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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 quantum 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 dynamics 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 explicitly found the conserved charges of W, 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 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 thermalization 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.
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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 thermalization 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 Hamiltonian 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 understanding
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 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 cosmol-
ogy where temperature promptly decreases. An application 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 stud-
ied using the quenching mechanism in [35], especially for the ¢* model. Unlike free field
theory which exhibits an exception 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 the-
ory [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 . The scale by which the holographic conformal operator changes has
been found to be universal, 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 quan-
tum 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
correlation 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 spactime.
By doing the Euclidean 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 Schrodinger 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 generalized 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.

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 com-
puting 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 itself. Recently, using the 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 recoher-
ence 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, behaviour 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 pro-
vide the explicit form of the time dependent 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 thermalization 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 *. Sudden quench ac-
tually 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

*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 thermaliziation is achieved completely in a different
way, the choice of the quench scale should be chosen very appropriately.



automatically fixed. Next, using such pre-quench state one can immediately con-
struct the post-quench state using Bogoliubov transformation and also using using
the Dirichlet or Neumann type of boundary conditions. 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 after 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.

. 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 quan-
tum mechanical origin of the reheating process is not well known and corresponding
theoretical framework is not established yet. Till date this topic is completely un-
touched by the researcher due to having the lack of knowledge regarding the micro
structure of reheating process. We strongly believe 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 foricibly assume thermal-
ization 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.

. The prime motivation of using the CL model within the framework of cosmology is
as follows. Actually this model automatically provide the theoretical origin of in-
corporating the phenomena of Quantum Brownian Motion in the present context.
Now naturally another crucial 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 frame-
work. 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 thermal-
ization. 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 frame-
work 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 thermalize 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
Sitter 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 1 + 1 and 1 + 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 thermalization 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.

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 equilibrate and hence thermalize a quantum mechanical system,
initially out of equilibrium due to some response in the system. This technique pro-
vides 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 4+ 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 con-
sistent 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 quadratically interacting with each other having minimal gravita-
tional 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 + 3 dimensional de Sitter space
and has cosmological consequences.

e Since the quantum Brownian motion is studied here in 1 + 3 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 outcomes 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 perturbation on
the background 1+ 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 143 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 con-
structed using the saddle point technique, where the path integration is implemented
at the local minimum of the noise field appearing in the model, described above. Af-
ter 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.

As we are interested in understanding the large time behavior of the system in 1+ 3
dimensional 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.

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 equations of motion for both the pre-quench and the post-quench phases of
the evolution of the system under consideration are solved.

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

After constructing the pre-quench, post-quench and the post thermalization state of
the system, we study the signal-signal two-point correlation functions in the momen-
tum space.

Last but not least, instead of doing the exact computation of the two-point functions
in the coordinate space, we study a much more observationally relevant quantity
known as the power spectrum and observe various non-trivial features in the spec-
trum. 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 perturbation 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 the-
ory 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 prop-
erly 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 quan-
tum 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 Sit-
ter 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 start-
ing states of the pre-quench Hamiltonian. We choose the ground state as well as some
squeezed state of the initial Hamiltonian 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 dicuss possible future prospects of the present work.

2  Quantum Field Theoretic generalization of Caldeira-Leggett model
in curved space

In the Caldeira-Leggett (CL) model the phenomenon of quantum dissipation was dis-
cussed 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
version 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:
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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 inherent 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 quantum 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 kinetic 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 part of the computation of the path integral formalism before introducing
the explicit mathematical 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 approximation 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

(2.1)



coupling parameter between the system and bath ¢ become only time dependent due to
having isotropy and homogeneity in this cosmological background. 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 y 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(z) fields as appearing in the above action:

m2 m2
Vi(p,x) = (7%2 + TXXQ + C¢x>~ (2.2)

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

IV (9, x) > _ _Xo
2
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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 well as the coupling
parameter is space-time dependent. The confusion arise because of the fact due to having
space-time dependence 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:
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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 can approximately neglect the space and time derivatives of the coupling
parameter from this present computation. For this reason we take, d,c¢(z) ~ 0. This
approximation is completely justifiable with the weakly coupled regime of open quan-
tum field theory where the system and bath degrees of freedom follow non-Markovian
approximations to maintain the perturbativity throughout the analysis performed in
this paper. Particularly when we implement the designed technology within the
framework of cosmology driven by a open quantum system 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 methodology
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 behaviour 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 depen-
dent profile which actually helps us to prepare quantum states to achieve effective
thermalization in the present context. Such sudden quench (memoryless profile) pro-
tocol 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 yx is identified to be the
noise field in this framework, out of which we want to construct the effective theory
of the signal field y 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:

¢=¢o~——5. (2.5)
3. Our next job is to rewrite the action around the point ¢ = ¢g, which gives us:

Sculo ] = [[atey=g -5 (00— o)+ 5 (0 - )’
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Loy My,

—5 OX)"+ X+ e(d— o) x| (2.6)

After substituting ¢g ~ —23 we get the following simplified form of the action:

%
4 1 o, My o, 1 2, My
Sculé, x| = [ d'zv/—g 3 (09)" + 5%~ 3 (O (x +x0)" + - X teo (X + Xo)
c? o

+%X§ + m—iXX()] : (2.7)

Now we use the field redefinition, x 4+ xo = X, which further gives:

2

1 2 1
Seulon] = [ vy {_5 (00)" + 2267 — 5 (O0)° + 5% + 0%

+1 c? 2 )42 4 c? 2 | < (2.8)
| —=—-m —5 —m . .
9 m?g x | Xo mé x | XXo

. Further, we use the following constraint condition on the system-bath coupling pa-
rameter:

C = MyMy, (2.9)

which helps us to remove the contributions from the last two terms as 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.:

2

2
Sculo (% [[atoy=g |~5 (007 + 26 - S 00"+ i+ o] 210

Here the following effective potential for the field y:

m2

Vet (X) = 7)22 where — m ~m, = 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 impor-
tant 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 y. The direct consequence of this fact is that the mass of both the fields
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are of the same order i.e. m ~ m, *.

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

2

Sculo. ] = [ d'ov=g |5 (00 + 26 - 5 00"+ Varl) +eon |, (212

using which we now perform the path integration over the field ¢ in the next sub-
section. 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 under-
stand the rest of the computations performed in the later half of this paper.

Apart from the techniques used to reduce the problem in the language of quantum
mechanical 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:

1 1
Field redefinition I : UV=—(p+1x), Ul = — (¢ —iy), 2.13
5 0+ i) S0, (213)

Field redefinition IT: & =v2(¢+x), @7 =v2(p—x). (2.14)

using which the model action can be further recast as:
Using Field redefinition I :

Scrlo, x] = Scu[¥, ¥'] = /d4x\/—_g {

—% (OU)! (00) + (m? +m? — 2ic) V?
+ (m3 + m3 + 2ic) (\IJT)2
+2 (mg —m2) Vo], (2.15)
Using Field redefinition II :

Scilé, x] = Scw[@), )] = /d%v —9 {_% (994))° - % (90

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

+
N = N = N =

+

(mZ —m?) <1><+><1><—>} , (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,
mg = 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 Effec-
tive Field Theory as various fields degrees of freedom are completely decoupled in the
absence of interaction term. However, it is important to note such type of field redef-
initions are only allowed if we are strictly considering a closed quantum mechanical
system where the quantum system under consideration is adiabatically 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 my # m,, particularly mg > m,, which give rise to the positive
interaction strength in the newly field redefined description
newly defined fields ®*) and ®(-) interacting with each other which one cannot

*. In this limit two
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.

*Here it is important to note that, using the Field redefinition I along with the limiting situation
mg 7# my and mg > m, 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.
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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 ¢(z). To
perform this one needs to compute the following quantity:

Zeg[x] = / D¢ exp [iScr[¢, x]] = exp [iSer[x]] - (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& [¢, x] with
the Euclidean action iS¢ cp[¢, x]. In this new notation the above mentioned quantum
partition function takes the following simplified form:

Zeglx] = /Cch exp [—SEL¢, x]] = exp [-SEIX]] - (2.18)

Here, Ser[x] and SE[x] are the effective action for the field y in the Lorentzian and
Euclidean signatures, respectively.

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

Zealx] = 28] exp [ / d'z \/—g() / d'y /—g(y) c(x)x(x) Gylz,y) c(y)xy)|, (2.19)

where G4(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:

Gy(z,y) = (Dx i mi) (54(;_(5))), (2.20)

*In the 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.
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where the D’Alembertian operator in general gravitational background can be defined as:

1
o= ———=0u [v/=9() 9" ()0, | = ¢"(2)V, V.. ~
% = V=4(@) 9" (2)0,] = 9" (2)9,¥ (221)

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 x field
is given by the following expression:

2500 = 250 e | - [atey=5{ (-3 0" +Vat0) } | (222)

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

Zg 0] = /% exp [ /d%\/—_g{(_% @0+ mTigbZ)H

1
N \/Det (Dx + mi) '

From this derived result the effective action for the field xy can be computed as:

(2.23)

‘ﬁmlffiﬂ+2n+/&¢_ 2 (9x)?
L et (3, 4 m2)] + [ as g{( <ax>+veﬂ<x>)}

/d4 V /d4y VT ) Gy(z,y) c(y)x(y).  (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* = a*(1) (—dr* + dx?) , (2.25)
where the scale factor and the determinant of the metric is defined as:
1
a(t) = ~ T and /—g(7) = a*(7). (2.26)
T

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

1

(o0 2) )]

zQ10) =

_—

2T
1 T
= écosech (%) : (2.27)
where we have:
Lop(—HT) = 7= ! (2.28)
= ——exp(— = — — ). )
=TSP H "\ Hrp

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 —oo < 7 < 0 (which is 0 < t < oo0) we need to use —oo < 7 < 7 (which is
0 <t < T) to avoid the IR divergence at the late time scale 7" where CMB observations
take place. This makes Zég) [0] finite. However, the final outcomes, which is the correlation
functions as well as the equation of motion for the field y will be completely independent
of such choice in this paper.

Then the corresponding quantum partition function in the quasi de Sitter space can be
expressed as :

Zeg[X] = %Cosech (m%T) exp {_ /d%\/__g{ (i @)+ VeH(X))H
X eX { / Px / By / e dr \/—g(7) / T —9(7)

1/H 1/H

< e(rn(x.7) Calx — y.7,7) x(yn’)cm], (2.20)
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where the noise kernel or the propagator G4(x —y, 7,7’) can be expressed as:
(0(x,7)o(y, 7)) = Gs(x —y, 7, 7). (2.30)

Additionally, we have:

(o(x,7)) = 0= (oy, 7)) (2.31)

Here we assume that the coupling parameter is only time-dependent in the de Sitter back-

ground for simplicity and there are no explicit or implicit dependencies on the space coor-
dinates.

In this computation the temporal part of the propagator or the noise kernel can be

computed as:
T
2 cosh (m¢ {|7‘ -7 - 5} )

sinh (M)
2

1 1

x — 3—21/¢ X
=y [|x—y|2 (=7 —z’e)z]
I' (vg)

2
exp (—m¢|T—T'])
r(3)

X<1+@m<m¢r#)<xmmﬂv>

Go(x—y,7,7) =

1

472

1 — exp(—myT)

1 1
X —o. X , (2.32)
|x —y[P72e )
x —y[* = (|7 = 7| —ie)
where the mass parameter v, for the field ¢ is given by the following expression:
9 mj

Here, we have used the fact, in two different conformal times 7 and 7 the Hubble parame-
ters 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
X field which serves the same purpose in the present work effectively. Such choice actually
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helps us both theoretically as well from the observational perspective. We all know using
just a quadratic potential of the y 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 theoret-
ically justifiable time dependent profile for the coupling parameter ¢ between the y and
¢ field in the CL model action this will automatically fix the time dependent effective
mass of the x 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 70 — 0 or T' — oo, then we get the following simplified
late time limiting result for the Green’s function:

Go(x —y,7,7") = lim Gy(x —y,7,7")

T7—0
2
exp(—m¢|7—7’\>
1 1

|x —y[>~?e '
x = yI* = (Ir = 7| —ie)’

472

(2.34)

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

1 0? ) 0
[m<ﬁ—v + 2H(T) 87’) +m?(r )]X(X,T)

(Joe for [T e [
XGy(x —y,7,7) x (1) () (x(y, )+ x(x, 1) (x — y)o(T — f))) , (2.35)

which describes the Brownian motion of the x field in presence of the noise kernel Gy(x —
y,T,7'). Here one can consider the following two conditions to analyse the system:
1. One can consider that, |7 — 7’| — co which means that 7 < 7' i.e. large separation
in time scale, then in this case we have:

lim  Gy(x—y,7,7)~0. (2.36)

|7—7 |—>oo
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2. If we consider that the spatial separation between two points where the field y 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)

|7—7'| =0 [x—y|—o0

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

1 2
8_ -V 2H(T) % +m2(7') x(x,7) =0

7 lam (2.38)

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

Sl ~ [ atov=g{ (=5 @0+ vial) ) | (2:39)

Using the conformal coordinates the effective action for the y field in the large time limit
can be re-expressed as *:

St = 5 [ dr dx a¥() [(D:x(¢,7))* = (Bix(x,7))* = m*(m)a® ()P (x, )] ||, (2.40)
2

*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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where the conformal time-dependent mass parameter for the field x can be written in terms
of the interaction strength c(7) as m?(7) = ¢*(7). 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 y 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?(7) such that in the sudden limit
its value changes from m? in past to 0 in future, interpolating the behavior of correlators
at late times. This method is known as sudden quenching of mass parameter from some
constant value m3 to 0 in the limit —7 — co. 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?(7). 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:

Sitb = 5 [ dr @ a() [(0:x(x,7)* = @, 1) — mA (D7) (3.)

where we have used the de Sitter solution described by the following line element:

1

2 _ 2 2 2
ds* = a*(r) (—dr*+dx*)  where a(1) i

(3.2)

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

m? Before quench : 7 < 7;
m?*(t) = A(1) = miO(—1) = . (3.3)
0 After quench : 7 > n,

where 7 is considered as the point of quench in the conformal time scale. Further for
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Before quench phase -
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Point of quench (T=n)

/

T (conformal time)

Figure 3.1: Mass profile in sudden quench limit.

computational simplicity we use the following redefinition:

v(x,7) = a(T)x(x, 7). (3.4)

Now using this newly defined field v(x, 7) one can further re-express the classical effective
action is defined as:

_ 1 a”(r)

S = [[ar ¢x |00t )~ @uen) - (e - S0 ) 2] 69

free

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

v(x,7) ::/% exp(ik.x) v(k, 7). (3.6)

Using this convention the effective action in Fourier space can be expressed as:
Sitbd = [ dr i (10, P w2l 7)ol )] 37)
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
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field v(k, 7) in Fourier space:

2
[% + w?(k, 7')] v(k,7) =0. (3.8)
The explicit solutions of the above equations before quench (incoming) and after quench
(outgoing) solutions are explicitly derived and studied in the next subsection. This equa-
tion in general physically represents the particle production phenomena in de Sitter back-
ground [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 thermalization, 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 methodology 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:

Wik, 7) = (k2 + mgﬁ(T)) , (3.9)

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

e (r) = (m2(7)a2(7) - CZ/((TT))) S (VZ(T) - }l) . (3.10)

Here we have used the fact that in the de Sitter space:

_ (H2<7_) + H/<T>) — 3 for a(T) = ——. (311)

a(7) T2

9 2
v =1~ me(; )
( 9 2
Vip = 1 % Before quench : 7 < n;
= (3.12)
3
Vout = 5 After quench: 7 > 1.

As mentioned above a mass quenching in the sudden limit is considered, i.e., we take a
mass function m?(7) and change its value from mZ to 0 in the future using which we
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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 trans-
lated in the language of Schrodinger quantum mechanics as a problem in 1 dimension,
where one needs to study the movement of an electron inside an electrical wire in the pres-
ence of an impurity. This impurity is the quantum mechanical potential which is appearing
in the corresponding Schrédinger equation:

d?

