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Thermodynamic entropy production in the dynamical Casimir effect
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This paper addresses the question of thermodynamic entropy production in the context of the dynamical
Casimir effect. Specifically, we study a scalar quantum field confined within a one-dimensional ideal cavity
subject to time-varying boundary conditions dictated by an externally prescribed trajectory of one of the cavity
mirrors. The central question is how the thermodynamic entropy of the field evolves over time. Utilizing an
effective Hamiltonian approach, we compute the entropy production and reveal that it exhibits scaling behavior
concerning the number of particles created in the short-time limit. Furthermore, this approach elucidates the
direct connection between this entropy and the emergence of quantum coherence within the mode basis of the
field. In addition, by considering a distinct approach based on the time evolution of Gaussian states we examine
the long-time limit of entropy production within a single mode of the field. This approach results in establishing
a connection between the thermodynamic entropy production in a single field mode and the entanglement
between that particular mode and all other modes. Consequently, by employing two distinct approaches, we
comprehensively address both the short-term and long-term dynamics of the system. Our results thus link the
irreversible dynamics of the field, as measured by entropy production and induced by the dynamical Casimir

effect, to two fundamental aspects of quantum mechanics: coherence and entanglement.
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I. INTRODUCTION

While the fundamental laws of physics exhibit time-
reverse symmetry, we encounter irreversible phenomena in
our surroundings when dealing with complex systems. In
classical physics, irreversibility is primarily characterized by
the second law of thermodynamics, which asserts that the
thermodynamic entropy of a closed system cannot decrease
over time [1]. When fluctuations come into play, stronger
principles known as fluctuation theorems emerge [2,3], and
irreversible processes are those in which entropy tends to
increase on average.

When considering quantum systems, various approaches
have emerged in the pursuit of comprehending thermodynam-
ics from a microscopic perspective. Some of these develop-
ments include information theory [4], statistical physics [5],
and axiomatic theories [6]. For a comprehensive exploration
of entropy production in both classical and quantum systems,
we recommend Ref. [7] and its associated references.

We are focusing on the thermodynamics of closed quantum
systems, where the time evolution follows a unitary pro-
cess. This implies that the von Neumann entropy remains
constant over time. As a result, this measure is inadequate
for quantum thermodynamic entropy because it contradicts
the well-established experimental observation that, in general,
spontaneous processes tend to increase entropy. Furthermore,
it fails to respect the fundamental thermodynamic relation. To
tackle this fundamental issue, we turn to the diagonal entropy,
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as defined in Ref. [8] as
Sa(p)=—_ pulnpy, )

with p, representing the diagonal elements of the system’s
density matrix p in the energy eigenbasis. This quantity has
been proposed as the thermodynamic entropy for closed quan-
tum systems since it exhibits several interesting properties,
including extensivity, positivity, and the property of vanishing
as the temperature approaches zero [8]. Furthermore, it pos-
sesses a crucial characteristic: it increases for every process,
whether unitary or not, that induces transitions in the en-
ergy eigenbasis. Only when the system’s Hamiltonian changes
slowly enough will the diagonal entropy remain unchanged.
This aligns with our intuition based on the classical definition
of thermodynamic entropy, which does not increase for qua-
sistatic processes [9,10].

It is worth noting that a closely related quantity known
as the observational entropy is defined as a coarse-grained
version of the diagonal entropy [11]. Therefore, the findings
presented here also apply within the context of observational
entropy.

Information theory has also given rise to a novel approach
to thermodynamics, as elucidated by a recent work [12]. In
this approach, physical quantities are defined as those in-
variant under the action of a gauge group, and the emerging
concept of entropy precisely aligns with the diagonal entropy
discussed above. This alignment resonates with the fact that
the gauge-invariant definition of heat is intricately tied to
transitions within the energy eigenbasis [12]. This observa-
tion also establishes a connection between our findings and
another cornerstone of physics, the gauge principle.

©2024 American Physical Society
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We can think about this entropy as a measure of the ran-
domness within the energy eigenbasis. Imagine that we only
have access to energy measurements of a quantum system,
a common limitation when dealing with systems of a suf-
ficiently large dimension where quantum state tomography
becomes impractical [13]. In a general process, whether uni-
tary or not, transitions between energy levels are induced,
leading to the development of quantum coherence and po-
tentially entanglement among different parts of the system.
The diagonal entropy quantifies the information loss resulting
from our limited set of measurements. We refer the reader to
Ref. [8] for more details regarding such quantity, including its
relation to thermodynamics. The aim of the present paper is to
apply this concept to a quantum field within the context of the
dynamical Casimir effect (DCE), and explore the relationship
between entropy production and quantum properties such as
coherence and entanglement.

Specifically, we consider a quantum scalar field confined
within a one-dimensional cavity with mirrors in relative mo-
tion, a scenario commonly examined in the context of the
dynamical Casimir effect [14—17]. Under specific conditions,
this effect predicts the creation of particles from the vac-
uum due to the dynamic changes of the boundary conditions
imposed by the mirror motion. Over the past five decades,
numerous developments have appeared in this field, encom-
passing the impact of imperfect mirrors [18-21], distinct
geometries [22-26], gravitational field effects [27,28], nonlin-
ear interactions [29-31], and entanglement dynamics [32,33].
For a comprehensive overview, interested readers are directed
to a recent review [34].

