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Atom-doped photon engine: Extracting mechanical work
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The possibility of efficiently converting heat into work at the microscale has triggered an intense research effort

to understand quantum heat engines, driven by the hope of quantum superiority over classical counterparts. In this
work, we introduce a model featuring an atom-doped optical quantum cavity propelling a classical piston through
radiation pressure. The model, based on the Jaynes-Cummings Hamiltonian of quantum electrodynamics,
demonstrates the generation of mechanical work through thermal energy injection. We establish the equivalence
of the piston expansion work with Alicki’s work definition, analytically for quasistatic transformations and
numerically for finite-time protocols. We further employ the model to construct quantum Otto and Carnot
engines, comparing their performance in terms of energetics, work output, efficiency, and power under various
conditions. This model thus provides a platform to extract useful work from an open quantum system to generate
net motion, and it sheds light on the quantum concepts of work and heat.
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I. INTRODUCTION

Quantum heat engines, first proposed in [1], convert heat
into work using a quantum system as a working medium. The
growing interest in these quantum machines, fueled by the
possibility of a true quantum advantage over their classical
counterparts, has led to a fruitful field of research, intertwined
with the current developments in quantum thermodynamics
[2]. Since the pioneering work of Alicki [3], multiple models
of heat engines operating in the quantum realm have been
proposed; see, e.g., [4-22] and references therein. Although
these models are different in nature, they are all governed by
the laws of quantum mechanics, and their main objective is to
efficiently convert heat into work in microscopic systems sub-
ject to both thermal and quantum fluctuations, and possibly in
the presence of coherences. Advancements in technology have
enabled pioneering experimental realizations of microscopic
heat engines, operating either in the classical or quantum
limits. Examples include machines made with single trapped
ions [15-17], nitrogen-vacancy centers in diamond [18], spin
systems [19-21], or a single electron [22], but also thermal
engines built using colloidal particles [23]. These studies have
offered interesting results on the possibility of harnessing
quantum effects to obtain advantages in these devices [14].

Concurrently with the development of quantum heat en-
gines, there has been a theoretical discussion regarding the
nature of heat and work in open quantum systems. The
standard definition of heat and work, introduced by the sem-
inal work of Alicki [3], offers a primarily mathematical
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perspective (see also [2]). This definition has been widely
employed in the studies mentioned above on quantum ther-
mal machines [4-9,12-22], but also to design novel devices
such as quantum batteries [24], and to investigate funda-
mental issues such as, e.g., fluctuation theorems [25-30] and
nonequilibrium thermodynamics [31-33]. Howeyver, this con-
sensus has also been challenged by work definitions based on
ergotropy [11,34] and population inversion [35]. This suggests
to study the notions of work and heat in a quantum setting that
allows the unambiguous identification of both magnitudes. In
addition, and beyond these theoretical discussions, an impor-
tant issue regarding quantum heat engines is how to actually
extract useful work from them to generate net motion. We
address both challenges below.

In this paper, we present a model of an open quantum
system that can be used to perform genuine mechanical work.
The model is based on an atom-doped optical quantum cavity
which drives a classical piston through radiation pressure.
The atom-cavity system is described in terms of the paradig-
matic Jaynes-Cummings model of quantum electrodynamics
[36,37]. We demonstrate that the injection of thermal en-
ergy into either the cavity or the atom, via an appropriate
dissipative coupling to heat baths, can effectively generate
work through piston displacements. We show analytically for
quasistatic transformations that this (unambiguous) expansion
work is equivalent to Alicki’s work definition in the weak
atom-radiation coupling limit, while numerical results suggest
that the equivalence extends also to finite-time operations. We
then use this setting to build quantum Otto and Carnot en-
gines, analyzing in detail their performance. In particular, we
obtain energy-frequency and pressure-volume cycle diagrams,
and we compare the energetics, work output, efficiency, and
power of both engines in the quasistatic limit and under finite-
time protocols. Finally, the role of time-asymmetric stroke
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FIG. 1. An optical quantum cavity of length L(¢) and mode fre-
quency w¢(t) ~ L(¢)~!, doped with a two-level atom of frequency
wa, drives a classical piston at speed |v| through radiation pressure.
We model the atom-cavity system using the paradigmatic Jaynes-
Cummings model. Thermal energy is injected into the system via
dissipative coupling D, to either the cavity or the atom.

protocols and the accelerated motion of the piston are inves-
tigated using efficiency as a figure of merit. Note that, even
though we focus mostly in work production, the model pre-
sented here can be modified to build up a refrigerator capable
of cooling down a quantum system [5].

The paper is organized as follows. Section II presents the
model and its open dynamics as described by a master equa-
tion. In Sec. III, we discuss the expansion work output of the
pressure-driven piston, and compare it with Alicki’s definition
for quasistatic evolutions, proving their equivalence in the
weak-coupling limit. Subsequently, Otto and Carnot’s cycles
are described in detail in Sec. IV, and their numerical analysis
both for quasistatic and finite-time evolutions is presented in
Sec. V. Finally, we discuss our results in Sec. VI.

II. MODEL AND MASTER EQUATION

Our model is based on a two-level atom placed in an
optical cavity of length L, as illustrated in Fig. 1. The atom
is coupled to an optical mode, which in turn interacts with
a mobile classical wall through radiation pressure, result-
ing in a time-dependent cavity length L(¢). The interaction
between the atom and the mode is described by the paradig-
matic Jaynes-Cummings Hamiltonian, given by H(¢) = H4 +
Hc(t) + Hi(t), where Hy, He (t), and Hy(t) represent the atom,
cavity, and interaction Hamiltonians at time ¢, respectively
[36,37]. Note that the atom Hamiltonian is the only term that is
time-independent, as it does not depend on the cavity length.

Adopting natural units hereafter, so that i = ¢ = 1, the
different Hamiltonian components are

Hy = %wAGZy
He(t) = oc(t)(a'a+ }),
H(t) = Q(t)(aoy +a'o). (1)

In these expressions, the operators o, and oy are the well-
known Pauli operators acting on the atom, while a and a'
correspond to the bosonic operators of the mode field. The pa-
rameter wy represents the natural frequency of the atom, while
the resonant frequency wc(t) of the mode is inversely pro-
portional to the cavity length [38,39], i.e., wc(?) = ap/L(2),
where o = wc(0)L(0) is a constant defining the initial mode

frequency. The coupling between the atom and the mode, de-
noted by 2(7), is typically weak under experimentally feasible
settings [38,39], and satisfies Q(¢) < w4, wc(t), a condition
that ensures the validity of the rotating wave approximation at
all times [38,40], in agreement with experiments [41].

