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We present a detailed thermodynamic analysis of a three-level quantum heat engine coupled
continuously to hot and cold reservoirs. The system is driven by an oscillating external field and is
described by the Markovian quantum master equation. We use the general form of the dissipator
which is consistent with thermodynamics. We calculate the heat, power, and efficiency of the system
for the heat-engine operating regime and also examine the thermodynamic uncertainty relation. The
efficiency of the system is strongly dependent on the structure of the dissipator, and the correlations
between different levels can be an obstacle for ideal operation. In quantum systems, the heat flux
is decomposed into the population and coherent parts. The coherent part is specific to quantum
systems, and in contrast to the population part, it cannot be expressed by a simple series expansion
in the linear-response regime. We discuss how the interplay between the population and coherent

parts affects the performance of the heat engine.

I. INTRODUCTION

One of the main objectives in the field of quantum ther-
modynamics is to find the quantum signatures of heat en-
gines. The thermodynamical description is applied even
when the system has a few degrees of freedom, which al-
lows us to study the quantum effects on heat and work
from a microscopic point of view.

Since the seminal work by Scovil and Schulz-
DuBois [1], the microscopic heat engines with a few dis-
crete energy levels have been studied in many works [2-8].
An upper bound on the efficiency of the heat engine is
given by the Carnot efficiency, as expected from the gen-
eral arguments [9, 10]. Experimental examples of quan-
tum heat engines have been realized in a wide range of
quantum systems such as trapped ions and ensembles of
nitrogen-vacancy centers in diamond [11-13].

It is an important problem to answer the question of
whether the quantum coherence enhances the power out-
put of the heat engine. Several works have shown that the
answer is positive [7, 14-16], which represents a promis-
ing feature for the design of microscopic devices.

Generally speaking, quantum effects arise when the
density operator has off-diagonal components in the ba-
sis of the Hamiltonian operator. The quantum coher-
ence is characterized by the off-diagonal parts, and the
nonequilibrium entropy production can be decomposed
into the classical population part and the quantum co-
herent part [17, 18]. The Markovian dynamics is de-
scribed by the Gorini—-Kossakowski—Lindblad—Sudarshan
(GKLS) equation [19-21]. By decomposing the dissipa-
tor into two parts, we can introduce the corresponding
heat for each part [22].

In the present work, we revisit the three-level quantum
heat engine developed by Geva and Kosloff [3] in order to
examine the roles of the population and coherent parts of
the heat flux. We also study how the result depends on

the details of the dissipator part of the GKLS equation.
The choice of the dissipator is important for finding ther-
modynamically consistent results, and we treat a possible
general form of the dissipator.

This paper is organized as follows. In Sec. II, we de-
scribe the settings of our model and define the heat, work,
and efficiency according to the standard scenario. Sec-
tion ITT summarizes the stationary solution of the model.
We obtain the explicit forms of the heat, power, and effi-
ciency. In Sec. IV, we introduce the concept of population
heat currents and coherent heat currents to discuss how
the quantum nature affects the performance. We also
discuss the thermodynamic uncertainty relation (TUR)
in Sec. V. The conclusion is summarized in Sec. VI.

II. SYSTEM SETTING AND ENERGETIC
RELATIONS

A. GKLS equation

We define a continuous quantum heat engine by using a
three-level maser as shown in Fig. 1. The system consists
of three states |0), |1), and |2), and each level has energy
wp, w1, and wa, respectively. We set wy < w1 < ws.
Two of the states, |0) and [1), are coupled to the cold
reservoir with temperature T, = 1/f., and |0) and |2)
are coupled to the hot reservoir with 7, = 1/, where
Ty > T.. We study the performance of the heat en-
gine when the system is continuously coupled to the two
heat reservoirs. The system is operated by applying a
time-oscillating field with frequency w. The field induces
transitions between |1) and |2), generating a heat flow,
as we discuss below. The system Hamiltonian is given in
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FIG. 1. A schematic view of the three-level quantum heat
engine. The system is driven by the time-dependent field
V(A w,t) = Ae™ | 1)(2] + de™ ™ |2)(1].

the state basis as
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Hit)=[0 w e
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: (1)

where A represents the field intensity. This Hamiltonian
is diagonalized as H(t) = 2721:0 enlen(t)){en(t)], and the
energy eigenvalues are independent of ¢, as shown in Ap-
pendix A. We assume A\? < wigwag, where wig = wi — wo
and wyp = wa — wp, so that the order of the energy levels
is unchanged, €y < €1 < €3, in the presence of the field.

