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Abstract

This thesis aims at revealing the role of thermodynamics in the quantum regime
by the study of thermodynamical aspects of quantum devices. For more than a
century, thermodynamics is considered as one of the pillars of physics. The theory
is concerned with energetic and entropic processes in the macroscopic regime under
a set of constraints. With only few variables, systems at equilibrium can be fully
characterized thermodynamically. Conversely, quantum theory is concerned with
the dynamics and properties of microscopic systems at the atomic length scale.
Based on few postulates the theory predicts the full dynamics of the system, also far
from equilibrium. The field of quantum thermodynamics aims to reveal the intimate
relationship between thermodynamics and quantum mechanics.

The study of quantum thermal machines is the platform employed to explore the
field of quantum thermodynamics. These can be quantum engines, quantum refrig-
erators and quantum energy storage devices. All these devices describe quantum
systems operating out of equilibrium. This is achieved by coupling the system to a
number of reservoirs which can be passive or active. To analyze the dynamics of the
quantum devices, tools from the theory of open quantum systems, quantum moni-
toring and quantum feedback control are employed. Linking thermodynamics and
quantum mechanics is achieved by relating quantum features such as discreet energy
levels, quantum correlations and quantum coherence with the efficiency, the energy
currents and the entropy production of the devices. This reveals both fundamentally
and technologically novel aspects of quantum mechanics and thermodynamics.

From the fundamental aspect we examine the laws of thermodynamics and their
manifestations in the quantum regime and provide a coherent framework to describe
both theories on a common ground. We establish a description of energy transport
between two heat reservoirs through a quantum network. The description reveals a
common flaw in the literature in setting models of energy transport using the master
equation techniques. The description suggested is shown to be consistent with the
second law of thermodynamics and reveals the global nature of quantum mechan-
ics. We propose definitions for thermodynamic properties such as power and heat
currents in complex quantum systems and provide proofs for the fulfillment of the

laws of thermodynamics. These systems can be simultaneously coupled to thermal
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reservoirs and driven strongly by a periodic field or even subject to monitoring and
feedback control.

A dynamical formulation of the third law of thermodynamics is proposed with the
purpose of quantifying the optimal cooling speed towards absolute zero temperature.
This formulation is shown to be superior to other formulations of this law; suggesting
a solution to a longstanding problem. In this context we also observe the universality
of the cooling speed scaling with temperature for different quantum refrigerator types
when attaining absolute zero temperature.

Additional aspects of this thesis are to reveal novel resources and protocols to
drive thermodynamical processes in the quantum regime. These will have significant
implications on future quantum technologies. We introduce the innovative concept
of the quantum absorption refrigerator. This device exploits noise or a heat source to
drive a cooling process. It operates in an autonomous manner that does not require
an active control of the device. Specifically, we consider Gaussian and Poisson noise
and relate it to weak quantum measurements. Using this model we also study the
third law of thermodynamics.

In this thesis, we also apply for the first time quantum monitoring and feedback
control protocols to regulate thermal devices. In particular, we show that using
these techniques we can increase the charging efficiency of quantum energy storage
device and stabilize the destructive fluctuations. A balance between information
gained from monitoring the device and information fed back to the device is found
to maximize the charging efficiency.

The role of coherence in thermodynamics is also revealed. It is shown that in
the small action regime, which corresponds to a quantum regime, coherent work
extraction is considerably stronger than the stochastic (classical) one. This also
implies that coherence can be considered as a resource to drive thermodynamic
processes. Moreover, in this regime of operation, different types of thermal machines
exhibit similar thermodynamic properties. The models considered in this thesis are
analytically tractable, allowing a deeper insight into the mechanism of the quantum

devices and their relation to thermodynamics.
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Chapter 1
Introduction and outline

Physical realism is what motivates scientists to formulate laws which are obeyed by
physical objects under certain circumstances in space and time, and that are be-
lieved to be mind-independent. These laws are deduced from empirical observations
and typically require an additional step of idealization. The laws of thermodynam-
ics exhibit clearly how simple intuition leads scientists to formulate physical laws.
Thermodynamics was developed as a physical theory almost two hundred years ago
with the pioneering work of Carnot on the efficiency of a hypothetical heat engine.
Using concepts such as temperature, energy and entropy, macroscopic systems are
characterized thermodynamically. With the establishment of statistical mechanics,
a statistical interpretation of the laws of thermodynamics was introduced and a sat-
isfactory connection between thermodynamics and the microscopic description was
achieved.

Quantum mechanics was initiated in the early 20'" century with the work of
Planck on black body radiation and the explanation of Einstein of the photoelectric
effect. The postulates of quantum mechanics are also inferred from empirical obser-
vations. These are significantly less intuitive than those of thermodynamics. To the
best of our knowledge, quantum mechanics gives the most accurate predictions on
the behavior of physical objects in space and time. Since both theories are currently
deeply rooted in physics, it calls into question what is the relationship between the
two. The field of quantum thermodynamics attempts to explore this relationship.

Although thermodynamics and quantum mechanics are founded on different sets
of axioms, the initiation of quantum mechanics was achieved thanks to consistency
with thermodynamics. This is the first indication of the delicate relationship be-
tween the two theories. Quantum thermodynamics admits a dichotomous relation-
ship between quantum mechanics and thermodynamics. On the one hand, thermo-
dynamics plays the role of the bouncer that sets physical restrictions on quantum
models. This typically occurs when approximations are held in the quantum de-

scription of open systems. Then, consistency with the laws of thermodynamics can



2 Chapter 1. Introduction and outline

reveal flaws in the model assumptions which are not necessarily linked directly to
thermodynamics [Levy 2012a, Levy 2014]. On the other hand, the framework ap-
plied to study novel thermodynamic features in the microscopic world are those of
quantum mechanics.

This apparent paradoxical behavior can be settled by refining the objectives of
the quantum thermodynamics study. Since our current observations are compatible
with the laws of thermodynamics, it is desirable to apply these constraints to the
quantum regime in order to acquire a realistic consistent quantum description of
Nature. This by no means suggests that attempts of challenging these laws should
not be considered. It only implies that without strong evidence of a violation of
these laws, theoretical or empirical, consistency with thermodynamics is essential
in setting realistic quantum models. The other aspect of quantum thermodynamics
is studying thermodynamic processes of small ensembles, much smaller than the
thermodynamic ensemble. In this regime, a new insight on the role of quantum
features in energetic and entropic processes can be observed. This aspect has both

fundamental and technological implications.

Some of the primary questions in the field are: To what extent do the paradigms
and laws of thermodynamics apply in the quantum domain? Do quantum effects
such as quantum correlations and coherence play a significant role in thermodynamic
processes? Can we use quantum features as resources to drive thermodynamic pro-
cesses?” What are the requirements of theory to describe quantum mechanics and
thermodynamics on a common ground? To treat these issues, one needs to con-
struct an appropriate mathematical and physical framework. This thesis addresses
the field of quantum thermodynamics by studying quantum thermal machines that
operate far from thermal equilibrium and where quantum effects still exist. Extreme
care has been taken to choose models which can be analyzed from first principles.

Forty years ago, the study of Gedanken quantum thermal machines emerged
[Scovil 1959, Alicki 1979, Kosloff 1984]. Today, scientists are constructing these in
laboratories worldwide [Baugh 2005, Pekola 2007, Fornieri 2015, Thierschmann 2015,
Rofinagel 2016]. Quantum heat engines, quantum refrigerators and quantum energy
storage devices are examples of such quantum thermal machines. These are the nat-
ural candidates to approach the study of quantum thermodynamics as they unite
basic properties of quantum mechanics with those of nonequilibrium thermodynam-
ics.

Using this platform, we can treat fundamental issues such as: The proper def-
initions of heat and work in the quantum regime; the manifestation of the laws of
thermodynamics in the microscopic world; the emergence of thermodynamic friction
and the manifestation of power-efficiency trade-off; and also the role of quantum ef-

fects on thermodynamic processes. From a practical standpoint, such models can



provide a frame for studying energy transport and quantum effects in biological
systems, such as in photosynthesis process. It is relevant for optimizing the perfor-
mance of photoelectric devices driven by solar photons. Introducing novel cooling
mechanism and revealing the limitations on the cooling process, and studying the

quantum nature of molecular rotors.

The methodology employed to study quantum thermal machines is the theory
of open quantum systems. In the theoretical background chapter, 2, we briefly
review the roles of the theory of open quantum systems that are relevant to this
thesis. In addition, we introduce concepts from the theory of quantum measurement
and feedback control which are essential for chapter 6. Finally, we integrate these

mathematical tools in the context of the theory of quantum thermodynamics.

Chapter 3 [Levy 2014] intends to point out a common flaw in setting quantum
models of energy transport that is repeated in dozens of papers, and to show how
this omission should be corrected. We present a quantum thermodynamic analysis
of heat transport between two thermal reservoirs through a quantum network as a
case study. In the literature a local description of a quantum network coupled to
multiple reservoirs is common. In this description, the coupling between a reservoir
and each subsystem of the network is modeled by a local Lindblad generator (see
section 2.1.3). The interaction between the network subsystems is manifested only
through the unitary part of the evolution and does not affect directly the dissipation
part. If the inter-coupling between the subsystems are weak this description seems
reasonable. Nevertheless, we show that even in the weak inter-coupling limit this

approach may lead to a violation of the second law of thermodynamics.

We further show that a global approach that accounts for the inter-coupling
in the derivation of the Lindblad equation is always consistent with the second
law. This is an immediate consequence of the Spohn inequality (see section 2.3.2).
Lindblad dynamics is an axiomatic powerful description of open quantum systems.
Nevertheless, it will not necessarily result in a physical consistent picture. Thermo-
dynamic study uncovers the global nature of quantum mechanics and the necessity
of a microscopic derivation of the master equation. It provides physical testing tools
for approximations and assumptions carried out on the dynamics of quantum system
(see also appendix A [Levy 2012a], for example in the context of the third law).

In chapter 4 [Levy 2012¢|, the concept of heat and noise assisted cooling which
we termed the quantum absorption refrigerator is introduced. The aim is to extract
heat from a system using a noise source or a thermal source instead of an externally
controlled field in order to drive the cooling process. This type of quantum thermal
machine belongs to the class of continuous and autonomous machines that bene-
fit from the advantage that no constant manipulation and control of the quantum

system is required. We further study the limitations on the cooling process, thus
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we present the optimal scaling of the heat current from the reservoir being cooled
with temperature as we approach the absolute zero temperature. We treat both
Gaussian and Poisson white noise as the resources driving the cooling process. We
then relate this to a thermal source at the high temperature limit and to monitor-
ing (continuously measuring) some observables of the quantum system. This work
implies that noise which is typically considered as a harmful process can serve as a
thermodynamic resource for obtaining a more ordered (cooler) system. Additional
new results can be found in the review paper [Kosloff, R. and Levy, A. 2014] and in
[Correa 2014b].

Chapter 5 [Levy 2012b] introduces a study of the third law of thermodynamics
and refining it from a dynamical standpoint. Previous studies regarding quantum
refrigerators and the quest for absolute zero temperature [Kosloff 2000, Rezek 2008,
Rezek 2009, Levy 2012¢] concentrated on the Nernst’s heat theorem (see section
2.3.2). This statement sets limitations on the scaling of the heat current from the
reservoir being cooled with temperature as we approach the absolute zero. In this
chapter we study the implications of the unattainability principle and restate the
third law in its dynamical form. This formulation enables us to quantify the third
law in terms of a characteristic exponent for the cooling process. The characteristic
exponent describes the scaling of the rate of temperature change with temperature
itself. Different studies investigating the relation between the two formulations, led
to different answers regarding which, and if at all, one of these formulations imply
the other [Landsberg 1956, Belgiorno 2003a, Belgiorno 2003b]. Our formulation of
this law is shown to be more restrictive than the Nernst’s heat theorem as it imposes

limitations on the spectral density and the dispersion dynamics of the reservoir.

We then examine this exponent for different types of quantum refrigerators. Thus
gaining a deeper insight on the role of each component of the device. Specifically, we
consider different cooling substances, the standard harmonic oscillator reservoir, and
the ideal Bose and Fermi gas. The working medium is either a two coupled two-level
system or harmonic oscillators, and the work source is treated as a very hot thermal
reservoir or a periodically external field. For a quantum refrigerator driven by a
strong periodic field Floquet’s theory is employed to derive the master equation and
the proper definitions for heat and work are presented. These definitions are shown
to be compatible with the second law of thermodynamics. Universal behavior of the
final scaling near the absolute zero is obtained. The characteristic exponent does
not depend on the dimension of the substance being cooled, nor does on the type
of refrigerator, absorption or periodically driven refrigerator. Different medium, i.e.

harmonic oscillators and TLS’s also produce the same scaling.

Storing useful work and extracting it on demand will have a significant impact on

future quantum technologies. In chapter 6 [Levy 2016], we present the novel concept



of the quantum flywheel (a quantum energy storing device) as an integral part of
quantum heat machines. Generally, when a work repository is quantized it may be
subject to entropy increase and reduction in charging efficiency. This “problematic
feature” is absent when a classical approximation for the external field is made. In
this work we confront this difficulty, going beyond the standard classical scenario.
For the particular work repository realized by a quantum harmonic oscillator, quan-
tum and thermal fluctuations dominate the dynamics leading to divergence of the
thermodynamic properties of the flywheel. For the first time, tools from quantum
measurement and feedback control are utilized to overcome these fluctuations and
to regulate quantum heat machines. This merging between the different fields also
raises new fundamental questions about the definitions of work and heat in quantum

stochastic feedback systems.

Recent studies in quantum thermodynamics [Uzdin 2015, Perarnau-Llobet 2015]
have shown that quantum properties enhance work extraction. Any realization of
quantum heat machines as part of future technology requires regulation by mea-
surement. However, measurement is known to collapse the state of the system and
demolish these quantum features, thus making regulation impossible. Therefore,
we suggest that weak quantum measurements and feedback control play an integral
part of future advances in the study of quantum heat machines. We further show
that a particular balance between information gained by monitoring the system and
information fed back to the system maximizes the charging efficiency and minimizes
the entropy production of the flywheel. Despite its complexity the model is analyti-
cally solvable, and can be decomposed to its basic components, gaining insight into
the operation of the quantum flywheel. The model studied is applicable to a variety
of experimental setup systems such as QED cavities, nanomechanical oscillators,
trapped particles, and superconducting circuits. In the conclusion, chapter 7, we

discuss this in detail.

Appendix A [Levy 2012a], presents an example of how the formulation and quan-
tification of the third law of thermodynamics introduced in [Levy 2012b] reveals

flaws in setting quantum models.

In appendix B we present joint work with Raam Uzdin [Uzdin 2015]. In this
work, we introduce quantum thermodynamic signatures in the operation of quantum
thermal devices. Specifically, it is shown that in the small action regime with respect
to h different types of quantum engines (two stroke, four stroke and continuous
engines) are thermodynamically equivalent. That is, after a complete cycle, power,
heat and efficiency are the same for all types of engines. This behavior is traced back
to the role of coherence in quantum thermal devices that becomes dominant in the
small action regime. Furthermore, it is shown that for small action a quantum engine

outperforms a stochastic (classic) one. The coherent work extraction is considerably
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stronger than the stochastic work extraction mechanism. This enables us to derive
a power bound for stochastic engines that constitutes a quantum-thermodynamics
signature. This means that for a given set of thermal resources and thermodynamic
measurements (for example, measurement of the power output of an engine) one can
determine if the device exploits coherence in its operation. This finding implies that
coherence can be used as a resource to drive thermodynamic processes. Presently,
these predictions are being examined in the laboratory.

The study of thermodynamics of quantum devices is mainly concentrated in a
regime where the quantum system is coupled weakly to the thermal reservoirs. This
is important for having a clear thermodynamic interpretation of heat and work,
see section discussion in 2.3.2. In appendix C [Uzdin 2016], we treat the strong
coupling limit using the idea of heat exchangers. These are mediating particles that
can interact strongly with the quantum system and then thermalize via a secondary
thermal reservoir. This setup enables us to extend the equivalence of different types
of thermal machines presented in appendix B to the non-Markovian regime. It
is shown that this regime introduces a higher degree of equivalence that cannot be
achieved in the Markovian one. We further study the charging process of a quantum
battery, and obtain the condition for energy transfer without increasing the entropy
of the battery. In the strong coupling limit it is also possible to super-charge the
battery. Which means that the energy of the battery increases while its entropy
decreases at the same time.

In appendix D we introduce the useful Liouville space representation of open
quantum systems and the KMS condition. Appendix E presents additional infor-
mation on stochastic differential equations that was not included in the theoretical
background. In appendix F we summarize properties of entropy and relative en-
tropy, and in appendix G the list of publications is shown. Finally, additional novel
results on thermodynamics of quantum devices can be found in the review article
[Kosloff, R. and Levy, A. 2014]. Form length considerations, this review article is
not displayed in the thesis.



Chapter 2

Theoretical background

2.1 The theory of open quantum systems

Quantum mechanics is a probabilistic theory describing the dynamics of microscopic
systems. The core of the theory is concerned with closed systems. The state of a
closed (isolated) quantum system follows a unitary evolution given by the solution of
the Schrodinger equation for pure states, and in the more general case, the solution of
the von Neumann equation that embodies the dynamics of mixed states. The unitary
evolution is represented by the linear unitary operator U which form a continuous
time translation symmetry group. The knowledge of the state of a closed quantum
system at some time t" allows to predict the state and the measurement outcome at
any given time .

An open quantum system S is a quantum system that interacts with another
system R. Typically system S is the system we are interested in. It is considered
to be small with respect to the system R and has a well defined structure. System
R is often referred to as the environment or the reservoir. Under additional ther-
modynamic equilibrium conditions it is referred to as a heat bath!. For example,
R can represent phonons in a crystal, a gas of particles or a beam of photons. The
joint system S V R is closed and the knowledge about subsystem S can in principle
be retrieved from the dynamics of SV R. Since the S V'R can be very large, it
is impossible to solve the evolution equation of the joint state. Many techniques
were developed to overcome this issue [Breuer 2002, Weiss 1998, Alicki 1987]. The
idea behind most of these techniques is to ignore parts of the environment R that
are assumed to have negligible effects on the evolution of the subsystem S. Then,
the effect of the environment R on the subsystem S can be characterized to some
approximation by a comparably small number of parameters such as temperature,

spectral density and correlation functions of the environment. The dynamics of the

In most cases of practical interest these conditions are fulfilled.

7



8 Chapter 2. Theoretical background

open system S becomes non-unitary and thermodynamic irreversibility emerges. In
this section we mainly concentrate on the reduced dynamics of the open systems

which are described by Markovian master equations.

2.1.1 Density operator description

Quantum mechanics of isolated system corresponding to maximal knowledge about
the state of the system is described by pure states. These states can be identified
with normalized vectors {|¢;)} in Hilbert space H. To treat the dynamics of an
open system or of a subsystem belonging to a bigger isolated system, concepts from
statistical mechanics are applied. Randomness and incomplete information about
system S is reflected in the density operator description for mixed states (sometimes
referred as to the density matrix).

The incomplete information interpretation has two different aspects. The first is
the ensemble aspect where the system is found in a statistical mixture of pure states.
The experiment is performed repeatedly on the ensemble to obtain an averaged
outcome of the measurement. Because of fluctuations the ensemble is composed of
pure states with different weights. This statistical nature is embodied in the density
operator formalism. The second aspect results from splitting of the total Hilbert
space into sub-spaces. By tracing out parts of the total system in order to obtain
the reduced description of the subsystem, information that is stored in quantum
correlations is lost. For example, if we start with a pure entangled bipartite state
|) € Hi ® Hsa, then by tracing out one of the subsystems, the other one becomes
a mixed state.

Another standpoint for the density operator relies on the complexity of the en-
vironment and the random phase postulate. We assume that the Hamiltonian of
the joint system S V R is time independent and non-degenerate. This state can be
written as,

(U(1)) =D eis(t) [v3) © |65) € Hsvn,
i,J
with the coefficients ¢; ; = (¢;¢;|¥), and the states |¢;) € Hg and |¢;) € Hp. The
operator A represents an observable of the system &, and the expectation value is

given by,
(4) = (WA 1]W) = 3" (0) (Wil Alsy) . with ei(0) = Y ey (0)]5).

In actual experiments the average of many identical recurrences is taken over a time
interval 7 and are not instantaneously in time. This time interval is much shorter

than the resolving time of the measurement apparatus, but long compared to the
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fluctuations time scale of the environment, such that the random phase postulate
holds. It is postulated that the phases are averaged to zero on the time interval 7

(indicated by an over-line),

ci(t)cj(t) = N\idyj, such that Z A= 1.

%

The expectation value of the operator A is then given by,
(A) =3 (il Al

The time average can be interpreted as an average with respect to a stationary

mixed state.

The density operator can now be identified as a non-negative trace class operator
of trace one belonging to Banach space T (H) of operators acting on the Hilbert space
H. The states defined by the density operator form a convex set with the pure stats
as the extreme points. According to the spectral theorem the density operator can

be represented in a diagonal form,
p=>_ Nilv) (Wi, (2.1)

such that ) . A; = 1 and A\; > 0. The density operator corresponds to a pure state
if and only if it is a rank one projector. Mixing of the density operator is quantified

by the purity function, defined as,
P="Tr(p*) <1. (2.2)

Here, Tr(-) is denoted the trace operation, and equality holds if and only if the
state p is a pure state. Other measures for mixing (information) will be discussed

n section 2.3.

Dynamics:

The dynamics of the density operator of isolated systems is described by the von-

Neumann equation [von Neumann 1955]:

% ——i|f.p]. (2.3)
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Here H is the Hamiltonian and the generator of the dynamics, and [, | stands for

the commutator. The formal solution of Eq.(2.3) is given by,
pt) = U(t,0)p(0), with U(t,0) - = T(t,0)- U'(1,0), (2.4)
and .
U(t,0) = Texp {—2/ f[(s)ds} : (2.5)
0
Here T stands for the time ordering operator, and without loss of generality we take
the initial time to zero.
Observables:

In quantum mechanics an observable is a physically measured quantity represented
by linear self-adjoint operators. The set of all linear bounded operators? equipped

with the operator norm || - ||« is a Banach space B(H). The average of the observable

<A> _ (@21) . (2.6)
For any linear bounded map A on 7 (H) there exists a dual map A* on B(H) such
that?,

A is given by,

Tr ((A[))A) — T (;3(/\*/1)) LV peT(H)and A € B(H). (2.7)

It is now clear that the equation of motion for the operators (the Heisenberg equa-

tion) is the adjoint of the von-Neumann equation,

dA ~ 2] OA

S —i|f A+ S 2.8
at [ AT B (2:8)
where the partial derivative is added in case the operator A does explicitly depend

on time. The solution of Eq.(2.8) is given A(t) = U'(t,0)A(0).

2.1.2 Open Quantum System: Reduced Description

As discussed in section 2.1, in most practical cases we are interested in the reduced
dynamics of the subsystem S under the influence of reservoir R. The Hilbert space
of the joint system is given by the tensor product of the system and reservoir Hilbert
spaces, Hsvr = Hs ® Hgr. The total Hamiltonian of S V R can be taken to be of
the form:

Hy=Hs® Ip+ Is® Hr + Hgp. (2.9)

2Unbounded observables are treated as limits of sequences of bounded ones, see also the dis-
cussion in [Alicki 2001].
3In the special case of closed dynamics A = U and A* = UT.
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Here Hg and Hy are the self Hamiltonians of the system and the reservoir, re-
spectively, and Hgp, is the Hamiltonian describing the interaction between the two
systems. The joint states p(t) € Hgygr follow the von-Neumann Eq.(2.3) with the
Hamiltonian H,., (see Eq.(2.9)). The reduced dynamics of S denoted by pg(t) is

given by taking the partial trace over the reservoir,
s(t) = A(t,0)ps(0) © Trpe (U(1,0)5(0)0(1,0)) (2.10)

The map A(t) describes the state change of the reduced system S and maps the
space T (Hg) into itself,
At) : T(Hs) = T (Hs). (2.11)

A crucial assumption to obtain a completely positive dynamical map is that the
initial state is a tensor product p(0) = ps(0) @ pr, and the reservoir state pg is
a fixed reference state’. Working in the orthonormal diagonal basis of {¢;} of the

reservoir pr = » i) |¢;) (¢;|, we can then express the propagator as,
U(t,0) =Y Vij(t,0) @ |¢3) (] (2.12)
tj

~

where V;; are operators acting on the reduced system S. Eq.(2.10) can now be

expressed as,
A(t)ps(0) = Knps(0)K], (2.13)

where we have defined K, & \/)\_jf/” (,0), and relation 3 K, K} = I holds.

The operators K, are also known as the Kraus operators [Kraus 1971], and
Eq.(2.13) is the most general form of a completely positive dynamical maps® de-
scribing irreversible time evolution of an open system. It can also be shown that for

every such {K,} there exist a unitary operator U acting on Hg ® Hp [Alicki 2001].

Complete positivity:

A positive map A is a map between C*-algebras that maps a linear positive operator

A into a linear positive operator A(A) = A,
A:A— A (2.14)

It is assumed to be unity preserving if A(f ) — I. Complete positivity (CP) imposes
more restrictive demands on the map A than positivity do. The idea is that the CP

4This assumption implies that the state of the reservoir does not change significantly during
the evolution.
5Generally, the term dynamical maps refers to completely positive maps.
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map preserves positivity with respect to tensor product operation®. If map A acts
on T (Hs) then CP implies that the trivial extension A ® id maps positive operators

from the extended space into positive operators,
A®id: A9 B—A®B (2.15)

Here, ¢d denotes the identity map of some auxiliary space and B is an operator
belonging to that space. Physically, CP maps are essential for the description of
open quantum systems. A dynamical map of a quantum system should allow the
probabilistic interpretation of the density operator also when it is coupled to a
reservoir. In composed classical systems positivity is a sufficient requirement from
reduced maps. This is not true in the quantum case where existence of entangled
states leads to the requirement of CP maps. A known example that makes use
of positive but not of CP maps is the Peres-Horodeccki criterion for two quantum
system to be separable [Peres 1996, Horodecki 1996]. The criterion relies on the
fact the the partial transpose operation is a positive map but not a CP one. Then
the eigenvalues of the composite density operator become negative if the states are

entangled”.

2.1.3 Quantum Dynamical Semigroups

The map defined by Eq.(2.13) represent a map for a fixed time ¢ > 0. In order to
describe the time evolution of an open system we define the one-parameter fam-
ily {A(t),t > 0} of dynamical maps. Generally, this family of maps satisfies a
complicated integro-differential equation. However, in many physical scenarios the
class of dynamical semigroups provide a good approximation of the evolution, that
now becomes Markovian. Physically, the Markovian approximation is justified when
the reservoir correlation functions decay faster then the intrinsic time scale of the
system. Therefore, any information that transfers from the system to the environ-
ment is lost, leading to a "no-memory” effect. We elaborate on the validity of the
approximation in the following section.

The term semigroup implies that the time evolution forms a family of maps which
does not form a full group. It lacks the negative range of the parameter ¢, which
implies that the inverse property required from a group is missing. Physically, this
property is the manifestation of irreversible dynamics which allows us to distinguish
the future from the past. To summarize, the quantum dynamical semigroup is a

continuous one-parameter family of maps {A(¢),¢ > 0} which satisfy the properties:

5The tensor product of two positive maps is not necessarily positive.
"Generally, the criterion is only a necessary condition. The exception is for the case of a
dimension lower then 6D where it is also sufficient.
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1. A(0)=1.
2. A(t) is completely positive and trace preserving.
3. A(t)A(s) = A(t+s) t,s >0 semigroup (Markovian) property.

4. limy o||A(t)z — z|| =0 Vo € B strongly continuous property.

ot

. IA(®)]| €1 contraction semigroup property.

Based on the mathematical properties (1-5) it is possible to define the generator of

the semigroup L such that,
d
—ps = Lp 2.16
dtpS pPs ( )
Lindblad and separately Gorini, Kossakowski and Sudarshan introduced the most
general structure of the generator £ of the dynamical semigroup [Lindblad 1976,
Gorini 1976a]. The Markovian master equation known as the LGKS equation or as
the Lindblad equation takes the form®,
d def

. . A NS 1 (i
s = Los ©—ill,ps] + 3 VipsV + {Vjvj,ps}. (2.17)
J

Here {-,-} is the anticommutator, the 17] are bounded operators® acting on Hg, and
H is the effective Hamiltonian of the system §. Typically, this Hamiltonian can
be identified as the free Hamiltonian of the system plus correction terms resulting
from the coupling to the reservoir. The first term on the rhs of Eq.(2.17) generates
a unitary evolution, whereas the second term referred to as the dissipator, and
thus responsible for the manifestation of decoherence and dissipation processes. It
is worth noting that the generator £ does not uniquely determine a microscopic
physical model of the joint system & V R. The generator is invariant under the
certain transformations for the operators H and V; [Breuer 2002]. The necessity

in a microscopic derivation of a Markovian master equation (MME) is discussed in

section 2.1.4 and chapter 3.

The Heisenberg representation:

As was discussed in section 2.1.1 one can introduce the dual map A*, and the adjoint

master equation (the Heisenberg representation) takes the form,

d ; ~ def .- 7y 2 St AT 1 Y, 4
SA= s ilh A +;vjAv; +5 {Vivi, 4}, (2.18)

8This form is known as the diagonal form introduced by Lindblad.
9Except for few cases there is no general characterization for unbounded operators.
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with A € B(Hs). Solving the master equation in the Heisenberg representation
has advantages over solving the full density operator evolution. In many cases
we will be interested only in the expectation values of some measured quantities.
This fact can reduce significantly the dimensions of the problem. For example, in
the standard thermalizing master equation with a non degenerate Hamiltonian the
population and the coherences are decoupled, and the population of a certain level
is given by solving a small set of differential equations. The full state of the system
can be reconstructed by calculating all the expectation values of the Lie algebra of
the system. Generally, a full reconstruction of the state will scale as the solution
of Eq.(2.17). Nevertheless, in many cases we can use symmetries to reduce the
dimensions of the problem. For example, if the initial state of harmonic oscillator
is a Gaussian state, then it will remain Gaussian along the dynamics and only the
first two moments are necessary to retrieve the full state. Given a set of operators

{A}M | that forms a closed set under the operation L1, i.e.

M
LTA, =) I;A; with I € C, (2.19)

j=1

we can write a closed linear system of coupled differential equations for the expec-
tation values <Ak>

2.1.4 MME: Microscopic Derivations

The derivation of the MME Eq.(2.17) introduced by LGKS is axiomatic and lacks
the microscopic physical motivation. Chapter 3 indicates the importance of a mi-
croscopic derivation. It is shown that applying arbitrary dissipative LGKS terms
to some Hamiltonian may result in violation of the second law of thermodynamics.
In the following we discuss three scenarios for which the Markov limit offers a good
approximation for physical models. All these models will be of use in the next chap-
ters. In section 2.2.2 we will review how MME of LGKS type can be deduced from
stochastic master equations (SME). In this section we concentrate on the physical
validity of the approximations rather than on the mathematical details, and prop-
erties of thermal reservoirs will be discussed. The rigorous derivations can be found
in many text books [Alicki 1987, Breuer 2002, Weiss 1998, Louisell 1990] and also
in the appendix of chapter 5.

Weak coupling limit:

We begin with the Hamiltonian description of the joint system SV R (see Eq.(2.9)).
The system Hamiltonian is of the form, Hg = 3, € |k) (k|. The interaction Hamil-
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tonian Hgp is considered weak and can be expressed as'?,
Hgn = A (\7 ® 1—?) with V € B(Hs), R € B(Hz). (2.20)

Here A is the small parameter, and the evolution is approximated up to second
order in A\. The weak coupling between the system and the reservoir also implies
that the state of the reservoir is only negligibly affected by its interaction with the
system. The state of the system on the other hand can change significantly as a
result of the interaction. Unlike the reservoir the system is considered small and
consequently the interaction becomes meaningful. The state of the joint system can

now be characterized by a tensor product at all times,

pt) = ps(t) @ pr. (2.21)

This approximation is known as the Born approximation. In fact, this assumption
can be weakened, it is sufficient to require that the reservoir correlation functions
are negligibly effected from the interaction [Gardiner 2004]. Another assumption
that is made is Trg(Hgrp(0)) = 0. This implies that the interaction has no diagonal
elements in the diagonal basis of Hp. This assumption can always be satisfied by

redefining the system Hamiltonian accordingly.

Next, the Markov approximation is performed. This approximation implies that
the integro-differential equation for pg is now simplified to a standard first order dif-
ferential equation. The dynamics now becomes similar to classical Markov processes,
the knowledge of the state pg at a single point in time ¢y will determine the state for
all times t > ty. Physically, the Markov approximation is valid for evolution times ¢
such that t > 7. Here, 75 is the typical time scale where the correlation functions
of the reservoir decay. This assumptions also implies that the reservoir should be
considered as infinitely large with a continuous spectrum. Then the Poincare recur-
rence time becomes infinite and any information about the system is lost. Obtaining
the LGKS structure require additional assumptions on the intrinsic time scale of the
system. This assumption is known as the rotating wave approximation, where terms
oscillating fast on the evolution time scale are neglected. That is ¢ > |w — '|7},
where w are the Bohr frequencies of the system S. We remark that the averaging

procedure above over time ¢ should always be much smaller than the decay time of

10The interaction can be easily generalized to Hgp =) ok Vi ® Rj;. Here we consider the simple
case of a single coupling.
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the system S. In the Schrodinger representation the MME can be written as,

%ﬁs = — [ﬁs + H’,f)g} + ) (W) (f/(w)ﬁsf/f(w) 1 {VT(w)V(w),ﬁS}) ‘

(2.22)
Here the V(w) are the eigenoperators of the system satisfying [Hg, Vi(w)] = wV1(w)

and V(—w) = Vi(w). In this case the operator V in Eq.(2.20) is given by the sum,

V=> V). (2.23)

wER*E

The addition to the unitary part, H', is a shift to the energy levels of the system

caused by the interaction with the reservoir,

H =Y S)Viw)V(w), (2.24)

w

S = 212 K /0 " dse <é*(s)é<0)>) - h.c} , (2.25)

where h.c. stand for the hermitian conjugate. This Lamb type shift is proportional

with,

to A\? and typically can be neglected compared to the system Hamiltonian Hg. The
positive rate v(w) is given by the Fourier transform of the correlation function of

the reservoir,

Y(w) = / " dseter <éf(s>ziz(0)> (2.26)

—00

The weak coupling limit can be used as a good approximation for describing the
dynamics of atoms and molecules interacting with electromagnetic fields or for spins
coupled to phonons. The first rigorous derivation of the MME in the weak coupling
limit was introduced by Davies [Davies 1974], and a very nice summary of that
derivation can be found in [Alicki 2006]. The weak coupling limit MME can also be
obtained from the Nakajima-Zwanzig projection operators method [Nakajima 1958,
Zwanzig 1960).

Low density limit:

The quantum master equation for an N-level system interacting with free Bose/Fermi
gas was derived rigorously by Diimcke [Dumcke 1985]. Physically, this limit describe
the dissipation and excitation of the internal degrees of freedom of a low density gas
(the system S) due to collisions between the gas particles. In this scenario the

reservoir R is considered as the translational degrees of freedom of the gas particles.
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The system Hamiltonian has a discrete spectrum,

Hy =Y lk) (kl. (227)

k

and the reservoir Hamiltonian takes the form,

ﬁg:/ﬁ%mmmwm. (2.28)

Here |p) is the momentum eigenstate and F(p) is the kinetic energy of the free
particle. The density matrix of the reservoir normalized to one particle in the

volume V' is expressed as,

b= [ EG0) 1) o, (229)

with G(p) the momentum probability distribution of the gas particles. At low density
and at thermal equilibrium G(p) is simply given by the Maxwell distribution. The
interaction between & and R is given by a scattering process. After collision the
momentum of the particle change from p to p’ and the internal levels changes from
1) to |k). Within the scattering theory [Landau 1958], the scattering amplitude can

be written as,
(k,p'| S|l,p) = 0(p" — p)ow — 2mid (e + E(p') — e — E(p)) T(k,p'|l,p),  (2.30)

where S and T are the familiar scattering matrix. In order to derive a MME an
averaging procedure is carried out (similar to the rotating wave approximation in
the weak coupling limit). The assumption of low gas density implies that the time
between collisions is long compared to the collision time. Since we are interested in
the long time behavior, which is the typical time between collisions, then averaging
on this time scales will eliminate terms involving the collision time and a MME
of the form of Eq.(2.22) can be deduced. In this scenario the eigen-operators V,,
correspond to the transitions operators |k) (I| € B(Hg), where w € {e; — ¢}. The

relaxation rate can be expressed as'!,

v@%=%@/@/@KWM@HJMﬁ—q—E@DW%#MMP (2.31)

Here, n is the density of the gas and the delta function reflects energy conservation.
Below a critical temperature the density n should be replaced by the density of the

exited states. This changes the scaling of vy(w) with the temperature (see chapter

HHere we also assume that the system Hamiltonian has a non degenerate spectrum.
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5).

Singular coupling limit:

In this scenario the interaction Hamiltonian takes the form Eq.(2.20), but now we
are not restricted to small A\, and the interaction can become strong (singular). By
rescaling the Hamiltonian HR — 6_2131'3 and fISR — e‘lﬁSR in the limit ¢ — 0,
the decay of the correlations in the reservoir are accelerated and the interaction
becomes singular [Gorini 1976b]. This limit implies that the reservoir correlations
are approximated to a delta function, i.e. <R(5)R(O)> x §(s). Physically, this is
reasonable only if the spectral density of the reservoir is flat in a wide enough range
of frequencies that contain the Bohr frequencies of the system §. Since the rotating
wave approximation is not essential in order to obtain the LGKS form, the MME

can be represented as,

d e U B PN
—ps = —i[Hs + H', ps] + 7 (VPSVT +3 {VT‘/’PS}) ; (2.32)

. / " s (R)R(0)). (2.33)

and S in Eq.(2.24) becomes

S = % K /0 " dseies <R(s)fz(0)>) - h.c} , (2.34)

The structure of Eq.(2.32) can also be derived when the reservoir is considered
as a classical stochastic surroundings [Luczka 1991]. In this case, the interaction
Hamiltonian is modeled as Hgp = £(t)V, where £(t) is a real random variable sat-
isfying (£(¢)) = 0 and (£(¢)&(t')) o §(t — t'). This is known as the white-noise
idealization. One should also note that if [If[ S, V] = 0, then energy dissipation is
absent in the dynamics and only decoherence processes accrue. This follows imme-
diately from the double commutator structure in the MME, and is often referred to
as pure dephasing. In chapter 6 we will see that the structure of Eq.(2.32) is also
related to continuous measurements and can be derived from a stochastic differential

equations approach.

Thermal reservoirs:

An important class of reservoirs are the thermal reservoirs, which are usually termed
heat baths or thermal baths. These types of reservoirs are of spacial interest in the
study of quantum thermal devices where the heat bath becomes an integral part of

the device. In the microscopic derivations above we assumed that the state of the
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reservoir R is a stationery fixed state along the dynamics. Now, we additionally
assume that the reservoir is in a Gibbs state (thermal state). The density operator
of a thermal state has eigenvectors that coincide with those of the Hamiltonian and
its eigenvalues are related to the energy levels. A thermal state can be expressed as,

. exp(—BH)

o = = (2.35)

where Z is the normalization factor (or the partition function from statistical me-
chanics), Z = Tr(exp(—BH)), and f &of 1/kgT is the inverse temperature (in the

remainder of the thesis we set the Boltzmann factor kg =1 ).

If we assume that R is a thermal bath with the Gibbs state, then in the
weak coupling limit the Kubo-Martin-Schwinger (KMS) condition holds [Kubo 1957,
Martin 1959] (see Appendix for details),

<RT@)R(0)> — (RO)RI(t +iB). (2.36)

Applying this relation to Eq.(2.26), we obtain that the Fourier transform of the

correlation function satisfy,
Y(—w) = ey (w), (2.37)

and the system S has a unique stationary state which is the thermal state p2° =
exp(—BHg)/Z with the bath temperature 5. The dissipation part of Eq.(2.22) can

be expressed as,

Lops = I 2w (V@)psV @) = 120V @V w) ps})  (238)

weRt

+ e y(w) (V(@)'psV (@) = 1/2{V @)V w), ps})

If we further assume that Hg has a non degenerate spectrum then the off diagonal
terms are decoupled from the diagonal ones. The detailed balance condition is

satisfied and the rate 7 can be deduced from Fermi’s golden rule.

