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Perturbative expansion of irreversible work in symmetric and asymmetric processes
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The systematic expansion method of the solution of the Fokker-Planck equation is developed by generalizing
the formulation proposed in [J. Phys. A: Math. Theor. 50, 325001 (2017)]. Using this method, we obtain an
alternative formula to calculate the mean work perturbatively which is applicable to systems with degeneracy in
the eigenvalues of the Fokker-Planck operator. This method enables us to study how the geometrical symmetry
affects thermodynamic description of a Brownian particle. To illustrate the application of the derived theory,
we consider the Fokker-Planck equation with a two-dimensional harmonic potential. To investigate the effect
of symmetry of the potential, we study thermodynamic properties in symmetric and asymmetric deformation
processes of the potential: the rotational symmetry of the harmonic potential is held in the former, but it is broken
in the latter. Optimized deformations in these processes are defined by minimizing mean work. Comparing these
optimized processes, we find that the difference between the symmetric and asymmetric processes is maximized
when the deformation time of the potential is given by a critical time which is characterized by the relaxation
time of the Fokker-Planck equation. This critical time in the mean work is smaller than that of the change of the

mean energy because of the hysteresis effect in the irreversible processes.
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I. INTRODUCTION

There is no established framework to generalize the ther-
modynamic description to a small-fluctuating system, but
such a system is often modeled using Brownian motion con-
fined in an external potential [1-4]. We can then define mean
work, heat, and entropy in the process induced by the de-
formation of the confinement potential, and show that these
quantities satisfy the laws analogous to the first and second
laws in thermodynamics. Differently from the idealized dis-
cussion in thermodynamics, the deformation of the potential
is implemented within a finite time period, and thus any pro-
cess is irreversible. In the construction of, for example, an
efficient nanomachines, it is important to find the optimized
process where the irreversible contribution in mean work is
minimized [4-18].

The distribution function of a Brownian particle in the
configuration space is known to be described by the Fokker-
Planck equation. Therefore the thermodynamic quantities in
a small-fluctuating system can be obtained by solving it. In
order to find the optimized process, then, it is desirable to
calculate the mean work in an analytic form [4,5] because
it is difficult to calculate variation numerically. In fact, the
optimization has been exclusively studied for exactly solvable
models like the harmonic potential [15-28]. As applications
to more general potentials, see, for example, [29,30]. In
Ref. [18], the present author developed a perturbative expan-
sion method to calculate the solution of the Fokker-Planck
equation in the one-dimensional system. Using this theory,
a formula to calculate the mean work perturbatively was
obtained. Applying the derived perturbation theory to the
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one-dimensional harmonic potential, we confirmed that our
perturbative calculations are consistent with the exact results.

In Ref. [18], however, the effect of degeneracy is not con-
sidered, and thus the theory is not applicable to study the
systems in higher spatial dimensions. The purpose of this
paper is to generalize the perturbation theory to arbitrary
spatial dimensions. Such a generalization enables us to study
how the geometrical symmetry of the external potential af-
fects thermodynamic description of a Brownian particle. The
external potential determines the shape of the system, and
thus the generalized theory will be useful to study the surface
effect in the thermodynamic behavior which vanishes in the
thermodynamic limit. See also Ref. [31] as a related reference.
To illustrate the application of the derived theory, we study
thermodynamic description of a Brownian particle confined
in a two-dimensional harmonic potential. We are interested in
the effect of symmetry and hence investigate symmetric and
asymmetric compression processes. The rotational symmetry
of the harmonic potential is held in the former, but it is broken
in the latter. Perturbative calculations are affected by these
deformation processes because the degeneracy of the expan-
sion basis (foot and head states) depends on the symmetry of
the potentials. The optimized processes are found by mini-
mizing the mean work. Comparing the optimized symmetric
and asymmetric processes, we find that these behaviors are the
same in the vanishing and infinity limits of the deformation
time of the potential. The difference between these processes
is maximized when the deformation time is given by a critical
time which is characterized by the relaxation time of the
Fokker-Planck equation. This critical time in the mean work
is smaller than that in the change of the mean energy because
of the hysteresis effect in irreversible processes.

This paper is organized as follows. In Sec. II the ther-
modynamic interpretation in the Fokker-Planck equation is

©2022 American Physical Society
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summarized following stochastic energetics [4]. In Sec. III the
eigenvalues and eigenfuctions of the time-dependent Fokker-
Planck operator are introduced. Using these, we develop the
perturbation theory in the D-dimensional Fokker-Planck equa-
tion in Sec. IV. This result is applied to find the perturbative
formula to calculate the mean work in Sec. V. To illustrate
the applications of the formula, we consider symmetric and
asymmetric compression processes of the two dimensional
harmonic potential in Secs. VI and VII, respectively. These
results are numerically calculated and compared in Sec. VIIIL.
Section IX is devoted to the concluding remarks.

II. THERMODYNAMIC INTERPRETATION
IN FOKKER-PLANCK EQUATION

Before discussing the perturbation theory, we briefly sum-
marize the thermodynamic description of the systems given by
the Fokker-Planck equation. The discussion in this section is
based on stochastic energetics [4].

We consider a D-dimensional Brownian particle which is
confined in an external potential V and interacts with a thermal
bath with temperature 7'. Let us define the distribution of the
Brownian particle in the configuration space by.

p(x,1) = / dR po(R)E[$P (x — x))], )

where D is the spatial dimension and x, represents the po-
sition of the Brownian particle at 7. The initial distribution
of the Brownian particle is denoted by po(R) with R being
the position at an initial time #;, X,, = R. The evolution of this
distribution is described by the Fokker-Planck equation,

dpX,1) =V - {LV + l(VV(X, az))}p(x, 1)
v v

= L,(X)p(x, 1), 2

where v is a friction constant and 8 = 1/(kgT) with kg be-

ing the Boltzmann constant. In this work, the temperature is

constant but the form of the potential V' is deformed by chang-

ing the control parameters a, = (at(l), at(z), ...). Because of

the confinement potential V, the particle distribution p(x, t)

vanishes quickly at an infinite distance, | llim px,t)=0.
X[—00

As is well known, the Fokker-Planck equation (2) is re-
produced from Brownian motion which is described by the
stochastic differential equation [4,32],

dt 2
dx, = ——VV(x;,a,)+ | —dB,, 3)
v Bv

where dB, = B, 4 — B, is the inclination of the standard
Wiener process B, satisfying

E[dB] =0, 4)

E[dBidB)] = dt 5, 8 ;. (5)

The ensemble average of the Wiener process is denoted by
E[-].

In this model, the Brownian particle interacts with the
thermal bath through the dissipative force (—vdx,/dt) and
the random force (/2/Bv dB,/dt). In stochastic energetics,

the heat dq, associated with a single stochastic trajectory is
interpreted as the work done by these interactions and thus

given by
| 2 dB:
dx; 6
ﬂv dt ) x ©

D dx'
dq, = Z (—v— +
where o is the Stratonovich definition of the product,

i=1
A +A
A, 0o dB, = %da. 7

Applying Eq. (3) to the definition (6), the above heat is reex-
pressed as

dg; =dV (%, a;) — dw;,. ®)

The first term on the right-hand side gives the change of
the internal energy and the second term represents the work
done by the deformation of the external potential, which is
defined by

dw, _ZM at. 9)

da,
i=1 t

Note that the relation (8) is satisfied for each stochastic
trajectory

The expectation value of Eq. (8) leads to a law analogous
to the first law of thermodynamics,

dQ; =[E@t +dt) — E@®)] — dW,, (10)

where the expectation values are introduced by
40, = [ d"R (R Eldg), an
E@t) = / dPR po(R)E[V (x;, a,)] = / dPx p(x, )V (x, a,),
(12)

aw, = /dDRpo(R)E[dwz]

8V(X at)da
= dt/dep(x I)Z — a3

Using the Shannon entropy (multiplying the Boltzmann
constant) defined by

S0)=~ka [ Pxpxlpxe.(14)
we further find that there exists the following inequality [4]:
ds@) 1do,
——=—2>0. 15
dt T dt (13)

The equality is satisfied for the stationary state of the Fokker-
Planck equation. This inequality can be regarded as the second
law of thermodynamics. Note, however, that the Shannon
entropy is definable even in nonequilibrium states. Therefore
the above inequality is not exactly the same as the the thermo-
dynamic second law.