However, despite these extensive developments, the irre-
versible dynamics of the quantum field in this scenario have
not been explored, to the best of our knowledge. This paper
aims to begin addressing this gap by focusing on irreversibil-
ity, as measured by the increase in quantum thermodynamic
entropy—the diagonal entropy—associated with the field’s
dynamics. In other words, how much entropy is generated
in the field due to the nonstationary boundary conditions
imposed by the motion of the cavity mirrors? We provide
answers to this question through two distinct approaches.
First, we employ an effective Hamiltonian theory based on
Ref. [35] to calculate the entropy of the total field within the
short-time regime. We demonstrate that the entropy increase
is intrinsically tied to the generation of quantum coherence
within the system’s energy eigenbasis, aligning with the gauge
theory developed in Ref. [12]. In the second part of the paper,
we adopt a different approach to investigate the long-term
field dynamics, allowing us to compute the diagonal entropy
for a single mode. Interestingly, this entropy is governed by
the entanglement between the selected mode and all other
modes. These two distinct approaches enable us to connect
the irreversibility of field dynamics with two fundamental
quantum features: coherence and entanglement.

II. THE DYNAMICAL CASIMIR EFFECT

Let us consider a one-dimensional ideal cavity whose mir-
rors are located at positions x = 0 and L(¢), with L(¢) being
an externally prescribed trajectory. Confined in this cavity, we
have a massless real scalar field ¢(x, t) satisfying the wave

equation
(87 — 87)p(x, 1) = 0. ()

Given the ideal nature of the mirrors (perfect reflectors), the
boundary conditions imposed on the field take the Dirichlet
form

#(0,1) = p(L(1),1) = 0. 3)

The set of complex value solutions {¢;} to Eq. (2) under the
restrictions imposed by the nonstationary boundary conditions
(3) spans a linear vector space . with an invariant bilinear
form

L)
(@1, 92) = i/() dx [¢70: 2 — ¢20:7] “)

satisfying all the properties of an inner product except for
positive definiteness. This last obstacle hinders the use of
Eq. (4) for the field’s decomposition into orthonormal solu-
tions on .#. Nevertheless, we can always choose any subspace
ST C .7, as long as it satisfies the following properties.

(i) The product (4) is positive definite on . *.

(i) .7 = .7+ @ .7+ (with the bar designating the complex
conjugate of the space). .

(iii) Forall f* € .#% and f~ € ., we have (f, f7) =
0 [36].

From the last considerations, if we assume the cavity at
the interval ¢ < O to be in a static configuration [with constant
mirror position L(t < 0) = Ly], the classical field can be writ-
ten as

$0 1 <0 =Y [fi D+ B ] ()

k

where the set { fki“ (x, 1)} is an orthonormal basis on .#* while
{br} is a set of complex coefficients. Since the mirrors are at
rest, one can use the time translation symmetry of the wave
equation as a natural criterion to select " as the space of
solutions that oscillates with purely positive frequencies

. 1T i,
2(x, 1) = —— sin (a)}(“x)e_"‘"kn’,

Vrk
where " = krr /Ly with k = {1,2,...}.
The quantum description of the field is then obtained
by means of the usual field quantization prescription. The
coefficients by and b} are promoted to annihilation and cre-
ation operators b and l;}; satisfying the standard commutation
relations

[bi. b1 =8; and [b,bj]=[b].61=0. (7)

fort <0, 6)

The initial vacuum state |0;in) is defined as the state an-
nihilated by all by, whereas a general particle state can be
constructed by the application of the creation operator 5}; on
this vacuum state:

1

N, !

. . NI
[n;in) = |, my,, ... ;in) = l_[ (bl) |0; in),
i
with ny, representing the number of particles in the k;th mode.
For ¢t > 0, when the mirror starts to move, the quantum
field can still be decomposed in terms of the initial operators
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13;( and lAJZ in the form

$lx.t >0) =Y [hfitx. ) + b fi(x. D], (8)

k

as long as the new set of mode functions {f;(x, ¢)} satisfies
the following conditions: (i) the wave equation (2), (ii) the
time-dependent boundary condition (3), and (iii) the initial
condition fi(x,0) = ki"(x, 0). In this regard, we proceed by
expanding the mode function in a series with respect to an
instantaneous basis {¢i(x, t)} as

> 0N, 1), ©)

1
N Zw)‘(“ j
where

(x, 1) = 2 [w;()x] with w;(t) = Iz (10)
;X 1) 1= L()sma) x| with w; _L(t)‘

Moreover the Fourier coefficients Q(k)(t) introduced in Eq. (9)
must satisfy the differential equanon

0¥+ (1)Q¥
= > [2r0)gu 0} + i)gu 0 — 12, (1)
1

Silx, 1) =

together with the initial conditions
00 =8, 00 =

where the upper dot indicates the total time derivative, A(¢) =
L(t)/L(t), and the antisymmetric coefficients g;; and hy; are
defined for j # k as

—la)k "k (12)