To prove that the thermal state is the stationary state in the low density limit we
have to assume that besides a non degenerate Hamiltonian the micro-reversibility
condition is satisfied [Dumcke 1985], that is T'(k,p'|l,p) = T(l, —plk,—p"). The
structure of the generator in the singular coupling limit can also be restored by the
thermelaizing generator in the high temperature limit. When fw — 0 Eq.(2.38)
reduces to Eq.(2.32). In the appendix of chapter 5 we present comprehensive ther-

modynamic relations satisfied by thermal baths.
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2.1.5 Driven open quantum system

In the previous sections we assumed that the system Hamiltonian Hg is time inde-
pendent. In this section we discuss few scenarios that MME in the weak coupling
limit holds for driven open quantum systems. This is highly relevant for the study
of quantum devices where control fields are typically applied to the system. In this

case the system Hamiltonian can be expressed as,

A

Hs(t) = Hy + Hp(t), (2.39)

where Hj is the free system Hamiltonian, and H p(t) represents the time dependent
driving Hamiltonian. The interaction with the reservoir is assumed weak and is
similar to Eq.(2.20) (with the small parameter \). The reduced dynamics of S is
formally given by,

ps(t) = A(t)ps(0). (2.40)

The cumalant expansion of A(t) reads,

A(t) = exp (Z )\”Kn(t)) : (2.41)
In the Born approximation the expansion is terminated at n = 2. The first cumalant
vanishes, K; = 0, and we have A(t) ~ exp (A?K5(t)). The Markov approximation

implies that!'?,
t
Kz(t)z/ dsL(s), (2.42)
0

where L(s) is the time dependent generator in the LGKS form. Generally, when
f]g(t) is time dependent, the Markov approximation is not justified, and non-
Markovian'?® processes will dominate the dynamics. Next, we review shortly several

scenarios where the Markov limit holds also for time dependent Hamiltonians.

Adiabatic driven systems:

The adiabatic theorem for closed quantum systems state that if the Hamiltonian
changes slowly enough then the system remains in the instantaneous eigenstate of

that Hamiltonian. We can define the adiabatic time scale,

e Cl:efmgx](eb(t)lat]ea(t)), for ¢ € [0,ty], (2.43)

12For short times K»(t) ~ t2, the Markov approximation implies that K(#) is linear in time.

I3Non-Markovianity has been studied extensively in the past decade. Nevertheless, the structure
of the generator which leads to a CP dynamics is still an open problem. For a nice review on the
subject see [Rivas 2014].
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where |e,(t)) is the instantaneous eigenstate of Hg with the eigenenergy e, (t). 74
represents the temporal change in the instantaneous eigenstates. If this time is much
longer than a certain timescale 7, then Hg is said to be adiabatic with respect to 7.

For example, the adiabatic theorem holds if 74 > 7;,;, with,

_ def .
7 H(t) = min|eq(t) — e(t)]. (2.44)
m#£n
Tint 18 the longest time scale of the intrinsic evolution (or just the inverse of the min-
imal instantaneous Bohr frequency). In this limit, transitions between eigenstates

are suppressed at time ¢t and the state follows the instantaneous eigenstates of Hs.

The first rigorous derivation of the MME in the weak coupling limit for adiabatic
time dependent Hamiltonian was introduced by Davies and Spohn [Davies 1978].
Since then, a wide variety of derivations with different limitations were suggested,
for details see the recent comprehensive study [Albash 2012] and references therein.
To derive a MME in this limit the reservoir must “experience” the instantaneous
system. Similar to the time independent case the Markov approximation holds for
long enough times for which the correlation function of the reservoir decay, i.e.
t > 7r. In addition, we now require that the change in the instantaneous eigen-
basis is small compared to the reservoir time scale, 74(t) > 7. In order to perform
the rotating wave approximation and to obtain the LGKS form we assume that
Ta(t) > 75(t). where we defined,

—1 : /
Te (1) = min |w(t) —w' ()|, 2.45
510 = min () = /() (2:45)
with w(t) the instantaneous Bohr frequencies. Thus, for the averaging procedure,
the Hamiltonian must be constant over many inverse Bohr frequencies. In the
Schrodinger representation the MME now takes the form,
d ~ . ol ) ~ A ~ O T 1 A _'. A ~
s = =i [ Hs(t) + H'(1), ps] + 3 2w(®) (Vet)ps Vi) — 5 { VIOV, s} )
(2.46)
where now the rates 7 are time dependent and the Vw(t) are the instantaneous eigen-

operators of H s(t). Some examples in the context of quantum thermal devices can
be found in [Geva 1994, Alicki 2015, Alicki 2016].

Periodically driven systems:

In this scenario we treat two limiting cases, the strong driving limit and the weak
driving limit. In the strong driving limit we make use of the Floquet theory

[Hanggi 1998, Tannor 2007] to obtain the effective Bohr frequencies and to de-
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compose the system-reservoir interaction Hamiltonian to its Fourier components
[Alicki 2006]. The strong driving “dresses” the system S and the reservoir “experi-

ence” this effective system. The periodic Hamiltonian reads,
Hs(t+7)=H(t), 7=2n/v, (2.47)
with the period time 7. The Floquet unitary operator is defined as,
F(s) =U(s+T,s). (2.48)

The Floquet eigenvectors |¢;) satisty,

F(0)|¢5) = 797 |oy) (2.49)
and
U(t)]¢;) = e " Zeimw |5 (n (2.50)
nel

where {|¢;(n))} from a complete basis and €; are the Floquet quasi-energies. As-
suming the interaction Eq.(2.20), the operator V is decomposed in the Floquet

basis,

=S S im0V |gi(m)) 165) (64l (2.51)

MEZL w=¢€;—¢;

with w the effective Bohr frequencies. To perform the rotating wave approximation
we average over time ¢ such that ¢ > max |w — ' +mv|~! with m € Z. This implies
that ¢t > 7, which means that the averaging should be done over many cycles of
the driving field. If the dipole approximation is carried out, the Rabi frequency €2
becomes a relevant time scale in the problem. The difference of two Bohr frequencies
is now proportional to the Rabi frequency, {2 ~ w — w’ (an example can be found
in chapter 5). This imposes an additional restriction. As was discussed above, the
decay time scale of the system ~~! should be greater than the coarse-grained time,
that is v~ > ¢. Since t > Q7! we have v~ > Q7! Physically, this means that
the Rabi frequency should be larger than the width of the spectral line +. This is
achieved in the strong driving limit. “The reservoir has enough time to experience
the dressed system with the new spectrum shifted by the Rabi frequency”. The
MME can be expressed as,

jtﬂs = — [H5+H PS] —i—Z Z (w+nv) ( (w)ﬁsVnT(w) - % {VJ(M)V( ), ps})

n€Z weR*
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The dissipative term'* in Eq.(2.52) is a sum of LGKS generators that correspond
to the effective Bohr frequencies w. If the reservoir is a thermal bath then any
such generator and any sum of them possess a unique stationary state. A rigorous
derivation of the MME can be found in [Alicki 2006] and in chapter 5. Some explicit
examples are found in [Levy 2012b, Szczygielski 2013].

The other limit we treat is the weak driving limit where we assume the dipole
approximation. In this case, if the spectral line width is much bigger than the split-
ting of the energy levels due to driving, i.e. v > (), then the reservoir “experiences”
the spectrum of the free Hamiltonian. We can then approximate the dynamics using
Eq.(2.22) by changing only the unitary part, which now also consists of the driving

Hamiltonian. A study of this approximation can be found in [Rivas 2010].

2.2 Quantum measurements and feedback control

In this section we introduce the necessary theoretical background for chapter 6.
We give a very brief introduction to the field of continuous quantum measurement
(monitoring) and feedback control. Progress in quantum technologies and devices
hinges on the understanding and the ability to control quantum phenomena. The
aim of quantum control theories is to develop protocols to prepare entangled states,
coherent states, or any other state possessing novel properties for specific applica-
tions. Quantum control theory strategies can be divided into two categories, the
closed-loop control and the opened-loop control. In opened-loop methods the con-
trol is determined in advance according to some control law. Finding the control law
is usually accomplished by one of two ways, optimal control approach [Glaser 2015]
or shortcuts to adiabaticity control approach [Torrontegui 2013]. In the closed-loop
strategies, the controllers are determined according to information gained about the
state of the system by measuring it [Rabitz 2000, Wiseman 2010]. The two common
methods in this category are the learning control method and the quantum feed-
back control method. In this thesis we concentrate on the latter, where an active
monitoring of the system determines in real time the feedback Hamiltonian applied
to the system.

Many devices are regulated by monitoring and a feedback loop. The purpose is
to control its timing, adjust its frequency, amplitude, and other physical properties
to match the different parts of the device. The main idea is the following: By
monitoring the system we gain some information about its state and according to
this information we can adjust the controls to change the state of the system as

desired. Moreover, feedback can speed up processes, tune the state of the system in

14The Hamiltonian H’ can be expressed as in Eq.(2.24) with a Floquet decomposition in mind.
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real time, reduce fluctuations in a robust way, and from a thermodynamic standpoint
it allows us to optimally use our available resources.

Quantum monitoring and feedback control is quite similar to the classical theory,
but with one important exception. In the classical theory the measurement usually
does not affect the state of the system (e.g., one can measure the speed or the
position of a car without affecting it). In the quantum world this is no longer true.
Measurement requires interacting with the system which inevitably influences the
state of the quantum system (E.g., if we perform a projective measurement our state
will collapse to the measured eigenstate). Consequently, quantum properties such
as coherence, entanglement, and superposition will be demolished. Weak quantum
measurements are employed to overcome this problem. This means that we gain
very little information about the system on the average, but we also only slightly
disturb it. Then, by applying a feedback loop we can retrieve the quantum features.
There is extensive literature on the subject, and some nice introduction and advance
material can be found in [Wiseman 2010, Barchielli 2009, Clerk 2010, Zhang 2014],

and references therein.

2.2.1 Stochastic differential equations

We next introduce some basic concepts from the field of stochastic differential equa-
tions that will be relevant to the quantum treatment of monitoring and feedback
control. More details can be found in the appendix and for a comprehensive study

we recommend the book by Gardiner [Gardiner 1985].

Chapman-Kolmogorov equations:

The Chapman-Kolmogorov equation (CKE) is an equation for the conditional prob-
ability of a Markovian stochastic process X (¢). The joint probability p(x,y) for two
random variables  and y can be expressed in terms of the conditional probability,

p(z|y) and p(y|z), and the probability distributions p(y) and p(x),
p(z,y) = p(zly)p(y) = plylz)p(z). (2.53)
Assuming a Markov process X (t), the CKE can be expressed as,
p(xy, ti|xs, t3) = /dxgp(xl,t1|x2,t2)p(x2,t2|$2,t2) for t; >ty >t3.  (2.54)

Here, p(x1,t1|xs,t3) is the conditional probability that event x; will occur at time t;
given the event x3 have occurred at time ¢3. The differential Chapman-Kolmogorov

equation (DCKE) reveals the physical aspects of the process described. The equation
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reads,
Op(z,tly,t') = /dx [C(z]z, t)p(z, ty, t) — F(xlat)p(z,t\y,t’)] (2.55)
Z 82 Z t’ya Z 2822 l] Z t’ya ) (Z7t‘y7t )] :

The equation describes three processes known as jumps, drift and diffusion. For
the case A; = B; ; = 0 we obtain a Master equation which describes the jump pro-
cess. ['(z|z,t) is the rate of change in the conditional probability due to jump from
a state x to z. This equation reminds us of the MME Eq.(2.17) in the quantum
treatment. Nevertheless, in the quantum treatment we have also information about
the coherence which is absent in the classical case'®. Assuming I'(z|z,t) = 0 the
DCKE reduces to the Fokker-Planck equation (FPE). The vector A(z,t) is recog-
nized as the drift vector and the matrix B(z,t) as the diffusion matrix'®. For the
case where A(z,t) and B(z,t) are time independent (or weakly dependent) the so-
lution p(z,t + At|y,t) is given by the Gaussian distribution with a variance matrix
B(z,t) and mean y + A(z,t)At.

Wiener Processes (Brownian motion):

Setting the drift vector to zero and the diffusion coefficient to one in the FPE
and considering the initial condition p(w, to|wo,to) = 0(w — wy), the process X (t)

becomes the well known Wiener process W (t). The solution of the equation,

2

9y p(w, tlwo, to) = 28w2p(w,t|w0,t0), (2.56)
is given by
1 (w— wo)g)
w, thog, t) = —————exp [ - LV} 9.57
The mean value and the variance of the Wiener process are (W(t)) = wy and

(W (t) —wp)?) =t — ty. Although the mean value of W (t) is constant the mean
square diverges as t — 0o, thus the sample path may differ extremely from one
to another. While the Wiener process is continuous it is not differentiable, which

means that the speed is almost certainly infinite. We can define a Wiener increment,

AW () L W(t+dt) — W(t) for dt >0, (2.58)

15 As discussed above, in the weak coupling limit when the spectrum of Hg is discrete the
coherence and the population are decoupled and a similar equation is obtained for the population.
16Tt is a positive semidefinit symmetric matrix.
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which satisfies the relations,

(dW (t)) =0, (2.59)
(dW (t)*) = dt. (2.60)

This will be of further use.

Ito stochastic differential calculus:

The simplest stochastic differential equation (SDE) also known as the Langevin

equation takes the form
Ccll—:; = a(xz,t) + b(x, t)E(t) (2.61)
where a(z,t) and b(z,t) are known functions and &(t) is a rapidly fluctuating ran-
dom term, that is (£(¢)&(t')) = o(t — t'), and we also require that (£(¢)) = 0 (this
can always be absorbed into a(z,t)). Note that idealization of delta correlated noise
results in an infinite variance. Examples of a more realistic noise process are the
Ornstien-Uhlenbeck process and the random telegraph signal for which the correla-
tion time is finite, 3 exp(—v |t —#'[). In the limit v — oo this function becomes a
delta function, which is one possible approach to model £(t).
Another approach is to consider the integral form of the Langevin equation and

to identify the integral of £(¢) as the Wiener process,

W(t) = /Ot ds&(s). (2.62)

Notice the paradox that the integral of £(¢) is W (t), but we stated before that W (¢)
is not differentiable, which means that the Langevin equation (2.61) does not exist.

Nevertheless, the integral equation,

x(t)—x(O):/o a(x(s),s)ds—f—/o b(z(s), s)&(s)ds, (2.63)

is consistent, and we can interpret {(t)dt = dW (t) as the Wiener increment. The
stochastic Ito integral is mathematically and technically more convenient to use
and prove theorems but not always gives the best physical interpretation. The
Stratonovich integral (see appendix) is the preferable candidate for physical inter-
pretation since it assumes that £(¢) is real noise with a finite correlation time. After
calculating measurable quantities this time can be assumed to be infinitesimally
small. In Addition, the Stratonovich integral allows us to use ordinary calculus. In
chapter 6 we will see that this becomes significant when we wish to define thermo-

dynamic work.
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The Ito SDE obeying Eq.(2.63) is expressed as,
dx(t) = a(z(t),t) dt + b (x(t),t) dW(t). (2.64)

The SDE for arbitrary function f (z(t)) is given by expanding df up to second order

in dW which results in the Ito formula,

7 Gal0) = (£ ((0) 0 o(0)0) 4 37 (0D b ol0) 07 ) i () bale). ) @ o),
(2.65)

More details about the Ito and Stratonovich calculus are detailed in the appendix.

2.2.2 Quantum measurements

Quantum measurement lies at the heart of quantum mechanics theory. It provides
the last link in the chain connecting the “quantum world” with the “classical” one. In

this section we present a short introduction to the theory of quantum measurement.

Classical measurements:

We start with some basic concepts in the classical measurement theory, also known
as Bayesian statistical inference. The classical measurement theory is based on the
Bayes theorem. Using Eq.(2.53) and knowledge of the current prior system state

p(z), we can express the posterior state conditioned on the outcome value y,

p(ylz)p(x)
p(y)
Here, the prime emphasizes that this is the posterior state and p(y) = > p(y|z)p(z)

P(zly) = (2.66)

in the denominator guarantees that the state is normalized. We can also define the

unconditional posterior state by averaging over all possible measurement results,
p(@) =Y p(ely)py). (2.67)
y

The terms conditional and unconditional are sometimes replaced by the terms se-
lective and non-selective, respectively!”.

Bayes law can be generalized to treat the scenario that the state is changing
due to measurement (back action on the system). Say, the system state is p(z) and
for simplicity we take X to be a discrete random variable and Y the result of the
measurement. Then the state changing operation is described by n x n matrix B,

whose elements B, (z|z’) are the probability that the measurement will enforce the

I7In the case of non-disturbing measurement the unconditional posterior state is the same as the
prior state, p'(x) = p(x).
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system to make a transition from a state X = 2’ to a state X = x, given that Y =y

was obtained. Thus for all 2’ and all y
B, (z]z") ZB (x]2') = (2.68)

Then the posterior system state is given by,

3. Oyl () 269

Ty )
Pl = =00
where we have defined the new matrix,
O,(xla’) £ B, (zle")p(yl’). (2.70)

and used the relation, P(y) = »_, ., Oy(z]2')p(z’) to normalize the state. We also

note that this map is a positive map.

Quantum projective measurements:

Traditional descriptions of measurements in quantum mechanics are often referred to
as projective measurements, and were formulated by von Neumann [von Neumann 1955].
It is postulated that the measurement process instantaneously collapses the state of
the quantum system into one of the eigenstates of the measured observable. That
is, if we have an observable fl, then according to the spectral theorem it can be

diagonalized,

A=Y "I, (2.71)
A

where {A} are real eigenvalues of A and II, is the projection operator into the
subspace of eigenstates of A with an eigenvalue \. If the spectrum {A} is non-
degenerate!® then the projector is rank-1 projector ITy = |\) (\|. The probability
to obtain a particular value A\ in the measurement is p), = Tr ﬁﬂA . Then the

conditional (posterior) state of the system after measuring the value A is,

_ I\ P10y
pA

(2.72)

where the tilde on top of py indicates a state resulting from measurement!®. If

we wish to describe the unconditional state of the system, that is if we make the

181n the general case, we have rank-N, projector II, = Z;V:*l IA, 5) (A g
9To avoid cumbersome notations we omitted the hat on top of p.
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measurement but ignore the result, then the state is given by,
,5 = Zp)\ﬁ)\ = Z ﬂ)\ﬁﬂ)\. (273)
A A

If the state of the system before measurement was pure, and we make a measurement
but ignore the result then in general after measurement the state will be mixed.
That is, a projective measurement unlike unitary operation is usually an entropy
increasing operation, unless one keeps track of the measurement results. We can
further say that a projective measurement decreases the purity of the unconditional

state unless the prior state p can be diagonalized in the same basis as can A.

Indirect quantum measurements:

Although the projective measurements is the simplest description of quantum mea-
surement it is not the most adequate. Typically, in real experiments the measure-
ment is not performed directly on the quantum system of interest S but rather on
a probe system P that interacts with §. By measuring the change in the system P
and because the systems S and P are correlated due to the interaction, it is possible
to gain knowledge on the system of interest S. We assume that the initial state
of the joint systems is a product state, 6(0) = pp ® pg, where ps € T(Hs) and
pp € T(Hp). In addition, we take the initial state pp = |x) (x| to be a pure state®.
The state of SV P follows a unitary dynamics U for a duration time 7, and then a

t21

projective measurement- is performed on the probe system P. The unnormalized

final joint state after measurement is then given by,
G(t) = (ﬂr ® f) U(r) (pp ® ps) U (7) (ﬁr ® f) . (2.74)

I1, is the projection operator that operates on Hilbert space Hp. Tracing out the
probe system P and normalizing it, we obtain the state of S conditioned on the

measurement output r for the probe,

~T MTpASM:
ps(T) = AT (2.75)
Tr (Mr Mrp5>
where M, are measurement operators acting on Hg and are given by,
M, = (r|U(7) |x) - (2.76)

20This procedure can be extended to mixed states and is known as insufficient measurement.
2IThe measurement is assumed to be much shorter than the evolution time 7.
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These operators satisfy the relation, ) MM, = I and are of the form of a Kraus
operator (see section 2.1.2), which implies that Eq.(2.75) defines a completely posi-

tive map. The probability of measuring the value r is given by,
br = Tr (M:Mrﬁ5>a (277)

and the operator E, = MJ M, is then identified as the probability operator (or
effect), and the unconditioned state can be expressed as > M, psM;.

The structure of Eq.(2.75) defines a general measurement on a quantum system
which is referred to as the posetive-operator-value-measure (POVM). The idea is
that instead of having a probability distribution over all the space we have proba-
bility positive operators that are associated with the subsets belonging to the set of
outcomes of the measurement. If we label the outcomes by r and chose a subset M

of the outcomes then the probability of obtaining an outcome from this subset is,

Prob(re M)=> p, =Y Tr(M:MTﬁS> - Tr<z (MTM) ,33>. (2.78)
remM rem remMm

Apart from providing a more adequate and general description of quantum measure-

ment, indirect measurements can describe simultaneously the measurement of two

non-commutative observables as long as accuracy does not violate the Heisenberg

uncertainty principle.

Continuous quantum measurement:

Continuous quantum measurement (Monitoring) is yet another important class of
quantum measurements. There are few approaches to describe the continuum limit
of measurements [Wiseman 2010]. These are known as quantum filtering where a
stochastic differential equation for the operators (Heisenberg picture) is derived, or
quantum trajectories where a stochastic Schrodinger equation or a stochastic master
equation (SME) in the Schradinger picture is used to describe the dynamics. Here,
we will focus on the latter.

The description begins with a quantum system S that is weakly coupled to
the environment. By measuring the state of the environment we can obtain some
knowledge about the quantum system S as discussed above. Since in many “real”
scenarios the measurement can be weak it is required to monitor the reservoir for
some time in order for the effect to accumulate. The time scale of monitoring should
be large compared to the reservoir correlation functions decay time but short com-
pared to the decay time of the system S. Now, if the reservoir is being monitored

and the results are being ignored, then the conditioned state of S evolves according
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to the standard MME in LGKS form. If the results of monitoring are registered
then, because of the system-reservoir interaction, the state of the system is now
conditioned on the outcome of the measurement. This approach is referred to as
quantum trajectories. In this scenario we expect an additional noise term to the
MME that will vanish once it is averaged over many realizations. Such stochastic
equations are called unraveling since they unravel the MME. Obviously there are
infinite unraveling SME which will produce the same averaged dynamics (the same
MME). The typical procedure to derive the SME is to identify the measurement
operators { M, } of the POVM as infinitesimal jump operators which have determin-
istic and stochastic parts. Then expending Eq.(2.75) up to order dt will result in
a SME. Examples of this procedure for photodetection, homodyne and heterodyne

detection can be found in [Wiseman 2010)].

In chapter 6 we extended the result of [Diési 1988] for monitoring both quadra-
tures of the harmonic oscillator. We briefly present the main steps of [Didsi 1988]
in deriving the SME. In order to monitor the position & of a free particle we assume
that the instantaneous measured position is selected at random from a Gaussian

probability distribution,

Pz = Tr(ﬁ a/mexp [—a (& — f)QD, (2.79)

with the random variable z and variance o which represents the accuracy parameter.
The conditioned state after the measurement is then given by,
MazpM]

Pz = ———, 2.80
Dz ( )

with,
M, = /ajmexp {—%a (3 — 5;)2} | (2.81)

To attain the continuum limit the process is repeated at small time intervals At and

satisfying the limit,

a, At — 0 and % =y = const. (2.82)

This means that we gain very little knowledge from measurement in the small in-
terval At but the ratio is fixed. The random variable Z is defined only for instants
of measurement processes. This implies that in the continuum limit this variable
should be replaced by £ — Z(t), where Z(t) is continuous but its differential should
not exist. The differential of Z(¢) should be understood as an Ito differential that
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satisfies,
dw

o + ﬁ )
with dW the Wiener increment that obeys the relations (2.58) and the average (-),
is taken with respect to the conditioned stochastic state 6. Applying the Ito calculus
and keeping the terms of the order dt the SME in Ito form for the conditioned state

reads,

Zdt = (2) (2.83)

di = —i [H av} dt — % [, [&,6]] dt + A{@ — (&), , 6 dW (2.84)

Taking the stochastic mean M, the unconditional state is obtained from the con-
ditional stochastic one, i.e. Mé& = p, and the SME (2.84) reduces to the familiar
MME,

d A

=i [H, &] - % i, [#, 6] (2.85)

In chapter 6 we consider monitoring both quadratures & and p in the context of

stabilizing and optimizing the performance of the quantum flywheel.

2.2.3 Feedback control

Feedback control is a process that uses information gained from measuring the state
of the system in order to control it at later times. When applied to monitored
quantum systems, feedback control can be performed in real-time before the quan-
tum state collapses to a classical state. In this manner, quantum effects can be
protected, noise can be reduced and controlling the state of the system becomes
robust. In chapter 6 we will see that the feedback control plays an important role
in optimizing the thermodynamic performance of the quantum flywheel. Feedback
control based on monitoring requires to detect a continuous signal and applying a
feedback Hamiltonian which depends on that signal. Generally, there is a delay be-
tween the signal being measured and the time it is fed back to the system according
to the engineered Hamiltonian. Solving such a problem is typically complicated,
resulting in nonlinear and non-Markovian dynamics. Simplification can be achieved
if we assume that the delay time goes to zero [Wiseman 2010]. Then, the feedback
Hamiltonian is proportional to the signal at that time and by averaging over all the
trajectories a MME can be derived.

The heuristic description is the following: after deriving the SME for the moni-
toring process we can now apply the infentisimal change in the evolution due to the

feedback Hamiltonian,
&+ do — e 0 (5 4 q5) e Hr0dt (2.86)

Here, ¢ is the stochastic state conditioned on the signal output, and H ¢ is the feed-
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back Hamiltonian which now possess a stochastic part since it is proportional to
the stochastic signal output. Using the Ito calculus and expanding the terms up to
order dt we obtain the SME which now accounts also for the feedback control oper-
ation. Taking the stochastic mean we end up with MME describing the dynamics

of monitoring and feedback.

2.3 Thermodynamics in the quantum regime

The field of thermodynamics in the quantum regime is concerned with the deli-
cate relation between standard and non-equilibrium thermodynamics with quantum
mechanics treating small systems well below the thermodynamic limit. Among
the main topics investigated are: thermalization of closed and open quantum sys-
tems, thermodynamic resource theories, information and thermodynamics, single
shot thermodynamics, quantum fluctuation relations, and quantum thermal ma-
chines. For more information on these topics see recent reviews [Campisi 2011,
Kosloff 2013, Kosloff, R. and Levy, A. 2014, Vinjanampathy 2015, Goold 2016] and
references therein. In the present thesis we are concerned with the study of quan-
tum thermal devices and the methodology employed is the theory of open quantum

systems as discussed above.

2.3.1 Basic concepts and definitions
Entropy and relative entropy:

The notion of entropy was introduced by Clausius in the mid-19th Century. It
was defined as an extensive thermodynamic variable which is useful to characterize
quasi-thermodynamic processes. The change in entropy for a reversible process is

given by,
0Q
T Y

where d() is heat obtained or given by the system and 7" is the temperature in which

ds = (2.87)

the process occurs. This definition is referred to as the thermodynamic entropy.
several decades later, statistical mechanics supplied the relation between thermo-
dynamic entropy and the microscopic properties of the system. According to the

Gibbs formula the entropy of the system is expressed as,
S=-=> pjnp;, (2.88)
J

with p; being the probability of occupying a microstate that corresponds to the

energy FE;. In the microcanonical ensemble the infinitesimal change in the Gibbs
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entropy reduces to Eq.(2.87).

In quantum mechanics the entropy of a system which is described by a density

operator p, is defined by the von Neumann entropy,
~y def ~ ~
S(p) = —Tr(pInp) (2.89)

In the diagonal basis of p = Zj p; |¢;) (¢;] the von Neumann entropy takes the form
of the Gibbs entropy??.

S(pj) = — ij Inp;, where p; >0 and ij =1. (2.90)

J J

The von Neumann entropy is a measure of the uncertainty in the details of the system
and is invariant under a change of basis. The entropy is non-negative and equal to
zero if and only if the state is a pure state (then we have maximal knowledge of
the system). The entropy is maximized if the state is fully mixed (in equilibrium),
which implies that all {p;} are equal. For the Gibbs state Eq.(2.35) the entropy
satisfies the known relation,

S=pU-F), (2.91)

where (3 is the inverse temperature, and we have identified the internal energy U =
Tr(ﬁ]:] ) and the free energy F' = 37'In Z. The von Neumann entropy is a concave
function which defines many mathematical properties and relations. These can be

found in the appendix.

The relative entropy of two density operators p and ¢ is defined as,

S(p|6) & Tr(pIn p) — Tr(p1n &) (2.92)
This quantity measures the distance between two states. For example, if we consider
a composite system described by the state p, then the relative entropy with respect
to the uncorrelated state 6 = p; ® po measure information loss (change in entropy)

that results from tracing over the subsystems,
S(plpr @ p2) = S(p1) + S(p2) — S(p). (2.93)

Here py(2) = Trayyp. The relative entropy is non-negative and equals zero if and only
if p=6. It is also invariant under a unitary transformation, i.e. S(UpUT|UsUT) =

S(ple). If 6 is a Gibbs state, Eq.(2.35), then the relative entropy measures the

22This is also the form of the Shannon entropy from information theory, only p; is now understood
as the probability of an event j. In quantum mechanics it is sometimes more convenient to interpret
the von Neumann entropy in this context.
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distance between the free energy,

S(plo) = B (F(p) = F(5)). (2.94)

Many of the relative entropy properties are based on the fact that it is jointly convex

In the appendix we present some of these important relations in detail.

Ergotropy and passive states:

An important concept in quantum thermodynamics is the amount of maximal work
that can be extracted from a system using a unitary cyclic operation only. This
implies that the von Neumann entropy does not change during the process and the
spectrum of the system is the same at the initial and final times. In the literature
this amount of work is termed ergotropy [Allahverdyan 2004]. The unitary operation

can be expressed as,

A

U(1,0) = Texp [—i /OT]:I + V(s)ds} ., with V(r) = V(0) = 0. (2.95)

Here, we assume that the cyclic process initiated at time 0 and terminated at time
7, and V(s) is a time dependent control Hamiltonian. The maximal available work

is then defined as,

Winas = Tr (,6[:[) — minTr (U(T, 0)pU " (r, O)I:I>, (2.96)
U
where H is the system Hamiltonian at the beginning and at the end of the process
and p is the initial state of the system. The minimum is taken over all the unitary
transformations acting on the Hilbert space of the system. This definition is related
to the notion of passive states.

A passive state ppqss is a state that no work can be extracted from it by a
unitary operation, implying that for all unitaries U the inequality Tr (ﬁpassfl ) <
Tr(U ,épassff tH > holds. Tt was shown by Pusz and Woronowicz [Pusz 1978] that for

the Hamiltonian,
H=> eplk) (k| with e, +1>¢, (2.97)
k

the state ppqss is passive if and only if,

Prass = > _ A |k) (k| with Ay < A (2.98)
k

We conclude that a system is passive if and only if its state is diagonal in the energy

eigenbasis, and its eigenvalues are non-increasing with energy. Then, in order to
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extract maximal work from a state we have to find the unitary operation that will
transform the state into a passive one.

We note that any Gibbs state is a passive state but conversely this is not nec-
essarily true. A unitary operation that transforms an arbitrary state into a Gibbs
state does not necessarily exist. In case the passive state of the system is a Gibbs
state then the maximal work available reduces to the maximal thermodynamic work
given by the difference in the free energy of the initial and final states, both evalu-
ated by the final temperature. In the context of passive states, the Gibbs state is
referred to as a complete passive state. If we consider n copies of the state p and
look at the composite system pRp®- - -, then p is completely passive if for all integer
n the composite system is also a passive state. It can be shown [Lenard 1978] that
this condition is satisfied only by the Gibbs state and the ground state. In addition,
a thermal state is the passive state of any Gaussian state (including coherent and
squeezed states). The notion of passivity and ergotropy come in hand in the study of
quantum storage devices [Levy 2016, Alicki 2013, Binder 2015] and the availability

of work from correlations [Perarnau-Llobet 2015].

2.3.2 The laws of thermodynamics

The laws of thermodynamics introduces the basic concepts of the thermodynamic
quantities, energy, heat, work, entropy, temperature and the relation between them.
These relations characterize systems at thermal equilibrium. In the following we
introduce the laws of thermodynamics in the context of quantum mechanics. Since
we are interested in quantum thermal devices that operate far from equilibrium we
present the laws in their dynamical form adapting concepts from non-equalibrium

thermodynamics.

The first law:

The first law of thermodynamics is a conservation law of energy which determines
that the energy of an isolated system is constant and can be divided into two types;
heat- which is an uncontrolled and wasteful form of energy, and work - which is

controlled and useful. The increment in the internal energy is then given by,
dU =46Q + oW. (2.99)

Here Q) and 6W are the infinitesimal change in heat and work respectively. ¢
indicates that these quantities are not full differentials, and depend on the thermo-
dynamic path, i.e. they are not a state functions, thus they don’t correspond to

observables. For a given quantum system described by the density operator p and
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the Hamiltonian H , the internal energy is defined according to,
def T
UL Tr<pH>. (2.100)

Taking the time derivative of Eq.(2.100) we obtain the dynamical form of the first

law in terms of energy flow,

%U =Te(pit) + T (pr). (2.101)

If the system is a closed quantum system, which implies that the dynamics is gen-
erated by H, then Tr (ﬁﬁ ) = 0. In this scenario the energy flow in the system is
caused only by the second term on the rhs of Eq.(2.101). Since the system is isolated
and follow a unitary dynamics the entropy generation in the process is zero and we

can identify the power with the change in the time dependent control Hamiltonian,
P=Tr (,aH). (2.102)
The work? is then given by integrating the power over the process time,

def

t
W [ Pds. (2.103)
0

If the Hamiltonian is time independent (no external field is applied to the system)
and it is weakly coupled to a thermal bath, then all the energy flow results from
the exchange of heat with the bath?*. In this scenario the second term on the rhs

of Eq.(2.101) vanishes and we can identify the heat current,
def A7
J <pH). (2.104)

Integrating .J over time we obtain the heat?* supplied to the system,

Q= /Ot Jds. (2.105)

Equation (2.101) can then be expressed as,
dU = Jdt + Pdt. (2.106)

When the system is simultaneously driven by an external field and weakly cou-

23Here the term work and heat refer to the average work and heat over an ensemble.

24The assumption of a thermal bath is important for defining heat current properly. Some
authors mistakenly reported quantum engines that exceeds the Carnot efficiency. They misapplied
the Carnot bound because they identified the energy flow out of a squeezed bath as the heat
current.
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ple to a thermal bath, these definitions of heat and work become less clear and
extra care should be taken [Levy 2012b]. In the following we discuses this issue in
detail. We further notice that the Hamiltonian in Eq.(2.104) is the bare system
S Hamiltonian. This makes sense only if the the system-bath interaction is weak
and the energy from interaction can be neglected. For strong coupling it is not
clear how to account for the interaction energy. To overcome this problem differ-
ent approaches where suggested, some of them are based on the Green’s function
approach [Esposito 2015], the polaron transformation [Gelbwaser-Klimovsky 2015],
and the idea of heat exchangers [Uzdin 2016, Katz 2008]. Instead of gaining infor-
mation about the dynamics of the process (calculating heat flows), it is possible to
perform a two point measurement and obtain the heat exchanged during the process.
In this approach we first measure the initial internal energy of the system &, then
we let it interact with the thermal bath (the interaction can be strong in this case),
and at the end of the process we again measure the internal energy. The difference
between the initial and final energy can be identified as heat. The main drawback
from this procedure is that the first measurement destroy all the quantum features

of the system.
The Hamiltonian and the state of the system are typically stochastic in the theory

of monitoring and feedback control. Since stochastic fluctuations are microscopic,
the thermodynamic definition of the internal energy is given by the stochastic mean

of the microscopic energy,

U=M [Tr (ﬁﬁ)] . (2.107)

This leads to the generalization of Eq.(2.106) [Levy 2016],
dU =M [Tr (d&ﬁ)] +M [Tr <&dﬁ[)} = Jdt + Pdt., (2.108)

where both ¢ and H are stochastic and conditioned on the measurement signal. The
differentials in Eq.(2.108) must be Stratonovich ones instead of those of Ito. For the
Ito differentials the rhs should contain the so-called Ito correction M [Tr (dc}dﬁ )]
which would jeopardize the split of dU between heat flow and power. This implies
that any systematic calculation of heat flow and power requires to transform the
final SME from Ito into Stratonovich form (see appendix). In case that only the
state is stochastic Eq.(2.108) reduces back to Eq.(2.106).

Heat flow and power for the LGKS master equation- As mentioned earlier
the definition for the heat flow (2.104) is valid for constant Hamiltonian in the weak
system-bath coupling limit. The description given by the thermal LGKS master
equation, Eq.(2.22), is then consistent with this definition. The heat flow reduces
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to the form,
J(t) = Tr(<£p(t))H), (2.109)

where L is the dissipative term of the master equation (2.38). The relation can also

be expressed as,
J(t) = BT (L) In fun) (2.110)

where 37! is the bath temperature and py, is the Gibbs state of the system S with
the same temperature. When the system is fully equalibriated then Lp;, = 0 and
the heat current vanishes. This definition can be extended for a system coupled to
a number of thermal bath?®. The heat flow from the ¢ bath is then,

J(t) = =7 Tr((Lp(1) In ). (2.111)

In section 2.1.5 we introduced few scenarios for which a MME of the LGKS form
can be deduced for a driven open quantum system. For adiabatic driven systems the
definitions for the power and heat flow introduced in equation (2.102) and (2.104)
holds true, where now the Hamiltonian includes the interaction with the external
field. Some examples can be found in [Geva 1994, Alicki 2015, Alicki 2016]. For
strong periodic driving these definitions are modified. This is one of the results of
[Levy 2012b] (see chapter 5), and we next summaries the main results. For a thermal
bath the LGKS generator Eq.(2.52) in the interaction picture can be written as the

sum of generators that correspond to the quasi Bohr frequencies (see section 2.1.5),

L=)> L. (2.112)

nezZ w
with,
~ ~ A Yt 1 (- t ~ ~
Lowps = Y(w+nv) | Vi(w)psV, (w) — 3 {Vn (W) Vi (w), ps} (2.113)

+ Y(w + nv)e fltn) (Vj(w)ﬁsvn(w) — % {Vn(w)VJ(w), ﬁs}> ,

Each L, generator in itself has the LGKS structure and posses a Gibbs-like sta-

tionary state of the form,

5 = Z Vexp (w i n”ﬁﬁ) . (2.114)
W

Using the decomposition (2.112) the local heat current which corresponds to energy

25Here we assume that the baths are not correlated which implies that the dynamics is given by
the sum of the LGKS generators.
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exchange w — nv can be identified as,
Juwo(t) = B Tr((Lawp(t)) In pr,)- (2.115)

Thus, heat is flowing in channels corresponding to the quasi energies obtained from
the Floquet analysis. The power can be calculated from the first law of thermody-
namics, i.e. P(t) = U(t) — J(t) with, J(t) = 3 Juu(t). For weak periodic driving
in the dipole approximation the standard definitions (2.102) and (2.104) holds with
a local generator and the Hamiltonian now contains also the interaction with the

external field.

The second law

The second law of thermodynamics is one of the most fundamental laws in physics.
It concerns with irreversibility of thermodynamic process and imposes a direction
to the arrow of time. The second law can be expressed in several ways and there is
a huge number of different formulations. The first step towards establishing the law
was introduced by Carnot who set a limitation on the efficiency of all heat engines
working between two thermal baths. The efficiency is bounded because of wasted
energy in the form of heat that can not be converted into work. The Clausius
formulation of the second law and maybe the most intuitive one states that heat
cannot spontaneously flow from a cold body to a hot body without external work
being performed on the system. The second law can also be expressed in terms of
entropy. This formulation determines that the entropy of a closed system will always
tend to stay the same or increase with time, i.e. AS > 0.

In quantum mechanics it is possible to show that the change in the entropy of
the total closed system S V R (the universe) is always non-negative if initially the
systems S and R are not correlated [Peres 2006]. Making this assumption we write
the initial joint state as a tensor product p' = p% ® ph. The final joint state is then
given by p/ = U ﬁiU t where, U is the global unitary evolution of the total system.
The change in the entropy of both subsystems is then,

ASs+ASp = (S(pk) — S(p%)) + (S(pR) — S(PR)) (2.116)
= S(p%) + S(pr) — S(7)
= S(ph) +5(p) — S
= S(p|ph @ pf) > 0.

The second equality is the consequence of the assumption of no initial correlations,

the third equality stems from the fact that the von Neumann entropy is invariant

under a unitary transformations, and the last inequality results from the fact the
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the relative entropy is a non-negative quantity.

The description above is somewhat static and presents a global viewpoint of
the second law. The entropy balance of the subsystems composing a closed system
is non-decreasing. In thermodynamics of quantum devices we are often interested
in the description of the local open system alone. Based on concepts from non-
equilibrium thermodynamics the local form of the balance equation for the entropy

reads,
dsS

E:J—FC. (2.117)
Here S is the local entropy of the open system, ( is the entropy flux, that is the
entropy per unite time exchanged between the open system and its environment,
and o is the entropy production. If the environment is composed of thermal baths
and the system-baths entropy exchange is only due to heat, then ¢ = ). J;/T;,
where J; and T; are the heat and temperature of the bath i respectively®®. The
dynamical standpoint of the second law applied to open systems states that the

entropy production ¢ is non-negative.