Due to the dipolar character of the atom-radiation interac-
tion, this coupling is also inversely proportional to the cavity
size and takes the form Q(r) = kwc(t) = ko /L(t), where
k < 1 [38,39]. To stress the experimental feasibility of this
model, let us mention that possible experimental realizations
of similar single-atom quantum engines have been recently
proposed [42,43], using, e.g., an ultracold potassium (K) atom
as the dopant/working medium, a thermal atomic cloud of
rubidium (Rb) atoms as dissipative thermal baths, and optical
tweezers as a piston model, though other atom combinations
are also possible [42].

Note that the cavity Hamiltonian He(¢) in Eq. (1) does
include a constant zero-point energy typical of the harmonic-
oscillator Hamiltonian. This term is customarily neglected in
the Jaynes-Cummings model as it amounts to a constant shift
in the energy spectrum, with no direct effect on the dynamics.
We prefer to keep it here, however, since this term will become
relevant later on when comparing Alicki’s work definition
with the expansion work.

Our system is also driven by an external bosonic heat bath,
which is modeled by a Lindblad term [44]. In the Markovian
limit, the dynamics of the atom-doped optical cavity is hence
described by a master equation of the form [40,45]

p(t) = =i[H(t), p())] + Dy [p(1)], ©)
with a dissipative term
Diylp@)] = Tin) (A, p(DAL — 3{p(1), ALALY)
+T((n) + D(A_pAT — 3{p(1),ATA_}).
3)

The constant I" represents the coupling strength between the
system and the bath, and controls the relaxation time to the
steady-state, while (n) denotes the average number of reso-
nant photons in the bath. This temperature-dependent number
dictates the occupation distribution of the different energy
levels, independently of their spacing. Hereafter, we will char-
acterize any thermal bath by a given value of (n) (and not
by temperature), as the former parameter fully determines
the steady-state behavior while being closer to experimental
realizations of dissipative couplings. The generic operators A
and A_ correspond to the jump operators associated with the
system absorbing or emitting a photon from or to the bath,
respectively, and their actual nature will depend on how the
dissipative coupling is performed. In particular, to investigate
the quantum conversion of thermal energy into mechanical
work, we consider two scenarios. A first case consists in cou-
pling the bath to the optical mode, implyingA_ = aand A, =
a’. This arrangement enables a direct transfer of thermal en-
ergy from the bath to the cavity radiation, which in turn drives
the piston’s motion. An alternative possibility consists in con-
necting the bath directly to the atom, such that A_ = o_ and
A, = 0. Inthis situation, the bath energy must be transferred
from the atom to the cavity via the spontaneous emission of
photons in order to produce work. We also note that, in the
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derivation of the master equation (2), the Lamb-shift term of
the Hamiltonian has been neglected, as is customarily done
for this type of system where such correction has been proven
small [46].

We would like to emphasize that the proposed baths are
thermal in the sense that they can prepare a thermal-like
steady state [12]. For instance, if a bath characterized by a
fixed (n) is coupled just to a cavity mode of frequency w, the
steady state of the system would be

th _ - (n)"
p —;—(H(n)w, In) (n, (4)

where (n) is given for a photon reservoir by a Bose-Einstein
distribution (n) = [exp (w/(kgT)) — 117! with null chemical
potential at an effective temperature 7' (kg is the Boltzmann
constant). In this way, fixing (n) dictates the occupation of the
different levels in the steady state.

The interaction between the system and the piston occurs
through the radiation pressure p generated by the field mode.
In natural units, the radiation pressure is nothing but the
magnitude of the Poynting vector S representing the power
flow of the electromagnetic field, p = |S|. For plane waves,
the radiation pressure can hence be expressed as a function of
the electric field as p = |E|? [47]. For a single mode with fre-
quency w and under the dipole approximation, the quantized
electric field can be written as [38,39]

1

E([) _ 1( w )2 (aefiwt _ aTeiwt)e (5)
2V (t) ’

where e is a unit vector in the direction of the field, and V (¢)
is the volume of the cavity at time ¢. The radiation pressure
operator is then

w(t) =

@ t i —i20t ot ai2or
a'a+aa' — aae —a'a'e , 6
W t)( ), (6)
so that the average pressure in a mixed state characterized
by a density matrix p(z) at time ¢ is just p(t) = (w(t)) =
Tr[z (1) p(2)].

III. MECHANICAL WORK AND EQUIVALENCE
WITH ALICKT’S DEFINITION

In open quantum systems, the current standard definition
of heat and work was given by Alicki [3]. For the general case
of a system coupled to an environment via a dissipator and
with a time-dependent Hamiltonian, the rate of energy change
can be decomposed as

d{E d .
(dit» = ETF[H(I)p(t)] = Tr[H #)p ()] + Tr[H (t)p(?)].
(7
Work and heat are thus customarily defined as [3]
Wyt =— / TH[H (0)p()1d1
On: = / TYH (0)p(0)lds, ®)

so that variations in energy due to changes in the system
Hamiltonian are associated with work, while energy shifts

due to state changes are associated with heat [48]. Note that
we adopt a convention in which positive work is done by the
system against the environment. We stress, however, that these
definitions, though natural, remain somewhat controversial as,
e.g., they do not consider entropy variations or the role of
possible internal energy fluxes; see [48—50].

A clear advantage of our optomechanical system is that
work can be unambiguously identified with piston displace-
ments, as in classical systems. This has also been recently
implemented in some quantum rotor engine models [10,11].
Indeed, if the piston moves an infinitesimal length §x, the
work performed can be written as §W = Féx, where F is the
generalized force acting on the piston. In our case, this force
is caused by the radiation pressure. Therefore, if the piston
volume changes from V| to V,, the average expansion work
involved would be

Va Va
Wep = [ phav = [ Tiiropwiav. o)
Vi Vi

To compare this expansion work with Alicki’s general
definition, we first consider quasistatic transformations. In
particular, if the above expansion is performed at a constant
temperature 7 and slowly enough to ensure that the system
remains in a thermal equilibrium state at all times, i.e., p(¢) =
e PH® ) Z(t) with B = 1/ksT and Z(t) = Tr[e PH "], we can
calculate analytically the work output using Eq. (9).

