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Unified treatment of the quantum fluctuation theorem and the Jarzynski equality
in terms of microscopic reversibility
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There are two related theorems which hold even in far from equilibrium, namely fluctuation theorem and
Jarzynski equality. Fluctuation theorem states the existence of symmetry of fluctuation of entropy production,
while the Jarzynski equality enables us to estimate the free energy change between two states by using
irreversible processes. On the other hand, the relationship between these theorems was investigated by Crooks
[Phys. Rev. E 60, 2721 (1999)] for the classical stochastic systems. In this paper, we derive quantum analogues
of fluctuation theorem and Jarzynski equality in terms of microscopic reversibility. In other words, the quantum
analog of the work by Crooks is presented. Also, for the quasiclassical Langevin system, microscopically

reversible condition is confirmed.
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I. INTRODUCTION

Since the discovery by Evans et al. [1], many types of
fluctuation theorem (FT) has been presented both for deter-
ministic [1-3] and stochastic systems [4—10]. Experimental
verification of FT was also performed [11] Though the sys-
tems, the definition of entropy production, and interpreta-
tions (such as distinction of transient or steady state) are
different, FT has the following universal form:

P(AS=4)

B0 =A) Ak
PAS=-A) ¢ )

Here, AS is the entropy generated, and P(AS=A) is the prob-
ability for AS=A. A few quantum analogues of FT have been
proposed [12-14]. In Ref. [12] the probability for the energy
change between initial and final states is considered, so we
need to perform observations twice, while in Ref. [13] the
spectrum distribution of work operator is considered and we
need to perform only one observation. In Ref. [14], probabil-
ity for heat exchanged between two systems is considered.
The features of the two times measurement approach and the
work operator approach are discussed in Ref. [15].

In 1997, Jarzynski presented nonequilibrium equality for
free energy difference [Jarzynski equality (JE)][16] which is
a generalization of the minimum work principle. JE states
that the change of free energy AF is calculated by taking the
sample average of exponentiated work done on a system
e PV along irreversible processes which has the following
form:

1
AF =—— In{e™ ™). (2)

B
Here, AF is the free energy difference, B is the inverse tem-
perature, W is the work done on a system along some irre-

versible process, and () denotes the sample average. JE was
experimentally confirmed by RNA (ribonucleic acid) stretch-
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ing experiment [17]. Quantum analogues of JE were pro-
posed by Mukamel [18] and by Yukawa [19]. Both quantum
analogues employ the situation where a system is initially in
thermal equilibrium, and the time evolution is described by
the time-dependent Hamiltonian H(z). In Ref. [18] JE is de-
rived in terms of the master equation, while in Ref. [19] the
density matrix approach is considered. For classical stochas-
tic systems, Crooks [4] derived classical FT and JE in terms
of microscopic reversibility.

In this paper, we give a unified derivation of the quantum
analog of FT and JE along the thought of Crooks [4]. The
ratio of the probability distributions of entropy generated be-
tween time forward and time reversed process is considered,
and we define the entropy production analogous to that of
Ref. [4]. FT derived here is considered as a quantum exten-
sion of that of Ref. [4].

Our emphasis is on the unified treatment of these theo-
rems in terms of microscopic reversibility. For a quasiclassi-
cal Langevin system this condition is confirmed.

II. QUANTUM FLUCTUATION THEOREM

A. The case of thermally isolated system

In this section, we derive a quantum analog of FT for a
system which is externally driven, thermally isolated and
whose Hamiltonian H(¢) is invariant under time reversal. In
order to perform this, we derive the relation (3). In Ref. [20]
for the case of the time independent system, the relation (3)
was discussed, however, this relation is necessary for the
derivation of FT here, we briefly show the derivation. Let the

unitary time evolution operator between t=0 and t=T be UT.
And let the density matrix at r=—0 be p(0) and define p(7)

= f/Tp(O) l}; Consider arbitrary observables A and B whose
eigenstates are |a,) and |b,,), respectively.

