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Quantum work distributions associated with the dynamical Casimir effect
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We study the joint probability distribution function of the work and the change of photon number of
the nonequilibrium process of driving the electromagnetic (EM) field in a three-dimensional cavity with an
oscillating boundary. The system is initially prepared in a grand-canonical equilibrium state and we obtain the
analytical expressions of the characteristic functions of work distributions in the single-resonance and multiple-
resonance conditions. Our study demonstrates the validity of the fluctuation theorems of the grand-canonical
ensemble in nonequilibrium processes with particle creation and annihilation. In addition, our work illustrates
that, in the high-temperature limit, the work done on the quantized EM field approaches its classical counterpart,
while in the low-temperature limit, similar to Casimir effect, it differs significantly from its classical counterpart.
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I. INTRODUCTION

Fluctuation theorems have attracted considerable attention
in the field of nonequilibrium thermodynamics in the past two
decades. One of the most important results is the Jarzynski
equality [1]

(e—ﬁw> — e—ﬁAF‘ (1)

It connects the equilibrium free-energy difference AF with
the fluctuating nonequilibrium work w done on a system ini-
tially prepared in a canonical equilibrium state at the inverse
temperature B = 1/kgT. This equality is first derived in the
classical regime and later generalized to the quantum regime
[2-4]. The validity has been tested experimentally in various
systems [5-7].

For the grand-canonical equilibrium initial state, besides
the trajectory work w, the particle number along every “trajec-
tory” is also a fluctuating quantity and the Jarzynski equality
takes a similar form [8-10],

(e—ﬁ(w—//.AN)) — e—/SACD7 (2)

where p is the chemical potential of the initial state; AN
and A® are the change of the particle numbers and the
difference of the grand potentials respectively before and
after the force protocol. This equality has been discussed in
chemical reaction networks [10], exchange fluctuation sys-
tems [9,11-13], and isolated systems without particle number
change [8,14,15]. However, fluctuation theorems of the grand-
canonical ensemble in isolated systems in nonequilibrium
processes with particles creation and annihilation, which is a
consequence of the effect of special relativity, have not been
studied so far (but see Ref. [16]). The reason may be that
usually the mass gap of massive particles is so large that the
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energy input during the driving of the boundary is too small
to create massive particles.

Nevertheless, photons are massless particles, which makes
it possible to create photons with relatively low-energy input.
One example is the dynamical Casimir effect (DCE). The
DCE is a quantum effect which describes the generation of
photons due to the EM field in the presence of time-dependent
boundaries. The study was initiated by Moore [17] and fol-
lowed by many researchers [18-33]. The first experimental
verification was carried out in 2011 [34,35]. The researchers
used a modified SQUID to mimic a mirror moving at the
required relativistic velocity and observed the DCE in a super-
conducting circuit. The main concern in the studies of DCE is
about the average number of photon creation. The studies of
the DCE inspire us to investigate the distributions of work and
photon number change in the nonequilibrium processes with
the photon creation and annihilation. It is worth mentioning
that classical ideal gas inside a cylinder [36] has been a
prototype model for the study of thermodynamics. EM field
in a cavity is an analog [37,38] of gas inside a cylinder,
but with more complicated dynamics, because it incorporates
effects of quantum mechanics, quantum statistics, and special
relativity. Nevertheless, for certain specific protocols, we are
able to obtain the analytical results of the joint distribution of
work and the change of photon number. The analytical results
enable us to study the quantum-classical correspondence of
the work done on the EM field in the high-temperature limit
and the quantum nature (Casimir effect) of the work in the
low-temperature limit.

In this paper, we focus on the DCE in a three-dimensional
cavity with one oscillating boundary. Because the energy
levels of the system are not equidistant, only a limited number
of modes of the EM field are coupled for a specific oscillation
frequency of the boundary. In addition, relevant to Fermi’s
golden rule, there are only three kinds of resonance con-
ditions, which significantly simplify the calculation of the
characteristic function of the joint probability distribution.
We further obtain the analytical expressions in the DCE with
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several different time-dependent geometries (the rectangular,
cylindrical, and spherical cavities with one moving bound-
ary). Analytical expressions of work distributions for an arbi-
trary nonequilibrium process is extremely rare. This example,
which incorporates effects of quantum mechanics, quantum
statistics, and special relativity has pedagogical value, and
deepens our understanding of the quantum trajectory work
and the validity of the fluctuation theorems in nonequilibrium
processes with photon creation and annihilation.

We notice that Ref. [37] also discussed the Jarzynski
equality for the photon gas. However, we believe that the
particles considered in Ref. [37] are not real photons but some
relativistic massless particles, since the wave character of light
is ignored and no particle creation and annihilation occur
during the force protocol.

This paper is organized as follows. In Sec. II, we introduce
the effective Hamiltonian of a quantized EM field in a three-
dimensional cavity with a moving boundary. In Sec. III, we
clarify the concept of trajectory work and the validity of
the Jarzynski equality in the system. In Sec. IV, we obtain
the analytical expressions of the characteristic functions by
utilizing the matrix representation technique. And then we
analyze the characteristic functions in the single-resonance
and multiple-resonance conditions. We summarize this work
and make conclusions in Sec. V.

II. EFFECTIVE HAMILTONIAN AND RESONANCE
CONDITIONS FOR THE EM FIELD
IN A TREMBLING CAVITY

We begin with the quantization of the EM field confined
in a 3D rectangular cavity, expressed in the scalar Hertz
potentials [26]. Then we derive the effective Hamiltonian,
which describes the dynamics of the EM field when one of
the boundaries is moving with time. Finally, we introduce
some thermodynamic concepts relevant to the nonequilibrium
driving process, where the photons are created or annihilated,
including the two-point measurement and the characteristic
function G(u, v). The study can be straightforwardly extended
to the EM field in other geometries, such as the cylindrical and
the spherical cavity (see Appendix A).