Sphon introduced the proof that a quantum dynamical semigroup will always
result with ¢ > 0 [Spohn 1978]. The proof is based on the identification of the
entropy production as the time derivative of the relative entropy with respect to a

stationary state p, of the the dynamical semigroup map A(t).

d

a(p(t)) ﬁf—ETr(ﬁ(tNﬁo)? with  p(t) = A(t)p(0), and A(t)po = po-  (2.118)

Here p is understood as the open system state p = pg. Taking the explicit derivative

one obtains,
o(p(t)) = =Tr((Lp(t)) Inp(t)) + Tr((LA(t))po). (2.119)

The first term on the rhs of the equation is just derivative of the von Neumann
entropy (the local entropy). If we consider a thermal bath then the stationary state
is a thermal state, p, = pu,, and according to (2.110) the second term on the rhs
is just the heat flow divided by the temperature, —J/T. Equation (2.117) is then
satisfied for a thermal environment. This result motivates the definition (2.118) for
the entropy production. The proof by Spohn for o(p(t)) > 0 is general and holds for
any dynamical semigroup with a stationary state p,. The proof is based on the fact
that the map p +— o(p) is a convex functional, which in itself is a result of Lieb’s
theorem and the LGKS structure. We remark here that in the microscopic regime
one can define a family of second laws which generalize the standard second law.

Details and implications can be found in [Brandao 2015, Lostaglio 2015].

26Generally ¢ also accounts for entropy flux due to matter exchange between the system and the
environment. In this thesis we concentrate on heat exchange only.
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The third law

The third law of thermodynamics has two different formulations, both can originally
be traced back to the work by Nernst. These are known as the Nernst heat theorem
and the unattainability principle [Fowler 1939]. The first formulation is a static
(equilibrium) one and states that the the entropy of any pure substance in ther-
modynamic equilibrium approaches zero as the temperature approaches zero. If the
substance has defects and the ground state is degenerate then the entropy approaches
to a constant number that is related to the level of degeneracy. This implies that the
entropy change of a system undergoing a reversible isothermal process approaches
zero as the temperature approaches the absolute zero temperature, i.e. ASy_o = 0.
The second formulation states that it is impossible by any procedure, no matter how
idealized, to reduce any assembly to absolute zero temperature in a finite number of
operations. Chapter 5 is dedicated to the study of the third law of thermodynamics
from a dynamical quantum mechanics standpoint[Levy 2012b, Levy 2012a]. This
approach allows to quantify the third law in terms of characteristic exponents of the

cooling process.

2.3.3 Quantum thermal machines

Up to this point we reviewed some basic concepts and the mathematical tools em-
ployed in the study of thermodynamics of quantum devices. We now proceed and
introduce the main ingredients to establish quantum thermal machines with the in-
tention of exploring thermodynamics in the quantum regime. The study of quantum
thermal machines which operate far from thermal equilibrium typically requires a
well-defined quantum system coupled to two or more thermal reservoirs or some
external drive. These components can then serve as building blocks for constructing
different quantum thermal machines such as quantum heat engines, quantum refrig-
erators and quantum energy storage devices. To some extent for the thermal device
to operate in a nontrivial manner three or more reservoirs should be involved in the

process. Otherwise energy will flow in a trivial way from the cold to the hot bath.

The study of quantum thermal device can be traced back to the pioneered work
of Scovil and DuBois from 1959 [Scovil 1959]. In their work they considered the
three level maser as a heat engine and showed that its efficiency is bounded by
the Carnot efficiency (see figure 2.1). The proof is very simple, levels 1 and 3 are
connected to a hot bath at temperature T} using a filter that matches the transition
frequency wy. The same is done to level 2 and 3 with the cold bath at temperature

T,., which matches the transition frequency w.. Here we take wy > w. and T}, > T..
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Figure 2.1: Illustration of the three level heat engine. The working medium is a

three level system operating between two thermal baths with temperatures 7T}, and
T..

Using the Boltzmann factor we obtain the ratios of the populations,

P2 We b3 Wh
— =exp| =], and — =exp ——) . 2.120
D3 <Tc> D1 ( Ty ( )

Work can be extracted out of the engine if there is a population inversion between
level 1 and 2. This is achieved when py/p; > 1. We can express this ratio in terms

of the efficiency 1 and the Carnot efficiency 7¢, which are defined as

def Benefit  wp, —we T.

= = d =1-—. 2.121
g Cost wy ane e Ty, ( )
Then the ratio ps/p; takes the form,
D2 Wh — We -1
— =exp -1 ) , 2.122
” ( T, (77 Nc ) ( )

and work can be extracted out if n < ne, which completes the proposition. This
model is static and a simplifying model, the only quantum feature it displays is
the discrete spectrum of the quantum system. About twenty years later Alicki
[Alicki 1979] and Kosloff [Kosloff 1984] employed the theory of open quantum system
in order to study quantum heat engines. Doing so they introduced dynamics to
field of quantum thermal machines. This also made quantum properties such as
coherence, entanglement and superposition visible and significant to the study of
quantum thermodynamics.

Quantum thermal machines can be classified into two main categories: recipro-
cating stroke machines and continuous ones. The first category includes the four
stroke and two stroke engines which typically utilize the Otto or the Carnot cy-
cle. Here the working segments (the adiabats?”) are isolated from the heat trans-

fer segments which are the isotherms in the Carnot cycle [Geva 1992, Lloyd 1997,

2"Here we refer to thermodynamic adiabats, this should not be confused with quantum adiabatic
process.
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Bender 2002, Quan 2007, Esposito 2010], and the isochores in the Otto cycle
[Feldmann 1996, Feldmann 2000, Rezek 2006, Henrich 2007, Allahverdyan 2008].
The adiabats are modeled by a time-dependent external control Hamiltonian. Since
now the Hamiltonian typically does not commute with itself in different times fric-
tion effects are present. Reduction in the efficiency can then be traced to the in-
ability of the system to stay in the instantaneous energy basis during the segment
[Feldmann 2003]. Coherence terms that are created during the external driving pro-
cess are then eliminated during the heat transfer segments, which leads to losses. If
the driving is performed in quantum adiabatic manner these losses can be prevented,
nevertheless, the power out put tends to zero. This is the manifestation of finite
time thermodynamics and the trade off between power and efficiency. The heat
transfer segments are typically modeled by the LGKS MME. We note that in order
to operate the machines as engines or refrigerators the system does not have to fully
equalibrate on the heat transfer segments. Then the dynamical description of the
LGKS MME comes in hand, yet, one should make sure that the interaction time
with the baths are sufficiently long in order to apply the Markov approximation.
The second category consist of continuous quantum machines [Kosloff 1984,
Geva 1996, Linden 2010, Levy 2012¢, Levy 2012b, Correa 2014b], see also review on
the subject [Kosloff, R. and Levy, A. 2014] and references therein. In theses types
of machines the quantum system (working medium) is connected simultaneously to
all the components of the device. To construct a continuous engine or refrigera-
tor a non linear interaction involving minimum of three energy currents is essential
[Martinez 2013]. The description of such devices is typically more involved then the
one described above for the stroke machines. The quantum system is now driven
externally while it is coupled to two or more heat baths and a microscopic derivation
of the master equation is essential. As was discussed in section 2.1.5 the LGKS mas-
ter equation can be derived microscopically for adiabatically or periodically driven
systems under some limiting assumptions. While in the stroke engines we are inter-
ested in the limiting cycle of the devices for the continuous machines we are focusing
on the steady state (yet out of equilibrium) operation of the devices. Optimizing
the power results in reduction of the efficiency similar to the expected behavior from

finite time thermodynamics.
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Abstract — Clausius statement of the second law of thermodynamics reads: Heat will flow spon-
taneously from a hot to cold reservoir. This statement should hold for transport of energy through
a quantum network composed of small subsystems each coupled to a heat reservoir. When the
coupling between nodes is small, it seems reasonable to construct a local master equation for each
node in contact with the local reservoir. The energy transport through the network is evaluated
by calculating the energy flux after the individual nodes are coupled. We show by analyzing the
most simple network composed of two quantum nodes coupled to a hot and cold reservoir, that
the local description can result in heat flowing from cold to hot reservoirs, even in the limit of
vanishing coupling between the nodes. A global derivation of the master equation which prediag-
onalizes the total network Hamiltonian and within this framework derives the master equation, is
always consistent with the second law of thermodynamics.

Copyright (© EPLA, 2014

Introduction. — Transport of energy in and out
of a quantum device is a key issue in emerging
technologies. Examples include molecular electronics,
photovoltaic devices, quantum refrigerators and quantum
heat engines [1-3]. A quantum network composed of
quantum nodes each coupled to local reservoir and to other
nodes constitutes the network. The framework for describ-
ing such devices is the theory of open quantum systems.
The dynamics is postulated employing completely posi-
tive quantum master equations [4,5]. Solving the dynam-
ics allows to calculate the steady-state transport of energy
through the network.

It is desirable to have the framework consistent with
thermodynamics. The first law of thermodynamics is a
conservation law of energy; the energy of an isolated sys-
tem is constant and can be divided into heat and work [6].
The dynamical version of the second law of thermodynam-
ics states that for an isolated system the rate of entropy
production is non-negative [7]. For a typical quantum de-
vice the second law can be expressed as

d dSin:  dSnm, Ji

—AS" = —_— = — >0, 1

@ it dt  2T T S
where d‘g—t” is the rate of entropy production due to in-

ternal processes, expressed by the von Neumann entropy.

dg—t’" is the entropy flow associated with matter entering

the system, and the last term is the contribution of heat
flux, J;, from the reservoir i.

Microscopic derivation of a global Markovian mas-
ter equation (MME) of Linblad-Gorini-Kossakowski-
Sudarshan (LGKS) form [4,5], for the network is usually
intricate. The local approach simplifies this task [8-14].
It is commonly considered that if the different parts of the
network are weakly coupled to each other, a local master
equation is sufficient to describe all the properties of the
network. We will show that the local approach is only
valid for local observables such as the population of each
node, and is not valid for non-local observables describing
energy fluxes.

The network model. — The simplest network model
composed of two nodes shown in fig. 1 and is sufficient to
demonstrate the distinction between the local and global
approach. Heat is transported between two subsystems A
and B, where each is coupled to a single heat bath with
temperature Ty and T.. The two subsystems are weakly
coupled to each other. The global Hamiltonian is of the
form

H=H,+Hp +Hp+H, +H.+Hap, + Hp.. (2)

The bare network Hamiltonian, is I:IO -H A +H B where
the node Hamiltonians are I:IA = wpata and I:IB = wCBTB,

20004-p1
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Fig. 1: (Colour on-line) The heat transfer network model; heat
is transferred from a hot bath at temperature T}, to the a colder
bath at temperature T.. The heat current is mediated by two
coupled subsystems A and B, where subsystem A is connected
to the hot bath and subsystem B is connected to the cold bath.

which are composed of either two harmonic oscillators
(HO) or of two two-level systems (TLS), depending on
the commutation relation.

aal +6afa = 1,
bb + 6b'b = 1,

aa+d6aa =0,
bb + dbb =0 (3)
with 0 = 1 for the TLS and § = —1 for oscillators. The
interaction between the system A and B is described by
the swap Hamiltonian, Hap = e(éTB —+ éBT), with e > 0.
The hot (cold) baths Hamiltonians are denoted I:Ih(c),
where T}, > T¢.. The system-bath interaction is given by,
Han = gn(a+a") @ Ry, and Hp, = g.(b + bT) @ R,
with f{h(c) operators belonging the hot (cold) bath Hilbert
space, and gy . are the system-baths coupling parameters.

The dynamics of the reduced system A + B is governed
by the Master equation,

d
&ps - (4)

With the LGKS dissipative terms, Ly, which differ for
the local and global approaches. At steady state the heat
flow from the hot (cold) bath is given by

Tnte) = Te[(Lngey ps) (Fo + Hap)),

—i[Ho +Hap, ps] + Lnps + Leps.

()
where p; is the steady-state density operator.

Local approach. — In the local approach it is assumed
that the inter-system coupling does not affect the system
bath coupling. Therefore in the derivation of the MME
the Hamiltonian H 45 is ignored and the dissipative terms
takes the form,

. anoat Loiga
Lnps = vn (apsaT - §{afa, Ps}
1
+ e~ Pren (aT,asa— 5{55*,,@8})) . (6)
and
5 o bt LB
chs = Ye bpsb - _{b b,Ps}
+ e fewe (bT sb— —{bb ,ps}>> (7)

when the node-to-node coupling is zero, H,p = 0, each
of the local master equations, eq. (6) and eq. (7), drives

the local node to thermal equilibrium. The dynamics
of the network is completely characterized by the expec-
tatlon values of four operators: Two local observables
(afa), <b‘Lb> and two AB correlations (X) = (afb + ab')
and (Y) = i(alb — ab') with ( - ) = Tr{p,-}. For the
dynamics we obtain

&) = — (1 + 3™ (@18) + e — e(Y),

|
>

»,
)

CBIBY = — (1 + e P )(BIB) 4 e 4 e(¥),

(X) =— % (Yn (L + 6™ Pm) 4 e(1 + de~ P )) (X) (8)

d ‘
+on —w)(3),
S02) = = 5 (m(1+8e500) 1+ o) (9)

~ (on — we)(R) + 26((aT8) — (BIB)).
The rates vj,() > 0 depend on the specific properties of the
bath and its interaction with the system. Equations (8)
fulfill the dynamical version of the first law of thermody-
namics: The sum of all energy (heat) currents at steady
state is zero, Jn + J. = 0. The heat flow from the hot
heat bath can be cast in the form (see [15] for details)
T = (eﬁcwc — ebPrwn )]:7 (9)
where F is a function of all the parameters of the system,
which is always positive, and is different for the HO and
TLS medium. The Clausius statement for the second law
of thermodynamics implies that heat can not flow from
a cold body to a hot body without external work being
performed on the system. It is apparent from eq. (9), that
the direction of heat flow depends on the choice of pa-
rameters. For ¢ < “’h heat will flow from the cold bath
to the hot bath thus "the second law is violated even at
vanishing small AB coupling, cf. fig. 2. The breakdown
of the second law has been examined in several models,
see [16] and references therein. In [16] a Fermionic trans-
port model between two heat baths at the same temper-
ature was studied in the weak system-bath coupling limit
MME and was compared to a solution within the formal-
ism of nonequilibrium Green functions. At steady state,
the current between the baths according to the weak cou-
pling MME is nonzero, which implies a violation of the
second law in the sense that heat flows constantly between
two heat baths at the same temperature. This sort of vio-
lation can also be observed in eq. (9) when taking Tj, = Te.
It was claimed in [16] that the violation of the second law
is a consequence of neglecting higher-order coherent pro-
cesses between the system and the baths due to the weak
coupling limit. In fact, the treatment introduced in [16]
corresponds to the local approach described above. Next,
we introduce a proper weak coupling MME, which always
obeys the second law of thermodynamics.

Global approach. — The global approach is based on
the holistic perception where the MME is derived in the
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Ih =

(eBew— — ePne-)

Ve Vp, W—

sin~2(0)efrw- (—1 + ePew=) o + ePew+ (—1 + ePrw-) cos—2(6)y,
(P — ePron) it

ePrwt (=1 + ePewt) cos™2(0)vd + sin™2(0)ePew+ (=1 + ePrwt)y;F

(13)

-14

16 310
15
4
14
13 &
3% 12 »
1
1
10
9 / 0
8 4‘_.
6 18 20 22 24 26 28 30 32
Ty

1

Fig. 2: (Colour on-line) The rate of entropy production AS™ in
the local description, as function of wy and Tj. The blue area
corresponds to negative entropy production rate, a clear viola-
tion of the second law. The borderline between the blue and
the red zones corresponds to wp/Th = we/T.. Here T. = 10,
We =5, € = 107* and k = 1077,

eigen-space representation of the combined system A+ B.
The reduced system, A+ B, is first diagonalized, then the
new basis set is used to expand the system-bath interac-
tions. Finally, the standard weak system-bath coupling
procedure is introduced to derive the MME [17,18]. This
approach accounts for a shift in the spectrum of the sub-
systems A and B due to the coupling parameter €. But
more importantly, it creates an effective coupling of the
system A with the cold bath and of the system B with
the hot bath. This indirect coupling absent in the local
approach is crucial, and essentially saves the second law
of thermodynamics. The global MME, by construction,
obeys Spohn’s inequality and therefore is consistent with
the second law of thermodynamics [19].

In it’s diagonal form the Hamiltonian I:IO +I:I AB 1s given
by

I:IS = w+aﬁ’_a+ + w,aT_EL. (10)
Where we have defined the operators dy = acos(f) +
bsin(d) and d_ = bcos(d) — asin(f), with cos?(§) =
PE=—— (“65%<)2 4+ €2, For Bosons,
the commutation relations of the operators are preserved,
i.e. [de,dl] =1, where all other combinations are zero.
For TLS nodes the expressions are more intricate and
therefore we restrict the analysis to the harmonic nodes.
Following the standard weak coupling limit, in the regime

and wy = —“";WC +

where w_ > 0 the dissipative terms of the MME reads,

and

+ e~ Pew+ (&

with ’V;[(c) = Yn(e)(wx). The calculated steady-state heat
flow from the hot bath is given by

see eq. (13) above

which is positive for all physical choice of parameters.
Rewriting eq. (11) and eq. (12) in the local basis, the ef-
fective coupling of subsystem A with the cold bath and of
subsystem B with the hot bath is immediately apparent
(see [15] for details). These equations converge to eq. (6)
and eq. (7) for e = 0.

To further study the dynamics of A and B, the explicit
form of heat baths is specified, characterizing the rates

7 [20]:

y=m() =7y |guk)PS(wk) — Q)L — e~ Fe®] -,
k

(14)
where w(k) are the frequencies of the baths modes. For
the case of a 3-dimensional phonon bath with a linear
dispersion relation the relaxation rate can be expressed

as
() = Q31 — e*'BlQ]*l, (15)

where k£ > 0 embodies all the constants and is proportional
to the square of the system-bath coupling.

The steady-state observables of the local and global
approached are compared in fig. 3 as a function of the
node-to-node coupling strength e. For local observables
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Fig. 3: (Colour on-line) The heat current J; and the popula-
tion as a function of the coupling parameter € evaluated in the
local (blue line) and the global (red line) approaches. The pop-
ulation of subsystem A (dashed line), and the heat flow from
the hot bath 75 (solid line). Here T}, = 12, T, = 10, wy = 10,
we=>5and k = 1072,

such as the local population hig = <éfé> the two ap-
proaches converge to the thermal population when ¢ <
{wh, we, /|wn — we|}. However, the non-local observables
such as the current J, deviate qualitatively. In the lo-
cal approach when “:;C < ;h the second law is violated:
the heat flow becomes negative for all values of the cou-
pling € while for the global approach 7}, is always positive,
cf. fig. 3.

The local approach is also not reliable even for parame-
ters where the second law is obeyed: ¢ > %k, Deviations
from the exact global approach appear in the favorable do-
main of small €, as seen in fig. 4 displaying 7;, for a wide
range of wy. It is noteworthy that the behavior of the
heat flows observed in fig. 4 will be the same for all ¢, also
when e < k. The only domain where the global approach
breaks down is on resonance, when w, = w. and € < k.
At this point, the secular approximation is not justified
since the two Bohr frequencies w4 are not well separated,
and on the time scale 1/kw?, one can not neglect rotating
terms such as e®2€ [21].

Additional insight is obtained when examining the co-
variance matrix for the two-mode Gaussian state (see [15]
for details). The correlations between subsystems A and
B is fully determined by the set of correlation func-
tions {cor(xa,xp),cor(xa,pp),cor(pa,xp),cor(pa,pp)}-
Here {z,p} are the position and momentum coordinates
of the subsystems. In both approaches cor(xza,xp) and
cor(pa,pp) are equal for small e. The two additional cor-
relations, cor(za,pp) and cor(pa,xp), vanish at steady
state in the global approach, where in the local approach
they remain finite. Thus, in the local approach the nodes
are over correlated compared to the global approach. It
should be noted that in steady state none of the ap-
proaches generate entanglement. The two-mode Gaussian
state is a separable state according to the separability cri-
terion for continuous variable systems [22,23].

Fig. 4: (Colour on-line) Comparison between the local (blue
line) and the global (red line) approaches. The population of
subsystem A (dashed line), and the heat flow from the hot
bath J;, (solid line), as a function of wy. The inset describes
the domain of near resonance wy, ~ w.. Here Ty, = 12, T. = 10,
We =5, € = 1072 and k = 1077,

To summarize: As expected, the local dynamical
approach is incorrect for strong coupling between the sub-
systems. In the weak coupling limit, local observables con-
verge to their correct value. The non-local observables
such as heat currents are qualitatively and quantitatively
erroneous in the local MME. A strong indication is the
violation of the second law of thermodynamics. The com-
pletely positive LGKS generator is a desired form for the
master equation. However, for consistency with the phys-
ical world, a microscopic global derivation of the master
equation is required. Such approaches are consistent with
thermodynamics [24-28].
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I. LOCAL APPROACH HEAT FLOW

The heat flow from the hot bath calculated in the local approach is given by:
T = wiyn (€77 — (a'a) (0e™Prr +1)) — %<X> (6ePnen + 1)

placing the steady state solution of Eq.(8) for (a'a) and (X), we obtain:

4%y efewetBren (wcwheﬁc“’c (eﬂh“’h +5)+’ycwheﬁh“’h (eﬁcwc—l—é)) o

jh = (eﬁcwc — eﬁhwh) ’Yz.”‘/h€26hwh (eﬁcwc+6)3(eﬁhwh+6)+2,yg(eﬁcwc+6)2eﬁgwc+ﬁhwh

X ('y,?L (eBhWh +(5)2+26262Bhwh)"l"Yc’YheQﬁcwc (G’BCWC"“;) (eﬂhwh +5) o

X (462'3h‘“h (we—wp )2 +2€2) 42 (eﬁh‘*’h +5)2)+4e2756350“’6+'3h“’h (eﬁh“’h +6)2
II. THE GLOBAL GENERATOR IN THE LOCAL REPRESENTATION

The global approach creates an indirect coupling of the subsystems with the baths. This
indirect coupling is evident once we write the the global generator in the local representation,

for example, Eq. (11) takes the form:

Lape = vict (39,40 — 3{ata p.) + e (aTp.a — L{aal, p,})
+, 5" (apa - j{a'a, p,} + e M- (aTp,a - {{ad! p,}))

+ 75 ?s? (BﬁSBT —- b b
bpb — 1{b'b, p.} + e e

)

+ ;, ¢*s*

/N

~

+ s (aﬁSBT +bpal — L{a'h+b'a p,} +e e (alpb+
— yres? (a,ssf)* +bp,a" — L{aTh +b'a, p,} + e e (aTp b +

where we have defined s = sin(f) and ¢ = cos(0).

III. THE COVARIANCE MATRIX AND THE CORRELATION FUNCTIONS

We define a vector of the position and momentum operators £ = (z4 pa Tp pg).
The covariance matrix is defined through Vi; = ({A¢;,A¢;}), using the definitions
{AG, ALY = LAGAE + AGAE) and A = & — (&;). The steady state coveraiance matrix
is given by



(@lay+4 0 HX)  —HY)

Vlocal — 0 <(ZTCL> + % %<Y> %<X>

X)) @y+5 0

SHY) X 0 i+

(dldyye+(dld_)s>+3 0 ({(dl dy)—(d" d_))es 0
1/ global _ 0 (dl dy)c+(dld_)s?+1 0 ((dl dy)—(d"d_))es

o ((dldy)—(d" d_))es 0 (dldy)s?+(d d_)c2+1 0
0 (dldy)—(d" d_))es 0 (dldy)s?+(dl d_)e>+1
with s = sin(d) and ¢ = cos(f). The structure of the covariance matrix in both

approaches immediately imply that the two subsystems are separable [1].
The correlation functions are defined by:
(AGAE)

cor(&,&5) =
(A& (AEZ)

[1] R. Simon, Phys. Rev. Lett. 84, 2726 (2000).
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A quantum absorption refrigerator driven by noise is studied with the purpose of determining the
limitations of cooling to absolute zero. The model consists of a working medium coupled simultaneously
to hot, cold, and noise baths. Explicit expressions for the cooling power are obtained for Gaussian and
Poisson white noise. The quantum model is consistent with the first and second laws of thermodynamics.
The third law is quantified; the cooling power 7. vanishes as J, « T, when T, — 0, where « = d + 1
for dissipation by emission and absorption of quanta described by a linear coupling to a thermal bosonic

field, where d is the dimension of the bath.

DOI: 10.1103/PhysRevLett.108.070604

The absorption chiller is a refrigerator which employs
a heat source to replace mechanical work for driving a
heat pump [1]. The first device was developed in 1850
by the Carré brothers which became the first useful
refrigerator. In 1926, Einstein and Szilard invented an
absorption refrigerator with no moving parts [2]. This
idea has been incorporated recently to an autonomous
quantum absorption refrigerator with no external inter-
vention [3,4]. The present study is devoted to a quantum
absorption refrigerator driven by noise; for an experi-
mental realization, cf. [5]. The objective is to study the
scaling of the optimal cooling power when the absolute
zero temperature is approached.

This study is embedded in the field of quantum thermo-
dynamics, the study of thermodynamical processes within
the context of quantum dynamics. Historically, consistence
with thermodynamics led to Planck’s law, the basics of
quantum theory. Following the ideas of Planck on black
body radiation, Einstein five years later (1905) quantized
the electromagnetic field [6]. Quantum thermodynamics is
devoted to unraveling the intimate connection between
the laws of thermodynamics and their quantum origin
[3,4,7-22]. In this tradition, the present study is aimed
toward the quantum study of the third law of thermody-
namics [23,24], in particular, quantifying the unattainabil-
ity principle [25]: What is the scaling of the cooling power
J . of a refrigerator when the cold bath temperature ap-
proaches the absolute zero 7, « T¢ when T, — 07

The quantum trickle.—The minimum requirement for
a quantum thermodynamical device is a system con-
nected simultaneously to three reservoirs [26]. These
baths are termed hot, cold, and work reservoir as de-
scribed in Fig. 1. A quantum description requires a
representation of the dynamics working medium and
the three heat reservoirs. A reduced description is em-
ployed in which the dynamics of the working medium
is described by the Heisenberg equation for the operator
O for open systems [27,28]:

0031-9007/ 12/108(7)/070604(5)
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where ICI‘Y is the system Hamiltonian and L, are the
dissipative completely positive superoperators for each
bath (¢ = h, ¢, w). A minimal Hamiltonian describing
the essence of the quantum refrigerator is composed of
three interacting oscillators:

0=

Sl

H, = hw,ata + ho b + ho, et (2)
h

N

H,, represents an annihilation of excitations on the
work and cold bath simultaneous with creating an

T Ty To20 T.

FIG. 1 (color online). The quantum trickle: A quantum heat
pump designated by the Hamiltonian H, is coupled to a work
reservoir with temperature 7', a hot reservoir with temperature
T}, and a cold reservoir with temperature 7. The heat and work
currents are indicated. In the steady state, 7, + J. + P = 0.

© 2012 American Physical Society
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excitation in the hot bath. In an open quantum system,
the superoperators L, represent a thermodynamic iso-
thermal partition allowing heat flow from the bath to
the system. Such a partition is equivalent to the weak
coupling limit between the system and bath [11]. The
superoperators L, are derived from the Hamiltonian:

H=H,+H,+H.+H, +H,+H,.+H, Q)

where H ¢ are bath Hamiltonians and I:ISg represent system
bath coupling. Each of the oscillators is linearly coupled to a
heat reservoir, for example, for the hot bath: I:Ish =
)\S,,(QAZ +atA,). Each reservoir individually should
equilibrate the working medium to thermal equilibrium
with the reservoir temperature. In general, the derivation
of a thermodynamically consistent master equation is tech-
nically very difficult [29]. Typical problems are approxi-
mations that violate the laws of thermodynamics. We
therefore require that the master equations fulfill the ther-
modynamical laws. Under steady state conditions of opera-
tion, they become:

_In_J._ P

TIp+ T, +P=0, —

=0, (4
Th Tc Tw ( )

where 7, = (L, (H)). The first equality represents conser-
vation of energy (first law) [8,9], and the second inequality
represents positive entropy production in the universe
2, =0 (second law). For refrigeration, T,, =T), = T..
From the second law, the scaling exponent & = 1 [12].

Gaussian-noise-driven refrigerator—In the absorption
refrigerator, the noise source replaces the work bath and its
contact hw,, & ¢, leading to

H,, = f(0@&th + ab") = f(HX, Q)

where f(7) is the noise field. X = (aTh + ab') is the
generator of a swap operation between the two oscillators
and is part of a set of SU(2) operators, Y = i(aTh — ab"),
7 = (aTa — b'h) and the Casimir operator N = (ata +
b'h).

We first study a Gaussian source of white noise charac-
terized by zero mean (f(¢)) = 0 and delta time correlation
(f(r)f(')y = 2m6(¢t — ¢'). The Heisenberg equation for a
time-independent operator O reduced to

€0=[1,0]+ £,0) + £,0) + LO). (©
where H; = hw,ata + ho bTb. The noise dissipator for
Gaussian noise is £, (0) = —n[X, [X, O] [30]. The same
master equation is obtained for a system subject to a weak
quantum measurement of the operator X [28]. The next
step is to derive the quantum master equation of each
reservoir. We assume that the reservoirs are uncorrelated
and also uncorrelated with the driving noise. These con-
ditions simplify the derivation of L£,, which become the
standard energy relaxation terms driving oscillator w,ata

to thermal equilibrium with temperature T}, and L, drives
oscillator hwa)*f) to equilibrium 7. [28]:

L£,(0) =T,(N, + 1)(aT0a —HaTa, O}
+T,N,(a0at — Haat, O}),

L(0) =T.(N.+ 1)(b'Ob —-L{b'h, O}
+T.N.(bOb' — 1{bb', O}).

(7

In the absence of the stochastic driving field, these
equations drive oscillators a and b separately to thermal
equilibrium provided that N, = [exp(’}(%:) —1]7" and
N, = [exp(i‘(%") — 1]7". The kinetic coefficients I'; . are
determined from the bath density functions [11].

The equations of motion are closed to the SU(2) set
of operators. To derive the cooling current J.=
(L (hw b'D)), we solve for stationary solutions of N

and Z, obtaining

(Nc B Nh)

J.=ho, — - —.
Q) t+T, +T!

®)

Cooling occurs for N, > N;, = % > 2. The coefficient of
performance (COP) for the absorption chiller is defined by
the relation COP = g—, with the help of Eq. (8), we obtain

the Otto cycle COP [31]:

cop—_ @ - T

wh_wc_Th_TC. (9)

A different viewpoint starts from the high temperature
limit of the work bath 7', based on the weak coupling limit
in Egs. (2) and (3); then
£,0)=T,©N, +1)a'bObta — fatabbt, O}

+T,N,(abT0ath — {aathTh, O)), (10)
KT,
L,,(0) does not lead to a closed set of equations. But in
the limit of 7', — oo it becomes equivalent to the Gaussian
noise generator: £,,(0)=—7/2(X,[X,0]]+[Y.[Y,0]]),
where n = I',,N,,. This noise generator leads to the same
current 7, and COP as Egs. (8) and (9). We conclude that
Gaussian noise represents the singular bath limit equivalent
to T,, — 0. As a result, the entropy generated by the noise
is zero.

The solutions are consistent with the first and second
laws of thermodynamics. The COP is restricted by the
Carnot COP. For low temperatures, the optimal cooling
current can be approximated by 7. =~ o I'.N,. Coupling
to a thermal bosonic field such as an electromagnetic or
acoustic phonon field implies I, « w¢, where d is the heat
bath dimension. Optimizing the cooling current with re-
spect to w,, one obtains that the exponent a quantifying
the third law J . = T¢ is given by &« = d + 1.

where N,, = [exp(’2+) — 1]7'. At a finite temperature,

070604-2
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Poisson-noise-driven refrigerator.—Poisson white noise
can be referred to as a sequence of independent random
pulses with exponential interarrival times. These impulses
drive the coupling between the oscillators in contact with
the hot and cold bath leading to [32]

% = (i/m[H, 0] — (i/MAME[X, O]
A([* agp@emsodms ~6) an

where H is the total Hamiltonian including the baths. A is
the rate of events, and ¢ is the impulse strength averaged
over a distribution P(¢). Using the Hadamard lemma and
the fact that the operators form a closed SU(2) algebra, we
can separate the noise contribution to its unitary and dis-
sipation parts, leading to the master equation

c;_() — (/WA O] + (i/W[A, O]+ L£,(0). (12)
1t

The unitary part is generated with the addition of the
Hamiltonian H' = 7€X with the interaction

c=-1 [ aereraesm —sine/my

This term can cause a direct heat leak from the hot to cold
bath. The noise generator L,(p) can be reduced to the
form £,(0) = —n[X,[X, 0]], with a modified noise
parameter:

n=3(1- [aer@cosem)

The Poisson noise generates an effective Hamiltonian
which is composed of H and H, modifying the energy
levels of the working medium. This new Hamiltonian
structure has to be incorporated in the derivation of the
master equation; otherwise, the second law will be vio-
lated. The first step is to rewrite the system Hamiltonian in
its dressed form. A new set of bosonic operators is defined:

A, = acos(8) + bsin(d),
Ay =2 (6) (6) (13)
A, = bcos(f) — asin(6).
The dressed Hamiltonian is given by
H, =10, ATA, +nQ_AfA,, (14)

where Q. =222+ (), — w,)/2F + € and cos*() =
w,—0_
0, -0
be translated to w,w. > €. The master equation in the
Heisenberg representation becomes

Eq. (14) impose the restriction )+ > 0, which can

il_ﬁ = (i/W[A,, 0] + L,(0) + L(0) + L£,(0), (15)
t

where

£,(0) = ?’ﬁ'cz(Al(A)A}L - %{AIAT’ o) + %'CZ(A;F()Al
CHATA, O + 524,041 — {A,AL O)
+ yis?(AT0A, — HATA,, O}),
L.(0) = y{s*(A,0AT — LA AT, O} + y55(A]OA,
- HATA |, O + y5¢2(A,0A1 — HA,ATL O}
+ y5c2(AT0A, — {ATA,, O)), (16)
where s = sin(f) and ¢ = cos(#), and the noise generator
L£,(0) = —n[W,[W, 0]} (17)

where W = sin(20)Z + cos(26)X and a new set of
operators which form an SU(2) algebra is defined:
X — (A&, + AlA,), ¥ = i(AIA, - AlA,), and Z —
(ATA, — ATA,). The total number of excitations is ac-
counted for by the operator N = (AfA; + ATA,). The
generalized heat transport coefficients become {¥ = y4 —
yX and % = y% — y% for k = h, c. Applying the Kubo
relation [33,34] ¥k = e ™Bryk and yk = e M-Bryk
leads to the detailed balance relation
vi__ 1 3 o

- e,e— = k —_———_— = k
e B S

In general, /X is temperature-independent and can be
calculated specifically for different choices of spectral
density of the baths. For an electromagnetic or acoustic
phonon field, /X o« Q4. The heat currents 7, J, and 7,
are calculated by solving the equation of motion for the
operators at steady state and at the regime of low tempera-
ture, where cos?(f) = 1 and sin?(0) = 0:

@ — _l h VR _l h _ #c\7
o7 = RN S8 - 02
+ (ZENL + ZEN9),
dZ. _ 1 PO D (18)
o= 52— S8 — N

+ ({h"N" — eNe) — 4qZ.

Once the set of linear equations is solved, the exact
expression for the heat currents is extracted: J, =
<£h(ﬁs)>s \7c = <‘£C(I:IS‘)>? and \7}1 = <£n(ﬁv)> For sim-
plicity, the distribution of impulses in Eq. (11) is chosen
as P(¢) = 8(& — &). Then the effective noise parameter
becomes

n = 311 - cos(2é/1)] (19)

The energy shift is controlled by

e =~ AT2u/h — sin(2/)] 20)

070604-3
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Figure 2 shows a periodic structure of the heat current
J. and the entropy production 3. = —7./T, with the
impulse &,. The second law of thermodynamics is obtained
by the balance of the large entropy generation on the hot
bath compensating for the negative entropy generation of
cooling the cold bath. The COP for the Poisson-driven
refrigerator is restricted by the Otto and Carnot COP:

QO w T
COP = = ¢ = <. 21
Q+ - Q_ Wy — W, Th - TC ( )
The heat current 7. is given by
N¢ — N*!
NG - (22)

=~ h()_ .
N R ARV

The scaling of the optimal cooling rate is now accounted
for. The heat flow is maximized with respect to the impulse
&y by maximizing » [Eq. (19)], which occurs for §y = n 3
(n=1,2,...). On the other hand, the energy shift €?
[Eq. (20)] should be minimized. The optimum is obtained
when &, = 7. The cooling power of the Poisson noise case
[Eq. (22)] is similar to the Gaussian one [Eq. (8)]. In the
Poisson case, also the noise driving parameter 7 is re-
stricted by w,. This is because € is restricted by ) =
0, and therefore A is restricted to scale with w,. In total,
when T, — 0, J, o« T4*1,

The optimal scaling relation J, « T of the autono-
mous absorption refrigerators should be compared to the
scaling of the discrete four-stroke Otto refrigerators [35].
In the driven discrete case, the scaling depends on the
external control scheduling function on the expansion
stroke. For a scheduling function determined by a constant
frictionless nonadiabatic parameter, the optimal cooling
rate scaled with @ = 2. Faster frictionless scheduling pro-
cedures were found based on a bang-bang type of optimal
control solutions. These solutions led to a scaling of

x10™*

Entropy Production

FIG. 2 (color online). Entropy production X, = —7,/T} as a
function of impulse &, for the cold 3, hot 3, and the total
entropy production 3, =3, + 3. 7. =103, T, =2, 0, =
T.,w, =10, A= w,, and & = w./10 (h =k = 1).

a = 3/2 when positive frequencies were employed and
J. o« —T,./logT, when negative imaginary frequencies
were allowed [36,37]. J, o« T, was obtained in the limit
of large energy levels for a swap-based Otto cycle [38].
The drawback of the externally driven refrigerators is that
their analysis is complex. The optimal scaling assumes that
the heat conductivity I' > w,. and that noise in the controls
does not influence the scaling. For this reason, an analysis
based on the autonomous refrigerators is superior.
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The rate of temperature decrease of a cooled quantum bath is studied as its temperature is reduced to absolute
zero. The third law of thermodynamics is then quantified dynamically by evaluating the characteristic exponent {
of the cooling process d;f’ ) ~ —T% when approaching absolute zero, T — 0. A continuous model of a quantum
refrigerator is employed consisting of a working medium composed either by two coupled harmonic oscillators
or two coupled two-level systems. The refrigerator is a nonlinear device merging three currents from three
heat baths: a cold bath to be cooled, a hot bath as an entropy sink, and a driving bath which is the source of
cooling power. A heat-driven refrigerator (absorption refrigerator) is compared to a power-driven refrigerator.
When optimized, both cases lead to the same exponent ¢, showing a lack of dependence on the form of the
working medium and the characteristics of the drivers. The characteristic exponent is therefore determined by the
properties of the cold reservoir and its interaction with the system. Two generic heat bath models are considered:
a bath composed of harmonic oscillators and a bath composed of ideal Bose/Fermi gas. The restrictions on the
interaction Hamiltonian imposed by the third law are discussed. In the Appendices, the theory of periodically

driven open systems and its implication for thermodynamics are outlined.

DOI: 10.1103/PhysRevE.85.061126

I. INTRODUCTION

Thermodynamics was initially formed as a phenomenolog-
ical theory, with the fundamental rules assumed as postulates
based on experimental evidence. The well-established part of
the theory concerns quasistatic macroscopic processes near
thermal equilibrium. Quantum theory, on the other hand, treats
the dynamical perspective of systems at atomic and smaller
length scales. The two disciplines rely upon different sets
of axioms. However, one of the first developments, namely
Planck’s law, which led to the basics of quantum theory,
was achieved thanks to consistency with thermodynamics.
Einstein, following the ideas of Planck on blackbody radiation,
quantized the electromagnetic field [1].

With the establishment of quantum theory, quantum ther-
modynamics emerged in the quest to reveal the intimate
connection between the laws of thermodynamics and their
quantum origin [2—19]. In this tradition, the present study is
aimed toward the quantum study of the third law of thermody-
namics [20-24], in particular quantifying the unattainability
principle. Apart from the fundamental interest in the emer-
gence of the third law of thermodynamics from a quantum
dynamical system, cooling mechanical systems reveal their
quantum character. As the temperature decreases, degrees of
freedom freeze out, leaving a simplified dilute effective Hilbert
space. Ultracold quantum systems contributed significantly to
our understanding of basic quantum concepts. In addition, such
systems form the basis for emerging quantum technologies.
The necessity to reach ultralow temperatures requires a focus
on the cooling process itself, namely quantum refrigeration.

