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There exist two formulations for quantum heat engines that model energy transfer between two microscopic
systems. One is the semiclassical scenario and the other is the full quantum scenario. The former is formulated
as unitary evolution for the internal system and is adopted by the statistical mechanics community. In the latter,
the whole process is formulated as unitary and is adopted by the quantum information community. This paper
proposes a model for quantum heat engines that transfer energy from a collection of microscopic systems to a
macroscopic system like a fuel cell. In such a situation, the amount of extracted work is visible for a human. For
this purpose, we formulate a quantum heat engine as the measurement process whose measurement outcome is
the amount of extracted work. Under this model, we derive a suitable energy-conservation law and propose a
more concrete submodel. Then we derive a trade-off relation between the measurability of the amount of work
extraction and the coherence of the internal system, which limits the applicability of the semiclassical scenario
to a heat engine transferring energy from a collection of microscopic systems to a macroscopic system.
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I. INTRODUCTION

Thermodynamics started as a study that clarifies the upper
limit of the efficiency of macroscopic heat engines [1] and
has become a huge realm of science that covers from electric
batteries [2] to black holes [3]. Today, with the development
of experimental techniques, the study of thermodynamics
is reaching a new phase. The development of experimental
techniques is realizing micromachines in the laboratory [4—6].
We cannot apply standard thermodynamics to these small-size
heat engines as it is, because it is a phenomenological theory
for macroscopic systems. In order to study such small-size heat
engines, we need to use statistical mechanical approaches.

In the statistical mechanical approach, the internal system
of the heat engine can be formulated as a system obeying
time-dependent Hamiltonian dynamics, which is called the
classical standard formulation in this paper. The classical
standard formulation has been used since Einstein and Gibbs
[7]. For example, Bochkov and Kuzolev [8-11] showed
the second law under the standard formulation for cyclic
operations and it was extended to general operations as a
corollary of the Jarzynski equality [12]. In this way, the
classical standard formulation works well for classical heat
engines and has been adopted by the statistical mechanics
community [13-18]. In the statistical mechanics community,
as a quantum extension of the classical standard formulation,
the work-extraction process was formulated to be unitary for
the internal system, which is called the semiclassical scenario
in this paper. As an example, employing this scenario, Lenard
showed the second law for cyclic processes in the quantum
setting [19]. Also, based on this scenario, Kurchan [20] and
Tasaki [21] gave a quantum generalization of the Jarzynski
equality. The semiclassical scenario has been adopted by the
statistical mechanics community [22—-34]. Here they assume
that the time evolution of the internal system is unitary.
On the other hand, researchers in the quantum information
community recently discussed unitary dynamics of the whole
system including the external system storing the extracted
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work [35-44], which is called the fully quantum scenario in
this paper.! Although both models are different, Aberg (see
Sec. I D in the Supplemental Material in [45]) showed that
the internal unitary dynamics in the semiclassical scenario can
be realized as the approximation of the unitary of the whole
system.” So both models have succeeded in analyzing heat
engines that transfer energy between two microsystems.

To further develop quantum thermodynamics, this paper
discusses heat engines transferring discernible energy from a
collection of quantum systems to a macroscopic system, which
is a new frontier of quantum thermodynamics. This kind of
heat engine is used in our daily life. As a typical example,
fuel cells with microstructure have been developed recently
as solid oxide fuel cells (SOFCs) [47-49]. A fuel cell has a
collection of microscopic systems as an internal system and
a macroscopic output power, which can be measured as the
amount of extracted work by humans and affects our daily
life, while the amount of extracted work does not need to be
measured in the previous case, as shown in Fig. 1. As the next
topic, in order to analyze such a fuel cell with microstructure
as a quantum heat engine, it is interesting to develop a model
for a heat engine that includes a measurement process to
produce the output power. That is, it is an interesting study

Our classification between the semiclassical scenario and the fully
quantum scenario is based on the range of the unitary dynamics of our
interest. Although the papers [35-43] discuss only states diagonal in
energy basis, the unitary dynamics of their interest covers the whole
system, including the external system storing the extracted work.
Hence, we classify them as the fully quantum scenario.

2To realize the approximation of the unitary of the whole system,
Aberg [45] employed the coherence in the external system storing the
extracted work. Also, Aberg [45] showed that the coherence of the ex-
ternal system can be used repeatedly to perform coherent operations.
As was commented in [46], when we repeatedly use the same external
system, the overall coherent operation has diminished accuracy and
is necessarily accompanied by an increased thermodynamic cost.
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FIG. 1. Energy extraction from a collection of microscopic
systems to a macroscopic system.

to treat the output power as a measurement outcome, i.e., to
formulate the heat engine as a quantum measurement process
for the quantum internal system. In this scenario, people do not
measure the inside of the fuel cell, but measure alternatively
the macroscopic object.

Indeed, the measurability of the amount of extracted work is
a very crucial task due to the following real situation. Consider
the case when an electric bill is charged by an electric power
company. In fact, at the time of a disaster, a SOFC is intended
to be used as an electric power source [50]. If the measured
amount of extracted work is different from the true amount of
extracted work, the user will not pay the electric bill because
he or she cannot trust the amount charged. To avoid such
trouble, we need to precisely measure the amount of extracted
work as a fundamental requirement for our model of a heat
engine. However, it is an open problem to extend quantum
thermodynamics to such a case. That is, it is our desire to
formulate our model for a quantum heat engine as the energy-
extraction process that equips a quantum measurement process
to output the amount of extracted work.

In the present article we propose a general formation
of quantum heat engines based on quantum measurement
theory [51,52] as completely positive (CP) work extraction,
in which the total system is composed of the internal system
and the external system, which can be regarded as a work
storage system. As shown by Ozawa [52], such a quantum
measurement process is realized by an indirect measurement
process, that is, the combination of a unitary on the whole
system and the measurement of the energy on the meter
system, which is the work storage in the current situation.
In this scenario, the initial unitary can be regarded as the fully
quantum scenario [35—43]. So the initial unitary has to satisfy
the energy-conservation law in the sense of the fully quantum
scenario.

There are three issues to discuss about our model. First,
it is not trivial to identify the energy-conservation law under
our CP work-extraction model. To clarify a natural condition
for energy conservation, we consider the natural energy-
conservation law in the dynamics between the internal system
and the quantum storage of the fully quantum model, which
can be regarded as the first step of the measuring process
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in the indirect measurement model in the context of the CP
work-extraction model [52]. When additionally we impose a
natural constraint of the initial state for the quantum storage,
we derive a very restrictive energy-conservation law in an
unexpected way, which will be called the level-4 energy-
conservation law (Theorem 1). That is, the restrictive condition
is naturally obtained by considering the indirect measurement
model and the existing energy-conservation law in the fully
quantum model [37-43]. However, there is a case when this
constraint is satisfied only partially. Under such conditions, we
derive weaker conditions as other types of energy-conservation
laws for CP work extractions.

Second, we need a more concrete model as a natural
extension of the classical standard formulation [7] because
the above CP work extraction is too abstract and contains
an unnatural case when the dynamics of the internal system
depends on the state of the external system, while the dynamics
of the internal system is not independent of the state of
the external system in the classical standard formulation [7].
Fortunately, Aberg (see Sec. II of the Supplemental Material in
[45]) discussed a concrete model that satisfies this requirement
as a fully quantum model with the energy-conservation law;
we call the model the shift-invariant model because shift
invariance guarantees the independence of the state of the
external system. However, he did not discuss the measurability
of the amount of extracted work because the main topic of his
work was work coherence. So we investigate how to naturally
convert the model to a CP work extraction with the level-4
energy-conservation law. Since the shift-invariant model is
obtained from a semiclassical model in a canonical way, this
model can be regarded as a modification of the semiclassical
model. Under this modification, the semiclassical model works
properly when we discuss the amount of extracted work and
endothermic energy.

Third, we examine how the semiclassical scenario works
approximately when the measurability of the amount of
extracted work is imposed. Indeed, it has been expected that
the fully quantum scenario converges to the semiclassical
scenario in a proper approximation, although the semiclassical
scenario assumes that the internal system evolves unitarily
under a time-dependent Hamiltonian controlled by a classical
external system. This examination checks this expectation. To
discuss this issue, we investigate the trade-off between the
approximation of the internal unitary and the measurability
of the amount of extracted work. As a result, we derive two
remarkable trade-off relations between information gain for
knowing the amount of extracted work and the maintained
coherence of the thermodynamic system during the work-
extraction process. These trade-off relations clarify that we
can hardly know the amount of extracted work when the time
evolution of the internal system is close to unitary.

This paper is organized as follows. In Sec. II we formulate
work extraction as a measurement process by using CP
work extraction. We give four energy-conservation laws,
level-1, level-2, level-3, and level-4 energy-conservation laws,
among which the level-4 energy-conservation law is the
most restrictive. In Sec. III we discuss fully quantum work
extraction as a unitary process between the internal system
and the work storage as well as the energy-conservation law.
We discuss what kind of energy-conservation laws in the
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CP work-extraction model are derived from the respective
conditions for the fully quantum work extraction. In Sec. IV
we introduce the shift-invariant model as a modification of
the semiclassical model. We consider how well this model
works as a model for a heat engine. In Sec. V we derive two
remarkable trade-off relations between information gain for
knowing the amount of extracted work and the maintained
coherence of the thermodynamic system during the work
extraction process. These trade-off relations clarify that we
can hardly know the amount of extracted work when the time
evolution of the internal system is close to unitary.

II. WORK EXTRACTION AS A MEASUREMENT PROCESS

In this section we give the basic idea of our measurement-
based formulation of work extraction from a quantum system
to a macroscopic system. Let us start with standard thermo-
dynamics; in a macroscopic heat engine, the work is given as
a discernible energy change of a macroscopic work storage.
In our quantum setting, we extract energy from a collection
of quantum systems to a macroscopic system. That is, a
discernible energy change of a macroscopic work storage is
caused by the effect of a collection of quantum systems. In
quantum physics, such a macroscopic discernible influence
caused by a quantum system can be described only by a
measurement process as in Fig. 1. Therefore, we need to
formulate work extraction from the quantum system to the
mMacroscopic system as a measurement process.

Let us formulate the above idea more concretely. We
consider a heat engine in which the internal system is a
collection of microscopic systems and the meter system is
a macroscopic system, which can be regarded as the output
system of the heat engine. For example, a fuel battery has
fuel cells as the internal system and the motor system as the
meter system. Hence, as the internal system we consider a
quantum system /, whose Hilbert space is ;. We refer to the
Hamiltonian of I as H;. The internal system / usually consists
of the thermodynamical system § and the heat baths {Bm}m 15
but we do not discuss such detailed structure of the internal
system [ here. Let us formulate the work extraction from /.
We assume that the amount of the work is indicated by a meter
(Fig. 2).

In other words, we assume that we have equipment to assess
the amount of extracted work and that the equipment indicates
the work w; with the probability p;. In quantum mechanics,
such a process that determines an indicated value a; with
the probability p; is generally described as a measurement
process. Thus, we formulate work extraction from the quantum
system as a measurement process [52]. As the minimal

measurement process

Wj with P A j with Py

CP-instrument
PI= pI= {€i}jeu

FIG. 2. Work extraction as a measurement process.

work extraction
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EC Level 1
The average of’w]' is equal to the energy loss.