A. Hertz potential formalism

It is known that the electric field E and the magnetic field B
and the Maxwell’s equations can be formulated in terms of the
scalar potential ¢ and the vector potential A, E = —V¢ —
dA, B =V x A. Alternatively, the Hertz potentials, I1. and
IT,,, offer an equivalent, more convenient for EM field in a
cavity, formalism. In the Lorenz gauge, the relations between
the two formulations can be written as follows:

p= V.M. A=po VXM, G
) ot
with ¢ and p being the permittivity and the permeability of
the medium.

In source-free vacuum, the vector Hertz potentials become
two scalar fields, i.e., II. = ¥ ™e, and II,, = ¥ "Fe,, where
Y™ and TE are the transverse magnetic (TM) and the
transverse electric (TE) field with respect to the longitudinal
z axis, with e, being the unit vector along the z axis. The
Maxwell’s equations in the form of the scalar Hertz potentials

can be written in the following form:
(V2 = eopod?)y ™™ =0, “

with g and 1 being the permittivity and the permeability of
the vacuum.

Without loss of generality, we only consider the TE field in
the following. The same procedure can be straightforwardly
applied to the study of the TM field (see Appendix B). Also,
we hereafter drop the superscript (TE) and set g = o = 4 =
1 for simplicity, if not explicitly stated otherwise.

According to Eq. (4), the Lagrangian density of the TE
field is

Lar.1) = 3(=yViy — VY Viy). (5)
where V2 =92 + 92 and ¥ = 3,y. Meanwhile, due to the
boundary conditions of E and B

EH = 0, BJ_ - 0, (6)

where || and L, respectively, denote the components of the
field, parallel and perpendicular to each boundary, the TE field
in a 3D cavity satisfies the following boundary conditions
[27]:

oy

- =0, —
w|z—O,Lz ax

_ v

=0, (7
x=0,L, ay

y=0,L,

where the boundaries of the cavity locate at zero and L,, with
o =2x,Y,zZ

B. Quantization of the scalar Hertz potential

We quantize the scalar Hertz potential ¥ by promoting it
from ordinary numbers to an operator ¥ and imposing the
following canonical commutation relations:

[ (r, 1), §(',0)] = [#(r,1), 7@, 1)] =0,
[ (r, 1), #(r', )] = i8(r — 1), (8)

where the conjugate momentum operator 7 (r, ¢) is obtained
from the Lagrangian density in Eq. (5),

AV (r, 1)
a

Solving the wave equation (4) under the boundary condi-
tions (7), we obtain an orthonormal basis {{(r)}, where the
basis state Y (r) is

2 . [k 2 kym kym
Yk (r) = \/Lizsm <L_zz)\/TT} cos (L—xx> cos (: )
(10)
with the subscript k = (ky, ky, k;) € N3, and the eigenfre-

f(r,t)=-V?

€))

2
quency of the kth mode is wgx = \/(’}f—”)z + (’%) + (ki—fr)z.

Then we expand the field operator ¥/ (r, 1) and its conjugate
momentum operator 7 (r, t) as follows:

Y0 = Ga(r)age ™ +He.,
k

A(r, 1) = _ichwﬁkal/fk(r)akeﬂ‘wk’ +He., (11)
k
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/ 2
where k| = (ky, ky) and wy, = (1%)2 + (%) , and Gy are

the normalization constants. Note that ax (&:()‘is the annihila-
tion (creation) operator for the kth mode, which satisfies the
canonical commutation relations,

[ax, &)1 = S - (12)

Using Egs. (5) and (11) and setting Gy = (v2Zopwk,)
we obtain the Hamiltonian of the TE field as follows [26]:

A 31/}A ~ WK . a” A
H= /dr(ﬁn - L> => — @+ ). (13)

k

[ax, aw] =0,

C. Effective Hamiltonian for driving processes

Now we consider that one of the boundaries of the cavity
along the longitudinal z direction is moving according to a
prefixed time-dependent function A(¢), i.e., L,(t) = A(t). The
boundary conditions in Eq. (7) can be generalized to the
time-dependent case by utilizing the Lorentz transformation.
Detailed discussions can be found in Refs. [17,25,27].

We first define an instantaneous orthonormal basis
{¢x.a(r)}. The basis functions vy ;(r) satisfy the following
Helmholtz equation:

V2P (1) + 0, Y () = 0, (14)
with the time-dependent boundary conditions
ey =0, D)W@)
X lx=0,L, dy y=0.L,
15)
where Yy ,(r) have the same form as Yg(r) in

Eq. (10) except that L, is replaced by A and wg, =

\/(’%)2 + (’%)2 +(57)°. And the TE field, ¥ (r, 1), also has
to satisfy the 'same boundary conditions shown in Eq. (15).
Note that both vy ;(r) and wg ; depend on time when the
boundary is moving with time. We then expand the field
operators Y (r,t) and #(r,r) with the instantaneous basis

(Vi) (™)},

Y, 0) =Y Ot i), (16)
k

A1) =Y By (n). (17)
k

Taking time derivatives of Egs. (16) and (17), we obtain the
following equations of Qk and Py by utilizing Egs. (4) and (9):

dOk(t) _ Ao

T ;gkpmép(r), (18)
dB(t) A i X
;t =~ @i, Q) — Xp:gkp(t)Pp(t), (19)

where the coupling coefficients gx, can be expressed as fol-
lows:
MWpain (™) A()

Brp(t) = /dl' 1Pk,,\(t)(l')T = mgkp’ (20)

with
(=Dyetr 2k; p; ) k
Skp = kzz—pg ki.pL> 74 7é Pz (21)
0, k. = p..
Treating Egs. (18) andl(19) as the Heisenberg equations of
motion [19]» O(I) = fje'ff(t)o(o)ﬁeff(t), where i%ﬁeff(t) =

Her (1)U et (t), Ot) = P(1) or (1), we obtain the following
effective Hamiltonian:

A B0)? 1 .
He(t) = Z( kO —wiLwﬁ,ka(of)