The minimum requirement for constructing a continuous
refrigerator is a system connected simultaneously to three
reservoirs [25]. These baths are termed hot, cold, and work
reservoir, as described in Fig. 1. This framework has to
be translated to a quantum description of its components,
which includes the Hamiltonian of the system H; and the
implicit description of the reservoirs. We present a careful

1539-3755/2012/85(6)/061126(9)
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study on the influence of different components and cooling
mechanisms on the cooling process itself. Namely, we consider
a working medium composed of two harmonic oscillators or
two two-level systems (TLSs). Two generic models of the cold
heat bath are considered: a phonon and an ideal Bose/Fermi
gas heat bath. Another classification of the refrigerator is
due to the character of the work reservoir. The first studied
example is a heat-driven refrigerator, an absorption refrigerator
model proposed in Ref. [24], where T, » T, > T..! In a
power-driven refrigerator, the work reservoir represents zero
entropy mechanical work, which is modeled as a periodic
time-dependent interaction Hamiltonian.

The models studied contain universal quantum features of
such devices. The third law of thermodynamics is quantified by
the characteristic exponent ¢ of the change in temperature of
the cold bath % ~ —T¢ when its temperature approaches
absolute zero, T, — 0. The exponent ¢ is determined by a
balance between the heat capacity of the cold bath and the heat
current 7, into the cooling device. When the performance of
the refrigerator is optimized, the final third-law characteristics
are found to be independent of the refrigerator type.

The analysis is based on a steady-state operational mode of
the refrigerator. Then the first and second laws of thermody-
namics have the form

IhtJe+P=0, ————— — =20, (1)
where J are the stationary heat currents from each reservoir.
The first equality represents conservation of energy (first
law) [3,4], and the second inequality represents non-negative
entropy production in the Universe, X, > 0 (second law). The

'A similar idea was also proposed in Phys. Rev. Lett. 108, 120603
(2012) by Cleuren et al. However, one can show that this model
violates the third law. The reason for this will be discussed elsewhere.

©2012 American Physical Society
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FIG. 1. (Color online) A quantum heat pump designated by
the Hamiltonian H; coupled to a work reservoir with temperature
T,, a hot reservoir with temperature 7;, and a cold reservoir with
temperature 7,. The heat and work currents are indicated. In steady
state, 7, + J. +P = 0.

fulfillment of the thermodynamic laws is employed to check
the consistency of the quantum description. Inconsistencies
can emerge either from wrong definitions of the currents J; or
from erroneous derivations of the quantum master equation.
In Appendix A, we present a short and heuristic derivation
of such a consistent Markovian master equation based on the
rigorous weak coupling [26] or low density [27] limits for a
constant system’s Hamiltonian. Its generalization to periodic
driving proposed in Ref. [28] and based on the Floquet theory is
briefly discussed in Appendix B. In Appendix C the definition
of heat currents is proposed which satisfies the second law of
thermodynamics, not only for the stationary state but also
during the evolution from an arbitrary initial state of the
system. It allows us also to compute an averaged power in
the stationary state. Finally, in Appendix D we discuss the
condition on the interaction with a bosonic bath, to assure the
existence of the ground state.

II. QUANTUM ABSORPTION REFRIGERATORS

We develop and discuss in detail the model of a quantum
absorption refrigerator proposed in Ref. [24]. We extend the
results of Ref. [24] treating in the same way the original model
with two harmonic oscillators and its two two-level systems
counterpart to stress the universality of the proposed cooling
mechanism. The advantage of the absorption refrigerator is
its underlying microscopic model with a time-independent
Hamiltonian.

A. Absorption refrigerator model

The model consists of two harmonic oscillators or two
TLSs (A and B) which are described by two pairs of
annihilation and creation operators satisfying the commutation
or anticommutation relations
aa + e€aa =0,

bb + €bb = 0 )

aat +eafa = 1,
bb' +eb'b =1,

PHYSICAL REVIEW E 85, 061126 (2012)

with € =1 for the TLS and € = —1 for oscillators. Each
subsystem A (B) is coupled to a hot (cold) bath at the
temperature 73, (7). A collective coupling of the system A + B
to the third “work bath” at the temperature T, > T), > T,
generates heat transport. The nonlinear coupling to the “work
bath” is essential. A linearly coupled working medium cannot
operate as a refrigerator.> The Hamiltonian of the working
medium A + B is given by

H=wpa a+wbh, w, > w., 3)

and the interaction with the three baths (hot, cold, and work)
is assumed to be of the following form:

Hy=@+a")QR,+(b+b")®R,
+ (@bt +ath)®R,, 4)

with R(., being the corresponding bath operator. The third term
in Eq. (4) contains the generator of a swap operation between
A and B subsystems [29].

Applying now the derivation of the Markovian dynamics
based on the weak-coupling limit (see Appendix A), one
obtains the following Markovian master equation involving
three thermal generators:

dp i
— =—-[H, L L. Lyp, 5
o h[ pl+ Lyp+ Lep+ Lyp (5)
where
Lip = 3yilla,pa’l +e P al, pal +He),  (6)
Lep = Sye([b,pb'1 + e P [bl, pb] + H.c.), ©)

Lyp = syu(labl,palb] + e P =alh, pabl] + H.c.),
®)

and B, > B, > Py are inverse temperatures for the cold, hot,
and work bath, respectively.

The values of relaxation rates y;,¥.,y > 0 depend on the
particular models of heat baths, and their explicit form is
discussed in Appendix A. Notice that one can add also the gen-
erators describing pure decoherence (dephasing) in the form

Dyp = —38ulata,la’a,p]],
Dep = —38:Ib1b,[bTb, 11, 8,8. > 0, ©)

which, however, do not change the evolution of diagonal
matrix elements and therefore have no influence on the cooling
mechanism at the stationary state. The generator £,, is not
ergodic in the sense that it does not drive the system A + B to
a Gibbs state because it preserves a total number of excitations
a'a + b'b. This fault can be easily repaired by adding to £,
a term of the form (6) or/and (7) but with the temperature T,,.
However, we assume that the processes described by Egs. (6)—
(8) dominate and additional contributions can be neglected.

B. The cooling mechanism

The stationary “cold current” describing heat flux from the
cold bath to the working medium can be computed using the

2E. Martinez and J. P. Paz (unpublished).
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definitions presented in Appendix C. The cooling of the cold
bath takes place if this current is positive,

T = o/ Tr[(L.p)b'b] > 0. (10)

To compute 7., we need the following equations for the mean
values of the relevant observables 71, = Tr(pa’a) and 7. =
Tr(pb™*b), which can be derived using the explicit form of the
generators (6)—(8):

d
2= —yu(1 + ee Py + yye e
+Vw(ﬁc_ﬁh)_R, (11)

= —y.(1+ eeiﬂcwc)ﬁc + Vceiﬁl'wc
+ vw(ip — i) + R, (12)

_flc

dt

where R is the nonlinear rate
R = yu(1 — e P~ NTe[p(b¥b)(aa™)). (13)

Equations (11)—(13) can be solved analytically in the high-
temperature limit for the work bath g,, — 0, which implies
R — 0. Under this condition, the stationary cold current reads

;73 = WcYw
(eﬁt.w[. 4 6)—1 _ (eﬂhw;, + 6)71
T E puly (1t ceProny 1 4 7 (1 + eeProy 1]’
(14)

The cooling condition 7, > 0 is equivalent to a very simple
one,
<

— < —. 15
o T, (15)
One can similarly compute the other heat currents to obtain
the coefficient of performance (COP),

cop= Lo _ (16)

s
w wp — W

which becomes the Otto cycle COP [14,30].

We are interested in the final stage of the cooling process
when the temperature 7, is close to absolute zero and
hence we can assume that y.(7,) < y;(T}). Optimizing the
cooling current means keeping essentially constant the value
of w./ T, [31]. This leads to the following simplification of the
formula (14):

To ~ weyee Ok Te 17

III. PERIODICALLY DRIVEN REFRIGERATOR

An alternative to driving the refrigerator by a “very hot” heat
bath is to apply a time-dependent perturbation to the system of
the two harmonic oscillators. One can repeat the derivation for
two TLSs, but the final expressions for the currents are more
intricate and therefore we restrict ourselves to the oscillator
working medium. The time-dependent Hamiltonian reads

H(t) = wpa’a + wbb + (e a'b + & ¥abh), (18)

where 2 denotes the driving frequency which is chosen to be
in resonance 2 = w, — @, and A > 0 measures the strength

PHYSICAL REVIEW E 85, 061126 (2012)

of the coupling to the external field. Interaction with the baths
is given by

Huy=(a+a)® R, + (b +b)®R.. (19)

The general derivation of the weak-coupling limit Marko-
vian master equation with periodic driving is discussed in
Appendix B and is essential for consistency with the second
law of thermodynamics [6]. The master equation has the form

d
7P = —ilH®),p(O] + Ly(0)p@) + Lc()p()  (20)

with Ly (1) = Ut,0) Ly U (¢,0)T, which under resonance
conditions can be derived directly without applying the full
Floquet formalism.

The main ingredients of the derivation are as follows:

(i) Transformation to interaction picture. The bath operators
transform according to the free baths Hamiltonian, and the
system operators transform according to the unitary propagator
(under resonance conditions),

U(t,0) = T exp {—i/ H(s)ds} = ¢ Hie=VE(2])
0

where
Hy = wpa'a + wb'b, V =ra'b + abh). (22)
(ii) Fourier decomposition of the interaction part,
a(t) = U(t,0)'aU(t,0) = "' [e' ™ ae~ e~V
= cos(A)e g — i sin(At)e " b, (23)

which gives the Fourier decomposition [compare with
Eq. (B3)]

a(t) = (e, 4 ey 24)
V2
and
1 i o
b(1) = E(e—“wc d, — e @), (25)
where dy = 2, d_ = “2, and wy,, = (@n) £ ). Simi-

larly, we can calculate at(@),b ().
(iii) Performing the weak-coupling approximation, the total
time-independent (interaction picture) generator has the form

L=L"+L7+L0+ 0, (26)
where
Lo = Lyidy,pdl 1+ e Provio[d] pd.] + H.c.)
27
and
Lihp = Vi ld_,pd ] + e Proiofd], pd_] + H.c)
(28)

with. t.he .relaxation. rates y;i; = Yne)(wpe) £ 1) discussed
explicitly in Appendices A and B. Any such generator and any
sum of them possess a unique stationary state (under condition
Wh(c) +A> 0),

,5;(,4('0)) = Z—lexp[—ﬂh(c)a)ljr(c)did+] (29)
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and
Phidy = 27 expl—Browjod d-1. G0

The steady (time-independent) heat currents can be computed
using the definitions of Appendix C. For example, the heat
current from the cold bath is given by the sum of entropy
flows, which are related to the quasienergies w. + A, times the
bath temperature,

Jo = —kpTATH(Lp) In g1 + Te[(L5p) In 5711 (31)
This current can be calculated analytically. The result is the
following:
. 1] _ (ePve — 1)1 — (ePrw — 1)7!
Je=3 @ . ) :
21 7 — et 4 [y — epeon))!
(ePol — 1)1 — (ePron — 1)1
Y1 = e o 4 [y — epe) ! ]
(32)

+wf[

Similarly to Sec. IIB when the temperature 7, is close to
absolute zero, we can assume ¥ <y~ and y « y "
while keeping A/T. < w./T, as constants. This simplifies

formula (32),
T~ %[wj’ (D=l ksTe 4 =y Oewc/ksle]  (33)

Notice that the cold current does not vanish when A tends to
zero, which obviously should be the case. This is due to the fact
that the derivation of master equations in the weak-coupling
regime involves time-averaging procedures eliminating certain
oscillating terms. This procedure makes sense only if the
corresponding Bohr frequencies are well-separated. In our
case, it means that w_ should be well separated from a)j,
which implies that A ~ w,. Indeed, if both w, and A vanish,
the cold current vanishes as well. This problem of time scales
in the weak-coupling Markovian dynamics has been discussed,
for constant Hamiltonians, in Ref. [32] (see also [33] for the
related “dynamical symmetry breaking” phenomenon).

IV. THE DYNAMICAL THIRD LAW
OF THERMODYNAMICS

There exist two seemingly independent formulations of the
third law of thermodynamics, both originally stated by Nernst
[20,22]. The first is a purely static (equilibrium) one, also
known as the Nernst heat theorem, and can simply be phrased
as follows:

(a) The entropy of any pure substance in thermodynamic
equilibrium approaches zero as the temperature approaches
Zero.

The second is a dynamical one, known as the unattainability
principle:

(b) It is impossible by any procedure, no matter how
idealized, to reduce any assembly to absolute zero temperature
in a finite number of operations [34].

Different studies investigating the relation between the two
formulations have led to different answers regarding which
of these formulations implies the other, or if neither does.
Although interesting, this question is beyond the scope of

PHYSICAL REVIEW E 85, 061126 (2012)

this paper. For further considerations regarding the third law,
we refer the reader to Refs. [23,34-38]. In particular, in
Refs. [37,38] the validity of the static formulation (a) has been
confirmed for a large class of open quantum systems. We shall
use a more concrete version of the dynamical third law, which
can be expressed as follows:

(b’) No refrigerator can cool a system to absolute zero
temperature at finite time.

This formulation enables us to quantify the third law,
i.e., evaluating the characteristic exponent ¢ of the cooling
process % ~ —T*%forT — 0.Namely, for¢{ < 1thesystem
is cooled to zero temperature at finite time. As a model
of the refrigerator, we use the above-discussed continuous
refrigerators with a cold bath modeled either by a system of
harmonic oscillators (bosonic bath) or the ideal gas at low
density, including the possible Bose-Einstein condensation
effect. To check under what conditions the third law is valid, we
consider a finite cold bath with the heat capacity cy (7,) cooled
down by the refrigerator with the optimized time-dependent
parameter w.(¢) and the additional parameter A(¢) for the
case of a periodically driven refrigerator. The equation which
describes the cooling process reads

dr.(t) _
5= Telwe (1), T(1)],

The third law would be violated if the solution 7,.(¢) reached
zero at finite time #y. Now we can consider two generic models
of the cold heat bath.

cv[T(n)]

t>0. (34)

A. Harmonic oscillator cold heat bath

This is a generic type of quantum bath including, for
example, an electromagnetic field in a large cavity or a finite
but macroscopic piece of solid described in the thermodynamic
limit. We assume the linear coupling to the bath and the
standard form of the bath’s Hamiltonian,

Hiy = (b +b") (Z[g(k)a(k) + g(kya (k)]) :
k

Hy =Y o(ka'(kak), (35)
k

where a(k),a’(k) are annihilation and creation operators for
mode k. For this model, the weak-coupling limit procedure
leads to the generator (7) with the cold bath relaxation rate

Ve=Ylw) =7 Z |g(k)|28(a)(k) — w1l — e_w(k)/kBT‘]_l,
k
(36)

For the bosonic field in d-dimensional space, where k is a
wave vector, and with the linear low-frequency dispersion law
[w(k) ~ |k|], we obtain the following scaling properties at low
frequencies (compare Appendix D):

Ve ~ a1 — em /Mol (37)

where w” represents scaling of the coupling strength |g(w)|?,
and a)f’l is the density of modes scaling. This implies the
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following scaling of the cold current:
W, d+x 1
T, ewe/Te — 1"

Optimization of Eq. (38) with respect to w. leads to the
frequency tuning w. ~ T, and the final current scaling,

‘Z‘Opt ~ Tcd+K~ (39)

\.7(,‘ ~ Tcd+K |: (38)

Consider that for low temperatures the heat capacity of the
bosonic systems scales like

ev(T) ~ T, (40)
which finally produces the following scaling of the dynamical
equation (34):

dT.(1)
Cdr

Notice that in a similar way the same scaling (41) is
achieved for the periodically driven refrigerator (33), with the
optimization tuning w.,A ~ T.. As a consequence, the third
law implies a rather unexpected constraint on the form of
interaction with a bosonic bath,

k> 1. (42)

~ —(To)". (41)

For standard systems such as electromagnetic fields or acoustic
phonons with the linear dispersion law w(k) = v|k| and the
form factor g(k) ~ |k|//w(k), the parameter x = 1, as for low
o, |g(w)|* ~ |k|. However, the condition (42) excludes exotic
dispersion laws w(k) ~ |k|* with o < 1, which nevertheless
produce the infinite group velocity forbidden by the relativity
theory. Moreover, the popular choice of Ohmic coupling is
excluded for systems in dimension d > 1. The condition (42)
can also be compared with the condition

Kk>2—d, (43)

which is necessary to assure the existence of the ground state
for the bosonic field interacting by means of the Hamiltonian
(35) (see Appendix D).

B. Ideal Bose/Fermi gas cold heat bath

We consider now a model of a cooling process where part B
of the working medium is an (infinitely) heavy particle with the
internal structure approximated (at least at low temperatures)
by a TLS immersed in a low density gas at temperature 7.
The Markovian dynamics of such a system was rigorously
derived by Dumcke [27] in the low density limit and N-level
internal structure. The form of the corresponding LGKS
generator is presented in Appendix A. For our case of TLS, we
have only one Bohr frequency w,, because elastic scattering
corresponding to w = 0 does not influence the cooling process.
Cooling occurs due to the nonelastic scattering, giving the
relaxation rate (Appendix A)

Ye = 2mn / d’p f d’p'S(E(p') — E(p) — hw,)

x fr.(PIT (P, D) (44)

with n the particle density, f7,(p,) the probability distribution
of the gas momentum strictly given by the Maxwell distri-
bution, and p and p’ the incoming and outgoing gas particle
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momentum, respectively. E(p) = p*/2m denotes the kinetic
energy of gas particle.

At low energies (low temperature), scattering of neutral
gas in three dimensions can be characterized by the s-wave
scattering length a, having a constant transition matrix, | T'|> =
(‘%)2. For our model, the integral (44) is calculated as

1
Ve = (4m)* (f—) ainwK (’3 2“’ ) e, (45)
am

where /C,(x) is the modified Bessel function of the second
kind. Note that formula (45) is also valid for a harmonic
oscillator instead of TLS, assuming only linear terms in the
interaction and using the Born approximation for the scattering
matrix.

Optimizing formula (17) with respect to w, leads to w. ~ T,
and to scaling of the heat current,

TP ~ n(T,)>. (46)

When the Bose gas is above the critical temperature for
the Bose-Einstein condensation, the heat capacity ¢y and
the density n are constants. Below the critical temperature,
the density n in formula (44) should be replaced by the density
nex of the exited states, having both cy,nex ~ (Tc)%, which
finally implies

—l (T (47)

In the case of Fermi gas at low temperatures, only the small
fraction n ~ T, of fermions participates in the scattering
process and contributes to the heat capacity; the rest is “frozen”
in the “Dirac sea” below the Fermi surface. Again, this effect
modifies in the same way both sides of Eq. (34), and therefore
(47) is still valid. Similarly, a possible formation of Cooper
pairs below the critical temperature does not influence the
scaling (47).

V. CONCLUSIONS

We have introduced and analyzed two types of continuous
quantum refrigerators, namely an absorption refrigerator and
a periodically driven refrigerator. The latter required us to
present new definitions for heat flow for periodically driven
open systems. These definitions are in line with the second
law and are applicable for a time-independent Hamiltonian
as well. Unlike the first and second laws, the third law of
thermodynamics does not define a new state function. In
its first formulation (cf. Sec. IV), the third law provides a
reference point for scaling the entropy and becomes intuitive
when thinking in terms of quantum states or levels. The second
formulation, (b’) in Sec. IV, which states that no refrigerator
can cool a system to absolute zero temperature at finite time,
provides information on the characteristic exponent ¢, the
speed of cooling, and gives an insight and restriction on the
properties of realistic systems.

Universal behavior of the final scaling near absolute zero
is obtained. The third law does not depend on the bath
dimension. The type of refrigerator, either absorption or
a periodically driven refrigerator, does not influence the
characteristic exponent, nor does a different medium, i.e., a
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harmonic oscillator and a TLS produce the same scaling. The
characteristic exponent is governed only by the feature of the
heat bath and its interaction with the system. For a harmonic
oscillator heat bath, the third law imposes a restriction on the
form of the interaction between the system and the bath, « > 1,
allowing only physical coupling and dispersion relations, thus
for phonons with a linear dispersion relation ¢ = x = 1. For an
ideal Bose/Fermi gas heat bath, ¢ = 3/2, which implies faster
cooling of the phonon bath than the gas bath. This distinction
between the two baths may occur due to particle conservation
for the gas, indicating a more efficient extraction of heat by
eliminating particles from the system. The key component of a
realistic refrigerator is the heat transport mechanism between
the heat bath and the working medium. This mechanism
determines the third-law scaling. The working medium is a
nonlinear device combining three currents. If it is optimized
properly by adjusting its internal structure, it does not pose a
limit on cooling.
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APPENDIX A: THERMAL GENERATORS FOR A
CONSTANT HAMILTONIAN

Consider a system and a reservoir (bath), with a “bare”
system Hamiltonian H 0 and the bath Hamiltonian Hpg,
interacting via the Hamiltonian AHj = AS ® R. Here, S
(R) is a Hermitian system (reservoir) operator and A is the
coupling strength (a generalization to more complicated Hiy,

is straightforward). We assume also that
[or,Hr]l =0, Tr(pg R) =0. (AD)

The reduced, system-only dynamics in the interaction
picture is defined as a partial trace,

p(t) = A(t,0)p = Trr[U,(t,0)p ® prUs(t,0)'],

where the unitary propagator in the interaction picture is given
by the ordered exponential,

(A2)

Uﬂt,O):Texp{%/ S(s)®R(s)ds}, (A3)
0

where

S(t) — e(l’/)’l)HtSef(i/fl)Ht7 R(I) — e(i/ﬁ)HRtRef(i/l"l)HRt' (A4)
Notice that S(¢) is defined with respect to the renormalized,
physical, H and not H°, which can be expressed as

H=H0+)¥2chol’r+‘.. (AS)

The renormalizing terms containing powers of A are Lamb-
shift corrections due to the interaction with the bath, which
cancel afterward the uncompensated term H — H 0. which, in
principle, should also be present in Eq. (A3). The lowest-order
(Born) approximation with respect to the coupling constant A
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yields H{°", while the higher-order terms (- - - ) require going
beyond the Born approximation.

A convenient, albeit not used in the rigorous derivations,
tool is a cumulant expansion for the reduced dynamics,

A(1,0) =exp Y _[M"K™(1)].

n=1

(A6)

One finds that K" = 0 and the Born approximation (weak
coupling) consists of terminating the cumulant expansion at
n = 2, hence we denote K@ = K:

A(2,0) = exp[A 2K (1) + O] (A7)
One obtains
K(t)p = 12/ ds/ duF(s —u)S(s)pSu)'
h= Jo 0
+ (similar terms), (A8)

where F(s) = Tr[pgr R(s)R]. The similar terms in Eq. (A8) are
of the form pS(s)S(u)! and S(s)S(u)! p.

The Markov approximation (in the interaction picture)
means in all our cases that for long enough time, one can
use the following approximation:

K@) ~1tL, (A9)

where L is a Linblad-Gorini-Kossakowski-Sudarshan (LGKS)
generator. To find its form, we first decompose S(¢) into its
Fourier components,

Sy =) ¢5,.8 =S, (A10)
{w}

where the set {w} contains Bohr frequencies of the Hamiltonian

H=Y elk)kl, o=e—e. (A1)
k

Then we can rewrite the expression (AS8) as

-

1 r /
Kt)p = f? Z SprL/ PUCEE )udu/
0,0 0 -

F(v)e'dt

u

+ (similar terms) (A12)
and use two crucial approximations:
t
/ O Gy X 18,
0
t—u X oo X
/ F(0)e'’"dt ~ G(w) = / F(t)e'”*dt > 0. (Al13)
—u —00
This makes sense for 7> max{l/(w— ')}. Apply-

ing these two approximations, we obtain K(t)ps =
(t/h*)Y",, SwpsS) G(w) + (similar terms), and hence it fol-
lows from Eq. (A9) that £ is a special case of the LGKS
generator derived for the first time by Davies [26]. Returning to
the Schrodinger picture, one obtains the following Markovian
master equation:

. .
L = —Z[H.p)+ Lo,

32 (A14)
£p =72 G@(SupS1+[S0p,SLD:

(o}
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Several remarks are in order:

(1) The absence of off-diagonal terms in Eq. (Al4),
compared to Eq. (A12), is the crucial property of the Davies
generator which can be interpreted as a coarse-graining in time
of fast oscillating terms. It implies also the commutation of £
with the Hamiltonian part [H,-].

(i1) The positivity G(w) > 0 follows from Bochner’s theo-
rem and is a necessary condition for the complete positivity of
the Markovian master equation.

(iii) The presented derivation showed implicitly that the
notion of bath’s correlation time, often used in the literature,
is not well-defined—Markovian behavior involves a rather
complicated cooperation between system and bath dynamics.
In other words, contrary to what is often done in phe-
nomenological treatments, one cannot combine arbitrary H’'s
with a given LGKS generator. This is particularly important
in the context of thermodynamics of controlled quantum
open system, where it is common to assume Markovian
dynamics and apply arbitrary control Hamiltonians. Erroneous
derivations of the quantum master equation can easily lead to
violation of the laws of thermodynamics.

If the reservoir is a quantum system at a thermal equilibrium
state, the additional Kubo-Martin-Schwinger (KMS) condition
holds,

hw
G(—w) = exp (——) G(w), (A15)

kgT
where T is the bath’s temperature. As a consequence of
Eq. (A15), the Gibbs state
s = 7 1B B = L
4 ’ ksT
is a stationary solution of Eq. (A14). Under mild conditions
(e.g., “the only system operators commuting with H and
S are scalars”), the Gibbs state is a unique stationary state
and any initial state relaxes toward equilibrium (“zeroth law
of thermodynamics”). A convenient parametrization of the
corresponding thermal generator reads

(A16)

1
Lp =3 Y v@ISupSh1+15.0.5,)

{0=0}

+eMPS] . pSL] + [S] 0. 50D}, (A17)
where finally
2 +00 ) )
y(w) = vl / Tr(pg ' %'/" R e RN RYdr.  (A18)
—00

A closer look at the expressions (A17) and (A18) shows that
the transition ratio from the state |k) to the state |/) is exactly
the same as that computed from the Fermi Golden Rule,
. 2. 2

W(lin) — [fin)) = 7|<1H|V|ﬁn)l 8(Ein — Ein).  (A19)
Namely, one should take as a perturbation V = LS ® R, an ini-
tial state |in) =| k) ® |E), a final state [fin) =| [) ® |E’) (|E)
denotes the reservoir’s energy eigenstate), and integrate over
the initial reservoir’s states with the equilibrium distribution
and over all the final reservoir’s states.

The above interpretation allows us to justify the extension
of the construction of a thermal generator to the case of a heat

PHYSICAL REVIEW E 85, 061126 (2012)

bath consisting of noninteracting particles at low density n
and thermal equilibrium (see [27] for a rigorous derivation). In
this case, a fundamental relaxation process is a scattering of a
single bath particle with the system described by the scattering
matrix 7. The scattering matrix can be decomposed as 7' =
Z{w} S, ® R,, where now R, are single-particle operators.
Then the structure of the corresponding master equation is
again given by Eq. (A17) with

y(@) = 2 / ey / & FSEF) — EF) — ho)M(P)|
x T,(p', p)I? (A20)

resembling a properly averaged expression (A19). Here the
initial (final) state has a structure |k) ® |p) (|1) ® |p')), M(p)
is the equilibrium (Maxwell) initial distribution of particle
momenta, with | p) being the particle momentum eigenvector,
and E(p) is the kinetic energy of a particle. The perturbation
V in Eq. (A19) is replaced by the scattering matrix 7 (equal
to V for the Born approximation) and finally

To(p'.p) = (P'IRu| D). (A2D)

APPENDIX B: THERMAL GENERATORS
FOR PERIODIC DRIVING

In order to construct models of quantum heat engines
or powered refrigerators, we have to extend the presented
derivations of the Markovian master equation to the case of
periodically driven systems. Fortunately, we can essentially
repeat the previous derivation with the following amendments:

(i) The system (physical, renormalized) Hamiltonian is now
periodic,

H(t) = H(t + 1), U(t,O)ETeXp{ —%/ H(s)ds},
0

B1)

and the role of constant Hamiltonian is played by H defined
as

H= Zek|k)(k|, U(z,0) = ¢ H1/N, (B2)
k

(i) The Fourier decomposition (A10) is replaced by the
following one:

Ut,0) SU(t,0) = Z Z g,

g€l {w}

(B3)

where Q = 27/t and {w} = {e; — €;}. The decomposition of
the above follows from the Floquet theory, however for our
model we can obtain it directly using the manifest expressions
for the propagator U (¢,0).

(iii) The generator in the interaction picture has the form

£=ZZ:£W’ (B4)
g€l {w)}
where
Logh = 370+ gD Suq-She] + [Suqp.She))
FEPRIS] 5,01+ (SLy0 g (B)
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Returning to the Schrodinger picture, we obtain the following
master equation:

dp(t) _

z —;—[H(t),p(t)]-l-ﬁ(f)/)(f), 120, (B6)

where
L(t) = L(t + T) = U,0)LUE,0),
(B7)
Ut,0)- = U(t,0) - U(z,0).

In particular, one can represent the solution of Eq. (B6) in the
form

p(t) = U,0e” p(0), 1> 0. (BS)
Any state satisfying £5 = 0 defines a periodic steady state
(limit cycle),

pt) =U(,0)p = p(t + 1),

Finally, one should notice that in the case of multiple couplings
and multiple heat baths, the generator £ can always be
represented as an appropriate sum of the terms like (A17).

t>0. (B9)

APPENDIX C: HEAT FLOWS AND POWER
FOR PERIODICALLY DRIVEN OPEN SYSTEMS

‘We consider a periodically driven system coupled to several
heat baths with the additional index j labeling them. Then the
generator in the interaction picture has the form

M
c=Y Y Y al, o

j=1 geZ {w>0}

where any single L',C{,q has a structure of Eq. (B5) with the
appropriate y;(w). Notice that a single component Ei)q is also
a LGKS generator and possesses a Gibbs-like stationary state
written in terms of the averaged Hamiltonian H,
w+qQ2 H
ek sTj }

Py =2" x| ©2)

The corresponding time-dependent objects satisfy
LI 0P, =0, LI, (6) =UE.0)L],U@0),
Pro(t) = U005, = p;,(t + ).

Using the decomposition (C1), one can define a local heat
current which corresponds to the exchange of energy w + g2
with the jth heat bath for any initial state,

C3)

. +49 , . .
Th0) = LT [L],0pO]A®). AW = U0 H,

(C4)
or in the equivalent form,

T, = —kgT;Te{[ L] (0)p®)] In 5]} (C5)

The heat current associated with the jth bath is a sum of
the corresponding local ones,

T = —ksT; ) Y Tr{[£],(0p1)]In 5,0}, (C6)

gl {w=0}

PHYSICAL REVIEW E 85, 061126 (2012)

In order to prove the second law, we use Spohn’s inequality [3],
Tr([Lp]lInp —Inp]) < O, (e0))

which is valid for any LGKS generator £ with a stationary
state p.

Computing now the time derivative of the entropy S(¢) =
—kpTrp(t)In p(t) and applying (C7), one obtains the second
law in the form

M

d T (t)
Esa)—z T >0, (C8)

j=1

where S(t) = —kgTr[p(¢)In p(t)].
The heat currents in the steady state p(¢) are time-
independent and given by

Ji=—kgT; > Y Te[(L],p)Inp),]. (€9
q€Z {0=0}

They satisfy the second law in the form

M ~ .
J
> g <0 (C10)
j=t
while, according to the first law,
M ~
— Ji==-F=P (C11)

is the averaged power (negative when the system acts as a heat
engine). Notice that in the case of a single heat bath, the heat
current is always strictly positive except for the case of no
driving, when it is equal to zero.

Notice that for the constant Hamiltonian, the above for-
mulas are also applicable after removing the index g, which
implies also that Z;W:] Ji=o0.

APPENDIX D: VAN HOVE PHENOMENON

A natural physical stability condition which should be
satisfied by any model of an open quantum system is that its
total Hamiltonian should be bounded from below and should
possess a ground state. In the case of systems coupled linearly
to bosonic heat baths, it implies the existence of the ground
state for the following bosonic Hamiltonian [compare with
Eq. (35)]:

Hyos = Y _{w(k)a'(k)a(k) + [g(k)ak) + g(k)a' ()]}
k

(D1

Introducing a formal transformation to a new set of bosonic
operators,

a(k) — b(k) = a(k) + @ (D2)
w(k)
we can write
Huos = Y (k)b (k)b(k) — Eo, Eg =Y 8®F g
- — w(k)
with the formal ground state |0) satisfying
b(k)|0) =0 forall k. (D4)
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For the interesting case of an infinite set of modes {k}, labeled
by the d-dimensional wave vectors, two problems can appear:

(i) The ground state energy E( can be infinite, i.e., it does
not satisfy

lg(k)I?
Xk: ol <% (D5)

(ii) The transformation (D2) can be implemented by a unitary
one, i.e., b(k) = Ua(k)U" if and only if

HOIS
Xk: o <% (D6)

PHYSICAL REVIEW E 85, 061126 (2012)

Nonexistence of such a unitary implies nonexistence of the
ground state (D4) (in the Fock space of the bosonic field), and
this is called the van Hove phenomenon [39].

While the divergence of the sums (D5) and (D6) (or
integrals for the infinite volume case) for large |k| can
be avoided by applying the ultraviolet cutoff, the stronger
condition (D6) puts restrictions on the form of g(k) at low
frequencies. Assuming that w(k) = v|k| and g(k) = g(w), the
condition (D6) is satisfied for the following low-frequency
scaling in the d-dimesional case:

lg(@)> ~ o, k>2—d. (D7)
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In this work we present the concept of a quantum flywheel coupled to a quantum heat engine. The flywheel
stores useful work in its energy levels, while additional power is extracted continuously from the device. Generally,
the energy exchange between a quantum engine and a quantized work repository is accompanied by heat, which
degrades the charging efficiency. Specifically when the quantum harmonic oscillator acts as a work repository,
quantum and thermal fluctuations dominate the dynamics. Quantum monitoring and feedback control are applied
to the flywheel in order to reach steady state and regulate its operation. To maximize the charging efficiency one
needs a balance between the information gained by measuring the system and the information fed back to the
system. The dynamics of the flywheel are described by a stochastic master equation that accounts for the engine,
the external driving, the measurement, and the feedback operations.

DOI: 10.1103/PhysRevA.93.052119

I. INTRODUCTION

A flywheel is a device that stores kinetic energy in the
rotational motion of the wheel and supplies it on demand.
In many devices the flywheel is an essential component for
extracting work from an engine. The main tasks of a flywheel
are twofold: transducing discrete energy into continuous power
and storing useful work. This energy reserve can be rapidly
drained on demand, ultimately extracting more power than
the charging engine can supply. Miniaturizing heat engines
and refrigerators received much attention in the past decade.
Experimental setups of such devices were constructed in the
micrometers domain [1,2], and recently the operation of a
single-atom heat engine was reported [3]. Many theoretical
studies of these devices were extended to the quantum domain,
concentrated on the study of efficiency, power extraction,
and thermodynamic laws (see reviews [4-8] and references
therein). Work extraction from quantum systems and their
charging were also studied extensively [9-12].

Any realistic engine is regulated by monitoring and a
feedback loop. The purpose is to control its timing, adjust its
frequency and amplitude to match the other parts of the device,
and to compensate for unpredictable disturbances. Recent
theoretical studies demonstrated that quantum properties such
as coherence and correlations enhance the work extracted from
the system [13—17]. Future quantum technologies aiming to
exploit these quantum features will encounter the issue of
regulating the device. Standard ideal quantum measurements
will demolish these features. Therefore, to overcome this
problem a conceivable approach to regulate the quantum
device is by continuous weak measurements (monitoring)
and feedback control. Another fundamental problem which is
demonstrated in this study and that is resolved by monitoring
and feedback control is the unlimited entropy increase of the
work repository; i.e., proliferating fluctuations catastrophically
heat up the flywheel.

In this paper we introduce the concept of a quantum
flywheel as part of a quantum heat engine. The flywheel is
composed of a quantum harmonic oscillator (HO) interacting
with a two-qubit quantum heat engine. It is worth comparing
this setup to two cases. The first is when the HO (the flywheel)

2469-9926/2016/93(5)/052119(9)
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is driven by a laser field in the semiclassical approximation
instead of being driven by a quantum heat engine. In this case,
energy is constantly flowing into the HO and in principle can
be fully extracted back as useful work. The entropy of the
HO will not change under the driving of the laser field. The
second is when the flywheel (the HO) is replaced by an external
classical field. In such case the engine would operate in steady
state and power can continuously be extracted from the engine
(see Appendix A). However, we will see that when all the parts
of the device are quantized, i.e., the medium of the engine is
a single qubit and the work repository is a quantum HO, the
flywheel will be subject to a fatal growth of fluctuations and
establishment of steady state is impossible. The HO is unstable
even when an external driving field is utilized to extract power
and stabilize it. Note that the instability we are facing is not the
amplification of the energy in the flywheel. Such instability
will accrue in any unbounded system that is constantly fed
with energy. In this study we are interested in the quality of the
energy stored in the flywheel and in overcoming the destructive
fluctuations. By applying monitoring and feedback control we
obtain a steady-state operation for the flywheel, continuously
gaining power, and storing useful work in the flywheel that
later can be extracted.

Monitored and controlled quantum heat engines are still
to be realized experimentally; however, the individual compo-
nents already exist. Quantum monitoring and feedback control
experiments exists for various HO’s such as electromagnetic
cavity, nanomechanical oscillators, trapped particles, and
superconducting circuits; see the review [18] and references
therein. Single microscopic quantum heat engine realizations
are still under development with only a few examples available
[3,19].

II. HEAT ENGINE OPERATION

The basic concept of a quantum heat engine (similar to the
classical one) consists of two thermal heat baths at different
temperature, a working medium, and a work repository. In
the quantum counterpart the working medium is quantized
and the work repository can be an external classical field
[4,20] or it can be quantized as well [21]. Here we consider

©2016 American Physical Society
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FIG. 1. General scheme of a heat engine with a flywheel.
(a) The state of two qubits of the heat engine, coupled to heat baths
at temperatures 7;, and T, is represented as a two-qubit state with
population inversion between the second and third energy levels. The
size of the sphere represents the population in each level. (b) The
population inversion in the engine corresponds to a heat bath with
the inverse negative temperature 8, . This bath is coupled to the har-
monic oscillator (flywheel), increasing exponentially its energy and
the width of phase-space probability distribution. (c) Measurement
of the quadratures of the harmonic oscillator, resulting in the signal
¢. The signal is then fed back to the oscillator to ensure a steady state.
(d) Energy flow chart of the different components in the steady state
of the flywheel.

the operation of a continuous quantum engine for which the
heat baths and the work repository are coupled simultaneously
and continuously to the working medium [4]. The working
medium is comprised of two qubits, with the Hamiltonians
H, = wyata and H, = w.b'h. Each qubit is weakly coupled
to a different heat bath with the inverse temperature g and
Bc, where the indexes 2 and c¢ stand for hot and cold.
The dynamics of the qubits follow the standard thermalizing
master equation of Lindblad-Gorini-Kossakowski-Sudarshan
(LGKS) [22-24]. The asymptotic two-qubit state f;° @ p°
is the product of the thermal equilibrium Gibbs states of the
two qubits, respectively, at hot and cold temperatures 1/8;,
and 1/B.. Satisfying the heat engine conditions, B;/8. <
w./wy, < 1, population inversion is obtained between the third
level |10) and the second level |01) [see Fig. 1(a)]. The
populations of these states are given by pjo = n,(1 — n.) and
pot = ne(1 — ny). Here, npe) = [exp(Buey@ne) + 117" are
the thermal occupation numbers in p7,,. The second and the
third levels are treated as an effective two-level system (TLS)
with the energy gap w, = w, — o, (we take i = kg = 1). The
state of this TLS is a Gibbs state with a negative effective
temperature

1 - w.
— = _@nT® (1)
Be  Bron — Bewe
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We exploit the TLS population inversion to “charge”
a quantum harmonic oscillator (HO) with useful work.
The Hamiltonian of the HO and the TLS-HO interaction
Hamiltonian are given by A, = w,67é and K = ig(&fl;é —
abtet), respectively. Given that the thermalization time of
the qubits is much shorter then the internal time scale,
g+ (@Té> + 1K Fh(c)[l + exp (—ﬂh(c)a);,(c))], the TLS can be
considered heuristically as a heat bath with negative temper-
ature weakly coupled to the HO. We prove that indeed the
state 0 of the HO satisfies the standard thermalizing master
equation extended to negative temperature 1/8,, which in the
interaction picture of H, takes the form
b _ L.p =T epet — Hetep)
dt
+ e Peee(et pe — Heet p). )

The damping rate I', is proportional to the squared coupling
g%, and depends on the parameters of the engine, such as
the occupations n) and the rates 'y, (see Appendix B).
The notation H stands for the Hermitian part of everything
coming after it (different from the convention in Ref. [25]).
A rigorous derivation of Eq. (2) can be found in Appendix B.
The following results are not limited to the specific medium
of the engine and will apply to any dynamics that will lead to
the thermalizing master equation with negative temperature.
For example the two qubits can be replaced by a three-level
system or two HO’s. As long as the three-body interaction K
is kept, the structure of Eq. (2) with negative temperature is
preserved. The only difference would be the specifics of the
relaxation rate I",.

