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Quantum heat engines are often discussed under the weak-coupling assumption that the interaction between
the system and the reservoirs is negligible. Although this setup is easier to analyze, this assumption cannot be
justified on the quantum scale. In this study, a quantum Otto cycle model that can be generally applied without
the weak-coupling assumption is proposed. We replace the thermalization process in the weak-coupling model
with a process comprising thermalization and decoupling. The efficiency of the proposed model is analytically
calculated and indicates that, when the contribution of the interaction terms is neglected in the weak-interaction
limit, it reduces to that of the earlier model. The sufficient condition for the efficiency of the proposed model not
to surpass that of the weak-coupling model is that the decoupling processes of our model have a positive cost.
Moreover, the relation between the interaction strength and the efficiency of the proposed model is numerically
examined by using a simple two-level system. Furthermore, we show that our model’s efficiency can surpass
that of the weak-coupling model under particular cases. From analyzing the majorization relation, we also find a
design method of the optimal interaction Hamiltonians, which are expected to provide the maximum efficiency
of the proposed model. Under these interaction Hamiltonians, the numerical experiment shows that the proposed

model achieves higher efficiency than that of its weak-coupling counterpart.
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I. INTRODUCTION

Constructing and analyzing heat engines is one of the
fundamental themes in thermodynamics. In classical thermo-
dynamics, it is a universal principle, rigorously shown by
Carnot, that no heat engine operating between two reser-
voirs can exceed the efficiency limit nc = 1 — T, /T, where
T. and T, denotes the temperatures of the cold and hot
reservoirs, respectively. The Carnot limit assumes that heat
engines operate at the macroscopic scale, where fluctuations
and quantum effects do not come into play. Recently, the
notion of thermodynamics has been applied to mesoscopic
systems, such as protein motors and biochemical clocks,
which are described by stochastic processes. In the meso-
scopic regime, thermodynamic quantities, e.g., entropy, work,
and heat, become stochastic and the second law of thermo-
dynamics does not necessarily hold due to fluctuations [1,2].
Moreover, heat engines have been studied in microscopic
systems, where the quantum effects play fundamental roles
[3-24]. Quantum extensions of the Carnot and Otto cycles,
the most fundamental heat engines in thermodynamics, are
summarized in Refs. [3—5]. Additionally, various heat engines
that utilize quantum effects, such as measurement, coherence,
and entanglement, have been proposed [6-9]. In particular,
the achievable efficiency of quantum heat engines has been
theoretically proven to possibly exceed the classical efficiency
limit [4,10-13]. For instance, the classical Carnot limit is
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violated in heat engines using squeezed reservoirs [10-12],
although this phenomenon does not violate the second law of
thermodynamics. This fact indicates that quantum resources
can be used to enhance heat engines. Currently, research on
the experimental realization of quantum heat engines is ongo-
ing [12,25-29] and quantum heat engines have already been
implemented in various physical platforms, such as trapped
ions and nuclear magnetic resonance (see Ref. [30] for a
review).

In many quantum heat engine models, the interaction be-
tween the system and the reservoirs is assumed to be weak to
ensure that their interaction is negligible. This approximation
facilitates the theoretical analysis, because the thermal equi-
librium state can be regarded as the product state of the system
and the reservoir. However, this assumption cannot be justified
in systems where quantum behavior appears, i.e., the effects of
the interaction cannot be negligible inevitably in the quantum
scale. That is because the ratio of the surface to the volume is
large when the volume of the system is very small [31,32].
In recent years, theories do not assume weak coupling but
consider the contribution of the interaction [31-41]. One rep-
resentative method is the reaction coordinate mapping [42].
In this method, a reaction coordinate is introduced to account
for the contributions of the interactions between a system and
reservoirs. After this mapping, the strongly coupled system
and reservoirs can be treated as if the reaction coordinate cou-
ples to the residual environments weakly. Despite the method
being applicable to arbitrary quantum systems, it has a re-
striction that the reservoirs, consisting of harmonic oscillators,
must be linearly coupled to the system. We propose herein a
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more general treatment applicable to anharmonic or nonlinear
baths [43-45].

In this study, we construct a quantum Otto cycle model
without making the approximation that the interaction be-
tween the system and the reservoirs is negligible. This model
can be applied generally: The cycle is analyzed by using
density operators throughout to ensure that the model does
not specify the details of the system and the reservoirs, except
that the decoupling processes are assumed to be realized under
the Schrodinger equation. To confirm the consistency, the
proposed model is shown to agree with the existing model
in the weak-coupling limit. In addition, the sufficient condi-
tion is derived for ngy < Nweak, Where ng, and Nyeax are the
efficiencies of our model (strong coupling) and the existing
model (weak coupling), respectively. This inequality holds for
positive costs to decouple the system from the two reservoirs.
In the numerical experiment, the interaction provides a detri-
mental effect to the strong-coupling model. Furthermore, the
efficiency of the strong-coupling model is visually demon-
strated to be lower than that of the weak-coupling model.

Although the relation 9y, < Nweak 1S primarily satisfied, we
also suggest the possibility that the efficiency of the proposed
model can be higher than that of the existing weak-coupling
counterpart. This insight is obtained by considering the ma-
jorization relation, which is originally a mathematical concept
but plays a significant role in thermodynamics, especially in
resource theory (see Refs. [46,47] for a review). Finally, we
propose a design method to realize the optimal interaction
Hamiltonians, which are expected to provide the maximum
efficiency, and the reversal of efficiency 7nsw > Nweax 1S NU-
merically demonstrated to be realized under these interaction
Hamiltonians.

II. WEAK-COUPLING MODEL

This section reviews the widely discussed quantum Otto
cycle model. In this model, the interaction between the system
and the reservoirs is assumed to be negligible. We call this
the “weak-coupling model” to clearly distinguish it from the
model described in the next section.