The present setting is basically the same as discussed
in related works [3-6, 8]. A difference arises when we
carefully treat the dissipation effect. The state of the
system is described by the density operator p(t). We
assume the Markovian dynamics, and the time evolution
is described by the GKLS equation,

0ep(t) = —iH (1), p(t)] + Y Dalp(t))- (2)

a=c,h

The dissipation affects the quantum dynamics in three
ways. Two of them are described by the dissipator D,,.
It changes the eigenbasis of the density operator and the
population of each basis element [22]. The remaining
one shifts only the energy levels of the Hamiltonian H (t)
and is called the Lamb shift. Here we simply neglect
the Lamb shift term or take H(t) to be a renormalized
Hamiltonian. .

The dissipator D,, is chosen so that the time evolution
is a completely positive and trace-preserving map. The
explicit form of the dissipator is dependent on coarse-
graining procedures. In order to obtain a thermodynam-
ically consistent description for the present problem, we
use the form

Dald] = 3" a(0) [i;@)ﬁ(L; (1)t
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where ﬁg (t) represents projected jump operators
Ly (t) = (Lo (1)
2

Z Oe,em—enl€n(t))(€n(t) |fJa lem (D)) (em ()], (4)

0

with
L= [0)1], o)
Ly =10){2]. (6)

The dissipator coupling v, (€) is generally nonnegative
and is a system-dependent function of € and 3,. To con-
struct a thermodynamically consistent theory, we assume
the detailed balance condition

Peyale). (7)
Then, the Gibbs distribution becomes an instantaneous
stationary solution [21, 22].

We can derive the form of the dissipator in Eq. (3)
from a microscopic model by using several approxima-
tions such as the Markov approximation and the rotating-
wave approximation. In principle, the derivation implies
that the present model is justified only within a certain
range of parameters. However, the present setting with-
out any additional constraints is completely consistent
with the laws of thermodynamics, and we can discuss
the performance of the quantum heat engine. The use
of the jump operators projected onto the instantaneous
eigenstates of the Hamiltonian is an important ingredient
to find a thermodynamically consistent theory. It is con-
trasted to the “local” master-equation approach in which
the jump operators are not projected to the eigenstate
basis. The local approach is shown to be inconsistent
with thermodynamics [23]. Although some ideas to over-
come this shortcoming have been discussed [24, 25], here
we use the “global” approach defined by Eq. (3).

In principle, the present model has four types of the
dissipator coupling, vc(€10), 7c(€20), M (€10), and yu(€20),
where €19 = €1 — €9 and ez9 = €3 — €g. In previous works,
only vc(e10) and vyn(e20) were kept nonzero [3, 4]. As
we mentioned above, 7,/(¢€) is a system-dependent func-
tion and is obtained from the correlation function of a
bath operator. A typical form is represented by using a
Lorentzian function. In the following, we do not assume
any functional form of 7,/(€) and consider three possible
cases:

VQ(_e) =e

(i) Resonant coupling
Ye(€10) = Tm(€20) > Yel€20) = m(€r0) = 0. (8)
(i) Intermediate coupling
Ye(€10) = n(€20) > Ye(€20) = m(€10) > 0. (9)
(iii) Uniform coupling

Ye(€10) = m(€20) = Ye(€20) = n(€0) > 0. (10)



FIG. 2. An expected heat flow.
efficiency is given by Eq. (13).

W = Qn + Qc, and the

The resonant-coupling case corresponds to the preceding
works.

B. Heat, work, and efficiency

According to the standard scenario, we define the heat
flux from the reservoirs to the system as

Q(t) = Tr [apA ()] = > Tr [Dalo®](®)] . (1)

The last expression allows us to write Q(t) = 3., Qa(t),
where Qa(t) represents the heat flux from each reser-
voir. When the system is operated periodically, the en-
ergy goes back to the original value after one period such
that the work done by the system in the one period is
given by

T+To
WZZQQZZ/T dtQa(t)a (12)

where Ty = 27/w. When the system acts as a heat en-
gine, the relations Q, > 0, Q. < 0, and W > 0 hold, as
we see in Fig. 2, and the efficiency is defined as

n=—=1+2° (13)

The second law of thermodynamics is derived from the
nonnegativity of the entropy production [10]. For the
present model we obtain

=) BaQa >0, (14)

and as a result, the efficiency is bounded from above by
the Carnot efficiency

n-=1-——. (15)

The nonnegativity of the entropy production holds even
in the present model [22], which confirms the previous
result on the upper bound on the efficiency [1-6].

IIT. POWER AND EFFICIENCY

A. Stationary solution

We use the stationary solution of the GKLS equation
in the present setting to evaluate the performance of the
heat engine. We note that the stationary solution means
that the system settles down to a stable periodic behav-
ior after transient evolutions during the first several peri-
ods. The eigenstate decomposition of the jump operator
(€n(t)|Lalem(t)) is shown to be time independent, which
gives a simple stationary result. We describe the details
in Appendix B. Here we summarize the result.