Since B, < 0 the master equation (2) has no steady-state
solution, energy will constantly flow into the flywheel. The
parameters containing the superscript ~ are negative. The
standard equations remain valid for the mean amplitude (¢),
and the occupation (¢1¢),:

e

;?’ = — (kT + iw,) (@), 3)
d(ete :

(;:>’ = —2k;(¢1e), + Te P, 4)

where the amplitude damping rate
Kk, = 3T(1—ePe) 5)

takes negative values since B, < 0 (Appendix B). Therefore
both (¢), and (éte) , (and all higher moments) diverge exponen-
tially with time [see Fig. 1(b)] resulting in the instability of the
dynamics against small perturbations. In particular, an initial
Gibbs state maintains its form but with an exponentially grow-
ing temperature 1/8; = w,/In(1 + (éTé)t_l). Thus, A(t)
exp (—B,w,¢é1¢) is an unstable solution of the master equation
(2). Any small perturbation will divert it from the class of Gibbs
states. A more general class of solutions, displaced Gibbs
states O(f) ox exp [—Brw, (¢ — (é),)T(é — (&),)], with effective
temperature 1/, = w,/In[1 + ((¢1¢), — |(é)t|2)71] will, in
principle, be suitable for work extraction. But this option is
misleading since the instability of the above solutions is not
yet resolved.

052119-2
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A reasonable approach to stabilize the flywheel while
extracting additional power is achieved by driving the HO
via a resonant oscillating external field. The field is expressed
by the time-dependent Hamiltonian, Hy(t) = —ieqéte ool 4
H.c. The master equation in the interaction picture (2) becomes
modified by a static Hamiltonian term (see Appendix C):

dp

_ZEeA_ AT_AaAo~ 6

ar P —eqle' — ¢, Pl (6)
Indeed, Eq. (6) leads to a stationary amplitude with a rotating
phase: (¢), = —(eq/k;)e™'"". Nevertheless, the stationary

state remains unstable, the occupation number and higher
moments diverge invariably. Driving in itself cannot solve the
instability issue. Unlimited growth of quantum and thermal
fluctuations must be suppressed by active control of the
flywheel.

III. MEASUREMENT AND FEEDBACK CONTROL
A. Monitoring

Continuous measurement, i.e., monitoring, is the first task
towards implementing feedback control [25]. By applying
monitoring and feedback control we can stabilize the flywheel
and charge it with useful work. Consider a time-continuous
measurement of both quadratures ¥ = %(@Jr +¢) and § =

\/Li(éT — ¢) of the HO. Generalizing the result of [26], we

simultaneously monitor X and y [see Fig. 1(c)]. The dynamics
is described by a stochastic master equation (SME) for
the density operator & conditioned on both measurement
signals X, (see Appendix D). The stochastic mean M of the
conditional state yields the unconditional state, i.e., M& = p
satisfying a corresponding master equation of the usual LGKS
structure. It differs from the master equation of Eq. (6) by the

additional monitoring term
Lnp = —(pet —Helep + éTpe — Hee'p), (D)

where y,, is the measurement strength. This generator corre-
sponds to an infinite-temperature heat bath. Hence, the act of
monitoring additionally heats the flywheel and contributes to
the undesirable proliferating fluctuations of the HO.

B. Feedback control

Stabilization is accomplished by a feedback loop condi-
tioned on the measured signals X,y. As a result, the HO is
kept in the vicinity of the constant rotating amplitude set
by the external driving. The feedback Hamiltonian in the
Schrodinger picture is given by ﬁf(t) = —i/cfE(t)éT + H.c.,
where ¢ = \/LE(X +iy) is the complex representation of the
two real signals X and y, and « is the feedback strength.
By setting the value of « s the steady state of the flywheel is
guaranteed. The feedback is applied on top of the monitored
evolution [27], & 4+ d& — e "1 (& + d6)e'tr?, yielding a
SME for the conditional state, Appendix E. Averaging over
many realizations, the master equation of the unconditional
state reads

PN

d
Lo Lot Lu+Lpp—eld =25 B
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The dissipative contribution of the feedback is

m

K2
L6 = (-f + ks |@set —Hetes)

s .
+<_f - Kf)(@fa@ — Hee's). ©)
Vi

m

For ks > y,, this corresponds to a thermal bath of positive
temperature. Entering the regime 0 < x; < y,, the cooling
effect of £y within the sum £, + £, + L ; becomes enhanced
although L, ceases to be a mathematically correct dissipator
in itself. Equation (8) can be written in a compact form,

+Te Pt pe — Heet p) — eqlét — e,p], (10)
where I" and g are determined by

2

K
r=re+%’”+—f+/<f, (1n
Ym
_ ¥, K5
e PoT = Peeher 4 7 4 L —ky. (12)

m

The effective temperature 1/8 becomes positive by setting
the feedback strength above the threshold: k f > —«,". To sum-
marize, as a result of the feedback the negative-temperature
heat bath and the negative amplitude damping rate «,” for HO
become an effective positive-temperature heat bath with the
amplitude damping rate « y +«, > 0.

IV. STEADY STATE AND WORK EXTRACTION

For sufficiently strong feedback « r, satisfying « y + «, >
0, Eqg. (10) is a standard thermalizing master equation with
resonant external driving. It has a unique stationary state which
in the Schrodinger picture is a thermal state with rotating
displacement also known as a thermal coherent state (see
Appendix E),

P ox expl—Pw,(é — oo™ (E — cooe )], (13)

£ < (). Hence, the mean amplitude rotates,
K ftKe

(&) o = Cooe ™' its phase is shifted by — /2 with respect to
the external driving. The average population is given by the
sum of the Bose statistic n,, and the yield of displacement

where coo = —

(¢1¢)o0 +lesolr =np+ e’ (14)

= ePor — 1

We distinguish two opposing regimes of the steady-state
operation of the flywheel. The first is the deep quantum
regime, n,,|cs|> < 1, where the flywheel is operating in the
vicinity of its ground state. The second is the classical regime
in which both the thermal occupation and the displacement
are large numbers, g, |Coo|> > 1. The two crossed regimes
also present peculiar quantum features. Recall that weak
coupling condition sets an asymptotic upper limit on the
total occupation in Eq. (14). This implies asymptotic upper
limits on the temperature 1/8, excluding too high thermal
occupations n,, as well as on the driving strength €4, confining
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FIG. 2. Charging efficiency as function of measurement strength
vm and feedback strength «,. The percentage of useful work out
of the entire energy stored in the flywheel has a maximum for the
ratio y,, /ky = 2, and it is further maximized for « ; approaching its
threshold |« | =5 x 1078. Here: w, = 1, B, = —10",, T, = 1079,
ande; =9 x 1072,

A

the displacements (¢).,. Thus, accessibility to the classical
regime depends on the physical properties of the two-qubit
heat engine and its coupling g to the flywheel. The steady
state (13) becomes a displaced Gibbs state and as such, it is
suitable for work extraction. The internal energy of the steady
state is given by & = w,(n, + |cxo|?). Applying a unitary
displacement transformation can bring the state in Eq. (13)
into a Gibbs state (passive state) with the temperature 1/8.
Thus, the part of the internal energy that is due to ¢, can all
be extracted by the unitary operation as the maximum useful
work

€2

W=w,|ce|? = ——4
el =

5)
which is independent of the strength y,, of the monitoring. The
charging efficiency of the flywheel can be defined as the ratio

between useful work and the internal energy stored in the HO
(see Fig. 2),

w 1
E  14ny/lcel?

The efficiency is improved for small thermal occupation 7,
and large displacement c.,. The occupation n, becomes small
when the effective temperature 1/8 is reduced. Interestingly,
this singles out the optimum measurement strength y,, which
has so far remained unconstrained. From Egs. (11) and (12)
we find that 1/8 takes its minimum value with the choice
Ym = 2i; obtaining minimum for n, and maximum for the
charging efficiency:

n= 16)

1
1 4 T, eiﬂ;w"(Kf _|_Ke—)2'

2
2¢5

My,=2¢, = a7

The efficiency 7y, -2, together with the extractable work W
reach higher values if we increase the displacement |c|. In
particular, the efficiency approaches its maximal value 1 when
the feedback «; approaches its lower threshold, x y — —«, .
A different technique to maximize both the efficiency and the
work is by increasing €4, i.e., applying a stronger driving field.
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Nevertheless, as was already mentioned, these two approaches
are limited by the weak-coupling condition.

V. ENERGY FLOWS IN STEADY STATE

A macroscopic flywheel at rest requires an input work
(initial push) to reach the vicinity of steady state. At this point
the output power is larger than the input power. Regulating the
flywheel also has energetic costs that should be accounted for.
These energetic considerations, in principle, also apply to the
quantum flywheel. However, the related calculations require
a novel approach to heat flow and power in quantum systems
under stochastic control.

The standard definition of thermodynamic heat flow 7 and
power P in open quantum systems is given [28] by the time
derivative of the internal energy £ = tr[pH] in the following
manner:

d€ = u[dpH] + w[pdH] = Jdt + Pdt. (18)

The Hamiltonian and the state of the system are typi-
cally stochastic in the theory of monitoring and feedback
control. Since stochastic fluctuations are microscopic, the
thermodynamic definition of the internal energy is given by
the stochastic mean of the microscopic energy, Mtr(6 H).
This leads to the following generalization of the standard
thermodynamic relation:

d€ = Mtr[dé6 H] + Mu[6dH] = Jdt + Pdt. (19)

The differentials in Eq. (19) must be Stratonovich ones instead
of those of Ito. For the Ito differentials the right-hand side
should contain the so-called Ito correction Mtr[dé d H ] which
would jeopardize the split of d€ between heat flow and power.
In Appendix F we derive a lower bound on the extractable
power, demonstrating that the power is gained from the device
and not consumed by it.

We summarize the plausible structure of energy currents
[see Fig. 1(d)]. The steady-state energy balance contains five
different currents: £ = J, + Jn + Iy + Py + Py = 0. The
heat flowing into the flywheel has two contributions, the first
is from the engine, 7., the second is from the monitoring
device, J,,. Power from the driving field, P, is also consumed
by the flywheel, and serves as an input power activating the
flywheel. This power is overcompensated by the output power
P realized by the feedback. In addition, the outflow J; cools
the flywheel, thereby stabilizing it and lowering the entropy
produced in the flywheel as a result of the engine and the
monitoring operations. In the case 8, — 0~ of no population
inversion in the engine, the heat flow 7, and the consumable
power must vanish. The work in Eq. (15) stored in the flywheel
reaches its minimal, yet positive, value W = wgej //c]%.

VI. SUMMARY

Population inversion, corresponding to negative tempera-
ture 1/B, in a few-level quantum heat engine was established
a long time ago [29] and has been considered in detail [30].
In this paper we have shown that the heat engine operation is
equivalent to a negative-temperature heat bath in the standard
dynamical sense. Thus, its influence on the work repository is
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the typical thermalizing master equation extended to negative
temperature 1/8,.

Work extraction is still an outstanding issue because of the
spread of thermal and quantum noise over the work repository,
which in our case is a quantum HO. If the HO is replaced by an
idealized classical field, all the energy flowing out of the engine
can in principle be extracted as power. If the HO is driven by
a coherent laser field instead of the quantum heat engine then
all energy stored in the flywheel can be extracted from it as
work. However, when the work repository is quantized and the
heat engine medium is a single qubit, the work exchange is
accompanied with heat exchange, which degrades the charging
efficiency. In this paper we introduced a generic approach
that can be applied to resolve such problems. Specifically,
we demonstrated the difficulties of storing useful work in
a quantum harmonic oscillator. Overcoming the unlimited
growth of fluctuations, regulating and stabilizing the flywheel
is achieved by applying monitoring and feedback control to
the system.

The steady state, the power, and the stored extractable
energy of the flywheel are determined analytically. While
the amount of work stored in the flywheel is independent
of the accuracy of the monitoring, the charging efficiency is
optimized for a particular ratio between the monitoring and the
feedback strength. Thus, a maximum is achieved by balancing
the information gained by monitoring the flywheel with the
information fed back to the flywheel. The balance coincides
with minimum temperature of the flywheel. Breaking this
balance implies that the phase-space distribution is no longer
optimal for work extraction from the flywheel. Note that
to obtain steady-state operation one could cool the HO
by coupling it to a cold thermal bath instead of applying
monitoring and feedback control. A second cold bath would
mean a new thermodynamic resource in addition to the heat
engine with its two heat baths. We wished, however, to
investigate how to exploit the thermodynamic resource given
by the heat engine itself, using additional control mechanisms
only. A more crucial point is that by monitoring and feedback
we can optimize the charging efficiency and obtain a regime of
operation that no thermal bath will allow. In this regime, where

J

—Pp® =
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K < ¥m, the cooling is enhanced and the dynamics cannot be
described by a thermal bath.

This model is a prototype of an analytically tractable model
of a quantum heat engine coupled to a single degree-of-
freedom work repository, operating continuously in steady
state under quantum control. Experiments which employ quan-
tum monitoring and feedback strategies are becoming common
[18,31-33]. Future advances in quantum technologies depend
on our ability to control and manipulate quantum systems. A
firm theoretical foundation relating systems that are subject to
quantum monitoring and feedback control with basic concepts
of thermodynamics is still missing.
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APPENDIX A: POWER EXTRACTION VIA CLASSICAL
PERIODIC FIELD

Steady-state power extraction without storing work is
possible by just by driving the engine directly without the
flywheel. Power is gained by amplification of a classical
rotating field in resonance with the two TLS’s. The interaction
Hamiltonian is given by K (1) = —ie(ab' e'®" — a'he=i").
For weak driving, the master equation for the two TLS’s, pp.,
in the interaction picture of ﬁh and I:IC is

dpne _ DT ATEN A A A

7 = _[E(ab —a b)aphc] + L:hlohc + Ecphca (Al)
where L) are defined in Eq. (B1). The master equation
(A1) possesses a unique stationary state. The stationary output
power

4620)0 (nh - nc)

(A2)

is positive. This implies that steady-state power extraction can
be obtained from a periodically driven field. Note that for
strong driving there is also a steady-state power extraction
from the engine. Nevertheless, the master equation (A1) must
be modified. Derivation of a master equation driven by a strong
periodic field can be found in [20].

APPENDIX B: TRIPARTITE HEAT ENGINE

We use an interaction picture for its convenience especially
for our master equations. The stochastic master equations of
monitoring and feedback are presented in the Schrodinger
picture for transparency. Heat flow and power are, as a rule,

— — >0
4€2[T; (1= na) + T 11 = no)] 4+ D1+ e~Pron) £ To(1 4 e i)

(

defined in the Schrodinger picture. We derive the master
equation for the harmonic oscillator (HO) subject to the
operation of the engine. The quantum heat engine is comprised
of two two-level systems (TLS’s), with the Hamiltonians
H, = w,a'é and H. = w.b'h. The two TLS’s are coupled to
a hot and a cold heat bath, respectively, at temperatures 7;, >
T.. The dynamics follow the Lindblad-Gorini-Kossakowski-
Sudarshan dynamics [22,23], and in the interaction picture of
Hi the corresponding master equations read

dp \ \
% = Twlagna! — Ha'ap, + e Pl pra — Haa' py)]

= Lupn,
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dp. o - N
d’; =T [bp.b' — Hb'bp. + e P (bt p.b — Mbb' p,)]

= Lecpe, (BI)

where I'j, are the damping rates. (In our convention, different
from that of Ref. [25], H denotes the Hermitian part of all that
stands after it.) The heat baths bring the TLS’s to thermal
equilibrium states p;,, with the occupation numbers n) =
1/(ePro@o 4 1), and with the inverse temperatures B =
1/ Ty, respectively.

The two TLS’s are then weekly coupled to a quantum
HO of the self-Hamiltonian A, = w,éé, via the tripartite
Hamiltonian

K = —igab'¢t + He. (B2)

We work in resonance, w, = wy — w., and in the weak
coupling regime for which a local master equation holds [34].
The master equation in the interaction picture for the tripartite
state p3 of the TLS’s coupled to the HO is written as

dps

L+ K)p B3
r (L + K)ps, (B3)
with £ = L, + L. and
Kps = —ilK,ps). (B4)

We will derive the effective master equation for the HO state p
assuming that the TLS’s are initially in their equilibrium states
Pre = P> ® p° and the initial state of the tripartite system
is the product state p3(0) = p;c ® p(0). The solution of the
master equation (B3) can be written in the implicit form

t
p3(1) = p3(0) +/ ds "I pa(s), (B5)
0

which we can confirm by taking the time derivative of both
sides of the equation, and using the relation £p5(0) = 0.
Inserting the above solution into the right-hand side of
Eq. (B3), we obtain

d p3(1)

dt
We assume that p3(s) =~ 0;° @ p(s). This assumption is
justified when the thermalization time of the TLS’s is faster
than the time scale in which the system is changed significantly

due to coupling (B2). Taking the partial trace over the TLS’s
dp(t)

dt
Here we have used the relations try [Kp;o] =0 and
trpe [ L fol e“1=9KCp°] = 0. Performing the standard Marko-

vian approximations [24] we obtain

dp(t)

dt

which can be written explicitly as

dp

o :—trhc[k,/(; dseﬁs[A,,@Zf@ﬁ]}

—wi/cM@mekﬁﬁ®ﬁH (B9)
0

= Kp30) + (L +K) / ds e“"IKps(s).  (B6)
0

t
= tr), [IC / ds "I @ ﬁ(s)]. (B7)
0

= trhC[K f ds “Kpe ® ﬁ(t)], (B8)
0
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Making use of the relation

X X 1
eﬁleK = K exp |:—§ Z r,a+ e_ﬁ/a)r)s:|’ (B10)

I=h,c
we have

ab _ (2¢g)’
dt Y Ti(1 +ehon)

+ (@' Yo (BB ) (&7 pE — HeeT p)],

(B11)

where ()., stands for the expectation value with respect to
the TLS’s thermal equilibrium states ,6,‘,’?6). Finally, the master
equation for the HO subject to the engine operation takes the
form

dp ,
_—= gA:FeAAAT—HATAA
o 12 (epe ¢'ep)
+ e Peee(etpe — Heet p), (B12)
where
1- 2 1- c)lte
I, = Qgr—a—mdznane g3
Fh(l - nc) + Fc(l - nh)
and the output temperature of the heat engine is
B = Brown — ﬂcwc, (B14)

wp — Wc

which is a function of the TLS’s excitation energies and
temperatures only. We operate the system as a heat engine,
ie., T,/T, > w,/w. > 1, the effective temperature is negative,
ie., 1/B8, < 0, and the HO will not reach a stable asymptotic
state, as we show below. The master equation (B12) together
with the Hamiltonian H, yield closed evolution equations for
the mean amplitude (¢), as well as for the occupation (¢f¢),:

de
Y _ (e +iwn) o). (B15)
dt
d(ete .
CO e ietey +1, eFooe, (B16)
dt
where
Kk, =AT.(1—eP) <0 (B17)

is the standard amplitude damping constant. This time it is
negative since 8, < 0 therefore both (¢), and (éTé), diverge
exponentially with time. In particular, a thermal state remains
thermal, the temperature is increasing exponentially as can be
shown by the simple solution of Eq. (B16) for the occupation.
Note, however, that our model is only valid in the weak
coupling regime where the thermalization time is shorter than
the internal time scale. This implies that the occupation must
be limited by

gV(ETe) + 1 < Ty (1 4 e Prowron),

APPENDIX C: EXTERNAL DRIVING

(B18)

Coupling the HO to a resonant oscillating external field.
Via such driving one would expect to extract power. Consider
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the time-dependent Hamiltonian in the Schrodinger picture,
Hy(t) = —ieq(@" e — g™, (C1)

where €; > 0. In the interaction picture, the master equation
(B12) is modified by an additional static Hamiltonian:

dp
dr

Now the right-hand side of Eq. (B15) of the mean ampli-
tude acquires an additional term —e; e~'®!. This allows an
exceptional stationary solution of constant amplitude with the
rotating phase:

=L.p — eqlét —¢,p]. (C2)

@), = —G—'ie_i“"” = const x e, (C3)
Ke

This solution is unstable since all neighboring solutions
exponentially diverge with ¢. As to the occupation (¢¢),, the
right-hand side of Eq. (B16) acquires the additional linear term
—eq((&h) . — (€),), hence the occupation remains exponentially
divergent; there is no steady-state solution under external
driving. The stability issue of the HO is still not resolved.

APPENDIX D: MONITORING

Continuous measurement, i.e., monitoring, is the first task
towards feedback control on the system [25]. Here we consider
the time-continuous measurement of both quadratures * =
J%(éf +¢é&)and § = JLE(N — &) of the HO. Generalizing the
result of [26] for monitoring simultaneously X and ¥, we can
write the following stochastic master equation (SME) in the
Schrodinger picture for the density matrix 6 conditioned on
both measurement signals &, y:

d6 = —i[H,.6)dt — ﬁ[x [£.61)dt — ?[y [$.611dt
+HSVm (R = (£),)6 déx + H SV (P — (§)0)6 dE,.
(DI1)

All expectation values (), are understood in the stochastic
conditional state 5. The measurement signals satisfy

xdt = (&), dt + s . ydt = (9),dt + ﬁ. (D2)
N Vm

Here dé&.,d&, are Ito increments of independent standard
Wiener processes, satisfying

(d&)* = (d&))* =dt, dEdE, =0, MdE,

= Mdgy == 0,

(D3)
with the symbol M for stochastic mean, and y,, for the
measurement strength. (Note that we changed y,, in Ref. [26]
for y,,/2.) We can return to complex notation, i.e., we rewrite
the above equations in terms of ¢,¢7 and the corresponding
complex signal ¢ = (X +i7)/+/2. We define the complex
Wiener increment as

d&, + idE,

dé§ = 5

(D4)

which satisfies

(d&)? = (dE*)? =0, d&*de =dt, MdgE = Mdg* = 0.

(D5)
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The SME (D1) of the conditional state becomes

dé = —i[H,.6]dt + ﬁ(@ﬁ@* Hetes + ot pe — Heets)
+ SV HI(E — (8),)dE* + H.c.16 = —i[H,,6]1dt

+ Lpbdt + Sy HI@ — (6),)dE* + Hels.  (D6)

Equations (D2) of the real signals take the following form for
the complex signal:

dé§
NS
Applying this time-continuous measurement to the HO which

is coupled to the heat engine and driven by the external field,
cf. Eq. (C2), we get the following SME:

cdt = (&), dt +

D7)

dé = —i[H,.61dt + (L, + L,)édt — eg[éle! — ¢,6)dt
+ SV HI(E — (€),)dE* + H.c.]6 (D8)

The state 6 of the HO is the conditioned state on the measured
signal (D7), its stochastic mean is the unconditional density
matrix: M6 = p. Taking the stochastic mean M of both sides
of the SME, we are left with the master equation of the
unconditional state:

dp

= =L + L)p — ealét — &,p1. (D9)

As a result of the measurement, additional heat flows into
the oscillator, the damping rate becomes I', + y,,, and the
inverse “temperature” B, is modified but remains negative.
The exceptional steady amplitude (C3) exists with the modified
parameters, but it is unstable like all other solutions.

APPENDIX E: FEEDBACK CONTROL

Using the measured signal in Eq. (D7), we control the state
of the HO in the vicinity of the constant rotating amplitude set
by the external driving in such a way that we get a true stable
steady state. Consider the following feedback Hamiltonian in
the Schrodinger picture:

H(t) = —ikse(t)é + Hee. (E1)

Here « is the feedback strength. We apply the feedback [27]
on top of the monitored evolution described by Eq. (D8):

6 +dé — e Hrdi(5 4+ d)elfirdt, (E2)

Expanding the right-hand side into a series, keeping first-order
terms in dt, and keeping in mind that |d£|?> = dt, the terms
that are left for evaluation are —i[Hdt,6], —i[Hydt,g6],
and —%[Hfdt, [Hdt,6]]. The final SME including feedback
reads

dé = —i[H,,81dt + (Lo + Lo + £f>6dt

—eqlefe! !t — eI 51dr —

+ VY HI(E

—1_(¢tde — ede* .6
Vi

Yo )d&* + H.c.]16 (E3)
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The dissipative contribution of the feedback reads

I N
L:6 =Ltk )@se" —Heles)

For ks > v, this corresponds to a thermal bath of positive
temperature. Entering the regime 0 < x; < y,, the cooling
effect of £ within the sum £, + £, + £y becomes enhanced
although L ceases to be a mathematically correct dissipator
in itself. Taking the stochastic mean over Eq. (E3) we obtain
the master equation of the unconditional state which in the
interaction picture takes this form:
‘;—f =(Lo+ Ly + Lp)P — €alé’ —¢,p]. (E5)
What we have for the HO dynamics is the following: The
HO is excited by the negative-temperature (1/8, ) bath £, due
to population inversion, heated by the infinite-temperature bath
L,, due to noise of monitoring, and cooled by the feedback L ;.
On top of this, the external driving shifts the Hamiltonian H,.
We write the full master equation (ES) in a compact form:

dp

= Lepét — Helep) + Te P (e pe — Hee' p)

— el = ¢,p1, (E6)
where I" and B are determined by

2

K
P=T,+ 24 2L g, (E7)
4 Ym
_ Y K2
e PUT =Tee P 4 T Lk, (@)

m

We turn the effective temperature 8 positive by choosing
the feedback strength above the following threshold:

Kf>—K, = %Fe(e_’g;“’" — 1. (E9)

Note that the driving on the right-hand side of the master
equation (E6) can be absorbed into the standard thermal
dissipator at (inverse) temperature S if we displace ¢,¢f by
a suitable real number. Accordingly, the master equation (E6)
must have a unique stationary state which is the following
displaced thermal state of the HO:

P = N expl—Bw,(@ — cx)' (€ — cxo)l, (E10)
with the static real displacement in interaction picture:
€d
Coo =——— < 0. (E11)
Kf+Ke

In the Schrodinger picture the stationary state is a thermal state
with the rotating displacement:

p* = N exp[—Bw,(é — cooe ") (¢ — cooe )], (E12)

Hence the mean amplitude rotates, and its phase is shifted by
—m /2 with respect to the external driving:

(&) oo = Cop ', (E13)
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The average population is the Planckian thermal value plus the
yield of displacement:

(€70)00 =

= o™ (E14)

T+ leool” = o+ oo,
We use the redundant expression |co|* for ¢2, to capture
an occasionally different phase convention of driving. Both
terms on the right-hand side diverge at the edge of the regime
of operation «; + «, — +0 where the model breaks down
because it violates the weak coupling condition (B18).

APPENDIX F: ENERGY FLOWS IN STEADY STATE

Any systematic calculation of heat flow and power requires
us to transform the final SME from Ito into Stratonovich form.
We postpone this very novel task to future research. Rather,
we focus on the minimal calculations and considerations
confirming that our model represents a genuine heat engine.

Next, we show that there is a consumable output power
in the steady-state operation of the flywheel. The total
Hamiltonian has two time-dependent contributions H,(¢) and
H (t). Accordingly, the power P consists of two contributions
corresponding to the power invested by the driving and the
power gained from the feedback. The first, in the steady state
Mé = p, reads

dH, d ,
P, = Mtr[& d_tdj| = tr[,@“’a(—iedﬂe”"”’ + H.c.)]
= —2€,w,C0 > 0, (F1)

where the positivity indicates power going into (consumed by)
the flywheel. We restrict our calculations for the deterministic
part of feedback, i.e., we replace A ¢(t) by its deterministic
part Hyge = —iks(¢),¢ + H.c. As was mentioned before,
considering the stochastic part H fisto = —Iky/ \/y_,,ﬁTdé +
H.c. requires the Stratonovich calculus. The power reads

dHj et

dt

d
Prdet = Mtr[& :| = Mtr|:6 E(—/cf(é)(,fr + H.C.)]

A

d
- —inMtr[d—jé} @y +c.c. (F2)

The power in Eq. (F2) is proportional to the (weighted) mean
of the phase drift of the amplitude (¢),. To calculate d6 we
apply the final SME given in Appendix E. The only relevant
yield is the unitary rotation —iw, (¢),dt since the dissipative
part does not alter the phase of (¢), and the Ito stochastic part
will cancel out by the mean operation M. Therefore we get

Prae = =2k ;,M|(E),[* < 0. (F3)

Negativity means that power is gained (supplied) by feedback.
Although analytical solutions for similar SMEs such as ours
exist [35], we restrict ourselves to a simple guess. Using the
Cauchy-Schwartz relation M|{¢),|*> > |[M(¢&),|?, we obtain
the lower bound —Pgge > 2« fwg|coo|2 for the stationary
power gained by feedback in the steady-state. Hence the overall
stationary power satisfies the inequality

= 2 TKe
—Paet = —Pa — Prae = 2w0€; T (F4)
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QUANTUM FLYWHEEL

The sign is negative and thus the consumable power of the
flywheel is positive and bounded from below. We conjecture

PHYSICAL REVIEW A 93, 052119 (2016)

that the contribution of the stochastic part ﬁ f.sto(?) of driving
cannot invalidate the positivity of the consumable power.
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Chapter 7
Conclusions and outlook

Thermodynamic irreversibility is not inherent in quantum mechanics. It is mani-
fested by assumptions made on the quantum system and its environment (see section
2.3.2). If initially the system and the environment (the rest of the universe) are cor-
related it is not unacceptable that in future the entropy will decrease, leading to
a violation of the second law. Nevertheless, as far as our current observations go,
the second law is valid. Thus, any approximated treatment of quantum mechan-
ics should respect restrictions set by the thermodynamic laws. In chapter 3 we
uncovered a common flaw in the literature using thermodynamic arguments. We
then introduced a quantum thermodynamic consistent framework for analyzing en-
ergy flow thorough a quantum network using a global LGKS master equation. This
framework reflects the global nature of quantum mechanics and should be applied
when studying quantum devices operating out of equilibrium.

Based on this work, Trushechkin and Volovich [Trushechkin 2016] developed a
perturbative treatment of inter-site couplings in the local description of open quan-
tum networks. They suggested to add correction terms to the local LGKS generator.
In practice, these terms can be obtained by expanding the global LGKS generator
in orders of inter-site coupling strength. Although this treatment successfully solves
the problem of violating the second law, it is not necessarily easier to apply than
the accurate global approach. Later works attempted to approach the problem
we introduced by applying different techniques: The repeated interaction scheme
[Barra 2015]; the Redfield quantum master equation [Purkayastha 2016]; and the
stochastic Liouville-von Neumann equation [Stockburger 2016].

In chapter 4 we coined the concept of quantum absorption refrigerator as an
autonomous quantum device that exploits noise or heat to drive a cooling process.
It was proposed that the minimal model of an autonomous refrigerator must in-
volve three energy currents via a non-linear interaction. Later, it was shown in
[Martinez 2013] that it is impossible to build a quantum absorption refrigerator us-

ing linear networks, therefore, such refrigerators require non-linearity as a crucial
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ingredient.

The idea of a quantum absorption refrigerator aroused great interest and many
studies followed. In [Correa 2014b] the efficiency at a maximum cooling power and
the effect of squeezing the heat source that drives an absorption cooling cycle was
considered. Entanglement in an absorption refrigerator composed of three qubits
was shown to enhance the cooling process, implying that quantum refrigerators
can outperform classical ones [Brunner 2014]. The transient regime of a quantum
absorption refrigerator was also investigated [Mitchison 2015, Das 2016] suggesting
protocols for single-shot cooling. A study [Correa 2014a] examining a parallel mul-
tistage quantum absorption refrigerator suggested that the construction introduced
in chapters 4 and 5 is the optimal compromise between performance and complexity.
This indicates that it should be considered for practical applications of absorption

cooling to quantum technologies.

Suggestions for experimental realizations were soon to follow. Among these are:
A quantum refrigerator system composed of three rf-SQUID qubits [Chen 2012]; an
electronic quantum absorption refrigerator based on four quantum dots [Venturelli 2013];
quantum absorption refrigerators in an atom-cavity systems [Mitchison 2016]; and
a quantum absorption refrigerator with a circuit QED architecture in Josephson
junction [Hofer 2016]. The study of quantum absorption refrigerators is developing
tremendously nowadays. Noise and heat are free resources and in many cases are
unavoidable in experiments. The concept of quantum absorption cooling suggests
exploiting these resources for our needs, making it significant for future nano-scale
quantum devices. Additional studies of quantum absorption refrigerators can be
found in [Gelbwaser-Klimovsky 2013, Silva 2015, Silva 2016].

The formulation of the third law of thermodynamics presented in chapter 5
sets the limitation on the optimal cooling speed, binding any refrigerator when ap-
proaching the absolute zero. This formulation unravels the relation between the
two known formulations of the law, the unattainability principle and Nernst’s heat
theorem. For a cooling process, the unattainability principle is quantified by the
scaling of the cooling speed with temperature, whereas Nernst’s heat theorem is
quantified by the scaling of heat extraction speed with temperature. This quan-
tification resolves the dispute regarding the preeminence of the formulations. It is
suggested that the unattainability principle is superior to Nernst’s heat theorem,
and sets stronger limitations on the cooling process. In [Levy 2012a] (appendix
A) we comment on a refrigeration mechanism powered by photons introduced in
[Cleuren 2012]. We show that the proposed model upholds Nernst’s heat theorem
but violates the unattainability principle. This is another example of how consis-
tency with the laws of thermodynamics and their appropriate formulation can reveal

flaws when applying approximations to study models of quantum devices.
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An additional advantage of the formulation introduced in chapter 5 is its uni-
versality. The characteristic exponent does not depend on the type of the quantum
refrigerator. The dimension of the substance being cooled also does not play a role.
This behavior can be traced back to the scaling of the density of modes and the
heat capacity with temperature which nullifies the dependence on dimension. The
characteristic exponent depends only on the type of interaction between the working
medium and the substance being cooled. The relation of this coupling with the dis-
persion relation of a Bosonic field excludes exotic dispersion laws that are forbidden
by the relativity theory. This implies that the formulation of the third law predicts
independently of relativity theory the finite group velocity property.

Kolar et al. [Kolar 2012] have challenged the unattainability principle by look-
ing for systems with exotic dispersion laws such as magnons and materials that
exhibit effects of fractal disorder. We note that these kinds of systems are typi-
cally integrable systems which implies that they will not thermalize, making them
unsuitable for examining the third law. In [Masanes 2014] the authors attempted
to derive the third law of thermodynamics by quantifying the resources needed to
cool a system to any particular temperature. By obtaining a lower bound on the
achievable temperature which depends on time they showed consistency with the
formulation introduced in chapter 5. This formulation was also shown to hold for
suggested realizations of nonlinear dc thermoelectric devices [Whitney 2013], and

for a four-level refrigerator driven by photons [Wang 2015].

Another novel and important result of chapter 5 is the definitions for the heat
currents when the quantum device is strongly driven by an external periodic field and
simultaneously coupled to heat reservoirs. The external field “dresses” the quantum
system and heat flows through channels corresponding to the quasi-Bohr frequencies
obtained from the Floquet analysis. As a consequence of the strong driving, heat
leaks are manifested in the quantum refrigerator, thus heat will flow from the hot
to the cold reservoir, leading to a reduction in the efficiency of the cooling process.
Once the mechanisms that causes heat leaks are understood we can attempt and

overcome these by applying different control protocols.

In physics, the second quantum revolution, termed by Dowling and Milburn
[Dowling 2003], is the perception that we humans are no longer passive observers of
the quantum world, but can now actively manipulate it. Developing and improving
quantum control techniques pave the road to this revolution. Quantum thermo-
dynamics provides the complimentary information about the quantum properties
that can be exploited as resources for future quantum technologies and set restric-
tions on its operations. The aim of quantum control theories is to develop protocols
for preparing entangled states, coherent states, or any other state possessing novel

properties for specific applications.
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Relating quantum control theories with thermodynamics would be extremely
beneficial. On the one hand, thermodynamics sets limitations on physical processes.
Including such restrictions gained from the study of quantum thermodynamics to
quantum control theories will introduce additional physical constraints on manipu-
lating quantum systems and will set bounds on the achievable fidelity of the target
state. On the other hand, by applying quantum control theories to thermodynamics
in the quantum regime we can optimally exploit resources to drive thermodynamic
processes. The first attempt to do so was introduced in chapter 6, where we applied
quantum monitoring and feedback control to manage a charging process of a quan-
tum energy storage device. It was shown that when the storage device is a quantum
harmonic oscillator, fluctuations dominate the dynamics leading to divergence of the
thermodynamic properties of the flywheel. Gaining information about the state of
the system in real time by monitoring it, and then using this information to apply a
feedback Hamiltonian, we attain a steady state operation of the device. A balance
between information gained from monitoring the device and information fed back

to the device is found to maximize the charging efficiency.

Although constructing quantum energy storage devices may seem like a futuris-
tic technology, some of these concepts were recently demonstrated in the laboratory
[RoBnagel 2016]. In this experiment, a single atom heat engine was constructed.
The working medium is a single ion trapped in a linear Paul trap that interacts
with a cold bath on one side of the trap and with a hot bath on the other side.
The output is used to drive an harmonic oscillator (increasing the axial potential
energy of the trapped ion). In order to stabilize the harmonic oscillator, an addi-
tional resource in the form of laser cooling is introduced, and more power is invested
in cooling than actually can be stored in the harmonic oscillator. Applying the
concept proposed in chapter 6 of quantum monitoring feedback control would make
this process energetically profitable. In such an experimental setup feedback control
can be achieved by monitoring the oscillations of the ion in the trap and change
accordingly the trap potential. We conclude that by relating thermodynamics with
quantum monitoring and feedback control we can optimally exploit the available
quantum-thermodynamic resources. This will have significant implications in de-

signing and managing energetic processes of future quantum devices.

Many of the quantum control methods are applicable to closed quantum systems.
Since any realistic quantum system is coupled to the environment, full control over
the dynamics requires manipulating the environment. Typically, the environment
poses an enormous number of degrees of freedom that are not directly accessible to
the experimentalists in the laboratory. Instead of attempting to isolate the system
from its environment using different protocols, we propose to optimally control it

under a set of thermodynamic constraints that would mimic the environment’s in-
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fluence. As an example, it might be possible to extend shortcuts to adiabaticity
control methods [Torrontegui 2013] to open quantum systems.

Quantum thermodynamics is a growing field of research which nowadays receives
recognition in many branches of quantum mechanics. There are different approaches
studying thermodynamics in the quantum regime. These are: quantum thermody-
namic resource theories, information and thermodynamics, single shot thermody-
namics, quantum fluctuation relations, and the approach taken in this thesis, viz.
the study of quantum thermal machines. The field of quantum thermodynamics will
benefit from relating these different approaches in a common language.

The future of the filed, just like in any other field of science, crucially depends on
experiments. As a theoretician, revealing novel quantum thermodynamic signatures
are necessary for identifying and quantifying quantum effects in thermodynamics of
quantum systems. Such ideas are presented in appendices B and C, where we in-
troduced quantum thermodynamic signatures in the operation of quantum thermal
machines. That is, for a given set of thermal resources and thermodynamic measure-
ments (for example, power output) we can determine if the device exploits coherence
in its operation. This theoretical result is now being tested in collaboration with an
experimental group on superconducting circuits.

Another direction for future research is relating quantum thermodynamics with
quantum sensing and metrology. This will provide insight on the energetic and en-
tropic cost for attaining a certain accuracy in measurement. For given resources
that depend on the experimental setup, thermodynamic considerations will set fun-
damental bounds on the ability to measure physical properties at optimal precision.
It is applicable to a wide variety of systems, from magnetoreception in migrating

species to quantum clocks.

" FBzcellently observed,” answered Candide; "but let us cultivate our garden.” —
Voltair, Candide or Optimism, 1759
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Comment on “Cooling by Heating: Refrigeration
Powered by Photons”

In arecent Letter, Cleuren et. al. [1] proposed a model of
a refrigerator composed of two metallic leads connected to
two coupled quantum dots and powered by (solar) photons.
In their analysis the refrigerator can cool one of the leads to
arbitrarily low temperature, T, — 0, with the cooling flux
Q, = T,. We comment that this model strongly violates the
dynamical version of the third law of thermodynamics.
Furthermore, under more realistic assumptions concerning
transitions between dot levels mediated by an electromag-
netic field, we show that their model will not operate as a
refrigerator.

There are seemingly two independent formulations of
the third law. The first, known as the Nernst heat theorem,
implies that the entropy flow from any substance at abso-
lute zero is zero. Consider a system coupled simulta-
neously to a few heat baths with the aim to cool one of
these baths to zero temperature. The entropy flow from this

bath, given by — % , satisfies the Nerst theorem if the heat

current Q, flowing from the bath to the system scales like
o« T with a > 1.