Consider a quantum system S and two heat reservoirs By,
and B,, whose inverse temperatures are 8, and ., respectively
(Br < Bc). The Hamiltonian of the total system is expressed as
follows:

Hi = Hs + Hpy + H + Hiy + HSp. (1)

Hg, Hg, and Hj are the self-Hamiltonians of S, By, and B,,
respectively, and Hi, corresponds to the interaction between S
and B; (i = h, ¢). By assuming that the two reservoirs are both
in Gibbs states, the states of the reservoirs can be expressed as

e—ﬁiHé

Py = 73 (i=h,c), )

where Z}, = Tr[e #] is the partition function.

In this model, the cycle consists of the following four
processes (see Fig. 1): (A) adiabatic compression, (B) hot
isochoric thermalization, (C) adiabatic expansion, and (D)
cold isochoric thermalization. The state change of the system
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(D) thermalization
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FIG. 1. Four processes in the weak-coupling model. The state of
the two reservoirs is constant and the state of the system transitions as
follows: (A) Adiabatic compression: pg® — pf. (B) Hot isochoric
thermalization: p} — pid. (C) Adiabatic expansion: pg*d — pf.

(D) Cold isochoric thermalization: p§ — pg*

(A) compression

in each process is described, and the transferred heat and the
exerted work during these processes are calculated below.

A. Process

Process A: Adiabatic compression. In this process, the
system does not interact with the reservoirs. The Hamiltonian
of the system is initialized to H§ = ", E;|v;) (|, where each
E; is an energy eigenvalue of H¢, and |1;) is the corresponding
eigenvector. We assume that no degeneracy occurs in the
eigenvalues and consider the initial state of the system to be
the Gibbs state at inverse temperature S,:

o BeH§

7

c.eq __

Pg =

> pilya wil, 3)

where Z§ = Tr[e ##5] and p; = e~ PeEi ) Z¢.

Hj is dependent on a controllable external parameter A.
The initial value of X is A;, which corresponds to Hg. During
this process, A is varied from A; to Ay, and, consequently, Hs
changes from HS to HY. The state change of the system in
this process can be expressed by a unitary operator Ugom =
T exp{—i f Hs(t)dt}, where T is the time-ordering operator.
If the change in A is sufficiently slow, the time-evolution
induced by U, does not change the probability distribution
{pi}i [9]. The final state of the system can be expressed as

Pt = Ucom P5* Ul = D pilei) (@], “

where |¢;) = Usom|¥;) and |¢;) is the eigenvector of Hf
corresponding to the energy eigenvalue €; of Hsh- Here, the
eigenvalue E; of HS and the eigenvalue €; of H! have a
one-to-one correspondence, and no reversal of the magnitude
relationship between eigenvalues and no degeneracy during
this process are assumed.

Because the system does not interact with the reservoirs,
no heat flows into the system during this process. Therefore,
we regard the change in internal energy of the system as the
work performed on the system, which is given by

Weom = Tr[HSh,og] — Tr[HS“pg’eq]. )

Process B: Hot isochoric thermalization. In this process,
the Hamiltonian of the system is constant at HJ. A weak in-
teraction exists between the system and the hot reservoir. The
reservoir is assumed to be sufficiently large such that its state
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does not change throughout this process. After a sufficiently
long time, the state of the system converges to the Gibbs state
at inverse temperature B, [6]. The final state of the system can
be expressed as

h,eq
Py =

e_ﬂhHsl'x
i = 2@l (i, ©)
) i

where Z!' = Tr[e #!5] and ¢; = e P<i/Z}. Bach ¢ is an
eigenvalue of H! and |¢;) is the corresponding eigenvector,
which is equal to that used in Eq. (4).

Here, we note that there is a crucial approximation in this
model that the interaction between the system and the reser-
voir is ignored. More precisely, the final state of the system
should be the Gibbs state, considering the interaction Hamil-
tonian H{,. However, in this model, the contribution of HZ,
is neglected by assuming that the interaction is sufficiently
weak; that is

o P(H{+HE+HY)  o—FiHE  —PuHj

h.eq h
~ = . 7

Because the Hamiltonian is constant throughout this pro-
cess, the work performed on the system is equal to zero.
Therefore, the change in internal energy of the system can
be regarded as the heat transferred from the reservoir to the
system, which is given by

Qin = Tr[Hg ] — Tr[Hg pf]. ()

Process C: Adiabatic expansion. Similar to Process A, in
Process C, no interaction occurs between the system and the
reservoirs. The parameter A is varied from A ¢ to A; sufficiently
slowly. Consequently, the Hamiltonian of the system changes
from Hg’ to Hg. Uexp, the time-evolution operator of this pro-
cess, is equal to UJ [7]. Therefore, the final state can be

om
expressed as follows:

P = Uexp p5 Uy = > ail V) (Wi, ©)

where g; is equal to that in Eq. (6) and |;) is equal to that in
Eq. (3).

Since the system does not interact with the reservoirs, no
heat flows into the system and the work performed on the
system is equal to the change in internal energy of the system;
this is expressed as

Wexp = Tr[H{ ] — Te[HE 03] (10)

Process D: Cold isochoric thermalization. In this process,
the Hamiltonian of the system is constant at H§ and the system
weakly interacts with the cold reservoir. Similar to Process B,
after a sufficiently long time, the state of the system converges
to the Gibbs state at inverse temperature S, i.e., the final state
is pg“%. Here, the contribution of the interaction Hamiltonian
Hgp is neglected.

Because the Hamiltonian does not change during this pro-
cess, the work performed on the system is zero and the
decrease in internal energy of the system is considered as the
heat transferred into the cold reservoir, which is given by

Qou = Tr[Hg p§] — Te[Hi pg™]. (11

B. Efficiency

With Qi [Eq. (3)] and Wou = —(Weom + Wexp)’ the heat
absorbed by the system from the hot reservoir and the net
work performed by the system during one cycle, the efficiency
of the weak-coupling model is defined as

W()llt
Qin
For the cycle to operate as a heat engine, we assume Qj, >

QOout > 0. Because Weom + Qin + Wexp — Qoue = 0, we can
TeWTIte Nyeak S

(12)

Nweak =

= 1 —
Qin Qm

Using the von Neumann entropy S(p) := —Tr[p In p] and the
quantum relative entropy D(p||o) := Tr[pIn p] — Tr[pIno],
the heat transferred between the system and the reservoirs can
be expressed as follows (see Appendix A):

BiQin = AS — D(pl] [ o), (14)

BeQou = AS + D (]| p5*?). (15)

where AS = S(pe*h) — S(pl) = S(0%) — S(p™Y).  Conse-

quently, we can express Nyeak aS

_ Bu AS + D(pg|[p5*?)
Pe A8 — D(of |5

Nweak = Qin - Qout QLlut' (13)

Nweak = . (16)

Because the terms expressed by the quantum relative entropy
are positive under the condition Qi, > Qoy > 0, the following
inequality holds:

Bn

Nweak < l——= ne- (17)

Be
Therefore, the efficiency of the weak-coupling model does
not exceed 7n¢, which is the efficiency limit of classical heat
engines.

