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Quantum thermodynamics explores novel thermodynamic phenomena that emerge when interactions between
macroscopic systems and microscopic quantum ones go into action. Among various issues, quantum heat
engines, in particular, have attracted much attention as a critical step in theoretical formulation of quantum
thermodynamics and investigation of efficient use of heat by means of quantum resources. In the present paper,
we focus on heat absorption and emission processes as well as work extraction processes of a quantum Otto
cycle. We describe the former as non-Markovian dynamics, and thereby find that the interaction energy between
a macroscopic heat bath and a microscopic qubit is not negligible. Specifically, we reveal that the interaction
energy is divided into the system and the bath in a region of the short interaction time and remains negative
in the region of the long interaction time. In addition, a counterintuitive energy flow from the system and the
interaction energy to the hot bath occurs in another region of the short interaction time. We quantify these effects
by defining an index of non-Markovianity in terms of the interaction energy. With this behavior of the interaction
energy, we show that a non-Markovian quantum Otto cycle can switch functions such as an engine as well as a
heater or a heat pump by controlling the interaction time with the heat bath. In particular, the qubit itself loses its
energy if we shorten the interaction time, and in this sense, the qubit is cooled through the cycle. This property
has a possibility of being utilized for cooling the qubits in quantum computing. We also describe the work
extraction from the microscopic system to a macroscopic system like us humans as an indirect measurement
process by introducing a work storage as a new reservoir.
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I. INTRODUCTION

Quantum thermodynamics, which extends the framework
of thermodynamics to microscopic scales, is attracting much
attention. It explores macroscopic phenomena that mi-
croscopic quantum effects cause in interactions between
macroscopic systems, such as heat baths and reservoirs, and
microscopic systems, such as qubits and quantum oscillators
[1-3]. In formulating the theory of quantum thermodynamics,
as in the case of conventional thermodynamics, the study of
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heat engines is fundamental [4]. Here, we study a quantum
heat engine, aiming to construct the theory of quantum ther-
modynamics.

The quantum heat engine was first noted in the field of
quantum optics; the mechanism of laser emission was quan-
tum mechanically described as a heat engine [5,6]. In the
quantum heat engine, the macroscopic working substance,
e.g., gas inside a piston, in conventional heat engines is re-
placed with a quantum system. For the purpose of revealing
thermodynamic features, the method of open quantum sys-
tems are often used [7-15]. As an example of macroscopic
manifestation of quantum nature, the effects of quantum co-
herence [16-21] and quantum entanglement [22-30] were
explored. As a general theory of quantum heat engines, a
trade-off relationship between the time required for one heat
engine cycle and efficiency has also been derived [31]. Exper-
iments on quantum effects have been conducted [32—41].

Research on quantum heat engines has attracted much
attention not only for formulating the theory of quan-
tum thermodynamics as we describe above, but also for
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investigating efficient use of heat by quantum resources. From
the viewpoint of quantum information theory, work extraction
by quantum measurement [42] and a new heat engine based
on quantum measurement [43] were proposed.

In the study of quantum heat engines, there are several
issues to be solved: how to describe interactions between
microscopic and macroscopic systems, how to employ quan-
tum correlations, how to utilize feedback of information from
quantum measurements, and so on. In the first issue, in par-
ticular, we are interested in the manifestation of microscopic
properties in macroscopic systems. In the present study, we
focus on two aspects of this issue: heat exchange and work
extraction.

Let us first discuss the heat exchange between microscopic
and macroscopic systems. In the conventional framework of
thermodynamics, the interactions exist only among macro-
scopic systems, such as gas inside a piston and heat baths.
Since the interaction takes place at the surface between
macroscopic systems, the dimensionality of the interaction
is reduced by one, and hence the interaction can be safely
ignored in conventional thermodynamics. However, interac-
tions among microscopic and macroscopic systems may not
be treated in this way.

The interaction dynamics is quite often described by the
Markov approximation [44—47], which is valid when the time
scale of the heat bath is much shorter than the time scale
of the evolution of the quantum working substance. It was
revealed [48] that when the heat exchange of a quantum Otto
cycle is described as a Markov process, the expectation value
of the interaction energy vanishes, and hence the standard
thermodynamics straightforwardly extends into the quantum
region.

Except for such a special case, however, we should treat the
dynamics as a non-Markovian process [49-53]. For instance,
several quantum heat engines are discussed from the view-
point of non-Markovian dynamics [54-70]. The expectation
value of the interaction takes a finite value when the process
is described as a non-Markov one [48], and hence we need
nontrivial generalization of thermodynamics in the quantum
regime when the non-Markovianity is strong in the process in
question.

In the present study, we calculate the heat exchange in
the quantum Otto cycle in terms of a non-Markovian time-
convolutionless master equation [71,72]. We reveal that the
interaction energy is divided into the system and the bath in
a region of short interaction time and remains negative in a
region of long interaction time. In addition, a counterintuitive
energy flow from the system and the interaction energy to
the hot bath occurs in another region of short interaction
time. We quantify these effects by defining an index of non-
Markovianity in terms of the interaction energy. Moreover, we
show that counterintuitive behavior, such as a heater and a
heat pump which convert work to a heat flow, appears instead
of a heat engine in some parameter regions. In particular, the
qubit itself loses its energy if we shorten the interaction time
between the qubit and the bath. In this sense, the qubit is
cooled through the cycle, which property could be used for
cooling the qubits in quantum computing.

