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Abstract: Quantum Brownian motion, described by the Caldeira-Leggett model, brings insights to
the understanding of phenomena and essence of quantum thermodynamics, especially the quantum
work and heat associated with their classical counterparts. By employing the phase-space formulation
approach, we study the heat distribution of a relaxation process in the quantum Brownian motion
model. The analytical result of the characteristic function of heat is obtained at any relaxation time
with an arbitrary friction coefficient. By taking the classical limit, such a result approaches the heat
distribution of the classical Brownian motion described by the Langevin equation, indicating the
quantum-—classical correspondence principle for heat distribution. We also demonstrate that the
fluctuating heat at any relaxation time satisfies the exchange fluctuation theorem of heat and its
long-time limit reflects the complete thermalization of the system. Our research study justifies the
definition of the quantum fluctuating heat via two-point measurements.

Keywords: open quantum systems; phase-space formulation; quantum Brownian motion;
heat statistics

1. Introduction

In the past few decades, the discovery of fluctuation theorems [1-4] and the establish-
ment of the framework of stochastic thermodynamics [5-7] deepened our understanding
of the fluctuating nature of thermodynamic quantities (such as work, heat and entropy
production) in microscopic systems [8-13]. Among various fluctuation theorems, the
non-equilibrium work relation [2] sharpens our understanding of the second law of ther-
modynamics by presenting an elegant and precise equality associating the free energy
change with the fluctuating work. Such a relation was later extended to the quantum realm
based on the two-point measurement definition of the quantum fluctuating work [14,15],
soon after its discovery in the classical regime. The work statistics has been widely studied
in various microscopic classical and quantum systems [16-26]. Historically, the quantum-
classical correspondence principle played an essential role in the development of the
theory of quantum mechanics and the interpretation of the transition from quantum to
classical world [27,28]. In Refs. [19,22,24], it is demonstrated that the existence of the
quantum-—classical correspondence principle for work distribution brings justification for
the definition of quantum fluctuating work via two-point measurements.

Compared to work statistics, heat statistics relevant to thermal transport associated
with a nonequilibrium stationary state has been extensively studied [29-38], but the
heat statistics in a finite-time quantum thermodynamic process [39—41] and its quantum-
classical correspondence have been less explored. A challenge is that the precise descrip-
tion of the bath dynamics requires handling a huge number of degrees of freedom of
the heat bath. Different approaches have been proposed to calculate the quantum fluc-
tuating heat and its statistics, such as the non-equilibrium Green’s function approach
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to quantum thermal transport [29,32,36,42—44] and the path-integral approach to quantum
thermodynamics [45-49]. However, very few analytical results about the heat statistics have
been obtained for the relaxation processes in open quantum systems. These analytical
results are limited to either the relaxation dynamics described by the Lindblad master
equation [39,40] or the long-time limit independent of the relaxation dynamics [50]. On the
other hand, some results about the heat statistics in the classical Brownian motion model
have been reported [51-59]. How the quantum and the classical heat statistics (especially
associated with the relaxation dynamics in finite time) are related to each other has not
been explored so far, probably due to the difficulty in studying the heat statistics in open
quantum systems [60-62].

In this article, we study the heat statistics of a quantum Brownian motion model
described by the Caldeira-Leggett Hamiltonian [48,63-68], where the heat bath is modeled
as a collection of harmonic oscillators. Although it is well known that the dynamics
of such an open quantum system can approach that of the classical Brownian motion
in the classical limit i — 0 [64], less is known about the heat statistics of this model
during the finite-time relaxation process. Here, we focus on the relaxation process without
external driving (the Hamiltonian of the system is time-independent); thus, the quantum
fluctuating heat can be defined as the difference of the system energy between the initial
and the final measurements [69].Under the Ohmic spectral density, the dynamics of the
composite system is exactly solvable in the continuum limit of the bath oscillators [70]. By
employing the phase-space formulation approach [71-73], we obtain analytical results of
the characteristic function of heat for the Caldeira—Leggett model at any relaxation time
T with an arbitrary friction coefficient x. Previously, such an approach was employed to
study the quantum corrections to work [74-76] and entropy [77,78]. Analytical results
of the heat statistics bring important insights to understand the fluctuating property of
heat. By taking the classical limit 77 — 0, the heat statistics of the Caldeira-Leggett model
approaches that of the classical Brownian motion model. Thus, our results verify the
quantum-—classical correspondence principle for heat distribution, and provide justification
for the definition of the quantum fluctuating heat via two-point measurements. We also
verify, from the analytical results, that the heat statistics satisfies the exchange fluctuation
theorem of heat [4].

The rest of this article is organized as follows. In Section 2, we introduce the Caldeira—
Leggett model and define the quantum fluctuating heat. In Section 3, the analytical results
of the characteristic function of heat are obtained by employing the phase-space formulation
approach. We show the quantum-classical correspondence of the heat distribution and
discuss the heat distribution in the long-time limit or with the extremely weak or strong
coupling strength. The conclusion is given in Section 4.

2. The Caldeira-Leggett Model and the Heat Statistics
2.1. The Caldeira—Leggett Model

The quantum Brownian motion is generally described by the Caldeira-Leggett
model [64,65], where the system is modeled as a single particle moving in a specific po-
tential and the heat bath is a collection of harmonic oscillators. For simplicity, we choose
the harmonic potential for the system [66,79-81], where the dynamics of such an open
quantum system can be solved analytically. The system relaxes to the equilibrium state
at the temperature of the heat bath. We study the heat distribution of such a quantum
relaxation process and analytically obtain the characteristic function of heat and its classical
correspondence based on the phase-space formulation of quantum mechanics.