2
- 2¢z)kl 2

= pB(0)0,(0). (22)

kp

In order to move into the Fock representation, we introduce
the following ladder operators:

(Ulz(la)k,)\(t)Qk(t) + iB(t)

) =
V20K 5,1k,
W W k() — i [3)]
A e) = k, Pk a0y k() k ( ‘ 23)

20K 5.1y Wk |

The first-order derivative of ai(¢) can be written as follows:

d
Eflk(l) = —iwk )ax () + 27, (1)

—2 3 np)ap(t) + dip(OA50], (24)
P

— Dk apd
R

M) [ [owro Wp A1)
(1) = (\/ ’ +\/ : )g ©).
kp art)\V @pac) ki)

At) Wi (1) Wp.a(t)
g 1) = (\/ ’ —\/ 20 ) (). (25)
P 4r@) \V @p.ae) o )7
Similarly, treating Eq. (24) as the Heisenberg equation
of motion, O(t) = UeTff(t)O(O)Ueff(t), where i%UeH(t) =
Heir (1)Ut (), O(t) = ax(t) or &) (1), we obtain the effective
Hamiltonian in terms of a (0) and 21; (0) as follows:

with () =

n 1
Aer(t) = wk,)\(z)(fll(o)ak(o) + 5)
k
—i ) ()(@(0)a(0) — ax (0)ax (0))
K

— i) (1)@ 0)2,(0) — &3(0)2x (0))

k#p

—i Y dip(t)(@f (0)a}(0) — ap(0)c(0)).  (26)

k#p

This effective Hamiltonian (26) will be essential for our later
analysis. The off-diagonal terms [the last three terms on the
right-hand side of Eq. (26)] in H.(¢) indicate the creation
and annihilation of pairs of photons, which is a consequence
of the special relativity effect in quantum field theory.
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D. Perturbative driving processes

For simplicity, we consider the perturbative periodic driv-
ing protocol, in which the work parameter A(z) takes the
following form:

A(t) = Ao[l 4 € sin(Q2t) + € f(¢)], 27

where 2 is the oscillation frequency and the oscillation am-
plitude € is assumed to be small, i.e., € < 1. And f(¢) is
some decaying function that allows us to meet the continuity
conditions of A(t) and A(¢) att = 0 and r = t [24]. We then
expand all relevant physical quantities to the first order of €.

In the following, we turn to the interaction picture defined
by the free Hamiltonian Hy = Y wk (@, (0)ax(0) + 1), with
WK = Wk 0, and treat V(t) = I-Lff(t) — Hy as the perturba-
tion. Similar to Fermi’s golden rule, if V(¢) is a periodic
function of time with the angular frequency €2, the transition
is into states with energies that differ by 22 from the energy
of the initial state.

Using the rotating-wave approximation (RWA), we ob-
tain the perturbative Hamiltonians in the interaction pic-
ture, VI(t) = e™!V;(t)e= ™t (j = 1,2, 3), under the follow-
ing three kinds of resonance conditions.

(1) The double-frequency (DoF) resonance: 2 = 2wy

Vi = _l‘ﬂ(Ak(O)&k(O) — ax(0)ax (0)),

€QkZm?
dgrg

g1 = (28)

(2) The sum-frequency (SuF) resonance: 2 = wg + wp

VI = —ig> (2 (0)a}(0) — ap(0)éa(0)),

_ €Q Wk wp (29)
82 = 4 wp oK 8kp-

(3) The difference-frequency (DiF) resonance: Q =
| — wp|

Vi = —ig; ak(O)ap(O) - (O)ak(O))

€Q Wk w
g = ( [ 28 s (30)
wp

Please note that after the RWA, VjI is actually time indepen-
dent and the decaying function f(#) vanishes. In addition, we
can draw intuition from Egs. (28)—(30). The DoF resonance
condition [Eq. (28)] corresponds to the process of simulta-
neously creating two photons with the same frequency w,
while the SuF resonance condition [Eq. (29)] corresponds to
the process of creating one photon with the frequency wg and
another photon with the frequency w,. The DiF resonance
condition [Eq. (30)] corresponds to the process of creating
one photon with the frequency wg, meanwhile annihilating
one photon with the frequency wp. It is worth mentioning that
the evolution of other modes are quantum adiabatic with no
photons being created or annihilated in these modes. Also,
if the driving frequency €2 does not satisfy any of these
resonance conditions [Egs. (28)—(30)], the evolution of the
EM field is quantum adiabatic, i.e., no photons will be created
or annihilated during the driving process.

III. TRAJECTORY WORK AND THE JARZYNSKI
EQUALITY ASSOCIATED WITH THE DCE

We are interested in the statistics of the work and the
photon number difference of the EM field confined in a 3D
cavity driven by a perturbatively oscillating boundary. Before
t =0 and after t = t, with 7 being the driving duration,
the boundary stops at Ao = A(0) and A, = A(7), respectively,
while it oscillates according to Eq. (27) when ¢ € [0, t].
During the driving process, both the work and the photon
number fluctuate, which requires the grand-canonical descrip-
tion [14,15].

When the boundary is fixed at A, the Hamiltonian
H, = Zk w, xfl;, , ax. and the photon-number operator N, =
Zk &ank.k commute with each other, i.e., [ﬁ)\,l\?,\] =0.
Thus there exists a set of common eigenstates |{rng}), =
®k|nk ), , which satisfy

H|{n))s = Ex({mc)link))s,
Ny l{mchs = N(fmc) s, 31)

where the total energy E;({ng}) = > ) wknk and the total
photon number N({nk}) =Y, nk, with nx € N being the
number of photons in the kth mode. The density matrix and
the partition function of the grand-canonical ensemble of the
photon gas is written as follows:

Pp = Z;l Z67’35‘({"“})|{”k}>u({”k}|’

{ruc}

Z ¢ PE- () (32)

{nk}

with § being the inverse temperature of the initial equilibrium
state. Here we would like to emphasize that although the
chemical potential of the photon gas is equal to zero, i.e., u =
0, the total photon number is indefinite in thermal equilibrium.

