)),

n=2

=L ( _ i{ﬂ _ @}) ( exp(BE(T1))ett >
1 2ldf 4 exp(BEx(t1))er — 1 )

_ 1 ox i d; d>
24P\ T 24 4

E E
X exp (BER(T1))ett cosech (BE(T1))eft D.2)
2 2
where Ej(t1) is the cosmological dispersion relation, which is given by:
Ex(m) = [ Mour (&, 1) + 0 (K, 70) s (k. 70 (D.3)

having the frequency w,,; of the outgoing modes after the quench operation is given by the
following expression:

2

wgm(k, T]) = <k2 — —2> where 11=7147n D.4)

T
1

where, in the above mentioned notation 7 represents the time scale where the quantum quench

operation have been performed. Further translating the dispersion relation in terms of the y field

we get the following expression:

Ex(t) =a*(t) [EF (r) + H(m) Of (11)]  where H(m:(i’l((:))), (D.5)

where the energy dispersion relation in terms of the field x and the new contribution O,)f (1) can
be expressed as:

EX (o) =10, 06, 7) 2+ ok, el k. 7 P (D6)
O (r) =My (=k, T x (K, 71) + Ty (k, T) x (=k, 11)]. (D.7)

Here the new effective frequency w, after the quench operation for the outgoing field can be
written as:

Dk t) = a2 (k1) + HA(1)  where  H(z) = DY (D.8)
x a(zn)

Appendix E. Subsystem thermalization from gCC to GGE

Now our aim is to explicitly establish the statement of subsystem thermalization from a gCC
state to thermal GGE ensemble, and the equivalence between them. The derived results in this
section is new in the sense that we have done the computation for the 1 + 3 dimension de Sitter
curved space-time and can be used these results further to interpret various unknown physical
concepts including the thermalization phenomena in the context of early universe cosmology.

For the post-quench gCC type of quantum states constructed in this paper using the Dirichlet
and Neumann boundary states within the perturbative regime of the expansion coefficients of
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the W, conserved charges, the reduced density matrix of a region A, which can be obtained by
performing a partial trace operation on a region 5 and treated to be the complement of the region
A can be asymptotically approaches to a GGE, which is technically demonstrated as:

For Dirichlet boundary state :

TYB[CXP(—I'HT) [V (1)) (¥ (k60) | eXp(iHT)]

, d’k A
:Tr3|:exp(—zHr) exp <—/ ) K(k)N(k)> |D) (D]

Lk k)N (k i H
X exp (—/ WK( YN (. )) exp(i r):|

7T—>0
-

T ! —d3k dic (k)N (k
IB[%exp<_/ any M ()ﬂ

=Tip |:pGGE (B, 4I<n,1)B):| where

1
PG (. 4npm) = 7 exp (—ﬂH - 42xn,DBWn> , E.1)

and

For Neumann boundary state :

TFB[GXP(—I'HT) [V (k) (W (i) eXP(iHT)}

, d’k .
= Trg[exp(—lHr) exp (/ sl K(k)N(k)) IN) (N|

)
/ d’k - .
X exp (/ W K(k)N(k)) exp(th):|
T—0

T ! Ak dic (k)N (k
TB[Z(T)CXI)(/ ) K (k) ())}

=Trp [,OGGE(ﬂ ) 4Kn,NB)i| where

4 = ! H—4 W, E.2
PGGE (B, Kn,NB)—Z(_L_) exp| —BH — Xn:Kn,NB w ] (E.2)

Here it is important to note that all the quantum operators of the Wy, algebra in the present
context can be expressed as:

W, = lk|""" N(k) where N{k)=a,,, K)o K). (E.3)

This further implies the ensemble average of the conserved charges of W, algebra for gCC and
GGE turn out to be exactly same because of subsystem thermalization, i.e.
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(Wn)ecc = (Wn)GGE- (E4)
It can be explicitly verified that in the present prescription the following statement is true:
ly (k)
(N(R))ecc = BRI = ——— . (E.5)
¢ L=y (0P
1
N(k =————, E.6
(N (k))GGE explr () —1 (E.6)
(N (k))gce = (N (k))GGE- (E.7)

where all the quantities are evaluated at a fixed value of conformal time 7 where the quench op-
eration is performed. For simplicity we have dropped the i dependence in the above expressions.
But remind ourself it is important to note that all functions of k would be actually representing
functions of (k, 1) in this context.