— 4+ (F—=V(x z) = 0. 3.13

T+ (B = V(@) | () (3.13)
In this interpretation the following one-to-one map is set up between the particle production
problem and the Schrédinger quantum mechanical problem:

Distance =z — Conformal time 7, (3.14)

Quantum impurity potential V(x) <> Effective quench protocol — mZ(7), (3.15)

Quantum wave function (z) <= Rescaled mode function wv(k,7). (3.16)

In studying the behavior of wave functions in the quench protocol one of the main ap-
proximations we usually employ is solving the Klein-Gordon equation for constant masses
instead for time-dependent parameter m?(7) which in turn is very difficult to interpolate.
By doing the approximation m?(7) =m?2 =constant and repeating the procedure for each
recursion we get more and more precise results for the effective mass. However, in the con-
text 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 cor-
responds 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 phenomenon 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
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the rescaled field in de Sitter background with scale factor a(r) = —1/HT, participating
in the quantum quench driven Brownian motion [51, 70-72], which are given by:

2

Before quench : {% + Wl i (K, 7')} vin(k, 7) = 0, (3.17)
d2

After quench : |:d7'12 + wgﬂ,out(k’ 7-/)} Vout(k, 7') = 0, (3.18)

where vy, (k,7) and vy, (k,7’) 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 differentiate the solutions with respect to the mass parameters involved
in the time-dependent effective frequencies, which are given by the following expressions:

2 _ 1 5
W 9
wzﬁ,in(k77_) - = (k2 - VmTQ 4) with Vin = Z - %u (319)
2, —1 3
bt = (= 28) with = 520)

Here it is important to note that, 7 is the associated conformal time scale before the mass
quench operation. Also 7/ = 7 4+ 7 is the associated conformal time scale after the mass
quench operation, where the quench is performed at the point 7 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 : Vin(k, 7) = /—T [le,EilT)L(—kT) + dngEiz(—kT)], (3.21)
After quench : Vout (K, 7) = /=1 [dng(,iit(—kT’) + d4H£th(—k:T')], (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:

4 1 2
= <% — ) Before quench : 7 < n;
) 1 (m?(7) T
meff(T) = ﬁ H2 - 2 -
2
= After quench: 7> n.
[ (T+n)? ! -

25

(3.23)



E f fective mass profile

After quench
Before quench

a
mi_,r_r(T)

Point of quench

T (con formal time)

Figure 3.2: Effective mass profile.

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 dy, dy and d3 , dy. Due to having mass quench at a preferred
conformal time scale 7 in this particular set up the constants appearing in the outgoing
after quench solution, d3 and d4 can be determined in terms of the constants appearing in
the incoming before quench solution, d; and ds. The specific choices for these constants
can be fixed by choosing the following set of quantum initial conditions [73]:

Bunch — Davies vacuum : dy =1, dy =0, (3.24)
a vacua : d; = cosh a, dy = sinh a, (3.25)
Motta — Allen vacua : d; = cosha, dy = exp(iy)sinha. (3.26)

For the Bunch-Davies case [74-76] we will get very simple expressions, though the expres-
sions for the a or Motta-Allen case will become complicated. To avoid confusion during
the computation 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 results we will use them explicitly to determine the differences in be-
havior. 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 Eqgs.(3.21) represents the most general solution valid for all time scales. However,
working with these general solutions is often cumbersome and the asymptotic limits of
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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
_%iTriloo HY = \/;\/__kn_exp(—i{kv‘ + A}, (3.27)

2 1
lim H?® = —\/i exp(i{kT +A,}), (3.28)
m

—kT—00 —]{7—

Super — horizon asymptotic expansion :

. —k (—v)
lim D = %r(y) (TT> , (3.29)
. e\ (V)
lim H® = —%r(y) (TT) . (3.30)

where we define the factor A, as:

1 9 2
T <Vm + —) with v, =14/ — m_g Before quench : 7 < n;
™ 1 2 2 4 H
A, =—|v+=]|=
2 2 s 1 3
5 (Vout + 5) with  vou = 3 After quench: 7 > .

(3.31)

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 (—k7 > 1), using the above limiting
solutions of the Hankel functions, the fluctuation solution reduces to:

Sub-horizon asymptotic incoming solution:

2T » T 1 . ™ 1 ]
Vin(K, T)| pr 00 = — _dl exp{—z <kT + 5 <Vm + 5)) } —dy eXP{_Z (kT + 9 (Vm + 5)) }_ )
(3.32)
1 ok | T 1 : i AN
in (K, 7)| k500 = A\ _dl exp{—z (sz + 5 (Vm + 5)) } + do exp{—z <k7 + 9 (Vm + §)> } )
(3.33)

where II;,(k, 7) is the canonically conjugate momentum of the field vy, (k,7), which is
defined as, I, (k, 7) = 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 —k7 — 0 (—k7 < 1),
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using the above limiting solutions of the Hankel functions, the fluctuation solution reduces
to:
Super-horizon asymptotic incoming solution:

2 k) E e
et = 10 (7)) (339

2 1 o\ Wt
Hzn(ka T)|*k7'ﬁ0 = \/;ﬂ (Vin - §>F(Vln) (T) (dl - d2> (335>

Sub-horizon asymptotic outgoing solution:

Vout (K, 7) | so0 = \/% {dg exp{—i (k(T +)+ g <u0ut + %)) }
—dy exp{—’i <k(7 +n) + g <uout + %)) H , (3.36)
Tyt (K, 7)| oy s = % % {dg exp{—i (kT n g(uout + %)) }
Y ds exp{—i (lm‘ + g (uout + %)) H . (3.37)

Super-horizon asymptotic outgoing solution:

21 —k(T + 2 Vout
Uout(ka T)’—k‘T—)O == \/%;Fojout) (%) (d3 - d4), (338)

2 i 1 k() et
Hout(ka T)|—k(7'+77)—>0 = \/;ﬂ (Vout - 5) F(Vout) (%) (d3 - d4)7 (339)

where I1,,,(k, 7) is the canonically conjugate momentum of the field vy, (k,7), which is
defined as, I, (k,7) = 0], (k, 7).
Combining the above two limiting solutions, the asymptotic solution of the mode equa-
tion can be written as:
Asymptotic solution for the mode before quench:
Qin=3 i (—kr)2 Vin

o x [dl(l + ikT) exp (—z’{kzr + 5o + %)})
— do(1 — ikr) exp(@'{k7+g(ym+%)})]. (3.40)

['(vin)

vl = [(3/2)

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

re e e ] (3 - ) e 1)

exp( . z’{lm’ + g(um + %)})—dg{ (% - yz-n) % n 1}
o2l )] "

By following the same logical argument, the outgoing solutions can be calculated as:

Hm(k, T) =

Asymptotic solution for the mode after quench:

2vout=5 i (—k(T + 1)) 37 | T (Vout) .
N TETi T(3/2) X [dg(l + k(T + 1)) exp( { (T +1n)

+g(ym+%>}>—d4(1—z’k(7+n))exp(i{k(7+’7) (”‘mt*;) )1

3.42)

Vout (ka T) =

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

B G ()

({4 2 (e D) 1) - (1) LD )
exp(i{k(T +n) + g (uom + %) })} :

If we closely look into the expressions for the field variables and their associated canonically

Hout (k7 T) =

conjugate momentum variables for the incoming and outgoing situations then we see that
the solutions differ, (A). in terms of the mass parameters vy, and v, and (B). in terms
of the constants d;Vi = 1,---,4. As we have already mentioned, one can compute the
expressions for the outgoing constants, d3 and d4 in terms of the incoming constants, d;
and ds, thereby expressing 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
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quantum correlations can be explicitly quantified when the system tending to thermalize.
For the flat space-time, particularly in 1 + 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 solution.
The results that we have 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 coeffcients ds and dy in terms of the ingoing coefficients d;
and dy 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 con-
tinuous at the point of quench 7, i.e.,

UiN(ka T) |T:n = Uout(ka 7_) |’T:77' (343)
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.,

Hin(k7 T) ’Tzr] = Hout<ka T) ‘7':77' (344)

Again using the continuity condition of the solutions and its derivatives at the point of
quench we can fix the constants ds and dy in terms of d; and dy. It can be easily found
that the constants ds and d4 expressed in terms of d; and dy can be written as:

2vin =3 exp(ink

dy= 2" Z’;p(m ) [dl(ﬁnk — 34) + idy 20k + 31) exp(i (2nk + mm»} , (3.45)
ovin—2 oxnl —i(3k .

d, = exp{ ;;3 N+ min)} {—d1(3 + 2ikn) + 3dy exp{i(2kn + Tvin) (i + 214:77)} .

(3.46)

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

Vin(k, 7) = a(k,n) vou(k, 7) + B(k,n) v} (—k,7), (3.47)
vour (K, 7) = " (k,n) vin(k, 7) — B(k,n) v (=k, 7). (3.48)

Consequently, the general solution for the field equation can be written as:

v(k,7) = a(K)vin(k, 7) + ajn(—k)v;‘n(—k, T)
= aout (K)Vout (K, T) + alut(_k)vzut<_k> 7), (3.49)

which satisfy the following reality constraint:
v*(k,7) = v(=k, 7). (3.50)
Using these above mentioned equations one can explicitly show that:

ain(k) = " (k, n)agu (k) = 57 (k, n)ab,(~k), (3.51)
o (k, m)ain(k) + 57 (k,n)al, (k). (3.52)

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

U;ut<k7 T)U'an(k7 T) B UOUt<k7 T)U;:L(k7 T)
21

Vot (K, T)Vin (K, 7) — Vour (K, 70}, (K, 7)
21

alk,n) = , (3.53)

n

B (k,m) =

(3.54)

n

Using the above equation the Bogoliubov coefficients for our quench profile can be calcu-

lated as
221/1'”75
alk,n) = exp{—i(2kn + v }(—kn) 7 | dyds (1 + ikn) (1 + kn(i + 2kn — 2ivy,) — 2vi,)
+ didy exp{2i(2kn + mvin) } (i + kn) (i + kn(1 + 2ikn — 2v4,) — 2ivyy,)
— dodjy exp{i(2kn + 7))} (i + k*n*(3i + 6kn — 2ivy,) — 2ivy,)
+ dydf exp{i(2kn + mvin)} (K*n?*(=3i + 6kn + 2ivy,) +i(—1+ QVm))] T (vin)|?,
(3.55)
221/1'”75
Bk, n) = exp{i(2kn + mvin) (—kn) = | da (i + kn) — idy exp{—i(2kn + mvim) }(—i + kn)]

dy exp{—i(2kn + wv,) (1 + kn(i + 2kn — 2ivy,) — 2v4y,)
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+ dy (=i + 2ivg, + kn(—1 — 2ikn + 2v)) [T (vin) 2. (3.56)

Once the Bogoliubov coefficients is found for a given quench profile, one defines a quantity
~(k) which is defined as

B*(k,n)
A(k) = S (357)
a*(k,n)
where in principle the coefficient v is functions of both k£ and 7, but for a given fixed value
of the quench time scale, the coefficient v 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
1
For Dirichlet boundary state : k(k) = —5 log(—v(k)), (3.58)
1
For Neumann boundary state : k(k) = ~5 log(y(k)). (3.59)

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

(k) = Yo + valk| + vslk|? 4 alk[> + 5 k| + 6]k + ... (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 :

K(k) = <’f0,DB + Z Kn+1,DB|k|n>, (3.61)

n=1

For Neumann boundary state :

K“(k) = (HO,NB + Z Hn+1,NB|k’n) R (362)

n=1
where it is important to note that:

i
Ro,DB = (lio,NB + 3) ) and Rn+1,DB = Kn+1,NB V n=1,23,---,00 (3-63)
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In this expansion the various non-vanishing coefficients of (k) can be easily verified to be:

idy + dg exp(imvyy,)

- _ .64
B ids + df exp(imvy,)’ (364)
2(dyd; — dod}y) exp(imvi )0 (5 + 2v4,
S ( 1. 1 i 2) ‘p( 2)77 ( )7 (3.65)
3((ids + df exp(imvin))?(—1 4 2v4y,))
2(dydf — dads Vi )11 (—29 + 4 (4 + Vi,
o (ddf — dad) exp(imvin) (=29 + 4vin (4 + vin)) (3.66)

5((ids + df exp(imv,))?(1 — 2v4,,)?)

Similarly, the non-vanishing coefficients of the x(k) expansion can be calculated for Dirich-
let 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
v(k) can be found out. However, before doing that it can be seen that for the expansion
contains an first constant term which is independent of |k| and thus only acts as a phase
for the states expressed in terms of them.

v (idy + dj exp(imvyy,
R4 DB = R4NB = =

1/dy+id TV
' ( ) =2 —H' gexp(z'm/ )\ V4 (3.67)
2\ dy — idy exp(imvy,) 2\ dy — idyexp(imvin) ) Yo
B 1 fids + df exp(iTviy,) 1 [ —idy + dyexp(invim) \ V6
f6DB = FGNB = 5 <id1 + dy exp(imvy,) 7= idy + dyexp(itvin) ) Yo (3.68)

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

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

ain(K)vin (K, 7) + al (—K)v? (=K, 7)
a(T)
aout(k)vout(ka T) + alut(_k)U;ut(_ka T)

= e , (3.70)

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

)A((k’ 7_) =

(3.69)

X"k, 7) = x(=k, 7). (3.71)

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

~ a; vl T a].L KoY (=k.T a; Vs T a]L kWt (=k. T
17 = SRkl + o KR ) _ i er) b O o)
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Gout (K) U (K, 7) + 0y (X) V50 (K 7)ot (6)Vous (K, 7) + @by (k)05 (<K, )

a'(r).

a(T) a?(7)

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:
- in (k) (K, L (—K)II;, (—k, vk,
a(T) a(T)
_ aout<k>H0ut(ka T) + alut(_k>HZut(_k7 T) _ X(k? T) a/(T)
a(T) a(T) ’

(3.75)

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

) = U;n(k7 T)’ (376)

1L, (k
il ) = Vour(K; 7).

out (k

, T
, T

\]
J
~—

Also it is important to note that the term a(7) = —% represents the scale factor in de
Sitter space. All these expressions for the field and the momentum operators are very
useful for computing 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

Vldi]

|0,in) = |dy,ds) =

10, in) (3.78)

vac ’
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where we define

. id} &k i .
= — L (k)a;, (—k . .
’07 Zn)vac eXp( 2d>{ / (271')3 azn( )a'm< ) ‘07 Zn>BD (3 79)

Here |0,in)gp is the Bunch Davies Euclidean vacuum state. In this construction the in-
vacua state |0,in)
mentioned definition as:

. can be expressed in terms of the out-vacua state using the above

0t} ae = e5p 3 [ 55 A(RNobu 10| 0,000 (3.50)

In this context the in-vacuum can be recast in the following form:

0,0} e = 0|~ [ 55 K9] 1) (351)
0,0} e = 0|~ [ 555 K919 ), (38

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) = b~ [ o b )abu(—40 10,000, (389
IN) :expB / (gﬂl; afmt(k)alut(—k)} 0, out) (3.84)

Now using the power series expansion of x in Eqgs (3.81) and (3.82), we find that our in
vacuum-state can be expressed in the following simplified form [35, 68, 80, 81]:

|0, Zn> = | ‘ exp |:_K07DBWO — Z 52n,DBW2n,DB:| |D> y (385)
1 n=2
. 1 -

|07 ’Ln> = \/m exXp |:_H0,NBW0 — Z ﬁQn,NBWQn,NB:| |N> . (386)
1 n=2

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 represented by the generalized Calabrese Cardy (gCC) form with the coefficients x!,s
given in (A.16), i.e.,

10,in) = |¥)ycc - (3.87)

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

gCC in terms of Dirichlet boundary state :

1 (o)
WgCC)DB = \/ﬁ exp ( - HO,DBWO - Z H2n,DBW2n,DB> ’D>
1

n=2

1 o
= €xp <—R0,DBW0 - Z Kon,DB W2n)

Vldi]

n=2

exp(—% / (;i;l;gazm<k)agut(—k>> |0,(0ut)).
3.88

gCC in terms of Neumann boundary state :

1 o0
[Vgco)np = ﬁ exp ( — koNnBWo — Z Hzn,NBW2n> |N)
1 n=2

1 o
= €xp <— Z Hzn,NBWmNB)
V |Cl1 | n=0

(3 [ s abulilalu(-10) |o,m(w>. |
3.89

One can also calculate the various conserved charges for the post quench phases from
the expansion of k. 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) = L4 D). 3.90
0,m) = exp| -+ £+ D) (3.90)

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 of the coefficient x5 which implies the subsystem thermalization at a very
large temperature. This claim can be made by understanding the fact that the coefficient
kg 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+21/m
(N) = s exp{—2i(2kn + Tvin ) H—kvgy, )~ ([dQ(_i + kn) + id} exp{i(2kn + i) Hi + kn)]
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[(di (=i + kn) + idy exp{i(2kn + 7vin) }) (@ + kn)|[d5 (1 + kn(i + 2kn — 2ivin) — 2vi,)
+ dj exp{i(2kn + mvin) Y (i(—1 4 2v3,) + kn(—1 — 2ikn + 2v;,))]
[dy (1 + kn(i 4+ 2kn — 2ivy,) — 2v4,)] + do exp{i(2kn + mv,) }

(i(=1 + 2v3,) + kn(—1 — 2ink + zum))) T (vin)[*, (3.91)
which will finally appear in the following conserved charges of the W, algebra for gCC
states:

(W= [ 555 Ovinlal(K)aa0]0,im) = [ 255 (N(R) 392
0) = ) 1| a g, (K)ot ,in) = 27)? ) .