For that, we first calculate the expected value of the pres-
sure operator in the thermal state p(r) using the spectral
properties of the Jaynes-Cummings Hamiltonian H (¢). In par-
ticular, let |n, &), be the Hamiltonian eigenstates at time f,
with associated eigenvalues Eni(t). If |n) is the state of the
cavity mode with n excitations (Fock basis), the states |e)
and |g) represent the excited and ground states of the atom,
respectively. We consider the direct product basis of the whole
atom 4 cavity system, so the Hamiltonian eigenbasis can be
simply written as [38,39]

L0 (a0)
=cos <T) |n, e) + sin <T> In+1,g),

|n, —), = —sin <¢"2(t)> |n, e) + cos (‘P”z(t)) n+1,g),
(10)

|nv +>t

with ¢,(t) = tan™! (% jf“), and A(t) = wc(t) — wy de-
notes the detuning between the cavity and the atom. Moreover,

the Jaynes-Cummings Hamiltonian eigenvalues are

Ef () = (n+ 3)oc) £[AW) + Cac)*(n + D],
(1)
Using this eigenbasis together with the thermal form of p(¢) to
compute the average pressure at time ¢, (p); = Tr[w (¢)p(?)],
see Eq. (6), and noting that the cavity volume can be written
as V(t) = SL(t) = Sap/wc(t), with S the piston’s surface, we
obtain

(p), = wclt)’ i (n,il, e PO a + aa®) |n, i),
P 2a0S2() = 4

N (,()C(t)2 ad ﬂE“)(Z)

T @S2 Z <” ) 12
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where we have already used that (n,-|aaln,-)=0=
(n,-|a’a’ |n, ) for - = e, g; see Eq. (6). Note that there is a
contribution of the vacuum zero-energy state to the average ra-
diation pressure, which explains the reason why it is necessary
to keep the zero-point energy term in the cavity Hamiltonian
He(t) of the Jaynes-Cummings model; see Eq. (1) above.
In this way, writing now dV = SL(t)dt = —aoSwg>(t)ac(t),
the expansion work reads

Wog = [ t,s5o

d
2 wc(l) (
[ o z >
On the other hand, Alicki’s work definition (8) is based on
the expected value of the time derivative of the Hamiltonian,

H(t) = aoc(t)la'a+ 1 + «(aoy +a'0_)]. Using the previ-
ous spectral decomposition, we obtain

Trlp()H ()]

) —ﬂE(')(I) (13)

(14)

It is easy to show now, using the particular form of the
Hamiltonian eigenbasis, Eq. (10), that (n, £|, (aos +
a'o_)|n, £), = £/n + 1sin (¢,(¢)). Interestingly, in the
weak-coupling limit k < 1 for the atom-cavity interaction
in which the rotating-wave approximation leading to
the Lindblad master equation (2) is valid, the angle
¢ = tan~" (2O) 2k (1) + 1/A®) + O),
and therefore

Tr[p(1)H (t )]

wca) = 1\ _gpoq
1 Z(t) ZZ (n—i— §>e BED () + 0@k?).

n=0 i==+
(15)

This immediately implies that Alicki’s work can be written in
this limit as

%)

Wa = —/

kK1 f
(16)

We have hence proved that Waj = Weyp + O(x?), so Alicki’s
definition and that of the expansion work are equivalent to first
order in the weak-coupling limit ¥ < 1 in which the rotating-
wave approximation is valid.

This equivalence thus ensures that our work definition is
thermodynamically consistent [2,3,13]. It is important to note,
however, that the above proof of equivalence is limited by
the approximations made, specifically by the assumption that
the state of the system remains thermal throughout the entire
process. In more complex scenarios, such as nonquasistatic
evolutions, the two definitions might differ. However, as we

CUc(l)
Z(t) ZZ <

)+ 0w

shall see below, detailed numerical results comparing the ex-
pansion and Alicki’s work outputs in finite-time operations
strongly suggest that the equivalence of both work definitions
extends also to these cases. Further analysis needs to be done
to clarify the possible role of purely quantum effects, such as
squeezing and coherences, where both definitions might not
be equivalent.

IV. CARNOT AND OTTO CYCLES

The model introduced in Sec. II and the equivalence
demonstrated between the expansion and Alicki’s work defini-
tions allow us now to build finite-time quantum heat engines
based on different types of thermodynamic cycles. Multiple
models of quantum machines have been proposed in recent
years [5,12,14,49], though in most cases an unsolved key issue
has been how to actually extract useful work from them to
generate motion. In this section, we investigate the extraction
of genuine mechanical work from the atom-doped quantum
cavity optomechanical model introduced here.

In particular, we will focus our attention on finite-time
versions of the paradigmatic Carnot and Otto cycles, both
of which consist of four different strokes, each of them of
the same duration 7 so the total cycle time is f5, = 47. A
schematic representation of both cycles can be seen in Fig. 2,
and note that the quasistatic case corresponds to the T — 00
limit. In particular, for the Otto cycle (i) the first stroke con-
sists in an adiabatic (i.e., without heat exchange) compression
which changes the system size from L; to L, < L; in atime T,
which corresponds to modifying the cavity mode frequency
wc(t) o L(t)™! from w; to w; > w;. This is followed by
(i) an isochoric (i.e., constant volume) heating stroke during
which the system is in contact with a hot bath with (n); res-
onant photons on average, (iii) an adiabatic expansion stroke
coming back to size L; (mode frequency w;) in a time 7, and
(iv) an isochoric cooling stroke in contact with a cold reservoir
with a photon parameter (n). < (n);, to close the cycle; see the
left panel in Fig. 2. On the other hand, for the Carnot cycle
(1) the first stroke consists in adiabatic compression L; — L,
in a time 7, followed by (ii) an isoparametric (i.e., bath with
constant (n)) expansion L, — L3 of the same duration and
speed during which the system is in contact with a hot bath
with photon parameter (n),. At this point, the bath is discon-
nected and (iii) for a time T an adiabatic expansion Ly — L4
continues at the same speed. Finally (iv), an isoparametric
compression step is performed back to a cavity length L,
while in contact with a cold reservoir with occupation number
(n)e.