The second formulation of the third law is a dynamical
one, known as the unattainability principle: No refrigerator
can cool a system to absolute zero temperature at finite
time. The dynamics of the cooling process is governed by
the equation

dT(t)
dt ’

where cy, is heat capacity of the bath. Putting Q, = TY and
cy = T?, 8 = 0, we can quantify this formulation by eval-
uating the characteristic exponent { of the cooling process,

dT (1) o
dt

Namely, for { < 1 the bath is cooled to zero temperature in
a finite time. This formulation is more restrictive than the
Nernst heat theorem and imposes limitations on the spec-
tral density and the dispersion law of the heat bath [2].

The model of the refrigerator presented in Ref. [1]
strongly violates the unattainability principle. For an elec-
tron reservoir at low temperatures, heat capacity is cy « T.
The heat current of the refrigerator of Ref. [1]is Q, « T,,
therefore, one obtains { = 0, and zero temperature is
reached at finite time.

Finding the flaw in the analysis of Ref. [1] is not a trivial
task. A possible explanation emerges from the assumption
made in Ref. [1] that transitions between lower and higher
levels within the individual dots are negligible. However,
photon- assisted tunneling between dots produces a rather
weak tunneling current [3], while quenching transition

Ou(Ti(1)) = —cy(T,(1)) (D

¢, T—0, (=a-5 ()

0031-9007/12/109(24)/248901(1)

248901-1

rates in the individual dots are at least comparable and
hence cannot be neglected.

A modified master equation that includes quenching
transitions can be constructed for a five-level system: ]3 =
M - 1—5’ where 1—; = (pO’ Pia> Prd> Plw pru)T' Here’ Po is the
probability of finding no electron in the double dots and p;;
is the probability of finding one electron in the correspond-
ing energy level, with [ for left, r for right, d for down, and
u for up. The 5 X 5 matrix M contains all transition rates,
including quenching transition within the individual dots.
Using this modified model, we can show analytically that,
under the technical assumption that strictly positive
quenching rates are equal for both dots, the condition for
cooling (O, >0) and the condition of zero net electric
current cannot be simultaneously satisfied at the stationary
state. On the other hand, a crucial condition for this device
to operate as a refrigerator [1] is that there is no net electric
charging of the baths (leads). Otherwise, the electric cur-
rent flowing through the device must be compensated by an
external flow of electrons from the hot to the cold bath
which would annihilate the cooling effect.

In conclusion, transitions in the individual dots, which
are always present in real systems, cannot be neglected
when treating electron transport in the double-dot systems.
The dynamical form of the third law is a strong tool for
testing designs of such nanodevices acting as refrigerators.
Quantum models of refrigerators powered by heat (absorp-
tion refrigerators), which do not violate the third law, were
studied in Refs. [2,4,5].
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Quantum heat engines (QHE) are thermal machines where the working substance is a quantum object. In
the extreme case, the working medium can be a single particle or a few-level quantum system. The study of
QHE has shown a remarkable similarity with macroscopic thermodynamical results, thus raising the issue
of what is quantum in quantum thermodynamics. Our main result is the thermodynamical equivalence of all
engine types in the quantum regime of small action with respect to Planck’s constant. They have the same
power, the same heat, and the same efficiency, and they even have the same relaxation rates and relaxation
modes. Furthermore, it is shown that QHE have quantum-thermodynamic signature; i.e., thermodynamic
measurements can confirm the presence of quantum effects in the device. We identify generic coherent
and stochastic work extraction mechanisms and show that coherence enables power outputs that greatly

exceed the power of stochastic (dephased) engines.

DOI: 10.1103/PhysRevX.5.031044

I. INTRODUCTION

Thermodynamics emerged as a practical theory for
evaluating the performance of steam engines. Since
then, the theory proliferated and has been utilized in
countless systems and applications. Eventually, thermody-
namics became one of the pillars of theoretical physics.
Amazingly, it survived great scientific revolutions such as
quantum mechanics and general relativity. To a certain
extent, thermodynamics even contributed to these theories
(e.g., black hole entropy and temperature).

Despite its success, it is not expected that thermody-
namics will hold all the way to the atomic scale, where the
number of particles in the relevant substance is small or
even equal to 1. Thus, it was anticipated that in the quantum
regime new thermodynamic effects will surface. However,
quantum-thermodynamic systems (even with a single
particle) show a remarkable similarity to the macroscopic
system described by classical thermodynamic. When the
baths are thermal, the Carnot efficiency limit is equally
applicable for a small quantum system [1,2]. Even classical
fluctuation theorems hold without any alteration [3-5].

Since real engines have a finite cycle time, they cannot
be in an exact equilibrium state and perform as a reversible
machine. Consequently, the efficiency is always lower than
the Carnot limit. Furthermore, the performance of a real
engine is more severely limited by heat leaks, friction, and

‘raam@ mail.huji.ac.il
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heat transport. This led to the study of efficiency at
maximal power [6-9] and finite-time thermodynamics
[10,11]. In analogy to the classical case, nonadiabatic
couplings in finite-time quantum evolution give rise to a
new quantum frictionlike mechanism [12,13]. However,
this friction effect is not a generic feature of quantum heat
machines. It can be avoided by applying different schemes.
(See Ref. [14], or the multilevel embedding scheme in
Sec. I E of this paper. See also the discussion in Ref. [15].)

Is there really nothing generic, new, and profound in
the thermodynamics of small quantum system? Can
classical thermodynamics and stochastic analysis predict
and explain any observed thermodynamic effect in quan-
tum heat machines? Do quantum effects always lead to
friction and losses, or can they boost the heat machine
performance? In this work, we present a generic thermo-
dynamic behavior that is purely quantum in its essence and
has no classical counterpart. Furthermore, it is shown that
in the quantum regime, the generic coherent work extrac-
tion mechanism can significantly outperform the stochastic
work extraction mechanism.

Quantum thermodynamics is the study of thermodynamic
quantities such as temperature, heat, work, and entropy in
microscopic quantum systems or even for a single particle.
This study includes dynamical analysis of engines and
refrigerators in the quantum regime [1,14,16—40], theoreti-
cal frameworks that take into account single-shot events
[41,42], and the study of thermalization mechanisms
[43-45]. Another topic of interest in quantum thermody-
namics is algorithmic cooling [46-50]. For updated reviews
on quantum thermodynamics, we recommend Refs. [51,52].

Several proposals for quantum-heat-engine realization
and experimental setup have been studied [53-57].

Published by the American Physical Society



RAAM UZDIN, AMIKAM LEVY, AND RONNIE KOSLOFF

PHYS. REV. X §, 031044 (2015)

However, as will be explained later, only some of them are
suited for exploring the quantum effects studied here. We
hope our findings will motivate experimentalists to come
up with more schemes that can probe the coherent work
extraction regime.

Recently, some progress on the role of quantum coher-
ence in quantum thermodynamics has been made [58-64].
In addition, quantum coherence has been shown to quanti-
tatively affect the performance of heat machines [65—67]. In
this work, we associate coherence with a specific thermo-
dynamic effect and relate it to a thermodynamic work
extraction mechanism.

Heat engines can be classified by their different sched-
uling of the interactions with the baths and the work
repository. These types include the four-stroke, two-stroke,
and the continuous engines (these engine types will be
described in more detail later). The choice of engine type is
usually guided by convenience of analysis or ease of
implementation. Nevertheless, from a theoretical point of
view, the fundamental differences or similarities between
the various engine types are still uncharted. This is
particularly true in the microscopic quantum regime. For
brevity, we discuss engines, but all our results are equally
applicable to other heat machines such as refrigerators and
heaters.

Our first result (21)—(23) is that all three engine types are
thermodynamically equivalent in the limit of small engine
action (weak thermalization and a weak driving field).
The equivalence holds also for transients and for states
that are very far from thermal equilibrium. On top of
providing a thermodynamic unification limit for the various
engine types, this equivalence also establishes a connection
to quantum mechanics, as it crucially depends on phase
coherence and quantum interference. In particular, the
validity regime of the equivalence is expressed in terms
of h.

Our second result (32) is the identification of a quantum-
thermodynamic signatures. Let us define a quantum sig-
nature as a signal extracted from measurements that
unambiguously indicates the presence of quantum effects
(e.g., entanglement or interference). The Bell inequality
for the EPR experiment is a good example. A quantum-
thermodynamic signature is a quantum signature obtained
from measuring thermodynamic quantities. We show that it
is possible to set an upper bound on the work output of a
stochastic, coherence-free engine. Any engine that sur-
passes this bound must have some level of coherence.
Hence, work exceeding the stochastic bound constitutes a
quantum-thermodynamic signature. Furthermore, we dis-
tinguish between a coherent work extraction mechanism
and a stochastic work extraction mechanism. This explains
why in the equivalence regime, coherent engines produce
significantly more power compared to the corresponding
stochastic engine. We estimate that our findings can be
verified with present-day experimental capabilities. For a

suggested realization in solid-state superconducting qubits,
see Ref. [68].

The equivalence derivation is based on three ingredients.
First, we introduce a multilevel embedding framework that
enables the analysis of all three types of engines in the same
physical setup. Next, a “norm action” smallness parameter,
s, is defined for engines using Liouville space. The third
ingredient is the symmetric rearrangement theorem that is
used to show why all three engine types have the same
thermodynamic properties despite the fact that they exhibit
very different density matrix dynamics.

In Sec. II, we describe the main engine types and
introduce the multilevel embedding framework. Next, in
Sec. III, the multilevel embedding and the symmetric
rearrangement theorem are used to show the various
equivalence relation of different engine types. After dis-
cussing the two fundamental work extraction mechanisms,
in Sec. I'V, we present a quantum-thermodynamic signature
that separates quantum engines from stochastic engines. In
Sec. V, the over-thermalization effect in coherent quantum
heat engines is studied. Finally, in Sec. VI, we conclude and
discuss extensions and future prospects.

II. HEAT ENGINES TYPES AND THE
MULTILEVEL EMBEDDING SCHEME

Heat engines are either discrete or continuous. Discrete
engines include the two-stroke and four-stroke engines,
whereas a turbine is a continuous engine [69]. These engine
types appear in the macroscopic world as well as in the
microscopic (quantum) realm. Here, we present a theoreti-
cal framework where all three types of engines can be
embedded in a unified physical framework. This framework,
termed “multilevel embedding,” is an essential ingredient in
our theory as it enables a meaningful comparison between
different engine types.

A. Heat and work

A heat engine is a device that uses at least two thermal
baths in different temperatures to extract work. Work is the
transfer of energy from the engine to some external
repository without changing the entropy of the repository.
For example, increasing the excitation number of an
oscillator, increasing the photon number in a specific
optical mode (lasing), or increasing the kinetic energy in
a single predefined direction. “Battery” or “flywheel” are
terms often used in this context of work storage [70,71]. We
shall use the more general term “work repository.” Heat, on
the other hand, is an energy exchange between the system
and a thermal bath that involves entropy change in the bath.
In the weak system-bath coupling limit, the heat is related
to the temperature, via the well-known relation dQ = 74dS,
where dS is the entropy change in the bath.

In the elementary quantum heat engines, the working
substance is comprised of single particle (or a few at the
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most). Thus, the working substance cannot reach equilib-
rium on its own. Furthermore, excluding a few nongeneric
cases, it is not possible to assign an equation of state that
establishes a relation between thermodynamic quantities.
Nevertheless, QHE’s satisfy the second law and therefore
are also bounded by the Carnot efficiency limit [1,72].

Work strokes are characterized by zero contact with the
baths and an inherently time-dependent Hamiltonian. The
unitary evolution generated by this Hamiltonian can change
the energy of the system. On the other hand, the von
Neumann entropy and the purity remain fixed (unitary
evolution at this stage). Hence, the energy change of the
system in this case constitutes pure work. The system’s
energy change is actually an energy exchange with the
work repository.

When the system is coupled to a thermal bath and
the Hamiltonian is fixed in time, the bath can change the
populations of the energy levels. In a steady state, the
system reaches a Gibbs state where the density matrix has
no coherences in the energy basis and the population of the
levels is given by p, , = e En/To) /SN o=(E/To) where
N is the number of levels and “b” stands for “c” (cold) or
“h” (hot). In physical models where the system thermalizes
via collision with bath particles, a full thermalization can be
achieved in finite time [15,73-76]. However, it is not
necessary that the baths will bring the system close to a
Gibbs state for the proper operation of the engine. In
particular, maximal efficiency (e.g., in Otto engines) can be
achieved without full thermalization. Maximal power
(work per cycle time) is also associated with partial
thermalization [6,8]. The definitive property of a thermal
bath is its aspiration to bring the system to a predefined
temperature regardless of the initial state of the system. The
evolution in this stage does not conserve the eigenvalues of
the density matrix of the system, and therefore, not only
energy but entropy as well is exchanged with the bath.
Therefore, the energy exchange in this stage is considered
as heat.

In contrast to definitions of heat and work that are based
on the derivative of the internal energy [1,77,78], our
definitions are obtained by energy balance when coupling
only one element (bath or external field) at a time. As we
see later, in some engine types, several agents change the
internal energy simultaneously. Even in this case, this point
of view of heat and work will still be useful for obtaining
consistent and physical definitions of heat and work.

B. Three types of engines

There are three core engine types that operate with two
thermal baths: four-stroke engine, two-stroke engine, and a
continuous engine. A stroke is a time segment where a
certain operation takes place, for example, thermalization
or work extraction. By definition, adjacent strokes in heat
engines do not commute with each other. If they do
commute (for example, see the “cold” and “hot” operations

in the two-stroke engine later), they can be combined into a
single stroke since the total effect of the two strokes can be
generated by applying the two operations simultaneously.

Each stroke is a completely positive (CP) map [79], and
therefore, the one-cycle evolution operator of the engine is
also a CP map. For the extraction of work, it is imperative
that some of the stroke propagators do not commute [80].

Otto engines and Carnot engines are examples of four-
stroke engines. The simplest quantum four-stroke engine is
the two-level Otto engine shown in Fig. 1(a). In the first
stroke, only the cold bath is connected to the system. Thus,
the internal energy changes are associated with heat
exchange with the cold bath. The expansion and compres-
sion of the levels are fully described by a time-dependent
Hamiltonian of the form H(t) = f(t)o, (the baths are
disconnected at this stage). In the second stroke, work is
consumed in order to expand the levels, and in the fourth
stroke, work is produced when levels revert to their original
values. There is a net work extraction since the populations
in stages II and IV are different. In different engines, much
more general unitary transformation can be used to extract
work. Nevertheless, this particular operation resembles the
classical expansion and compression of classical engines.
The work is the energy exchanged with the system during
the unitary stages: W =W, + W,y = ((E3) — (E,))+
({Es) — (E4)). We consider only energy expectation values
for two main reasons. First, investigations of work fluctua-
tions revealed that quantum heat engines follow classical
fluctuation laws [72], and we search for quantum signatures
in heat engines. The second reason is that, in our view,
the engine should not be measured during operation. The
measurement protocol used in quantum fluctuation
theorems [3,4,72] eliminates the density-matrix coher-
ences. These coherences have a critical component in

[work] 1

Stroke IV Stroke |

U o

Stroke Il Stroke Il

Stroke |

Ho@

Stroke |

Stroke |l

FIG. 1. (a) A two-level scheme of a four-stroke engine. (b) A
two-particle scheme of a two-stroke engine. (c) A three-level
scheme of a continuous engine.
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the equivalence and quantum signature we study in this
paper. As shown in Sec. IV, measurements or dephasing
dramatically change the engine. Thus, although we fre-
quently calculate work per cycle, the measured quantity
is the cumulative work, and it is measured only at the
end of the process. The averaged quantities are obtained by
repeating the full experiment many times. Engines are
designed to perform a task, and we assume that this
completed task is the subject of measurement. The engine
internal state is not measured.

The heat per cycle taken from the cold bath is
0. = (E,) — (E;), and the heat taken from the hot bath
is 0, = (E4) — (E3). In a steady state, the average energy
of the system returns to its initial value after one cycle [81]
so that (Es) = (E,). From this result, it follows immedi-
ately that Q. + Q, + W = 0; i.e., the first law of thermo-
dynamics is obeyed. There is no instantaneous energy
conservation of infernal energy, as energy may be tempo-
rarily stored in the interaction field or in the work
repository.

In the two-stroke engine shown in Fig 1(b), the engine
consists of two parts (e.g., two qubits) [82]. One part may
couple only to the hot bath, and the other may couple only
to the cold bath. In the first stroke, both parts interact with
their bath (but do not necessarily reach equilibrium). In the
second unitary stroke, the two engine parts are discon-
nected from the baths and are coupled to each other. They
undergo a mutual unitary evolution, and work is extracted
in the process.

In the continuous engine shown in Fig. 1(c), the two
baths and the external interaction field are connected
continuously. For example, in the three-level laser system
shown in Fig 1(c), the laser light represented by H,,(7)
generates stimulated emission that extracts work from the
system. This system was first studied in a thermodynamics
context in Ref. [83], while a more comprehensive dynami-
cal analysis of the system was given in Ref. [84]. It is
imperative that the external field is time dependent. If it is
time independent, the problem becomes a pure heat trans-
port problem where Q;, = —Q. # 0. In heat transport, the
interaction field merely “dresses” the level so that the baths
see a slightly modified system. The Lindblad generators are
modified accordingly, and heat flows without extracting or
consuming work [85]. Variations on these engine types
may emerge because of realization constraints. For exam-
ple, in the two-stroke engine, the baths may be continu-
ously connected. This variation and others can still be
analyzed using the tools presented in this paper.

C. Efficiency vs work and heat

Since the early days of Carnot, efficiency received
considerable attention for two main reasons. First, this
quantity is of great interest from both theoretical and
practical points of view. Second, unlike other thermody-
namics quantities, the efficiency satisfies a universal bound

that is independent of the engine details. The Carnot
efficiency bound is a manifestation of the second law of
thermodynamics. Indeed, for Markovian bath dynamics, it
was shown that quantum heat engines cannot exceed the
Carnot efficiency [1]. Recently, a more general approach
based on a fluctuation theorem for QHE showed that the
Carnot bound still holds for quantum engines [72]. Studies
in which higher-than-Carnot efficiency are reported [66] are
interesting, but they use nonthermal baths and therefore, not
surprisingly, deviate from results derived in the thermody-
namic framework that deals with thermal baths. For exam-
ple, an electric engine is not limited to Carnot efficiency
since its power source is not thermal. Although the present
work has an impact on efficiency as well, we focus on work
and heat separately in order to unravel quantum effects. As
will be exemplified later, in some elementary cases, these
quantum effects do not influence the efficiency.

D. Bath description and Liouville space

The dynamics of the working fluid (system) interacting
with the heat baths is described by the Lindblad-Gorini-
Kossakowski-Sudarshan (LGKS) master equation for the
density matrix [79,86,87]:

. Sl 1

hdp=L(p) =—ilH,.p|+ D _AwpA, =5 AiAp—3pAiAL
k

(1)

where the A; operators depend on the temperature, relax-
ation time of the bath, system bath coupling, and also on the
system Hamiltonian H, [79]. This form already encapsu-
lates within the Markovian assumption of no bath memory.
The justification for these equations arises from a “micro-
scopic derivation” in the weak system-bath coupling limit
[88]. In this derivation, a weak interaction field couples
the system of interest to a large system (the bath) with
temperature 7. This interaction brings the system into a
Gibbs state at temperature 7. The Lindblad thermalization
operators A; used for the baths are described in the next
section. The small Lamb shift is ignored.

Equation (1) is a linear equation, so it can always be
rearranged into a vector equation. Given an index mapping
PyxN = |P)1xn2, the Lindblad equation now reads

ihdi|p) = (Hp + L)lp) = Hlp). (2)

where Hj; is a Hermitian N2 x N? matrix that originates
from H,, and £ is a non-Hermitian N> x N> matrix that
originates from the Lindblad evolution generators A;. This
extended space is called Liouville space [89]. In this paper,
we use calligraphic letters to describe operators in Liouville
space and ordinary letters for operators in Hilbert space.
For states, however, |A) will denote a vector in Liouville
space formed from A,y by “vec-ing” A into a column in
the same procedure p is converted into |p). A short review
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of Liouville space and some of its properties is given in
Appendix A.

In unitary dynamics, the largest energy gap of the
Hamiltonian sets a speed limit on the rate of change of
a state (e.g., rotation speed in the Bloch sphere). Since H is
not Hermitian, the energy scalar that sets a speed limit on
the evolution speed is the spectral norm (or operator norm)

of H, ||H|| = max \/eig(H"H) (The spectral norm is the
largest singular value of H [90]). In particular, we show in
Appendix B that the norm action, defined as

5 = / (1) . (3)
0

sets a limit on how much a state can change during a time 7
because of the operation of H. For time-independent super-
Hamiltonian H, the evolution operator in Liouville space is

Ip(0)) = Klp(1')) = =M= p(7)). (4)

Writing the evolution operator as an exponent of a matrix
has a significant advantage since commutator exponentia-
tion is avoided. Furthermore, the action has a natural
definition in this formalism. In principal, it should be
possible to reformulate the derivations using density
matrixes and the Kraus operators. However, it seems that
the Hilbert space formalism is far more cumbersome and
complicated (for example, see Refs. [91,92]).

While the Lindblad description works very well for
sufficiently long times, it fails for very short times where
some of the approximation breaks down. In scales where
the bath still has a memory of the system’s past states, the
semigroup property of the Lindblad equation no longer
holds: [p(t + 1)) # e ' FL+E=1)/ 5(¢)). This will set a
cutoff limit for the validity of the engine-type equivalence
in the Markovian approximation.

Next we introduce the multilevel embedding scheme that
enables us to discuss various heat engines in the same
physical setup.

E. Multilevel embedding

Let the working substance of the quantum engine be an
N-level system. These levels are fixed in time [i.e., they do
not change as in Fig. 1(a)]. For simplicity, the levels are
assumed to be nondegenerate. We divide the energy levels
into a cold manifold and a hot manifold. During the
operation of the engine, the levels in the cold manifold
interact only with the cold bath, and the levels in the hot
manifold interact only with the hot bath. Each thermal
coupling can be turned on and off as a function of time, but
the aliasing of a level to a manifold does not change in time.

If the manifolds do not overlap, the hot and cold thermal
operations commute and they can be applied at the same
time or one after the other. The end result will be the same.

Nevertheless, our scheme also includes the possibility that
one level appears in both manifolds. This is the case for the
three-level continuous engine shown in Fig. 1(c). For
simplicity, we exclude the possibility of more than one
mutual level. If there are two or more overlapping levels,
there is an inevitable heat transport in the steady state from
the hot bath to the cold bath even in the absence of an
external field that extracts work. In the context of heat
engines, this can be interpreted as heat leak. This “no field—
no transport” condition holds for many engines studied in
the literature. Nonetheless, this condition is not a necessary
condition for the validity of our results.

This manifold division seems sensible for the continuous
engine and even for the two-stroke engine in Fig. 1(b), but
how can it be applied to the four-stroke engine shown in
Fig. 1(a)? The two levels interact with both baths and
also change their energy value in time, contrary to the
assumption of fixed energy levels. Nevertheless, this engine
is also incorporated into the multilevel embedding frame-
work. Instead of two levels as in Fig. 1(a), consider the
four-level system shown in the dashed green lines in Fig. 2.

Initially, only levels 2 and 3 are populated and coupled to
the cold bath (2 and 3 are in the cold manifold). In the
unitary stage, an interaction Hamiltonian H,, generates a
full swap of populations and coherence according to the
rule | < 2,3 < 4. Now, levels 1 and 4 are populated and 2
and 3 are empty. Therefore, this system fully simulates the
expanding-level engine shown in Fig. 1(a). At the same
time, this system satisfies the separation into well-defined

By ’1:};7/ E
S E E_/_; __________________
Sl ol
G |2
. L;—*\ E,
|7Z'|
Time

FIG. 2. In the standard two-level Otto engine, there are two-
level E;, (purple arrows) that change in time to Ej,. In the
multilevel embedding framework, the levels (E|_) are fixed in
time (black dashed lines), but a time-dependent field (= pulse,
swap operation) transfers the population (green arrows) to the
other levels. For a swap operation, the two schemes lead to the
same final state and therefore are associate with the same work.
Nonetheless, the multilevel scheme is more general since for
weaker unitary transformation (instead of the = pulse), coher-
ences are generated. We show that this type of coherence can
significantly boost the power output of the engine.
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time-independent manifolds, as defined in the multilevel
embedding scheme.

The full swap used to embed the traditional four-stroke
Otto engine is not mandatory, and other unitary operations
can be applied. This extension of the four-stroke scheme is
critical for our work since the equivalence of engines
appears when the unitary operation is fairly close to the
identity transformation. A full swap turns one diagonal
state into another. Consequently, the steady state of an
engine with full swap operation will not contain any
coherences in the energy basis. As will be shown later, a
partial swap or a different “weaker than full swap” unitary
leads to steady-state coherences that dramatically enhance
the power output. Note that these coherences between the
hot and cold manifold imply a superposition of the cold and
hot states. In other words, in contrast to the full swap case,
the particle is not localized exclusively on either the hot or
cold manifold.

Figures 3(a)—(c) show how the three types of engines are
represented in the multilevel embedding scheme. The
advantage of the multilevel scheme now becomes clear.
All three engine types can be described in the same
physical system with the same baths and the same coupling
to external fields (work extraction). The engine types differ
only in the order of the coupling to the baths and to the
work repository. While the thermal operations commute if
the manifolds do not overlap, the unitary operation never
commutes with the thermal strokes.

In the present paper, we use a direct sum structure for the
hot and cold manifolds. However, when there are two or
more particles in the engine [82], it is more natural to
apply a tensor product structure for the manifolds of the
multilevel embedding scheme.

On the right of Fig. 3, we plotted a “brick” diagram for
the evolution operator. Black stands for unitary trans-
formation generated by some external field, while blue
and red stand for hot and cold thermal coupling,

(a) hot { . cycle m UK.T

Four-stroke manifold | e g

O ine: Id

(Otto) engine m;zlﬂ)ld { I

(b) hot { —1[— K:Cym u’Cr,,,Tc

Two-stroke mamf;ld —— 4_-

- CO\

aniohales manifold { I

(C) hort i { » ’Ccont ICI',,,T J0f

Continuous

engine: rmf:tj‘i ld { I 4—.
FIG. 3. Representation of the three types of engines (a)—(c) in

the multilevel embedding framework. In this scheme, the differ-
ent engine types differ only in the order of coupling to the baths
and work repository. Since the interactions and energy levels are
the same for all engine types, a meaningful comparison of
performance becomes possible.

respectively. When the bricks are on top of each other, it
means that they operate simultaneously. Now we are in a
position to derive the first main results of this paper: the
thermodynamic equivalence of the different engine types in
the quantum regime.

ITII. CONTINUOUS AND STROKE ENGINE
EQUIVALENCE

We first discuss the equivalence of continuous and four-
stroke engines. Nevertheless, all the arguments are valid for
the two-stroke engines as well, as explained later. Although
our results are not limited to a specific engine model, it
will be useful to consider the simple engine shown in Fig. 4.
We use this model to highlight a few points and also
for numerical simulations. The Hamiltonian part of the
system is

Hy + cos(wt)H,, (5)

where Hy = —(AE,/2)|[1)(1] - (AE/2)[2)(2| + (AE./
2)[3)(3] + (AE,/2)[4)(4], H,, = e(1)[1)(2] + (1) 3)(4] +
H.c. and w = (AE, — AE.)/2h.

The driving frequency that couples the system to the
work repository is in resonance with the top and bottom
energy gaps. The specific partitioning into hot and cold
manifolds was chosen so that only one frequency (e.g., a
single laser) is needed for implementing the system instead
of two.

We assume that the Rabi frequency of the drive € is
smaller than the decay time scale of the baths, ¢ < y.,7;.
Under this assumption, the dressing effect of the driving
field on the system-bath interaction can be ignored. It is
justified, then, to use “local” Lindblad operators obtained in
the absence of a driving field [85,93]. For plotting purposes
(reasonable duty cycle), in the numerical examples, we
often use € =y.=y,. While this poses no problem
for stroke-engine realizations, for experimental demonstra-
tion of equivalence with continuous engines, one has to
increase the duty cycle so that € < y,.,y;. In other words,
the unitary stage should be made longer but with a weaker
driving field.

H,

hot {

manifold ) 1[ H,
cold

manifold ][ AEC AE”
hot { w ][ H v

manifold

FIG. 4. Tllustration of the engine used in the numerical
simulation. By changing the time order of the coupling to H,,
and to thermal baths, all three types of engines can be realized in
the model.
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The Lindblad equation is given by Eq. (1) with the
Hamiltonian (5) and with the following Lindblad operators
in Hilbert space:

Ay = Jype BE2TI|4)(1], (6)
Ay = V1l D4, (7)

Ay = JreeBESTI3)(2), (8)

Ay = V712) (3. 9)

In all the numerical simulations, we use AE, =4,
AE.=1,T, =5, T, = 1. The interaction with the baths
or with work repository can be turned on and off at will.

Starting with the continuous engine, we choose a unit
cell that contains exactly 6m (m is an integer) complete
cycles of the drive (r, = 27/w) so that 7.y, = 6mz,. The
difference between the engine cycle time and the cycles of
the external drive will become clear in stroke engines (also,
the factor of 6 will be clarified).

For the validity of the secular approximation used in the
Lindblad microscopic derivation [79], the evolution time
scale must satisfy z > (2z%)/ min(AE,, AE,). Therefore,
m must satisfy m > (Aw)/ min(AE,, AE..). Note that if the
Lindblad description is obtained from a different physical
mechanism (e.g., thermalizing collisions), then this con-
dition is not required.

Next, we transform to the interaction picture (denoted by
tilde) using the transformation I/ = e~%!/% and perform
the rotating wave approximation (RWA) by dropping terms
oscillating at a frequency of 2w. For the RWA to be valid,
the amplitude of the field must satisfy € < @. The resulting
Liouville space super-Hamiltonian is

~ 1
H= Lot Ly+5H, (10)

Note that £, . were not modified by the transformation to
the rotating system since [L;, ., Ho] = 0 in the microscopic
derivation [94]. The oscillatory time dependence has
disappeared because of the RWA and the interaction
picture. There is still an implicit time dependence that
determines which of the terms L., £;, H,, is coupled to the
system at a given time. We point out that when the RWA is
not valid, the dynamics becomes considerably more com-
plicated. First, even the basic unitary evolution has no
simple analytical solution. Second, the Lindblad descrip-
tion of the continuous engine becomes more complicated.
Thus, our analysis is restricted to the validity regime of
the RWA.

The Lindblad Markovian dynamics and the RWA set a
validity regime for our theory. This regime is the default
regime used in quantum open systems (see Refs. [77,79]).
It is intriguing to study how the results presented here are

modified by the breakdown of the RWA or by bath memory
effects. However, this analysis is beyond the scope of the
present paper.

Now that we have established a regime of validity and
the super-Hamiltonian that governs the system, we can
turn to the task of transforming from one engine type to
other types and study what properties change in this
transformation. The engine-type transformation is based
on the Strang decomposition [95-97] for two noncom-
muting operators A and B (the operators may not be
Hermitian):

1 1
eiAdf eBdt eiAdf,
(11)

where the norm action (3), s = (||A|| + ||B||)dt, must be
small for the expansion to be valid. ||.A] is the spectral
norm of A. In Appendix C, we derive the condition s <«
1 h for the validity of Eq. (11). We use the symbol = to
denote equality with correction O[(s/h)3].

Let the evolution operator of the continuous engine over
the chosen cycle time 7., = 6mt, be

eATB)dr — p3Adt ,Bdt y3Adt | 0[(S/h)3] ~

Keom = = iHtrec/h, (12)
By first splitting £, and then splitting £,,, we get

I’éfour stroke = e_i<3£c)(70yc/6h)e_i(%Hw><Tcyc/6h)e_i(Sﬁh)(Tcyc/3h>

X e_i(%Hw)(fcyc/6h>e_i(S‘cc)(Tcyc/6h> . ( 13)

Note that the system is periodic so the first and last
stages are two parts of the same thermal stroke.
Consequently, Eq. (13) describes an evolution operator
of a four-stroke engine, where the unit cell is symmetric.
This splitting is illustrated in Figs. 5(a) and 5(b). There
are two thermal strokes and two work strokes that
together constitute an evolution operator that describes
a four-stroke engine. The cumulative evolution time as
written above is (m—4m+2m+m-+m)t;=06mr, =ty
Yet, to maintain the same cycle time as chosen for the
continuous engine, the coupling to the baths and field
were multiplied by 3. In this four-stroke engine, each
thermal or work stroke operates, in total, only a third of
the cycle time compared to the continuous engine. Hence,
the coupling must be 3 times larger in order to generate
the same evolution.

By virtue of the Strang decomposition, jcfour stroke
K™ if s < h. The action parameter s of the engine

is defined as s = [0, [[Fllde = || + L4+

|Lcll)7eye. Note that the relation ffour stroke o fcont
holds only when the engine action is small compared
to A. This first appearance of a quantum scale will be
discussed later.
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FIG. 5. Graphical illustrations of the super-Hamiltonians of
various engines (a)—(d). The horizontal axis corresponds to time.
The brick size corresponds to the strength of the coupling to the
work repository or to the baths. The Hamiltonians are related to
each other by applying the Strang decomposition to the evolution
operators (12), (13), and (20). The symmetric rearrangement
theorem ensures that in the limit of small action, any rearrange-
ment that is symmetric with respect to the center and conserves
the area of each color does not change the total power and heat
over one cycle.
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A. Dynamical aspect of the equivalence

_ The equivalence of the evolution operators A" ¢
K™ has two immediate important consequences. First,
both engines have the same steady-state solution over one

cycle [7,):

k:four stroke(TCyc)|ﬁS> ~ kconl(TCyc)li’):> — |,55>’ (14)

1

At time instances that are not integer multiples of 7.y, the
states of the engines will differ significantly (O[(s/h)'])
since  JCTour stoke (4 < Teye) # Ko (¢ < Teye).  In other
words, the engines are still significantly different from
each other. The second consequence is that the two engines
have the same transient modes as well. When monitored at
multiples of 7., both engines will have the same relaxation
dynamics to the steady state if they started from the same
initial condition. In the remainder of the paper, when the
evolution operator is written without a time tag, this means
that we are considering the evolution operator of a
complete cycle.

We point out that there are higher-order decompositions
where the correction terms are smaller than O[(s/7)?).
However, it turns out that these decompositions inherently
involve negative coefficients [98]. A negative coefficient
implies a thermal stroke of the form et£4/" (instead of
e~ £41/my "This type of evolution cannot be generated by a
Markovian bath. Therefore, among the symmetric decom-
positions, the Strang decomposition seems to be the only
one that can be used for decomposing Markovian thermal
engine evolution operators.

B. Thermodynamic aspect of the equivalence

The equivalence of the one-cycle evolution operators of
the two engines does not immediately imply that the
engines are thermodynamically equivalent. Generally, in
stroke engines, the heat and work depend on the dynamics
of the state inside the cycle, which is very different
(O[(s/h)"]) from the constant state of the continuous
engine. However, in this section, we show that all thermo-
dynamics properties are equivalent in both engines up to
O|(s/h)?] corrections, similarly to the evolution operator.
We start by evaluating the work and heat in the continuous
engine. By considering infinitesimal time elements where
L., L, and H,, operate separately, one obtains that the heat
and work currents are j.,) = (Ho|(1/7)L.|ps(1)) and
Jw = (Ho|(1/20)H,,|p,(1)), where (H,| = |Ho)" is the
vectorized form of the field-free Hamiltonian H, of the
system [see Eq. (5)]. See Appendix A for the use of bracket
notation to describe expectation values (A) = tr(Ap) =
(Alp). In principle, to calculate (A) in the rotating
frame using |p,(f)), (A] must be rotated as well.
However, because of the property (Hy|Hy = 0 shown in
Appendix A, (H,| is not affected by this rotation.

In the continuous engine, the steady state satisfies
|Ps(1)) = |ps), so the total heat and work in the steady
state in one cycle are
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con 1 ~

weont = <HO 2hHW ps>7cyc’ (16)
cont 1 ~

Qc(h) = ( Hp %‘Cc(h) Ps )Teye- (17)

These quantities should be compared to the work and
heat in the four-stroke engine. Instead of carrying out
the explicit calculation for this specific four-stroke
splitting, we use the symmetric rearrangement theorem
(SRT) derived in Appendix D. Symmetric rearrange-
ment of a Hamiltonian is a change in the order of
couplings €(t),7.(t),y,(7) that satisfies [¢e(z)dt = const,
[ 7.(t)dt = const, [y,(t)dt = const, and with the sym-
metry G(I) = €(—t), 75(0 = yc(_t)’ YC(I) = }/C(—t>. Al’ly
super-Hamiltonian obtained using the Strang splitting
of the continuous engine [for example, H™WO sToke(y),
Hfour stoke ()] constitutes a symmetric rearrangement of
the continuous engine. The SRT exploits the symmetry
of the Hamiltonian to show that symmetric rearrangement
changes heat and work only in O[(s/#)?]. In Appendix D,
we show that

four stroke cont
w ~ Weent

(18)

Qi?l;lr) stroke ~ Qi(()% (19)
Thus, we conclude that up to (s/h)* corrections, the
engines are thermodynamically equivalent. When s < 1,
work, power, heat, and efficiency converge to the same
value for all engine types. Clearly, inside the cycle, the
work and heat in the two engines are significantly different
(O[(s/n)']), but after a complete cycle, they become
equivalent. The symmetry makes this equivalence more
accurate as it holds up to (s/h)* [rather than (s/h)?].
Interestingly, the work done in the first half of the cycle is
FWeent + O[(s/h)?]. However, when the contribution of
the other half is added, the O[(s/h)?] correction cancels
out and Eq. (18) is obtained (see Appendix D).

We emphasize that the SRT and its implications (18) and
(19) are valid for transients and for any initial state—not
just for steady-state operation. In Fig. 6(a), we show the
cumulative work as a function of time for a four-stroke
engine and a continuous engine. The vertical lines indicate
a complete cycle of the four-stroke engine. In addition
to the parameter common to all examples specified before,
we used € =y, =y, = 107*, and the equivalence of work
at the vertical lines is apparent. In Fig. 6(b), the field and
thermal coupling were increased to e =y, =y, =
5x 1073, Now the engines perform differently, even at
the end of each cycle. This example is a somewhat extreme
situation where the system changes quite rapidly (conse-
quence of the initial state we chose). In other cases, such as
steady-state operation, the equivalence can be observed for
much larger action values.

e=10"
(a) x 00020
o
i 0.0015
2 2 stroke
©
L 00010 \
S 4 stroke A
3 0.0005 —— cont.
L
0 50 100 150
time (drive cycles)
e=5x10"
(0) S 0254 stroke
2 020 x\\
)
2 015 cont.
«
> 0.10 _\_\‘_
S
a 005¢ 2 stroke
N
50 100 \\%’

time (drive cycles)

FIG. 6. (a) The equivalence of heat engine types in transient
evolution when the engine action is small compared to 7. (a) The
cumulative power transferred to the work repository is plotted as
a function of time. All engines start in the excited state |4), which
is very far from the steady state of the system. At complete engine
cycles (vertical lines), the power in all engines is the same.
(b) Once the action is increased (here, the field ¢ was increased),
the equivalence no longer holds.

The splitting used in Eq. (13) was based on first splitting
L, and then H,,. Other engines can be obtained by different
splitting of K", For example, consider the two-stroke
engine obtained by splitting L. + L;:

o stroke (L, 4L, (teye/3) pil3H,) (teye/3)

X eii%(‘ca +'C/z><‘fcyc/3) . (20)
Note that in the two-stroke engine, the thermal coupling has
to be % stronger compared to the continuous case in order to
provide the same action. Using the SRT, we obtain the
complete equivalence relations of the three main engine

types:

Wtwo stroke ~ Wfour stroke ~ Wcont (21)

two stroke ~ ()four stroke ~ (cont 22
Qc(h) = Qc(h) = Qc(h)a ( )
iétwo stroke o~ k':four stroke o I’Ccont‘ (23)

Note that since K = e %, the equivalence of the
evolution operators holds also in the original frame, not
just in the interaction frame. Another type of engine exists
when the interaction with the work repository is carried
out by two physically distinct couplings. This happens
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naturally if E, — E; # E, — E; so that two different
driving lasers have to be used and the Hamiltonian is
Hy + cos|[(E, — Ey)f]H,,; + cos[(E; — E3)f]H,,». In such
cases, one can make the splitting shown in Fig. 5(d). In
this numerical example, we used H,; = €(t)|1)(2| + H.c.
and H,, = ¢(1)|3) (4| + H.c. Since there are two different
work strokes in addition to the thermal stroke, this engine
constitutes a four-stroke engine.

