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Fluctuation relations for adiabatic pumping
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We derive an extended fluctuation relation for an open system coupled with two reservoirs under adiabatic one-
cycle modulation. We confirm that the geometrical phase caused by the Berry-Sinitsyn-Nemenman curvature in
the parameter space generates non-Gaussian fluctuations. This non-Gaussianity is enhanced for the instantaneous
fluctuation relation when the bias between the two reservoirs disappears.
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I. INTRODUCTION

Adiabatic pumping is a process where an average current
is generated even in the absence of an average bias under
slow and periodic modulation of multiple parameters of the
system. The theory of adiabatic pumping was first proposed
by Thouless in isolated quantum systems [1,2]. He showed
that charges can be transported by applying a time-periodic
potential to one-dimensional isolated quantum systems under
a periodic boundary condition. He also clarified that the
charge transportation in this system is essentially induced by a
Berry-phase-like quantity in the parameter space [2—4] before
Berry proposed the Berry phase [3]. This phenomenon has
been observed experimentally in various processes such as
charge transport [5-12] and spin pumping [13].

Later, Brouwer extended the Thouless pumping to open
quantum systems [14]. It was then recognized that the essence
of Thouless pumping or geometrical pumping can be de-
scribed by a classical master equation in which the Berry-
Sinitsyn-Nemenman (BSN) phase is the generator of the
pumping current [15,16]. There are various papers on geomet-
rical pumping processes in terms of scattering theory [14,17—
23], classical master equations [15,16,24-31], and quantum
master equations [32-37]. Nonadiabatic pumping processes
have also been studied because the pumping current becomes
zero in the adiabatic (i.e., zero-frequency) limit [38,39].

We discovered the existence of path-dependent excess
entropy production induced by the BSN curvature [40-42].
The existence of the path-dependent entropy in systems under
cyclic modulation implies that the direct extension of equi-
librium thermodynamics to nonequilibrium processes is not
possible, at least for such systems. Similarly, the geometrical
phase effect plays an important role even in heat engines [43].
Thus, understanding geometrical pumping is important for
both applied and fundamental physics.

In nonequilibrium processes, in addition to the expectation
values of physical quantities such as electric and heat currents,
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their fluctuations are also important. Historically, the relation-
ship between fluctuations and responses from base states has
been extensively studied, resulting in the Green-Kubo formula
for the linear response, the fluctuation-dissipation relation
(FDR), Onsager’s reciprocity relation, etc. [44]. Furthermore,
the fluctuation theorem (FT) [45-53] was discovered as a
relation which holds even in far-from-equilibrium situations.
The FT expresses the relative probabilities of typical and rare
events such as positive and negative entropy production.

Let us consider an open system in contact with multiple
external reservoirs, which is in a nonequilibrium steady state.
In this situation, the probability distribution P, e} ) of the
current J in time interval T satisfies the steady fluctuation
theorem [53-56]

1. P .
lim —1In a 2 = A%, (1
oo T P(=J)

where A is a steady affinity. For example, when we consider
a heat flow, the affinity is given by A™ = Bz — B;, where 8,
and By are the inverse temperatures of the left and the right
reservoirs, respectively. Moreover, the FT recovers the Green-
Kubo formula, the FDR, Onsager’s reciprocity relation, and
the other nonlinear relations [54]. The FT in Eq. (1) is a direct
consequence of Gaussian fluctuations, since the Gaussian
form P, (J) ~ exp[— A (J — (J))?] with the average current

4J)
(J) satisfies Eq. (1).

Therefore, systems by non-Gaussian noises do not satisfy
the conventional fluctuation theorem [57,58]. Similarly, Ren
et al. indicated that the fluctuation theorem is violated in
adiabatic pumping because of the existence of the geometrical
phase [59]. Watanabe and Hayakawa [60] analyzed the spin-
boson model and verified the violation of the FT in the
pumped system. Nevertheless, they could not get a concise
form of an extended fluctuation theorem for geometric pump-
ing processes. We also need to know relations among the
cumulants of the current. If we can construct the extended
fluctuation relation between P, (/) and P;(—J), we can derive
the explicit expressions for all cumulants.