In this paper, we consider the irreversible isothermal pro-
cesses where the system interacts with the thermal bath with
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a fixed temperature 7', and thus the mean work should satisfy
the following inequality:

AW, = [E(t +dt) — E@)] —d O,
2 Fhelm(aH—dt) - Fhelm(at)~ (16)

This is obtained by using the inequality (15) and the
Helmholtz free energy defined by

Frem () = E(t) = TS(1). a7

Here, however, S(¢) is not the thermodynamic entropy but the
Shannon entropy introduced above. Therefore this Helmholtz
free energy is not the same as the corresponding quantity in
thermodynamics.

III. EIGENVALUES AND EIGENFUNCTIONS
OF TIME-DEPENDENT FOKKER-PLANCK OPERATOR

In this section, we define the expansion basis following
Ref. [18]. A similar expansion basis is discussed, for exam-
ple, in Ref. [32]. We generalize this method to the case of
the time-dependent Fokker-Planck operator referring to the
discussion in Ref. [33]. Note that the eigenvalue theory of
the time-periodic Fokker-Planck operator (the Kolmogorov
operator) is discussed in Ref. [34] and the properties found
below are consistent with the result. See also Ref. [35].

The eigenvalues and eigenfunctions of the time-dependent
Fokker-Planck operator £, (x) are defined by

L)p, 6 (% a) =1, p, o Xa).  (I8)

We call these eigenfunctions the foot states. Here the index
n characterizes the eigenvalue A, (t) which is a function of
time. The degeneracy associated with the index »n is charac-
terized by a set of nonnegative integers o, = (o1 ,, @25, - - - ),
satisfying 0 < a;,, < d®"(a,). Thus the upper limit of the
sums of the degeneracy is characterized by a set of integers
d™(a,) = (d""(a,),d?"(a,), ... ). If there is no degener-
acy, d™(a,) = (0,0,...) =0 and thus o;, can take only
zeros, o, = (0,0,...)=0.

Note that £, (x) is not self-adjoint and the above eigenfunc-
tions do not form a complete set. To find the complete set, we
define the adjoint operator of £,(x) by

/ dPx g(X)L(x)f (x) = / dx (L] (x)g(x)) f(x), (19)
where f(x) and g(x) are smooth arbitrary functions and
1 1
Ll(x) = [—vz — —[VV(x,a,)]- V:|. (20)
vB v
The eigenfunctions of E,T (x) are called the head states and
defined by
L] ()P, (X, ) = ~An(1)Dy a, (X, B). 2D

As shown soon later, the eigenvalue of the head state () is
the same as that of the foot state A (7).

Note that both of £;(x) and /.Z;f(x) are characterized by a
self-adjoint operator H,(x) defined by [18,32,33]

eG(x,a,)/Zﬁt (X)efG(x,a,)/Z — efG(x,a,)/Z‘C;‘ (X)EG(X’a')/Z

= —H: (%), (22)

where

— _i Z_L 2 ﬁ 2
Hi(x) = [ vﬂV > [VV(x,a)]+ T [VV(x,a)] }

(23)
G(x,a) = BV(x,a). (24)

To give the representations of the foot and head states, we
introduce the eigenfunctions of H,(x),

Hi (X, (X, A) = An (Dt (X, ). (25)

As is well known in quantum mechanics, these eigenfunctions
form a complete orthogonal set [18,36],

/ 0Kl (%, 80, g (%, 8) = Brndy

" (a;)
/ _ (D) /
D0 g, (X AUy, (X ) = 8P (x = X)), (26)
n=>0 a,=0
where 84, 8. = 84,,.8., a0, - - - - NOte that the eigenvalues

An(t) are nonnegative real numbers as shown later and thus
Uy a, (X, a;) can be chosen to be real functions.

Using these results, we construct the foot and head states.
The set of the foot and head states form a biorthogonal sys-
tem and satisfies the following orthogonal and completeness
conditions:

/ dPX Py q, (X, a)p, 5 (X,a) = dnmba,p,

d(")(a,)

DY Py XD, (X a) =8P (x = x). (27)

n=0 o,=0

Because of these properties, the solution of the Fokker-Planck
equation can be expanded using the foot and head states. The
foot and head states are represented by

_ )2
P, X a) = N, @)e % 2y, o (x, ),

Pre, (X, 2) = Oy (X, 8,).  (28)

Ml,ot,, (a)

Here we introduced the real factor A, 4 (a;). It is because,
differently from quantum mechanics, the normalization con-
dition is applied to a pair of foot and head states, and thus, for
example, a foot state itself is not necessarily normalized by
one.

From Egs. (28), we find that all eigenvalues of Poa, (x,a,),

P, X, a) and u, o, (X, a,) are equal,

An(t) = dn(t) = A, (1). (29)

=n

Moreover, the foot and head states satisfy the relation

G(x,a,

1
Pra, (X a) = s Mp | (xa). (30)

n,o, (at )
Therefore it is easy to understand that the degeneracy of
P (x, a;) is the same as that of p,, , (X, a;).
For an arbitrary external potential, we can show the follow-
ing properties:
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(1) The smallest eigenvalue is given by zero. Thus, with-
out loss of generality, we can set the order of the eigenvalues
as

0= Ao(t) < A(t) < Aalt) < --- . 31)

(2) The “ground” foot and head states Bo(x, a;) and
Po(X, a,) have the eigenvalue A. These states are not degen-
erate and given by

1
X, a;) = /Noo(a —AVixal),
Poo(Xsar) 0,0( t)me
1 1
Poo(x,a) = ; (32)
00 ' \/M),O(at) VZ(a)
respectively. Here we introduced
Z(a,) = / dPx e PV, (33)

The derivations of these properties are the same as those in
one dimension [18] and are summarized in Appendix A.
When we choose

1
N 34
0,0(a;) = Z@) (34)
the ground head state becomes trivial,
Boo(x,a) = 1. (35)

This choice is considered in Ref. [36], where it is shown that
the time evolution of the Fokker-Planck, the Kramers, and the
relativistic Kramers systems can be regarded as a special case
of Schrédinger’s reciprocal process, and then the Jarzynski re-
lation is reproduced from the symmetry of the Fokker-Planck
operator.

A. Bra-Ket representation

For the sake of simplicity, we introduce the quantum-
mechanical bra-ket notation. The foot and heat states are
expressed in terms of the inner products of bra-ket vectors,

P, o X a1) = (X|n, @y, ay),

pm,ﬂm (X’ at) = <X|m’ ﬂm’ at)- (36)

Here we introduce the position basis |x) which satisfies
(Ix)" = (x| and

/de Ix) (x| =1,

Then the conditions for the complete orthogonal set, Eq. (27),
are, respectively, represented by

x|x) =8P (x —x). (37)

(m, ﬁmv aln, a,, a) = (Sm,n(sﬂm,oz,,a

d(n)(a’)
Yo e al =1, (38)
n>0 a,=0
where
(@, a) = (e, al, (n,a.,a)) = e, al.

(39)

From Eq. (30), we find

I, &, ;) = “*n, a,, a,), (40)

1
/\/n,an (a;)
where the operator G(at) is defined by

(xIG(a)Ix) = G(x, a)8® (x = X)), (41)
In this notation, the Fokker-Planck equation is represented
by

% 1o) = Li|p@)), 42)

where

XL |X) = £,x)8P(x — x). 43)

The eigenvalue equations are then expressed as
Liin. . ) = —hu(0)|n, oy ),
Liim, By ar) = —hn(Olm, B, ar). (44)

Here we have used Eq. (29).

