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Abstract

We study the heat transfer between two finite quantum systems initially at dif-
ferent temperatures. We find that a recently proposed fluctuation theorem for heat
exchange, namely the exchange fluctuation theorem [C. Jarzynski and D. K. Wdjcik,
Phys. Rev. Lett. 92, 230602 (2004)], does not hold in the presence of a finite heat
transfer. The deviation from the exchange fluctuation theorem is explicitly calcu-
lated for simple models. We confirm that the deviation has a finite value as far as the
coupling between the two systems is finite. We discover a condition for the exchange
fluctuation theorem to hold in the presence of a finite heat transfer. We check the
condition analytically and numerically.
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1 Introduction

In the present thesis, we study the heat transfer between two finite quantum systems
initially at different temperatures. Our main interest is to understand statistical-physical
properties of the heat transfer between finite systems out of equilibrium. In this situation,
Jarzynski and Wojcik [1] have presented a symmetry relation about the heat transfer.
They referred to the relation as the exchange fluctuation theorem (XFT). We show that
the exchange fluctuation theorem does not hold generally in the presence of a finite heat
transfer for quantum systems. We also find a specific condition with which the exchange
fluctuation theorem holds rigorously in the presence of a finite heat transfer.

The development of the modern techniques of microscopic manipulation enables us
to treat small systems, for example, nano-devices and molecular motors. In such small
systems, classical thermodynamics is not well applicable to quantification of the heat flow
or the work. At the nano- and micro-scales, the available thermal energy per degree of
freedom is comparable to the energy of the small systems. This thermal energy enhances
fluctuations, whose effects measurably appear in such small systems. Thus, we cannot
apply classical thermodynamics to these small systems. We need a substitute framework if
we try to design or control nano-devices and molecular motors as macroscopic heat engines.

Becayse of this motivation, we will analyze thermal fluctuations in small quantum-
mechanical systems in the present thesis, but we first briefly review facts that have been
discovered for fluctuations in small classical-mechanical systems. In 1993, the first quanti-
tative description of the entropy production in finite systems was provided by the discovery
of a fluctuation theorem [2]. In its most general form, the theorem gives an analytical ex-
pression of the probability that a dissipative heat flux flows in the direction opposite to the
one required by the second law of thermodynamics. For thermostated dissipative systems,
the theorem relates the probability p,(€2) of observing over the time duration 7 the en-
tropy increase €2, to the probability p,(—£2) of observing the entropy decrease of the same
magnitude:

pT(Q) —
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Since the entropy production is an extensive quantity and the total entropy production
increases in time, the fluctuation theorem shows that a positive entropy production is
overwhelmingly likely as either the system size or the observation time increases. In this
sense, we can view the fluctuation theorem as a generalization of the second law of thermo-
dynamics. When the fluctuation theorem is applied to the transient response of a system,
the theorem is referred to as the transient fluctuation theorem [3].

Since the above works, many fluctuation theorems have been presented for a variety
of clasical-mechanical situations: thermostated systems [2, 3, 4], stochastic systems [5, 6],
and the externally driven systems [7, 8, 9]. These classical fluctuation theorem have been
reviewed in Refs [10, 11]. Some of these theorems were verified experimentally [12, 13, 14].

When the system becomes further small, quantum effects may become significant. It
is, however, not straightforward to extend the afore-mentioned fluctuation theorems to



quantum-mechanical systems. The crucial difference of the quantum systems from the
classical systems is an essential role of measurements. In order to generalize the fluctuation
theorems to quantum systems, we need to identify the entropy, the work, and the heat that
are measured in the quantum-mechanical context. There have been two attempts to do this:
first, defining operators to represent the heat and the work; second, measuring the system
and using the measurement outcomes to represent the heat and the work. In general, the
former attempt has led to quantum corrections to the classical results [15, 16, 17, 18].
In the latter attempt, on the other hand, several fluctuation theorems have been shown
without quantum corrections [19, 20, 21, 22, 23]. Both the heat and the work are defined
as the difference between the results of two measurements, a two-point quantity. We refer
to this attempt as a two-time measurement scheme. The exchange fluctuation theorem
(XFT) [1] was presented with this scheme.

The situation in which the exchange fluctuation theorem was proved [1] is quite simple;
the two finite quantum systems are prepared in equilibrium at different temperatures then
placed in thermal contact with one another. There is no work resource such as an external
field nor an external force. In this situation, we simply identify the energy increase of each
system as a heat flowing into the system.

To summarize the present thesis, we find the following:

(i) The exchange fluctuation theorem does not hold in the presence of a finite heat
transfer.

(ii) If the Hamiltonian that couples the two systems commutes with the total Hamilto-
nian, the exchange fluctuation theorem becomes an exact relation.

The present thesis is organized as follows. In Chapter 2, we review previous results of quan-
tum fluctuation theorems. In Chapter 3, we explain in details the measurement procedure
referred to as the two-time measurement and show a general expression for the probability
at which we observe a measurement outcome. In Chapter 4, we first follows the original
derivation of the exchange fluctuation theorem [1], and then show the deviation from the
theorem. We also show an explicit form of the deviation for two simple models. After
that, we introduce a condition on the coupling Hamiltonian for the exchange fluctuation
theorem to hold exactly and demonstrate that the deviation from the theorem vanishes.
This is also confirmed in two specific models. Conclusions will be presented in Chapter 5.



2 Fluctuation theorems and Jarzynski’s equality

In this section, we briefly review the transient fluctuation theorem, the steady-state fluc-
tuation theorem and Jarzynski’s equality. These relations hold in finite and far-from-
equilibrium systems. They have been experimentally confirmed and have provided us an
insight into statistical-physical characteristics of non-equilibrium systems.

2.1 Transient fluctuation theorem

The transient fluctuation theorem describes how irreversibility emerges from a completely
time-reversible dynamics in the time-evolution. Here, we explain the Crooks fluctuation
theorem [9, 20] as an example.

We use an externally driven system [20] initially prepared in the Gibbs state at an
inverse temperature 3. We first consider a time-dependent non-equilibrium “forward”
process for which the system Hamiltonian changes from H(0) to H(7) over the finite time
duration 0 < ¢t < 7 and denote the forward process by xg(t). The forward process starts
from the equilibrium state of H(0) and ends at a non-equilibrium state of H (7). In the
“reverse” process, an initial equilibrium state of H(7) evolves to a non-equilibrium state
of H(0). The non-equilibrium protocol for the reverse process, denoted by zg(t), is a
time-reversed process of the forward one: xg(t) = zp(7 —t). Let p/,(Q) and p'2(Q) denote
the probability distribution of the entropy production €2 in the forward and the reverse
processes, respectively. Then the Crooks fluctuation theorem is expressed as

p’T(Q) R
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To identify the entropy production €2, we consider an isolated quantum system as an
example. Let H(t) and |m;) denote the Hamiltonian of the system and an instantaneous

eigenstate of the Hamiltonian H(t), respectively. The joint probabilities P(mq,n,|T) for
the forward process and PR(n,, mg|7) for the reverse process (defined in Appendix A) are

(2)
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where U is the unitary time-evolution operator and Z; and Z, are the partition function
of the equilibrium states at t = 0 and ¢t = 7, respectively. Using the joint probabilities, we
define the probability distribution of the work W performed on the system as

p-(W) = > P(mo,n |7)6(W = (E, — En,)), (5)
PEOWV) = Y PRn.mo|r)d(W — (Ep, — En.)), (6)



where §(W) is the delta function. Substituting Eq. (3) into Eq. (5), we have
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where F, is the free energy of the equilibrium state at time ¢ and we used Z, = e #. The
free energy difference between the equilibrium state at t =0 and t = 7 is AF = F, — Fy.
Regarding p, (W) and p?(—W) in Egs. (5) and (6) as p'+(Q) and p'¥(—Q) in Eq. (7), we
identify the entropy production §2 as the irreversible work Wi, = W — AF"

() = My (=), ®)

This type of fluctuation theorem was proved by Crooks [9] in the classical context, and its
quantum version was proved by Tasaki [20].