In this paper we derive two types of fluctuation relations for
adiabatic pumping processes by using the generalized master
equation with the aid of the full counting statistics (FCS) [51].
By using these expressions, we also derive nonequilibrium
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FIG. 1. Schematic of the total system which consists of the target
system S and the left (L) and right (R) reservoirs. We measure the
current J from S to R by the counting field .

relations corresponding to the FDR and other key results.
We have confirmed that the geometrical phase generates non-
Gaussian fluctuations [57,58], and thus systems under cyclic
modulation do not satisfy the fluctuation theorem.

The organization of this paper is as follows. In Sec. II
we explain the method used in this paper, the FCS, and the
generalized master equation. In Sec. III we introduce the
adiabatic approximation and show the general form of the
cumulants for the pumping current. Section IV is the main part
of this paper. We calculate the approximate form of the current
distribution and derive two types of fluctuation relation. In
Sec. V we apply our formalism to the spin-boson model to
illustrate the role of the non-Gaussian noise in the fluctuation
of the pumping current. Finally, we discuss and summarize
our results in Sec. VI. In the Appendixes we present some
detailed calculations to support the description in the main
text.

II. GENERAL FRAMEWORK

A. Dynamics

In this paper we consider a total system in which the target
system S interacts with two reservoirs L and R (Fig. 1). We
assume that the target system S takes discrete n states. Let
us introduce the vector |p(z)) := (p1(¢), ..., p,,(t))T, where
pi(t) (1 <i < n)is the probability that the system takes the
state i at time ¢; |p(t)) satisfies the normalization condition
(1|p(t)) = 1, where (1]:=(1,...,1). We assume that the
time evolution of |p(t)) is given by the master equation

d
77 1P} = K(a(®)|p(©)). 2

where K («(t)) is an n X n matrix characterizing the transition
rate of the dynamics with external control parameters o(?).
The (i, j) component of K(e(t)) is given as k;j(a(?)) :=
Zv:L,R[ksz(a(t))]’ where k}’j(u(t)) (i # j) is the rate of tran-
sition j — i due to interaction with the reservoir v at t and
ki(a(t)) := — Z”‘ﬁ k}’i(a(t)). In this paper we consider the
periodic modulation of the parameters: a(t) = a(t + 7) with
period 7.

Now let us introduce the angular frequency 2 := 27/t
and the phase 0 := Q(¢ — #y) of parameter modulation, where
to 1s a time after which the effect of the initial conditions
has become negligible and |p(¢)) becomes periodic. Then we
rewrite Eq. (2) as

d N
29 /PO = e 'R(a(©))p(6)), 3)

where € := Q/T", K(a(t)) := I 'K(t(r)), and " character-
izes a typical transition rate between the system and one of the
reservoirs. Because we are interested in adiabatic modulation,
the parameter € is assumed to satisfy € < 1.

B. Full counting statistics

Let us adopt the FCS method [51]. The FCS enables us
to obtain the probability distribution P(q) of the transfer g
(e.g., heat transfer and particle transfer) from the system to a
reservoir during one period. The scaled cumulant-generating
function G, () for the transfer ¢q is given by

o0

G0 = 5-n / dq P.(@)e", @

where x is the counting field. We introduce the counting field
only between the system and the right reservoir as shown in
Fig. 1. To calculate the cumulant-generating function G¢( ),
we introduce the matrix K («(9), x) whose (i, j) component is
given as k;j(@(6), x) := kf;(a(0)) + k{j-(oz(@))e[X‘Iff("), where
gij(0) is the transfer from the system S to the right reservoir R
with the transition j — i at 6 [15,16]. We assume ¢;;(0) =
—q;i(0). Let us consider the time evolution of the vector
|p(6, x)) described by the generalized master equation

dlp@, x)) = € 'K(@®), x)Ip@, x)), ®)

with the initial condition |p(0, x)) = |p(0)). By using the
solution of Eq. (5), the scaled cumulant-generating function
can be written as

Ge(x) = §1n<1|p(9,x>>. ©6)

The nth cumulant for the transfer g can be calculated by the
nth derivative of G.(x) as

n

_<qn>c = Ge(x) @

IGeL

ix=0

Note that the average of the current J := Qq/2n " = eq/2m
can be written as

€

)= —(q)= aixGe(X)

o ®)

x=0

III. ADIABATIC PUMPING

In this section we briefly review the method to obtain
the cumulant-generating function for the transfer g under
the adiabatic process [59-61]. First, we adopt the adiabatic
approximation

1 0
Ip(0, x)) =~ {2/ do'[r (', x) —ev(®', x)]}
0

X (@, ) (11r(0, )™, €))

where A(6, x) is the eigenvalue of K(a(0), X ), which re-
duces to zero in the limit x — 0. Here we define v(@, x) :=
(1B, x)|0g|r(@, x)), where (I(0, x)| and |r(6, x)) are the left
and right eigenvectors corresponding to A(6, x ), respectively.
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FIG. 2. Schematic of a contour C and the surface enclosed by C
in the parameter space spanned by (o, @,).