The total Hamiltonian of the composite system is Hy,t = Hg + Hp + Hgp with
each term being
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where mg, wy, §o and pg (M, wy, §, and p, withn =1,2,3, ..., N) are the mass, frequency,
position and momentum of the system (the n-th bath harmonic oscillator) and C;, is the
coupling strength between the system and the n-th bath harmonic oscillator. The counter-
term Y,[C2/(2m,w?)]43 is included in the interaction Hamiltonian Hgp to cancel the
frequency shift of the system.

The spectral density is defined as J(w) := ¥_,,[C2/ (2muwy)]d(w — wy). We adopt an
Ohmic spectral density with the Lorentz—Drude cutoff [67]

Jla) = "% % @

T O3+ w?’

where « is the friction coefficient. A sufficiently large cutoff frequency Qg (Qp > wy) is
applied to ensure a finite counter-term and the dynamics with the timescale exceeding 1/
is Markovian. Under such a spectral density, the dissipation dynamics of the Caldeira—
Leggett model with a weak coupling strength ¥ < wy reproduces that of the classical
underdamped Brownian motion when taking the classical limit # — 0 [64].

We assume the initial state to be a product state of the system and the heat bath

0(0) = ps(0) ® p§, ®)

which makes it possible to define the quantum fluctuating heat via two-point measurements.
Here, ps(0) is the initial state of the system and p§ = exp(—BHg)/Zp(B) is the Gibbs
distribution of the heat bath with the inverse temperature § and the partition function

Zp(B) = Tr[exp(—pHp)].

2.2. The Quantum Fluctuating Heat in the Relaxation Process

We study the heat distribution of the relaxation process based on the two-point
measurement definition of the quantum fluctuating heat. When no external driving is
applied to the system, the Hamiltonian of the system is time-independent. Since no work
is performed during the relaxation process, the quantum fluctuating heat can be defined as

Qu = Ej — E}, (6)

where EZS (EIS,) is the eigenenergy of the system corresponding to the outcome / (I') at the
initial (final) time t = 0 (t = 7). The two-point measurements over the heat bath can be
hardly realized due to a huge number of degrees of freedom of the heat bath [20], while the
measurements over the small quantum system are much easier in principle. The positive
sign corresponds to the energy flowing from the heat bath to the system.

For the system prepared in an equilibrium state, no coherence exists in the initial state
and the initial density matrix of the system commutes with the Hamiltonian of the system,
[0(0), Hs] = 0. The probability of observing the transition from ! and I’ is

Peii = Yo 1Pl (7)
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with the conditional transition probability . ;; = Tr[(P] @ I)Usot(T) (P @ p§ ) U ()]
and the initial probability p; = Tr[p(0)P?]. Here, B? = |I)(I| is the projection operator
corresponding to the outcome . The heat distribution is defined as

Pr(q) =) _6(9 — Qui)pr - 8)

iy

The characteristic function of heat x-(v) is defined as the Fourier transform of the heat
distribution x(v) :== ¥y exp[iv(Ef, — E?)]p« 1, which can be rewritten explicitly as

Ke(v) = Te s Unor(1) (7 50(0) ) Ut (1) ©)

where Uiot(T) = exp(—iHwtT/h) is the unitary time-evolution operator of the
composite system.

Our goal is to analytically calculate the characteristic function x.(v). Previously, the
quantum-—classical correspondence principle for heat statistics has been analyzed with
the path-integral approach to quantum thermodynamics [48], yet the explicit result of
the characteristic function (or generating function) of heat has not been obtained so far.
We employ the phase-space formulation approach to solve this problem and rewrite the
characteristic function Equation (9) into

Ke(v) = Te |y 0)], (10)
where the system Hamiltonian in the Heisenberg picture is
HE' (1) = Ughe(7) HsUsor (1), (11)

and the density matrix-like operator #(0) is

7(0) = [e7"Msps(0)] @ pf. (12)

We express Equation (10) with the phase-space formulation of quantum
mechanics [71-76]:

x<(v) = (27IF11)N+1 /dz [eivH?(r)]w(Z) - P(z), (13)

where z represents a point z = [q,p] = [qo, .-, 4N, Po, ---, PN] in the phase space of the
composite system and the integral is performed over the whole phase space. The subscript
“w” indicates the Weyl symbol of the corresponding operator and P(z) is the Weyl symbol
of the operator 7(0), which is explicitly defined as [71]

ipy

P(z) = [dy(a-2[noa+2)e’. (14)

In the following, we calculate the heat statistics Equation (13) by employing the phase-space
formulation approach.

3. Results of the Characteristic Function of Heat

We show a sketch of the derivation of the heat statistics x;(v) with the details left in
Appendix A. We specifically consider the system is initially prepared at an equilibrium state
ps(0) = exp(—pB'Hs)/Zs(B') with the inverse temperature p’ and the partition function
Zs(B') = 1/[2sinh(B'hwy/2)]. The heat bath is at the inverse temperature , which is
different from B’. In Equation (13), the two Weyl symbols {eiVHE (T)} (z) and P(z) are

w

obtained as
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[EWH?(T)L(Z) — Cos(%exlo[ﬂlz Ay(7) ] (15)

and

P(z) =

g}

where the explicit expressions of the matrices A,.(7) and A p are given in Equations (A10)
and (A36), respectively.

