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Quantum Jarzynski equality of measurement-based work extraction
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Many studies of quantum-size heat engines assume that the dynamics of an internal system is unitary and
that the extracted work is equal to the energy loss of the internal system. Both assumptions, however, should be
under scrutiny. In the present paper, we analyze quantum-scale heat engines, employing the measurement-based
formulation of the work extraction recently introduced by Hayashi and Tajima [M. Hayashi and H. Tajima,
arXiv:1504.06150]. We first demonstrate the inappropriateness of the unitary time evolution of the internal
system (namely, the first assumption above) using a simple two-level system; we show that the variance of the
energy transferred to an external system diverges when the dynamics of the internal system is approximated to a
unitary time evolution. Second, we derive the quantum Jarzynski equality based on the formulation of Hayashi
and Tajima as a relation for the work measured by an external macroscopic apparatus. The right-hand side of the
equality reduces to unity for “natural” cyclic processes but fluctuates wildly for noncyclic ones, exceeding unity
often. This fluctuation should be detectable in experiments and provide evidence for the present formulation.
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I. INTRODUCTION

Thermodynamics was first introduced as a practical study
to clarify the optimal performance of heat engines [1] and
has become one of the most important fields in physics
[2]. Recently, however, the development of experimental
technology is realizing heat engines which are out of the
scope of the standard thermodynamics, i.e., small-size heat
engines. Quantum-scale and mesoscopic thermomotors, which
used to be imaginary devices, are being realized in the
laboratory [3—7]. The functions of biomolecules, which are
micromachines in nature, are being clarified too [8].

We cannot apply the standard thermodynamics to these
nanometer-size heat engines as it is, because it is a phe-
nomenology for macroscopic systems. Statistical mechanics,
another fundamental field of physics, has been applied to
the small-size heat engines whose small-size working body
is connected to the infinitely large heat baths, and is achieving
a splendid success [9-33].

Many studies of such engines [17-33] adopt a model
of a microscopic internal quantum system connected to a
macroscopic external agent. They use the following setup and
assumption:

(1) Thermodynamic operation of the internal quantum
system by an external system is represented by a unitary
operator of the time-dependent Hamiltonian of the internal
quantum system which is controlled by external parameters.
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(i) The work performed on the external system is equal to
the energy loss of the internal quantum system.

This approach has a practical advantage in that we can
formulate thermodynamic relations by analyzing only the
internal quantum system.

However, there are always two concerns about the validity
of this approach. One is about the assumption of the unitary
dynamics and the other is about the definition of the work. In
actual situations of heat engines, the internal system, whether
quantum or not, is always attached to an external macroscopic
system [34], and hence the dynamics of the internal quantum
system cannot be exactly unitary. Itis not guaranteed either that
all energy loss of the internal system becomes the work done
to the external system. Is it accurate enough to approximate
the true dynamics with a unitary dynamics? Is it legitimate to
regard the energy loss as the extracted work? In spite of these
concerns, the approach has been accepted by many researchers,
because there have been results out of this approach which
seem to be consistent with thermodynamics. For example,
we can derive some thermodynamic relations [19,26-28]
and a kind of quantum extension of the Jarzynski equality
[17,18,24,25].

In the present paper, we face these two concerns. We
claim here that the work out of a heat engine should be
measured by means of a macroscopic system, for example, as
movement of a macroscopic piston or wheel. From this point
of view, the work extraction from the internal quantum system
by the macroscopic system can be described as a standard
quantum measurement process, in which the measurement
result is evaluated on the side of the macroscopic system.
In other words, the time evolution of the internal system is
described as a quantum measurement process and the extracted
work is regarded as a measurement outcome of this process.
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This formulation, recently introduced by Hayashi and Tajima
[35-37], raises a serious problem of the conventional approach
in the form of a general trade-off relation. The relation
shows that when the time evolution of the internal system
is approximated to a unitary, it becomes difficult to fix the
amount of extracted work.

In the present paper, we first demonstrate the inappropri-
ateness of the unitary time evolution of the internal system
[namely, assumption (i) above]. It was pointed out by Hayashi
and Tajima that the amount of the extracted work is not able
to be evaluated on the side of the external system when the
time evolution of the internal system is approximated to a
unitary one [35]. It was also illustrated with a plain example
by Tasaki, who is one of the advocates of the conventional
approach [38]. In order to demonstrate this fact, we show for
a simple model that the conventional approach has a problem
regarding the fluctuation of the work. More specifically, we
show that the variance of the energy transferred to the external
system diverges when the time evolution of the internal system
is approximated to a unitary, and it is completely different
from that of the energy loss of the internal system. This result
demands us to change the derivation of the quantum Jarzynski
equality from the previous ones [17,18,24,25] based on the
conventional approach, which employed the internal unitary
time evolution and regarded the measured value of the energy
loss of the internal system as the “work,” whereas the energy
gain of the external system is the actual work that we can use.
The Jarzynski equality derived from the previous approach
does not contain relevant information about the fluctuation of
the actual work.

In order to resolve this problem, we next derive the quantum
Jarzynski equality based on the measurement-based work
extraction of Hayashi and Tajima [35,36]. This quantum
Jarzynski equality is the relation of the work measured by
the external macroscopic apparatus, which is equal to the
measured value of the energy gain of the external system.
Therefore, our derivation correctly contains the information
about the fluctuation of the actual work, namely, the energy
gain of the external system.