III. STRONG-COUPLING MODEL

In the weak-coupling model, the interaction Hamiltonians
are assumed to be negligible. However, in quantum systems,
this assumption is often unrealistic because the surface area of
such systems is not insignificant compared with their volume
[31,32]. In this section, we develop a quantum Otto cycle
model without applying the weak-coupling assumption. We
call this the “strong-coupling model” to distinguish it from
the weak-coupling model.

The strong-coupling model consists of the following six
processes (see Fig. 2): (A) adiabatic compression, (B-1)
hot isochoric thermalization, (B-2) decoupling from the hot
reservoir, (C) adiabatic expansion, (D-1) cold isochoric ther-
malization, and (D-2) decoupling from the cold reservoir.
Despite a few differences in details, this division is similar
to the model proposed in Ref. [34].

A. Process

Process A: Adiabatic compression. This process is equiva-
lent to Process A in the weak-coupling model. No interaction

044127-3



MAO KANEYASU AND YOSHIHIKO HASEGAWA

PHYSICAL REVIEW E 107, 044127 (2023)

B path

'
o

(C) expansion h
< bath B

! (D-1) thermalization
i
]
1

4 (B-2) decoupling

C
» -
(D-2) decoupling A

(B-1) thermalization

FIG. 2. Six processes in the strong-coupling model. While en-
tangling with the reservoirs as appropriate, the state of the system
transitions as follows: (A) Adiabatic compression: pg*! — pf. (B-
1) Hot isochoric thermalization: pf ® p — pl,. (B-2) Decoupling
from hot reservoir: plf, — pg‘cq ® ph. (C) Adiabatic expansion:
pg"e“ — ps. (D-1) Cold isochoric thermalization: p§ ® pg — pgp.
(D-2) Decoupling from cold reservoir: p§, — p5™ ® p§.
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(A) compression

occurs between the system and the reservoirs. Therefore,
no heat flows into the system. The state of the system
changes from pg* to p!, and the work Weom = Tr[HZpk] —
Tr[H¢ pg“1] is done on the system during the process.

Process B-1: Hot isochoric thermalization. In this process,
the Hamiltonian of the system is constant at HSh. First, the
system is coupled to the hot reservoir, which is represented by
switching on the interaction Hamiltonian H{,. We assume that
this operation does not require work because the reservoir is
in the Gibbs state initially. We also assume the coupling oper-
ation completes instantaneously to ensure that the states of the
system and the reservoir do not change before and after cou-
pling. These assumptions are also accepted in Refs. [34,35].
From these assumptions, Tr[H/; (ot ® pk)] = 0 holds. HL, is
the Hamiltonian corresponding to the interaction between the
system and the hot reservoir and is constant in this process.
We note that H;’B is not necessarily weak, which is a differ-
ence from the weak-coupling model. After a sufficiently long
time, the compound system S + Bj, converges to the Gibbs
state at inverse temperature S, [33,34]. The final state can be
expressed as follows:

h

e~ Pr(H{+Hy+Hy)
Psp= ———n

: (18)
Zsy

where Z!', = Tr[e™PHs +H5+Hsp) ]

Similar to Process B of the weak-coupling model, the work
performed on the system vanishes. Therefore, the change in
internal energy of the system is equal to the heat transferred
from the reservoir, which is

Q?h = Tr[(Hé’ ® ]IB)/O;IB] - Tr[Hélpg] + TT[H_?BP.?B]
= T 34— )] + Tty ) 19

Here, I is the identity operator and p is the reduced state
of py, i.e., pi = Trp[pty]. Using O , the work performed on

the system can be written as
Wi = Tr[Hg (ps — ps)] + Tr[Hsposs] — Q1 = 0. (20)

With the von Neumann entropy and the quantum relative
entropy, we can rewrite Q" as follows (see Appendix A):

B0k =S(p) — S(pt)
— {D(033]|75 ® pg) + D (05 ® p||pss)}. 21

This expression is useful for the calculation of the efficiency.

Process B-2: Decoupling from hot reservoir. Next, we con-
duct an operation to detach the system from the hot reservoir.
As in Ref. [38], we consider the situation where the decou-
pling and the thermalization proceed simultaneously, i.e., the
decoupling operation is sufficiently slow and the state of the
compound system S + By, is the Gibbs state throughout this
process. The initial state is pé’B and the final state is pg’eq ® ph.
Here, we impose a restriction that this process can be realized
under the Schrédinger equation. From this restriction, the time
evolution of the compound system is unitary and the following
equality holds:

S(ps** ® o) = S(pls)- (22)

Hereafter, we refer to this restriction as “unitary restriction.”
We point out that the interaction Hamiltonian is not constant
during this process; its initial value is H; and the final value is
zero, and it varies appropriately to realize the desired unitary
transformation.

The appropriate definition of work and heat is an open
question in the field of quantum thermodynamics and the
efficiency of quantum heat engine is largely dependent the
definition. In this study, we introduce the definition of heat
proposed in Ref. [38], which is valid when the compound
system evolves under the Schrodinger equation. Using this
definition, the heat transferred into the system can be calcu-
lated as follows (see Appendix B):

Br0l = S(pg ) — S(Bk) + D(pls|[pE @ P}).  (23)

where ph = Trs[plz]. We define the work performed on the

system as the difference between the change in internal energy
of the system and Q", which is

Wi = Tu[H (o5 — p§)] — Ti[Hipols] - Q5. (24)
We note that the state change of the system plf — pi*d
involves both work and heat in the strong-coupling model,
whereas only heat transfer occurs in the weak-coupling model.
This is a fundamental difference between both models.