One may notice that these representations in the biorthog-
onal basis look very similar to the non-Hermitian general-
ization of quantum mechanics (which is, sometimes, called
PT -symmetric quantum mechanics) [37-39]. Indeed, the op-
erator ¢¥%a) /N,u.a, (@) in Eq. (30) seems to be a kind of the
metric operator. Thus a head state is obtained from a foot state
by multiplying it and vice versa. See also the discussion in
Ref. [36].

IV. PERTURBATIVE SOLUTION OF TIME-DEPENDENT
FOKKER-PLANCK EQUATION

There are various expansions to express the solution of
the Fokker-Planck equation. See Refs. [40-44] and references
therein. In our method, we expand the solution of the Fokker-
Planck equation in terms of the foot states introduced in the
previous section,

4" @)

) =" Ave, e 0,y 8). (45)

n>0 o,=0

Note that the sums in the above expansion can be time-
dependent because of d(a;,). In the following calculation,
however, we consider the case where the sums associated with
n and &, are independent of time,

d(")(a ) d(")(a,/)
D=2 #D. (46)
n=0 o,=0 n=>0 «,=0

For the sake of simplicity, we further decompose the coef-
ficient A, 4, (f) as

4" (a,)

Ana, (1) =Y IM®(1)la, p,Cnp, (1)- (47)
B,=0
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Here the matrix [M(”)(t)]am g, is obtained by the solution of
the following differential equation:

HIM™ ()], 5,
d™(a,)

=— Y @@ wloIn. y,. a) MO0y 5. (48)
V,=0

with the initial condition
IM™ (1), .8, = Sa,. 5, - (49)

Substituting this expansion into the Fokker-Planck equa-
tion, we find that the expansion coefficients are given by the
solutions of the following differential equation:

4" () d™(a,)

X RIS S SPU L

B,=0 m#n>0y § _o

M@ @), [LE@)] 8.7, M™ D)), 5
An(t) - )"m(t)
x C, 5 (1)=0, (50)

X

where

(L (0)la, 8, = (G &3 LM, Byoa), (51
and the inverse matrix is defined by

d(”)(az)
Yo MO, MY Oly, s, = a5, (52)
y/l=0

It should be noted that the coefficient Cyo(¢) is time-
independent,
Coo(t) = Co,0(%), (53)

because

[LO™(1)]o.p, /deV AP, 5 & DVIEV (X, a)]} = 0.

m

(54)

A. Evolution from equilibrium state

In the following, we focus on the time evolution from a
thermal equilibrium state with the control parameters a,,,

e*ﬂV(X,aq)’ (55)

peq (Xa tl) = Z(a )

where Z(a;,) is defined by Eq. (33). The expansion in terms
of the foot state leads to

d('”(a,)
Peg X 1) =Y Y Coa, (t)(X|n, . 2,),  (56)
n>0 o,=0
where
Coo(t) = : L _ (0,0,a,]x)
’ VNow(@) /Z(@,) '
Cra, () =0(n > 0). &)

For this initial condition, Eq. (50) is further simplified. Let
us reexpress the expansion coefficient C, 4, (¢) as

Cua, (1) = (0,0, a,|X) Dy g, (1) (58)

Then, by solving Eq. (50) formally, the expansion coefficient
D, o,(t) is determined by solving the following equation iter-
atively:

d(n)(aj d"")(aj)

t )
Dn,oz,,([) = Dn,dn (ti) _/ ds Z Z Z

f B0 mAn20y §

« ef‘; ds’ [n(s)=Am(s)]

M ()], L (s)]g, y, IM™ ()], 5
)‘-n (S) - )“m (S)
X Dm8m (S)v (59)

m

X

with the initial conditions
Dn,an (ti) = 511,080(,,,0' (60)

Again, note that D ¢(¢) is independent of time, Dy ¢(¢) =
Dy o(t;), because of Eq. (53). In the following calculations,
we use exclusively this expansion coefficient D, 4, (¢).

B. Pseudodensity matrix

Let us introduce the pseudodensity matrix defined by

d(")(t)

P0=F Y g

n>0 a,,8,=0

X [IM™(1)]a,.8,Dup,(1)(0. 0. 3, (61)
This satisfies the following properties:
Tr[p()] = 1, (62)
P(t) = D). (63)
To show the second equation, we have used
(0,0,a,] = MV (1)]54(0,0,a,]. (64)

The expectation values are represented by the trace with
the pseudo density matrix. For example, the mean work done
by the deformation of the external potential is given by

W= / dt Tr[(3, V)P (). (65)

V. FORMULA FOR MEAN WORK

Let us consider the time evolution from a thermal equi-
librium state which is induced by changing the control
parameters a, in a finite time interval #; <t <ty where ff
is a finial time. The mean work done by the deformation of
the potential is given by the time integral of Eq. (13). Using
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Eq. (61), we find

Iy
W:/ dw;
b

i

d"(a,)

=f a3 e

li n=0 a,,B,=0
X [M®(1)]a, 8, Dn.p, (1)(0, 0, a, (3, V)1, &ts, a,). (66)

This formula is the generalization of Eq. (38) of Ref. [18] to
the systems in higher spatial dimensions. Indeed, this is re-
duced to Eq. (38) by setting [M™ (1), g, = e %8, 03g 0.
The role of 6,(¢) is discussed in Sec. V C.

To expand the right-hand side in terms of the time deriva-
tive of the control parameters, a,, we introduce the expansions
of the mean work W and the expansion coefficient D, g (),

W=wh4+w® ... (67)
Dyp (1) = D(O) () +Df}}, )+, (68)

where W and D(m) (¢) indicate the mth order terms of a;.
From the initial condmon (60), we find

D“)lg (t) = 81.088,0 Do) =0 (m >1). (69)

A. Lowest order contribution W®

The lowest order contribution in the mean work is given by
w,

173 . e
wh = f dt [M©(1)10,0(0, 0, a,1(8,V,)[0. 0. a). (70)
ti
This quantity is calculated exactly without referring to the
detailed behavior of the control parameters a,, and given by
the difference of the free energies,

W =F,) - F(a,), (71)

where
F(a) = —% In Z(a;) = —% In (/ dee‘/’W"*“')). (72)

It should be emphasized that this free energy is not the
Helmholtz free energy defined by Eq. (17). We see that W
is determined only by the initial and final values of a, and
independent of the intermediate deformation processes of
V(x, a).

By definition, the initial state is given by a thermal equilib-
rium state, and thus this free energy agrees with the Helmholtz
free energy (17) at the initial time #, F(a;) = Fpem(ay,).
In general, F(a,) for t > t; does not necessarily agree with
Freim(a,). However, in the quasistatic process, the final state is
approximately given by a thermal equilibrium state, and then
the right-hand side of Eq. (71) is identified with the change of
the Helmholtz free energy. This is the well-known behavior in
the reversible process.

B. Higher order contributions

All higher order terms in the mean work W™ (n > 2) give
only irreversible contributions. The lowest order term W is

obtained by using D(l) (t)

d(")(a,
W(z) _ / dl’ Z Z dY)\n(Y)
l nz1 a,,B,=0
X M (0], 3,03 ()00, 3,10, VI, . &),
(73)
where
d(”)(ax
D(l) (t) _ nO)/ ds Z ef/ ds' A (s")
[M®(s)]5" [L<"-°)(s)] oMO(s)]
y BrY, ul (74)

An(8)

The factor (1 —3,0) is due to the property (60). When
V; is given by the harmonic potential, higher order terms
W® (n > 2) vanish and the exact mean work is given by

w=w®b4w®, (75)

This is discussed in detail later.

C. Relation to Berry’s phase

In quantum mechanics, it is known that the wave function
acquires a phase induced by a cyclic adiabatic motion of a
system. This additional phase is affected by the geometrical
properties of the parameter of the Hamiltonian and called
Berry’s geometric phase.