2k j
2 _ k2’

gjk = (—1>f—kj and b= gugu. (13)
I

The first noticeable aspect of the provided description is
that the mode expansion (9) fundamentally depends on the
choice of the basis functions ¢ (x, ). This occurs because
when the time dependence of the boundary condition (3) is
taken into account, the natural criterion of selecting solutions
with purely positive frequency is no longer available and there
is no unambiguous choice for .. Consequently, during the
cavity motion, the expansion of the field in terms of creation
and annihilation operators becomes arbitrary, implying the
nonexistence of a preferred choice for a vacuum state. Thus,
unless we can specify a measurement process, the usual notion
of particle loses its well-defined meaning, and only when
the cavity comes to rest we can associate a definite particle
interpretation to the quanta described by these operators [35].

If the cavity returns to a static configuration after some
interval of time 7' [with a final constant mirror position L(t >
T) = Lr], one can reintroduce a preferred choice for the mode
functions as

[t = sin (@"x)e " fort >T  (14)

1
vk
IThe set of differential equations (11) can be obtained by substitut-

ing Eq. (9) into the wave equation (2) and integrating the resulting
expression from zero to L(z).

with purely positive frequenmes w = km /Ly. Conse-

quently, the initial operators by and b,t cease to have a physical
significance and the field is now decomposed as

et >T)=) [afx0)+a " w0],  (195)

k

with the set operators &; and &,t satisfying analogous commu-
tation relations as in Eq. (7) and defining a new vacuum state
|0; out) as the state annihilated by all .

As pointed out in Ref. [32], although both sets { fki“, fki"*}
and {f2", f>"*} form a basis for the space of solutions .7,
they represent different decompositions into the subspaces
T and .#*. The two sets of mode functions (6) and (14)
should then be related by a linear transformation

"= o+ Bt (16)
J
where «j; and Bj; are complex numbers called Bogoliubov
coefficients. Inserting Eq. (16) into the field decomposition
(5), and comparing with Eq. (15), we obtain the set of Bogoli-
ubov transformations

aj = Z [awjbic + BB} 17)

k

Observe that the vacuums defined by a; and 13k are not
equivalent in general. As a consequence, when computing the
number of particles defined by the final operators a; and &Z
with respect to the initial vacuum |0; in), the result is

N = (0;in| Y " afa;10;in) = > Bl (18)
J kj

In general, B is nonzero when time-dependent boundary
conditions are imposed on the field. This last equation charac-
terizes the DCE as the quantum field phenomenon of particle
creation from the vacuum due to the time-dependent nature of
the imposed boundary conditions.

Our aim here is to study the entropy generated in the
field due to this effect. To start, the next section introduces
an effective Hamiltonian approach [21,35,37,38] to describe
the field dynamics. This will be important for us to compute
the evolved state and, consequently, the entropy generated by
the particle creation process. A limitation of this technique
is that it only allows us to study the short-time dynamics of
the system as it relies on perturbation theory. Nonetheless, it
grants us access to the entire state, enabling the exploration of
the relationship between irreversibility and the emergence of
quantum coherence.

III. EFFECTIVE HAMILTONIAN APPROACH

In this section, we introduce an effective Hamiltonian for
the DCE following the developments presented in Ref. [35].
To accomplish this, we begin by expanding the field opera-
tor ¢ and its conjugate momentum # = 9,¢ in terms of the
instantaneous basis defined in Eq. (10):

G, 1) =Y Qe (x, 1),

k

A0 =Y Ol 1),
k

(19a)

(19b)
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where the operators G (¢) and py(¢) are defined as

L(t)
a(t) = /O dx $x, (e, 1), (202)

L(t)
Pr(t) :=/ dx 7t (x, t)er(x, t). (20b)
0

Comparing Eqgs. (19) with the field operator (5) and its
time derivative, the expressions for §x(¢) and pi(¢f) can be
computed:

1 A Ar o
Gt < 0) = ——bre™ k" + be™"], (21a)
PN <0)=i wlicn l;'l' iwit [; —iwit 21b
pk(t <0)=i 7[ x€ — bpe ] ( )

For ¢t > 0 the cavity is in motion and an effective descrip-
tion of the field dynamics can be obtained by introducing the
decomposition [35]

~ 1 N —iQ (1) AT i (1)

Qk(1)=m[ak(1)€ KU+ ap()e ], (22a)
k

Pty =i “’"—(t)[a,i(r)e’“k“)—aka)e—'“k“)], (22b)

2

where (1) = |, Ot dt’'wi(t") and the instantaneous annihila-
tion and creation operators g (¢) and &Z () satisfy the standard

equal times commutation relations

[ax(t), @} (O] = &y [axt), & ()] = [a) (1), 4] ()] = 0.

Here, the name “instantaneous” refers to the physical in-
terpretation that if we freeze the system at some instant #;, the
operators d(fy) and aZ(l‘o) must describe the particle notion
for the field as if the cavity mirror had stopped at position
L(#p). One can recognize the initial and final operators to be
by := ay(t = 0) and & = & (t = T).