Note that, in both cases (Otto and Carnot), the two adia-
batic strokes involve unitary time-dependent evolutions, while
the remaining two strokes have a dissipative nature as they
involve energy exchange with thermal baths. Note also that
after each stroke, a projective measurement is performed in
the eigenbasis of the Hamiltonian to eliminate coherences, and
ensure the repeatability of the cycle and that the energy output
can be properly defined. As for the cycle initial state, we
will start from a thermal product state for the cavity + atom
system determined by an average occupation (n). for both
subsystems, see below, and we will relax each engine to a
steady cycle behavior by iterating the cycle many times before
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FIG. 2. Sketch of the Otto (left) and Carnot (right) cycles, both of which consist in four strokes. For the Otto cycle (left), the strokes
are (i) an adiabatic compression L; — L, < L; (equiv. w; — w, > wy), (ii) an isochoric heating stroke in contact with a heat bath with a
higher average photon number (n). — (n), > (n)., (iii) an adiabatic expansion stroke L, — L, (or w, — ), and (iv) an isochoric cooling
stroke (n), — (n).. For the Carnot cycle (right), the four strokes correspond to (i) an adiabatic compression L; — L, < L, (ii) isoparametric
(constant (n)) expansion L, — L; in contact with a hot bath with an average number of (n), resonant photons, (iii) an adiabatic expansion
L; — L4, and (iv) isoparametric compression back to L; while in contact with a cold bath with (). resonant photons on average. Projective

measurements are performed after each stroke in all cases.

any measurement is performed. For quasistatic (i.e., large )
evolutions, the cycle’s initial state will hence be a thermal
state at the given temperature, but this thermalization is not
guaranteed for finite-time protocols (or intermediate values of
7), though we still observe convergence to a steady cycle for
all cases.

To be more precise, the dynamics of the quantum system
during a cycle can be described by the superoperator

4
Ugae = [ TP U (17)
k=1

where @ = O(tto), C(arnot), and Py is the operator performing
an energy projective measurement at the end of the stroke k;
see below. In both type of cycles, the steps 1 — 2 (k = 1) and
3 — 4 (k = 3) correspond to adiabatic expansion/compression
strokes. In these cases, the evolution is unitary and given by

U pt) = U, pOU, (18)

with the evolution operator

sl

U, = exp (—i H(t) dt>, (19)

173
and t; = (k — 1)t. To further advance, we need to reveal
the time dependence of the cavity’s length L(r). A simple
choice consists in assuming that the cavity wall moves at
constant speed |v| in the expansion (v > 0) or compres-
sion (v < 0) steps, so the cavity length changes linearly
with time in between strokes, L(t) = Li; + vt. Note that the
quasistatic limit then corresponds to the v — 0 case. This
particular choice will of course influence our results on the
system’s efficiency, power output, and optimal parameters,
and hence calls for further exploration of the space of possible
expansion/compression protocols to gain deeper insights into
the system’s behavior, a task that we explore below. Note
also that our choice for the expansion/compression (linear)
protocol differs from previous works for heat engines based
on ions in harmonic traps [12], where the mode frequency was
chosen to vary linearly in time.

In addition to the unitary expansion and compression
strokes, both the Carnot and Otto cycles include dissipa-
tive strokes characterized by energy exchanges with heat
baths. These dissipative strokes differ, however, between the
two types of engines. For the Otto cycle, these strokes are
isochoric, meaning that the cavity volume (and thus the op-
tical mode frequency) remain constant, i.e., L(t) = L(#;) and
wc(t) = wc(ty) Vt € [t trr1] forthe2 —3(k=2)and4 — 1
(k = 4) Otto strokes. Consequently, the system dynamics dur-
ing these Otto dissipative strokes can be described by the
following superoperator:

U = exp (r£”), (20)
with the following Lindbladian:
LO0(t) = —i[H®), p)] + Dy, [p®)],  21)

where D, is the dissipator of the master equation (3) with
photon parameter (n); = (n)., (1), corresponding to the given
cycle.

In the Carnot cycle, the dissipative 2 — 3 (k = 2)and 4 — 1
(k = 4) strokes involve both energy exchanges with the baths
and a simultaneous expansion/compression of the system.
The superoperator capturing the evolution during these Carnot
dissipative steps is thus

Tiet1
UC = exp ( / L£Ox) dt), (22)

Iy

with a Carnot Lindblad superoperator of the form

LODp@) = —i[H @), p(O)] + Dy, [p(1)]  (23)

and a time-dependent Hamiltonian due to the evolution of the
optical mode frequency wc ().

Finally, in order to erase coherences, ensure the re-
peatability of the Otto or Carnot cycles, and allow for the
determination of energy variations, a projective measurement
in the energy eigenbasis is performed after each stroke, rep-
resented in Eq. (17) by the operator P,. This measurement
operator can be expanded as P, = Y oo > |n, i)(n, il,,,.
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Consequently, if at a given time #;,; we have a density matrix
p(tx+1) and we perform the measurement, the postmeasure-
ment state will be given by

Pt ) = Pup(tisn)Pe. (24)

This measurement is required in order to define the en-
ergy variation and, therefore, the work production in each
stroke. At the experimental level, this projection can be imple-
mented in practice by measuring the level population using,
e.g., Raman sideband spectroscopy [42,51]. Specifically, in
the Jaynes-Cummings model the energy levels can be mea-
sured using microwave spectroscopy [52]. This measurement
process immediately removes any coherences from the Hamil-
tonian by making a direct projection into its eigenbasis.

V. NUMERICAL ANALYSIS

Once we have defined the details of the finite-time Otto
and Carnot cycles, we are ready to analyze their work output
and efficiency. To do so, we studied numerically, using the
QuTiP Python library version 4.7 [53], the time evolution
of our quantum optomechanical system, as captured by the
master equations (2) and (3) with the corresponding evolution
superoperators (17)—(24) for the different strokes. Note that,
as discussed in Sec. II, the coupling to external heat baths in
the dissipative strokes can be achieved by either (i) a direct
transfer of thermal energy from the bath to the cavity radia-
tion, or (ii) a coupling to the doping atom inside the cavity; see
the definition of the dissipative term (3) entering the master
equation (2). We will study both scenarios below.

A. Initial state preparation

The initial state of the system is chosen to be a direct
product of thermal states for the cavity and the atom, both
determined by the occupation number (n). of the cold bath.
In particular, this state can be written as pijn = pc(0) ® ps =
%(e’ﬁﬂﬂdo) ® e PHr) where B. would be the inverse tem-
perature of the bath and Z = Tr[e #Hc® @ e=AHa] is the
partition function. The explicit expression of these thermal
states is

= (n)¢
pc(0) = ; Tyl
_ 1+ ). (n).
Y lg) (gl + T2, le) (el (25)

where we recall that |n) is the cavity state with n excitations
(Fock basis), |e) /|g) are the excited/ground states of the
atom, and (n), is the average number of resonant photons in
the cold bath. It is important to notice that this initial state is
not a thermal state for the interacting atom + cavity system,
though it can be shown using fidelity measurements that it is
indeed very close to such a thermal state. In any case, and in
order to avoid dependence on initial state preparation, we let
the different engines relax by iterating many times the cycle
evolution before any measurement of energy and work output
is performed. As mentioned above, for small (quasistatic)
cavity wall velocities this protocol will lead to a thermal initial
state for the cycle [54] associated with the given (n)., but

this thermalization is not guaranteed for finite-time processes
(or higher speeds), though we still observe convergence to a
steady cycle behavior in all cases studied.