In the quasistatic (adiabatic) limit, the solution of the
Fokker-Planck equation is obtained by substituting D), o, (1) =
DM @),

n,oy,

lp(t)) = (0,0, a,|x)e 0,0, a,), (76)

where
t

Oo(t) = —ln[M(O)(t)]o,o=/ ds{0, 0, a,|0,]0, 0, a,).  (77)
1

We observe that a nontrivial time-dependent factor e~%®
appears besides the time evolution of |0, 0, a,), and this factor
corresponds to Berry’s geometric phase. See also the discus-
sion in Ref. [18].

Wilczek and Zee found that Berry’s phase becomes a ma-
trix in the system with degeneracy [45]. Indeed, [M™(t)]q, s,
is generally given by a matrix for n 7 0. In the present calcula-
tion, the ground foot state is always not degenerate. Therefore,
to observe the Wilczek-Zee-type phase, we should consider
the time evolutions in the “excited” state of the Fokker-Planck
operator.

VI. APPLICATION I: SYMMETRIC PROCESS

To illustrate the applications of the derived formula, we
consider the two-dimensional harmonic potential,

Vx,a) = sax} + 1a®'x3. (78)

In such a system, the degeneracy related to the rotational
symmetry of the potential is characterized by a single in-
teger. Let us consider the symmetric deformation of the
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harmonic potential where a(l) = at(z) = a, and thus the poten-

tial has the rotational symmetry around (x, x,) = (0, 0) in the
two-dimensional plane during the deformation process. Then
d"™(a,) are given by time-independent constants, d", and
thus the condition (46) is satisfied. The foot and head states
are defined by

Xln, o, a) = p, (1 adp,  (o.a),  (79)

(X|n, an, ;) = Py, (X1, A )Py_y, (X2, A1), (80)

where «, take nonnegative integers satisfying 0 < o, <
d™ = n, and

p,(x, @) = /Ny(a)e P u,(x, a), 81)
1 .

Dp(x, @) = Weﬂ“ M, (x, ar). (82)
n\"%t

Here N,(a;) is an arbitrary real function associated with the
ambiguity of the normalization of the foot states discussed
below Eq. (28). We introduced

el 12,
"n!

U (x;, @) =
)

(83)
where H,(x) denote the Hermite polynomials and
2
Z@) = |- (84)
,Ba

The eigenvalues of the foot and head states are the same and
given by

A(t) = %n (n>0). (85)

The lowest order contribution in the mean work W is al-
ready calculated. The next order contribution is given by
Eq. (73), which is simplified as

2y \ d

5 )ﬁ. (86)

Yoot dag( 1 g
W;Z,;—zf dt/ ds &2 e fids
Y i B ds \ 2Ba? dt

See Appendix B for the detailed derivation.
In the harmonic potential, the exact mean work is given by

Woym =W + W3 (87)

sym*

To understand this, note that, as seen from Egs. (59) and (69),
the expansion coefficient D(") , (1) has the following product:

2, 2 2 MPa!

[LEm )] IM™(z))]

my#2 maF#m, my—17#0
X MO ()] L () [ )]
X M0 (g, )]~ L1 (7,) [ IM©(z,)]. (88)

Note that [L™™(7)] has a finite contribution only when
n=m-+ 2 and n = m, but the latter is excluded in the sums
[see Eq. (B5)]. Therefore all higher order terms D(”) (1) (n >
2) disappear.

The mean work in the one-dimensional harmonic potential
is obtained in Ref. [18]. Comparing the one- and two-
dimensional results, we find that Ws(vzr,)l in the two-dimensional
calculation is twice as large as the one-dimensional result
given by Eq. (50) in Ref. [18]. The same property is found in
the three-dimensional symmetric deformation of the harmonic
potential. Therefore the D-dimensional result is comprehen-
sively summarized by

da da
(2) — s ! ds 2 t
fomn [ [ G (e % ) e 09

where D is the number of the spatial dimension and can take
D =1, 2, or 3. This simple D dependence is understood by
the fact that the harmonic potential is given by the independent
sum of the each spatial component and thus the Fokker-Planck
operator is represented by the sum of the independent spatial
components,

D
arXi
L, = — 07 — 9— . 90
; ; ( 50 - ) (90)
Therefore the optimization with respect to the ith spatial
component does not affect that to the j(s i)-th spatial com-
ponents, and the mean work is given by a linear function of D
in the present symmetric process.

A. Energy

Following the thermodynamic interpretation introduced in
Sec. I, the mean energy of this system is defined by Eq. (12),

E(t) = Te[V;p(0)]. 91)

Applying the same procedure used in the calculation of the
mean work, the exact mean energy is calculated by using D(l)
in the pseudodensity matrix. The result is given by
1 t
+2 / d
/3 t;

1ae2e 1 da
Esym(t) = E se_fx ds'== __ 778

. 92
al ds ¢2)

Because Ey,(t;) = 1/8, the change of the mean energy in the
symmetric process is given by the second term of the above
equation,

arf s —ffd’ 2y ldas

AEgm = Egm(t) — Egqm(t;) = —~
sy’ sy’ (f) 8% () ﬂ/r: Cl2 dS
(93)

B. Optimization in symmetric process

We are in particular interested in the optimized process
which minimizes the mean work. Because W! is determined
only by the initial and final values of the parameters, a, and
a,, independently of processes, it is sufficient to consider the
variation of nyzni by fixing the operation time 1,, =ty — ;.
The variation of the control parameter is defined by

a, —> a; +8a;. (94)

We fix the initial and final forms of the harmonic potential and
hence this variation satisfies the boundary conditions,

Say, = Sy, = 0. (95)
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The variation of Wr(yz”)l leads to

! 1d 1 (Y  da 2 s
f ds— “Sa,e Dfidvas 4 / ds &5 de s i drar
2 ds a? ds

5 dt a, 1 daél dasz
d d vl =0. (96
/ 32/ . ¢ 1 Cl?] dS] dSZ ( )

Because of the reason discussed below Eq. (89), this integro-
differential equation is the same as Eq. (59) of Ref. [18] which
determines the optimized process in the one-dimensional har-
monic potential. See Appendix B in Ref. [18] for the detailed
derivation.

The optimized protocol is determined by solving this equa-
tion, but, so far, the exact solution is not known. Therefore we
consider an approximated process in the large 7,, limit as is
discussed in Ref. [18]. For this purpose, we reexpress Ws(y2n)1 in
the adimensional form,

! v da
we — o
e 2/ drl./o n do

2topay;  rr a
X [eu -[12] dta Ary 1 ] daTl (97)

zﬁ (al’z dtl
where adimensional quantities are introduced by
T =t — 1)/ Top, (98)
Aty 11,
a, = - (99)
ay,

i

In the large 7,, limit, we consider the following approxima-

tion:
Zropa,!
/ d1'1/ d‘L’z G(‘L’l, ‘L’g)e‘ v
ZTU])”II _
/ dr / dt, G(ty, 11)e” v Fa(m—m)

/ dt G(t1, 11)
0

d T3 ey

— 100
27:0,,0 arl (100)

where G(11, 12) is a smooth function. Using this approxima-

tion, W) is calculated as

@V /1 1 (da.\’
W) = dt — .
v Zﬂati Tup 0 (6_11- )3 dT

We minimize this approximated mean work. Applying the
variation defined above, we find

| d’a; 31 (da\* _
a dw 2a\drt)

This equation is analytically solvable and the optimized exter-
nal parameter in the large 7,, limit is given by

(101)

(102)

a
= — — —_— al
[Va — (Va, — Dr)?
Top Ay

T —0)a + G -0

This is the same as those in Refs. [5,15,18].