Substituting Equations (15) and (16) into Equation (13), the characteristic function of
heat at any relaxation time T with an arbitrary friction coefficient « is finally obtained as

X< (v) :{

where the quantities & and © are

p'ewg
ZSlnh( )} [H Ztanh( xp( ! —z Aﬁzz) (16)

cosh [7(5/4-11/ vy

. K2 cos(2d0T) — 4w 2
(1+iE)(1 — iOF) — iZ(1 — © — iOF)

(k2 — 4w} )er™

1
. 2 2
K2 cos(200T) —4wj |\ 2 a7)
(k2 — 4wd)er™ ’

+E22(1 -0 —iOE)>

_ (vhw0> s
tanh{ ﬁ’+w 0} ztan( )I
tanh{ pltiv hwo} ztan( )

0= tanh(ﬂhw(’) ' 49

Induced by the friction, the frequency of the system harmonic oscillator is shifted to
@ = \/wj — «2/4.

From the analytical results of the heat statistics Equation (17), the average heat
(Q)(1) = —idy[In x(v)]],—o is immediately obtained as

(Q)(t) = “’2 [oth(ﬁ 0 >—coth<ﬁ/‘§°h>] [1— K cos(2007) — 4w | o

(k2 — 4wi)er™

and the variance Var(Q) (t) = —3}[inxr(v)]],g is
Var(Q)(7) = I+ 11- e T 411 - e 27, 1)

with

wzhz CSCh2 M +CSCh2 /woh
IZO[ <24)L <2)} (22)
h > [ Blwoh " o
[ Kcos(20T) — 4w w2 {cothz(ﬁ%> 4 csch (ﬁ‘;o )_Coth(ﬁ% ) woth ( pan )] .
N 202 .
h ! cwonh 2

I = * cos(4@0T) + 8wiK?[1 — 2cos(2wor)] + 16w w(%h [Coth(L) - Coth(ﬁ%)} (24)

l6w 4
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Similarly, one can calculate the higher cumulants from the analytical results of the heat
statistics. In the following, we examine the properties of the heat statistics of the quantum
Brownian motion.

3.1. Quantum—Classical Correspondence Principle for Heat Statics and the Exchange Fluctuation
Theorem of Heat

We further take the classical limit # — 0 or, more rigorously, fiiwy — 0. The two
quantities approach £ — v/p and ® — p’/p and the characteristic function of heat
(Equation (17)) becomes

XL W) :{
:B _ !3/ — v 2 KZ COS(ZC&OT) _ 4w2 2 e _
+V2 ( ,Bﬁ, ) [( <K2 — 4(47(%)67“— O) —¢ z ’ (25)

which is consistent with the results obtained from the classical Brownian motion described
by the Kramers equation (see Ref. [58] or Appendix C). The average heat is

v, (- p —iv) (k*cos(2dT) — 4w3) ] ?

.V .
(1+IE)(1_IB)_ ﬁ,B/ (K274w%)e’“

Nf—=

d B —B K2 cos (20 T) — 4w}
- 1— , 26
<Q >(T) Bp’ l (k2 — 4wd)er™ (26)
and the variance Var (Qd) (1) = =3[ xI(v)] ’ . is
V=
Var(Q¥) (1) = 1+ - e T e, 27)
with
2 2
+p
=P (28)
'Bzf;/z
[ _ K2cos2@0T) — 4w B2~ B+ B> 29)
- 2(2)5 ‘BZBIZ
— x* cos(4@oT) + 8wgr?[1 — 2cos(2d0T)] + 16wy (B — B)? 30)
16 p*p>

From Equation (17) (or the classical counterpart Equation (25)), one can see the charac-
teristic function of heat exhibits the following symmetry:

x<(v) :)(T[—i([%—/%’) —v], (31)

which shows that the heat distribution satisfies the exchange fluctuation theorem of heat in
the differential form P;(Q)/P:(—Q) = exp[—(B — B’)Q] [4]. By setting v = 0, we obtain
the relation x[—i(B — B')] = x+(0) = 1, which is exactly the exchange fluctuation theorem
of heat in the integral form (exp[(f — f/)Q]) = 1.

3.2. Long-Time Limit

In the long-time limit T — oo, the characteristic functions of heat (Equations (17) and (25))
become
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(1 — e’ﬁl“’oh) (1 — e’ﬁ“’oh)
Xeo(V) = (1 _ e—(ﬁ’+iv)w0h) (1 _ e—(,s-iu)woh) ’ (32)

and

Qo BB
=) = = &

Such results, independent of the relaxation dynamics, are in the form

_ Zs(B 4 in)Zs(B— )
)= zs )

reflecting complete thermalization of the system [53]. For example, the relaxation of a
harmonic oscillator governed by the quantum-—optical master equation gives the identical
characteristic function of heat in the long-time limit [39]. In Appendix D, we demonstrate
that the characteristic function of heat for any relaxation process with complete thermalization
is always in the form of Equation (34). With the simple expressions (32) and (33) of
the characteristic functions, the heat distributions are obtained from the inverse Fourier
transform as

(34)

_ B wph _ ,—Buwgh
(1 e 0)(1 e O)Z;ioé(q_]w()h)eiﬁq qZO

= 1—e— (B'+B)woh
P (Q) - (1727%’2;0?1) (1767‘3“]071) . ’ , , (35)
P K100+ o) g <0
and
lgliﬁefﬂq >0
7 q =
Pola) = i ‘ (36)
gl T a<0

which are exactly the same as the long-time results obtained in Ref. [39].

3.3. Weak/Strong Coupling Limit in Finite Time

In the weak coupling limit ¥ < wp, the characteristic function of heat
Equation (17) becomes

1
1+i2)(1—iEO)(1 — e ) f et

X W) =1 (37)
There is only one relaxation timescale associated to x. Such situation corresponds to the
highly underdamped regime of the classical Brownian motion and a systematic method
has been proposed to study the heat distribution [56], as well as the work distribution,
under an external driving [82,83].