B. Energy balance and pressure-volume diagrams

Figure 3 shows the energy variation and the accumulated
expansion work output as functions of time for both the Otto
(top row) and Carnot (bottom row) engines, considering the
two possible scenarios for the system-bath coupling, namely
baths connected to either the cavity mode (left column, col-
ored cavity sketch) or the atom (right column, colored atom
sketch). For these particular examples, the cold bath is charac-
terized by an average number of photons (n). = 5, while we
choose (n), = 20 for the hot thermal bath. The system-bath
coupling constant is set to I' = 0.01, see Egs. (2) and (3), and
the constant « controlling the weak atom-radiation interaction
strength Q(¢) is set to k = 1073, see Eq. (1). In the Otto cycle,
the maximum cavity wall extension is chosen to be L(0) =
Ly = 12.5, while the minimum length is L(t) = L, = 7.5.
Finally, the optical mode initial frequency is wc(0) = «o/L;,
see the discussion below Eq. (1), and we choose g = 27 so
that the extremal frequencies in the Otto cycle are wc(0) =
w; =2 /12.5 ~ 0.503 and wc(t) = wp =27 /7.5 ~ 0.838.
Moreover, the atom frequency wa is chosen to be the same
as the initial optical mode frequency, ws = wc(0). Note that
Fig. 3 includes results for different cavity wall speeds |v|, or
equivalently different stroke times T = (L; — L,)/|v|, and the
work sign convention is such that positive work corresponds
to work produced by the moving cavity wall.

We start with the Otto engine, whose dynamics is some-
what simpler to interpret. Indeed, in this case work is only
involved during the adiabatic expansion and compression
strokes, while all energy exchanges during the thermalization
strokes are linked to heat transfer, in accordance with Alicki’s
definition of heat; see Eq. (8). As shown in Figs. 3(a) and 3(b),
during the first Otto stroke (adiabatic compression) there is
always a negative work production and a subsequent energy
increase in the atom + cavity system. Note that the results of
this first adiabatic compression stroke are mostly independent
of the cavity wall velocity v for both bath couplings. This
is related to both the ideal character of the radiation filling
up the cavity and the weak atom-radiation interaction, which
causes both the energy and work evolution to depend exclu-
sively on the initial and final cavity states, and not on how
fast we push the cavity wall to move from one to the other.
This is also apparent in the energy-frequency diagrams for
the Otto engines, see Figs. 4(a) and 4(b), where compression
and expansion strokes are depicted by black lines (red and
blue lines represent the heating and cooling strokes, respec-
tively), and note that since wc(t) o< L(t)~!, the compression
stroke [L(¢) | ] corresponds to an increasing mode frequency
[wc(@) 1.

The next stroke is the isochoric heating of the system.
This is achieved by letting either the cavity [Fig. 3(a)] or the
atom [Fig. 3(b)] contact the hot heat bath with (n); resonant
photons during a time t at constant volume. Interestingly, the
coupling to the hot thermal bath leads to a steep, rapid energy
increase in both cases. For large stroke durations 7 (equiv.
small |v]), the working medium (atom + cavity system) has
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FIG. 3. Energy variation and accumulated work output during a cycle of duration #5, = 4t for different cavity wall speeds |v|. (a) Otto
engine with bath coupling to the cavity mode (colored cavity sketch); (b) Otto engine with bath coupling to the atom (colored atom sketch);
(c) Carnot engine with bath coupling to the cavity mode; and (d) Carnot engine with bath coupling to the atom. Dot-dashed lines correspond to
energy variations, while dotted lines represent the expansion work output. Full black lines describe work measurements according to Alicki’s
definition, and note the agreement with the expansion work in all cases. Thin vertical lines represent the end of each stroke. In all panels the
parameters are (n). =5, (n), =20, =0.01, L, =12.5,L, =7.5, wc(0) = ws =27 /L, and k = 1073. Note also that the legend in panel
(a) applies to all panels.

FIG. 4. Energy as a function of the optical mode frequency w during a cycle for different cavity wall speeds. (a) Otto engine with bath
coupling to the cavity mode; (b) Otto engine with bath coupling to the atom; (c) Carnot engine with bath coupling to the cavity mode; and
(d) Carnot engine with bath coupling to the atom. Black lines represent adiabatic compression/expansion strokes, while the red (blue) line
denotes the isochoric heating (cooling) stroke for the Otto case (top row, a,b), and the the isoparametric expansion (compression) stroke for the
Carnot engine (bottom row, c,d). In all cases, the cycle initial state is marked with a full circle, while the initial point of all subsequent strokes
is denoted with an open circle, and arrows signal the cycle direction. In all cases the parameters are (n), = 5, (n), =20, = 0.01, L, = 12.5,
L, =17.5, wc(0) = wy = 27 /Ly, and k = 1073, Note also that the legend in panel (a) applies to all panels.
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more time to drain energy from the hot bath, leading to a
higher energy quasithermal state. Note, however, that a clear
difference in the energy level reached appears at this point
between the bath-cavity and bath-atom couplings for the same
stroke duration. This is reasonable since the cavity radiation
has an unbounded energy spectrum and hence a very large
thermal capacity, while the atom has only two energy levels
and thus a comparatively small thermal capacity. This par-
ticular feature also makes thermalization much faster when
the baths are coupled to the atom in the Otto case; compare
energy curves in Figs. 3(a) and 3(b). The differences in total
energy after the isochoric heating stroke are also apparent
in the energy-frequency diagrams of Figs. 4(a) and 4(b) (red
lines). On the other hand, due to the isochoric character of this
second stroke, no expansion work is involved in this step so
that the accumulated work remains constant and negative.