Appendix F. Derivation for thermal Green’s functions for GGE ensemble without
squeezing in Fourier space

The thermal Green’s functions for the GGE ensemble for the field y, its spatial derivative and
its canonically conjugate momentum can be expressed as:

d’*k
Gt nm = [ 5 (9955 6.k 71, %2) exp(ikr)
+GCE (B.k, 11, 1) exp(—ikp)), (E1)
GGE d3k GGE .
GEh Bk m ) = [ 5 (99555, B k.11, 72) explikr)
+GOGE, Bk 11,12 exp(—ik.r)] , (F2)
GGE d3k GGE .
GROH, Brm e = [ 555 695, k) ek
+G%GE L Bkt m) exp(—ikn].  (E3)

where we define, r :=x; — x».

For each of the cases the corresponding thermal propagators in Fourier space are divided into
two parts, one of them represents the advanced propagator which are appearing with + symbol
and the other one is the retarded propagator which are appearing with the — symbol. In the
occupation number representation for the Hamiltonian we get:

1 vour(k, t)v* (=K, 70) 1 < i (df  do
GGE out out 2
1k7 ) - T - 3 Tx 1
Fon B knm =g e P\ T2 4
o0 o0
x> (N} exp(—B Hi(t1) = ) 20 pB/NBIKIY 1))
{Nk}=0V k n=2

tour (), (—K) [{Ni})

1 vour (K, T)vy, (=k, 12) 1 ( i {d;‘ dz})
= —— exp
Z(11) a(t)a(rz) |d1 |
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x Y (Ne+ D) exp(=(BEx(@))erNe)
{Ny}=0V k
_ 1 Uout(k7TI)U?;L,I(—k,TZ)LeXp<_i{d_;_é})
Z(t1) a(ty)a(rz) |d1] 2 ldy i
o exp 2(BEk(T1))etr)
(exp (BE(T1)etr) — 1)?
— Vour (K, Ty, (—K, 1) exp (2(BEk(T1))etr)
B (exp (BEk(t))etr) — 1)?

a(ty)a(r)
X( exp ((BEx(T1))er) )‘1
(exp ((BEk(T1))etr) — 1)
_ Vour (k, TI)U:m (—k, )

2a(zy)a(2)
X exp ((,BEk(Tl))eff> cosech( (,BEk(Tl))eff>, (F4)
2 2
and
GGE B I vh, (=K, 1)vous (K, 72) L _ l_ d_; _ @ } )
o P Rmm) = e e il P < 2 {df d

x Y (N} exp(=B Hi(1)
(N )=0V k

— > x2n.pB/NBlKI>" ) (ES5)

n=2

it (—K)our () [{Ni})
1 UZut(_k7 T1)Vour (kv IZ) 1 < i { d;( d2 } )
Z(t1) a(ty)a(z) |d1] d

XY Neexp(—(BEx(t))erNi)

{NJ=0 Y k
_ U vk T v (k, Tz)iﬂp(_i{d_f_@})
Z(t1) a(ty)a(rz) |d1] 2 ldy 4y
exp(BEk(T1))ett

(exp (BEx(t)esr — 1)°
Uyt (=K, 1) vour (K, 72)
a(t)a(t2)
exp(BE(T1))etf
(exp (BEK (1))t — 1)
_ V(K TV (K, 7)
2a(t1)a(r2)
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X exp ( B (,3Ek(2T1))eff> Cosech((ﬂEk(zﬁ))eff) E6)

By following the same steps one can further show the following results in the present context:

GGE oy Bk, T, 1) = —k> GYGL (B, K, 71, 2) (F7)

gG axoy (B K T, T2) = . gGGE B, k, 11, 12), (F.8)
vout(k’ tl)vout(_k7 TZ)
2a(t1)a(t2)

((,BEk(Tl))eff) <(,3Ek(fl))eff>
xexp| ——————— ) cosech| ———

2 2
9GE Bk m1, )

a(ty)a(t)
;kt/tt (_k’ 71 ) v(/mt (kv T2)
2a(r)a(r2)

( (,BEk(Tl))eff> ((,BEk(TI))eff)
X exp - cosech —

gGGE (B.k, 1, 12)

a(ty)a(t)

GGE
g+,nxnx Bk, 11, 12) =

a'(r))a (o), (F.9)

GoSt o, (B K 11, 12) =

a'(r))d' (v). (F.10)

Appendix G. Derivation for thermal Green’s functions for GGE ensemble with squeezing
in Fourier space

The thermal Green’s functions for the GGE ensemble for the field y, its spatial derivative and
its canonically conjugate momentum can be expressed as:

a’*k ,
Gl Brnm) = | 55 (9955 oy (B k.71, 72) exp(ikn)

+G9GE (B k™) exp(-ikn)], (G

a’*k :
GGI%ZX sq(B K, T, T2) = 2y [gfg,ia,-x,sq (B,k, 11, 72) exp(ik.r)
+G5GE sy Bk ) exp(—ikn)], (G2)
GGE d3k GGE .
GROR, s Borm ) = [ 555 [0, 0 Bk 71 m2) expliken

+G%5E 0 (BT, ) exp(—ik.r)], (G.3)

where we define, r :=x; — x».