Then, we perform the measurements about A at t=+0 and

about B at t=T. Because the probability we find the initial
state as |a,) is {a,|p(0)|a,), one has
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PF(|an> - |bm>)
PR(®|bm> - ®|an>)

_ <an|p(0)|an>|<bm|UT|an>|2
(b,|©Op(1)OB|b,)| (a,|OU0Ob,)*
= M {@nlp(0)la,)-In(b,,|p(T)]b,,)) (3)

Here, Pr(|a,)— |b,,)) is the probability that the forward pro-
cess IT whose observed states at time =0 and t=T are |a,,)
and |b,,) occurs. O is the antilinear time reversal operator,
and Pg(®|b,,)— Bla,)) is the probability that the time re-

versed process IT" occurs, namely at =0, we observe B and
find the initial state as @|b,,) according to the ensemble with

the time reversed density matrix ®p(7)® and at =T observe
A and find the final state as O)|a,). lA]; is the reversed time

evolution operator, ® express that antilinear operator ® acts
to the left, and we used the relation for the unitary operator

(b,|Urla,)=(a,|®0U;0|b,) which results from OH()
=H()®. We note that in Ref. [20] the average over
Pi(|ag)—|az)) of the logarithm of the ratio Pg(|ay)
— |ap) ! Pr(®|ar) — O|ay)) is shown to be equal to the mi-
crocanonical entropy change in the case |ay) and |a;) are
macrostates provided the Hamiltonian is time independent
(see also Refs. [20,21]). Then one has the quantum analogue
of FT for the thermally isolated system as shown below.
We define a counterpart of the entropy production AS
analogous to the classical one defined in Ref. [4],

AS= kB 1n<an|p(0)|an> - kB 1n<bm|p(T)|bm> (4)

Of course this definition of entropy production depends on

the choice of the observables A and B. The state is projected
into other basis by measurement and different ways of mea-
surements may cause different entropy productions, unlike in
the classical system where all observables commute with
each other and the value of the entropy production is unique.
We note that AS is clearly considered as entropy production
when these observables diagonalize the density matrices p(0)
and p(T), respectively. For example, when the system is in

equilibrium at initial and final time and we choose A and B
as Hamiltonian, this condition is satisfied. We treat this case
in Sec III. In such cases, AS is considered as entropy pro-
duction in the sense of Ref. [4], namely AS=-kgzInp,
+kg In p;—(Q/Tg). Here, p; is probability density of initial
and/or final times, Q is the heat transferred into the system
from the heat bath, T is the temperature of the heat bath. In
comparison to the diagonal representation of von Neumann
entropy S=-Tr(p In p)=-2,p, In p,, the quantity —kzIn p,
+kg In p; is considered as entropy production of the system,
and —Q/Tj is the entropy production of the heat bath. In this
section, from the assumption that the system is thermally
isolated, heat transferred to the system Q is 0.
Then, one obtains a quantum analog of FT as
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PHAS) =3,,,,Pr(|la,) — b))
X &{AS — ky[In{a,|p(0)|a,)
~n¢b,,|p(D)|b,,) — BOI}
=83, PR(O|b,,) — Ola,))
X &AS + kg[In{b,,|p(T)|b,,)

- 1n<an|p(0)|an> + BQ]}
= Pp(- AS)e2ks, (5)

Here, P(AS)[Pgr(AS)] is the probability that the counterpart
of entropy production along the forward (backward) process
is AS. Q is included for the convenience of the next section.

B. The system with heat bath

In this section, we consider a system coupled to a heat
bath whose total Hamiltonian is H(r)=H(t)+Hgz+H,. Here,
H(t), Hg, and H; are the Hamiltonian of system, heat bath
and interaction, respectively. We choose A and B as system
Hamiltonian H,(0) and H(T), respectively. And we denote
the nth eigenvalue of H,(¢) as E,(¢) and corresponding eigen-
vector as |n,f). We restrict ourselves to the system where the
microscopic reversible condition (6) is satisfied,

PF( n’0> - |m”T>) _ -Bo
PR(®|m,T>—>®

noy < ©

Here, Py(|n,0)— |m,T)) denotes the conditional probability
that the system is initially in the energy level |n,0) and after
some duration time T jumps to the level |m, T). The distinc-
tion of time forward and reversed processes is the same as in
the preceding section. Q is the heat transferred to the system
from the heat bath. This relation plays an essential role in
Ref. [4] for the derivation of FT. Also in quantum system,
there are many situations where the microscopic reversibility
does hold. In the appendix, as a physically important system
which satisfies this relation, we confirm this microscopic re-
versibility for the so-called quasiclassical Langevin system
[23].