The scaled cumulant-generating function for the transfer g
is given by

Ge(x) = %lnum(zn, ). (10)

By using the adiabatic solution (9), we obtain

Ge(x) = A(x) — €V (x), (11)

where

1 2
A(x) = Z/o do r(0, x) (12)

is the dynamical part and

1 2
V(x) :=2—/ do v, x)
T Jo

1
_ / f dotydoty Flet, 3) (13)
27T S

is the geometrical part. Here we define F,(a, x):=
0, (lo(et, x)| A g, |ro(ee, x)) and S is the open surface en-
closed by the contour C of parameter control (see Fig. 2). The
derivation of Eq. (9) is given in Appendix A. Note that A(9, x)
satisfies the Levitov-Lesovik-Gallavotti-Cohen (LLGC) sym-
metry A(0, x) = A0, —x + i A(0)) with the instantaneous
bias A(0) [e.g., inverse temperature difference Br(0) — Br(6)
in the case of heat current], while v (8, x ) does not satisfy such
a symmetry, i.e., v(0, x) # v(0, —x + iA(0)) [59-61].

IV. FLUCTUATION RELATIONS

This section is the main part of this paper. In this section
we present the general expressions for two types of fluctuation
relations for adiabatic pumping processes. In Sec. IVA we
discuss the cyclic fluctuation relation and in Sec. IVB we
give the general expression for the instantaneous fluctuation
relation.

A. Cyclic fluctuation relation

Because of Egs. (4) and (11) the probability distribution
function P.(J) of the current J = €q/2m under one-cycle
modulation with the parameter € is given by

2
P(J) = ?Pr(q)

oo
_ 2 [T AX —n/elixi-Geto)
€ J_ 21

1 [* .
— _/ dy e~ CT/OI=A0IV 0 (14

€ 00

When we consider an adiabatic pumping process (€ < 1),
the contribution of V() is small. By using the saddle-point
approximation, P.(J) can be evaluated as

P.J)~ ¢~ R/ +eV (] (15)
eA@(xc(]))

where we have introduced the large deviation function (LDF)

1(J) :=ixc () — A(xc())), (16)

where x.(J) 1is the saddle point which satisfies

Ay A =gy =J and AP (x.(J))) := 8,'2XA(X)|X:XF(J)-
It is expected that /(J) satisfies the symmetry relation

IJ)—I1(-J)=-AJ, 17)

where A is the dynamical affinity, which is determined by
quantities of the left and the right reservoir. In fact, it was
confirmed numerically that 4 is given as

T dO i O)[1 £ 1 (0)]
T dO nFO)[1 £ ik (0)]

in two-level systems of fermions [61] and bosons (see Ap-
pendix F). Here n(0) is the Bose (+) and Fermi (—) distribu-
tion of the vth reservoir, respectively. Because of the absence
of the LLGC symmetry for v(6, x), it is obvious that V(x)
does not have the corresponding symmetry. By using Eqgs. (15)
and (17), we obtain the cyclic fluctuation relation

€ 1 P.(J)

n
2r  P(—J)

A=1In

(18)

= AJ = €[V(xc()) = V(xc(=)]

e AP(x.W))
——In—————.
4 AP (x.(=J))

This is one of our main results. The second term on the
right-hand side of Eq. (19) stands for the geometrical phase
contribution, which is much smaller than the first term. When
V(x.(J)) =0, Eq. (19) reduces to the steady fluctuation the-
orem in driven systems [61]. Thus, Eq. (19) can be regarded
as an extension of the fluctuation theorem for the adiabatic
pumping process. If the trajectory C of the parameter modu-
lation is symmetric with respect to the parameters c«,, and o,
the average bias is zero, i.e., A =0, and V(—x) = —V(x)
and A(x) = A(—y). In this case, Eq. (19) is reduced to

Pe(J)
= —4rV(x.())), (20)
Pe(=J)
which can be expressed only by the geometrical phase. As will
be shown in Sec. V, Eq. (20) contains contributions nonlinear
inJ.