EC Levels 2 and 3

Each value of wjis equal to the energy loss, with error .
EC Level 4

Each value of wjis equal to the energy loss, without error .

FIG. 3. Concepts of the energy-conservation laws.

requirement, we demand that the average of w; is equal to
the average energy loss of I during the measurement.

Definition 1 (CP work extraction). Let us take an arbitrary
set of a CP instrument {€;}jc7 and measured values {w;};c7s
satisfying the following conditions: (a) each £; is a CP map, (b)
> ; €j 1s a completely positive and trace-preserving (CPTP)
map, and (c¢) J is a discrete set of outcomes. When the set
{€j,wj}jecs satisfies the above condition, we refer to the set
{€j,w;}jes as a CP work extraction.

Here we note that the measurement process {£;} is not
necessarily a measurement of the Hamiltonian of the internal
system. It is not difficult to treat the case where J is
a continuous set, but to avoid mathematical difficulty, we
consider only the case where J is discrete. Since the heat
engine needs to satisfy the conservation law of energy, we
consider four kinds of energy-conservation laws for a CP work
extraction {£;,w;}je7s (Figs. 3 and 4). First, we consider the
weakest condition.

Definition 2 (level-1 energy-conservation law). The follow-
ing condition for a CP work extraction {€;,w} je 7 is called the
level-1 energy-conservation law. Any state p; on H; satisfies

TeHipr =y wiTei(pn) + Y TrH Ei(p), (1)
J J
where H; is the Hamiltonian of 7.

Since the level-1 energy-conservation law is too weak,
as explained later, we introduce stronger conditions with an
orthonormal basis {|x)}, of H; such that |x) is an eigenstate
of the Hamiltonian H; associated with the eigenvalue /. For

“Energy pure
/elgen state with /3

M) o | ererament
IQL @Tr[s (|l2)(= I]$ {lv) ([}

$ Outcome

EC Level 4
’U'j = hz - hy
Each value of wj is equal to the energy loss without error.
EC Level 3
P(k|z,y) = P(k) k:=hg—hy—
EC Level 2
P(k|z) = P(k)

v) ==Y P(klz,y)
Yy

FIG. 4. Level-2, -3, and -4 energy-conservation laws.
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this purpose, we introduce the spectral decomposition of H;
as H, = >, h Py, where P, is the projection to the energy
eigenspace of H; whose eigenvalue is /.

Definition 3 (level-4 energy-conservation law). A CP work
extraction {£;,w;};cs is called a level-4 CP work extraction
when

5j(nx) = Phxfw,-gj(nx)Phxfw_,v (2)

for any initial eigenstate IT, := |x)(x|. This condition is called
the level-4 energy-conservation law.

The meaning of (2) is that the resultant state mé’j(ﬂx)
must be an energy eigenstate with energy 4, — w; because the
remaining energy in the internal systemis 2, — w;. Thatis, the
level-4 energy-conservation law requires the conservation of
energy for every possible outcome j. One might consider that
the level-4 energy-conservation law is too strong a constraint.
However, as shown in Theorem 1, this condition holds if
and only if the natural energy-conservation law holds as the
dynamics between the internal system and the quantum storage
of the full quantum model, which can be regarded as the first
step of the measuring process in the indirect measurement
model (Definition 6) and the initial state for the quantum
storage is an energy eigenstate. Further, as precisely mentioned
in Lemma 12, when the level-4 energy-conservation law holds,
the measurement outcome precisely reflects the amount of
energy lost from the internal system. So such a CP work
extraction can be used for the purpose mentioned in the second
paragraph of the Introduction.

However, there is a possibility that the initial state of the
quantum storage is not an energy eigenstate. To characterize
such a case, we introduce intermediate conditions in between
the level-1 and level-4 energy-conservation laws. In Lemmas
4 and 8 we will clarify what physical situations in the indirect
model correspond to these two conservation laws.

Here, to introduce two other energy-conservation laws, we
introduce several notions for a CP work extraction {€;,w} je7.
Let the initial state on I be an eigenstate |x). After the CP
work extraction {£;,w;}je7, we perform a measurement of
{IT, :=|y){yl} on the resultant system 7{;. We obtain the
joint distribution P,y x(j,y|x) of the two outcomes j and y as

Pryix(j,ylx) = (yI€;TT1)]y). 3

Then we introduce the random variable K := hy — hy — wy
that describes the difference between the loss of energy and
the extracted energy. So we define the two distributions

Prx(klx) == )

Joyihy—hy—w;=k

Pxiyx(kly,x) := Z

Jiha—hy—w;=k

Pryix(J,yx), 4)
Pryx(jly,x), @)

where

) Pryix(j,ylx)
Pryx(jly,x) == - . (6)
nrx (Gl > Prvix(j'ylx)

Definition 4 (level-2 and -3 energy-conservation laws).
Now we introduce two energy-conservation laws for a CP work

extraction {€;,w;};jcs when the level-1 energy-conservation
law holds. When the relation Pk x(k|x) = Pkx(k|x") holds
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for k and x # x’, the CP work extraction {£;,w;} ey is called
a level-2 CP work extraction. Similarly, when the relation
PK‘yqx(kb),x) = PK|Y’X(k|y/,.X/) holds for k and (x,y) 75
(x',y"), the CP work extraction {£;,w;} ey is called a level-3
CP work extraction. These conditions are called the level-2
and -3 energy-conservation laws.

The level-4 energy-conservation law can be characterized
in terms of the distribution Pg|x. That is, a CP work extraction
{€j,w;}jes is alevel-4 CP work extraction if and only if

Py x (k|x) = b0 (7

for any initial eigenstate |x). So we find that the level-4
energy-conservation law is stronger than the level-3 energy-
conservation law. To investigate the property of a level-4
CP work extraction, we employ the pinching Py, of the

Hamiltonian H; = Y, hH, as

Pa,(p) =Y PapPh. ®)
h

Lemma 1. A level-4 CP work extraction {£;,wj}jcs
satisfies

P, (Ej(p) =Py, (E;(Py,(p)) = Ej(Py,(p). (9

That is, when we perform a measurement of an observable
commuting with the Hamiltonian H; after any level-4 CP work
extraction, the initial state P (p) has the same behavior as the
original state p.

If we measure the Hamiltonian H, 1, we have the same result
even if we apply the pinching P, before the measurement of

the Hamiltonian A,. Thus, due to Lemma 1, if we measure the
Hamiltonian H; after a level-4 work extraction {Ej,wiljes,
we have the same result even if we apply the pinching Pp,
before the level-4 work extraction {£;,w;}je7.

Proof. We employ the Kraus representation {A;;} of £;,

Eip) =" AjpAl,. (10)
!
Then, due to the condition (2), A;; has the form

Ajr=Y_Ajin (1n
h

where A, is a map from Im P, to ImP;_,,; and Im P, is the
image of Pj,. Thus,

PiEi(p) Py = E;(Prsw, P Pisw;) = PrE;(Pusw, P Prsw,;) Pa-
(12)

Taking the sum in 4, we obtain (9). |

Note that an arbitrary Gibbs state of a quantum system
commutes with the Hamiltonian of the quantum system. Thus,
when the internal system / consists of the systems in Gibbs
states, a level-4 CP work extraction gives the energy loss of /
without error.

We also consider the following condition for a CP work
extraction.

Definition 5 (CP unital work extraction). Consider a CP
work extraction {£;,w;};e7. When the CPTP map Zj E;is
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unital, namely, when

13)

Zgj(il) =1,
J

holds, we refer to the CP work extraction {£;,w;};cs as the
CP unital work extraction.

Because an arbitrary unital map does not decrease the
von Neumann entropy [53], the CP unital work extraction
corresponds to the class of work extractions that do not
decrease the entropy of /. That is, an arbitrary p; satisfies

ASp =S| Y Eipon) | = Sten) = 0

J

(14)

where S(p) := Tr[—p log p], and the base of the logarithmic
function is e throughout this paper. In contrast, we have the
following characterization of the entropy of the output random
variable.

Lemma 2. Let {€;,w;};c7 be alevel-4 work extraction. We
denote the random variable describing the amount of extracted
work by W. Then, for any initial state p; of the internal system,
the resultant entropy S[W] of the system W is

S[W] < 2logN, (15)
where N is the number of eigenvalues of the Hamiltonian H;
in the internal system.

One might consider that Lemma 2 is too weak to justify the
unital condition. However, as shown in Theorem 2, the unital
condition is a natural condition for CP work extraction.

Proof. Due to the condition for a level-4 work extraction,
for a possible w; there exist eigenstates x and x’ such that
w; = h, — h. Hence, the number of possible w; is less than
N?2. Thus, we obtain (15). [ ]

When a CP work extraction is level 4 as well as unital, we
refer to it as a standard CP work extraction for convenience
of description because Theorems 1 and 2 guarantee that these
conditions are satisfied under a natural setting as illustrated in
a Venn diagram (Fig. 5) of the CP work extractions.

AS, 20

errorless:

P, (klx)=
for Vx

5/(,0

error probability

mey(k|x,y)

does not depend on x

error probability

Py (klx)

does not depend on x
Energy conservation
EC) Level 1

CP-work extractions

TrH,p; = Y w,TrE] (p,)+ Y, TrH ! (p,)
J J

FIG. 5. Venn diagram of the CP work extractions.
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III. FULLY QUANTUM WORK EXTRACTION

Next we consider the unitary dynamics of a heat engine
between the internal system / and the external system E that
stores the extracted work from /. This dynamics is essential
for our CP work-extraction model as follows. Here the internal
system [ is assumed to interact only with E and the external
system E is described by the Hilbert space Hg and has the
Hamiltonian Hg. In relation to the CP work-extraction model,
this type of description of a heat engine is given as an indirect
measurement process that consists of the following two steps
[52]. The first step is the unitary time evolution U;p that
conserves the energy of the combined system /E and the
second step is the measurement of the Hamiltonian Hp. That
is, the second step is given as the measurement corresponding
to the spectral decomposition of the Hamiltonian Hy. While
previous works [35-43] have discussed the unitary time
evolution U;g with a proper energy-conservation law, the
relation with the CP work-extraction model was not discussed.

Definition 6 (fully quantum work extraction). Let us
consider an external system g with the Hamiltonian Hp =
Zjej hE, j Pg ;. Thenaunitary transformation U on H; @ Hg
and an initial state pg of the external system Hg give the CP
work extraction {£;,w;} e as

Ei(pr) ==TrgU(p; ® pp)UT(1; ® Pr ), (16)

w; = hE!j—TI‘I:IE,OE. (17)

The quartet F = (HE,ﬂ g, U,pg) is called a fully quan-
tum (FQ) work extraction. The above CP work extraction
{€j,wj}jes is simplified to CP(F). In particular, the FQ
work extraction F satisfying CP(F) = {£;,w;} ez is called
a realization of the CP work extraction {£;,w;} ;e 7.

Here any FQ work extraction corresponds to a CP work
extraction. Conversely, considering the indirect model for an
instrument model, we can show that there exists a FQ work
extraction F with a pure state pg for an arbitrary CP work
extraction {€;,w;}jes such that CP(F) = {&;,w;}jes [52]
(see also Theorem 5.7 in [54]).