The rest of this section is devoted for the derivation of FT
for the system with the heat bath in terms of the relation (6).
The total probability P}"(jn,0)— |m,T)) that the system is
initially in |n,0) and after some duration T found in |m,T) is
given as the product of initial state probability and condi-
tional probability,

PE(n0) = |m 1) (n.0]p(0)]n.0)
PR(O|m.T) = 8[n,0)) (1, 7|00 p,(T)OO|m, T)

— oAl

Y

We defined entropy production AS as AS/kp
=In(n,0|p,(0)|nn,0)—In{m, T|py(T)|m,T)— BQ. Here, we de-
fine the reduced density matrix p () =Trz(pry) as a system
density matrix.

Then one has the quantum analog of FT for the system
interacting with a heat bath as in the preceding section (5).
Pr(AS)=Pr(-AS)e™¥* s which corresponds to the classical
FT [4].
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III. QUANTUM JARZYNSKI EQUALITY

In this section, we derive quantum Jarzynski equality in
terms of microscopic reversibility (6).

At first, we set up the framework on which we discuss
here. We assume that the heat bath is large enough and in-
teraction with the system is weak enough so that the follow-
ing conditions do hold. As the system density matrix, we use
the reduced density matrix p,(f) =Trg[pr(r)]. In order to
discuss the free energy change between two equilibrium
states, we require that the density matrices of the system
p,(0) and py(T) are canonical distribution at the same tem-

perature. We set observables A and B as the system Hamil-
tonian H,(0) and H,(T) as in the preceding section and de-
note the eigenstate of H,(0) and Hy(T) as |n,0) and |m,T)
with the eigenvalues E,(0) and E,,(T), respectively. Then one
finds

(n,0

1.0) = g B0 O)n0),
Z

p,(0)

(m,T

1
pS(T)|m,T> = Z—e_ﬁ<m’T‘H,r(0)|mwT>, (7)
2

where Z, and Z, are the partition function at t=0 and 7,

P™(|n,0) — |m,T))
P™Y(O|m,T) —

_ ,BE,(T)-E,(0)-0]-AF
= AENDE, . @®
2.0)) ®)

Here, AF=—(1/8)In(Z,/Z,) is the change of Helmholtz free
energy. We note that W=E,(T)-E,(0)—Q is considered as
work externally done on the system. Thus

(e PV A0 =3, WP (1n,0) — m, T))
P;Ot(®|m,T> — 0O|n,0))
Py~ mry
Here, () denotes the average over the probability
Pi(|n,0)— |m,T)). Therefore, one has

AF=- [lg In{e™P"). (10)

In summary, we derived a quantum extension of Jarzynski
equality and FT in terms of microscopic reversibility (6).
And this relation (6) is confirmed for quasiclassical Langevin
system. This unified treatment is the quantum version of
Crooks’ derivation of FT and Jarzynski equality for the clas-
sical system.
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APPENDIX: MICROSCOPIC REVERSIBILITY FOR
QUASICLASSICAL LANGEVIN SYSTEM

As a physically important system which satisfies the mi-
croscopic reversibility (6), we confirm this relation for the
so-called quasiclassical Langevin system [22,23]. For the
classical Langevin system, microscopic reversibility was de-
rived by Narayan and Dhar [7]. Here, we utilize their result
for quantum Langevin system in the semiclassical regime. To
do this, it is most convenient to use the quantum noise theory
by Gardiner [22]. Because a straightforward derivation of
Langevin equation is known [22,23,24], we consider a sys-
tem which interacts with a harmonic reservoir. Let the total
Hamiltonian be

2 1
H(r) = §—m Vg MD) + 3 f dN[(p) — k,q)* + 03q; ]

(A1)

