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The canonical ensemble plays a crucial role in statistical mechanics in and out of equilibrium. For example,
the standard derivation of the fluctuation theorem relies on the assumption that the initial state of the heat bath
is the canonical ensemble. On the other hand, the recent progress in the foundation of statistical mechanics has
revealed that a thermal equilibrium state is not necessarily described by the canonical ensemble but can be a
quantum pure state or even a single energy eigenstate, as formulated by the eigenstate thermalization hypothesis
(ETH). Then a question raised is how these two pictures, the canonical ensemble and a single energy eigenstate
as a thermal equilibrium state, are compatible in the fluctuation theorem. In this paper, we theoretically and
numerically show that the fluctuation theorem holds in both of the long- and short-time regimes, even when
the initial state of the bath is a single energy eigenstate of a many-body system. Our proof of the fluctuation
theorem in the long-time regime is based on the ETH, while it was previously shown in the short-time regime on
the basis of the Lieb-Robinson bound and the ETH [Phys. Rev. Lett. 119, 100601 (2017)]. The proofs for these
time regimes are theoretically independent and complementary, implying the fluctuation theorem in the entire
time domain. We also perform a systematic numerical simulation of hard-core bosons by exact diagonalization
and verify the fluctuation theorem in both of the time regimes by focusing on the finite-size scaling. Our results
contribute to the understanding of the mechanism that the fluctuation theorem emerges from unitary dynamics

of quantum many-body systems and can be tested by experiments with, e.g., ultracold atoms.
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I. INTRODUCTION

Conventional statistical mechanics relies on the concept
of ensembles, such as the microcanonical ensemble and the
canonical ensemble. These are characterized as the maximum
entropy states under certain energy constraints [1] and thus
given by statistical mixtures of enormous energy eigenstates.
The canonical ensemble plays a crucial role even beyond
equilibrium situations. For example, we can prove the second
law of thermodynamics and the fluctuation theorem [2-13]
out of equilibrium of the system, by relying on the assumption
that the initial state of the heat bath is in the canonical ensem-
ble. Here the fluctuation theorem is a universal relation that
incorporates the role of fluctuations of the entropy production,
represented as (e~?) = 1 where o is the stochastic entropy
production. The fluctuation theorem implies the second law at
the average level, stating that the average entropy production
is nonnegative:

(0) :==ASs —BQO 20, (D

where ASs is the change of the von Neumann entropy of the
system, B is the inverse temperature of the heat bath, and Q
is the average heat emitted from the bath. We note that the
fluctuation theorem reproduces the second law through the
Jensen inequality (e7%) > e~ ().

On the other hand, in recent years, it has been
established that most states, not limited to those ensembles
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(maximum entropy states), can represent thermal equilibrium
states [14-26]. The extreme case opposite to the canonical
ensemble is zero entropy states such as a single energy eigen-
state; the eigenstate thermalization hypothesis (ETH) [27-43]
states that a single energy eigenstate can represent a thermal
equilibrium state. The ETH is a sufficient condition for ther-
malization in isolated quantum many-body systems [27-29]
and numerically shown to be valid in various nonintegrable
quantum many-body systems [29—-43]. Furthermore, in recent
experiments such as cold atoms [19-24], trapped ions [25],
and superconducting qubits [26], it has been observed that
thermal equilibrium states are not necessarily canonical en-
sembles but can be pure states.

A critical question here is how universally the thermody-
namic properties appear without canonical ensembles, even
in nonequilibrium situations. In particular, it is interesting to
investigate the validity of the fluctuation theorem: The ques-
tion focuses on whether it is possible to understand how the
fluctuation theorem and the second law emerge from quan-
tum mechanics without assuming the conventional statistical
ensembles.

A partial understanding of the above question has been
addressed in recent papers. Specifically, Ref. [44] theoreti-
cally showed the fluctuation theorem (and the second law)
in the short-time regime, which is based on the ETH and the
Lieb-Robinson bound [45-47]. We note that in the numerical
simulation of Ref. [44], the initial state of the system was
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chosen to be a pure state, and the fluctuation theorem was
apparently broken in the long-time regime. This apparent
breakdown originates from so-called absolute irreversibil-
ity [48,49] induced by the pure initial state, and as will be
shown in this paper, the fluctuation theorem still holds in the
long-time regime if absolute irreversibility is properly treated.
Moreover, Ref. [50] theoretically showed the second law at
the average level in the long-time regime on the basis of the
ETH. Also in previous papers [51,52], it has been numerically
suggested that the fluctuation theorem holds even in the long-
time regime. Given these researches, it is desirable to make a
comprehensive understanding of the validity of the fluctuation
theorem in the entire time domain.

The main result of this paper is to show, analytically and
numerically, that the fluctuation theorem holds with the non-
canonical bath in both of the short- and long-time regimes.
Specifically, the initial state of the bath is supposed to be
a single energy eigenstate sampled from an energy shell.
This establishes that the universal property of nonequilibrium
fluctuations in entropy production emerges even without the
canonical ensemble. In particular, since we prove the fluc-
tuation theorem for the extreme case with a single energy
eigenstate, the fluctuation theorem holds when the initial state
of the bath is any mixture of energy eigenstates in the energy
shell.

We discuss the entire time domain by considering the
long- and short-time regimes. We theoretically show that
the long-time average of the deviation from the fluctuation
theorem vanishes in the thermodynamic limit of the heat
bath. We also perform numerical simulations and show that
the deviation decreases with the bath size N. On the other
hand, Ref. [44] theoretically showed the fluctuation theo-
rem for the short-time regime in the thermodynamic limit
on the basis of the Lieb-Robinson bound and the ETH.
While the theory of Ref. [44] is valid in the thermodynamic
limit, the fluctuation theorem in the short-time regime for the
numerically-accessible system size was not fully established
in Ref. [44] because of the large finite-size effect. In the
present paper, we perform systematic numerical calculations
to clarify whether the theoretical scenario is indeed relevant
for the numerically accessible system size. In particular, we
numerically investigate the bath-size dependence of the error
term of the fluctuation theorem, which eventually excludes
other scenarios than the theoretical scenario of Ref. [44].

The rest of this paper is organized as follows. In Sec. II
we introduce the setup of this study. In Sec. III we overview
the main results of this paper without going into details. In
Sec. IV we theoretically derive the fluctuation theorem in the
long-time regime and show our numerical results to support
the theory. In Sec. V we discuss the fluctuation theorem in
the short-time regime and show the corresponding numerical
results. In Sec. VI we summarize the results and make some
remarks. In Appendix A we introduce the concept of absolute
irreversibility [48,49]. In Appendix B we examine the details
of the interaction-induced error of the fluctuation theorem. In
Appendix C we show that the interaction-induced error van-
ishes under the rotating wave approximation. In Appendix D
we discuss another naive approach to show the fluctuation the-
orem. In Appendix E we discuss the initial time dependence
of the errors of the fluctuation theorem. In Appendix F we

explain the details of the proof of the fluctuation theorem in
the long-time regime. In Appendix G we show the additional
calculations for the interaction-induced error. In Appendix H
we show the supplementary numerical results.

II. SETUP

In this section we introduce the setup of the study. In
Sec. IT A we explain the conventional setup for the fluctuation
theorem with the canonical bath and briefly overview the fluc-
tuation theorem [2—13]. In Sec. II B we explain the setup of
the present study with the energy eigenstate bath. In Sec. II C
we explain the setup of our numerical simulation.

A. Fluctuation theorem for the canonical bath

As a preliminary, we consider the conventional setup of
the fluctuation theorem. The total system is composed of the
system S and the heat bath B. The Hamiltonian of the total
system is written as

H := Hs + H; + Hg, 2)

where Hs, Hy are the Hamiltonian of system S and bath B,
respectively, and Hi(# 0) describes the interaction between S
and B. The initial state of the total system SB is assumed to
be a product state:

p(0) := ps(0) ® pg(0). 3

We also define the canonical ensembles of system S and
bath B as p§" := e /Zg with Zg := trs[e #"5] and pg™ :=
e PHs /75 with Zg := trg[ePH3], respectively.

The time evolution of the total system is given by p(¢) =
U ps(0) ® pp(0)UT, where U (t) := e~H*/" is the unitary time
evolution operator. We write the reduced density operator of
system S and bath B at time ¢ as pg(t) := trg[p(¢)], p(t) :=
trs[p(t)], respectively.

In this setup, we explain the concept of the stochastic
entropy production o [7]. To introduce it, let us consider
an operator o (t) := —In ps(¢) + BHg (see [9,53,54] for the
same approach to the stochastic entropy production). The first
term on the right-hand side is the informational contribution,
whose average is the von Neumann entropy of the system
Ss(t) := —trs[ps(t)In ps(t)]. We note that such an informa-
tional contribution has been experimentally investigated in
quantum systems [55,56]. The second term of o(¢) is the
thermal contribution that gives the heat term.

While o (¢) is not an ordinary physical observable because
it depends on the state ps(t), the above definition of o ()
enables us to treat various physically relevant situations in
a unified manner. One of typical situations is that the initial
state of system S is the canonical ensemble, in which the
measurement of o (¢) is equivalent to the measurement of en-
ergy, because — In pg*" = BHs + In Zs. If we do not have any
prior knowledge about the state of the system, we can measure
—In ps(#) by performing quantum state tomography of pg(t)
beforehand [57]. In fact, by quantum state tomography, we
obtain the information about the eigenbasis of pg(¢) and its
eigenvalues. Then we can perform the projection measure-
ment of the eigenbasis and associate an eigenvalue with the
outcome.
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We consider the projection measurement of o (¢) at time
0 and 7. Let the measurement outcomes be o; at + = 0 and
or at t. We then define the stochastic entropy production
o as o := of — 0j, whose average (o) = ASs — BQ is the
average entropy production of the total system. Here Q is
the heat emitted from bath B to system S, defined as Q :=
—trg[Hp(pp(?) — 0B(0))].

For the conventional fluctuation theorem, the initial state of
bath B is assumed to be the canonical ensemble pg(0) = 5"
The fluctuation theorem states that

(%) =1. 4)
It is straightforward to show [7] that (¢~7) can be rewritten as
(€)= u[e PPUL™ g UT pg (1)]. (5)

Substituting pg™ = e~#H /7, we obtain

e P,
(%) = tr[e—f‘HBUeﬂHB — U pga"(t)] (6)
Zy
e PHs +
= tr[ ~ uu ,og““(t)] @)
B

= [ p§" (1) ® p§"] )
=1. 9)

We note that if absolute irreversibility [48,49] occurs, the
fluctuation theorem is modified (see details in Appendix A).
Absolute irreversibility is an apparent violation of the fluc-
tuation theorem that occurs when ps(0) does not have the
full rank [e.g., ps(0) is a pure state]. The modification term
appears in the form of

(e™) =1 —A(t). (10)

See Appendix A for details. Absolute irreversibility can be
understood as a kind of singularity about the initial state of
system S. We emphasize that this is not a purely mathematical
problem, but can be observed experimentally [55].

B. Fluctuation theorem for the energy eigenstate bath

In this subsection, we introduce the setup of the fluctuation
theorem for the energy eigenstate bath, which will be shown
as the main result of the present paper.

The total system is composed of system S and bath B in
the same manner as the setup for the conventional fluctuation
theorem, while in the present setup, bath B is defined on a
lattice as shown in Fig. 1. We assume that the Hamiltonian of
bath B is local and system S interacts with a local region of
B by the interaction Hj. Let N be the number of sites in bath
B,andd =1, 2,3, ... be the spatial dimension of it. The size
of system S and the support of Hj are fixed and do not depend
on N. We refer to the dimensions of the Hilbert space of S, B,
and the total system SB as Dg, Dg, and Dsg, respectively. We
denote an eigenstate of H with eigenenergy E, as |E,). In the
same manner, we denote eigenstates of Hs, Hp as |El.s), |EB),
respectively. We denote a matrix element of an operator with
respect to the eigenstates of H as (- -+ )yp := (E,| - - - |Ep). We
also define an operator of system S as qgj = |Eis) (EjS|.