(103)

Substituting this into Eq. (101), the optimized mean work
in the large 7,, limit is expressed as

W%ym w + ‘/ng’zrzl
tr)}rll)noo W(l) - Tf’}’lz)noo W(l)
=+ ———(Va - 1), (104)
aj In a) atiTOP
where, from Eq. (71),

1 Z(a 1
wh = _ " (a,) = —1Ina. (105)

ﬁ Z(af,‘) /3

The time evolution in the large 7,, limit is very slow and thus
p(x,tr) is approximately given by the thermal equilibrium
state with a;,, peg (X, 7). Then W in Eq. (71) corresponds
to the one in the reversible process and is represented by
the change of the Helmholtz free energy. One can see that
the irreversible contribution of the mean work asymptotically
disappears as a function of 7, "in Eq. (104). It is worth empha-
sizing that this 7, dependence is experimentally verified [46].

In a similar fashion, the change of the mean energy (93) is
calculated with this approximated optimized process (103). In
the large 7,, limit, this quantity is simplified as

v 1 da,

AEyn X ——— —
ym 3
2tparB a7 dt

(106)
=1

Substituting Eq. (103) into this, the change of the mean energy
is calculated as

lom _ —(f— -

1m
Top—> 00 E(li) Top

(107)

This equation implies that there is no change of the mean
energy in the quasistatic isothermal process as is the case of
the ideal gas.

Later, we will discuss the asymmetric deformation of
the harmonic potential and compare the results with those
in the symmetric process. In the asymmetric process, we
choose the initial and final parameters of the harmonic po-
tential as (a;, a”’) = (ao. a0) and (a;)’, a;”) = (2a9, 2ap),
respectively. The corresponding symmetnc process is realized
by choosing a, = ap and a,, = 2ap. Then, from Egs. (104)
and (107), the mean work and the change of the mean energy
in the large 7,, limit are, respectively, given by

Wiym 212 ¢
im % =1+ w212 =, (108)
=00 W In2 1,
AE. 2—-1)t*
i Aom _ (22D (109)
=00 E(t;) 2 Top

where W = 8~ 1n 2 and we introduced t* = v/aq.

VII. APPLICATION II: ASYMMETRIC PROCESS

In this section, we consider the asymmetric deformation
of the harmonic potential where a,l) #* a,(2) for t; <t < ty.
The initial and final values of the control parameters of the
harmonic potential are fixed by (a,l),a,l ) = (ag, ap) and

(a(l) a, f)) = (2ayp, 2ay), respectively. We first increase a(l)

fixing at = gy along path I as shown in Fig. 1. After the
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FIG. 1. Symmetric and asymmetric compression processes of the
harmonic potential. The former is denoted by the dotted line and the
latter by the solid line, respectively. The rotational symmetry of the
harmonic potential is hold in the symmetry process where a" = aﬁZ).
The asymmetric process is represented by two paths. The control
parameter a'” is fixed by ao on path I. At the switching time ry, path

1 is switched to path II where a' is fixed by 2ay.

switching time #y, the control parameters are changed along
path II where at(z) is increased fixing a,(l) = 2ay. That is, the
corresponding time evolutions of the control parameters are
represented by

path I
path II

<t <y

ty <t <tf7 (110)

m @y _ | i, a0):
@w%)—b%&m

where f; and g, are monotonically increasing functions satis-
fying

fi = &, = ao, Jix = &, = 2ao. (111)
The switching time 7y and the functions f; and g, are deter-
mined by minimizing the mean work.

Because of the same reason discussed below Eq. (87), the
exact mean work is given by the sum of W and Wa(fy)m.
As discussed, W is independent of the evolution of the
control parameters and given by Eq. (71), W = g=!1n2.
The second-order term W, 2) is given by the sum of the

contributions from path I and path II,

2 2
Wi =W + W7, (112)
where

x todf, T | df,
W(2)=/ dtfd S fods =5 =113
A AT 2wt ar Y

Iy tod v 2y 1 d

W,(,2)=/ dt/ ds gs[e—f-vf”v z}ﬁ. (114)

Ix Ix ds 213(g.3‘) dt

See Appendix C for the detailed derivation.

A. Optimization in asymmetric process

As was done in Sec. VI B, we minimize of the mean work
in the the large 7,, limit to find the optimized process. In this
limit, W2 is given by

asym

v ™ 1 dﬁ :
lim W = f dt — 3<—)
Top—00 4Bagtsy Jo (fey \dr

! 1 (dg.\*
+L/dr _ 3<g), (115)
4/3(107017 X (&) dt

where adimensional quantities are introduced by

x = (tx — 1)/ Tops (116)

fo= des, (117)
ao

gr — gt,-thr(,,, ) (1 18)
ao

The optimized parameters f; and g, are obtained by minimiz-

ing W) . The variations of f; and g, are defined by
fo — fe+8fe, (119)
& — gr+8<§7rs (120)

which satisfy 8fy = 8f,, = 88, = 881 = 0. The optimized
parameters are given by the solutions of the following differ-
ential equations:

2_ ~ 2
1 &, 31 (df,) o,

- - 121
f2de>  2f*\dr 1zl
1 d®s, 31 (dg.\’
S8 2 (58 o (122)
g dr? 2t \dt
These equations are solved using the following conditions:
fo=ex=1, fH=a=2 (123)
The solutions are given by
Iz 2y I
= —
WA -2-nrp
21x — 1)
= ao,
[t — 1) + (tx — 1)V/2P
_ 2(1 — 1x)? N
TN FN T
2(tr —tx)?
O = t) (124)

T — 1)+t — VAT

The optimized switching time tx is determined by mini-
mizing W) which is obtained by substituting Eq. (124) into

asym
Eq. (115). Solving W) /3ty = 0, the optimized zx is given
by
1 tr + ¢
TXZE—)tXZfT. (125)
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Using these results, the optimized mean work in the large
7,p limit is eventually given by

Wasm _ | (V217 7%

_ : 126
tyte WD n2 1, (126)

where t* = v/ay which is already defined below Eq. (109).

In a similar fashion, the change of the mean energy in the
asymmetric process is calculated by applying the above results
to the definition (12) as was done in Sec. VI A,

Agem — i /tx dv [efﬁx ass 1 2]@
28 J, (fe)*1dt

t .
+gi/fdr [eff’dfzf“—l 2]@.
2B x (g-)* | dt

Using Eqgs. (124) and (125) in the large 1, limit, the optimized
change of the mean energy is calculated by

AE2sym *
im =W2- I)L.
oo E(t;) Top

(127)

(128)

VIII. COMPARISON OF SYMMETRIC
AND ASYMMETRIC PROCESSES

We compare the mean work and the changes of the mean
energy in the symmetric and asymmetric compression pro-
cesses which are denoted by the dotted and solid lines in
Fig. 1, respectively. The initial and final values of the control
parameters are fixed in both processes, (a,(,,l), al(l,z)) = (agp, ap)
and (a,(;), at(f)) = (2ap, 2ap). We use the optimized control
parameters which are given by Eq. (103) in the symmetric pro-
cess, and by Egs. (124) and (125) in the asymmetric process.

A. Mean work

In Fig. 2 the mean work are plotted as functions of the
operation time 7,, = f; —t;. The black and gray solid lines
represent the exact mean work in the symmetric and asym-
metric processes, respectively. The former is calculated from
Egs. (86) and (105), and the latter from Eqgs. (105) and (112).
The black and gray dotted lines show the mean work in the
large 7,, limit which are given by Egs. (108) and (126),
respectively. We find that the asymptotic behaviors of the
solid lines are well reproduced by the corresponding dotted
lines. In the large 7,, limit, these processes correspond to the
quasistatic isothermal process. Then the black and gray lines
converge to W, which corresponds to the mean work in the
reversible process.