We next discuss the work exchange between a micro-
scopic system and a macroscopic system. The work done by a
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FIG. 1. A schematic illustration of our quantum Otto cycle. A
qubit absorbs or emits heat from or to the bath in each isochoric
process and does work to and receives work from the work storage
in the adiabatic processes. After each isochoric process, we need
detachment work to separate a qubit from the bath. We also perform
measurement in order to quantify the extracted work in each adia-
batic process. We define a positive energy exchange always as an
energy flow into the qubit and a positive work as an energy flow out
of the qubit.

microscopic system has been conventionally defined as the
change in the expectation value of the Hamiltonian of the
system of interest [1-3,73,74]. However, if the work done by
a quantum system is to be eventually harvested by a macro-
scopic system, such as us humans, it is necessary to model
the work extraction using quantum measurements [75]. In the
present study, we develop a model of work extraction in a
quantum Otto cycle in terms of quantum measurement of a
work storage.

The paper is organized as follows. In Sec. II, we present
the model of a quantum Otto cycle consisting of a qubit as the
working substance, two Boson heat baths, and two work stor-
ages. We analyze the cycle in terms of non-Markovian heat
absorption and emission processes as well as work extraction
processes as quantum measurements, the latter of which we
specifically describe in Sec. III. In Sec. IV, we discover that
the non-Markovian quantum Otto cycle behaves not only as an
engine but also as a heat pump and a heater, depending on the
interaction duration between the qubit and each heat bath. We
define an index of the non-Markovianity in terms of the energy
changes. We summarize our conclusions and perspectives in
Sec. V.

II. MODEL

In the present paper, we use the quantum Otto engine
analyzed in Ref. [48] for the heat exchange processes and
update the work extraction processes following Ref. [75]. The
former are isochoric processes and the latter are adiabatic
processes of one qubit as the working substance (Fig. 1). In
the isochoric processes, the qubit exchanges heat AE" and
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AE¢ with the hot and cold baths, respectively; we define a
positive energy exchange always as an energy flow into the
qubit. The qubit also gives and takes the work to and from
the work storages in adiabatic compression and expansion
processes, respectively; we define a positive work as an energy
flow out of the qubit. After each isochoric process, we perform
a detachment work, which we will explain later. We repeat this
cycle until it reaches a limit cycle.

For the isochoric processes, we use the spin-Boson model
given by the Hamiltonian

HE =M+ HE+H (1)

where © = h or ¢ for the interaction with hot or cold bath,
respectively, with

a)M
H§=7°<oz+1), 2
My =Y el'b b 3)
k
Hi =00 (&b +8 ). @)
k

where we set i = 1. Here, o, and o, are the Pauli operators
which represent the qubit and wf; (1 = h or ¢) is its Larmor
frequency, which is changed during the adiabatic expansion
from ] to w§ and during the adiabatic compression from
w§ to ol with ff > w§. On the other hand, b and by T are
the Boson creation and annihilation operators of mode k with
energy e,’f of hot (u = h) or cold (i« = ¢) bath. In the interac-
tion Hamiltonian H;*, the parameter g; denotes the interaction
strength between the qubit and the hot (i« = h) or cold (1 = ¢)
bath of mode k. We set the Ohmic spectral density function

T w) =" 1g1P8(ew — € 5)
k
= Mwexp(—w/Q") 6)

for the qubit-bath interaction, where A* is the coupling con-
stant and 2 is the cutoff frequency. For brevity, we will drop
the superscript u hereafter when common equations apply to
both baths.

For an accurate description of the interaction dynamics
between the qubit and the bath in each isochoric process, we
employ the time-convolution-less (TCL) master equation,

%pzm = B(")pk 1), (7

where p(t) = Trp[pl,(t)] indicates the partial trace over
the bath on the state of the total system and E(¢) is a su-
peroperator. We assume the initial state for the interaction
dynamics with a bath to be a product state pl, = p’ ®
pi %, where the qubit state is p/ = |m) (m| (m =0 or 1),
while the bath is in the thermal equilibrium state pp™*! =
exp[—pB"Hy1/Trlexp[—B*HE]11 at the inverse temperature
pB*. In the present paper, we employ the TCL master equa-
tion up to the second order of the interaction Hamiltonian #}’
[71], in which the qubit follows the non-Markovian dynamics

given by [48,71]
d .
2P = —i[H, pli(1)]

o Kl RSNG|
0
3

where the interaction Hamiltonian is put in the interaction
picture: M} (t) = explityt] H) exp[—iHyt], with Hy =
He + Hy.

After each isochoric process based on the TCL master
equation for time ¢* under the interaction with the uth bath
from the initial state |m) (m| ® pp*? (m =0, 1), the (v, v)
element of the qubit’s state p; () becomes [71]

" tH i
Poo(®") =€l 47 ('Oz,oo(o) - / dt b(t)e b dsam),
0

)
Py () =1 = plt 50 (1), (10)
with
a(t)=-—2 /-r du D (u)cos(wou), (11)
0

b(t) = — / du[®w)e' ™ + d(—u)e "], (12)

0
®(1) = 3(Di(r) — iDa(7)), (13)

Dy(t) =2 / ” dwj(w)coth(i>cos(wz) (14)
0 2Tp

B , Q0P -1 2 [, (Ts(1 +iQr)
- ZK(Q Qo1 Re[w < Q >])

(15)

Dy (1) :2/ dwJ(w)sin(wt) (16)
0

_ 403t 17

= v ooy a7

Here, D(7) is a noise kernel, D,(7) is a dissipation kernel,
and v’ is the Euler digamma function ¥/(z) = I''(z)/T'(z). We
note that we have numerically confirmed the positivity of the
qubit’s density matrix under the non-Markovian dynamics for
all the results in the present paper.