In the present paper, we consider the thermodynamic limit
that means the large-bath limit (N — oo) without changing

Bath B (v sites)

System S

FIG. 1. The setup of our study. The total system consists of the
system S and the heat bath B. The system S interacts with a local
(bounded) region of B, and the interaction in B is also local. The
bath B is defined on a d-dimensional lattice. We denote the number of
sites of B by N and the dimension of the Hilbert space of B by Dg. We
also consider an energy shell of B, whose Hilbert-space dimension is
D. See the inset of Fig. 2 for the specific lattice used in our numerical
simulation.

system S. To describe asymptotic behaviors of this limit, we
use the following asymptotic notations:

f(D) = (D) & 0 < Tim ’g% <00, (ID)
D

f(D) = 0(g(D)) @L;Ln;o‘% < o0, (12)
D

f(D) = o(g(D)) & lim % =0. (13)

We define the operator norm || X || as the largest singular value
of X and the trace norm || X||; as the sum of the singular values
of X. For the sake of simplicity, we use A >~ B for operators
A and B to represent that ||A — B|| = o(1) or |A — B||; = o(1)
depending on the context.

The initial state of SB is assumed to be a product state as
in (3). We also assume that the initial state of S is diagonal
with respect to Hg, because it simplifies the discussion of the
time dependence in Secs. Il and V.

Now, a crucial assumption is that the initial state of bath
B is a single energy eigenstate, which is sampled from the
energy shell [E — AE, E]. The energy E is given by E :=
trg[ pg*" Hg] with the canonical ensemble at inverse tempera-
ture 8. The width AE can be chosen as ©(1) < AE < O(N),
which gives the normal thermodynamic scaling D = exp(sN)
with the entropy density s [58].

We next summarize the assumptions regarding the ETH,
as summarized in Table I. For the proof of the fluctuation
theorem in the long-time regime (Sec. IV), we assume that
H satisfies the ETH for all the eigenstates in the energy shell
(the “strong” ETH) with respect to all observables of system
S and H;. Here we can introduce the energy shell of H, which
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TABLE I. The assumptions regarding the ETH.

Time regime (section)

Long-time regime (Sec. IV)

Short-time regime (Sec. V)

Which ETH

For which eigenstates All the eigenstates

The diagonal and off-diagonal ETH of H

The diagonal ETH of Hp
Only for the given initial state of B

is determined by the energy and energy width of the initial
state (3) (see details in Appendix F). Specifically, we assume
the (strong) diagonal and off-diagonal ETH [18,27-29] for all
observables of system S and Hj, written as Og;, stating that the
following relations hold for all the eigenstates in the energy
shell:

(EalOs1|Eq) = (Osi)mc + OD' ™), (14)

(Ea|Ost|Ep)| = O(D' ™) (a # b), (15)

where (-)mc is the microcanonical average of the energy shell
of H. Since the size of system S is ®(1), the dimension of the
energy shell D' (< Dgg) satisfies D' = G(D).

In Sec. V we discuss the fluctuation theorem in the short-
time regime, which has been theoretically proved in Ref. [44].
Here we assume the diagonal ETH of Hp:

(EB|Ly,|EB) = (Lp,)mcs + O(D™V?), (16)

where (-)mcp is the microcanonical average of the energy
shell [E — AE, E], D (< Dg) is the dimension of the Hilbert
space of the energy shell of Hg, and Lg, is a quasilocal oper-
ator defined in Sec. V. We note that Eq. (16) is assumed only
for the given initial state |[EP) of B.

We remark on the validity of the ETH. It has been
numerically shown that the strong ETH holds in various non-
integrable quantum many-body systems [29—43], while it does
not hold in the presence of quantum many-body scar [59] and
in integrable systems [32]. The assumptions (14) and (15) rely
on the strong ETH of the local operator Ogs;. On the other
hand, the ETH for a given single energy eigenstate can be
valid even in integrable systems [30,44]. In fact, it has been
shown that almost all energy eigenstates in the energy shell
satisfy the ETH even in integrable systems [44,60,61]. This is
true even for quasilocal operators such as Lg, in Eq. (16) [44].
Specifically, if the support size of a quasilocal operator in-
creases as N* (0 < o < 1/2), it satisfies the ETH for almost
all energy eigenstates as proven in Ref. [44]. This theorem ap-
plies to integrable systems but requires translation invariance.
We note that a consistent observation has been made in terms
of the entanglement properties of integrable systems [62,63].
We also note that the ETH for typical energy eigenstates does
not hold in many-body localized (MBL) systems that break
translation invariance [64,65].

Meanwhile, in the following sections, we sometimes con-
sider the following condition for the interaction Hamiltonian:

[Hs + Hp, Hi] =0, )

which simplifies the derivation of the fluctuation theorem.
Under this condition, the sum of the energies of system S and
bath B does not change, and we can rewrite the heat Q by the
energy change in system S. We note that the interaction itself
(i.e., ||Hi|l) is not necessarily small for the condition (17) to

hold. While the condition (17) is satisfied in simple models
such as the Jaynes-Cummings model at the resonant condi-
tion [66], it is not necessarily satisfied in generic quantum
many-body systems.

When the condition (17) is not satisfied, an error term in-
duced by the interaction can appear in the fluctuation theorem.
It is noteworthy, however, that Eq. (17) is approximately satis-
fied under the rotating wave approximation [66], which holds
well even for many-body systems in a long-time regime where
high-frequency oscillations can be neglected. In Appendix C
we show that

I[Hs + Hg, Hi]|| = o(1) (18)

holds by using the rotating wave approximation and the off-
diagonal ETH. Intuitively, the rotating wave approximation
ensures the energy conservation without including the inter-
action energy, i.e., it prohibits transitions between eigenstates
of Hs + Hg, implying that H; becomes commutable with
Hs + Hg.

C. Hamiltonian for numerical simulation

In this subsection, we explain the setup of our numerical
simulation discussed in Secs. III, IV, and V.

We perform numerical calculations of hard-core bosons
with nearest-neighbor repulsion using numerically exact di-
agonalization. System S is a single site, and bath B is on a
two-dimensional lattice. The Hamiltonian is given by

HS = wny, (19)

Hy = —y' ) (coe; +cjeo), (20)
(0,5)

N
Hg ::a)Zni —yZ(cjcj+C;Ci)+gZ”i”j’ 2D
i=1 i) (@)

where w is the onsite potential, —y is the hopping in bath
B, —y’ is the hopping between system S and bath B, and
g > 0 represents repulsion between hard core bosons. We
note that (i, j) means the sum over the nearest-neighbor sites.
Hard core bosons cannot exist simultaneously on a single
site, and their annihilation (creation) operator c; (clT) satis-
fies the commutation relations [c;, ¢;] = [clT, c;] = [c;, c;] =
0 for i # j, {ciy ¢} = {c], ¢/} =0, and {¢;, ¢|} = 1. The oc-
cupation number operator is defined as n; := cl.Tc,-. The site
of i = 0 corresponds to system S. We set bath B as a two-
dimensional square lattice with the open boundary condition,
and the bath size N is written as N = L, x L,. The operator
of the particle number in bath B is written as ng := va: 1 i
The Hamiltonian H is nonintegrable when g # 0, y # 0, and

y' #0.
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We write the initial state of system S as
ps(0) == pI1) (1] + (1 = p)|0)(0l, (22)

where |ng) is the eigenstate of ny and satisfies nglng) =
nglns) (ng = 1, 0). In order to avoid absolute irreversibility,
we choose ps(0) to be a mixed state by setting p = 0.99 in
our numerical simulation. See Appendixes A and F3 for the
case with absolute irreversibility. We define the change of the
particle number in S as

dng = trs[ng(ps(t) — ps(0))]. (23)

The initial state of bath B is an energy eigenstate of Hp
with a particle number Np, which samples from the energy
shell [E — AE, E]. We write the width of the energy shell as
AE = Nég with 6 be a positive constant and set §p = 0.02
in our numerical simulation. We perform the calculation of
the fluctuation theorem for each energy eigenstate in the en-
ergy shell and investigate the dependence of the error of the
fluctuation theorem on the bath size and the initial state of
bath B. We define the inverse temperature of |Ef) as fB, satis-
fying Ef = trg[pg" (B« )Hg], where we explicitly write the 8
dependence of the canonical ensemble. The onsite potential
w is determined such that the canonical expectation of the
particle number of the bath equals Np: trg[ngpg™] = Np. We
set w as above, because the ETH is satisfied only within each
particle number sector, and Np should be close to the canonical
expectation number. To investigate the bath-size dependence,
weset L, =3,L, =3,4,5and Np = N/3.

III. OVERVIEW OF THE RESULTS

In this section, we give an overview of the main results of
this paper: The fluctuation theorem holds in both the long-
and short-time regimes (as defined below) in the setting of the
previous section. The proof of the fluctuation theorem in the
long-time regime is based on the ETH of H (Sec. IV). Also,
the fluctuation theorem in the short-time regime has been
shown on the basis of the ETH of Hg and the Lieb-Robinson
bound [44] (Sec. V). The proofs of the fluctuation theorem in
these time regimes are theoretically independent of each other
and play complementary roles. Our systematic numerical cal-
culations about the bath-size dependence support the theories
in both of the long- and short-time regimes.

This section is organized as follows. In Sec. III A we show
the numerical result of the real-time dynamics and define the
errors of the fluctuation theorem. In Secs. III B and III C we
explain the results on the fluctuation theorem in the long- and
short-time regimes, respectively. In Sec. III D we comment on
the two time regimes.

A. Errors of the fluctuation theorem

We first demonstrate whether the fluctuation theorem (4)
holds or not by numerically investigating the real-time dy-
namics. Figure 2 shows the time dependence of (¢~”), which
implies that (¢~) >~ 1 holds in the entire time domain. The
right inset of Fig. 2 shows the time dependence of the error of
the fluctuation theorem |{¢~°) — 1|. The error increases until
the relaxation time of the system S (# ~ 1) and then saturates.
Qualitatively the same behavior is seen with other interacting

1.2

0.8}

0.6}

(e™)

0.4t

10° 102 10" 10° 10" 10®° 10° 10*

FIG. 2. The time dependence of (e~“). The right inset shows the
time dependence of the error of the fluctuation theorem |(e™%) — 1],
whose initial rise is proportionate to 2. The left inset is a schematic
of the total system used in numerical calculations. Parameters: p =
0.99, g =0.1y, ¥’ = 0.1y (purple), y (green), 4y (blue). The initial
state of the bath is the energy eigenstates of Hg, whose energy is
maximum in the energy shell at § = 0.1. The onsite potential w is
determined by trg[ng pg"] = Np.

parameters (see Appendix H), and Fig. 3 is a schematic of the
typical time dependence of |[{(¢™7) — 1].

We denote (¢~“) when the initial state of bath B is pg(0)
(resp. pg") by G (resp. G**"). We define G and G**" as

G = tr[e PP U PHB pg (0)U T ps (1)), (24)

G = tr[e P UL o U PP ()] =1, (25)

where pg*(¢) is the reduced density operator of system S
defined as pg"(¢) := trg[U ps(0) ® pg"U 1. Below we focus
on the error of the fluctuation theorem G — G*".

In the case where Eq. (17) holds, Hg in G and G**" can be
replaced by —Hs, and correspondingly we define

Gs = tr[e"SU e pg (0)U " ps (1)), (26)
GS™ = u[eBUe P pg U™ pg™ (1)) 27)
T A long time region
& xif? .
s
20 short time
- region
£ » logt
10g Trelax lOg TR

FIG. 3. Sketch of a typical time dependence of |(e™”) — 1],
which initially rises in proportionate to #> and relaxes to the long-time
average int 2 Trpax. We refer to the time regime after the relaxation
as the long-time regime. We also call the sufficiently shorter time
regime than the Lieb-Robinson time 7 r (38) the short-time regime
(t < TR)-
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Using the Baker-Campbell-Hausdorff formula  for
e~ PUsTHR) oPHsTH8) | we can show G = Gs and G*™" = G§™"
under Eq. (17), and the error of the fluctuation theorem is
written as

G — G = Gs — G (28)

With the above argument, we define the error of the fluctu-
ation theorem in the general case as

G — G = 8Gs + 8G, (29)
where we define
8Gs := Gs — G, (30)
8Gy := G — G — §Gg (31)
= G—Gs + G — G (32)
= sG" + G, (33)
8G\V == G — Gs, (34)
8GY = G — G (35)

We refer to Gy as the interaction-induced error.

As argued above, §G; = 0 holds under Eq. (17). Even
if Eq. (17) does not hold, the interaction-induced error Gy
satisfies

18G1| = o(1) (36)

under the rotating wave approximation and the off-diagonal
ETH (see Appendix C). We also note that §G; = 0 holds
without the rotating wave approximation when pg(0) = pg*,
even if Eq. (17) does not hold. See also Appendix B for the
form of §Gy.