To obtain the joint probability distribution of work and
photon-number difference, P(w, AN), the conceptual proce-
dure of the two-point measurement protocol is prescribed as
follows.

(1) Prepare the system in the thermal equilibrium by
connecting it with a heat bath at the temperature f~'. Then
remove the heat bath so that the system is isolated.

(2) Perform the first projective measurements of Hj, and
I\A&U. Project the system to one of the common eigenstates, i.e.,
[{rk}),,, and record the eigenvalues E;, ({nx}) and N ({nx}).

(3) Control the boundary according to Eq. (27) for a
prefixed duration 7. The frequency €2 is chosen such that one
of the resonance conditions (28)—(30) is satisfied,

(4) Perform the second projective measurements of 4. ., and
NA, and record the eigenvalues E; ({n, }) and N({m}).

Ideally, the above procedure is repeated infinitely many
times to obtain a good statistics of the joint probability dis-
tribution, which is defined as

P(w, AN)

=z Z e PE DL, ()10 (0) (i},

{mc}, g}
x 8(w — [Ey, ({m}) — Epy ((mcDDSANN (1l ) —N (i)

(33)
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with §(-) and §.. being the Dirac and the Kronecker delta
functions, respectively. Some discussions about the ultraviolet
divergence of the zero-point energy and the definition of the
evolution operator U (t) are provided in footnotes [39,41]

Alternatively, we can calculate the characteristic function
of the work and the photon-number difference, which is
defined as the Fourier transform of P(w, AN),

g(u, v) = Z/dw eiuw+ivANP(w’ AN)
AN

= ( eiuﬂg (O)+ivN (7) e—iuﬁ;ﬂ—ivﬁko >ﬁ’ (34)
where the Heisenberg-picture operators are defined as
O"(t) = UT(t)OU (r) and the ensemble average is taken over
pp in Eq. (32), i.e,, {-) = Tr[-pg]. Then the joint probability
distribution P(w, AN can be obtained via the inverse Fourier
transform.

Although there exists no Schrodinger picture description in
our system during the driving process [17], the Hamiltonian
and the total photon number operators in the Heisenberg
picture before and after the driving process are well defined.
Especially at the end of the driving process, they are defined
as follows:

o . 1
A (1) =) o, (@L(r)@(r) + §>,
k

N 1
M=) (a.i<r)ak(r> + 5>,

k

(35)

where the time-dependent ladder operators ax(#) at the begin-
ning (t = 0) and the end (r = 1) of the driving process are
related via the unitary transformation defined by H.i(2) in
Eq. (20),

75 (D) (0) e (1) = €707y (0)e o7 e=V'T
(36)

a(t) =

with V! being one of \7]-1 in Egs. (28)—(30), depending on
the type of the resonance condition satisfied in the driving
process.

The Jarzynski equality for a grand-canonical ensemble,
(e7PlomiAl) (37)
is obtained by setting # = i and v = —ifu, where we have
defined the grand potential difference A® = &, — &, with
the grand potential ®; , = — B~ In Tr[e=##r—#Nu)].

The equality in Eq. (37) reproduces the original Jarzynski
equality, (e7#") = ¢~#2® in the following two cases:

e FAP.

Hu#0, Ni()=N,, (38a)
(i) p =0, Ni(r)#N,. (38b)

We would like to emphasize that Refs. [8,14,15] have
discussed systems that belong to case (i), while our system
belongs to case (ii).

IV. ANALYTICAL RESULTS OF WORK DISTRIBUTIONS
UNDER VARIOUS RESONANCE CONDITIONS

Generally, it is impossible to obtain closed-form expres-
sions of G(u,v) for arbitrary nonequilibrium driving pro-
cesses of a quantum many-body system, let alone the case
with particle creation and annihilation. However, we find that
for the photon gas confined in a cavity subject to a perturbative
resonant driving (27), the characteristic function G(u, v) can
be written into the expectation value of a product of a series
of exponentials of a quadratic form in the boson operators.
By substituting Eqgs. (35) and (36) into Eq. (34) and then by
applying the matrix representation technique [42], we obtain
the analytical results of the characteristic function G(u, v) (for
more technical details see Appendix C).

A. Characteristic functions in single-resonance conditions

If Q is chosen such that one of the three resonance con-
ditions [Egs. (28)—(30)] is satisfied, the perturbation Hamil-
tonian becomes independent of time [see Eqs. (28)—(30)]. In
these cases, we can analytically calculate the characteristic
function G(u, v) in Eq. (34). The results are given below.

(1) The DoF resonance: 2 = 2wi

sinh £
Gi(u, v) = 2 : (39)
\/sinhz % + sin(uwy + v) sin[(u — iB)wy + v]sinh? g7
(2) The SuF resonance: 2 = wg + w,
sinh % sinh %
gz(ua U) = ( T ) . . (40)
sinh 22 sinh ﬂzﬂ + sin (52522 4+ v) sin (w + v) sinh? g7
(3) The DiF resonance: Q = |wg — wp|
sinh ﬁ% sinh %
Gs(u, v) = 41)

sinh 22 sinh % + sin (”(w"z_w")) sin ((”_iﬂ)(zwk_w")) sin? g3

Note that we restrict ourselves to the cases with Ao = A, for simplicity. The analytic solutions for more general cases with
Ao # A, are more cumbersome and can be found in Appendix D.
Note that the characteristic function G(u, v) for an externally driven closed quantum system should satisfy the following

requirements.
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FIG. 1. Marginal distributions of work P(w) (a)—(c) and the photon number change P(AN) (d)—(f). The columns from the left to the right
are for the cases of the DoF, the SuF, and the DiF resonance conditions, respectively. The parameters are chosen as follows: fwy = 0.2, g;7 =

0.3(j=1,2,3),and wp = 2w.