We analyze this cycle after it converges to a limit cycle
[48]. Let P* denote the probability that the qubit’s state is
|0) (O] before it interacts with the hot (u = h) or cold (u =
c) bath at the time of the nth interaction. The probabilities
satisfy the following relationships:

P = P pg oo™ + (1= PY)pt g™ (18)
and
P:+1 = Py 05,00t + (1 = Py) pf 00 (t)- (19)

By taking the limit n — oo in Egs. (18) and (19) to obtain a
limit cycle, we find [48]

pr, 1)

PH" )= lim PP = 1~ |
= I = T

(20)
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where

Po(fh, 1) = [p&oo(tc) - /Oioo(tc)] [p(;)l,oo(th) - p{l,oo(th)]v
(21)

Pha" 1) = p§ 00T 00" + P 000! 1 ("), (22)

P, 1) = pg o050t ) + o1 o (E")pf 11 (2. (23)
The qubit’s state in the limit n — oo is therefore given by

p§ (" 1) = pfy (" 1) [1) (1] + pgo ", 1€)10) O, (24)
where

Pl 1) = PAA" 1)l (") + (1 = P 19))plt | ("),
(25)

Pho " 1) = PH(t" 1) pf oo (0) + (1 = PH(t" 1) ) p} oy (1),
(26)

We used the relations pg (t") + pyg(t*) =1 and
orn @)+ plg@) =1 for the algebra. Note that
pgo((), 0) = P*(0,0) and pﬁ 0,0)=1-—PH*(0,0).

III. WORK EXTRACTION
AS A MEASUREMENT PROCESS

The current prevailing view in quantum thermodynam-
ics defines controllable and available energy as work and
uncontrollable and unavailable energy as heat [1]. The
uncontrollable energy changes, i.e., uncontrollable energy as-
sociated with changes of the state of the system in response
to Hamiltonian changes and coupling with the environment,
are often defined as heat. The average heat for an infinitesimal
time would be defined by

8Q := Trld psH;s], @7

where Hg is the Hamiltonian of the system. On the other hand,
since the time variation of the Hamiltonian of the system can
be controlled, the energy changes associated with the change
of the Hamiltonian are often defined as work [74]. For exam-
ple, in the standard model, which is often used by researchers
in the community of statistical mechanics [7,14,73,74,76],
the dynamics of the composite system of the system and
the bath(s) is assumed to be a unitary operation. Under this
assumption, the standard model defines the amount of the
extracted work as

SW := Tr[U pU " (H + dH)] — TrlpHl,  (28)

where U, pyor, and H are the unitary dynamics, the initial state,
and the Hamiltonian of the total system. When we consider an
adiabatic work extraction in the standard model, we can omit
the bath from Eq. (28):

SW = Tr[UspsUg (Hs + dHs)] — TrlpsHs] (29)

where Uy is the unitary dynamics of the system. This standard
model, however, is unsatisfactory in the sense that it does not
specify how we measure the work W of the closed system
under the unitary dynamics, according to Ref. [75].

To resolve the issue, Hayashi and Tajima [75] proposed
a quantum scenario that specifies how a macroscopic sys-
tem like us humans could quantify the work done by a
quantum system [75]. The quantum scenario considers a
quantum mechanical work storage which exchanges work
with the working substance [77,78]. The energy transfer
from the working substance to the work storage is described
by the unitary time evolution of the whole system that consists
of the system and the work storage. The work-extraction pro-
cess was modeled in analogy with the work-extraction process
in classical thermodynamics [75]. Consider a fuel cell as an
example of classical thermodynamics. Suppose that a set of
microscopic systems that constitutes the fuel cell outputs en-
ergy to the macroscopic system and lifts a weight. In this case,
in order to quantify the work, a human being would measure
the height of the weight lifted and quantify the work based on
the results of the measurement. By the same analogy, when
the system of interest performs work to the work storage, the
work performed is quantified by the quantum measurement of
the work storage.

The work extraction process in the quantum scenario
proposed by Hayashi and Tajima using completely positive
instruments (CP instruments) is called a completely positive
work extraction model (CP work extraction model). In this
indirect measurement process, four levels of the energy con-
servation law must be satisfied. Let pg denote the initial state
of the system, w; denote the work retrieved by the work
storage system, and p; denote the probability of obtaining w;.
Let {£;} be a CP instrument which indicates the change of
the state of the system through the CP work extraction pro-
cess. The CP instrument generally describes a measurement
process and satisfies the following conditions: each &; is a
completely positive map (CP map), and > ; € is acompletely
positive and trace-preserving map (CPTP map). Note that the
CP map ensures the complete positivity as follows. Assume
that the dimension of the Hilbert space of the system is d,
the identity operation of the Hilbert space of dimensional-
ity k is I®, and a composite state is o**9). When &; is a
CP map, IV ® Sj(o(k+d)) for all k € {0, ..., oo} is positive,
which means that the composite state is a physical state. On
the other hand, the CPTP map ) j &; satisfies the feature of
the CP map and additionally ensures trace preserving of the
state of the system as in ) j Tr[€;(ps)] = 1, which indicates
the normalization condition of the probability [1,79]. When
the average value of w; is equal to the energy loss of the
system, any state pg satisfies

Tr[Hsps] = Y w,TrE;(ps)] + Y TrlHsE;(ps)],  (30)
J J

which Hayashi and Tajima [75] called Level 1 energy con-
servation law. Here, Tr[Hsps] and ) ; Tr[HsE(ps)] indicate
the expectation values of the system’s energy before and af-
ter the work extraction, respectively, while > jw i Tr[E(ps)]
indicates the mean value of the extracted work.

When each measurement result w; is equal to the energy
loss of the system, it is classified as Level 2, 3, or 4 energy
conservation law, depending on the presence or absence of
measurement errors. Since our model satisfies the Level 4 en-
ergy conservation law, which is the one with no measurement
errors, let us focus on the Level 4 energy conservation here.

023066-4



SWITCHING THE FUNCTION OF THE QUANTUM OTTO ...