The stationary solution of the GKLS equation was
studied in the preceding works. As we stressed above,
the crucial difference is that the dissipator is represented
by four types of dissipator couplings. Correspondingly,
the explicit form of the dissipator is parametrized by four
types of coupling functions,

g1 = %(610)1%%89 + %(610)#7 (16)
92 = %(Qo)# + %(620)#7 (17)
g9 = %(—610)71 +§Ose + %(-610)71 —2cos€) (18)
99 = Vh(—€20)1+TC080 + %PQO)%COSH; (19)
where 6 is defined by the relation
tanf = L (20)
wo — w1

0 represents a rotation angle for the diagonalization
of the Hamiltonian, as shown in Appendix A. In the
resonant-coupling limit, relations g; = e P09, and
g5, = e Pre20gy hold, and the dissipator is characterized
by g1 and g2. In the general case, no trivial relations hold
between g1, g2, g7, and g5, although we still have the
detailed balance condition in Eq. (7).

We also introduce dimensionless nonnegative parame-
ters

'7]1(610) 1—cosf
@ = 1+cos6 . l—cosf’ (21)
Ye(€10) 5= + Y (€10) =5
1—cosf
Yel€20)—% —
Q2 = clea) 2 (22)

Vh(€20) L2 + o (€90) 125228

to characterize thermodynamic quantities in the follow-
ing. For the resonant-coupling case these quantities col-
lapse to zero qg1 = q2 = 0.

At the stationary limit, the heat flux from each reser-
voir is given by

. € €
Qc(t) — [E% -0 Ch)} P —poPy, (23)
€21 €21

B € €
Qn(t) — [—20 (1—g2) — — fh} P+poPy, (24)
€21 €21



where €,,, = €, — €, and

w?sin?0 (g5 g7\ 1
P 92 o)1 25
ot (0 (25)
Zsinf (1 1 gy
Z = {1+% (—+—>} (1+g—1+g—2)
2G g1 92 g g2
_,_M (i _ i) <9_2 _ 9_1) : (26)
2G g1 g2 g2 Q1
1 (€21 — wcos 9)2
G=s(g+92)+—F——"— (27)
2 %(91 +92)
1 1 1 P
p0:7[1—<—__)_]7 (28)
14+ 9 4 92 g1 g2/ €21
g1 g2
Py =e€e001q1(1 — q1) (efﬁhém - eiﬁcem)
+e20g2q2(1 — o) (e P20 — gmFeca0) (29)

All the quantities introduced above are independent of ¢.
po and G are always positive, irrespective of the choice
of the parameters. We show below that P represents the
power of the heat engine and py represents the ground-
state component of the density operator, (0|5(¢)|0). The
term po Py represents a direct flow from the hot reservoir
to the cold reservoir, and Py goes to zero when the tem-
perature difference 5. — Oy disappears. Further details
are discussed below.

B. Power and efficiency

Anticipating @, > 0, Q. < 0, and W > 0, we can
obtain the explicit form of the work done by the system.
The power of the heat engine, which is defined by the
work divided by the cycle period, is given by

W
— =P 30
u (30)
at the stationary limit. P is given in Eq. (25).
The corresponding efficiency is obtained as

—to P
=P Gy
70 P+ polFo
where
1
nSP = —— (1 — Eﬂ) . (32)
l—gq—Eaq €20
735D is reminiscent of the Scovil-Schulz-DuBois effi-

ciency [1]. This expression is simplified when we consider
the resonant-coupling limit . (€e20) = ym(€10) = 0. In this
case, we find ¢ = 0, g0 = 0, and Py = 0, and the effi-
ciency coincides with the Scovil-Schulz-DuBois efficiency

n=n%P 5190 (33)

€20
This result is consistent with the preceding works [2-8].
The efficiency in the general case is dependent on various
parameters such as the temperatures and the frequency

and is bounded from above by Eq. (33).

C. Heat engine conditions

The above results in the present section are exact and
hold irrespective of the choice of parameters. When we
require that the system works as a heat engine, the rela-
tions Qn > 0, Q. < 0, and P > 0 must hold.

As we see from Eq. (25), P > 0 holds when

9 %2 (34)
g1 g2
This condition is satisfied only when
Be€ro > Buézo- (35)

This is a necessary condition in general and is the nec-
essary and sufficient condition in the resonant-coupling
case. In the general case, Eq. (34) is rewritten as

Ny By, (36)
qi0 420
where
—Bre20 _ p—Bce€1o
e e
qro = e—Breio — g—Beero’ (37)
—Bre20 _ p—Bce€1o
e e
q20 = (38)

e—Bre20 _ g—Bee20

The coupling-constant parameters in the dissipator are
taken so that Eq. (36) is satisfied. We note that 75 in
Eq. (32) becomes positive in that case. The condition in
Eq. (35) determines possible values of parameters in the
Hamiltonian for a given n° as

w20 1

_— < — 39

wig  1—n¢ (39)
wa _ (1 — pC _ (1 — nC)w20

kP [wm (I=n )} [1 (1 —n")g (40)

(2—n°)?