(1) The normalization of the joint probability P(w, AN),
ie, Y oy [dwP(w, AN) = 1, requires that G(0, 0) = 1.

(2) The grand-canonical quantum Jarzynski equality, i.e.,
(e7Pw—nAN)y — o=BA® requires that G(iff, —ifu) = e P2,

(3) The grand-canonical Crooks’ fluctuation theorem, i.e.,
% = PW—1AN=AP) where the forward and the re-
verse processes are respectively described by A(¢) and A(7 —
1), requires that Gr (—u, —v) = Ge(u + i, v — ifu)ef?.

(4) The discreteness of the distribution function of work for
a closed quantum system requires that G(u, v) is periodic in u.
More specifically, a delta-function peak §(w — wp) in P(w)
implies that G(u + i—”, v) = G(u, v).

(5) The indivisibifity of the constituent photons, AN € Z,
requires that G(u, v 4+ 27w) = G(u, v). Furthermore, if only
n > 0 photons can be created or annihilated simultaneously,
G(u, v+ 27”) = G(u, v). Finally, if the photon creation and
annihilation processes are prohibited, G(u, v) is independent
of v, i.e., G(u,v) = G(u).

For the particular situation we are interested in, the EM
field confined in a 3D cavity resonantly driven by a trembling
boundary, the chemical potential vanishes and the positions of
the trembling boundary at the initial and final time are exactly
the same. It can be checked that Eqgs. (39)—(41) satisfy all the
above requirements.

B. Marginal distributions of the work
and the photon-number difference

The joint distribution function P(w, AN) can be ob-
tained from the inverse Fourier transform of the characteristic

function G(u, v),
P(w, AN) = —— / du / dv e NGy y), (42)
472

from which we obtain the following marginal distributions
P(w) and P(AN):

Pw) =Y P(w, AN) = %/due_i”wg(u, 0), (43)
AN

P(AN) = /dw P(w, AN) = %/dve_i“ANg(O, V).

(44)

In Fig. 1, we show the marginal distributions for all of the
three kinds of resonance conditions. Since we are considering
closed systems with discrete energy levels, all of the distri-
butions are discrete, consisting of a series of the Dirac delta
functions with different weights. The work performed on the
system is always an integer multiple of 2wy, wk + wp, or
wy — wp, when the DoF [Eq. (28)], the SuF [Eq. (29)], or the
DiF [Eq. (30)] resonance condition is satisfied, respectively.
As to the photon number difference AN, the photons are
created and annihilated in pairs in the first two cases. And the
numbers of the photons created and annihilated are equal to
each other in the DiF resonance condition [43]. These features
are consistent with our understandings of the three resonance
conditions in Eqs. (28)—(30).
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C. Classical limit of the work distributions

The classical characteristic functions can be obtained from
the closed-form expressions in Egs. (39)—(41) by taking the
classical limit, i.e., i — 0 [44]. Similar to Ref. [15], we
introduce it = u/pB.

The classical characteristic functions for the three reso-
nance conditions can be written as follows [45]:

1
G7'(@.0) = |
\/1 + 4% — in) sinh? 217
1
Gs'(@, 0) = W
2 1+ w(gﬂ — iit) sinh? gy 7
1
Gs\(@, 0) =

1+ @(ﬁ2 — i) sin g37

with the ratio being defined as r = w,/w in the latter two
cases. Note that the classical work distributions for the latter
two cases can be obtained analytically as follows:

'P;l(w) — ﬂ[eaﬁ'ﬂ@(w) +e%"O(—w)], (46)

Oljur —Olj,

with j = 2, 3, where ©(-) is the Heaviside step function and

B 4rcsch’gyt
s =15 1+ 20820
== T T
B 4resclgst
oz = —| 1 1+ —-]. 47
=S| 1F 17 47

Figure 2 shows the consistency between the semiclassical
work distributions and the exact ones when the temperature
of the initial state is high. Also, we show the discrepancy
between the exact marginal distributions of work and the
Gaussian fitting with the same average value and the same
standard deviation of the work distribution. It can be seen that
the work distributions obviously deviate from the Gaussian
distribution.

D. Quantum-to-classical crossover

The analytic expressions of the average value and the
standard deviation of the work distributions are defined as

3G (u, 0
<w>,e—iM . j=1,2,3, (48)
u =0
32G;(u, 0)
2 J ’ .
e IR A (49)

which can be obtained from Egs. (39)-(41). For the con-
venience of analysis, we explicitly write down the Planck
constant %. It can be anticipated that, when /7 — 0, the system
loses all of its quantum features [46].

In Fig. 3, we demonstrate the average work performed on
the system in these three resonance conditions. Inspecting the
figures, we find that the average work decreases to zero as 7
vanishes in the low-temperature limit for the DoF and the SuF
cases, which is consistent with the fact that no work can be
done on the classical vacuum. Also, the dependence of (w);

J
on 7 becomes weaker for all three resonance conditions as

@

Exact
—— Classical |/
Gaussian

(b)

(©)

-30 -20 -10 0 10 20 30

w/w),

FIG. 2. Cumulative distributions of work. Here F;(w)=
fow P;(w")dw’. The panels from the top to the bottom are for the DoF
(a), the SuF (b), and the DiF (c) resonance conditions, respectively.
The parameters are chosen as follows: Bwy = 0.1, g;7 = 0.3 with
Jj=1,2,3,and wx = 2w, for the latter two cases. The blue stepwise
lines are the exact cumulative distributions obtained from the inverse
Fourier transform of G;(u, 0), while the red lines are the semiclassi-
cal ones and the black lines are the cumulative Gaussian fitting with
the same average value and the standard deviation.

the temperature increases, which implies a crossover from the
quantum to the classical regime.