Our derivation of the quantum Jarzynski equality is es-
sentially different from other derivations [17,18,24,25,39-42]
which used the conventional two-measurement formulation.
Note that the formulation of the measurement-based work
extraction describes the operation of the work extraction as
a measurement process itself. It is based on the fact that the
standard thermodynamic operations give the amount of the
extracted work and the change of the state of the internal
system at the same time. It pointed out that we do not need
to separate the dynamics of extracting the work from the
measurement for evaluating the work, as has been done in
the two-measurement formulation.

There has been another approach to the two concerns, in
which they [43,44] used an internal quantum system connected
to an external quantum system. This approach assumes that
the time evolution of the total system is unitary and the work
extracted from the internal system is defined as the energy
gain of the external system. We claim that the setup in our
approach is more realistic than in this approach [43,44] in the
sense that our external system is a macroscopic measurement
apparatus.
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II. INAPPROPRIATENESS OF THE UNITARY
TIME EVOLUTION

In general, the time evolution of an internal system inter-
acting with an external system is not unitary. However, many
studies of statistical physics assume that the time evolution
of the internal system can be approximated to a unitary one
generated by a time-dependent Hamiltonian of the internal
system.

In this section, using a toy model, we consider the problem
as to whether we can represent the time evolution of an internal
system in terms of a unitary one. More specifically, we show
that the variance of the energy transferred to an external system
E becomes large when we approximate the time evolution of
the two-level system I by means of a unitary one.

Let H; and Hg denote the Hamiltonians of the internal
system I and the external system E, respectively:

A
Hy == = ([1)i(1] = 10):(0D). e))
Hg:= Y nAln)g(nl, )

where A is the level spacing, while |n)g with any integer n are
the energy eigenstates of E with the eigenvalue nA. The fact
that n runs from negative infinity to positive infinity represents
that the external system is macroscopic.

We consider the case in which the time evolution operator
Ug of the total system is unitary and conserves the energy as
in [Hy 4+ Hg,Ug] = 0. We can therefore decompose Ujg into
the form

Ui ==Y Kuw ® In)g(n| 3)

with
Kn,n’ = Sn,n’(an|0>l<0| + bn|1>l<1|)
+6n+l,n’cn|1)l<0| + 8n—1,11’dn|0)1(1| (4)

for all integers n and n’, where the coefficients a,,, b,, ¢,, and
d,, are complex numbers and satisfy

lan > + leai* = 1, Q)
b l* + ldps1|* = 1, (6)
and; + b chmy =0, @)

for all integers n. The time evolution of the internal system I
is hence given by

K(pr) := TrelUe(p ® pe)Ujk] ®)
= > L lpeln eKnwpK, o )

where p; and pg are the initial states of I and E, respectively,
and Trg denotes the trace operation with respect to the external
system E. The state p; of [ must be written in the form

pr:= pl0) {0l + (1 — p)I)i(1] + g"[1)1(0] + g|0) (1] (10)

with 0 < p < 1, ¢ € C. The positivity of p; dictates the
coefficient ¢ to satisfy |¢|*> < p(1 — p) < 1/4.
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We now define the energy transferred to the external system
E during the time evolution as

w; = hj—Tr [,OEHE], (11)

where Tr denotes the trace operation with respect to the total
system. We here use the expectation value of the energy of the
external system because we have to use a mixed state for the
initial state pg.

The probability of w; is given by

p; = Tellj)e (i1 Us(or ® pp)Uk] (12)
= > L'l pe | n e Tr[K wpK] 0. (13)

where h; := j A is an eigenvalue of the Hamiltonian Hg, of the
external system E. The energy conservation [H; + Hg,Ug] =
0 leads to

(W)g = Y w;p; (14)
j=—00
= Tr[HgUm(pr ® pe)U,s] — Trlpg He] (15)
= Tr[(H; + He)(p1 ® pg)] — Tr[HiUis(pr ® pp)Ujk]
— Tr[pg Hel (16)
= TrpiHi] — Tr[K(on) Hil. (17)

The variance V (w) of the energy transfer is given by
Ve(w) = (w’)e — (w)g = (W) — (Mg, (18)

where (h)g and (h?)g are the average and the mean square of
h;, respectively, vyith respect to p;. '

So far, everything has been exact. Now, we try to approxi-
mate the time evolution of I to a specific unitary matrix:

U=y ugglkndll. (19)

k,1=0,1

Here, the approximation to the unitary matrix U; means
the following condition: for any € > 0, the inequality
d(lC(pl),UIplUIT) < € holds for all states p;, where d is a
distance function.