(19)

In

B. Instantaneous fluctuation relation

In this section we consider the instantaneous fluctuation
relation of our system. If the master equation (5) does not
contain any singularities, the cumulant generating function
can be written as

1 [ 1
Gs(x)=§f0 d9 g0, x) = lim 2,00 2D
n=1

where g(@, x) := A0, x) —€v(0, x) is the instantaneous
cumulant-generating function. Here we discretize 6 in the
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interval [0, 27r] as in the last expression of Eq. (21), where we
have introduced 6, := nAf, A8 :=2x /N, g.(x) := g6,, x),
An(x) := A0y, x), and v,(x) := v(6,, x ). From Eq. (21), the
distribution of the current during one cycle can be decom-
posed into

N N N
: *© 1
P.(J)= lim N /m ljlldJn(S(J -5 Z;J> ]j[lpn(Jn),
(22)

where

pn(Jy) == /Oo d_Xe—(zﬂ/fN)[iXJn—gn(x)] (23)
—oo EN

is the instantaneous distribution at of the current J, at 6 =
0,. [The derivation of Egs. (22) and (23) is explained in
Appendix D.] Here we assume that (¢eN)~! > 1. This means
that (eN)~! is enough large to relax the system to the instan-
taneous steady state.

By an argument parallel to that used in the preceding
section, the instantaneous distribution for the current J,, is
given as

1

VENA (xe(J))

where A3 (xc(Ju)) 1= 97 An(X)lx=y.) and we have intro-

duced the instantaneous LDF

where x.(J,) satisfies 9, A, (X )|y=x.¢,) = Ju- Because the in-
stantaneous eigenvalue A,(x) satisfies the LLGC symmetry
[46-48] L, (x) = An(—x + iA,), I,(J) satisfies the symmetry
relation

2
Pu(dy) =~ e*mlln(lnan(Xa(Jn))]’ (24)

In(Jn) - In(_Jn) = _-AnJm (26)

where A, is the instantaneous affinity, which is given by, for
example, A, = Br(6,) — BL(6,) when we control the inverse
temperatures B; and By of the left and right reservoirs.

From Egs. (24) and (26), we obtain the instantaneous
fluctuation relation

eN DPn(Jn)
In

s = Ay = €l () = e —)]

lim —
eN—0 27T

eN AP (x())
——In—=—.
4 AD(x(=T))

The second term on the right-hand side of Eq. (27) expresses
the geometrical phase effect at & = 6,,, which is much smaller
than the first term. If A,, = 0, the first and third terms vanish
and then the geometrical contribution becomes dominant. As
will be shown in Sec. V, the geometric contribution of Eq. (27)
is a nonlinear function of J,,.

27)

V. APPLICATION TO THE SPIN-BOSON SYSTEM

The results presented in the preceding section can be used
for an arbitrary adiabatic pumping process if the process can
be described by the master equation (5). To know the explicit
contribution of the geometric phase in the extended fluctuation
relations such as Egs. (19), (20), and (27), we need to know the

left reservoir target system right reservoir

Kk (a2)) k& (a(1))
Br(2) Pr(®)
kL(a(0) kity(a()

FIG. 3. Schematic of the spin-boson model.

details of the eigenstates and the eigenvalues of the operator
K(a(9), x). Here we apply the general results of Sec. IV to
the spin-boson model [62].

A. Spin-boson model

In this section we consider a single spin coupled to two
bosonic reservoirs with inverse temperature 8, (v = L, R) (see
Fig. 3). We note the vector |p(t)) = (po(t), p1(t)), where pg
and p; are the probabilities to take the down and the up
state, respectively. In this model, the transition matrix K(z)
in Eq. (2) is a 2 x 2 matrix and its component is given as

ko (ee()) = Ty (D), (wo (1), B (@) + 1], (28)

kio(ee(t)) := Ty (1), (w0 (1), Bu (1)), (29)

where n,(wo(2), B (1)) := (ePD® _ 1)~1 ig the Bose dis-
tribution function in the vth reservoir, fiwy is the energy
difference between up and down states, and I, is the transition
rate between the system and the vth reservoir.