Process C: Adiabatic expansion. This process is completely
equivalent to Process C of the weak-coupling model. The state
of the system changes from pg’eq to pg without interaction
with the reservoirs. No heat flows into the system and the work
performed on the system is Wey, = Tr[H§ p§] — Tr[HY pg’eq].

Process D-1: Cold isochoric thermalization. In this pro-
cess, the Hamiltonian of the system is constant at Hg. First,
the system is coupled to the cold reservoir, and we assume
Tr[H§g(ps @ pg)] = 0 as in Process B-1. Hg,, corresponds to
the interaction between the system and the cold reservoir, and
it is constant in this process. We emphasize that Hgj is not
necessarily negligible. After a sufficiently long time, the state
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of the compound system S + B, transitions to the Gibbs state
at inverse temperature .. The final state is
. e~ Pe(H§+Hj+HS,) 55
Psp= " S > (25)
Zsp
where Z¢, = Tre P +HitHsp)],

Similar to Process B-1, the work performed on the system
is zero. Therefore, the change in internal energy of the system
can be regarded as Qf, the heat transferred into the system
during this process. Q is given by

04, = Tr[(H§ ® 1) psp| — Tr[Hs p§] + Tr[Hpo5p]
= Tr[Hs (p5 — p§)] + Tr[Hgoss), (26)

where pg = Trp[pgz]. We note that Oy is calculated with the
flow into the system in a positive direction, despite the positive
energy actually being transferred from the system to the cold
reservoir. Using Qf , the work performed on the system can be
written as

Wi, = Tr[Hs (o5 — p5)] + Tr[Hipp§s] — 04 = 0. (27)

Similar to chh, another expression for Oy, can be obtained as
follows:

B:05 =S(p5) — S(05)
—{D(pss| |5 ® o5) + D(p5 ® pg||05s) ) (28)

Process D-2: Decoupling from cold reservoir. Similar to
Process B-2, in this process, the system is decoupled from
the cold reservoir sufficiently slowly, and the thermalization
proceeds simultaneously. The compound system S + B, is the
Gibbs state at inverse temperature S, throughout this process.
The final state is pg“? ® pg. Here, we impose the unitary
restriction as in Process B-2, i.e., this process can be realized
under the Schrodinger equation and the following equality
holds:

S(ps™ ® p3) = S(psp)- (29)
|

BrO;,

S
S

P
(p

Here, we used the following relation:

D(pis||B§ ® i) — D(pds| |55 © Bp)

By adopting the same definition of heat as in Process B-2,
the heat the system absorbs from the cold reservoir can be
calculated as follows:

B0 = S(p5™) = S(p5) + Doz |75 ® p5),  (30)

where py = Trs[p§z]. The work performed on the system
is defined as the difference between the change in internal
energy of the system and Q:

Wi = Te[H (o5 — 5§)] - Tr[Hipo5,] — Q5. (D)

B. Efficiency

Similar to the weak-coupling model, we define the effi-
ciency of the strong-coupling model as
W/
Q‘i‘", (32)
where Q; is the sum of the heat the system absorbs from
the hot reservoir in Processes B-1 and B-2 and W, is
the net work the system performs during one cycle. Hence,
out = —Weom + Wyt + Wi + Wesp + Wi + W) and 0, =
o + QZ. Additionally, O, , = —(Qf, + Q%) denotes the heat
transferred from the system to the cold reservoir. Similar to
the weak-coupling model, we assume Q! > Q. . > 0. We can
derive

Nstr =

Wi = O + 0+ 05 + 05
=0}, — Obuts (33)
and we can rewrite 1y, as

Q{n B /u /u
Nstr = —,Ot =1- L,t'
Qin Qin
Moreover, from Egs. (21) and (23), Q! can be calculated as
follows:

(34)

(p5°**) = 8(05) = {D(p3sl175 @ o) — D (o5l |55 ® Pi) + (0§ © o[ 5)}
§) = S(05) = {D(B3]]p5) + D (0§ © Pyl 055) }- (35)

= {=S(p5s) + S(p5) — Tr[pn 5]} — {=S(o5s) + S(B5) — Tr[B5In 7]}
= Tr[fog In ,Z)g] — Tr[[)g In ,og]

= D(p5||Fk)- (36)
Similarly, from Eqgs. (28) and (30), we obtain
BeQou =5(p5) — S(p5*) + {D (51| o) + D(p§ ® pj|[55)}- (37)
Thus, using AS = S(p;"eq) — S(pt) = S(p$) — S(ps ), nsw can be expressed as
A D ~C C D C C C
N = 1 Bi AS + {D(B5|[05) + D(p§ ® pj||0§s) } (38)

B AS — (D(ph]]0k) + Dok @ ph[[ols) |
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This expression resembles 7ye, in Eq. (16). Equation (38) is the main result of this study. From the non-negativity of the
quantum relative entropy and the condition Q) > Q. > 0, we obtain
/gh

Nor < 1 — ,3_ =Nc, 39

i.e., similar to the weak-coupling model, the efficiency of our strong-coupling model does not exceed the classical limit 7c.