Here, g,p are the canonical coordinates of system and g,,p)
are those of heat bath. A(7) in the potential term is the control
parameter corresponding to the external agent. The system is
assumed to be initially uncorrelated to the heat bath and the
initial density operator of the heat bath py is assumed to be
canonical. [p(0)=p,® pg,pp=(1 /Z)e‘ﬁfd)‘h“’ﬂ(“{“k“/z)]. This
model is standard and one of the ideal examples which de-
scribes the system interacting with the heat bath. Let Y(r) be
an arbitrary system operator in the Heisenberg picture. First,
we define the quantity w(r) by Tr[Y()p,® ppl=Tr[Y
® u(t)]pp-
The equation of motion for w(z) (adjoint equation) is

(1) = Apu(t) + a()A 1), (A2)

where Aop(t) = (i) Hy, w(0) ]+ @/ 20)[[vg, m(1)],. g1,
Ap()=(i/1)[q, p(0)], and  a()u(r)=3[&0), (1)1, &0)
=i[d\rk\\ho,/2[-a)\(0)e7 N +a (0)e'N] is the Langevin
force and here we assume the density of the state is constant
2/ so that the adjoint equation is Markov (The Markov
approximation). Then &() satisfies the fluctuation dissipation
theorem, ([&(1),&(1")],)=Q2hy/ 7)[jdww coth(Bhw)cos w(t
—t"), where the average (--+)=Trg(---pg) denotes the aver-
age over the bath variables. This equation is rewritten in the
form of the Kramers equation. Suppose the Wigner function
corresponding to w(f) is W(q,p,t)= [dr{qg+(r/2)|u(t)|q
—(r/2))e™"P'M)_ Then

ﬁ/_ _iﬂ i "(x E—a
ot _{ ﬁxm+(9p(v( ’)‘(t))""}’m (t))}w
3 ! ﬁ v (?2”"'1 2n+1)
* [E 2n + 1)!( 2 ) (9p2n+1V( (X,)\(t))] w.

(A3)

Due to the associative nature of «(z), the first term of this
equation is equivalent to the following c-number quasiclas-
sical Langevin equation. Note that up to O(#) the second
term is negligible and furthermore, this approximation be-
comes better in the large friction limit,
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p

. p==V'(xN)- Yt af(r). (A4)

X=

3 s

Here a(r) is the c-number stochastic process where all the
moments are equal to that of a(r) with respect to the thermal
average. (a(t)a(r'))=Trgla(t)a(t')pg]. In particular, under
the definition of thermal noise operator &(¢) and the assump-
tion that pg is canonical, we can show that @(z) is the Gauss-
ian process. Thus the mean and variance are sufficient to
determine the stochastic feature of a(7), (a(r))=0,
(@na)y=5([&n. &)

We derived qausiclassical Langevin equation, and then we
can use the result of Narayan and Dhar [7] to obtain the
relation (6). From the Gaussian nature of a(z), one has the
probability functional Py a(r)] for each realization of a(z).

Prpla(n)]

— Ce—l/Zfz)dsfgds'&(s)[(yfz/w)fzdww coth(Bhw)cos w(s — s')]_lﬁ(s')
— Ce—l/Zdesfds'&(s)[(,B/Z ) 5(3—5’)+0(ﬁ2)]5z(s’)

A(s,s")”! denote the inverse of A(s,s’) as a kernel. Here the
distinction of time forward and reverse F/R means that the
time reversal of the control parameter \(z) is also considered.
We consider up to O(#) (semiclassical regime) and thus the
O(%?) term is omitted. Then after the same discussion of Ref.
[7], one has the following relation:

Pelappdir) o~ PUH G PN -H (50N 0)-W]
Pr(gi— pilas—py)
(AS)

Here, Prr(qs.pslg;.p;) is the probability that the initial and
final states for the equation (A4) are (¢;,p;) and (gy,py), re-
spectively. H(q,p,\(t))=(p*/2m)+V(q,\(t)) is the system
Hamiltonian at time ¢ and W= [{ds(d/ INV(g,\(s)N(s) is
the work externally done through the control parameter A(z).
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Then we choose the initial and final points of the phase space
according to the initial and final Wigner functions. And the
probability that the initial and final states are |n,0) and |m,T)
is calculated as