Since the heat engine needs to satisfy the conservation law
of energy, we consider the following energy-conservation laws
for a FQ work extraction (HE,B?E, U,pE).

Definition 7 (FQ energy-conservation law). When a unitary
U is called energy conserving for the Hamiltonian H; and H,

[U,H; + Hg] =0. (13)

Then an FQ work extraction F = (HE,I:IE,U pE) is called
energy conserving when the unitary U is energy conserving
for the Hamiltonian H ; and H E.

The condition (18) is called the FQ energy-conservation
law. Note that the above condition does not depend on the
choice of the initial state pg on the external system. Indeed,
the condition (18) is equivalent to the condition

Tr(H; + He)U (o1 ® pp)UT
= Tr(H; + He)(pr ® pe)Vpr.pk. (19)

When we make restrictions on the state pg, the condition
(19) is weaker than the condition (18). For example, when
the condition (19) is given with a fixed pg, the CP work
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extraction CP(F) satisfies the level-1 energy-conservation
law. However, such a restriction is unnatural, because such
restricted energy conservation cannot recover the conventional
energy conservation. Thus, we consider the condition (19)
without any constraint on the state pg. Hence, we have
no difference between the condition (18) and the average
energy-conservation law (19) in this scenario. Indeed, if we
do not consider the measurement process on the external
system E, the model given in Definition 7 corresponds to
the formulations that are used in Refs. [37-43].

Here we discuss how to realize the unitary U satisfying
(18). For this purpose, we prepare the following lemma.

Lemma 3. For an arbitrary small € > 0 and a unitary U
satisfying (18), there exist a Hermitian matrix B and a time
to > 0 such that

Bl <€, U =explito(H; +Hg+ B).  (20)

Proof. Choose a Hermitian matrix C such that |C|| < &
and U = exp(iC). Since C and H; + Hr commute, we can
choose a common basis {|x)} of H; ® Hp that diagonalizes
C and H; + Hg simultaneously. For any 7, we can choose
a set of integers {n,} such that ||D;|| < w, where D := C —
t(H; + Hg) — >, 2mn,|x)(x|. Hence, the Hermitian matrix

J

Py x(k|x) = Z

Jyihy—hy—w;=k

= X

Jhye
hE,j’ = —k + TrHg pg

@ ¥

.j,:hE,j’:_k+Tr’:lEpE

= X

Jj'thg jy=—k+TrHgpg

= X

j’:hEA//:—k-&-TrI-?EpE

which does not depend on x, where (a) follows from the
combination of (21) and (22). |

The external system interacts with the macroscopic outer
system before and after the work extraction. So it is difficult to
set the initial state pg of the external system to a superposition
of eigenstates of the Hamiltonian I:IE. Hence, it is natural
to restrict the initial state pop to be an eigenstate of the
Hamiltonian A £. More generally, we restrict the initial state so
that the support of the initial state pg belongs to an eigenspace
of the Hamiltonian A E.

Now we have the following theorem.

Theorem 1. Let F = (HE,I:IE,U,pE) be an energy-
conserving FQ work extraction. Then the support of
the initial state pg belongs to an eigenspace of
the Hamiltonian Hy if and only if the CP work

PHYSICAL REVIEW A 95, 032132 (2017)

B := 1D satisfies both conditions in (20) with € = Z. So,
choosing ¢ large enough, we obtain the desired result. |

Due to Lemma 3, any unitary U satisfying (18) can be
realized with a sufficiently long time ¢ by adding the small
interaction Hamiltonian term B. Note that the interaction B
does not change in 0 < ¢ < fy. Thus, in order to realize the
unitary U, we only have to turn on the interaction B att = 0
and to turn it off at t = #5. From ¢ = Oto ¢t = t,, we do not have
to control the total system / E time dependently. Namely, we
can realize a “clockwork heat engine,” which is programmed
to perform the unitary transformation U automatically.

Now we have the following lemma.

Lemma 4. For an energy-conserving FQ work extraction
F = (HE,I:I £,U,pE), the CP work extraction CP(F) satisfies
the level-2 energy-conservation law.

Proof. For any j, due to the FQ energy-conservation law
(18), we can choose j’ such that

xlUTd; @ Pe ply) = (xI(1; @ Pe)UTly). 1)
Then the FQ energy-conservation law (18) implies that
he—hy—w; =h, —hy, —hg ; +TrHgpg
= —hg j+ TrHgpg. (22)

Hence, we can show that the distribution Pg|x—, does not
depend on x as follows:

TrU(M, ® pp)U(T, ® P& ;)

TeU (I, ® pp)(1; ® Pe UM, ® 1p)

TrU(T, ® pe)(1; ® Pe HUT(1; ® 1)
Tr(I, ® pe)(1; ® PE )

Trepe PEjs (23)

(

extraction CP(F) satisfies the level-4 energy-conservation
law.

Proof. The support of the initial state pr belongs to an
eigenspace of the Hamiltonian H. Due to the assumption, the
probability Trg pog Pg j» takes a nonzero value only in the case
when hp ;o = TrFIE pe. Due to (23), the above condition is
equivalent to the condition that the probability P x(k|x) has
nonzero value only when k = 0. Hence, we obtain the desired
equivalence relation. ]

Finally, we have the following characterization of the
entropy of the external system E.

Lemma 5. Let F = (HE,ﬁE,U,pE) be an energy-
conserving FQ work extraction. We assume that pp is a
pure eigenstate of Hy and that the external system 7y has a
nondegenerate Hamiltonian H E, 1.€., FIE => j h;I1;, where
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I1; := |j)(j|. Then the entropy of the final state in the external
system is

S(Tr;U(pr ® pp)U') < log2N, (24)

where N is the number of eigenvalues of the Hamiltonian H;
in the internal system.

Proof. Due to Lemma 1, this FQ work extraction generates
a CP work extraction satisfying the level-4 condition. So
Lemma 2 guarantees (15). Since Hy is nondegenerate, the
random variable W given in Lemma 2 satisfies

S[W]=S Z I, Tr; U(p;r ® pe)U'T,
J
> S(Tr;U(pr ® pp)UY). (25)
The combination of (15) of Lemma 2 and (25) yields (24). B

IV. SHIFT-INVARIANT MODEL

The above CP work extraction and fully quantum work
extraction are too abstract in comparison with the classical
standard formulation. Also, these models contain the case
when the dynamics of the internal system depends on the
state of the external system, which seems unnatural. To
discuss this issue, we recall the classical standard formulation
[7-11,13-18]. In this scenario, we consider an external agent
who performs the external operation as the classical time
evolution f of the internal system I (which usually consists
of the system S and the heat bath B). In this scenario, the
loss of energy of the internal system can be regarded as the
amount of extracted work due to the energy-conservation law.
That is, when the initial state of the internal system x and the
Hamiltonian is given as a function 4, the amount of extracted
work is h(x) — h(f(x)).

Note that the dynamics of the internal system does not
depend on the state of the external system in the classical
standard formulation. To discuss its quantum extension, we
introduce a classification of Hamiltonians. A Hamiltonian H;
is called a lattice when there is a real positive number d such
that any difference h; — h; is an integer multiple of d, where
{h;} is the set of eigenvalues of I—?,. When I:II is a lattice,
the maximum d is called the lattice span of H,. Otherwise,
it is called a nonlattice. In this section we assume that our
Hamiltonian H; is a lattice and denote the lattice span by & .
In the lattice case, using the external system E1 with a doubly
infinite Hamiltonian, Aberg (see Sec. II of the Supplemental
Material in [45]) proposed a model in which the behavior of
the heat engine depends less on the initial state of the external
system. The external system E1 looks unphysical, because
it does not have a ground state. When the dimension of the
internal system is finite, he also reconstructed the property
of E1 in a pair of harmonic oscillators (see Sec. IV-D in the
Supplemental Material in [45]). So we employ this definition
for the simplicity of mathematical use.

Although he discussed the catalytic property and the role of
coherence based on this model, he did not discuss the relation
with the CP work-extraction model. In particular, he did not
deal with the trade-off relation between the coherence and the
measurability of the amount of extracted work in this model
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because he discussed the average extracted work, but not the
amount of the extracted work as measurement outcome. In this
section we construct essentially the same model as Aberg [45]
in a slightly different logical step in the lattice case and call ita
shift-invariant model, while he did not give a clear name. Then
we investigate the relation with the CP work-extraction model.
In the next section we extend the model to the nonlattice case,
while he did not discuss the nonlattice case. Later we discuss
a trade-off relation.

Consider a nondegenerate external system E1. Let Hg;
be L%(Z) and the Hamiltonian Hg, be Zj hejljYee(j|. We
define the displacement operator Vg := Y j lj+ Dee(Jjl

Definition 8 (shift-invariant unitary). A unitary U on H; ®
‘H g is called shift-invariant when

UVg, = Vg U. (26)

Indeed, there is a one-to-one correspondence between a
shift-invariant unitary on ‘H; ® Hg; and a unitary on H;. To
give the correspondence, we define an isometry W from H; to

H; ® Her:

27)

hy
W= Zx: ‘_E>E ®I,.

Lemma 6. A shift-invariant unitary U is energy conserving
if and only if WU W is unitary. Conversely, for a given unitary
U; on H;, the operator

F[U;] := Z viwu,wiv,/
j

(28)

on H; ® Hg; is a shift-invariant and energy-conserving
unitary. Then we have

WIFIU W = U;. (29)

Notice that the right-hand side of (28) is the same as the
model given by Aberg [see (S9) of the Supplemental Material
in [45]].

Proof. The image of W is the eigenspace of the Hamilto-
nian H, + HEl associated with the eigenvalue 0. Then we
denote the projection on the above space by Fy. Hence,
the spectral decomposmon of the Hamiltonian H, + HE1
is > hgj VEIPOVE{ Since the unitary satisfies the shift-
1nvar1ant condition, the condition (18) is equivalent to the
condition PyU = PyU. The latter condition holds if and only
if WIUW is unitary.

When U; is a unitary on Hj, WU, Wt is a unitary on
the image of W. So the operator ), Vi, WU; W'V, on
‘H; ® Hp) is a shift-invariant and energy-conserving unitary.
Equation (29) follows from the constructions. |

Due to (29) in Lemma 6, we find the one-to-one corre-
spondence between a shift-invariant unitary on H; ® Hg;
and a unitary on H;. When the unitary U; is written as
Zm, Uy |x){x’], the unitary F[U;] has another expression

hy  hy

+ = - —> e(jl- (30)
E

F[U,]=Zux,x/|x><x/|®‘ Pl

Jox,x'

To consider such a case, we impose the following condition.
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Definition 9 (shift-invariant FQ work extraction). We call
an FQ work extraction (HE,ﬁ £,U, pg) shift invariant when
the following conditions hold.

Condition 1. The external system E is the nondegenerate
system E1, or the composite system of the nondegenerate
system E1 and a fully degenerate system E2. That is, the
Hamiltonian on the additional external system E2 is a constant.