Now the dimensionless forms of Eqgs. (28) and (29) are
written as

kg1 (@(9)) = 1 (O)[ny(@0(6), Bu(0) + 11, (30)

ko (@(8)) := 7, (@), (@o(6), B(6)), €1y

where y,(0) := I',(8)/T, with I := Y, [*" d6 T,(9). Note
that € := /I" is held in this case. The transfer correspond-
ing the transition 1 — 0 is given as gg; = fiwg = —q19. We
consider the set of parameters & = {wo, ¥», Bv}v=L.r-

B. Cyclic fluctuation relation for the spin-boson model

Let us calculate the right-hand side of Eq. (19) for two
types of modulations. In the first case, we control the tem-
perature of the left and right reservoirs as

T.(0) = [hwoBL(0)]) " = Ty + Ty cos(@ +m/4),  (32)

Tr(0) := [hwoBr@O)] ™" = To + Tysin(@ + w/4),  (33)

where Ty and T} are the center and the amplitude of the dimen-
sionless temperatures 7; and 7, respectively.! For simplicity,

1Of course, the continuous control of the temperatures is not easy
but is possible as follows. (i) For example, an effective temperature
is continuously changed in Ref. [63]. (ii)) Since we consider an
adiabatic process, it is possible to replace a reservoir by another
reservoir having a different temperature and wait for the system to
relax to a steady state. If we can repeat this process, we can change
the temperatures at the reservoirs as in Eqs. (32) and (33).
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we assume ', = I'r = I'. In the second case, we control the
dimensionless linewidth between the target system and the
left reservoir and the energy level in the target system such
that

vL(0) =yr + Yacos(8), (34)
&0(0) 1= Bliwn(0) = d¢ + da sin(), (35)

where y, is the amplitude of the dimensionless linewidth y;,
and &c and @, are, respectively, the center and the ampli-
tude of the dimensionless energy gap between two levels in
the target system.” For simplicity, we assume f;, = Bz = .
The BSN curvature F,;, () introduced in Eq. (B2) of the first
case in Sec.V is given as

2.2
npng

PN 1
F(1,,TR) = — —= )
T8 = S 53720 4 ny, + ey

(36)

where n, (v =L or R) is n, := (e — 1)~!, Similarly, the
BSN curvature of the second case in Sec. V is given as

(yp + 1 —=don (1 +ng)
(yo + D1 +2n.)?

Their plots are given in Fig. 4. In both cases, because the
affinity satisfies A = 0, the geometrical phase effect V (x.(J))
plays an important role as in Eq. (20).

By expanding the right-hand side of Eq. (20) with respect
to J, we obtain

F(yL, o) = (37

P(J)
Pe(_J)

where Ac = =479,V (x.(J))]ys=0 and Bc =
=2 813V( Xc(I))|s=0/3Ac, which depend on the contour
C of the parameter control. Now C is determined by the set of
parameters o = (f‘o, TA) or (&c, ®a, Vr, va)- With the aid of
a numerical calculation for both cases, we obtain Figs. 5 and
6, which show that B¢ is not negligibly small. This implies
that the geometrical current or the BSN curvature generates
non-Gaussian fluctuations. Our result is consistent with the
previous results of Ref. [60].

In ~ AclJ + BcJ? + 07, (38)

C. Relations among cumulants

Let us discuss the relations among cumulants. The cyclic
fluctuation relation (38) can be rewritten in the integral form

(e AcU+BeIy ~ (39)

We expand the nth cumulant with A¢ in Eq. (38) as

("e =D LunAL /m!. (40)

From Egs. (39) and (40) we obtain the violation of the FDR
as

2Ly — Log + 2Bc(L31 + 3L11Lyo — Lag) =0 (41)

2Tt is easy to control y.(6) and wy(0) in experiments [5—10].

- 0.10

1 0.08

0.06

0.04

0.02

0.0 0.5 1.0 1.5 2.0

+0.20

1 0.15

0.10

0.05

-0.05

-0.10

(b) 7L

FIG. 4. Plots of the BSN curvatures F,, () in Eq. (B2) in the
parameter space in (a) the first case and (b) the second case. The
cyan circle represents the trajectory of the parameter modulation. The
geometrical current is determined by the integral of F,,,(a) in the area
surrounded by this circle.

as the balance of terms of O(A%). Similarly, we also obtain the
violation of the nonlinear relation

L1y — Loy + Be(Lsp + 3L1oLog + 6L 1Ly — 2L41) =0 (42)

as the balance of terms of O(A%). Note that we can obtain
more relations as the balance of terms of any O(A{). The
derivations of Eqgs. (41) and (42) are given in Appendix G.
The violations of the conventional relations in Eqgs. (41) and
(42) are caused by the non-Gaussianity B¢ which originates
from the BSN curvature.