In the instantaneous jump limit 7,, — 0, the black and gray
solid lines converge to the same value,

lim W9 = lim W¥Y™ =
Top—0 Top—0

(129)

This behavior can be understood from the first law (10). In
this limit, there is no enough time for a Brownian particle
to interact with the thermal bath, and thus Eq. (10) leads to
dW, = E(t + dt) — E(t) because dQ; = 0. Moreover, in this
limit, the final states are approximately given by the initial
state, p(x, ty) = p(x, t;). Therefore the changes of the mean

v
vV

0.4
0 LINLL R LLL B R B R LU B LR AL LL N
0.01 0.1 1 10
T,/T*

op

FIG. 2. Mean work plotted as functions of the operation time
T,p =ty — t;. The black solid and dotted lines are results in the sym-
metric process and represent the exact mean work and the mean work
in the large 7,, limit, respectively. The optimized control parameters
are given by Eq. (103). The gray solid and dotted lines are results
in the asymmetric process and denote the exact mean work and
the mean work in the large 7,, limit, respectively. The optimized
parameters are given by Eq. (124). The dotted-dashed line represents
WO, which is given by Eq. (105). We define t* = v/ay.

energy are given by 1/8 in both the symmetric and asymmet-
ric processes,

E(t;) —E@t;) = /dzxp(x, 1V (X, ay)
- /dzx,o(x, HV (X, ;)

= /dzxp(x, DIV, ap) — V(X a)l

1

=-. 130
Vi (130)
The mean work in the asymmetric process (gray solid line)
is always larger than that in the symmetric process (black
solid line). This indicates that irreversible contribution in the
asymmetric process is always larger than that in the symmetric
process. To understand this behavior, we should notice that

Eq. (112) is reexpressed as

1/2 7] .
W, =2 /0 dr /0 dv, f,,

oo g gl } ;
X|le v n S ——— | fy. (131)
[ 28(f ]

To obtain this expression, we have used that f; and g, defined
by Eq. (124) satisfy

8r+12 = fr. (132)

when 7x = 1/2. Then one can see that W.3) (131) is repro-

duced from W) by replacing 7,, with 7,,/2 in Eq. (97).
That is, the deformation of the harmonic potential in the
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FIG. 3. Difference between Wym and Wy, plotted as a func-
tion of the operation time t,, = f; — f;. The peak is located around
Top ~ T We define t* = v/ao.

asymmetric process is twice as fast as that in the symmetric
process. Normally, the irreversible contribution is pronounced
in rapid deformations and thus the mean work in the asym-
metric process has more irreversible contributions than that in
the symmetric process.

The difference of the mean work in the optimized symmet-
ric and asymmetric processes disappears in the large 7,, and
the instantaneous jump limits. Therefore, we have to choose
an appropriate operation time to maximize the difference.
As shown in Fig. 3, the difference is maximized when t,,
is chosen to be close to t* = v/ag, which characterizes the
relaxation time of the Fokker-Planck equation. The exact po-
sition of the peak is located at a bit larger than t*. This small
deviation from 7* will be related to a hysteresis effect which
is discussed in the next section.

B. Change of mean energy

The changes of the mean energy in the symmetric and
asymmetric processes are shown as functions of the operation
time 7,, in Fig. 4. The black and gray solid lines represent
the exact changes of the mean energy in the symmetric and
asymmetric processes, respectively. The former is calculated
from Eqgs. (93) and the latter from Eqgs. (127). The black and
gray dotted lines show the changes in the large 7,,, limit which
are given by Egs. (109) and (128), respectively. We find that
the asymptotic behaviors of the solid lines are approximately
reproduced by the corresponding dotted lines.

In this system, the mean energy in equilibrium is given by
1/B independently of the value of a,. Therefore the deviation
of AE from zero can be used to characterize the deviation
of the final state from equilibrium. Indeed, the change of the
mean energy is reexpressed as

75V(x,a,f )

AE = /dZX V(x, a,,)|:,0(x, atf) — W
1y

i|, (133)

where V(x, a;,) is the harmonic potential (78). The quantity
in the bracket represents the deviation of p(x, ;) from the

\ \
\
1.6- \
\ \
\
= 1.2 \ \
o \
L
< 084
0.4+
0 LR LLLL B R R L LLL B
0.01 0.1 1 10
T, /T

op

FIG. 4. Changes of the mean energy AE = E(t;) — E(t;) plotted
as functions of the operation time t,, = t; — t;. The black solid and
dotted lines are results in the symmetric process and represent the
exact change of the mean energy and the change in the large 7,
limit, respectively. The optimized control parameters are given by
Eq. (103). The gray solid and dotted lines are results in the asymmet-
ric process and represent the exact change of the mean energy and the
change in the large 7,, limit, respectively. The optimized parameters
are given by Eq. (124). We define 7* = v/ay.

corresponding thermal equilibrium distribution. To obtain
this, we have used

2 —BV(x.a;) ) _ﬂv(xsalf)
d V 9 )Y = d V ) A —
f V)@ / R AT
= ! (134)

From Fig. 4, one can see that AE’s represented by the black
and gray lines converge to zero in the large 7,, limit. That is,
the processes behave as the reversible process in this limit.

In the instantaneous jump limit 7,, — 0, as discussed be-
low Eq. (129), there is no enough time for the final state to
evolve from the initial equilibrium state and thus

, 1
lim AE®™ = lim AE™™ = —. (135)
B

Top—>0 Top—0
This is consistent with the behavior in Fig. 4. We further
observe that the gray lines are always larger than the black
lines. This is because, as was discussed in the mean work,
the asymmetric process has larger irreversible contributions
which give rise to the larger deviation of the final state from
equilibrium.

The difference between AEuqym, and AEgyy, is shown in
Fig. 5. For the sake of comparison, the result of Fig. 3 is shown
by the dotted line. We find that it is maximized when 7, is
chosen to be close to t*. Exactly speaking, however, the exact
position of the peak is a bit smaller than 7* and this behavior is
different from that in the mean work which is a bit larger. This
difference will be related to a hysteresis effect: the change
of the mean energy is obtained directly from the initial and
final states while the mean work depends on the whole time
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(AEasym—AEsym)/E(ti)

*

Top/T

FIG. 5. Difference between AE,y, and AEq,, plotted as a func-
tion of the operation time 7,, =ty — t;. For sake of comparison, the
result of Fig. 3 is shown by the dotted line. The peak of the solid
line is smaller than t* but that of the dotted line is larger. We define
T =v/ap.

evolution of the pseudo density matrix as seen from Egs. (12)
and (66). Because of this, the peak in the mean work appears
in retard compared to that in the change of the mean energy.

As for the comparison of our perturbation theory with the
numerical simulation of the stochastic differential equation,
the time evolutions of the mean energy are shown in Ap-
pendix D.

IX. CONCLUDING REMARKS

In this paper, we developed the systematic expansion of
the solution of the Fokker-Planck equation with degeneracy
by generalizing the formulation developed in Ref. [18]. The
Fokker-Planck equation describes the thermal relaxation of a
Brownian particle confined in an external potential, which is
deformed by changing control parameters. The time derivative
of these parameters are utilized as the expansion parame-
ter of the perturbation theory. Differently from the theory
in Ref. [18], the present theory is applicable to systems in
arbitrary spatial dimensions, and we obtained a formula to
calculate the mean work perturbatively which is applicable
to the systems with degeneracy in the eigenvalues of the
Fokker-Planck operator. This formula enables us to study how
the geometrical symmetry of the external potential affects
thermodynamic description of a Brownian particle.

The application of the derived formula depends on the
degeneracy of systems. To illustrate this, we considered the
thermodynamic description of a Brownian particle confined
in the two-dimensional harmonic potential. By changing the
control parameters, the harmonic potential is monotonically
compressed. Fixing the initial and final forms of the poten-
tial, we considered two irreversible processes: the symmetric
and asymmetric processes. The rotational symmetry of the
harmonic potential in the two-dimensional plan is held in the
former, but it is broken in the latter. Perturbative calculations
are affected by these deformation processes because the de-
generacy of the expansion basis (foot and head states) depends
on the symmetry of the potential.

The optimized deformation processes of the harmonic po-
tential are obtained by minimizing the mean work. The exact
solutions have, however, not yet been known and thus we con-
sidered the optimization in the limit of the large operation time
T,p = ty — ;. Using these approximated optimized processes,
we found that the mean work and the changes of the mean
energy in the asymmetric process are always larger than those
in the symmetric process for any 7,,, because the timescales
of the deformation in the asymmetric process is shorter than
that in the symmetric process.