C. Weak-coupling limit

Here, we show that our strong-coupling model agrees with the weak-coupling model in the limit of weak interaction. When
we add a condition that the interaction Hamiltonians are negligible in the strong-coupling model, the final state of Process B-1
is approximated as follows:

e_ﬂlx(H§’+H£+H§B) e—ﬁh(H§+H£) e—ﬁth e—ﬂhHé

h
= ®
Zs

ol = ~ h,eq
SB — h - hzh h
ZSB ZSZB ZS

= ps ! ® py. (40)

Consequently, ,T)é’ = TrB[pé’B] = ,og"eq and ,T)l’} = Trs[,oé’B] = ,og hold. Therefore, we can rewrite the heat exchanged between the

system and the hot reservoir as
Q4 =Te[Hy (55 — p§)] + Te[Hipogs] = Te[H{ (5" = p5)]. (41)
P2 = S(o5*) = 8(05) + D(oss| 175 © 3)

~ 8(p5*") = S(ps™") + D(p5 ™ ® oyl |05 ® pf)
=0. (42)

From Egs. (41) and (42), we obtain Q}, = Q0 + Q" ~ T1r[HSh(,o§Leq — pt)] = Qin. By similar calculations, we can show Q) >~

out —

Qout and W, =~ Woy,. These relations mean the cycle of the strong-coupling model agrees with that of the weak-coupling model

in the limit of weak interaction. Furthermore, the following calculation shows that 7y, in Eq. (38) agrees with 7y, in the same
limit:
B AS +{D(p5]]p5) + D(p§ ® p§||rSs) |

Be AS — {D(p||p5) + D(p§ ® pi|PSs)}

Nstr = 1

| _ B 88+ {D(p5| o) + D(ps @ ps|lo5™ @ pj)}
Be AS —{D(p}|| k) + D(pk ® pf| |5 ® of)}

_ B AS +D(p§||p5™)
Pe &S — D(pf |5
= TNweak- (43)

These discussions support the consistency of the proposed strong-coupling model with the weak-coupling model. Thus, our
model can be considered to be a valid extension of the existing weak-coupling model.

D. Comparison of efficiencies

In this section, we compare the efficiency of the two models discussed previously. From Eqs. (16) and (38), we derive the
sufficient condition for 1y < Nwea. First, from the non-negativity of the quantum relative entropy, we obtain D(i)ngﬁ) +

h, . .
D(,og' ® pl’}||,0§'3) > D(,ogZ ® pg||,o§B). We set d .= D(pé’ ® p§||p§'3) — D(p§’||,05 1), and by examining the sign of d as the
following calculation, we explore the magnitude relation between the efficiencies of the two models:

d = D(p% ® phl|pks) — D (4| |5

—p (H+H L)
= —S(ps ® pg) — Tr| (p5 ® pj) In

—BuHY! Zh
+5(ol) +Tr|:p§’ In < } — In =38

=1n
Zsp Zg Z5Z;

= Bu{F (0™ ® ppt) — F(plp)). (44)
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Here, we introduced the free energy F (p) = —% In Z, defined
for an arbitrary Gibbs state. B is the inverse temperature and
Z is the partition function. Thus, if F(,og’eq ® pi) = F(ply)
holds, we obtain d > 0 and D(p}|| o) + D(pl ® phl|pls) >
D(p§'||p§’eq). Similarly, we also obtain D(pg||pg) + D(p§ ®
p5l105s) = D(pSllpg ) under the condition that F(pg™ ®
p5) = F(pgg). From the two inequalities, we can derive the

following relation:
By S+ {D(p]|pg) + D(o§ ® p5l[055) )
Be S — {D(p||pg) + D(o§ ® pi]|P5s)}

| _ Pn AS +D(ps] [ 05™)
Pe AS — D(pf]| o)

Nstr =

= Nweak- (45)

Eventually, the fact that both F (,og’ecl ® ph) = F(pk) and
F(pg™ ® p§) > F(pp) are satisfied is the sufficient condi-
tion for 1y < Nweak- Furthermore, because the von Neumann
entropy of the compound system is constant throughout the
decoupling processes due to the unitary restriction, the change
in free energy is equal to the change in internal energy, i.e.,

F(pg* ® pp) — F(ply)

= Te[H (05" — 2§) |+ e[ H5 (0} — 25) |- Tr[Hipo5s].
(40)

F(ps* ® pg) — F(p§p)

= TelH5 (5§ — 75)] + Te[H 05 — 75)] — Te[Hiposy).
47

Therefore, using AE! and AE§ to denote the right sides of
Egs. (46) and (47), the fact that both AEL/; > 0and AE; >0
are satisfied also expresses the sufficient condition for 7y, <
Nweak- We can interpret this condition that if positive costs
exist on the two decoupling processes, the strong-coupling
model has a lower efficiency than the weak-coupling model.

E. Reversal of efficiency

This section shows that the efficiency of the strong-
coupling model may exceed that of the weak-coupling model
in particular case. In this section, only high temperature reser-
voir side is discussed. However, the same is true for the low
temperature side. An arbitrary interaction Hamiltonian can be
expressed as follows:

Hy = Uy (HY + H)U) +al — (HY + Hp),  (48)

where the unitary matrix U, 6? represents Process B-2 in the
strong-coupling model and a = Tr[(H;‘ + Hl’,?)(pé’ ® pl’;)] —
Tr[(Hél + H{;’)U}(pé’ ® pg)Uf]. This interaction Hamilto-
nian satisfies the restriction Tr[HShB(pg' ® pg)] =0 and the
unitary restriction: The eigenvalue distribution of HY + H} +
H!, is equal to that of H? + H} except for the shift of the
constant a. The essential difference between the two models
is whether the interaction Hamiltonians are considered. Tak-
ing the interaction Hamiltonian into account is equivalent to
considering any U/ and transforming it by Eq. (48).

Next, we present the construction of U ;‘ which achieves
the relation d = D(p ® pjl|pks) — D(pk||pe?) < 0. As de-

scribed in the previous section, examining the sign of d
helps determine the magnitude relation between nyex and
Nstr» and the relation d < 0 indicates that the efficiency of the
strong-coupling model can be higher than the weak-coupling
counterpart [compare Eq. (38) with Eq. (16)]. We use the
following notations: o3 = »~, ¢; 147) (¢/1, |Pij) = I¢) ® |¢}),
and let {¢;}; and {€}; to be the eigenvalues of Hf and Hé’,
respectively. The value of d can be calculated as follows:

d = D(p{ ® py||p§z) — D(p§] 5™
= DU} (0§ ® pp)U; || 05™ @ pp)
— D(p§ @ pj| |05 ® pp)
= —Tr[U} (0§ ® o) Uy " In (05 ® pp)]
+Tr[(p§ ® pj) In (5™ @ p})]
=By Y pidy(e + €PN (PulUS i) I”

ij kil

—Bi Y pidj(ei + €. (49)
iJ

For any real vectors a and b, the following relation holds:
a’b > aTTb 1» where ay and b, are vectors of the elements of
a sorted 1n ascending order and b sorted in descending order,
respectively. Here, let E be a vector of (¢; + €’;) values ordered
from smallest to largest and P be a vector of p;q; values,
which is ordered corresponding to E. Using these vectors, the
second term of Eq. (49) can be expressed as the inner product
of them and the following holds:

> pidiei+€)=ETP>EP,, (50)
ij
where P, is a vector of P in descending order. Thus, if we take
U E? as the following form, d < 0 is satisfied:

D10, (Pl (51)

(m,n)e M

Uj =

where M is the set of (m, n), which is a correspondence of
indices before and after P is sorted to P,. This U" can be
interpreted as a permutation matrix under the orthonormal
basis {|®,)}, and hence it is unitary. Under this U ;’, the value
of d is as follows:

d=p(E"P,—E"P)<0. (52)

This mean that such U j‘ can induce the reversal of efficiency,
Nstr = Tweak -

Furthermore, the U 5 constructed by Eq. (51) provides the
minimum value of d. For any U”, the first term in Eq. (49) can
be expressed as

/ / 2
B Y Y pidi(e + €)| (PulUf|®y) | = BETAP. (53)
ij ki

Here,A = (| (®,,| U} |®,) |*) is a doubly stochastic matrix. In
general, a doubly stochastic matrix A generates majorization
relation [46,47]: For any real vector x, Ax < x. From this
property, we can rigorously prove the inequality

ETAP>E'P, (54)
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for any doubly stochastic matrix A (see Appendix C). There-
fore, the U in Eq. (51) is optimal for minimizing the value of
d.

This implies that the efficiency of the strong-coupling
model can exceed that of the weak-coupling model, although
this does not necessarily realize because of ignoring the con-
tribution from the term D(,b,’;”,og). In the following section,
we demonstrate numerically that the reversal of the efficiency
is achieved in the prepared simple two-level system.

IV. EXAMPLE

In this section, the strong-coupling model is applied to
a simple two-level system, and its efficiency is numerically
computed. We represent the state of the reservoirs by the
general density operators and do not specify the details of the
reservoirs. We introduce a parameter 6 to control the strength
of the interaction and examine the relationship between 6 and
nste- In addition, we analytically calculate the efficiency of the
weak-coupling model and compare it with 7,. Furthermore,
we design the interaction Hamiltonians by using Eqgs. (48)
and (51) and investigate the efficiency of the strong-coupling
model under such interaction Hamiltonians.

Consider a two-level system S. Using the computational
basis [0) = (1,0)", |1) = (0, 1)T and the other orthonormal
basis |+) = Lz(l, +1)T, we set H§ and H! as
Hg = EI0)(0] + ESIN(L], Hy = EJI+)(+] + E!|=)(—.

(55
{E;,E;} and (E", Eeh} are the energy eigenvalues of Hg and
HS”, respectively. Let {e/}; and {elﬁ}i be the eigenvalues of
the Hamiltonians of the cold and hot reservoirs, and these
Hamiltonians are assumed to be diagonalized in the compu-
tational basis. Then, we generate two unitary operators U;
(j = ¢, h; same hereafter) randomly based on Haar measure-
ment [48,49] and calculate the Hermitian operators H; such
that U; = exp(iH;). By introducing a parameter 6 € [0, 1], we
construct the interaction Hamiltonians by substituting U /=
exp(iH;0) into Eq. (48). These specify the strong-coupling
model and various quantities, such as heat and efficiency, can
be calculated using them. We note that the strong-coupling
model is equivalent to the weak-coupling model when 6 = 0
and as 6 increases, we can consider the model with stronger
interactions.

We conduct this operation repeatedly. Figure 3 shows each
of the efficiencies as functions of 6, together with nyequx,
which can be calculated analytically (see Appendix D). The
blue dashed line represents nyeax, Which is constant for all 6
because nyeax 1S calculated neglecting the interaction. The red
lines represent 7. In the range where 9 is small, nyex and
nse are very close. This is consistent with the fact that the
strong-coupling model agrees with the weak-coupling model
in the limit of weak interaction. As the interaction becomes
stronger, the efficiency of the strong-coupling model de-
creases. Although the inequality 7y < fweak has been shown
to be violated, our numerical calculation empirically shows
that this inequality holds in most cases in the prepared two-
level system model.

Finally, we demonstrate that the efficiency of the strong-
coupling model exceeds that of the weak-coupling model

0.50
< 0481
>
2
RS 046
2
&
= 0.44 -

---- weak coupling
0.42F | | | |
0.000 0.005 0.010 0.015 0.020

Interaction strength ()

FIG. 3. Relationship between interaction strength 6 and effi-
ciency for the two quantum Otto cycle models. The interaction
Hamiltonians of the strong-coupling model are generated repeatedly
and the efficiency for each is plotted. The parameters are set as fol-
lows: B. = 2.0, 8, = 0.5, Ef = 0.6, E; = 1.4, E: = ZE;Ef =2E¢,
{ef); €{0.5,1.5,...,15.5}, {€/}; € {2.0,3.0, ..., 17.0}. 0 is varied
from O to 0.02. The blue dashed line represents nye.x = 0.5, the effi-
ciency of the weak-coupling model. The red lines show the transition
of the efficiency of the strong-coupling model with a change in 6. The
efficiencies of both models for small 6 are close. As 0 increases, 1y
decreases.

under specific interaction Hamiltonians. We prepare the ex-
actly same system and reservoirs as used in the above
experiment and fluctuate the eigenvalues of the hot reservoir.
Using these quantum states, we generate Uj and U, j’ described
in Eq. (51) and construct interaction Hamiltonians by Eq. (48),
which are optimal to minimize the value of d calculated in
Eq. (49) and lead to the reversal of the efficiency ny: > Nweak-
Then, the efficiency of this model 7y, can be calculated nu-
merically.