This unfavorable work balance, however, is compensated
during the third Otto stroke (adiabatic expansion): the work
invested initially in adiabatically compressing the cavity is
surpassed by the work obtained from the adiabatic expansion
from a higher energy state, see work (and energy) curves in
Figs. 3(a) and 3(b), leading to a positive accumulated work
output at the end of the Otto cycle. During the adiabatic expan-
sion, the system energy decreases from different energy states
determined by the duration of the isochoric heating stroke, but
the amount of energy invested in the expansion depends only
very weakly on the cavity wall velocity, leading to small work
differences for the varying velocities. This is especially acute
for the bath-atom coupling, where work curves exhibit mostly
unobservable variations with the cavity wall velocity. Finally,
an isochoric cooling stroke follows to end the cycle by coming
back to the original state. Again, the work accumulated during
a cycle when the baths are coupled to the cavity radiation
is much higher than the accumulated work for bath-atom
coupling, due to the difference in thermal capacities between
the cavity radiation and the two-level atom. Note also that
the work output in the Otto cycle with bath-atom coupling is
positive but very small as compared with the energy curves;
see Fig. 3(b).

The case of the Carnot engine is slightly more involved,
as there is work production in all stages of the cycle; see
Figs. 3(c) and 3(d). In this case, the initial work invested in
adiabatically compressing the cavity during the first stroke
is compensated in the subsequent second and third Carnot
strokes, corresponding to the isoparametric and adiabatic ex-
pansion steps, respectively. The energy curves for the Carnot
case also display a steep, rapid increase/decrease when first
put in contact the hot/cold thermal baths. However, and in
contrast with the Otto case, these curves exhibit a remarkable
overshoot during the isoparametric compression stroke and a
corresponding undershoot during the isoparametric expansion
stroke, the effect being most apparent (if present) for the slow-
est cavity wall velocity. Note also that these overshoots and
undershoots lead to a difficult relaxation for slow cavity wall
velocities. The presence of these energy over/undershoots for
some (small and intermediate) cavity wall velocities is also
apparent in the energy-frequency diagrams for the Carnot
cycle; see Figs. 4(c) and 4(d). In particular, the energy maxima
and minima for |v| = 0.005, 0.05 are reached for nontrivial
frequency values inversely proportional to the size of the

cavity at the time of the over/undershoot observed in the
energy-time plots of Figs. 3(c) and 3(d).

In Sec. III we demonstrated the equivalence of the ex-
pansion and Alicki’s work definitions to first order in the
atom-radiation interaction coupling, in the case of quasistatic
transformations. The question remained as to whether this
equivalence still holds for finite-time processes. To test this
possibility, we measured the time dependence of the work
output in the previous examples using also Alicki’s defini-
tion based on the variations in energy due to changes in the
system Hamiltonian; see Eq. (8). These measurements are
represented by thin black lines in Figs. 3(a)-3(d), and note
that in all cases Alicki’s work definition fully agrees with
the expansion work measurements. This shows that indeed
the equivalence between the expansion and Alicki’s work is
robust under finite-time engine operations, both for the Otto
and Carnot cycles.

In general, a comparison of both types of engines shows
that, for a given cavity wall speed, the Carnot cycle yields a
higher work output than the related Otto cycle. Indeed, the
Carnot case has more freedom to optimize the work output,
hence its higher performance. It is also interesting to confirm
that the direct coupling of external baths to the doping atom
leads to a net expansion work via the emission/absorption of
energy quanta to/from the optical cavity radiation, which in
turn increases radiation pressure, driving the cavity wall. This
is an explicit example of conversion of quantum energy into
mechanical work mediated by quantized radiation.

The design and versatility of our atom-doped engines,
based on the radiation-induced displacements of the optical
cavity wall, allows us to study also Clapeyron-style pressure-
volume diagrams; see Fig. 5. In particular, this figure shows
results for the thermal bath-cavity coupling case, though sim-
ilar results (not shown) can be obtained for the bath-atom
coupling scenario. Note that, as in the energy-frequency plots
of Fig. 4, the area enclosed by the different pressure-volume
cycles decreases as the velocity of the cavity wall increases, a
clear indication of the decreasing work output as |v| increases.
Note also that, for the Carnot cycle and small cavity wall
speed, there exist a pressure overshoot and undershoot at the
volume points associated to the optical mode frequency where
the system energy exhibits equivalent extrema; see Fig. 4(c).

C. Engine efficiency and power output

To properly compare both types of engine cycles and assess
their performance, it is most reasonable to monitor the engine
efficiency as a figure of merit. The efficiency of a motor is
defined as n = %, where W represents the net work per-
formed during a cycle and Qp denotes the heat transferred
from the hot reservoir to the system (determined as the energy
variation during this process that is not due to work). As in
classical engines, we expect the efficiency to depend strongly
on the compression ratio, i.e., the ratio between the maximum
(Vo) and minimum (V) volumes reached by the cavity during
the cycle. Figure 6 shows the engine efficiency as a function of
Vo/Vy measured in the quasistatic (small |v|) limit for both the
Carnot and Otto cycles, considering the thermal bath coupled
to the cavity (top panel) or to the atom (bottom panel). A
first observation is that for engines with direct heat exchange
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FIG. 5. Pressure-volume diagrams for the Otto (top) and Carnot
(bottom) cycles for a system with the thermal bath connected to the
cavity mode and different cavity wall speeds. Black lines represent
adiabatic compression/expansion strokes, while the red (blue) line
denotes the isochoric heating (cooling) stroke for the Otto case (top
panel), and the isoparametric expansion (compression) stroke for the
Carnot engine (bottom panel). In all cases, the cycle initial state is
marked with a full circle, while the initial point of all subsequent
strokes is denoted with an open circle. The parameters are (n), =
5,(n), =20,'=0.01,L;, =12.5,L, = 7.5, woc(0) = ws =21 /L,
and ¥ = 1073, Note also that the legend in panel (b) applies to both
panels.

between the reservoir and the cavity mode (top panel in
Fig. 6), the efficiency is quite high and approaches steadily
the Carnot limit (upper red line) for large compression ratios.
On the other hand, for the bath-atom coupling case (bottom
panel), the efficiency is an order of magnitude lower, though
it maintains its monotonously increasing behavior with the
compression ratio for both types of engines. This difference in
magnitude is of course related to the limited heat capacity of
the two-level atom as compared to the large thermal capacity
of the cavity radiation. It is also interesting to note that, in
all cases, the Carnot cycle exhibits a higher efficiency than
the equivalent Otto cycle, though the relative difference is
smaller when the thermal connection is made to the cavity
mode. Moreover, while the (positive) difference in efficiency
between the Carnot and Otto cycles increases monotonously
as a function of Vy/V; for the bath-atom coupling, this differ-
ence exhibits a minimum at a nontrivial compression ratio in
the case of bath-cavity thermal coupling; see the inset in the

" QWWJ e

" - e
g7 0075

£ 0.045
= \/
()