Taking the time derivative of Egs. (19) along with Egs. (22)
and, after some algebra (see the Appendix for details), we
obtain the following set of differential equations for the an-
nihilation operator:

aj(t) =Y [Aw; () (t) + B ()af(t)]. (23)

k

The equation for the creation operator is obtained by simply
taking the transpose complex conjugate of this last equation.
In this equation, we defined the coefficients

Agj(t)
By (t)

(1) = \/7 Ly | 2O 25
Mk](t)-—_ %gjk‘l'z jk m ( )

Identifying Eq. (23) as the Heisenberg equation of motion
for the annihilation operator, it is straightforward to write

1 ;
} = 5l F i (t)]e  THOFHOL - (24)

with

down the effective Hamiltonian in the Schrodinger picture as?

Hei(t) = % > [Aw(0Obh + By (0)bTh, — Hel,  (26)
jk
where “H.c.” stands for the Hermitian conjugate.

Here, we can clearly see the existence of two different
contributions. The terms containing the coefficients B} ; and
By ; govern the process of creation and annihilation of pairs
of particles, while the ones proportional to Ay, and Ay; are
responsible for scattering of particles between distinct modes.

From this Hamiltonian we can compute the time evolution
of any initial density matrix and, therefore, the thermody-
namic entropy given in Eq. (1). This will be done in the
sequence.

A. Density operator

To investigate the entropy production within the proposed
scheme, one first needs to obtain an explicit expression for
the system’s density operator p after the cavity returns to
its stationary configuration. This can be achieved by finding
solutions to the dynamical equation

p(t) = —i[Hesi(t), p(t)]. Q27)

Conversely, the complex structure of the effective Hamil-
tonian poses inherent challenges in solving Eq. (27). To
overcome this issue, we narrow our focus to a specific cate-
gory of problems where the equation of motion for the cavity
mirror assumes the following form:

L(t) = Lo[1 + €l(1)], (28)

where [(¢) is a smooth function of order unity—as well as its
first time derivative—while € « 1 is a small amplitude.

Since the coefficients in Eq. (25) are proportional to
L(t)/L(t), it is straightforward to see that the Hamiltonian
coefficients given in Eqs. (24) are proportional to €. As a
result, the formal solution to Eq. (27) up to second order in
€ reads

T
p(T) = p0) — i /0 dr'[Baat), p(O)]

T t
- / ar / dt" A, [Aert”), 5O (29)
0 0

We are interested in the particular case of the initial vac-
uum state p(0) = |0;in)(in; 0|, since we want to study the
thermodynamics of the particle creation process. It is conve-
nient to write the evolved state in terms of the initial operators
Bk and l;; which are related to the operators d,(¢) and &Z )
by the instantaneous version of the Bogoliubov coefficients
ay;(t) and By;(1).

By substituting the transformations (17) into the set of
differential equations (23), we obtain a recursive relation for

2Although Hamiltonian (26) differs from that in Ref. [35] due to
the absence of a term proportional to wy(¢), both descriptions are
equivalent, since this contribution is contained in the exponential
terms in Eq. (22).
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the Bogoliubov coefficients in terms of powers of €. Up to first
order, the resulting coefficients are given by

!
w0 (6) = 8, + / dr' A (1), (302)
0

(30b)
|

ﬂkj(t)=f0 dt’ By;(t"),

which implies
an(t) = b+ Y lau()b; + B ()b,
J
where ay;(t) = fot dt'Agj(t"). A direct calculation from

Eq. (29) leads us to the following expression for the system’s
density operator up to second order in €:

1 ara 1 PUP A A A aoapa
P =pO) =33 {ﬁ:j[bzb}ﬁ(on = 5 2B BGIBES D O)obn] — B bnbabi B p(O)]

kj

+ ByBi 1B}, B 5Bl p(O)] + 24, 87 [B],bub LD p (0N} + Hec. p. 31)

J

Considering the initial vacuum state, the number of parti-
cles created inside the cavity due to the DCE takes the form

N(T)="Tr {Zﬁ(T)B,in} =Y 1Byl> (32
k kj

in agreement with Eq. (18), thus showing the consistency of
our calculations.

We are now ready to discuss the entropy production due to
the particle creation process.

B. Entropy production

As discussed earlier, we consider the diagonal entropy [8]
Sa(p) == Pgi In iy (33)

as the main figure of merit for characterizing irreversibility.
In this equation, p(g;';g = (in; n|p|n;in) represent the diagonal
elements of the system’s density operator in the initial energy
eigenbasis.

From the expression of the density operator shown in
Eq. (31), the diagonal entropy can be directly computed, re-
sulting in

1 1
S(T) = —[1 — EN(T)} In [1 — EN(T)}
1 2 1 2
= 2 SIByMPInSIByMIE. (34
kj

We first observe that the entropy production depends on
the number of particles created inside the cavity. Secondly,
we note that this entropy production is exactly equal to the
creation of quantum coherence in the energy eigenbasis of
the field. To see this, let us consider the relative entropy of
coherence [39]:

C(p) = S(pa) — S(P),

which is a measure of the amount of quantum coherence
in a given basis. Here S(p) = —TrpIn p designates the von
Neumann entropy of p while p, is the diagonal operator built
from the diagonal elements of p in the selected basis. Since we
are interested in the amount of entropy produced during time

(

evolution, we pick up the initial energy eigenbasis to mea-
sure coherence. This is fully justified since we are interested
in thermodynamics. Under this choice, we directly see that
S(pq) = Sa(p). Since our evolution is unitary and the initial
state is pure, we have S(p) = 0, thus implying that

C(p) = Syu(T). (35)

Note that, differently from Eq. (34), such a result is a general
one, independent of the perturbation theory used here.