PHYSICAL REVIEW RESEARCH §, 023066 (2023)

In order to explain the Level 4 energy conservation, let us
introduce the initial state of the system I1, = |h,) (h,| using
the energy eigenstate |h,) of the Hamiltonian Hg associated
with the eigenvalue /.. The extracted work w; is defined as
the energy change in the Hamiltonian g as in Eq. (29). Then
the state after the work extraction which follows the Level 4
energy conservation law satisfies

5j(nx) :Phxfw,vgj(nx)Phxfw,w (31)

where Py, is a projection operator associated with the en-
ergy eigenvalue i, — w;, which indicates the state after the
work extraction. In the CP work extraction in the quantum
scenarios, the work extraction process satisfies the Level 4
energy conservation law as long as the initial state of the work
storage belongs to the eigenspace of its Hamiltonian Hy and
the unitary U and the Hamiltonian A on the whole system
satisfies [U, H] = 0 [75]. We will show later that our model
satisfies the Level 4 energy conservation law.

The previous study [48] of non-Markovian dynamics did
not take into account macroscopic systems that exchange the
work with the microscopic working substance. We perform
the work extraction processes using the quantum measure-
ment theory [75] explained above so that we can describe
extracting work consistently in the quantum Otto cycle. By
introducing a work storage as a new system, we describe the
work extraction process as an indirect measurement model,
in which we first let the qubit and the work storage interact
with each other, and then measure the energy increase of the
work storage. In order to describe the variation of the qubit’s
Hamiltonian in the interaction process, we introduce a clock
as an additional degree of freedom [78,80]. The Hamiltonian
of the total system Hsg consists of the qubit, the clock, and
the work storage:

Hse =He ® 10) (Olc ® Iy + Hs @ 1) (1]c ® Iy + Hw,
(32)

where the Hamiltonian of the work storage is given by
Hy =1Is @ Ic ® (0" — ) |1) (1] . (33)

As the Hamiltonian of the system changes from H! to ¢, the
clock changes from |0) (0| to |1) (1|¢, and Hyw is the energy
extracted accordingly in the process. This process describes
the adiabatic expansion process in Fig. 1. With respect to an
adiabatic compression process, we replace H with H$, and
H§ with Hg in Eq. (32).

More specifically, we first set the initial state of the whole
system py, under the projection measurement to the qubit in
order to extinguish the qubit’s coherence,

PO = (p (", 1) 1) (15 + pliy (", 1€)10) (Ol )
® [0) (Olc ® 10) (Oly . (34)

We then carry out the work extraction process by the following
quenching unitary transformation, assuming that the operator
acts on the state instantaneously:

U = |010) (000] + [000) (010] + |111) (100]
+ [100) (111] + |011) (001]| + ]001) (011]
+ [110) (110] + |101) (101], (35)

where |ijk) = |i)s @ |j)c ® lk)w (G, j, k=0, or ). This
unitary operation commutes with the Hamiltonian #gg, and
hence it conserves the total energy. After the work extraction,
the state turns into

P = ot (" 1) 1) (15 @ (1) (1] ® [1) (1]
+ pho",1)10) (Ol ® [1) (1| ® 10) (O . (36)

Since we assume the quenching unitary transformation, it
does not take time to reach the final state p{é{l). Upon turning
the clock state from |0) (O] in Eq. (34) to |1) (1|, in Eq. (36),
the work storage changes its state from |0) (O|y to |1) (1]
if the system is in the excited state |1) (1|5, whereas it remains
|0) (Ol if the system is in the ground state |0) (0.

We finally extract the work from the work storage by per-
forming the following projective measurement to Eq. (36):

Py=10) Ol , P =1[1)(1ly. (37)

When the measurement result is associated with |1) (1], it
means that the work is extracted from the qubit to the work
storage. The probability of getting the measurement result is
o (t", t°). The amount of the extracted work is derived as the
energy flow into the work storage,

Tr[Hw (s ® Ic ® 1) {1y — Is ® Ic ® [0) (Oly)]  (38)
=o' — o°. (39)

Meanwhile, the probability of getting the measurement result
associated with |0) (Oly, is phy (", t°). In this case, the amount
of the extracted work to the work storage is 0. Therefore, the
expectation value of the harvested work under measurement
probability is amounted to

@W) = pl' (t", 1) Tr[Hw (Is @ Ic ® | 1) (1]
— I ®1c ®10) (Oly)] (40)

=pl\ (1", 1) (0" — ). 41)

After all, this result is the same as in Ref. [48], which does
not take into account macroscopic systems that exchange the
work with the microscopic working substance.

Let us note that if the qubit’s density matrix has off-
diagonal elements in Eq. (34), the accuracy of detecting the
amount of extracted work (41) by the measurement result de-
creases, because of a trade-off between the coherence after the
work extraction and the accuracy of the measurement of the
extracted work [75] (see also Theorem 1 in the Supplemental
Material of Ref. [81] and Lemma 3 in Ref. [82]); in short,
the decoherence enhances the accuracy. As a countermeasure,
we eliminate the off-diagonal elements of the qubit’s state
by the projection measurement, and hence this problem does
not occur [75]. Because of the assumption, the estimate of
the extracted work (41) is equal to the previous one [48]; in
other words, the present formulation gives a precise physi-
cal background to the estimate (41). Let us finally note that
the present work extraction process is applicable to general
models without the projection measurement that eliminates
the off-diagonal elements.