In the strong coupling limit x > wy, the characteristic function of heat
Equation (17) becomes

1

VI +iE)(1—iEO) (1 — e 2KT) + ¢~ 2T

X ! . (38)

Zw% Zw%
(1+i2)(1-iEO) <1 - e_KT> +e w® T

Xz (v) =
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The relaxation timescales of the momentum (the first factor) and the coordinate (the second
factor) are separated. The long-time limits of both Equations (37) and (38) are equal
to Equation (32). In classical thermodynamics, the usual overdamped approximation
neglects the motion of the momentum; hence, the heat statistics derived under such
an approximation is incomplete [52]. Actually, the momentum degree of freedom also
contributes to the heat statistics.

3.4. Numerical Results

In Figure 1, we show the cumulative heat distribution function Pr(Q < gq)
f ioo Pr(q")dq’ with different friction coefficients x = 0.01,1 and 100, at the rescaled re-
laxation time T = x7 = 1 and 10. We set the mass m = 1 and the frequency wy = 1 for
the system harmonic oscillator, the inverse temperatures f = 1 and ' = 2 for the initial
equilibrium states of the heat bath and the system, respectively. The Planck constant is set
tobe 1 = 1,0.5,0.1. With the decrease in 7, the quantum result Equation (17) approaches
the classical result Equation (25). Thus, the quantum-—classical correspondence of the heat
distribution is demonstrated for generic values of the friction coefficient «.

F=1,k=001 = T r=1R=1 |~ F=1,k=100 g
i r,"" i ra
Ill fi=1 i H
{ i !
) h=0.5 !
/] #=0.1 / |
!
__________ _J’d ----- Classical ___________;‘ﬂ S
7 =10, k = 0.01 =TT =10, k=1 T =10, k=100 e
7’ ’|,—;“r F‘j
/| /| 1
7 rs f
4 I ]
I’ II
4 U
1 1 T
ll II l,
LA - B | i
-4 -2 0 2 4 -4 -2 0 2 4 -4 -2 0 2 4
q

Figure 1. The cumulative heat distribution function Pr(Q < g). The choices of the parameters are given in the main text. We

compare the results of the Caldeira—Leggett model (blue solid, orange dotted and green dot-dashed curves) in Equation (17)

and those of the classical Brownian motion (black dashed curve) in Equation (25). The rescaled relaxation time is T = k7 =1

in the upper subfigures and ¥ = 10 in the lower subfigures. The left, middle and right subfigures illustrate the results for

the weak (x = 0.01), intermediate (x = 1) and strong coupling strength (x = 100).

For x = 0.01 and 1, complete thermalization is achieved at ¥ = 10. The left-
lower and middle-lower subfigures show the identical distribution characterized by
Equations (35) and (36). For x = 100, the momentum degree of freedom is thermalized
exp(—27) ~ 0 in Equation (38), while the coordinate degree of freedom remains frozen
exp|—2(w3/x?)T] ~ 1 in Equation (38). Thus, the distribution in the right-lower subfigure
is different from the middle-lower subfigure.

In Figure 2, we illustrate the results of the mean value (Q)(7) and the variance
Var(Q)(t) with different friction coefficients x = 0.01,1 and 100. The parameters are the
same as those in Figure 1. The quantum results approach the classical results with the
decrease in fi. For x = 0.01 and 1 (left and middle subfigures), complete thermalization

is reached when ¥ > 5. The mean value and the variance approach Tlgn <QCI>(T) =
1/B—1/B and Tlgn Var(Qd) (1) = 1/[52 + 1//3’2(gray horizontal lines). For x = 100

(right subfigures), only the momentum degree of freedom is thermalized at this timescale.
Thus, the mean value and the variance take half value of their long-time limits. When the
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coordinate degree of freedom is also thermalized in the long-time limit ( > x2/w} = 10%),
the mean value and the variance are expected to approach the same values as those in the
middle subfigures.

— h=1
£=0.5
h=0.1

Figure 2. The evolution of the mean value (Q)(t) (upper subfigures) and the variance Var(Q)(t) (lower subfigures) of
the heat statistics as functions of the rescaled time T = 7.

4. Conclusions

Previously, the heat statistics of the relaxation processes has been studied analytically
in open quantum systems described by the Lindblad master equation [39,40,50]. However,
due to the rotating wave approximation and other approximations, such quantum sys-
tems do not possess a well-defined classical counterpart. Hence, the quantum-—classical
correspondence principle for heat distribution has not been well established.

In this paper, we study the heat statistics of the quantum Brownian motion model
described by the Caldeira-Leggett Hamiltonian, in which the bath dynamics is explicitly
considered. By employing the phase-space formulation approach, we obtain the analytical
expressions of the characteristic function of heat at any relaxation time 7 with an arbitrary
friction coefficient x. The analytical results of heat statistics bring important insights to
the studies of quantum thermodynamics. For example, in the classical limit, our results
approach the heat statistics of the classical Brownian motion. Thus, the quantum-—classical
correspondence principle for heat statistics is verified in this model. Our analytical re-
sults provide justification for the definition of quantum fluctuating heat via two-point
measurements.