Using the example given in Refs. [36,45], we now choose
the initial state of the external system E and the coefficients of
Eq. (4) in the form

L W= —= S e 0)
PE = E\V |, E = \/Mmzl E»

Kyw = 8p,w(0,010)1(0] + a1 |1)1(1])
+ Spp1,wtt1,0l )10 + 81 wu0,110)1(1], (21)

with M := 8[¢ 2] and all integrals n and n’. Then, we obtain
[36]

b(K(o), UipiU}) < e, (22)

where b is the Bures distance. Because the initial state is far
from an energy eigenstate, we can indeed approximate the time
evolution of I to Uy.
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A problem arises as follows, however. Combining Egs. (3)
and (20), we obtain Eq. (13) in the form

|
p; =17 WK K;pil (23)
with
M
Ki:=Y Kjm. (24)
m=1

The expectation and the mean square of /; are respectively
given by

A _ 4
(=) hip; =) i TR K;pl. (25)
J J
A? i
(e = (hjYpj=—= D P TR K;pl. (26)
J J
After the algebra in Appendix A, we obtain
A
(he = (M + 1)+ (w). 27)

2
(W) = %(M + DM+ 1)+ AM + D{w)g

+ A*(Jug 1 I*(1 = p) + lui 0l p), (28)

where (w)E is the expectation of w; in the form

(w)g = Alluo11*(1 = p) — lurol*p
+2(1 — M~ HRe(uo oufy 1)1 (29)

Therefore, we obtain
AZ
Ve(w) = = (M* = 1) — (w)g

+ A% (Jug 1 *(1 = p) + luiol*p).  (30)

Because (w)g = O(1), the variance of the energy transfer
diverges as M = 8[e¢ 2] — oo in the limit € — 0. In other
words, we cannot fix the amount of the energy transfer when
we approximate the dynamics of I by a unitary one. This
demonstrates that it is not appropriate to use the unitary
dynamics for the internal system I and define the work as
the energy loss of L.

Let us compare this with the variance of the energy loss of
the internal system I. We measure the energy of the internal
system I before and after the time evolution (9) and regard
the difference of the two measurement outcomes as the energy
loss of the internal system, which the previous derivation of
the quantum Jarzynski equalities [17,18,24,25] defined as the
work. Because the time evolution of the internal system I is
given by Eq. (9), the probability of the energy loss of the
internal system

Uy g i=€y — €p 31D

is given by
Ga.p = e | pr [y Tr[| B)r(BIK ()i (D], (32)
where ¢ := —A /2 and e; := A /2 are the eigenvalues of the

Hamiltonian H;. The variance Vi(v) of the energy loss of the
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internal system is hence given by
Vi(v) = (7)1 = (V)7 (33)

where (v); and (v?); are the average and the mean square of
Uy, g, Tespectively, with respect to g, . Since ey := —A /2 and
ey := A /2, the energy loss vy g is —A, zero, or A. Therefore,
we obtain

W= ) qupuay <A (34)
a,f=0,1
and hence
Vi) := (vh — (U)] < A% (35)

We thus see that Vi(v) appears to be completely different from
Ve(w) in Eq. (30) when we approximate the time evolution of
the internal system to a unitary one.

The above demonstration raises a problem of the quan-
tum Jarzynski equalities derived in the previous approach
[17,18,24,25], which employed a unitary for the time evolution
of the internal system and regarded the energy loss of the
internal system as the work. Because the energy gain of the
external system is the actual work that we can use, the work
defined in the previous approach as well as the Jarzynski
equalities derived thereby do not contain relevant information
about the fluctuation of the actual work. In order to resolve this
problem, we derive in Sec. III the quantum Jarzynski equality
using the measurement-based work extraction of Hayashi and
Tajima [35,36].

Incidentally, in the case of M = 1, we cannot approximate
the time evolution to a unitary one. To show it, we consider
the quantity

min _dr,(K(on), UipnU}), (36)
Ur:unitary
where dry is the trace distance. For M = 1, the initial state (20)
of E is a pure energy eigenstate with a fixed energy level ny,
namely, pg = |no)g{no|. Then, Eq. (9) reduces to

’C(:OI) = Z Kn,ngpIK}:,no

= [ldn, P + |dnys11* (1 = P)I0)1{O] + [|By |*(1 — p)
+ leay—1 PP + @ buyg*111(0]
+an, b q10)1(1]. (37)

From Eq. (17), we have the average of the transferred energy
in the form

(W) = Allduy+11*(1 = p) = leng-11*p)- (38)

Since the states C(po;) and p; are Hermitian operators, we
can diagonalize them using unitary operators. In other words,
there exist unitary operators V and V’ such that

pr= VAV, (39)

K(on) = V'A'VT, (40)

where A and A’ are diagonal matrices. Because of the unitary
invariance of the trace distance, Eq. (36) becomes

min_ dr(K(p).UipU)) = min dr(GA'T], ). (41)
1-Ul

U Uy:unitary
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FIG. 1. Plots of Eq. (43). We take the parameters (a) (p,|q|) =
(1/2,0) and (b) (1/2,1/2).

The calculation in Appendix B then gives

L 1 .
min di(GiA'T],A) == min Tr|OAT] — A (42)
Uy:unitary Up:unitary

=|R —R| 43)
with
1 2
R:= (p—z) +1q12, (44)
1 2
R = <(1 —X—y)p+x-— E) + 1 = x)(1 =g/,
(45)
x = ldy1’, Y = lcne—1l* (46)

In the case of x = y = 0, the distance of Eq. (43) is equal
to zero. However, the energy transfer (38) is trivially equal
to zero in this case. For that reason, we consider cases other
than x = y = 0. When we choose the initial state of [ as p =
1/2 and |g| = 0, the distance of Eq. (43) is not equal to zero
[Fig. 1(a)]. When we choose the initial state of [as p = 1/2 and
lg] = 1/2, the distance of Eq. (43) is also not equal to zero for
x =y # 0 [Fig. 1(b)]. Consequently, we cannot approximate
the time evolution to a unitary when M = 1.