023066-5



ISHIZAKI, HATANO, AND TAJIMA

PHYSICAL REVIEW RESEARCH §, 023066 (2023)

IV. RESULTS

We examine the interaction energy in detail and reveal
that the non-Markovianity appears mainly in three ways,
depending on the interaction time between the qubit and the
bath. In order to clarify these effects, we propose an index
which indicates the magnitude of the non-Markovianity. Be-
cause of the non-Markovian effects, we can make the quantum
Otto cycle under non-Markovian dynamics behave differently
from the conventional quantum heat engine by controlling the
interaction time between the qubit and the bath.

Note that all the results here are for the limit cycle that we
introduced at the end of Sec. II, which is achieved after con-
vergence. The interaction time #* is a parameter fixed through
all the cycles; it should not be considered as a parameter that
is controllable during a cycle. In all the numerical results, we
fix " =1 =0.01and Q" = Q° = 0.4 withkg = h = 1.

A. Non-Markovianity of the interaction energy

Let us analyze the non-Markovian dynamics of the energy
expectation value in the two isochoric processes. The energy
changes of the qubit AEY (", 1¢), the bath AEL (t", ), and
the interaction energy AE} (t",1¢) are given by

AE (1", 1) = (HE (") — (HE (0))s. (42)
AEL (", 1) = (Hi "), — (HE(0)),, (43)
AE (", 1) = —AEL (", 1) — AEL (1", 1), (44)

where H* (") is the Hamiltonian after the qubit interacts with
the uth bath over time ## and (-); = Tr[ - p;], with j = §, B.
We define the change of the interaction energy as in Eq. (44)
so that the total energy may be conserved. The energy changes
are derived as follows by taking the interaction time as a
parameter [48]:

AEG (", 1) = " (pf, (", 1) = pf1(0,0)),  (45)
AER (", 1) = o (o}, (t", 1) = p}1(0, 0))
j
+/ dr[{2[P*(t", 1)p} g0 (T)
0

+ (1= P 1))pf (D] — 1}
x Di(t)sin(w" 1) —I—Dz(r)cos(a)“r)], (46)

"
0

+ (1= PH(" 1))pf (D] — 1}
x Di(t)sin(w" 1) + Da(t)cos(w' )], (47)

where P*(t",t¢) is a constant defined in Eq. (20). The
energy change of the bath in Eq. (46) is derived by us-
ing the full counting statistics [48,71], which we review
in Appendix A. For the Markovian dynamics, we find that
for any ", the second term of Eq. (46) vanishes and
AE" =0, and hence AE! = AEF = w'(pit"(t" 1) —
pK’M(O, 0)); see Appendix B.
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FIG. 2. (a) Non-Markovian dynamics of the change of the qubit
energy AES, of the cold-bath energy AEj, and of the interaction
energy AE;, depending on the interaction time between the qubit
and the cold bath 7°. In the regime of the short interaction time
(0 < 19 < 1), energy division occurs, whereas the interaction energy
remains negative in the regime of the long interaction time. (b) AE!
is the qubit’s energy change during the time it interacts with the hot
bath and AEY is the one with the cold bath. At ¢ = #,, the sign of
each qubit’s energy changes. (c¢) The total work W and the work
extracted in the adiabatic process W/, + WS- At¢ = ¢, the sign
of the adiabatic work changes and at ¢ = t{, the one of the total
work changes. The parameters are set to t"* = 60, »°/w" = 0.5, and
T¢/T" = 0.2 in (a), (b), and (c).

We reveal the following three distinct properties of the
non-Markovian dynamics.

1. Energy division in the region of the short interaction time

Figure 2 shows the energy changes during the isochoric
process in which the qubit interacts with the cold bath
for time t°. Counterintuitively, the energy change of the
qubit is positive in the region of the short interaction time
(0 < ¢ < 1§), which means that the qubit absorbs energy dur-
ing the interaction with the cold bath for a short time. We
presume that this is because the qubit and the bath divide the
slight decrease of the interaction energy AE}; we call this
phenomenon “energy division.” We define #§ as the termina-
tion time of the energy division when the qubit interacts with
the cold bath and numerically derive #; in Fig. 2. The energy
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FIG. 3. (a) The reverse energy flow, the energy division, and the
normal heat flow between the qubit and the hot bath. The qubit’s
energy is denoted by AE!, the hot bath’s energy by AE!, and the
interaction energy by AE!". (b) The energy division and the normal
energy flow between the qubit and the cold bath. The qubit’s energy
is denoted by AES, the cold bath’s energy by AEj, and the inter-
action energy by AE;. (c) The indexes of the non-Markovianity in
terms of the energy changes o and . The parameters are set to
t" =60, w¢ /" =0.5,and T¢/T" = 0.2.

division is a phenomenon slightly different from the so-called
energy backflow [71], in which the energy of the system of
interest that flows into the bath comes back to the system
during the time evolution. We note that the bath’s correlation
time is proportional to 1/€2, which is given by 1.25/w¢, and
the time scale of the energy division #; is proportional to
4/w° in Fig. 2. Thus, the correlation time of the bath is not
necessarily small enough compared to the time scale #; of the
energy division. In this sense, the energy division is a feature
unique to non-Markovian dynamics, not present in Markovian
dynamics [83].

2. Reverse energy flow in the region of the short interaction time

We also find as shown in Fig. 3(a) that the signs of the
energies of the qubit and the hot bath are reversed compared

TABLE I. Classification of the behavior of non-Markovian dy-
namics when the qubit interacts with (a) the hot bath and (b) the cold
bath.

(a) AE} >0 AEl <0

AE!>0 Energy division Normal energy flow

AE! <0 Reverse energy flow -

(b) AE; >0 AE; <0

AES >0 Energy division Reverse energy flow
(No occurrence)

AE§ <0 Normal energy flow -

to the normal energy flow. This behavior only happens when
the qubit interacts with the hot bath; we numerically confirm
that this behavior does not appear when the qubit interacts
with the cold bath as shown in Fig. 3(b).