Condition 2. The unitary U on (H; @ Hgz) ® Hg is shift
invariant and

We can interpret the shift-invariant FQ- work extraction as
the work extraction without memory effect when the external
system is in the nondegenerate external system Hg;. Let us
consider the situation that we perform CP work extractions
n times. In these applications, the state reduction of the
external system Hpg; is based on the projection postulate.
Let ,o(EU be the initial state on the external system Hgi,
which is assumed to be a pure state. We assume that the
initial state ,og‘) on Hg; of the kth CP work extraction is
the final state of the external system of the (k — 1)th work

J

Pgyix(k,ylx) = Z

Jihy—hy—w;=k

- ¥

Jihy—=hy—w;=k

@y

jhg j'=—k+TrHg pg

=(y|U;|x)|? >

PHYSICAL REVIEW A 95, 032132 (2017)

extraction. Other parts of the kth CP work extraction are the
same as those of the first CP vyork extraction. Hence, the kth
CP work extraction is (Hg,HE, pg(),U ). Generally, the FQ

work extraction (HE,I:IE, pg(),U ) depends on the state pg().
Namely, there exists a memory effect. However, when U is
shift invariant, the FQ work extraction does not depend on the
state pg‘). Then the memory effect does not exist. So we do
not have to initialize the external system after the projective
measurement on the external system.

Then the shift-invariant FQ work extraction can simulate
the semiclassical scenario in the following limited sense.

Lemma 7. Given an internal unitary U; and a state p; of
the internal system 7, in the shift-invariant FQ work extraction
F = (Hg,Hg,F[U,], pg) and the average amount of extracted
work is Tr,o;ﬁ, — TrU,pU;PAI,.

Further, the shift-invariant FQ work extraction yields a
special class of CP work extraction.

Lemma 8. For an energy-conserving and shift-invariant FQ
work extraction F = (Hg, A £,U, pg), the CP work extraction
CP(F) satisfies the level-3 energy-conservation law.

Proof. First, we consider the case when Hg = Hg;. Similar
to the proof of Lemma 3, we have

TrU(T, ® pp)UN(TT, ® 1) (j])
TrU(T1, ® pe)U (T, ® 1) (j1%)

T UM, ® 1) el i) G DU, @ 1p)]

where (a) can be shown by using relations similar to (21) and (22). Hence,

Py x(kly,x) =

which does not depend on x or y.

Next we proceed to the general case. Similarly, we can show that

Pyyix(k,ylx) = Z

Jihye—hy—w;=k

= (TrU; T, ® praU) Ty ® 112)

('1oeli’). (32)
j’:th’:karTrI:IEpE
> leelih, (33)
j'hg j'=—k+TrHg pg
TriU(T, ® pe2 ® pen)U' (T ® 122 ® 17) (1)
> Gleeli. (34)

Hence, we obtain (33). |

As a special case of Theorem 1, we have the following
lemma.

Lemma 9. Let F = (HE,I:IE,U,pE) be an energy-
conserving and shift-invariant FQ work extraction. Then the
support of the initial state pg belongs to an eigenspace of the
Hamiltonian Hp, if and only if the CP work extraction CP(F)
satisfies the level-4 energy-conservation law.

Lemma 10. For a level-4 CP work extraction {€;,w;} ez,
there exists an energy-conserving and shift-invariant FQ work

j/Ith’szJrTI‘[:[EpE

(

extraction F such that the support of the initial state pg
belongs to an eigenspace of the Hamiltonian Ay and CP(F) =
{&j wj}jes

Proof. We make a Stinespring extension (Hg2,U;g2,0E2)
with a projection-valued measure {E;} on Hg; of {£;,w;}e7
as follows:

Ei(pr) = TreaUrpa(pr ® pEZ)UITEz(iI ® Ej),

where {E;} is a projection-valued measure on Hg and pg
is a pure state. This extension is often called the indirect

(35)
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measurement model, which was introduced by Ozawa [52].
Here the Hamiltonian of H g, is chosen to be 0. Next we
define the unitary U on H; @ Hgr, @ Hgy as U = F[Ug2].
Here H g is defined as in the above discussion.

We define an energy-conserving and shift-invariant FQ
work extraction F = (H E,H E,U pg) with the above given U
as Hg := Hg1 ® Hga, He := Hgi, and pg == [0)(0]| ® pga.
Hence, the level-4 condition implies

Ei(p) = TreU(pr @ 0)(0| ® pe)UT(11p2 ® TT).  (36)

]
It is natural to consider that the state on the additional
external system E2 does not change due to the work extraction.
Hence, we impose the following restriction for the state on the
additional external system E2.
Definition 10 (stationary condition). A shift-invariant FQ
work extraction (H g, H £,U, pg)is said to satisfy the stationary
condition when the relations pg = pg; ® pg2 and

Triz1U (o1 ® pp)UT = pio (37)

hold for any initial state p; on H;.

Now we have the following theorem.

Theorem 2. Let F = (HE,I:IE,U,pE) be a stationary FQ
work extraction. Then the CP work extraction C P(F) satisfies
the unital condition (13).

Proof. First, we consider the case when Hg = Hg,. To
show the unital condition (13), it is enough to show that

Tr [¥7) (W | TrgU(I @ pp)UT = 1

for any pure state |y;) on H;. The shift-invariant property
(C1) implies that

(38)

0.0 ) = 0 IO VE 1x,— )
= (. J VAT U= )
= (y.—jlUIx,—j").

ey =X, bjli),

(39)
[Yr) =

When  pp = [Ye) (VEl, and

> axlx), we have [55]
Tr, Y ) (Y| Tre U ® pp)U
=D WiV ye) P

x,j

=212 d ) biy.JIUIx.J)
x,j |y J

—Z Z% Zb —jlUlx.—j")
= Zava Za‘yZb;w
J
=Yl ) b =1.
y J
Hence, when pg = Y, pi|¥E.1) Ve, we also have
Trp | ) (Y Tre U Q@ pp)U = 1.

a_lev_]>

(40)

(41)
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Next we proceed to the proof of the general case. The above
discussion implies that

i, 1w i, 1p
Trg U it U=+~ —=. @
- (d, ®d52®p51> Lo @)
The information processing inequality yields that
I; l1 1§:5)
(d1 ® PE2 d/ ® dEz>
i, T
D| Trg U d—®,0E2®,0E1 U
I
Trg U L ® Le 2 ® Ut
x Tr —
E1 d; di PE1
D<TFE1U<1—I ® pE2 ® /OE1> ‘ ® 2) (43)
d; di ~ dg

which implies that

~

1
S<TTE1U(d—’ ® pr2 ® PEI)UT> 2> logd; + S(pg2). (44)
1

Due to the condition (37), the reduced density operator

TrElU(ng; ® pe2 @ pe1)UTon E2is pg,. Under this condition,
we have the inequality (44). The equality in (44) holds only
when TrElU(gl—’ R P2 ® ,oEl)UT = :1_; ® pE2, which implies
the unital condition (13). [ |

Overall, as a realizable heat engine, we impose the energy-
conserving, shift-invariant, and stationary conditions to our FQ
work extractions. Also, it is natural to assume that the initial
state on E1 is an eigenstate of the Hamiltonian Hp| because
it is not easy to prepare a noneigenstate of the Hamiltonian
Hgi. Namely, we define the standard FQ work extraction as
follows.

Definition 11. When an FQ work extraction satisfies the
energy-conserving, shift-invariant, stationary conditions and
the condition that the initial state on E'1 is an eigenstate of
the Hamiltonian Hg;, we refer to it as a standard FQ work
extraction.

So for a standard FQ work extraction F, the CP work extrac-
tion CP(F) is a standard CP work extraction. In the following
we consider the set of standard FQ work extractions as the set
of preferable work extractions. Hence, our optimization will
be done among the set of standard FQ work extractions.

However, we can consider restricted classes of standard FQ
work extractions by considering additional properties. For a
standard FQ work extraction F = (Hg, A £,U,pE), we assume
that the external system H g consists only of a nondegenerate
external system Hg,. In this case, the corresponding standard
CP work extraction CP(F) depends only on the internal unitary
U =WUWT.

Definition 12. For the above given standard FQ work extrac-
tion F = (H £ Heg, U ,PE), the standard CP work extraction
CP(F) is called the standard CP work extraction associated
with the internal unitary U; and is denoted by CP(Uy).

Further, an internal unitary Uy is called deterministic when
(x|U;|x’) is zero or e’ for any x and x’. In the latter, a standard
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Shift-invariant

energy conservation law:

[U,H; + Hg] = 0

Stationary condition

PE is an energy pure eigenstate FQ-standard

FIG. 6. Venn diagram of the FQ work extractions.

CP work extraction associated with the deterministic internal
unitary plays an important role.

We illustrate a Venn diagram of the FQ work extractions
in Fig. 6 and classify the relationships among the classes of
the CP work extraction and that of the FQ work extraction in
Table I.

Finally, we consider the relation with the classical standard
formulation. In the shift-invariant unitary, if we focus on
the eigenstates, the state |i,j) can be regarded as being
probabilistically changed to |i’, j’) with the energy-conserving
law

hi +hgj=hy+hgj’, (45)

which is the same as in the classical standard formulation.
When we focus on the internal system, |i) is changed to
li"). So in the semiclassical scenario, they make a unitary
time evolution based on the states on the internal system.
However, the time evolution occurs between the internal and
external systems as |i,j) +— [i,j’) in the classical standard
formulation under the condition (45). So to consider its natural
quantum extension, we need to make a unitary evolution on the
composite system. That is, it is natural to add proper complex
amplitudes to the time evolution |i,j) > |i’,j’) so that it
forms a unitary evolution on the composite system. Hence, our
shift-invariant unitary can be regarded as a natural quantum
extension of the classical standard formulation because it is
constructed in this way.

One might consider that there is a cost for initialization
of the measurement. However, if we adopt the projection
postulate, this problem can be resolved when we employ a
shift-invariant model. The classical standard formulation does
not describe the dynamics of the external system, explicitly
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because the dynamics of the internal system does not depend
on the state of the external system. Similarly, under our
shift-invariant model, the dynamics of the internal system does
not depend on the state of the external system as long as the
initial state of the external system is an energy eigenstate.
When the projection postulate holds for our measurement, the
final state of the external system is an energy eigenstate, which
can be used as the initial state for the next work extraction.
In real systems, decoherence occurs during unitary evolution
such that the state of the external system becomes inevitably
an energy eigenstate.

Further, we should notice that the initialization of the
measurement is different from the initialization of the thermal
bath. In the finite-size setting, the final state in the thermal bath
is different from the thermal state in general. Hence, we need
to consider the initialization of the thermal bath. However, the
thermal bath is considered as a part of the internal system in
our model. So this problem is different from the initialization
of the measurement and will be discussed in [56].

Although we consider only the lattice case, in real systems,
there are so many cases with a nonlattice Hamiltonian. Our
discussion can be extended to the nonlattice case with a small
modification. Details are given in Appendix C.