C. Power and energy flow balance

The average power and heat flow in the equivalence
regime are independent of the cycle time:

w 1
Py =—=( Hy|— D 24
w Teye < 0 2hHW ps>’ ( )
OQc(n) < 1 -
Jch = = HO _‘Cc nPs )- (25)
"= e = Letn

Using the steady-state definition (15), one obtains the
steady-state energy balance equation:

P,+J.+J,=0. (26)

Equation (26) does not necessarily hold if the system is not
in a steady state, as energy may be temporarily stored in the
baths or in the work repository.

Figure 7 shows the power in a steady state as a function
of the action. The action is increased by increasing the time
duration of each stroke (see top illustration in Fig. 7). The
field and the thermal coupling are € = y, =y, = 5 x 1074,
The coupling strengths to the bath and work repository are
not changed. When the engine action is large compared to
h, the engines behave very differently [Fig. 7(a)]. On the
other hand, in the equivalence regime, where s is small with
respect to 7, the power of all engines types converges to the
same value. In the equivalence regime, the power rises
quadratically with the action since the correction to the
power is s° /7.y o« 72.. This power plateau in the equiv-
alence regime is a manifestation of quantum interference
effects (coherence in the density matrix), as will be further
discussed in the next section.

The behavior of different engines for large action with
respect to 7 is very rich and strongly depends on the ratio
between the field and the bath coupling strength.

Finally, we comment that the same formalism and results
can be extended for the case in which the drive is slightly
detuned from the gap.

D. Lasing condition via the equivalence
to a two-stroke engine

Laser medium can be thought of as a continuous engine
where the power output is light amplification. It is well known
that lasing requires population inversion. Scovil ef al. [83]
were the first to show the relation between the population
inversion lasing condition and the Carnot efficiency.

N —

small s large s
(a) > 4 stroke variant
25x10°¢
o 2.x10° cont.
g 15x107¢
O 1x10°¢ 4 stroke
o
5.x1077
5 10 15 25 30
! \ S / h
(b) 310 quadratic
25x10°¢} deviation
2.x10°F
13x10 & I)x = I)cont +ais2
1.x107%}
5.x10 7
Oh 05 10 15 20 25
FIG.7. Power as afunction of action for various engine typesin a

steady state. The four-stroke variant (green line) is described in
Fig. 5(d). The action is increased by increasing the stroke duration
(top illustration). (a) For large action with respect to 7, the engines
significantly differ in performance. In this example, all engines
have the same efficiency, but they extract different amounts of heat
from the hot bath. (b) In the equivalence regime where the action is
small, all engine types exhibit the same power and also the same
heat flows. The condition s < 7/2 that follows from the Strang
decomposition agrees with the observed regime of equivalence.
The time-symmetric structure of the engines causes the deviation
from equivalence to be quadratic in the action.

Using the equivalence principle presented here, the most
general form of the lasing condition can be obtained
without any reference to light-matter interaction.

Let us start by decomposing the continuous engine into
an equivalent two-stroke engine. For simplicity, it is
assumed that the hot and cold manifolds have some overlap
so that, in the absence of the driving field, this bath leads
the system to a unique steady state p,. If the driving field is
tiny with respect to the thermalization rates, then the system
will be very close to p, in the steady state.

To see when p, can be used for work extraction, we need
to discuss passive states. A passive state is a state that is
diagonal in the energy basis, and with populations that
decrease monotonically with energy [99]. The energy of a
passive state cannot be decreased (or work cannot be
extracted from the system) by applying some unitary
transformation (the Hamiltonian after the transformation
is the same as it was before the transformation) [70,99].
Thus, if p, is passive, work cannot be extracted from the
device, regardless of the details of the driving field (as long
as it is weak and the equivalence holds).

A combination of thermal baths will lead to an energy
diagonal p,. Consequently, to enable work extraction,
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passivity must be broken by population inversion.
Therefore, we obtain the standard population inversion
condition. Note that the derivation does not require an
Einstein rate equation or any information on the processes
of emission and absorption of photons.

Furthermore, it now becomes clear that if “coherent
baths” are used [66] so that p, is no longer diagonal in the
energy basis (and therefore no longer passive), it is possible
to extract work even without population inversion.

In conclusion, using the equivalence principle, it is
possible to import known results from work extraction
in stroke schemes to continuous machines.

IV. QUANTUM-THERMODYNAMIC SIGNATURE

Can the measurements of thermodynamics quantities
reveal quantum effects in heat engines? To answer this, we
first need to define the corresponding classical engine.

The term “classical engine” is rather ambiguous. There
are different protocols of modifying the system so that it
behaves classically. To make a fair comparison to the fully
quantum engine, we look for the minimal modification that
satisfies the following conditions:

(1) The dynamics of the device should be fully de-
scribed using population dynamics (no coherences,
no entanglement).

(2) The modification should not alter the energy levels
of the system, the couplings to the baths, and the
coupling to the work repository.

(3) The modification should not introduce a new source
of heat or work.

To satisfy the first requirement, we introduce a dephasing
operator that eliminates the coherences [100] and leads to a
stochastic description of the engine. Clearly, a dephasing
operator satisfies the second requirement. To satisfy the
third requirement, we require “pure dephasing,” a dephas-
ing in the energy basis. The populations in the energy basis
are invariant to this dephasing operation. Such a natural
source of energy-basis dephasing emerges if there is some
scheduling noise [101]. In other words, if there is some
error in the switching time of the strokes.

Let us define a “quantum-thermodynamic signature” as a
signal that is impossible to produce by the corresponding
classical engine as defined above.

Our goal is to derive a threshold for power output that a
stochastic engine cannot exceed but a coherent quantum
engine can.

Before analyzing the effect of decoherence, it is instruc-
tive to distinguish between two different work extraction
mechanisms in stroke engines.

A. Coherent and stochastic work extraction
mechanisms

Let us consider the work done in the work stroke of a
two-stroke engine [as in Fig. 5(c)]:

W = <H0|e_i<1/2h)HwTw

p) = (Holp), (27)
where 7,, is the duration of the work stroke. Writing

the state as a sum of population and coherences
|ﬁ> = |/~)pop> + ‘ﬁcoh>’ we get
/N)coh>

ﬁpop>. (28)

(=55 Hour)™" ™!
D 2n—1)!

W:<H0

n=1
+(Ho

This result follows from the generic structure of
Hamiltonians in Liouville space. Any H that originates
from a Hermitian Hamiltonian in Hilbert space (in contrast
to Lindblad operators as a source) has the structure shown
in Fig. 8(b) (see Appendix A for Liouville space derivation
of this property). In other words, it connects only pop-
ulations to coherences and vice versa, but it cannot
connect populations to populations directly [102]. In
addition, since (H| acts as a projection on population
space, one gets that odd powers of H,, can only operate on
coherences and even powers can only operate on popula-
tions. Thus, the power can be extracted using two different
mechanisms: a coherent mechanism that operates on
coherences and a stochastic mechanism that operates on
populations.

The effects of the “stochastic” terms
i (=i H,7,)*/(2n)! on the populations are equiv-
alently described by a single doubly stochastic operator. If
there are no coherences (next section), this leads to a simple
interpretation in terms of full swap events that take place
with some probability.

(@) U DUD
EE - ran

Z (_i #waw)zn
e (2n)!

pop Oi h |pop
|p>= """ H:HT: ----- :r ----------
coh hTE 0 coh

pop : coh

FIG. 8. Panel (a), left side: Dephasing operations (slanted line,
operator D) commute with thermal baths so the dephased engine
in the left side of (a) is equivalent to the one on the right. In the
new engine, the unitary evolution is replace by DUD. If D
eliminates all coherences, the effect of DUD on the populations
can always be written as a doubly stochastic operator. (b) Any
Hermitian Hamiltonian in Liouville space has the structure shown
in (b). Thus, first-order changes in populations critically depend
on the existence of coherence.
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Continuous engines, on the other hand, have only a
coherent work extraction mechanism. This can be seen
from the expression for their work output,

5> = <H 0
where again we used the population projection property of
(Hy| and the structure of H,, [Fig. 8(b)]. We conclude that
in contrast to stroke engines, continuous engines have no
stochastic work extraction mechanism. This difference
stems from the fact that in continuous engines, the steady
state is stationary. Consequently, there are no higher-order
terms that can give rise to a population-population stochas-
tic work extraction mechanism. This is a fundamental
difference between stroke engines and continuous engines.
This effect is pronounced outside the equivalence regime
where the stochastic terms become important (see Sec. V).

1
—H,

1
2% N Hw

Pcont — H,
< 0 2h

p> (29)

B. Engines subjected to pure dephasing

Consider the engine shown in Fig. 8(a). The slanted lines
on the baths indicate that there is an additional dephasing
mechanism that takes place in parallel to the thermalization
[103]. Let us denote the evolution operator of the pure
dephasing by D. In principle, to analyze the deviation from
the coherent quantum engine, first the steady state has to be
solved and then work and heat can be compared. Even for
simple systems, this is a difficult task. Hence, we shall take a
different approach and derive an upper bound for the power
of stochastic engines. It is important that the bound contains
only quantities that are unaffected by the level of coherence in
the system. For example, the dipole expectation value, does
contain information on the coherence. We construct a bound
in terms of the parameters of the system (e.g., the energy
levels, coupling strengths, etc.), which is independent of the
state of the system. In the pure dephasing stage, the energy
does not change. Hence, the total energy change in the DUD
stage is associated with work.

Let Deomp = |pop) (pop| be a projection operator on the
population space. This operator generates a complete
dephasing that eliminates all coherences. In such a case,
the leading order in the work expression becomes

W= <H0 |Dcompeii(lﬂh)HWTchomp |/5>

2

= 8_;;}2 <HO|H$v‘ﬁpop> + 0[(S/h)4], (30)
where we used (Hy|D = (Hg| and Deomp |9) = |Ppop) - Since
Deomp €eliminates coherences, W does not contain a linear
term in time. Next, by using the following relation,
(Ho|Blp) < /{HolHo){plp)||IBIl. \/(HolHo) = \/tr(H5),
we find that for s < 71 the power of a stochastic engine
satisfies

z
PSIOCh S w \/tr(H(z)) — tr(H0)2A%,d2TCyC,
z = 1 two-stroke,

z = 1/2 four-stroke, (31)

where A, is the gap of the interaction Hamiltonian
(maximal eigenvalue minus minimal eigenvalue of H,,),
and d is the duty cycle—the fraction of time dedicated to
work extraction (d = 7,,/7cyc, €., d=1/3 in all the
examples in this paper). We also used the fact that
(Ppop|Ppop) 1s always smaller than the purity (p|p) and
therefore smaller than 1. Note that, as we required, this
bound is state independent, and the right-hand side of
Eq. (31) contains no information on the coherences in the
system. Thus, we conclude that for power measurements,

P > Py, = quantum-thermodynamic signature.  (32)

As shown earlier, in coherent quantum engines (in the
equivalence regime), the work scales linearly with 7.y [see
Egs. (16) and (18)], and therefore, the power is constant as a
function of 7.,.. When there are no coherences, the power
scales linearly with 7.

Numerical results of power as a function of cycle time
are shown in Fig. 9. The power is not plotted as a function
of action as before because, at the same cycle time, the
coherent engine and the dephased engine have different
actions. The coupling parameters are as in Fig. 7. The
action of the dephased engine is

25x10°6 -
2.x10° —
— //
o) ®
S 15%x107¢ T - -
S Q
signature! 7 7
1.x107¢ st o
sxi07p T
________ dephased A-stroke

400 600 800 1000 1200 1400
cycle time [7,4.]

FIG. 9. The power output of the three types of engines (two-
stroke blue, four-stroke red, continuous black) with and without
dephasing [top horizontal solid lines are without dephasing—
same as in Fig. 7(b)]. The power of the continuous dephased
engine is zero. The dashed lines show the stochastic upper bounds
on the power of two-stroke (dashed blue line) and four-stroke
(dashed red line) engines. Any power measurement in the shaded
area of each engine indicates the presence of quantum interfer-
ence in the engine. This plot also demonstrates that for short cycle
times (low action), coherent engines produce much more power
compared to stochastic dephased engines.
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1
saon = (120 + 124114+ 37

+ ||£dephasing | |> Tcyc .
(33)

If the dephasing is significant, the action is large and
equivalence cannot be observed. In other words, a fully
stochastic engine in a quantum system has a large action
and cannot satisfy s < 7.

The stochastic power bounds for a two-stroke engine
(dashed blue line) and for a four-stroke engine (dashed red
line) define a power regime (shaded areas) that is inacces-
sible to fully stochastic engines. Thus, any power meas-
urement in this regime unequivocally indicates the presence
of quantum coherences in the engine.

In practice, the dephasing time may be very small but
different from zero. When the cycle time is large compared
to the dephasing time, the system behaves as if there is
complete dephasing. If, however, the cycle time is small
with respect to the decoherence time (close to the origin of
Fig. 9), the power will form a plateau of finite power instead
of reducing to zero.

Note that to measure power, the measurement is carried
out on the work repository and not on the engine.
Furthermore, the engine must operate for many cycles to
reduce fluctuations in the accumulated work. To calculate
the average power, the accumulated work is divided by the
total operation time and compared to the stochastic power
threshold (31).

Also, note that a complete dephasing would have
resulted in zero power output for the continuous
engine (29).

In summary, the quantum-thermodynamics signature in
stroke engines can be observed in the weak action limit.

V. OVER-THERMALIZATION EFFECT IN
COHERENT QUANTUM HEAT ENGINE

In all the numerical examples studied so far, the unitary
action and the thermal action were roughly comparable for
reasons that will soon become clear. In this section, we
study some generic features that take place when the
thermal action takes over.

Let us now consider the case where the unitary con-
tribution to the action || H,, ||z is small with respect to 7. All
the time intervals are fixed, but we can control the
thermalization rate y (for simplicity, we assume it is the
same value for both baths). Common sense suggests that
increasing y should increase the power output. At some
stage, this increase will stop since the system will already
reach thermal equilibrium with the bath (or baths in two-
stroke engines). Yet, Fig. 10 shows that there is a very
distinctive peak where an optimal coupling takes place. In
other words, in some cases, less thermalization leads to
more power. We call this effect over-thermalization. This
effect is generic and not unique to the specific model used

2.x107%}
quantum, coherence driven
-6 !
5 1.5x10 —
% stochastic,
O 1.x10°° population driven
5.x1077

FIG. 10. The over-thermalization effect is the decrease of power
when the thermalization rate is increased. Over-thermalization
degrades the coherent work extraction mechanism without
affecting the stochastic work extraction mechanism. When the
coherent mechanism gets weak enough, the power is dominated
by the stochastic power extraction mechanisms and power
saturation is observed (dashed lines). The continuous engine
has no stochastic work extraction mechanism, and therefore, it
decays to zero without reaching saturation.

in the numerical simulations. The parameters used for the
plotare € = y. = 7, = 2 x 107*, and the number of drives
cycles per engine cycle is m = 600.

The peak and the saturation are a consequence of the
interplay between the two different work extraction mech-
anisms (see Sec. IVA). For low 7, the coherences in the
system are significant, and the leading term in the power is
(Ho|—i(1/2A)H,,|peon)d (where d is the duty cycle). In
principle, all Lindblad thermalization processes are asso-
ciated with some level of decoherence. This decoherence
generates an exponential decay of |p.,,) that explains the
decay on the right-hand side of the peak. At a certain stage,
the linear term becomes so small that the stochastic second-
order term —(1/84%)(H|H3|ppop)d*Tcye dominates the
power. |pp,) eventually saturates for large y, and therefore,
the stochastic second-order term leads to a power
saturation. Interestingly, in the example shown in Fig. 10,
we observe that the peak is obtained when y and e are
roughly equal. Of course, what really matters is the thermal
action with respect to unitary action and not just the values of
the parameters y and e. We point out that this effect for a
continuous engine can be seen in Fig. 3 of Ref. [20] and in
Fig. 11 of Ref. [104]. In the present work, the mechanism
that generates this general effect has been clarified.

If thermalization occurs faster, the thermal stroke can be
shortened, and this increases the power. However, this
effect is small with respect to the exponential decay of the
coherences. We conclude that even without additional
dephasing as in the previous section, excessive thermal
coupling turns the engine into a stochastic machine. For
small unitary action, this effect severely degrades the power
output. The arguments presented here are valid for any
small-action coherent quantum engine.
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VI. CONCLUDING REMARKS

We identified coherent and stochastic work extraction
mechanisms in quantum heat engines. While stroke engines
have both mechanisms, continuous engines only have the
coherent mechanism. We introduced the “norm action” of
the engine using Liouville space and showed that when this
action is small compared to 7, all three engine types are
equivalent. This equivalence emerges because, for small
actions, only the coherent mechanism is important. Despite
the equivalence, before the engine cycle is completed, the
state of the different engine type differs by O[(s/7)!]. This
also holds true for work and heat. Remarkably, at the end of
each engine cycle, a much more accurate O|(s/h)?] equiv-
alence emerges. Furthermore, the equivalence also holds for
transient dynamics, even when the initial state is very far
from the steady state of the engine. It was shown that, for
small actions, the coherent work extraction is considerably
stronger than the stochastic work extraction mechanism.
This enabled us to derive a power bound for stochastic
engines that constitutes a quantum-thermodynamics signa-
ture. Any power measurement that exceeds this bound
indicates the presence of quantum coherence and the
operation of the coherent work extraction mechanism.

Experimental schemes where the work is extracted by
changing the energy levels (e.g., Refs. [53-55]) correspond
to a full swap in the multilevel embedding framework.
Consequently, such setups have an inherently large action,
and they are not suited for demonstrating the effects
presented here. In contrast, the scheme in Ref. [105] seems
highly suitable. There, the unitary operation that makes a
swap between superconducting qubits is generated by
creating a magnetic flux through a superconducting ring.
In the original paper, the authors use a flux that generates a
full swap. However, by using weaker magnetic fields, the
unitary operation will become a partial swap, and it should
be possible to attain the small action regime where the
equivalence can be observed. In addition, NV centers in
diamonds also have the potential for exploring heat engine
equivalence in the quantum regime.

The present derivation makes no assumption on the
direction of heat flows and the sign of work. Thus, our
results are equally applicable to refrigerators and heaters.

It is interesting to try and apply these concepts of
equivalence and quantum-thermodynamic signatures to
more general scenarios: non-Markovian baths, engines
with a nonsymmetric unit cell, and engines with quantum
correlation between different particles (entanglement and
quantum discord). We conjecture that in multiple particle
engines, entanglement will play a similar role to that of
coherence in single-particle engines.
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APPENDIX A: LIOUVILLE SPACE
FORMULATION OF QUANTUM DYNAMICS

Quantum dynamics is traditionally described in Hilbert
space. However, it is convenient, in particular, for open
quantum systems, to introduce an extended space where
density operators are vectors and time evolution is gen-
erated by a Schrodinger-like equation. This space is usually
referred to as Liouville space [89]. We denote the “density
vector” by |p) € C"N It is obtained by reshaping the
density matrix p into a larger single vector with index
a€{1,2,...N*}. The one-to-one mapping of the two
matrix indices into a single vector index {i,j} — a is
arbitrary but has to be used consistently. The vector |p) is
not normalized to unity, in general. Its norm is equal to the
purity, P = tr(p?) = {p|p), where (p| = |p)" as usual. The
equation of motion of the density vector in Liouville space
follows from d,p, = > _4pp0(d;p,)/Opy. Using this equa-
tion, one can verify that the dynamics of the density vector
|r) is governed by a Schrodinger-like equation in the new
space,

i0|p) = Hlp), (A1)

where the super-Hamiltonian H € CVN? g given by

.0(d,p,)
4 .

A particularly useful index mapping is described in
Ref. [106] and in Ref. [90]. In this mapping, the Liouville
index of |p) is related to the original row and column index
of p via a@ = col + N(row — 1). For this form, H can be
compactly written in term of the original H and A:

H=—iH®I-1® H)
1 1
#iY [ @ 4 -1 8 (ala 14l 01
k
(A3)

where the superscript ¢ stands for transposition and * for
complex conjugation. H = H® + £ is non-Hermitian for
open quantum systems. !’ originates from the Hilbert
space Hamiltonian H, and £ from the Lindblad terms. HH
is always Hermitian. The skew-Hermitian part (£ — £7)/2
is responsible for purity changes. Yet, in Liouville space,
the Lindblad operators A; in Eq. (1) may also generate a
Hermitian term (£ + £7)/2. Though Hermitian in
Liouville space, this term cannot be associated with a
Hamiltonian in Hilbert space. If £ = 0, K is unitary. It is
important to note that not all eigenvectors of H in Liouville
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space can be populated exclusively. This is due to the fact
that only positive p with unit trace are legitimate density
matrices. The states that can be populated exclusively
describe steady states, while others correspond to transient
changes. We remind the reader that, in this paper, we use
calligraphic letters to describe operators in Liouville space
and ordinary letters for operators in Hilbert space. For
states, however, |A) will denote a vector in Liouville space
formed from Ay,y by “vec-ing” A into a column in the
same procedure p is converted into |p).

1. Useful relations in Liouville space

In Liouville space, the standard inner product of two
operators in Hilbert space trA'B reads

trATB = (A|B).
In particular, the purity P = (r|r) is just the square of the

distance from the origin in Liouville space.
A useful relation for H is

HH|H)Y = (H/H" = 0. (A4)
The proof is as follows:
HE e = HinGjy — Hy S (AS)
Therefore, using Eq. (AS5) we get
HUH) => HEH; => HE H,, =[H H]=0.
I mn
(A6)

This property is highly useful. We stress that Eq. (A4) is a
property of Hermitian operators in Hilbert space, where
both H and H are well defined. A general Hermitian
operator in Liouville space may not have a corresponding
H in Hilbert space.

Another property
Eq. (AS) is

that immediately follows from

Hii =0 (A7)
This corresponds to a well-known property of unitary
operation. If the system starts from a diagonal density
matrix, then for short times, the evolution generated by H",
e~™M"dt — | — jHHdt + O(dr*) does not change the pop-
ulation in the leading order.

2. Expectation values and their time evolution
in Liouville space

The expectation value of an operator in Hilbert space is
(A) = tr(pA). Since p is Hermitian, the expectation value is
equal to the inner product of A and p, and therefore,

(A) = tr(pA) = (p|A).

The dynamics of (A) under the Lindblad evolution
operator is

d d

—(A) = —i(A|H —A). A8
S ==itaa) + (ol Ga). a9
Note that in Liouville space there is no commutator term
since H operates on |p) just from the left. If the total
Hamiltonian is Hermitian and time independent, the

conservation of energy follows immediately from apply-
ing Eqs. (A8) and (A4) for A = H.

APPENDIX B: GEOMETRIC MEANING
OF THE NORM ACTION

This appendix establishes the relation between the norm
action and the path length in Liouville space. The action
constitutes an upper bound on the length of the path over
one cycle. The infinitesimal path dI between two states
|p(t + dr)) and |p(¢)) in Liouville space is given by

di? = [lp(t + d1)) = |p(1)) 3
= (p()|[H"H|p(1))dr*/n* + O(dr),

where |||p(t + d1)) — |p(1)|I7 = tr([p( + dt) = p(1)?).
Consequently, the path in Liouville space is given by

Teye dl 1 Teye
L= — |dt < — dt,
[ (G )ar< [ il

where we have used the property of the spectral norm

()" Hp(1))/(plp) < [H]3,- Since the purity (p|p) is
always smaller than 1,

(B1)

(B2)

1

L 5,/ |H||dt = s/h. (B3)
h Jo

Thus, the path length per cycle in Liouville space is
bounded by the action. For previous uses of the norm
action to quantify quantum dynamics, see Refs. [107-110].
This is also true for times shorter than the cycle time 7.y,

L(z) = A(%) dt < s/h.

The triangle inequality implies |||p(z)) — [p(0))|l, < L(z);
therefore,

(B4)

max(|[[p(z)) = p(0))[l2) < s/

Hence, the action limits the maximal state change during
the cycle. For example, if the action is 10734, the state will
change by 1073 at the most.

(BS)
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APPENDIX C: STRANG DECOMPOSITION
VALIDITY

Let K be an operator generated by two noncommuting
operators A and B:

K = e(A+B)dA (Cl)

where we use dA = dt/h for brevity. The splitted operator
is

K, = o Adl p Bl L) (C2)

Our goal is to quantify the difference between X and /C,
IICs — KCJ|, where || || stands for the spectral norm. In
principle, other submultiplicative matrix norms can be used
(such as the Hilbert-Schmidt norm). However, the spectral
norm more accurately captures aspects of quantum dynam-
ics [108-111]. KC can be expanded as

B (A+ B)'da"
K= Z—' (C3)
K, on the other hand, is

i .A/2 kdik Blda! (A/2)mdam
ety I m!

) n n—l k [ n—Il—k
Z Z (A/2) B A/2) . (C4)
o k! (n—1—k)!

Because of the symmetric splitting, the terms up to n = 2
(including n =2) are identical for both operators.
Therefore, the difference can be written as

n nl
A/z kBl A/z)n I—k .
Ifes = Kl = Z;[Z;,; K1 l—k)!dﬂ

_Z(A+B) ar |

n!

(C5)

n=3

Next, we apply the triangle inequality and the submulti-
plicativity property to get

iy K n—l—k
1K, — K| < ZZZ”A/Z” IBI' IlA/2]"*
n=3 1=0 k=0 ! (n—1-k)!
= ./4 + || BN dA"
=S (Al ’l|' DRz <o)
n=3 .

Using the binomial formula two times, one finds

dﬂ{n

z"": S IIA/ZII"IIBII [lA/2]]"~*

=3 1=0 k=0 (n—1—k)!

-3 AL + 1By -
and therefore,
o (1Al + [18][)"da
= 2R, [([|All + [|B][)dA]. (C8)

The right-hand side is the Taylor remainder of a power
series of an exponential with (||.A]| + ||B||)dA as an argu-
ment. The Taylor remainder formula for the exponent
function is R;(x) = e*(|x|*1)/(k+1)!, where 0 < ¢ < 1
(for now, we assume x < 1). Setting k =2 and £ =1
(worst case), we finally obtain

I, =Kl < Sl + 18P < (5)' (9

s =([|All + [1B]})dz (C10)
where we call s the norm action of the evolution operator.
To get an estimation where the leading non-neglected term
of K, (A+ B)?dA%/2, is larger than the remainder, we
require that

(A + B)2di2/2 > <;)3 (C11)

Using the triangle inequality, we get the estimated con-
dition for the Strang decomposition:
s < h/2. (C12)

This condition explains why it was legitimate to limit the
range of x to 1 in the remainder formula.

APPENDIX D: SYMMETRIC REARRANGEMENT
THEOREM

The goal of this appendix is to explain why the
equivalence of evolution operators leads to equivalence
of work and equivalence of heat. In addition, we show why
this is also valid for transients. For the equivalence of the
evolution operator, we require that the super-Hamiltonian is
symmetric and that the action is small:

H(t) = H(-1), (D1)
5= /t/ M|\t < (D2)
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Let the initial state at time t = —z/2 be

1pi) = 1p(=7/2). (D3)
This state leads to a final state at 7/2,
1ps) = Ip(z/2). (D4)

Our goal is to evaluate a symmetric expectation value
difference of the form

dAi = [(A(12)) — (A(11))] + [(A(=11)) — (A(=12))]
= [(Alp(12)) — (Alp(11))]
+ [Alp(=11)) — (Alp(=12))].
th,t; >0, (D5)

that is, the change in the expectation value of A in the
segment [f{, f,] and its symmetric counterpart in negative
time [e.g., the green areas in Fig. 11(a)]. When A is equal to
H, this difference will translate into work or heat. We start
with the expansion

—1|p(11))

[(A(ty)) — (A(1))] = (AIK, .,
2
o P(f1)>

— <A‘—iH(t1)———H(f1) -7

+0 [(%ﬂ . (D6)
For the negative side, we get
@  "O]
(b) T,.[H®I14 !
VM
"t

FIG. 11. The Hamiltonians in (a) and (b) are related by
symmetric rearrangement of the time segments. Up to a small
correction O(s3), the change in expectation values of an
observable A that takes place during the green segments is the
same in both cases. This effect explains why work and heat are
the same in various types of engines when s is small compared to
7 (equivalence regime).

[{A(=11)) = (A(=12))] =

:<A

All = Ky o [r(=11))

o 1 512
—+§H(—t1)2

)2 elp-)

—iH(—1 P

+0 [(;ﬂ . (D7)
Next, we use the fact that
() = 1500 - 1 [ w0 5 00 + 0| (5) .
(08
(1) = 50} + [ w0 o) + o (5]
(09)

When adding the two segments, the second order terms
cancel out and we get

A = —2i(A[H(1)[3(0 )>5t+oK hﬂ. (D10)

Note that the result is expressed using |5(0)), which is not
given explicitly. To correctly relate it to |5(—z/2)), we have
to use the symmetric rearrangement properties of the
evolution operator.

1. Symmetric rearrangement

In Fig. 11(a), there is an illustration of some time-
dependent Hamiltonian with reflection symmetry
H(t) = H(—t). We use H to denote a Liouville space
operator which may be any unitary operation or Markovian
Lindblad operation. Assume that in addition to the sym-
metric bins of interest (green bins), the remainder of the
time is also divided into bins in a symmetric way so that
there is still a reflection symmetry in the bin partitioning
also. Now, we permute the bins in the positive side as
desired and then make the opposite order in the negative
side so that the reflection symmetry is kept. An example of
such an operation is shown in Fig. 11(b). Because of the
Strang decomposition, we know that the total evolution
operator will stay the same under this rearrangement up to
third order:

IC_T

= TymlK] s +0 [(hﬂ ,

where 7y, [x] stands for evaluation of x after a symmetric
reordering.

(D11)

2. Symmetric rearrangement theorem

From Eq. (D11), we see that if the initial state is the same
for a system described by K, and for a system described by
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T om|K], the final state at t = 7/2 is the same for both
systems up to a third-order correction:

) b)ol)] o
Using Eqgs. (D8) and (DY), we see that
oy =PI FED o[ ()], oy

and because of Eq. (D12), it also holds that

ToymllP(0))] = [p(0)) + O K;z) 2]

using this in Eq. (D10), we get

A, = —2i<A|H(tl)w& +0 K%ﬂ

(D15)

Expression (D15) no longer depends on the position of the
time segment but only on its duration and on the value of H.
Thus, the SRT states that the expression above also holds
for any symmetric rearrangement,

A = TymldA] + O K%) 3] . (D16)

If we replace A by H, and H(t,) by L., L}, or H,,, we
immediately get the invariance of heat and work to
symmetric rearrangement (up to s*). If |p[—(z/2)]) is the
same for all engines, then |p(z/2)) is also the same for all
engine types up to O(s®). Consequently, for all stroke
engines, the expressions for work and heat are

W= —2i<H0|/Hw(t)cZ|'5(;)> +2\ﬁ(—§)> + 0{(2)3],

t€t,,

(D17)

O = 21l / £ 12D+ PED)
+o[<m. (D18)
Using the identty [5(c/2) + pl—(c/2))) = [p(1)) +

|p(—1)) + O[(s/h)?] that follows from Eq. (D13), the
integration over time of the energy flows j,, =

(Ho|(1/20)H,,[p(2)) and  jewy = (Hol(1/R)Len|p(2))

for continuous engines yields expressions (D17) and
(D18) once more. This implies that the SRT (D17) and
(D18) holds even if the different operations L., £;, and H,,
overlap with each other.

We emphasize that all the above relations hold for any
initial state and not only in the steady state where
|p(z/2)) = |p[—(z/2)]). The physical implication is that
in the equivalence regime, different engines are thermo-
dynamically indistinguishable when monitored at the end
of each cycle, even when the system is not in its
steady state.
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Abstract: Various engine types are thermodynamically equivalent in the quantum limit of small
“engine action”. Our previous derivation of the equivalence is restricted to Markovian heat baths and
to implicit classical work repository (e.g., laser light in the semi-classical approximation). In this paper,
all the components, baths, batteries, and engines, are explicitly taken into account. To neatly treat
non-Markovian dynamics, we use mediating particles that function as a heat exchanger. We find that,
on top of the previously observed equivalence, there is a higher degree of equivalence that cannot
be achieved in the Markovian regime. Next, we focus on the quality of the battery charging process.
A condition for positive energy increase and zero entropy increase (work) is given. Moreover, it is
shown that, in the strong coupling regime, it is possible to super-charge a battery. With super-charging,
the energy of the battery is increased while its entropy is being reduced at the same time.

Keywords: quantum heat engines; quantum refrigerators; quantum thermodynamics; heat exchanger;
engine equivalence; two-stroke; four-stroke; non-Markovian; strong coupling

1. Introduction

All heat engines, classical and quantum, extract work from heat flows between at least two heat
baths. When the working fluid is very small and quantum, e.g., just a single particle, the dynamics
of the engine can be very different from that of classical engines [1,2]. Nonetheless, some classical
thermodynamic restrictions are still valid. For example, quantum heat engines are limited by the
Carnot efficiency even when the dynamics is quantum. Today, it is fairly well understood why the
Clausius inequality originally conceived for steam engines still holds for small quantum heat machines.

The field of quantum thermodynamics has been intensively studied in recent years. The main
research directions are the study of quantum heat machines, thermodynamic resource theory, and the
emergence of thermal states. See the recent reviews [3-5] and references therein for more information
on these research directions.

The study of quantum heat machines dates back to [6] where it was shown that the lasing
condition for a system pumped by two heat baths corresponds to the transition from a refrigerator
to an engine. See [7,8] for a more detailed analysis of such systems. Since then, various types of heat
machines have been studied: reciprocating, continuous, autonomous and non autonomous, four-stroke
machines, two-stroke machines, Otto engines and Carnot engines in the quantum regime. See [9—45]
for a partial list on heat machine studies in recent years.

Experimentally, a single ion heat engine [46] and an NMR refrigerator [36] have already been
built. Suggestions for realizations in several other quantum systems include quantum dots [47,48],
superconducting devices [49-52], cold bosons [53], and optomechanical systems [34,54,55]. For other
related experiments and their theoretical studies, see [56-60].
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The second law was found to be valid for heat machines [9] in the weak system-bath coupling,
where the Markovian dynamics is described by the Lindblad equation. In fact, the second law is
consistent with quantum mechanics regardless of Markovianity as long as proper thermal baths are
used [61]. One of the main challenges in this field is to find “quantum signatures” [1] in the operation
of heat machines—more accurately, to find quantum signatures in thermodynamic quantities such as
work, heat, and entropy production. Clearly, the engine itself is quantum and as such it may involve
quantum features such as coherences and entanglement. The question is whether by measuring
only thermodynamic quantities such as average heat or work, it is possible to distinguish between a
quantum engine and a classical one.

As it turns out, there are thermodynamic effects that are purely quantum, the most relevant
to this work is the equivalence of heat machine types [1]. Other quantum thermodynamic effects
include extraction of work from coherences [62], oscillation in cooling [2], and multiparticle statistics
effects [63]. In resource theory, it seems that quantum coherences in the energy basis also play an
important role and impose restrictions on the possible single shot dynamics [64,65].

The traditional models and analysis of quantum heat machines resemble that of laser physics in
the semi classical approximation. The driving field is often modeled by a classical electromagnetic
field. This field generates a time-dependent Hamiltonian so it is possible to extract pure work from the
system. When the classical field is replaced by a work repository (battery) with quantum description,
the dynamics become more complicated [66]. For example, for an harmonic oscillator battery, the
initial state of the battery has to be fairly delocalized in energy to avoid entropy generation in the
baths [30,67]. This is problematic since an oscillator always has a ground state. See [66] for a detailed
account of this mechanism. In this work, we shall use multiple batteries to extract work by interacting
with the engine via energy conserving unitary evolution. Interestingly, machines without classical
fields have been previously studied [16,30,68]. However, the research goals in these studies are entirely
different from those of the present study.

Another assumption that is almost always used in the analysis of heat machines is that of weak
coupling to the bath. Weak coupling, initial product state assumption, and other approximations lead
to the Lindblad equation for the description of the thermalization process. The Lindblad equation is
widely used in open quantum systems and they describe very well the dynamics in many scenarios.
In other scenarios, such as strong system-bath interactions, or for very short evolution times, the
Lindblad equation fails [69]. In the scheme presented in this paper, we include heat exchangers.
Their role is to enable non-Markovian engine dynamics while still using Markovian baths.

One of the goals of this paper is to show that heat machine equivalence goes beyond the classical
field approximation, and also for very short times where the Markovian approximation does not hold.

A “stroke” of a quantum machine is defined in the following way [1]. It is an operation that takes
place in a certain time segment. In addition, a stroke does not commute with the operations (strokes)
that take place before or after it. This non commutativity is essential for thermodynamic machines.
Without it, the system will reach a state that is compatible with all baths and batteries, and no energy
flows will take place. Different machine types differ in the order of the non commuting operations.
In a two-stroke machine, the first stroke generates simultaneous thermalization of two different
parts of the machine (manifolds) to different temperatures. In the next stroke, a time dependent
Hamiltonian couples the two manifolds and generates a unitary that reduces the energy of the system.
The energy taken from the system is stored in a classical field or in a battery, and is referred to as
work. In a four-stroke engine, the strokes are thermalization of the hot manifold, unitary evolution,
thermalization of the cold manifold, and another unitary evolution. In the continuous machine,
all terminals (baths and work repository) are connected simultaneously: hot bath, cold bath, and
battery/classical field. In this paper, we shall refer to this machine as simultaneous and not continuous
for reasons explained later on.

Due to the abovementioned non commutativity, different machines operate in a different manner,
and, in general, their performances differ (even in cases where they have the same efficiency as in the
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numerical examples in [1]) . Nonetheless, the thermodynamic equivalence principle presented in [1]
states that in the quantum limit of small action, all machine types are thermodynamically equivalent.
That is, they have the same work per cycle, and the same heat flows per cycle. This equivalence
takes place where the operation of each stroke is very close to the identity operation. This regime
is characterized by “engine action” that is small compared to %. This does not mean low power
since a small action cycle can be completed in a short time. Regardless of how close to identity
the operations are, the different machine types exhibit very different dynamics (for example, the
simultaneous machine does not have a pure unitary stage). Nevertheless, the equivalence principle
states that all these differences disappear when looking at the total heat or total work after an integer
number of cycles. The details of the equivalence principle will become clear as we present our results for
the non-Markovian case.

The paper is organized as follows. Section 2 describes the engine and baths setup and introduces
the heat exchangers. In Section 3.1, we derive the equivalence relation in the non-Markovian regime
(short evolution time or strong couplings). The equivalence of heat machine types is valid when the
“engine action” is small compared to 7. In Section 3.2, it is shown how to choose the initial state of
the batteries in the weak action regime so that their entropy will not change in the charging process
is shown. In addition, we find that, for large action, a different initial battery state is preferable.
In the end of the section, it is shown that, for some initial states of the battery, the machine charges
the battery with energy while reducing the entropy of the battery at the same time (super-charging).
Section 3.3 shows that, in contrast to Markovian machines, it is possible to construct machines with a
higher degree of equivalence. The emphasis is on the very existence of such machines, because their
usefulness is presently unclear. In Section 4, we conclude the paper.

2. The Setup

We describe here the minimal model needed for extending the equivalence principle to short
time dynamics beyond the Markovian approximation. However, the same logic and tools can be
applied to more complicated systems with more levels or more baths. The setup studied in this paper
is shown in Figure 1. Heat is transferred from the bath to the engine (black ellipse) via particles of the
heat exchangers (circles on gears). In each engine cycle, the gears turn and a fresh particle enters the
interaction zone (gray shaded area) where it stays until the next cycle. The engine can only interact
with the particles in the interaction zone. The work repository is a stream of particles, or batteries,
(green circles) that are “charged” with work by the engine. This interaction of the elements with the
engine can be turned on and off as described by the periodic functions fi(t) = fi(t + Teyc), Where Teyc
is the machine cycle time. Throughout the paper, we shall use the index “k” as a “terminal index” that
can take the values “h”, “c” or “w” that stand for hot, cold and work repository (battery), respectively.
In what follows, we elaborate on the different elements in the scheme.

2.1. The Heat Exchanger and the Baths

The heat machine equivalence principle [1] calls for a small engine action, which reads in the
present formalism ||He|| T < h. However, in the microscopic derivation of the Lindblad equation, a
rotating wave approximation is made. The approximation is valid only if 7 is large compared to the
oscillation time. This implies that || H.|| has to be very small in the equivalence regime. Nevertheless,
in principle, small action can be achieved with strong (or weak) coupling || H.|| and short evolution
time as long as ||H|| T < f holds. In this regime, which is the subject of this paper, the dynamics is
highly non-Markovian. Non-Markovian bath dynamics is, in general, very complicated and strongly
depend on the specific bath realization. Heat machines and the second law in the presence of strong
coupling have been discussed in [70-72].

To overcome the complicated dynamics and fo obtain results that are universal and not bath-realization
dependent, we add heat exchangers to our setup. Heat exchangers are abundant in macroscopic heat
machines. In house air conditioning, a coolant fluid is used to pump heat from the interior space to an
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external cooling unit. Water in a closed system is used in car engines to transfer heat to the radiator
where air can cool the water. Perhaps the simplest example is the cooling fins that are used to cool
devices like computer chips. The metal strongly interacts with the chip and conduct the heat to the
fins. Then, the weak coupling with the air cools the fins. The interaction with the air is weak but, due
to the large surface, it accumulates into a large heat transfer that cools the chip.