We have decomposed the error of the fluctuation theorem
into §Gs and 8Gj. If we try to show the error without the
decomposition, we cannot show that the error vanishes in the

thermodynamic limit (see Appendix D).

B. Long-time regime

We consider the fluctuation theorem in the long-time
regime. In this paper, we prove that (e~?), the long-time
average of (e™7), nearly equals 1 in the large-bath limit. Note
that we denote the long-time average of any quantity O(t) as

T
o) = TangO%/(; o@t)dt. (37)

In the special case that the condition (17) is satisfied, we can
prove that |(e=?) — 1| = o(1) holds, where the right-hand side
represents the asymptotic behavior with respect to the bath
size N.

If Eq. (17) is not strictly satisfied, the interaction-induced
error 8Gy defined in Sec. III A can generally appear in the
fluctuation theorem. However, the interaction-induced error
vanishes in the thermodynamic limit under the rotating wave

approximation, which holds well in the long-time regime (see
Appendix C for details).

In the absence of localization [64,65] or persistent oscilla-
tions [59], (¢77) relaxes to the long-time average (e~“) after
the finite relaxation time tp,x. We refer to the regime of ¢
satisfying Trex < 7 as the long-time regime. We argue that the
relaxation time satisfies Trox = @(1) with respect to the bath
size N for the following reason. The relaxation of (¢~“) can
be associated with observables of system S, because under the
condition (17), the heat Q is replaced by the energy change of
system S. Under physically reasonable conditions, the relax-
ation time of observables of system S is ®(1) when the initial
state of bath B is the microcanonical ensemble [67]. We note
that even when the condition (17) does not strictly hold, we
can replace the heat Q under the rotating wave approximation,
which again implies the relaxation time of ®(1). We note that
Ref. [68] showed that the relaxation time is independent of the
size of the total system if the Hamiltonian is random, and that
numerical results consistent with the random Hamiltonians
have been obtained with realistic models [69,70]. In summary,
we argue that T.jox = ©(1) holds in our setup, which is con-
sistent with our own numerics as well.

We briefly remark on absolute irreversibility (see
Appendixes A and F3 for details). As mentioned in the in-
troduction, the numerical calculations in Ref. [44] showed
that (¢7“) is smaller than 1 in the long-time regime, which
was argued to be a violation of the fluctuation theorem. As a
matter of fact, this is due to the numerical setup of Ref. [44]
that the initial state of system S is a pure state, causing ab-
solute irreversibility. That is, the reason why the fluctuation
theorem in the long-time regime appeared to be broken in the
numerical calculations of Ref. [44] is that the correction term
A in Eq. (10) was not taken into account, while the numerical
calculation itself is correct. In the present paper, we prove and
numerically show that the fluctuation theorem holds in the
long-time regime with absolute irreversibility and the energy
eigenstate bath if the correction term A is taken into account.
Finally, we remark that there is an alternative approach to
make the fluctuation theorem hold by regularizing the pure
initial state [71].

C. Short-time regime

We next consider the short-time regime. To define the
short-time regime in line with Ref. [44], we divide bath B
into By and By, where By is near S and B, is far from S
(see Fig. 4). We refer to the boundary between By and B;
as 9B, and the size of By is set to be ®N"¥)[0 < n<
1/(2d)]. Then the short-time regime is defined as ¢ < 7iR.
Here 71y is the Lieb-Robinson (LR) time introduced by the
Lieb-Robinson bound [45-47], which, in the present case,
represents a timescale that the information of S reaches B;.
Specifically, under the above choice of the size of By, the LR
time is given by

TLR = @(N#) (38)
Again in the special case that the condition (17) is satisfied,

[(¢77) — 1| = o(1) holds in the short-time regime, as shown
in Ref. [44] on the basis of the Lieb-Robinson bound and
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B,
By

boundary 0B

S

FIG. 4. Division of bath B used in the discussion of the short-
time regime in Sec. V. We divide bath B into the near part (By)
and the far part (B;). The size of B, depends on N as ®(N*) [0 <
< 1/(2d)]. System S interacts with a part of Bjy. From the
Lieb-Robinson bound, we introduce the Lieb-Robinson time g =
®O(N"), at which the information of system S reaches B;. We note
that the velocity of the information propagation does not depend
onN.

the ETH. Even when the condition (17) does not hold, we
show that the interaction-induced error vanishes within the
perturbation theory at high temperature if the initial state of
bath B satisfies the ETH (see Appendix G 2).

In the present paper, to show the validity of the fluctuation
theorem in the short-time regime, we perform systematic nu-
merical calculations of the bath-size dependence of the error
of the fluctuation theorem. Our results in Sec. V show that the
error decreases as N increases, which supports the validity of
the fluctuation theorem.

We note that the error of the fluctuation theorem is 0 att =
0 and initially increases in proportion to #> as shown in Fig. 3.
We theoretically show this time dependence in Appendix E.
In Sec. V, assuming that the error of the fluctuation theorem
initially grows in the form of at?> with a being a ¢-independent
coefficient, we numerically show that this coefficient a de-
creases as the bath size increases, implying a = o(1).

We note, as a side remark, that the time dependence of the
change of the particle number in S (23) also initially takes the
form of a,t?> with a, being a t-independent coefficient. In this
case, we observe that the bath-size dependence of a, is just
a, = ©(1). The bath-size independence of a, contrasts with
the error of the fluctuation theorem a = o(1), implying that
the ETH plays a crucial role only for the latter.

D. On the two time regimes

We emphasize that the short- and long-time regimes are
defined and analyzed theoretically independently. The short-
time regime is defined by the Lieb-Robinson time, which
increases at most linearly with the bath size, while the long-
time regime is defined by coincidence with the long-time
average, which covers a very long timescale characterized
by the quantum recurrence time that increases doubly expo-
nentially with the bath size [72-74]. From the argument in
Secs. III B and III C, the short- and long-time regimes have
an overlap and thus cover the entire time domain as shown in
Fig. 3, when the bath size is sufficiently large (see also Sec.
VA).

Suppose that the time evolution of the error is given as
in Fig. 3, i.e., the error of the fluctuation theorem initially

increases in #> and relaxes monotonically to the long-time
average after the N-independent relaxation time. Then the
fluctuation theorem in the long-time regime implies that in
the short-time regime, and vice versa. In general, however,
the fluctuation theorem in these time regimes is theoretically
shown independently, and the respective theorems together
show the fluctuation theorem in the entire time domain.
In fact, only from the fluctuation theorem in the long-time
regime, we cannot exclude the situation that the error is not
monotonic like Fig. 3, but overshoots to a value larger than
o(1) after a time evolution of #> and then relaxes to the
long-time average. This possibility can be excluded from the
fluctuation theorem in the short-time regime.

Let us discuss the timescales of real experimental setups.
For example, in Ref. [75], real-time dynamics of ultracold
atoms has been experimentally studied over about 300t with
T being the tunneling time. On the other hand, the Lieb-
Robinson time 7 g is estimated as tjg ~ £7, where £ = N'/4
is the distance between S and B;. As the experiment is per-
formed in the two-dimensional system where the site number
is N ~ 250, the Lieb-Robinson time is evaluated as 4t. Thus,
the Lieb-Robinson time is reasonably longer than the exper-
imental time resolution, while it is much shorter than the
experimentally tractable time regime. In such an experimen-
tal setup, therefore, the theories for the short- and long-time
regimes are both necessary to address the entire time domain.
On the other hand, we note that the Lieb-Robinson time is
too short in our numerical setup of Sec. II C for the short-time
regime to be clearly visible, because our system size is small
due to the limitation of numerical accessibility (N ~ 15). Our
theory for the short-time regime as well as for the long-time
regime is more relevant to real-experimental setups with cur-
rent or the near-future technologies, where the system sizes
can be much bigger than numerics.

IV. LONG-TIME REGIME

In this section we theoretically and numerically show the
fluctuation theorem in the long-time regime. In Sec. IV A
we discuss the long-time average and the relaxation time to
the long-time average. In Sec. IV B we outline the proof of
the fluctuation theorem. In Sec. IV C we show our numerical
results are consistent to our theory.

A. Long-time average

In this subsection, we consider the long-time average of
3Gs = Gs — G¢"" and discuss the relaxation times of §Gs and
8Gr.

To analyze the long-time average of Gs, we first write Gg
as follows:

Gs = tr[e?SU e pg (0)U trg [U ps(0) ® pp(0)U]].
(39)

We note that Eq. (39) contains four unitary operators.

Then, under no degeneracy and the nonresonance condi-
tion [i.e., E, — E, + E. — E; = 0 holds only when the pair
of indexes (a, ¢) equals (b, d)], the long-time average of Gg
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can be written as Gs = Gs; + Gs,. Here Gs; and Gg, are

defined as

Gsi =2 Y _ trs[e"™Strg[man§™ @ pu(0)7a]

a,.c

x trg[7.ps(0) ® pp(0)7.]], (40)
Gsy =75 y_ trs[e"trp[map8™ ® pp(0)7s]
b
x trg[7,05(0) ® pB(0)74]], 41

where 7, := |E,)(E,|. We refer to G, as the diagonal term
because it contains the diagonal ensemble [76], which is the
long-time average of the density operator and will be defined
in Sec. IVB. We also refer to Gs, as the off-diagonal term,
because Gs, contains the off-diagonal matrix elements with
respect to energy eigenstates of H. In a similar manner, we
write G = G&" + G

In this paper, we prove

6Gs| = o(1). (42)

From the foregoing discussion, the left-hand side is divided as

8Gs = (Gs1 — G3") + (Gs; — G&&M). In the next subsection,
we will show that

Gsi — G&T | = o(1), (43)

|Gs2| = o(1), (44)

IGE| = o(1), (45)

which imply Eq. (42).
We now discuss the relaxation time of §Gs. From Eq. (39),
we can write Gg as

= > PEED Ry (0)lgE 19 () (@ (1)1 gE 19,(1)).

i,j,k,l
(46)
¥(0)) :=[p}) ® |Ef), (47)
1(0) :=|E7) @ |Exn). (48)

where the spectral decomposition of ps(0) is ps(0) =
>, PiIpY)(PYl. As shown in Eq. (46), Gs is written as a
combination of the expectation values of qé’. Also, the same
rewrite is possible for GS*". In the total system SB, if the initial
state of bath B is the microcanonical ensemble, the relaxation
time of an observable of system S to its long-time average
is independent of the bath size under some conditions on the
matrix elements of the operator and the initial state of SB [67].
Those conditions are satisfied if the amplitudes of the matrix
elements obey the Gaussian distribution, which is numerically
confirmed in various quantum many-body systems satisfying
the off-diagonal ETH [31,34]. Then we argue that the relax-
ation time of any system operator does not depend on the bath
size also in our setup assuming the off-diagonal ETH. Since
Gs and G are written as a combination of the expectation
values of operators in S, the relaxation time of §Gg is also
independent of the bath size.

We also discuss the relaxation time of §G; to §Gj. Since
the interaction Hj is local, we argue that the relaxation time is
®(1) by the same argument as above.

B. Outline of the proof

This subsection outlines the proof that the diagonal contri-
bution |Gs; — G&7| and the off-diagonal contributions |Gs;|
and |Gca“| vanish in the thermodynamic limit. See Appendix F
for the complete proof. We also note that the interaction-
induced error |8Gy| vanishes in the thermodynamic limit under
the rotating wave approximation (see Appendix C for the
proof).

First, we show the outline of the proof of |Gs; — G$| =
o(1). We note that Gs; and G&" can be written as the expec-
tation values of the observables of S. That is, the following
relations hold:

Gs1 = tr[0sp""], (49)

@ — tr|:()§'cmpcam,DE:|7 (50)

where pPF : = wap$™" ® pp(0)1, is the diagonal ensemble
of p¢* ® pp(0) with respect to H and Os := ZSMeﬂHS is
an operator of system S. Similarly, p®"PE := 3" 7,05 ®
pg"m, is the diagonal ensemble of p§™" ® pc““ with respect
to H, and O™ := ZspG™(t)ePs is an operator of system S. It
is clear that the energy width of pg(0) is ®(1). For the case
of pg™", the large-deviation-type upper bound for the energy
distribution has been obtained, and the energy width of pg*"
is ®(N'/2) [77]. Both of these energy widths are smaller than
A =0ON)(1/2 <a < 1). Thus, we can define an energy
shell with the energy width A, which includes both of the
supports of pg(0) and pg*", and the contribution out of the
shell is negligible in the thermodynamic limit.