For each of the cases the corresponding thermal propagators in Fourier space are divided into
two parts, one of them represents the advanced propagator which are appearing with + symbol
and the other one is the retarded propagator which are appearing with the — symbol. In the
occupation number representation for the Hamiltonian we get:
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1 v (k’ ‘[l)v* (—k, .[2) 1 i d* d2
GGE out out 5
K, 11, = b _ifdy 4
Feasg Bl ) Z(1y) a(ty)a(r) 1| - 24y 4
e o0
x D {UNEexp(=B Hi(m) = 35, pwynw k™)
{Ne}=0V k o

Gour (K)a,, (—K) |{Ni)
I vour(K, Tl)v:m(_k» ) L ex ( i {d; d> } )

" Z(m) a(t)a(ry) \di| 2ldr 4
XY (Nk+ 1) exp(—(BE(T)))efrsgNe)
(N }=0V k
_ U vou(k, Tl)v;ku,(—k,fz)iexp<_i{ﬁ_d_z})
Z(t1) a(ty)a(tz) d1] 2 ldf 4y
o exp (2(BEk(T1))eft,sq)
(exp ((IBEk(TI))eff,sq) - 1)2
_ Yok T)Uy, (k1) exp (2BEL()eirsg)
a(Tl)a(IZ) (exp ((IBEk(fl))eff,sq) - 1)2
( exXp ((lsEk (T1 ))eff,sq) >_1
X
(exp ((BEk(t1))eft,sq) — 1)
_ Vour(k, 1)v3, (k. 1)
2a(t1)a(ta)
X eXp ((,BEk(Tzl))eff,sq) COSGCh( (BEk (1'21))eff,sq)’ (G.4)
and
GGE L v R v (k) 1 ifd
G s BT T) = S T e ] e""( 2 {dr i })
X Z ({Ni}H exp(—B Hy(t1) — ZK2n,DB/NB|k|2n_1))
{N}=0V k n=2

(G.5)

a5 (—K)aour (K) [{NR})
L vg, (kK t)vour (k, 1) 1 ( i {d; d2}>
= —exp| — =
Z(t1) a(t)a(r) |d1]

XD Neexp(—(BEr(m))efrsaNe)

(NG J=0 ¥ k
_ b g, Gk mvou (k, rz)iﬁp(_ i {ﬁ ~ d_2}>
Z(n) a(r)a(rz) d1] 2 ldy  a

exp(BEk(T1))eff,sq

(exp (BEk(T1))er.sq — 1)2
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v:m(_k7 ) Vour (K, 72)
a(ty)a(m)
exp(BEk(T1))efr 8 ( exp ((BEx(T1))efr) >—1
(exp (BEK(t))eir — 1)° NP (BEL(T1))ets) — 1)
_ v;)kut(_ks 1) Vour (K, 72)
 2a(ma(n)

X exp ( 3 (ﬁEk(zfl))eff> Cosech((ﬁEk(zfl))eff) G.6)

By following the same steps one can further show the following results in the present context:

GG hpsg (BT, 1) ==k GEOE (B kT, 0), G.7)

ggg,f(ai)(,sq (ﬁ’ k’ 28 7:2) = _k2 gf,(j;(g,sq (13! k’ 71, T2) 5 (GS)

v K, 1)vY (=K, 1)

2a(t1)a(t2)

(,BEk (fl))eff,sq (,BEk (Tl))eff,sq
X exp <72 > cosech(i2 )
Gelr o (B.K. 11, 1)
a(ty)a(t)

v (=K, m)v,,, (K, 12)

2a(zy)a(z2)

X exXp < — M) Cosech<w>

GGE
g+’nXHX’Sq (ﬂa k7 71, T2) =

d'(t)d' (r), (G.9)

GGE —
g,,nxnx’sq (,3, kv 71, 7:2) =

2 2
Goor Bk 11, 12)

a(t)a(n) a (t)a' (2). (G.10)