In the quantum regime, heat exchangers enable the following simplifications. Firstly, they separate
the system interaction scales from the bath interaction scales. The system can undergo non-Markovian
dynamics with the heat exchangers while the baths can thermalize the heat exchangers using standard
weak coupling Markovian dynamics. Secondly, they enable starting each engine cycle with a known
environment state (the particles in the interaction zone). Most importantly, this environment state is in
a product state with the system and contains no memory of previous cycles. Thirdly, it eliminates the
dependence on all bath parameters except the temperature. This means that, from the point of view of
the machine, all different bath realizations are equivalent. This bath parameter independence holds as
long as the bath fully thermalizes the heat exchanger particles.

fa) Work Repository

T Relelelelelelels ...

Work qubits | f (1)
Hot exchanger qubits kﬂ “/ Cold exchanger qubits
N <\ .
opoae I <) emell\

— . Ja®) ). —
Hot exchanger >v_."'|
qubit o

Engine quitrit

AN J/

Figure 1. (a) heat machine scheme with heat exchangers (gears). Various engine types can be
implemented in this scheme by controlling the coupling function f. j, ;,(t) to the engine (ellipse). In each
cycle, the gears turn and the work repository shifts so that new particles enter the interaction zone (gray
shaded area). The heat exchangers enable the use of Markovian baths while having non-Markovian
engine dynamics. This includes strong coupling and/or short time evolution. In this model, the
work is stored in many batteries (work qubit in green); (b) the engine level diagram. This machine
is based on two-body energy conserving unitaries. This is in contrast to other machines that employ
three-body interaction.

In our scheme, the coolant fluids consist of N and Nj particles in each heat exchanger
(particles around the gears in Figure 1a). The particles in the gear cyclically pass through the bath
and the machine interaction zone (gray shaded area) with periods of N, Tc,c. Note that the gears in
Figure 1a are merely an illustration of the heat exchanger concept. The heat exchanger can be realized,
for example, by adjacent superconducting qubit or by moving neutral atoms with light. The particles
may interact strongly and in a non-Markovian way with the system. On the other hand, the particles
interact weakly with the bath but for a sufficiently long time so that they fully thermalize when they
leave the bath. After the exchanger particles exit the bath, they are in a thermal state and in a product
state with the system (the bath removes all correlation to the machine). In each cycle of the engine, a
different exchanger particle interacts with the system. N, are analogous to the size of the “cooling
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fin”. Their number is chosen so that within the Markovian, weak-coupling limit to the baths, for all
practical purposes, they have sufficient time to fully thermalize.

Under the assumptions above, it does not matter what the exact details of the Markovian bath
are (e.g., its thermalization time and correlation time). It only needs to induce thermal state via weak
coupling (to avoid strong interaction issues). In this regime, the thermalization can be described by the
Lindblad equation [69]. However, because of the heat exchanger full thermalization assumption, there
is no need for an explicit solution.

The work repository is basically a heat exchanger without a bath. It may have a conveyor belt
geometry as shown in Figure 1a, or it may be cyclic like the heat exchanger. The considerations of
choosing the initial state of the batteries particles (work repository) will be discussed later.

The model can be extended by letting the system interact with more than one heat exchanger
particle at a time, or by not fully thermalizing the particles. However, it seems like these types of
extensions eliminate the advantages of using heat exchangers to begin with. The simple setup described
above is sufficient to exemplify the equivalence principle in short time non-Markovian dynamics.

2.2. The Engine

The engine core shown in Figure 1b is a three-level system. Levels 1 and 3 constitute the hot
manifold with an energy gap Ej, levels 1 and 2 constitute the cold manifold with a gap E., and the
work manifold comprises levels 2 and 3. The more general notion of manifold separation in quantum
heat machines is described in [1].

The hot (cold) manifold can interact only with the hot (cold) heat exchanger. This interaction can
be switched on and off without any energetic cost as explained in the next section. The same holds for
the work repository. If the engine qutrit interacts only with one heat exchanger, the hot for example,
then the hot manifold of the system will eventually reach a Gibbs state at temperature Tj,.

For the engine operating regime, we want the thermal strokes to create population inversion that
would be used to excite the batteries to higher energies. This simple engine structure facilitates
the construction of thermal machines using only two-body interactions rather than three-body
interactions [16,30,68].

2.3. The Coupling of the Engine to the Heat Exchangers and to the Work Repository

In our model, the particles in the heat exchangers are all qubits. The energy gaps of the qubits
in the heat exchangers are equal to the energy gaps of their corresponding manifold in the engine
qutrit. As explained earlier, in each engine cycle, the heat exchanger dials turn and a new thermal
particle is available to interact with the system. These exchanger particles are not initially correlated
to the engine, so the initial state (in each cycle) of the particles in the engine interaction zone is
prot(t = 0) = pc ® py @ pw @ pe Where p, is the engine state and p, , ,, are the bath and work repository
particles that are in the interaction zone of the system. The rest of the particles are not required until
the next cycle of the machine.

The coupling between the engine and the hot bath particles has the form:

Hiyy = Z fk(t)Hek/ (1)

k=c,h,w

where fi(t) are the controllable periodic scalar couplings (switches in Figure 1a and dashed lines in
Figure 1b) introduced earlier. H,; are energy conserving Hamiltonian: If Hy is the Hamiltonian of
the exchanger particle and H, is the qutrit engine Hamiltonian, then energy conserving interaction
satisfies: [H,, He + Hy| = 0. This condition is the standard assumption in thermodynamic resource
theory. It is used to define “thermal operations”, and it ensures that energy is not exchanged with the
controller that generates H,. The total energy in the exchangers, work repositories and the engine is
not affected by H,;. Thus, Hy can only redistribute the total energy but not change it.
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The simplest form of Hj,; is Hy = aka:k + a;{aek where gy, is the annihilation operator for the
k exchanger particle, and a, is the annihilation operator for hot manifold in the engine. These H,
Hamiltonians generate a partial (or a full) swap between the k manifold in the machine and the
terminal k. This operation is slightly more complicated than the standard partial swap as will be
explained in the battery section.

In the beginning of each cycle, the engine starts in a product state with its immediate environment.
This inserts a Markovianity scale to the model since there is no bath memory from cycle to cycle.
Nonetheless, there are still important non-Markovian aspects in the intra-cycle dynamics. The full
Markovian dynamics is obtained in the weak collision limit [73-77], where in each thermal stroke, the
engine interacts weakly with many particles of the heat exchanger.

In the simultaneous machine, all the f; are turned on and off together in order to couple the
machine to different particles in the heat exchangers. Thus, the couplings are not fixed in time as in
the Markovian continuous machine. While Markovian continuous machines do not have a cycle time,
the simultaneous machines have a cycle time 7, determined by the rate that particles of the heat
exchangers enter the interaction zone.

2.4. The Work Repository

There are two major thermodynamic tasks: one is to produce work, and the other is to change
the temperature of an object of interest. While cooling can be done either by investing work
(power refrigerator) or by using only heat baths (absorption refrigerator), engines always involve the
production of work. Often, the receiver of the work is not modeled explicitly. Instead, a classical field
is used to drive the system and harvest the work. This is equivalent to a repository that is big and
hardly changes its features due to the action of the engine.

When the work repository is modeled explicitly, various complications arise. First, the state of the
battery may change significantly (especially if the battery starts close to its ground state) and therefore
affect the operation of the engine (back action). Second, as entanglement starts to form between the
battery and the system, the reduced state of the battery gains entropy. The energy exchange can no
longer be considered as pure work. In an ideal battery, the energy increases without any accompanying
entropy change. This feature is captured by the entropy pollution measure: AS/A (E) [78,79]. In a
good battery, this number is very small and can even be negative as will be shown later.

To avoid the back action problem we will use multiple batteries. In the present scheme, it is
sufficient to use qubits or qutrits. That is, instead of raising one weight by a large amount, we raise
many weights just a little. In some cases, this is indeed the desired form of work. For example, an
engine whose purpose is to prepare many particles with population inversion that are later used as a
gain medium for a laser.

As with the heat exchanger, the batteries will be connected to the engine sequentially, one in
each cycle (the k =" &' in Equation (1)). The reduced state of a terminal particle k (may belong to the
heat exchanger or to the battery) after the engine operated on it, will be denoted by o} = t7.4;[0},]. In
general, after the cycle, the terminal particle may be strongly correlated to the engine.

The initial state of the battery is a key issue that dramatically affects the entropy pollution and the
quality of charging the battery with work. Nevertheless, it is not directly related to the issue of heat
machine equivalence so we will discuss the battery initial state only in Section 3.

2.5. Heat and Work

The heat that flows into the cold (hot) bath in one cycle is given by the change in the energy of the
heat exchanger particle after one cycle:

Q%ﬁge = tr[(Ucyeprot (0)Ugye — 010t (0)) Hey © Tersel, )
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where Uy is the evolution operator generated by H;,; over one cycle of the machine. Writing this in
terms of the state of the whole system, rather than using the reduced state of the bath, is very useful.
To evaluate the total change in the bath energy, we need to know the global transformation over one
cycle Ucyc. The internal dynamics, which are machine dependent, have no impact on the total heat. All
engines that have the same Uy will have the same amount of heat per cycle. This is in contrast to the
equivalence in the Markovian Lindblad formalism [1]. There, a symmetric rearrangement theorem had
to be applied to show that the total heat per cycle is the same for different machines. In the present case,
when the one cycle evolution is equivalent for different types of machines, Equation (2) immediately
implies equivalence of heat and work per cycle. Equivalence of all heat and work energy flows implies
that the efficiency W/ Qy, is the same as well for different machine types in the equivalence regime.

As for energy exchanges with the work repository A (Hy), we replace H,(;,) by H, in Equation (2).
In order to identify it with work, it is required that no entropy is generated in the work repository.

3. Results

3.1. The Equivalence of Heat Machines in the Non-Markovian Regime

The construction of various heat machine types in the same physical system was studied in [1],
and it is based on operator splitting techniques. In particular, the Strang splitting [80-82] for two non
commuting operators A and B is e(ATB)dt — ¢2AdtoBite3 Adt | O (443). Starting with the simultaneous
machine operator where all terminals are connected simultaneously:

7i[Hf.’+ 2 Hk+Hek] TCyc

crsimul =
ucyc = ¢ k=c,h,w ,
uﬁlyi(rjllll eii[H5C+HBh +Hew}TEyC, (4)

where Uy = e~ (et HetHitHo)Te | the single-particle coherence evolution operator can be singled

out from the total evolution operator since [H, + Hc + Hy + Hw, Hint) = 0. All of the population
change is generated by ug;gml In fact, UELT”Z is the evolution operator in the interaction picture. Energy
observables like heat look the same in the interaction picture (Ug H.p, Uy = H.} ). In practice, all
states should be evolved with ug;'y“’ only. The bare Hamiltonians Hy are used only for calculating
the energy observables. Thus, the single-particle coherences associated with interaction-free time
evolution Uy do not affect the population dynamics and observables like energy that are diagonal in
the energy basis. The fact that Uy commutes with Uﬁi]ﬁ”l means that outcome of the operation does not
depend on the time the operation is carried out (time invariance).

This type of single-particle coherences should be distinguished from inter-particle coherences.
Since the energy gaps in the machine and the terminal are matched, the inter-particle coherences
are between degenerate states. For example, the states |0.1.) and |1.0,) are degenerate, and so are
the pairs {|0;,3.),|1,0.) } and {|043¢),|1w2¢)}. The crossed lines in Figure 1b show the pairs of
two-particle degenerate states. These inter-particle coherences are essential for the dynamics. Their
complete suppression leads to a Zeno effect that halts all the dynamics in the engine. The inter-particle
coherences are generated and modified by the interaction terms and hence cannot be separated from the
rest of the evolution like the single-particle coherences. Note that changes in inter-particle coherence
translate to population changes in the subspaces of individual particles.

When starting in a product state where the inter-particle coherences are zero, the energy transfer
(population changes) is of order dt> while the coherence generation is of order dt. This is due to
the fact that unitary transformation converts population to coherences and coherence to population
(see Figure 8 in [1]). In thermodynamic resource theory, phases are often dismissed as non-essential,

but we stress that this is true only for the single-particle coherences.
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To study the relations between the simultaneous engine and the two-stoke engine, we apply the
Strang decomposition which yields the following product form

u?;‘r;llll — e_iHew%e_i(HL’L‘JFHeh)TC}/Ce_iHBZUTczi + O[(%):ﬁ]/
—  yy!Istroke + O[(%):”]’ (5)

where s is the “engine norm action” s = (| Hec|l, + [[Henllsp + [[Hewllsp) Teye and ||+, is the spectral
norm of the operator [1]. When this number is small compared to 7, UCIJC_ stroke _y ug;'y“’. Note that the
first term and the third term in UCI;C_ stroke are two parts of the same stroke. The operator splits this way
since the Strang splitting can only create symmetric units cells. A similar splitting can be done for the
four-stroke engine exactly as shown in [1]. One immediate conclusion follows from the equivalence of
the one cycle evolution operators: if different machine types start in the same initial condition, their state
will coincide when monitored stroboscopically at ¢, = nt.. While at t,, = n7, the states of different
machine types will differ by O[($)3] at the most, at other times they will differ by O[£]. This expresses
the fact that the machine types are never identical at all times. They differ in the strongest order
possible O[], unless complete cycles are considered. Since the one cycle evolution operators are
equivalent, it follows from Equation (2) that for the same initial engine state:

Qili(rzz)ul o~ Q;’I(cs;‘rake o~ Q;J(/c;trokel (6)

where QSim”l refers to the heat transferred in time of 7, in the particle machine. The = stands for
equality up to correction H HC( ) H O[(%)4]. Note that the cubic term does not appear in Equation (6).
Due to lack of initial coherence, the O[($ )3] correction contributes only to the inter-particle coherence
generation but not to population changes. Hence, the population changes differ only in order O[($)%].
In transients, the system energy changes from cycle to cycle so, in general, it is not correct to use energy
conservation to deduce work equality from heat equality. Nevertheless, work equality follows from
Equations (2) and (5) when using Hy, instead of H .

This establishes the equivalence of heat (and work) even very far away from steady state operation
or thermal equilibrium provided all engines start with the same state. This behavior is very similar to the
Markovian equivalence principle [1], but there is one major difference. Since each cycle starts in a
product state, the leading order in heat and work is O[(£)?] and not O[] as in the Markovian case.
The linear term in the work originates from the single-particle coherence generated by the classical
driving field. Without this coherence, the power scales as (QZyC + Q) / Teye & Teye- Thus, as shown
in Figure 2a, for small action, the power grows linearly with the cycle time. On the other hand, as
explained earlier, the correction to the power is only of order O[(£)*]/Teyc = O[($)?]
cubic correction to the work.

Let us consider now the steady state operation. Despite Equation (6), it is not immediate that the
heat will be the same for different machine types in steady state. In Equation (6), the initial density

matrix is the same for all machine types. However, different types may have slightly different initial

since there is no

states, which may affect the total heat. To study equivalence in steady state operation, we first need to
define what steady state means when the bath and batteries are included in the analysis. The whole
system is in a continuous transient: the hot bath gets colder, the cold bath gets hotter, and the batteries
are charged. Nonetheless, the reduced state of the engine relaxes to a limit cycle g.(t) = pe(t + T) or
explicitly pe = tr_,, [Ucye (e ® pp ® pw @ Pe) Ueyc|. To see the relation between steady states of different
machines, we choose the steady state of one machine, for example g5, and apply the two-stroke
evolution operator to it:

0; tr 2o [ULETR (e @ piy @ po @ UL S0k
S

= g+ O[(2)Y). @)
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The cubic order is absent because, if there are no initial inter-particle coherences, then the cubic
term only generates inter-particle coherences. Hence, the reduced state of the system is not modified
by the cubic correction of the two-stroke evolution operator. From Equation (7), we conclude that
the steady states are equal for both machines up to quartic corrections in the engine action. From
Equation (6), it follows that heat and work in steady state are also equal in all machine types, up to
quartic correction. Figure 2a shows the power in steady state for the three main types of machines as
well as for a higher order six-stroke machine that will be discussed in the last section. Let the power
of the machine (work per cycle divided by cycle time) be denoted by P. In Figure 2b, we plot the
normalized power P/ P*"#! where it is easier to see that the correction in the power of one machine
with respect to the other is quadratic. This graph shows that the equivalence of non-Markovian machines
is actually similar to that of Markovian machines. The difference is that the reference simultaneous
power is constant (in action) in the Markovian case and linearly growing (small action) in the present
case. Figure 2b shows that the equivalence is a phenomenon that takes place in a regime and not only
at the (ill defined) point 7., = 0. The same holds for the Markovian case.

(a) 6-stroke Simul.\
0.010 \
0.008 -
2 0.006 e
S 77T 2-stroke
0.004 //:’ -~ T 4-stroke
gotal Dephased
0.002 /,~~" Dephased 4-stroke
& 2-stroke
1 2 3 4 5
Engine action [A]
(b) 6-stroke
1.000
% 0.999
0. 0.998 4-stroke
=
£ 0.997
5
= 0.996
g 2-stroke
o 0.995
o
0.994
0.0 0.2 0.4 0.6 0.8

Engine action [A]

Figure 2. (a) In the non-Markovian regime the main machine types: four-stroke, two-stroke and
simultaneous machine, have the same power when the engine action is small compared to 7. In contrast
to the Markovian case here the power is not constant but grows linearly for small action. The action is
increased by increasing the time duration of each stroke. The red and blue dashed curves show how
the 4-stroke and 2-stroke engines are modified when a dephasing stroke is included. This demonstrates
that the thermodynamic equivalence is a quantum coherence effect; (b) The equivalence become more
visible when plotting the relative power of each machine with respect to the simultaneous machine.
The 6-stroke machine, based on the Yoshida decomposition, is unique to the non-Markovian case and
has a wider range of equivalence.

At this point, we wish to discuss the quantumness of the equivalence principle in the current
setup. In [1], it was suggested to use dephasing in the energy basis to see if the machine is stochastic or
quantum. If a dephasing stroke is carried out before the unitary stroke and the result is not affected,



Entropy 2016, 18, 124 10 of 16

then the machine operates as a stochastic machine. In the four-stroke engine and in the two-stroke
engine described in Equation (5), the battery is accessed twice during the cycle. The first interaction
with the battery creates some inter-particle coherence between the battery and the engine. As a
result, the next interaction with the battery (the second work stroke) starts with nonzero inter-particle
coherence. Thus, adding dephasing after the first work stroke will affect the power gained in the
next work stroke. This is shown by the red and blue dashed curves in Figure 2a. The power of
the simultaneous engine is zero if we continuously dephase the system (Zeno effect). We conclude
that, although there is no coherence that carries over from one cycle to the next, as in the Markovian
case, coherence is still needed for the equivalence principle to hold. This time, the coherence is an
inter-particle coherence between degenerate states.

So far, we ignored the nature of the energy transferred to the battery, i.e., if it is heat or work. If it
is pure work, the device is an engine, whilst if it is heat, the device functions as an absorption machine
(only heat bath terminals). However, the equivalence principle is indifferent to this distinction. If the
action is small, two-stroke, four-stroke, and simultaneous machines will perform the same. In the next
section, however, we study the conditions under which the entropy of the batteries is not increased
and the device performs as a proper engine.

3.2. Work Extraction

3.2.1. The Initial State of the Battery in Strong and Weak Coupling

So far, we have not explicitly addressed the question of work extraction and whether the energy
transferred to the batteries is actually pure work or heat. For engines, the goal is to make the entropy
pollution AS;, /A (Hy) as small a possible. Figure 3 shows the well known expression for the entropy
of a qubit as a function of the excited state population p,. The von Neumann entropy and the Shannon
entropy of single particles are identical since there are no single-particle coherences. The energy of the
battery is proportional to the excited state population, so the x axis also indicates the energy of the
battery. If the battery starts with a well defined energy state, that is the ground state p,, = 0, then a
small increase in the energy will result in a large entropy generation in the battery. In fact, for small
changes, this is the worst starting point (the origin in Figure 3). However, if we choose to start with a
very hot battery at p, = 1/2, (Ty — o0), the entropy increase will be very small if Apy, is small. Thus,
by using many batteries in a fully mixed state where each is only slightly changed (Ap,, < 1), itis
possible to reach the ASy, /A (Hy) — 0 limit. This is in accordance with the claims that T;, — co limit
of an absorption refrigerator, is analogous to a power refrigerator [83]. The price for this choice of the
initial state of the battery is that the number of batteries diverges as ASy, /A (Hy) — 0.

das

Super-

Chargin
B 9 \C

f'—As:T\

0 Excited state population 1
(& work bit energy)

Work qubit entropy

Figure 3. For infinitesimal changes (weak coupling), it is preferable to start with a battery qubit that is
close to the fully mixed state (point A) where dS/dE = 0. For larger changes, it is preferable to generate
a permutation that conserves the entropy and creates population inversion (B — C line). While AS = 0
for the battery is analogous to classical field work repositories, in two-level batteries, it is possible to
super-charge the batteries (E — F) so that their energy is increased while their entropy is reduced
(see also Figure 4).
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Battery entropy
change Charging No charging
: . ¢

H -
V Py =
'

l—a

Super-charging

Excited state population py,
(& work bit energy)

Figure 4. For a given engine, the changes in energy (black) and entropy (red) of the battery are plotted
as a function of the initial excited state probability p, of the battery. a, b and c are the population
of levels 1-3 of the engine just before the interaction with the battery starts. The shaded area shows
the super-charging regime where the battery is not only charged but also purified. This can only be
done by strong interaction between the engine and the battery. The left border corresponds to regular
charging where the energy is increased but the entropy of the battery remains the same.

In the semi-classical field approximation, the field generates a unitary operation that does not
change the entropy of the system. This is often addressed as pure work as there is no entropy change
in the system. However, when modeling the classical field explicitly, one finds that the source of the
classical field actually gains some entropy. To counter this effect, the battery has to be prepared in
a special state [30,67] or a feedback scheme must be applied [84]. Here, we suggest doing the exact
opposite and applying an interaction that will generate a unitary transformation on the battery but
will generate some entropy in the engine. Consider Point B in Figure 3, a full swap to Point C will
increase the energy but will leave the entropy fixed. In general, this will increase the entropy of the
machine. Let the initial state of the engine be p, = diag{a, b, c} and the initial state of the work qubit be
pw = diag{1 — pw, pw}. After a full swap interaction we get:

a
( >Z’
Fw

e

(1—=a)(1-puw) ,
(1—a)pw

b+&l(1 *pw) 0
( 0 c+apw>w‘ ®

If a = 0, a regular full swap takes place between levels 2 and 3 of the engine and levels 1 and 2
of the battery. If 2 = 1, there is no population in level 2&3 so nothing happens and levels 1&2 of the
battery remain unchanged. This rule follows from the condition that guarantees energy conservation
0h — pe = — (0l — Pw)- Any population change in one particle must be compensated by an opposite
change in the other particle (the energy levels are equal in our model). Now, we demand that this
transformation of the battery will generate a full swap, that is p!, = diag{pw,1 — pw}. This leads to the
condition ¢ + apy =1 — py or

1-c¢

Po = T5a ®)
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Note that p,, defines a temperature through the Gibbs factor: py/(1 — pw) = exp(—Ew/Tw).
After the full swap, the temperature of levels 2&3 of the engine, is now Ty. It is simple to show
from the positivity of the quantum mutual information that the entropy of the engine has increased.
This entropy increase is associated with the formation of correlation (for the full swap it is strictly
classical). When the total population on the subspace of interest on both sides is not equal (e.g., 2 # 0
in the example above), classical correlation forms. If the engine is measured, the marginal distribution
of the battery changes. Another way to see the presence of correlation is the following. The unitary
conserves the total entropy. However, the entropy of the reduced state of the battery does not change
while the reduced entropy of the engine does change. This implies that the mutual information is
larger than zero. This classical correlation formation can be avoided by replacing the qubit batteries
with qutrit batteries whose initial state is py, = diag{a, c,b} (note the flip of b and c¢). In this case, the
full swap operation will not generate any correlation between the engine and the battery.

The full swap is a strong coupling operation. Here, strong coupling was used to make a more
efficient battery charging mechanism compared to the T, — oo alternative in the weak coupling limit.

3.2.2. Beyond the Semi-Classical Limit of the Driving Field

When the work repository can be described by a classical field, no entropy accounting is carried
out for the work repository. However, for an explicit battery the possible changes in the entropy of the
battery have to be studied. In this subsection, it is shown that these changes can actually be useful. As
illustrated in the E — F trajectory in Figure 3, it is possible to increase the energy while reducing the
entropy. We name this process “super-charging”. In a regular charging, the energy increases but the
entropy of the battery remains fixed. This corresponds to executing a unitary operation on the battery.
In sub-charging, the energy is increased but so is the entropy. Heat flow to a thermal bath in the weak
system-bath coupling limit is an example of sub-charging. Strictly speaking, in super-charging, the
machine does not exactly correspond to an engine, since the energy change in the battery is associated
with an entropy change as well. Nevertheless, this change in entropy is a welcomed one, as entropy
reduction is hard to achieve and often requires some additional resources. In Figure 4, we show an
explicit example for an initial engine state with populations {a,b,c} = {0.056,0.074,0.4} as a function
of the initial exited state population of the battery p,,. The shaded area corresponds to super-charging.
The left boundary of the shaded regime corresponds to regular charging and is given by the 4S5 = 0
condition Equation (9). The right boundary is given by the condition AE = 0. Using Equation (8)
AE = 0 leads to the right boundary condition py = c/1 —a =c/ (b + ¢). This condition means that
population ratio in the engine qutrit and in the battery is the same. Hence, nothing happens when the
swap is carried out. This zero change in population also leads to AS = 0 at this point.

3.3. Higher Order Splittings

The regime of equivalence studied in Section 3.1 and in [1] is determined by the use of the Strang
decomposition for the evolution operator. Although higher order decompositions do exist, they
involve coefficients with alternating signs [85]. In the Markovian case, this is not physical since a
bath that generates evolution of the form exp(—Lt) is not physical (where exp(+Lt) is the standard
Lindblad evolution). In the present paper, instead of non unitary evolution of the reduced state of
the engine, we consider the global evolution operator of all the components. The global evolution is
unitary and its generators, the interaction Hamiltonian, are all Hermitian. Hence, there is no problem
to have for example exp(+iH,ct) instead of exp(—iHet). It simply means an interaction term with
opposite sign. This facilitates the use of higher order decompositions in order to make machines with
more strokes and a larger regime of equivalence.

In [86], Yoshida introduced a very elegant method to construct higher order decompositions.
Let Ugp (t) = Usmul () + O[(£)*] stand for an evolution operator that has a correction of order s> with
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respect to U™ (t). Tt can be, for example, a four-stroke or two-stroke engine. As shown in [86], a
fourth order evolution operator U, (t) can be constructed from U (¢) in the following way:

US4(t) = Uga (x1t) U (xot) LIS4(x1t), (10)
,21/3 1
{x()rxl} - {1_21/31 1_21/3}/

where Uy (t) = U™ (t) + O[($)°]. By applying the same arguments as before, when the cycle starts
with fresh uncorrelated bath and battery particles, the correction to the work and heat are O[(£)®]. The
Yoshida method is powerful since it can be repeated, with different xg, x; coefficients, to gain operators
that are even closer to the simultaneous machine. Physically, Equation (10) can be interpreted as a
regular U (t) machine where the stroke durations alternate every cycle. Figure 2b shows the ratio of
the power of various engines with respect to the simultaneous engine. While in the Strang four-stroke
and two-stroke machine, the power deviation from the simultaneous machine is second order in the
action, the power of the Yoshida engine of order four deviates from the simultaneous machine only in
the fourth order in the action.

Two-stroke and four-stroke engines naturally emerge from practical considerations.
Two-stroke engines emerge when it is easier to thermalize simultaneously the hot and cold manifolds.
Four-stroke engines emerge when it is easier to thermalize one manifold at a time. In contrast,
the Yoshida decomposition Equation (10) does not split the simultaneous engine into more basic
or simpler operations compared to the two-stroke and four-stroke machines. Thus, the practical
motivation for actually constructing Yoshida-like higher order machines is not obvious at all at this
point. Nevertheless, our main point in this context is that higher order machines are forbidden in
Markovian dynamics and are allowed in the non-Markovian machines studied here.

4. Conclusions

It has been demonstrated that the principle of thermodynamic equivalence of heat machine types
is valid beyond Markovianity. We find higher order equivalence relations that do not exist in the
Markovian regime. In addition, it was shown that the strong coupling limit enables delivery of finite
work to the battery without increasing its entropy. It also enables charging and reducing the entropy
of the battery at the same time. In our setup, we introduced heat exchangers to mediate between
the machine and the baths. Heat exchangers significantly simplify the analysis, but they also have a
significant practical value. They remove the strong dependence on the finer properties of the baths
and allow more flexible machine operating regimes while still using a simple Markovian bath.
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where Z is the normalization factor (or the partition function from statistical me-

chanics), Z = Tr(exp(—8H)), and 3 o 1/kgT is the inverse temperature. Let

the dynamics of the system be generated by the Hamiltonian H, then we have
[pin, U(t)] = 0 where U(t) = exp(—iHt). The expectation value of two operators

acting on the Hilbert space of the system satisfies the relation,
<A(t)3> - <BA(t + z5> with A(t) = Ut (£) AU (¢). (D.2)

This relation follows immediately from the cyclic property of the trace and from

Eq.(D.1). Applying this relation to the bath correlation functions we obtain,
<RT(t)R(0)> - <R(o>1iz*(t + w)>. (D.3)

The function F(t) = <RT(t)R(0)> is of a positive type and according to the Bochner’s

theorem it follows that its Fourier transform is also positive,

y(w) = /_OO e F(t) > 0. (D.4)

o0

This gives the proof that the rates v(w) are non-negative. Furthermore, the Fourier

transform of Eq.(D.3) implies the relation,

Y(-w) = ey (). (D.5)
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D.2 Liouville space representation

Quantum dynamics is traditionally described in Hilbert space. However, it is conve-
nient, in particular, for open quantum systems, to introduce an extended space where
density operators are vectors and time evolution is generated by a Schrodinger-like
equation. This space is usually referred to as the Liouville or Hilbert-Schmidt space.
Suppose the density operator p is represented by an n x n matrix. The set of all
n x n matrices form a linear space of dimension n2. Under appropriate conditions

this linear space can have a Hilbert space construction using the scalar product
defined as,

(51, 72) =T {pla . (D.6)

With such a construction we consider p as an n? vector, |p) € C"*  Similarly,
we consider the super-operator £, which is an operator that operates on elements
in this linear space, as an n? x n? matrix, L € C"™*"* _ The one to one mapping of
two matrix indexes into a single vector index {i,j} — « is arbitrary but has to be

used consistently. The equation of motion of the density vector in Liouville space

d o /d
LIPS a5, D.
s %:pﬁ <dtpa) (D.7)

follows from

9ps
It is now easy to verify that the dynamics in the Liouville space is governed by a

Schrodinger-like equation,
d A
—|p) = —iL D.8
o 1Py =—iL]p), (D.8)

with

A 0 (d
Log=pp=— | —Pa |- D.9
5= Pag; ( il ) (D.9)
A particularly useful index mapping is known as the vec-ing mapping [Roger 1994,
Machnes 2014]. Here the n x n density matrix is flattened into an n? vector. The

flattening is done by ordering the columns of p one below the other, so the {7, j}
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entry of the matrix p is the (j — 1)n + i entry of the vector |p). The corresponding

map for the super operators are the following: For the commutator

[F[,[s} = (i@ﬁ[-ﬁ%@f) 1) . (D.10)
For the dissipative part

Vvt ((AT)T ® v) o) (D.11)

ViV — <f ® f/*f/) o) (D.12)

P ((wv)T & f) o). (D.13)

Here T is the transpose operation. Finally we obtain,

A

L:f®fl—ﬁT®f+<f/T>T®f/—%(f@f/Tf/Jr(f/Tf/)T@f). (D.14)

For more details and additional matrix-vector representations, see [Am-Shallem 2015].
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Appendix E

Stochastic differential equations



E.1. Stochastic integration 147

[to, ] to n subintervals such that tg < ¢ < ..t,.1 <t and ¢,y < 7; < t;. The

stochastic integral is defined as the limit of partial sums,
Su =Y _G(n) (W(t;) — W(ti-1)). (E.1)
i=1

Note that S,, depends on the choice of 7;. For the Ito stochastic integral we chose

T; = t;—1 (this is no longer the Riemann-Stieltjes integral) and we finally have,
t n
/ G(t")dW (t') = ms lim Z G(tiy) (W (t;) — W(ti1)) . (E.2)
to n—oo P

Here we defined the mean square limit, ms lim,,_,,, X,, = X as the convergence of

X, to X in the mean square, i.e.

lim [ dwp(w) (Xn(w) — X(w))* = lim ((X, — X)) =0. (E.3)

n—oo n—o0

Alternative to the Ito integral is the Stratonovich integral. In this case the function
W (t) in the integrand is evaluated at the point (W (t;) + W (t;_1)) /2,

t . .
s / W)W (#) = ms lim 3 W) +2W(t’1)AWi _
tO n—oo i
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E.2 The Ito stochastic differential equation

The most satisfactory interpretation of the Langevin equation (2.61) is the stochastic

integral equation

2(t) — 2(0) = /O dt'a (z(t'), 1) + / AW ()b (z(t'), t') (E.5)

0

The Ito0 integral is mathematically and technically more convenient to use and prove
theorems but not always gives the best physical interpretation. The Stratonovich
integral is the better candidate for physical interpretation since it assumes that £(t) is
real noise with a finite correlation time. After calculating measurable quantities this
time can be taken as infinitesimally small. Additionally, the Stratonovich integral

allows us to use ordinary calculus. A stochastic quantity obeys the 1t6 SDE,
dx(t) = a(x(t),t) dt + b (x(t),t) dW (t) (E.6)
if for all ¢ and %,
t t
2() = 2(0) + / dt'a (z(t), ¢ + / AV (#)b ((t), ) (E.7)
0 0
The discrete version of the SDE takes the form

In order to calculate ;11 we add a deterministic term a(x;,t;)At; and a stochastic
term b(x;, t;) AW, to z;. Note that AW; is independent of x; for all j > 1.
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The conditions for the existence and uniqueness in time interval [ty, T'] are:

1. Lipschitz condition: V x,y and t € [ty,T] IK such that |a(z,t) — a(y,t)|+

2. Growth condition: ¥ t € [to,T] 3K such that |a(x,t)[*+|b(z, t)]> < K? (1+ |x|2)
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E.3 The Stratonovich stochastic differential equa-

tion

The solution of the It6 SDE (E.6) can be represented using the Stratonovich integral,

() = 2(to) + / dta (x(t'),¢) + S / AV (¢ ) (E.9)

to

where we have,

s | WG ), 1) = ms lim 36 (x“i) *;”(“—1),@1) AW,

to

Next, we show the relation between «, 8 and a,b. We note that,

S/to dW (t) Zﬁ ( - til) AW;.

Using the It6 SDE (E.6) and the It6 formula Eq.(2.65), and defining 5(t;) =

B (x(t;),t;) we can write,

3 (‘T(t") +2x(ti‘1>,ti1) = 3 <x(t“) + %d:c(t“),tH)

= [(tie1) + % <a(ti—1)aa:5(ti—1) + %b(ti—1)2) (ti —ti—1)
4 %b(til)axﬁ(til) (W(t) — Wt 1))

Plugging this relation into Eq.(E.9) and keeping terms up to dWW? we obtain the

relation between It6 and Stratonovich integrals (where x(¢) is the solution of the It6
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SDE).

S /t AW (£) (2(t), ¢) = /t AW (#)3 @(t’),t’)% / dt' (2(£), ') D B(x(t'), £).

0 to

(E.10)
This relation is not general for an arbitrary function.
If we set a(x,t) = a(x,t) — 5b(z, 1)0,b(x, t) and B(z,t) = b(x,t) then,
dr = adt + bdW (t) Ito SDE
(E.11)
dzr = (a — 1b9,b)dt + bdW (t) Stratonovich SDE
or conversely,
dx = adt + BdW (t) Stratonovich SDE
(E.12)

dz = (o + 180,8)dt + BdW (t) Ito SDE
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Appendix F

Entropy properties



F.1. Technical preliminaries 155

where 0 < A < 1 and z,y € C. The function is strictly convex if the equality is

only attained for x = y or A = 0 or 1. Integrating Eq.(F.1) we obtain for a convex

f (Z )\j[L’j) S Z/\jf(l’j), 0 S >‘j7 Z)\j =1. (FQ)

If i is a probability and f is convex then Jensen’s inequality holds

[ st = ¢ ( / xu(d:v)) | (F3)

If f is twice continuously differentiable in C' then convexity is equivalent to 0 <

a;??ng' If f is once continuously differentiable then convexity can be expressed as,
10T

function

fly) = f(z) + (y — 2)V f(z)

thus f remains above every tangent plane. A function f is concave if —f is convex.

Some Lemmas:

e If f and g are convex and ¢ is non-decreasing, then h(z) = g(f(x)) is also
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convex.

e If f is concave and g is convex and ¢ is non-increasing, then h(x) = g(f(z)) is

also convex.

~

e For a self-adjoint operator A acting on Hilbert space H and for a convex

function f we have,

7 (101 Ale)) < (el F(A) o).

e For A and B Hermitian matrices such that la,b] contains the eigenvalues of

the matrices and for convex f € [a,b] and 0< A <1 we have ,

Tr[f (M + 1= 0B)| <a7r [f(A)] + (1 - 1 [1(B)].

e (Klein) For A and B Hermitian matrices such that (a,b) contains the eigenval-
ues of the matrices and for f € (a,b) which is once continuously differentiable

we have,

~

Tr[f(B)] 2 Tr [1(A) + (B - A)y/(A)].

If f is strictly convex equality holds if A = B.

Lieb’s theorem: For A and B positive operators, X arbitrary fixed operator and
0 < X <1 the functional

F(AB) = ~Tr [N 2B

is jointly convex in its arguments.
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Using this theorem one can prove strong subaddivity of the von Neumann en-
tropy. Also by taking A=B= p we get the convex functional fy(p) = —=T'r [XT/@)‘X,@P)‘] .
Taking the derivative with respect to A at A = 0 we obtain the convex functional
Ty [(X,af(f - XU%@) In p} .

F.2 The von Neumann entropy

The von Neumann entropy is defined as,

~y def
S(p) = =Trl-php| = sz Inp; p; >0 sz =1 (F.4)



158

Properties:

e For any density matrixp and unitary operator U on C% we have S(p) =
S(UpUM.

e For any density matrix p on C? we have 0 < S(p) < Ind.

e S(p)is a concave function on the space of density matrices. Thus any collection
of densities p;and for 0 < \;, > . A\; =1 we have

Z XS(p) < S (Z )\iﬁi)
equality holds if and only if all p; are equal to each other.
o S(p1® p2) = S(p1) + 5(p2).
o SAn @ (L= XN)p2=AS(p1) + (1= A)S(p2) +n(A) +n(1 = A).
e Subadditivity - S(p12) < S(p1) + S(p2).
e Strong subadditivity - S(p123) + S(p2) < S(p12) + S(pa3)-
e Triangle inequality - |S(p1) — S(p2)| < S(p12).

e Bistochastic completely positive maps A are entropy increasing S(Ao) > S(o).
A completely positive unital preserving transformation (meaning the adjoint

map preserves the unity) is bistochastic if it preserves the trace.
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F.3 Relative entropy

The relative entropy is defined as,
S(p|6) € Tr [pnp] — Tr [pIn 6] (F.5)
For the canonical Gibbs state o = exp(—BH)/Z we have,
S(pl6) = Tr [pBH] = S(5) +1nz = BF(p) - BF(5) (F.6)

here F(p) is the nonequilibrium free energy F'(p) ey [pBH] — %.

The entropy of a combined system with respect to its corresponding uncorrelated

state is given by,

S(plpr @ p2) = S(pr1) + S(p2) — S(p) (F.7)
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Properties:

e Positivity- S(p|o) > 0 equality holds only for p = o.
e Invariant under unitary transformation.
o Additivity- S(p1 ® pa|or ® 62) = S(p1]01) + S(p2|2).

e Jointly convexity- S(Ap1 + (1 — A)pe| A1 + (1 — N\)d2) = AS(p1|or) + (1 —
A)S(p2|62).

e Lower bound- S(p|6) > 1 |p— &3.
e Decreasing under partial trace- S(p1]61) < S(p|o).
e Under the CPTP map S(A(t)p|p,) < S(p|po), where p, is a stationary state.

e For the dynamical semigroup A(t) = exp(Lt), the entropy production is non-
negative, —<% S(A(t)p|p,) > 0, where p, is a stationary state.
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