When the energy eigenstates of H satisfy the strong
diagonal ETH for any observable of system S, Os ~ Og*" and
trg[oPF] > trg[ 0 PE] hold, implying that any observable of
system S relaxes to the long-time average and the initial states
of bath B cannot be distinguished by looking at system S
alone. Then we obtain

G_Sl = tr[OSpDE] ~ trl:OganIOcan,DE] — @, (51)

which leads to [Gs; — G&"| = o(1).

When the interaction between system S and bath B is
weak, the above result can also be interpreted as follows.
We rewrite Os and OF™" as Os = ps(1)(p$™)~! and OF" =

C““(t)(pg‘m)‘ respectively. If the state of S relaxes to the
canonical ensemble of Hs, i.e., ps(t) =~ p s and p§™ (1) =~
P, Os =~ 1g and O™ =~ 1g hold, which leads to Gs1 ~ G
That is, |Gs; — @| = o(1) holds when the system-bath in-
teraction is weak and the state of system S relaxes to the
canonical ensemble.

We next prove |Gs;| = o(1) and |G°a“| = o(1) by using
the off-diagonal ETH for the energy eigenstates of H and
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observables in S. We first approximate Gg as

G2 = Zs Z (45 (43),, (05" ® p8(0),,,
a,besh
azb
ij

x (ps(0) ® pB(0))pas (52)

where the summation over the energy eigenstates of H is
restricted to the energy shell. If the off-diagonal ETH for qgj
holds, the bath-size dependence of the off-diagonal matrix
elements (qgj )ab 18 Written as

(¢9),, = O)/VD'. (53)

In addition, by using the Cauchy-Schwartz inequality and the
fact that the purity of any state p is not larger than 1, we obtain
O(1)

D/
See details in Appendix F 2. In a similar manner, |@| =o(1)
is proved.

We next comment on the interaction-induced error §Gj
defined in (32). As mentioned in Sec. III A, the interaction-
induced error is zero when the condition (17) is satisfied. Even
when the condition (17) is not satisfied, we can prove that

8Gi| = o(1) (55)

|Gs2| <

=o(1). (54)

holds under the rotating wave approximation (see Ap-
pendix C).

We here summarize the assumptions used in the foregoing
proofs. In the proof of |Gs; — G = o(1) [Eq. (43)], we
used the (strong) diagonal ETH (14) of H for all observables
of S, and the fact that the energy width of the canonical en-
semble is narrower than ®(N“) (1/2 < a < 1). In the proof of
|Gs2| = o(1) and |GZ'| = o(1) [Egs. (44) and (45)], we used
the (strong) off-diagonal ETH (15) of H for all observables
of S.

C. Numerical results

In this subsection, we numerically show that [8Gs| = o(1)
[Eq. (42)] and |8_GI| = o(1) [Eq. (55)]. To numerically obtain
|6Gs| and |8Gy|, we first analytically obtain the expressions
like Eqgs. (40) and (41), and then numerically evaluate these
expressions.

First, we show the numerical results for the long-time
average of §Gg and 6Gr. We note that |8Gs| and |3G;| are cal-
culated for each initial eigenstate of bath B. Since we consider
D eigenstates of B in the energy shell, D data respectively
for |§Gs| and [5Gj| are obtained in our numerical calculation.
Figure 5 shows the boxplot of the dependence of |8Gs| and
|6Gy| on the bath size, which represents the distribution of
|8Gs| and |[8Gi|. Each datum in the boxplot corresponds to
each initial eigenstate of bath B in the energy shell [E —
AE, E]. The middle line of the box represents the median, and
the top (bottom) of the box represents the upper (lower) quar-
tile. The half of the eigenstates in [E — AE, E] are included
in the box. Figure 5 shows that [§Gs| and |G| decreases as
N increases.

To investigate the N dependence of [§Gs| and |§Gy| in more
detail, we fit the numerical data of log|8Gg| and log 3G

6‘10'2 ? E )
< H
10'3 n n %

9 12 15
N

FIG. 5. The boxplot of [§Gs| and |8G;| to represent the depen-
dence on the bath size and the initial state. Each datum in the
boxplot corresponds to each initial eigenstate of bath B in the en-
ergy shell [E — AE, E]. Parameters: p = 0.99, ¢ = 0.1y, 8 = 0.1,
y' = y. Both |§Gs| and |G| tend to decrease as N increases.

against a fitting function —alogN + b with the fitting pa-
rameters a and b. The positive a implies |EI =o0(1) and
|G| = o(1). Figure 6 shows the ' dependence of a, where
we recall that y’ is the coupling strength of the interaction
between system S and bath B. Our result shows that a for
|8Gs| is indeed positive for any y’. Thus, |8Gs| = o(1) holds,
which is consistent with the theory (42).

We note that system S is decoupled from bath B in the limit
of y’ — 0. Also, system S and the support of Hj are decoupled
from the rest of the total system SB in the limit of ' — oo.
These decouplings imply that the ETH is no longer relevant
to system S, and thus the fluctuation theorem does not hold.
Thus, it is reasonable that a is small in the region of y'/y >~ 0
or y’'/y 3> 1 because of the large finite-size effect. If the bath
size is much larger than N currently used, the finite-size effect
is expected to become less significant, as a similar mechanism
observed in Ref. [42].

For the interaction-induced error |8_GI|, the fitting parame-
ter is positive within the margin of numerical errors as shown
in Fig. 6, which is consistent with (55), while the numerical
errors are larger when y’ is small. We consider this is because
the finite-size effect of the ETH is larger there.

V. SHORT-TIME REGIME

In this section we investigate the fluctuation theorem with
the energy eigenstate bath in the short-time regime. While
Ref. [44] theoretically showed that |§Gs| = o(1) holds on the
basis of the Lieb-Robinson bound and the ETH, no quantita-
tive numerical calculations of the bath-size dependence of the
error were made. In the present paper, we numerically inves-
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FIG. 6. The y' dependence of the exponent a, which is obtained
by fitting the medians of log |3Gs| and log |§Gy| against —alog N +
b. The fitting is performed with error, and the error bars of a
comes from it. Parameters: p = 0.99, g = 0.1y, 8 = 0.1. For both
|6Gs| and 5G|, we obtain a > 0, which supports the theories (42)
and (55). When y’ is near 0 or y' is too large, the finite-size effect is
large and a tends to be small.

tigate the dependence of the error of the fluctuation theorem
on the bath size and the initial state. In Sec. V A we define the
error and briefly overview the theory developed in Ref. [44].
In Sec. V B we show our numerical results, which support the
theory.

A. Definition of the error

In this subsection, we discuss the error of the fluctuation
theorem in the short-time regime. Specifically, we decompose
8Gs introduced in Eq. (30) into the term that can be evaluated
by the Lieb-Robinson bound and the term that can be evalu-
ated by the ETH.

From the Lieb-Robinson bound, when considering the dy-
namics of the short-time regime, the effect of the far side of
bath B (B, in Fig. 4) on system S is negligible. Using Hp,
which is given by restricting Hp to By, we define the truncated
Hamiltonian Ht and the corresponding time evolution oper-
ator Ur as Hr := Hs + Hy + Hp, and Uy := exp(—iHtt/h).
Then we define G§ and G&™" as

Gy = tr[eP™ s Ure ™ py (U ps (1)), (56)
G = [P Ure P pgin ;pgan(t)]' (57)

Due to the Lieb-Robinson bound, G§ >~ Gs and G&™" ~ G&"
hold in ¢ <« 7 r. Using these arguments, we decompose §Gg
as

8Gs = 8GR + 8GETH, (58)
where we define
8Gir == 8G) +8G2, (59)
3G\ == Gs — G, (60)
8GR = G&™T — G, (61)
3Gy 1= 8Gs — 8Gig = G§ — GF™™. (62)

‘We can evaluate these terms as follows.
Using the Lieb-Robinson bound [45,46], we can show that

|8GLr| = o(1) (1 K TLR) (63)

holds. In this evaluation, the ETH is not used, while it is
essential that Hg and H; are local. In Ref. [44] it has been
shown that

8GR | < Ce'1? (64)

holds in ¢ < 7., where ¢ := dist(S, 9B) is the distance be-
tween S and 9B, and S is the area that consists of system
S and the support of H;. The positive constants C and «
are independent of N. Since ¢ is increasing as the bath size
increases, Eq. (64) implies Eq. (63). Furthermore, using the
improved Lieb-Robinson bound [47], we can show that
¢
|5G(L11i2) < C’% ~ C—tlogt—1) 0 65)
holds in ¢+ « 7 g with C’ being a positive constant indepen-
dent of N. The evaluation of (65) is tighter than (64), where
the power of ¢t depends on £.
We next discuss §Ggry. Under the assumption that the
initial state |[EB) of bath B satisfies the ETH of Hp for ob-
servables in By, we show that

|6GETH| =~ |trBo [LBotrBl ['OB - 'Olgan]” (66)
= o(1), (67)

where Lg, := trs[U; ps(1)ePsUrePHs]. Tn Eq. (67), we use
the ETH for Lgp,. The initial state of bath B must be indis-
tinguishable from the canonical ensemble, because the time
evolution is restricted to Ut and the far part B; can be ne-
glected.

If the bath size is small [specifically, O(1)], tLr and Trejax
becomes comparable [both O(1)], which cannot be distin-
guished in practice. Therefore, in our numerical calculations
in the next subsection, we focus only on the time regime
t < Trelax in which the error of the fluctuation theorem is pro-
portionate to #>. We calculate the coefficients in our numerical
calculations, agty, a; and ap g defined as

|6GETH| = aETHIZ, (68)
18Gi1| = art?, (69)
[6GiR| = arrt’, (70)
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where b is a fitting parameter determined by numerical calcu-
lation. We will show the #> dependence in Egs. (68) and (69)
in Appendix E. Since Eq. (65) is an inequality, b does not
necessarily equal £. We note that b can depend on the bath
size. Thus, we find that the initial £ behavior in 8 G originates
from 8 Ggry, not from §GR.

In order for the time dependence (68) and (70) to continue
until the relaxation time of ®(1) and for Eqs. (63) and (67) to
hold,

arg = o(1), (71)

agtn = o(1) (72)

must be satisfied. We will numerically show these equations in
the next subsection.

Using the perturbation theory and the off-diagonal ETH
(see Appendix G 2), we can show that

|8Gi| = o(1). (73)

holds in t < tir. In order for the time dependence (69) to
continue until the relaxation time of ®(1) and for Eq. (73) to
hold,

ar = o(1) (74)

must be satisfied. This will be numerically shown in the next
subsection.

We here remark on the two separate timescales appeared
above. The time interval satisfying Trex <t << TR clearly
exists for a sufficiently large bath size N, while such a large
bath size is not accessible by our numerical calculations but
may be achieved by real experiments with ultracold atoms.
In our numerical simulation (see Fig. 13 in Appendix H),
only Tueax St S 7R can be guaranteed for the bath size N =
15. We should further remark that 7,,x can depend on the
system-bath coupling y’, and the bath size N required for the
existence of the time interval T,,x < < TR increases as y’
decreases. In our numerical simulation, such a time interval
exists for y’/y = 1, 1.5, 2, 3, 4, while it does not clearly exist
fory’/y = 0.05, 0.1, 0.4 where our N is not sufficiently large.

B. Numerical results

In this subsection, we numerically show that
Egs. (71), (72), and (74) hold. We choose three sites close to
system S as By as shown in Fig. 7.

Using the fitting functions |[§Ggry| = agrut”™  and
|6Gi| = ait™ and numerical data in 1073 < yt < 1072, we
determine the fitting parameters agry, bgTH, a1, and by. Be-
cause the effect of the subleading terms are negligible in
this time region, we choose this time region for simplicity.
Regardless of the parameters of the Hamiltonian, we obtain
bgry = 2 and by = 2 with negligibly small numerical errors.
Figure 8 is a boxplot showing the dependence of agry and
a; on the bath size and the initial state. Each datum in the
boxplot corresponds to each energy eigenstate in the energy
shell [E — AE, E]. Both agryg and q; tend to decrease as the
bath size increases.