Equation (35) shows that the power becomes negative
when the temperature difference is too small. In that
case, the system does not work as a heat engine, and we
can observe a heat flow from the low-temperature reser-
voir to the high-temperature one as @, < 0 and Q. > 0.
This behavior implies that the present system cannot be
understood from the standard linear-response theory in
which the heat flow arises due to the temperature differ-
ence. We discuss the origin of this quantum nature in
the next section.

D. Plot of the results

At small frequency values, the power P is proportional
to w?. The efficiency 7 is also proportional to w? pro-
vided Py > 0, as we see from Eq. (31). We see that the
frequency-independent result in Eq. (33) is specific to the
resonant coupling and is unusual.
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FIG. 3. Typical behavior of the power P as a function of the
frequency w. P has a peak at the frequency given in Eq. (41)
and approaches a positive finite value at the limit w — oo.
We set Bewio = 5.0, Brnwio = 1.0, Jelero) _ amlezo) _ 2.0,
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FIG. 4. The power P and the efficiency 7 at the resonant
coupling %;0) = %630) = 2.0 and 7c(€20) = Yn(€10) = 0.
We set Becwio = 5.0 an& Bnwio = 1.0. The frequency is chosen
as in Eq. (41). (a) P as a function of the parameters in the
Hamiltonian. (b) n as a function of the parameters in the
Hamiltonian. (c) Distributions of (n, P). We note that the
Carnot efficiency is given by n° = 0.8 in the present choice of
parameters.

P as a function of w has a Fano resonant form and is
plotted in Fig 3. It is maximized at

2 1 2
wo 2talgte) (41)
w2 — w1

Interestingly, the efficiency 7 is also maximized at this
frequency. The magnitude of the optimal frequency is
basically determined by the energy gap e21. The dissipa-
tion effect enhances the resonant frequency slightly.

We plot the power P and the efficiency 7 for the opti-
mal frequency w in Eq. (41) in Fig. 4 (resonant coupling),
Fig. 5 (intermediate coupling), and Fig. 6 (uniform cou-
pling). We set S.wig = 5.0 and SBrwip = 1.0, which gives
the Carnot efficiency n° = 0.8. P and 7 are plotted as
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FIG. 5. The power P and the efficiency n at the intermediate
: Jele10) _ anlezo0) _ dele20) _ anlero)
coupling TEO = % = 2.0 and S 2% = L0 = 0.5,

See the caption of Fig. 4 for other remarks.
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FIG. 6. The power P and the efficiency n at the uniform
: c(€10) _ n(e20) _ ele20) _ anleio) _
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caption of Fig. 4 for other remarks.

functions of wog and A under the heat-engine conditions
in Egs. (36), (39), and (40).

We observe that the power is maximized at small
wap/wip (> 1) and at a moderate value of A. Although
the possible parameter range for a heat engine is depen-
dent on the dissipator couplings as well as the temper-
atures, the contour map is basically insensitive to the
parameters.

In contrast to the power, the efficiency exhibits a
stronger dependence on the dissipator coupling. As
shown in Fig. 4(b) for the resonant coupling, the effi-
ciency attains its maximum at the boundary where the
power goes to zero. This behavior is totally reversed



in comparison to the other dissipator coupling cases in
Figs. 5(b) and 6(b), where the efficiency is minimized at
the boundary. We also find that the efficiency and the
power are reduced when we move away from the resonant
coupling.

We plot the distribution (n, P) in Figs. 4(c), 5(c), and
6(c). We find that the envelope curve of the distribu-
tions has a tendency towards being symmetric around
the efficiency at maximum power as we approach the uni-
form coupling. We note that the efficiency at maximum
power cannot be understood from Curzon—Ahlborn effi-
ciency even in the linear-response regime [26, 27]. As we
mentioned above, the present system does not exhibit a
heat-engine behavior at the linear response regime.

Summarizing the present result, we find that the per-
formance of the present model as a heat engine worsens
when we move away from the resonant coupling. In the
next section, we discuss the origin of this behavior.

IV. DECOMPOSITION OF HEAT

Compared to the resonant coupling, we see that the
decreasing of the efficiency in extended couplings is un-
derstood from the presence of poPp in Eq. (31). As we
also see in Eqgs. (23) and (24), it represents a direct flow
from the hot reservoir to the cold reservoir, which clearly
reduces the performance of the heat engine. Py goes to
zero when the temperature difference is zero and remains
positive even at the zero-field limit A — 0. This implies
that the direct flow has a classical interpretation.