From the results above, we suspect that the variance of the
energy transfer generally diverges when the time evolution of
the internal system is approximated to a unitary one. This is
because the divergence is caused by the superposition of the
energy eigenstates of the initial state of the external system
and because the time evolution of the internal system cannot
be approximated to a unitary one when the initial state of the
external system is an energy eigenstate.

III. JARZYNSKI EQUALITY

As the main result of the present paper, we here derive the
Jarzynski equality for the measurement-based work extraction.
In the previous section, we showed that the approach using the
unitary time evolution of the internal system is inappropriate
for describing the quantum heat engine. Previous quantum
versions of the Jarzynski equality [17,18,24,25] also have
this problem. To resolve this problem, we introduce a new
derivation of the quantum Jarzynski equality based on the
formulation of Hayashi and Tajima [35,36].

Note that this formulation, called measurement-based work
extraction, points out that operations of the work extraction
are measurement processes. It is essentially different from the
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conventional two-measurement formulation [17,18,24,25,39—
41] which separates the dynamics of the extracting work from
the measurement of one.

Also note that the fluctuations in the previous and present
sections are generated from different causes. While the fluctu-
ation in the previous section is generated from the uncertainty
of the initial energy of the external system, one in the present
section is generated from a mixture of the state of the internal
system.

A. Cyclic process

We first consider a cyclic process, in which the final
Hamiltonian is equal to the initial one. The external system
E receives energy from the internal system I from time t = 0
to T. The time evolution of the total system between time
t = 0and T is unitary.

Let Hy and Hg denote the time-independent Hamiltonians
of I and E, respectively, and H;.(¢) denote the time-dependent
Hamiltonian interacting between I and E; the total system is
given by

Hio(1) := Hi + Hg + Hin(2). (47)

The case in which the Hamiltonian of the internal system
depends on time is treated by the discussion in Sec. III B.

The eigenvalue decompositions of H; and Hg are denoted
by

Hy:=Y"holho)ithl, (48)

Hg:=)_eile)geil, (49)

where &, and e; are the eigenvalues of Hy and Hg, respectively.
We assume that the interaction Hamiltonian satisfies the
condition

[H + Hg,Ug] =0, (50)

where Uy is the time evolution of total system given by [35]

- T
Ui :=T exp <—]%/ Hmt(r)dt>, (51)
0

where 7 is a time-ordered product. The condition of Eq. (50)
means that the total energy from H; + Hg is the same before
and after Urg, and hence the net energy from the interaction
Hamiltonian is equal to zero. We further assume that the initial
states of I and E are the canonical distribution at an inverse
temperature 8 and a pure eigenstate of energy ey, respectively:

e_ﬂhx
Prean = Z ! (52)
PE = leo)efeol, (53)

with Zj := Tr[e #H].

We then consider the following process:

(i) We set the initial states given by Eqs. (52) and (53).

(i) We then let the total system evolve under the unitary
operator Ujg. The key here is to consider the unitary time
evolution of the total system, not of the internal system I.
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(iii) We finally measure the energy of the external system
E using the projection operator |e;)g(e;| and define

Aej:=e; — e 54)

as the energy gain. It is essential that at this point the “work”
Ae; is not a fixed value but given probabilistically.

We stress that this process is an indirect measurement with
respect to the internal system I and modeling the measurement-
based work extraction.

In the above process, the time evolution of I and the
measurement process of the specific energy gain Ae; are
defined as

E(pr) := TrelUme(pr ® leo)s{eo U] (55)
with & =) ; €; for all density operators pr of I, where

Ei(pp) := Trglle;)ele; | Uk(or @ leo)e(eo)U]  (56)

and Trg denotes the trace operation with respect to E.
We now introduce the probability distribution of the
extracted work W as

P(W) = ZS(W — Aej) Tr[€(pr.can)], (57)

J

where 6(x) is the delta function and Tr denotes the trace
operation with respect to the total system. Because &£; is a
linear operator, we have

P(W) =) 8(W — Ae;)
Joxsy

Bl
X

ITr[|hy)l<hy|gj(|hx>l(hx|)]v (58)
where we inserted a resolution of unity Zy |hy)1(hy]. Since
the total energy H; + Hg does not change after Urg and the
external system gains the energy Ae; after the process £;, the
energy of the internal system must be &, = i, — Ae; outside
the operator £;. We therefore find

=Bl
P(W)=ePV > " 8(W — Aej) ~
N I
Js X,y
X Tr[lhy)1{hy|E; (1R )1{hx )] (59

= ¢ BV ZS(W — Aé’j)Tr[changj(]lI)]- (60)
Jj

Let us denote the average with respect to P(W) by

(f(W)) = /de(W)P(W), (61)

where f(W) is an arbitrary function of the extracted work W.
From Eq. (60), we can therefore obtain the Jarzynski equality
under the cyclic process in the form

(") =y (62)
with
y = Tr[gt(pl.can)], (63)

where &' is the adjoint map of &, given by Tr[ET(AT)B] =
Tr[ATE(B)]. Note that we did not use the details of the external
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system E but the energy conservation of the time evolution,
Eq. (50).

Applying Jensen’s inequality (e/) > e!/) to Eq. (62), we
obtain

(W) < B 'Iny. (64)

This inequality is the second law of thermodynamics under
the measurement-based work extraction.