Inspired by the observations in Fig. 3, we list in Table I
the average value and the standard deviation of the work
distributions for the three resonance conditions in two limits,
i.e., the low-temperature (8 — o0) and the high-temperature
(B — 0) limits. It can be seen clearly that the energy scale is
fiwy, and B~ in the low-temperature and the high-temperature
limits, respectively. In the high-temperature limit, the work is
equal to the work done on a classical EM field, which can be
seen from the fact that the work value does not depend on 7. In
the low-temperature limit, due to the fact that all expressions
are proportional to fiwy or (hwy)?, all expressions will go to
zero when i — 0, which agrees with our intuition that no
work can be done on the classical vacuum.

E. Multiple-resonance cases

If © is chosen such that, for all modes in the cavity field, at
least two resonance conditions are satisfied simultaneously,
we are dealing with a “multiple-resonance” condition. The
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1.0 1.0 1.0
0.8 I 0.168 0.8 0.090 0.8 0.00318
0.140 0.075 0.00265

0.6 0.6 0.6
< 0.112 < 0.060 < 0.00212
0.4 0.084 0.4 0.045 0.4 0.00159
0.2 0.056 0.2 0.030 0.2 0.00106
0.0 0.028 0.0 0.015 0.0 ‘ 0.00053

0.0 02 04 06 08 1.0 0.0 02 04 06 08 1.0 0.0 02 04 06 08 1.0
B! B! B!

FIG. 3. Average work, (w); with j = 1,2, 3, for the driving protocols satisfying the DoF (left), the SuF (middle), and the DiF (right)
resonance conditions, respectively. The parameters are chosen as follows: wx = 1, g;T = 0.3 with j = 1,2, 3, and r = 1.5 for the latter two

cases.

multiple-resonance condition can be double resonant, triple
resonant, and so on.

For the multiple-resonance condition, we consider the
following two cases: the uncoupled and the coupled.
For the uncoupled case, the involved modes are differ-
ent, e.g., Q2 =2wkx=ws—w, Wwith k#s#p. Because
the resonance conditions are mutually independent, the
characteristic function can be decomposed into a prod-
uct of characteristic functions, each of which can be ob-
tained analytically in the corresponding resonance con-
dition. Let us denote the characteristic function for a
multiple-resonance case as Gy, k,,..s,+p1.s,tpy,... (4, V) for

resonance conditions 2 = 2wy, = 2wk, = -+ = ws, T Wy, =
ws, = wp, = ---. The characteristic function for this case
reads

gkl,kz ..... S]:l:l)],Sz:l:pz,...(uv U)
= gk] (u7 v)gkz (l/l, v) e gslipl (l/[, v)QSzipz (M, U) MR
(50)

and the joint probability distribution function P(w, AN) can
be obtained by the inverse Fourier transform.

For the coupled case, more than one resonance condi-
tion involves the same modes, for example, Q = 2wx =
| — wp|. Since the mode k appears in both resonance
conditions, these two resonance conditions cannot be con-
sidered separately. Instead, the perturbation Hamiltonian in
the interaction picture becomes pl= —igl(&lt&:( — axayg) —

ig3 (&lt&p — &;&k), with which the characteristic function
G(u,v) can also be obtained by the matrix representation
technique. The discussions can be straightforwardly extended
to the multiple-resonance case with more than two resonance

conditions satisfied simultaneously.

V. CONCLUSIONS

To calculate the work distribution in an arbitrary nonequi-
librium process in a quantum many-body system is usually
very cumbersome due to the interplay of effects of quan-
tum mechanics and quantum statistics [47,48]. In very rare
situations, one is able to obtain the analytical solution to
the distribution of work. These analytical results deepen our
understanding of quantum trajectory work and fluctuation
theorems in the nonequilibrium processes.

In our current study, we investigated the work distribution
of a quantized EM field in a three-dimensional cavity with
an oscillating boundary. This system incorporates the effects
of not only quantum mechanics and quantum statistics, but
also special relativity. For the periodic perturbative driving
protocol [Eq. (27)], under the RWA, we obtained the effective
Hamiltonian in the interaction picture. Also, we analytically
evaluate the characteristic function G(u, v) in the single-
resonance [Eqs. (39)—(41)] and multiple-resonance conditions
using the matrix representation technique. If €2 is chosen such
that none of the single resonance conditions is satisified, the
evolution of the EM field is quantum adiabatic. We discussed

TABLE I. Moments of work in two limits of the initial temperature. In the low-temperature limit, the nonzero works (w), and (w), are
manifestations of the quantum nature of the EM field (zero-point energy). When 7z — 0, the works (w), and (w), become zero, which agrees

with our intuition that no work is done on the classical vacuum.

Low-temperature limit (8 — 00)

High-temperature limit (8 — 0)

(w), Fiwy sinh® g T

Uu%,l %(Iia)k)2 sinh? 2g1T
(w), (1 4 r)hay sinh? g,
oy %(hwk)2 sinh? 2g,7
(w); 0

o403 0

28 'sinh? gt

482 cosh2g, 1, sinh? gt
—1 (141?12

B % sinh” g, T

4. .
B (sinh® g2 72 + 257) sinh? o
SN
pii=bn rl) sin® g3T

—2(=r* i 2 2 )
B9 (sin 8373 + g sin” g7

052508-8



QUANTUM WORK DISTRIBUTIONS ASSOCIATED WITH ...

PHYSICAL REVIEW A 99, 052508 (2019)

the general properties of G(u, v) and verified various fluctu-
ation theorems in the nonequilibrium processes with photon
creation and annihilation. From the analytical result of the
work distribution, we can clearly see that nonzero work is
done at zero temperature, which is a manifestation of the
quantum nature (Casimir effect) of the EM field. However, the
work vanishes when /i — 0, which agrees with our intuition
that no work is done on the classical vacuum when the bound-
ary is driven. We also obtained the approximate expression
of the work distribution P(w) and the moments of work at
high temperature, which is consistent with the work done on
a classical EM field. Our study has pedagogical value because
analytical solutions to the work distribution in a quantum
many-body system are very rare. Last but not least, for a 3D
cubic cavity, if the length of the cavity is of the order of 10 cm,
the lowest resonant frequency is of the order of 10 GHz.
Usually, it is very difficult, if not impossible, to realize an
oscillation of the boundary with such a high frequency [25].
Maybe that is why the dynamical Casimir effect was exper-
imentally demonstrated in a mimical superconducting circuit
[34,35]. Hopefully, our theoretical predictions about the work
distributions and the validity of the Jarzynski equality can be
experimentally tested in the superconducting circuit [34] in
the future.
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APPENDIX A: EM FIELD IN VARIOUS GEOMETRIES

Our results of the EM field in a 3D trembling rectangular
cavity can be generalized to the EM field in a trembling
cylindrical or spherical cavity. We skip the derivation which
is similar to that of the rectangular cavity and list the main
results here. The work parameter A(¢) takes the form A(t) =
Aol + € sin(2t) + € f(¢)] [24] in the following, and we take
the first-order approximation when doing expansion in €.