The quantum nature of the system can be understood
by realizing that the basis of the density operator is differ-
ent from that of the Hamiltonian. The density operator
is diagonalized as

() = palon(®){pn(t)]- (42)

The eigenvalues of the density operator obey the master-
equation-like relation

Oepn = _{pn ()| Dalp(®)]pn(t)), (43)

(e

and the basis of the density operator obeys the unitary
time evolution

i0hlpa(t)) = E(t)]pu (1)), (44)

where £(t) represents a generator of the time evolu-
tion [22]. The explicit forms of the eigenvalues and
the eigenstates of the density operator are given in Ap-
pendix C.

Accordingly, the heat flux in Eq. (11) is decomposed
into the diagonal and nondiagonal parts as Qa(t) =

Q4(t) + Q d(t), where

QL) = S pn(®)Dalp(®)]lon (D) (on (O (1) n (1))
! (45)

and Q"4(t) is defined by the residual contribution of
Qa(t). The diagonal part is related to the population
dynamics in Eq. (43), and the nondiagonal part is re-
lated to the coherent dynamics. In the present setting,
the eigenvalue p,, is independent of ¢. As a result, we
obtain

Qi+ =o0. (46)

This relation shows that the diagonal part of the heat
flux just goes through the system as Q% = —Q% and does
not contribute to the work. This direct flow reduces the
efficiency of the heat engine.

To quantify the diagonal and nondiagonal contribu-
tions, we decompose the efficiency as

d d
d% nd E

= + , 47
n=ntgr TN o (47)
where
d
nt =1+ =5, (48)
h
nd
=14 =5 (49)
h

nd denotes the contribution from the diagonal part of
the heat flux, and "¢ denotes the contribution from the
nondiagonal part. Equation (46) shows that n¢ = 0 in
the present case. The efficiency is given by

1
=P
n= “d#, (50)
=0 P+ poFo
and the explicit form of 4 is
1 010G +92(1 - ¢2)Ge
nnd 91G1 + g2Go
gl —q) s +9(1-@)% G +G,
- 91G1 + g2G2’

(51)
where G1 = G + ANW? nd Gy = G+ 4>‘2°2"2. From

915%1 92€3;
Eq. (50), we can identify the diagonal and nondiagonal
heat flows, respectively, as

QF Q¢ 1 1

~h _ _®c _ —— | P P 52

TO TO nSSD nnd + poto, ( )
M

We plot 1/7,4q as a function of A in Fig. 7. From the
value of 1/m,4, we can understand the pattern of the heat
flow. When 7,4 > 1, both Q¢ and Qﬂd are positive, and
we can obtain the ideal heat flow as a heat engine. The
case 7nq > 1 is represented by pattern (ii) in Fig. 7. nnq
has a purely quantum-mechanical origin and can exceed
the Carnot efficiency. However, we cannot neglect the
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FIG. 7. Left: 1/77’“d as a function of A for wag /w10 = 2.6. We
take Bcwio = 5.0, Brwio = 1.0 for plots of decreasing functions
and Bewio = 1.0, Brwio = 0.2 for plots of increasing functions
with high 7. We use the parametrizations of the dissipator
couplings in Fig. 4 (for “resonant”), Fig. 5 (for “intermed”),
and Fig. 6 (for “uniform”). The frequency is chosen as in
Eq. (41). Right: Sketch of heat flows. Each arrow denotes
the direction of the flow. “d” denotes the diagonal part, and
“nd” denotes the nondiagonal part.
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FIG. 8. Three possible patterns of heat flow drawn in Fig. 7
in the uniform-coupling case. (a) Bcwio = 5.0 and Srwio =
1.0. (b) Bewio = 1.0 and Buwio = 0.2. The arrows denote red
dashed lines in Fig. 7.

diagonal contribution, which reduces the total efficiency.
As aresult, even in the quantum system, the efficiency in
Eq. (50) is bounded from above by the Carnot efficiency.

In the resonant-coupling case, nnq is always larger than
unity, which leads to a high-performance result in Fig. 4.
The situation is significantly changed when we move
away from the resonant-coupling case. As we increase A,
the nondiagonal heat flow changes, and we observe the
reduction of the efficiency as a result. Dependent on the
parameters in the equation, we can observe pattern (i)
and pattern (iii) in Fig. 7 within the heat-engine domain.

In Fig. 8, we plot the patterns of the heat flow in the
uniform-coupling case. We can find patterns (i) and (iii)
around the boundary where the efficiency becomes small.
This behavior is consistent with that in Fig. 6.

The decomposition of the diagonal part and the nondi-
agonal part has been discussed in some works [17, 18]. It
is a difficult problem to observe each one as an indepen-
dent contribution. However, the nondiagonal part goes

to zero at Aw — 0. The diagonal part is insensitive to the
parameter and can be extracted in the weak-field regime.