P N 5 .
s I 0.l (K)o (90.im) = [ 55 PN (). (3.93)

Vn=12---,00 where (N (k)) = |B(k,n)|>.

3.3 Quenched two-point correlation functions without squeezing

In this section, we will compute the two-point correlation function of the ground state,
¢CC 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

9 m? 3
changing mass parameter from v;, = \/ - — —% 0 Yyt = —, the Hamiltonian of the system

4 H?
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
following two-point correlation functions with respect to the ground state:

ng(xl,x% 71, 72) = (0, in| x(x1, 71)x (X2, 72) |0, in) , (3.94)
Ggix&x(XbX?vaﬁ) = (0,n| 0;x (%1, T1)0iX (X2, T2) |0, in) , (3.95)
GIQIXHX(X1>X277177—2) = (0, in[II(xy, 71 ) (x2, 72) |0, in) , (3.96)

0 0 0
where, G, (X1,X2, 71, T2), Gg, 0., (X1, X2, 71, T2) and G, (x1, X2, T1, T2) represent the prop-

(3

agators in this computation. Additionally, we will define the spatial separation between
the two points x; and x, as:

r = X] — Xo, (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
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of the field y, its spatial derivative and canonically conjugate momenta. This field y is
redefined in terms of the classical mode function xy = v/a(7), which we use in the derivation
of the two-point functions.

The two-point correlators can be expressed as:

A’k , . .
ng(r;ﬁ,@) = /W 0,in| xin(k, 71)x5, (K, 72) |0,in) exp(ik.r)
Pk, .
- (Qﬁ)zagxx(k’ 71, 7T2) exp(ik.r), (3.98)
0 I’k . : _
Gaixaix(r;Tl,T2> = W (0,1n] 0;x(k, 71)0;x" (k, 72) |0, in) exp(ik.r)
Pk, .
- @T)g,g@jxajx(k’ 71, T2) exp(ik.r), (3.99)
0 Pk . . .
G, (r5 71, 72) = W (0, in| I, (k, )11} (k, 72) |0, in) exp(ik.r)
Pk, |
= /Wgnxnx(k, 71, 72) exp(ik.r), (3.100)

where G, (k, 71, 72), G5 o, (k, 71, 72) and G (K, 71, 72) representing the Fourier trans-
form of the real space Green’s functions. From the present computation we get the following
expressions for the Fourier transform of the real space Green’s functions:

0 - —1 _1 24 T1, T
Gk, 72) = a(i)a(Ts) |di| |:b:1 At 2)} (3.101
0 == ;_1 —k? y T1, T
Bl 7) = e |k 2 Ak, )] (3:102)
0 L[ dmdm) (v o
St bm) = o | ey (3 Semm) @109

16
zall
4 Ay(k, T, 72))] . (3.104)
a(r1)a(r) l;,)
Here we have introduced new symbols A;(k, 7y, 72) Vi = 1,---,16 which are used in the

above mentioned expressions for propagators and are explicitly given in Appendix B.1.
Once we take the equal time case, 7, = 7 = 7, it is easy to determine the expressions for
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the amplitude of the Power Spectrum of the field y, its spatial derivative and canonically
conjugate momentum:

1 1 [<

ggx(k,ﬁ =T, Ty =T):= ng(k, T) = eI {ZAb(k, 7)}, (3.105)
b=1

ggjxajx(k’ T =T,T2 = T) = ngxajx(k7 T) _k:Q ng k7 T)a (3106)
0 _ _ ). _ po _ (a,(T))Q 0

ngHx (k’ n=7"T= T> T PHXHX <k7 7—) - aQ(T) PXX(k7 )
a(r) 1 12
i (X )+ g (2]

b=13
(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,7)x(K',7)[0,in) = (27)°0°(k + k)P, (k, ), (3.108)

(0,n| (ikx(k, 7)) (ikx (K, 7)) ]0,in) = (2m)36%(k + k')ngxan(k, T)
= —(2m)’8° (k + K') K*PL (k,7),  (3.109)
(0,in| T(k, 7)II(K', 7) |0, in) = (27)°6°(k + K')Ph_p (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:
GgCC(Xl, X9, T1, 7'2) = <gCC‘ )Z(Xl, Tl))z(Xg, 7'2) |gCC> (3111)
ch;(% (X1, %2, 71, 7) = (gCC| 0, X (%1, 71)0x (%2, 72) [gCC) | (3.112)
ng(iﬁ (X1, X2, 71, T2) = (gOC|T(xy, 7)I(x2, 72) |gCC) (3.113)

where we use two types of gCC states, which are the |¢)ycc)pg Dirichlet and [y0c) g the
Neumann boundary states, respectively.

The two-point correlators in terms of the Dirichlet boundary states can be expressed
as:

&
GI0DB (1 7y, 1) — / gy 0P (900 Ko, 7) 55 k. ) 9C )y expliler)

&k . =
- M/ @ ( = (Ropis + Fope)Wo = D (K305 + “2n,DB)W2n)

n=2
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(D] Xin(k, 1) Xin (K, 72) | D) exp(ik.r)

Bk .
— /W gigCDB(k, 71, 7T2) exp(ik.r), (3.114)

d’k . s .
Go R (v 7, 7) = /W pB (9CC| 0;Xin(k, 71)0; X5 (K, 72) |9CC) py exp(ik.r)

1 [ &k ) =
- M/ @rp ( = (Koo + Fope)Wo = D (K305 + ”2n,DB)W2n>

n=2
(D] 035m0, 1) (0, m2) D) explikr)
d*k :
- / 2ny? ggf;(%‘;;(k, 71, 7T2) exp(ik.r), (3.115)

d*k - - :
G TR (xi 71, 72) = / {amys PP (9OCI T (ke 1)L (k. 72) [9CC)pg exp(ikr)

L[k ) ©
- M/ @y " ( ~ (op5 + FopB)Wo = 3 (K3, i + “2n,DB)Wzn>

n=2

(D| 1L (k, 71)IL (k, 72) | D) exp(ik.r)

d*k .
= / 2n)? gﬂiﬁ’;B(k, Ty, Ty) exp(ik.r), (3.116)

where QggCDB (k, 71, 72), Qgg(%?f (k, 71, 72) and gﬁfﬁfB (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:

|D) = exp (—% / %afm(k)alut(—k)) 0, out) . (3.117)

Now we can express the Fourier transform of the Green’s functions GI¢¢pB (k. 7y, 75
p XX ) ) )
gyC’CDB
0;Xx95x
going solutions are represented by the following expressions:

(k, 7, 72) and Qﬁig’;B(k, 71, T2) in terms of the out vacuum state. Hence, the out-

1 1
9CCoB (| —
o) = et Tai

exp ( ~(eom + RopB) (VR — 3 (s + @n,DB>|k|2"—1<N<k>>)

n=2
4
> 0.k, 71, 7), (3.118)
c=1
GoooR (k, 11, 7) = —k*GILPR (k, 71, 7), (3.119)
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ﬁ exp ( - (HS,DB + kopB)(N(K)) — Z<’€;n,DB + RQn,DB)|k|2n_1<N(k})>)

{ ; ? [i Ocllo T 1 CLQ(C;;()T; (72) {;@ (k 71’72)}

c=1

aQ ) [i O.(k, 1,7 } m [Z O.(k Tl,TQ)H (3.120)

c=12

ggCCDB <k7 T1, TQ) =

where the functions O.(k, 71, 7)¥ ¢ =1,--- , 16 are given in Appendix B.2.

Once we take the equal time case, which is 7, = 7 = 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)ggoDB(k, TN =T, Ta=T): = PigCDB (k, )
1 1
a?(7) |di|

xp ( ~(sgom + Fop) (N(E) — 3 (ks + nzn,DB>|k|2”-1<N<k>>)

[;@C(k, 7)}, (3.121)

GIOPB (k7 =T, 1 =7) 1 = PIOEE (K, 7) = —k* PICPR(k, 7), (3.122)
/ 2
gﬁchB(k, TN =T, Tg=T): = I“-’[CSDB (k,7) = [—(az(g—); PQCCDB(I{, )
XX X X a“(T

- ( ~(rtom + RopB) V) — > (hpm + n2n,DB>|k|2“-1<N<k>>)

n=2

{ S <Z@ 0)-a Iﬂ(?fhm

These are cosmologically significant quantities. This will finally give rise to the following

(3.123)

cosmological two-point correlation function for gCC Dirichlet boundary states:

B (9CC| x(k, 7)x(K', 7) [9CC)pp = (27)*8°(k + K )PICPR (k, 1), (3.124)

pB (9CC| (ikx(k, 7))(ikx(K , 7)) [9CC) pg = (27)*0° (k + K )Pg 02 (k, 7)
= —(2m)*8° (k + k') K*PISPB (K, 7), (3.125)
ps (9CC|T(k, T)II(K, 7) [9CC)pg = (27)%6° (k + K)PE PR (K, 7). (3.126)

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

A’k . . '
GRNe (x5 71, 7) = /W NB (9OC| Xin(k, 71)X;, (K, 72) [9CC) g exp(ik.r)

1 [ &k ) =
 Jd / (2m)3 P < — (Ko + Foxe)Wo = Z<’€2n,NB + fi2n,NB)W2n>

n=2
(N| Xin(k, 71)X5, (k, 72) |N) exp(ik.r)
Pk |
= / ok e NP (K, 71, 7) exp(ikor), (3.127)
GQCCNB(r' = d’k CCld.v: (k 0.v* (k o K
9;x05x 77—177—2) - W NB <g | ]XWL( 77—1) JXm( 77-2) |g >NB exp(z .I')
1 [k ) ©
“di| ) @)y exp [ — (konB + KonB)Wo — Z<H2n,NB + Kon.NB ) Wan
n=2
(N1 0350, 1)y, ) [N exp(ikr)
&k |
— [ s G ) e
G (r: _ [ 1, (k, )T (k, 75) [gCC k
mn, (5571, T2) = (2nyp NP (gCO| L (k, )L (k, 72) [gCC)np exp(ik.r)

1 4’k i o0 .
= m / 27)? exp < - (KO,NB + kong)Wo — Z(K%’NB + /{2n7NB)W2n>

n=2

(NI (k, 7)IT (k, 72) |N) exp(ik.r)

d’k gCCNB )
N (2m)3 G,y (k, 71, 72) exp(ik.r),

where GI{NB (K, 71, 7)), Qgg(%?; (k, 71, 72) and Qﬁfgl:B (k, 71, 72) represents the Fourier trans-
form of the real space Green’s functions calculated between the gCC Neumann boundary
state formed after quench. The state |N) is a Neumann boundary state which is defined

as

V) = x5 [ s ohel)abu(-19 ) o, 0ut) (3.128)

Now we can express the Fourier transform of the Green’s functions GICNB(k, 7y, 7),
ggjcx%;’; (k, 7y, 72) and QﬁiSI:B (k,7,72) in terms of the out vacuum state and hence the
outgoing solutions represented by the following expressions:

1 1

9CCnB (| _ L
T ) = ) T
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exp ( (e + Foxe)) (N — 3 (s + @n,NB»mF”—%N(k»)

4

D Ok, 71, 72), (3.129)

c=1

G (le.m,m) = —K*GILN (k, 71, 7). (3.130)
1
ggCCNB (k7 T1, TQ) = 177
|d|
exp ( ~(gnem + Rone)) VR — S (s + @n,NB»\kP”%N(k»)
n=2

Z@ (K, 71,72) aQ(‘il(Tl ~ Z@ (k, 71, 7)
Ja(

—%{é@c(k,ﬁﬂb)}—%m{i@ kn,Tg)H, (3.131)

=12

where the functions O.(k, 7y, 7)V ¢ = 1,--- 16 are defined earlier. Here one can further
show that:

G (k) ot kmn)  GRRC ) Ay
ggCCDB(k - 7_) - ggC’CDB(k ) - ggCCDB(k ) = exXp Ko,NB t 5 < ( )>
XX y 11512 9;x05x ,T1, T2 11, IT,, yT1, T2

= exp(260pa(N(K))),  (3.132)

where we have used the fact that, all the forms of W5, V n = 0,2, 3, oo 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 x(k) parameter.

Once we take the equal time case, 71 = 7 = 7, it is straighforward to determine the
expressions for the amplitude of the Power Spectrum of the field y, its spatial derivative
and canonically conjugate momentum from the gCC Neumann boundary states:

GICNe (k, 1y = 7,75 = 7) : = PICONE (K, 1)

_ #ﬁ exp ( — (g + o)) (N (R))

4

- i(’%n,NB + "~'2n,NB))|k|2”_1<N(k)>) [Z O.(k, T)] (3.133)

n=2 c=1
G (k,my = 7,1 = 7) : = PP (k, 7) = —k* PICONB (K, 7), (3.134)
ggCCNB k,m=7Tm="T):= ﬂfﬁ?B (k,7) =
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a?(r)

A pacen 1) = exp (= (6 + rm) (VD)

- nf;m;n,m ¥ mn,NB>>|k|2"-1<N<k>>)
{(f},([f)ﬁ (Z 0.057)) = (ZQ o7 )H

which all are cosmologically significant quantities. This will finally give rise to the following

cosmological two-point correlation functions for gCC Neumann boundary states:

~B (9CC| x(k, 7)x (K, 7) [gCC)xp = (27)%6° (k + K)PITNB(k, 7),  (3.136)
~B (9CC| (ikx (k, 7)) (ikx (K, 7)) [gCC) g = (27)%0° (k + K ) P2 (k, 7)
(
).

—(2m)%8° (k + k') K*PINB (K, 7), (3.137)
nB (gCC| Tk, T)TI(K, 7) |gCC) g = (27)36° (k + k’)PgCCNB(k T (3.138)

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:

. . 1 A
GEP 0,030, ) = (R0 7))o = (e (= ()

—ZHQnDB/NB |/€|2n 1Nk) (X1771)X(X277'2))7

n=2

(3.139)

N . 1
GaGf;gix(/@,Xl,XQ,ﬁ,Tz) = <8jX(X1,7'1)8jX(X2,7'1)>/3 = ETT(GXP ( — BH

- Z K2n,DB/NB |k’2n1Nk> )an<X1; Tl)an<X27 7'2)) )

n=2

(3.140)

. - 1
GganX(ﬁ,Xl,Xz,ﬁ,TQ) = (ILy(x1, 7)1y (%2, 71)) 5 = ETT(GXP(—ﬁH

— Z K2n,DB/NB |k’2n1Nk) ML (%1, 1)1 (%2, 7'2)) )

n=2

(3.141)
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where, Z is is the thermal partition function which in the present context is given by:
Z = Tr(exp( ﬂH 7'1 ZKQnDB/NB ‘k’ N N )))
n=2

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

2= ton(-L{E-21) xS (lew-p iin)

{Np}=0V k&

— Z K2n,DB/NB |k\2n1Nk>) [{ Nk })

n=2

- e ( - {j_ - Z_}) exp (M) h<w> (3.142)

where (BEg(71))es is given by:

(BER(T1))et = BER(T1) ZﬁanB/NB |2t (3.143)

Thus, the expressions for the two-point for the GGE [84, 85| for the field y, its spatial
derivative and its canonically conjugate momentum as:

&k _
G G ) = [ i (9955 (ke m.m) exp(ikr)
+g§§f (8,k, 71, 72) exp(—ik.r)], (3.144)
&k
GGE

G5Bk = [ ¢

27r)3 [g+,aixaix (ﬁ?ku 7177'2) eXp(ik.r)

gG 0ix0ix (ﬁ) ka T1, 7-2) eXp(—ZkI‘)} y (3145)

d*k
GGGE (B,r,71,72) = /( [gf%fnx (8,k,71,72) exp(ik.r)

27)3
+GGE, (B,km,m) exp(—ikr)|,  (3.146)
where we have defined the spatial separation between the two points x; and x5 as:

r = X; — Xo. (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 + symbol and the
other one is the retarded propagator appearing with the — symbol. To understand the
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mathematical structure of each of them let us first write their contributions independently
in the following expressions:

GEGE (8., 1, 73) = Vour (K, Tl)UZuz(—ka 72) exp ((5Ek(71))ef-f> Cosech((ﬁEk(Tﬁ)eff)

+XX

(3.148)