We also discuss the characteristic function of heat in the long-time limit or with the
extremely weak/strong coupling strength. In the long-time limit, the form of the charac-
teristic function of heat reflects complete thermalization of the system. In addition, from
the analytical expressions of the heat statistics, we can immediately verify the exchange
fluctuation theorem of heat. The phase-space formulation can be further utilized to study
the joint statistics of work and heat in a driven open quantum system, which would be
beneficial in exploring the fluctuations of power and efficiency in finite-time quantum
heat engines.
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Appendix A. Derivation to the Characteristic Function of Heat (17)
We show the detailed derivation to the characteristic function of heat x(v). First,
we calculate the two Wigner functions [eiVHE (t)} (z) and P(z). Then, the final result
w
Equation (17) is obtained from Equation (13).
Appendix A.1. [ei"H?(t)} (z)
w

With the quadratic Hamiltonian HE (#), the Wigner function [eiVHgl (t)} (z) is [78,81]

w

- 1 MWy wohv\ » A | wohv\ »
= Cos<w0hv) exp {1 7 tan( 5 )qo(t) + szth tan{ —5 po(t) (A1)
1

Cos(wohv)

where z(t) gives the trajectory in the phase space determined by the initial point z(0) = z
and Ay, is a rank-2 diagonal matrix

exp {zihzT(t)szz(t)} , (A2)

2mowp tan ( wohv )

(A3)

with an N x N zero matrix O. The unlisted elements are zeros. The trajectory z(t) satisfies
the classical equation of motion (also the equation of motion in the Heisenberg picture).

- _m

qo = p— (A4)

—

qn = — (Ab)

po = —mow%% + ch‘]n/ (A6)
n

Pn = *mnw%Qn + CnQO/ (A7)

with @3 = wf + YN | C2/(momyw?). The above differential equations can be rewritten into
a compact form z(t) = Lz(t). The trajectory z(t) = [q(¢), p(t)] in the phase space charac-
terizes the evolution of the composite system with the positions q(t) = [go(t),...,qn(t)] and
the momenta p(t) = [po(t), ..., pn(t)] and is related to the initial point by the dynamical
map z(t) = exp(Lt)z(0). The (2N +2) x (2N + 2) matrix L is explicitly
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mo 1
" 1
my
1
L= my |, (A8)
—mo@3 Ci Cy Cn
C1 fmlw%
C2 —H’IQCU%
C o 2
N MWy
and the matrix exponential is formally written as
L%} 1 AN r‘%)) ‘[Lll %
Y1 All AlN :’% % %
K o
epL= | T Aw . Aw S S g
P ; j ; Ly My g mo
moig mofxl mo'th %ﬁo Wlﬁl ﬁN
miy omiAn . omAiy GG A ,%AlN
mNiN  mNANt .. myANN %51\1 %AM %ANN
We rewrite the quadratic form into z' (t)A,.z(t) = z' (0) A,z (t)z(0) with
Az (t) = exp (LTt) Ay exp(Lt). (A10)

We next carry out every element in Equation (A9) through the Laplace transforms of
Equations (A4)—-(A7):

sdo(s) —qo(0) = PO(S), (A11)
mo
54 (s) — qu(0) = F ”(S), (A12)
My
$Po(s) = po(0) = —mo@do(s) + L Caln(s) (A13)
5Pn(s) = pn(0) = —mueidu(s) + Cufo(s)- (A14)
Representing 7, (s) and p(s) with §o(s) and the initial conditions we obtain
) C2 ) ) +5q ( )
2 2 n _ n
Under the Ohmic spectral density Equation (4), the above equation is simplified to
~ +s
(s + s + w§)do(s) = Go(0) +sq0(0 Z [SM} , (Al6)

where the summation on the left-hand side of Equation (A15) can be approximately ex-
pressed as



Entropy 2021, 23, 1602

12 of 24

(t) +xio(t) + () = Km0+ T 4,0

L

Ci
— | = — —— Al7
m [momn(sz + w%)] KL monyw2’ (AL7)
with a large cutoff frequency ()y. The inverse Laplace transform gives the differential
equation of qo(t) as
sin(wpyt)

o + q1(0) cos(wpt) |- (A18)

initial velocity change
stochastic force

On the right-hand side, the second term presents the stochastic force induced by the
heat bath; the first term indicates an abrupt velocity change —xqo(0) of the system particle
at the initial time ¢ = 0 [63,84,85]. The sudden change in velocity occurs for the system
harmonic oscillator when the coupling between the system and the heat bath is switched
on. Such an initial slippage is caused by the assumption of the initial product state. To
avoid such an initial discontinuous problem, we drop the first term by considering the
particle motion as starting at ¢+ = 04 [70]. Under such a modification, the Caldeira-Leggett
model can reproduce the complete Langevin equation with an arbitrary friction coefficient
« for both the underdamped and the overdamped regimes and the heat distribution of the
Caldeira-Leggett model approaches that of the classical Brownian motion described by the
Kramers equation [86]. In Appendix B, for the classical counterpart of the Caldeira-Leggett
model, we show that the initial slippage can be naturally eliminated by choosing another
initial state.

After dropping the first term, Equation (A16) becomes

~ . Cn [4n(0) +5g4(0
(2 s+ B)ole) = d0(0) + (x-+90g0) + 1 o | BOEBO - arg
The solutions to o (s) and 7, (s) follow immediately as
o 00(0) + (k +9)qo(0) + T, S G0 a0
qO(S) - 52+Ks+w% ’ ( )
(o) = §n(0) +542(0) | Cu 40(0) + (x +5)40(0) +—2:z£%;i4§%£§%¥92 )
ns) = s2 + w? My (s2 + w?2) (s% + ks + w?)