3. Non-Markovian behavior of the energy in the region
of the long interaction time

In all cases that we have numerically analyzed, the in-
teraction energy AE}" is negative for any interaction time
t*, which means that there is an attractive interaction be-
tween the qubit and the bath. Therefore, we have to add
an extra work to detach the qubit from the bath in order
to go to the next adiabatic process of the cycle. We should
count this detachment work Wi, . = AE;" (<0) into the
total work of the cycle together with the work extracted in the
adiabatic process W/, = = (" — o)t (t",1°) and W, =
(w° — a)h),ofl (¢", t¢). We thereby obtain the total work in the
form

h h
W= Wadiab + Wa(éliab + Wdetach + Wdcetach’ (48)

where the work in the direction from the working substance
to the outside is set to be positive, while W . is always
negative, which indicates that this is the work done from the
outside. We have numerically confirmed that the integrand of
the expectation value of the interaction energy, AE} (", t%)in
Eq. (47), vanishes in the long interaction time limit t* — oo.
Therefore, the negative interaction energy converges to a con-

stant value as shown in Fig. 2(a).

4. The classification of non-Markovianity in terms of energy

Let us classify the counterintuitive behavior based on the
features of the reverse energy flow, the energy division, and
the normal energy flow; see Table I(a). The normal energy
flow is defined as a heat flow from the hot bath to the qubit
and a heat flow from the qubit to the cold bath. Note that
this energy flow includes the energy flow from the interaction
energy to the bath or to the qubit.

In order to describe the peculiar behavior in the non-
Markovian dynamics, we propose an index of the non-
Markovianity in terms of the energy changes. We define the
index as the ratio of the interaction energy to the bath’s energy
and to the qubit’s energy,

¢ ‘AEf

_ AE]
| AES

AES

; (49)

and o = ‘
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FIG. 4. A contour plot of the non-Markovian index «¢. The
energy division occurs in the short-interaction-time region of ¢”
and ¢, The longer the interaction times ¢" and ¢, the closer af
gets to zero, which means that the Markov approximation be-
comes valid. For simplicity, we make the contour plot in the region
a¢ > 1 and «¢ < 1/2 individually, while the white region indicates
1/2 < a¢ < 1. The parameters are set to /w" = 0.5 and T¢/T" =
0.2.

where the superscripts ¢ and # indicate the energy changes
after the qubit interacts with the cold bath and the hot
bath, respectively. The occurrence of the energy division
|AEY| = |AEG| + |AEg]| yields a¢ > 1. For 1/2 < af <1,
the interaction energy is a dominant contributor to the bath’s
energy, AEg < AE}, while for o < 1/2, the qubit’s energy
is a dominant one, AE}] < AES. In addition, we analytically
confirm that the energy division between the qubit and the
cold bath and the reverse energy between the qubit and the hot
bath occur in the same region of the interaction time ¢” and ¢¢.
In the same region of «¢ > 1, the occurrence of the reverse
energy flow occurs between the qubit and the hot bath, which
we described in Fig. 2(b). In the region «¢ < 1 and ol > 1,
the energy division occurs between the qubit and the hot bath.
The normal heat flow occurs from the hot bath to the qubit in
the region ¢ < 1 and o < 1.

Figure 3 exemplifies the r dependence of the heat flow and
the non-Markovianity index (49). This numerical calculation
shows that the negative interaction energy is still a dominant
contributor to the function of the quantum heat engine in
the region of the long interaction time. Dependence of the
non-Markovian index «¢ on the interaction time with the hot
bath " and the one with the cold bath ¢ is shown in Fig. 4.
We also note that this index becomes zero in the Markovian
dynamics because the expectation value of the interaction
energy is always zero.

B. Heat pump and heater

A heat pump and a heater appear depending on the inter-
action time. We call the system a heat pump when the qubit
acquires the work W from outside and transfers heat from the

cold bath to the hot bath. On the other hand, we call the system
a heater when the qubit transfers heat oppositely to the heat
pump based on the work it acquires from outside.

More specifically, we have a heat pump for 0 < ¢ < f§ and
a heater for 7§ < t° < t{ as exemplified in Fig. 2(c). In the
former heat pump region 0 < ¢ < f§, the energy division oc-
curs as indicated in Fig. 2(a). The qubit itself loses its energy
through one cycle; the absolute value of the negative value of
AE! exceeds the positive value of AES as shown in Fig. 2(b).
This is because the probability of the excited state p¢, (", 1)
of the qubit after interacting with the cold bath exceeds the
probability after interacting with the hot bath pf, (", 1) in the
region 0 < ¢ < f5.

In the same region, not only the total work is negative
but the work done through the adiabatic processes,
that is, Wa}:ﬂliab + afiiab = (wh - wc)p{ll (th’ 1) + (0 —
w™)p¢, (", 1), is negative because the probability of the
excited state pfl(th, t¢) exceeds the probability ,ofl (", 1%). In
this sense, the qubit is cooled through this cycle under a work
from outside, which function we refer to as the heat pump.
This property could be used for cooling the qubit in quantum
computers.

We analytically find that AE} and AES vanish at the same
value of 1 = 1§, beyond which the heat absorption and extrac-
tion processes are switched. In the heater region 15 < 1 < t7,
the qubit acquires heat from the hot bath and discards heat to
the cold bath [Fig. 2(b)]. Although the work done through the
adiabatic processes turns to positive [Fig. 2(c)], the total work
is still negative in the region #; < t¢ < t{, because the abso-
lute value of the negative detachment work W . + W¢, .
exceeds the work in the adiabatic processes W/ . + WS
[Fig. 2(c)]. In this sense, the cycle transfers heat from the hot
bath to the cold bath based on the work from the outside, and
hence we refer to this function as the heater.