Appendix H. From Schrodinger scattering problem in quantum mechanics to particle
production in de Sitter space

Initially, we have stated with a two interacting scalar field theory describing Quantum Brow-
nian motion by following the quantum field theoretic generalization of the Caldeira-Leggett
Model. Further performing the Euclidean path integration over one scalar field we have derived
an effective theory of the other scalar field. Now for the conformally flat de Sitter background we
have shown that in the Fourier space the Klein Gordon field equation for the modes of survived
field after path integration can be written as:

d? s 5 1 (m*(7)

J2 + (k +meff(t)) v(k,7)=0  where mg(r) = o\ 2. (H.1)
The analogous problem in quantum mechanics is to solve a Schrédinger scattering problem in
one dimension inside an electrical conduction wire in presence of an impurity potential, which
is described by'':

1" Here we have assumed /i = 1 and 2m = 1 in the Schrodinger equation.
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I'mpurity potential
— T T

Before quench After quench

Point of quench (X = Xo)

pdl

X

Fig. H.1. The impurity potential profile.

dx?

Here V (x) is the impurity potential which mimics the role of negative of the effective conformal
time-dependent mass protocol used in the quenched Quantum Brownian Motion problem. By
replacing the time coordinate T with x one can write down the following form of the impurity
potential in the one dimensional Schrédinger problem:

2
[d— (E— V(x))i| " (JE x) —0. (H2)

1
V)= 5 Q2-Uw). (H.3)

where the quantum mechanical quench protocol in one dimension quantum mechanical problem
in the present context is described by:

Uy Before quench: x < xq;
Ux)=UpB(—x) = . (H.4)
0 After quench: x > x.

Here x is identified to be point where the quench operation is performed (Figs. H.1, H.2).
Also it is important to note that, the wave function (\/E , x) in one dimensional

Schrodinger problem mimics the role of the mode function as appearing in the particle pro-
duction problem in de Sitter space. Finally the energy E in the Schrédinger problem mimics the
role of k2 in Fourier space in the particle production problem in de Sitter space.

In this description the solutions for the Schrodinger equation before and after quench can be
written as:

Before quench : v, (\/E , x)

= [cl H (ﬁx) +C HP? (\/Ex)i| , (H.5)

1 /9=4T, 1/9-40,

B (@ (V)

VEx

2
After quench: ., (\/E,x)z “TE
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Quantum mechanical quench profile
e — —

Before quench phase After quench phase

Point of quench

(x = Xo) \

T

Fig. H.2. Quantum mechanical quench profile.

—Cy (COS«S—%)C) + sin <«/Ex) )] (H.6)

Here v;, (x) and ¥, (x) are the representative solutions of the Schrodinger equation before and
after quench respectively. Also, C, C3 and C3, C4 are the arbitrary integration constants which
are fixed by the appropriate choice of the boundary conditions, which are the continuity of the
in and out solutions and it derivatives at the point of quench xg. This helps us to write C3, C4 in
terms of C1, C>. Additionally it is important to note that, to serve this purpose instead of using
the actual solution one need to use the asymptotic solutions of the Schrédinger equation before
and after quench at x - —o0 and x — o0 respectively.

In this construction one can actually write down the total asymptotic solution (x — 00) of
the Schrodinger equation by the following expression:

¥ (VE.x)=C1 fin (VE.x) + Ca £, (VE.x)
=C3 four («/E x) +Cy £, (JE x) . (H.7)

Here f;, («/E , x) and fy,; («/E s x) are the combined asymptotic solutions at x — Foo for the

actual solutions obtained in the previous page.
Here it is important to note that, incoming and the outgoing solutions before and after quench
can be expressed in terms of each other via the following relations:

fin («/E x) —a («/E x0> Fout (JE x) +8 (JE xo> fore («/E x) : (H.8)
fou (VE.x) = (VE,0) fin (VE.x) = (VE.x0) 5 (VE.x). (H.9)
Consequently, the general solution for the field equation can be written as:
¥ (VE.x) =ain (VE) fin (VE.x) +af, (VE) 5 (VE.x)
= o (VE) four (VE. x) + @b (VE) fr (VE.x), (H.10)
which satisfy the following reality constraint:
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Y* <«/§,x> =y (\/E,x) .
Using these above mentioned equations one can explicitly show that:

Qin (\/f) =ao (\/E xo) Aout (\/E) - p* (\/E Xo) alm (\/E) )

Qout (\/E) =" (JE xo) Qin (JE) + B* (ﬁ XO) az‘Tn

Nuclear Physics B 996 (2023) 116368

(VE).