V. TRADE-OFF BETWEEN INFORMATION
LOSS AND COHERENCE

A. Approximation and coherence

In this section we investigate the validity of the semi-
classical scenario [21-34] based on an FQ work-extraction
model. To discuss this issue, we first recall the semiclassical
scenario as follows. We consider that to extract work, an
external agent performs the external operation as the unitary
time evolution U; := T{exp[f —iH;(t)dt1} [T(---) denotes
the time-ordered product] on / by time-dependently varying
the control parameter of the Hamiltonian H;(¢) of the internal
system I, which usually consists of the system S and the heat
bath B. During the time evolution, the loss of energy of the
internal system is transmitted to the external controller through
the backreaction of the control parameter. So the energy loss
is regarded as the extracted work (see Sec. 2 in [21]). This
scenario is considered as a natural quantum extension of the
classical standard formulation [7].

In the semiclassical scenario, it is expected that the unitary
can be realized via the control of the Hamiltonian of the internal
system. Since the control is realized by the external system,
we consider that the work can be transferred to the external

TABLE I. Correspondence between FQ work extraction and CP work extraction, describing the type of CP work extraction that can be

generated by respective classes of FQ work extraction.

FQ energy FQ energy
conservation, FQ energy conservation,
PE 1S not an conservation, Stationary PE 18 an
CP(F) energy eigenstate shift invariant condition energy eigenstate
CP level 2 yes (Lemma 3) yes yes
CP level 3 yes (Lemma 4) yes
CP level 4 no (Theorem 1) yes (Theorem 1)
CP unital yes (Theorem 2)
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Detectability of work:

cylinder
lsystem

Heat bath

Internal

We measure
only here!

“Work” should be detectable
by measuring only on “weight”

FIG. 7. Concepts of the detectability of work.

system via the control. In this scenario, we expect that the time
evolution A of the internal system 7{; can be approximated
to an ideal unitary U;. That is, when we employ an FQ work
extraction F = (HE,I:IE,U ,PE), the time evolution A of the
internal system H; is given as A(p;) = TrgU(p; ® pE)UT.
To qualify the approximation to the unitary U;, we need to
focus on two aspects. One is the time evolution of basis states
in a basis {|x)}, diagonalizing the Hamiltonian H;. The other
is the time evolution of superpositions of states in this basis.
Usually, it is not difficult to realize the same evolution as that
of U, only for the former states. However, it is not easy to keep
the quality of the latter time evolution, which is often called
the coherence. Hence, we fix a unitary U; and we assume that
the CPTP map A satisfies the condition

(YIAQ) (xDly) = (YU x)x|U] 1)

That is, we choose our time evolution among CPTP maps
satisfying the above condition. Under the condition, the quality
of the approximation to the unitary U; can be measured by the
coherence of the CPTP map A. For a measure of coherence,
we employ the entropy exchange [57]

for any x,y. (46)

Se(A,pr) == S(A(P) (D)), 47)

where |®) is the purification of the state p; with the reference
system R. When a CPTP map A satisfies (46) and S.(A, p;) <
1, we say that A = Uj.

B. Expression of detectability of work in terms of correlation

On the other hand, we need to focus on another feature
of thermodynamics, i.e., the detectability of work (Fig. 7).
In standard thermodynamics, we can measure the amount of
extracted work by measuring only the work storage system,
e.g., the weight. In order that the heat engine works properly as
energy transfer from a collection of microscopic systems to a
macroscopic system, the amount of extracted work needs to be
reflected to the outer system that consists of the macroscopic
devices. Hence, the amount of energy loss in the internal
system is required to be correlated to the outer system. So
we can measure the detectability of work by the correlation
between the external system E after energy extraction and the
energy loss in the internal system /. In Fig. 8 the former is
expressed as A and the latter as B. Our purpose in this section is
to show a trade-off relation, which indicates the impossibility
of the detection of work under the condition A & U;. Namely,
when A =~ Uj, the correlation between A and B in Fig. 8§ is
close to zero.

PHYSICAL REVIEW A 95, 032132 (2017)

WhenA ~ Uy,
the correlation between A and B is close to 0:

A: The energy difference of
these two states

- @RMen

B: measurement
outcome on this state

FIG. 8. Concept of our trade-off relation.

Tr;[U(pr ® |9)(91£)UT].

Here of' =

In order to show the trade-off relation, we employ the
purification |®) of the state p; with the reference system
R, which satisfies Tr;[|®)(P|] = Trg[|P)(P|] = p;. Then we
can interpret R as a kind of memory and translate the energy
loss of I during the time evolution A into the energy difference
between [ and R after the time evolution (Fig. 9). We also
employ the initial state pg on the external system E. Here we
take the external system to be large so that the time evolution
on the joint system of I and E can be regarded as a unitary U
on I E and the state pg is a pure state |¢g). In the following,
we denote the initial state |D,¢g)(D,¢g| of the total system
H; ® Hr ® HE by p;re. Then we denote the resultant state
U|®,¢£){(P,¢£|UT by pj -

To determine the amount of energy lost from the internal
system, we consider a measurement of the observable H; —
Hpy on the joint system I and R after the time evolution A
(Fig. 10). That is, by using the spectral decomposition H; —
Hp = Y. 2F., we define the final state p%; on H; ® Hg by

Php =Y 12)22(zl ® TrirFepjgp. (48)

z

Here the random variable Z takes the value z with probability
P7(2) := Trp) g F; = TrA(|P)(P|)F,. When the outcome Z
is z, the resultant state on E is pg\z=z = #(Z)TrIR,o;REFZ.
So the correlation between the external system E and the
amount of energy loss can be measured by the correlation
on the state pz p. Although this scenario is based on a
virtual measurement, this interpretation will be justified by
considering the situation without the purification in the
following lemma.

Energy difference between them _ Energy d|fference between them

,0}— ?(PI
o0
los) W8 0% |¢E
PLEE pIIRE
Trr[|@)(@|] = Trr[|®)(®]] = p1

FIG. 9. We can translate the energy loss of / during the time
evolution A into the energy difference between / and R.
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19)17 uml
|oE) u

Hp—Hy =Y zF,

z

Measurement

M(E2)d )

Anpqeqoud jeaisse|d

When A & Uy holds,
I p(z,j)}is close to zero

Because of IP(Z,j) <Iy,s (Z : E)for an arbitrary measurement
we only have to show [p” - (Z : E) close to zero.

FIG. 10. Schematic diagram of the formulation.

Lemma 11. We consider the case when the eigenstate [ ;)
is generated with probability P4(a). Measuring the Hamilto-
nian H, = >, h Py after the time evolution A, we obtain the
conditional distribution Pya(hla) := TrPy A(|Y1,q) (Y14l
Then we choose the state p; to be

pr =) Pa@Y1.a)(Wr.al- (49)

Under the joint distribution Py 4(h,a) := Pyja(hla)Pa(a), the
amount (w,,aII-AI 1|¥1.4) — h of energy lost takes values z with
the probability Pz(z). That is,

> Pya(h,a) = Py(2). (50)

hoa:(Yr.al Hi1V1a)—h=z

Since the proof of Lemma 11 is trivial, we skip its proof.
Lemma 11 guarantees that the probability distribution Pz(z)
is the same as the work distribution defined in [33] under
its assumption. When p; commutes with H;, we can take
the above eigenstate |/ ,) and a probability distribution Py
satisfying the above condition (49). Also, when the state p; is
a Gibbs state or a mixture of Gibbs states, the state p; satisfies
the condition in Lemma 11. Hence, it is suitable to consider
the distribution P, of the amount of energy lost in this case.

Here we employ two measures of the correlation. One of
the measures is the mutual information

1, (Z; E) := D(p} 10y © p7)

(a)
= S(pp) — Y P2()S(pfy7=.) > S(p})

Z

= S(A(|P) (D)), GD

where D(t||o) := Trr(log t — log o). Here the equality in (a)
holds if and only if the state pgl z—. is pure for any value z
with nonzero probability Pz(z). The information processing
inequality for the map |z)(z| = pf,_, yields

1y, (Z: E) < S(P7). (52)

In particular, the equality in (52) holds in the ideal case,
i.e., in the case when the states {,og| 7—.}. are distinguishable,
ie., Trog ;- Pk 7=, = 0forz # 7 with nonzero probabilities
Pz(z) and Pz(7). For example, when U satisfies the energy-
conservation law (18), the initial state of the internal system
commutes with the internal Hamiltonian H;, and the initial
state of the external system is an energy eigenstate, this
conditions holds because the energy of the final state of the
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external system precisely reflects the loss of energy of the
internal system. So the imperfectness of the correlation for the
decrease of the energy can be measured by the difference

(Z;E) := S(Pz) — 1,3, (Z; E). (53)

PzE

Al

PzE

C. Trade-off with imperfection of correlation

Many papers studied trade-off relations between the ap-
proximation of a pure state on the bipartite system and the
correlation with the third party E. In particular, since this kind
of relation plays an important role in the security analysis
in a quantum key distribution (QKD), it has been studied
mainly by several researchers in a QKD and related areas
with various formulations [see, e.g., Sec. V C in [57], (21) in
[58], Theorem 1 in [59], Lemma 2 in [60], Theorem 2 in [61],
and [62,63]].

However, these trade-off relations are not suitable for our
situation. So we derive two kinds of trade-off relations with
the imperfectness of correlation, which are more suitable for
our purpose.

Theorem 3. The amount of decoherence S,.(A,p;) and the
amount of imperfectness of correlation Al (Z; E) satisfy
the following trade-off relation:

Se(A,pr) + Al (Z3 E) = S(Pz). (54

E

The equality holds if and only if the state pgl 7—. 1S a pure state
|VE|z=;) for any value z with nonzero probability Pz(z). In
this case, we have

So(Apr) = 1y, (Z:E) = S(Z Pz<z)|wfz=z><wm=z|>.

(55)
Proof. Since (51), (47), and (53) imply
Se(A,pr) + Al

1 (ZyE) = S(Py) — 1y, (Z; E) + S(p}p)

= S(Py) + Z Pz(2)S(Pf 7—.)

= S(Pz), (56)

the equality holds if and only if the state pg‘ 7—. is pure for any
value z with nonzero probability Pz(z). In this case, we have
pp =Y. P2(D\WEiz=:) (W2, which implies (55). W

Due to the relation (54), when the imperfectness
AIPQE(Z ; E) of the correlation is close to zero, the amount
of decoherence S.(A,p;) is far from zero. So the coherence
cannot be kept in this work-extraction process. That is, the
unitary U; cannot be approximated by the actual time evolution
A. On the other hand, when the amount of decoherence
Se(A,pp) is close to zero, the imperfectness Aly (Z; E)
of the correlation is far from zero. In this case, the perfect
approximation is realized although the external system has
almost no correlation.

In the current discussion, we deal with a general framework
for the ensemble of initial states of the internal system. In
practice, it is quite difficult to realize an arbitrary distribution
of the initial state. However, without requiring the realization
of an arbitrary distribution, we have a realistic example to
derive a contradiction for the semiclassical model. That is, in
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such a desired example, if the coherence is kept, which is the
requirement of the semiclassical model, we cannot detect the
amount of extracted work precisely. To give such an example,
itis sufficient to consider an ensemble whose entropy is greater
than log 2. For example, a useful internal state (in which work
extraction is possible) occurs with probability % and a useless
internal state (in which work extraction is impossible) occurs
with probability %, i.e., with probability %, we cannot extract
work from the initial state. In this example, when the amount
of decoherence S,(A,py) is close to zero, the imperfectness
Aly, (Z; E) of the detection of the amount of extracted work
is close to log 2, which is far from zero. Since such an ensemble
is possible in the real world, this example shows that the
semiclassical model is not suitable for the model of a heat
engine because we cannot detect the amount of extracted work
precisely.