We repeat this operation and collect the value of ny,. In
Fig. 4, the pink histogram shows the distribution of 7y, and
the blue dashed line represents the efficiency of the weak-
coupling model 7yex = 0.5. We can see the efficiency of

120 -

----- weak coupling

100

80

60

40

Number of sample

20

048 050 052 054 056 058 0.60
Efficiency

FIG. 4. Distribution of the efficiency of the strong-coupling
models, which are generated 1000 times under the interaction Hamil-
tonian designed from Eqs. (48) and (51). The parameters are set as in
Fig. 3. However, each eigenvalue of the hot reservoir is fluctuated
by a uniform random value in [—0.3, 0.3]. The blue dashed line
represents ek = 0.5, the efficiency of the weak-coupling model.
Most values of 5y, are higher than 7., -
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the strong-coupling model 7y, exceeds the value of nyeux in
most cases. This is consistent with the fact that the designed
interaction Hamiltonian using Egs. (48) and (51) can realize
the reversal of the efficiency ng > nweak. Yet, the reversal
does not occur in rare cases despite the use of the designed
interaction Hamiltonian. This is because the contribution of
the term D(pp||ph) was neglected when we defined d in
Eq. (49) to compare the efficiency of the two model.

V. CONCLUSION

In this study, we developed a quantum Otto cycle model,
considering the interaction between the system and the reser-
voirs, which is neglected in the existing weak-coupling model.
We emphasize that the proposed model does not specify the
details of the system and the reservoirs, and thus, it can
be generally applied. We confirmed that our strong-coupling
model agrees with the weak-coupling model in the limit
of weak interaction. The efficiencies of both models were
expressed in closed form and we derived the sufficient con-
dition for 1y < Nweak. This condition is satisfied when the
decoupling processes introduced to the strong-coupling model
have positive costs. Using numeric calculations, we demon-
strated that g, >~ nweax in the range of weak interaction, and
that when the interaction is not negligible, g, is lower than

J

Nweak 1N the prepared system. These results indicate that our
strong-coupling model can be regarded as a reasonable ex-
tension of the existing weak-coupling model. Furthermore,
by more detailed analysis, we suggested the possibility of
the reversal of the efficiency 7y > Nweak- We presented a
design method to realize the optimal interaction Hamiltonians,
which are expected to provide the maximum efficiency of the
strong-coupling model. We also confirmed numerically that
the strong-coupling model achieved higher efficiency com-
pared with the weak-coupling model under the interaction
Hamiltonians generated by the proposed method. These are
interesting and unique results for our treatment.

We hope that the present work will contribute to the
development of a strong-coupling thermodynamics theory.
Additionally, our study is expected to enhance the under-
standing of quantum correlation because incorporating the
interaction terms is synonymous with considering the quan-
tum correlation between the system and the reservoirs. Thus,
we anticipate that this study contributes to several quantum
thermodynamics fields, not just quantum heat engines.
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APPENDIX A: HEAT TRANSFERRED IN THERMALIZATION PROCESS

The heat transferred in the thermalization processes can be expressed by the von Neumann entropy and the quantum relative
entropy. Here, we derive the expressions in both the weak-coupling model and the strong-coupling model.

h,eq

In the weak-coupling model, the quantum relative entropy D(p§’|| Py ) can be calculated as
D(pt| ‘pg’eq) = Tr[p4 In p2] — Tr[p%In pg’eq]
= 8(05*) = S(p3) + Tr[pg ™ In p5 '] = Te[ o5 In p5 ']
= AS+Te[(pl — o) (~uttt —nZ2)]

= AS — Bi(Te[HY pg™

=AS — ﬂhQina

] = Tre[H o5])

(AL)

where AS = § (pg’eq) - S(pg‘). From this relation, we obtain Eq. (14). Furthermore, the following relation holds:

AS = B840 + D(P§l| ’P?’eq)'

(A2)

This equality shows that the change in the von Neumann entropy of the system in the thermalization process can be divided into
two contributions: The heat flux and the entropy production [50]. Similarly, we can derive Eq. (15) from the following relation:

D(ps]|o5™) = S(p5™") = S(p5) = Be(Tr[Hy o™ ] — Tr[H5 p5])

=—-AS+ ﬂCQOut'

(A3)

Next, we describe the heat transferred in the thermalization processes of the strong-coupling model. D(pl||p% ® pjt) and

D(pt ® pallphp) can be calculated as follows:

D(0§s|| 5§ ® pp) = Tr[pgpIn o] — Tr[B§ In p§] — Tr[pj In pj]
= —S(pds) +S(B%) + S(pp) + Te[(of — Bj) In pp]

= —5S(pgp) + S(75) + S(0p) — BTr[Hy (o — 3)].

(A4)

D(pt ® pjl|ptp) = —S(0k ® plt) — Tr[ (ot ® pp) In pig]

—S(05) — S(pp) + S(pss) + Tr[(pds — P4 ® oj) In pip]
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= S(o%s) — S(p¢) — S(op) + Tr[(ps — ok ® pp)| — Bu(HE + Hjy + Hiy) — In Z{5}]

= S(pss) = S(p5) = S(o5) — Bu{Tr[Hs (5 — p5)] + Tr[Hy (55 —

From these two equalities, we obtain

D(pss(75 ® pi) + D(os @ pg||ss) = S(55) = S(os) — Bu{ Tr[Hs (25 — o5)] + Tr[Hsprss ]},

o+ LA aS)

(A6)

and, therefore, Eq. (21) holds. By the same calculations for the low temperature side, we can derive Eq. (28).