(H.11)

(H.12)

(H.13)

Here the Bogolyubov coefficients at the point of quench x¢, are calculated using the following

equations:
() [ () () ]
_ " (H.14)
o (Fm) - [ ) 1 (7 ) o () L)
_ " H15)

In this context, one can explicitly show that the incoming coefficients C1, C and the outgoing
coefficients C3, Cy4 are related via the following matrix equation:

Cs B oe(\/f,xo) ﬁ(«/f,xo) G (H.16)
Cs B (x/f xO) af («/E XO) C» .
Transfer Matrix
which finally leads to the following constraint:
‘oz (\/E,xo)‘z— ‘,8 (\/E,xo)f:l. (H.17)

Now, for the scattering problem one can define the reflection and transmission coefficients for
the wave traveling from left to right as:

o F(VEx)

r=—=—-—":, (H.18)

Ci a* (\/E, x0>
2

c p(VE0)|

t=_3=a<ﬁ,xo)+ﬂ(«/f,xo) rz(a(ﬁ,x0>——) . (H19)
Cy a* ( E, x0>

which finally implies the following conservation equation:
r?+ 12 =1. (H.20)

Similarly, for the scattering problem one can define the reflection and transmission coefficients
for the wave traveling from right to left as:
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;G ﬂ(ﬁ’x(’)
r —a—m’

c 1
g_C_ , (H.22)

Cy a* (ﬁ, XO)

which further implies:

, t 1 rr!
[r| =1r"|, o= |t’|2+t72' (H.23)

Finally, for this scattering problem the transfer matrix can be written in terms of the reflection
and transmission coefficients as:

(H21)

!/ /

«(VEw) p(vEw)) [T @ .
p(vE) ()T )
t t

Transfer Matrix

After getting the expression for the reflection coefficient after quench one can further expand it
around v E = 0, which gives:

(NE

o0
r = Zr,, E?, (H.25)
n=0

which is exactly analogous to the expansion of the factor y, which we have computed in the main
subject content of the paper.

Appendix I. Determining coefficients for outgoing modes in terms of full solutions

We first consider the case of instantaneous quench where the mass of the field suddenly falls
of to 0 at a particular conformal time denoted by 7 in this case. The incoming solutions before
the point of quench is denoted by:

vin(v) = v/—kt [diH" (—k7) + dy HP (k7). (L1)

The derivatives of the above solution can be calculated as:

1
Vi (1) = W [Zdlkt HY_ (—kT) +di (=1 +2v;) HD (=k7)
2okt H_ | (—kT) + do(—1 + 2v;,) H? (—kt)]. 1.2)

The outgoing solution after the quench point is given by

Vour (T) = /—k(T 1) [d3 H" (k@ +m) + ds HP (—k(z + n))}- (L3)
2 2
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The derivatives of the outgoing solution is calculated as:

, 1
Vour (") == (d3k<r + n)H?’(—k(t +0) +ds Hé“(—k(z +1)

+da(k(t +m)Hy (~k(x +m) +dsHY (—k(z + n))).
2

Generally out of the four arbitrary constants, two can be fixed by the initial choice of vacuum
state. Hence, expressing any two arbitrary constants in terms of the other two is quite natural. We
proceed by expressing the constants appearing in the outgoing solutions in terms of the constants
of the incoming solution. These fixing is carried out by using the continuity of the solutions and
its first derivatives at the point of quench. Thus the arbitrary constants d3 and d4 expressed in
terms of d; and d» can be written as

=" <d1 HD (—kn) {—4knH P (=2kn) + (=3 + 2vi) Hy (=2kn)}
82 " 2 2

+ 2kt HY (—2kn){di H_ | (=kn) + dy HD | (—kn))
2

+ daf—4kt H'P (=2kn) + (=3 4 2v;,) H (—an)}Hv(z)(—kn)> (1.4)
2 2
i
dy=——2 <4an£2><—2kn>{d1 H (—kn) + dy H? (—km)} + HY (—2kn)
Sﬁ 2 2
{(=2dvknH " (—kn) +dy 3 — 2via) H) (—kn) — 2doknH>_ | (—kn)
+(3- 2vm>H5,.2,3(—kn)}) (L5)

Though in this article we have not used the analytical computations from the full solution of the
mode equation as computing the two-point correlators and preparing the post quench states are
extremely time consuming and sometimes impossible to simplify. For this reason we have used
the asymptotic solution which combines the effect at t — —oo and t — 0 to serve the purpose.
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