When the operation time 7,, is very small, there is no
enough time for the initial state to evolve. Moreover processes
in the large 7,, limit converge to the quasistatic process.
Therefore the symmetric and asymmetric processes show the
same behaviors in these limits. To see the difference between
the symmetric and asymmetric processes, we have to choose
7,p appropriately. We calculated the difference of the mean
work in the optimized symmetric and asymmetric processes
as a function of 7,,, and found that the difference is maximized
when 7,, ~ T = v/ag where where v is the friction constant
in the Fokker-Planck equation and ay denotes the initial value
of the spring constant of the harmonic potential.

The similar difference can be calculated for the changes of
the mean energy. We then found that the difference between
the symmetric and asymmetric processes is maximized when
T,p 18 close to T* but is smaller than the corresponding value in
the mean work. This deviation may be related to a hysteresis
effect: the change of the mean energy is obtained directly from
the initial and final states while the mean work depends on the
whole time evolution of the pseudodensity matrix. It is thus
reasonable to consider that the maximum in the mean work
appears in retard compared to that in the change of the mean
energy.

In this theory, the solution of the Fokker-Planck equation is
expanded with the foot and head states which are the eigen-
states of the time-dependent Fokker-Planck operator. These
states form the biorthogonal system and thus the foot or head
state itself is not necessarily normalized by one. As a con-
sequence, there is an ambiguity to multiply a real factor to
the foot and head states. See the factor N, 4, (a,) in Eq. (28).
Our perturbation theory should be invariant for this ambiguity.
Indeed, the mean work and the changes of the mean energy in
the harmonic potential do not depend on this additional real
factor N, 4, (a,). This invariance is, however, not yet shown
for general external potential.

There are various applications which are not considered
in this paper. To apply the present formulation to nonlinear
potentials, we have to develop another perturbation theory
to express the foot and head states in terms of those of an
analytically solvable potential like the harmonic potential.
The Floquet theory is known to be useful to solve peri-
odic linear differential equations and provides a convenient
method in quantum mechanics [47]. This approach is applied
to the Fokker-Planck equation [34] but the corresponding
optimization problems has not yet been investigated. We have
considered transitions from an initial equilibrium state to a
nonequilibrium state. To consider a transition starting from
a nonequilibrium state, we should use Eq. (50) instead of
Eq. (59). Our perturbation theory will be then applicable to
study linear and nonlinear responses around equilibrium and
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nonequilibrium steady states as is discussed in Ref. [48].
For this, an external field should be chosen as the expan-
sion parameter instead of the time derivative of the control
parameter. When the potential is deformed, we can consider
the processes associated with the rotation of the potential.
There is no thermodynamic counterpart of such a process
and hence its behavior is worth investigating. In Ref. [49] the
heat conduction process between two different heat baths is
considered to study the protocol to realize the transition from
an initial steady state to a final steady state. However, the
relation between the derived protocol and the optimization of
the mean work is not yet known. The framework developed in
the present paper will provide a systematic approach to study
this.

In the present paper, we assumed that the changes of the
control parameters are given by smooth deterministic func-
tions, but these changes can be stochastic in a microscopic
timescale. For the optimization of stochastic control parame-
ters, the minimization of the mean work will be replaced with
the stochastic calculus of variation [50,51]. The applications
to relativistic [36,52,53] and quantum [54,55] systems have
not yet been investigated sufficiently. These generalizations
are left as future tasks.

APPENDIX A: PROPERTIES OF FOOT AND HEAD STATES

We should notice that the operator H, can be expressed as

1 D
H,=— > BB, Al
o7 ; ! (A1)
where
Bi=o+"
i =0+ E[GiV(X, a)l, (A2)
Bl = -+ g[B;V(x, a,)]. (A3)

J

These operators satisfy the following commutation relations:

[B, Bi] = 10,0,V (x, )], (A4)
[Bi, Bi] =0, (AS)
[B]. B}] = 0. (A6)
Then the eigenvalues are shown to be nonnegative,
Mn(t) = / dPX o, (X, 1) H, Uty o, (X, 1)
| 2L
=8 Z |Bittn,a, (x, )| 2 0. (A7)

Thus, without loss of generality, the eigenvalues are ordered

as
0= Ao(t) < Ai(t) < Aa(t)--- . (A8)

The foot state with 1o = O is given by solving Bjug «, = 0,
and we find

1
&70(X, a) = \/me Z(at)e*ﬂV(x,a,)’ (A9)
where
2 = [ aPxe o, (AL0)

One can see that this is the stationary solution of the Fokker-
Planck equation when V is not time-dependent explicitly.
There is no degeneracy in the stationary solution and thus we
set g = 0. The corresponding head state is easily found by
using Eq. (30),

1 1
M,O(at) v Z(@) ‘
It should be noted that B; and BIT are not the lowering and

raising operators in general because the right-hand side of
Eq. (A4) is not necessarily constant.

Poo(X, ) = (Al11)

APPENDIX B: DERIVATION OF THE MEAN WORK IN THE SYMMETRIC PROCESS

The lowest order contribution in the mean work W is already calculated. The next order contribution is given by Eq. (73),

which is simplified as

a®
w®

sym

Iy
= / dt
ti

because, in the harmonic potential, we find

a2, =0

1da, |N3a)
2 dt \| N3(ay)

172 1

Ba;

Ay

a;

(0,0, |(3,V)In, a,, a,) =

&)

o e hEIMO @)y,

DS} (1)(0,0,a,1(3,V)12, a2, &), (B1)

8, Oe—i[5n+z(ﬂz)—5n(a/)]+ Me—i[f?nfz(a:)—ﬁn(a/)]ﬁgn 2 (1804 + Sna 1.
, NO(at) s sOn sOn

(B2)

The expansion coefficient D;l /)32 (t) is given by Eq. (74). Substituting it into Eq. (B1), we obtain

w2 =2

sym

ty 1
/ dt / ds
t t;

dag
ds

1

_ da
¢ bl
2Ba;

dt’ B3)

[ f: ds/z?/:|
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where we have used Eq. (64) and the following results:

Na ‘ ana » (n+1)/2
[M(n)(t)]amﬂn — San»ﬂn M(ﬂ) , (B4)
Nan (a; )Nn—a,, (ar) ay,
lda N,
L(n m T ——— 811 ;11801 ﬂm m 2 m 1 8n m 50{
(LN, p, = = g | e 3 2 r)¢(/3 +2) (B + Dnms28e, 2
Nin—p, (a:)
+ #\/( - ,Bm + 2)(77’[ ,Bm I)Sn m+28an ﬁmi| (BS)
Nm /3m+2(ar
(
APPENDIX C: DERIVATION OF THE MEAN WORK integers (/1, l,),
IN THE ASYMMETRIC PROCESS o @
To apply the perturbation theory to this case, it is conve- M) = ——1 + 1. (C2)
nient to introduce the states which are parameterized by the v v
eigenvalues of each spatial component, These states satisfy the orthonormal condition,
T o [$6aa! _
(T ) = (0. 1) = p, (v, af)p, (12, a®) a8 = oy = dnme - (C3)
_ s —

XV a) = (0, 1 a) = By, (s g )y, (. 0), (CD)
where we have used the functions defined in Eqgs. (81)
and (82). The corresponding eigenvalues of the Fokker-
Planck operator are characterized by the pair of the two

/1@1 1) (f )
(2,0)
(0,3) (2,0) (0,3) ‘_/’ (0,3)
~ -
4
20
(1,2)
(0.2)
(1,0)
(01)
¢,.1,) = (0,0)
0<t<t, t=t, b LS

FIG. 6. Distribution of the eigenvalues of the fictitious states (C1) forz; < ¢

We call these the fictitious states. The sums associated with n

and o, are shown to be equivalent to the sums of /; and I,
d(”](a)
22 = ZZ (€4
n=0 o,=0 >0 15,0
’na Oy, at> )\n(t) | “lla l2” at>
|0,0,at) 0 |“O 0 ”at)
|1,0,at) ajo |“0 1 ”at)
‘2,0,&,5) % ’“1 0 ”at>
13,0, a;) 2% 40,2, ay)
4,0,a4) |9 + 2011, 1,7 ay)
5,0,a¢) | 22t [[92,0,7a)| t; <t <ty
9,0, a “2,0,”a
b0 |, |20
5, L,a) | |1“0,3,”a)
5,0,a¢) | 29 []90,3,7ay) |ty <t < tx
t ‘6,0,34/) &% |“0 3 ”at> L<t<ty
16,0, a;) 42,1, 7ay)
| t=t
v — M
|6,1,at) |“0 4 ”at)
2 « )
6,0,a4) | =2 |]“2,0,7ay) |ty <t <tx

< tx. The left panel shows the schematic figure of the change

of the eigenvalues. The right panel represents the correspondence between the foot state |n, «,,, a,) and the fictitious state |“;, 7, a,).