In a cylindrical cavity, we introduce the cylindrical coordi-
nates (p, ¢, z). If the boundaries are at the radial coordinate
o = R and the longitudinal coordinate z = [0, A(¢)], we have
[26,27] the following.

(1) Hertz potentials:

m=y™e, m,=vy"e. (A1)
(2) Boundary conditions:
Y mory =0, 9,9 |k =0, (A2)
RY ™20 =0, [0, +r®)3 Yy ™|.r.¢) =0,
™|, =0. (A3)

(3) Instantaneous orthonormal bases:

2 . (mkz
W;;Trfk,x(r)(r): ESIIl(m)

% \/Z]n())nmp/R) einq&
RI,Gum )1 — 0232, 27

™ B i JT_kZ \/z]n(xnmp/R) e"?
Vb a0y () =, | )h(t)cos<k(t)> Riy1Goum) 27
(AS5)

(A4)

where J,, denotes the Bessel function of the first kind of the nth
order, y,, is the mth positive root of the equation J;(y) = 0,
and x,,,, is the mth root of the equation J,,(x) = 0.

(4) Eigenvalues:

TE Yam \ 2 7k, :
Ok 21) = (T) + 0 , k> 1,

(A6)
™ X \ 2 wk, 2
om0 = () +(5) - k=0 @D
(5) Coupled strengths:
L P R 1 3
g;ﬁk,n’m’k’ = {E) ) ka—fezmm " if k i % (AS)
-1 k+k’L2/3mm’8nn’a if k k/s
g’rll‘r]:l/[k,n’m’k’ = {g /33 , k2~ :fk i k/ (A9)

Similarly if the boundaries are at the radial coordinate p =
A(t) and the longitudinal coordinate z = (0, L), we have the
following.

(1) Boundary conditions:

Yoz, =0, [8, + A1 ™| =iy =0,  (A10)

aszM|z=0,Lz =0, y™|_=0.

(2) Instantaneous orthonormal bases:

(Al1)

V20 ump/M0)] €M?

Ve ) () = Esin (ﬂkZ> NZTa
] Lz LZ A, (ynm)m 27

(A12)
™ _ z wkz \/Ejn[xnmp/)‘-(t)] et
Yk 1) (1) —\/:ZCOS( LZ) A1 Cum) 27
(A13)

(3) Eigenvalues:

2 2
Ynm wk
wznlik,k(t) = \/(_A(t)> + (_LZZ> v k21, (A14)

2 2
Xnm wk
D 1t = \/(—m)> + (—L:> . k>0, (Al5)
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(4) Coupled strengths:

2 ) 2 —n? .
Z)’ni},,z,,, 3;'” ) 8m1’ 5kk’ P if m 75 m/9
Y™ Yom! \| Yo (A 1 6)
2

TE _
gnmk,n’m’k’ - y
m : )
Freap—" S Sk » itm=mn',
2Xm X! : /
T™ _ )2 2 ann’(skk’, if m 7é m, Al7
nmkwm'k = ) " T . , ( )
0, ifm=m.

In a spherical cavity, we introduce the spherical coordi-
nates (r, 6, ). If the boundary is at the radial coordinate
r = A(t), we have [28] the following.

(1) Hertz potentials:

o, =y™¢, M, =y, (A18)
where ¥ TE and ¥ ¢ denote the Debye potentials.
(2) Boundary conditions:
Y i) =0, (A19)
; ™ _
[0r + A3 J(ry " )ly=rry = 0. (A20)
(3) Instantaneous orthonormal bases:
2 jl[jlnr/)\-(t)]

TE = Y (0, 9), A21
Vim0 (F) = | B0 G 1m0, @) (A21)
2 jilicinr /2.(2)]

Vit ® =\ 55— / Yin(6. ).
Jj ki JkE, — 1A+ 1)
(A22)

where j; denotes the spherical Bessel function of the /th
order, Y;,,(0, ¢) denotes the normalized spherical harmonics
of degree / and order m, j;, denotes the nth zero for j;(x) = 0,
and «;, denotes the nth zero of d,[xj;(x)] = 0.

(4) Eigenvalues:
TE .
wnlm,k(z) = ]ln/)‘(t)» (A23)
™
Opim iy = Kin/A(0). (A24)
(5) Coupled strengths:
2jin i 8 if /
TE 2 _ 2 Oll'Omm’, 1Un 75 n,
gnlm,n/l’m/ = Jin"Jiw . , (AZS)
0, ifn=n,
2ty | K —l(U+1) Sis i ,
™ _ ,(znf,cz,,/m wmm, ifn#n',
nimwvm = ! sz I (A26)
—_—n___§.. , . —
Kfn—1(1+1)‘sll Smm'» ifn=n'.