To investigate the N dependence of agry and a;, we fit the
medians of logagry and loga; against the fitting functions
IOg AgTH = CETH — NETH lOgN and 10g ar =y — N lOg N. As

FIG. 7. B, used in our numerical simulation in Sec. V B.

aresult, we obtain npty = 1.4 £ 0.8, ny = 2.0 £ 0.8 for y’ =
y,g=0.1y and ngry = 1.8 £ 0.2, ny = 2.1 £ 0.1 for y' =
v, § = 0.4y . These results support the theories based on the
ETH (72) and (74). We note that these values are almost in-
dependent of y’. This is understood from the fact that agry =
o(1) is brought by the ETH of Hg, which is independent of the
interaction between system S and bath B.

We next show our numerical results on the errors related

to the Lieb-Robinson bound. We fit the median of [5G\,
. . (1)

against the function a!Jx. Because (SG(LZ}Q cannot be fitted

. . 2 . (2)

by the fitting function a(Lzlgtb(u% :Z)We numerically find a(LzR)tbLR

only satisfying [§G\%| < al2¢’ix in 1072 < yr < 1072, As a

result, we obtain b(Lllf) = 4, which is different from b = 2 in

Eq. (63). Figure 9 is a boxplot showing the dependence of a&{

10°
101} = I
T, o
=10
& |
1073}
4 ;
10 9 12 15
10"
102 ? . ]
S 4103 <
10 |
-5 . .
10 9 N12 15

FIG. 8. The dependence of agry and a; on the bath size and the
initial state. Each datum in the boxplot corresponds to each initial
eigenstate of bath B in the energy shell [E — AE, E]. Parameters:
p=0.99,¢=0.1y,y =y, B =0.1. Both agry and g tend to de-
crease as N increases.
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FIG. 9. The bath-size dependence of a') and a'%, which relate
to the Lieb-Robinson bound. Each datum in the boxplot corresponds
to each initial eigenstate of bath B in the energy shell [E — AE, E].
Parameters: p = 0.99, g = 0.1y, Y’ =y, 8 = 0.1. Both a(Llﬁ and a(LzR)
tend to decrease as N increases. For a}_llg at N = 15, we note that the
vertical range of the graph is widened because there are outliers on
the smaller error side. The initial state dependence is small for a\y,
implying that the change of al(?ﬁ with respect to § is small when the
initial state of bath B is the canonical ensemble.

@) . - 1) @)
and a;’; on the bath size and the initial state. Both a; ; and a;'x

tend to decrease as N increases.

Finally, we compare the time dependence of the errors of
the fluctuation theorem with that of an ordinary observable
of system S. As mentioned in Sec. III, the change of the
occupation number in system S (23) initially rises in the
form of a,t?, which is apparently similar to the case of the
fluctuation theorem (E1). Figure 10 shows the dependence of
a, on the bath size and the initial state of B. We observe that a,,
does not depend on the bath size, i.e., a, = ®(1). This bath-
size independence is reasonable because there is no physical
mechanism for the change of the occupation number in system
S to be suppressed in the thermodynamic limit. This result
a, = ©(1) is in contrast with agry = o(1) and a; g = o(1)
about the fluctuation theorem. Then, while the initial rise of
the error of the fluctuation theorem is also proportionate to 2,
this is due to a different physical mechanism from the case
of ordinary observables such as the occupation number. Thus,
the above numerical result and discussion again support the
scenario that the fluctuation theorem in the short-time regime
holds with the nontrivial thermal mechanism based on the
Lieb-Robinson bound and the ETH.

VI. SUMMARY AND DISCUSSION

In this study, we have investigated the fluctuation theorem
in the long- and short-time regimes, when the initial state of

-1 . . .
105 12 15
N

FIG. 10. The bath-size dependence of a,. Each datum in the
boxplot corresponds to each initial eigenstate of bath B in the energy
shell [E — AE, E]. We note that the boxes are squashed because
the initial-state dependence of a, is quite small. Parameters: p =
0.99,g=0.1y, y' =y, B =0.1. a, is independent of the bath size

N, which is reasonable because the size of system S does not depend
on the bath size N.

bath B is an energy eigenstate and the time evolution of the
total system is unitary. Our results theoretically and numeri-
cally show that the fluctuation theorem holds in the entire time
domain.

In the long-time regime, we have considered the long-time
average of (e~?). We theoretically showed that the error of
the fluctuation theorem introduced in Eq. (30) vanishes in the
thermodynamic limit of the heat bath (Sec. IV). The main
assumptions used are the diagonal and off-diagonal ETH (14)
(15). We have also shown that the interaction-induced er-
ror (32) decreases with increasing the bath size by using the
rotating wave approximation (C2). We numerically investi-
gated the dependence of the error of the fluctuation theorem
on the bath size and the initial state. Figures 5 and 6 support
the above theory.

We remark that the fluctuation theorem in the long-time
regime can also be derived from other assumptions than ours.
For example, Ref. [71] is based on some natural assumptions
on transition probabilities. While those assumptions are not
equivalent to our assumptions such as the ETH of H discussed
in Sec. IV, their result and ours are both correct and would
play complementary roles.

In the short-time regime, the fluctuation theorem has been
theoretically shown in Ref. [44] on the basis of the ETH and
the Lieb-Robinson bound. We performed systematic numeri-
cal calculations to show the validity of the fluctuation theorem
in the short-time regime (Sec. V). In particular, we focus on
the dependence of the errors of the fluctuation theorem on the
bath size, which establishes that the validity of the fluctuation
theorem is due to the theoretically proposed scenario based
on the ETH and the Lieb-Robinson bound [44], rather than
a trivial scenario argued in the last paragraph of Sec. V.
Figures 8-10 show that our numerical results support this
theoretical scenario.

The two time regimes play key roles in this study: The
long- and short-time regimes. The long-time regime is de-
fined by that (e™) nearly equals the long-time average
(e~9), which is independent of the bath size as discussed in
Sec. III B. The short-time regime is defined by the system in-
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formation’s not reaching the far part of bath B, which becomes
longer as the bath size increases. Therefore, the long- and
short-time regimes overlap and cover the entire time domain
when the bath size is large enough. We again emphasize,
however, that the fluctuation theorem has been shown inde-
pendently in these time regimes.

We remark that our result highlights the connection
between information and thermodynamics [78-80]. The in-
formational entropy (the von Neumann entropy) and the
thermodynamic quantity (heat) are quantitatively connected
to each other in the second law of thermodynamics (1), as
historically demonstrated by the Szilard engine [81] and the
Landauer principle [82]. While in the conventional theory [9]
this connection between the informational entropy and heat
relies on the assumption that the initial state of the bath is
canonical and thus has the maximum entropy, the present
work shows that the same connection emerges even when the
initial state of the bath is a single energy eigenstate. Therefore,
our result serves as a theoretical foundation of thermodynam-
ics of information beyond the conventional canonical setup.

Meanwhile, in our numerical calculation, we used a spe-
cific model of the two-dimensional system introduced in
Sec. IIC. However, our theory ensures that the fluctuation
theorem should hold for a much broader class of models
that satisfy the ETH (Table I). Since it has been numerically
confirmed that the ETH holds for various nonintegrable sys-
tems [29-42], the fluctuation theorem holds for these systems.

We consider that our theory can be experimentally verified.
In particular, the dynamics of isolated nonintegrable many-
body systems have been investigated using artificial quantum
systems such as cold atoms [19-24], trapped ions [25], and su-
perconducting qubits [26]. Not only local physical quantities
but also informational entropy are experimentally measur-
able [20,26]. Because our numerical calculation is performed
with a small bath size of 15 sites using numerically exact
diagonalization, we cannot observe the separation between the
two timescales, the Lieb-Robinson time 7; g and the relaxation
time Tep,x, as mentioned in Sec. V. However, experiments
with around 100 to 400 sites are currently accessible [22-24].
Therefore, the separation of the above timescales would be
experimentally observable. It is an interesting future issue to
directly verify the theory of the long- and short-time regimes
by such real experiments, which would open up the exper-
imental investigation of the emergence of thermodynamics
from quantum mechanics.

Note added. Recently we became aware of the results of
J. Gemmer et al. [71], which are closely related to the present
work.
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APPENDIX A: ABSOLUTE IRREVERSIBILITY

Absolute irreversibility means a violation of the fluctuation
theorem, which occurs when the initial state of system S is
singular in the sense that it does not have the full support in
the Hilbert space (e.g., the initial state is pure) [48,49]. This is
because the final state of the reverse process is not necessarily
in the support of the initial state of the forward process. The
violation of the fluctuation theorem can be described by a cor-
rection term as described later. In this Appendix we consider
the generalized fluctuation theorem including the correction
term in the presence of absolute irreversibility.

First, we consider the conventional case where the initial
state of bath B is the canonical ensemble. We denote the
projection operator onto the subspace which supports ps(0) by
Plfn When Ds > rank [Pifli], the fluctuation theorem is accom-
panied by the correction term due to absolute irreversibility. In
particular, if ps(0) is pure, rank[Piii] = 1 < Dg holds. Then it
has been shown in Refs. [48,49] that

(e77)y =1—=2%"@), (A1)

A9 (1) == tr[ (1 — Py)UT g™ (O)U ],
where pg*"(0) := o™ (t) ® pg™" is the initial state of the re-
verse process. We note that one can measure (¢~ ) and A" ()
in the forward and the reverse processes independently. In
fact, Eq. (A1) has been confirmed experimentally using pro-
jection measurements on the system [55].

The correction term (A2) does not appear if the singularity
is removed by regularizing the initial state of system S as
follows:

(A2)

ez () e P8O A3
Ps O) = A1 (A3)
ps(0) := ps(0) + (1 — Pyy;) (e > 0), (A4)

which is essentially the same approach as adopted in Ref. [71]
(see also Ref. [83]). If we take the limit of ¢ — O after calcu-
lating (¢77), then (¢7?) = 1 holds. On the other hand, if we
take the limit & — O first and then calculate (¢~7), Eq. (Al)
holds. This is not just the problem of the (unphysical) order
of the limits. As mentioned above, however, Eq. (A1) has
been experimentally observed, and thus the effect of absolute
irreversibility is physically relevant. On the other hand, in
the case where small noise is unavoidable in the initial state,
the regularization approach would be relevant. Therefore,
these two approaches are both physically reasonable and play
complementary roles.

We next consider the fluctuation theorem with the energy
eigenstate bath in the long-time regime in the presence of
absolute irreversibility. We define the correction term as

A) = t[(1 - P5)UTpr(OU], (A5)

where pr(0) := ps(t) ® pp(0). We will prove in Appendix F
that

(e™?)y=1—=A@) (A6)

holds in the thermodynamic limit. Because we have already

discussed the long-time average of the left-hand side in
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FIG. 11. The time dependence of (¢~”) when the initial state of
system S is pure (p = 1). Parameters: g = 0.1y, y’ = 0.1y (purple),
y (green), 4y (blue). The initial state of bath B is an energy eigenstate
of Hg, whose energy is maximum in the energy shell at 8 = 0.1. The
onsite potential w is determined by trg[ng pg™"] = Np. The horizontal
lines represent the numerically obtained values of 1 — A(t).

Sec. IV B, we only need to show

A (r) — (1) = o(1). (AT)

We will prove Eq. (A7) by using the ETH of the total system
SB in Appendix F.

We here show the validity of Eq. (A6) by numerical simula-
tion. Figure 11 shows the time dependence of (e~“) when the
initial state of system S is a pure state (p = 1). In the long-time
regime, (¢~ ) deviates from 1 because absolute irreversibility
occurs. The convergent value nearly equals 1 — A(¢), implying
the fluctuation theorem with the correction term (A6) holds.
We note that in the numerics of Ref. [44] (L, =L, =4,
Np = 4), we have numerically checked that Eq. (A6) holds
by performing the same analysis as in this paper.

APPENDIX B: SUPPLEMENT ON THE
INTERACTION-INDUCED ERROR

In this Appendix we discuss the form of the interaction-
induced error. Specifically, we compare 8G; defined in
Eq. (32) and the interaction-induced error defined in Ref. [44].
‘We show that § Gy reflects how thermal the initial state of bath
Bis.

First, we consider the characteristic function of the entropy
production:

g(u; pB) = tr[Ue—iuﬁHBeiuln,os(O)
x ps(0) ® ppU e A5 iubl], (BI)

which is the Fourier transformation of the probability distri-
bution of the stochastic entropy production o. We note that
(e7?) = G(i; pg) holds. Let us next consider the following
function by replacing Hg by —Hs, as in Gy defined in Eq. (26):

gs(u; ,OB) = tr[UeiuﬂHseiulnps(O)
X Ps (0) ® pBUTe—iu In ps(r)e—iuﬁHs]. (B2)

The interaction-induced error comes from the difference be-
tween Egs. (B1) and (B2). By noting that the fluctuation

theorem holds if the initial state of B is canonical, we define
the interaction-induced error as

8Gr := G(i; ps(0)) — Gs (i pB(0)) + Gs (is p§™) — G (i pF™).
(B3)

By definition, §G; = 0 holds when the initial state of bath B
is the canonical ensemble [pg(0) = pg*"].