" 0.015 5 g |

Vo/ Vi
0.0 5 y : 8 )
Vo/Vy
(b) |
0.08
O]
0.06 i
S0.04 o
0.02 P = . .
EDD - o ® Otto
0.00 Ly o
2 1 :
Vo/Vy

FIG. 6. Efficiency of Carnot (LJ) and Otto (e) cycles as a function
of the compression ratio V,/V. Top panel: Thermal baths coupled
with the cavity. The red vertical line represents the Carnot theoretical
limit, while the dashed lines are polynomial fits to the data. The inset
shows the difference in efficiency between the Carnot (C) and Otto
(O) cases, (¢ — no), as a function of V;/V, which exhibits a clear
minimum. Bottom panel: Thermal baths coupled with the atom. In all
cases the parameters are (n). =5, (n), =20, ' =0.01, L, = 12.5,
wc(0) = wy =27 /Ly, and k¥ = 1073. Note also that the legend in
panel (b) applies to both panels.

top panel of Fig. 6. This defines a sort of optimal compression
ratio for which the Otto efficiency approaches most closely
the Carnot one for bath-cavity coupling.

Next we explore the effect of finite-time operations on
the performance of the different engines. This effect can be
inferred from Figs. 7(a) and 7(c), which show the efficiency
of the Otto (a) and Carnot (c) engines as a function of the
compression ratio Vo /Vy, as measured for different cavity wall
speeds |v| in the case of a thermal bath coupled to the cavity
radiation. This shows that, as expected, a faster-moving cavity
wall leads to a decreasing global efficiency. However, it is
interesting to note that, while for the Otto engine the efficiency
drop with |v| is maximal for small compression ratios, for the
Carnot engine it is the other way around: the efficiency drop
with |v| increases with V;/V;. The performance of a motor is
not only captured by its efficiency, there exist other possible
figures of merit, such as, e.g., the engine power output, i.e.,
the amount of work per unit time it can deliver. Figures 7(b)
and 7(d) show the power output of Carnot and Otto cycles as a
function of Vy /V/ for different cavity wall speeds |v| when the
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FIG. 7. Efficiency and power output of Carnot and Otto cycles as a function of the compression ratio V;/V; for different cavity wall speeds
[v] in the case of thermal bath coupled with the cavity. The left column shows 7 vs V4, /V for the Otto (a) and Carnot (c) engines, while the right
column displays the power output curves for the Otto (b) and Carnot (d) cycles. In all cases, the parameters are (n). = 5, (n), = 20, I = 0.01,
L =125, wc(0) = wy =27 /Ly, and k = 1073 Note also that the legend in panel (a) applies to all panels.

thermal bath is coupled with the cavity. Remarkably, while the
efficiency decreases with the cavity wall velocity, the power
output increases with |v| in both the Otto and Carnot cases, the
more the larger Vy/V is; see Figs. 7(b) and 7(d). In this way,
we expect a near-optimal engine configuration for a nontrivial
compression ratio, with a high combined efficiency and power
output.

Similar results are obtained in the case of thermal baths
coupled to the atom, though as noted previously the efficiency
levels reached are comparatively lower (data not shown). In-
stead, the power output in the bath-atom coupling case is
similar in all cases to that observed in the bath-cavity coupling
case; see Figs. 7(b) and 7(d).

D. Role of stroke protocols

In our previous analysis, we have simplified the stroke pro-
tocols by assuming that (i) each stroke has the same duration
7, and (ii) the cavity wall expands or compresses linearly in
time, with a constant speed |v|. To study the engine perfor-
mance in a more general framework, and in particular the role
of different stroke protocols, we now generalize the motion
of the cavity wall to allow for acceleration. To do so, we
introduce a power-law time dependence for the cavity wall
position,

L) = (LY +v)"”, (26)

withv = (L] — Lg )/ 7, such that the initial and final positions
are fixed, L(0) = Ly and L(t) = L, for a stroke of duration t.
In this way, for y = 1 we recover the already-studied linear,
constant-speed cavity wall evolution, while values y # 1 lead
to an accelerated cavity wall motion in between the fixed ex-
tremal points. This implies in particular that, since the optical
mode frequency is inversely proportional to the cavity length,

wc(t) o< L)™', we have a dependence wc(t) ~t~'7, so
for y = —1 the mode characteristic frequency varies linearly
in time, allowing us to make contact with quantum engine
models based on ions captured in optical traps with linearly
varying trapping frequency [12].

Inspired also by these models, we additionally explore
the role of time-asymmetric protocols on the efficiency of
our atom-doped photon engines. In particular, we will focus
our analysis on the Otto cycle, which is somewhat simpler
to study. For this type of cycle, we will study the depen-
dence of the efficiency on the relative time duration of the
conjugate strokes. As discussed in Sec. IV, the Otto cycle
consists of two adiabatic (unitary) compression/expansion
strokes and two isochoric heating/cooling strokes. The com-
bined duration of each pair of conjugated strokes (adiabatic
compression/expansion or isochoric heating/cooling) is 2.
The idea now is to introduce a time asymmetry in the relative
duration of each stroke in the pair, while keeping constant
the total duration of the pair of conjugated strokes. In this
way, the duration of the first stroke (adiabatic and unitary
compression) will now be 7, = «,27t, while the duration of
the conjugated third stroke (adiabatic expansion) will be 73 =
(1 — ay)2t, with o, € [0, 1] a parameter measuring the time
asymmetry between these pairs of conjugated strokes. Sim-
ilarly, the duration of the second stroke (isochoric heating)
will be 75 = 27, while the duration of the fourth stroke
(isochoric cooling) will be 74 = (1 — )27, with o, € [0, 1].
Note that the total duration of the cycle (t5, = 47), as well as
the duration of both pairs of conjugated strokes (27), remain
constant V «,,, oy, In this way a large (small) value of o, means
a slow (fast) adiabatic compression stroke, and a conjugated
fast (slow) adiabatic expansion stroke. In a similar manner, a
large (small) value of o, means a slow (fast) isochoric heating
stroke, and a conjugated fast (slow) isochoric cooling stroke.
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FIG. 8. Efficiency of the Otto cycle measured as a function of
parameters «,, «;, € [0, 1] for acceleration parameter y = 1 (a) and
y = —1 (b). Measurements are performed in the quasistatic (small
|v]) limit and for the case of thermal bath coupled to the cavity mode.
The parameters are (n). =5, (n), =20, =0.01,L, =10,L, =5
(so the compression ratio is Vo /Vy = 2), wc(0) = ws = 2 /L;, and
k =1073. A large o, (o) means a slow adiabatic compression
(isochoric heating) stroke, and a conjugated fast adiabatic expansion
(isochoric cooling) stroke.