Beyond the point ¢ = ¢, the total work finally turns to
positive. The cycle covers heat to the work as a normal engine.
We note that in the Markovian dynamics, the heat-pump and
heater regions do not appear; in all regions, the quantum Otto
cycle functions as an engine as shown in Appendix B.

Figures 5(a)-5(c) show the work extraction and the heat
absorption for both the interaction times #" and ¢. In order to
characterize the regions of the heat pump and the heater, we
use the coefficient of performance (COP) [84]:

|AEg]
COP = ——, (50)
W
where |AES| is the amount of heat that the qubit absorbs from
the cold bath and W is the total work (48). On the other hand,
the efficiency of this cycle, when it works as an engine, is
given as follows:

w

_—, 51
AFT 1)

n=

where AE? is the heat that the qubit absorbs from the hot bath.
We plot them together in Fig. 5(d).

Incidentally, the heat pump occurs only in the domain of
the short interaction time of 7 as shown in Fig. 5(d). This
asymmetry appears because the interaction energy is always
negative no matter whether the working substance interacts
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FIG. 5. Work, energy expectation values AE! and AEY, efficiency 7, and COP when w,/w, = 0.5, T,./T;, = 0.2 for the interaction times #°
and ¢". Each of the dashed lines in the top panels indicates the boundary where the sign flips. Figure 2 corresponds to the cross section on the

vertical line " = 60.

with either a hot or cold bath. For example, the energy di-
vision always divides the negative interaction energy to a
positive system energy and a positive bath energy. It would
be normal for the qubit’s energy change to be positive during
the interaction with the hot bath, even without the energy
division. However, it would be abnormal for the qubit’s energy
change to be positive when interacting with a cold bath; it
only happens because of the energy division as exemplified
in Fig. 2. This causes the asymmetric appearance of the heat
pump. As we wrote above, we numerically confirmed that the
interaction energy is negative as far as we analyzed, but the
analytical confirmation is still an open question.

We also find the phase diagram of the heat pump, heater,
and the engine for various values of T¢/T" and w°/w", as in
Fig. 6. The heat pump and the heater appear in Fig. 6 only for
T¢/T" « w°/w" on the right side and for T¢/T" ~ w°/w" on
the bottom left side. For T¢/T" « w°/w", we have no < nc,
where 79 = 1 — /" is the efficiency of the Otto cycle
and nc =1 —T¢/T" is the Carnot efficiency. This means
that when the quantum Otto cycle is inefficient, it loses its
function as an engine and acquires another function instead.
In the region T¢/T" ~ ¢ /", the closer @°/w" becomes to
T¢/T", the closer no becomes to nc. Before 1o reaches 7,
there appears limitation to functioning as the engine of the
non-Markovian quantum Otto cycle. We note that the previous
study [48] analyzed the behavior of the quantum Otto cycle

in the parameter region in which the effective temperature
of the working substance exceeds the temperature of the hot
bath, so that the efficiency of the quantum Otto cycle exceeds
the Carnot efficiency, and hence there is no positive work
harvesting.

C. Alternative function from the viewpoint of the energy
expectation value of the bath

There is a counterintuitive energy change when we focus
on the energy expectation value of the bath as shown in Fig. 7.
In the heat-pump region (i) in Fig. 7, the qubit itself pumps
heat from the cold bath to the hot bath. Nevertheless, the
energy expectation values of the hot and cold baths increase.
This is because the negative interaction energy is divided into
the qubit and the cold bath, which we called the energy divi-
sion in Sec. IV A, and because the energy flows from the qubit
to the hot bath, which we called the reverse energy flow in
Sec. IV A. In a part of the heater region [region (ii) in Fig. 7],
the energy expectation values of the hot and cold baths still
increase, which is because of the energy division of the qubit
and the hot bath. In the other part of the heater region and the
engine region [region (iii) in Fig. 7], the energy expectation
value of the cold bath increases while the one of the hot
bath decreases. We numerically confirmed that the expectation
value of the cold bath does not decrease [Table I(b)].
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and vertical axes, respectively.

V. CONCLUSIONS AND PERSPECTIVES

In this paper, we focused on the quantum-thermodynamic
problem of theoretical description of the interactions be-
tween macroscopic systems and microscopic quantum ones.
We explored the energy flow of the quantum Otto cycle in
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the non-Markovian processes, examining heat absorption and
emission in isochoric processes as well as work extraction in
adiabatic processes. As a result, we revealed a counterintuitive
feature of the non-Markovian quantum Otto cycle; we found
that the cycle functions as an engine, a heat pump, and a
heater, depending on the interaction time with the baths.

Energy
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l Energy
decrease:
-- Cold 4
. _,1‘-' bath
Internal
energy flow
(ii)Heater
"t - 'l Cold
> O EH
(iii)Heater or Engine
t - ‘l Cold
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FIG. 7. The energy changes of the bath and the qubit, where AE{ (i = h or c) is the qubit’s energy change when it interacts with the hot
or cold bath, respectively, and AE} (1 = h or ¢) is the energy change of the hot or cold bath, respectively. The axis ¢ indicates the interaction
time with the cold bath. The parameters are set to t" = 60, w¢/w" = 0.5, and T¢/T" = 0.2.
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The non-Markovianity mainly has three effects on the cy-
cle, depending on the interaction time: the energy division
as well as the reverse energy flow from the qubit to the hot
bath occur in the region of the short interaction time, and the
interaction energy remains negative in the region of the long
interaction time. We quantified these effects by defining an
index of non-Markovianity in terms of the energy division
of the interaction energy. We also focused on the energy
expectation value of the hot and cold baths, revealing that the
heat flow from the cold bath to the hot bath does not occur
despite the work. The qubit itself loses its energy if we shorten
the interaction time between the qubit and the bath. In this
sense, the qubit is cooled through the cycle, which property
could be used for cooling the qubits in quantum computers.
This nontrivial behavior does not appear in the Markovian
dynamics.