As an alternative definition, in the supplemental informa-
tion of Ref. [44], the interaction-induced error is introduced

using the operator norm as
(SI(H) = ”eiuﬂHB UefiuﬁHB _ e*iuﬂHS UeiuﬂHs ” . (B4)

Using 61(u), the error of the fluctuation theorem is
evaluated as

G (u; pg(0)) — Gs (i p(0)] < S1()C(w),  (BS)

where C(u) is an N-independent constant and written as

(PO > 1 (1 < up)
Cu)=11 O<u <) (B6)
(pp@)) ™ > 1 (ur < 0),

where pp(¢) is the minimum eigenvalue of ps(¢) and u :=
Im[u]. In the supplemental information of Ref. [44], C(u) in
the right-hand side of (B5) was considered to be 1, while the
modification as above is required for 1 < u; and u; < 0. We
note that only the case of uy = 1 was used in the proof of the
fluctuation theorem of the form (4) in Ref. [44], and therefore
the proof of it is correct as it is.

In the above evaluation, &;(«) is independent of the initial
state of bath B. On the other hand, §G; = 0 holds when the
initial state of bath B is the canonical ensemble. Therefore,
3Gy is a more proper measure of the error, because it can
reflect how thermal the initial state of bath B is.

APPENDIX C: ROTATING WAVE APPROXIMATION
AND THE INTERACTION-INDUCED ERROR

In this Appendix we show that Eqgs. (18) and (36) hold
under the rotating wave approximation and the off-diagonal
ETH. We first introduce the rotating wave approximation and
show Eq. (18) in Appendix C 1. Then we show Eq. (36) in
Appendix C 2.

1. Rotating wave approximation and the proof of Eq. (18)
We write the interaction Hamiltonian as

Hi =Y (H)a|Ed) (Epl. (C1)
ab

Let Q be the cutoff frequency for the rotating wave approx-
imation, which is assumed to be independent of the system
size. We then introduce the rotating wave approximation of
H; as

Hi =Y (H)wlEd) (s, (C2)
ab

where the sum is taken over (a, b) satisfying |E, — Ep| < Q.
The rotating wave approximation holds in a long-time regime
withz > Q7!
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To show Eq. (18), we assume the off-diagonal ETH in the
following form [28,37]:

(H)ap = (C3)

\/%gabr abs
where g, characterizes the dependence of (H;),, on E, and
E,, and r,;, is a random variable whose mean is O and variance
is 1. We note that Eq. (C3) is stronger than the off-diagonal
ETH in the form of Eq. (15). We use Eq. (C3) only in this
Appendix.

Under the rotating wave approximation and the off-
diagonal ETH, the commutator in Eq. (18) is written as

~ ’ R,
[Hs + Hy. i) = 3 E) (Bl . (C4)
ab

D

where R, := (E, — Ep)gapTap- We note that R, is the matrix
elements of the band random matrix and the variance of R,
is less than Q?||Hi||>. From the Wigner semicircle law, the
maximum eigenvalue of a random matrix, whose dimension
is D and variance of the matrix elements is o2, is about
2+/Do . Similarly, the maximum eigenvalue of a band random
matrix with band width W is evaluated to be 2+/Wo, which
is mathematically shown for some band random matrix [84].
We evaluate the band width of the band random matrix R as
D'Q2/||H||, where we defined H := Hs + Hg + H;. Then the
operator norm of Eq. (C4) is evaluated as

Q| Hi|
N
where we used ||H || = ©(N) and introduced ¢ := @(1). Thus,

Eq. (18) is proved.
In the same manner, we can show that

|[Hs + Hg, Hi]|| < (&)

TARS ﬁnﬁluﬂ", (C6)
PARS %nﬁln“ﬁ", (C7)
where we inductively define
forr =, 1], fo=A, (C8)
g =1H, 8], g =H, (C9)
A= [H, U, (C10)

where U = exp(—iHt /). We note that Eq. (C5) is a special
case (a = n = 1) of Eq. (C7).

2. Proof of Eq. (36)

(Iln this subsection, we show Eq. (36). We first focus on
sG":

8G" = u[8UspU" As(0)], (C11)
where §Ug := e PP — U, Hy:=Hs+Hp, p:=
P @ pp(0), and  Ag(r) := ps(t)(p$™)~'. Using the

Cauchy-Schwartz inequality, we bound ((SG%I))2 from
above as

(5G§“)2 < [0 pUT As(t) A{(0)]tr[8T p3T1.

Since [tr[0 pU T As(t)AL(1)]] = ©(1), we focus on

tr[8Upp8U;1 = tr[80,,U p] — 2u[8T U p]

=: Z,Ban-

n=2

(C12)

In the first line, we used [Hyp, p] = 0. In the second line, we

used the Baker-Campbell-Hausdorff formula, respectively, for

8[721}, and 8U fl We will show that |B,| = o(1) in the following.
We first consider |B;|. We can write B, as

By = tr[[Ho, [Ho, U0 p]

= —ul(fi - Bifo + ol)Upl.  (CI3)
Then we obtain
B2l < (1A + 2181 HDIT ol
< %nﬁln(a + 1A
= o(1), (C14)

where we used Eq. (C6) in the second line.

We next consider the case of n > 3. B,, is written as a linear
combination of terms consisting of the product of f,,, g%, H
(m < n) and each term contains a single f,. Since Egs. (C6)
and (C7), the leading terms with respect to N do not contain

g». Then, from the straightforward calculation, we obtain

1 [|H ]| (68y)" ( 1 )

|Bxl € —= +ol — |, (C15)

VN Y n! N
y := max(€2, ||ﬁ1||). (C16)

Summing "B, over n, we obtain
1AL, 6 c 1
B"B.| < —— (¥ — 68y —1)— + o —= ).
2 y N AW

(C17)

From the foregoing arguments, |3 G;')| = o(1) is shown. In
the same manner, |3G§2)| = o(1) is also shown. Thus, Eq. (36)
is shown under the rotating wave approximation (C2) and the
off-diagonal ETH (C3). Furthermore, Eq. (55) is shown since
Q =0().

APPENDIX D: NAIVE APPROACH TO EVALUATE
THE ERROR OF THE FLUCTUATION THEOREM

In this Appendix we discuss another naive approach to
evaluate the error of the fluctuation without Eq. (29). In this
approach, however, we cannot show that the error of the fluc-
tuation theorem vanishes in the thermodynamic limit.

We note that G — G*" can be written as the difference
between the expectation values of Og(¢), which is nonlocal
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fort > 0, as follows:

G — G = wp[0s(t)(p — PY°)]

+t[Op(1) (P« — PE™)] (D1)
Og(t) := Zptrs[U T ps(t) ® pg"UJef™.  (D2)

The first and second terms on the right-hand side of Eq. (D1)
are regarded as the errors associated with the ETH and the
equivalence of ensembles for Og(?), respectively. Below we
discuss them in detail.

The equivalence of ensembles has been theoretically
shown for (quasi)local operators, whose support is at most
N'/2 and operator norm does not increase with respect to
N [77]. The error of the equivalence of ensembles only poly-
nomially decreases with respect to N. If we assume that the
equivalence of ensembles in the same form as [77] holds
for Og(t), we cannot show the error of the equivalence of
ensembles vanishes in the thermodynamic limit due to the
exponential increase of the norm of Og (7).

The ETH for highly nonlocal operators has been investi-
gated theoretically [85] and numerically [86]. In Ref. [85] the
ETH is theoretically shown to hold with the error decreasing
as 1/+/D for typical many-body operators, whose operator
norm does not grow exponentially. In Ref. [86] the same
scaling as [85] was numerically observed. However, the op-
erator norm of Og(?) exponentially increases and is bounded
by D+/N [77] [see also Eq. (F37)]. Then the error associated
with the ETH is bounded by /DN , and we cannot show that
the error of the fluctuation theorem associated with the ETH
vanishes in the thermodynamic limit.

For the above reasons, instead of the direct evaluation of
G — Gcan, in the main text we have adopted the decomposi-
tion (29) and show the fluctuation theorem based on plausible
assumptions such as the ETH and the equivalence of ensem-
bles for (quasi)local physical quantities.

APPENDIX E: INITTIAL RISE OF THE ERROR
OF THE FLUCTUATION THEOREM

In this Appendix we show that the errors of the fluctuation
theorem initially rises in proportionate to > as mentioned in
Secs. Il and V.

The error of the fluctuation theorem (¢~“) — 1 initially
rises in proportionate to #, which is shown as

(€)= 1 =tr[e U™ pg (U ps(t)] — 1
= e[/ (—%)eﬂ”}% ps() ® py(0)]
o5 )s0)] + 06
_ tr[ —itH
h

= 0@, (E1)

(eﬂHBpte—ﬁHB _ pt):| + 0(!2)

where we defined p; := ps(?) ® pg(0). In the second line, we
expand the time evolution operator with respect to 7. In the
last line, we used [Hg, p(0)] = 0. We note that Eq. (17) is not
assumed here.

Similarly, by using [Hs, p(0)] =0 in addition to
[Hg, p(0)] =0, we show that 6Gs and Gy initially rise
in 2. In fact,

8Gs = tr[ePBU e PHs pg (0)U ™ ps (t)]

— tr[ePHsU e P pin T pén (1))
itH
= tr[(—Y)(GiﬂHSPOEﬂHS - ,00)]

- tr[(—%)(e‘fms pcmeBHs — pgan)] +0(?)
= 0(t?), (E2)

where /%" 1= ps(t) ® pp". Next, the interaction-induced

error §Gp is decomposed into 5G§1) and 5G§2) as in
Eq. (33). Then

5Gy" = ule UM py(0)U ps (1)1
— e[’ U™ pg(0)U T ps(1)]

itH
=l (=T )@ e P = )

— (<) e — p)] + 0%
= 0@, (E3)

where we used the fact that py and pg*" commute with both of
Hs and Hg. In the same manner as in Eq. (E3), it is shown that
the initial rise of 8G§2) defined in Eq. (35) is also proportionate
to 12,

Furthermore, we can show that §Ggry defined in Sec. V
initially rises as #> by replacing U in Eq. (E2) by Ur. Thus,
Egs. (68) and (69) are confirmed.

APPENDIX F: PROOF IN THE LONG-TIME REGIME

This Appendix shows the details of the proof of the fluctu-
ation theorem in the long-time regime, which was discussed
in Sec. IV. We show |Gs; — G&'| = o(1) [Eq. (43)] in Ap-
pendix F1 and |Gs2| = o(1) and |@| =o(1) [Egs. (44)
and (45)] in Appendix F2. In Appendix F3 we show that
|A(t) — Acan(r)| = o(1) [Eq. (A7)] holds, which complements
the discussion about absolute irreversibility in Appendix A.
Finally, we show that the temporal fluctuation of the error of
the fluctuation theorem in the long-time regime vanishes in
the thermodynamic limit in Appendix F4.

1. Proof of Eq. (43) in Sec. IV

In this subsection, we show that |G_Sl—@| =o(1)
[Eq. (43)] holds. The assumption used here is the diagonal
ETH of H for the observable of system S [Eq. (14)]. We
also assume Egs. (F4) and (F5) below, which state that the
contribution from the outside of the energy shell is negligible
in the thermodynamic limit.

We first define the energy shell of H as [E' — A,E' +
Al, where E’ = tr[HpPF] and A = OW) (1/2 <a < 1).
We denote by ) . the sum over a such that E' — A <
E, <E'+ A. For the energy shell, we define pPEh:=
Zaesh ﬂapDEna and pcan,DE-sh = Zaesh napcan,DEna’ where
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pDE—sh and 0

microcanonical ensemble pyc 1= )
the dimension of the energy shell.