D. Shift-invariant model

Next we consider how to realize the case when the amount
of decoherence S.(A,p;) is close to zero. The following
theorem is the solution to this problem, which will be shown
in Appendix B 4.

Theorem 4. We assume the shift-invariant model without
an additional external system. When

We) =Y _ VPGl (57)
J

—— if|j| <m
P(j)= 2m+1 ~ 58
s {O otherwise, (58)
Pz(hgj) =0 if|jl =1, (59)

we have

S.(Aupr) < h| 2" LY
APD S e T T \am 1

I I\ 5
+[22m+1 B <2m+1) }log(d’ 1) €0

So when m is sufficiently large, the quality of approximation
is very small under the shift-invariant model without an
additional external system. That is, a large superposition
enables us to keep coherence. This consequence is qualitatively
consistent with the conclusion in [45] (see Proposition 2 of the
Supplemental Material therein), which assesses the quality of
the approximation with the trace norm unlike Theorem 4.

E. Trade-off under CP work extraction

In Sec. V C we discussed the trade-off relation between the
imperfectness of correlation and the quality of approximation
under an FQ work extraction. In this section we discuss the
trade-off relation under a CP work extraction G := {&;,w;};
on the internal system 7 ; with the Hamiltonian A ;. To discuss
the trade-off relation, in the internal system H;, we consider
the internal unitary U; to be approximated and the initial
mixed state p; is assumed to commute with H;. To quantify
the approximation, we employ the measure S,(>_ j Ei,pr).
To evaluate the imperfectness of correlation, we consider the
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purification |®) of p; and introduce the joint distribution Pzy
as

Prw(zw) = Y Trp&;(I@)PDF.,  (61)

Jiwj=w

where the projection F, is defined in the same way as in
Sec. VB. Then we employ the measure Alp, (Z; W) :=
S(Pz) — Ip,,(Z;W). Since the measurement outcome
precisely reflects the decrease in energy of the internal system
in a level-4 energy CP work extraction {£;,w;};, we have the
following lemma.

Lemma 12. For a level-4 energy CP work extraction
{€j,w;};, the relation Alp,, (Z; E) = 0 holds for any internal
state p; that commutes with A 7.

This lemma shows that a level-4 energy CP work extraction
satisfies our requirement explained in the Introduction. As a
corollary of Theorem 3 we have the following, by virtually
considering the indirect measurement.

Corollary 1. Given a CP work extraction {€;,w;};, the
amount of decoherence S,(> j &j,pr) and the amount of
imperfectness of correlation Alp,,(Z; E) satisfy the following
trade-off relation:

Se| Yo &ipr | + Alp, (Z;W) = S(P2).  (62)
J

Proof. Notice that Theorem 3 does not assume any energy-
conservation law. Then we take a Stinespring representation
(Hg,U,pe) with a pure state pg of {£;,w;}cs as follows:

Eilp) =TrgUp(p; ® IOE)UITE(TI ® E)), (63)

where {E;} is a projection-valued measure on Hg. Notice
that (Hg,U,pg) is an FQ work extraction. Here we do not
care whether the FQ work extraction satisfies any energy-
conservation law. Then we apply Theorem 3. Since the
information processing inequality for the relative entropy
yields I,y (Z;E) > Ip,,(Z; E), the relation (54) implies
(62). ]

Further, we have the following corollary.

Corollary 2. When Alp, (Z; E) = 0, we have

Se| D_Ejopr | = S(Py). (64)
J

The combination of this corollary and Lemma 12 shows that
the dynamics of a level-4 CP work extraction is far from any
internal unitary.

VI. OTHER CONSEQUENCES OF OUR FORMULATION
AND RELATION TO OTHER FORMULATION

Finally, we discuss the relation to other formulations. While
we have introduced four kinds of energy-conservation laws
for measurement-based work extraction, a level-1 CP work
extraction can be mathematically regarded as an average work
extraction [35] as follows. In Sec. IT A 2 in [64] we formulated
the average work extraction by using the CPTP map on the
internal system in an implicit treatment of the external work
storage. For a given level-1 CP work extraction {£;,w;}jc7,
we define a CPTP map ) j &;, which gives an average
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work extraction with implicit treatment of the external work
storage. Hence, any level-1 CP work extraction can be treated
as an average work extraction. Thus, any model in our paper is
mathematically a part of average work extraction with implicit
treatment of the external work storage. Since the optimal
efficiency of an average work extraction asymptotically equals
the Carnot efficiency [36,43,64], the efficiency of any our
model does not exceed the Carnot efficiency.

Now we discuss the detailed relation with existing models.
While our measurement-based model for work extraction
treats energy transfer from a collection of microscopic systems
to a macroscopic system, our model can treat energy transfer
in the microscopic scale as follows. As shown in Lemma
10, a level-4 CP work extraction can be extended to an
energy-conserving and shift-invariant FQ work extraction,
which is the same as in [45]. Conversely, as shown in Lemma 3,
an energy-conserving FQ work extraction can be converted to
a level-2 CP work extraction. In particular, the combination of
Theorem 1 and Lemma 10 shows that a shift-invariant model
up to the second order with an initial energy eigenstate pg
on the external system is equivalent to a level-4 CP work
extraction.

Another paper by the present authors [64] derives the
higher-order expansion of the optimal efficiency under average
work extraction with implicit treatment of the external work
storage while its first order equals the Carnot efficiency.
Furthermore, it was shown that the optimal efficiency can
be attained by a shift-invariant model with an initial energy
eigenstate pp on the external system up to second order.
In summary, even in any of our four models, the optimal
efficiency asymptotically has the same value up to higher order,
whereas the first-order coefficient is the Carnot efficiency. This
fact shows the adequacy of our models.

As another problem one might consider a serious increase
of the entropy due to the measurement. However, the increase
is not so serious as follows. In Sec. 4 of Ref. [64] it is shown
that we can give a concrete protocol that extracts energy with a
negligibly small increase of entropy, while the protocol attains
the optimal efficiency. In Sec. 4 of Ref. [64] we translate the
implicit formulation of an average work extraction into the
explicit formulation with an external work storage by using
the translation between the direct measurement and the indirect
measurement. Then we calculate the ratio of the energy gain
to the entropy gain in the external work storage and show that
the entropy-energy ratio of the work storage goes to 0 in the
macroscopic limit.

VII. CONCLUSION

In the present article, to expand the area of quantum
thermodynamics, we have discussed quantum heat engines as
work-extraction processes in terms of quantum measurement.
That is, we have formulated work extraction as a CP instrument
when discernible energy is transferred from a collection of
quantum systems to a macroscopic system. Our formulation is
so general as to include any work extraction that has equipment
to assess the amount of the extracted work when we extract
energy to a macroscopic system. We also have clarified the
relationships between the fully quantum work extraction and
the CP work extraction in our context.
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Moreover, to clarify the problem in the semiclassical
scenario, we have given a trade-off relation for the coherence
and information acquisition for the amount of extracted work.
The trade-off relation means that we have to demolish the
coherence of the thermodynamic system in order to know the
amount of extracted energy. Further, we have pointed out that
our shift-invariant unitary is a natural quantum extension of
the classical standard formulation rather than the semiclassical
scenario at the end of Sec. IV. In summary, these results imply
the incompatibility of the coherence of the internal system and
information acquisition for the amount of extracted work. That
is, when the time evolution of the internal system is close to
unitary, we cannot know the amount of extracted work.

In the Appendixes we also show the reduction to the
classical model. When the initial state of the internal system
commutes with the Hamiltonian, any CP work extraction
can be simulated by a classical work extraction in the
nonasymptotic sense, whose detailed definition is shown in
the Appendixes. This conversion is helpful for analyzing the
performance of the work-extraction process. This property
is employed for derivation of optimal efficiency with the
asymptotic setting in another paper [64].

A reader might raise the following question for our
formulation as follows. Although this paper requires the dis-
tinguishability of the amount of extracted work, it is sufficient
to recover this property only within the thermodynamic limit
because the identification of the amount of extracted work is a
classical task. Hence, we do not need to employ measurement
to formulate the quantum heat engine. However, this idea is not
correct for the following two reasons when we extract energy
from a collection of microscopic system to a macroscopic
system.

First, our trade-off relation between the coherence and
the distinguishability holds independently of the size of the
system. So even though we take the thermodynamic limit, we
cannot resolve this trade-off. So to keep the distinguishability
of the amount of extracted work even with the thermodynamic
limit, we need to give up the description by the internal
unitary. Second, to avoid the distinguishability, we can employ
a scenario that the extracted work is autonomously stored in
a quantum storage [35-42,65,66]. (The word “autonomous”
is used in Refs. [65,66], for example.) This scenario works
well when we extract energy from a microscopic system to
another microscopic system. However, when we extract energy
from a collection of microscopic systems to a macroscopic
system, even in this scenario, we ultimately consume the work
stored in the quantum storage. In the consuming stage, we
have to consider the distinguishability of the amount of work
extracted from the quantum storage. Therefore, we cannot
avoid distinguishing the amount of extracted work. That is,
the solution depends on the situation and the measurement is
inevitably essential for a proper formulation of the quantum
heat engine in our situation.
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APPENDIX A: ORGANIZATION OF THE APPENDIXES

Before starting proceeding, we briefly explain the organi-
zation of the Appendixes. In Appendix B we give a discussion
similar to Sec. V based on the fidelity instead of the entropic
quantity. Although the fidelity requires a more complicated
discussion, it provides tighter evaluation for the coherence
of the dynamics. Further, using the discussion based on the
fidelity, we give a proof of Theorem 4. Since this discussion
needs several technical lemmas, they are given in Appendix E.

In Appendix C we extend the discussion for the shift-
invariant model in Sec. IV to the case with a nonlattice
Hamiltonian. In Appendix D we discuss the relation between
classical work extraction and quantum work extraction. In-
deed, the model of quantum work extraction is more compli-
cated than that of classical work extraction. This difficulty is
mainly caused by the effect of coherence. Hence, Refs. [67,68]
proposed how the classical model is close to the quantum
model. Although this problem is not directly related to the main
issue of this paper, it is nevertheless important, Appendix D
gives the answer to this question in the nonasymptotic setting.

APPENDIX B: APPROXIMATION TO
THE INTERNAL UNITARY

1. Approximation and coherence

In this section, as another measure of coherence, we focus
on the entanglement fidelity

Fol(AUp.pr)? == (QIUJA(®)N (@)U, |®).  (BI)

When the initial state |y,) is generated with the probability
P4(a), namely, when p; = > Pa(a)|¥r4)(¥14] holds, the
entanglement fidelity F,(A,U;,pr) characterizes any average
fidelity as

Fo(AULp) <) PA@)(Yal U} AYa) (Ya DU [Yra). (B2)

Since this value is zero in the ideal case, this value can be
regarded as the amount of disturbance by the time evolution
A. This quantity satisfies the quantum Fano inequality [see
[57] and (8.51) in [69]]

Se(A,pr) = Se(Ayi o Apr)
< W(F.(A UL, p0)?) + [1 — F(A,Ur,p1)*]

x log (d; — 1), (B3)

where AU; (p) := U;pUI. Since this value is also zero in the

ideal case, we consider that this value is another measure of
the disturbance by the time evolution A.
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2. Correlation with external system

Next we discuss the correlation with the external system by
using the fidelity. We notice another expression of /,; (Z; E)
as

I, (Z: E) = min D(pg||p} ® o). (B4)
E

Following this expression, we consider the fidelity-type mutual
information as

Irpy (Z:E) := —log max F(pyp.py ® 0F). (B5)

We can show the following theorem.
Theorem 5. The relations

Iy, (ZiE) = —10g Y P2(2)P2(<VF (0} 7 P 7=)

< 52(Pz) (B6)

hold, where S»(Pz) := —log) . P7(z)>. The equality holds
when the states { pg‘ 7—. )z are distinguishable.