In the high-temperature limit 8 = 0, the initial state (52)
reduces t0 oy = 11/N, where N is the dimensionality of
the Hilbert space of the internal system 1. Thus, owing to the
linearity and the trace preserving of &£, the quantity y reduces
to unity.

For general values of B, let us assume that the time
evolution of I is a “natural” thermodynamic process; that is, the
measurement process is not a feedback process and satisfies the
first and second laws of thermodynamics for an arbitrary initial
state. Hayashi and Tajima introduced and called it the standard
completely positive work extraction [35,36]. The first law is
satisfied by the measurement process &£; which changes the
energy eigenstate | A, ); of I to the state of the energy i, — Ae;
when the external system gains the energy Ae;. The second law
corresponds to the time evolution & = }°; &; which satisfies

S(en) < S(E(p) (65)

for all initial states py of I, where S(pr) := — Tr[pr In p1] is the
von Neumann entropy. As a necessary and sufficient condition
of Eq. (65) for all initial states, the time evolution £ must be a
unital map [46]:

Ep =1;. (66)
Then, the quantity y is unity, and Egs. (62) and (64) reduce to

(") =1, (67)

(W) <0, (68)

respectively. Hence, we obtain the same form as the previous
derivations [17,18,24,25] of the Jarzynski equality under the
cyclic process.

The difference of the Jarzynski equality from unity is
known for feedback processes [29,47,48] and/or absolutely
irreversible processes [33,49]. Because the time evolution £
includes the feedback process, Eq. (62) also applies to the feed-
back process, for which the quantity y denotes the efficiency
[47]. On the other hand, because we assume that the initial
state (52) of the internal system is the canonical distribution,
Eq. (62) does not apply to the absolutely irreversible process.

We stress, however, that the present result is essentially
different from the previous ones [17,18,24,25]. The previous
derivation of the Jarzynski equality did not contain information
about the fluctuation of the energy gain of the external system
appropriately, defining the measured value of the energy
loss of the unitarily evolving internal system as the random
variable W. As we have shown in Sec. II, however, under the
approximation of the unitary dynamics of the internal system,
the variance of W in the previous derivation is completely
different from that of the energy gain of the external system,
which is the actual work that we can use. The Jarzynski
equality derived from the previous formulation therefore does
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not give relevant information about the fluctuation of the actual
work.

Our derivation of the Jarzynski equality is different in
this point. We also define the measured value of the energy
loss of the internal system as a random variable W, but it is
equal to the measured value of the energy gain of the external
system, because now we employ the unitary time evolution of
the total system satisfying Eq. (50). Therefore, our derivation
correctly contains the information about the fluctuation of the
actual work, namely, the energy gain of the external system.
For a possible extension of the present formulation to the
measurement process with error, see Sec. V.

B. Noncyclic process

Next, we consider the Jarzynski equality under a noncyclic
process, extending the case of the cyclic process in Sec. III A.
For a noncyclic process, the energy spectrum of the internal
system is different between the initial and final Hamiltonians.
To apply the formalism for the cyclic process to the noncyclic
one, we divide the internal system I into two subsystems,
namely, a (further) internal system S and a control system C
[36,43]. The internal system S is a working substance, such
as a gas, while the control system C controls the Hamiltonian
of the internal system S as a piston. We consider the work
extracted from the internal system S.

We assume the initial Hamiltonian (48) of the internal
system I in the form

Hy:=) " Hs(}) ® [A)c(]

A
= Z Z Iyl hxys A sc{heiy Al (69)

Aox(h)

where Hs()) is the Hamiltonian of S, whose eigenstate and
the corresponding eigenvalue are denoted as |h,,))s and A,
respectively; {|A)c} is an orthonormal basis of the control
system C; and |h,(,),A)sc denotes |hiy;))s @ |A)c. We vary the
control parameter A, making the process noncyclic. Note that
we made the A dependence of the index x(A) explicit, because
the set of the eigenvalues of Hg()1) depends on A. The energy
of S changes from h,() to hy;) — Ae; after the measurement
process &; of the specific energy gain Ae;.

We set the initial state of I to be the canonical distribution
of S with a pure state |A;)c of C:

—Bhyoi)

e

pr(A) = ) ————I|hyiy)s Ai)sc(hai)s Al
i /;A) ZS()\i) x(Ai)s M x(Ai)s M

= pS,canO‘-i) ® |Ai)clAil (70
with Zs(A) := Tr[e #BM] and ps can(A) := e PBH ) Z5(M).
This means that the internal system S starts from the equilib-

rium with the fixed parameter A;. The free energy of S for a
specific value of A is given by

Fs(\) := —B ' In Zs(A). (71)

We define the probability distribution of the extracted work
W during the process in which the state of C changes from A;
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to Ar as
S(W — Aej)
Py (W) 1= Y~ ———LTrl|Ar) (el E; (05 can(hi)
; Pri— g
® |Ai)c(AiD], (72)
where

Drimie = Tr[|Ae)c (Al E(0s can(ri) @ |Ai)c(Ail)] (73)

is the transition probability that the state of C changes from A;
to A¢. In the same way as in Eq. (60) of Sec. III A, we obtain

Py (W) = e PW o= BAFs(hi k)

S(W — Ae;)
X Z —x Tr[pS,can()‘-f)
J DPri—ay

® Ay (A€ (Ts (M) @ [Ai)c{AiD)] (74

with AFs(Ai,Ap) := Fs(Ag) — Fs(Ap), while Is(Ap) :=
> vy PxGiy)s(hagyl is the identity operator of S with fixed
parameter A;.