V. THERMODYNAMIC UNCERTAINTY
RELATION

As a final subject to study, we examine the TUR [28,
29]. The standard form of the TUR is represented as

<f'f>—V?.f2P > 2, (54)
where (d) is the entropy production rate averaged over
one cycle and var P is the variance of the power. The
variance is bounded from below, and the bound is de-
termined by the entropy production. Although this re-
lation was shown in a broad range of classical systems,
the relation does not necessarily hold, and the violation
can be found especially in quantum systems. The quan-
tum TUR is modified by a different bound [30]. For the
present three-level system, the violation of the standard
TUR was shown in [31, 32]. Here we examine how this
result is affected by the modification of the dissipator.

The entropy production rate at each ¢ is given by
o(t) = =Trowp(t) Inp(t) — >, BaQal(t). The first term
comes from the von Neumann entropy of the system
and goes to zero when we take the average over one
period. The average of the entropy production rate

(6) = lim7_ o0 fg+T° dto(t)/Tp is calculated as
6= 6= (5 - =) P ] 69)

The variance of the power var P is calculated in Ap-
pendix D. It is decomposed as varP = (varP); +
(varP)s + (varP)s + (varP)y, and each part is respec-
tively given as

(V&I’P)l = €91 7;_1 92 P, (56)

<1 1)(1 1 4 4)
+H=+=)=+—- + =
g1 g2 g1 92 g1+g G

><(1+g—1+g—2) ——  (58)
(751 92 €91 (& — -‘L)

92 g1
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FIG. 9. The variance of the power. (a) Resonant-coupling
case in Fig. 4. (b) Uniform-coupling case in Fig. 6.
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FIG. 10. The thermodynamic uncertainty relation. (a)

Resonant-coupling case in Fig. 4. (b) Uniform-coupling case
in Fig. 6. The red lines denote the bound (&)var(P)/P? = 2.

(varP)y =

1 1 1

— + — 1+ —

g1 g2 1+9 4 92
g1 g2

9o g1
+<i_i) e e
91 9o
14—9%4—!%2
(-2
g1 92

€21

1 1 4 4
+ + =
g1 92 g1+g2 G

(59)

We note that (var P); and (var P)s are nonnegative. We
also see that (var P)s is negative, and (var P)4 is zero at
g1 = g2.

We plot var P in Fig. 9. The variance is basically an
increasing function of A /w1 and is insensitive to wag/wig.
This result holds irrespective of the choice of the dissi-
pator coupling. The corresponding behavior of the TUR
is shown in Fig. 10. As we see Fig. 10, the TUR bound
is strictly satisfied with the present choice of parameters.
The bound is tight in the case of the resonant coupling
and is loosened as we move away from the resonant cou-
pling.

All of the results in Figs. 9 and 10 satisfy the standard
TUR in Eq. (54). The optimal frequency in Eq. (41) is
used there, and the result is changed by considering the
frequency dependence in Fig. 11. We observe a violation

- (a) (5)varP  (b)
. 2
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FIG. 11. The frequency dependence of the thermodynamic
uncertainty product (&)var(P)/P? in the resonant-coupling
case with wzo/wlo = 2.6. (a) (ﬁcwlo,ﬁhwlo) = (5.0, 1.0). (b)
(ﬂcwlo, ﬂhwlo) = (1.07 0‘2).
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FIG. 12. The thermodynamic uncertainty prod-
uct (o)var(P)/P? in the resonant-coupling case. (a)
(ﬁcwlo,ﬂhwlo) = (5.0,1.0). (b) (,Bcwl(),ﬂhwl()) = (1.0,0.2).
See the caption of Fig. 4 for the choice of the other parame-
ters.

of the standard TUR. We show the contour maps of the
uncertainty product in Figs. 12 and 13. The violation
occurs in a tiny range of parameters in the resonant-
coupling case.

These numerical results can be understood from the
analytical expression. Basically, the bound comes from
Eq. (56). In the resonant-coupling case, we find

(var P);

() = Be€10 — Pue2o

B Be€1o—Pne
tanh 102 h€20

> 2. (60)

We numerically find that the other parts are very small,
at least with the present choice of parameters. The small
violation of the TUR in Fig. 11 is understood from a
negative contribution of (var P)s. We note that the con-
tributions (var P); and (var P)s are similar to the result
in Ref. [31], where the variance takes the form

var P = AP — BP?. (61)

A and B are positive, and the second term leads to a vi-
olation of the TUR in a certain range of parameters. We
note that the local approach is used in Ref. [31] and the
form of the dissipator is different from the present model.
Our model includes additional contributions, (var P)s
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FIG. 13. The thermodynamic uncertainty product

(¢)var(P)/P? in the uniform-coupling case. We plot the
region where (5)var(P)/P? < 20. (a) (Bewio,Bnwio) =
(5.0,1.0). (b) (Bewio, fawio) = (1.0,0.2). See the caption
of Fig. 6 for the choice of the other parameters.

and (var P)y4, but we numerically find that these con-
tributions are small and do not play any significant role.