2.2 Steady-state fluctuation theorem

The steady-state fluctuation theorem is considered in externally driven systems. The
external driving force can be made by applying an external field or boundary conditions.
The steady state fluctuation theorem is written in the form

1o () S
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where Q is the time average of the entropy production Q, Q = Q/7, and p,(Q) is the
probability at which we observe the time-averaged value 2. This expression was first
established by Gallabotti and Cohen [4]. Equation (9) indicates that a steady-state system
is more likely to produce the entropy rather than to consume the entropy. The steady-state
fluctuation theorem has been proved recently in quantum systems [24, 25, 26].

2.3 Jarzynski’s equality

Jarzynski’s equality [7] relates the work W done on a system to the free-energy difference of
the system AF between the initial and final equilibrium states. This equality is expressed
as

(M), = e PR, (10)



where (3 is the inverse temperature of the initial state and the brackets ( - ), denote the
ensemble average to be defined in Sec. 3.2. The remarkable point of Jarzynski’s equality
is that we can determine the free-energy difference from a non-equilibrium irreversible

process. Jarzynski’s equality is easily obtained from the Crooks-Tasaki fluctuation theorem
(7) as follows:

€M), = [ dwe Wy w)
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— o BAF (11)

where we used the normalization of pR(W), [dWp2(W) = 1. Note that Jarzynski [7] first
presented this expression in 1997, before the Crooks fluctuation theorem [9] was derived.






3 Two-time measurement scheme

In quantum systems, measurement affects the dynamics of the system, and thus we
need to consider the effect of the measurement in general. However, modeling the effect of
the system-detector interaction or the detector itself is complicated. Here, we consider a
projection measurement which can be viewed as a fundamental way of modeling quantum
measurements.

In this section, we explain a procedure of the two-time measurement which we will
consider hereafter. The measurements in this procedure are modeled by the projection
measurement. Then we introduce the corresponding joint probability and define an en-
semble average in the two-time measurement procedure. In order to discuss a quantity
related to the change of the system, we measure the system twice at least.

3.1 Procedure of a two-time measurement

We consider two quantum systems A and B with their respective Hilbert spaces H*
and HP). The state space H of the combined system A + B is given by the tensor product
of the Hilbert spaces pertaining to the subsystems H) and H®),

H=HY o HDP. (12)

The system A is described by the Hamiltonian H4 on H) and the system B is described
by Hp on H®). The connection between the two systems is described by the coupling
Hamiltonian H. on H. The total Hamiltonian is

H = H0+7HC7 (13)
Hy=Hy®1p+14® Hp, (14)
where 1, and 15 are the identity operators on H*Y) and H®), respectively, and ~ is a pa-
rameter controlling the coupling strength between the two systems. Under the assumption

that the total system A+ B is isolated, the density operator of the total system evolves in
time according to the von Neumann equation:

% p(t) = = [H,p(0)]. (15)

The density operator at time ¢ is written as

p(t) = U(t)poU'(t), (16)

where pg is the density operator at ¢ = 0 and U(t) is the solution of the Schrédinger
equation

d
ih=U(t) = HU 1) (17)
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with the initial condition U(0) = 1.

Let X denote an observable, a Hermitian operator on ‘H, whose eigenvalues and eigen-
states are {z} and {|z, \;)}, respectively. We distinguish the degenerate eigenstates of an
eigenvalue x with a quantum number \,. Using the eigenstates {|z, \;)}, we can write the
projection operator onto the eigenspace of X with the eigenvalue z as

Mo = [, Aa)(, M. (18)

In the rest of the present thesis, we consider projective measurements (ideal measure-
ments) only. Therefore, the measurement of X is expressed by a set of the projection
operators {II,}. The state space on which the projection operators are defined depends
on what we measure. If we measure the particle number of the system B, for example, the
corresponding projection operator is defined as

HnB = 1A®Z|”Ba>\n}3><nBa)\nB|a (19)

Ang

where |np, A,,) is an eigenstate of the number operator of the system B and \,, is a
quantum number which labels states with a particle number ng.

We can divide the measuring procedure of X in the two-time measurement into the
following four stages:

e Stage 1
For time ¢ < 0, we prepare the system in the state described by pi,:

p(t <0) = pinit - (20)

The coupling between the two systems is off in this stage, and thus the two systems
are initially decoupled.

e Stage 2
At t = 0, we perform the first measurement of the observable X and obtain an out-
come x1. The state of the system is projected onto the eigenspace of X with the
eigenvalue x;. The density operator after the first measurement with the measure-
ment outcome is given by

p(t =0) = ps,
i H:pl Pinit H:pl
‘ Tr (Hml pinit) ’

where the denominator in the right-hand of the second line guarantees the normal-
ization of the density operator after the measurement.

(21)
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e Stage 3
After the first measurement, we turn on the coupling between the systems. Then the
total system evolves from ¢t = 0 to ¢t = 7 according to the von Neumann equation:

L d

ih—p(t) = [H, p(t)]. (22)
Therefore, the density operator at time ¢t (0 < ¢ < ) is given by

p(t) = U(t)p,UT(1). (23)

e Stage 4
At t = 7, we separate the two systems and perform the second measurement of X.
The state of the system is projected onto the corresponding eigenspace of X. The
density operator after the measurement with an outcome z5 is given by

p(7) = 1., U(7)p, U (7)1,

Tr (I, U (7) e, UT(7))
_ HI2U(T)H$1pinitHx1UT(T)HM
T (e, U (7)1, pinie 1L, U (7)) 7
where the denominator in the second line guarantees the normalization of the density
operator p(T).

(24)

In the two-time measurement procedure, we can discuss quantities indicating the state
change: for example, the heat flow, the particle flow, and the work done in the intervals of
the two measurements.

3.2 Joint probability of the measurement

Here, we introduce the joint probability that the result of the measurement is x; at time
t =0 and z, at time t = 7 as

P(21,22|7) = Tr (I, U (7)IL, pinieIL,, UT (7)) . (25)

We can calculate the ensemble average in the two-time measurement with the joint prob-
ability. Summing over all possible measurement results, we can confirm the normalization
of the joint probability P(zq,x2|7) as

D Planaalr) = 37T (T, U () ey 1 U (7))
o132 z1,T2

=Y T (U, piae L, U (7))

— Z Tr (1L, pinit 1, )

_ Z Tr (pinicl1s,)

= Tr (pinit) = 1, (26)
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where we used the properties of projection operators,

2 =11,
an =1.