2@(7’1)@ 7'2) 2 2
K, 71)Vout (K, T Ei(11))e ErL(11))e
G (B, 71, 72) = o 2a(7'11)) ( t; 2) exp(— M) cosech(w), (3.149)
gf%f(alx (6,k,71,72) = =k’ gfif (B, k,11,72), (3.150)
gGGan (B, k,m1,7) = k'z QGGE( k,71,72), (3.151)
Vout (K, 71) V504 (K, 72) (BER(T1))eft (BEk(T1))en
gf,%fnx (8,k,71,72) = —24 2a(rl)az7'2) exp 5 cosech —
GGE (ﬁ k T 7'2)
+ XX ) / /
152
a(r)a(m) a'(m)a' (), (3.152)
v (=k, T k, T BEL(T1))est BEL(T1))et
gg,%fﬂx (57 k7 71, T2) = t< 2(1(7'11))61(7'2; 2) €xXp ( - ( k<2 1>> ) COSGCh(( k(2 1)) )
eSS Bk,
: 3.153
a(Tl)CL(Tg) a (7'1)& (7-2) ( )
All the technical details of the computations of the above mentioned expressions are ex-
plicitly presented in the Appendix.
Now we consider a special case, which is the equal time configuration 73 = 75 = 7. In
that case we get the following expressions for the amplitude of the thermal power spectrum
of the field y, its spatial derivative and its canonically conjugate momentum:
GESX (8., 7) = PETY (B k. 7)
el (k) BB o (PBDer)
2a2(T) 2 2 ’ '
GG (B,k,m,7) = PEIE (8K, 7)
k ou k E [ E €
_ Vgut(— 26;)(“) ik, 7) exp (_ (8 k(27'1)) ff) cosech(w k<27'1)> H)) (3.155)
GG o (B k1) = PEGE (B, ) = =k* PSS (B,k, 7)), (3.156)
GG o (B 7, 7) = PEGE, (B, k,T) = —k* PSP (B,k,T), (3.157)
gf%fﬂx (67 k, T, 7_) = Pf%fﬂx (57 k, T)
out(k T) out<_k7 7-) (5Ek(7—1))eﬁ (ﬁEk<7—1))eff
= MTERATL et h( A=k et
202(7) exp 5 cosec 5
PGBk (3.158)

a?(7)
gGH 1y <ﬁ>k7 T, T) PGH 1y (ﬁ?kv T)
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:,ut _kv th kv BE e BE e
_ Y ( 2@?(:{) (k,7) exp <— —( k(;l)) H) cosech(—( k(zﬁ)) H)
ngg Bk, 1) ,

— a

a®(7) (7).

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 the ground state of the pre-quench Hamiltonian. The
language of squeezed states in the context 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 established using the formalism of
squeezed states. A squeezed state corresponding to the pre-quench Hamiltonian can be
written as:

i) = 11) = e ([ s 0l 00,10 ) o). (3.160)

The above state can be written as:

3k .
1= (= [ Gsra)ibuad-k) ) B0 (3.161)
where, |Bd) represents the boundary state and can be taken as two different possibil-
ities |D)(Dirichlet state) and |N)(Neumann state) as already discussed in the previous
subsection. The term x.g is defined as

1
For Dirichlet State : Rett (k) = —5 log(—e (k)), (3.162)
1
For Neumann State : Kot (k) = ~3 log (Ve (K))- (3.163)

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

B*(k,n) + f(k)a(k,n)
ax(k,n) + f(k)B(k,n)

v(k) + f(k) exp(id(k))
1+ exp(id(k)) f (k)y*(k

Yett (k) = = exp(id (k) , (3.164)
( ) =enti )
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where we define the momentum dependent phase factor §(k) as:

a(k)

exp(1d(k)) = (k)

(3.165)

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

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 é, (k) and a (k)
annihilates the squeezed state:

ain(k) = f(K)al,(=k) | |f)
( )

= (e + 20980 0010 = 57000 + 581010 ) 1)
—0. (3.166)

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

202

F(k) = exp ( _ K ) (3.167)

Doing a series expansion of kg (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 expan-
sion coefficients before and after squeezing operation are obtained:

eff

KopB = K0,DB; (3.168)
KONB = KONB; (3.169)
’ffDB = ’ffNB = K4,DB = K4,NB, (3.170)
’%gflf)B = "fgfijB = R¢,DB = K6,NB, (3.171)
’f?ffDB = /‘i?ffNB # K7 DB = K7,NB; (3.172)
HgffDB = ’fgffNB = K§,DB = K8 NB; (3.173)
"”vgffDB = HS?NB # K9.DB = K9 NB, (3.174)
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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 contributions, i.e.,

eff o sq o sq _ o eff

K7pB = K7,DB T M?,DB = K7NB T M?,NB = K7 NB>» (3.175)
eff _ sq _ sq _eff

K9 pB = K9,DB T Mg,DB = K9,NB T MQ,NB = K9 NB> (3.176)

where k7 pB, k7 NB and kg pB, Ko nB are appearing from the non-squeezing part and rest
of the contributions M:45g, Mg and Mghg, My g are appearing from the squeezing
contributions, and are given by:

Mpp = MiNng =
16(dydf — dadb)*n® exp(2imvyy,)

, , : ; 3.177
(1 — 2v4,)? (idy + dge”r”m)2 (diem™vin + 1d3) (i(dy + didb) + er™in(df + dy)) ( )

MS,Oi)B = M;,%\IB =
1
(2u, — 1)302 (dfe™in + id3) (iet™im (dy (df + 2da) + dods) — dy(dy + db) + doe®™in(df + dg))2

X |80 (dydy — dads) (=i (477 (2w — 3)0* (dy + d3) + dy (2viy — 1))
—e"™m (An? (2ui, — 3)0”(df + do) + do(2v3, — 1)) |, (3.178)

Similarly one can explicitly write down all the higher order odd contributions in the series
which capture the effects of squeezing.
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
following two-point correlation functions with respect to the ground state:

Gi%c(xl’x%ﬁvﬁ) = (f| x(x1, )X (%2, 72) | f) (3.179)
Gl o (K1 X2, 71, 72) = (f] Oix(x1, 71)Oix (%2, 72) | f) (3.180)
Gt (%1, %2, 71, 72) = (1 (1, 7)1 (2, 72) | f) (3.181)

where, G (x1,Xa, 71, T2), Gg?xaix(xl,XQ,Tl,Tg) and GquxHx (x1, Xg, 71, T2) representing the
propagators in this computation. Additionally, we will define the spatial separation be-
tween the two points x; and x5 as:

r =X — Xo. (3.182)
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We are also interested in the correlation functions of the field y, its spatial derivative
and canonically conjugate momenta. This field y is redefined in terms of classical mode
function by x = v/a(7), used during the derivation of the two-point functions.

The two-point correlators can be expressed as:

Gt (i) = [ s ()G () 1) explier)

P |
- / 2ny? ;0 (k, 7, 72) exp(ik.r), (3.183)

3
Gl o (1571, T2) = / (;i l; (f10;x(k,m)0;x"(k,m2) | f) exp(ik.r)
3
_ / (d 1; Gl o, (K, 71, 72) exp(ik.r), (3.184)

Gitn (r571.72) = [ 35 (1T (k)T (e ) ) exp(ikn)

d*k .
- / 2n)y O, (k. 71, 72) exp(ik.r), (3.185)
where G (k, 71, 72), Qa 05 (k,71,7) and glﬁquﬂx (k, 71, T2) representing the Fourier trans-
form of the real space Green s functions, as mentioned before. From the present compu-
tation we get the following expressions for the Fourier transform of the real space Green’s

functions:
gsq (k T Tg) = ;L {iAsq(k 1 ’7'2):| (3186)
e a(r)a(r) |di| [ & 7070
1 1 2 n g
gajxax(k,ﬁﬂé) = mm —k ZAb (k, 7'1772) ) (3 187)
b=1
1 [ d(m)d(m) [~ s )
K, 7, 7)) = — Ak, 1, T 3.188
) = o | e (Ao ) (@189
B a'(t) iAsq(k 1, 7)
(a(m))2(a(m)) \ & 0 002
a/(12) :
) (@) ( Avllom,m)
1 16
+— AN (k, T, )} 3.189
a(ty)a(rs) (121:3 b (71, 72) ( )
Here we have introduced new symbols A’ (k, 7y, 75) Vi =1,---,16 which are used in the
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above mentioned expressions for propagators, and are explicitly defined in the Appendix
B.3.

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

4

Gk =r,m="1):="PlkrT) = i [Z A (k, T } (3.190)
gajxa Kk m=T,m=1) 776 05 (k) = —k2 Pk, 7), (3.191)
; s (a'(1))? s
quXHx (k7 Tn="T,T2 = T) - = PHiHX <k7 7—) = |: QQ(Q)) th)i(lg 7_)

i (Sor)]

b=13

_CL/(T) L 12 . 7_
@) T (ZA &)+
(3.192)

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

(fIx(k, T)x(K,7)[f) = (27)°6° (k + K)Pyi (k, T), (3.193)
(FD(ikx(k, 7)) (ikx (K, 7)) 1) = (2m)*6° (k + K) Py, (K, 7)

= —(2m)°8° (k + K') K*PL(k,T), (3.194)

(FITI(k, TTI(K, 7) | f) = (27)°0° (k + K) Py (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:

Gf(igq(xlvx27TlvT2) = <gCCSf1| X(Xlu Tl))%(x277—2) |gCCSQ> ) (3196>
G sg (X1, X2, 71, 72) = (gCClq| Dix (%1, 71)Dix (X2, 72) [9CCly) (3.197)
G%Cﬁx (X1, X2, 71, T9) = (gCCq| 1L(x1, 71)I1(x2, 72) [9CCyq) (3.198)

where we use two types of gCC states, the [1ycc,,)pg Dirichlet boundary state and
[1900.) g Neumann boundary states, respectively.

The two-point correlators in terms of the Dirichlet boundary states can be expressed
as:

3k
GiiggB(r;TlaTQ) = / (2r)? pB (9CCsy| Xin(k, T1)X7, (K, 2) |gCqu>DB exp(ik.r)
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1 3k v . 00 . )
= m/ e exp ( —( O,IfoB + IioffDB)WO - Z(/ﬁmgB + ﬁnffDB)Wn>

n=2
(D| Xin(k, 1) X0 (k, 72) | D) exp(ik.r)
Bk
— / 2n)? g)gcggjfB(k, 7, 7T2) exp(ik.r), (3.199)

d’k . . .
G%jcx%?;sq(rﬂ'lﬂh) = /W pB (9CC| 0;Xin(k, 71)0; X (K, 72) [9CC)pg exp(ik.r)

1 A3k e . 00 . .
- M/ (27)3 exp ( — ( o,gB + "foffDB)Wo — Z(fﬁngB + Rnf’fDB)Wn>

n=2
(D] 0;%in (%, 71)0;x (K, 72) | D) exp(ik.r)
Pk .
- / (27 e (e, 7, 7) expliker), (3.200)
9CCpy d*k . . |
GHxHx,sq(FS 71, 7—2) = (27’(')3 DB <QCC\ Hx(k, Tl)Hx(k, ’7'2) ‘gCC>DB eXp(Zk.r)

1 —d3k *€ € . *€ e
— m/ (27T)3 exp ( - (Ko,lfoB + lioffDB)Wo — Z(/{n’gB + /{nffDB)Wn>

n=2

(D| 1L (k, 1)L (k, 72) | D) exp(ik.r)

Pk
_ / Gy GIC5P (K, 71,75) exp(ikor), (3.201)

cc cc :
where g)ggg;m (k, 71, 72), ngxa?zsq(k, T, T2) and Qﬂxnfﬁq(k, T, T2) represent the Fourier

transform of the real space Green’s functions calculated between the Dirichlet bound-
ary 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 Qf(gg}fB (k, 71, 72),

ggjcxca‘;;sq(k, Ty, T2) and gﬁiﬁ’;‘z’q(k, 71, T2) in terms of the out vacuum state and hence the

outgoing solutions represented by the following expressions:

Giicon™ (k. 1, 72) = exp ( - Y (e MZ?DB>|k|“-1<N<k>>)gggffm(k, ri, 7). (3.202)
n="7,9,11,---
CC
G otk 11, 7) = —K*GI PR (k, 71, 73), (3.203)
Qﬁfﬁf};‘q(k, T1,T2) = €Xp ( - Z (MZ?BB + MZ?DB>’k’n1<N(k)>)gIin§5B (k, 7, 72),(3.204)
n="7,9,11,---

where the functions MZ?DB‘V’ n=17,9--- have been defined earlier.
Once we take the equal time case, 7, = 75 = T, it is easy to determine the expressions for
the amplitude of the Power Spectrum of the field y, its spatial derivative and canonically
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conjugate momentum from the squeezed gCC Dirichlet boundary states:

Qigg?B k,nm=7,T=1):= Piig}m(k, T)
~ exp ( S (M Mz?DB>|k|”—1<N<k>>)P;gQCDB (k. 7).
n="7,9,11,--
(3.205)
CC; CC;
ggjxa?)?sq(k7 n=71T2 = T) L= gjxa?;sq(kv T) = _k2 P)%)C;g(?B (k7 7-)7 (3206)
GH (k,m =T, =7) : = PR (k, 7)
~ exp ( (T Mz?DB>|k|”-1<N<k>>)PﬁfﬁfB (k. 7).
n=7,9,11,---
(3.207)

which are cosmologically significant quantities. This will finally give rise to the follow-
ing cosmological two-point correlation function for the squeezed gCC Dirichlet boundary

states:
DB <gCCSQ| X(k7 T>X<k/7 T) |gCOSq>DB = (27‘-)353(1( + k,)P)%gg?B (ka T)7 (3208)
pB (9CCq| (ikx(k, 7)) (ikx (K , 7)) [9CCo)pg = (2m)°8° (k + K )P 08, (k,7)
= —(2n)**(k + X') K*PICPB(k, 7), (3.209)

pB (9CC4| TI(k, T)II(K', 7) [9CCug) pg = (27)°6° (k + K )PE P2 (k, 7). (3.210)

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

d*k R A* )
G N (r; 1, 73) = /W NB (9CCsq| Xin(K, 1) X5, (K, 72) [9CCoq) g exp(ik.r)

! —dgk elx © - eff x e
- m/ (2r)? exp ( - ("”voffNB + ’foffNB)Wo - Z(mfNB + ’fnf,fNB)Wn)

n=2
(N| Xin(k, 71)X5, (k, 72) |N) exp(ik.r)
Pk |
= / (2n)? Gean® (k, 71, 7m2) exp(ik.r), (3.211)

d’k . - .
G%fx%fisq(r;ﬁﬁz) = /W NB (9CCs| 0iXin (K, 71)05 X5, (K, 2) |9CCsg) g exp(ik.r)

! d?’k el x © = eff x e
— W/ n)? exp ( — ( OffNB + HoffNB)Wo — Z(anfNB + /‘in{fNB)Wn)
n=2

(V] 9y in (b, 71), 5 (, 72) [N) exp(ikr)
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d*k |
N / (2m)3 ggg%:)?sq(kv 71, T2) exp(ik.r),

A’k . . ,
G%iﬁjﬁq(r;ﬁaﬁ) = /W NB (9O Csq| T (k, 71)IT} (k, 72) [gCClqg) g exp(ik.T)
1 A’k offx . > i .
=170 3 — (Ko,NB oNB/Wo — n,NB n,NB)Wn
i oo (= i i = 3R
n=2

(N| 11, (k, Tl)ﬂ;(k, 73) |N) exp(ik.r)

PR oo |
~ ) @) i1y g (K> 71, 72) exp(ik.r),

cc cc .
where Qggggm(k, T, T2), ngxajl,“zsq(k, T, 72) and Q%XHI:EQ(h T1,T2) represent the Fourier

transform of the real space Green’s functions calculated between the squeezed gCC Neu-
mann 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 giggg‘B(k, T1, T2),

cc cc :
Gonorsq K1, 72) and G % (K, 71, 72) in terms of the out vacuum state and hence the

outgoing solutions represented by the following expressions:

GICONB (K, 71, 72) = exp ( - Y (M + M;?NB)ywl(N(k))) GIOONB (k, 7y, 75), (3.212)
n=7,9,11,-
Goane (k,71,m) = —k*GITONB (K, 71, 72), (3.213)

TR (k, 71, 7) = exp ( - ) (MXp+ MZ?NB)|k|"‘1<N(k)>) TR (k, 71, 72),(3.214)
n=7,9,11,--

where the functions M, ’pgV n =7,9--- have already been defined earlier.