D. Instantaneous fluctuation relation

In this section we discuss the instantaneous fluctuation
relation. Here we control temperatures in the right and the
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P(J)

o —0.005F 1

p—

—0.010F 1

-0.015¢ ]
-0.2 -0.1 0.0 0.1 0.2

(b) '

—0.08F ]
—0.09} ]
—0.10F ]

AQ -0.11f ]
—0.12f ]

—0.13F 1

-0.14+ b

L L 1 L

0.0 0.1 0.2 0.3 0.4 0.5

T,

FIG. 5. Cyclic fluctuation relation under the control of the reser-
voir temperatures (the first case in the main text). (a) Plot of the lines
at TO =0.5, f"A =0.1,0.2,0.3, 0.4 (colors are blue, yellow, green,
and red, respectively), and € = 0.001 as an example of the first
case. (b) Plot of the T dependence of the cubic contribution B¢ at
TO == 05

reservoirs as in Egs. (32) and (33). At6, = wnand A, = O the
geometrical contribution [the second term on the right-hand
side of Eq. (27)] is dominant. Its explicit behavior is plotted as
in Fig. 7. This result implies that the fluctuation is highly non-
Gaussian, in contrast to the conventional fluctuation theorem.

VI. CONCLUSION

In this paper we derived the cyclic and the instantaneous
fluctuation relations given in Egs. (19) and (27), respec-
tively, for adiabatic pumping processes. We applied these
results to the spin-boson model and clarified the existence of
non-Gaussianity as the geometric phase contribution in the
fluctuation relations as in Eq. (38) (Fig. 5). We confirmed
that the non-Gaussianity Vi() in Eq. (38) is not small.
From the cyclic fluctuation relation, we obtained the relations
among cumulants (41) and (42), which show the violation of
the FDR and other conventional relations among cumulants.
Our results indicate that the conventional fluctuation theorem
should be extended to include non-Gaussian fluctuations if
the geometric phase effect exists under cyclic modulation of
parameters.

Our future tasks are as follows. (i) Because our analysis is
restricted to the adiabatic case, we will have to try to extend
our analysis to the nonadiabatic case. If we restrict our interest
to a two-level system like the spin-boson system, we can

X ‘
@ b, =04
005 @, =03 ]
~|< 5, =02
@, =0.
S|
M6, =01
=
p—
—-0.05 §
-1.0 -0.5 0.0 0.5 1.0
J
b oo00F e
—-0.05 + 4
m —0.10 - q
—-0.15+ B
0.2 0.4 n 0.6 0.8
Wy

FIG. 6. (a) Cyclic fluctuation relation under the control of the
energy level and left linewidth for &¢c = 1, &4 = 0.2,0.4,0.6,0.8
(blue, yellow, green, and red, respectively), yr=1, ya=
0.2,0.4,0.6,0.8 (blue, yellow, green, and red, respectively), and
€ = 0.001 as an example of the second case. (b) Plot of the @4 (=y4)
dependence of the cubic contribution B¢ at &¢ = yr = 1.

use the analytic solution of the generalized master equation
(5) [64]. (ii) Shortcuts to adiabaticity can be used for the
nonadiabatic pumping in which a finite pumping current can
be realized under finite speed modulation [64]. Therefore, we
expect that the universal work-fluctuation relation discussed
by Funo et al. [65] can be generalized to include non-Gaussian
fluctuations as mentioned in this paper. (iii) We can analyze

FIG. 7. Plot of the instantaneous fluctuation relation at 6, = 7
with A, = 0. Here Ty = 0.5 and Ty = 0.1, 0.2, 0.3, 0.4 (blue, yellow,
green, and red, respectively).
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the entropy production by a parallel method reported in
Refs. [40—42] in which the excess entropy production can be
expressed by the geometric phase. (iv) We will have to discuss
the linear response around a cyclic adiabatic state obtained
in this paper by changing the modulation perturbatively. This
linear response theory is expected to be different from that
obtained from the Green-Kubo formula [66]. (v) We have
shown that Eqgs. (17) and (18) for the dynamical part are held
at least for the two-level spin-boson model, but we still do
not have rigorous proof for the symmetry relation for general
cases. Therefore, we need further investigation of this prob-
lem. (vi) In this paper we have analyzed a classical system.
To know quantum coherence effects, we need to analyze the
Lindblad equation, which has off-diagonal elements, which
might induce a nontrivial effect [67].
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APPENDIX A: ADIABATIC APPROXIMATION