This result implies that we will observe irreversibility
(positive entropy production) for every process that creates
quantum coherence in the energy eigenbasis of the system.
Therefore, reversible processes must be those that are per-
formed slowly enough in order to not induce transitions
among the energy eigenstates. This result is in agreement
with the discussions presented in Refs. [8-10,12], where both
entropy production and heat are associated with processes that
generate coherence.

In order to illustrate our results, let us consider that the
moving mirror performs harmonic oscillations of the form

I(t) = sin (po}'t), (36)

where p is an integer, while o is the first unperturbed field
frequency.

For simplicity, we define the small dimensionless time T =
ewilnT /2 and assume the case in which the mirror returns to its
initial position at time t = T after performing a certain num-
ber of complete cycles (pa)il“T =2mm with m=1,2,...).
Using Eqgs. (13) and (36), we directly obtain

kjt ifp=k+],
o= 1] NNEY
1Bri (O pzziﬁ(lzjjjg)z sin [2500] if p £ k. (37

By dropping the rapid oscillating terms, the number of
particles created takes the form

N(t) = ip(p* — 7%, (38)

in agreement with Ref. [40]. Note that the above expression is
valid under perturbation theory involving time, and, therefore,
it is a good approximation only when 7 < 1.
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10! coefficients Q;k )(t) through Eq. (8) along with the mode
function (9). Consequently, the dynamics of the system is
10 determined by solving the infinite set of coupled differen-
tial equations (11) for the Fourier coefficients, with each
™ 1071 equation encompassing an infinite number of time-dependent
& terms.

1072 The problem can be simplified if we consider the special
case of parametric resonance, i.e., when one of the mirrors un-
1072 dergoes small oscillations at twice the fundamental frequency
i of the unperturbed field. Therefore, we impose the following

10 0.00 0.05 0.10 0.15 0.20 form for the mirror trajectory:

T
FIG. 1. Entropy production. Entropy is shown as a function of ©

for distinct values of the mirror oscillating frequency.

In this case, the diagonal entropy, our focus of interest here,
reduces to

Sa(t) = ;N(r)[l —1In %N(r)+1n P(p26— D _ p(ilz)(f)l)}
39)
with
p—1
v(p) =Y (p— k)kIn(p — k)k.
k=1

Figure 1 shows the diagonal entropy for this particular
case. As it is clear from the figure, entropy will be produced
in the field for every value of the mirror frequency p, except
for p = 1, where the number of created particles vanishes.

The technique employed in this section, based on the effec-
tive Hamiltonian, enabled us to calculate the system’s entropy
production through the time evolution of the density operator.
This establishes a direct link between entropy production and
the emergence of quantum coherence in the field. Neverthe-
less, our current analysis is confined to the short-time limit. In
the subsequent section, we shift to the Heisenberg picture and
quantify entropy production in relation to the time evolution of
Gaussian states. This approach permits an exploration of the
contribution to entropy production arising from the generation
of entanglement between a single mode and the remainder
of the field. Therefore, we see that these two approaches are
complementary to each other.

IV. GAUSSIAN STATE APPROACH

The last section presented an analysis of the entropy pro-
duction constrained to the short-time regime of the entire
system. Now, we introduce a different approach that enables
us to analyze entropy production in a specific mode across
all time intervals. Additionally, this method facilitates the ex-
ploration of the entropy dynamics and its connection with the
entanglement between the selected mode and all other modes
in the system.

To achieve this goal we follow the techniques outlined
in Ref. [40] where the dynamics of the system during the
cavity motion is described in the Heisenberg picture. In this
approach, the field is decomposed in terms of the Fourier

L(t) = Lo[l + €sin (Zwi]“t)]. (40)

If the mirror returns to its initial position Lo after some
interval of time 7', then w}' = a),‘j”t = wy and the right-hand
side of Eq. (11) vanishes. Under these considerations, it is

possible to write
Wy —iw;: iw;
0P =>T)= Vo e e, @)
J

where oy and B ; are the Bogoliubov coefficients defined in
Eq. (17).