Once again in the equal time case, 1 = 7 = 7, it is strightforward to determine the
expressions for the amplitude of the Power Spectrum of the field y, its spatial derivative
and canonically conjugate momentum from the gCC Neumann boundary states:

g}iggqNB (ka T = 7—7 To = T) = ,P)%C(:g?B (ka T)
~exp ( Y (M M;?NBW1<N<k>>)P§§CNB<k, o),
n=7,9,11,
(3.215)
Gopancsallem = 7.7 = 1) 2 = Py, (ko) = —k* PR (k7). (3.216)
GICaNR (I 7, = 7.7y = 7) : = PACENR (1 7)
~exp ( Y (M Mz?NB>|k|”—1<N<k>>)7>ﬁ§§§B<k, .
n=7,9,11,
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(3.217)

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

NB (gCCs| x(k, T)X (K, 7) [gCCs)np = (27)%0° (k + K)PICNB (k, 7),  (3.218)

XX»84

N8 (9CCq| (ikx(k, 7)) (ikx (K , 7)) |90 Cuq) g = (27)°8° (k + K) PG G2, (k. 7)

9;x05x,5q

= —(27)*6*(k + k') k*P9Cne (k1) (3.219)

XX»84

NB (9CC| TI(k, 1)K, 7) [gCClLg) g = (27)%5° (k + K)PENE (K, 7). (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:

. . 1 A
Ggfgz(ﬁaxhxmﬁﬂb) = (X(x1, 71)X(X2, T1)) 5 = ZTY(GXP ( — BH(m)

- Z K’Qn ,DB/NB |k|2n1Nk) X(x1, 71) X (X2, 7'2)) )
(3.221)

Ggigx,sq(ﬁ,xl,mﬁ,w) = (0;x(x1,71)0;X (X2, 71)) g = (exp (

- Z “;ZL,DB/NB WinNk) )8jX(X17 Tl)an(Xm 7'2)) )

n=2

(3.222)

N . 1
GRAT, 5B, %1, %0, 71, 7a) = (I (%1, 70) L (%2, 71)) g = ZTY(GXP(—@H

B Z “2n ,DB/NB WinNk) )Hx(xh Tl)Hx(Xm 7'2)) )
(3.223)

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

Z = Tr(exp( BH(m) Z“QnDB/NB k>IN, )))

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

2= mew(~H{E-21) xS (o8 fuin)

{Np}=0 V k

=S K b |k|2"—1Nk)> (V)

n=2

1 . d; d2 E T1) )eff sq E T1) )eff,sq
— o] exp (— % {d_T — d_1}) exp (_(5 k(z ), ) cosech(—(ﬁ k(2)) i >Q3.224)

where (BE(71))es is given by:

(BEW(T1))ettsq = BEW(T1 +Zn pe/ns [P (3.225)

Thus, the expressions for the two-point for the GGE [84, 85| for the field y, its spatial
derivative and its canonically conjugate momentum as:

&k _
fof;(ﬁ,r,ﬁ,ﬁ) —/ [fo(isq (B,k, 1, 72) exp(ik.r)

(2m)3

gGigsq (8,k,71,72) exp(—ikr)],  (3.226)
d*k '
[gfg«;E)(aix,sq (ﬁ? ka T1, 7—2) eXp(Zk.r)

gGGE (57 ka 71, 7—2) eXp(_Zkr)} ) (3227)

9ix9ix,8q

A3k .
ﬁGﬁE sq(ﬁ T, Ty, T2) :/(271_)3 [gf%fnwsq (B,k, 1, m2) exp(ik.r)

GGE -
G 1X81X3q<67k77—1,7-2) = /W

anan g (B, K, 71, 79) exp(—ik.r)] ., (3.228)
where we have defined the spatial separation between the two points x; and x5 as:
=X — Xz (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:

+,XX554

GGGE (8,k, 71, 72) = Vout (K, 71) U5, (=K, 72) exp ((BEk(Tl))eff,sq> Cosech((BEk(Tl))eﬁ’Sq

2a(m)a(Ts) 2 2

(3.230)
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gGifsq (8,k, 71, 72) = Vgt (=K, T1)Vour (K, 72) exp (_ (BEk(TI»efﬂsq) cosech(<6Ek(Tl))eﬁ’sq),

2a(m)a(rs) 2 9
(3.231)
GECE o va Bk, 70) = —k* GSCF (8., 71, 7) (3.232)
gGGiBZX sq (67 k, T1, T2) = - gGC}:‘(fsq (67 k T1, ’7'2) , (3233)
Vou k ou k 6E eff s BE eff s
R R (—< 7)) e (B D)
GGE (5 k e 7_2)
+ XX ) / /
a(Tl)a(TQ) a (Tl)a (TZ)a
(3.234)
k k E off.s E eff s
QGHXHX o (B, kT, T2) = Vot 2@(;1;@(7_25 . 72) exp (— %) cosech(%)
gGC)T;i sq (ﬁa k7 T1, 7—2) ’ ’
&(Tl)a(TQ) a (7’1)& (TQ).

(3.235)

Now we consider a special case, which is the equal time configuration 77 = 75 = 7. In
that case we get the following expressions for the amplitude of the thermal power spectrum
of the field y, its spatial derivative and its canonically conjugate momentum:

GGE (57 k n=T,Ty = 7_) PGGE (57 k 7-)

+ XX5>5G +XX5>5¢
_ ol ) (R T) BB e\ oop (BB )
2a2(T) 2 2
(3.236)
gGifsq (ﬁa k7 =71m= T) = P?ifsq (ﬁ k T)
O G s LS R G 1YY R S TG Y)
2a2(7) 2 2
(3.237)
gfgiaix,sq <67 k’ n=7T,T2= T) = Pfgf(aix,sq (ﬁ7 k7 T) - _kQ Pfifsq (ﬁu k7 T) 9
(3.238)
GG onsg B kT =T, =7) =PGL, Bk T)=—k PE, (B k,T),
(3.239)

gf,clflfﬂx,sq (67 kn=71mn= T) = ,Pf%fﬂx sq (67 k T)
_ out(k T) out( k 7—) exp (BEk(Tl))ethq cosech (ﬂEk<7_l))eff,sq
20%(7) 2 2
P, (e,

a2 (7_) (T)a

(3.240)
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GGE GGE
g—,HXHX,sq (57 k7 T =T,T2 = 7—) = P_=HXHX75‘1 (67 k7 T)

2a?%(7) 2

_ PE:GE (ﬁ)k’ T) 12

XX>59

22(7) a”“(r).

(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 observational datasets. In each plot, we have incorporated the infor-
mation regarding the three different choices of the initial conditions, which are appearing
in terms of the Bunch Davies, & 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 physically rele-
vant. 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 math-
ematical structure 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 T of the scalar modes in the previously mentioned consecutive

*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.

tHere it is important to note to write down the analytical results we have separately used the asymp-
totic 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
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phases differ from each other. However, that region where the deviations are growing with
the wave number turning out to be .a non-linear regime where the all the 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 Primor-
dial 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 aspects. 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
(=kT7 — 00 — —k7 > 1), super horizon region (—k7 — 0 — —k7 < 1) * and at the
horizon crossing matching point (—k7 = 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 immediate 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.
e In Fig. 4.1, the behavior of the power spectrum corresponding to the correlator G?(X
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

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 clari-
fication 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.

*Here it is important to note that, to correctly implement the super horizon limit 7 — 0 is not the
accurate condition. It has to be described by the limiting condition —k7 — 0. Now here if we fix the
conformal time scale 7 = —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.

"In this paper for the numerical estimation purpose and to obtain the plots we have fixed the unit of
the conformal time scales, 7 and n as Mpc. This further helps us to make the quantity | — k7| and | — kn)|
dimensionless throughout the analysis performed in this paper. Because of such choice the wave number
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Figure 4.1: Behavior of the power spectrum of the correlator G,, for the ground state
with respect to the comoving wave number /scale k.
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Figure 4.2: Behavior of the power spectrum of the correlator G, g, for the ground state
with respect to the comoving wave number/scale k.

is measured in the units of Mpc ™.
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Figure 4.3: Behavior of the power spectrum of the correlator G, i, for the ground state
with respect to the comoving wave number /scale k.

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

! rapid oscillations with small amplitude can be

crossing the value k£ ~ 1.20 Mpc™
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:

P, = (2.975+0.056) x 10 at 68%CL (Planck 2018 data — observed). (4.1)
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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 1072 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:

0 -1 -9 .
Py (ke ~ 0.02Mpc™) ~2.95 x 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,7 < 1 is explicitly satisfied. Outcomes of the quantum fluctuations
of modes becomes observationally only relevant when actually we have —k7 < 1.
From our analysis we have found that within a specific range of the wave number,
k ~ O(107% — 0.33)Mpc™! the condition —k7 < 1 is explicitly satisfied and we have
obtained a observationally consistent value of the amplitude of the power spectrum
lie within the following window:

Po(k ~O(107 = 0.33)Mpc ') ~ O(2.91 —2.96) x 1077 (estimated). (4.3)

In Fig. 4.2, the behavior of the power spectrum corresponding to the correlator
ngXan in the Fourier transformed space has been studied with respect to the co-
moving scale k. The overall behavior of the power spectrum is almost identical to
the behavior of the correlator G’?(X. However, the amplitude in the entire mode range
is very small as compared to the power spectrum obtained for the G?cx correlator. In
the higher mode region, a difference in the behavior can also be observed. Though
both the power spectrum exhibit a rising behavior in the higher mode region, the
rate of increase for the ngxajx correlator is appreciably less than that of the G?(X
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.

The behavior of the power spectrum corresponding to the correlator G%XHX in the
Fourier transformed space has been plotted with respect to the mode functions in
Fig. 4.3. We observe 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 corresponding 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
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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.

From the Fig. 4.1, Fig. 4.2 and Fig. 4.3 it is clearly observed that with increasing
wave number 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 k, ~ 0.02Mpc~!, where the Planck obser-
vation takes places and provides statistically significant 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
0 _ {1 N <dln77xx)

o dlnk /. o02mpet
From our analysis we have also found that within a specific range of the wave number,

k ~ O(107% — 0.33)Mpc ! the condition —k7 < 1 is explicitly satisfied and within
this range the spectral tilt from the obtained power spectrum is estimated as:

o {1+ (dlnpgx

XX dlnk )kwo(103—0.33)Mpc1

n

} ~ 0.966 (estimated). (4.4)

} ~ 0(0.961 — 0.969) (estimated). (4.5)

Form CMB Planck 2018 the measured value of the spectral tilt is given by:
ns = 0.9649 £ 0.0042 at 68%CL (Planck 2018 data — observed). (4.6)

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 accom-
modate red tilt at the CMB pivot scale k, ~ 0.02Mpc™! as well as in the preferred
window k ~ O(107%—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 pri-
mordial 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 surpris-
ing. However, there lies a deep physical meaning which we now properly interpret.
Apart from the CMB pivot scale non-causal physics play significant role due to hav-
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ing 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 behaviour. 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 anal-
ysis that at the pivot scale red tilted features of the primordial power spectrum can
be easily accommodated and once we go beyond this scale features largely deviates
from red tiltedness.

Let us now give the explanation of the increasing behaviour of the primordial power
spectrum with wave number as appearing in Fig. 4.1, Fig. 4.2 and Fig. 4.3. In
the present framework 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. 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 dealing 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].

In Fig. 4.4, we have plotted the behavior of the power spectrum corresponding to
the correlator G} 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 spectrum 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
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Figure 4.4: Behavior of the power spectrum of the correlator G,, for the squeezed state
with respect to the comoving wave number/scale k.
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Figure 4.6: Behavior of the power spectrum of the correlator G, i, for the ground state
with respect to the comoving wave number /scale k.

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 however, 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 107! 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 k, ~ 0.02Mpc™! is:

P2 (ky ~ 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 observationally 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 ~ O(0.01 — 0.33)Mpc " the condition —k7 < 1 is explicitly satisfied and
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we have obtained a observationally consistent value of the amplitude of the power
spectrum lie within the following window:

Pl (k ~ 0(0.01 — 0.33)Mpc™!) ~ O(2.92 — 2.97) x 1077 (estimated). (4.8)

In Fig. 4.5, we have plotted the behavior of the power spectrum corresponding to
the correlator Gf?jxajx 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.

In Fig. 4.6, we have plotted the behavior of the power spectrum corresponding to
the correlator 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™!, 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:

dInPd
n’l = |14+ | —==
> dInk Ky ~0.02Mpc—!

From our analysis we have also found that within a specific range of the wave number,
k ~ O(0.01 — 0.33)Mpc™" the condition —k7 < 1 is explicitly satisfied and within
this range the spectral tilt from the obtained power spectrum is estimated as:

dln Pt
mt = |14 (S
dInk /) 0(0.01-033)Mpe-

} ~ 0.964 (estimated). (4.9)

} ~ 0(0.963 — 0.967) (estimated).(4.10)

Form CMB Planck 2018 the measured value of the spectral tilt is n, = 0.964940.0042
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

67



the preferred window k ~ 0(0.01 — 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 behaviour 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 me-
chanical 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 quantum 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
thermalization time scale for this effective equilibriation process. Without having
any quench protocol such time scale is effectively infinite and activation of sudden
quench actually triggers the equilibriation process, which makes the underlying time
scale finite. The similar type of phenomena one can observe for the PBHs produc-
tion 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.

In Fig. 4.7(a) and Fig. 4.7(b) the behavior of the power spectrum corresponding to
the correlator 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 posi-
tive infinity for all the vacua, the same divergence to positive infinity is also observed
for the case without squeezing but only for the o 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 behaviour of power spectrum is very non-standard. From the behaviour
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Figure 4.7: Behavior of the power spectrum of the correlator G,, 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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Figure 4.8: Behavior of the power spectrum of the correlator G, ya,, 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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Figure 4.9: Behavior of the power spectrum of the correlator G, 11, 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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one can observe a fall and then a sharp increment with respect to wave number.
From the non-standard behaviour 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 number 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 behaviour 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 yet. However, it is expected in near future
observation can able to detect such impacts with high statistical accuracy.

In Fig. 4.8(a) and Fig. 4.8(b), the behavior of the power spectrum corresponding to
the correlator Gy, ya,, 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 observational 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.

In Fig. 4.9(a) and Fig. 4.9(b), the behavior of the power spectrum corresponding
to the correlator Gy, 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 identical to that for the correlator G,,,. The divergence pattern
at the higher mode region is also similar in behavior.

In Fig. 4.10(a), we have plotted the advanced part of the power spectrum correspond-
ing to the Generalised Gibbs ensemble correlator GSXGE calculated for states without
squeezing at a low value of 3. 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
decresing nature at the higher mode range.
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Figure 4.10: Behavior of the power spectrum corresponding to the advanced part of the
correlator GfXGE with respect to the comoving wave number/scale k at higher and lower

temperatures.
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e In Fig. 4.10(b), we have plotted the advanced part of the power spectrum corre-

GGE
XX

without squeezing at a high value of 5. The behavior of the power spectrum is al-

sponding to the Generalised Gibbs ensemble correlator G calculated for states
most 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 correspond-

GGE
XX

state without squeezing at a low value of 5. We observe that for lower modes, the

ing to the Generalised Gibbs ensemble correlator G calculated for post-quench
amplitude of the power spectrum is constant. In the intermediate range the ampli-
tude shows a gradual decreasing behavior followed by an overall increasing feature
in the higher mode range. Also, the dependence of the amplitude on the choice of
the intial 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 correspond-
ing to the Generalised Gibbs ensemble correlator G%?E calculated for post-quench
state without squeezing at a high value of 5. We observe that for lower and inter-
mediate modes, the amplitude of the power spectrum shows a decreasing behavior
which is widely different from what we observe in the low g case. The behavior in
the higher mode region is identical to what we observed in the low (5 case. Also,
the dependence of the amplitude on the choice of the intial vacuum condition is visi-
ble throughout the lower and intermediate mode region, which is also an interesting
difference from the low [ case. It is also worth mentioning that the amplitude of
the retarded part takes almost similar values for high and low (3, whereas for the
advanced part the amplitude is almost negligible for the high # as compared to low

3.

e In Fig. 4.12(a), we have plotted the advanced part of the power spectrum corre-
GGE

0;x0ix
without squeezing at a low value of 5. We observe that for lower and intermediate

sponding to the Generalised Gibbs ensemble correlator G calculated for states

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 correspond-
GG

aixgix
squeezing at a high value of B. We observe that for lower modes, the behavior of the

ing to the Generalised Gibbs ensemble correlator G calculated for states without
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 § case. The dependence
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Figure 4.13: Behavior of the power spectrum corresponding to the retarded part of the

correlator Gg%ﬁ + With respect to the comoving wave number/scale k at higher and lower

temperatures.
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of the power spectrum on the initial conditions is clearly visible in the higher 3 case
whereas the curves overlap in the lower § case. Similar to the advanced part of the
G%?E correlator, the amplitude of the power spectrum for the low [ case is almost
negligible compared to the high 3 case.