The joint probability can be reduced to a product form by taking the trace in Eq. (25):
P(xy,z5)7) =Tr (HxQU(T)HxlpinitHxlUT(T))
= Z <£L‘2, )‘502 |U<T)’$1> )‘x1><x17 )‘11 ‘pinit‘xlv )‘$1><x17 )\931 ’UT(TNx% )‘5E2>

Aoy Acy

= Z <$17/\w1|pinit|m1’/\x1>|<m2a)\m2|U(7—)|‘Tla>‘x1>|2

Aoy A

= Z pinit($17)\Il)T(-'Eh)\zl)—’(m%)\avg)(T)’ (27)

Az Ao

where pinit (71, Az, ) denotes the probability of sampling the state |1, A,,) from the initial
state pinit:

Pinit (1, Azy) = (@1, Ay [ Pinit| 71, Ay ) (28)
and Tz A, )—(z2,\s,) (T) denotes the transition probability from |71, Az,) to [2, As,):
Tor ray )20y (T) = (22, Ay [U (7)1, Ay ). (29)

If the observable X has no degeneracy, the joint probability is simply written as

P(x1,22|7) = (21| pimit|21) [ (22| U (7) |21)[?
= Pinit (71) Ty (7). (30)
We will use the two expressions of the joint probability, Egs. (25) and (27), in the present
thesis.

In order to discuss a quantity concerning the change of the measurement outcome
between the two measurements, we introduce the probability distribution defined as

pr(Ax) Z P(z1,x9|7)0(Ax — (22 — 1)), (31)

where x1 and x5 are the results at the first and the second measurements, respectively, and
Az = x9 — 1 is the difference of the outcome between the two measurements. Here §(-) is
the delta function. We can easily check the normalization of p,(Ax) by integrating it over
all possible values of Az and using Eq. (26):

[ daap(d0) = 3 Plaraslr) [ d(an)s(as - (w -21)

1,22

= Z P(xq,x5|T)

Z1,T2

— 1. (32)
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We can calculate the ensemble average of the measurement difference Az by either of
pr(Ax) and P(z1,z2|7). Using the probability distribution p,(Az), we define the ensemble
average in the two-time measurement as follows:

(f(A), = / d(Ax)p, (Ax) f(Ax). (33)

where f(-) is an arbitrary function. Integrating over all possible values, we can represent
the ensemble average with the joint probability P(xzq,x2|7) as

(f(Az)), =Y Play,s|7) f(xz — 21). (34)

Z1,T2

In the following discussions, we will use the brackets ( - ), to denote the ensemble average
defined above.

3.3 Time-evolution operator

In this subsection, we represent the time-evolution operator with the commutation rela-
tion between the Hamiltonian of the decoupled system Hy = H4 ® 15 + 14 ® Hp and the
Hamiltonian connecting the two systems H.. For convenience, we introduce an operator
C(t) which is of the first order of the coupling Hamiltonian and contains all the commu-
tation relations of Hy and H.. The coupling Hamiltonian H. appears mainly through the
operator C(t) in the following discussions.

In the Schrodinger picture, the unitary time-evolution operator U(t) is expressed for
the static Hamiltonian as

Ut) = e, (35)
In the interaction picture, the unitary time-evolution operator U (t) is expressed as follows:
.
0(t) = Texp [—’y% / Hc(s)ds] (36)
0
o0 ~y kot s1 Sn—1
=1+ <—> /dsl/ dSQ"'/ ds,,
; ih 0 0 0
X ]:—IC(SI)FIC(SQ) T ]:—Ic(sn)a (37>
where
HL(t) = e P Hei i (38)

is the coupling Hamiltonian in the interaction picture and 7 is an anti-chronological time
ordering from left to right. The operator U(t) is the solution of the Schiodinger equation
in the interaction picture

m%ﬁ(t) = yH()T (%) (39)
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with the initial condition U7(0) = 1. The relation between the two pictures of the time-
evolution operators is

U(t) = e 1 5ot (). (40)

We can confirm Eq. (40) by differentiating the right-hand side with respect to t and seeing
that it obeys the Schrodinger equation and fulfills the same initial condition as U(t),
U(t) =1:

S (e HITI (1)) = e R0 (1) 4 o FH0 BT (1)
= Hye™ THOLT(4) 4+ yHoe™ 7 ol (¢)
= (Ho+vH,) (7770 (¢))
—H (e—%Hotz?(t)> , (41)

e Hif ()| =T(0) = 1.

t=0

Defining d4 as the inner-derivation operator
da=1[4,], (42)

and using the following relation

1 1
eABefA =B + (SAB -+ 5(514(5,43 + §5A5A5AB + -

we can represent the coupling Hamiltonian in the interaction picture as follows:

, , t\ "
Hc(t> = el%tHCe*z%t = — (%) ((SHO)n Hc- (44)

Since the Hamiltonian Hy and H. are independent of time, the time dependence of F[C(t)
appears only in the form ¢", and hence we can easily integrate it as

) =1 [ Asyis = 3 T (g) (51" He, (45)

n=0

where C(t) defined above is a Hermitian operator. We mainly use C(t) instead of H. in
the following discussions. Note that if the coupling Hamiltonian commutes with the total
Hamiltonian, [H, H.] = 0, only the term n = 0 remains in the summation in Eq. (45), and
thus we have C(t) = H.t/h. We will consider this situation in Sec. 4.3.

16



The time-evolution operator in the interaction picture U(t) is expressed with C(t) as

R . t N\ 2 et st
U(t) = 1—71/ Ho(s1)ds1 +7° ( = / Hc(sl)dsl/ He(s5)dss
h Jo k) Jo 0

N 3 t s1 52
— 73 1 / [{[C(Sl)d51 / Hc<82)d82/ HC<S3>d83 +-
h 0 0 0

=1 —iyO(t) + (iy)? /Ot ds;C(s1)C(s1)

— (i) /Ot d510<81)/051 ds5C(52)C (82) + - - -

= 1= C(0) + o (WD)~ 5 (MCO) + -
= e 100, (46)

From the above discussion, the time-evolution operator in the Schrodinger picture is written
as

U(t) = e’i%te’ivc(o. (47)

Using this representation of the time-evolution operator, we can represent the transition
probability (29) and the corresponding joint probability (25) in the following forms

Tnn(T) = Y [0 AU (T) [0 A 2

>\TFL7A7L
= 3 e i Aale D m, A2,
Am,An
= 3 [ Ale OO m A 2, (48)
Am,An
P(m,nl7) = puic(m) S [, Aule™ 0 m, A) 2, (49)

Am,An

where E,,, and |m, A,,) are an eigenvalue and eigenstate of the Hamiltonian Hy, respectively,
Ho|lm, \p) = Ep|m, Ap), and A, is a quantum number labeling the eigenstates with the
same eigenvalue. In these expressions, we can easily see the dependence of the coupling
strength v on the transition probability and the joint probability, and thus these expressions
suit the perturbative expansion with respect to 7.

Before going to the next section, we represent the joint probability in the trace form:

P(m,n|T) =Tr (Hne—mC(T)Hm pinitnmemcm) ‘

If we choose the initial state as a stationary state in the decoupled system [Hy, pinit] = 0,
the initial state pi,;; can be diagonalized with the eigenstates of Hy and, we have

P(m,n|t) =Tr (Hne’”C(T)pinithe“C(T)) ) (50)

17



In the next section, we chose the initial state as a product state of the Gibbs state [Eq. (62)]
and this initial state is commutable with the Hamiltonian of the decoupled system H,.
Thus, we use Eq. (50) when we represent the joint probabilities in the trace form.