In the case of the other dissipator coupling, we can un-
derstand the loose bound from the expression of the en-
tropy production rate. The last term in Eq. (55) includes
Py, which makes the uncertainty product (&)var(P)/P?
very large.

VI. CONCLUSIONS

We have presented a detailed thermodynamic analysis
of a continuous quantum heat engine based on the global
form of the quantum master equation. We found that the
performance of the heat engine is strongly dependent on
the form of the dissipator. The quantum coherence does

not necessarily enhance the efficiency of the heat engine.

The quantum coherent heat flow cannot be understood
from the laws of thermodynamics. It produces a nontriv-
ial heat flow even in the linear-response regime. Although
the coherent flow has the potential ability to enhance
the efficiency of the heat engine, the efficiency is affected
by the population heat flow, which prevents the system
from violating the second law of thermodynamics. In the
present model, the population heat flow does not con-
tribute to the power of the heat engine but is required to
keep the system within the heat-engine operation regime.

The decomposition of the efficiency in Eq. (47) allowed
us to discuss the interplay between the population and
coherent parts. We compared ¢ and 7™ to find which
part is important for the system to work as a heat en-
gine. In the present setting, we found n? = 0. Micro-
scopically, this property is due to the time independence
of the eigenvalues of the Hamiltonian. When we consider
a more general form of the Hamiltonian, the eigenvalue is
generally dependent on ¢, and the population heat flow
contributes to the power generation. It will be an in-
teresting problem to study the performance of the heat
engine and the interplay between the population and co-
herent parts in that case.
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Appendix A: Diagonalization of the Hamiltonian

The Hamiltonian in Eq. (1) is easily diagonalized as
H(t) = Y, enlen(t))(en(t)]. The eigenvalues are inde-
pendent of ¢ and are given by

€0 = Wo, (Al)
2
Elzwo—i-wl_\/(wz—wl) + A2, (A2)
2 2
wo tw wa —wrp )
€ = 02 Ly (22 1) +A2. (A3)
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€2 is the largest eigenvalue under the condition wg <
w1 < wa. The additional relation ¢y < €; holds when we
assume A\ < (w1 — wo) (w2 — wo).

The corresponding eigenstates are given by

leo(t)) = 10), (A4)
le1 () =11) cosg — [2)e" ! s1ng (A5)
lea(t)) = |1)e™" sing +12) cos g, (A6)

where 6 is defined in Eq. (20).

Appendix B: Stationary solution of the GKLS
equation

We obtain the stationary solution of the GKLS equa-
tion in Eq. (2). Multiplying (e, (t)| from the left and
len(t)) from the right in Eq. (2), we obtain the expres-
sion

I (em(t)[p(t)]en(t))
= —i(em — €n)(e (t)|ﬁ( )|en(t))
+ Z 6m Da ]len(t»
<3t€m( )p(E)]en () + (em (8)]p(1)[Oren(t))- (BL)
Due to the property |eo(t)) = |0) and our choice of the
jump operators in Eqs. (5) and (6), (0|p(t)]e1(¢)) and
(0]p(t)|e2(t)), their conjugates do not couple to the other

components and decay exponentially as a function of ¢.
We write the off-diagonal component

(e1®lp(B)]ea(t)) = ™' (As(t) +1ila(t)

where A1 and A, are real, to obtain

(B2)

9:(01p|0) = g1 (e1lpler) + ga(e2|ple2) — (g1 + g4 ){0[5[0),

|
(B3)
Oi(e1lpler) = —gierlpler) + g7 (0[p|0) — wAasind, (B4)
di(e2|ple2) = —galer|pler) + g5 (0[p]0) + wAzsind, (B5)
. jwsin 6 . R
O (A1 +ilg) = 5 ((ex]pler) — (e2lplea))

. 1 .
+ 1(621 — W COS 9) — 5(91 + gg) (Al + ’LAQ) . (BG)

Due to the normalization of the density operator, the first
three equations are not independent from each other. We
can write

1 (0]p|0)
Or(e1]pler) (e1lpler)
Oi(ealplea) | =L | (ealple2) |, (B7)
(%Al A1
8tA2 AQ



where
1 1 1 0 0
91 —ai 0 0 —wsinf
L=]9g5, 0 —go 0 wsind (B8)
0 0 0 —g —€
0 $sinf —gsinf € —g

Here we use the notation g = (g1 + g2)/2 and € = €31 —
wcosf. Since each component of L is independent of
t, the stationary solution is obtained by neglecting the
derivative on the left-hand side of Eq. (B7). Solving the
equation algebraically, we obtain at the stationary limit

(01p()[0) = po, (BY)
R n in 0
(@@ pB)ler®) » Lpo — L222A,,  (B10)
g1 g1
R 5 in 0
(ea(t)|p(0)lea(t)) — %poJr “Sglj Ao, (BLI)
Ax(t) = Ao, (B12)
where
7_wsin9 @_ﬂ l

and po is given in Eq. (28). The heat flux in Eq. (11) is
expressed by using the above relations as
(4)]0))
0