With the inverse Laplace transform, the elements in the matrix exp(Lt) Equation (A9) are
determined by

q70(0)

71(0)
1% 151 [4%) aN ﬁ() ,31 ﬁz ,BN
T A A . Ay & A DA .o AN Q_N(O) , (A22)
YN ANt An2 o Ann SN AN1 ANz . AnN 41(0)
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where the elements in the matrix of the right-hand side are explicitly solved as [70]

o = e~ |cos(@pt) + = sin(dot) |, (A23)
2(4}0
ot
Bo = —— sin(@ot), (A24)
wo
i = S £ (8) (A25)
n — mo n 7
Br = Sgult) (A26)
n = mogrz ’
C
T = S Lf(0) + g0, (A7)
n
e = gt (A28)
n = mngn ’
nCl
Ay = by cos(wpt) + F, (1), (A29)
nMo
ANy = o sin(wy,t) + . G (). (A30)

o s , A31
fn( ) _(52+K5+w%)(52+w%) ( )
[ 1
g ) A32
gn( ) _(52+K5+w%><52—|—w%) ( )
o g S , A33
nl( ) _(52 +Ks+w%)(82+w%)(sz+wlz) ( )
I 1
Clt) — 21 , (A34)
" | (82 + K8 + wh) (s2 + wF) (52 + w})

where £ 71(-) denotes the inverse Laplace transform with Z(-) = [;°(-)e™s'dt.
Appendix A.2. P(z)
P(z) is the Wigner function of the state #(0) for the composite system [78,81]:
. 'h
2sinh (%)
——
cosh [b l;) “’0}

P(z) = . [INI Ztanh(ﬁh;n)] - exp [—ZlhzTAﬁzZ], (A35)
n=1

where Ag; is a (2N +2) x (2N + 2) diagonal matrix

Aﬁz = diag()\lg/qo, 91, veey GN, Aﬁ,PO’ “111, veey ‘uN), (A36)

with the elements
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O = 2i1nn tanh('ghzw”>, (A37)
2 Bhwy
Un = o tanh( 5 >, (A38)
"+ iv)hw
Agrgy = 2mowy tanh [([52)0} (A39)

(B + iv)hwo}' (AL0)

2
— h
/\ﬁ P~ oo tan [ 5

Appendix A.3. Calculation of the Integral

With the explicit expressions of [ei"H?(T) (z) and P(z), we perform the integral in

Equation (13) and obtain the result of the characteristic function of heat

. det(AﬁZ — iAVZ)
XT(V) B J det [Aﬁz — isz(T)] ' (Ad1)

We use the following integral formula:
dim(T)
—1xTTx (27-[)
= A42
/ dxe 2 det(T) (A42)

where all the eigenvalues of T have positive real parts.
By introducing a diagonal matrix A = Ag, — iAyz, we rewrite Equation (A41) as

- 1
xc(v) = \J det(I L VAl [sz _ [\vz(T)] A*l). (A43)

Since A,» (7) is a rank-2 matrix, we rewrite it as

- wohv 1

Ayz(T) = 2mowy tan(oz) [VqO(T)V;O(T) + “vpo(r)v;fo(T)] , (A44)
mywo
with the vectors
_ Bo B BN\’ A5
qu(T) — 0(0,0(1,...,“1\], mio, mil’miN 7 ( )
T
VPO (T) = (moaco, moi, ..., MoknN, ‘30, foﬁl, veey O,BN) . (A46)
nmq my

where the evolution time ¢ in the terms &, and B, is set to T. We rewrite the matrix in the
determinant (see Equation (A43)) as

VA-T(Ay: — Az (1)) VAT = MM, (A47)

with the matrix
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\/ 2mowy tan “Jozhv vg (0)
2 wohv T
mr— | Vome T Ve (0 e (A48)

i\/2mowy tan “’Uzhv v, (T)

: 2 woltv . T
i\/ e tan =5 vpo(r)

The determinant in Equation (A43) can be simplified to

det(l +iVAT[Ay: — Kia(1)] \/A*1) - det(14 + iMTM), (A49)
where the right-hand side is the determinant of a 4 X 4 matrix and 1, is the 4 x 4 identity

matrix. Notice that the initial values of the two vectors are

v4,(0) = (1,0,..0,0,0,...,0)", (A50)
vy (0) = (0,0,..0,1,0,...,0)". (A51)

The explicit result of M'M is obtained as

1 0 iOCO io’co /w()
_ 0 1 iwoPo iBo
MM =2 . , , A52
g iwoPo —hi1(T) —hia(7) (A52)
idg/wo 1By —hp(T) —hpn(T)

where the elements are functions of the final time 7 and the functions h11(7), h12(7) and
hy(T) are

2moyw wohv _
hi1(7) = ; 0 tan( 02 )V;{O(T)A 1Vq0(‘L'), (A53)
2 (L)OhU T -1
hy(T) = PowoE tan > Vo (T) AT vy (T), (A54)
2 wohv _
hip(7) = Etan( 02 >ng(T)A v (1), (A55)
with
2 202 N /.2 2
T -1 g + wiby a, 1 By
v, (1)A vy, (t) = T + ( +——= (A56)
L AN (R ALy e oy e DA
.2 252 N /42 22
T -1 mo (&5 + w§pg) 2 & 1B
Vo (DA vy, (1) = BT T T T Y2+ 5 (A57)
ZwO{tanh[f} —ztan(T)} n=1\Un  Hn My
d (.2 202 N 2 2
T 1 _ 47 (o + wipg) mo o d (o 1P
va (DA vy (1) = (E NN ) gl n) (A58)
4w0{tanh{f} —ztan(T>} n=1 no M 1My

The summations are replaced by the integral with the Ohmic spectral density and
every element in Equation (A52) is carried out as
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_xr . K sin(WgT)
ao(t) =€ 7 |cos(@WgT) + ————= |, (A59)
2(,00
e~ 7 sin(@pT
o(r) = £ Sn(@oT), (A60)
wo
2 . N 2 N
e |Wg . KksSIn(2WpT) K= cos(2d0T)
hi(t) =@ +e 7|2 — 1-0), A61
wi  Kksin(2@pT) k% cos(26T)
ho(T) =@ 47 |20 — CLEpS 1 -e), A62
—KT
ha (T) = %(@ —1)[1 — cos(2@yT)]. (A63)
o

Then, Equation (17) is obtained by directly calculating the determinant of a 4 X 4 matrix in
Equation (A49).