18



4 Examination of the Exchange Fluctuation Theorem

C. Jarzynski and D. K. Wdjcik [1] derived a fascinating symmetry relation regarding
the statistics of heat exchange between two finite systems initially prepared at different
temperatures in Hamiltonian dynamics. Let §4 and §g denote the inverse temperatures at
which the system A and the system B are prepared, respectively. The symmetry relation
is expressed with the probability distribution p,(Q) of the net heat transfer @ as follows:

p-(Q) = *p(-Q), (51)

where AS = [Bp — (B4 is the difference between the inverse temperatures and 7 is the
time duration between the two measurements as in the previous section. They referred to
this symmetry relation as the exchange fluctuation theorem (XFT) because the exchanged
energy () between the two systems is regarded as a heat transfer. They derived the exchange
fluctuation theorem in both classical and quantum systems. We will discuss the exchange
fluctuation theorem only for quantum systems in the present thesis.

To derive the exchange fluctuation theorem, Jarzynski and Wéjcik assumed the fol-
lowing three conditions. First, the Hamiltonian of the system is time-reversal invariant.
Second, both of the two systems are initially in the Gibbs state described as follows:

Pinit = PA Q PB
e BaHa =
pA = ; Zy=Tr e Palla)
Z
e PBHB "
pB = ; Zp=Tr e PBls
ZB

where H, and Z, are the Hamiltonians and the partition function of the system « (a =
A, B), respectively. Finally, the interaction is weak enough for the total energy to be
preserved:

EA +EE ~F! +FEP (52)

np’

where (E} ,EE ) and (E; ,EP ) are the measurement outcomes in the first and second

measurements, respectively, and here we regard the sum EWA;A + Ef and E;?A + EJ as
the total energy of the systems since the coupling between the systems is off at ¢ < 0 and
t>T.

We inspect the exchange fluctuation theorem under these three conditions analytically
and numerically in Sec. 4. 2. To make the point clear, we review the original derivation of

the exchange fluctuation theorem [1] in Sec. 4. 1.

4.1 Original Derivation of the XFT

In this section, we further assume the eigenvalues of H4 and Hpg to be nondegenerate for
simplicity. Jarzynski and Wojcik did not mention the degeneracy of the Hamiltonians in
their original paper [1]. The degeneracy indeed causes no corrections to their discussions.

19



4.1.1 Time-reversal operator in quantum mechanics

Before following the original derivation of the exchange fluctuation theorem, we note some
properties of the time-reversal operation in our setup. The time-reversal operation in
quantum mechanics is described by an antilinear operator © [27]. The antilinearity is
represented as

O (1 |V) + as|P)) = a]O|¥) 4+ a50|P), (53)

where a* is complex conjugate of a scaler number «, and |¥) and |®) are arbitrary states.
The time-reversal invariance of the system is expressed for the Hamiltonian as

©H = HO. (54)

Under the time-reversal invariance, every eigenstate of H, |n), has the corresponding time-
reversed eigenstate ©|n) with the same energy:

H (B|n)) = ©H|n)
= OFE,|n)
= E, (0n)). (55)

These two states, |n) and ©|n), are either linear independent or identical apart from an
overall phase. From Egs. (53) and (54), we have the relation between © and U(t):

H 1 /H\?
@U(t):@(HEHE(ELt) +>

=U'(t)e. (56)

Finally, we introduce a notation of the inner product when we use the time-reversal
operator. The Dirac bra-ket notation may be confusing when we treat the time-reversal
operator; the expression (V|O|®) is ambiguous as to whether © is acting on the right
state or on the left state. To avoid this confusion, let us denote the inner product as
(%), |®)). (We use the Dirac bra-ket notation to represent the inner product whenever
the time-reversal operator © does not cause confusion.) Using this notation, the transition
probability from |®) to |¥) is written as follows:

(%), U()[®)) |*. (57)
The inner product (O|¥), ©|P)) are related to the original inner product (|¥),|®P)) as

(O]¥), 0|0)) = (]T),|®))"
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because the time-reversal operator © preserves the wave function normalization. We can
confirm this relation using an orthogonal complete set {|a)} as follows:

(B]¥), 8[P)) = <@Z|a1><a1|‘11>a 9Z|042><042|¢>>
= > (] 0)*Olar), (] B)*Olas))

1,02

= (01| U)(P|as) (Blon), Ola))

1,02

= Z <Oél ‘\Ij> <q)’042>50417042

1,02

=D (Plar)(aa|¥)

= (2|¥)
= ([W),[®))". (58)

Thus, the time-reversal operator © is not only antilinear but also antiunitary. These
properties and notations were used in their original derivation [1].

4.1.2 Derivation of the XFT by Jarzynski and Wéjcik

Jarzynski and Wéjcik [1] considered two finite quantum systems given by the Hamiltonian
H=H,®1p+1,® Hg +vH,, (59)

where H4 and Hpg are the Hamiltonians of the systems A and B, respectively. The third
term of the right hand side of Eq. (59), H, is the coupling Hamiltonian which describes the
connection between the two systems and ~ is a factor controlling the coupling strength be-
tween the two systems as mentioned before. The assumption of the time-reversal invariance
is described as follows:

OH, = HsO, OHz=HzO, OH, = H.0. (60)

Let |m,) and Ey;, denote an eigenstate of H, and the corresponding eigenvalue (o = A, B),
respectively. We refer to the product states |m4) ® |mp) as |ma, mg), or just as |m)
for simplicity. Jarzynski and Wojcik considered energy measurement with the two-time
measurement procedure, and thus the energy measurement is described by the projection
operator

I = (Ima) @ [mp)) ((mal © (ms|)
— |m)(m). (61)

For time ¢ < 0, each of the systems A and B is separately connected to a heat reservoir
at the inverse temperatures, 34 and (g, respectively, for sufficiently long time to reach its
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equilibrium state. The reservoirs are removed just before the first measurement, and the
initial state of the total system is given by the following product state:

Pinit = PA @ PB (62)
e PaHa
pa=—Fp—, Zp = Tre P4l (63)
A
e—BBHB
pB =" Zp = Tre Pels, (64)
B

where Z,4 and Zp are the partition function of each system, respectively. At t = 0, we
perform the first measurement of the energy of each system. Suppose that we obtained
the outcome (E4 N EELB). Then, the state of the systems is projected onto the eigenstate

of Ho=Hs®1p+14® Hp: |m) = |ma, mp):

Hmpini Hm
p(0) =
Tr (IL,,, pinit )
(HmA X HmB) Pinit (HmA ® HmB)
Tr (I, ® Mnyy) Pinit]
e Falih, e_ﬁBE’E”B/ZA ZB | )
— ma, mg)(ma,m
e_ﬂAEvA;LA e—ﬁBEELB/ZA 75 A,TILB A, B

= |m)(m|. (65)

From t = 0 to ¢ = 7, the total system evolves according to the von Neumann equation,
and thus we have

p(t) = Ut)p(0)U' (1) (66)

The coupling between the two systems is turned on after the first measurement. The time
evolution is described by