Let us assume that the solution |p(6, x)) of the general-
ized master equation (5) is parallel to the right eigenvector

76, x)) as
[p(0, x)) = C©, )Ir@, x)),

where the function C(0, x ) will be determined later. By using
the generalized master equation (5) and the normalization
condition (/(8, x)|r(@, x)) = 1, we get

3 CO, x)=C@O, x)le MO, x) — v, )], (A2)

where v(0, x) = (I8, x)|dg|r(0, x)). Equation (A2) can be
solved as

(AL)

6
C@O, x) =C(0, x)exp [/ do'le”"' 10, x) — v(@, X)]]~
0
(A3)

From the normalization condition (1|p(0, x)) = (1|p(0)) =
1, we get C(0, x) = (1|r(0, x))~'. Therefore, we obtain
Eq. (9).

APPENDIX B: PUMPING CURRENT

Although we are not interested in the average current
for the adiabatic pumping process, it is useful to write its
explicit form for the convenience of comparing our results
with the results in the literature. The average current can be
decomposed into two parts as (J) = (J)®" 4 (J)&©°. The first
part is the dynamic current expressed as

27
(Jydn = %/) de J4 (), (B1)
(

where J¥(0) := 9;,1(0, x)|y=0 is the instantaneous steady
current. The second part is the geometrical current expressed

as
(J)Ee = _< // doydo, Fyp(a), (B2)
27 S

where F,,(a) := 9, F (e, x)|,=0 is the BSN curvature
[15,16] in the parameter space. Note that even if the average
bias is zero such that (J)%" = 0, (/)% is generally not zero.

APPENDIX C: DERIVATION OF EQ. (15)

The current distribution is given in Eq. (15). The LDF is
given in (16). We expand A () with respect to iy around x =
Xe(J) as

AG) = Axe) + AV Ge)ix —ixe)
+ IAP(x)ix — ixe)* + Oix —ix.)’), (C)

where we have introduced A™(xc(J)) := 82 AGO|y=x.)-
Then we get

ixJ — A = IU) + AAP (x (D)X — xe D (C2)
Therefore, we obtain Eq. (15) as
P.(J) ~ e—(2ﬂ/€)1(l)

o0
X / d—Xei(n/e)A(z)[Xc(J)][X*X(»(J)]zefbrV(X)
o €

1

o~ @ /OUU)+€V (xe (N (C3)
eAD(xc(]))

12

APPENDIX D: DERIVATION OF EQ. (22)

In this Appendix we explain the details of the derivation of
Egs. (22) and (24). From the definition of P.(J) in Eq. (15) we
can write

1 [ ,
P.(J)=- / dyx e~ @ /Olix/=Ge(x)]
€ J_

[e¢]

1 [* 27 (. 1 [
=- dyexp|——1ixJ—5= dog(x,0)¢ |,

€J € 21 Jo
(D1)

where g(0, x) := A0, x) —€v(f, x). As mentioned in
Sec. IV B, we discretize variables in the interval [0, 2] into
N pieces. Then we rewrite Eq. (D1) as

1 00 o 1
P.(J)=- lim dyexp|——3ixJ — — .
W)= Jim | dx p[ - {lx N;gmﬂ
1 00 N
= — lim dx e~ @r/eixJ e /eN)gn ()
€ N—oo J_ o 1:[]
1 * crrois 1 [
= — lim dy e \FT/OX dxud(X — Xn
caim [ dx ﬂ/mx(x X)

% e(zﬂ/EN)gn(Xn), (D2)

where we have used g,(x) = [0 dxu8(X — Xn)&n(Xn)- By
using §(x) = % ffooo dk ¢*, Eq. (D2) can be rewritten
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further as

P(J) = - hm/ dXe*(ZJf/e)lx./l_[/ /

- hm
€ N%oo

— lim

n=1

Here we obtain the explicit expression of p,(J,) as Eq. (24).