Pi(|n,0) — |m,T)) = <f dq,dp;W,(q;»p;,0) f dCIf de

XW,(qpppT)8qr—q(t,q:p:)

X 8(pr=p(t.qip) |- (A6)
Here, ¢(t,q;,p;) and p(t,q;,p;) are the solutions of the qua-
siclassical Langevin equation with the initial condition
(9(0),p(0))=(g;,p;) and () denotes the average over a(r).
W,(q;,p;,0) and W,,(qs,p, T) are the initial and final Wigner
functions. In order to utilize the result for the classical sys-
tem (A5), we note that the Wigner function is very localized
in semiclassical regime (for the harmonic potential, propor-
tional to e~(1/ML(*/ "m)*“qu]). Therefore one may take a fol-
lowing view. Only the neighborhood of energy surfaces
H(q;.pi:\0))=E,(0) and H(gs.p;N(T))=E,(T) does the
main contribution to the integration above. The work done
on the system W for long enough time duration is nearly
constant irrespective of the initial condition ¢(0),p(0). And
the exponent of (A5) is within this approximation indepen-
dent from the path @(z). Thus one can finally confirm the
microscopic reversibility (6) [25] for the quasiclassical
Langevin system,

Pr(|n,0) — |m,T))
Pr(®|m,T) — O

= ¢ BE(D-E,0-W+0)] — ,~BQ
n,0))

(A7)
Here the first equality results from the above viewpoint and
the O(h) deviation is caused by quasiclassical approximation
due to the symmetrization procedure such as gp— %(qp
+pq).

[1] D. J. Evans, E. G. D. Cohen, and G. P. Morriss, Phys. Rev.
Lett. 71, 2401 (1993).
[2] G. Gallavotti and E. G. D. Cohen, Phys. Rev. Lett. 74, 2694
(1995).
[3] C. Jarzynski, J. Stat. Phys. 98, 77 (2000).
[4] G. E. Crooks, Phys. Rev. E 60, 2721 (1999).
[517J. Kurchan, J. Phys. A 31, 3719 (1998).
[6] J. L. Lebowitz and H. Spohn, J. Stat. Phys. 95, 333 (1999).
[7] O. Narayan and A. Dhar, J. Phys. A 37, 63 (2004).
[8] T. Monnai, J. Phys. A 37, L75 (2004).
[9] G. E. Crooks, Phys. Rev. E 61, 2361 (2000).
[10] P. Gaspard, J. Chem. Phys. 120, 19 (2004).
[11] G. M. Wang, E. M. Sevick, E. Mittag, D. J. Searles, and D. J.
Evans, Phys. Rev. Lett. 89, 050601 (2002).
[12] J. Kurchan, cond-mat/0007360 (unpublished).
[13] T. Monnai and S. Tasaki, cond-mat/0308337 (unpublished).
[14] C. Jarzynski and Daniel K. Wojcik, Phys. Rev. Lett. 92,
230602 (2004).

[15] A. E. Allahverdyan and T. M. Nieuwenhuizen, Phys. Rev. E
71, 066102 (2005).

[16] C. Jarzynski, Phys. Rev. Lett. 78, 2690 (1996); J. Stat. Phys.
95, 367 (1999).

[17]7J. Liphardt, S. Dumont, S. B. Smith, 1. Tinoco, Jr., and C.
Bustamante, Science 296, 1832 (2002).

[18] S. Mukamel, Phys. Rev. Lett. 90, 170604 (2003).

[19] S. Yukawa, J. Phys. Soc. Jpn. 69, 2367 (2000).

[20] 1. Callens, W. De Roeck, T. Jacobs, C. Maes, and K. Neto¢ny,
Physica D 187, 383 (2004).

[21]7J. L. Lebowitz, Physica A 263, 516 (1999).

[22] C. W. Gardiner, Quantum Noise (Springer-Verlag, Berlin,
1991), Chaps. 3 and 4.

[23] C. W. Gardiner, IBM J. Res. Dev. 32, 127 (1988).

[24] G. W. Ford, J. T. Lewis, and R. E. O’Connell, Phys. Rev. A 37,
4419 (1988).

[25] R. Graham and H. Haken, Z. Phys. 243, 289 (1971).

027102-4