In the isochoric processes, the interaction energy between
the qubit and the bath becomes negative. In order to complete
the cycle, we have to add an extra work to detach the qubit
from the bath. When we count this detachment work into the
total work W, the work becomes negative depending on the
interaction time. We also showed that this nontrivial energy
flow and the negative work make the quantum Otto cycle
behave as a heat pump and a heater.

We also discussed the work extraction from a microscopic
system to a macroscopic system like us humans [75]. We
modeled the work extraction processes using quantum mea-
surements explicitly.

An open question is how to treat the feedback based on
the quantum measurement information after the detachment
of the qubit and the bath. We will also investigate a rigorous
trade-off relationship between the efficiency and the power
including the negative interaction energy [31].
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APPENDIX A: FULL COUNTING STATISTICS

We use the method of full counting statistics [48,71,85]
for evaluation of the physical quantities of the bath. Let us
review it here to make our description self-contained. In this
method, the concept of two-point measurement for the bath
is used. For a measurable physical quantity Q of the environ-
mental system, the measurement operator is given by {lalq7 =
lg) {(q]}, using the eigenstate {|g)} of Q. For the two-point
measurement, projective measurements fIqU = |q0) {qo| and
ﬁqr = |q;) (q.| are performed on the environmental system at
time O and ¢, respectively. Hence, the probability of obtaining
the measurement results go and g, at time 0 and ¢, respectively,

P(q:. q0) = Trsg[( ® T1,) U(t,0) I ® I1,,)
Prot(0) (I ® T1,0) U (2, 0) (I @ [1y)].

Therefore, the probability distribution of the difference Ag =
q: — qo between the two measurement results g, and ¢y is

P(Ag) =) 8(Aq — (g — 90))P(Gr: 90).
40,91

(AD)

(A2)

For the calculation of the expectation value of physical
quantities, it is useful to define the cumulant generating func-
tion for Ag:

Si(x)=1In / N d(Aq)P,(Ag)e” ™

oo

= ln/ d(Ag) ) 8(Aq — (41— 40)IP(gs, Go)e™™

° 40,91

= 1n|:Z TrSB[ (I & 1A-[q,) U([, O) (I & 1A-[qo) ptot(o)

40,91
x (1@ I,) U, 0) (I ®I1,)] eix(‘fr—%)}, (A3)

where x is often called the counting field. The nth-order
cumulant is given by

"8 (x)
Aq" t = s
(Agq") 3(ix)"

In the case of the present problem, we need the energy of
the environmental system as the physical quantity Q. For this
purpose, we set 0 = Hp and define the projective measure-
ment {I1, = |e) (|} using the basis |e) of energy eigenstates.
Here, eg and ¢; are the measurement results at time 0 and ¢,
respectively. The projection operators are fleo = |ep) (eo| and
f[e, = |e;) {e;| using eigenstates |eg) and |e;), respectively. In
this particular case, since the initial state is p(0) = ps(0) ®
e PHs 7 and hence [05(0) ® e P8 7, I ® I1,,] = 0, the fol-
lowing relation holds:

Z e~ ixe ﬁeoptol(o)ﬁeo = Zeiixeoptot(o) leo) {eol

€0 €0

= ¢/ pig (0)e 1,

(A4)

x=0

(A5)

By using this relation and the cyclic permutation of the argu-
ments of Trgp[-], we reduce the cumulant generation function
(A3) to

S (0) = ln[Z Trsgl (I ® [1,) U2, 0) (I ® [,,) pior(0)

€0,€t

x I®1M,)U'(t,0) (I Il,)] eix<el—eo)]

X

= Trsple' = U (1, 0) e 7515 p oy (0)
x e 13t UT(1,0) 2]

= Trs[ Uy/a(t, 0) poi(0) UT, 11,01, (A6)
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where

Uy a(t,0) = 5 U1, 0) e '3, (A7)

UT (t.0) = e 2 UT (£, 0) &2, (A8)
We then define a new state of the total system as

Px (1) = Uy (1, 0) pioi(0) ij/z(t, 0). (A9)

By tracing out the information of the bath from this total
density matrix, we derive the master equation for Trgp, (7).
We calculate this master equation in the counting field, and
thereby obtain S; () = Trsgp, (t). We thus obtain Eq. (46) as
the first-order cumulant of Hg:

a8, (x)
0Gx) |,

AEp(t) = (AHp(1)) = (A10)

APPENDIX B: MARKOVIAN DYNAMICS

In this Appendix, we consider the behavior of the quantum
Otto cycle when the heat exchange between the qubit and
the bath are described by Markovian dynamics. In describing
this process, we can use the GKSL (Gorini-Kossakowski-
Sudarshan-Lindblad) master equation under the Born-Markov
approximation [44,45]. We can actually derive this mas-
ter equation by taking the long-time limit + — oo in the
time-evolution superoperator in Eq. (8) [71], and hence
we have [48]

Mo ) = 1+ n(w,) I +n(w,)
P00t = () 1+ 2n(w,,)

x expl — 2 ([ + 2n(w,)l],  (B1)

+ ['0,’,1,,00 0) —

with m =0, 1, and u = h, c. Here, n(w,) is the Bose dis-
tribution n(w,) = (e*/™ —1)~!. In order to employ the
Markov approximation to describe the limit cycle, we use

P, 1) = PRog () + (1 = PMpli @), (B2)

where P* is the same as defined in Eq. (20) except that we
replace the p |, (t") with p)"1 (11).
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