APPENDIX B: TM FIELD IN A TREMBLING CAVITY

The TM field in the trembling cavity satisfies differ-
ent boundary conditions from the TE field. According to
Refs. [25,26], by using the Lorentz transformation, the bound-
ary conditions are

aY ™o =0, [3,+A®)3]Y™|.=ii) = 0,
v ™oL, = ¥ ™Mly=0., = 0. (B1)

Similar to the TE field, we also define the following instanta-
neous orthonormal basis {y/ ¥ (r)}:

2 (nkzz) 2 <nkxx> . (nkyy>
——cos sin sin ,
At) A1) ) JLcL, L, L,

(B2)

Yp(r) =

which satisfies the Helmholtz equation [Eq. (14)] and the
boundary conditions [Eq. (B1)] to the first order of € [notice
i(t)8,¢EM|Z:w) ~ €2]. Following the same procedure, we
obtain the expression of the effective Hamiltonian, which is
the same as that of the TE field [Eq. (26)] except

lyetpe 2K i
Skp = (=1 k2—p? (Skxpx 81‘)‘17,\' ’ lf kZ # Pz (B3)
8kxpx5kypya if kz = Pz-

APPENDIX C: MATRIX REPRESENTATION TECHNIQUE

The matrix representation technique is a mathematical
technique that can be used to calculate the trace of the
products of several exponentials of a quadratic form in boson
operators. For simplicity, we first consider the product of two
exponentials, i.e., JiJ>, where J;,i = 1,2 is an exponential of
a quadratic form in boson operator

Ji = exp(36S;&). (CD)

PPN A AT AT A~ AL

Here, ot_(al,az,...,an,al,az,...,ajl) and a;,j=
1,...,n satisfies the bosonic commutation relations and

the (2n x 2n) matrix S; is a complex symmetric matrix. For
later convenience, we introduce a characteristic matrix [J;]
corresponding to J;,

[Ji] = exp('S)), (C2)

o= (_‘; {)) (C3)

and / is the n x n identity matrix. Now, let us define a set
J which includes all operators of the type Eq. (C1). Also, we
define a set J which includes all matrices of the type Eq. (C2).
Then, it can be proved that both sets are the representations
of the 2n-dimensional complex symplectic group with oper-
ator and matrix multiplications, respectively [49]. Also, the
product of operators is related to the matrix multiplication,
ie., if 5 = JiJ», we have [f3] = [/11[/2], where J; € J and
[Jil € J,i=1,2,3. This result can be straightforwardly gen-
eralized to the product of more than two exponentials. So, the
product of several exponentials of a quadratic form in boson
operators can be related to one exponential of a quadratic form
in boson operator of which the characteristic matrix is known.
Finally, the trace of an exponential of a quadratic form in
boson operator can be calculated by its characteristic matrix
[42] by

where

Tef = [(—1)'det([]] — D]2, (C4)

I 0
(O I)‘ (C5)

where

~
Il
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Thus we transform the trace of the product of several ex- calculation of the characteristic matrices which is easy to deal
ponentials of a quadratic form in boson operators to the with.

J
APPENDIX D: ANALYTICAL SOLUTIONS FOR THE GENERAL CASE WITH A # A,

The matrix representation technique can also be applied to more general cases in which the trembling boundary starts
and stops at different positions Ag # A.. In the single-resonance conditions, the modified characteristic function G(u, v) =
G(u, v)e A% reads as follows.

(1) The DoF resonance: 2 = 2wi

_ sinh—_imwkz+ Fensg
u,v)= . D1
gl ( ) . 10 —iuAwg+Pox s, . . . .12 ( )
sinh — 2+ sin(uwg ., + v)sin[(u — iB)wg », + vlsinh“g| T
(D2)
(2) The SuF resonance: 2 = wx + wp
sinh 7iquk2+ﬂwk_)\O sinh 71'qu,,2+/5pr;~0

(D3)

Ga(u,v) =
si

—iuAwx+Bwryy - 4 —iuAwp+Pwp, . o (u=iB) (kg t@pag) . :
h A o i ~R0n 020 . i (Uekackobic) ) gin (UEX0000) ) inh?g,

(3) The DiF resonance: Q = |wyi — wp|

. —iuAwg+Pwy, . —iuAwy+Pwp.
sinh = Pt Ginh ptPpig

2
- (D4)
(u—iB) (k39 —Wpigy) - ’
u—i wkzo Wp 1y s1n2g31'

G(u,v) =
S1

sin

—iuAwg+Powk,, . —iuAwp+Pwp (O — k)
h 5 sinh > ~+ sin >

where Aws = ws ), — ws.3,,5 =K, p.
It is worth mentioning that the Crook’s fluctuation theorem in these cases is nontrivial. For later convenience, we consider the
moving boundary takes a more general form

At) = Aol + € sin(Q + @) + £ ()], (D5)

where ¢ denotes the initial phase of the boundary. In this case, the effective Hamiltonian after the RWA becomes
e Mo lee%N"w, Jj = 1,2, 3. The characteristic function will not change after the unitary transformation because of the cyclic
property of trace.

In the nonzero initial phase ¢ cases, the modified characteristic functions associated with the forward process A(f) and the
reverse process A(t — t) read

Grj(u,v)=G;u,v), j=12.3, (D6)

aR,l(uv U) = al(u’ U)|‘Uk.ko<—>wk,»\r ) GR,j(uv U) = aj(uv U)' wkvi;(]ewk-}»r ) j = 27 35 (D7)
“p,ig Tt
where f|,.,, means the value of the parameters a and b in function f is interchanged. Then, we have Gr(—u, —v) = Gp(u +

iB, v —iBu)eP2®, which is equivalent to the Crook’s fluctuation theorem % = ePW—HAN=A®) and the time reversal

symmetry of the effective Hamiltonian Heg(¢) [9]
T Her L (0), MO)T = Her (M(1), —A(1)), (D8)

where the time-reversal operator 7 is an antilinear and antiunitary operator and which implies changing the sign of all odd
operators. We would like to emphasize that 7' (r, )T = = "™E(r, —t) and T ' ™(r, t)T = ¥ ™(r, —1), which indicate
that the electric field E (the magnetic field B) is an even (odd) operator. It is interesting to notice that the time derivative of the
work parameter A(7) also appears in the effective Hamiltonian in Ref. [50].
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