Theorem 5 follows from a more general argument,
Lemma 21 in Appendix E.

Since the equality in (B6) holds in the ideal case, we intro-
duce another measure of the imperfectness of the correlation
for the decrease of the energy as

Alp oy (23 E) i= $2(Pz) — Ir py, (Z; E). (B7)

Lemma 13. Let F = (Hg,Hg,U,pg) be an FQ work
extraction. Assume that p; is commutative with A;. When the
CP work extraction C P(F) is a level-4 CP work extraction,
the states {pj, ,_.}. are distinguishable.

Proof. Let wy be the eigenvalue of the Hamiltonian
associated with the state pg. Then

Tero+Z’pg|Z:z = az,z" (B8)

Hence, the states {,ogI 7. are distinguishable. |

Remark 1. We should note the relation between the fidelity-
type mutual information /r ,;, (Z; E) and an existing mutual
information measure. A different type of quantum Rényi
relative entropy Da(r||o) was introduced [70,71]. When the
order is %, it is written as

Di(t|lo) = —2log F(t,0). (B9)
Using this relation, Refs. [70,72,73] introduced the quantity
Iy, ,(Z; E) with general order « by

lep(Z; E) := min Du(pllpz ® o%), (B10)

whose operational meaning was clarified by [74]. So our
fidelity-type mutual information I ,(Z; E) is written as

2p o (Z;E) =11 (2, E). (B11)

3. Trade-off with imperfection of correlation

We derive the fidelity version of the trade-off relation with
imperfectness of correlation. To give this kind of trade-off
relation, we prepare the isometry V; gz fromH; ® HrtoH; ®
H R H Z.

Virz =Y _12) ® F.. (B12)
4
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Then we define the distribution

Py(z) = (®IU] F.U;|®) (B13)
and the pure states [z ,—.) and |1Z/}/R\Z=z) by
VirzUs|®) = Y 3 P2 1r17=2,2), (B14)
Zz
(B15)

VirzU|®WE) = Y VP22V kpiz—a02)-

Theorem 6. The quality of the approximation F,(A,Uy,p;)
and the amount of imperfectness of the correlation
Alp py, (Z; E) satisty the following trade-off relation:

—log Fo(A,Ur,p1) + Alp,pp (25 E) 2 $:(P7),

. (B16)

i.e.,

—log Fo(A, Uy, p1) 2 Ir,py,(Z; E). (B17)

The equality holds if and only if P, = Pz and there exist pure
states |1//g|Z:Z> such that |1/f}’RE|Z=Z) = |¢;’R‘Z=Z,wglzzz) and
(¢g|z:2/|wg|zzz> > 0:

—log Fo(A,Up,p01) = IF py, (Z; E)
= — logZPZ(Z)PZ(Z/)<I/fE\Z:z|1/IE\Z:Z/)‘

o
2,2

(B18)

Proof. F(U®N@IU. 0}g) = F(Vz1rUs|®)
(D] U,T VZT,R, VzirP] g VZT,R), the inequality (B16) is equivalent
to

Since

F(VzirUl | ®N®IUVS e Vairpl Vi o)

< max F(pyp.py Q OF). (B19)
E
So the desired argument follows from Lemma 22 in
Appendix E. ]
Here it is better to explain the difference between
Theorems 6 and 3. Theorem 3 gives the relation between the
decoherence S, (A, p;) and the imperfectness of the correlation
Aly,, (Z; E); it does not require any relation with the internal
unitary U;. To derive a relation with the approximation, we
employ the quantum Fano inequality (B3). However, Theorem
6 directly gives the relation between the approximation
—log F.(A,Uy,p;) and the imperfectness of the correlation
Alr p,(Z; E). Hence, it requires the condition (B13).

4. Shift-invariant model

Next we consider how to realize the case when the amount
of decoherence — log F.(A,Uy,p;) is close to zero and show
Theorem 4. For simplicity, we consider this problem under the
shift-invariant model without an additional external system. In
the shift-invariant model, once we fix the energy-conservative
unitary operator F[U;] on H; ® Hg according to (28), the
assumption of Theorem 6 holds and the distribution Pz
depends only on the initial state p; on the system /. That
is, Pz does not depend on the initial state |{/g) on the external
system E. In this case, we have

[VEIZ=hsj) = VI VE). (B20)
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In particular, when |V g) = Zj V' Py(j)|j), the equality con-
dition holds in the inequality (B16). Theorem 6 implies that

_log Fe(AaU]HOI)

= Ip py,(Z;E)
= —log ) Pz(2)P2(2) Y VPiG)WPiGG+2—2).
2,7 J
(B21)
For example, when
1 . .
. sarr LI <m
P(j) =2 B22
1) {O otherwise, ( )
Pz(hgj) =0 ifl|jl >1, (B23)
we have
- log Fe(AaUlapI) = IF,,O%E(Z; E)
l
< —log(1- < .
o8 ( 2m + 1) 2m +1
(B24)

Hence, applying (B3), we have

/ 2
Se(A,pr) < h<<1 T 1) )

i I 2
= nl2 _
2m + 1 2m+ 1

I i 2
2 — log (d? — 1).
+|:2m+1 (2m+1>:|0g(1 )

(B25)

Hence, we obtain Theorem 4.

5. Trade-off under CP work extraction

In Appendix B3 we discussed the trade-off relation between
the imperfectness of the correlation and the quality of the
approximation under an FQ work extraction. In this section
we discuss the trade-off relation under a CP work extraction
G := {&£;,w,}; onthe internal system 7; with the Hamiltonian
ﬁ,. To discuss the trade-off relation, in the internal system
‘H;, we consider the internal unitary U; to be approximated
and the initial mixture state p; is assumed to be commutative
with H;. To qualify the approximation, we employ the
measure F,()_ ; E;,Ur,pr). To evaluate the imperfectness
of correlation, we consider the purification |®) of p; and
introduce the joint distribution Pzy as

Pzw(zw):= Y TreE;(|O)(PDE,

Jiwj=w

(B26)

where the projection E, is defined in the same way as in
Sec. VB. Then we employ the measure as Al p,, (Z; W) =
$2(Pz) — I, p, (Z; W).
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As a corollary of Theorem 6, we have the following.

Corollary 3. Given a CP work extraction {£;,w;};, the
quality of the approximation F,(}_ ; €;,Ur,pr) and the amount
of imperfectness of the correlation Alr p,,(Z; E) satisfy the
following trade-off relation:

—log Fe| Y & Urpr | + Alr.p, (Z: E) > $1(Py).
j

B27)

Proof. Notice that Theorem 6 does not assume any energy-
conservation law. Then we take a Stinespring representation
(Hg,U,pg) with a pure state pg of {€j,w;};c7 as

Eilpn) =TreUrp(pr ® ,OE)UITE(L ® Ej),

where {E;} is a projection-valued measure on Hg. No-
tice that (Hg,U,pg) is an FQ work extraction. Here we
do not care whether the FQ work extraction satisfies any
energy-conservation law. Then we apply Theorem 6. Since
information processing inequality for the fidelity yields
that I,y (Z; E) > I p, (Z; E), the relation (B16) derives
(B27). ]

Further, we have the following corollary.

Corollary 4. Assume that p; is commutative with ﬁ,.
For a level-4 CP work extraction {£;,w;};, Alp, (Z; E) =
Alfr p,,(Z; E) = 0. So we have

(B28)

—log F, ZE_/,UI,,OI Z $2(Pz).
J

(B29)

This corollary implies that the dynamics of a level-4 CP work
extraction is far from any internal unitary.

APPENDIX C: SHIFT-INVARIANT MODEL
WITH A NONLATTICE HAMILTONIAN

Now we show that our discussion for the shift-invariant
model in Sec. IV can be extended to the case with nonlattice
Hamiltonians H;. In this case, we cannot employ the space
L?(Z) for the nondegenerate external system E 1. One idea is
to replace the space L*(Z) by the space L?(R). However, in
this method, to satisfy the condition (7) with the measurement
of the Hamiltonian Hp;, we need to prepare the state whose
wave function is a § function. To avoid such a mathematical
difficulty, we employ another construction of the nondegener-
ate external system E'1.

Let {h;} be the set of eigenvalues of H,;. We choose the set
{hE 1}l satisfying the following. (i) When rational numbers
f1,...,0p satisfy ZIL:I fihg,; = 0, the equality #; = 0 holds
for all L. (ii) Here {h; — h;}ij C {> 1, nihg.i}ncz. Then we
choose Hp to be L%2(Z)®L and the Hamiltonian ﬁEl to be
Y heji et he gl o) G el

As in the lattice case, the external system E 1 does not have
a ground state. Because E1 in the present case is composed
of L ladder systems, we can reconstruct the property of
E1 in L pairs of harmonic oscillators (see Sec. IV of the
Supplemental Material in [45]). Then a shift-invariant unitary
is defined as follows. We define L displacement operators
Ve = Zj |j 4+ 1)g£(j| on the [th space L*(Z).
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Definition 13 (shift-invariant unitary). A unitary U on H; ®
‘H g is called shift invariant when

UVeip = Ve iU (CD

forl=1,...,L.
Then the definition of F[U;] is changed to

FIU = Y (®k, Vi )WUWH ek, Vi) ©2)

Jiseees JL

Under this replacement, we have Lemma 6. Other definitions
and lemmas in Sec. IV work with this replacement.

APPENDIX D: CLASSICAL WORK EXTRACTION

1. Formulation

Here we consider again the relation with work extraction
from a classical system. Since the original Jarzynski formula-
tion [12] considers only the deterministic time evolution, we
need to give a formulation of probabilistic time evolution in
the classical system as an extension of Jarzynski’s formulation.
That is, our formulation can be reduced into the probabilistic
work extraction from the classical systems, which is defined
as follows.

Definition 14 (classical work extraction). We consider a
classical system X and its Hamiltonian, which is given as a
real-valued function A x on X'. We also consider a probabilistic
dynamics T'(x|x’) on X, which is a probability transition
matrix, i.e., > T(x|x") = 1. We refer to the triplet (X, hx,T)
as a classical work extraction.