We modify the average (61) to

Vs, = / AW FW)P (W), (75)

We therefore arrive at the Jarzynski equality under a noncyclic
process in the form

(€PV )i = Yaon e PAISGAD (76)
with
GDre—ni = Tr[os can(Ap) @ [Ar)c(AelE(Ls(Ai) @ |Ai)c(AiD)].
(78)

We note that the state of C is measured only in the initial
and final states. During the dynamics between these states, we
cannot tell the path of the change of physical quantities of C,
such as the position of a piston, nor can we tell the motion of S.
It is in contrast with the fact that, in the previous derivation of
the Jarzynski equality [17,18,24,25], the motion of the system
is fully determined by a given path of a parameter.

In the high-temperature limit 8 = 0, Eq. (70) reduces to
oA = 1s(W)/N Q) ® |A)c(r|, where A(L) is the dimen-
sionality of the Hilbert space of S with fixed parameter A.
Thus, Eq. (77) reduces to y, 3, = N(Af)/N (X;). In particular,
when the dimensionality of the Hilbert space of S with fixed
parameter As is equal to one with fixed parameter A;, Eq. (77)
reduces to unity whether £ is unital or not.

We now argue for general values of § that the quantity
Va2, 18 NOt necessarily unity for a unital map as y was for the
cyclic process. When the time evolution £ is unital, namely,
the “natural” thermodynamic process defined in the previous
section, the quantity y;,_,,, gives the ratio of the forward and
the backward transition probabilities. When the time evolution
£ is unital, completely positive, and trace preserving, so is
its adjoint £. Therefore, we can regard the adjoint map &£F
as another time evolution. Equation (78) indeed gives the
backward transition probability that the state of C changes

PHYSICAL REVIEW E 95, 032147 (2017)

from A¢ to A;:

Grere = TrA) CGIET (s can(hp) ® [Ar)c(AeD]. (79)

As can be seen from the calculation of a simple model
in Sec. IV, the backward transition probability (79) is not
necessarily equal to the forward one (73). Therefore, the
quantity y;,,, is not necessarily unity for a unital map.

When the time evolution £ is not unital, incidentally, we
cannot regard Eq. (78) as a transition probability; because the
adjoint €T of a nonunital map & is not trace preserving, the
sum of Eq. (78) over A; is not unity:

> Grm = Trlps.can(he) ® [Ae)c el ECLD)] (80)

Ai
= Tr[E1(0s can(Ar) ® IAr)c (D] # 1, (81)

where 1j := >, 1s(A) ® |A)c(A| is the identity operator of L.

Finally, we show that Eq. (76) reduces to the case of
the cyclic process (62) when the control system C has only
one eigenstate. In this case, the state of C cannot change
from the initial state, and we thereby obtain p;._,;, = 1 and
A Fi(Xi,A;) = 1. Therefore, Eq. (74) reduces to

Py (W) = e PV Z (W — Ae;j) Tr[ps can(Ai)
J

® [A)c{MIEjLs(A) @ Ai)c(AiD]. (82)

Since Iy = Is(4) ® [Ai)c(Ail  and  prcan = P5.can(Xi) ®
|Ai)c(Ail, this equation is equivalent to Eq. (60) in Sec. IIT A.

IV. COEFFICIENT p,,,,; FOR A SIMPLE MODEL

In this section, we evaluate the quantity y;, ., of Sec. III B
using a simple system. We suppose that the Hamiltonian of the
simple system is given by

Hi() = ) Hs(; o) ® [M)cirl, (83)
2=0,1
Hs(h; ) := %oﬁ, (84)

where w is level spacing and (TZS = [1)s(1] — |0)s(0|. The
canonical distribution ps(A) of S at the inverse temperature
B is given by

[Ds (1] +

i 1
ps(B.A) = 10)s (O, (85)
1+

eO+Df 1 + e—G+DB

where 8 := Bw is the dimensionless inverse temperature.
We consider the following measurement process &:

Ei(p) == MM, (86)

M; 1=Z Z Snej hegy—hyon iy, Uett Iy, (87)

A x(0),y(W)

where I1, , is a projection on the eigenvalue of Hj. The
effective time-evolution operator U, is given by tracing out
the external system from the time evolution of the total system.
It defines the effective Hamiltonian Hg as in Uy = e HerT |
where T is the time duration of the measurement process
&;. The corresponding time evolution £ := &; is unital and,
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FIG. 2. Illustration of the effective Hamiltonian of Eq. (88). The
parameter £ is a real number representing the shift of the potential
energy and the parameter 7 is a complex number representing the
hopping amplitude.

therefore, is not a feedback process. For simplicity, let us
suppose that the effective Hamiltonian Heg is

Hett(w,&,1) := Hi(®) + Verr(§,0) + Hiop(n, o), (88)
Verr(§,0) 1= Ewls & [1)c(1], (39)

Hiop(n,0) := 0} ® w(n]1)c (0] + 17*|0)c (1)), (90)

where Ver(§,0w) and Hyop(n,w) are potential and hopping
terms, the parameters & and 1 are real and complex numbers,
respectively (Fig. 2), and O‘XS = |1)s(0] +0)s(1]. In other
words, the unitary operator Uy is given by