Appendix B. Classical Caldeira-Leggett Model
We consider the classical Caldeira-Leggett model, where coordinates and momenta

commute with each other. To eliminate the initial slippage, the initial state is amended as a

coupled state,

e—B'Hs(0)—B[Hp(0)+Hsp(0)]
Z4(p, B) '

which represents the probability density in the phase space of the composite system. The
classical partition function is obtained by performing the integral in the phase space

l(2;0) =

(A64)

ZCI(,B/, ,B) = // €_ﬁ,H5(0)_ﬁ[HB(O)+HSB(O)]qudql...qudpodpl...de (A65)

N
_ ;ZO I (ﬁchn) (AG6)

n=1

which is independent of the interaction (notice that the partition function of the quantum
model relies on the interaction strength [68,87]).

We also define the classical fluctuating heat as the energy difference of the initial and
the final system energy. For classical dynamics, the initial and the final states are directly
represented by the points in the phase space and the measurements over the system can be
applied without disturbing the composite system. Therefore, the characteristic function of
heat is

ff elVHS —(B'+iv)Hs (0 )7ﬁ[HB(O)+HSB(O)]qudql...qudpodpl...de
Z4(p, B) '

where the energy of the system Hg () = [po(t)]2/(2mg) + mow3[qo(t)]? /2 is determined by
po(t) and go(t) associated with the initial point z. We choose a new set of initial variables
0, 4n = qn — Cngo/ (mnw?3), po and p, in the following calculation.

We rewrite the evolution of the coordinate go(t) of the system Equation (A16) as

xS (v (A67)

Moy, w2 $2 + w3 my  s%+ w2

(s? + x5 + wi)do(s) = <s+2 ° > +Z Cu 4u(0) + 5 (A68)
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For the Ohmic spectral density, the summation in the second term is

y G k. (A69)

~ Momyw} s> + w3

Thus, Equation (A68) naturally leads to Equation (A19) by substituting g,,(0) into q,,. The
initial slippage is rationally eliminated by choosing a coupled initial state Equation (A64).
In reality, the interaction between the system and the heat bath always exists and one cannot
prepare the initial state of the composite system without the influence of the interaction.
The initial state of the composite system is more likely in the coupled form Equation (A64).
The heat bath encodes partial information of the system due to the interaction.

Similar to Equation (A10), the system energy at time f can be represented by the
dynamical map as

Hs(1) = 27" (1)An, (1) (A70)
_ %ZT(O)[\HS(t)z(O), (A71)

with the following matrices [88]

mow%
(0]
Ap, = 1 , (A72)
mo
(0]
and
Apg(t) = exp(LTt)Ap, exp(Lt). (A73)
The initial vector is now amended to
2(0) = (40(0), 41, -, Gn, Po(0), ., pn(0)) ™. (A74)

The initial Hamiltonians Hg(0) and Hg(0) + Hsp(0) are

1
Hs(0) = 52" (0)Az(0), (A75)

Hp(0) + Hsp(0) %(1 Piy L, w2q2>

B SB = F A Mn

=\2m, 2 e
= 227 (0)As2(0), (A76)

with the matrix 1 1
Ap, = di 2. 2,0, —, ..., —). A77
Hpg dlag(olmlwll rmeNIO m mN) ( )

According to the integral Formula (A42), we carry out the characteristic function
Equation (A67) into

dpn det[B'Ang + BAH;)
X lv) = \/ det[F Am + BAr, — v (Ao (T) = Am)] (A78)

For the classical limit # — 0, we can verify
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. AﬁZ / .
%13}) 7 = (,3 + IV)AHS + ,BAHB/ (A79)
vz
rllir}) _— VAR, (A80)
. Ayz(t) -
lim 2550 = vA (1), (A81)
and obtain
lim x(v) = x5 (v), (A82)
h—0

with x(v) given in Equation (A41). The final result Equation (A78) is the same as Equation
(25). Hence, we use the same notation.

Appendix C. The Characteristic Function of Heat for the Classical Brownian Motion
We derive the characteristic function of heat for the classical Brownian motion. For an
underdamped Brownian particle moving in a potential V(x), the stochastic dynamics is
described by the complete Langevin equation
19V 1

X+ xx + %g = aFﬂuC(t). (A83)

The fluctuating force Fy,((t) is a Gaussian white noise satisfying the fluctuation—dissipation
relation

(Fruc(£) Fauc(t')) = 2mxkgTé(t — t'). (A84)

The evolution of the system state is characterized by the probability density function
p(x, p;t) in the phase space. The stochastic dynamics is then described by the Kramers
equation [86]

d _
= =2l (A85)

with the Liouville operator

9, p ) aV(x) Km Bp] (AS6)

ZLlpl = —a(%:@) + ap[KPP+ o P B ap

Similarly, in the phase space, we calculate the characteristic function of heat for the
classical Brownian motion

pZ

X3 () = // dxdpeiv[m+v(x)]11(x, pT), (A87)

where a probability-density-like function 1 (x, p; t) also satisfies the dynamic Equation (A85)
with the initial condition
p2

Tm-i—V(x)]

1(x,p;0) = e_iv[ p(x, p;0). (A88)

We consider the system potential as a harmonic potential V (x) = mw3x?/2 and the
initial system state as an equilibrium state

2
1
1 efﬁ’<§m+§mw%x2>

plxpi0) = —5 , (A89)
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with the inverse temperature p’ and the classical partition function Z§ (g') = 27t/ (B'wy).
Under such conditions, the probability-density-like function 7 (x, p; t) is always in a quadratic
form, assumed as