From Egs. (49) and (50), we evaluate |Gs; —
the triangle inequality as follows:

can.DE-sh are ot normalized. Also, we define the

7,/D’, where D' is

acsh

GS'| by using

|Gs1 — G&F| (F1)

zitr[OspDE] _ tr[oganpcan,DE“ (F2)

< |tr[0spPF] — tr[0s pPF ]|
+ [tr[0spPF ] — tr[0s p™€]|
+ |[0sp™C] — tr[ 05" M€Y |
+ |tr[0§‘mpMC] —tr
+ ‘tr[Oganpcan’DE_Sh]

[Oganpcan,DE—sh] |
_ tr[O(S:anpcan,DE] } . (F3)

The energy widths of pp(0) and pg" are ©(1) and
OW!'?) [717], respectively. Since they are narrower than A
for sufficiently large N, the truncation error, which originates
when pPE and p®PE are restricted to the energy shell, is
negligible in the thermodynamic limit [50]:

IpPF — pPEM | = o(1), (F4)

”pcan,DE _ pcan,DE—shHI — 0(1) (FS)

From Egs. (F4) and (F5), |1 — tr[pPE*"]| = o(1) and |1 —
tr[ p<@PEsh]| = (1) hold. Then the first and fifth terms on
the right-hand side of Eq. (F3) are evaluated as

PPER ) = o(1),
(F6)

|tr[Os pPF] — tr[0s =] < || O]l p°F —

|tr[0ganpcan,DE—sh] _ tr[Oganpcan,DE“
< || Ogan || ”pcan,DE—sh _ pcan,DEnl — 0(1) (F7)

We next evaluate the second term on the right-hand side of
Eq. (F3) by using the ETH of H for Os. We write the spectral
decomposition of pPEsh as pPEsh =% pPEx . Then we
can evaluate the second term on the right-hand side of Eq. (F3)
as follows:

|tr[Os ("% — PO = | D PR (O)aa —

acsh

< . DE
< max |(0s)aa — (Os)ucl D Py

.

aesh

(Os)mc| (F8)

) (Os)mcl  (F9)

= o(1).

In the last line, we used the ETH of H for Og and Eq. (F4). In
the same manner, we show that the fourth term on the right-
hand side of Eq. (F3) is o(1) by using the ETH for Og*".

The third term on the right-hand side of Eq. (F3)
can be bounded from above by |omclll|Os — OS"|l1. Be-
sides, we can evaluate ||Os— OF"[|; as [|Os — OF"|; <
ZsllePHs || |trg[oPE — p2™PE]||;. Then, using the triangle

(F10)

inequality, we obtain

= P PRIl <litrs [P — pPE I

l[trg[p°F

+ Itrg[p°F" — pMET4

MC ,DE-sh
+ llrg[o™ = o7
+ ||tI'B [pcan,DE—sh _ pcan,DE]Hl.

(F11)

Using Eqgs. (F4) and (F5), we can show that the first and fourth
terms on the right-hand side are both o(1). From the ETH for
any operator of system S, we show that the second and third
terms on the right-hand side are also o(1).

By summing up the foregoing arguments, |Gs; —
o(1) is proved.

can| _—
GSl -

2. Proof of Eqs. (44) and (45) in Sec. IV

This Appendix shows that Egs. (44) and (45) hold by using
the off-diagonal ETH for all operators of system S (53) and the
assumption on the initial energy distribution (F4) and (F5).

From Egs. (F4) and (F5), we can neglect the contribution
from the outside of the energy shell and obtain Eq. (52) from
Eq. (41). Then, along with the off-diagonal ETH (53), we
show that

®1;1) T o

S
T (p1)ab(02)ba
a,besh

a#b
iJ

holds, where p; := pg™ ® pg(0) and p; := ps(0) ® pp(0).
Using the Cauchy-Schwartz inequality, we obtain

1Gs2| < (F12)

<yulet]ulpi] < 1.

Za,besh(pl )ab(p2 )ha
a#b

From the above,

e
|Gs2| < —;

= o(1) (F13)

is proved. In the same manner, |G°‘m o(1) is proved.

3. Proof of Eq. (A7) in Appendix A
In this Appendix we show Eq. (A7) in Appendix A. As in
Sec. IV, the long-time averages of A(t) and A““"(¢) are written
as the sums of the diagonal term and the off-diagonal term:
() = A + Ay and A0 (7) = ASH 4 A5,
First, we evaluate the diagonal term. We define Q5 := 1 —
PS.. Then A is written as

M=) tr[Q°IE) (Ealps® ® pB(0)|Ed)(Eal] (F14)

a

= (Q)mc + 821,
Shi =) _((Q%)aa — (Q%)mc) (05"

(F15)

® p8(0)),,. (F16)

where (Q5)mc only depends on the energy shell and does not
depend on the microscopic details of the initial state. On the
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other hand, §A; can depend on the details. By neglecting the
outside of the energy shell, we obtain

18211 2 > (Q%)aa — (Q%)Mc) (05" ® p(0)),,|  (F17)

aesh

< max Q%) — (Q°

Imcl Y (05" ® ps(0)y (F18)
b

= o(1), (F19)

where we used the ETH for QS. We can show |W —
(0S)mc| = o(1) in the same manner. Thus, [A; — 25| = o(1)
is proved.

The off-diagonal term A, can be evaluated as follows:

222 ) (0%960(65) 0y (@) o (P(ONa

a,besh
a;ﬁb
i,j

= 3 2o

a,besh
a#b

(F20)

(F21)

where we used the off-diagonal ETH for Q% and qs and de-

fined gs ;=) _; i ‘Is , which is a Hermitian operator of system
S. Using the Cauchy-Schwartz inequality, we obtain

O(1
22| < 1;) bZh(qs)ba(qs>ab hZh(p(O))ab(p(oma :
b “ b
(F22)
The right-hand side of this inequality is evaluated as
> (@)a(@s)a| < D'|trsl(gs)*1] = O(D),
azlbizh
> (0 (p(0))y, < trl(p(0))°] < (F23)
aabizh
Then
)< 2L oy (F24)
N

is proved. In the same manner, |@| = o(1) is proved.

From the foregoing argument, |A(r) — A (¢)| = o(1) is
proved. We note that if the ETH holds, the correction
of absolute irreversibility in the long-time regime is given
by (O%)mc = 1 — (PS.)mc regardless of the initial state of
bath B.

4. Temporal fluctuation

In this subsection, we show that the temporal fluctuation
around the long-time average of the error of the fluctuation
theorem vanishes in the thermodynamic limit. Together with
the fact that the long-time average of the error is o(1), we show
that the fluctuation theorem holds for almost all the times

(a) a; e———e bl (b) a; b1 (C) a, &———e b1 (d) a, e————e b1
@ b, a % b, a ’>< b, L] b,
a3 % by a; & by ay e by a % by

a

() a by () |a by (g)a b| (b by
a b, a b, a b, a b,
a by a by a by a by
a, b, a, b, a, b, a, b,

FIG. 12. The terms that appear in the calculation of the temporal
fluctuation. The indexes connected by the lines are equal. For exam-
ple, (a) shows a, = bl, ay; = b4, az = b}, and a, = bz.

b, a, e———e by a, e——e b, a,

after the relaxation time, except for the effect of quantum
recurrence [72-74].

We define the temporal fluctuation around the long-time
average A as

Ar(A) = (A —A)? (F25)
and the cross correlation as
A7(A,B) :=AB —AB. (F26)

The temporal fluctuations of 6G := G — 1, §Gs and 3Gy
are written as

Ar(8G) = Ar(G), (F27)
A7(8Gs) = A7(Gs) + A7 (GE™") — 2A7(Gs, GS™), (F28)

A7(8Gr) = Ar(8Gs) + Ar(G)

—2A7(G, Gs) + 2A7(G, G§™), (F29)
respectively. From the Cauchy-Schwartz inequality,
|A7(A, B)]> < Ar(A)Ar(B) holds. Then, if all of

the equations Ar(Gs) =o0(1), Ar(G$")=o0(1) and
A7(G) = o(1) hold, the temporal fluctuations (F27), (F28),
and (F29) vanish in the thermodynamic limit. Below we will
show A7(Gs) = o(1), Ar(GS™") = o(1) and A7 (G) = o(1).

First, to show A7(Gs) = o(1), we evaluate Gé. In the same
manner as in Sec. IV A, we obtain

G = >

(a1,az,a3,a4)=(b1,b2,b3,b4)

I !
Pay by Pay, b, Pas,b3 Pay by

i,j,k,l
X (A9) a0 (BS) 0y (AS) o (BS),yr (F30)
where  p:=pg" @ pp(0), p' = ps(0)® pp(0), AY :=

ZsqdeP™, and By := Zsql'. We note that the summation is
taken over the case of (a1, a», az, as) = (by, by, bz, by), ie.,
a permutation of (ay, az, as, as) equals (by, by, b3, by). In
the calculation of (Gs)?, only the combination of the form
(a1, ar) = (b1, by) and (as,aq4) = (b3, by) appears in the
sum. Then this combination does not appear in the temporal
fluctuation G2 — (Gs)?*. In Fig. 12 we show that combinations
of (a1, a», az, as) and (by, by, bz, bs) that should be evaluated.
The combinations that do not appear in Fig. 12 are equivalent
to some of the combinations in Fig. 12. In the following
evaluation, the diagonal matrix elements for the observable of
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system S are evaluated using the diagonal ETH as

(AlSj)a,a = <AZSJ>MC
In A7 (Gs), the term corresponding to Fig. 12(a) is evalu-
ated as

= O(1). (F31)

/ /
§ : pfll,alpaz,a4pll3,az Ioa4,a2

a,az,as,as
i,j.k.l

X (Alsj)m ,ap (Blsl)a4,a2 (Algl)ag,zn (Bgl)az,m (F32)

@(1)
= Z pal alpm a_uoll} a3pa4 as (F33)

ap, (lz as,dg
i,j,k,l

()
= (tr[p])*tl(p')] (F34)
= o(1). (F35)

We used the off-diagonal ETH for Béj and B’gl and the diagonal

ETH for Ag’ and A’gl . Because we can evaluate the other terms
in the similar manner, A7 (Gs) = o(1) is proved.

In the evaluation of A7 (Gs), only tr[p] = 1 and tr[p?] <
1 are used as the properties of the density operator. Then
AT(Gca“) =o(1) is proved by setting p = p§" ® pg" and
p" = ps(0) ® pg".

We next evaluate A7 (G). As in Eq. (F30), we can write G2

as

G? = (DsZBeﬁEiEi )2

x >
(a1,a2,a3,a4)=(b1,b2,b3,bs)
i,j,k,l

~ / ~ /
pal»bl paz,bzpa35b3pa4,b4

X (0" b1,y (BY) , 0y (0 Vs (B),, v (F36)

where EB. is the energy of the initial state of bath B, p :=

(15/Ds) ® pp(0) and p"/ := g ® pg™.
Regarding the partition function, the following relation
holds [77]:

(F37)
We also have
tr[(ﬂ”) 1= alj/Deff[ can],

where Dei[pg™"] is the effective dimension of pg™ with re-
spect to Hg. For simplicity, when there is no degeneracy in
the eigenenergy and the state is diagonal with the energy
eigenstates as p = Y. p;|E;)(E;|, the effective dimension is

written as
1
D[ (Z |pil ) .

We note that Dest[ og™] increases exponentially with respect to
the bath size N [50]. Also, we assume that the matrix elements
of the density operator p’ and p are o'y

(0"l = OD' ™),

(F38)

(F39)

(F40)

[(P)asl = OD' ™). (F41)

This is not satisfied when the density operators p’ and p,
which are product states as in Eq. (3), are localized to some
specific eigenstates of H. When the initial state is in the form
of Eq. (3), we argue that o' Yy is naturally satisfied if the
Hamiltonian H is chaotic and mixes system S and bath B
sufficiently.

In A7(Gs), the term corresponding to Fig. 12(b) is evalu-
ated as

’(DSZBE Im Z bal,azpéz,azlbﬂ},alp;_@,a;‘

ay,a2,a3,d4
i,j.k,l

y (pij)aB,al( )az az(/’kl)al . (Bkz)a a4| (F42)

< ®(N) Z pt/lz,azp(/u,m(pij)a%al (pkl)alv‘” (F43)

ap, la; gzl ,q4
< OW)(t[p D D Vul(p 2I[(pF)?]  (Fad)
i,j,k,l
O(N)
- Dege[p5™] = ot (4

In the first inequality, we used Egs. (F31), (F37), and (F40). In
the second inequality, we used the Cauchy-Schwartz inequal-
ity. In the last inequality, we used Eq. (F38). Because we can
evaluate the other terms in the same manner, A7 (G) = o(1) is
proved.