_;HotvHe
h

U=c¢e

At t = 7, we separate the two systems again and measure the energy of each system.
Suppose that we obtained the outcome (E;;‘A, EP ). Then the density operator becomes
after the second measurement

(r) = IL,U (7)p(0)UT(7)IL,,
P T (LU ()p(0) U1 (7))
(I, @ IL,,,) U(T)(Ima, mag) (ma, mp|)UT (1) (I, @ 1L,5)
Tr [(IL,, @ L) U(T)(|ma, mp)(ma, mp)UT(7)]
_ (na,np|U(T)|ma, mp)(ma, mp|UT(7)|n4,n5)
(na,np|U(T)|ma,mp)(ma, mg|U(T)|na,np)
= [n)(n|. (67)

|na,np)(na,ng|
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From Eq. (30), the joint probability in the forward process that we observe (Ej, , EF )

ma’
at time ¢t = 0 and (B, EP ) at time ¢ = 7 is written as

P(m,n|T) = pinit(m) Tonn(7). (68)

Here, we introduce the reverse process corresponding to the forward process. In the reverse

process, the time evolves inversely and observation outcomes are (E " E,]LBB) at time t = 0

and (EA N EﬁB) at time ¢ = 7. The joint probability in the reverse process is given by

PR(n,m|r) = Tr (IL,,U (1) ML, pinse 1L U (7)) - (69)
We give the verification of this definition for the reverse process in Appendix A. From
Eq. (69), we have
PR(n,m|r) = Tr (IL,,U (1) 'L, pinie 1L, U (7))

i L —iHr
= (m|e' T |n)(n| piic|n) (nle ™" "7 |m)

= pn(n) |(tmle %71y [
= () Toa(7), (70)

and

PR(n,m|7) = pnit(n) ‘ <<m|ei%(*7)|n>> ’2

= Pinit(n) Tnﬂm<_7—)
= P(n,m|—1). (71)

When the Hamiltonian is independent of time, the joint probability in the reverse process
PR(n,m|7) is expressed by the joint probability in the forward process, P(n,m| — 7).

Using Egs. (68) and (70), we obtain a symmetry relation between the joint probabilities
of the forward and reverse processes as

P(m,n|T) _ Pinit () T (7)
PR(n,m|7)  piic(n) Tnon(7)
. Pinit (1)

Pinit (n)
_ e—ﬁAEﬁA ~-BBEL eﬁAEé‘A +BBER,

o BalER  —Bi) o —BB(ER L —ELL)

— oB=BANER  —ER ) (BB By —EF +Ef  —Ef)

= oA0Q—n BB AEm—n (72)
where
A A A
Qm—»n = EmA - EnA (73)
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is the energy decrease in the system A and
_ A B A B
AE, ..=FE, +E  —E, —E . (74)

A

m—n

is the energy change of the total system. We interpret @) as the heat draining from
the system A to the system B.

Jarzynski and Wojcik assumed that the total energy of the systems A and B is almost
preserved between the measurements if the coupling between the two systems is sufficiently

weak;

_ A B A B
AEy, .n=FE, +E —E;, —E; ~Q0. (75)
It follows that the energy changes in the two systems are approximately equal:
A A . B B
B —E ~E’ —E; . (76)
Then we can remove the superscript A from Q4 in Eq. (73), because
A ~ B B
Qm—m = ma—na EnB - EmB7 (77)

where the right-hand side of Eq. (77) is the energy increase in the system B and we interpret
it as the heat flowing to the system B. Substituting Eqgs. (75) and (77) into Eq. (72), they
obtained the following symmetry relation:

P(m,n|T) ABQm—n
PR(n,m|1) ¢ ' (78)

Using this relation, we obtain the symmetry relation of the probability distribution of the
net heat transfer () is obtained as follows:

p-(Q) =Y P(m,n|7)6(Q — Q) (79)
~ eAW;Q > PR(n,m|T)6(Q + Quon) (80)
= A0 i PR (n,m|7)3(=Q = Qu-m)

_ Q) (81)

This is the exchange fluctuation theorem.
Equation (81) implies that the average of e~ over the ensemble of realizations for
any time interval 7 is unity:

(e7599), = / " dQp.(Q)e o (2)

[ee]

= [ a0

o0

~1. (83)
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This integral form of equality is a direct consequence of the exchange fluctuation theorem,
and thus we refer to this equality as the integral exchange fluctuation theorem (IXFT).

We note that the crucial assumption in the original derivation [1] is that the total
energy difference AF,,_.,, becomes negligibly small in the weak coupling limit as stated
in Eq. (75). Since we are interested in non-equilibrium phenomena, we hope that the ex-
change fluctuation theorem holds in the presence of a finite heat transfer; a non-equilibrium
situation. However, the case v = 0 means that the two systems are decoupled and that
the heat never transfers between the two systems. Indeed, we are interested in the case of
finite «. In this respect, we examine whether the exchange fluctuation theorem holds or
not in the presence of a finite heat transfer in the present thesis. In the next section, we
derive deviation from the exchange fluctuation theorem and discuss whether the exchange
fluctuation holds or not in the presence of a finite heat transfer.

4.2 Deviation from the XFT and the IXFT

In this section, we examine both the exchange fluctuation theorem and the integral ex-
change fluctuation theorem and show deviation from these theorems in the same situation
as the original derivation [1]. The deviation in general has a finite value for a finite coupling
strength 7, which implies that the exchange fluctuation theorem does not hold for a finite
v. In the limit v — 0, the deviation term vanishes and the exchange fluctuation theorem
becomes an exact relation. In such limit, however, the kth moment of the probability
distribution of the heat transfer, p.(Q), also vanishes:

lim Q). = [ dQp.(Q)@" o

This implies that if the coupling between the two systems is weak enough for the exchange
fluctuation theorem to hold, no finite heat flows between the systems. This is not the case
we are interested in. If any kth moment of p,(Q) vanishes in the weak coupling limit, the
exchange fluctuation theorem becomes just a trivial relation:

lim (@) = 5(Q),
lim (p,(Q) — >R (~Q)) = 6(Q) — *6(~Q) = 0.

v—0

(84)

We derive the deviation from the integral fluctuation theorem as an explicit expression
for a specific model and seek a possibility that the exchange fluctuation theorem holds in
the presence of the finite heat transfer. In this model, the deviation (e *’%), — 1 and
the net heat transfer (@), have the same dependence on the coupling strength. Therefore,
if we take the limit v — 0, both quantities go to 0 in the same manner. We show the
deviation from the exchange fluctuation theorem for another model numerically.
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4.2.1 Deviation from the XFT and the IXFT

First, we derive the deviation from the exchange fluctuation theorem. Substituting the
symmetry relation (72) into Eq. (79), we have

pT(Q) = Z P(m7 TL|T)(5 (Q - Qm—m)

_ Z ABQm—n BBAEm—n PR(n7 m|7)6 (Q — Qm—n)

m,n

_ o26Q Z eﬂBAEmHnPR(n, m|7)d (—Q — Qnom)

m,n

= eABQ Z PR(H, m|7’)(5 (_Q - Qn—>m)

m,n

+e29N " PR (n,m|r) (2P — 1) 6 (—Q — Quom)