Since we impose the field to be weakly perturbed by the
mirror oscillations (40), it is natural to search for solutions to
Q;M(t) by allowing the Bogoliubov coefficients in Eq. (41)
to be functions that vary slowly in time, i.e., d;, ,Bk j ~ €.
Then, by substituting Eq. (41) into Eq. (11), ignoring terms
proportional to € (like é;, Bxj, and A?) and employing the
method of slowly varying amplitudes [41], it is possible to
obtain a set of coupled first-order differential equations with
time-independent coefficients in terms of ay; and B;. For
k = 1, this set takes the form [42]

dOtlj

ke —«/§a3j - Bij, (42a)
dpi;
= V3Bs). (42b)
whereas for k > 2 we obtain
doy, ;
d—:j = Vk(k = 2)ag-2); — Vk(k + 2)auy2),,  (43a)
dB.:
P _ ek =D fusy; — ik + Dfasary.  (43b)

dt

Because of the initial conditions o ;(0) = 8x; and B;;(0) = 0,
all the coefficients with at least one even index vanish.
Complete solutions to the set of equations (42) and (43)
were obtained in Ref. [40] in terms of the hypergeometric
function. Nonetheless, in this section we will be interested in
computing the diagonal entropy generated in particular modes
of the field in the regime of parametric resonance (40). As
a result, for reasons that will become clear later, it will be
sufficient to pay attention only to the asymptotic behavior of
the Bogoliubov coefficients with the first index equal to 1.
For T « 1, their expressions read

arguin = (u+ DK, T + O(x#4?),
13](2/L+I) = _KMJ[L Th + O(T'quS),

(44a)
(44b)
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with J, = Qu)!/2*(u")? and K, =(D*2u+1/(n+
1), whereas for t > 1

- 2 (=D 4
A12u+1) ~ ;\/ﬁ’ (45a)
2 ) (45b)

Biout1) & N TES R

withu =0,1,2,....

Now we are ready to write down the reduced density op-
erator for the considered mode and to address the question
of the dynamics of the entropy production and its relation to
entanglement.

A. Reduced density operator

The reduced density operator of mode m is given by
Pm = Trgym P, (46)

where Tr,,/» denotes the trace of the total density operator p
over all the modes except the mth one.

Now, from the previous section, we can see that the
time evolution of the field can be described by an effective
quadratic time-dependent Hamiltonian. We know that the time
evolution governed by quadratic Hamiltonians transforms any
Gaussian state into another Gaussian state, which are com-
pletely characterized by the covariance matrix.

As the vacuum state belongs to the class of Gaussian states,
it is in fact possible to describe our initial state in terms of the
Wigner function for the mth mode, which reads

W _ 1 1 A T w1 ~
m(r) = WGXP—E(F —(£) X, (r—(F)),

where r = (¢,,, pm) is the eigenvalue of the quadrature opera-
tor £ = (§,, Pm), Whose components are described by

1
Am = —(fl; + é\lm)a (473)
q ﬁ
PO S,
Pm = _(am — Qm). (47b)
V2
Y., stands for the covariance matrix
ol ol
Y, = ot? o | (48)
with
R A2
o = (an) = (Gm)" (492)
ol = (pn) — (Pm)’, (49b)
0" = 5 Pndm + GnDm) — (Gn) (D) (49¢)

Since we are interested in the diagonal entropy, we focus
on the diagonal components of the density operator in the
energy eigenbasis. For the special case of an initially vacuum
state |0;in), these diagonal terms can be written as functions

of the covariance matrix elements [40]
2[(204 — 1) (205 - 1)]"*

) _
[(20 + 1) (204 + 1)]""2

m

4olob —1
x P, , (50)

V) — 1[4(eh) — 1]

where P, is the Legendre polynomial of order n and p{" =
(in; n|p,,|n; in) is the nth diagonal element of the reduced
density operator in the initial energy eigenbasis.

By expressing the quadrature operators (47) in terms of the
initial operators b, and 131 defined in Eq. (17), the variances
can be directly computed, resulting in

1
q _ _ 2
O = ) zk :|O{km + ﬁkm| s

(51a)

1 2
on=3 ; |otiom — Bim!”, (51b)

where m is an odd integer and the cross term o, is identically
zero for our choice of the initial state.

By taking the time derivatives of these last equations and
inserting the recursive relations (42) and (43), one can show
that

dol )
e —loim + Bl (52a)
dolh )
T = +leorm — Biml™ (52b)

which depends only on the Bogoliubov coefficients, with the
first index equal to 1 (as we have pointed out in the beginning
of the section). Moreover, because of the definitions (47), the
differential equations (52) need to satisfy the initial conditions
oh(0) = ah(0) = 1/2.

We now analyze the solutions to these equations in two
distinct regimes, the short-time and the long-time regimes.

B. Short-time regime

The short-time limit is defined by t <« 1. Inserting
Egs. (44) into Egs. (52) and integrating over t, we obtain
quuﬂ 1 2u+1 y2 2 2
) = - F [ F KT+ 0],
o ) I I
2u+1
with J,, and K, defined in Eq. (44).
Plugging Eqs. (53) into Eq. (50) leads to the following
expression for the diagonal components of the reduced density
operator:

. /2
Py = (=DM (1 — Ko ?)"

1
x {1 — (n+ DI T (Kj - 5]512">:|

x Plit(K; — JiT*)] + O ). (53)

This expression is what we need to compute the diagonal
entropy the (2u + 1)th mode. Up to the second order in T we
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obtain, for u = 0, the following result:
1 1
Sit < 1) = 5N1<r>[1 —In iNl(r)},
while for any other value of w, we have

ST (T < 1) = Nop 1 (O = In Noyy 1 (T)] + O #F3),

where Ny, 41(t) = Ki]irz’”Z + O(t***3) is the number of
particles created in the corresponding mode.