1 — [u(t)g-i-b(t)%mngz-i-c(t)woxp-&-A(t)
Tt . (A90)
Zg(p')

The Kramers Equation (A85) for #(x,p;t) leads to the following ordinary
differential equations:

n(x, p;t) =

A= K(l g) (A91)
i = 2xa (1 - Z) — 2wy, (A92)
b=2c <w0 - Zc) (A93)
¢ =wo(a—0b)+xc— 2%{1@ (A94)

with the initial conditions 2(0) = b(0) = p’ +iv, c(0) = 0 and A(0) = 0. According to the
conservation of the probability [ [ (x, p;t)dxdp = const, the coefficient A(t) is obtained as

G ”(t)ﬁb, (—tr) - o(t)” (A95)

Substituting Equation (A90) into Equation (A87), we obtain the characteristic function for
the classical Brownian motion as

Ay = B ¢ a(@b(r) —c(x)? (A%)

- B +iv\ [a(t) —iv][b(t) —iv] — c(T)?

To solve the nonlinear differential Equations (A92)—(A94), we introduce a new set
of variables,

a
A= — A97
Y (A97)
B = b (A98)
~ab—c%’
c
— _ Al
¢ ab —c2’ (A99)
and obtain the linear differential equations
dA
dB K
7 = 2wC —2xB + 23, (A101)
c;—f = wo(A — B) —«xC, (A102)

with the initial conditions A(0) = B(0) = 1/(p’ +iv) and C(0) = 0. The characteristic
function Equation (A96) becomes
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/
cl ﬁ 1
= . Al
K ) ﬁ’+iv\/1—iv(A+B)—UZ(AB—C2) (A103)
The solutions to Equations (A100)-(A102) are
k2 cos(2dgt) — 20k sin(2dot) — 43| p— B —iv 1
Alh) = e [k cos(2dnt) ciJngm( Oot) — 4w B /[& v 1 (AL04)
4B p'+iv p
12 cos (29t ) + 2ok sin(2dpt) — 4w3| B— B —iv 1
B(t) = e M [x? cos(2ant) + c:Jngm( Oot) — 4wi] B /[3 v 1 (A105)
4B B +iv p
2e~ "t 2a0t) =11 p—p —i
c(t) = — e Kwo[cosA(2 ot) — 1] B //3 ' 11// (A106)
4Bw; B +iv

with @y = y/w} — k2 /4. Plugging the solutions into Equation (A103), we immediately
obtain Equation (25). We remark that the heat distribution of the classical Brownian motion
was obtained by the path-integral method in Ref. [58], but they only consider the initial
temperature of the system to be the same as that of the bath.

Appendix C.1. The Long-Time Limit

After sufficiently long relaxation time, the solutions a(t), b(t) and c(t) to
Equations (A92)-(A94) eventually approach a(co) = b(c0) = B and ¢(c0) = 0. The long-
time limit of Equation (A96) reproduces Equation (33).

Appendix C.2. The Underdamped Limit

In the underdamped limit ¥ /wy — 0, the differential Equations (A92)—(A94) are
reduced to

0= Ka (1 - Z) (A107)

with b = a and ¢ = 0. The solution is

_ BB +iv)
alt) = B +iv+ (B—p —iv)e *t’ (A108)

and Equation (A96) becomes

weliy) e
) = G (e e (4109

It can be checked that Equation (37) reproduces Equation (A109) in the classical limit 7 — 0.

Appendix C.3. The Overdamped Limit

In the overdamped limit x/wy — oo, the differential Equations (A92)—(A94) are
reduced to

i = 2Ka <1 ~ Z) (A110)
b = 2woc <1 - ﬁ’;oc> (A111)
0 = (xc + won) —Zgac—bwo. (A112)

Eliminating ¢ in Equation (A112), Equation (A111) becomes
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b 20 (Ba—b)(b—a) (A113)

K (‘8—2a)(1—2%)

Notice that, in the overdamped limit, the relaxation timescales of the momentum and the
coordinate are separated. We can substitute 2 =  in Equation (A113) and obtain

. 2w3

b= “’%(1 - b). (A114)

K p
With the initial condition a(0) = B’ + iv and b(0) = B’ + iv, the solutions are

_ (B’ +iv)p

)= g T G e (A115)
(B +1iv)

b(t) = prwlp (A116)

uot

R B +iv+ (B—p —iv)em *

We substitute Equations (A115), (A116) and ¢(t) ~ 0 into Equation (A96) and obtain

s,cl _ :Bﬁ/
) S T m T w0 e 1 ppe

x ! . (A117)

\/(5—1'1/)(/3’—1—1'1/)(1—3—2‘,?2’1)+ﬁ’5,8_2‘4ﬁr

It can be checked that Equation (38) reproduces Equation (A117) in the classical limit 7z — 0.

Appendix D. The Characteristic Function of Heat for Complete Thermalization

We derive the characteristic function of heat for a complete thermalization process,
Equation (34), in the main content. For a complete thermalization process (typically with
infinite relaxation time), the information of the initial state is completely forgotten and the
final state is always an equilibrium state at the inverse temperature 8 of the heat bath,

Vet = Prr (A118)
regardless of the initial state /. Therefore, the characteristic function of heat for complete ther-
malization is xp(v) = Ly expliv(Ej — Ef)}plple,q. We immediately obtain Equation (34)
by plugging into the initial distribution p; = exp(—p'E 15) /Zs(p') and the final distribution
il = exp(—PE3)/ Zs(B), where Zs(B') = ¥y exp(—PB'E}) is the partition function of the
system at the inverse temperature .
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