= eMQpé(—Q)
+ 6923 T PR(n,mir) (X85 — 1) 6(Q — Qmen), (85)

m,n

and thus the deviation from the exchange fluctuation theorem is

p-(Q) — eABQpE(—Q) = PR Z PR(n,m|7) (eﬂBAE’”*” — 1) 0(Q — Qm—n) - (86)

m,n

In general, this deviation term (the right-hand side of Eq. (86)) has a finite value. We
can check this by examining the deviation from the integral exchange fluctuation theorem
since the integral exchange fluctuation theorem is a direct consequence of the exchange
fluctuation theorem. To see the deviation from the integral exchange fluctuation theorem,
we multiply Eq. (86) by e 27? and integrate it over the heat transfer Q, having

[ 4@ (@22 = -@) = e >9), -1

=3 PR(n,mlr) (7oA 1) (87)
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Using Eq. (71) and the trace representation of the joint probability in Eq. (50), we have

(e299) 1 = ZTr (I, piy T, e~ 1C ) (eﬁB(ETf?ﬁEEB—ETﬁA—EﬁB) _ 1)
_ ZTr BHoneWC(T)pinite BHoHne*i’YC(T))

- Z Tr Hmei’YC(T)pinitHne_mC(T))

— Ty (e—ﬁBHOei’YC(T)piniteﬁBHOe_i"/C(T)) — Tr (eiWC(T)pinite—iWC(T))

=Ty (piniteﬁBHoe—iWC(T)e—ﬁBHoeiWC(T)) -1

and then using Eq. (43), we obtain

o

(e7299), — 1=

(_Z,y) TI' |:p1n1te Ho (50( ) BBHO] _ 1

??‘|r~

k=0

1
= —iyTr { piriee”? ™ [C(7), e 10] } +- Z H(_iV)kTT [pinite” 170 (8¢ (ry) e 2]

o0

= —inr{[e_ﬁBHo,pmiteﬁBHo Z (—1v) Tr plmteﬁB °(0c(ry) e_ﬂBHO]
k=
=1
ZE —Z’)/ Tl" pmlteﬁB 0(5 Cr )e_BBHO], (88)
k=2

where we used [eﬂBHO, pinit} = 0 in the last line. This commutability is a consequence of
taking the initial state as a Gibbs state. We thus obtain the deviation, which does not
vanish for finite v in general. In Sec. 4.2.2, the deviation is explicitly calculated for a simple
model and is shown to have a finite value for finite ~.

We can see that the deviation term (88) vanishes in the limit v — 0, and the exchange
fluctuation theorem holds. This is consistent with the result obtained by taking the limit
v — 0 in Eq. (86):

lim (p,(Q) = €79 (=Q)) = ¥@ Y Tim P(n, m| — 7) (P25~ —1) 5 (Q = Q)

’y—)
A : AFEm—n
=£e€ he Z ’lyz%pinit (n)(sm,n (eﬂB - 1) 5 (Q - Qman> :
=0, (89)

where we used
lim P(m,n|7) = puit(m) lim [(n]e 7¢O |m) |
v—0 7—0
= Pinit (m)ém,n
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Both exchange fluctuation theorem and the integral fluctuation theorem hold together in
the limit v — 0.

However, we must pay attention to the behavior of the net heat transfer (@), in such a
limit because we are interested in a non-equilibrium system, or in the presence of a finite
heat flow. The net heat transfer is also represented in the power series of 7:

@ = [ wQr@a
_ ZP m,nlr) /: 4Q Q5(Q ~ Q)
- ZP(m n|7) (B, — i)
_ Z Tr (TLe 7“0 piyie L") (B, — By,

- Z Tr (Mpe” ) i HaTle ) — 1 AHne*”C(T)pinithewc(T))

- Tl" (e het )pinitHAemC(T) — HAe_WC(T)piniteiVC(T))
= Tr (pinicH 4 — pinice”? 7 Hye 90)

= TrpinieHa — Z y(W)kTr [pinit(ac(T))kHA}
k=0

WK
Wl)—l

= —iyTr {pinit [C(T)a HAH - (27> Tr [P1n1t(50 ) HA]

e
[|
N

WK
W‘l)—l

= —1yTr {C(7)[Ha, pimic] } — (ZV) Tr [pmlt((sc ) HA]

B
[|
N

o0

1
— Z E Z/Y TI" plmt((SC ) A}’ (90)

k=2

where we used [pinit, Ha] = 0 in the last line. The lowest order of v in (@), is the second
order, which is the same order as the deviation term in Eq. (88). We can show that the
higher moments of p,(Q) has the same dependence of 7, and thus the exchange fluctuation
theorem becomes just a trivial relation in the limit 7 — 0 as shown in Eq. (84).

4.2.2 Example: a two-spin 1/2 system

We consider a quantum system which consists of two spin 1/2s initially prepared at different
temperatures. The spins exchange the energy via s coupling between the two spins and this
coupling is given by the Heisenberg coupling. Thus, this system is given by the following
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Hamiltonian:

H = HO + 7H67
Hy=Hy®1p+14® Hp,
where H,, Hp and H,. are

€

Hy=— ; 2 (91)

Hp = —%BU}% (92)
J

H. = —ZEA 0B

with ¢%, 0¥ and ¢* denoting the Pauli matrices,

T S () N R F

This model is analytically solvable and the deviation from the exchange fluctuation theo-
rem, (e”2%?) — 1, and the heat transfer (Q), are calculated explicitly as follows:

2 72
(e=289) 1 — v soch {mm} sech {@9631

(ea —ep)* + 2 J? 2 2
X sinh [E—A (B — BA)} sinh {5—3 (€a — GB)}
2 2
X sin? <%\/(€A —e€p)? + 72J2> :

(@Q)r = %A tik sech {ﬁAEA} sech [ﬁBEB]

(95)

(ea —€p)? +2J? 2 2

1
x sinh {5 (Bpep — 5,46,4)}
x sin? <2T_h\/(€A —EB)2+72J2> . (96)

The time dependence of the deviation term (e=29)_ — 1 and the heat transfer (Q), are

shown in Fig. 1.

Note that (e=2%?). — 1 and (Q), have the same dependence on 7. Thus, the ratio of
these two quantities is independent of the coupling strength ~:

(e=8PQ)_ 1 __ sinh [%“(63 — 6A)} sinh [%B(EA — GB)]
(@-/(%) sinh [(Bpen — Baca)] : (97)

Figure 2 shows parameters’ dependence of the ratio that. The ratio has a finite value
for almost all range of energy level difference eg — €4. As a consequence, if the coupling
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Figure 1: The quantities (e=2#?). — 1 (red line) and (Q), (blue line) in the two-spin 1/2
system. We fixed Ba4e4 = 2: for eg/es = 0.8, Bp/Ba = 0.9 with (a) vJ/e4 = 0.1 and (b)
vJ/ea = 0.01; foreg/eq = 0.8, Bp/B4 = 1.1 with (c) vJ/ea = 0.1 and (d) vJ/e4 = 0.01; for
ep/ea = 1.25, Bp/Ba = 0.9 with (e) 7J/e4 = 0.1 and (f) vJ/ea = 0.01; for eg/es = 1.25,
Bp/Ba = 1.1 with (g) 7J/ea = 0.1 and (h) vJ/e4 = 0.01.
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strength 7 is weak enough to neglect the deviation from the integral exchange fluctuation
theorem, Eq. (95), the net heat transfer (Q)), is also negligibly small. This result clearly
shows that the exchange fluctuation theorem does not generally hold in the presence of a
finite heat transfer.