Q(t) = —e10 (g1 {1 ()]A(t) er (1)) — g7 (
—ea0 (g2(e2(t)|p(t)]e2(t)) — g5 (014(1)]0)) -
(B14)

By using Eqgs.(16)—(19), we decompose this expression
into two parts to write Eqgs. (23) and (24). In a similar
way, the work done by the system can be calculated as

W(t) = —Tr [p(t)atﬁ(t)} = —2wAs(t), (B15)

0lp
0lp

which leads to the expression of the power in Eq. (25).
It is reasonable to find that the off-diagonal compo-
nent (e1(t)|p(t)|e2(t)) drives the system to make a finite
amount of the work.

Appendix C: Density operator at stationary

At the stationary limit, the density operator is written
as
2
A1) =D len(D))(en(®)A(t)]en (D)) (En(t)]
n=0

+er(t))e™" (Ar +iAg) (ea(t)|

+|€2(f)>€7iwt (Al - ZAQ) <€1(t)|. (Cl)
We  diagonalize this operator as  p(t) =

Yo Pnlpn(t)){pn(t)]. The eigenvalues are given by
Do = po, (C2)

14 cos© 1—cosO
=56 M T2cos0 (C3)
1—cos© 14 cos©

P2 s0 1T 2cose P (G4)
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where p, = (e, |plen) and

AL FiAy|

tan © .
3(p2 — p1)

(C5)

At the stationary limit, these eigenvalues are independent
of t.
The corresponding eigenstates are given by

o) =10) (co)
p1(0) = lea (@) con 5~ [ea())e™* O sin S, ()

Ip2(t)) = |e1(t))e!®® sin% + |ea(t)) cos %, (C8)

where

(I)(t) = wt + arg(Al + 'LAQ) (Cg)

Appendix D: Power fluctuation

The higher-order correlations of heat flows can be cal-
culated by the introduction of the counting field [31, 32].
The dissipator is modified as

DXl = 3" (o) [ex“eﬁé(t)ﬁ(ﬁé(t)ﬂ

5 (o) s i+ ﬁ(i;u))*i;(w)} (D1)

Xo represents the counting field. The average power is
calculated by setting x. = xn = x as

P= lim — gT‘rﬁX(T)

x=0

In the same way, the variance of the power is given by

1N )
var P = lim 7 |\ 3y Tr pX(T) — (PT)

T—o0 8X

x=0
(D3)
The GKLS equation with the dissipator in Eq. (D1)
is solved perturbatively. The density operator and the
dissipator are expanded with respect to the counting field
Xa a5 pX(8) = pX(1) + FX(E) + pX(E) + -+ and DX[p] =
Do)+ DX, []+ DX, [p(t)] +- - -, respectively. Taking the
trace of the GKLS equation at first order in y, we obtain

T pX(t) = ST DX [5(0)] = 3 xaTr Ja ()A(0),

where

Ja(t) = =" evale) (L5 (1)) LE ().

€

(D5)

Jo(t) is interpreted as the current operator, which jus-
tifies the use of the dissipator in Eq. (D1). Then, by



setting xo» = x and by using the stationary solution, we
obtain

O Tr p¥(t) — xP. (D6)
This result is consistent with that in Eq. (30).

Next, we consider the trace of the GKLS equation at
second order given by

ZTrD

In order to solve the equation, we need to find the explicit
form of p¥, not of Trpy. The GKLS equation at first
order in x is given by

(0]p710)
<61|P1|61>
L] (ealpyle2)
&
2

9, Tr pX(t) +ZTrDX [p()]. (D7)

Te py
Felerlptler) — Do (el Dgs[oller)
= | Olezlprle2) — 3=, (el D3y [pller) |
e
0, A%

(D8)

where L is given in Eq. (B8). As we have shown above,
pY is a linear function of ¢. This means that the first com-
ponent of the vector on the right-hand side of Eq. (D8)
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is proportional to ¢t and the other components are inde-
pendent of ¢. By using Egs. (B7) and (D4), we can write
the solution as

(0[py|0)
<€1|P1 le1)
(e2]pY[e2)
AY
A3
(0[p]0)
(e1]pler)
=t <€2K5|€2> S DN+ LY v
A,
(D9)
where
A O A~
<€1|ﬁ|€1>Tfl?§1[A] (e1| D31 [Pller)
1) = | (elpler)Tr DX, [p] — (e1| D31 [pller) |- (D10)
AVTY DY, 7]
Ay Tr DX, (]

This solution is inserted into Eq. (D7). Trpx(t) is a
quadratic function of t. The t? term represents the dis-
connected part of the fluctuation and is canceled out by
subtracting the square of the average as in Eq. (D3). We
obtain the expression of the variance given in the main
text.