Hence, at short times, the entropy for each mode increases
with the number of created particles, aligning completely with
the findings outlined in the preceding section. As expected, the
current methodology enables an exploration of the long-time
dynamics of the entropy production, and we delve into such
an analysis in the subsequent discussion.

C. Long-time regime

The long-time limit is defined by 7 > 1. In this case,
by substituting Eqgs. (45) into Egs. (52), we obtain the time
derivatives of the system’s quadrature variances as

E 2qu+l ~ 0, (54a)
d 16

Lor A2 54b
a0 T 20u+ 1) (54b)

The specific integration constant for Eqs. (54a) varies for each
mode and depends on the complete form of the Bogoliubov
coefficients [40], but the general behavior is the same: both
quadrature variances start with the same value 1/2 at r =0
and end up assuming distinct asymptotic behavior at T > 1,
with o,] decreasing to a constant value, whereas o/, increases
almost linearly in time.

It is now straightforward to compute the single-mode re-
duced density matrix as

P (> 1) =CY [det T, (D72 +0(0/1)  (55)

where

oo 1-1, "P 1 56)
" IF L\ 1=T2) "\ J1-T2

is a positive real coefficient with T,, = 1/20,}.
From the above expressions, we can compute the diagonal
entropy associated with the mth field mode as

ST > 1)~ SE(r) + [det T, (D) 72S,, (57

where S, = =Y, C" InC{" and Sy () = 1 Indet X, (1) is
the Rényi-2 entropy of the mth mode [43]. It can be shown
that the second term in Eq. (57) diverges logarithmically with
the system dimension N. This last fact is expected since
we are considering a field theory and the number of degrees
of freedom of the system is infinite. Moreover, we must re-
member that entropy is defined up to a multiplicative and an
additive constant. So, this last term is not fundamental for the
dynamical behavior of entropy.

For the resonant mode m = 1, we obtain alq — 2/ 2 [40]
and o/ — 167 /72, leading to the Rényi-2 entropy

1 1. 32
Sp(t) ~ 3 In FT’

which is in agreement with Ref. [32].% In the case of the subse-
quent mode m = 3, now 0§ — 38/97% and 0f — 167/372,
so we obtain

s .1 608
SR~ oI

Now, since the global state of the field is pure—initial pure
state under unitary evolution—Sy () quantifies the amount of
entanglement between the mth mode and all the remaining
ones. Therefore, what Eq. (57) is saying to us is that the
asymptotic behavior of the diagonal entropy is fundamentally
determined by the generation of entanglement between the
considered mode and all the others.

T.

V. CONCLUSIONS

This paper considers the problem of thermodynamic en-
tropy production within the framework of the dynamical
Casimir effect, exploring two distinct approaches. The initial
approach, employing an effective Hamiltonian description of
field dynamics, provides a connection between entropy pro-
duction and the generation of quantum coherence in the field’s
mode basis in the short-time limit. The second approach,
which relies on the reduced density operator of an individual
mode and is valid for all times, establishes a connection be-
tween entropy growth and entanglement generation between
the selected mode and all the others.

Although both approaches can only be compared in the
short-time regime, where both predict that entropy increases
with the number of created particles, they provide different
but complementary information about the dynamics of the
entropy production due to the dynamical Casimir effect.

In summary, the production of thermodynamic entropy in
the field due to the dynamical Casimir effect is governed by
the generation of quantum coherence in the field’s mode basis
and entanglement between the modes. Since our initial state
is stationary (vacuum), the diagonal entropy cannot decrease
[8] and, therefore, neither can coherence or entanglement.

These results can be understood as follows. A coupling
between all the field modes arises due to the nontrivial bound-
ary conditions imposed on the field by the motion of the
mirror. Such interaction induces transitions among the modes,
which lies at the root of the generation of quantum coher-
ence and quantum entanglement. Although the evolution is
unitary, irreversibility, which is characterized by entropy pro-
duction, also arises due to these transitions, as discussed in
Refs. [8-10,12]. Reversible processes are defined in the limit
where the motion is so slow that there is no particle creation,
no scattering, and, thus, no entropy production. Note that in
the considered context, in which we have a resonant cavity
trapping the field, there are motions for which no particles
will be created and, thus, no entropy will be produced. This is
a point that deserves a deeper investigation.

Our research enhances the comprehension of the ther-
modynamics of quantum fields within nontrivial boundary

3Here, the argument in the Rényi-2 entropy differs from Ref. [32]
by a factor of 4. This occurs because the variances defined in the last
reference are twice as large as the ones in Eq. (49).
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conditions and exploring the impact of quantum coherence
and entanglement on such phenomena. Despite this, numerous
questions remain unanswered.