APPENDIX B: HEAT TRANSFERRED
IN DECOUPLING PROCESS

In this section, we introduce the definition of heat pro-
posed in Ref. [38] and calculate the heat transferred in the
decoupling processes of the strong-coupling model. We dis-
cuss Process B-2 and calculate only QZ. However, Qf can be
calculated in the same way.

p represents the state of the compound system S + Bj, in
Process B-2. pg and pp are the reduced states: pg = Trg[p]
and pg = Trg[p], respectively. We define the heat transferred
from the reservoir to the system during an infinitesimal time
dt as dQ = —iTr[[HE™, H ]Cldt. Here, HS"ff is the effective
Hamiltonian of the system, defined as HS™ = Hyo — HH,
where Hgff = —ﬂih In pg. Hy is the Hamiltonian of the com-
pound system, including the interaction. C = p — ps ® pp
corresponds to the quantum coherence of p. Using these defi-
nitions, dQ can be rewritten as follows:

dQ = —iTr[[HS", H |Cldt
= —iTt[[ — H§", Ho |C]dt

1
= _i,B_Tr[[HS ® In pg, HiJCldt. (BI)
h

On the other hand, the infinitesimal change in von Neumann
entropy of pg can be calculated as follows:
dSs = —dTr[ps In ps]
—dTr[p(In ps ® Ip)]
—Tr[(In ps ® I5)d p]
iTr[[Hior, p1(I0 ps @ 1p)]dt
= iTr([In ps ® Ip, Hiotlpldt
= iTr[[In ps ® I, Hi, 1Cldt. (B2)

We used the von Neumann equation dp = —i[Hy, pldt for
the fourth line above and [In ps ® I, ps ® pp] = 0 for the
last line. Therefore, we can derive the following relation:
dSs — BrndQ = iTr[[In(ps ® pp), Hiot1C1d1

= iTr[[In(ps ® pp), Holpldt

= iTr[In(ps @ pp)[Hor, p1ldt

= —Tr[In(ps ® pp)dp]

= —dTr[pIn(ps ® pp)]. (B3)

By integrating both sides of Eq. (B3) from the initial state
phy to the final state pp®® ® pl, the following relation is

(

obtained:

S(o5?) = S(p5) — B2l
= —Tr[ (o5 ® o) In (5™ @ p3)]
+ Tr[ gy In (55 ® 7]
= —Tr[ gy In ps] + Tr[ 055 In (55 ® pj)]
= —D(ps| |75 ® Pp)

BiQly = S(p5*Y) — S(p§) + D(ps||pt @ py). (B4

This is equal to Eq. (23). Note that we used the restriction
S(,og’ecl ® ph) = S(plp) for the second line in the relation
above. By the same calculations, we can derive Eq. (30).

APPENDIX C: MAJORIZATION RELATION

Here, we review the general properties of majorization
relation and provide the rigorous proof for Eq. (54) in the main
text.

Let «x,yeR" xb:= ()cf,...,xj)T and y¥ =
(yf, ...,y T are defined as the vectors of sorted elements
of x,y such that x{ > --- > x} and y} > --- > y}. We say x
majorizes y when the following two conditions are satisfied:

k

Vie{l.2...on), Yy <D 4, (€1

i=1 i=1

Z-xi = Zyis (CZ)
i=1 i=1

and this relation is written by y < x. Moreover, if a square
matrix A = (Clij) satisfies aij > 0 and Zi ajj = Zj ajj = 1,
A is a doubly stochastic matrix. In general, n x n doubly
stochastic matrix A holds Ax < x for any n-dimensional real
vector [46,47].

Next is the proof for the following proposition: For
any n-dimensional real vectors w,x,y such that w; <
oKWy, X122 x, and yp = -0 >y, if y <x, then
w'y > w'x. First, when n =2, this inequality is satis-
fied: From x; —yi =y, —x 20, w'y—w'x=w;(y; —
x1) +w2(y2 — x2) = (w2 — wi)(x; —y1) = 0. Next, we as-
sume that for some n the inequality holds. Then, for
(n 4+ 1)-dimensional vectors w, x, y, the same inequality is
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satisfied:

n+l
wly—wix= Z w;(yi — Xi)

i=1

n
=Y wi(yi — %) + Wat1 Gns1 — Xng1)

i=1

n
> Y wili = %) + WaOng1 — Xns1)
i=1

— w/Ty/ _ w/Tx/

> 0. (C3)

Here, w' = (wiy,...,w,)', X' =(,...,%,) and y =
1 -+ +» Yn—1>Yn + Yu+1 — Xnt+1) are n-dimensional real vec-
tors. We note that when y < x, y < x’ is also satisfied. From
the supposition of mathematical induction, the last inequality
of Eq. (C3) holds. Therefore, for any n, w "y > wx.

Using this proposition, we can prove the Eq. (54) briefly.
Recall that E and P are real vectors whose elements are
ordered ascending and descending order, respectively. A is a
doubly stochastic matrix. Equation (54) is shown as below:

ETAP > ET(AP), > E"P,, (C4)

where (AP), is a vector of AP in descending order. The last
inequality of Eq. (C4) is from the proposition proved above,
because (AP), < P, follows immediately from AP < P.

APPENDIX D: ANALYTICAL CALCULATION
OF EFFICIENCY

This section fully describes the calculation of the efficiency

of the weak-coupling model prepared for the simulation.
h

We signify the probability distributions of pg®l and pg™*! as

follows:
o e*ﬂ(-E;' o e_ﬁcEer n_ eiﬂ/lE: N e—ﬂ/,E:'
pg_ Z§ ’ pe_ ng ’ pg_ Zél ’ pe_ ngl .
(D1)

Using these values, the von Neumann entropy and the quan-
tum relative entropy can be calculated as

AS —D(p§|]o5)
= S(ps™) = S(p§) + S(03) + Tr[p§ In ]
= (p5 — pl)Inpl + (p% — pl) In pl
= (P — PR) (=BuE{ — InZy)
+ (e = Do) (= BBl — InZg)
= Bu{ (e — PES + (v — POE} (D2)
AS + D(p5][ o5™)
= 5(0§) — S(o5°) = S(p§) — Tr[p§In p™]
= (p5— ) In p, + (p% — pl) In
= (v — 1) (= BeE{ — InZ§)
+ (e = Po) (= BES — InZ)
= Be{(ps — POE + (Pl — PO)EC}- (D3)

We used p, + p; = pg + pi‘ = 1 for the last line of both cal-
culations. Thus, from Eq. (16), we can rewrite 1nyeax as

(P — P)E; + (Ph — PO)E;

Nweak = 1 - N N . (D4)
(P — py)EL + (P! — po)EL
By setting E;‘ =2E; and E!" = 2E¢, we obtain
1 1
Nweak = 1 — = = . (D5)
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