014145-14



PERTURBATIVE EXPANSION OF IRREVERSIBLE WORK ... PHYSICAL REVIEW E 106, 014145 (2022)

and hence the condition (46) is satisfied. It is however noted The second-order term Wa%)m is given by the sum of the
that the degeneracy of the fictitious state is not yet identified. contributions from path I and path II,
|
2 2) 2)
Wa(qy)m - W( + VVI(I ’ (CS)
where
4" (@) d”@,)
W = Z/ dtf DD S N AR
n=1 o, =0 y,=0
M (1)]a,.5, M@ ()] 4, ,, [L"O )], (M ()]o0
X , (Co)
An($)
d™(a;) d™(ay)
WP = — Z/ dt/ ds Y Y e FERO00 a3, V)ln, . )
n=1 L @, =0 y,=0

MO0l 5, MO fn,(yn)[L(”’O)(s)]yn.,o[M(O)(”]O’“. ©
n s

We see that the integration of  in WI@ is on path I while that in W,(12) is on path II.
(

1. Calculation of W% In the calculation of the mean work, the integrand is not
singular and thus the contribution at the moment ¢ = ) is
negligible.

From the correspondence in Fig. 6, we observe, for ex-
ample, that the fictitious state (/;, /) = (2,0) corresponds
to the sixth foot state (n,a,) = (5,0) for 1; <t < ty, but
it is changed to the seventh foot state (n,®,) = (6,0) for
ty <t < tx.Because of this, WI(Z) is given by the sum of three

To calculate these equations, we have to identify a fictitious
state |“/1, 1], a,) with a foot state |n, «,,, a;). We first consider
the contribution on path 1. On this path, the correspondence
between the fictitious states and the foot states are summa-
rized in Fig. 6. We find that, for example, the sixth foot
state |5, 0, a,) corresponds to |“2,0"a,) at #; <t <ty and to
|“3,0"a,) attyy <t < t;. Here the time # is defined by

contributions,
ay, = 5a0. (C8) W = wp + wp +W,
This foot state is degenerate instantaneously at ¢ = f); and w1 df,
hence / dt/ ds — ds' == -, (Cl())
2B(f;)* ] dt
d®(a,) = {(1) i ;_é;M’ (C9) where
= fy.
|
ty t - MO (#)]o.0[M (s ]—1[]'_4(5,0) NooMP(Hoo
WA — _/ d;/ s e o) P Oloo Mo o L7700 oMo 552 3 715 0,
X X )\(zyo)(s) -
P | d
=/ dt/ ds Pl g flas T i, (C11)
2B(f)* ] dt
'y  IM© ()]0, oM ()] g [LE ()]0, oM O ()00
_f ‘”/ sttt RO Ol OO0 5757301, 7)16,0.m)
; A,0)(s)
x e dfy VL d
=/ dtf dsi[e‘fsds % 2} i (C12)
v t; ds Zﬁ(ff)
Ix t - L IM© M© ()] L [LEO s MO (s .
We = _/ dt/ ds o L1ds ra sy I (D)]o0,0 M ()] o ($)10,0[M™(s)]0,0 ©.0,13.7)16, 0, a,)
A2,0)(s) -
/ dt/ ds— e N L (C13)
2B(f)* | dt
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In the calculations of WIA and WIC, there is no effect of the change of the eigenvalues atr = #;,. We, however, require attention

to the calculation of W2, The fictitious state (/;, 1) = (2,0) in W,(B) corresponds to the foot state (n, «,) = (5, 0) for the integral
of s but the same state represents (n, a,) = (6, 0) for the integral of ¢. This is the reason why we observe [M©(#)]yo and
M ()] 4 in Eq. (C12) at the same time,

3 / dr / ds M ()]0 oM ()15 (0 0, 218, V), i, )

nxl1

:/th /Mds [IM©(1)]0,0[M®(5)15,5(0, 0, a,1(3, V)16, 0, a,). (C14)

2. Calculation of W,

We consider the contribution from path II in this subsection. The distribution of the eigenvalues on path II is summarized in
Fig. 7, which is much simpler than that of path I. In this case, Eq. (C7) is calculated as

yoop ¢ty MO Olo o MO 1 o[LEO®)] g
Wi = ‘f d’f dser b o0 6513,715.0.
An($)
yoo gy MO Ol oMO 0o [LEO®)] g
B _/ dz/ ds e L4535 ool ho 553 775.0.0
An(s)
1 d
= / d:/ e har |28 (C15)
2ﬂ(gx)2 dt
[
In the second equality, the lower limit of the integral of s is APPENDIX D: COMPARISON WITH STOCHASTIC
changed from #; to #x because DIFFERENTIAL EQUATION
To confirm that our perturbation theory is consistent with
the numerical simulation of the stochastic differential equa-
dfs [N N ©) s s " tion, we consider the symmetric process and calculate the time
s\ v %n,500q,,0 i <S8 <ly, . .
s Ny () evolution of the mean energy. To calculate this, we need the
2) [N tions f = 1,2) which btained by appl
L0 = — 1’:’/(”23; Sneduo <5 < ix, equations for x7, (i ) which are obtained by applying
(2) s
di lx(z)z ; n, 380[’“() Ix <s <ty.
(C16)
0.3
----- PT ST
13 2 1 SDE
|n7 Oén,at> )\n(t) ’ 117127 at>
0.2
|0,0,at> 0 |“0 0 ”at> L
< -
|1,0,at> % |“O 1 ”at> .
0.1+
2,0,a;) | 2% |]41,0,”ay)
3,0,a,) | 22 |]90,2,%a) T
|4 0 > %ﬂ + at |“1 1 ” > 0 T T T T T
U, & Py Py a T T T T
0 02 04 06 0.8 1
5,0,a,) | 90 |]42,0,"a) T
2a0 2a¢ | |« = FIG. 8. Changes of the mean energy plotted as functions of
|M> v + v | 1 2 at> T = (t —1;)/T,. The solid line is obtained by the numerical sim-

ulation of the stochastic differential equation. The dotted line is
FIG. 7. Distribution of the eigenvalues of the fictitious state (C1) given by Eq. (93). The optimized protocol (103) is utilized to both
forty <t <ty. calculations.
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[t6’s lemma to Eq. (3),

d(x)* = %[—a,(xﬁ)z + é]dt +2 /%xﬁdB;'. (D1)

The product of the last term on the right-hand side is given
by the It6 definition [32]. We solved this equation using the

Euler-Maruyama method using dt = 1073, Topay,/V =1 and
the optimized protocol (103).

In Fig. 8 the changes of the mean energy are plotted as
functions of T = (¢ — 1;)/7,p. The solid line is obtained by the
numerical simulation of the stochastic differential equation by
taking the average of 200 000 events. The dotted line is the
exact calculation in the perturbation theory, given by Eq. (93).
Our analytical result agrees with the corresponding numerical
simulation.
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