An interesting question that directly emerges concerns the
split of the energy into work and heat, where the latter is
associated with the irreversible aspect of the process, while
the former should be related to the energy that can be extracted
from the field after the process [44,45]. Another related issue
involves the statistical description of the field in terms of
stochastic entropy production and the fluctuation theorems
[46]. Furthermore, what role do multiple quantum coherence
and multipartite entanglement play in entropy production?
How do the thermalization properties of field dynamics fit into
this? Lastly, a question arises regarding whether heat and work
adhere appropriately to the equivalence principle [47]. These
are some of the pertinent questions that will be the focus of
future investigations.
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APPENDIX: DERIVATION OF THE
EFFECTIVE HAMILTONIAN

1. Dynamical equations for the instantaneous creation
and annihilation operators

From Eq. (2), the dynamical equation of motion for a
quantum scalar field and its conjugated momentum can be
written as

dP(x, 1) = R(x, 1)
A (x, 1) = 32P(x, 1).

(Ala)
(A1b)

By combining Egs. (19) and (22), one can express the fields ¢
and 7 and their correspondent time derivatives as

n 1 . ..
b= (e ™ + &l )y, (A2a)
S+
f=iy S —ae g, (A2b)
k
R 1 Cion st @
ah = (e ™ + 2l ™) 0 — — g1
2a)k 2(0](

(age™" ™ + ae ™o+ 7, (A20)

A . @k 4 iQ N i Wk
ot = le: 7((11(6 k— age *)(algﬂk + 2—a)k§0k>
HY TG — e g+ 020, (A20)

where, for conciseness, we have suppressed the notation of
time and spatial dependence in all terms in (A2). Comparing

(A1) with (A2c) and (A2d), we can isolate the time derivative
of the operators a; and &,: by computing

L
~ 1 . . ca
dxgi (0,0 — #) = Gre % + 4TS, ;
/0 NCTEED ;mk 1)
1 —iS2% P D
_ P AT i Gri+ —85.1=0
; T (are + a ™)\ Gy + o kj
(A3)

ke )8k

. Wk o i A i ;)
-‘rlz T(le k—ake k)(Gﬁ—i-gjjﬁkj):O,
(A4)
where we used fOL dxgrp; = 8 and Gy, = fOL @rdip;. By

%5,( ;) we obtain from (A3) and

(A4) the following equations:
aje”" Y + aje'™ = Zﬂkj(&je It ale'™),

defining py; = \/Zji (Guj +
(A5a)
(ASb)

&jef’ J a S = E /ij(a' S e,

From the last system, it is easy to isolate a ;(t) and 5; (t) as

ai(t) = Z[Ak,(t)ak(t)+B;;j(t)a,i(t)], (A6a)
ala) = i[A;: 1(Daj(t) + Bij(t)a ()], (A6b)

with k
Ak (1) = Sl () — pje(e)]e IO O] (A7a)
Bij(t) = i (1) + ()] THOT2OL (A7)

Since wi(t) = kmr /L(t) and using the definition (10) we can
calculate

L(t)
Gyj(t) = gkjm, (AB)
(1) L(z)
=——, A9
(1) L(t) (A9)

where g;; has the same form as expressed in (13). So we
obtain (1) = —(/ g + 16, H2 as in Eq. (25).

2. Effective Hamiltonian

To find the effective Hamiltonian that generates the dynam-
ical equations (A7) we begin by considering the most general
quadratic operator:

A@) = Y [Au®aln)a) @) + Bu@aj ) )

kl
+ Cua (1)) ()a (1) + Dia (Dae()ar (1)), (A10)
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which is (i) Hermitian, by satisfying the conditions Ay () =
Dy (t) and By (t) = C(t), and (ii) invariant over an index
change, with the conditions A (1) = A (t), Dy (t) = Dy (t),
B () = C(t), and By () = Cy(t).

Suppressing the notation for time dependence, the corre-
spondent Heisenberg equation of motion for the annihilation
and creation operators is therefore

aj=ilH, a1 =iy (Aulaja), a1+ Bulala,, a;)
kl
+ Cula) ax, a;1 + Dularay, a;])

= —iZ[(.Akj+.Ajk)fl;£+(8jk+ckj)ak] (AT1)
k

and
at =ilH, a1 =i (Aulaja], al]
kl
+ Bulaja, ai] + Cula] ax, a1 + Dulaway, a}1)
=i) [(Dxj + D)k + By + Cix)afl.
k
Comparing (A6a) with (All) and (A6b) with (A12), we

obtain the following system:

—ilAj (1) + Aj(t)] = =2i A (1) = Bj;(1),

(A12)

—i[Crj(t) + Bjx ()] = —2iCyj(t) = Ag;(1),
i[Dyj(t) + Dj(t)] = 2iDy(t) = By (1),
i[Byj(t) + Ci ()] = 2iBy;(t) = A, ().

Inserting the last coefficients into Eq. (A10), one obtains the
following expression for the effective Hamiltonian:

Hy (1) = % > A (0al(Da(t) + By ()a)al(t) — Heel,
Jjk
(A13)

where the subscript H conveys that the operator is represented
in the Heisenberg picture of quantum mechanics.

Moving to the Schrodinger picture, the last Hamiltonian
takes the form

. i i n
H(t) = 3 Z[Ak JOBb + By ()b, —Hel,  (Al4)
Jk

where the Heisenberg annihilation (and creation) op-
erator is defined as a(t) = U ()b Us(r), with Us(r)
being the time evolution operator generated by the
Hamiltonian (A14).
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