This model includes the previous fully classical scenario
[12-18,22], in which we extract work from classical systems.
For example, the setup of the Jarzynski equality [12] is a
special case that T'(x|x’) is invertible and deterministic, i.e.,
T(x|x") is given as 8, s with an invertible function f. We
call such a transition matrix invertible and deterministic. In
this case, the transition matrix 7 is simply written as f,. That
is, for a distribution P, we have

F(P)(x) = P(f~'(x)). (D1)
Notice that the relation
(8 0 [)u(P) = gu(fu(P)) (D2)

holds. When the transition matrix T is bistochastic, i.e.,
>, T(x|x) =1, there exist a set of invertible functions f;
and a distribution P (/) such that T =", P.(I) fi, i.e.,

T(x|x") = Z Pr(D)dx, fi(x- (D3)
1

This relation means that a bistochastic transition matrix 7' can
be realized by a randomized combination of invertible and
deterministic dynamics.

Under a classical work extraction (X,hyx,T), because of
the energy conservation, the amount of the extracted work is

given as
Wy = hx(x) — hx(x) (D4)

when the initial and final states are x and x’. More generally,
the initial state is given as a probability distribution Py on X’
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In this case, the amount of the extracted work is w with the
probability

Z P()T(x'|x).

X xiw=hy(x)—hx(x")

(D5)

For the entropy of the amount of extracted work, we can
show the following lemma in the same way as Lemma 2.

Lemma 14. We denote the random variable describing the
amount of extracted work by W. The entropy of W is evaluated
as

S[W] < 2logN, (D6)

where N is the number of elements of the set {hx(x)} ecx-

Indeed, our CP work extraction determines the amount of
extracted work probabilistically dependently on the initial state
on the internal system. So our CP work extraction can be
regarded as a natural quantum extension of a probabilistic
classical work extraction.

2. Relation to CP work extraction

Next we discuss the relation between CP work extractions
and classical work extractions. A CP work extraction can
be converted to a classical work extraction under a suitable
condition as follows.

Definition 15 (classical description). For a level-4 CP work
extraction {£;,w;}, we define the probability transition matrix
T{S,»,w,» } as

Tig,wpy(ylx) := Z(}’|5j(nx)|y> (D7)

J

and the function hyx(x) is given as the eigenvalue of the
Hamiltonian H, associated with the eigenstate |x). Then we
refer to the triplet (X',h,Tig; »,)) as the classical description
of the level-4 CP work extraction {£;,w;} and denote it by

Hence, when the support of the initial state p; of an FQ work
extraction F = (HE,I:IE,U ,pE) belongs to an eigenspace of
the Hamiltonian Hp, its classical description is given as
T (C P(F)). The above classical description gives the behavior
of a given level-4 CP work extraction {€;,w;}. When the initial
state of the internal system [ is the eigenstate |x), due to the
condition (2), the amount of the extracted work is w with the
probability

Yoo 0@ = > Tig (i),

Jiw=w; y:iw;j=h,—h, yiw=h,—h,

(D8)

Hence, the classical description 7 ({€;,w;}) gives the stochas-
tic behavior in this case. More generally, we have the following
theorem.

Theorem 15. Assume that Py (o;) is written as
>, Px(@)I1,. [For the definition of Py, (p1), see (8)]. When
we apply a level-4 CP work extraction {€;,w;} to the system
I with the initial state p;, the amount of the extracted work is
w with the probability

> T w0 Px(x).

x,y:w=h,—h,

(D9)
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Proof. Due to Lemma 1, the probability of the amount of
the extracted work w is

> TeEi(p) =Y TPy (Ei(0)bw .,
J

Jiwj=w

= Y TeEi(Py, (0)du,u,
J

=33 Pe)IE MO0,
Jjooxy

CN N PeYIE LY, Bu i,
jooxy
=Y > Px)IE TS h iy, e,

j o oxy

D5 S e (YIE ML)y,

J Xy

°© ¥y

x,y:wj=h,—h,

Tig; wy(y]x) Px(x), (D10)

where (a) and (b) follow from (2) and (c¢) follows from
(D). |

Due to this theorem, in order to discuss the amount of
extracted work in the level-4 CP work extraction, it is sufficient
to handle the classical description. Theorem 14 is written as a
general form and contains the case when the initial state p; is
commutative with the Hamiltonian. In this commutative case,
the amount of extracted work can be simulated by the classical
model.

Lemma 16. Given a level-4 CP work extraction {£;,w;},
when the CP work extraction {€;,w,} is unital, the transition
matrix Tig, ;) is bistochastic.

Proof. Since

~

018 (3 ) = TG0, @1
e Y

when the CP work extraction {£;,w/} is unital, the transition
matrix Tig, ;) is bistochastic. u

Lemma 17. Given a classical work extraction (X,hy,T),
the transition matrix 7" is bistochastic if and only if there
exists a standard FQ work extraction F such that (X', hx,T) =
T(CP(F)).

Lemma 17 will be shown after Lemma 18. Since the set
of standard FQ work extractions is considered as the set of
preferable work extraction, it is sufficient to optimize the
performance under the set of classical work extractions with
a bistochastic transition matrix. That is, both models yield the
same distribution of the amount of extracted work. So our
model can be applied in the discussion for the tail probability
and the variance for the amount of work extraction as well as
the expectation.

As a subclass of bistochastic matrices, we consider the set
of unistochastic matrices. A bistochastic matrix 7 is called
unistochastic when there exists a unitary matrix U such that
T(x|x") = Uy x |2. According to the discussion in Sec. IV and
Appendix C, we can consider an FQ work extraction F =
(HEr ,ﬁE,F[UI],pE), where pg is a pure eigenstate of Hg. As

032132-18



MEASUREMENT-BASED FORMULATION OF QUANTUM HEAT ...

mentioned at the end of Sec. IV, since the corresponding CP
work extraction CP(F) depends only on the internal unitary
U,, the CP work extraction is denoted by CP(U,). Then we
have the following lemma.

Lemma 18. Given a classical work extraction (X ,hy,T),
when the transition matrix 7 is a unistochastic matrix
satisfying T'(x|x") = |U., »|* with an internal unitary U; then

(X,hyx,T)=T(CPU)). (D12)

In the corresponding FQ work extraction F =
(Hg1,Hg,F[U[]l,pg), the entropy of the final state of
external system is given as

S[W] > S(Tr; F{U;1(p1 ® pe)FLUL]Y) (D13)
for any pure eigenstate py of Hp.

Proof. The relation (D12) can be shown from the definition
of CP(U 1). The relation (D13) can be shown in the same way
as (6). |

Proof of Lemma 17. Given a bistochastic matrix T, there
exist a probability distribution P4(a) and a unitary matrix Uy,
such that

T(ylx) = (D14)

> Pa@)|Upay I

Then we choose the fully degenerate system H g, spanned by
{la) g2} and the initial state pg, = Za Pa(a)|a)prga{al. We
define the unitary U := ), F[U;,] ® |a)g2£2{al. So we have
(X,hyx,T) = T(HE,ﬁE,U,pEl ® pEg») for any pure state pg;
on Hg;. |

As a special case of Lemma 18, we have the following
lemma.

Lemma 19. Given a classical work extraction (X,hy, fi)
with an invertible function f, the unitary

) = [ f(x0)

satisfies (X, hy,T) = T(HEl,ﬁE,F[Uf],pE).

Therefore, any invertible and deterministic transition matrix
T can be simulated by a shift-invariant FQ work extraction
only with the nondegenerate external system. So the reduction
to classical work extraction will be helpful in analyzing the
heat engine. That is, in several settings, the analysis of the heat
engine can be essentially reduced to the analysis of classical
work extraction.

Uy : (D15)

APPENDIX E: RELATIONS AMONG FIDELITIES
ON THE TRIPARTITE SYSTEM

In this appendix we derive several useful relations among
fidelities on a tripartite system H4,H g, Hc. We consider the
state |\If =) .V Pa(a)la, Y¥la) on Ha ® Hp and the state

Z v Pa(a)la,dpci) on Ha ® Hp ® He. Then we
deﬁne,o = |®)(P|. We also define |pciq) 1= (VBjulPBCcla). In
this case, we have the following lemma.

Lemma 20. We state the following:

F(IW)(¥].paB)

= 3" Bas@Pa@ Pa@) Pa@)berwldcis). (E1)
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Proof. We show that

F(W){(¥].pa8)
= max FWNW(I¥e) (el @) (D))

Z \/W (¥l ¥clPpcla)
) JPr@Pa@Ier)

= 3" VBs@Pa@ Ba@) Pa@)bciwrlber).  (E2)

= max
[¥c)

max

|
Lemma 21.When pyc is writtenas ), Pa(a)la){a| ® pcjas
we have

= Z Pa(a)Ps(a")F(pcia, pcia)-

a,a’

max F(pac.pa ® oc)
a

(E3)

Proof. We first show the case when the state PCla is a
pure state |¢cjq). We choose the purification [P({eif))) :=
e/ Pa(a)la,a.¢cia) of pac on Hy ® Hp ® He and

the purification |\Il({e’(’a}) =y, e'%\/Pa(a) la,a) of ps on
Ha ® Hp. Applying Lemma 20, we have

max F(pac,pa ® oc)
-

= max max
oC  {eita },{ei%}

F(Iyging ) ® o Moeiny)

= max max F(H\p( ey ® 0c, Mg geivay)

{e'H“} {e le,} ac
= max ! Ca=60716=0) P (a) P (@) (Pl |Cia)

(ea ) {ei%) 4

=Y T Py (@) PA@)(pcra [pcia)l.  (EA)
where W;! use the abbreviations

My ey, = [P D) (T ({e ), (E5)

Moy = [D({e ™ D) (D({e ™). (E6)

The equality (E4) implies (E3).

Now we consider the general case. We fix a purifica-
tion |pcpja) of pcja on He ® Hp so that F(pcja,pcla) =
[{(dcia’ldcia)|. We choose the purification [P({eif))) :=
> ety ﬁA(a)la,a7¢CD\a> Of,OAc onHy @Hp ®He ® Hp
and the purification |W({e'%})) := 3" €%/ Pa(a)la,a) of pa
on H4 ® Hp. Similarly, we have

max F(pac,pa ® oc)

oc

= max max
ocp {eiea ],{eiﬂ‘,;}

F(My iy ® ocp, Maetay)
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= max max F(ITy iy ® ocp, et
{eia} {ei®a} OCD ( Y({e ) Ch» 2 (e }))

= Z 000710~ p, (a) Py (a)(Pciar|Pcia)]

a,a
= ) TPy (@) Paa)) F(pea. peia).
a,a

(E7)

which implies (E3). ~ |
Lemma 22. When Py = Py,

F(|P)(P|,pa5) < max F(pac.pa @ oc). (EB)

The equality holds if and only if {(¢cju|¢cla) = 0 and
(¢C|a|¢C|a> =1

PHYSICAL REVIEW A 95, 032132 (2017)

Proof. We use the notation in Lemmas 20 and 21. Then we
have

(bcialdcia) + (Dclaldcia) < 2F(ociapclar)-

Combining Lemmas 20 and 21, we have

F(|®){®],pa8)

(E9)

= Y Ba@ Pa@) Pata) Pata) 9o 1pci)

< Z Pa(a)Pa(a@)F(pcia,pciar)

a,a’

=max F(pac,pa ® oc). (E10)
oc

Hence, we obtain (E8). The equality in (E8) holds if and only
if that in (E9) holds. So we obtain the desired equivalence. B
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