In Fig. 4.13(a), we have plotted the retarded part of the power spectrum correspond-
bixoix
squeezing at a low value of 8. We observe an overall increasing behavior for the en-

ing to the Generalised Gibbs ensemble correlator ¢ calculated for states without
tire 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.

In Fig. 4.13(b), we have plotted the retarded part of the power spectrum correspond-
bixdix
squeezing at a high value of 5. The overall behavior and the amplitude is almost

ing to the Generalised Gibbs ensemble correlator G calculated for states without
identical to the low (§ 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 f.

In Fig. 4.14(a), we have plotted the advanced part of the power spectrum correspond-
ing to the Generalised Gibbs ensemble correlator Gﬁfli calculated for states without
squeezing at a low value of 5. We observe that for lower modes the power spectrum
shows a strictly increasing 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.

In Fig. 4.14(b), we have plotted the advanced part of the power spectrum corre-
sponding to the Generalised Gibbs ensemble correlator Gﬁfﬁx calculated for states
without squeezing at a high value of 5. The overall behavior of the power spectrum is
almost identical is identical to the low [ case apart from the fact that the amplitude

of the power spectrum in this case is negligible compared to the low 3 case.

In Fig. 4.15(a), we have plotted the retarded part of the power spectrum correspond-
ing to the Generalised Gibbs ensemble correlator Gﬁfﬁx calculated for states without
squeezing at a low value of 3. It is observed that the power spectrum shows a satura-
tion 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.

In Fig. 4.15(b), we have plotted the retarded part of the power spectrum correspond-

ing to the Generalised Gibbs ensemble correlator Gﬁfﬁx calculated for states without
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Figure 4.14: Behavior of the power spectrum corresponding to the advanced part of the
correlator Gﬁfrfx with respect to the comoving wave number/scale k at higher and lower
temperatures.
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Figure 4.15: Behavior of the power spectrum corresponding to the retarded part of the
correlator Gﬁfri with respect to the comoving wave number/scale k at higher and lower
temperatures.
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squeezing at a high value of 3. 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 intermediate mode region. The behavior of the higher
mode region is identical to the low [ case.

In Fig. 4.16(a), we have plotted the advanced part of the power spectrum corre-
sponding to the Generalised Gibbs ensemble correlator GSXGE calculated for states
with squeezing at a low value of 5. 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 k, 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.

In Fig. 4.16(b), we have plotted the advanced part of the power spectrum corre-

GGE
XX

with squeezing at a high value of 5. The behavior of the power spectrum in this

sponding to the Generalised Gibbs ensemble correlator G calculated for states
case is widely different from the one observed for the low (3 case. At lower values
of k the power spectrum increases at a very fast rate. The saturation value in the
intermedimate 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.

In Fig. 4.17(a), we have plotted the retarded part of the power spectrum correspond-
ing to the Generalised Gibbs ensemble correlator G%?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.

In Fig. 4.17(b), we have plotted the retarded part of the power spectrum correspond-

GGE
XX

squeezing at a high value of §. In this case the initial decreasing behavior occurs for

ing to the Generalised Gibbs ensemble correlator G calculated for states with
a very large range of k. The intermediate saturation region is observed in this case
as well. However, the saturation range of £ is much smaller in this case. At large
values of k some random fluctuations after a decreasing nature is observed.

In Fig. 4.18(a), we have plotted the advanced part of the power spectrum corre-
bixoix
with squeezing at a low value of 8. The behavior of the correlator at low (5 is widely

sponding to the Generalised Gibbs ensemble correlator G calculated for states
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Figure 4.16: Behavior of the power spectrum corresponding to the advanced part of the
correlator GSXGE with respect to the comoving wave number/scale k at higher and lower
temperatures in presence of squeezing.
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Figure 4.17: Behavior of the power spectrum corresponding to the retarded part of the
correlator Gﬁfri with respect to the comoving wave number/scale k at higher and lower

temperatures in presence of squeezing.
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Figure 4.18: Behavior of the power spectrum corresponding to the advanced part of the
correlator Gg%ﬁ + With respect to the comoving wave number/scale k at higher and lower
temperatures in the presence of squeezing.
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Figure 4.19: Behavior of the power spectrum corresponding to the retarded part of the

correlator Gg(;gi + With respect to the comoving wave number/scale k at higher and lower

temperatures in presence of squeezing.
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different from the behavior of the corresponding part of the GfXGE 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.

In Fig. 4.18(b), we have plotted the advanced part of the power spectrum corre-
bixoix
with squeezing at a high value of 8. The behavior of the power spectrum in the

GGE
XX

Even the amplitude of the power spectrum in different ranges of k is similar to the

sponding to the Generalised Gibbs ensemble correlator G calculated for states

low beta case is however identical to the corresponding part of the G correlator.

analogous part of the GgXGE correlator at low f3.

In Fig. 4.19(a), we have plotted the retarded part of the power spectrum correspond-
ing to the Generalised Gibbs ensemble correlator G’gggi . calculated for states with
squeezing at a low value of 5. 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.

In Fig. 4.19(b), we have plotted the retarded part of the power spectrum correspond-
OO
squeezing at a high value of 5. It is observed that the behavior of the power spectrum

ing to the Generalised Gibbs ensemble correlator G calculated for states with

in this case is pretty similar to what we observe for the low 3 case.

In Fig. 4.20(a), we have plotted the advanced part of the power spectrum correspond-
ing to the Generalised Gibbs ensemble correlator Gﬁfri calculated for states with
squeezing at a low value of 5. The behavior of the power spectrum of this correlator
is exactly identical to the G%?E correlator. This identical nature is observed in the
entire range of k.

In Fig. 4.20(b), we have plotted the advanced part of the power spectrum corre-
sponding to the Generalised Gibbs ensemble correlator Gﬁfﬁx calculated for states

with squeezing at a high value of 3. The behavior at high /3 is also identical to the
corresponding part of the GSXGE 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.

In Fig. 4.21(a), we have plotted the retarded part of the power spectrum correspond-
ing to the Generalised Gibbs ensemble correlator Gﬁfﬁfx calculated for states with
squeezing at a low value of 5. Again the behavior of the correlator is identical to

GGE

™ correlator. In this case too the initial decrease

the corresponding part of the G
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Figure 4.20: Behavior of the power spectrum corresponding to the advanced part of the
correlator Gﬁcrfx with respect to the comoving wave number/scale k at higher and lower

temperatures in the presence of squeezing.
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Figure 4.21: Behavior of the power spectrum corresponding to the retarded part of the
correlator Gﬁcrfx with respect to the comoving wave number/scale k at higher and lower

temperatures in presence of squeezing.
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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 G%?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 G%?E
correlator.

e In Fig. 4.21(b), we have retarded the advanced part of the power spectrum corre-
sponding to the Generalised Gibbs ensemble correlator Gﬁfgx calculated for states
with squeezing at a high value of 5. The feature shown by the correlator exactly
matches the one showed by the corresponding part of the Gng 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

GGE

magnitude than its corresponding GY\"™ 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 Euclidean 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.

e 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. Consequently, 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.

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
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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.

We have chosen the sudden quench mass protocol using which we compute the classi-
cal 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 de-
scription, the solutions 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 compu-
tational methodology can be implemented for other time-dependent effective mass
protocols and depending on the specific profile one can expect 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.

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 W, 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 doesn’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 production, reheating, etc.,
where it is needed to thermalize a system from out-of-equilibrium.

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.

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

We also extend the computation for finding the two-point quantum correlation func-
tions 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.
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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 W,
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:

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
interactions 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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A Charges of W, algebra for different quantum initial conditions

A.1 Expression for the coefficients of (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 : dy =1, dy =0, (A.1)
a vacua : dy; = cosha, dy = sinh o, (A.2)
Motta — Allen vacua : dy = cosha, dy = exp(iy)sinha.  (A.3)

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

idy + dg exp(imvy,)

= A4
B ids + df exp(imviy)’ (A-4)
2(dydt — dodsy) exp(imvi )03 (5 + 2v4,)
Y4 = — - 1k * ; 2 ’ (A5)
3((ids + df exp(imvin))?(—1 4 2v4y,))
2(dyd; — dods TV )N° (—29 + 43 (4 + iy,
2o — dad) explimvin (29 + i+ i) "

5((ids + df exp(imv,))? (1 — 2v4,,)?)

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:

o= (= in{on 1) )

2 5 2 in
V4 = —3 exp(—imvin )0’ (%gym)y (A8)
2 ) 5( =29+ 4vin (4 + vin)
%=z exp(—imVin )N ( =20 ) (A.9)
A.1.2 Expressions for the o vacua
For a vacua we have the following results:
exp(imy;y, ) sinh a — i cosh «
o = SRV ohe (A.10)
exp(imv;y, ) cosh a + i sinh «
2 exp (im0 (5 + 2v4,
V=5 p( )77. ( 5 ) , (A.11)
3 (cosh aexp(imv;y,) + isinh «)?(—1 + 2v4,)
2 exp(imvin)n° (=29 4 4v,n (4 + vip,
Y6 = % ( _)77 ( — (2 ) 5 (A.12)
5 (cosh v exp(imy;y,) + i sinh )?(1 — 2v;,)
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A.1.3 Expressions for the Mota-Allen vacua

For Mota-Allen vacua we have the following results:

exp(i(vy + mv;,)) sinh a — 7 cosh a
1o = 2Rl ))sh — (A.13)
exp(imv;y, ) cosh av + i exp(—i~y) sinh «

2 exp(imVin ) (5 + 24
V4= . . —— 3 ; (A.14)
3 (exp(imvy,) cosh a + i exp(—iy) sinh )?(—1 + 2v;,)

exp(imVin )n° (=29 4 4vip (4 + vin))

(exp(imvi,) cosh a + i exp(—iy) sinh )2 (1 — 2v;,)?”

2
Ve = ¢ (A.15)

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

The non-vanishing coefficients of the x(k) expansion for arbitrary quantum initial condi-
tions, which are representing the non-vanishing charges of the W, algebra can be calculated
for Dirichlet and Neumann boundary state as:

1 dy — idy exp(imviy)
Ro,DB = — = log )

2 di — id} exp(invyy,)
1 dy — idy exp(imvyy,) ,
=——4l1 AT
FONB = T { ©8 Lz; “idrexplinvg) | (A.17)
(did; — dodb) exp(imviy ) )n (5 + 2vi)

(A.16)

p—t = - A.;].8
f4DB = fi4NB 3(dy — id; exp(imviy))(dy — idy exp(imvin)) (=1 + 2v4,)) ( )
(did; — dodb) exp(imvi)n° (=29 + 4vi (4 + vin)) (A.19)
K =K = - :
OB T RONB T 5 Gy 1 dt exp(imvm ) (idy + da exp(imvin) ) (1 — 20:)2)
1
K =K =
PP IINE T (1 = 20,,)2 (dy — idy exp(imvpn))? (d5 — id; exp(iTvin))?
n° exp(iTvin) (did; — dodsy) ( — T2 exp(imvyy,)(did] — dady)
+i(dydy + didy exp(2imvi, ) (4Vin (Vin, + 5) — 47))} (A.20)
dydi — dody)n" exp(imvin) (204, (402, + 221, — 81) + 125
eon — g (i = ) explim,) (o, )41

7(2v3, — 1)3 (idy + do exp(imvyy,)) (df exp(invyy,) + ids)
1
15(2v;, — 1)3 (idy + do exp(mym))2 (di exp(imyvyy,) + id;)Q

R9 DB — K9 NB —
2(dydf — dod)n® exp(invy,) (120 exp(imVin ) (2 — 3)(did} — dody) — idyds(SV3,
+52v7, — 218v;, + 215) — ididy exp(2inv;, ) (8V3, + 52u7, — 218y, + 215))}/&.22)

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
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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 com-

putational 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:

o — —%T (% _ um> (A.23)
() o
B S
i = % (A.26)
g — %'777((2%-” (412, (—gjjuinl;fl) + 125)) (A.27)
=T =

A.2.2 Expressions for the o vacua

For o vacua we have the following results:

Ro

Rq

Ke

R7

Rg

Rg

1 log exp(ziwym) sinh(a) + z"(:(')sh(a) ’ (A.20)
2 exp(imvyy, ) cosh(a) + i sinh(«)
1 exp(imvin)n3(5 + 2vn)
o : : - : , (A.30)
3 (sinh « — i cosh v exp(imy;y, ) )(cosh o — i sinh v exp(imv;y, ) (—1 + 2v4,)
1 exp(1mVin )0’ (—29 + 4vi (4 + vi)) (A.31)
5 (¢ sinh o + cosh v exp(imvyy, ) ) (i cosh a + sinh avexp (i) ) (1 — 2v4,,)? '
exp(im v )n® (i (1 4 exp(2imv)) (4vin (Vin + 5) — 47) sinh(2a) — 144 exp(imviy,)) (A.32)
18(1 — 2v3,,)? (exp(imvsy, ) cosh(a) + i sinh(a))? (exp(imvy, ) sinh(ar) + i cosh(a))? '
0" exp(iTvy,) (8v3, + 4412, — 1620, + 125) (A.33)

 7(2uin — 1)3 (exp(imvin ) cosh(a) + i sinh(a)) (exp(imvy,) sinh(a) + i cosh(a))’
1
15(2v4, — 1)3(sinh(2a) sin(7v;,) + cosh(2a))?

“x |0 exp(—imv,) (i (1 + exp(2imvyy,)) (85, 4+ 52v;, — 2181, + 215) sinh(2a)

“ —240exp(inv)(2v — 3)) |. (A.34)
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A.2.3 Expressions for the Mota-Allen vacua

For Mota-Allen vacua we have the following results:

Rg = —

KR4 =

Rg —

Ry =

Rg =

Rg =

1 | cosh a — i exp(i(7vy, + 7)) sinh «

—lo

2 %8 exp(—ivy) sinh o — i exp(inv;y,) cosha )’
exp(1mvin )2 (5 + 2viy)

(exp(—iy) sinh o — i cosh avexp(imy;y,))(cosh a — i sinh avexp(i(mv, + 7)) (=1 + 2v4,)

exp (1T )n° (=29 + 4vi (4 + vi))

(i exp(—i7)) sinh « + cosh aexp(imv;y, ) ) (i cosh o + sinh v exp(i(7v, + 7)) (1 — 214,)2’

1

(A.35)
, (A.36)

(A.37)

x | exp(i(y + 7vin))n° (i(4y(1/m +5) — 47) sinh(2«) <1 + exp(2i(y + Wym)))

18(1 — 21)2 (cosh(a) exp(i(7y + mwin)) + i sinh(«))? (sinh(a) exp(i(y + i) + i cosh(a))?’

x (0% exp(i(y + 7)) (240(2v4, — 3) exp(i(y + 7))

—i(8v}, + 52v2, — 2184, + 215) sinh(2a) (1 + exp(2i(7y + 7vin)))) | -

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

Doing a series expansion of k.ss(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:

eff
Ko, DB

eff
Ko NB

eff
K4 DB

eff
K¢, DB

eff
K7 DB

1 dy — idy exp(imvyy,)

—
2 Og[d; i exp(iﬁum)}
_ —l{log [dl — idy exp(mym)l N m}

2 di — id; exp(imvyy,)
I (didi — dady) exp(imvin))n* (5 + 2v4,)

4LNB 3(ds — idi exp(imviy))(dy — idg exp(imvin) ) (—1 + 20v4,))
R S (didi — dady) exp(imvin )n® (—29 + 4vin (4 + vip))

ONB 5 (ids + d exp(imvi ) (idy + do exp(imvi)) (1 — 20in)?)
= '{?{TNB

1

—144 exp(i(y + WVZn)))} (A.38)
—exp(i(y + i) )" Qv (402, + 2204, — 81) + 125) (A.39)
7(2v4, — 1) (cosh(a) exp(i(y + 74y, )) + isinh()) (sinh(a) exp(i(y + 74, )) + i cosh(a))’ ™
1
15(204, — 1)3 (cosh(a) exp(i(7y + 7)) + i sinh())? (sinh(a) exp(i(7y + 7vin)) + 7 cosh(a))?