Ueit(,1,T) := exp(—i T Herr(1,€,1)), 1)

where T := wT /i is the dimensionless time duration.
Then, Egs. (73) and (78) are given by

1 - 0 7
piil)xf(ésnsT) pghi)_>)\f($1]79T)

pli—)kr(g»nvﬁvT) = 1 + e(}\i+1)l§ 1 + e_()hi""l)ﬁ 9 (92)
(€8] 7 0) 7
i A qkfﬁki(§7n7T) q)\f*))‘i(s’nsT)
CIM%A;(&J%,B,T) —_— 1 _}_e()nf-‘rl)/f; 1 +€_(A‘f+1)’§ 3 (93)
with
P, & T) o= Tel|Ag) e (Ael Uetr(€.n, T)(In)s (]
® [Mie (MDULE 0, D1, (94)
g\, En.T) == e[| ) (Ml ULy 0, TH(In)s (]
® ) (i) Uetr(€,m, T, (95)

forn =0,1.

We first show Yoo = Y11 = 1 and Y10 = 1/y9—1. The
projective operators |n)s(n| (n = 0,1) and |A)c(A] (A =0,1)
are invariant with respect to a unitary operator S; := s ®
(I11)c(1] + e~*|0)c(0]) for any real number x and the time
reversal operator ®, which is an antiunitary operator, and the
unitary operator (91) satisfies

SIUa(€,0,T)S) = Uesi(&,€¥n, T), (96)

O Ueii(6,0, 10 = Uly(&, 0", T). 97)
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Applying S; and ® in Egs. (94) and (95), we obtain

P, En Ty = pi, (.0, T), (98)
P EnT) =g, &7 T). (99)

For a unitary operator S, := 0> ® Ic, we also have
SiUeii(§.0.T)S, = Ul(=£, —n, D), (100)

Si(n)s(nl ® INc(ADS: = 11— n)s(1 —n| @ [\)c(Al,

(101)
for n,A = 0,1, and hence
() 7N (1=n) o
p)‘i*))w(s’n’T) — Q)“*))\f(_%-’ - n’T) (102)
Combining Egs. (98), (99), and (102), we thus obtain
P E LT = i, 0. T) (103)
=g\, En.T) (104)
= p ) (—&.T). (105)
Therefore, we obtain
pkiékf(é’nvﬁ?vf‘) = qkiﬁkf(é:an’gvf)
_ pi?fo(_$»|U|,T)
1 4 eitDB
(O] 7
P k) sT
Py (&l w)’ (106)
1 4+ e—i+DB
and hence
5 qlr%k,(svniﬁv’f)
Vai—n (ganv,BvT) = ~ < (107)
' pkiﬁlf'(é’nvﬂvT)
—> Aj RV Rl ~7T
_ Pr—x &0, B )_ (108)

pkiﬁlf(‘g’n’BvT)

As can be seen from Eq. (108), the quantity y;,_,,, is always
equal to unity if A; = Ag; that is, Y0 = y1»1 =1, and
Y10 = l/VOﬁL

Let us now find y;o. Calculating p'” ,(&,[n],T) and

0 7 .
P(()ll(é, In|,T), we obtain

P20l T) = pi (—&.1nl.T) (109)
= [n*T?sinc*(f(€,In)T), (110)
with
sinc(r) = %) (111)
X
3-28\?
FE D = [P+ (T) : (112)
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//,,”,,'§'\7
8 2 % ’Bﬁlln)’l—»o
==~ ~ |
W 6r7 e — —— N
c==0 |
=N
=N\
NN\
' =N\ 0D -1
(i W
0 il (/I =91 \1\\\ , =
-5 0 5
(a) £ 2n/T)
2.0F 2.0F
s LR M Pl ] Lsp b d | 1R A
F LA M [ H | T A I | AR A
g Lo 4L [ T I O oLop o b RAL L ARHA i
= g-g\éb:/ﬁ‘&' AL A s R R R A=
T MR ' RN AVIE B =1 T PR VININANAFAFAVARRERERY =1
R ATE AT RL L e A AN ]
o | R W - o UMY (AU B3
“)IH/J-\/’H L0 \/\laH\/VU
~1.5t : : | S S U R S S S
-5 0 5 o 1 2 3 4 5 6 71
(b) ¢ 27/T] ©) il [27/T1

FIG. 3. (a) Dependence of ="' Iny,_ on the parameters £ and |5| for 7 = 5 and B = 0.4. Its cross sections for (b) || = 4x/5 and (c)
£ = 67/5. The unity of y;_,o (namely, the zero of In y;_,) does not depend on the inverse temperature f.

and hence

[>T sinc®(f (=€, 1n)T)
1428

[nIT? sinc®(f (€, 1n)T)
+ -
142

P1»0($’|7I|’B,T) =

., (113)

In|2T? sinc®(f (&, |nDT)
14 eP
In|*T? sinc*(f(—£,In)T)
+ — .
14eF

P0—>1(‘;§,|7I|,5,T) =

(114)

We thereby plotted y;_o in Fig. 3. The quantity y;_
fluctuates around unity wildly, even exceeding unity often.
This fluctuation of y;,,_,,, should be detectable in experiments
and provide evidence for the present approach.