Note, however, that the ratio in Fig. 2 vanishes for €4 = €p; that is, the exchange
fluctuation theorem is recovered at this particular point with a finite heat transfer. This
is indeed the main target of Sec. 4.3.

4.2.3 Example: coupled harmonic oscillators

The second example is a system which consists of two harmonic oscillators. This system
is given by the following Hamiltonian:

H = Hy+~vH,, (98)
Hy=Hs®1lp+14® Hp, (99)

where the Hamiltonian H4, Hg and H. are

HA = EAUACLTCL,
Hp = hwgb'b,
H. =v(a'b+bla), (100)

where a and a' are the creation and annihilation operators of the oscillator A, b and b' are
those of B, [a, aq =1,]a,a] =0 and [b, bq =1,[b,b] = 0, and v is a real number. After
the transformation

X =acosf + bsind,
Y = —asinf + bcosb, (101)

the total Hamiltonian (98) takes the diagonal form

H = hwx XX + hwy Y'Y, (102)

with
wx = wy cos® 0 + wpsin® O + 2yvsin b cos O (103)
wy = wysin? @ + wp cos? § — 2yvsin O cos b, (104)

and

2vv
tan20 = —— | (wa # wg), (105)
WA — WA

§ = % (wa = wp). (106)
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Since the coupling Hamiltonian conserves the total boson number of the systems,
(na + np), once the boson number is measured, the transition during time 7 occurs only
between the states with the same boson number. However, if the frequencies of the both
systems are not equal, w, # wy, the total energy does not conserve in a transition between
different states. Therefore, the conservation of the total boson number does not mean the
conservation of the total energy, and the energy change of the total system results from
the coupling between the systems.

The time dependence of the deviation from the integral exchange fluctuation theorem
and the net heat transfer during 7 are shown in Fig. 3. We calculated the results numerically
with the approimation that the boson number is seven at maximum. The probability to
have more than seven bosons is of the order of 10712

4.3 Commutable-coupling condition

We showed in the previous section that the exchange fluctuation theorem does not hold
for arbitrary strength of the coupling. However, we discover an additional condition for
which the exchange fluctuation theorem and the integral exchange fluctuation theorem
hold under a finite heat transfer. In this section, we show that these theorems become
exact relations when we impose an additional condition on the coupling Hamiltonian H..
Our additional condition is

[Ho, He] = 0. (107)

We refer to this condition as the commutable-coupling condition since the coupling Hamil-
tonian in the Heisenberg picture is independent of time under this condition. Jarzynski’s
equality for open quantum systems was discussed under this condition [28]. As we show
in the following discussions, the exchange fluctuation theorem and the integral exchange
fluctuation theorem hold under the commutable-coupling condition for a finite heat trans-
fer and for a finite coupling strength . In Sec. 4.3.2, we confirm the presence of a finite
heat transfer under the commutable-coupling condition in specific models.

4.3.1 XFT and IXFT under the commutable-coupling condition

First of all, we prove the integral exchange fluctuation theorem under the commutable-
coupling condition. In this condition, the Hermitian operator C(t) is reduce to a simple
form

o) = =iy ﬁ (’%)W (6u,)" H.

= —H,, (108)
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Figure 3: The quantities (e=279)  — 1 (red line) and (Q), (blue line) in the coupled
harmonic oscillators. We fixed fahws = 4: for wg/ws = 0.8, Bg/Ba = 0.9 with (a)
yv/hwa = 0.1 and (b) yv/hwa = 0.01; for wp/wa = 0.8, Bp/Ba = 1.1 with (¢) yv/hwa =
0.1 and (d) yv/hws = 0.01; for wp/wa = 1.25, Bp/Ba = 0.9 with (e) yv/hws = 0.1
and (f) yv/hws = 0.01; for wp/wa = 1.25, Bp/Ba = 1.1 with (g) yv/hws = 0.1 and (h)
yv/hwa = 0.01.
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and we can immediately confirm that the integral exchange fluctuation theorem rigorously
holds by substituting Eq. (108) to Eq. (88) and using the commutable-coupling condition:

=1, _
(7209 1 = Z E(_w)kTr [Pinite BBH0<5C(T))keﬁBHo]
k=2
1 7w BpHo (s \kB5Ho
— Z E(_Zﬁ7—> Tr [pinite (5HC) (&4 :|

2

I
=7

(109)

Note that the derivation of Eq. (109) is independent of the coupling strength -. This
suggests that this relation holds even if the system is in a strongly out-of-equilibrium
situation.

Next, we prove the exchange fluctuation theorem under the commutable-coupling con-
dition. From Eq. (47), the time-evolution operator in the Schrodinger picture is

U(t) = eIt et e’”%te’i%t, (110)

and we have

(nlU(£)|m) = " (nfe™" % |m)
= (nfe "% e,
which is followed by
(e”'ET"t - e’iETmt> (n\e’”%th@ =0. (111)

If (nJe~?#"<|m) has a finite value, Eq. (111) implies

e T — e T = (.
This equation relates the second measurement result F,, to the first measurement result
FE,, as follows:

orh
By =E,+ 2, (112)
T

where k is an integer. We further assume that there exists more than two points of time
o He e : :
at which (n|le” " 7|m) is finite for fixed (m,n). For 75 # 71, this assumption leads to

orh
E, =B, + "
T1
o7k
— B+
T2
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Then we have

(Tll - 712) k=0. (113)

Therefore we arrive at £ = 0 in Eq. (112) and obtain from Eq. (111)
(nle”™ KT m) = (nle™ ¥ [m)d, . (114)

From the above discussion, we see that the commutable-coupling condition restricts the
realized measurement outcomes because the quantity (n|e™# 7|m) is directly related to
the transition probability as follows:

(n|e= "5 m) ?

Tmﬁn(T) = |
= [(n]e=" % |m) 265, 5, (115)

with E,, = Ef, + EZ . Substituting this transition probability into Eq. (79), we conclude
that the exchange fluctuation theorem becomes an exact relation under the commutable-
coupling condition:

pT(Q) = Z P(m7 7’L|T)(5 [Q - Qm—WJ X 5En,Em

VNS Z &8 Fina+Finp =By =Bi5) P(n, m| — 7)8 [Q + (B}, — E )] % 0,5,
=N " P(n,m| = 7)0 [~Q — Quom)] X 65,5,
_ 50,8 (116)

We thus proved the both exchange fluctuation theorem and integral exchange fluctuation
theorem under the commutable-coupling condition.

Next, we show that a finite heat transfer between two systems does exist under the
commutable-coupling condition. The ensemble average of the heat transfer is written from
Eq. (90) as

Q= =3 () T [ () ]

k=2

Note that dy H4 is generally finite although we assume 0y _Hy = oy, (Ha + Hg) = 0.
Therefore the heat can flow between the two systems and the exchange fluctuation theorem
is a nontrivial relation. In the next section, we show the presence of a finite heat transfer
for the specific models that we considered in Sec. 4.2.2.
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4.3.2 Example: a two-spin 1/2 system

We consider again the quantum system which consists of two spin 1/2s. In order to identify
the commutable-coupling condition in this model, we calculate the commutation relations

J o
[Hy, H| = géA Z [0%, %] o

J=x,y,%

J
= i%ea (oot — oo (117)

J o
[Hp, H.] = e Z [0%,0%] o

j:$7y’z
—ize (0%o? — oY o
= 118\040p 0A0R)
= —ZZEB (o%of — o%o%). (118)

Then the commutable-coupling condition is written as
J Yy T T Y
[Ho, H.] = o (€a —ep) (ohop —o4o}) = 0. (119)

From Eq. (119), we find that the relation e4 = ep corresponds to the commutable-coupling
condition. Indeed, Fig. 2 shows that the exchange fluctuation theorem is recovered with a
finite heat transfer for ¢4 = €p.