APPENDIX G: PERTURBATION THEORY
ON THE INTERACTION-INDUCED ERROR

In this Appendix, by using the perturbation theory, we
show that the interaction-induced error does not grow sig-
nificantly in the long-time regime and vanishes in the
thermodynamic limit in the short-time regime.

1. The long-time regime

We show that [8G;| < ©(1) holds at high temperature
using the perturbation theory. The long-time average of the
interaction-induced error (32) is written as

3GV := G — Gs, (G1)
3G .= G — Gem, (G2)

First, we divide SG(D into the diagonal term SGS) and the
off-diagonal term SG(I) The diagonal term is written as

SGS) = Z tr[e P 7, e pg (0)7, 08" |

a

— Z tr[e’gHS e P py (O)JTa,osl?E], (G3)

a

where p0F := trg[pPF]. By using the first-order perturbation
theory for the eigenstates, we obtain

(ESEB|H|ESEB)|*
(1) ~ J B
ey =33 8ES +O8EB ) (SES +5EBW)85V

i jB  ky
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X [(ES‘p]S)E‘ESﬁa’im(g*ﬁBE;u .
< |pSE|Ek> o ml(e_ﬂaEga — e—ﬂ&Ef[)]’

where the summation over j, k, 8,y are restricted to j #
i,k#1i,B#a,y # aand dyin means « equals the index of
the initial state of bath B. We also define SE}} := E — E7 and
SEp, = Ej —EJ.

Here we assume the following relation as the off-diagonal
ETH instead of Eq. (53).

—ﬁaE,fi)

(G4)

> O() _,
(Rl P ~ e,

(G5)

where v is an N-independent constant. The exponential de-
cay with respect to energy difference SE[?O[ in Eq. (G5) has
been observed in numerical calculations of the off-diagonal
ETH [37]. Also, the exponential decay is theoretically shown
when the Hamiltonian is local [87]. Then the terms that can
diverge in Eq. (G4) are written as e~ '*# WES! At high tem-

perature v > B, 8G\’ < ©(1) is shown.
We next show that the off-diagonal term vanishes as

N increases: |8Gg)| = o(1). Since |Gs2| = o(1) is already
shown, it is sufficient to show |G_2| = o(1), where G, is the
off-diagonal contribution of G. In the same manner as Ap-
pendix F, we show |G,| = o(1) by using the off-diagonal
ETH (53) and the conditions on the density operators (F40)
and (F41).

We divide 5G§2) into the diagonal term § G;lz) and the
off-diagonal term (SGg . Since G§Y' = o(1) is already shown,
|8G(2)| = o(1) holds. By using the diagonal ETH for the oper-

ator of system S, the diagonal term § Gﬁ)

(Iogdn) 1>MC'

If the density operator of system S in the long-time regime
pDE relaxes to the canonical ensemble of Hs, the second term

is evaluated as

5GP ~ 1 —(pP (G6)

on the right-hand s1de equals 1. Then we argue that SG(Z)

o(1) holds when ,0 E relaxes to the canonical ensemble On
the other hand, p'S)E does not necessarily relax to the canonical
ensemble of Hg for general interactions. Then we assume

8GLY < ©(1) in general.

From the foregoing argument, |8Gy| < ©(1) is shown.

2. The short-time regime

We show that [8Gy| = o(1) holds in the short-time regime
(t < trRr) at high temperature using the perturbation theory.

The interaction-induced error is defined in Eq. (32).
Because ps(f) > pg*"(¢) in t < 1ir holds due to the Lieb-
Robinson bound and the ETH, we obtain

8Gy =~ tr[e PP U P 5 pg U T ps(1)]

— tr[ePBU e P8 pgU T ps(1)], (G7)

can

where §pp := pp(0) — pg™. By using the Lieb-Robinson
bound and the ETH again, the second line is shown to be
o(1). Below we evaluate the first line using the perturbation
calculation for the time evolution operator.

From the first-order perturbation theory, we obtain

Ux~U+U, (G8)
Uy = e_iHOr/ﬁ7 (G9)
t
Uy == —il, / dre Hot/hppetot/h (G10)
0
where we define Hy := Hs + Hp. We also define
SGPIU. V'] = ule PHU s ppV i ps ()], (G11)
8Gr ) = 8GT Ui, U,T]. (G12)

Then the first line of Eq.
1 1
Zi:O Zj OSG?U J)

We first evaluate §GY ) as

(G7) is approximated as

565(0,0) = tr[e " erﬂHBfS,OBUJPs(l‘)]
= tr[ps(?) ® S ]
=0, (G13)

where we used [Uy, Hg] = 0 and [Uy, § pg] = 0. We next cal-
culate 8G g, as

8GT 0.1)| = |tr[e P UyePH 8 8 pp U} ps (1))
t

dric[UpHps(t, T) ® S8l
0

t
é/ dt||UolllHips(t, T) @ Spslli,  (G14)
0

where we define pg(z, T) 1= €U0 pg(t)e~Hs¢=7) We note
that ||Uy|| = 1 holds, and ||Hips(t, T) ® 8pslli = O(D~/?)is
satisfied from the ETH. Then, in the short-time regime ¢ <
TLR, WE obtain

ur  ONH)
ISGI (, 1)’ @(DI/Z) @(DI/Z) o(l). (G15)
Also, 8GY g, is evaluated as
t
8Gp 1.0 = —i/ dru[Upps(t, ©) @ SpHi].  (G16)
0

Then (SGE(LO) = o0(1)int < t R is shown to hold in the same
manner as §Gp g -
We finally calculate § GE( 1.1y @s

t t
3G 1) =/ / drdt'tr[e PHe =0 gy
0 Jo

X e*[HnTeﬁHB (spBel'HoT/ngiHo(lffl)pS (t)]

anp b
<27 e PE (Hy) (D (308 oo (05 (1)
a,b,c
=12 ZM(a, b,c, 1), (G17)
a,b,c

where

" s (e (898 )5 (05 (1)
(G18)

M(a,b,c,t) :=e_’35EgB
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FIG. 13. The time dependence of the error of the fluctuation
theorem |{¢~") — 1|, whose initial rise is proportionate to #>. The
initial state of bath B is the energy eigenstates of Hg, whose energy
is maximum in the energy shell at 8 = 0.1. Parameters: y’/y =
0.05,0.1,0.4, 1, 1.5, 2, 3, 4 (from bottom to top) and p = 0.99. The
onsite potential @ is determined by trg[ngpg"] = Np.

We note that the index a represents a pair of indexes of
the eigenstates of system S and bath B and is written as
a = (as, ag). We write the corresponding eigenenergy as
E® = E® + Eg®. The same applies to b and c. We write
the matrix elements as (A),, = (ESES [AIESER), (A)ugps =
(ES|AIEL), and (A)uyp, = (ESP|AIED®). We also write the
energy change of B as 8E§BbB.

We define the energy ranges of bath B as follows. First,
we define A;:=[FE—A,E+ A], E =trg[Hgpp(0)] =
trg[Hpog"], and A = O(N?) (1/2 < a < 1). We note that
the energy widths of pg(0) and pg*" are included in A;. We
also define A, :=[E — 2A, E + 2A] and denote the outside
of A, by A,. We write the sum range as a € A, which means
that ZaeAl = Za ZaBeAl‘

We evaluate abe M(a, b, c,t) for the following three
cases: (1) E, € Ay, (2) E, € Ay,ag #bg, and (3) E, €
A, ag = bg. We note that ag = cg always holds since ps(t)
is the operator of system S.

(a)

|3Gs | = bN

(b)

|8G;| = bN~

© 4N WA O N

Lo 4w s e N

o
N
[
IN
oy
™|
[
IN

Y'ly

FIG. 14. The y’ dependence of the exponent a, which is obtained
by fitting |6Gs| and |8Gy|. Parameters: p = 09,¢g=0.1y,8 =i1,
y’ = y. The left figure shows |§Gs|, and the right figure shows |§Gy].

X
A
=

FIG. 15. The y’ dependence of the exponent a, which is obtained
by fitting [§Gs| and |8G;|. Parameters: g = 0.4y, 8 = 0.1, ¥’ = y.
p = 0.99 (upper panels) and p = 0.9 (lower panels). The left panels
show |8Gs|, and the right panels show [8Gj].

First, we consider case (1):

e(1
Z M(a,b,c,t) = % Z (80B)pb(0s())ca

acl, aEAiz
bEA] bEA]
C,CB=dp C,CB=dp

_VISE“B’B| _sE'BB| _psEpeBlB
VIR G VISESE P = OE

(G19)

X

where we used the off-diagonal ETH for H;. We write bg max-
agb, ag b
imizing e~"1%%5" * and e #9Es" " as by, and bf, respectively. By

using e"’"‘EgBrB‘ < 1 and |(ps(?))cq| < 1, the absolute value
of the right-hand side of Eq. (G19) is bounded from above as
follows:

Ds

v B
agby agby
—V[SE +B|SE, 2 :
e l B ‘6 ‘ B l |810bb|

aelh, beA

DsD+—
< 22 max (

_ agby aB}/g
e V|SEy |e+ﬂ|(SEB |)’
ag

(G20)

where we used D", [80p| < 1 and Dy is the dimension of
A,. The right-hand side exponentially decays as e~ (" =#O(*)
if B < v. Then the right-hand side of Eq. (G17) in this case is
evaluated as t7ze” " AOA) = o(1).

Next, we consider case (2). When ag # bg, cg # bg holds
from ag = cp. Then, using the off-diagonal ETH, we evaluate
Za,h,c M(a, b, c, t) restricted to case (2) as

1
—_— 1) 1))ca
) Eﬁ (8o8)on(ps(1))
ach,
beA:bgF#ap
C;CB=dB

X e‘ﬁaEngB_”(laEéBbB'+|8E‘§BbBD, (G21)
which is shown to exponentially decay as e~ (""#)9(A) ip
B <v using >, _, 18pm| < 1. Then the right-hand side of
Eq. (G17) in case (2) is o(1).
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FIG. 16. The dependence of agry and a; on the bath size and the
initial state. Parameters: p = 0.99, g = 0.1y, y’ = 4y (upper panels)
and 0.1y (lower panels), 8 = 0.1. Left panels are agry, and right
panels are a;.

Finally, we consider case (3). We evaluate
Za’ch M(a, b, c, t) restricted to this case as
asb. bsc:
Z %) s 1) o 05 ()csas (808 Doy
bBEA/l
as,bs,cs
= Z U hacb™ e (o (e Z (88 )y
asbst‘s bBeAl
(G22)

where we define Jl’lsbS = (Eg® |HI|E§’S) and use the ETH for

Jlasbs. Also, | D, o, (80B)bspg| is the contribution of pf

from outside A, which decays as ¢~®) Therefore, the right-
hand side of Eq. (G17) in case (3) is also o(1).

10 102
. 108 T
100 B4 — I i
o I O g 10 -
S 107 e-lm's
. 10
2 -7 —
11%0 g 12 i5 1075 12 15
1o‘j — == : 108 — _
o 198 L 1 m101‘g
=& 10" S X107
~ | =
S 1(_)12 H 1012
10_‘2 1 10-14
10° 10716
10714 10718
. 9 12 15 1020 =
9 12 15
N N

FIG. 17. The dependence of a(Lllg and a(LQR) on the bath size and
the initial state. Parameters: p = 0.99, g= 0.1y, y' =4y (upper

panels) and 0.1y (lower panels), 8 = 0.1. Left panels are aﬂi, and

right panels are a(f]{.
From the foregoing argument, |6Gy| = o(1) is shown in the
short-time regime (¢ << T R).

APPENDIX H: SUPPLEMENTARY NUMERICAL RESULTS

We first show the time dependence of the error of the
fluctuation theorem |(e~) — 1| for various interaction pa-
rameters. As in Fig. 13, we observe qualitatively the same
behavior as the inset of Fig. 2 as mentioned in Sec. III.

We next show the supplemental data in the long-time
regime. Figure 14 shows the y’ dependence of |8Gs| and 5G|
with p = 0.9. Also, Fig. 15 shows the " dependence of [§Gs|
and |8G;| with g = 0.4y, showing a similar result as in the
main text.

Finally, we show the supplemental data in the short-time
regime. Figure 16 shows the N dependence of agry and g
with y’/y =4 and 0.1. Both agry and a; decrease as N
increases. Figure 17 shows the N dependence of a&z). We

see that both a](jfg and aﬁ% decrease in V.
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