For £ = 0, we find p_0(0,1,8,7) = po—1(0,n,8,T) and
ylﬁo(O,n,B,T) = 1. The other conditions for y;_,o = 1 are
B=0or

sinc®(f(&,InDT) = sinc*(f(—€,IDT),  (115)

which does not depend on the inverse temperature S [Figs. 3(b)
and 3(¢)].

V. CONCLUSION

In the present paper, we have shown that the variance of the
energy transferred to the external system diverges when the
dynamics of the internal quantum system is approximated to a
unitary. Because of this, the work extraction under the assump-
tion of a unitary dynamics of the internal system is unsuitable
for the thermodynamics of a microscopic quantum system.
We claim that the work extraction from the internal quantum
system should be described as a quantum measurement process
introduced by Hayashi and Tajima [35,36] and have applied
this formulation to the quantum Jarzynski equality.

In the present paper, we have assumed that the measurement
process can measure the energy loss of the internal system
without errors; in other words, it can convert all of the
energy loss into the work. However, since the actual external
system is a thermodynamic system, the energy transfer may
be separated into the work and the heat. The measurement
process corresponding to this should be an incomplete process
in which the extracted work is not equal to the energy loss;
the heat generated into the external system should be regarded
as the difference of the energy loss and the extracted work. It
will be an important future work to consider the incomplete
measurement process in order to understand the work and the
heat in quantum thermodynamics.
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APPENDIX A: CALCULATION OF EQS. (27) AND (28)

We here show details of the calculation of Egs. (25) and (26). To calculate them, we introduce the matrix representation of
Egs. (10) and (21):

(P q
pr o= <q* - p), (A1)
Splt Sn_1lt
Kn o= n,n'%0,0 n—1,n""10,1 ) A2
’ <8n+l,n’ul,0 8n,n’u1,1 ( )

We find

0 0 .
(ul,o 0) for j =0

(uo,o 0 ) for j =1
U0 Ul
M %00 ”0’1) for2 <j<M—1
— ~X ] ~
Kji=D Kin= <”‘*° “1 (A3)
m=1
uo,0  Uo,1 .
( 0 u 1) forj=M
0 uo,1 .
(0 0 ) forj=M+1
0 otherwise,
and thereby obtain
|y 0l 0 .
( 0 forj=0
2 2 *
0,01 + |u1,0l M1,0M1i1 for j = 1
uj 0M1 1 lte1,1]
o ( ool +lusol, ko +“T’0”5’1> for2 < j < M—1
KJT.KJ: Uo.og | + U1 0UT | luo, 1|7 + |uy,1] (Ad)
lu0,0/2 ug oUo, 1 .
LT fi =M
(Mooum luo.1 1> + |ur 1 ? or
0
forj =M+ 1
( |uo, 1|2> orJ +
otherwise.
Using Egs. (5), (6), and (7), we obtain
L 1 —|uro*M u® oug (M — 1)
el 1,0 0,0%40,1
K Ki=-MM +1 ’ s A5
2 JRIR; = FMO+ D+ (Mo,oual(M —D JuoiPM (A)
2172 * 2
AR —|u1,0| M MOOMO,](M — 1)
K K; —MM+1 2M 4+ 1)+ w ' A6
27K o+ 00w 0+ (0 1y L ) "o
Inserting Egs. (A1), (AS), and (A6) into Egs. (25) and (26), we obtain
1
(h) = A[E(M + 1)+ Juo1 [*(1 = p) — lurolp +2(1 — M—‘)Re<uo,ous,1q>], (A7)
1
(h*) = AZ[E(M + DM + 1) + luo1 [P(M +2)(1 = p) = |uy o*Mp +2(M — M‘)Rewoﬁous,lq)]. (A8)

Now, we arrange Eqgs. (A7) and (A8) using the average of the energy transfer (w). The expectation of energy with respect to
the initial state (20) is given by

A
Tr [Hegpe] = E(M +1). (A9)
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Combining Eqgs. (11), (A7), and (A9), we obtain the expecta-
tion of w in the form

(w) = (h) — Tr [Hgpg] (A10)
= Alluo1l* (1 = p) = lur ol p +2(1 — M~")
x Re(uo,oug 1q)]. (A11)
Therefore, Egs. (A7) and (A8) reduce to Egs. (27) and (28).

APPENDIX B: CALCULATION OF EQ. (43)
Let us find Eq. (43). The eigenvalues of KC(pp) and py are
given by
Ar:=3+R, M :=3=£R, (B1)
where R and R’ are defined in Egs. (44) and (45), respectively.
The diagonal matrices A and A’ are given by

o )‘-&- 0 /o )‘i&- 0
A._<O x)’ A._<0 x/)' (B2)

PHYSICAL REVIEW E 95, 032147 (2017)

We parametrize the arbitrary unitary matrix U; as

R

eV25inf E3)
—e W2 5in0 ’

eV cos @

where ¢, 6, ¥, and ¥, are real parameters. Combining
Egs. (B2) and (B3), we obtain

R’ cos26 — R

o —el W+ R/ gin 20
UANU —A= (_e—im/flwz)R/ sin 20 ) |

—(R' cos20—R)
(B4)

where eigenvalues are given by :I:\/ R’? + R? —2RR’ cos 26.
We thereby obtain

ITr |UIA/U§ —Al=vVR?+ R>—2RR’cos26. (BS)

Therefore, we obtain Eq. (43).
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