APPENDIX E: DETAIL OF THE SPIN-BOSON MODEL

The eigenvalue A(6, x) of K(a(6), x) and the correspond-
ing eigenvectors (I(6, x)| and |r(6, x)) are given as

ko1 (8) + ki0(0)

MO x) =~
ko1 (0) — kip(0)\*
) /<¥> T ko (6 X )kao®. 1),
(ED)
A0, x) + kio(0)
10,0 = (1 M0+ ho®)) E2
w®, )| ( %00 ) ) -
0.0 = s (st =
0, — , 10 ’
X c(@, x) %2-’1;)(6)
2
O 14 (A0, x) + kio(®)] (E4)

ko1 (0, x)kio(0, x)

APPENDIX F: NUMERICAL CHECK OF EQ. (17)
FOR THE SPIN-BOSON MODEL

We derive the LLGC symmetry for A(6, x) in the spin-
boson model. The eigenvalue A(6, x) depends on y through
ko1(6, x)ki0(8, x). For any x, we obtain

0 = ko1 (8, x)ki0(8, x)
— kot (0, —x + LA0)kio(6, —x +iA(©))
= [k§, (0 (0) — k& (0)kLy(0)e™ ]

X (e + Tt A0)) (F1)

where

K& O ©) ()1 + np(9)]
K @KR,©) 7 np @)1 + ng(0)]

This reduces to A(0) = liwy(Br(0) — Br(0)). Therefore, we
obtain the LLGC symmetry A(6, x) = A(6, —x + i.A(0)).
This leads the symmetry relation (26) for the instantaneous
LDF I,(J,,).

When we consider the cyclic modulation in the limit
€ — 0, the rate function /(J) can be evaluated only from
the dynamical part. We expect that the logarithmic form of

A@®) =1In (F2)

” 7 /eN)IX =) o (2 /€N )8 (xn)

e

ooeN

—@2n /eN)ixndn—8n(Xn)]
/ooEN/ dxexp|:——lx(l——g J>:|||/ d e TN XnIn=EnlX
A ||/ dJ/ dxexp|i——zx(]——§ J,,>:|
€ — 00

:Nli_)n’;oNl—[/ dJS(J——ZJ)l_[Pn(J)

1—[/ an —(ZH/EN)[anJn_gn(Xu)]
o €N

n=1

(D3)

(

Eq. (F2) satisfies Eq. (18) if we replace the numerator and the
denominator on the right-hand side of Eq. (F2) by its cyclic
average. To confirm its validity, we numerically check the
validity of Eq. (17). We control the temperature of the left
and right reservoirs as

T1.(0) = Tro + Tpa cos(0 + 1 /4), (F3)
Tr(0) = Tro + Tga sin(® + 7 /4). (F4)

From the numerical calculation of the left- and right-hand
sides of Eq. (17) in the spin-boson model, we have confirmed
the symmetry relation (17) numerically (Fig. 8). Note that,
from our numerical calculation, A(x) = A(—x + iA) seems
to hold.

APPENDIX G: DERIVATION OF EQS. (41) AND (42)

Equation (39) can be rewritten as

0= (~Ac){(J +BcT)").

(GD
n=1
0.04 %
Qooz i T = 10.9
:|/ . T TLA) (65)‘ eg‘
| 0.00 -::i:=i:::=:=::=:-:: :;‘::::::::::::::::-
S (Tro Tra) = (5,4 “eeee
~-0.02
~0.04
-1.0 -0.5 0.0 0.5 1.0
J

FIG. 8. Verification of the symmetry relation of the large de-
viation function (16) in the spin-boson model. The points are
the plots of I(J) —I(—J) at (Tro, Tra) = (5,4) and (T, T4) =
(10,9), (6, 5), (5,4) (red, purple, and blue, respectively). The solid
lines are the plots of —AJ at (TRO, TRA) = (5,4) and (TLO, TLA) =
(10, 9), (6, 5), (5, 4) (orange, magenta, and cyan, respectively).
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Each moment (J") can be rewritten by cumulants (J"). as

) = D, (G2)
(J?) = (e + )2, (G3)
() = (e + 307 e + ) (G4)

By using Eq. (40) we obtain
1
0= —AcLio + A [—L11+§L20 — Be(Li3+3LyLi1— L40)]

Ly Ly

par| b2yt g (g L
C ) ) C D) 21411 ) 0L12 41

+ O(A¢). (G5)

Then we obtain Egs. (41) and (42) as the balance of terms of
O(A%) and O(A}), respectively.
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