(A.40)

(A.41)
(A.42)
(A.43)

(A.44)

9(ds — id} exp(imvin))?(idy + do exp(imv,))?(dy + dy — i(df + do) exp(imv,) ) (1 — 2v4,,)?
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eff

KRgs DB =

eff
Ko.DB

+idydy(4vip (Vin + 5) — 47)(dy + d5) (dody — did}) + ie* ™ (dydf — dody)
off (dydf — dads) exp(mym)n7(125 + 204, (=81 + 221, + 4I/i2n))

"SNB T (idy + di exp(imin)) (idy + da exp(invin)) (—1 + 204,)?

eff
Ko NB

1

2 2
152y, — 1)302 (z’dl + dge””m) <d’2‘ - id’{e””m> (d1 — 1e™in (df + dg) + d;)

X {27766“”’"” (did] — dod}) (di’n202

2

(A.45)

(id;‘ <8y§n + 5202, — 218v;, + 215) — 120d;e™im (2uy, — 3))

+d3 (2d;emm (n202 (81/5’”(6[; + do) + 5202, (df + dy) — 2v4,(109d} + 49dy) + 215d; + 35d2)

+30d; (24, — 1)) — id}e* ™ in (60d’;(2um —1) — dyn? <8y§n + 5202, + 262v;, — 505) 02>

+2ids n? (SV?n + 5202, — 218v;, + 215) 02> + d; (2d2e””m (d;2 + d?e%w)

(7)2 (81/f’n + 52v7, — 218v;, + 215) o? — 60v;, + 30) + dan?e?™ing? (Qd“{em’i"

2
(8an + 52v2, — 984, + 35) —id; (8y§n + 5202, + 26204, — 505)) +n*o? (d; - id’{ei””i">

(120d;ei’f”m(2um —3) +ids (8y§n + 5202, — 218v;, + 215) ))

+dae’ ™ (zd;%”” (d’{nQ <8an + 5202, + 262v;, — 505) 02 + 60dy (2vs, — 1))

25 ™ in <n202(d’{ + dy) (d*; (Syfn + 52v7, — 984, + 35) + 60dy(3 — 2um))

+120d3°n*(3 — 2%)02))}

(San + 5202 — 218u;, + 215) o2(d + dy)?
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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 com-
putational simplicity we will further drop the superscript DB in the further computations.

A.3.1 Expressions for the Bunch Davies vacuum

For Bunch Davies vacuum we have the following results:

i (1
KT = ko = —5 (5 — V) (A.47)
off v 5f S+ 2w
=t -~ A4
fa = R= gl (—1+2y) (A.48)
off i 5 —29+4v(4+v)
= L A4
o = fe = g7 < (1—2v)? (A.49)
8n° (exp(imv) — 1)
eff
= — A.50
KT 7 (exp(imv) 4+ 1) (1 — 2v)? ( )
" i o (20 (4% + 220 — 81) + 125)
= = — A.- ].
/{/8 Rg 777 ( (2V _ 1)3 ( 5 )
8n° ' 4n%(2v — 3)o? (2v — 1
i n° exp(inv) ( 77.( v ‘)20 cos(mv) +i(2v — 1)) (A.52)
(exp(inmv) +1i)” (2v — 1)302
A.3.2 Expressions for the o vacua
For a vacua we have the following results:
1 exp(imv;, ) sinh(a) + i cosh(«)
eff
=Ky = —=1 A.53
oo = o 2 %8 (exp(mym) cosh(a) + isinh(a) )’ ( )
K = kg = —=— . .eXp(mV J( i ) . : (A.54)
3 (sinh o — i cosh avexp(imv;y, ) ) (cosh o — i sinh avexp(imv;y, ) ) (—1 + 2v)
off 1 exp (1T )n° (=29 + 4vi (4 + vi))
Kg = K6 = -7 . : : : 5 (A.55)
5 (isinh o + cosh a exp(imv;y, )) (i cosh a + sinh av exp(imv, ) ) (1 — 2v4,)
1
Ry # Ry =

18(eimin + i) (1 — 2u4,)2 (e in cosh(ar) + @ sinh(«))?(e™im sinh(«) 4 i cosh(«))?

7766””1'"(6”’% — i)(i(—élyfn + eZimvin (4Vi2n + 20v;, — 47) — 20v;, + 2iei””i”(2ym + 5)2

+47) sinh(2a) + 144e"™i cosh(2a)) |, (A.56)

et n" exp(invy,) (8v3, + 4412, — 162v;, + 125) (A7)
S T T 7 (2ui, — 1)3 (exp(imvi, ) cosh(a) + i sinh(a)) (exp(imviy,) sinh(a) + i cosh(a))’ '
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1

KT £ kg = . — — . 2, ‘ 2
15 (ei™ 4 4)” (2v4, — 1)302 (e™in cosh(a) + ¢ sinh(«))” (e7™in sinh(«) + i cosh(«))

4nSe2H3min (sinh (2a0) (e**n* 0 (813, + 52v7, — 2184, + 215) sin(7vy,) + (204, + 5)
(4vin (Vin, + 4) — 29)) cos(mvi) — 30i(2u4, — 1) sin(wvyy,)) + 30 cosh(2a) (—4€**n* (2v4, — 3)
02 cos(mvy,) — 2iviy, + @))] : (A.58)

A.3.3 Expressions for the Mota-Allen vacua

For Mota-Allen vacua we have the following results:

off 1 ( cosh a — i exp(ir (Vin + 7)) sinh o ) (A.59)

/{:0 - "{0 = _§ Og exp(—z’y) Slnh o — ZeXp(Zﬂ_Vm) COSh @

1
KT = gy = 3 exp(i7vin )1 (5 + 2v4,)

- -1
x | (exp(—iv) sinh v — 7 cosh o exp(imvyy, ) ) (cosh o — i sinh ae™ ¥+ (—1 + 2ym)} , (A.60)

|
Ret = tig = = exp(imvin)n’ (=29 + 4in(4 + vin)

i -1

x |i(exp(—iv) sinh o + cosh a exp(i7v;p ) ) (i cosh o 4 sinh et ™n 7 (1 — 2Vm)2:| . (A.61)

K £ iy (A.62)
(—ie'™in (¢ sinh(a) + cosh(a)) + e~ sinh(e) + cosh(a)) ™"

9(1 — 2u3,)? (e~ sinh(a) — iei™in cosh(a))? (sinh ()i +min) + i cosh(a))”

nSe™in (¢™in (—(2uy, + 5)%e” " sinh o cosh (e’ sinh(a) + cosh(a)) + 72~ sinh® o

+72 cosh® ) + ie*™in (—(2u;, + 5)%e” sinh a cosh® o — (2v4, 4 5)? sinh?(a) cosh a
+72¢" sinh® o 4 72 cosh® @)
+(—1) (4vin (Vin, + 5) — 47)e”*7 sinh(a) cosh a(e™ cosh a + sinh «)

— (404, (Vin + 5) — 47) sinh a cosh e ™3™in (¢ sinh v + cosh a))] : (A.63)
ke = kg = — (exp(i(v + 7)) (203 (407, + 2204, — 81) + 125) ) (A.64)

-1
X (7(2Vm —1)* (cosh(a)ei(7+7r”i") + isinh(a)) (Sinh(a)ei(7+””i") + i cosh(a)) ) ,
’fgff # Ko
B 1

15(2v, — 1)302 (e~ sinh(a) — ie™in cosh(a))? (sinh()er+imvin + i cosh(a))?
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1
(—iemvin (€17 sinh(a) 4 cosh(a)) + e~ sinh(a) + cosh(a))”

X

2n°ei™in (n?? cosh® (o) (i(813, + 52u2, — 21814, + 215)e ™ sinh(a)

—120€™" (2v,, — 3) cosh(a)) + cosh(a)(2sinh(a)e " ™in (n?(8v2, + 52u2, — 218u;, + 215)0?

—60v;, + 30)(e 27 sinh? () + €*™i» cosh? () + n?0? sinh? ()22 (2¢imin (813
+5202, — 984, + 35) cosh(ar) — i(8v3, + 52v7, + 2621, — 505)e ™ sinh(a))
—n?c?e™* (cosh(a)e"™in + jsinh(a))?(i(8v3, + 52v7, — 2181, + 215) sinh(a)
+120(2v;, — 3) cosh(a)e?timin))

+ cosh?(a) (2in? (813, + 5202, — 218v4, + 215)0%e 27 sinh?(«a)
+2sinh(a)e 1T i (202 ((8v3 4 5202, — 98y, + 35)e sinh(a)

+(8v3, + 52v2, — 218u;, + 215) cosh(a)) + 30(2v;, — 1) cosh(a))

—ie*™in cosh(a)(60(2v4, — 1) cosh(a)

—n?(8v3 4 52u2 + 2621, — 505)0?e" sinh(a)))

+i sinh®(a)e ™ T2min (02 (8y3 4 5202 4 26214, — 505)0” cosh ()

+60 (204, — 1)e” sinh(a))

+2e%™in sinh? () (n”0? (e sinh(a) + cosh(a))((8v* + 52v2, — 98w, + 35)
cosh(a) + 60(3 — 2v;,)e" sinh(a)) + 15(2v;, — 1)e'” sinh(2a))

—in?(8v3, + 52v7, — 218v;, + 215)

o? sinh(a) cosh(a)e?™™in (¢ sinh(a) 4 cosh(a))?

+120n%(3 — 2v4,)o? sinh* () e Himvin)

A.4 Consistency relations

In this appendix, we re-derive the relations between the various coefficients of v 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(k) and (k) can be expressed as:

i (idy + df exp(imvyy,) 1/ dy +idyexp(imviy) \ V4
— = _ == — (A.66
fi4DB = F4NB = 5 <d1 — idy exp(imvyy,) T dy — idy exp(itvin) ) Yo ( )
1 (idy + df exp(imvyy,) 1 [ —idy + dyexp(imvin) \ V6
f6,DB = F6NB = 5 <id1 + dy exp(imv;,) gk 2\ idy + dyexp(imvi) ) Yo ( )

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 com-
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putational 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 = %(%) (A.68)
o — %(%) (A.69)

A.4.2 Expressions for the o vacua
For a vacua we have the following results:

o= (e s (1) )

2 \ i cosh a + sinh awexp(imvy,) ) \ Y0

e — 1 (—2 cosh a + sinh « epr?TVm)) (ﬁ) (A.71)

2\ cosh a — isinh a exp(imvy,) Yo

A.4.3 Expressions for the Mota-Allen vacua
For Mota-Allen vacua we have the following results:

1 (cosha + sinh aexp(im(vy, + 1/2) + )\ (74 (A.72)
Ky — — R .
* 7 2\ cosha — sinha exp(im(Vin + 1/2) +7) ) \ 0

P exp(—im/2) cosha + sinh aexp(i(mvin + )\ (6 (A.73)
© 7 2\ exp(ir/2) cosh a + sinh a exp(i(mvim + 7)) ) \ 0 .

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, 7y, 7) Vi =1,--- 16 that appeared in the corre-
lators calculated for the ground state:

A (k, 71, 72) = |a(k)Pvour (K, 71) 0, (K, 72) (B.1)
Aok, 11, m) = a(k) 8" (K)vout (K, 1) Vout (—k, T2) (B.2)
As(k, 71, 72) = o (k)B(k)vg, (—k, 71)v5,,(k, 72) (B.3)
Ag(k, 11, 75) = |BK) 20}, (K, 71)vour (K, 72) (B.4)
As(k, 71, m) = (k) Pvour (K, 71) 0}, (K, 72) (B.5)
Aok, 71, 72) = (k)" (K)vou (K, T1) v, (—k, 7) (B.6)
Aq(k, 71, 72) = " (k) B(k) vy, (—k, 71)vi, (K, 72) (B.7)
Ag(k, 71, m) = [B(K) |20}, (K, 710 (<K, 72) (B.8)
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Aok, 11, 75) = (k) [Pvp,, (K, 7105, (K, 72) (B.9)
Avo(k, 71, 72) = (k)8 (k) Vg (K, 71)vout (—k, 72) (B.10)
Avi(k, 71, 72) = (k) B(k)vo, (=K, 71)v5,(k, ) (B.11)
Ao (k, 71, m0) = [B(K)*0)0, (K, 71 )Vous (—K, 72) (B.12)
Az (k, 71, m) = [a(k) [P0}, (k, 71) v}, (k, 72) (B.13)
Ava(k, 71, 72) = a(k) B (k) v, (k, 71) v, (—k, ) (B.14)
Ars(k, 71, 72) = o (k) B(k) v (—k, 71)v5 (K, 72) (B.15)

( ) (B.16)

K105 (K, 1)V (=K, 72)

out

B.16

6

~—~

Alﬁ k7 T1, T2

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

9 = e B.17)
Bk 1’_”?};31’{2),2, (B.18)
oK) (K) 1_‘”‘(7“(1{'),2, (B.19)
w1900 = 7L (B.20)

B.2 Symbols appearing in the correlators of the gCC state

The symbols ©;(k,7,75) Vi =1,---,16 appearing in the correlators of the gCC states
are given by:

O1(k, 71, 72) = Vout(k, 7)), (k, T2) (B.21)
Os(k, 71, 70) = t(k 1) Vout (—K, 72) (B.22)
O3(k, 71, 2) = vgue (=K, 1) v, (K, 72) (B.23)
O4(k, 11, 7) = Ul (K, T1)Vou(—k, T2) (B.24)
Os(k, 71, 72) = vour(k, 71)v0 (K, ) (B.25)
Os(k, 71, 72) = vour(k, 7)), (—k, T2) (B.26)
Or(k, 71, 72) = V5 (—k, 1) vg, (K, 72) (B.27)
Os(k, 71, 72) = v}, (k, 7)v . (—k, T2) (B.28)
Og(k, 71, 72) = v, (k, 71)vl,.(k, T2) (B.29)
Ok, 71, 72) = v, (K, T1)Vous (—Kk, T2) (B.30)
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O11(k, 71, 72) = v (—k, )0, (K, 72) (B.31)
O12(k, 71, 72) = v, (K, T1)Vout (—K, T2) (B.32)
O3k, 71, 72) = v, (k, ), (K, 72) (B.33)
Ouk,m,m) = v, (k ), (—k, ) (B.34)
O15(k, 71, 12) = vk, (—k, 1) (K, 7o) (B.35)
Ok, 71, 72) = v, (k, 7)) (—k, 72) (B.36)

and vy, 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 A’ (k, 7y, 75) Vi =1,---,16 which are used in the
above mentioned expressions for propagators and given by:

Ak, 7, 73) = %Aﬂk, T,72) (B.37)
Ak, 7y, 73) = %Az(k T,72) (B.38)
A3k, 7, 73) = %Ag(k, ,72) (B.39)
AS(K, Ty, 7)) = ||5;fé()|)2’2A4(k, 1,72 (B.40)
APk, 7y, 7y) = %As(k, T, T) (B.41)
Ak, 7, 73) = %Aﬁ(k T,72) (B.42)
Ak, 7, 73) = %m(k, ,72) (B.43)
AR, 7y, 75) = ||B§z(>’>2|2A8(k, 1, 7T2) (B.44)
A3k, 7, 73) = %Ag(k, T,7) (B.45)
A (K, 7y, 7)) = %Am(k T1,72) (B.46)
Ak, 7y, 7)) = %An(k, T, 7) (B.47)
Al (k, 1, 72) = ||B§E(>|)2|2Au(ka T1, 7o) (B.48)
A (K, 71, 73) = %Alg(k, T, 72) (B.49)
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et (k) Big (k)

Aii(ka 7-177—2) = Oé(k)ﬁ*(k) A14(k7 7-177-2) <B50)
oz (k) Beg (k

Aig(kv 7-177—2> - %AIS(IQ 7—177—2) <B51)

Afg(k, 71, 72) = %Aw(k, 1, T2) (B.52)

and v;, and v,,; are the fluctuation solutions before and after the quench point respectively
and a and 8 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 v.g(k) as follows:

9 1
e ()" = T35 PCATER (B.53)
Pl = 20— (B54)
935500 = L (B.55)
a9a() = (B.56)

C Quantization of Hamiltonian in occupation number representation

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

H(r)= Y  Hy7), (C.1)
{Ny}=0V k

where in the occupation number representation of the Hamiltonian one can write:

I:Ik(T) = N, Ex(r) where N, = azut(—k)aout(k). (C.2)

Here Ej(7) is the dispersion relation which is defined in the present context as:

Ex(r) = [|H0ut(k,7')|2 + w2 (kT [Vour (K, 7')|2} ) (C.3)

out

Hence in the occupation number representation we have:

({Ni} Hi(7) {Ni}) = NeEi (7). (C.4)
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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:

2(m) = o (exp(-BH(r) - 3 raom b N 1))
n=2
:/d\lfout ot (U exp(—BH (1)) Z@nDB/NB\k\ "INk W), (D.1)