Under the commutable-coupling condition e4 = €g, Eqgs. (95) and (96) become

(7379, —1=0, (120)
(Q)r = gsech Em] sech EﬁB} sinh E (85 — Ba)| sin? {%T} . (121)

The time dependence of the net heat transfer (@), and the deviation from the integral
fluctuation theorem (e=279). — 1 are shown in Fig. 4. The net heat transfer has finite
values, while the integral exchange fluctuation theorem holds.

4.3.3 Example: coupled harmonic oscillators

We show how the commutable-coupling condition is expressed in the model system which
consists of coupled harmonic oscillators. In order to identify the commutable-coupling
condition in this model, we calculate the commutation relations

[Hy, H.] = hvwylata, a'b + b'a

= hvwa(a'b — b'a), (122)
[Hp, H,] = hvwg[b'h, a’b + bla]
= —hvwp(a'b — bla). (123)
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Figure 4: The quantities (e=2%@)_—1 (red line) and (Q), (blue line) under the commutable-
coupling condition in two-spin 1/2 system for eg/eq = 1,84€4 = 2,05/04 = 1.1, and
vJ/ea = 0.01.

Then the commutable-coupling condition is written as
[Ho, He] = hv(wa — wp)(a’d — bla) = 0. (124)

From Eq. (124), we find that the relation w4 = wpg corresponds to the commutable-coupling
condition. The time dependence of the net heat transfer (@), and the deviation from the
integral fluctuation theorem (e=*#?), — 1 are shown in Fig. 5. We calculated the results
numerically with the approximation that the boson number is seven at maximum. The
probability to have more than seven bosons is of the order of 10712,

38



—y N0 20 0

‘ ‘ ‘ - ,T
] 40 50 70
-0.002 |

-0.004 |

-0.006 |

(o) -1 (5

-0.008 |

(a)

"] =< 0006}
— E b
= 0.005"
0.004 |
0.003 |

0.002}

<e—AﬁQ>I -1, (Q

0.001 |

b) g
()01020

30 40 50 60 70 A

Figure 5: The quantities (e=2%?)_ —1 (red line) and (Q), (blue line) under the commutable-
coupling condition in coupled harmonic oscillators for wp/wa = 1, fahwa = 4 and
yv/hwa = 0.1 with (a) fg/64 = 0.9 and (b) Bp/B4 = 1.1.
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5 Conclusions

To summarize, we showed that the exchange fluctuation theorem in its original form does
not generally hold in the presence of a finite heat transfer. In the limit v — 0, the kth
moments of p.(Q) also vanish. We also showed that the deviation from the exchange
fluctuation theorem has generally the same dependence on the coupling strength ~ as
the ensemble average of the heat transfer between the systems and both analytically and
numerically confirmed this with specific models. This means that there is no heat transfer
when the coupling strength v is small enough to neglect the deviation from the exchange
fluctuation theorem. In this case, the exchange fluctuation theorem reduces to a trivial
relation and has no information about the heat transfer.

However, we found a condition for the exchange fluctuation theorem to hold exactly and
we referred to it as the commutable-coupling condition. Under this condition, the exchange
fluctuation theorem becomes an exact relation independently of the coupling strength ~
under the existence of a finite heat transfer. We confirmed this in specific models.

The deviation from the exchange fluctuation theorem consists of the commutation rela-
tion between the Hamiltonian of the total system and the coupling Hamiltonian. Therefore,
the non-commutativity of the observable in quantum mechanics plays an important role in
the deviation.
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A Time-reversed evolution

We explain why the joint probability in the reverse process can be written as Egs. (6)
and (69). As in Eq. (60), the time-reversal invariance for the time-dependent Hamiltonian
H(t), represented as

OH(t) = H(t)O, (125)
is equivalent to
oll,, = 11,0, (126)

where II,,, is the projection operator onto an instantaneous eigenstate m; of the Hamilto-
nian at time ¢, H(t), with the eigenvalue E,,,.

The density operator in the time-reversed dynamics evolves according to the von Neu-
mann equation

inLoR(t) = [HR(2), (1)

dt
with the initial condition
PH(0) = Pigis- (127)
The Hamiltonian in the time-reversed dynamics is defined as
HY(t)=0H(r—1)07 ", (128)

where 7 is the time duration of the dynamics that we consider. The solution of the von
Neumann equation is given by

pR(t> = UR(ta O)pR(O)UR(t7 0)T7

where Ug(t, 0) is the time-evolution operator in the time-reversed dynamics and is a solution
of the Schrodinger equation,

d
ihEUR(t, 0) = H®(t,0)UR(t,0) (129)
with the initial condition Ug(0,0) = 1. The solution UR(¢,0) is given by [29, 30]
UR(t,0)=0U(r —t,7)07". (130)

We can confirm this by substituting Eq. (130) into the Schrodinger equation (129):
d

i
M

(eU(r-t7)e™) =6 (—z’h%U(r —t, r)@1>

=0 (H(r—t)U(r —t,7)07")
=0H(t -t 'eU(r —t,7)0*
= H%t) (0U(r —t,7)07"), (131)
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and

OU(r —t,7)0 =g = OU(7,7)O "
=007
~ 1. (132)

We used the antilinearity of © in the first line in Eq. (131).
Using these quantities, we define the joint probability in the reverse process as follows:

PR(n,mir) = T [Ty, Un (7, 0)TL, ol T, Uf (7, 0) (133)
with
Piiy = Op, O~ (134)

If the initial state of the forward process is the Gibbs state pini; = e PH(0) /Zy at an inverse
temperature (3, for example, we choose p, as the Gibbs state of the system described by
the Hamiltonian H(7) at the inverse temperature g:

Z,

pr = (135)

where Z, = Tre ##(7) is the partition function.

If the system is time-reversal invariant, O H(t) = H(t)O, the Hamiltonian in the time-
reversed dynamics at time ¢ coincides with the Hamiltonian in the forward dynamics at
time 7 — t:

HR(t)=0H(r —1)0™!
=H(r—t)007!
= H(r —t), (136)
where we used Eq. (125). In this case, we can represent the joint probability in the reverse
process with the quantities in the forward dynamics by substituting Eqs. (127) and (130)
into Eq. (133):
PR(n,m|r) = Tr [IL,, (OU(0,7)07 ") II,,, (©p,© ") 1L, (OUT(0,7)07")]
= Tr [O11,,U'(7,0)07'OIL, p.0~'OI, U(r,0)0~"]
= Tr [IL,,,U'(7, 0)IL,, p, 1L, U(7,0)] (137)

where we used Eq. (126).
We can generalize the representation of the joint probability in the time-reversed dy-
namics to the case where a static magnetic field is present.
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