Figure 8 shows the efficiency of the Otto cycle as a function
of the time asymmetry parameters «,, o, € [0, 1] for acceler-
ation parameter y = 1 [top panel (a)] and y = —1 [bottom
panel (b)], as obtained in the quasistatic (small |v|) limit. For
simplicity, we only display the case of the baths coupled to
the cavity mode, though the results for bath-atom coupling
are qualitatively similar. For the protocol used in previous
sections, i.e., the case of uniform (linear in time) motion
of the cavity wall [y = 1, Fig. 8(a)], the engine efficiency
shows a weak dependence on «;, (except for extremely small
values of «;,) and a stronger dependence on «,,. This implies
that the asymmetry in thermalization times during isochoric
strokes is less relevant than the asymmetry in the unitary
expansion/compression stroke times to optimize efficiency.
Moreover, the efficiency dependence on «, is remarkably

asymmetric, showing that the Otto engine becomes more ef-
ficient when the compression stroke is performed much faster
than the expansion stroke, i.e., o, < 1, or vice versa, i.e.,
o, > 1. This observation is mostly independent of the asym-
metry in thermalization times during isochoric strokes (o).
Note also that the case discussed in previous sections corre-
sponds to the symmetric choice ¢, = 0.5 = «;,.

Figure 8(b) shows the efficiency results for y = —1, cor-
responding to a cavity wall motion subject to acceleration.
These results are comparable to those in Ref. [12] for an
Otto engine model based on an ion captured in an optical
trap with a linearly varying trapping frequency. As in the
uniform piston motion case, the efficiency for y = —1 ex-
hibits a weak dependence on «; and a steeper dependence
on ¢y, hence implying that the key asymmetry parameter to
optimize the engine efficiency is the asymmetry in the unitary
expansion/compression stroke times. Interestingly, the effi-
ciency 7 exhibits a bimodal dependency of the efficiency on
o, with two local maxima somewhat below and above «, =
0.5, where 1 develops a local minimum. In this way, the opti-
mal efficiency is achieved in a region where the isoparametric
expansion and compression strokes are similar in duration, but
not equal. We have explored other values of the acceleration
parameter y (not shown), concluding that the overall (qual-
itative) behavior described above is generally dependent on
the sign of the parameter y, but not on its particular value.
In any case, further study is required to fully understand this
behavior.

VI. DISCUSSION

In this paper, we have introduced a model of a micro-
scopic engine that allows us to extract mechanical work from
an open quantum system. The model is based on an atom-
doped optical quantum cavity that drives a classical piston
through radiation pressure. The atom-cavity system is de-
scribed in terms of the Jaynes-Cummings model of quantum
electrodynamics [36,37], and its dynamics is described by a
Lindblad-type master equation (2) and (3) for the atom +
cavity interacting system. We demonstrate that the injection
of thermal energy into either the cavity or the atom, via
an appropriate dissipative coupling to heat baths at different
temperatures, can effectively generate work through piston
displacements.

In particular, since the interaction between the system and
the moving cavity wall occurs through the radiation pressure
generated by the field mode, a first step has been to compute
the average expansion work due to this generalized force. We
have shown analytically that the expansion work is equivalent
(up to first order in the weak atom-radiation coupling limit)
to the standard definition of quantum work by Alicki, which
is based on the energy change due to time variations in the
system Hamiltonian [3]. This equivalence has been shown to
hold in the quasistatic limit, specifically assuming that the
state of the system remains thermal throughout the entire
process, though our numerical results strongly support that the
equivalence extends also to finite-time processes.

Next we have used this setting to build quantum Otto
and Carnot engines, analyzing in detail their performance. In
particular, we obtain energy-frequency and pressure-volume
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cycle diagrams, and we compare the energetics, work out-
put, and efficiency of both engines in the quasistatic limit
and under finite-time protocols. The Otto cycle consists in
an adiabatic compression stroke, followed by an isochoric
heating step, an adiabatic expansion stroke, and a final iso-
choric cooling period. On the other hand, the Carnot engine
starts with an adiabatic compression stroke, followed by an
isoparametric (constant (n)) expansion in contact with a hot
bath, an adiabatic expansion step, and another isoparametric
compression stroke coupled to a cold reservoir. Initially, the
four different strokes for all cases have the same duration
7, and the cavity wall moves at constant speed |v|, though
we also explored the role of time-asymmetric protocols and
accelerated piston motion.

We found that, when the thermal bath is coupled to the
optical mode, the large thermal capacity of the cavity radiation
allows us to reach higher energy levels during the heating
strokes, in contrast with the lower energy states reached when
the thermal bath is coupled to the two-level atom. This results
in a much higher work output and efficiency for both types
of motors in the bath-cavity coupling cases when compared
to the equivalent bath-atom coupling scenarios. In a similar
manner, the slower the cavity wall motion, the more time
the working medium (atom-+radiation) has to drain energy
from the hot bath, thus leading to higher energy levels and
work outputs. This can also be indirectly corroborated by
noticing that the area enclosed by the different pressure-
volume cycles decreases as the velocity of the cavity wall
increases. A comparison between both types of engines also
shows that, for a given cavity wall speed, the Carnot cycle
yields a higher work output than the equivalent Otto cycle.
To assess the global performance of both types of engines,
we also studied both their efficiency and power output as a
function of the compression ratio for different cavity wall ve-
locities. Our results show that, while efficiency decreases with
an increasing piston speed, the power output increases with
|v|, suggesting the existence of a near-optimal engine con-
figuration for a nontrivial compression ratio for each piston
speed. Finally, the role of time-asymmetric stroke protocols

and the accelerated/decelerated motion of the piston have
been investigated using efficiency as a figure of merit. We have
found that efficiency in this time-asymmetric and accelerated
scenario depends mostly on the asymmetry in the unitary
expansion/compression stroke times. Moreover, the optimal
protocol depends indeed on the acceleration parameter for the
cavity wall.

This work has shown how to actually extract useful work
from a quantum heat engine to generate net motion. Some
questions remain open, such as, for instance, the role of fric-
tion on the piston motion, or its actual dynamical coupling
with the radiation pressure via classical equations of motion.
It would also be interesting to further investigate whether the
expansion work and Alicki’s definitions of work (and heat)
in the quantum realm remain equivalent under more realistic
conditions. We plan to address these questions in future work.
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