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 [{NVi}) V k as:

B 1 i [dy  dy
Z(n) = WXP( é{d—; a})

~
This factor is the outcome of arbitrary quantum vacuum

[e.9]

X Z ({ Nk} exp(— 51‘-’1@ 1)) ZﬁanB/NB|k|2n IN( ) {Nk})

{Ng}=0V k n=2
= Lexp (— f{f _ @}) < exp(BEk(71))est >
i 2di  d exp(BE,(T1))er — 1)
(53 2) () a2
1 1 1

where Ej (1) is the cosmological dispersion relation, which is given by:

Ep(1) = [[Moue(k, 7)[* + wous (K, 1) [vour (K, 71) 7] (D.3)

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

2
w2 (k1) = (k2 - —) where 1 =747 (D.4)

71

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
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of the x field we get the following expression:

Ep(n) = a*(m) [EX(m1) + H(n) OX(1)] where  H(rm) = (if:;) ., (D.5)

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

Ey(n) = [ (k, 7)[* + w3 (k7)) Ix(k, 7))
Ol)c((Tl) = [Hx(_kv Tl)X(ka 7_1) + Hx(k> Tl)X(_k’ 7_1)] :

—~~
o ©
-~
~— ~—

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

Wk, 71) = why(k, 1) + H2(r)  where H(ﬁ):(“’(ﬁ)). (D.8)

a(m)
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 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 B 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 :

T | exp(—iHr) () (k) exp(z'Hﬂ}

= Trg :exp(—iHT) exp (— / f—lz ,.@(/f)N(k;)) |D) (D] exp (— / (;lj:;g K(k)N (k:)) exp(iHT)]

27)
7T—0
ST

Trp % exp (— / % 44@1&(/@)}
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1
=Trp [PGGE(ﬁ; 4/€n,DB)] where PGGE(ﬁa 4"'€n,DB) = -7 XD (—5H —4 Z fin,DBWn) )

Z(7)

and

For Neumann boundary state :

T expl—iH17) [60r) () xp(17)|
r Pk

. :exp(_mf) exp ( / Gy H<k)N(zg)) INY (N exp ( / Sy m(/{)N(m) exp(iHT)]

T—0
—

Trg :%exp ( / ngp 4/<;(k)N(k)) }

(E.1)

1
=Trg [PGGE(ﬁ; 4/€n,NB>:| where /)GGE(B7 4/€n,NB) = m exp <—5H —4 Z Fdn,NBWn> )

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

W, = |k|"* N(k) where N(k) = al ,(k)aou(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.

(Wa)ecc = (Wa)aa- (E.4)
It can be explicitly verified that in the present prescription the following statement is true:

(k)2

(N(k))ecc = [B(k)]" = [RSTaTEE (E.5)
1

(N(k))cer = oxp@n(h)) =1 (E.6)

(N(k))goc = (N(k))ace, (E.7)

where all the quantities are evaluated at a fixed value of conformal time n where the quench
operation is performed. For simplicity we have dropped the 1 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,n) in this context.
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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
(2m)?

G E(B,r, 71, m) :/ [GSS2 (B, k,71,72) exp(ik.r)

QGGE (B, k, 1, 72) exp(—ik.r)] ,
[gf,%iaix (B,k, 11, 72) exp(ik.r)

QG oo (B K, 1, ) exp(—ik.r)],

[gf%fnx (6,k, 11, m) exp(ik.r)

A’k
GOGE
Goron Bk, 11, m2) = /W

d’k
GRAE (B,r,11,75) = /W

—|—Q§%§HX (B, k, 1, 72) exp(—z’k.r)] ;

where we define, r := x; — Xo.

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 Vou (k 7'1)'11* (-k 7'2) 1 ) d* d2
G’GE k _ AR out ) _
G (koo m) Z(m) a(t1)a(7s) || P di dy

[e.9]

x> ({Ni}exp(=8 Hi(m) ZH%DB/NBlkIQ” )

{N,}=0 V k& n=2
ot (K)at, (—K) {Ni})

. 1 vout<k7 Tl)vzut(_k7 7-2) L ex (_ E {@ — @})
Zm) a(mat) 4l TP\ 2\d a

XY (Ne+1) exp(—(BEx(n)))es Ni)

{N}=0 ¥ k

- g ey e (- {_‘_})
exp (2(BE(m))

mewmux@ 1)

a(T1)a(7s) (exp ((BER(T1))etr
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Vour(K, 1) Vot (K, 72) - exp (2(BEi(i))en) ( exp ((BEk(T1))est)
)—1)* " \(exp (BEk(T1))er) — 1
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o Uout(k7 Tl)vzut(_k7 7_2) (ﬁEk‘<7—1))eff (BEk(Tl))eff
B 2a(71)a(T2) P <T> CoseCh( 2 )7
and
_ 1 vout( k Tl)vout(k TQ) 1 Z d; d2
Bl ) = gy i at) T eXp(‘ Ad-i})
X Z ({Ni}| exp(—p Hk (11) Zﬁzn DB/NB|k| ) (F.5)
{Np}=0 ¥ k
@bt (—K)@our (k) [{Ni})
1w (k) vk, ) 1 o (_3{@_@})
T Zm) almam) Al P\ T 2\d 4
X Z Ny, exp(—(BEk(71))err N
{N}=0 ¥ k
_ b vk m)vuk, ) 1 (_ L {@ _ @})
- Z(Tl) G(T1>a(7'2) |d1| P 2 d? d1
exp(BEy(11))ef
(exp (BEw(T1)) o — 1)°
_ Uout( k Tl)vout<k 7—2)
N a(m1)a(72)
exp(BE(N))err < exp ((BE(T1))est) >_1
(exp (BER(T1))g — 1)*  \(exD (BER(T1))err) — 1)
_ Vo=, 1) our (K, 72) (BER(T1))ett (BER(T1))est
= 2a(m)a(m) exp ( — T) cosech(T), (F.6)
By following the same steps one can further show the following results in the present
context:
Gl oron (B, 1) = =k GES¥ (B, k1, m) (F. )
gGaXaX(/B,k,ﬁ,Tz) = gGif (@k TlvTQ) (
gf,%}fnx (B,k,m1,72) = out(l;;'(ljl)zz;)k , T2) Xp ((ﬁEk(Qﬁ))eff) coseCh( BE(T )
gGGE ,k, ’ )
“‘;‘<f>a<£3 2mya(m). (£
QGH 1y (/B,k, 7'1,7'2) = out( 22{(7’7_—11)2(7_2;1{ 7—2) exp ( - _<6Ek—(271)>eﬁ> COSQCh(—(ﬂEk(Qﬁ))eH)
QGGE ’k’ ) ! !
- ’Xéf(f)a(; ") () (m). (F.10)
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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:

G (Bor, 7, m2) = / (;il; (G959 (B, k. 71, 7) exp(ik.r)
+GCGE (8, k,m,m) exp(—ikr)], (G.1)
GSSE (B ki ) = / (;ﬂf; GG 5ng (8K, 71, 72) exp(ik.r)
+GCGE o (B kT, T) exp(—ikr)], (G.2)

9ix0iX,5q

[gf%fnx,sq (67 k: 71, TZ) eXp(ik.r)

A’k
chlfxsq(ﬂaraTlaTQ) :/W

—l—QGHXHX o (B, K, 71, 70) exp(—z’k.r)] . (G.3)

where we define, r := x; — Xo.

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 Vou (k 7—1>U* (—k 7'2) 1 ) d* d2
GGE k — t ) out 5 Gy Gy
oo BT = Z0 ™ matm 1l P\ T2

o0

Xy { N} exp(=5 Hi(n) Z%DB/NBW" )

{N}=0 ¥ k n=2

Gour(K)abuy (k) [ {Ni})
1 vout<k,ﬁi Vs (= kn)iexp(_ {d__d_}>

~ Z(n) a()a(r) |, | ar d
x> (Ne+1) exp(—(BEr(m1)))emr.saNi)
{N}=0V k

= g e e (- 54E 2
exp( (BE(T1))eft sq)

(exp ((BEw(T1))etrsq) — 1)
Vout (K, 71) 0% (=K, 72) exp (2(BER(T1))efrsq)
a(71)a(T2) (exp ((BE(71))etsq) — 1)*
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NEICE LR 1))1

(exp ((BEk(T1))eftsq) —
_ UOUt(l;;-(lzlv)O;EE_;)k’TQ) exp ((ﬁEk(gl))eff,sq> Cosech((ﬁEk(gl))eff,sq>7 <G4)
and
1 vk (k) vw (k) 1 ( i{d§ dz})
GGE K, 7. 7) = o = Ll%2 %
e Blemm) = Zos =) T P & d
x> ({Ni}Y exp(—8 Hy(m) ZﬁanB/NB!k! ") (G.5)
{Ng}=0V k n=2

1 aj,uli( )a/outl({ ) |{le}> Cer
- Z(m) UOUt(OOa(TSZLlEOTZt)( = |di] P ( - % {d_§ B d_?} >

X Z Ny, eXp(_(ﬁEk(ﬁ))efisqu)

{Ny}=0V k

o 1 vout( k Tl)vout(k 7_2) 1 _1 @ _ @
T Zm) . amam) |dil eXp( 2 {d’{ d}>
exp(BER(T1))eft,sq i
(exp (ﬂEk(Tl))eﬂ",sq - 1)

. Vi (=K, 1) Vout (K, 72)
a(t1)a(72)
exp(BEW(T))en ( exp ((BEk(T1))err) )_1
(exp (BEx(T1)) g — 1)*  \(exp ((BEk(71))enr) — 1)

U 2:(:11;;}5:;51{ ) o (_ %) cosech(%), (G.6)

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

context:

GYGE g (B K, 71, m2) = —K* GISE (B, k71, m) (G.7)

GO onsa (B ko, ma) = =k GEGF L (B,%, 1, 7m2) (G.8)

GOGE, (B ) = Out<k2aT(lr)1)ZLég)k , 72) exp ((ﬁEk(T;))efhsq) COSGCh((ﬁEk(gl))eﬂ,sq)
gfi%:éfééi’j’ ™) md(m), (G9)

G P = BN (PPN g, (Pl nn)
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GeSr (B ki, m)
_ a(rVara) a'(m)d (12).

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
Brownian 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:

2

T 0 et ter =0 whee mig(r) = 5 (" —2). oy

dr? 2\ A2

The analogous problem in quantum mechanics is to solve a Schrodinger scattering problem
in one dimension inside an electrical conduction wire in presence of an impurity potential,
which is described by *:

o+ E- V)| o (VE) o (12)

dz?

Here V(z) 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 7 with = one can write down the following form
of the impurity potential in the one dimensional Schrodinger problem:

V(z) = % (2-U(x)), (H.3)

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

Uy Before quench : r < x;
U(x) = UyO(—x) = : (H.4)
0 After quench : z > .
Here x is identified to be point where the quench operation is performed.

Also it is important to note that, the wave function (\/E, x) in one dimensional

Schrédinger problem mimics the role of the mode function as appearing in the particle

*Here we have assumed i =1 and 2m = 1 in the Schrodinger equation.
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Impurity potential

Before quench After quench

Viz)

Point of quench (X = xy)

xr

Figure H.1: The impurity potential profile.

Quantum mechanical quench profile

Before quench phase After quench phase b

Point of quench i

(x = xg) \

Xr

Figure H.2: Quantum mechanical quench profile.

production problem in de Sitter space. Finally the energy F in the Schrodinger problem
mimics the role of k? in Fourier space in the particle production problem in de Sitter space.

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

Before quench : 1, (\/E, x) =z [Cl aY <\/Ex) +Cy H? <\/Ex)] , (H.5)

1/9-40, 1V/9=40,
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After quench : v, <\/E, :1:') = {03 (Sm\(/_T\/—f@ — COoS <\/ECL') )

o (COS (@1:) +sin (\/Ex> )1 (HL6)

VEzx

Here 1, (z) and 1, (z) are the representative solutions of the Schréodinger equation before
and after quench respectively. Also, Cy, Cy 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 xy. This
helps us to write C3, Cy4 in terms of C7, Cy. 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 Schrodinger equation before and after quench at x — —oo0 and * — oo
respectively.

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

(0 <\/E, :1:) =C1 fin (\/E, :1:) +Cy fi <\/E, :U> =C5 fou <\/E, x) +Cy fru (\/E, :c) .
(H.7)

Here f;, (\/F, az) and fou (\/E, x) are the combined asymptotic solutions at * — 400
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:

fo(VE.2) = a (VE.20) fou (VE.2) + 8 (VE.20) fo (VE2),  (H8)
fou (VE.#) = a* (VE,w0) fn (VE.2) =8 (VE.20) fi, (VEz).  (19)
Consequently, the general solution for the field equation can be written as:
Y (\/E x) = ain <¢E) Fin (\/E x) tal (\/E) i (@ g;)
= tout (VE) fou (VE.2) + by (VE) fr (VE2),  (H10)
which satisfy the following reality constraint:

o (\/E a:) — ¢ (\/E x) . (H.11)
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Using these above mentioned equations one can explicitly show that:
Qin, (\/E) = <\/E, a:()) ot <\/E> — " <\/E, x0> a:rmt <\/E> , (H.12)
Gout (\/E) =af (\/E, :L’()) Qin (@) + p* (\/E, x0> aj»n (\/E) ) (H.13)

Here the Bogolyubov coefficients at the point of quench x, are calculated using the fol-
lowing equations:

a(\/ﬁ,m()):%, Wf; (\/E,x)—fout (\/Ex)w . (H.14)
5 (VE.) = o %JC (VE.) = fou (@x)w - (H15)

In this context, one can explicitly show that the incoming coefficients C4,Cs and the
outgoing coefficients C3, Cy are related via the following matrix equation:

Cs o <\/E7 $o> B <\/E, a:()) Cy

o, B (\/E xo) o (\/E xo) c,

~
Transfer Matrix

(H.16)

which finally leads to the following constraint:
2 2
’a (\/E,a:())’ — ‘5 <\/E,xo>‘ =1. (H.17)

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

o B (VB
Y (Em) (H.18)

\/_@0 i
t = %i’ =« (\/E, x0> +p (\/E, x0> r= (a (\/E, x()) _ i*<<\/EE, x?)‘ )7 (H.19)

which finally implies the following conservation equation:

I7)? + [t]* = 1. (H.20)
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Similarly, for the scattering problem one can define the reflection and transmission coeffi-
cients for the wave travelling from right to left as:

, Cs p \/E7 Zo
=G = ﬁ (H.21)

e . S— (H.22)

which further implies:

1 rr!

t
| =[], v (W + tTQ> (H.23)

Finally, for this scattering problem the transfer matrix can be written in terms of the
reflection and transmission coefficients as:

,r,,r,/ T/

a(ﬁ’x()) 5(@,350) B t_7 m
B* (\/E xo) a* <\/E IO) - v 1 : (H.24)

t/ t

/

~
Transfer Matrix

After getting the expression for the reflection coefficient after quench one can further
expand it around vE = 0, which gives:

0[3

r = Zrn Ez, (H.25)
n=0

which is exactly analogous to the expansion of the factor v, which we have computed in
the main subject content of the paper.

I Determining coefficients for outgoing modes in terms of full solu-
tions

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(T) = V=k7 [di HV (—k7) + do H{P (— k7). (I.1)
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The derivatives of the above solution can be calculated as:

U, (T) = {?dler L(=kT) 4 di(—1 4 2v,) HY

Vin

1
—kT
W (—k7)
+2dy kT H (=kT) + do(—1+ 2um)H ( kT)} (1.2)
The outgoing solution after the quench point is given by

Vour(7) = V/=k(7 +1) [dg HP (=k(r +m) + da H?(—k(wn»]. (13)

The derivatives of the outgoing solution is calculated as:

by L (1) (1)
() = e (dak(r + Y KT+ 1)) 4 (- +7)
(KT ) Hy (k{7 + ) + K+ ) ).

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 ds and dy expressed in terms of d; and ds can be written as

s = f(dH (k) {—4ani2><—2kn)+<—3+2um>H§><—2kn>}
+ 2k HS (—2kn) {di HLY_ (—kn) + do HD_ (—kn)}

T dy{— Ak HO (<2k) + (=3 + zum>H§2><—2kn>}H,£2><—kn>) (14)
2 2

17T
d4 —

7 (Akntt 2k () )+ o )} + (2

{(=2dyknH _ (=kn) + dy (3 — 2vi) HD (—kn) — 2doknHS_ (—kn)

+ (3 - 2Vm)H ( 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 7 — —oo0 and 7 — 0
to serve the purpose.
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